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induced attenuation of motor and cellular activity.

of actin protrusions found in sensory epithelia.
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(Bacl(ground: Class III myosins contain both a motor and kinase domain.
Results: Phosphorylation of the kinase activation loop enhances MYO3A kinase activity, augmenting autophosphorylation-

Conclusion: MYO3A kinase activity mediates localization and function within actin protrusions.
Significance: Characterizing MYO3A kinase regulation enhances our understanding of the role of MYO3A in the maintenance

J

Class III myosins are unique members of the myosin super-
family in that they contain both a motor and kinase domain. We
have found that motor activity is decreased by autophosphory-
lation, although little is known about the regulation of the
kinase domain. We demonstrate by mass spectrometry that
Thr-178 and Thr-184 in the kinase domain activation loop and
two threonines in the loop 2 region of the motor domain are
autophosphorylated (Thr-908 and Thr-919). The kinase activity
of MYO3A 2IQ with the phosphomimic (T184E) or phosphob-
lock (T184A) mutations demonstrates that kinase activity is
reduced 30-fold as a result of the T184A mutation, although the
Thr-178 site only had a minor impact on kinase activity. Inter-
estingly, the actin-activated ATPase activity of MYO3A 2IQ is
slightly reduced as a result of the T178A and T184A mutations
suggesting coupling between motor and kinase domains. Full-
length GFP-tagged T184A and T184E MYO3A constructs
transfected into COS7 cells do not disrupt the ability of MYO3A
to localize to filopodia structures. In addition, we demonstrate
that T184E MYO3A reduces filopodia elongation in the pres-
ence of espin-1, whereas T184A enhances filopodia elongation
in a similar fashion to kinase-dead MYO3A. Our results suggest
that as MYO3A accumulates at the tips of actin protrusions,
autophosphorylation of Thr-184 enhances kinase activity
resulting in phosphorylation of the MYO3A motor and reducing
motor activity. The differential regulation of the kinase and
motor activities allows for MYO3A to precisely self-regulate its
concentration in the actin bundle-based structures of cells.
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Class III myosins are unique in that they contain a conserved
N-terminal kinase domain and central motor domain, whereas
the C-terminal tail varies in sequence between isoforms (1, 2).
The kinase domain is proposed to allow autoregulation of the
myosin III motor (3), although regulation of the kinase domain
is unknown. The first N-terminal kinase containing myosin was
identified in Drosophila photoreceptors and is referred to as
NINAC (neither inactivation nor after-potential C), because
deletion of this gene disrupts the phototransduction electro-
physiological response in a specific manner (4). The inverte-
brate kinase/motor myosins were recently classified as class
XXI myosins due to their unique motor domain sequences (5).
It is intriguing to suggest that the presence of an N-terminal
kinase allows these kinase/motors to perform specific cellular
functions, and further study is necessary to establish these
mechanisms.

There are two isoforms of class III myosins expressed in ver-
tebrates, MYO3A and MYO3B. Both isoforms are localized to
actin bundle-based structures in sensory cells, including the
calycal process of photoreceptors (2, 6, 7) and the stereocilia of
inner ear hair cells (8). MYO3A and -3B are proposed to play a
role in maintaining the length of the actin-bundled structures
(9, 10). The ability of MYO3A and -3B to transport the actin
regulatory protein, espin-1 (ESPN1), to the tips of actin bun-
dle-based structures is thought to be critical for MYO3-
based elongation of actin protrusions (9, 10). ESPN1 contains
WH2 activity, which binds actin monomers and promotes fila-
ment elongation. Disruption of the MYO3A gene is associated
with nonsyndromic deafness (DFNB30) (11), and a mouse
model of DENB30 results in age-dependent degeneration of the
stereocilia of inner ear hair cells (12). Therefore, characterizing
mechanisms of MYO3 motor and kinase regulation are critical
for understanding its role in sensory cells.

Early studies found that class III myosins are not only
expressed in the inner ear and retina but also in brain, intestine,
and testes (2). Recently, modifications in the M YO3A gene were
found to be associated with bladder and colon cancer and may
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be a risk factor for anxiety disorders. In a study that examined
gene methylation markers, MYO3A was found along with five
other genes to be a biomarker for bladder cancer (13). In addi-
tion, a genome-wide association study found that single nucle-
otide polymorphisms in the intronic region of the M YO3A gene
were associated with an increased risk for colon cancer (14).
Interestingly, the genome-wide association study found that
MYO3A, along with several members of the MAPK pathway,
were associated with colon cancer. Another study found single
nucleotide polymorphisms in the MYO3A intronic region were
associated with anxiety disorders (15). This study also found
MYO3A mRNA expression in specific regions of the brain in
humans, including cingulated cortex and amygdala. These
studies highlight the importance of determining the kinase sub-
strates for MYO3A and understanding its role in specific sig-
naling pathways.

The kinase domain of vertebrate class III myosins is a mem-
ber of the sterile-20 (STE20)® family of kinases (16). Many
members of the STE20 family of kinases as well as other kinase
families are regulated by autophosphorylation (17). p21-
activated protein kinases are well studied members of the
STE20 family and contain a conserved kinase activation loop
that requires phosphorylation to be fully activated (18-20).
MYO3A and -3B contain several conserved threonines and ser-
ines in the putative activation loop sequence (Fig. 1). Therefore,
we hypothesize that the kinase domain of class III myosins is
regulated by phosphorylation of conserved residues in the acti-
vation loop.

A previous study examined the phosphorylation sites in the
kinase, motor, and tail domains of mouse MYO3A and MYO3B
(21). In this study, they expressed the kinase domain only and
determined its ability to autophosphorylate the kinase domain
as well as phosphorylate polypeptides of the motor and tail
domains. However, the regulatory role and potential biological
function of the phosphorylation sites were not investigated.
Based on studies of MYO3A, we have proposed a model of class
III myosin regulation in the actin bundle-based structures (3).
In this model, MYO3A translocates to the tips of actin bundle-
based structures with an active dephosphorylated motor
domain. Upon reaching the tip of the actin bundle, MYO3A will
become more concentrated in the tip compartment and be
more likely to undergo intermolecular autophosphorylation.
The phosphorylated form of MYO3A contains reduced motor
activity and is therefore more likely to be transported back to
the cell body by diffusion or retrograde flow. In this study, we
investigated how phosphorylation of specific sites in the kinase
domain modulates kinase and motor activity. Our results sug-
gest that a single phosphorylation site in the kinase activation
loop is critical for regulating the kinase activity of MYO3A. We
propose that phosphorylation-dependent regulation of the
kinase and motor domains allows class III myosins to autoregu-
late their localization in actin bundle-based structures.

