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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 PCR 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
reactions or by the induction of the tyrosine kinases intrinsic
to the receptors themselves; b) the structure-function



Vi

relationship of the cyclic nucleotide-dependent or
Ca2+/calmodulin—dependent protein 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 flir Physiologische Chemie

Abteilung fiir Biochemie Supramolekularer Systeme
Ruhr-Universitdat Bochum

Universitdtsstrafe 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 b, the inactive form
of this enzyme, into the active a form which degrades glycogen to glucose-
1-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 ASI Series, Vol. H 56
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Fig. 1: Synopsis of phosphorylase kinase regulation in a muscle cell

Incoming signals to phosphorylase kinase from signal pathways are shovgn
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.



signal into a specific response but such a molecule is able to select; lo-
cation of a specificator at the merging point of twa 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 a. 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 al.,, 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 al., 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 al., 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, B, " and & [Fig. 2] (Cohen et al,, 1978). The subunit &
2+

2+

represents the integral calmodulin which deinhibits the enzyme upon Ca
saturation leading to expression of activity. If & does not contain Ca
the enzyme expresses a very low activity; this activity is called Ca?*-in-
dependent activity Ay [Fig. 2] (Kilimann and Heilmeyer, 19821; 19822
Hessova et al., 19851). Upon increase of the free Ca?* concentration each

of the integral subunits 8 binds two moles of Ca2* which results in ex-



pression of the Ca2* high affinity partial activity A, [Fig. 2]. Mg?* is re-
quired to saturate calmodulin completely with 4 moles of Ca?*. At neutral
pH, Mgz+ 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. Mg?* allows saturation of calmodulin with four CaZ*
ions (Hessova et al., 19852, Kohse and Heilmeyer, 1981). Under these condi-
tions the enzyme expresses the Ca?* low affinity partial activity A,

[Fig. 2].

Phosphorylase Kinase (a376)4

Activation by Ca27M92+:
2+

X M
92+

2+
8 Ca 8 Ca

(aB7S), (aBysCayz)y > (afydMg,Ca,),
Ao A A,

Activation by Phosphorylation:

(aBr8), —> (xPBP0),
Mg Z'low affinity Mg 2" high affinity
Fig. 2: Synopsis of activation of phosphorylase kinase by Caz‘L/Mg2+

and phosphorylation
8 represents the integral calmodulin which can be saturated with. Ca?* in
two steps depending on the Mg‘2+ concentration. The corresponding com-
plexes express the activities Ap, A and A; as indicated below. Phosphory-

lation of the a- and B-subunit on multiple sites is indicated by aP and BP.

It is well known that the enzyme can also be activated by phosphoryla-
tion: increase of the enzymatic activity correlates with phosphorylation of
the B-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 B-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 §-subunit can be saturated with 4 moles



of Ca2* even at low physiological Mg2+ concentrations expressing the par-

tial activity Aj.

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 §~ may represent the integral calmodulin of phosphorylase ki-
nase. Ca2*-free calmodulin suppresses the activity of y~ partially; Cal*
saturation of calmodulin results in full expression of activity, then the
activity is as high as that of free -t points towards a quite different
role of calmodulin in phosphorylase kinase in comparison to other cas*
calmodulin dependent enzymes: Cal*-free calmodulin is an inhibitor of the
enzymatic activity and Ca2+—binding to calmodulin releases this inhibition
(Hessova et al., 1985%; Harris et al., 1990). In many other Ca2+/ca1modulin
dependent enzymes Ca2*-free calmodulin does not interact with the respec-
tive apoenzyme and Cal* saturated calmodulin is an activator. Ca.2+ acting
as deinhibitor is seen similarly in the regulation of the actomyosin
ATPase of striated muscle. Ca*-free troponin C prevents an actin-myosin
interaction; upon Ca%* saturation of troponin C, this inhibition is re-
leased (Ebashi and Ogawa, 1988).

