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Deafness mutation in the MYO3A motor domain

impairs actin protrusion elongation mechanism

Laura K. Gunther, Joseph A. Cirilo Jr., Rohini Desetty, and Christopher M. Yengo*

Department of Cellular and Molecular Physiology, College of Medicine, Pennsylvania State University, Hershey,

PA 17033

ABSTRACT Class lll myosins are actin-based motors proposed to transport cargo to the dis-
tal tips of stereocilia in the inner ear hair cells and/or to participate in stereocilia length regu-
lation, which is especially important during development. Mutations in the MYO3A gene are
associated with delayed onset deafness. A previous study demonstrated that L697W, a dom-
inant deafness mutation, disrupts MYO3A ATPase and motor properties but does not impair
its ability to localize to the tips of actin protrusions. In the current study, we characterized the
transient kinetic mechanism of the L697W motor ATPase cycle. Our kinetic analysis demon-
strates that the mutation slows the ADP release and ATP hydrolysis steps, which results in a
slight reduction in the duty ratio and slows detachment kinetics. Fluorescence recovery after
photobleaching (FRAP) of filopodia tip localized L697W and WT MYO3A in COS-7 cells re-
vealed that the mutant does not alter turnover or average intensity at the actin protrusion
tips. We demonstrate that the mutation slows filopodia extension velocity in COS-7 cells
which correlates with its twofold slower in vitro actin gliding velocity. Overall, this work al-
lowed us to propose a model for how the motor properties of MYO3A are crucial for facilitat-
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ing actin protrusion length regulation.

INTRODUCTION

The stereocilia of inner ear hair cells are composed of highly cross-
linked actin filaments that share a similar parallel actin bundle core
with other actin-based protrusions including microvilli and filopodia.
Interestingly, stereocilia are unique in that their actin filaments are
extremely stable and must be maintained at a precise length
throughout a lifetime (Manor and Kachar, 2008). In the cochlea, each
hair cell generates a bundle of stereocilia (hair bundle) which in-
cludes three rows of stereocilia that form a staircase pattern and are
linked together by transmembrane cadherin molecules (tip links).
The distal tips of the stereocilia also contain the mechanoelectrical
transduction channel that is responsible for the electrophysiological
response of the hair bundles when they tilt in response to a stimulus
(Holt et al., 2014). Although many different players have been iden-
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tified, the mechanism of stereocilia length regulation during devel-
opment and in mature hair cells is still unclear.

Vertebrate class Il myosins exist in two isoforms, myosin 3A and
myosin 3B (MYO3A and MYO3B) (Dosé and Burnside, 2000). Ex-
pression of class Ill myosins has been noted in several sensory as
well as nonsensory tissues; however, expression is highest in the
retina and inner ear (Dosé and Burnside, 2002). It is proposed that
MYO3A/B are important for regulating the stereocilia length during
development and that disrupting their function can lead to stereo-
cilia degeneration and deafness (Walsh et al., 2002, 2011; Ebrahim
et al., 2016; Lelli et al., 2016). Specifically, MYO3A has been found
to harbor mutations that are associated with nonsyndromic deafness
(DFNB30) (Walsh et al., 2002) and MYO3B is thought to be able to
partially compensate for the lack of MYO3A function (Manor et al.,
2012). Studies with inner ear hair cells have found that MYO3A is
important for the regulation of stereocilia length, spacing, and thick-
ness (Salles et al., 2009; Ebrahim et al., 2016; Lelli et al., 2016).

The domain structure of vertebrate class Ill myosins consists of
an N-terminal kinase domain, followed by a conserved motor do-
main, a neck domain containing two calmodulin-binding 1Q motifs,
and a class-specific C-terminal tail region (Dosé et al., 2003). The
class-specific tail region contains a conserved tail homology domain
1, known to bind espin (ESPN) isoforms, which are proposed to be
transported to the tips of actin protrusions by class Il myosins to
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induce elongation (Salles et al., 2009; Merritt et al., 2012). MYO3A
contains a longer tail domain, which contains a binding site for the
adapter protein called membrane occupation and recognition
nexus repeat containing 4 (MORN4) and a binding site for actin re-
ferred to as tail homology domain 2. MORN4 is proposed to anchor
MYQO3A to the plasma membrane of protrusion tips and thus stabi-
lize its localization (Mecklenburg et al., 2015; Li et al., 2019). How-
ever, cargo transport is a controversial topic with class Ill myosins
since MYO3A/3B knockout mice still demonstrated tip localization
of ESPN-1 and MORN4 (Lelli et al., 2016). MYO3A/3B knockout
mice also displayed stereocilia with irregular lengths (e.g., some
even more elongated with disrupted staircase patterns) and widths,
suggesting MYO3A/B may be able to serve as an important control
of stereocilia elongation especially during development (Lelli et al.,
2016). Interestingly, we reported that class Il myosins allow slow
controlled elongation of actin protrusions in a cell culture model,
further suggesting they can prevent rapid uncontrolled elongation
which could be crucial during development and formation of the
precise staircase pattern of stereocilia (Raval et al., 2016). We have
characterized deafness-associated mutations in the motor domain
of MYO3A that impact its motor ATPase and force-generating prop-
erties (Grati et al., 2016; Dantas et al., 2018), while it is unclear how
the impaired motor properties disrupt MYO3A function at the tips of
actin protrusions.

The myosin ATPase mechanism has been characterized in detail
and has been found to be fairly conserved across the myosin su-
perfamily (De La Cruz and Ostap, 2004; Geeves, 2016) (Scheme 1).
Briefly, myosin binding to ATP triggers a weak actin-binding con-
formation that dissociates it from actin, and ATP hydrolysis typi-
cally occurs while myosin is detached from actin. When myosin
with the hydrolyzed products in the active site binds to actin, it
triggers the power stroke that is associated with force generation
and the release of phosphate. Myosin remains tightly bound to
actin until the release ADP allows a new ATP molecule to bind and
restart the cycle. Currently, it is thought that by varying the rate
constants of key steps within the conserved ATPase cycle, each
myosin can be finely tuned for their physiological function (Heissler
and Sellers, 2016a). For example, the duty ratio, which is defined
as the fraction of the ATPase cycle that myosin is strongly bound to
actin, dictates whether a myosin can function as a single molecule
transporter (high duty ratio) or work in teams to generate force
through interacting with actin filaments (low duty ratio motor).

