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Regulatory Properties of Single-Headed Fragments of Scallop 
Myosini 

Walter F. Stafford, III,l Eva M. Szentkiralyi, and Andrew G.  Szent-Gyorgyi* 

ABSTRACT: Calcium control was studied in single-headed 
myosin and subfragment-1 (S l )  preparations obtained by pa- 
pain digestion of scallop myosin. Single-headed myosin, con- 
taining light chains in  stoichiometric amounts, was calcium 
regulated; in contrast, the actin-activated Mg-ATPase of all 
S1 species lacked calcium sensitivity. Both regulatory and 
essential light chains were retained by S1 and single-headed 
myosin preparations provided divalent cations were present 
during papain digestion, although a peptide amounting to 10% 
of the mass was removed from regulatory light chains. The 

C o n t r a c t i l e  activity in all muscles is regulated by intracel- 
lular levels of calcium ion [cf. Ebashi & Endo (1968), Weber 
& Murray (1973), and Szent-Gyorgyi (19791. Upon stimu- 
lation, calcium is released into the sarcoplasm of the muscle 
and is bound by regulatory proteins on the myofilaments. 
Binding of calcium allows the two types of myofilaments to 
interact with each other to produce contractile force. The 
regulatory proteins are located on either or both types of 
filaments. In many invertebrates, notably mollusca, the regu- 
lation is associated with myosin, while in vertebrate striated 
muscles the regulatory proteins are located on the actin con- 
taining thin filaments (Kendrick-Jones et a]., 1970; Lehman 
& Szent-Gyorgyi, 1975). Actin-linked regulation is mediated 
through the troponin complex and tropomyosin which prevent 
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modified regulatory light chain retained its ability to confer 
calcium binding and restore calcium sensitivity to the ATPase 
of desensitized myofibrils. Regulatory light chains protected 
the essential light chains from fragmentation by papain. SI 
bound regulatory light chains with a uniformly high affinity 
and appeared to consist of a single species. The results dem- 
onstrate that head to head interactions are not obligatory for 
calcium control, although they may occur in the intact myosin 
molecule, and suggest a role for the subfragment-2 region in 
calcium regulation of myosin. 

interaction of actin and myosin at low levels of calcium (Ebashi 
& Ebashi, 1964). The myosin molecule is an enzyme com- 
posed of two high molecular weight subunits ( M ,  200000) and 
two pairs of low molecular weight subunits ( M ,  16000-30000) 
(Lowey & Risby, 1971; Weeds & Lowey, 1971). In molluscan 
systems, notably scallops, one pair of low molecular weight 
subunits (regulatory light chains) has been shown to be directly 
involved in regulation while the role of the other pair in regu- 
lation, if any, remains obscure (Szent-Gyorgyi et a]., 1973; 
Kendrick-Jones et al., 1976). 

One mole of regulatory light chain (R-LC)’ can be removed 
from myosin of scallop by treatment with 10 mM EDTA at 
0 ‘C, resulting in complete loss of regulation with concomitant 
loss of 1 mol of calcium binding sites per myosin (Szent- 
Gyorgyi et al., 1973). The actin-activated ATPase activity 

’ Abbreviations used: SI,  myosin subfragment-1; R-LC, regulatory 
light chain; SH-LC, essential light chain; EDTA, ethylenediaminetetra- 
acetic acid; EGTA, ethylene glycol bis(&aminoethyl ether)-N,N’-tetra- 
acetic acid; IAA, iodoacetic acid; DEAE, diethylaminoethyl; DTNB, 
5,5’-dithiobis(2-nitrobenzoic acid); Tris, tris(hydroxymethy1)amino- 
methane. 

0 1979 American Chemical Society 
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of such a myosin no longer requires calcium; Le., the regulatory 
subunit that is retained by one of the myosin heads is unable 
to prevent its interaction with actin. This observation suggested 
that an interaction between the two myosin heads, mediated 
through the light chains, was a requirement for relaxation; 
however, the possibility that the “unregulated” head interfered 
with the otherwise functional remaining head could not be 
ruled out [cf. Kendrick-Jones & Jakes (1977)J. To decide the 
question of whether or not two heads were an absolute re- 
quirement for relaxation, an investigation of regulation in 
single-headed derivatives of scallop myosin was carried out. 
The regulatory properties of myosin subfragment-1 (Sl)  and 
single-headed myosin were studied. Part of the work described 
here has been presented previously (Stafford et al., 1977; 
Szent-Gyorgyi et a]., 1978). 

Materials and Methods 
Scallops (Aequipecten irradians) were obtained from the 

Marine Biological Laboratory, Woods Hole, MA. The 
cross-striated adductor muscles were excised, separated from 
the opaque smooth muscle portion, and stored in 50% glycerol, 
20 mM NaCl, 2.5 mM phosphate, pH 7.0, 0.5 mM MgC12, 
0.05 mM EDTA, 1.5 mM NaN,, 0.05 mM phenylmethane- 
sulfonyl fluoride, and 0.005% sodium diazine. 