EXPERIMENTAL PROCEDURES

Reagents—ATP and ADP were prepared from powder (22).
Radiolabeled [y->?P]JATP was purchased from PerkinElmer

3 The abbreviation used is: STE20, sterile-20 protein kinase.
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Life Sciences and contained a specific activity of 10 Ci/mmol.
All solution experiments were performed in KMg50 buffer (10
mMm imidazole Cl, pH 7.0, 50 mm KCI, 1 mm EGTA, 1 mm MgCl,,
1 mm DTT).

Construction of Expression Plasmids—The previously gener-
ated construct of human MYO3A containing 2IQ domains
(MYO3A 2IQ) (3, 23, 24) was modified with site-directed
mutagenesis to introduce the phosphorylation site mutations
(T178A and T178D; T184A and T184E) and a mutation to abol-
ish motor activity (E722A). The T184E and T184A mutations
were also introduced in the full-length GFP-tagged version of
MYOS3A for expression in COS7 cells (3). We generated a con-
struct containing only the MYO3A kinase domain (MYO3
kinase, residues 1-339). The MYO3A 2IQ AK, K50R, and
ESPNI1 constructs were described previously (3). All baculovi-
rus constructs contained a C-terminal FLAG tag for purifica-
tion purposes.

Protein Expression and Purification—The MYO3A kinase
and MYO3A 2IQ constructs were expressed with the baculovi-
rus/SF9 cell system and purified as described (3, 23, 24). Protein
purity was assessed by Coomassie-stained SDS-polyacrylamide
gels, and protein concentration was determined by the Brad-
ford assay using BSA as a standard or by absorbance using the
predicted extinction coefficients (3, 23, 24). Actin was purified
from rabbit skeletal muscle using an acetone powder method
(25). The actin concentration was determined by absorbance at
290 nm (€, = 2.66 X 10* M~ "cm™'). A molar equivalent of
phalloidin was added to stabilize F-actin.

Sequence Analysis—Sequences for 61 class III myosins were
identified by Odronitz et al. (5). Sequences for the complement
of human STE group and STE20 family proteins were identified
from the supplemental information in Manning et al. (16).
ClustalW2 (26) with the default settings was used to align the
amino acid sequences, determine consensus sequences, and
generate the unrooted phylogenetic tree. Bootstrapping was
performed using SeaView 4.2.6 (27), and FigTreel.3.1 (28) was
used to draw the tree.

Mass Spectrometry Analysis—Proteinbands (n = 5 phosphor-
ylated and n = 5 unphosphorylated) from one-dimensional
SDS-polyacrylamide gels were digested in-gel with trypsin
overnight. Digestions were terminated with formic acid, and
the extracted tryptic peptides were centrifuged under vacuum
until ~1-2 ul of liquid remained. Fifteen microliters of 0.1%
formic acid in water was then added. Reversed phase HPLC-
tandem mass spectrometric analysis was performed on the
MYOS3A tryptic peptides using a hybrid linear ion trap-Or-
bitrap mass spectrometer (LTQ Orbitrap XL, Thermo, San
Jose, CA) operated with the Xcalibur (version 2.0) data acqui-
sition software. The MYO3A digests were loaded onto a 75-um
inner diameter X 2-cm capillary trap (ProteoPep II, New
Objective), desalted with 3% acetonitrile, 0.1% formic acid for
5 min prior to injection onto a 75-um inner diameter X
15-cm C18 (ProteoPep II, New Objective) analytical column. A
90-min linear gradient to 40% acetonitrile at 250 nl/min was
provided by a two-dimensional Ultra nano-HPLC system (Eksi-
gent, Dublin, CA). Full m/z survey scans were acquired in the
Orbitrap mass analyzer at mass resolving power of 60,000 fol-
lowed by parallel MS/MS linear ion trap analysis of the top five
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most intense precursor ions. Collision-induced dissociation in
the linear ion trap was carried out using helium at a 3.0-um
isolation width and 35% normalized collision energy.

Database Searching—LC-MS/MS data were extracted by
BioWorks version 3.3 and searched against the IPI human pro-
tein database containing both forward and reversed sequences
(version 3.54, 150,852 entries) using the Mascot version 2.2
(Matrix Science, Boston) search algorithm. A fragment ion
mass tolerance of 0.80 Da and a parent ion tolerance of 10.0
ppm were used. Additionally, trypsin was specified as the diges-
tion enzyme with the possibility of one missed cleavage. Carb-
amidomethylation of cysteine was defined as a fixed modifica-
tion, whereas oxidation of methionine and phosphorylation of
serine, threonine, and tyrosine were defined as variable modi-
fications. The software program Scaffold (version Scaffold-
3_00_06, Proteome Software Inc., Portland, OR) was used to
validate MS/MS-based peptide and protein identifications
using the following criteria: peptide identifications were
accepted at greater than 95.0% probability based on the Peptide
Prophet algorithm (29); protein identification was accepted at
greater than 99.0% probability based on the Protein Prophet
algorithm (30) with at least two unique identified peptides. The
Scaffold results were then exported as an mzldentML file and
loaded into Scaffold PTM (Proteome Software) to further char-
acterize phosphorylation sites obtained from MS/MS data. The
Ascore algorithm (31) incorporated within Scaffold PTM was
used to re-analyze the Mascot search results by assigning an
ambiguity score and a site location probability for each phos-
phorylation site.

Kinase Activity Assays—Autophosphorylation of MYO3A
2IQ was detected by kinase assay using [**P]ATP or anti-phos-
phothreonine Western blotting (3, 23, 24). Myosin at specified
concentrations was allowed to react with 200 um [**PJATP at
room temperature (~22 °C) for specific time periods ranging
from 0 to 60 min. The reaction was stopped at each time point
by the addition of SDS loading buffer. Samples were run on an
SDS-polyacrylamide gel, and the incorporation of [**P] into
MYO3A was detected by phosphorimaging using the Typhoon
8600 Variable Mode Imager (GE Healthcare). Following phos-
phorimaging, the gel was Coomassie-stained to assess evenness of
loading. Densitometry analysis using Image] software (National
Institutes of Health) was used to determine band intensities that
were compared relative to wild-type MYO3A 2IQ.

