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PREFACE 

This volume covers presentations that were made during the 

second NATO International Advanced study Institute on "Cellular 

Regulation by Protein Phosphorylation". The course was held 

under the auspices of the University of Montpellier on the 

occasion of its 700th anniversary; it took place in La Londe 

les Maures, France, within the magnificent setting of 

L'Agelonde overlooking the Mediterranean Sea. 

The first Advanced Institute on "Signal Transduction and 

Protein Phosphorylation" was run on the Island of Spetsai, 

Greece, in September, 1986. Its Proceedings appeared in the 

NATO ASI Series "Signal Transduction and Protein Phosphory­

lation", Plenum Press, New York/London 1987 (L. M. G. 
Heilmeyer, ed.). 

Two factors prompted the organizers to consider a second 

conference on cellular regulation by protein phosphorylation. 

First, the unexpected success of the Spetsai Summer Course to 

which many applicants could not be admitted because of limited 

number of slots available. Second, the considerable advances 

that were made during the intervening years because of the 

appearance on the scene of new methodologies. For instance, the 

wide application of the peR has allowed the identification and 

characterization of a multitude of new protein kinases and 

phosphatases and other related molecules. 

Signal transduction represents one of the main mechanisms 

by which intracellular processes can be regulated in response 

to external stimuli. After the usual introductory lectures on 

the architecture of regulatory enzymes and the properties of 

cascade systems, the basic chemical, physical and molecular 

genetic approaches that bear on the field were reviewed. 

These were followed by lectures on: a) signal transduction 

involving second messengers generated in G-protein-regulated 

reac~ions or by the induction of the tyrosine kinases intrinsic 

to the receptors themselves; b) the structure-function 
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relationship of the cyclic 

Ca2+jcalmodulin-dependent protein 

nucleotide-dependent or 

kinases, and the so-called 

"independent" kinases whose regulation in response to mitogenic 

signals is still ill-understood; and c) the oncogene-related 

cellular, viral and receptor-linked tyrosine kinases whose 

overexpression or mutation can lead to cell transformation. As 

a sign of changing times, and an indication as to how far the 

field had evolved since the Spetsai Conference, the 1990 course 

dealt in some detail with several topics that were barely 

mentioned earlier, including the control of protein 

translation, neuronal cell function and cytoskeleton assembly. 

Finally, new lectures were introduced on the enzyme 

translocation and cellular reorganization that occurs in 

response to mitogenic hormones and the involvement of the cdc2 

gene product on cell cycle progression. 

The organizers would like to express their thanks to the 

coworkers for their help in the preparation of the manuscripts. 

We are especially grateful to Mrs. Humuza, who organized these 

contributions in the camera ready form, and to Mrs. Rosenbaum 

for her part in the practical organization. 

The organizers 

Bochum, February 1991 
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SIGNAL INTEGRATION IN PHOSPHORYLASE KINASE 

Ludwig M. G. Heilmeyer, Jr. 
Institut fUr Physiologische Chemie 
Abteilung fUr Biochemie Supramolekularer Systeme 
Ruhr-UniversiUit Bochum 
UniversitatsstraJ3e 150 
D-4630 Bochum 1 
F.R.G. 

Why is phosphorylase kinase, the first regulatory protein kinase detected 

by Fischer and Krebs over 30 years ago (Krebs et al., 1959), more complex 

and exhibits a higher molecular weight than any of those protein kinases 

of which over one hundred family members are known today? (Hunter et 

al., 1986) For example, the cyclic AMP-dependent protein kinase, the medi­

ator of the many cellular actions of cyclic AMP, is much less complex and 

has only 1/6 of the molecular weight of phosphorylase kinase. 

Phosphorylase kinase converts glycogen phosphorylase £, the inactive form 

of this enzyme, into the active ~ form which degrades glycogen to glucose­

I-phosphate. It is a vital process for short term energy supply to the cell 

controlled by several extracellular signals, like hormones involved in reg­

ulation of carbohydrate metabolism, or electrical events activating high 

energy consuming processes like muscle contraction. 

Phosphorylase kinase is located at an imaginary interface between sig­

nalling and metabolic pathways [Fig. 1]. Extracellular signals which are 

transduced and modified by signalling systems, located in plasma mem­

branes, lead to release of second messengers into the cytosol. The change 

in concentration of a given second messenger influences many cellular 

processes simultaneously by which physiological responses of the cell are 

coordinated. If the following signal transmitting cascade includes inter­

conversion of an enzyme signal sensitisation/desensitisation can occur 

which defines the signal amplitude being able to provoke a response to an 

extracellular signal (Koshland et al., 1982). Further downstream a sig­

nalling pathway, the pleiotropic action of extracellular signals or of in­

tracellular second messengers must be converted into a specific physio­

logical response. This function will be carried out by a specialized pro­

tein, a specificator. The specificator does not only translate a pleiotropic 

NATO AS! Series, Vol. H 56 
Cellular Regulation by Protein Phosphorylation 
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Fig. 1: Synopsis of phosphorylase kinase regulation in a muscle cell 

Incoming signals to phosphorylase kinase from signal pathways are shown 
in large black arrows, incoming signals from metabolic pathways are indi­
cated by dashed arrows. Metabolic pathways are shown in large colourless 
arrows. Interactions localizing phosphorylase kinase in specific cellular 
structures are indicated by hatched arrows. 
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signal into a specific response but such a molecule is able to select; lo­

cation of a specificator at the merging point of two. or more signalling 

pathways allows the specificator to trigger a simple additive or synergis­

tic or antagonistic - however specific - cellular answer. 

The specificator, phosphorylase kinase, does not only integrate signals 

from different signal pathways but also receives information from 

metabolic pathways [Fig. 1]. All these informations must be converted into 

an appropriate level of phosphorylase ~. Therefore, in addition to sites or 

domains present as targets for signal transmission this enzyme must also 

provide sites for binding of allosteric effectors. 

Finally, phosphorylase kinase is associated with specific cellular struc­

tures [Fig. 1]. First, this enzyme binds to glycogen, to which other glyco­

gen metabolizing enzymes are bound, too, thus building up a kind of or­

ganelle, the 'glycogen particle' (Meyer, F. et aI., 1970). Due to pro­

tein/protein interactions, the enzymes associated with this particle behave 

differently from those enzymes being present solubilized in the cytosol. 

Secondly, calmodulin interacts with phosphorylase kinase in addition to 

calmodulin being an integral subunit of phosphorylase kinase. In muscle, 

these sites might not interact with calmodulin but with the homologous 

Ca2+ -binding protein, troponin C (Cohen et aI., 1980). Phosphorylase kinase 

but not the substrate glycogen phosphorylase is associated with mem­

branes. We have observed that phosphorylase kinase is enriched at the 

junctional surface of the terminal cysternae (Thieleczek et aI., 1987). Thus, 

phosphorylase kinase must provide sites not only for targeting the action 

of second messengers and metabolic effectors, but additionally for inter­

actions with macromolecules localizing the enzyme in specific cellular com­

partments. Therefore, phosphorylase kinase evolved to a more complex and 

hence bigger enzyme than other protein kinases. 

Phosphorylase kinase is a multi-subunit enzyme composed of four kinds of 

subunits, called a, {3, rand B [Fig. 2] (Cohen et aI., 1978). The subunit B 

represents the integral calmodulin which de inhibits the enzyme upon Ca2+ 

saturation leading to expression of activity. If B does not contain Ca2+ 

the enzyme expresses a very low activity; this activity is called Ca2+ -in­

dependent activity AO [Fig. 2] (Kilimann and Heilmeyer, 19821; 19822; 

Hessova et aI., 19851). Upon increase of the free Ca2+ concentration each 

of the integral subunits B binds two moles of Ca2+ which results in ex-
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pression of the Ca2+ high affinity partial activity Al [Fig. 2]. Mg2+ is re­

quired to saturate calmodulin completely with 4 moles of Ca2+. At neutral 

pH, Mg2+ must be present in the assay at unphysiologically high concen­

trations of 10-50 mM. It induces two more Ca2+ -binding sites on each inte­

gral calmodulin i.e. Mg2+ allows saturation of calmodulin with four Ca2+ 

ions (Hessova et al., 19852, Kohse and Heilmeyer, 1981). Under these condi­

tions the enzyme expresses the Ca2+ low affinity partial activity A2 

[Fig. 2]. 

Phosphorylase Kinase (exfJyo)4 

Activation by Ca 2 'lMg2+: 

2+ 
8 Ca2 + x M92 + 

8 Ca 

("'P76)~ ("'P7c'SC"2)4~ (0tfJ76M9xCa4)4 

AO A1 A2 

Activation by 

(exfJyo) 4 :> 

Mg 2+low affinity 

Phosphorylation: 

(ex PfJ PY0)4 
2+ Mg high affinity 

Fig. 2: Synopsis of activation of phosphorylase kinase by Ca2+/Mg2+ 
and phosphorylation 

8 represents the integral calmodulin which can be saturated with Ca2+ in 
two steps depending on the Mg2+ concentration. The corresponding com­
plexes express the activities AO' Al and A2 as indicated below. Phosphory­
lation of the a- and .l3-subunit on multiple sites is indicated by aP and .l3P. 

It is well known that the enzyme can also be activated by phosphoryla­

tion: increase of the enzymatic activity correlates with phosphorylation of 

the .l3-subunit (Yeaman and Cohen, 1975), however, phosphorylation of a 

seems equally important (Pickett-Gies and Walsh, 1970). It is proposed that 

upon phosphorylation of the .l3-subunit the enzyme undergoes a transition 

from a Mg2+ low affinity to a Mg2+ high affinity state [Fig. 2]. Therefore, 

in the phosphorylated enzyme the 8-subunit can be saturated with 4 moles 
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of Ca2+ even at low physiological Mg2+ concentrations expressing the par­

tial activity A2' 

The catalytic center of phosphorylase kinase is clearly located on the (' -

subunit since it is active in the isolated form (Kee and Graves, 1986; 

Crabb and Heilmeyer, 1984) or after expression of its cDNA in E-coli (Chen 

et al., 1989). This protein is able to form a complex with calmodulin which 

may occur during assembly of the holoenzyme in the cell, i.e. calmodulin 

bound to r- may represent the integral calmodulin of phosphorylase ki­

nase. Ca2+ -free calmodulin suppresses the activity of 4' partially; Ca2+ 

saturation of calmodulin results in full expression of activity, then the 

activity is as high as that of freer. It points towards a quite different 

role of calmodulin in phosphorylase kinase in comparison to other Ca2+ 

calmodulin dependent enzymes: Ca2+ -free calmodulin is an inhibitor of the 

enzymatic activity and Ca2+ -binding to calmodulin releases this inhibition 

(Hess ova et al., 19852; Harris et al., 1990). In many other Ca2+/calmodulin 

dependent enzymes Ca2+ -free calmodulin does not interact with the respec­

tive apoenzyme and Ca2+ saturated calmodulin is an activator. Ca2+ acting 

as deinhibitor is seen similarly in the regulation of the actomyosin 

ATPase of striated muscle. Ca2+ -free troponin C prevents an actin-myosin 

interaction; upon Ca2+ saturation of troponin C, this inhibition is re­

leased (Ebashi and Ogawa, 1988). 

A chymotryptic fragment of the r -subunit can be isolated expressing a 

higher molar activity than the intact isolated q -subunit; however, the 

activity of this fragment is still not as high as that of the native enzyme 

(Harris et al., 1990). The r -fragmept is not affected by Ca2+ saturated or 

Ca2+ -free calmodulin. It shows that chymotryptic cleavage releases the 

calmodulin binding domain from l' . The primary structure of r was 

worked out employing classical protein sequence analysis [Fig. 3]. As it is 

characteristic for protein kinases, a glycine rich cluster is followed by a 

lysine residue further downstream which seems to be part of the ATP 

binding site. This domain together with several other subdomains form the 

catalytic center. Within this catalytic center a lysine residue (151) follow­

ing the censensus sequence, Arg-Asp-Leu (147-150), present in all protein 

kinases specifies the i -subunit to be a Ser/Thr protein kinase [see 

Fig. 3J. Exchange of this lysine residue against Arg or Ala changes the 

specificity to a tyrosine protein kinase (Tagaya et al., 1988). Chymotrypsin 
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releases the C-terminal part of r (Harris et al., 1990). The residual N­

terminal fragment is active and insensitive to Ca2+ /calmodulin. Thus, the 

first 290-300 residues of (" seem to build up the catalytic center. Ap­

proximately 90-100 C-terminal residues form a regulatory domain binding 

calmodulin. Two binding regions are present within this C-terminal part 

stretching from amino acid 287 to 331 and from 332 to 371 (Dasgupta et al., 

1989). Anchoring of calmodulin onto two regions in " might be necessary 

to prevent dissociation of the Ca2+ -free calmodulin from phosphorylase 

kinase. Again, this situation is very similar to that of troponin C. Tro­

ponin C is also anchored to troponin I at two sites; analogously, Ca2+ -free 

troponin C does not dissociate from holotroponin (Leszyk et al., 1990). 

Fig. 3: 
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• 
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QPQKRYTAEE ALAHP~QQYI VVEEV~~SP 

RGKFKVICLT VLASVRIYYQ YRRVKPVTRE 

I'ltm1R::OB;rAmR:;~tP:l:iRR~l>'ti1(~~f#FR:I:YGHWV,KKl 

mi10N':t~~4~J1;~TPKA VLFS LAEDDY 
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Primary sequence of the (' -subunit of rabbit sceletal muscle 
phosphorylase kinase. 

Subdomains of the catalytic center, i. e. the glycine rich cluster amino 
acid 26 to 31, lysine 57 in the catalytic center and subdomains present in 
many other protein kinases, too, like RDL 147-150, DFG 177-179, APE 191-
193, MW 212-213 and PFW 227-230. All these sub domains form the catalytic 
center. They are indicated in hatched boxes. Chymotryptic cleavage sites 
are indicated by vertical bars. The calmodulin binding domain is 
underlined, specific calmodulin binding regions comprise amino acid 287-
331 and 332-371. The glutamate specific protease peptide binding to 
calmodulin is indicated by hatched boxes. 
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By combining protein and cDNA sequence data we determined the structure 

of the 13- and a-subunits of phosphorylase kinase comprising 1.092 and 

1.237 amino acid residues, respectively [Fig. 4 and 5]. Comparison of the 

sequence of a and 13 indicates clearly that these two proteins are homolo­

gous, thus originating from a common ancestor. It is also clearly visible 

that in each of the two subunits segments are present which are not pre­

sent in the other subunit and vice versa. For example, the segments C and 

E each represent a long stretch of amino acids which are present only in 

the a-subunit. In contrast, the segment A is only present in the 13-subunit 

[Fig. 4 and 5]. 

The 13-subunit was digested with glutamate specific protease to identify 

calmodulin binding regions. The major peptide which is retained on 

calmodulin-Sepharose stretches from amino acid residue 896 905 

[Gerschinski et aI., unpublished data], which was not predicted employing 

the homology argument to other calmodulin binding proteins. 

It was proposed that activation of the enzyme is correlated with 

phosphorylation of the 13-subunit by the cyclic AMP-dependent protein ki­

nase (Yeaman and cohen, 1975). The known sequence of this phosphoryla­

tion site locates the phosphorylatable serine residue at position 26 in the 

primary structure [Fig. 4]. A motive of basic amino acid residues precedes 

this serine residue therefore being an excellent substrate for the cyclic 

AMP-dependent protein kinase. The same pattern of basic residues pre­

cedes serine at position 700 [Fig. 4]. Indeed, serine 700 is a substrate of 

the cyclic AMP-dependent protein kinase, too, and both these serine 

residues are phosphorylated equally fast. Therefore, which site is more 

important in activating the enzyme has to be determined. However, serine 

13 700 seems to be phosphorylated to a higher degree in isolated phos­

phorylase kinase than serine 13 26. Therefore, 13 26 phosphorylation might 

correlate better with activation than that of 13 700. Two additional 

phosphorylation sites are present in 13: Serine 11 is phosphorylated during 

sel£phosphorylation of the enzyme [Fig. 4]. Phosphate was never found to 

be endogenously present at this particular site. It casts doubt that serine 

11 is phosphorylated in the intact cell. In contrast, phosphate is present 

in the enzyme as isolated in positions which can be phosphorylated by the 

cyclic AMP-dependent protein kinase, i.e. serine 26 and 700, at different 

levels. 
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~ .... ~ Ps Pa ..:r.. ~:B~ 
[Ag~!'!I:~~Y _ ~'!~V!'~~~~ _T_KP~~~~E!_ LKSINL~PD NETLW 
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••• • • Pa. 
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~ ~.2J~ 

KPTH~LQKL NDCSCLASQT ILLGILLKRE 

ERLYRRAGSK KLWLAVRYGA AFTQKFSSSI ----------------------------
GPNFITQEGT VSDHI 

APHITTFLVH GKQVT 

LGAFGHEEEV ISNPLSPRVI KNIIYYKCNT HDEREAVIQQ ELVIH 

IGWIISNNPE LFSGMLK~I !Wj~EYE ItlDli.tfWmM1tUdII 
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KDESRLKEIE KQDDMTSFYN TPPLGKRGTC SYLTKVVMNL LLEGE 1080 
Pe 

VKPSNEDSCL VS 1092 

Fig. 4: Primary structure of the J3-subunit 

Predicted calmodulin binding domains by sequence homology to other 
calmodulin binding proteins are underlined by a dashed line. The peptide 
isolated by chromatography on calmodulin-Sepharose following glutamate 
specific protease digestion is shown in hatched boxes. Phosphorylation 
sites are indicated with P, subscript S represent a selfphosphorylation 
site, subscript A a site phosphorylated by the cyclic AMP-dependent pro­
tein kinase, subscript E an endogenous phosphorylation site. Points indi­
cate basic amino acid residues determining the sites 26 and 700 as sub­
strates for the cyclic AMP-dependent protein kinase. The regions A - Fare 
assigned analogously to those in the a subunit (see Fig. 5). 
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MSPSFLSPGT SVTPSSGSFP GHHTSKDS~_ qQW~R~BB~l2. _G].f!!B 1080 

y~~q~Y9~~ KVLQKCHGLS VEGFVLPSST TREMTPGEIK FSVHV 1125 

ESVLNRVPQP EYRQLLVEAI LVLTMLADIE IHSIGSIIAV EKIVH 1170 

IANDLFLQEQ KTLGADDIML AKDPASGICT LLYDSAPSGR FGTMT 1215 

YLSKAAATYV QEFLPHSICA MQ 1237 

Fig. 5: Primary structure of the a-subunit. 

Sub domains homologous to other protein kinases are expressed in hatched 
boxes. Lysine 588 is marked with an F to indicate binding of fluorescein 
isothiocyanate. Calmodulin binding domains homologous to other calmod­
ulin binding proteins are underlined with a dashed line. The isolated 
calmodulin binding peptide 546-573 is underlined by a solid line. The pref­
eren.tial chymotryptic cleavage site is indicated by a vertical bar. Phos­
phorylation sites are indicated with P, subscripts are identical to those in 
Fig. 4. The regions A - F are assigned analogously to those in the 13 sub­
unit (see Fig. 4) 
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Apart from these few phosphorylation sites no information is available on 

functional domains or binding sites in the j3-subunit. However, the region 

B might contain a nucleotide binding site since this part of the molecule 

is homologous to that of the a-subunit. The region B of a contains an 

ATP/Mg2+ -binding site (see below). There are indications that one or even 

two moles of ADP bind to the j3-subunit (Cheng et al., 1985). Therefore, it 

might be possible that their binding sites are located in this N-terminal 

region of 13. 

Surprisingly, the a-subunit of phosphorylase kinase can be labelled 

specifically by fluorescein isothiocyanate. The covalent modification is 

accompanied by partial inhibition of the enzyme's activities. The activity 

AO is inhibited to a much lesser extent than the activities A1 and AZ 

(Zaman et al., 1989). Kinetic studies reveal that ATP and fluorescein iso­

thiocyanate bind competitively on one and the same site; the affinity for 

ATP can be calculated to be approximately 700 micromolar. This value is in 

the range of Km values determined for ATP by several groups. Further­

more, not only ATP competes with fluorescein isothiocyanate binding but 

also the substrate ATP-Mg2+. It shows that the holoenzyme contains two 

substrate binding sites: one located on the a- and a second one on the r 
-subunit. It is remarkable that only one fluorescent peptide is obtained 

upon labelling with the very unspecific reagent fluorescein isothiocyanate. 

The sequence of this peptide shows that lysine residue 588 is modified 

[Fig. 5] (Harris et al., 1990). Sequence comparison of this region of a or of 

the whole a- or j3-sequence with that of other known members of the 

protein kinase family show no apparent homology. Subdomains are recog­

nizable which are characteristic for catalytic centers of the protein ki­

nase family, e.g. a glycine rich cluster, Gly-X-Gly-X-X-Gly, or Asp-Phe-Gly, 

Leu-Asp-Ala and other subdomains of ATP-Mg2+ -binding sites [Fig. 4 and 

5]. In the protein kinase family these subdomains are located C-terminally 

to the glycine rich cluster but not N-terminally as seen in a. It shows 

that a belongs certainly to a different family of proteins than the known 

protein kinase family. 

What might be the function of such a substrate binding domain on the a­

subunit? Somehow, binding of the substrate ATP-Mg2+ onto the a-subunit 

is involved in expression of catalytic activity. It is known that the prod­

uct ADP may bind even stronger to the r -subunit than the substrate ATP 
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(Cheng and Carlson, 1988). Therefore, in the living cell the g--subunit 

might be saturated with ADP. As a prerequisite for activity expression an 

exchange of ADP against ATP on (' must occur. One might assume that 

binding of ATP-Mg2+ to the a.-subunit triggers such an ADP-ATP exchange 

like in a signal transducing G-protein (Gilman, 1987) [Fig. 6]. Therefore, 

phosphorylase £ to ~ conversion can occur only when a. is saturated with 

ATP/Mg2+. If this is the case overall expression of activity is dependent 

on ATP-Mg2+ -binding to a. which might be controlled by other domains 

of a.. 

Ki + ATP/Mg ~ Ki(ATP/Mg)a ~ Ki + AT P/M 9 

ATP~ADP 
Ki(AD9"Mg)" Ki(ATlYMg)7 

>-< 
Phosphorylase a Phosphorylase b 

Fig. 6: Synopsis of ATP/Mg2+ -binding to the a.-subunit. 

An arrow with the 0 indicates the effect of ATP/Mg2+ -binding to a. allow­
ing an ADP/ATP exchange on the C -subunit and consequently conversion 
of phosphorylase £ to ~. 

No indication was obtained that sites on a. which can be phosphorylated 

by phosphorylase kinase itself, i. e. during selfphosphorylation, carry 

phosphate in the freshly isolated enzyme. Three such selfphosphory1ation 

sites have been identified (serine 972, 985, 1007); phosphate is endoge­

nously present only at one serine residue which has been shown previ­

ously to be phosphorylated by the cyclic AMP-dependent protein kinase 

(serine 1018) [Fig. 5] (Yeaman and cohen, 1975). Endogenously, phosphate is 

present at four serine residues further downstream (serine 1020, 1023, 1030, 

1042) (Meyer, H.E. et al., 1990). A pattern emerges: either phosphate is en­

dogenously present in the first (1020) and the last one (1042) of these four 

serine residues, then there is no phosphate present in the two middle 
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positions. Alternatively, phosphate is present in the two middle positions 

(1023, 1030), then there is no phosphate in the first and last position 

[Fig. 5J. Meanwhile, it has been shown that the serine residue following 

the one phosphorylated by the cyclic AMP-dependent protein kinase (serine 

1020) can be phosphorylated by a 5'AMP activated protein kinase (Carling 

and Hardie, 1989). No information is available which protein kinase(s) 

incorporates phosphate into the other positions found to be phosphory­

lated in the intact cell. None of these sites are identical to those phos­

phorylated by phosphorylase kinase itself. Thus, we have no proof that 

selfphosphorylation occurs in the intact cell. 

All these newly detected phosphorylation sites are located in region E 

which we call the multiphosphorylation loop. Similarly, the region A, being 

present in the j3-subunit exclusively, contains two phosphorylation sites, 

and j3 700 is just shortly before the beginning of region C. The region B in 

the a-subunit contains the ATP-Mg2+ -binding domain as well as a calmod­

ulin binding domain whereas calmodulin binding on j3 may occur in region 

D [Fig. 4 and 5J. 

The available informations on the structure of the phosphorylase kinase 

subunits allow to formulate the following hypothesis: 

The regulatory potential of the l' -calmodulin complex which might repre­

sent a type of archaic Ca2+ -dependent protein kinase is too low to handle 

all the signals regulating phosphorylase !? to a conversion [compare 

Fig. 1]. Clearly, the two subunits a and j3 augment the regUlatory potential 

of this enzyme. How then the a and j3-subunits could influence the 

enzymatic activity? There are two possible modes: either by modulating 

Ca2+ -binding to the integral calmodulin or by modulating substrate 

binding to the catalytic site on the (' -subunit [Fig. 7J. 

Modulation of Ca2+ -binding to the integral calmodulin is exerted by Mg2+. 

It is postulated that phosphorylation of serine j3 26 or j3 700 increases the 

affinity for Mg2+. Since Mg2+ -binding to phosphorylase kinase is a 

prerequisite for full saturation of the integral calmodulin with Ca2+ 

phosphorylation of j3 on these two sites modulates activity expression via 

modulation of Mg2+ and hence Ca2+ -binding. Assuming that the N-terminal 

serine j3 26 residue is located in a calmodulin binding domain one could 

visualize that binding of calmodulin to this site influences phosphoryla­

tion of serine 26 but not phosphorylation of serine 700. ADP probably 
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binds onto the j3-subunit, too. Since the j3-subunit might have been de­

signed to influence the integral calmodulin ADP might modulate Mg2+­

binding, i.e. Ca2+ -binding as well. 

The a-subunit provides an ATP-Mg2+ -binding site. At present it cannot be 

decided if this binding site forms a part of a protein kinase itself or if 

it constitutes an allosteric ATP-Mg2+ -binding site. Assuming an allosteric 

function, the a-subunit has been designed to modulate substrate binding 

onto the r' -subunit and thus the expression of activity. Binding of Ca2+ 

calmodulin to the a-subunit may also modulate ATP-Mg2+ -binding on u. 

Similarly, multiple phosphorylation of the a-subunit could also influence 

ATP-Mg2+ -binding. 

p 
p 
p ---:;;;.-­
p 
p 

a 

ADP 

fJ 

Fig. 7: Synopsis on overall activity regulation of the r -subunit. 

Calmodulin binding to the (' -, u- and j3-subunit are indicated with Ca2+ 
Cm. The catalytic site on q is indicated by the substrate binding site. It 
binds ADP as well. The ATP/Mg2+ -binding site in a represents the site la­
belled by fluorescein isothiocyanate. Multiple P indicate the multiphospho­
rylation loop on a. Binding of Mg2+ to the j3-subunit it hypothetical. P26 
and Pll indicate the phosphorylation sites in the A region of the j3-sub­
unit. P700 the phosphorylation site of serine in position 700. ADP binding 
on the j3-subunit is proposed from the homologous regions in the N-termi­
nal region of a. 
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In general, association of thet' -8 complex with these two high molecular 

weight proteins, the a- and !3-subunits, enhances the regulatory potential 

of phosphorylase kinase by modulation of substrate binding on r via the 

a-subunit or binding of Ca2+ on 8 via the !3-subunit [Fig. 7]. A multiplic­

ity of species can be produced by phosphorylating the inactive a!3 (8 com­

plex to different degrees. The enzymatic activity of each of these species 

is modulated furthermore by allosteric effectors such as ATP/Mg2+, Mg2+ 

and Ca2+. Each species then contributes to the phosphorylase kinase ac­

tivity level assuring a phosphorylase ~ steady state according to the sum 

of all incoming signals regulating glycogen degradation. 
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In this lecture I would like to make a few remarks concerning 

the nature and the use of the results of structural investiga­

tions on biological macromolecules. Hopefully, they will en­

courage the reader to look up some of the references and per­

haps even to take a slightly different look at some of the prob­

lems of the structure and function of biological macromolecules 

and their assemblies. 

A. Structures and forces 

For engineers a structure is the response of a system to the 

forces that act upon it (Gordon, 1986). At the macroscopic level 

this is illustrated by the fact that most objects around us have 

some form of bilateral symmetry mainly because we live in the 

field of gravity, whereas small marine animals, for instance, 

that are not so much subject to this force tend to have a sphe­

rical shape. 

A rigid structure is one that can only provide support (i.e. de­

lay an energetically more favourable event) but not perform any 

active (e.g. control) function. Hence, what matters for function 

is not so much structure as structural change. 

At the molecular level the understanding of the relationship be­

tween structure and function should thus be concerned with the 

polymorphism of charge distributions and of the associated 

fields. In this context, a detailed geometrical description of 

a structure may provide the basis for understanding the con­

straints that exist on the changes, but this requires to switch 

from the world of form to the world of forces. There is much to 

be gained from this transition. Consider, for instance, the ar­

chitecture of many oligomeric enzymes. In the world of form the 

requirement for symmetry is a postulate or, quoting Max Perutz 

NATO AS! Series, Vol. H 56 
Cellular Regulation by Protein Phosphorylation 
Edited by L.M.G. Heilmeyer, Jr. 
© Springer-Verlag Berlin Heidelberg 1991 
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(1989), "The postulate of symmetry also seemed to have some aes­

thetic fascination for Monod, like Ptolemy's spheres, quite in­

dependent of its formal advantages." 

In the world of forces things are simpler to understand and the 

origin of the postulate becomes clearer. Consider the forces in 

an assembly of the simplest asymmetric objects: dipoles. Dipoles 

tend to orient in an antiparallel manner resulting in objects 

with twofold symmetry. (The alternative head to tail arrange­

ment leads to filamentous structures which we shall not discuss 

here.) As illustrated in Fig. 1, assembly requires a complemen­

tarity of geometry (i.e. the humps fitting into the bumps) but 

even more a complementarity of polarity (positive corresponding 

to negative) at the interface. If this is not the case, forma~ 

tion of an ~~ complex with a more complementary surface is more 

likely than that of an ~complex. Such assemblies can undergo 

concerted shape changes provided the fundamental asymmetry of 

the subunits is conserved. 

+ 

x y 
Fig. 1: Examples of interfaces with complementary geometry and 
polarity (Olt. and oI.~) or only one type of complementarity (X, Y) , 
which does not suffice for assembly. 

The postulate of symmetry in the world of form is thus a direct 

consequence of observable asymmetries in the world of forces. 

The symmetry arises and is maintained in oligomeric enzymes be­

cause it corresponds to an energy minimum in the packing of in-
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trinsically asymmetric subunits. Transitions between states 

(T~R) in these systems are triggered by an asymmetry resulting, 

for instance, from the binding of a substrate at one site. 

Curie's famous sentence "C'est la dissymetrie qui cree Ie 

phenomene" (Curie, 1884) also applies to allosteric enzymes! 

Not every biological system is that simple and ribosomes or mem­

brane proteins are neither symmetric nor do they consist of 

~dentical subunits, although the simultaneous complementarity 

of geometry and polarity at the interfaces is still required. 

Another example of asymmetry is that of bacteriorhodopsin and 

several other membrane proteins which have an odd number of 

antiparallel helices (7) perpendicular to the membrane surface 

and should thus have a net dipole moment in this direction. 

Since membranes tend to be polarized, large forces can act on 

these objects. It is not clear whether this has any physiologi­

cal significance but it is known that enzymatic activity can be 

coupled to electric fields (Westerhoff et al. 1986) and such 

features may playa role in this phenomenon. 

Unfortunately, with few exceptions, textbooks do not explicitly 

consider the structure of biological macromolecules in the world 

of forces, whereas the aesthetic satisfaction associated with 

symmetry is extensively exploited. 

The difference between small molecules and macromolecules 

In a molecule with a small number of atoms (N) the number of de­

grees of freedom (3N-6) and of intermolecular interactions 

(N.(N-l) /2) is also small and conformational changes require a 

large relative change in energy (~E/E). The notion of "the" 

structure or of a few distinct conformations is valid. The small 

number of parameters and large constraints make computational 

predictions of conformation very powerful. Note that, although 

several thousand structures of organic compounds are known to 

very high resolution, relatively little use of this information 

is made in organic chemistry textbooks. The reason is partly 

that substitutions, for instance, which have large effects on 
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rate constants lead to geometric effects that are often at the 

limit of the precision that can be achieved. Careful analysis 

indicates, however, that these effects are significant (Burgi 

and Dunitz, 1988). Entropic effects usually only playa secon­

dary role in the behaviour of these molecules. 

In the case of macromolecules the number of interactions becomes 

very large, the relative change in energy ( AE/E) accompanying 

conformational changes is small and entropy becomes dominant. 

Structures become more "flexible" and there is ample experimen­

tal evidence that the notion of "the" structure has to be re­

placed by that of conformational space (for a review see Frauen­

felder et al., 1988). 

In these systems, many reactions are entropy-controlled and wa­

ter molecules and osmotically free counterions which remain in­

visible even in high resolution structure determinations, play 

a major role. Concomitantly, experimental and even more computa­

tional methods become less powerful and structure prediction has 

been a continuously receding goal. At present, using the most 

powerful methods the conformation of about 60 % of the residues 

is predicted correctly from the sequence. (Given that a half 

truth is a full lie, the fascetious experimentalist is of course 

tempted to say that 100 % of the calculated protein conforma~ 

tions are wrong!) 

Processes like protein folding result from the balance between 

hydrophobic effects and the opposing reduction in conformational 

entropy (for a review see Dill, 1990). Neither of these effects 

are directly accessible through X-ray structural observations, 

nor can they effectively be dealt with in calculations. It is 

thus a real challenge to find out what the missing forces are 

and how to treat them in the calculations. New approaches using, 

for instance, NMR and protein engineering (Matouschek et al., 

1990) are certainly required. 
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B. Function and coherent change 

The basis of function is change since to perform \York (W=Fdl) 

or to transmit one bit of information (O~ 1) a change is re­

quired, but not every change is useful. What matters is the 

coherent change (displacement) as opposed to the incoherent 

change (agitation or uncorrelated motion). Obviously, coherent 

geometrical changes occur because the forces acting on the sys­

tem have changed but, as already mentioned, the causes for these 

changes can be much more subtle than usual geometrical struc­

tural methods allow to detect. The thermodynamics of these 

effects is, however, well understood (for a review see Eisen­

berg, 1990). 

Some devices can select a component of the incoherent motion so 

that it results in a displacement. In a piston, for instance, 

large forces prevent the deformation of the wall of the cylin­

der. If the walls were made out of a thin rubber sheet the 

piston would certainly not work! 

Proteins or macromolecular assemblies like muscle must do some­

thing similar. Unfortunately, very little hard experimental evi­

dence exists on motions in biological macromolecules, especial­

lyon coherent or functionally important motions, as they are 

sometimes called (Frauenfelder et al., 1988). In absence of 

strong experimental constraints the scope of molecular dynamics 

calculations (McCammon and Harvey, 1987) remains limited. 

The continued use of descriptions of coherent motions in enzymes 

(i.e. their mechanism), inferred from a comparison of structures 

corresponding to different states, in terms of mechanical devi­

ces (levers and springs) is indicative of the fact that no ade­

quate language has yet evolved to describe these phenomena. The 

picture which is emerging is, however, very complex. 

Coherent changes and kinetics 

In recent years, developments in time resolved X-ray scattering 

and diffraction methods have raised high expectations for ki­

netic crystallography (for reviews see Moffat, 1990 or Hajdu 
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and Johnson, 1990). How realistic is it to "see" a reaction? To 

answer this question first consider the Maxwell-Boltzmann ener­

gy distribution. The molecules that react are those with an 

energy larger than the activation energy, which is quite dif­

ferent from the average energy, especially if the reaction is 

slow. 

Next consider, to simplify matters, the equation giving the rate 

for a unimolecular reaction (see e.g. Fersht (1985)) 

Clearly, the rate of a reaction measures the rate at which the 

equilibrium between the initial and final state is established, 

not the time it takes for a molecule to cross the energy barrier, 

which is given by h/kT and is of the order of 10-11 s. So the 

actual reaction corresponds to a few molecules ([X] exp(-

~G~ /RT)) crossing the barrier very fast. These are obviously 

very unfavourable conditions to apply X-ray methods which yield 

a space and time averaged structure. 

Hoping to make a movie of a reaction with these methods is thus 

not realistic. One can, however, in favourable cases, find out 

which part of a molecule is moving as illustrated in the first 

example below. 

If there are no intermediates that can be trapped and studied 

i~ a static manner, it suffices to measure the initial and final 

states accurately and, in a separate experiment, the time course 

of the intensity of a few reflections. If one suspects where the 

changes occur, it is possible to predict which reflections will 

be most sensitive to the changes. It is thus not indispensable 

to measure all reflections and as illustrated by the example of 

bacteriorhodopsin it should even be possible to use microcry­

stalline (powder) samples. 

Spectroscopic methods thus keep their advantage in following 

changes, especially because they allow to monitor processes 

through selective windows. Interpretation of the results in ab­

sence of a geometrical structure is, however, usually very risky 

especially as the rate of spectroscopic changes may not be that 

of the shape changes. 
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Biological macromolecules as devices 

Understanding the behaviour of a cascade (i.e. an energy flow) 

like, for instance, in phosphorylation, does not require know­

ledge of the detailed geometrical structure of the components. 

This knowledge is only required if one wants to modify the de­

vices (e.g. by protein engineering) in this cascade. Remember 

though that it is a charge distribution one is trying to en­

gineer, not only a geometry. 

Devices can be passive, in which case the output solely depends 

on the input and on the characteristics of the device, or they 

can be active. The main characteristic of an active device is 

its gain (energy at the outputs/energy at the inputs) and the 

manner in which its output is controlled by the potential at 

some other point in the system. In the case of an enzyme this 

may occur, for instance, through the binding of molecules syn­

thesized elsewhere, through covalent modification or by direct 

feedback of the reaction products or through variations of the 

potential across membranes. 

To take an analogy, the properties of a complex electronic cir­

cuit can be described without reference to the detailed geome­

trical structure of its components. Moreover, with present 

structural methods one would not detect geometrical changes in 

the structure of silicon when the bias of a transistor changes. 

Circuits initially implemented with one type of structure 

(valves) can equally well be made with geometrically totally 

different structures (transistors). 

Biological systems which are intermediates in an evolutionary 

selection process cannot so easily switch to the use of funda­

mentally new devices. Still, new devices may evolve that solve 

an old problem (analogy) or old structures may, with little mo­

dification, provide the answer to a new challenge (homology). 

This corresponds to time's arrow (homology) and time's cycle 

(analogy) which one also finds at the macroscopic level (Gould, 

1988). Note that whereas it is very fashionable to look for 

sequence homology much less effort is made looking for analo­

gies although this may be more productive if one wants to learn 

to design molecular devices. Analogous organs, like the eyes 
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of very distant species, like flies and humans, tell more about 

the fundamental physical constraints of vision than a detailed 

comparison of eyes in closely related species. The same is pro­

bably true at the molecular level. 

There are thus intrinsic limitations to a geometrical structu­

ral approach which can only be circumvented by integrating the 

experimental and theoretical approaches that give information 

about the changes in the forces that act upon the system. 

There is also another and more technical limitation to the geo­

metrical structural approach which appears to have been hither­

to insufficiently recognized by many biochemists. 

c. Structural methods and inverse problems: The need for con­

sistency 

Finding the structure corresponding to a given diffraction pat­

tern is an inverse problem, i.e. a problem which has no unique 

solution. Given the nature of the problem, there are thus many 

possibilities for errors and in the recent past a number of er­

roneous structures have appeared. This has even caused some 

alarm among practitioners of this art (Branden and Jones, 1990) 

The causes for error are multiple. The quality of the data may 

be poor because the crystals are not good or because the measure­

ments were not accurate, software packages are used as black 

boxes although they are not yet foolproof, databanks are not 

yet equipped with tools to check the quality of their input, 

etc. In these circumstances it is thus very important that the 

coordinates of the atoms and, if need be, the experimental data 

be made available before anybody is credited with having solved 

or rather plausibly interpreted - a structure. The problem is 

not that regretable mistakes are made, but what is wrong is for 

a subset of the scientific community to impede or delay the in­

dependent consistency checks to which scientific knowledge has 

to be subjected. Fortunately, a number of journals have recent­

ly taken steps to make sure that this would be the case. With 

the coordinates one can attempt to switch to the world of for-
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ces whereas, despite all its aesthetic appeal, a beautiful 

colour picture is of little use in the world of forces. 

D. Examples 

The examples described during the lecture were taken from the 

literature and from recent work. They will not be treated in 

detail here but recent references are given below. 

1) Detecting coherent changes during a reaction: the photocycle 

of bacteriorhodopsin (BR) (Henderson et al., 1990, Ames and 

Mathies, 1990, Dencher et al., 1990, Koch et al., 1991). The 

BR membrane is a particularly interesting device which converts 

light into a proton gradient. For the phenomenon to be irrever­

sible the system has to go through a cycle of reactions, which 

consists in this case of at least seven steps. Using a mutant 

where some of the reactions are slower than in the wild type, it 

is possible to observe coherent conformational changes occuring 

during the photocycle. 

Under certain conditions repeated light flashes can desensitize 

the membrane by pumping the BR molecules into very long lived 

states. This is a sign that one has homogeneous proteins with 

different reaction pathways within each individual molecule. 

This is different from the flash experiments on CO myoglobin 

and corresponds to a complex hierarchy of reaction pathways 

(Frauenfelder et al., 1988). The system is a good candidate for 

higher resolution observations using electron microscopy or 

crystals if they can be obtained with sufficiently high order. 

2) Building a consistent model: Chromatin condensation (Koch, 

1989): Reviews an example of how the combination of various sta­

tic and dynamic structural and other observations leads to a 

more consistent model for the structure of chromatin. The struc­

tural equilibria in this system are mainly controlled by coun­

terion condensation. Because of the large structural changes in­

volved it would not be possible to study such systems at high 

resolution even assuming that they could be crystallized. In 
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such a case, as in the following example, scattering methods are 

more useful. 

3) Complex reaction pathways and structural oscillations in mi­

crotubules (Mandelkow et al., 1989, Tabony and Job, 1990). De­

pending on the conditions proteins like tubulin can form dissi­

pative structures which require a net input of energy for their 

formation and maintenance. In the case of microtubules, hydroly­

sis of GTP provides the necessary energy and both time dependent 

and steady-state spatial structures have been observed. In the 

latter case (Tabony and Job, 1990) it is not entirely clear 

whether GTP is required to maintain the spatial structure as 

such, or whether it only influences the stability of the micro­

tubules. This behaviour observed in-vitro is reminiscent of the 

phenomena accompanying spindle formation during mitosis. Dissi­

pative structures are the key to many biological functions -

they do not occur in crystals. 

4) The power of images or beautiful wrong structures. The paper 

by George and George (1988) illustrates how the discrepancy be­

tween X-ray spectroscopy (EXAFS) and X-ray crystallography re­

sults led to a revision of the crystal structure of Ferredoxin. 

For other revised structures see for instance Human Serum Al­

bumin (Carter and He, 1990) and Eco RI (Kim et al., 1990). Note 

that some of these revisions are quite drastic and in the case 

of Ferredoxin involve regions of high electron density in the 

molecule (Fe-S cluster) that are expected to be defined with 

higher precision. Accuracy is, of course, something else! 

E. Conclusion 

The emphasis on the world of form in the early days of structu­

ral research at the molecular level was certainly justified gi­

ven that the main problem was to develop methods to solve struc­

tures. The aesthetic satisfaction that drives many of those who 

enjoy solving structures certainly also played a role. As struc­

tural information accumulates its operational value should be 

assessed more carefully. If one aims at using structural know-
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ledge to make new devices, an approach in terms of forces (i.e. 

asymmetries) is probably more useful. 

In this endeavour, no physical technique can claim to provide 

complete answers. A lot is to be gained in the understanding of 

biochemical systems by constructing more consistent models 

allowing to translate the information obtained in the world of 

form to the world of forces. At present, new structures certain­

ly accumulate much faster than new ideas. This situation pro­

vides a great challenge and even greater opportunities for new­

comers in the field, be they experimentalists or theorists. 
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1. Int r oduct ion 

As it is well known, a Raman spectrum is a distribution of frequencies of photons inelastically 

scattered by molecules. Each Raman frequency shift corresponds to the energy transferred between 

the radiation and the molecule and to the frequency of an infrared absorption maximum. Raman 

spectroscopy gives detailed information on the vibrational motions of atoms in molecules. As these 

vibrations are sensitive to chemical changes, the vibrational spectrum can be used to monitor 

molecular chemistry. Compared with the infrared absorption technique, Raman spectroscopy 

presents several advantages in the studies of biological systems, among which the most relevant are 

the low intensity of water bands and the greater sensitivity to important vibrational modes. 

The Raman spectrum of a protein consists of bands originated in vibrational modes from the 

peptide backbone and amino acids side chains (Carey, 1982; Tu, 1982). Some of these bands are 

sensitive to the average conformation of the protein, as is illustrated in Table 1, for Amide I 

(essentially a C=O stretching vibration of the peptide) and Amide III (C-N-H in plane bending, mixed 

with C-N stretching vibration) bands. 

Table1- Frequencies (cm-1) of Amide I and Amide III modes (Carey, 1982) 

Secundary Structure 

ex-helix 

~-sheet 

unordered(l ) 

Amide I 

1645-1660 

1665-1680 

1660-1670 

(1) broader than those of ex-helix and ~-sheet 

Amide III 

1265-1300 

1230-1240 

1240-1260 
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Vanadate (V(V)) and phosphate ions are known to compete for the binding to proteins, as they 
exhibit important size and structural similarities (Chasteen, 1983). In particul~r, it has been reported 
that vanadate ions, namely, monovanadate ones, strongly inhibit the myosin ATPase activity 
(Goodno, 1979). In order to understand the conformational effects of the vanadate ion on myosin, a 
Raman spectroscopic study of myosin and myosin-monovanadate is herein reported. 

2. Experimental 

Myosin was isolated from the rabbit white skeletal muscle (Pires, 1977). Vanadate ion 

solutions (ca. 50 mM) were prepared as described elsewere (Aureliano, in preparation). 

Raman spectra were recorded on a Ramalog double spectrometer, 0.85 m, fl7.8, Spex model 

1403. The light source was a Spectra-Physics Ar+ laser, whose output at 514.5 nm was adjusted to 
provide 200 mW at the sample position. Samples were sealed in Kimax glass capilary tubes with inner 
diameter 0.8 mm. The Raman Spectrometer was fully controlled by a DM1B microcomputer and the 
Raman data were stored on disk for futher processing, namely, for a 13-point Savitzky-Golay 

smoothing. 

3. Results and Discussion 

The Raman spectra of myosin (a), partially denaturated myosin (b) and myosin­
-monovanadate (c) are presented in the Figure. The Raman shifts of the bands and their 

approximate descriptions are listed in Table 2. 
It is well known that the band at 1003 cm·1, ascribed to the C-C stretching vibrations in the 

phenylalanine side chains (Tu, 1982), is very insensitive to the chemical environment of these chains. 
Thus, this band can be taken as a reference for intenSity comparisons. In particular, the 1937/11003 

ratio decreases when the myosin is partially denaturated (compare spectra (a) and (bll, indicating a 
decrease of the a-helix content (Carey, 1982). 

Other bands which are signatures of a secundary structure of myosin occur at 1240 (~-sheet, 

random coil), 1281 (~-sheet), 1303 and 1320 (a-helix) cm-1. The occurrence of a feature at 1240 cm-

1 in the partially denaturated myosin (b) points to a random coil or a ~-sheet structure. In addition, in 
the myosin-monovanadate spectrum (c) a feature at 1303 cm-1 suggests a prevalent a-helix 
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structure for this system. This conclusion is also indicated by the increase of the 1937/11003 intensity 

ratio (spectrum (c) compared with spectrum (a)). 

Table 2 - Observed frequencies and approximate description of bands in the myosin Raman spectra 

Approximate description 
Av/cm-1 Residue Mode Secundary Structure 

826 Tyr ring overtone 

855 Tyr sym. ring stretch 

8n 
904 CaC stretch 
937 Lys, Asp CaC stretch a-helix 

'£il CaC stretch random coil 

990 

1003 Phe CC ring stretch 
1032 Phe in-plane ring bend 
1051 Glu, Arg, Pro CH2 twist (?) 

1059 Lys, Arg CH2 twist; CaN stretch 

1081 CaN stretch 
1101 CaN stretch 
1127 CaN stretch 
1157 Leu, Val; Phe, Tyr CH3 antisym. rock; CH rock 

1173 Leu, Val; Phe, Tyr CH3 antisym. rock; CH rock 

1208 Tyr, Phe 
1240 Amide III ~-sheet, random coil 
1264 Amide III a-helix 

1281 Amide III ~-sheet 

1303 Amide III a-helix 
1320 Amide III a-helix 
1340 CH bend, CH2 twist 

1404 Asp, Glu COO- sym. stretch 
1425 NH bend 
1450 CH3, CH2, CH bend 

The pair of bands at 826 and 855 cm-1 are ascribed to a Fermi resonance doublet caused by 
the phenol side chain of tyrosine amino acids in the protein. Its intensity ratio, Issslls26' is sensitive to 

the environment (Carey, 1982; Tu, 1982). In particular, when the residue is buried within the protein, in 
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Figure - Raman spectra of myosin in three sequential stages: a) native myosin, b) partially 

denaturated myosin and c) partially denaturated myosin with monovanadate. 
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a hydrophobic region, the phenolic group is in th~ unionized form and the intensity ratio is high. On the 

other hand, when a tyrosine residue is on the surface of the protein, in aqueous solution, at basic pH, 

the phenoliC hydroxyl group is ionized, causing a comparatively low intensity ratio (Siamwiza, 1975), 

as in the Raman spectrum of myosin-monovanadate (c). 

In conclusion, the Raman spectrum of partially denaturated myosin shows clear evidence of 
conformational changes upon denaturation, namely, decrease of a-helix structure and increase of 

random coil content. In addition, comparison of Raman spectra of partially denaturated myosin 

without and with monovanadate points to a structure organizing effect of vanadate ions, as revealed 
by the increase of a-helix content. 
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1. Introduction 

Most theoretical studies of phosphorylation-dephosphorylation cycles have been devoted to the 
case where the rates of the kinase and phosphatase evolve from one steady value to another as a 
result of the action of some effector such as cAMP. Thus, in the case of a kinase activated by 
cAMP, at a given value of the maximum phosphatase rate, a step increase in cAMP will result in 
the evolution of the level of phosphorylated protein to a new, higher stationary value. The mathe­
matical analysis of monocyclic and muticyclic cascades of covalent modification has revealed their 
high potential for amplification and sensitivity (Stadtman and Chock, 1977,1978; Goldbeter and 
Koshland, 1981, 1982, 1984, 1990; Cardenas and Cornish-Bowden, 1989). In particular, sig­
moidal response curves whose steepness exceeds that of allosteric enzymes characterized by Hill 
coefficients larger than 10 can be generated when the converter enzymes become progressively 
saturated by their substrate - hence the name of "zero-order ultrasensitivity" given to this pheno­
menon (Goldbeter and Koshland, 1981) which has been demonstrated in several experimental 
systems (La Porte and Koshland, 1983; Meinke et al., 1986). Given that sharp thresholds are 
associated with all-or-none responses and thereby provide highly sensitive regulatory mecha­
nisms, zero-order ultrasensitivity could play an important role in the control of cellular processes 
in both nonnal and pathological conditions. 

While the monotonous switching of the kinase and phosphatase rates from one steady state to 
another represents the most common response to some external stimulation, transient or non­
steady state phenomena might also be important. Thus a brief, transient rise in hormone might 
lead to the synthesis of a pulse of cAMP that will in turn elicit a burst in protein phosphorylation 
through the control of a cAMP-dependent kinase. On the other hand, oscillations in some intra­
cellular effector could also affect phosphorylation. Such a situation might in fact be relatively 
common, given the wide occurrence of oscillations in intracellular Ca2+ which are triggered in a 
variety of cells by hormones or neurotransmitters (Woods et al., 1987; Berridge et al., 1988; 
Berridge and Galione, 1988). Through control of a protein kinase by Ca2+, such oscillations 
would lead to periodic variations in the level of phosphorylation of one or more target proteins. 
Such a mechanism could provide a molecular basis for the frequency-encoding of signal-induced 
Ca2+ oscillations. 

The purpose of this paper is to briefly discuss the possible relationship between phosphoryla­
tion and signal transduction based on intracellular Ca2+ oscillations. Following a previous study 
carried out in a model recently proposed for the oscillatory phenomenon (Goldbeter et al., 1990), 
we shall investigate the effect of oscillating levels of cytosolic Ca2+ on the activity of a Ca2+­
dependent kinase, as well as the dependence of the mean level of phosphorylated protein on the 
frequency of Ca2+ oscillations. 
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2. Si~nal transduction based on calcium oscillations 

In an increasing number of instances, it is found that hormones or neurotransmitters act on 
target cells by triggering a train of cytosoIic Ca2+ spikes. The oscillations occur in a variety of 
cells, with periods ranging from less than 1 second to minutes (see Berridge et al., 1988, and 
Berridge and Galione, 1988, for recent reviews). The mechanism of Ca2+ oscillations appears to 
involve the synthesis of inositol 1,4,5-trisphosphate (IP3) that follows binding of the stimulatory 
ligand to the membrane receptor. According to Berridge, the rise in IP3 in tum triggers the release 
of a certain amount of Ca2+ from an IP3-sensitive intracellular store (Berridge and Galione, 1988; 
Berridge et al., 1988). The analysis of a two-variable model taking into account the Ca2+ input 
from the external medium, the extrusion of Ca2+ from the cell, and the exchange of Ca2+ 
between the cytosol and an IP3-insensitive store, shows that sustained oscillations may arise 
through a mechanism of Ca2+ -induced Ca2+ release from the IP3-insensitive store once the 
signal-induced rise in cytosolic Ca2+ triggered by IP3 has reached a sufficient level (Dupont and 
Goldbeter, 1989; Goldbeter et al., 1990). 

The model accounts for the observation that the frequency of the Ca2+ spikes increases with 
the extent of stimulation; the latter is measured by the saturation function (/3) of the IP3 receptor, 
given that the level of IP3 rises with the external signal. Also accounted for by this model is the 
observed linear correlation between the period of Ca2+ oscillations and their latency, i.e., the time 
required for the appearance of the ftrst Ca2+ peak after stimulation (Dupont et aI., 1990). In con­
trast with an alternative model based on a feedback of Ca2+ on IP3 production (Meyer and Stryer, 
1988), a speciftc prediction of the analysis is that sustained oscillations in cytosoIic Ca2+ may 
occur in the absence of a concomitant, periodic variation in IP3. 

3. Calcium oscillations and phosphoxylation 

The simplest situation in which oscillations in cytosoIic Ca2+ might affect phosphorylation is 
that where a Ca2+-dependent protein kinase would be turned on and off, periodically, in the 
course of Ca2+ transients. Such a situation would likely give rise to periodic variations in the level 
of phosphorylated substrate, as schematized in Fig. 1. Considered in this scheme is a protein W 
phosphorylated by a kinase K into the form W* which can be dephosphorylated by a phosphatase 
P; kinase K is activated by cytosoIic Ca2+. To investigate in a qualitative as well as quantitative 
manner how oscillations in Ca2+ affect the phosphorylation of W, we resort to the model propo­
sed for signal-induced Ca2+ oscillations, and couple its dynamics to that of a monocyclic phos­
phorylation system in which the VMax of the phosphatase remains constant while the kinase is 
activated by cytosolic Ca2+. The kinetic equations governing such a phosphorylation system 
controlled by Ca2+ oscillations are given as eqns (1)-(3) in (Goldbeter et aI., 1990). 

SIGNAL 

Fig. 1: Scheme for the control of phosphorylation by Ca2+ oscillations (see text). 
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When the kinetic equations of the model are integrated for parameter values yielding sustained 
Ca2+ oscillations, the amount of phosphorylated protein undergoes a periodic variation in the 
course of time (Fig. 2). The peak: in the fraction of phosphorylated protein, W*, shortly follows 
the maximum of the Ca2+ spike, as expected from the fact that the kinase is activated by Ca2+. 
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Fi~. 2: Typical oscillations in phosphorylated protein (W*) accompanying Ca2+ 
oscillations in the phosphorylation system schematized in Fig. 1 (see Goldbeter 
et aI. (1990) for details on the system of equations used for simulations). 

4. Frequency encoding based on phosphorylation 

The question arises as to how the mean level of phosphorylated protein, <W*>, varies with 
the characteristics of Ca2+ oscillations. In particular, how does <W*> depend on the frequency of 
Ca2+ transients, given that this frequency changes (while the amplitude of Ca2+ spikes remains 
largely constant) at different levels of stimulation? 
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fu...1.;. Variation of the mean fraction of a putative protein phosphorylated by a Ca2+­
dependent kinase as a function of the stimulus level in the model for signal-induced 
Ca2+ oscillations based on Ca2+-induced Ca2+ release. Also indicated is the variation 
of the frequency of Ca2+ oscillations (redrawn from Goldbeter et ai., 1990). 
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The results of simulations shown in Fig. 3 indicate that the mean level of phosphorylated 
protein increases with the frequency of Ca2+ transients which rises in turn with the level of the 
stimulus. An efficient encoding depends, however, on the parameters of the kinase and phospha­
tase. In particular, the dependence of the mean fraction of phosphorylated protein on the frequen­
cy of Ca2+ spikes (and, hence, on the level of external stimulation) becomes steeper when the 
converter enzymes involved in covalent modification become saturated by the target protein. 
Therefore, the phenomenon of zero-order ultrasensitivity which provides increased responsive­
ness to a step change in the ratio of the kinase to phosphatase maximum rates also favors the 
efficient encoding of signal-induced ea2+ oscillations in terms of their frequency. 

5. Discussion 

In many cell types, stimulation by a hormone or neurotransmitter triggers a train of Ca2+ 
spikes. The possibility of encoding these spikes in terms of their frequency has been raised by 
several authors (see, e.g., Rapp and Berridge, 1981; Woods et aI., 1987; Berridge et aI., 1988; 
Meyer and Stryer, 1988). The analysis of a minimal model shows that protein phosphorylation 
by a Ca2+ -dependent kinase provides a molecular mechanism for the frequency encoding of 
agonist-induced Ca2+ oscillations (Goldbeter et aI., 1990). 

The results of Fig. 3 indicate that the mean level of phosphorylated protein increases in a sig­
moidal manner with the frequency of oscillations, i.e., with the intensity of the stimulus. These 
results were obtained in conditions of zero-order ultrasensitivity when changing the frequency of 
Ca2+ transients by increasing the level of stimulation measured by the saturation function 13 of the 
IP3 receptor. Such a parameter change has in fact two effects: (i) an increase in the frequency of 
Ca2+ spiking, and (ii) an increase in the (unstable) steady-state level of cytosolic Ca2+. These two 
effects combine to raise the mean level of protein phosphorylated over a period. To test the effect 
of an increase in frequency in the absence of any change in the steady-state level of cytosolic Ca2+ 
one can alter another parameter such as the threshold constant KR that characterizes the release of 
Ca2+ from the IP3-insensitive store (see Goldbeter et aI., 1990). Results similar to those of Fig. 3 
are obtained in such conditions, provided that Ca2+ ions control the kinase in a cooperative rather 
than Michaelian manner. 

Encoding intracellular or extracellular signals by frequency rather than by the sole amplitude 
presents a number of advantages, e.g., with regard to accuracy (Rapp et aI., 1981). Rhythmic, 
pulsatile signals abound in cell physiology, as exemplified by the large number of hormones 
which are delivered in a pulsatile rather than continuous manner (Knobil, 1981; Crowley and 
Hofler, 1987; Weigle, 1987). Desensitization in target cells has been proposed as a mechanism 
that may allow for the frequency encoding of both pulsatile hormonal signals and pulsatile signals 
of cAMP in Dictyostelium (Goldbeter and Li, 1989; Li and Goldbeter, 1989, 1990). In the latter 
organism, desensitization is mainly achieved through receptor phosphorylation (Vaughan and 
Devreotes, 1988). Thus, besides Ca2+ oscillations, the latter example provides a different illus­
tration of the role of protein phosphorylation in the frequency encoding of signals in intercellular 
communication. 
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DETERMINATION OF PHOSPHORYLATED AMINO ACIDS IN PROTEIN SEQUENCES 

Helmut E. Meyer, Edeltraut Hoffmann-Posorske, Horst Korte, Thomas R. Covey 1 and Arianna 

Donella-Deana2 
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Germany 

INTRODUCTION 

Identification of O-phosphorylated amino acids within the primary structure of a 

distinct protein is very important to understand the mechanism(s) by which the functions of 

proteins are regulated by this posttranslational modification. However, in many cases the only 

known way to do this is to label the protein with 32p-phosphat. This procedure is often very te­

dious or sometimes impossible to achieve. 

Therefore, we have established a series of new methods which permit the localization of 

phosphoserine, phosphothreonine and phosphotyrosine in the lower picomolar range without the 

need of radioactive labelling. 

,. PHOSPHOSERINE 

A highly specific method for determination of phosphoserine is the chemical modification 

to S-ethyl-cysteine. This amino acid derivative can be determined by amino acid or sequence 

analysis (Meyer et al. 1990, 1991 a). Fig. 1 shows the amino acid analysis of a Lys-C-peptide 

from the beta subunit of phosphorylase kinase after modification of the endogenously present 

phosphoserine to S-ethyl-cysteine. The same peptide was analyzed by gas-phase sequence 

analysis (Fig. 2) after the same modification procedure. The chromatogram of degradation step 4 

demonstrate the presence of S-ethyl-cysteine and identifies phosphoserine in this position of the 

sequence. The high specificity of this method is evident; false positive results from distinct 

cysteine residues which might react in the same manner can be prevented by prior oxidation of 

the protein or peptide. 
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Fig. 1: Amino acid analysis of a phosphoserine-containing peptide. 
50 pmol of the purified peptide was modified, hydrolyzed and 
coupled with phenylisothiocyanate. 75% of the resulting 
phenylthiocarbamyl-amino acids were analyzed. (SEC = S-ethyl­
cysteine, X = unidentified impurity). 

Fig. 2: Sequence analysis of a phosphoserine-containing peptide 
following S-ethyl-cysteine modification. 400 picomol of the oxidized 
and S-ethyl-cysteine-modified peptide is analyzed using the gas­
phase sequencer. Phenylthiohydantoin-amino acid analyses of 
degradation steps 1 to 6 are shown. 
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2. PHOSPHOTHREONINE 

Phosphothreonine can be determined after partial hydrolysis, as commonly used for 

phosphoamino acid analyses, and modification to its phenylthiohydantoin(PTH)-derivative. 

Capillary electrophoresis of this derivative allows detection at 261 nm in the low picimolar range. 

Fig. 3 shows the capillary electrophoresis chromatogram using 1 nmol of the phosphothreonine­

containing peptide RRREEET(P)EEEAA for partial hydrolysis. 

Non-radioactive sequence analysis of phosphothreonine-containing peptides is possible 

under distinct cirumstances as shown earlier (Oedner et al. 1988)' however, a general method is 

not yet developed. 

I 
o 

time (min) 

a:: 
J: 
l-

I 

J: 
I-
0-. 

x 

20 

Fig. 3: Phosphothreonine determination by capillary electrophoresis. 1 nmol of the phos­
phopeptide RRREEET(P)EEEAA was partially hydrolysed with 6 M HCI at 110°C for 2 h. The lib­
erated amino acids were coupled with phenylisothiocyanate(PITC) and converted to their 
phenylthiohydantoin-derivatives. After drying, the samples are dissolved in 20 JlI 20% aqueous 
acetonitrile containing 0.35% trifluoroacetic acid and 50 mM sodium chloride. 30 nl are analysed 
by capillary electrophoresis. Conditions for capillary electrophoresis: Temp. 30°C; buffer 20 mM 
sodium citrate, pH 2.5; capillary length 72 cm (50 cm to detector), 50 Jim 10; voltage -25 kV 
negative polarity; detection at 261 nm. 

3. PHOSPHOTYROSINE 

Phospho tyrosine, like phosphothreonine, can be determined by capillary electrophoresis 

(Meyer et al. 1990b, 1991 b). Fig. 4 shows (left site) the results from capillary electrophoresis of 

two different phosphotyrosine-containing peptides after partial hydrolysis and modification to 

their PTH-derivatives. Using the same conditions like before, non-radioactive determination of 

phosphotyrosine is possible. The detection limit of this method is 0.5 pmol/JlI PTH­

phosphotyrosine. 
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Fig. 4: Determination of PTH-phosphoamino acids by capillary electrophoresis. Left: 1 nmol of 
the peptides L R R A Y-P L G (A) or D R V Y-P I H P F (8) are partially hydrolyzed with 6 N HCI at 
110°C for 2 h. The liberated amino acids were coupled with PITC and transformed to the more 
stable PTH-derivatives. After drying, the samples are dissolved in 50 pi 20% aqueous acetonitrile 
containing 0.35% trifluoroacetic acid and 50 mM sodium chloride. 30 nl are analyzed by capillary 
electrophoresis. Detection at 261 nm. Run time 20 min at -25 kV and 30°C, buffer 20 mM 
sodium citrate pH 2.5. 
Right: 1 nmol of each, cysteic acid, phosphoserine, phosphothreonine and phosphotyrosine, are 
transferred to their PTH-derivatives. Sample is dissolved in 50 pi 20% aqueous acetonitrile. 30 nl 
are analyzed by capillary electrophoresis. Detection at 261 nm. Run time 20 min at -20 kV and 
30°C, buffer 20 mM sodium citrate pH 2.5. 

On the right hand of Fig. 4, the separation of three phosphoamino acids and of cysteic acid as 

their PTH-derivatives is shown. It demonstrate that capillary electophoresis is a powerfull 

technique for the determination of these negatively charged amino acids. In addition, under the 

applied conditions all other PTH-amino acids will not be detected because they a washed out 

from the capillary by the electroendosmotic flow. This is a real advantage, allowing the 
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Fig. 5 Sequence analysis of the peptide D 
R V YIP) I H P F employing on-line reversed 
phase HPLC. 1 nanomol of the 
phosphopeptide is taken for the attachment 
procedure. 47% of the peptide is covalently 
bound to the solid phase support. Reversed 
phase HPLC analyses are performed with 
50% of the samples using the model 120 
on-line PTH-analyser from Applied 
Biosystems. No signal is visible in 
degradation step 4 where PTH-phos­
photyrosine is expected. Additionally, the 
chromatogram of the PTH-standard amino 
acids (62.5 pmol)is shown at the bottom. 
The other 50% of the sample is analysed 
by capillary electrophoresis (Fig. 6). 
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Fig. 6 Capillary electrophoresis of PTH­
amino acids of the peptide D R V YIP) I H P 
F. 50% of each degradation sample were 
transferred into 500 pi Eppendorf vials, 
dried under vacuum in a SpeedVac and 
dissolved in 20 pi of 20% aqueous ace­
tonitrile. Conditions: injection time 
(vacuum), 10 sec.; temp. 30o C; capillary 
length 72 cm (50 cm to detector); ID 50 
pm; voltage -25 kV negative polarity; 
buffer, 20 mM sodium citrate, pH 2.5; 
detector rise time, 1 sec.; detection at 261 
nm, 0.008 A.U.F.S. 
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determination of phosphotyrosine in high molecular weight proteins where phosphotyrosine is 

present in low stoiciometric amounts. 

Non-radioactive sequence analysis of phosphotyrosine-containing peptides can be 

performed using solid-phase techniques (Meyer et al. 1991 b). Fig. 5 shows the reversed-phase 

HPLC analyses of solid-phase sequence analysis of DRVY(P)lHPF. Butylchloride, normally used as 

transfer solvent, is replaced by trifluoroacetic acid; this allows the quantitative transfer of 

anilinothiazolinone-phosphotyrosine to the conversion flask. However, as seen in step 4 of Fig. 

5, PTH-phosphotyrosine gives no sharp signal during reversed-phase HPLC. Here again, capillary 

electophoresis allows the positive identification of PTH-phosphotyrosine as demonstrated in Fig. 

6 without radioactivity. 

4. ION SPRAY MASS SPECTROMETRY OF PHOSPHOPEPTIDES 

Complementary to the presented proteinchemical techniques, physicochemical techniques 

will help to eludicate the phosphorylation pattern of peptides and proteins. As an example, ion­

spray mass spectrometry of a 1 :0.85 stoichiometric mixture of DRVYIHPF/DRVY(P)lHPF is 

shown (Fig. 7). Contrary to fast atom bombardment mass spectrometry(MS) or plasma­

desorption MS (Craig et al. 1991), ion-spray MS allows the determination of phosphopeptides 

quantitatively, since there is no selectivity against of phosphorylated species of the same 

unphosphorylated peptide. Over that, this technique will help to identify other phosphoamino 

acids, like phosphohistidine or phosphocysteine, which are very unstable, precluding application 

of conventional proteinchemical techniques. 

CONCLUSION 

Non-radioactive methods for phosphoamino acid analysis will help to study events of 

phosphorylation as they happens in the living cell. The presence of even small amounts of 

radioactivity may alter metabolic reactions in such a way that repair reactions prevail, disturbing 

the observed reactions and leading to wrong conclusions. 
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BACK-PHOSPHORYLATION - A SENSITIVE TECHNIQUE TO STUDY 
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INTRODUCTION 

Reversible protein phosphorylation is well established to be 
causally involved in numerous processes regulating cellular 
function. In cardiac muscle phosphoproteins as phospho1amban 
and troponin I are thought to be of importance for regula­
tion of contractility. The in vitro phosphorylation of phos­
pho1amban, a protein intrinsic to membranes of sarcoplasmic 
reticulum, increases the uptake of calcium ions by the sar­
coplasmic reticulum (Tada et a1. 1975). Phospho1amban is a 
substrate for cAMP-dependent protein kinase (cAMP-PrK) (Tada 
et a1. 1974), a calcium/calmodulin-dependent protein kinase 
(Le Peuch et a1. 1979) and protein kinase C (Movsesian et 
a1. 1984). Troponin I, the inhibitory subunit of the tropo­
nin complex, is localized in the myofi1aments. Its phospho­
rylation in vitro by cAMP-PrK has been shown to reduce the 
calcium sensitivity of contractile proteins (Ray and England 
1976). 

To assess the physiological significance of protein phos­
phorylation/dephosphorylation one essential step is to de­

monstrate that the protein can be phosphorylated and dephos-
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phorylated in vivo or in intact cell systems with accompan­
ying functional changes (Krebs and Beavo 1979). To study 

protein phosphorylation in intact systems the mostly used 

method is to label the intracellular ATP pool with 32p (for 

review see Manning et al. 1980). Working with isolated 

hearts this is achieved by perfusion of the whole organ with 

buffer solutions containing 32Pi. Studies on beating intact 

cardiac preparations using the 32Pi-prelabelling technique 

have shown that phospholamban (Lindemann et al. 1983) and 

troponin I (England 1976) undergo phosphorylation in respon­

se to a-adrenergic stimulation. This procedure, however, 
allows only a limited differentiation between phosphoryla­

tion reactions catalysed by different types of protein kina­
ses. 

Firstly Forn and Greengard (1978) employed the principle 

of back-phosphorylation to describe qualitatively protein 

phosphorylation in brain tissue. In the intact cell the ca­
pacity to incorporate phosphate of a given protein is utili­

zed to a degree depending on the activity of protein kinases 

and phosphoproteinphosphatases which are linked to phos­

phorylation/dephosphorylation of this protein. The indirect 
assay of the phosphorylation of a protein in vivo consists 

of two principal steps. The first comprises the fixation of 

the phosphorylation state of the protein present in the in­

tact cell and the extraction of this protein under specific 
conditions. The second step is the back-phosphorylation in 
vitro of the remaining phosphorylation capacity of the pro­

tein using exogenous, specific protein kinase and 
[r-32P]ATP. In that way the phosphorylation state of the 

protein in vivo can be indirectly assessed. 

In order to obtain quantitative data on cAMP-PrK-cataly­
sed protein phosphorylation in the intact heart we standar­

dized the back-phosphorylation technique. In the following 

methodical aspects are discussed and examples are given to 
illustrate sensitivity and potency of back-phosphorylation. 
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BASIC METHODICAL ASPECTS 

In the myocardium changes in second messenger systems cou­

pled to protein phosphorylation are very rapid. Increases in 

the intracellular level of cAMP, activation of cAMP-PrK and 

phosphorylation of target proteins are realized in a few 

seconds in response to stimulation of a-adrenergic recep­

tors. To detect the phosphorylation state of a protein acu­

rately reflecting the situation in the intact cell it is 

essential to block protein kinase and phosphoproteinphospha­

tase activities rapidely and completely during tissue fixa­

tion, tissue homogenization and tissue fractionation. Typi­

cally, heart samples are quick-frozen using Wollenberger 

clamps precooled in liquid nitrogen. Clamping the tissue to 

a thickness of 0.7 mm decreases sample temperature to -20°C 

in 120 milliseconds (Wollenberger et al. 1960 ). 
Frozen heart samples of 300 - 500 mg are used to prepare 

subcellular fractions. Homogenization buffer and all isola­

tion media for further fractionation contained 10 mM EDTA, 

25 mM NaF and 50 mM inorganic phosphate. These additions 

have been shown to preserve sufficiently the phosphoryla­
tion state of proteins during membrane vesicle preparations 

from guinea pig heart (Lindemann et al. 1983 ). In prelimi­

nary experiments under these conditions there was no signi­

ficant dephosphorylation of phospholamban in preparations 

from canine heart (Karczewski et al., unpublished results). 

To study the cAMP-controlled phosphorylation state of 

proteins in the intact heart muscle, the back-phosphoryla­

tion technique uses an excess of C-subunit of cAMP-PrK and 
high specific radioactivity [r-32p]ATP. Assay conditions 

were chosen which ensure a complete in vitro topping-up 

phosphorylation of the protein studied. It was checked that 

the concentration of ATP was kept at a level allowing the 

added protein kinase to be fully active and that there was 

no significant dephosphorylation of phosphoproteins for the 
time of incubation. Under the standard conditions of back-
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Fig. 1. Dependence of phospholamban phosphorylation in vitro 
on time of incubation and the amount of added C-subunit of 
cAMP-PrK. Phospholamban-containing crude membranes were pre­
pared from isolated rat hearts perfused under control condi­
tions (Karczewski et al. 1990) 

phosphorylation more than 75% of the initial ATP remained 

after incubation for 20 min with cardiac fractions (Karc­

zewski et al. 1990). In the presence of 1 mM EGTA and 15 mM 
NaF no significant dephosphorylation of phospholamban or 

troponin I was detectable up to 20 min of incubation. Fig. 1 

shows an example for the dependence of back-phosphorylation 

of phospholamban in cardiac membranes on time and concentra­
tion of added protein kinase. At 0.5 ~M C-subunit the phos­
phorylation of phospholamban reaches completion within 

1 min. The amount of phosphate incorporated remained stable 

at least for 5 min. Thus in this case incubation for 2 min 

and 0.5 ~M C-subunit was routinely used to back-phosphory­
late cardiac particulate fractions containing phospholamban. 

Electrophoretic separation of phosphorylated cardiac pro­

teins and quantification of phosphate incorporation was per­

formed using conventional methods (Karczewski et al. 1990). 
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PHOSPHORYLATION OF PHOSPHOLAMBAN IN CANINE HEART IN VIVO 

It is well known that a-adrenergic modulation of cardiac 

function is mediated by activation of the cAMP system invol­

ving cAMP-PrK-dependent phosphorylation of several regula­

tory proteins (Tada and Katz 1982). In the sarcoplasmic re­

t~culum phospholamban is the predominant substrate for 

cAMP-PrK. The back-phosphorylation allows to detect cAMP­

specific phosphorylation and was employed to study these 

events in canine heart in vivo. It was of interest to look 

for the magnitude of changes in phospholamban phosphoryla­

tion produced by maximal stimulation of the cAMP system. 

An extremely low level of a-adrenergic activity was 

achieved by treating whole animals with reserpine to deplete 

hearts from catecholamines. To increase intracellular cAMP 

through activation of adenyl ate cyclase high doses of the 

a-adrenergic agonist isoprenaline were injected directly 

into the left ventricle of the myocardium ( Karczewski et 

al. 1986). Comparing hearts from both experimental groups an 

about 6-fold increase of cAMP and a two-fold rise in the 

activity of cAMP-PrK indicated a strong reaction in hearts 

exposed to isoprenaline (Karczewski et al. 1987). 

In membrane fractions prepared from the same hearts sig­

nificant differences were found for 32Pi incorporation into 

phospholamban back-phosphorylated with the C-subunit of 
cAMP-Prk in vitro. Fig. 2 shows a typical autoradiograph of 

back-phosphorylated cardiac membranes which obviously indi­

cates a decreased incorporation of 32Pi into phospholamban 

as result of isoprenaline exposure. Comparing quantitative 
data there was a four-fol d hi gher 32 Pi incorporation in vi­
tro into phospholamban in preparations from hearts treated 

with reserpine compared with hearts exposed to isoprenaline 
(Tab. 1). 

Now the question arose whether the differences obtained 
by back-phosphorylation in vitro were based on different 

amounts of phosphate bound to phospholamban in the analyzed 
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- 20.1 

- 14.4 

Fig. 2. Autoradiograph of cardiac membrane fractions back­
phosphorylated with exogenous C-subunit of cAMP-Prk. Membra­
ne fractions were prepared from hearts of reserpine-treated 
dogs (RES) and from dog hearts exposed to isoprenaline 
(ISO). Under the conditions used for electrophoretic separa­
tion of membrane proteins phospho1amban migrates as low mo­
lecular monomer (P1bL) at about 6 kOa indicated by the arrow 
(Karczewski et a1. 1987) 

preparations. Therefore membrane fractions from hearts trea­

ted with reserpine and isoprenaline were incubated with a 

phosphoproteinphosphatase. The phosphatase used was shown to 
remove more than 90 per cent of phosphate bound to phospho-
1amban (Karczewski et a1., unpublished results). When phos­

phatase-treated membranes were back-phosphorylated the dif­

ferences in phosphate incorporation between phospho1amban 
from reserpine-treated hearts and from hearts exposed to 
isoprenaline were completely abolished (Tab. 1). Thus back­
phosphorylation indeed reflects differences in the phospho­

rylation state of the protein present in the intact heart. 
Apparently there was a loss of phosphory1atab1e phospho-

1amban in cardiac membranes after treatment with the phos-
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phoproteinphosphatase. Using an EIA based on polyclonal an­

tibodies against phospholamban to assess semi-quantitatively 

the membrane content of this protein (Holtzhauer 1987) the 

data were corrected for losses of immuno-reactive phospho­
lamban (Tab. 1). The corrected values are in the range of 
32p; incorporation in vitro of hearts treated with reserpi­
ne. This indicates a very low level of cAMP-controlled phos­
phorylation of phospholamban in these hearts which was found 

to be significantly below the level in hearts of untreated 
control animals (Karczewski et al., unpublished results). 

These data clearly show that back-phoshorylation detects 

specific changes in cAMP-PrK-catalysed phosphorylation of 
phospholamban in canine heart in vivo with high sensiti­
vity. 

Table 1. Capacity for cAMP-dependent phosphorylation of 
phospholamban in membrane fractions prepared from dog hearts 
treated with reserpine (RES) and exposed to isoprenaline 
(ISO) 

32 Pi i ncorporat ion 
(pmol/mg of protein) 

P-ase-S-treated 

RES 221.8 ± 15.5a 114 . 2 ± 1 6 . 4a 

ISO 50.1 ± 8. 9a 93.9 ± 8.8a 

RES/ISO 4.4 1.2 

Values are means for three hearts ± S.E.M. 
a Karczewski et al. 1986 
b Karczewski et al., unpublished results 

corr. value 

17 5 . 0 ± 1 8 • 3b 

17 2 • 8 ± 1 4 . 5b 

1.0 
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DOSE-RESPONSE RELATIONSHIPS OF PHOSPHOLAMBAN AND TROPONIN I 
PHOSPHORYLATION IN PERFUSED RAT HEARTS 

Studies on intact myocardium with the 32P1-prelabelling 
technique gave strong evidence that cAMP-controlled phospho­
rylation of regulatory proteins, such as phospholamban in 

the sarcoplasmic reticulum (Lindemann et al. 1983), tropo­
nin I in the myofilaments (England 1976) and the 15 kDa pro­
tein in the sarcolemma (Presti et al. 1985), may explain at 
least a part of catecholamine effects on the heart. 

In order to obtain more detailed information on cAMP-de­
pendent protein phosphorylation in intact beating cardiac 
preparations, a study of dose-response relationships of 

A Mr 
B Mr 

( kDa) (k Da) - - 94 
- 94 

- - 43 

- 30 - 43 

- 20.1 
TNI ~ 

- 30 

15kDa ~ - 14.4 

- 20.1 

- 14.4 
PLB ~ 

1 2 1 2 1 2 

Fig. 3. Autoradiographs of cardiac membrane fractions (A) 
and troponin I (TNI)-containing soluble fractions (B) back­
phosphorylated with exogenous C-subunit of cAMP-PrK. Frac­
tions were prepared from control (1) and isoprenaline 
perfused rat hearts (2). The two sets of lanes with cardiac­
membranes (A) represent the same gel exposed for 16 h 
(right) and 36 h (left) to show differences in phosphoryla­
tion of both phospholamban (PLB) and the 15 kDa protein 
(Karczewski et al. 1990) 
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Table 2. Capacity for cAMP-dependent phosphorylation of 
phospho1amban (PLB), a 15 kDa protein and troponin I (TNI) 
in cardiac fractions before and after exposure to isoprena­
line (Karczewski et al. 1990) 

32 Pi i ncorporat ion 
(pmol/mg of protein of the tissue fraction) 

Condition PLB 15 kDa protein TNI 

Control 102.1 ± 3.7 6.6 ± 0.3 74.2 ± 3.6 
( 1 7) ( 15) ( 11) 

Isoprenaline 
(0.1 !-1M) 

after 0.5 min 38.9 ± 2.0 3.9 ± 0.3 38.8 ± 3.0 
(5 ) (4) (4) 

after 2 min 39.6 ± 5.4 3.3 ± 0.1 42.4 ± 2.9 
(4) (3) (4) 

Membrane fractions and contractile-proteins-containing solu­
ble fractions were preparaed from control and from isoprena­
line-perfused hearts (exposure time 0.5 and 2 min). 
Means ± S.E.M. are given for the numbers of experiments in 
paratheses. 

phospholamban and troponin I was undertaken. For this purpo­

se isolated rat hearts were exposed to increasing concentra­

tions of isoprenaline and quick-frozen in the maximum of 

contractile response. In these hearts there was a dose-rela­

ted increase in the tissue cAMP content from 3.5 pmol/mg of 

protein in controls to 14.8 pmol/mg of protein in hearts 

exposed to 10- 6 M isoprenaline (Karczewski et a1. 1990). 

