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Abstract
Usher syndrome (USH) is a human hereditary disorder characterized by profound congenital
deafness, retinitis pigmentosa and vestibular dysfunction. Myosin VIIa has been identified as the
responsible gene for USH type 1B, and a number of missense mutations have been identified in the
affected families. However, the molecular basis of the dysfunction of USH gene, myosin VIIa, in
the affected families is unknown to date. Here we clarified the effects of USH1B mutations on human
myosin VIIa motor function for the first time. The missense mutations of USH1B significantly
inhibited the actin activation of ATPase activity of myosin VIIa. G25R, R212C, A397D and E450Q
mutations abolished the actin-activated ATPase activity completely. P503L mutation increased the
basal ATPase activity for 2-3 fold, but reduced the actin-activated ATPase activity to 50% of the
wild type. While all the mutations examined, except for R302H, reduced the affinity for actin and
the ATP hydrolysis cycling rate, they did not largely decrease the rate of ADP release from acto-
myosin, suggesting that the mutations reduce the duty ratio of myosin VIIa. Taken together, the
results suggest that the mutations responsible for USH1B cause the complete loss of the actin-
activated ATPase activity or the reduction of duty ratio of myosin VIIa.

Usher syndrome (USH) is a clinically and genetically heterogeneous, autosomal recessive
disorder characterized by sensorineural hearing loss and visual loss due to retinitis pigmentosa.
Three clinical types of Usher syndrome have been described based on the severity of the hearing
impairment, the age of onset of retinitis pigmentosa and the presence or absence of vestibular
dysfunction. Usher syndrome type I (USH1), which accounts for 50 % of USH cases, is the
most severe type characterized by profound congenital hearing loss, constant vestibular
dysfunction and prepubertalal onset of retinitis pigmentosa. So far, at least six different loci
have been mapped (USH1A-F) (1-6). USH1B is the most common subtype, accounting for
70-80 % of USH1. It was reported that the USH1B gene encodes myosin VIIa (7). In addition
to human sensory disorder, myosin VIIa seems to be responsible for the sensory function in
mice (8), zebrafish (9), and Drosophila (10).

Myosins are motor proteins that use energy from ATP hydrolysis to move along actin filaments.
Based upon the structural analysis, several key structural elements that are critical for the
mechanotransduction of myosin have been identified (11-13). The motor domain of myosin is
composed of the three subdomains, i.e., N-terminal 25 kDa, central 50 kDa, and C-terminal 20
kDa. The central 50 kDa subdomain is separated by a deep cleft into the upper 50 kDa and the
lower 50 kDa domains, which are involved in actin binding (11,14). The ATP binding site
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consists of the three elements, i.e., “P-loop”, switch I and switch II helices. The actin binding
sites are approximately 4 nm away from the nucleotide binding pocket, therefore, it is thought
that the movement of switch-1/swtch-2 helices during ATP hydrolysis cycle, presumably Pi
off from the active site, is critical for the communication between the catalytic pocket and the
actin binding sites. The ATP binding induced conformational change in these switch I/switch
II helices leads the closure of the cleft between the upper and lower 50 kDa domain and it is
thought that this changes the myosin-actin binding. One of the elements connecting the upper
and lower 50 kDa domain, termed “strut”, has been suggested to play an important role in
controlling the cleft closure (13,15).

Myosin VII is a member of the myosin superfamily that is classified based upon phylogenetic
sequence comparisons into more than 20 classes (16-18). There are two subclasses of myosin
VII identified in Drosophila and vertebrates, myosin VIIa and VIIb, which are encoded by
independent genes. While mammalian myosin VIIa is found in a variety of tissues including
lung, kidney, small intestine and testis (19,20), its physiological function is best studied in the
sensory hair cells of the inner ear and the retina. Myosin VIIa is present along the length of the
stereocilia in the sensory hair cells, where it serves a role in regulating the tension of the
stereocilia bundles (21,22). Myosin VIIa is also found in the pericuticular necklace of the hair
cells and might be involved in vesicle transport (21,23). In the retina, myosin VIIa facilitates
the transportation of opsin from the inner segment to outer segment of photoreceptor (24,25).
In the pigmented epithelial cells of the retina, myosin VIIa serves an important role of
phagocytosis of shed outer segments (8,19). These findings suggest that myosin VIIa plays a
role in intracellular trafficking and production of force in localized cellular compartments.

