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UNC-45/CRO1/She4p (UCS) proteins have variously been proposed
to affect the folding, stability, and ATPase activity of myosins. They
are the only proteins known to interact directly with the motor
domain. To gain more insight into UCS function, we determined
the atomic structure of the yeast UCS protein, She4p, at 2.9 Å
resolution. We found that 16 helical repeats are organized into
an L-shaped superhelix with an amphipathic N-terminal helix dan-
gling off the short arm of the L-shaped molecule. In the crystal,
She4p forms a 193-Å-long, zigzag-shaped dimer through three dis-
tinct and evolutionary conserved interfaces. We have identified
She4p’s C-terminal region as a ligand for a 27-residue-long epitope
on the myosin motor domain. Remarkably, this region consists of
two adjacent, but distinct, binding epitopes localized at the nucleo-
tide-responsive cleft between the nucleotide- and actin-filament-
binding sites. One epitope is situated inside the cleft, the other out-
side the cleft. After ATP hydrolysis and Pi ejection, the cleft narrows
at its base from 20 to 12 Å thereby occluding the inside the cleft
epitope, while leaving the adjacent, outside the cleft binding
epitope accessible to UCS binding. Hence, one cycle of higher and
lower binding affinity would accompany one ATP hydrolysis cycle
and a single step in the walk on an actin filament rope. We propose
that a UCS dimer links two myosins at their motor domains and
thereby functions as one of the determinants for step size of
myosin on actin filaments.

myosin stability ∣ processivity ∣ chaperone

All eukaryotic cells contain a variety of myosins. Although
there are significant differences between the various classes

of myosins, they all share a highly homologous N-terminal glob-
ular region that functions as the motor domain. This region con-
tains a conical flexible cleft. A nucleotide-binding site is located
at the top of the cleft and binding sites for actin filaments
surround the open bottom of the cleft (1). Following the motor
domain is a flexible lever arm region (also referred to as “neck”)
of variable length (2), which also contains binding sites for myosin
light chains with regulatory functions (3). For those classes of
myosin that dimerize, a helical dimerization module follows the
lever arm region. Finally, the C terminus end contains a distinct
tail region for binding either to distinct cargo molecules (4, 5) or,
in the case of muscle myosins, to associate into myosin filaments.

In Saccharomyces cerevisiae there are five distinct myosins that
belong to three myosin subclasses (6). Each myosin functions in
distinct cellular events, such as endocytosis (7), cytokinesis (7),
organelle transport (7), and transport of a subclass of mRNAs
from the mother to the daughter cell (8, 9).

A single protein is known to bind to the motor domain of
myosin. In budding yeast there is only one representative (also
a founding member) of this family of proteins, known as UCS
(UNC-45/CRO1/She4p) protein. The yeast protein, She4p, is
known to be capable of interacting with all five yeast myosins,
which belong to three myosin classes (10, 11). The binding site
of She4p has been mapped to a 100-residue-long segment in

the motor domain of yeast Myo4p, which is located near the
actin-filament binding region (11).

Disparate functions have been proposed for UCS. The protein
was first described as a chaperone for myosin folding (12–19).
Subsequent reports invoked UCS in protecting myosin from
degradation (20, 21) and in enhancing the binding of the motor
domain of myosin to actin filaments (21, 22).

The atomic structure of a UCS protein has so far not been
reported. To better understand the function of UCS and its mode
of interaction with the motor domain of myosins, we determined
the crystal structure of She4p at 2.9 Å resolutions. In the crystal,
She4p forms a 193-Å-long dimer. Monomer/dimer equilibrium
was also detected in solution. Furthermore, we identified a
27-residue-long region of yeast Myo4p, which interacts with the
C-terminal region of She4p. We suggest that the ends of the UCS
dimer, like a flexible string, tether two myosin motor domains to-
gether and therefore affect processivity and step size of myosin
heads along actin filaments.

Results
Unlike the UCS proteins of vertebrates, the fungal homologues
lack an N-terminal tetratricopeptide repeat (23) (Fig. 1A) that in
vertebrates has been reported to interact with hsp90 (12). The
“central domain” is well conserved within some fungal species,
but shows little homology between fungal and animal species
(approximately 16.5% homology between She4p and humans).
The UCS domain is well conserved across all species (approxi-
mately 52.7% homology between She4p and humans) (Fig. 1A
and Fig. S1).