Class Il myosins have several interesting features of their ATPase
cycle that have been studied with and without the kinase domain.
Kinetic studies of MYO3A containing the kinase domain demon-
strated extremely slow ATP binding, while phosphate release is fast
and ADP release is relatively slow (Dosé et al., 2007). MYO3A lack-
ing the kinase domain showed a twofold higher maximum ATPase
rate when compared with the construct containing a kinase domain
(Dosé et al., 2008). The faster ATPase activity was promoted by a
faster ADP release rate constant and a shift in the rate-limiting step
to ATP hydrolysis. In vitro motility of MYO3A lacking the kinase do-
main and containing the full neck domain (2 IQ domains) revealed
that actin-gliding is relatively slow but consistent with detachment
limited models (Salles et al., 2009; Raval et al., 2016). Therefore,
MYQO3A displays properties of a high duty ratio motor, fast Pi-re-
lease, and slower ADP release, while the slow ATP binding and hy-
drolysis steps are very different from other high duty ratio myosins
that function as transporters.

In a previous study, we examined a dominant mutation (L697W) in
the MYO3A gene that causes a hearing loss phenotype (Grati et al.,
2016; Dantas et al., 2018). We found that the L697W mutation causes
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a decrease in actin protrusion length, but can outcompete the WT
protein at the tips of actin protrusions in the presence of ESPN-1. In
vitro motor function studies demonstrated that the L697W mutation
decreases maximum actin-activated ATPase activity, enhances
steady-state actin affinity, and decreases actin sliding velocity in the
motility assay. Therefore, we concluded that the mutant can localize
to the stereocilia tips but since it has an impaired motor it is unable
to properly perform its length regulation function.

The goal of the current study was to examine the key steps in the
MYO3A motor ATPase cycle that are impacted by the L697W muta-
tion, providing crucial information about how the mutation impairs
MYQO3A force generation and/or cargo transport. Our biochemical
characterization and a complementary cell biological analysis al-
lowed us to examine how the impaired motor properties impact the
ability of MYO3A to mediate actin protrusion length and dynamics.
The results have allowed us to develop a working model of how
MYO3A impacts actin-protrusion length regulation and further un-
derstand how deafness mutations alter this process. Overall, we
propose that the MYO3A motor is tuned to generate force at pro-
trusion tips, which allows it to play a crucial role in coordinating actin
protrusion elongation and length.

RESULTS

Steady-state ATPase

In our previous study we examined the actin-activated ATPase of
L697W and WT MYO3A containing the motor and calmodulin-bind-
ing 1Q domains but lacking the kinase domain (MYO3A AK 2IQ) and
reported the impact of the mutation on the maximum ATPase rate
(Vmax) as well as the actin concentration at which ATPase is half maxi-
mal (Katpase)- We noticed the Karpase Was extremely low for the mu-
tant and thus in the current study we performed ATPase experi-
ments at even lower actin concentrations (0.1, 0.5, 1 uM actin). Our
results demonstrate the Karpase is reduced 10- to 20-fold in the
mutant. The Viy.x was reduced ~4-fold in the mutant similar to our
previous work. We also measured the steady-state ATPase rate as a
function of temperature (25, 30, and 35°C) at saturating actin (20 pM)
(Figure 1). Slopes of the temperature-dependent ATPase measure-
ments were similar between WT (6.43 £ 0.04) and L697W (6.91 +
0.34), suggesting a similar rate-limiting step in the mutant and WT
constructs.

Basal ATPase activity

To further examine the ATPase rate in the absence of actin, we uti-
lized the malachite green assay that measures the liberation of
phosphate as a function of time. The ATPase activity (moles of inor-
ganic phosphate per moles myosin) was plotted versus time and
fitted with a linear regression (Figure 2). The basal ATPase activity of
MYO3A AK 21Q L697W (0.33 £ 0.03) was about threefold higher
than WT MYO3A AK 2IQ (0.11 £ 0.01), which was similar to the re-
sults from the NADH assay. Since phosphate release is rate limiting
in the absence of actin (Dosé et al., 2007, 2008), this step may be
accelerated by the mutation.

ATP-binding

We examined the rate of ATP binding to MYO3A AK 2IQ in the
absence of actin using mant-labeled ATP and unlabeled ATP as
previously described (Dosé et al., 2007, 2008). We mixed MYO3A
AK 21Q (0.5 M) with 5 uM mantATP and varying concentrations of
unlabeled ATP in the stopped-flow. The increase in mantATP fluo-
rescence as a function of time was monitored and fit to a two expo-
nential function at all ATP concentrations. We observed a fast
phase that was independent of ATP concentration and a slow
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FIGURE 1: Steady-state ATPase properties. (A) The ATPase activity
was monitored as a function of actin concentration in WT and L697W.
The data were fit to the Michaelis-Menten relationship to determine
the maximum ATPase activity (Vjyay) and actin concentration at which
ATPase activity is one-half maximal (Katpase)- (B) The ATPase activity of
L697W is shown at lower actin concentrations to highlight the
extremely low Karpase Value. (C) The ATPase activity was also
measured as a function of temperature in the presence of 20 uyM
actin. The Erying plot demonstrates a similar temperature
dependence of ATPase for the mutant and WT. Data in A and B
represent the average (+SD) from three separate protein
preparations.

phase that was dependent on ATP concentration (Figure 3). The
relative amplitude of the slow phase varied between 50 and 70% of
the total fluorescence signal. On average the fast phase was five-
fold faster in the mutant than the WT. The slow phase was linearly
dependent on ATP concentration and used to determine the sec-
ond-order binding constant for ATP binding (K7k), which was quite
similar in L697W and WT MYO3A AK 2IQ (Table 1). The results
suggest that there are two conformations of MYO3A AK 21Q in the
absence of actin for both WT and L697W. The fast phase may rep-
resent a conformation that has a weaker affinity for mantATP and
thus dissociates rapidly, while the slow phase represents a confor-
mation that binds mantATP with higher affinity and thus dissociates
more slowly.
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FIGURE 2: Basal ATPase activity. The ATPase activity in the absence
of actin (vp) was further examined using the malichite green assay to
measure moles of phosphate produced per mole of myosin over a
200-s period. The ATPase activity in the absence of actin was
threefold enhanced in the mutant compared with WT MYO3A AK 21Q.
Data represent the average (£SD) from four separate protein
preparations.
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FIGURE 3: ATP binding to MYO3A AK 2IQ. The rate of ATP binding
was measured by kinetic competition with mantATP in the absence of
actin. MYO3A AK 21Q (0.5 pM) was rapidly mixed with mantATP (5 pM)
and various concentrations of ATP. (A) Fluorescent transients at all ATP
concentrations were fit to a double exponential. The fast phases were
independent of ATP concentrations, while the slow phases were
linearly dependent on ATP concentration. The average rate of the fast
phase was enhanced fourfold in the mutant (2.6 + 1.1 and 10.6 £ 1.7,
respectively). The second-order rate constant was determined from
the slope of the linear dependence on the slow phase and was similar
between WT and L697W (Table 1). (B) Representative fluorescence
transients of 0.5 pM MYO3A AK 2IQ mixed with 5 pM ATP and
mantATP and fit to a biexponential function.