Myosin VIIa consists of a conserved N-terminal motor domain, a neck domain with five IQ
motifs that function as light chain binding sites, and a long tail domain (26). The tail domain
consists of a putative coiled-coil domain, an SH3 (Src homology 3) domain, two MyTH4
(myosin tail homology 4) domains, and two FERM (band 4.1-ezrin-radixin-moesin) domains
(Fig.1A). Although the function of the tail domain is obscure, it is thought that this domain
serves as the binding site of the myosin VIIa partner molecules, thus important for cargo
transportation. While the motor domain is conserved among the myosin superfamily members,
each member has unique motor characteristics. One of the most important motor characteristics
is “processivity” that describes the continuous movement of the motor molecules on actin
filaments, thus, suitable as a cargo transporter (27). The motor activity of myosin VIIa was
first determined in rat myosin VIIa (28). It was shown that the ATPase activity myosin VIIa
is significantly activated by actin by more than 10 fold and myosin VIIa moves towards the
plus-end of the actin filament, thus, a plus-end-directed motor. Recently, it was shown, with
Drosophila myosin VIIa, that myosin VIIa is a high duty ratio motor in which the motor head
strongly binds to actin for the majority of the cross-bridge cycling time (29) and consistently
moves processively when myosin VIIa is tagged with a leucine zipper module to produce the
forced two-headed molecules (30).

To date, a number of missense mutations of the myosin VIIa gene have been found in various
USH1B families (7), which are predominantly located in the motor domain of myosin VIIa,
suggesting that the motor function of myosin VIIa is critical for its roles in the inner ear and
retina. However, it has never been demonstrated how these mutations affect the motor function
of myosin VIIa, which is critical for understanding the correlation between the mutation and
phenotype. Here we analyzed the effect of the myosin VIIa missense mutations (G25R, R212C,
R302H, A397D, E450Q, P503L) found in USH1B patients, for the first time, on the
mechanoenzymatic activities of human myosin VIIa. Gly25 is located in N-terminus region of
the motor domain that is not conserved in myosin superfamily. Arg212 is in highly conserved
switch I region in the ATP binding pocket. Arg302 is in the upper 50 kDa subdomian and not
conserved among myosin family. Ala397 lies on the surface of the upper 50 kDa domain in
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the cleft of the motor domain. Glu450 is located in switch II region and highly conserved among
all myosins. Pro503 is well conserved among the myosin superfamily and present on the outer
surface of the motor domain that is thought to be one of the actin-binding sites in myosin II.
All mutants examined, except for R302H, exhibited severe deficiency on the actin-activated
ATPase activities. The results also indicated that the mutations significantly decrease the duty
ratio of myosin VIIa.

EXPERIMENTAL PROCEDURES
Materials

Restriction enzymes and modifying enzymes were purchased from New England Biolabs
(Beverly, MA). Phosphoenolpyruvate and pyruvate kinase were obtained from Sigma (St.
Louis, MO). Actin was prepared from rabbit skeletal muscle according to Spudich and Watt
(31). Recombinant calmodulin was expressed in E. coli and purified as described previously
(32).

