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Interaction of Myosin Subfragments with F-Actin? 

Sarkis S. Margossiant and Susan Loweye 

ABSTRACT: The effect of ionic strength, temperature, and 
divalent cations on the association of myosin with actin was 
determined in the ultracentrifuge using scanning absorption 
optics. The association constant ( K , )  for the binding of heavy 
meromyosin (HMM) to F-actin was 1 X I O 7  M-’ a t  20 O C ,  
in 0.10 M KCI, 0.01 M imidazole (pH 7.0), 5 mM potassium 
phosphate, 1 mM MgC12, and 0.3 mM ethylene glycol bis(P- 
aminoethyl ether)-N,N’-tetraacetic acid. K ,  was the same for 

T h e  generation of force between the thick and thin filaments 
of muscle is believed to be related to a change in conformation 
of the myosin “heads” (or cross-bridges) as they attach to actin 
(Huxley, 1969). X-ray diffraction and electron microscopy 
have, in fact, provided some evidence for a change in angle of 
the head relative to the rod as the muscle goes from a relaxed 
to a rigor state (Reedy et al., 1965; Moore et al., 1970). More 
recent structural studies using ATP analogues suggest that the 
myosin head may even exist in more than one conformational 
state while attached (Goody et at., 1975; Marston et al., 1976; 
Holmes et al., 1976). Models for muscle contraction, based on 
two or more attached states, have been proposed to account for 
the conversion of the free energy of ATP hydrolysis into the 
work done by a cross-bridge (Huxley and Simmons, 1971; 
Eisenberg and Hill, 1978). Here we have determined the en- 
ergy to be obtained from the interaction of a single head (SI)] 
or a double-headed subfragment (HMM) with F-actin. We 
find that the second head contributes little to the free energy 
of binding, suggesting that the two heads cannot bind inde- 
pendently to F-actin. 

Values for the binding of myosin and its subfragments to 
actin have been reported from many laboratories over the years 
(Young, 1967; Tdwada, 1969; Takeuchi and Tonomura, 197 1 ; 
Lowey, 197 1 ; Eisenberg et al., 1972; Margossian and Lowey, 
1973; Marston and Weber, 1975; Highsmith et al., 1976; 
Chantler and Gratzer, 1976), but agreement has been gener- 
ally poor. Some of the ambiguities have been due to limitations 
in the available experimental techniques; others have resulted 
from differences in subfragment preparation; and, finally, some 
of the discrepancies have arisen from variations in the pH, 
temperature, and ionic strength under which the measurements 
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H M M  prepared by trypsin or chymotrypsin. The affinity of 
subfragment 1 (S 1 ) for actin under the same ionic conditions 
was 3 X IO6  M-l. Varying the preparative procedure for SI 
had little effect on K,. The small difference in binding energy 
between H M M  and SI suggests that either only one head can 
bind strongly to actin at  a time or that free energy is lost during 
the sterically unfavorable attachment of the two heads to 
actin. 

were made. Two of the more recent determinations of the as- 
sociation constant for SI and actin have given values of IO7  
M-’ at  25 O C ,  0.1 M KCI (Marston and Weber, 1975) and 1 O6 
M-’ at  4 “C, 0.15 M KCI (Highsmith et al., 1976); the former 
value depends on the free concentration of iodo[14C]acet- 
amide-labeled SI remaining in the supernatant after sedi- 
mentation of the acto-SI complex, while the latter is based on 
a decrease in rotational mobility of fluorescent-labeled SI on 
binding to actin. The difference between these values can be 
accounted for most simply by the difference in temperature 
between the two experiments: Chantler and Gratzer ( 1  976) 
have shown that the acto-SI interaction is endothermic and 
the binding constant increases by about an order of magnitude 
in this temperature range. 

Although these values agree well with each other, they are 
at  least ten times higher than the association constant published 
previously by Margossian and Lowey (1973). I n  order to rec- 
oncile these discrepancies, we have reexamined the binding of 
SI to actin. The procedure followed, namely, that of sedi- 
menting the complex i n  the analytical ultracentrifuge and 
measuring the absorbance of unbound SI in the supernatant, 
has the advantage of simplicity and directness: the SI need not 
be covalently modified by attached labels, and a minimum of 
assumptions are needed to interpret the data. Recent advances 
in the preparation of SI have made it possible to minimize 
proteolytic degradation (Weeds and Taylor, 1975) and also 
to obtain subfragments which retain a full complement of light 
chains (Margossian et al., 1975). Furthermore, improvements 
in the scanning absorption optical system have made mea- 
surements a t  230 nm routine, and it is now possible to deter- 
mine protein concentrations of less than 30 pg/mL. When the 
effects of ionic strength, temperature, and divalent cations on 
the binding of SI to actin are taken into account, we find an 
association constant (3 X I O 6  M-’ at  20 OC, 0.10 M KCI) 
which compares favorably with those of the recent literature 
(Marston and Weber, 1975; Highsmith et al., 1976). 

Apart from the intrinsic interest in  the association constant 
for the so-called rigor bond, a major purpose in reexamining 
SI was to compare its binding to actin with that of HMM. 
Previous determinations for H M M  have established a stoi- 
chiometry of 2 mol of F-actin monomer bound/mol of HMM, 
and an affinity constant of greater than IO6 M-‘ (Lowey et al., 
197 1 ; Eisenberg et at., 1972; Margossian and Lowey, 1973). 
Basic to any speculation of how the cross-bridges might bring 
about contraction is the question of whether the myosin heads 
bind to actin independently or whether some sort of cooperative 
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FIGURE 1: NaDodS04-gel electrophoresis of myosin subfragments and 
actin. Loadsof 3Opgwere run an IO%gels: (a) M@SI and (b) EDTA81 
prepared by papain digestion; (c) H M M  prepared by tryptic and (d) a- 
chymotryptic digestion: (e) SI prepared by a-chymotrypsin before chro- 
matography; and (0 SI.AI after fractionation on DE-52 as described 
under Materials and Methods: (9) SI.A2 isolated as in f: (h )  actin. 

interaction takes place between them. The low value for the 
binding of H M M  to actin obtained in this study (K ,  = 1 .O X 
IO' M-' at 20 "C, 0.10 M KCI) suggests that the two heads 
of myosin cannot bind independently and that steric hindrance 
may force them to attach to actin in nonequivalent positions. 
Preliminary reports of this work have appeared i n  abstract 
form (Margossian and Lowey, 1975, 1976). 

