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Abstract

The established observations and unresolved questions in the assembly of myosin are outlined in this article.
Much of the background information has been obtained in classical experiments using the myosin and thick
filaments from vertebrate skeletal muscle. Currentresearchis concerned with problems of myosin assembly and
structure in smooth muscle, a broad spectrum of invertebrate muscles, and eukaryotic cells in general.

Many of the general questions concerning myosinassembly have been addressed by acombination of genetic,
molecular, and structural approaches in the nematode Caenorhabditis elegans. Detailed analysis of multiple
myosin isoforms has been a prominent aspect of the nematode work. The molecular cloning and determination
of the complete sequences of the genes encoding the four isoforms of myosin heavy chain and of the myosin-
associated protein paramyosin have been a major landmark.

The sequences have permitted a theoretical analysis of myosin rod structure and the interactions of myosin
in thick filaments. The development of specific monoclonal antibodies to the individual myosins has
led to the delineation of the differentlocations of the myosins and to their special roles in thick filarr 2nt structure
and assembly.

In nematode body-wall muscles, two isoforms, myosins A and B, arelocated in different regions of each thick
filament. Myosin A is located in the central biopolar zones, whereas myosin Bisrestricted to the flanking polar
regions. This specific localization directly implies differential behavior of the two myosins during assembly.
Genetic and structural experiments demonstrate that paramyosin and the levels of expression of the two forms
are required for the differential assembly. Additional genetic experiments indicate that several other gene
products are involved in the assembly of myosin. Structural studies of mutants have uncovered two new
structures. A core structure separate from myosin and paramyosin appears to be an integral part of thick
filaments. Multifilament assemblages exhibit multiple nascent thick filament-like structures extending from
central paramyosin regions. Dominant mutants of myosin that disrupt thick filament assembly are located in
the ATP and actin binding sites of the heavy chain.

A model for a cycle of reactions in the assembly of myosin into thick filaments is presented. Specific reactions
of the two myosin isoforms, paramyosin, and core proteins with multifilament assemblages as possible inter-
mediates in assembly are proposed.

Index Entries: Myosin; assembly; genetics; Caenorhabditis elegans; thick filaments; muscle; myosin assembly.

Introduction

Myosin may be defined as an enzyme that
catalyzes the translational movement of bound
actin filaments (Warrick and Spudich, 1987).
Therearetwo general classes of myosin: asingle-
headed form that does not assemble into fila-
ments (Pollard and Korn, 1973) and the two-
headed form that assembles into some form of
filament (Huxley, 1963; Lowey et al., 1969). The
single-headed myosin has been localized to the
ruffling membranes of Acanthameba (Gadasiand
Korn, 1980) and to the microvilli of intestinal
mucosa (Conzelman and Mooseker, 1987;
Coluccio and Bretscher, 1987). Two-headed
myosin is required for cell division in the slime

mold Dictyostelium (Knecht and Loomis, 1987;
De Lozanne and Spudich, 1987) and is the clas-
sical motor and structural protein of contractile
assemblies in muscle (Huxley, 1969). This re-
view will deal with the problem of the assembly
of two-headed myosin into thick filaments of
striated muscles (Fig. 1A).

The model structure for myosin assembly has
been the thick filament of vertebrate skeletal
muscle (Huxley, 1963; Kensler and Stewart, 1983;
Davis, 1988). The myosin-containing length of
these filaments is 1.53 pm (Morimoto and
Harrington, 1973). The structures are bipolar.
The central bare zone contains myosin rods in-
teracting in antiparallel, whereas in the flanking
polar regions, the assembled myosin molecules
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Fig.1. A. Model of the myosin molecule. B. Model of the thick filament. Both the myosin and thick filament models are
based primarily on the structures of the vertebrate striated muscle species.

are in parallel (Fig. 1B). This configuration per-
mits contraction or movement of actin filaments
by the action of myosin heads towards the cen-
ter. The myosin-containing thick filaments and
theactin-containing thin filaments are organized
into regularalternating arrays thatappearas the
characteristic striations or bands.

Unresolved Problems
in Myosin Assembly

The first problem in myosin assembly con-
cerns the formation of the native myosin mole-
cule, a hexameric complex. Two polypeptides,
each of greater than 200 kilodaltons (kDa) mass,
associate and fold into two domains, the com-
plex globular head and the primarily o-helical
tail. The tails intertwine into a coiled-coil rod at
least 120 nm long (Lowey et al., 1969). Four
additional polypeptides of 17-23 kDa associate
with the two heads. Myosin molecules in vari-
ous mammalian muscles appear to be posttrans-
lationally modified. The amino terminals are

acetylated (Starr and Offer, 1973), and specific
lysines and histidines may be methylated
(Huszar and Elzinga, 1972; Huszar, 1972). Myo-
sins in various smooth muscle and nonmuscle
cellsarereversibly phosphorylated (Kuczmarski
and Spudich, 1980; Scholey et al., 1980). The
exact order of theseeventsand their physiological
significance are still unknown. Smooth muscle
myosin appears to assemble into “side-polar”
filaments by antiparallel packing along the en-
tire length in contrast to the behavior of striated
muscle myosin (Craig and Megerman, 1977,
Trybus and Lowey, 1987).

The myosin molecule interacts with a variety
of distinct proteins within the thick filament
(Table 1). In the thick filaments of vertebrate
skeletal muscle, the C, H, and X proteins are
localized to specificsites along the surface (Craig
and Offer, 1976) (Fig. 2). Indeed, particular
muscle fibers show any one of a number of
combinations of these associated proteins
(Bennett et al.,, 1986). The interactions of these
three proteins with the underlying myosin
molecules clearly indicates complex non-



Table 1
Proteins of Thick Filaments

Epstein

Polypeptide Where found Molecular mass
Myosin heavy chainII Al cells 220-230 kDa
Myosin light chain1  All cells 20-25 kDa
Myosin light chain 2 All cells 16-18 kDa
Paramyosin Nonvertebrate muscle 98 kDa
C protein Vertebrate striated muscle 140 kDa
H protein Vertebrate skeletal muscle 69 kDa
X Protein Vertebrate skeletal muscle 152 kDa
M band protein Vertebrate striated muscle

(probable nonvertebrate analogs) 165 kDa
Myomesin Vertebrate skeletal muscle 185 kDa
M-creatine kinase Vertebrate striated muscle 42 kDa
Adenylate deaminase Vertebrate skeletal muscle kDa
Twitchin Nematode body-wall muscle 665 kDa
Putative core proteins Nematode body-wall muscle Not known

Myomesin
M

Adenylate
Deaminase

Adenyiate
Deaminase

Fig. 2. Additional proteins of the vertebrate striated muscle thick filament.

