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The activity and role of creatine kinase (CK) associatcd with contractile proteins of smc~nh mu~,clc have bccn invcsligatcd using 
skinned guinea-pig taenia coli fibers. Total CK activity was 163 + 22 IU/g (w-~,) and agarosc clcctrophorcsis showed BB. MB. 
and MM isoforms (BB-CK being the predominant isoenzymc). After skinning for I h with Triton X-H)(I, BB-CK was specifically 
associated with the myofibrils, representing 22"7k of the prcskinncd CK activity. When relaxed fibers wcrc cxposcd to pCa 9 in 
the presence of 250 #M ADP,  0 ATP and 12 mM PCr, tension was not significantly different from rcsting tension, but changing 
to pCa 4.5 caused the fibers to generate 59.1 _+ 5.2 percent of maximal tension. When a high-tcnsion rigor stale was achieved 
(250 #M ADP, 0 ATP, 0 PCr, and pCa 9), the addition of 12 mM PCr cffccted significant relaxation. Thcse obscrvations 
implicate an endogenous form of BB-CK, associated with the myofilaments and capable of producing enough ATP for 
submaximal tension generation and significant relaxation from rigor conditions. It was also shown that ADP is bound to the 
myofibrils and available for rephosphorylation by BB-CK. These results suggest co-localization of ATPasc, MLCK and CK on the 
contractile proteins of the taenia coll. This enzymic association may play a role in the compartmcntation of adenine nuclcotidcs 
in smooth muscle. 

Introduction 

Creatine kinase (CK) catalyzes the reversible ex- 
change of high-energy phosphates between phospho- 
creatine (PCr) and ATP. The reaction is: 

PCr + ADP + H + ,,-* ATP+ Cr. 

Four major isoforms of CK have been charactcrizcd. 
Mitochondrial CK is found on the outside of the inner 
mitochondrial membrane [1]. The other three isoforms 
are dimers composed of B and M monomers. MM-CK 
is the isoenzyme found in mature skeletal muscle while 
MB-CK (a heterodimer) is an isoenzyme found pre- 
dominantly in heart muscle. Significant BB-CK activity 
can be found in brain and smooth muscles. The isoen- 
zyme profiles and activity vary from muscle to muscle, 

Abbreviations: PCr, phosphocreatine; Cr. creatine: CK, crcatine 
kinase; FDNB, fluoro-l-dinitro-2,4 benzene: MM-CK, muscle CK; 
BB-CK, brain CK; MLCK, myosin light chain kinase: IU, interna- 
tional units. 

Correspondence: R. Venlura-Clapier, Laboratoire de Physiologie 
Cellulaire Cardiaque. 1NSERM U-241, Universit~ Paris-Sud, Bit. 
443, 91405 Orsay Cedex, France. 

depending upon muscle type and function. White 
skeletal muscle contains a relatively high CK activity 
and PCr concentration; nearly all CK activity comes 
from the MM isoenzyme. Red muscle and heart con- 
tain a lower activity but present a variety of CK i,;oen- 
zymes. In white muscle CK is mainly a cytosolic en- 
zyme while the different isoforms in red muscle are 
bound to sites of cnergy production (mitochondrial) 
and energy utilization (membranes and myofibrils) [21. 

In skeletal and heart muscle it has been demon- 
strated that CK is bound to the myofilaments. Its 
location [1], as well as role and isoenzwme specificity, 
has also been determined for these muscles [3,4]. Wal- 
limann et al. [3,4] found MM-CK bound to the M-line 
of chicken skeletal muscle and BB-CK bound to the 
Z-line of chicken heart  while MM-CK is associated 
with the M-line in mammalian heart [1,2]. Ventura- 
Clapier et al. [5] proposed a role for CK in force 
development of skinned rat papillary muscle fibers. 
This was suggested after observing that CK is bound to 
the skinned myofibrils, that endogenous CK ~s able to 
relax rigor tension, and induce maximal tension with a 
normal cross bridge cycling rate. It was also observed 
that exogenous CK can be reapplied to the skinned 
myofibrils and induce submaximal tension. CK bound 
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to the nlyolibrils ~as post(tilted :ts being more cflic,I- 
cious th,m ~t~ltdqc ('K ill rcphoHqaor~lating ADP [3]. 
Thus. AI)P produced b~ my~sin A'l'Pvsc could bc 
rcphtlsphnr!,lalcd b,, ( 'K located m the nl.~tffibrils of 
heart and ,,kclctal lllti,,clc. 

Actomyosin b, olalcd from Mllooth mtlsClc ha'; a low 
AfPasc  aclivity compared to skeletal muscle [6.7]. In 
smooth muscle, al; mcrca~c in intracelhflar ( ' a :  con- 
central(tin catlscs stimulation of myosin light chain 
kinasc (MI.C'K). rcsulting m phosphorylalcd m.vt}sin 
light chains (MI.C-P) which can Ihcn interact with 
aclin and produce tens(tin by the formation of actin- 
nlxosin (A-M)crossbritlgcs. Tcnsion generation is thus 
dependent upon cahnodulin and myosin tighl chain 
phoxpho131ation [8.9]. "lcnsion maintenance, hm~cvcr. 
titles not parallel ( ' a : '  c~mccnt,ation or M L ( ' - P  
[<,k m.I I] 

hi ~,pitc of /lie h~  [PCr], A'l'P,tsc and ( 'K activity 
[ 12.13.14]. the porcine carotid artery ix able In maint;,in 
sustained contraction and btdfcr (Is A T P  concentration 
[12]. The prcdtuninanl isocnzymc of CK found in the 
smnoth muscle is the Bt3 isnlorm, ranging from 42 l'.l 
I(){V) [15]. For example thrcc non milochondrial 
isocnzymcs of ( 'K have bccn flmnd in carotid artery in 
approximately a 1:1:1 ratio [16]. Because smoolh nlus- 
tic has neither a well-defined Z line nor M line. it 
remains possible that the role and localization of CK 
may bc different from that of striated muscle. It alst~ 
remains to bc determined ~dlcthcr there are diftercn- 
tial functions for the different isocnzymcs vdthin the 
smooth muscle: currently, it is not known what, if any, 
role ('K hats in contraclion and relaxation. Moreover, if 
( 'K is present in the myolibrils. ~hich isocnzymc is 
utilized and where il is localized is unknown. 