Preparation of Myosin. Scallop myosin was prepared by 
the method of Focant & Huriaux (1976) as modified by J. 
Sellers (personal communication). The glycerinated muscles 
were blended 2 times for 10 s in washing solution (40 mM 
NaCl and 5 mM phosphate buffer, pH 7.0) and washed twice. 
The resuspended myofibrils were brought to 0.5 M NaCl and 
5 mM ATP, and the insoluble residue was removed by cen- 
trifugation. To the supernatant in an ice bath, EGTA (0.1 
mM), MgS04 (20 mM), and additional 5 mM ATP were 
added, the pH was adjusted to 7.0 with Na2HP04 (0.5 M), 
and it was brought to 40% saturation with ice-cold (NH4)$04. 
The pH was readjusted to 7.0 during addition of (NH4)2S04. 
The precipitate, containing varying amounts of myosin and 
all the actin present, was discarded; the supernatant was made 
70% saturated (NH4)2S04 and centrifuged again. The 70% 
precipitate was dialyzed entensively against the washing so- 
lution containing 0.1 m M  EDTA and l mM MgC12. The 
suspension was washed to remove tropomyosin contamination, 
redissolved in 0.5 M NaCI, cleared by high-speed centrifuga- 
tion, and dialyzed against the digesting solution. 

Preparation of Myosin Subfragment-1 (S I ) .  Papain di- 
gestion was carried out under two sets of conditions according 
to a modified version of the procedure reported by Cooke 
(1973). Washed myofibrils were digested in the presence 
either of excess calcium and magnesium or of EDTA. Myo- 
fibrils were either washed and digested in 0.1 M NaC1, 10 mM 
phosphate, 1.5 mM CaCl,, 1.5 mM MgC12, and 1 mM EDTA, 
pH 7.0, to produce (Ca,Mg)Sl or washed with 40 mM NaCl 
and 5 mM phosphate, pH 7.0, and digested in the presence 
of 10 mM EDTA to produce (EDTA)Sl. Digestion of washed 
myofibrils (10 mg/mL) with papain (Worthington Biochemi- 
cal; twice recrystallized) was performed at 23 “C for 10 min, 
unless otherwise stated, by adding activated papain (Lowey 
et al., 1969) at  a ratio of 0.03 unit/mg of myofibrils and 
stopped by adding iodoacetic acid (IAA), pH 7.3, to a final 
concentration of 5 mM. After further incubation for 5 min 
at 23 OC, unwanted digestion products, IAA, and papain were 
removed by washing several times at  4 OC. In most experi- 
ments, (Ca,Mg)Sl was isolated from digested myofibrils by 
the pyrophosphate extraction procedure of Cooke (1973) in 
the presence of 0.2 M NaCl and 1 mM magnesium pyro- 
phosphate, pH 7.5. The extract was dialyzed against DEAE 

column buffer (10 mM imidazole, 1.5 mM CaC12, 1.5 mM 
MgC12, and 1 mM EDTA, pH 7 3 ,  and insoluble material 
was removed by centrifugation for 15 min at  48000g. The 
supernatant, containing mainly S1 with some actin and tro- 
pomyosin, was applied to a Bio-Rad DEAE-Bio-Gel-A column 
(2.5 X 20 cm), and the S1 was eluted with a gradient of 0-0.15 
M NaCl in column buffer. 

The isolation of later (Ca,Mg)Sl and all (EDTA)Sl prep- 
arations followed the procedure described for myosin. The 
precipitate at  37% ammonium sulfate saturation, which con- 
tained mainly actin, was removed by low-speed contrifugation, 
and the supernatant which contained S1, myosin, single-headed 
myosin, myosin rod, and tropomyosin was made 70% in am- 
monium sulfate. The resulting precipitate was dissolved in 
0.6 M NaCl and dialyzed overnight against column buffer. 
Insoluble material was removed by centrifugation, and the 
supernatant which contained predominantly S 1 with some 
tropomyosin was applied to the DEAE-Bio-Gel-A column and 
eluted as described above. 

Single-Headed Myosin. Washed myofibrils or myosin were 
routinely digested in a solution of 20 mM NaCl, 10 mM 
phosphate, 1.5 mM MgC12. 1.5 mM CaC12, and 1 mM EDTA, 
pH 7.0, at  a ratio of 0.03 unit of papain per mg of myofibrils. 
The suspension was continuously stirred on a water bath at  
23 OC. Digestion was terminated by adding IAA (cf. S1 
preparation). Digestion of myosin heavy chain was carried 
out to 75% completion to give a high yield of single-headed 
myosin relative to double-headed myosin. The papain-digested 
myofibrils were diluted with a large volume of ice-cold washing 
solution, centrifuged, and washed twice more with the same 
buffer. Digested actomyosin and S1 were extracted with 0.5 
M NaC1, 5 mM phosphate, and 2 mM ATP, pH 7.0. After 
centrifugation at 30000g for 15 min to remove insoluble res- 
idue, actomyosin together with actin-bound S 1 was precipitated 
by a 10-fold dilution with ice-cold water, collected by centri- 
fugation, and redissolved in 0.5 M NaC1. Ammonium sulfate 
was added to 37% saturation (now in the absence of ATP), 
precipitating both the digested myosin and S1 together with 
actin, leaving the free rod in the supernatant. The precipitate 
was redissolved in 0.6 M NaC1, 0.1 mM EGTA, and 20 mM 
MgCI2. ATP (10 mM) was added to the solution and made 
37% saturated in ammonium sulfate as described above for 
the preparation of myosin. The supernatant contained double- 
and single-headed myosin and S1 free of actin. The S1 could 
be removed easily by precipitation of myosin at low ionic 
strength. Attempts to remove more rod by a second ammo- 
nium sulfate fractionation of actomyosin in the absence of ATP 
led to considerable loss of calcium regulation, and, therefore, 
it was not performed routinely. 