Cloning, Expression and Purification of human myosin VIIA protein
Human myosin VIIA cDNA was obtained from Human kidney total RNA using RT-PCR. The
nucleotide sequence was determined by direct DNA sequencing to confirm the authenticity of
the DNA sequence of the clone. The cDNA fragment encoding Met1-Arg796 was subcloned
into modified pFastBac1 baculovirus transfer vector containing a FLAG tag sequence and octa-
histidine tag at 5′-end and 3′-end of the polylinker region, respectively. This construct
(HuM7AIQ2) encodes the entire motor domain plus two IQ motifs of myosin VIIa. We used
the Flag tag for purification, and the histidine tag for in vitro motility assays to attach the C-
terminus of myosin to nitrocellulose surface coated with anti-hexa-histidine antibody
(Rockland, Gilbertsville). Six point mutations (G25R, R212C, R302H, A397D, E450Q,
P503L) were introduced into myosin VIIa cDNA individually using site-directed mutagenesis.
To express the recombinant HuM7AIQ2 protein, Sf9 cells (about 1 × 109 cells) were co-
infected with two viruses expressing the HuM7AIQ2 heavy chain and calmodulin. The infected
cells were cultured for 3 days at 28 °C. Cells were harvested and washed with PBS and 5 mM
EGTA. Cells were then lysed with sonication in 20 ml of lysis buffer (30 mM MOPS-KOH
(pH 7.5), 150 mM KCl, 1 mM EGTA, 2 mM MgCl2, 1 mM MgATP, 0.5 mM dithiothreitol, 1
mM phenylmethanesulfonyl fluoride, 10 μg/ml leupeptin and 10 μg/ml trypsin inhibitor). After
centrifugation at 100,000 × g for 30 min, the supernatant was incubated with 300 μl of anti-
FLAG M2 affinity resin (Sigma) in a 50 ml conical tube on a rotating wheel for 1 hour at 4°
C. The resin suspension was then loaded on a column (1× 10 cm) and washed with 30 ml buffer
A (20 mM MOPS-KOH (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM EGTA, 5 μg/ml leupeptin
and 0.5 mM dithiothreitol). HuM7AIQ2 was eluted with buffer A containing 0.1 mg/ml FLAG
peptide. The HuM7AIQ2 was concentrated with a VIVASPIN concentrator (Vivascience) and
dialyzed against buffer B (50 mM KCl, 20mM MOPS-KOH (pH 7.5), 2mM MgCl2, 1 mM
EGTA and 1 mM dithiothreitol). The purified HuM7AIQ2 was stored on ice and used within
2 days. 50-100 μg of the purified protein was obtained from a standard infection. Protein
concentration was determined by the densitometry of SDS-PAGE using smooth muscle myosin
heavy chain as a standard, and analyzed with NIH ImageJ software. All experiments were done
with at least 3 independent preparations.

Steady-state ATPase Assay
The steady-state ATPase activity was measured in the presence of ATP regeneration system
(20 units/ml pyruvate kinase and 2 mM phosphoenolpyruvate) at 25 °C. The actin-activated
ATPase assay was carried out in buffer B with 0.2 mg/ml calmodulin. Ca2+ATPase activity
was measured in the buffer containing 600 mM KCl, 30 mM Tris-HCl (pH 8.5), 10 mM
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MgCl2, 0.2 mg/ml calmodulin and 2 mM ATP. The liberated pyruvate was determined as
described (33).

Stopped-flow Measurements
Kinetic measurements were performed in buffer B with 0.2 mg/ml calmodulin at 25 °C using
a KinTek SF-2001 apparatus (KinTek Co., Clarence, PA) as described previously (29). The
rate of ADP release from acto-myosin was measured by monitoring the light-scattering change
at 420 nm after mixing 0.5 μM acto-HuM7AIQ2 and 0.1 mM MgADP with 2 mM MgATP.

Actin cosedimentation assay
Prior to the assay, HuM7AIQ2 was centrifuged at 300,000 X g for 10 min to remove any
potential aggregates, and the supernatant was used in the actin cosedimentation assay. One mg/
ml actin was mixed with 0.5 μM HuM7AIQ2 in buffer B in the presence or absence of ATP
regeneration system and 2 mM MgATP, and incubated for 10 min at room temperature. Then,
the reaction mixtures were centrifuged at 300,000 X g for 10 min. The supernatants and
dissolved pellets were subjected to the densitometry analysis of SDS-PAGE.

In Vitro Motility Assay
The actin-translocating velocity was measured by in vitro actin-translocating assay as described
(34). A glass surface was coated with nitrocellulose. Anti-hexa-histidine monoclonal antibody
was applied to the flow cell, followed by BSA blocking. Then, HuM7AIQ2 was applied to the
flow cells and incubated for 30 min at room temperature. The unbound HuM7AIQ2 was washed
out with buffer B. The movement of the rhodamin-labeled actin filaments was observed in
buffer C (25 mM KCl, 25 mM MOPS (pH 7.5), 2 mM MgCl2, 1 mM EGTA, 1 mM
dithiothreitol, 36 μg/ml catalase, 4.5 mg/ml glucose, 216 μg/ml glucose oxidase, 0.1 mg/ml
calmodulin and 4 mM MgATP) at 25 °C. Actin filament velocity was calculated from the
movement distance and the elapsed time in successive snapshots. Student's t test was used for
statistical comparison of mean values. A value of p < 0.01 was considered to be significant.