ATP-induced dissociation from actin

The rate of ATP binding to acto-MYO3A AK 2IQ was examined
by monitoring the change in light scatter upon ATP-induced disso-
ciation of MYO3A AK 2IQ from actin (Figure 4). We mixed

MYO3A and actin protrusion elongation | 3
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FIGURE 4: ATP-induced dissociation from actin. The rate of ATP
binding to acto-MYO3A AK 2IQ was examined by monitoring the
change in light scatter upon ATP-induced dissociation of acto-
MYO3A. Transients were fit with a two or three exponential function
at all ATP concentrations. The fast phase represented ~40-50% of the
total transient. (A) The fast phases were plotted vs. ATP concentration
and fit to a hyperbolic relationship to determine the second-order
rate constant for ATP binding (K’;7k’>1) and maximum rate of
ATP-induced transition into the weak binding states (k’;27). The
following equation was used to fit the hyperbolic dependence of kyps
on ATP concentration. ((K’17k’21[ATP])/(1+K’11[ATP])). (B) Representa-
tive fluorescence transients from mixing 0.5 yM MYO3A AK 21Q with
1 mM ATP and fit to a two exponential function.

acto-MYO3A AK 2IQ (0.5 pM:0.25 pM) with varying concentrations
of ATP and observed two or three exponential light scatter tran-
sients at all ATP concentrations. The relative amplitude of the fast
phase represented 40-50% of the total change in light scatter. The
slower phases were not dependent on ATP concentration, which
suggests that multiple conformations of the rigor conformation are
possible as has been noted in other myosins (Geeves et al., 2000;
Greenberg et al., 2015). The fast phase of the light scatter transient
was hyperbolically dependent on ATP concentration and the maxi-
mum rate was used to determine the maximum rate of ATP-induced
transition into the weak binding states (k,,), while the ATP concen-
tration dependence was used to evaluate the initial interaction be-
tween ATP and acto-MYO3A AK 21Q (K;). The second-order binding
constant for ATP binding to acto-MYO3A AK 21Q was determined
from the linear dependence at low ATP concentrations. Overall, the
rates of ATP binding to acto-MYO3A AK 2IQ were relatively un-
changed by the mutation.

ADP dissociation in the presence of actin

The rate of ADP dissociation from acto-MYO3A AK 2IQ was mea-
sured by using mantADP. A complex of MYO3A AK 21Q (0.5 or
0.375 pM), 1 uM actin, and 10 pM mantADP was rapidly mixed
with 1 mM ATP in the stopped-flow. The mantADP fluorescence
transients were best fit with a two exponential function (Figure
5). The rate constant of the fast phase in the presence of actin
was 10.3 + 0.1 s7! for WT and 4.2 + 0.1 s7' for L697W (relative

4 | L K. Guntheretal.

[} - E
Q r 7
& 1.0 E
o 3 ]
7] - ]
e : ]
o - ]
3 C ]
[T s ]
- 0-5F 3
] - ]
N C ]
© C ]
£ C .
L Y| TP
S 0.0 ]
0.001 0.01 0.1 1 10
Time (sec)

FIGURE 5: ADP dissociation from Acto-MYO3A AK 2IQ. The rate of
ADP dissociation from MYO3A AK 2IQ was measured using mantADP
in the presence of actin. A complex of MYO3A AK 2IQ (0.375-0.5
pM), 1 pM actin, and 10 pM mantADP was rapidly mixed with 2 mM
ATP in the stopped-flow. Fluorescence transients were best fit with a
two exponential function. The rate constant of the fast phase in the
presence of actin was 10.3 £ 0.1 s™" for WT and 4.2+ 0.1 s for
L697W (relative amplitudes 0.84 and 0.8, respectively). The slow
phase was 1.1 £ 0.1 s for WT and 0.2 £ 0.1 s™ for L697W.

amplitudes 0.84 and 0.8, respectively). The slow phase was 1.1 £
0.1 s for WT and 0.2 £ 0.1 57" for L697W. The twofold decrease
in the rate of mantADP release for L697W agrees well with the
twofold decrease in vitro actin gliding velocity (54.8 £ 0.6 and
31.3 £ 0.4 nm/s for WT and L697W, respectively) (Dantas et al.,
2018).

Single turnover measurements

A sequential mix experiment was performed by first mixing MYO3A
AK 21Q (0.8-1.0 pM) with 10 uM mantATP, allowing the reaction to
age for 20 s, and then mixing with varying concentrations of actin
(2.5-60 pM) and 1 mM ADP (final conditions: 0.2-0.25 uM MYO3A
AK 2IQ, 2.5 yM mantATP, 0.5 mM ADP, and 1.25-30 uM actin). The
fluorescence traces were fit to a single exponential function at all
actin concentrations. The rate constants were plot as a function of
actin concentration and fit to a hyperbolic function to determine the
maximum rate (kyax) and actin concentration at which the rate was
one-half maximal (Kps) (Figure 6). The kyax was similar to the ADP
release rate constant (Table 1), suggesting phosphate release is fast
and ADP release is slow for both WT and L697W.