l h i s  study v,as pcrformcd to investigate the possible 
presence and role of ( 'K and the CK system in thc 
contraction and relaxation of skinned guinea-pig tacnia 
col(. The results implicate an cndt/gcnous form (if CK 
associated with the tacnia col( nLvofilaments after skin- 
ning ~md coutributing to relaxation from rigor condi- 
tions as wel l  ;Is submaxirnal tension generation. 

A preliminary report of these datz, appeared in 
abstract form at the XIXth Eurnpcan Conference on 
Muscle Conlracti~m and Ccll Motility of the European 
Muscle Congress. Scplcnlbcr 10-13. It)t)(). Brussels,  

Be lg ium.  

IXlf l  1 I 

~ohltlOll letter tlt:~,igllalittll~ £{~I'I¢:~11Olld Io those used in previous 
ptd~lkttitm,, f rom our laboratory 15]. Solution A i~ the Control 
Relaxing SHhltion. II i~ lhc ¢'~mtrol Stimulating Solution, E is the 
( K  Relaxing Solution. F i~ the ( 'K-g t imuha ing  Solution. II  b, the 
I,lig,~r S,dution * ( ' r e ' .  and (; is the Rigor Solutkm - ( ' r e  ". 

Solutions A B li F ( i  It  

. . . . . . . .  " 2.7 p.Ih: ".7 "~ 7 ~ " ~' "~ _.7 
p 't&, A rP 2.5 25 " " " 
pf 'a ' ' '} 4.5 9 4.5 ,.I 4.5 
P('r (mMI 12 12 12 12 U 0 
Imida/olc {mM ) 311 3(1 30 30 3(I 31) 
A D P ( m M )  1| (I 11.+5 0._. 11.25 (L?5 
I I(71"A I m M )  5 ¢, 5 5 5 5 
I)T-I (raM) |3, )~ n.3 11.3 11.3 11.3 
]3} I ii.s f,l~ f~.8 (I.8 ft.8 (1.8 

" Zero 'du'.,\ l'P added In the mlution. 

rinsed in a Krcbs solution containing (mM); NaCI 118, 
NaHCO 3 25. KCI 4.7, KH2PO ~ 1.2, MgSO 4 1.2, CaCI 2 
0.6 and glucosc 5 at pH 7.4. Disscction was performed 
at 2IX" in a solution containing (mM) 3(1 imidazoh:, 50 
potassium acetate, 5 EGTA, 0.3 dithiothreitol (DTT), 
and 180 sucrose at pH 6.8. Skinning was accomplished 
by the addition of Ir~ - Triton-X 100 to this solution for 
1 h at 21°C with continuous stirring [9]. 

Tacnia coil fibers were isolated by blunt dissection 
and mounted onto stainless stcel hooks for experimen- 
tal measurements [5]. To change the bathing solutions 
as desired, t.ight 2.5 ml chambers were arrangcd around 
• a disk that could be rotated under the muscle fibers. 
The disk was mounted on a magnetic stirrer and solu- 
tions vigorously and continuously stirred at > 10(XI 
rpm to facilitate diffusion of Ca- , EGTA and sub- 
strafes into and out of the muscle fiber. 

Fibers wcrc stretched to 12091 of the slack length 
and allowed to equilibrate to a stable baseline in 
Control Relaxing Solution (Table it. Fiber length and 
diameter were measured via a binocular microscope 
fitted with a micrometer. Mechanics measurcments 
wcrc acquired using an AE801 force transducer 
(Aksjcselskapct Mikroclectmnik. Horten. Norway} with 
a band width of 2 kHz. 

Methods 

7Issue preparaliOll 
Guinea pigs ( 3,i = 7) weighing 300-500 g were anes- 

thetized with an intraperitoncal injection of pcntobar- 
bitol. While under thc anesthetic, the animal was 
cxsanguinated. All rcscarch animals were housed and 
treated humanely and in accordance with local and 
national guidelines. The tacnia col( was collected and 

Solutions 
All solutions (Tablc I) wcrc calculated using the 

program of Fabiato [17]. They were calculated to con- 
tain 10 mM EGTA, 311 mM imidazole, 0.3 mM DTT at 
a pH of 6.8 with an ionic strength of 0.085 M using 
potassium acctatc [18,19]. Control Stimulating (pCa 
4.5) and Relaxing (pCa 9) Solutions also contained 3.16 
mM MgATP and 12 mM PCr. CK-Relaxing and CK- 
Stirmlating Solutions, designed to check the CK effi- 
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cacy. contained 250/zM MgADP. 12 mM P(Tr ~ith no 
ATP. Rigor Solutions contained no ATI'  or P('r 

EGTA was obtained from Sigma ('hcmicals (St. 
Lxmis, MO. USA). PCr (Ncoton. Schiapparclli I'arma- 
ceutlca, Turin, Italy) was a generous gift of Prof. !:. 
Strumia. 

