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Tracking UNC-45 Chaperone-Myosin Interaction with a Titin Mechanical
Reporter
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and Andres F. Oberhauser†‡§*
†Department of Neuroscience and Cell Biology, ‡Department of Biochemistry and Molecular Biology, and §Sealy Center for Structural Biology
and Molecular Biophysics, University of Texas Medical Branch at Galveston, Galveston, Texas
ABSTRACT Myosins are molecular motors that convert chemical energy into mechanical work. Allosterically coupling
ATP-binding, hydrolysis, and binding/dissociation to actin filaments requires precise and coordinated structural changes that
are achieved by the structurally complex myosin motor domain. UNC-45, a member of the UNC-45/Cro1/She4p family of
proteins, acts as a chaperone for myosin and is essential for proper folding and assembly of myosin into muscle thick filaments
in vivo. Themolecular mechanisms by which UNC-45 interacts with myosin to promote proper folding of the myosin head domain
are not known. We have devised a novel approach, to our knowledge, to analyze the interaction of UNC-45 with the myosin
motor domain at the single molecule level using atomic force microscopy. By chemically coupling a titin I27 polyprotein to the
motor domain of myosin, we introduced a mechanical reporter. In addition, the polyprotein provided a specific attachment point
and an unambiguous mechanical fingerprint, facilitating our atomic force microscopy measurements. This approach enabled
us to study UNC-45–motor domain interactions. After mechanical unfolding, the motor domain interfered with refolding of the
otherwise robust I27 modules, presumably by recruiting them into a misfolded state. In the presence of UNC-45, I27 folding
was restored. Our single molecule approach enables the study of UNC-45 chaperone interactions with myosin and their
consequences for motor domain folding and misfolding in mechanistic detail.
INTRODUCTION
Myosins are actin-based motor proteins that convert chem-
ical energy from ATP hydrolysis into mechanical work.
They play essential roles in a wide variety of cellular
motility processes, ranging from muscle contraction to
cleavage furrow ingression during cytokinesis. Type II
myosin heavy chains have a molecular mass of ~225 kDa
and consist of an N-terminal globular head domain and
a C-terminal rod domain. The motor activity resides within
the head domain that harbors the sites for actin-binding and
enzymatic activity. A model for the ATP-driven movement
of muscle-specific myosin along actin filaments was
proposed by Huxley in 1969 (1). This swinging cross-bridge
model of muscle contraction has been refined by numerous
structural and functional studies (reviewed in (2)). These
studies have revealed that the myosin power stroke is the
result of precise and coordinated structural rearrangements
within the motor domain, amplified by a rigid lever arm
domain. The precise coupling of ATP-binding, hydrolysis
and release, actin binding and release, and force-generating
structural changes is achieved by a complex fold of the
~100 kDa motor domain.

Due to its complex structure, the myosin motor domain
cannot spontaneously adopt its native structure in in vitro re-
folding experiments, in contrast to the coiled coil of the
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C-terminal rod domain. In vivo, molecular chaperones are
necessary for the proper folding and structural maintenance
of the myosin head (3–7). The myosin chaperone UNC-45,
a founding member of the UCS (UNC-45/Cro1/She4p)
family of proteins (8), is essential for proper folding and
assembly of myosin into muscle thick filaments (9). Several
studies have highlighted the importance of UCS domain-
containing proteins for proper myosin function. Tempera-
ture-sensitive UNC-45 mutants cause paralysis (10) and
disordered assembly of muscle thick filaments (8,10) in
nematodes. All metazoan genomes analyzed thus far encode
an UNC-45 ortholog. Vertebrates express a specific UNC-45
isoform in striated muscle (11). Heterologous production of
skeletal muscle myosin has been reportedly achieved only in
muscle-derived cell lines or lysates (3,4), consistent with
a requirement of this muscle-specific UNC-45 isoform for
proper myosin folding and/or assembly.

