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Abstract. A possible mechanism is put foiwaid to explain the sliding of thin 
filaments duimg muscle contiaction In 0111 model, íepulsion due to electiostatic 
foices is the mechanism which tnggeis ciossbudges to cause the thin filaments to 
slide The mechanism pioposed could opeiate icgaidless of whethei the myosin 
heads íotate 01 bend, although íecent experimental evidence seems to confiim the 
lattei action In spite of its simplicity, the model piediction of the velocity of sliding 
of the thin filaments agiees well with expenmental values from in vitro motility 
assays 
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Introduction 

It is well known that, dining muscle contiaction, thin filaments slide ovei thick 
filaments, ATP is hydrolyzed 111 the myosin heads and tiopomn-C binds C a + + 

In the past, the most widely accepted contiaction model was that of Huxley and 
Simmons (1971) 

It has been pioposed that íotation of the myosin head is due to the expulsion of 
the pioducts of ATP hydrolysis (Morel and Bachouchi 1988) Howevei, oui analysis 
of the velocity of sliding of the t Inn filaments led us to piopose a modification of 
some aspects of the assumptions made by these authors (Mann et al 1990) In fact, 
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lecent expenmental studies of the moleculai s t iuctuie of myosin (Rayment et al 
1993a,b) and E P R spectioscopy of spin labeled myosin (Roopnaime and Thomas 
1995, Ostap et al 1995) have piovided evidence that the myosin head does not 
ío ta te , as was pieviously assumed Instead, the molecule appeals to bend in a 
pie-foice step in which a weak binding of myosin and actm occuis Following on 
fiom the moie íecent expenmental evidence we aie heie pioposmg a mechanism 
which explains the tiiggeiing of muscle contiaction by invoking the involvement of 
electiostatic forces We also make a quantitative analysis of the model piedictions 
of the velocity of sliding of the thm filament, and compaie oui values with those 
fiom in vití o studies of isolated filaments A pieliminaiy íepoi t has alieady been 
published (Muiliz et al 1992) 

T h e m o d e l 

The M g + + - A T P complex is attached at a specific site on the myosin head (SI) (Vib 

eit and Cohen 1988 Highsniith 1990, Rayment et al 1993a) As the mtiacellulai 

calcium concentration ([Ca+ + ] , ) increases, t ioponm-C (TnC) acts as a t i appmg 

site foi C a + + , causing noticeable confoimational changes in Tnl , TnT, actm and 

tropomyosin (Paimacek and Leiden 1991) This piomotes the foimation of the ac-

tomyosin complex as a tightly bound s t iuc tu ie (Biozovich et al 1988 Highsmith 

and Eden 1990), and completes the hydiolysis of ATP When ATP hydiolysis is 

completed the pioducts Mg+ +-ADP~~, H j O + and P, aie ejected The expulsion 

of these pioducts geneiates a positive chaige centei localized at the site at which 

Mg-ATP was bound (Haz/aid and Cusanovidi 1986, Moiel and Bachouchi 1988) 

Moieovei, the piesence of C a + + m TnC mcieases its dipóle moment (Maeda et al 

1992 Salcedo et al 1994) At the time the positive chaige centei is foimed on SI 

a net electiostatic mteiaction appeals between this centei and C a + + TnC 

The unbending of the iiryosin head and the geometiical constiamts piovoke 

the mo\ement of the thm filament towaid the M-line (see Fig 1) D u n n g this 

step ADP is íeleased and the stiong actomyosm binding is inhibited by a new 

Mg-ATP attachment to SI Then, the positive chaige centei is neutiahzed and the 

myosin head íe tuins to its oiigmal shape This c yc le occuis íepetitively if the C a + + 

concentration is maintained m the piesence of ATP 

Thus the eneigy obtained fiom ATP hydiolysis is used 1) m the pioduction 

of confoimational changes m myosin which allow a tight actm-to myosin binding 

(Biozovich et al 1988, Highsmith and Eden 1990, Highsmith 1990, Rayment et al 

1993a,b Roopnaime and Thomas 1995), and 2) m the expulsion of the chaiges íe-

sultmg fiom the splitting of ATP Fig 1 shows, schematically, the system involving 

the thm filament and SI 

The total electiostatic mteiaction can be íepieseiited by the sum of the chaige-

chaige and dipole-chaige teims 
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F i g u r e 1. Schematic representation of Electrostat ic Interact ion model for cross-bridge 
action A) Representat ion of the system formed by th in and thick filaments before t roponin 
t raps C a + + Q is the site for M g + + - A T P at the myosin head B) Repiesenta t ion of 
the system aftei C a + + is bound to t i o p o n m j c is the foice resulting from electrostat ic 
interaction between 1) dipole (//) and Q' ( C a + + - T n C ) and 2) charge center Q fs is the 
resistive force act ing on the t hm filament Í is the distance from Q to /< and Q T h e 
angle 0 represents the angular displacement due to the unbending of the myosin head 
F01 simplicity only the SI unit is drawn M íepresents the M-hne 

fc 
2Ql> 

47T££„73 + 
QQ' 

