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I. Introductmn 

Fhc primary source of  energy for many crucial pro- 
cesses in living cells is ATP.  However.  even though 
cellular pools of ATP arc rather small, no significant 
decrease in [ATP] is detected during cell activation 
(e.g.. muscle contraction, brain stimulation, photo- 
transduction in retina or initiation of sperm motility. 
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lilr rcvic~vs, scc Rcfs. 31N,4t7). I=1 all thc~,¢ lissucs or 
cells v, ilh high and fluctuating energy rcquil-,,'ments. 
A'I'P is continuotisly replenished from ffllosphorvlt:ca- 
fine (F'( ' r)by the action ol the crcatinc kin]so (('K, [((' 
2.7.3.2) system. The ( 'K isoenzymcs calalyzc the 
transphosphorylation reaction between P('r and AI)P. 

I'( 'l '  ~MgAI)P *(~)-I1' ~'M~AIP: 4('r 

The indicated charges arc approached above ptl  f~.5 
where x approximates I. When the pi t  is lowered 
bclov, ft.5, the chmgcs change considerably and x dc- 
c rcases .  

Five ( 'K isocnzymes arc currently known in avian 
and mamtnalian tissues. Three of them arc found within 
the cytoplasm and two arc strictly mitochondrial. The 
c.vlosolic ( 'K isocnzymcs form only dimcric molto-des. 
namely MM-('K, MB-('K and BB-('K, composed of 
t~,o types of subunits, tilt." M or muscle type subunit 
and the B or brain type subunit [05.115]. MM-( 'K is 
f~rcdominantl.v tbund in mature skeletal muscle and 
manmmlian myocardium: BB-('K in mammalian brain 
and neural tissues, clnl~13,onic skeletal and cardiac 
muscle and avian myocardium: and MB-CK i:~ adult 
mammalian !:cart as well as ili striated muscles during 
the developmental transition from BB- to MM-CK 
[I 15.227,5311]. Subccllular fractionation, e.g.. isolatioa 
of myofibrils, sarcoplasmic rcticulum, plasma rncm- 
brancs, etc., as wch as direct in situ immunolocaliza- 
tion studics rcvcalcd a cellular and subccllular com- 
partmcntation of the cytoplasmic CK isoenzymcs (for 
reviews, scc Rcfs. 38,37tL4¢H,4t)2). In muscle, fltr exam- 
pie, a small but significant fraction ¢11" MM-CK is 
specifically associated with the myofibrillar M-band 
v, hcrc it directly rcphospho~'latcs ADP generated by 
the actinIactivatcd myosin ATPasc [488]. 

The two mitochondrial CK (Mi-CK) is~enzymcs. 
duc to their tissue-specificity of expression on one 
hand alltJ ~hcir relative isoclcctric points on the other 
hand. wcrc called either ubiqtfitous and sarcomcric 
Mi-( 'K [ 1~2, I f~3,244.344] or M i,- and M ih-CK (only for 
chicken) [ 1¢~¢~.3t~7,516], respectively. Both Mi-CK isocn- 
zymes arc located within thc nfitochondrial iutcrmem- 
br:mc space and form, ill contrast to the cytosolic ( 'K 
i~,O¢ll/ynlcs, octanlelic as well as dinleric molecules. 

In rcc,'nt years, the obvious importance of the CK 
isocnzymcs for cellular cnergetics has atlractcd consid- 
erable attention and three main functions were as- 
signed to the ( ' K / P C r  systcm [491,492]: (I)  In many 
tissues, the concentrations of Cr and PCr arc much 
higher than those of ADP and ATP, thus, enabling 
efficient buffering of the ADP and ATP conccntrations 
within these cells. (2) Thc higher conccntrations, to- 
gether with the higher diffusion cocfficicnts of Cr and 
P('r rclativc to ADP and ATP [524.525], cnsurc a 
significantly enhanced maximal rate of dclivcls of 

"high-c:~crg.v phosphates" to sites within the cells where 
energy is consumed and where ATP has to be locally 
rcgcn',.'rated (transport ltmc~ion of the CK system). (3) 
Since the ( 'K system is only involved in one particular 
reaction pathway and since the ( 'K isoenzymes are 
subcclhdarly compartmentalized, the CK system offers 
an attractive opportunity to specifically regulate local 
A T P / A D P  ratios as well as ccllular energy metabolism 
in general. 

For reviews on the physiology of the CK isocnzyme 
system and on the biochemist-y and cvolution of the 
cytoplasmic ( 'K isocnzymcs, the reader is referred to 
Rcfs. 37.38,2119.218.230.24(I,2l~1,311,37tL416,488 and 
491-494. The purpose of this rcvicw is to summarize 
the important findings on Mi-CK since its disctwery in 
19fi4 and It) convey our current ideas on the physio- 
logical significance and on the structure-function rela- 
tionships of this enzyme important for the biocner- 
gctics of cells with high and fluctuating energy turnover. 

II. Biochemical  s tudies  of  Mi-CK 

I1-,,i. I~ur~lh'athm ¢~I" Mi-('K isoenzymes 

in order to obtain homogeneous starting material 
for biochemical and biophysical experiments, as well as 
filr the production of polyclonal and monoclonal anti- 
bodies, Mi-CK has been purified from a variety of 
animal and human tissues, namely bovine heart 
[123.1¢,t1.167,280]. chicken heart [63.39b]. dog heart 
[3tG-3t~5], human heart [49,50,156,231,457], pig heart 
[355], rabbit heart [132], rat heart [81,82,387], chicken 
brain [51 t~], human liver [23 I]. pigeon pectoralis muscle 
[281] and sea urchin spermatozoa [464]. Most of the 
purification procedures described take advantage of 
the intracellular localization of Mi-CK which is at* 
tachcd to the outer surface of the inner mitochondrial 
membrane [213,411]. in a first step, mitochondria are 
enriched by differential centrifugation. Then, Mi-CK is 
released from the mitochondrial inner membrane ('ex- 
traction') and finally, it is separated from contaminat- 
ing proteins by ethanol- or ammonium-sulphate frae- 
lion]lion, chromatofocussing, affinity-, ion-exchange-. 
hydr,~ph~.bic-interaction-, or gel-permeation chro- 
nlatogral-;hy. Some aspects of the purifieatiew, proce- 
dures will now he discusscd in morc dctail. 

Sirnply rupturing the outer mitochondrial mem- 
brane, followcd by cxtraction of the enzyme under 
iso-osmotic conditions, does not give satisfactory yields 
of  Mi-CK. Instead. swelling of the mitochondria by 
incubation in a hypotonic medium or in an isotonic 
phosphate solution prior to extraction :s a prerequisite 
for an optimal relcasc of Mi-CK from the inner mito-  
chondrial  mcmbranc [122,131)]. Upon incubation with 
sodium phosphate, mitochondria swell bccausc of a 
passive uptake of sodium as well as phosphate ions. 
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Swelling with potassium phosphate is only obscrvcd in 
respiring mitochondria, ,,ince the uptake of potassium 
ions is an active procc ~. Accordingly, respiratory' in- 
hibitors block potassiun -induced swclling of thc mito- 
chondria [ 122. ! 3(I]. 

Release of Mi-CK from swollcn mitochondria can 
be achieved by a variety of conditions. In most stuCics. 
10-t(10 mM phosphate was used at pH values of 6.5-9.11 
[3 !,63.81.82,1(11,123,131k 132.156.166,167.21(1.213,231, 
243,296,324,363-365,374,377.396,401,4119,434.457.48 !, 
482,487,498,502,504,516]. Extraction of Mi-CK by phos- 
phate was shown to be strongly pH-dcpenclent, being 
more efficient at pH values hi~h,:r than 7.0 [481]. 
Bes ides  p h o s p h a t e  io.ls, aden ine  nuc leo t idcs  
[265,296,385,482]. negatively chargcd organic mercuri- 
als [81,82,1311,131,324,482,498], and 100-250 mM KCI 
[265,280,481,482,498] were also used to rclease Mi-CK 
from the inner mitochondrial membrane. Organic mer- 
curials like p-hydroxymercuribenzoate and mersatyl at 
concentrations as k,w as 10 g M  seem to be the most 
potent releasing agents resulting in more than 8(15~ 
solubilization of Mi-CK [482]. Since mersalyl blocks the 
uptake of phosphate ions into mitochondria, however, 
it should not be used in combination with phosphate. 
Organic mercurials have the additional disadvantage 
that they inhibit the enzymatic activity of Mi-CK. prob- 
ably by reacting with the "essential" suiphydryl group of 
the enzyme, but enzymatic activity can easily be recov- 
ered by incubation with excess amounts of reducing 
agents (2-mercaptoethanol or dithiothrcitoi). Becausc 
KCI extracts Mi-CK, the binding of the latter to mito- 
chondrial membran, 's  was believcd to depend on ionic 
interactions and, therefore, to be scnsitive to the ionic 
strength of the medium [281,498]. lnstcad, Saks ct al. 
[385] suggested that the decisive factor is not the ionic 
strength of the mcdium by itself but rather the ion 
composition. Whereas in their experiments 125 mM 
KCI released more than 50¢/r of Mi-CK. a "physio- 
logical salt solution" containing only I(1 mM chloride. 
but with higher ionic strcngth and osmolarity, released 
only 12%. Chloride (and othcr anions), thcrcfore, sccm 
to have a special effect on the release of Mi-CK. 
probably by binding to the active site of the enzyme 
[316,494]. 

Three types of affinity matrix have been used up to 
now for Mi-CK purification, namely Cibachrom~:-bluc- 
based matrices [511,132,396,487,516]. ADP-hcxanc- 
agarose [63,132] and ATP-hcxane-agarose  [167]. 
Whereas only 2-5 ml columns of the latter two matri- 
ces were used. Blue Scpharose CL-6B columns of up to 
2511 ml were routinely employed for the purification of 
the chicken Mi-CK isoenzymcs [1411,396.516]. thus. al- 
lowing the application of large amounts of protein. 
Nevertheless. the most powerful affinity chromato- 
graphy technique is probably the transition state-ana- 
logue affinity chromatography procedure developed by 

Brooks ¢I al. [63]. In thi~ mt'thod, lhc inter:lcliCm of 
Mi-( 'K with the ADl'-hcxane-agarose nl~,lrix is '~clcc- 
lively strengthened hy lhe addhion to lhc applicalion 
buffer of magnesium ion.,,, crcatinc and nitrate, thus. 
inducin~ a transition statc-anal,.,gu," complex of the 
enzyme. Thc nitrate ion mimics the phosphate g r ,up  to 
bc transli:rrcd during catalysis [316]. which is thought 
to be planar ill the transition state of the reaction. 

A c~msidcrablc problem in the purification of Mi-CK 
is its separation from the cytosolic CK isoenzymcs, 
because in many tissues. Mi-CK makes up only a few 
percent of the total CK activity. A large part of the 
contaminating c.vto.,a, lic CK can be eliminated by dif- 
ferential centrifugation. In this respect, brain is more 
delicate, because synaptosomcs formed during homo- 
gcnization of the tissue contain ~'tosolic CK [136.5(14] 
and co-.sediment with mit.~chondria. In chicken and 
rat. however, swelling of thc mitoL.hondrial (and synap- 
toscmal) suspension breaks up the synaptosomcs and a 
first separation of the mitoch~mdrial and cytosolic CK 
isocnzymcs can bc achieved by an additional ccntrif- 
ugation step [516.518]. Mi-CK can also bc separated 
from the cyto~l ic  CK isoenzymcs by ethanol fractiona- 
tion [166.5(13] or. because Mi-C'K isocnzymes of most 
species have much higher isoelcctric points ( IFP > 8. 
see II-D) than the cytosolic CK isocnzymcs (IEP _< 7) 
[185.483.526]. by ion-cxchangc chromatography. In ad- 
dition, mitochondrial and cytosolic CK i~)cn~' , tes  can 
be separated by hydrophobic interaction chromato- 
graphy [9.49.5(t.4(11.499]. indicating that Mi-CK is morc 
hydrophobic than O'tosolic CK. Finally. both a com- 
plete separation of the isoenzymcs as well as an addi- 
tional purification of Mi-CK itsclf were achicvcd by 
~,ffinity chrom,t:oglaphy [167.396.487.516]. A second 
.;t2iiOUS problem during purificatior, emerges fcom the 
"oligomcric hctcrogcneity" of Mi-CIC It is well estab- 
lished nov,' that Mi-CK isocn~mcs form oetamcric as 
well as dimcric molceulcs which arc - d c p e n d i n g  on 
protein concentration, substrata concentrations, pH, 
c t c . -  rcadily intcrconvcrtiblc (sac III-D). Mi-CK oc- 
tamers and dimcrs behave quite diffcrcntly in most of 
the purification methods mentioned above so that one 
oligomeric form has to bc strongly favoured by appro- 
priate experimental conditions in order to obtain maxi- 
mal yields (Schlcgcl. J.. W~ss. M. and Wallimann, T., 
unpublished data). 

The purification procedurcs for two Mi-CK isocn- 
zymes differ from the "general schcme" described atxwe. 
The purification of human heart Mi-CK by Blum et al. 
[5(, I] iizeJudes three chromatography steps, but no prior 
enrichment of mitochondria by differential centrifuge- 
lion. The low specific activity of their Mi-CK prepara- 
tion may bc explained by the rather harsh and lengthy 
procedure used. A purifica!i,m scheme based on differ- 
ential centrilugation may turn out to bc superior if one 
takes into account the fact that an optimal release of 
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hunaan sarcomclic Mi-( 'K from lhc mitochondrial 
membranes can only bc achievcd by addition of O.05r',: 
Triton X-100 t~ the extraction buffer [434]. B,.'causc 
differential ccntrifugatioa of spermatozoa is almost 
impossible, thi~ step was also omitted from the purifi- 
cation schcmc of sea urchin sperm Mi-CK [464]. Fur- 
thcrmorc, phosphate failed to release significant 
amounts of Mi-CK from the sperm membranes and 
instead. 5C; of the non-ionic detergent Nhmid,.I P-411 
was used [463.4~4]. Additional purification of spcrm 
Mi-CK was achicvcd by selective precipitation in a 
buffer of low ionic strength [464]. 

The specific activities of the purified Mi-CK isocn- 
zymcs shall not bc listed here. since they strongly 
depend on the reaction direction and on the experi- 
mental conditions used. The most reasonable range in 
the direction of ATP s.vnthcsis at 311°( ̀ and pH near 
ncutri, lity seems to bc 11111-21111 # m o l / m i n  per mg 
protcin [2t~.~53.281.287]. 

II-B. ;Uoh'cular size 

Whereas it is generally accepted that cytosolic CK 
isocnzymcs exclusively form dimeric molecules (MM-. 
MB- and BB-CK)[95.115,494]. the naturally occurrit,g 
oligomcric forms of Mi-CK were a matter of debate for 
quite a long time. Some research groups presented 
c,,idcncc that ivli-CK, like the cytosolic CK isocnzymes, 
is also exclusively it dimcric molecule with an M, of 
8ll5[t[I-N4{lll[I [23,49,50J~3,15~.3~4,365,439] and cvcn 
claimed that lhc higher M aggregates reported by 
others represent "induced artifacts' [156,365]. Ncvcr- 
thclcss, an increasing body of evidence, starting with 
the pioneering studies of Farrcll ct al. [122], Saks ct al. 
[374] and Jacobs [211], demonstrated that Mi-CK, at 
least in vitro, forms stable dimeric and octamcric 
molecules. Dimeric and octamcric Mi-CK arc readily 

intcrcon,/ertiblc {sec ill-D1 and have molecular masses 
of 75-01 kDa and 3116-380 kDa. Stokes radii of 36-39 
/~ and 59-65 /k and scdimeptation coefficients of 4.9-  
5.4 S and I IJ~- 13.5 S. respectively (Table l). 

The most thorough analysis concerning the molecu- 
lar mass was performed on the Mi-CK isoenzymes 
from chicken, namely ubiquitous Mi,,-CK from brain 
and sarcomeric Mih-CK from heart. Gel-permeation 
chromatography and analytical ultracentrifugatkm of 
the purified isoenzymes revealed two oligomeric forms 
each with M~ values of 83{~1{I-8611{M) and 306(1~1- 
3¢~4000, respectively, with no indication for the exis- 
tence of an intermediate form [396.397.4113.516]. Con- 
sidering the protomcric M, of approx. 43011{I (Table !), 
the eDNA sequences (sec II-F) and hybridization ex- 
periments [516]. the lower M, form in all likelihex~d 
corresponds to dimeric Mi-CK molecules. In contrast, 
the higher M, value, which in addition was confirmed 
by direct mass measurements of single Mi-CK 
molecules by scanning transmission electron mi- 
croscopy [4113.516]. ix strongly indicative for an oc- 
tameric molecule. This view is also supported by elec- 
troil microscopical examination of Mi-CK molecules 
(see II-C). which suggests that tour ellipsoid Mi-CK 
dimers arc arranged in parallel to each other to form 
an octamcr [407.4118]. 

In several studies [26.27,82.11i11,122.156,167.278,464, 
5114]. the higher M, vala," of Mi-CK wax underesti- 
mated to bc in the range 1811111111-251111011. The reasons 
for these undcrcstimations seem to be manifold: (i) 
already in 1972. Farrell et al. [122] published a Stokes 
radius of 65 ,~ for beef heart Mi-CK which is fully in 
line with the available data for octamcric Mi-CK (Ta- 
bh. 11. However, probably due to inappropriate M, 
standards, the molecular mass wax calculated by the 
same authors to bc only 250 kDa. (ii) Due to its 
recommended ,'v/, fractionation range of 501R1-250000, 
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Sephaeryl S-21)11 clearly represents a bad choice for ',he 
estimation of Mi-CK oligomcrs with high M, valucs 
[!1111.156,167]. In addition, dimcric Mi-CK rcvcalcd a 
M r of ordy 6511111) on Scphacryl S-21111, but one of 811111111 
on Scphadex. indicating that the choice of the gel- 
filtration matrix is crucial for molccul~r mass determi- 
nation :f Mi-CK [156]. (iii) Using a FPLC Superosc-12 
column from Pharmacia, Tombcs and Shapiro [464] 
determined a Stokes radius of only 45 .~ for sperm 
Mi-CK of the sea urchin Stron~'locentrotus putpuratus. 
where~:s we [517] obtained a Stokes radius of 62.8 A, 
and a M~ of 353 000 for the same protein from the sea 
urchin Psammechimls miliaris (Table I). Since Tombes 
and Shapiro lor their ultracentrifugation experiments 
used a calculation method where the M~ is a function 
of the Stokes radius, whereas the scdimcntation coeffi- 
cient is not, they underestimated the M, as 23511t111. 
but obtained a "correct' sedimentation coefficient of 
12.4 S. Corrcction for a Stokes radius of 62.8 ~, givcs a 
M~ of 3281)1111 instead of 235 I)1)11. (iv) The M~ of 2411000 
reported tk~r rat heart Mi-CK [821 can be explained by 
partial dissociation of the Mi-CK octamers during the 
gel-filtration run. First. in the very- same experiments, a 

M~ > 1000t111 was obtained for dimeric Mi-CK [81]. 
second, faster gel-permeation chromatography on a 
FPLC Superose-12 coiomn revealed a M~ of 3411111111 
[396] and third, purified rat-heart Mi-CK octamers 
proved to readily dissociate [398]. iv) The observations 
on bovine heart Mi-CK made by Belousova and co- 
workers [26-29,123] are an exception, since these au- 
thors are the only ones who provided experimental 
evidence for two different high M~ tbrms, namely 
'hexamcric" (M~ 241H111111 as well as "octamcric" Mi-CK 
(M, 340000). in thcir most recent article, howcver. 
'hexamerie" and "oetameric" Mi-CK both were shown to 
have a sedimentation coefficient of 12.3-12.4 S and to 
display a four-fold symmetry- on electron micrographs. 
Since a hexamer would be highly inconsistent with a 
four-fold symmetry-, one is now t::mpted to suggcst th:', 
the two forms represent different conformations of 
octameric Mi-CK [28.29]. 

in vitro translation of Mi-CK mRNA [162,348] as 
well as determination of the eDNA sequences of the 
two human and rat Mi-CK lsocnzymcs [162.163,344] 
revealed that Mi-CK is synthesized as a precursor 
protein of M~ 471tt111-48111tl)containing an N-terminal 
mitochondrial target sequence which is protcolytically 
removed after the import into the mitochondria to 
yield mature Mi-CK subunits with a M~ of approx. 
421)1)1D. A M,. of 42 0110 was also reported for Mi-CK 
protomcrs from rooster spermatozoa [489] and chicken 
retina [490,496]. Gel-filtration experiments performed 
by Yasui et al. [523] revealed two oligomeric forms of 
Mi-CK from human skcletal musclc, heart and stomach 
having M~ values of 80000 and 3711111111. but only one 
form of M~ 37111100 tklr human brain Mi-CK. Similarly, 

two different oligomeric forms with Af, v:ducs of 80t11111 
and 351111110 were described fi.~r huma~a liver Mi-('K 
[231]. However. since liver only contains minute 
amourlts of CK [411.518]. the assumptiov, that this Mi-( 'K 
in fact originated froH liver cells is t'.tdikcly. Ins(cad. 
the extracted Mi-( 'K may bc derived from blood ves- 
sels because vascular and intestinal smooth muscle 
cells have recently been shown to contain appreciable 
amounts of octamcric Mi-CK [2117]. As a last point, it 
seems worth mentioning that already in I968. Kcto and 
Dohcrty [242] enrichcd a CK torm ~ith a scdimcnta- 
(ion coefficient of 11.73 S front a pa, iiculatc fraction of 
pig heart. Even though the authors claimed that this 
form was not of mitochondrial t~rigin, they werc, in 
hindsight, probably thc first to describe octamerie Mi- 
( 'K. 

I1-(\ Three-dhne,sio,al struct,re: Electron mh'roscopy 
and prote n cO'stalh)graphy 

By electron microscopy, the octameric l~)rms of Mi- 
t~K isoenzymcs from all species investigated so far 
reveal a very- similar structure. Bovine heart [28.29. 
122.286]. rat heart [82]. chicken heart [396.397.403- 
407.507]. chicken brain [397.4114] as well as sea urchin 
sperm Mi-CK [517] seem to be cube-like molecules 
with a side-length of l0 nm. displaying a four-fold 
symmetry and a central stain-filled indentation or cav- 
ity. The fact that not only the oligomeric state but also 
the overall three-dimensional structure of Mi-CK has 
been conserved throughout evolution ~rom sea urchins 
to mammals points to an important physiological role 
ot" this structure. 

At least two diffcrcnt projections have to bc as- 
sumed for an octamcric, cube-like molecule. However. 
ncgativc staining (Fig. I A.B) [396.397.403,404.507] and 
rotary ,,hadowing (Fig. IC.D) [403.4117,507] of single 
molecules of chicken sarcomeric Mit,-CK rcvcalcd only 
one single view of the molecule, indicating that the top 
and bottom faces of the octamer are identical and have 
a distinctly higher affinity for a v-lricty of support films 
used for electron microscopy than the side ~.acc:; [4117]. 
Since the cross-likc surface dcprcxsion of Mil,-CK visu- 
alizcd by rotary shadowing (Fig. IC,D) is slightly twisted 
in clock-wise direction rclativc to the side faces of thc 
octamcr [407.507] and. since computer averaging of the 
structure of negatively stained and rotary, shadowed 
Mi~-CK octamcrs revcaled a four-fold symmctry [5117]. 
a singlc vicw for all four sidc faces has to bc assumed. 
This side view of t:;c oetamcr has only recently bccn 
obtained under one set of particular conditions. 
Overnight incubation of chicken Mih-CE with neutral 
uranyl acetate, followed by dialysis against distilled 
water, resulted in the formation of linear unbranch¢.~d 
Mi-CK filament:;, in which Mi-CK octamcrs wcrc 
stacked by their top and bottom faces on top of each 
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¢,lhcr (Fig. IE) [407]. The side xic~ of the filaments. 
lhcrcftuc, al,,o displays, l]~e side face or lhc Mi-('K 
oc lan lc  r>,. 

One possibilil} for lhc overall lhrcc-dimcnsional 
slruclurc of Mi-('K oclamcrs is lhat a ccnlral cavil_~ is 
prcsen! inside the oct:truer (l:ig. IF) is conncclcd ~ith 
lhc eXtClior o[ lhc nlolccu[c by w¢o smaller channels. 
prolruding from tl~c midM of the lop and boltom faces 
right into the middle of lhc oclamcr. This possihiliLv is 
faxourcd by the facts |ha! negalkc Maining. vist,alizing 
a projected view of Ihc entire volume of the molecule. 
revcais a central accumulation of slain ~ith at diameter 
of abou! 2.5 11111 (l:ig. I A.B). and Ihat rolar} shadowing. 
rellccling lhc surface structure of Mi~,-CK. gives rise to 
a small orifice only (Fig. I('.D). AItcrnatixely. lhe skit 
view displaxcd by the linear Mi-CK filaments (Fig. I E). 
;.IS x",cll its, the r cccn l  o b s c r v a q , m  o f  a s e c o n d  p ro j ec t i on  
of single Mi-CK oc|amcrs (Kaldis. P.. Schnydcr. T. and 
WallimanrL T.. unpublished data), favour the nolion 
thai the banana'-shaped dimcrs arc arranged in such a 
way thal lhcx lorm funnel-like indentations in the 
middle of the lop and bottom faces (Fig. IF). Further 
im, ighl inlo the structural organization xsithin the oc- 
|anlcr was gained from experiments on the formalion 
o[ hclcrooclanler~,: molecule., of chicken ubiquilous 
Mi.,- and sarcomeric Mib-CK [51tq. Mi,Mi~,-CK hel- 
en,oclamcrs were formed out of a mixture of Mi:,- and 
Mib-CK homodim,=rs and subsequently stored fl~r 3 
mOl~ths a~ 40( ". Wpoli rcidissociation of the octamers. 
cellulose polyacetate clectrophoresis only revealed Mi,- 
and Mi~,-CK homodimers, bu! 11o Mi,M!~,-CK hct- 
crodimers, lhcreb) proving that ~, hhin the octamer, 
discrete dinlcls arc the stable building blocks, with no 
' ,ubunil  e x c h a n g e  b e t w e e n  lhen~. 

Though cr)slallizalion of cytosolic CK isoenzymcs 
ha~ already been reported by several groups 
[69.151. 185.3~)4] aml I hough these cD s!als diffraclcd to 
up Io 2.0 2\ resolulion, no three-dimensional structure 
has been solved up t o  nm~. One reastm f o r  this proba- 
hi} is the microhclcrogencity of purilied MM- and 
F~B-CK prcparalions [1S5.356] which is nrimar|ly duc lo 
posltranslalional modifications. This problem may bc 
oxcrcomc b)c,)slal l izing chicken sar~,lmeric Mi~,-('K 
[41~4.405,40S] f o r  vdfich no posttranslationa! modifica- 
lit~llS are currcntl~ knmvn. Precipitation of Mi~,-(.'K 
~ith poly(cthxlenc glycol) ll}(}(}, either in the pn.scncc 
or absence ~;f ATP. yielded two different types of 
telragonal crystal ~itl~ the space groups P42~2 and 

1'422. conlaining one octamer and one dimcr per asym- 
metric unit. respectively. The former crystal type 
diffracts to a! Icasl 3 /~ resolution [405].  A change in 
the cD'stal form in the presence of ATP might be 
indicative for at conformational change induced by sub- 
strafe binding, a phenomenon that has attracted much 
interest in lhe study of the cylosolie CK isoenzymes 
[39]. As far as Mi-CK is concerned, conformational 
changes induced hy subs|rates were assumed to influ- 
,'nee the direct to octamcr ratio [280,281,296], since in 
a variety of studies, formation of a ' transition state- 
analogue complex" of Mi-CK with MgADP, Cr and 
nitrate resulted in the complete dissociation of the 
octamers into dimers (see i l l -D).  Conformational dif- 
ferences of octameric MI-CK were also thought to be 
the basis far the apparent "hexameric" and "octameric" 
fl~rms of bovine heart Mi-CK described hy Belousova 
and co-workers [28.20,123] (see I I-B). The finding that 
the modification of Mi-CK dimers, "hexamers' and 
octamers x~ith SIt group reagents is biphasic, with the 
first half of the subunits being more readily modified 
than the second half. was taken as an argument fl)r an 
asymmetric association of the subunits within the dimer 
[26,27.123], but might be explained as well by a confor- 
matiohal change of discrete dimcrs induced by modifi- 
cation of only one of their subunits. Surprisingly, how- 
ever. only halt" of the active sites within the octamer 
bound MgADP in the presence of Cr and nitrate [124]. 

~l-D. Isoeh'ctric point 

With the exception of sea urchin sperm Mi-CK 
[464]. all Mi-CK isocnzymcs currently investigated have 
higher isoclectric points than the eytosolic CK isoen- 
zymcs ol the rcspccl,vc species. Whereas p i  values of 
s . 2 - u 7  a~,c reported fl~r most Mi-CK isoenzymcs 
( lab le  ilk pl  values of 6.2 and 7.0 were obtained for 
sea urchin ,,perm [464] and frog heart Mi-CK [273]. 
The rc~t:'ls on the human Mi-CK isoenzymes arc 
somex~: ,,~ ~,,, ~dictoD'. From the eDNA sequences of 
cardiac ,rod ph,ccntal Mi-CK [162.163], p /  values of 
7.42 , d - ;'~ can be calculated for the mature sub- 
unit,,. '1 h : , .  values agree quite well with those deter- 
mined for native human heart and brain Mi-CK (6.8- 
7.0) [50.502.5(14] but are distinctly lower than the value 
ol ~* 35 reported for human heart Mi-CK by Khuchua 
ct a, 1243]. Besides the differences between particular 
,vlt. "'K isocnzymes, distinct isoelectric points were also 

I" iL I 1 he Ihrce-dhncn,hmal , lructure ol dl icken ,areomcric M b ( K  oclamcr,, deduced tram electron micrograph,,. (A). Negative ,daining of  
.ML-('K oclamel',: (ID. conlour repre,,cnlalion ol (,.\) alter circt, lar halmonic a~craging [507]: (CL Mi -CK oclamcr~, rotar3.-~hadov, ed ~ i th  T a / W  at 
lm~ temperature and ultra-high ',acuunl 14(17]: ( l ) l .  contour rcprc,,cntathm ol  M i - { K  octanler,, rolar~,-,,hado~cd '~,ith P l / I r / ( "  after circular 
harmonic axeraging 15t)7]: ( | (k linear lilamcnt~ ol IX~,,ili~cl) ,,tamed Mi -CK octamer~. The in~el on the righ! ~ide display,, an averaged stretch of  
lhe I'ikll~leflt:,. Tile ~ide ~ie~ ot one oclanl~..r i~ oul]i l led b~ dol,~ [4(P7]; (F). model reprc~cntatiom, o l  the MrtlCltlrc o l  an ~clanler. Aho~,e: lop or 

bothml ~ ie~; belong: tile 1~o po~,dhlc side-~ h. '~ di~pla~,ed a', ',cclhm~ through Ihe center ol an oetamer (,,ee text). 
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ot~sclacd for dimcric and octameric Mi-('K. Whcrcas a 
l)ighcr pl for the octamcr than for the direct ~,~,as 
reported for MI-CK from rabbit heart, chicken heart 
and chicken brain, an inverse relationship was found 
for the isocnzymes from bovine heart and pigeon pec- 
toralis muscle (see Table II). tlowever, tllese latter 
rcsuhs have to be questioned, since in cellulose-acetate 
clcctrophorcsis experiments, octameric bovine heart 
Mi-( 'K migralcd ft,rthcr Im~ards the cathode than 
dimcric [Ill(I. 11~7] (sec also Ill-D). thus. suggesting that 
t h e  o C l a l l l C r  is  a l s o  l ) l o r e  p o s i t k c l y  c h a r g e d  in  b o v i n c  

hcarl. 
Mi-( 'K can be released from the inncr mitochon- 

drial mcrnl',r;ulC l',y high salt concentrations (see I I -A)  
and ix. there[ore, thought Io be bound via ionic interac- 
lions lS2.36q.305.49.~]. In fact. the basic p /  of Mi-( 'K 
indic;tlcs that. witllhl the nlhocl)ondrial inlcrnlcnlbranc 
space, positkcly charged MI-('K may Iqnd Io negatkely 
charged membranc phospholipids. Accordingly. oc- 
tan)eric MI-('K from chicken hcarl, prol~ably duc to its 
higher p/ .  ~,n  found to interact more strongly with 
mitoplast and nlodcl nlcnlbr;.mcs than dimeric MI-('K 
[3~9.39q]. Even though ionic interactions of MI-CK 
with mitochondrial membranes are important, hy- 
drophobic interactions can not be excluded, especially 
in thc case of sea urchin sperm Mi-CK which can only 
be detached i rom the membranes hy relatively high 
concentrations of detergents, but not I'~y any other 
lrcalmenl kno~n to release MI-CK isoenzymes [464]. 
This may be due to its acidic p / o f  6.2. indicating that 
ionic interaction with the mitochondrial membranes is 
reduced, hut compensated for b.~ increased hydropho- 
bic interaction. 