Materials and Methods 
Preparation of Proteins. Myosin was prepared from the 

muscles of the hind legs and back of New Zealand white rab- 
bits as described by Holtzer and Lowey (1959). The stock 
myosin solution was stored a t  a concentration of about 5% in 
0.5 M KCI, 0.05 M phosphate buffer (pH 6.5). with a crystal 
of thymol added to prevent bacterial growth. 

Heavy meromyosin (HMM) was prepared by digesting a 
2% myosin solution in stock buffer for 5 min at room temper- 
ature with either trypsin (Loweyand Cohen, 1962) or a-chy- 
motrypsin (Weeds and Taylor, 1975) a t  a final concentration 
of 0.005%. Digestion with trypsin (Worthington) was termi- 
nated by adding soybean trypsin inhibitor to a concentration 
of 0.01%; a-chymotrypsin (Worthington) was inhibited with 
phenylmethanesulfonyl fluoride (Sigma) at a concentration 
of0. l  mM. H M M  was isolated in thesupernatant by dialysis 
against 20 volumes of 0.01 M phosphate buffer (pH 6.5). 0.3 
mM dithiothreitol (DTT) and further purified by fractionation 
between 43 and 57% saturated ammonium sulfate (ultrapure 
grade, Schwarz/Mann), 0 "C. In some instances, H M M  was 
also chromatographed on DEAE-cellulose (Lowey et al., 
1969). 

Subfragment I (SI) was prepared according to Lowey et 
al. (1969) as modified by Margossian and Lowey (1973). A 
2% myosin suspension in 0.2 M ammonium acetate (pH 7.1) 
with added 2 mM MgCI2 or 2 mM EDTA was digested a t  
room temperature for 7 min with 0.03 mg/mL papain 
(Worthington). The reaction was stopped with iodoacetic acid 
to a final concentration of I mM. Insoluble material was re- 
moved by centrifugation, and the supernatant was purified by 

M A R G O S S I A N  A N D  L O W E Y  

TABLE I :  Extinction Coefficients of Myosin Subfragments (102 
cm W .  

wavelength (nm) 
subfragment. 230 236 280 

H M M  
E D T A 8  I 

52 21 6 .0  
60 25 8.1 

M&SI 62 26 8.3 
SI.AI 59 24 7.4 
SI.A2 59 24 7.5 

a Protein concentration was determined by micro-Kjeldahl: with 
the exception of SI .AI and SI.A2, these values are an average of two 
to three determinations. 

chromatography on DEAE-cellulose (Whatman DE52) 
equilibrated in 0.05 M Tris-HCI (pH 7.9), 0.5 mM DTT 
containing either 2 m M  MgC12 or 2 mM EDTA. The SI was 
eluted with a linear gradient to 0.5 M KCI, and the protein in  
the front two-thirds of the peak was pooled and salted out be- 
tween 47 and 58% saturated ammonium sulfate. Depending 
on the presence or absence ofdivalent cations, the preparation 
o f S l  retains all its light chains (Mg.SI) or is missing the Nbs2 
light chain ( E D T A 8 I )  (Margossian et al., 1975). 

Subfragment I was also prepared with a-chymotrypsin as 
described by Weeds and Taylor (1975). If myosin is suspended 
in 0.12 M NaCI, 0.02 M sodium phosphate (pH 7.0), I mM 
EDTA and digested for 7 min with a-chymotrypsin as dis- 
cussed above for HMM, a preparation of SI lacking the Nbsz 
light chain is produced. The two components of S I ,  one con- 
taining thealkali 1 light chain (Sl.Al)and theothercomposed 
of alkali 2 light chain (SI.A2), can be separated by ion-ex- 
change chromatography under the same conditions as used for 
papainSI.  

Figure I shows NaDodS04-polyacrylamide gels of repre- 
sentative samples of the subfragments discussed above. 

F-actin was purified essentially by the method of Spudich 
and Watt ( I  971); details can be found in the legend to Table 
111 (expts 10-12) of Margossian and Lowey (1973). This 
preparation gave a single band on NaDodSOs-polyacrylamide 
gels (Figure I h) and was usually greater than 90% polymer- 
izable. 

Sodium Dodecyl Sulfate-Gel Electrophoresis. Electro- 
phoresis on polyacrylamide gels was carried out as described 
by Weber and Osborn (1969). Samples in 0.01 M sodium 
phosphate (pH 7) were boiled for 2 min in 1% NaDodS04 and 
0.1% 2-mercaptoethanol before being applied to the gel. 
Electrophoresis was carried out for 5 h a t  8 mA/tube (70 X 
6 mm). The gels were then simultaneously fixed and stained 
by diffusion in 25% methanol and 10% acetic acid, containing 
0.025% Coomassie brilliant blue stain; destaining was by 
electrophoresis in 10% methanol and 10% acetic acid. 

Prorein Concentrarions. The extinction coefficients of di- 
alyzed, clarified protein solutions were determined from ab- 
sorbance measurements at 230, 236, and 280 nm, corrected 
for scattering by subtraction of the absorbance a t  340 nm. 
Protein concentration was determined by the micro-Kjeldahl 
method, assuming 16% nitrogen. The values obtained for the 
different subfragments are summarized in Table 1 .  The ex- 
tinction coefficient for actin at 280 nm was taken as I 1  .O (West 
et al., 1967). 