equivalence of binding sites. M-creatine kinase
(Turner et al., 1973), M-band protein (Masaki
and Takaiti, 1974),and myomesin (Strehler etal,,
1980; Grove et al.,, 1985) bind to the central
region of the thick filament, whereas adenylate
deaminase binds to the filament ends (Cooper
and Trinick, 1984). The thick filaments of inver-
tebrate muscles from a broad phylogenetic
spectrum including nematodes (Waterston et
al., 1974), mollusks (Szent-Gyérgyi et al., 1971),
and insects (Bullard et al., 1973) contain para-
myosin, a coiled-coil dimeric protein homolo-
gous to the myosin rod (Cohen et al., 1987).
Paramyosin assembles into the backbone of the
filament and serves as a substrate for the more
peripherally placed myosin (Szent-Gyorgyi et
al., 1971; Epstein etal., 1985) (Fig. 3). In Dipteran
insect flight muscles, the paramyosin is a minor

component, and the thick filaments appear hol-
low. In the larger molluscan thick filaments,
paramyosin becomes the predominant protein
component. The mechanisms by which myosin
coassembles with these very different proteins
arenot understood. By definition, the formation
of thick filaments in muscle cannot be the result of
simple self-assembly of myosin; other proteins
are specifically interacting with the myosin.
Myosin and its associated proteins not only
assemble into thick filaments, but form muscle
cell-specific filaments of characteristic length
and diameter (Levine etal., 1976). Thelengths of
thick filaments in a given muscle can be mea-
sured precisely. In skeletal muscle, thick filaments
contain exactly 294 or 300 myosin molecules (49
or50repeats of 3myosins in 2directions) (Kensler
and Stewart, 1983). With the end assemblies of



Myosin Assembly

/Myosin A&B

Myosin Jp—

\ Core Proteins
‘/\\

Fig. 3. The substructural domains of invertebrate thick
filaments based primarily on work in the nematode C.
elegans. Hemifilaments from central to polar zones are
drawn. Reprinted from Epstein et al. (1988).
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adenylate deaminase, these filaments are 1.69
pum long (Cooperand Trinick, 1984). In contrast,
various invertebrate thick filaments average
between 2.8-40 pm in length. Two mechanistic
questions arise: What determines the precision
of length of thick filaments in a given muscle,
and whatunderliesthedifferencesinmeanlength
of thick filaments from different muscles? Al-
though careful biochemical experiments with
purified skeletal muscle myosin can produce
thick filaments of restricted length and ap-
proximate native dimensions (Morimoto and
Harrington, 1973; Chowrashi and Pepe, 1986)
(Fig. 4), there is no general agreement as to the
assembly mechanism active within cells (Davis,
1988). The polymerization of myosin in vitro
requires first the formation of dimers of myosin
molecules in parallel (Harrington et al., 1972).
Thesemyosindimers then packinanantiparallel
fashion to form the central bare zone (Reisler et
al., 1980). This bare zone assemblage has been
proposed as the nucleation complexabout which
further polymerization of myosin to form fila-
ments occurs (Niedermanand Peters, 1982). Self-
assembly, coassembly of myosin and nonmyo-
sin proteins as mutually regulating verniers
(Huxley, 1963), and a core molecular template
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Fig. 4. The lengths of native and synthetic thick fila-
ments. Native replotted from Morimoto and Harrington
(1973), and synthetic replotted from Chowrashi and Pepe
(1986). The mean lengths and standard deviations for
native filaments are 1.53 + 0.17 pm and for synthetic
filaments are 1.7 £ 0.3 um.
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Fig. 5. Scheme of alternative modes of assembly of
myosin in vertebrate striated muscles. Note that de novo
assembly would require a nucleation step in contrast to
exchange assembly.

(Epstein et al., 1985) have all been postulated as
determinants of thick filament length. It should
be noted that at least two distinct pathways and
mechanisms for myosin and other thick fila-
ments may exist. In this review, [am focusing on
de novo assembly of thick filaments. However, a
potentially distinct “exchange” assembly may
also be physiologically important (Saad et al.,
1987; Wenderoth and Eisenberg, 1987) (Fig. 5).
A mechanistic distinction between de novo and
exchange assembly is that the initiation of new
filaments would require the formation of nu-
cleation complex, whereas exchange between
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Fig. 6. Polarized light micrograph of an adult hermaphrodite nematode showing the predominant body-wall muscles.

existing filaments would not require a nuclea-
tion step.

The assembly and disassembly of thick fila-
ments in the skeletal muscles of higher verte-
brates are likely to be regulated in several ways.
During development, thyroxine and specific
innervation control the expression of stage-
specific myosin isoforms, and this differential
expression correlates with marked increases in
filament assembly and muscle growth (Whalen
et al., 1986). In homeostasis, myosin and other
muscle filament proteins serve as rapidly mobil-
izable sources of amino acids, which can then
serveas substrates for intermediary metabolism
in the liver (Goldberg and Chang, 1978). The
ketosis of starvation and diabetes is related to
this physiological function (Goldberg et al,,
1977). The ability of myosin to exchange be-
tween filamentous and monomeric states may
be critical to these regulated changes in assem-
bly (Saad et al., 1987; Bouché et al.,, 1988). The
synthesis of new myosins during growth and
development and the degradation of myosin in
starvationand diabetes strongly suggestthat the
coupling of synthesis with assembly and degra-
dation with disassembly are underlying mecha-
nisms of the regulatory phenomena.

The rest of this discussion will concern myo-
sin assembly in the nematode C. elegans and,
more specifically, the behavior of myosin in the
body-wall muscle cells of this organism. Recent
reviews concerning the assembly of myosin in
vertebrate muscle (Davis, 1988) and the mole-
cular genetics of myosin in several systems
(Emerson and Bernstein, 1987; Anderson, 1989)
provide complementary discussion of relevant
fields.

Thick Filament Proteins
of Caenorhabditis elegans

ThenematodeC. elegans (Fig. 6) produces four
isoforms of myosin heavy chain, each of whichis
the product of a unique gene (Miller et al., 1986)
(see Table 2). Two of these isoforms, the myo-3
product A chain and the unc-54 product B chain,
are expressed in the striated body-wall muscles
(Miller et al., 1983). The heavy chains appear to
self-associate to form homodimeric myosin
molecules by biochemical experiments (Schachat
etal., 1977) (Fig.7); no heterodimers are detected
immunochemically (Schachat et al., 1978). The
complete amino acid sequences have been de-
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Table 2
Expression of Thick Filament Proteins in Caenorhabditis elegans

Polypeptide Gene Muscle cell localization
Myosin heavy chain A Myo-3V Body wall, sex, anal
Myosin heavy chain B Unc-54 1 Body wall, sex, anal
Myosin heavy chainC  Myo-2 X Pharynx
Myosin heavy chainD  Myo-11 Pharynx
Twitchin Unc-22 IV Body wall
paramyosin Unc-151 All muscle cells
Putative core proteins ~ Notknown  Body wall

Fig. 7. Scheme of self-association of myosin heavy
chains A and B in C. elegans to produce homodomeric
myosin molecules.

rived from the DNA sequences of cloned genes
(Dibb et al., 1989).

