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Abstract. The Caenorhabditis elegans unc-45 locus has
been proposed to encode a protein machine for myosin
assembly. The UNC-45 protein is predicted to contain
an NH,-terminal domain with three tetratricopeptide
repeat motifs, a unique central region, and a COOH-
terminal domain homologous to CRO1 and She4p.
CROL1 and Shedp are fungal proteins required for the
segregation of other molecules in budding, endocytosis,
and septation. Three mutations that lead to tempera-
ture-sensitive (ts) alleles have been localized to con-
served residues within the CRO1/She4p-like domain,
and two lethal alleles were found to result from stop
codon mutations in the central region that would pre-
vent translation of the COOH-terminal domain. Elec-
tron microscopy shows that thick filament accumula-
tion in vivo is decreased by ~50% in the CB286 ts

mutant grown at the restrictive temperature. The thick
filaments that assemble have abnormal structure. Im-
munofluorescence and immunoelectron microscopy
show that myosins A and B are scrambled, in contrast
to their assembly into distinct regions at the permissive
temperature and in wild type. This abnormal structure
correlates with the high degree of instability of the fila-
ments in vitro as reflected by their extremely low yields
and shortened lengths upon isolation. These results im-
plicate the UNC-45 CRO1/She4p-like region in the as-
sembly of myosin isoforms in C. elegans and suggest a
possible common mechanism for the function of this
UCS (UNC-45/CRO1/Shedp) protein family.
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within cells is a critical process in the establishment

of cell polarity and cellular differentiation. Al-
though the mechanisms and molecules responsible for
these processes are incompletely known, considerable evi-
dence points towards the cytoskeleton and its associated
motor proteins as key players in the generation of cellular
diversity. Studies seeking to understand the mechanisms
underlying the differential segregation of determinants be-
tween mother and daughter cells in Saccharomyces cerevi-
siae discovered the protein Shedp (SwiSp-dependent HO
expression; Jansen et al., 1996). Shedp and other SHE
proteins, including the unconventional (class V) myosin
Myodp (Shelp), are specifically required for the expres-
sion of the HO endonuclease in mother, but not daughter,
cells. It has been hypothesized that these proteins are in-
volved in the transport of the repressor Ashlp from
mother cells to their buds, and thus help to establish a cel-
lular difference in cells that are exposed to identical envi-
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ronmental conditions. She4p was independently found in a
genetic screen seeking mutants with defects in endocytosis
(Wendland et al., 1996). Beside their defect in the internal-
ization of both bulk lipid and a-factor, she4-A cells dis-
played a loss of polarity of actin localization. CRO1, a pro-
tein homologous to She4p was found to be involved in the
transition between the syncytial and cellular states of the
filamentous fungus Podospora anserina (Berteaux-Lecel-
lier et al., 1998).

We report here that mutations in a domain homologous
to CRO1/Shedp in the Caenorhabditis elegans protein
UNC-45 disrupt myosin assembly in the thick filaments of
body wall muscle cells. The structure of C. elegans thick
filaments is known in considerable detail through the com-
bination of genetic, biochemical and ultrastructural ap-
proaches. The thick filaments are bipolar tubular assem-
blies. They contain an inner core composed of paramyosin
and the recently identified filagenins (Epstein et al., 1995;
Liu et al., 1998). The outer layer contains two myosin iso-
forms, A and B, which are differentially localized along
the length of the filament (Miller et al., 1983). Myosin A is
restricted to a central 1.8-pm-long region, whereas myosin
B is present at the 4.4-um polar regions, but excluded
from the central region. Two 0.45-pm zones contain both
isoforms at either side of the central region.
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The unc-45 gene has been proposed to encode an activ-
ity necessary for the assembly of myosin into thick fila-
ments (Epstein and Thomson, 1974). Three kinds of al-
leles have been described, based on their phenotypes:
temperature sensitive (ts)!, constitutive lethal (let), and
maternally rescuable lethal (mr; Epstein and Thomson,
1974; Venolia and Waterston, 1990). Strains carrying ts al-
leles display an Unc (uncoordinated or paralyzed) pheno-
type when grown at the restrictive temperature (25°C),
with marked myofibrillar disorganization and diminished
accumulation of thick filaments. This temperature-depen-
dent phenotype is reversible, but only during the develop-
mental stages of the organism. Larvae that hatch at the
permissive temperature (15°C) have a wild-type pheno-
type, but develop into Unc adults if switched to 25°C. The
converse is also true. However, once the worms have
reached adulthood, switching temperature has no effect on
the phenotype. Heterozygous strains carrying lethal alleles
lead to F; arrest at the twofold stage of embryonic devel-
opment, a stage at which loss-of-function mutants in other
essential genes that affect myofibril development also
cause arrest (Barstead and Waterston, 1991; Williams and
Waterston, 1994), including the mhc A gene myo-3 (Wa-
terston, 1989). Heterozygous strains carrying the mr allele
lead to viable, but Unc, F; progeny. These worms, in turn,
produce F, eggs that arrest at the twofold stage. Func-
tional interactions of unc-45 with myosins A and B have
been described, based on the suppression or enhancement
of the different unc-45 phenotypes in strains carrying mu-
tations in the genes of these body wall mhc isoforms (Wa-
terston, 1988; Venolia and Waterston, 1990).

Our analysis of the predicted unc-45 sequence and the
characterization of its genetic alterations demonstrate that
the CRO1/She4p-like domain of UNC-45 is the primary
target of the different types of mutations studied. Our
studies on the in vivo accumulation of thick filaments and
body wall mhc isoform content demonstrate that the num-
ber of thick filaments and myosin heavy chain (mhc) B
content in strain CB286 grown at 25°C is decreased with
respect to its 15°C counterpart. We have investigated the
nature of the molecular alterations in filaments isolated
from the 25°C strain and show that these consist of myosin
isoform scrambling. Here we report that these mutant fila-
ments are highly unstable in vitro, as evidenced by their
significant decrease in length and number after isolation.
These results are consistent with UNC-45 playing a role as
a myosin assemblase (Liu et al., 1997) in the construction
of body wall thick filaments.

Materials and Methods

Nematode Growth

Nematode strains to be used for obtaining genomic DNA to serve as tem-
plate for PCR were grown on nematode growth medium plates with

1. Abbreviations used in this paper: CCM, chemical cleavage of mis-
matches; Fy, first generation; F,, second generation; GS, goat serum; IB,
isolation buffer; let, constitutive lethal; mhc, myosin heavy chain; mr, ma-
ternally rescuable lethal; TBST, Tris buffered saline + Tween 20; TPR,
tetratricopeptide repeat; ts, temperature sensitive; Unc, uncoordinated.
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Escherichia coli OP50 (Brenner, 1974) at 15°C (unc-45 ts alleles €286,
r450, su2002, b131, and m94), 20°C (wild-type strain N2), or 25°C (unc-45
lethal alleles st601 and st603). For analysis of muscle structure, SDS-
PAGE and isolation of thick filaments, CB286 nematodes were synchro-
nized by seeding eggs obtained by standard methods (Lewis and Fleming,
1995) on peptone enriched plates with Escherichia coli NA22 (Schachat et
al., 1978) and grown at 15°C (permissive temperature) or 25°C (restrictive
temperature). The nematodes were harvested after 72 h of growth at 15°C
or 48 h of growth at 25°C, times that corresponded to similar stages of de-
velopment (young adult).

