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Role of the Myosin Assembly 
Protein UNC-45 as a Motecutar 

Chaperone for Myosin 
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The organization of myosin into motile cellular structures requires precise 
temporal and spatial regulation. Proteins containing a UCS (UNC-45/CRO1/ 
She4p) domain are necessary for the incorporation of myosin into the con- 
tractile ring during cytokinesis and into thick filaments during muscle devel- 
opment. We report that the carboxyl-terminal regions of UNC-45 bound and 
exerted chaperone activity on the myosin head. The amino-terminal tetratri- 
copeptide repeat domain of UNC-45 bound the molecular chaperone Hsp9O. 
Thus, UNC-45 functions both as a molecular chaperone and as an Hsp9O 
co-chaperone for myosin, which can explain previous findings of altered as- 
sembly and decreased accumulation of myosin in UNC-45 mutants of Caeno- 
rhabditis elegans. 

The motor protein myosin assembles into 
molecular machines essential for processes 
such as cell division, cell motility, and mus- 
cle contraction through a multistep pathway 
requiring additional proteins (1). UCS pro- 
teins (Caenorhabditis elegans UNC-45, Po- 
dospora anserina CRO1, Saccharomyces 
cerevisiae She4p, and Schizosaccharomyces 
pombe Rng3p) are involved in myosin func- 
tion and contain homologous COOH-termi- 
nal domains (2-6). Unc-45 and RNG3 are 
essential genes whose loss-of-function alleles 
implicate their gene products in myosin as- 
sembly in vivo; substitutions of conserved 
residues within or near their UCS domains 
cause defective assemblies of thick filaments 
during muscle development and of the con- 
tractile ring during cell division (Fig. IA). 
UNC-45 and Rng3p interact functionally and 
specifically in vivo with muscle and cytoskel- 
etal myosins, respectively (2, 6, 7). UNC-45 
also contains an NH2-terminal domain com- 
posed of three tetratricopeptide repeat (TPR) 
motifs and a newly discovered central region. 
This three-domain configuration is main- 
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tained in all UNC-45 animal homologs iden- 
tified, including those of Drosophila, Xeno- 
pus, zebrafish, mouse, and human (8). 

TPR motifs are protein-protein interaction 
modules of 34 amino acids, often found in 
tandem repeats of 3 to 16 in a diverse set of 
proteins (9). The UNC-45 TPR domain resem- 
bles that of Hop (Hsp7O/Hsp9O-organizing 
protein) and of protein phosphatase 5 (2, 10, 
11), which bind conserved COOH-terminal 
sites in the molecular chaperones Hsp7O and/or 
Hsp90 (12, 13). Full-length UNC-45 and a 
TPR-deleted construct [TPR(-)] (11) were used 
to pull down endogenous Hsp7O and Hsp9O 
from Sf9 insect cell lysates. In our study, only 
full-length UNC-45 complexed with Hsp9O 
(Fig. iB), indicating that this interaction re- 
quired the TPR domain (11). Both constructs 
pulled down Hsp7O, suggesting a possible 
Hsp7O binding site outside the TPR domain or 
chaperone-client interactions between these 
proteins. In the presence of only purified pro- 
teins, full-length UNC-45, but not TPR(-), was 
able to pull down recombinant C. elegans 
Hsp9O (Hsp9O) (Fig. IC) (11), indicating a 
direct interaction between the UNC-45 TPR 
domain and Hsp9O. To determine whether the 
TPR domain preferentially interacts with 
Hsp9O or Hsp7O, the binding of the recombi- 
nant UNC-45 TPR domain (TPR) (11) to im- 
mobilized Hsp9O (11) was competed by C. 
elegans Hsp7O or Hsp9O 12-oligomer COOH- 
terminal peptides (Fig. ID) (11). The structure 
of the MIEEVD (14) Hsp9O COOH-terminal 
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Fig. 1. UNC-45 structure and A CONTRACTILE B 
function relationships. (A) Unc- THICK FILAMENT RING 
45 and S. pombe RNG3 muta- ASSEMBLY FORMATION "qq 