A chymotryptic fragment of the ¥~ -subunit can be isolated expressing a
higher molar activity than the intact isolated § -subunit; however, the
activity of this fragment is still not as high as that of the native enzyme
(Harris et al., 1990). The ¢ -fragment is not affected by Ca2* saturated or
Ca?*-free calmodulin. It shows that chymotryptic cleavage releases the
calmodulin binding domain from ¥ . The primary structure of § 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”-subunit to be a Ser/Thr protein kinase [see
Fig. 3]. Exchange of this lysine residue against Arg or Ala changes the
specificity to a tyrosine protein kinase (Tagaya et al., 1988). Chymotrypsin



releases the C-terminal part of X’ (Harris et al.,, 1990). The residual N-
terminal fragment is active and insensitive to Ca2+/ca1modulin. 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 Cal*-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).

TRDAALPGSH STHGFYENYE PKEILG 30
SVVRRCIHKP TCKEYAVKII DVTGGGSFSA 60
EEVQELREAT LKEVDILRKV SGHPNIIQLK 90
DTYETNTFFF LVFDLMKKGE LFDYLTEKVT 120
LSEKETRKIM RALLEVICAL HKLNIVHRDL 150
IKPENILLDDD MNIKLTDEGF SCQLDPGEKL 180
REVCGTPSYL [APEIIECSMN DNHPGYGKEV 210
DMWSTGVIMY TLLAGSPPFW HRKQMLMLRM 240
IMSGNYQFGS PEWDDYSDTV KDLVSRFLVV 270
QPQKRYTAEE ALAHPHFQQY| VVEEVRHFSP 300
RGKFKVICLT VLASVRIYYQ YRRVKPVTRE 330
ZIVIRDPYALR PLRRLIDAYA 360
GOOONRAALF ENTPKAVLFS LAEDDY 386

Fig. 3: Primary sequence of the Y~ -subunit of rabbit sceletal muscle

phosphorylase kinase.

Subdomains of the catalytic center, i. e. the glycine rich cluster amir'lo
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 19]..—
193, MW 212-213 and PFW 227-230. All these subdomains form the catalyta.c
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.



By combining protein and cDNA sequence data we determined the structure
of the B- 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 B 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 B-subunit
[Fig. 4 and 5].

The B-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 al., 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 B-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
B 700 seems to be phosphorylated to a higher degree in isolated phos-
phorylase kinase than serine B 26. Therefore, B 26 phosphorylation might
correlate better with activation than that of B 700. Two additional
phosphorylation sites are present in B: Serine 11 is phosphorylated during
selfphosphorylation 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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b= c. . _..Pa —3
AGATGLUABY_SWKVLERRAR TRRSGSVYEP LXSINLERPD NETLW 45
DKLDYYYKIV KSTLLLYQSP TTGLFPTKTC GGDQTAKIHD SLYCA 90
AGAWALALAY RRIDDDKGRT HELEHSAIKC MRGILYCYMR QADKV 135
QQFKQDPRPT TCLHSLFNVH TGDELLSYEE YGHLQINAVS LYLLY 180
LVEMISSGLQ IIYNTDEVSF IQNLVFCVER VYRVPDFGVW ERGSK 225
YNNGSTELHS SSVGLAKAAL EAINGFNLFG NQGCSWSVIF VDLDA 270
HNRNRQTLCS LLPRESRSHN TDAALLPCIS YPAFALDDDV LYNQT 315
LDKVIRKLKG KYGFKRFLRD GYRTSLEDPK RRYYKPAEIK LFDGI 360
ECEFPIFFLY MMIDGVFRGN PKQVKEYQDL LTPVLHQTTE GYPVV 405
PKYYYVPADF VEYEKRNPGS QKRFPSNCGR DGKLFLWGQA LYIIA 450
KLLADELISP KDIDPVQRYV PLQNQRNVSM RYSNQGPLEN DLVVH 495
VALVAESQRL QVFLNTYGIQ TQTPQQVEPI QIWPQQELVK AYFHL 540
GINEKLGLSG RPDRPIGCLG TSKIYRILGK TVVCYPIIFD LSDFY 585
MSQDVLLLID DIKNALQFIK QYWKMHGRPL FLVLIREDNI RGSRF 630
NPMLDMLAAL KNGMIGGVKV HVDRLQTLIS GAVVEQLDFL RISDT 675
EELngxgzgsgg;PPﬂﬁskv RRQSSTSNAP ELEQQPEVSV TEWRN 720
KPTHEILQKL NDCSCLASQT ILLGILLKRE GPNFITQEGT VSDHI 765
ERLYRRAGSK KIWLAVRYGA AFTQKESSSI APHITTFLVH GKQVI 810
LGAFGHEEEV ISNPLSPRVI KNIIYYKCNT HDEREAVIQQ ELVIH 855
IGWIISNNPE LFSGMLKIRI GWIIHAMEYE 900

