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We have determined the primary structure
of the erates force during muscle contraction and hasa fundamental
myosin heavy chain (MHC) of the striated adductor
role in a variety of cellular motilities (for review, see Ref. 1).
muscle of the scallop Aequipecten irradiansby cloning The conventional myosin molecule is a hexameric protein
and sequencing its cDNA. It is the first heavy chain
composed of a pair of heavy chains (-200 kDa) and two pairs
a directly Ca2+-regulated
myosin. of light chains (=20 kDa). The N-terminal -800 residues of
sequence obtained in
The 1938-amino acid sequence has an overall structure
the heavy chains fold into two globular head domains, while
similar to other MHCs. The subfragment-1 region of the C-terminal halves of the heavy chains dimerize to form
the scallop MHC has a 59-62% sequence identity with an a-helical coiled-coil rod domain. The head contains the
sarcomeric anda 52-53% identity with nonsarcomeric active sitefor myosin ATPase and the actin-binding
site. The
(smooth and metazoan nonmuscle) MHCs. The heavy rod is responsible for the assembly of myosin molecules into
chain component of the regulatory domain (Kwon, H.,
Goodwin, E. B., Nyitray, L., Berliner, E., O’Neall- filaments.
Contraction is triggered by binding of Ca2+ ions toregulaHennessey, E., Melandri, F. D., and Szent-Gyorgyi, A.
tory components. There are
twobasic types of regulatory
G. (1990) Proc. Natl. Acad. Sei. U.S. A. 87, 4771systems:
actinand
myosin-based.
In vertebrate skeletal and
4775) starts at either Leu-755 or Val-760. Ca2+-sensitive Trp residues (Wells, C., Warriner, K.E., and cardiac muscles thecontrol is achieved by thetroponinBagshaw, C. R. (1985) Biochem. J. 231, 31-38) are tropomyosin complex associated with actin filaments. Inverlocated near the C-terminal end
of this segment (resi- tebrate smooth muscles, nonmuscle cells and most invertebrate muscles, the myosin molecule itself is regulated the
dues 818-827). More detailed sequence comparison
with other MHCs reveals that the 50-kDa domain andregulatory components are the light chains. In nonmuscle
the N-terminal two-thirds
of the 20-kDa domain differsystemsandperhapsin
molluscan smoothcatch muscles
substantially between sarcomeric and nonsarcomeric
phosphorylation of the myosin rod may also have some regumyosins. In contrast, in the light chain binding regionlatory function (1, 2). Some invertebrate muscles are doubly
of the regulatory domain (residues 784-844) the scal- regulated (3), and smooth muscles may also have additional
lop sequence shows greater homology with regulated actin-linked regulatory components, i.e. the proteins caldesmyosins (smooth muscle, nonmuscle, and invertebrate mon and calponin (see
Ref. 4). In regulatedmyosins it is
striated muscles) than with unregulated ones (verteeither the Ca”-dependent phosphorylation of the regulatory
brate skeletal and heart
muscles). The N-terminal 25- light chain (RLC)’ (smooth muscles, nonmuscle systems) or
kDa domain also contains several residues which are the direct bindingof Ca2+ to the
myosin molecule (molluscan
preserved only inregulated myosins. Theseresults
muscles) which initiates contraction. Despite the difference
indicate that certain heavy chain sites might be critical
for regulation. The rod has features typicalof sarco- in triggering events, there is evidence indicating structural
meric myosins. It is 52-60% and 30-33% homologous similarities in regulated myosins. For instance, smooth muswithsarcomericandnonsarcomeric
MHCs, respec- cle, nonmuscle, and molluscan muscle myosins can adopt a
tively. A Ser-rich tailpiece (residues 1918-1938) is folded (10 S)conformation (5-7), in contrast to the nonregulated myosins; phosphorylation of smooth muscle RLC can
apparently nonhelical.
substitute for direct Ca2+-binding in the “switching on” of
hybrid scallop myosin (8).
Both LCs are involved in the regulation of molluscan myosin. The RLC suppresses activity in theabsence of calcium,
Myosin is the best-characterized molecular motor. It genand its presence is also requiredfor Ca’+ binding (9, 10).
* This work was supported by National Institutes of Health (NIH) However, the specific Ca2+ binding siteis most likely located
in the ELC. Sequence comparison
of different ELCs indicated
Grant AR15963, theMuscularDystrophy
Association, andNIH
Shared Instrumentation Grant RR04671. The costs of publication of that only the molluscan ELCs contain a potential Ca2+ bindthis article were defrayed in part by the payment of page charges.
ing site (11).Although all RLCs containa nonspecificdivalent
This article must therefore
be hereby marked “aduertisement” in cation binding site, it has been shown by site-directed muta-

accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The nucleotide sequence($ reported in thispaper has been submitted
totheGenBankTM/EMBLDataBankwith
accession number(s)
X55714.
$ Present address: Laboratoryof Molecular Biology, Univ. of Wisconsin, Madison, WI 53706.
To whom correspondenceshould be addressed.Tel.: 617-7363133; Fax: 617-736-3107.

The abbreviations used are: RLC, regulatory light chain; ELC,
essential light chain; LC, myosin light chain; MHC, myosin heavy
chain;RD-HC,heavychaincomponent
of regulatory domain; S1,
subfragment-1; 25K, 50K, 20/25K, the three main proteolytic “domains” of S1 with molecular masses of 25, 50, and either 20 or 25
kDa; kb, kilobase(s); SH,reactive thiol.
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genesis that it is not the specific triggering site (12).
RESULTSANDDISCUSSION
Recently we have isolated a regulatorycomplex from scallop
Cloning of Scallop MHC cDNA
myosin, consisting of the two LCs anda portion of the heavy
chain. Studies of hybrid complexes with foreign ELCs have
We screened2 X lo4 colonies from a striatedadductor
directly demonstrated the
role of the ELC in the
specific Ca2+- muscle expression cDNA library with a polyclonal adductor
binding (13). This Ca'+ binding site is
unusua1,since it requires muscle MHC antiserum (20) and isolated 15 positive clones.
the interaction of ELC with RLC and heavy
the chain to form All of the cDNA fragments had a poly(A) tail and the four
the specific, high affinity site. The role of the RLC is very longest (3.5 kb) had exactly the same 5' end, indicating that
specific, since RLCs from nonregulated myosins (which can premature termination occurred during construction of the
be inhibitory in scallop myosin hybrids) cannot restore Ca'+ library. In order to
get longer cloneswe made a second plasmid
binding (14). The specific contribution of the heavy chain in library in the same vector, primed by an internally specific
oligonucleotide, LL-60 (see "Materialsand Methods"). 23
Ca'+ binding and regulation is unknown.
Protein sequencing and cloningof cDNA or genomic DNA additional positives were isolated from the second library by
probe hybridization with a0.45have elucidated the primary structure of several MHCs and antibody screening and DNA
LCs, including LCs but noheavy chain from molluscan mus- kb internal BarnHI fragment (nucleotides 1942-2388). The
cles (1, 16). It is advantageous to study the regulation
of longest cDNA clones covered the 5' end of the coding region
contraction at the molecular level in the molluscan system, and 5"untranslated region sequences.
Fig. 1 shows a restriction map of the cDNA sequence and
since this myosin itself is a Ca2+-regulatedmolecule. Therefore, we initiated sequence studies of the scallop striated the threelongest overlapping fragments (AHC-2, EHC-10, RcDNA sequence.
adductor muscle MHC through cDNA cloning. Here we pres- 17) thatwe used to determine the full-length
We
have
also
mapped
and
partially
sequenced
several shorter
ent its complete deduced primary structure. Analysis of the
sequence revealed that the overall structure of the scallop cDNA clones and found nosequence difference in the protein
coding region. Northern blot analysis, probed
with the 3'-end
MHC is similar to other conventional MHCs. Nevertheless,
EcoRI fragment revealed that a 6.8-kb message is expressed
more detailed comparison with other MHCs delineatesheavy
both in striated and catch adductor
muscle of the scallop (data
chain siteswhich could be essential in the
regulatory function not shown).
of regulated myosins.
The total length
of the sequenced cDNA is 6751 nucleotides.
A 5814-nucleotide open reading framebegins at position 145.
Evidence indicates that translation is initiated at this
site: it
cDNA Cloning-Bay scallops (Aequipecten irradians) were gener- is the first ATG in the determinedsequence; there is an inously supplied by the Nantucket Marine Department. Total RNA
frame stop codon 12 nucleotides upstream; the encoded Nwas isolated from striated adductor muscle by the single-step extracmyosins.
tion method of Chomczynski and Sacchi (17). Messenger RNA was terminal sequence is similar to other conventional
The
full-length
cDNA
sequence
has
been
reported
(23). In
isolated by oligo(dT)-cellulose chromatography (18) or directly from
this paper we provide the derived amino acid sequence and
lysed cell with the Fasttrack kit (Invitrogen, San Diego, CA). ComAlthough the two
plementary DNA was synthesized as described by Gubler and Hoff- compare it with other published MHCs.
man (19). Oligo-dT or an internally specific oligonucleotide, LL-60 light chains are known to be the primary regulatory compo(5'ACGCTCCTCGAGTTCCTT3') was used as a primer in the renents, nevertheless analysisof the heavy chain sequence may
verse transcriptase reaction. The blunt-ended cDNA was tailed with establish which site(s), if any, contribute to the regulatory
the nonpalindromic BstXI linker, size-fractionated on
agarose gel, function.
MATERIALS ANDMETHODS