Less is known about mechanistic aspects of UNC-45
function. UNC-45 is composed of three domains: An
amino-terminal TPR (tetratricopeptide repeat) domain, a
~400 residue central region, and a ~400 residue UCS domain
(8) (Fig. 1). The TPR domain stoichiometrically binds the
molecular chaperone heat shock protein 90 (Hsp90) (6).
UNC-45 has been proposed to function as a cochaperone
for Hsp90 (12). UNC-45 from the nematode Caenorhabditis
elegans prevents the aggregation of thermally denatured
myosin subfragment 1 (myosin S1, comprised almost exclu-
sively of the motor domain; we use S1 and motor domain
interchangeably throughout the text) (6). The N-terminal
TPR domain is dispensable for this activity.
doi: 10.1016/j.bpj.2012.03.013
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FIGURE 1 Type II myosin is composed of two dissimilar domains: An

extended rod-like coiled-coil, and a structurallymore complex globularmotor

domain. Whereas the rod folds spontaneously under various conditions, the

motor domain requires the aid of molecular chaperones to acquire its func-

tional tertiary structure. UNC-45, the UCS protein in animals, contains an

amino-terminal TPR domain that mediates specific interaction with the

heat shock protein Hsp90. UNC-45 is required for proper myosin folding

and/or assembly.Hsp90 appears tomodulate theUNC-45:myosin interaction.

UNC-45 and Myosin Interactions 2213
We have devised, to our knowledge, a novel approach to
analyze UNC-45/myosin S1 interactions at the single mole-
cule level using the atomic force microscope (AFM) (13).
AFM is ideally suited for these studies because it mimics
the directionality of the in vivo folding pathways and can
capture misfolding events (14,15). However, it is difficult
to observe folding with this technique in the absence of an
unambiguous mechanical fingerprint. By chemically
coupling a titin I27 polyprotein to the motor domain of
myosin, we introduced a mechanical reporter, providing
a specific attachment point and a well-characterized
mechanical fingerprint in the AFM measurements. After
mechanical unfolding of the chimeric protein, the otherwise
robustly folding polyprotein fails to refold, presumably as
a consequence of myosin S1 misfolding. UNC-45 quantita-
tively restores I27 folding, indicating that it efficiently
prevents misfolding into a state that might represent an
off-pathway folding intermediate. Thus, the polyprotein
functions as a folding sensor in our measurements and
allows us to directly observe the consequences of interac-
tions between UNC-45 and myosin S1. This system should
be generally applicable to study chaperone-substrate inter-
actions at the single molecule level.
MATERIALS AND METHODS

Proteins

Myosin was purified from rabbit skeletal muscle (16). We produced the

myosin S1 fragment by chymotryptic digestion of myosin as described

(17,18). The purity and composition of full-length myosin and the S1 sub-

fragment proteins was confirmed by SDS-PAGE. Two highly reactive

cysteine sulfhydryl groups, termed SH1 and SH2, are located close to the

ATP-binding pocket in the myosin motor domain. Previous studies have
shown that SH1 and SH2 exhibit differential reactivity toward a number

of thiol-modifying agents (19,20). We selectively derivatized the reactive

SH1 group with an environmentally sensitive fluorophore, 6-bromoacetyl-

2-dimethyl-aminonaphthalene (BADAN). The excitation maximum is

387 nm and the emission is at 520 nm for the fluorescently labeled protein.

The labeling stoichiometry was typically 0.85–0.95 mol BADAN/mol S1 as

determined by absorption spectroscopy.

To introduce a mechanical reporter, S1 was derivatized with a tandem

repeat I27 polyprotein carrying an N-terminal cysteine residue and a C-ter-

minal His6 tag (21,22). Coupling to the S1 was achieved via the reactive

cysteines (SH1/SH2) within the motor domain. For chemical coupling,

the I27 tandem repeat protein (50 mM) was first incubated with a 20-fold

excess of a homobifunctional thiol-reactive cross-linker (BM(PEG)3,

Thermo Fisher Scientific, Rockford, IL). Excess cross-linker was removed

by gel filtration on Sephadex G-25 medium. The activated I27 tandem

repeat protein was incubated with a 1.5-fold excess of myosin S1 to couple

the two polypeptides, resulting in a covalent linkage between the

N-terminal cysteine in the I27 and the reactive thiols in the myosin motor

domain. The cross-linking adduct was isolated by size exclusion chroma-

tograpy on a Sephacryl S-300 column (GE Healthcare, Piscataway, NJ)

(see protein gel in Fig. S1 in the Supporting Material).