LDILQPQQI:_«(_; ‘RCWLNKRQID 945
QILERTPNGI IVAGKHLPQQ PTLSDMTMYE MNFSLLVEDM LGNID 990
QPKYRQIVVE LLMVVSIVLE RNPELEFQDK VDLDKLVKEA FHEFQ 1035
KDESRLKEIE KQDDMTSFYN TPPLGKRGTC SYLTKVVMNL LLEGE 1080
VKPSNEDSCL VS 1092

Fig. 4:

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 - F are
assigned analogously to those in the a subunit (see Fig. 5).

Primary structure of the B-subunit
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EﬂRSRSNS GVR LDSYARLVQQ TILCHQNPVT GLLPASYDQK DAWVR 45
DNVYSILAVW GLGLAYRKNA DRDEDKAKAY ELEQSVVKLM RGLLH 90
CMIRQVDKVE SFKYSQSTKD SLHAKYNTKT CATVVGDDQW 135
DATSVYLLFL AQMTASGLHI IHSLDEVNFI QNLVFYIEAA YKTAD 180
[FEGIWERGDKT NQGISELNAS SVGMAKAALE ALDELDLFGV KGGPQ 225
SVIHVLADEV QHCQSILNSL LPRASTSKEV DASLLSVISF PAFAV 270
EDSKLVEITK QEIITKLQGR YGCCRFLRDG YKTPKEDPNR LYYEP 315
AELKLFENIE CEWPLFWTYF ILDGVFSGNA EQVQEYREAL EAVLI 360
KGKNGVPLLP ELYSVPPDKV DEEYQNPHTV 405
LYILGSLMAE GFLAPGEIDP LNRRFSTVPK PDVVVQVSIL AETEE 450
IKATILKDKGI NVETIAEVYP IRVQPARILS HIYSSLGCNN RMKLS 495
GRPYRHMGVL ‘GTSKLYDIRK TIFTFTPQFI DQQQFYLALD NKMIV. 540
EML 2 FPISQOTM LDEDGTSLNS SILAA 585
LREKMQDGYFG GARIQTGKLS EFLTTSCCTH LSFMDPGPEG KLYSE 630
DY(BD@ISEEELE SGDWMDGYNS TSTARCGDEV ARYLDHLLAH TAPHIE' 675
E{LAPASQKGG LNRFRAAVQT TCDLMSLVTK AKELHVQNVH MYLPT 720
KLFdAﬁ%PE]:. NLLDSSHPSQ EDQVPTVRVE VHLPRDQSGE VDFQA 765
LQLKETSS LQEQADILYM LYTMKGPDWD TELYEEGSAT VRELL 810
TELYGKVGKI RHWGLIRYIS_ GILRKKVEAL DEACTDLLSH QKHLT 855
VGLPPEPREK TISAPLPYEA LTRLIEEACE GDMNISILTQ EIMVY 900
LAMYMRTQPG LFAEMFRLRI GLIIQVMATE LAHSLRCSAE EATEG 945
LMNLSPSAMK NLLHHILSGK %%%ERE’VRP TDSNVSPAI? IHEIG 990
AVGATKE.ERT GIMQLK?E IK QVEFRRLE‘..IPS. (’I_‘E?(%’}NGGHE. LGADL 1035
MSPSFLSPGT SVTPSSGSFP GHHTSKD SE@_QQW_QRBBBQQ _GALNR 1080
VPIGFYQKVW 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.

