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Electrostatic Forces as a Possible Mechanism
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Abstract. A possible mechamsm 15 put forward to explamn the shding of thin
filaments duiing muscle contiaction In our model, 1epulsion due to electrostatic
forces 1s the mechanism which tiiggers ciossbhiidges to cause the thin filaments to
slide The mechamism proposed could operate 1egardless of whether the myosin
heads 10tate o1 bend, although 1ecent expernmental evidence seems to confirm the
latter action In spite of its simphcity, the model prediction of the velocity of shding
of the thin filaments agiees well with experimental values from mn vitro motility
assays

Key words: Shkeletal muscle — Electiostatic forces — Muscle contiaction — Model

Introduction

It 15 well known that, duiing muscle contraction, thin filaments shde over thick
filaments, ATP 1s hydrolyzed m the myosm heads and tioponin-C binds Ca*+
In the past, the most widely accepted contraction model was that of Huxley and
Simmons (1971)

It has been proposed that 10tation of the myosin head 1s due to the expulsion of
the products of ATP hydrolysis (Morel and Bachouchi 1988) However, out analysis
of the velocity of shiding of the thin filaments led us to propose a modification of
some aspects of the assumptions made by these authors (Maiin et al 1990) In fact,
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recent expennmental studies of the molecular stiuctuie of myosin (Rayment et al
1993a,b) and EPR spectioscopy of spin labeled myosin (Roopnaime and Thomas
1995, Ostap et al 1995) have provided evidence that the myosin head does not
10tate, as was previously assumed Instead, the molecule appears to bend mn a
pre-foice step 1 which a weak binding of myosin and actin occurs Following on
fiom the moie 1ecent experumental evidence we aie here proposing a mechanism
which explains the triggenng of muscle contiaction by wmvoking the imvolvement of
electiostatic forces We also make a quantitative analyss of the model predictions
of the velocity of shiding of the thin filament, and compaie our values with those
fiom n wtro studies of 1solated filaments A prelmnary 1eport has alicady been
published (Muifiz et al 1992)

The model

The Mgt -ATP complex 15 attached at a specific site on the myosin head (S1) (Vib
e1t and Cohen 1988 Highsmuth 1990, Rayment et al 1993a) As the intracellular
caletnm concentiation ([Cat*],) mcreases, tioponin-C (TnC) acts as a trapping
site for Cat™, causing noticeable conformational changes i Tul, TnT, actin and
tropomyosin (Paimacek and Leiden 1991) This promotes the formation of the ac-
tomyosin complex as a tightly bound structure (Biozovich et al 1988 Highsmith
and Eden 1990), and completes the hydiolysis of ATP When ATP hydiolysis 15
completed the products Mgt -ADP~, H;O0F and P, aic ejected The expulsion
of these products generates a positive chatge center localized at the <ite at which
Mg-ATP was bound (Hazzard and Cusanovich 1986, Morel and Bachouch: 1988)
Moueover, the presence of Ca™t m TnC mcieases its dipole moment (Maeda et al
1992 Salcedo et al 1994) At the time the positive chaige center 15 formed on SI
a net electrostatic mteraction appeats between this center and Ca™ TnC

The unbending of the myosin head and the geometiical constraints provohke
the movement of the thin filament toward the M-line (sce Fig 1) Duimg this
step ADP 1s 1eleased and the strong actomvosin binding 15 mhibited by o new
Mg-ATP attachment to S1 Then, the positive chaige center 15 neutialized and the
myosin head 1etuins to 1ts original shape This (ycle occurs 1epetitively 1f the Ca™+
concentiation 1s mamntained i the piesence of ATP

Thus the eneigy obtained fiom ATP hydiolysis 15 used 1) 1n the production
of conformational changes i myosin which allow a tight actin-to myosin binding
(Brozovich et al 1988, Highsmuth and Eden 1990, Highsmuith 1990, Rayment et al
1993a,b Roopnaiine and Thomas 1995), and 2) m the expulsion of the charges 1e-
sulting fiom the splitting of ATP Fig 1 shows, schematically, the system mvolving
the thin filament and S1

The total electiostatic interaction can be 1epresented by the sum of the chaige-
chaige and dipole-chaige terms
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Figure 1. Schematic representation of Electrostatic Interaction model for cross-bridge
action A) Representation of the system formed by thin and thick filaments before troponin
traps Ca™ Q 1s the site for Mg*t-ATP at the mvosin head B) Repiesentation of
the system after Ca™t 15 bound to tropomin f. 1s the foice resulting from electrostatic
interaction between 1) dipole () and Q' (Ca*t-TnC) and 2) charge center @ fs 15 the
reststive force acting on the thin filament 1 1s the distance from @ to g and Q' The
angle 0 represents the angular displacement due to the unbending of the myosimn head
For simplicity only the S1 unit 15 drawn M 1epresents the M-line