Kinetic modeling and calculation of myosin duty ratio

We performed kinetic modeling of the WT and L697W ATPase cy-
cles by developing a kinetic model of the entire ATPase cycle as
represented in Scheme 1. Most of the rate constants included in the
model were based on measured values (Table 1), while some were
estimated based on how well the data fit to the steady-state ATPase
results (e.g., ATP hydrolysis). The rate and equilibrium constants
used in the model presented in Supplemental Table S1 and the sim-
ulated ATPase values, which were found to be quite similar to experi-
mental values, are shown in Supplemental Figure S1. We estimated
the duty ratio using an equation that takes into account the rate
constants for ATP hydrolysis, phosphate release, and ADP release
(Eg. 1) (Forgacs et al., 2009). Previous estimates of duty ratio (~0.9)
did not take into account the ATP hydrolysis step (Dosé et al., 2007).
We found that the estimated duty ratio was 30% reduced by the
mutation (duty ratio ~0.2 and 0.3 for L697W and WT, respectively).

k+Hk,‘”i k+Hk!”i
d. .. = ’
ratio [k+H+ kf’:’i]/[[k+H+kl,=>i]+ +Dj (1)
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SCHEME 1: Myosin ATPase cycle.

Filopodia extension and retraction dynamics

To examine the effect of the mutation on actin protrusion dynam-
ics, we utilized COS-7 cells which do not endogenously express
MYO3A or its binding partner Espin-1 (Schneider et al., 2006).
COS-7 cells were allowed to adhere to live-cell imaging petri
dishes for 24 h before they were transfected with either full-length
WT or L697W MYO3A AK containing an N-terminal GFP tag
(Raval et al., 2016; Dantas et al., 2018). After 24 h of transfection,
the cells were imaged using a Leica DMi8 total internal reflection
fluorescence (TIRF) microscope containing a live-cell imaging
chamber. The extension velocity of MYO3A-associated filopodia
was examined in WT (n = 100 filopodia from 14 cells) and L697W

(n = 47 filopodia from 12 cells) transfected cells by performing
time-lapsed imaging (10-s frame rate). We also examined retrac-
tion velocities when they were observed while they were ex-
tremely rare for WT and not observed for L697W for the time pe-
riods recorded. We did not observe filopodia collapse or filopodia
being overrun by the rest of the cell. The average extension ve-
locity was 10.72 + 4.58 nm/s for WT and 7.38 + 3.76 nm/s for
L697W (Figure 7). The decreased extension velocity for L697W
correlates with the decreased in vitro motility velocity. The aver-
age filopodia length was significantly reduced in L697W compared
with WT (Figure 7), as was also observed in our previous work
(Dantas et al., 2018).

Tip localization

We also examined the impact of the mutation on MYO3A tip local-
ization efficiency by examining the same set of images collected
above (Figure 8). Filopodia were randomly selected and line scans
were generated by drawing a line that extended from just outside
the filopodia tip to just within the cell body (see Supplemental
Figure S2). We compared a similar number of filopodia containing
WT (69 filopodia from 10 cells) and L697W (72 filopodia from

Steady-state ATPase values (£SE) WT L697W

vo (1), n=42 0.11+0.01 0.33 £ 0.02**
vo(s"), n=3° 0.09 £ 0.01 0.20 + 0.03*
WMax (s71), n =3P 2.20+0.08 0.51 £ 0.03**
KaTpase (UM), n =3P 2.14+0.35 0.10 £ 0.08*
Rate/equilibrium constants (+SE) WT L697W
ATP binding/hydrolysis (myosin), n = 1¢

Kitkyor (@M1-s7") 0.024 +0.003 0.019 £ 0.002
kin 4 —n (571 ~3f N.D.

ATP binding (actomyosin), n = 14

K17k’ (UM1-577) 0.04 +0.01 0.03 +0.01
Ko.s (M) 3627 £ 1302 6258 £ 6311
k'yor (s71) 122 +£23 104 + 67
Actin-activated phosphate release®

Ko.s (M) 29 +4.0f N.D.

kypi (maximum rate, s™") 74 + 51 N.D.
Actomyosin ADP release, n = 3f

k’sp (s7) (fast phase) 10.3+0.1 4.2 +0.1**
k'sp (s7") (slow phase) 1.1+0.1 0.2+0.1*
Single turnover, n = 3f

Ko.s (M) 12405 05+ 1.0
kvax (s7) 11.1+£0.6 3.3+0.78**

aMalichite green assay.

°NADH coupled assay.
cCompetition with mantATP.

dLight scatter.

ePhosphate-binding protein.
fmant-ADP.

**p < 0.001.

*p <0.05.

TFrom Dosé et al. (2008).
*Estimated from kgps at 30 uM actin.

TABLE 1: Kinetic parameters of WT and L697W MYO3A AK 2IQ.
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FIGURE 6: Single turnover measurements. Sequential mix
experiments were carried out to monitor the single turnover rate of
MYO3A AK 2IQ in the presence of actin. Fluorescence transients were
fit to a single exponential function for both WT and L697W at all actin
concentrations. The rate constants were plotted as a function of actin
concentration and fit to a hyperbolic function for WT MYO3A AK 2IQ.
The data for L697W did not fit well to a hyperbolic function but the
rate constants were similar at each actin concentration. Each data
point is the average (+SD) from three separate protein preparations.

15 cells) MYO3A. The tip-to-base ratio was found to be similar for
WT and L697W-associated filopodia (Figure 8A). The peak fluores-
cence intensity had a very similar profile in WT and L697W-associ-
ated filopodia (Figure 8B). However, the frequency of filopodia that
had a profile identical to the average fluorescence profile was
slightly higher for L697W than WT, suggesting less variability
between localization patterns for L697W MYO3A.

FRAP measurements of MYO3A AK tip dynamics

We examined the turnover of MYO3A at tips of stable filopodia
by performing FRAP measurements. COS-7 cells that were
transfected for 24 h with either WT or L697W full-length MYO3AAK
were examined using a Leica SP8 confocal microscope. The tips of
filopodia were bleached using a 488-nm laser for 25 s and the fluo-
rescence was allowed to recover for 2000 s. The percentage of re-
covery was plotted versus time and fitted with a single exponential
function. WT recovered with a half time of 1080 + 90 s (n = 57 filo-
podia, N = 18 cells) and L697W recovered with a similar half time
of 1065 = 119 s (n = 30 filopodia, N = 14 cells). On average the
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FIGURE 7: Filopodia length and dynamics. COS-7 cells were
transfected with either WT or L697W GFP-MYO3A AK and the
filopodia dynamics were examined by live-cell TIRF microscopy.

(A) Scattered dot plot showing filopodia length for both WT and
L697W. WT filopodia were significantly longer than L697W filopodia
(p <0.0001, mean values: WT = 3.16 £ 1.12, L697W = 1.70 + 0.62).