The phosphorylation of phospholamban and troponin I was 

assayed in subcellular fractions isolated from the same 
hearts. Fig. 3 presents typical autoradiographs of back­

phosphorylated membranes and contractile-proteins-containing 

fractions of hearts under control perfusion and with exposu­

re to isoprenaline clearly showing a decreased incorporation 
of 32p; into both phospholamban and troponin I in response 

to the drug. The phosphorylation of a membrane-bound 15 kDa 
protein, which may be identical to the protein described to 
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Fig. 4. Dose-response relationship of isoprenaline on phos­
phorylation of phospholamban in the intact rat heart. 
(A) 32p; incorporation into phospholamban obtained in vitro 
by back-phosphorylation of membranes derived from control 
hearts was 102.1 ± 3.7 pmol/mg of protein (n=17), as given 
in table 2. After exposure of hearts to increasing concen­
trations of isoprenaline, 32p; incorporation declined in a 
dose-dependent manner. (B) Pi incorporation into phospholam­
ban occuring in response to isoprenaline in the intact heart 
during perfusion. These values are the calculated differen­
ces of the mean value of 32p; incorporation into phospholam­
ban in membrane fractions from control hearts and the values 
obtained in preparations from each individual heart stimula­
ted with isoprenaline. Each value is the mean from 3-5 indi­
vidual hearts; the error bars represent 1 S.E.M. 
(Karczewski et al. 1990) 
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be localized in the sarcolemma (Presti et al. 1985), was 

found to be diminished too. Tab. 2 summarizes the quantita­

tive data obtained by back-phosphorylation of cardiac frac­

tions from control and isoprenaline-treated hearts. The va­

lues for phospholamban, the 15 kDa protein and troponin I 

represent the amount of cAMP-PrK-phosphorylatable sites in 

the respective proteins that are not phosphorylated in the 

intact heart but are accessible to exogenously added cAMP­

PrK in vitro. The phosphate incorporation expressed in pmol 

of phosphate / mg of membrane or supernatant protein decrea­

ses significantly after exposure to isoprenaline. This de­

crease in the topping-up value for the proteins studied is 

completed within 30 seconds after the onset of isoprenaline 

perfusion of the hearts. 

When hearts were perfused with increasing concentrations 

of the stimulating agent, the decrease in 32Pi incorporation 

occured in a dose-dependent manner as shown for phospholam­

ban in Fig. 4A. Thus the back-phosphorylation technique gi­

ves quantitative data on graduated responses of cAMP-depen­

dend protein phosphorylation in intact cardiac tissue stimu­

lated with the a-adrenergic agent. The differences in phos­

phate incorporation in vitro in preparations from stimulated 

hearts relative to control perfusion are equal to the prece­

ding phosphorylation of the protein in the intact heart. 

Therefore these differences are used for calculating the 

amount of phosphate incorporated into the protein by cAMP­

PrK in vivo. Plotting these values versus the concentration 

of isoprenaline, a typical dose-response curve is obtained 

(Fig. 3B). By using mathematical models values for isoprena­

line concentrations producing halfmaximal phosphorylation 

(KO.5 value) of the proteins in vivo were calculated. This 

is useful in order to compare dose-response relationships 
for the phosphorylation of different proteins (Tab. 3). 

When the dose-response curves to isoprenaline are compa­

red, there is in the intact heart about a 20-fold higher 
sensitivity of phosphorylation of troponin I towards the 

a-adrenergic stimulation compared with phosphorylation of 
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Table 3. Calculated values for isoprenaline concentrations 
producing half-maximal phosphorylation (Ko.5 value) of phos­
pholamban, the 15 kDa protein and troponin I. (Karczewski et 
a 1. 1990) 

phospholamban 

15 kDa protein 

troponin I 

-" - 10 - 9 

Ko. 5 value (nM) 

2.94 ± 0.04 

4.46 ± 0.24 

0.13 ± 0.01 

o 
t:. 

-8 -7 -6 -5 

log ISO (M ) 

Fig. 5. Dose-response relationships of isoprenaline on phos­
phorylation of phospholamban (PLB), the 15 kDa protein and 
troponin I (TNI) in the intact rat heart. The values for 
phosphorylation of each phosphoprotein studied represent 
means from preparations of 3-5 individual hearts and are 
expressed relative to the calculated maximal response of 
phosphorylation obtained by fitting the dose-response curves 
to a non-linear model. (Data taken from Karczewski et al. 
1990) 
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membrane-bound phospho1amban and the 15 kOa protein (Tab. 3, 

Fig. 5). These data may be explained by assuming a functio­

nal compartmentation of the cAMP signal cascade in the heart 

(Brunton et a1. 1981; England and Shahid 1987; Karczewski et 

a1. 1990). 

CONCLUSIONS 

Reversible phosphorylation of relevant proteins appears to 

be an essential step in the regulation of cardiac contrac­

ti1tity by hormones and drugs. To demonstrate the physiolo­

gical occurence of these reactions in the intact heart, the 

32Pi-pre1abelling method has been extensively used. This 

technique needs high activities of 32Pi in the perfusion 

medium to achieve high specific labelling of the intracellu­

lar ATP. Acurate quantitative measurements rely upon attain­

ment and maintenance of isotopic equilibrium. No indication 

is given of which protein kinases are responsible for the 

phosphorylation of the protein under investigation. 

The back-phosphorylation does not require radioactive 

labelling of the whole heart. The specific activity of 

[1-32P]ATP can be adjusted according to the needed sensiti­

vity of the assay. 

The presented standardized back-phosphorylation procedure 

allows the quantitative detection of phosphorylation of pro­

teins catalysed specifically by cAMP-PrK. This is of impor­

tance in order to study primary responses in phosphorylation 

of selected proteins induced by activation of second messen­

ger systems as demonstrated for a-adrenergic stimulation 

thought to be mediated through cAMP. 
The back-phosphorylation technique is suitable to study 

dose-response relationships of phosphorylation of relevant 

proteins, as shown for cardiac phospho1amban and troponin I, 
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which can be usefull to obtain information on functional 
compartmentation of the cell. 

By using other types of protein kinases, as e.g. cGMP­

dependent protein kinase, Ca2 +/calmodulin-dependent protein 

kinase and protein kinase C, further progress can be expec­

ted in the understanding of the interplay of intracellular 
signalling pathways involving protein phosphorylation. 
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THERMAL TRANSITIONS IN CARDIAC TROPONIN AND ITS SUBUNITS 

L.A. Morozova, V.L. Shnyrov, N.B. Gusev*, E.A. Permyakov 
Institute of Biophysics 
USSR Academy of Sciences 
Pushchino, Moscow Region 
USSR 

Introduction 

Cardiac troponin (Tn) takes part in the ca2+-regulation of 

the cardiac muscle contraction. It consists of three 

subunits troponin C (TnC) -Ca2+ -binding protein, troponin I 

(TnI) -inhibitor of actomyosin ATPase and troponin T (TnT)­

tropomyosin binding protein. However, it is still far from 

clear which changes occur in the conformation of subunits upon 

their interaction with each other. The parameters of thermal 

transitions of proteins reflect the changes in their 

structure. In the present work we studied the thermal 

denaturation of Tn subunits and their binary and ternary 

complexes in the presence and absence of ca2+ by means of 

intrinsic fluorescence and microcalorimetry. 

Methods 

Tn and its subunits were isolated from bovine heart muscles 

(Tsukni and Ebashi, 1973; Perry and Cole, 1974; wilkinson, 

1974). The formation of the binary complexes was checked by 

native electrophoresis at room temperature. The experiments 

were performed on a differential adiabatic scanning microcalo­

rimetry DACM-4 (USSR) and on a laboratory made spectro­

fluorimeter. The fluorescence was registered from the first 

surface of the cuvette. Since TnC has no tryptophan residues, 

the excitation of tryptophan fluorescence at 297 nm permits to 

monitor separately the unfolding of the tryptophan containing 
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components (TnI and TnT) in the complexes. The excitation of 

both tryptophan and tyrosine fluorescence at 280 nm for Tn 

complex was also used. The heating rate was 1 K/min. 

Results and discussion 

The ca2+-binding stabilizes the TnC structure shifting its 

symmetrical heat sorption peak from 65°C up to 82°C (Table 1). 

At the same time a cooperative denaturation transition of the 

individual TnI and TnT (Morozova et al. 1988) and their binary 

complex TnIT has not been registered up to 100°C, neither by 

calorimetric nor fluorescence methods. A small inclination of 

the temperature dependence of fluorescence intensity at 360 nm 

(or relative quantum yield) from a common fluorescence 

quenching curve at temperatures above 40°C, indicates only 

the presence of an uncooperative structural rearrangement in 

TnT and TnIT upon heating. So, it is reasonable to conclude 

that the individual TnI, TnT and their binary complex TnIT 

have no stable, highly ordered structure in solution. In 

contrast, the complexes TnIC and TnTC exhibit a micro­

calorimetric cooperative thermal transition (Fig. 1) both in 

the presence and absence of ca2+, and the position of the 

Table 1 

Denaturation temperatures (Td) and calorimetric 
(~Hcal) of the troponin thermal denaturation. 

enthalpies 

Protein 2 roM CaCl2 3 roM EDTA 

Td,oC ~H7al 
KJ mole 

Td,oC ~H7al 
KJ mole 

TnC 82 460 65 420 

TnIC 103 130 55 190 

TnTC 113 - 51 190 

Tn 57 230 51 220 
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partial heat sorption peaks of these complexes are shifted 

drastically to the higher temperatures in the presence of ca2+ 

and to the lower temperatures in the absence of Ca2+ in 

comparison with the individual TnC (Table 1). At the same 

time, the temperature dependence of tryptophan fluorescence 
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Fig. 1. Thermal denaturation of TnIC (A,B) and TnTC (C,D). 
A,C fluorescence spectrum position; B,D fluo­
rescence intensity at 360 nm (1,2) and partial heat 
sorption (3,4). 1,3 - 2 mM CaCl2 ; 2,4 - 3 mM EDTA. 
Excitation at 297 nm; 10 mM Hepes, pH 7. 1 mg/ml of 
each of the protein. vertical bar is 100 J/K.kg. 

intensity at 360 nm of TnT in TnTC complex only slightly 

deflect from a common fluorescence quenching curve at 50-70°C 

both in the presence and absence of ca2+. It correlates with a 

concomitant long wavelength shift of the spectrum. A similar 

effect on the plots of the fluorescence intensity versus 

temperature of TnI in TnIC complex was detected at 60-80°C in 

the presence of Ca2+ and at 45-70 0 C in the absence of ca2+, 

nevertheless it does not coincide with a long wavelength shift 

of the spectrum. 

and TnT in the 

ca2+-dependent 

So, the fluorescence data indicate that TnI 

correspondent binary complexes undergo the 

structural transition upon heating, however 
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these transitions cannot be considered as cooperative ones. It 

is worthy to note that the values of transition enthalpy, 

.6Hcal ' for the binary complexes are rather low (Table 1) . 

.6Hcal was calculated taking into account the masses of both 

proteins but the main contribution into the heat sorption, 

perhaps gives TnC. So, it seems that the temperature shift of 

the heat sorption peaks of the binary complexes in comparison 

with individual TnC reflects mainly the stabilization or 

destabilization of TnC structure in the presence or absence of 

Ca2+, respectively. 

In the case of the whole Tn both calorimetric heat sorption 

peaks and fluorescence effects, such as the peculiarities on 

the temperatures dependencies of the tryptophan and tyrosine 

fluorescence intensity and the long wavelength shift of the 
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Thermal denaturation of Tn in the presence of 2 mM 
CaCl~ (A,B) and in the presence of 3 mM EDTA (C,D). 
(A,C) - fluorescence spectrum position; B,D - fluo­
rescence intensity at 360 nm (1,2), 310 nm (3) and 
partial heat sorption (4). Excitation at 297 nm (1) or 
at 280 nm (2,3). 10 mM Hepes, pH 7. Protein concen­
tration: 1 mg/ml. Vertical bar is 50 J/K.kg. 
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spectrum, coincide well with each other in temperature scale 

(Fig. 2). These data indicate the presence of the cooperative 
" 

unfolding transitions in all subunits of Tn. It seems that the 

flexible structure of individual TnI and TnT allows them to 

adjust to each other and to TnC and to gain more stable folded 

conformation. It can be clearly seen from the complex curves 

of the temperature dependencies of both heat capacity and 

tryptophan and tyrosine fluorescence intensities that Tn 

unfolding passes through several stages corresponding to the 

melting of the distinct domains. However, it is impossible to 

ascribe the definite domain to the individual subunit. The 

ca2+-binding by Tn induces the complex structural 

rearrangements in it as it is followed from the changes of the 

shape of the heat sorption curves and the fluorescence 

intensities temperature dependencies. Nevertheless, the ther­

mal transition occurs almost in the same temperature region 

both for Ca2+-loaded and apo-Tn. So, the ca2+-binding does not 

cause such pronounced stabilization of Tn structure compared 

to TnC. 

The Tn system is a good model for investigation of the 

conformational changes in protein upon complex formation. 
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DYNAMIC PHOSPHORYLATION OF A SMALL CHLOROPLAST PROTEIN 
EXHIBITING SO FAR UNDESCRIBED LABELLING PROPERTIES 

J. 5011, A. Steidl, I. Schroder 
Fachrichtung Botanik der Universitat des Saarlandes 
0-6600 Saarbrucken 

A 19 kDa phosphoprotein from mixed envelope membranes of spin­

ach chloroplasts with extreme labelling kinetics has been 

characterized. Its localization between the inner and the 

outer envelope membrane can be deduced by the differential 

labelling between intact and broken chloroplasts (Table 1), 

(5011 and Bennett 1988, 5011 et al. 1989). 

Table ~ 
Differential labelling of proteins from intact and lysed 
chloroplasts. Phosphorylation was,done at 10 nM ATP at_i °C 
for 30 sec. Values are expressed 1n dpm ~g chlorophyll 
x min-1 

intact lysed ratio 
chloroplasts chloroplasts 

thylakoid/LHCP 53 125 0.424 
stroma a 12 110 0.109 
stroma b 11 100 0.11 
outer envelope 
(86 kDa) 63 16 3.9 
intermembrane space 
(64 kDa) 98 54 1.8 
19 kDa protein 2340 375 6.24 

If the 19 kDa protein is indeed localized in the envelope lu­

men, intact and broken chloroplasts should differ in their la­

belling kinetics. Intact chloroplasts still contain residual, 

endogenous ATP, this means that during labelling of intact 

chloroplasts two ATP pools exist, with different specific ac­

tivity which is encountered by envelope membrane proteins and 

another with low specific activity which is encountered by 

proteins inside the chloroplast. In intact chloroplasts the 

outer envelope 86 kDa protein, the 64 kDa and the 19 kDa pro-
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tein were labelled much earlier and stronger than the stromal 

and thylakoid phosphoproteins. 

The function of the interenvelope space is unknown; the dyna­

mically phosphorylated 19 kDa protein has been purified from 

mixed envelope membranes (Table 2) and characterized. It seems 

reasonable that it participates in a signal transduction pro­

cess. The first purification step was a mild sonication fol­

lowed by anion exchange chromatography on DEAE cellulose of 

the supernatant (Table 2). Most of the protein eluted at 125 

roM NaCl. Active protein fractions were pooled and purified 

further on a hydroxylapatite column from which it could be 

eluted at 60 roM phosphate buffer pH 7.6. 

Table 2 
Purification of spinach envelope 19 kDa protein 

step 

Envelope 
membranes 

Sonication 
supernatant 

DEAE 
chromato-
graphy 

Hydroxyl-
apatite 

Volume Protein Total Specific Reco­
activity very 

ml ~g units units/mg % 

1 6950 63.2 9.1 100 

0.89 1510 55 36.4 87 

5.6 8.9 28.5 3200 45 

4.5 0.54 4.4 8161 7 

Purifi­
cation 
fold 

1 

4.6 

352 

897 

1 unit e~uals 1 fmol 32p incorporated into the 19 kDa protein 
from [~- 2p ]-ATP x min-1 

The 19 kDa protein shows an extreme affinity for ATP and GTP 

as demonstrated by the low Km values of 8 nM and 5 nM for ATP 

and GTP respectively (Fig. 1 A). The phosphorylation, that is 

trichloracetic acid or acetone precipitable, is dependent on 

the presence of divalent cations (Mg2+ and Mn2+) (Fig. 1 B). 
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The cation Ca2+ has no effect. ADP and GDP inhibit phospho­

rylation (Fig. 1 D). The optimal pH for phosphorylation is in 

the range between pH 7 and pH 9 (Fig. 1 C). The pI of the 

phosphorylated enzyme has the value 6.2, whereas the pI of the 
non phosphorylated enzyme is 6.3. 
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Fig. 1) Characterization of the phosphorylation reaction of 
the partially purified 19 kDa protein. A) Determination of the 
Km value for ATP. B) Influence of divalent cations. C) pH 
dependence. D) The phosphorylation is inhibited by ADP. 

The molecular weight of the phosphorylated protein was estima­

ted by SDS gel electrophoresis and found to be 18.8 kDa (Fig. 

2 A). The phosphoryl turnover is extremely rapid, as deduced 

from a pulse-chase experiment. If the protein was labelled in 
the presence of 8 nM [r-32p]-ATP for 60 s~ and 10 ~M cold ATP 

was added at this time point, 90 % of the labelled phosphoryl­

groups in the protein are turned over within 15 sec. 

The determination of the phosphorylated amino acid residue de­

monstrated that no hydroxylated amino acid was phosphorylated, 
firstly the phosphate bond was labile to acidic conditions; 
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secondly after acid hydrolysis of the protein and high voltage 

electrophoresis no radioactivity was detectable in P-Ser, P­

Thr or P-Tyr (Soll et al. 1989). Extraction of the phospho­

rylated protein by chloroform methanol at pH 1 resulted in no 

detectable label in the organic solvent phase, but the total 

radioactivity was still bound to the protein. Exposure of the 

phosphoprotein to hydroxylamine or pyridine buffered in ace­

tate showed a concentration dependent base catalyzed enhance­

ment of the hydrolysis rate (Fig. 2 B) and excluded most like­

ly aspartate and glutamate as phosphorylgroup acceptor, as 

those are not susceptible to pyridine treatment (Sabato and 

Jencks 1961,Hokin et al. 1965). The label was also labile at 

alkaline pH (Stelte and Witzel 1986). At the moment it seems 

most likely that we deal with a lysine or histidine phosphate. 

The phosphorylation of the 19 kDa protein is inhibited by TNP­

ATP and by erythrosin (Fig. 2 C,D). 
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Fig. 2) A. Determination of the molecular weight of the 
phosphorylated form of the purified 19 kDa protein by SDS-PAGE 
B. Time course of hydrolysis of the phosphate bond in 1 M 
acetate buffer pH 5.5 in the P5~sence of 0.1 M hydroxylamin or 
pyridin. C. Inhibition of the P-incorporation by TNP-ATP. 
D. Inhibition of 19 kDa protein phosphorylation by erythrosine 
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The purified 19 kDa protein did not show significant ATPase 

activity (not shown). These findings are corroborated by re­

sults (Table 3), which demonstrate the effect of various 

ATPase inhibitors on the phosphorylation of the 19 kDa protein 

(Sze et al. 1987, Serrano 1988, Sze and Randall 1987). From 

further experiments it seems likely that 32 p -incorporation 

into the 19 kDa protein is due to autophosphorylation. 

Table 3 
Inhibition of 19 kDa protein phosphorylation by various ~Ub­
strates. The purified protein was phosphorylated by [~_3 PJ­
ATP in the presence of different effectors. A minimum of five 
different effector concentrations was used in every case. 

effector max. concentration % inhibition 

NaN3 
NaF 
NaF/AIC1 3 
ortho vanadate 
molybdate 
nitrate 
oligo\llycin 
DCCD1 ) 
ouabain 
dihydroxyacetonephohate 
NaCl 

10 roM 
20 roM 

10 roM/50 J.LM 
0.5 roM 
2.0 roM 

10 roM 
0.5 roM 
0.5 roM 

125 J.LM 
2 roM 

150 roM 

o 
o 
o 

29 
o 
o 
o 
o 
o 

60 
50 

1) The purified protein was pre incubated with DCCD for to 2h. 
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INTRODUCTION 

The nicotinic acetylcholine receptor (nACHR) is a heteropentameric glycoprotein transducing 

signals at cholinergic synapses. Its quaternary structure is Q\2¥ with the Ql-subunits con­

taining the binding sites for cholinergic agonists and antagonists. Signal transduction occurs 

upon opening of an ion channel by agonist binding. This channel has been identified as being 

formed by homologous helical sequences contributed by the subunits (Helix M2 model; Hucho 

et al. 1989). The nACHR is a phosphoprotein. The physiological role of phosphorylation of the 

receptor is not clear. Phosphorylation/dephosphorylation has been implied in subunit assem­

bly during development (Changeux 1981) or rapid receptor regulation (desenSitization; Huganir 

et al. 1987). The latter hypothesis has been questioned when slow desensitization was shown 

to occur in nACHR from which phosphorylation sites have been removed by site directed 

mutagenesis (Hoffmann et al. 1989). Here we show that at least the &-subunit is stably and not 

transiently phosphorylated. This finding supports a role of phosphorylation in long term events 

rather than in short term regulation. 

Three protein kinases have been shown to be able to phosphorylate the nACHR from Torpedo 

californica electric tissue, a cAMP dependent protein kinase (PKA; Huganir et al. 1984), PKC 

(Safran et. al. 1987) and a tyrosine kinase (Huganir et al. 1984). They have been predicted to 

phosphorylate the receptor subunits at a total of seven potential sites (Huganir et al. 1987). 

Most of the sites are predicted to be phosphorylated only on the basis of the substrate specifi­

city of the respective kinase. By direct localization through protein sequencing only pSer 353 

and 8Ser 361 were shown to be phosphorylated. So far all attempts to localize 
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phosphorylation sites in the primary structure addressed 32p-phosphate groups introduced in 

vitro by means of added kinase. In the present investigation we could show that the 8-subunit 

in our receptor preparation is already phosphorylated to a high stoichiometry even in the 

absence of phosphatase inhibitors. 

RESULTS 

We isolated the receptor as described previously (Schiebler et al. 1978) and separated the sub­

units by preparative gel electrophoresis. First we determined the total number of phosphate 

groups in various subunits. We found as previous authors up to four phosphate groups in the 

8-subunit (3.7±O.22; Schroeder et al. 1991). This value was obtained by the method of Ames 

(1966). Further we determined the content of phosphoserine residues by derivatizing the 8-sub­

unit with thioethane according to the method of Meyer et al. (1986). In this method the phos­

phorylated serine residues were converted to S-ethyl-cysteine (SEC) by B-elimination/addition 

mechanism which is easily detectable in the amino acid analysis and stable during Edman 

degradation. The amount of SEC in the amino acid analysis was in several determinations 2.5-3 

Mol/Mol 8-subunit. In addition we determined the yield of derivatization with phosphokemptide. 

Calibration was performed with authentic SEC and with the appropriate internal standard. 

We localized phosphoserine residues in the 8-subunit by Edman sequencing. For this we 

digested the separated 8-subunit with endoproteinase Lys-C and Glu-C, separated the peptides 

by HPLC (Vydac C18) and screened each fraction for phosphoserine containing peptides by 

OPA amino acid analysis with the method of Meyer et al. (for chromatogram see Schroeder et 

al. 1991). 

One major peak containing SEC was found in the Lys-C digest. Edman degradation revealed 

the sequence Leu357-Lys368 but unexpectedly this peptide was found to be phosphorylated not 

only in position 8Ser 361 but also in position 8Ser 362. Cleavage of purified 8-subunit with endo­

proteinase Glu-C yielded another SEC containing peplide starting at position Tyr372. This 

contains Ser 377' a site predicted to be phosphorylated by PKC. This site is not detectable in the 

Lys-C digest because of its N-terminal position. The SEC method does not work with N-termi­

nal phosphoserine residues because upon B-elimination of the phosphate group pyruvate is 

formed and no thioethane can be added. 

We tried to identify the protein kinase responsible for the phosphorylation of the novel phos­

phorylation site 8Ser362 by in vitro phosphorylation of the synthetic peptide Leu357-Lys368 with 

purified PKC and commercial PKA catalytic subunit. It was shown previously that PKA phos­

phorylates the 8-subunit at position Ser361 (Vee et al. 1987) and that PKC phosphorylates a 

synthetic peptide 8AsP354-IIe367 at an unidentified site (Safran et al. 1987). 

Phosphorylation of our synthetic peptide Leu357-Lys367 with PKA yielded in the HPLC two com­

ponents, the monophosphorylated peptide phosphorylated in position Ser 361 and the diphos-
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phorylated peptide phosphorylated at position Ser361 and Ser362• Phosphorylation with PKC 

yielded only one derivatized peptide phosphorylated in position &Ser36~ (Schroeder et al. 1991). 

Identlncatlon of phoaphopeplldea by LC/MS and LC/MS/MS 

In addition to this investigation we tried to identify phosphopeptides of the &-subunit of the 

nACHR by ion spray LC/MS and LC/MS/MS on a Sciex API III triple quadrupole mass spectro­

meter. The MS was connected on-line with an HPLC. First we tested with phosphokemptide 

(LRRAS(P)LG) the stability of serine phosphoester residues (Fig. 1). 
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Fig.1 Ion evaporation mass spectrum of 40 picomoles of kemptide and phosphokemptide. 

Subsequently we attempted to identify phosphopeptides in the Lys-C digest of the nACHR &­

subunit. Each peak of the total ion current (profile of the eluant detected by MS, Fig. 2) was 

subjected to further mass analysis (Schroeder et al. 1990). The only peptides of the &-subunit 

matching the masses of 1512 and 1432 Da detected in the mass spectrum of one the HPLC 

peaks is the mono and doubly phosphorylated &-peptide LRRSSSVGYISK (Fig. 3). In the mass 

spectrum of a second HPLC peak (Fig. 4) we identified the mono and doubly charged ions cor­

responding to the masses of 1207.5 (1205) and 1091.5 (1092) Da. Again only the phospho­

rylated Lys-C peptides SRSELMFEK (&377-&385) and AQEYFNIK (&369-&376) match these 

masses. The former peptide contains the predicted PKC substrate site and the latter the tyro­

sine kinase site. 
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Further investigations by ion spray LC/MS/MS show that phosphopeptides with a phospho­

serine residues can be identified in the daughter ion spectrum by the neutral loss of H3PO. 

which occurs upon fragmentation in the collision cell (shown with kemptide and 

phosphokemptide, Fig. 5). A neutral loss function in the tandem MS was developed to screen 

for all peptides which give rise to a loss of HlO. (from the doubly charged parent ion loss of 

49 Oa was observed and not 98 Oa). By this method we identified again the mono and doubly 

phosphorylated I)-peptide Leu357-Lys367. The total ion current of these two peptides indicated 

that the monophosphorylated peptide is a minor component. 
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Fig.2 Total ion current of all masses. Lys-C digest of the nicotinic acetylcholine receptor (1)­
subunit); amount injected 300 pmol, on-line from HPLC (ABI Aquapore C18, 1 mm x 10 cm), 
flow rate 40 ilL/min, linear gradient: 0-5 min 100 % A, 5-160 min to 70 % B, A: H20, 0.1% TFA, 
B: acetonitrile, 0.1 % TFA. Arrows indicate peptides later identified as phosphopeptides (see 
Fig. 3 and 4) 
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CONCLUSION 

We have shown by two independent methods (Edman sequencing and MS) that the predicted 

phosphorylation sites of the nACHR &-subunit are stably (and not tranSiently) phosphorylated 

to near stoichiometry. This refers to the sites phosphorylated by PKA, PKC and tyrosine 

kinase. Phosphorylation of the latter was deduced from the difference in the number of phos­

phate groups obtained with the Ames and SEC method. The stably phosphorylated tyrosine 

kinase site was furthermore identified by MS. A hitherto unpredicted phosphorylation in posi­

tion &Ser362 was detected both by Edman sequencing of the SEC derivatized peptide and by 

MS. Both methods seem to be complementary. Concerning the possible function of the 

receptor phosphorylation these findings support a developmental rather than a short term 

regulatory role. 

Acknowledgements: We gratefully acknowledge H.Bayer's expert technical assistance. This 
work was supported by grants from the Deutsche Forschungsgemeinschaft (SFB 312) and the 
Fonds der Chemischen Industrie. 

REFERENCES 
Ames BN (1966) Methods Enzymol. 8:115-118 
Changeux JP (1981) Harvey Lect. 75:85-254 
Hoffmann P, Choi KL, Kienker P, Yellen, G and Huganir RL (1989) Society Neuroscience 

Abstracts Vol. 15:85-254 
Hucho F and Hilgenfeld R (1989) FEBS Lett. 257:17-23 
Huganir RL and Greengard P (1983) Proc. Natl. Acad. Sci. 80:1130-1134 
Huganir RL, Mites K and Greengard P (1984) Proc. Natl. Acad. Sci. 81:6968-6972 
Huganir RL and Greengrad P (1987) TIPS 8:472-477 
Meyer HE, Hoffmann-Posorske E, Korte H and Heitmeyer LMG (1986) FEBS Lett. 204:61-66 
Safran A, Sagi-Eisenberg R, Neumann D and Fuchs S (1987) J. Bioi. Chem. 262:10506-10510 
Schiebler Wand Hucho F (1978) Eur. J. Biochem. 85:55-63 
Schroeder W, Covey T and Hucho F (1990) FEBS Lett. 273:31-35 
Schroeder W, Meyer HE, Buchner K, Bayer Hand Hucho F (1991) Biochemistry, in press 
Yee GH and Huganir RL (1987) J. Bioi. Chem. 262:16748-16753 



A SENSITNE COLORIMETRIC ASSAY 

FOR PROTEIN PHOSPHATASE ACTIVITY 

T.P. Gcladopoulos, T.G. Sotiroudisl and A.E. Evangclopoulos 

Institute of Biological Research, The National Hellenic Research Foundation, 

48 Vassileos Constantinou Avenue, Athens 116 35, Greece 

Phosphorylation of proteins is a posttranslational modification of major significance in cellular 

regulation (Krebs & Beavo 1979). Protein kinases catalyze the addition to, and phosphatases the 

removal of phosphate groups from serine, threonine, tyrosine and other amino acid residues (Boyer 

& Krebs, 1986). We present here a simple and sensitive colorimetric assay for protein phosphatase 

activity based on the determination of released Pi by an improved malachite green procedure 

(Baykov et al 1988). The method is described in detail elsewhere (Geladopoulos et al 1991). 

There is a number of methods for measuring Pi release in protein phosphatase assays (Weller 

1979). The most sensitive technique involves acid precipitation of a protein substrate containing 

bound (Up)phosphate and determination of the released radioactivity in the supernatant. This 

procedure is handicapped by restrictions for working with radioactivity and it cannot distinguish 

between the release of acid-soluble 32P_labeled peptides through proteolysis and the release of free 

[32p)Pi by the phosphatase. On the other hand in non-radioisotopic phosphatase assays, the 

measurement of released Pi, using the formation of molybdenum blue by tfle reduction of phospho­

molybdate, although simple, lacks sensitivity (Buss & Stull 1983). 

Highly sensitive assays for Pi have relied upon formation of a colored complex between the 

acidified molybdate and the dye malachite green (Itaya & Ui 1966). The sensitivity of this 

procedure is 30 times greater than the widely used Fiske-SubbaRow method (Bus & Stull 1983). 

Recently a modified malachite green procedure has been reported (Baykov et aL 1988). This 
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method takes advantage of the high solubility and stability of the malachite green in the presence 

of 6N H 2S04, Furthermore, all necessary reagents are combined in one concentrated solution 

making the assay more sensitive and convenient (Baykov ct a!. 1988). In order to extend this 

sensitive method for Pi determination as a protein phosphatase assay, we had to overcome the 

interference due to protein precipitation that usually occurs. 

In the experiments presented in this paper the malachite green method for Pi determination 

of Baykov ct a!. (1988) was adapted to measure protein phosphatase activity. 

Deproteinization and Protein Stabilization 

A. HzS0. and HClO. Treatment 

We used several proteins and protein containing biological materials as standards in order to 

establish methods suitable for deproteinization or protein stabilization in acid solution prior to the 

malachite green Pi assay. All proteins examined (albumin, protamine, phosphorylase b, phosvitin, 

and brain homogenate), were either removed and/or stabilized by treating the sample with H2S04 

(0.25 N), or with HCI04 (3% w /w), so that no interference with subsequent Pi determination was 

observed. Deproteinization with sulfuric or perchloric acid was performed by adding 1 volume of 

2.25 N H 2S04 or 70% (w/w) HCI04 to 8 or 22 volumes of phosphatase reaction mixture, respect­

ively. After standing for 10 min at O°C, the mixture was centrifuged for 3 min in an Eppendorf 

(type 5414S) centrifuge and the supernatant was removed for phosphate determination (see below). 

In the original method (Baykov ct al. 1988) the color reaction is completcd within 10 min. 

However, thc increase of acidity in the final Pi assay mixture drastically reduces the rate of color 

development (more than tenfold). In our cffon to overcome the retardation effect of overacidifica­

tion we found that an increase in the final ammonium molybdate concentration up to 3% (w Iv), 

highly accelerates color formation, so that the reaction is almost complete within 1 min, even in 

presence of eXCesS H2S04 or HCIO 4' 

A mixture of casein peptides (prepared by trypsinolysis of casein) was also soluble in the final 

Pi assay system, up to 0.1 mg/ml, without affecting color formation. 

B. SDS/KCI Treatment 

Taking into account that there is always the possibility of acid hydrolysis of labile phosphate 

during deproteinization with strong acids, we established an alternative procedure for protein 
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removal or stabilization at neutral pH. When we first d~nature the proteins with SDS (2.5%) at 

neutral pH and then remove the excess of detergent by precipitation with KCl (1M) (SDS gives 

intense color reaction with malachite green reagent), proteins examined do not interfere with Pi 

determination (phosvitin was the only exception). 

Phosphate Determination 

The malachite green reagent was prepared and Pi was determined as <lescribed by Baykov et 

al. (1988) except that the final reagent solution contained 3% (wjv) ammonium molybdate. 

Standard plots obtained in the presence of the mentioned pro~ins after treatment with 

H2S04, HCI04 or with SDSjKCI were essentially identical with those obtained in the absence of 

protein. Moreover, standard curves obtained by any of the above treatments were linear up to 4 

nmol Pi. 

Application of the method to the determination of protein phosphatase 

activity 

Based on the previous results, the malachite green micromethod was applied in order to 

determine protein phosphatase activities. Using the H2S04-treatment procedure, we were able to 

follow the alkaline phosphatase-catalyzed release of Pi from phosvitin. 

Furthermore, it was also possible to determine glycogen phosphoryl!lse phosphatase activity 

in freshly prepared bovine brain extracts. Standard phosphorylase phosphatase activity measure­

ments were performed by determining the release of trichloroacetic acid-soluble radioactivity from 

32P-labelled phosphorylase a (Shenolikar & Ingebritsen 1984). The comparison of the time course 

of dephosphorylation determined colorimetrically with that monitored by following the release of 

[32pJPi, clearly showed that the results obtained by both methods arc almost the same. To our 

knowledge this is the first non-radioactive procedure applied for monitoring the enzymatic release 

of Pi from phosphorylase a, a large homodimer with only one phosphorylated residue in each 

polypeptide chain (97.400 Oa). 

In conclusion, using the most sensitive colorimetric procedure for Pi determination reported 

so far (Baykov et al 1988, Van Veldhoven & Mannaerts 1987), we were able to establish a 
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method for determination of protein phosphatase activities which is non-radioactive, simple, non­

expensive and sensitive enough to detect 0.2 nmol Pi/sample. This method permits to use very low 

concentrations of substrate and can be applied to a variety of phosphorylated substrates. It also 

aIIows the determination of Pi released by phosphatase from soluble, low Mr phosphopeptides in 

an one step procedure and most important to assay the enzymatic dephosphorylation of biologically 

important protein-bound endogenous phosphate when it is not possible to find suitable conditions 

or the particular protein kinase necessary for the radiolabe1ing of the specific site(s). 

FinaIIy, we must outline certain disadvantages of our method: (a) Multisite dephosphorylation 

of polyphosphorylated protein substrates would complicate the interpretation of kinetic data. In 

this respect, the use of monophosphorylated peptides or protein substrates is advantageous. 

(b) The use of complex biological samples as a source of protein phosphatase, may produce large 

blank values because of enzymatic Pi release from endogenous phosphoproteins or from free and 

protein-associated (noncovaIently) phosphate-containing compounds. In this case, one must select 

an appropriate method for the efficient removal of such phosphocompounds. 
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PROTEIN KINASE STRUCTURE & FUNCTION: cAMP­
DEPENDENT PROTEIN KINASE 
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Protein phosphorylation is a major mechanism for regulation in 
eukaryotic cells, and the protein kinases represent a large and very 
diverse family of enzymes. Nearly all major metabolic pathways are 
regulated at some step by phosphorylation. In addition, protein kinases 
play critical roles in mitogenesis, in cell cycle events, and in many types 
of oncogenesis. One of the first protein kinases to be discovered was 
cAMP-dependent protein kinase (cAPK) (Walsh DA, et al., 1968). In the 
intervening decades, the family has grown to well over 100. These 
enzymes are complex and differ in terms of their size, subunit structure, 
subcellular localization, and mechanism of activation. cAPK, however, 
remains as one of the simplest. Furthermore, despite the diversity of 
the kinases, all share a conserved catalytic core that is included within 
the free catalytic (C) subunit of cAPK (Hanks SK, et al., 1988). Thus, the 
C-subunit can serve as a framework for the entire family (Figure 1). 

With the exception of the oncoproteins, most protein kinases are 
maintained in an inhibited state in the absence of an activating signal. 
In the case of the C-subunit, inactivation is achieved by association with 
a regulatory (R) subunit. The inactive holoenzyme is an R2C2 tetramer. 
cAMP binds with a high affinity to the R-subunit thus promoting 
dissociation into an R2(cAMP)4 climer and 2 free and active C-subunits. 
It is this mechanism of activation that contributes significantly to the 
simplicity of cAPK, for, unlike the other kinases, the major regulatory 
entity can be readily removed and studied independently (for reviews 
see (Beebe SJ and Corbin JD, 1986;Bramson HN, et al., 1984;Taylor SS, 
et al., 1990». 
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Figure 1: Sequence alignment of protein kinases. The conserved catalytic core 
is shown in black. Invariant residues are Asp (.), Lys (e), and Gly 50, 52, and 
55 (-). M = N-myristoyL Stippled = membrane spanning segment. Regulatory 
regions (crosshatched) are not conserved. 

Understanding the relationship between structure and function 
requires a number of diverse techniques. Protein chemistry has 
provided insights into specific functional sites and residues. Some of 
the key features associated with the C-subunit are summarized in 
Figure 2 and are discussed in detail in two recent reviews (Taylor 55, et 
al., 1990;Taylor 55, et al., 1990). Localization of the ATP binding site 
near the amino-terminus, for example, initially was based on affinity 
labeling with fluorosulfonyl benzoyl5'-adenosine (FSBA) which 
modified Lys72 (Zoller MJ and Taylor 55, 1979). Differentiallabeling 
with a group specific reagent can provide a more global picture of the 
protein, but can also be used to localize functional sites. This approach 
was utilized for the C-subunit by labeling with acetic anhydride, a small 
lysine-specific reagent that should have access to solvent-accessible side 
chains. Group specific labeling with acetic anhydride confirmed that 
the N-terminal region of the C-subunit was protected by MgATP 
(Buechler JA, et al., 1989). Lys47 and Lys72, in particular, were very 
reactive in the absence of MgATP, but protected from modification with 
acetic anhydride in the presence of MgA TP. A conserved glycine-rich 
segment (GlySO through Gly55) preceding Lys72 is also an important 
feature of the ATP binding site (Taylor 55, et al., 1990). 
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Figure 2: Functional sites in the C-subunit and sequence alignment with some 
other known protein kinases. Myristoylation (Myr) and phosphorylation sites 
(P) are indicated. Other sites include Gly 50, 52, and 55 ( •• ) as well as Lys 72 
(.) labeled with FSBA, Asp 184 labeled with EDC (0), and Cys 199 (0), affinity 
labeled with a peptide analog. Highly conserved sequences are indicated also 
ce) (Figure taken from Taylor, Yonemoto, and Buechler Annu. Rev. 
Biochern.). 

In order to identify any carboxyl groups that may lie close to the 
ATP binding site, the C-subunit was treated with a hydrophobic 
carbodiimide, dicyclohexyl carbodiimide (DeCD). This led to the 
identification of an essential reactive carboxyl group, Asp184, and 
furthermore established that Asp184, in the absence of MgATP, can be 
cross-linked readily to Lys72 (Buechler JA and Taylor 55, 1988;Buechler 
JA and Taylor 55, 1988). Both of these residues, as well as the glycine­
rich loop, are highly conserved features of all protein kinases (Hanks 
5K, et al., 1988;Taylor 55, et al., 1990;Taylor 55, et al., 1990). 
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Since peptide recognition differs for each kinase, specific residues 
that line the substrate binding pocket very likely differ for each kinase 
although the folding of the polypeptide chain will, in general, be 
conserved. Furthermore, it should be emphasized that the substrate is 
relatively large so that peptide recognition will certainly involve 
several spatially distinct sites. In the case of the C-subunit, the general 
consensus sequence for recognition is Arg-Arg-X-Ser (Bramson HN, et 
al.,1984). Affinity labeling showed that Cys199, Gly125, and Met127 
are all close to the peptide binding site (Bramson HN, et al., 1982;Miller 
WT and Kaiser ET, 1988), while group-specific labeling with a water 
soluble carbodiimide identified several carboxyl groups that may 
contribute to peptide recognition: Glu170, Asp328, and Glu332 
(Buechler JA and Taylor SA, 1990). In general, these residues associated 
with peptide recognition are not highly conserved in other kinases. An 
overall summary of the active site region showing some of the residues 
thought to lie near the substrates is shown in Figure 3. 

I DeCO I ASP184t 

I Affinity Labeling 

I FSBA I Lys72 

I Peptide I Cys199 
Gly125 
Met127 

Glycine-rich Loop I 
Figure 3: Proposed model for active site of the C-subunit. Residues thought to 
be in close proximity are indicated. 
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While chemical approaches enable us to map out functional sites, 
additional techniques are required in order to fully understand a 
molecule this size. On the one hand, a high resolution crystal structure 
is essential. In addition, however, recombinant techniques and having 
prokaryotic expressions systems for both the R- and the C-subunit 
(Sara swat LD, et al., 1986;Slice LW and Taylor SS, 1989) are invaluable 
tools for interpreting that structure. 

Recombinant Approaches: The cloning of the Ca.-subunit opened 
the way for using recombinant methods to probe its structure and 
function (Uhler MD, et al., 1986). While many questions can be 
answered by overexpressing mutant and native proteins in cultured 
cells, we chose to develop prokaryotic expression systems that would 
enable us to purify Significant amounts of protein. After trying many 
different vectors and strains of E. coli, expression of active and soluble 
enzyme was eventually achieved using a Pt7-7 vector where the gene 
encoding the C-subunit is placed behind a T7 polymerase promoter 
(Slice LW and SS Taylor, 1989). The amount of soluble protein can be 
increased by carrying out the induction at low temperatures (Yonemoto 
W, et al., 1990). This recombinant enzyme, rC, is kinetically 
indistinguishable from the mammalian enzyme; however, it is more 
labile to heat denaturation. Both the free rC-subunit and the 
corresponding holoenzyme have a Tm that is approximately 5° lower 
than the corresponding mammalian enzyme (Yonemoto W, et al., 1990). 

The mammalian C-subunit is known to undergo two types of 
posttranslational modification, myristoylation at the N-terminus (Carr 
SA, et al., 1982) and phosphorylation (Shoji S, et al., 1979). The rC­
subunit lacks the myristoyl moiety since E. coli does not express an N­
myristoyl transferase (NMT). In order to determine the role of 
myristoylation, the C-subunit was co expressed with NMT. This 
allowed us to reconstruct a eukaryotic posttranslational modification 
system in E. coli, and the rC-subunit expressed in the presence of NMT 
was stOichiometrically modified at its N-terminus with myristic acid. 
The myristoylated rC-subunit was kinetically identical to the non­
myristoylated enzyme; however, the addition of the acyl group 
stabilized the enzyme. The Tm of the myristoylated C-subunit is nearly 
identical to the mammalian C-subunit (Duronio RJ, et al., 
1990;Yonemoto W, et al., 1990). 
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The rC-subunit is also phosphorylated and since expression of an 
inactive form of the coenzyme is not phosphorylated, it is clear that the 
autophosphorylations are autocatalytic (Yonemoto W, et al., 1990). For 
example, replacing the essential lysine, Lys72, with His or Arg leads to a 
2-3 order of magnitude loss in enzymatic activity, and this protein, in 
contrast to the native rC-subunit, shows very little phosphorylation 
when expressed in the presence of [32Pil. The two sites that are 
normally phosphorylated in the mammalian C-subunit, Thr197 and 
Ser338, are phosphorylated in the rC-subunit. In addition, SerlO and 
Ser149 are autophosphorylated. SerlO is a site of reversible 
autophosphorylation in the mammalian C-subunit (Yonemoto and 
Taylor, unpublished results). 

Other mutations are now being introduced into the C-subunit in 
order to probe specific amino acid residues thought to be important for 
substrate and MgATP recognition and for catalysis. In addition, 
deletions are being introduced at the C-terminus and at the N-terminus 
to better define the true core that is essential for function. 

Biophysical Approaches: The progress in solving the crystal 
structure is presented in the Knighton abstract. While the chain tracing 
is not yet complete, the shape of the molecule is clear. There are two 
general lobes with a cleft between. The smaller lobe contains primarily 
~-structure while a-helices dominate in the larger lobe. A 20 residue 
peptide inhibitor, derived from the heat stable protein kinase inhibitor 
(Cheung H-C, et al., 1986), and MgATP both bind in the cleft between 
the two lobes. 

Several types of conformational changes are associated with 
substrate binding to the C-subunit. Neutron scattering showed that the 
free C-subunit had a radius of gyration (Rg) of 20.oA. In the presence of 
the 20 residue inhibitor peptide (PKI:5-24) and MgATP the Rg was 18.5A, 
indicating a significant compacting of the molecule (Parello J, et al., 
1990). Peptide alone was sufficient to induce most of this change in Rg 

while MgATP alone had no effect. Hence we propose that substrate 
binding causes the cleft to close. This is also consistent with the 
crystallographic results since the free C-subunit crystallizes in a cubic 
form while the ternary complex yields a hexagonal crystal (Knighton 
DR, et al., 1990). 
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While the neutron scattering indicates global changes in overall 
conformation that are induced primarily by peptide binding, intrinsic 
protein fluorescence can be used to measure more subtle and localized 
changes in conformation. In contrast to the neutron scattering results, 
binding of peptide causes no changes in the intrinsic tryptophan 
fluorescence of the C-subunit, while the binding of MgATP causes a 
significant quenching of fluorescence (Driscoll and Taylor, unpublished 
results). Thus there are at least two separate probes that are sensitive 
enough to detect different types of conformational changes in the C­
subunit. These will be particularly important as we begin to 
characterize mutant forms of the C-subunit. 

Inhibition of the Catalytic Subunit: There are two known 
inhibitors of the C-subunit: the regulatory (R)-subunits (Taylor 55, et 
al., 1990) and the heat stable protein kinase inhibitor (PKI) (Walsh DA, et 
al., 1990). The mechanism by which each inhibits the C-subunit is 
remarkably similar. Each contains an inhibitory domain that resembles 
a peptide substrate. This region then occupies the peptide binding site 
thus preventing other substrates from binding (Taylor 55, et al., 1990). 
The primary difference between the two mechanisms is that the 
inhibition by the R-subunit can be reversed by the binding of cAMP while 
the inhibition by PKI appears to be irreversible. 

Unlike the C-subunit, the R-subunits have a well-defined domain 
structure as summarized in Figure 4. Limited proteolysis provided the 
first clues about this domain structure. More recently, mutagenesis of 
the recombinant R-subunit has enabled us to extend this model by 
generating numerous deletion mutants (Ringheim GE, et al., 1988). 
There are at least four unique gene products in the R-subunit family 
(Clegg CH, et al., 1988;Jahnsen T, et al., 1986;Lee DC, et al., 1983;5cott 
JD, et al., 1987), but all have conserved the same overall domain 
structure. Two tandem gene duplicated cAMP binding domains lie at 
the C-terminus. cAMP binds with positive cooperativity and induces 
conformational changes that cause dissociation of the subunits. A 
model for the folding of the polypeptide chain in each cAMP-binding 
domain has been proposed based on the crystal structure of the 
catabolite gene activator protein (CAP) in E. coli which shows extensive 
sequence similarities with the cAMP-binding domains of the R-subunit 
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cAMP Binding Site 

/ 

Proteolysis .. 

(P) 
RII: Asp-Arg-Arg-Val-Ser-Val_Cys 

RI: Arg-Arg-GIy.Ala -lie-Sar 

/ (P) 
Asp-Arg-Arg-Val- Ser-Val-Cy. (doe. form holoenzyme) 

Val-Ser-Val-Cys (doe. NOT form holoenzyme) 

Figure 4: Model and domain structure of the R-subunit. The overall domain 
structure of the R-subunit is summarized in the inset. A model for the 
asymmetric R-subunit is shown below. 

(Weber IT, et a1., 1987). The proposed model for cAMP-binding site A is 
shown in Figure 5. The cAMP binds in a ~-barrel with the adenine ring 
interacting with a long helix. Two highly conserved features of this 
binding site are an Arg (Arg209) that interacts with the exocyclic 
oxygens of cAMP and a Glu (Glu200) that hydrogen bonds to the 2'-OH 
of the ribose ring. 

The R-subunit is an asymmetric dimer, and the major sites for 
dimer interaction lie at the N-terminus. ApprOximately 90-100 residues 
from the N-terminus lies the inhibitory domain also referred to as a 
"hinge" region because it is labile to proteolysis in the absence of C­
subunit. This segment contains a substrate-like sequence. Proteolytic 
cleavage up to the arginines in this sequence generates a monomeric R­
subunit that still binds to C with a high affinity in a cAMP-dependent 
manner. Cleavage just beyond the two arginines, however, results in a 
fragment that no longer associates with the C-subunit (Weldon 5L and 
Taylor 55, 1985). This inhibitory region differs in the two families of R­
subunits. The type II R-subunits contain an autophosphorylation site 
here while the type I R-subunits contain a pseudophosphorylation site 
(Figure 5). The type II R-subunit can be auto phosphorylated in the 
holoenzyme complex (Rosen OM and Erlichman J, 1975). The type I 
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holoenzyme binds MgA TP with a high affinity (10nM) in contrast to a 
Km of 10mM for the free C-subunit and this increases the Ka(cAMP) by 
5-10 fold (Hofmann F, et al., 1975). If Ala97 in the RLsubunit is replaced 
with Ser, the RLsubunit also can be autophosphorylated by an 
intramolecular event in the holoenzyme providing compelling evidence 
that this segment of the R-subunit occupies the actual peptide binding 
site in the holoenzyme complex (Durgerian 5 and Taylor 55, 1989). 

Figure 5: Model of cAMP-binding site A based on the crystal structure of CAP. 

This mechanism of inhibition via a pseudosubstrate region has 
been proposed now for several other protein kinases including protein 
kinase C (House C and Kemp BE, 1987), the calcium calmodulin­
dependent protein kinase II (Kwiatkowski AP and King MM, 1989), and 
myosin light chain kinase (Ikebe M, et al., 1987). However, in none of 
these cases is the evidence as clear as it is for CAMP-dependent protein 
kinase. Thus, once again, this simple kinase, cAPK, serves as a 
framework for a mechanism of inhibition that appears to be widespread 
in the protein kinase family. 

The other known inhibitor of the C-subunit is PKI (Walsh DA, et 
al.,1990). Like the RLsubunits, it contains a pseudosubstrate site that is 
localized at the amino-terminus. A 20 residue peptide, PKI(5-24), from 
this region inhibits the C-subunit with a Ki of 2nM (Cheung H-C, et al., 
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1986). It is this peptide that was cocrystallized with the C-subunit. So 
far there is no known mechanism for releasing the C:PKI complex. 

Microinjection: While it is essential to understand the chemical 
structure of the C and R subunits, if one is to truly appreciate how the 
enzyme functions at the molecular level, one also wants to ultimately 
understand how the enzyme functions and is regulated within the cell. 
One such approach to understanding cellular function is microinjection. 
In the case of cAPK, this approach is quite feasible since large amounts 
of protein are readily available. With good expression systems in E. coli 
in hand for both subunits, mutant proteins also can be generated easily. 

One of the persistent questions regarding the C-subunit is its role 
in the regulation of gene expression and, in addition, its location in the 
cell. Many genes are known to be regulated by cAMP. These genes are 
typically preceded by a cAMP responsive element. The protein that 
binds to this element, the CRE binding protein or CREB, is regulated by 
phosphorylation by the C-subunit and the C-subunit alone is sufficient 
to induce the expression of genes preceded by a CRE (Gonzalez GA, et 
aL, 1989;Grove JR, et al., 1987). A critical question now is whether the 
C-subunit is, at some point, translocated to the nucleus and whether 
nuclear localization of the C-subunit is necessary for regulating gene 
expression. 

In an effort to answer this question, C-subunit was labeled with 
fluoresceine isothiocyanate under conditions where activity and 
capacity to form holoenzyme were retained. This fluorescent C-subunit 
(FITC-Cat) was then microinjected into rat fibroblast cells under a 
variety of conditions (Meinkoth JL, et aL, 1990). When C-subunit alone 
was microinjected, it migrated first to a perinuclear location and then to 
the nucleus where it remained for up to 3 hours. In contrast, when 
holoenzyme formed with FITC-Cat was microinjected, it remained in 
the cytoplasm and showed a filamentous distribution. Only in the 
presence of 8-Br-cAMP sufficient to cause holoenzyme dissociation did 
FITC-Cat migrate to the nucleus. When the R-subunit was labeled with 
fluoresceine isothiocyanate and microinjected, it remained in the 
cytoplasm showing a distribution that mimicked the holoenzyme. When 
holoenzyme formed with FITC-R was microinjected, the fluorescence 
remained in the cytoplasm both in the presence and absence of 8-Br­
cAMP. A mutant form of the C-subunit containing a Gly1Ala 
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replacement and incapable of being myristoylated at the N-terminus 
also migrated to the nucleus following microinjection. Hence, 
myristoylation is not a requirement for nuclear translocation. 

Conclusions: We have tried to stress the importance of using 
multiple approaches to understand kinase structure and function. All 
these pieces of information, ranging from a high resolution crystal 
structure to microinjection of isolated subunits, are important. 
Hopefully, by superimposing this information, we shall begin to 
understand how this enzyme functions both at the molecular level and 
at the physiological level. 
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ABSTRACT 

The cDNA coding for the regulatory subunit of the cAMP·dependent protein kinase from 

Dictyostelium discoideum was cloned in an E. coli expression vector. Oligonucleotide­

directed mutagenesis was used to introduce single amino-acid substitutions in either cAMP 

binding site A (Gly to Glu at position 135) or site B (Gly to Glu at position 261). Analysis of 

the mutated R subunits showed that both single mutants retain high affinity cAMP binding 

activity (Kd = 20 nM) while cAMP did not bind to the protein carrying substitutions in both 

sites. The results show that the regulatory subunit from Dictyostelium contains two high 

affinity cAMP binding sites and that cAMP binding to one site is sufficient to activate the 

holoenzyme. 

INTRODUCTION: Upon food starvation, the amoebae from Dictyostelium discoideum 

embark on a development program leading to the formation of a fruiting body composed of 

two cell types. Extracellular cAMP plays a crucial role in the differentiation as a 

chemoattractant coordinating movement of the amoebae during aggregation and in the control 

of the expression of many developmentally regulated genes through cAMP specific membrane 

receptors (Devreotes, 1989). In addition, cAMP plays a role at the intra-cellular level 

through the cAMP dependent protein kinase (Simon et al., 1989; Harwood et al., manuscript 

in preparation). The predicted primary structure of the RD protein deduced from its cDNA 

sequence indicates that it does not carry the N-terminal domain responsible for the 

association of R subunits in dimers (Mutzel et al., 1987a). This explains why the 
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holoenzyme of Dictyostelium PKA is an RC dimer as opposed to the typical R2C2 structure of 

other PKAs. Although the sequence of Dictyostelium PKA contains two in tandem cAMP 

binding motifs homologous to those of bovine RI or RII, the stoichiometry of cAMP binding to 

R has previously been reported to be 1 moVmol of R subunit (de Wit et al., 1982; de 

Gunzburg et al., 1984). In order to determine whether the two cAMP binding sites of RD are 

functional, we have used site-directed mutagenesis to inactivate one or the other of the 

putative cAMP binding sites. 

MATERIALS AND METHODS: Materials, Vectors and site directed mutagenesis: The 

pMSS01 vector was constructed by cloning the cDNA 2.1 (Mutzel et al., 1987a) coding for 

R in pMSS (Simon et al., 1988). The protein expressed from pMSS01 contains one 

substitution and three additional residues at its N-terminus compared with the 

Dictyostelium R subunit, due to vector construction. For in vitro mutagenesis, the EcoRV­

Pstl fragment of the cDNA was subcloned in M13tg131 (P.L. Biochemicals). The single 

stranded DNA was used as a template for in vitro mutagenesis according to Kunkel (198S). 

The mutated clones were screened by sequencing using the sequenase 2.0 kit from USB. The 

double mutant was constructed by the same method with the DNA fragment mutated in site A 

as template for mutagenesis of the site B. The 640 bp EcoRV-Psti DNA fragments containing 

the mutation were purified, ligated back in the large 4600 bp EcoRV-Pstl fragment from 

pMSS01 and transformed into E. coli TG1. The mutations were confirmed by the presence of 

new Mboll sites created by the mutations. The proteins expressed from these vectors were 

designed as RmutA, RmutB and RmutAB. 

Expression of the R subunits: The transformed strains were grown at 37°C in LB medium 

supplemented with SO/J.g/ml ampicillin. When the culture reached a density of 0.6 at 600 

nm, expression of the protein was induced by IPTG to a final concentration of 0,2mM. The 

proteins were analyzed by western blotting using a polyclonal antiserum against the R 

subunit as described (Mutzel et al., 1987b). Protein concentrations were measured by the 

technique of Bradford (1976) using y-globuline as protein standard. 

Partial purification of the C subunit from Dictyostelium: Crude extract of differentiated 

amoebae from strain AX2-2 was prepared as previously described (de Gunzburg et al., 

1981). In order to dissociate the holoenzyme, SmM of cAMP was added to the extract before 

chromatography on Q-sepharose. The free C subunit was eluted by a 0-0.6M linear salt 

gradient. The fraction containing the catalytic activity was adjusted to 4M NaCI and adsorbed 

on Phenyl-Sepharose CL-4B resin (P.L. Biochemicals). After successive washing with 4M 
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and 3M NaCl, the C subunit was eluted by an inverse salt gradient (3-0M NaCI). Fractions 

containing catalytic activity were pooled and dialysed. 

Activity assays: cAMP binding activity was measured in the presence of 0.5 IlM 3H-cAMP 

by the technique of filtration on nitrocellulose filters and the activity of the C subunit from 

Dictyostelium was measured using Kemptide as substrate (Mutzel et al., 1987b). 

Reconstitution of the holoenzyme was made by adding increasing amount of partially purified 

R subunits to a fixed amount of C subunit. Residual catalytic activity was measured in 

absence and in the presence of 0.5mM cAMP. 

RESULTS AND DISCUSSION: In the mammalian RI subunit, substitution of Gly 200 (site 

A) by a glutamic acid or Gly 324 (site B) by an aspartate abolishes cAMP binding on the 

mutated site (Kuno et al., 1988, Correll et al., 1989). Two synthetic 20 mers 

oligonucleotides (GTAGTTTTGMGMTIAGCT for site A and ATIACTTIGMGMTIGCA for site B) 

were used for in vitro mutagenesis to selectively change Gly 135 and Gly 261 by a glutamic 

acid (figure 1). 

Rmut 

NH2 

133 137 

Ser Phe Gly Glu Leu 
AGT TTT GGT GAA TTA 

.AA 
... Glu 

259 263 

Tyr Phe Gly Glu Ile 
TAC TTT GGT GAA ATT 

.AA 
...... Glu ... 

figure 1: Localization of the amino-acid substitutions. RD subunit is represented 
as composed of three functional domains: I: domain of interaction with the C subunit, A and B: 
sequences homologous to cAMP binding domains of mammalian RI and RII subunits. 

The expression of the R protein from the different strains, analyzed by SDS-PAGE and 

immunolabeling, showed that recombinant RD as well as the mutant forms are stably 

expressed in E. coli (data not shown). As shown in figure 2, cAMP binding activity is 

observed in crude bacterial extracts expressing RmutA or RmutB protein. 
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Figure 2: Measurement of cAMP binding activity in crude bacterial extracts expressing 
wild type or mutated recombinant R subunits. The levels of R subunit in the extracts were 
monitored by western blot analysis to verify that the mutants are expressed in the same 
amount than the wild type recombinant protein. 

cAMP binding to RmutB is approximatively 50% of that measured with the wild type 

recombinant protein. cAMP binding to RmutA is also clearly demonstrated although it is 

lower than the binding observed with RmutB. The millipore filtration technique used for 

this assay has been shown to underestimate binding to one site in mammalian R subunits 

(Ogreid and Dokesland, 1980) which could explain the 1 mol/mol stoichiometry first 

reported (de Gunzburg et al., 1984; de Wit et al., 1982). It is also possible that western 

blot analysis did not detect small differences of expression of RmutA and RmutB in E.coli. 

The protein carrying amino acid substitutions in both site A and B showed no detectable 

specific cAMP binding indicating that the cAMP binding on RmutA and RmutB occured on the 

residual non-mutated site. The Kd of the cAMP binding on RmutA and RmutB are comparable 

to those of the recombinant protein (Kd=20nM) showing that both site A and site B possess a 

high affinity for cAMP. 

The mutated R subunits were analyzed for their ability to reconstitute inactive holoenzymes 

in the presence of Dictyostelium C subunit. Mutations in the cAMP binding sites did not 

prevent interaction between the catalytic and the regulatory subunits since addition of 

partially purified RmutA, RmutB or RmutAB to Dictyostelium C subunit inhibits its 

catalytic activity (data not shown). Most of the kinase activity can be recovered by addition 

of cAMP to the holoenzymes formed with RmutA and RmutB. This indicates that only one 

functional cAMP binding site is required for activation of the holoenzyme in agreement with 
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previous results described for the mammalian protein. Addition of cAMP has no effect on the 

inhibition of catalytic activity by RmutAB as expected from the lack of its binding. 

In conclusion, these data provide evidence that the R subunit from Dictyostelium discoideum 

PKA has two high affinity cAMP binding sites. Further experiments will show whether these 

two sites can be distinguished by their kinetic properties which could allow differential 

sensibility of the PKA to cAMP at different steps of development. 
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ABSTRACT 

The ",("subunit of phosphorylase b kinase has been expressed in Escherichia coli. It is produced in 

inclusion bodies and can be solublised and refolded to an active species. The protein has been 

partially purified and shown to have properties similar to those of the y-subunit prepared from 

holoenzyme by HPLC. 

Inrtoduction 

Phosphorylase kinase is a multisubunit protein of approximate Mr 1.3 x 106. It consists of a 

tetramer of four subunits (a~yl)k The y-subunit is the active protein kinase subunit, while the 

a,~ and S-subunits are regulatory. The a and ~-subunits confer control of catalytic activity by 

phosphorylation and proteolysis and the S-subunit, which is identical to calmodulin, confers 

control by calcium. The "'("subunit makes up only 13% of the total protein mass. Although it can 

be separated from the other subunits by denaturation followed by either reverse phase HPLC 

(Crabb and Heilmeyer, 1984) or size exclusion chromatography (Reimann et. al.,1984), 

prohibitively large quantities of the holoenzyme would be required to produce quantities for 

structural studuies. To obtain the amounts required for crystallographic analysis we have 

developed a system for expression of the protein in E.coli. 

Materials and Methods 
Vector construction: A 2.1 kb cDNA encoding the entire y-subunit was provided in the bluescript plasmid 
(Stratagene, USA) by PTW Cohen (da Cruz e Silva and Cohen, 1987). An Ndel site (CATATG) was 
introduced at the initiator methionine ATG codon by site directed mutagenesis using the Eckstein method 
(Amersham International, UK). The full coding sequence for the y-subunit was introduced into the pTacTac 
vector obtained as the kind gift of M Browner UCSF (Browner et.al., 1990) using standard molecular 
biology techniques. Full details of the construction will be reported elsewhere. 
Optimisation of y-subunit expression in E.coli: Strains of E.coli, MC10Sl, OH1, BMH, JMl 05, JM109, 
NM554 and CAGS29 were transformed with the pTacTac vector containing the y-subunit. E.coliwere 
grown to early log phase (OOSOO - 0.4) at 37, 30 or 22°C in LB media containing 50l!g/ml ampicillin or 
50l!g/ml ampicillin and 121!g/mltetracyclin (CAGS29). Expression was induced by adding isopropyl 
~-O-thiogalactopyranoside (IPTG) to 0.2 or 1 mM. Growth was continued and cells harvested at time 
intervals for analysis of expression by western blotting. 
Western Blotting: Monoclonal antibody mAb88 (a kind gift from O.wilkinson and G. Carlson, Tenessee) 
raised against phosphorylase kinase holoenzyme reacts specifically with the y-subunit and was used for 
western blot analyses throughout. Proteins were separated by 12% SDS-PAGE (Laemmli U.K., 1970) and 
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transferred to nitrocellulose paper (Schleicher and Schuell, FRG) using a 2110 Multiphore II 
(Pharmacia-LKB, Sweden). The nitrocellulose was blocked in borate pH 8.3, 0.1 M NaCL, 1 % BSA (buffer 
B) for 40 min followed by incubation with mAb88 at 1/1000 in buffer B for 2 hours or O/N. The 
nitrocellulose was then washed twice in buffer B for 10 min and incubated with rabbit anti-mouse 
IgG-alkaline phosphatase conjugate at 1/500 in buffer B for 1-2 hours and washed as before. The blot 
was developed in 75mM Tris-HCI pH 9.6, 4mM MgCI2' 0.005% nitroblue tetrazolium, 0.0025% 4-bromo 
5-chloro indoyl phosphate for 1-3 hours (all chemicals were from Sigma, U.K.). 
Inclusion body preparations: 2 I of culture (CAG629 containing pTacTac-y) following overnight induction 
were harvested by centrifugation at 5000xg for 15 min and resuspended in 1/20 volume of 100 mM 
Tris-HCI pH 7.5, 1 mM EOTA and protease inhibitors (0.1 mM PMSF, 1 jlM leupeptin, 10jlg/ml BPTI and 
0.7jlglml pepstatin). Cells were lysed by adding lysozyme at 27jlg/ml for 1 Omin on ice, 0.1 % 
deoxycholate for 10 min on ice and 10jlg/ml deoxy-ribonuclease, 1 OmM MgCI2 for 30 min on ice. 
Inclusion bodies were pelleted by centrifugation at 10,000 x g for 15 min and washed twice with 0.1 % 
triton X-l00 and twice with distilled H20. All solutions were pre-treated with protease inhibitors as 
above. 
ActiYity Assays: Phosphorylase b. Incorporation of 32p into phosphorylase b was carried out in 50jll 
incubations at 30°C containing 50jlM phosphorylase b, 50mM ~-glycerophosphate pH 8.2, 1 OmM MgCI2' 
1 mM EOTA, 0.5mM EGTA, 1 mM on, 1.2mM ATP, 10jlCi [y32Pl-ATP and 0.6mM CaCI2' The reactions 
were started by adding enzyme or bacterial extract. Samples were analysed by autoradiography. Peptide 
assay. Routinely activity was assesed by incorporation of 32p into a peptide substrate corresponding to 
residues 4-18 of phosphorylase. Incubations were as above but contained 2mM peptide instead of 
phosphorylase. Reactions were terminated by precipitation of protein with 12% TCA (with carrier 
2mg/ml BSA) on ice for 30 min and centrifugation at 1 O,OOOxg for 5 min. Peptide was recovered by 
spotting 10jll samples onto P81 filter paper (Whatman International, U.K.) and excess ATP removed by 4 
x 5 min washes in 75 mM phosphoric acid. Cherencov counting was in a 1121 Minibeta scintillation 
counter (LKB). The peptide for this assay was synthesized in house on an ABI 430 peptide synthesizer 
using f-moc chemistry. 

Results and Discussion 

ExpreSSion of y-subunit in Ecoli 

Preliminary studies on the expression of the y-subunit of phosphorylase kinase in 

Ecoli using a heat inducible dual origin vector, pMG (Celltech U.K.; Wright et. al., 1986), 

resulted in the production of "(-subunit in inclusion bodies. Activity was not detected after 

solublisation and refolding of this material by a variety of methods. The pTacTac system, in which 

protein expression is under the control of the chemical inducer IPTG, has been used to produce 

phosphorylase b in a soluble form (Browner et. al., 1990). Soluble protein was only obtained 

when inductions were done at low temperatures and low inducer concentrations. In an attempt to 

produce y-subunit in a soluble form the cDNA was subcloned into the pTacTac vector and a range 

of Ecoli strains, temperature and inducer conditions screened for expression. 

y-subunit was expressed in seven EColi strains MC1 061, DH1, BMH, JM1 OS, 

JM109, NM554 and CAG629. The protein was expressed in all strains but, in six, accumulated 

only to low levels even after growth for 20 hours in the presence of IPTG (not shown). In the 

heat-shock and protease deficient strain of Ecoli, CAG629, protein accumulated, after an 

overnight induction, to up to 4mg/1 as judged by commassie staining and western blotting as 

compared to holoenzyme control (fig. 1). 

Fractionation of soluble and insoluble material indicated that y-subunit was produced 

in inclusion bodies (fig 1). Growth at the lower temperatures of 30 or 22°C and/or induction at 
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lower IPTG (0.2mM) concentrations did not prevent inclusion body formation and no soluble 

protein was detected (not shown). 

Figurel : a b 
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Inclusion bodies were prepared as described from 21 of culture grown at 30°C, 

solublised in 8M urea, 50mM Tris-HCI pH 8.5, 4mM DTT and refolded by dilution into refolding 

buffer(RB: 50mM ~-glycerophosphate pH 8.2, 2mM EDTA, lmM EGTA, lmM DTT, 10% glycerol) 

as described by Chen et. al. (1989) for the refolding of CAT-"(-subunit fusion protein produced in 

E.coli. Crude solublised inclusion body material containing "(-subunit incorporated 32p into 

phosphorylase b (fig. 2) while inclusion bodies from CAG629 carrying pTacTac containing an 

alternative coding sequence did not. The specific activity of the crude material against peptide 

substrate was found to be 20nM ATP/mg/min. 

Figure 2: 32 P Incorporation into 
phosphorylase b. Incubations contained 
1.5mM y32p-ATP, 50 mM 
glycerophosphate pH 8.2, 2mMEDT A, 0.6 
mM CaCI2, 1 OmM MgCI2' 0.1 mM BME, 
0.1 mM phosphorylase band 0/50, 5/50 or 
1 0/50 ~I refolded inclusion bodies. 1-3 
with y-subunit,4-6 no y-subunit. The 
figure is an autoradiograph. 

partjal purjfjcalion of recombjnant y-subunjt 

2 3 4 5 6 

97,4 -

Figure 3 shows the fractionation of refolded y-subunit by DEAE cation exchange 

chromatography, This resulted in separation of the enzyme into two species. Active protein eluted 

at 0.1 M NaCI while the majority of immunoreactive material eluted at 0.2 M NaCI and showed no 

activity towards peptide substrate. This suggested that only a proporlion of the y-subunit present 

had refolded correctly following dilution from urea. 

I! has been observed for a number of proteins produced in inclusion bodies that 

treatment with ion-exchange resins before removal of denaturant resulted in improved refolding 

properties (Darby and Creighton, 1990). It was suggested that this was due to the removal of a 

poly-anionic species of unknown nature which comlexed tightly with misfolded proteins in 

inclusion bodies. Recombinant y-subunit was subjected to SP-sepharose chromatography in 8M 
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urea. Material was loaded at pH3.5 (0.1 M phosphoric acid, 4mMDTT), washed at pH5.5 (O.1M 

citrate-phosphate, 4mMDTT) and eluted at pH 8.0 ( 50mM Tris-HCI, 4mMDTT). 

Figure 3: DEAE­
Cellulose 
fractionation of 
-rsubunit. Lane 1 
refolded inclusion 
bodies; 2: unbound; 3: 
0.1 M NaCI eluate; 4: 
0.2M NaCI eluate; 5: 
0.5 M NaCI eluate 
DEAE was equilibrated 
in R buffer (see 
Methods) and eluted 
with R buffer and NaCI 
as indicated. (a) 
coomqssie, (b) 
western blot. 

2 3 4 5 2 3 4 5 

After refolding this material still showed anomalous behaviour on DEAE. Inactive 

y-subunit, eluted from DEAE at 0.2M NaCI, regained some activity after dialysis into 8M urea and 

then dialysis back into refolding buffer (not shown). 

Characterisalion of recombinant y-subunit 

Partially purified y-subunit from DEAE chromatography assayed by following 32p 

incorporalion into peptide gave a linear time dependency up to 20 min (fig 4a). 

Figure 4: 
Characterisation of 
-rsubunit kinase 
activity_ Time course 
of incorporation or 32p 
into peptidi3 substrate 
(a); Ca2+dependence of 
peplide phosphorylation 
(b); calmodulin 
dependence of peplide 
phosphorylalion (c). 
All reactions contained 
140~g/ml of partially 
purified y-subunit, 
calmodulin was added to 
60~g/ml in the 
presence or absence of 
Ca2+ as indicated. 

a} ~ 2O,---- ----b) ~ 

• • 
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,. 
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The ratio of aclivity pH6.8/ pH8.2 was 0.7 ±0.2. This is compared with a ratio of 0.5 
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-0.6 obtained for HPLC purified y-subunit (Kee and Graves, 1986). Unlike holoenzyme, 

y-subunit is insensitive to Ca2+ at ~M concentrations (Kee and Graves, 1987). Recombinant 

y-subunit was also insensitive to ~M Ca2+ but was inhibited by mM Ca2+ (fig 4b). Whether this 

is due to competition with Mg2+ in MgATP, or interaction of Ca2+ at divalent metal binding sites 

on the y-subunit (Kee and Graves, 1987) has not been determined. Calmodulin has been reported 

to stimulate the activity of HPLC purified y-subunit in the presence of 1 ~M Ca2+ to 1.4 fold. No 

effect of calmodulin either in the presence or absence of ~M Ca2+ on recombinant y-subunit was 

observed (fig 6b). However calmodulin partially rescued the inhibition by mM Ca2+. 

Preliminary experiments with calmodulin coupled to agarose beads indicated that recombinant 

y-subunit interacted with calmodulin. The lack of observed effect of calmodulin on the 

recombinant protein may be due to the use of the small peptide as substrate instead of 

phosphorylase. 

Conclusions 

The y-subunit of phosphorylase kinase has been expessed in Ecolito a level suitable for the 

production of quantities of material for crystallographic studies. The protein accumulates in 

inclusion bodies and approximately 10% of the protein produced can be recovered in an active 

form by solublisation and refolding. We are now persueing proceedures for purification of the 

active protein. 
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INTRODUCTION 

Cyclic-AMP dependent protein kinase (cAPK) was one the first discovered 

protein kinases (Walsh et aI., 1968) and is one of the best understood 

biochemically of the protein kinases (Taylor et aI., 1990). cAPK is composed of 

both regulatory (R) and catalytic (C) subunits. In the absence of cAMP the 

subunits associate with a high affinity to form an inactive tetrameric (R2C 2) 

holoenzyme. cAMP binds to the R-subunit promoting the dissociation of the 

complex into a dimeric R-subunit and two monomeric active C-subunits which 

transfer the 'Y-phosphate of ATP to a serine or threonine of a peptide or protein 

substrate (Beebe and Corbin, 1986). 

The enzyme undergoes a number of conformational changes, the most 

obvious being the dissociation of the holoenzyme complex caused by cAMP­

binding. However. more subtle changes in conformation are also observed. For 

example neutron scattering measurements show that a 20 residue peptide. PKI (5-

24). derived from the heat stable protein kinase inhibitor. PKI (Van Patten et 

al..1986) causes the molecule to compact from 20 A to 18.5 A (parello et al.. 1990). 

Circular dichroism also indicates that there is a significant conformational 

change associated with the binding of shorter peptides (Reed et al., 1985) 

Analytical gel chromatography (Ackers. 1975). combined with new resin 

materials which can withstand high back pressures (FPLC). is a rapid and highly 

sensitive technique for monitoring conformational changes such as those 

described above. Using this method very small changes in the Stokes' radius (R8 ) 

can be measured. 
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MATERIALS AND METHODS 

All gel filtration experiments were carried out with a Pharmacia FPLC­

instrument using columns of different sizes packed with various resins. Protein 

was monitored at 280 nm in a flow detector. Prepacked Pharmacia Superose 12 

10/30 and Superdex 75 10/30 columns were run at room temperature with flow 

rates between 0.5 and 1 ml/min. Samples were injected in a volume of 100-200 III 

in small zone experiments (Ackers. 1975). All buffers and samples were filtered 

through Nylon-66 0.22 11m filters (Rainin Instrument Co). The running buffer 

used for gel filtration contained at least 150 mM KCI and 25 mM P04 HP04 or 20 

mM MOPS. pH 7.0. B-mercapthoethanol (0.5 mM) or DTT (5 mM) were added 

directly prior to use. 

Blue dextran (Sigma) was used to determine the void volume (Vo) and 

tryptophan (Sigma) of the columns for the internal volume (Vi). The partition 

coefficient. cr. was calculated using the equation: cr== (Vr-Vo)/(Vi- V 0). where Vr 

is the retention volume. Ribonuclease. ex -chymotrypsinogen. ovalbumine and 

bovine serum albumine (Pharmacia). B-Iactoglobulin and aldolase (Sigma) were 

used as standards to determine the Stokes' radius (Rs). 

Both the regulatory and the catalytic subunit were overexpressed in E. coli 

as described previously (Saraswat et al.. 1986; Slice and Taylor 1989). Site directed 

mutagenesis was carried out using the Kunkel method (Kunkel. 1985). Activity 

assays of the C-subunit were performed according to Cook et al. (1982). 

cAMP-free R-subunit was prepared as follows. The R-subunit was unfolded 

by incubating the protein for 2 hours at room temperature in the running 

buffer containing 5 M urea. cAMP and protein were separated then with 

Pharmacia NAP 10 columns. Immediately after this separation. a buffer exchange 

against running buffer was performed using again NAP 10 columns. 

RESULTS AND DISCUSSION 

Measurements were made using several different columns and resins in 

order to find the most sensitive system for detecting changes in the 

conformation of each subunit. From 5 resins tested the best results were obtained 

using a Superose 12 (10/30. prepacked) column for the R-subunit or holoenzyme 

and a Superdex 75 (10/30. prepacked) column for the C-subunit. PKI and PKI(5-

24). Under optimum conditions the Stokes' radius could be measured with a 

precision of 0.2 A with as little as 40 pmoles (in a volume of 200 111) of enzyme. 
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Catalytic Subunit: The Stokes' radius of mammalilln C-subunit was 

determined to be 26.1 A, in good agreement with previous independent measure­

ments, and also consistent with the C-subunit being a relatively spherical 

molecule (Zoller et aI., 1978). Although the recombinant enzyme has a specific 

activity and an electrophoretic mobility identical to the mammalian enzyme, it 

does not contain a myristic acid at the N-terminus in contrast to the mammalian 

enzyme (Carr et aI., 1982). The recombinant C-subunit shows an Rs of 27.1 A; a 

myristoylated form of this enzyme (Duronio et aI., 1990) still has a Rs of 27.1 A. 

Protein parti tion Stokes' Previous 
coefficient radius measure-

[ cr] (RS) [A] ments [A] # 
native r-C-subunit 0.2995 27.1 ±0.2 ND 
mammalian C-Subunit 0.3069 26.1 ±0.2 26.1 
myristoylated r-C-subunit 0.3005 27.0 ±0.2 ND 

native recomb. RI-Subunit 0.1827 43.2 ±0.3 43.8 
Holoenzyme [R2C2] 0.1702 46.0 ±0.8 53.8 

Table I Hydrodynamic properties of native recombinant (r-) and 
mammalian proteins (# Zoller et aI., (1978)) 

The effect of peptide binding on the Stokes' radius of the C-subunit was 

determined. High affinity binding of the I-form (Walsh et aI., 1990) of the heat 

stable protein kinase inhibitor protein (PKI) to the C-subunit causes the Rs to 

increase from 27.2 A to 31.1 A. This increase is larger than the expected 

calculated value and may suggest that the PKI:C-subunit complex has significant 

dimensional asymmetry. Previous work indicated that MgATP is essential for 

high affinity binding of PKI to the C-subunit (Walsh et aI., 1990). However, the 

stability of the C-subunit:PKI-complex at 0.2 ~M or higher is independent of 

MgATP. At this protein concentration which is a lOOO-fold higher than the Kd 

for PKI, MgATP is not required for binding of PKI. Further experiments with 

labelled compounds will show if an ATP effect is detectable at lower protein 

concentrations. PKI does not compete well for the C-subunit when it is part of a 

holoenzyme complex. 

Using PKI(5-24), an inhibitory segment of PKI, an increase in Stokes' 

radius of 0.3 A was observed at protein concentrations in the range of 0.2 ~M. 

MgATP is required to see this change. In contrast, neutron scattering 

experiments done in collaboration with J. Parello, CNRS Montpellier, show that 

the radius of gyration (Rg) of the C-subunit decreases from 20 A to 18.5 A after 

the binding of PKI(5-24) and decreases to 18.0 A after the addition of PKI(5-24) 

and MgATP (Parello et aI., 1990). These experiments do not necessarily contradict 
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each other because measurements of the Rs include the hydration shell of the 

protein whereas the radius of gyration, Rg does not. Nevertheless there are 

conformational changes associated with the binding of PKI(5-25) especially 

when MgATP is present. 

Regulatory Subunit: In contrast to the C-subunit, the R-subunit 

shows a significant degree of dimensional asymmetry (frictional coefficient, 

f/fo= 1.47; Zoller et aI., 1979). A Rs of 43.2 A was measured for the RI subunit 

which is consistent with earlier measurements (table I) The addition of C-subunit 

does not significantly increase the Rs. 