2Qu QY

dmee,1d  4mec,r?

fo = (1)

Wheie Q 1s the chaige on S1. Q' 1s the chaige on Ca*t, i the dipole moment of
TnC-Ca™™, ¢, 15 the permittivity of vacuum, and ¢ 1s the dielectric constant of the
nmedium

For simplicity, we have assumed that Catt and the dipole center are located
at the same distance, r fiom @Q (see Fig 1)

It 1s clear that f. will cause the myosin head to unbend and that ths, n
turn, will exert a tiaction foice on the thin filament Howevel, once this traction
foice appeais, a resistive force (fs) will oppose the movement Hence, the required
condition for a dynamic o1 static equilibiium of the thin filament 1s

fc*stO (2)

At this stage, we would suggest that an mmequality occuts and persists thioughout
the imtial shiding of the filament that takes place during muscle shortening, whereas
i the case of a static equilibiium, such as that existing during 1someti1c contraction,
the equality in Eq (2) remains unchanged
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In this section we have described m general terms the mechansm through
which muscle contiaction could be generated, as summaiized m Egs (1) and (2)
However, the exact natuie of f. 15 still a subject of discussions (Iwazumi 1989,
Smith 1990) Accordingly, m this work we shall coufine ourselves to myofilaments
which have as the only resistance to then movement a viscous force

In such a situation, f, can be identified as the Stokes diag foice mn Eq (2)
This foice depends upon the shape of the moving object. <o if we consider the
filament as a thm 1od then (Lauffer 1989)

fs = 6nlV’ (3)

where 7 1s the viscosity of the medium, [ 15 the length of the filament and V 1s
the veloaity of shiding In omr model the steady state for the veloaty of shding s
attained very soon after the motion has been mitiated (see Appendix A) In this
model, the diag forces on S1 and the 10d are not included since then contitbution
15 small (see Appendix B)

Results

In order to compare the predictions made by this model with available experimental
1esults we have evaluated the foice (f.) per myosin head and the velocity of <liding
of the thin filament Hence, fiom equations 1-3

‘r — f(‘
6 nl

(4)

The dipole moment y appeaiing i Eq 1 has a value of about 3 33 x 1072 Cm
(Salcedo et al 1994) In addition to the increased dipole moment due to the presence
of Ca*t*, a well-locahized chaige center should be formed around Ca*™*

Table 1

Quantity Value Reference
I 333 x1072° Cm Salcedo et al 1994
Q + 2e Haszard and C‘usanovich 19806
l 1 pm Pollack 1990
0 45°C Rasvment et al 1993Dh

L/4ne, 9 x 10° Nm?*/(*?
r 13 nm
Q’ +2e

e 15 the elementary charge (1 6 x 10717 (')
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Table 1 displays the values for the rtemaining quantities used m our estinations
For £ and 5, we took the nonunal values for water at 25°C

Using the values given mm Table 1 we found a stroke foice per myosin head of
the oider of 01 pN a value closely comading with expenimental values 1eported
by other authois (Ishijuma et al 1991, Finer et al 1994)

The velocity of shiding obtammed fiom this model 1s approximately 10 pm/s a
value similar to that 1eported from motility assays by Sellers and kachar (1990)
Then value was 8 8 £ 14 pm/s for the thin filament moving toward the center of
the thick filament whercas Ishijima et al (1991) 1eported a value of 9 pym/s at
z€10 load

Discussion

The 1cal hife system 15 bound to be mote complex than that desciibed in the present
model For tlus 1eason the electrical and geometiical factors assumed 1 the present
calculations should be considered effective parameters

Despite 1ts simplicity we beheve that the model proposed heie constitutes
one possible mechanism among others through which thin filament displacement
might occur Recent expernmental observations of the motion of actin filaments in
the prcsence of myosmm heads and ATP have confumed the 1ole of ATP hydiolysis
1 wcreasing the velocity of shiding of the thin flaments (Builacu and Boiejdo
1992) Moteover the bending and unbending of myosm heads during muscle con
traction has been expernmentally obseived (Ravment et al 1993a b Roopnarine
and Thomas 1995 Ostap et al 1995) These two findings might be thought to
constitute some suppott for the mam assumptions made m the present studs

Since our treatment seeus to give 11se to a reasonable working hy pothesis, an
experiment 1s proposed to evaluate the 1ole of electiostatic forces as precutsors of
thin filament movement Such an experiment would be sumlai to that performed
by Sellers and Iuachar (1990) using complete tlun and thich filaments with native
and modified myosin (Sellets et al 1985, Warshaw et al 1990} Howevel, 1t would
also nnvolve the presence of an external electiic field with an mtensity of