Bccat,se of the higher p/ .  Mi-CK isoenzymes can be 
nicely separated from the cytosolic CK isoenzymes 
under native conditions by electrophoresis on eellu- 
[ose-po[yacctate strips as well as on starch or agar gels. 
with Mi-CK migrating more cathodieally than cytosolie 
CK [ 13.5(I.2(18.222.326.338.374.390.410.441.516.518]. 
The only exceptions known are human and frog heart 
Mi-CK. Human heart Mi-CK, because its p /  is very 
similar to that of MM-CK. may be obscured by the 
latter isoenzyme [173]. Frog ( Rana esc,h'nta) heart 
Mi-CK, though having a p l  which ix distinctly higher 
than those of its cytosolic counterparts (7.0 vs. 5.5-5.8). 
migrated in between the cytosolic CK isoenzymes on 
cellulose polyacetate strips [273]. as did the isoenzyme 
termed CK-V of Xe,opus frogs which is expressed in 
lung and heart [51 I]. Since CK-I of Xe,opus is sup- 
posed m be of mitochondrial origin as well. but ix 
expressed in eye. brain and stomach, these results may 
indicate that frog. like chicken, rat and man. als,-, 
contains two different Mi-CK isoenzymes. Intere',t- 
ingly, the fact that the mimchondrial isoenzymes have 
a higher isoelectric point than the cytosolic ones ix not 
restricted to CK. but seems to be a rather general 
pllenomcnon [175]. Therefore. the hypothesis hits been 
raised that the increased p /  ix either a prerequisite for 
an efficient import of the precursor proteins into the 
mitochondria or an adaptation to the metabolic condi- 
lions within these organdies .  

II-E. Ki,elic coH.~laHls 

Since the kinetic constants of the Mi-CK isoenzymes 
strongly depend on the calculation method used. on 
the species investigated, on the purity of the enzyme 
preparat ion,  as well  its on buffer composit ion, tempera- 
lure and pit .  it is beyond the scope of tiffs review to 
mention all of the available data (for discussion, see 
Ref. 419). Instead. those studies arc selectively picked 
out which compared different purified CK isoenzymes 
under exactly the same conditions, in which a variety of 
kinetic constants ~cre  determined for a single isoen- 
z y m e .  o r  w h i c h  a l l o w  n l l e r e s t i n g  conclusions. 

As already mentioned, the CK isoenzynles catalyze 
the transphosphorylation reaction between PCr and 
ADP (scc I). Most studies on the reaction mechanism 
were performed on the cytosolic CK isoenzymes (for a 
review, see Ref. 240). For Mi-CK. it wax only shown 
that at pt t  7.4 the reaction mechanism ix of the "rapid- 
equilibrium random" type [287.375]. that one cysteine 
[27.123] as well as two arginine residues per subunit 
[323.420] are "essential" for catalytic actk'ity and that 
probably Asp-335 is involved in substrate binding [223] 
(see also il-F). 

The pH optima of the reaction catalyzed by Mi-CK 
from bovine heart [10(LI67]. chicken heart [516]. hu- 
man heart [49.50]. rabbit heart [439]. guinea-pig heart 
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[338]. rat heart [213]. chicken brain [516]. guinea-pig 
brain [45hi and sea urchin spcrmatozoa [464] all range 
from 6.11-7.0 in the dircction of ATP synthesis and 
from 7.5-9.!1 in the direction of PCr synthesis, thcrc- 
fore. being in about the same range, or slightly lower 
than the respective valt,cs of the eytosolic CK isocn- 
zymcs [338.341.43q.4h4.4q4] as well its of all other 
known phosphagcn kinascs (fl~r a review, see Rcf. 322]. 
These findings arc fully in line with pH studies on 
rabbit MM-CK which revealed that a single group with 
a pK,, near 7. pr,~bably a histidinc residue, acts as an 
acid-base catalyst and must be unpmtonated in the 
direction of PCr formation and protonatcd in the di- 
rection of ATP formation [911]. 

All purificd Mi-CK isocnzymcs invcstigatcd so far 
have a lower K,, value for MgADP than tier MgATP 
and a lower K,,, vah,c tier PCr compared to Cr [23.26. 
511.63.11111.167.231.287.397.4111.4 I IL448.464,523]. The 
same relationships havc bccn described for the cytoso- 
lic CK isoenzymcs (tor it rcvicw, see Rcf. 48). The K,,, 
values of the Mi-CK isocnzymes were reported to be: 
42 # M - I . 7  mM lbr MgATP. 15-1511/~M for MgADP. 
3.4-62 mM tor Cr and 11.23-4.1 mM for PCr. Human 
and chicken ubiquitous Mi-CK display a 2-fold and 
4-fold lower K,,, value lot PCr than the respective 
sarcomeric Mi-CK isocnzymcs [397.523]. possibly re- 
flecting it metabolic adaptation to the lower PCr con- 
ccntrations in brain compared to cardiac and skeletal 
muscle. Furthermore. the fact that in intact mito- 
chondria. Mi-CK has a Iowcr K,,, for ATP produccd in 
the matrix compartment and presented by the adenine 
nueleotide translocator (ANI ' )  than for exogeneously 
added ATP v.,, taken as an argument that Mi-CK hits 
privileged access to intramilochondrially synthesized 
ATP due to a direct interaction of Mi-CK with ANT 
[169.266,2fi7.382.385.387]. Howcvcr. thc diffcrcnccs in 
K m values could also be explained by restricted diffu- 
sion of adenine nucleotides across the outer mitochon- 
drial membrane, signit}'ing that especially at high velo- 
cities of the Mi-CK reacti~m, the substrate eoneentra- 
lions within the intermembrane space would not corre- 
spond to the cxtramitochondrial ones [14fi-148.257]. 
This cont,ovcrsy between "direct interaction of Mi-CK 
with ANT" and "restrictcd diffusion of adenine nu- 
clcotidcs" will bc discussed in tl~t,re dctail in Section 
III-C. The indications that the ANT has a much lower 
K,, fl~r ADP. but a distinctly higher K., for ATP than 
Mi-CK were thought to explain why PCr is the high-en- 
ergy phosphate compound leaving the mitochondria its 
the net product of oxidative phosphorylati,m [167]. 
However. on the basis lhal the K,, ~.alucs o Mi-CK 
and ANT should not bc comparcd directly, since 
MgADP and MgATP arc the cffcctivc substratcs of 
Mi-CK. whcrcas only the uncomplcxcd adcninc nu- 
cleotides are transported by ANT. this interpretation 
has to bc seriously questioned. 

Different coopcrativitics of substratc binding be- 
tween individual subunits might be a distingt, ishing 
feature of dimcric and octamcric Mi-CK and thereby 
represent an effective means ol regulating the enzy- 
matic activity of the Mi-CK imenzymes. However. the 
Hill cocffieicnts of sarcomcric and ubiquitous Mi-CK 
octamers liar the binding of PCr in the presence of 
excess MgADP arc only 1.2 and I.IL rcspcctivcly [397]. 
meaning that altar)st no communication between the 
subunits in the binding ,~f this substrate occurs. Coop- 
crativity in the binding of the adenine nuclcotides is 
more likely to occur, since ATP and ADP are not only 
more tightly bound to Mi-CK. but arc also more potent 
in inducing conformational changes of CK isocnzymcs 
[238]. 

Arrhcnius plots of the temperature-dependence of 
the enzymatic activity were used to calculate the activa- 
tion energies of the CK reaction in the direction of 
ATP formation. For the human isoenzymcs, signifi- 
cantly higher activation energies of 1111-142 kJ/mtfl  
were found for ubiquitous and sarcomcric Mi-CK than 
for MM-.  MB- and 13B-CK {49-76 k J /mo l}  
[ Ih4.340.448.449.523]. indicating that thc substratcs PCr 
and ADP are more strongly bound by the rnitochon- 
drial than by the cytoplasmic CK isocnzymes 
1231.4111.448.5113]. Whcthcr this 2-fold diffcrencc in ac- 
tivation energies is of physiological importance, for 
example reflecting an adaptation to lower PCr or ADP 
concentrations in the intcrmcmbranc space compared 
to the cytosol, remains to bc elucidated. Yet. a higher 
activation energy by all  means causes a lowered maxi- 
mal reaction velocity (11,,,,,). Accordingk. Io~cr ! I ..... 
values in the direction of ATP fl~rmation wcrc indeed 
reported for thc chicken mitochondrial than for the 
cytosolic CK isocnzymcs [518]. 

II-F. Nltch'ic- and anlhlO-achl sequences 

Compared to the cytosolic ( 'K isoenzymes (fl~r refer- 
ences, see Ref. 223k Mi-CK sequence data are rather 
sparse. Besides several partial protein sequences 
[50,S2,137,1q6,223,4h4.516], six eDNA sequences 
[l~2.1h3.1q6,344.51)8] ;tnd t~o genomic sequences 
[1~2.244] were published up to now. Origimdly. deter- 
mination of the amino-terminal sequences of chicken 
heart and brain Mi-CK proved that these tissues con- 
tain two different Mi-CK isoenzymes [196]. as had been 
suggested earlier for the rat from agarose gel-electro- 
phorcsis experiments [391]. In thc mcantimc, publica- 
tion of tvm different Mi-CK eDNA scqt, cnces catch for 
chicken [lqh.5(J8]. man [1~2.163] and rat [344] con- 
firmed these findings and further demonstrated that 
they are due to two different nuclear genes rather than 
differential splicing of a single gent.  Since on RNA 
blots, specific probes for the sarcomeric and ubiquitous 
ht, man Mi-CK isocnzymes only detected minute 
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amounts of  Mi-('K R N A  in uterus and testis, tis,,ues 
knov~n to contain significant ( 'K activities including 
Mi-('K. Pa~nc ct al. [344] assumed that a third Mi-('K 
isoei~z~.ine is expressed in these tissues. This might 
intticatc, together with the finding that in rainhox+ 
trout a ('K is~cn&~me termed T('KI is cxplcs~,ed mainly 
in testis but only faintly in olhcr tissues displaying ( 'K 
acti~it~ [142]. that tc~ti~, has its o~n particular set of 
('K ist,~ell/3 Incs. 

Since in a lc** instances contradict~6 results ~cne 
published lOl Mi-('K scqucn=cs, the respective refer- 
ences shall be shortly mentioned to avoid confusion in 
case the original literature is studied. In the cl)NA 
SCtlucncc for human ubiquitous Mi-('K presented in 
Fig. 3 of the :nticlc ~vrittcn by ltaas ct al. [11~2]. the I I 
;unino-lcrnlin;tl residues ~cre crloncously replaced by 
the Ill corresponding fcshJt:cs of human "sarcomeric" 
Mi-('K. ~hich the author,, alrcad~ knew at ih:,.! time 
[1~'12]. Ftirthcrmorc, 4 ol the I I amino-terminal amim, 
acids determined tbr I'mman heart Mi-('K [511]. 5 of the 
121t amino acids sf~ccificd for chicken ubiquitous Mi-('K 
[511~] and 7 111 the 411 amino-terminal amino acids 
determined for rat sarcomcric Mi-('K [82] by protein- 
chemical nlc lhods do 11111 agree x~itll the respective 
cl)NA sequences [Ih3.344.511S]. Finall.~. Bcnficld c ta l .  
[311] published a partial sequence of a rat ( 'K gone 
diffcring from M- and B-('K which probably corre- 
sponds, in spite ~I a variety of differences, to rat 
ubitvntous Mi-CK [344]. 

f hc  gone structures of human ubiquitous [162] and 
~arcomcric Mi-CK [244] differ con.,,idcrably from those 
o l  the cylosolic CK isocnzymcs. The l'~rmcr genes span 
5.5 and 37 kb. are located on chron~osomcs 15 [447] 
and 5 [244] and c~mtain q and 11 cxons, respectively. 
l h c  lengths o / t he  coding |egi~,n cxon,, as well as the 
h~cati~ms of the cxon junctions arc absolutcl~ identical 
t~ctx~cen the tx~o human Mi-CK isoenzymcs, but differ 
considerably from those of the cytosolic ( 'K isoen- 
Z)IllCS, i|ldicalJng |hal l"rtml an exolt|lJonary' point of 
vicxx, a first duplication event of a common primordial 
('K gone resulted in ancestral mitochondrial lind cy- 
tos~llic ( 'K genes. Onl~ at a h|tcr Mage. furtlacr gcnc 
duplications ga~e risc to the four different ( 'K isolorms 
kno~An [or :Avian and nlanullalian species [244]. Very 
interestingly. CXOllS 1 and 2 of  the lat|man sinconlelic 
Mi-('K arc untransh|tcd and follo~ved b.~ an 11- and 
7-kb intron, respectively [244]. Since sarcomeric con- 
lractilc proteins ~vcrc found to share a similar 5' orga- 
nization, with an untranslated first cxon lk~llowcd b.~ a 
relatively large intron [250]. it has bccn hypothesized 
that tiffs common l'caturc is responsible t~r the coordi- 
ll~ttc transcriptinnal activation of sarcomeric Mi-('K 
and contractile proteins [244]. 

In contrast to M- and B-CKmRNA, Mi-CK 
mRNAs code. in addition to the native protein, for an 
amino-tcrmin,d mitochondrial target pcptidc which is 

proteolytically removed after import into the mito- 
chondria [162,1t~3,196.344.347]. This target pcptide is 
3 *) amino acids long. rich in scrinc, thrconine and basic 
amino-acid residues and has a characteristic tripartite 
strtlcttlrc [174]. its amino-terminns (residues i -16)  is 
positively charged and hydrophilic and likely repre- 
sents a mitochondrial matrix-targeting signal. Residues 
17-32 constitute a stretch of uncharged amino acids 
which might act as a stop-transfer signal, therefore, 
directing the protein into the intcrmcmbrane space. 
And finally, residues 33-3~, ~ arc again positively charged 
and hydrophi[ic and arc probably responsible Ior proper 
cleavage to yield the native enzyme. 

Sequence comparisons show that within the native 
protein, within the mitochondrial targeting pcptidc, as 
well as within the 3' and 5' untranslated regions, the 
"sarcomcric" Mi-CK isoenzymcs on one hand and the 
ubiquitous Mi-('K isoenzymcs on the other hand of 
chicken. !11an and rat tire nt~re closely related to each 
other than the sarcomeric and ubiquitous Mi-CK 
hoenzymes of one particular species, indicating that 
t~o different Mi-CK isocnzymcs already appeared be- 
fore divergent evolution of birds and mammals oc- 
curred. This is in line with the likely presence of two 
different Mi-('K isocnzymes in frog tissues (scc II-D). 
By the Ncedlcman-Wunsch method, the native salcom- 
eric Mi-CK isocnzymcs display 89-96c,; amino-acid 
sequence identity and the ubiquitous isocnzymes 91- 
qM;, whereas within the same species, the two Mi-CK 
isocnzymcs have only an idcnlity of 82-84F~. The fact 
|hal in rat and man the mitochondrial targeting pep- 
tides arc nltlch more conserved between the sarcomcric 
187~11 and the ubiquitous Mi-CK isocnzymcs 192%), 
respccti~cb, as compared to both Mi-CK isocnzymcs of 
the same species 137% in rat, 38c; in man), was taken 
as an argument I'~r tissue-specific mitochondrial imlm)rt 
receptors [344]. Furthermore. the marked isoenzyme- 
specific rather than species-specific conservation of the 
3' untransl; cd regions indicales an important function 
of these s~rctchcs of DNA fl~r Mi-CK gcnc expression. 

The mitochondrial and cytosolic CK isocnzymcs 
represent a class of highly conscr~'cd proteins. When 
the sequences of the known isoenzymes are compared, 
one finds six blocks of very high homology separated by 
seven rcgi,;n,, ,xhich arc Icss conserved [196]. Among 
the latter ~,-e the amino- and the carboxy-tcrminus. 
The highly conscrvcd regions arc likcly to bc involved 
in essential functions of the cnzymc like catalytic acti~,- 
ity and direct formation. For cxamplc, affinity labelling 
of chickcn sarcomcric Mih-CK with the ATP analogue 
y-J4-( N-2-chloroct hyl-,"~,-met hylamino)]benzylamide 
ATP (CIRATP) led to thc sclcctive modification of 
Asp-335. a rcsiduc ~hich is conserved in all Mi-CK and 
thc grcat majority of thc cytosolic CK sequences [223]. 
Since in CIRATP the reactive label is attached to the 
y-phosphate group of ATP and on the basis of strut- 
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tural comparisons with adenylatc kinase, Asp-335 was 
suggested to bc involved in the binding of Mg 2 ion.', 
coordinated to the phosphate groups of A'i'FL The 
findings (i) of a partial loss of enzymatic activity ~1 
chicken sarcomcric Mih-('K when Asp-335 in changed 
to a Thr-, Asn-, Ala- or I,ys-residuc by site-directed 
mutagcnesis (Furtcr,  R., unpublished data) and (ii) of ;.i 
considerable loss of enzymatic activity upon selective 
cleavage by proteinasc K of M-( 'K bclvvccn Ala-328 
and Ala-329 [271,3211 as well as of chicken sareomcric 
Mi-CK between Ala-324 and Val-325 (Wyss, M., 
Schlcgcl, J. and Wallimann, T.. unpnblishcd da ta ) fu r -  
ther substantiate thai besides the region around the 
'essential" Cys-278. stretches around Asp-335 arc also 
important for substratc binding and catalysis. 

in contrast, the regions less conserved between the 
CK isoenzymcs might bc responsible for isoenz~mc- 
specific properties like octamcr fllrmation, binding tt~ 
ecllular membranes, or binding to the myofibrillar M- 
band. In experiments with purified Mi-( 'K pcptidcs, 
fl~r cxamplc, Chcncval and Caratoli [82] flmnd only one 
peptide, corresponding to the 25 amino-terminal 
residues, which bound to cardiolipin-conlaining lipo- 
somcs. Accordingly. the positively charged residues 
Arg-19. Lys-2() and His-21 have bccn implicated to 
mediate the binding of Mi-CK to the negatively charged 
phospholipids of the mittx:hondrial membranes [82]. As 
a matter of  fact. these three amino-acid residues arc 
absolutely conserved among all amino-termini known 
for the 'sarcomcric" and ubiquitous Mi-CK isocnzymcs 
from chicken [196,5118,516]. man [162,163] and rat 
[82,344], as well an for mouse brain Mi-( 'K [344]. but 
not among the cytosolie CK isoenzymes. 

I!1. Functional  studies of  Mi-CK 

III-A. Speci¢.s" and ti.sxue dixtrib, thm 

Highest enzymatic activities and mRNA levels of 
Mi-CK are present in tissues with high and flnetuating 
energy demands like heart [13,50 82,156,167,2 fl),213. 
338,344,363,377,396,4111,411,441], skeletal muscle [31, 
34,173,196,211L281,293,326,344,377.4111], brain [53,210. 
213,268,344,397,456,5114,512,516], retina [41.26R,4~11t, 
496] and spermatozoa [463-465.48c/]. Smallcr amounts 
of Mi-CK and Mi-CK mRNA arc found in smooth- 
muscle-containing tissues like uterus [163.344], pla- 
centa [344], intestine [41.63,162,2116,207,213,239,344], 
vas defercns  as well as aorta [2t17]. In contrast, no 
Mi-CK activity was detected in chicken gizzard in spite 
o f  its high cytosolic BB-CK activity [2117,3t16]. It has 
been hyl~thesized that this difference in Mi-CK etm- 
tent between distinct s m ~ t h  mu.~le  types is duc to the 
different physiological functions of these muscles 
[207,492]: whereas most s m ~ t h  muscles respond to 

stinltll;.lli(~,n with vcr~ long t(mie contracti~)n,,, earbachq~l 
and electric-field stimulation in chicken gil l , tad elicited 
onl~ pha~,ic c~Wlllaclionn v~ilhoUl ~1 Ionic colllp~Wlefll. 
Maxhnal fi~[c¢ ,~as ale',eloped ~ i lh in  I~1-15 s and al- 
Int)st colnplctc i-el;txati(H1%~,~.ln ; lccolnpl isl lcd ill It>,,, 
than a l'nhlttlc ]12~]. I'herch~rc. Ihe ( ' K / l ' ( ' r  s.vstcm in 
chicken giz, ard has to "l~uffer" [A ' IP]  which can c;,sily 
be accomprishcd by tile extra~rdinalrily large amounls 
of B I } - (K  lffcscnl, with no need I{}r an| addili(~rl;ll 
rnit~ehortdrial ist)enzynle. II1 eOllllast. transport" of 
P('r and ( ' r  betv~.een Mi - ( 'K  and c~t~s~flic ( 'K  is(~en- 
/ymcs nna~ be a prerequisite for the i'll~per ftn]etionirig 
of Ionic sn'u~lh muscles (see als~ IV-B). 

In contrast Io earlier studies [211L213]. signif icant 
amounts of M i - ( 'K  activity arid mRNA ,,,,'ere also ob- 
served in rat kidney [I.41.137.344]. where Mi-( 'K.  to- 
gether with BB-('K. was lound hi cortex and outer 
fnedtilla, probabl~ st lppollhlg noditlnl tr;.n|nptnl ill tIle 
distal i lepllron ~137]. I,i',,er ~va~ repotted to ctmtain 
either m~ or ~nlly mhlule anlolnll~ of Mi-( 'K activity 
and rnRNA [41.16,3.211L213.344.5hW,]. Ne',,crlhelcss. 
Kanenlilsu el al. [231] ,,uceecded in flurif.~irlg Mi-( 'K 
from hnrriari Ib, er arid pr~wMu'd sonic, albeit weak 
evidence indicating thai this is~cn/.vme differs lrom 
human heart Mi-( 'K.  Finally. Mi - ( 'K  nfight becllllle 
increasingly important an .t v;.lluablc diagtl,iv.,tie ,.o~,~1 
since il was also lonnd hI certain tumt~r cells as well as 
in serum (nee II1-(;). These data shove lhal Mi-( 'K 
expression is regulated in a tinst~c- and cell-type-specific 
f~lshion. In ;Ill instances, however. Mi - ( 'K  is eocx- 
pressed ~ i lh  at least one of the eylosolie ( 'K ;*,,,~n- 
zymes MM-.  MB- or 13B-('K. As discussed in II-F.. it is 
rowe clear thai at least tw(~ differen! Mi - ( 'K  isoenz~mes 
exist and are products of distinct genes. N~rlhern blo! 
analysis revealed that mRNA for the isocnz.,,llle termed 
sareomerie Mi - ( 'K  is almost exclusively expressed in 
he~lrt and skeletal muscle [163.D)h.244.3J4]. |fl eon- 
Ir;|st. mRNA for ubiquitous Mi - ( 'K  was mainly I~tlnd 
in kidney, placenta, intestine and i~rain. It seems thai 
sarcomerie Mi - ( 'K  is the counterpart of M-CK and 
ubiqtlit~us Mi- ( 'K  thai of I~-('K. 

The relative pr~portions of Mi - ( 'K  vary e~msitlerably 
between different tissues and species. Mi-( 'K am~unts 
to 11.5-15~/ of t~tal ( 'K activity in brain [4,'-;.245.335. 
391,423] anti to 1[)-i5r,; ill kidney [137]. Since in fast- 
l~,.iteh skeletal muscle the percentage of Mi-( 'K in 
rat her low [48,173.2~4.326,4 ItL434.5211]. ~ hilt it in con- 
siderably higher in slow-twitch skeletal muscle 
[2111.5211]. the proportion of Mi- (K can bc increased 
within a particula,  muscle by endurance training [tl] or 
ehnmic stimulation [41~1]. The highest proportions of 
Mi-CK arc limnd in the heart, where Mi-CK was 
reported to constitute < I-StY; of total ( 'K activity 
[4.13.411.43,47.48,1113.133,2112.2114.210.245,273.327.335. 
338.3511.374.377,378,3t,lt),3 t) 1,4 I lL43t),441.45t),461L4811]. 
Both the upper and lower limit elearl~ represent over- 
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itlld tlllderc:.,llllliltiOll', duc.  Iof cXitlllple, 1o illeOl~lplelc 
~clcasc of Mi-('K |i-Olii lbc lllit,tlehol1+,.llial ll+iClll{ll'allleS. 
The real ran ec may he ;tpl+tt~\. lit .+,5~,. ~,,ilh the 
+~clllal x/Ihl~' dcpc l :d ing  (,n Ihe ,,peeics ;Ind Ill+.' dilCe 
IRIll +,t.I tilt.." ( ' l '  I'CIICIR',II. ~'Cl') l ikcb, the plt+l+t+rtion t~l 
Mi-( 'K COl+rclalcs vel3 x~cll x~ilh Ihe l-elalix.¢ in:por- 
laIlCC t+l lll~.' +:r;+tll~',r~Ol| ftlllCliOll" I11" tile ( ' K , '  P('I" S}SIeIll 
~.'xpcctcd h',r at gixcn ti',',uc (f~u (liscu,,sion. scc IV-t]). 
II1 ab,,~hllc tcrnl',, hi.t'.hc',t h~lal ( 'K aeli\iliex are pre- 
P+till I+I ',kclelal llltl'+~.I¢. 2-4-[iIllex I¢'+',s ill llealt ~llld 

aI+uml Ill-limes le~,', in I'u,un [3~Jl]. IImv¢',er ill term,, of 
I I!,mg mitt~chnndrial protcm, the ,,pccific act i\ilx t~I 
Mi-('K ,,~m, Itmnd to hc equal I~r all Mi-(+K-containing 
ti,,sut..,, nf ;t gi~cn ~,pceie,,. v+ilh a ratio ol Mi-(.'k Io 
,\NI nloI¢¢ulcs t~I cxact1+v tmc [2~5.+?h~+], If these: lind- 
illg "+, ~,¢IC It+tie. chaIlge,, ill the iIh+-t~[III¢ ~iIllOtIIII OI 

Mi+( K ~ouhl d"cclh r,..'IIccl change.',, ill the pcrcclIIagu 
t,l +,~llolc cclluh,I plOlCill llladC Lip I'~) I11ih~dhHldIi,h 
!h,~c',c~..~ M/-('K h~ .-\NI r,ttin of I:I i', unIikeI~,. 
",IIh.'L' ~II++~'I IC~CiIIchcI'~ dc[¢IllIill+,+d lhc +..'oIi+;cilll'a|it+ql 

~I \Ii-('I~ h~ I~c much h~v,c~ than that ~+I ANI+ :\NT 
~,'~;tx Icpo+Icd tt~ lllakc tlp ;+ll++t+tlt lit++ t~l hqal lllih+¢llt+ll- 
~hial l+rotein llt~l a rexic~A, scc R~+I. 24SL x+herea+, the 
lC!ati~.C propt,rtitm , I  Mi - ( 'K i~ .- I +, 1355.3%AS2]. 
maxmlall~ 2.5', 12(,5.3S41. 

,,\', klr i|,, Ihe exohllit)llalX ;.tspecl is ct)necl-iled, Mi-  
(+K %~*i1" 1trend in uchint)dcrms [35q.4h3-465]. Ii~,h [50[. 
aml~hihi;ms [273.51 I]. bird~, [3,t.21(|.2Sl.3%.397.4Sq, 
--~}{).5 I(+~] and mammals  (see for ex:amplc l,P, cls. 
5fl.l(~7.21().213.2h,'+,.29b.363,374). Since the ( ' K / P ( ' r  
"-,)>,IClll "~UeIll:,, l,il I)e lllt)~,l atdvallt;[g+eotls for energy  
lllCl:.lh'~IIi",lll of sl!,¢rIllillO/oil OI |he pl-inliliX,¢ type (see 

I\-B) and. since ('r ~,is delcclcd in spcln~ t',f im, erte- 
hratc ,pcci,.'s [493]. these highI+x speciali,,ed ceils ap- 
pear Ill be lllt~.l promising for a se:u'ch It~r Mi-('K ill 
ph~ht "I~chw,' lhc cchint~dcrn>. Mih)chondrial argininc 
kinm, v (Mi-Ak) ha~, hccn descriI'u.'d Iur ~.'ru>,taccan and 
~+n,h mu,,clc,, 17s. IIlS.IIl6.113] ,ix v+ell a+, for l)r,~+q~hila 
13251. ~llcrea, mu,,t of the moIIu~,c~,, in>,ects and ~tn- 
nclid,, lack Mt-,\K (flu a re, icy,. see Rel. 113). 

IIl-lL IHtra(<'lhth/r I,(ali:ati+,t ~,1 +AIi-CK: himli~t~, to 
I l l l l (a ( ' / l~ l l J l ' i d l  i l I I I (T  a l h l  OII I (T ~tR'nll)l'~//l<'~ 

In mt+st stt,dic,,. Mi-( 'K ++.as ft,und to I+c enriched ill 
the mit~chtmdrial fraction Iltl3.210.32+;.33X.410.4411 
and inlnltlllohi!,tt>chenli,,try x,,ilh anlibt+die,+ directed 
ilgHill'd Mi-( 'K ',dso rcxealcd an ilCeUlllttlatit+n of  this 
i~t~en/.~me e\clusi+cl.~ wi lh in mitt~dl,mdri,t 13%.4StL 
4qlI.4%1. Nexcrlheh.',,,,. ( 'K  of cathodic mohil i ly ,escnl- 
hling Mi+('K x+as found in the st,clear fraclions of nlt. 
hum+ul and pig heart :rod skeletal muscle [117.22~]. 