Expression plasmids harboring mouse UNC-45b cDNA sequences (full-

length) were transformed into Escherichia coli BL21 cells. The expression

vectors were based on a pPROEX-HTa backbone and have an N-terminal

His6-tag that can be cleaved off with TEV protease. Protein expression

was induced by addition of 1 mM IPTG and shaking at 16�C overnight.

The cells were resuspended in phosphate buffered saline (PBS, 10 mM

sodium phosphate buffer, pH 7.4, 150 mM NaCl), and sonicated on ice in

the presence of protease inhibitors. After centrifugation, the supernatant

was incubated with a Ni-NTA agarose, which then was washed thoroughly

with 20 mM imidazole in PBS followed by 50 mM imidazole in PBS.

The protein was eluted with 250 mM imidazole in PBS and the N-terminal

His6-tag was removed by digestion with TEV protease. The cleaved His6-

tag, TEV-protease and imidazole were removed by size exclusion chroma-

tograpy on a Sephacryl S-300 column (GE Healthcare).
Fluorescence measurements

We took advantage of the environmentally sensitive fluorophore BADAN

attached to myosin S1 to study its interaction with UNC-45b. 250 nM

BADAN-S1 were mixed with UNC-45b at concentrations ranging from

0.5 to 10 mM and incubated for 30 min in 25 mM HEPES-KOH pH 8.0

at 25�C, 30 mM KCl, 2 mMMgCl2. Fluorescence measurements were per-

formed using a Horiba Jobin Yvon Fluorolog-3 model FL3 Fluorescent

spectrometer. Fluorescence emission of BADAN-S1 at 520 nm was

measured after excitation at 387 nm relative to a control sample that con-

tained buffer instead of UNC-45b. The fluorescence increase was analyzed

assuming equilibrium between UNC-45b, BADAN-S1, and a complex of

the two:

KD ¼ ½UNC� 45b�eq$½BADAN� S1�eq
½UNC� 45b BADAN� S1�eq

;

where [UNC-45b]eq, [BADAN-S1]eq, and [UNC-45b BADAN-S1]eq are the

equilibrium concentrations of free UNC-45b, free BADAN-S1, and the

complex of the two, respectively.
Single molecule AFM

The mechanical properties of single proteins were studied using a home-

built single molecule AFM as previously described (22–26). The spring

constant of each individual cantilever (MLCT or Olympus OBL, Veeco

Metrology Group, Santa Barbara, CA) was calculated using the equiparti-

tion theorem (27). In a typical experiment, a small aliquot of the purified
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proteins (~1–5 ml, 10–100 mg/ml) was allowed to adsorb onto either a clean

glass coverslip (for myosin and S1) or a Ni-NTA-coated glass coverslip (for

the S1-(I27)8 and (I27)8 constructs) (28). We incubated myosin for

~5–15 min and then the coverslip was rinsed with myosin buffer (60 mM

sodium acetate, 600 mM KCl, 25 mM imidazole, 4 mM MgCl2, and 1 mM

dithiothreitol, pH 7.4). The other proteins were incubated for ~15 min and

then rinsed with PBS pH 7.4. Proteins were picked up randomly by adsorp-

tion to the cantilever tip, whichwas pressed down onto the sample for 1–2 s at

forces of several nano-Newtons and then stretched for several hundred nm.

We found that the probability of picking up a protein and stretching it

from end to endwas extremely low. This is because some proteinsmay attach

to the coverslip surface nonspecifically via I27 domains. For example, in the

case of the S1-I27 chimerawe found that the number of I27 unfolding events

observed in the force-extension curves was typically less than the total

number of I27 domains (i.e., eight). All experiments were performed at

room temperature (~25�C). The pulling speed of the different unfolding

and refolding experiments was in the range of 0.5–0.7 nm/ms.
Measuring the fraction of refolded I27 domains