Determination of ATPase Actiuity. Adenosine triphos- 
phatase activity of myosin and its subfragments was assayed 
as described earlier (Margossian and Lowey, 1973). Cal- 
cium-activated ATPase was measured in 0.23 M KCI. 2.5 mM 
ATP, 2.5 mM CaCI2,0.05 M Tris-HCI (pH 7.9), and 0. I mg 
of subfragment. The EDTA-activated ATPase contained I 
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mM EDTA instead of calcium, and the KCI concentration was 
increased to 0.6 M. The actin-activated ATPase was measured 
in 0.01 M Tris-HCI (pH 7.9), 2.5 mM ATP, 2.5 mM MgC12, 
0.1 mg of subfragment, and an increasing concentration of 
F-actin (0.2-5.0 mg/mL). All reactions were carried out a t  
25 “C in a volume of 2 mL; the reaction was initiated by the 
addition of ATP and terminated 5 min later with I mL of cold 
15% trichloroacetic acid. Inorganic phosphate was measured 
by the method of Fiske and Subbarow (1925). Enzyme ac- 
tivities are reported in molar units [pmol of P, (pmol of en- 
zyme)-’ s-’] with molecular weights of 350 000. 130 000, 
I IO 000, and 42 000 taken for HMM,  MgSI,  E D T A 8  (or 
chymotryptic SI ) and actin, respectively. 

Nucleotide Analysis. NaAMP-PNP was purchased from 
P-L Biochemicals. The purity of the reagent was analyzed by 
thin-layer chromatography (Bergmeyer, 1962) and judged to 
be greater than 90% pure. 

Determination of Binding Constants in the Analytical Ul-  
tracentrifuge. The free concentration of subfragment re- 
maining in the supernatant after sedimentation of the actin- 
bound subfragment was measured by absorption optics in the 
Model E analytical ultracentrifuge. The Multiplex attachment 
to the photoelectric scanning system allows five samples to be 
recorded in one run using the six-hole AN-G rotor with 12-mm 
double-sector cells and sapphire windows which were tested 
for their transmission of light at 230 nm. The performance of 
the entire optical system was tested with a series of solutions 
of known optical density a t  several wavelengths in a double- 
sector cell with distilled water as the reference liquid 
(Schachman and Edelstein, 1966). These data show a direct 
proportionality between the recorder deflections for solutions 
of maleate, tyrosine, and tryptophan and their optical density 
measured independently in a Zeiss spectrophotometer. The 
linearity of the recording system was also tested with known 
concentrations of H M M  and BSA. Again, the recorder de- 
flections were directly proportional to the spectrophotometric 
readings, multiplied by a factor of I .  I2 to account for the op- 
tical path in the ultracentrifuge cell. Extinction measurements 
made a t  several wavelengths (280, 236, 230 nm) with the 
scanner agreed well with values determined in the Zeiss 
spectrophotometer. These experiments show that absolute 
concentrations can be determined reliably by recorder de- 
flections, and effects of stray light are negligible. 

I n  a typical experiment. actin at a concentration of 5 fiM 
(0.2 mg/mL) was mixed with various concentrations of myosin 
subfragments (0.3-0.6 mg/mL) in 0.10 M KCI, 0.01 M im- 
idazole (pH 7.0), 5 mM potassium phosphate, 1 mM MgC12, 
in a final volume of 2.0 mL. The imidazole was o f a  fluorime- 
tric grade from Sigma. The samples were stirred slowly in the 
cold for 30 min and then centrifuged at 40 000 rpm to sediment 
the acto-subfragment complexes and any free F-actin. Within 
I O  to 20 min after reaching top speed, the supernatant could 
be scanned at 230,236, or 280 nm, depending on the conditions 
of the experiment. The height of the plateau region in each scan 
was converted to protein concentration by means of a cali- 
bration plot of optical density vs. pen deflection. Unless oth- 
erwise specified, all runs were made a t  20 “C. I n  the majority 
of the experiments, the “basic buffer” included either 0.3 mM 
EGTA or 0.1 mM CaC12. 

The absorbance measured from the scans represents the sum 
of all proteins remaining in the supernatant after removal of 
the polymeric species by sedimentation. This value will, 
therefore, include not only the unbound myosin subfragment 
but also any  unpolymerized actin and any denatured H M M  
or SI incapable of binding to F-actin. Hence, it is essential to 
determine the amounts of such contaminants in the superna- 
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FIGURE 2 Test for unreactive HMM by "difference spectroscopy”. To 
a fixed concentration of HMM (3 pM), increasing concentrations of F- 
actinwereadded: (b) 5, (c) 15,and (d) 30pM.  Actin at thescsamecon- 
centrations was included in the solvent sector of the ultracentrifuge cell. 
In a. 30 pM actin was included in bath solvent and sample sectors to test 
theaperation ofthcscanner.The solvent was 0.1 M KCI.O.OI M imidazole 
(pH 7.0). 5 mM potassium phosphate, I mM MgClz. and 0.3 mM EGTA. 
Samples were run at 40 000 rpm and 20 OC and scanned at 230.236, and 
280 nm. Less than 1% free HMM was detected at the highest actin can- 
centrations. 

tan1 and to correct the optical density for their presence. The 
concentration of unpolymerized actin was determined in each 
experiment by running the amount ofactin used in the reaction 
mixture in a separate cell along with the acto-enzyme samples. 
The correction for unpolymerized actin was usually no more 
than 10% of the total added actin. To test for inactive myosin 
subfragment, increasing concentrations of actin (5-30 fiM) 
were added to a fixed amount (3 fiM) ofsubfragment, and the 
supernatant was analyzed for unbound enzyme. It is apparent 
from the data in Figure 2 that less than 1% H M M  remains i n  
the supernatant a t  the highest excess of actin. Similar results 
were obtained with SI, and. therefore, no correction for inac- 
tive subfragment was applied to the data. 

Since the absorbance of unpolymerized actin was large 
compared to the absorbance of unbound subfragment, par- 
ticularly in the experiments described in Figure 2, it was ad- 
vantageous to employ the technique of “difference spectros- 
copy” to reduce any error arising from the actin correction. In 
this procedure, the same amount of actin was added to the 
reference sector as was contained i n  the acto-HMM (or 
acto-S 1 ) mixture in the sample sector of the centerpiece; thus, 
the recorded optical density presumably arises only from the 
subfragment. The absence of stray light and geometrical ar- 
tifacts was demonstrated in a control experiment in which actin 
at 30 fiM was placed in both sectors (Figure 2a); no optical 
density difference could be detected. I n  the majority of binding 
experiments, actin was run along with the test samples, and its 
absorbance was subtracted from the supernatant absorbance 
of the sample (see Figure 3). However, in the few experiments 
where the technique of difference spectroscopy was used. 
identical results were obtained. 