The R-subunit contains two tandem and homologous cAMP binding sites (site A 

and site B) at the carboxy terminus. Each site has an essential arginine which 

probably binds to the exogenic oxygen of cAMP (Weber et aI. 1987). Replacement 

of each Arg (Arg 209 in site A and/or Arg 333 in site B) with Lys causes a signifi­

cant decrease in the cAMP binding affinity. Purified w-type R-subunit typically 

contains 2 moles of bound cAMP per monomer. The following mutant R-subunits 

R209K, R333K and R209K;R333K were therefore used to determine the effect that 

cAMP binding has on the Rs. Each mutation effectively leaves the mutated site 

unoccupied with cAMP. As shown in Table II the protein which is fully occupied 

with cAMP has the largest Rs. A decrease in Rs (-0.5 to -0.8 A) is measured when 

either of the cAMP binding sites is mutated. When both sites are mutated, the Rs is 

reduced by 1.8 A. This value is larger than the simple additive values for each 

single mutation. A similar result was obtained when each of the R-subunits was 

artificially stripped of cAMP with urea (Table II). The results therefore indicate 

that, in contrast to the C-subunit, the binding of ligands increases the Rs of the R­

subunit and that the binding of cAMP to each site contributes to the overall 

conformational change. 

Protein Parti tion Stokes' cr Rs [A] 
coefficien radius + 50 11M + 50 11M 

t [cr J (Rs) [AJ cAMP cAMP 

r-RI-subunit w-type 0.183 43.2 ±O.20 0.183 43.2 ±0.15 
urea unfolded 0.201 41.0 ±OAO 
r-RLsubunit mutant R333 K 0.187 42.7 ±O.30 0.187 42.7 ±O.25 
urea unfolded 0.198 41.4 ±O.35 

r- R Lsubunit mutant, R209K 0.189 4204 ±O.20 0.183 43.2 ±O.25 
urea unfolded 0.201 41.1 ±O.30 
r-RIsubunit mutant, 0.195 41.5 ±O.30 0.192 41.8 ±O.25 

R209K·R333K 

Table II: Hydrodynamic properties of mutant forms of the RLSubunit 
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INTRODUCTION 

The cAMP-dependent protein kinase (reviewed in Beebe and Corbin, 1986) 

is a tetrameric enzyme, probably ubiquitous in eukaryotic cells, composed of two 

regulatory and two catalytic (C) subunits. Upon binding cAMP the regulatory 
dimer releases two monomeric C-subunits, which then use MgATP to 

phosphorylate serine or threonine residues found typically in the sequence Arg­

Arg-X-Ser /Thr in target proteins. Protein phosphorylation is a well-known 

mechanism for regulating protein function (reviewed in Krebs, 1985), and a large 

number of proteins have been found whose activity the C-subunit regulates this 

way, including many from the glycolytic and gluconeogenetic pathways (Krebs, 
1985). 

In addition to thus being a central cell regulatory protein, the C-subunit 

generates additional interest from its membership in a large family of protein 

kinases possessing a common ATP:protein phosphotransferase activity and 

likely a common structural basis for that activity. These other protein kinases 

possess short segments of sequence identity to the C-subunit over a 250-residue 

range; spacing between these segments is also conserved (Hanks et a1., 1988). 

That the C-subunit and these other protein kinases share a common domain 

possessing the protein kinase activity is further suggested by specific chemical 
labeling of the C-subunit (Zoller and Taylor, 1979) and two other members of the 
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family (Kamps, et al., 1984; Russo et al., 1985) at an invariant lysine residue using 

the reactive ATP analog fluorosulfonyl benzoyl 5'-adenosine. Such labeling 

destroys protein kinase activity, and the essential nature of this lysine for normal 

enzymatic and biological activity has been confirmed for several members using 
site-directed mutagenesis (Chen et al., 1987; Chou et al., 1987; Kamps and Sefton, 

1986; Snyder et al., 1985). The importance of determining the crystal structure of 

the cAMP-dependent protein kinase catalytic subunit thus derives from the 

insight that will be gained into the structural basis for C-subunit function and 

into the structural basis for protein kinase function of roughly one hundred 

known relatives (Hanks et al., 1988) for whom no crystal structures have been 

reported. 

MATERIALS & METHODS 

Porcine heart C-subunit was purified according to Nelson and Taylor 

(1983). Recombinant murine C-subunit was prepared as described in Slice and 

Taylor (1989). Porcine heart C-subunit crystals were prepared using hanging-drop 

vapor diffusion as described in Knighton et al (1990). Recombinant murine C­

subunit crystals were prepared as described in Zheng et al (submitted Methods 

Enzymol., 1990) and Zheng et al (submitted J. Mol. BioI, 1990). PKI(5-24), 

sequence TTYADFIASGRTGRRNAIHD-NH2, was synthesized on an Applied 

Biosystems Model 430A peptide synthesizer. All crystal characterization and 

diffraction measurements were done using the area detector facilities of the NIH 

Resource for Protein Crystallographic Data Collection at UCSD, La Jolla, 

California (Xuong et al., 1985). 

RESULTS AND DISCUSSION 

Since the initial monoclinic form (Sowadski et al., 1985), four crystal forms 

have been grown. The first two, a cubic and a hexagonal form, were grown from 

porcine heart C-subunit (Knighton et al., 1990). The cubic form represents the 

apoenzyme, but the hexagonal represents a ternary complex with MgATP and 

PKI(5-24), the active portion of the heat-stable cAMP-dependent protein kinase 
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inhibitor protein (Cheng et al., 1986). These two forms were grown from 
crystallization conditions differing only by the addition of MgATP and PKI(S-24) 

in molar ratio 5:20:1.1:1 for Mg:ATP:PKI:C to the cubic condition. Because this 
resulted in a different crystal form, the hexagonal form may represent a different 
conformation of the C-subunit than that of the apoenzyme. This hypothesis 
receives support from the low-angle neutron scattering experiments of Parello et 
al. (1990), which showed that the ternary complex of a murine recombinant C­
subunit (Slice and Taylor, 1989) (rC) with MgATP and PKI(S-24) has a radius of 

gyration 1.5 A less than that of free enzyme, and by the earlier circular dichroism 
studies of Reed, et al. (Reed and Kinzel, 1984; Reed and Kinzel, 1984; Reed et al., 
1985), that found major secondary structure changes in the C-subunit upon 
binding substrates. 

After growth of the cubic and hexagonal forms, two orthorhombic crystal 
forms were obtained using rC, which differs from porcine C-subunit primarily in 
that it lacks an N-terminal myristic acid moiety (Slice and Taylor, 1989). These 
two crystal forms both represent complexes of rC. The first of the pair is 
analagous to the hexagonal form in that it represents a ternary complex of 
MgATP:PKI(S-24):rC, while the second is a binary complex of PKI(S-24):rC. The 
space groups are identical, and their cell dimensions are nearly close enough to 
be considered isomorphous. Both of these crystal forms diffract to at least 2.7 A. 

Structure solution has been attempted on all 4 forms, but only the attempt 
on the binary rC:PKI complex has succeeded. The methodology used was 
isomorphous replacement (Blundell and Johnson, 1976). Several hea~y-atom 
derivatives have been obtained, the most useful of which has been a two-site Hg 
derivative. The positions of the Hg atoms in this derivative are 24.5 A apart. 
Because the C-subunit has two free cysteine residues, and because Hg reagents 

preferentially bind to thiols, it is likely that Cys 199 and Cys 343 have been 
mercurated. The inter-Hg distance is in rough agreement with the lower-limit 
inter-cysteine distance of approximately 30 A determined by fluorescence 
resonance energy transfer (First et al., 1989). 

A difference Fourier synthesis using the phases from the binary complex 
has revealed the location of the A TP in the orthorhombic ternary complex form. 
The location of the central Hg site coincides with the ATP location, and since it is 
known that Cys 199 is close to the ATP site (Bramson et aI., 1982), the locations of 
Cys 199 and Cys 343 have probably been established. 

Structural results available from model-building work are still too 
preliminary to describe in detail, but model building is continuing in a 2.7-A 
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electron density map. When completed, this model will allow rapid solution of 

the crystal structures of the hexagonal and orthorhombic ternary complexes, 

which will reveal details of the MgATP substrate binding and perhaps of the N­

terminal myristic acid. 
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INTRODUCTION: 

Fructose 2,6-bisphosphate (Fru-2,6-P2) is a potent stimulator 

of 6-phosphofructo 1-kinase which has been identified in all 

eukaryotic cells. Its synthesis and breakdown are catalyzed by 

6-phosphofructo 2-kinase (PFK-2) and fructose 2,6-bisphosphatase 

(FBPase-2), respectively. These two activities belong to separate 

domains of the same homodimeric protein (Van Schaftingen, 1987; 

pilkis & EL-Maghrabi, 1988). Differences between tissues in the 

PFK-2/FBPase-2 activity ratio, kinetic and antigenic properties 

have suggested the existence of several PFK-2/FBPase-2 isoenzymes 

(Hue & Rider, 1987; Taniyama et al., 1988). The liver "L" and the 

muscle "M" isozymes have a common sequence of 438 aminoacids and 

differ at the N-terminus. In the "L" type, the divergent sequence 

is 32 residues long and contains the serine phosphorylated by 

cAMP-dependent protein kinase (PKA). The "M" type has a divergent 

sequence of 10 residues, containing a protein kinase C (PKC) 

target (Lively et al.,1988; Darville et al.,1989). The bovine 

heart "H" isozyme has a well-conserved sequence of 530 

aminoacids, differing only at the Nand c-terminus. 

Interestingly, it has phosphorylation targets for both PKA and 

PKC at the c-terminus (Sakata & Uyeda, 1990). 

We have now studied the brain, heart, muscle and liver PFK-

2/FBPase-2, comparing their kinetic properties and the influence 

of phosphorylation by both cyclic AMP-dependent protein kinase 

and protein kinase C. 
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RESULTS AND DISCUSSION: 

PFK-2 from brain, 

heart, liver and muscle 

were purified by 

polyethylene glycol 

fractionation and Mono-Q 

high performance liquid 

chromatography. The 

physical behaviour of 

PFK-2 differed between 

brain and heart 

activities respect to the 

liver and muscle 

counterparts. Brain and 

heart PFK-2 activities 

were eluted at 0.2 M 

NaCI, whereas liver and 

muscle were eluted in two 

peaks at about 0.4 M NaCI 

(Fig 1). The second peak 

eluted from Mono-Q column 

rep res e n t s a 

phosphorylated form of 

the enzyme, since 

incubation of the 

fraction corresponding to 

the second peak wi th 

alkaline phosphatase and 

reaplication 

column leads 

disappearence. 
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Fig 1.- ELUTION PROFILES OF BRAIN, 
HEART, LIVER AND MUSCLE PFK-2 FROM 
MONO-Q COLUMN 

Polyethilene glycol fractions (6-
21%) of rat tissues were applied to 
Mono-Q column ( 1ml). Fractions of 0.5 
ml were collected after addition of the 
specific elution buffer. Pooled 
fractions contained: 0.55, 0.30,3.4 
and 0.53 mU/mg of protein for brain, 
heart, liver and muscle respectively. 
other two experiments were done with 
similar results. 

All PFK-2 and FBPase-2 activities were co-eluted in the same 

fractions although their activity ratios are quite different. 

Enzymes from brain and heart resemble more a kinase than a 

phosphatase whereas the opposite occurs for the muscle type. The 

purified enzymes also showed distinct responses to allosteric 

modulators such as citrate and glycerol 3-phosphate (Table I). 

PFK-2 from liver and heart are phosphorylated by PKA Van 
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Phosphorylation effects on PFK-2/FBPase-2 

Tissues 

Properties 
Liver Muscle Heart Brain 

PFK·2/FBPase·2 1 ·4 0.2 80 70 
activity ratio 

Phosphorylation + + N.D. 
by PKA 

Activity changes + + / -

Phosphorylation N.D + N.D. 
by PKC 

Activity c:nanges + / -

Glycerol 3·P + 
inhibition 

Citrate + + ++ ++ 
inhibition 

Table r.- PHOSPHORYLATION EFFECTS ON PFK-2/FBPase-2 

Data were taken from (Rider & Hue, 1986; Hue & Rider, 1987; Kitamura et a1., 
1988 and present results). Abbreviations: +, detectable effects; -, no 
effects; N.D., not done. 

Schaftingen, 1987; pilkis & EI-Maghrabi, 1988; Kitamura et al., 

1988). However, their activity is clearly modified only for the 

liver isozyme, resulting in an inhibition of the kinase and 

activation of the phosphatase activities ( Van Schaftingen, 1987; 

Pilkis & EI-Maghrabi, 1988). In the other hand, heart PFK-

2/FBPase-2 is phosphorylated by PKA and PKC ( Rider & Hue, 1986; 

Kitamura et al., 1988). This phosphorylation does not alter the 

activity of the enzyme (Rider & Hue, 1986), although Kitamura et 

al., (1988) have shown slightly activations by phosphorylation. 

The phosphorylated serines in the heart PFK-2 are located near 

the C-terminus (Sakata & Uyeda, 1990) , whereas the 

phosphorylation site of the liver isozyme is known to be located 

near the N-terminus Lively et al., 1988; Darville et al., 

1989). We have analyzed the effects of phosphorylation by PKC on 

the PFK-2 activity of brain, heart, liver and muscle isoforms. 

We found no changes in the activities in any of them, either at 

saturating or subsaturating concentration of substrates ( Table 

I) • 
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The similarity of the mRNA for the three isozymes (Sakata & 
Uyeda, 1990; Darville et al., 1989) suggests that they arise 

from the same gene by using al ternati ve splicing. The "M" isozyme 

differs from the "L" form only in the first exon. This 

sUbstitution yields a change in the phosphorylation targeting. 

The cDNA sequence of bovine heart isozyme ( Sakata & Uyeda, 1990) 

suggests that very likely this form has been originated by 

another alternative splicing or arises from a close related gene. 

In the first case, the 1 and 14 exons would be changed (Fig. 2). 

Northern blot analysis of total RNA from brain showed identical 

pattern than tha~ of heart RNA and clearly different from those 

of liver and muscle (not shown). 

All these results suggest that the brain contains an 

isoenzymatic form related to the heart and different from the 

liver and muscle isozymes. 

2 3 4 1 3 1 4 

LIVER 

PKA 

2 3 4 1 3 14 

MUSCLE 

PKC 

HEART 

PKC 

Fig 1.- HYPOTHESIZED ALTERNATIVE SPLICING OF PFK-2/FBPase-2 ISOZYMES. 

Alternative splicing of the first exon for liver and muscle isozymes and 
the first and fourteenth exons for the heart isozyme are shown. Arrows point 
to the phosphorylation targets for these isozymes. 
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Introduction 

The Blood-Brain Barrier (BBB) of vertebrates is located in the 

microvessels of the brain. The endothelial cells coating these 

capillaries are sealed together by tight junctions to restrict 

any uncontrolled diffusion of water soluble substances across 

the BBB. The transport of polar substances including nutrients 

and waste products into and out of the brain is mediated by spe­

cific transport mechanisms. Brain capillaries have been shown to 

be very active in the reversible protein phosphorylation which 

led to the hypothesis of a rapid control of brain microvessel 

functions by protein kinases and phosphatases (Pardridge et al., 

1985). There are hints that all groups of second messenger 

dependent protein kinases are present in the endothelial cells 

of these vessels (Olah et al., 1988). 

Results 

Here we describe three enzymes involved in the reversible phos­

phorylation in capillaries of the porcine brain. These proteins 

comprise a phosphoprotein phosphatase, a second messenger inde­

pendent protein kinase and a phospholipase C. The physical and 

enzymatic data of these enzymes are compared to proteins derived 

from other tissues and species. 

THE PROTEIN KINASE 

The protein kinase has a molecular mass of 97,000 as judged by 

SDS-gelelectrophoresis. The kinase activity was determined in a 
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kinase assay followed by gel electrophoresis and subsequent 

autoradiography as published by Dechert et al. (1989). Anti­

bodies were raised against the enzyme and used for the screening 

of a cDNA library. 

CONSTRUCTION OF A CDNA LIBRARY 

The RNA was 

Poly(A)+-RNA 

isolated from porcine brain microvessels and 

was prepared by oligo- (dT) -cellulose 

library was constructed in a A-ZAP 

chromato-

graphy. The cDNA XR vector 

following the instruction manuals ZAP-cDNA synthesis kit and 

Uni-ZAP XR cloning kit, Fa. Stratagene, La Jolla, CA. 

10 20 30 40 50 60 70 80 90 100 110 120 .,a GDEVDVDGTVEEDLGK----------------------------------------------------------------------------------_ 
0.101 KKSAWALALACTLLlAASVTAE-EVDVDATVEEDLGKSREGSRTDDEVVQREEEAIQLDGLNASQI KEI REKSEKFAFQAEVNRHMKLI I NSLYKHKEI FLRELISNASDALDKIRLI 5L 
a..t.ca MRALNVLGtCCVLLTFGSVRADDEVDVDGTVEEDLGKSREGSRTDDEWQREEEAIQLDGLNASQlRELREKSEKFAFQAEVNRHHKLI I NSLYKNkEI FLRELISNASDALDKIRLI 5L 
...... MRVlMVLGLCCVLLTFGFVRADDEVOVDGTVEEDLGKSREGSRTDDEVVQREEEAIQLDGLNASQlRELREKSEKFAFQAEVNRMMKLIINSLYKNKEIFLRELISNASDALDKIRLISL 
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Figure 1 Protein sequence alignment of the porcine protein 
kinase (PPK) versus HSP108 (chicken cell cultures), Humtra 
(human tumor cells) and ERp99 (murine endoplasmin). Asterisks 
indicate a match across all sequences, while conservative sub­
stitutions are marked by dots. The aminoterminal sequence data 
of the PPK (22-37) were derived by Edmann degradation. 

SCREENING OF THE LIBRARY 

The A-ZAP bacteriophage recombinant library was screened using 

the antibodies mentioned above as described in the manufactures 

instructions (PicoBlue Immunoscreening kit, Fa. Stratagene). The 
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97kD-protein kinase aminoacid sequence derived from the cDNA se­

quence (484 aminoacids) was compared to SwissProt release 15.0 

and PIR-NBRF release 26.0 Protein Sequence Library databases us­

ing the FASTA program on a VAX 8530. The best scoring sequences 

were ERp99 (A29317), Humtra (A30935, S06189) and HSPI08 (Hhch08) 

in case of the protein database search. As well as a nucleic 

acid database search the protein database search revealed a high 

degree of similarity between the protein kinase and the HSP's 

(95% (human) - 88% (chicken) identity resp.) as shown in fig.l. 

HISTOCHEMISTRY 

Histological studies using the antibodies mentioned above, 

showed that the enzyme is not localized within the nuclei of 

capillary endothelial cells but rather within the cell membranes 

or the cytosol (fig.2a and b) . 

THE PHOSPHOPROTEIN PHOSPHATASE 

The phosphatase was purified and characterized as published by 

Weber et al 1987. The enzyme which shows an apparent molecular 

mass of 56kD on SDS PAGE is strongly inhibited by addition of 

inhibitor 2. Therefore the enzyme is a type 1 phosphatase ac­

cording to Cohen's nomenclature. Metal ions as manganese, mag­

nesium or calcium ions did not show any effect on the phospha­

tase whereas zinc ions inhibit the enzyme in micromolar con­

centrations. The physical and enzymatic data of the protein are 

very similar to a phosphatase derived from rabbit reticulocytes 

as described earlier (Tipper et al., 1986). 

THE PHOSPHOLIPASE C 

The phospholipase C has an apparent molecular mass of 57kD as 

judged by SDS PAGE as well as Western blot analysis. Using the 

antibodies raised against the protein we identified the cor­

responding cDNA in a brain capillary derived expression cDNA li­

brary in bacteriophage Agtll. The screening and sequencing pro­

cedures were performed according to the protein kinase described 

above. 396 nucleotides of the coding region (30% of the total 

protein sequence) could be determined and aligned to existing 

sequence data. The results indicate a high degree of similarity 

(89%) of the brain microvessel derived enzyme as compared to the 

phospholipase C from guinea pig uterus. 
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Figure 2a Phasecontrast microscopy of porcine brain microves­
sels. Amplification: 600-fold. 
Figure 2b Immunohistochemistry: porcine brain microvessels 
stained with specific anti-97K-PK antibodies and fluoresceine 
labeled second antibodies (goat-anti-rabbit-IgG). Amplification: 
600-fold. 

Discussion 

Three enzymes involved in the reversible protein phosphorylation 

in brain microvessels where isolated and characterized. The pro­

tein kinase seems to be a member of a class of heat shock pro­

teins (HSP 90). The cDNA and aminoacid data which are available 

show that the kinase may be identical to three heat shock pro­

teins derived from chicken, mouse and human. This result is sur­

prising because an enzymatic activity never was attributed to a 

class of heat shock proteins. Recently however (Flaherty et al., 

1990) could show that a proteolytic fragment of HSP 70 has the 
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identical three dimensional structure as hexokinase as deduced 

by X-ray crystallography. The sequence dat~ of the HSP's shown 

in fig.1 indicate certain sequence motifs that are required or 

common for protein kinases. The sequence stretch from position 

196 to 201 for example is characteristic for a nucleotide 

binding site. The histological data suggest that the kinase is 

an amphitrophic protein located both in the membranes and 

cytoplasm of the endothelial cells. The phosphoprotein 

phosphatase and phospholipase C seem to be identical with or at 

least related to corresponding enzymes derived from various tis­

sues and species. The phospholipase C as a key enzyme in the 

signal transduction pathways mediated by diacylglycerol and 

inositol triphosphate as second messengers may proof to be useful 

in further studies of the kinase C. This enzyme is known to be 

involved in a variety of regulatory processes in many kinds of 

tissues including brain microvessels. 
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Creatine kinase (CK, EC 2.7.3.2) catalyses the reversible reaction: 

MgATP + Creatine (Cr) 4-+ MgADP + Phosphocreatine (PCr) + H+ (1) 

The reaction mechanism has been classified as rapid equilibrium-type with all 

evidence pointing to a direct, in-line transfer of the phosphoryl group between 

bound substrates (Kenyon, Reed 1983), without any direct evidence for a covalent 

phosphoryl-enzyme intermediate. Only one report so far indicated the possibible 

existence of such a covalent phosphoryl-enzyme intermediate (Molnar, Lorand 

1960). Rat brain CK (Mahadevan et al., 1984) and recently also chicken brain-type 

creatine kinase have been shown to be partially phosphorylated (Quest et al. 

1990); in the latter case the phosphorylated CK correlates with enzyme species 

showing altered kinetic parameters with respect to the Km for PCr. 

MATERIALS AND METHODS 

All chemicals were of analytical grade quality. 32P-y-ATP was purchased from 

Amersham (PB10218), nonradioacative ATP and rabbit M-CK from Boehringer 

Mannheim. Protein determinations were performed according to Bradford, using 

Biorad reagent. CK activity was measured by pH-stat (Wallimann et al. 1984). 

Autophosphorylation assay: CK was routinely incubated at a concentration of 

0.2 mg/ml with 50 nM 32p-y-ATP in 0.1 M glycylglycine pH 7.5, 0.5 mM EDTA and 

2 mM Mg-acetate for 2 h before being analysed by SDS-P AGE. The reaction was 

started by addition of enzyme to the reaction mixture and stopped by addition of 
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SDS-sample buffer. Gels were electrophoretically blotted onto PVDF membranes 

and analysed by autoradiography. For quantitation, the protein bands of 

amidoblack stained blots were excised and analysed by Cherenkov counting or 

alternatively autoradiograms were scanned with a Computing Densitometer 

(Molecular Dynamics 300 A). 
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Fi~ure 1): A. CK is autophosphO!:ylated: Identical amounts of rabbit M-CK (lanes 1,5), myokinase 
(2,6), purified in our laboratory, and BSA (3,7) were incubated under standard assay conditions, 
analysed by SDS-PAGE, blotted on PVDF (lanes 1 to 4) and autoradiographed.Oanes 5 to 8). MW 
standards of 97, 66, 43, 31, 21 and 14 kD were loaded in lane 4 (8). Only CK was radioactively labeled 
(5). B. Inhibition of autophosphor:ylation by EDT A: Identical amounts of CK were incubated as in A 
but with increasing amounts of EDT A (see graph) leading to a decrease in autophosphorylation. 
(Lanes 1-6 of the autoradiogram shown in the inset correspond to the fractions represented by the 
bars). Lanes 7, 8 and 9 of the inset show that addition of increasing amounts of MgCI2 (0.1, 1 and 5mM 
in lanes 7, 8 and 9 respectively) lead to reversal of the inhibition of autophosphorylation by EDTA. 

RESULTS AND DISCUSSION 

Autophosphorylation of creatine kinase: Extensively dialysed creatine kinase, 

purified from rabbit skeletal muscle, showed incorporation of 32p when incubated 

with 32p-y-ATP, whereas other proteins tested, even if they use ATP as a substrate 

(myokinase), are not radioactively labeled in such assays (Fig.lA). The ATP­

mediated modification of CK is of covalent nature since the reaction product is 

stable in SDS-gels and withstands treatment with 8 M urea, 4 M guanidinium 

hydrochloride or TCA-precipitation (not shown). 

Preliminary experiments with other CK isoenzymes from rabbit and chicken, 

purified to homogeneity by completetely different methods, all resulted in 

radioactively labeled CK isoproteins, indicating that this modification is a specific 
feature of CK. In addition, coincubations of CK together with the proteins shown 
in Fig.l or with casein (Sigma) resulted also in specific labeling of the CK band 
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(not shown). These facts make accidental contamination of different CK 

preparations by a protein kinase a very unlikely explanation for the above 

observations and strongly indicate that CK can undergo autophosphorylation. 

Characterization of creatine kinase autophosphorylation: Like the enzymatic 

reaction of CK itself, also the autophosphorylation reaction of CK depends on 

divalent metal ions, for the incorporation of radioactivity can be inhibited by 

increasing concentrations of EDTA (Fig.lB). This inhibition by EDTA can be 

reversed by addition of magnesium ions as shown in the inset of Fig.lB. Similar 

results were obtained with manganese but not with zinc ions (not shown). 

Furthermore, the reaction is temperature dependent and is inhibited by high salt. 
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Fi&ure 2): A. Autophosphorylation is not due to a phospho-intermediate of the CK reaction: Identical 
amounts of CK (left panel shows protein staining) were incubated as described before with 50 nM 32p_ 
y-A TP. Then the reaction was stopped (lane 2) or one of the substrates of the CK reaction (ATP, PCr, 
ADP and Cr) (lanes 3-6) was added to a final concentration of 10 mM each and the mixture incubated 
for an additional 2h. Even if both phosphate acceptor molecules for CK (ADP and Cr) were added 
together to the incubation mixture (each at 10 mM, lane 7), no reduction of radioactive labeling could 
be observed (In the case that labeling were due to a phospho-intermediate, a reduction or removal of 
the signal on the autoradiogram [right panel) would be expected ). B. No significant protection by 
substrates: CK was incubated under standard assay conditions with or without additional substrates, 
each substrate at O.lmM and NO~ at 1mM (open bars) or substrates each at 1mM and N03 at 10mM 
(dashed bars). Even the combination of substrates forming a transition state-analogue complex with 
CK do not significantly reduce autophosphorylation (see text). 

To investigate whether the labeling of CK by 32P-y-ATP was due to a phospho­

intermediate of its enzymatic reaction or not, CK was labeled under standard assay 

conditions, checked for enzymatic activity by pH stat and then further incubated in 

the presence of excess of substrates for an additional 2 hours. Activity 

measurements revealed that CK remained fully active during the incubation time. 

None of the CK substrates was able to remove the radioactive label significantly 
even when added at 2 x 105- fold excess over 32p-y-ATP (Fig.2A). Also coincubation 
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with 10 mM Cr plus 10 mM ADP, both possible phosphate acceptors of a 

hypothetical phospho-intermediate, did not reduce the labeling of CK (Fig.2A, lane 

7). In further experiments, the influences of single substrates and substrate 

combinations, including the one forming a transition state-analogue complex with 
CK (CKeMgADPeCreNOj; Milner-White, Watts 1971), were analysed by adding 

these together with 32P-y-ATP to the standard incubation mixture (Fig.2B). 

Addition of cold ATP lead to the strongest inhibition of labeling, ADP and creatine 

had less and PCr only very little if any effect. The effect of Cr was caused by the 

reduction of the effective 32P-y-ATP concentration due to the catalytic conversion of 

the latter into ADP and 32PCr, whereas the effect of ADP, although less clear, might 

be explained by allosteric competition. Most interestingly, addition of the 

combination of substrates able to form a transition state-analogue complex with 

CK (see above) did not lead to stronger inhibition than addition of single substrates 

or simple substrate combinations (Fig.2B). This indicates that the observed 

autophosphorylation is not due to a phospho-intermediate formed during the 

catalytic CK reaction and that the autophosphorylationsite(s) might be distant to 

the catalytic site. This was supported by the fact, that treatment of CK with 

Dinitrofluorobenzene (DNFB), a reagent which reacts specifically with the reactive 

sulfhydrylgroup of CK (James et al. 1990), inhibits completely enzyme activity, but 

not the autophosphorylation. (not shown). 
In order to examine whether the mechanism of CK autophosphorylation is an 
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Figure 3): Indications for an intramolecular reaction. CK was incubated either under standard assay 
conditions (open circles) or in the presence of additional cold ATP at a total concentration of 50 j.IM 
(closed circles). A.: Autophosphorylation is first-order with respect to enzyme concentration; !!: 
Relationship between log CK autophosphorylation velocity and log enzyme concentration (van't 
Hoff plot). The slope this diagram (0.97) clearly indicates that the observed autophosphorylation is 
an intramolecular reaction, for such a plot would have a slope of 1 for an intramolecular or a slope of 2 
for an intermolecular reaction. 
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intra- or intermolecular process, the influence of enzyme concentration on the 

reaction rate was investigated as it has been described for type II cAMP-dependent 

protein kinase (Ehrlichman et al. 1983) or protein kinase C (Huang et al. 1986). All 

experiments indicated that for CK the mechanism is intramolecular (Fig 3) since 

phosphorylation was first-order with respect to enzyme concentration(Fig.3A) and 

van't Hoff plots revealed slopes between 0.8 and 1 (Fig.3B, here the slope is 0.97). 

Theoretically, such a plot would yield slopes of 1 and 2 for an intramolecular and 

an intermolecular reaction, respectively. 

In conclusion, the data presented show that creatine kinase from rabbit skeletal 

muscle can undergo autophosphorylation. Obviously, this is not due to the 

formation of a phospho-intermediate during the enzymatic reaction, but 

nevertheless the mechanism of the autophosphorylation appears to be an 

intramolecular one. The reaction-rate of the autophosphorylation did neither 

correlate with nor ultimately depend on the enzymatic activity. The results 

indicate that CK is able to react with ATP in at least two different ways which 

would be in agreement with the presence of distinct adeninenucleotide binding 

sites within a CK monomer as already had been suggested from results with 31p_ 

NMR (Nageswara, Cohn 1981). 
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INTRODUCTION 

Cardiac troponin I. the inhibitory subunit of troponin. is phosphorylated in 

mammalian hearts upon l3-adrenergic stimulation (England. 1975; Solaro et aI.. 

1976). On rabbit troponin I it is believed to occur at serine-20 (Moir & Perry. 

1977). In hormonally stimulated perfused hearts a correlation between 

phosphorylation of this single amino acid and change in contractility was 

expected which. however. could not be clearly demonstrated (Westwood & 

Perry. 1981). Freshly isolated troponin from both rabbit and bovine heart 

contains 1.5-1.9 mol of phosphate per mol of protein (Cole & Perry. 1975; 

Swiderek et aI.. 1988) indicating that in addition to phosphoserine-20 a 

second phosphate residue of unknown location is bound in the N-terminal 

sequence (Moir & Perry. 1981). Recently. two adjacent phosphoserine residues 

in position 23 and 24 were identified in troponin I from bovine heart 

(Swiderek et aI.. 1988). 

Skeletal muscle troponin I does not contain the N-terminal region present in 

the heart isoform. Therefore, cardiac troponin I is an excellent heart specific 

cell marker which can be detected in blood plasma of patients with acute 

myocardial infarction (Cummins et aI.. 1987). Antibodies against phosho- and 

dephospho troponin I may even allow to analyze the hormonal status of a 

heart. A prerequisite is the localization of the phosphorylation domain in 

human troponin I. 

The location of a second !!I yi"y() phosphorylation site of rabbit cardiac 

troponin I will be reported requiring a correction of the amino acid sequence. 

Additionally. the phosphorylation domain of human cardiac troponin I will be 

shown. 

MATERIAL AND METHODS 

Freshly excised hearts from rabbit. immediately frozen with liquid nitrogen. 

were stored at -50·C. Myocardial tissue probes from explantated human hearts 

were obtained from the Herzzentrum Nordrhein Westfalen. Bad Oeynhausen. 
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Troponin I was purified from both human and rabbit heart according to Syska 

et a1. (1974). The protein-containing fractions were applied onto PD-10 

columns (Pharmacia) to remove urea. Troponin I fragments were isolated after 

endoproteinase Lys-C and trypsin digestion as described previously by 

Swiderek et a1. (1988). Phosphoserine containing peptides were analyzed 

following S-ethylcysteine modification (Meyer et a1., 1987; Swiderek et a1., 

1988). Protein-bound phosphate was determined by the method of Stull and 

Buss (1977). Amino acid and sequence analyses were carried out as described 

previously (Bidlingmeyer et a1., 1984; Swiderek et a1., 1988). Mass-spectra 

were recorded on a plasma desorption mass spectrometer in the Biomedical 

Center of the University of Uppsala. 1 nmol of the phosphopeptide was 

solubilized in 30 1I1 0.1 % (v/v) trifluoroacetic acid. 7 1I1 of the protein 

solution were incubated with ethanol for 15 min before the probe was applied 

to the mass-spectrometer. 

RESULTS 

To localize phosphoserine residues in rabbit and human troponin I fragments 

obtained by digestion with lysine-specific proteinase were separated by 

reversed-phase high-performance liqiud chromatography (Fig. 1). In each 

chromatogram two peaks, (a and b for rabbit or c and d for human), were 

found to contain one or two moles of phosphoserine per mol of lysine 

respectively (table O. Peptides a and b from rabbit cardiac troponin I differ 

in mass by one phosphate group (Fig. 2). The determined molecular masses of 

both these peptides (4098 and 4018) agree with the amino acid compOSition 

(table O. The calculated molecular mass of the N-terminal Lys-C peptide 1-31 

(3444) according to the published rabbit cardiac troponin I sequence (Grand et 

a1., 1976) is by 574 smaller than the determined mass of peptide b (4018). 

Therefore the amino acid composition as well as the molecular mass indicate 

that approximately 5 amino acids are present additionally in this peptide. 

The isolated N-terminal blocked peptides a, c and d were further digested 

with trypsin. Peptide aI from rabbit (Fig. 3A), as well as peptide cI from 

human cardiac troponin I (Fig. 3B) showed a characteristic ratio of 

approximately 3 mol arginine to 2 mol phospho serine (table O. The 

monophosphorylated peptide dI (Fig. 3C) derived from human cardiac troponin I 

contained only two arginine residues. Following S-ethylcysteine modification 

all three tryptic phosphopeptides aI, cI and dI were subjected to Edman 

degradation. During degradation of both bisphosphorylated peptides from rabbit 

and human cardiac troponin I (Fig. 4A and B) nearly exclusively the 

phenylhydantoin derivatives of S-ethylcysteine (S-Et-Cys) were found in 
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cycle 3 and 4. Thus, in both the rabbit and the human peptides phosphoserine 

residues were present at these two positions. In agreement with the amino 

acid composition the phosphopeptide from human cardiac troponin I showed no 

alanine residue following the second phosphoserine residue. During Edman 

degradation of the monophosphorylated peptide dI serine was found in cycle 2 

and S-ethylcysteine in cycle 3 (Fig. 4C). 
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Fig. 1. Separation of endoproteinase Lys-C peptides from rabbit and human 
cardiac troponin 1. 
10 nmol of each troponin I from rabbit (A) containing 1.9 mol phosphate per 
mol protein and human cardiac muscle (B) containing 1.0 mol phosphate were 
digested with endoproteinase Lys-C. The generated peptides were separated as 
described previously (Swiderek et aI., 1988). 
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Fig. 2. Plasma desorption mass spectra of the phosphorylated N-terminal 
peptides a and b from rabbit cardiac troponin I. 
230 pmol of each peptide a (A) and peptide b (B) were applied. The calculated 
masses of 4098 and 4018 respectively according to amino acid composition are 
given in table I. 
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Fig. 3. Separation of the tryptic fragments from the phosphoserine containing 
troponin I peptide a (rabbit), peptide c and d (human). 
1.0 nmol peptide a (A), 0.9 nmol peptide c (B) and 2.3 nmol peptide d (C) 
were digested with trypsin and the generated fragments were separated as 
described by Swiderek et al. (1988). 
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Fig. 4. Sequence analysis of the tryptic peptides aI. cI and dI. Samples were 
sequenced following derivatization of phosphoserine residues to S­
ethylcysteine. 
1.2 nmol peptide a1 (A). 0.2 nmol peptide cI (B) and 0.6 nmol peptide dI (C) 
were applied. DMPTU. Dimethylphenylthiourea; DPTU. Diphenylthiourea; DTT­
Ser. Dithiothreitol-serine; S-Et-Cys. S-Ethylcysteine. 
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Table 1. Amino acid compositions of phosphoserine containing peptides from 
troponin 1. 
The amount of amino acids of the Lys-C peptides a-d was related to 1 mol 
lysine and of the tryptic peptides aI, cI and dI to 1 mol tyrosine. Values were 
not corrected for destruction and slow liberation. The amino acid composition 
of the N-terminus 1-31 from rabbit cardiac troponin I containing 
phosphoserine-20 (Moir & Perry, 1977) was taken from Grand et a1. (1976). 
The calculated and determined mass of the N-terminus are given (compare 
Fig. 2). n.d.; not determined. 

Amino 

acid 

Asx 

Glx 

Ser 

Ser(P) 

Gly 

His 

Arg 

Thr 

Ala 

Pro 

Tyr 

Val 

Ile 

Lys 

Mass 

------Rabbit cardiac--------

peptide peptide N-terrninus 

a aI b 

1.8 0.9 1.8 

2.3 2.4 

1.0 2.2 

2.0 2.1 1.1 

1.2 1.3 

1.1 0.9 

6.4 3.3 5.8 

(2.1) (2.0) 

9.7 1.3 9.6 

4.0 4.1 

2.2 1.0 1.8 

1.3 1.2 

1.0 1.0 

4098 n.d. 4018 

1-36 1-31 

3 3 

3 

1 

2 

1 

1 

6 

1 

10 

4 

2 

1 

1 

3 

1 

1 

1 

1 

5 

1 

9 

3 

1 

1 

1 

4098 3444 

---Human cardiac---

peptide peptide 

c cI d dI 

1.6 0.7 1.2 0.7 

1.7 1.2 

1.7 2.5 0.8 

2.1 2.0 1.0 1.2 

1.2 1.4 

1.0 1.0 

5.7 3.1 5.9 1.9 

(1. 5) (1. 4) 

7.4 7.6 

4.8 5.1 

2.0 1.0 2.1 1.0 

0.9 1.0 

1.0 1.0 

n.d. n.d. n.d. n.d. 

The sequence of the bisphosphorylated peptide derived from rabbit cardiac 

troponin I is incompatible with the published sequence (Grand et aI., 1976). 

The corresponding tryptic fragment from human cardiac troponin I showed a 

very similar amino acid sequence. During the preparation of this 

communication Vallins et a1. (1990) published the nucleotide sequence of the 

human cardiac troponin I gene. The deduced amino acid sequence is identical 

with the determined sequence of the N-terminus (Fig. 5). 
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2324 37 
\ I 

Bovine cardiac AcAORSGGSTAG OTVPAPPPVR RRSSANYRAY ATEPIIAK 
PP 

20 31 

Rabbit cardiac AcAOESROA-AG EARPAPA-VR R-S--O-RAY ATEPIIAK 
P 

2223 36 
\ I 

Rabbit cardiac, corrected AcAOESROA-AG EARPAPAPVR RRSSANYRAY ATEPIIAK 
PP 

2223 36 
\ I 

Human cardiac IAc,A,O/N,G,S,S,O/N,A,A,R) EPRPAPAPIR RRSS-NYRAY ATEPIIAK 
PP 

Fig. 5. Comparison of the N-terminal phosphorylation sites from rabbit. bovine 
and human cardiac troponin 1. 
The amino acid sequences were aligned to maximize homology. The sequence 
data and phosphorylation sites of troponin I from bovine heart were taken 
from Leszyk et aI. (1988) and Swiderek et aI. (1988) and from rabbit heart 
from Grand et aI. (1976) and Moir and Perry (1976). No sequence could be 
determined for the N-terminal blocked peptide. therefore the amino acid 
composition is given in parentheses. The N-terminal acetylgroup of rabbit 
troponin I was determined by plasma desorption mass spectrometry. 

DISCUSSION 

Due to the correction of the rabbit troponin I sequence all three sequences. 

that of bovine, rabbit and human, are very similar (Fig. 5). Characteristically, 

there exists a proline rich region upstream of the phosphorylation domain 

formed by three arginine and two serine residues. The cluster of helix 

breaking proline residues may change the structure of the N-terminus in such 

a way that the following phosphorylation domain can adapt to the catalytic 

center of protein kinases. Indeed, these two serine residues can be 

phosphorylated by the cAMP dependent, cGMP dependent protein kinase and 

protein kinase C (Swiderek et aI., 1990). Furthermore, the bound phosphate 

groups are exposed on the surface of the protein as can be judged from 31 P 

NMR data (Beier et aI., 1988). 

In vitro phosphorylation of troponin I yields the bisphosphorylated product 

exclusively (Swiderek et aI., 1990) vice versa dephosphorylation the 

completely dephosphorylated material. The monophosphorylated species are not 

found (Jaquet & Heilmeyer, unpublished). In contrast, both monophosphorylated 
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forms of troponin I are found in the freshly isolated protein (Swiderek et al.. 

1988; Swiderek et al.. 1990). It indicates that these two serine residues are 

phosphorylated and dephosphorylated differentially. It explains why no linear 

correlation between phosphate incorporation and change in contractility was 

observed in perfused rabbit hearts (Westwood & Perry. 1981). 

Heart contractility is influenced by two hormonal signals triggered by Ql and 

13 adrenergic receptor occupation. The corresponding two signal pathways 

merge at troponin; maybe. differential phosphorylation of two serine residues 

on troponin I is the molecular equivalent of signal attenuation observed in 

heart perfusion studies (Osnes et al.. 1989). 
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INTRODUCTION 

In the presence of light, Mg2+ and ATP a subset of 
thylakoid membrane polypeptides undergo reversible 
phosphorylation. Two kinetically distinguishable populations 
of phosphoproteins may be discerned. The most abundant 
population comprises the light harvesting chlorophyll alb 
binding proteins of photosystem II (PSII), termed LHCII's. 
This modification results in lateral migration of the 
phosphorylated species away from PSII, in the appressed 
membrane regions, to the non-appressed, photosystem I (PSI) 
rich regions. The net effect of this process is to decrease 
the light harvesting efficiency of PSII. Phospho-LHCII is 
dephosphorylated by a phosphoprotein phosphatase, allowing 
diffusion back into the appressed membrane regions and 
resumption of light harvesting. This process provides a 
dynamic regulatory mechanism for distribution of light energy 
between the two photosystems(Allen et al., (1981)) .The 
second population of proteins comprises the 8.3kDa psbH gene 
product, and three other PSII polypeptides i.e. reaction 
centre polypeptides D1(psbA) and D2(psbD) and the chlorophyll 
a binding protein CPa2(psbC). The consequences of 
phosphorylation of these proteins are less clear. 

Regulation of kinase activity is realised via the redox 
state of plastoquinone (Allen et al., (1981)), and the 
cytochrome b6f complex (Bennett et al., (1988)), although the 
mechanisms involved have not been fully elucidated at a 
molecular level. However, phosphorylation of LHCII, compared 
with the PSII polypeptides, may be characterised by greater 
susceptibility to electron transport inhibitors which block 
electron flow from plastoquinol to the cytochrome b6f complex 
(Bennett et al., (1988)). Moreover, recent studies have shown 
that mutants lacking a functional cytochrome b6f complex 
display impaired phosphorylation of LHCII, but not of PSI I 
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proteins (Bennett et al., (1988) ,Gal et al., (1988». 
This evidence, suggesting more than one kinase or 

regulatory mechanism, is further supported, by fundamental 
differences in the sites of phosphorylation (Table 1). 

Protein 

LHCII 

psbH 
psbC 
psbA 
psbD 

Source 

Pea 

Spinach 
" 
" 
" 

N-terminal Sequence 

MRKSATTKKVASSGSPW-

A1:QTVESSSR­
Ac-1:AILERRGS­
Ac-1:LFNGTLTLAGR­
Ac-1:IAVGKFTK-

TABLE 1 N-terminal sequences of the 
polypeptides of the thylakoid 
phosphorylated in vivo are underlined. 

Reference 

Cashmore (1984) 

Westhoff et al ., (1986) 
Michel et al ., (1988) 

" " " 
" " " 

major phosphorylated 
membrane. Residues 

Recently we have shown the preference of the LHCII kinase 
for basic resides N-terrninal to the phosphate accepting 
residues T6 and T7, and that peptide analogues with more basic 
N-terminal flanking regions than the endogenous substrate were 
better substrates for the kinase in vitro (White et al ., 
(1990». In this communication we present supplementary 
fluorescence measurements in support of these findings and 
preliminary data showing the use of immobilised peptide 
substrate analogues as affinity ligands for kinase 
purification. We also report immunological studies employing 
anti-peptide antibodies raised to conserved kinase domains VI 
(Hanks et al., (1988) and VIII (Lawton et al .,1988». 

METHODOLOGY 

Thylakoid membranes were prepared from 14 day old Pisum 
sativum (var. Feltham First) seedlings and resuspended in 
25rnM Tricine.NaOH pH 8.0, 330 rnM sorbitol,10 rnM MgC12. 

Fluorescence measurements were carried out on thylakoid 
membranes at a chlorophyll concentration of 100~g/ml. 
Following 10 min dark adaption, +/- 150 ~M peptide, membranes 
were illuminated for 3 min with white light followed by 
addition of 1rnM ATP. 

Peptide affinity columns for kinase isolation and 
antibody purification were constructed using Sulpholink 
Coupling Gel (Pierce) and Affigel-10 (BioRad) following the 
manufacturers instructions. 

Antibodies to peptides were raised in rabbits. PKCVI 
[LIYRDLKPENL] was coupled to BSA, using glutaraldehyde 
(Doolittle (1986», and PKCVIII [GTHEYLAPEC] coupled to 
PPD (Lachmann et al ., (1986» using Sulfo-SMCC(Pierce). 
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RESULTS AND DISCUSSION 

ATP induced fluorescence measurements enable non-invasive 
estimations of PSII light harvesting efficiency: under 
conditions where LHCII phosphorylation can occur then ATP­
dependant quenching provides a measurement of LHCII kinase 
activity (Millner et al ., (1982)). At a peptide concentration 
of 150~M, approximately comparable to the endogenous substrate 
concentration, quenching observed was inversely correlated 
with N-terminal peptide charge (Table 2) as expected. 

Peptide Seguence Charge Quenching (% Control) 

LHCIIA MRDSATTKKVAC +2 67 
LHCIIN MRNle*SATTKKVAC +3 40 
LHCIIS MRKSATTKKVAC +4 9 
LHCIIB MRKKSATTKKVAC +5 4 

Table 2. ATP induced fluorescence quenching measurements 
carried out in the presence of 150~M peptide. (Nle*-Norleucine) 

In isolation studies we have obtained an active fraction 
following the isolation method of Coughlan and Hind (1986). 
However, we believe the specific activity of our preparation 
is too low to justify enzymological studies. Conversely, lack 
of sUbstantial activity does not preclude binding of kinase to 
immobilised substrate. We therefore constructed an affinity 
matrix using peptide LHCIIN as ligand. Other peptides were 
significantly better substrates (LHCIIS, LHCIIB) in 
specificity studies, but also showed extensive ion-exchange 
properties (not shown). Affinity chromatography of ammonium 
sulphate precipitated thylakoid membrane detergent extracts on 
an LHCIIN peptide column (Fig. 1) yielded a small population 
of candidate protein kinases. Following CHAPS extraction, five 
polypeptides were isolated from a 30-45% ammonium sulphate 
precipitated material, of 57,50,40,38, and 24 kDa(Fig.1A). 
Elution of proteins was obtained using a stepped ATP gradient, 
followed by a 4M NaBr wash. Of particular interest were 
tightly bound 57,50, and 38 kDa polypeptides, eluted by the 
chaotrope. These three proteins have all been electroeluted 
from polyacrylamide gels and subjected to microsequencing. 
Whilst, the 57 kDa protein has been successfully identified as 
the a subunit of the thylakoid ATP synthetase, the 38kDa and 
50kDa proteins were refractory to sequencing. Further 
sequencing attempts will be made after limited proteolytic 
dissection of the latter proteins. Small quantities of two 
polypeptides, of 34 and 40 kDa, were isolated in a similar 
fashion by chromatography of a 45-60% ammonium sulphate 
precipitated fraction on the same column(Fig.1B). 

Finally, to circumvent problems caused by the kinase's 
lability to detergent extraction, we have pursued 
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immunological identification of thylakoid kinases . Thylakoid 
extracts have been probed with antibodies to conserved kinase 
domains VI (Hanks et al ., (1988)) and VIII (Lawton et al ., 
(1989)) which are implicated in ATP binding and substrate 
recognition by Ser/Thr protein kinases. Figure 2A shows 

A 2A. ATPmM 2eD B ~A. ATP mM ~ 
Eo .. :Z! o~ .... 
2'" 3 e 8 12 15 2040 ... 3 8 g 12 15 20 40 Z 

87- 87-

43- 43-

30- 30-

20.1-
20.1-

Figure 1. SDS-PAGE analysis of ammonium sulphate precipitated 
fractions following affinity chromatography on LHCIIN-agarose. 
A, 30-45% fraction; B, 45-60% fraction. 

specific identification of cAMP dependant protein kinase 
catalytic subunit by immunoblotting with anti-PKCVIII which 
could be prevented by preabsorption of antiserum with peptide 
antigen. This control has proved a critical feature of our 
experiments, as identification of some polypeptides by 
immunoblotting, using anti-peptide antibodies, can not always 
be "blocked" in this fashion. Affinity purified anti-PKCVI 
antibodies, cross-reacted with a polypeptide of 67kDa in a 30% 
ammonium sulphate precipitated fraction of CHAPS solubilised 
thylakoids(Fig.2B). Although we have yet to confirm the 
specific immunoreactivity of this polypeptide, it may prove to 
be the 64 kDa protein isolated by Coughlan and Hind (1986) . We 

A B 

94 
87 1 CHAPS extract 

2 CHAPS pellet 
43 3 30% fraction 
30 4 30-45% fraction 

5 45-60% fraction 
20.1 

14.4 

Figure 2. Immunological identification of A, cAMP dependant 
protein kinase (arrowed), with anti-PKCVIII, [+/- pre­
incubation with antigen] and S, putative thylakoid kinase with 
affinity purified anti-PKCVI. 
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have also blocked immunoreactivity of a 38kDa protein in 
thylakoid membrane extracts using anti-PKCVIII serum (not 
shown), although identity with the affinity isolated 38kDa 
polypeptide or the 38kDa protein kinase isolated by Lin et al 
., (1982) has not been shown. 

In this article we have presented evidence supporting the 
requirement of the LHCII kinase for basic substrates. 
Purification of the kinase has been hampered by very low 
specific activities, necessitating alternative means of 
identification. To achieve this end we have raised antibodies 
specific for conserved domains of Ser/Thr kinases, and are 
able to show immunoreactivity with thylakoid polypeptides of 
38 kDa and 67 kDa. Use of antibodies for identification of 
thylakoid protein kinases should afford easier developement of 
purification protocols. This should in turn, via protein 
chemical studies, allow elucidation of the regulatory 
processes involved. 
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Introduction 

Historically the discovery of this signalling system draws upon the convergence of two areas of 

research. The frrst was directed at the phenomenon of agonist induced inositol lipid turnover 

(reviewed in (Hokin, 1985»; the second was directed at the discovery and characterization of 

protein kinases with signalling potential, which lead to the identification of a calcium and 

phospholipid-dependent protein kinase termed protein kinase C (PKC) (see (Nishizuka, 1986; 

Nishizuka, 1988». The critical link between these fields is the now established second messenger 

diacyglycerol (DAG) which is produced during agonist stimulated inositol lipid hydrolysis (by 

an inositol lipid-specific phospholipase C - PtdIns- PLC) and is itself responsible for the 

activation of PKC (figure 1). The inositol 1 ,4,5 trisphosphate head group which is concurrently 

produced on degradation of PtdIns 4,5 bisphosphate also serves a second messenger role in the 

release of Ca2+ from intracellular stores (Streb et. al., 1983). That DAG leads to PKC activation 

in vivo is evidenced by a variety of reports that short chain membrane permeable DAGs can 

activate PKC in intact cells as judged by the phosphorylation of particular proteins (e.g. 

(Kawahara et. al., 1980». Furthermore such proteins can become phosphorylated in response to 

agonists that stimulate PtdIns breakdown providing evidence for a causal role in the events of 

agonist induced cellular responses. 

This overview of what can be termed the PKC signal transduction pathway will focus on two key 

elements, namely the PtdIns-PLC activity responsible for lipid hydrolysis and PKC itself. In 

particular emphasis will be placed on the heterogeneity of the gene families represented by these 

two classes of enzymes. 
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Figure 1. The Protein kinase C pathway. The diagram illustrates the primary role of the 
phosphatidylinositol-specific phospholipase C (PtdIns-PLC) in response to the activation of 
certain receptors at the cell surface. The consequent activation leads to the hydrolysis of the 
inositol 1,4,5 trisphosphate head group from the diacylglycerol backbone. The former is 
responsible for the release of Ca2+ from intracellular stores while the latter is responsible for the 
activation of protein kinase C (PKC). Both sets of signals are involved in eliciting cellular 
responses. 

Protein kinase C 

PKC was initially defined functionally on the basis of its ability to phosphorylate the lysine-rich 

histone hI in a Ca2+ and phospholipid-dependent manner (Takai et. al., 1979). The activation by 
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DAG was shown to be effected through lowering the activation constants forCa2+ and phospholipid 

(Takai et. aI., 1979) although in a subsequently developed mixed micelle assay an absolute 

dependence upon DAG was observed (Hannun et. al., 1985). Based upon these properties, PKC 

was purified to apparent homogeneity to reveal a polypeptide of -80kDa. The prior seminal 

observation that tumour promoters of the phorbol ester class were able to precisely mimic the 

effect of DAG in vitro also led to the identification of PKC as the major "receptor" for these 

compounds since the kinase and the phorbol ester binding activity copurified (reviewed in 

(Ashendel, 1985)). 

A detailed structural analysis of PKC through protein sequence and the isolation of cDNAs, 

revealed the existence of multiple genes (see figure 2). To date there are six genes and at least 

seven distinct gene products that have been defined as part of this sub-family of protein kinases. 

The relationship between these proteins is evident both structurally as outlined in figure 2 and 

functionally as discussed further below. 

Cl C2 C3 C4 

Figure 2. The domain structure of the PKC family. The figure shows the alignment of the various 
predicted gene products of the PKC family (see (Parker et. al., 1989) and references therein). 
Highlighted are the regions of greatest conservation, Cl-(4. The chequered region (Cl) consti­
tutes the phorbol ester/diacylglycerol binding domain. The speckled C2 domain is thought to 
confer Ca2+-dependence (see text). The catalytic domains are essentially colinear and are made 
up of the C3IC4 regions. Immediately N-terminal to the Cl domain in each predicted polypeptide 

are sequences (in black) that constitute the pseudo-substrate sites. 

The basic domain structure of PKC consists of four highly conserved domains interspersed with 

more variable regions (see figure 2). Through mutagenesis and deletion analysis (Cazaubon et. 

al., 1990; Kaibuchi et. al., 1989; Ono et. al., 1989a) it is evident that the DAG/phorbol ester 
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binding site is located in the Cl domain. This domain contains a tandemly repeated cysteine-rich 

motif CX2CX13CX2CX7CX13 and it appears that either repeat is sufficient to confer phorbol ester 

binding. All the PKCs have at least one such cys-rich repeat and as such are expected to have some 

capacity to bind DAG/phorbol esters (~ which has only one cys unit has been reported not to be 

activated byDAG (Onoet. aI., 1989b); howeveriflikePKC-£ (Schaap and Parker, 1990; Schaap 

et. al., 1989) and PKC-o (Olivier and Parker manuscript in preparation) PKC-~ is susceptible to 

proteolysis then this view may need to be modified). 

The C2 domain ofPKC is only conserved in thePKC-(l, -~h -~2 and -ypolypeptides. Based upon 

the behaviour ofPKC-(l and -~ in relation to that ofPKC-£ it can be surmised that this C2 domain 

confers the Ca2+-dependence of these activities. This is most clearly illustrated by studies on the 

Ca2+-dependence of membrane interactions. Thus (in the absence of agonists) PKC-€ distribution 

between the soluble and particulate fraction of cell extracts is independent of Ca2+ while the 

particulate association of PKC-(l and -~ is driven by an excess of free Ca2+ (Kiley et. aI., 1990). 

The C3 through C4 domains make up a typical "protein kinase" catalytic domain. The intervening 

V 4 region represents a short insert that is present in the PKC-y sequence only. Proteolysis of purified 

PKC with trypsin or calpain leads to activation of the holoenzyme through proteolysis of the V 3 

region (defmed for PKC -(l, -~, -yand --e) (Kishimoto et. al., 1989; Schaap et. al., 1989; Young 

et. al., 1988). Thus the catalytic domain fragment (C3 to Vs) can express a constitutive activity 

independent of effectors; this implies that in the holoenzyme the regulatory domain serves to 

inhibit catalytic domain function. Evidence for the basis of this inhibition, has come from 

mutagenesis of the putative pseudosubstrate site domain. Thus mutation of PKC-(l alanine-25 to 

glutamic acid (PKC-(l E25) or deletion of the entire core of the pseudo substrate site (PKC-A22-

28) leads to enzymatic activation (defined for purified PKC-(lE25) and apparent activation in vivo 

(determined for both mutant forms) (Pears et. aI., 1990). 

Based upon the above considerations and the mapping ofPKC-yinhibitory monoclonal antibody 

epitopes to the V zlC2 region of PKC-y (Cazaubon et. al., 1990), an activation model can be drawn 

up as shown in figure 3. This model indicates a number of features as described in the legend and 

it provides a framework for further structure-function investigation for these enzymes. 

The functional analysis of these gene products has provided evidence that although all PKCs show 

phospholipid and DAG dependence, distinctions can be made between individual enzymes. Thus 

as noted above there are Ca2+-dependent (-(l, -~, -y) (Huang et. al., 1988; Jaken and Kiley, 

1987;Marais and Parker, 1989) and -independent (-0, -€) PKCs (Schaap and Parker, 1990; Olivier 

and Parker manuscript in preparation). There are also differences in substrate specificity clearly 

distinguishing PKC-€ from PKC-(l, -~, -y (Schaap and Parker, 1990; Schaap et. al., 1989) and the 
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inactive 

realPIIPId 

inact ive 

active 

Figure 3. A model for PKC activation. The model illustrates the membrane association and 
subsequent activation of PKC (specifically the -(1, -p and -y enzymes which contain the C, 
domain). In the inactive state the enzyme activity is suppressed by the interaction of the 
pseudosubstrate site with the carboxy terminal catalytic domain. In this inactive state the protein 
can interact non-productively with membranes. This appears to be a Ca2+-driven process (for -(1, 

-p and -y) and is likely to involve the ~ domain (see text). Subsequent binding of diacylglycerol 
(D) leads to activation through conformational changes that release the pseudosubstrate site (PSS) 
from the catalytic domain. 
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structural basis of this specificity appears to reside at least in part in the regulatory domain (Pears, 

Schaap and Parker submitted). More recently we have investigated in detail the basic residue 

requirements for PKC-a, -13 and -y in the context of a synthetic peptide (based on residues 1-10 

of glycogen synthetase). This study has demonstrated clear distinctions between PKC-a./13 and 

PKC-y, the latter showing a marked preference for synthetic peptides with a basic residue C­

terminal to the phosphorylation site (Marais et. al., 1990). 

In view of the specific functional differences in PKC isotypes it is anticipated that these enzymes 

will play distinct roles in vivo. Furthermore given the differential expression of the isotypes it is 

likely that the expression of a particular pattern of isotypes will confer on any given cell type a 

particular responsiveness. Thus the operation of these enzymes is not passive with respect to the 

quality or quantity of the signal transduction output and the expression of combinations of PKC 

isotypes will influence the cellular response. 

Phospholipase C 

While there is as yet little progress in defining the proteins and elucidating the structures of the 

enzymes responsible for diacylglycerol production from lipids other than inositol lipids, significant 

progress has been made in defining inositol lipid-specific phospholipases C (PtdIns-PLC). These 

studies (reviewed in (Meldrum et. al., 1990; Rhee et. al., 1989» have revealed the existence of 

multiple genes that encode proteins capable of hydrolysing PtdIns, PtdIns-4 phosphate (PtdIns-

4P) and PtdIns-4,5 bisphosphate (PtdIns-4,5P2). These proteins are characterized by the presence 

of two conserved domains (figure 4) that would appear to confer catalytic function. The size of 

the proteins and the juxtaposition of the conserved domains defines three subfamilies of PtdIns­

PLC (-13, -yand -S, as illustrated in figure 4). 

The diversity of this enzyme family draws into question the function of each with respect to signal 

transduction. Formally it is possible that physiologically these proteins may show distinct 

specificities. However to date no evidence has been presented for the hydrolysis of lipids other 

than inositol lipids. There are however a number of inositol lipids that have been shown to occur 

physiologically, i.e. PtdIns, PtdIns-4P, PtdIns-4,5P2, PtdIns-3P, PtdIns-3,4P2 and PtdIns-3,4,5P3• 

The first three of these inositol lipids are all substrates for the defined PtdIns-PLCs while the 

inositol-lipids with phosphate at the 3'-OH position do not appear to be( e.g. (Serunian et. al., 

1989». Of those inositol lipids that can be hydrolysed, different PtdIns-PLCs appear to show 

moderate differences in their relative rates of hydrolysis (see (Rhee et. al., 1989». This is evidently 
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of significance in the light of the above discussion of PKC isotypes. While PLC action on any of 

these lipids will produce DAG only the hydrolysis ofPtdIns-4,5P2 will lead to Ca2+ mobilisation 

through the action of inositol I ,4,5 trisphosphate (Streb et. aI., 1983). The extent to which any of 

these proteins show differential hydrolysis of inositol lipids in vivo has yet to be determined. 

Ptdlns-PLCf, 1216 aa 

SH2' SH2 SH3 II 

Ptdlns-PLC r, 129 1 aa 

II 

Ptdlns-PLC~ 756 aa 

Figure 4. Alignment of members of the PtdIns-PLC family. One member of each of the subclasses 
of PtdIns-PLCs is shown. The predicted proteins each contain two highly conserved domains (I 
and II) that are considered to confer catalytic function. The proteins are essentially colinear over 
their aminoterminal stretches up to and including conserved domain I. Both PtdIns-PLC ~l and 
~h have non-homologous but highly charged sequences between domains I and II. By contrast 
PtdIns-PLC-Yl possesses a large domain between I and II containing the src-homology regions 
(Sm and SH3). The related members within each subclass (e.g. -B2 and -(53; reviewed in (Meldrum 
et. aI., 1990)) show the same conserved domains I and II but also show substantial similarity over 
their entire length. 

Notwithstanding the above, it would appear that the critical distinction to be made with respect 

to these PtdIns-PLCs is in their mode of regulation. This may not be surprising since the agonists 

known to stimulate inositol lipid breakdown represent a diverse group of agents operating through 

distinct types of receptor. 

An investigation into the mechanism by which EGF stimulates inositol lipid breakdown in A431 

cells led to the identification of a PtdIns-PLC that became phosphorylated on tyrosine residues 

in response to an EGF challenge (Wahl et. al., 1988). It was subsequently shown that this PtdIns­

PLC was the -YI enzyme (Wahl et. al., 1989) and furthermore that this enzyme is tyrosine 

phosphorylated in a number of systems (e.g. (Meisenhelder et. al., 1989; Wahl et. al., 1989)). 

PtdIns-PLC-YI and -Y2 both contain between the two conserved domains regions showing homol­

ogy to two domains within src i.e. the ~rc homology 2 (Sm) and SH3 domains. There is evidence 

that sm domains are involved in complex formation with tyrosine phosphorylated receptors 

«Moran et. al., 1990) and references therein) and PtdIns-PLC-YI has been shown to become 

associated with activated (autophosphorylated) growth factor receptors (e.g. (Morrison et. aI., 
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1990». Thus the association of PtdIns-PLC-y with and/or phosphorylation by activated growth 

factor receptors would appear to be responsible for activation of this enzyme - an in vitro 

reconstituted response has yet to be described. 

In contrast to PtdIns-PLC-y, neither the -/3 nor -~ class of enzymes have been shown to be 

phosphorylated on tyrosine residues or to become associated in growth factor receptor complexes 

(reviewed in (Meldrumet al.,1990; Rheeet al.,1989».HoweverthePtdIns-PLC-/3classofenzyme 

appears to be responsible for coupling inositol lipid metabolsim to G-protein linked receptors. An 

initial indication of this came from structural studies of a drosophila gene norpA which is required 

for photoreception. The cloning of this gene and comparison with known sequences identified the 

norpA product as a member of the PtdIns-PLC-/3 subfamily; since there is evidence for a G-protein 

linked PtdIns-PLC involved in drosophila photoreception it appeared likely that the -/3 enzymes 

were coupled in this manner (discussed in (Meldrum et al;, 1990». More directly a cell 

permeabilisation system has been used to determine the effectiveness of G-protein coupling by 

a number of distinct PtdIns-PLCs. This has shown that PtdIns-PLC-/31 but not -YI or -Sz can re­

constitute a G-protein response in permeabilised neutrophils (S. Cockcroft, personal communi­

cation). 

From the foregoing discussion it appears that PtdIns-PLC-/3 and -yare coupled to distinct classes 

of cell surface receptors. It would be convenient to classify the -~ subfamily in a similar manner 

however to date there is no clear indication of how the -~ enzymes may be regulated physi­

ologically. Nevertheless, based upon the distinction between the -/3 and -yenzymes it can be 

postulated that the -~ enzymes lie on a distinct receptor-driven path, feeding in to the same second 

messenger system. 

Perspectives 

The diversity of signalling components operating within the 'PKC pathway' is further exaggerated 

when one considers the multiplicity of receptor subtypes (e.g. PDGF a and b receptors, multiple 

muscarinic receptors) and the likelihood of multiple G-proteins also operating within this 

pathway. However in defining how these components operate, evidence is emerging for the 

selective operation of combinations of these components. Thus for example, the PtdIns-PLC-y 

class appear to 'couple' with receptors of the tyrosine kinase class. Individual G-proteins may well 

be found to be responsible for coupling specific seven transmembrane receptors to particular 

members of the PtdIns-PLC-/3 subfamily. 
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A definitive rationalisation of the role of the PKC gene products downstream of second messenger 

production will also come no doubt from a detailed analysis of where and when they are activated 

and importantly what the (selective) targets are. Such future studies are likely to clarify the 

presently bemusing complexity of this pathway. 
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According to the canonical scheme of reversible protein phosphoryla­

tion (fig. 1) protein kinases are normally silent, converter enzymes whose 

activation is triggered by a variety of impulses, mostly generated by 

extracellular signals. Due to such a role of "regulatable regulators" 

committed with the translation of signals into biochemical events, protein 

kinases can be classified after either their responsiveness to various 

stimuli or their capability to recognize definite structural features. 

Classification of protein kinases according to their dependence on 

signals 

The relationships between protein kinases and signals can be more or 

less direct, as exemplified in fig. 2. The most direct linkage is provided 

by those receptors whose intracellular domain is itself endowed with 

protein kinase activity. The best known among these receptorial protein 

kinases are tyrosine specific enzymes, like the EGF, the PDGF, the insulin 

and the FGF receptors (Ullrich and Schlessinger, 1990). 

A less direct connection with signals is provided by second 

messengers, which are responsible for the activation of cAMP-dependent and 

cGMP-dependent protein kinases (Beebe and Corbin,1986), of the various 

isoforms of protein kinase-C (Nishisuka,1988) and of the whole family of 

Ca2+ and calmodulin dependent protein kinases (Stull et al.,1986). 

The connection with either primary signals or second messengers, 

however, can be more complicated as it is exemplified by the phosphoryla­

tion cascades controlling kinases whose activity is finally triggered by 

either phosphorylation (e.g. S6-kinase, Insulin stimulated protein kinase 

(Dent et al., 1990)) or dephosphorylation (e.g. cdc-2 kinase (Draetta, 

1990) and cellular tyrosine kinases of the c-src family (Cooper, 1990») 

and by the theoretical possibility that a second messenger (e.g. Ca2+) 

might turn on a converter enzyme which is not a kinase itself but can in 

turn activate a protein kinase, e.g. by limited proteolysis. A mechanism 

like that has been invoked for the so called "PAKs" (protease activated 
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kinases) and, under special circumstances, for the irreversible activation 

of PK-C. 

A few protein kinases are allosteric enzymes whose positive effectors 

appear to be intracellular metabolites not commited with the function of 

second messengers. The AMP-activated protein kinase responsible for the 

phosphorylation of Acetyl CoA carboxylase and HMGCoA reductase (Hardie et 

al.,1989) and the mitochondrial pyruvate dehydrogenase kinase (Reed and 

Yeaman, 1986) can be ascribed to this group, although the former is also 

dependent on a phosphorylation cascade for its activity (Hardie et al., 

1989) . 

A number of protein kinases however escape all the above 

classification criteria for being spontaneously active, or, as they often 

are less properly termed, "independent" enzymes. It is quite possible that 

some of them just represent irreversibly activated forms of "dependent" 

enzymes, generated e.g. by limited proteolysis that has removed their 

down-regulatory domains. It may be also conceivable that the "spontaneous" 

activity observed is, in some instances, physiologically irrelevant in 

comparison with the activity elicited by endogenous, as yet undetected, 
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FIG. Z Classification of protein kinases according to their correlation 
with signals and effectors. 

The abbreviations refer to the following protein kinases (PKs): TPKs, 
tyrosine protein kinases (Hunter and Cooper, 1985); 6S-kinases, protein 
kinases that phosphorylate the ribosomal protein S6; ISPK, insulin 
stimulated protein kinase (Dent et al., 1990); cdcZ PK, protein kinase 
expressed by the cell division cycle-Z gene (Draetta, 1990); c-src TPKs, 
cellular tyrosine kinases of the src family (Cooper, 1990); PKA and PKG, 
cAMP-and cGMP2~ependent protein kinases (Beebe and Corbin 1986); 
Ca/CaM-PKs, CaZ+ and calmodulin dependent protein kinases (Stull et al., 
1986); PKC, Ca ,phospholipid dependent protein kinase (Nishizuka, 1988); 
PAK I and II, protease activated kinases I and II, the latter 
corresponding to H4 kinase (Masaracchia et al., 1990); PDHK, pyruvate 
dehydrogenase kinase (Reed and Yeaman, 1986); AMP-PK, protein kinase 
activated by 5 ' -AMP, responsible for the phosphorylation of 
acetyl-CoA-carboxylase and HMG CoA reductase (Hardie et al., 1989); CK1 
and CKZ, casein kinases 1 and Z (Pinna, 1990) HSP and PRV-PKs protein 
kinases expressed by Herpes simplex and Pseudorobies viruses (Zhang et 
al., 1990); v-onc TPKs, tyrosine kinases expressed by viral oncogenes 
(Hunter and Cooper, 1986). 

effectors. In any event the existence of protein kinases which are 

definitely active in their native form and apparently are not subjected to 

any kind of "acute" regulation represents an intriguing puzzle and rises 

the question as to how can their "independence" be compatible with the 

ordered occurence of cellular functions. This question is especially 

pertinent whenever the "uncontrolled" protein kinase is not the product of 

an oncogene, but a normal component of the cell, involved in a variety of 
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physiological functions. This is the case, e.g., of the two protein 

kinases conventionally termed casein kinases-1 and -2 (Pinna, 1990) and of 

Glycogen synthase kinase-3, also known as FA kinase( ~Woodgett, 1990). 

Overall classification of protein kinases according to their site 

specificity 

Most if not all protein kinases are pleiotropic enzymes capable to 

phosphorylate a variety of proteins, often involved in quite different 

cellulary functions. Each of them must therefore be competent to recognize 

in all its substrates one or more exposed phosphorylatable residues speci­

fied by a definite consensus sequence. Such a "recognition code" is often 

composed by either basic or acidic residues located at fixed positions 

relative to the target aminoacid. Consequently protein kinases can be 

roughly grouped into 5 categories according to their specificity for 

either serine/threonine or tyrosine, on one side, and to their preference 

(or lack of preference) for either basic or acidic residues, on the other 

(see table 1): 1) Ser/Thr-specific "basophilic" protein kinases affect 

serines and threonines whose recognition is determined by basic residues 

nearby. All known second messenger-dependent protein kinases belong to 

this category which also includes many other enzymes, either spontaneously 

active (HSV and PRY protein kinases) or controlled by cellular components 

(AMP-activated-PK, dsRNA activated PK, HCR etc.) 2) Ser/Thr-specific 

"acidophilic" protein kinases whose targeting of serine/threonine is 

dependent on crucial acidic residues. This group coincides with spontaneo­

usly active casein kinases, either authentic, for being responsible for 

the phosphorylation of casein in vivo, or conventionally termed enzymes 

commited with the phosphorylation of a variety of regulatable proteins in 

nearly all organisms and tissues. 3) Ser/Thr specific prote~ kinases, 

which apparently don't exhibit any stringent requirement for either basic 

or acidic determinants, although they may well tolerate them. Cdc2 kinase 

(Draetta, 1990) can be ascribed to this category. It apparently shares 

with recently described "Pro-directed" protein kinases (Vulliet et al., 

1989) the targeting of serines/threonines adjacent to proline(s) which are 

suspected to act as structural determinants in this case. GSK-3, 

considered a "phosphate directed" protein kinase (Fiol et al., 1990) might 

also belong to this group since it is not clear whether the phosphorylated 

side-chain acting as a positive determinant is actually recognized by 

virtue of its anionic nature. Some of the sites affected by GSK-3 or GSK-3 

related protein kinases, moreover, seem to be substantially neutral and 



183 

Table 1 - Grouping of protein kinases according to their local structural 
determinants. 

Abbreviations not specified in fig. 2 are as follows: dsI, 
dsRNA-activated inhibitor; HCR, haem controlled repressor (Proud et al., 
1991); GEF-CK, golgi enriched fraction casein kinase from lactating 
mammary gland (Meggio et al., 1988); Pro-directed PK, protein kinase(s) 
whose site specificity is determined by prolyl residues (Vulliet et al., 
1990); GSK-3, glycogen synthase kinase-3, also termed FA kinase (Woodgett, 
1990; Picton et al., 1984) - Additional references on the specificity 
determinants of protein kinases are reported elsewhere (Pinna et al. 1987, 
Pinna, 1990). 

Residue(s) affected Specificity determinants 

Ser/Thr Basic residues 

Ser/Thr Acidic residues 

Ser/Thr Neither basic nor acidic 

Tyr Acidic residues 

Tyr Neither basic nor acidic 

Protein Kinases 

PK-A 
PK-G 
PK-C 
Ca/CaM-PKs 
AMP-PK 
PAKs 
PRV and HSV PKs 
dsI 
HCR 

CK-1 
CK-2 
GEF-CK 

cdc2 
"Pro directed" PK 
GSK-3 ? 

most TPKs(e.g.EGF-rec., 
insulin-rec.,abl-TPK, 
spleen TPKIIB) 

Lyn-TPK(=TPKIIA=p40) 
(and other src-TPKs ?) 

rich in proline. 4) Tyrosine specific acidophilic protein kinases. Most 

autophosphorylation sites of tyrosine protein kinases are actually 

characterized by acidic residues upstream of the target tyrosine. Studies 

with model substrates however support the concept that a second category 

of tyrosine kinases exists, mamely, 5) Tyr-specific protein kinases 

exhibiting no special preference for either acidic or basic sites. The 

whole family of src protein kinases may belong to this group (Donella­

Deana et al., 1990). 

Is it possible to predict the coarse site specificity of a given 

protein kinase if its primary structure is known? An adfirmative answer 

may come from the inspection of the residue homologue to PK-A Glu-170, 

which has been shown to play a crucial role in the interaction with the 
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Table 2 - Correlation between the known specificity determinants of 
protein kinases and the nature of the residue homologue to PK-A 
Glu-170. 

Residues homologue to PK-A G1u-170 are deduced from Hanks et al. 
(1988). For the features determining the site specificity see table 1. 

Protein kinase 

PK-A 
PK-G 
Pl(-C 

Myosin light chain kinase 
Phosphorylase kinase 
Ca/Calm.dependent PKII 
PRV protein kinase 

Casein kinase-2 

cdc-2 PK 

GSK-3 (FA kinase) 

EGF Receptor - TPK 
Insulin Receptor - TPK 

~ - TPK ( =TPK-IIA) 
6 v-src pp 0 

p56lck (=LSTRA-TPK) 

Residue homologue 
to PK-A Glu 170 

Glu 
Glu 
Asp 
Glu 
Glu 
Glu 
Glu 

His 

Gln 

GIn 

Arg 
Arg 

Ala 
Ala 
Ala 

Features determining 
the site specificity 

Basic 
Basic 
Basic 
Basic 
Basic 
Basic 
Basic 

Acidic 

Proline ? 

Phosphate ? 

Acidic 
Acidic 

Neutral ? 
Neutral ? 
Neutral ? 

Table 3 - Grouping of protein kinases according to the nature of the 
residue homologue to PK-A Glu-170. 

Deduced from the compilation of protein kinases catalytic domain 
sequences arranged according to the Intelligenetics format (S.K. Hanks and 
A.M. Quinn, the Salk Institute for Biological Studies, March 25, 1990). 

Ser/Thr-PKs 
Tyr-PKs 

Number of PKs whose residue homologue 
to PK-A Glu-170 is: 
ACIDIC NEUTRAL BASIC 

38 
o 

23 
11 

3 
33 

basic aminoacids representing the specificity determinants for this enzyme 

(Taylor, 1989). As shown in table 2 a tight correlation indeed exists 

between the nature of the residue homologue to PK A Glu-170 in a variety 

of protein kinases, and the nature of the specificity determinants 

recognized by each of them. Whenever the Glu-170 homolog is an acidic 

residue the site specificity is invariably determined by basic aminoacids. 
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In CK-2 however, which is an acidophilic protein kinase, Glu-170 is 

replaced by histidine, while it is replaced by a glutamine in cdc-2 

kinase, tentatively ascribed to the class of protein kinases requiring 

neither basic nor acidic residues. This rule applies also to tyrosine 

protein kinases, in which Glu-170 is replaced by either an arginine, in 

enzymes which are clearly "acidophilic", or by an alanine in kinases of 

the src family which don't display any stringent requirement for acidic 

residues, at least in peptide substrates. 

Assuming the general validity of this concept one could predict that 

49 out of the 78 Ser/Thr protein kinases whose sequence is known so far 

are suited to interact with basic sites for having an acidic residue at 

the position of PKA Glu-170 (Table 3). Only three of them are expected to 

be acidophilic, while the remaining are all predicted to be regardless of 

either basic or acidic groups. Acidophilic enzymes appear conversely to be 

predominant among tyrosine protein kinases (33 out of 44) all the 

remaining being expected to ground their site specificity on neither basic 

nor acidic determinants. Basophilic tyrosine protein kinases are neither 

predictable nor have been described so far. 

Compartmentation as a regulatory device for mammary gland casein kinase 

Among the spontaneously active protein kinases mentioned in fig. 2, 

the enzyme(s) responsible for the biosynthetic phosphorylation of casein 

in the lactating mammary gland represent a very special case since they 

are required to carry out a constitutive, non reversible, and exhaustive 

modification of a definite set of abundant protein molecules under 

particular metabolic conditions in a specific compartment of an individual 

type of cell. Detailed studies are available for the casein kinase termed 

GEF-CK. It is expressed only in secretorial cells of lactating mammary 

gland, being strictly associated with the golgi apparatus (Moore et al., 

1985). Its specificity, deduced from the structure of the phosphorylated 

sites of casein fractions (Mercier, 1981) and later confirmed with the aid 

of peptide substrates (Meggio et al., 1988) enables it to recognize 

exclusively the triplet: Ser(Thr)-X-Glu(Asp). Thus, while the peptides 

SEEAAA and SAEAAA are phosphorylated, many other acidic peptides devoid of 

the Ser-X-Glu motif, like SAAEEE and SEAEEE are totally unaffected. Due to 

the profusion of casein molecules that have to be processed, moreover, not 

even all the suitable sites in them are becoming entirely phosphorylated, 

the less appropriate (e.g. for having Thr instead of Ser) rema1n1ng 

partially unoccupied (West, 1986). This presumably keeps "overbusy" GEF-CK 
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which is consequently prevented from "mis-phosphorylating" other proteins 

despite its lack of short-term control mechanisms. 

Presumably "independent" 

specificity similar to GEF-CK 

protein kinases 

are responsible 

with features and 
~ 

for the constitutive 

phosphorylation of other proteins, like pepsin, ovalbumin, fibrinogen, at 

phospho-sites sharing the motif SerP-X-Glu(Asp). 

Are CK-1 and GSK-3 "secondary" protein kinases ? 

The concept of "hierarchical" phosphorylation may provide a rationale 

for understanding the regulation of otherwise "uncontrollable" protein 

kinases. This could apply to spontaneously active casein kinase-1 (CK-1) 

and GSK-3 (see figure 2) both of which have been shown to depend on 

previously phosphorylated residues as specificity determinants. In early 

studies with casein fractions we firstly showed that the residues affected 

by CK-1 were distinct from those constitutively phosphorylated in native 

casein, for being located just downstream of them (Meggio et al., 1979). 

Invariably these CK-1 sites included very acidic clusters, composed by 

both phosphoserine and glutamic acids, adjacent to the N terminal side of 

the target residue. The additional finding that previous dephosphorylation 

of phosphoserines abolishes the subsequent activity of CK-1 prompted us to 

propose that CK-1 might be not a "primary" kinase, but rather a 

"secondary" one, depending on another protein kinase for its site 

recognition (Meggio et al. , 1979) . Recently this prediction has been 

elegantly confirmed by Flotow et al. (1990) showing that the 

phosphorylation of the glycogen synthase peptide PLSRTLSVASLPGL by CK-1 at 

Ser-10 occurred only after Ser-7 had been phosphorylated by PKA. 