Since ,,Ohio nlitochondrial sul',lractitmation experi- 
Illellls ~Aeie pcrfornled ill pho+,pllatc- 1246.351),51)q] or 
K( 'l-ctmlaimng solutions [27X.a'JSl, these comlitit)ns hc- 
ing knm~n I, release Mi-('K from tile mih~chondrial 

memt~ranes (scc II-A). it is not surprising thal Mi-('K 
v,;is stuggested tq) I~c soluble in the mitochondrial  intcr- 
t ] igl l lbl 'anc splice, t|ow'eV¢l', i l l ~,t number  of stlhsequcnl 
,dudie~, it x',as proxen, inMc;.lll, thal M i - ( 'K  is l+ound to 
lhc tmler ~urlacc of the inner mih+chondrial men]- 
l+ranc. Role,'un+c. a SlI'OII~ inhibi tor of the respiralo+' 
chain, inhihi lcd lh¢ soluhil i~ation t)l Mi -CK from mito- 
chtmdrial memhrane~ hy pht+sphate [122]. Suhfraeli: '- 
natitm sludi,:s in h~potoni~: Tri,,-l')hosphatc. hypohmic 
l ' r i , , - l l ( ' l  or ist+tonic sucrose solutions as well as x+ilh 
digimnin rexcaled lhal nlosl of tile Mi - ( 'K  remains 
m, st~.'i,tted x~ilh tl)e inner n lemhrane/matr ix  lraetion 
[3.64.104.2(18.213.-I09.411 ]. l:u,lh,:rmore+ the lacl lh i l l  
Mi- ( 'K  a¢livily ~'o,,,Id not l~e inhihit~,'d hx alra¢lylo,,ide, 
a e~mpcli l ixc inhihih~r of adenine v11.1elet~ltde Iran,,l~irt 
a~.'lO,,~, tile it l l ler lllel111~lane [213ASO] and lhal M i - ( 'K  
can be ielea,,ud h~ l~hO,,l~hal¢ oll ly from tnitoplasls, hut 
iioI f lonl inhicl mitochondria l l3tl] both dell lOllMli l le 
thai Mi - ( 'K  is lo¢;.lh.-d inside Ill,." Oilier m,'ml~rane, hui 
on the "cvh',pla~,mic" side of ille A N I .  l:inall~, cleclron 
IIIIL'I'IP,~'OI'HL;II c+xh~dlellli'.+Iry illld illlrlllllltlJli~tochcnl- 

i',Irx re~eah:d an accumulation of Mi-('K protein ahmg 
the rune, mih~chondrial meml)rane I IY3MO.3%.421. 
4%.4t~7I. 

Recent e,.kh.'nce sugg~.'sts thai Mi-( 'K ix not di',- 
I r ibu led  ill l';.IndtHll ,t)x.el the inner  m e m b r a n e ,  but  nl;.ly 
be accumtdalcd in contact sites (( 'S) hel~,.'een Ill,,: iruler 
and t)ttter n l i lochondr ia l  ill¢llll"Jrarle. (',~ are  thought  tO 
l+la.x' an inlportanI role in the miloehondrial prtldu¢lion 
of high-energy phosph;,tcs, l+,eeausc they' were found to 
increase in extent and ntmlbcr during oxidative phos- 
phtuyla, ti(m [411.SS.6X.24tI]. In suhl 'raetionalion experi- 
menlo, of rat l+lain a,nd kidllC) nlilochcqldl'ial nleln- 
branch,, Mi-('K yea,, prethmlh+;,ntly found, i11 asst~'ia- 

tiOll x~ith he~okina,,¢ I, in a fraction enriched fur ('S 
[I.5q.25h.257]. It is likel.~, thal Mi-( 'K in that l'ra¢lion 
binds ,.,MltlllillleOttsl); Ill both  ln¢lllhl 'alleS alld ix flrlllC" 
titmally coupled to the ANT in the inner and Io porin 
in Ihc outer membrane  [61] {~,~.'c I l l -( 'L These ctm¢lu- 
sirras arc corrt+bt~ratcd hy lhc folh+wing laets: (i) 411- 
5II+i of l i l t  total M i - ( 'K  in ral l+rain mitochondria was 
not rcadil~ acce.,,sihle to external subslrates and could 
only hc released from th,,." nlemhranes b.x rather high 
COllCClltratiotis Of dig i ton in  11.3Y257l. (it) Af te r  s¢lec- 
li~,e disrtll+,lion of Ihe ouler  mell'lbralle by digitonin, or 
in i~,ol,~to.I (',"G h action~,. Ki+tlig's pt+lx+anion, knox+rl to 
inhil+it tile IIiallSlltlrl O|' adenille nucleotides through 
ports 1321. inhibited Mi-( 'K aetivily hy 5ll') [i.257]. tilt) 
Ill inhibition experiments on intact or digitonin-treated 
n]itoehol~dria. 5IF; of the Mi-( 'K was not accessible to 
externally added P( ' r  and iodoaeetate, the littler sub- 
stance being knoxsn eit'iciently to inhibit purified Mi- 
( 'K. A rea,,,onahl¢ cxplanatio,1 for these findings ix that 
about half of tile h+lal Mi-( 'K ix buried hetx,.'een the 
two mitochondrial metal',rases in the ( 'S. where ports  
in lhtmghl It+ he in its cation-selective state, thus, 
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creating a miert)eomparlnlenl Ihal is fairly inaccessible 
to externally added anions [2571. 

The localization of Mi-( ' I~ wi lh in  lhe ( '~ ot inlacl 
l l l i tochondria in siltl ~,~as f i l l t i ler  eorlohoralcd b~ elec- 
tron mieroseopical inli l lunohish~c'hcnliMi) sho~m~ all 
aceumnlalion of gold parlk'les lit plat'cs v~helC inner 
and oule,  nll.'lllbranl.'s al~Proai.'h each olhi.'r I)q6,4~J6], 
and by deetron nliertlseopieal cylochcmisir~ displa)ing 
a ( 'K-dependeni Ir;.ipping i l l  slain wi lh in ('<~ of r:,i 
heari, brain, relina phohlreecph~r cells, skeletal muscle 
and kidney Dlt,-li]. Dinitrophcnol and amyial, known 
t,, reduce the numher of CS 15~i. also diminished Ihe 
proportion of Mi-('K-derived slain within ('S [411,41]. 

The ability of Mi- ( 'K to simullaneously inierae! with 
two dif lerent membranes was directly investigaied in 
all in v i lm ~yslelq generlllc'd t i) hy a inOllOlaver of Olllmr 
melllbran¢ lipid~ or ~l-iread Oilier nlt'lllhraileS, and i i i l  
by addit ion Io Ihc ~ubflhase of radioaeli~,cly-lubdlcd 
large uni lanlel lar vesicles ( l_UVsi of inner nlcnlhrl ine 
Iipids or inner illenlhranes, rcspee!ivcl~. M i - ( 'E  proved 
to he highly elf icien! in inducing dose eonl;.icls he- 
Iween the monolayer and the vesicles, lhe oetamerie 
form being more potent than Ihe dimerie one [333,D711]. 
In contrast to Mi - ( 'K ,  polyh'sines not only mediated 
contacts hetweeil I.U¥'~ :uld nlonolayer, hut in addit ion 
caused nlembriinl2 fusion helwccn ihenl, stiggesling lhal 
lhe rather large side-length of Ihe Mi-( 'K o¢laiTler is an 
esscnlial prerequisile Io avoid fusion belween lwo op- 
posing membranes. These iestlllS, however, do 11ol 
inll'lly that Mi- ( 'K is ;,in essential prerequisile lor the 
fornlalJon of nlenlblRne ¢onlaels. :~illCe (',~ were also 
l'~lund in ral li~er mihlehondria known Io be de~,;oid of 
M i - ( 'K  1~,s.24,¢ hlsiead, lhey clearly JndJcalc Ihai the 
MJ-( 'K oehimer Js ;.i slrueltlre ideally sniled for a (',~ 
IocalJz:.ilion and possJbly also for a slabilJtalion l l f  such 
¢orltaels. t!leetron nlierographs of M i - ( 'K  are fnlly in 
l ine wiih lhis inlerpretal ion, displaying two idenlical 
lop aild bol lonl laees t])r lhe oehilnerit, n-,oleeul¢ and, 
lherefore, suggesting lhal both faces have the ~,alll¢ 
potential to inleraet with nlenlbranes (see I1-('). 

Onec ii was eslablished ihal M i - ( 'K  hllerael~ ~ i lh  
miloehondrial nlembranes. Ihe biochemical nature of 
the "receptor for M i - ( 'K  bindi,~g was invesligaled. Be- 
e;.itise mosl Mi-( 'K isoenzymes Ciill be released I'roln 
lhe miloehondrial rnl2nlbranes hy ;.i variely o1 di f fe lenl  
salts in a ionic slrenglh-depcndenl nlanner (see also 
l I -Ai ,  a mainly eleclroslalic interaction of posilivel~ 
charged Mi -CK with negatively charged phospholipids 
of the inenlhranl2s was ilssumed I64.271q. ( 'ardiol ip in 
seems io he the most likely eandJdal¢, since (i) experi- 
ments on arlifieial liposomes composed of defined mix- 
tures of phospholipids demonstrated lhat Mi-CK pre- 
ferentially hinds to eardiolipin [324,36~], (ii) the bind- 
ing of Mi-CK to eardiolipin-conlaining liposomes, 
aqueous dispersions of eardiolipin, as well ;is Io heart 
and liver miloplasls was inhibited by adriamycin 

1(~4,,'43.324,33 I]. a clinicatl~ useful anlicanccr drug ~hich 
~,ii~ ntlggCslcd io spccilieally inieracl ~ i th caldiol ipin 
lslil. ( i i i l  Irc'alnlcnl of ral hear,, i l l i tochondlia with 
plioHlholipasc .,\., bul nol ~'i i l l l~ilosl~holipasc (" lu'd Io 
the release , l l  Mi  ( K .  thereforu,, also indicaling thai 
Ilk' intera,' l ion b, cri l ically dependent on ealdiol ipin 
I.~<~51. (i~) both i l lner and Otllc'r n~iillchondrial nlenl- 
blalles, bnl llOl olher ccllt l lar nlcnlhranes, conhlin ear- 
dil l l ipin 11<~7] and (vl M i - ( 'K  (scc abo\e) its well as 
cardiolipin [ Ill] are highly aeetimtllaled in (,,i~. In expcr- 
inlenls with cya',ll.)gen bromkle-digested rat hcarl Mi-  
( 'K,  only one peplide representing Ihc 25 amino-lermi- 
nal residues botlnd Io cardiolipin-conl;aining Iiposomes, 
whereby Ihis inieraeli lm wa,s alsil inhibi led by adri- 
amvein I,~21. In addition, ehenlical nlodil'ie:llJon of a r l  i- 
nine anti lysine residues of Mi - ( 'K  dlaslically rednccd 
file binding of Ihc ell/_%llle to file Uiposomc~, 'llierel'~lre, 
it ~as .~tlggesled lhal the positively cllalged iesidiies 
Alg- l t ) ,  I.ys-2{i alld itis-21 are rcspon~,ible for lhe spt.'- 
cific binding of Mi - ( 'K  Io cardiolipin I,';2.344]. I l l fach 
lhese Ihree residues are absolutely consen'ed ii lnon 7 
;.ill known Mi - ( 'K  s;equent'cs {set" I I-Fi.  Iiowe~er, il 
should be kepl ill nlind lhai file interaction of Mi - ( 'K  
with eardhll ipin might nol he as specific as originally 
lhoughl. I:ir~i. M i - ( 'K  llrovctI hi bind also hi other 
il~gaii~ely charged phospholil~ids Iik~ phosphalidyl- 
serillC or phltsl)halidylinosilol [S1.36~)] as well as l i t  
nlonoliiyers of Splt'ad mici-oxonlal illcmbralleS I.~,<tl 
known Io be vir lual ly devoid i l l  cartl iol ipin D41. i:tlr- 
Ihernlore, Iwo differenl ela:~es of M i - ( 'K  binding siles 
~',cre found on IllihlplaMs, one wi lh high and Ihe other 
wi lh Im~ aff inity I2~5,31J5]. f he  ntnllber of high-af l ini iy 
I, inding sites al~proxhnalely equalled file anlotln[ of 
Mi - ( 'K  ill heart nl i loehondria l.VlSl, hut in hl lal,  2-14- 
timex this anlolnl l  could be iebl l t ind to hearl and liver 
nlihlphisls [1~4,131,16N,324.3()5]. Therefore, eardiolipin 
may eonsli lule file Io~-aff inity binding siles. The iso- 
eleetric poinl of oehir, leric and dimerie Mi - ( 'K  may be 
a lasl argtinlell l  for a hmie i l l leracl ion ill' this isocn- 
/yme ~i th the miloehondrhll nlenlbranes 1354t. IVli-('K 
OCliHl~crs ha%e a higher imclecirk' poinl than the corrc- 
spor, ding dinlers {see I1-1)) and, as a mailer of fact, 
oclail lcrie Mi - ( 'K  \~.as found to he lhc exclusive or 
I l redonli l iani oli7omeri¢ fornl being bound hi the nlilO- 
ehondrial nlenll~r;.ules {see i11-1)). 

VVheleas ('heneval el al. l<S.~l oblahled no evidence 
fl lr penelral ion of Mi - ( 'K  into a membrane hilayer, 
monolayer e×periments with spread mitochondrial 
nlell lbrancs or rncnlbrane Iipids clearly showed an in- 
crease ill Stlrfaee pleSStlrC upon binding of ehicken 
sal'eomerie MiI,-( 'K, Stllgeslin I thai Mi-('K. i~lenelr;.ilcs 
into the hydrophohie domain, at least tinder the eXpel'i- 
i l lenlal conditions used 13f~J,37tl]. This phenonicnon 
can he ascribed to the hydrophobie ilaltire of Mi - ( 'K  
(s~e I I -A)  and is also in agret'Inenl wi lh experiments 
on Ihe exlraelion of Mi - ( 'K  from chieken heart milo- 
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plast~, x~hich x~er¢ intlicatixc tier i~ ,mall ilOilpolar el+fee! 
[b4]. Furthermore.  d¢lergeil+,, I + itl 1~ hc tl~,ed IOl + :ill 
optimal release of Mi-( 'K Irt.m rat hc,Ht 13q5}. Ilunlan 
skeletal illU,,cle [434] ~Hld ,,c,l-urchin-',pcrnl nlit~- 
chondria [4f+3,464.5 17]. 

..\s a)l aitcl]lltti+e It) cartli(flipi,+. A N I  ma~ I+c stlg- 
gestctl t(~ ilCl i:s ;i "leCel~lor" pit,loin lor MI-('K 
[37b.3SII1. since a ~arielx ol ~,tutlic~, rc~ealed a Iunc- 
tional mup lmg  be t~een  Mi ( 'K itnd ANT o1 Ihc inner 
membrane (see !11-(). Ito~vexcr. incubatkm of Mi-( 'K 
~ith ANl -eon la in ing  lipostm:es [3241 as ~cll  a~, erms- 
linking experiments I41t1+] failed st+ f;u" Io ttcnlt~llslriile 
such a relationship. In addition, electtr(+stzltie rei+ulsitm 
of tile tv+'o xcr.x basic i'PlOt¢ins ~;is l i lke i l  its tin illgtl- 
inent again,,t a tli lect inleraction hetx+een Mi- ( 'K and 
]\N'I ~ 127N]. th+x~excr, it spccilie interaction ol + certain 
tlOilliiiils <+I" both pi't+tciils fall till[ llc ruled lllll Icy tile 
lllCIC facl Ill:tl l'~oth protein~.-, hiIxe ;in t+~ci-alI po'qliXe 
charge. 

In conclusion. MI-( 'K i, prinlaril.~ ;ill;iehed to the 
Oilier M.iil;ide tel tile iniler lllilt+¢ht+lldrilil llleIlll'q;lile. 

lint. x~ithm ('N. addititmaII) interacts x~ith the outer 
nlembr, me a> ~ell. Ihmling tel MI-( 'K molecules exclu- 
reels to the o t i t c r  i l l e i l l l t r l i n c  v~iis i lc%er observed in 

',ilu. lhc inlcraclion tel Mi-('K oclanlcrs x+ith llle milo- 
ehondrial i l lC l l lb r l i l i fS  sdCi l l s  [tl he  mostly dne to till  

elcctroslatic interaction of posili~elx .:harged Mi-( 'K 
~ith neglqKcb charged phospholipid~ like cardiolipin, 
but hydropholfie interacti~ms, as well as tile existence 
t~l a speeilie i cceptor  Iproleink elii1 n,t+t )el be ruled 
out. l h e  question of ~he ther  tile release of Mi-( 'K 
Ironl the membrane,, into the hllcrnlcilll'~i-i|ne space 1~)' 
I~hosphale io'~s or other eIfector molecules is of phy~io- 
logical imporI:ulcc Ienlain~, tt) I~e ¢lucidalcd. Rt~io ct al. 
13711] recenIl.~ sho~ed that Mi-( 'K oetamers and. to a 
much lesser extent, Mi-( 'K dilners arc alqc to mediate 
COlllli¢l lorlllaliol~ J~ctx~.eCll 1'¢~O illJloeht+tldri;.d nle111- 
tmmes. Thi~ dala. lOgclller v+ilh lhc finding of lune- 
tiomd mupl ing I~el~ccn Mi- ( 'K and A N I  o l  lhc inner. 
us ~cll as p,~H-in o l  l he  t+nler  il l i lt~,ch~+lldrJill Il ielllJ~r~lllC. 
prll\l+kcd i i l lcr l l l i lhe ith.'an <il~Otll lhe ftll lCliollal in- 
~,t~helllClll t+f Mi-CK hi ('~+ iis ~i l l  l~c I.ti~cu~,scd hi Ihc 
nexl SecliOil. 

II1-(. I"tm<li+mal <Oul~lm.t~ 

Beside,, the still existing ctmtro+ersy in assigning :Ill 
exelusi,+c "buffer" or "transport lt, netion" It+ the ( ' K / P e r  
systcnl (see IV-BL the (luestitm of htlx,+ P( 'r  prt+duction 
is coupled to mitochondrial t+xMati'~e pht+sl+ht+rylation 
i,, also heavily disputed. Thereft+re. this topic x+ill be 
di,,cussed here in more detail. Already in 191 I. lhun- 
berg [4~+I] realized that additinn ol (r to a respiring 
muscle ht+nlogcnate restdts in increased t+x~gen uptake. 
In isolated respiring nfitochtmdria from cardiac and 

skcletal muscle, as well as hrain. ( ' r  together with 
catalytic anlollnlS ~+1 AI )P  or AI+I ~ :tl.~o stin'mlales c~xy- 
gc n ctmstunt~tion 13-1.122.153.213.319.377.3Y, 1.43q.48(L 
521]. This is duc to Mi-('K contimlt+usly regenerat ing 
AI)P lrom ATP. produced by initiative phmphoD, la- 
l ion. and ('r. The A I ) I  ). in turn. further stimulates 
t+x+x'geil consunlption. The Minluhitory effect is depen- 
dent on the conccnlral ion of ('r. x~'ilh ( 'r-stimulated 
respiralion approaching Ihe .~lale-3 ni le [.+4,213]. Un- 
der tile conditions described. P('r is the net product of 
~xidalhc r~hosl'~horylalion [54.213.31tJ.374.377]. Most 

imporhmlly, the Mi-('K content  o[ heart mitochondria 
is sullieien! to Iransphosphtlrylate ;tll of the ATP pro- 
du¢cd by oxidative pho.~phorylation to I ' ( ' r  at all rates 
of respiration [213.374.381.480]. 

A large number  of subsequent  studies demonstra ted 
that on one hand. Mi-('K has "privileged access" to 
A'IP.  produced in the mitochondrial  nlatrix by oxida- 
!i~e ph,,sphorxlation, o~er externally added (exlramilo- 
ehtmdrial) A I I '  and thai on the other hand. the A N T  
preferentially transports AI )P liberated by M i - ( ' K  over 
externally added ADP. In other ~mrds. M i - ( ' K  and 
oxidative phosphoR,'lation seem to be functionally cou- 
pled hl sonic ~.iiy or another. The llllijor e~idenec 
ntlppt+rliilg this vi~.-~v shall no~ bc SUillnliiri/ed: 

(a) For P('r production, tile K,, valne for A'I P ill" 
intact tnitochondria [ I It). 1211.21 h.3811.381 ] or mitophists 
[3,x4] is signifh:antly los+or when ATP is produced within 
the matrix by oxidative phosphoo, lation, than when 
ATP is added externally. Due to this decreased K,, 
value for ATP. P(+r synthesis by intact, respiring mito- 
chnndria ,  compared to rotcnone-  plus oligomyein-in- 
hihitcd nlitochtmdria with extermllly added ATP.  is 
less susceptible to product inhibition by P( ' r  [216.381]. 
In other ~mrds. at identical A'i'F ~ and ( ' r  concentra t ions  
in the surrounding medium, the rate of P( ' r  production 
is much higher when oxidalhe l~hosphor~,,h'.tion is acti- 
sated compared to when it is inhibited [375.376.381] 
and. therefore, is ~,lso much higher than calculated 
l ronl the nul+slrllte concentrations in the medium and 
the kinetie tonsil,  sis  of Mi-( 'K [375]. 

(h) Nimilmlx. AI)P produced ill the inlernlembrane 
space by Mi-('K pro~ed to be much more polCilt (Imver 
K,,, ~alue) in st imulating oxidatixe pht+sphoITlation 
than AI)P which was externally added or produced by 
hexokinase [b5.21X.__O.+_lt]. Accordingb.  much less 
atlaet .vloside/mg mitochondrial  protein was needed It+ 
suppress respirat~+ry stimulation b~ r externally added 
AI)P  than Ii+r st imulation b x ADP produced by Mi-CK 
[3211.3,":,4]. Furthermore.  the uptake of ~H-labclled ADP 
or ATP into rc'.4+iring nfitochondria was Ik+und to he 
high in tile ahsenee. I, ut much ]m~cr in the presence of 
( 'r  or P('r. respectively, thus suggesting a.~ well thai 
AI)P or A i P  produced by Mi-CK has preferential 
access to the A N T  over externall+,+ added AI )P or ATP 
[20.266.3X5I. 
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(c) Externally added ph~+,,phoenolpyru~atc (I~I-P) 
plus pyruvate kinase (F'K) ful ly suppressed rcspirahwy 
stimulation when A I )P  wits produced in the extramilo- 
chondrial compartment hy hexokinasc, hul only par- 
t ially diminished lhc sl imulalory eflccl of  A I )P  pro- 
duced in the mlcrmembrane compartment by Mi-('K 
[ 145.147.148.257,384.386]. 

(d) After short incubations of respiring rabbit heart 
mitochondria with [y-+2P]A'I+P and Cr+ the specific 
radioactivity of PCr was only 36(; that ,ff ATP [~22]. 
However. if mitochondrial respiration was uncoupled 
by carbonylcyanidc m-chlorophenyl hydrazonc or in- 
hibited by atractylosidc, the specific radioactivitics of 
PCr and ATP were the same. -l'hesc findings indicate 
that intra- and extramitochondrial ATP do not readily 
equilibrate and that Mi-CK has preferential access to 
intramitochondrial ATP. The same conclusions were 
drawn from similar labelling experiments with [y- 
32P]ATP or [~P]phosphate [I Ig-120]. 

(e) Under identical experimental conditions, intact 
rat heart mitochondria produced 2.3-times the amount 
of PCr as rat liver mitochondria containing no Mi-CK 
themselves, bul to which the same quantity of Mi-('K 
had been added externally [380]. 

(f) Whereas all experiments described so far deal 
with kinetic effects, a thermodynamic approach was 
chosen by DeFuria cl al. [98] and Saks ct al. [384.3N++] 
to shed more light on Mi-CK function. Normally. the 
mass-actkm ratio of the CK substrates, l" = 
[MgADP ][PCr-" ][H +]/[MgATP-" ][Cr], relative to 
the equilibrium constant K. determines in mhich direc- 
tion the reaction will proceed. An appn)ximation to the 
equilibrium state of the reaction is reflected by a 
diminuition of the difference between ! + and K. 
Whereas partially purified Mi-CK or Mi-CK in inhi- 
bited, non-respiring mitochondria obeyed this then so- 
dynamic law. PCr production in respiring mitochom da 
or mitoplasts still proceeded even when I" > K. 

Although some experiments described above t Jve 
been criticized and conflicting reports have bccn pre- 
sented [4.5.54.55.279]. it is now generally accepted that 
a functional coupling between Mi-('K and oxidative 
phosph~+rylation indeed exists. Two alternative expla- 
nations have mainly been proposed us ba,,is tier this 
coupling. On one hand. Mi-('K may be bound to tile 
inner membrane in done proximit~ It+, or directly as,,t~- 
ciated with the AN'i'. thus creating a microenviron- 
ment enabling efficient metabolic channelling of sub- 
strafes between the catalytic sites of Im+th enzymes 
[21). 145,218.220.266.267.3211.375.376.380 -382.384-3/47]. 
On the other hand. the outer mitochondrial membrane 
might act as a diffusion barrier tor adenine nu- 
cleotidcs, leading to concentration gradients over the 
outer membrane [3:-,.653,~g,11X.119.147.14~;.21N.220]. In 
this latter case, substratc concentrations in the sur- 

rounding medium ~.ould not rel ict!  fh~,,c c\pct ienccd 
in the inlcrmend~rane ',pace. 

Vv'h~.'rca,, ll~ll'~l (if the ill-~211111Clll,~ lll~.'lllieHICd ;lb~c 

Ia II arc Ctmlpalible ~itll btuh idca~. ~e~ctal ¢\petl- 

ment~ la~our a direct inle~acli~m bct~ccn MI-(K and 
ANI. Iqlo~pllalC and high conccnlrations ol chh,uidc 
ions are kn~,~n to release MI- ( 'K  from nlitoplanls (see 
I I -A)  and can. thcrclor¢, also bc a,,nunlcd to detach 
Mi - ( 'K  l rom the mend'wanes in intact mimchondria. 
Incubation of intact mitochondria in phosphale- ~, 
chlorith:-cont~,ining media s igni f icant l ) ra ised the K,, 
values of M i - ( 'K  lot  A I )P  and ATP [474] and drasti- 
cally reduced the functional conpling between Mi - ( 'K  
and oxidative phosphorylation [169.17(1.21~7.3N7]. sug- 
gesting thai the binding of M i - ( 'K  to the membranes 
and l~lssibly to ANT is mainly responsible tier the 
kinetic coupling. The obse~ation of functional cou- 
pling not ~mly in inlact milochondria, bul also in s i lo -  
plan, Is. suPi+orts thin vicv, [384.3~6}. l+urthermt+re, in rat 
heart mitoplasls, rabbit anti-rat M i - ( K  antibodies af- 
fected neither M i - ( 'K  nor AN'I  + activity, whereas 
chicken anti-rat M i - ( K  antib~+dicn inhibited Mi - ( 'K  
and A N T  acli',it~, as v~cll as the rate of oxidative 
pho',phot31ation, approximatel~ to the slime cXtClll 
[266.31",;2.3X5]. Rcmo,,al t~l M i - ( 'K  from the mitoplast 
membranes b~ 15(I mM K('I plw, 20 mM AI)P com- 
plctel~ abolished these inhibito o' cltceP,, thus suggest- 
ing an intimate functional and structural interaction of 
Mi -CK and A N I .  ~ i th the catalytic sites o[ both en- 
zymes lying side hy side. 

In contrast, the A N T  inhibitors atraclylosidc and 
carhoxyatractyloside had no effect on the kinetic pro- 
perties of M i - ( K  in n~m-respiring mnt+,chnndria, argu- 
ing th t the active ~ites ol Mi-CK and A N I  do not 
simpl} o~,erlap 1146.4741. Instead. the outer milochon- 
drial membrane a', it diffu,,i~m harrier It+r adenine 
nucleotndes ~a,, ',uggestcd t<~ be res~msiblc for the 
lunctional c~mpling tm the ha,,is ~tl the lol lowing exper- 
iment,,: 

(a) l.abell ing ',tudics with [~P]pho,,phate demon- 
strated that selective damage or remo,.al ot the ~mler 
mitochondrial membrane b} digi lonin aboli,,he,, the 
functional coupling betv, ecn Mi -CK and oxidative 
phosphor31ation [1t9]. Furthermore. appn+ximatelv 
equal K,,, ,,alues ol Mi-C'K for A'I+P wcrc Iound lor 
rc,,piring, digitonin-tru,,',cd mitt+ehondriaL tot atractylo- 
side-inhibited, digitonin-treatcd mitochondria, a ~, well 
us fi~r respiring intact mitochondria, whereas the corre- 
sponding value lm atractyh+side-inhibited, intact mito- 
chondria ,*an xignificantly higher. (b) Under conditions 
where 7(if; of Mi-('K ~as membrane-bound, the K,, 
,,alue of Mi-('K for ATP in respiring, as well as in 
uligomycin-inhihited mitoplasts was indistinguishable 
from the corresponding ~alue ~1 the soluble enzyme. 
while it ~as ,,ignificantl~ Iov, er in respiring and much 
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higher in oligomycin-trcaled intact mitochondria [h3]. 
(c) As already mentioned above, externally added pyru- 
vale kinase (PK) plus phosphocnolpyruvatc (Pl:P) fully 
suppressed the rcspir:llOry stimulation of Ai)P  pro- 
duecd by hcxokinasc [145.147.14S.3N61. ltowcvcr, if 
AI)P ~SalS libcra:ed either I~y nlembranc-I~ound Mi-CK 
or by the intcrmembrane space protein adcn~lalc ki- 
nasc. I)K/t)F-i ~ in both cases inhibited the rcspiratolS 
stimulation by AI)P c, nl.x partiall) and approximately to 
the sanlc extent, indicating that dillt,sion limitation by 
the outer membr:mc is more likely to bc responsible 
for |he functional coupling of Mi-CK and ANT tlu, n 
interaction of Mi-CK with the inner membrane [1481. 

Finally. menlbranc energization, alkalinizalion near 
the mitochondrial nlenlbranes, as wcll as unstirred 
layer effects were also taken into consideration to 
explain the functitmal coupling, but most of these 
possibilities ha~c been dismissed as sole explanation 
lor the observed phenomena, although in combination 
with each other they 111;i 5' play atn in lpor tant  role 
l 147. I he.21N.22(I.320.3N 1.474]. To conclude, the experi- 
ments performed so far do not ;dlow a definite answer 
to bc given on the truc ba,sis for the functional coupling 
between Mi-('K and oxidative phosl~horylalion. In fact. 
depending on the metabolic slate, one. two or all of the 
mechanisms mentioned above ma5 be operational at 
the Sallle t ime, 

However. many recent experiments argue for a third 
explanation of the functional coupling, thal of micro- 
compartment;Il ion and mctabolite chamnelling within 
the C'S. Fonr nov, ;aspects have opened the door to this 
fascinating, alternative explanation (Fig. 2). First, porin 
of the outer mitochondrial membrane was recognized 
as a voltage-dependent chunnel for polar metabolites 
and is. thcrcl\~re, also kno,.,¢n as ~oltage-dcpcndcnt 
anion-sclccli~e channel (VI)A(',~ [87]. Belmv a mem- 
brane potential of 311 inV, porin is anion-selective. 
~vhcrcas ubove 311 mV it adopts a differcn I state ~hich 
ix characterized by at Im~cr contluclancc and cation- 
sclcclivity [125.135,2ql.371]. In this latter state. ADP 
and ATP arc excluded from t:ansport by porin 
[32.33.5q.t~1]. it was assumed that ~ilhin the ( 'S bc- 
t~'*CCll the mitochondrial inner and Oilier n lcn lb rancs  
the cation-sclecti~.'c slate of potin ix induced by "capaci 
tivc coupling" to the membrane potential of the inner 
membrane. Beyond the CS, where the distance be- 
tween inner and outer membrane would bc too large to 
allov~ capacitive coupling, porin is thought to be in its 
anion-selective statc [33,61]. Second, Mi-CK was found 
to be enriched m mitochondrial ( 'S ~here its activity is 
"latent" [1,51L257] (scc also Ill-B). In other words, Mi- 
CK within thc ( 'S is not readily accessible to externall.~ 
added substrates. Furthermore. K6nig's polyanion, 
klm~'n to block porin, reversibly inhibited the activity 
of Mi-CK vdthin the CS by cessation of the adenine 
nuclcotidc diffusion through the outer mcnlbrane J2571. 