Sequence Analysis

The predicted unc-45 sequence was obtained from the C. elegans Genome
Sequencing Project (The Sanger Centre, Hinxton Hall, Cambridge, UK,
and the Washington University School of Medicine, St. Louis, MO). The
similarity searches and multiple sequence alignments were performed
over the World Wide Web with the Baylor College of Medicine Search
Launcher (Smith et al., 1996). The predicted UNC-45 tetratricopeptide re-
peat (TPR) sequence was modeled to the three-dimensional structure of
the human protein phosphatase 5 TPR domain (Das et al., 1998) using the
SWISS-MODEL program (Guex and Peitsch, 1997).

cDNA Sequencing

A partial cDNA clone, yk44f2, starting from nucleotide number 820 and
ending at the polyadenylation site, was obtained from Dr. Yuji Kohara
(Gene Network Laboratory, National Institute of Genetics, Mishima,
Japan). The 5’ end of the unc-45 gene was obtained by screening a stage-
specific phage lambda library of embryonic cDNAs obtained from Dr. Pe-
ter Okkema (University of Illinois, Chicago, IL). Two primers were con-
structed: (a) Upstream primer Unc45GstUp 5S'GAA GAT CTC CCA
TGG TTG CTC GAG TAC AGA CTG CGG AGG3' and (b) down-
stream primer Unc45-2Ddn 5'CCG TCC TCG AAG ATC TTC GTA
CTC AGC3'. Primer Unc45GstUp contained the C. elegans Genome Se-
quencing Project predicted unc-45 start codon and a unique BglII restric-
tion endonuclease recognition site. Primer Unc45-2Ddn was designed to
hybridize within the sequence covered by clone yk44f2. A unique Clal site
was present in the overlapping sequences. Long range PCR, using Taq Ex-
tender PCR Additive (Stratagene, La Jolla, CA) and Tag DNA Poly-
merase (Promega Corp., Madison, WI), was performed with an aliquot of
the Okemma library as template. The expected 1.8-kbp product was ob-
tained and digested with BglII and Clal. Clone yk44f2 was digested with
Clal and a full-length unc-45 cDNA was obtained by joining these two
fragments at the Clal site. Exo 3 DNA exonuclease progressive deletion
clones were obtained, following the Erase-a-Base protocol (Promega
Corp.), and sequenced by the Molecular Genetics Core Facility of the
University of Texas Houston Health Sciences Center (Houston, TX). Fur-
ther PCR experiments searching for translation start sites upstream of the
predicted start site, using primers (a) Unc45Exup 5'TGC CCC ATG
GAG ATC TAT GAA ACG GCG ACT CGG CAA C3' and (b)
Unc45Exdn 5'CCC TCG TCG CGG ATC TCC TCC GC3’ did not yield
any PCR products.

Chemical Cleavage of Mismatches

Genomic DNA to serve as template for PCR was obtained from each
strain by phenol/chloroform extraction followed by ethanol precipitation
using disposable materials only, essentially as described (Sambrook et al.,
1989). The following pairs of primers were used to amplify every exon
from each strain: (a) exons 1, 2, and 3: SetlA, 5’GTC TGC GCT TCA
CACTCT CTA ACA CG3'; Setl1B, 5'"CAG TTT CGG GAG GTT GGG
TCT GC3'; (b) exons 4 and 5: Set2A, 5'GCA GAC CCA AGA TTT TCT
CAC3'; Set2B, 5'"CGA ATG GAA CAA GTG CGC CCT GG3'; (c) exon
6: Set3A,5'GCT ACA ACG AGA AAA CC3'; Set3B, 5'CCG ATT TCC
TTG TTC CGT AC3’; (d) exon 7: Set4dA, 5'CAG ACG CGG CGA TAT
GTC TGC3'; SetdB, 5'"CCA TTC TTT TCA GCA TGC CCC3'; (e) exon
8: Set5A,5'"CAC ACCTCT CTA TTA GAA GGA CG3'; Set5B, 5'GCA
GAC CCA TGA ACT GAC AAT CAC TC3'; (f) exon 9: Set6A, 5'CGG
CAA TTT TCA TTC CTA CGT G3’; Set6B, 5S'GCT CTC CAC TCG
ATA CTT GTT CGC3’; (g) exon 10: Set7A, 5'GGT GTG CGT CTG
CAA AAA CG3'; Set7B, 5’GGC GCT TGT GTT GTG AGT CTA
TC3'; (h) exon 11: Set8A, 5'CGG AAC AAC TGG ACA TCC C3';
Set8B, 5'CGA AAC TTT GAA GCC ACG TGG3'. Chemical cleavage
of mismatch (CCM) reactions were carried out as described (Cotton et al.,
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1988), screening every PCR product from each strain. In brief, wild-type
PCR product was labeled with polynucleotide kinase (Boehringer Mann-
heim Corp., Indianapolis, IN) and allowed to form a heteroduplex with
the corresponding unlabeled PCR product from the mutant being
screened. The heteroduplex was subjected to hydroxylamine (2.3 M for
2 h at 37°C) or osmium tetroxide (0.025% + 3% pyridine for 1 h at 37°C)
modification, followed by piperidine cleavage (10% for 30 min at 90°C).
The reactions were separated on an 8% denaturing polyacrylamide gel
and autoradiographed. PCR products that showed cleavage products were
sequenced by the Molecular Genetics Core Facility of the University of
Texas Houston Health Sciences Center (Houston, TX).

Electron Microscopy of Nematode Cross Sections

CB286 nematodes grown at 15 or 25°C were washed off the plates with
3% glutaraldehyde in 0.1 M sodium phosphate (pH 7.4) and fixed for 3-4 h
at 0°C. The rest of the procedure was carried as described (Mackenzie, et al.,
1978).

