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ABSTRACT

In hair cells of the inner ear, the process of adaptation resets the open
probability of the transduction channel to its resting value restoring hair-cell
sensitivity. Determining how the adaptation motor, myosin-1c (Myolc), is
regulated is critical for understanding how sensitivity is controlled in hair cells.
Previous research has shown that activators of Protein Kinase A (PKA) can
reduce channel open probability, suggesting a decrease in force production by
the adaptation motor. Consistent with these results, a PKA phosphorylation site
(RRXS) is located at serine 701 (S701) in a hinge region between the head and
neck of Myolc, a prime location to affect mechanics of the motor.

The experiments herein demonstrate that Myolc could be phosphorylated
by PKA at S701. Short peptides of Myolc containing the PKA consensus site at
S701 were strongly phosphorylated by PKA. Sf9 cell-expressed constructs of
Myolc containing either the head or tail domains in addition to the neck domains
were also phosphorylated by PKA, though stoichiometry measurements showed
only 10-15% of the protein was phosphorylated. Phosphorylation levels of long
constructs were increased in the presence of Ca?'. Phosphorylation of short
peptides containing only the first IQ domain and PKA consensus site were
phosphorylated by PKA strongly in the presence of calmodulin (CaM), but
inhibited when Ca®" was present. CaM also bound with equal affinity to the first

IQ domain of both phosphorylated and unphosphorylated short peptides of

Xiv



Myolc. These results suggest that the absence of CaM from either the second,
third, or fourth 1Q domain may be ideal for phosphorylation.

In an attempt to determine the phosphorylation state of Myolc in hair cells,
the Myolc phosphorylation states in COS-7 cells and purified Myolc from Sf9
cells were measured. Cells were exposed to reagents to stimulate or inhibit
phosphorylation, or no treatment, and then immunoprecipitated with an antibody
specific for phosphorylated Myolc. When immunoprecipitated eluates were
probed with a general Myolc antibody, no Myolc was recognized. These results
show that Myolc is unphosphorylated both in COS-7 and Sf9 cells. These results
confirm that Myolc is difficult to phosphorylate, or may require other
undetermined conditions for efficient phosphorylation.

To determine the importance of the S701 site for Myolc function, the
ATPase and in vitro motility activities were was investigated in head-neck (HN)
Myolc mutants that mimic the phosphorylated (HNS701D) and unphosphorylated
(HNS701A) states of Myolc. Preliminary results show that HNS701D had slower
ATPase rates than HNS701A or HN. Both HN701D and HNS701A translocated
actin at slower rates than HN, with HN701D displaying the slowest velocities. In
an assay of force production, the actin-binding protein a-actinin was introduced
into the in vitro motility experimental set-up. Predictably, HN was stalled with
increasing concentrations a-actinin. The velocities of both HN701D and HN701A
remained constant with increasing amounts of a-actinin. These results suggest

that both HN701A and HN701D have greater force-producing capabilities than

XV



HN. These results also illustrate that importance of the S701 site for Myolc
mechanics.

Finally, in vitro motility studies showed that wild-type Myolc had a greater
velocity than the truncated version HN. These results suggest the tail region is
potentially critical for the myosin step size or force production and may play a
role in stabilization or unfolding of the protein to effectively translocate actin.
Myolc was also determined to be a key component in the process of fast
adaptation. To support in vivo studies in mice, in vitro motility studies were
conducted with the in vitro motility assay. NMB-ADP, the mutant-specific inhibitor
of Y61G Myolc, effectively slowed down motor velocity and had no effect on wild
type mouse Myolc, as expected. Ca®* was also able to inhibit velocity of both
wild type and Y61G Myolc.

These results illustrate the complicated nature of phosphorylating Myolc.
We have determined that the presence of CaM at IQ1 and Ca* is crucial for
phosphorylation of both short and long constructs of Myolc. These results
suggest that CaM at 1Q2 or an intermediate Ca** occupied state of CaM may
influence PKA phosphorylation of S701. Mutations of S701 also affected ATPase
rate, in vitro motility velocities, and force-producing properties of Myolc
confirming that S701 is critical for Myolc mechanics. Taken together, these
results support the preliminary effects of PKA inhibitors and activators on hair cell

open probability.
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INTRODUCTION

The Inner Ear

Within the inner ear are several organs that enable us to respond to
auditory stimuli and maintain balance. The spiral-shaped cochlea is sensitive to
both high- and low-frequency auditory stimuli, while the vestibular organs-the
sacculus, utricle, and three semicircular cristae-detect angular accelerations and
head motion in several planes of sensitivity (Figure 1A).