, 

tions show that UCS proteins 
AZ 

are essential in myosin matura- Anti-Hsp7O 
tion and assembly in vivo. The / Anti-Hsp9O I .- 
three-domain structure is con- LETHAL 
served in aUlanimal homologs of nulls unc-45 MYOSIN rng3 Anti-FLAG i 
UNC-45, from Drosophila to hu- MYOSI n A vti-vv 
man (8). UNC-45 has an NH2- UNC-45 
terminal TPR domain that close- s _ _ pull-down 
ly resembles that of Hsp9Q- 
binding proteins. The COOH-terminal UCS region defines C D 
the UCS family of proteins and is also found in unicellular Mixture No. 1 2 3 120 

eukaryotes. Temperature-sensitive UNC-45 mutants (yel- UNC-45 + - - 

low arrowheads) show decreased accumulation and altered TPR(-) - + _ DVEEM 

assembly of myosin and its filaments in C elegans (2). Hp9O0 -EEVD 

Lethal unc-45 alleles (yellow crosses) are nonsense muta- 
tions in the central region that prevent myosin assembly (2, _1 60 -2 
7). Temperature-sensitive mutations in the RNG3 UCS do- UNCX4 
main (green arrowheads) disrupt actomyosin contractile ring TPR(-), 90C12 

assembly (6). (B) The TPR domain of UNC-45 interacted with Hsp90O0 IY 20 - 

Hsp9Q but not Hsp7Q. Western blot analysis of proteins pulled I--MEE- 

down with full-length UNC-45 (UNC-45) or TPR(-) by anti- 0 0 200 400 600 800 1000 1200 
bodies to FLAG, which bound their COOH-terminal FLAG UNC-45 pull-down Concentration of competing peptide (pM) 
eDitoDe tags from Sf9 cell lvsates exDressing each Drotein. The 
membranes were probed with antibodies to Hsp7Q and Hsp9O. (C) SDS- 
PAGE (Coomassie blue staining) of UNC-45 and TPR(-) (both at 6 FM) 
pull-downs of Hsp9O (5 FM) at 4?C. TPR(-) and Hsp9O can be resolved in 
this gel (Ref. lane). (D) Surface plasmon resonance analysis of TPR(o) protein 
(50 FM) binding to immobilized C elegans Hsp9O with various competing 

peptides. DVEEM and EEVD (14) peptides are control peptides; 70-C12 
(GGAGGPTIEEVD) and 90-C12 (AEEDASRMEEVD) peptides represent the 
COOH-terminal amino acids of Hsp7O and Hsp9O, respectively, and contain 
the sequences (GPTIEEVD for Hsp7O and MEEVD for Hsp9O) that are 
necessary and sufficient for binding their corresponding TPR domains (13). 

pentapeptide is conserved between C. elegans 
and humans, and its specific complex with the 
Hop TPR 2A domain has been determined 
crystallographically (13). The Hsp9O 12-oli- 
gomer peptide (90-C12) was as effective as 
MEEVD at competing with Hsp9O for TPR 
binding (Fig. 1D), but the Hsp7O 12-oligomer 
peptide (70-C12) showed a slight competitive 
effect only at high concentrations. The UNC-45 
TPR domain therefore appears to bind Hsp9O 
preferentially. 

Although genetic and immunolocalization 
experiments suggest that nematode body wall 
myosin interacts with UNC-45 (2, 7, 15, 16), 
there has been no biochemical evidence dem- 
onstrating their association. Preliminary exper- 
iments showed that recombinant full-length 
UNC-45 and Hsp9O formed complexes with 
myosin in C. elegans lysates. Direct binding 
among these proteins was tested with purified 
components. Binary mixtures containing im- 
mobilized myosin and either Hsp9O or UNC- 
45, and a ternary mixture containing all three 
proteins, were incubated at 4?C, and the result- 
ing complexes were analyzed by SDS-poly- 
acrylamide gel electrophoresis (SDS-PAGE) 
(Fig. 2A) (11). No interactions between myosin 
and UNC-45 or Hsp9O were detected. We next 
evaluated the effect of a 30?C incubation on 
these mixtures, because this temperature is re- 
quired in vitro for Hsp9O and its associated 
co-chaperones to form complexes with other 
well-studied substrates (17) and would enhance 
hydrophobic interactions. At 30?C, approxi- 
mately equimolar complexes were detected be- 
tween myosin and both Hsp9O and UNC-45 in 
the binary mixtures and among the three pro- 