We used a two-pulse unfolding/refolding protocol to estimate the fraction of

refolded domains as described previously in (22,29). After the first stretch,

a single polyprotein is allowed to relax for different time intervals. We then

count the refolded domains in the second pulling. The waiting time between

refolding cycles was 10 s. In a typical experiment after picking up a protein,

the AFM tip is moved away from the surface (~30–50nm) to prevent the tip

picking new proteins due to cantilever drift.
Analysis of force extension curves

The elasticity of the stretched proteins was analyzed using the worm-like

chain model of polymer elasticity (22,23):

FðxÞ ¼ kT

p

�
1

4

�
1� x

Lc

��2

�1

4
þ x

Lc

�
;

where F is force, p is the persistence length, x is the end-to-end length, and

Lc is the contour length of the stretched protein. The adjustable parameters

are p and Lc.
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RESULTS AND DISCUSSION

Environmentally sensitive fluorescence as
a reporter for UNC-45b – myosin S1 interaction

Both UNC-45b and striated muscle myosin are highly con-
served among mammals: the amino acid sequences for the
myosin-2 heavy chain and UNC-45b are 95% and 96% iden-
tical among the rabbit and mouse orthologs, respectively. To
study the effects of UNC-45b binding to the myosin motor
domain, we used subfragment 1 from rabbit skeletal muscle
myosin and recombinantly expressed mouse striated muscle
UNC-45b. To confirm that the purified UNC-45b interacted
with myosin subfragment 1, we took advantage of the envi-
ronmentally sensitive fluorophore BADAN (see Fig. 2 A)
(30). The myosin motor domain harbors two reactive thiol
groups, termed SH1 and SH2 (amino acid residues Cys-
707 and Cys-697, respectively, in rabbit skeletal muscle
myosin 2 heavy chain), located in the catalytic domain
(Fig. 2 A). The BADAN fluorophore has been shown to react
preferentially with the SH1 group (19), yielding fluores-
cently labeled myosin S1 (BADAN-S1) with a reporter flu-
orophore at a specific site within the catalytic domain.

We recorded fluorescence emission spectra of 0.5 mM
BADAN-S1 alone and in the presence of increasing con-
centrations of UNC-45b (Fig. 2 B). We observed increased
emission intensities of the reporter fluorophore with
increasing concentrations of UNC-45b, indicating that the
local environment of the fluorescent probe changes due to
interaction of BADAN-S1 with UNC-45b. This change
could be the consequence of either direct binding of the
chaperone near the catalytic site, or of allosteric changes
in the motor domain upon chaperone binding at a different
site. The increase in fluorescence intensity approaches a
plateau at UNC-45b concentrations above 5 mM (Fig. 2 C,
FIGURE 2 Tracking UNC-45 bind-

ing to the motor domain using environ-

mental sensitive fluorescent probes. (A)

We selectively derivatized the reactive

Cys-707 group with an environmentally

sensitive fluorophore, BADAN. The

molecular model corresponds to the

three-dimensional structure of myosin

subfragment-1 (pdb 2mys, (43)). (B)

Fluorescence emission spectra for

BADAN-labeled S1 (BADAN-S1) as a

function of UNC-45b concentration.

(C) BADAN fluorescence emission

(blue circles) as a function of the total

UNC-45b concentration. The red line

shows a fit obtained assuming complex

formation with a 1:1 stoichiometry of

UNC-45b and BADAN-S1, yielding

an apparent KD of 1.3 mM.
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blue circles). The red line shows a fit obtained assuming
complex formation with a 1:1 stoichiometry of UNC-45b
and BADAN-S1, yielding an apparent KD of 1.3 mM. We
compared our data to recent pull-down experiments done
for UNC-45b binding to myosin (31). Fig. S2 shows that
both data sets follow a similar trend. These independent
experimental techniques confirm that the recombinantly
produced UNC-45b interacts robustly with the myosin
motor domain. The agreement among the KD values ob-
tained indicates that the introduction of a reporter moiety
(in this case, an environmentally sensitive fluorophore)
near the ATP-binding pocket in the myosin motor domain
does not interfere with UNC-45b binding.
Mechanical fingerprint of myosin unfolding

