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ABSTRACT A peptide having 92 amino acid residues and
a calculated molecular weight of 10,478 was isolated from a
cyanogen bromide digest of rabbit skeletal muscle myosin. It
contained both proline and Nr-methylhistidine, indicating that
it arose from the portion of the heavy chain that folds to form
most of the globular head of the myosin molecule. The amino
acid sequence of the peptide included the two sulfhydryl groups
whose alkylation modifies myosin's catalytic properties: SH-2
at position 11 in the peptide, and SH-1 at position 21. This
proximity in the sequence means that SH-1 and SH-2 must be
relatively close together in myosin, and several lines of evidence
suggest that this region is near the catalytic or actin binding
site(s) of myosin.

Myosin is a large multisubunit protein, each molecule of which
contains two similar heavy chains [molecular weight (Mr) about
200,000] and two each of two types of light chains (Mr about
20,000). The NH2-terminal region of each heavy chain, along
with the light chains, forms a globular "head," called sub-
fragment 1 or S-1 (1) which is an enzyme with ATPase activity.
The remainder of the molecule is almost entirely a-helical, and
the two chains form a double-stranded coiled coil (the "tail")
about 140 nm long. This tail can be divided into two segments.
The COOH-terminal part (called light meromyosin or LMM)
(2) is insoluble at physiological ionic strength and aggregates
with other myosin tails to form the main shaft of the thick
filament of muscle. The region that connects subfragment 1 and
light meromyosin is called subfragment 2 or S-2 (3), and it seems
to tether the head to the main shaft of the thick filament. The
various fragments can be prepared by judicious use of proteo-
lytic enzymes.

In carrying out its role as a force-generating transducer in
muscle, the head of myosin can form a crossbridge between the
thick and thin filaments by attaching to an actin molecule; it
then probably rotates at the actin-myosin interface in such a
way that the force thus generated propels the thick and thin
filaments in opposite directions. The reaction between actin and
myosin is cyclical, and each event is accompanied by the hy-
drolysis of one molecule of ATP. It now seems likely that vari-
ations of this system are also responsible for force generation
in nonmyofibrillar systems in a wide variety of cells (4).

In order to understand the details of the enzymic properties
and protein-protein interactions that are the bases for the
functional properties of myosin, it is essential to describe this
molecule in detail. The amino acid sequences of the light chains
of myosin from rabbit skeletal muscle have been determined
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(5, 6) but equivalent information about the heavy chain is
fragmentary. As part of a study in which we hope eventually
to elucidate the complete sequence of the approximately 1700
amino acid residues in the myosin heavy chain, we report here
the sequence of a 92-residue CNBr peptide that arises from the
head of the myosin molecule. This peptide is of special interest
because it contains the unusual amino acid NT-methylhistidine;
skeletal muscle myosin is known to contain a single residue of
this amino acid (7, 8), and the sequence of a 13-residue tryptic
peptide containing NT-methylhistidine has previously been
reported (9). The 92-residue peptide, which shall be referred
to as plO, also contains two cysteinyl residues, and comparison
of the sequences around them with shorter cysteinyl-containing
peptides studied by others indicates that they represent the
sulfhydryl groups SH-1 and SH-2 whose selective alkylation
under defined conditions leads to well-characterized changes
in the enzymic properties of myosin. SH-1 and SH-2 are only
10 residues apart in the sequence, confirming that they must
be close together in the myosin head, and chemical modification
work by others suggests that the region that contains SH-1 and
SH-2 is at or near an ATP binding site and possibly the actin
binding site as well in myosin (10-12).