The data were plotted according to the equation of Scat- 
chard (1949): 

Y / c  = (5, - >)K,  

where Vis the number of moles of subfragment bound per mole 
of F-actin monomer, c is the concentration of free subfragment 
obtained from the corrected scans, K,  is the association con- 
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TABLE 11: Enzymatic Activity of Myosin and Its Subfragments. 

ATPase activity (s-I) 
subfragments' Ca.ATP EDTA.ATP actin activatedt 
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FIGURE 3: Scans of a typical binding experiment of MpSI and F-actin. 
Conditions as in Figure 2, except that actin was run separately at 5.6 pM 
(a) and its absorbance subtracted from that of the samples. Thus, the 
snlvent sector contained buffer as is customary in conventional centrifuge 
runs. The actin concentration was held constant in the samples at 5.6 pM, 
and MpSI wasaddedatincreasingconcentratiansaf2.5. (b),3.8 (c),and 
5.0pM (d). 

stant for the reaction, and V ,  is obtained by extrapolation of 
u / c  to infinite subfragment concentration. The data were an- 
alyzed by linear regression, and K, was obtained from the slope 
of the Scatchard plots. 

Results 
Characterization of Subfragments. Myosin and its sub- 

fragments were routinely assayed for calcium, EDTA-, and 
actin-activated ATPase to establish that the proteins were fully 
active. Table I1  summarizes the steady-state values for H M M  
and SI prepared under a variety of digestion conditions. Al- 
though the Caz+-ATPases are somewhat erratic, the EDTA- 
activated ATPase is consistently lower, by at least one half, for 
SI than for H M M  or myosin (Eisenberg and Kielley, 1972: 
Margossian and Lowey, 1973). The actin-activated ATPase 
is the same, within experimental error, for the four different 
kinds of SI. Although the electrophoretic patterns of the 
subfragments vary (see Figure I ) ,  depending on the digestion 
conditions and the type of proteolytic enzyme used, these ex- 
traneous cleavages do not seem to affect the enzymatic activity 
to any significant degree. Moreover, SI is activated by actin 
to the same extent as a single head in HMM, confirming our 
previous conclusion that the two heads of myosin hydrolyze 
ATP independently (Margossian and Lowey, 1973). The ap- 
parent dissociation constant (K,) for the interaction of enzyme 
and actin, obtained from double-reciprocal plots of activity vs. 
actin concentration (data not shown), indicates that the affinity 
of H M M  for actin in the presence of ATP differs by no more 
than a factor of two from that of SI for actin (Eisenberg and 
Kielley, 1972: Margossian and Lowey, 1973). Although the 
turnover rates suggests that the two heads of myosin can each 
bind to actin, the small difference in K ,  values implies that 
they may have difficulty attaching simultaneously. A similar 
conclusion has been reached from the binding data in the ab- 
sence of ATP to be described below. 

- 

myosin 4.2 20.3 
H M M  4.6 20.6 36.3 
EDTA31 2.4 11.2 17.0 

SI.AIb 5.0 7.3 14.7 
S1.A2b 4.3 7.5 17.0 

Average of three to four determinations. *Average of two de- 
terminations from two different preparations. = Extrapolated value 
at infinite actin from Lineweaver-Burk plots of ATPase activity vs. 
actin concentration. 

MeSI 2.9 9.0 15.0 

I t  has been reported that SI preparations differing only in 
their alkali light-chain content differ also in their actin-acti- 
vated ATPase activities (Weeds and Taylor, 1975; Wagner and 
Weeds, 1977). Our own measurements showed no significant 
difference between SI.AI and SI-AZ in activity (see Table II), 
and the K, for actin binding was only twofold smaller for 
SI.AI ( 1 1  PM) thanforSI.A2(22pM).However,sincethe 
results of Wagner and Weeds (1977) show considerable vari- 
ation from one experiment to another, we feel that our own 
more limited data are well within the range of values reported 
by them. 

In addition to finding that the enzymatic activity of SI is not 
particularly sensitive to the choice of proteolytic enzyme used 
in its preparation, we have also found that the subfragments 
are remarkably homogeneous in size, as judged by sedimen- 
tation equilibrium (Yphantis, 1964). Both MgSI and 
EDTA81 showed practically identical values of M., M ,  and 
M ,  over the entire range of concentration in the centrifuge cell 
(Margossian, Stafford, and Lowey, unpublished data). 
Moreover, the difference in molecular weight between MgSI 
( I  30 000) and EDTA81  ( 1  IO 000) can be accounted for by 
the Nbs2 light chain, which is largely absent on NaDcdSO. 
gels of EDTA-SI (Figure Ib). Subfragment 1 prepared by 
chymotrypsin gave a molecular weight of 1 I O  000 by sedi- 
mentation equilibrium. Although it showed fewer cleavages 
on NaDodS04 gels (Figure le-g), it was somewhat more 
polydisperse in molecular weight than the papain frag- 
ments. 

The choice of protease in the preparation of SI depends 
principally on the requirements of the experiment: if it is ad- 
vantageous to have the Nbsz light chain intact, then papain is 
preferable; if, however, a minimum number of proteolytic 
cleavages in the heavy chain is desirable, chymotrypsin should 
be used. Since none of the SI preparations can be considered 
"native" heads of myosin, it is recommended that several kinds 
of SI be used, whenever possible, to minimize the artifacts 
introduced by proteolysis. The same argument, of course, 
applies to heavy meromyosin, which was prepared both by 
chymotrypsin and trypsin. Sedimentation equilibrium mea- 
surements on tryptic H M M  indicated a highly homogeneous 
protein of molecular weight 350 000 (Margossian, Stafford, 
and Lowey, unpublished observations). 