In C. elegans, body-wall thick filaments,
paramyosin is a major component; indeed, it is
the most prominent protein on a molar basis
(Waterston et al., 1974; Mackenzie and Epstein,
1981; Epstein et al.,, 1988). The unc-15 gene en-
codes all paramyosins of C. elegans (Waterston et
al.,, 1977; Waterston and Brenner, 1978). Two
posttranslational modifications have been
demonstrated. The amino terminus is blocked,
and there is specific phosphorylation of two
serines (Schriefer and Waterston, 1989). The
complete amino acid sequence has been deter-
mined from DNA sequencing of the cloned gene
(Kagawa et al., 1989).

Two types of light chain are associated with
both myosin A and B (Harris and Epstein, 1977).
Genes for two light chains have been cloned and
sequenced (Cummins and Anderson, 1988), but
it is not known whether these code for the light
chains of the body-wall myosins.

Mutations that produce alterations or defi-
ciencies in myosin heavy chains A and B and
paramyosin have been defined (Epstein et al.,
1974, 1987; MacLeod et al., 1977a,b,1981; Harris
and Epstein, 1977; Waterston et al., 1977;
Anderson and Brenner, 1984; Bejsovec et al.,
1984; Dibb et al., 1985; Eide and Anderson, 1985;
Bejsovec and Anderson, 1990); in fact, C. elegans
was the first organism in which mutations af-
fecting these proteins were dis-covered (Fig. 8).
Several genes related to thick filament structure
and assembly have been identified by mutation.
Specific mutations affecting unc-54 myosin
heavy chain B, unc-15 paramyosin, myo-3 myo-
sin heavy chain A, unc-82 putative paramyosin
kinase, unc-22 twitchin, unc-45 putative myosin
B assembly factor, and unc-87 (unknown prod-
uct and function) have been identified
(Waterston et al., 1980; Zengel and Epstein,
1980a; Dibbetal., 1985). Lethal mutations in unc-
54, myo-3 , and unc-45 have been reported
(Waterston, 1988). Genetically altered proteins
produced in specific mutants of unc-54, unc-15,
and unc-22 have been studied. This variety of
mutations affecting thick filament-related genes
is the basis of experimental approaches to
understanding myosin assembly in C. elegans.
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Fig.8. Mutants affecting myosin heavy chain B. N2 is
wild-typein whichmyosinheavychains A and Bcomigrate
in 4.5% polyacrylamide-sodium dodecyl sulfate gels (A) as
verified by reaction with monoclonal antibodies specific to
the BN chain (B) and A chain (C). The unc-54 mutants E675
and E190 produce a truncated B chain and no B chain, re-
spectively, as verified by the specific antibody reaction (B).
Reprinted from Miller et al. (1983).

Thick Filament Structure
in C. elegans

The thick filaments in nematode body-wall
muscle (Fig. 9) are about 10.0 um long and taper
in diameter from 33.0 nm in the central zone to
14.0 nmin the terminal regions (Waterston etal.,,
1974; Epstein et al., 1985). Myosins A and B are
present in all of the thick filaments in body-wall
muscle cells of wild-type C. elegans (Mackenzie
et al., 1978a; Miller et al., 1983). Within each
thick filament the two myosins assemble into
distinct regions (see Fig. 10). The myosins were
localized by specific monoclonal antibodies
under stringent conditions of specificity
(Epstein et al., 1982b; Miller et al., 1983). The
localizations were performed by immunofluor-
escence of muscle A bands in whole nematode
mounts and by electron microscopy of isolated
thick filaments. By both methods, myosin A is
restricted to a 1.7-1.8 um central zone, whereas

Epstein

myosin E is present in the flanking polar zones.
Two small zones (~0.4 um each) at the junctions
of the central and polar regions contain both
myosins A and B. These localizations were the
first demonstration that specific myosin iso-
forms assemble differentially. Recent evidence
suggests that distinct myosins in cardiac and
skeletal muscle can also assemble differentially
(Wenderoth and Eisenberg, 1987; Taylor and
Bandman, 1989).

In the nematode, the thick filaments exhibit
other structural properties consistent with mo-
lecular differentiation requiring a sequence of
reactions in their assembly. Myosin B may be
solubilized stepwise from filament ends to-
wards the center by incubation with progres-
sively higher concentrations of KCI (Epstein et
al., 1985). Under intermediate conditions, the
paramyosin substratum is exposed. However,
the paramyosin, too, becomes solubilized be-
tween 0.35-0.45M KCl, pH 6.4, but a clear 15 nm
wide tubular structure remains (Fig. 11). We
have named this newly identified entity the
polar core structure. Since myosin and para-
myosin had been almost entirely solubilized
from these structures, it is likely that nonmyo-
sin proteins constitute the core structure.

In the central 1.0 pm zones of the salt-treated
filaments, myosin A remains. The native dia-
meter of the central zone is also preserved, about
32.0-33.0 nm. Here, the structure is electron
dense across the entire diameter by positive
staining and does not permit penetration of
uranyl acetate under negative staining condi-
tions. In contrast, the polar core structures ap-
pear hollow by positive staining and permit
penetration of uranyl acetate. Therefore, we
propose that the interior of the central zones is
composed of protein structures distinct from the
polar cores. Since most of the paramyosin had
been solubilized and because paramyosin-de-
ficient mutant filaments still exhibit wide di-
ameter, electron dense central zones, additional
protein components are likely to be required in
the center.
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Fig. 9. Thick filaments of C. elegans body-wall muscle. Electron microscopy of negatively stained filaments. Bar=1.0 um.
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Fig. 10. Localization of myosin isoforms in nematode body-wall muscle (A,B) represent immunofluorescence of body-
wall muscle labeled with antimyosin A and antimyosin B, respectively. Baris 5 um. (C,D) represent electron microscopy
of negatively stained complexes of antimyosin A and antimyosin B with isolated thick filaments, respectively. Baris 0.5 um.
(E) is a schematic diagram of the distribution of myosins A and B in an individual thick filament based on observations in
(A-D). Adapted from Miller et al. (1983).
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Fig. 11. Dissociation of nematode thick filaments to re-
veal substructural domains. A. Native filament exhibiting
myosin heads. B. Partially dissociated filaments revealing
paramyosin substructure. C. Further dissociated filament
exhibiting polar core structures. Baris(0.1 um.