and ligated intoBstXI-cutpcDNAII
phagemidexpressionvector
(Invitrogen). LL-60 (nucleotides 2893-2910 in the full-length cDNA
sequence(23)) was designedbasedon
the sequence of a cDNAfragment isolated from a Xgtll scallop catch muscle library (kind gift
of Dr. L. Leinwand, A. Einstein College of Medicine, Bronx, NY).
We have completelysequenced thiscDNAfragment(nucleotides
1123-4885); itturnedoutto
be identicalwiththestriatedMHC
sequence. The libraries were screened with an affinity-purified polyclonal rabbit anti-scallopmyosin antibody (20). Part of the internally
primed library was also screened by colony hybridization. The DNA
probe was labeled by random primed incorporation of digoxigeninlabeled dUTP using the Genius Kit (Boehringer-Mannheim). RNA
Northern blot analysis was carried out according to Sambrook et al.
(18).
DNA Sequencing-Double-stranded cDNA was sequenced directly
in pcDNAII, using vector- and MHC-specific primers, or after subcioning overlapping restriction fragments into pTZ19R
vector (Pharmacia LKB BiotechnologyInc.) or generating nested deletions
by
exonuclease 111 digestion (Promega Biotec.). Each base was determined on both strands a minimum of two times. Sequencing by the
dideoxy chain-termination method (21)was performed with T 7 DNA
polymerase (Pharmacia).
DNA and Protein Sequence Analysis-Sequences of DNAfragments were assembled and translatedby the Pustell SequenceAnalysis Program (IBI). Proteinsequences were analyzed by the University
of Wisconsin Genetics Computer Groups (GCG) program, Version
6.2 (22). Sequence alignments and comparisons were performed by
the GAP, LINEUP and DISTANCES
programs. PEPTIDESTRUCTURE and PEPPLOT were used topredictsecondarystructure.
GenebankandEMBLdatabases
were the source of otherMHC
sequences.