Binding of Subfragment I IO F-Actin. The initial binding 
experiments were done without any special regard to the level 
of divalent cations either in the solvent used to digest the my- 
osin or in the buffer used in the binding measurements. Binding 
constants obtained for SI and actin under these conditions were 
in the range of IO5 M-' (Margossian and Lowey, 1973, 1975). 
Later it was discovered that the inclusion of MgCI2 during the 
digestion of myosin helped to preserve the Nbs2 light chain and 
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TABLE III: Association Constants for the Binding of SI and HMM 
to Actha  

subfragment no. of determ K a  (M)  

Mg-S 1 4 (2.1 f 0.2) x 106 
EDTA6 1 2 (1.4 f 0.0) X I O 6  
SI*AI  2 (6.6 f 0.1) X I O 6  
SI-A2 2 (2.8 f 0.5) X IO6 
H M M-Trpb 10 (1.0 f 0.2) x 107 
HMM-Chym 3 (1.0 f 0.2) x 107 
HMM-TrpC 6 (3.6 f 2.0) X IO6 
HMM-Trud 2 (3.0 f 0.6) X I O 6  

a The solvent and temperature in all experiments, except where 
specified otherwise, were 0.1 M KCI, 0.01 M imidazole (pH 7.0), 5 
m M  potassium phosphate, 1 mM MgCI2,0.3 mM EGTA, at 20 “C. 

The majority (7)  of these experiments used 5 pAM actin; in those 
experiments (3) where 2-3 pM actin was used, the results were the 
same. These experiments contained 0.1 mM CaC12 in place of 
EGTA. The temperature in these experiments was reduced to 5 “C, 
and the actin concentration was about 3 pM. 

that subfragments rich in this light chain changed their affinity 
toward actin in the presence of calcium (Margossian et al., 
1975). Calcium appears to reduce the affinity of M g 4 1  for 
actin, whereas EGTA increases the interaction. Subfragments 
devoid of Nbs2 light chain, such as EDTA81  or chymotryptic 
S1, are insensitive to divalent cations (Margossian et al., 1975). 
Once the effect of calcium was realized, EGTA was routinely 
included in the basic buffer, and all subsequent binding ex- 
periments, except where specifically stated otherwise, were 
performed in 0.3 mM EGTA. Figure 3 shows a typical binding 
experiment in which increasing concentrations of S1 were 
mixed with a constant concentration of actin. The scans at  230 
nm show the unbound S1 remaining in the supernatant after 
sedimentation of the polymeric species; the optical density in 
each trace has to be corrected for the absorbance of unpo- 
lymerized actin shown in the top scan of Figure 3a. Results 
calculated from such data are presented in Figure 4 in the form 
of a direct-binding isotherm (inset) and as a Scatchard plot 
from whose slope a K ,  of 2.1 X IO6 M-’ was determined. A 
limiting ratio of 1 mol of S l /mol  of F-actin monomer was 
obtained from these plots. Deviations from 1.0 reflect the 
sizeable experimental error associated with this procedure. A 
summary of association constants determined for E D T A 8  1 
and M g 4 1  is given in Table 111. As long as EGTA was in- 
cluded in the solvent, no significant difference was detected 
between different preparations. Binding experiments were also 
carried out on the fractionated Sl-AI and SIsA2 heads isolated 
by chymotryptic digestion of myosin (data not shown). For two 
different preparations of each isoenzyme, the association 
constant for S l - A I  was approximately twice that of S1aA2 
(Table 111). This difference is in the same direction as the 
values for K ,  obtained from ATPase activity measurements 
for SI -AI  ( 1  1 pM) and Sl.A2 (22 pM).  Thus, despite the 
scatter in data, we believe the factor of two in K ,  is probably 
real. The average value of K ,  for the chymotryptic subfrag- 
ments is only slightly larger (4.7 X IO6 M-I) than that ob- 
tained for the papain subfragments (1.7 X I O 6  M-l), and not 
too much significance should be attached to this small differ- 
ence. 

Binding of Heauy Meromyosin to  F-Actin. The binding of 
H M M  to actin appeared to be the same whether the subfrag- 
ment was prepared by tryptic or chymotryptic digestion of 
myosin; the association constant for a typical experiment 
represented in Figure 5 was 1.2 X I O 7  M-I, and the extrapo- 
lated value for V was about 0.6. The deviation from the theo- 

0.4 0.8 1.2 1 .e 
V ( m o l t s  S l / m o l t  f - A c t i n )  

FIGURE 4: Binding of MgS 1 to F-actin. Conditions as in Figure 3. When 
the samples could be scanned at  more than one wavelength, results were 
averaged. Inset: Direct-binding isotherm of SI to F-actin; two preparations. 
The value for K ,  obtained from the Scatchard plot was 2. I X I O 6  M-I, 

h t  

I I I I I I l l  
0.8 1.6 2.4 

F r e e  HMM(uH) 

I I I I I I  
0.2 0.6 1.0 1.4 1.6 

V ( m o l r H M M / m o l e  f - A c t i n )  

F I G b R E  5: Binding of chymotryptic H M M  to F-actin at 20 O C .  Increasing 
concentrations of H M M  were added to 5 pM F-actin i n  0.1 M KCI, 0.01 
M imidazole (pH 7.0), 5 m M  potassium phosphate, I m M  MgC12. and 
0.3 m M  EGTA (open circles). I n  a similar experiment, 0.1 m M  CaClz was 
substituted for EGTA (filled circles). Inset: Direct-binding isotherm of 
H M M  to F-actin. The values of K ,  from the Scatehard plots were 1.2 X 
I O 7  M-’ in EGTA, and 3.0 X I O 6  M-’ in calcium. 

retical value of 0.5, expected for the binding of two actin 
molecules to a double-headed H M M ,  most likely reflects ex- 
perimental error. The absorbance of free H M M  in the region 
of the binding isotherm where half saturation of actin sites 
occurs is of a comparable magnitude to the optical density of 
unpolymerized actin, and, therefore, the error to be expected 
from such measurements is unavoidably large. Nevertheless, 
if a sufficiently large number of determinations are made 
(some by “difference spectroscopy”), the average value of I .O 
X lo7 M-l can be considered a reliable estimate of the affinity 
of H M M  for actin (Table 111). 