The cochlea is divided into three compartments: the scala tympani, the
scala media, and the scala vestibuli (Figure 1B). The scala vestibuli and scala
media are separated by Reissner's membrane, while the scala media and scala
tympani are separated by the reticular laminae. The potassium-rich endolymph,
produced by the stria vascularis, fills the scala media (Wangemann P, 1995). The
perilymph, a potassium-poor yet sodium-rich fluid, bathes the scala vestibuli and
tympani.

Sound waves vibrate the three ossicles of the middle ear, the malleus,
incus, and stapes, which transmit vibrations to the oval window. The motion of
the oval window causes movement of the perilymph and basilar membrane of the
organ of Corti. Movement of the basilar membrane relative to the overlying
tectorial membrane stimulates mechanically sensitive cells of the organ of Corti.

In the organ of Corti, there are four parallel rows of mechanically sensitive

cells called hair cells (Figure 1C). There are approximately 15,000 hair cells in



Figure 1. The inner ear. A. Sound waves are transmitted to the fluid-filled
cochlea via vibrations of the middle ear ossicles. The sensory cells are located in
the organ of Corti. B. Cross section through the cochlea. The cochlea is divided
into three chambers; the scala vestibuli, scala tympani, and scala media. The
sensory cells dwell within the basilar membrane of the scala media. C. Three
rows of outer hair cells and one row of inner hair cells sit in the organ of Corti.
Hair cells are stimulated when the basilar membrane oscillates relative to the
tectoral membrane. The inner hair cells are primarily innervated by afferent fibers
while the outer hair cells are enervated by efferent fibers. The pillar cells provide

structural support to the organ of Corti (Fain, 1999).
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the human cochlea, which are tonotopically arranged; low frequency cells are
located at the apex, while high frequency cells are found at the base (G., 1960).
Three rows of outer hair cells are essential for signal amplification and receive
primarily efferent innervation. The single row of inner hair cells transmits signals
to afferent fibers which transmits sensory information to the brain. The rows are
separated by the pillar cells, while Dieters' cells cup the outer hair cells; both
provide stability and support to the hair cells. The tectorial membrane lies over
the organ of Corti, to which the outer hair cells are mechanically coupled (Lim,
1986). In the scala tympani, fluid movement stimulates activity of the basilar
membrane and organ of Corti. Shear between the organ of Corti the overlying
tectorial membrane stimulates the bundles of the hair cells resulting in
mechanotransduction.

The sacculus is a vestibular organ specialized for detecting acceleration in
the vertical plane at low frequencies. The bullfrog sacculus, an important model
for hair cell function, also detects ground-borne vibrations. The frog sacculus
contains approximately 3000 hair cells which are surrounded by nonsensory
supporting cells (Jacobs and Hudspeth, 1990). The saccular hair cells sit in the
sensory macula, a kidney-shaped structure while the otolithic membrane lies on
top of the hair cells. Calcium carbonate crystals, the otoconia, are situated on top
of the otolithic membrane. Because otoconia are dense, they move more slowly
than the hair cells, deflecting the otolithic membrane and stimulating the hair cells
(AV, 2001). The utriculus is similar to the sacculus in structure, but detects

acceleration in the horizontal plane.



The three semicircular canals are arranged 90° orthogonal to one another
and are stimulated by angular acceleration in three orthogonal planes. Within
each of the semicircular canals dwells the ampulla, an enlarged area that
contains the hair cells situated on a ridge in the ampulla known as the crista
ampullaris (Lewis, 1985). The hair bundles are embedded in the gelatinous
cupula that overlies the hair cells (Lewis, 1985). Changes in angular acceleration
produce movement of the endolymph in the semicircular canals. This movement

deflects the cupula, which in turn stimulates hair cells.

Hair Cell Structure

The unique structure of hair cells carries out the conversion of mechanical
stimulus into an electrical signal. They are exquisitely sensitive and can respond
to deflections as small as 0.3 nm (Sellick et al., 1982). Hair cells of auditory and
vestibular organs are topped by 30-300 actin-filled stereocilia, arranged in rows
of ascending height; together, they constitute the hair bundle (Figure 2). Among
the stereocilia is one true microtubule-containing cilium, the kinocilium, which is
thought to play a role in the patterning of the hair bundle (Kelley MW, 1992;
Montcouquiol M, 2003). Although the kinocilium is present in hair cells during
development, it is not necessary for transduction (Hudspeth and Jacobs, 1979).
Stereociliary actin filaments, crosslinked by fimbrin and espin, taper at the base
of the stereocilia and insert into the actin-dense cuticular plate of the cell body
(Baylor and Fettiplace, 1975; Tilney et al., 1983; Zheng et al., 2000). Stereocilia

tapering facilitates pivoting of the bundle as a unit and allows the stereocilia to



Figure 2. Bullfrog hair cells. A. A differential interference contrast micrograph
showing an isolated bullfrog hair cell and the mechanosensitive hair bundle (W.
M. Roberts and A. J. Hudspeth, unpublished). B. Electron micrograph of the frog
saccular hair bundle. The bundle is composed of individual stereocilia and one

true cilium, the kinocilium. The stereocilia are arranged in ascending height.