Immunoblots

Equivalent amounts of similarly staged CB286 worms grown at 15 or 25°C
were placed in SDS-B-mercaptoethanol buffer (Garcea et al., 1978),
heated at 95°C for 5 min and vortexed. The samples were then centrifuged
at 16,000 g for 5 min and the supernatants collected and kept at 0°C. The
supernatants were run on 4.5% SDS-PAGE (Mini-Protean II system; Bio-
Rad Laboratories, Hercules, CA; 100 V for 100 min) and transferred
(Mini Trans-Blot system; Bio-Rad, Laboratories; 100 V for 120 min) to an
Immobilon-NC membrane (Millipore Corporation, Bedford, MA). The
membrane was blocked with 3% BSA in Tris-buffered saline + Tween 20
buffer (TBST: 50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6)
for 1 h at room temperature and reacted simultaneously with isoform spe-
cific mAbs 5-23 (Epstein et al., 1985; anti-paramyosin, at 5 pg/ml in 3%
BSA-TBST) and 28.2 (anti-mhc B, at 5 wg/ml in 3% BSA-TBST) for 1 h at
room temperature. The reactions were detected using the ECL Western
blotting analysis system (Amersham, Little Chalfont, Buckinghamshire,
UK), using a 1:10,000 dilution of the provided peroxidase-labeled anti-
mouse antibody, according to the manufacturer’s instructions. The mem-
brane was exposed for 30 s. The bands were quantitated using a Bio-Rad
model 620 videodensitometer (Bio-Rad Laboratories). A second SDS-
PAGE was performed, loading corrected volumes of supernatants in or-
der to obtain equivalent optical densities for the bands corresponding to
the anti-paramyosin reaction. The above procedure was followed for the
preparation of the second membrane, with the addition of an antibody
stripping step (1 h at 70°C in 100 mM B-mercaptoethanol, 2% SDS, 62.5 mM
Tris-HCI, pH 6.7) followed by simultaneous reaction with monoclonal an-
tibodies 5-23 (at 5 pg/ml in 3% BSA-TBST) and 5-6 (anti-mhc A at 2 pg/ml
in 3% BSA-TBST; Miller et al., 1983), followed by detection and quantita-
tion using the above procedure.

For analysis of protein from nematodes homogenized with Triton
X-100, samples from the first tritonized fraction of the thick filament iso-
lation procedure were used (Deitiker and Epstein, 1993). For analysis of
soluble myosin heavy chain or paramyosin, samples were taken from the
supernatants after centrifugation of the first tritonized fraction. Equal
amounts of total protein, measured by the Bradford method (Bradford,
1976; Bio-Rad Laboratories), were separated on a 4.5% SDS-PAGE and
the above procedure followed for detection of mhc A, mhc B, and
paramyosin.

Thick Filament Isolation

The thick filament isolation procedure was carried out as described previ-
ously (Deitiker and Epstein, 1993). Two volumes of O.C.T. (Miles,
Ekhart, IN) were added to each volume of nematodes and mixed. The
samples were then stored in liquid nitrogen. 3-ml equivalent aliquots from
the CB286 strain grown at 15 or 25°C were processed in parallel, using the
same freshly prepared solutions and incubation times. Storage conditions
of isolated filaments before immunofluorescence or immunoelectron mi-
croscopy were identical: 0°C for a maximum of 24 h.

Immunofluorescence Microscopy of Isolated Filaments

Thick filament enriched fractions in isolation buffer (IB: 80 mM KCl, 10 mM
MgCl,, 1.0 mM EDTA, 5.2 mM K,HPO,, 1.5 mM KH,PO,, 5 mM ATP,
0.5 M sucrose, and 1 pg/ml of the following protease inhibitors: chymosta-
tin, pepstatin, leupeptin, trypsin inhibitor, N-benzoyl-L-arginine ethyl
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ester and p-toluidinyl sulfonyl-L-arginine methyl ester, pH 6.33-6.42) from
the CB286 strain grown at 15 or 25°C were processed simultaneously.
They were placed on precleaned (0.5 M KOH, 50% ethanol) microscope
slides and incubated at room temperature for 5 min, washed once with IB
and then blocked by incubation with 50% goat serum (GS) in IB for 1 h at
room temperature in a humidification chamber. They were washed once
with IB (10 min). For analysis of myosin isoform distribution, they were
double-labeled with rhodamine-conjugated mAb 5-6 (specific for mhe A)
and fluorescein-conjugated mAb 5-8 (specific for mhc B; Miller et al.,
1983) at 2 and 5 pg/ml, respectively, in 10% GS-IB for 2 h at 37°C in a hu-
midification chamber. For analysis of paramyosin distribution, they were
labeled with rhodamine-conjugated mAb 5-23 (specific for paramyosin) in
10% GS-IB for 2 h at 37°C in a humidification chamber. They were then
washed three times with IB (10 min each), mounted in p-phenylenedi-
amine solution (1 mg/ml in 90% glycerol/PBS [0.01 M PO,, pH 7.4in 0.15M
NacCl], pH adjusted to 8.0 with 0.5 M carbonate-bicarbonate buffer, pH
9.0), and sealed with nail polish. Immunofluorescence microscopy was car-
ried out on a Zeiss Photomicroscope III (Carl Zeiss, Thornwood, NY).
Fluorochrome emission was visualized individually, and in combination
through a 61002 DAPI/FITC/Texas red filter set (Carl Zeiss) and cap-
tured on Fujifilm Provia 1600 ASA film (color micrographs) or Kodak
TMAX p3200 film (black and white micrographs).

Immunoelectron Microscopy of Isolated Filaments

Filament enriched fractions from CB286 strains grown at 15 or 25°C were
processed simultaneously. They were placed on glow-discharged FORM-
VAR carbon-coated copper grids (Ted Pella Inc., Redding, CA), incu-
bated for 2 min at room temperature and washed with IB. They were then
reacted with the primary mAb 5-6 (specific for mhc A, at 2 pg/mlin IB) or
28.2 (specific for mhc B, at 10 pg/ml in IB) and incubated for 10 min at
room temperature in a humidification chamber. They were then washed
with IB once and the secondary antibody (goat anti-mouse IgG at 20 p.g/ml
in IB) was applied and incubated for 10 min at room temperature in a hu-
midification chamber. They were then washed with 0.1 M ammonium ace-
tate, negatively stained by incubation with 2% uranyl acetate (in water)
for 15 s and blotted to dryness. Electron microscopy was carried out on a
JEOL JEM 100CX microscope (JEOL; Tokyo, Japan) at 20,000 magnifi-
cation.

Results

The UNC-45 Protein Is Predicted to Contain Three
Distinct Regions

The unc-45 gene was identified by phenotypic rescue ex-
periments (ACeDB, The Genome Informatics Group, Ac-
cession: clone W10B10, D. Pilgrim, University of Alberta,
Edmonton, Alberta, Canada) and is predicted to contain
11 exons (C. elegans Genome Sequencing Project, The
Sanger Centre, Hinxton Hall, Cambridge, UK and the
Washington University School of Medicine, St. Louis,
MO; data available from GenBank/EMBL/DDBJ under
accession number U29096). The predicted exon structure
of the gene was verified by sequencing two partial cDNAs:
clone yk44f2, which spans from part of exon 6 (starting at
nucleotide 812) to the polyadenylation site, and a PCR
product of exons 1 to 6. The full-length cDNA encodes a
961-amino acid residue protein. We searched the Gen-
Bank Database (National Center for Biotechnology Infor-
mation) using the basic local alignment search tool (Alt-
schul et al., 1990) with the predicted protein sequence as
query to identify proteins with regions of similarity that
might offer clues about the potential structure and mecha-
nism of action of UNC-45.