She4p Forms an L-Shaped Superhelix. Recombinant WT She4p
yielded crystals with low resolution. To improve the crystal quality
we consecutively introduced several mutations. With each step we
observed crystals with improved resolution (for a description of
the rationale for these mutations see the legend for Fig. S1) (24).
The final version resulting from this series of mutations was
named She4Mp and was used in both the native and the Se-Met
substituted crystals for structure determination. Importantly,
She4Mp can fully replace WT She4p, indicating that the intro-
duced mutations did not alter the function of the protein
(Fig. S2). In the following text, therefore, we refer to She4Mp
as She4p.

She4p crystallized in space groups P212121. The crystal struc-
ture was determined using multiwavelength anomalous disper-
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sion (MAD) from Se-Met substituted protein crystals. The final
model was refined to 2.9 Å with Rfree ¼ 29.6% and Rwork ¼ 23.1%
(Table 1).

A single She4p molecule folds into 16 helical Armadillo
(ARM) repeats (see the legend for Fig. S1) that are arranged
in a L-shaped superhelix (Fig. 1 B and C). An amphipathic N
helix extends from the short arm of the L-shaped molecule.
The short arm of the L-shaped superhelix comprises repeats
R1–R4, the “bend” region repeats R5–R8, and the long arm re-
peats R9–R16. The previously termed central domain (Fig. 1A)
comprises the short arm and the bend of the L-shaped molecule,
extending from repeats R1–R8 (Fig. 1B). The highly conserved
UCS domain (Fig. 1A) comprises the long arm of the L-shaped
superhelix and extends from repeats R8–R16 (Fig. 1 B and C).
The shape of the short arm is more flattened, whereas that of
the long arm is more cylindrical.

She4p Forms an 193-Å-Long Dimer. In the crystal, two L-shaped
superhelices (termed A and B) pack into one asymmetric unit
to form a zigzag-shaped dimer, in which the short arms of each
L associate with each other in an antiparallel fashion, and in
which the amphipathic N-terminal helices cross-over and connect
to the long arm of the contralateral L (Fig. 2A). The overall
length of the dimer is 193 Å with a bulky middle region of
110 Å and two slender ends with a width of 20 Å (Fig. 2A).
Size-exclusion chromatography and multiangle light scattering
showed that in solution She4p exists in monomer/dimer equili-
brium (Fig. 2B). The solution and crystallographic data indicate
that the She4p dimer is biologically relevant.

The two molecules in one asymmetric unit are related to each
other by pseudo-twofold rotational symmetry (Fig. 3A) and are
superimposable (rmsd ≈ 1.8 Å) except for variations at some
flexible surface loops and at the far C-terminal region. The zig-
zag-shaped dimer forms three interfaces. A central interface is
formed by antiparallel association of the two short arms of the
L-shaped molecules, involving helical repeats R1–R4, and cover-
ing a total surface area of 2;271 Å2. Two lateral interfaces are
formed between the amphipathic N-terminal helices and the
bend of the contra-lateral L-shaped molecule involving helical
repeats R7–R9 and covering a total surface area of 1;690 Å2

for each of the two interfaces. The symmetry axis is located in
the central interface. Two lateral interfaces are related by a pseu-
do twofold rotational symmetry (Fig. 3A).

The central interface involves primarily polar residues (Fig. 3 B
and E) with a few scattered hydrophobic patches (Fig. 3D andG)
within a highly conserved region between fungal species (Fig. 3 C

Table 1. Data collection, phasing, and refinement statistics

Native Crystal 1 name

Data collection
Space group P212121 P212121
Cell dimensions

a, b, c (Å) 84.0, 149.9,
158.5

85.4, 149.7,
159.7

α, β, γ (°) 90, 90, 90 90, 90, 90
Peak Inflection Remote

Wavelength 0.9795 0.9790 0.9794 0.9567
Resolution (Å) 2.90 3.05 3.05 3.15
Rsym or Rmerge 6.3 (78.7) 9.6 (56.5) 7.6 (66.4) 8.5 (66.2)
I∕σI 28.5 (1.4) 26.7 (3.1) 20.0 (1.3) 27.4 (2.5)
Completeness (%) 95.6 (83.0) 99.9 (99.6) 99.1 (92.8) 99.8 (98.9)
Redundancy 7.1 (6.4) 13.1 (11.2) 7.1 (5.5) 11.1 (9.6)
Refinement
Resolution (Å) 50–2.90
No. reflections 45,409
Rwork∕Rfree 23.1∕29.6
No. atoms

Protein 11874
Ligand/ion N/A
Water 145

B factors (Å2)
Protein 97.12
Ligand/ion N/A
Water 79.02

Rms deviations
Bond lengths (Å) 0.008
Bond angles (°) 1.38

Ramachandran
Most favored
regions (%)

80.8

Additional
allowed regions (%)

15.8

Generously
allowed regions (%)

2.3

Disallowed
regions (%)

1.2

Values in parentheses are for highest resolution shell.