We also determined the number of moles of [**P] incorpora-
tion per mol of MYO3A by excising MYO3A 2IQ from the
Coomassie-stained SDS-polyacrylamide gels, dissolving them into
0.5 ml of hydrogen peroxide for 24 —48 h and examining them by
scintillation counting. The samples were compared with a stan-
dard curve to determine moles of [**P] incorporation.

Steady-state ATPase Activity—Steady-state ATP hydrolysis
by MYO3A 2IQ (50-100 nm) in the absence and presence of
actin (0-60 um) was examined by using the NADH-linked
assay (3, 23, 24, 32) with a final MgATP concentration of 1 mm.
The assay was performed in an Applied Photophysics stopped-
flow spectrofluorometer (Surrey, UK) in which the NADH
absorbance at 340 nm was monitored continuously for 200 s.
The ATPase rate at each actin concentration was determined,
and the Michaelis-Menten equation was used to calculate the
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car ANd Ky rpace (Vo + (ke [actin])/(Karpase t [actin]))),
where V,, is the ATPase rate in the absence of actin; k,, is the
maximal ATPase rate, and K1 p,.. is the actin concentration at
which the ATPase activity is one-half maximal. Uncertainties
are reported as standard errors of the fits unless stated other-
wise. The data at each actin concentration represent an average
of 3-5 protein preparations.

Cell Culture and Transient Transfection—COS7 cells were
grown as described previously (3). Briefly, cell cultures were
maintained in DMEM (Invitrogen) supplemented with 10%
fetal bovine serum, 1 mm sodium pyruvate, 2 mm GlutaMAX
(Invitrogen), and 100 units of penicillin/streptomycin. Cells
were passaged using 0.25% trypsin/EDTA. Prior to transfec-
tion, the cells were plated onto acid-washed, 22-mm?, number
1.5 coverslips at ~33,000 cells/coverslip (one coverslip/well of a
6-well dish) and allowed to adhere overnight. Cells were tran-
siently transfected using FUGENE HD (Promega, Madison,
WI). Briefly, 0.3 ug of plasmid DNA (0.6 ug total for co-trans-
fection experiments) was diluted into 100 ul of Opti-MEM
media (Invitrogen) without serum or antibiotics and mixed
with 3 ul of FUGENE HD. After gentle mixing, the transfection
complexes were allowed to form by incubation at room temper-
ature for 15 min and then added dropwise to the well containing
the cells to be transfected (2 ml of medium/well).

Imaging of Live Cells Expressing Fluorescent Proteins—Trans-
fected cells were imaged for ~18-30 h following transfection.
The coverslips were assembled into Rose chambers containing
imaging medium (Opti-MEM without phenol red supple-
mented with 5% fetal bovine serum and 100 units of penicillin/
streptomycin). During imaging, a Nevtek ASI400 airstream
incubator was used to maintain the cellular environment at
~35 °C. Images were collected using a Nikon TE2000-PFES fluo-
rescence microscope with a 60 X 1.4 N.A. phase objective.
Images were obtained using a CoolSnap HQ2-cooled charge-
coupled device digital camera (Photometrics, Tucson, AZ) and
NIS Elements AR software (Nikon, Tokyo, Japan). For single
images, exposure times were held constant at 400 ms for all
fluorescence channels and 60 ms for the bright field channel
(phase contrast). Images were collected for all three channels
for all treatment groups.

Imaging of Fixed Cells Expressing Fluorescent Proteins—
COS7 cells were plated and transfected using the protocol
described above and then incubated for 16 —24 h. Samples were
fixed for 10 min in 3.7% paraformaldehyde in phosphate-buff-
ered saline (PBS), permeabilized for 2 min in 0.5% Triton X-100
in PBS, counterstained with 6.6 nm Alexa Fluor-568 phalloidin
(Invitrogen), and mounted in PBS with 50% glycerol and 3%
n-propyl gallate. Images were obtained with the microscope
and camera described above. The images for the GFP MYO3A
and ESPN1 co-transfections were collected with Nikon Eclipse
microscope and Ultraview confocal microscope with a 100 X
1.4 NA objective (PerkinElmer Life Sciences).

Data Analysis, Statistical Analysis, and Software Used—Both
NIS Elements AR (Nikon) and Microsoft Excel 2007 were used
for image analysis. The ratio of tip intensity to cell body inten-
sity (r, ) was calculated as described previously (3). Integrated
intensity was measured for a 4 X 4-pixel region of the back-
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ground (b,), and the filopodial tip (b,), the cell body (b,), and the
r, . values were calculated as shown in Equation 1,

b, — b,

b~ b, o

rt/c =

Filopodial density was calculated from phase contrast images
by dividing the number of thin protrusions extending from a
cell margin (not contacting another cell) by the length of that
cell margin.

Data were compared by Tukey analysis using Minitab 12
software. Data are expressed as means * S.E. Box-whisker plots
in the figures represent the 90th and 10th percentiles with the
whiskers, 75th and 25th percentiles with the box top and box
bottom, median with the line across the box, and mean with a
symbol (M) within the box. All images were prepared for publi-
cation using NIS-Elements AR, Metamorph Version 6.0, Pho-
toshop CS, or some combination of these software packages.

RESULTS

Sequence Analysis—To identify well conserved regions
within the kinase activation loop, we compared the entire core
kinase domain of human MYO3A and MYO3B to 59 other class
III myosin sequences available (Fig. 14) (5) and the 47 other
kinases within the STE group (Fig. 1B). We determined the
consensus sequence for the activation loop of the STE kinase
group, the STE20 kinase family, and class III myosins. By align-
ing the activation loops of human and mouse MYO3A and
MYO3B with the consensus activation loops (Fig. 1C), we were
able to identify putative well conserved phosphorylatable resi-
dues aligning with threonines 178 and 184 of the human
MYO3A sequence.

Alignment also revealed putative phosphorylation sites in
loop 2 of the myosin motor domain, which were often well
conserved within subclasses of myosin III. The position corre-
sponding to human MYO3A Thr-908 is phosphorylatable in all
available MYO3B sequences as well as MYO3A sequences not
from fish. The threonine at position 919 in human MYO3A was
conserved across all MYO3A and -3B sequences. Interestingly,
the corresponding residue in NINAC and invertebrate MYO3
sequences was found to be glutamine, with the exception of
starlet sea anemone MYO3. The sequence corresponding to
human MYO3A Thr-925 was conserved across all sequences
available except for Limulus NinaC. Taken together, these data
suggest that although phosphorylation may be a common
mechanism of regulation for class III myosins, there may be
differences in the specific sites that are regulatory.

