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lsoenzym¢s oi" creatinc kinase tCK. EC 2.7,3,2) in guinea.pig smooth, cardiac and skeletal muscles as well as in brain were anall~xed by cellulos~ 
acetate dcctrophoresis and FPLC I~el pcrn'l¢~tlion chtomatoilraphy. [n crude tissue extracts of smooth muscles brain type BB,CK and the hybrid 
form MB.CK were detected, but in enriched mitochondrial fractions from different guinea.pig smooth muscles, mil~hondria l  type Mi.CI¢. was 
unambilltmusly idcnlilicd, Smooth mlasclc MI.CK displayed the same eleetrophorctic mobility as Mi.CK groin brain, which n',iarates s!ower than 
cardiac Mi.CI'¢., Identical to parallel e,~periments with Mi.CK from cardiac muscle and brain, smooth muscle Mi-CK could be resolved into dimerlc 
and octamerie ,,pccies, the latter being remarkably stable. In convasl  to guinea.pig smooth muscles, Mi .CK was not detected in chicken l l i ~ r d  
tissue extracts nor in enriched mitochondrial fractions thereof, The presence of Mi.CK. predominantly in octamerlc f0rln, in guinea.pig smooth 
muscles, but not in chicken gi~;l, ard, may represent a clue I~r the different physiological properties of these muscles and may provide lhe molecular 

basis for the dependence of the PCr production on oxidative metabolism observed in the guinea.pig taenia caccr, 

Mitoehondrial creatinc kinase; CK isoenzyme; Smooth muscle of guinea-pig and chicken (aorta, taenia cacci, v,ts defens); Energetics; 
Phosphocreatine circuit 

1, INTRODUCTION 

Smooth muscle, like many other mammalian excit, 
able tissues, contains phosphocreatine (PCr) and ATP, 
although the PCr content is relatively small compared 
to that of striated muscles [1]. Already earlier, the cor- 
responding enzyme, creatine kinase (CK, EC 2.7.3.2), 
was found in smooth muscle of chicken gizzard [2]. 
After the existence of different CK isoenzymes, i.e. 
brain-type BB-CK, muscle-type MM-CK and the 
hybrid form MB-CK had been established [3,4], it was 
reported that smooth muscle possesses BB-CK and MB- 
CK [5-10]. Although another lsoenzyme, mitochon- 
drial CK (Mi-CK), has been identified in conjunction 
with cytosolic CK in various mammalian and non- 
mammalian tissues, e.g. skeletal and cardiac muscle 
[11], brain [11,12], retina photoreceptor cells [13], sper- 
matozoa [14,15] and Torpedo electrocytes [16], little is 

Abbreviations: CK, creatine kinase; BB-CK, brain-type CK isoen- 
z~me; MM.CK, muscle.type CK isoenzyme; MB-CK, taybrid form 
between BB- and MM-CK; Mi-CK, mitochondrial CK isocnzyme; 
PCx,, ohosphocreatme; Cr, ereatine; HEPES N-2.hydroxyethyl. 
piperazine-N '.2.ethanesulfonic acid; ApSA, P I,PS-di(adeno- 
siae-5')pentapbosphate; EDTA, etl~ylenediamine-tetraacetic acid; 
EGTA, ethyl_ela_~ glycol bisffl.aminoethyl ether)-N.N '-tetraaeetic acid 
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known about the presence of Mi-CK in smooth muscles 
except that CK activity was found in the enriched 
mitochondrial fractions of  some smooth muscles 
[11,17]. On the other hand, recent investigations on 
PCr and ATP contents of  the intestinal smoott~ muscle 
showed that the Per  production is highly dependent on 
the presence o f  oxygen [ 17,18], suggesting the presence 
of Mi-CK in smooth muscles. Therefore, the present 
study was performed to analyze CK isoenzymes of 
smooth muscles in comparison to those of cardiac mus- 
cle attd brain. 