1 2 3 4 

+ 

CK actit'ity 
Tissue samples were prepared by separating the 

taenia coil from surrounding circular muscle and ad- 
ventitia. For total CK activity and isoenzyme fractiona- 
lion, tissue samples were homogenized in a solution 
containing 100 mM KH2PO~, 1 mM EGTA and 15 
mM N-acetyl cysteine (NAC) at a pH of 8.5 and 4°C 
(100 mg of tissue/ml). CK activity was also determined 
in Triton X-100-treated fibers. The fibers were thor- 
oughly rinsed after Triton X-100 treatment prior ~o 
homogenization and were assaycd. 

CK activity was determined using the coupled cn- 
zyme assay of glucose-6-phosphate dehvdrogenasc 
(G6PDH) and hexokinase producing NADPH. NADPH 
production was measured spectrophotomctrically at 340 
nm (Gilford Spectrophotomcter, Coming, NY). The 
CK activity was assayed in a solution containing (mM) 
25 Hepes, 5 MgCi 2, 0.5 DTT, 1 ADP, 10 PCr, 2(1 
glucose, 0.6 NADP, 9 AMP (to inhibit adenylate ki- 
nase), and 2 IU /ml  of hexokinase and G6PDH at a pH 
of 7.4 and 30°C. 

Isoenzyme fractionation was determined using 
agarose electrophoresis (1%) performed at 200 V and 
4°C for 1 h. Individual isoenzymes were observed by 
incubating the gel with a staining solution soaked pa- 
per for 30 rain. Staining solution contained (mM) 5(1 
Hepes, 10 magnesium acetate, I DTI', 21) glucose, 15 
AMP, 10 ADP. 6 NADP, t00 PCr, 18 IU /ml  hexoki- 
nase and 6 l U / m l  G6PDH at a pH of 7.4. Individual 
isoenzyme bands can be visualized by observing the 
fluorescence of NADPH. 

Statistks 
Statistical methods employed were the Student's 

t-test for significance. Reported values arc accompa- 
nied by the standard error of the mean. 

Results 

CK actit'iO; 
Total CK activity in the taenia coli was 163 + 22 

1U/g  (ww) (N = 7). After the fibers were skinned, the 
activity which remained was found to be 35 + l0 I U / g  
(ww). Upon electrophoresis it was observed that the 
whole taenia coli contained MM and MB-CK, while 
the dominating band came from BB-CK activity. More- 
over, only BB-CK activity remained with the fibers 
after the skinning process (Fig.i). The effect of this 
selectively bound BB-CK was evaluated with the me- 
chanics experiments discussed below. 

B B - C K  
M B - C K  
M M - C K  

_ _  m 

Fig. I, Agarosc clectrophorc',is of  the creatine kina~.,_' is~,¢n~mt:~ 
from Ihe guinea pig. Bands I and 4 are laken from lh¢ brain and 
skeletal mu',clc as c.nlrol,, fi,r BB-UK and MM-[K.  rc,.peclivcl~.. 
Band 2 was oblailled lrom lacnia co]i exit)sod l(~ lhc Tzih~fl X-llffl 
skinnin~ pn~xdurc and band 3 '..*as prodttccd Iv.. ',',h.lc lacnia coil 

Tension gcm'rati~m by I>iton X-I00 skinm'd taenia colt 
Triton X-lilO-treated fibers developed maximal ten- 

sion of 28.8 _+ 2.9 m N / m m :  in the presence of t2 mM 
PCr and pMnATP 2.5 at pCa 4.5 (1able II). Increasing 
calcium concentration induced a stepwise increase in 
force. Data were fitted using the Hill equation: T 
(relative force) = [Ca]"HHK + [Ca] 'mt. The mean pCa 
for half maximal activation pCas,, =(  - h lg , .K) /n .  
fimnd for the taenia colt was 5.70 ± 0.07 (N = 5), The 
Hill eoefficienl (nil } ~tt,'as 4.(18 = {L55. After Triton X- 
tIM) treatment, the essential enzymatic activities and 
regulatory function~ ,~f Ihu contractile nrotcins are 
conserved. 

CK attd lends(on gettcratiott 
To determine CKs  role in skinned fibers, they were 

stimulated with a solution which would permit them to 
produce ATP only via bound and active m vofibrillar 
CK (CK-Stimulating Solution. sec Table I). This solu- 
tion induced a substantial increase in f~rcc (Fig. 2). 
Maximal tension generation was again measured ~vith 
the Control Stimulating Solution. "lhc fibers were lhcn 
re-exposed to the CK-Stimulating Solution resulting in 

tABLE II 

('h~lra¢'terl.~tl( ~ ql- s~lntn'd la~'tna ~oh Itb('r~ 

[~nglh Diameter Pa,siv¢ ,&ct i',,c 
{/a.m t t~urn~ ten.ion ten'.ion 

!m~/mm:')  Ir'nN/mm~ ~ 

Tacnia 1195 224 7'~ 2~,8 
?,,'= t7 ±102 ±1~ .*_1.3 t 2.'*/ 
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CK STIMULA'tING SOLU'~ION 

CONTROL STIMULATING 

I .... 