Most of the unpolymerized actin is a “critical concentration” 
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I, 0.2 0.4E 0.4 os 1.2 

Free HMM ( p M )  

FIGURE 6 Binding of tryptic H M M  IO F-actin at 5 "C. The actin con- 
centration was held conslant at 2.7 pM (a), and H M M  was added a1 in- 
crcasingconcentrations0f0.48 (b).0.79 (c),and 1.19pM (d).Thesamplcs 
wcrescanncdat230,236(datashawnabave) and280nm (Ihelatteronly 
a t  the higher concentmion): of H M M ) .  Absorbances at the different 
wavelengths were averaged toobtain the f i n d  valuesshown i n  thc binding 
isotherm in c. Thc first thrce circlcs in e includc the data in b-d. 

of G-actin in equilibrium with F-actin (Oosawa and Kasai, 
1962), but a small amount is probably denatured actin. The 
contribution of the latter can be reduced by working a t  lower 
actin concentrations. Although the majority of the experiments 
were performed at 5 pM actin, those using 2 to 3 pM actin gave 
similar results (Table 111). Another means of increasing the 
amount of free H M M  relative to the other components in the 
supernatant is to lower the temperature and thereby reduce 
the binding constant (see next section) (Figure 6 and Table 
111). The value so obtained a t  5 'C, 3.0 X IO6 M-I, is consis- 
tent with that at 20 OC, assuming a standard enthalpy in the 
range of 10-20 kcal/mol (Chantler and Gratzer, 1976: 
Highsmith, 1978). 

The effect of replacing EGTA in the standard buffer with 
0.1 mM CaCI2 was to reduce the association constant to 3.6 
X 106 M-l (average of six determinations) (see Figure 5 and 
Table Ill). This decrease in K, for H M M  parallels the loss in 
binding energy found for SI in the presence of calcium 
(Margossian et al., 1975). It must be emphasized, however, 
that the effect of calcium on the interaction between myosin 
and actin has not been consistently observed, and we are un- 
able, at present, to explain why some preparations of myosin 
(and its subfragments) do not show any sensitivity toward 
calcium. Possibly the state of phosphorylation of myosin is 
critical, but this question will require considerable further 
experimentation before it can be satisfactorily resolved. 

Another additive which has the effect of reducing the as- 
sociation constant is the ATP analogue, adenylyl imidophos- 
phate (AMP-PNP), which binds strongly to the nucleotide site 
of myosin without being hydrolyzed (Yount et al., 1971). 
Concentrations of 0.25 and 1.0 mM AMP-PNP in standard 
buffer (including 0.3 mM EGTA) caused the binding of HMM 
to actin to decrease to 2.1 X IO6 M-I (average K,  from two 

0.4 0.8 1.2 
c l..,IJ 11,111l l.hI!"l 

FIGURE 7: Binding of M@SI to F-actin as a function of lemperature. 
Conditions as in Figure 3, except that no KCI was included in the reaction 
mixture. Inset: Direct-binding isotherms at 5 (squares), I 5  (triangles). 
and 25 OC (circles). The Scatchard plol is of an experiment a1 25 "C. 
ValuesforK,(rM)areasfollows:5(1.4). lO(l.8). l5(3.4),20(5.l),and 
25'C(19). 

Scatchard plots). A stoichiometry of two actin monomers per 
mol of HMM was maintained. There was no significant dif- 
ference between the results obtained at the two different con- 
centrations of analogue and between these and a more limited 
number ofdeterminations at 1.5 mM AMP-PNP, indicating 
that close to saturating levels of AMP-PNP were present. 
Thus, the behavior of AMP-PNP approximates that of ADP 
more closely than that of ATP, insofar as it has relatively little 
dissociating effect on the acto-myosin complex (Highsmith, 
1976: Greene and Eisenberg, 1978). 

Effect of Ionic Strength and Temperature on Binding. 
Values reported in the literature for the binding of myosin (and 
its subfragments) to F-actin have been obtained under a variety 
of ionic conditions and temperatures. To reconcile these diverse 
binding constants, we have investigated the effect of lowering 
the salt concentration and varying the temperatureon the K, 
forSl andHMM.If0.10MKCIisomittedfromthestandard 
buffer, the binding constant for M g S I  at 20 'C becomes 5.1 
X IO6 M-' (average of two determinations). The effect of 
temperature is considerably greater: In  going from 5 to 25 'C 
(in the absence of added KCI), K, increases from 1.4 X IO6 to 
1.9 X IO' M-' or an order of magnitude (Figure 7). The 
binding constant of 1.9 X IO' M-' at 25 'C [in 10 mM imid- 
azole (pH 7.0), 5 mM potassium phosphate, 0.3 mM EGTA, 
1 mM MgC121 was averaged from three separate determina- 
tions, a representative sample of which is given by the Scat- 
chard plot in Figure 7. Although only single experiments were 
performed at 5,  IO, and 15 "C, particular emphasis was placed 
on the 25 OC value in order that it might be compared to a 
published binding constant for SI determined under similar 
conditions (Marston and Weber, 1975) (see Table IV). By 
plotting the association constants for SI as a function of tem- 
perature according to the van't Hoffequation, a standard en- 
thalpy of 21 kcal/mol was obtained. Experiments with H M M  
(average of two determinations) in the temperature range of 
5 t020°C( in0 .1  MKCI) haveledtoanenthalpyof 17kcal/ 
mol, a value similar to that obtained for SI. 

Discussion 
We have shown that the absolute value of the association 

constant for the binding of a myosin head (SI) to F-actin is 
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TABLE I V :  Comparison of Binding Constants for SI and Actin with those in the Literature. 