2. MATERIALS AND METHODS 

2, I, Extraction of  CK isoenzymes fro~ tissues 
Male guinea-pigs (300-500 g) were stunned and exsanguinated, 

Then, brain (cerebrum), skeletal muscle (psoas), cardiac muscle (vett- 
tricle) and smooth muscles (thoracic aorta, vas deferens and taenia 
caeci) were isolated, Chicken gizzard was obtained promptly after 
slaughter, CK isoenzymes were extracted by hypo.osmotic swelling of 
the tissues as described elsewhere [15]. Briefly, tissues were minced, 
exposed to 1-3 vols. of pure water (IMilli-Q, M[llipore, Bedford, 
MA, USA) for 15 rain, then incubated with 2-6 vols, of 25 mM 
NaH~PO,~ plus 5 mM 2-mercaptoethan01 (pH > 8.75) for another 
60-90 rain, and finally centrifuged at 10000 x g for 10 rain. The 
supernatant served as a tissue extract and was kept a t - 2 0 ° C .  The 
protein concentration was determined oy tile method of Bio-Rad 
using bovine serum albumin as a standard and a correction factor of 
2.t for realistic protein; content as recommended by the Bio-Rad 
manual, 

2.2. Mitochondrial fraction 
Mitochondrial fractions of the guinea-pig heart and smooth 
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inuscie~ were prepared by a modilqed method or Dgl. Isolated tissue~ 
were m|n~ed in MSH lol~ltiolt ot0,225 M mannitol, 0,0/5 M ~ucros¢. 
0,$ ram EGTA. 2 mM 2.meteaptoethanol ~nd 10 mM Hepes (pH 
7,0) and exposed to 100 U collattenase (Type V I I .  $itlma, gt, Louis, 
MO, USA) for 15 or 60 rain to heart or smooth muscles, rt~pe~alvdy. 
Then, the tlssue~t were hOmOlleni~ed by a Pol)ttron (Kinematlca. 
Luxern, $wlt;~erl~nd) or Teflon hOmOl~enl~er, Homogenates wer¢~ 
centrifuged once at i~O00 x X for I0 mln. Pellet~ were resuspended 
and ~emrlrused at 7oo ~ e for l0 min, The sur~ernatants were een. 
tr i fu=ed twi,=e at 8000 x # for I0 rain, The resultant pellets were 
SUsl~nded in MSH and served as enriched mitochondrial fractions 
which were kept at ='/0~C, For the preparation or Ilulnea-pi8 brain 
mitochondrial fraction, the tissue was homollemzed witllOtlt exposure 
to ~ollasenas¢, and tl~e homogeaate was centrifuged at 700 and 
g000 x a to tier enridted mitoeh~ntlrlal traction, 

2.3. Extraction of  MI.CK from mltochamlrla 
Extraction of Mi-CK from mitochondria was performed accordin~ 

to a modified method or [2ol, Freshly prep'fred mhochondrht were 
centrifulled for 15 rain tit ~00 x / t .  The supernatant was centrifuged 
for 30 min at 27500 x g, resuspentled attd centrifuged again for 
40 min at 27J00 x g, The pellet was swollen by walcr for I$ rain and 
centritug¢d rot 40 rain at 27500 x g, This step was repeated again, 
The resultant pellet containing mitoplasts was exposed to 25 mM 
NaH=PO~ at pH 9 for 60 rain. Tile phosphate solution was then een. 
irifugetl for 80 rain at 90000 x g. The final supernatant was adjusted 
[opH 7 and was concentrated with Centricon 10 microconcentrators 
(Amicon,. Danvers, MA, USA). The concentrated sample was sub- 
jected to FPLC gel permeation chromatography, naeasuremcnt of CK 
activity and cellulose acetate electropttoresis. 

2.4. ['PLC gel permeation chrotnatograplo, 
Gel filtration experiments were performed on an FPLC- 

SUPEROSE 12 HR 10/30 column (Pltarmacia) as described 
elsewhere [21]. The ¢lution solution was composed of  50 mM 
NaFI=PO4, 150 mM NaCI, 2 mM 2.mercaptoethanol, 0,2 mM EDTA 
and 2 tram NaNs (pH 7,2). The column was calibrated with ferritine 
(440 kDa), catalase (232 kDa), aldolase (158 kDa), chicken BB.CK 
(80 kDa) and cr-chymotrypsinogen (24.5 kDa) as standards, CK ac- 
tivity in each fraction was determined as described below, 

2,5, CK activity measurements 
Using a pH-stat (Radiometer, Copcnlmgen. Denmark). CK ac- 

tivities in the direction of ATP synthesis were measured by titrating 
the reaction solution at pl-I 7 and 2S'C, as described previously [22]. 
One unit of  enzymatic activity corresponds to the formation of  
I #real ATP per rain. 