Features of the Deduced Heavy Chain Sequence
The calculated molecularweight of the scallop MHC is
222,553. The sequence issimilar overall toother MHCs.
Simple comparison with fully sequenced heavy chains shows
58 f 2, 40 f 1, and 34% identity with sarcomeric (vertebrate
striated, cardiac, and invertebrate muscles),nonsarcomeric
(smooth muscle and nonmuscle cells), and unicellular (Dictyosteliurn) MHCs, respectively. The globular head region is
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FIG. 1. Restrictionmap of scallopstriatedmuscle
MHC
cDNA. The three cDNA fragments, shown undertherestriction
map, were isolated from an oligo-dT (AHC-2) or an internally primed
(EHC-10, R-17) pcDNAII plasmid expression library and used for
sequencing the full-length transcript. The down arrows show the
positions of LL-60 18-mer used to initiate the secondlibrary. In
parentheses are sites with sufficient homologies for LL-60 priming.
The block at the top illustrates the protein
coding region. Restriction
sites: A, ApaI; B, BamHI; E , EcoRI; G, BglII; H, HindIII; K , KpnI; P,
PstI; Y , AhaII.
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apparently more conserved (59-62% and 52-53% identity
with sarcomeric and nonsarcomeric MHCs, respectively) than
the coiled-coil rod (52-60% and 30-33%), a feature common
with other MHCs (1).
Conserved and Variable Regionsin the Globular Head-We
aligned the scallop MHC sequence with 10 other MHCs by
the GCG GAP and LINEUP programs (22). Fig. 2, rows a-c
show part of the alignment, the scallop sequence (row a ) in
the head region (residues 1-844) with a vertebrate skeletal
MHC (chicken embryonic, row b (24))andavertebrate
smooth muscle MHC (chicken gizzard, row c (25)). A consensus sequence is shown in row d, based on the three sequences
above, plus nine other MHCs: rat embryonic skeletal (26),
human embryonic and perinatal skeletal (27, 28), rat a- and
@-cardiac(29), Drosophila sarcomeric cD301 (30), nematode
sarcomeric unc-54 (31), chicken intestinal epithelial cells (32),
and Drosophila nonmuscle cells (33) MHCs.’ Landmark residues and segments, as well as two short sequences previously
determined by protein microsequencing (13),3are also illustrated in Fig. 2. The least conserved regions, with considerable
length and sequence heterogeneity, correlate with the protease-sensitive regions of S1. These regions probably form
flexible, surface-loop structures. Limited proteolysis nicks the
myosin heads at two “junctions,” resulting in three fragments,
from the N terminus 25, 50, and 20/25 kDa (the C-terminal
fragment is either 20 or 25 kDa depending on the condition
of the digestion; see Ref. 34). Thesefragments form the
putative domains of the head. Szentkiralyi (34) has shown
that in addition to the25-50K junction (residues 200-213; all
the positions referred to hereafter are in the scallop sequence
ofFig. 2) and the 50-20/25K junction (residues 624-640),
scallop S1 has a third tryptic sitelocated 65 kDa from the N
terminus. The sequence from residue 557 to 575 contains
several Pro, Gly, and Lys; this is indicative of a surface-loop
structure, andhence presumably corresponds to theproteasesensitive site, the cleavage of which abolishes ATPase activity
(35).Inrabbit
musclemyosin thrombin cleaves after an
adjacent lysyl residue (Lys-558), provided thiol groups are
modified in the 50K domain, resulting also in the loss of
ATPase activity (36).
Highly conserved regions include parts of the nucleotidebinding pocket in the 25K domain (residues 112-132, 159192) and 50K domain (residues 225-251)(37-39), and the
reactive SH region in the 20/25K domain (residues 693-703).
Cys-703 (SH-1) was found to be the most reactive cysteine in
scallop as well (40). In addition there are short
conserved
segments scattered in the primary sequence and a long one in
the 50K domain (residues 456-500) which could have important yet unidentified structural or functional roles.
At position 128 the rabbit skeletal and gizzard MHCs
contain a trimethylatedLys which was thought to participate
in the ATPase reaction (1, 25) while residue 129, a Trp in
vertebrates, has been cross-linked to a photoaffinity ATP
adenine analogue (37).In the scallop these 2 residues are
substituted with an Arg-Arg dipeptide, making it unlikely that
the modified lysyl side chain plays a critical role in the active
center. The intrinsic fluorescence of Trp residue(s) is enhanced upon ATP binding both in rabbit skeletal andscallop
myosins (41, 42). It has been assumed that Trp-129 in the
rabbit sequence is an ATP-sensitive residue (37). Based on
our sequence information, the ATP-sensitive Trp is most
presumably located in the 50K fragment; there is no conserved
The complete alignment is available (from A. G. S.-G.) upon
request.
M. Titus and E. O’Neall-Hennessey, unpublished results.
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Trp in the 25K, whereas there are three in the 50K domain
(Trp-437, -507, and -594).
The precise location of the actin binding site(s) on the
myosin molecule is uncertain. Sites in the 50K and 20/25K
domains, at the 50-20/25K junction and around the reactive
SH groups were shown to interact with actin (see Ref. 15).
The 30-kDa C-terminal peptide of scallop S1 has been crosslinked to actin (43).
Heavy C h i n Component of the Regulatory Domain-We
have recently isolated by proteolytic digestion a regulatory
complex (referred to as RD) from scallop myosin, comprised
of the two light chains andan approximately 8-10-kDa heavy
chain fragment. The RD occupies the neck region of myosin.
The N terminus of its heavy chain component (RD-HC) is at