Likewise also the phosphorylation of a variety of protein and peptide 

substrates by GSK-3 is potentiated by the previous phosphorylation of 

residues nearby which apparently create the suitable sites for GSK-3 (e.g. 

Picton et al., 1982, Fiol et al., 1987). It is conceivable therefore that 

the regulation of the activity of "independent" protein kinases like CK-1 

and GSK-3 might be at least partially committed to other protein kinases. 

It sounds somewhat disconcerting in this connection that the enzyme 

apparently in charge of controlling GSK-3 is casein kinase-2, i.e. the 

most typical specimen of a spontaneously active protein kinase. Quis 

custodiet custodes? Next paragraph will try to give and answer to this 

question. 
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CK-2, the prototype of an "independent" protein kinase 

A paradox inherent to the protein kinase generally termed casein 

kinase-2 is that this enzyme is spontaneously active despite two features 

that would argue in favour of its susceptibility to regulation, mamely: 1) 

A heterotetrameric structure with two catalytic and two non catalytic 

subunits, and, 2) its involvement in a miriad of cellular functions, with 

special reference to gene expression and cell proliferation (reviewed by 

Pinna, 1990). 

A variety of observations on the other hand support the notion that 

CK-2 is indeed spontaneously active, at least toward many of its targets, 

a feature. incidentally, that favoured its early discovery, sooner than 

most of the other protein kinases. 

Unlike the holoenzyme of PKA, heterotetrameric CK-2 is fully active 

and it doesn't dissociate unless under drastic conditions that compromise 

enzyme activity. The kinetic parameters of CK-2, moreover, are quite 

comparable to those of pure, typically dependent protein kinases under 

optimal conditions of activation: it seems hardly conceivable therefore 

that they might reflect just a basal activity, susceptible to acute 

enhancement in the presence of as yet unknown effectors. All known second 

messengers are ineffective on CK-2 and spontaneously active CK-2 cannot be 

generated by limited proteolysis from a larger regulatable kinase, since 

its structure corresponds to that deduced from its cDNAs. Although the 

~-subunit of CK-2 undergoes autophosphorylation there is no incontro­

vertible evidence that this non catalytic component might play a 

regulatory role. Actually the properties of CK-IIB, a maize monomeric CK-2 

composed by a single catalytic subunit are very similar to those of the 

canonical CK-2 with tetrameric structure (G. Dobrowo1ska et al., 1987, and 

unpublished data). Additional support to the concept that CK-2 is 

spontaneously active also in situ is provided by the drastic effect of 

heparin, a specific inhibitor of CK-2, on the phosphorylation of proteins 

in crude extracts under basal conditions, i.e. whenever the dependent 

protein kinases are silent, and by the striking hyper-phosphorylation of 

CK-2 targets upon addition of okadaic acid (Issinger et al., 1988) a 

powerful inhibitor of protein phosphatases 2A and 1. Apparently therefore 

CK-2 cannot be turned off under conditions rendering its activity 

unnecessary and presumably undesired. 

On the other· hand it is noteworthy that a set of CK-2 targets is 

totally dependent on polybasic effectors, like polylysine, protamine, etc. 

for phosphorylation. Actually the influence of these cationic compounds 
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appears to be strikingly conditioned by the protein substrate: while they 

are ineffective or even inhibitors with a few targets (including the 

~-subunit of CK-2 itself), and more or less stimulatory with many others, 

they are necessary for the appreciable phosphorylation of a number of 

substrates, including, e.g., calmodulin, clathrin ~-chain, ornithine 

decarboxylase etc. Somewhat disappointing this property is not shared by 

polyamines which also variably stimulate CK-2 in a substrate directed 

manner but are unable to trigger an all-or-nothing response of CK-2 toward 

certain substrates, as observed with polybasic peptides. 

Apparently therefore the substrates of CK-2 can be divided into two 

categories including those proteins whose phosphorylation is made possible 

by polybasic peptides, and those which are phosphorylated even in the 

absence of these effectors, respectively (fig. 3). 

FIG. 3 

Regulatable 
phosphorylation? 

"~Targets whose phosphorylation 
~ ~ is dependent on polybasic peptides 

~ 

/~ Spontaneously phosphorylated targets 

Constitutive 1 ____ Regulatable 
phosphorylation protein phosphatase 

Dephosphorylated form 

Grouping of CK2 substrates according to their relying on 
polybasic effectors for phosphorylation. 

The phosphorylation level of the latter set of substrates might be 

entirely controlled by the phosphatases committed with their dephosphory­

lation. 

This is quite conceivable if the canonical phosphorylation-dephospho­

rylation cycle of fig. 1 is considered from an opposite angle (fig. 4A) 

i.e. assuming a preliminary, constitutive phosphorylation of all the 

molecules of the regulatable protein, which are subsequently variably 

converted into the dephosphorylated form by a phosphatase responsive to 

intra- and/or extra-cellular signals. 

In this instance the regulatable protein phosphatase would antagonize 

the effect of the protein kinase, as it also does according to the 

canonical scheme of fig. 1. Alternatively however a mechanism can be 

envisaged where the two converter enzymes play a synergistic rather than 
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FIG. 4 Two models accounting for the controlled occurrence of 
interconversions involving "independent" protein kinases. 

In A the kinase and the phosphatase still play their typical 
antagonistic roles outlined in the canonical scheme of fig. 1. The 
interconvertible substrate protein however is here assumed to normally be 
in a constitutively phosphorylated form, the "converted" form being 
therefore the dephosphorylated protein and the primary converter enzyme a 
regulatable phosphatase, rather than the spontaneously active kinase. 

According to model B conversely the kinase and the phosphatase are 
sequentially involved in a two-steps combined reaction implying a 
synergistic role for them, suited for a "two-keys" safeguard mechanism. 
Either both or just one of the converter enzymes are subjected to 
short-term regulation, while the "converted" protein is reverted to its 
"unconverted" form through a slow spontaneous reaction not implying 
covalent modifications. Preliminary phosphorylation in this case is a 
pre-requisite but not a sufficient condition for confering the required 
alteration of biological properties. Depending on which enzymatic step is 
rate-limiting, the phosphorylated form either will accumulate or it is 
kept at negligible value, thus escaping detection. This latter case 
appears to occur in the activation of the cytosolic form of protein 
phosphatase-1 promoted by a phosphorylation-dephosphorylation reaction of 
the modulator protein I-2 (see Ballou and Fischer, 1986). 
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antagonistic role, namely phosphorylation is merely a pre-requisite for 

dephosphorylation, the latter representing the very crucial step 

conferring novel properties to the phosphorylatable protein. This would 

imply that the conformation of the ~hosphorylated form is different from 

that of the non-phosphorylated one, the latter being re-generated from the 

former through a slow, spontaneous process (fig. 4B). A mechanism like 

this would be not a mere fiction as it has been shown to operate, e.g., in 

the activation of the cytosolic form of protein phosphatase-l, occurring 

through the autocatalytic dephosphorylation of a threonyl residue of the 

regulatory subunit of the phosphatase (termed modulator protein or 

inhibitor-2) immediately after its phosphorylation by FA-kinase (=GSK-3) 

(Ballou and Fischer, 1986). Likewise it has been recently proposed that 

the potentiation of the estradiol receptor concomitantly requires both 

kinase and phosphatase activities in a combined reaction (Dayani et al., 

1990). Conceivably such a mode of operation would require only one step to 

be subjected to control. This could be dephosphorylation rather than 

phosphorylation, thus providing 

"independent" protein 

premodified molecules 

kinases 

of 

like 

the 

a rationale for the function of 

CK-2, engaged with the 

convertible protein. 

supply of 

If however 

phosphorylation is the rate-limiting step, the phospho-form will never 

accumulate thus possibly accounting for the puzzling sub-stoichiometric 

phosphorylation of certain proteins, especially those affected at tyrosyl 

residues. 

Focusing back on CK-2 it should be outlined that the mechanisms 

proposed in fig. 4, A and B, might operate also with those targets whose 

phosphorylation is dependent on polybasic effectors. Whichever might be in 

fact the natural compounds whose effect in vitro is mimicked by polylysine 

- e.g. certain his tones and RAS proteins, but not polyamines, as discussed 

elsewhere (Pinna, 1990) - it is hard to assume for them a role like that 

of second messengers, capable to induce transient effects mediated by 

rapid fluctuations of their concentration. Reasonably polybasic peptides 

may ensure a persisting CK-2 activity toward selected targets in 

particular subcellular compartments, rather than a short-term regulation 

of CK-2 activity. 

In any event the structure of the phosphoacceptor sites for CK-2 is 

expected to play a crucial role in 

bility both to polybasic enhancers 

dephosphorylation. 

determining their variable 

of phosphorylation and to 

suscepti­

enzymatic 
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It should be recalled in this connection that the natural 

phosphorylation sites for CK-2, albeit all fulfilling the common 

Ser(Thr)-X-X-Glu(Asp) consensus sequence, are variable in several other 

respects (see Pinna, 1990). Namely some of them are extremely acidic, with 

stretches of five or more consecutive carboxylic residues downstream of 

serine, while others are moderately acidic, including just a couple of 

carboxylic residues. Acidic residues, furthermore, can be located either 

on the critical C terminal side alone or, sometimes, on both sides of the 

target serine. Studies with synthetic peptides have outlined the crucial 

relevance of theff-turn conformation for determining the susceptibility of 

the poorly acidic sites, but not of the highly acidic ones, to CK-2 

mediated phosphorylation (see Pinna, 1990). They also support the concept 

that N terminal acidic residues may play a role in enhancing the 

responsiveness to polybasic effectors, since the deletion of the 

individual N terminal glutamic acid from the octapeptide ESVSSSEE fully 

abolishes the favourable effect of polylysine on its Km for CK-2 (Heggio 

et al.,1989). On the other hand dephosphorylation of phosphopeptides by 

protein phosphatase-2A can be dramatically improved by some features, like 

somewhat remote N terminal basic residues, the phosphopeptide RRREEESpEEE 

being rapidly dephosphorylated whereas ESpEEEEE is totally refractory to 

dephosphorylation (Agostinis et al., 1990). 

Synthetic peptides also proved helpful for disclosing negative deter­

minants that may compromise the phosphorylation of otherwise suitable 

substrates. Thus basic aminoacids are detrimental if they are adjacent to 

the N terminal edge of the target residue or located at variable positions 

on the C terminal side where neutral residues are accepted. Likewise the 

motif Ser-Pro is unacceptable, giving rise to peptides that may act as 

competitive inhibitors of CK-2. Such a narrow specificity may contribute 

to prevent "misphosphorylations" by an enzyme like CK-2 which could become 

noxious due to its lack of effective short-term control systems. 

In this respect CK-2 could be considered as a potential oncogene 

whose triggering of proliferative events is normally controlled by the 

concomitant activity of protein phosphatase(s). Actually among the various 

growth related protein kinases (Ralph et al., 1990), CK-2 alone appears to 

be spontaneously active and devoid of any effective down regulation 

mechanism. Consequently it is a first choice candidate for mediating the 

effects of tumor promoters, like okadaic acid, whose primary biochemical 

effect is the inhibition of protein phosphatases. It should be also 

recalled in this connection that an abnormally high phosphorylation of 
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CK-2 targets will also bring about an increased activity of "secondary" 

protein kinases, like GSK-3, whose sites are specified by previous CK-2 

mediated phosphorylation. 
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BIPHASIC ACTIVATION OF THE 56 KINASE: IDENTIFICATION OF SIGNALLING 
PATHWAYS 

George Thomas 
Friedrich Miescher Institute 
P.O. Box 2543 
4002 Basel, Switzerland 

INTRODUCTION 

In my first lecture I presented data which showed that following mitogenic 

stimulation of quiescent 3T3 cells, the Mr 70 kd 56 kinase becomes activated by 

serine/threonine phosphorylation. From this data we deduced two facts: first, that the 

56 kinase lies on a kinase cascade initiated by the activation of the tyrosine kinase 

of the respective growth factor-receptor (Carpenter G and Cohen 5, 1990), and 

second, that there must be at least one other serine/threonine kinase, activated by 

tyrosine phosphorylation, which couples the 56 kinase with the tyrosine kinase of the 

receptor, an 56 kinase kinase (Ballou LM et ai, 1988a). Such a model would easily 

fit with earlier kinetic data showing that in quiescent cells stimulated with, for example, 

EGF, the 56 kinase is rapidly activated, reaching a maximum between five and ten 

minutes and then slowly decreasing back to basal level by about 60 minutes (Novak­

Hofer I and Thomas, G, 1985). 

Biphasic activation of 56 kinase 

A more carefully conducted kinetic analysis revealed that activation of the 56 kinase 

is much more complex than the simple model outlined above. The results showed 

that the activation of the kinase was biphasic (Su~a M et ai, 1989). The first phase 

of activation reached a maximum between ten and fifteen minutes and the second 

phase between 45 and 60 minutes. The most obvious explanation for this finding 

was that there were two different enzymes, one involved in the early phase of S6 

kinase activation and a second responsible for the later phase. To test this 

possibility, cell extracts were prepared from quiescent cultures which had been 

stimulated with EGF for either ten or sixty minutes, and the extracts subjected to 
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anion-, cation- and hydrophobic- chromatography. Irrespective of the time point at 

which cells were extracted, the 56 kinase eluted as a single peak in the same 

position from all three columns. Furthermore, since we knew that the 56 kinase was 

readily inactivated by phosphatase 2A (Ballou LM et ai, 1988b; Su~a M et ai, 1989), 

we treated extracts from both time points with this phosphatase. The results showed 

that the kinase activity from both early and late phases of activation were abolished 

by phosphatase 2A at approximately the same rate (Su~a M et ai, 1989). The 

chromatographic data and the phosphatase inactivation studies indicated that both 

peaks represented the same enzyme (Su~a M et ai, 1989). 

Distinct Signalling pathways 

Consistent with the results above, another explanation for the biphasic kinetics of 

activation is that two EGF-induced signalling systems are converging to activate the 

56 kinase at different times. Earlier studies from the laboratory of R. Erikson had 

shown that if cells are pretreated with TPA to downregulate protein kinase C (PKC) 

a partial attenuation of the 56 phosphorylation response is observed when these cells 

are rechallenged with serum (Bien is J and Erikson RL, 1986). This raised the 

possibility that one of the two phases might be regulated by PKC. To evaluate this 

possibility we first stimulated cells for a short time with 12-0 tetradecanol-phorbol-13-

acetate (TPA), which leads to the activation of the 56 kinase (Tabarini D et ai, 1985). 

Under these conditions the late phase, but not the early phase, of activation was 

observed. The absence of the early phase indicated that induction by EGF of the late 

phase may be under the control of PKC. To directly test this model cells were 

pretreated with TPA dissolved in DM50 or with DM50 alone for 24 hours, then both 

cultures were rechallenged with EGF. 5uch long-term TPA treatment is known to 

downregulate PKC (5tabel et ai, 1987). The results showed that in the DM50-

treated control culture the EGF-induced biphasic activation of the 56 kinase was 

identical to that observed in untreated cultures. However, in the cells pretreated with 

TPA for 24 hours, the second phase was almost totally abolished, > 85%. This 

finding was consistent with the previous results, indicating that the second phase qf 

activation induced by EGF was under the direct control of PKC. 
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Biological effect of PKC depletion 

An obvious question raised by the results above is what the biological 

consequences are of losing the late phase of S6 kinase activation. To address this 

question we measured the activation of S6 phosphorylation, protein synthesis and 

growth in cells which had been pretreated for 24 hr with either DMSO or TPA 

dissolved in DMSO (Su~a M et ai, 1989). In the case of S6 phosphorylation we 

found that the 24-hr DMSO treatment had had no deleterious effects. However, 

pretreatment with TPA led to a strong attenuation of the S6 phosphorylation response 

as measured by 2-dimensional gel electrophoresis. We also found that the activation 

of protein synthesis as measured by the movement of inactive 80S ribosomes into 

actively translating polysomes, was inhibited by about 40% to 50% as was the ability 

of cells to replicate (Su~a M et ai, 1989). Thus, loss of the second phase of S6 

kinase activation has a direct biological impact on the ability of EGF to induce cell 

growth. 

Inhibitors of PKC 

Because long-term treatment with TPA is known to have a number of anomalous 

effects, we searched for another way in which we could test the direct involvement 

of PKC in the activation of the late phase S6 kinase. A number of inhibitors have 

been reported which selectively inhibit the activity of PKC. However, when we applied 

the inhibitors sphingosine (Hannun YA et ai, 1986), H7 (Shibanuma M et ai, 1987). 

and staurosporin (Tamaoki T et ai, 1986) to cells we found that in all cases these 

drugs were either toxic to the cells (sphingosine or staurosporin) or had no inhibitory 

effect on the S6 kinase activation (H7) (M Su~a and G. Thomas, unpublished). In 

contrast, in the last few years, Ciba-Geigy, Basel, has been developing specific 

inhibitors of PKC based on the structure of staurosporin. Of these inhibitors, CGP 

41 251 is about 10-fold less effective than staurosporin in terms of inhibiting PKC 

activity but is 100-fold less sensitive towards both the S6 kinase and the EGF 
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receptor kinase in vitro (Meyer T et ai, 1989). A second analogue of the staurosporin 

CGP 42 700, has no effect on any of the three enzymes, PKC, EGF receptor or the 

86 kinase. When we tested the ability of these two compounds to inhibit the 86 

kinase activation induced by EGF we found that there was no effect of the inactive 

analogue. In the case of the active analogue, though, we found that the second 

phase of 86 kinase activation was totally abolished, strongly supporting our 

hypothesis that the second phase of 86 activation is under the control of PKC (M. 

Su~a and G. Thomas, unpublished). 

Purification of 86 kinase from early and late phase 

The results above indicate that the second phase of 86 kinase activation is under 

the control of PKC. However, the signalling mechanism controlling the early phase 

of 86 kinase activation has not been identified (Su~a M et ai, 1989). From these 

results we inferred that the EGF triggers two distinct signalling pathways which 

converge at different times on the same kinase (Su~a M et ai, 1989). However, 

homologues to a second 86 kinase of Mr 92 kd, which had previously only been 

identified in Xenopus laevis, have recently been detected in mouse and chicken cells 

stimulated with a number of mitogens (Chen RH and Blenis J, 1990; Sweet LJ et ai, 

1990). This last observation together with our earlier findings raised the question of 

the identity of the S6 kinase in the two phases of activation and the point at which 

the two signalling pathways converge to induce S6 kinase activation. In a previous 

study we purified and analyzed the phosphorylated amino acids in the Mr 70 kd 

kinase from cells stimulated for one hour with serum (Ballou LM et ai, 1988a). In that 

study no precautions were taken against phosphotyrosine phosphatases. Therefore 

any effects on kinase activity due to tyrosine phosphorylation could have been 

partially or totally abrogated. To protect phosphotyrosine from dephosphorylation, 

sodium-orthovanadate and ammonium molybdate were added to the extraction buffer 

as potent phosphotyrosine phosphatase inhibitors (Su~a M and Thomas G, 1990). 

The kinetics of 86 kinase activation in response to EGF induction under these 

conditions was measured and compared with results obtained in the absence of 
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phosphotyrosine phosphatase inhibitors. The amplitude and the kinetic appearance 

of each phase (Su~a M and Thomas G, 1990) of activity was very similar to those 

which we reported earlier, with the early phase peaking in ten to fifteen minutes and 

the late phase reaching a maximum between forty and sixty minutes following EGF 

induction (Su~a M and Thomas G, 1990). These results suggested that if phosphoty­

rosine were present in the S6 kinase it would play little role in activating the enzyme. 

Identity of early and late phase S6 kinase 

We next set out to purify both the early and late phase kinases labeled in vivo with 

32p-phosphate. Based on the data above, stimulation with EGF for 10 minutes was 

chosen for the early phase of S6 kinase activation, a time when the kinase activity 

was rising, and 60 minutes was used for the late phase of kinase activation, a time 

in which the activity in the early phase should have begun to return to basal levels. 

Following a four-step purification protocol, a final recovery of 30% was obtained (Lane 

HA and Thomas G, 1991). At each step of the purification the enzymes present in 

both phases eluted in the same position as a single peak of activity. To determine 

the identity of the kinase present in each phase the proteins present in the peak 

fraction of the last step of purification, a peptide affinity column, were separated on 

SDS-polyacrylamide gels and analyzed by autoradiography (Su~a M and Thomas G, 

1990). In both cases, a single protein band with Mr 70 kd was observed, indicating 

that the kinase responsible in both the early and late phases of S6 kinase activation 

were identical. 

To ensure that all of the radioactive 32P-labeled protein eluting with S6 kinase 

activity from the peptide columns represented the Mr 70 kd enzyme, the active S6 

kinase fractions from the peptide column were chromatographed on an analytical 

Mono Q column (Su~a M and Thomas G, 1990). All of the radioactivity from each 

column was found to co-elute with the S6 kinase activity. Next, a portion of each 

fraction was incubated with y_32p_ATP in vitro, to autophosphorylate the enzyme. The 

proteins present were then separated by SDS-PAGE and analyzed by autoradiogra­

phy. The only protein band visible was again the Mr 70K protein. More importantly, 
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this protein was found only in those fractions containing S6 kinase activity and the 

intensity of autophosphorylation directly paralleled S6 kinase activity (Susa M and 

Thomas, G, 1990). Finally, the two M, 70K autophosphorylated proteins were 

electrophoresed from the gel, digested with trypsin and the proteolytiC products were 

analyzed by two-dimensional thin layer electrophoresis / chromatography. Although 

we found the relative intensities of the maps to be different, the identical 

phosphopeptides were observed, indicating that both kinases represented the same 

protein. Consistent with this finding, one-dimensional SDS-PAGE analysis of 

cyanogen bromide peptides of both autophosphorylated kinases were found to be 

identical. These results support our earlier hypothesis that the two phases of EGF­

induced S6 kinase activation are mediated through the same enzyme. 

Phosphorylation sites regulating S6 kinase activity 

To determine whether the two EGF-induced pathways used the same or distinct 

phosphorylation sites to regulate S6 kinase activity we first analyzed the phosphorylat­

ed amino acids present in each protein. Phosphoserine, and to a much lesser extent, 

phosphothreonine, were detected in both enzyme preparations, and at approximately . 
the same level (Susa M and Thomas G, 1990). Hence, the different signalling 

pathways cannot be distinguished by the content of their phosphorylated amino 

acids. The absence of phosphotyrosine was further supported by the observations 

that alkaline treatment of gels containing the Mr 70K kinase from both the ten and the 

sixty-minute stimulated cells led to a complete removal of phosphate from either 

protein band and that antiphosphotyrosine antibodies failed to immunoprecipitate 

increased S6 kinase activity from EGF-stimulated cell extracts (M. Susa and G. 

Thomas, unpublished). These results appear to rule out the phosphorylation and 

direct activation of the S6 kinase by the activated EGF receptor tyrosine kinase, again 

supporting the model that there has to be at least a single kinase coupling the EGF 

receptor with the S6 kinase during the early phase of activation. 

Next, to determine whether the same phosphorylation sites were shared by the two 

pathways, tryptiC peptides of in vivo 32P-labeled S6 kinase from cells treated with EGF 
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for 10 or 60 minutes were analyzed by two-dimensional thin layer electrophoresis / 

chromatography. The maps from the two enzymes showed very similar patterns, 

further indicating that the two kinases were identical. However, visual comparison of 

the maps revealed that the relative amount of phosphate incorporated did differ in 

some peptides (Su~a M and Thomas G, 1990). These differences could not be 

quantitated because of the low amount of 32p incorporated in the protein. More 

striking was the appearance of a unique phosphopeptide in the late phase S6 kinase, 

which could not be detected in tryptiC maps derived from the early phase of S6 

kinase even after prolonged exposure (Su~a M and Thomas G, 1990). This was the 

only qualitative difference detected between these two kinase preparations. In the 

future it will be of great interest to determine whether this site is directly regulated by 

PKC. 

First phase of activation: Is MAP2 kinase S6 kinase kinase? 

In contrast to the second phase of S6 kinase activation, we as yet have no idea 

as to the identity of the kinase regulating the first phase of activation. Earlier it had 

been shown that the microtubule-associated protein 2 (MAP2) kinase (Ray LB and 

Sturgill TW, 1987; Ray LB and Sturgill TW, 1988), stimulated the activity of the M,92 

kd S6 kinase from Xenopus laevis (Sturgill TW et ai, 1988). More recently, it has also 

been claimed to have a similar effect on the M, 70 kd kinase from rabbit liver 

(Gregory JS et ai, 1989). In searching for insulin-activated kinases Ray and Sturgill 

(1987) used MAP2 as a substrate enabling the identification of a MAP2 kinase. 

Furthermore, they went on to show that the enzyme was phosphorylated at both 

serine and tyrosine residues (Ray LB and Sturgill TW, 1988) and was distinct from 

both the M, 92 kd and the 70 kd S6 kinases (Ray LB and Sturgill TW,1987). More 

interesting, they have recently shown that this enzyme requires both tyrosine and 

serine phosphorylation to maintain its activity (Anderson NG et ai, 1990). This was 

demonstrated by complete inactivation of the enzyme with either phosphatase 2A or 

CD45, a tyrosine phosphatase from T cells (Tonks NK et ai, 1988). To substantiate 

this finding they showed that the amino acids phosphatase 2A and CD45 specifically 
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dephosphorylated were threonine and tyrosine, respectively. Thus the MAP2 kinase 

would seem to be a strong candidate for the activator of the S6 kinase. 

MAP2 and S6 kinase in Swiss 3T3 cells 

In quiescent 3T3 cells, serum or epidermal growth factor causes a transient 

increase in MAP2 kinase activity (Ballou LM et ai, 1991). Maximum activation is 3-fold 

for serum and 3.4-fold for EGF at 2.5 minutes. S6 kinase under these conditions is 

activated to a higher level, although more slowly, increasing 6.8- and 9.3-fold after ten 

minutes with serum and EGF, respectively (Ballou LM et ai, 1991). The faster 

response of MAP2 kinase would kinetically fit with this enzyme's putative S6 kinase 

kinase role in vivo. Furthermore, the EGF-stimulated MAP2 kinase appeared to be 

identical to the enzyme first described in insulin-treated adipocytes by Ray and 

Sturgill (Ray LB and Sturgill TW, 1987), determined by its chromatographic behavior, 

its ability to be immunoprecipitated with antibodies against phosphotyrosine and its 

inactivation by treatment with phosphatase 2A (Ballou LM et ai, 1991). 

The ability of the MAP2 kinase to reactivate the Mr 70K S6 kinase was tested using 

a control sample of S6 kinase and a preparation of the S6 kinase that was inactivated 

>90% by prior treatment with phosphatase 2A (Ballou LM et ai, 1991). Both kinase 

preparations were then incubated with or without MAP2 kinase in the presence of 

ATP and a phosphatase inhibitor. The results of initial reactivation experiments were 
, 

difficult to interpret because the S6 kinase lost as much as 80% of its activity during 

the incubation. This decrease was prevented by the addition of MAP2 kinase, 

resulting in the apparent activation of the control S6 kinase and reactivation of the 

phosphatase-treated enzyme. This effect was traced to stabilizing compounds in the 

MAP2 kinase buffer including ethylene glycol, Triton X-100 and bovine serum albumin. 

Another important factor in the reactivation buffer was the phosphatase inhibitor. 

Sturgill and colleagues (Sturgill TW et ai, 1988) added sodium fluoride to inhibit 

phosphatase 2A after inactivating the S6 kinase. However, sodium fluoride does not 

inhibit phosphatases in the presence of magnesium chloride, a cation whose 

presence is required for kinase activity (S. Ferrari and G. Thomas, unpublished). In 
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view of this finding, we instead used p-nitophenyl phosphate, which inhibited the 

phosphatase >90%. Under these conditions, the control and phosphatase-treated 

S6 kinases were stable over the incubation period in the absence of MAP2 kinase. 

When MAP2 kinase was added there was no effect on either S6 kinase preparation 

(Ballou LM et ai, 1991). Similar results were obtained in experiments using five times 

more MAP2 kinase, S6 kinase purified from rat liver (Kozma SC et ai, 1989; Lane HA 

and Thomas G, 1991), MAP2 kinase purified by immunoprecipitation with 

antiphosphotyrosine antibodies, and S6 kinase which had been only inactivated 50% 

by phosphatase 2A (LM Ballou and G Thomas, unpublished). 

In agreement with the results above, the Mr 70 kd S6 kinase was not phosphorylat­

ed by MAP2 kinase in vitro (Ballou LM et ai, 1991). These results conflict with a 

recent report claiming that a Mr 70 kd S6 kinase from rabbit liver, presumably 

equivalent to the Mr 70 kd enzyme from 3T3 cells or rat liver, was partially reactivated 

by MAP2 kinase from rat 1 cells (Gregory JS et ai, 1989). However, the stability of 

the S6 kinase used in that study was not tested nor was phosphorylation of the 

enzyme by MAP2 kinase demonstrated. The failure of MAP2 kinase to reactivate the 

Mr 70K S6 kinase in vitro led us to search for in vivo evidence that would support this 

finding. If MAP2 kinase lies directly upstream of the S6 kinase then in a phosphoryla­

tion cascade the most potent activator of MAP2 kinase might be expected to be the 

most potent activator of the S6 kinase. However, such a correlation did not exist. 

For the ten agents tested the order of effectiveness in stimulating the MAP2 kinase 

was platelet-derived growth factor, > bombesin, > prostaglandin F2a , > EGF, > TPA, 

> serum, > orthovanadate, > prostaglandin E1, > cAMP, > insulin. All these 

compounds except insulin induced maximum activation of the MAP2 kinase at 2.5 

minutes. The order of effectiveness for activating S6 kinase was distinct; EGF > 

serum> TPA > platelet-derived growth factor> prostaglandin F2a, > orthovanadate, 

> bombesin, > insulin, > cAMP = prostaglandin E1 (Ballou, L. and Thomas, G, 

unpublished). These results further support the argument that the MAP2 kinase is 

not the S6 kinase activator. 
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Effect of insulin on MAP2 kinase and 56 kinase 

Surprisingly, of all the agents tried above, insulin had the least effect on MAP2 

kinase although the enzyme was first detected in insulin-treated cells. A longer time 

course showed that insulin did not cause a substantial increase in MAP2 kinase 

activity, even after 25 minutes. Maximal stimulation of only 1.2-fold occurred at five 

minutes, whereas 56 kinase was activated 6.1-fold after 15 minutes with the hormone. 

An even more striking difference was seen when extracts were subjected to anion 

chromatography. MAP2 kinase activity from insulin-treated cells was barely above 

resting levels, while the activity in the MAP2 kinase peak after EGF treatment was 20 

times higher. At insulin concentrations as high as 5 x 10-7, MAP2 kinase activity in 

extracts never increased more than 1.9-fold, whereas 56 kinase was activated as 

much as 6.9-fold. Insulin-like growth factor 1 was also a poor activator of the MAP2 

kinase, causing a maximal 2.1-fold stimulation after 2.5 minutes, but a 6.1-fold 

activation of the 56 kinase. 

Together these data indicate that the MAP2 kinase is not the activator of the Mr 

70K 56 kinase in fibroblasts. The results with insulin further imply that the activation 

of the two enzymes is accomplished through different signalling pathways. Indeed, 

it is unclear whether the cascade including MAP2 kinase and 56 kinase which was 

proposed earlier (Sturgill TW et ai, 1988) operates in vivo. It has not been shown that 

insulin activates the MAP2 kinase in oocytes or that the 56 kinase activated by insulin 

in adipocytes is the Mr 92K species. The identity of the Mr 70K 56 kinase kinase 

remains obscure. Attention has focused on kinases that may be activated by tyrosine 

phoshorylation, but this is based on the assumption that there are only three 

components in the phosphorylation cascade. Furthermore, there may be more than 

one 56 kinase kinase, since 56 kinase is activated by a wide range of agents that act 

through different signalling pathways. The biphasic kinetics of 56 kinase activation 

induced by EGF could be explained by sequential activation of different 56 kinase 

kinases which act together to fully activate the enzyme. Future experiments deSigned 

to identify the 56 kinase activator should show reactivation and phosphorylation of 
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the S6 kinase in vitro as well as data that the same sites which are dephosphorylated 

are the ones which become phosphorylated. 

Immediate goals 

One obvious approach to sorting out the problems listed above will be to map the 

in vivo sites of S6 phosphorylation. The aim will then be to reconstitute this map in 

vitro. Such an approach may be essential in view of the finding that activation of 

MAP2 kinase requires both threonine and tyrosine phosphorylation (Anderson NG et 

ai, 1990) and that activation of the mammalian form of CDC2 kinase requires 

dephosphorylation of these same amino acids (see Draetta G, this volume). Thus, 

activation of the Mr 70K S6 kinase may require multiple phosphorylation events by 

different kinases at distinct sites. 
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CHANGES ON THE ELECTROPHORETIC MOBILITY OF CDS MOLECULES INDUCED BY PKC­
MEDIATED PHOSPHORYLATION 
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Servei d'Immunologia. Hospital Clinic i Provincial de Barcelona. 
Villarroel 170. Barcelona 08036. 
Spain. 

INTRODUCTION 
Protein phosphorylation is the most common form of post-translational 
modification used to regulate cellular functions (Edelman et al., 1987). CD5 
provides accessory signals in T lymphocyte activation and proliferation (Weiss 
and Imboden, 1987). CD5 has been shown to undergo hyperphosphorylation after 
treatment with phorbo 1 esters (Chat il a and Geha, 1988) wh i ch are tumor 
promoter agents (TPA) capable to trans locate and activate the serine/threonine 
prote ink i nase C (PKC) (N i sh i zuka, 1984). Here we show the rap i d and PKC­
dependent induction of a hyperphosphorylated and more slowly migrating subset 
of CD5 molecules after stimulation with TPA on normal and lymphoblastoid T and 
B cells. 

RESULTS AND DISCUSSION 
Analysis on 50S-polyacrylamide gels of immunoprecipitates from 32P-labeled 
peripheral blood mononuclear cells (PBMC) obtained with the Leu-1 mAb (CD5 
specific) reveals that PMA treatment induces changes not only in 
phosphorylation but also in the electrophoretic mobility of CD5 molecules. CD5 
is a constitutively weakly phosphorylated molecule and the treatment for 30 
min with 100 ng/ml PMA induces the appearance of two hyperphosphorylated CD5 
species with different electrophoretic mobility. The faster one has a Mr 
closely similar to the constitutively phosphorylated CD5 molecules, whilst the 
slower one has a significant higher Mr' These PMA-induced mobility changes 
seem to be characteristic for CD5 molecules since no similar changes were 
observed under these conditions for other constitutively phosphorylated 
lymphocyte surface molecules (HLA class I, CD7, CD18, CD43, CD44, CD45, CD45R) 
[Alberola-Ila et al, 1989]. These changes occur in all tested cell types 
(PBMC, thymocytes, tonsil B cells, B lymphocytes from chronic lymphocytic 
leukemia and the T cell lines CEM, Jurkat, 8402, Molt 4, HSB2 and HUT 78) 
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(Fig. 1). The same shift in mobility could also be appreciated by the analysis 
of CD5 molecules from [35S]cysteine-labeled PBMC (data not shown). 

---

Fig. 1. Effect of PHA on the 
phosphorylation state and the 
apparent Hr of 32P-labeled CDS 
molecules from normal and 
lymphoblastoid T cells. Several 
cellular types were labeled with 
[32Pjorthophosphate. stimulated 
for 30 min in the presence (+) or 
absence (-) of 100 ng/ml PMA and 
immunoprecipitated with Leu-1 mAb. 
The SDS-PAGE analysis of the 
immunoprecipitates is shown. 
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eig. 2. Dose and time response kinetics 
of TPA-induced CDS mobility changes. 
Left. 32P-labeled PBMC were treated 
either with PDBU at the indicated 
concentrations (ng/ml) or with 
different concentrations of PMA for 30 
min. Right. Effect of different TPA on 
the phosphorylation state and 
electrophoretic mobility of CD5 
molecules. 32P-labeled PEMC were 
stimulated for 30 min with 100 ng/ml of 
different TPA. Cell lysates were 
immunoprecipi ta t ed wi th Leu-1 mAb and 
subjected to SDS-PAGE analysis. 

The Western blot analysis under non-reducing conditions of PMA-treated PBMC 
lysates revealed also the appearance of Leu-1-reactive molecules with apparent 
higher Mr (Lozano et a 1, 1989). It becomes then clear that these higher Mr 
forms correspond to CD5 antigen and are not other associated molecules. 
Treatment of intact cells with neuraminidase showed that both CD5 forms were 
present at the cell surface (data not shown). These changes are induced by 
active (PMA, PDBU, mezerein), but not by inactive (4~-phorbol) tumor promoter 
agents (TPA) (Fig. 2). Additionally, they are dose-dependent and very rapid 
in time (are already evident at 5 min and picked at 30 min) (Fig 2). 
Preincubation of the cells with different PKC-inhibitors (staurosporine and 
H-7) was able to revert these TPA-induced changes (Fig 3). Phosphoaminoacid 
analysis showed that hyperphosphorylated TPA-induced CD5 forms are 
phosphorylated only at serine residues (data not shown). A 11 these facts 
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suggest that the effects of TPA on the electrophoretic mobility and the 
phosphorylation state of CDS molecules are apparently mediated by PKC. 
Treatment of cells with Cycloheximide or Actinomycin D did not affect the 
mobility changes (Fig 3), discarding the need of de novo protein synthesis for 
the induction of the slow-mobility CDS forms. As it is known that the addition 

o Q of sialic acid-containing sugar 
~'lJ.<b \>'-v" u~+ 

~~'="+""' ~ chctiM may affect the electrophoretic 

-'" _ :Zoo 

97 

-" 

_H 

__ _ 40 

..,.. _30 

Fig.3. Dependence on PKC activation and 
independence on RNA and protein 
synthesis and glycosylation of the TPA­
mediated CD5 changes. 32P-labeled PBMe 
were incubated for 30 nUn in the 
presence (+) or the absence (-) of 10 
ng/ml PMA. w.hen indicated, prior PMA­
treatment, cells were preincubated for 
45 min with actinonUcyn D (5ILg/ml) , 
cycloheximide (201J.g/ml) , staurosporine 
(lOOnM) or H-7 (2501J.M). Afterwards, 
cell s were lysed and immunoprecipi ta ted 
with Leu-1 mAb. Additionally, some 
immunoprecipitates were digested with 
neuranUnida se. 

mobility of proteins in SDS-
polyacrylamide gels [Krieger et al., 
1989], we performed digestions of CDS 
immunoprec i P itates from PMA-treated 
and untreated 32P-labeled PBMC with 
neuraminidase. This induced a slight 
drop in the apparent Mr of both slow 
and f a s t mig rat i n g 
hyperphosphorylated CDS forms induced 
upon PMA-treatment (Fig 3). 

Therefore, differences in mobility 
are not due to alterations in their 
sialic acid content. 
As PKC seemed to be implicated in the 
changes of CDS mobil i ty induced by 
TPA, we decided to study whether they 
were due to phosphorylation. 
Digestion of CDS immunoprecipitates 
from 35S-labeled lymphoblastoid 8402 

T cells with potato acid phosphatase 
(PAP) induced a decrease in the 

apparent Mr of the slow migrating form. PAP had no effect on the mobility of 
the CDS molecules from unstimulated cells (Fig 4). Similar PAp-treatment 
of CDS immunoprecipitates from 32P-labeled, PMA-treated 8402 cells removed 
radioactivity from both the slow and fast migrating forms (Fig 4), although 
the slow migrating form underwent a bigger drop in its associated 
radioactivity. There was also a significative decrease in the radioactivity 
associated to CDS in unstimulated cells. These experiments were also performed 
with PBMC with similar results. This indicates that phosphorylation could be 
the post-translational modification responsible for CDS mobility changes. 



A 

PAP - + - + 

PM A - - + + 

B 

_200 

-" 

_3. 

PAP 
PMA - + + -

212 

2 •• 

_100 

97 

Fig. 4. Effect of phosphatase digestion on 
the TPA-mediated changes on the 
phosphorylation state and electrophoretic 
mobility of CDS molecules. Lymphoblastoid 
8402 T cells were metabolically labeled with 
[35S}cysteine (A) [32P}orthophosphate (B) and 
stimulated in the presence (+) or absence (­
) of 100 ng/ml PMA for 30 min, followed by 
lysis and immunoprecipitation with the Leu-l 
mAb. Afterwards, immunoprecipitates were 
digested (+) or not (-) for 1 h at 37°C with 
potato acid phosphatase (PAP) (30 f!.g/ sample) 
followed by SDS-PAGE analysis. 

Therefore, it could be suggested 
that the TPA-treatment cause 
phosphorylation of some critical 
sites responsible for the 
altered e 1 ectrophoret ic mobil ity 
of a subset of C05 molecules on 
SOS-polyacrylamide gels. 
The effects of phosphorylation 
in reducing the electrophoretic 
mobil i ty on SOS-po lyacryl ami de 
gels for some cellular proteins 
have previously been referred 
[Sahyoun et al., 1984, Sprang et 
al., 1988]. Interestingly, TPA 
have been shown 
similar changes 
membrane-associated 

to induce 
on some 

(p56 1Ck ) 

[Marth et al. 1989], cytoplasmic 
(raf-l) [Morrison et al., 1988] 

and nuclear (L-myc) [Saksela et 
a 1. , 1989] oncogene products 
deeply involved in the 
regulation of cellular 

activation and proliferation as it is also the case for the C05 antigen. 
Therefore, a certain degree of structural similarity between C05 molecules and 
these oncogene products could be investigated. In this respect, the analysis 
of the carboxyl-terminal region of C05 has revealed a potential tyrosine 
phosphorylation site surrounded by acidic amino acids [13] similar to the 
tyrosine autophosphorylation region characteristic for protein-tyrosine 
kinases, as is the case for the products of the src gene family, namely p56 1ck 

[Hunter, 1987]. Confirming this suggestion, there are preliminary results 
showing detectable kinase activity associated with the C05 antigen [Rudd et 
al. 1989]. 

In conclusion, the evidences here presented point out to the possibility that 
different post-translational modifications (namely phosphorylation) could 
exist for C05 molecules, for mobility changes were observed only in a subset 
of C05 molecules. Whether this different susceptibility to TPA reflects some 
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structura 1 and, subsequent 1y, funct iona 1 differences between both subsets 

remains to be elucidated. 
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INI'RODUCrION 

Aggregation of the receptors for Imnuroglobulin E (IgE) by a multivalent 
antigen (Ag) leads to activation of ph:Jsph:Jlipase C (PLC) and secretion of 
serotonin fran Rat Basophilic Leukemia (RBL) cells. The ph:Jrbol ester 
12-0-tetradecanJyl-ph:Jrbol-13-acetate (TPA), exerts dual actions on the 
IgE-dependent responses in RBL cells: TPA potentiates IgE- induced secre­
tion but it2inhibits IgE-induced InsP3 fonnation and the subsequent rise in 
internal ca + concentrations. In addition, TPA synergizes with ca2+ iono­
ph:Jres to trigger exocytosis. We have undertaken this study to examine 
whether the dual actions of TPA are both mediated by protein kinase C 
(PKC). It is relevant to evaluate the participation of PKC in TPA actions 
since sane reports suggest that not all TPA actions are consequences of TPA 
birldinJ and activation of PKC (Zick et al. (1985); Maraganore, J.M. 
(1987». In addition, PKC consists of a family of enzymes that while 
closely related in structure (reviewed in Nishizuka, Y. (1988», they dif­
fer in their cellular and intra~llular disributions as well as in their 
responses to cofactors such as ca +, diacylglycerol (DAG) , ph:Jsphatidylse­
rine (PS) and fatty acids (Nishizuka, Y. (1988». We have therefore ana­
lyzed the possibility that different isozymes of PKC may be involved in 
mediating the opposing effects of TPA on the IgE-mediated responses in RBL 
cells. 

RESULTS and DISCUSSION 

To elucidate the ITOlecular mechanism underlying the dual actions of TPA on 
IgE-mediated responses, we have established conditions where PKC was either 
activated or down regulated fran the cells. This was achieved by subject­
ing the cells to TPA treatment for various incubation periods and following 
the subcellular location of the enzyme, its cellular quantity and catalytic 
activity. PKC levels and activity at each fraction were determined by inmu­
no~lotting using lTOnoClonal antibodies against PKC and by following 
ca + IPS-dependent ph:Jsph:Jrylation of exogenous (hiStone ) and endogenous 
substrates (Gat-Yablonski, G. and Sagi-Eisen!Jerg, R. (1990». We have 
sh:Mn that within 30 min of TPA treatment, PKC, initially found in the 
cytosolic fraction, trans locates and is exclusively found in the membrane, 
where it is activated. Following longer incubation periods, PKC is degraded 
and is completely depleted fran the cells. We next examined the effects of 
sh:>rt and long-tenn incubation with TPA on receptor-induced responses. We 
could delTOnstrate that under conditions that PKC was activated, receptor­
induced secretion was potentiated (Fig. 1 d, e) • Depletion of PKC fran the 
cells resulted in complete inhibition of secretion either in response to 
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Fig 1: Effects of short and long-term trea:tment with TPA <X\ seroton:in 
~ti<X\ from RBL cells. IgE (DNP-specific)-bearing cells preloaded with 
'1i-serotonin were incubated with TPA (100 ng/ml) for 30 min (b, e) or 18 h 
(c, f), or ~ithout it (a, d). The cells were subsequently triggered with 
either a ca + ionophore (A23187, 100ng/ml) (a-c) or with antigen (DNP6-BSA, 
150 n;:u'ml) (d-f) for 20 min. Release is presented as a percentage of the 
total -~-serotonin taken up by the cells. 

Fig 2: Effect of PKC inhibitors <X\ antigen-induced serotonin secreticn. 
IgE-bearing cells preloaded with 3H- serotonin were preincubated for 30 min 
with the indicated concentrations of the PKC inhibitors K252a (a), H-7 (b), 
or sphingosine (c) • Antigen was subsequently added and secretion was 
determined after a further 20 min. incubation. 

IgE activation (Fig.1 f) or in response to TPA plus ca2+ ioroph::>re (Fig. 1 
c). These results indicate that PKC plays an essential role in mediating 
secretion. 

To further evaluate the involvement of PKC in exocytosis, the effects 
of several inhibitors of PKC, on IgE-dependent exocytosis were studied. 
'!he three inhibitors tested, K252a (Kase, H. et a1. (1986», H-7 (Kawarroto, 
S. and Holaka, S. (1984», and sphingosine (Hannun et a1. (1986» were all 
found to inhibit IgE-induced serotonin secretion (Fig. 2). Inhibition was 
dose dependent with IC50 values of 25 ng/ml, 80 uM and 30 uM, respectively. 

In contrast to its stimulatory effect on secretion, short incubation 
periods (30 min) with TPA CCITq;)letely inhibited IgE-induced InsP3 fonnaticn 
(Fig. 3 lane c CCITq;)ared with lane b). In contrast, TPA had no inhibitory 
effect on InsP3 fonnation following prolonged treatments that caused deple­
tion of PKC fran the cells (Fig. 3 lane d). M:>reover, under these condi­
tions the response to receptor activation was potentiated by 1.73+0.2 fold 
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Fig 3: Effect of short and loog-term treatment with 'J:PA 00. antigen- induoed. 
InsP3 fonnatioo.. IgE-bearing cells pre loaded with "Ii-ioositol were incu­
bated with TPA for 30 min (c) or 18 h (d) or witoout it (a,b). The cells 
were subsequently incubated for 10 min with (b-d) or witoout antigen. Ino­
sitol phosphates formed were analysed on DOWEX-1 columns. 

Fig 4: Differential down-regulatioo. of serotonin secretioo. and ~bitioo. 
of InsP3 fonnat.!oo. by TPA. IgE-bearing cells preloaded with either "Ii-ser­
otonin (a) or "Ii-inositol (b) were incubated with TPA for the indicated 
time periods. The cells were subsequently triggered with antigen and sero­
tonin secretion (a) and InsP3 fonnation (b) were determined. 

(n=4) , indicating that also under physiological conditions, PKe inhibits 
PLC acti vi ty. 

The effects of TPA were specific. They could not be mimicked by the 
vehicle (dimethyl sulphoxide) or by the inactive analogue of TPA (methyl­
TPA). They could hc:Mever be mimicked by phorbol dibutyrate, another active 
phorbol ester (results not shown). 

RBL cells express both type II and type III isozymes of PKC (HuanJ, 
F.L. et a1. (1989». The subspecies of PKe have been shown to differ in 
their susceptibility to proteolysis (Huang, F.L. et a1. (1989». M:>reover, 
they have been shown to undergo differential dcMn-regulation in response to 
TPA (Huang, F .L. et a1. (1989); Ase, K. et a1. (1988», type II is 
depleted faster than type III. These observations prompted us to investi­
gate in detail the kinetics of inhibition of IgE-dependent exocytosis fol­
lowing TPA treabnent and canpare it with the kinetics of stimulation of 
InsP3 production. As shown in Fig. 4, these processes clearly differ in 
their kinetics. At time periods that secretion was already canpletely 
blocked (5 hr of TPA treatment), IgE-induced InsP3 production was still 
inhibited and 8 hr of TPA treatment were required in order to releive this 
inhibition and potentiate this response. Based on these observations, we 
propose that PKe exerts its dual action by its different isozymes. Type II 
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Fig 5: Effect of sphingosine on TPA actions on antigen-induced serotonin 
~tion and InsP3 :(onnation. IgE-bearing RBL cells were preloaded with 
~-se:rotonin (A) or 1l-irx:>sitol (B). Antigen was subsequently added and. 
serotonin secretion or InsP3 fonnation were detennined. a,Control cells; b, 
cells that were preincubated for 30 min with TPA; c, cells that were prein­
cubated with ~osine (100 uM) followed by 30 min incubation with TPA. 

is essential for 2~is while type III negatively regulates PIP2 break­
down and the Ca + signal. This conclusion is further supported by our 
f:Lnd:in;Js that the opposing effects of TPA also sh:Jw different sensitivities 
to inhibitors of PKC. Whereas preincubation with sphin:JOsine (100 uM, 30 
min. ) eliminated the potentiating effect of TPA on IgE-induced secretion 
(Fig. 5A), it failed to abolish the inhibition exerted by TPA on IgE-in­
duced InsP3 fonnation (Fig. 5B). In fact, none of the PKe inhibitors 
tested in this study exerted arq effect on InsP3 fonnation measured in the 
absence or presence of TPA (data OClt sh:Jwn). 
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Introduction 

PLATELETS-EVIDENCE FOR 
C ACTIVITY IN ESSENTIAL 

Several groups have reported that cytosolic free calcium [Ca2+1i in the platelets of 

patients with essential hypertension is elevated (Bruschi et al. 1985, Erne et al. 1984, 

Cooper et al. 1987). It is generally believed that [Ca2+1i is the primary messenger of 

smooth muscle contraction (Kuriyama et al. 1982). The increase in [Ca2+1i in platelets of 

patients with essential hypertension has therefore been directly linked to the increased 

peripheral vascular tone in essential hypertension (Erne et al. 1984). While the [Ca2+1i is 

important in the initiation of vascular smooth muscle contraction, the maintenance of the 

contractile response seems to be dependent on the activation of a calcium-, phospholipid­

dependent kinase, the protein kinase C (PKC; Rasmussen et al. 1987). It has been 

suggested that PKC may have a role in hypertension, since phorbolester-induced 

contraction was shown to be increased in vascular smooth muscles strips from 

spontaneously hypertensive rats (Bruschi et al. 1988, Turla and Webb 1987). 

After binding of an agonist to its specific receptor, two intracellular messenger systems are 

activated. One is the release of Ca2+ by inositoltrisphosphate (IP3) from intracellular 

stores. The increase in [Ca2+1i leads, via activation of a calmodulin-dependent protein 

kinase, to the phosphorylation of a 20 kD protein, the my05in light chain (MLC). The other 

second messenger that is generated is diacylglycerol (DAG). DAG, together with the 

increase in [Ca2+1i' activates the PKC. In platelets, one of the substrates that are specifi­

cally phosphorylated by PKC is a protein with a molecular weight of 47 kD. 

We investigated the activity of PKC and of the calcium/calmodulin pathway in thrombin­

and TPA-stimulated platelets from patients with essential hypertension by measuring the 

phosphorylati0n of the 47 kD protein and of MLC. In parallel we measured intracellular free 

calcium [Ca2t li in these platelets. We sought to identify a possible relationship between 

the increased intracellular free calcium concentration and changes in protein phosphoryla­

tion in platelets. 
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Patients and methods 

We investigated 17 patients with mild to moderate essential hypertension (WHO I-II, blood 

pressure 159±4/104±2 mmHg) and 20 normotensive subjects (blood pressure 

116±4/76±3 mmHg). Essential hypertension was diagnosed after secondary forms of 

hypertension had been ruled out by standard diagnostic procedures. The statistical analy­

sis was conducted using a commercially available statistics software program. 

Platelets were prepared by centrifugation of citrate-treated blood samples followed by 

gelfiltration of the Platelet-rich plasma. For phosphorylation studies, the platelet 

suspension was adjusted to a concentration of 109 cells/ml and incubated with carrier-free 

[32p]orthophosphate (1 mCi/ml) for 1 h. Extracellular calcium was restored to 1 mM 20 

min. prior to stimulation. 60 sec. prior to the end of incubation thrombin to a final concen­

tration of 0.1 or 0.25 U/ml or TPA (12-myristate, 13-acetat phorbolester) to 100nM was 

added. Incubation was stopped by boiling the samples in SDS. All experiments were 

carried out in duplicates. The proteins were separated by SDS polyacrylamide gelelectro­

phoresis. Gels were stained and dried onto filter paper, followed by autoradiography. 

Results were analyzed by counting excised gel bands with a scintillation counter. The 

amount of phosphorylation of the 47kD and the 20kD protein (MLC) after stimulation with 

thrombin is expressed as percentage increase, setting basal phosphorylation to 100 %. 

47kD protein -- 0---4 MLC 

r--I 300 140 

250 
r--1 - 130 

200 - 120 

150 110 

100 thrombin (U/ml) 
- 100 

0.01 0.05 0.1 0.25 0.5 

Fig. 1: Dose-response curve of protein phosphorylation in human platelets. Data represent 
results from five independent experiments carried out in duplicates. 
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For intracellular free calcium measurements PRP was incubated with Fura-2AM. Extracel­

lular dye was removed by gelfiltration and platelets were suspended at 4-6 x 105 cellsjml. 

Fluorescence was measured in a spectrofluorometer at 505 nm emission wave length and 

excitation at 340 nm. Maximal fluorescence was determined by lysing the cells in Triton X-

100, minimal fluorescence was obtained by adding MnCI2. Shape changes of the platelets 

during the preparation were excluded by checking platelet form and size before and after 

chromatography with a platelet analyzer. 

Results 
Incubation of the platelets with thrombin led to a dose-dependent increase in phosphoryla­

tion of the MLC and the 47kD protein (Fig. 1). 

The comparison of the phosphorylation of the MLC and the 47 kD protein in hypertensive 

patients and normotensive subjects after exposure to 0.1, 0.25 Ujml thrombin or 10-7 M 

TPA for 60 sec is shown on the following page (Fig. 2). Except for the TPA-stimulated 

phosphorylation of the MLC all other data show a significant increase in hypertensives 

compared to normotensives. There was no difference in basal activity between normo- and 

hypertensives. 

To see whether the enhanced protein phosphorylation was related to blood pressure we 

performed statistical analysis. When both groups were analyzed together we observed a 

weak, but significant correlation between diastolic blood pressure and the phosphorylation 

of the MLC (r=0.413, p<O. 04) and the 47kD protein (r= 0.433, p< 0.03). When both 

groups were analyzed separately no significant correlation between blood pressure and 

any changes in protein phosphorylation were identified. 

Basal [Ca2+]i in the normotensive subjects was 104±5 nM. The concentration in the 

hypertensive patients was significantly increased to 124±7 nM (p<0.05). There was a wide 

overlap between the two groups. In contrast to previous studies (Erne et al. 1984), we did 

not observe a significant correlation between the [Ca2+]i and blood pressure. Comparison 

of the thrombin-stimulated [Ca2+]i showed no significant differences between normo- and 

hypertensives. 

In order to investigate the relation of the basal [Ca2+]i in platelets with the observed 

changes in protein phosphorylation we correlated [Ca2+]i with changes in protein phos­

phorylation. When both groups were analyzed together we found a weak, but significant 

correlation between the increased [32p] incorporation into the 47kD protein and [Ca2+]i 

(r=0.343, p<0.04 for 0.25 Ujml thrombin, r = 0.375, p< 0.022 for 0.1 Ujml). On the other 

hand, the correlation between the changes in MLC phosphorylation and [Ca2+]i were 

statistically not significant. When both groups were analyzed independently, no significant 

correlation between [Ca2+]i and changes in protein phosphorylation were found. 
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Fig. 2: Protein phosphorylation in human platelets after stimulation with thrombin or TPA 
for 1 Minute. Data represents results from 20 normotensive subjects and 17 age-matched 
patients with essential hypertension. Each experiment was carried out in duplicate. 
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Discussion 
Our results indicate that both second messenger branches are more activated in the 

platelets of hypertensive patients. The higher phosphorylation of both proteins after stimu­

lation in patients with essential hypertension could possibly result from defects in receptor 

function or the coupled G-protein, increased phospholipase C activity, an altered 

phospholipid content of the cell membrane, an increased intracellular free calcium con­

centration and/or an enhanced protein kinase C activity. 

That at least the PKC activity contributes to the observed effects is supported by our results 

that exposure of the platelets to the phorbolester TPA which specifically activates PKC 

elicites a significantly higher phosphorylation in platelets from patients with essential 

hypertension. 

We observed in our study a weak correlation between the [Ca2+1i and the 

phosphorylation of the 47kD protein but not with the changes in the MLC. An increase in 

[Ca2+1i could contribute to the activation of PKC by altering the sensitivtiy of the enzyme 

to DAG or the lipids of the plasma membrane. However, the rise in cytosolic free calcium 

which is necessary to bring about the translocation of PKC to the plasma membrane is 

considerably higher (in the range of 1 M) than the [Ca2+1i observed in platelets. 

According to a hypothesis forwarded by Rasmussen (1989) the activation of PKC is linked 

to a simultaneous influx and efflux of calcium via the plasma membrane. This "cycling" of 

calcium across the plasma membrane leads to an increase in [Ca2+1i within a confined 

space immediately beneath the plasma membrane. The small, but persistent increase in 

[Ca2+1i of platelets from hypertensive patients could therefore be a reflection of the 

increased [Ca2+1i in a submembraneous domain leading to a higher fraction of 

"preactivated" PKC. This hypotheSis would also serve to explain the functional significance 

of the small rise in [Ca2+1i observed in blood cells of hypertenSive patients. 
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Introduction 

In corpus luteum, LH plays a key role in regulating various cellular 

functions. It is well established that interaction of LH with its receptor 

leads to the activation of adenylate cyclase and the formation of cyclic 

AMP which then activates the protein kinase A (Hunzicker-Dunn et al 

1985). Several substrate proteins in soluble fractions prepared from rat 

(Richards & Kirschick 1984) and ovine (Hoyer & Kong 1989) luteal cells are 

known to be phosphorylated by a cAMP dependent mechanism. In addition to 

LH, the luteal steroidogenesis can also be stimulated by the phorbol ester 

PMA or a diacylglycerol (Brunswig et al.,1986), via putative activation of 

a Ca2+/phospholipid- dependent protein kinase (PKC). Furthermore the 

presence of substrates in luteal cell cytosolic compartments for 

Ca2+/phospholipid- or calmodulin- dependent protein kinases have been 

reported (Maizels & Jungman 1983; Hoyer & Kong 1989). However, most of the 

studies reported so far on this subject have dealt with the substrates 

present in the cytosolic compartments. Since protein and peptide hormones 

act on cells via interactions with the cell-surface receptors, we 

considered it to be of interest to examine whether the particulate 

fractions contain protein kinase activities amenable to hormonal 

manipulation and whether the presence of endogenous substrates in the 

particulate fraction for these kinases can be demonstrated. 
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Methods 

Preparation of membrane fractions from bovine luteal cells 

Bovine luteal cells were purified as published elsewere (Budnik & 
Mukhopadhyay 1987), centrifuged at 90xg and the cell pellet was quickly 

frozen at -800C. The membrane fraction prepared (Budnik & Mukhopadhyay 

1990) from the cells, was washed once in 10 mM Tris/HCl containing 0.1 mM 

PMSF, 12 pM Leupeptin, 5 mM OTT, 5 mM EGTA 2 mM EOTA and centrifuged again 

at 105,000 g for 1 h at 40C. 

Phosphorylation of particular proteins 

Endogenous phosphorylation was carried out in 100 ~l of 50 mM Pipes buffer 

pH 7.0, 10 mM MgC12, 0.1 mM OTT, 5 pmol 35S-thio ATP (65 Ci/mmol) 100 ~ 

protein equivalent of the membrane fraction, 5 ~M CaC12' 20 ~g 

phosphatidylserine (PS), 10 nM PMA or 2.5 ~g bovine luteal gonadotropin, 

bLH. Following incubation at 300C for 5 min, the reaction was terminated 

by the addition of 50 ~l stop solution (9 % SOS, 2.27 % Tris/HCl pH 6.9, 

15 % glycerol, 0.015 % bromophenol blue). The samples were boiled for 1 

min, 50 ~l 10 % mercaptoethanol was added to each tube and the samples 

were kept frozen overnight. The phosphorylated proteins were analysed by 

SOS/PAGE (10% acrylamide) by the method of Laemmli (1970). The gels were 

stained, dried and exposed to autoradiography. The films were scanned 

with GS 300 Hoefer Oensitometer using G360 Software. 

Immunoblotting 

After transfer of the proteins, the nitrocellulose membrane was saturated 

for 5h at 400C in 50 mM Tris/ 150 mM NaCl (TBS), 4% BSA and then incubated 

with affinity purified anti-PKC antibodies (in TBS buffer, 1% BSA for 15h 

at 40C). The nitrocellulose membrane was washed 4 times in TBS, 0.4% BSA, 

0.05% Tween 20 and incubated for 2 h with alkaline phosphatase conjugated 

rabbit anti-mouse antibody. The immunocomplexes were detected using 

alkaline phosphatase colour reaction using nitroblue tetrazolium and 

5-bromo-4-chloro-3-indolyl phosphate. 
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Results 

Phospholipid sensitive, calcium-dependent protein kinase has been shown to 

utilize adenosine 5 'thiotriphosphate to thiophosphorylate histone HI 

(Weise et al, 1986). Therefore, we have used this ATP form as a phosphate 

donor. At least six different protein bands were endogenously phosphory­

lated in particulate fraction of bovine luteal cells in a Ca2+/ phospho­

lipid-dependent manner (Fig lA). It is evident that little phosphorylation 

occurs in the absence of Ca2+. Calcium, phospholipid and PMA when added 

together caused a 3-5 fold increase of all the protein bands over 

controls. The strength of the phosphorylation signal obtained could be 

related to the amounts of membrane protein used. The extend of phosphory­

lation of each of the proteins depended upon duration of incubation and 

the maximum level was achieved by 20 min of incubation. The rate of 

phosphoprotein formation appears to be linear up to 10 min for all 

examined proteins (Budnik & Mukhopadhyay 1990). If the phosphorylation 

reaction was carried out in the presence of known PKC inhibitor, H7 the 

phosphorylation of 68-75 and 45 kDa proteins was completely abolished and 

the incorporation of label in 80 and 35 kDa proteins was drastically 

reduced. The observed phosphorylation reaction presumably could only be 

catalysed by endogenous kinases associated with particulate fraction since 

the soluble fraction was not added to the incubation cocktail in this 

experiments. The western blot analysis conducted with anti-PKC antibodies 

confirmed the presence of immunoreactive PKC in the particulate fraction 

of luteal cells (Fig 2). Interestingly, LH was able to mimic Ca2+, PS and 

PMA induced phosphorylation pattern. All the major protein bands which 

were phosphorylated in the presence of Ca2+, phosphatidyl serine and PMA 

were also phosphorylated when bLH alone or a combination of bLH and Ca2+ 

were added. However, in the presence of bLH a few additional protein bands 

with molecular weights of <20 kDa were found to be phosphorylated. The 

proteins corresponding to 80, 44 and 34 kDa show additive phosphorylation 

(Fig IB) when LH was added together with Ca2+, PS and PMA pointing to a 
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possible link between the gonadotropin-induced receptor activation and 

cellular phosphorylation. 
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Fig lA, 1B : Comparison of the LH-induced and Ca2+- and phospholipid 
-dependent protein phosphorylation pattern in luteal cell membrane 
fraction (modified from Budnik and Mukhopadhyay 1990) 
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Fig 2 : Western blot showing the presence of PKC in luteal cell membrane 
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Conc7usions 

In the present study, we have been able to demonstrate phosphorylation of 

several endogenous proteir.s in the particulate fraction prepared from 

bovine luteal cells. This in vitro phosphorylation was absolutely 

dependent upon the presence of calcium. Addition of phosphatidyl serine 

and PMA enhanced the degree of phosphorylation suggesting that the 

observed protein phosphorylation was being catalysed by endogenous calcium 

and phospholipid-dependent protein kinase, PKC. In addition we have shown 

that a similar protein phosphorylation pattern was observed when the 

membrane fraction was incubated either with LH or with a combination of 

calcium, phospholipid and PMA. The data obtained suggests that the 

interaction of LH with its receptor results in an activation of endogenous 

calcium and phospholipid dependent protein kinase which then results in 

the phosphorylation of its substrates present in the membrane fraction. 

Alternatively, it could be argued that LH possibly activates a protein 

kinase activity other than PKC, which then phosphorylates a set of common 

substrates. In any case, we appear to have a model of a differentiated 

cell where the primary signal LH is in the position to modulate its action 

through different signal transduction pathways, which perhaps can 

cross-talk. 
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Within the sequence of protein kinase C (PKC), a Ca2+ and phospholipid dependent 

enzyme (reviewed in Nishizuka 1989), no conserved Ca2+ binding site could be 

identified and the enzyme does not bind Ca2+ as an isolated enzyme at physiological 

Ca2+ concentrations (Bazzi & Nelsestuen 1990). The primary structure of PKC reveals 

within the phorbol ester binding domain two "zinc finger like" consensus sequences as 

well as a number of highly conserved histidine and cysteine residues (Parker et al. 1986). 

Ono et al. (1989) demonstrated the necessity of putative Zn2 + ligands within the 

CX2CX 13CX2C sequence for phorbol ester binding. Yet the functional consequences of 

metal binding to these structures or to other conserved potential ligands are poorly 

understood. Studies investigating the effects of divalent metal ions on PKC led to 

contradictory results, especially reporting activatory or inhibitory effects of zinc on the 

enzyme (Csermely et al. 1988, Speizer et al. 1989). Hence we developed a purification 

protocol which is suitable to characterize metal binding dependent properties of protein 

kinase C. Immobilized metal ion chromotography is suitable for preparative purification 

and subserves an analytical tool to evaluate surface accessible metal ion binding sites 

(Hemdan et al. 1989). The elucidation of metal binding properties of PKC may enhance 

our understanding of yet another mechanism regulating enzyme activation. 

EJq>erimental procedures 

Materials All chemicals were of highest quality commercially available. Phenyl­

Sepharose, chelating Sepharose and the Q-Sepharose HP column were from Pharmacia, 

Freiburg. The TSK-Gel Phenyl 5-PW column was obtained from Bio-Rad, Munich. 
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Protein kinase C assay Activity was assayed according to Newton & Koshland (1989). 

One unit of protein kinase C activity is defined as the amount of enzyme which is 

required to transfer 1 nmol of [32p]phosphat into substrate/min under the assay 

conditions used. 

Purification of PKC Fresh bovine brain (100g), transported to the laboratory on ice, was 

homogenized in 300 ml20 mM Tris/HCI, pH 7.5, 10% glycerol, 10 mM EDTA, 10 mM 

EGTA, 10 mM benzamidine, 50 mg/l phenylmethylsulfonyl fluoride, 0.3% (by vol.) 2-

mercaptoethanol at 4°C in a Waring blender (three lO-s bursts on high speed setting). 

The homogenate was centrifuged at 27000xg for 10 min and the resulting supernatant 

was centrifuged at 100000xg for 1 h. All subsequent procedures were carried out at 4°C. 

Phenyl-Sepharose chromatography The homogenate was adjusted to 1.5 M KCI and 

loaded onto a phenyl-Sepharose column (2.6 cm x 20 cm, 3 ml/min). After enzyme 

loading, the column was washed with standard buffer (20 mM Tris/HCI pH 7.5, 10% 

glycerol, 10 mM benzamidine, 1 mM DTT, 5 mg/l leupeptin) containing 1.5 M KCI, 1 

mM CaCl2, 1 mM MgCl2. Subsequently the column was eluted stepwise first with 

standard buffer containing 1 mM CaCI2, 1 mM MgCl2 and finally with standard buffer 

supplemented with 1 mM EGTA (Fig. 1A). 

Q-Sepharose HP chromatography Active fractions from the phenyl-Sepharose were 

loaded onto a Q-Sepharose HP 16/100 column. The elution was performed by 

application of a NaCI gradient in standard buffer (Fig. 1 B). 

Immobilized metal affinity chromatography Active fractions eluted from the Q-Sepharose 

HP were pooled, adjusted to 0.5 M NaCI and applied to a Zn2+ (80% saturation with 

Zn) loaded chelating Sepharose prepared according to the manufacturers protocol. 

After washing with standard buffer containing 0,5 M NaCl, activity was eluted by 

application of an imidazol gradient in this buffer (Fig. 1C). 

TSK-Gel Phenyl 5-PW column Chelating Sepharose fractions containing PKC activity 

were pooled, adjusted to 1.5 M NaCI and applied to a TSK-Gel Phenyl ~-PW column. 

Elution was performed by application of a NaCI gradient in standard buffer containing 1 

mM EGTA (Fig. 10). Fractions rich in PKC activity were pooled adjusted to 20% 

glycerol (by vol.), 0.05% Triton X-100 and stored at -20°e. 

Results and Discussion 

The purification procedure presented here provides a protocol which can be performed 

within two days requiring no intermediate dialysis and concentration steps. The results 

of the procedure yielding > 95% pure enzyme, as judged by polyacrylamide gel 

electrophoresis, are summarized in table 1. 
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Ca2 + dependent hydrophobic chromatography (Fig. lA) provides a convenient initial 

step in the purification of PKC, enabling rapid removal of bulk protein. In our 

modification of this step performed by Walsh et al. (1984) the supernatant is applied to 

the phenyl-Sepharose column in the presence of high salt concentration and bulk protein 

is removed by elution without salt in the presence of Ca2+. PKC has been proposed by 

these authors to expose a hydrophobic domain due to Ca2+ binding as a prerequisite 

for its translocation to the cell membrane. To retain the enzyme activity on the column 

under our conditions an high Ca concentration (1 mM) is required. Under conditions of 

lower Ca2+ concentrations (0,01 or 0,1 mM) the major part of protein kinase C activity 

does not remain bound to the column. This is in accordance with results of Bazzi and 

Nelsestuen (1990) who found that isolated PKC does not bind Ca2+ under physiological 

concentrations but 0,2 mM Ca2+ are required for the enzyme to bind 1 mol Ca2+ Imol 

enzyme. Hence they propose that PKC should not be formally classified as a calcium 

binding protein. It remains to be established whether the interaction with the 

hydrophobic affinity medium is directly due to Ca2+ dependent exposure of a 

hydrophobic domain of the enzyme. The PKC activity which is subsequently eluted in 

the presence of EGT A can directly be applied to the Q-Superose HP column. 

Q-Superose HP chromatography (Fig. lB) Application of active fractions from the phenyl 

Sepharose and elution is performed overnight by an automated FPLC system. The PKC 

activity is eluted by a salt gradient in buffer containing no chelator, to avoid interference 

with the subsequent immobilized metal affinity chromatography. The Q-Superose HP 

column was chosen, since it is comparable with respect to its capacity and resolution to a 

preparative Mono Q column but requires less cleaning effort. Active fractions elute at 

150-180 mM NaCl concentration and are adjusted to 500 mM NaCl for application to 

the Zn2 + -Sepharose column. 

Immobilized metal affinity chromatography (Fig. Ie) PKC binds to a Zn2+ loaded 

chelating Sepharose in the presence of high salt concentrations. This demonstrates that 

the binding to this column is not due to anion exchange effects but is caused by specific 

metal-protein interactions. PKC activity is eluted by an imidazole gradient indicating 

that exposed histidine residues are involved in the metal-protein interaction. By the 

imidazole gradient the activity is partially resolved in different peaks which provides 

evidence for heterogeneity in the metal-protein interaction. This may reflect the 

availability of different binding sites within the protein or differences between PKC 

isotypes. PKC activity is eluted at relativly high imidazole concentrations compared to 

other proteins bound to the column indicating that multiple residues are involved in 

coordination. In combination with the findings of Hemdan et al. (1989) who showed that 

vicinal disposition of multiple ligands has a dramatic effect on affinity towards zinc 
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Fig. 1: Chromotographic steps of the PKC purification proSfdure, - absorption at 280 
nm, 0 - 0 enzyme activity, -- --- gradient applied; Ca + dependent hydrophobic 
chromatography (A), Q-Superose HP (B), Immobilised metal affinity chromatography 
(C), TSK-Gel Phenyl 5 PW (D) 

Table 1: Purification of PKC 

Step Volume Protein concen-

Phenyl-So 

Q-Seph. 

Zn2+ -Seph. 

TSK-Phenyl 

* 

(ml) 

140 
48 

50 

6 

tration (mg/ml) 

1.7 

0.8 

0.066 

0.028 

Specific 

act. (U/mg) 

8.7 

30.3 

134 

1100 

Total 

act. (U) 

2080 

1160 

441 
190 

Yield 

100%* 

56% 

21% 

9% 

Due to phosphatase activity in the homogenate the eluate of the first step was defined 

as 100% activity. 

columns our results suggest the existence of a special zinc site on the surface of PKC. 

This site may be involved in membrane translocation of the enzyme as indicated in the 

work of Csermely et al. (1988). These authors have found an absolute Zn2+ 
requirement for activation of PKC induced by binding of anti CD3 antibody to mouse 

thymocytes. We do not assume the putative zinc-finger cysteines to be involved in 
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binding to the immobilized zinc ions, since this type of metal binding site is not likely to 

be metal depleted by the purification procedure. In the case of the CX2CX13CX2C 

steroid hormone receptor zinc finger, which is identical to the spacing of conserved 

cysteines in PKC, it has been demonstrated that these sites are occupied even after 

prolonged dialysis against millimolar concentrations of EDTA at pH 7.8 (Pan et al. 

1990). In a coordination sphere of four S- donors, Zn2+ is not likely to expand its 

coordination sphere or exchange its ligands readily (Giedroc et al. 1987) and can thus 

only be removed by dialysis at low pH. Hence immobilized metal ion chromatography 

will provide a valuable tool to gain insight in possible modulatory interactions of PKC 

with divalent metal ions. 

TSK Gel Phenyl-5PW chromatography (Fig. ID) Final purification is performed on a high 

resolution hydrophobic column in the presence of chelator (Kikkawa et alI986). 

In summary this procedure using immobilized metal ion chromatography provides a 

valuable tool to gain insight in regulatory interactions of PKC with divalent metal ions. 
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Introduction 

Cardiac contractility is regulated by hormones, neurotransmitters and drugs which 

interact with specific receptors located on the sarcolemmal membrane. These receptors are 

coupled to various intracellular second messenger systems. Cyclic AMP (cAMP) and 

calcium ions (Ca2 +) are two very important second messengers in the modulation of 

cardiac function. Substrates of the cAMP-dependent protein kinase in the heart include the 

sarcolemmal L-type Ca2+ channel, the sarcoplasmic reticulum (SR) proteolipid 

"phospholamban" and a high molecular weight SR protein thought to be the Ca2+ release 

channel. Phosphorylation of sarcolemmal Ca2+ channels increases Ca2+ influx thereby 

increasing the force of contraction. Phosphorylation of phospholamban stimulates Ca2 + 

sequestration by the SR to increase the rate of relaxation of the heart and provide more 

Ca2+ for release during subsequent contractions. A Ca2+ - and calmodulin-dependent 

protein kinase activity which is endogenous to the SR has also been shown to 

phosphorylate phospholamban and stimulate Ca2+ -uptake into SR vesicles. Since both 

Ca2+ - and cAMP- activated protein kinases phosphorylate phospholamban and since the 

phosphorylation state of this protein is correlated with the rate of Ca2+ transport into the 

SR phospholamban appears to play a key role in the regulation of cardiac function by 

integrating information from both intracellular and extracellular sources and modulating 

the activity of the SR Ca2+ -pump accordingly. 

Protein kinase C (PKC) is a serine and threonine protein kinase which can be activated 

by diacylglycerol or phorbol esters in the presence of Ca2+ and acidic phospholipids. This 

kinase activity is ubiquitous in mammalian tissues (Kuo et al., 1980). In vitro PKC, 

purified from rat brain, has been shown to phosphorylate phospholamban (Iwasa and 

Hosey, 1984; Movesian et al., 1984) and to stimulate both Ca2+ -ATPase activity (Limas, 

1980) and Ca2+ -uptake into the SR (Movesian et al., 1984). PKC catalytic activity has 

been reported in cytosol, sarcolemma and SR (Liu et al., 1989). Cloning and sequence 

analysis suggests as many as seven forms of PKC are present in brain and that while 
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certain PKC isozymes are selectively expressed in brain, others are expressed in both brain 

and peripheral tissues (Ohno et al., 1987). Variations in primary structure are found in 

both regulatory and catalytic domains (Ono et al., 1987), suggesting these isozymes may 

differ both in activation and in target protein recognition. In the present study we have 

isolated and identified two PKC isozymes from canine heart. The ability of these kinases to 

phosphorylate phospholamban was examined in both the junctional and the longitudinal 

fractions of canine cardiac SR. 

Methodology 

Isolation of cardiac protein kinase C subtypes. Canine ventricular muscle was obtained 

fresh, trimmed of fat and minced in a grinder. The tissue was then homogenized in a 

Waring blender in 10 volumes of ice cold 20 mM Tris/HCL buffer (PH 7.5 at 20°C) which 

contained 0.3 M sucrose, 10 mM EGTA, 2 mM EDTA, 2 mM PMSF, 10 Itg/ml 

leupeptin, 1.4 Itg/ml pepstatin A, 5 Itg/ml aprotinin, 2 mM dithiothreitol (DTT) and 0.5 % 

(v/v) Triton X-lOO. The homogenate was centrifuged for 60 minutes at 30,000 g and 4°C. 

The resulting supernatant adjusted to 1 % (v/v) Triton X-100 (final concentration). Further 

purification involved chromatography on DEAE-Sephacel (2.5 x 40 cm, eluted with 0.16 

M NaCI) , phenyl-Sepharose (2.5 x 10 cm, 1.0-0 M ammonium sulfate), poly-I-lysine 

agarose (1.5 x 10 cm, 0-0.8 M KCI) and hydroxylapatite (Bio-Gel HTP). 

Preparation of Canine Cardiac Sarcoplasmic Reticulum. Crude SR was prepared 

according to the procedure described by Chamberlain et al. (1983) up to the "membrane 

vesicle" stage with the following modification: fresh canine ventricles were cut into lxl cm 

pieces and homogenized using a Waring blender on high for 2 x 30 sec in five volumes of 

20 mM ImidazolelHCI buffer (PH 6.8 at 4°C) containing 0.3 M sucrose, 2 mM EGTA, 2 

mM EDTA, 5 mM DTT, 5 mM sodium azide, 2 mM PMSF, 10 Itg/ml leupeptin, 1.4 

Itg/ml pepstatin A and 5 Itg/ml aprotinin. Each centrifugation step was adapted to available 

centrifuges according to pelleting efficiency and duration. Crude SR was then separated 

into longitudinal and junctional fractions by loading with calcium-phosphate followed by 

centrifugation into a discontinuous sucrose density gradient (Inui et al., 1988). 

Results and Discussion 

Protein kinase C (PKC) was isolated from canine heart. This preparation eluted from 

hydroxylapatite as two peaks of Calcium and phospholipid dependent kinase activity (Fig. 

1). In all preparations, peak 2 activity was 10 - 20 fold greater than peak 1. Using 
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Figure 1. Hydroxylapatite chromatography of canine heart ventricular protein kinase C activity. PKC pooled 
from the poly-I-lysine column was dialysed against 20 mM potassium phosphate buffer (PH 7.5 at 4°C) 
containing 0.5 mM EGTA, 0.5 mM EDTA, 10% glycerol and 2 mM DTT (Buffer A) and then loaded onto a 
Bio-Gel HTP column (1.0 x 4 em). The column was eluted (10 mllhr, 2.5 ml/fraction) with an exponential 
gradient of 0-80 mM potassium phosphate in buffer A followed by a linear gradient of 80-280 mM potassium 
phosphate in Buffer A. Phospholipid- and calcium-dependent protein kinase activity (e) was measured for 3 
minutes at 30°C in 20 mM HEPESIKOH buffer (PH 7.4 at 30°C) containing 1 mg/ml histones III-S, 10 mM 
MgCI2, 10 mM DTT, 1 mM EGTA, 0.875 mM eaCl2 (1 ~M free), 80 ~g/ml phosphatidyl serine (PS), 8 
~g/ml 1-stearoyl-2-arachidonylglycerol (SAG) and protein kinase. The ea2+ - and phospholipid-independent 
protein kinase activity (-) was measured under the same conditions without Ca2+ and phospholipid. Inset. 
Immunoblot of canine cardiac protein kinase C. Pools 1 and 2 from the hydroxylapatite column were probed 
with antisera to PKOy, PKCfj2 and PKCa. 

isozyme specific antisera, peaks 1 and 2 were found to contain PKCfj2 and PKCa, 

respectively (Fig. 1, inset). No cross-contamination was detected by immunoblotting. As 

antisera for PKCfj1 was not employed in this study we cannot comment on the presence of 

this subtype in cardiac tissue. Previously PKCfj immunoreactivity was detected in PKC 

preparations isolated from bovine heart (Allen and Katz, submitted) but not from rat heart 

(Kosaka et al., 1988). 