2,6 Cellulose acetate electrophoresis 
Samples prepared from variot~s tissues were applied on cellulose 

acetate membranes (Cellogel, Chemetron, Milano, Italy) and sub- 
jected to electrophoresis for 35-50 rain at a constant voltage o f  
140-150 V in veronal buffer, pH 8,4-8.6, as described elsewhere 
[20], Separated isoenzymes were stained by the overlay-gel technique 
[23] in the presence and absence of 0.01 mM Pt,P'Ldi(adenosine-5' )- 
pentaphosphate (ApSA) which blocks adenylate kinase (AK) activity 
[241, 

3. RESULTS AND DISCUSSION 

3.1. CK activities in total homogenates and mito- 
chondrial preparations o f  smooth muscle 

CK activities were determined in whole tissue extracts 
o f  various organs of  the guinea-pig (Table I). On the 
basis o f  tissue wet weight, skeletal muscle (psoas) show- 
ed the highest specific CK activity tested. Smooth  
muscles of  taenia cocci and vas deferens had specific ac-. 

Table I 

Creatlne klna~e (CK) activttic's at tissue ~Mraet~ of the ~uinea.p~la and 
chicken 

Prepar~tlons Activlti¢~t 

(U/l! wet weight) (U/mli protetn) 

Gulne..ptJt 
Brain 130. I 2,8 
Skeletal muscle 20~7.8 37,0 
Cardiac mtt*,cle 251.3 3.9 
Smooth muscle 

Taenia cocci 1 $3,3 5,4 
Vas deferens 328,7 7.8 
Aorta 26.0 0.6 

Chicken 
Smooth muscle 

Gizzard 165, I 6.2 

tivities comparable with those of  brain (cerebrum) and 
heart (ventricle), while that of the thoracic aorta was 
approximately 10 times lower. The low CK activity of 
aorta may be at least partly due to the larger non- 
cellular space compared to that of  the other tissues. 
When the activities were expressed in terms of  protein 
content, the above relative proportions of  specific CK 
activities of  the various tissues tested were not altered. 
Table I also shows the CK activity of  chicken gizzard 
smooth muscle which possessed a comparable amount 
of  CK activity as visceral smooth muscles of  the 
guinea-pig. 

The specific CK activities of enriched mitochondrial 
fractions prepared from heart, brain and smooth 
muscles were also determined (Table II). Mitochondrial 
fractions of  the guinea-pig heart displayed a specific 
CK actiVity of approximately 2 U/mg mitochondrial 
protein. The cerebral mitochondrial fraction revealed 
approximately 30°7o of  the  cardiac CK activities. In 
mitochondrial fractions of  the taenia cacti and vas 
deferens, spe, 'Aic CK activities were relatively high, yet 
slightly lower than that of the cerebral fraction. 

Table II 

CK activities of enriched mitochondrial fractions prepared from 
tissues of tile guinea-pig and chicken 

Preparations Activities 
(U/rag mitochondrial protein) 

Guinea-pig 
Brain 0.68 
Cardiac muscle 2.36 
Smooth muscle 

Taenia cacti 0.38 
Aorta 0. l0 

Chiclcen 
Smooth muscle 

Gizzard O. 10 
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Mitochondrial fractions of the guinea-piB aorta and 
chicken gizzard showed only 5~o of the activity of the 
[~uinea-pig ventricle mitochondria. 

3,2, Identification o f  CK ixoenzym¢$ in smooth mu$¢1¢ 
When smooth muscle tissue extracts were subjected 

to cellulose acetate electrophoresis and the CK isoen- 
zymes subsequently visualized. 3 bands appeared 
(Fig, 1), Two bands migrated to the anode and one 
band migrated slightly to the cathode, The fast moving 
band towards the anode is BB-CK, since it exactly cor- 
responded to BB-CK from brain (Fig. 1), Such a fast 
migrating CK band was already reported in smooth 
muscles [6,7,9]. The second band with slower elec- 
trophoretic mobility towards the anode, also reported 
earlier [5,"/,8], is likely to be ti~e hybrid form MB-CK, 
since it corresponded to the faint band of cardiac mus. 
tie tissue extracts [3,24]. 