K, (M) conditions method reference 
~~ 

3 X I O 5  

3 X 106 

0.10 M KCI, 0.01 M Tris-HC1 (pH 7.6), 

0.10 M KCI, 0.01 M imidazole (pH 7.0), 

sedimentation with UV absorption optics 

sedimentation with U V  absorption optics 

Margossian & Lowey (1973) 

this work 
1 mM MgC12,6-8 "C 

1 mM MgC12, 5 mM KP,, 0.3 
m M  EGTA, 20 OC 

10 m M  KCI, 0.2 mM DTT, 
0.1 mM CaCI2, 25 OC 

6 X I O 7  0.01 M imidazole (pH 7.0), 1 mM MgC12, sedimentation with labeled SI Marston & Weber (1975) 

2 X IO6 
2 X I O 7  

0.15 M KCI, 0.01 M Tes (pH 7.1), 4 'C 
0.10 M KC1,O.lO M Tris-HC1 (pH 8), 20 OC 

fluoresc depolarization with labeled S1 
ratioof rate constants 

Highsmith et al. (1976) 
White & Taylor ( I  976) 

highly dependent on the experimental conditions. Elevated 
temperatures enhance the binding, whereas additives such as 
calcium, salt, or nucleotides diminish the binding. If these 
variables are taken into account, however, there is remarkably 
good agreement among the results published by a number of 
laboratories (Table IV). This agreement is all the more im- 
pressive considering the wide variety of techniques used to 
measure this parameter, as well as the variation in the digestion 
conditions used to produce the subfragments. Our K ,  of 3 X 
1 O6 M-' given in Table IV is an average of all the S1 binding 
constants listed in Table 111. The reason for this value being 
so much higher than our previously published constant of 3 X 
lo5 M-I can be ascribed, in part, to the presence of calcium 
in the medium, which we have qow shown can reduce the in- 
teraction between SI and actin (Margossian et al., 1975). 
Moreover, the earlier measurements were performed at  lower 
temperatures (6-8 "C), where the interaction would be ex- 
pected to be weaker. Also, some of the discrepancies no doubt 
arise from the limitations of the UV scanning optical system, 
which in the early 1970s was even less sensitive in recording 
low absorbances than it is today. 

The advantage of measuring the free concentration of sub- 
fragment directly by a spectrophotometric method is that no 
chemical modification of the protein is necessary. Labeling a 
macromolecule with a fluorescent or radioactive probe in- 
variably raises the question of whether the interaction will be 
affected by the label. This problem was approached experi- 
mentally, and the investigators satisfied themselves that no 
detectable difference in binding occurred between labeled and 
unlabeled SI; nevertheless, it introduces one more uncertainty 
into an experiment which already suffers from the deficiencies 
inherent in proteolytic fragments. Another advantage in the 
spectrophotometric procedure is the simplicity of the experi- 
ments, and the relatively small number of assumptions needed 
to interpret the data. In this respect, the "kinetic" constant 
derived from rate measurements (White and Taylor, 1976) is 
probably the least direct but still well within the range of re- 
ported values. The technique of fluorescence depolarization 
appears to be the most sensitive procedure for detecting mi- 
cromolar concentrations of protein with high precision, and 
we note that the binding constant for S1 reported by Highsmith 
(1977) a t  20 OC, -5 X I O 6  M-I, is in good agreement with 
ours. 

Having established a value for S1 in which one can have a 
measure of confidence, we have proceeded to redetermine the 
binding of H M M  to actin. This was first attempted as early 
as 1971 (Lowey, 1971; Loweyet al., 1971), but thedifficulties 
in scanning optical density a t  230 nm permitted one only to 
estimate Ka as being greater than lo6 M-l (Margossian and 
Lowey, 1973). Although it is now possible to scan routinely a t  
230 nm, we are still limited to determining association con- 
stants no larger than about lo7 M-'; any stronger binding will 

reduce the absorbance of free subfragment to a level where it 
can no longer be measured with any precision. This problem 
has been largely circumvented by choosing conditions of 
temperature and ionic strength which favor weaker binding. 
At 0.1 M KCI and 20 O C ,  the average value of K ,  for H M M  
prepared by both chymotryptic and tryptic digestion of myosin 
is close to 1 X lo7 M-l (Table 111). This value again agrees 
well with that recently reported by Highsmith ( I  978; K, = 3.9 
X lo7 M-l a t  25 O C  in 0.15 M KCI) using fluorescence de- 
polarization. Upon reducing the temperature to 5 O C ,  as much 
as 20% of the H M M  becomes dissociated from actin (Figure 
6). This H M M  is highly homogeneous i n  size, as determined 
by sedimentation equilibrium analysis, and contains no S 1 or 
single-headed H M M ,  small amounts of which frequently 
contaminate H M M  preparations. Essentially all of the H M M  
is sedimentable in the presence of a large excess of F-actin 
(Figure 2 ) .  Thus, we believe that the free H M M  measured in 
the supernatant is in true equilibrium with F-actin and does 
not represent a denatured or nonbinding species of protein. 

Energetics of the Interaction. More significant than the 
absolute value of Ka, in which some variation is unavoidable, 
is the finding that the two heads of H M M  bind to actin only 
about ten times more strongly than the single head of SI. I f  
both heads were to bind to actin quite independently, one might 
expect the K ,  for H M M  to be approximately the square of the 
equilibrium constant for SI, or Ks12. While recognizing that 
the assumption of adding the free energies of binding for S 1 
( A F O H M M  = 2AFOsl = -2RT In K s l )  is without a firm 
thermodynamic basis (Jencks, 1975), it is, nonetheless, clear 
that the binding energy found for H M M  is considerably less 
than what might be expected if no constraints were in- 
volved. 