Single molecule AFM has proven to be a powerful tool for
studying protein folding (13). Stretching a folded protein
between a surface and the tip of an AFM cantilever permits
the application of force to single protein molecules, allow-
ing the direct observation of folding and unfolding. These
measurements often reveal a mechanical fingerprint that
reflects the specific unfolding and refolding properties of
a given protein under force. In principle, it should be
possible to extend this methodology to study the conse-
quences of chaperone binding on client protein folding.
Before applying this approach to study UNC-45b – myosin
interactions, we first aimed to obtain the characteristic
mechanical fingerprint of myosin unfolding.
We deposited full-length myosin onto a glass coverslip
and stretched single protein molecules using a silicon nitrite
tip. A representative example of the resulting force exten-
sion curves is shown in Fig. 3 A. The force extension curves
exhibit two features: A plateau at ~30 pN, over which the
force does not increase with extension, and poorly defined
transitions at lower and higher forces, before and after the
plateau, respectively. The plateau at 30 pN has previously
been observed: It can be attributed to the rod domain and
constitutes a fingerprint for the full-length myosin heavy
chain (32–34) (see also Fig. S3). In the case of the myosin
head subfragment 1 we were unable to observe character-
istic transitions that could be attributed to the unfolding of
the motor domain or myosin S1 (Fig. 3 C, Fig. S4). The
data show that the average contour length for the full-length
myosin is 316 5 83 nm (n ¼ 40), whereas the average
contour for the S1 is much shorter, 171 5 42 nm, n ¼
109. These values are consistent with the respective size
of the proteins. The S1 subfragment is 845 amino acids
long; the unfolded length of fully extended S1 is predicted
to be around 300 nm (assuming that each amino acid con-
tributes 0.36 nm to the contour length of the protein). In
the case of native myosin, the predicted unfolded length
of the coiled-coil domain (~540 aa) plus the motor domain
(845 aa), should be ~500 nm. However, because the interac-
tion between the AFM tip and protein occurs randomly
the mean unfolded lengths should be much shorter than
the predicted contour lengths. Our results indicate that the
motor domain unfolds without a defined mechanical
FIGURE 3 Mechanical fingerprints of the myo-

sin domain unfolding. (A) Force-extension pattern

of a single full-length myosin molecule. Full-

length myosin was nonspecifically attached to

glass surfaces and subject to mechanical unfolding.

(B) Histogram for contour lengths obtained from

40 different force-extension profiles; the mean

value is ~315 nm (3165 83 nm). (C) Force-exten-

sion pattern of a single myosin head subfragment 1

(S1). (D) Histograms for contour lengths obtained

for unfolded S1; the mean value is 171 5 42 nm

(n ¼ 109). The thin lines in A and C correspond

to fits to the worm-like chain equation using a

persistence length, p, of 0.26 nm and an Lc of

383 nm (for the myosin trace), and p ¼ 0.39 nm

and an Lc of 183 nm (for the S1 trace).

Biophysical Journal 102(9) 2212–2219
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fingerprint in our experiments, perhaps because of the
absence of well-defined barriers for mechanical unfolding
or refolding.
Construction of a S1-I27 protein chimera

Because we were unable to obtain an informative fingerprint
of myosin motor domain unfolding, we sought to use the
well-characterized titin I27 domain as a mechanical reporter
in our AFM experiments (22,35). Polyproteins composed of
I27 tandem repeats unfold with a characteristic fingerprint
and readily refold through many repetitions without any
signs of fatigue (22). Tandem fusion constructs with I27
domains have previously been used in AFM studies to
unambiguously identify proteins without knowing their
fingerprint a priori and to distinguish them from nonspecific
attachment events between the cantilever and the surface
(see, e.g. (36–39). The introduction of I27 domains as
reporters typically requires the generation of recombinant
tandem fusion proteins. Recombinant expression of the
myosin motor domain, however, is challenging, presumably
because the complexity of its structure imposes a require-
ment for specific molecular chaperones. We developed
a protocol to chemically couple an octameric I27 polypro-
tein to a specific site within the myosin motor domain of
natively folded full-length myosin or myosin S1 (Fig. 4).
The polyprotein harbored an N-terminal cysteine residue
and a C-terminal hexahistidine (His6) tag. We chemically
linked the engineered cysteine near the N-terminus of the
I27 polyprotein to the reactive cysteine in the motor domain
using a homobifunctional bis-maleimide cross-linker.
FIGURE 4 Mechanical fingerprint of derivatized full-length myosin and