The third band of smooth muscle extracts and the 
faint band at the equivalent place in brain extract seem- 
ed to correspond to the intense MM-CK bands of car. 
diac and skeletal muscle extracts (Fig. I), but proved to 
be due to adenylate kinase activity, since it disappeared 
in the presence of 0.0! mM P=,PLdi(adenosine-5')- 
pentaphosphate (Ap5A), an adenylate kinase inhibitor 
[24] (Fig. 2). Furthermore, when Pe r ,  a substrate for 
CK reaction, was omitted from the staining solution in 
the absence of ApSA, this very same band appeared at 
the equivalent place (data not shown), also indicating 
that it represents adenylate kinase. [n contrast, by the 
same criteria, the cathodic bands in skeletal and cardiac 
muscle extracts seen in Fig. 1 proved to be largely due 

BB MB 

MM 
and/or 
AK Mi 

I,,= 

A. Control BB 
Taenia caeci 

Vas deferens i t  

Aorta I 
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4, 
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I ): 
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t 
! 

FilJ. 2. Effect of AptA an the CK ~ymogram paltern of ~moolh 
mu~de tissue extracts, ^ and B, cellulose aeet~ue membrane wa~ 
~tained in the absence and prc~ence of 0.01 mM ApSA, respectively, 
NoI~: in B, bands ~lighfly calhodal near Ihe origin were abolished, 
indicating tile prexenee of adenyla|e kina~e (AK) at |hi~ po~ition, BB 
and M0 represent BB, and MB-CK, respectively, Samples were 

applied on the vertical line, 

to  MM-CK and an additional CK isoenzyme, presum- 
ably Mi-CK. [n brain extracts, two bands could be 
assigned to Mi-CK. The less cathodic form represents 
dimeric and the more cathodic form octameric Mi.CK 
(see below). 

In order to obtain confident evidence for the pres- 
ence or Mi-CK in smooth muscles, enriched mitochon- 
drial fractions of taenia caeci, vas deferens and aorta 
were subjected to cellulose acetate electrophoresis in 
comparison to enriched mitochondrial fractions of 
brain and cardiac muscle (Fig. 3). In these mitoction- 
drial fractions o f  smooth muscles, some BB-CK and 
MB-CK were still detected, but clear cathodal bands of 
Mi-CK appeared in the presence o f  Ap5A (Fig. 3). The 

Brain @ Mt fractions BB 

Skeletal @ Cardiac 

Cardiac 1 ~S 0 Taeniacaec, 0 
Taenia caeci ~ 

Vas deferens ~ Vas deferens 

Aorta + Q 0 Aorta 

Fig. 1. Cellulose acetate electrophoresis of tissue extracts of guinea. Brain 
ptg brain, skeletal, cardiac and smooth muscles (taenia caeci, vas 
deferens and aorta). Electrophoresis was performed for 40 rain at + 
145 V. CK isoenzymes were visualized by the overlay gel method [27], 
in the absence of pt ,p5 di(adenosine.5 ,)pentaphosphat e (Ap5A). BB 
represents the brain-type BB-CK isoenzyme; MM, the muscle type 
MM-CK; MB, the hybrid form between MM and BB; and Mi, the 
mitoehondrial CK isoenzyme, AK, adenylate kinase; ÷ and - 
represent the anodal and cathodal direction, respectEvely. Sample 

application was on the vertical line. 

MB MM Mi 

I 

Q 
Fig, 3. MitochondrJal CK in smooth muscle, Cellulos¢.polyaeetate 
electrophoresis of enriched mitochondrial fractions prepared from 
brain, cardiac muscle, taenia caeci, vas deferens and aorta of  the 
guinea-pig. Membrane was stained in the presence of Ap5A to 
suppress AK activity. Note: Mi-CK is found in all these smooth 

tnuscle preparations. 
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place or  the cathodal band in smooth muscle mitochon- 
dria was equivalent to that of the more cathodal band 
or  brain Mi-CK and to that ot" the less cathodal band 
of  cardiac Mi.CK, but it was distinctly different from 
that assigned for adenylate kinase (Fig. 3L Omis~ion o f  
PCr from the staining mixture prevented the appear- 
ance of  all the cathodal bands (data not shown). 
Therefore, the cathodal band of smooth muscle mito- 
chondrial fractions is indeed due to the activities of  
Mi-CK, 