RESULTS
Expression and purification of human myosin VIIa

In order to study the effect of missense mutations found in Usher Syndrome Type IB on the
motor activity of myosin VIIa, it is critical to use human myosin VIIa. We succeeded in
isolating functionally active human myosin VIIa for the first time. To avoid the complexity as
a result from the potential interaction between the two head domains, or a tail domain and a
head domain like myosin V and VI (35-38), we decided to use the single-headed construct
(HuM7AIQ2) for the functional analysis of myosin VIIa mutants (Fig. 1A). The wild-type and
all the USB1B mutants were co-expressed with calmodulin as a light chain. The purified
proteins were co-purified with calmodulin, indicating that calmodulin serves as subunits as
previously reported (28,39,40) (Fig.1B). The low molecular mass calmodulin band showed its
characteristic Ca2+ dependent shift in mobility on an SDS-PAGE (date not shown). The number
of calmodulin associated with the wild-type heavy chain was estimated to be 1.53 ± 0.06 by
densitometry of an SDS-PAGE. The number of co-purified calmodulin light chain for each
mutant myosin VIIa heavy chain is shown in Fig. 1C. The result was consistent with the
expected number of calmodulin light chain of the construct having two IQ motifs. All
experiments were performed in the presence of exogenous calmodulin (0.2 mg/ml) to ensure
that the light chain binding IQ motifs were occupied with calmodulin.
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Steady-state ATPase activity
To evaluate the enzymatic function of the wild-type and mutant myosin VIIa, Ca2+-ATPase
and Mg2+-ATPase activity of HuM7AIQ2 were measured (Fig. 2A, B). While the missense
mutations changed the Ca2+ and Mg2+-ATPase activity of HuM7AIQ2, none of the mutations
abolished the ATPase activities, suggesting that the mutations tested do not eliminate the ATP
binding to the active site. Fig. 2C shows the actin activation of the Mg2+-ATPase activities of
HuM7AIQ2 in the presence of 30 μM actin (see also Table I). In the absence of actin, basal
Mg2+-ATPase activity of the wild-type was 0.05 ± 0.01 s−1. The ATPase activity of the wild-
type was significantly activated by actin. The Mg2+-ATPase activity of G25R, R212C, A397D
and E450Q mutants were not activated by actin, although their basal Mg2+-ATPase activities
were not largely different from that of the wild-type. The basal Mg2+-ATPase activity of the
P503L mutant was two-fold higher than that of wild type, which was further activated about
twice by actin. On the other hand, the ATPase activity of R302H mutant was well activated by
actin without the change in the basal ATPase activity. To further analyze the effect of mutation
on the motor function, the ATPase activity of HuM7AIQ2 was measured as a function of actin
concentration (Fig. 3A and 3B). The ATPase activities of the wild-type HuM7AIQ2 at various
actin concentrations were fitted well with a Michaelis – Menten equation to yield Vmax and
KATPase of 0.45 ± 0.05 s−1 and 12.8 ± 2.9 μM, respectively. The ATPase activity of R302H
mutant was well activated by actin to yield Vmax and KATPase of 0.34± 0.05 s−1 and 15.2 ± 4.8
μM (Fig. 3A and Table I). The obtained Vmax value was almost identical to that of the wild-
type. The results suggest that the USH1 phenotype of R302H mutation may not be due to the
alteration of the motor function. On the other hand, the high basal activity of P503L mutant
was further increased with actin to yield Vmax of 0.23 ± 0.02 s−1 (Fig. 3A and Table I).
Interestingly, KATPase value was significantly reduced by this mutation. For G25R, R212C,
A397D and E450Q mutations, there was no indication of the increase in the ATPase activity
at wide rage of actin concentrations (Fig. 3B and Table I).

Rate of ADP release from acto-myosin
The previous kinetic study of Drosophila myosin VIIa showed that the step of ADP release is
the rate-limiting step in acto-myosin VIIa ATPase cycle, indicating that Drosophila myosin
VIIa is classified to be a high duty ratio motor which spends the majority of the ATPase cycle
in the strongly actin-binding state (29). Since it is thought that the high duty ratio is required
for the processive movement of myosin, myosin VIIa can be a processive motor if it forms a
dimer (30). To assess the effect of USH1B mutations on the high duty ratio of myosin VIIa,
we measured the rate of ADP release from acto-HuM7AIQ2 (Fig. 4 and Table I).