A B C 
Mixture No. 1 2 3 4 Mixture No. 1 2 3 4 Mixture No. 1 2 3 4 

Antibody + + + + Antibody + + + + Antibody + + + + 

Myosin + + + Myosin - + + + Myosin + + + 

UNC-45 + + + UNC-45 + + + TPR(-) + - + + 

Hsp9O + + - + Hsp9O + + + Hsp9O + + - + 

|UP | Myosin- Myosin - l 

UNC-45- UNC-45 - n m, 

HHsp9OspO - TPR(-) __ Hsp9O- Hsp9O- Hp0 _ _______ ____ 

Myosin pull-down Myosin pull-down Myosin pull-down 
(4 OC ) (30 OC ) (30 OC ) 

Fig. 2. Myosin interacted with Hsp9O and the COOH-terminal region of UNC-45 in a temperature- 
dependent manner. All panels are Coomassie blue-stained SDS-PAGE analyses. (A) Myosin 
pull-downs of purified full-length UNC-45 and/or Hsp9O (both at 5.5 FM) at 40C. There is no 
detectable interaction of UNC-45 and/or Hsp9O. (B) Identical reactions to those in (A), except that 
they were incubated at 300C for 30 min. Myosin bound both UNC-45 and Hsp9O. (C) TPR(-) was 
substituted for full-length UNC-45 under reaction conditions described in (B), with similar results. 

teins in the ternary mixture (Fig. 2B). There 
was no detectable change in binding of either 
UNC-45 or Hsp9O to myosin in the ternary 
mixture as compared to the binary mixtures 
(Fig. 2B). The ability of Hsp9O to bind myosin 
directly is similar to its ability to interact with 
the glucocorticoid receptor in the absence of the 
co-chaperone Hop (18). We next performed 
pull-down experiments to determine which re- 
gion of UNC-45 interacted with myosin. We 
found that TPR(-), like full-length UNC-45, 
bound myosin. Thus, the myosin-binding site of 
UNC-45 lies within the central region/UCS do- 
main fragment (Fig. 2C). 

We investigated purified UNC-45 for chap- 
erone activity in vitro, because several proteins 
that bind directly to Hsp9O show such activity, 

including p23, the large immunophilins, and the 
Hsp9O protein kinase-targeting subunit Cdc37 
(19-21). Molecular chaperones possess two 
fundamental biochemical characteristics: (i) the 
ability to prevent aggregation of partially un- 
folded proteins and (ii) the ability to maintain 
partially unfolded proteins in a state competent 
for refolding (22, 23). UNC-45 demonstrated 
these characteristics when tested with the well- 
studied chaperone substrate citrate synthase 
(11, 23). The chaperone activity of UNC-45 
mapped to the central region/UCS domain frag- 
ment, the same region responsible for binding 
myosin (11). 

Certain myosins and myosin subfragments 
containing the myosin head are not functional 
when recombinantly expressed (24, 25), unlike 
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A Mixture# 1 2 3 B 
100- 

Anti-FLAG resin + + + 

SI Myosin + + + 80 o0 
UNC-45-FLAG + + - 0 0 0 

Hsp9O + , + = 60 60 
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UNC.45 - _ i X = 40 0" 

.j~~~~~~~~~~. 
SI Myosin - 20 _ O 

Hsp9O -400 ' 

V 0 5 10 15 20 

UNC-45 pull-down (300C) Time (minutes) 