CK STIMULATING SOLUTION 

Fig. 2. |~.eprcr, tznlati,~c tcn',ion rct'ording illustraling h.-n',ilm g~zncra 
ti~m in lhe CK-Stimuhtling Solarium (K-~lcli',alcd ¢onlracli~n i,, 
achieved b} tran',l~:rring the mtlscle Iio~'1 il rcl~lxirtg r, olalion 1o Jill 

acti',ating ~,olution t.~mh~ining ( ' a : ' ,  PCr and ADP ~,,ilhout A'IP. 
Iollo~,¢d b.', lhc Control Stimulating Solution v, ith ATP and P('r. 
Thr, v,,~s fi~lkw~cd b~. rc-cxp~r, urc h~ the (K-Stimulal ing St~lulmn. 
Tilt' '.crlical and ht~riztmlal haP, corrc~,p~md to I raN, ml;l: and lit 

rain. rc~pecti~ cl~,, 

a decrease in tension. In these conditions, tension in 
Control Stimulating Solution was 22.0 _+ 6,2 raN/ram: 
(N = 12). The mean tension due to the CK-Stimulat- 
ing Solution was 50.1 _+ 5.2 percent of maximal. 

in order to veri~' that this tension was in fact active 
(not rigor tension), the Rigor Solutkm + Ca :+ was 
applied to the muscle fibers prior to activation (Fig. 3). 
There was no significant increase in tension indicating 
that smooth muscle is not able to generate rigor ten- 
sion prior to activation. Therefore, tension generated 
by the CK-Activating Solution is due to active tension 
generation. Tension in the CK-Stimulating Solution 
could not be attributed to ATP produced by adenylatc 
kinasc because no change in tension was observed 
when adenylatc kinasc was inhibited by Pl.PLdi 

hiden{l~,im'-5')pcntaphosphatc (data not shown). More- 
,wcr. the fact that Rigor Solution + Ca. which con- 
tained ADP. was not able to induce tension further 
suggests that no adcnyhttc kinase was present in these 
fibers. 

FDNB ~:f]ects o n  t(,n.~,m generation 
If CK is in fact responsible for the tension genera- 

tion obsen,'ed with the CK-Stimulating Solution, then 
inhibiting CK should impair the fiber's response to the 
('K-Stimulating Solution. To inhibit endogenous CK, 
I(1 nM fluoro-l-dinitro-2.4-benzene (FDNB). an irre- 
versible CK inhibitor [20], was added to the CK-Relax- 
ing Soh, tion. Alter thorough rinsing, the fiber's re- 
sponse to the CK-Stimulating Solution was abolished. 
However. the fibers were still able to develop maximal 
tension in Control Stimulating Solution. thus demon- 
strating that neither MLCK nor myosin ATPase was 
inhibited by FDNB (Fig. 4). In another set of experi. 
ments, the fibers were subsequently incubated in Con- 
trol Relaxing Solution with 500 I U / m l  MM-CK 
(Sigma). Again, after thorough rinsing, the fibers were 
stimulated with the CK-Stimulating Solution, and they 
generated 85.#_+ 6.6c;; of the maximal tension (data 
not shown). These data demonstrated attachment of 
MM-CK to some as yet undefined binding sites on the 
myofibl :~lar proteins. 

ADP and tension generation 
Because ADP ca:: inhibit MLCK and myosin ATP- 

,tse. we varied the ADP coneentcation of the CK- 
Stimulaqng Solution to ensure that submaximal tension 
was not due to partial inhibition of these enzymes. We 
coulU then determine to what extent ADP affected 
tc,sion development. After equilibration in CK-Relax- 
i,lg Solution. the fibers were sequentially exposed to 
the CK-Stimulating Solution with 0, 10, 30, 50, 100, 
250, 4(11). 51)0/.tM MgADP (Fig. 5). Tension developed 
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Fig. 3. Represcnlati'¢e I~¢nsion recording illustrating the taenia col(s inability to generale tension in Rigor Solut ion+Ca prior to activation. 
Maximal ctmtraction and relaxation are subsequently obsEn'ed in Control Stimulaling Solution ar, d ('onln'~l RElaxing .~:blution respectively. The  

vertical and horizontal bars colresp#nd to 1 m N ' m m  2 and Ih rain, respecli',Ely. 
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Fig. 4. Repre~ntat~, 'e tension recording of tacma colt alicr inhibi- 
tion of  CK by FDNB. After inhibition, the fiber was rinsed in lhe 
Contre ~ Relaxing Solation followed by the CKRelaxing Solution 
Subsequent exposure to pCa 4.5 in "he presence of 12 mM P('r~ 25f) 
u.M ADP and 0 ATP failed to produce tension. Again maximal 
tenskm generation is eliotcd by. exposure to the Comrol Slimulaling 
Solution. The vertical and horizontal bars c . r rcspon(  "o I r aN/ r am:  

. a d  If) rain. respect iveb 

a plateau at an ADP concentration of 251) pM and 
subsequently fell off at higher concentrations. It ~as 
also ob.~rved that the fibers can generate {and main- 
tain for at least 15 rain) 41C~ of the maximal tension 
with 0 mM ADP in the CK-Stimulating Solution. Simi- 
lar results were obtained when the fibers were preincu- 
bated for 30 min in the complete absence of nu- 
cleotides (Fig. 6). This may be due to the presence of 
ADP and/or ATP fixed to the myofibrils and available 
for rephosphorylation by CK leading to active ten,ion 
generation. 