Preparation of Modified R-LC. Modified R-LC (mR-LC) 
was obtained from an extensively digested crude (Ca,Mg)Sl 
preparation (3 mg/mL), by using dithionitrobenzoic acid 
(DTNB) as described for the preparation of scallop R-LC 
(Kendrick-Jones et al., 1976). After 10-min incubation with 
DTNB, the pH was brought first to 5.1 and then to 7.0. The 
denaturated, dissociated S1 heavy chain was removed by cen- 
trifugation, and the supernatant was dialyzed against 25 mM 
phosphate, pH 6.0, and applied to a DEAE-Bio-Gel-A column 
in the same buffer. The regulatory light chains were eluted 
with a 25-400 mM phosphate gradient. 

Exchange of R-LC. Exchange of mR-LC for intact R-LC 
in (Ca,Mg)Sl was studied under two conditions. Jntact R-LC 
was added to S1 solutions (1) in 0.1 M NaC1, 10 mM imid- 
azole, 1.5 mM CaCI2, 1.5 mM MgCI,, and 1 .O mM EDTA, 
pH 7.0, and ( 2 )  in the same buffer which had been made 4.0 
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mM in EDTA. After incubation in the EDTA buffer for 45 
min, excess calcium and magnesium each were added to 5 mM 
final concentration. Samples were applied to a Sephadex 
(3-150 column to remove excess light chain. Exchange was 
determined quantitatively by densitometry of urea gels. 

NaDodSO, Gel Electrophoresis. NaDodSO, gel electro- 
phoresis was carried out essentially according to the procedure 
of Shapiro et al. (1967), except that 0.05 M Tris-acetate, pH 
8.1, was used instead of 0.1 M phosphate, and according to 
Weber & Osborn (1969). Gels were stained in either Coo- 
massie Brilliant Blue R-250 or Acid Fast Green, depending 
on the loads and whether or not densitometry was to be per- 
formed. 

Urea Gel Electrophoresis. Urea gel electrophoresis was 
carried out according to the procedure of Perrie & Perry 
(1970) as described previously (Kendrick-Jones et al., 1976). 

Native Gel Electrophoresis. Gels were composed of 3% 
acrylamide, 0.08% N,N'-methylenebis(acrylamide), 5 mM 
sodium pyrophosphate, 0.33% N,N,N',N'-tetramethyl- 
ethylenediamine, 10% glycerol, and a final ammonium per- 
sulfate concentration of 2.2%. The gel mixture was adjusted 
to pH 9.0, deaerated, and cooled to 4 "C before addition of 
ammonium persulfate. Gels (0.6 X 7 cm) were poured in the 
cold rmm. Polymerization occurred in less than 1 h. Samples 
(0.1 g/L) were dialyzed against running buffer (5  mM sodium 
pyrophosphate, pH 9.0) and made 10% in glycerol with bro- 
mophenol blue as the tracking dye. Electrophoresis was carried 
out in the cold room (4 "C) for 4 h at 140 V at a power 
consumption of about 0.08 W/(cm gel tube). Running buffer 
was recirculated from the lower to the upper buffer reservoir. 

ATPase Measurements. ATPase measurements were car- 
ried out with a pH stat as described previously (Kendrick-Jones 
et al., 1970). 

Protein Determination. Protein determinations were done 
either by the biuret method, by the Lowry method, or by 
measurement of absorbance at 280 nm. The extinction coef- 
ficient of scallop SI was found to be 0.8 cm2/mg and of scallop 
myosin, 0.53 cm2/mg at 280 nm. 

Calcium Binding. Calcium binding measurements were 
carried out by equilibrium dialysis of protein solutions or by 
double-labeling techniques in suspension as described previ- 
ously (Kendrick-Jones et al., 1970 Szent-Gyorgyi et al., 1973) 
in the presence of I mM MgCI,. 

Analytical Ultracentrifugation. Sedimentation velocity runs 
were performed on a Beckman Instruments Model-E analytical 
ultracentrifuge, equipped with a UV photoelectric scanner. 
Equilibrium runs using the meniscus depletion method 
(Yphantis, 1964) were carried out on a Model-E equipped with 
an externally adjustable Rayleigh slit assembly attached to 
the collimating lens mount (Stafford, 1978). The camera lens 
was focused at the 213 plane and sapphire cell windows were 
used. Improved cell components and techniques described by 
Ansevin et al. (1970) were used. Protein samples were dialyzed 
for a t  least 24 h against their respective buffers (Cassasa & 
Eisenberg, 1964). A value of 0.728 cm1/g was used for the 
partial specific volume. The speed was 16000 rpm, and the 
temperature was 5 " C .  