Fig. 1. Yeast UCS (She4p) folds into helical repeats. (A) Domain organization
of UCS proteins: Human Unc45a, yeast She4p, and yeast She4Mp; residue
numbers at domain boundaries are indicated. All UCS proteins share central
and UCS domains. Metazoan UCS proteins, exemplified here by human
Unc45a, contain an additional tetratricopeptide repeat (TPR). (B) She4p
assembles into helical repeats, which are shown in different colors, and
are numbered from R1–R16. The repeats form an L-shaped superhelix. Ex-
tending from the short arm of the L-shaped superhelix is an N-terminal
loop-helix-loop motif (silver). (C) The topology of She4p. Sixteen helical turns
are arranged from left to right and labeled as R1–R16; the helices of each
turn are shown as blue boxes and named according to their position in
the conventional three-helical repeats as H1–H3 and in the two-helical repeat
as H2–H3. The beginning and the ending residue of each helix are labeled at
the ends of each box. H3 helices from 16 repeats align to form a continuous
inner surface. Helix H1 of R2 and the H2 helices of the other repeats align to
form a continuous outer surface in the 3D structure.
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and F). This interface involves most of the previously assigned
central domain (Fig. 1A). In the lateral interfaces the hydro-
phobic ribbon of the amphipathic N helix interacts with a largely
hydrophobic surface at repeat R7–R9 of the contra-lateral

L-shaped molecule (Fig. 3 H–K and Fig. S1). Both surfaces are
highly conserved (Fig. 3I).

Interaction with a Conserved Myosin Motif. Previously She4p inter-
actions with myosin have been mapped on all five yeast myosins.
By two hybrid assays, the She4p interacting region for Myo4p has
been reported to cover residues 531–631 (11). In an attempt to
further fine map this interaction, we expressed various fragments
of yeast Myo4p as GST fusion proteins and tested their interac-
tion with purified She4p (Fig. 4A). We found that a 27-residue-
long segment of Myo4p (residues 561–587) was able to interact
with She4p ( Fig. 4B). This segment is highly conserved (Fig. 4C),
not only in all five of the yeast myosins, but also in the subfamilies
of myosins identified to date (25) (Fig. S3). By isothermal titra-
tion calorimetry we found that a synthetic peptide representing
the 27-residue-long segment of Myo4p bound to UCS with a
binding affinity of approximately 1 μM (KD) (Fig. S4).

The Strategic Binding Site of UCS on Myosin. Several myosin motor
domain structures are available (26). For chicken myosin V, atom-
ic structures of nucleotide-free and -bound forms are known (27).
Similar to other myosin motor domains, the chicken myosin V
motor domain can be divided into four domains as indicated
in Fig. 5A. The middle two domains, conventionally termed
“upper” and “lower” 50 kDa subdomain, indicated in cyan and
pink, respectively, surround a conical cleft (Fig. 5 B–D). The
nucleotide-binding site is located on top of this cleft (bordered
by an oval in Fig. 5 B and C), whereas the actin-filament binding
site surrounds the bottom of the cone (colored in green in
Fig. 5 B–D). When ATP or ADP/Pi occupies the nucleotide-bind-
ing site, the base of the cone measures 20 Å in diameter (Fig. 5B).
The release of Pi, which causes the power stroke, narrows the
conical cleft to 12 Å, and leads to a stable interaction with actin
filaments (Fig. 5C). This state persists after release of ADP in
the nucleotide-free form (Fig. 5D). Renewed binding of ATP
completes the cycle and releases the myosin motor domain from
the actin filament and, again, widens the conical cleft to 20 Å

Fig. 2. She4p forms an elongated dimer. (A) Two L-shaped molecules (green
and purple) form a zigzag-shaped dimer; dimerization is through antiparallel
association of the short arms of the Ls and the association of the two N-term-
inal helices with the long arms of the contra-lateral Ls. The dimer is 193-Å-
long with a middle portion measuring 110 Å and two ends with a width of
20 Å. N and C indicate N and C termini, respectively. (B) Gel filtration and
multiangle light scattering of She4p. The Rayleigh ratio is shown as a black
curve and the molecular weight (Mr ) of major and minor peaks are shown in
blue and magenta, respectively. The molecular weight of the major peak was
91.09� 0.42 kDa (theoretical Mr ¼ 89.9 kDa) and of the minor peak was
174.77� 2.99 kDa.