PCr and contraction 
To delerminc the effect of PCr on the contractile 

response of skinned fibers they were stimulated with 
the CK-Stimulating Solution using a PCr concentralion 
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Fig. 5. Histogram of the least.on responses to increasing ADP cc+n- 
¢entralions in the CK-Stimubting Solution, expressed as pcrcem ~+~ 
maximal force in the Control Stimulating Solution. Error bar,, are 

standard error  tlf the mean. 
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Fig. h. A rt'p;~-,,~_-nI,HP.c lra~:~. ~,l 1he +~'~p~rl,c t,, I ix %l{n:i*l it!l l~ 
S~)Jtllion ~,l lh () A D P  am.'~ ~ I  mmulu, pr,.-.i,'~uu~'.,l~,,n ~ eL, . . ,h. .~t~ 
of nu(Ic~)lidc., ~f lh p ( a  4",  (R~g.r %flutl,  m . ( . ~ .  ~ m M  ~1)1't 
Maximal lo ro.  ,,,,as t ' ho tcd  ~.ilh ('~wdr(d NItm0tahng ~,,;,:J~,,~ k ~M, 
cal alld horl/Orff ,d ~-ahbrali~ b,ff~ arc i mN mm ,ind 2++ mm 

ruxl ~+ I ~x c I~, 

closer to that found in the intac! tacma c~,h ~fly ,rod I 
raM). Fig. 7 ,hov.,, the t,,pical rc',p.m',,: m ,  ~,, ] 0 ;m,J 
12 mM P('r in the ('K-."it~muhmng '~ .hm. . t  h fl~u-. 
appcar~ that phH, iological conccntr~mom, t)f l ' ( t  arc 
able 1o elicit a force ¢quivalen! ~:, tha~ ~! 12 mM P('r 

CK and relaxatirm .lrom rigor condaum~ 
Since CK is able to generate ,,ubmaxim~l ten,ion m 

taenia coi l  v.e attempted t .  characterize CK", abdit) 
to relax taenia coil trom rigor conditions. Rig~sr tc~,~on 
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Fig. 7 Replewznl,~nx,. |llrct' rt:,.x~t'd~ng ot Otc rc~r,~Jm-c h~ ~arsm~ ['~ r 

I ~ to re  ¢',qar, ur< to the ~ ~mtrsH Slimulat;n~ bok~t~,~ %¢¢:n,~a! ~ t ! .  
btatlo¢l ha,  repie'-cnxs } m%.'ml¢: :  and h4~rlz~iolai c<~h-~r~s~,n +~dr 
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was pruduccd after maxintum tension generation in the 
Control Stimulating Solution because (as sccn above) 
the tacnia coil does nnt generate rigor tension without 
prior activation. Rigur tcnskm can bc abolished when 
ATP is supplied to the attached and non-t3,cling cross- 
bridges. Rigor conditioas ~,cre generated by the I'ollow- 
ing: first ATP and PCr were removed and 250 #M 
ADP added in the presence of pCa 4.5 (Rigor Solulion 
+ ('a z+ ). ]'his maneuver initiates a Ifigh-tension rigor 
slate which remains when Ca-" + is reduced (Rigor Solu- 
tion -( 'a2 ' ) [31)] .  To produce relaxation from rigor 
with the CK reaction, 12 mM PCr was added to the 
balhing solution (('K-Relaxing Solution). Active CK in 
or on the skinned myofibrils and in the presence of 
PCr, relaxed the fibers utilizing ATP produced via the 
CK rcaei[o:~. Fim:lly, Control Relaxing Solution was 
added to demonstrate the extent of relaxation. In this 
sludy, rclaxalion produced after Control Relaxing So- 
lution is referred to as maximal rclaxatk,n. 

Fig. 8 is a representative recording obtained from 
taenia coli demonstrating CK's ability to relax the 
fibers from rigor conditions. As can bc seen. rigor 
conditions produced a dimin."ion in maximal tension 
due to detachment or slippage of .,~,mc cross-bridges. 
After stabilization. CK-Relaxing Solution induced an 
acceleration in the rate of tension decrease. In this 
fiber the relaxation was nearly complcled, since further 
addition of Control Relaxing Solution containing ATP 
did not induce further relaxation. As a mean, the 

extent of CK-induccd tension fall was 51.2 + 7.6 (N = 
17) percent of the total tension decrease produced 
after the Control Relaxing Solution. A significant re- 
laxation from rigor can thus be accomplished when the 
laenia coli is exposed to conditions where ATP produc- 
lion is entirely dependent upon the CK reaction. The 
second contraction observed in Fig. 8 demonstrates the 
viability of the fiber after the rigor protocol. 

Discussion 

In this study we investigated the possible presence 
and role of CK in the generation of tension and relax- 
ation from rigor conditions in skinned guinea-pig tae- 
nia c,~li. The results suggest a contribution of CK to 
skinned faenia eoli muscle mechanics. We presented 
evidence that BB-CK is specifically attached to the 
myofilaments and that it remains active throughout the 
skinning process. This active CK associated with the 
skinned myohlaments can supply ATP from endoge- 
nous ADP to generate submaximal tension. Relaxation 
from rigor tension was also observed with bound BB- 
('K. 

in fast skeletal muscle, there is a high PCr eoncen. 
tration which is considered as a reservoir or buffer fo. 
the high-energy phosphates. Creatine kinase is present 
in high specific activity and is found mainly in the 
cytoplasm at or near equilibrium. It has thus been 
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proposed that in spite of large diffusion distances, a 
mechanism of facilitated diffusion may explain spatial 
as well as temporal buffering of ATP in this muscle 
[21]. On the other hand, aerobic muscles, especially 
heart muscle, are characterized by different CK ira- 
forms which are localized at the sites of excitation-con- 
traction coupling (membranes, myofilaments and 
sarcoplasmic reticulum) and of energy production 
(mitochondria and glycolytic complexes). This organi- 
zation has led to another proposed role for CK in 
production, transfer and utilization of energy [1,3]. 