There is one additional set of observations
relevant to thick filament structure. Similar to
thetapering from the central zones to the ends of
the filaments, the electron density of the cores
changes along the lengths. These phenomena
are observed in cross-sections of positively
stained nematode muscles. The central zones
arehighly electrondense and most polarregions
are hollow, but the regions in between show
intermediate levels of density in the cores of the
filaments. One explanation is that a macro-
molecular structure in the centermost space of
the filament is changing properties or that the

Epstein

Myosin A
Central Internal Components
Polar Core Template

‘ Nucleation

‘ Polar Core Protein

NEMATODE THICK FILAMENT ASSEMBLY
Body wall muscles, Caenorhabditis elegans

Fig. 12. Linear sequence of assembly reactions. Re-
printed from Epstein et al. {1985). This sequence is based
primarily upon dissociation experiments. The central and
polar core components and the length-determining tem-
plate are hypothetical.

numbers of its constituent molecules diminish
along the length of each half of the filament.
The existence of three coaxial domains with-
in nematode thick filaments, myosin, paramyo-
sin, and core structures, and the differentiation
of the myosin domains into myosin A-con-
taining central and myosin B-containing polar
zones strongly suggest that a sequence of reac-
tions takes place during assembly. Different
proteins would necessarily interact with specific
intermediates in assembly. Figure 12 shows a
scheme for such a sequence of reactions
(Epstein et al., 1985; Epstein, 1986). In this mod-
el, the components of the bipolar central zone,
myosin A and central core components, and a
polar core template that determines overall
filament length may be related to the changing
core density and contribute to a nucleation
center (). The polar core structure (II) would be
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formed by polymerization of its protein compo-
nents about the polar core template. Para-
myosin, the unc-15 gene product, assembles
onto the polar core structure (III). Myosin B then
interacts with paramyosin to form the com-
pleted thick filament (IV). This model is based
primarily upon the known facts about the final
structure of nematode thick filaments, experi-
ments on the dissociation of the filament, and
previous considerations of myosin assembly
(Huxley, 1963; Harris and Epstein, 1977; Davis,
1988). The model emphasizes the role of stoi-
chiometric components and the sequence of
their addition. The control of the initiation and
overall rate of assembly, potential coupling to
the biosynthesis of components, and the regu-
lation of the polymerization of individual
components at specific steps are not explicitly
addressed. Morerecent studies of mutants have
indicated that important modifications of this
linear sequential model may be necessary.

Structural Analysis of Myosin
and Paramyosin

The small size of its genome, about 8 x 107
basepairs of DNA (Sulston and Brenner, 1974;
Coulson et al., 1986), and the availability of de-
letions and transposable elements to mark
functional genes (Moerman et al., 1986) have
permitted rapid cloning and detailed molecular
analysis in C. elegans. For these reasons, the first
complete amino acid sequence of a myosin
heavy chain was derived from molecular clon-
ing and DNA sequencing of the unc-54 gene
(Karn et al., 1982; McLachlan and Karn, 1983).
More recently, the complete primary sequences
of all four sarcomeric heavy chains (Dibb et al.,
1989) and of paramyosin (Kagawa et al., 1989)
have been similarly obtained. These results
have been compared with available sequences
of vertebrate skeletal and smooth muscle heavy
chains, unicellular eukaryotic myosin heavy
chains, and schistosome paramyosin. I will fo-
cus upon the detailed analysis of the unc-54
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myosin heavy chain B, myo-3 myosin heavy
chain A, and unc-15 paramyosin derived amino
acid sequences (McLachlan and Karn, 1983;
Dibb et al., 1989; Kagawa et al., 1989).

It must be emphasized that the theoretical
analyses of rod structure in these proteins in
terms of a-helical repeats within single poly-
peptides, coiled-coils of a-helices within the
dimeric protein rods, and interactions between
coiled-coils within the thick filament are based
primarily on one-dimensional comparisons
between polypeptide chains. The physical
relations tested are principally short-range
residue-to-residue pairings for either attractive
or repulsive electrostatic interactions between
charged amino acid side chains and nonpolar
interactions between hydrophobic amino acid
side chains. Most experimental structural data
relevant to two- or three-dimensional analysis
are relatively low resolution. Since no high-
resolution three-dimensional data presently ex-
ist for the coiled-coil structures of myosin or
paramyosin rods, the heuristic insights of Karn,
McLachlan, and their colleagues provide us
with our best available picture.

The derived amino acid sequences of myosin
heavy chains A and B show identities of 603 /850
amino acids in the head (71.28%) and of
684/1117 amino acids in the rod (61.23%).
Paramyosin is homologous to residues 267-
1089 of myosin heavy chain B. The heavy chains
possess a nonhelical tailpieces at their C termi-
nals that show the multiple serines typical of
nonmuscle myosins (Karnetal., 1985; Dibbetal,,
1989). Paramyosin has nonhelical regions at
both the N and C terminals. Residues 1-24 of
paramyosin possess seven serines, two of which
are phosphorylated in C. elegans (Schreifer and
Waterston, 1989). The N terminals of all these
proteins are blocked.

The derived amino acid sequences of all three
body-wall thick filament proteins are consistent
with long rod-like domains of coiled-coils of a-
helices. The o-helical regions demonstrate a re-
peat of nonpolar amino acids leading to long
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stretches of hydrophobic seams along the
coiled-coils. There is a longer, 28 amino acid
repeat of charged amino acids. The interaction
between myosin rods in parallel occurs opti-
mally at a stagger of 96 residues, whereas para-
myosin molecules interact optimally in parallel
at a 493 amino acid stagger. These predicted
staggers correspond to distances of 14.55 nm for
myosin and 72.0 nm for paramyosin, assuming
a rise per residue of 0.148 nm. These distances
agree with experimental data. The well-known
14.3-14.5 nm repeat of myosin cross-bridges is
determined by X-ray diffraction of muscle fibers
and electron microscopy of isolated thick fila-
ments, and the 72.0 nm repeat in paracrystals is
observed by electron microscopy (Huxley, 1969;
Cohen et al., 1971). Both myosin and paramyo-
sin also interact with each other in parallel, at
optimal staggers of -98 and -298 amino acids.
The latter stagger would have the amino end of
paramyosin near the myosin head.

The rods must also interact in antiparallel in
the same zone of the thick filament. The opti-
mum situation (Fig. 13) is myosin to paramyo-
sin, parallel 296 amino acid stagger, paramyosin
to paramyosin antiparallel 1-593 amino acid
stagger, and paramyosin to myosin, parallel 296
amino acid stagger. In this scheme, the antipar-
allelmyosinstagger would be 0. This prediction
agrees with the morphological features of bi-
polar myosin aggregates (Harris and Epstein,
1977).

The limitation of these theoretical considera-
tions is that no prediction can be made as to
whether myosin A or B would preferentially
pack in antiparallel within the thick filament
center. Kagawa etal. (1989) have analyzed both
the myosin-myosin and myosin—paramyosin
interactions for each myosin isoform. Their
considerations concern interactions of single
molecules of myosin and myosin or myosin and
paramyosin. Experimental studies of myosin
polymerization in vitro have shown that dimers
of myosin molecules in parallel are the species
that polymerizes (Harrington et al., 1972).

Epstein
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Fig. 13. Interactions of myosin and paramyosin mole-
cules in the structural bare zone of nematode body-wall
thick filaments. Adapted from Kagawa et al. (1989). The
structures are the results of calculations based upon amino
acid sequences that, in turn, are predicted from DNA
sequences of cloned genetic material. The dark structures
are myosin rods and heads (amino terminus). The white
structures are paramyosin rods (arrow end is amino ter-
minus). The segments are 14.5 nm long repeating units in
therod. Shorter helical repeats exist between rod and head
in myosin. The vertical black lines are “skip” residues that
do not fit the seven amino acid (heptad) repeat of a-helices
28 amino acid repeat within a-helices.