Chicken ~izzard smooth muscle has currently been 
used for the biochemical and biophysical characteriza- 
tion of its contractile properties. This led us to analyze 
CK isoenzymes in gizzard as well. Fig. 4 shows the elec- 
trophoretic patterns for a whole ti.~sue extract and an 
enriched mitochonddal fraction of gizzard as well as 
for a tissue extract of chicken heart. As already known 
[25], chicken t~eart showed a band for BB-CK, not 
MM.CK, and two bands for Mi-CK in the presence of 
ApSA. On the other hand, neither tissue extract nor 
enriched mitochondrial fraction of  the gizzard gave any 
Mi-CK bands, while BB-CK was present in significant 
amounts. It is thus suggested that, unlike mammalian 
smooth muscle of  tl~e guinea-pig, chicken gizzard 
smooth muscle does not express Mi-CK. 
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Fig, 5, Gel permeation eludon proriN~ (FPLC Supcro~e 12 chroma. 
tography) of phospltatc cxtract~ from cardiac muscle (A) and brain 
(B) inhochondria and CK activity profiles of 8el-filtrated fraedonx, 
The upper panel ,~l~ow~ eludon profile~ attd the lower panel sltows the 
enzymatic activity. O and D refer to the octamer and dimer elution 
positions of MI.CK, respectively, Note: the relatively high proportion 
or Mi.CK dlmers in extracts from henri versus brain mitochondria is 
indicative for a higher stability of brain Mi-CK oclamers compared 

to cardiac Mi.CK actamers, 

3.3, Characterization o f  smooth muscle MI-CK by 
FPLC gel permeation chromatography and cel. 
lulose acetate electrophoresis 

Mi-CK from different species and tissues is known to 
exist in dimeric and octameric form [15,20,23,26,27]. 
To obtain information on the oligomeric state of Mi- 
CK in the guinea-pig, freshly prepared phosphate ex- 
tracts of swollen cardiac and cerebral mitoplasts were 
subjected to  gel filtration and the CK activities of the 
respective fractions were analyzed by the pH-Stat 
method (Fig. 5). Cardiac phosphate extract revealed 

Gizzard Mt 

Gizzard tissue extract 

BB Mi 
"1- 

Cardiac tissue extract ~; 4: 

D O 
Fig. 4. CK isoenzymes identified in the chicken gizzard smooth 
muscle. Tissue extract and enriched mitochondrial fraction from 
gizzard as well as tissue extract of chicken cardiac muscle were 
subjected to cellulose acetate electrophoresis in the presence of ApSA 
to suppress AK activity. Note: complete absence of Mi-CK in chicken 
gizzard and presence of Mi-CK octamers (O) and dimers (D) in 

chicken cardiac muscle. 

two peaks of  CK activity corresponding to molecular 
weights of around 85 and 350 kDa, thus being equi- 
valent to those of dimeric and octameric molecules of 
Mi-CK, respectively [23,28]. On the other hand, in the 
phosphate extract of brain mitochondria, the 350 kDa 
peak was predominant and that of 85kDa  was very 
small. These results suggest that octamenc and dimeric 
Mi-CKs are formed in the guinea-pig cardiac muscle 
and brain. 

Electrophoretic patterns of cardiac and brain mito- 
chondrial phosphate extracts showed two Mi-CK bands 
in the cathodal area (Fig. 6). Fractions from gel filtra- 
tion runs containing exclusively dimeric Mi-CK were 
also included in Fig. 6 for comparison. In two Mi-CK 
bands of heart and brain, the band for dimeric Mi.CK 
corresponded to the less cathodic one, the more acidic 
band therefore representing octameric Mi-CK. The 
same pattern was observed with the chicken and rat Mi- 
CK isoenzymes and may  be explained by the higher 
isoelectric point of octameric versus dimeric Mi-CK 
[20]. As can also be seen in Fig. 6, exclusively oc- 
tameric Mi-CK was present in brain mitochondria, 
whereas a mixture of dimeric and octameric Mi-CK was 
visualized in cardiac mitochondria, eventually signify, 
ing that brain Mi-CK octamers are more stable than 
cardiac Mi-CK octamers. 