The NH,-terminal region contains three TPR motifs
(Hirano et al., 1990; Sikorski et al., 1990; Goebl and
Yanagida, 1991; Fig. 1). These motifs are present in a wide
variety of proteins in tandem arrays, their number ranging
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from 3 to 16. Each motif is composed of two antiparallel
a-helices (Fig. 1, A and B, boxes), and adjacent motifs
pack in an antiparallel fashion with respect to each other,
so that they form a continuous a-helical array that serves
as a protein—protein interaction module (Das et al., 1998).
They are characterized by a canonical sequence pattern of
small and large hydrophobic residues, which allows the
a-helices to pack tightly to form the array, and share rather
loose primary sequence similarity. Fig. 1 shows a multiple
sequence alignment of UNC-45 with four other sequences
from proteins that contain TPR domains composed of
three motifs. The consensus pattern of small and large hy-
drophobic amino acids is indicated: arrows point to posi-
tions 8, 20, and 27 of each motif, occupied by small hydro-
phobic amino acids and asterisks point to positions 1, 4, 11,
12, 17, 21 24, 28, and 30, which typically contain large hy-
drophobic residues. As can be observed, each TPR motif
of UNC-4S5 fits this consensus pattern, except for positions
21 of motif No. 1; 1, 10, and 21 of motif No. 2; and 10 and
11 of motif No. 3. (which account for only 16% of the posi-
tions in the consensus, in a pattern similar to the protein
hTOM). The UNC-45 TPR domain is as similar (47%) to
the TPR domain of hPP5 as human protein TPR domains
are among themselves (e.g., TPR domains of hPP5 and
hTOM are 43% similar). A five—amino acid residue inser-
tion (DKALR) between TPR motifs 1 and 2 of UNC-45 is
predicted to form a loop between the two adjoining a-heli-
ces (SwissModel program; Guex and Peitsch, 1997) and

TPR Maotif No. 1

UNC-45 8 [

hPP5 20
hTOM 9
mPPP 17

ySTH 5

UNGC-45 47 |P

hPP5 54
hTOM 51
mPPP 51
ySTIH 40
UNC-45 81
hPP5 88
hTOM 85
mPPP 85
ySTH 74 |SiLR

Figure 1. Multiple sequence alignments on which the UNC-45
TPR domain designation is based. The UNC-45 NH,-terminal se-
quence is aligned with four other TPR-containing sequences.
Identical residues have a black background; residues closely simi-
lar in charge or polarity, a gray one. Boxes A and B represent the
anti-parallel a-helices of each motif. Consensus positions are in-
dicated by arrows (small hydrophobic amino acid residues) and
asterisks (large hydrophobic amino acid residues). Proteins listed
are hPP5, human protein phosphatase 5 (U25174); hTOM, hu-
man putative outer mitochondrial membrane 34-kD translocase
(U58970); mPPP, Mus musculus phosphoprotein phosphatase
(U12204); ySTI1, Saccharomyces cerevisiae heat shock protein 1
(M28486).
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may provide specificity for interaction with partner pro-
teins.

The COOH-terminal half of the molecule (amino acid
residues 524 to 927, CRO1/Shedp-like domain, Fig. 2)
shows similarity to a region that spans roughly the COOH-
terminal three-fifths of the fungal proteins CRO1 and
Shedp, which function in the differential segregation of
molecules in distinct cellular processes. Our analysis of
previously published pairwise alignments of these two pro-
teins (Berteaux-Lecellier et al., 1998) showed that the
region that is similar to UNC-45 (amino acid residues 270-
678 of CRO1 and 336-773 of Shedp, region 2) actually dis-
plays a better alignment than their NH,-terminal two fifths
(region 1). The identity for both regions is the same
(20%), but region 2 has fewer gaps (8 vs. 12 in region 1),
and these are much shorter (24 spaces present in gaps in
region 2 vs. 121 in region 1), in spite of the fact that region
2 is considerably longer (three-fifths of the molecule). Our
analysis of these sequences (Fig. 2) showed that region 2 of
CROL1 is more similar to the CRO1/She4p-like domain of
UNC-45 than to region 2 of Shedp (25 vs. 20% identical;
36.2 vs. 31.5% similar). Region 2 of She4p is 18% identical
and 28% similar to the UNC-45 CRO1/Shedp-like do-
main. Several observations make our multiple sequence
analysis result robust, even though the identity and simi-
larity values of the pairwise comparisons by themselves
may not appear highly significant. First, the presence of
only 84 gap spaces within a total of 1,249 amino acid resi-
due positions in the entire alignment is very low. The re-
currence of regions of similarity in the three proteins sug-
gests that this event is not due to chance (Altschul and

UNC-45 524 .wxs- cxm ‘I‘EKI ..... sﬂmnmm(. Ls

CRO1 270 SHEDNGETRMBMEDH. . ... .. IEI{ Gmugs :P >sLs

Shedp 335 Impx:snv AUKLI:.EEP E ILAYLS LAV KRS

UNC-45 569 D LAQGKEG . AFEKPKVE

315 KRJEK T K ALD ERY ppaspm RYRP . IET

She4p L} SNESPTEII TM:[EGQK MTH Lp]l:sncssqs D

UNC-45 613 AQF‘ HVPET nTI . (vn £

CRO1  3e2 | u\ KLQQVD! HED qu

Shedp 434 epbmxvnmxgsnnm pm»: uLRTE- sr: REMHN
AEYEDIETER THA

UNC-45 880 351.1. Et EASG
CRO1 408 AnSu IST STPEP RGQ' #AVE IAR LPET, p| n

Shedp 484 PICKQOV VIV ‘INITRSKN‘I’IFI TIILE YMANKQDIGEPI
H IE Lsmmbc | i E(mn{ﬂ
p:[pqs I RO
-, xxvs PRSTP jpn
P B ¥11|SLLa§L TNLAS#D 11 PRI
508 ss0cssas TF| SL LTHNLAS iS5 IR
561 DEQIKLTDNERzA LALTNLA SET m,:wc | VYWSTI
UNC-45 787 nHEn]R L FFEKFYEETVAP . TORLKIM r,nrvn
CRO1 546 M. swm AENRVK D
She4p 631 ENVP:!QRST z MSH FHLE SLRNFNII QLS
UNC-45 834 RL.S[ ILTEDENR JIMDELSW Knmnn TABTOR
CRO1 594 PK.TY '; LA rna\.r\n VMGLERG! LGLC m R
Shedp 681 VESQy Imn:n IPLIDKELL TKQELY MQVF 3
UNC-45 881 GIAf mu sm(Lcsmvsa INQBRM::-.TB
CRO1 641 YA VIR y ......... RGKLVE EALMECAK
Shedp 731 [ JELFFGLFBVIP .pueT ENQ NMSLKRDD

Figure 2. Multiple sequence alignments on which the UNC-45
CRO1/Shedp-like domain designation is based. The UNC-45
COOH-terminal half is aligned with region 2 (see text) of the two
related proteins CRO1 (Y16261), from Podospora anserina, and
Shedp (X93598), from Saccharomyces cerevisiae. Identical resi-
dues have a black background; residues closely similar in charge
or polarity, a gray one. Asterisks indicate positions where muta-
tions were found.