Results 
Characterization o fS l  Preparation.7. The light chain con- 

tent of SI preparations depended on the presence of divalent 
cations during digestion. When washed myofibrils were di- 
gested in the presence of millimolar calcium and magnesium 
ion, an SI containing a stoichiometric complement of both 
light-chain types could be obtained [(Ca,Mg)SI] (Figure 
1a.b). On the other hand, when digestion was carried out 
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FIGURE 1: Time course of papain digestion of washed myofibrils. (a 
and b) Digestion in the presence of excess calcium and magnesium 
ions. (c and d) Digestion in the presence of excess EDTA. (a) and 
(c) are 4 and 8% NaDodS04-polyacrylamide gels, respectively, 
showing the digestion of the myosin heavy chain and the appearance 
of myosin rod and SI. (c) also shows digestion of the light chains 
in EDTA. (b) and (d) are 8% urea-polyacrylamide gels showing the 
digestion of the light chains (SI heavy chain does not enter urea gels). 
In (b) note conversion of R-LC to mR-LC and that the SH-LC is 
not digested. In (d) note the rapid complete digestion of R-LC and 
conversion of SH-LC to SH-LC fragments. Abbreviations used HC, 
heavy chain: ACT, actin: TM. tropomyosin; LC, total light chains. 
- 
Table I: Phvsical Proncrtics 

chain weights of NaDodSO, gels 
HC -89 000 '"R9 nnn 
modified R-LC -16000  
intact SH-LC I 8 non 
SH-LC fraFmc"! -R nrin 

M, by sedimentation cquilibriuin 126 OOn 9.1 noo 
(main component) 

I",,,,,,  mol of 11' iniin~ I mg-') 
of actin-activated Mg-ATPnrc 

I Z T A  3.5 4.1 
I:GTA !. CI 3.5 

Cas* binding 0 .8  M Ca'*/M SI twcm 
(at 5-8 X I l l  M frcr I':L rill 6 41 

in the absence of divalent cations, an SI which was depleted 
in light chains was obtained [(EDTA)SI] (Figure Ic,d). Both 
(Ca,Mg)Sl and (EDTA)Sl contained a major heavy-chain 
component of apparent chain weight of about 89000 (Figure 
2 and Table I). In the presence of calcium and magnesium, 
papain partially digested the R-LC, reducing its apparent 
molecule weight to approximately 16000. Essential light 
chains (SH-LC) were not noticeably digested by papain in the 
presence of divalent cations. However. in excess EDTA (IO 
mM), both types of light chains were digested very rapidly. 
The R-LC was digested completely after the first few minutes 
while the SH-LC was converted first to one and then another 
fragmented form which resisted further digestion and had an 
apparent chain weight of 8000 determined by Laemmli slab 
NaDodS0,-polyacrylamide gel electrophoresis with a gradient 
from 15 to 25% polyacrylamide. Identity of the SH-LC frag- 
ment was established by Ouchterlony double-irnmunodiffusi~n 
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FIGURE 2 DEAEelution profiles of (EDTA)SI and (Ca,Mg)SI. (A) 
(EDTA)SI eluted at 0.07 M NaCl (3.0 mmho) and (B) (Ca,Mg)SI 
eluted at 0.09 M NaCl(4.4 mmho: cell wnstant was 0.68 cm). (The 
second smaller peak in (B) is actin and is observed only in those 
preparations made by the pyrophosphate extraction procedure.) Ar- 
rows indicate relative elution positions of (EDTA)SI and (Ca,Mg)Sl. 
Inserts: (1) 8% NaDodS04-polyacrylamide gel of peak tube, (2) 5% 
NaDodSO,, and (3) 10% urea-polyacrylamide gel of peak tube. 

tests with antibodies prepared in this laboratory by Dr. T. 
Wallimann. (EDTA)SI reacted with anti-SH-LC antibody 
but not with anti-R-LC antibody, while (Ca,Mg)Sl reacted 
with both antibodies. 

Divalent cations did not protect SH-LC from digestion by 
papain in the absence of R-LC. When myofibrils, from which 
all R-LC had been removed by EDTA treatment a t  35 'C 
(Chantler & Szent-Gyorgyi, 1978), were digested with papain 
in the presence of either excess magnesium or excess of both 
magnesium and calcium, an SI with fragmented SH-LC was 
obtained. This material was indistinguishable from (EDTA). 
SI. 

Magnesium alone slows down the degradation of mR-LC 
but in the absence of calcium cannot prevent it. Attempts to 
achieve complete removal of the S H  light chain fragment by 
lengthy digestion of purified myosin in the presence of EDTA 
were unsuccessful. An SI preparation completely devoid of 
light chains could not be obtained. 