Canine cardiac SR has been separated into junctional and longitudinal fractions by 

employing a Ca2+-phosphate loading step followed by discontinuous sucrose density 

gradient centrifugation. Phosphorylation of a 28 kDa protein was increased by either the 

catalytic subunit of the cAMP-dependent protein kinase (PKA) , the endogenous 

Ca2+/calmodulin-dependent protein kinase activity or PKCa (Fig. 2). Upon boiling, the 28 

kDa phosphoprotein was replaced by bands of lower molecular weight on the 
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Figure 2. Autoradiogram showing phospholamban in either longitudinal or junctional SR. SR fractions (25 
/Lg) were phosphorylated for 5 minutes at 30°C in 40 mM histidine/HCI buffer (PH 6.8) containing 10 mM 
MgCI2, 100 /LM [-y32p]ATP, 5 mM DTT, 10 mM NaP, 1 mM Na3V04. Additions to reaction medium were 
as follows: 1 mM EGTA (CON); 1 mM EGTA plus O.l/LM PKA catalytic subunit (PKA); 0.2 mM CaCI2, 
80 /Lg/ml PS, 8 /Lg/ml SAG plus PKCa (PKC); or 0.2 mM CaCl2 plus 0.1 /LM calmodulin (CAM). Reactions 
were terminated with SDS-PAGE sample buffer and then incubated at either 100°C for 90 sec (+) or 37"C 
for 15 minutes (-) prior to SDS polyacrylamide gradient (5-20%) gel electrophoresis. 
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Figure 3. Autoradiogram showing the time course of phospholamban phosphorylation in longitudinal and 
junctional SR by 100 pmollmin/ml of either PKCfj or PKCa. The reaction medium was as described in 
Figure 2. Reactions were terminated at the time indicated by addition of sample buffer, heated to 37°C for 15 
min and separated by SDS polyacrylamide gradient (5-20%) gel electrophoresis. 

autoradiogram (Fig. 2). This reduction in apparent molecular weight upon boiling is 

characteristic of phospholamban (Lamers and Stinis, 1980). The intensity of 

phospholamban phosphorylation was similar in the two SR subfractions. A phosphoprotein 

of approximatly 15 kDa was also observed: however as this protein was phosphorylated by 

the Ca2+ Icalmodulin-dependent protein kinase in addition to PKA and PKC, was present 

in both SR fractions and was sensitive to boiling, this band likely represents a complex of 

phospholamban monomers rather than the 15 kDa substrate for PKC and PKA reportedly 

present in sarcolemma (Presti, Scott and Jones, 1985). In the presence of equal amounts 

(100 pmol/min/ml) of either PKCJ3 or PKCa, a similar time course for the phosphorylation 
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of phospholamban was observed in both junctional and longitudinal SR (Fig. 3). These 

results suggest that although PKCtj and PKCa differ structurally in a region proximal to the 

catalytic site (Ono et al., 1987), they display similar affinity towards phospholamban as a 

target protein in vitro. 
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Mitogenic stimulation of quiescent cells triggers a cascade of events which lead 

to cell division. One of the early obligatory steps in this pathway is a two- to three­

fold increase in the rate of protein synthesis (Brooks RF, 1977; Rudland PS and 

Jiminez de Asua L, 1979; Thomas G et aI., 1979). This increase is controlled at the 

level of initiation of protein synthesis (Stanners CP and Becker H, 1971; Rudland PS 

et aI., 1975; Pain, OM 1986) and involves a large number of translational components. 

One of these components is 40S ribosomal protein S6 which becomes phosphoryla­

ted at multiple sites following mitogenic stimulation. This phosphorylation event takes 

place within minutes after the addition of the mitogen and is mediated by a highly 

specific oncogene/mitogen-activated S6 kinase. This kinase is a Mr 70K enzyme 

which has been recently purified, characterized and cloned in our laboratory (Jene 

P et aI., 1988; Kozma SC et aI., 1989; Kozma SC et ai, 1990). Whether S6 

phosphorylation is an obligatory step for the increase in protejn synthesis still remains 

to be investigated. A number of early studies carried out in vivo and in vitro favour 

this hypothesis. For example, 40S subunits containing the most highly phosphorylat­

ed derivatives of S6 have a selective advantage in entering polysomes in vivo 

(Thomas G et ai, 1982; Duncan R and McConkey E, 1982), and such ribosomes are 

three to four times more efficient in carrying out protein synthesis in an in vitro 

reconstituted system than non-phosphorylated ribosomes (Traugh JA and Pendergast 

AM, 1986; Palen E and Traugh JA, 1987). 

Experiments carried out in our laboratory using two-dimensional tryptic phospho 

peptide maps showed that the sites are phosphorylated in a specific order. This 
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suggests that the more highly phosphorylated derivatives contain unique sites (Martin­

Perez J and Thomas G, 1983). To determine the role of each of the increasingly 

phosphorylated derivatives in protein synthesis it is prerequisite to identify the order 

of phosphorylation. To approach this problem we took advantage of the fact that 

intraperitoneal injection of cycloheximide leads to the activation of a number of early 

mitogenic reponses in the liver, including 56 phosphorylation (Krieg et aI., 1988). The 

liver provided sufficient material to establish a strategy for sequencing the phosphory­

lation sites. The protein was purified by cation and reverse phase HPLC chromatog­

raphy from 405 ribosomal subunits and then cleaved with cyanogen bromide. This 

treatment generated a single phosphopeptide containing all of the phosphoserines. 

The phosphoserines were then converted to 5-ethycysteine (Meyer HE et aI., 1986) 

and the peptide was sequenced (Krieg et aI., 1988). The results showed that the 

phosphorylation sites are clustered in a stretch of 15 amino acids at the C-terminus 

of the 56 molecule (Figure 1). 

At this pOint it was important to establish whether the phosphorylation sites in 

cycloheximide-treated rat liver 56 were the same as those in mitogen-stimulated Swiss 

3T3 cells, our model system for cell growth. To carry out such studies required the 

development of a new protocol to handle small amounts of ribosomes. The details 

for this procedure will be published elsewhere. In summary, 56 was isolated from 

crude 80S ribosomes rather than purified 405 subunits, the protein was cleaved with 

Endoproteinase Lys C (Endo Lys C) rather than cyanogen bromide and the peptides 

were separated on an inert HPLC system employing a narrow bore column. Use of 

80S ribosomes reduced losses traditionally encountered in the purification of 405 

ribosomes. Endo Lys-C instead of cyanogen bromide cleavage generated a 19 as 

opposed to a 32 amino acid peptide which still contained all of the phosphorylation 

sites. This improvement alone increased yields >2-fold during Edman degradation. 

Finally, employing inert HPLC prevented large losses of phosphorylated peptide, 

making it possible to use significantly smaller amounts of initial starting material. 

Preliminary amino acid sequencing experiments indicate that the sites of phosphoryla­

tion are the same in both systems (see Figure 1). This finding is consistent with 

parallel studies which show that the same apparent Mr 70K 56 kinase is activated in 
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both mitogen-stimulated 3T3 cells and the liver of cycloheximide-injected rats (Kozma 

et aI., 1989). 

Having once established the sites of phosphorylation it will be important to 

determine the order of phosphorylation in vivo. Earlier we showed that the 

phosphate which is incorporated into S6 is metabolically stable during the first 60 

minutes following serum stimulation (Thomas G et aI., 1979). Since S6 becomes fully 

phosphorylated during this time it should be possible to harvest ribosomes at 

different times following the addition of serum and to selectively enrich for each of the 

increasingly phosphorylated derivatives. Each derivative containing an additional 

mole of phosphate should then represent the product of the "on" or phosphorylation 

reaction rather than a mixed reaction due to phosphorylation and dephosphorylation. 

To establish conditions for identifying each of the sites two approaches are 

presently being exploited. Both approaches utilize 40S ribosomes phosphorylated 

in vitro using the Mr 70K kinase in the presence of 32p·yATP. In the first case each 

of the increasingly phosphorylated derivatives were separated on 2-D gels. Each 

phospho derivative was excised from the gel, electroeluted and digested with Endo 

Lys C. The phosphopeptides were then separated on either IEF-PHAST gels 

(Pharmacia) or tricine gels and the products visualized by autoradiography. In the 

second approach, S6 was phosphorylated to different extents and then purified by 

cation and reverse phase chromatography, cleaved with Endo Lys C and the 

fragments separated on a C18 HPLC reverse phase column. The radioactive peaks 

were manually collected and counted for Cerenkov cpm. Each fraction was analyzed 

on a tricine gel, a system established for separating small peptides in the molecular 

weight range of 800 to 2000 daltons (Schagger H and Jagow G, 1987). Taken 

together the results show that the endoproteinase cannot cleave the more highly 

phosphorylated derivatives of S6, suggesting that Endo Lys C does not recognize 

Lys243 as a proteolytic site if serine Ser244 and possibly 240 are phosphorylated 

(Figure 1). The final interpretation of these results awaits sequencing of each of the 

digestion products which were separated by either reverse phase HPLC or tricine 

gels. When the sequencing procedure is optimized it will be applied to the in vivo-

32P-labeled S6. 
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Perspectives 

The sequence information outlined has already been used for the design of 

synthetic peptides which correspond to the C-terminus of S6 and which have been 

modified to search for the minimal recognition sequence. If these peptides serve as 

good substrates for phosphorylation in vitro they will be injected into 3T3 cells as 

competitive inhibitors. In addition, polyclonal antibodies have been prepared against 

the C-terminus of S6 and are being employed in immune-electron microscopy studies 

for the localization of the S6 phosphorylation sites within the 40S subunit. If located 

in the anticodon-codon interaction site we would like to further test the effect of S6 

phosphorylation on the conformation of the ribosome. Finally, in the long term, site­

directed mutagenesis studies will be carried out on the C-terminal serine residues 

using a previously isolated S6 cDNA clone (Lalanne JL et ai, 1987). By expressing 

mutagenized S6 cDNAs under an inducible promoter we hope to directly evaluate the 

effect of specific sites of S6 phosphorylation on protein synthesis during the 

mitogenic response. 

86 Phosphorylation sites 

CB = cyanogen bromide fragment 

* = in vivo Ser-P site 

• = Endo LysC site 

Acknowledgements: We would like to thank Drs. R. Layden, D. Reddy and R. Mayer 
for critical reading of the manuscript, and Carol Wiedmer for typing the manuscript. 



249 

References 

Brooks RF (1977) Continuous protein synthesis is required to maintain the probability 
of entry into S phase. Cell 12:311-317 

Duncan R and McConkey E (1982) Preferential utilization of phosphorylated 40S 
ribosomal subunits during initiation complex formation. Eur J Biochem 123:539-544 

Jene P (1988) Identification and characterization of a mitogen-activated S6 kinase. 
Kozma SC et al. (1989) A stimulated S6 kinase from rat liver: identity with the 

mitogen-activated S6 kinase of 3T3 cells. EMBO J 8:4125-4132 
Kozma SC et al. (1990) Cloning of the mitogen-activated S6 kinase from rat liver 

reveals an enzyme of the second messenger subfamily. Proc Natl Acad Sci USA 
87:7365-7369 

Krieg J et al. (1988) Identification of the 40S ribosomal protein S6 phosphorylation 
sites induced by cycloheximide. J Bioi Chem 263:11473-11477 

Lalanne J-L et al (1988) Complete sequence of mouse ribosomal protein S6. Nuc Ac 
Res 15:4990 

Martin-Perez J and Thomas G (1983) Ordered phosphorylation of 40S ribosomal 
protein S6 after serum stimulation of quiescent 3T3 cells. Proc Natl Acad Sci USA 
80:926-930 

Meyer HE (1986) Sequence analysis of phospho-serine-containing peptides. 
Modification for picomolar sensitivity. FEBS Lett 204:61-66 

Pain OM (1986) Initiation of protein synthesiS in mammalian cells. Biochem J 235:625-
637 

Palen E and Traugh JA (1987) Phosphorylation of ribosomal protein S6 by cAMP­
dependent protein kinase and mitogen-stimulated S6 kinase differentially alters 
translation of globin mRNA. J Bioi Chem 262: 1293-1297 

Rudland PS and Jimenez de Asua L (1979) Action of growth factors in the cell cycle. 
Biochem Biophys Acta 560:91-133 

Rudland PS et al. (1975) Changes in RNA metabolism and accumulation of 
presumptive messenger RNA during transition from the growing to the quiescent 
state of cultured mouse fibroblasts. J Mol Bioi 96:745-766 

Schagger H and Jagow G (1987) Tricine-sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis for separation of proteins in the range from 1 to 100 kDa. Anal 
Biochem 166:368-379 

Stanners CP and Becker H (1971) Control of macromolecular synthesis in proliferating 
and resting Syrian hamster cells in monolayer culture. J Cell Phys 77:31-42 

Thomas G, Siegmann M, Gordon J (1979) Multiple phosphorylation of ribosomal 
protein S6 during transition of quiescent 3T3 cells into early G, and cellular 
compartmentalization of the phosphate donor. Proc Natl Acad Sci USA 76:3952-
3956 

Thomas G et al (1982) The effect of serum, EGF, PGF2-o. and insulin on S6 
phosphorylation and the initiation of protein and DNA synthesis. Cell 30:235-242 

Traugh JA and Pendergast AM (1986) Regulation of protein synthesis by phosphory­
lation of ribosomal protein S6 and aminoacyl-tRNA synthetases. Prog Nuc Ac Mol 
Bioi 33: 195-230 



v. CYCLIC 

NUCLEOTIDE-DEPENDENT SIGNALLING 



G Protein Oncogenes 
Henry R. Bourne 

Departments of Pharmacology and Medicine 

University of California, San Francisco, CA 94143 

USA 

This review will describe experiments aimed at answering two 

questions raised by the recent convergence of research on signal-transducing 

G proteins and oncogenes: What roles do individual G proteins play in 

normal regulation of cell proliferation? How do dominantly acting G protein 

oncogenes contribute to tumorigenesis, in experimental systems and in 

human cancer? 

G proteins transduce extracellular signals, detected by cell surface 

receptors for hormones or sensory stimuli, into cellular responses mediated 

by altered function of effector enzymes or ion channels (Bourne, 1990; 

Freissmuth, 1989). Each G protein is composed of an a chain that binds and 

hydrolyzes GTP and ~ and y chains that form a tightly bound ~y subunit. ~y 

presents the GOP-bound form of the a chain to ligand-activated receptors, 

which promote exchange of GOP for GTP by increasing the rate constant for 
dissociation of GOP from a~y. The distinctive a chains interact specifically 

with receptors and effectorE'. 
Thirteen a chain genes have been identified. These encode a chains of: 

Gs, which mediates hormonal stimulation of. adenylyl cyclase; three distinct 

"Gj" proteins (Gil, Gi2, and Gi3), named for the ability of one or more of them 

to inhibit adenylyl cyclase; Go, which is abundant in brain and whose 

physiological role is not known; two retinal transducins (Gt), which mediate 

retinal phototransduction; Golf, thought to mediate olfactory transduction; 

and five additional G proteins of unknown function, identified by virtue of 
cloned a chain genes or cONAs (Fong, 1988; Matsuoka, 1988; Strathmann, 

1989). Signaling through Gt, Go, and the three Gi proteins is blocked by 

pertussis toxin (PTX), which uncouples these proteins from receptors by 

catalyzing AOP-ribosylation of a conserved cysteine residue in their a 
subunits. 

G proteins amplify and sort signals. Amplification results from a slow 
rate of GTP hydrolysis (kcat.GTP = 3-5 min-l) (Bourne, 1990; Freissmuth, 1989), 
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which is slowed even further by cholera toxin (CTX)-catalyzed ADP­

ribosylation of as and at (Abood, 1982; Cassel, 1978) and by mutations that 

convert as and ai2 into oncogenic proteins (see below). The signal-sorting 

function is mediated by the G protein's ability to discriminate among subsets 
of receptors and effectors. 

G proteins and mitogenesis 

Before the recent discovery in human tumors of oncogenic mutations 

in genes for G protein a chains, two kinds of evidence indicated involvement 

of G proteins in signaling pathways that stimulate proliferation: 1. Mitogenic 

effects of many ligands that activate G protein-coupled receptors, including 

many neuroendocrine peptides, lysophosphatidic acid (LPA) (van Corven, 
1989), acetylcholine (Ashkenazi, 1989), serotonin (5HT) (Julius, 1989; 

Kavanaugh, 1988; Nemecek, 1986; Seuwen, 1988), and trophic endocrine 

hormones that work via Gs and cAMP - e.g., growth hormone releasing 

hormone (GHRH) and thyrotropin (TSH). 3. Ability of PTX to abrogate 

mitogenic effects of some growth-stimulating ligands, including bombesin 

(Letterio, 1986; Zachary, 1987), thrombin (Paris, 1986), LPA (van Corven, 1989), 

and serotonin (5HT) (Seuwen, 1988). 

Except in the case of Gs and cAMP, neither the specific molecular 

species of a chain nor the downstream mitogenic pathway has been identified 

in any specific case. Stimulation of PI-PLC may mediate mitogenic effects of 
acetylcholine in astrocytes (Ashkenazi, 1989) and of 5HT in NIH-3T3 cells 

expressing a recombinant 5HT1c receptor (Julius, 1989). In other cases, PTX or 

ligands specific for pharmacologically distinct receptors can often uncouple 

the mitogenic effect of the extracellular ligand from activation of the 

phosphoinositide/Ca2+ pathway (Kavanaugh, 1988; Letterio, 1986; Seuwen, 

1988; van Corven, 1989; Zachary, 1987). 

The gsp oncogene 
GHRH stimulates proliferation of GH-secreting pituitary somatotrophs 

via intracellular cAMP (Billestrup, 1986). A subset of human GH-secreting 

tumors exhibit constitutively elevated GH secretion, cellular cAMP, adenylyl 
cyclase activity, and Gs activity (Vallar, 1987). Because such tumors are 

excellent candidates for harboring oncogenic as (Bourne, 1987), we reverse­

transcribed mRNA from the tumors, amplified as cDNAs using the 

polymerase chain reaction (PCR), and sequenced the as coding regions 
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(Landis, 1989). All GH-secreting tumors with constitutively elevated adenylyl 

cyclase and Gs activity exhibited cx.s mutations, while cx.s mutations were not 

found in GH-secreting tumors with normal adenylyl cyclase and Gs activities. 

The mutations in these and subsequently analyzed cx.s DNAs (Lyons, 1990) 

encoded amino acid substitutions at either of two codons - Q227, cognate to 
Q61 of p21ras, and R201, the residue whose ADP-ribosylation by CTX inhibits 

the GTPase of cx.s (Cassel, 1978; Van Dop, 1984). When expressed in cyc- cells, 

mutant cx.s with either kind of substitution exhibited low GTPase activity and 

caused constitutive activation of adenylyl cyclase. 

Using a PCR/allele-specific oligonucleotide screening procedure, we 

screened 25 GH-secreting tumors for the presence of gsp mutations (Landis, 

1990). The 10 patients whose tumors contained gsp mutations came to 

surgery with significantly smaller tumors and lower pre-operative GH levels. 

Their tumors were also more susceptible to glucose suppression of GH release 

than those without mutations. The activating mutations identify a subgroup 

of GH-secreting tumors with a distinctive clinical course that probably results 
from a shared oncogenic mechanism. More extensive clinical studies will 
determine whether presence or absence of gsp mutations is a clinically useful 

indicator of prognosis. 

To explore the mitogenic effect of gsp in tissue culture cells, we 

expressed cx.s-Q227L in Swiss 3T3 cells (Zachary, 1990) - cells in which cAMP 

stimulates mitogenesis in synergistic combinations with other growth­

promoting agents, such as insulin (Rozengurt, 1988). Expression of cx.s-Q227L 

constitutively elevated adenylyl cyclase activity measured in particulate 

extracts. In the presence of a phosphodiesterase (PDE) inhibitor (but not in its 

absence), basal and forskolin-stimulated cAMP accumulation were 

considerably elevated, and insulin alone stimulated incorporation of 

radioactive thymidine into DNA in these cells. We suspect that the gsp­
expressing cells counteracted the gsp-induced elevation of adenylyl cyclase 

activity by inducing compensatory mechanisms (e.g., elevated PDE). Just as 

carcinogenesis requires more than one oncogenic mutation, Swiss 3T3 cells 

require a (pharmacologic) "second hit" - in this case a PDE inhibitor - to 

exhibit the mitogenic effect of constitutively active cx.s and adenylyl cyclase. 

Because TSH stimulates secretion of thyroid hormones and 

proliferation of thyroid cells, we used an allele-specific oligonucleotide 

technique to look for gsp mutations in thyroid tumors. So far, we have found 

a high frequency of gsp mutations in multinodular goiters and in papillary 
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and follicular carcinomas of the thyroid (P. Goretzki, et al., submitted for 

publication). 

The gip2 oncogene 

Our belief in the functional significance of conserved amino acid 

sequence prompted us to look for oncogenic mutations in genes for other G 

protein (X chains. We postulated that the two conserved amino acids whose 

mutational replacements activate (xs play similar functional roles in (X 

subunits of other G proteins and therefore that mutations replacing cognate 

amino acids in other (X chain genes would activate the corresponding G 

proteins. We screened 268 human tumors for mutations in the R179 and 

Q20S co dons of the (Xi2 gene, using a strategy in which appropriate PCR­

amplified regions of genomic DNA are hybridized with allele-specific 

oligonucleotides at high stringency (Lyons, 1990). 

Mutations substituting cysteine or histidine for R179 of (Xi2 

(corresponding to R201 of (Xs) were found in 3 of 11 tumors of the adrenal 

cortex and in 3 of 10 ovarian sex cord stromal tumors (Lyons, 1990). Because 

allele-specific hybridization can detect point mutations only in samples in 

which substantial expansion of a mutant clone (a hallmark of neoplasia) has 

occurred, and because these mutations were found at high frequency in a very 

specific subset of tumors, we conclude that the R179 mutations convert the 

(Xi2 gene into an oncogene, which we dubbed gip2. Fragmentary evidence 

(summarized in (Lyons, 1990» is consistent with the possibility that Gi2 

mediates mitogenic effects of certain hormones and growth factors on 

adrenocortical and ovarian cells in tissue culture. 

To explore mitogenic effects of the gip2 oncogene, we expressed wild 

type (Xi2 or mutant (Xi2 with an R179C substitution «Xi2-R179C) in Rat-1 cells. 

This cell type seemed an appropriate target for oncogenic effects of mutated 

(Xi2, because LPA had been reported to stimulate DNA synthesis and to inhibit 

adenylyl cyclase in Rat-1 cells; both effects were inhibited by PTX (van Corven, 

1989). The (Xi2-R179C cells grew to a 3-fold higher saturation density in 10% 

calf serum, and - like cells neoplastically transformed by ras oncogenes, 

formed colonies in soft agar. Moreover, subcutaneous injection of (Xi2-R179C 

cells led to formation of tumors in nude mice. We concluded that gip2 

mediates neoplastic transformation of Rat-1 cells. 

We similarly infected NIH-3T3 cells with wild type (Xi2, (Xi2-R179C, and 

also (Xi2-Q20SL. In this cell type expression of mutant (Xi2 did not alter growth 
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in culture, nor did it cause formation of tumors in nude mice. NIH-3T3 cell 

populations carrying mutant Cli2 did show decreased adenylyl cyclase 

activities, however, suggesting that mutant Cli2 inhibits adenylyl cyclase. 

Further Questions 

The discovery of G protein oncogenes strongly confirms previous 

indications that extracellular stimuli can work through G proteins to regulate 

mitogenesis as well as differentiated cell functions. Discovery of gsp and gip2, 

unlike that of other oncogenes, occurred after the normal cellular functions 

of the corresponding proteins were known, either in specific detail (Cls) or in 

broad outline (Cli2). Now the challenge is to use this knowledge in tackling 

hard questions about the complex network of regulatory pathways that 

control proliferation of normal and cancerous cells. 

Are there more Cl chain oncogenes? If so, in which human tumors? 
The gsp and gip2 precedents make it very likely that other human tumors 

will exhibit activating mutations in genes encoding Cl chains other than as 

and Cli2. Using peR and allele-specific oligonucleotides, we are currently 

searching for such mutations. 

What is the "host range" of cells and tissues in which mutant Cls and 

ai2 are oncogenic? We suspect that this range will be narrow and probably 

specific for each G protein oncogene, despite ubiquity of the corresponding 

normal proteins, because the signaling pathway(s) triggered by an individual 

G protein can trigger proliferation in a limited number of cell types. Further 

experiments in tissue culture cells and in transgenic mice will be required to 

test this notion. 

What signaling pathways are triggered by G protein oncogenes? 

Although cAMP probably mediates the effects of gsp in pituitary and thyroid 

cells, we do not yet know whether gip2 is tumorigenic in Rat-l cells (or in 

adrenal cortex and ovary) because it inhibits adenylyl cyclase and thereby 

relieve an inhibitory constraint on growth 

Does gip2 (or any other Cl chain oncogene) modify the biological 

behavior of tumor cells by altering their invasiveness, adhesiveness, or 

tendency to metastasize? Suggestive answers may come out of searches for 

mutant a chain genes in human tumors and analysis of the biological 

behavior of tumors in transgenic mice. 
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The prevailing view of the role of ~y-subunits in signal 

transmission of G-protein-linked hormone receptors ascribes to 

~y-subunits a role in facilitating the binding of the a­

sUbunits in heterotrimeric G-proteins in the inactive GOP-bound 

form to the receptor (cf: Bourne et al. 1990). In addition, 

there is good evidence that ~y-subunits serve as anchors in 

membrane attachment of G-proteins (Sternweis 1986). The evi­

dence which is now presented supports a role of ~y-subunits in 

the attachment of a-subunits to the ~-adrenoceptor and, more­

over, indicates that separate ~y-subunits can also bind to the 

activated (Im et al. 1988) and to the non-activated ~-receptor 

as well. These findings suggest that the ~-receptor may form a 

long-lived complex with ~y-subunits alone. As that may be, this 

complex does not seem to dissociate with activation when the a­

subunit charged with GTP[S] is discharged from the receptor. A 

detailed account of this work is in press (Kurstjens et al. 

1990). 

Experimental design 

All these experiments were carried out with reconstituted 

proteoliposomes (Kurstjens et al. 1990). The ~l-receptor was 

purified from turkey erythrocyte membranes (see: Hekman et al. 

1984), the a- and ~y-subunits were derived from Go purified to 
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homogeneity from bovine brain (Sternweis & Robishaw 1984). To 

simplify the assay, ~-receptor and G-protein subunits were 

tagged with fluorescein isothiocyanate (FITC). Different from 

our previous reconstitution assay, special attention was di­

rected to the preparation of a rather homogenous population of 

unilamellar tightly sealed liposomes with the ~-adrenoceptor 

oriented inside-out. As a result of these efforts two prepara­

tions of liposomes were prepared: one was lipid-rich and larger 

with a diameter of about 200 nm, the other was lipid-poor with 

a diameter of about 50 nM. Since the latter vesicles were 

heavier than the former lipid-rich vesicles and since both 

vesicle preparations were tightly sealed, it became possible to 

separate them by isopycnic sucrose density gradient centrifuga­

tion. When reconstitution with G-proteins alone or with the 

separate, purified ~-adrenoceptor was carried out, the hetero­

trimeric G-protein or separate 00- and ~y-subunits partitioned 

themselves exclusively in the lipid-rich fraction, whereas the 

~-receptor distributed itself in the heavier lipid-poor frac­

tion. Moreover, with the lipid mixture used for the formation 

of the liposomes which consisted of dimyristoylphosphatidylcho­

line, dipalmitoylphosphatidylethanolamine, dipalmitoylphosphat­

idylserine and cholesterol in a 54:1:10:35molar ratio, the ~­

adrenoceptor was oriented inside-out in the liposomes. Among 

the factors responsible for the orientation were probably 

charge interactions between the many basic (lysyl) residues of 

the receptor and the negatively charged phosphatidylserine in 

the outer leaflet of the liposome. In support of this conjec­

ture is that the ~-adrenoceptor assumed a more randomized 

orientation and was shifted to a lighter lipid-rich fraction 

when phosphatidylserine was omitted from the lipid mixture used 

for reconstitution. But there may be other factors which might 

be as important for the orientation of the receptor in 

liposomes as interactions of charged amino acid side chains 

with the phospholipid head groups. For example, the restricted 

area available in small vesicles with a small internal volume 

could force the more bulky portion of the receptor protein to 

the outside. The nearly exclusive inside-out orientation of the 
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receptor incorporated into tightly sealed liposomes where the 

binding domains of the 131-adrenoceptor for G-proteins were 

facing outside made it possible to put the hypothesis of M. 

Chabre (Chabre 1987) to test, namely that interactions of G-

proteins with the l3-receptor can occur at the aqueous membrane 

interface as was originally proposed for the transducin­

rhodopsin interactions. 

Summary of results 

These properties of the tight liposome preparations where 

one population of vesicles (fraction I) contains only G-protein 

monomers or oligomers and the other (fraction II) the 131-

adrenoceptor oriented in a way which is favorable for interac­

tion with G-proteins made these sealed vesicle preparations 

seem an attractive tool for studying the binding of the 

separate a- and l3y-subunits of G-proteins to the receptor. In 

Fig. 1A is shown that Gs reconstituted alone with lipids is 

recovered in the light vesicle fraction I, but when Gs and 

nonactivated i31-adrenoceptor were reconstituted together (Fig. 

1B), the Gs-preparation was carried by the receptor to the 

heavier vesicle fraction II which contains the receptor. This 

transfer is apparently driven by the mutual affinity of the 
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Fig. 1. Distribution of Gs in lipid vesicles in the presence 
and absence of ~l-adrenoceptor. A: G. alone; B: G. and ~1-
adrenoceptor, (0) phospholipid phosphorus, (0) [3 H] dihydro­
alprenolol binding, (~) is [30S]GTP[S] binding and the upper 
trace in A is [30S]GTP[S] binding in the presence of 0.2% 
Lubrol PX. The shaded area in B shows the distribution of G. in 
vesicles co-reconstituted with ~l-adrenoceptor. 

receptor for G., since this shift does not occur in the absence 

of receptor by heterotrimeric G. or Go or by a-subunits or by 

that matter by ~y-subunits alone. We have made use of this 

characteristic feature and have used this shift in order to 

study the role of ~y-subunits in the binding of the a-subunit 

to the receptor. These experiments are shown in Fig. 2. When 
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Fig. 2. Distribution of bovine brain 00- and ~y-subunits 
separate or combined in the presence of ~l-adrenoceptor. A: ~y 
labelled with FITC and ~l-adrenoceptor. B: 00 labelled with 
FITC and ~l-adrenoceptor. C: 00 labelled with FITC combined 
with unlabelled ~y and ~l-adrenoceptor. ((») Phospholipid phos­
phorus, (0) [3 H) dihydroalprenolol binding, (.) fluorescence 
emission. 

bovine brain ~y-subunits were co-reconstituted with the ~­

receptor at a 1:2 molar ratio, about 50% of the vesiculated ~y­

fraction was found in the ~-receptor-containing fraction II. 



266 

The efficiency of incorporation of the ~-adrenoceptor in 

liposomes was nearly 100%. One estimates based on the size of 

the lipid vesicles the lipid and the protein concentrations on 

the average about one receptor per 100 vesicles. In the case of 

separate 00- and ~y-subunits only between 40 to 70% of the 

added subunits were vesiculated. But even when the molar ratio 

of 00 to ~-adrenoceptor was increased to 1:3 and 1:4 yielding 

up to one receptor per 25 vesicles, much less 00 was trans­

ferred to the receptor on co-reconstitution as compared to ~y­

subunits. When, however, the same amount of 00 was combined 

with the same amount of ~l-adrenoceptor in the presence of ~y­

subunits, the oo-subunits were now almost completely trans­

ferred to the ~-receptor containing vesicle fraction II. 

Binding interactions between all three components seem to be 

involved, but it is apparent that the ~y-subunits are mainly 

responsible for the transfer of 00 to the nonactivated ~­

adrenoceptor. It should be noted that nearly all (>90%) of 00 

which was transferred to the receptor-containing fraction II 

was accessible from the outside, since the increase in binding 

of GTP[S] on solubilization with 0.02% lauroyl sucrose or 0.2% 

Lubrol PX was negligible. These data show therefore that ~­

receptor/G-protein interactions can take place at the aqueous 

membrane interface. They point to the primary importance of 

protein-protein interactions for the recognition of G-proteins 

by a receptor and are therefore compatible with M. Chabre's 

ideas (Chabre 1987). 

In Fig. 

receptor 

activity. 

3 is shown that the interaction between 00 and the 

in the presence of ~y-subunits increased its GTPase 

Replacement of the ~l-adrenoceptor by unrelated 

proteins, bovine serum albumin, ovalbumin, y-globulins or 

addition of a heat-denatured ~l-adrenoceptor preparation abo­

lished the receptor-promoted stimulation of the GTPase acti­

vity. Activation of the receptor by the agonist l(-)isoprotere­

nol had little further activating effect, whereas addition of 

the antagonist d,l-propranolol failed to inhibit the GTPase. On 

the other hand with ADP-ribosylated Go, the receptor-promoted 

increase in basal GTPase activity was about the same. This was 
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Fig. 3. GTPase activity of Go in the presence of ~l-adrenocep­
tor. ao- and ~y-subunits were reconstituted with or without ~­
receptor, as described in (Hekman et a1. 1987) and the GTPase 
activity was determined. ADP-ribosy1ation of ao was carried out 
as described in (Kurstjens et a1. 1990). The ~l-adrenoceptor 
was incubated with either 1{-)isoprotereno1 or d,1-proprano101 
or in the absence of ligands. In control experiments, the ~1-
adrenoceptor was heat-denatured or replaced by other un­
related proteins. 

to be expected, since the penultimate carboxy terminal part of 

the ao- or ai-subunit with the ADP-ribosy1ated cysteine residue 

is apparently not involved in basal GTP-GDP exchange and GTPase 

activity when the receptor is not activated and occupied by an 

agonist (Haga et a1. 1985; Kurose et a1. 1986; Sunyer et a1. 

1989) . 

The data as a whole show therefore that binding interactions 

between ao- and ~y-subunits with a nonactivated ~l-adrenoceptor 

stimulate the GTPase activity of ao, whereas activation of the 

~-receptor by 1{-)isoprotereno1 had little further effect. 

These experiments support the notion that binding of ao to the 

~-receptor and the GTPase activity resulting from this interac­

tion are dependent on ~y-subunits. 
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Conclusions 

As we had reported previously when ~y-subunits purified from 

bovine brain are added to purified ~-adrenoceptor and Gs from 

turkey erythrocytes in lipid vesicles, they promote the inter­

action of the activated ~-adrenoceptor with Gs and increase 

GTPase activity (Hekman et al. 1987). The finding that ~y­

subunits are necessary to increase the GTPase activity of Gta 

or G1a in the presence of bleached rhodopsin (Fung 1983; 

Cerione et al. 1985) is in accordance with that. Moreover, ~y­

subunits have been reported to interact with muscarinic ace­

tylcholine receptors co-reconstituted with ao and a1 into lipid 

vesicles (Florio & Sternweis 1985; Haga et al. 1988). We have 

now shown that ~y-subunits promote the binding of ao to the 

nonactivated ~l-adrenoceptor and that the relatively high basal 

GTPase activity of Go is stimulated even further when a- and 

~y-subunits are bound to the ~l-adrenoceptor. These observa­

tions are reminiscent of findings reported by Cerione and 

coworkers where stimulation of GTPase activity was observed on 

co-reconstitution of G1 with ~l-adrenoceptor in lipid vesicles 

(Cerione et al. 1985). This suggests that the basal activity in 

the hormonally nonactivated state is due to a precoupled G­

protein/~-receptor complex. Furthermore, one might question 

whether the ~y-subunit is released from the receptor together 

with the a-subunit on activation. In previous experiments we 

have shown that the ~l-adrenoceptor from turkey erythrocytes 

binds even more bovine brain ~y-subunits when activated with 

l(-)isoproterenol (Im et al. 1988). But as long as information 

on the steady state distribution of free and receptor-bound ~y­

subunits in the hormonally stimulated and the resting state in 

cells and tissues is not available, the biological significance 

of the partitioning between receptor-bound and free ~y or ~y 

bound to other targets remains an open question (Gilman 1989; 

Boege et al. 1990). 

Although, the information reported here is qualitative, it 

points to the importance of the binding of ~y-subunits to the 
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~l-adrenoceptor for the association of the latter with a­

subunits. Since a-subunits may obligatorily require ~y-subunits 

for binding to G-coup1ed receptors, one is tempted to suggest 

that the ~y-subunits may playa role equally important as that 

of the a-subunit for coupling of receptor and G-protein 

(Birnbaumer et a1. 1989). In that respect, one would like to 

know how specific is the binding of ~y to the receptor. This is 

an important issue which has not yet been considered. The 

question raised concerns a possible role of ~y-subunits in 

distinguishing among receptors. Such a sorting-out function 

might be important considering the multiplicity of coupling 

reactions of receptors and G-proteins. With that in mind, 

quantitative data of the binding of ~y-subunits from transducin 

and bovine brain to the ~-receptor are presently being col­

lected in this laboratory (Frohlich M, Heithier H, Baumann M, 

Dees C, Haring M, Gierschik P, Schiltz E, Vaz W, Hekman M, 

He1mreich EJM (1991) Subunit interactions of GTP-binding pro­

teins and with ~-adrenoceptor. Eur J Biochem, submitted). A 

detai11ed account of this work is being published in (Kurstjens 

et a1. 1990). 

The work was made possible through grants from the Deutsche 

Forschungsgemeinschaft He 22/44-1, the Sonderforschungsbereich 

176, Project A1, the Vo1kswagen-Stiftung and the Fonds der 

Chemischen Industrie e.V. 
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Summary 

1. Incubation of human platelet membranes with p[NH]ppG causes a time dependent increase in 

the Gs mediated activation of adenylate cyclase. 2. Activation by p[NH]ppG follows flrst order 

kinetics in both the presence and absence of the assay components; cAMP, ATP, creatine 

phosphate and creatine kinase. 3. Inhibition by the assay components occurs throughout the 

activation process, reducing both the rate of activation and the maximum activity obtained. 4. 

Maximal activation of adenylate cyclase after prolonged incubation with p[NH]ppG slowly 

reverses in the presence of the assay components. 

Introduction 

Persistent activation of Gs can be achieved by the non-hydrolysable GTP analogue 

guanosine 5'[~'Y-imido]triphosphate (p[NH]ppG). The degree of activation is dependent on the 

concentration of both p[NH]ppG and Mg2+ (Iyengar & Birnbaumer, 1981). Previous work in 

this laboratory found that preincubating human platelet plasma membranes with p[NH]ppG 

(lO-5M) at physiological concentrations of Mg2+ (lmM) for a period of about 20rrrin doubled the 

adenylate cyclase activity measured on transferring membranes from the preincubation to an 

assay. The assay contained ATP, cyclic AMP (cAMP) and an ATP regenerating system of 

creatine phosphate and creatine kinase. The activation was markedly reduced when ATP, cAMP 

and the A TP regenerating system were also included in the preincubation. This effect was due to 

increased activity of Gs' and not a decrease in Gi activity (Farndale et al. 1987). 

Recently it has become evident that phosphorylation provides a means of modulating the 
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activity of the adenylate cyclase complex. This mechanism of regulation could occur at the level 

of the receptor, G proteins or catalytic unit. Receptor phosphorylation has been widely 

documented (reviewed by Sibley et al. 1987) and two possible phosphorylation sites have been 

identified from a cDNA sequence of the catalytic unit (Krupinski et aZ. 1989). Regulation of G 

proteins particularly Gi, by protein kinase C has been proposed (Katada et aZ. 1985; Pyne et aZ. 

1989). There is little evidence for Gs phosphorylation. 

The above inhibitory effect of cAMP, ATP, creatine phosphate and creatine kinase is 

consistent with the idea that a change in the phosphorylation state of Gs may modulate its 

activity. The activation by p[NH]ppG may involve phosphatase activity possibly on Gs' and the 

inhibition may be due to phosphorylation of Gs by kinase A. In support of this a 45kDa protein 

was found to be phosphorylated in platelet membranes in a cAMP dependent manner (Farndale et 

aZ. 1987). In the present study the nature of the inhibitory effects of cAMP, ATP, creatine 

phosphate and creatine kinase on p[NH]ppG stimulated adenyl ate cyclase activity were 

investigated further. 

Methods 

Membrane preparation:- A crude preparation of plasma membranes were made by a 

modification of the method of Stein & Martin (1983) using outdated human platelet concentrate 

(the kind gift of the East Anglian Regional Blood Transfusion Service, Cambridge). 

Membrane preincubation:- Membranes diluted to about 1mg/ml into 25mM Tris/HCI pH 

8.0, 1mM DTT were warmed to 300 C for 5min. Preincubations were composed of equal 

volumes of pre-warmed membranes and preincubation mix and contained lOJlM p[NH]ppG and 

ImM Mg2+. At intervals, 50JlI samples were removed for adenylate cyclase assay. 

Adenylate cyclase assay:- 15-60Jlg of membrane protein was assayed for a period of 5min 

by the method of Salomon et aZ. (1974) in 25mM Tris/HCI pH 8.0, 1mM DTT, ImM MgCI2, 

0.5mM cAMP, 0.1mM ATP, lx106 c.p.m. of [a..32p]ATP, 8mM creatine phosphate and 

0.3mg/ml creatine kinase in a total volume of 100Jll. The reaction was started by adding 50Jll of 

preincubated membranes. 

Results 

Fig 1 shows the effect of including ATP, cAMP, creatine phosphate and creatine kinase in 

the preincubation with p[NH]ppG and Mg2+. The data were analysed according to first order 

kinetics. Activation under both sets of conditions followed fIrst order kinetics, the rate constants 
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Fig 1 Inhibition ofp[NH]ppG activation of platelet adenylate cyclase on including ATP, cAMP, 

creatine phosphate and creatine kinase in the membrane preincubation 
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Two preincubations were set up at 300 C containing 10IlM p[NH]ppG and ImM Mg2+ either 
with (_) or without (D) 50llM cAMP, l00IlM ATP, 8mM creatine phosphate and O.3mg/ml 
creatine kinase (final concentrations). Triplicate samples containing 151lg of protein were 
removed to assay adenylate cyclase activity. Values shown are means of 12 data points ± S.D. 

Fig 2 Activation by p[NH]ppG is inhibited on the delayed addition of the assay components to 

the preincubation 
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Platelet membranes were preincubated at 300C with 10IlM p[NH]ppG and ImM Mg2+ in the 
presence or absence (D) of 50llM cAMP, lOOIlM ATP, 8mM creatine phosphate and O.3mg/ml 
creatine kinase (final concentrations). These additions were present from the start of the 
preincubation (_) or added after 6min (j.) and 9min (6) in a volume that was 5% of the final 
preincubation volume (the necessary adjustments being made to the p[NH]ppG and Mg2+ 
concentrations). Triplicate samples containing 231lg of protein were withdrawn at 6s intervals to 
assay the adenylate cyclase activity and results are means ± S.E.M. 
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in the presence and absence of ATP, cAMP, creatine phosphate and creatine kinase were 

respectively O.1690min-1 and O.0926min-1. These additions slowed the activation process and 

reduced the maximum adenylate cyclase activity observed during the time period of the 

experiment. Experiments were next carried out to investigate whether the activation of adenylate 

cyclase could still be inhibited on the delayed addition of the assay components to a 

preincubation. Addition of ATP, cAMP, creatine kinase and creatine phosphate blocked 

subsequent activation when added after 6 or 9 minutes of preincubation (Fig 2). 

Finally the effect of the assay components on a maximully activated adenylate cyclase 

complex was investigated. Membranes preincubated with p[NH]ppG and Mg2+ until peak 

adenylate cyclase activity was observed were subsequently diluted into a solution containing 

ATP, cAMP, creatine kinase and creatine phosphate. The effect on the adenylate cyclase activity 

is shown in Fig 3. The assay components caused a slow decline in the adenylate cyclase activity, 

indicating that the process of activation could be reversed. 

Fig 3 Activation of platelet adenylate cyclase by p[NH]ppG is reversed in the presence of the 

assay components 
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Two preincubations of platelet membranes (O.76mg/ml) were set up at 3()oC in the presence of 
10IlM p[NH]ppG and ImM Mg2+ with and without lOOIlM ATP, 50llM cAMP, O.3mg/ml 
creatine phosphate and 8mM creatine kinase. After 25min membranes were diluted into a second 
preincubation (O.38mg/ml). Those initially preincubated with only p[NH]ppG and Mg2+ were 
diluted into p[NH]ppG and Mg2+ in the presence (B, A) and absence (A, D) of ATP, cAMP, 
creatine phosphate and creatine kinase (concentrations as above). Membranes from the initial 
preincubation in the presence of p[NH]ppG, Mg2+ and the assay components were diluted into a 
solution of the same (C, .). Triplicate samples containing 1911g of membrane protein were 
withdrawn at 6s intervals for adenylate cyclase assay and values are means ± S.E.M. 
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Discussion 

The activation kinetics of adenylate cyclase were quite different in the presence and absence 

of cAMP, ATP, creatine phosphate and creatine kinase. The fIrst order rate constants were 

0.1690min-1 and 0.0926min-1 respectively. The slowness of these reactions may explain why 

similar effects in other tissues have not been widely recognised. However gradual changes in Gs 

activity have peen observed in rat liver plasma membranes (Wong & Martin, 1986). 

The assay conditions support the activity of protein kinases present in the membrane 

preparation. These results are consistent with the idea that the activation of adenylate cyclase may 

be due to a de-phosphorylation event, and the inhibition observed with cAMP, ATP, creatine 

phosphate and creatine kinase is a result of phosphorylation, possibly of Gs by protein kinase A 

(Farndale et al. 1987). However the precise identity of the phosphorylation substrate is the 

subject of investigation in this laboratory. 
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Protein kinases can be classified according to whether they phospho­
rylate phenolic (tyrosine) or aliphatic (serine and threonine) hydroxyl 
groups (Hunter and Cooper, 1985). Although there are now a few examples of 
kinases that seemingly break the rule (Howell et al., 1990), most tyrosine 
kinases differ from the serine/threonine kinases in their primary amino 
acid sequences. Consequently, as open reading frames in cDNA clones have 
been sequenced it has been relatively easy to predict whether they might 
encode tyrosine kinases (Hanks et al., 1988). This has lead to a rapid ex­
pansion of the tyrosine kinase family. 

The tyrosine kinases can be divided into two major groups, according 
to whether they straddle the cell membrane or are contained within the cell 
(Hunter and Cooper, 1985). Those that cross the membrane have their amino­
termini outside and carboxy-terminal kinase domains inside. In many cases 
these proteins are receptors for extracellular ligands, and binding of 
ligand stimulates phosphorylation by the receptor kinase domain (Yarden and 
Ullrich, 1988). Probably, ligand binding induces dimerization, bringing 
the kinase domains of two receptors into proximity (Schlessinger, 1988). 
This permits intermolecular autophosphorylation and causes activation of 
the catalytic domains. In many cases, phosphorylation of the intercellular 
portion of the receptor is important for stimulation of catalytic activity 
towards other substrates, presumably via allosteric effects. Phosphoryla­
tion may also serve other functions, as described below. 

The intracellular tyrosine kinases fall into several sequence 
families. Since these kinases do not have an extracellular ligand binding 
domain, it is not evident how they are regulated. One family, comprising 
Src and 7 close relatives in mammals (there are additional members of the 
family in invertebrates), appears to be regulated by phosphorylation 
(Cooper, 1990). What regulates phosphorylation is less clear. One of the 
Src family, Lck, forms a tight complex with the cytoplasmic tails of ei­
ther of two cell surface proteins, CD4 and CD8 (Eiseman and Bolen, 1990). 
The CD4.Lck and CD8.Lck complexes are analogous to transmembrane receptors. 
Like authentic receptor tyrosine kinases, inducing dimerization, by cross­
linking CD4, causes changes in Lck phosphorylation state and kinase ac­
tivity. However, whether this is the normal mechanism of Lck regulation is 
unsure. 
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In this review, we discuss two examples of tyrosine kinase regulation 
by phosphorylation, chicken Src and the human PDGF receptor (~ subunit), 
in which phosphorylation of specific residues regulates either activity or 

signal transduction. 

Regulation of Src Kinase Activity by Phosphorylation 

Carboxy terminal to the kinase domain of Src lies a short stretch of 
residues that is highly conserved between members of the Src family (at 

least in vertebrates; invertebrate Src-like kinases show less conserva­
tion)(Cooper, 1990). Eleven residues from the kinase domain, and 4-6 

residues from the extreme carboxy terminus of the protein, there is a con­

served tyrosine residue (Figure lA). This tyrosine is phosphorylated, by 
unidentified tyrosine kinases, when the Src protein is expressed in 

fibroblasts (Cooper et al., 1986). Lck is also phosphorylated on the cor­

responding tyrosine when expressed artificially in fibroblasts (not its 

usual environment) or naturally in T lymphocytes. Mutation of the codon 

for the carboxy terminal tyrosine to phenylalanine activates Src and all 

other Src-family kinases tested, as shown by increased tyrosine phospho­

rylation of cell proteins and malignant transformation (Hunter, 1987; 

Cooper, 1990). In vitro, dephosphorylation of the Src terminal tyrosine, 

TyrS27, stimulates the activity of the kinase domain. Therefore, it seems 

that phosphorylation of the terminal tyrosine inhibits Src, and probably 

other Src-family kinases. 

Establishing the relevance of this phosphorylation to physiological 

regulation of Src activity requires finding conditions where Src is ac­
tivated, and assessing whether the phosphorylation state is reduced. Other 

than mutations in Src, 3 conditions are known to activate Src. In polyoma 

virus-transformed cells, Src (and its relatives Fyn and Yes) bind to the 

medium T antigen encoded by polyoma. The bound Src molecules are ac­

tivated and dephosphorylated at TyrS27 (Cartwright et al., 1986). At 

mitosis, Src becomes phosphorylated near the amino terminus at one serine 

and 2 threonine residues, and is more active (Chakalaparampil and Shal­

loway, 1988). Although the novel phosphorylations could explain the in­
creased activity, experiments with mutant Src molecules suggest that a 

reduction in phosphorylation of TyrS27 could also be important. In PDGF­
treated cells, a subpopulation of Src molecules associates with the ac­
tivated PDGF receptor (Kypta et al., 1990). There is also a small increase 

in net Src kinase activity (Gould and Hunter, 1988). Evidence so far sug­
gests that activation may result from novel serine and tyrosine phospho­

rylations near the amino terminus, but does not exclude the possibility 

that a small population of Src molecules may be dephosphorylated at 

TyrS27. 

In the case of Lck, activation by cross-linking of CD4 or CD8 causes 

changes in phosphorylation state. Phosphorylation at the terminal 

tyrosine, TyrSOS, may be incomplete in T lymphocytes (Luo and Sefton, 

1990), and cross-linking of CD4 causes little change in TyrSOS 
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A. Residues found in C-termini of vertebrate members of the Src family 

516 517 518 519 520 521 522 523 524 525 526 527 528 529 530 531 532 533 

Leu Glu Asp Phe Phe Thr Ala Thr Glu Pro Gin Tyr Gin Pro Gin Pro ter ter 
Asp Tyr Tyr Ser Ala Gly Glu Gin Gly Asp Asn Leu 

Ser Leu Glu Gin Thr 

B. Residues found in non-transforming mutants of Src 

518 519 520 521 522 523 524 525 526 527 528 529 

Asp Tyr Phe Thr Ser Thr Glu Pro Gin Tyr Gin Pro 
Phe Trp Ser Cys Ser Asp Gly Glu Trp Arg 
Ser Ser lie Gly lie Ala Gly Lys Leu 

Cys Pro Ala Ser Leu His Ser 
Asn His 

Gin 
Arg 

Figure 1. (A) Compilation of C-terminal sequences of vertebrate members of 
Src family (Src, Fyn, Yes, Fgr, Lck, Hck, Lyn, Blk). The numbering of 
residues is for chicken Src, which terminates at residue 533. Other fam­
ily members terminate at the homologous residue or 2 residues upstream 
(ter). (B) Residues found in non-transforming mutants of Src. Codons for 
residues 518-526, 528 and 529 were subjected to random mutagenesis, mutant 
proteins were expressed in Rat2 fibroblasts, and non-transforming mutants 
sequenced (MacAuley and Cooper, 1990). Differences from the Src sequence 
(top line) are listed. Boldface type: residues not encountered in Src 
family members (see part A). 

phosphorylation. Instead, there is increased phosphorylation of Tyr394, in 
the kinase domain (Luo and Sefton, 1990). This is probably important for 
activation (Abraham and Veillette, 1990). In Src, the corresponding 
tyrosine, Tyr4l6, is phosphorylated in all forms of Src that are activated 
by either mutation or by agents like polyoma virus, mitosis, or PDGF, but 
is not phosphorylated in inactive Src. In vitro studies on the importance 
of this phosphorylation are hard to do, because dephosphorylated molecufes 
become phosphorylated at Tyr4l6 during in vitro assay. Results with 
phenylalanine mutants suggest this tyrosine is important for maximal ac­
tivity (Kmiecik et al., 1988). 

In summary, there are two tyrosine residues implicated in regulating 
Src-family kinases. The carboxy terminal tyrosine can inhibit activity 
when phosphorylated. The kinase domain tyrosine can enhance activity when 
phosphorylated. Currently, it seems unlikely that phosphorylation of ei­
ther residue is due to intramolecular autophosphorylation. Instead, exper­
iments with kinase-inactive mutants show that phosphorylation at either 
position can be catalyzed in trans, by other kinases (Cooper and MacAuley, 
1988). Src catalyzes intermolecular phosphorylation (autophosphorylation) 
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primarily at Tyr4l6, but also detectably at Tyrs27. In fibroblasts, Tyrs27 
is extensively phosphorylated, and Tyr 416 hardly phosphorylated at all. 
Even so, the phosphorylation of Tyrs27 in fibroblasts could be catalyzed by 
Src if cellular factors affect the specificity. 

We and others have made unproductive attempts to detect kinase ac­
tivities capable of phosphorylating Tyrs27 in cell lysates. Recently one 
laboratory has succeeded in purifying a kinase with apparent specificity 
for Tyrs27, from neonatal rat brain (Okada and Nakagawa, 1990). Presently 
it is unclear whether this kinase is expressed in fibroblasts, and it is 
possible that other kinases, or Src itself, maintains Tyrs27 in a phospho­
rylated state in fibroblasts. Even inefficient phosphorylation could allow 
high levels of net phosphorylation if dephosphorylation is slow. Un­
fortunately, the slow turnover of the ATP pool prohibits the use of label­
ing of intact cells for accurate analysis of phosphate turnover rate . 

Recently, we have tried to evaluate the sequence specificity of the 
kinases that phosphorylate Src Tyrs27 in Rat2 fibroblasts, by expressing 
mutant molecules in which Tyrs27 is presented in a different sequence con­
text (MacAuley and Cooper, 1990). Mutants that do not cause morphological 
transformation exhibit low in vitro kinase activity and are highly phospho­
rylated at Tyrs27. A summary of substitutions found in normal mutants 
shows greater diversity than found in the known Src family (Figure lB). 
At most of the residues subjected to mutagenesis, non-conservative sub­
stitutions are compatible with normal phosphorylation and regulation. The 
exceptions are AspslB and Glus24, suggesting that these acidic residues may 
be essential for phosphorylation or regulation. Interpretation of the se­
quences of transforming (i.e. deregulated) mutants is complicated because 
most of the mutants contain more than one substitution and it is not pos­
sible to ascribe the activated phenotype to a single changed residue. How­
ever, several of the transforming mutants contain alterations at slB or 524 
in conjunction with conservative substitutions elsewhere, so we are rea­
sonably sure that slB and 524 are key residues. One of the transforming 
mutants has Sers22 changed to Arg as the only mutation, suggesting that 
this residue, although replaceable by some non-conservative residues (Fig­
ure lB), cannot be replaced by Arg without perturbing phosphorylation or 
regulation. 

The phosphorylation states of some of the mutants have been assessed 
by 32p labeling and peptide mapping (MacAuley and Cooper, 1990). Gener­
ally, non-acidic substitutions at Glus24 greatly reduce the phosphorylation 
of Tyrs27 in Rat2 cells. Transforming mutations at AspslB or Sers22 
reduce phosphorylation to intermediate levels. These mutations begin to 
define the sequence requirements for phosphorylation in fibroblasts. 
Decreased phosphorylation could result from reduced recognition by kinases, 
or increased dephosphorylation by phosphatases. 

We are starting to test whether the mutant Src molecules are phospho­
rylated to different extents by known kinases. Initially, we are testing 
autophosphorylation by Src. This can be done by expressing the mutants in 
yeast. Src is phosphorylated at Tyrs27 in yeast, as it is in fibroblasts, 
although the stoichiometry is lower. In yeast, unlike fibroblasts, a 



283 

kinase-inactive mutant is not tyrosine phosphorylated, so all the Tyr527 
phosphorylation seems to be catalyzed by Src (Cooper and MacAuley, 1988). 
Therefore, the relative levels of phosphorylation of the mutants in yeast 
will indicate their relative autophosphorylation ability. So far, mutants 
with low phosphorylation in fibroblasts are scarcely phosphorylated at all 
in yeast, and high phosphorylation in fibroblasts corresponds to wild-type 
levels of phosphorylation in yeast (MacAuley, unpublished). The simplest 
interpretation is that the kinase that phosphorylates Tyr527 in Rat2 cells 
has the same substrate requirements that Src itself has. This does not 
prove that Tyr527 phosphorylation in fibroblasts is catalyzed by Src, 
since other kinases may have the same specificity. We will try to address 
this question in the future. 

Regulation of the POGF Receptor by Phosphorylation 

POGF stimulates phosphorylation of its receptor at 2 or more 
tyrosines (Kazlauskas and Cooper, 1989). The major site is Tyr857, which 
corresponds to Tyr4l6 of Src and Tyr394 of Lck. A minor site is at 
Tyr75l, which lies in a sequence in the kinase domain that is not found in 
most tyrosine kinases and is called a "kinase insert". In vitro, immuno­
precipitated POGF receptors phosphorylate at Tyr75l, so this is an 
autophosphorylation site. Whether Tyr75l phosphorylation in POGF-treated 
cells is catalyzed by the receptor or by another kinase is not known. 
Tyr857 is a lesser autophosphorylation site in vitro. As with Src Tyr4l6 
and 527, it is not clear whether the different ratios of phosphorylation of 
POGF receptor Tyr75l and 857 in vivo and in vitro is due to other kinases, 
phosphatases, or environmental factors. 

Phosphorylation of Tyr857 may be important for stimulation of kinase 
activity by POGF (Kazlauskas, unpublished). Receptors immunoprecipitated 
from POGF-treated cells, which have increased phosphorylation of Tyr857, 
have increased in vitro activity towards added substrates. Mutant 
molecules, with Phe at 857, do not show this increase. Phe75l mutants do. 
Also, cells expressing Phe857 mutant receptors show little increase in 
tyrosine phosphorylation of POGF receptor substrates (GAP and PLC1, see be­
low) in response to POGF (Figure 2). Thus, like Tyr4l6 in Src and Tyr394 
in Lck, phosphorylation of the homologous Tyr857 in the POGF receptor may 
increase activity. 

Phosphorylation of Tyr75l seems to have quite different effects. 
Wild-type POGF receptors contain POGF-inducible binding sites for specific 
intracellular proteins. Thus POGF causes the binding of phosphatidyl­
inositol 3 kinase (PI3 kinase), phospholipase C (PLC) 1, Ras GTPase ac­
tivating protein (GAP) and Src to the POGF receptor (Kaplan et al., 1987; 
Kazlauskas and Cooper, 1989; Morrison et al., 1990; Kazlauskas et al., 
1990; Kypta et al., 1990). The binding of PI3 kinase requires both a 
kinase-active receptor and Tyr at 751 (neither Gly nor Phe mutants can 
bind), and correlates with phosphorylation at Tyr75l (Figure 2; Kazlauskas 
and Cooper, 1989). Tyrosine is not required at residue 857. One model is 
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Figure 2. Properties of mutant forms of the human PDGF receptor p subunit, 
expressed in dog epithelial TRMP cells. WT: wild-type. R63s: a kinase­
inactive mutant. F7sl, F8s7 and F7sl/8s7: single and double mutants with 
Tyr to Phe mutations. For details see: Kazlauskas and Cooper, 1989; Kaz­
lauskas et al., 1990; and Kazlauskas, unpublished. 

that phosphorylation at Tyr7sl creates a binding site for PI3 kinase. An 
alternative model is that phosphorylation of Tyr7sl causes a conformation 
change that exposes a binding site elsewhere. The requirement for phospho­
rylation has been confirmed by in vitro studies using immunoprecipitated 
PDGF receptors and adding cell lysates as a source of PI3 kinase (Kaz­
lauskas and Cooper, 1990). The receptors have to be phosphorylated to 
permit binding of PI3 kinase. Preincubation with ATP, but not with p~imido 
ATP, allows phosphorylation at Tyr7sl and subsequent PI3 kinase binding. 
Phe7sl mutant receptors do not work in this assay. The assay also suggests 
that PI3 kinase does not have to be phosphorylated by the receptor in order 
to bind, because PI3 kinase from lysates of cells not treated with PDGF can 
bind to receptors under conditions that do not allow phosphorylation. 

Experiments with kinase-inactive receptors suggest that the binding 
of PLC~, GAP and Src also requires phosphorylation. Mutation of either 
Tyr7sl or 857, or both, reduces GAP binding, although not to the extent of 
a kinase-inactivating mutation (Figure 2; Kazlauskas et al., 1990). This 
is difficult to interpret in terms of the simple, single-site model pro­
posed for PI3 kinase. One possibility is that Tyr7sl is needed to form a 
binding site and that Tyr8s7 is needed for full kinase activity, to allow 
phosphorylation of GAP. In this model, phosphorylation of both Tyr7sl and 
GAP would be needed for binding. If phosphorylation of GAP is needed, then 
a simple in vitro binding assay, described above for PI3 kinase, would not 
work for GAP. Very recently we have been able to detect GAP binding to in 
vitro-phosphorylated PDGF receptors (Kazlauskas, unpublished). It is not 
clear how well this in vitro system approximates the situation in the cell. 
The binding is weak and requires large amounts of GAP (synthesized using 
Baculovirus vectors) to drive the binding. In this assay, phosphorylation 
of the receptor is required but GAP phosphorylation is not. Given that in 
vitro phosphorylated PDGF receptors contain little phosphate at Tyr8s7, it 
is likely that phosphorylation of this residue is not needed. Possibly the 
Phe8s7 mutation inhibits binding in vivo by altering the conformation of 
the receptor. This will be addressed in future experiments. 
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GAP, PLC~, PI3 kinase and Src have a shared sequence element, the SH2 
domain (Pawson, 1988). Three laboratories have evidence that SH2 domains 
have an affinity for tyrosine phosphorylated sequences. For example, a 
bacterial fusion protein containing just the SH2 domains of GAP or PLC~ 
can bind to phosphorylated EGF receptors in a cell lysate (Anderson et al., 
1990). Also, SDS-denatured tyrosine-phosphorylated medium T antigen binds 
to the 85 K component of PI3 kinase immobilized on a transfer membrane 
(Cohen et al., 1990). Our mutagenesis data suggest that the specific se­
quence context of the phosphotyrosine will be important, because PI3 kinase 
does not bind to PDGF receptors phosphorylated at Tyr8s7 and not Tyr7sl 
(Kazlauskas and Cooper, 1989). 

What is the significance of binding of PI3 kinase, PLC~ and GAP to 
activated receptors? The binding of PI3 kinase seems to be quantitative. 
PI3 kinase is a soluble enzyme, but when bound to the receptor it is 
membrane-associated. This would tend to bring the enzyme close to its sub­
strate phosphoinositides. In fact, the products of PI3 kinase, PI3,4P2 and 
PI3,4,sP3, accumulate in the membranes of POGF-treated cells but are un­
detectable in the membranes of control cells (Auger et al., 1989). In­
creased phosphorylation may result from the translocation of PI3 kinase or 
from an actual change in enzymatic activity. PLC~ is also a soluble en­
zyme, and after PDGF or EGF treatment becomes bound to the membrane via the 
cognate receptor. Growth factors stimulate PI4,sP2 cleavage, evinced by 
decreases in PI4,sP2 and increases in 1,4,sIP3 and diacylglycerol. Trans­
location of PLC~ into proximity with membrane PI4,sP2 may be important for 
this, although very recent evidence suggests that tyrosine phosphorylation 
of PLC~ may be sufficient to stimulate its activity in vitro (Nishibe et 
al., 1990). 

In the case of GAP, interpretation is complicated by uncertainty 
regarding the true function of GAP (McCormick, 1990). GAP stimulates the 
hydrolysis of GTP bound to Ras, and GAP may also be an effector of Ras. 
PDGF-induced translocation to the membrane could bring GAP close to 
Ras.GTP, so increased hydrolysis of GTP bound to Ras might be expected. 
The situation is complicated, however, because some of the products of PI 
turnover, including diacylglycerol and phosphatidic acid, inhibit GAP in 

vitro (Tsai et al., 1990; Yu et al., 1990). In fact, in the cell, POGF 
causes an increase in the concentration of Ras.GTP relative to Ras.GOP 
(Satoh et al., 1990). Whether this is due to inhibition of GAP is not 
known. Any model to account for these observations has to allow for the 
apparently low stoichiometries of GAP tyrosine phosphorylation and of asso­
ciation with the membrane via the PDGF receptor. 

Summary 

Protein tyrosine kinases are themselves regulated by tyrosine phos­
phorylation. Src and its relatives are inhibited by carboxy-terminal 
phosphorylation by presently-unidentified tyrosine kinases. The 
specificity of these inhibitory kinases resembles that of Src itself, and 
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one possibility is that Src undergoes an autoinhibitory self­
phosphorylation. Src, the PDGF receptor, and many ot~r tyrosine kinases 
are also subject to phosphorylation at a conserved tyrosine residue in the 
kinase domain. Phosphorylation of this residue correlates well with ac­
tivity, and is probably important for full enzymatic activity. Phospho­
rylation in the kinase insert of the PDGF receptor creates a binding site 
for PI3 kinase. Binding of GAP, PLC~ and Src to activated PDGF receptors 
may similarly involve interactions with phosphotyrosine residues in the 
kinase insert or elsewhere in the PDGF receptor. These binding reactions 
may be important for trans locating soluble signal transduction proteins to 
the membrane. 
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pp75: A mv:EL TYROSINE PIIlSFHJIMATED PROl'EIN '!HAT HERALDS DIFFERENl'IATIOO 
OF HL-60 CELLS 

Ilana Bushkin +, Jesse Roth t, Daphna Heffetz + and Yehiel Zick + +Department 
of Chemical ~logy, '!he Weizmann Institute of Science, Rehovot 76100, 
Israel and '!he Diabetes Branch, NIDII<, Naticmal Institutes of Health, 
Bethesda, MD 20892, USA. 

The pranyelocytic (HL-60) leukemia cells are an excellent rrodel system to 
study cellular differentiation since they undergo norpl'x:llogical changes in 
response to various differentiation agents which result in a phen::>type with 
the characteristics of a nax:x::yte/macrophage or a granulocyte (Collins, 
1987). Alterations in protein tyrosine phospl'x»:ylation were :iJrplicated as 
playing an :lnportant role in the induction and maintenance of the differen­
tiated phenotype of HL-60 cells (Frank and Sartorelli, 1988) as several 
specific ono::lgene products which possess protein tyrosine kinase (Pl'K) 
activity are expressed durin]' early stages of myeloid differentiation (Sar­
iban et al. 1985; Gee et al. 1986; Yu and Glazer, 1987). Hence, Potential 
substrates for these Pl'Ks oould play an :ilrq;:lortant role in regulatin]' the 
differentiation process. To observe changes in phosphotyrosine metabolism 
at the substrates level, HL-60 cells were treated with a cx:mbination of 
H202 and vanadate to inhibit the intracellular protein tyrosine pOOsphatase 
(PI'Pase) activity (Heffetz et a1. 1990). Such treatment enabled us to 
enhance markedly protein tyrosine phosphorylation and detect a rxwel 75 kDa 
protein that undergoes enhanced tyrosine phosphorylation durin]' early 
stages of differentiation of these cells. 

RESULTS and DISClJSSIOO 

Protein Tyrosine Phosphoxylation During Differentiaticn of HL-60 Cells -
Imnuooblotting of total HL-60 cell extracts with antibodies directed 
against P-Tyr residues has been employed to detect proteins that undergo 
preferential tyrosine phosphorylation in the course of differentiation of 
HL-60 cells into nooocytes, granulocytes and macrophages. These differen­
tiation pathways were induced upcn incubation of HL-60 cells with 0.5 tIM 
1: 25(OH)2VitD3' 0.5 rrM B~cAMP, or their cx:mbination, respectively (Man­
gelsdorf et al. 1984; Collins, 1987; Bushkin and Zick, 1990). We found 
that a 20 min. incubation of HL-60 cells with a cx:mbination of 2 rrM H202 
and 0.1 rrM vanadate to inhibit intracellular PI'Pase activity enabled us to 
detect several proteins that underwent enhanced tyrosine phosphorylation. 

In undifferentiated HL-60 cells, H202/vanadate augmented the ph0spho­
rylation of a sin]'le protein, pp53, that was considered to be a differenti­
ation-independent tyrosine phosphorylated protein (Fig. 1, lane A). In 
HL-60 cells, treated with 1:25(OH)2VitD3 for 3 days, several additional 
phosphotyrosine-containinJ proteins (e.g. pp75, pp88, pp95, pp1l5) were 
found to undergo H20z/vanadate-stimulated tyrosine phosphorylation (Fig. 1, 
lane F). The major one was pp75 wh:>se phosphorylation was already 
increased 2 hr after induction, reached maximal levels on day three and 
remained unal tared durin]' days 3-6 of the differentiation process. By con­
trast, the extent of differentiation, assessed by narltoring the reduction 
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of intracellular nitroblue tetrazolium (NBT) into dark blue formazan 
deposit, caused by superoxide (~-) productien in the differentiated phern­
type (Olaplinski am Niedel, 198~) was n:>t detected earlier than 24 h::u:rs, 
am lagged behind tl'lra.lgh the course of differentiatien (Fig. 1). In 
~cAMP-treated HL-60 cells, induced to differentiate into granulocytes, we 
del:ected an initial increase in the P-Tyr content of pp75, which was fol­
lowed by a dramatic reductien in its P-Tyr content t:hralgh day two am its 
oc::mplete disappeararx::e en day three (n:>t stnm). POOsph:>rylatien of pp75 
oocurred exclusively en tyrosine residues, as imnunoblottirYJ with anti 
P-Tyr antibodies was inhibited by 10 tIM P-Tyr, but n:>t by 1 rcM P-Ser or 
P-Thr (n:>t stnm). 
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Fig. 1: Time course of the effect of 1:25«(JI)2Vi~ en the inductien of 
NBT POSttive cells and en increased P-Tyr content ol pp75. HL-60 cells 
(O.5x10 /ml) were maintained lU1induced or were induced with 0.25 tIM 
l:25(CH)2VitD3 for the in:licated h::u:rs. NBT positive cells were soored 
for deposits of reduced black fonnazan. Prospootyrosine content of pp75 

(in H2~/vanadate-treated cells) was determined by iJrrm.u'x)blottiDJ of 
cell extracts with anti P-Tyr antibodies. The bands correspcndi.r¥J to pp75 
were scanned by a densi taneter, and the intensity of (ix:lspOOrylated pp75 
was plotted as the percent of maximum effect observed with l:25(CH)2VitD3' 

I>. BCD E 

pp 15- - 66 

pp5) - • • - 42 

• • - ---- 31 -
1:2510Hl2vitD)lnM) - 0001 0.01 0 .1 10 50 

P-Tyr Content 01 0 29 20 32.9 611.4 11.1 100 
pp 75('401 mox) 

NBT Positi..,.. 0 0 5 II 17.' 39 100 
1%01 max) 

Fig. 2: Effect of increasing ooocentraticns of 1:25«(JI)2Vi~ en the 
inductien of NBT positive cells and inc:reased P-Tyr content of pp75. 
HL-60 cells were maintained uninduced or were induced to differentiate with 
the in:licated oc:n::entratien of 1:25(OH)2VitD3 for three days. NBT positive 
cells am ph::lsptx>tyrosine content of pp75 were determined as 
described in the Legend to Figure 1. 
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When HL-60 cells were treated with 1:25(OH)2VitD3 for three days, the 
fracticn of cells that soared a pasi tive reacticn wi til NBT increased in a 
dose-~t manner, with half max:I.mal effect detected in cells treated 
with 5x10- M 1:25(OH)2Vi~ (Fig. 2). In cx:ntrast, the increase of the 
differentiaticn marker pp75 was evident at IIU.lCh lower oc::ncentratiens with 
maximal effects already detected at 2x10-9 M 1:25(OH)2VitD3. Hence, the 
inducticn of rapid tyrosine ph::>sphorylaticn of pp75 emerges as a praninent 
early event of the response of the cells to differentiaticn agents. pp75 
~rylaticn is oot simply due to the grcMth arrest that acccmpanies 
tenn:i.nal differentiaticn since inhibitors of cellular growth, such as 
adriamycin, fail to stimulate tyrosine phosphorylaticn of this protein (oot 
sh:Jwn) • pp75 could also be labeled in cells that are nora advanced in 
their differentiaticn state like the hlUllan leukemia cells U-937 and tenni­
nally differentiated m::n:>cyte-derived macrophages fran peripheral blood. 
These findings suggest that the phosphorylaticn of pp75 is oot a specific 
response of malignant cells induced to differentiate, but appears to be an 
integral part of the nonnally differentiated pheootype. 

Subcellular Loc:alizatioo of pp75 - To examine the subcellular locali­
zaticn of pp75, cytosolic and particulate fractiens fran undifferentiated 
and 1:25(CE)2VitD3-induced HL-60 cells were prepared. In the absence of 
1:25(OH)2VitD3 pp75 was barely detected in the cytosol or particulate frac­
tiens (Table I). Inducticn of differentiaticn by 1:25(OH)2VitD3 increased 
the P-Tyr cx:ntent of pp75 in the cytosol fracticn of the differentiated 
cells, but 00 significant arounts of tyrosine ph::>sphorylated pp75 could be 
detected in the particulate fracticn. These data suggest that pp75 in 
HL-60 cells is localized mainly in the cytosol. It srould be ooted that 
unlike pp75, pp53 was localized both to the cytosolic and the particulate 
fractiens. 

Table I: Subcellular localizatioo of pp75 in HL-60 cells. Undifferenti­
ated HL-60 cells or cells induced to differentiate, for three days with 
0.25 lIM 1: 25( CE )2Vi tD3 were incubated at 3~C for 20 min with 2 nM H2~ and 
0.1 lIM vanadate. At the end of incubaticn cells were harogenized, and 
fracticnated into cytosol and particulate fractiens. IJrmurx)blottinJ with 
anti P-Tyr antibodies was carried out and the P-Tyr content of pp53 and 
pp75 was detennined by scanninJ densi tanetry. 

Densitometry (arbitrary Units) 

Treatment Cytoplasmic particulate 

1 ;2S(OH)2vitD3 ~ ~ ~ ~ 

46.6 2.3 7.6 1.3 
+ 33.9 7.9 11 .1 1.0 

In vitro tyrosine phosphorylatioo of pp75 - To exclude the possibil­
i ty that trea'bnent with H2O, and vanadate may activate tyrosine kinases 
with relaxed substrate specificity, we made an attanpt to determine whether 
pp75 could be tyrosine phosphorylated in vitro by its correspondin:J kinase 
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in an H2~/vanadate-independent manner. As seen in Fig. 3, incubatien of 
cytosol derived fran uninduced (C01trol) HL-60 cells, with divalent caticns 
and ATP had 00 effect en protein tyrosine ph:)sph::>:rylatien of pp75. In C01-
trast, cytosol derived fran 1:25(OH)2VitD3-induced HL-60 cells possessed a 
protein tyrosine kinase which ph:)sph::>:rylated pp75 in a time dependent man­
ner. Tyroaina ~latial of pp53 cculd already be c3ateoted in cyto-
8018 derived fran C01trol cells, 0CMever its ph:)sph::>:rylatien was rRarkecny 
in::reased in cytosols derived fran 1:25(OH)2VitD3 treated cells. These 
data indicate that pp53 and pp75, as well as the enzymatic activities that 
catalyze their ~:rylatien, are localized, at least in part, in the 
cytosol. 
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Fig. 3: In vitro phosphorylaticn of pp75 in HL-60 cytosolic fracticn. 
HL-60 cellS-were maintained uninduced (C01trol) or were induced for 3 days 
with 0.25 tlM 1:25(OH)2VitD3 (differentiated), washed twice in RIM! and fro­
zen in liquid nitrogen. Cytosols were obtained and pl'x:>sph:):rylated in vitro 
in the presence of 0.25 rrM ATP, 2 rrM MnC12 and 10 rrM MJ acetate. The pros­
pl'x):rylated proteins were resolved by means of SDS-PAGE. Imnurx:lblotting 
with anti P-Tyr antibc:xti.es and detenninatien of the P-Tyr C01tent of pp53 
and pp75 were carried out as described in the Legend to Fig. 1. 

These findings raise the intriguing possibility that pp75 may be a 
tyrosine kinase capable of undergoirYJ autoph::>spl'x:>:rylatien. This hypothesis 
is supported by the fact that HL-60 cells C01tain a cytosolic tyrosine 
kinase of 70 kDa (Kraft and BerkcM, 1987). Altlxlugh cnly slight changes in 
this enzyme activity were reported durirYJ differentiatien into retiooic 
acid-derived granulocytes and TPA-derived macrophages, further studies will 
be needed to establish the correlatien between pp75 described here, and the 
enzyme previously described. 

If indeed pp75 functicns as a protein tyrosine kinase, then our 
results indicate that ei ther its anomt or its activity are markedly 
increased durirYJ early stages of both nco::>cytic and granulocytic differen­
tiatien. As such, pp75 ph::>sph:):rylatien could functien as a 'c:x::mtY:::n differ­
entiatien signal', that together with additicnal lineage-specific signals 
herald the differentiatien of HL-60 cells. Such a ccoclusien is supported 
by recent observaticns that four growth factors that trigger the differen­
tiatien of HL-60 cells, G-CSF, G1-CSF, TNF-ex. and IFN-l rapidly stimulate a 
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transiet serine and tyrosine pOOspOOrylation of a 75 kDa pro*Zin when incu­
bated with permeabilized HL-60 cells in the presence of [3'- P] ATP (Evans 
et 81. 1990). Since TNF and IFN-3', like 1:25(OH)2VitD3' prarote norocytic 
differentiation of HL-60 cells, whereas G-CSF and G1-CSF, like BtzcAMP, 
induce granulocytic differentiation, these studies support the ootion that 
~lation of pp75 may be associated with the induction of a oarm::n 
differentiation signal both towards the granulocytic and m:::nxytic line­
ages. The data provided in the present oork suggests that the ocntent of 
pp75 and/or the activity of the kinase that catalyzes its plx:>sphorylation 
are persistently elevated during the course of rrorocytic differentiation of 
HL-5O cells, suggesting that differentiation agents may induce both tran­
sient (Evans et al. 1990) and lonJ-term effects (present study) on pp75. 
Further studies are therefore necessary to unravel the role of pp75 during 
the acute and chrcoic phases of the differentiation process. 
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INTRODUCTION 

A number of homologs of mammalian proto-oncogenes have been 

identified in Drosophila (for review see Shilo, 1987). These include 

homologs of genes encoding cytoplasmic and transmembrane tyrosine kinases, 
p2l ras , raf, and nuclear oncoproteins. Genetic experiments in flies 

(Henkemeyer, et a1., 1987; Bishop and Corces, 1988; van den Heuvel et a1., 
1989; Elkins et a1., 1990) suggest that, rather than regulating cell 

growth, Drosophila proto-oncogenes may principally be involved in 

specifying cell morphology or regulating cell-cell interactions during 

development. 

The Drosophila homolog of p60c - src (Dsrc) cloned by Hoffman, et a1. 
(1983) and by Simon et a1. (1985) is located at chromosomal region 64B, 

and encodes a protein (p62D) whose predicted amino acid sequence is 47% 

identical to that of chicken p60 c - src and equally similar to the other 

vertebrate src family members. The catalytic and SH3/SH2 domains are 

highly conserved between Dsrc and vertebrate src family members, while the 

amino and carboxyl termini of the molecules diverge. A number of residues 

important for p60c - src function are conserved in p62D, including the Gly2 

myristylation site, the Lys295 ATP binding site, the Tyr4l6 autophos­

phorylation site, and the site of negative regulation of enzymatic activity 

at Tyr527. Dsrc is expressed primarily in neural tissue and gut-associated 
smooth muscle of Drosophila embryos, larvae and pupae, and is rare in 

adults. We have expressed p62D in mammalian fibroblasts and begun 

characterizing p62D in these cells and in the Drosophila Schneider 2 cell 

line. Here we report a preliminary comparison of the enzymatic properties 
of this molecule with those of chicken p60c - src . 

RESULTS 

Because we hoped to study p62D in a physiologically relevant setting 

we tested the Drosophila Schneider 2 cell line (SL2) for endogenous 

expression of the kinase. Since this cell line was derived from 

dissociated Drosophila embryos (Schneider, 1972), it is not clear what 

tissue type(s) it represents. NP40 (1%) lysates of Schneider cells were 

immunoprecipitated with an antipeptide antiserum to the 13 C-terminal amino 

acids of p62D (kindly supplied by M. Simon) or with a non-immune serum, 

and incubated with [,32p-ATP] in immune complex kinase assays. SDS-PAGE 
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on a 12.5% gel revealed a doublet running at the same molecular weight as 
p62D immunoprecipitated from Rat2 fibroblasts expressing a cDNA encoding 
p62 D (also supplied by M. Simon) driven by a retroviral long terminal 
repeat promoter (see Figure 1). Both bands of the Schneider cell doublet 
contain PTyr, as do the bands from fibroblast immunoprecipitates (the upper 
bands of each doublet are shown in Figure 2). The immunoprecipitate from 
Schneider cells phosphorylates a slightly-lysine rich histone preparation 
(histone 7S, Sigma) on tyrosine in vitro (see Figure 1 and 2C), as does 
the immunoprecipitate from Rat2 cells (phosphoamino acid analysis not 
shown). 

Further evidence that Schneider 2 cells express p62 D comes from two­
dimensional tryptic phosphopeptide mapping of Schneider cell or fibroblast 
immunoprecipitates labelled in vitro with 132p-ATP (see Figure 3). When 
separated by thin layer electrophoresis at pH 8.9, and by chromatography in 
a buffer of 37.5% n-butanol, 7.5% acetic acid, 25% pyridine, and 30% water, 
most of the major tryptic phosphopeptides of the 62 kd proteins from these 
two cell types comigrate. The few spots not shared by the two samples may 
be due to different proteins in the two cell types which cross react with 

Figure 1: A 62 kd protein can 
be immunoprecipitated from 
Schneider cells with an 
antibody to the C-terminus of 
p62D. SL2, Schneider 2 cell 
line. R2-D3, Rat 2 cells 
expressing Dsrc cDNA. N, non­
immune serum. I, immune serum. 
"No kinase" denotes substrate 
histone 7S alone in kinase 
cocktail. Gel was alkali 
treated prior to auto­
radiography. 
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VII-S ~ 

S L2 
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Figure 2: The 62 kd proteins from both Schneider and R2-D3 cells are 
labelled on tyrosine in vitro, as is the substrate histone 7S. Labelled 
proteins were eluted from an SDS gel, TCA precipitated, hydrolyzed at 
110·C for one hour in 5.7 M HC1. Amino acids were separated by 
electrophoresis in two dimensions (pH 1.9 and 3.5), and identified by 
ninhydrin stainable phosphoamino acid standards. A, h i stone 7S labelled 
by Schneider cell immunoprecipitate; B, p62D from Schneider cells; C, p62D 
from Rat 2 cells . S, phosphoserine position; T,phosphothreonine position; 
Y, phosphotyrosine position. 

the polyclonal antibody and are labelled in vitro. Phosphoamino acid 
analysis of the principal spots of the maps from fibroblast p62D revealed 

that all contain phosphotyrosine. Since mUltiple spots are also seen when 

in vitro labelled p62D is digested with chymotrypsin or thermolysin (data 

not shown), the data suggest that p62D, unlike p60c - src , autophosphorylates 
on multiple tyrosine in vitro. The vast majority of p60 c - src 

autophosphorylation in vitro occurs at a single residue: tyrosine 416 
(Smart et a1., 1981). 