UNC-45 707
CRO1 459
Shedp 534
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Table I. Sequence Alterations of unc-45 Alleles

Amino acid
Allele* Detected by* Nucleotide substitution substitution
st603 (let) HA C628T R210STOP
st601 (let) HA GI1005A W335STOP
b131 (ts) HA G1280A G427E
su2002 (ts) OT T1676C L5598
m94 (ts) HA G2341A E781K
r450 (ts) HA G2341A E781K
€286 (ts) HA C2464T L822F

*let, Lethal allele; ts, temperature sensitive allele.
#HA, hydroxylamine modification; OT, osmium tetroxide modification.

Lipman, 1990). Also, as shown below, this alignment is
most consistent with our mutational analysis. The above
observations allow us to propose that in these three pro-
teins, the sequences shown in Fig. 2 form a domain that is
separate from the rest of the molecule.

A region of 409 amino acid residues located between the
TPR and CRO1/She4p-like domains of UNC-45 displays
no significant similarity to any known protein. We have
termed this region the central region of UNC-45.

The results of our sequence analysis suggest that the
UNC-45 protein may contain three structurally different
and possibly functionally distinct regions: TPR, central,
and CRO1/She4p-like.

Different Phenotypic Classes of unc-45
Alleles Result from Mutations Localized to Distinct
Predicted Regions

We decided to characterize the mutations responsible for
the different types of unc-45 alleles in order to identify re-
gions of the molecule that might be critical for its wild-
type function. The CCM method was chosen to locate
these mutations because it provided an effective alterna-
tive to direct sequencing of each allele, considering the
size of the unc-45 gene (11 kbp without the promoter re-
gion). CCM allows efficient screening of multiple alleles
simultaneously, in a stepwise manner (Cotton et al., 1988).
Once a mutation was located in a particular allele, the seg-
ment where the mutation resided was sequenced.

After screening all exons for every allele, the following
segments showed chemical cleavage: (a) following hydrox-
ylamine treatment: exon 6 (alleles 51603 and st601), exon 7
(allele b131), exon 9 (alleles m94 and r450), and exon 10
(allele e286); (b) following osmium tetroxide treatment:
exon 8 (allele su2002). The procedure was repeated, to dis-
card random mutations introduced by PCR, and these
products were then sequenced. A single nucleotide substi-
tution was found in each case (see Table I). All mutations
were in agreement with (a) their predicted location in the
PCR product according to the observed size of the cleav-
age product and (b) the type of substitution detected by
each reaction: G/C to N for hydroxylamine and A/T to N
for osmium tetroxide. Alleles m94 and r450 were found to
contain identical nucleotide substitutions, which abolished
an EcoRI recognition site. The identity of this mutation
was further confirmed by the inability of this enzyme to di-
gest exon 9 PCR products amplified from genomic DNA
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of both strains newly ordered from the Caenorhabditis
Genetics Center (University of Minnesota, St. Paul, MN),
and its ability to digest exon 9 PCR products amplified
from N2 and e286 genomic DNA.

Analysis of the location of these mutations with respect
to the predicted structure of the molecule (Figs. 2 and 8;
Table I) showed that distinct types of alleles are located in
particular regions of the molecule. Three of the four s mu-
tations (su2002, m94 = r450, and e286) were located in the
CRO1/Shedp-like domain. They were caused by missense
substitutions in codons that encode residues conserved in
the three proteins. A fourth ¢s allele (b137) was found in
the central region, 97 codons upstream of the CRO1/
Shedp-like domain. The mutations responsible for the let
alleles were substitutions that produced stop codons and
thereby led to premature chain termination. In these
cases, the CRO1/Shedp-like domain could not be ex-
pressed. The results of our mutation analysis provide fur-
ther evidence of the genomic sequence as that of the unc-
45 locus and confirm the validity of the predicted reading
frame.

Accumulation of Thick Filaments and mhc B,
but Not mhc A, Is Decreased in the CB286 Strain
Grown at 25°C

Previous work shows myofibrillar disorganization in the s
strain CB286 grown at the restrictive temperature (Ep-
stein and Thomson, 1974). This sarcomeric defect is simi-
lar to the one observed in the mhc B null strain (Epstein
et al., 1974) and is consistent with impaired assembly of
thick filaments. To quantify the accumulation of thick fila-
ments in this strain at either the permissive or the restric-
tive temperature, we compared equivalent anatomical
zones (region II, which lies immediately posterior to the
pharynx; Mackenzie et al., 1978). We counted the number
of structures with diameters compatible with thick fila-
ments in electron micrographs of transverse sections
through the body wall muscles (Fig. 3). As can be ob-
served, the strain grown at 15°C contained sarcomeres in-
distinguishable from wild-type (Fig. 3 a). However, the
strain grown at 25°C produced disorganized myofibrillar
structures such that individual sarcomeres could not be
clearly delineated (Fig. 3 b). Therefore, the counts were
performed on areas of equivalent dimensions, which cor-
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Figure 3. Thick filament accumulation in strain CB286 at 15 vs.
25°C. Electron micrographs of region II cross sections (Macken-
zie et al., 1978) from nematodes grown at 15° (a) or 25°C (b). Bar,
0.5 mm.

1219



responded to that occupied by a wild-type sarcomere. The
15°C sections had an average count of 359 filaments (val-
ues ranging from 331 to 395) and the 25°C had an average
count of 197 filaments (values ranging from 117 to 270).
Although the decrease in filament number in the strain
grown at the restrictive temperature is clear (average of
45%), there is a greater variability from section to section.
Several factors may contribute to this finding. The fila-
ments may not all be aligned in the same orientation, or
there may be populations of significantly shorter fila-
ments. Both situations would lead to some micrographs
showing considerably low filament counts, even though
their actual number in the nematode may not be so de-
creased.

Since the phenotype described above is similar to the
mhc B null, we decided to analyze the total accumulation
of body wall mhc isoforms by immunoblotting. Total pro-
tein homogenates from populations of CB286 nematodes
grown at the restrictive or permissive temperatures simi-
larly staged (young adult) were transferred to a nitrocellu-
lose membrane and probed with mhc isoform-specific
mAbs (Fig. 4). First, the membrane was reacted with a
mixture of mAbs 28.2 (anti-mhc B) and 5-23 (anti-paramy-
osin), and the reactions detected via chemiluminescence
(Fig. 4 b). Then, the same membrane was stripped and re-
acted with mAbs 5-6 (anti-mhc A) and 5-23 (anti-paramy-
osin) and the reactions again detected by chemilumines-
cence (Fig. 4 a). The optical density of the reactions
corresponding to paramyosin is very similar for both lanes
in both experiments (Fig. 4 a: CB286 at 15°C = 0.164,
CB286 at 25°C = 0.188; Fig. 4 b: CB286 at 15°C = 0.125,
CB286 at 25°C = 0.141). These values confirm equal
protein loading in both lanes and serve as an internal con-
trol for the comparisons of the accumulation of the mhc
isoforms. The optical density of the reactions correspond-
ing to mhc A was similar in both lanes (Fig. 4 a: CB286
at 15°C = 0.571, CB286 at 25°C = 0.633). However, the
optical density of the reaction corresponding to mhc B in
the 25°C CB286 sample was reduced by ~50% when com-
pared with the sample from the 15°C strain: CB286 at 15°C =
0.609; CB286 at 25°C = 0.305 (Fig. 4 b). An independent
experiment using samples of nematodes homogenized
with the detergent Triton X-100 was in agreement with