Therefore, it is the interaction of dimers to
dimers that may be the proper focus of modeling
isoform specificity. As discussed above, only
myosin A is present in the central zone of nema-
tode body-wall thick filaments (Miller et al.,
1983). The diameters and cross-sectional den-
sities of thick filaments in the central bipolar
zone are similar in wild-type and paramyosin-
deficient mutant strains (Epstein et al., 1986).
These observations suggest the possibility that
paramyosin is not present in the central zones.

Genetic Alterations
of Myosin Assembly

Mutations that disrupt thick filament assem-
bly and organization in C. elegans have been
found in genes encoding the myosin heavy
chains, paramyosin, and functions that interact
with the myosins or paramyosin. These genetic
results have been particularly useful in outlin-
ing the properties of myosin and related pro-
teins in assembly. An early finding of signifi-
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cance is that overall sarcomere organization and
function are not required for the assembly of
individual filament structures. In general,
nematode mutants that produce fewer thick fila-
ments and abnormal thick filament-related
structures have mutations in one of the three
classes of genes mentioned above.

Mutants Affecting Myosin

Mutants of the unc-54 I locus were critical in
demonstrating that this gene encodes myosin
heavy chain B (Epstein et al., 1974; MacLeod et
al., 1981; Miller et al., 1986). Waterston (1988)
outlines four classes of unc-54 mutant alleles—
null recessives, lethal semidominants, weakly
dominants, and missense recessives. The first
three classes produce various defects in assem-
bly, whereas the recessive missense mutants
vary from nearly normal function to stiff, slowly
moving animals of normal size with near normal
to fully wild-type morphology. The primary
defects are amino acid substitutions in the
myosin head regions that may affect thesites for
ATP hydrolysis, actin binding, or mechano-
chemical transduction between the two sites.

The null recessives are a large class of unc-54
mutations whose defects are clearly observed in
homozygous animals. The primary defectis ab-
sence of myosin heavy chain B owing to either
nonsense mutations leading to premature ter-
mination, e.g., e1214 (Waterston and Brenner,
1978), internal deletions producing either out-
of-frame reading, e.g., e190 (Dibb et al., 1985), or
deletions of the entire gene, e.g., eDf10 (Ander-
son and Brenner, 1984). The A bands of the
body-wall muscles are severely disorganized
and decreased numbers of thick filaments are
detected in these mutants (Epstein et al., 1974;
MacLeod et al., 1977b). However, thick fila-
ments of normal size and morphology may be
isolated from unc-54 null mutants (Mackenzie
and Epstein, 1980; Epstein et al., 1986; Epstein,
1986). In these myosin Bdeficient mutants, myo-
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sin A is localized along the entire length of the
thick filament by labeling with antibodies spe-
cific to myosin A whereas no specific anti-
myosin B antibody reacts.

The class of semidominant alleles is charac-
terized by slow-moving, muscle-defective
heterozygotes, and severely paralyzed or em-
bryonic lethal homozygotes (MacLeod et al.,
1977b; Dibbetal., 1985). Theel152 alleleshowed
no reduction of myosin heavy chain B, but re-
duced numbers of thick filament and myofila-
ment disorder. However, greater numbers of
these mutants have been more recently studied;
the most severe alleles, such as r342, accumulate
less than 2% of normal heavy chain B (Bejsovec
and Anderson, 1988). The morphology of the
severe mutants has been studied as heterozygo-
tes with wild-type and null alleles of unc-54.
When unc-54 is represented only by dominant
mutant heavy chain B, very few thick filaments
are formed (Fig. 14).

The primary defect of e1152 is the substitution
of a gly-lys pair of amino acids by arg-met near
the head-rod junction of myosin heavy chain B
(Dibb et al., 1985). Recent experiments by
Bejsovec and Anderson (1990) show that most
semidominant mutations are owing to missense
substitutions in the head of the myosin mole-
cule. Surprisingly, the major sites for these
mutations are the putative ATP and actin bind-
ing sites. These important observations raise the
possibility that actin-myosin-ATP cycling may
be necessary for filament assembly. The domi-
nance of myosin B mutations may imply not
only an inability of the affected isoform to as-
semble properly, but an interference of the mu-
tant myosin B with the assembly of the normal
myosin A in the same muscle cell (Bejsovec and
Anderson, 1988).

The class of weakly dominant alleles has two
members, 675 and s291. These homozygous
mutants show near paralysis and a fine twitch.
Reduced numbers of thick filaments, severe A
band disorganization, and significant numbers
of “large diameter {ilaments” are observed
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unc-54(0)

Fig. 14. Mutants of myosin heavy chain B. Electron micrographs of cross-sectional nematode body-wall muscle cells. A.
The heterozygote of a dominant unc-54 allele and a deletion overlapping wht unc-54 gene (null). B. Homozygote of a null
unc-54 allele that produces no myosin heavy chain B. The effect of the dominant mutation in disrupting thick filaments in
(A) is greater than the effect of a complete absence of myosin B. The thick filaments in (B) are composed of myosin A only.
The dominant mutation is in the globular head of myosin, yet interferes with the assembly of rods not only of its own myosin
molecule, but of the normal myosin A molecules. Reprinted from Bejsovec and Anderson (1988). Bar is 0.5 pm.

(Waterston,1988). The heterozygotes show more
moderate disorganization and slow movement.

The primary defect in both alleles isa deletion
within the gene that preserves the reading frame
so that a truncated polypeptide chain is pro-
duced. The shortened B myosin heavy chain
produced by e675 provided the first clue that
unc-54 encodes that polypeptide (Epstein et al.,
1974). The absent polypeptide sequenceis in the
rod portion of the myosin molecule (MacLeod et
al., 1977a; Dibb et al., 1985).

The gene encoding myosin heavy chain A is de-
noted myo-3. It was identified by molecular
cloning, sequencing, and expression of partial
polypeptide sequences in bacteria (Miller et al.,
1986). The specific monoclonal antibodies to myo-
sin heavy chain A reacted only with myo-3 ex-
pression clones. Myo-3 was localized to chromo-
some V by in situ hybridization (Albertson, 1985).