Although SI heavy chains moved as single bands on Na- 
DodSOl gels, the preparations showed a time-dependent ag- 
gregation in sedimentation velocity and equilibrium ultracen- 
trifugation studies. In fresh preparations a main component 
was seen with molecular weights of 94000 * 3000 for 
(EDTA)SI and 126000 * 4000 for (Ca,Mg)Sl, in g o d  
agreement with the values calculated from NaDodSO,-poly- 
acrylamide gel electrophoresis of the respective preparations 
(Table I). 

Both types of SI had high actin-activated Mg-ATPase 
activities but neither exhibited calcium sensitivity, although 
(Ca,Mg)Sl retained its specific calcium binding site (Table 
I). Lack of calcium sensitivity of ATPase activity could not 
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FIGURE 3: Chromatography of (Ca,Mg)SI in 10 mM EDTA. Scallop 
myofibrils were digested with papain to about 70% completion. IAA 
was removed by precipitating the actin-bound proteins with 31% 
(NHJ~SOI to avoid losses in acto-SI during washing. The low-salt 
soluble fraction was isolated by the procedure described for single- 
headed myosin. Protein (18 mg) was applied to a 1.5 X 100 cm 
Sephadex 0-150 column which has been equilibrated with a solution 
of 0.5 M NaCI. IO mM phosphate. and 10 mM EDTA at pH 7.0 and 
eluted (2.3-mL fractions) by using the same solvent. Eighty percent 
of the total OD units applied was recovered. (A) (-) A,,, and (A) 
molar ratio of total R-LC to SH-LC measured by densitometry of 
10% acrylamide gels in 8 M urea. Over 90% of the R-LC was present 
as mR-LC. Note that the ratio mR-LC/SH-LC remains between 
0.8 and 1.0 over the peak with lower values associated with the 
void-volume material. (B) 13% Laemmli microslab polyacrylamide 
gel electrophoresis of the fractions shown in (A). Fraction numbers 
of the samples are indicated below each sample slot. 

be attributed to modification of the regulatory light chain since 
replacement of mR-LC with intact R-LC did not restore cal- 
cium sensitivity in SI. In addition, the mR-LC isolated from 
(Ca,Mg)Sl bound stoichiometrically to desensitized myofibrils 
containing 1 mol of R-LC per mol of myosin and restored 
calcium sensitivity. The question of whether or not mR-LC 
is capable of restoring Ca sensitivity in desensitized myofibrils 
from which both R-LC subunits have been removed is cur- 
rently under investigation. 

Calcium binding ability could be correlated with light-chain 
content. (Ca,Mg)SI bound 1 mol of calcium while (EDTA)SI 
bound little (<O.IS mol/mol), at 6.5 X IOd M Ca", indicating 
that Ca binding depends on the presence of R-LC (Table I). 

Light Chain-Heauy Chain Inreracrions. Generally, treat- 
ment of myosin with EDTA at 0 "C results in the removal of 
only 1 mol of R-LC per mol of myosin (Kendrick-Jones et al., 
1976). However, treatment of (Ca,Mg)SI with EDTA (Fig- 
ure 3) did not remove significant amounts of mR-LC, sug- 
gesting that it binds to all the SI heads with high affinity; that 
is, no evidence was found for two populations of SI molecules, 
one with tightly bound and another with weakly bound mR- 
LC. The relatively low yields (38% of the theoretical SI) 
raised the question of whether or not the procedure was se- 
lecting for only a single type of SI which had high affinity 
for mR-LC. However, an experiment in which desensitized 
myofibrils were digested indicated that both myosin heads were 
present in the final product. Papain digestion of myofibrils 
that had lost approximately 50% R-LC (by 0 "C EDTA 
treatment) in the presence of calcium and magnesium yielded 
two species of SI, one with and one without mR-LC. DEAE 
chromatography of the preparation showed SI distributed over 
two peaks of approximately equal area and a major peak 
consisting of actin and tropomyosin. The first peak contained 
SI lacking mR-LC and having an SH-LC fragment; the SI 
of the second peak contained both mR-LC and intact SH-LC 
(Figure 4). This result indicates that the existence of single 
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FIGURE 4 Formation of two SI species lrom myosin with a reduced 
R-LC content. Myofibrils were treated with 10 mM EDTA lor I O  
min, washed twice (insert a), digested with papain, washed, extracted 
with pyrophosphate (insert b). and chromatographed on DEAE- 
Bio-Gel-A as described under Materials and Methods. Peaks between 
tubes 40 and 60 contain SI and between 70 and 100 contain actin 
and tropomyosin. Insert: urea ( a 4 1  and NaDodSO, (e  and f) po- 
lyacrylamide gel electrophoresis: (c and e) tube 46 (arrow); (d and 
0 tube 57 (arrow). 
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FIGURE 5: Exchange of intact R-LC lor mR-LC on (Ca,Mg)SI. 
Densitometry tracings of 10% polyacrylamide gels in 8 M urea from 
the SI peak fraction from the Sephadex G I 5 0  column after the 
exchange experiment (see Materials and Methods for details). Peaks 
are I ,  SH-LC. 2, mR-LC, and 3, intact R-LC. (The m a l l  peak 
between 2 and 3 (see Figure I b) seems to be an intermediate digestion 
product in the conversion of R-LC to mR-LC.) (A) SI peak lraction 
after incubation with intact R-LC in the presence of excess calcium 
and magnesium. (B) Control (Ca,Mg)SI before exchange. (C) SI 
peak fraction incubated with intact R-LC in the presence 01 EDTA. 
Insert: Sephadex G-I50 elution profile showing the separation ofexcess 
unbound light chains lrom SI 