Figure 3. Hair cell structure. A.Transmission electron micrograph of a hair cell
and sensory epithelium from the bullfrog sacculus. The otholithic membrane
(OM) overlies and is coupled to the hair bundle (HB). Actin filaments comprise
the cuticular plate (CP) into which the stereocilia are anchored. The mitochondria
(MT) and nucleus (N) are noted. Hair cells are surrounded by supporting cells
(SC) (Jacobs and Hudspeth, 1990). B. Cross section through the hair bundle.
Each stereocilium is packed with actin filaments while the kinocilium (K) contains

microtubules.






slide along one another (Howard and Ashmore, 1986). Several crosslinks
function to keep the bundle together as a cohesive unit (Goodyear et al., 2005).
Lateral links attach adjacent stereocilia along their shafts, ankle links attach the
basal regions of neighboring stereocilia, and tip links connect neighboring

stereocilia near the tips of the bundle (Goodyear et al., 2005).

Mechanotransduction

Deflections of the hair bundle toward the tallest stereocilia open cation-
selective channels and depolarize the hair cell (Figure 4). Because the hair
bundle is surrounded by high-potassium endolymph, the inward depolarizing
current is carried primarily by potassium, and less so by Ca** and Na* (Bosher
and Warren, 1978). The resultant cell depolarization triggers neurotransmitter
release from synapses at the basolateral membrane of the hair cell. At rest, 10-
20% of channels are open; further channel opening results in increased release
of neurotransmitter. When the bundle is deflected towards the shortest
stereocilia, channels close, the cell hyperpolarizes, and consequently,
neurotransmitter release is decreased (Howard et al., 1988). These movements
were defined to be along the axis of sensitivity, as perpendicular bundle
movements have no effect on transduction (Shotwell et al., 1981).

The opening of channels is very fast, which argues against the presence of a
second messenger cascade (Corey and Hudspeth, 1983). Instead, direct gating

by the mechanical stimulus is thought to open the channel. The gating-spring
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model is the dominant model for hair cell transduction (Corey and Hudspeth,
1983). This model proposes that positive-directed deflection of the bundle causes
tension in a gating spring, which results in an increased open probability of the
transduction channel (Corey and Hudspeth, 1983).

Recently, considerable effort has been put into the identification of two key
components of the transduction machinery, the tip link and the transduction
channel. The tip link is composed of two helical flaments that stretch from the
side of one stereocilium to the lateral wall of the next tallest neighboring
stereocilium (Baylor and Fettiplace, 1975; Pickles et al., 1984). The tip link splits
to form two insertions into the wall of the taller stereocilium and several insertions
on the tip of its shorter neighboring stereocilium. Recently, cadherin 23 and
protocadherin-15 have been identified as components of the tip link (Siemens et
al., 2004; Sollner et al., 2004; Ahmed et al., 2006). Cadherin 23 assembles as a
dimer, which is consistent with data from electron micrographs of the stereocilia
(Kachar et al., 2000; Siemens et al., 2004). Significantly, tip links and
transduction disappear in low-Ca** conditions and when exposed to the Ca*
chelator, BAPTA (Assad et al., 1991; Zhao et al., 1996). Cadherin 23 is similarly
sensitive to low Ca?* and protocadherin-15 is lost from the hair bundle with Ca**
chelation (Seimens et al., 2004; Ahmed et al., 2006). These data further support
the proposal that these two proteins are part of the tip-link structure. Based upon
its location and structure, the tip link was hypothesized to gate the transduction
channel (Pickles et al., 1984). It was initially thought also to be the gating spring

but analysis of scanning electron micrographs and mechanical models have
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Figure 4. Hair cell transduction. Only the cuticular plate and stereocilia are
illustrated for simplicity. At rest 10-20% of channels (yellow) are open, allowing
minimal amount or K* and Ca®" entry. A positive displacement puts tension on
the gating spring, allowing all channels to open and more K* and Ca?" to enter.
Negative displacements slacken the gating spring and all channels are closed