(B) Scattered dot plot showing filopodia extension velocities for both
WT and L697W. WT filopodia extended at a significantly faster
velocity than L697W (p < 0.0001, mean values: WT = 10.72 + 4.58,
L697W = 7.38 £ 3.76). Error bars are +SD.
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FIGURE 8: MYO3A filopodia tip localization. COS-7 cells were
transfected with either WT or L697W GFP-MYO3A AK and the
filopodia tip localization efficiency was analyzed. (A) Scattered dot
plot showing tip/base ratios for both WT and L697W. There is no
statistical difference between mean values (p = 0.48, mean values:
WT =2.36 + 1.37, L697W = 2.20 + 1.41). Error bars are +SD.

(B) Distribution of tip/base ratio fit to a Gaussian function. The mean
value, representing the highest frequency tip/base ratio, was the
same for both WT and L697W (Z = 3.55, mean values: WT = 1.55 +
0.41, L697W = 1.54 £ 0.37).

traces recovered close to 100% for both WT and L697W (1.13 +
0.05 and 0.95 £ 0.06 s, respectively), and no immobile fraction was
detected (Figure 9).

Full-length MYO3A tip localization and dynamics in the
presence of MORN4

To further examine the impact of L697W in a more physiological
context, COS-7 cells were transfected with a kinase-dead version of
MYO3A (GFP MYO3A K50R) (Quintero et al., 2010) with or without
the L697W mutation in the motor domain. We also cotransfected
with mCherry MORN4 since it enhances tip localization of full-length
MYO3A (Mecklenburg et al., 2015). Similar to our results with
MYO3A AK, COS-7 cells transfected with either GFP MYO3A K50R
(WT or L697W) and mCherry MORN4 displayed no significant differ-
ence in MYO3A tip localization efficiency. However, the average
length of L697W MYO3A was significantly shorter than WT (WT,
10 cells and 144 filopodia; L697W, 10 cells and 136 filopodia)
(Figure 10), consistent with the trend observed with the MYO3A AK
constructs (Figure 7).

DISCUSSION

We performed a detailed characterization of the motor properties of
MYO3A with a deafness mutation (L697W) in the motor domain and
investigated the impact of the mutation on actin protrusion length/
dynamics. It is well established that MYO3A is able to localize to the
tips of actin protrusions, including stereocilia, microvilli, and filopo-
dia, as well as promote the formation and elongation of these pro-
trusions (Les Erickson et al., 2003; Schneider et al., 2006; Salles
et al., 2009; Quintero et al., 2010; Ebrahim et al., 2016; Raval et al.,
2016; Cirilo et al., 2021). Our previous results demonstrated that the
L697W mutant was still able to tip localize; however, it had a signifi-
cantly decreased ability to induce and maintain the lengths of actin
protrusions (Dantas et al., 2018). Our current results demonstrate
that the mutation not only impacts steady-state MYO3A ATPase ac-
tivity but also specifically impacts detachment kinetics, which cor-
relates well with the depressed in vitro actin gliding velocity we re-
ported previously (Dantas et al., 2018). Live-cell filopodia tracking
showed that COS-7 cells transfected with the mutant MYO3A had
decreased filopodia lengths and elongation rates when compared
with WT counterparts. In addition, our FRAP results demonstrated
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the mutation does not impact MYO3A turnover at the protrusion
tips. Together, our results indicate that the L697W deafness muta-
tion in MYO3A can properly localize to actin protrusion tips, but its
impaired motor activity specifically causes a slowing of the actin pro-
trusion elongation rate. Our results support a model in which
MYO3A-associated force generation at the protrusion tips plays a
role in coordinating actin protrusion elongation.

Impact of L697W on motor ATPase kinetics

In the current study we characterized the impact of the L697W deaf-
ness mutation on key steps in the MYO3A ATPase pathway. We
found that while ATP binding is unchanged, the ADP release rate
constant is decreased approximately twofold in the mutant. In the
detachment-limited model of myosin motility, the ADP release rate
constant limits the detachment rate of myosin from actin in the pres-
ence of saturating ATP (Siemankowski et al., 1985). Thus, our ADP
release results are in agreement with the in vitro motility and sug-
gest both WT and L697W MYO3A follow a detachment limited
model of motility. Interestingly, we propose that ADP release is not
rate limiting in the WT and L697W ATPase pathways in solution and
hypothesize that the ATP hydrolysis step is rate limiting. The hy-
pothesis is supported by the single turnover data which demon-
strate that MYO3A posthydrolysis has a turnover rate that is similar
to the ADP release rate constant in both WT and L697W (Figure 6).
Therefore, since the maximum ATPase rate is nearly 10-fold slower
than the postshydrolysis single turnover rate, we propose ATP hy-
drolysis is at least partially rate limiting. Our kinetic modeling fits
well with the measured and proposed rate and equilibrium con-
stants presented in Table 1 and Supplemental Figure S1. We calcu-
lated the duty ratio based on the equation that takes into account
the ATP hydrolysis and product release steps and found that L697W
has a 30% lower duty ratio compared with WT. This is contrary to
our results that found L697W has a twofold higher steady-state ac-
tin affinity than WT (Dantas et al., 2018). Thus, we suggest that the
mutant’s decrease in ATP hydrolysis, which stabilizes the weak actin-
binding states, and the reduced ADP release rate constant, which
stabilizes the strong binding states, partially offset each other in
terms of duty ratio. In addition, other factors such as the affinity for
actin in the M.ATP state may account for the apparent discrepancies
between the measured steady-state actin affinity and the calculated
duty ratio.

A duty ratio of 0.3 for the WT MYO3A motor is not as high as the
processive dimeric myosin motors such as MYO5A and MYO6 (De
La Cruz and Ostap 2004), suggesting MYO3A may not function as a
processive motor. However, MYO3A dimerization has not been in-
vestigated and there is no predicted coiled-coil in the tail domain. In
addition, other factors may play a significant role in MYO3A translo-
cation to the tips of protrusions, such as interactions of the tail do-
main with actin and/or the plasma membrane (see Merritt et al.,
2012; Cirilo et al., 2021).