Fig. 3. Evolutionary conservation of the di-
merization interfaces of She4p. (A) The three
dimerization interfaces are indicated with
blue and red dotted lines, with molecule A
in green and molecule B in purple; N and C
indicate N and C termini, respectively. Boxed
portions indicate apposing dimerization sur-
faces of the two short arms of L. (B–G) Dimer-
ization surfaces of the two short arms of the
L-shaped A and B molecules are colored ac-
cording to electrostatic potential (with satur-
ating blue and red at �15 kT∕e). (B and E)
Conservation between related fungal homo-
logues (yellow) (C and F); or, hydrophobicity
(green) (D and G); black lines encircle con-
served regions. (H–J) Symmetry-relateddimer-
ization interfaces between the N-helices and
the contra-lateral bend of the L-shaped A
and B molecules (see Fig. 2A); the N helix of
molecule A was superimposed as a ribbon
with stick and ball side chains onto the surface
of the bend ofmolecule B; conserved residues
of the helix are indicated in cyan; otherwise
the coloring of the electrostatic, conserved,
and hydrophobic surfaces of the bend of L
is as in B–G. (K) Electron density of the N helix.
The composite omit map (2fo-fc) covering the
N helix of molecule A is shown in blue mesh.
The map was contoured at 1σ cutoff. The re-
fined N helix is shown in stick and ball model
with residue names and numbers labeled. The
bend of molecule B is shown in surface repre-
sentation.
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(Fig. 5B). Strikingly, the UCS binding site on myosin (indicated in
yellow) is located near the conical cleft. Interestingly, two binding
epitopes can be distinguished with regard to location on the
myosin molecule and the hydrolysis cycle of ATP. One, consisting
of two antiparallel beta strands, is located on the surface and re-
mains accessible during the entire ATP hydrolysis cycle, whereas
the other, comprised of a helix-loop motif, is located inside the
cone and becomes inaccessible when the cleft narrows to 12 Å
(Fig. 5 B–D; for the location of these two epitopes in the 27-
residue-long peptide, see Fig. 4C).

Myosin Binding Site is Located at the C-Terminal Region of She4p.
Analysis of the atomic structure of She4p showed a conserved
surface at the C-terminal region of the She4p molecule. Because
this region was a potential candidate for myosin binding, we pre-
pared recombinant proteins comprised of several truncated
forms of the C-terminal region of UCS and tested them for bind-
ing to a fusion protein consisting of GST, a 10-residue-long linker,
and the 27-residue-long UCS binding peptide of Myo4p. Only
one of five tested truncated molecules, She4p 1–544, was soluble.
As expected, full-length She4p bound to the Myo4p fusion pro-
tein (Fig. S5, Arrowhead Lane 8), whereas binding of the trun-
cated form of She4p was reduced (Fig. S5, Arrowhead Lane 5).
Although these data suggest that the C-terminal region of UCS
does indeed contain a binding site for myosin, an atomic descrip-
tion of this binding site has to await analysis of a She4p/myosin
peptide cocrystal.

Discussion
Our crystallographic and biochemical data here show that the
UCS protein She4p of yeast is an L-shaped superhelix that di-
merizes to form a 193-Å-long, zigzag-shaped structure. A C-term-
inal region of the She4p monomer functions as a ligand for the
motor domain of myosin. Hence, a UCS dimer would act like a
bivalent linker whose C-terminal regions join two myosin motor
domains in a joint-like fashion.

Fig. 4. She4p directly interacts with a highly conserved region of the myosin
motor domain. (A) Fragments of yeast Myo4p were expressed as GST fusion
peptides for pull-down assays. Fragments that bind to She4p are labeled with
+ and those that fail to bind are labeled with − at the right. (B) SDS-PAGE
analysis of pull-down experiments; the fragment containing residues 561–
587 of Myo4p can stably bind to purified She4p (Lower). GST fusion peptides
were indicated by ⦁ and their degradation products by *. (C) Primary
structure comparison of the She4p binding sites from the five S. cerevisiae
myosins. Corresponding residue numbers are indicated to the left and right.
The predicted secondary structure is shown above the alignment. Identical
residues are indicated in yellow, similar ones in green.