either Leu-755 or Val-760 (13). The C-terminal end of the
RD-HC peptide has yet to be established but most likely is
around Pro-835. This fully conserved residue was believed to
be at or near the physical boundary of the head and the rod
(1). An alternative view places the head-rod junction near
residue 885 (44,45). In thiscase the proteolytic separation of
S1 from the rod would occur within the head. This possibility
together with the fact that scallop S1, unlike myosin or heavy
meromyosin, lacks Ca2+sensitivity (although the specific Ca2+
binding site is preserved (46)) suggests that residues beyond
Pro-835, as part of the neck region, may be essential for the
regulatory function (cf. Refs.13 with 15). Thereis no apparent
EF-hand motif in the regulatory domain region which could
provide aCa2+ binding site,supporting the view that the
triggering Ca2+site is in the ELC (13).
The structureof the RD-HC is presumably quite extended
morphological evidence indicates an extended neckregion,
attached to a globular distal region (25 + 50K domains) of
the head; the two light chains lie closeto each other for much
of their length; the RD-HC and the LCs mutually protect
each other from proteolytic digestion (13, 15). Secondary
structure predictions, using the Garnier et al. (47) and Chou
and Fasman (48)algorithms, showed a consensus a-helix only
for residues 770-780, also suggesting a “loose”extended structure for RD-HC, which may bestabilized only in interactions
with the light chains.
Electron microscopy studies located the light chains in the
neck region of myosinmyosin (see Ref. 15). The RD-HC
binds both light chains stoichiometrically, demonstrating that
the binding sitesare within this peptide (13). The most
important binding determinants for the RLC presumably
reside in the C-terminal20or so residues. It is known that in
contrasttothe
longer Mg-Sl+L”preparation, the -5-kDa
shorter EDTA-S1-L” does not contain RLC (34, 46). Moreover, the longer scallop S1 contains conformationally sensitive Trp residues, corresponding to a Trp-rich, highly hydrophobic region located immediately before the last Pro of the
head (residues 818-834), which responds to Ca2+binding to
the regulatory domain (42). Although this aromatic-rich segment is required for regulation, it is not proven that it has a
specific role.
The location of the ELC (called alkali LC in vertebrate
myosins) binding site has been shown by recombinant DNA
techniques to be within the C-terminal 42 residues of the
longer S I (49, 50). The fact that the C terminus of the 20kDa fragment in trypsin-cut rabbit or chicken skeletal S1 is
at residue 805 (1) further narrows the main binding region to
within residues 784-805. The finding that after removal of
the essential light chain, trypsin cleaves off a 2-kDa peptide
from the C-terminal endof the 20-kDa fragment (51) supports
this localization. There is relatively low sequence conservation
in the light chain binding region, despite the fact that all the
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FIG. 2. Sequence alignment of myosin heads. The scallop MHC head region was aligned with 11 other
MHCs using the GCG GAP and LINEUP programs. Rows a-c show part of the alignment: a, scallop MHC; b,
chicken embryonic skeletal muscle MHC (26);c, chicken smooth muscle MHC (27). Periods are padding characters
introduced to optimize thealignment. Majorsequencefeatures,
suchasthemain
proteolytic junctions,the
nucleotide-, actin-, andlight chains binding sites, reactive SH-1 and SH-2,a reactive lysyl (RLR), are also indicated
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FIG. 3. Sequenceof
the scallop
MHC rod. Positions of the 28-residue
repeats, the skip residues, the N-terminal end of LMM are indicated. The tailpiece of the Mytilus anterior bysuss retractor muscle MHC is shown under the
scallop sequence. Double underlining refers to a phosphorylated Ser (54).
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RLCs tested have a common attachment site on the scallop
heavy chain and the same is likely true for the ELCs (13,14).
The high positive charge of this stretchof the sequence in all
myosins (residues 784-835, 13:l positive:negative in scallop)
could contribute to thehigh affinity for the light chains having
net negative charge.
It is worthwhile to note that a complex analogous to the
RD can be isolated from rabbit skeletal myosin,4 indicating
that the RD is a common structural entity in all myosins.
This complex may have lost its regulatory function in vertebrate sarcomeric myosins by keymutations in the heavy chain
and/or in thelight chains.
Sequence Characteristics of the Rod-The scallop rod sequence has features typical of other sarcomeric MHC rods
(Fig. 3). It shows a strong heptad repeat (with hydrophobic
residues at positions 1 and 4) which is necessary to form the
hydrophobic seam between the two a-helical chain of the
coiled-coil, and a superimposed 28-residue repeat, the charge
distribution of which is responsible for the electrostatic interactions between myosin molecules in the filamentous state
(52). The sequence contains 4 skip residues at strictly conserved positions (Gln-1185, Glu-1382, Glu-1579, and Gly1804). These residues interrupt the regular heptad repeat,
probably modifying the pitch of the coiled-coil (52), and by
causing local instability could be responsible for bending of
the myosin rod at well-defined positions (45). Comparison
with other MHC rods reveals additional conserved regions
(not shown). The functions of these regions remain to be
established, with the exception of the one which appears to
be involved in the assembly of vertebrate sarcomeric myosins