Mass Spectrometry—To examine the sites in the kinase
domain that are phosphorylated, we performed mass spec-
trometry analysis focusing on the phosphorylation sites in
MYO3A 2IQ. The results from the mass spectrometry analysis
are shown in Fig. 2 and Table 1. LC-MS/MS analysis was per-
formed on five separate samples for each group, phosphory-
lated (incubated at room temperature for 60 min in the pres-
ence of 200 um ATP) and unphosphorylated (incubated
without ATP). To be stringent in terms of confidence of site
identification and localization, the results were filtered based
on identification of the phosphorylation site in at least two sam-
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FIGURE 1. Sequence analysis of the MYO3A kinase domain. Unrooted phy-
logenetic trees of 61 class Il myosins (A) and STE group kinases in the human
genome (B) generated from ClustalW2 (default settings) alignments. Dots
represent nodes validated by bootstrapping values of greater than 80%. C,
alignments of the activation loop of MYO3A with consensus sequences from
the STE group, STE20 family, and class Il myosins. Boldface residues in the STE
group, STE20 family, and class Il consensus sequences represent 80% conser-
vation at that position within that category. The underlines indicate well con-
served phosphorylatable residues corresponding to positions 177, 178, and
184 of human MYO3A. Although threonine is the consensus residue at the
184 position, it is not completely conserved. However, all sequences except
for MAP3K1 and COT contain a phosphorylatable residue within 1 amino acid
of the 184 position. D, alignments of the human and mouse MYO3A and
MYO3B loop 2 sequences from within the myosin motor domain. Boldface
residues indicate well conserved phosphorylatable sequences in either
MYO3A or MYO3B. Underlined residues indicate identified phosphorylation
sites in human MYO3A from this study, and mouse MYO3A and MYO3B from
a previous study (21).

ples out of five; the phosphopeptide identification probability
was 95%, and the site location probability was at least 75%. With
these criteria, five unique phosphorylation sites were identified,
including Ser-177, Thr-178, and Thr-184 for unphosphorylated
and Thr-184, Thr-908, and Thr-919 for phosphorylated sam-
ples. It is important to note that it was difficult to unambigu-
ously resolve the phosphorylation site location in the phospho-
peptide containing Ser-177 and Thr-178 given the limited
amount of fragment ion information representing the C-termi-
nal region in the unphosphorylated samples for certain MS/MS
spectra. However, the total spectral counts (SC) for MS/MS
spectra associated with Thr-178 assignment was greater (SC =
7) than for S177 (SC = 2), suggesting the phosphorylation site
most likely resides on Thr-178 based on the consistency of this
site location assignment across multiple replicates. Addition-
ally, given the limited amount of fragment ion representation of
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FIGURE 2. Identification of Thr-184 phosphorylation by mass spectrometry. MS/MS spectrum showing the annotated fragment ions of
RNpTSVGTPFWoxMAPEVIAC*EQQLDTTYDAR, where C* indicates carbamidomethylation of cysteine. Site localization (to Thr-184) was assigned using the

Ascore algorithm.

TABLE 1
Phosphorylation sites identified by mass spectrometry

Phos, phosphorylated; UnPhos, unphosphorylated. C* indicates carbamidomethylation of cysteine.

Modified BestA Localization Best Mas-cot Mascot identity Total spectral
Condition Peptide sequence site score probability score thres-hold counts
%
UnPhos LVDEGVSAQLTpSTR Ser-177  9.07 79 57.6 35.1 2
UnPhos LVDFGVSAQLTSpTR Thr-178  9.07 79 73.7 35.2 7
UnPhos RNpTSVGTPFWoxMAPEVIAC*EQQLDTTYDAR ~ Thr-184  7.38 100 50.6 34.6 3
Phos RNpTSVGTPFWoxMAPEVIAC*EQQLDTTYDAR ~ Thr-184  7.38 100 55.0 34.6 4
Phos LINLAKGDpTGEATR Thr-908 4292 100 53.7 35.2 18
Phos ETpTNoxMKTQTVASYFR Thr-919 64 100 34.7 35.1 3
the N-terminal region in the tryptic peptide that contained ~TABLE2
Thr-184, it was sometimes difficult to unambiguously assign ~ Kinase activity of MYO3A constructs
the phosphorylation site to Thr-184 given that the proximal Kinase Moles of ?P/mol  One-half
. . Construct activity” of MYO3A time®
residue, Ser-185, could also be phosphorylated based on certain — -
. . . . min min
MS/MS 51Fe asmgnrpents by Scaffold. However,‘ using our strin- WTMYO3A2IQ 0173 %0004 128 + 0.35 293 + 0.17
gent filtering criteria as well as spectral count information, we MtDd MYO3A 21Q  0.113 +0.001  1.50 * 0.22 3.44 %048
: P : ~ T184E MYO3A 2IQ  0.173 +0.030 1.28 *+ 0.47 2.85 + 0.16
determined the phosphorylatlor} s'1te to be localized t‘o Thr-184. T184A MYO3A 210 0,006 = 0,001 0.3 = 0.22 es + 115
Therefore, we focused on examining the two most likely phos- T178D MYO3A 2IQ  0.094 + 0.007  0.82 * 0.07 3.32 + 0.68
phorylation sites in the kinase activation loop (Thr-178 and T178A MYO3A 21Q  0.034+0.001 058 * 0.22 479 £ 023
MYO3A kinase 0.026 = 0.002  0.54 = 0.13 5.22 = 0.75

Thr-184).