In contrast to skeletal muscle, smooth muscle con- 
tractile activity is associated with only a 2- to 3-fold 
increase in ATP utilization and virtually no change in 
the ATP and PCr content because the rate of ATP 
breakdown matches its resynthesis rate. In this respect 
smooth muscle behavior is closer to that of cardiac 
muscle, even though smooth muscle is a glycolytic 
muscle compared to the aerobic heart muscle. How- 
ever. it is also known that the rate of energy utilization 
duri'lg force maintenance is two orders of magnitude 
lower than skeletal muscle [22.~]. A large component 
of this difference appears to reside in the intrinsic 
differences between the aetin-activated myosin AT- 
Pases of striated and smooth muscle [6,24,25]. Since 
PCr levels are very low in smooth muscle, ranging from 
0.5 to 4 mM [22], the concept of a pool of PCr as a 
buffer for ATP may be tess meaningful than in skeletal 
muscle [12,2223,26]. On the other hand, if the role of 
CK in smooth muscle was more intimately involved in 
contraction and relaxation, then one might predict that 
CK would be specifically bound to the contractile fila- 
ments and associated with constituents of the cross 
bridge cycle. 

The question that remains is to determine the role 
and significance of CK in smooth muscle. The first 
question to be addressed is regarding the activity of CK 
in smooth muscle. The results reported here show that 
in taenia colt total CK activity was 163 I U / g  (ww), a 
value 3-4-times lower than in cardiac muscle and about 
10-times lower than in skeletal muscle. This is higher 
than the value reported for carotid artery [161 or uter- 
ine muscle [t3]. but is consistent with other reported 
values of CK activity in smooth muscle [13]. The CK 
activity therefore seems to depend upon smooth mus- 
cle type. PCr concentration in rabbit taerda colt is 
about 3 mM [23,27]. These results are in agreement 
with lyengar [13], who proposed that the concentration 
of PCr in a tissue is related to the CK activity. 

The second question concerns the polymorphism of 
CK in smooth muscle. We found that, although BB-CK 
is the main isoform in the taenia colt, significant 
amounts of MB as well as MM-CK are present. In 
cardiac muscle, the significance of the different iso- 
forms of CK was related to their intracellular localiza- 
tion rather than to kinetic differences among them 
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[1.2]. in carotid artery, it has been shown that BB-CK 
has a high K,~ for ATP, favoring ATP synlhcsis [16]. 
Nonethclcss, such kinetic diffcrcnccs for BB-CK in 
smooth muscle could be rclated to the Iocalizalio- , '. 
CK near sites of energy utilization. 

Thus, the third question to be addressed is ~he 
localization of the diffcrent isoforms of CK in smooth 
muscle. Prior to this study it had not been determined 
v, hethcr any CK isoenz3'me was bound to the myofila- 
merits, but the results presented here suggest that 
there is in fact some of the BB-CK associated with the 
myofilaments. We gave evidence above that a substan- 
tial amount of CK was bound to contractile structures 
in the skinned smooth muscle and that the isoform 
present was BB-CK. This myofibrillar CK represented 
22% of total CK activity. The binding of BB-CK in 
myofibrils seemed to be specific for the reasons listed 
below. First, Triton X-100 treatment is known to solu- 
bilize all membrane structures, thus liberating mem- 
brane and cytoplasmic proteins [5]. Second, although 
there arc different CK isoforms in fresh taenia coll. 
only BB-CK is present in skinned fibers. Third, CK 
activity is still present in the fibers 2 to 3 days after 
Triton X-100 treatment. Finally, although it was shown 
to be associated with the thin filament in skeletal and 
cardiac muscle, adenylate kinase (which is able to 
rephosphorylate ATP from ADP) was not present in 
skinned smooth muscle fibers since ADP, in the pres- 
ence of calcium, was not able to induce tension. Also, 
no difference in tension was found in the presence of 
the CK-Activating Sotution after inMbition of adeny- 
late kinase, indicating that loosely bound enzymes are 
lost after Triton X-100 skinning in smooth muscle, as 
was reported for cardiac muscle [5]. These results 
strongly suggest that BB-CK is specifically associated 
with contractile structures in taenia coll. 

in these experiments, we found that the CK which 
remained bound to the skinned fibers was unable to 
produce enough ATP to maintain and generate maxi- 
mal tension. The tension caused by the CK-Stimulating 
Solution is therefore a reflection of the inability of 
bound CK to fully supply ATP to the contractile ele- 
ments for maximal tension. Such a limitation of the 
ATP supply from CK could be due to a low specific 
activity of CK in the fibers and /o r  structuring of CK to 
some discrete location in or on the myofilaments. This 
could also contribute to the gradual increase in tension 
with the CK-Stimulating Solution. Additionally, we 
showed that MM-CK can attach to the taenia edit 
myofilaments and function to generate ATP, Thus 
other weak and /o r  nonspecific binding sites for MM- 
CK may be present in the fibers. These loose binding 
sites for CK may be physiologically significant because 
of the presence of MM-CK in the whole taenia coll. 
Finally, one may hypothesize that the other CK isoen- 
zymes may be associated with intracellular structures 
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like the sarcoplasmic rcticulum or sarcolemma. Evi- 
dence for clustering of the glycolytic enzymes [6.28] has 
been given previously. It is possible that CK would be 
associated with such glycolytic complexes ft~r PCr gen- 
eration [29]. 