Subdomains homologous to other protein kinases are expressed in hatched
‘poxes.. Lysine 588 is marked with an F to indicate binding of fluorescein
1sc?th10'cyanate. Calmodulin binding domains homologous to other calmod-
ulin binding proteins are underlined with a dashed line. The isolated
calrno_dulin binding peptide 546-573 is underlined by a solid line. The pref-
erential chymotryptic cleavage site is indicated by a vertical bar. Phos-
pborylation sites are indicated with P, subscripts are identical to those in
Fig. 4. The regions A - F are assigned analogously to those in the B 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 B-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 B-subunit (Cheng et al., 1985). Therefore, it
might be possible that their binding sites are located in this N-terminal

region of B.

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
Ag is inhibited to a much lesser extent than the activities A; and A,
(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 bt
-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 B-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 " -subunit than the substrate ATP
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(Cheng and Carlson, 1988). Therefore, in the living cell the ¥ -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 b to a 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), —> Ki+ ATP/Mg

ATP ADP

Ki(ADB’Mg)7 Ki(ATB/Mg).,
Phosphorylase a Phosphorylase b

Fig. 6: Synopsis of ATP/Mgé*-binding to the a-subunit.

An arrow with the @ indicates the effect of ATP/Mg2+-binding to a allqw-
ing an ADP/ATP exchange on the 2(' -subunit and consequently conversion
of phosphorylase b to a.

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 selfphosphorylation
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. 5]. 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 toc 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 B-subunit exclusively, contains two phosphorylation sites,
and B 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 B may occur in region
D [Fig. 4 and 5].

The available informations on the structure of the phosphorylase kinase
subunits allow to formulate the following hypothesis:

The regulatory potential of the J”-calmodulin complex which might repre-
sent a type of archaic Ca2+—dependent protein kinase is too low to handle
all the signals regulating phosphorylase b to a conversion [compare
Fig. 1]. Clearly, the two subunits a and B augment the regulatory potential
of this enzyme. How then the a and B-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 Y -subunit [Fig. 7].

Modulation of Ca*-binding to the integral calmodulin is exerted by Mg?*.
It is postulated that phosphorylation of serine B 26 or B 700 increases the
affinity for Mg2+. Since Mg2+-binding to phosphorylase kinase is a
prerequisite for full saturation of the integral calmodulin with cal*
phosphorylation of B on these two sites modulates activity expression via
modulation of Mg?* and hence Ca2+~binding. Assuming that the N-terminal
serine B 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 B-subunit, too. Since the B-subunit might have been de-
signed to influence the integral calmodulin ADP might modulate Mg2+-

binding, i.e. Ca?*-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 §”-subunit and thus the expression of activity. Binding of Ca2*
calmodulin to the a-subunit may also modulate ATP-Mg2+-binding on a.
Similarly, multiple phosphorylation of the a-subunit could also influence

ATP-Mg2*-binding.

Cat

ATP/Mg
/N

/N /N\
R

TUTTV
qv

ADP

a B

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

Calmodulin binding to the § -, a- and B-subunit are indicated with ca2*
Cm. The catalytic site on §” is indicated by the substrate binding site. It
binds ADP as well. The ATP/MgZ*—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 B-subunit it hypothetical. P26
and P11 indicate the phosphorylation sites in the A region of the B-sub-
unit, P700 the phosphorylation site of serine in position 700. ADP binding
on the B-subunit is proposed from the homologous regions in the N-termi-
nal region of a.
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In general, association of the) -8 complex with these two high molecular
weight proteins, the a- and B-subunits, enhances the regulatory potential
of phosphorylase kinase by modulation of substrate binding on & via the
a-subunit or binding of Ca* on & via the B-subunit [Fig. 7]. A multiplic-
ity of species can be produced by phosphorylating the inactive ap 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 a 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, guoting Max Perutz
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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 dp complex with a more complementary surface is more
likely than that of an dzcomplex. Such assemblies can undergo
concerted shape changes provided the fundamental asymmetry of

the subunits is conserved.