And finally. Mi-CK within the ( 'S was nei!hcr a,cecssi- 
hie to product inhibilion by the negatively charged 
.subslralc I)('r nor to irreversible inhibition by nega- 
tively charged iodoacelatc [257]. Third, struclural ana- 
lysis of Mi-CK revealed an intriguing octamcric struc- 
ture with two identical lop and bottom faces and either 
central indentations in these two faces or a channel 
throngh lhc molecule ~scc II-C). And fimrth. Mi-CK 
was found to bc able to interact simultaneously with 
t~o different membranes probably due to its identical 
top and bottom faces [37(1]. 

In the two alternative models depicted in Fig. 2, all 
of these findings were taken into account. Within the 
CS. Mi-CK is buried between the two mitochondrial 
membranes where it is functiomllly (and structurally'?) 
coupled to ANT of the inner and porin of the outer 
mitochondrial membrane. It may even be hypothesized 
that octameric  Mi-CK. te t ramer ic  A N T  [484], 
oligomeric (tetrameric?) porin [259,276] and possibly 
also tctrameric hcxokinase [5 It)] form a highly-ordered 
multi-enzyme complex allowing efficient substrate 
channelling. In the CS. Mi-CK has preferential access 
to ATP produced by oxidative phosphorylation within 
the mitochondrial matrix. According to the first model 
161.4~2] (Fig. 2A), Cr is "presented" to Mi-CK by porin 
in its cation-selective slate. Mi-CK activity liberates 
AI)P, which is preferentially and directly re-taken up 
into the matrix, as well as PCr, which as the net 
product of oxidative phosphorylation leaves the mito- 
chondria beyond the CS lhrough porin in its anion- 
selective state. This model has the disadvantage that 
newly synthesized P('r ~ould equilibrate with the sub- 
strate pools in the remaining intermembrane space 
before its export out of the mitochondrion. Accord- 
inch. tt seems unlikeb that the cytosolic phosphoryla- 
tion potential in this ,asc could be sensed by the 
mitochondria, either wimin or beyond the CS 

This problem ix circumvented by the second model 
(Fig. 2B). ANT. Mi-CK and porin form a contiguous 
channel spanning both mitochondrial membranes. PCr 
ix produced within the channel and is directly exported 
to the cstosol where it rapidly equilibrates with the 
cytosolic PCr /Cr  and ATP/ADP pools through the 
action of the cyto,,olic CK isocnzymcs which are thought 
to bc in ,t near equilibrium state [21t5,262.298.310]. PCr 
production c ,en at a high cyto~)lic phosphorylation 
potential ma~ bc accomplished by "active" expulsion of 
PCr from the channel possibb duc to electrostatic 
repulsion. On the other hand. the cytosolic phospho- 
rylation potential could bc sensed by the mitochondria 
in regions beyond the CS. Clcarly, elucidation of the 
structural and functional involvement of tvctamcric Mi- 
( 'K in the ( 'S will be an exciting task for future studies 
and may establish the c,istcnce of a multi-enzyme 
complex suited fi~r metabolic channelling [442.443]. 

Independent of both models, Mi-CK is not re- 
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stricted to the ('S. as was shown by in situ localization 
studies [3t~6,4q6,4t~7] and biochemical experiments. In 
rat brain mitochondria, only 511e~ of the total Mi-( 'K 
activity was "lalcnt" and not susceptible t() inhibition by 
PCr or iodoacctatc [I.257]. Furthcrmorc, since CS arc 
dynamic structures changing in number and extent 
depending on the metabolic state of the mitochondria 
(see ill-B), lhc prolx)rtion of Mi-CK within the CS is 
also supposed to correlate with the respiratory rate. 
Accordingly, cipher ! in Fig. 2 indicates the dynamic 
equilibrium between the two Mi-CK Iocalizations "in" 
and "beyond" the CS. Whercas it is highly likely that 
exclusively octameric Mi-CK is present in the CS 
[257,37(}], rcversibic changes in the direct to octamcr 
ratio (ciphers 2 and 4), as wcll as dissociation and 
reassociation of Mi-CK from and to the inner mem- 
brane (ciphers 3 and 5) may bc important regulatory 
paramctcrs bcyond the CS [399] (scc also Il l-D).  Usu- 
ally, dissociation of Mi-CK octamcrs into dimers is 
accompanicd by the release of Mi-CK from the mcm- 
brancs and vicc vcrsa [2%,399]. In turn, rclcasc of 

(A) 

Mi-('K from the inner n~cmhrane ma.~ abolish the 
functional coupling hclween Mi-( 'K and A N I .  the,,. 
potentially din]inishing the o~erall Mi - (K reaction rale. 
Finall.~. MI-('K dinlers. ~llen hlmnd to Ihc inne, nlem- 
brittle, re'associate l~) o c l . a n l e r s ,  a process v, h i c h  ix proh- 
ably facilitated hy lateral dilfusion of the dimcrs on the 
membrane [39q]. 

The involveanent of Mi-( 'K in a specialized structure 
like tile ( 'S ix highly indicative for at metabolic advan- 
tage ol  this location. The lacts Ihal Mi-( 'K within Ihe 
CS is "buried'. that il ix protected from inhibi t ion by 
P('r and iodoaeelate and that its activity is "latent" 
strongly suggest that CS represent a special micrt~:onl- 
partment with substratc concentrations differing froln 
those in the remaining intermembranc space, as well as 
in the cxtramit~v,:hondrial compartmcnt(s), an assump- 
tion that has bccn corroborated by experiments on 
hcxokinasc and glycerol kinasc bound to mih,:hondrial 
( 'S (Rcfs. 36,58,155,1hl; fl~r rcvicws, scc Rcfs. I,fdl,61 ). 
In liver mitoehondria, f,~r cxamplc, hcxokinasc and 
adcnylate kinasc t, sually share the same adenine nu- 
cleotidc p,,~l. However, 5 #M Ca : - .  known to increase 
the numbcr of CS. rcsultcd in metabolic separation of 
thc t~o enzymes [58]. Intercstingly. in inlact respiring 
rz.hbi! heart mitoehondria containing both hcxokinasc, 
bound within the ( 'S at the outer surface of the outer 
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Fig. 2 .~truclurc and luncti~m of  MI- ( 'K ~i thm the mih~:hondrial 
internlem|~lane ~,pace v, ith ',pecial relerenc:e t~ the contact ~.ile',. 
~ ' h b i n  ( 'S  ( , ,urr~undcd b~ a d a , h e d  hncL cxclu,,ixel'~ I~ ' tameric  
Mi- ( 'K  intcracl~, "~.ilh .%~th the inner IIM~. and the ouler mit*v,:hon- 
drial membrane ( ( )M I  and =~, th~mght to he lunctionall} coupled to 
A?'-I ol the_" inner amt 1"~lrin (P) ell the outer membrane, lk, hlv. Ihc 
contact-,. M i - ( 'K  ma~ bc dmlvric ¢lr *,.tanlerie and it rna', he either 
Nlund to tiiL- inner membr,ln~: ,Ir tree m IDle llllcTmeRlblanL" ~,paee. 

In c*mlraq h~ Mi-('K. adcnylatc kina-e (AdKI i~ not lirml} R,und t** 

the mcnlhlanc~. In l~dh m~idd~, i, *, ~chcmalicaI1} indicated thal two 

diIIercnI llliCriE,~lllpalIm~:iitx I~r (K ~ubxIIat~:,~ e~IM ~ithln and 

I~e}IIlltI the ('~. Due to thi~ nlitro-c'inIiparlnlenlatitnl. P(r pr¢~nc- 

Ii~m h) MI( K ma) ~lill pr~cL.cd c~cn al a h~gh ~'~t~*ll~c" ATP/AI)I' 

ratio ~olc thal h} Ih¢ ~ehcmaIic rcpre~enlatlon it i~ not inh:nded to 

,u~:gc,,t thai M i - ( K  ~ onl} ac'ti~.v ~i thm the ('~. |:urthcrrnorc. it 
,,hould m)l he interred that helou, the (R.  the t~,'.~, mil,v._'hondrial 
membrane*,  arc tar l r~m each *~Ihcr In tact. eh.'ctron mic'ro>copie 
anal~,~i,, o l m  ~llu mil,~,'hondr=a re~c,ded lh,lt the mil*~ehond=ial inner  
and ~tltc! mcmbr;.=nc t*'rm a 5 I;*~,crcd ' , l rncture with a v,=dth ~1 only, 
12 nm. v, herea,, a 7-1a),ered ,,truclure ~.=,uld he expected l*n I~,*~ 
,,eparated membrane,, I295I. (A)  Within ('S, l~ r in  i', in i1~, c'ati~m- 
• ,cl~:clke , l a le  and.  Iherctor~:. onl.~ p e r m e a b l e  to ( ' r .  Porin I',v.~ond 
the ( 'S  i ill it,, ;.mion-,,,det:ti~,e ' , tale and.  lhu,,, alhtv,~ dillu,,i*ln ol  
eVI-P. A I . ,  and P ( r  through the outer membrane, (HI "l-etramcr~c 
AN' [ .  ~ . ' t amcr ic  MI-UK anti (~dig~,meric) porin form a h~ghl~ orga-  
lliZed mulli-elIg)rll~: c~mplcx and lhcreb~ crcatc a mier~v, atmpartmcnl 
alhw, ing clheient '~uhqrate channelling h~tv~een the three cn/)me,,, 
l ) ( ' r  i~ l~mdu~ed within the central channel t*l tile *~.'tameric M i - ( 'K  
molecule and is dirccIl} pulled out oi the milochond~la b v clcclm- 
,,l tli~- [~.puI~i~m lhmugh the ,,upeMml'~,,ed r~Irin molecuh: F~r *,irrl 
pliciU,, l | le ,,ubuniI "b~mnd;ir~¢,,' ",~cre omitted ~rl Ihc' ~| i - ( IK I~t'lamel 

Ioc,diztad ~,llhin the ( 'S .  I-or iurther dc.-tail*,. ~.¢c tile text. 
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nlellll'ffanc to porin,  as ~3,C[I ;.Is Mi-('K. the rormaliOll O[ 

glucose 6-phosphate v, as th.'prcsscd fly creatinc at a Io'a 
ATP/AI ) I  ~ ratio, tlo;',c~.cl . glucose had nil effect till 
P('r production, indicating thai MI-('K has prcfcrenli;il 
access over nfilochondri,d hcxokinase to ATP pro- 
duccd in the malta\ [551. Accordingl.,,. cvcn within the 
('S. rapid equilit~ralion ol suhstrate concentrations tloten 
n(~l odCLIr. 

The  aSSl.llnptioll ill ;I separa te  i l l ieroct lnlp;nlnlenl  
for adenine nueleotides wilhin Ihe ('S (nee also IV-(') 
has dranla l ie  eonsequences  for total cellular  energy 
mclabolisnl. First. it nlay explahl wily tilt,, cytosolic 
A T P / A I ) P  ratio in teonsidcnd'fly Iov~ter ill liver than ill 
muscle [179.247.44(b]. Ill liver lacking Mi-CK. the inner 
mcnfl~ranc f~ottential seems to be tilt,, prinlary dt,,tcrnli- 
nant of tilt,, cytosolic ATP,/'AI)I ~ ratio. In rnnsclc, h~t)~.%~ 
excn, the functional cou ,ling of Mi-C'K and ANT within 
tilt,, ('S. the particular stff, slrate concenlrations experi- 
enced in this microcompartmcnt and tilt,, vcctorial ex- 
port of P(.'r ovt of the mil,~chondria before equilibra- 
tion with the ,,ubstratc ccp, ccntrations beyond the ('S 
Illa}' ;,llow tilt,, build-" ; 't higher A ] P / A I ) I  ~ ratio 
and therefore also o{ a : vhcr phospho~'l;.ition polen- 
lial in the Otosol. Second. tilt,, localization of Mi-CK. 
hcxokinase, gbccrol kinasc and nucleosidc diphos- 
phalc kinase within tilt,, CS [I.2.5t.q seems to bc espe- 
cially relt,,xa,lt, since all of them. due to their involve- 
ment in the regulation of the energy metabolism and /o r  
in the t,,xport of high-cncrg} phosphates out of tile 
mitochondria, inlluertec the cyto.olic phosphor.,,lalion 
potential, in contrast, adenylalc kinasc, thot:ght to 
protccl the ecll hom an accunlt, lation of ADP [4t,12]. is 
not found v.ilhin the ('S .rod is not or only partiall} 
bound to mihlchc, ndrial nlembranes. And third, micro- 
conm~,rtmenta,'ion within the ('S may account for the 
linding that mitochondrial I)('r production still pro- 
ccteds even if. on the bas is  of total  ( inlra-  and e \ t r a -  
mitochondria[) substratc concentrations, the opposite 
( 'K reaction direction in l;.,xourcd [O~,3S4.3,R6]. 

1o conclude, it is nov. largcl} accepted that func- 
tiom, I eompartnlentation ill" Mi-CK ~ithin tilt,, mito- 
chondrial intermenlbrane space in alll esst,,ntial pre- 
requisite for efficient mitochondrial P('r production. 
Ilov~cxter. it in sol }el complctel.x clear whether this 
COlllpartmclltalion is due only to gill intelact iot l  of 
Mi-CK with ANT, to diffusion limitations by the outer 
rnitochondrial membrane, to both of these eflcels, or 
to rnicro-conlpartmentation and metabolie charmelling 
within the ('S. A variety of recent studies faxour the 
latter hypothesis. ('onsequently. in am tlcscriplion or 
mathcnmtieal modelling of miloehondrial P('r produc- 
tion ill p:,rticuhtr and of total cellular cncrg.x 
metabolisnl ill general, the partietflar substrate concen- 
trations experienced in the CS. together with the fact 
lhat the subsmtte eoneentr,ttions ~ithin tilt,, ('S are not 
in cqtfilibrlt,m with lhose o1 the c.xtosol. I'ulvc to be 

taken into account. The ~,a ,,e holds trtie for the intcr- 
pretalion of in vivo q P-NMR mcast, remcnts. 

HI.l). Dynamic regtdation ~1" tlw oc/amer to darner ratio 

Before anything ~a.~ known about the molecular size 
of Mi-('K. two distinct cathodically migrating hands 
with Mi - ( 'K  activity were often observed using cellu- 
lose-acetate, aganose- and acrylamide gcl-electrophore- 
s;" atl pH 8.0-8.8 [166.222.268.374.502]. These two 
bands were readily intcrconvertiblc, therefore indicat- 
ing that they were not due to different Mi-CK isocn- 
zymes 1166]. Instead. they could be assigned to two 
distinct oligomeric forms of the same imenzyme 
[1(HLI67.5(14]. The banu moving fitster to the cathode 
eorresponds to oetamerie Mi-CK with a M, of approx. 
35()11(t(I. and tilt,, more slowly migrating band represents 
dimeric Mi-('K with a M, of approx. 85 (100 
[231.20t~.516]. The existence of two different, readily 
mterconvertible oligomcrie forms was subsequently 
corroborated by several teehniques (see II-B). in only 
t~o expmiments, ae~'lamide gel-clectrophoresis [HI(l] 
and isoeleetric focussing of bovine heart Mi-CK [282]. 
additional Mi-('K bands were observed which were 
interpreted as letrameric, hexameric and/or  aggre- 
gated Mi-CK. However, in the light of the uncertainties 
inherent in the methods employed and the overwhelm- 
ing body of evidence demonstrating no intermediate 
fi~rms between dimers and oetamers, these findings 
have to bc seriously qucstiont,,d. 

Once it was realized that the two distinct oligomcric 
fo"ms of Mi-CK might be of physiological importance, 
sevt,,ral groups searched for factors influencing the 
dimer to octamer latio in vitro. This ratio is not influ- 
encted by tilt,, temperature (5-21)°C) and the nature of 
lilt.' monovalent anions (chloride. nitrate or acetate) or 
cations (Na or K ' )  in the buffer used at ionic 
strength:; bct~ecn I).(12 and tl.25 M [281).281]. In con- 
trast, it is strongly dependent on the Mi-CK eoncentra- 
lion 0tscll. l 'hc proportion of octamcrs rises as the 
Mi-CK concentration is increased [26.101LI23.1f~6.167. 
287.3t~6.3~7.516]. The dimcr to octamcr ratio also de- 
pends on tilt,, pH ~aluc of the medium, with diss~mia- 
lion into darners being m~:rc pronounced at alkaline pH 
wdutes [2811-282.206.39t~.4S3]. Furthermore. partial or 
complete dissociation of octamcrs into dimcrs can be 
achieved by exceedingly high concentrations of 2-mer- 
captoethanol [1(R1.166.167.448.502.504]. freezing and 
thawing [281.3t)6]. low ionic strength conditions [281. 
2S2]. I M KCI [20~q. p-hydroxymercuribcnzoate (Wyss. 
M. and Wallimann. T.. unpublished datal and ! - 8  M 
urea [2~.123.156.231.2t.~6.403]. The mode of action of 
2-mcrcaptcethanol is unclear, sinec several weak and 
strong oxidizing agents did not reverse its effect [502]. 
Upon incubation of Mi-CK ~.'tamcrs with urea, darners 
aue first formed and only on a much slower time-scale. 
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or at higher urea concentrations, monomers also) ap- 
pear [26.4(13]. indicating that the intcrsubunit interac- 
tions arc much stronger within a direct than between 
adjacent dimers within an octamcr (scc also II-C). 

Single CK :;ubstrate,~ and "unproductive" substratc 
combinations on one hand were reported not to influ- 
ence the dimer to octamcr ratio [2811.281.296.396,483]. 
On the other har~d, 4 mM MgADP or MgATP led to 
partial dissociation of octameric chicken ubiquitous 
Mi,,-CK into dimers [398], suggesting that the stability 
of octamers differs between Mi-CK i~enzymes,  in 
contrast, equilibrium substrate combinations (MgADP 
+ MgATP -~ Cr + Per )  and formation of a transition- 
state-analogue complex of Mi-CK (Mi-CK + MgADP 
+ Cr + nitrate) in all instances resulted in fast dissoci- 
ation of the octamers [280-282,287.296,396.399,483. 
516]. However, even in the presence of MgADP. Cr 
and nitrate, the direct to octamer ratio still depended 
on the Mi-CK concentration, but at any given concen- 
tration, the proportion of octamers was lower than in 
the absence of substratcs [516]. At last. Lipskaya and 
co-workers [28(1,281] concluded from a limited sct of 
data that at physiological concentrations of ATP and 
ADP, the dimer to octamer ratio of bo~;ine heart and 
pigeon breast muscle Mi-CK correlates with the 
C r / P C r  ratio. This finding may be explained by the 
fact that with changes in the C r / P C r  ratio, the proba- 
bility that Mi-CK simultaneously binds two comple- 
mentary substrates (ADP + PCr or ATP + Cr) also 
varies. Suaultaneous binding of two complementary 
substrates in its turn is expected to have the same 
effect as formation of a transition-state-analogue com- 
plex of Mi-CK, namely to dissociate octamers into 
dimers. 

As far as the kinetic aspect is concerned, the new 
equilibrium state between dimers and octamers after 
formation of a transition-state-analogue complex of 
Mi-CK is already reached viler 15 min [296.3'96.483]. 
whereas it is approached vex3 slowly in the absence of 
substrates [281,396]. Such a time-scale (minutes) is 
clearly sufficient to envisage a physiological role for the 
di~7,cr ~o oc~am,.'r intcrconversions of Mi-CK (see liI-C. 
and Fig. 2). Compared to all these findings. ,,irtually no 
factors stabilizing octamers are known, p-Aminobenz- 
amidine was reported to inhibit octamer dissociation 
induced by formation of a transition state-analogue 
complex of Mi-CK [296]. Furthermore. p-aminobenz- 
amidine, as well as benzamidinc, rcsult in partial reas- 
sociation of dimers into octamers [3'96]. Finally. inor- 
ganic phosphate leads to an increased proportion of 
octamers as well, but only in the presence of CK 
substrates [280]. 

Nov,, that in vitro ~ m e  factors influencing the direct 
to octamer ratio are known, the questions of whether 
changes in the oligomeric state of Mi-CK also occur in 
vivo and if they have any physiological bearing have yet 

to he answered. Radiation inactivation [353.4~3] and 
cross-linking experiments [284] revealed that the Mi-( 'K 
octamer very likel,, is the ,ml~ oligomeric form I~ound 
to intact bovine and rabbit heart nlitochondri,,. lhi~ 
was further corroborated with antibodies against puri- 
fied pig- and rabbit-heart Mi-CK which allowed the 
discrimination bctv,'een dimeric and ocu, merie Mi-( 'K 
1355.4~3]. In extraction experiments, the xasl majorit~ 
of Mi-CK was released from ~he mitochondrial mem- 
branes in its octamerie fl)rm, independent of the re- 
leasing agent used 1284.296.3'99.483]. Dissociati,m into 
dimers, if it happened, only occurred in solution and 
on a slower time-scale than the release of Mi-CK from 
the membranes. Whereas exclusively octameric Mi-CK 
could be rebound to pig- and rabbit-heart mitoplasts 
[296.483]. both dimers and oc~amers rebound to 
chicken-heart mitoplasts [399] The rebinding of both 
oligomeric forms was stl-ongly pH-dependcnt  and 
sharply decreased betv,ecn pH 7.5 and g.l for dimcric 
Mi-CK. hut only above pH g.I for octameric Mi-CK. 
Therefore. Mi-CK octamcrs rebound preferentially 
twer dimers to mitoplasts at intermediate pH values 
around 8.1t. Since octamcrs hart. a higher i.,~clcctric 
point than dimers (scc II-D). and since the interaction 
of Mi-CK with membranes seems to bc mostly ionic in 
nature {see Ill-B). octamcric rather than di.~acric Mi- 
CK is indeed expected to bind more strongly to nega- 
tively charged groups of the membranes [354.399]. Fi- 
nally. Mi-CK dimers, once bound to the mitochondrial 
membranes, partially reassociatc into octamers [3'99]. 
thus emphasizing that octamcric Mi-CK may 13c 
favoured even more so under in vivo conditions. 

The above findings were further extended by differ- 
cntial digitonin extraction of Mi-CK from rat brain 
mitochondria [257]. Mostl} octamcric Mi-CK ~as pre- 
sent in intact mitochondria, and dimcric Mi-CK could 
be released from the membranes more easily than 
~:tamcric. Most importantly, cxclusiveb octamcrie Mi- 
CK seems to bc enriched in CS be taecn  mitochondrial 
inner and outer membranes where it is thought to play 
an essential role in mitochondrial Pe r  production (scc 
Ill-C). Octamers. in contrast to directs, appear to bc 
ideally suited flJr a CS localization. Duc to their identi- 
cal top and bottom faces, they can simultaneousb 
interact ~ith tv,o opl~sing membrane~, as v,a~, dircctb 
shov,n in in vitro experiments v,herc ~ctamcric prosed 
to be much more potent than dimeric Mi-CK in induc- 
ing clt~e contacts between a spread mcmbrav~c monc- 
layer and large unilamellar membrane scsiclc~ [3711]. 
To conclude, the octameric form of Mi-CK seems to be 
an indi.spcnsable prerequisite for the efficient func- 
tional coupling between Mi-CK and oxidative phospho- 
x3'lation {.~e a l ~  III-CJ. 

The existence and physiological importance of 
dimeric Mi-CK in vivo may be questioned b.v the tact 
that the Mi-CK concentration in the intermcmbrane 
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,,pace ,~v:e, c,,timatcd to be in the range of 3.5-17.2 
mg/ml [2Nlt.3q6]. AI the',e same concentrations in vitro. 
Mi-('K is predominantl~ octamcr;c, e~cn under condi- 
tiom, 111oM ',tvongl~ fa'~ouriP, g tlissociati~m into tlimcr~,. 
nan lc ly  forlllaliOll o f  it lr;JnsllJolI-Malc-,anilh~gut.' conl -  

plcx [51(~]. Tht~',. one i,, into itabl.~ led to the tlUCSlion of 
~hcthcr dimcric Mi-CK represents only a test-tube 
• artifact" or nol. l h c  po,,sibilit.,, of ils involvement in 
the regulation of mitochondrial energy mctab~lism 
~,hottltt. Ilo~Vcxcr. not yet be dismissed, since (i) intcra,:- 
lion of Mi-('K octamcrs and dimcrs with n~ilochondrial 
nlCl l lbrancs ,  its ~cll as the oclamcr to dimcr ratio arc 
~,ensitive to physiologically imporliull piu'imlctcrs like 
pll and the concentration of Mi-('K substratcs; (ii) a 
~mall. but significant fraction of Mi-('K is always re- 
leased m its dimcric form from intact mitochondria" 
and (iii) Mi-('K i,,oen/ynlcN lronl different species and 
tissues form octamers varying in stability. E.g.. pig 
heart and chicken ubiquitous Mi-('K dissocia~.c mucl'l 
more readily into ttimers than rablqt-hcart and chicken 
slucomcric M i-('K, rcspcclhcl.~ [2Yf~.3t~7.4S3.511~]. 

Ahcrnati~cl}. different c~mlormations of Mi-('K 
rather than tyro oligomcric l~r,m, may be envisaged its 
a decisive factor liar the regulation of mitochondrial 
encug.~ mctaholisnl. Changes in the octinllcr to dimcr 
ratio may ~,impl3 rot]cot changes in conformation, with 
t~CtillllCrs bCl.lg nlOlC s tab le  in o n e  conforn l i l t i cm rather 
than tht .~thcr(s) [281.2t~6.398]. This view is supported 
by a ~arict~ ff experiments (fluorescence- and EPR 
~pcctrt)scopy. inhihition and c~'stallization experi- 
ments, etc). suggesting that CK isoenzymes undergo 
confl~rmational changes upon substratc binding [3q. 
23S.4115.5116]. Furthermore. conformational changcs 
might also exphdrl %vhy the effects of some agents on 
the diuncr to oclamcr ratio and on t h e  release of 
Mi-('K from the mitochondrial membranes parallel 
each other, in fact. MgADP. formation of a transition- 
state-analogue complex, high chloride concentration,,. 
its v, ell its p-hydroxymercuribenzoatc, all efficiently 
relca,,c Mi-CK from the inner mitochondrial mem- 
brane 'rod. in addition, dissociate octamcrs into directs 
(Refs. 281.29t'~ and W vss. M.. Schlegcl. J. and ~:alli- 
mann. T.. unpublished data) (see also II-A). ttowcvcr. 
this parallelism may not bc that strict, since in the case 
of rabbit-heart Mi-CK. i;-aminobenzamidinc only in- 
hibited the dissociation of Mi-CK octamers into dimcrs. 
but not its release lrom the mitochondrial membranes 
[>~,1. 

In dimeric bovine heart Mi-CK. the "essential" sul- 
phydD'l groups of both subunits react readily and with 
the slime rate with alkylating agents [ 123]. Additionally. 
both subtmits of rabbit MM-CK bind substrates [124]. 
Conversely, only half of the subunits of octameric 
bovine heart Mi-CK bind substratcs and arc readily 
accessible to sulphydryl-group reagents [123,12-] 
Clearly, also in this case, conformational changes may 

be the underlying basis for the observed phenomena. 
Finally. bminc heart Mi-('K octamcrs wcrc found to 

haxe a more than 2-fold higher specific enzymatic 
,ctivity than dimcrs [123]. whereas others obscrvcd no 
sienificant difference in this parameter for dimcric and 
octamcric chicken- and bovine-heart Mi-('K [l()(L3t)6]. 
To conclude, the question of whether changes in the 
dimer to o,:t'mler ratio or simply in the conformation 
of Mi-CK ,t:c essential for the regulation of mitochon- 
drial oxidative phosphorylation and PCr production 
deserves full attention in the future. Recombinant 
techniques arc likely to bc a powerful tool for the 
direct comparison of p~opcrtics between native (oc- 
tamcric) Mi-CK and dimcric cytosolic CK, to which by 
genetic engineering a mitochondrial target pcptidc is 
attached, thus allowing its import into the intermcm- 
bl';.l nc  s p a c e .  

II1-1-. l)eveh~lnm'ntal changes 

Studies on the developmental changes of  the CK 
isocntymc system were condu~.led mainly with hearl- 
and skeletal muscle, as well as with brain and retina of 
a variety of species, including man [ I 8,1(17.108,115,165, 
10tL200.2t;2.335,435,455,4t, l¢~.511(l,531)], in all cases, these 
studies revealed a complex pauern of isocnzymes ap- 
pearing and disappearing during tt,wch)pmcntal matu- 
ration [345]. Total CK activity considcrably increases 
during the last stages of fetal development of cardiac 
and skclctal muscle of mouse, rat. rabbit, sheep and 
man [199,21)1),202..135]. Whereas total CK activity con- 
tinucs to rise postnatally in the mammalian heart [18, 
1117.1118. I tit).335,473], the spccific CK activity was either 
Ibund to increase [1117.10g,473] or to remain constant 
[It)2]. During postnatal brain-development, total CK 
activity increases markedly at a time when a greater 
coordination of complex nervous activity is becoming 
apparent. Furthermore. the similar developmental pat- 
terns of CK and hcxokinasc suggcst that CK is involved 
in the overall coordination t)l" energy metabolism and 
ncurotransmission in the fufly active aduh brain 
[53.3351. 

Thc CK isocnzymc distribution is both tissuc-dcpcn- 
dent and developmental-stage-specific. In mammalian 
brain, as wcll as in hcart and brain of birds, BB-CK is 
the major CK isocnzyme at all stages of development. 
In contrast, in skeletal muscle of birds and mammals as 
wcll as in mammalian myocardium, a developmental 
transition from B-CK to M-CK mRNA and, thcreforc. 
also from BB-CK ~wcr MB-CK to MM-CK protein 
dimcrs takcs placc prenatally [115,292.466]. in mouse 
heart, the transition from BB-CK to MM-CK happens 
during thc last trimester of fetal devclopment, whereas 
after birth, comparatively small changes in the propor- 
tion of the cytosolic CK isoenzymes are observed 
[165,199]. In human skeletal muscle, the BB- to MM-CK 



13~ 

transiti,m takes place around week 8 of fetal develop- 
mcnl, in contrast to human heart where MM-CK pre- 
dominates from the earliest stage examined omvard. 
i.e.. 4{ weeks of enrbryonic development [500]. Simi- 
larly, tile developmental transition from B-CK to M-CK 
expression occurs earlier in heart compared to skeletal 
muscle of the rat [466]. Finally. stage-dependent re- 
gional differences in the expression of cytosolie CK 
isoenzymes were ohse~'ed in the prenatal development 
of the rat heart [176]. For example, MM-CK was first 
observed in the outflow tract and the trabccula-" of the 
right ventricle at embryonic days 12-14 and only at 
later developmental stages in other parts of the heart. 