4iT£C0r 
(1) 

Wheie Q is the chaige on SI, Q' is the chaige on Ca + + , /; the dipole moment of 
TnC-Ca+ + , e0 is the peimittivity of vacuum, and e is the dielectric constant of the 
medium 

F01 simplicity, we have assumed that Ca + + and the dipole centei aie located 
at the same distance, r fiom Q (see Fig 1) 

It is cleai that fc will cause the myosin head to unbend and that this, 111 
turn, will exert a tiaction foice on the thm filament Howevei, once this traction 
foice appeals, a resistive foice (/„) will oppose the movement Hence, the recpiired 
condition foi a dynamic 01 static equilibiium of the thm filament is 

fc~fs>0 (2) 

At this stage, we would suggest that an inequality occms and persists thioughout 
the initial sliding of the filament that takes place dming muscle shortening, wheieas 
m the case of a static equilibiium, such as that existing during ísometiic contiaction, 
the equality m Eq (2) lemains unchanged 
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In this section we have described in geneial teims the mechanism thiough 
which muscle contiaction could be geneiated, as summaiized in Eqs (1) and (2) 
Howevei, the exact natme of /, is still a subject of discussions (Iwazumi 1989, 
Smith 1990) Accordingly, m this woik we shall confine ouiselves to myofilaments 
which have as the only resistance to then movement a viscous foice 

In such a situation, / s can be identified as the Stokes diag foice m Eq (2) 
This foice depends upon the shape of the moving object, so if we considei the 
filament as a thm íod then (Lauffei 1989) 

fs = 6nlV (3) 

where 7/ is the viscosity of the medium, I is the length of the filament and V is 
the velocity of sliding In oui model the steady state foi the velocity of sliding is 
attained veiy soon aftei the motion has been initiated (see Appendix A) In this 
model, the diag foices on Si and the íod aie not included since then contiibntion 
is small (see Appendix B) 

Results 

In oidei to compaie the piechctions made by this model with available expenmental 
lesults we have evaluated the foice (/c) per myosin head and the velocity of sliding 
of the thm filament Hence, fiom equations 1-3 

V 
6/// 

(4) 

The dipole moment // appealing in Eq 1 has a value of about 3 33 x 1 0 - 2 9 Cm 
(Salcedo et al 1994) In addition to the increased dipole moment due to the presence 
of C a + + , a well-localized chaige centei should be foimed aiound C a + + 

T a b l e 1 

Q u a n t i t y 

A( 

Q 
I 
B 

l/47re 0 

r 

Q' 

Value 

3 33 x 1 0 " 2 0 Cm 
+ 2e 
1 /(in 
45 °C 

9 x 10 9 N m 2 / C 2 

13 n m 
+ 2 e 

Refeience 

Salcedo et al 1994 
Ha/zard and Cusanovich 1986 
Pollack 1990 
R a u n e n t et al 1993b 

e is the elementary charge (1 6 x 10 1 9 C) 
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Table 1 displays the values foi the remaining quantities used m our estimations 

Foi e and /;, we took the nominal values foi watei at 25 °C 

Using the values given m Table 1 we found a stioke foice per myosin head of 

the oidei of 0 1 pN a value closely coinciding with expenmental values leported 

by othei authois (Islnjima et al 1991, Fmei et al 1994) 

The velocity oi sliding obtained fiom this model is appioximately 10 / /m/s a 

value snnilai to that íepoited fiom motility assays by Selleis and Kachai (1990) 