Ky, X Y 0((3
Fig. 1: Examples of interfaces with complementary geometry and
polarity ( &, and d@) 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 dissymétrie qui crée le

phénoméne" (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
i*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 play a 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-1) /2) is also small and conformational changes require a
large relative change in energy ( AE/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 (Blirgi
and Dunitz, 1988). Entropic effects usually only play a 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 ( A E/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 work (W=Fdl)

or to transmit one bit of information (0= 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-
ly on 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)):
d L] (’“' [Xx] ex AG*/
- —_—— = - T
IE Z p(-8E%)

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 lO_ll s. So the
actual reaction corresponds to a few molecules ([X] exp(-

Aﬁ* /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

in 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.



23

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 (Brandén 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 GIP 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. Introduction

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 |
(essentially a C=0 stretching vibration of the peptide) and Amide IIl (C-N-H in plane bending, mixed
with C-N stretching vibration) bands.

Table1- Frequencies (cm™") of Amide | and Amide Il modes (Carey, 1982)

Secundary Structure Amide | Amide Il
a-helix 16451660 1265-1300
p-sheet 1665-1680 1230-1240

unordered(!) 1660-1670 1240-1260

(1) broader than those of o-helix and p-sheet

NATO ASI Series, Vol. H 56

Cellular Regulation by Protein Phosphorylation
Edited by L.M. G. Heilmeyer, Jr.

© Springer-Verlag Berlin Heidelberg 1991



30

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 particular, 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, /7.8, 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™", 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 lggs/l1003
ratio decreases when the myosin is partially denaturated (compare spectra (a) and (b)), indicating a
decrease of the a-helix content (Carey, 1982).

Other bands which are signatures of a secundary structure of myosin occur at 1240 (B-sheet,
random coil), 1281 (B-sheet), 1303 and 1320 {o-helix) cm™'. The occurrence of a feature at 1240 cm”
'in the partially denaturated myosin (b) points to a random coil or a B-sheet structure. In addition, in
the myosin-monovanadate spectrum (c) a feature at 1303 em’! suggests a prevalent a-helix
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structure for this system. This conclusion is also indicated by the increase of the lygz/l1o03 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
877

904 CoC stretch

937 Lys, Asp CoC stretch a-helix
957 CuC stretch random coil
930

1003 Phe CC ring stretch

1032 Phe in-plane ring bend

1051 Glu, Arg, Pro CHo twist (?)

1059 Lys, Arg CHo twist; CoN stretch

1081 CoN stretch

1101 CoN stretch

127 CaN stretch

1157 Leu, Val; Phe, Tyr CHjs antisym. rock; CH rock

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

1208 Tyr, Phe

1240 Amide Il B-sheet, random coil
1264 Amide Il a-helix

1281 Amide lll B-sheet

1303 Amide Il o-helix

1320 Amide Il a-helix

1340 CH bend, CHy twist

1404 Asp, Glu COO- sym. stretch

1425 NH bend

1450 CHs, CHa, CH bend

The pair of bands at 826 and 855 cm™! are ascribed to a Fermi resonance doublet caused by
the phenol side chain of tyrosine amino acids in the protein. Its intensity ratio, lgss/lgog, 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 the 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 normal 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 Ca+ 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. Signal 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 cytosolic 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 turn 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 CaZ* 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 CaZ2* 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 (B) 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 first Ca2+ peak after stimulation (Dupont et al., 1990). In con-
trast with an alternative model based on a feedback of CaZ* on IP3 production (Meyer and Stryer,
1988), a specific prediction of the analysis is that sustained oscillations in cytosolic Ca2+ may
occur in the absence of a concomitant, periodic variation in IP3.