As far as Mi-CK is concerned, developmental stu- 
dies stress its importance for energy metabolism, in all 
tissues and species examined, the Mi-CK isoenzymes 
are accumulated at later stages than M- and B-CK. 
indicating that cytosolic and Mi-CK isoenzymes are 
subject to different regula tor '  programs [105.202,345]. 
In contrast, M- and Mi-CK mRNA were coordinately 
induced during differentiation of mouse muscle cells in 
culture [163]. 

In myocardial tissue of aitricious animals like mouse. 
rat, rabbit and chicken, very, low amounts of Mi-CK 
and Mi-CK mRNA are found befi~re birth [165.192. 
195,199,335,418]. Cardiac Mi-CK activity rises sharply 
between 6 and 25 days of neonatal life in the nrouse 
[165,199]. up to about 3 -9  weeks of age in the rat 
[107,108.199.2112,418] and between about I and 211 days 
in the rabbit [192.5111], thereby reaching adult values. 
However, during these periods of time, no changes in a 
variety of mitoehondrial parameters (e.g., mitochon- 
drial ATPase activity) were observed [107.108]. in ~.a~:- 
trast to these altricious animals, Mi-CK is already 
present in fetal heart a n d / o r  skeletal muscle of preco- 
cious animals such as sheep and guinea pig. but aston- 
ishingly also in man [199.211(k435,479]. and accumula- 
tion of Mi-CK to the adult concentrations occurs mostl} 
before birth. In quadriccps muscle of prcterm-born 
infants, for exarlple. Mi-CK activity, as well as protein 
content, increa,~ed significantly with gestational age 
[435]. Adult coqcentrations of Mi-CK were reached 
soon after birth in both sheep and man. 

Most interestingly. Mi-CK in cardiac muscle appears 
at a time when. ,during postnatal development, incor- 
poration of MM CK into the myofibrillar M-band of 
the mammalian heart muscles begins [71,72,192]. Dur- 
ing the same period of time, a general maturation of 
the heart muscle towards its full contractile potential 
takes place [18,192,194]. The c ~ r d i n a t e  postnatal ap- 
pearance of Mi-CK on the PCr production side and of 
M-line-bound MM-CK on the PCr consumption side of 
the PCr "circuit" emphasizes the need for a functional 
coupling of the two systems for optimal muscle func- 
tion [492]. In addition, the developmental accumula- 
tion of "total Cr" (Cr + PCr) in the mouse, rat and 

possibly also sheep heart occurs in two consecutive 
steps [lg0]. First, total ( ' r  concentration increases pre- 
natally, almost in parallel with the accumulation of 
MM-('K, thereby reaching a plateau which is main- 
lained for a curtain period of time. Then. a further 
scvcral-lold increase in total Cr pool ~ize parallels tire 
accumulation of Mi-( 'K. indicating that the two pro- 
cesses are linked in some way. This assumptkm is fully 
in line with experiments on cell cultures derived from 
neonatal rat hearts showing that addition of 20 mM Cr 
to the culture ;nediunr stimulates the synthesis of Mi- 
CK [418.473]. Besides, the relative proportion of Mi-CK 
increases with age in culture and with age of animal 
from which the culture is derived. 

In chicken-leg muscle, but not in chicken heart. 
amounts of Mi-CK mRNA similar to those in adult 
heart were already fl~und at ¢,nb~'onic day 19 [195]. In 
rat brain. Mi-CK is undeteetablc at birth and increases 
also postnatally to the adult proportion of 15c; " of total 
CK activity [335]. in chicken retina. BB-CK content 
was high in late stages of embryonic development, 
decreased slightly around hatchihg and remained high 
during adulthood [496]. Mi-CK oqltent,  however, was 
low during development in ovo, rose just befl~re hatch- 
ing, at a time when visual functions have to become 
operational it] autophagous birds to enable then] to 
find fi~od, and remained high throughout the lk~llowing 
developmental periods. Mi-CK was accumulated pre- 
dominantly will]in the ellipsoid portion of the inner 
photorcceptor cell segments [4911]. 

~ P-NMR measurements were performed to test the 
functional consequences of the development of the CK 
syst,, n. In neonatal rat brain lacking Mi-CK. isehemia 
led to an almost parallel decrease in the concentrations 
¢," ATP and PCr [335]. in the adult brain, however, first 
PCr and. after a delay. ATP concentration also de- 
creased, indicating that Mi-CK might bc essential for 
efficient rephosphorylation of ADP. This conclusion is 
corroborated by the finding that the capacity of the 
rodent brain to modulate the rates of glycolysis and 
tissue respiratkm in response to sudden changes in 
energy demand increases in the narrow time-window 
between days 12 and 15 of postnatal development 
when also the CK-catalysed reaction rate increases 
[103]. To monitor the developmental changes of fluxes 
through the CK reaction. 3, P-NMR saturation transfer 
experiments were performed with hearts of 3-18-day- 
old neonatal rabbits at different Icve;s of cardiac per- 
formancc [300.346]. Parallel biochemical experiments 
demonstrated that during this developmental period 
total CK activity and adenine nucleotide pool size in 
the heart remained constant, the proportions of MM- 
CK and Mi-CK. as well as the Cr pool size increased 
(see also Ref. 1901 and the proportions of MB-CK and 
BB-CK decreased [346]. The 3, P-NMR measurements 
revealed that the CK reaction flux in the direction of 
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ATP production was positixcly correlated ~silh the 
relative proportion of Mi-('K. with the ( 'r  pool size and 
with cardiac perlku-mancc [3(1(1.346]. Furthermore. the 
fluxes in both directions of tile ('K reaction were 
identical under all conttilions tested [300]. 

In conclusion, the expression of the four known ( 'K 
,,ubunit isoforms is differentially rcgn,latcd during de- 
velopment on the transcriptional and possibly also on 
the translational level. The reasons for these develop- 
menial changes and the functions of the different 
isocnzynles ,hi the ~arious stages of development are 
not frilly understood, tiowever, the transition in muscle 
from B- to M-CK has to do with the isoenzyme-spceific 
~,ubcellular localization of CK isocnzymes. In sharp 
contrast to MB- or BB-CK. homodimerie MM-CK is 
capable of bimting to the m.~ofibrillar M-band where it 
fulfils its specialized function as an intramyofibrillar 
ATP regenerator and as a Mruclural component of the 
M-band [4S8]. Thc Icvcl of cxprcssion of M- as ~vcll as 
as Mi-CK strongly depends on the physiological re- 
quJremcnts and is. therefore, developmental-stage- 
specific. In addJthm, maturathm of the CK system 
differs quite dramatically bel~veen ~ ,ricious and preco- 
CiOtls anli l l lalS. 

Since Mi-CK appcars onh af ler birth in a vltriety of  
small animals, it seems not to be essential for litc per 
se or for basic muscle function at at low workload. 
Strikingly, however, the flux through the ( 'K reaction, 
the mechanical performance of the heart, the fraction 
of M-line-bound M-CK. as well as the proportion of 
Mi-('K increase concomitantly, in spite of a constant 
total ('K activity [102,346]. These latter results strongly 
suggest tha! Mi-('K is crucial for cne[gy supply ant high 
workloads x~here AI)P difttnsion may become a limiting 
factor [525]. 

III-F. Ad~qnire chan~c.s 

Two main primary functions were ascribed to the 
( ' K / P ( ' r  system (see IV-BL First. it is involved in 
buffering of ATP and especially ADP during abrupt 
changes in workload. ~sith this function certainly being 
most crucial for fasl-twitch skeletal muscles. Second. 
111,,2 ( 'K /PCr  system is involved in the transport of 
high-energy phosphates lrom sites of ATP production 
(rnitochondria, glycolysis) to sites of ATP consumption. 
This function is more pronounced in "endurance" ,is- 
sues like m.~ocardium and slow-twitch skeletal muscles 
and, in contrast to the "buffer" function, is thought to 
be facilitated by the presence of Mi-CK. 

In accordance with these ideas, training for long-dis- 
tance running and even a marathon race itself in- 
creased the proportion of Mi-CK relative to total CK 
actixit~ in human gastrocnemius muscle, with the in- 
crease being larger in female than in male runners [9]. 
Total CK activity, however, remained unchanged. In 

addition, activity and relative proportion of Mi-CK 
~ere found to increase almost linearly with the dura- 
tion of chronic stimulation of fast-twitch rabbit muscle 
(type I1. white fibers)[4()()], whereas they decreased in 
human quadriceps femoris muscle during 6 weeks of 
leg immobilization after knee surge~ [224]. In contrast 
tn these results, endurance training was reported not 
to influence total activity and relative proportion of 
Mi-CK in rat gastroenemius muscle [342]. 

In most instances, the changes in Mi-CK activity 
were either directly paralleled or even surpassed by 
changes in the mitochondrial protein content or in the 
activities of mitoehondrial marker enzymes like citrate 
synthase [224.4(X)]. Incidentally. chronic stimulation of 
fast-twitch rabbit muscle was found to increase the 
activities of citric acid cycle enzymes, as well as of total 
mitoehondrial volume [361]. Furthermore. several 
mitoehondrial enzymes were shown to increase after 
exercise [358]. Finally. Mi-CK, as well as MB-CK activ- 
ity w,_re found to bc positively correlated with the 
oxidative capacity of a muscle [457,45q]. All these find- 
ings strongly indicate that the changes in Mi-CK activ- 
ity induced by training or chronic stimulation are not 
specific events, but are due to general changes in 
mitoehondrial content, thus, reflecting a transition from 
a more glycolytic to a more oxidative, fatigue-resistant 
energy metabolism. 

In vivo and in vitro, ischemia affects a variety of 
functional as well as structural properties of heart and 
skeletal n.~,.s,:les, some being revcrsiblc and others not 
(sec for instance Ref. 388). in rabbit heart, for exam- 
ple, tota! isehemia restflted in a progressive loss of 
Mi-CK activity, which was closely paralleled by a de- 
dine in left ventrieular pressure [43.215,462]. Within 60 
rain of ischemia, the ratio of Mi-CK to mitochondrial 
malate dehydmgenase decreased by more than 7()C/r, 
indicating that the loss is not due to a general decrease 
in mitochondrial content, but to a specific release or 
selective inactivation of Mi-CK. In addition, the func- 
tional coupling between Mi-CK and ANT was de- 
pressed [462] and Mi-CK was detected in blood aftcr 
ischcmia (see Ill-G). Inorganic phosphate was sug- 
gested lo cause a selective rclease of Mi-CK from the 
inner milochondrial membrane [462]. During pro- 
longed, severe ischemia, intracellular [P,] may ap- 
proach 50 mM [260], a concentratkm that is ip the 
range used for in vitro solubilization of Mi-CK from 
thc mitochondrial inner membrane [169]. However, 
since the loss of Mi-CK appeared to be irreversible 
and. since Mi-CK could not be detected in the post- 
isehemic supernatant. Bittl et al. [43] concluded that 
Mi-CK is not just released from the mitochondrial  
inner membrane, but is irrcvcrsibly inactivated during 
ischemia. Again in contrast to these results, Saks et al. 
[388] in ischemic rat hearts found only a transient, 
reversible decrease in Cr-stimulated respiration and. 



141 

thus, in Mi-CK activity. In addition, cvcn though vcn- 
tricular performance and melabolite contents of iso- 
lated perfuscd rail hearts were permanently depressed, 
a variety of respiratory paramelers  proved to be highly 
tolerant to ischcmia, rims suggesting that, at least un- 
der the experimental conditions used, mitochondrial 
injury is not a major component of ischemic damage 
[388]. Clearly. more experiments are needed to unravel 
the appa, rent discrepancies. 

Compared to heart muscle, more pronounced mito- 
chondrial changes were noticed in ischemic skeletal 
muscles [172]. For example, ischcmia resulted in the 
appearance of giant mitochondria containing paracrys- 
talline inclusions. These intramitochondrial inclusions 
had the appearance either of accumulations of finely 
granular material distending the intracristae space, or 
of plate-like structures sandwiched between the outer 
and the inner milochondrial membranes or between 
two leaflets of the inner membrane. The inclusions 
were suggested to derive from aggregation of enzymes 
present in the intcrmcmbranc space of muscle mito- 
chondria, such as Mi-CK (scc below). 

To evaluate whether or not Cr is essential for nor- 
mall muscle function and structure, animal models have 
bccn developed to test the effect of Cr depletion. An 
almost complete Cr depiction can bc achieved by feed- 
ing animals with Cr analogues like cyclocreatine (cCr: 
l-carboxymethyl-2-iminoimidazolidinc ) [513], /3-guani- 
dinobutyric acid (GBA) [269] and ~-guanidino- 
propionic acid (GPA) [127]. which act as competitive 
inhibitors of Cr uptake into the cell and are in general 
poor substratcs for the CK isocnzymcs [6.129], Instead 
of PCr. large amounts of phosphorylatcd cCr (PcCr} 
and GPA (GPAP) arc accumulated inside the cells. In 
contrast, GBA is not phosphorylatcd by the CK isocn- 
zymcs [531]. As a result of Cr depiction, important 
biochemical, functional, as well as morphological alter- 
ations occur, as will bc discussed now in more detail. 

The effects of cCr on brain, heart and skeletal 
muscle metabolism wcrc mainly investigated in relation 
to ischcmia [7,366,469,470,513]. Most importantly and 
also very surprisingly. ATP levels during total ischcmia 
wcrc Ikmnd to bc sustained substantially longer in 
several tissues of cCr-fcd animals as compared to con- 
trols [366,469,4711]. cvcn though the I,;, .... value of CK 
with PcCr as substrate is about 16[}-fold lower than 
that with PCr [6]. Upon cCr-fecding, delayed ATP 
depiction was observed for mouse brain [513], as well 
as for chicken breast-muscle [470]. chicken heart [469] 
and rat heart [36~]. these muscles displaying a rela- 
tively homogeneous fiber population. On the other 
hand, mixed-fiber leg-muscles of cCr-fcd mice [7] or 
chicken [471t] for unknown reasons did not exhibit a 
directly measurable ATP-sustaining activity during is- 
chcmia. The capacity of dietary cCr to sustain [ATP] 
may be attributed to the unique thermodynamic pro- 

perties of the accumulated Pc('r. Because its free en- 
ergy oi hydrolysis is roughly 2 kcal /mol  lower than that 
of PCr [6]. PcCr may continue to buffer the adeniue 
nucleotide concentrations a;ld to transporl high-energy 
phospllates throughout the muscle fibers even ;.it cy- 
tosolic pH vahies and phosphowlation potentials well 
below the range where the C K / P C r  system can func- 
tion effectively. In contrast to cCr, homoeyclocrcatinc 
and GPA feeding did not delay ATP depletion 
[36~>,4691. 

GPA-fcd animals also seem a suitable model to 
study the consequences of Cr depletion, although the 
possibility that GPA or GPAP arc toxic for muscle has 
to be considered [349]. GPA feeding results in a variety 
of adaptive changes similar to those observed in transi- 
lions from a more glycolytic to a more oxidative energy 
metabolism, as occurs fl~r example during endurance 
training (see above). In rat skeletal muscle, GPA feed- 
ing decreased the concentrations of total Cr. PCr and 
ATP by up to 75, 9{I and 5,,5;. respectively [127,154, 
313,422,427,428]. whereas [Pi] remained unchanged 
[428]. The glycogen content, as well as the activities of 
aerobic enzymes, such as ciu:ile synthase. 2-oxogluta- 
rate dehydrogenase and 2-hydroxyacyI-CoA dchydro- 
genasc were found to bc increased in all fast-twitch 
(plantaris and gastrocncmiusl muscle regions except 
the superficial gastrocnemius, but not in the slow-twitch 
soleus muscle [427]. In contrast, the activities of CK, 
phosphofructokinase and glycogen phosphorylase de- 
creased in all skeletal muscle regions, except the deep 
gaslrocncmius [427]. As far as contractile character- 
istics are conccrncd, planlaris muscles of GPA-fed 
animals exhibited no abnormalities, except for a slight 
decrease in initial strength [349]. Surprisingly, the en- 
durance of soleus muscle was prolonged. !n addition, 
thc isometric twitch characteristics in this latter muscle 
~ere  altered and the maximum velocity of shortening 
was decreased [346]. 

q P-NMR experiments revealed that in resting gas- 
trocnemius muscle of GPA-fed rats. the flux through 
the CK reaction is reduced in the directkm of ATP 
synthesis [424] and that there is no measurable phos- 
phate-exchange between GPAP and ATP [313]. In 
addition, the rate of GPAP hydrolysis in stimulated 
GPAP-loaded muscle was much less than that of PCr 
in control muscles [313]. lntraccllular pH decreased 
more rapidly during stimulation and recovered more 
rapidly afterwards in GPAP-loaded muscles compared 
with controls. However, despite buffering by PCr hy- 
drolysis, the pH ultimately decreased more in control 
muscles. This finding is very likely due to the 2-fold 
greater lactate accumulation in stimulated control gas- 
trocnemius muscles as compared to GPAP-Ioaded 
muscles. These results were taken as an argument that 
in skeletal muscle, PCr is not essential for steady-state 
enerD' production, but thai phosphate release by PCr 
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hydrolysis is esscngal for maximunl activation of glyco- 
gcnolysis and /o r  glycolysis [313]. ttowcver, recent evi- 
dence suggests that GPAP in working hc,u't muscle 
may bc used quite efficientl,, as a ( 'K substratc [88]. 

tleart muscle of GPA- and (;BA-fcd rats exhibited 
contractile failure, as evidenced by cardiac hypertrophy 
[3115] or b~ a rise ill the left vcntricular diastolic pres- 
sure (I,VI)P) [235,236.531]. The latter, probably by 
impairing lcft-vcntricular filling, may bc responsible for 
the dirninishcd cardiac performance observed in GPA- 
and GBA-fcd animals [235,531]. The extent t5f contrac- 
tile failure was found to depend on the functional load 
and orl the dcgrcc of Cr depiction. However. ~1P-NMR 
saturation transfer experiments revealed that a 81)-91) c,: 
depiction of P('r results in only a 2-4-fold reduced flux 
through the ( 'K reaction [235.531], thus. rendering 
final conclusions about the involvement of the CK/PCr  
system in contractile t'ailure difficult, t:inall~, the ex- 
pression ¢51" myosin isocnzymes in the left ventricle of 
tile heart v,as recently shown to change from the fast 
torm V I to the slo~cr lorms V, and V~ during GPA 
feeding for sc,,cral ,,~eeks [305]. t/ms, reflecting chan t, cs 
in contractile properties similar to those observed in 
skeletal mu:-;elcs (sec abo,~c). Taken together, the avail- 
able dala stronly suggc,,t lhal. at least in the heart, the 
CK/PCr  sy~,tcm is c~,.,,cntial for proper mw, clc func- 
tion. 

in addition to the biochemical and functional alter- 
ations discussed so far. Cr dcplction in mt~sclc also 
caused several morphological changes, thus suggesting 
that Cr metabolism is important for sustaining normal 
muscular structure. GPA feeding caused an incrcasc in 
the relative proportion of type-! muscle fibers 1red, 
slow-twitch), in solcus muscle, flu" example, from 81' 
in con/rol rats to 101)ok in GPA-fed rats [427]. In 
addition. GPA-fccding in gencral decreascd typc-II 
fibres (white. fast-twitch) in size and weight, while 
typc-I fibres v,erc unaffcctcd [349,422.427]. Accord- 
ingly, the largest , .ange in relative muscle size was 
observed for the gaslrocncmius muscle displaying the 
grcalest proporti(m of type-lib fibres (62";) [427]. Se- 
lected fibres of the pectoralis and gastrocnemius mus- 
cles of chicken fed with GBA exhibited loss of thick 
and thin filamcnts, disruption of thc Z-band, dilated 
mitochondria, as ~,'cll as dilated and displaced sarco- 
plasmic rcticulum [26t)]. These ultrastructural changes 
arc attributable to an abnormality of Cr metabolism. 
since GBA by itself seems not to bc toxic. Accordingly. 
x~hcn chicken wcrc given extra dietary Cr in addition to 
GBA. musclc [PCr] was lound to bc normal and no 
significant ultrastructural alterations occurred. 

As a result of Cr depiction, abnormal mitochondria 
~vcre observed in slow-twitch skeletal muscles of rats 
[154.33¢)]. Thcse mitochondria oftcn wcre cnlargcd and 
contained crTstal-likc inclusions like thosc frcqucntly 
observed in human mitochondrial  myopathics 

[121,42q.444], ischcmia [172,180], as well as in muscles 
exposed t¢5 mitochondrial poisons [3117,373] (see also 
I I l-G). When adult rat cardiomyocytcs were cultured 
in a medium dcwsid of ( 'r  o, in a medium supple- 
mented with GPA, two population~ of mitochondria 
could be distinguished [I I(,]. (iiant, cylindrically-shaped 
mitochondria wcrc randomly distributed over the cell 
and contained inclusions highly enriched in Mi-('K, as 
shown by immuno-gold labelli . In contrast, small, 
"norma['-sized mitochondria without inclusions were 
localized between the myofibrils and contained much 
lower amounts of Mi-CK. Addition of ('r to the culture 
medium caused the disappearance of the giant mito- 
chondria, as well as of the crystal-like inclusions, ac- 
companied by an increase in the intracellular concen- 
tration of total Cr. It is not readily understood why 
only part of the rnitochondria arc affected by ( 'r  depic- 
tion and form inclusions. One possibility is that subsar- 
colcmmal mitochondria are more susceptible to 
metabolic alterations and react to a Cr deficit first by 
fusion to form giant mitochondria and second by a 
compensatory accumulation of Mi-CK, the latter re- 
suiting in the formation of Mi-CK-eontaining crystal- 
like inclusions [116]. Taken together, thcsc results cor- 
roborate the suggestion that changes in Cr metabolism 
in mitochondrial myopathics play an important rolc in 
the formation of abnormal mitochondria, as well as of 
mitochondrial inclusions. However, in a prcliminary 
study among six patients, no correlation was fimnd 
between the occurrence of abnormal mitochondria and 
total [Cr] [436]. 

Phosphate depiction in rats produced by dietary 
phosphorus restriction resuhcd in a decreased conccn- 
tration of inorganic phosphate in skeletal muscle, in an 
elevated phosphorylation potential and in reduced oxy- 
gen uptake [57]. Furthermore, the specific activities of 
Mi-CK and of myofibrillar MM-CK wcrc rcduccd. Ac- 
cordingly, addition of Cr to statc-4-rcspiring mito- 
chondria did not iucrcasc thc rate of oxygcn-consump- 
lion. The mechanism by which phosphatc depiction 
may induce the obscn'cd alterations is unknown. Since 
Mi-CK is of prime importance in rcgulation of cellular 
energy production and transport, and since these steps 
arc impaired in skclctal musclc during phosphate de- 
pletion, the reduction in the activity of Mi-CK may be 
the kcy biochemical disturbance in the myopathy of 
phosphate depiction [57]. 

ILL(;. Mi-CK in pathology" 

!i!-(;.  I. Neuronn~scuho" diseases 
In recent years, a variety of studies focussed on the 

possible involvement of Mi-CK in the pathology of 
several neuromuscular disorders, such as muscular dys- 
trophies and mitochondrial myopathies [31,293]. Mus- 
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cular dystrophy is a heterogeneous group of disorders 
of which the Duchcnnc muscular dystrophy is most 
frequently observed in humans. However. no extensive 
studies on Mi-CK wcrc performed in human muscular 
dystrophy. In skeletal muscle of dystlophic chicken. 
compared to normal age-matched controls, Mi-CK ac- 
tivity progressively decreased during lhc course of the 
disease, with the pcctoralis muscle being more affected 
than the gastrocncmius [31,2t.~3]. Furthermore, Cr- 
stimulated mitochondrial respiration in dystrophic 
chicken breast muscle was fl~und to bc dccrcascd [31]. 
Consequently. a decrease in Mi-CK activity may ulti- 
mately cause the ftmctional loss in breast muscle fibers 
by decreasing the efficiency of trapping available mito- 
chondrial ATP as PCr. An inborn error of metabolism 
comprising Mi-CK deficiency would clearly bc very 
helpful in testing this hypothesis. 

A mitochondrial myopathy can bc defined as a mus- 
cle disease characterized by structurally or numerically 
abnormal mitochondria a n d / o r  abnormally functioning 
mitoch~ndria. In abou~ 30% of the patients with an in 
vitro observed disturbed pyruvatc-oxidation rate. no 
single-enzyme deficiency of the mitochondrial respira- 
tory chain is found in the skeletal muscle mitochondria. 
As an alternative, Mi-CK activity may bc affected in 
these patients. However. quantitative measurement of 
Mi-CK activity by a newly developed mctht,d [434] 
revealed no deficiency of Mi-CK in skeletal muscle 
specimens of I ! patients with disturbances in the pyru- 
vatc oxidation rate in whom no defect in the pyruvate 
dchydrogcnase complex or in complexes of the respira- 
tory chain could bc established [437]. In two patients 
with an established single-enzyme deficiency of the 
mitoehondrial respiratory chain, the specific activity of 
Mi-CK was clearly enhanced. A possible explanation is 
that this increase in the specific activity of Mi-CK 
reflects some kind of adaptation. A similar compen- 
satory increase was also observed for cytochromc c 
oxidase an,d citrate synthase activities in patients with 
single enzyme deficiencies of the respiratory chain 
[3721. 

Electron microscopical inspection of muscle samples 
revealed that abnormal mitochondria and intramito- 
chondrial inclusions arc a typical feature of neuromus- 
cular diseases in general and of mitochondrial myo- 
pathies in particular [ 121]. These crystal-like mitochon- 
drial inclusions were frequently found in the "ragged 
red" muscle fibers of patients suffering from ocular 
myopathies with clinical manifestation of progressive 
involvement of the external ocular muscles (chronic 
progressive external ophthalmoplegia; CPEO). In pa- 
tients with mitochondrial myopathics, two distinct types 
of crystals arc observed, which can be distinguished by 
shape, size. pattern, unit-cell dimension, specific local- 
ization in the intcrmembranc space and their occur- 
rence in different muscle-fiber types (Fig. 3). So-called 

type-i crystals (Fig. 3A) are usually present in the 
intracristae space, between two I'~lds ~I the mitochon- 
drial inner membrane. ,~vhcreas type-II cr.vstal,, (Fig. 
3B) are preferentially located in the intcrmcmbrane 
space between outer alld inner mit~chondrial mem- 
branes. Typc-i crystals occur only in type-I muscle 
fibers (slow twitch type with high oxidatb, c capacity) 
and typc-II c~'stals in typc-ll muscle fibers (weak or 
intermediate staining for mitochondrial enzymes) 
[121.444]. Only recently, it was shown that these crys- 
tals arc labelled by antibodies directed against Mi-CK 
(Fig. 3C. scc also Ill-F)[445.446]. The Mi-CK immuno- 
labelling of these crystals was uniform and irrespective 
of the orientation of the crystals to the plane of sec- 
tioning. However. type-ll  crystals were always more 
heavily labelled than type-! crystals [445.446]. In a 
preliminary study among six CPEO patients, no rela- 
tionship was tound so far between the concentration of 
total Cr. frcc Cr or PCr and the occurrence of mito- 
chondrial crystals in the muscle [436]. This holds truc 
especially for one CPEO patient with an extremely low 
frcc Cr content in muscle, in whom despite thorough 
electron microscopical inspection, no crystals wcrc ob- 
served. In two patients with CPEO in which Mi-CK- 
containing crystals wcrc found in the quadriccps mus- 
cle. Mi-CK activity was significantly enhanced despite a 
normal pyruvatc oxidation rate [436]. 

Recently. it was realized that long-term zidovudinc 
therapy, used for the treatment of patients with the 
acquired immuno-,lcficicncy syndrome (AIDS), can 
cause a toxic mitocholi'.lrial myopathy with depletion of 
muscle mitochondrial DN,& |1 l.t~3]. Besides inflamma- 
tory changes, crystal-like mitoch~,ndrial inclusions wcrc 
also observed in muscle biopsies of zidovudinc-treatcd 
patients, it would be worthwhile to further study these 
inclusions in relation to the C K / P C r  system. In addi- 
tion. further studies are neccssa~' to elucidate the 
mechanism of crystal formation and to clari|~' if crystal 
formation is caus:ttive to or only a consequence of 
mitochondrial myopathics. 

III-G.Z Cardiomyopathies 
A cardiomyopathy may he defined as a dysfunction 

of the myocardium caused by a primary disorder within 
the myocardium or by secondary disorders, li~,c for 
example hypertension. In experiments on rat hearts. 
where arterial hypertension was induced by suprarenal 
aortic banding, total CK activity in the left ventricle 
rose within 4 days by about 70% [133]. In this model of 
a short-term cardiomyopathy, the expression of M-. B- 
and Mi-CK was concomitantly increased and. there- 
fore. no significant change in the relative proportion of 
the different CK isoen~'mes occurred, it seems that 
the increased energy requirements in acute pressure 
overload are met b'., a generalized induction of expres- 
sion and synthesis of all CK isocn~mes.  
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Fig. 3. Accumulation of Mi-('K in intramih~chondrial inclushms. Mitoclmndrial cp,,,tals m hum,m ~kdetal mu,,cl¢ I~i¢~p,,i~.',, (m. quadriccp~). (A) 
"l'ransverscly sectioned Typed c~'slab, in nlih~.'h~mdria ~1 "ragged red" libers from a patient ~ulfering Irom chronic progle~,d~c external 
i~phthalmoplugia (C'PI'~O). N~I¢ the pre,,cnce ,~I the: on.sial,, m the. mtracri, , tae ",pace', ( ID T~l'U:-II cv'~',lal', in mu,,ck' liher,, ~t a patl t 'nl  , ,u l lermg 
f rom uncla~.~,ificd ml lochond[ ia l  m vopathy ( ( ' )  Strong a n l i - M i - ( ' K  immun~,g~ld lah¢l lm~ o l  hmgitudmall~. ,,~..cti~,ncd I ' . pc - I  c%,,tal,, Imm a patim~t 

'~ith ( 'Pl~O. Magnifit 'a, tiCm: ( A )  3f',50(1 * ( I ' l l  510(l.ll ," ( ( ' )  3',ltl(l(I :, . I:,m lu r ther  ,J~..'lail,,. ',ee th,.: text. 

in contrast,  long-term cardiomyopathies  (left- 
ventricular hypertrophy due to aortic stenosis, volume 
overload, or hypertension: coronary artery disease: 
hereditary and diabetic cardiomyopathies) are charac- 
terized by an unchanged or decreased total ( 'K activity, 
by a decreased in vivo flux through the CK reaction, by 
an increase in the relative proportions of MB- and 
BB-CK and by a decrease in the total ( ' r  content 
[202-2(15,243,390]. With the single exception of Bio 
14.6 Syrian hamsters [12], cardiac Mi-( 'K activity was 
considerably decreased in all sorts of long-term car- 
diomyopathics in both animals and humans [I 2.45,2()2, 
21)5,243,390,393]. Accordingly, ( ' r-st imulated milochon- 
drial respiration was also fimnd to be decreased 
[237,390,476,477], 

Most interestingly, total CK and Mi-CK activity, as 
well as the flux through the CK reaction were normal 
in spontaneously hypertensive rats during the first 12 
months of life, this period being characterized by a 
stable compensated hypertrophy of the myocardium 
[45,202,2(15]. However, between the 12th and 18th 
month of life, a transition from compensated hypertro- 
phy to failure occurrcd, whereby in parallel with the 
functional capacity of the heart muscle, also total CK 
and especially Mi-CK activity drastically decreased. 
Finally, in various hereditary and experimental car- 
diomyopathies (induced by auto-immunization or hy 
treatment of rats with adriamycin, norepincphrinc. 