' H. Kwon, unpublished results.

into thick filaments (residues around 1749-1770).5
After 38 and one-half 28-residue repeats, the rod ends in a
21-residue-long Ser-rich tailpiece. Secondary structure prediction indicates that this stretch of peptide is apparently
nonhelical. In contrast to othermyosin tailpieces the scallop
sequence does not contain proline. The tailpieces have considerable length and sequence diversity, but their functional
significance has notbeen demonstrated. Inthe last 30 residues
of the coiled-coil preceding the nonhelical end the sequence
conservation is relatively high, indicating some structural/
functional constraintinthis
region. Tailpieces of several
nonsarcomeric MHCs have been shown to be phosphorylatable, including molluscan catch muscle, vertebrate smooth
muscle, vertebrate nonmuscle MHC, and protozoan MHCs
(see Ref. 2). Acanthamoeba and Dictyostelium myosin I1 tailpiece phosphorylation regulates filament assembly and ATPase activity (see Ref. l),while phosphorylation of catch MHC
is thought to be involved in the control of the catch contraction (2). Castellani et al.(54) have isolated and sequenced two
phosphorylated peptides from a Mytilus anterior byssus retractor muscle myosin preparation. Peptide I1 represents the
C-terminal endof the anterior bysuss retractor muscle MHC,'
has the same length as the scallop adductor myosin tailpiece,
and has 57% homology with it. There is a 6-residue stretch
around the phosphorylated Ser (see Fig. 3) which is identical
in the two sequences. In spite of this similarity the scallop
striated muscle MHC is not phosphorylated by endogenous
kinase (2).
R. L. Sohn, A. G . Szent-Gyorgyi, and L. A. Leinwand, submitted
for publication.
L. Nyitray and W. Yang, unpublished results.