population o f  SI i s  not an artifact o f  the purification procedure. 
Modified R-LC could be replaced by intact R-LC in the 

presence of excess EDTA but not in the presence o f  calcium 
and magnesium (Figure 5). I t  seems that binding o f  one or 
both of these cations increases the affinity of R-LC for the 
S1 heavy chain inhibiting exchange. Some apparent exchange 
(<IO%) of R-LC in the presence o f  divalent cations may be 
due to slow rate of exchange or some SI lacking R-LC initially. 
I t  appears that the affinities of mR-LC and R-LC t o  SI do 
not differ greatly. Intact R-LC was added in excess to SI 
containing mainly mR-LC (Figure 5B) under exchange con- 
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FORMATION OF SINGLE HEADED MYOSIN 

a b 
NhTTIVE GELS 

. . . + 

FIG1 RI: I) \RIIYP gch of pupiin digniion df m p l n  rhouing form3rion 
of single-heidcd myosin 1.0 Bands arc. lrom tdp 12 buttom. ( I )  
duublc-hc:idcJ m),wn. ( 2 )  .inglc-he.idcd ni)osin. and ( 3 )  duublc- 
ch3inr.d rod. rcspeaivel? (cf IO-mm ,jmplcl (b l  Dcnsltometric 
tracing of gch ill 0. 2 5 ,  IO .  and 30 mm 

ditions. xnd the dibtribution uf the bound light chains was 
measured alter remwing the excess l ight chains b! chroma- 
togrxph) on Sephadex G-150. Densitometr! 01 urea gels 
showed thdt the r ~ t i o  o f  R-1.C to mu-1.C on isulated SI'S 
approxirmted their ratio in the uriginal mixture 

. ~ i n g l c l l w d r d  Mwsin. Formation o f  a single-hcrdcd rab- 
bit mvosin intermediate during papain digestion uas  s h o w  
originally by Margossian & I.oue) (1973a.b) snd Loue) & 
Margohsian (1971~. who also isolated i t  on a preparative scale. 
In  our experiments single-headed m)om could be demon- 
str~ted on natite gels uhish 5huued dn intermediate migrating 
between intact m)osin and lree rud (Figure h ) .  'VaDodSO, 
gels showed no bands with a chain ueight betu,een m)u.;in 
heavy chain and rod. indicating that the band seen on n a t i w  
gels ud, cumpused o f  both d heav) chain and il rud c h i n  and 
u15 mod Iikel) single-hcaded myosin. A i imildr intermediate 
w:is seen on native gels during digestion o i  rabbit myosin by 
Cooke & Franks (1978) and u a s  shown to bc singlr-headed 
m)usin. Our detailed kinetic andlysis (set Figure d A )  of  the 
time course o f  digestion o f  precipitated myosin support. this 
interpretation. The disappearance o f  double-he3ded m)urin 
lrom nat i ic  gels folluaed a first-order eyponential deca! 
(Figure, 7 :ind 8A) .  The disappearance o f  heavy chain ob- 
tained from the 3n31ysis o f  NaDodSO, gelr from the same 
e\prriment shoun also in kigurc 7 .  The difference in the 
slope uf the curve for intact myobin 3nd for mymin hmvy chdin 
indicate.; that an appreciable amount nizingle-headed m!osin 
u i s  formed as an intermediate And IhJl the m)o\in hedds arc 
remnvcd randomly uith about the same rate constants (hgure  
&AI .  li both head, uere clcawd simulimeouslv. the kinrtis, 
of di,appedrmce o f  doubleheaded m!osin and o f  myosin heavy 
chain uuuld h a w  been thr sdme. 

Rad. ringle-heddcd. and double-hedded ni!osins. in cuntrisi 
to SI. precipitate 31 IOU ionic strength. Thc ATPase activit! 
uf such precipitate, thur reprerents onl) the contribution from 
single- and double-headed n i ) o i n .  The actin.activated \ lg -  
ATPa>e in the presence o f  calcium I\ proportional to the 
dniounl o f  heat) sh3in 31 e x h  psint during digestion (Figure 
7). indicating thdt ATPase acti\,it) per m!osin head i s  the sane 
for double-hedcd and single-headed species as iound previ- 
uusl) lor rabbit rn!o\in (\ largossiin & Lowe!. 1973b Cooke 
& Frdnks. 1978). Therefore. i t  i s  possible to ca1cu1:itc the 
calcium \ensitivit! ul'single-headed m!o>in :it e ich point dur- 
ing digestion. 