(Gillespie, 1995; Corey and Hudspeth, 1983)
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Figure 5. Tip link structure. A. Transmission electron micrograph of a
stereocilia from a bullfrog saccular hair cell from R. A. Jacobs and A. J.
Hudspeth, unpublished. Tip Inks are indicated (arrows). B. Freeze-etch SEM
image of a bullfrog tip link. Tip links are attached from the tip of the shorter
stereocilia to the side of the next tallest neighbor. The helical structure is

highlighted (inset) (Kachar et al., 2000).
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argued against this idea due to the proposed rigidity of the tip link (Kachar et al.,
2000). The gating spring is believed to be a separate element or protein within
the bundle in series with the tip link.

The identity of the transduction channel also is unknown. Large-scale
genetic screens of candidate genes have identified several members of the
DEG/ENaC family that are necessary for nematode mechanotransduction
(O'Hagan R, 2005). Degenerins (DEGs), channels related to epithelial sodium
channels in vertebrates, and ENaCs have been investigated in other organisms;
however, these have both been ruled out as the transduction channel due to
inconsistencies in electrophysiological profiles and the finding that knockout mice
have normal hearing (Rusch and Hummler, 1999).

Transient potential receptor (TRP) channels have been promising candidates
for the transduction channel due to their similar conductance properties (Nagata
et al.,, 2005). In Drosophila, NompC, a gene encoding TRPN1 of the TRP
channel family, was shown to be important for fly bristle mechanotransduction
(Walker et al., 2000). Because of this key finding, considerable effort has been
focused on finding similar TRP channels in other systems. A homolog of TRPN1
was identified in zebrafish (Sidi et al., 2003), but is not present in mouse and
human genomes. The TRPA1 channel has been proposed as a candidate for the
transduction channel in mammals (Corey et al., 2004). siRNA interference of
TRPAL channels decreased transduction currents and Ca?*-sensitive labeling
was present at the tips of the stereocilia, kinocilium, and in the pericuticular

necklace (Corey et al., 2004). Similar to TRPN1, TRPAL1 has a series of ankryin
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repeats near the N- terminal, which have been proposed to be the gating spring.
When critical exons were deleted from the mouse TRPA1, however, the mice
retained vestibular and auditory function including normal transduction and
adaptation. (Bautista et al., 2006; Kwan et al., 2006). Though initial research on
TRPAL1 was disappointing, TRP channels remain the most attractive candidates

for the transduction channel due to the zebrafish and Drosophila data.

Adaptation

In order to maintain sensitivity, hair cells must adapt to constant stimuli. If a
stimulus is sustained, the process of adaptation causes channels to close and
readies the cell for subsequent stimuli. In hair cells, adaptation is described by a
shift in the position of the displacement-response curve, which reflects the
dependence of channel open probability on bundle displacement (Eatock et al.,
1987). Adaptation has a fast component and a slow component; Ca?* is required
for and controls the time constants of each (Baylor and Fettiplace, 1975; Eatock
et al., 1987; Assad and Corey, 1992; Wu et al., 1999). To regulate Ca®", hair
cells rely on mobile Ca®* buffers, diffusion, and the plasma membrane Ca*-
dependent ATPase pump (PMCA2a) (Ricci et al., 1998; Yamoah et al., 1998;
Dumont et al., 2001).

The motor Myosin-1c (Myolc) is present in the actin-rich hair cells and
localized at tips of stereocilia, a prime location to influence transduction (Gillespie
et al., 1993; Steyger et al., 1998; Garcia et al, 1998}. Myolc is hypothesized to be

linked with both the channel and the actin core and has been shown to play a

17



Figure 6. Model of the transduction apparatus. In the current model of the
transduction apparatus, a myosin cluster (blue), serving as the adaptation motor,
is bound to both the actin core and plasma membrane. The transduction channel
is connected in series with the tip link, and attached in series to the adaptation

motor.
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Figure 7. Fast and slow adaptation. A transducer current from a bullfrog
saccular hair cell for a step deflection of 0.5 um for 300 ms. Prolonged positive
deflections produced an inward current that adapted. Fast and slow components

of adaptation are noted (Howard and Hudspeth, 1987).
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key role in both the fast and slow components of adaptation (Baylor and
Fettiplace, 1975; Holt et al. 2002; Gillespie and Cyr, 2004; Stauffer et al., 2005).
In addition to hair cell adaptation, Myolc also plays roles in stimulated insulin
uptake in adipocytes and neuronal growth cone extension due to its force-
producing properties (Wang et al., 1996; Bose et al., 2002).