The fourth and final question concerns the role of 
CK in contraction and relaxation. Our results show 
that bound BB-CK was able to sustain submaximal 
tension and to induce partial relaxation by rephospho- 
rylating MgADP, in the complete absence of MgATP. 
Subsequent addition of MgATP induced maximal ten- 
sion or accelerated relaxation from rigor conditions. 
The tension generated with the CK-Stimulating Solu- 
tion was observed to be slower than in Control Stimu- 
lating Solution but was not due to rigor-bridges be- 
cause, unlike heart muscle, smooth muscle in rigor 
solution is not able to generate rigor tension from 
resting conditions, even in the presence of calcium 
[18,30] (Fig. 3). 

In smooth muscle, high-tension rigor state can bc 
induced by rcmoving high energy phosphates from 
preactivated fibers. In this case high-tension rigor is 
produced cven in the absence of calcium. The addition 
of PCr, in the presence of MgADP, is able to partially 
relax rigor tension. This is very similar to the relaxation 
from rigor tension elicited in skinned smooth muscle by 
photolytic release of caged ATP [18,30]. Our results 
suggest a rapid rephosphorylation of ADP by active 
CK bound to the skinned fibers. 

It appears that CK associated with the myofilaments 
in skinned taenia coli fibers is active but can only 
supply sufficient ATP from ADP to generate submaxi- 
mal force. This is not due to inhibition of contraction 
by MgADP. Indeed, we have demonstrated that ADP 
has an optimum concentration of 250 #M for tension 
generation. Inhibition of CK, myosin ATPase and/or 
MLCK. may explain the fall in average tension at 400 
and 500 #M MgADP. Tension due to the CK reaction 
was found to be identical between 0.5 and 12 mM PCr, 
indicating that physiological concentrations of PCr are 
able to produce qualitatively similar contractile re- 
sponses as 12 mM PCr. Taken together, these results 
indicate that tension development via the CK reaction 
is limited by the action of CK and not by substrate 
(ADP and PCr) inhibition or availability. In intact 
smooth muscle, at physiological concentrations of ADP 
and PCr, bound myofibrillar BB-CK (and other puta- 
tive loose binding sites) may participate in tension 
generation and relaxation. 

Our results show that a substantial tension can be 
elicited in the presence of PCr and in the virtual 
absence of MgADP. This strongly suggests that en- 
dogenous ADP (or cycling ADP/ATP) is bound to the 
skinned taenia coli myofilaments and available to the 
enzymes of the crossbridge cycle. This binding is spe- 
cific and is not due to residual nucleotides, since a 15 

min pre-wash without nucleotides had the same effect. 
[utler et al. [31] using permeabilized rabbit portal vein 
hlve shown that in resting smooth muscle ADP is 
b,~und to myosin in the form of myosin-ADP-P, com- 
plex and that phosphorylation of myosin and its subse- 
quent interaction with actin, increases the rate of ADP 
release. They estimated 60 to 70 /xM radiolabeled 
ADP present in the permeabilized fibers [32]. A pool 
of bound ADP therefore may be very important for 
smooth muscle regulation and we have shown that this 
ADP is available to CK for rephosphorylation. 
Nishimura and Van Breemen [33] proposed that ADP 
could affect the calcium sensitivity of smooth muscle 
fibers by increasing the number of A" M-ADP com- 
plexes. We believe that tension generation in the ab- 
sence of exogenous ADP is evidence in support of CK 
acting as one of the effectors of the A. M-ADP com- 
plex by its ability to phosphorylate ADP. Nonetheless, 
the results presented here support a tightly bound 
ADP available for cross-bridge cycling in the skinned 
smooth muscle. This ADP forms a complex which 
should have a very low dissociation rate constant, since 
the response is maintained and tension does not de- 
crease during a 30 min activation, both in the absence 
of added nucleotides. The fact that tension can be 
maintained under these conditions is supportive of 
functional compartmentation of some adenine nu- 
cleotides in smooth muscle. Indeed, functional com- 
partmentation of the glycolytic cascade associated with 
the plasma membrane and of glycogenolysis linked to 
contractile filaments or cytoplasmic elements, has been 
shown in this tissue [6,28,34]. Recently, lshida et al. 
[35] reported the presence of the mitochondrial type of 
CK, Mi-CK, in guinea-pig taenia caeci and proposed it 
to be the basis for the dependence of the PCr produc- 
tion on oxidative metabolism observed in guinea-pig 
taenia caeci. Indeed, as described in the heart, CK 
isoenzymes by their ability to bind to myofibrillar struc- 
tures or mitochondria and to associate with glyeolytic 
enzymes [29,36], may participate in production, trans- 
fer and utilization of high energy phosphates in smooth 
muscle. Such an efficacious arrangement of enzyme 
systems may allow for independent regulation of vari- 
ous energy-dependent cellular function in the smooth 
muscle [34]. We would like to propose that the results 
presented here could be explained by the presence of 
myosin-ATPase, CK and MLCK tightly bound to the 
myofilaments. Such an arrangement may be attributed 
to the co-localization of these enzymes in or on the 
contractile elements of the taenia coli. 

One hypothesis we wish to put forward for smooth 
muscle, is that such an enzyme cluster may enable 
efficacious functioning of the contractile system in spite 
of the low concentration of ATP. More work needs to 
be done to determine the existence, precise location 
and role of this enzyme cluster. 