Recently, lethal alleles of myo-3 have been
isolated (Waterston, 1989). Little or no move-

ment of body-wall muscles takes place. No
myosin heavy chain A is detected. Very few, if
any, normal thick filaments are observed by
electron microscopy. Instead, structures of
variable diameter that exhibit axial striations
along their length are observed as well as thin
filaments. These “large diameter filaments” ap-
pear similar to the multifilament assemblages of
unc-15 and unc-82 mutants (see below). Duplica-
tions of myo-3 have been studied as suppressors
of unc-54 null alleles (myosin heavy chain B) and
of unc-15 missense alleles (paramyosin) (Riddle
and Brenner, 1978; Miller and Maruyama, 1986).
The primary effect of these duplications is a
twofold increase in myosin A levels (Waterston
etal., 1982; Otsuka 1986). Increased numbers of
thick filaments are produced in unc-54 (0) sup-3
homozygotes compared to unc-54 (0) mutants.
The e1407 allele in a wild-type background pro-
duces thick filaments in which myosin A is
localized to a central zone of 3.6 pmin length by
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electron microscopy of specific antibody com-
plexes (Epstein et al,, 1986). In contrast, wild-
type has a central myosin A zone 1.75 pm long
(Miller et al., 1983).

Similar spreading of myosin A is observed
in thick filaments from wunc-52 mutants
(Epstein et al., 1986; Epstein, 1986). In the e444
and e664 alleles, myosin heavy chain B syn-
thesis is decreased up to twofold (Zengel and
Epstein, 1980b). The mechanism of unc-52
effects is unknown. Concomitant with this de-
creased myosin B synthesis and myosin A
spreading is anoverall decreaseinmyofilament
number (Mackenzie et al., 1978b). These results
suggest that the levels of myosin heavy
chains A and B produced by protein synthe-
sis may be coupled to their differential as-
sembly properties and to the rate of thick fila-
ment assembly.

Mutants Affecting Paramyosin

Mutants of the unc-15 locus have been im-
portant in identifying paramyosin as the most
likely gene product (Waterston et al., 1977;
Waterston and Brenner, 1978). Two types of
mutant alleles are noted—presumptive null al-
leles and missense alleles. The null allele, e12/4,
fails to accumulate detectable paramyosin
caused by premature polypeptide chain termi-
nation. Missense alleles, for example ¢73, pro-
duce relatively normal levels of paramyosin.
The assembly of thick filaments is severely im-
paired in both kinds of mutants, providing for-
mal evidence that paramyosin is required for
normal myosin assembly in C. elegans.

The e1214 allele produces thick filament-like
structures with central myosin-containing zones
about 1.5-2.0 pm long and polar hollow struc-
tures about 15 nm wide (Epstein et al., 1986). The
polar structures appear to be very fragile, lead-
ing to many free bipolar myosin zones, hollow
structures in isolated preparations (Mackenzie
and Epstein, 1980), and possibly to collections of
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hollow structures in the muscles in vivo (Water-
ston et al., 1977). Within these myosin zones,
both myosins A and B appear coextensive by
antibody labeling (Epstein et al., 1986) (Fig. 14).
Careful examination of the labeling of e1214
filaments indicates that both myosins A and B
can pack antiparallel in the structural bare zone
as well as in parallel in more polar regions (Fig.
14). Further, the presence of paramyosin ap-
pearstoaffectnot only overallmyosinassembly,
but the specific assembly of the two isoforms to
different locations.

The presumptive missense alleles that syn-
thesize paramyosin, such as 73, produce a va-
riety of thick filament-related structures. These
include both filaments similar to wild-type and
structures like those in null alleles. Most strik-
ing, however, are the “multifilament assem-
blages” (Epstein et al., 1987). These structures
were originally detected in electron micro-
graphs of 73 muscle sections by their clear
striations, which are similar to the periodicities
within paracrystals of paramyosin (Waterston
etal.,, 1977). However, when isolated, it is clear
that thick, filament-like structures emanate
from the central paracrystalline region (Fig. 15).
Myosin B is localized to these short protruding
filaments, whereas myosin Amay beabsent orat
the junctions between the paracrystalline and
filament structures. The exact number of polar
filaments and the size of the assemblages vary
considerably. Assemblages may be 3-20 pm
long; they may have 1-10 filaments extend from
either one or both poles.

Mutant effects of the e73 and similar unc-15
alleles are markedly suppressed by sup-3 alleles,
such as e1407. The number of thick filaments
increases and the number of abnormal struc-
tures, including multifilament assemblages, de-
creases (I. Ortiz and H. F. Epstein, unpublished
results). These results indicate that increased
levels of myosin A lead to increased assembly
of the mutant paramyosin and the myosins. In-
terestingly, sup-3 alleles havelittle or no effect on
paramyosin null alleles, such as e1214.
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Fig. 15. Multifilament assemblage. Electron microscopy of negatively stained multifilament assemblage isolated from
a semidominant myosin mutant. Note multiple myosin-containing filaments emanating from a single paramyosin-

containing paracrystalline structure. Baris 0.5 um.

Mutants Affecting Other
Assembly Functions

Mutants in several additional genes have ef-
fects upon thick filament assembly. These ef-
fects appear to be specific to either the unc-54
product myosin heavy chain B or to the unc-15
product paramyosin. The assembly functions
encoded by theseadditional genes may beeither
additional protein components of the thick fila-
ments, enzymes that catalyze modifications of
myosin or paramyosin, or as yet unspecified
activities required for the properassembly of the
major proteins.

The unc-22 IV gene has many alleles, all of
which exhibit a characteristic twitch within the
muscle cells. Different mutant alleles vary con-
siderably in their effects on muscle movement
and structure, ranging from 105, which has
normal movement and structure, to s32, which
is paralyzed and has disorganized A bands
(Waterston, 1988). Genetic experiments in
which unc-54 alleles affecting myosin B heads
suppressed the twitch of unc-22 alleles provided
the first clue for the potential interaction of the
gene products (Moerman et al., 1982). Portions
of the unc-22 gene were cloned by tagging with
the transposable element Tcl (Moerman et al.,
1986). A 60,000 dalton unc-22-encoded pol-
ypeptide was expressed as part of a fusion pro-
tein with B-galactosidase. Antiserums to the

protein chimera were developed, and a specific
anti-unc-22 antibody was prepared by immuno-
absorption against B-galactosidase (Moerman et
al., 1988). The antibody reacts with a protein of
about 500600 kDa inimmunoblots of nematode
homogenates and labels the A bands of wild-
type body-wall muscles ina pattern very similar
to that of anti-myosin B (Miller et al., 1983).
Therefore, functional genetic and immunologi-
cal localization experiments suggest that the
unc-22-encoded protein interacts and possibly
coassembles with unc-54-encoded myosin
heavy chain B. Specific unc-22 mutants can dis-
rupt thick and thin filament organization. Large
regions of the unc-22-encoded protein twitchin
have now been sequenced. The protein has a
mass of greater than 665 kDa and shows se-
quence homology in one motif to myosin light
chain kinase and in another motif to the immu-
noglobulin superfamily (Benian et al., 1989).
The unc45 Il gene is unusual for C. elegans in
having several temperature-sensitive alleles
(Epstein and Thomson, 1974; Zengel and Ep-
stein, 1980a). Lethal alleles have been recently
found (Waterston, 1988). At the restrictive tem-
perature, 25°C, 286 shows reduced numbers of
thick filaments and disorganized A bands. Re-
cent unpublished work reviewed in Waterston
(1988) suggests that the unc-45-encoded product
interacts with myosin B during assembly.
Double homozygotes of unc-54 (0)/unc-45 (ts)
are less paralyzed and show more organized
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myofibrillar structure than the parent unc-54 (0)
or unc45 (ts) strains. The triple homozygote
strain sup-3 (e1407)/unc-54 (0)/unc45 (ts) shows
nearly wild-type myofibrillar organization and
assembly of myosin A by immunofluorescence
microscopy using specific antimyosin A mono-
clonalantibody. Inunc-45 (ts) mutants orin unc-
45 (ts/sup-3 double homozygotes, myosin B is
not assembled into the same structures as myo-
sin A, nor is myosin B assembly improved by
sup-3. The conclusion from all of these results is
that wild-type unc45 activity appears to be re-
quired for normal myosin B assembly; mutant
unc-45 does not affect myosin A assembly.