Fast adaptation, seen in both turtles and mammals, has a time constant of
0.05-1 ms and is proposed to result from Ca®* binding to or near the channel to
induce rapid closure (Figure 7) (Ricci and Fettiplace, 1997; Ricci et al., 1998;
Kennedy et al., 2003). Closure of the channel increases tip link tension and as a
result displaces the bundle in the negative direction. By contrast, a second model
proposes that Ca?* binds an element in series with the tip link. Ca** causes a
conformational change and lengthening of this protein, proposed to be Myolc,
and results in a decrease in tip link tension (Stauffer et al., 2005).

A model for slow adaptation was proposed where a cluster of Myolc
motors exerts modest tension (~10 pN) on the gating spring and tip link (Figure
7) (Hudspeth, 1992). When tension of the gating spring is high, the channels
open, allowing K* and Ca®" influx (Figure 8). Ca®" can alter motor force
production by promoting slipping of Myolc down the actin core. (Howard and
Hudspeth, 1987; Assad and Corey, 1992; Gillespie and Corey, 1997; Holt et al.,
2002). Slipping of Myolc reduces tension, channels close, and Ca*" influx is
reduced. When the bundle is moved so that gating-spring tension is low, Myolc

can climb to restore resting tension (Figure 8B). Myolc is a low-duty ratio motor
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Figure 8. Model of slow adaptation. Positive (A) and negative (B) step
deflections applied to hair bundles and transducer current recorded for the step
stimuli. A. Positive deflections increase tip link tension and allow greater current
entry. The adaptation slips down the actin core to reclose channels. B. Negative
deflections result in a slackening of the tip link. The motor complex climbs up the
actin core to restore resting open probability. The position of the transduction
machinery of the hair cells in relation to hair bundle movement is also shown

(Hudspeth and Gillespie, 1994).
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as defined by transient binding to actin during the ATPase cycle; however, it is
hypothesized to form clusters and could perform effectively as the adaptation
motor (Gillespie et al., 1999; Howard, 2001; Gillespie and Cyr, 2004).

Using a mutant-inhibitor approach, it was shown that Myolc participates in
slow adaptation (~15 ms) (Holt et al., 2002; Gillespie and Cyr, 2004). Mice were
created with a Y61G mutation in the ATP-binding pocket. Normal adaptation was
observed in wild-type mice when either NMB-ADP or ATP was applied to hair
cells. Adaptation was also normal in Y61G mice exposed to ATP. However, as
hypothesized, slow adaptation was inhibited in hair cells of the Y61G mice when
exposed to NMB-ADP. This experiment, along with work conducted by Stauffer
et al., (2005), confirmed that Myolc plays a key role in both fast and slow

adaptation, using a Y61G knock-in mouse.

Hair Cell Myosins

Because hair cells are abundant in actin, myosins are good candidate
motors for hair-cell functions, because they require actin to perform their distinct
actions (Tilney et al., 1980). Hair cells have four actin-rich domains: the hair
bundle, the cuticular plate, the cortical actin cytoskeleton, and the circumferential
actin belt (Gillespie et al., 1996). Myosins generate force along actin filaments by
hydrolyzing ATP, producing mechanical work. Myosins have three key domains:
the motor head, the neck, and the tail. The head binds ATP and actin, while the
neck consists of several IQ motifs that bind light chains or calmodulin (CaM)

(Friedman et al., 1999). There are eighteen different classes of myosins, based
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on highly conserved amino acid sequences in the motor domains (Mooseker and
Cheney, 1995; Mermall et al., 1998; Friedman et al., 1999; Berg et al., 2001).
The tail regions of myosins contain various domains, including membrane-
binding domains, src homology domains (SH3), pleckstrin homology domains
(PH), zinc binding domains, and fodrin, ezrin, radixin, moesin (FERM) domains,
among others (Friedman et al., 1999; Oliver et al., 1999).