The rate of ADP release from acto-myosin was measured by monitoring the light-scattering
change after mixing acto-HuM7AIQ2/ADP with 2 mM MgATP. In the absence of ADP, acto-
HuM7AIQ2 dissociated rapidly upon addition of ATP, but the dissociation rate was markedly
decreased in the presence of ADP. This is because the dissociation of ADP from acto-
HuM7AIQ2 is slower than the ATP induced dissociation of acto-HuM7AIQ2 and limits the
entire process. Conversely, the obtained dissociation rate of acto-HuM7AIQ2 determined by
measuring the change in light-scattering represents the ADP release rate from acto-
HuM7AIQ2. As shown in Fig. 4A, the decrease in the light-scattering upon dissociation of
acto-HuM7AIQ2/ADP followed single exponential kinetics. The rate of ADP release from
acto-HuM7AIQ2/ADP determined by this method was 0.56 ± 0.05 s−1 for the wild-type (Fig.
4A). This value was comparable with the Vmax of the actin-activated Mg2+-ATPase activity,
suggesting that the rate of ADP release is the rate-limiting step in acto-human myosin VIIa
ATPase cycle. This result suggests that human myosin VIIa is a high duty ratio motor like
Drosophila myosin VIIa. The USH1B mutantions examined did not largely affect the rate of
ADP release from acto-HuM7AIQ2 (Fig. 4B), except for G25R mutant, the rate constant of
which was a half of the wild-type. Since the USH1B mutations, except for R302H, significantly
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reduced the Mg2+-ATPase rate in the presence of actin, the result indicates that the duty ratio
of the mutants is largely reduced from that of the wild-type. Therefore, the results suggest the
USH1B mutants, except for R302H, hamper not only the over-all ATP hydrolysis cycle but
also the duty ratio of the cycle.

Actin cosedimentation assay
To assess the actin binding affinity of the USH1B mutants, actin cosedimentation assays were
performed (Fig. 5). Unlike the non-processive conventional myosin II, the processive high duty
ratio myosins such as myosin Va have a high affinity for actin, even in the presence of ATP
(41,42). Consistent with the high duty ratio nature of human myosin VIIa, the HuM7AIQ2
wild-type showed approximately 50% of the protein cosedimented with actin in the presence
of ATP in low salt condition. On the other hand, all HuM7AIQ2 mutants cosedimented with
actin in the absence of ATP, but not in the presence of ATP, suggesting that all mutations did
not hamper the ATP-dependent actin binding property of myosin VIIa. However, all mutants,
except for R302H, showed that 85-90% of proteins were dissociated from actin in the presence
of ATP, indicating that the USH1B mutations reduce the affinity for actin in the presence of
ATP. This result supports the notion that the USH1B mutations reduce the duty ratio of myosin
VIIa.

Actin-translocating activity
To directly determine the mechanical activity of USH1B mutants, the actin-translocating
activity was measured by observing the movement of the rhodamine-labeled actin filaments
under the fluorescence microscope. The actin-translocating velocities of the wild-type and
USH1B mutant myosin VIIa measured in an in vitro motility assay are shown in Fig. 6. The
velocity of the wild-type was 2.7 ± 0.5 nm/sec. This value is much slower than any other myosin
so far reported. P503L mutant, which showed high basal ATPase activity, was able to
translocate actin filaments, however, the velocity was significantly slower than the wild-type.
On the other hand, the velocity of R302H mutant was similar to the wild-type, consistent with
the actin-activated ATPase activity that showed little difference from the wild-type.

DISCUSSION
While it is known that myosin VIIa is the responsible gene for USH1B, the effect of USH1B
mutations on the function of myosin VIIa at the molecular level is unknown. In the present
study, we succeeded in isolating human myosin VIIa and clarified, for the first time, how the
USH1B mutation hampers the function of myosin VIIa at the molecular level. While the
USH1B mutations are distributed in the entire region of the myosin VIIa gene, the majority of
the missense mutations are located in the motor domain suggesting that the USH1B phenotype
is due to the malfunction of myosin VIIa motor activity. Therefore, we focused our efforts on
the missense mutations in the motor domain of myosin VIIa, and examined the effects of these
mutations on the motor activity.

One of possible effects of mutation is that the mutation may affect the proper folding and
stability of the protein. However, the yields of all USH1B mutant proteins examined in this
study were virtually the same as that of the wild-type, suggesting that all mutations examined
do not affect the proper folding of myosin VIIa.