A (5)

fe o qp0
e cm
wheie e 1s the elementaiy chaige If owr hypotlesisis conect the velocity of <hding
should be modulated as a fanction of the duection and mtensity of the exteinal
electiic field In addition thesc expermments would provide wformation about the
strength of the bond between actin and myosm (Suda 1990 Maum et al 1994), and
also about the 10le of viscoelastic effects 1 this plienomenon (Bagm et al 1992)
Finally we have to mention two other models that have been put for forward

1 attempts to explain the process of contraction these are the Helix-Coil melting
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model (Haimgton 1979 Tsong et al 1979, Pollack 1990), and the electiostatic
dipole array model (Iwazuint 1989) The mam difference between these models and
the present one 15 that m them the myosin hcad would not be bent In addition
a stochastical model has 1ecentlv been proposed to explain muscle contraction
terms of a cooperative molccular motor (Julicher and Prost 1995) In tlus model
the process 15 viewed as a large ensemble of motors (imyosin) 1gudly attackhed to a
backbone that can move along a t1ack (actin) all working 1 a cooperative tashion
Each motor can be either m a stiongly hound state o1 m a weakly bound state
its corresponding eneigy bemg representcd by a penodic potential (with the pe-
nodiaty of the actin filaments) An munportant result of this model mght be the
gencration of a duected force and dinected motion as observed i muscle contrac
tion However the exact strength of such a pertodic potential has not been specified
at all In any case the 1elevance of electrostatic forces still needs to be addiessed
sice all thiee models assume that Ca™-TnC mteraction and ATD hy dioly sis play
an 1mmpottant 1ole m the process of mechanical force generation

In condusion we behieve that electiostatic foices may be mnportant for the
regulation by Ca’t and ATP hydiolysis of muscle contiaction

Appendix A

Analysws of the time necded by the thin flamont to rcach tcrmmal velocity

When electrostatic repulsion occuis  there 15 an mstantancous acceleration ex

pressed by
dl
fo — 60V = m-— (14)
dt
On the Dasis of the molecular weight of the components of a thun filament 1 pgm n
length m 15 approxumately 4 2 x 10729 kg Integrating cquation (1A) the velocaty

can be wnitten as a function of time

V()= Jo [T —exp(=6plt/m)] (24)
6l
where 1 (0) = 0 15 assnmed to be the mtial condition The taimmal sclocty s
defined as
_ Je

- = 34
r rh—nalo‘(t) 6nl (34)

The time needed to 1each 67% of 1 (1elaxation time) 1 given

m
, = =7 x 1071 14
6l ()
and thus, for all practical puiposes on the time-scale of ATP hydioly«s, 17 1s
reached instantaneously
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Appendix B

Contribution of the drag forces on S1 S2 and LMM to the velocity of sliding

According to current knowledge of the myosin thick filament the poition that
participates m the formation of crossbiidges consists of thiee subumts Si (head)
52 (rod) and LMM In order to make an assessment of the pait played by these
subunits 1 detetmining the velocity of sliding via diag forces S1 1s considered as
a spheie of 1adius R = 9 nm, and S2 and LMM as thin 10ds of lengths L, and L,,
respectively As a fitst approximation we can assume that each subumit contiibutes
mdependently to the total diag force that 1s

fo=[6nmR+6n(l+ L+ L)} V. (1B)

when 7 15 the viscosity V; 1s the velocity of shiding of the thin filament and [1s
1ts length

On the other hand 1if we neglect the contitbutions of S1 S2 and LMM the
drag force is simply given as

F=6nit ! (2B)

In erther case this foirce produces a moment around Q (see Fig 1) which opposes the
one produced by the electriostatic mteraction between TnC-Cat™ and the chaige
center on S1 so that

f =1 (3B)

since 1m both situations the force due to the electiostatic mteraction 1s the same
Combining Eq¢s (1B) aud (2B) we can obtain
[ /

‘“:[WR+(I+L3+L,1)]‘ (4B)

From Tablel R~9nm,/=1m and L+ L,, can be taken as 0 15 ym (Garcia
de la Tot1e and Bloomfield 1980 Highswmith et al 1977) so that

1,20851! (5B)
Thus the value of the veloaty of shding changes by about 15% when we take mto
consideration the contitbutions of S1 S2 and LMM subumts to the diag foice
In conclusion the contiibutions of S1 S2 and LMM to the analyvsis of the diag

forces do not change the overall 1esults obtamed with the present model when the
filaments shde with a constant velocity
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