Furthermore, the brain Mi-CK bands moved slow to 
the cathodic direction compared to the cardiac Mi-CK 
bands (Fig. 6). Coincidentally, chicken brain Mi-CK 
was recently reported to have a slower electrophoretic 
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Fig. fi, Comparison between brain,type and cardiac muscle.type Mi. 
CK isoenzymes o r  the lluinea.ptlL Enriched mitochondrial (Me) 
fractions, phospltate (Pi) extractx thereof and dimer (D) fractions 
after gel filtration of the plmsphale extract~ were subjected to Taenia MI 
cellulose acetate electrophoresls and bands were visualized in the 
presence of ApSA to suppress AK. Note: the different electrophoredc 
mobility of detainers (O) and dimers (D) of brain Mi-CK versus 
cardiac Mi-CK. BB, MB. MM and Mi refer toBB-CK, MB-CK, MM. 

CK and mttochondrial CK. 

mobili ty than that  o f  the chicken heart on the cellulose 
acetate m e m b r a n e  [201. N-terminal  sequence analysis 
revealed that Mi-CKs of  chicken brain and heart were 
two distinct isoenzymes differ ing in 10 o u t  of  30 N- 
terminal  amino  acids [29]. Recently,  also in human,  
two  distinct Mi-CK isoenzymes were identified by 
molecular  genetics [30]. These results suggest that  
mammal ians  as well as birds possess two distinct isoen- 
zymes o f  Mi-CK, a brain- type and cardiac muscle, type 
Mi-CK. 

The  reversible convers ion between Mi-CK dimers 
and octamers  depends on a variety o f  conditions,  such 
as Mi-CK concentra t ion,  p H  and the presence of  
nucleotides and salt [20,31,32]. When mitochondrial  
fract ions of  guinea-pig cardiac muscle were exposed for 
30 min to dimerizing condit ions,  the more  cathodic 
band  faded in favor  o f  the more  anodic band (Fig. 7). 
On the other  hand,  t he  Mi-CK band of  the brain 
mi tochondr ia  was apparent ly  not affected by the ex- 
posure  to dimerizing condit ions for 30 rain (Fig. 7). 
However ,  af ter  repeated freezing and thawing of  the 
brain mi tochondr ia  under dimerizing conditions,  the 
original band slightly faded in favor of  the more  anodic 
band (Fig. 7). Density rat ios of  the anodic versus 
cathodic  brain Mi-CK bands were 1.32 after 3 times 
freezing and thawing under dimerizing condit ions and 
0.09 af ter  3 t imes freezing and  thawing under control 
condit ions.  These results suggest that in the guinea-pig 
the octameric  fo rm of  brain Mi~CK is much more stable 
than that  o f  the card iac  muscle Mi-CK in the 
guinea-pig. 

Most  impor tan t ly ,  smooth  muscle Mi-CK was also 
exposed to dimerizing conditions,  but  no appreciable 

Mi 
O O  

I 
III 
i 
I 

MM 0 D 

g 

MB 0 D 

It i t 
Fin, 7, Effects or dimerixing conditions on ¢lectropltoretic patlerns 
of Mi-CK isoenzymes obtained from enriched mitochor~drial 
Fractions of brain and cardiac m~=scle. Dimerizing. conditions were 
made by addin$ 4 mM ADP, S mM MgCI=, 20 mM creatin¢ and 
50 mM KNO~ to a control solution composed of 50 mM NaHzPO.h 
l~0 nlM NaCI, 0.2 raM EDTA, 2 mM 2.mercaptoethanol and Z mM 
NaN~ (pH "/,2), as reported by {20). In A, mitochondrial fractions 
were subjected to freezing.and-thawing 3 times in control solution; B, 
3 times freezing-ancbthawing in dimerizing condilions; C, mito. 
chondria were exposed for 30 rain to control solution at 4"C will|out 
repeated freezing.and-thawing; D, exposed for 30 rain to dimerizing 
conclidons at 4*C. The pattern of the mitochondrial fraction of 
taenia caeci after repeated freezing-and-thawing (more than 5 times) 
i~ control solution is also shown, indicating that the octameri¢ Mi. 
Cg (0) from smooth muscle, similar to brain Mi.CK detainers is 
very stable anct is not as easily converted into dimers tD) as cardiac 