Fig. 5. Projection of She4p binding sites onto the myosin surface during the
ATPase cycle. (A) Location of modules in the primary structure of chicken
myosin V motor domain; residue numbers are indicated and domain bound-
aries are colored: brown, N-terminal region; cyan, Upper subdomain; pink,
Lower subdomain; and gray, C-terminal region. (B–D) Surface representation
of the motor domain of chicken myosin V in the ATP or ADPþ Pi form [Pro-
tein Data Bank (PDB) ID code: 1w7j(B)], in the ADP form [PDB ID code: 1w7i
(c)], or in the nucleotide-free form [PDB ID code: 1w8j(D)], respectively, (27);
color code as in (A). Note the dramatic reduction from 20 to 12 Å in width at
the base of the cleft during the ATPase cycle, concomitant with strong bind-
ing to actin filaments (dashed line). Projected on the surface of the myosin
forms are nucleotides (magenta, stick and ball representation), strong actin
binding sites (green, ribbon representation), and the UCS binding sites
(yellow, ribbon representation). Note that the UCS binding site contains
two distinct binding epitopes; One, consisting of two antiparallel beta
strands, remains always exposed on the myosin surface during the ATPase
cycle, while the other one, located inside the cleft (helix loop) is occluded
during the reduction of the width of the cleft from 20 to 12 Å during the
ATPase cycle.
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Biochemical mapping showed that UCS binds to a highly con-
served, 27-residue-long region of the myosin motor domain
(Fig. 4). When projected onto the atomic structure of a chicken
myosin, the 27-residue-long region maps to a nucleotide-respon-
sive cleft that is strategically located between the nucleotide- and
actin-filament-binding sites of the myosin motor domain (Fig. 5).
Strikingly, the 27-residue-long binding region consists of two dis-
tinct epitopes. One is located inside the cleft surface, whereas the
other one is situated on the surface surrounding the cleft. In the
ATP-bound state, the myosin cleft is 20-Å wide at its base. In this
open state both binding epitopes are likely accessible (Fig. 5B).
However, after ATP hydrolysis and following the release of Pi, the
cleft narrows to 12 Å, likely preventing access to the binding
epitope located inside the cleft (Fig. 5C). Although the binding
epitope outside the cleft would still be accessible, the occlusion
of the binding epitope inside the cleft would reduce the overall
binding affinity of UCS to myosin. Hence, each ATP hydrolysis
cycle would be accompanied by an alternating cycle of higher
and lower affinity binding of each UCS dimer to each of the

two myosin heads as they move by one step along the actin fila-
ment (Fig. 6).

All myosin molecules, at least in yeast, have been shown to
interact with UCS. Our data here show that UCS is a dimeriza-
tion module that flexibly links two motor domains of two myosin
chains. Hence, even single myosin heavy chains that do not con-
tain a built-in dimerization module in form of a coiled coil region
may be dimerized by a bivalent UCS dimer.

The stepwise movement on an actin filament of one myosin
head passing the other during the power stroke is likely to cause
mechanical tension on the linkage between UCS and the myosin
motor domains. Alternating cycles of strong and weak binding
affinities of UCS for the myosin motor domain (Fig. 5) would be
one way to reduce such tension. Another way would be stretching
the UCS superhelix (Figs. 3 and 4), including transient dedimer-
ization.

Single molecule measurements carried out in vitro suggest that
the myosin step size is influenced by the length of the lever arm
and the swing angle (1) and therefore varies with different classes
of myosin. Step size ranges between 10 and 100 nm have been
reported for various myosins (1). However, these measurements
were carried out in the absence of UCS. We propose that a flex-
ible linkage by an UCS dimer of two myosin heads in a joint-like
fashion is one of the determinants of step size. Given the length
and the likely plasticity of the UCS dimer, we estimate a mini-
mum step size in the range between 10 and 20 nm. Moreover,
as UCS appears to interact with all myosins, such a minimum step
size may pertain to all classes of myosin.

This possibility is supported by recent data of in vitro motility
assays whereby myosin molecules immobilized on glass move
fluorescently labeled actin filaments with higher efficiency in the
presence of UCS and at low filament concentrations (21, 22). As
the ligand binding site of UCS on myosin is in a strategic location
inside and outside a repetitively opening and closing cleft be-
tween the binding sites to nucleotide and the actin filament, and
as movement of myosin along actin filaments could cause local
tensions accompanied by transient deformation of the molecule,
it is conceivable that UCS may minimize such deformations and
thereby physically stabilize the myosin head. By doing so, it could
inhibit the pathway toward ubiquitination and subsequent protein
degradation and hence contribute to the stability of myosin (21).

Materials and Methods
Primers used in yeast vector construction and integration are listed in
Table S1. Mutant She4p was purified as GST fusion protein and crystallized
using sitting drop vapor diffusion method. Structure of She4p was deter-
mined by three wavelength MAD method. The oligomeric state of She4p in
solution was determined using size-exclusion chromatography coupled to
multiangle light scattering. Various fragments of Myo4p were expressed as
GST fusion peptides, immobilized on glutathione sepharose beads, and
incubated with She4p. The bound protein on glutathione sepharose beads
was analyzed by SDS-PAGE after washing. For additional details, please
see SI Materials and Methods.
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