In all the functional assays performed in this study, R302H mutation showed little effect on
the motor activity of myosin VIIa. It was originally described (43) that the R302H mutation
undergoes difficulty in trying to correlate phenotype/genotype associations because some of
the myosin VIIa cDNA clones, isolated from different cDNA libraries, had a histidine at
position 302 (26). Furthermore, Arg302 is not conserved among members of the myosin
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superfamily, suggesting that Arg302 is not critical for the authentic function of myosin VIIa.
Therefore, we concluded that the R302H mutation is not directly responsible for USH1B
phenotype.

All other missense mutations tested in this study showed severe dysfunction of the myosin
VIIa motor function. The Mg2+-ATPase activities of G25R, R212C, A397D and E450Q
mutants were not activated by actin at all, although they had the basal Mg2+-ATPase activity
that is similar to the wild-type. These results suggest that these mutations do not hamper the
ATP binding and the following ATP hydrolysis, but do impair the transduction pathway
between the actin-binding interface and the ATPase active site.

Since these mutants bind to actin in the absence of ATP and dissociate from actin in the presence
of ATP, it is anticipated that these mutants can produce the weak actin binding intermediate
of myosin VIIa upon ATP binding. We anticipate that the product release of these mutants
predominantly takes place without the actin re-binding pathway, thus, no apparent actin
activation of the ATPase activity. It is unlikely that these mutants carry the cargo molecules
because the majority of the molecules are in the actin-dissociated form in the presence of ATP.
On the other hand, P503L mutation showed a two-fold larger basal Mg2+-ATPase activity than
wild-type, which was further activated twice by actin. A significant increase in the basal
ATPase activity may cause an inefficient energy usage in cells. The ADP release rate of this
mutant was higher than the wild-type, suggesting that the duty ratio of this mutant is less than
30%. Therefore, it is less likely that this mutant myosin VIIa can function as a cargo transporter.

Taken together, the present results suggest that USH1B mutations cause either the complete
loss of the motor activity of myosin VIIa or the severe reduction of the duty ratio of myosin
VIIa. It was shown that Drosophila myosin VIIa is a high duty ratio motor (29) and can move
procesively when it forms dimer (30). To date, it is unclear whether human myosin VIIa can
form dimer and move processively. On the other hand, it has been suggested that mammalian
myosin VIIa serves as a transporter in the pericuticular necklace of the inner ear hair cells
(21,23) and photoreceptor cells (24,25), therefore, it is plausible that human myosin VIIa can
move processively, thus functioning as a cargo transporter. This also implies that the processive
nature of myosin VIIa is critical for the physiological function of myosin VIIa in the inner ear
and retina. The present results are consistent with earlier cell biological findings, and further
supports the idea that myosin VIIa functions as a cargo transporter in the cells.

The present results also provide important information for understanding the relationship
between the structure and function of myosin VIIa molecule. Of interest is the mutation at
Gly25 that is located near the amino terminus of the molecule. Some of the other myosin classes
do not contain this region, and the others showed no sequence homology at this region.
Nevertheless, G25R mutation completely abolished the actin-translocating activity and the
actin activated-ATPase activity. It is plausible that the unique N-terminal domain of myosin
VIIa is responsible for the myosin VIIa specific properties of the motor activity, such as a fast
actin-attached ATP hydrolysis rate (29). The importance of the N-terminal region for the
myosin motor activity was recently reported for Dictyostelium myosin II, in which the deletion
of the N-terminal region of approximately 80 residues reduced the ATPase and motile activities
and the affinities for ADP and actin (13). Since the primary structure of myosin VIIa at this
region is not conserved among myosin family members, it is difficult to predict the structural
changes of myosin VIIa at this region by G25R mutation. Further structural studies are required
to clarify the mechanism of G25R induced inhibition of myosin VIIa motor activity.

Ala397 is highly conserved among all myosins and lies on the surface of the upper 50 kDa
domain in the cleft of the myosin motor domain, which extends from the ATP-binding site to
the actin-binding site (Fig. 7A). Since structural studies showed that the cleft half closes upon
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ATP binding, it is thought that the opening and closing of the cleft provide the physical link
between the ATP- and actin-binding sites. Consistent with this notion, A397D did not change
the basal Ma2+-ATPase activity, but abolished the actin-activated Mg2+-ATPase and motile
activities, indicating that Ala397 is essential for the actin dependent process of the ATPase
reaction. Based upon the 3D crystal structure of myosin Va, A397 is in close proximity to D570
and L572. The distance between the Oxygen atom of the substituted Asp side chain and the
Oxygen atom of the Asp570 side chain is within 3 Å, and it is possible that the substitution of
Ala397 to Asp may cause repulsive interaction. The substitution of Ala to Asp may result in
steric hindrance with the bulky Leu side chain. Supporting this view, homology modeling
suggested that the substitution of Ala397 to Asp pushes the side chain of Asp397 away from
Asp570 to increase the distance between the side chain of Asp397 to Asp570 and Leu572 (Fig.
7B).