Then \a lue was 8 8 ± 1 4 / /m/s foi the thin filament moving towaid the center oi 

the thick filament wheieas Islnjima et al (1991) íepoited a value of 9 / /m/s at 

zeio load 

D i s c u s s i o n 

The leal life system is bound to be more complex than that descnbed m the piesent 

model Foi this íeason the electncal and geometiical factois assumed m the piesent 

calculations should be consideied effective paiameteis 

Despite its simplicity we believe that the model pioposed heie constitutes 

one possible mechanism among otheis t lnough which thm filament displacement 

might occui Recent expenmental obsenat ions of the motion of actm filaments in 

the pic sence of myosin heads and ATP ha \e confnmed the íole of ATP hydiolysis 

in nicieasing the velocity oi sliding of the thm filaments (Bullaeu and Boiejdo 

1992) Moieovei the bending and unbending of myosin heads dining muscle con 

t iact ion has been expenmentalh obseived (Rayment et al 1993a b Roojmanne 

and Thomas 1995 Ostap et al 1995) These two findings might be thought to 

consti tute some suppoit foi the mam assumptions made m the piesent stud} 

Since oui t ieatment seems to g n c use to a íeasonable woiking hypothesis, an 

expenment is pioposed to evaluate the íole oi electiostatic foices as piecuisois of 

thm filament movement Such an expenment would be sinnlai to tha t j)eifoimed 

by Selleis and Kachai (1990) using complete thm and thick filaments with native 

and modified myosin (Selleis et al 1985, Waishaw et al 1990) Howevei, it would 

also invoke the piesence of an external electnc field with an intensity of 

^ 5í 105 — (5) 
e cm 

wheie c is the elemental} chaige If oui hypothesis is coiiect the velocity of sliding 

should be modulated as a function of the dnectiou and intensity of the external 

electnc field In addition these exi)einnents would piovide nifoimation about the 

strength of the bond between actm and myosin (Suda 1990 Mann et al 1994), and 

also about the íole of viscoelastic effects m this phenomenon (Bagm et al 1992) 

Finally we ha \e to mention two othei models that have been put foi foiward 

m a t tempts to explain the picxess of contiaction these aie the Helix-Coil melting 

file:///alue
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model ( H a n m g t o n 1979 Tsong et al 1979, Pollack 1990), and the electiostatic 
dijrolc a n a y model (Iwazunn 1989) The mam diffeience between these models and 
the piesent one is that m them the myosin head would not be bent In addition 
a stochastical model has íecenth been piojxjsed to exj>lam muscle contiaction m 
te ims of a coopeiative mokculai motoi (Juhchei and Piost 1995) In this model 
the piocess is viewed as a laige ensemble of motois (myosin) ngidly rittached to a 
backbone that can move along a tiack (ac tm) all woikmg m a c oopeiatrve fashion 
Each motoi can be eithei m a stiongly bound state oi m a weakly bound state 
its coiiesponchng encigy being lejnesente d bv a penodic potential (with the pe-
nodicity of the actm filaments) \ n mipoitant íesult of this model might be the 
geneiation of a dnected foiee and dnectecl motion as obsei\ed m muscle contiac 
tion Howevei thc> exact stiength of such a penodic potential has not been specified 
at all In any case the lelevanee of electiostatic foices still needs to be addiessed 
since all thiee models assume that C a + + - T n C mteiaction and ATP hydiolysis play 
an mipoitant íole m the piocess oi mechanical foice geneiation 

In conclusion we behe\e that electiostatic foices may be mipoitant foi the 
íegulation by C a 2 + and ATP lrvdiolysis of muscle contiaction 

A p p e n d i x A 

Atitdiibis of fix tniH nxtlftl by tin thin filanx lit to rcadi tíiniinal ľihxiti/ 

When electiostatic íejmlsion occuis then is an instantaneous acceleration e\ 
piessed by 

/, -G/7/1 = ' » ^ (14) 

On the basis of the molcculai weight of the components oi a thm filament 1 //m m 
length m is appioximately 4 2 x 10~2 U kg Intcgiating equation (1A) the velocity 
can be w n t t e n as a function of time 

1 ( 0 = ^ [ l - e x p ( - 6 , , / ŕ / , ŕ ŕ ) ] (2 4) 

wheie 1 (0) = 0 is assumed to be the initial condition The tcimnial velocity is 
defined as 

l r = l i m l ( ' ) = n (34) 
' — x- 6/;/ 

The time needed to leach G7V< of l r (íelaxatiou tune) is given In 

i, = n = T x l O ~ 1 2 s (4 4) 
6/// 

and thus, foi all piactical puiposes on the time-scale of ATP hydiolysis, I T is 
leached instantaneously 
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A p p e n d i x B 

Contribution of the drag forces on SI S2 and LMM to the velocity of sliding 

Accoidmg to cunent knowledge of the myosin thick filament the poition that 

pait ieipates m the foimation of ciossbndges consists of thiee subumts SI (head) 