GPA. or streptozomcin). [ A T P +  P('r] ~,'as decreased 
[237]. With the exception of GPA-treatcd animals, 
cardiac output at standard load conditions was also 
suhstantially lowered, probably due to mild hradycar- 
dia. elevated left ventrieular ( IN )  diastolic pressure 
and stiffness thal limited cardiac contractile adaptation 
to volume or resistance ~werloads. The LV diastolic 
stiffne~, at maximal functi~mal load was inversely cor- 
related with the high-energ,v phosphate content. Its 
increase in cardiomy¢~pathic hearts may be explained 
by the increased my¢ffihrillar sensitivity to ('a-'" and by 
the loss of ~unctional coupling of Mi-( 'K to oxidative 
phospho~'lation. Since in another study, the m,vofibril- 
lar MM-CK activity of the cardiomyopathic heart was 
found t~ be normal [477]. these results clearly indicate 
that Io~,s of Mi-( 'K activity may he of prime iml~rtance 
tor the development of cltrdiac failure. 

111-(;.3. "im~ior fissm's 
Mi-( 'K was detected in several types of human 

[101,191L233.340,368,467] and animal tumors [275]. in 
the human carcinoma cell line HeLa [473], as well as in 
murine Ehrlich ascitcs tumor cells [25]. In these tissucs 
or cells. Mi-( 'K is frequently coexprcsscd with BB-CK. 
indicating a de-differentiation of translormed cells. 
which is reflected in the appearance of an embryonic 
isocnzyme pattern. In Ehrlich ascites tumor cells, how- 
ever. CK activity was hmnd to be exclusively assoc.'tared 
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v, ith mitnchtm,t:i;t. Ihc author,,, l]lcrch)rc, st~ggc'.,lcd 
tllilt line tr:,,r+,pt*rl ItulclJon ol  the ( 'K, 'P( t ,,+xstcm 
<',co I\'-I'V~ is not cttKial flu ttnm+t ,:ell,, I_+51+ lt~ (mr 
knt)v,h.'d~u, thcrc :trc no reports C, ll the Mi-( 'K O+lltCllt 
e l  bra in  ttlnlotr+. 

No dilfcrcnccs in the m~dccular ma,,s. Ihc clcc- 
IrophorctJc nlobilJt),, or lhc kinetic ,+haraclcrislics ~ctc 
,~b~cr~cd hell, con MJ-('K Jn tun]ors of the dJgcslivc 
I t ' ] t e l  ~llld MI-('K in adjacCllI  II(+llllill lJssue [34()]. , \c- 
cotdinglx, MI-('K of nlalignant and normal Iker  dis- 
pJa.xu-d tile satuc I1, ,)1 32()1)111I--35()0()(). similar heal 
stability and a sinlilar bchaviotnr it] 2 M urea. xvhcrcan 
the clcctrt+phorctic mobility, hnr uulkt~ov+n t+c;lSOllS, dif- 
]trod c[carl+x [232]. lntcrcstingl.x, tumors tel the digcs- 
ti,,c tracl ~crc  sht)x~,l] to contain ',ignilicantl. ', higl 'cr 
i l l l l(+tl l l [S el  M i - ( ' K  I]1;tll ~,UITOtll ldil lg llOrl11HI IJnsth.' 
[34~11. l h i ,  ma.x rcf[cct I]lat it higher cxprc,sion of 
Mi-(+K is required to mccl the Jl]clcased crlcrgy de- 
nnand,, el  the' ItllllOr cclln, l[ov+cx+c1, thc [acls that (i) 
stomach adunoc;u,.'intml;ts disl)l;tycd lov, cr Mi- t 'K ac- 
lJxit.x lhan the surrtmnding nt+rmal tissue ]It)U] and lhat 
(it)+ ttmlOn~ depend 111orc o11 al]acrobic rather than 
aerobic ct]crg+x tnctal+,t~lisnL make lhin latter Jntcrprcta- 
]ion unlikcl.~. 

111+(;.4. B+)dv .]~nails 
Ntumallx. st+ Mi-( 'K i~, dctcctal+lc in ntumal hun]an 

scrurn [234,2SS 3521 or ccrcbrospinal fluid (( 'SF). This 
holds, ll'tlC ]tel + Illt+SI species, itllhough shccp may hc till 

exception [24]. Under  cerlnin patl'u;logical conditions, 
ht++~evcr+ Mi- ( 'K is Icleased l i l le the l',[t)od or ('SF ill 
man. "['hin may cause diagnostic confusion, as Mi - ( 'K  
interferes in many e l  the methods that arc rtmtincly 
used in clinical chcmislr3, for the dch.:mimttitm of 
MI}-C'K as an ]rid]cuter of myocardial dan]age. Serum 
Mi-( 'K is gcncrall.~ thought It+ onJginalc from the nlito- 
chondrial compartment.  Thcrcforc.  Ihc finding of MJ- 
( 'K in it palicnt 's  scrtlrll f+,)l'l]]S ill] index of milochon- 
drial damage. II shtnuld bc kcpl ill mind, hmvcver, lhal 
the cell nucleus {)1 heart and skeletal muscle has been 
suggested t~+ contain Mi-( 'K forms its v, cll [22S]. Clini- 
call x, lhc prcscncc of Mi-( 'K it] scrum should not bc 
ignored, for it may bc of help in finding the proper 
diagnosis. 

gCltltll ( 'K isoft+rms with a +11. of "-N()()()() arc 
called macro ('Ks [527}. According to the ntm]mlcht- 
turc t'f ,";rein and eo-x+orkcrs 152,44S], macro ( 'K l}l)C I 
represents, an autoanlil+odx ctunplex of BB-('K. It] con- 
tt'ant, 111acro ( 'K type 2 is gcnerallx assumed to bc 
Mi-( 'K 1449] bccimnc o1" sinl]ilaritics in electsor>heretic 
mt~hilit,x [52,232,441)], 111oJCCtliltr lll~+lss [232,441)}, at]iv;I- 
ties cncrg.'+ [44g.441)]. enzyme kinclics [232+44~] and 
antil+tuJx stud]c,, [232]. The ),I, of lhe principal form of 
lll;ICI'O ( ' K  t}pc  2 x~a', CSlJlllillctl ]Is 2S701)()-351)1)111), 
v, hich is smfihtr tn the ,1/, of MI-G'K isolated lrtm] 
tissues [231.441~]. It] addition. Sll]aller quantities of a St) 

kl)a lorn] [231.440] and surprisingly also eft a >7511 
k l ) a  1o1111 o f  ( ' K  vvel+c I ou l ] d  i l l  se rum [441;]. w h e r e b y  
h+r the latter, re)thing is kno',~n about 'he numl~er and 
st(+ichiol]lctry tel its cot]slJlucnI'.,. l t )  it',,old confusing 
tcrminoh+gv it] tile fol lowing section, macro ( 'K type 2 
is rclcrrcd (o as Mi - ( 'K  whenever possilqe. 

I h ¢  ~)cCIJlr~.'i1cc i l l  sCII.li11 o f  il ( ' K  isoenzyme of 
mitochondrial origin was first describ~.'d for one out of 
1~o palicnl~, examined with kc~u's  syndrome [3h7]. 
The occurrence of Mi-CK in serum was later con- 
firmed [22,222} and considered an ominous  sign. since 
I1) out of 14 positive cases died shortly after Mi-CK 
was detected in the serum [222, see also Refs. 234,352]. 
In] a rn-ospcctivc study an]crag 21)54 consecutive patients 
it] at hospital flu+ internal diseases, Ihc prevalence of 
Mi-( 'K in serum x,,as found I+J bc 3.7r~ among hospital- 
izcd patients and I. I(;  among tmtpaticnts [451i]. In this 
study, Mi-( 'K ~as  found r~rcdonlinantly inn severely ill 
patients of all itgcs, mainly with malignancies 141"; ) 
illld liver diseases (25(;).  Ill il study of 501)0 iandon] 
palicnI scra. n]alignancic~, wcrc lou,]d In 25 of the 26 
adult paticnls that ~vcrc positive for Mi-CK in serum 
[514,515]. ()f course, the prevalence figure depends  
both on Ihc sensitivity of the lest pl+ocedurc for Mi-CK 
and tm tl'c patient group lh;+ll is screened. 

l+he occurrence of Mi-( 'K in serum has been studied 
extenskcl.~ in neopla,,+Iic diseases [182,217]. Serum of 
patio,its v, h h  malignancies rnay contain Mi-CK. some- 
lin]cs it] combinat ion will] milochondrial  aspartate 
aminotranslcrasc,  thus indicating mitochondrial  dam- 
i|gc in the tumor, geruzl] Mi-( 'K has been fonnd in 
paltJcnts ~,+.Jll] prJl]laly Iu111()rs in liver [72.1:4&232-224, 
515], piu]creits [515], lung [I 5g,234,25g,274,303.452.515], 
N'cast [73,15,";.234,25S,2Sg,352,450.453,515]. gastro-iq- 
lest]nil  tract [ 15g.lt;(l,234,25g,2gtL31)3.30g,317,34(L252, 
36,";.452,515], prostate [15~,234.452,453.515], gallblad- 
der [225,234,452], ovaries and utcrille cervix [234]. 
llm~c,,cr, Mi-( 'K ~as not ft)und Jn scrunl of 121) 
lcukcmia or lymph,tuna patients [73}. It] addition. Mi- 
( 'K has never I~ccn described it] patients with rcn;.il 
II.ll]lOlS. Ill some cases, the tl.llllOr alld its tlletilsl;+lSeS 
%~ClC shov,'ll to c~mtain tile slm]e macromolecular  Mi- 
( 'K as tile patient 's  serum [232.450], thus suggesting 
thai tumor IJsstle itself ciltl release Mi-CK ;.llld some- 
times also I}I}-('K lille lhe scrun], ltistological typing 
of Itlnlors i~r()bilHy ,clcasing Mi-CK into lhc blood has 
been pcrfom]ed hy Kanemitsu el al. [224]. However, a 
patient can have a tumor expressing Mi-CK without 
displaying n]easurablc quantifies of Mi-CK in the 
serum. This was evidenced by two ,,'mticnt., with liver 
nletastascs, in v+hich Mi-( 'K wlts released m measur- 
able quantit ies in lo the serum only after cmbolization 
of the hepatic artery [432]. Although hypoxia may play 
a role, the exact mechanism for the pathological reo 
lease of Mi-CK from tun]ors is tmknox+n. Xenograft ing 
tumor lines inlo atlLvmic rnicc may be a rewarding 
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model l i l r  stiidying Mi-CK release fronl tumors int,i the 
blood [ l ( l l ] .  

Several authors have suggested the use of Mi-('K in 
serum ;is a lunl tn nlarker []34.275.2SN.3113,311N.36S. 
4511,468], or more specifically as a nlalker for gaslro- 
intestinal cancer 125g,311~.36~1, nlelaslaiie proslalie ear- 
einolna [4531 and adenoeareinonla I34(I.352]. ,~glelunl 
Mi-( 'K  activity roughly seenled to reflect ihc lunlor 
burden 1232,275,45(i,452,453], st, thai ill individual 
canes, serum Mi-CK may be used to monilor the initial 
response to therapy [3(13]. However, the appearance of 
Mi-CK in serum ahme is not a specific signal lilr 
neoplastic disease (see below). Accordingly, the diag- 
nostic sensitivity of serum Mi-CK activity Ii)r neoplaMie 
disease in general seems rather poor I73]. I 'he pres- 
ence of Mi-CK in serunl was shown Il l be related to tile 
clinical stage of neoplastic disease lor some ttll l l i i lS 
[30~]. whilo ii was not stl for others [73]. 

Apart from a l¢w patients with various chronic and 
acute diseases [367.45(i], M i - ( 'K  was frcqucnily ltlund 
in serum of patients with liver diseases, more ill parti- 
cular liver cirrhosis [73,45(I]. hl these patients, serum 
Mi- ( 'K  apparently originated directly from liver cells, 
which in this special case were Itlund to eonlain Mi- ( 'K 
[232]. Normal liver cells, in contrast, do i l l l l  contain 
measurable anlounls ill" M i - ( 'K  (see I l l -A) .  

Myocardial damage was early recognized ;is an addi- 
tional potential cause of Mi-('K efflux into Ihe Hood 
[22,222]. Mi-CK was tound in sen> of children with 
myoearditis [362,515], congestive heart failure and car- 
diomyopathy after aortic valve surgery [515]. Mi-CK 
appeared It) be present in serum of patients who have 
experienced periods of poor tissue pcrfusion [221. myo- 
cardial ischemia [158] and eardiorespiratory arrest [92]. 
These findings are in line with the observation that m 
rats during hypoxia. Mi-('K activity in the blood in- 
creased in parallel with a decrease in the heart [17,";]. 
Furthermore, Mi-CK was limnd in serum of individual 
cases after acute myocardial infarction (AMI) 
[158,222,289,44N,458]. Peak values lor serum Mi-('K 
were observed 24 h after AMI [458], The activity of 
Mi-CK approximated 20rl of that of MB-('K, the tra- 
ditional and established indicator of myocardial dam- 
age [458]. In larger series, however, serum Mi-('K 
could not be deleeled at all after AM! or ~as only 
found in sporadic canes [73.122 ~,52,362,367,441,45(L 
5(13]. Therefore. release of Mi-CK imo the blood eircu- 
lalion after AMI seems to be lhe exception rather than 
the rule. Besides, it remains principally unclear why 
Mi-('K is released into the blood in sonic palienls with 
AMI and not in others, lnlerestingly, the drug thco- 
phylline was suggesled to induce Mi-('K release into 
the serum in rive [99]. As this drug is often given to 
patienls suffering from cardiac diseases, it can nol be 
decided yet whether in fact tileophylline or simply 

myocasdJal damage Js tile actual cau',c ru'~uhing in 
Mi- ( 'K release imo the serum. 

Ill ('SF, Mi - ( 'K ~as (otllld tlndci sc\cl:il pathologi- 
cal condilionn [75,76.5fl3,51t5]: hyptlxic-i~,chcnlic I~r:lin 
danmge [7at: al lcr surgery in Icla~ion ~ i l l l  various 
central ncrsous s_~stcln lunltHs I5()31" ,lpoplcxia caused 
b~ a h,~l~ophysis lumor [6tl61: and Inenirigilis [51131. I)uc 
to Its l'q-escnc'c ill hunlatl brain [,.~,_7;.,~()4], M] I ( 'K in 
( 'Sl: steins to derive dhcctly from the cenlral nervous 
sysienl. Rather surprisingly, Mi - ( 'K in ('SI: is not 
necessarily accompanied by BB-( 'K [503[. As of yet. tile 
diagnoslie polential e l  detcrn'iining Mi-CK in CSF re- 
mains an open qucMion ;Ind should I l lcrelore be a 
topic of furlhcr rescarcll. 

As far ;is clinical chemistry is concerned, clcc- 
tuophorcsis was Often tlsed for tile detection and qtian- 
l i ta l lon of Mi-( 'K. t Io~c~,cl, inlcrpretal ion of II1¢ serum 
( 'K zymograms is ¢omplicatecl for several reasons: ( I )  
"l'hc human Mi - ( 'K  isocnzymcs ci lher migrate eatho- 
clally to or eomigratc with MM-( 'K  [52,2N9.502]. hleu- 
batten of Mi - ( 'K in normal huma:: serum results in 
modification of 111¢ most cathodal human heart Mi - ( 'K 
band [231,5112]. with the modified Mi-CK conligrating 
with MM-( 'K  [6112]. In contrast, human liver Mi-CK is 
not influenced by serum JnCllbalion [231]. Blocking of 
all M-('K activity in a zymogram with inhibiting anti- 
bodies generally is very informative to discfilnmate 
b¢lv~cen MM-( 'K  and Mi- ( 'K [52] (see below). (2) 
various au.thors have observed one to three Mi-CK 
bands ill Seltlnl upon elcclrophoresis [52,183,231,289. 
329.432,44q.453.51121 or even more in isoelectric fo- 
cussing cxperinlents J433.449]. This multiplicity is poorly 
understood. 13) ('o-migration of adcnylate kinase is<l- 
li)rnls I241] and ill single cases of a macro ( 'K type I 
complex [52.528] with Mi-('K may lur lhcr complicalc 
the zynlogranls. 

Thcl-e are se\clal rcrlorts in tile litcrattlrc where tile 
authors relied exehisively till the ¢lectropllorelic mobil- 
ily to classify a calhodally nligi-ating Iolnl as Mi-('K. 
ito~cver, in any publication on Mi-CK. it should ade- 
quately be shl)xsn thai there is no interlcrence with 
aitelnali~e enlynlal ic aeti~il.~ at slake. ~ince the mere 
presence oi" tile inhibitors AMP and diad¢llosine pcn- 
taphosphale does not always gtlarantee full inhibit ion 
of adcnylale kiilasc [241[, :t c,;nlrol z)nlogranl of lhe 
eleclrophorescd samples without P('r in the reaction 
mixture is required to exehid¢ the presence i l l  aden v- 
!ate khiase. Proper discrhninalion between macro ( 'K 
type I and Mi-( 'K, on Ihc elhcr hand, can be achieved 
by published methods I52.44,q. 

Mi-CK in s e r u n l  W~.lS often found just by e h a n e e .  

because (i). it interferes with most methods that are 
commonly used for the delccl ion of MB-( 'K  and (ii). 
most patients with Mi- ( 'K in serulll (N l -ggr ; )  have a 
normal total serum ('K activity [73.234.45ll]. As tile 
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Mi-( ' lx aclklt_~ in SClUil! d t cn  is bch~s ltt I1.'/I [.45111. 
the sensili~iiy ~}1 ihc a>,Sil) tist.'d in ii crticJal poinl .  
llllprt~.t.'nl¢lll o[ ncnsilkils i l l i l )  be' , lchictcd I~ using 
I~,itlhllllincsct:llCC in ¢l~nlbhlalioll ~.ith illlllltlllO-JllhJbJ- 
~7~,n ~}1 ~IM-( ' lx  131t3.51i5]. [ inf i~l l i in; i l¢l ' i .  anl i -Mi-( ' l< 
anlibodic'~ Ibl ,l dirccl t l¢Icrnl inal i lm ~ll l l l is Jsoenzvm¢ 
ii1 scrulll hii\¢ I~ccn raised on ;i I i l l l i lcd ~¢atc' :ind have 
bc¢ll a~,iil~tblc lor rc,,t:ar¢h ptlrposcn onl). 

,Since ~I i - ( 'K is lil}l inhihi lcd h b anlihlldi¢~ agaillSl 
M-( 'K.  a ¢li~:k'al ehemisl Inil$ be i l l¢rlcd hlr lh¢ possi- 
I~lc l~l-csenct ' ol Mi - ( 'K  in s¢rtlnl b$ lhe oflen i lbl l i l r- 
malls high i~ rio (ic~Jdual ( 'K  aclkJl) afler i l l lnluilo-Jn- 
hihi l lon i l l  P l - ( 'K) / ( l l t la l  ( 'K  aClki l ) )  145111. Accord- 
ingl$. Many rcscalchers ha~¢ tisctl imnluno-inhil~i l ion 
~il M - ( K .  I l l i s  inca~uriilg all lh¢ non-M-( ' l~ acli\ i l$ 
[3tl3.451i.51i5,5 I-~1. as il reliable firxl sl¢p in c¢i l~l ishing 
lhc i11¢~,711cc in scrtili l or ('.i~l: i l l  : ibil l}rl l lal ('1~ iso¢n- 
ISilion,, in g¢ller',il and of M i - ( K  in l'~ailJ¢ular. ,,\ good 
ni¢lhoddogicl i l  a l le ina l i \c  is ihc coinn/crciall~ a~ail- 
ahlc r¢agenl kil ihai conlbJnc~, i iunluno-inhil~i l i lm ~silh 
prccil~ilalion o1 Ih¢ inlmunc-conll~lcxcs b}'  i l  second 
anlibod) 15141. This s¢l-up alh}~,n direct discriinil lall i l ln 
bcl~¢cn MII-(1,; on OllC halld aild nla¢lO ( 'K fornls oi1 
lhc olhcr. In all lcehllit lues inenlJoned, ho~vcvcr. [ur- 
lher Ic,qs arc ilccu'sS;.ll) Io dcl in i lc ly  confJrnl lhc pres- 
CllCC i l l  Mi-(' l~. Anlong ihes¢, dc lcrn l ina l i l ln  ill" Ihe 
apparent aclhl i l iOl l  cncrg~ [448.4.1~J]. thc n ldccular  
mass [431,44S,4411]. the isodcclric ltl¢ussing pilllcln 
[433.44t1] and the clcclrophorctic bchaviour [52] would 
SCClll Io bc lilt}st ¢Ollvincing. 

IV. lntelaration of ,%Ii-('K in cellular enertD nletahllisul 

II -,I. . ,Idr,~tt,  V~'s ~1 the ('K/" P( "r .system 

,~0111¢ Of tile aspccls lncntioncd J~cI@,,, ha,,,¢ been 
discussed in tile recent re~ic~v of W;illilnann el al. 
[4t)2]. but itl¢ rcilllorced hcrc in tlrdcr to bc able t(l 
fully ttndcrsl~ukl Ih¢ tlev~ argunlcnts alld ltl gel a COlll- 
l l lchcnsl',¢ I'liCltll¢ of l i l t  phvsidogical i l l lpt l r lanf¢ ill" 
Mi-( 'K.  I:ir~i. the poteniial ad~.ilnlag¢~ i l l  ihe ( ' K / P ( ' r  
s.xslcm shall t~c ducidalcd. (]earl,,. ih¢ mosl c~idcnl 
iicl~,~lill~igc o1 rials systcnl in thai P('r and ( ' r  allm~ a 
lllUCJl higher flux: of "high-cncrgv phosl-~hale~," Ironl 
site~ of A I P  llrodueliOil to sites of ATP uliJiz;<ilion 
lhan A I )P  and ATP. since (i) ~iil~i;i IJssucs with high 
ii l ld l ]uclual i l lg ¢nelg.v deillands, ( ' r  alld P('r arc accu- 
nlulaled Il l  nltich higher eoncenlralions thall lh¢ adt-- 
nillc nucJcolitl¢~ and, since l i i )  ( ' r  and I>('r ill',: 
snl;lllei-sized and Ic.xs negal i~,d)charged than A I )P  
and S IP .  Accordingly. in nlodcJ solulJonn, as well as in 
l r ,g  llltl~clc, lhc diffusion coefficients i l l  P('r and ( ' r  
~,~,crc ltlund I~l bc 1.3-2.3-tim¢,x higher lh;.in lJlo~c i l l  
ATP and AI)P [211),32S,524,525]. 

I)iffusi~m ~}I ATP in unlikcl.x to bc hindcred hy 
I~i sl ing l~ sub¢cllular ntltlClUrCn, nJtlcc in the c)'loml. 

it,, d i f fusbn v~a,, re, Irk'ted Io lhe same extent as thai of  
other small =l>lcculcs. The diffusion eocfl icicnts of  
,,\11 ~ and p( ' r  ,~vere both ai~oul h(V; lower in frog 
muscle than in mot ld sdt l t iot ls [5"5] ~hich is in perfed 
agl¢¢nlcnl ~.ilh Ih¢ ol~scr~,albns thai the di l ' fusbrl 
codf ic icnln of ~,¢veral tnoleculcs wi th j l ,  17(I-2411(X1 
arc 2-5-1old IOv, rcr in lhe cytoplasm o1 m;lmmalian cells 
lhall i l l  v, alcr  [207] and Ihal l iving cells I'la,~¢ a f luid 
phase ~iscos!l~ 3-4- l imes greater than water j2q0], in 
¢onlr~ls! to A'/P, the diffu~i~m i l l  ADP in the cylosd 
scorns to K" severely hindered [.~StL~ll]. As much as 
I)7'; of lhe A I )P  may be l ighl ly  bound and non-dif -  
la~,able in skeletal muscle and heart (see Refs. 74,219), 
a l inding th;.lt may also explain the apparent discrep- 
alley bcl'~.~,'ccFI biochcrnieally measured [ADP]  (aPprox. 
1(t(14(t(I/xM) and cl'fcclivc in vivo [A i )P ]  of 1 -50 / zM  
calculated from ~l P-NMR sp¢clra [42,141.143,312]. 

,xssumit~, appropriate diffusion coefficients, sub- 
shal¢ cltnccnllalions and collcenlralion gradients of 
5 ' ; .  Ja¢ohus [21~] calculated lhc maximal lhx  rates or 
the respective subslralcs to be fin p_mol/min/mg, car- 
diac tissue): 35 for MgATP. (I.112 for MgADP. 57 for 
P,. I(13 for ( ' r  and 1 3  for P('r. Evidcnlly. MgAi)P is 
lilt  most diffusion-restricted of all substrates, a fact 
thai is ~,lso ref lcdcd I~y 31P-pulscd-gradicnl NMR ex- 
perimcnls yicldint~ mean-square lengths of diffusion of 
1.8 p.m for AI)P. 22 ~m for ATI:'. 57/.,.m for PCr and 
37 ,urn for ( ' r  [525]. However. the values obtained for 
ADP are still in the same rang.c as the maximum 
measured r;.ite ill ATP utilization in the heart (0.135 
/stool/rain per mg lissuc) [21t)] and thc diamctcr of a 
single nayofibril of approx. I /xm [525]. 

Since the free energy of P( 'r  hydrolysis (J(;,,~,, = 
- 4 5  kJ/mol)[27(I] is consistently higher than that of 
ATP hydrolysis (.i(;,,~,,=-311.5 kJ /mol )  [157]. the 
( ' K / P ( ' r  system efficiently "buffcrs" [ADP] and [ATP] 
;.iritt. lhercf~re, also the A T P / A D P  ratio, as vvcll as the 
phosphtlrvlation potential in the cytosol [2311.454]. This 
is especially important for tissues ~'ith abrupt changes 
in energy demand like cardiac and skeletal muscle, as 
~'cll as hrain, l)uring work or anoxia, first [P('r] de- 
creases at relalkcly constant levels of ATP and ADP 
and only ~'hcn a large part of the P( 'r  is dcplctcd.  
IATP] decreases as ~ell [ 141.15t,l.22(O30,3Sl.417]. Since 
A'I1 ~ and AI)P arc key regulators of many fundamental 
metabolic pathways, whereas ( 7  and P('r are likely not 
to be invdvcd in allostcric regulation of intermediary 
mctal~olisn~ [128]. the C K / P C r  syslcm, by damping 
llucluations ill" [ATP] and [ADP] upon abrupt changes 
d energy demand, allosss a better fine-tuning of whole 
cellular mct::holism and, therel'~lre, prolcets the cell 
Imm energy dissipation (scc also IV-B). 

By kccping [ADP] loss. thc ( ' K / P ( ' r  system further 
protects the cells from a ncl loss of adenine nu- 
clctltidcs [144,211t),221~l,4t)2]. Accumulation of ADP acti- 
vates atlcnq:ltc kinase (myokinase, ~ ~'l~ich catalyzes the 
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transfer of a phosphale group between I,,v~ m~dcculcs 
of AI)P  to give ATP aml AMP. t-~spcciall~ m white 
and red fast-twitch muscles. AMP is degraded inlo 
inosine monophosphate ( I M P ) a n d  ammonia by AMP 
dcaminase [3119] which is bound to the myofibrils at 
both ends of the A-band [91]. ( 'ylosolic or s",colcmma- 
bound 5'-nuclcolidasc dcphosphorylalcs both AMP and 
IMP into adenosine and inosinc, respectively. These 
latter substances ultimately leave the cell. since the 
sarcolemma in permeable to the latter two compounds 
(scc Rcf. 226). 

As can bc directly seen from the chemical equation 
of the CK rcaction. 

PC'r-" +MgADP +I t '  .-'MgATI': ~-Cr. 

the C K / P C r  system also avoids acidification of the 
cytosol during periods of high workload [! I11]. As hmg 
a s P C r  is prcscnt in significant amounts. [ATP] remains 
almost constant and. thus. PCr-' - - ,Cr  + P,' is the 
net reaction supporting work. Since P, at a pH around 
7.(1 has a mean charge between - !  and - 2 .  PCr 
hydrolysis may at least in part be responsible for the 
tissue alkalinization observed during the first stages of 
muscular work [89.191,264,3111]. Only when almost all 
PCr is exhausted, lactate production by glycolysis, as 
well as net ATP hydrolysis lead to a considerable 
acidification of the cytosol. Acidification has three 
main consequences: (i) it decreases the maximal force 
of a muscle, cither by itself or in combination with 
diprotonatcd inorganic phosphate, H ,PO~ ,  which it- 
sclf is favoured ovcr HPOj  at low pH values [336]: l id  
it reduces the glycolytic flux by inhibiting phosphofruc- 
tokinasc (scc Rcf. 77). thereby also avoiding further 
acidification, exhaustion of high-energy phosphates 
and, thus, irreversible damage of the cell: and (iii) it 
shifts the CK equilibrium towards ATP synthesis, as 
can also be sccn directly from the chemical equation. 
Thus. the C K / P C r  system ensures an almost constant 
A T P / A D P  ratio over quite a wide range of energy 
demands and pH values which is essential for the 
proper functioning of all cellular ATPascs. 

In tissues with high and fluctuating cncrg~ dcm~tnds. 
at least two potential sites of regulation arc introduced 
by the C K / P C r  system. Whereas the Cr + PCr pool 
size in likely to be only important for long-term rcgula- 
t!.:3n and adaptation, the cytosolic and Mi-CK isocn- 
z?mes are attractive candidates fi)r short-term rcgula- 
tian of the overall flux through the CK reaction. Since 
the cytosolic CK activity can cope easily with the maxi- 
mal rates of ATP production or ATP consumption and. 
thus, the cytosolic CK sy~,tcm is likely to bc in a 
near-equilibrium state [205,262.298.310]. regulation ot 
cytosolic CK activity was suggested to have no influ- 
ence on energy metabolism. 

in contrast to the cytosolic CK isocnzymcs. Mi-CK 

is though1 to bc mv~+,cd m mctabolh: channclhng of 
hi~h-cn~_l~, l'dlo',ph~dc', from the mm~ch~mdrial matrix 
hi the c~lu~d :rod i'.,. thurch~r~:, likcl~ tl~ bc di',placcd 
from thcrm~d.~n~mfic cquilil~rium I2~,21 ,\confidingly. 
rcgulathm ol MI-C'K activity v,~uh.l dircctl~ mlluencc 
the cxp~rt of P('r Otlt lit" the mitocllondria. the p~ten- 
lial implicathmn of rcgulalion of ('K i~(leull%Vlle~ can 
only lull~ he appreciated il one consider,, thal it allo~s 
very '~pccilic and efficient rcgulati(m of ~,'h(dc cellular 
energy metabolism. -lhough there ha~e been no con- 
vine; lg reports up to no~' proving regulation of C'K 
activity in ~,ivo. the recent findings that phosphoryla- 
lion of BB-('K reduces the K,,, lbr Per by about a 
factor 2 [84.356]. that BB-('K is a possible substratc of 
protein kinase (" [85] and that a variety of ( 'K isocn- 
zymes are subject t~ aut~)phosphorslation [1X4] suggest 
that ( 'K regulation may bc of physiological relevance. 