The sensitivity of single-headed myosin at each time point 
was estimated from the experimentally determined calcium 
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Table 11: Ca Sensitivity of Single-Headed Myosin Preparations from Myofibrils after Removal of Free Rod and S1 

Mp-ATPasc Ca sensitivity of 
ratio oi' single- to I ,  

(kniol o f  H' inin-' m g - ' ) a  [ireparat ion ,  c myosin 
digc\tion heavy-chain ___ Ca do  ublc-headed single-headed 

t I11 IC digested 6GTA EGTA f Ca sensitivity niyosin, estimated myosin, estimatedb 

1, 15  lllln 7 6  0.019 0.123 0.85 3.7 
11. 1 5  I l l l l l  75 0.035 0.155 0.77 3.6 
111. 15  111111 76 0.031 0.132 0.77 3.7 

0.80 
0.67 
0.67 

Spccif'ic ; i c t i b i t y  and Ca scnsltivitq \%ere indejicndent of the actin to myosin weight ratio in a range of 0.13-0.71. The foilot\inp. formula 
t ( 2 D / S ) (  1 - Sens)t,u for S f 0, where Sens is the observed total Ca senci- \vas used f o r  the calculation: SensS :: I .- [ ( 2 0  + S)/S](l - 

t i v i t )  Idcfii1i.d in t c \ t ) ,  SensS is the calculated Ca sensitivity f o r  singlc-headed myosin,D and S are the  mole fraction of double- and single- 
11cadi.d 111) os in .  respectively. and t is the digestion rime. 

0.2 

.".I 
0.06 1 
0.04 1 

\ 

I \ 

0.02 I I 
\ 
\ 
\ 00 10 2.0 30  4 0  50 

k l '  

FIGURE 8: (A) Analysis of the time course of digestion of precipitated 
myosin on native gels. (0)  Double-headed myosin. (0)  Single-headed 
myosin. (X )  Double-chained rod. Two experiments were normalized 
on the time axis by plotting the data as a function of k , t ,  where k ,  
is the first-order rate constant measured for the disappearance of 
double-headed myosin (Figure 7).  Solid lines are  calculated curves 
assuming a ratio of 0.7 for the rate constants of the digestion of the 
first and second myosin head. (B) Calcium-sensitivity data  plotted 
as a function of k , t .  Open symbols a re  total calcium sensitivity for 
three experiments. Circles and squares refer to the two experiments 
represented in (A).  Closed symbols are the calculated sensitivity for 
single-headed myosin as explained in the text. (+) Calculated sen- 
sitivity for the single-headed myosin component in the digested myosin 
preparations isolated from myofibrils shown in Table I1 for which 
the value of k , t  was 2 . 5 .  Broken lines show the trend of the data.  
Solid lines are  the same as in (A).  

headed myosin had a sensitivity of 0.95, the estimated value 
for the calcium sensitivity of single-headed myosin ranged 
between about 0.67 and 0.80. These results agree well with 
those obtained in the more detailed kinetic studies of precipi- 
tated myosin and indicate that the digestion mechanism is 
probably the same for both precipitated myosin and myofibrils. 
Rod chains present in these preparations have been observed 
to copellet with actin, a behavior expected from single-headed 
myosin consisting of a myosin heavy chain and a rod chain 
(Figure 9).  This independent observation further supports 
our contention that single-headed myosin is formed by our 
digestion procedure. The mixture of double- and single-headed 
myosin bound 1.07 mol of calcium per myosin head with an 
association constant of about 5 X l o 5  M, suggesting that 
single-headed myosin retains a high-affinity, specific calcium 
binding site. 
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a uniformly high affinity for R-LC. Therefore, no evidence 
for two populations of S1 was obtained although such a finding 
could have accounted for the behavior of myosin in EDTA. 
The simplest interpretation of these results is to assume that 
the binding of the second light chain on the myosin molecule 
is weakened because of an interaction between the myosin 
halves. This assumption is supported by ATPase studies in- 
dicating that R-LC is bound to myosin with a negative coop- 
erativity (Chantler and Szent-Gyorgyi, unpublished experi- 
ments). However, we cannot exclude the possibility that the 
relatively high affinity of R-LC for SI may be due to the 
proteolysis in the SI-S2 hinge region. It is of some interest 
that DTNB treatment also removes only about 1 of the 2 mol 
of R-LC from rabbit myosin (Gazith et al., 1970; Weeds & 
Lowey, 1971). 

Lack of calcium sensitivity in SI is due to proteolysis of the 
heavy chain and not R-LC. (Ca,Mg)Sl containing intact 
R-LC is unregulated while single-headed myosin containing 
mR-LC is regulated. 

Calcium sensitivity of single-headed myosin preparations 
proves that calcium regulation does not require direct inter- 
action between two myosin heads. The difference in sensitivity 
between S1 preparations on the one hand and myosin, HMM, 
or single-headed myosin on the other cannot be explained on 
the basis that SI is single headed but rather may be due to 
the absence of the S2 region from SI preparations. Somehow, 
the S2 region, possibly the SI-S2 hinge, may be required for 
positioning the R-LC in the ''off' position. On the basis of 
experiments showing protection of rabbit heavy chain by 
DTNB light chain during chymotrypic digestion in the pres- 
ence of divalent cations (Weeds & Taylor, 1975; Weeds & 
Pope, 1977; Bagshaw, 1977), it was suggested that the DTNB 
light chain, which is analogous to R-LC, may extend to the 
SI-S2 hinge region. One notes that the scallop R-LC is an 
elongated molecule with length approaching 100 I% (Stafford 
& Szent-Gyorgyi, 1978; Hartt & Mendelson, 1979; Alexis & 
Gratzer, 1978), and it is perhaps not surprising if one end 
would extend to the region where SI and S2 join. 