Kinase Activity—We examined the kinase activity of MYO3A
using [**P]ATP assays with the MYO3A 21Q and MYO3A kinase
constructs. Assays were performed with 2 um MYO3A and 200
uM [**P]ATP over a 60-min time period. All of the phosphoryla-
tion time courses examined by scanned SDS-polyacrylamide
gels and scintillation counting demonstrated that phosphor-
ylation reached saturation during the 60-min period. We found
that there was ~1.3 phosphates incorporated into WT MYO3A
2IQ during the time course (Table 2), which is less than the four
sites identified by mass spectrometry (Table 1). The results are
in agreement with the kinase activation loop sites being at least
partially phosphorylated prior to the time course (Table 1). The
number of phosphates incorporated into T184E MYO3A 2IQ
was similar to WT, suggesting that this site is mostly phosphor-
ylated during expression/purification. The number of phos-
phates incorporated into T178A or T178E MYO3A 2IQ was
reduced (0.6 and 0.8, respectively) compared with WT, suggest-
ing that although this site may be partially phosphorylated prior
to the time course there is an increase in phosphorylation at this
site during the time course. Taken together, the number of
phosphates incorporated into the Thr-178 mutants may be due
to phosphorylation of the motor sites (Thr-908 and Thr-919),

37130 JOURNAL OF BIOLOGICAL CHEMISTRY

“ Data were determined from the initial velocity of the kinase reaction with
[*°P]ATP.

® Data were determined from the 30- or 60-min time point of the kinase reaction
with [32P]JATP.

¢ Data were determined from the exponential fits of the phosphorylation time
courses (Figs. 3B and 4B).

because Thr-184 appears to be completely phosphorylated
prior to the time course. Thus, our results suggest phosphory-
lation of the motor sites may be less efficient (i.e. 100% phosphor-
ylation may not be achieved at these sites).

We demonstrate that WT and T184E MYO3A 2IQ have sim-
ilar rates of kinase activity, although T184A MYO3A 2IQ is
significantly reduced (Fig. 3 and Table 2). We found that the
kinase activity of T184A was about 30-fold slower when com-
pared with WT MYO3A 2IQ, and T184A MYO3A 2IQ only
achieved a fraction of phosphate incorporation (0.33 mol of
32P/mol of MYO3A 2IQ) after 60 min. We performed a similar
analysis of the Thr-178 site and found that preventing phos-
phorylation at this site resulted in a more modest 3—5-fold
reduction in kinase activity (Fig. 4 and Table 2).

To determine how inactivation of the motor domain impacts
kinase activity, we generated a motor-dead MYO3A 2IQ con-
struct. The point mutation E722A, located in the conserved
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FIGURE 3. Phosphorylation of Thr-184 regulates MYO3A kinase activity.
A, phosphorylation was measured by examining [*?P] incorporation with
phosphorimaging following SDS-PAGE. Gels were also Coomassie-stained to
determine evenness of loading, and bands were excised and examined by
scintillation counting (Table 2). B, phosphorylation time course demonstrates
the relative intensity of the bands from the phosphorimage during the
60-min time course. The phosphorylation time courses of T184E, T184A, and
motor-dead (MtDd) are compared with WT MYO3A. The intensities are plot-
ted relative to the WT MYO3A 60-min time point for comparison. Error bars
represent the standard error from four experiments.
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FIGURE 4. Phosphorylation of Thr-178 does not play a major role in
MYO3A kinase regulation. A, phosphorylation was measured by examining
[*2P] incorporation with phosphorimaging following SDS-PAGE. Gels were
also Coomassie-stained to determine evenness of loading, and bands were
excised and examined by scintillation counting (Table 2). B, phosphorylation
time course demonstrates the relative intensity of the bands from the phos-
phorimage during the 60-min time course. The intensity is plotted relative to
the WT MYO3A 60-min time point for comparison. Error bars represent the
standard error from three experiments.
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FIGURE 5. Steady-state kinase activity of WT MYO3A 2IQ. The initial veloc-
ity of the kinase reaction ([>?P] incorporation) was monitored as a function of
WT MYO3A 2IQ concentration and fit to the Michealis-Menten relationship to
determine k_,, and K,,, values. The inset demonstrates the linear fits of the
kinase reaction time courses that determined the initial velocity of the kinase
reaction for four different concentrations of WT MYO3A 2IQ. The error bars
represent the standard errors from the linear fits of the initial velocity
measurements.

switch II region, was utilized to prevent ATP hydrolysis as dem-
onstrated in other myosins (33-35). The E722A MYO3A 2IQ
(motor-dead) had no actin-activated ATPase activity as exam-
ined in the NADH assay in the presence of 20 um actin (0.06
s~ ') and absence of actin (0.07 s™'). The kinase activity of
motor-dead MYO3A 2IQ was slightly reduced compared with
WT MYO3A 2IQ, although the amount of [**P] incorporation
after 60 min was similar (Fig. 3 and Table 2).

We examined the steady-state kinetic properties of the
MYO3A 2IQ kinase activity as a function of MYO3A 2IQ con-
centration. The initial velocity of the kinase reaction at each
MYO3A 2IQ concentration was examined by focusing on the
first 2-2.5 min of the reaction (Fig. 5, inset). The plot of the
initial velocity as a function of concentration was hyperbolic,
which allowed us to fit the data to Michaelis-Menten kinetics
(Fig. 5). This analysis allowed us to determine the K, value
for MYO3A 2IQ (1.6 = 0.4 um) and maximum kinase activity
(k... = 0.30 = 0.03 min ).

ATPase Activity—To examine the impact of the phosphory-
lation site mutations (T178D, T178E, T184E, and T184A) on
MYO3A motor activity, we performed actin-activated motor
ATPase activity assays. We determined the ATPase activity in
the presence of varying concentrations of actin (0—60 um)
using the NADH-coupled assay (3, 23, 24, 32) at 25 °C (Fig. 6).
Our results demonstrate that the ATPase activity in the absence
of actin was fairly similar between all mutations and wild-type
MYO3A 2IQ. The actin concentration dependence of the
ATPase activity allowed us to fit the data to a hyperbolic rela-
tionship to determine the maximum ATPase activity (k_,,) and
actin concentration at which the ATPase activity is one-half
maximal (K, 1p,..)- There was a 2-fold reduction in k_,, with
both phosphoblock mutations (T178A and T184A), although
the phosphomimic mutations resulted in a slight increase in
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FIGURE 6. Actin-activated ATPase activity of MYO3A 21Q phosphoryla-
tion site mutations. Both T184A MYO3A2IQand T184E MYO3A2IQdisplayed
an increased Kxrpase When compared with WT MYO3A2IQ. The T184A and
T178A MYO3A2IQ mutants displayed a decrease in k.., compared with WT
MYO3A 2IQ. Data represent averages from three to five separate experiments
(error bars represent mean =+ S.E.) and are summarized in Table 3.

k... Interestingly, the K, 1p... was increased 2-fold in both
mutations at the Thr-184 site. The catalytic efficiency as exam-
ined by k_,,/K1pase Was altered by no more than 2-fold as a
result of the phosphorylation site mutations. Our results sug-
gest that there is coupling between the motor and kinase activ-
ities of MYO3A, because mutations in the kinase domain
impact the motor ATPase activity and actin affinity.