As a last point. P('r shall bc compared w.ith other 
pho,,phagens. In all vertebrate and some imertebrale  
species. I)('r is the sole phosphagen. In contrast, a 
variety of different phosphagens like phosphoargininc 
(PAr). phospholombricine (PI.). phosphotaurocyaminc 
(PTcg. phosph,~hypotauroe~aminc (PttTc) and phos- 
phoglycotbamine ( P G c ) w c r c  lound in Io~cr phyla. 
either ahmc or in combination v, ith each other or with 
P( 'r  [il2.322.493]. Interestingly. exclusively PCr is 
flmnd in spermatozoa of a large number ()f "lower" 
species having other phosphagcns in ~thcr tissues. De- 
termination of the apparent equilibrium constants of 
the phosphagcn kinasc reactions b~ biochemical and 
~ P-NMR meth~)ds revealed ~hat at pt!  7.25. the appar- 
en, cquilibriam constant (;: ( 'K ( / ~ ' k = [ C ' r ] [ A ' l P ] /  
[P(',']',ADP]9 is 3-X-times higher than the respective K '  
values fi~r argininc kinase (AK). glyc(wyaminc kinasc 
(GK). taurot3'ammc kin,tsc ( I K )  and h~mbricinc kiuasc 
(LK) [112]. In other w~rds, the free energies of hydro- 
lysis of PAr. P(ic. H-c and PI. arc 2.9-5.2 kJ /mol  
h)~er than that of P('r. This pn~pert~ can hc explained 
b.~ the methyl group attached to the guanidine moiety 
ol I)('r ~hich eliminates almost all resonance states 
and. thin,, decrease,, the thcrmod.~namic stabilit~ of 
P( 'r  [112.114]. Duc to the higher .Mi,~,, value of PCr 
hydrolysis, the A T P / A I ) P  rati(~ can bc bulfered at a 
higher ~alue ~hich ,,terns especially relevant in the 
light ~1 experiments on ~ertcbratc ,,kelctal muscle. 
showing that the reciprocal ol the relaxation rate con- 
stant is directly pro[~rtional to the cyto~adic pht~,pho- 
~lat ion i~)tcntial and. thus. a l ~  to the A T P / A D P  
ratio [97.1 !2]. In addition, maintaining a high atfinity 
(free cncrg5 change) lor ATP hydrolysis has been shown 
to bc essential lor a varict~ ~ff cellular ATPascs [229] 
(see also IV-B). On the other hand. v, hcn the cellular 
pt t  is lowered, phosphagcn kina,,,c reactions with a 
Io,~cr K '  value ~xill ~,how a smaller dcgrcc of net 
h~drolysis of the respective pho',phagcn [I 12]. Conse- 
quently, a p ~ l  of the highly labile phosphagcn PCr 
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~ould bc r:qfitli3 di',nilXtlcd trader ,:¢mditionx ol mlra- 
cellular z~citto',i', ~ h i c h  c~pc<i;dl) in Illolltl~,Cn is ,i COlll- 
liIolll\ oJl,,t..r\t'tl |~Jlt?llolllull~I1. Ill U~)ll[l~lM+ . . \K,  I )Ar  
IIIH% ;lt't ;l', ~IIl u'llct:l i\~.' J+tll lt ' l  ,~xMcIII tllldCl" thc~c  

ci l-C t l l l l  ~.t ~t l i fCx. 
I11¢,,¢ Ja i le r  lcJlu'ctioi1,~ ,~hutJ ",t+lllC Ji~JH Oli t i le  [ t l l le -  

ti(m,, and cvoluliomtr.~ lclation'dlips of lhc dif fcrcnl 
l+ht~,q+h,tgcn+. It J:a+ bccn ~tlgge~tt'tl lh,l l PAr i', the 
111OM 111il l l i l ixe Of lilt." llJlt+',JlJ1~Ipt.'li~, l'el11"¢",Ulllillg ;111 
t.'XOitltiOl1:Alk jlrt.'Ctll+stH. J ) ( r ,  I'tlt_'st.'lll 111o~1J% i11 \ t . ' l lU-  
hlLltu,,, x~.~is lJ1{+LlgIII to  l+t2plCb, Cl l l  ~t It l l lCliOll;.tI il~.lJ')lOVc - 
111unl o~.¢r P A r ,  J'R.'c;ltlSU PAI+/Ar intcr l+cru w i t h  
Hnli l lO-;. icid lllUt[lJ'h+Ji~.111, x~.Jl~21~.',l'~ (+I lUjMt_'Sdlllb, ~111 t211d- 

l+roduct t+f a tliMinct Im:t;tbolic l+athx~ay not interfuring 
x~itll amino-acid nlctahol~sn+ J4qS]. No satislaeh+r~ cx- 
ph lna t i tm , ,  li+t lJic twt'tlrl-t.' l lt. '¢ o f  ;i X: l l iCty  o f  d i f f e r e n t  
]~Ilo,,l'dlag~ llS ill Iov, u'r llhyhl h;l\t? bu'Cll prexelltCd ~o 
far. lhw, c ; .  the dilfczcntial distributitm in the anin,~d 
kingth~t .. . .  f P( 'r  on one hand and PAr. PI.. Irl'¢. etc. tm 
Ihc t+lllcl hand ma3 ,tlxo I+c u\plaillUd as follov~,,. P( 'r  is 
I~rcdomit~;mt' Iotmd in xcrtuhr,ttes, v+llich ,dnlost pcr- 
ic,...ll.~ Illilitll:l~ illlrilcclhllzlr hollldOM,l~,i'~, hi COlllrLIM. 
inlracclhtlitr t+,)lll¢OMil:,,i'~ ix It.", ,, l'q-t+llOtln¢¢d in Iov.ur 
ph~,la, causing largcz fh~chlatitmx of pl !. tCtllpuraturc+ 
%tlI'~MIHtC COllCClllrillit+ll~,. t.qC. tll'~Oll chi.tll~CS ill tht." a¢-  
tu:d cn~ironmcnl.  ( 'hangcs  in intracellul,tr uontlilitms 
might lead to hydrol)sis of tile highl) labilu P( 'r  pool 
;ind. thun. to  c|ae~.~y dissil+aliOnl. ('OH~',UtlttClltly. t lndun  
ColldiliOllS o f  p o o r  illlrzlcelhll;.ll !l.+t+l,'+lslzlsis. nlOl+e mill- 
bit  phosphagcns might be better stated than P('r. 

In conclusion, the ( ' K / P ( ' r  system has tile t'olhw+ing 
nl;lior ad'~antage', ox'cx" ;I s.xstenl based uxcltnsivel~ on 
: V I P / A I ) P  diffusion: (i) it allo~vs a larger flux of 
high-cncrg.~ phosphates buh~ccn sites of A'I'P pu-odu.:- 
lion (Illitochondria arid glycolysis) ~,lltl A I P  utilizatiun 
(all ,otis of Al 'Pascs).  (it) it allows thu m,finlen:mce tel 
,~ Ligher A T P / A I ) P  ralio throughout tile cull. (iii) it 
,txoitls ,t I1¢1 h'~s~ of  atlunillU nucluotidu,.  (ix) il keeps 
tile pl I almost ctmstanl during the fir,,I ,,tagcs ol+ cclhn- 
lar v, ork and (x) provides lV.o adtlition'~+; potct:tial sites 
lor lhu \e l3 M,¢cific rcgulalioll of cl;~+!~ IilUhtbtflisln. 
Most of the naodcls of ( 'K functior , ,..'ti~,sutl in lhu 
fleX| .~CCliOII ;.irt.' b a s e d  p r i m a r i l y  Oll (~ i ' .~  o~lc o r  juM a 
[¢~. ,ill lhcsc ;Idv~IIl[:Igus. ('OllSiLt~ '+;it" + Ol all ildv;.ill- 
I;.igc~. of \~iiioLix rnotlcl~ and of . ~..,.. ill lllet~.tbolic 
demand sp¢cilic for diflcr,.'nl tic-,,,, ptl~,:qtal sieges and 
metabolic adaptatio|ls will lead to a IlltHu th~u'ough 
tmder~tantling ol ('Ix function in x~llolu cellular unuigy 
mutalx~lisnL 

II "-B..~l+rh'h +!I" ('K li+mti+m 

%trice the discovery ol P( 'r  in t)'~-7 . _ ,  [I I It. tile idea,, 
and models about tile ixlvolxcmenl of tile ( 'K/P( 'r  
~,~,lcl~l in CllClg.v nletabolism have changed suvcral 
litnes. Thu [act lhal it is nol posnil:le to cxp]ai~ all 

lql~sitflogieal findings with on,." single of these nlodcls 
ma.~ explain x~hv ¢onIusion about tile "real" t'linctJoll Of 
the ('K/P('r ,,~,lunl slill uxistx in the litt:raturc and 
~.~.ll) hl lllOM textbooks, energy metabolism is simi~lified 
h~ Otllitting the ('K/P('r ,,ystunl and by assuming ex- 
clusi',c diffusion of ATP and AI)P between sites of 
ATP lWoductioll and A'I'P consumption (I:ig. 4A). This 
model II!iI) bC COI'I'eCI foI" culls and tissues lacking CK 
like li',¢r, hut it i~ clearly incomplete for tissues with 
high and fluctuating cnurgy demands like heart and 
skclclal imn,,,clc, brain, spcrnlatozoa, retina, kidnuy, etc. 
(see Ref. 402). For a historical overview on the devel- 
opnlcnI of alternative models, the reader is referred to 
Rul's. 35.37 and 214. In this Section. the various models 
wil l  be discussed only for ATP production by oxidative 
phoH'~lloo'lation within rnimuhondria. However. no dif- 
Icrunccs inl the qualitative aspects of the models and in 
COilcltlsiOilS rustnll fronl a rcplaecrllCnl of nlilocllo[Idrlal 
oxid;Llb.rc phosl~hor~lation b) glycogcnolysis or glycoly- 
sis, because functional uoupling, like that of M i -CK to 
oxidative l)hoslfllorylalion (sou lit-C), ha~ also been 
obscrxcd but~,~uen cytosolic ('K isocnzymcs and glyeoly- 
,,is (for r¢',ie~, sou Rues. 381.4q2). 

Since during work. [PC'r] decreases whereas [ATP] 
remains relatively conM;inl, it was long believed that 
P('r ix the direct source of energy lor illUSctilar coil- 
Inaction, with ATI ) being responsible fl)r the regenera- 
tion of PC'r. Thirty xears ago. however, rather specific 
inhibhiual of CK m frog skeletal muscle by I-I1uoro- 
2,4-dinitrobcnzene caused a contrac t ion-dependent  de- 
crease in [ATI'] at constant [PCr] and, therefore, proved 
that A'I'P hydrolysis directly ,;upports muscular c o n -  
traction I7ul. l]eeausc ( 'K inhibit ion lowered the num- 
J+~CI" Of nolll l31 cohtractions of a Illt lscl¢ fiber from > 3(} 
to approx. 3. it was hylx~thusized that the ( 'K/P( ' r  
system ueprcsent:, a back-up system for very efficient 
"buffering' ol [ATP] and especially [AI)P] [7I).3()2,485] 
(Fig. 4B). llowever, a large bod.v of evidence ehal- 
Icngud the xalidit.~ of the "bulfcr model" [14~,LI5q, lf~(), 
414]  so  that ixlstcad ,in (exclusive)"transpt+rt" function 
~as prol~osud lot tile ( 'K systenl [35.37,38.213,301.328, 
37q,415.41(~,463.4Xn.4,~8]. A c c t , d i n g  m this m o d e l .  
~vllich v, as al',o tcrnlud "P('r shuttle hypothesis', Mi-CK 
hotrod to the otitur face of the inner mitochondrial 
illcnlJ~r:.|n¢ calal~,zcn tile transfer of the y-pllosphatc 
guour~ of AIP. s_,.mhesizud by nlitoehondrial oxidative 
pl'a~si'~hor)lation, to ('r. PC'r then diffusu.s out of the 
mitt~.'hondria to situs within the cell where energy is 
consunlcd and l ' ( ' r  continuously rcgCllClLl|CS ATP. Di l -  
fus ion t~t ( 'r  back  to the nlitochondria closes the cycle 
(Fig. 4(+). In other words, the C K / P C r / C r  system is 
shuntud in bc l~cun  situs of ATP production and ATP 
c.,,insllnl p l  to i l .  

Many uxpcrimelllS were interpreted as f, lvourirlg 
one of the tv, o models and dismissing the othcr. How- 
ever, within a cell+ both "buffer" and "transport" rune- 
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Fig. 4. Modcb, of ( 'K  function (A)  ('la~,sical "tcxlhook" model of 
energy transp~rt  h e l i c o n  sites of  ATP product ion (miTochondria, 
~21ycolysi,O and ATP consumpli~m (all sorl~, of ATPa,,c,d. Thls model 
may roughl)  rcllccT 1he q lua t ion  m tis.,uc,, dc~..oid ol ( 'K. P ( r  and ( ' r  
like Ii,.cr, but is clcarb, inappropriate  Io describe the sittl;nti~l~ in 
( 'K-containing Ti~,,',llt.", like ,,kctctal or cardiac muscle, brahl, rcli l la 
and  sl~.rma'~*zoa. (B ) "Bu t le r "  (sloragc) luntTi~m ol The ( ' K / P ( ' r  
s~,tcrn. A large pool of P( ' r  is availabh: h~r imnlt.'diatc regencral ion 
of ATP h.~drol~zcd during shot1 pcriotN of intense ~ork.  I)uc Io the 
Iligh c.~lo',~lic ( 'K acti'.itics, the ( 'K  reaction remain,, in '~ ncar-ctiui- 
librium ,,laTe and. thus. kccp~. IAI)PI and IATPI almo,,I constant.  In 
o ther  '.~.oltls. the ( 'K/PC'F  s~.sl,dlll ¢ltlfjt'llt]) 'built'r,," The o.wiCClltlil- 
lions ~1 ATP and espcciall~ ot  AI)P.  (C') "llan'~p~rT" luncti,m ol the 
( 'K /P( ' t  .,>qcm. The ( ' K / I W ~  -~>,lcm fullils the lunchnn oI a 
"TrZlll'~port de~.icc ' shtlnlcd ill I'~c1"A¢¢11 ~.itcs ol ,VIP plothlt:lit~ll :llld 
ATP consun:~ption. Nolo lhat for 1he 'buffer" tUllCTion no M i - ( K  
isO¢ll/}nlc J~. needed,  ~.~,llclcii ~, tor 111,.2 "11~ln~.pOll ' ttllleTJon. Mi-( 'K 
m~.l) [1¢ ;.Ill es~.clltiill prert:qUl~,itc, cspcciall.~ it there ~e rc  dilhl,,itln 
lilnitalions Io! atlcninc Iltlt'l¢otitlc,, at'lo~,s Ih¢ oLItc[ nlih)~.hontlrial 
membrane  132.33.147.14N I. In addilion, it should be kept in mind that 
the I'Ao models (13) ;|rid 1(') reprc,~cnl c'.~tt¢lllcs. 'aith 1he ~ucTual 
si lualion in a cell or 1issue hcing somcv, hcrc in bcT~¢cn. Accord- 
ingly, lh¢ physiological rcquircmcnl~ t~l a t i~uc dclcrminc Ihc rcla- 
live imporlancc o1" lhc "bufli:r" and 'tran,,port" lunclion ~1 the 
CK/P( 'r  system and. Illcrcfl~rc. also the rclativc proporll~m ol Mi- 
( 'K.  For fur lhcr  doaib , .  ~,cc 1he Icxl. to). ~,i1¢~, oI ATP hydrol~,,,i,~, c g . .  

m.~o,dn ATPasc  c,v i~m pump,,: ( • ). Mi-C'K: ( * ), ¢~1o, ,~lic CK. 

tions of the CK/PCr  system may he operational at lhc 
same time, with the relative contributions of these two 
aspects dcpcnding on the metabolic demands of a 

tis~uc. For example, the l~ulfcr fuVlClion h, likely to hc 
lllOI'C proIIOtIIlced ill I;IM-l~,Jlch n~.u',cIes ~hci-e bti!Mx 

of ATP m¢akd~n ha~c t~ I~¢ buffered immcdh~t¢I_x 
and ~cry clficicnlI~ to alh,..s shorl pcviod~, of ma\im:d 
w~u-k. Thc,~e nillsclcs Ialiguc rapkIlx because ,c.,.'cncr~,- 
lion ol high-cncv~zy pho~,phatcx i~, achieved on a mudl 
~lo~vcr Iimc-,,calc mostly by glyeoly~,i~,. In sh~-l~iteh 
musch.-s and c~,p¢ciaIIy in heart, howe\or, the transporl 
function ~.,CCIll'~ more inlpoIt~inl. ~inec in IlleSe muscles. 
hi.,.¢h ralc~, of ATP eonxuuff~tion am.l. therefore, ab, o of 
ATP prodllCli~m and Iranhi)orl Ilavc to be ensured for 
hmgcr periods of lime. I:or each workload, a stcady- 
.,,talc ix attained where ATP production and c~msump- 
tion arc efficiently regulated and balanced [ 17]. 

The "buffer" [unction of the ('K/P('r system is sup- 
ported by the Iollowing facts: (i) Non-excitable cells 
and organs like liver with ~,. relatively high. but continu- 
ous llax of high-energy pllospllalC,, contain ~mly sm,dl 
amounl~ of ( 'K and l ' ( ' r  or  cvcn none at all [41.5IN]. 
This might indicatc thai the ( ' K / l ' ( ' r  s)..lem is nol 
essential for maintaining high llux rates of higi~.cnergy 
phosphates, but rather for buffering of sudden changes 
in energ~ den41nd Isce below). (ii) For a transport 
function, comparable amounls of Mi-('K and cylo,,olie 
( 'K activities arc expected within a cell. lion, ever. the 
proportion of Mi-('K ~as lound to be only (I-U~ of 
total ( 'K activity in some skeletal muscles and brain 
[8,9,4S.245.294.4341. In addition, no m~',:~chondri~d 
isocnzymcs of argininc kinasc ha~c so f", bccn totmd 
in a wlricty of arthropod flight and squid mantle mus- 
cles [I 13,4112.451]. suggcsting that in all thcsc tissues. 
the ('K/P('r and A K / P A r  system,, are nol so impor- 
tant for energy "transport'. Ito~vcvcr. though insect 
llight muscles are capable of extremely high aerobic 
energy fluxes ~ithout Ihc participatinn ~TI a mitochon- 
drial argininc kinasc isocnzymc, these results do not 
exclude a transport function of phosphagcn kinasc 
systems, since first, rows oI densely packed mit~- 
chondria are lined up in close apposition to individual 
m.~ofihrils of insect llight muscles in such ;.1 ~ay that 
diffusion di:,tancc,, trnm mitochondria to myofibrils arc 
minimized [438] and second, a milochondrial ix ,en- 
zyme ix less iml~rtant for a transp, wi function ol ,m 
AK/PAr  than for a ( ' K / P ( ' r  system. "lhcoretical con- 
sidcrations have shown that duc to the Ioss.cr equilib- 
rium constant of AK compared to (?K. the proporti~m 
of high-energy phosphate llux carried by PAr at the 
same A T P / A D P  ratio is highcr than that carried by 
P('r [311]. (iii) Per  content, total ( 'K and ,,olublc 
MM-CK activity were found to correlate with the gly- 
colytic potential of a muscle (Rcl. 332, for a review, scc 
Rcf. 41.~2). ('onscqucntly. lhey wcrc highest m fast- 
twitch muscles ~xith high glycol.vtic, but low oxidatkc 
potentials where ATP brcakdown duc to mu~,cular 
work occurs on a much faster time-scale than [egcTle l ; . l -  

tion by glycolysis [264]. indicating that the transport 
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function ~1 the ( 'K ~P('r ,,x,,lcm is I]¢~lrl~ irrclc~ ant for 
l~tq-t~ itch gl~c()l~lic nut,,elm,. (iv) l]itwhcmic~d Hlld ;i i )_ 
NMR cxpcrimcnt~, dcnloll,,Ir,llctl lhzlt in I~rain. hc:ul 
:.tlltt ~,kelctal munclc, tile c~to,,olic ( 'K ilclb, il~.. :1~ ~¢11 ~ls 
the oxcrall llt~x Itll-t+ttgll the ( 'K rcactit+n arc much 
higher than the maxin]al rz,tcn ol ATP ~,xillllcnis and 
,.\I'P conMtnlplil~ll. ,,tlggeslillg |hil l l i l t  ( 'K system ill 
the c.~to',t~l i', in :l ncar-cquilil~ritm~ state [42.N,~.2115. 
21~2.2(;t).31(l.34v').3S1.423.475]. Undt:r nc:tr-equilil~riunl 
omditionn. ,-VIP and AI)P arc cfficienll) I~uffcrcd. as is 
corr()l~oriHcd b 3 physiological experiments repealing 
Ih;ll dt lrhlg muscular lind ilcr~,otlS work. [ATI'] remains 
aln]ont corn, troll. ~ herea,, [P('r] tleclC;l~,¢~ ( Re/. 3S I: for 
a rc~i¢~, see Rcl. 417). (v) N~ functitmal coupling ~a.,, 
delcclCd bc l~ccn  Mi-: \K ilnd nlilochontlrial oxid:lli~c 
l~ht~nl~ho~3lali~m ill lilt." hc:~rl ~1 lhc horseshoe crab 
I.IDIIII, II~ pOtlVl)/l['llltl~,. I l lCilnil lg lhal this isoen/.'~.lllC is in 
lrcc equJlJbrJun~ ~Jth the c~losolJc nubnlr:ltc concenlr:l- 
tiom, [ l(In]. Thus. lh¢ function of this M i -AK  isocn/.vmc 
is l ikcb to cm, urc ne:lr-etlt, ilil~rium condJlJmls of the 
l;hosph:.lgcn kin,~,e icacl ion in lhu" Jnh.'rnlu'nlhrant." 
sf~at:c r~Hher lhan Io parlJcJpale Jn a "r, ht! l l lc illeCh~.l- 
nism" for high-cnerg~ phosphates. 

.\ "lrallSl'~Orl" ftlnclJon I]~1- the ( 'K , / l ' ( ' r  syslcm is 
I~l~ourcd I~ lhc Iol lo~ing argumcnls: (J)The prenencc 
of MI-( 'K. ~,s ~el l  ~l,, ~! cytosolic ( 'K b, ocnzynles ~ i lh in  
the S;.llllC cells stlggesls Ihill tile)' have different func- 
tions. Mo,,l attr:tetively. Mi-( 'K is responsible for P( 'r  
synthesis and significant fractions of eyto.,,olic CK liar 
A I P  regeneration (Fig. 4('). l i t ) T h e  proportion of 
M i - ( K  increases ~i lh  the oxid;,tivc potential  and. 
lhcrcl]~re, al.,,o ~i th lh¢ expe¢lett r¢le~.;.lllCe of lilt: 
IrZtllsporl function for the proper ft, nclioning of a tis- 
~uc (see als~ II1-1-. and Ill-F). It is higher in slox~-t~itch 
than in I'ast-lxvitch muscles and highest in hc~,rt (up t~) 
5(rr .  see Ill-A). Ill brain, depending mostly on glycoly- 
sis. the relative propt)rtion of Mi-( 'K is low [4,~.3t,q.423]. 
Furthermore.  during dc~ch,pmenl,  lilt" propm'tion of 
Mi-( 'K illltl muscle performance rose in pan, llcl (scc 
I I1-1£ ). I:imtll.~. chronic stin]ulation [411Ill and cndunmee  
training tel increased tile relative proportion of Mi-( 'K. 
~hilc  Mi-('K activily decreased in the inmlobilized 
Imman leg Mtcr su rged  [224]. (iii) In tile neonatal  
l;tt~l~it he:re, tile llux through tile ( 'K reaction directly 
corlcl.:lted ~i lh  II1¢ relative proportion of Mi-( 'K [346]. 
Ftuthermore.  nlodcl calculations snggested lhill upon 
heart stimuhttion, the llux through Mi-CK increases 
,,e~eral-fold [251.52g]. (iv) Whereas Ihc overall llux 
through the CK reaction is probably independent  of 
the met;d~olic state in skeletal muscle [52t,q. it increases 
~ith ~orklo~td in tile heart [42.44,4h.47.262,311(L34(~. 
3,',;(~.529]. suggc~,ting that tile ( ' K / P ( ' r  sy.,,tem ill ~ork- 
ing heart is no longer in a ncar-equilihriun~ slate. This 
concltlsion ~,~ls ;llSO corrc, boraled for several tissues 
nullcring or recovering from hypoxia or ischcmia 
[It;.21.141.15tLIhfl.2(lh.334]. indicating that merely 

I~ulfcrillg IIle c()ncenlraliOllS ol adt.nillC ntleJeolJdes is 
nol file sole luncliOn of lhc C K / P ( ' r  s~slcm. (v) J~t- 
col~t,~ 121X] c~deulalcd lhal lhe Iolal ATP pool would 
only suffice for I(I s of eiirdJac work ;it normal rates of 
energy uti l ization, l(vet~ " ;th P('r present, tile "resting" 
hcarl turns o~cr lhc l, d high-energy l~hosphale pool 
2-4 limes pcr rain. Sim,,:ul~. ATP plus PAr would only 
suffice for 1.5 s of fl ight of Locll,sla lllJgraloria L. [4()2]. 
ASstlnlillg Ct)llCenlrillitm gradients of  5c~, maximal f lux 
r~tle~, (in /amol /min per mg heart) of  35 for MgATP,  
57 tim P,. 123 Ibr P('r and Il l3 for Cr were calculated. 
itowever, lhe l lux of A I )P  ((I.I 12 /amol /min  per rag), 
primari ly due Io its very low eont:entralion, is in the 
Silllle l ; l l l~e ;,is |he 111axJnltlm measured rate of  ATP 
ul i l izal ion (0.135 /~mol /min per mg), indicating lhat 
especially at higher workloads, A T P - A D P  flux alone 
might l~c in~ul f ic ienl  Io mainta in appropr iate 
A T I ' / A I ) P  ratios throughout the cell [21g]. (vi) In an 
eh.'gant series of cxperimt:nls il was shown thal in sea 
urchin sperm;tlozoa, very specific inhihilion of the 
nlilochondri~,l and l lagellar ( 'K  isounzymes by l - f luoro- 
2.4-dinitrobenzenc (F I )NB)  al lenualed flagellar move- 
mum in the lwo dishd lhirds of lhe sperm tail, indicat- 
ing lhal XFP and ADP diffusion alone are only suffi- 
cient Io ensure d.vncin ATPase activity in tile proximal 
third (11 tilt" tail. Indeed. when A T I  ) was added exter- 
nally 1~i permeabilized. FDNB-IreaIed sperms, they 
xs,.'rc able to swim again normally [403]. indicating that 
the C K / P C r  system is essential for encrgy supply in 
these highly polar cells. Evolutionary studies support 
lhis conclusion, since high CK activities were found in 
spernls of the primitive type. whereas I0 -  I lXbfold lower 
( 'K activities were obser~ed in sperms with a modif ied 
morphology [41~5]. "Primitive" sperms have hmg flagel- 
lae. depend on aerobic energy metabolism, are typical 
for external fert i l ization and the mitochondria are lo- 
calized t:xelusiveh. wi lh in  the head. "Modified" sperms 
are t.vpieal for internal IZ-rtilization, depend also on 
glycolytic energy flux. and the mitot:hondria are local- 
ized il l head and tail. That the ( ' K / P C r  system is 
cnsenlial for highly polarized cells is also supported by 
Ihe linding of high ( 'K a¢livil ies in chicken and frog 
pholoreceptor  cells [4t~5.4%]. as well as in t:ilialed cells 
fronl n,bbit  ~viduet epi thel ium [4h5]. (v i i )Thc  finding 
of thin,cellular t:t)nlparllllentalion of adenine  nu- 
cleol ides and ( ' r  (see IV-(') hit.,, the direct consequence 
that t:ommunication between the various compart- 
ments (mitochondria. myofibrils, c t c ) a n d ,  thus. trans- 
porl t,f CK subslrates must happen. (viii) If only the 
bt, ffcr function wcrc important  for the C K / P C r  sys- 
tem. in honlogcneou~, distr ibution of CK isoenzymes 
~ould  be cxpcetcd ill the cytosol. However, different 
proportions of cytosolic CK isoenzymes were found to 
I~c tightly bound to the myofibrillar M-band. the plasma 
nlembrane  and the sarcoplasmit: rct iculum membrane  
~here  CK is Ihought It) locally regenerate ATP. as well 
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as to be functionally coupled to myosin ATPasc, 
N a * / K  +-ATPasc and Ca 2 ' -ATPasc,  respcctivcly (Rcfs. 
51,120,301,357,383,386,455. for reviews, see Refs. 38, 
379,488,4921. C~',-Iocalization of CK with ATP-requir- 
ing enzymes together with the likcly potcntial that CK 
itself is a regulated enzyme might be an effcctivc 
means of high-energy phosphate channelling. (ix) The- 
oretical considerations have shown that even under 
near-equilibrium conditions, most of the high-energy 
phosphate will be transported in the form of PCr at 
physiological A T P / A D P  ratios [311]. Accordingly, 
Meyer et al. [311] hypothesize that the binding of CK 
near sites of ATP production or utilization "serves to 
raise the local enzyme activity where the flux is great- 
est, thus, ensuring overall near-equilibrium with less 
total enzyme activity than would be necessary with 
uniformly distributed enzyme'. 

Clearly, there were also some arguments raised 
against a transport function of the C K / P C r  or A K / P A r  
systems. First, the AK activities in flight muscles of 
fi~ur insect species, as well as in squid mantle muscle. 
were found to be considerably smaller than the maxi- 
mal ATP turnover rate [332,451]. However. comparison 
with mammalian tissues is difficult due to profound 
morphological differences (see above). And second. 
feeding of rats with the crcatine analogue /3- 
guanidinopropionic acid (GPA) for 6-111 weeks re- 
sulted in the heart in a nine-lk~ld decrease in [PCr]. as 
well as in a 4-fold decrease in the flux through the CK 
reaction, while GPA and GPAP were accumulated and 
[Pi], [ATP], intracellular pH, oxygen consumption and 
cardiac perlk)rmance remained more or less unchanged 
[424,426]. Since in GPA-fed rats, the measured rates of 
ATP turnover were 1.5-3-times greater than the flux 
through the CK reaction, it was concluded that PCr 
cannot be an obligatory intermediate of energy trans- 
duction in the heart [426]. However. it has to be 
stressed that during the rather long feeding periods. 
compensatory, metabolic adaptations take place [427] 
and that GPAP can serve as a CK substrate to buffer 
ATP quite efficiently during transitions between work 
states [88]. Furthermore, the left vcntricular developed 
pressure was significantly lower in rats fed GPA or 
/3-guanidinobutyric acid compared to controls [531]. 