A good example of the energetic enhancement to be gained 
from the binding of a bivalent molecule to a substrate with 
multiple determinants is to be found in the literature of anti- 
body-antigen interactions: Antibody prepared against the 
2,4-dinitrophenyl (DNP) group was reacted with bacterio- 
phage +x 174 multiply conjugated with the DNP group 
(Hornick and Karush, 1972). The intrinsic affinity of this 
antibody for the monovalent hapten, t-N-DNP-lysine, was 
shown by equilibrium dialysis to be about I O 7  M-I, whereas 
the association constant of anti-DNP immunoglobulin for the 
multideterminant phage particle was about I 0 1 0  M-] ,  The 
difference of -lo3 in affinity was attributed to the ability of 
antibody to combine with two determinants on the antigen 
(Hornick and Karush, 1972). A statistical mechanical treat- 
ment of this phenomenon has been developed by Crothers and 
Metzger (1972), which can account a t  least qualitatively for 
the experimental data described above. If K I  is the equilibrium 
constant for the association of the first site of a bivalent mol- 
ecule with a determinant and K2 defines the interaction of the 
second site with a second determinant linked to the first, then 
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K * / K ,  = 3 V / ( 2 ~ < r > ~ N ) ,  where N is the number of particles 
per volume V in the standard state used to define K 1 .  I f  this 
expression is applied to H M M ,  with r (the maximum separa- 
tion of the two combining sites) taken as 100 A, and K1 is -IO6 
M-l (the intrinsic constant for Sl) ,  then K2 should be about 
800 or K&sd = 2KlK2 = 103Ksl. This formalism, similarly 
to the thermodynamic argument, again predicts a binding 
constant for H M M  which is several orders of magnitude 
greater than what is actually observed.2 One can only conclude 
that the second head of H M M  is not binding, or binding 
weakly, or that the heads when linked together in H M M  
cannot attach to actin as strongly as when separated. It is 
difficult to distinguish between these alternatives: The simi- 
larity i n  enthalpies between H M M  and SI could be used in 
support of only one head binding, but the error i n  AH from a 
van’t Hoff plot is too large to draw any firm conclusions. 
Considering the apparent immobility of both heads of H M M  
from fluorescence depolarization (Mendelson et a].,  1973), 
saturation transfer EPR (Thomas et al., 1975), and conven- 
tional spin-labeling EPR (Seidel and Gergely, 1972), it seems 
more likely that both heads of H M M  are binding to actin. It 
has been suggested that the heads may be binding to two dif- 
ferent actin filaments (Offer and Elliot, 1978), and, indeed, 
this possibility cannot be excluded in muscle. However, solu- 
tions of acto-HMM and acto-SI are similar in  turbidity 
(White and Taylor, 1976), which suggests an absence of ex- 
tensive cross-linking of actin filaments by H M M  in vitro. We 
favor a picture of the rigor bond in which both myosin heads 
are attached to an actin filament. The use of binding energy 
to deform the molecules sufficiently to allow them to interact 
with actin can account for the drop in free energy which is 
observed experimentally. 

Relation to Structural Models for  the Cross-Bridge Cycle. 
The combined approaches of electron niicroscopy (Reedy et 
al., 1965; Moore et al., 1970), X-ray diffraction (Huxley and 
Brown, 1967; Miller and Tregear, 1972; Goody et al., 1975), 
and kinetic studies (Lymn and Taylor, 1971; Bagshaw et al., 
1974) have led to a working model for the contractile cycle: 
The most elementary steps consist of dissociation of actomyosin 
by ATP, hydrolysis of ATP to a myosin-products intermediate, 
followed by reassociation of this intermediate complex with 
actin to complete the cycle. One of the conformational states 
of myosin revealed by the structural studies is a “relaxed state“ 
in which the cross-bridges form a helical array about the 
thick-filament surface and the myosin heads lie more or less 
at  right angles to the filament axis. Independent of whether 
myosin has bound ATP or ADPePi, as long as it is dissociated 
from actin, it gives an X-ray diffraction pattern characteristic 
of the relaxed state (Holmes et al., 1976). I f  the muscle is al- 
lowed to go into rigor (absence of nucleotide), the cross-bridges 
attach firmly to actin and make an angle of about 45’ to the 
filament axis (Reedy et al., 1965). The extent of attachment 
is mainly determined by the repeat of the actin helix, and 
myosin heads can only attach to actin in certain favorable 
“target” areas (Reedy, 1968; Wray et al., 1978). Although the 
“rigor state“ is nonphysiological, it is generally regarded as 
one of the transient states in contracting muscle and may re- 
semble myosin a t  the end of the “power stroke”. 

A third conformational state of myosin has more recently 
been suggested by X-ray diffraction studies of muscles irri- 
gated by the ATP analogue AMP-PNP (Barrington-Leigh et 
al., 1972; Lymn and Huxley, 1972; Goody et al., 1975). The 
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diffraction pattern obtained with low concentrations of this 
analogue a t  4 “C appears to be “intermediate” between that 
of a rigor and a relaxed state. This pattern could be interpreted 
as arising from a mixture of attached and free cross-bridges, 
but a strong argument against this explanation comes from the 
high degree of mechanical stiffness displayed by fibers in the 
presence of AMP-PNP (Goody et al., 1975), indicating no 
change in the number of attached cross-bridges from the rigor 
state. 

While fully recognizing that conclusions from solution 
studies cannot be readily applied to an intact muscle where the 
proteins are present in high concentration and are associated 
in a highly ordered lattice, nevertheless, some aspects of the 
experiments reported here may have relevance for the acto- 
myosin interaction in vivo. The large loss in free energy in 
forming a “rigor bond” between H M M  and actin emphasizes 
the difficulties encountered in attaching a cross-bridge to actin; 
this problem will surely become even more formidable in an 
actively contracting muscle. A delicate balance of forces may 
exist in muscle such that one or two heads can become attached 
to actin at  any given instance. In the presence of analogue, the 
predominant mode of binding may be through one head, and 
this explains why the X-ray pattern of muscle in AMP-PNP 
combines features of both the relaxed and rigor states. I n  
contracting muscle, product release may favor the attachment 
of both heads to actin, resulting in the formation of the rigor 
bond. During this transition, some rearrangement of subunits 
within the head region may occur to facilitate attachment, and 
in so doing move the actin filament relative to the myosin 
filament (Huxley, 1969). One class of light chain which binds 
calcium and can be phosphorylated in many muscles has al- 
ready been implicated in the regulation of the actomyosin in -  
teraction (Kendrick-Jones et al., 1976; Chacko et al., 1977). 
The other class of light chain, although less well understood, 
also appears to affect the interaction with actin (Wagner and 
Weeds, 1977). The point to be emphasized here is that the 
myosin molecule must possess an unusual degree of flexibility 
in order to adapt to the rapidly changing conditions in a muscle, 
and one should not think of this molecule in terms of the more 
conventional protein-protein interactions. These unusual de- 
mands may well be an adequate explanation for the two- 
headed nature of the molecule, without invoking a more direct 
interaction between the heads. 

We are  indebted to Dr. D. M.  Crothers for bringing this treatment 
of multivalent binding to our attention. A similar model has been proposed 
b j  Peller (1975). 
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