S2 (íod) and LMM In oidei to make an assessment of the pai t played by these 

subumts m deteiminmg the velocity of sliding via diag foices SI is consideied as 

a spheie of íadius R « 9 nm, and S2 and LMM as thm íods of lengths L2 and Lm 

íespectively As a fiist appioximation we c an assume that each subunit contiibutes 

mdependentlv to the total diag foice that is 

h = [6/7?ri? + 6,/(/ + L2 + Lm)} 1 ; ( IB) 

when // is the viscosity Vs is the velocity of sliding of the thm filament and I is 
its length 

On the othei hand if we neglect the contnbutions of SI S2 and LMM the 
diag foi e e is simply given as 

/ : = 6,?M: (25) 

In eithei case this ioice pioduees a moment aiounel Q (see Fig 1) which ojuposes the 
one jrioduced by the electiostatic mteiaction between T n C - C a + + and the chaige 
centei on SI so that 

/ = / ' (3B) 

since m both situations the foice due to the electiostatic mteiaction is the same 

Combining Eqs (IB) and (2B) we can obtain 

K = 1 ' (4£ ) 
[7r/? + (/ + L2 + £, , ) ] 

Fiom Table 1 R ss 9 nm, / = 1 //m and L2 +L,„ can be taken as 0 15 //m (Gaicia 
de la T o n e and Bloomfield 1980 Highsmith et al 1977) so that 

K = 0 85 1 „' (5B) 

Thus the value of the velocity of sliding changes by about 15VÍ when we take into 
consideiation the contnbutions of SI S2 and LMM subumts to the d iag foice 
In conclusion the contnbutions oi SI S2 and LMM to the analysis of the diag 
foices do not change the oveiall lesults obtained with the piesent model when the 
filaments slide with a constant velocity 

Acknowledgements. We wish to thank \ h ] I Rios foi valuable technical assistance 



448 Muííiz et al 

References 

Bagni M. A., Cecchi G., Coloino F., Garzella P. (1992) Are weakly binding bridges present 
in resting intact muscle fibers? Biophys. J. 63, 1412—1415 

Brozovich F. V., Yates L. D , Gordon A. M. (1988): Muscle force and stiffness during 
activation and relaxation: Implication for actomyosin ATPase. .]. Gen. Physiol. 
9 1 , 3 9 9 - 4 2 0 

Búriacu S., Borejdo J. (1992)- Motion of actin filaments in the presence of myosin heads 
and ATP. Biophys. J. 63, 1 4 7 1 - 1 4 8 2 

Finer .1. T., Simmons R M , Spndich .1. A (1994): Single myosin molecule mechanics: 
jjiconewton forces and n a n o m e t r e steps. N a t u r e 368, 11.3—119 

Garcia de la Torre J., Bloomfield V. A (1980): Conformation of myosin m di lute solution 
as es t imated from hydrodynamic propert ies . Biochemistry USA 19. 51518- 51523 

Harr ington W. F. (1979): Origin of t h e contracti le force in skeletal muscle. P r o c Natl. 
Acad. Sci. USA 76, 5066—5070 

Hazzard J. O., Cusanovich M. A. (1986): Binding and hydrolysis of A T P by cardiac myosin 
subfragment-1: Effect of solution p a r a m e t e r s on transient kinetics. Biochemistry 
USA 25, 8141—8149 

Highsmith S. (1990): Electiostat ic contr ibut ions to the binding of myosin and inyosin-
M g A D P to F-actin m solution. Biochemistry USA 29, 10690—10694 

Highsmith S., Kretzschmar K. M., O'Konski C. T., Morales M. F (1977): Flexibility of 
myosin rod, light meromyosm and myosin subfragments-2 in solution. P r o c . Natl . 
Acad. Sci. USA 74, 4986—4990 

Highsmith S., Eden D. (1990): Ligand-indueed myosin subfragments global conformational 
change biochemistry. Biochemistry USA 29, 4 0 8 7 - 4 0 9 3 

Huxley A F., Simmons R. M (1971). Proposed mechanism of foice geneiation m .st.nat.ed 
muscle N a t u r e 2 3 3 , 533 538 

Ishijima A., Doi T , Sakurada K., Yanagida T (1991): Sub-picoNewton foice fluctuation 
of actomyosin in vitro N a t u r e 3 5 2 , 3 0 1 - 306 