The unc-82 IV locus includes a set of mutant
alleles whose phenotypes resemble less severe
versions of unc-15 missensealleles (Waterston et
al.,, 1980). The most prominent aspect of the
mutant phenotype is the occurrence of multifil-
ament assemblages. The properties of these
structures overlap those of unc-15 (e73). The
structures on the whole are smaller than the
corresponding unc-15 assemblages (Epstein
etal., 1987). Double homozygotes of unc-15
(e73)[unc-82 (e1323) show suppression of the se-
vere paralysis of unc-15; the null unc-15 (e1214)/
unc-82 (e1220) shows the unc-15 phenotype;
e1214 and e1323 double homozygotes are lethal
(Waterston et al., 1980). Recent biochemical
work has shown that the phosphorylation of the
unc-15-encoded paramyosin is deficient in the
unc-82 mutant (Schreifer and Waterston, 1989).
This result suggests that unc-82 is related to a
protein kinase, possibly a paramyosin-specific
enzyme. The missense mutant paramyosins of
unc-15 alleles may interact differently with the
underphosphorylated N-terminal regions of
neighboring paramyosin molecules.

Isolation of revertants of unc-15 (€73) includes
intragenic revertants, suggesting interallelic
complementation between paramyosin mole-
cules sup-3 V alleles and the m210 allele of sup-
19 (Brown and Riddle, 1985). The suppressed
strain, unc-15 (e73)sup-3(e1407) was mutagen-
ized to yield mutations interfering with sup-
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pression. Two recessive mutations of sus-1 III
block the suppression. The increase of myosin A
owing to sup-3 is maintained in the presence of
mutant sus-1. The sus-1 mutant alleles do not
interfere with the effects of sup-3 on unc-54
myosin B mutants. The sup-19 and unc-82 alleles
do not suppress unc-54 mutant alleles. There-
fore, the effects of sus-1, sup-19, and unc-82 ap-
pear to be specific to the mutant paramyosins
of unc-15missensealleles. The suggestionis that
all three genes encode products that either
modify or interact with paramyosin prior to
its assembly.

Expression of Myosin
and Paramyosin

Myosin heavy chains A and B and paramyo-
sin are synthesized in the 95 body-wall muscle
cells, for alimentary tract cells, and 16 repro-
ductive muscle cells of the adult hermaphrodite
of C. elegans (Ardizzi and Epstein, 1987). The
ratios of A and B chains synthesized and accu-
mulated during the larval stages (L1-L4)
through early adulthood do not change signifi-
cantly, although the amount of myosin in each
nematode increases about 40-fold (Garcea et al.,
1978; Epstein et al., 1982a).

Reexamination of the expression of the myo-
sin forms and paramyosin has been performed
using monoclonal antibodies specific to each
polypeptide and genomic sequences specific
to the corresponding mRNAs (Honda and
Epstein, 1990). Homogenates of L2 and L4
nematodes, developed from a synchronous
population of eggs (Garcea et al., 1978; Zengel
and Epstein,1980b; Gossett et al., 1982), were
electrophoresed on 3.0-7.5% polyacrylamide-
sodium dodecyl sulfate gels, blotted in nitro-
cellulose, and reacted with antimyosin A,
antimyosin B, and antiparamyosin monoclonal
antibodies (Epstein et al., 1982b; Miller et al.,
1983; Ardizzi and Epstein, 1987) (Fig. 16). The
paramyosin reactivity served as an internal
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Fig.16. Expression of thick filament proteins in C. elegans. Specific monoclonal antibodies to myosin heavy chains A and
B and paramyosin were reacted with nitrocellulose blots of polyacrylamide-SDS electrophoretograms, homogenates of L1
and L4 larvae, with paramyosin as an internal standard. The ratios of myosin heavy chains Band A were determined to be

between 1.7-2.4:1. Reprinted from Honda and Epstein (1990).

standard for comparison of the myosin isoform
reactivities that were assumed equal on a molar
basis. The ratios of heavy chains A and B were
1:1.7 and 1:2.4. for L2 and L4, respectively. The
weight ratio of myosin to paramyosin has been
determined in homogenates (Waterston et al.,
1974) and at several steps in the purification of
thick filaments (Epstein et al., 1988) to be 1:1.5.
Therefore, the molar ratios of paramyosin (unc-
15), myosin heavy chain B (unc-54), and myosin
heavy chain A (myo-3) are 4:1.7:1and 5.1:2.4:1 for
L2 and L4, respectively. If one averages the
larval data, the overall molar stoichiometry of
polypeptides would be 4.5:2.0:1. The overall
weight ratio of 1.5:1 paramyosin:myosinand the

measured lengths of wild-type nematode body-
wall thick filaments, 10 pum (Mackenzie and
Epstein, 1980,1981), is consistent with analo-
gous comparisons of muscles from a variety of
invertebrate phyla (Levine et al, 1976). The
molar stoichiometries of the two myosin
isoforms are also consistent with their assembly
along different lengths of the surface domain of
a tapering filament and of paramyosin in the
interior structures of the same filament (Miller et
al., 1983; Epstein et al., 1985).