above the sequences (see text). The two short scallop sequences determined by protein sequencing are underlined.
Row d is a consensus sequence based on the three sequences above, plus nine others: rat embryonic skeletal (26),
human embryonic and perinatal skeletal (27, 28), rat a- and P-cardiac (29), Drosophila sarcomeric cD301 (30),
nematode sarcomeric unc-54 (31), chicken intestinal epithelial cells (32), and Drosophila nonmuscle cells (33).
Upper-case letters, invariant residues; lower-case letters, identical in at least 10 sequences; +, K or R; -, E or D; #,
L,I,V,M; a,W,F,Y. Rows e-f depict extra conserved residues (in addition to the invariant residues in row d ) in
regulated and nonregulated MHCs, respectively, provided the conserved residue is not found in the opposite group.
Rows g-h show the extraconserved residues in sarcomeric and nonsarcomeric MHCs, respectively. The regulationsensitive and sarcomeric/nonsarcomeric-specific residues mentioned in the text are double underlined.
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TABLE
I
Segmental comparison of the scallop MHC with other MHCs
A , the percentage sequence identity was calculated by the GAP program. S1, the head region from residues 5 to
844 (of the scallop sequence); 25K, 25K domain (residues 5-200); 50K, 50K domain (residues 214-623); 20K/N,
the N-terminal two-thirds of the 20/25K domain (residues 639-783); RD/LC, light chain binding region of the
RD-HC (residues 784-844). The single lines and the double lines divide the columns into two groups: sarcomeric/
nonsarcomeric MHCs in S1,50K, 20K/N, and regulated/nonregulated sequences in 25K and RDILC, respectively.
B, the sequences were aligned by the GAP and LINEUP programs, and the similarity matrix calculated by the
DISTANCES program.
A. Sequence identity of the scallop segments with other MHCs

68.1
66.0

50.5
52.0

RTCA“
CHSK
DRSA 59.0
57.2
CHSM
56.0
CHNM

68.8
66.7

s1

25K

50K

61.9
60.3
61.0
52.6
52.9

53.9
53.6
54.7

64.3
-

62.9

20K/N

RD/LC

-

B. Similarity matrix in the RD/L€ (upper half) and 50K (lower half) segments
DRNMCHNMCHSM NESA DRSA SCSA
RTCA CHSK RTSK

RTCA
RTSK
CHSK
SCSA
DRSA
NESA
CHSM
CHNM
68.1
DRNM

-

67.7
10.7

1185

65.7
70.2
67.5

67.9
70.0

68.2

65.0
67.0

The abbreviations used are: RTCA, rat a-cardiac; RTSK, rat embryonic skeletal; CHSK, chicken embryonic
skeletal; SCSA, scallop sarcomeric; DRSA, Drosophila sarcomeric; NESA, nematode sarcomeric; CHSM, chicken
gizzard; CHNM, chicken intestinal epithelial; DRNM, Drosophila nonmuscle (for references see legend to Fig. 2).
The similarity groups are boxed in the 50K domain the sarcomeric and nonsarcomeric sequence pairs, in the RD/
LC segment the regulated and nonregulated myosin sequence pairs (double-boxed).

Comparison of Regulated and Nonregulated Myosin Heavy
Chains-There is a considerable sequence divergence between
sarcomeric and nonsarcomeric MHCs, probably contributing
to the differences in the contractile behavior of these myosins
(32,33). The role of the heavy chain inthe regulatory function
of regulated myosins, whether in the sarcomeric class (e.g.
scallop muscle) or in the nonsarcomeric class (e.g. smooth
muscle), is unknown. Sequence comparison of vertebrate
smooth muscle MHC with other MHCs suggested that certain
heavy chain sites in the C-terminal sequences of the 20/25K
domain may be critical for regulation (15). In order to find
out whether regulated and nonregulated myosins differ systematically, we have conducted a more detailed comparison
of the head domains.
Table IA shows a simple segmental comparison (matching
amino acids) of the scallop sequence with three regulated
MHCs (chicken smooth muscle and nonmuscle, Drosophila
sarcomeric) and two nonregulated ones (chicken skeletal and
rat a-cardiac) in four regions of the head 25K (residues 5200), 50K (214-623) domains, N-terminal two-thirds of 20/
25K domain (639-783), and the light chain binding region of
the RD-HC (784-844). The junctions between the proteolytic
domains and the extreme N-terminal sequence were omitted
from the comparisons because of the high degree of length
divergence. In the 50K domain and the N-terminal 145 residues of the 20/25K domain, the sequences (as is the case of
the whole head region) fall clearly into two groups:sarcomeric
and nonsarcomeric myosins. In contrast,the light chain binding region of the RD-HC of the scallop sequence (including
the first few residues of the rod) resembles more the corresponding regions of other regulated myosin sequences, with a
lesser homology to the nonregulated vertebrate sarcomeric
myosins. The 25K N-terminal domain of the scallop myosin