Pro503 is well conserved among the myosin superfamily which lies on the outer surface of the
lower domain of myosin (Fig. 7A), and this region is thought to be one of the actin-binding
sites (14). Interestingly, the P503L mutation increased the basal Mg2+-ATPase activity and
decreased the actin activation and the actin gliding velocity, suggesting that the P503L mutation
hampers the link between the actin binding site and the ATPase active site. Based upon
homology modeling, it was predicted that P503L mutation alters the position of the loop A500-
I506 (Fig. 7C). It is plausible that this conformational change partially mimic the actin bound
conformation of myosin.

Arg212 and Glu450 are present in switch I and switch II/relay helix regions, respectively (Fig.
7A), which are conserved in all myosins and essential for the myosin motor function. Therefore,
it is expected that these mutations would severely impair the motor function. Based upon the
structural studies of myosin II, Arg212 is thought to produce a salt bridge with Glu442 in the
switch II loop (44). This salt-bridge is important for the hydrolysis step, because the mutation
of Arg212 diminish Pi-burst (45-47). The crystal structure of Dictyostelium myosin II reveals
that the replacement of the basic residue at this position prevents the motor domain of myosin
to form “closed” conformation that represents a conformational transition of myosin motor
domain (48). The present study of myosin VIIa R212C mutant is consistent with these earlier
studies of myosin II, and suggests that the replacement of the basic residue at the position 212
with cysteine is expected to abolish the salt bridge formation, thus hampering the hydrolysis
of ATP and destabilizing the formation of “closed” conformation of the motor domain of
myosin VIIa.

On the other hand, Glu450 is in close proximity to Lys567, which is in the “strut loop” lying
in the position in the cleft connecting the upper and lower 50 kDa domain of the myosin motor
domain. Val572 and Asp570 described above are on the same loop (Fig. 7B). The distance
between the Oxygen atom of the Glu450 and the nitrogen atom of the Lys567 is within 3 Å,
which may produce salt bridge. It is plausible that E450Q mutation disrupts the salt-bridge,
thus changing the position of the “strut loop” and hampering the ATP hydrolysis cycle of
myosin VIIa.

The strut loop is one of the three loops connecting the upper and lower 50K subdomains. The
importance of this loop for the myosin motor activity was reported for Dictyostelium myosin
II, in which the insertion or deletion of the residues in this loop abolished strong binding to
actin, although the basal ATPase activities were normal (15). The present results are consistent
with the previous results of Dictyostelium myosin II, and support a notion that A397 or E450
mutation may induce local structural changes at strut loop, thus causing a loss of motor function.

In summary, this is the first report that has clarified the effects of USH1B mutations on the
function of the responsible gene product, human myosin VIIa. The USH1B mutations severely
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hamper the motor function of myosin VIIa. The results indicate that the impairment of the
motor function of myosin VIIa is responsible for USH phenotype in humans.