To further demonstrate the reduction in motor activity
observed upon phosphorylation of the motor domain of MYO3A
21Q, we examined the actin-activated ATPase of unphosphory-
lated MYO3A 2IQ AK compared with phosphorylated MYO3A
2IQAK (Fig. 7). The phosphorylated MYO3A 2IQAK (2 um)
was incubated with MYO3A kinase (4 uM) for 60 min, and the
unphosphorylated MYO3A 21Q AK was incubated in parallel
without MYO3A kinase. The degree of phosphorylation was
examined by antiphosphothreonine Western blotting (Fig. 7B).

The impact of phosphorylation resulted in a 2-fold reduction in
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FIGURE 7. Actin-activated ATPase activity of phosphorylated MYO3A 2I1Q
AK. A, comparison of phosphorylated MYO3A 21Q AK (treated with MYO3A
kinase for 60 min) and control-treated MYO3A 2IQ AK demonstrates phos-
phorylation reduces motor ATPase activity. B, antiphosphothreonine West-
ern blot demonstrates MYO3A 2IQ AK phosphorylation compared with con-
trol treated. Data represent averages from two separate experiments (error
bars represent mean = S.E.).

k... and 5-fold increase in K -1p,s» Which resulted in a 10-fold
reduced catalytic efficiency (Table 3).

COS7 Cell Localization—COS7 cells transfected with full-
length GFP-tagged MYO3A containing the T184A or T184E
mutation were examined for their ability to localize to filopodia
tips. Fig. 84 demonstrates the filopodia tip localization of the
MYO3A constructs. Similar to our previous work, we find that
wild-type MYO3A localizes along the length of the filopodia,
and the kinase-deleted construct (MYO3A AK) demonstrates
increased tip localization. The activation loop mutations did
not have an impact on the ability of MYO3A to localize to filop-
odia tips as examined by the tip to cell body ratio measurements
(Fig. 8B). We previously demonstrated that MYO3A AK can
enhance filopodia density in COS7 cells (3), although the acti-
vation loop mutations did not impact the density of filopodia
along the cell periphery (Fig. 8C).

We also examined the elongation of filopodia actin in the
presence of ESPN1 (Fig. 9). The Thr-184 mutation constructs
were co-transfected with ESPN1 and compared with kinase-
dead (K50R), AK, and wild-type MYO3A. Our results mirror
our previous work that demonstrated collaboration between
ESPN1 and MYO3A AK more efficiently elongates filopodia
compared with K50R and wild-type MYO3A, although K50R
was more efficient than wild-type MYO3A. Interestingly, the
T184A mutation that dramatically reduces kinase activity was
similar to K50R in elongation ability. The T184E mutant, which
contains a constitutively active kinase domain, was the least
efficient at elongating filopodia. The difference between the
K50R MYO3A and MYO3A AK reflects the 2-fold enhanced
motor activity of MYO3A AK that we previously reported,
which is proposed to increase the ESPN1 transport to the filop-
odia tips (9). Our results are in agreement with our working
model in which MYO3A undergoes autophosphorylation at the
tips of actin protrusions, which reduces its ability to remain
tip-localized because of a reduced affinity for actin and reduced
motor ATPase activity.

DISCUSSION

Kinases are known to have different mechanisms of regula-
tion, including dimerization, proteolytic cleavage, association
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with other proteins, as well as conformational changes in the
activation segment (17). Elucidating the regulatory mechanism
of a kinase has proven to be extremely valuable in understan-
ding its role in the cell and designing strategies to inhibit or
constitutively activate specific kinases. We have determined
that phosphorylation of a conserved threonine (Thr-184) in the
activation loop of MYO3A is critical for activating the kinase
domain. We also demonstrate the functional consequences of
phosphorylation of Thr-184 in the context of the MYO3A local-
ization and in the elongation of actin bundle-based protrusions.
MYO3 Kinase Structure-Function—Our sequence analysis
results suggest that class III myosins have features classically
found in active kinases (17). The MYO3A kinase domain con-
tains several motifs that are classically associated with an active
kinase, including the glycine-rich loop (GXGXXG, residues
28-33), B3 lysine (XXXK, residues 47-50), catalytic and mag-
nesium-binding motif (XXDXK, residues 150-154), and mag-

TABLE 3
Actin-activated ATPase activity of MYO3A 2IQ constructs
Phos, phosphorylated; UnPhos, unphosphorylated.

Regulation of MYO3A Kinase Activity

nesium-binding motif activation segment (DFG, residues 168 —
170). Our previous work in which we mutated the 33 lysine to
arginine demonstrates that this dramatically reduces kinase
activity (3, 9), which is consistent with MYO3A containing an
established kinase catalytic mechanism.

Phosphorylation Sites in the Kinase Domain and Kinase
Regulation—Our work and the work of others have demon-
strated that class III myosins are capable of autophosphoryla-
tion (3, 21, 23, 24, 36). In this work, we determined the phos-
phorylation sites in the motor and kinase domain by mass
spectrometry with and without undergoing in vitro autophos-
phorylation (Table 1). We found two sites in the kinase domain
located in the kinase activation loop. In the previous mouse
MYOS3A and -3B studies, phosphorylation sites in the kinase
domain were examined in vitro using the purified MYO3A or
-3B kinase domain and allowing autophosphorylation to take
place (21). They also identified sites in the kinase activation
loop located at the corresponding site to Thr-184, although the
second phosphorylation site was at the site corresponding to
serine 177, adjacent to Thr-178. In our work, we demonstrate
that the Thr-184 site was phosphorylated in our samples that