An additional difference between p62D and p60c - src i s the failure of 

the Drosophila enzyme to be stimulated by antibody binding to its C­

terminus (data not shown), while C-terminal antibody binding to p60c - src 

can stimulate its kinase activity approximately ten-fold, presumably by 

preventing the C-terminus from inhibiting kinase activity (Cooper and King, 

1986). In this experiment p62D imm~noprecipitated from Schne i der cells 

with an antiserum against its N- terminus was then incubated with buffer 

alone, with the antipeptide antiserum against the C-terminus of p62D, or 

with the N-terminal antiserum. There was no difference in 

autophosphorylation of p62D or in histone 7S phosphorylation under these 

three different conditions, suggesting that C-terminal antibody binding 

does not stimulate p62D kinase activity in vitro. 
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R2 -D3 SL2 ~ i x 

+ + - + 
Figure 3: Two dimensional tryptic phosphopeptide maps of p62 
immunoprecipitated from Schneider cells and fibroblasts are very similar, 
suggesting the protein in Schneider cells is the product of the 64B locus . 
Proteins were labelled in vitro, eluted from an SDS gel, TCA precipitated, 
and digested exhaustively with trypsin. Peptides were separated in two 
dimensions as described in the text. Small circle at the lower right 
denotes the origin. 

CONCLUSION 

As part of our initial characterization of p62D, we have shown that 
the molecule is expressed in Schneider cells. Because the phosphopeptide 

maps of p62D precipitated from Schneider cells and from rat fibroblasts 
expressing a cDNA clone of Dsre are very similar, we conclude that the 
protein in Schneider cells is very probably the product of the cloned mRNA 
from Dsre 64B . p62D has tyrosine kinase activity whether 
immunoprecipitated from Schneider cells or from mammalian fibroblasts 
expressing a cDNA encoding p62D. p62D thus behaves like vertebrate p60c -
sre in its ability to autophosphorylate on tyrosine in vitro. However, 
p62D appears to behave differently from p60c - sre in several ways : 1) it 
phosphorylates an exogenous, histone VIIS, which p60c - sre recognizes 
poorly in vitro (p60c - sre data not shown); 2) it autophosphorylates on 
mUltiple tyrosines in vitro; 3) its kinase activity in vitro is not 
stimulated by C-terminal antibody binding. We are continuing our 

investigation of the functional regulation of p62D by making substitution 
mutations at the p62D homo logs of amino acids known to be crucial to p60c -
sre function: Lys295 and Tyr527. Future studies of these constructs 
expressed in Schneider cells and in transgenic flies should provide 

additional insight into the function of p62D. 
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PBOSPBOINOSITIDE KINASES AND EGF RECEPTOR ACTIVATION IN PLASMA MEMBRANES 
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ABSTRACT: When plasma membranes isolated from A431 cells were incubated in 
the presence of EGF, 32p incorporation from [y32p] ATP in inositol lipids 
was significantly enhanced. These lipids were identified as PtdIns(4)P and 
PtdIns(4,5)P2 by H.P.L.C. analysis. Further experiments indicated that both 
PtdIns 4-kinase and PtdIns(4)P 5-kinase are probably regulated by the EGF­
receptOl.' tyrosine kinase. Res~lts concerning the PtdIns 3-kinase are 
discussed. 

INTRODUCTION: There is now growing evidence that polyphosphoinositides dis­

play various functions in signal transduction of many growth factors, hor­

mones and neurotransmitters. First, it is well known that phosphatidylino­

sitol 4,5-bisphosphate (PtdIns(4,5)P2) plays a central role as the major 

substrate of phospholipases C and a source of the two second messengers, 

inositol 1,4,5-trisphosphate and diacylglycerols (Berridge, 1987; 

Nichizuka, 1988). Second, PtdIns(4,5)P2 by itself probably contributes to 

the regulation of cytoskeleton reorganisation during cellular activation 

since specific interactions have been described between this inositol lipid 

and some cytoskeletal proteins such as profilin and gelsolin (Lassing et 

Lindberg, 1988; Goldschmidt et a1." 1990). Two lipid kinases, the 

phosphatidylinositol (PtdIns) 4-kinase and the phosphatidylinositol 4-phos­

phate (PtdIns(4)P) 5-kinase, are involved in its synthesis whereas phospha­

tases and phospholipases C participate to its catabolism. However while 

phospholipase C activation is well documented, little is known about regu­

lation of the other enzymes, both kinases and phosphatases. 

On the other hand, new polyphosphoinositides phosphorylated on the 3-

position of the inositol ring, have been recently subject to intense study 

(Whitman et a1., 1985 ; Kaplan et a1., 1986). Another lipid kinase, a 

PtdIns 3-kinase has been identified and now partially purified (Whitman et 

a1., 1987 ; 1988 ; Auger et a1., 1989 ; Morgan et a1., 1990). This enzyme 

has been described as associated to the PDGF receptor as well as to the 

oncogene product, pp60src . Its activation might be involved in the mi-

Footnote: *INSERM - Unite 244, BACE, CENG, BP85X, 38041 Grenoble Cedex, 
France. 
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to genic signal of PDGF. However, until now, there is no evidence for a 

precise role of these new inositol phospholipids ; indeed, they are poor 

substrates of the purified phospholipases C (Serunian et al., 1989). 

The EGF receptor, like PDGF receptor, possesses an intrinsic and 

essential tyrosine protein kinase activity (Carpenter, 1987 ; Yarden et 

Ullrich, 1988). On the other hand, an increase in PtdIns turn-over has been 

reported upon EGF treatment (Sawyer et Cohen, 1981). More recently, it has 

been demonstrated that, at least in cells overexpressing EGF receptor, EGF 

stimulates PtdIns(4,5)P2 hydrolysis, by a mechanism probably involving both 

tyrosine-phosphorylation and translocation of phospholipase Cy1 (Hepler et 

Wahl et al., 1987 ; Meisenhelder et al., 1989 Payrastre et aI., 1987 

aI., 1990 Todderud et al., 1990). We report here that EGF is also able to 

enhance PtdIns(4)P and PtdIns(4,5)P2 synthesis in plasma membranes of A431 

cells, overexpressing EGF receptor. Additional experiments suggest that 

this stimulation is due to a regulation of PtdIns 4-kinase and PtdIns(4)P 

5-kinase activities by the EGF - receptor tyrosine kinase. Furthermore, we 

could not demonstrate in this model any increase in the 3-phosphorylated 

inositol phospholipid synthesis although immunoprecipitation studies indi­

cate some connections between EGF receptor and PtdIns 3-kinase. 

MATERIALS and METHODS: Plasma membranes from A431 cells were isolated as 

previously described (Payrastre et al., 1988). The phosphotyrosyl protein 

phosphatase (PTPase) from A431 membranes was purified according the proce­

dure of BUtler et al. (1989). Lipid kinase assays, H.P.L.C. analysis of in­

ositol lipids and immuno-isolation of phosphotyrosyl proteins were carried 

out as described by Payrastre et al (Biochem. J., 1990). 

RESULTS and DISCUSSION 

EGF stimulation of inosital-lipid labelling from [y_32PJATP 

When plasma membranes from A431 cells were pre incubated under precise 

experimental conditions, in the presence of vanadate and ATP, EGF increased 

32p labelling of PtdIns P and PtdIns P2 from [y_ 32pjATP (Table 1). 
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Table 1: Stimulation by EGF of phosphoinositide phosphorylation in A431 

plasma membranes. from [y_3ZP1ATP. 

Ptdlns P Ptdlns P2 

(% of control values) 

+ EGF (200 ng/ml) 134 ± 4 

(p<0.001, n=6) 

164 ± 19 

(p<O.OS, n=S) 

Since, in isolated plasma membranes, phospholipase C activation 

following EGF addition was very low (Payrastre et al., 1990) and inositol­

lipid phosphatase activities were negligible (results not shown), the data 

presented in Table 1 suggest that Ptdlns and Ptdlns(P) kinases are possible 

targets of EGF receptor. Vanadate alone, a potent inhibitor of 

phosphotyrosyl-protein phosphatases, was also able to enhance, at a less 

extent, inositol-lipid labelling as described (Payrastre et al., Biochem. 

J., 1990). 

H.P.L.C. Analysis of the [3ZP1 labelled inositol phospholipids 

Comparison of the two H.P.L.C. profiles (Fig. 1) indicates that, upon EGF 

treatment, there was only an increase in Ptdlns(4)P and Ptdlns(4,5)PZ 

labelling with only appearance of trace amounts of Ptdlns(3,4)PZ' 

Therefore, EGF-receptor activation leads to the stimulation of Ptdlns 4-

kinase. From these results it is difficult to state if Ptdlns(4)P 5-kinase 

is also stimulated since only a simple increase in Ptdlns(4)P might explain 

the increase in Ptdlns(4,5)Pz labelling. 

Decrease in inositol-lipid labelling from [y_3ZP1ATP after plasma-membrane 

treatment with a specific PTPase 

A431 plasma membranes were incubated first with a purified PTPase 

either in the presence of vanadate as inhibitor (inhibited PTPase) or in 

its absence (active PTpase) and lipid kinase activities were then assayed, 

after adjustment of vanadate concentrations. Table Z indicates that 

Ptlns (4)P and Ptdlns (4,5) Pz labelling was highly decreased when plasma­

membrane proteins were previously dephosphorylated by the PTPase. These 

results emphasize the role of tyrosyl phosphorylation in lipid kinase 

activation. 
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Figure 1: H.P.L.C. profiles of the deacylated inositol phospholipids from 

total lipid extracts. 
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Table 2: Activities of Ptdlns 4-kinase and Ptdlns(4)P 5-kinase after 

dephosphorylation of plasma-membrane proteins by a specific PTPase. 

Preincubation Ptdlns(4)P Ptdlns(4,5)P2 

p.mol. 32 p incorporated/mg protein/10 min. 

+ inhibited PTPase 

+ active PTPase 

174 

78 

5 

1 

Immuno-isolation of lipid kinases from A431-cell plasma membranes 

Lipid kinase activities were assayed in proteins immunopurified from 

plasma membranes using a sepharose-linked antiphosphotyrosine antibody. 

Higher activities were present when plasma membranes were stimulated by EGF 

and H.P.L.C. analysis indicated that both Ptdlns 4- and Ptdlns(4P) 5-

kinases were immuno-isolated (results not shown). However, a high Ptdlns 3-

kinase activity was also present. 

The immuno-iso1ation of the three lipid kinases might indicate that 

they are all regulated by EGF receptor, either by a direct 

tyrosyl/phosphorylation or by some association with phosphotyrosyl proteins 

as well as with the autophosphorylated EGF receptor. However, we could not 

measure any significant increase in Ptdlns(3)P or Ptdlns(3,4)P2 labelling 

when plasma membranes were incubated with EGF whereas Ptdlns(4)P and 

Ptdlns(4,5)P2 radioactivities were higher. Such a dissociation between 

lipid kinase regulation and their behaviour towards antiphosphotyrosine 

antibody remains to be elucidated. Further experiments in whole cells are 

now in progress. 
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A. INTRODUCTION 

The phosphorylation and dephosphorylation of proteins plays an essential role in the re­

gulation of cellular proliferation and differentiation processes. Within the central ner­

vous system (CNS) protein phosphorylation is considered to be involved in various as­

pects of neuronal function including neurotransmitter uptake, storage, metabolism and 

release. A possible regulatory role of tyrosine phosphorylation in neurotransmission is 

supported by the recent observation that synaptophysin, a major synaptic vesicle protein 

is phosphorylated by the ~ encoded protooncogene product pp60~ (Barnekow et 

aI., 1990). Expression of pp60~, the first well defined protooncogene product, is de­

velopmentally regulated and tissue-specific, with neuronal tissues displaying high 

amounts of the ~ encoded pp6~ kinase activity (Barnekow and Bauer, 1984; 

Schartl and Barnekow, 1984). In the CNS pp6~ is preferentially expressed in re­

gions characterized by a high content of grey matter and elevated density of nerve ter­

minals (Sudol, 1988). The physiological function of pp60~ is still unclear and 

specific target proteins need to be identified in order to obtain a better understanding of the 

role this protein plays in cellular differentiation processes. 

B. METHODS AND RESULTS 

Using rat synaptic vesicles purified through the step of chromatography on controlled­

pore glass beads, highest amounts of pp6~ were found in the vesicle fraction, also 

containing the highest amounts of synaptophysin (p38), a well characterized integral 

membrane glycoprotein (Hell et aI., 1988; Barnekow et aI., 1990). Based on the predicted 

amino acid sequence in conjunction with immunological and biochemical experiments a 
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model for the membrane topology of synaptophysin has been proposed (Johnston et aI., 

1989). The data predict that the protein traverses the vesicle lipid bilayer four times 

with both the amino and carboxy terminal ends facing the cytoplasm. Within the 

carboxy terminal tail, p38 contains 9 potential tyrosine phosphorylation sites (Table 1). 

Table 1: SEQUENCE OF THE CYTOPLASMIC DOMAIN OF RAT SYNAPTOPHYSIN 

synaptic vesicle membrane -- KE 

G:13PGGYGFQ 

TGWAAPFMRA PPGAPEKQPA 

DSYGPCn3YQ PDYGOPASGG PGDAYGDAGY 

GGYGPQGDYG QQGYGQQGAP TSFSNQM-COOH -- cytoplasm 

The co-localization and co-purification of pp60Q.:..S..[C. and synaptophysin and the tyrosine­

rich cytoplasmic tail of p38 suggest a specific interaction of synaptophysin as a potential 

physiological substrate for the endogenous tyrosine kinase pp6~ present in synaptic 

vesicles. 

1 2 345 6 

pp60c-src :::: 

Fig.1: PHOSPHORYLATION OF SYNAPTOPHYSIN in vitro AND IN in1ll..t 
SYNAPTIC VESICLES BY pp60~ 

pp60Q.:..S..[C. was immunopurified from Q.:..S..[C. transfected 3T3 cell extracts using Mab 327 
(Lipsich et aI., 1983). Lane 1: 5jlg vesicle extract was added to pp60~ before the 
addition of 5jlCi gamma- 32 p_ATP for 10 min. at 250C and stopped by sample buffer as 
described earlier(Barnekow et aI., 1990). The proteins were separated on a 12.5% 
polyacrylamide gel and detected by autoradiography; lane 2: same preparation in the 
absence of vesicle extract; lane 3: 0.1 jlg synaptophysin, purified as described in Navone et 
aI., 1986, added to immunopurified pp6().C..:.S!k before the phosphorylation reaction was 
started; lane 4: immunopurified pp60Q.:..S..[C. added to synaptophysin, immunoprecipitated 
from 5 jlg synaptic vesicle extract by Mab C7.2 (Navone et aI., 1986); lane 5: 5 jlg intact 
synaptic vesicles added to immunopurified pp60Q.:..S..[C.; lane 6: 5 jlg intact synaptic vesicles 
phosphorylated in the absence of exogenously added pp6~. 
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~, immunoprecipitated pp60~hosphorylated p38 in synaptic vesicle extracts 

(Fig. 1, lane 1). With a preference for ZnCI2 before MnCI2 or MgCI2 the phosphorylation 

reaction was found to be time - and pH - dependent (Fig. 2, Fig. 3). 

1 2 3 5 6 7 8 9 10 

38K 

Fig. 2: ION-AND TIME-DEPENDENT PHOSPHORYLATION OF SYNAPTOPHYSIN 
BY IMMUNOPURIFIED pp60~ in vitro 

Phosphorylation of synaptophysin (p38) was performed as described in Fig. 1 in the 
presence of 1= 50 mM Mg2+; 2 = 50 mM Mn2+; 3 = 50 mM Zn2+; 4 = 0.5 mM Zn2+; 5 
= 5 mM Zn2+; 6 = 50 mM Zn2+ ; 50 mM Zn2+ for 1 min = 7; for 3 min. = 8; for 5 min. 
= 9; for 10 min. = 10. 

1 2 

p38~ 

pp60c-src .--
~ p52 

Fig. 3: pH - DEPENDENT PHOSPHORYLATION OF SYNAPTOPHYSIN BY 
IMMUNOPURIFIED pp60~ in vitro 

Phosphorylation of synaptophysin (p38) was performed as described in Fig. 1. Lane 1 
pH 7.5; lane 2 = pH 4.5; p52 = indicates a pp6~ specific degradation product. 

When purified synaptophysin was added to immunopurified pp60~ a distinct phospho­

rylation of p38 occured (Fig. 1, lane 3). In the presence of Mab C7.2, a monoclonal 

antibody against synaptophysin directed against the tyrosine-rich cytoplasmic tail of syn­

aptophysin (Navone et aI., 1986), the degree of phosphorylation of p38 decreases drasti­

cally (Fig. 1, lane 4 ). These results suggest a blocking of the potential phosphorylation 
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site(s) in the synaptophysin molecule by Mab C7.2. Incubation of ~ synaptic vesicles 

with gamma-32P-ATP resulted in phosphorylation of synaptophysin (Fig. 1, lane 6). The 

degree of phosphorylation was further increased in the presence of exogenously added 

pp60~ (Fig. 1, lane 5) . 

.... 

100 
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60 

40 
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Fia. 4: PHOSPHORYLATION OF SYNAPTOPHYSIN IN SYNAPTIC VESICLE 
EXTRACTS AFTER PREVIOUS ELIMINATION OF pp60~ 

A: synaptic vesicle extract was phosphorylated in the presence of gamma-32P-ATP. 
B + C: pp6~ was eliminated from synaptic vesicle extracts using Mab 327 (8) or 
GD11 (C)[Parsons et aI., 1984)) before the extract was phosphorylated. Quantitation was 
performed by densitometric scanning of the 32P-labeled band of synaptophysin on the 
autoradiographs. The data were normalized to tl)e radioactivity found in the presence of 
pp60~ (100 %). 

To prove the direct interaction of pp6~ and synaptophysin, synaptic vesicle extracts 

were incubated either with Mab 327 or Mab GD11 to remove the vesicular-bound 

pp60~. After separation of the pp60~ immuncomplexes from the incubation 

mixture, the phosphorylation reaction was started. As can be seen from Fig. 4, block 8 and 

C a significant reduction in synaptophysin phosphorylation can be observed compared to the 

sample shown in Fig. 4, block A, from which pp6~ has not been removed. 

2-dimensional phosphoamino acid analyses of synaptophysin phosphorylated by 

pp60~ in yjtro, in intact synaptic vesicles or after removal of pp60~ from 

vesicle extracts gave the following results . Synaptophysin is phosphorylated by pp60~ 

~ exclusively in tyrosine residues. In intact vesicles, synaptophysin reveals a major 

phosphorylation of tyrosine residues, most probably within the tyrosine-rich carboxy-
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terminal tail, and a minor phosphorylation of serine. In the absence of pp6~ re­

vealed only the serine - but no significant tyrosine-specific phosphorylation. 

C. CONCLUSION 

pp60~ expressed in neurons phosphorylates synaptophysin in synaptic vesicle ex­

tracts and in intact synaptic vesicles. Using highly purified synaptic vesicles from rat 

brain, we present evidence that synaptophysin, a major constituent of the synaptic vesicle 

membrane protein which is thought to play a key role in the exocytosis of small synaptic 

vesicles and possibly small clear vesicles in neuroendocrine cells, is a substrate for the 

endogenous protein tyrosine kinase pp6~. The specific interaction of the kinase and 

the substrate synaptophysin suggests a possible regulatory role for this tyrosine kinase in 

signal transduction and intercellular communication. 
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ABSTRACT 

The Ick gene encodes a lymphocyte-specific membrane associated protein tyrosine 

kinase (p56 Ick) that is implicated in T cell signal transduction by virtue of its physical 

association with CD4 and CD8 coreceptor molecules. To examine the role of this 

tyrosine kinase in thymocyte development, transgenic animals were produced which 

overexpress either wild-type p561ck, or an activated form of the Ick kinase 

(p56IckF505) under the control of the Ick proximal promoter. The primary defect 

observed in Ick transgenic animals is an alteration in normal thymopoiesis. In addition, 

animals expressing high levels of Ick trans genes exhibit rapid thymoma development. 

These results suggest that regulation of p561ck activity is a critical feature of normal 

thymocyte development, and genetic mechanisms that are capable of altering this 

endogenous level of Ick activity can lead to oncogenic transformation. 

INTRODUCTION 

The Ick gene was originally identified as a result of its overexpression in the 

transformed lymphoid cell line LSTRA (Marth et aI., 1985). The observation that Ick 

mRNA and its protein product (p56Ick), are modulated in response to lymphocyte 

stimulation (Marth et aI., 1987), and the subsequent identification of its physical 

association with CD4 and CD8 lymphocyte coreceptors (Rudd et aI., 1988; Veillette et 

aI., 1988) have led to the hypothesis that p561ck regulates lymllhocyte signaling events 

leading to cellular activation (Perlmutter 1989). In order to investigate the functional 

role of p561ck during T cell development, we have overexpressed p561ck specifically in 

thymocytes using transgenic technology. The phenotypes of the transgenic animals 

obtained are detailed below. 
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RESULTS 

The pLGF and pLGY transgene constructs used to overexpress p56lck contain 

11.2kb of murine genomic sequence including 1.0kb 5' of the proximal transcription 

start site. A portion of exon 12 sequence was obtained from the murine lck cDNA 

encoding either the wild type protein with tyrosine at position 505 (the pLGY 

construct), or a mutant form with phenylalanine replacing tyrosine at this position 

(pLGF). The polyadenylation signal for these constructs is provided by 3' sequences 

obtained from the human growth hormone gene (hGH). Thus, the majority of the 

transgene sequence is derived from the normal genomic sequence of lck, in effect 

introducing additional lck alleles into the mouse germline. 

pLGF IpLGY Transgenes 

Ick proximal promoter 

J 23 4 5678 
t\\\\\\\\\\\\\\\\\\\\\\\\\~ •• • •• •• 

t 
ATG 

FSOS/YSOS 
t hGH poly-A 

9 10 11 12 J 
• •• 

t 
TGA 

Figure 1. Expression constructs used to Qverexpress p56lck in thymocytes of transgenic 
mice. 

Northern blot analysis of RNA obtained from tissues of animals bearing the 

pLGF transgene illustrates that transgene-encoded transcripts accumulate to highest 

levels in the thymus, but are not detectable in either non-lymphoid tissues such as the 

heart, kidney or liver, or in peripheral lymphoid tissues (A). In addition, thymocytes 

obtained from tumor-bearing pLGY and pLGF transgenic mice also contain increased 

levels of p56lck protein when analyzed in lck-specific immunoblots (B). 
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A 

28S-

18S-

B 

_ p56 lck 

Figure 2. (A) Ten ",g of total RNA was recovered from the indicated tissues, separated 
on formaldehyde-agarose gels, blotted and subsequently analyzed for trans gene 
expression by hybridization with an hGH probe. Arrows indicate the migration of 
eukaryotic ribosomal RNAs. (B) 50",g of thymocyte whole cell lysates from pLGF or 
pLGY tumors, a littermatrc control, or the LSTRA cell line were analyzed by 
immunoblotting using p56 ck-specific antiserum. Reproduced from Abraham et ai., 
1991. 
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During normal development, thymocytes acquire surface expression of the T 

cell antigen receptor and the associated chains of the CD3 complex (reviewed in 

Clevers et aI., 1988). Animals bearing the pLGF transgene invariably exhibit 

abnormalities in lymphocyte maturation as evidenced by an inability to produce 

thymocytes bearing this TCRjCD3 complex. In addition, thymocyte development can 

be monitored by the precisely timed sequential acquisition of CD8, CD4, and CD3 

surface markers during fetal life (reviewed in von Boehmer, 1988). Analysis of pLGF 

and pLGY transgenics indicates that the normal progression of thymocytes through 

these developmental stages is dramatically delayed. Thus, it is likely that lck may play 

an important role during thymocyte development. 

Accordingly, animals expressing extremely high levels of the pLGF trans gene 

exhibit a profound arrest in thymocyte differentiation, and subsequently develop 

thymic tumors of an immature phenotype, being CDr, and CD4-CD8Io or CD4-CD8-. 
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Figure 3. Thymocytes from a tumor-bearing pLGF animal and a normal littermate 
control were isolated, stained for surface CD3, CD4 and CD8 molecules and 
subsequently analyzed by flow cytometry. 
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CONCLUSIONS 

I. Overexpression of lck in the thymocytes of transgenic animals can result in 

thymoma development. 

2. Transgenic animals overexpressing either wild-type or F505 mutant forms of p56lck 

in the thymus exhibit a defect in the production of mature CD3+ thymocytes. 

3. This defective development, characteristic of lck overexpression, can in part be 

attributed to a delay in the kinetics of normal thymopoiesis. 
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Introduction 

The ATP,Mg-dependent protein phosphatase family comprizes a 

number of enzymes with a wide species and tissue distribution 

(Ballou LM, Fischer EH, 1989; Cohen P, 1989; Vandenheede et 

al., 1989). All forms isolated contain the same 38 kDa 

catalytic subunit whose activity can be inhibited by two heat­

stable proteins named inhibitor-1 and inhibitor-2. This inhi­

bi tion has been used to identify this catalytic subunit in 

higher molecular weight complexes that contain phosphorylase 

phosphatase activity and to label these as type-1 enzymes. The 

38 kDa catalytic subunit is therefore also referred to as 

PP-1C. 

The in vivo function of anyone member of this phosphatase fam­

ily seems to be well defined, since the potential activity of 

the catalytic subunit is intricately controlled by regulatory 

proteins which determine its substrate specificity as well as 

its cellular localisation (Cohen P, 1989; Dent et al., 1990). 

One particular characteristic of PP-1C is that it can be made 

to interconvert to an inactive conformation upon incubation 

with inhibitor-2. This inactivation reaction is specific for 

inhibitor-2 and is a time dependent process, not related to the 

phenomenon of (instantaneous) inhibition mentioned above. The 

inactive [PP-1.Inhibitor-2] produced in this way is remarkably 

similar to the inactive ATP , Mg-dependent phosphatase purified 

from rabbit skeletal muscle and other sources, which was iso­

lated as a complex of an inactive catalytic subunit (Fe) and a 
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Figure 1. Reversible activation of the FcM-enzyme 
F~ : catalytic subunit in its ~nactive conformation 
F c: catalytic subunit in its active conformation 

(identical to PP-1C) 
M modulator subunit (identical to inhibitor-2) 
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modulator subunit (M). Both the reconstituted [PP-1.Inhibitor-

2] complex and the purified FcM-enzyme are activated in a 

kinase dependent process which does not dissociate the two sub­

units (Vandenheede et al., 1989). The modulator protein has 

been identified as inhibitor-2 and the inactive Fc-catalytic 

subunit, after activation, has a substrate specificity identi­

cal to PP-1C. 

The reversible activation of the rabbit skeletal muscle enzyme 

and its potential role in metabolism has been the subject of 

intensive studies by several research groups, and will be the 

main topic of this report. 

The reversible activation of the inactive ATP,Mg-dependent 

phosphatase (FCMl 

The inactive FcM-enzymes purified from rabbit skeletal muscle 

contains stoichiometric amounts of 38 kDa inactive catalytic 

subunit and 32 kDa modulator subunit. 

The activation of the enzyme is a multistep process initiated 

by the kinase FA-mediated phosphorylation of the M-subunit 

(Fig. 1, step 1). The activating kinase is identical to glyco­

gen synthase kinase 3 (GSK-3). 

The phospho-modulator induces a conformational change in the 

Fc-protein which activates the enzyme (step 2). The phospho­

enzyme then undergoes an autocatalytic dephosphorylation which 

allows for the binding of exogeneous protein substrates such as 

phosphorylase ~ (step 3). In the absence of the kinase FA and 

ATP,Mg, the active phosphatase complex reverts back the origi­

nal, inactive conformation (t ~ = 20 min) (step 4). 

The kinase FA-mediated activation of the enzyme does not disso­

ciate the modulator subunit, and yet, the active enzyme can be 

inhibited by the addition of exogeneous free modulator 

(inhibitor-2) protein. This indicates that one catalytic 
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subunit may be able to bind two molecules of M. The time de­

pendent inactivation of the free catalytic subunit by the modu­

lator protein occurs at concentrations of M which do not cause 

an instantaneous inhibition of the enzyme activity. This sug­

gests that the formation of inactive FcM-enzyme reflects the 

binding of one M at a "high affinity" binding site on the cat­

alytic subunit, and that inhibition of the active enzyme is the 

result of M attaching itself at a different, low-affinity site. 

The fact that the activated enzyme auto-dephosphorylates sug­

gests that the phospho-modulator is bound at the active site of 

the catalytic subunit. The obligatory dephosphorylation step 

could therefore simply mean that the modulator has to be re­

moved out of the active site to allow for the binding of exoge­

neous protein substrates. Since the inactivation process spe­

cifically involves the "high affinity" binding site, it would 

be likely that the slow but spontaneous reversal of the kinase 

FA-mediated activation is the direct result of an intramolec­

ular translocation of the modulator subunit after its dephos­

phorylation at the active center to this "high affinity" site. 

This would then imply that the reversible activation of the 

FcM-enzyme is made possible by the transient removal of the 

modulator from its "high affinity" site by making it a sub­

strate for the phosphatase. It is conceivable that the active 

center of the enzyme constitutes the "low affinity" inhibitor­

site for the modulator protein. 

The fast auto-dephosphorylation step can explain why there is 

no correlation between the level of phosphate incorporated in 

the modulator and the phosphatase activation level reached. 

Multisite phosphorylation of the modulator protein 

The crucial role of the kinase FA as the activating enzyme for 

the inactive ATP,Mg-dependent phosphatase is illustrated in 

Figure 1. Phosphorylation of the FcM-enzymes occurs exclusiv­

ely on threonine-72 of the modulator subunit, and this phos-
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phorylation is the first step in the in vitro activation of the 

phosphatase. 

One disturbing observation has come from studies on the in vivo 

phosphorylation state of the modulator protein, which showed 

that although the protein is phosphorylated at multiple serine 

residues (ser-86, -120 and -121), no phosphate could be de­

tected at threonine-72 (Holmes et al., 1987). This would 

ei ther suggest that the inactive ATP ,Mg-dependent phosphatase 

is not activated in vivo, or argue that the enzyme is present 

in the cell exclusively under the activated dephospho-form 

(Fig. 1). As will be substantiated later in this report, we 

favor the second explanation. 

Since at least three different serine residues were found to be 

phosphorylated in vivo, one has been searching for other 

kinases that will phosphorylate the modulator protein. Earlier 

studies on the kinetics of phosphorylation of proteins by 

kinase FA (GSK-3) had clearly shown that prior phosphorylation 

of its potential substrates by casein kinase-2 (CK-2) makes 

these proteins better targets for kinase FA (GSK-3) mediated 

phosphorylation (Picton et al., 1982; DePaoli-Roach et al., 

1983). Soon thereafter, A.DePaoli-Roach reported on the syner­

gistic in vitro phosphorylation of the modulator protein by 

casein kinase-2 and kinase FA (DePaoli-Roach AA, 1984). It was 

observed that CK-2 by itself did not activate the FcM-enzyme, 

but it phosphorylated the M-subunit, making the phosphatase a 

better substrate for subsequent activation by kinase FA' Since 

CK-2 has been implicated in quite a number of developmental 

processes such as protein synthesis, cell differentiation and 

even tumor promotion, its stimulatory role in the kinase FA-

mediated activation of the phosphatase may suggest the involve­

ment of the FcM-enzyme in these cellular events. 

Casein kinase-2 phosphorylates in vitro serines-86, -120 and 

-121 of the modulator (Holmes et al., 1986) which are also the 

sites phosphorylated in vivo. However, whereas serine-86 is 
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the most extensively phosphorylated site in vivo, its in vitro 

rate of phosphorylation by CK-2 is rather slow. This leaves 

open the possibility that the in vivo phosphorylation of 

serine-86 is not exclusively catalyzed by CK-2. 

Another likely candidate for phosphorylating this serine would 

be casein kinase-1, which has a substrate specificity similar 

to CK-2, and indeed, a casein kinase-1 mediated phosphorylation 

of the modulator subunit was reported next (Agostinis et al., 

1987). Like CK-2, casein kinase-1 made the modulator protein a 

better substrate for subsequent phosphorylation by kinase FA' 

but in contrast to CK-2, previous phosphorylation of the FCM­

enzyme by CK-1 blocked the activation of the phosphatase by 

kinase FA' Although a complete sequence analysis of the CK-1 

phosphorylation sites is not available yet, it is evident from 

peptide mapping that CK-1 and CK-2 have different preferences 

for the modulator sites. It would be logical to assume that 

the synergistic phosphorylation with kinase FA is due to a 

common site (or sites) recognized by both CK-1 and CK-2, 

whereas the inhibition of the kinase FA-mediated activation of 

the phosphatase may point to the existence of a (still 

unidentified) site specifically phosphorylated by CK-1. 

Surprisingly enough, when the FcM-enzyme was first fully acti­

vated by kinase FA' subsequent phosphorylation by CK-1 did not 

inhibi t the phosphatase acti vi ty towards phosphorylase .9. as 

substrate and the phosphate introduced into the modulator sub­

unit was autocatalytically removed. 

Origin and regulatory role of the inactive FCM-phosphatase 

Although the FcM-enzyme has been purified to homogeneity from 

several sources, the inactive phosphatase is not easily de­

tected in fresh tissue extracts or cytosols (Vandenheede et 

al., 1989). It has moreover been observed that during the iso­

lation of the enzyme from rabbit skeletal muscle an active 

phosphorylase phosphatase form is gradually being inactivated 
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with each purification step (Vandenheede et al., 1982). Mea­

surements of the phosphorylase phosphatase activity in crude 

tissue preparations has pointed to the fact that virtually 50% 

of the potential phosphatase activity is cytosolic in nature, 

and that this soluble enzyme activity is partially inhibited. 

This last observation has lead to the discovery of the heat and 

acid stable phosphatase inhibitors in the mid-seventies (Huang 

and Glinsmann, 1975; Lee et al., 1976). Since the inhibitor-2 

has been identified as the regulatory or modulator subunit of 

the inactive phosphatase, it was reasonable to investigate 

whether this inhibitor could be present in fresh tissue cyto­

sols in a complex with active phosphatase catalytic subunits. 

This lead to the discovery of a latent type of phosphorylase 

phosphatase which seemed to contain more than stoichiometric 

amounts of inhibitor-2 over catalytic subunit (Vandenheede et 

al., 1989). Although the characterization of this latent 

phosphatase is still quite incomplete, it could be represented 

as an "activated" [Fe*M]-enzyme (Fig. 1) with a second modu­

lator bound at its active site. Since the catalytic subunit of 

the latent enzyme is in the active conformation, there is no 

reason to expect the associated modulators to be phosphorylated 

at threonine-72 (the kinase FA specific site) seen the rapid 

auto-dephosphorylation of the enzyme upon activation. Purifi­

cation of the latent phosphatase, or incubation at 30 0 e pro­

duces the inactive F eM-enzyme which seems to have lost the 

second modulator unit. 

As to the potential role of the cytosolic latent phosphatase, 

we can envisage three likely functions. First of all, the 

latent enzyme can be looked upon as a pro-enzyme from where 

phosphatase activity can be generated in response to a specific 

stimulus. This would require the removal of the "inhibitory" 

modulator unit if substrates like phosphorylase £ are to be 

dephosphorylated. 

Secondly, we can also look at the latent phosphatase as a 

potential source of modulator, to inactivate catalytic subunits 
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which are translocated from specific cellular localities (where 

they were complexed to targetting subunits) into the cytosol. 

Evidence for such a translocation mechanism has been provided 

(Cohen P, 1989~ Dent et al., 1990). 

A third possibility is however that the physiological substrate 

for the latent phosphatase and for the activated FcM-enzyme is 

a yet unknown protein, whose dephosphorylation is not impaired 

by the presence of the second modulator. This would be the 

case if the physiological substrate has a higher affinity for 

the active site of the enzyme than the second modulator unit. 

Myelin basic protein (MBP) is one example of a substrate for 

the activated FcM-enzyme, whose dephosphorylation is not inhib­

ited by the modulator protein (inhibitor-2) at physiological 

concentrations of substrate and inhibitor (Yang 8-D, Fong F-L, 

1987) . 
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OKADAIC ACID FROM LABORATORY CULTURES OF A DINOFLAGELLATE ALGA: EFFECTS 
ON PROTEIN PHOSPHORYLATION IN C3H10T1/2 FIBROBLASTS 

H. Angel Manjarrez Hernandez, Lynda A. Sellers and Alastair Aitken 
Laboratory of Protein Structure 
National Institute for Medical Research 
Mill Hill London NW7 1AA 
United Kingdom 

I NTRODUCTI ON 

Okadaic acid is a polyether carboxylic acid-containing compound of Mr 
802, first isolated from species of the black sponge, Halichondria okadai 
and~. melanodocia (Tachibana et al., 1981). The compound is probably 
produced by the benthic marine dinoflagellate, Prorocentrum lima and may 
be absorbed by the sponge after feeding on this alga. Through progression 
of the food chain, okadaic acid has been shown to accumulate in the 
digestive glands of bivalves (Murakami et al., 1982) and is the major cause 
of diarrhetic shellfish poisoning (Hartshorne et al., 1989). Okadaic acid 
has also been shown to have potent tumour promoting activity (Suganuma et 
al., 1988), but unlike other promoters such as the phorbol ester TPA, 
okadaic acid does not activate protein kinase C (PKC) but is a specific 
inhibitor of protein phosphatases types 1 (PP1) and 2A (PP2A) (Cohen et 
al., 1989). 

In the present study we have extracted from f. lima, inhibitory 
activity to protein phosphatases types 1 and 2A, and tested its effect on 
the phosphorylation levels of the major '80' kDa substrate of PKC in 
quiescent C3H10T1/2 mouse fibroblasts (Mahadevan et al., 1987). Partial 
purification by thin layer chromatography was made and monoclonal anti­
bodies were used to determine if the inhibitory activities are due to 
the presence of okadaic acid and/or related compounds. 

METHODS 
Algal culture. f. lima (from North East Pacific culture collection of 
algae, isolate number 514) was grown unialgally in a synthetic sea water 
medium, "ultramarine" synthetic sea salts (Waterlife Research Industries 
Ltd., West Drayton, U.K.) enriched with ES-1 trace element supplement. 
The algae were cultured in aerated 5-litre conical glass flasks at 180 C 
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under natural sunlight. The cells were harvested when the growth reached 
the stationary phase. 

Extraction of phosphatase inhibitors. The algae (6g wet weight) were 

collected by filtration through muslin gauze and extracted at room temper­

ature with 5ml acetone followed by methanol. This was repeated three 

times and the combined extracts were dried in a rotary evaporator. The 

residue was redissolved in ether (5ml), back-extracted with water three 

times and the residue obtained after evaporation stored at -20oC under 

nitrogen. 

Chromatography (tlc). Thin layer chromatography (tlc) of the algal 

residue dissolved in chloroform was carried out on precoated plates of 

Silica gel (Whatman, PE Sil 0.25mm) with the solvent system, chloroform; 

methanol; 6M acetic acid (90:9.5:0.5). Slices of the tlc plate (of 1 or 

0.5cm widths) were extracted with the same solvent and evaporated to dry­

ness under nitrogen. 

Cell culture. C3H10T1/2 fibroblast cells were grown in Dulbecco's modi­

fied Eagle medium (DMEM) supplemented with 10% v/v foetal calf serum 

(FCS). Cells were maintained at 370C in a humidified atmosphere of air 

enriched with 5% C02' The media was changed every 2/3 days and the cells 

were reseeded on reaching confluence. 

Monoclonal antibodies to okadaic acid. These were obtained by culturing 

mouse hybridoma cells supplied by UBE Industries Ltd., Yamaguchi-ken 755, 

Japan, covered by European patent, application number 88309441.9. 

RESULTS AND DISCUSSION 

The marine dinoflagellate alga. P. lima has yielded potent inhibitors 

of protein phosphatase types 1 and 2A (Fig. 1). A 10-5 dilution of P. 

lima extract resulted in 50% inhibition of phosphatase 2A under standard 
assay conditions (using 0.3 mU/ml of enzyme), but was approximately 100-

fold less potent at inhibiting phosphatase type 1, consistent with the 

effects of authentic okadiac acid. Phosphatase 2A inhibitory activity, 
determined on extracts from strips of the tlc plate, was contained in two 

distinct fractions, one of which (fraction 5) had a very similar Rf to 

okadaic acid (0.53, Murakami et al., 1982). Fraction 10 contained the 

main proportion of the PP2A inhibitory activity (95% of the total) and 
had an Rf of 0.8. This more hydrophobic fraction could contain a 

derivative of okadaic acid such as dynophysistoxin or a methyl ester, 
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both of which have been previously identified in a variety of marine 

organisms (Yasumoto et al., 1985). 
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Fi~. 1. Effect of P. lima extract 
on-the activities of protein 
phosphatases. Assays were carried 
out with the purified catalytic 
sUbunits of phosphatases PP1 and 
PP2A (Cohen et al., 1989) (from 
rabbit skeletal muscle) using 
glycogen phosphorylase as substrate. 
The phosphatase concentration in 
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Fig. 2. Okadaic acid antibody 
response of tlc fractions. This 
shows the titration of 1/1000 
dilutions of fraction 5 (.) and 
fraction 10 ( ... ) against dilut­
ions of monoclonal antibody. The 
ELISA tests were done in 96 well 
microtitre plates with antibody 
partially purified from the 
hybridoma supernatant using 50% 
ammonium sulphate precipitation. 

Of the two distinct inhibitory activities obtained from tlc, fraction 5 

(similar to okadaic acid) showed much stronger cross-reactivity with the 

okadaic acid antibodies (Fig. 2), although most of the PP2A inhibitory 

activity was contained in fraction 10. This may be explained by the anti­

bodies being more selective for okadaic acid than its derivatives. 

Treatment of C3H10T1/2 fibroblasts with fraction 5 gave an almost 

identical pattern of phosphorylation to that produced by a sample of 

authentic okadaic acid. However, after treatment with tlc fraction 10, 

there was increased phosphorylation of a 60 kDa protein (Fig. 3). This 

could be identical to the 60 kDa fragment of nucleolin that has previously 

been shown to be phosphorylated after treatment with okadiac acid in 

primary human fibroblasts (Issinger et al., 1988). In that study the state 



334 

of phosphorylation of the 60 kDa protein was not greatly increased after 

treatment with TPA, consistent with our findings, and it has been suggested 

that casein kinase II and not PKC is responsible for the ~ vivo phosphory­

lation of this protein. In the present study, however, there was no signi­
ficant increase in phosphorylation of this protein in mouse embryo 

C3H10T1/2 fibroblasts with fraction 5 (9milar to okadaic acid in tlc) and 
with authentic okadaic acid. 

80KDa_ 

60KDa _ 

TPA 10 5 OA C 

Fig. 3. Autoradiography of SDS PAGE 
~10Tl/2 phosphoproteins. The 
lanes contained samples from cells 
treated for 2 h with tlc fractions 5 
and 10 from P. lima; the phorbol 
ester (TPA) and authentic okadaic acid 
(OA). The fifth lane (C) represent~ 
unstimulated cells incubated with 3 P 
only. The position of the molecular 
weight markers (94,67,43,30 and 20.1 
kDa, from top to bottom) are indicated 
by the bars. The '80' kDa substrate 
for PKC and the 60 kDa protein are 
indicated by the arrows. The amount 
of each tlc fraction had a similar 
potency in the in vitro PP2A assay. 
By comparison with known okadaic acid 
concentrations this was equivalent to 
10-20nM. 

In contrast to TPA stimulation, okadaic acid or either of the tlc 

fractions resulted in a significant increase in phosphorylation of only 

one phosphoform of the 80 kDa substrate of kinase C (Fig. 4). 

In this study we have shown that compounds closely resembling okadaic 
acid, may be produced in the laboratory with very littleexpenditure and can 

be used successfully for investigating the effects of altered levels of 

protein phosphatases and kinases in cell culture. The phosphatase inhibitor 

fractions from f. lima are currently being purified in our laboratory and 

their structures will be compared to those of okadaic acid and its known 
derivatives. 

ACKNOWLEDGEMENTS - A.M.H. was supported by a studentship from the National 

University of Mexico (UNAM). The hospitality and assistance of Professor 

Philip Cohen during a visit by AMH to the University of Dundee, is much 
appreciated. 



TPA 

335 

Fraction 10 

- 60 
KDa 

4.5 ---- pi ---- 8 

Control 

, 

Fig. 4. Two-dimensional SOS PAGE of C3Hl0Tl/2 phosphoproteins. Cells were 

incubated for 2 h in the presence of 32p, with either TPA or fraction 10 

and proteins subjected to two-dimensional SOS PAGE. The autoradiograph of 

the gels is shown together with a control. The position of the '80' kOa 
substrate of PKC is indicated by the small arrow, and the inset shows an 
enlargement of this area. The position of the 60 kOa protein is also shown. 
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REGULATION OF PROTO-ONCOGENE EXPRESSION AND RATE OF 
PROTEIN SYNTHESIS BY THE TUMOR PROMOTER OKADAIC ACID 
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KEYWORDS/ABSTRACT: okadaic acid; c-fos proto-oncogene; protein phosphatases. 

Okadaic acid is a non-phorbol-ester-type tumor promoter that specifically inhibits 

phosphoserine/phosphothreonine specific protein phosphatases. We show that 

treatment of cells with okadaic acid reduces the rate of protein synthesis. In parallel 

expression of the c-fos proto-oncogene is elevated. This latter effect can be further 

enhanced by simultaneous addition of anisomycin, a potent protein synthesis inhibitor. 

INTRODUCTION 

Phosphorylation events are major regulatory mechanisms of signal transduction 

pathways that control cell growth and differentiation (for a review, see Watson, 1988). 

Less is known about dephosphorylation of phosphoproteins in these processes. In this 

study we examined the effects of inhibition of two types of serine/threonine specific 

phosphoprotein phosphatases, PP-1 and PP-2A (for a review, see Cohen, 1989), on 

the expression of the c-fos proto-oncogene. For this purpose we treated cells with 

okadaic acid, a non phorbol ester type tumor promoter (Tachibana et aI., 1981; Hakaii 

et aI., 1986; Suganuma et aI., 1988) that has recently been identified as a specific 

inhibitor of PP-1 and PP-2A activity (Bialojan and Takai, 1988; Hescheler et aI., 1988). 

The c-fos proto-oncogene is a member of the group of immediate early genes. Its 

expression is induced very rapidly and transiently after serum-stimulation of starved 

cells or treatment of cells with different agents such as the phorbol ester tumor promoter 

TPA (12-0-tetradecanoyl-phorbol-13-acetate) (for reviews, see Herrlich and Ponta, 

1989; SchOnthal, 1990; Cooper, 1990). Recently we and others have demonstrated 

that c-fos is also induced by okadaic acid (Schonthal et aI., 1990; Kim et aI., 1990). 
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Here we show that this induction is greatly enhanced in the presence of the protein 

synthesis inhibitor anisomycin. While treatment of intact cells with okadaic acid alone 

results in a reduced rate of protein synthesis, anisomycin and okadaic acid act 

synergistically to induce c-fos. These data suggest that protein synthesis inhibition by 

okadaic acid is not the sole mechanism by which it leads to elevated c-fos expression. 

RESULTS 

The accumulation of c-fos mRNA in response to okadaic acid is slow with a 

maximum around three hours. Eight hours after okadaic acid administration c-fos 

mRNA levels are still strongly elevated (Schonthal et aI., 1990; see also Fig. 2 and 3). A 

similar elevation of c-fos mRNA expression has also been observed after treatment of 

cells with protein synthesis inhibitors (Greenberg et aI., 1986; this paper). We therefore 

analyzed whether okadaic acid has an effect on protein synthesis. This was determined 

by pulsing the cells with 35S methionine and measuring the incorporation of 

radioactivity into newly translated protein in the presence or absence of okadaic acid. 

As shown in Figure 1 okadaic acid concentrations of 500 nM or higher reduce protein 

synthesis to 69 and 60 % of the control level, respectively. This effect is weak in 

comparison to anisomycin which reduces protein synthesis to 1 %. 

Since it has been shown earlier that inhibition of protein synthesis induces 

expression of the c-fos proto-oncogene (Greenberg et aI., 1986), we analyzed whether 

the effects of okadaic acid on c-fos expression were due solely to its effects on protein 

synthesis. The response of c-fos gene expression after simultaneous treatment of cells 

with okadaic acid and anisomycin was analyzed. Since anisomycin alone inhibited 

protein synthesis by 99%, an induction of c-fos mRNA by okadaic acid in the presence 

of anisomycin would not likely be due to a further inhibition of translation by okadaic 

acid. Figure 2 shows that okadaic acid and anisomycin together have a strong 

synergistic effect and induce c-fos expression much stronger than either agent alone. 

In another set of experiments we tested whether treatment of cells with sub-optimal 

concentrations of anisomycin (0.05-20 IJM, which inhibits protein synthesis to 4-65 % of 

control levels) elevated c-fos mRNA expression with similar kinetics as seen with 

okadaic acid. As shown in Figure 3 the c-fos mRNA induction kinetics in response to 

either okadaic acid or different concentrations of anisomycin are quite different. After 

treatment of cells with low concentrations of anisomycin elevated c-fos mRNA levels 

are maximal at one hour. In contrast, after treatment with okadaic acid c-fos mRNA is 

low at one hour but is strongly elevated at three and six hours. These results suggest 
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Figure 1: Logarithmically growing NIH3T3 cells were treated with the indicated 
concentrations of okadaic acid (OA) or anisomycin (Aniso) for 4 hours. Control cells 
(Co) received the solvent DMSO. Then the medium was changed to methionine-free 
medium supplemented with 35S-methionine. 30 minutes later cells were harvested and 
the amount of incorporated 35S-methionine determined. The amount of incorporation in 
control cells was set to 100 %. The values shown are the average of four experiments. 
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Figure 2: Logarithmically growing NIH3T3 cells were treated with either 500 nM 
okadaic acid (OA), or 100 \-1M anisomycin (Aniso), or both, and harvested at the 
indicated times. Poly A+ RNA was isolated and analyzed for c-fos mRNA expression by 
Northern hybridization with a fos specific probe. The filters were exposed to film and the 
amount of c-fos mRNA expression determined by scanning the autoradiographs. The 
values shown are the average of two independent experiments. 
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that the effect of okadaic acid on c-fos expression is not due to its effect on protein 

translation rates. 

co okadaic acid anisomycin 
~I O.S 11r---2-0---------1.-0--------0-.2-S--------0-.0-S--. 

036 1 36 36 36 3 6 
JIM 
h 

c-fos 

choA 

Figure 3: Logarithmically growing NIH3T3 cells were treated with okadaic acid or 
different concentrations of anisomycin for the indicated times. The cells were harvested 
and the amount of c-fos mRNA determined as described in Fig. 2. As a control for equal 
amounts of RNA loaded in each lane the filter was stripped and rehybridized with a 
probe for choA mRNA (Harpold et al.. 1979). In a separate experiment we determined 
the rate of protein synthesis in the presence of the different concentrations of 
anisomycin as follows: 20 jJM - 4 %. 1 jJM - 13 %.0.25 jJM - 27 %.0.05 jJM - 65 %. 

CONCLUSIONS 

The experiments described here show that inhibition of PP-1 and PP-2A by 

okadaic acid results in a partially decreased rate of cellular protein synthesis. Since 

several proteins which control the rate of translation have been identified as potential 

targets for PP-1 or PP-2A (for reviews. see Hershey. 1989; Clemens. 1989) it is likely 

that okadaic acid manifests its effects on protein synthesis through these factors. 

However. induction of c-fos gene expression by okadaic acid does not appear to be 
due to this effect. 

Since inhibition of PP-1 and PP-2A leads to increased expression of a proto­

oncogene that has been shown to be involved in transformation of cells. the present 

results further support the idea that protein phosphatases may act as inhibitors of 

growth signal transduction pathways and thus could function as tumor suppressors in 

normal cells. 



341 

Acknowledgements: I wish to thank Yasumasa Tsukitani for his generous gift of 
okadaic acid, and James R. Feramisco for critically reading this manuscript. I am 
supported by my wife and a fellowship from the German Academic Exchange Service 
(Deutscher Akademischer Austauschdienst). 

REFERENCES 

Bialojan, C. and A Takai. (1988). Inhibitory effect of a marine-sponge toxin, okadaic 
acid, on protein phosphatases. Biochem J. 256: 283-290. 

Clemens, M. J. (1989) Regulatory mechanisms in translational control. Curr. Opin. 
Cell BioI. 1: 1160-1167 

Cohen, P. (1989). The structure and regulation of protein phosphatases. Ann. Rev. 
Biochem. 58: 453-508. 

Cooper, G. M. (1990). ·Oncogenes". Jones & Bartlett, Boston. 
Greenberg, M. E., A L. Hermanowski and E. B. Ziff. (1986). Effect of protein synthesis 

inhibitors on growth factor activation of c-fos, c-myc, and actin gene transcription. 
Mol. Cell. BioI. 6: 1050-1057. 

Hakaii, H., H. Fujiki, M. Suganuma, M Nakayasu, T. Tahira, T. Sugimura, P. J. Scheuer 
and S. B. Christensen. (1986). Thapsigargin, a histamine secretagogue, is a non-
12-0-tetradecanoylphorbol-13-acetate (TPA) type tumor promoter in two-stage 
mouse skin carcinogenesis. J. Cancer Res. Clin. Oncol: 111, 177-181. 

Harpold, M. M., R. M. Evans, M. Salditt-Georgieff and J. E. Darnell. (1979). Production 
of mRNA in Chinese Hamster Cells ... Cell 17, 1025-1035. 

Herrlich, P. and H. Ponta. (1989). "Nuclear" oncogenes convert extracellular stimuli 
into changes in the genetic program. Trends Genet. 5: 112-116. 

Hershey, J. W. B. (1989). Protein phosphorylation controls translation rates. J. BioI. 
Chern. 264: 20823-20826. 

Hescheler, J., G. Mieskes, J. C. RUegg, A Takai and W. Trautwein. (1988). Effects of a 
protein phosphatase inhibitor, okadaic acid, on membrane currents of isolated 
guinea-pig cardiac myocytes. Eur. J. Physiol. 412: 248-252. 

Kim, S.-J., R. Latyatis, K. Y. Kim, P. Angel, H. Fujiki, M. Karin, M. B. Sporn and A B. 
Roberts. (1990). Regulation of collagenase gene expression by okadaic acid, an 
inhibitor of protein phosphatases. Cell Regulation 1: 269-278. 

Schonthal, A (1990). Nuclear protooncogene products: fine-tuned components of 
signal transduction pathways. Cell. Signalling 2: 215-225. 

Schonthal, A, Y. Tsukitani and J. R. Feramisco. (1990). Transcriptional and 
posttranscriptional regulation of c-fos proto-oncogene expression by the tumor 
promoter okadaic acid. Oncogene. in press. 

Suganuma, M., H. Fujiki, H. Suguri, S. Yoshizawa, M. Hirota, M. Nakayasu, M. Ojika, K. 
Wakamatsu and K. Yamada. (1988). Okadaic acid: an additional non-phorbol­
tetradecanoate-13-acetate-type promoter. Proc. Natl. Acad. Sci. USA 85: 1768-
1771. 

Tachibana, K., P.J. Scheuer, Y. Tsukitani, H. Kikuchi, D. Van Eugen, J. Clardy, H. 
Gochipand and F .J . Schmitz. (1981). Okadaic Acid, a cytotoxic polyetherfrom two 
marine sponges of genus Halichondria. J. Am. Chern. Soc. 103: 2469-2471. 

Watson, J. D. (1988). "Molecular Biology of Signal Transduction". Cold Spring Harbor 
Symposium on Quantitative Biology. Cold Spring Harbor Laboratoy. Vol. 53. 



THE USE OF B-CYCLODEXTRIN IN THE PURIFICATION OF PROTEIN PHOSPHATASE G FROM 
RAT LIVER 

S. Wera, M. Bollen and W. Stalmans 
Afdeling Biochemie, Faculteit Geneeskunde 
Katholieke Universiteit Leuven 
B-3000 Leuven 
Belgium 

The rate of glycogen synthes i sin the 1 i ver is determi ned by the 
activity of glycogen synthase, which is activated by dephosphorylation of 
multiple Ser residues. The major enzyme involved in the activation of 
hepat i c glycogen synthase is the glycogen-bound ' prote i n phosphatase G I 
(Bollen et al., 1988). This type-l or AMD protein phosphatase also 
possesses phosphorylase phosphatase activity which, however, is consi­
derably inhibited by subunit(s) that can be selectively destroyed by 
trypsin. Protein phosphatase G has recently been purified and was found to 
contain two non-catalytic polypeptides (161 and 54 kDa), the smaller one 
being similar or identical to ~-amylase (Wera et al., 1991). The key to the 
purification was an affinity chromatography on immobilized B-cyclodextrin. 

Cyclodextrins are cyclic carbohydrates consisting of 6, 7 or 8 ~-1,4-
1 inked D-glucosyl units (~-, B- and Y -cyclodextrin, respectively). Their 
appearance is a truncated cone with a hydrophobic core and a hydrophilic 
outside (Saenger, 1983). In plant chemistry cyclodextrins are known as 
inhibitors of starch-degrading enzymes. All three cyclodextrins inhibit 
potato phosphorylase competitively with starch (Staerk and Schlenk, 1967). 
Exo-type starch hydrolases (B-amylase and glucoamylase) are also strongly 
inhibited, whereas ~-amylases can slowly hydrolyze cyclodextrjns (Suetsugu 
et al., 1974). Immobilized cyclodextrins display marked selectivity; 
Vretblad (1974) showed that ~-cyclodextrin-Sepharose retained specifically 
B-amylase but not ~-amylase, which in turn showed high affinity for B­
cyclodextrin-Sepharose (Silvanovich & Hill, 1976). 

We report here on the selective interaction of B-cyclodextrin with 
protein phosphatase G from rat liver. 

EXPERIMENTAL 

Materials. The source of materials was as described by Wera et al. 
(1991). Cyclodextrins were coupled to epoxy-activated Sepharose 6B. The 
catalytic subunit of the type-l (AMD) protein phosphatase was prepared from 
rabbit skeletal muscle, and glycogen synthase b from dog liver. Protein 
phosphatase G was partially purified from rat liver by chromatography of 
the isolated glycogen-protein fraction on heparin-Sepharose and subsequent 
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precipitation of the holoenzyme with polyethylene glycol. Subcellular 
fractions were prepared from rat livers. The concentration of these 
fractions is expressed with respect to the liver tissue from which they 
were derived; e.g. a 1% cytosol corresponds to the cytosol of 1 mg liver in 
a volume of 100 ~l. 

Assays. Enzyme activities were determined as described by Wera et al. 
(1991). The amyl 0-1, 6-g 1 ucos i dase act i v ity of the debranch i ng enzyme was 
measured by its abil ity to incorporate labelled glucose into glycogen. 
Synthase phosphatase activity was determined from the rate of activation of 
purified liver synthase b. Phosphorylase phosphatase was assayed with 32p_ 
labelled phosphorylase a as substrate; the activity was either measured as 
such (spontaneous activity) or after preincubation with trypsin, which 
destroys the inhibitory subunits (total activity). One unit of 
phosphorylase phosphatase dephosphorylates one unit of phosphorylase a per 
min at 25°C. One unit of phosphorylase a converts 1 ~mol of substrate into 
product per min at 25°C. 

RESULTS AND DISCUSSION 

When a freshly prepared liver extract is incubated, phosphorylase is 
progressively inactivated and glycogen synthase becomes activated by the 
action of protein phosphatases. We observed that the addition of B-cyclo­
dextrin (0.1 mg/ml) inhibited strongly the activation of glycogen synthase, 
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Fig. 1. The effect of 8-eye lodextrin on partia lly purified protein 
phosphatase G. The indicated protein phosphatase activities were 
determined in the presence of the indicated concentrations of B­
cyclodextrin. The results are means ± S.E.M. for three experiments. 
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although it did not affect the inactivation of phosphorylase (not 
illustrated). Further experiments showed that the cyclic maltoheptaose, 
even at 1 mg/ml, did not inhibit purified glycogen synthase from dog liver. 
Fig. 1 illustrates the effects of B-cyclodextrin on partially purified 
protein phosphatase G from rat liver. The glycogen-synthase phosphatase 
activity of this enzyme was very sensitive to B-cyclodextrin, half-maximal 
inhibition being reached at about 0.2 mg/ml, and complete inhibition at 0.6 
mg/ml. In contrast, the phosphorylase phosphatase activity of the same 
enzyme was not affected by B-cyclodextrin, even at 1.2 mg/ml. 

These findings prompted us to investigate the value of B-cyclodextrin 
coupled to Sepharose beads in the purification of various glycogen-bound 
enzymes. For this purpose, an enzyme-glycogen fraction was isolated from 
rat 1 iver and passed slowly through a column of B-cyclodextrin-Sepharose 
(Fig. 2). Essentially all the phosphorylase, glycogen synthase and amylo-
1,6-glucosidase activities passed through the column, and subsequent 
elution with either 2 M NaCl or B-cyclodextrin (1 mg/ml) did not release 
significant amounts of enzyme. In contrast, the column retained about one 
third of the glycogen-bound protein-phosphatase activity, which could be 
quantitatively eluted with 2 M NaCl. 
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Fig. 2. Chromatography of an iso lated enzyrne-g lyeoflen eomp lex on 8-
eye lodextrin-Sepharose. The 1 iver glycogen fraction (600%) from 10 rats 
was recirculated for 30 min at room temperature through a column containing 
10 ml of B-cyclodextrin-Sepharose. The column was then washed at 4°C with 
standard buffer containing successively (arrows) 50 nf.1 NaCl (fractions 1-
10), 2 M NaCl (fractions 11-20) and 1 mg/ml of B-cyclodextrin (fractions 
21-30). The fractions (3 ml) were assayed for glycogen synthase, 
phosphorylase, debranching enzyme, total phosphorylase phosphatase, and 
protein as indicated. 
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The fate of protein phosphatase G is shown in more detail in Fig. 3. 
The phosphorylase-phosphatase activity of the native protein phosphatase G 
was severalfold increased by a treatment with trypsin (as shown by the 
enzyme not retained by B-cyclodextrin-Sepharose). In contrast, the enzyme 
eluted by 2 M NaCl appeared to be the catalytic subunit of protein 
phosphatase G, since its phosphorylase phosphatase activity was not 
increased by trypsin treatment (Fig. 3), and since the eluted enzyme could 
not be re-bound to glycogen (not shown). Furthermore, some non-catalytic 
part of the enzyme appeared to be reta i ned on the co 1 umn; indeed, after 
subsequent re-equilibration of the column in buffer without salt, 
separately purified type-l (AMD) catalytic subunit was completely retained 
on the column, and the 'reconstituted' holoenzyme could be eluted with free 
B-cyclodextrin (Fig. 3). The binding of the type-l catalytic subunit was 
quite specific, since it did not occur with the type-2A (PCS) enzyme, and 
since freshly prepared B-cyclodextrin-Sepharose did not retain any free 
catalytic subunit (not shown). 
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Fig. 3. Binding and reconstitution of protein phosphatase G on 8-
cyclodextrin-Sepharose. The 1 iver glycogen fraction (600%) from 10 rats 
was recirculated for 30 min at room temperature through a column containing 
10 ml of B-cyclodextrin-Sepharose. The column was transferred to the cold 
and washed with standard buffer containing successively 50 mM NaCl and 2 M 
NaCl. After re-equilibration of the column in standard buffer, 30Q units of 
purified type-l (AMD) phosphatase catalytic subunit were applied, and the 
column was then washed with standard buffer containing successively 50 mM 
NaCl and 1 mg/ml of B-cyclodextrin. Fractions of 3 ml were collected and 
assayed for spontaneous (0) and total (.) phosphoryl ase phosphatase 
activity. The amount of catalytic subunit applied corresponds to the total 
phosphorylase phosphatase activity released by 2 M NaCl. 
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(1- or r -cyclodextrin-Sepharose were unable to retain protein 
phosphatase G or any other assayed enzyme (debranching enzyme, glycogen 
synthase, phosphorylase) present in a liver glycogen fraction (not shown). 

The reconstituted holoenzyme obtained as illustrated in Fig. 3 was 
concentrated by precipitation with polyethylene glycol and displayed all 
the typical characteristics of the native protein phosphatase G (Bollen et 
al., 1988). Therefore, one or either non-catalytic subunit (see the 
introduction) confers to the catalytic subunit a series of properties, 
including high affinity for glycogen, marked resistance to inhibition by 
modulator protein (inhibitor-2), activation by trypsin (tenfold with the 
concentrated enzyme), and recognition of glycogen synthase as substrate. 
Furthermore, the synthase-phosphatase activity displayed regulatory 
properties which are specific for the liver enzyme; i.e. allosteric 
inhibition by physiological concentrations of phosphorylase a and of Ca2+, 

and synergistic action with a cytosolic synthase phosphatase (Stalmans et 
al., 1987). The distinct properties of the holoenzymes from liver and 
muscle cannot reside in the catalytic subunit, since the reconstitution of 
the holoenzyme was performed with the catalytic subunit isolated from 
skeletal muscle. Further work will be required to establish the exact 
function of the non-catalytic subunits. 
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Characterization of a Human T-cell Protein Tyrosine 

Phosphatase Expressed in the Baculovirus System 

N.F. Zander, J.A. Lorenzen, G. Daum, D.E. Cool* and E.H. Fischer 

Department of Biochemistry and *Howard Hughes Medical Institute; 
University of Washington; Seattle, WA 

Phosphorylation of proteins on tyrosyl residues has been implicated 

in signal transduction and the control of cell growth, proliferation, 

differentiation and transformation. This process is regulated by the 

interplay of protein tyrosine kinases and protein tyrosine phospha­

tases (PTPases, review : Tonks and Charbonneau, 1989). A PTPase of 

35 kDa (PTPase 1 B) was previously purified to homogeneity from hu­

man placenta and characterized (Tonks et aI., 1987a,b). Subsequent­

ly, a related PTPase of 48 kDa was cloned from human T-cells (Cool 

et ai, 1989). The T-cell PTPase mainly differed from purified pla­

centa PTPase 1 B in having an additional 98 residues at the C-ter­

minus. To address the function of this region, a truncated enzyme 

(TCLlC11.PTPase) was generated by inserting a stop codon behind Arg 

317 (Cool et aI., 1990). Both forms of the enzyme were expressed in 
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the baculovirus system using recombinant Autographa californica 

nuclear polyhedrosis virus (Ac-NPV) as the vector (Summers and 

Smith, 1988). In this manuscript, we describe the high level ex­

pression of both forms of the PTPase, their purification and their 

enzymatic properties. 

Spodoptera frugiperda (Sf9) cells were cotransfected with recom­

binant plasmid DNA (open reading frames of TC.PTPase and 

TCL\C11.PTPase cloned into pVL 941) and Ac-NPV wild type DNA. 

After virus purification, cells were infected with recombinant 

virus, harvested 72 h post infection and sequentially extracted in 

low salt buffer ( 25 mM imidazole pH 7.2, 2 mM EDTA, 0.1% (v/v) p-

mercaptoethanol, protease inhibitors), low salt buffer containing 

0.5% Triton X-100 and high salt buffer containing 0.5 % Triton X-100 

and 0.6M KCI. The full-length PTPase could be extracted from the 

particulate fraction only with detergent and salt, whereas the 

truncated form was soluble in low salt buffer alone. Figure 1 A 

shows a Western Blot of Sf9 cell extracts; both forms of the protein 

could be detected with peptide antibody 8172 (Cool et aI., 1990). 

Limited trypsinolysis of either form gave rise to a fully active 33 

kDa tryptic fragment. 

For purification of the full-length enzyme, the Triton/KCI extract 

was precipitated by adding ammonium sulfate to 20% saturation. 

After centrifugation, the pellet was resuspended and subjected to 

FPLC Superose 12 column chromatography. The enzyme eluted as a 
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1 1T 2 2T 
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-46k -46k .. - - -30k -30k 

Figure 1 : Expression and Purification of TC.PTPase and 
TC~C11.PTPase. 

A. Western Blot of Sf9 cell extracts. Protein (0.5 1l9) was subjected 
to SOS-PAGE, blotted onto nitrocell~lose and probed with anti­
peptide antibody 8172. Lanes 1: extracts of cells expressing the 
full-length enzyme; lanes 2: extracts of cells expressing the 
truncated form; lanes T: extracts after limited trypsinolysis. 
B. SOS-PAGE of cell extracts and purified proteins. Lane 1: 10 119 
extract of cells expressing TC.PTPase; lane 2: 1 119 purified 
TC.PTPase; lane 3: 20 119 extract of cells expressin9 TC~C11.PTPase; 
lane 4 : 1 Ilg purified TC~C11.PTPase. 

single peak of activity with an apparent Mr of 220 kOa, indicating 

aggregation, insertion in detergent micelles or asymmetry of the 

molecule. The peak fractions contained three bands when analyzed by 

SOS-PAGE: a doublet at 48 kOa (not resolved in figure 1 B) and a much 

less intense band at 50 kOa. However, all three bands corresponded 

to different species of the PTPase since they cross-reacted with 

three different peptide antibodies. 

For purification of the truncated form, the low salt buffer extract 

was applied directly to a Sephadex G75 superfine column. The 
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enzyme eluted in a symmetric peak at its expected molecular 

weight, although a minor trailing band can be seen. This protein was 

recognized by peptide antibody 8172 and, therefore, corresponded to 

a different species of the truncated enzyme. 

The reason for the molecular heterogeneity of the expressed 

proteins is still not clear. It was not due to phosphorylation as 

incubation of the cells in the presence of 32p i did not lead to 

phosphate incorporation into any of the bands. 

Table I Specific activities of PTPase forms [U/mg]1 

TC.PTPase 
TC~C11.PTPase 

Substrate: RCML 

850 
26,000 

MBP 

10,300 
4,700 

1 activities measured at substrate saturation in the presence of 
5 mM EDT A; 1 U = 1 nmol/min phosphate release 

The truncated form of the enzyme displayed a specific activity 

of 26,000 U/mg toward RCML. In contrast, the full-length enzyme 

was far less active (850 U/mg) toward this substrate suggesting 

that enzyme activity was repressed by its C-terminal portion. Either 

limited trypsinolysis of the purified protein (which removes the C­

terminal segment) or generation of the truncated form by site­

directed mutagenesis led to a 30 fold increase in PTPase activity. 

The low activity of the TC.PTPase was not a general phenomenon but 

depended on the nature of the substrate. With MBP as the substrate, 
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the full length enzyme displayed double the activity (10,300 Ulmg) 

of the truncated form (4,700 U/mg). These data suggest that MBP 

interacts with the C-terminal segment facilitating access to the 

catalytic site. 

Both forms of the T-cell enzyme were inhibited by micromolar 

concentrations of vanadate, molybdate and zinc. Nanomolar con­

centrations of heparin inhibited the enzymes; however, this effect 

could only be observed with RCML as the substrate. Polycationic 

compounds activated the full-length enzyme (spermine up to 

sevenfold, unphosphorylated MBP up to threefold), whereas 

activation of the truncated form by these compounds was at most 

30%, indicating interaction of polycations with the C-terminal 

segment of the molecule. 
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INHIBITION OF TYROSINE PROTEIN PHOSPHATASES FROM MUSCLE 

AND SPLEEN BY NUCLEIC ACIDS AND POL YANIONS 

C. Stader, S. Oierig, N. Tidow, S. Kirsch, and H. W. Hofer 

Faculty of Biology, University of Konstanz, 

P.O. Box 5560, W-7750 Konstanz, Germany 

The reversion of tyrosine phosphorylation is potentially involved in the regulation of the 

cell cycle and Signal transduction (cf. to the contributions by E. Fischer and G. Oraetta, 

this volume). Structural relationship was detected between a 38 kOa protein tyrosine 

phosphatase (PTP) isolated from human placenta (PTP-1B, Tonks et aI., 1988) and 

the catalytic domains of membrane proteins like C045 (Tonks et aI., 1990), LAR 

(Streuli et aI., 1988), and LCP (Matthews et aI., 1990) which possess tyrosine 

phosphatase activity. Clones encoding for a major soluble PTP of Mr ""'50,000 have 

been obtained from human and rat cONA libraries (Chernoff et aI., 1990; Brown­

Shimer et aI., 1990; Guan et aI., 1990). These clones included the complete code for 

PTP-1B indicating that PTP-1B was a proteolytiC fragment of a larger precursor. We 

isolated PTPs from the cytosolic fraction of porcine spleen (designated PTP-S) and 

two soluble enzymes (deSignated PTP-M1 and PTP-M2) from rat muscle and 

compared their properties with respect to the inhibition by various polyanions. 

Purification and preliminary molecular characterization of PTP from porcine· spleen 

and rabbit muscle 

Purified a soluble PTP-S exhibited a single protein band on SOS-PAGE corresponding 

to an estimated molecular weight between 52,000 and 57,000, depending on the type 

of marker proteins used for calibration. This Mr was in good agreement with that 

described by Chernoff et al. (1990) for the in vitro translation product of the full­

length clone of a major human PTP. Chromatography of PTP-S on a Superose 12 

column indicated a smaller Mr of 40,000. The apparent discrepancy between the Mr 

data obtained under denaturing and native conditions may be due to interaction of the 

protein with the Superose 12 matrix, an effect which had been observed with protein 

tyrosine kinases before (Batzer et aI., 1990). 

The migration of PTP-M1 on SOS-PAGE was the same as of PTP-S, whereas the 

migration of PTP-M2 was in agreement with an estimated Mr 48,000. The native Mr of 

both PTP from muscle was the same as determined for PTP-S. 

PTP-M2 from rat muscle and PTP-S cross-reacted on Western blots with an antiserum 

raised against PTP in the laboratory of Prof. E. Fischer. This fact also 

indicates that the PTP-M2 and PTP-S belong to the same family of PTPs as the PTPs 

from lymphocytes and human placenta. 
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and PTP-M2 (circles) from 
skeletal muscle by heparin. 
Phosphatase activity was 
assayed with modified lysozyme 
(Tonks, 1988a) phosphorylated 
on tyrosine residues by a purified 
lienal tyrosin-specific protein 
kinase (Batzer et aI., 1990). 

The search for physiological inhibitors of PTP-S and PTP-M 

The PTPs from muscle and spleen were strongly inhibited by heparin (cf. Fig. 1) as 

previously observed for PTP-1B by Tonks et al. (1988b). 

In an attempt to find a physiological equivalent for heparin we used an approach 

similar to that which had previously led to the isolation of an inhibitor protein by 
Ingebritsen (1989). Fractions from spleen extracts inhibiting the PTP activity were 

eluted by high ionic strength from a DEAE-chromatography column. The inhibitory 

activity was stable to prolonged heating (60 min at 95 oe) and its elution profile from a 

Superose 12 column corresponded to a Mr < 100,000. The material obtained fromthe 
gel filtration column exhibited a ratio of UV absorbance at 260 nm and 280 nm of 
nearly 2 (cf. Fig. 2). 

E.ig..2.. 

UV absorption spectrum of the heat-stable 
inhibitor preparation of PTPs obtained from 
porcine spleen as described in the text. The 
spectrum was measured in the fraction 
exerting the strongest inhibition (Fraction 
21) after chromatography on Superose 12 
(pH 7.0). 
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Effect of the treatment (2 h, 
ambient temperature) of the PTP 
inhibitor preparation from 
porcine spleen with proteases 
and nucleases (1 mg/ml). 
Chymotrypsin and trypsin were 
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after ~hatched bars) of heating 
to 95 c). 
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The inhibitor preparation from spleen retained its activity after treatment with highly 
purified chymotrypsin (ct. Fig. 3) whereas incubation with RNase and DNase distinctly 
reduced the inhibitory action on PTP. The partial loss of inhibitor activity after 
treatment with trypsin (and in a similar manner with proteases of bacterial origin) 

Fig. 4. 

Chromatography of the PTP 
inhibitor on a Superose 12 
column (HR 15/30). The line 
indicates absorption at 280 nm, 
the hatched bars represent 
inhibitor activity. 
a: Untreated sample. 
b: Sample incubated with 
chymotrypsin (1 mg/ml) for 2 h 
before chromatography. 
The samples were heated at 95 
°c for 10 min prior to 
chromatography. 
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may be due to RNase contaminations in standard qualities of some commercial 
proteases, since heat-treatment did not reduce inhibition. As shown in Fig. 4, the 
molecular weight of the inhibitory components was not changed when the samples 
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were treated with a highly purified chymotrypsin before gel filtration chromatography, 

whereas there was a distinct change in the pattern of UV-absorption in the eluate from 
the chromatography, indicating that there had been chymotrypsin-sensitive material in 

the sample. Analogous experiments performed with an inhibitor sample treated with 
RNase eliminated most of the inhibitory activity. In the light of these data it appeared 
more likely that the PTP-inhibiting material from spleen was nucleic acids rather than a 
protein, as previously reported for an inhibitor from brain (Ingebritsen, 1989). 
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Inhibition of PTPs by nucleic acids 

~ 

Inhibition of PTPs from muscle and 
spleen by commercial preparations of 
herring sperm DNA (triangles) and 
yeast RNA (circles) and by 
polyadenosine (squares). PTP 
assays were performed with modified 
lysozyme (ct. Legend of Fig. 1). The 
hollow symbols refer to experiments 
performed with PTP-M 1 , the full 
symbols to experiments done with 
PTP-M2. 

The inhibition of PTPs from skeletal muscle by commercial preparations of herring 

sperm DNA and unfractionated yeast RNA is shown in Fig. 5. There were only minor 
differences in the efficiency of the nucleic acids with respect to their inhibitory potency 

on the PTPs. Since an almost identical effect was also obtained with polyadenosine, it 
was clear that the inhibition did not depend on a specific arrangement of bases within 

the nucleic acids but was most likely conferred by the presence of phosphate anions. 
The fact that chondroitin sulfate was an almost equipotent inhibitor of the PTPs as 

heparin and nucleic acids indicated that the presence of multiply charged polyanions 
was a sufficient requirement to inhibit PTPs. 
A comparison of the inhibition of PTPs by low and high molecular weight anionic 
substances (ct. Table 1) suggested that, on the basis of charges per weight, the 
polyanionic substances were distinctly more efficient to inhibit the PTPs than low 
molecular weight phosphates or sulfates. 
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Table 1 

1C50% 
(mg/ml) 

ATP 8.47 

Na2S04 7.6 

Na2P04 9.8 

Heparin 0.022 

Chondroitin Sulfate 0.045 

RNA 0.012 

DNA 0.25 

Conclusion 
PTPs exhibit remarkable conservation of structure in the catalytic part of their 

molecules. This fact is also supported by the results of this investigation which 
revealed immunologic cross-reaction and, therefore, presumably a close structural 
relationship between PTPs from spleen and muscle and the catalytiC moiety of a PTP 
which is supposedly a membrane bound protein (Cool et aI., 1990). Nevertheless, the 

PTPs described here were isolated from cytosolic fractions and the reproducible 
contents of their activities in the tissues did not support the possible assumption that 

the solubilization of the enzymes was mediated by proteolytiC attack on a membrane­
bound precursor. It is more likely, that the enzymes isolated in our laboratory are the 
products of the recently cloned genes of soluble PTP which apparently is fairly 
ubiquitous in mammalian tissues. 

The PTPs described here not only revealed striking structural similarities to enzymes 
derived from other sources but also similar kinetic behaviour. Though heparin itself is 
not likely to regulate PTP activity in situ, we tried to find more likely candidates. It 
turned out that other polyanions, especially nucleic acids, also possess affinity to the 
PTP proteins. In theory, the affinity should be sufficiently high to allow binding under 
physiological conditions and, therefore, offers a potential mechanism of regulation of 
PTP activity. 
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cdc2 is the catalytic subunit of a universal cell cycle regulator 

cdc21 and its homolog CDC28. are 34 kd protein kinases originally identified in the 
yeasts S.pombe and S. cerevisiae. respectively (for review see (Cross et al.. 1989) 

(Nurse. 1990). In these organisms. mutations in cdc2128 arrest cells in either the G1 or 

the G2 phases of the cell cycle. In addition. some dominant mutations of cdc2 cause 

cells to traverse the cell cycle at an advanced rate. confirming that this gene acts at a 

major control pOint of the cycle. Using complementation of the genetic defect both cdc2 

and CDC28 were cloned. From their predicted protein sequences it appeared that cdc2 

and CDC28 encode ser/thr protein kinases (Reed et al.. 1985) (Simanis and Nurse. 

1986). Indeed. in vitro assays demonstrated that cdc2 can phosphorylate histone H1 
and other substrates on serine or threonine residues (with a primary sequence 

requirement: X - SerlThr - Pro - X). A major breakthrough came when it was found that 

cdc2 homologs are present also in higher eukaryotes (Draetta et al.. 1987) (Lee and 

Nurse. 1987). Furthermore. it was found that cdc2 is a component of the Maturation 

Promoting Factor (MPF) (Dunphy et al.. 1988) (Gautier et al.. 1988). a soluble 

component of mitotic cells which is able. when injected in interphase cells. to drive their 

nuclei into mitosis. MPF activity can be easily assayed by microinjection of the large 

oocytes of Xenopus. These cells are arrested at the G2/M prophase of meiosis I. Upon 

microinjection of MPF. a burst of protein phosphorylation occurs and oocytes mature 

into eggs. which will remain arrested in metaphase until fertilization. 

cdc2 is a unique transducer able to respond to extracellular signals (availability 
of nutrients. growth factors). and to sense the occurrence of events such as cellular 
growth. DNA replication and mitosis. All these signals converge on (and activate) 
specific forms of cdc2. which differ in their state of phosphorylation and association with 

1 Throughout the text. italics will be used to refer to genes (eg. cdc2). while for their protein products 
regular characters willbe used (eg. cdc2). 
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regulatory subunits. Although structural and biochemical studies on the cdc2 kinase are 

just beginning, numerous elements of its regulation have been elucidated so far. In this 

paper I will summarize the present knowledge on the biochemical regulation of such 

kinase. 