Many studies in the past aimed to prove that the 
C K / P C r  system in some way is essential for energy 
metabolism. However. the GPA experiments suggest 
that vital mammalian tissues (except spermatozoa and 
retina?) still function reasonably well at greatly re- 
duced concentrations of Cr and PCr (see IlI-F). this 
fact simply reflecting the overcapacity of the C K / P C r  
system under normal conditions. Neverthcless. the 
C K / P C r  system in all likelihood has both a transport 
and buffer function and thereby incrcascs the thermo- 
dynamic efficiency of energy metabolism, as will be 
discussed below. A second misleading aim was the 

attempt to demonstrate that a 'sufficient" flux of high- 
cncrgy phosphates can not bc attained by ADI '  and 
ATP alone. Evidently, with sufficiently steep ¢onccn- 
tration gradicnts, adenine nuclcolidc turnover and 
ADP-ATP flux might bc balanced as well [219]. There- 
fore. the function of the C K / P C r  system may no! 
simply be to guarantee a sufficient flux of high-energy 
phosphates from sites of ATP production to sites of 
ATP consumption, but rather to ensure a sufficicnt 
flux of high-energy phosphates to maintaill appropriatc 
A T P / A D P  ratios throughout the cell in order to en- 
sure a proper functioning of all ATPases in tissues with 
rapidly changing energy demands [96.97,143,157,229, 
2311]. High A T P / A D P  ratios point to high phospho- 
~lat ion potentials and, thus, to high affinities (free 
cnergy changes) for ATP hydrolysis, in resting skeletal 
muscle, as well as in heart at a basal metabolic rate, 
the affinity for ATP hydrolysis was found to be in the 
range of 55-64 kJ /mol  (Rel~. 143,229, for a review, 
,~ce Ref. 230). while in other tissues, it amounts to only 
45-51 kJ,/mol [230.4411]. The facts that a varicty of 
cellular ATPases require energies of 41-44 kJ /mol  
[90.97,229], that the affinity for ATP hydrolysis seems 
to be very efficiently buffered between 4~ and 511 
kJ /mol  [229] and that thc mechanical performance of 
the heart drastically decreases below 48 kJ /mol  [229] 
strongly corroborate that the A T P / A D P  ratio is of 
prime importance for energy metabolism. Most impor- 
tant in this respect is the finding that the Ca 2 +-ATPase 
of the sarcoplasmic reticulum depends on a ve~' high 
affinity for ATP hydrolysis to be able to reduce the 
cytoplasmic [Ca-'*] to 11111 nM and. thus. to ensure 
muscle relaxation [229]. Cessation of proper Ca -'~ se- 
questration may even be the biochemical basis for 
muscular fatigue [97.157]. Kammermeier [231t] further 
hypothesized that the affinity for ATP hydrolysis pro- 
vides an explanation why CK is present in heart and 
skeletal muscle, as well as in brain, but not in liver. In 
tissues with affinities of 55-64 k J / tool .  [ADP] would 
have to be kept very low. Under these conditions, the 
diffusion gradients of ADP and A I P  required to main- 
tain the desired high-energy phosphate flux would cause 
an affinity gradient of 2-3  kJ /mol  per #m. In tissues 
w ilh affinities below 51 k J / tool ,  [ADP] would be higher 
and the affinity gradients much smaller. Therefore. the 
C K / P C r  system ma.~ have the additional function of 
flattening affinity gradients for ATP hydrolysis and, 
thus, avoiding energy" dissipation [311]. However, this 
interpretation raises some additional questions: Why 
do brain, heart and skeletal muscle depend on a higher 
affinity for ATP hydrolysis? What are the processes or 
chemical reactions requiring affinities of 55-64 
kJ /mol?  And how is the affinity for ATP hydrolysis 
regulated within a cell'? Answering these questions may 
provide some deeper  insight into the "real" functions of 
the C K / P C r  system. 
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Doubts about the real l't, nctions of the C K / P ( ' r  
system might also bc raised by the finding of cylosolic. 
as ~ell i,s Mi-('K isocnzymes in smooth muscle tissues 
[207] displaying much lo~vcr maximal performances than 
striated muscles, l towcver, in analogy to striated mus- 
cles. "fast" and "slo~" smooth muscles may be discrimi- 
nated. Most ;isccral and vascular smooth muscles arc 
characterized by long-lasting tonic contractions, con- 
iain cytosolic lind Mi-CK isocnzymcs lind consequently 
can bc compared with slow-twitch skeletal muscles, in 
contrast, chicken gizzard displays only phasic contrac- 
tions wi:hot, t a tonic component, where maximal force 
is developed after 111-15 s of stimulation [126]. Since 
chicken gizzard, in addition, has no Mi-CK. but consid- 
erable amounts of BB-CK [2{17]. it may bc compared 
with fast-twitch skeletal muscles. The obvious differ- 
cncc between slow- and fast-twitch skeletal muscles 
and "slow" and "fast" smooth muscles is the time-scale 
(~f metabolic changes. An attractive cxphmation to in- 
vestigate is that diflusi(m of CK substratcs is much 
more hindered in smooth than in striated muscles, but 
that the CK/PCr  system in both muscle types has the 
same functions. 

The last function of the ( ' K / P C r  system to bc 
discussed is to "accelerate" and "smooth" transitions 
bcD,~,ccn different work SllllCs. if ADP liberated by 
muscular contraction or by all sorts of cellular ATPases 
were the signal tor ATP production by mitochondrial 
oxidative phosphorylalion (see IV-D) and if the system 
under these conditions were non-linear, then oscilla- 
tions around the new steady-state level would bc ex- 
pected following changes in workload. These oscilla- 
tions would be paralleled by fluctuations in [ADP], 
[ATP] and in the A T P / A D P  ratio. Since A'I'P and 
ADP arc key regulators of many of the tundamcntal 
metabolic pathwa.~,.~, the net result might be a dcstabi- 
liza~ion of ~vholc cellular metabolism. Because near- 
equilibrium conditions only allow for a linear system. 
~hcrc oscillations do not occur, the CK/PCr  s.vstcm 
I l lay dampen the oscillations mentioned above and 
consequently stabilize whole cellular metabolism. It 
has to be stressed that the oscillations discussed here 
arc completely dilferent from those described in seve- 
ral practical lind theoretical studies [21,134.139]. r hc  
former arc due to an approach to a new stcad~-statc 
lc~cl, whereas the latter result from regularly fluctuat- 
ing energy demands characteristic of cardiac mus ic ,  or 
from alternating perfusion with O~ and N,. 

By accelerating "communication" between sites of 
ATP production and ATP consumption, tnc CK/PCr  
system may. in addition, reduce the transient times for 
reaching a new steady-state. Transient times can bc 
shortened in two different ~ays. either by elevating 
enzyme activities in such a v~a~ as to guarantee near- 
equilibrium conditions [1119.182] or by mctabolitc chan- 
nelling [343]. Both of these mechanisms arc probably 

operational in the CK/PCr  system, thus indicating as 
well that reducing transient times is important for 
energy metabolism in tissues with rapidly changing 
energy demands. The cytosolic CK isoenzymcs arc 
likely to bc in a near-equilibrium state (scc above) lind 
it seems that Mi-CK is involved in metabolic chan- 
nelling of high-energy phosphates out of the mito- 
chondria (scc Ill-C). All of these latter interpretations 
arc strongly favoured by the fact that the C K / P C r  
system is predominantly found in tissues with high lind 
fluctuating energy demands like brain, cardiac and 
skeletal muscle, but not in tissues with high but more 
or less constant energy demand like liver. 

In conclusion, the C K / P C r  system has two main 
primary functions: (!) it buffers the concentrations of 
ADP and ATP and (2) accelerates the transport of 
high-energy phosphates between sites of ATP produc- 
tion and ATP consumption, thereby accelerating also 
communication lind feedback regulation between the 
two complementary parts of the CK isocnzymc system. 
The remaining functions of the CK/PCr  system arc 
direct consequences of the "buffer" and "transport" 
functions. Besides buffering H + and preventing loss of 
adenine nuclcotidcs (scc IV-A). (3) the C K / P C r  sys- 
tem. duc to keeping [ADP] low. maintains a high 
affinity for ATP hydrolysis which seems to be crucial 
for various ATPascs. (4) Furthermore, transient times 
between different workloads arc shortened by the 
C K / P C r  system duc to mctabolitc channelling by Mi- 
CK and near-equilibrium conditions of the cytosolic 
CK isocnzymcs. (5) Finally. duc to the CK reaction 
being in a near-equilibrium state in the cytosol, oscilla- 
tions in the concentrations of high-energy phosphates 
may be avoided upon abrupt changes in workload. 

II'-C. Subcelhdar comlmrtmentation of CK suhstrates 

The function of the CK/PCr  system to accelerate 
the "communication" between sites of ATP production 
and ATP consumption, as it was proposed in the 
preceding Section. would bc cvcn more crucial if dis- 
crete subccllular pools of CK substratcs (ADP. ATP. 
P('r. Cr. H ' )  occurred. In fact. much evidence for 
microcompartmcntation of CK substrates has been ac- 
cumulated over the last thirty years (for reviews, scc 
Rcfs. 3S.4t)2). Incubation of striated muscle of the frog 
with tritium-labelled adenine or C,. followed by fixa- 
tion of the tissue (in the absence or presence of a 
lanthanum salt to "precipitate" the high-energy phos- 
phates) and autoradiography of thin sections, revealed 
an accumulation of adenine nuclcotidcs and PCr at 
discrete locations within the myofibrils [186-18t~]. De- 
pending on the conditions of fixation, adenine nu- 
clcotidcs wcrc hmnd in a narrow disk either in the 
I-band or the A-band. but in both instances close to 
the A-! boundary [187.188]. PCr was concentrated in a 
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narrow disk within the l-band, approximatcl) halt\ray 
between the A-I boundary and the Z-line [189]. For 
this [alter region, the local [PCr] was calculated to be 
166 mmol /kg  muscle. MM-CK in chicken pcctoralis or 
rat muscles was also found to be loosely bound to the 
i-band, together with glycolytic enzymes, in addition to 
its localization within the M-band of the sarcomeres 
[491,497]. Even though serious reservations have to be 
made about the method employed by Hill [186-189]. 
the co-localization of MM-CK and its substrates never- 
theless points to an important role of microcomparl- 
mentation of the C K / P C r  system within the I-band of 
the myofibrils. 

After  incubation or perfusion of rabbit or rat heart 
with 14C-labelled Cr, the specific radioactivity of PCr 
(SAI,(,~), surprisingly, was significantly higher than the 
SAc~ (SAp(.JSA(.~ 1.24-1.87) [272,392]. Subsequent 
washout of excess Cr or anoxia even increased the 
SApcJSAc~ ratio to 5-11. which is a clear indication 
for microcompartmentation. Savabi [392] from her data 
concluded that 55c~i of the total Cr {Cr + PCr} in 
spontaneously beating rat-heart atria is PCr, 9c~ con- 
stitute the Cr-pool i which is readily accessible to 
phosphorylation by (Mi-) CK and 36~,~ constitute the 
Cr-pool 2. Cr in this latter pool is rather inaccessible to 
phosphorylation and may be bound to subcellular 
structures. Incubation of the atria with [~4C]Cr causes 
a selective uptakc of radioactive Cr into pool 1. PCr 
hydrolysis due Io anoxia also leads to an accumulation 
of Cr in pool 1, suggesting that only a small proportion 
of the total Cr is metabolically "active'. If these findings 
were true, the validity of the conclusions from the GPA 
experiments would have to be seriously questioned. 
For example, only about 80C,~ of PCr and 6()c; of total 
Cr were depleted by feeding animals with GPA for 8 
weeks [531]. if GPA-feeding selectively diminished only 
the Cr-pool 2, pool 1 and, therefore, also energy 
metabolism in general might remain almost unaffected. 

Besides sequestration of ATP and ADP in mem- 
brane-enclosed dense granules of blood platelets [471] 
and accumulation of ATP in the nucleus of frog oocytes 
[315], as much as approx. 3(}ci of the intracellular ATP 
was found to be "trapped" in cardiac and liver mito- 
chondria (Ref. 144, for reviews, see Refs. 177,247,430). 
Furthermore. subeellular fractionation of rat heart and 
liver in non-aqueous media revealed the mitochondrial 
matrix [ATP]/[ADP] ratio to be much lower than the 
~tosol ic  [ATP]/[free ADP] ratio [177.430]. Together 
with the findings of separate mitochondrial and cytoso- 
lic CK isoenzymes and of diffusion limitations of ade- 
nine nucleotides across the outer mitoehondrial mem- 
brane [147,148], these results clearly point to distinct 
adenine nucleolide pools within the mitoehondria and 
in the cytosol. 

The terms "functional coupling" and "metabolite 
channelling" automatically imply microcompz'rtmenla- 

lion. Since much evidence has bccn accumulated for 
functional coupling between Mi-('K, ANT and porin, 
as well as between cytosolic CK isocnzymes and 
myosin-ATPase of the myofibrils, C;,:*-ATPasc of the 
sarcoplasmic reticult, m and N a ' / K ' - A T P a s e  of the 
sarcolemma and. since the different CK isocnzymes are 
in part bound to these subccl[ular structures in an 
isoenzyme-specific manner (see IlI-C. and IV-B). it 
seems very likely that not only between mitochtmdrial 
matrix, intermembrane space and cylosol, but also in 
the cytosol itself, different microcomparlments for CK 
substratcs exist, at least at high workloads. The latter 
suggestion is strengthened by experiments on hypoxic 
or ischemic heart and smooth muscle, indicating that in 
spite of !he high cytosolic CK activities, the CK sub- 
strates are not in a near-equilibrium state [21,159,16(I. 
206]. The most likely explanation is microcompartmen- 
ration of adenine nucleotides at the myofibrils 
[ 16(I,3(11,379,478,488] where ADP in resting muscle was 
supposed to be tightly bound to actin [144,5(11]. 

3~p-NMR data were also interpreted in favour of 
subcellular compartmentation of CK substrates. In 
conventional saturation transfer experiments under 
steady-state conditions, the apparent high-energy phos- 
phate flux in the forward direction of the CK reaction 
(PCr synthesis) was in most cases considerably higher 
than that in the reverse direction (ATP synthesis) [42, 
44.48,141,252.29q,31(I,337,423]. Two alternative expla- 
nations were given for this difference: (!)  microcom- 
partmcntalion of CK subslrates [251,252,337,529]. Two 
models accounting for microcompartmentation were 
developed. According to the model of Koretsky el al. 
[251], differences in flux rates between the forward and 
reverse direction of the CK reaction are observed in 
conventional saturation transfer, but not in 2-D or 
inversion transfer NMR experiments, with these differ- 
cnccs being a direct measure of microcompartmenta- 
tion. In fact. the forward and reverse fluxes through 
the CK reaction were found to be equal in 2-D-NMR 
experiments [15]. On the other hand, the model of 
Zahler et al. [529] is based on the assumption that 
,~ome pools of cellular adenine nucleotides are NMR- 
invisible, and consequently, not saturable in conven- 
tional saturation transfer experiments. This model cor- 
rectly predicts that the flux PCr ~ ATP increases with 
workload in the heart [42,44.46.47,262,300,346,386], but 
not in skeletal muscle [67,141.360,425]. Furthermore. 
this model was shown to be consistent with a NMR-in- 
visible ATP pool at the mitochondria, but not with 
localization of NMR-invisible ATP exclusively within 
the myofibrils. The notion that mitochondrial adenine 
nucleotides, probably due to the extremely high vi~o-  
sity of the mitochondrial matrix [394], are restricted in 
rotational diffusion and are, lherefore, NMR-invisible, 
is in support of this second model [529]. (2} Alterna- 
tively, the participation of ATP in various side-reac- 
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lions has been proposed its basis lbr the unequal Ior- 
~ard and reverse Iluxcs through thc CK reaction 
[141.2tlt)]. This interpretation is fa~ourt:d by the finding 
that under ~,tcady-slatc conditions, the difference bc- 
twet:n both fluxes ~anished in multiple saturation 
trans1`cr experiments. ~'hen lor the determination of 
the ATP ---, PCr flux. the P,-. as ~st:ll as PCr resonances 
wert: concomitantly saturated [472]. Nt:~ertht:less. more 
work is nccdcd to dctine clearly which of the two 
intt:rprctations or which of the two models of mit:ro- 
compartmcntation is correct. Finally, q P-NMR experi- 
ments on intact t:clls and tissues, its well as anoxic 
must:It revealed different pH environments for Pi (Re1`. 
412: 1̀~5r a review, sec Rcf. 201} x+hich may bc explained 
by ptt  gradit:nts of up to 11.5-l.[I pH units between lilt: 
cytoplasmic and milot:hondrial t:ompartmcnls. 

In conclusion, telling argumt:nts for distinct mim- 
chondrial and cytosol[c ( 'K substratc pools have been 
at:cumuhtted over lilt: years. Ill contrast, only indirect 
t:vidt:nce is currently available for microcumpartmenta- 
lion (51 ( 'K subslrates in the cytoso[ itself. Even though 
it is difficult I(5 achieve, unt:quivocal corroboration of 
this lat.tcr type (51 microcompartmentation will bc an 
important task for 1`uturc research, since il critically 
determines the functions of the C K / P C r  system and 
likely also a variety (51 cellular processes. 

II :D. Regt~httion o.f mitochomhial oxi~httire pho,~pho- 
tyhttion 

Since the C K / P C r  system in some tissues seems to 
bc an essential part of the energy metabolism, its 
possible invoh, emcnt in lhc regulation of mitochondrial 
oxidative phosphorylation shall briefly bc discussed. 
Up to nm~, mitochondrial respiration was proposed to 
correlate with (and, therefore, to be regulated by) 
[ADP], the [ATP]/[ADP] ratio, the phosphorylation 
potential, tht: "adenyhttt: reaction prt:ssurt:', lht: 
[ N A D H ] / [ N A D ]  ratio. [Ca-"] or O,  supply (Rc1`s. 
152,217,2f~3. for reviews scc Refs. 17,56,102.150.171, 
177,181,218,253,294.30(~]. Whereas experiments on iso- 
lated mitochondria, as well as on liver, skeletal muscle 
and newborn sheep hearts revealed a good t:orrclation 
bct~een the respiration rate and the concentration of 
ATP hydrolysis products [17,181.351]. thcsc findings 
~crc t:hallcngcd by experiments on in vivo or perfuscd 
adult heart, brain and kidney, which indicated a poor 
correlation betwct:n these parameters [16,17,74,138, 
181]. Instead, cspccially for the heart, the [NADH] /  
[ N A D ]  ratio and [Ca-"] wcrc favoured as primary 
regulators of oxidativc phosphorylation, since Ca e" at 

physiological concentrations was found to stimulate 
cffit:icntly a variety of mitochondrial dchydrogcmtscs 
[17,181]. 

At this point, a serious problem emerges. If reduc- 
tion of transient times is an important function of the 

C K / P C r  systt:m (st:e IV-B). tht:n the ATP hydrolysis 
produt:ls must be pr imal ,  determinants of the respira- 
lion rate in aduh heart and brain as well. How can the 
apparent discrepancy be explained? Let us consider 
tht: possible consequences of introducing the C K / P C r  
system in a cell. If. for example. [ADP] (or 
[ATP]/[ADP] or the phosphorylation potentiall  deter- 
mint:d tht: mitochondrial respiration rate [217.218] and 
if the dif1,usion of ADP were restricted. ADP concen- 
tration gradients would exist between sites of ATP 
consumption and ATP production, with the steepness 
of the gradient increasing with workload. The larger 
the diffusion restrictions for ADP. the higher the ap- 
parent K,. ~f oxidative phosphorylation for ADP will 
be, Introduction of the C K / P C r  system would drasti- 
t:ally reduce the concentration gradient of ADP and. 
therefore, dct:rcase the apparent K m of oxidative 
phosphorylation for ADP. ] 'his latter effect would bc 
c,'cn more pronount:t:d in the case of diffusion rcstrit:- 
tions for adenine nut:teotides across the outer mito- 
chondrial membrane [32,33,147,148]. in other words, 
when [ADP] is plotted against lhc respiration rate or 
the rate-pressure product, a much flatter line will be 
obtained in the presence of the C K / P C r  s~stcm than 
in its absence, with this flatter dependency probat~ly 
bcing barely detectable by ~ P-NMR techniques [74]. 

Thcsc considerations m ',y explain ( I )  why a clear 
correlation between the respiration rate and the con- 
ccntration of ATP hydrolysis products was found in 
liver and isolatcd mitochondria, but not in adult heart 
exhibiting a fully developed CK system; (2) why the 
regulation of oxidative phosphorylation by ATP hydro- 
lysis products is apparently lost during postnatal devel- 
opment of the sheep heart [351], at about the same 
time when the CK system develops to its full maturity 
[199] and (3} why training or chronic stimulation, known 
to increase the proportion of Mi-CK (sec Il l-F),  also 
resulted in an apparent loss (5t" respiratory control by 
the phosphorylation potential [86], 

These reflections suggcst that the ATP hydrolysis 
products ADP, P. and H" arc more important for 
respiratory control in the heart than currently believed 
and that [Cr], [PCr] or the [Cr]/[PCr] ratio rcprcscnt 
some sort of intermediate fcedbat:k signal for oxidative 
phosphorylation [42,221,314,37fl,379,414,415]. Since 
Mi-CK is likely to bc displaced from cquilibrium, a 
prerequisite for metabolic control, it may even be en- 
visaged that oxidative phosphorylation is rate-limited 
by thc Mi-CK reaction [294]. Nevcrthclcss. the ATP 
hydrolysis products are clearly not the sole determi- 
nants of the respiratory rate [17,177,181]. They may be 
regarded its primary regulators of oxidativc phospho- 
rylation, with thc [ N A D H ] / [ N A D ' ]  ratio or [Ca 2~ ] 
playing a more modulators' role, or vice versa. For 
further investigation of respirator5, control in the heart, 
it will be essential to determine the diffusion limita- 
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lions for ADP, be it in the cytosol or across the outer 
mitochondrial membrane. 

V. Perspectives 

The aim of this review was to summarize the current 
knowledge about the biochemistry, physiology and 
pathology of mitochondrial creatinc kinasc and to pre- 
sent working hypotheses for future research. In addi- 
tion to the "buffer" and "transport" function of the 
C K / P C r  system, a third main function is proposed 
here, namely to reduce the transient times of the 
systcm to reach a new steady-state upon abrupt changcs 
in workload (scc IV-B). Transient times can bc re- 
duced in two different ways: ( I )  by increasing the 
cnzymatic activities in such a way as to guarantee 
ncar-cquilibrium conditions. Thc cytosolic CK activity 
in heart and skeletal muscle was shown to bc several- 
fold higher than the maximal rates of ATP production 
or ATP consumption so that the cytosolic CK system is 
in a near-equilibrium state. (2) By metabolic chan- 
nelling of substrates. Many recent findings support the 
notion that octamcric Mi-CK within mitochondrial 
contact sites (CS) is inw~lvcd in metabolic channelling 
of high-energy phosphates across both mitochondrial 
membranes (sec Ill-C). First, kinetic and thermody- 
namic cxpcrimcnts revealed microcompartmcntation of 
CK substrates within the mitochondrial intermembranc 
space which was either explained by enzyme-enzyme 
proximity of Mi-CK and ANT or by diffusion limita- 
lions for adenine nucleotidcs across the outer mito- 
chondrial membrane. Second, it was realized that CS 
may play an important role in the export of high-en- 
ergy phosphates out of the mitochondria. The extent of 
CS is variable and increases with mitochondrial stimu- 
lation. Third. Mi-CK was found to bc cnrichcd in 
mitochondrial CS. And finally, the highly symmetrical 
3-D structure of the Mi-CK octamcr, with two identical 
top and bottom faces, seems to be ideally suited lor a 
CS localization, since the top and bottom faces arc 
likely to have the samc potency to intcraet with mem- 
branes (see II-C). Together with the apparent channel 
through the octamcric molecule, it may bc proposed 
that octameric Mi-CK within CS simultaneously binds 
to both the inner and outer mitochondrial membrane 
and is functionally (an0 physically?) coupled to ANT of 
the inner and porin of the outer membrane (see Fig. 
2B). This highly ordered multi-enzyme complex could 
bc an effective means of displacing the CK reaction in 
the intermembranc space far from equilibrium and. 
thus, of allowing PCr synthesis even at high cytosolic 
A T P / A D P  ratios. In addition, functional coupling was 
also demonstrated for cytosolic CK with myosin ATP- 
asc of the myofibrils, Ca"~-ATPasc of the sarcoplasmic 
rcticulum and N a * / K  ~-ATPasc of the plasma mem- 
brane. 

A further function of the C K / P C r  system may bc to 
dampen oscillations of [ATP] and [ADP] upon abrupt 
changes in workload (set" IV-B). Inherent to the latter 
two ideas is the assumption that Cr acts as some sort of 
"signal transducer" fi~r the feedback regulation of mito- 
chondrial oxidative phosphorylation by ATP hydrolysis 
products [sce IV-D). Whereas the "transport" and 
"transicnt-timc reduction" functions of the C K / P C r  
system are thought to predominate in tissues with a 
high proportion of Mi-CK like heart and slow-twitch 
skeletal muscles, the "buffer" function is clearly more 
important in fast-twitch skeletal musclcs with low 
amounts of Mi-CK. To dampen osciUations of [ATP] 
and [ADP] may bc a crucial function of the C K / P C r  
system in all (?K-containing tissues. 

In order to scrutinize these ideas and to get a 
dccpcr  insight into the 'real" functions of the C K / P C r  
system, it will bc indispensable to define clearly (i) the 
diffusion limitations fgr ADP, ATP, PCr and Cr in the 
cytosol of heart, brain, skeletal and smooth muscle, 
retina and spermatozoa in comparison to liver; (it) the 
permeability properties of the outer mitochondrial 
mcmbranc for all CK substratcs and P~; (iii) the func- 
tional a n d / o r  physical coupling of Mi-CK to ANT and 
porin, as well as the stoichiomctries of the three pro- 
reins within and beyond the CS: (iv) the three-dimen- 
sional structure of the Mi-CK octamer at atomic reso- 
lution in order to scc if a channel through the molecule 
really exists and if the active sites of the subunits are 
directed towards this channel, and (v) whether changes 
in the dimer to octamer ratio of Mi-CK as wcU as 
dissociation and rcassociation of dimeric and octameric 
Mi-CK from and to mitochondrial membranes (scc 
I l l -D) also occur under in vivo conditions and how they 
influence mitochondrial PCr synthesis or feedback 
regulation of oxidative phosphorylation. These experi- 
ments may then serve as basis for mathematical model- 
ling of the C K / P C r  system which is an essential pro- 
requisite for asking further questions. 

From the point of view of comparative biochemistry 
and physiology, it will be intriguing to investigate at 
which stage of evolution two distinct Mi-CK isocn- 
zymcs in different tissues of the same species appeared 
and how widespread the octameric structure of the 
Mi-CK isocnzymcs is. In this respect, the human Mi-CK 
isoenzymes are of particular interest, since up to now, 
no detailed characterization of the higher M r forms of 
the purified isoenzymcs has bccn published, in addi- 
tion, ubiquitous and sarcomeric Mi-CK may serve as 
valuable tools to clarify whether heart and brain have 
different mitochondrial import machineries for precur- 
sor protcins. 

A variety of recent studies suggest that the signifi- 
cance of the CK system in human pathology is cur- 
rcntly underestimated. Culturing adult rat cardiomy- 
ocytcs in a medium devoid of Cr or supplemented with 
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G P A  led to the  fl~rmation of  large cyl indr ical  mi to -  
chond r i a  wi th  crystal- l ike inc lus ions  e n r i c h e d  in M i - C K  
(see  I l l -F) .  Similar  a b n o r m a l  m i t o c h o n d r i a  c o n t a i n i n g  
crystal- l ike inc lus ions  e n r i c h e d  in M i - C K  w e r e  a lso  
obse rved  in h u m a n  m i tochond r i a l  m y o p a t h i e s  ( see  I I i -  
G. and  Fig. a). In this  ease .  however ,  f o r m a t i o n  o f  
m i tochondr i a l  inc lus ions  d id  not  s c c m  to c o r r e l a t e  wi th  
[Cr] in the  t issue,  l "hc rc fo rc ,  it ~'ill bc  an i m p o r t a n t  
task tor fu tu re  s tud ies  to  d e t e r m i n e  the  c o n d i t i o n s  
caus ing  the  fo rma t ion  o f  a b n o r m a l  m i t o c h o n d r i a  in 
myopa th i e  t issues.  F u r t h e r m o r e ,  an ima l s  fed  wi th  G P A  
or  G B A  may serve  as m o d e l s  for  the  inves t iga t ion  o f  
m i tochondr i a l  myopa th i c s .  S ince  the  C K / P C r  sys tem 
a p p e a r s  to  be very i m p o r t a n t  for  s p e r m a t o z o a ,  the  
reich, a n t e  o f  d e f e c t s  ,.~ithin this sys tem for  ma le  infer t i l -  
ity will a lso b c a  p m n d ~ i n g  subjec t  for  f u r t h e r  r e s e a r c h  
[lt,~8]. Finally.  s tud ies  o f  pa t i en t s  wi th  d e c r e a s e d  levels 
o f  M i - C K  or  with d e c r e a s e d  t issue [PCr]  may  p rov ide  
new views on the  "real" func l ions  o f  lhe  ( ' K / P C r  
~,ystel11. 

in addi t ion to ali :l~cse challenges, the combinat ion 
of established biochemical ,  biophysical and physio- 
logical mcthods ~ i th  new, investigativ_" tcchniqucs l ikc 
~ P - N M R .  ovcrcxprcssion of c loncd C K  gcncs in Es- 
cher:,'hia coil  or  yeast  [14 h2,7¢;.140.254], s i t e - d i r e c t e d  
mu tagcnes i s ,  o r  g e n e r a - i o n  o f  t r a n s g e n i c  an ima l s  
[h6,255] will o p e n  the  d o o r s  to new p lay ing- f ie lds  for  
CK rcsca rch .  

Note added in proof (Received 18 August 1992) 

Vc~s r e c e n t  work  by Le i :u rgey  c t a l .  (J. Microsc .  165 
(19t~21 191-223) .  apo ly ing  quan t i t a t i ve  X-ray  micro-  
analysis  to f r e e z e - d r i e d  s a r c o m e r i c  musc le ,  s h o w e d  tha t  

p h o s p h a t e  c o m p o u n d s ,  p r e s u m a b l y  r e p r e s e n t e d  most ly  
b3 PCr  and  A T P ,  arc  highly c o m p a r t m e n t a l i z e d  in 
muscle ,  ~ i t h  a p r e f e r e n t i a l  o c c u p a n c y  o f  t he  I -band  
( spar ing  thc  Z-d i sc )  as well as the  H - z o n e  ( w e a k e r  
signal as c o m p a r c d  to the  i -band) ,  Inc iden ta l ly ,  t h e s e  
arc  the  very' s a m e  in t racc l lu la r  loca t ions  w h e r e  M M - C K  
was local ized  in situ in f rozen  musc le  [4t17], 
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Kaldis  and  T. Wirz  arc  gra tefu l ly  a c k n o w l e d g e d  for 

he lpfu l  d i scuss ion  a n d  f,,;r p rov id ing  t , ' n l~b l i shed  re-  
suits .  Th i s  work  was  s u p p o r t e d  by a g r a d u a t e  s t u d e n t  
t r a in ing  g ran t  f rom the  E T H  Zi i r ieh  ( to  M . W )  and  by 
g r an t s  f rom the  Swiss Na t iom: l  Sc ience  F o u n d a t i o n  
(No.  31-26384 .8 t0 ,  the  Swiss F o u n d a t i o n  for Musc le  
D i s e a s e s  a n d  the  t t e h n u t  H o r t c n  F o u n d a t i o n  ( to  T .W).  
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