Construct Vo Koot Kyrpase  Kead Karpase did not undergo autophosphorylation (“unphosphorylated”),
s s par s which suggests that this site can be phosphorylated either by
WT MYO3A 2IQ 015+002 1.1+01 205=51 0.054 = 0.014 MYOS3A or another cellular kinase during the expression/puri-
TI84EMYO3A2IQ 0.11 =002 1.6*0.1 467 =55 0.035 =+ 0.005 ficati e o
T184A MYO3A 21Q 011 =004 10+01 553+ 182 0.018 = 0.006 ication process. The Thr-184 site is highly conserved in kinases
T178D MYO3A21Q 013003 13+0.1 281*68 0046+ 0012 that are activated by phosphorylation of the activation loop,
T178A MYO3A 2IQ  0.10 =0.03 0.7 =0.1 226 +74 0031 0.011 includine th 1l characterized STE20 ber. PAKL. Th
MYO3A 2IQ AK 008+ 001 1.8+01 40*09 0450+ 0.110 including the well characterize member, - Lhe
UnPhos Thr-184 site contains P(—2), P(—3), and P(—5) arginines
+ + + + . . . . g .
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FIGURE 8. Impact of the Thr-184 site on localization to filopodia structures in COS7 cells. A, GFP-tagged full-length Myo3A localizes along the length of
filopodia in COS7 cells, unlike GFP-MYO3A AK (lacking the kinase domain) that shows concentration at filopodial tips. Neither the T184A nor the T184E
mutations in GFP-MYO3A result in increased tip localization. Representative images are epifluorescence of paraformaldehyde-fixed and phalloidin-stained
COS7 cells. GFP constructs are shown in cyan, and Alexa 568-phalloidin is shown in yellow. All images were captured under identical imaging conditions and
scaled identically for brightness. Scale bar, 10 um. B, T184A and T184E mutations do not alter the tip localization of MYO3A as indicated by the ratio of tip to cell
body fluorescence. G, similarly, expression of GFP-MYO3A-T184A and GFP-MYO3A-T184E did not increase the density of filopodia along the cell periphery. B,
n >46 filopodial tips from 10 or more cells per condition; C, n >24 cells per condition. * indicates significant difference (p < 0.003, Tukey test) from all other
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FIGURE 9. Impact of the Thr-184 site on MYO3A filopodia elongation
activity in the presence of ESPN1. Expressing the GFP-tagged versions of
the MYO3A mutations in combination with ESPN1 revealed that kinase activ-
ity was required for regulation of filopodial length. The reduced kinase activ-
ity of T184A failed to regulate filopodial length (similar to K50R), although the
enhanced kinase activity of T184E resulted in shorter filopodia than wild-type
MYO3A. *indicates significantly different from MYO3A (p < 0.008, Tukey test).
t indicates significantly different from GFP-MYO3A-K50R (p < 0.0001, Tukey
test).

phosphorylation site at PO) that are associated with the known
substrate specificity for other basophilic kinases such as PKA
(37). Therefore, the Thr-184 site can likely be phosphorylated
by other kinases as well as through autophosphorylation. A crit-
ical point is that we directly demonstrate that preventing phos-
phorylation at Thr-184 dramatically reduces the kinase activity
30-fold (Fig. 3). The phosphorylation at Thr-178 was also found
in the unphosphorylated samples we examined by mass spec-
trometry, although this site does not contain the obvious fea-
tures associated with substrate specificity for other kinases.
Preventing phosphorylation at the Thr-178 site only altered the
kinase 3—5-fold (Fig. 4) and therefore may play a more minor
role in kinase regulation.

In our previous work, we demonstrated that autophosphor-
ylation of MYO3A is concentration-dependent and therefore
occurs by a trans-autophosphorylation mechanism (3). Phos-
phorylation of the kinase activation loop is a common mechanism
for regulating kinase catalytic activity (38, 39). As described above,
the regulatory mechanism for MYO3A could occur through
another kinase that is capable of phosphorylating Thr-184.
Another possible mechanism is that the MYO3A kinase is able to
adopt an active conformation even in the dephosphorylated
state. The structural and biochemical analysis of the 33 lysine
mutant (K299R) in PAKI kinase provides support for this
mechanism (40). Indeed, our results demonstrate that in the
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unphosphorylated state (T184A), there is some, albeit very low,
kinase activity (Fig. 3 and Table 2). Alternatively, phosphoryla-
tion could occur through an activation loop exchange mecha-
nism demonstrated in checkpoint kinase 2 and STE-like kinase
(41, 42). High resolution structural studies of the MYO3
kinase domain will help define the structural basis of MYO3
kinase regulation.

Substrate Specificity of MYO3A Kinase—The external cellu-
lar substrates of class III myosins are currently unknown, and
determining the substrate specificity of a kinase can provide
insight into its ability to participate in specific signaling cas-
cades. The previous work with mouse MYO3A and -3B found
that there may be substrate specificity in which there is prefer-
ence for a basic residue at P(—3) or P(+2), or a hydrophobic
residue at P(+1). Although these results do not necessarily fit
into the proposed substrate specificity, we did find that two
phosphorylation sites in loop 2 (Thr-908 and Thr-919) contain
a basic residue at P(—3). However, evidence suggests that pref-
erence for a basic residue at position P(—3) requires a single
conserved acidic residue in the catalytic region (37), although
MYO3A contains a serine (Ser-107) at this position, and indeed
most STE kinases contain an acidic residue at this position.
Substrate preference for a basic residue at P(—2) is thought to
require two conserved acidic residues in the catalytic site, and
MYO3A only contains one (Glu-223) but lacks a second acidic
residue (Asn-154) at these positions, which is consistent with
MYO3A lacking P(—2) specificity.

Kinase Catalytic Activity—Our results demonstrate along
with our previous work that the kinase autophosphorylation
activity is relatively slow (¢1, = 2.9 * 0.2 min). We also deter-
mined the k., value with respect to autophosphorylation in this
study and found that it is 5000-fold slower than the structurally
related PAK1 kinase examined by autophosphorylation (43) or
with a peptide substrate (40). The K, values for MYO3A were
about 100-fold lower than the reported values for PAK1 deter-
mined with a peptide substrate (40). The steady state kinetic
parameters (k_,, and K,,) determined for other kinases vary
considerably, although the values for MYO3A are similar to
those reported for mammalian target of rapamycin (44) and
MST1 (45). Many kinases are auto-inhibited by the C- or N-ter-
minal domains and utilize protein-protein interactions to
relieve autoinhibition (17). Therefore, we investigated the pos-
sibility that the presence of the motor domain influences the
catalytic activity of the kinase domain. Interestingly, the kinase
domain alone had reduced kinase activity compared with
MYO3A 2IQ (Table 2), demonstrating that the motor domain
does not serve an inhibitory role. Future studies will define the
structural basis of MYO3A kinase activity and investigate other
possible regulatory mechanisms such as interactions with cel-
lular binding partners.