Impact of L697W on tip localization and turnover

We utilized FRAP to investigate the impact of the L697W deafness
mutation on MYO3A turnover at the protrusion tips. We found no
difference in the half time between WT and L697W MYO3A (Figure
9). These findings seem to contradict previous results that demon-
strate MYO3A L697W can outcompete MYO3A WT at the tips of
actin protrusions when both are present in COS-7 cells (Dantas
et al., 2018). However, the out-competition primarily was found in
actin protrusions where ESPN-1 is present, a known binding partner
of MYO3A. In our previous work we hypothesized that L697W
MYO3A may be able to outcompete WT because of a higher duty
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FRAP measurements of MYO3A AK turnover at filopodia
tips. (A) Representative images of COS-7 cells transfected with
GFP-tagged WT or L697W MYO3A AK. (B) FRAP was performed on
COS-7 cell filopodia tips by bleaching for 25 s and monitoring the
time course of fluorescence recovery for 2000 s (10-s frame rate) (WT,
top panel, and L697W, bottom panel). (C) The fluorescence was
normalized and the percentage of recovery was plotted vs. time and
fitted with a single exponential function. WT recovered with a half
time of 1080 + 90 s (n = 57 filopodia, N = 18 cells) while L697W
recovered with a similar half time of 1065 + 119 s (n = 30 filopodia,
N = 14 cells). The fraction of recovery was near 1 for both WT and
L697W (1.13 £ 0.05 s and 0.95 £ 0.06 s, respectively), demonstrating
that nearly 100% recovery was achieved in 2000 s and no immobile
fraction detected. Error bars are £SEM.

ratio, while our current biochemical analysis demonstrates this is not
likely the case. Therefore, we now propose that the competitive in-
hibition of WT MYO3A is dependent on the presence of ESPN-1
and the slower detachment kinetics of L697W. It is possible that
L697W binds more tightly to ESPN-1 because it populates a specific
biochemical state for a longer period of time (e.g., the actomyosin.
ADP state), which stabilizes the complex at the tips. In addition,
there may be other nonmotor factors that contribute to the tip local-
ization of MYO3A, for example, formation of an autoinhibited state
involving head-tail interactions, membrane-tail interactions, and
other binding partners at the tip. Raval et al. (2016) demonstrated
that COS-7 cells transfected with MYO3A constructs containing dif-
ferent regions of the tail deleted had depressed tip localization.
Thus, the tail domain is an important aspect of tip localization, and
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FIGURE 10: Filopodia length and tip localization in MYO3A full-
length kinase-dead (KD) constructs. COS-7 cells were transfected with
kinase-dead GFP-MYO3A WT or L697W and mCherry-MORNA4. The
filopodia length and tip localization were examined by live-cell TIRF
microscopy. (A) Scattered dot plot showing filopodia length for both
WT KD and L697W KD. WT KD filopodia were significantly longer
than L697W KD filopodia (p < 0.0001, mean values: WT KD = 3.47 +
1.81, L697W KD = 2.56 + 1.00). (B) Scattered dot plot showing tip/
base ratios for both kinase-dead WT and L697W. There is no statistical
difference between mean values (p = 0.72, mean values: WT KD =
2.40 +1.27, L697W KD = 2.26 + 1.04). Error bars are £SD.

its interactions with the membrane and other binding partners likely
contribute to the turnover of MYO3A at the tips.

Measurements of actin protrusion elongation and length
regulation

Length regulation in actin protrusions such as filopodia and stereo-
cilia is dependent on numerous factors. Some important factors in-
clude actin polymerization/retrograde flow, membrane tension, as
well as the presence of unconventional myosins along with their
binding partners (Belyantseva et al., 2003; Belyantseva et al., 2005;
Lin et al., 2005; Rzadzinska et al., 2005; Naoz et al., 2008; Rzadzinska
et al., 2009; Salles et al., 2009; Manor et al., 2011; Merritt et al.,
2012; Drummond et al., 2015; Narayanan et al., 2015; Raval et al.,
2016; Avenarius et al., 2017). Our current results highlight the
importance of motor-based actin sliding in contributing to the elon-
gation rate of actin protrusions. We emphasize that this is not due to
the amount of MYO3A at the tips since the tip localization efficiency
was similar in L697W and WT. The reduced average length of
L697W-associated filopodia may be a result of the mutant having
reduced force-generating capacity. Previous studies demonstrated
that the presence of MYO3A at the tips of actin protrusions alters
the protrusion dynamics compared with nontransfected or MYO10-
transfected conditions (Raval et al., 2016). These results support the
hypothesis that motor activity directly correlates to protrusion elon-
gation and length regulation (Raval et al., 2016). However, the differ-
ent tail domains in MYO3A and MYO10 could play a role in altering
protrusion dynamics. Thus, the current study adds to our previous
work by clearly demonstrating that disrupting the MYO3A motor
properties, without altering the tail domain, can alter actin protru-
sion elongation and length regulation.

To further examine MYO3A-associated length regulation in a
more physiological context, we examined the impact of the L697W
mutation in a kinase-dead full-length construct in the presence of
its binding partner MORN4. Our results demonstrate that the pres-
ence of the L697W mutant in full-length MYO3A causes a reduc-
tion in actin protrusion lengths without changing the tip localiza-
tion efficiency (Figure 10), which mirrors our results in the
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FIGURE 11: Model of MYO3A function in actin protrusions. MYO3A
is able to walk to the tips of actin protrusions utilizing its motor
domain and tail (THDII). MYO3A docks at the protrusion tips through
an unknown mechanism (e.g., membrane-binding or protein-protein
interactions) whereby both MYO3A and actin polymerization produce
a tipward force that combats membrane tension allowing protrusion
elongation. On accumulation at the tip, MYO3A undergoes
autophosphorylation, which down-regulates motor activity* and
results in MYO3A returning to the protrusion base via an unknown
mechanism (e.g., autoinhibition and/or retrograde flow). Deafness-
associated mutations in MYO3A may alter the number of MYO3A
motors capable of tip localizing or the intrinsic force-generating
capacity of MYO3A motors, which can alter the balance of forces at
the tips of actin protrusions and disrupt length regulation.

kinase-deleted construct. Future studies will examine filopodia
extension velocity of full-length MYO3A in the presence and ab-
sence of MORN as well as investigate the impact of MORN4 on in
vitro motility.