METHODS
To prepare the peptide, 10 g of myosin was isolated from the
back and leg muscles of New Zealand white rabbits as described
(9). The myosin was reduced and alkylated with iodoacetate
or iodoacetamide at reagent-to-protein ratios similar to those
used for actin (9, 13). Reagents were removed by dialysis, and
the protein was Iyophilized, suspended in 70% (vol/vol) formic
acid at a concentration of about 50 mg/ml, and treated with
CNBr (1 g of CNBr per g of myosin) for 16 hr at 23-25 0. The
viscous, cloudy suspension cleared after 1-2 hr of CNBr treat-
ment. The solution was then diluted by addition of an equal
volume of water, and the CNBr and much of the formic acid
were removed by evaporation under reduced pressure to a
volume of about 20 ml. The solution was diluted to 100 ml by
addition of water, evaporated to 20 ml, diluted again to 100 ml
with water, and Iyophilized. The powder was then extracted
twice with 100 ml of 25% (vol/vol) acetic acid, with centrifu-
gation after each extraction. The supernatants were combined

Abbreviations: Mr, molecular weight; p10, 92-residue CNBr peptide
from head of myosin molecule.
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FIG. 1. Elution profile of the CNBr digest of rabbit skeletal
muscle myosin gel filtered on a 5 X 150 cm column of Sephadex G-50
(fine). Flow rate, 75 ml/hr; temperature, 230; fractions, 8 ml.

and divided into two equal fractions that were gel filtered se-
quentially on a 5 X 150 cm column of Sephadex G-50 (fine) in
25% acetic acid. A typical elution pattern is shown in Fig. 1.
The fraction identified by crosshatching was pooled, dried

by rotary evaporation, and dissolved in 20 ml of water. Because
of residual acetic acid in the sample, the pH of this solution was
between 3 and 4. The solution was then titrated to pH 7.0 by
dropwise addition of 1.0 M NaOH, which produced a heavy
precipitate. The solution was centrifuged, and the precipitate,
which contained plO, was dissolved in a minimum volume
(usually 2-3 ml) of 25% acetic acid. This solution was then gel
filtered on a 1.9 X 200 cm column of Sephadex G-50 (fine); the
effluent was monitored by (i) measuring absorbance at 280 nm
and (U) subjecting a small aliquot (5-7 gl) from each tube to
sodium dodecyl sulfate/polyacrylamide gel electrophoresis by
the method of Swank and Munkres (14). The tubes that, by
visual examination of the stained gels, appeared to be at least
90% pure p10 were pooled (Fig. 2) and used for subsequent
studies.
The amino acid sequence was determined by automated

Edman degradation of the intact peptide in a Beckman 890C
sequencer (Beckman Instruments, Palo Alto, CA), combined
with studies on tryptic and chymotryptic peptides with both
the Beckman sequencer and a solid-phase (15, 16) sequencer
(Sequemat, Inc., Watertown, MA). The derivatized amino acids
obtained from the sequencers were identified by thin-layer
chromatography (17) and amino acid analysis after regenera-
tion of the amino acid by HI hydrolysis (18). Amides were
assigned based upon thin layer chromatography of the deriv-
atized amino acids and/or amino acid analysis after enzymic
(aminopeptidase M) digestion. Phenylthiohydantoin-carboxy-
methylcysteines were identified by a combination of thin layer
chromatography, in which they migrate with the same RF as
phenylthiohydantoin-aspartic acid, and HI hydrolysis which
yields alanine. (A detailed description of the determination of
the amino acid sequence of p1O will be published else-
where.)

RESULTS AND DISCUSSION

The amino acid sequence of p1O is shown in Fig. 3. Numbering
of the residues is consecutive from the NH2 terminus of the
peptide and does not reflect the positions of these residues in
the intact myosin heavy chain. Sixty-three of the 92 residues
are uncharged, and 32 of these have hydrophobic side chains.
The peptide is basic, with a net charge of +7 at neutral pH. The
N'-methylhistidine is at position 69 and the two cysteinyl
residues are at positions 11 and 21.