S1 fragment (motor domain). (A) The motor domain (blue) was derivatized

with a mechanical reporter, a tandem repeat I27 polyprotein (gray) carrying

an N-terminal cysteine residue and a C-terminal His6 tag. Note that the

(I27)8 is both a handle reacting at the reactive cysteines in S1 and a reporter

of unfolding and refolding. Coupling was achieved via the reactive cyste-

ines (SH1/SH2) within the motor domain. The handle introduces a means

of site-specific attachment via the His6 tag. (B and C) Single molecules

of derivatized full-length myosin (B) or S1 (C) were subjected to repeated

cycles of mechanical stretching, separated by a waiting time of 10 s at zero

force (inset). The I27 sawtooth pattern is apparent in the initial unfolding

trace (1), but absent in the second (2) and third (3) traces, indicating that

the unfolded motor domain interferes with refolding of the I27 modules.

The characteristic low-force plateau stemming from the rod (between

dashed lines) is visible in all traces in A, indicating the rod folds as an inde-

pendent entity and is not affected by the motor domain.
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The unfolded myosin motor domain interferes
with I27 refolding

We deposited the chimeric myosin – I27 constructs on a
Ni2þ-charged NTA surface and subjected molecules to
repeated mechanical stretching in the AFM (Fig. 4, B
and C), separated by pause intervals of 10 s at zero force
(see inset). In the force-extension curves of both the full-
length myosin and the motor domain constructs, unfolding
of the I27 reporter domains is apparent during the initial
stretching (Fig. 4, B and C, trace 1). In addition, the con-
struct containing the full-length myosin (Fig. 4 B) also
exhibits the plateau at 30 pN corresponding to the unravel-
ing of the rod domain (see above). This demonstrates that in
this geometry, force is applied across the I27 polyprotein,
the motor domain, and the rod, validating our approach. It
is possible that the sample preparation protocol also yields
I278-I278 adducts, in addition to the desired I278-S1 species.
However, we did not observe force extension curves with
more than eight consecutive I27 unfolding events, indicating
that—although these species may be present—we do not
observe them in our experiments. A possible explanation
could be the dual tethering of the I278-I278 to the Ni-NTA
substrate; because this species has two His6-tags, it will
attach to the surface on both ends, perhaps making it
unlikely to be picked up by the cantilever during our
AFM measurements.

Although the characteristic sawtooth pattern of I27
domain unfolding is observed during the initial stretching,
force extension curves collected after quenching the force
and stretching the molecule again do not exhibit this
sawtooth feature (Fig. 4, traces 2 and 3). Therefore, the
I27 domains do not refold during the 10 s pause at zero
force, in contrast to the I27 polyprotein by itself, which
readily refolds within seconds ((22); see also Fig. 5). This
phenomenon is observed for both full-length myosin and
myosin S1, indicating that the effect is mediated by the
unfolded motor domain. Thus, folding of the I27 domain
is sensitive to the presence of the unfolded motor domain,
perhaps because of aberrant interactions between the cova-
lently linked unfolded polypeptides after unfolding. This
interpretation is consistent with the previously reported
inability of the myosin motor domain to spontaneously re-
fold after denaturation in the absence of chaperones (4).
Interestingly, the presence of the plateau at 30 pN (between
dashed lines in Fig. 4 B) in repeated stretching cycles indi-
cates that the rod domain folds as an independent entity and
is not affected by interactions with the unfolded motor
domain.
UNC-45b prevents aberrant interactions of the
unfolded motor domain

The observation that I27 folding is impaired in the context
of the unfolded myosin motor domain indicates aberrant



FIGURE 5 UNC-45b facilitates refolding of the titin mechanical

reporter. (A) Single molecules of derivatized S1 were subjected to repeated

cycles of unfolding and relaxation to zero force. In the absence of UNC-45b

(control), the I27 sawtooth pattern is observed only in the initial unfolding

cycle, indicating that the unfolded motor domain interferes with the refold-

ing of the I27 modules. In the presence of 1 mMUNC-45b (right panel), full

recovery of folded I27 domains is observed. This result indicates that

the I27 domains function as a sensor for motor domain proper folding.