The abbreviations used are

USH1B Usher syndrome type IB

CaM calmodulin

PBS Phosphate buffer saline

MOPS 4-morpholinepropanesulfonic acid
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Figure 1. Human myosin VIIa construct
A, Schematic diagram of the full-length human myosin VIIa (HuM7AFull) and the expressed
truncated human myosin VIIa construct (HuM7AIQ2). B. SDS-PAGE of the purified wild-
type HuM7AIQ2. The HuM7AIQ2 heavy chain was co-expressed with calmodulin (CaM).
Lane M; molecular mass markers. C. The molar ratio of co-purified calmodulin light chain
determined by densitometry analysis.
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Figure 2. Ca2+ATPase and the actin-activated Mg2+ATPase activity of USH1B mutants
A. Ca2+ATPase activity. Ca2+ATPase activity was measured in the buffer containing 600 mM
KCl, 30 mM Tris-HCl (pH 8.5), 10 mM MgCl2, 2 mM phosphoenol pyruvate, 20 unit/ml
pyruvate kinase, 0.2 mg/ml calmodulin, 20 nM HuM7AIQ2 and 2 mM ATP at 25 °C. B. Basal
Ma2+-ATPase activity of USH1B mutants. The ATPase activity was measured in the buffer
containing 50 mM KCl, 20 mM MOPS-KOH (pH 7.5), 2 mM MgCl2, 1 mM EGTA, 2 mM
phosphoenol pyruvate, 20 unit/ml pyruvate kinase, 0.2 mg/ml calmodulin, 20 nM HuM7AIQ2
and 2 mM MgATP at 25 °C. C. The actin-activated Mg2+ATPase activity in the presence of
30 μM actin. Open bars, in the absence of actin; closed bars, in the presence of 30 μM actin.
The error bars indicate S.D. for n=3 from three independent preparations.
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Figure 3. The actin-dependence of the actin-activated Mg2+-ATPase activity of USH1B mutants
A. The actin-activated Mg2+-ATPase activity of USH1B mutants showing the actin dependent
activation. B. The actin-activated Mg2+-ATPase activity of USH1B mutants showing little
actin activation. Assay conditions are described in MATERIALS AND METHODS.
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Figure 4. ADP dissociation from acto-myosin VIIa USH1B mutants
A. Time course of light-scattering change after mixing acto-HuM7AIQ2/ADP with Mg2+-
ATP. Measurements were performed in the buffer containing 50 mM KCl, 20 mM MOPS-
KOH (pH 7.5), 2 mM MgCl2, 1 mM EGTA, 0.2 mg/ml calmodulin at 25 °C. Acto-HuM7AIQ2
(0.5 μM HuM7AIQ2 + 0.5 μM actin) in the presence of 0.1 mM Mg2+-ADP was mixed with
2 mM Mg2+-ATP. The intensity of light-scattering was monitored at 420 nm. The solid line
(b) is the best fit to single exponential kinetics with kobs of 0.56 s−1. The line (a) represents
the control in the absence of ATP. B. ADP dissociation rates of USH1B mutants. The ADP
dissociation rates were measured as described in A for each USH1B mutant. The error bars
represent the S.D. from 3 independent experiments.
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Figure 5. Actin cosedimentation assay
Actin cosedimentation assays were performed in the buffer containing 50 mM KCl, 20 mM
MOPS-KOH (pH 7.5), 2 mM MgCl2, 1 mM EGTA, 0.2 mg/ml calmodulin. HuM7AIQ2 (0.5
μM) were mixed with 1 mg/ml F-actin in the presence or absence of ATP regeneration system
(2 mM phosphoenol pyruvate, 20 unit/ml pyruvate kinase) and 2 mM MgATP, and incubated
for 10 min at room temperature. Then, the reaction mixtures were centrifuged at 300,000 X g
for 10 min. The supernatants and dissolved pellets were subjected to the densitometry analysis
of SDS-PAGE. S, supernatant; P, pellet.
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Figure 6. Actin-translocating velocity of USH1B mutants in in vitro motility assay
The movement of the fluorescent-labeled actin filament was observed in 25 mM KCl, 20 mM
MOPS-KOH (pH 7.5), 2 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 36 μg/ml catalase,
4.5 mg/ml glucose, 216 μg/ml glucose oxidase, 0.2 mg/ml calmodulin, and 2 mM MgATP at
25 °C. The error bars indicate S.D. for n=30-40 from three independent preparations.
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Figure 7. 3D model for the disruption of the motor activity of human myosin VIIa by the USH1B
mutations
A. Crystal structure of the motor domain and first IQ motif. Since the crystal structure of myosin
VIIa is not known, the crystal structure of chicken myosin Va motor domain and first IQ motif
(49) (1w7j.pdb) is used as a model. Arg212, Arg302, Ala397, and Glu450 are conserved
between chicken myosin Va and human myosin VIIa. Pro503 in myosin VIIa is equivalent to
Met503 in myosin Va. The side chains of these residues are shown in red (space-filling model).
The strut loop region is shown in light blue. B. 3D model structure around the strut loop region.
The effect of A397D and P503L mutations on the molecular level were analyzed with the
modeling program Swiss-Model (http://swissmodel.expasy.org/) and Swiss-PDB-viewer
software. Note that Asp is substituted for Ala at position 397. The strut loop region is shown
in light blue. C. 3D model structure around P503 residue. The loop containing P503 of the wild
type and P503L mutant are shown in green and pink, respectively.
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