Association with regulatory subunits 

In 1988 it was found that a 62,000 Mr protein (p62) associates with cdc2 and becomes 

phosphorylated as cells enter mitosis (Draetta and Beach, 1988). Monomeric cdc2 is 

inactive as histone H1 kinase, unless it is bound in a high molecular weight complex 

with p62 (Brizuela et aI., 1989). The pattern of accumulation of the cdc2/p62 complex 

prompted to investigate the possibility that cdc2 might associate with cyclins, proteins 

which accumulate and are selectively degraded at specific stages of the cell cycle. It 

had been previously demonstrated that injection of mRNA encoding for a clam cyclin 

induces maturation in Xenopus oocytes, suggesting that cyclins may be direct activators 

of MPF (Swenson et aI., 1986). Indeed clam cyclins were found to associate with 

cdc2, and to form an active histone H1 kinase (Draetta et aI., 1989). Furthermore it was 

found that some suppressors of cdc2 mutations in yeast encode proteins with 

structural homologies to the cyclins (Booher and Beach, 1987) (Booher et aI., 1989). It 

was also demonstrated that human p62 is a cyclin of the B type (Pines and Hunter, 

1989), and that a complex between cyclin Band cdc2 is the MPF purified from Xenopus 

eggs (Gautier et aI., 1990). 

Many cyclin genes have been cloned, and for some of the encoded proteins it 

has been shown that they physically interact with cdc2. On the basis of their sequence 

similarity and their pattern of accumulation cyclins have been divided into different 

subtypes. For example, the S.pombe cdc13 cyclin belongs to the B-type class, and a 

complex of cdc13 and cdc2 is maximally active at mitosis. In S. cerevisiae the cyclins 
encoded by the CLN genes accumulate at the G1/S transition of the cell cycle 

(Hadwiger et aI., ·1989). In human cells, cDNA encoding A- and B- type cyclins have 

been cloned (Pines and Hunter, 1989) (Wang et aI., 1990). A SO,OOO Mr 

polypeptide(p60) originally identified as a cellular protein which binds the E1 A 
oncogene in Adenovirus- infected cells, was found to associate with cdc2 as well 
(Giordano et aI., 1989). It is now known that p60 is the human homolog of cyclin A 
(Pines and Hunter, 1990). Its pattern of accumulation and binding to the cdc2 protein 

kinase differs from the one of cyclin B (pS2, see above) in that it does bind cdc2 in S 

and G2 , but it is degraded before metaphase. 
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Black areas indicate regions of homology with the protein kinase family. Grey 
areas indicate sequences present in all cloned cdc2 homologs. Also shown are 
amino acid sequences surrounding mapped phosphorylation sites. 

A further subunit of the cdc2 protein kinase is suc1, a 13 kd protein. The suc1 gene was 

identified through a genetical analysis of cell cycle defects in S. pombe (Hayles et aI., 

1986). suc1 is a suppressor of certain mutations in the cdc2 gene. It was found that the 
suc1 protein can bind monomeric cdc2, as well as cdc2/cyclin B complexes (Brizuela et 
aI., 1987). Therefore it is implied that some of the cdc2 mutants have a defect in the 

ability to bind suc1 and can be rescued by suc1 overexpression. Recently it has been 

found that the association between cdc2 and suc1 is cell-cycle regulated (M.Pagano 

and G. Oraetta, in preparation; B.Oucommun and G. Oraetta in preparation). The 

existence of an equilibrium between a suc1- free and a bound form of cdc2 is also 

suggested by the fact that large overproduction of suc1 leads to cell cycle arrest, 

probably by sequestering the cdc2 protein in a permanently bound form (G. Basi and G. 

Oraetta, in preparation). 
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Fig.2 Model for the activation of the cdc2lcyclin B complex at the G21M transition. 
Monomeric cdc2 is inactive. Thr161 phosphorylation allows binding to cyclin B. 
As the complex forms, the wee1 protein kinase induces phosphorylation of cdc2 
on Tyr15, keeping the cyclin B/cdc2 complex inactive until DNA replication is 
completed. cdc25, following completion of DNA replication, activates a protein 
tyrosine phosphatase. Dephosphorylation of cdc2 leads to full activation of the 
histone H1 kinase, and starts mitosis. 

cdc2 regulation by post-translational modifications 

cdc2 is phosphorylated in vivo on serine, threonine and tyrosine residues. There is no 
evidence for the occurrence of cdc2 auto phosphorylation in vitro. Four major sites of 

phosphorylation have been identified to date (Fig.1). In mammalian celis, 

phosphorylation on serine (Ser277) occurs specifically in the G1 phase of the cycle; 
this phosphorylation site has not been identified in yeast (Krek and Nigg, 1991). Tyr15 
is located within the nucleotide binding domain of the cdc2 protein (Gould and Nurse, 

1989); phosphorylation at this site occurs during the Sand G2 phases of the cell cycle. 

The tyrosine- phosphorylated cdc2, complexed with cyclin B, is inactive; at the end of 
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G2 dephosphorylation of Tyr15 leads to full activation of the kinase and entry into 

mitosis in yeast (Gould and Nurse, 1989) . Indeed, yeast strain's carrying a mutated 

cdc2 with a phenylalanine in position 15 instead of tyrosine, are deregulated for cdc2 

activation and proceed through the cycle at an advanced rate. Two sites of threonine 

phosphorylation have been identified. Thr14 is located within the ATP binding site 

(Krek and Nigg, 1991), while Thr167 (Thr 161 in the mammalian cdc2) is located in a 

position homologous to Thr197 and Tyr 416, putative autophosphorylation sites of 
cAMP-dependent protein kinase and p60c-src, respectively (Booher and Beach, 1986). 

Recent evidence shows that phosphorylation of Thr161 is an absolute requirement for 

cyclin binding in vitro (B. Ducommun, P. Brambilla and G. Draetta, unpublished). It has 

been demonstrated that cyclin B binding to cdc2 increases the ability of cdc2 to undergo 

phosphorylation on tyrosine (Solomon et aI., 1990). 

A phosphorylation cascade must be involved in the mechanism of activation of 

the cdc2 kinase (Fig.2). Two S. pombe protein kinases, mik1 and wee1, are part of the 

upstream regulatory mechanism for cdc2 activation. Wee1 is a dose-dependent 
inhibitor of mitosis (Russell and Nurse, 1987); an increase in the amount of wee1 in the 

cell leads to cell cycle delay, which is proportional to the level of its expression. Less is 

known about mik1, but in the absence of both kinases tyrosine phosphorylation of cdc2 
is abruptly lost and a complete alteration of cell cycle timing occurs with appearance of 
anucleated, multinucleated and fragmented cells (mitotic catastrophe)(K. Lundgren and 
D. Beach, person. commun.). This suggest that mik1 and wee1 are involved either 

directly or indirectly in the tyrosine phosphorylation of cdc2. 

cdc25 is an activator of mitosis (Russell and Nurse, 1986). It has been found that 
yeast cells lacking the cdc25 gene product arrest in G2, with a preformed cdc2/cyclin B 
complex. The cdc2 protein in this complex contains high levels of phosphotyrosine. 

Lack of cdc25 can be suppressed by overexpression of a tyrosine phosphatase from 

human cells (Gould et aI., 1990). Since there is no obvious structural similarity between 
cdc25 and tyrosine phosphatases, it is reasonable to hypothesize that cdc25 binds and 
activates the cdc2 tyrosine phosphatase. In fact a cdc2 protein lacking Tyr15, does not 
need cdc25 function. The presence of Thr 14 phosphorylation in mammalian cells 
renders the regulation even more complicate. In fact it is known that tyrosine 

dephosphorylation of the cdc2 complex isolated from G2- arrested cells does not lead to 
activation of its kinase activity (Moria et aI., 1989). Probably Thr14 and Tyr15 
dephosphorylation are needed for cdc2 activation in mammalian cells. 



368 

cdc2 targets 

In Table I I have listed the cdc2 substrates identified so far, together with the functional 

effects brought by phosphorylation, when detected (for review see, (Lewin, 1990) ). The 

first identified cdc2 substrate was Histone H1, the phosphorylation of which at mitosis 

has been known for a long time. The activation of the cdc2 kinase before mitosis leads 

to phosphorylation of a number of different proteins, all involved in the structural 

changes occurring in the cell at mitosis. It is interesting to find among the cdc2 

substrates the cellular oncogene products p60c-src, c-abl, the antioncogene products 

retinoblastoma and p53. They are all phosphorylated in vitro by cdc2 at sites which are 

phosphorylated in vivo. 

It is clear that some of the cdc2 substrates are phosphorylated at times in the cell 

cycle other than mitosis. This, together with the genetical evidence from yeast confirming 

that the kinase activity of cdc2 is required during the G1/S as well as the G2/ M 

transition suggests that different cdc2/cyclin complexes, activated at discrete stages of 
the cell cycle, phosphorylate discrete sets of substrates. The cyclins might have a role in 

controlling the timing of activation of the kinase, but also in directing cdc2 to a specific 

subcellular location or in changing its substrate specificity. 

Perspectives 

The identification of cdc2 in higher eukaryotes, together with the finding that it is itself a 
target of tyrosine kinases (all of the known tyrosine kinases are encoded by either 

cellular oncogenes or growth factor receptors) has stimulated intensive investigation to 

try to link cdc2 activation to the activation of proliferation as a prerequisite for abnormal 

(cancerous) growth. It is obvious that cell cycle control proteins must be the target of 

regulatory signals which sense the outside environment and mediate the choice growth 

versus quiescence. Our hope is to be able to understand how permanent activation of 
this kinase can be responsible for cellular immortalization, and be the basis for further 

oncogenic events. In two occasions cdc2 has been found to be involved with 

oncogenes. Firstly, it was shown that the cyclin A subunit of cdc2 can bind the 
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Adenovirus E1A nuclear oncogene. Recent mapping studies (A.Giordano and B.R. 

Franza, Jr., pers. commun.) have shown that the binding sites for cyclin A on the E1 A 

Table I. cdc2 substrates 

Substrate Functional effects When in the 

of phosphorylation cell cycle? 

RNApol1l CTD Activation of transcription? G1,S 

p53 Unknown S 

SV40 large T Activation of DNA replication S 

RFA Activation of DNA replication S 

p105Rb Inactivation of Rb in late G1? S,G2,M 
p60c-src Increased kinase activity M 

v-abl Unknown M 

Histone H1 Chromatine condensation? M 

Nucleolin Inhibition of rRNA transcription? M 

Vimentin Reorganization of microfilaments M 

SWI5 Inhibition of nuclear localization M 

Myosin LC's Inhibition of cytokinesis? M 

Lamins Lamin depolymerization M 
Caldesmon Morphological changes M 

polypeptide coincide with E1 A domains necessary for immortalization. In addition the 
same authors have found that a fraction of the cdc2 protein is bound to cyclin A and E1 A. 

Secondly, the cyclin A gene has been identified in the DNA sequences flanking the site 

of integration of the Hepatitis B Virus, in a hepatocellular carcinoma. It will be interesting 

to investigate the possible effects of this events on cyclin A stability at the mRNA and 

protein level, as well as on the activity of the cyclin Ncdc2 kinase during the cell cycle. 

Further links with the growth control pathways have been established. Studies 

done in S.cerevisiae have shown that a gene involved in negative regulation of growth, 

FAR1, is dispensable in the absence of the CLN2 cyclin gene (Chang and Herskowitz, 
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1990). It has been suggested that FAR1 regulates the expression of this cyclin, the 

inactivation of which is required for growth arrest. All three CLN cyclins have to be 

inactivated for G1 phase arrest in S.cerevisiae. In the same yeast FUS3, a protein 

kinase which is also a negative regulator of growth, has been isolated. FUS3 is 

probably acting through an inhibition of the CLN3 (Elion et aI., 1990). It has regions of 

homology to MAP2 kinase, a serine/threonine protein kinase which is involved in signal 

transduction in mammalian cells. 

As we proceed with our investigations, more and more protein kinases and 

phosphatases are being discovered. Understanding the cdc2 activation cascade will 

represent a great challenge for the biochemist of the 90's, in many ways comparable to 

the work started in the 50's (and still going at full speed I) on the regulation of glycogen 

metabolism by phosphorylation. As of the immediate future a number of obvious 

questions remain open. It will be interesting, for example, to find out more about the role 

of the cyclin subunits in the regulation of the kinase; whether for example binding to the 

cyclins relieves any inhibition exerted by pseudo- substrate sequences in the cdc2 

protein, or whether binding to the cyclins helps forming the substrate binding site. And 

more: the role of the suc1 protein is still unknown. The possibility that suc1 might target 

cdc2 to a tyrosine phosphatase is been actively investigated. cdc2, the cyclins and suc1 

can be expressed as recombinant proteins, and attempts to study molecular structure 

are in progress. I hope to seeing more and more biochemists involved with cdc2 

during the years to comel 
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INTRODUCTION 

The approach generally taken to determine how growth factors induce cells to 

proliferate begins with purification of the growth factor and then using it to probe for 

its corresponding receptor. This has led to the finding that most growth factor 

receptors are tyrosine kinases and that binding of the growth factor to the receptor 

leads to an increase in this activity (for a review see Carpenter G, 1987; Varden Y 

and Ulrich A, 1988). Results obtained from site-directed mutagenesis experiments 

further argue that the increase in this kinase activity is essential in conveying the 

mitogenic response (Carpenter G, 1987; Varden Y and Ulrich A, 1988). Indeed, it is 

thought that the mitogenic response is propagated through a cascade of kinase 

reactions which are initiated by the tyrosine kinase receptor (Czech MP et ai, 1988; 

Carpenter G and Cohen S, 1990). In our laboratory we have approached this 

question from inside the cell. We have begun with an obligatory step in the 

mitogenic response, the activation of protein synthesis, shown how this event may 

be triggered by the multiple phosphorylation of a ribosomal protein, S6, and 

attempted to trace the pathway back to the cell membrane describing the molecular 

components which are involved in the activation of this process (Kozma SC et ai, 

1989a; Hershey JWB, 1989). 

Protein synthesis 

The activation of protein synthesiS is usually observed on sucrose gradients as a 

large shift of inactive 80S ribosomes into more heavily sedimenting actively translating 

polysomes. The inactive 80S ribosomes, unlike 80S monosomes, contain no attached 

mRNA, but instead are made up of naked 40S and 60S subunits (Hershey JWB, 
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1989). This increase in polysome formation is accompanied by a shift of newly 

transcribed messenger RNA as well as a large pool of stored messenger RNA into 

the actively translating polysome population; in fact, about 80% of the increase in 

protein synthesis seen during the first eight hours of the mitogenic response is due 

to stored messenger RNA (Rudland PS, 1974). This differential use of messenger 

RNA prompted us to ask the question of whether alterations in messenger RNA 

expression also led to changes in the pattern of translation. Therefore, quiescent 

cells or serum-stimulated cells were pulse-labeled with 35S-methionine and total 

cytoplasmic proteins were extracted and analyzed by NEPGE-2-dimensional gel 

electrophoresis. The observed patterns of translation from both quiescent and 

stimulated cells were quite similar, but with several notable changes (Thomas G et ai, 

1981). We were able to identify a number of those proteins whose levels were 

altered but, more importantly, we were able to show that about half of them were 

under translational control. Furthermore, one of these proteins, Q49' which we have 

identified as elongation factor EF1-Cl (Thomas G and Thomas G, 1986), has been 

shown to be under selective translational control (H. Jefferies and G. Thomas, 

unpublished). This information will be very important in terms of establishing in vitro 

systems to test the importance of S6 phosphorylation in the activation of protein 

synthesis. 

The increase in translational activity following the stimulation of quiescent cells to 

proliferate was shown very early on to be due to an increase in the rate of initiation 

of protein synthesis (Kozma SC et ai, 1989; Hershey JW8, 1989). The components 

involved in this process are well described and we know many of their functions from 

both biochemical and genetiC studies (Hershey JW8, 1989). Therefore, we ar.gued 

that the activation of protein synthesis may serve as a useful model of how a growth 

factor acting on the cell surface turns on a mitogeniC response within the cell. 

However, because of the large number of components involved we initially limited 

ourselves to looking at protein phosphorylation and dephosphorylation. This choice 

was made for two reasons: (1) we knew that phosphorylation reactions served as 

common mediators of intracellular regulatory signals, and (2) we knew that many of 
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the translational components involved in initiation could be phosphorylated under a 

variety of growth conditions (Kozma 5C et ai, 1989a; Hershey JWB, 1989). This 

approach led to the finding that a single protein on the 405 ribosomal subunit, 56, 

became highly phosphorylated when quiescent cells were stimulated to proliferate 

(Thomas G et ai, 1979). 

Ribosomal Protein 56 

To determine how much 56 was becoming phosphorylated following stimulation of 

quiescent cells to proliferate we took advantage of the fact that the more phosphory­

lated this protein becomes the slower is its electrophoretic mobility on two-dimension­

al polyacrylamide gels (Krieg J et ai, 1988). For example, in quiescent cells 56 lies 

on a diagonal line with ribosomal proteins 52 and 54. However, thirty minutes after 

treatment with EGF most of the protein is largely relocated in 5 derivatives designated 

a - e, representing 1 to 5 moles of phosphate incorporated into 56. By 1 hour post­

stimulation a large portion of the protein has shifted to derivatives e and d, 

representing the most highly phosphorylated forms of 56 (Olivier AR et ai, 1988). 

This increase was shown to be due to phosphorylation since treatment of the fully 

phosphorylated form of 56 with alkaline phosphatase causes the protein to shift back 

to its native unphosphorylated state (Thomas G et ai, 1979). At this point we focused 

on the question of whether S6 phosphorylation could be de-coupled from the 

activation of protein synthesis in vivo (Thomas G et ai, 1980; Thomas G et ai, 1982). 

Titration experiments were carried out with either individual growth factors or in the 

presence of inhibitors of either protein synthesis or S6 phosphorylation. In the case 

of cycloheximide, a potent inhibitor of protein synthesis, there was no effect on the 

rate or extent to which S6 became phosphorylated (Thomas G et ai, 1980). In 

contrast, when S6 phosphorylation was blocked or slowed down with methylxan­

thines, a corresponding effect on the initiation of protein synthesis was observed 

(Thomas G et ai, 1980). This led to the speculation that the phosphorylation of S6 

was somehow involved in recruiting inactive 80S ribosomes and stored mRNA into 

actively translating polysomes. To test this possibility extracts were prepared from 
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quiescent cells which were stimulated for a short time, a time at which inactive 80S 

ribosomes were just beginning to be recruited into polysomes. Native 40S subunits, 

inactive 80S couples and polysomes were isolated and the extent of S6 phosphoryla­

tion was analyzed in each case (Thomas G et ai, 1982; Duncan R and McConkey EH, 

1982). The results show that the most highly phosphorylated ribosomes were 

present in polysomes and that 80S and 40S ribosomes were phosphorylated to a 

much lesser extent. The selection began with derivative c, was stronger for derivative 

d, and derivative e and was almost exclusively found in polysomes (Thomas G et ai, 

1982). 

When the above experiments were carried out it was known that five moles of 

phosphate could be incorporated per mole of S6. However, it was not clear whether 

these five phosphates were incorporated into five distinct or many different sites or 

whether the phosphorylation was ordered or random. Over the last few years we 

have been able to show that there are (1) five distinct sites, (2) that they are clustered 

at the carboxy end of S6 and (3) that they apparently appear in a very specific order 

(see H.R. Bandi and G. Thomas, this volume). These results, together with the 

polysome shift experiments described above, suggested that the first two sites of 

phosphorylation, derivates a and b, may be involved in regulating the later sites of 

S6 phosphorylation and that the later sites of phosphorylation were those which had 

a direct effect on the activation of protein synthesis. This hypothesis is also 

consistent with both biochemical and genetiC studies (Palin E and Traugh JA, 1987; 

Johnson SP and Warner JR, 1987). Furthermore, these findings have led us and 

others to speculate that the phosphorylation of S6 may somehow be involved in 

increasing the affinity of the 40S ribosome for messenger RNA (Kozma SC et ai, 

1989a; Hershey JWB, 1989). This hypothesis fits well with our knowledge about the 

location of S6 within the 40S ribosome. From crosslinking and protection experi­

ments it has been argued that S6 resides in the mRNA-tRNA binding site (Nygard, 

a and Nilsson L, 1990). Recently we have prepared mono-specific antibodies against 

a synthetic S6 peptide containing all sites of phosphorylation. Together with U. 

Bommer and J. Stahl (Institute of Molecular Biology, Berlin) we are presently 
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attempting by immunoelectromicroscopy (Lutsch G et ai, 1990) to directly determine 

where the sites of 86 phosphorylation reside within the 408 ribosome (see H.R. Sandi 

and G. Thomas, this volume). We would now like to learn how important each of 

these sites is in protein synthesis, and to determine the mechanism which is 

responsible for controlling this event. Obviously, both of these studies would be 

greatly facilitated by identification of the kinase which controls 86 phosphorylation. 

Mitogen-activated 86 kinase 

The approach used to search for the activated kinase responsible for phosphory­

lating 86 involved preparation of whole-cell extracts from either quiescent cells or cells 

treated with EGF. The extracts were then incubated in the absence or presence of 

408 subunits. The pattern of protein phosphorylation in the absence of 408 subunits 

was quite similar for both quiescent and stimulated cells. However, addition of 408 

subunits to these extracts led to a 30-fold increase in the amount of phosphate 

incorporated into a protein of Mr 30 kd. This protein was identified as ribosomal 

protein 86 by two-dimensional gel electrophoresis and shown to contain all the same 

tryptic-phosphopeptides observed in vivo, which indicated that the stimulated cell 

extract contained all the activity required for phosphorylating 86 in the intact cell 

(Novak-Hofer I and Thomas G, 1984). Detection of this activity required the presence 

of phosphatase inhibitors. Initially, p-glycerolphosphate was used as the phospha­

tase inhibitor, but it was later found that many o~her phosphatase inhibitors could 

substitute for p-glycerolphosphate, including phosphoserine, p-nitrophenyl phosphate 

and pyrophosphate. The finding that phosphatase inhibitors were required to recover 

full kinase activity from cell extracts meant that 86 kinase phosphatases as well as 

86 kinases had to be considered in the regulation of 86 phosphorylation. We 

therefore set out to identify these components several years ago. The strategy was 

to test the 86 kinase at each stage of the purification for its stability in the absence 

of phosphatase inhibitors. The kinase and phosphatase activities appeared to co­

purify with each other through the first three successive steps of purification, high­

speed centrifugation, followed by ammonium sulfate fractionation and then anion 
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exchange chromatography. However, chromatography on a cation-exchange column 

separated these two activities, with the inactivator, the putative phosphatase, 

appearing in the flow-through and the kinase remaining bound to the column (Ballou 

et ai, 1988a). The finding that the two activities appeared to co-fractionate with one 

another through the anion exchange column prompted us to reassay this column in 

the presence of an authentic phosphatase substrate, phosphorylase 8. The results 

showed two poorly resolved peaks of phosphorylase 8 phosphatase activity, termed 

A and B, and that the kinase emerged between these two peaks. This column was 

then assayed with kinase as substrate and it was found that the major inactivating 

activity comigrated with the phosphatase in fraction B. Two phosphatases, 1 and 2A, 

are known to readily attack phosphorylase 8. Furthermore, it is known that 

phosphatase 2A elutes later on an anion exchange column than does phosphatase 

1. This result suggested that peak B represented a type 2A phosphatase, a 

conclusion substantiated by a number of additional findings, e.g., (1) peak B activity 

was not blocked by a specific inhibitor of phosphatase 1, (2) it selectively dephos­

phorylates the a subunit of phosphorylase kinase, and (3) the purified catalytic 

subunit of phosphatase 2A was 3- to 4-fold more efficient than that of phosphatase 

1 in inactivating the kinase (Ballou et ai, 1988a). 

We used the knowledge that we could separate the phosphatase from the kinase 

on a cation exchange column as a first step in establishing a purification procedure 

for the isolation of the kinase. When the active fraction from the last step of 

purification was analyzed on silver stained SDS-PAGE a single bandof Mr 70 kd was 

seen (Jene P et ai, 1988). During the latter stages of the purification we realized that 

an enzyme of about this molecular weight was becoming phosphorylated and was 

following the activity of the kinase (Jene P et ai, 1988), which suggested that the 

kinase itself may be auto phosphorylated. To determine if this were the case, the 

ability of this enzyme to self-phosphorylate was tested against its ability to phosphory­

late S6 in individual fractions through the last column of purification. The results 

showed that the two activities directly paralleled one another. Finally, we had 

assumed until then that this enzyme was responsible for phosphorylating all of the 
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sites in S6 observed in vivo. To establish if this were indeed the case, we incubated 

unphosphorylated 40S ribosomes with y 32p_ATP in the absence and the presence of 

the kinase. The results showed that in the presence of the kinase S6 could be driven 

to the most highly phosphorylated derivatives. Subsequent drying and autoradio­

graphy of this gel showed that only S6 became phosphorylated under these 

conditions. Finally, when the radioactively labeled material was excised and digested 

with trypsin, the same phosphopeptides as observed in vivo were obtained (Jene P 

et ai, 1988), indicating that this kinase is responsible for phosphorylating all the sites 

observed in vivo. Hence, from the data above, it was argued that the Mr 70 kd band 

is the kinase which is responsible for phosphorylating 86 in the intact cell. 

Rat liver S6 kinase 

Although we had identified the S6 kinase, there was insufficient material from 

cultured cells to generate either protein sequence data or polyclonal antibodies (Jene 

P et ai, 1989). Therefore, we searched for ways in which others had activated S6 

phosphorylation in animals to provide much larger amounts of starting material for the 

purification of the enzyme. Most of these studies have been carried out in rat liver. 

In the first approach the animals have been starved for 24-36 hours and then either 

refed or given insulin. Both protocols are known to lead to an increase in protein 

synthesis and, in the case of insulin, an increase in S6 phosphorylation (Nielsen PJ 

et ai, 1982). The second approach has been to inject cycloheximide into normally 

feeding animals, which is known to turn on a number of the early mitogenic 

responses, including S6 phosphorylation. In addition, we knew that vanadate, a 

potent phosphotyrosyl phosphatase inhibitor, could induce S6 phosphorylation in 

tissue culture cells (Novak-Hofer I and Thomas G, 1985) and thus reasoned that it 

may induce S6 phosphorylation in the intact animal. Therefore animals starved for 

36 hrs were either refed or injected with insulin, and in a second set of experiments 

normally feeding animals were injected with either vanadate or cycloheximide. All 

treatments led to an increase in S6 phosphorylation, with the most potent being 

refeeding and cycloheximide injection (Kozma SC et ai, 1989). Because it was 
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simpler to handle a large number of animals employing cycloheximide we used this 

approach to determine whether we could induce an S6 kinase similar to the one 

observed in Swiss 3T3 cells. Comparison of kinase extracts from either serum­

stimulated 3T3 cells or the livers of cycloheximide-injected rats on three distinct 

chromotographic columns revealed that both activities eluted in the identical position, 

indicating that the same enzyme was being activated in both systems. With that 

information in hand we worked out a large-scale purification procedure for the 

isolation of Mr 70 kd kinase (Kozma SC et ai, 1989b), which we have recently 

modified (Lane HA and Thomas G, 1991). That this protein was equivalent to the 3T3 

cell enzyme was shown by comparison of chyotrypsin or cyanogen bromide peptide 

maps of the two autophosphorylated enzymes (Kozma SC et ai, 1989b). From 

approximately 1.5 kg of liver we isolated 70 to 90 ~g of kinase. 

Cloning the S6 kinase 

The livers of cycloheximide-treated rat liver provided sufficient material to begin 

sequencing the protein. Tryptic peptides were separated by microbore reverse-phase 

HPLC, and 17 of them were sequenced. Three of the initial peptide sequences had 

evident homology with subdomains 6, 9 and 11 of the conserved catalytic domain of 

the serine/threonine kinases. On the basis of this observation degenerate oligonucle­

otides representing sequences in domains 6 and 11 were synthesized and a 0.4 kb 

cDNA fragment was generated by PCA employing rat embryo cDNA as template 

(Kozma SC et ai, 1990). The size of the DNA fragment was consistent with that 

predicted for a peptide extending from subdomains 6 to 11 and hybridized on 

Southern blots with a "Guessmer" derived from the peptide presurDed to represent 

the S6 kinase subdomain 9. Subcloning and sequencing of the 0.4 kb cDNA 

fragment revealed that it encoded the S6 kinase peptide fragment presumed to 

represent subdomain 9. On the basis of its DNA sequence it was judged that this 

cDNA probe would hybridize specifically to the S6 kinase mANA. 
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Northern blot analysis 

The 0.4 kb cDNA fragment was used to probe a Northern blot of rat liver polyA + 

mRNA to obtain an idea of the size and number of mRNA transcripts. It was 

assumed from the low abundancy of the S6 kinase that the mRNA transcript would 

be rare, and thus require a cDNA probe of high specificity for Northern blot analysis 

and for screening cDNA libraries. We therefore turned to a recent method employing 

PCR to generate DNA probes of less than 0.5 kb having specific activities in the 

range of 0.5 to 1.0 x 1010 cpm/Ilg DNA (Schowalter PB and Sommer SS, 1989). The 

0.4 kb cDNA probe labeled in this manner hybridized by Northern blot analysis to 

four transcripts of 2.5, 3.2, 4.0 and 6.0 kb (Kozma SC et ai, 1990). 

cDNA clones encoding S6 kinase 

A rat liver cDNA library was screened with the radioactively labeled 0.4 kb DNA 

fragment described above. From 1.6 x 106 clones, 5 positive clones, with insert sizes 

of 1.4 to 28 kb were obtained. Each clone was partially sequenced employing an 

internal primer derived from the 0.4 kb cDNA fragment and found to contain the S6 

kinase sequence. More extensive sequencing revealed that 3 were incomplete in the 

5' coding region, and these were considered no further. By restriction map analysis 

and partial sequencing the two remaining clones appeared to be identical, reflecting 

the fact that the library had been amplified one time. An insert from one clone was 

sequenced and found to contain 2,805 nucleotides. The sequence encoding the S6 

kinase contains 1506 nucleotides representing a protein of 502 amino acids and is 

terminated by two consecutive translational stop codons. The 5' untranslated region 

has a length of 133 nucleotides consistent with the average length found in most 

mRNA sequences. Sequencing from the 3' end of the gene did not reveal a polyA 

tail, suggesting that the cDNA clone had been initiated by random priming. Of the 

17 peptide sequences, all but one could be aligned with the DNA sequence. 

Although the 3' untranslated region is not complete the size of the cDNA could 

roughly fit with the 3.2 kb transcript detected by Northern blot analysis. However, the 

greater abundance of the 2.5 kb mRNA led us to suspect that the cDNA might 
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correspond to this transcript. Finally, when this clone was transcribed and translated 

in vitro it generated a polypeptide with a molecular weight identical to that of purified 

de phosphorylated 86 kinase, arguing that this clone represents the complete kinase 

(8. Kozma and G. Thomas, unpublished). 

Comparison of catalytic domains 

When the catalytic domains of the 65 reported protein kinase sequences are 

compared, absolute conservation of amino acids is seen in nine positions, and in five 

positions the same amino acid is present in 64 of 65 sequences. All of these 

conserved amino acids are present in the 86 kinase sequence. Finally, the motifs 

DLKPEN and G (T/F(XX)Y/F(XAPE) in subdomains 6 and 8 identify the 86 kinase as 

a member of the serine threonine kinase family. Of the five major subfamilies defined 

by amino acid sequence comparison, the 86 kinase appears to fall into the protein 

kinase C family. The most striking difference with this family is that the 86 kinase is 

the only member which contains tyrosine rather than phenylalanine in position 79. 

Within this subfamily the 86 kinase has 56% identity with the catalytic domain of 86 

kinase 2Q , 49% with yeast protein kinase 1, and 44% with protein kinase Ce (Kozma 

8C et ai, 1990). However, these identities fall off sharply outside the catalytic domain, 

with the yeast protein kinase 1 having the highest overall homology of 41%. Together 

the results show that the 86 kinase is a member of the serine/threonine family of 

protein kinases most closely related to the group of kinases activated by second 

messengers. 

Activation by direct phosphorylation 

Having purified 86 kinase also allowed us to test whether the activity of the enzyme 

is directly controlled by phosphorylation. Thus, activated 86 kinase from either 

mouse or rat was incubated with phosphatase 2A in the absence and presence of 

a phosphatase inhibitor. In the absence of the inhibitor both enzymes were rapidly 

inactivated, whereas in the presence of the inhibitor both enzymes were stable over 

the incubation period (Kozma 8C et ai, 1989b). These results would suggest that 
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phosphate is at least required to maintain the activity of the enzyme. To test whether 

phosphorylation leads to the activation of the kinase the enzyme was purified from 

quiescent and 60-min-serum-stimulated cells which were prelabeled with 32p. No 32p_ 

labeled bands were detected in quiescent cells following the sizing step on gel 

filtration, whereas at this point a distinct band of Mr 70 kd could be resolved in 

stimulated cells (Ballou LM et ai, 1988b). This band was purified to near homogeneity 

in the last step of purification, ATP-affinity chromatography. From its Mr 70,000 

chromatographic behavior and ability to autophosphorylate, we argued that this 

protein band represented the kinase, indicating that phosphorylation leads to its 

activation (Ballou LM et ai, 1988b). Furthermore, we showed that when this sample 

is treated with phosphatase 2A, the 32p-phosphate is lost from the protein and in 

parallel the enzyme loses its ability to phosphorylate 86 in vitro (Ballou LM et ai, 

1988b). Phosphoamino acid analysis revealed that the protein was phosphorylated 

on serine and threonine, arguing that if this kinase lies on a phosphorylation cascade 

initiated by the tyrosine kinase of a receptor, then there must be at least one kinase 

between this enzyme and the receptor, namely, an 86 kinase kinase. In turn, this 

enzyme, although a serine-threonine kinase, would be activated by tyrosine 

phosphorylation (G. Thomas, this volume). 

Future perspectives 

In recent years the study of 86 phosphorylation has revealed a much more complex 

network of regulatory events than was initially perceived (Figure 1). Here I have 

outlined the present status of the field including the possible relevance of individual 

86 phosphorylation sites to the existence of an 86 kinase cascade initiated by either 

growth factor receptor or an oncogene kinase. Future studies will shed additional 

light on the importance of these events in controlling the mitogen-induced increase 

in protein synthesis required for cell proliferation. To further elucidate the role of 86 

phosphorylation in protein synthesis obvious genetic approaches will be employed, 

although it would be much more satisfying to apply biochemical approaches directly. 

To carry out such experiments would require two components, an active reconstituted 
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system in protein synthesis and a messenger RNA which is known to be under 

selective translational control at this time. Both of these components have recently 

become available. We now have a reconstituted system which is very active in 

protein synthesis (Morley 5J and Hershey JWB, 1990) and have identified a protein 

which is under selective translational control following mitogenic stimulation of 

quiescent cells, EF-1 a (H.B.J. Jefferies and G. Thomas, unpublished). Presently we 

are testing the effect of 56 phosphorylation on the expression of this mRNA in the 

reconstituted protein synthesizing system. 
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Figure 1. Regulation of 56 phosphorylation. D = protein kinases: GF/TK (growth 
factor receptor-associated tyrOSine kinase); oncogene-TK (cellular oncogene­
associated tyrosine kinase); PKC (protein kinase C); KK (kinase kinase); 56K (56 
kinase). ¢ = protein phosphatases: PrP1 (serine/threonine protein phosphatase 1); 
PrP2A (serine/threonine protein phosphatase 2A); PrP3 (tyrosine protein phospha­
tases).O= effectors: PI (phosphatidylinositol); IP3 (inositol 1,4,5 trisphosphate); DAG 
(diacylglycerol); pa5 (phosphooligosaccharide); '1 (inhibitor 1); '2 (inhibitor 2). 50 lid 
lines indicate known events, broken lines indicate hypothetical events. (Reprinted with 
permiSSion from Kozma et ai, 1989a). 
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Protein phosphorylation is involved in many mechanisms that 

contribute to neuronal plasticity, i.e. in the modulation of 

the information processing and storage properties of nerve 

cells resulting, ultimately, in the ability of the nervous 

system to learn. At the molecular and cellular level, this 

means that a signal passing through a neuron leaves behind a 

trace that affects the future behaviour of the cell. The time 

scale of such an effect may be very different: it may last for 

only a few seconds, or it may be lifelong. 

Neuronal plasticity can be achieved by protein phosphorylation 

at various levels. 

I. Proteins directly affecting neuronal signalling are sub­

ject to regulation by phosphorylation, such as proteins 

involved in 

- neurotransmitter metabolism 

- neurotransmitter release 

- neurotransmitter recognition 

- membrane excitability 

- formation of synaptic connections 

II. The gene expression of such proteins may be regulated by 

the phosphorylation of transcription factors. 
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The purpose of this review is to illustrate, by one or a few 

examples for each case, how neuronal plasticity can be achieved 

by protein phosphorylation. 

Modulation of neurotransmitter synthesis: tyrosine hydroxylase 

Tyrosine hydroxylase (TH) catalyzes the first, rate-limiting 

step in the biosynthesis of catecholamines (dopamine, noradre­

naline and adrenaline). Catecholaminergic cells are found in 

the adrenal medulla, the sympathetic part of the peripheral 

nervous system, and small but important cell populations of the 

central nervous system. It has been known for long that cate­

cholamine release is followed by an increase of TH activity, 

which makes sense because it leads to the repletion of catecho­

lamine stores. A long-term increase of the amount of TH pro­

tein, lasting hours to days, is achieved by a enhancement of TH 

gene transcription. An acute stimulation of TH activity, las­

ting for minutes, is achieved by phosphorylation of TH itself. 

The N-terminal 

phosphorylatable 

40 amino acids of TH comprise a cluster of 

serine residues upon which several signal 

pathways converge. Phosphorylation, with differential preferen­

ces for one or the other serine residue, can be stimulated in 

various experimental systems by depolarization, cAMP-elevating 

agents, phorbol esters or growth factors (nerve growth factor, 

NGF, or epidermal growth factor, EGF). Signal mechanisms likely 

to be involved in vivo are nicotinic cholinergic stimulation 

and calcium/calmodulin dependent protein kinases, certain neu­

ropeptides and cAMP-dependent protein kinase (PKA), and musca­

rinic cholinergic stimulation and protein kinase C (PKC), re­

spectively. 

Selected literature: Zigmond, 1985; Campbell et al., 1986; 

Black et al., 1987; Haycock, 1990. 



391 

Modulation of neurotransmitter release: synapsin I 

Synapsin I is present in almost all nerve terminals, where it 

binds with high affinity to the cytoplasmic side of small 

neurotransmitter vesicles. It also binds to, and bundles, actin 

filaments, and is thought to immobilize the vesicles by cross­

linking them to the microfilament meshwork of the synaptic 

terminal. Both binding affinities are reduced by calcium/calmo­

dulin-dependent phosphorylation and, less efficiently, by cAMP­

dependent phosphorylation. Phosphorylation has been shown to 

occur in vivo in response to depolarization, serotonin, dopa­

mine and noradrenalin. 

Therefore, repeated stimulation of a synapse is imagined to 

lead to enhanced phosphorylation of synapsin I, resulting in 

the liberation of part of its immobilized neurotransmitter 

vesicle pool, and an increase of neurotransmitter exocytosis. 

In fact, it has been shown in vivo that injection of dephospho­

synapsin I inhibits, whereas injection of calcium/calmodulin 

dependent protein kinase II stimulates synaptic conductivity. 

Recent reviews: Hemmings et al., 1989; Bahler et al., 1990. 

Modulation of neurotransmitter receptors 

The nicotinic acetylcholine receptor, a ligand-gated ion chan­

nel, is phosphorylated by PKA, PKC, and a protein tyrosine 

kinase, on its subunits beta, gamma and delta. All phosphoryla­

tion sites are located in similar positions on the major intra­

cellular loop of each subunit. All three kinases, or agents 

that stimulate them, have been shown to enhance receptor desen­

sitization. 
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Desensitization of G protein-linked receptors like the beta­

adrenergic receptor (B-AR), the alpha-adrenergic receptor, and 

rhodopsin, is also modulated by phosphorylation. The B-AR can 

be phosphorylated by PKA, PKC, a protein tyrosine kinase, and a 

second messenger-independent B-AR kinase that phosphorylates 

only the ligand-occupied receptor. Multiple phosphorylation 

sites are located on the third cytoplasmic loop and the cyto­

plasmic C-terminus of the protein. Thus, mechanisms are provi­

ded for different dimensions of desensitization and down-regu­

lation, and for cross-talk between different receptors on a 

given cell. 

Recent literature: Hausdorff et al., 1990; Huganir and Green­

gard, 1990 (reviews); Valiquette et al., 1990). 

Modulation of membrane excitability: ion channels 

A large number of ion conductances in many systems have been 

shown to be influenced by protein kinases or agents that acti­
+ 

vate them. The voltage-gated Na channel is phosphorylated by 

PKA and PKC, and phosphorylation by PKA enhances channel inac-
2+ 

tivation. Phosphorylation of the dihydropyridine-sensitive Ca 

channel by PKA enhances channel conductivity (review: Catte­

rall, 1988), whereas PKA-catalyzed phosphorylation of the ino-
2+ 

sitol 1 ,4,5-trisphospate receptor, a ligand-gated Ca channel, 

prevents ligand-induced opening of the channel (Suttapone et 
+ 

al., 1988). The slow afterhyperpolarization K channel i~ mam-

malian hippocampus, a brain structure important for memory, is 

modulated by a number of neurotransmitters/neuromodulators 

acting presumably through protein kinases (review: Nicoll, 

1988). A particularly well-studied case is the short-term 

facilitation of the gill and siphon-withdrawal reflex of Aplysia, 

which occurs through the PKA-catalyzed phosphorylation and 
+ 

inhibition of K channels in response to serotonergic stimula-

tion (Shuster et al., 1985). 
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Axonal growth and synapse formation: GAP-43 

Correct physical connections between neurons are a prerequisite 

for the proper functioning of a nervous system, and some lear­

ning events are associated with the formation of new synaptic 

contacts. GAP-43 (also known as B-50, pp46 and F1) is a phos­

phoprotein found in neurons and glia, whose expression is 

correlated with axonal growth and regeneration, and synaptoge­

nesis. It is prominent in axonal growth cones. Expression of 

GAP-43 in nonneuronal tissue culture cells by gene transfer 

leads to the extension of cellular processes. Recent litera­

ture: Skene, 1989 (review); Zuber et al., 1989; da Cunha and 

Vitkovic, 1990. 

Control of gene expression by phosphorylation of transcription 

factors 

Expression of neuronal genes has been shown to be modulated 

e.g. by 

- membrane electrical activity 

- neurotransmitters 

- neurotrophic factors, 

and this modulation is likely to be important both in develop­

ment and adaptive plasticity of the nervous system. 

Genes responding to a stimulus by enhanced transcription can be 

grouped in two classes: immediate early response (IER) genes 

(response within minutes) and late response genes (response 

within hours, depending on protein synthesis). Many IER genes 

have been shown to be transcription factors. 

A prominent example is the proto-oncogene, c-fos, whose mRNA is 



394 

induced rapidly and transiently in cell culture by depolariza­

tion, phorbol esters, forskolin, NGF or EGF, and in vivo by 

seizure or massive sensory stimulation. Regulatory DNA elements 

for transcription control of the c-fos gene reside in its 5'­

flanking sequences. An octanucleotide consensus sequence, 

TGACGTCA, named CRE (cAMP-responsive element), is the binding 

site for a transcription factor, CREB (CRE-binding protein). 

CREB can be phosphorylated on a single serine residue by PKA 
2+ 

and a Ca /calmodulin-dependent kinase; it inhibits transcrip-

tion when it is dephosphorylated, and stimulates it in its 

phosphorylated state. CREs confer cAMP-responsiveness to seve­

ral other genes in whose cis-regulatory regions they are found 

(somatostatin, proenkephalin, tyrosine hydroxylase genes). 

PKC-stimulating agents and serum growth factors act on c-fos 

transcription through a more upstream regulatory sequence, the 

SRE (serum response element). The gene product, Fos, as a 

heterodimer with a second proto-oncogene and IER gene product, 

Jun, is itself a transcription factor. Both can also be regu­

lated by phosphorylation. Recent literature: Sheng and Green­

berg, 1990 (review), Wisden et al., 1990. 

The gill and siphon-withdrawal reflex of aplysia provides an 

example how a change in gene transcription can affect the 

behaviour of a neuron. It was described above that short-term 

facilitation (lasting minutes to hours) is achieved by cAMP-
+ 

dependent phosphorylation of K channels. Repeated serotonergig 

stimulation of the sensory neuron/motor neuron synapse leads to 

long-term facilitation, lasting days to weeks. This can be pre­

vented by inhibitors of transcription or translation. Apparent­

ly, the cAMP-dependent phosphorylation and activation of CREB, 

which then stimulates the transcription of other gene(s) (whose 

identity is as yet unknown), plays an important role in long­

term facilitation. Microinjection of CRE oligonucleotides into 

the sensory neuron blocks long-term potentiation, presumably by 

titrationg out the cellular CREBs (Dash et al., 1990). 
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, 
Of the numerous processes under the regulation of differential protein phosphoryla-

tion, mitotic transit has recently attracted intense examination with the isolation of a 

34000 Mr kinase as an active component of the maturation promoting factor (MPF) in 

oocytes and its identification as an homolog of the yeast cell division cycle gene product 

cdc2, and the histone 1 kinase from mammalian cells (1, 2, 3). This kinase, now known 

as p34cdc2 is itself regulated by multiple dephosphorylation and phosphorylation and its 

association with two or more cyclin proteins (for reviews see 4, 5, 6). However, whilst 

more and more reports seemed to converge to make p34cdc2 an universal control switch 

driving the different events associated with mitotic induction, we found that microinjec­

tion of this kinase in a highly purified and active form was insufficient to induce inter­

phase somatic mammalian cells to enter mitosis (7). The present report will detail 

aspects of the potential functions of this kinase and other regulatory molecules which 

bring further insights on the role of differential protein phosphorylation in the regula­

tion of mammalian cell mitosis. Our approach has involved microneedle microinjection to 

examine the consequences on the progression through the cell cycle, cell morphology and 

cytoarchitecture of artificially elevating or inactivating different kinase and phosphatase 

pathways in synchronized mammalian cells. We have examined in particular a crucial 

point in mitosis, prophase entry, focussing on the role of p34cdc2 kinase, src kinase and 

the requirement of a distinct pathway involving inactivation of the cAMP-dependent 

protein kinase. 
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PROPHASE ENTRY INVOLVES ACTIVATION OF p34cdc2 KINASE 

The p34cdc2 kinase is an ubiquitously conserved kinase identified in all species so far 

examined (reviewed 8). Its inactivation in yeast is associated with a critical incapacity 

to divide and its overexpression following injection into oocytes is a sufficient inductive 

signal to cause unstimulated eggs to enter a pathway leading to maturation (Reviewed 5 

and 6). With respect to mammalian cells, research on HeLa cells (reviewed 5) has shown 

that the protein kinase activity of p34cdc2 is associated with one or two cyclin proteins 

proposed to modulate its kinase activity (9,10) and activation of the kinase is associated 

with dephosphorylation of both tyrosine and threonine residues (11). Although p34cdc2 

could be associated with mitotic entry, its functions in that process remained unclear, 

and apart from histone HI, p34cdc2 kinase seemed to phosphorylate few specific sub­

strates (12), a finding confirmed by the identification of a consensus sequence for 

phosphorylation by p34cdc2 (S!I'PXZ). 

An attempt to examine the in vivo functions of p34cdc2 kinase in mammalian cells util­

ized microinjection of affinity purified antibodies (13). This study concluded that inhibit­

ing p34cdc2 kinase in vivo (although the antibodies were non-inhibitory to the kinase ac­

tivity in vitro) was sufficient to prevent cells from progressing through cytokinesis (ie. 

the separation of cells) but that nuclear division was not affected since the cells appar­

ently became bi or tetra nuclear. We chose to examine the consequences of directly over­

expressing active mitotic kinase in synchronized mammalian cells. The kinase, provided 

by Dr. Jean-Claude Labbe of Marcel Doree's group, was purified from starfish oocytes 

blocked in the second meiotic division (3). In vitro, this kinase phosphorylated histone 

HI and was competent to induce maturation of arrested oocytes from a variety of 

species. The kinase consisted of a single protein band as analyzed by gel electrophoresis. 

In this respect, it differed from similar kinase activity purified by Maller's group 

(reviewed. 4) in lacking an associated protein of Mr 45000, now known to be cyclin B. 

The reason for this difference remains unclear, but similar effects to those described be­

low can be obtained with cyclin-B containing p34cdc2 kinase, suggesting that once ac­

tivated, p34cdc2 no longer requires the presence of cyclin-B to be effective. 

We examined the consequences of elevating p34cdc2 kinase in vivo, through micro­

injection of rat embryo fibroblasts (REF-52). These cells are particularly amenable to 

synchronization and their long cell cycle time (25 hours) allowed us to select them far 

from mitotic stage, minimizing the possibilities of artifacts consequent from the natural 

cell cycle. Cells could be synchronized through serum starvation to generate GO quies­

cent cells, G1 cells (0 to 15 hours after refeeding), S-phase cells undergoing DNA 

synthesis (15-20 hours, peaking at 18 hours) and G2 cells (20-28 hours). Microinjection of 



Figure 1. Changes W cell morphology 
and microtubules organization after in­
jection of p34cdii2. REF52 cells were in­
jected with purified p34cdc2 (0.1 
mg/ml) and fixed 30 minutes after in 
3.7% formalin (panel A and B) or -20'C 
methanol (panel C), and subsequently 
stained for injected marker rabbit 
antibody (B), to stain for the injected 
cell, or for the microtubules using a 
monoclonal anti-tubulin antibody 
(panel C), using the procedures 
detailed before (7). Panel A and B 
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shows the same injected cell (arrowed). Panel A is a phase contrast image showing the 
altered cell morphology and the feet-like extensions (arrowed) of the p34cdc2 injected 
cell. Panel C shows (arrowed) the complete disappearance of filamentous microtubule 
staining in the p34cdc2 injected cell. 

purified active p34cdo2 kinase in those cells lead to a rapid loss of cell shape within 30 

minutes of injection at all phases in the cell cycle except in S-phase. As shown in Fig. 1 

these effects involved loss of cell substratum contact, with cells forming long feet like 

processes, strongly mimicking early mitotic prophase (7). Such changes could be induced 

with a variety of kinase concentrations and preparations, but were dependent on active 

p34cdc2 kinase. Since the level of endogenous intracellular p34cdc2 kinase is constant 

throughout the cell cycle (6), the observation that simple addition of purified active 

kinase is sufficient to induce some prophase-like effects imply that cycling factors must 

be responsible for activating the endogenous kinase at mitosis and/or restrain its activity 

during interphase. Accompanying these changes in cell morphology, the cellular cytos­

keleton undergoes pronounced changes. As shown in Fig. 1 these include complete loss 

of microtubule organization and changes in actin filament networks. Im­

munofluorescence analysis localized p34cdc2 kinase in association with the microtubule 

organizing centers (13,14), leading to speculation that reorganization of microtubules at 

mitosis could stem from an effect at these sites. Alternatively, p34cdc2 kinase may 

modulate microtubule organization through activation of casein kinase 2, a kinase which 
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has long been associated with microtubule regulation (15). In addition to these effects, 

microinjection of p34cdc2 appeared to induce limited chromatin condensation in Gl cells, 

which become pronounced in G2 cells, suggesting that this effect may imply the coopera­

tion of another cell cycle dependent event (see below). Similar changes occurred in many 

cell lines tested, confirming that activation of p34cdc2 kinase plays an integral role in the 

induction of these events during mammalian cell mitosis. These data also clearly il­

lustrated however, that p34cdc2 was itself insufficient to induce premature mitosis in the 

mammalian cell system since the injected cells did not show any signs of the formation of 

a mitotic microtubule spindle or the disassembly of their nuclear envelope. In light of 

these limitations, we began to examine other possible regulators which could cooperate 

with p34cdc2 kinase in the complete induction of mitosis. 

IMPLICATION OF p60 c-src IN THE EFFECTS OF p34cdc2 

To investigate potential substrates for p34cdc2 kinase we performed in vivo metabolic 

labelling of injected cells. This technique which is extensively described elsewhere 

(16,17) involves injection of few cells followed by labelling in high specific activity 

radiolabel (in this case [32p] orthophosphate). Changes in cellular phosphoproteins are 

followed after labelling, by two-dimensional electrophoresis. Such metabolic labelling 

revealed, amongst the numerous changes in phosphorylation which take place during 

the first 10 minutes, the increased phosphorylation of a protein of 60000 Mr which 

focussed to the same position as the endogenous p60 c-src protein (p60 c-src). The 

marked increase in phosphorylation of this protein suggested that indeed, in vivo, the 

p34cdc2 kinase either directly phosphorylated or induced the rapid phosphorylation of c­

src proteins. Although little is known of the substrates for p34cdc2 kinase, independent 

lines of evidence implied c-src activation accompanied mitosis (18) and that site specific 

phosphorylation by p34cdc2 kinase was involved in this process (19,20). Since extensive 

data has described changes in cell shape and actin organization following overexpression 

of activated c-src or infection with viral v-src protein, p34cdc2 dependent activation of p60 

c-src may provide a possible mechanism through which p34cdc2 kinase elicit the changes 

we observed in cell shape and morphology. To address this possibility, we examined first 

if overexpression of activated c-src protein induced similar changes in morphology and 

secondly if inhibiting c-src kinase in vivo could prevent these effects ofp34cdc2. Because 

of the difficulty in obtaining purified active src kinase, we resorted to overexpressing the 

kinase in REF-52 through microinjectiGll of a plasmid construct encoding c-src under the 

regulation of a strong SV40 promoter (kindly provided to us by Kurt Ballmer-Hoffer, 

F.M.I., Basel). The activation of the c-src kinase requires dual phosphoryla­

tion/dephosphorylation events which can be brought about by Middle-T antigen, (from 
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polyoma virus), leading to the constitutive activation of c-src kinase. This activation 

protocol provided us with an endogenous control since we could overexpress c-src protein 

in the presence or absence of similarly overexpressed middle-T to produce inactive or ac­

tivated kinase respectively. Whilst gene injection is not new, its use has been curtailed 

Figure 2. Overexpression of c-srCj morphological changes in cells expressing c-src ac­
tivated with middle-To Panel A shows a cells injected with pSV40 c-src plasmid alone 
(1.0 mg.ml) fixed in Formalin 50 minutes after injection and stained for the expression of 
c-src with monoclonal anti-src antibodies. It shows that although src protein is over­
expressed there is no alteration in cell morphology. Panel B shows a phase micrograph 
of a cell (arrowed) injected with both pSV40 c-src and pSV40 middle-T antigen plasmids. 
The injected cells overexpressing activated c-src shows pronounced changes in cells 
shape and loss of substratum contact (upper arrow). 

by high mortality rates associated with nucleic acid injection. The main reason for this is 

that many experimenters are confounded by a prerequisite that genes must be injected 

into the nucleus, which is completely irrelevant since oligonucleotides injected into the 

cytoplasm translocate to the nucleus within minutes of injection. As shown in Figure 2, 

although within 45 minutes the cytoplasm of cells injected with c-src gene alone has be­

come filled with c-src proteins, little or no change in morphology takes place implying 

that the synthesized protein is inactive in this intracellular environment. Similar 

results could be obtained in cells injected through the periods Gland early G2. Plasmid 

DNA injection gives poor results in GO or during S phase because cells are not transcrip­

tionally very active and the plasmid DNA gets destroyed. When the same plasmid con­

struct is injected together with a middle-T antigen plasmid construct, similar changes in 

morphology to those observed after injection of the p34cdc2 kinase occur. Nonetheless, 

these changes (Fig 2) differ from p34cdc2 in that they are not accompanied by changes in 

microtubule organization. Confirming that active c-src kinase is responsible for the ef­

fects on cell shape observed, we have seen no effect of the injection of middle T antigen 

plasmid alone, and coinjection of a monoclonal anti-c-src antibody prevented changes in-
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duced following c-src gene injection. The same monoclonal anti-src, when coinjected 

with p34cdc2 kinase, prevented many of the changes in cell shape and actin reorganiza­

tion normally elicited by p34cdc2 kinase, whereas it did not for example affect the 

reorganization of the microtubules. Taking together, these data imply that a component 

in the mitotic activation by p34cdc2 kinase pathway includes direct modulation of p60 c­

src activity. 

THE POTENTIAL ROLES OF cAMP-DEPENDENT PROTEIN KINASE INHIBITION 

IN MITOTIC ENTRY 

Whilst increases in protein phosphorylation accompanying mitotic entry have been 

extensively investigated, the processes involving protein dephosphorylation at this time 

are poorly understood. Two aspects interested us particularly, firstly the reported in­

hibitory role of A-kinase in oocyte maturation and secondly the eventual direct role of 

protein phosphatases in mitotic entry. As one of the first kinases to be purified active to 

homogeneity, the functions of the cAMP-dependent protein kinase (A-kinase) have been 

examined in a variety of systems and in various regulatory pathways including glycogen 

metabolism and muscle contraction (21). Three features of A-kinase are important to 

the present discussion, it is thought to normally exists as a double homodimer complex 

containing two catalytic 'c' subunits and two regulatory 'R' subunits which upon binding 

of cAMP to the latter, releases the free 'c' subunits that then proceed to catalyze 

phospho-transferase reactions. The 'R' have both an extremely high affinity constant for 

binding free 'c' in the absence of cAMP as well as carrying a sequence responsible for the 

inhibition of catalytic activity. A similar short kinase inhibitor sequence is present in 

another protein initially described by Walsh et aI., (22), and subsequently purified to 

homogeneity by Demailleetal .• (23).This small protein of75 amino acids was described 

as protein kinase inhibitor, shortened to PKI, and is a highly specific inhibitor for A­

kinase. The inhibitory capacity of the PKI protein is retained in a synthetic peptide 

derived from the N-terminal first 26 amino acids of the sequence (24). Since peptides of 

this size are highly unstable in vivo, we modified this peptide sequence through addition 

of a blocking group at the carboxy terminus and substitution of a D-amino acid in the 

arginine cluster at the peptide center. Whilst these changes did not appear to confer dif­

ferent inhibitory properties to PKI, they did increase its half life following injection into 

cells from seconds to 4-8 hours providing us with an effective in vivo tool (manuscript 

submitted). 

Since their first description and purification, A-kinase 'c' and 'R' subunits and PKI 

have been used to examine in vivo functions of A-kinase. In oocytes it became clear that 

A-kinase was not involved in the increase in protein phosphorylation at mitosis but, in-
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stead, seemed to play an inhibitory role on maturation. Many examples exists which 

confirmed the early work of Maller and Krebs (25) and although the fine details differ 

between species, they converge to conclude that in most early embryonic systems, A­

kinase plays an inhibitory role to maturation induction (26). In somatic mammalian 

cells, the functions of A-kinase in division are less clear. Early work described "reverse 

transformation" of certain transformed CRO cell lines following long treatments with 

drugs activating A-kinase (27). We observed contradictory immediate effects in cells in­

jected with the catalytic subunit of A-kinase, correlated with changes in actin and 

vimentin organization and we have detailed the potential role of A-kinase dependent 

pathways in these processes (16,17). To examine the consequences on cellular dynamics 

of inhibiting endogenous A-kinase in living cells, we have used microinjection of the 

modified PKI peptide (PKi(m», and more recently, of the PKI protein purified from 

producing bacteria, or a gene sequence encoding it (28)(both supplied to us by Dr. 

Richard Maurer). As shown in Figure 3, the most immediate and marked changes in 

cells observed after injection of the protein, peptide or gene is a rapid and extensive con­

densation of the chromatin. 

Figure 3. Changes in cell morphology, chromatin and microtubule organization follow­
ing inhibition of cAMP-dependent protein kinase. Panel A shows a phase micrograph of 
a cell (arrowed) injected with PKI peptide during the G2 period and in comparison to the 
surrounding uninjected cells, shows a marked change in cell shape including the forma­
tion of phase dense feet-like structures at the periphery (double arrow). Panels Band b, 
show DNA staining (Roescht) from cells uninjected and injected with PKI peptide. In 
comparison to the uninjected cell (panel B), the DNA in the injected cell (panel b) (it is 
the same cell as shown in panel A) shows heavily condensed chromatin. Panel C shows 
the complete disappearance of filamentous microtubule staining (as described for Figure 
1) in the cell injected with PKI peptide (arrowed). 

The extent of this effect, which occurred throughout the cell cycle, far exceeded that ob­

served following injection of p34cdc2 kinase, was dependent on the presence of active PKI 

and could be specifically reversed by microinjection of A-kinase catalytic subunit. This 

results suggest that the decondensed state of the chromatin involves the continuous A­

kinase dependent phosphorylation of some his tones and/or other chromatin associated 
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proteins, a concept which is consistent with previous reports that A-kinase is associated 

with transcriptionally active chromatin (29). In late Gl and throughout G2 the con­

densation of chromatin in PKI injected cells was accompanied by pronounced changes in 

cell shape (Fig. 3). Like with injection of p34cdc2, analysis of the cytoskeleton revealed 

the dramatic reorganization of the microtubules accompanied inhibition of A-kinase. 

The similarity of these effects and those observed with p34cdc2 kinase was intriguing, 

particularly since the most prominent effects occurred in late G2 when p34cdc2 kinase 

becomes activated. To investigate the potential relationship between these effects, we 

examined the effects of coinjecting p34cdc2 kinase with PKI. Cells injected with both 

components underwent highly pronounced morphological changes and heavy chromatin 

condensation. In addition to these effects, we observed the disassembly of the nuclear 

envelope, an event not induced with injection of either component alone. This latter ob­

servation that a combination of both p34cdc2 kinase and A-kinase inhibition lead to en­

velope disassembly strongly support the idea that this event requires both the activation 

of p34cdc2 kinase, leading to the phosphorylation of specific lamin sites, as suggested be­

fore (30,31,32), but also the inactivation of cAMP-dependent protein kinase resulting in 

the dephosphorylation of other lamin sites. We have indeed observed the marked 

dephosphorylation of lamin A and C in cells after injection of PKI, whilst microinjection 

of p34cdc2 results in the increased phosphorylation of all 3 lamins (manuscript sub­

mitted). 

The marked effects of inhibiting A-kinase on chromatin and microtubule organization 

added to the effect on nuclear envelop when coupled with p34cdc2 injection strongly sup­

port the notion that A-kinase dependent phosphorylation is continuously involved in 

maintaining the interphase state of mammalian cells. As such, mitotic induction would 

involve both the inhibition of A-kinase and activation p34cdc2 kinase and other related 

kinase pathways. For example, with respect to the process of chromatin condensation 

inhibiting A-kinase was far more effective than injection of active p34cdc2, which would 

appear to contradictory to the dogma linking HI phosphorylation (likely by p34Cdc2), to 

the condensation of chromatin although such a link was never definitely demonstrated. 

In contrast, examples exist in tetrahymena where the macronuclei, which divide amitoti­

cally, contain HI and p34cdc2 like activity, whilst the micronuclei, which undergo mitotic 

division and normal chromatin condensation, do not contain HI like his tones nor 

p34cdc2 activity, but instead the equivalent proteins (termed linkers) are rich in potential 

A-kinase consensus sites (David Allis, personal communication). 

Inhibition of A-kinase in the process of mitotic entry would also be consistent with the 

implied role of A-kinase in transcriptional regulation (33,34,35) since at mitosis gene 

transcriptional activity is at its lowest. In addition, PKI is an attractive candidate for 

such a role in down-regulating A-kinase at mitosis since it is highly susceptible to 
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proteolytic degradation and protease activation is a key step involved after mitotic entry 

(at metaphase) in reversal processes such as cyclin degradation. 

MAJOR EVENTS IN MITOTIC ENTRY INVOLVE SEVERAL DISTINCT AND COOR­

DINATED CHANGES IN PHOSPHORYLATION 

From the data overviewed in the present report we can begin to summarize some of 

the activation steps required for mitotic entry. Beforehand however, it is important to 

keep in mind that at least two levels of mitotic regulation must exist. One involving the 

series of events bringing about activation of the protein kinases, phosphatases or their 

specific inhibitors, and the second the direct action of coupled kinase and phosphatase 

pathways on the different events associated with mitotic induction. Activation of the 

p34cdc2 kinase is the subject of intense investigation. In addition to differential 

dephosphorylation, it involves the interaction of p34cdc2 kinase with other regulatory 

proteins. So far these include various cyclin proteins, a 13000 Mr protein equivalent to 

yeast p13 suc protein (d. 4,5,6,8) and possibly the phosphatase type-l and 2A, c-src 

kinase and regulatory subunits of the cAMP-dependent protein kinase. These latter ele­

ments also acting to effect many of the p34cdc2 modulated changes. 

The sequence leading to mammalian cell mitosis would involve two different classes of 

events, essentially activation of mitotic related pathways and the concomitant coordinate 

inactivation of counteracting interphase pathways. Various key morphological land 

marks have been previously extensively described and it is worth looking at two of these, 

chromatin condensation and nuclear envelope disassembly, to illustrate how cells com­

bine the strategies outlined above. Although chromatin condensation is probably the 

most visible changes in cells as they enter mitosis, it is in reality an enigmatic process 

which begins during G1 and culminates only at mitosis. What is well established is that 

a histone 1 kinase activity homologous to p34cdc2 kinase becomes active at early 

prophase when major changes in chromatin condensation take place. However, this is 

clearly not the only step in this process since the chromatin condenses steadily through­

out G2 in association with a gradual increase in HI phosphorylation (36,37,38), at a time 

when p34cdc2 is still inactive. Furthermore, as outlined above, premature activation of 

p34cdc2 kinase induces only poor chromosome condensation in Gl cells whilst inhibition 

of A-kinase resulted in heavy chromatin condensation. In vitro, A-kinase has been shown 

to phosphorylate preferentially histone 2A, but its in vivo substrates are still unclear 

(21). Metabolic labelling has allowed us to identify a marked decrease in H2A 

phosphorylation following PKI injection (data not shown). H2A is inferred to playa role 

in the core nucleosome structure where its differential phosphorylation functions in gene 

transcriptional regulation. In this respect coupling A-kinase dependent phosphorylation 
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of H2A to nucleosome core structure and gene transcriptional activation would be pro­

vide a consistent means to ensure that decreases in transcriptional activity were con­

comitant with entry of cells into mitosis. Alternatively changes in 'Chromatin may result 

from changes in the phosphorylation of other DNA associated non histone proteins such 

as a dephosphorylation of the nuclear lamins, since there are links between the 

chromatin and particularly lamins A and C (which are on the inner surface of the 

nuclear lattice). In support of such a possibility, our data show that these two lamins be­

come dephosphorylated upon inhibition of A-kinase through PKI injection. Other DNA 

associated proteins may also be involved through changes in their phosphorylation 

status, for example those associated with DNA coiling such as topoisomerases. In 

reality, cells probably use a combination of effects to bring about chromatin condensation 

with each separate process adding further regulatory capacity to the system, a 

hypothesis supported by the observation that chromatin condensation is maximal (form­

ing chromosome like structures) when cells are injected with both PKI and p34cdc2. 

The data presented have also provided further insights into the mechanism driving 

another major event in the induction of mitosis, nuclear envelope disassembly. As men­

tioned above there is clear evidence that the nuclear envelope cannot be induced to dis­

assemble in the presence of active p34cdc2 alone in vivo where this seems in some cases 

to be sufficient in vitro. Complete envelope loss in living cells appears to require the con­

comitant inactivation of A-kinase, raising the question of how does inactivating A­

kinase allow the envelope to disassemble. An attractive hypothesis can be advanced. 

There is evidence that A-kinase induces the phosphorylation of sites on the nuclear 

lamins A and C (17) in vivo. Likewise, injection of A-kinase produces a marked increase 

in vimentin phosphorylation in vivo and, unlike the reported effects of other kinases 

which induced vimentin disassembly, A-kinase dependent phosphorylation of vimentin 

stabilized filament organization (17). Since the same consensus sequence site 

phosphorylated on vimentin is present on the nuclear lamins, A-kinase may maintain 

nuclear envelope organization through promoting nuclear lamin assembly via 

phosphorylation. Indeed, as mentioned before, we have observed the clear 

dephosphorylation of nuclear lamins A and C following injection of PKI (Lamb et al., 

manuscript submitted). Thus, like the condensation of chromatin the process of nuclear 

envelope disassembly appears to involve the coordinate action of at least two pathways: 

activation of p34cdc2 kinase and inactivation of cAMP-dependent phosphorylation. How­

ever, whilst both these pathways have shown separately or together a strong effect on 

the organization to the microtubules which in both cases undergo extensive disassembly, 

we have never observed the reorganization of the microtubules into a mitotic spindle, 

even when the two are coinjected although in this case the cells show many of the signs 

of an advanced prometaphase phenotype. This indicates that the process of spindle 
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formation in somatic interphase cells requires the activation and/or presence of another 

distinct factor. 

Finally, whilst this report has concentrated on the positive and negative roles of protein 

kinases in mitotic entry, and the effects of PKI we described clearly illustrate the impor­

tance of protein dephosphorylation in this process, several lines of evidence imply the 

crucial role of phosphatase type-l (PP-l) in the dephosphorylation events involved in 

metaphase exit. In particular, immunofluorescence analysis reveals an intense staining 

for PP-l becoming associated with the chromatin at mitosis, and microinjection experi­

ments indicate a critical requirement for PP-l in the transition through mitosis after 

metaphase (Fernandez, Brautigan and Lamb, manuscript in preparation. This latter ob­

servation confirms in mammalian cells a notion which was already supported by studies 

using mutants from lower organisms (39,40,41). It will be of interest to further probe the 

possibility that PP-l is responsible for the dephosphorylation of some p34cdc2 substrates 

such as histone HI or the nuclear lamins and we have preliminary evidences supporting 

the hypothesis that PP-l may be a key effecter in processes such as chromosome disjoin­

ing, chromatin decondensation or nuclear envelope reformation. What is already clear 

however, is that the catalytic activity associated with PP-l is an integral participant in 

mitotic exit and it now becomes of interest to examine how this is regulated and its in­

teraction with other proteins during mitosis. 
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1. Introduction 

Gene expression in euk?ryotes is regulated at multiple levels including 
transcription, RNA splicing and transport, translation, mRNA stability 
and protein activity. Regulation at the level of translation is usually 

characterized by constant concentration of an mRNA species but 

variable amounts of protein or different forms of protein synthesized 
from this mRNA. It may be exerted at the level of initiation, elongation 

or termination. Among other strategies, modification of translational 
components by protein phosphorylation is used by eukaryotic cells to 
regulate translation. This type of regulation will be described in more 
detail in this chapter. 

2. Regulation of initiation 

Two pathways for translation initiation exist III eukaryotic cells: cap­

dependent initiation [Edery et aI., 1987; Kozak, 1983; Pain, 1986] and 
internal initiation [Bienkowska-Szewczyk and Ehrenfeld, 1988; Jang et 
aI., 1989; Pelletier et aI., 1988; Pelletier and Sonenberg, 1988; for a 
review, see Sonenberg and Pelletier, 1989]. In the cap-dependent 
pathway (presently believed to be the major pathway) ribosomes with 
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their associated initiation factors bind to the mRNA at (or near) the 5' 
cap structure and scan the leader region until they reach the initiator 

AUG codon. A model of this pathway is schematically shown in Fig. 1. 

® 
"F~ 

g 
80S ribosome 
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Fig. 1: Scheme of eukaryotic translation initiation. The cycle begins 
with the 80S ribosome and ends with the 80 initiation complex. 
40S, small ribosomal subunit; 60S, large ribosomal subunit; elF, 
eukaryotic initiation factor; m 7 G, mRNA cap structure; met-tRNAimet , 
initiator methionyl transfer RNA. 

80S ribosomes dissociate into 40S and 60S subunits and the 40S 
subunits associate with eukaryotic initiation factor 3 (eIF-3) and elF-

4C. Subsequently, 11l1t1ation factor e1F-2 carries the 11l1tlator 
methionyl-tRNA (met-tRNAimet) as part of the ternary complex elF-

2-GTP-met-tRN Aimet to the 40S subunit. The resulting initiation 

complex binds at or near the mRNA cap structure in a reaction 
dependent on ATP, ATP hydrolysis and the factors eIF-4A, B, E, F. This 

complex then moves on the mRNA in the 5' to 3' direction and 

positions itself at the AUG initiator codon. At this point, the large 
ribosomal subunit joins the complex in an eIF-5-catalyzed reaction 

whereby GTP is hydrolyzed and initiation factors are released. 
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Internal initiation has so far only been shown to occur on viral mRNAs 

[Bienkowska-Szewczyk and Ehrenfeld, 1988; Jang et aI., 1989; Pelletier 

et aI., 1988; Pelletier and Sonenberg, 1988; Sonenberg and Pelletier, 

1989]. It requires unidentified structural features of the mRNA 

upstream of the initiator AUG and is facilitated by a cellular protein 

factor [Meerovitch et aI., 1989]. Details of the mechanism of internal 

initiation are not yet known. 

Phosphorylation of e1F-2 

Regulation of initiation factor activity by protein phosphorylation was 

most clearly demonstrated for translation initiation factor eIF-2 [for 

reviews, see Hershey, 1989; Pain, 1986; Safer, 1983]. Phosphorylation 

of eIF-2 was originally observed in rabbit reticulocyte lysates 

incubated for translation in the absence of added hemin or in the 

presence of low concentrations of double-stranded RNA. In these 

lysates initiation is inhibited after incubation for a few minutes at 30 -

3r c. Activation of a heme-regulated protein kinase or a double­

stranded RNA-activated protein kinase [DAI, Kostura and Mathews, 
1989] leads to phosphorylation of the a-subunit of eIF-2 at one [or 

possibly two, Kramer, 1990] serine residues. Phosphorylated factor is 

released from ribosomes after initiation as an eIF-2-GDP complex (Fig. 

1) and sequesters the limiting recycling factor eIF-2B in a stable 
inactive complex leading to arrest of ternary complex eIF-2-GTP-met­
tRN Aimet formation. Phosphorylation of 30 - 40 % of eIF-2 is 

sufficient to sequester total eIF-2B and to inhibit translation 

completely. Dephosphorylation of eIF-2 by a type-2A phosphatase 

[Chen et aI., 1989; Crouch and Safer, 1980; Pato et aI., 1983] reverses 
translation inhibition. 

To date, the most convincing evidence that phosphorylation of eIF-2 is 

the cause rather than an effect of translation inhibition comes from 

experiments in which cell lines were transformed with plasmids 
encoding wild-type and mutant eIF-2 with serine to alanine 

substitutions in the phosphorylation sites. Mutation of the 

phosphorylation sites leads to relief of translation inhibition imposed 
by activation of DAI [Davies et aI., 1989; Kaufman et aI., 1989]. 
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Impairment of eIF-2 recycling activity and phosphorylation of eIF-2 
occurs in many different cell types and under a variety of conditions 
including heat shock, limiting nutrient supply and viral infection [Pain, 
1986]. Cells treated with interferon synthesize DAI, an eIF-2 kinase 
which is activated after infection of cells with viruses producing low 
amounts of double-stranded RNA during their replication cycle. Some 
viruses like adenovirus [Schneider and Shenk, 1987] and influenza 
virus [Katze et aI., 1986] produce a small RNA in large quantities to 
inhibit this kinase and to allow virus replication. In uninfected cells, 
double-stranded RNA segments in the 5' untranslated region of 
mRNAs may also be able to activate DAI when they are not unwound 
by translation initiation factors. This may be a way cells use to 
correlate mRNA unwinding with eIF-2 activity [Edery et aI., 1989]. 
Recent experiments on the regulation of GCN4 mRNA translation in the 

yeast Saccharomyces cerevisiae illustrate possible effects of eIF-2 
phosphorylation and/or eIF-2B activity changes on translation of 
individual mRNAs. The transcription factor GCN4 is encoded by an 

mRNA with four short upstream open reading frames which repress 
translation under normal growth conditions. Amino acid starvation of 
yeast cells leads to enhanced translation of GCN4 mRNA by ribosomes 

which pass over the inhibitory upstream open reading frames [for a 
review, see Hinnebusch and Muller, 1987]. Mutations in subunits of 
eIF-2 [for a review, see Hinnebusch, 1990] and possibly eIF-2B have a 
similar effect indicating a role of these factors in scanning, reinitiation 
and AUG recognition by ribosomes. 

Phosphorylation of eIF-4E 

The initiation factor eIF-4E, a 24 kDa single polypeptide chain binds to 
the m7 G cap structure of mRNA. It mediates binding of additional 
initiation factors required for mRNA 5' untranslated region unwinding 
and mRNA binding to ribosomes during translation initiation [for 
reviews, see Edery et aI., 1987; Hershey, 1989; Rhoads, 1988; 
Sonenberg, 1988]. In mammalian cells, eIF-4E is phosphorylated at 
serine 53 [Rychlik et aI., 1987] by a so far not well characterized 
protein kinase. Dephosphorylation of the factor correlates with 
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decreased translation rates during mitosis [Bonneau and Sonenberg, 
1987] and in heat shock condition [Duncan et aI., 1987]. Experiments 

with cell-free systems suggest that dephosphorylated eIF-4E is unable 
to promote mRNA binding to 40S ribosomes [Joshi-Brave et aI., 1990], 

whereas its ability to bind to the mRNA cap structure is not impaired. 

Interestingly, overexpression of wild-type eIF-4E in mouse 3T3 cells 

leads to cell transformation while overexpression of eIF-4E with 
serine 53 mutated to alaninie has no effect on the phenotype of these 

cells [Lazaris et aI., 1990; Smith et aI., 1990]. This indicates that 
phosphorylation of eIF-4E changes its biological activity in vivo. 

Phosphorylation of other translational components involved 
in initiation 

A number of other translational components were found to be 

phosphorylated in mammalian cells [for a review, see Hershey, 1989]. 
They include the ribosomal protein S6 [reviewed in Kozma et aI., 
1989], the ~-subunit of eIF-2 [Clark et aI., 1988], eIF-2B [Dholakia and 

Wahba, 1988], eIF-3, eIF-4B [Duncan and Hershey, 1987] and the 
largest subunit of eIF-4F [Morley and Traugh, 1989]. Phosphorylation 

of ribosomal protein S6 at five serine residues and of eIF-4B at 
multiple serine residues correlate well with increased translation 

rates. The roles of these proteins in translation initiation and their 

modification by phosphorylation are currently not yet understood at 

the molecular level. For the other components mentioned above a 
biological function of phosphorylation remains to be established. 

3. Regulation of elongation 

During the elongation phase of translation the ribosome moves 

relative to the mRNA in the 5' to 3' direction and incorporates amino 

acids into the growing polypeptide chain [for a review, see Nygard and 
Nilsson, 1990]. The elongation factor 1 a (EF-l a) carries aminoacy 1-
tRNA (aa-tRNA) to the ribosome as an EF-la-aa-tRNA-GTP complex. 
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The ribosome-associated peptidyl-transferase then incorporates the 
amino acid into the polypeptide chain. Upon GTP hydrolysis, EF-l<x­

GDP is released from the ribosome and GDP exchanged with GTP 
through the action of EF-l~'Y. Thereafter, an EF-2-GTP compex induces 

the relative movement of mRNA and ribosome. After GTP hydrolysis 
EF-2 is released from the ribosome. 
The rate of elongation is regulatable by phophorylation of EF-2 by a 
Ca++/calmodulin-dependent protein kinase [Nairn et aI., 1985; Nairn 
and Palfrey, 1987]. This kinase was found in many cells and tissues. It 
is specific for EF-2 and phosphorylates this factor at threonine 
residues. Phosphorylated EF-2 was shown to be inactive in vitro in 
poly(U)-dependent poly(Phe) synthesis [Nairn and Palfrey, 1987; 
Ryazanov et aI., 1988]. Furthermore, correlation of EF-2 
dephosphorylation with increased protein synthesis rates was 
demonstrated in rabbit reticulocyte lysates [Redpath and Proud, 1989; 
Sitikov et aI., 1988] and in a few in vivo systems such as nerve growth 
factor-treated rat pheochromocytoma cells [Nairn and Palfrey, 1987]. 
Since down regulation of the elongation rate is expected to render 
initiation non-limiting for translation, it should lead to increased 
translation initiation on mRNAs which are weak competitors under 
normal conditions. In this way regulation of individual mRNA 
translation could result. 

4. Perspective 

Regulation of translation by protein phosphorylation was analyzed, so 
far, in some detail only for a few translation factors. Even though 
much remains to be learned about the molecular mechanisms involved 
and the regulation of other translational components by 
phosphorylation, it is already clear that protein phosphorylation plays 
a central role in the regulation of translation in eukaryotes. 
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The cytoplasm of eukaryotic cells contains a highly 

organized cytoskeleton. Motility and morphological changes 

of cells appear to depend on the cytoskeleton. Assembly, 

disassembly of the cytoskeleton and translocation of the 

constituents of the cytoskeleton underlie motility and shape 

changes of cells. The main constituents of the cytoskeleton 

are microtubules, microfilaments and intermediate filaments. 

These filamentous structures are composed of protein 

molecules which associate in a regular and defined manner. 

In many types of cells it could be demonstrated that the 

turnover of the cytoskeleton is regulated by extracellular 

signals. For instance, thrombin stimulation leads to rapid 

formation of microfilaments in platelets [1]. During the 

last years many proteins of the microfilament system have 

been isolated and characterized. The interactions of the 

isolated constituents of microfilaments have been 

investigated in order to understand regulation of 

microfilament assembly. The microfilament proteins have been 

classified according to their mode of action on actin 

filaments which represent the main constituents of 

microfilaments (Fig. 1) [2].Sequestering proteins (e. g. 

profilin) bind to actin monomers but not to actin filament 

subunits thereby inhibiting actin polymerization. capping 

proteins bind to the "barbed" ends of the polar actin 

filaments and prevent binding or dissociation of actin 

molecules at these ends. Severing proteins (e. g. gelsolin) 

break actin filaments and bind to the newly formed barbed 

ends of filaments. Crosslinking proteins (e. g. filamin or 

a-actinin) connect actin filaments side by side. Myosin is 
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the only protein which is known to move actively along actin 

filaments by consuming ATP. Insertin has been suggested to 

be an actin monomer-inserting protein that binds to the 

barbed ends of actin filaments and permits polymerization 

and depolymerization at these ends [3]. A number of proteins 

link actin filaments with membranes or are localized near 

the adhesion sites where actin filaments are linked to 

membranes (e. g. vinculin) . 
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Fig. 1: Actin-binding proteins. 1. sequestring protein 
(profilin), 2. capping protein, 3. severing protein 
(gelsolin), 4. crosslinking protein (a-actinin, filamin), 
5. myosin, 6. actin monomer-inserting protein (insertin), 
7. protein that links actin filaments to membranes. 