In the hair cell, a variety of myosins are necessary for auditory and
vestibular function. Myolc, as described in the previous section, myosin 7a
(Myo7a), myosin 15a (Myol5a), among others are all found in distinct regions of
the hair cell (Hasson et al., 1997). Myo7a is associated with the basal ankle links
and thought to play a role in tip link tension (Kros et al., 2002). Myo7a is also an
A-kinase anchoring protein (AKAP), binding the RI subunit of cAMP-dependent
PKA (Kissel-Andermann P, 2000). Myol5a is located at stereocilia tips and is
hypothesized to play a role in actin polymerization (Rzadzinska AK, 2004). Mice
with mutant Myol5a have abnormally short stereocilia (Anderson DW, 2000).
Myosin 6 (Myo6) is located in the pericuticular necklace and also the taper
regions of stereocilia (Hasson et al., 1997). This motor has unique amino acid
sequence in the motor core domain, thought to contribute to minus-end directed
movement of Myo6 (Homma K, 2001). Mice with null Myo6 have decreased
viability, decreased vestibular function, and fused stereocilia detectable
immediately after birth (Avraham et al., 1995). These features suggest that Myo6
functions to hold the stereocilia down at the base, providing stability and

maintaining the pivot points of the bundle. Myosin 3a (Myo3a) is localized to
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stereocilia tips and may regulate stereocilia length and shape (Schneider et al.,
2006). Though not present in the hair cell, Myosin 5 (Myo5) is found at the
synaptic terminals of hair cell afferents and is likely to play a role in synaptic

vesicle transport (Stowers et al., 2002).

Myolc Structure, Calcium, and Calmodulin

Myolc can be regulated by several binding partners. Similar to a number
of myosins, Myolc contains an ATP (GESGAGKT) and actin-binding domain
(RCIKPN) in the globular head domain, 3-4 1Q domains in the neck, and a
membrane-binding tail (Baylor and Fettiplace, 1975; Metcalf et al., 1994; Solc et
al., 1994). The 1Q sequences of IQ1 and 1Q2 adhere closely to the general
consensus sequence IQX3RGX3R, while 1Q3 and 1Q4 are less well conserved
(Cyr et al., 2002). Myolc has 2-3 CaM molecules bound to the IQ domains in the
presence of the Ca®" chelator EGTA (1 mM), but in the presence of Ca®*(0.1
mM), at least 2 CaM molecules are released (Zhu et al., 1996; Gillespie and Cyr,
2002). Myolc can bind to its receptors through its 1Q domains when they are free
of CaM (Cyr et al., 2002). Ca®" stimulates Myolc ATPase activity, but inhibits in
vitro motility rates (Zhu T, 1996). CaM is hypothesized to play a role in
stabilization of the neck domain during force generation, as CaM dissociation
destabilizes the neck. The IQ domains of frog Myolc bind phosphoinositide (PIP2)
present in hair cell membranes in a Ca®*-dependent manner; this interaction is

reduced in the presence of excess CaM (Cyr et al., 2002; Hirono et al., 2004).
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Figure 9. Myolc functional domains. Myolc is composed of three primary
domains: the head, neck, and tail. The head contains ATP and actin binding
sites. The neck contains four 1Q domains which bind CaM molecules, and also
contain pleckstrin homology (PH) domains. At the C-terminus is the basic tail

domain which bind lipids with an additional PH domain.
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The Myolc tail is highly basic in charge and also binds PIP; through a PH domain
(Reizes et al., 1994). Because Ca®" and CaM are required for adaptation, it will
be necessary to further explore their dynamic interactions with Myolc in the hair

cell (Fettiplace, 1992; Walker and Hudspeth, 1996).

Myosin Mechanics

Studies of Myoll provide key information about the motor's ATPase cycle.
Isoforms of Myoll were first isolated from striated muscle and are the best
characterized of myosin family. Myosin Il has a head domain, a converter
domain, two 1Q domains that bind the essential and regulatory light chains, and a
tail. They are assembled as hexamers consisting of a pair of heavy chains and
two pairs of light chains. Myoll isoforms are involved in muscle contraction,
cytokinesis, cell motility, and transport (Sellers et al., 2006).

Myosin force production results from small changes in the protein’s motor
domain that are amplified by the head's converter domain, which is responsible
for converting ATP hydrolysis into a rotation of the neck region (Volkmann N,
2003). In the absence of ATP, myosin strongly binds to actin in the rigor state.
During the ATPase cycle, ATP binds to the nucleotide-binding pocket, ATP
binding reduces actin-myosin affinity and resets the myosin lever-arm - the
domain responsible for movement - into a position to exert force. ATP is then
hydrolyzed to ADP and inorganic phosphate (P;), with myosin remaining in a

weak-binding state with actin (Figure 10).
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Figure 10. Myosin ATPase cycle. In the absence of ATP, myosin binds tightly
to actin. The addition of ATP puts myosin into a weak-binding state with actin.
Myosin hydrolyzes ATP to ADP and P;. P; leaves first followed by ADP, allowing