15" 25°

Figure 4. mhc and paramyo-
sin accumulation in strain
CB286 at 15 vs. 25°C. Immu-
noblot of mhe A (a) and mhc
B (b) content using paramyo-
sin (pm) as an internal con-
trol. The same membrane
was used in both experiments.
The black (75°C) and white
(25°C) bars represent the OD
readings from the corre-
sponding bands shown.
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Figure 5. Immunofluorescence microscopy of myosin isoform
distribution in strain CB286. Thick filaments isolated from nema-
todes grown at 15° (a—) or 25°C (d-f) were reacted simulta-
neously with rhodamine-conjugated mAb 5-6 (specific for mhc
A) and fluorescein-conjugated mAb 5-8 (specific for mhc B). (a
and d) Rhodamine emission; (b and e) fluorescein emission; (c
and f) simultaneous emission of both fluorochromes. Bar, 5 pm.

these results. It also showed us that none of the mhc iso-
forms or paramyosin were present as soluble material in
samples from CB286 nematodes grown at either tempera-
ture.

Moyosin Heavy Chain Isoforms Become Scrambled in
Strain CB286 at the Restrictive Temperature

Our next set of experiments was designed to examine the
structural characteristics of filaments isolated from CB286
worms grown at 15 or 25°C. For this purpose, thick fila-
ment enriched fractions were examined by immunoflu-
orescence microscopy. Samples were reacted simultane-
ously with specific anti-isoform mAbs directly conjugated
with either rhodamine (anti-mhc A antibody) or fluores-
cein (anti-mhc B antibody; Fig. 5). Thick filaments isolated
from the 15°C strain revealed a myosin isoform distribu-
tion indistinguishable from that of wild-type. When ana-
lyzing rhodamine emission by itself (Fig. 5 @), a zone of
~1/4 to 1/5 the total length of the filament was observed,
which corresponds to the central myosin A region. The
fluorescein emission (Fig. 5 b) was excluded from this cen-
tral region, but present in the rest of the filament, creating
a central gap characteristic of myosin B localization. Si-
multaneous observation of both emissions (Fig. 5 ¢) re-
vealed two yellow points at either side of the central re-
gion, which correspond to zones of overlap of both myosin
isoforms, since co-localization of both fluorochromes is
observed as a gold-colored emission. In contrast to these
findings, the filaments isolated from the 25°C CB286 strain
displayed a markedly abnormal distribution of myosin iso-
forms. The rhodamine emission (Fig. 5 d) revealed a myo-
sin A distribution encompassing the entire observable
length of most filaments. The fluorescein emission (Fig. 5
e) was also continuous throughout the filament, with no
apparent gap in the center, indicating that myosin B was
now also present in the central region of the filament. Si-
multaneous observation of both fluorochromes (Fig. 5 f)
showed filaments that were entirely yellow, confirming the
myosin isoform overlap throughout the filament. Similar
analyses with mAb 5-23, specific for paramyosin, showed
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that filaments from CB286 grown at either temperature
contain paramyosin throughout their lengths (data not
shown). These results indicate that the differential local-
ization of the myosin isoforms has been lost in filaments
isolated from the CB286 strain grown at the restrictive
temperature.

Because the result of immunofluorescence microscopy
did not allow us to be certain that the structures being an-
alyzed corresponded to single filaments, nor provided ul-
trastructural details, we examined individual filaments
complexed with isoform-specific mAbs by electron mi-
croscopy. Isolated filaments were reacted independently
with mAbs 5-6 and 28.2 and then an anti-mouse secondary
antibody before being negatively stained (Fig. 6). Anti-
body reaction in electron micrographs of isolated fila-
ments can be visualized as a continuous layer of additional
protein complexes surrounding the filaments. It is espe-
cially evident when compared with unlabeled filaments
(Fig. 6, a and a”). In filaments that contained zones of pres-
ence and absence of antibodies, a gradient of decreased la-
beling was observed as the reactions approached the re-
gions devoid of antibodies. Boundaries between labeled
and nonlabeled regions were clearly observed as transi-
tions in the content of antibody complexes when observed
at higher magnification (Fig. 6, b’, d’, and e’).

Thick filaments from the 15°C CB286 strain reacted
with the mAbs in a pattern indistinguishable from that of
wild-type, whereas their 25°C counterparts reacted in the
abnormal manner consistent with the immunofluores-
cence microscopy experiments. Fig. 6, a—c show micro-
graphs of lower magnification that allow comparison of
the extent of the anti-mhc A reaction at either tempera-
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Figure 6. Immunoelectron microscopy of myosin isoform distri-
bution in strain CB286. (a) Negatively stained 15°C filament; ()
mAD 5-6 (mhc A specific) labeling of 15°C filament, reaction can
be seen inside arrowheads; (c) mADb 5-6 labeling of 25°C filament,
reaction can be seen throughout its length; (d) mAb 28.2 (mhc B
specific) labeling of 15°C filament, reaction can be seen outside
arrowheads; (¢) mAb 28.2 labeling of 25°C filament, reaction can
be seen outside arrowheads. Zones of interest in a through e can
be observed at higher magnification in a’ through e’, respectively,
and show the presence (b’, d’, and e’) or absence (a’and c’) of la-
beling transitions due to reacting and nonreacting regions along
individual filaments. a’ is unreacted and ¢’ is labeled homoge-
neously by anti-mhc A antibody. Bars: (¢—e and a’-e”) 0.2 pm.
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ture. In the 15°C filaments, anti-mhc A reaction was ob-
served only in the central 2-pm-long region of the filament
(Fig. 6 b, inside the arrowheads), while the 25°C filaments
reacted throughout their length (Fig. 6 ¢). Higher magnifi-
cation showed the labeling transition in the 15°C filament
(Fig. 6 b’) from the polar region devoid of anti-mhc A re-
action to the central region recognized by this antibody;
whereas it demonstrates the continuity of the reaction in
the case of the 25°C filament (compare Fig. 6, a’—c”).

Fig. 6, a, d, and e demonstrate the extent of the anti-mhc
B reactions at lower magnification. Filaments isolated
from the strain grown at 15°C displayed the wild-type dis-
tribution of anti-mhc B labeling: reaction present in the
polar regions but excluded from a 0.7-pum-long gap at the
center (Fig. 6 d, outside the arrowheads). In contrast to
this distribution, the anti-mhc B reaction entered the cen-
tral region of the 25°C filaments: the anti-mhc B reaction
occurred throughout most of the length of the filament
(Fig. 6 e, outside the arrowheads), so that the gap was dras-
tically shortened to as small as 0.3 pum. Higher magnifica-
tion allowed visualization of the transitions in the reaction
from the polar regions into the central region devoid of
antibody (compare Fig. 6, a’, d’, and e’). The extent of the
anti-mhc B reaction in the 25°C filaments indicates the
rods of myosin B, in addition to those of myosin A, must
be contributing to the anti-parallel interactions of the cen-
tral bare zone. This situation is similar to that observed in
filaments isolated from paramyosin loss-of-function worms,
where myosin isoforms A and B scramble in the central re-
gion of the filament (Epstein et al., 1986).