Model of MYO3A-induced actin protrusion elongation

The results of our current study allow us to propose a model for how
class lll myosin motors participate in actin protrusion elongation and
length regulation (Figure 11). In the case of MYO3A, we propose it
localizes at the tips of actin protrusions and forms a link between the
membrane and the actin bundle, analogous to what has been pro-
posed in class | myosins in microvilli (Mooseker and Cheney, 1995;
Tyska and Mooseker, 2002; Nambiar et al., 2009). MYO3A can pro-
duce a tip-directed force by generating a power stroke that pushes
the membrane toward the tip and resists the membrane tension
inherent at the tips. The reduction in tip membrane tension allows
the actin polymerization machinery to elongate the actin bundle
and thus the protrusion. Therefore, the group of MYO3A motors at
the tips functions as an ensemble of motors generating force to
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Parameter wWT L697W
Filopodia extension velocity (nm/s) 10.72 +4.58 7.38 + 3.76**
Filopodia retraction velocity (hnm/s) 10.45+5.86  N/A
Filopodia length (um) 3.16+£1.12  1.70 £0.62**
Filopodia tip/base ratio 236+1.37 220+1.41
FRAP recovery half time (s) 1080 £+ 90 1065 £ 119

Fraction recovery 1.13£0.05 0.95+£0.06

All values are mean (£SD), **p < 0.001.

TABLE 2: Impact of WT and L697W MYO3A AK on actin protrusions
in COS-7 cells.

resist the membrane tension, which is an important factor that medi-
ates actin protrusion elongation and length. Upon accumulation at
the tip, MYO3A undergoes autophosphorylation, which reduces its
ATPase activity and affinity for actin (Quintero et al., 2010, 2013).
Therefore, it will be important to study how kinase-dependent
MYQO3A regulation impacts its ability to mediate actin protrusion
elongation and length. Furthermore, since groups of MYO3A are
seen moving toward the base (Quintero et al., 2010), we speculate
that MYO3A may adopt an autoinhibited conformation similar to
what has been described for other members of the myosin super-
family (Heissler and Sellers, 2016b). We proposed that L697W has a
slower elongation rate because of its reduced actin filament gliding
velocity. In addition, L697W has a reduced average actin protrusion
length because of a reduced ensemble force-generating capacity,
which may be because of the reduced duty ratio or other factors
that we did not measure such as intrinsic force and/or ability to
adapt to external loads. Thus, future studies that can examine the
intrinsic force generation and load sensitivity of single molecules of
MYO3A will shed light on how force-generating capacity impacts
actin protrusion length. In addition, most myosins that localize to
actin protrusions (e.g., MYO1A, MYO7, MYO10, and MYO15) are
proposed to associate with the membrane (Belyantseva et al., 2003;
Galdeen et al., 2007; Yang et al., 2009; Nambiar et al., 2010; Moen
et al., 2011; Kerber and Cheney, 2011; Mazerik and Tyska, 2012;
Mazerik et al., 2014; Li et al., 2017; Weck et al., 2017) while no con-
sensus membrane-binding motif has been identified in MYO3A/B.
Therefore, another future direction will be to demonstrate that the
MYQO3A tail directly or indirectly interacts with the membrane.
There are several unconventional myosins found in stereocilia,
while MYO3A/B and MYO15A are both known to regulate ste-
reocilia length (Belyantseva, et al., 2005; Schneider et al., 2006;
Salles et al., 2009; Quintero et al., 2010; Manor et al., 2011; Ebra-
him et al., 2016; Lelli et al., 2016; Rehman et al., 2016; Krey et al.,
2020). Therefore, a key question is how do these two myosin mo-
tors work together to coordinate length regulation? The loss of
MYO3A/B causes over elongation as was seen in the knockout
mouse studies (Lelli et al., 2016). In contrast, shaker 2 mice
(MYO15sh2/sh2), which contain a mutation in a conserved cyste-
ine residue, lack MYO15A tip localization and are associated with
stereocilia that are of significantly shorter lengths (Rehman et al.,
2016; Krey et al., 2020), further suggesting that MYO15A is cru-
cial for stereocilia elongation. We suggest MYO3A and MYO15A
may work together to produce and maintain stereocilia of a finite
length. In the stereocilia, we propose that MYO15A and MYO3A
are both able to produce a protruding force on the membrane at
stereocilia tips. In addition, MYO15A has recently been shown to
nucleate actin filaments (Moreland et al., 2021). However, since
MYO3A is the slower motor, it may function as a “brake” to
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control the protrusion elongation rate, which in turn may prevent
aberrant elongation and allow proper assembly of the compo-
nents of the tip complex. The L697W MYO3A mutation leads to
delayed onset deafness similar to what is observed in DFNB30.
The slowed elongation with L697W MYO3A could impair stereo-
cilia formation during development and/or maintenance and re-
pair of mature stereocilia. Mouse model studies suggest that
MYO3A is crucial during development (Lelli et al., 2016), but no
role for maintenance/repair has been established. The late onset
phenotype suggests that there are compensatory mechanisms to
make up for the loss of functional MYO3A that allow stereocilia
to initially form and function normally. However, stereocilia must
be maintained throughout a lifetime that likely requires proper
turnover of crucial components of the actin bundle and tip com-
plex (McGrath et al., 2017). We propose that when MYO3A func-
tion is disrupted the compensatory mechanisms that allow the
stereocilia to initially form during development may impair nor-
mal maintenance and repair of these unique and complex actin-
based structures.

CONCLUSION

The current study characterized the impact of the deafness-associ-
ated L697W mutation in MYO3A using biochemical and cell biologi-
cal studies. In the absence of its binding partner ESPN-1, the mutant
does not alter actin protrusion tip localization efficiency and turn-
over at the tips, while the impaired motor activity causes slower
elongation rates. Thus, our results allow us to propose a model that
MYO3A generates protrusive forces to combat the membrane ten-
sion and works together with the actin polymerization-based forces
to elongate the protrusions. Future studies will investigate how class
Il myosins coordinate with binding partners and MYO15A to regu-
late stereocilia lengths.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents

ATP and ADP were prepared fresh from powder and were pur-
chased from Sigma. ATP and ADP concentrations were determined
by absorbance at 259 nm using €259 of 15,400 M~"-cm~'. N-Methyl-
anthraniloyl (mant)-labeled 2’-deoxy-ADP and 2’-deoxy-ATP were
purchased from Jena Biosciences. The mantATP and mantADP con-
centrations were determined from absorbance measurements at
255 nm using €255 of 23,300 M~".cm™". Nucleotides were prepared
prior to use in the presence of equimolar MgCl,.