myosin to rebind tighly to actin.
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The powerstroke of Myolc, a non-processive motor, occurs in two phases
as it simultaneously binds tightly to actin, as determined using optical tweezers
on single Myolc molecules (Batters et al., 2004a). The first phase, corresponding
to P; release, is 3.1 nm in length, while the second, 1.1 nm, occurs with ADP
release. Electron micrographs of Myolc decorated with actin showed there was a
large difference in the position of the neck relative to motor domain between the
ADP-bound and nucleotide-free states. From these experiments it was estimated
that the neck pivots 33° after ADP release with a displacement of 5 nm (Batters
et al., 2004b). Because the two powerstroke distances are not equal to 5 nm, it
was suggested that Myolc has a range of possible displacements during
translocation. These studies also confirm that the Myolc neck moves as a rigid
structure relative to the head after the ADP release step. As the powerstroke is in
two phases, this data suggests that Myolc can bear significant tension, and may
stall before releasing from actin during its ATPase cycle (Gillespie and Cyr,

2004).

Myosin V

MyoV, another well-characterized myosin, and may be regulated in a
similar mode as Myolc. MyoV, unlike Myolc, is a processive motor (Menta, et al.,
2000). Processive motors function as a pair of monomers and take several steps
along actin before detachment. MyoV is involved in organelle transport,
transporting melanosomes, synaptic vesicles, vacuoles, and mRNA (Reck-

Peterson et al.,, 2000). MyoV has six CaM-binding IQ domains in addition to
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dimerization domains in the tail, while the neck is an alpha-helix. MyoV takes 36
nm steps as it moves towards the barbed end of the actin filaments (Sakamoto,
et al., 2003; Purcell et al., 2005).

When visualized at low ATP concentrations on F-actin by electron
microscopy, MyoV appears to move in a hand-over-hand fashion, where the two
heads communicate with each other by a strain-dependent mechanism (Yildiz et
al., 2003; Sellers JR, 2006). To move processively, both heads of MyoV are
initially attached to actin; the leading head has ADP bound, while the trailing
head is in a rigor ATP-free state. ATP binding to the trailing head promotes
dissociation from actin. The forward motion of the released trailing head releases
molecular strain, hydrolyzes ATP, and binds actin. This is now the leading head
(Veigel et al., 2005). A pre-powerstroke attachment was shown illustrating that
the detached head cannot approach the next actin binding site while the attached
head is in a pre-power stroke position (Coureux et al., 2004). This also suggests

that the junction between the heads is flexible.

Regulation of Myosin V by Ca** and CaM

The interaction of Ca** with bound CaM appears to be an important mode
of MyoV regulation. In the absence of Ca?*, the six IQ domains of MyoV are fully
occupied by CaM (Sellers JR, 2006). MyoV purified from tissue has low ATPase
activity and affinity for actin (Tauhata., et al. 2001; Cheney et al., 1993;
Nascimento et al., 1996). In this state the motor is in a folded and inactive

conformation with the cargo-binding domain interacting with the motor domain.
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Exposure to low Ca?* or cargo binding regulates the structure and
activates MyoV. Electron microscopy has also shown that Ca®* changes the
position of the lever arm and also causes conformational changes in the motor
domain (Trybus et al., 2007). It was demonstrated that low amounts of Ca*
changes the conformation of CaM bound at the first two 1Q domains suggesting a
partial occupancy of CaM by Ca®" (Trybus et al., 2007). Also, MyoV constructs
containing only the motor domain and first two 1Q domains show little change in
activity in the presence of either EGTA or Ca**. By contrast, full length MyoV has
very low activity when exposed to EGTA, supporting the hypothesis that Ca**
causes MyoV to unfold by a Ca?*-CaM interaction.

In MyoV purified from bacuolovirus-expressing cells, high Ca?* inhibits in
vitro motility (Cheney et al., 1993; Trybus et al., 1999; Homma et al., 2000; Wang
et al., 2000). Ca?* dissociates CaM from one or more of the IQ domains and
inhibit the motor's processivity. Because 1Q2 of MyoV has a lower affinity for
CaM, Ca?' binds to and removes CaM from 1Q2 first. Removal of CaM is
proposed to render the lever arm less stable and abolish MyoV's strain-
dependent motility. ADP release does not appear to be affected by Ca?* due to
the observation that the run length decreases while the velocity remains constant
(Krementsov et al., 2004). Motility can also be restored when the motor is
supplemented with excess CaM (Trybus et al., 1999).