During our electron microscopy analysis, we also no-
ticed that >50% of the filaments had areas devoid of myo-
sin at their ends, where core structures could be observed.
This is in agreement with our immunofluorescence micros-
copy observation that filaments from the 25°C CB286
strain contain paramyosin.

Taking into account the lower resolution of immunoflu-
orescence microscopy, which was unable to detect the
short area devoid of anti-mhc B reaction, the immunoelec-
tron microscopy results confirmed the optical microscopy
observations. They demonstrated that scrambling of the
myosin isoforms occurred in filaments isolated from the
CB286 strain grown at 25°C, and that these filaments con-
tain paramyosin core structures.

Thick Filaments Assembled In Vivo in Strain CB286 at
the Restrictive Temperature Are Unstable In Vitro

Apart from the myosin localization defect discussed above,
thick filaments isolated from the CB286 strain grown at
the restrictive temperature also displayed abnormally low
yields after the isolation procedure, as well as reduced
length.

Thick filaments were isolated simultaneously from equiv-
alent amounts of similarly staged populations of CB286
worms grown at 15 or 25°C. However, as evidenced by im-
munofluorescence microscopy, the yield of thick filaments
from the mutant strain grown at 25°C (Fig. 7 b) was drasti-
cally lower than its 15°C counterpart, (Fig. 7 a). To obtain
fields with similar filament densities, the fractions of fila-
ments from the 15°C specimens needed to be diluted 1:250
to 1:500. This decrease in yield was confirmed during the
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Figure 7. Immunofluorescence microscopy of thick filament iso-
lation in strain CB286. Undiluted samples of 6.2 K supernatant
thick filament enriched fractions (Deitiker and Epstein, 1993)
from equivalent amounts of starting materials from nematodes
grown at 15 or 25°C were reacted simultaneously with rhoda-
mine-conjugated mAb 5-6 (specific for mhc A) and fluorescein-
conjugated mADb 5-8 (specific for mhc B). (a) Simultaneous emis-
sion of both fluorochromes in 15°C sample; (b) simultaneous
emission of both fluorochromes in 25°C sample. Bar, 10 pm.

electron microscopy analysis. This marked reduction of
isolated filament number contrasts with only a 30-70% re-
duction observed in vivo. An explanation for this differ-
ence may be decreased stability of the filaments in the
strain grown at 25°C.

Individual lengths of negatively stained isolated fila-
ments from 15 or 25°C CB286 worms were measured. The
average 15°C filament length was 5.87 pm (n = 90; s =
4.41), while the average 25°C filament length was 3.47 um
(n = 90; s = 2.25). This difference was found to be statisti-
cally significant, as judged by the ¢ test: #(178) = 9.79, P <
0.0001.

The marked reduction of filament length and number
upon isolation beyond what was observed in the corre-
sponding electron microscopy cross-sections from 25°C
CB286 nematodes was most likely the result of filament
disassembly during the isolation procedure. If the fila-
ments were only being mechanically sheared because of
increased fragility, the number of structures observed
would be substantially increased. Each filament that breaks
would produce at least two shorter fragments. This was
not the case, and therefore we propose that thick filaments
isolated from CB286 nematodes grown at the restrictive
temperature underwent enhanced in vitro depolymeriza-
tion.

Discussion

The predicted UNC-45 sequence contains three distinct
regions: an NH,-terminal TPR domain, a central region
with no significant similarity to any known protein, and a
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COOH-terminal CRO1/Shed4p-like domain. This last re-
gion is the target of three of the four #s mutations ana-
lyzed, which are caused by base substitutions leading to
missense mutations in codons for conserved residues (Fig.
8). The two lethal alleles studied are the result of base sub-
stitutions in the central region, which lead to premature
chain termination, so that the CRO1/She4p-like domain
cannot be expressed.

This work has also provided discrete evidence of abnor-
mal structure in unc-45 mutant thick filaments. Compari-
son of thick filaments from the CB286 strain grown at the
restrictive versus the permissive temperature has demon-
strated that this fs mutation, located within the CRO1/
She4p-like domain, affects the accumulation of assembled
thick filaments, as well as their myosin isoform distribu-
tion and in vitro stability.

The results presented here suggest that UNC-45 func-
tions as a thick filament assemblase through its CRO1/
Shedp-like domain. Assemblase activity may be defined as
a catalyst or chaperone that mediates the incorporation of
myosin and related proteins into thick filaments (Liu et al.,
1997). Several mechanisms may be involved, including ca-
talysis of myosin folding at the ribosome, intracellular my-
osin transport, posttranslational modification of myosin
and associated proteins, catalysis of myosin polymer-
ization, sorting of myosin isoforms, and scaffolding of
myosin, paramyosin and the filagenins during the actual
formation of the filament. An assemblase molecule may
participate in one or more of these processes as a catalyst
and may be subject to regulation by the interaction of ad-
ditional proteins.

The scrambling of myosins A and B in the central region
of 25°C CB286 filaments indicates that both isoforms con-
tribute to the anti-parallel interactions of the central region
of the filament, as has been demonstrated to be the case in
filaments isolated from paramyosin loss-of-function mu-
tant nematodes (Epstein et al., 1986). Therefore, addi-
tional factors are necessary to recognize these isoforms
and place them differentially along the length of the fila-
ment. One probable function of UNC-45 may be to sort
each myosin isoform during the assembly process. This
model of directed assembly of muscle thick filaments pro-
poses that additional processes and specific proteins are
required to explain the behavior of myosin besides its sim-
ple self-assembly as discussed by McLachlan and Karn
(1982) and Hoppe and Waterston (1996).

Several independent lines of evidence support the re-
quirement for additional functions during the construction
of thick filaments. In Drosophila melanogaster, a single
mhc gene is alternatively spliced to produce different iso-
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Figure 8. Model of UNC-45 predicted structure. The TPR and
CRO1/Shedp-like domains are represented by boxes; the central
region, with no similarities to any known protein, by a horizontal
line connecting the boxes. The positions of the mutant amino acid
substitutions identified are indicated by vertical lines. Putative
functions of each region are discussed in the text.
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forms that assemble into thick filaments of different char-
acteristics, depending on the tissue and developmental
stage of the organism (Bernstein et al., 1983). Transgenic
flies that express only a single mhc isoform, however, are
still able to assemble different types of thick filaments with
characteristics appropriate to the tissue and developmen-
tal stage (Wells et al., 1996). Additional factors must then
enable this single myosin species to assemble into distinct
structures. In C. elegans body wall muscle cells, thick fila-
ment length varies according to the developmental stage
of the organism. Embryonic filaments cannot be longer
than the greatest dimension of the embryonic muscle cell
(<5 pm; Epstein et al., 1993), whereas adult thick fila-
ments are 9.7 pm long (Mackenzie and Epstein, 1980).
There must be factors that regulate filament elongation
according to the developmental stage of the muscle cell
other than myosins A and B and paramyosin, which are
present continously. Moreover, myosins from different
species that assemble in vivo into filaments of different
characteristics (Epstein, 1989) form very similar filamen-
tous structures under the same conditions in vitro (Harris
and Epstein, 1977). Also, mutant CB675 myosin, which
disrupts thick filament assembly in vivo, forms indistin-
guishable filamentous structures from those formed by
wild-type molecules under the same conditions in vitro
(Harris and Epstein, 1977). This indicates that myosin
molecules must be interacting with additional factors in
vivo that regulate their proper assembly into thick fila-
ments. Three-dimensional structural work on nematode
thick filament cores has shown that these consist of para-
myosin subfilaments held together in a tubular arrange-
ment by additional protein structures (Epstein et al.,
1995). Several of these proteins have now been identified,
including B-filagenin (Liu et al., 1998), and their role as
cross-linking proteins demonstrates the presence of addi-
tional proteins involved in the assembly of myosin fila-
ments.