is also more similar to those of the regulated MHCs (Table
IA). The same conclusion can be drawn when the aligned 50K
and RD-HC light chain binding regions are compared painvise
by taking into account conservative amino acid replacements
(Table IB).
Fig. 2, rows e and f, show conserved residues found in the
sequence of the regulated and nonregulated classes, respectively, in addition to theconserved positions present in all of
the aligned MHCs (row d).Likewise, rows g and h depict the
additional conserved residues in sarcomeric or nonsarcomeric
sequences, respectively. These additional conserved residues
characteristic to a particularclass of MHC represent positions
where heavy chain classes differ from each other. The residues
specific to sarcomeric/nonsarcomeric MHCs are most abundant in the 50K and theN-terminal two-thirdsof the 20/25K
domains (Fig. 2, rows g-h), in agreement with the segmental
homologies. Therearethreeclusters
with especiallyhigh
degrees of conservation within these two classes: at residues
366-381 (scallop sequence numbering), 395-424 and 449-455.
The last stretch of sequence is flanking a highly conserved
region in all MHCs (residues 456-517) with an unknown
function. These sequence differences may contribute to the
structural and functional differences between sarcomeric and
nonsarcomeric myosins.
When the regulated MHCs are matched against nonregulated ones the additional conserved residues appear to be
considerably more clustered in the LC binding region of the
RD-HC and in the 25K domain, as expected from segmental
comparisons. We tentatively identify these residues as being
“regulation-sensitive.’’ Based on their number and position
we assume that it is unlikely that the members of the two
groups are related by chance alone; instead, the conservation
within a group probably reflects an important functional
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constraint. The conserved residues in regulated myosins may
be the result of evolutionary pressure to preserve conformation of critical regions for regulatory function. The different
conserved residues in these regions of vertebrate sarcomeric
myosins may be partly responsible for the lack of “on” and
“off‘ regulation by light chains, or they may contribute to
other functions characteristic to these myosins.
The regulated myosins form, at first sight, a heterogeneous
group. The triggering signal is either the phosphorylation of
the RLC (smooth muscle myosin) or a direct Ca2+binding to
myosin, most likely to the ELC (molluscan muscles). Nevertheless, the basic regulatory mechanism appears to be similar.
The RLC is thought to suppress myosin activity by inhibiting
a step in the kinetic cycle (55, 56), and this inhibition is
reversed by phosphorylation or by direct Ca2+
binding. Several
lines of evidence indicate structural similarities in molluscan
and smooth muscle myosins. In both systems S1, unlike heavy
meromyosin, is unregulated (9, 46, 57); removal of the RLC
abolishes regulation (10, 58); regulated myosins, unlike nonregulated ones, can adopt a 10 S-folded configuration involving the neck region (5-7); structural changes have been observed by electron microscopy on Ca2+activation or on phosphorylation at the head-rodjunction of muscle filaments
regulated by myosin (59,60). All of this evidence implies that
the light chains andthe head-rod junction of the heavy chain
play a crucial role in regulation; hence, it is not surprising
that the light chain binding region of the RD-HC contains
the largest number of regulation-sensitive residues. It has
been suggested that specific interactions between the RLC
and the N-terminal region of the rod could restrict the flexibility of the hinge, causing the inhibited state.’ The two
regulation-sensitive residues found beyond the “last Pro” of
the head (positions 841 and 844) could be part of the interactive site. Interestingly, regulation-sensitive residues can be
found near the ATP binding site of the 25K domain. Conserved residues of regulated MHCs are present: at positions
184 and 188, adjacent to the consensus Gly-rich loop “GESGAGKT” (residues 176-183) which is part of the nucleotidebinding pocket; at positions 98, 99, and 111 flanking part of
the adenine binding region (residues 112-132); at several
positions in the N-terminal 90 residues, containing nucleotide-modulated proteolytic cleavage sites (25,53) and highly
a
reactive lysyl residue (Lys-81). Communication from the regulatory site to the catalytic site should occur over a large
distance, involving domain-domain interactions (cf Refs. 15
with 16); some of the regulation-sensitive residues may reside
along this communication pathway.
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