UNC-45b prevents the interference between the motor domain and the

I27 units, presumably by binding to the myosin motor domain. (B) Plot

of the fraction of titin I27 domains as a function of refolding cycles. Single

molecules of either the I27 polyprotein (triangles; 18 molecules) or deriv-

atized S1 in the absence of chaperone (squares; 8 molecules) and in

the presence of 1 mM UNC-45b (circles; 12 molecules) were subjected

to repeat cycles of unfolding. The error bars correspond to the standard

deviations.
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interactions between nonnative polypeptides. In vivo, these
interactions are counteracted by molecular chaperones that
prevent the formation of nonnative interactions that would
otherwise interfere with proper folding. We wondered if
this effect can be recapitulated in our AFM assay. We
repeated the experiment described previously with the
I27 – S1 construct in the presence of 1 mM UNC-45b. Strik-
ingly, refolding of the I27 reporter domains is fully restored
under these conditions (Fig. 5). Whereas in the absence of
the chaperone, the I27 domains do no refold after the initial
stretching cycle, indistinguishable sawtooth patterns are
observed over three repeated cycles when UNC-45b is
present (Fig. 5 A). Control experiments show that UNC-45
does not affect the refolding efficiency of the I27 domain
alone. We also found that proteins other than UNC-45
such as bovine serum albumin do not have a significant
effect on the reversible AFM-induced unfolding/refolding
of I27–S1. The AFM measurements thus reveal directly an
effect of the UNC-45b chaperone. Our finding suggests
that UNC-45b prevents aberrant interactions between the
unfolded polypeptides within the chimeric construct,
presumably through interactions with the unfolded motor
domain.
CONCLUSIONS

The myosin motor domain converts chemical energy into
mechanical work: It allosterically couples ATP binding
and hydrolysis at one site to the binding to actin filaments
and transduction of force at a second site. This highly
specialized function is achieved by the intricate structure
of the myosin head. Perhaps as a consequence of this struc-
tural intricacy, the myosin polypeptide is unable to fold
spontaneously and depends on molecular chaperones for
productive folding to its native, functional conformation.
UNC-45 and other members of the UCS protein family
are required for the folding of the myosin motor into a me-
chanochemically competent protein (3,5,40–42). However,
the molecular mechanisms by which the molecular chap-
erone UNC-45 interacts with myosin to promote proper
folding of the myosin motor domain are not known.

The experimental approach described here is novel, to our
knowledge, and provides a first step toward elucidating, in
mechanistic detail, the effect of molecular chaperones on
myosin motor domain folding. The data obtained using
single-molecule AFM techniques reveal that the motor
domain does not fold after mechanical unfolding. Misfold-
ing often results in aggregation, hampering the characteriza-
tion of nonnatively structured species in ensemble
measurements. Our single-molecule approach circumvents
this limitation and, in combination with a titin I27-based
reporter, allows us to observe the effect of UNC-45 on the
nonnative myosin motor domain. After mechanical unfold-
ing, the motor domain presumably recruits the I27 domains
into a misfolded state. In the presence of UNC-45, titin
domain folding was restored. Thus, the approach described
here is new, to our knowledge, and powerful for investi-
gating the mechanism of action of UNC-45 on myosin
function and folding.

Future experiments will pursue the unfolding and refold-
ing of myosin in the presence of different combinations of
UNC-45, its C-terminal UCS domain and other molecular
chaperones, such as Hsp90. Furthermore, assembly of
myosin must involve the folding of the motor domain, the
association of the light chains, and dimerization of the
long C-terminal a-helical segments of the two heavy chains.
Biophysical Journal 102(9) 2212–2219
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Hence, future experiments under more physiological condi-
tions will help to resolve the folding pathways of the myosin
motor domain and to better understand myosin assembly
into functional structures.
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