Isolation of microfilament proteins rendered it possible to 

investigate regulation of actin polymerization. It turned 

out that actin polymerization is regulated by actin itself 

and by actin-binding proteins. The polymerization reaction 

of actin itself is affected by posttranslational 

modification of actin and by non-covalent binding of small 

effector molecules. The assembly of some actin-binding 
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proteins with actin depends on phosphorylation, 

concentration of free calcium ions and on the presence of 

phosphatidylinositol-4,5-bisphosphate-containing lipid 

bilayers. Regulation of actin polymerization by actin­

binding proteins is likely to be more important than by 

actin itself. 

A number of clostridial bacteria produce toxins (e. g. 

botulinum toxin C2 or Clostridium perfringens iota toxin) 

which cause disruption of microfilaments. These toxins are 

enzymes which ADP-ribosylate specifically monomeric actin. 

The ADP-ribosylated monomeric actin is no longer able to 

polymerize. Furthermore, the ADP-ribosylated actin binds to 

the barbed ends of actin filaments and inhibits 

polymerization at these ends in a capping protein-like 

manner [4,5]. These toxins which ADP-ribosylate actin, bring 

about disintegration of actin filaments in living cells 

[6,7]. It has also been reported that monomeric actin is 

phosphorylated by homogenates of acanthamoeba cells. The 

phosphorylated actin polymerizes less readily [8]. Recently, 

it has been shown that phosphate ions and some sugar 

phosphates bind to actin non-covalently [9,10]. Among these 

sugars is fructose-1,6-bisphosphate. As there are great 

differences between the fructose-1,6-bisphosphate 

concentrations in resting and in activated muscle, it has 

been proposed that the interaction of actin with other 

proteins may be regulated by intermediates of glycolytic 

degradation and, therefore, in an indirect manner by 

phosphorylation reactions. 

Regulation of microfilament assembly by actin-binding 

proteins is probably physiologically more important than 

that by small metabolites and posttranslational modification 

of actin. One of the best understood motile processes in 

cells is contraction of actin-myosin aggregates by the 

sliding filament mechanism. Both in smooth muscle cells and 

in non-muscle cells this contraction is regulated by 
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phosphorylation of the myosin light chain by the calcium 

calmodulin-dependent myosin light chain kinase. In non­

muscle cells phosphorylated myosin tends to form small 

aggregates consisting of ten or twenty myosin molecules. 

These myosin minifilaments can interact with actin filaments 

thereby generating small forces sufficient for contractile 

processes in non-muscle cells. On dephosphorylation the 

myosin minifilaments are disintegrated to form single myosin 

molecules [11]. 

The assembly of some sequestering and capping proteins with 

actin filaments is under the control of calcium or 

phosphatidylinositol phosphates. Profilin binds to monomeric 

actin thereby inhibiting polymerization of the monomers. The 

profilin-actin complex can be dissociated on binding to the 

surface of phosphatidylinositol-4,5-bisphosphate-containing 

vesicles. This effect might explain how the transition of 

the profilin-actin complex to actin filaments is controlled 

in living cells [12]. Gelsolin appears to be regulated both 

by calcium and by phosphatidylinositol phosphates. In the 

presence of micromolar Ca2+ concentrations this protein 

severs actin filaments and caps the barbed end of the newly 

generated filament (Fig. I). When the gelsolin-capped 

filaments associate with phosphatidylinositol-4,5-

bisphosphate-containing vesicles, gelsolin dissociates from 

actin filaments and remains bound to the inositol-4,5-

bisphosphate head groups of lipid bilayers. The free barbed 

ends of the short actin filaments associate end to end. When 

the head groups of phosphatidylinositol-4,5-bisphosphate are 

hydrolyzed, gelsolin dissociates from membranes. Inositol-

1,4,5-trisphosphate which results from the hydrolysis, 

brings about an increase of the ca2+ concentration. Thus, 

phosphatidylinositol-4,5-bisphosphate degradation causes 

disintegration of microfilaments and phosphatidylinositol-

4,5-bisphosphate resynthesis gives rise to formation of long 

actin filaments [13]. There has also some evidence been 

provided that this mechanism applies to living cells [14]. 
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Several investigations have been reported which suggest that 

phosphorylation of membrane proteins regulates microfilament 

assembly. It has been observed that actin polymerization in 

platelets is inhibited by prostaglandin E1 that is known to 

elevate the cytoplasmic concentration of cyclic AMP. 

Inhibition of microfilament assembly presumably results from 

the cyclic AMP-stimulated phosphorylation of glycoprotein Ib 

and other membrane proteins. The existence of Bernard­

Soulier syndrome, a hereditary disorder in which platelets 

lack glycoprotein Ib, rendered it possible to assign 

inhibition of actin polymerization to phosphorylation of 

glycoprotein lb. While prostaglandin E1 inhibited collagen­

induced polymerization of actin in control platelets, it did 

not inhibit actin polymerization in Bernard-Soulier 

platelets [15]. 

Microfilament bundles and their adhesion sites on cell 

membranes have been found to be rapidly disrupted following 

tumour virus transformation or exposure of cells to tumour 

promotors or platelet derived growth factor. Vinculin, a 

protein localized near the membrane adhesion sites of 

microfilament bundles, is an in vivo substrate both for 

protein kinase C and for tyrosine-specific protein kinases 

encoded by the transforming genes of retroviruses, including 

pp60v- src [16-18]. Phosphorylation of vinculin attracted 

considerable interest because it was tempting to speculate 

that integrity of microfilament adhesion sites could be 

modulated by phosphorylation of vinculin. However, no simple 

relationship between phosphorylation of vinculin and 

disruption of adhesion sites has been found [17,19]. It is 

possible that phosphorylation of other proteins localized 

near the adhesion sites (talin, fibronectin receptor) will 

be more closely related with attachment of microfilaments to 

membranes [20,21]. 
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Observations on isolated proteins and on living cells 

suggest that assembly of microfilaments is regulated by 

transmembrane signalling. Interaction of noh-muscle myosin 

with actin filaments has been relatively well investigated. 

However, regulation of assembly of other actin-binding 

proteins with actin is not as clearly understood. There are 

a number of problems which render investigation of 

microfilament assembly difficult. It is still unclear in 

which sequence of reactions microfilaments are formed or 

disintegrated in living cells. For instance, it is not clear 

whether in living cells long microfilaments are formed from 

monomers by spontaneous nucleation and subsequent 

polymerization, by polymerization of monomers onto existing 

actin filaments, by polymerization of monomers onto 

nucleating capping proteins or by end to end association of 

short actin filaments. As long as even these basic pathways 

of microfilament assembly are not known, investigation of 

regulation of formation of long actin filaments appears to 

be a difficult task. Another problem arises from the fact 

that in many cells several actin-binding proteins can serve 

the same or similar functions in microfilament assembly; e. 

g. both a-actinin and filamin can crosslink actin filaments. 

Thus, often it is not known which of the actin-binding 

proteins is involved in an event observed in a living cell. 

Hopefully, in future it will be possible to make progresses 

in elucidating regulation of cytoskeleton assembly by a 
skilful combination of different techniques, such as in 

vitro investigatiOns, microinjection in living cells, 

genetic approaches and other techniques. 
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INTRODUCTION 

DNA topoisomerases are ubiquitous enzymes which exert important functions in 

replication, transcription, and chromatid segregation through regulation of DNA topology 

(Wang, 1985). Recently, topoisomerase I has also been identified as the primary cellular 

target for the antitumor drug, camptothecin, and derivatives thereof (Andoh et al., 1987, 

Zhang et al., 1990). Regulation of topoisomerase I activity might therefore represent one 

possible mechanism of controlling cellular activity and proliferation as well as directing the 

cytotoxic effects of clinical relevant antitumor drugs. Topoisomerase I relaxes DNA by 

concerted single strand cleavage and religation of the DNA backbone (Wang, 1985). The 

cellular level of mammalian topoisomerase I remains constant throughout the cell cycle and 

during different proliferative stages, whereas the activity of the enzyme has been found to 

vary (Hwang et al., 1989), suggesting regulation at the posttranslationallevel. Thus, the 

enzyme activity can in vitro be modified by poly-(ADP-ribosylation) and phosphorylation 

(Kasid et al., 1989, Samuels et al., 1989, Pommier et al., 1990). Here, we report that 

protein kinase C stimulates human topoisomerase I in vitro and describe the effect on the 

enzymatic activity in the absence and presence of camptothecin. Finally, we present a new 

method for purification of catalytic active forms of topoisomerase I from whole cell extracts. 
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RESULTS AND DISCUSSION 

Protein kinase C stimulates human topoisomerase I in vitro. Human topoisomerase 

I was purified from exponentially growing Daudi cells as described by Thomsen et al. (1987) 

and phosphorylated by incubation with protein kinase C (PKC) and ATP. Figure I-A 

demonstrates that the DNA relaxation activity of the PKC treated topoisomerase I is 

stimulated approximately three-fold. This observation is in agreement with previous findings 

which demonstrate that purified topoisomerase I is a phosphoprotein and that the relaxation 

activity can be modulated by either phosphorylation or dephosphorylation (Kaiserman et al. , 

1988, Samuels et aI., 1989, Pommier et al., 1990). To further examine the effect of 

phosphorylation of topoisomerase I, the interaction of the enzyme with DNA was investigated 

by trapping the covalent topoisomerase I-DNA intermediate with SDS (Bonven et al., 1985). 

It has from previous studies been shown that topoisomerase I interacts preferentially with a 

high affinity DNA binding sequence (Thomsen et al., 1987, Busk et al., 1987), while, in the 

presence of the antitumor drug, camptothecin, a number of additional DNA cleavage sites 

are seen (Kjeldsen et al., 1988). Both the high sequence preference and the alteration of the 

cleavage pattern in the presence of camptothecin is conserved for the phosphorylated enzyme 

(lanes 5-12). The specific activity of the phosphorylated enzyme, however, is approximately 

five-fold increased relative to the untreated topoisomerase I (lanes 2-4 and 13-14). Thus, 

phosphorylation of topoisomerase I by PKC enhances the enzymatic activity in vitro, 

suggesting a possible regulatory role of phosphorylation on topoisomerase I action and its 

sensitivity to camptothecin. 

Isolation of catalytic active topoisomerase I from whole cell extracts. Traditionally, 

topoisomerase I is purified by ion exchange chromatography resulting in a mixture of 

catalytic active and inactive forms of the enzyme. To investigate the in vivo effect of 

phosphorylation, a new purification method was developed for isolating catalytic active forms 

of topoisomerase I (fig. 2-A). The method takes advantage of a previously described specific 

DNA substrate by which it is possible to catch topoisomerase I in an active conformation 

covalently bound to DNA (Svejstrup et al., 1990a and 1990b). When the DNA substrate, 

coupled to magnetic particles (Dynabeads~, are incubated with whole cell extract, catalytic 

active topoisomerase I in the extract will form covalent complexes with the DNA substrate. 

By magnetic detention of the particles, these can be washed extensively. At the final step, 
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Figure 1 A. PKC stimulates the relaxation 
activity of human topoisomerase I. 300 U 
human topoisomerase I are incubated for 30 min 
at 30°C in 20 mM TrisECI pH 7.5, 10% 
glycerol, 10 mM MgCI2, 1 mM CaCI2, 0.5 mM 
EDTA, 2 mM DTT, 0.01 % Triton X-lOO, and 
100 J.(g/ml phosphatidylserine in a total volume 
of 40 J.(l in the absence or presence, panel 1 and 
2 respectively, of 1 mM ATP and 2 U PKC, an 
ctl{3/,,/ mixture kindly provided by Dr. Peter J. 
Parker. 2 J.(l of the reactions are then incubated 
with 2 J.(g supercoiled pBR322 in 10 mM 
trisECI pH 7.5, 150 mM NaCl, 0.5 mM 
EDT A, 1 mM spermidine, 50 J.(g/ml BSA, and 

B 
1 3 5 7 9 11 13 

2 4 6 8 10 12 14 

•• 

10% glycerol at 30°C. Aliquots are taken at the indicated time points, terminated by addition 
of SDS to I %, and loaded on a 1 % agarose gel. B. PKC stimulates the cleavage activity of 
human topoisomerase I in the absence and presence of camptothecin. 3-5 fmol end-labeled 
Hind III - Pvu II DNA fragment from pNC1 (Thomsen et al., 1987) are incubated with 
various amounts of the untreated and PKC treated topoisomerase I described above in 
Tris'HCI pH 7.5, 60 mM NaCI, 5 mM MgCI2, 5 mM CaCl2 for 10 min at 30°C. SDS is 
added to 1 %, the samples are treated with proteinase K, and loaded on a 6% denaturing 
polyacrylamide gel. Lane 1: DNA fragment; lanes 2-4: 1, 2, and 4 J.(l, respectively, of the 
untreated topoisomerase I; lanes 5-7: same as lanes 2-4 but with PKC treated topoisomerase 
I; lanes 8-12: 2 J.(l of the PKC treated topoisomerase I in the presence of 1% DMSO and 0, 
0.01,0.1,1, and 10 J.(M camptothecin, respectively; lanes 13-14: 4 and 1 J.(l of untreated and 
PKC treated topoisomerase I, respectively, in the presence of 1 J.(M camptothecin. <= high 
affinity DNA binding site; - additional DNA cleavage sites in the presence of camptothecin. 

the covalently bound topoisomerase I is released from the particles by addition of a 

dinucleotide thereby completing the catalytic cycle (Svejstrup et al., 1990b). The activity of 

the enzyme in the different fractions was monitored by DNA relaxation (fig. 2-B). The figure 

demonstrates that all of the relaxation activity can be recovered from the extract. To examine 
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Figure 2 A. Scheme for isolation of catalytic active topoisomerase I. 1) DNA substrate (see 
text for details) bound to a magnetic particle (e); 2) formation of a covalent complex 
between DNA and catalytic active topoisomerase I; 3) washing of particles; 4) release of 
topoisomerase I by addition of a high concentration of dinucleotides in high salt. B. 
Relaxation assay of samples from different steps in the isolation of catalytic active 
topoisomerase I. Whole cell extracts are prepared from an exponentially grown human 
lymphoblastoid cell line, RPMI 8402, by: 1) lysis of cell-membranes with Triton X-100, 2) 
a high salt nuclear extraction (1 M NaCl), and 3) PEG precipitation of DNA. After each 
purification step, the final volume is adjusted to 300 I-tl before the relaxation assay (same as 
in fig. I-A) . Panel 1: 10 U human topoisomerase I; panel 2: 1 I-tl of the cell extract 
incubated with the particles; panel 3: 3 I-tl of the material not bound to particles; panel 4: 12 
I-tl of the washing buffer; panel 5: 30 I-tl of the purified enzyme. C. SDS-PAGE of samples 
from purification of topoisomerase I from nuclear extract labeled with 32P_-y_ATP by 
endogenous kinases. Lane 1: labeled nuclear extract; lane 2: material not bound to the 
particles; lane 3: washing step; lane 4: purified topoisomerase I. 

the efficiency of the purification method, nuclear extract was incubated with 32p_-y_ATP, 

resulting in phosphorylation of multiple protein substrates in the extract by endogenous 

kinases. As shown in fig. 2-B, a single protein, identified as topoisomerase I, was purified 

by the described technique. Thus, it is possible, in a single-step procedure, to purify the 

catalytic active form of topoisomerase I to homogeneity. 
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Based on the existing data (Kaiserman et al., 1988, Samuels et al., 1989, Pommier 

et al., 1990), phosphorylation seems to play an important role in the physiological regulation 

of topoisomerase I activity. The observation that PKC sensitizes topoisomerase I to 

camptothecin indicates that phosphorylation might also be involved in modulating the action 

of topoisomerase I-targeting antitumor drugs. 
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INTRODUCTION 

Protein phosphorylation plays an essential part in the regulation of cell cycle of 

eukaryotes (Norbury and Nurse, 1989; Nurse, 1990). Several components of this 

regulatory mechanism are well characterized in fission and budding yeasts (Moreno 

et aI., 1989; Wittenberg and Reed, 1988), Xenopus oocytes (Cyert and Kirschner, 

1988) and mammalian cells (Moria et aI., 1989; Draetta and Beach, 1988). 

Concerning our knowledge about the cell cycle regulation of higher plants, the 

presence of a p34cdc2 homolog protein kinase has been shown (John et aI., 1989; 

Feiler and Jacobs, 1990; Hirt et aI., 1990). In order to obtain more information about 

the control mechanism of cell cycle in plants we studied the changes of in vitro 

phosphorylation pattern in both suspension cultured alfalfa cells partially 

synchronized by phosphate starvation and in alfalfa leaf protoplast culture. 

RESULTS 

To synchronize alfalfa cells, we applied the phosphate starvation method, which 

reversibly stops cells in G1 phase (Amino et aI., 1983). After phosphate readdition 

we extracted proteins from cells collected at 3 hour intervals and assayed for 

endogenous phosphorylation and histone Hi kinase activity. In crude extracts we 

NATO AS! Series, Yol. H 56 
Cellular Regulation by Protein Phosphorylation 
Edited by L. M. G. Heilmeyer, Jr. 
© Springer·Yeriag Berlin Heidelberg 1991 



436 

observed a phosphoprotein with an apparent molecular mass of 65 kO of which 

phosphorylation has been progressively increased throughout the first twelve hours 

and then remained at a constant level. In neither of extracts could we detect histone 

H1 kinase activity (Figure 1.). 
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Figure 1. Synchronization of alfalfa cells. 

The upper panel shows the 3H-thymidine incorporation curve, the lower panel is an 

autoradiograph of a 10 % SOS-PAGE showing phosphorylating activity towards 

endogenous proteins. 

In a parallel experiment we prepared protoplasts from leaves, that consists of non­

dividing cells considered to be stopped in early G1 during differentiation. By 

enzymatic treatment we isolated a relatively homogeneous population of mesophyll 

leaf cells. Hormone treatment (auxin and cytokinin) of these cells resulted in the 

initiation of cell cycle. The study of the phosphorylation pattern showed several 

characteristic changes. In leaf mesophyll cells phosphorylation of a 62 and a 65 kO 

protein is equally prominent. However, when the cell cycle is initiated the 

phosphorylation of the 62 kO protein is gradually diminished. After 6 days, when the 
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leaf protoplast culture consists of dividing cells, mainly the 65 kD protein 

phosphorylation can be observed (Figure 2.) 
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Figure 2. In vitro phosphorylation in protoplast culture. 

Autoradiograph of a 5-15 % gradient polyacrylamide gel showing endogenous 

phosphorylation in samples taken at the indicated times (days). 

To purify the p62 and p65 we chromatographed proteins extracted from cycling 

cells of a suspension culture on Q-Sepharose column and fractions containing the 

p62-p65 phosphorylation activity were pooled and applied to a Superose 12 FPLC 

gel filtration column. Testing the phosphorylation pattern of the fractions we found 

that a 35 kD protein simultaneously with histone H1 was phosphorylated in addition 

to p65. Immunoblotting with the PSTAIR antibody showed recognition of a protein 

at 34 kD and a slower migrating band at 35 kD (Figure 3.) . 

Since we could not resolve p62 and p65 by this purification scheme we included 

chromatography on Phenyl Superose column after the first ion-exchange step. By 

this means we could separate the two proteins and with subsequent gel filtration 

chromatography we determined their molecular weights. p65 eluted from the 

column at 60 kD while p62 at around 100 kD. Figure 4 shows that anti cdc13 

antibody reacted with a protein of 62 kD on immunoblot of Superose 12 fractions 

containing p62. 
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Figure 4. Immunoblot of Superose 12 
fractions containing p62 with the anti 
cdc13 antibody 

Figure 3. Superose 12 chromatography of p62-p65 
Lane 1-4: Autoradiography of the fractions after in vitro phosphorylation assay in 
the presence of calf thymus histone H 1. 
Lane 5: Western blot of the third fraction with the PSTAIR antibody. 

Discussion 

In the course of our work we applied two synchronized cell culture to observe 

changes in the in vitro phosphorylation pattern during the initiation of cell cycle in 

resting plant cells. At the phosphate starvation experiment a 65 kD protein with 

increasing phosphorylation from the onset of phosphate feeding could be noticed. 

In addition to this p65, a 62 kD protein showed altering phsophorylation in the leaf 

protoplast culture. Contrary to p65, the phosphorylation of p62 was at the highest 

level in differentiated celis blocked in G1 then decreased as they entered the cycle. 

In cycling alfalfa cell suspension culture the 62 kD protein forms complex with the 

plant p34cdc2 homolog kinase. p13suC1-Sepharose binding experiments 
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confirmed also this fact, since p62 bound to the matrix while p65 remained 

completely unbound (data not shown). Immunoblotting of p62 with the anti cdc13 

antibody showed recognition of this protein. We have no direct evidence that the 

p62 phosphoprotein we purified from cell suspension culture is identical to the 62 

kD phosphoprotein detected in mesophyll leaf protoplast Iysates. Should the case 

occur, this 62 kD plant cyclin together with the plant p34Cdc2 protein kinase may be 

required for the initiation of cell cycle in resting cells. 
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Phosphate transfer reactions followed by covalent modifications of proteins constitute a major 

mechanism of regulation in higher eukaryotes. Generally the second messengers (Ca2 +, diacylgly­

cerol, cAMP) submit their signal to the cell by activating serine and threonine specific protein kinases, 

whereas growth factors induce phosphorylation of tyrosines directly through their receptors. In euka­

ryotic protein biosynthesis regulation by phosphorylation has been shown for the initiation factor 2 

(IF-2), elongation factor 2 (EF-2) and several ribosomal proteins. The phosphorylation of elongation 

factor 1 a (EF-1 a) and 1 {3 (EF-1 {3) was also reported, but has been demonstrated only in vitro. Limited 

knowledge exists about the phosphorylation and dephosphorylation of prokaryotic proteins by 

protein kinases and phosphatases (e.g. osmoregulation, nitrogen regulation and chemotaxis). The 

known phosphate acceptor residues in prokaryotes are histidine and aspartate, but the existence of 

phosphotyrosine, phosphothreonine and phosphoserine has been demonstrated, too. 

The role of EF-Tu in protein biosynthesis seems to be well understood. Here we report on the 

phosphorylation in vivo and in vitro of prokaryotic elongation factor Tu (EF-Tu). Our results suggest 

that there are additional events in the action of this multifunctional protein. 

IN VITRO PHOSPHORYLATION 

Oifferent protein kinases were examined for their ability to phosphorylate EF-Tu.GOP. Until now the 

only enzyme found to be suitable for in vitro studies is the eukaryotic protein kinase C (PKC), whereas 

the cAMP-dependent kinase is unable to use EF-Tu as a substrate. Protein kinase C plays a central 

role in transmembrane signalling. It has been demonstrated recently that G-proteins can be phospho­

rylated through C-kinase action and EF-Tu is known to be a model for structure-function relationships 

of G-proteins. 

The in vitro phosphorylation of purified EF-Tu from E.coli MRE 600 (Fig. 1) revealed an interesting 

result. Although one discrete band or spot of the purified EF-Tu could be detected on the overloaded 

stained SOS-PAGE (Fig. 1 a, lane 4), a second band with an apparent Mr of 45 kO was visualized by 

autoradiography after phosphorylation (Fig. 1 b, lane 4). 
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Fig.l: SOS-PAGE of in vitro phosphorylated 
EF-Tu'GOP with PKC from bovine brain. 
Lane 1: PKC and histone (typ III S); lane 2: 
PKC and calmodulin; lane 3: PKC; lane 4: PKC 
and EF-Tu'GOP (E. coli MRE 600, 3 g); PKC: 
EF-Tu ratio 1 :200. 
Proteins were visualized by staining (panel a) 
and autoradiography (panel b). 

IN VIVO PHOSPHORYLATION 
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Fig.2: Analysis of total cell extract from 
Escherichia coli MRE 600 by SOS-PAGE 
Lane 1, 3: Cell lysate, 0.2 and 0.4 A600; lane 2: 
purified EF-Tu. 
Panel a: Commassie blue-staining; panel b: 
Autoradiography. 
Cells were grown in minimal medium con­
taining [32P1 ortho-phosphate (20 MBq/ml) 
and lysed by sonication. After electrophoresis 
the gel was incubated for 30 min. at 90 °C in 5 
% TCA to remove nucleic acids. 

Our first studies on in vivo phosphorylation of EF-Tu gave only poor results. Ecoli cells grown in 32p_ 

containing medium were analyzed on SOS-gels. Only a faint band of the molecular weight of EF-Tu 

was visible. Several buffer conditions were tested for their ability to stabilize the in vivo phosphoryla­

tion (Fig. 2). To verify, that the radioactive band corresponds with EF-Tu, the complete cell lysate was 

applied on to OEAE-Sepharose CL-6B and separated by FPLC (Fig. 3). Gradient-eluted fractions were 

precipitated with ethanol and subjected to SOS-PAGE. Immunoreactivity was checked by western­

blot analysis. Antibody-binding was visualized by alkaline phosphatase reaction (Fig. 4a) and phos­

phorylation was confirmed by autoradiography (Fig. 4b) . The antibody recognized two bands with 

apparent Mrs of 43 and 45 kO. The "45 kO" band was eluted in front of the main EF-Tu peak, which 

coincide with a large radioactive peak, maybe bound [32Pl-GOP (Fig. 3). 

To confirm that the in vivo phosphorylation of EF-Tu is not restricted to Ecoli, the thermophilic eubac­

terium Thermus aquaticus EP00276, was analyzed and two phosphorylated proteins with apparent 
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Mrs of 45 and 47 kD were found, corresponding to the 43 and 45 kD EF-Tu from E.coli (data not 

shown). ~~- r--16 21 23 25 ~ 31 43 47 49 53 = 
A 
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Fig. 3: Purification of in vivo phosphorylated 
EF-Tu. Total cell lysate was loaded onto a 
DEAE Sepharose Cl-u6 column (0.5 x 5 cm) 
and fractionated by using a HPlC-System. 
The column was eluted with a linear NaCI­
Gradient of 0-400 mM. 0.2 ml fractions were 
collected (A). The radioactivity profile (6) was 
determined by Cerenkov counting and GDP­
binding activity was estimated by a standard 
nitrocellulose filter assay (C) . 
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Fig. 4: Western immunoblot analysis of 
DEAE eluted fractions from Figure 2. Proteins 
were precipitated with ethanol and subjected 
to SDS-PAGE (10 %). After electro-transfer to 
the PVDF-membrane anti-EF-Tu reactive 
bands were visualized by alkaline phosphata­
se staining (panel a) . The phosphorylation of 
EF-Tu was confirmed by autoradiography 
(panel b). 

IS PHOSPHORYLATION OF EF-TU A REGULATORY OR A FUNCTIONAL EVENT? 

To get more information about the nature of the phosphorylation we analyzed the overexpression of 

the tufA gene. If phosphorylation is a regulatory effect, may be inactivation of "not used" EF-Tu, one 

would expect a greater extend of phosphorylation. In case of a functional phosphorylation the oppo­

site should be true, because the active fraction is decreasing. Cells from E.coli MRE 600 transformed 

with pQECT1 (coding for wild type tufA under control of the lac-repressor) were grown under identical 

conditions as described above. Analysis was done as described elsewhere; in brief: cells were grown 

to 0.5 Aooo' pelleted and resuspended in the same volume of medium containing [32P1 orthophos-
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phate. After 0 and 2.5 h, proteins from induced and uninduced cultures were analyzed by SDS-PAGE 

(Fig. 6). At 0 h, immediately after in vivo labeling with [32pJ orthophosphate, the first radioactive band 

appears, indicating a fast phosphorylation of EF-Tu. After 2.5 h the IPTG-induced culture shows a 

slight decrease in phosphorylation, indicating a functional role of phosphorylation. 

234563456 

94 kD-

61kD -

43 kD -

a b 

Fig.5: Overexpression and phosphorylation of EF-Tu 
Lane 1: molecular weight marker proteins (94 kD, 67 kD, 43 kD, 30 kD) ; lane 2: EF-Tu; lane 3 and 5: 
proteins from uninduced cultures (0 hand 2.5 h) ; lane 4 and 6: proteins from induced cultures (0 h 
and 2.5 h) . 
left panel : Commassie staining; right panel : Autoradiography 

DISCUSSION 

The 45 kD form of EF-Tu observed in all experiments leads to the the question of the nature of this 

shift in molcular weight. There are at least two possible explanations: 

1. The 45 kD protein presents the ruts gene product. The aminoacid exchange from glycine to serine 

at position 393 leads to an additional phosphorylation site. It has been demonstrated that different 

degrees of phosphorylation contributes to differences in mobility in SDS-PAGE. The higher radio­

activity/protein ratio compared to the 43 kD band substanciate this hypothesis. 

2. EF-Tu is modified through methylation at position 56 (lysine) to an increasing extent during growth 

phase. The methylation of lysine 56 increases during growth. These results agree with our observation 

of increasing amounts of the 45 kD protein (Fig. 6), leading to a nearly complete loss of the 43 kD 

protein. The 45 kD protein may represent the methylated form of EF-Tu, which coincides with the elu­

tion profile of the DEAE column, where the 45 kD band elutes in front of the 43 kD EF-Tu (see Fig. 3) . 
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Fig.6: Proteins from E. coli MRE 600 harvested at different growth stages 
Lane 1,12: Purified EF-Tu; lane 2-11 : Cells harvested after 0, 0.75,1.0,1.5,2.0,2.5,3.0,3.5,4.0 and 
20 hours; lane 13: molecular weight marker proteins (94 kD, 67 kD, 43 kD, 30 kD, 20.1 kD). 
Each lane contained the same amount of A650 of cells. 

CONCLUSIONS 

The ability of the eukaryotic protein kinase C to modify prokaryotic EF-Tu, establishes the high 

conservation among the family of G-proteins. We have started to investigate the influence of in vitro 

phosphorylation on the functions of EF-Tu. The analysis of the phosphorylation site(s) is in 

progress. The complete set of data will be published elsewhere (Lippmann et aI. , submitted). 

The first experiment carried out with overexpression of EF-Tu impliclates that the in vivo phosphoryla­

tion is of functional importance. At time we only can speculate about the role of phosphorylation in 

prokaryotic protein biosynthesis. 
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Phosphorylase kinase and the first phosphorylation cascade were 

discovered by tackling intracellular signal flux from the 

distal end of a signalling pathway, i.e. by asking for cause, 

not effect. During the last decade a comparable approach has 

been successfully applied in studies of anabolic signal flux 

towards the ribosomal protein S6. The approach utilizes the 

fact that serum (Lastick et al., 1977), epidermal growth factor 

(EGF), insulin and other anabolic agents (Thomas et al., 1982) 

and also certain transforming proteins, notably of the 

tyrosine kinase family, - elicit phosphorylation of several S6 

serines. 

We used serum-treated S49 kin- cells (murine T-cell lymphoma, 

defective in cA-PrK expression) to seek S6-phosphorylating 

activities. The reason: S6 is an in vitro substrate for the cA­

PrK, and cA-PrK could, theoretically, modulate the activities 

of cAMP-independent pathways to S6. Indicating the existence of 

such pathways, cells of the cyc- mutant line had been observed 

to contain 4fold phosphorylated S6 despite their subnormal cAMP 

levels (O.M., unpublished). - Examining post-DEAE fractions 

from serum-treated log phase S49 kin- cells, we could detect an 

S6-phosphorylating activity which seemed novel. It required 

EDTA to, show up strongly, was serine-specific, independent of 

effectors such as cNMP, ca2+ etc, and was not activatable with 

trypsin. 

Our second model were HeLa cells to which we applied the shift 

protocol with which serum-induced S6 phosphorylation had been 

discovered (Lastick et al., 1977). Utilizing some technical 

improvements, 2 well-separated activities were seen in DEAE-
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Sephacel eluates (Fig. 1). The 'late-eluting' one (200 mM KCI, 

3 mM MgCI 2 , 25 mM potassium phosphate buffer, pH 7.4) was 

strongly increased when cells synchronized by medium exhaus­

tion were transferred to fresh medium and serum (stimulated 

cells). The enzyme's properties closely resembled those of the 

S49 cell kinase. The Mr (gel filtration) was 56 000. In vitro 

phosphorylation was faster than the apparent in vivo rate. 

Insulin activated an enzyme with indistinguishable chromato­

graphic behaviour. We termed the enzyme 'mitogen-responsive S6 

kinase' (presented at the 1984 Ste. Odile Meeting on Hormones 

and Cell Regulation (Martini and Lawen, 1985). Publication in 

detail (Lawen et al.) succeeded in 1989 (cf. discussion). 

We could detect late-eluting S6 kinase activity in further 

systems: Mouse liver, chick embryo fibroblasts both normal 

(Lawen and Martini, 1985) and transformed, rat hepatocytes. 

Discussion. Our working hypothesis which introduced the S6 

kinase as a novel enzyme proved controversial, since there 

existed a different interpretation of a similar profile, 

observed in insulin-treated 3T3-L1 cells (Perisic and Traugh, 

1983). Insulin, through its receptor, is speculated to cause 

the activation of a protease, which in turn cleaves a protein 

kinase (protease-activated kinase II, PAK II) the catalytic 

fragment of which then phosphorylates S6. The speculation has 

been adopted by Donahue and Masaracchia (1984) for H4P kinase 

which resembles PAK II (critical discussion in Burger et al., 

1989). This 'fragment hypothesis' assigns biological 

significance to the fact that PAK II and histone-4 kinase, like 

protein kinase C (PKC) , can be activated by trypsin to multiply 

phosphorylate S6. Judging from reported data, and confirmed for 

PKC, the intact progenitors of these fragments would, in 

chromatographic behaviour, resemble our early-eluting activity 

(Fig. 1). This seems to apply also to an enzyme denoted S6-

kinase II (S6-KII) (Sweet et al., 1990). If the fragment 

hypothesis were correct, the late-eluting activity would have 

to represent a fragment of an early-eluting enzyme. 
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Fig. 1. Top panels: S6-phosphorylating kinase activities from 
HeLa cells. - A suspension of HeLa cells (a variant of the S3 
line) which had exhausted their medium was devided in two 
portions. (A) Cells from one portion were transferred to fresh 
medium (JMEM) supplemented with 13 % horse serum of selected 
quality (stimulated cells). (B) Unstimulated control cells. -
30 min after serum stimulation, cell extracts were prepared 
(Oounce homogenizer; phosphate buffer; 10 000 x g centrifug­
ation; for details see (Lawen et ale 1989)), and 1 ml portions 
(from 0.3 g cells) were immediately loaded on 2 ml OEAE­
Sephacel columns. The columns were washed. The catalytic 
subunit of cA-PrK was removed with 50 pM cAMP. Further protein 
kinases were eluted with a 0-580 roM KCI gradient (the phosphate 
buffer adds 60 roM K+). 1.1 ml fractions were collected, and 5 
pI of each were examined for protein kinase activity using 40S 
sUbunits (0.3 A~60 units/ml assay; from reticulocyte polysomes) 
and rt-32pJATP (0.5 roM; 0.3 ci/mmol; 60 pI assays); details in 
(Lawen et al., 1989). After 30 min incubation at 35 °C, reac­
tion products were precipitated with MgcI 2/ethanol, sedimented 
and treated with sample buffer for SOS-PAGE (15% acrylamide). 
Autoradiograms of dried gels are shown. The arrow indicates S6. 
(Reprinted, with permission, from Lawen et ale 1989) 
Bottom panels: S6-phosphorylation in stimulated (left) and 
control (right) cells. - stained two-dimensional electrophero­
grams of ribosomal proteins are shown (phosphoryl groups reduce 
the mobility of S6). The numbers refer to degrees of phosphor­
ylation. A 2 h stimUlUS was applied; but the serum effect on S6 
phosphorylation was essentially complete within 45 min. 
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Fig. 2. Effect of heat shock on insulin-responsive S6-kinase 
activity. - Four equal portions of HeLa S3 cells suspended in 
JMEM containing 0.2 % BSA received insulin (5 x 10-8 M) i a 
further portion (Ai~--Ai control cellsi 30 min incubation at 36 
°C) stayed insulin-free. Cells treated with insulin were 
incubated as follows: ~AiO--O) 30 min at 36 °Ci 
(Ai.-·A) 20 min at 36 C, then 20 min at 42 °Ci 
(Bi---.) 70 min at 36 °Ci 
(BiD-·~) 20 min at 36 °c, then 20 min at 42 °Ci finally 20 min 
at 36 °C. - Temperature adjustment between incubation periods 
required 5 min. - Cells were lysed with Triton X-100i extracts 
were prepared (cf. Fig. 1), fractionated by DEAE-Sephacel 
chromatography and assayed (cf. Fig .1) for late-eluting S6-
phosphorylating activity. Following SDS-PAGE, S6-bands were 
identified and their 32p contents determined. The highest 
insulin-induced activity measured after continuous inCUbation 
at 36 °c for either 30 min (panel A) or 70 min (panel B) was 
set 100 %. The conductivity data refer to 250fold de luted 
eluate. (Reprinted, with permission, from Burger et al., 1989). 

Support for viewing the S6-kinase as enzyme sui generis came 

from heat shock experiments: As shown in Fig. 2, insulin­

induced S6-kinase activation is rapidly reversed upon exposure 

of cells to hyperthermic stress, and this reverse is itself 

reversible (Burger et aI, 1989). Thus the mitogen-responsive S6 
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kinase could be an interconvertible enzyme, possibly the 

terminal enzyme (like phosphorylase kinase) in a phosphoryl­

ation cascade. Several other groups, using further cell types 

and the same as well as different growth-stimulatory agents, 

e.g. EGF (Novak-Hofer and Thomas, 1985), have described similar 

S6-kinases. There is evidence that they are regulated by 

phosphorylation (cf. G. Thomas, this volume). 
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Oifferentiation of mammalian leukocytes is associated with the expression of 

surface antigens which have been catalogued as ·clusters of differentiation" [CD: 

Pallesen and Plesner. 1 9S7). This designation indicates that. using appropriate 

antibodies. or combinations among them. it is possible to identify cell types bearing 

distinct antigens. CD3 antibodies bind to polypeptides forming the T-cell antigen­

receptor complex: under suitable conditions in vitro. this binding will direct T­

lymphocytes to a transient programme of "Iymphoblastoid" maturation. including 

mitosis and the expression of some immunological effector functions [Imrie and 

Mueller. 1965: Biberfeld. 1971: Meuer et al .. 19S4). 

Human peripheral blood mononuclear cells. largely containing T -lymphocytes 

[and 20-30% "accessory cells·. such as monocytes and B-Iymphocytes). can be 

obtained easily for the study of short-term cellular responses in primary cultures. 

We have used this experimental model to monitor the steady-state mRNA expression 

for ferritin during the process of activation triggered by DAKO-T3. a CD3 

monoclonal antibody. Ferritin is a virtually ubiquitous iron-storage protein which 

cooperates in the maintenance of non-toxic levels of soluble iron within the cell 

[Mattia and van Renswoude. 19S5). Its 24 subunits form a tight shell where a 

micellar iron core is enclosed. and it is known that the entry of iron through this 

shell occurs by ferrous iron oxidation reversibly catalysed by ferritin proper [Levi 

et al .. 19S5). For different types of cells. ferritin displays a broad heterogeneity. 

depending on the varying proportions of the two types [H and L) of its subunits. 

yet the significance of this heterogeneity is not quite understood [Worwood. 19S9). 

We report here preliminary observations of changes in the relative expression 

of the Hand L subunits. at the mRNA level. that follow CD3-mediated activation 

of peripheral blood mononuclear cells. 

Reagents. DAKO-T3 was purchased from DAKO-PATTS. Denmark. Phorbol 
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dibutyrate [PdB) is from Sigma [USA) and is kept in a stock at 1 mM in 

dimethylsulfoxide [Merck. Germany) stored at -70 degre,es C. Hybridization probes 

were prepared from pHF 16 and pLF 1 08 cDNA clones [Boyd et al.. 1 985) using 

alpha-32P-dCTP and a multiprime-Iabelling kit [Amersham. UK). with specific 

activities at 0.5-1 million dpm/nanog. DNA. 

Blood samples. Buffy-coats. prepared from peripheral blood donated by patients 

with hemochromatosis or normal blood donors. were obtained in the Hemotherapy 

Sector at Sto. Antonio General Hospital. Dporto. For each buffy-coat an 

accompanying blood sample was collected in an acid-treated glass tube [Brock. 

1 989) to prepare autologous serum. A total of 24 samples were analysed. 

Cells and cultures. Mononuclear cells were separated by density centrifugation 

on Lymphoprep [Nycomed. Norway) according to the method of Boyum (1968) 

and resuspended in RPMI 1640 culture medium [Moore et al .. 1 967) supplemented 

with 25mM HEPES and antibiotics. Cultures were set in 24-well trays [Nunc. 

Denmark). with 1 mL medium containing 1.5 million mononuclear cells and 10% 

heat-inactivated [56 degrees C. 30 min.) autologous serum in each well. Further 

additions [0.1 % [v/v) DAKD-T3. 10nM PdB) were made at the beginning of the 

incubations [37 degrees C. 5 % C02 water-saturated atmosphere). All cultures 

were microscopically checked. using a WILD [Switzerland) inverted model. 

RNA extraction and dot-blot analysis. At 48 hours of incubation. cells were 

collected. and cytoplasmic RNA prepared therefrom according to the method 

of Pearse and Wu [t 988). Formaldehyde-denatured RNA samples were transferred 

to nylon membranes [Amersham) using a dot-blot apparatus [Minifold I. Schleicher 

and Schue II. USA) and hybridized according to an Amersham protocol ["Blotting 

and hybridization protocols for Hybond ™ membranes"). Autoradiography was 

carried out at -70 degrees C using intensifying screens on Hyperfilm-MP films 

[Amersham) preflashed essentially as described by Laskey [t 984). and measured 

by densitometry. 

RESULTS 

In previous experiments with this model of activation we have studied tritiated 

thymidine uptake by the cells as an indicator of DNA synthesis rates. While in 

control [unstimulated) cultures these rates remain at very low levels. close to 

background. in cultures set in the presence of DAKO-T3 a sharp increase in 

thymidine uptake is observed after 24 hours of culture. reaching a plateau by 
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2 to 3 days and declining thereafter. Morphological changes. namely cell aggregation 

and blast cell formation. are seen only in the activated cultures. 

In the control cultures there is already a marked predominance (about one order 

of magnitude higher) of messenger RNA for the H-subunit of ferritin. by comparison 

to the L-subunit ferritin message. These "H/L· values displayed a broad variation 

amongst individuals. either with hemochromatosis or normal. and did not seem 

to be significantly different between the two groups. 

In the corresponding CD3-activated cultures the H/L values were raised several 

times (figure 1l. With three subjects that did not respond to DAKO-T3. H/L 

remained at the level of control cultures [without the antibody). In two of these 

cases. however. addition of 10nM PdB in a parallel culture [with DAKO-T3) showed 

the potential of the cells to become activated. with a concommitant raise of H/L 

to values consistent with those of other activated cultures. Cultures with 10nM 

PdB alone [made from three subjects. including two that typically responded to 

DAKO-T3) had a H/L value only slightly above the control cultures. The presence 

of PdB at this concentration did not alter the full effect of DAKO-T3 [results 

not shown). 

SUBJECTS 

o 1 2 3 4 5 6 7 

H/L RATIOS (arbitrary units) 

Figure 1 - Ratios bstween densitometer measurements of autoradiographic signals 
resulting from hybridizations with pHF16 [H) and pLF10B [Ll of the same RNA 
sample. obtained from g separate individuals. Experiments X-XIII. RNA samples 
from patients with hemochromatosis [.H) or controls [.C). Filled bars represent 
CD3-activated samples. hatched bars control cultures. The results shown were 
obtained from a single hybridization and are representative of a total of 21 samples 
tested. 
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DISCUSSION 

The present results suggest that. during the process of activation of human T­

lymphocytes in mononuclear cell populations. the isoferritin distribution is shifted 

towards a greater relative content of H-type subunits of this iron-storage protein. 

Several studies (Levi et al .. 1988: Worwood. 1989) indicate that this shift would 

mean a greater rate of iron uptake and/or release by the ferritin compartment. 

In view of the importance of iron in heme-containing proteins like cytochromes. 

and some nonheme enzymes [namely ribonucleotide reductase). such an effect 

on the isoferritin expression might be closely linked to metabolic changes associated 

with the new steady-state resulting from activation. 

Nevertheless. the fact that ferritin is subject to a refined translational control 

[Aziz and Munro. 1987: Hentze et al .. 1987) does not allow us. based on the present 

results. to infer changes in the characteristics of the protein. Data from similar 

experiments. examining the protein levels are. however. in line with the 

interpretation suggested here [Dorner et al .. 1983: Pattanapanyasat et al .. 1988). 
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INTRODUCTION 

It is generally believed that smooth muscle contraction is 
initiated by phosphorylation of the 20 kDa light chains of myo­
sin (MLC). One of the important discoveries in smooth muscle 
research was the finding of the variable phosphorylation 

contraction coupling (Kamm and stull, 1985). The state where 

maintained force is associated with low levels of MLC and low 

shortening velocity has been termed the 'latch' state (reviewed 

in Hai and Murphy, 1989). Current hypothesis of the regulation 

of this state may be divided into two groups (Martson, 1989): 

1) regulation of the latch state requires a second Ca2+-depen­

dent regulatory mechanism and 2) MLC phosphorylation is suffi­

cient to regulate both contractions at high and low levels of 

MLC phosphorylation (Hai and Murphy, 1989). In the latter mo­

del, so called latch bridges are generated by dephosphorylation 

of attached phosphorylated crossbridges from which they differ 
only by their lower rate of detachment from actin. This requi­

res that the rate of dephosphorylation is higher than the rate 

of detachment of a phosphorylated crossbridge from actin. We 

show here, that inhibition of the MLC phosphatase by okadaic 

acid (Takai et al. 1987) indeed prevents the formation of the 

latch state under certain conditions. However, we also found 

condi tions where smooth muscle relaxes at high levels of MLC 
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phosphorylation which cannot be explained on the basis of the 

phosphorylation theory. 

METHODS 

Intact or permeabilized (4 hrs Triton-X-l00) fibre bundles from 

smooth muscle of lamb trachea or chicken gizzard were mounted 

isometrically between a force transducer and a length step ge­

nerator. The unloaded shortening velocity (vus) was determined 

by the slack test as described in Paul et al. (1983). Experi­

ments with intact preparations were performed at 37°C, those 

with skinned preparation at 21°C. 

Solutions: physiological saline solution (PSS, in mM): NaCl 

118, KCl 5, MgC12 1. 2, CaC1 2 1. 6, Na2HP04 1. 2, glucose 10 and 

HEPES 24 (pH 7.4 at 37°C), oxygenated with 100% O2. Relaxing 

solution for permeabilized preparations (mM): EGTA 4, MgC12 4, 

ATP 1 , KCl 50, imidazole 25, creatine phosphate 1, creatine 

kinase 0.4 mg/ml, pH 7.0 at 21°C. In the contracting solutions, 

EGTA was replaced by CaEGTA, the free [Ca2+] being calculated 

according to Fabiato (1979). 

The degree of MLC phosphorylation was determined as in Fischer 

and Pfitzer (1989). Briefly, tissues were fixed in TCA/aceton 

(10% w/v) precooled to -80°C and stored in this solution at -

80°C for 24 hrs. Tissues were allowed to thaw to room tempera­

ture over a period of 1 hr and, after homogenization in urea, 

proteins were separated by 2D-PAGE. The relative amounts of 

phosphorylated and non-phosphorylated myosin light chains were 

determined by densitometry scans of the Coomassie stained gels. 

RESULTS AND DISCUSSION 

Fig. 1 shows, that in permeabilized gizzard, low concentrations 

of Ca2+ (1.7 pM) and calmodulin (0.15 pM) elicit a significant 

contraction which amounts to 95% of the nominally maximal force 

(Fmax) elicited with high concentrations of Ca2+ (15 pM) and 

calmodulin (1 pM). In contrast, steady state MLC phosphor-
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ylation was low (0.1 mol Pi! mol MLC) which compares to a 

resting phosphorylation level of 0.05 mol Pi/mol MLC. Determi­

nation of MLC phosphorylation 0.5 and 1 minute after onset of 

stimulation indicated that there was no rapid phosphorylation 

transient. Inhibition of phosphatase activity by okadaic acid 

(10 pM) at fixed concentrations of Ca2+ and calmodulin (1.7 and 

0.15 pM respectively) increased MLC phosphorylation 9-fold 

which was associated with an increase in the rate of tension 

development (fig. 1) but with only a minor increase in steady 

state force (117% of nominally maximal force). Control experi­

ments revealed that the MLC were the only phosphoprotein that 

showed a major increase in 32P-incorporation in the presence of 

okadaic acid. 
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Figure 1. Time course of contractions elicited by submaximal 
concentrations of Ca2+ (1. 7 pM) and calmodulin (CaM, 0.15 pM) 
with or without okadaic acid (O.A. 10 pM) in skinned fibre 
bundles from chicken gizzard. At arrows, the preparations were 
fixed for phosphorylation analysis. 

Hai and Murphy (1989) further suggest that phosphorylated 

crossbridges cycle rapidly as reflected by the high shortening 

veloci ty. Shortening velocity should decrease with increased 

latch bridge formation due to their low rate of detachment. 

Us ing the same conditions as in fig. 1, we measured the un­

loaded shortening velocity (vus ). As predicted by the model, at 
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low levels of phosphorylation obtained in the absence of oka­

daic acid, vus is low (fig 2), although tension is nearly maxi­

mal (cf. fig.1). In the presence of okadaic acid, vus increased 

in parallel with the increase in MLC phosphophorylation. 
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Figure. 2. Determination of unloaded shorten velocity, vus' with 
the slack test. A: Fibre bundles, activated as in fig. 1, were 
subjected to quick releases, so that they were slack causing 
force to drop to zero. They shortened now under no load until 
they attained the new length and then redeveloped tension. The 
time of unloaded shortening, the slack time 6t, depends on the 
amplitudes of the release as well as on the velocity whith 
which the preparations shorten. B: The slope of the plot of the 
length step versus the slack time is a measure of vus . The va­
lues given are the mean +/- S . E.M., n=ll, while the plotted 
data are examples from two different fibres (6,0). 

Thus, the development of a latch-like state, characterized by 

high force while MLC phosphorylation and vus are low, seems to 

require a high MLC phosphatase activity. The experiments 

further show, that vus may be affected by the level of 

phosphorylation independent of changes in the activators Ca2+ 

and CaM, suggesting that no additional Ca-dependent regulator 

has to be involved as proposed Hai and Murphy (1989). 

However, in intact preparations of chicken gizzard, the rate of 

relaxation is regulated at apparently basal levels of MLC phos­

phorylation (Fischer and Pfitzer, 1989) suggesting the ne­

cessity of an additional regulatory mechanism. This is suppor­

ted by the fact that relaxation may also occur without apparent 
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dephosphorylation of MLC (fig.3). In intact smooth muscle 

strips from lamb trachea, endothelin elicited a slowly de­

veloping contraction with a steady state force comparable to 

the force elicited by K+-depolarization. Tension development 

was preceded by a rise in MLC phosphorylation. The K-channel 

agonist EMD 52 692 (E. Merck, Darmstadt, F.R.G.) induces a 

rapid relaxation which is associated with dephosphorylation of 

MLC. In contrast, the Ca-channel antagonist nitrendipine 

induces a slow relaxation which is not associated with 

dephosphorylation. 
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Figure 3: Relaxation of endothelin induced contractions in in­
tact smooth muscle strips from lamb trachea by Nitrendipine and 
the K-channel opener EMD 52 692. MLC-P: phosphorylated MLC. 

In conclusion, evidence has been presented that the phosphor­

ylation theory may account for the the regulation of the latch 

state. However, relaxation may occur without apparent changes 

in MLC phosphorylation (fig. 3 and Fischer and Pfitzer, 1989) 

suggesting that the net detachment of phosphorylated and de­

phosphorylated crossbridges may be regulated requiring 

additional regulatory mechanisms. 
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EVIDENCE FOR SITE- AND DOMAIN-SPECIFIC PHOSPHORYLATION 

OF THE 145-kDa NEUROFILAMENT SUBUNIT IN VIVO 

Ram K. sihag and Ralph A. Nixon 
Ralph Lowell Laboratories 
McLean Hospital 
Harvard Medical School 
Belmont, MA 02178 

A comparison of two-dimensional phosphopeptide maps of 

NF-M phosphorylated in vivo and in vitro in combination with 

protein sequence data showed that phosphate groups on the 

amino terminal head domain are added by protein kinase A and 

protein kinase C. By contrast, the phosphate groups on the 

carboxy-terminal domain, which account for about 90% of the 

phosphate on NF-M, are added by heparin-sensitive second­

messenger-independent protein kinase(s) . 

INTRODUCTION 

The three neurofilament protein subunits, particularly 

NF-M and NF-H, are extensively phosphorylated. Available 
evidence has suggested that the phosphate groups on NF-M and 

NF-H are localized only on their extended c-terminal tail 

domain (Julien and Mushynski, 1983). Recent studies have 

shown that the NF-L subunit of neurofilaments as well as 

vimentin and desmin (Sihag et al., 1988; Geisler and Weber, 

1988; Inagaki et al., 1987; Sihag and Nixon, 1989) are phos­

phorylated by protein kinase A and protein kinase C ex­

clusively on the NH2-terminal domain and suggested a pos­

sible conservation of function of this region among subunits 

that compose the core of intermediate filaments. In this com­

munication we show that protein kinase A and protein kinase C 

phosphorylate NF-M on the N-terminal head domain sites where­

as the neurofilament-associated second-mess enger- independent 

protein kinase(s) phosphorylate the sites on the acidic 
c-terminal tail domain. 
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MATERIALS AND METHODS 

The neurofilament proteins from retinal ganglion cell 

neurons were phosphorylated in vivo or in vitro (Sihag and 

Nixon, 1989). Proteins were separated on 320-mm 5-15% linear 

gradient polyacrylamide gels and the bands identified as NF-M 

were analyzed by two-dimensional phosphopeptide mapping). 

For protein sequencing, a-chymotryptic peptides of NF-M, 

after phosphorylation by protein kinase A, were separated on 

a reverse-phase C8 column (Sihag and Nixon, 1990). 

RESULTS AND DISCUSSION 

Neurofilament proteins are major acceptors of 32p-phos­

phate in vivo and in vitro (Sihag and Nixon, 1989). Two-dimen­

sional phosphopeptide map analysis of NF-M phosphorylated in 

vivo revealed at least 15 phosphopeptides after digestion of 

the isolated polypeptide with TLCK-a-chymotrypsin and TPCK­

trypsin (Fig. 1). Most 32p-phosphate groups were located on 

seven phosphopeptides (M8 -M14 ). Phosphopeptide M1-M7 

contained only 5-15% of the total 32p - radioactivity incorpo­

rated into NF-M, depending on the post-injection interval 

(Sihag and Nixon, 1990). 

To identify kinases that may mediate the addition of phos­

phates to these polypeptide domains, we compared two-dimensional 

phosphopeptide maps of NF-M after axonal neurofilaments were 

radiolabeled in vitro in the presence of either the endogenous 

kinases associated with the cytoskeleton or individual purified 

protein kinases (Fig. 1B-D). In the absence of calcium and 

cyclic nucleotides, endogenous protein kinases associated with 

the cytoskeleton preferentially added phosphates to phospho­

peptides M9-M13 (Fig. 1B). Heparin, an inhibitor of the 

calcium- and cyclic-nucleotide-independent kinase associated 

with the axonal cytoskeleton (Sihag and Nixon, 1989), inhibited 

the phosphorylation of the major phosphopeptides M9-M13 • 

Protein kinase A preferentially phosphorylated sites located 

on phosphopeptides M1-M6 and M8 but not on M9-M13 . 

Protein kinase C phosphorylated peptides M1-M7 • 
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Fig. 1. Two-dimensional phosphopeptide map analyses of NF-M 
phosphorylated in vivo and in vitro. The phosphopeptides 
labeled in vivo are designated 1 through 15 (panel A). The 
in vitro phosphorylation conditions were as follows: no 
additions (B); 20 units of catalytic subunit of cAMP-depen­
dent protein kinase and 100 ~g/ml heparin (C~i 0.5 ~g of 
protein kinase C from mouse brain, 100 ~M Ca ,100 ~g/ml 
phosphatidylserine and 100 ~g/ml heparin (D). 

For isolation and sequencing of protein kinase A phos­

phorylated domains, neurofilaments were phosphorylated by 

exogenous protein kinase A in the presence of 100 ~g/ml 

heparin or by cytoskeleton-associated protein kinase(s). 

Following separation on SDS-PAGE, NF-M was digested with 

TLCK-a-chymotrypsin and the peptides ~ere separated by HPLC 

on a reverse-phase Cs column. The a-chymotryptic peptides 

phosphorylated by the two kinases eluted as distinct radio­

active peaks on a Cs column (Fig. 2A). On further purifi­

cation by HPLC, the radioactive peak containing most of the 

32p-phosphates added by protein kinase A was resolved into 

two peptides, C1 and C2 • Peptide C2 was identified as 

a breakdown product of peptide C1 . The amino acid sequence 

analysis showed that the N-termini of peptides C1 (S R V S 

G P ..• ) and C2 (S R G S P S ••. ) localized at residues 

25 and 41 on NF-M, respectively. Digestion of 32p-phospho­

peptide C1 with TLCK-a-chymotrypsin and TPCK-trypsin and 

analysis by two-dimensional phosphopeptide mapping on TLC 
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plates showed that peptides M1-M6 were located on this 

peptide (Fig. 2B). Peptides (M1-M6) phosphorylated by 

protein kinase C were also located on the N-terminus. Also, 

available evidence supports the view that the phosphopeptides 

M9-M13 are located on the c-terminal domain (Geisler et 

al., 1987; Lee et al., 1988; Sihag and Nixon, 1990). These 

data indicate that the NF-M subunit of neurofilaments is 

phosphorylated by multiple kinases in situ in a domain- and 

site-specific manner. 
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Fig. 2A. Purification of a-chymotryptic phosphopeptides by 
HPLC on C8 reverse phase column. The phosphopeptides were 
separated at a flow rate of 0.2 ml/min with a linear gradient 
of acetonitrile in 0.08% trifluoroacetic acid. The radio­
activity of each fraction was determined by measuring 
Cerenkov radiation and is shown here. B. TWo-dimensional 
phosphopeptide map of peptide C1 . 

The results show that NF-M resembles NF-L and other 

intermediate filament classes in being phosphorylated on the 

N-terminal head-domain by protein kinase A and protein kinase 

C (Sihag and Nixon, 1989). The apparent conserved regulation 

of phosphate groups on the N-terminal domain of subunits from 

different intermediate filament classes suggests a general 

role for these posttranslational modifications in inter­

mediate filament dynamics, possibly in regulating aspects of 

subunit assembly and disassembly. By contrast, the observed 
addition of phosphate groups on the c-terminal domain by a 
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neurofilament-associated second-messenger-independent 

kinase(s) may imply neurofilament-specific roles critical for 
meeting the unique structural needs of neurons (Lewis and 

Nixon, 1988). 
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TUMOR NECROSIS FACTOR-INDUCED GENE EXPRESSION AND CYTOTOXICITY 

SHARE A SIGNAL TRANSDUCTION PATHWAY 
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Belgium 

Tumor Necrosis Factor (TNF) is a multifunctional cytokine 

which mediates a variety of biological effects both in vivo and 

in vitro (Fiers et al., 1987 & to be published). More 

specifically, TNF displays a cytostatic/cytotoxic effect on 

several transformed cells in vitro, while leaving most normal 

cells unaffected (Carswell et al., 1975; Fransen et al., 1986). 

This cellular toxicity is mainly the result of reactions taking 

place at the cell membrane/cytosol level, in which (a) GTP­

binding protein(s) may be involved (Hepburn et al., 1987) and a 

phospholipase A2 becomes activated (Hepburn et al., 1987; 

Suffys et al., 1987 & to be published). Besides this cytotoxic 

action, which is transcription-independent, TNF also affects 

the nuclear programming and induces a number of cellular genes. 

One of these is the gene coding for the secretory protein 

interleukin-6 (IL6) , of which the complete coding information 

as well as the preceding promoter region were characterized 

(Haegeman et al., 1986; Hirano et al., 1986; Yasukawa et al., 

1987) . 

The IL6 promoter contains a variety of well-characterized 

sequence elements (Ray et al., 1988; Haegeman et al., 1989) and 

accordingly can be induced by a diversity of chemical and 

biological agents (Billiau, 1987; Defilippi et al., 1987). We 

and others (Libermann & Baltimore, 1990; Zhang et al., 1990) 

obtained evidence that induction of the IL6 gene by treatment 

of mammalian cells with TNF takes place mainly via activation 
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of a factor called NFKB. This factor, which is normally present 

in the cytoplasm of unstimulated cells as part of an inactive 

complex with a corresponding inhibitor molecule IKB (Baeuerle & 
Baltimore, 1988), is released upon TNF induction from this 

inhibitory complex and migrates towards the nucleus (Lenardo & 

Baltimore, 1989), where it recognizes and binds to the 

corresponding NFKB-responsive 

order to stimulate IL6 gene 

some preliminary evidence 

inhibitory subunit IKB of 

sequence in the IL6 promoter in 

expression. At present, there is 

that phosphorylation of the 

the cytoplasmic complex is the 

driving force for release of the active compound NFKB. Protein 

kinase C, for example, is supposed to be the acting enzyme in 

case of NFKB activation by phorbol ester treatment (Ghosh & 

Baltimore, 1990). However, the actual activation step in 

response to TNF induction and the corresponding signal 

transduction pathway from the cell membrane (where TNF contacts 

its receptor) into the cytoplasm are not known so far. 

Therefore, the question can be raised whether there is any 

relationship between the signal for TNF-mediated gene induction 

and the cellular reactions, going on within the cytoplasm and 

leading to cellular toxicity, and finally to cell death. This 

problem was studied with the murine fibrosarcoma cell line 

L929, which is very sensitive to TNF cytotoxicity. Moreover, 

two particular TNF-resistant L929 subclones (Vanhaesebroeck et 

al., submitted) could serve as a control and as a model for 

analogous cells, where the cytotoxic reactions are absent or 

counteracted. 

Upon studying and comparing the TNF effects on the cell 

lines mentioned above, we observed a clear TNF-mediated IL6 

gene induction in the sensitive L929 cell line, while little or 

no IL6 expression could be detected by TNF treatment of the 

TNF-resistant lines. Furthermore, inhibi tors of the cellular 

toxicity, such as pertussis toxin (acting on some G-proteins) 

or dexamethasone (an indirect inhibitor of phospholipase A2), 

correspondingly decreased the TNF-directed IL6 induction in the 

sensitive L929 cell line. Inversely, activation of the 

cytotoxic mechanism by combined action of TNF and Licl (Beyaert 

et al., 1989) resulted in a corresponding dramatic increase in 
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TNF-mediated IL6 production. As a matter of fact, this 

increased cytotoxicity and the corresponding increase in IL6 

stimulation by TNF and LicI could be counteracted again by 

pretreatment of the cells with dexamethasone. In all these 

experiments, IL6 gene induction was determined at the mRNA 

level by dot-blot hybridization as well as by measuring the 

biological activity of the secreted IL6 in the growth medium. 

The results so far obtained permit us to conclude that, at 

least in the murine L929 cell line, there is a partial sharing 

of the signal transduction pathway leading to cytotoxicity and 

to TNF-induced gene activation. As far as our present evidence 

goes, and although the molecular mechanism for the cytotoxic 

effect is not yet understood, it seems that the activation of 

the phospholipase A2 itself, or the appearance of one or more 

of its reaction products might be (a) crucial intermediate(s} 

invol ved in IL6 gene induction. Whether these observations 

reflect a general phenomenon of signal transduction, is not 

known at present. Anyhow, it may be mentioned that in a few 

human cell lines studied so far, an inverse correlation between 

TNF sensitivity and TNF-induced IL6 gene expression was 

observed (Defilippi et al., 1987). 
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PROTEIN PHOSPHORYLATION IS INVOLVED IN THE RECOGNITION OF 
PATHOGEN-DERIVED SIGNALS BY PLANT CELLS 
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Switzerland 

Plants react to invasion by fungal pathogens with a range 

of biochemical responses. They recognize the presence of 

pathogens using a sensitive perception system for chemical 

signals derived from fungi, so-called elicitors. These 

elicitors, which in most cases have not been chemically well 

defined, comprise carbohydrates, peptides and glycopeptides 

(Dixon and Lamb, 1990). 

Protein phosphorylation plays a central role for signal 

transduction in animals (Hunter, 1987). Plant cells, when 

treated with elicitors or related compounds, were observed to 

exhibi t changes in the phosphorylation status of specific 

proteins (Dietrich et al., 1990) and in protein kinase 

activities (Farmer et al., 1989; Feller, 1989). The functional 

significance of these changes remains, however, unknown. We 

recently found that K-252a, a potent inhibitor of several animal 

kinases (Burgess and Ruegg, 1989), in submicromolar 

concentrations was able to block early responses of tomato cells 

to elicitors (Grosskopf et al., 1990). We have studied, in 

particular, the rapid increase in production of the plant stress 

hormone, ethylene, in response to elicitors. Treatment of 

suspension-cultured tomato cells for 4 h with an elicitor 

derived from yeast extract resulted in a 8-fold increase in 

ethylene biosynthesis, and we found that this induction was 

blocked by K-252a. A dose-response curve showed 50% inhibition 

at a concentration of about 100 nM K-252a and complete 

inhibition at concentrations of 300 nM and higher (Fig. 1). 

K-252a at these concentrations showed no general toxicity, 

judged by its effect on protein synthesis and the growth of the 

cells (Grosskopf et al., 1990). 
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Fig.1. Dose-response curve for the inhibition of elici tor­
stimulated ethylene production by K-252a. Cells were treated 
with different concentrations of K-252a and with 10 J-lg/ml 
elicitor derived from yeast extract (closed circles) or with 
water (open circles), and incubated for 4 h [reproduced from 
Grosskopf et al. (1990) with permission]. 

To study if K- 2 5 2a inhibi ts plant prote in kinases, we 

examined protein kinase activity in microsomal preparations of 

tomato cells using histone 111-5 as exogenous substrate. A Vmax 
of 25 pkat/mg protein was measured in microsomes from both 

elicitor-treated and untreated cells. The Km for ATP was 100 J-lM 

in both instances. The inhibition by K-252a was competitive with 

respect to ATP and revealed a Ki of about 15 nM (Fig.2). 



Fig.2. Inhibition of protein kinase in tomato microsomes by K-
252a, presented in a Dixon plot. Histone III-S served as a 
protein kinase substrate [reproduced from Grosskopf et al. 
(1990) with permission]. 

Thus, the protein kinase of plant microsomes is as sensitive to 

K-252a as the most sensitive mammalian kinases (Burgess and 

Ruegg, 1989). 

In order to characterize the K-252a-sensitive protein 

kinase(s) we separated the microsomal proteins by 

electrophoresis on a histone III-S-containing polyacrylamide gel 

according to the method described by Geahlen et al. (1986). 
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Fig.3. Detection of protein kinase activity following SDS-PAGE. 
Microsomes were isolated from untreated tomato cells and from 
cells stimulated with yeast elicitor (10 ~g/ml) for 15 min. 
Microsomal proteins (20 ~g per lane) were separated by SDS­
PAGE on gels containing histone III-S polymerized into the 
matrix. After renaturation the gels were incubated with and 
without K-252a (100 nM) in the presence of 10~Ci [y_32p ]ATP. 

Replicates of the renatured gels were incubated with [y_32p ]ATP 

in either the presence or absence of 100 nM K-252a, respectively 

(Fig.3). The phosphorylation pattern of microsomes from 

elicitor-treated or control cells was similar. The bands that 

gave the strongest signals were little affected by K-252a. 

However, several bands (apparent Mr of 33 and 38 kD) showed 

considerably reduced histone phosphorylation activity in the 

K-252a treatments. We are currently investigating these K-252a 

sensi ti ve protein kinases in order to study their possible 

involvement in the perception of elicitor signals. 
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Effect of membrane modifiers on polyphosphoinositide synthesis in rat heart 
sarcolemma 
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INTRODUCTION 

The positive inotropic response associated with cxcadrenoceptor stimulation has 

been related to Ca2+ mobilization from intracellular stores and/or influx of extracellular 

Ca2+ coupled to changes in phosphoinositide turnover (Bruckner et al., 1985). 

Phosphoinositides constitute less than 10 % of the cell membrane lipids with 

phosphatidylinositol (PtdIns) being predominant. In cardiac membrane PtdIns is 

transformed in stepwise reactions utilizing two ATP molecules and yielding 

phosphatidylinositol 4-phosphate (Ptdlns( 4 )P) and phosphatidylinositoI4,5-bisphosphate 

(Ptdlns( 4,5)P 2) subsequentially. The presence of the three phosphoinositides (Ptdlns, 

Ptdlns(4)P and Ptdlns(4,5)P2) in the heart was first shown by Gaut and Huggins (1966). 

Evidence for the existence of the phosphorylation pathways was first provided in rabbit 

cardiac sarcoplasmic reticulum (Enyedi et a!., 1984) and in rabbit cardiac sarcolemma 

(Varsanyi et a!., 1986), with the highest enzyme activity in the sarcolemma (Quist et al., 

1989). 

The phosphoinositides are not evenly distributed in the phospholipid bilayer but 

are mainly located in the inner, cytoplasmic leaflet of the sarcolemmal membrane (Post 

et al., 1988). Nevertheless, in previous studies the detergent Triton X-100 was found to 

have an inhibitory effect on the phosphoinositide kinases especially on the Ptdlns( 4)P 

kinase (Quist et a!., 1989). Therefore, the purpose of the present investigation was to 

study the effect of membrane modifiers on the phosphorylation of endogenous 

phosphoinositides by the membrane associated phosphoinositide kinases. The effect of 

the antibiotic alamethicin, which was previously shown to be superior to detergents for 
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unmasking the enzyme activities in heart sarcolemma (Jones et al., 1980), was compared 

with that of the detergent Triton X-100. 

MATERIALS AND METHODS 

Preparation of cardiac sarcolemmal membranes 

Male Sprague Dawley rats weighing 350-400 g were sacrificed, hearts were excised 

and atria were removed. Ventricular tissue was used to isolate highly purified 

sarcolemmal membrane according to the method described by Pitts (1979). The protein 

concentrations of the sarcolemmal preparations were measured by the method of Lowry 

et al. (1951), using serum albumin as standard. 

Ptdlns and Ptdlns4~ phosphorylation assay. 

The effect of membrane modifiers was studied by preincubating 30 p,g of 

sarcolemmal protein for 30 min in a final volume of 100 p,l of 40 mM Hepes-Tris (pH 

7.4),2.5 mM MgCI2, 2 mM EGTA and different concentration of either alamethicin or 

Triton X-100. The phosphorylation was started by addition of 0.25 mM [32p]ATP (0.4 

mCijml). The reaction was terminated after 1 min by adding 2 ml of ice cold methanol: 

13 N HCI (100:1), and vortexing for 2 min. For extraction of polyphosphoinositides 2 ml 

chloroform and 1 ml of 2.5 N HCI were added to each tube. After vortexing and 

centrifugation at 1000* gay the aqueous methanol was discarded and the chloroform phase 

was washed with 2 ml chloroform: methanol: 0.6 N HCI (3:48:47). After a second 

vortexing and centrifugation the chloroform phase was removed, an aliquot of it was 

dried under nitrogen. The residue was then dissolved in chloroform: methanol: water 

(75:25:2) and applied to HPTLC plates impregnated with 1 % potassium oxalate in 

methanol: water (2:3) and activated at 1l0oC for at least 1 hour. The plates were 

developed in chloroform: acetone: methanol: glacial acetic acid: water (40:15:13:12:8). 

The 32p labelled spots were visualized by autoradiography. Ptdlns(4)P and Ptdlns(4,5)P2, 

as identified from the autoradiograph and co-chromatographed standards, were scraped 

from the plates and counted in 5 ml Ecolume by liquid scintillation. 
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RESULTS AND DISCUSSION 

The effect of two membrane modifiers (alamethicin and Triton X-lOO) on the 

phosphorylation of endogenous phosphoinositides was investigated. Table 1 shows the 

effect of the antibiotic alamethicin. The antibiotic alamethicin acts as an ionophore and 

permeabilizes the sarcolemmal vesicles. By doing so alamethicin can unmask the activity 

of membrane enzymes which are latent due to the right-side out formation of the 

sarcolemmal vesicles (Jones et al. 1980). Alamethicin can probably also act as a detergent 

and modify the interaction between the enzyme and its intramembranal cofactors. 

Increasing the ratio between alamethicin and protein from 0 to 2 increased both 

Ptdlns(4)P and Ptdlns(4,5)P2 formation with an optimal effect at a ratio of 1:1. This 

finding is in accordance with the earlier report (Pitts et al., 1980) that the sarcolemmal 

vesicles prepared according to Pitts method (1979) are mainly right-side out. As can be 

seen in Table 1, at a higher alamethicin/protein ratio both enzyme activities decline, with 

a more drastic effect on Ptdlns( 4)P kinase. Apparently, alamethicin perturbs the 

interaction between Ptdlns( 4)P kinase and the sarcolemmal membrane at this ratio. 

Table 2 shows Ptdlns and Ptdlns( 4)P phosphorylation in the presence of Triton X-

100. Addition of Triton X-lOO at concentrations up to 0.1 % increased 32p incorporation 

in both Ptdlns and Ptdlns(4)P. Above this concentration (0.25 %) the 32p incorporation 

declined drastically but was still higher than control (Table 2). This is in contrast to other 

reports on the effect of Triton X-100 on cardiac sarcolemmal Ptdlns and Ptdlns(4)P 

kinases. Quist and coworkers (1989) found that 0.25 % Triton X-100 abolished Ptdlns( 4)P 

kinase activity and reduced Ptdlns kinase activity by 80 %. The presence of exogenous 

substrate enhanced Ptdlns kinase activity but failed to restore Ptdlns(4)P kinase activity. 

Kasinathan and coworkers also were unable to show any Ptdlns( 4)P kinase activity in the 

presence of 0.1 % Triton X-lOO, however this concentration of Triton X-lOO increased 

[32p]Ptdlns( 4)P formation. The discrepancy between our results and those of the above­

mentioned studies might be due to differences in phosphorylation assay conditions and 

animal species (rat vs. canine). Furthermore, Quist et al. (1989) studied the effect of 

Triton X-lOO in the presence of alamethicin. The concerted action of these substances 

probably is responsible for the lack of [32P]Ptdlns(4)P and [32P]Ptdlns(4,5)P2 formation. 

Comparison of the effects of the two membrane modifiers reveals that the optimal 
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Table 1. Effect of alamethicin on phosphorylation of PtdIns and PtdIns( 4)p in rat heart 
sarcolemma. 

Alamethicin/Protein PtdIns(4)p PtdIns( 4,5)Pz 
Ratio % of Control % of Control 

Control 100 100 
0.5 643 587 
1.0 1801 1159 
2.0 1617 757 

Membranes were preincubated at 30 0 C for 30 min. with or without alamethicin. 
Reactions were terminated after 1 min. The control values for PtdIns( 4)P and 
PtdIns( 4,5)Pz were 61.05 and 10.28 pmol 32p /mg/min respectively. Results are average 
of two separate experiments with triplicate determination in which the variation was less 
than 10 %. 

Table 2. Effect of Triton X-100 on phosphorylation of PtdIns and PtdIns(4)p in rat heart 
sarcolemma. 

Triton X-100 PtdIns(4)p PtdIns( 4,5)p z 
% % of Control % of Control 

Control 100 100 
0.05 1180 396 
0.10 1232 500 
0.25 659 402 

Membranes were preincubated at 30 0 C for 30 min. with or without Triton X-100. 
Reactions were terminated after 1 min. The control values for PtdIns(4)p and 
PtdIns(4,5)pz were 61.05 and 10.28 pmol 32P/mg/min, respectively. Results are average 
of two separate experiments with triplicate determination in which the variation was less 
than 10 %. 

concentration for PtdIns kinase stimulation corresponds with that for PtdIns( 4)P kinase. 

The explanation for this could be that the product of PtdIns kinase, PtdIns(4)p, is the 

limiting factor for the rate of FP]PtdIns(4,5)Pz formation. However, this is contradicted 

by the fact that a supraoptimal concentration of Triton X-100, in contrast to alamethicin, 

induced a steeper decline in 32p incorporation in PtdIns(4)p than in PtdIns(4,5)Pz. 

In general, the presented experiments showed that alamethicin is more effective in 

unmasking the latent enzyme activities than Triton X-100. 
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Both PtdIns and PtdIns( 4)P kinases are membrane bound enzymes (Downes et al. 

1989). The subsequent action of these two enzymes results in the formation of 

PtdIns( 4,5)p 2' The sarcolemmal PtdIns( 4,5)P 2 is essential in the signal transduction 

pathway. Receptor mediated activation of phospholipase C results in the hydrolysis of 

PtdIns( 4,5)P 2 forming two second messengers, diacylglycerol and inositoltrisphosphate. 

Therefore the activity of these kinases is an important regulatory point in the signal 

transduction pathway. Little is known about these enzymes in the heart tissue. In future 

more attention should be directed to the kinetics and the physiological regulation of these 

enzymes. 
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PHOSPHORYLATION AND ACYLATION OF THE GROWTH-RELATED MURINE 
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Alterations of cell proliferation are correlated with changes 

in the rate of synthesis or in the abundance of proteins (Benn­

dorf et al., 1988a). After an early exponential phase, the in 

vivo growth rate of the Ehrlich ascites tumor (EAT) declines 

continuously leading finally to the stationary phase. This 

transition is accompanied by the accumulation of 3 isoforms of 

a 25kDa protein (p25) (Fig. 1). Two of the isoforms (p25/1 and 

12) were isolated and partially sequenced (Benndorf et al., 

1988b). Furthermore p25cDNA was cloned and sequenced (Gaestel 

et al., 1989). At the amino acid level the sequencing data 

revealed that p25 has an about 80% homology to the human small 

heat shock protein hsp27 (Gaestel et al., 1989) and 94% to the 

hamster small heat shock protein hsp27 (Lavoie et al., 1990). 

In further experiments (Oesterreich et al., 1990) it could be 

shown that the synthesis of p25 is induced following heat shock 

treatment. 
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Fig.1: Occurrence of p25 isoforms in exponential (a) and 
stationary (b) phase EAT cells. Only the relevant sections of 
silver stained gels are shown. Numbers refer to p25 isoforms. 
(From Bielka et al., 1988) 

HEAT SHOCK DEPENDENT P25 PHOSPHORYLATION 

Similar to hsp27 in human (Arrigo et al., 1987) and rat (Kim et 

al., 1984) cell lines, p25 occurs in EAT cells in one non-phos­

phorylated (p25/1) and two phosphorylated (p25/2 and /3) iso­

forms (Benndorf et al., 1988b; Bielka et al., 1988). The phos­

phorylated isoforms can be discerned by incorporation of radio­

active phosphorous (Fig. 2a). Exposure of EAT cells to heat 

shock results in various characteristic patterns of p25 iso­

forms as demonstrated by pulse incorporation of [3H]leucine 

(Oesterreich et al., 1990). A single heat treatment (2h 41.5 o C) 

leads to a labeling of p25/2 and /3 (Fig. 3b), whereas after a 

twofold heat-shock with an intermittent recovery period (lh 

41.5 o C, 2h 37 o C, 2h 43.5 o C) p25/1 is predominantly labeled 

(Fig. 3c). 

The analysis of the phosphoamino acids revealed that both iso­

forms, p25/2 and p25/3, are phosphorylated exclusively at se­

rine residues (Benndorf et al., 1988b; Bielka et al., 1988). 

However, a large portion of radioactive phosphorous was re­

leased even after gentle acidic hydrolysis as inorganic phos­

phate the origin of which is not yet clear. Similar results 

were obtained in the case of rat small stress proteins (Kim et 

a1., 1984). 
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Fig. 2: Comparison of phosphorylated p25 isoforms labeled in 
EAT cells (a) and in the ammonium sulfate precipitate fraction 
(b). Numbers refer to p25 isoforms. 
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Fig. 3: Synthesis of p25 isoforms after exposure of EAT cells 
to different heat shock conditions. a, control; b, 2h 41.5 oCj 
c, 1h 41.5 oC, 2h 37.0oC, 2h 43.5oC. (From Oesterreich et al., 
1990) 

CELL-FREE PHOSPHORYLATION OF P25 BY ENDOGENOUS KINASES 

From stationary phase EAT cells an ammonium sulfate precipitate 

(45% saturation) was prepared containing mainly non-phosphory­

lated p25 and kinases using p25 as substrate (Benndorf et al., 

unpublished). Incubation of this fraction with 2 mM ,- [3 2P]ATP 

results in a complex pattern of p25 isoforms (Fig. 2b). The 

most prominent isoforms are, according to 2D data identical 

with p25/2 and 13 occurring naturally in EAT cells. By im-
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munological methods evidence was obtained that all labeled 

proteins designated in Fig. 2 are isoforms of p25 (not shown). 

Interestingly, in this assay p25 isoforms with elevated mole­

cular weights (p25/2b-6b) are detectable, the nature and origin 

of which are not yet known. In a further cell-free approach 

recombinant p25 was used as substrate for protein kinases A and 

C (Gaestel M, Schroder W, to be published). Both kinases were 

found to phosphorylate the recombinant p25. However, 

to 2D data the resulting isoforms are different 

occurring in tumor cells. 

PHOSPHORYLATION AND ACYLATION WITH FATTY ACIDS 

according 

from those 

When EAT cells are incubated with [3HJstearic acid (Fig. 4a, 

lane 1) or oleic acid (Fig. 4a, lane 2) p25 becomes labeled. 

In the case of stearic acid it was shown that preferentially 

the phosphorylated isoforms p25/2 and 13 become acylated (Fig. 

4b). In a further approach the fatty acid modification of p25 

was directly determined. After extraction of non-covalently 

associated fatty acids, p25 (mixture of p25/1 and 12) was hy­

drolyzed using 6N HCll Methanol and the released fatty acids 

were analyzed as their methyl esters by gas-liquid-chromatogra­

phy. Four different fatty acids (palmitic acid: 43.1%; stearic 

acid: 19.7%; oleic acid: 24.0%; linolic acid: 13.2%) were shown 

to be covalently bound to p25. Regarding the stochiometry about 

one third of the isolated p25 appears to be acylated. 

a b 
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Fig. 4: Incorporation of tritium-labeled fatty acids into p25. 
a, stearic acid (lane 1), oleic acid (lane 2); b, stearic acid. 
In b, numbers refer to p25 isoforms. 
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CONCLUSIONS 

Two of the three isoforms of the growth-related stress protein 

p25 are phosphorylated. The degree of phosphorylation is 

related to the physiological state of the cells. In a cell-free 

reaction using endogenous kinases, a complex pattern of 

phosphorylated p25 isoforms is obtained. The main isoforms are 

identical with those occurring naturally in the tumor. Besides 

phosphorylation, p25 is acylated by fatty acids; predominantly 

the phosphorylated isoforms are acylated. 
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