It has long been recognized (19-21) that alkylation of myosin
sulfhydryl groups modifies the catalytic properties of the en-

CNBr
p10 Digest

I

FIG. 2. Polyacrylamide gel electrophoresis of p1O (Left) and the
peptide mixture that is generated by CNBr digestion of sperm whale
apomyoglobin (Right). Gels contained 12.5% acrylamide and were
prepared at a bis-acrylamide/acrylamide ratio of 1:10 (14). The cal-
culated Mrs of the myoglobin fragments are listed at the right.

zyme, and studies by many investigators (22-28) have indicated
that the observed effects accompany rather specific alkylation
of two sulfhydryl groups. Sulfhydryl group SH-1 can be al-
kylated in the absence of bound nucleotides, with the result that
the Ca2+-ATPase activity is stimulated, and the EDTA(K+)-
ATPase activity is lost. In the presence of ADP, sulfhydryl group
SH-2 also reacts, and myosin alkylated at both SH groups is
devoid of ATPase activity. The sulfhydryl groups have been
labeled with radioactive alkylating agents and, after enzymic
digestion of the myosin, the labeled peptides have been isolated
and sequenced. Yamashita et al. (28) have summarized the
studies on the peptides that contain SH-1 and SH-2 and have
concluded that the sequence around SH-2 is Arg-Cys-Asn-
Gly-Val-Leu, and the sequence around SH-1 is Glu-Gly-Ile-
Arg-Ile-Cys-Arg. The sequences correspond exactly to the se-
quence of residues 10-15 and 16-22, respectively, of p1O. These
facts are summarized in Fig. 4, and it seems clear that residue
11 represents SH-2 and residue 21 is SH-1.

Although there is no direct evidence that either SH-1 or SH-2
is directly involved in actin or nucleotide binding (29), the ev-
idence mentioned above suggests that they are at or near the
catalytic site for myosin ATPase. It seems likely that a nucleo-

\\tide binding site would contain both a hydrophobic pocket for
\the adenine moiety and a basic residue(s), probably arginine
(30), with which a phosphate group(s) could interact electro-
statically. The arginine residues at positions 10, 19, and 22 all
are close to either SH-1 or SH-2, providing possible sites for
binding of phosphates. The segment extending from residues
4 through 31 has a high concentration of hydrophobic side-
chains (12 of 28) which could form the appropriate hydrophobic
pocket. One scheme that seems consistent with the observed
patterns of labeling is that SH-1 exists in a microenvironment
that causes it to have a low pKa (and thus high reactivity to al-
kylating agents); indeed, Takamori et al. (31) have presented
evidence that the pK. of SH-1 is about 6.3, and Schliselfeld (32)
has observed that an ionizable group having a pKa of about 6.5
is involved in the binding of ATP to myosin. When nucleotide
is bound, the adenine moiety could bind to a site that includes
some of the hydrophobic sidechains in the vicinity of SH-1, and
a phosphate group(s) could interact with arginine 10. The
proximity of the negatively charged phosphate group(s) could
then shift the pK of SH-2 down, increasing its reactivity to al-
kylating agents.

This scheme is not inconsistent with the proposals of Har-
rington and his colleagues that SH-1 and SH-2 are 12-14 A
apart in native myosin (33) and that both are involved in
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FIG. 3. The amino acid sequence of p1O. SH-2 is enclosed by a circle, SH-1 by a rectangle, and Nr-methylhistidine by a triangle. Upward
pointing arrows designate points of tryptic digestion ofunmodified p1; the arrow between Arg37 and Tyr8 designates the point of tryptic hydrolysis
of citraconylated p1O that gives rise to a fragment (containing residues 38-92) that was useful for the determination of the sequence of the central
portion ofthe peptide. Residues 1-9 are predicted to exist as an a-helix by application of structure prediction rules (33). The amino acid composition
of plO is listed in Table 1.

binding of Mg2+-ATP at the catalytic site (34).' Application of
the rules of Chou and Fasman (35) leads to the prediction that
the region between SH-1 and SH-2 is not an a-helix, is not part
of a (3-pleated sheet, and does not form a ,B-bend. Thus, the
region could exist as a flexible loop with the two SH groups
12-14 A apart. Studies on the conformation and nucleotide-
binding capacity of p10 may help to define the role of this re-
gion in myosin function.
Our plO is the longest continuous sequence from the myosin

heavy chain that has been reported to date. The second longest
is that of an 18-residue cysteine-containing peptide reported
by Weeds and Hartley (36): Val-Arg-Cys-Ile-Ile-Pro-Asn-
Glu-Thr-Lys-Thr-Pro-Gly-Ala-Met-Glu-His-Glu. There is a
four-residue overlap (Met-Glu-His-Glu) between the COOH
terminus of Weeds and Hartley's peptide and the NH2 terminus
of our plO, and these peptides very likely constitute a 107-res-
idue segment of the heavy chain.