Acknowledgements 

The authors wish to thank Dr. A. Fabiato for the 
generous gift of the computer program we found in- 
valuable when calculating solution concentrations. 
Thanks go to Dr. V. Saks for his enlightening sugges- 
tions and fruitful discussions. We would also like to 
thank P. Lech~ne and P. Mateo for their fine technical 
assistance and Dr. G. Vassort for his continuing sup- 
port. J.F.C. is the recipient of INSERM/NIH Fogarty 
International Fellowship TW01585 01. 

References 

1 Saks, V.A.. Rosenshtraukh. L.V, Smirnov. V.N. and Chazov, E.1. 
(19781 Can. J. Physiol. Pharmacol 56, 691-706. 

2 Saks, V.A, Seppet, E.K. and Lyulina, N.V. (19771 Biokhimiya 42, 
579-588. 

3 Wallimann, T. and Eppenberger, H.M. (19851in localization and 
function of M-line bound ereatine kinase. Cell and Muscle Motil- 
ity. Vol. 6 (Shay, J.W., ed.), pp. 239-285, Plenum, New York. 

4 Wallimann. T., Turner, D.C. and Eppenberger. tI.M. (19771 J. 
Cell Biol. 75, 318-325. 

5 Ventura-Clapier, R., Saks, V.A.. Vas~rt,  G., Lauer, C. and 
Elizarova, G. (19871 Am. J. Physiol. 253, C,~44-C455. 

6 Paul. R.J. (1989)Anna. Rev. PhysioL 51,341-349. 
7 Kenney, R.E., Hoar, P.E. and Kerrick, W,G.L. (1990) J. Biol. 

Chem. 265, 8642-8649. 
8 Arner, A.. Hellstrand, P. and Ruegg, .I.C. (1987) Regulatioo and 

Contraction in Smooth Muscle, pp. 43-57, A.R. Liss, New York. 
9 Chaterjee, M. and Murphy, R.A. (1983) Science 221,464-466, 

10 Dillon. P.F., Aksoy, M.O., Driska, S.P. and Murphy, D.A. (1981) 
Science 211,495-497. 

I1 Wagner, J. and Ruegg, J.C. (1986) Pfliigers Arch. 40% 569-571. 
17. Fisher, M.J. and P.F. Dillon (1988) NMR Blamed. I, 121-126. 
13 lyengar, M.R. (1984)J. Muscle Res. Cell Motil, NS. 527-534. 
14 Jockers-Wretou. E. and Pfleiderer. G. (1975) Clin. Chim. Aeta 

58, 223-232. 
15 Lang, H. (1981)Creatine kinase isoenz-ymes, Springer, New York. 

145 

16 Clark, J.F. (19901 Kinetics of porcine cartoid after2, r brain isoform 
creatine kinase in silu and in vitro. Ph.D. Thesis, Michigan State 
University. 

17 Fabiato, A. (19871 Methods Enz3.'mol. 157. 378- 417. 
lS Arner, A., Goody, R.S., Gerl, R. and Ruegg. 3.C. (19871 J. Muse. 

Res. Cell Motil. 8, 377-385. 
19 Nayler, R.A. and Sparrov,, M.P. (1986) Am. J. Physiol. 250, 

C325-C332. 
20 Mahowald, T.A, Noltmann, E.A. and Kuby, S.A. (1962) J Biol. 

Chem. 237, 1537-1548, 
21 Meyer, R.A., Sweeney, H.L. and Kushmerick. M,H. (19841 Am. J. 

Physiol. 246, C365-C377. 
22 Buffer, T.M. and Davies, R.E (19801 High-energy phosphates in 

smooth muscle. Handbook of Physiology, Section 2: The Cardio- 
vascular System, Vol. il. pp. 237-252. American Physiological 
Society, Bethesda. 

23 Paul, R.J. (19801 Chemical energeties of vascular smooth muscle. 
Handbook of Physiology, Section 2: The Cardiovascular System, 
Vol. 11, pp. 201-234. American Physiological Society, Bethesda. 

24 Hal. C.M, and Murphy, R.A. (19881 Am. J. Physiol 254, C99- 
Ct06. 

25 Ishida, Y. and Paul, R.J. (199111 J. Physiol. 424. 41-511. 
26 Fisher, M.J. and Dillon, P.F. (19871 Circ. Res. 60. 472-477. 
27 Siegman. M.J., Butler, T.M Moors. S.U. and Davies, R.E (19801 

J. Gen. Physiol. 75, 609-629. 
28 Lynch, R.M., Kuetmer, CP. and Paul, R.J. (19891 Am. J. Physiol. 

257. C736-742. 
29 Dillon, P.F. and Clark, J.F. (19901 J. Thcor. Biol. 143, 275-284. 
30 Somlyo, A.V., Goldman, Y.E., Fujimori, T., Bond, M, Trentham. 

D.R. and Somlyo, A.P. (19881 J. Gen. Physiol. 91, 165-192. 
31 Butler, T.M., Pacifico, D.S. and Siegman, MJ. (1989). Am. J. 

Physiol. 256, C59-C66, 
32 Butler, T.M.. Siegman, MJ.. Moors, S.U. and Narayan S.R. 

(1990) Am J Physiol. 258, C1092~c10q9. 
33 Nishimura J. and Van Breemen, C. (19891 Biochem_ Biophys. 

Res. Commun. 165. 408 415. 
34 Paul. R.J. (1989) Frogr. Biol. Re'~ 315, 235-237. 
35 lshida Y.. Wyss M., ttemmer W, Wallimann T. (19911 FEBS 

Lctt. 283, 37-43, 
36 Kupriyanov. V.V.. 8 0pel. E.K, Emelin. E.V. and Saks. VA. 

(1980) Biochim. t"o- nys. Acta 592, 197-21(I. 