Fig. 3. UNC-45 prevented the thermal aggregation of Si and formed stoichiometric complexes with 
Hsp9O and S1. (A) SDS-PAGE analysis of S1 (10 FM) and/or Hsp9O (1 FM) interacting with UNC-45 (1 
FM) at 300C for 30 min. (B) The aggregation of S1 (1.0 FM) at 430C was measured by light scattering 
(320 nm) (11) with no additional protein (solid circles), 2.0 ,uM bovine serum albumin (open circles), 0.5 
FjM UNC-45 (squares), 1.0 FjM UNC-45 (diamonds), or 2.0 ,uM UNC-45 (triangles). 

myosin rod fragments and associated light 
chains (26, 27), and might require interaction 
with chaperones. We studied the binding of 
UNC-45 to myosin heads using myosin sub- 
fragment 1 (Si) that had been enzymatically 
cleaved from intact myosin. Full-length UNC- 
45, immobilized via its FLAG tag, was used to 
pull down scallop muscle Si with or without 
Hsp9O at 30?C (11). UNC-45 formed stoichio- 
metric complexes with S1 and Hsp9O (Fig. 3A). 
Thus, UNC-45 directly binds the myosin head 
in addition to Hsp9O, which is consistent with 
the formation of a ternary complex. Si, like 
citrate synthase, aggregated when incubated at 
43?C, but the addition of increasing amounts of 
UNC-45 reduced Si aggregation in a concen- 
tration-dependent manner (Fig. 3B) (11), 
whereas bovine serum albumin had no effect. 
Thus, the myosin head is a substrate for the 
UNC-45 chaperone activity. The biological 
specificity of this UNC-45 activity toward my- 
osin suggested by the genetic and cell biologi- 
cal experiments may be determined by parts of 
the molecule that make additional contacts with 
myosin, as well as by the actual localization of 
UNC-45 in vivo. 

We have shown that UNC-45 binds myosin 
through its COOH-terminal regions and binds 
Hsp9O through its TPR domain. Both interac- 
tions appeared to be stoichiometric, similar to 
those of the progesterone receptor with Hsp9O 
and interacting co-chaperones (28). The interac- 
tion of UNC-45 with myosin required above- 
ambient temperatures consistent with a chaper- 
one:substrate relationship. The hypothesis that 
UNC-45 is a myosin chaperone is supported by 
the fact that UNC-45 interacted and showed 
molecular chaperone activity in vitro with the 
myosin head. Thus, in conjunction with previ- 
ous genetic studies that implicated UNC-45 in 
myosin assembly in vivo, our results suggest 
that the UCS proteins may function as myosin- 
directed chaperones analogously to Cdc37, 
which targets Hsp9O to protein kinases and ex- 
hibits chaperone activity in vitro (21). Previous 
studies show that the UNC-54 myosin heavy 

chain in unc-45 mutant backgrounds acts as a 
poison for thick filament assembly (7), accumu- 
lates at 50% lower levels than in the wild type 
(2), localizes abnormally (2, 15), and produces 
structurally altered thick filaments (2). These 
results may be explained by defects in the chap- 
erone or co-chaperone activity of UNC-45 that 
lead to altered folding and assembly of myosin. 
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Relaxin is a hormone important for the growth and remodeling of reproductive and 
other tissues during pregnancy. Although binding sites for relaxin are widely dis- 
tributed, the nature of its receptor has been elusive. Here, we demonstrate that two 
orphan heterotrimeric guanine nucleotide binding protein (G protein)-coupled 
receptors, LGR7 and LGR8, are capable of mediating the action of relaxin through 
an adenosine 3',5'-monophosphate (cAMP)-dependent pathway distinct 
from that of the structurally related insulin and insulin-like growth factor 
family ligand. Treatment of antepartum mice with the soluble ligand-binding 
region of LGR7 caused parturition delay. The wide and divergent distribution 
of the two relaxin receptors implicates their roles in reproductive, brain, 
renal, cardiovascular, and other functions. 

Relaxin has diverse actions in the reproduc- 
five tract and other tissues during pregnancy 
(1). These actions include promotion of growth 
and dilation of the cervix, growth and quies- 

cence of the uterus, growth and development of 
the mammary gland and nipple, and regulation 
of cardiovascular function. Although binding 
sites for relaxin have been found in reproduc- 
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