Removal of 1 of the 2 mol of R-LC leads to a loss of regu- 
lation of scallop myosin (Szent-Gyorgyi et al., 1973). These 
findings were interpreted to mean that regulation requires a 
light chain mediated interaction between the two myosin heads. 
Since single-headed myosin was found to be Ca sensitive, the 
loss of regulation with EDTA treatment a t  0 'C could not 
simply be attributed to loss of communication between the 
myosin halves. Possibly the remaining R-LC or the heavy 
chains undergo conformational changes which interfere with 
regulation but do not occur in the intact myosin [cf. Ken- 
drick-Jones & Jakes (1977)l. Scallop myofibrils containing 
2 mol of foreign R-LC, prepared from myosins which are not 
regulated, lack calcium regulation (Chantler et al., 1979), 
while mixed hybrids, retaining 1 mol of scallop R-LC in ad- 
dition to I mol of foreign light chain, are fully calcium sensitive 
(Kendrick-Jones, 1974; Kendrick-Jones et al., 1976). This 
latter observation is difficult to explain without postulating 
an interaction between the two myosin halves. 

In summary, even though calcium regulation is possible 
without interaction between the myosin heads, experiments 
reponed here do not contradict the possibility of an interaction 
between the halves of an intact molecule. The consequences 
of this interaction are different from the original interpretation. 
The calcium sensitivity of single-headed myosin excludes the 
previous model in which light chain mediated cooperativity 
between the two myosin heads leads to regulation (Szent- 
Gyorgyi et al., 1973). The S2 region of myosin, possibly the 
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FIGURE 9: Subunit structure of single-headed myosin. A low-salt 
insoluble fraction of digested myosin was pelleted in the presence of 
actin to demonstrate that rod chains are associated with myosin heavy 
chains, an indication for the presence of single-headed myosin (see 
text). ( a x )  5% NaDodSO,-polyacrylamide gel electrophoresis; (d 
and e )  10% urea-polyacrylamide gel electrophoresis. (a and d) Actin 
pellet before digestion with papain. (band e) Actin pellet after 30-min 
digestion. (c) Water-soluble fraction after digestion. 

The cleavage of R-LC to mR-LC proceeds at approximately 
the same rate as the disappearance of double-headed myosin. 
Therefore, preparations consisting mostly of single-headed 
myosin contain mostly mR-LC (Figures 8 and 9). The calcium 
sensitivity of single-headed myosin indicates that mR-LC, 
present in stoichiometric amounts (Figure 9), is competent to 
confer regulation. The lack of sensitivity of (Ca.Mg)SI that 
contains mR-LC thus is unlikely to be due to light-chain 
modification. 

Discussion 
Divalent cations protect the regulatory light chains from 

extensive fragmentation during papain digestion [cf. Szent- 
Gyorgyi et al. (1973) in the case of scallop myosin and Mar- 
gossian et al. (1975) and Bagshaw (1977) in the case of rabbit 
myosin]. SI preparations formed in the presence of calcium 
and magnesium contain both R-LC and SH-LC in stoichio- 
metric amounts with heavy chain. R-LC obtained in the 
presence of calcium and magnesium loses a peptide of ap- 
proximately 1500 molecular weight while the SH-LC remains 
apparently intact. The protection of the R-LC by divalent 
cations may be the result of the role of these ions in holding 
the R-LC onto the myosin heads. The susceptibility of R-LC 
to digestion in the absence of divalent cations is likely to be 
due to the dissociation of R-LC at room temperature. In  the 
absence of divalent cations, the SH-LC also is digested by 
papain, and a fragment of about 8000 molecular weight is 
formed and retained by the heavy chain. It appears, however. 
that SH-LC is protected by R-LC and not directly by divalent 
cations, since digestion of myosin preparations from which both 
R-LC subunits have been removed by 35 'C EDTA treatment 
yielded fragmented SH-LC even in the presence of divalent 
cations. 

Loss of the 1500 molecular weight piece from R-LC does 
not significantly alter its functions. mR-LC binds to heavy 
chains with an affinity comparable to that of intact R-LC, 
contributes to calcium binding, confers calcium sensitivity to 
myosin, and protects SH-LC from fragmentation by papain. 
The missing piece has excess basic residues as judged from 
the change in mobility on urea gels and probably represents 
the N terminus of the chain (Jakes et al., 1976; Kendrick-Jones 
& Jakes, 1977). One notes that the 1500 molecular weight 
fragment may or may not be retained after digestion and could 
possibly contribute to the sensitivity of single-headed myosin. 

R-LC is not readily dissociated from SI preparations at 4 
"C by EDTA in contrast to myosin which loses I of its 2 mol 
of R-LC by similar treatment. SI preparations appear to have 
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Sl-S2 hinge, may be involved in calcium control. 
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