One possible role for the TPR domain of UNC-45 may
be to bring interacting proteins to the site of thick filament
assembly. These may be proteins that are additional
components of the proposed assemblase, which contribute
their particular functions during the assembly process, in-
cluding protein chaperones, prolyl isomerases, and phos-
phoprotein phosphatases. Other partner proteins brought
to the site of filament assembly through TPR binding may
provide regulatory properties on the assemblase, appro-
priate to tissue and developmental stage of thick filament
construction. We currently have no information as to the
functional role the central region. It may be involved in an
assemblase activity because one of the fs mutations is lo-
calized within its boundaries. The multi-domain nature of
UNC-45 (Fig. 8) suggests that each region may specifically
interact with different kinds of protein molecules and per-
haps act at distinct steps during thick filament assembly.

Several observations suggest that the actual process of
thick filament assembly rather than the stability of the
UNC-45 protein or the filaments themselves may be sensi-
tive to elevated temperature in the unc-45 ts alleles. A sig-
nificant loss of UNC-45 function leads to lethality (Veno-
lia and Waterston, 1990). Therefore, the fs mutations
cannot cause complete misfolding of UNC-45 at the re-
strictive temperature; a partial function (or set of func-
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tions) must be present to allow survival of the organism.
Also, our finding that three ¢s alleles are caused by muta-
tions in residues conserved in UNC-45, CRO1, and Shedp
suggests that these residues may represent key interac-
tions in the UNC-45 active site and that their substitution
causes specific defects rather than destabilization of the
protein. Furthermore, there is genetic evidence that the
protein product of the s alleles is not wild-type at the per-
missive temperature (Venolia and Waterston, 1990); the
mr/mr progeny of a mr/ts hermaphrodite are F; lethals at
either 15 or 25°C, whereas the mr/mr progeny of a mr/+
hermaphrodite are viable and produce mostly F, lethals. A
plausible interpretation of these interallelic interactions is
that the UNC-45 protein may work as an oligomer, and
the presence of a s protein, even at 15°C, hinders UNC-45
activity. It is unlikely that the thick filaments are sensitive
to the elevated temperature because adult nematodes
from any of the s strains grown at the permissive tempera-
ture do not show phenotypic reversal when switched to
25°C. This indicates that the myofibrils in these worms are
stable structures not susceptible to depolymerization due
to increased temperature.

Our results on the accumulation of mhc isoforms in the
CB286 strain grown at 15 versus 25°C suggest that this mu-
tation, localized within the CRO1/She4p-like domain, may
affect the dynamics of myosin B polymerization. Work by
others (Bejsovec and Anderson, 1990) has demonstrated
that dominant lethal mutations in the myosin B head lead
to impaired filament assembly and decreased accumula-
tion of myosin B. A plausible interpretation of these re-
sults is that the mutations cause misfolding of the myosin
molecule, which in turn hinders the thick filament assem-
bly process. The presumably misfolded myosin B is then
degraded. A similar situation may be occurring in CB286
nematodes at 25°C. A defect of UNC-45 function may lead
to an abnormal myosin B, which then causes an impair-
ment of filament assembly reflected by reduced numbers
of filaments assembled in vivo, scrambling of myosin iso-
forms, and in vitro filament depolymerization. The de-
creased accumulation of myosin B may be explained by
increased degradation of unincorporated molecules. Al-
ternatively, the CB286 defect may cause a reduced num-
ber of functional myosin B molecules to be available for
assembly. This could explain the similarity with the mhc B
null phenotype observed in cross-sections by electron mi-
croscopy, and the decreased accumulation of mhc B. The
yeast protein Shed4p may play a similar role to UNC-45
during the assembly of Myo4p (Shelp) into structures ca-
pable of transporting the repressor Ahslp. A common
substrate of both molecules may be the myosin head, since
this domain is conserved in both unconventional and sar-
comeric myosins (Cheney and Mooseker, 1992).

An alternative, but unlikely, explanation for the ob-
served myosin isoform scrambling in the 25°C CB286
strain could be myosin repolymerization in vitro. Our data
indicated that there was substantial filament depolymer-
ization during the isolation procedure. Some of the myosin
molecules could have dissociated from the filament and
reassembled in a disorganized fashion in vitro to produce
the abnormal structures observed by immunofluorescence
and immunoelectron microscopy. If these structures origi-
nally had a myosin isoform distribution similar to wild-
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type in vivo, they would contain a central myosin A re-
gion. It has been shown that this myosin isoform remains
tightly associated with the filament until the paramyosin
core itself depolymerizes (Deitiker and Epstein, 1993).
Because the 25°C filaments contained paramyosin cores,
which always retain myosin A in vitro, it appears unlikely
that myosin A could have dissociated and then repolymer-
ized with myosin B along nearly the entire length of the
thick filament, including the central zone.

Biochemical investigation of the potential physical in-
teractions between UNC-45 and the myosin isoforms is re-
quired in order to understand the mechanisms involved in
its wild-type function(s). UNC-45 may associate with thick
filament components in a stable fashion. In this case, it
may act as part of a protein scaffold in the positioning of
specific myosin isoforms and related proteins along the fil-
ament. As a scaffolding protein, UNC-45 may have addi-
tional nonstructural activities, in a manner analogous to
twitchin, which is both a structural component of the sar-
comere and a myosin light chain kinase (Hu et al., 1994;
Lei et al., 1994) or the sarcomeric myosin itself, which is an
ATPase, a protein motor and a structural protein (Harris
and Epstein, 1977; Warrick and Spudich, 1987). In this
case, the UNC-45 protein may be a structural component
of the filament. On the other hand, involvement of UNC-
45 in any of the other possible roles of a thick filament
assemblase would require only transient association with
filament components and not stable association with a par-
ticular sarcomeric structure.

The information related to myosin assembly presented
here for UNC-45 suggests that UCS proteins (UNC-45/
CRO1/Shedp) may serve as components of protein ma-
chines that recognize specific myosin isoforms and localize
them to subcellular sites, where they can be assembled
into structures appropriate for their particular cellular
function.
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