3. Calcium oscillations and phosphorylation

The simplest situation in which oscillations in cytosolic 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 cytosolic 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 VpMax 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 al., 1990).
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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
Ca?+ 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 CaZ+,
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Fig. 2; Typical oscillations in phosphorylated protein (W*) accompanying Ca2+
oscillations in the phosphorylation system schematized in Fig. 1 (see Goldbeter
et al. (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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Fig. 3; 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 al., 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 10 a step change in the ratio of the kinase to phosphatase maximum rates also favors the
efficient encoding of signal-induced Ca2* 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 al., 1987; Berridge et al., 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 al., 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 B of the
IP3 receptor. Such a parameter change has in fact two effects: (i) an increase in the frequency of
Ca?+ 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 al., 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 al., 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. Covey1 and Arianna
Donella-Deana2

Institut, far Physiologische Chemie
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D-4630 Bochum

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.

1. 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, 1991a). 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.

1SCIEX, Toronto, Ontario, Canada; 2Universita di Padova, italy
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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
phenylithiocarbamyl-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.

Time (min]
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2. PHOSPHOTHREONINE

Phosphothreonine can be determined after partial hydrolysis, as commonly used for
phosphoamino acid analyses, and modification to its phenyithiohydantoin(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 (Dedner et al. 1988), however, a general method is

not yet developed.

PTH-THRP)

et Ao

I
0 20

time (min)

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 yl 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 ym ID; voltage -25 kV
negative polarity; detection at 261 nm.

3. PHOSPHOTYROSINE

Phosphotyrosine, like phosphothreonine, can be determined by capillary electrophoresis
{Meyer et al. 1990b, 1991b). 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/ul PTH-
phosphotyrosine.
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Fig. 4: Determination of PTH-phosphoamino acids by capillary electrophoresis. Left: 1 nmol of
the peptides LRRA Y-PL G (A) or DRV Y-P I H P F (B) 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 ul 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 gl 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.

B N C L
1

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
RV Y(P) 1 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 DRV Y(P) I|H P
F. 50% of each degradation sample were
transferred into 500 ul Eppendorf vials,
dried under vacuum in a SpeedVac and
dissolved in 20 ul of 20% aqueous ace-
tonitrile. Conditions: injection time
(vacuum), 10 sec.; temp. 30°C; capillary
length 72 c¢cm (50 cm to detector); ID 50
um; 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. 1991b). Fig. 5 shows the reversed-phase
HPLC analyses of solid-phase sequence analysis of DRVY(P)IHPF. 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)IHPF 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 muscie phosphoproteins as phospholamban
and troponin I are thought to be of importance for regula-
tion of contractility. The in vitro phosphorylation of phos-
pholamban, a protein intrinsic to membranes of sarcoplasmic
reticulum, increases the uptake of calcium ions by the sar-
coplasmic reticulum (Tada et al. 1975). Phospholamban is a
substrate for cAMP-dependent protein kinase (cAMP-PrK) (Tada
et al. 1974), a calcium/calmodulin-dependent protein kinase
(Le Peuch et al. 1979) and protein kinase C (Movsesian et
al. 1984). Troponin I, the inhibitory subunit of the tropo-
nin complex, is localized in the myofilaments. 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-

NATO ASI Series, Vol. H 56

Cellular Regulation by Protein Phosphorylation
Edited by L.M. G. Heilmeyer, Jr.

© Springer-Verlag Berlin Heidelberg 1991



52

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 l1abel 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 32pP;. Studies on beating intact
cardiac preparations using the 32P;-prelabelling technique
have shown that phospholamban (Lindemann et al. 1983) and
troponin I (England 1976) undergo phosphorylation in respon-
se to B-adrenergic stimulation. This procedure, however,
allows only a 1limited 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 7n 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
[y-32P]JATP. 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 B-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 [y-®2P]JATP. 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 uM 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 UM 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 B-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-
ticulum 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 7n 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 B-adrenergic activity was
achieved by treating whole animals with reserpine to deplete
hearts from catecholamines. To increase intracellular cAMP
through activation of adenylate cyclase high doses of the
B-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 32P; 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-
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