Mi-CK detainers. 

change in the density rat io  of  acidic to basic band was 
observed on cellulose acetate membranes  (data not 
shown).  Im, tead, several times freezing and thawing 
dur ing a prolonged storage period of  mitochondrial  
fractions at - 7 0 ° C  gave two bands at comparable  posi-  
tions with those o f  brain Mi-CK (Fig. 7). Although a 
direct analysis o f  the oligomeric state of  smooth muscle 
Mi-CK was not  possible, due to the small amounts  of  
Mi-CK and the small amounts  of  guinea-pig smooth  
muscle available, the fact  that  smooth  muscle Mi-CK 
detainers comlgrated with brain Mi-CK detainers and, 
like bra in  Mi-CK, could partially be converted into Mi- 
CK dimers  proves the fact  that  smooth muscle Mi-CK 
can exist as deta iners  and  dimers and that it possesses 
propert ies  much more  similar to brain Mi-CK rather  
than to cardiac Mi-CK. 

The higher stability o f  brain- type Mi-CK octamers is 
further  suggested by the following facts: among diluted 
tissue extracts only brain tissue extracts showed an oc- 
tameric Mi-CK band ,  al though the intensity was 
relatively weak (Fig. 1). The ratio o f  Mi-CK detainer to 
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d i m e r  was much h igher  in bra in  compared  to ca rd iac  
m i t o c h o n d r i a  ( F i ~ ,  3 ) ,  W h e ~  p h o s p h a t e  extra~:ts  of 
brain mitochondria were subjcc:tcd to i~el filtration, 
predominantly the octameric form was det¢c(ed 
(Fig,  5), Unde r  phys io log ica l  cond i t i ons  the p r e d o m i -  
nant  presence of  oetameric Mi.CK was reported for 
bovine heart mitochondria, while a predominance of  
dimeric M i - C K  was found in pigeon breast muscle [321. 
In the chicken, cardiac Mi-CK oct amers are morestablc 
than brain Mi.CK octamers [20.331, Thus, species as 
well as tissue-specific differences in the stability of Mi. 
CK octamers are obvious. 

Table 111 summarizes the CK isoenzymes detected in 
tissue extracts and enriched mitochondrial fractions of 
smooth muscles, cardiac muscle, skeletal muscle and 
brain of the guinea-pig as well as the chicken gizzard 
smooth muscle. BB-CK was identified in smooth 
muscles and tissues other than skeletal muscle. MM-CK 
was found in skeletal and cardiac muscles of the 
guinea.pig, but not in other tested tissues including 
brain. This is in contrast to a recent work in which 
substantial amounts of  MM-CK were found in human 
brain [34]. This again could point to species differences 
in the expression of CK isoenzymes. 

Table Ill shows the wide distribution of Mi-CK 
isoenzymes among tissues except the chicken gizzard 
smooth muscle. Smooth muscle usually produces long 
lasting contraction more than several minutes, a so- 
called tonic contraction. In contrasL it has recently 
been shown that chicken gizzard responds to the con- 
tractile stimuli for a brief period of  less than 60 s 
[35,36]. Presumably, such a difference in the contrac- 
tile properties of chicken gizzard is at least in part 
reflected by the lack of Mi-CK in this tissue. 

3.4. Mitochondrial CK and smooth muscle energetics 
In terms of energy expenditure, both glycolytic and 

oxidative pathways of metabolism contribute to the 
function of the guinea-pig taenia caeci. When activated 
by depolarization, the maximum ATP turnover rate 
through both pathways of metabolism was calculated 
to be approximately 5 amol/min/g wet weight (U/g) at 
37°C and approximately 60°70 of  the total turnover rate 
was due to oxidative phosphorylation [18]. Thus, com- 
pared with the total CK activity measured in this muscle 
(153.3 U/g at 25°C), relatively small amounts of  Mi- 
CK are required to support the PCr production depen- 
dent on oxidative phosphorylation. The presence of on- 
ly small amounts of Mi-CK in smooth muscle may 
partly explain the failure of detection of Mi:CK in the 
tissue extracts of guinea-pig smooth muscles. The 
cytosolic CK activities are suggested to be predomi- 
nant, while the total CK activities are much higher than 
the required maximum ATP turnover rate of the taenia 
caeci. It will be interesting to investigate whether in 
smooth muscle a certain fraction of 'cytosolic' BB,CK 
is also compartmentalized and bound to subcellular 