Iwazumi T. (1989): Molecular mechanism of muscle contraction Physiol ("hem. Phys. 
Med. NMR 2 1 , 187--219 

Julicher F., Pros t J. (1995): Cooperat ive molecular motors. Phys . Rev. Lett 7 5 . 2618— 
2621 

Lauffer M. A. (1989) Motion in Biological Systems. Alan R. Liss Inc., USA 
M á e d a Y , Pojjp D., Stewart, A. A. (1992): Time-resolved X-iay diffraction s t u d y of the 

t roponin. Associated reflexions from the frog muscle. Biophys. J 63, 815--822 
Marin J. L , Muňiz J., Huer ta M. (1990): Fur ther analysis of the molecular jet hypothesis 

during muscle contraction. J. Theor . Biol 147, 3 7 3 - 3 7 6 
Marin J L , Huer ta M.. Muňi/, J. (1994): Modulat ion of molecular fnction in actomyosin 

comj:>lex by an external electric field. J. Theor. Biol. 167, 167—168 
Muniz J., Marin J. L., Yeomans L., Acufia II., Del Castillo L. F , Cruz S. A. (1992). 

Electrostat ic íepulsion model for skeletal muscle contract ion. Biophys. .1 6 1 , A296 
Morel J. E., Bachouchi N. (1988). Muscle contraction and movement of calcium organelles 

Are these two different types of mechanics for their generation? J. Theor . Biol. 132. 
8 3 - 9 6 

O s t a p E. M., Barnctt. V A , T h o m a s D D. (1995). Resolution of three- s t r u c t u r a l states 
of spin-labeled myosin in contract ing muscle Biojihys. .1 69 . 177—188 

Parmacek M S , Leiden 1 M. (1991) St ructure , functionand regulation oi t r o p o n i n C. 
Circulation 84, 991—1003 

http://st.nat.ed


Electrostat ic Forces in Contract ion 4 4 9 

Pollack G H (1990) Muscles .v. Molecules p p 1 -300 Ebnei A. Sons Publ 
R a y m e n t I , Rypniewski W R , Schmidt-Base K Smith R l o m c h i c k D R , Benning 

M M , Winkelmann D A , Wesenberg G , Holden H M (1993a) T h i e e dimen
sional s t ruc ture of myosin subfiagment-1 A molecular motor Science 2 6 1 , 50—58 

Rayment I , Rypniewski W R , Schmidt-Base K , Smith R , Tomchick D R . Benning 
M M , Winkelmann D A , Wesenberg G , Holden H M (1993b) S t r u c t u r e of 
t h e actin-myosin comjjlex and its implications foi muscle contract ion Scie-nce 2 6 1 , 
5 8 - 65 

RoojMiaune O , T h o m a s D D (1995) Orientat ional dynamics of m d a n e dione spin-labeled 
myosin heads m relaxed and contract ing skeletal muscle fibeis Biophys I 6 8 , 
1 4 6 1 - 1471 

Salcedo R , Del Castillo L F , Garcia M , Cogoidan J A , Muňiz I , Marin I L (1994) 
Moleculai configuration of the active site of T n C - C a " + complex Biophvs I 66, 
A311 

Selleis J R , Spudich I A , Sheetz M P (1985) Light chain phosjjlioiylation regulates 
t h e movement of smooth muscle myosin on actin filaments I Cell Biol 1 0 1 , 
1897—1902 

Sellers J R , Kachar B (1990) Polarity and velocity of sliding filaments Control of 
d n e c t i o u by actin and of speed by myosin Science 2 4 9 106—408 

Smith D A (1990) T h e theoiv of sliding filament models foi muscle conl iact ion II 
Biochemically-based models of t h e contiact ion cycle 1 Theoi Biol 1 4 6 4 3 3 — 
466 

Suda H (1990) Moleculai friction in an actomyosm moleculai machine J T h e o r Biol 
146, 3 4 1 - 346 

Tsong T Y , K a r r T , Harr ington W F (1979) Rapid hehx-coil t ransi t ions m t h e S-2 
legion of myosin Proc Natl Acad Sci USA 76, 1109—1111 

Vibeit P , Cohen C (1988) Domains, motions and l tgulat ion in the myosin head J 
Muscle Res and Cell Motil 9, 296 305 

W a i s h a w D M , Desi osiers 1 M . W o i k S S Tivbus K M (1990) Smooth muscle myosin 
cross-budge interactions modula te act in filament sliding velocity in vitro I Cell 
Biol 1 1 1 , 453—463 

Final version accejited Decembei 6, 1996 