Although microheterogeneity of the heavy chains has been
documented (37, 38), the apparent absence of microhetero-
geneity in this 107-residue segment suggests that microheter-
ogeneity is not- extensive and that the two (or more) heavy
chains in a given preparation of rabbit skeletal muscle myosin
are identical in amino acid sequence over large parts of the
molecule.

Rabbit skeletal muscle myosin contains one residue of NT-
methylhistidine, and it appears as residue 69 in this peptide. The
tryptic peptide that represents residues 61 through 73 was iso-

(SH-1; Yamashita et al) Glu-Gly-Ile-Arg-Ile-jiArg

-Leu-Arg-&Asn-Gly-Val-Leu-Glu-Gly-Ile-Arg-I le2Arg-Lys-

Arg-jAsn-Gly-Val-Leu (SH-2; Yamashita et al)

FIG. 4. Comparison of the sequences of proteolytic fragments
that contain SH-1 and SH-2, described by Yamashita et al. (25), with
the sequence of residues 9-23 of p10 (middle line). SH-2 is circled and
SH-1 is enclosed by a rectangle.

lated and sequenced previously (9), and the present results
confirm the findings of that study. Because the methylhistidine
is the product of post-translational enzymic methylation of
histidine (39, 40), it seems likely that the region surrounding
it is at or near the surface of myosin. The presence of this residue
in the same peptide as SH-1 and SH-2 does not require that they
be in the same region of the myosin molecule, because the 48
residues between them could span the entire myosin head.
Two other studies that involved the characterization of

myosin peptides should be mentioned. Kubo et al. (41) isolated
trinitrophenyl (TNP) peptides from subtilisin and Pronase di-
gests of myosin that had been treated with trinitrobenzene-
sulfonate and found Ser-TNPLys-(Gly, Glu, Ser)-(Gly, Ala) and
Asn-Pro-Pro-TNPLys. These peptides are not present in p1O.

Table 1. The amino acid composition of plO
Amino acid Residues

Cysteine 2
Aspartic acid 4
Asparagine 2
Threonine 2
Serine 5
Glutamic acid 7
Glutamine 4
Proline 2
Glycine 8
Alanine 5
Valine 5
Isoleucine 6
Leucine 12
Tyrosine 3
Phenylalanine 6
Lysine 9
Histidine 3
NT-Methylhistidine 1
Arginine 5
Homoserine 1

Total 92
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Barany and Merrifield (42) synthesized an octapeptide that they
suggested may be related in sequence to a region of the catalytic
site of frog myosin. The sequence of this peptide was Thr-
Ala-Cys-Gly-Gln-Lys-Ser-Pro, and it does not resemble any part
of the sequence of p1O. The peptides studied by both groups
of investigators could of course be near the region occupied in
p1O in the tertiary structure of myosin and yet not be contiguous
in the primary structure.

Although an understanding of the relationship between the
segment described in this paper and the intact head of myosin
must await other analyses, the availability of this fragment
should make possible several types of study. First, this peptide
provides a handle for an interesting part of the myosin mole-
cule, and comparative studies on equivalent segments of other
myosins may be instructive in identifying, for example, residues
that are essential for nucleotide binding. Second, chemical
modification experiments can be directed at potentially in-
teresting residues, including the sulfhydryl groups, and by
isolating and characterizing this fragment after modification
of residues that it contains it will be possible to evaluate with
precision the sites or extents of reaction. Finally, this peptide
may be useful in evaluating the existence of altered forms of
myosin, particularly in the heart. For example, if in cardiac
hypertrophy an "abnormal" myosin is synthesized as a result
of activation of a normally inactive gene, the new myosin would
probably differ in sequence from the normal myosin at several
positions; the peptide described here is relatively easy to purify,
seems to represent an important part of the molecule, and is
large enough to permit the identification of even relatively
infrequent differences in sequence between the normal and
abnormal myosins.
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