The relative levels of the mRNAs for the thick
filament genesaremarkedly different thanthe pro-
tein stoichiometry. RNA antisense copies (ribo-
probes) of short genomic DNA sequences specific
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Fig. 17. Expression of thick filament mRNAs. Ribo-
probes specific to unc-54, myo-3, and unc-15 were hybri-
dized to dot blots of total RNA from L2 and L4 larvae. The
ratios of unc-54 and myo-3 mRNAs determined by this
method were about 27-50:1. Reprinted from Honda and
Epstein (1990).

to each of the three genes were synthesized with
[o-*P}-CTP. The specificities were verified by
Northern blots of electrophoretically separated
total RN As. Dot blots showed that unc-54 (myosin
B) and unc-15 (paramyosin) mRNAs were within
twofold of each other, but myo-3 (myosin A)
mRNA was as much as 50-fold lower (Fig. 17).
The expression at the protein and mRNA levels
appears, therefore, to be markedly discoordinate.
Althoughmyosin heavy chain A istwo- to fourfold
lower than the other major thick filament proteins,
the mRNA required for its synthesis is severely
limiting. Presumably, the translation or trans-
latability of these mRN As must be differentially
regulated to permit the observed stoichiometry
of polypeptide synthesis and assembly. Bio-
chemical and genetic data suggest that myosin
accumulation and assembly in C. elegans are coor-
dinate and coupled (Epstein et al., 1982a, 1986).
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In other assembly systems, including bac-
teriophage proteins (Geisselsoder et al., 1978;
Showe and Onarato, 1978), acetylcholine recep-
tor subunits (Merlie and Lindstrom, 1983;
Kordeli et al., 1989), sodium pump subunits
(Taormino et al., 1989), and sarcoplasmic reticu-
lum proteins (Jorgenson et al., 1979), mRINA or
nascent protein and the final stoichiometry of
assembly also appear discoordinate. Some com-
mon phenomenon in the control of expressionin
terms of specific coupling between synthesis
and assembly may be present in these examples.
Alternatively, the ratio of actual concentrations
required for the proteins to assemble in terms of
required rates or extents may be different from
their assembled stoichiometries. These two me-
chanisms are not mutually exclusive.

Assembly Pathway for Myosin

Multiple features of thick filament structure,
genetic perturbation of muscle organization in
mutants, and the patterns of specific mRNA and
isoform synthesis indicate that a complex path-
way of reactions coupled with the regulated
synthesis of component proteins must take
place in the assembly of thick filaments in the
nematode C. elegans. Two models have been
proposed: A sequential pathway based on a
specific nucleation center for the assembly of
each filament (Epstein et al., 1985; Epstein, 1986);
and a cyclic pathway in which a regenerating
assemblage produces multiple filaments
(Epstein, 1988a,b) (Fig. 18).

In the linear sequential model (Fig. 12), myo-
sin A,a polar coretemplate, and proteins specific
to the core structure of the central zone of the
thick filament are required for formation of the
nucleation center (I). Myosin A is implicated in
the nucleation step because of its position in the
central bipolar region, which appears to be the
nucleation center in myosin polymerization
(Davis, 1988), and because of its apparent limit-
ing activity upon thick filament number de-
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Fig. 18. Scheme of thick filament assembly cycle. The
multifilament assemblage produces thick filaments and
regenerates centers for nucleation of nascent thick filament
structures. Myosin A availability is rate-limiting to this
cycle.

duced from the genetic data. Further, thecentral
zoneand myosin A are the least soluble compo-
nents by salt treatment. The polar core template
is the postulated length-determining molecule
of the polar filament structures. The template
mechanism is hypothesized because it is the
only length determination mechanism in a bio-
logical system for which there is direct evidence
(Katsura, 1987). The central core proteins are pro-
posed because the diameter of the central zone is
maintained even in the genetic absence of para-
myosin, and intact myosin molecules could not
pack to fill its 32-33 nm diameter (Wray, 1979).

Polar core proteins polymerize about the tem-
plate (I) to form the observed core structure.
Candidate proteins for the core structures have
been identified (Epstein et al., 1988), but direct evi-
dence for their localization to the core structure by
specific antibodies and characterization of their
native structure has not yet been accomplished.

Paramyosin, the unc-15 gene product, modi-
fied by the action of unc-82-mediated phospho-
rylation and possibly the action of sus-1 and sup-
19 gene products, polymerizes about the core
structure (II). It should be noted that paramyo-
sin is the most abundant protein on a mole basis
in C. elegans body-wall thick filaments as in
many other invertebrate systems. This fact em-
phasizes the specialization inherent in myosin
assemblies.
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The final step is the polymerization of myosin
B. The myosin B heavy chains, products of unc-
54, require the activity of unc-22 and unc45 gene
products for their proper assembly. Clearly,
myosin A, the myo-3 product, can substitute for
myosin B in this last step; however, it does not
require unc-22 or unc-45 activity to do this. Per-
haps, as yet unknown analogous functions are
required for myo-3 assembly.

In the linear model, myosin A synthesis
would be rate-limiting in thick filament assembly
because of its role in the initial nucleation step.
The cyclic model is hypothesized chiefly upon
two sets of observations—the properties of multi-
filament assemblages and the ability of myosin
A to participate in what appear to be both initial
and terminal steps in thick filament assembly of
C.elegans. The multifilament assemblages of wild-
type and mutants exhibit structural properties
unprecedented from studies of purified myosin
and paramyosin. The generation of two or more
thick filaments from a single filament-like struc-
ture is not observed in any of the structural poly-
morphisms of purified myosin, paramyosin, or
their combination (Harris and Epstein, 1977).

Different levels of myosin A influence the ex-
tent of thick filament assembly. Decreased
availability of myosin A in unc-54 (0) alleles
leads to decreased numbers of thick filaments,
and increased total myosin A in sup-3 strains
leads to increased thick filament numbers in
both unc-54 null and missense mutants. All of
these results are consistent with a role of myosin
A in filament initiation. The expanded central
zones containing myosin A in sup-3 and unc-52
strains suggest that myosin A can assemble in
locations usually specific to myosin B depen-
dent upon the relative levels of myosin A to B.
Myosin A also appears to participate in the ter-
minal steps of assembly.

Preliminary in vitro experiments suggest that
solutions containing multifilament assemblages
exhibit increased numbers of thick filaments
upon incubation; solutions containing only
thick filaments do not show suchincreases (K. C.
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Lerner, G. C. Berliner, and H. F. Epstein, unpub-
lished experiments). The appearance of “large or
variable diameter filaments” in specific unc-54 (K.
C. Lemner, . Ortiz, and H. F. Epstein, unpub-
lished results) and lethal myo-3 mutants
(Waterston, 1989) suggests that the blocks of
thick filament assembly owing to absence of
myosin A oralteration of myosin B may alsolead
to accumulation of multifilament assemblages.
“Large diameter filaments” have also been ob-
served in specific myosin heavy chain mutants
of Drosophila (O’Donnell and Bernstein, 1988).

The cyclic model contains the reactions of the
linear models, but differs in two critical aspects.
Myosin A interacts with the multifilament assem-
blage to generate thick filaments and to reactivate
the assemblage to enter another cycle of assembly
reactions. Inbothmodels, myosin A synthesisand
accumulation would be critical kinetically. The
potential significance of actin filaments and their
ATP-mediated interaction with myosin during
thick filament assembly has been indicated by
the recent molecular genetic experiments of
Bejsovec and Anderson (1990).

Summary

The nematode muscle field has matured to
where experiments can be designed to establish
detailed mechanisms operating in physiological
assembly. Such experiments will be based on
the genetic, biochemical, and structural obser-
vations outlined. This body of work has clearly
demonstrated that myosin assembly into thick
filaments results from a complex sequence of
reactions involving multiple gene products in-
cluding component proteins and noncomponent
assembly functions.
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