Tabl~ I I I 

~'K i ~ l t , ~ y m ~  ~tnd ~dca~l~l~ k i n a ~  t ^ K )  Identified in ~ r i o u ~  
t t ~ u ¢ , ~  or t t w  ilull~a,pi~ and ¢hickcn. g*inll ~ ¢ l l u l o t ~  ~I¢@t~I¢ 

¢l¢~ffopl~ored~ 

Prcp~trattofl~ CK I~ocn~)~to A K  

BB MB MM Mt 

Ti~t~u¢ ¢.wract., 
Guinea, Pill 

Cardla¢ mu*de ~ .b . . . 
Smooth nm~de 

A o r t a  • ~ ~ = + 

Chicken lli/,~ard + . . . .  

Mitochot~drtol frarllUth~ 
Guinea.pig 

Brain + ~ = + nd 
Cardiac IlP, I~¢[~ - @ ,1, + 

Smooth muscle 
Taenia cacti + + - + + 
Vax deferen~ + + ~ + nd 
~orta + + - + nd 

Chicken gizzard + ~ - - + 

BB represent~ tl~e brain-type BB.CK i~ocnzym¢, MM Ihe muscle.type 
MM.CK, MB a hybrid form between MM- and BB.CK, Mi 
mitochondrial CK and AK adenylale kina~e. Symbol + means the 
identification and - the ab.~,ell¢¢ o f  the respective CK isocnz)'mes and 

AK' nd, no[ determined 

locations with high energy turnover [37], for CK isoen- 
zymes have been shown to be associated with acetyl. 
choline receptor-rich postsynaptic plasma membranes 
in Torpedo electrocytes [38], to sarcoplasmic reficulum 
membranes of muscle [39] and to be structurally incor- 
porated into the skeletal and cardiac muscle M-band 
[40], suggesting a dual structural and enzymatic role 

The presence of Mi-CK in mitochondria] fractions of  
guinea-pig smooth muscles may provide the molecular 
basis for the dependence of PCr-production on ox- 
idative metabolism observed in the guinea-pig taenia 
caeci [17,18]. This is corroborated by the recently 
reported fact that in the porcine carotid artery, a two 
site molecular exchange between ATP and PCr due to 
CK reaction can be assumed from 3~P-NMR saturation 
transfer experiments [41 ]. Thus, one may postulate that 
these two corresponding sites in the smooth muscle cell 
may be cytosolic BB-CK on one hand and mitochon- 
drial Mi-CK on the other hand, forming a so-called 
PCr-circuit [37] where high-energy phosphate flu×es 
between mitochondria and cytoplasm are facilitated via 
Mi-CK and BB-CK. Since the cell volume of smooth 
muscle is small compared to skeletal muscle [42], diffu- 
sion limitation of ATP and ADP may not be as crucial 
in smooth muscle as in skeletal muscle cells [43] so that 
the high concentration of  BB-CK in these cells, espe- 
cially in chicken gizzard, may be sufficient for the buf- 
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ferin~ of  A T P / A D P  levels attr ibuted to CK [37,441, 
However.  the presence o f  appreciable a m o u n t s  o f  Mi- 
CK in ~uinea-pilll smooth muscles indicates thal under 
ox idat ive work~n$ condit ion~ the energy transport 
funct ion o f  the CK system faci l i tated v ia M I , C K  [37] 
becomes physio,logically signif icant in these smooth 
muscles .  Thus ,  wldle A T P  hydrolys is  occurs  upon 
s t i m u l a t i o n  of  s m o o t h  muscle  c o n t r a c t i o n ,  the P e r .  
circui t  system may coordinately work  to mainta in tide 
cytosol ic  A D P  c o n c e n t r a t i o n  low, to keep the cytosol ic  
pH cons t an t  a n d  on  the m i t o c h o n d r i a l  side to  effective- 
ly s t imu la t e  oxidat ive  pl~osphorylatioa in elevating 
ADP and  pro tml  c o n c e n t r a t i o n s  at the i n t e r m e m b r a n e  
space.  
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