Construction of expression plasmids, protein expression,
and purification

A construct of human MYO3A, containing 21Q domains but lack-
ing the kinase domain (MYO3A AK 2IQ; amino acids 340-1143 of
NM_017433), a C-terminal GFP tag, and an N-terminal FLAG tag
was engineered into pFastBac (Raval et al., 2016). Another con-
struct of human MYO3A containing the entire tail domain but
lacking the kinase domain (MYO3A AK; amino acids 340-1616 of
NM_017433) was introduced into the pEGFP plasmid, such that
it contained an N-terminal GFP tag (Raval et al., 2016). A MYO3A
full-length construct containing the kinase-dead mutation (K50R)
in pEGFP was also generated (Raval et al., 2016). An mCherry
MORN4 construct was previously described (Mecklenburg et al.,
2015). We used site-directed mutagenesis to introduce the
L697W mutation into both the pFastBac and the pEGFP con-
structs (Dantas et al., 2018). The mutant and WT MYO3A AK 2IQ
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constructs were coexpressed with calmodulin using the insect
SF9 cell baculovirus system and purified using anti-FLAG affinity
chromatography (Quintero et al., 2010; Quintero et al., 2013).
Actin was purified from acetone powder derived from rabbit skel-
etal muscle (Pell-Freeze) using the method of Pardee and Spu-
dich (Pardee and Spudich, 1982).

Steady-state ATPase assay

The actin-activated ATPase activity of MYO3A AK 2IQ was exam-
ined using the NADH-coupled enzyme assay in KMg50 buffer (50
mM KCI, 1 mM EGTA, 1 mM MgCl,, 1 mM ATP, 10 mM imidazole,
pH 7.0, T mM dithiothreitol) at 25°C (De La Cruz, Sweeney, and
Ostap 2000; Dosé et al., 2007; Dosé et al., 2008). The rate of ATPase
activity was measured using an Applied Photophysics stopped-flow
over a 200-s period and at varying actin concentrations. The ATPase
rates were plotted as a function of actin concentration (0.1, 0.5, 1,
2.5, 5,10, 20, 40, 60 uM) and data were fit to a Michaelis-Menten
equation (V = vp + (keat*[actin])/Karpase + [actin]), which allowed de-
termination of the maximum rate of ATPase activity (keay) and the
actin concentration at which half maximal ATPase activity occurs
(Kapase)- Since the basal ATPase activity (v,) was relatively high in
the mutant, we reported the maximum ATPase activity (Vjpax) as (Keat
+ v,) for comparing L697W and WT. The ATPase was also measured
in the presence of 20 uM actin at 20, 25, and 30°C to examine the
temperature dependence of the steady-state ATPase.

Malachite green ATPase assay

Steady-state ATPase activity was measured using the malachite
green assay (Lanzetta et al., 1979). Briefly, WT or L697W MYO3A AK
21Q was mixed with T mM ATP, allowed to hydrolyze for various time
intervals, and quenched with 2N hydrochloric acid, and the inor-
ganic phosphate levels were detected with malachite green. The
malachite green absorbance was detected at 620 nm using an ab-
sorbance microplate reader (Thermo Multiskan Ascent). The con-
centration of inorganic phosphate was determined by a phosphate
standard curve. All experiments were performed at 25°C. Data were
plot as moles of phosphate per moles myosin as a function of time
and fitted with a linear regression to determine the ATPase rate.

Transient kinetic experiments

Al transient kinetic experiments were performed in an Applied Pho-
tophysics stopped-flow, with a dead time of 1.2 ms. Light scatter
experiments were measured at 420 nm using a 395-nm long pass
filter. Both mantATP and mantADP were excited via energy transfer
from intrinsic tryptophans by exciting at 290 nm and measuring the
emission through a 395-nm long pass filter. Fluorescence or light
scatter transients were fit with software provided with the stopped-
flow or Graphpad Prism software. All rate constants are reported
with standard error of the fits unless indicated. All concentrations
are given as the final concentration unless indicated. Kinetic model-
ing was performed using the ATPase pathway used in previous stud-
ies (Dosé et al., 2007; Dosé et al., 2008) and Kintek Explorer
software.

COS-7 cell filopodia dynamics

COS-7 cells were trypsonized and plated (~40,000 cells) on imaging
dishes (35 mm Azer Scientific) for 24 h in DMEM supplemented with
10% fetal bovine serum at 37°C and 5% CO, in a cell culture incuba-
tor. After 24 h, COS-7 cells were transfected with 2 ug of pEGFP.
MYQO3A constructs (WT or L697W) using Lipofectamine transfection
reagent (Invitrogen) and incubated for 24 h to allow overexpression.
Cells were imaged in Opti-MEM media with no phenol red with ei-
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ther a Leica DMi8 TIRF microscope or Leica SP8 confocal micro-
scope equipped with a 37°C stage and objective warmer and 5%
CO, chamber. Filopodia lengths were measured using the length
tool in ImagelJ. Filopodia that had clear extensions from the periph-
ery of a cell were tracked using the Mtrack plugin.

Tip localization

Leica LASX software was used to generate line scans for each filopo-
dia. In short, a line was drawn that extended from just outside the
filopodia tip to just within the cell body. The fluorescence intensity
of each line scan was normalized to the point with the highest inten-
sity point for that filopodia, and the baseline was set by the linear fit
to the fluorescence at the base. Line scans were then aligned by
their highest point and averaged to develop a representative filopo-
dia profile. Tip-to-base ratio for each filopodia was determined via
dividing the highest intensity point for a filopodia by the fluores-
cence at the base of the filopodia.

FRAP

FRAP was performed by drawing a circular region of interest around
the tip of a filopodia (average length of filopodia tip that was
bleached was 2.43 + 0.88 and 2.14 + 0.71 pm for WT and L697W,
respectively). A 20-mW 488-nm laser line at 1% power was used to
prebleach the region of interest every second for 20 s total to estab-
lish a steady-state intensity. We avoided using filopodia that exhib-
ited a decrease in intensity during the prebleach. This was followed
by 25 s of bleaching at 100% laser power and was then allowed to
recover for 2000 s, while an image of the recovery was taken every
10 s. Filopodia were, on average, very stable during the 25 s of
bleaching. The filopodia that reacted to the bleach were not used in
the analysis. FRAP recovery traces for WT (n = 57 filopodia) and
L697W (n = 30 filopodia) were averaged and fit to an exponential fit
in Graph Pad Prism software.

Statistical analysis

The kinetic experiments were examined with an unpaired Student’s
ttest (Table 1). The cell biological parameters were examined with a
Mann-Whitney U test (Table 2 and Figure 10).
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