Phosphorylation Sites in the Motor Domain and Motor Regu-
lation—The two phosphorylation sites in the motor domain
mapped to the loop 2 region of the MYO3A motor. Previous
work with mouse MYO3A used peptides that corresponded to
the loop 2 region to demonstrate that residues in this region can
be phosphorylated in vitro by the mouse kinase domain (21).
Our work utilized purified MYO3A containing both the kinase
and motor domains to identify the loop 2 phosphorylation sites
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in the motor domain. Interestingly, the phosphorylation sites
identified are not the same as those found using the peptides
and mouse MYO3A. Kinases are known to prefer phosphory-
lation of less well ordered and surface-exposed regions of pro-
teins (17), which is consistent with studies that demonstrate
loop 2 is highly disordered in myosins (46). Studies have dem-
onstrated that the degree of positive charge in loop 2 can impact
actin-activated ATPase activity and actin affinity of myosins
(47-49). The additional negative charges associated with phos-
phorylation are well positioned to reduce actin affinity and
ATPase activity. Indeed, we previously reported a 30-40%
reduction in maximum actin-activated ATPase activity (k_,,)
and a 2-fold reduced actin affinity in the phosphorylated com-
pared with the unphosphorylated MYO3A 2IQ (3). We add to
these studies by demonstrating a more dramatic 2-fold reduc-
tion in the k_,, of MYO3A 2IQ AK in the phosphorylated state
(Fig. 7). In addition, the actin concentration dependence of
ATPase activity (K 1pase) is increased 5-fold in phosphorylated
MYO3A AK 2IQ, consistent with a weaker actin affinity. The
biochemical analysis is in agreement with cell biological local-
ization studies that found filopodia tip localization of GFP-
tagged MYO3A AK is reduced 2—-3-fold when co-transfected
with kinase-active MYO3A, which is capable of phosphory-
latingand down-regulatingMYO3A AK (3). Thus, the phosphor-
ylation sites in loop 2 (Thr-908 and Thr-919) are likely respon-
sible for the down-regulation of MYO3A motor activity
observed in our current and previous work (3).

The actin-activated ATPase results suggest that activation
loop phosphorylation may alter allosteric motor-kinase inter-
actions that have a minor impact on MYO3A motor activity.
Interestingly, both mutations of Thr-184 increase Kjrpase
2-fold, although the T184A mutation reduces k., 30—40%
compared with T184E. The overall catalytic efficiency differ-
ence between T184E and T184A MYO3A (2-fold) is not as dra-
matic as the difference associated with phosphorylation of the
MYO3A AK 21Q (10-fold). We expected that the T184E mutant
would display identical motor ATPase properties to WT
MYO3A 2IQ, because Thr-184 appears to be mostly phosphor-
ylated in the WT MYO3A 2IQ. The difference may reflect the
impact of having a phosphate group at Thr-184 versus a muta-
tion and suggests that the phosphate group more efficiently
blocks the interactions between the motor and kinase that
enhance actin affinity. The Thr-178 site mutations also appear
to have similar overall impact on catalytic efficiency, although
the changes in actin dependence were not observed. Overall,
the introduction of acidic amino acids in the kinase activation
loop modestly enhances catalytic efficiency suggesting phos-
phorylation prevents inhibitory kinase-motor interactions.

Regulation of Actin Protrusion Elongation—The stability and
maintenance of actin bundle protrusions in photoreceptors and
inner ear hair cells are critical for maintaining normal sensory
transduction, ultrastructure, and preventing degeneration
(50—-54). MYO3A was found to play a role in maintaining ste-
reocilia ultrastructure as the DFNB30 mouse displays age-de-
pendent stereocilia degeneration (12). Our working hypothesis
is that the localization and activity of class III myosins play a
role in transport within actin bundle protrusions. This is high-
lighted by our previous results that demonstrate MYO3A and
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FIGURE 10. Model of MYO3A regulation in actin protrusions. We suggest a
model of concentration-dependent regulation by autophosphorylation at
the tips of actin protrusions that consists of a multistep process where
increased concentration of MYO3A in the tip compartment results in activa-
tion of the MYO3A kinase domain by autophosphorylation. Active kinase is
then capable of trans-phosphorylation of the motor domain of myosin.
Reducing myosin motor activity leads to a loss of MYO3A protein from the tip
compartment, thereby regulating the stability of the actin-based structure.

MYO3B can transport ESPNT1 to the stereocilia tips (9, 10). We
proposed the concentration-dependent regulation by auto-
phosphorylation mechanism for how MYO3 transport and tip
localization are regulated (3), and our current results add more
detail to this model (Fig. 10). In this model, the kinase- and
motor-dephosphorylated MYO3A moves to the tips of actin
protrusions. When MYO3A accumulates at the actin bundle
tips, the kinase activation loop (Thr-184) gets autophosphory-
lated, which activates the kinase domain. The slow kinase activ-
ity of the dephosphorylated kinase may still be able to trans-
phosphorylate the neighboring MYO3A kinase domains
crowded at the tip. The fully activated MYO3A kinase will be
more likely to trans-phosphorylate loop 2 sites (Thr-909 and
Thr-919) in the motor and down-regulate motor activity. The
phosphorylated MYO3A motor, with reduced motor activity,
has an increased chance of being returned to the cell body by
retrograde flow or diffusion. Our actin protrusion elongation
results support our proposed model because the T184A and
K50R mutations enhance elongation and both have reduced
kinase activity, which enhances the ability of MYOA to trans-
port ESPNI1 to the tips and induce elongation. In contrast, the
T184E mutation reduces elongation because the kinase is con-
stitutively active and has a higher probability of trans-phosphor-
ylating the loop 2 sites in the motor, which reduces the effi-
ciency of transporting ESPN1 to the actin protrusion tips.

In summary, we demonstrate the phosphorylation-depen-
dent regulatory mechanism of the MYO3A kinase domain. We
find that altering kinase regulation can impact the MYO3A cel-
lular function of mediating elongation of actin protrusions.
Future studies will investigate if another cellular kinase is
responsible for phosphorylating Thr-184 and activating the
kinase domain as well as determining the phosphatase respon-
sible for dephosphorylating class III myosins. Determining how
MYO3A kinase activity correlates with the structure and function
of stereocilia and calycal processes will provide an improved
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understanding of how these critically important actin-based struc-
tures are maintained throughout a lifetime.
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