Other motors may be regulated in a similar manner as MyoV. Smooth
muscle myosin Il is in a folded monomeric conformation displaying little activity

when its regulatory light chain is unphosphorylated (Trybus et al., 1991). Also,
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kinesin appears to be in a compact conformation with low activity when unbound
to cargo (Coy et al., 1999; Stock et al., 1999; Hachway and Stock., 2000). It is
also a possible regulation mechanism for Myolc.

MyoV is also regulated by CaMKIl phosphorylation at serine 1650 in the
globular tail region which allows release of the motor from vesicles (Karcher et
al., 2001). The tail also binds CAMKII leading to autophosphorylation of the
kinase and phosphorylation of the the tail in the presence of Ca** (Coelho MV,
1993; Costa et al., 1999). Costa et al. also proposed that MyoV may use its own

CaM in addition to free Ca®* to bind to and activate CaMKIl.

Myosin VI

MyoVI, another unconventional In contrast to other myosins, may also
share some traits with Myolc. MoVI is a moves toward the pointed end of actin, a
unique feature of this motor. It is localized in the golgi complex, plasma
membrane, membrane ruffles, vesicles, clathrin-coated pits, and hair cells
(Bahloul et al., 2004). MyoVI is composed of a motor domain, and a single 1Q
domain, followed by a cargo-binding tail domain composed of both a coiled coil
and globular domain (Wells et al., 1999). MyoVI contains two unique inserts; a 22
amino acid insert near the ATPase site in the head which may slow the rate of
ADP release, and a 53 amino acid insert located near the converter domain
which contains a CaM-binding motif (Bahloul et al., 2004; Menetrey et al., 2005).
It was originally thought that the first domain determines the directionality of the

motor, but recent optical trapping experiments have demonstrated the second
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insert to be the sole determinant of directionality (Homma et al., 2001; Bryant et
al., 2007; Sweeney et al., 2007).

Based on the short lever arm length of MyoVI, this motor is estimated to
have a short step size of 6-8 nm. Instead, it has a large two-step working stroke
of 17 nm associated with phosphate release and an additional 1 nm with ADP
release (Veigel et al., 1999; Veigel C, 2002). The large working stroke may be
possible due to the size of the lever arm in addition to the orientation of lever arm
in relation to the actin filament (Wells AL, 1999; Listor, I, 2004). Another
hypothesis is that a short flexible element near the lever arm may also contribute
to the large step size of the motor, or possible decoupling of the second insert
from the converter domain (Rock et al., 2005).

MyoVI was originally believed to exist only as a dimer based on a region
of the tail predicted to form a coiled coil (Kellerman TA. 1992; Hasson and
Mooseker, 1994). Induced dimers with a leucine zipper motif or smooth muscle
rod domain of head-neck monomers, had functional in vitro motility and ATPase
activity in vitro (Rock et al., 2001; Nishikawa et al.,, 2002). Bacuolovirus-
expressed MyoVI revealed that MyoVI is also functional as a monomer (Lister,
2004). In addition, electron microscopy visualization confirmed that MyoVI is can
exist as a monomer (Howard et al., 1989). Artificial MyoVI dimers have a large
step size of 30 nm raising the possibility that MyoVI may be both a monomer and
dimer in vivo (Nishikawa, S, et al. 2002; Rock et al., 2001). A possibility is that
dimerization may be controlled by post-translational modifications or binding

partners similar to kinesins. Recent studies have proposed that when MyoVI
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monomers are in close proximity, such as when associated with cargo,
dimerization will result to result in processivity (Park et al., 2006). A similar theory
has been proposed for MyoX and MyoVlla (Knight et al., 2005; Yang et al.,
2007).

To move processively, MyoVI is proposed to walk in a hand-over-hand
method along actin filaments (Nishikawa et al., 2002; Rock et al., 2005). MyoVI
has a high duty ratio and the heads are hypothesized to communicate with each
other by a strain-dependent mechanism. The leading head is strongly bound to
actin with the trailing head in a weak-binding state with actin. The leading head
can not release ADP and phosphate until the trailing head detaches from actin
(De La Cruz et al., 2001; Morris et al., 2003). Using optical trapping experiments,
MyoVI can also bind strongly to actin in the presence of ATP when presented
with large forces, suggesting an important anchoring role in the cell (Altman et
al., 2004).

Phosphorylation is another important mode of MyoVI regulation. MyoVI
has three phosphorylation sites. In addition to two tail phosphorylation sites,
MyoVI can be phosphorylated at Threonine 406 by PAK, a member of the G-
protein rac and cdc42 activated kinase family, shown to be involved in fibroblast
cell motility (Buss et al., 1998; Sells et al., 1999). This site is located in the actin
binding cardiomyopathy loop and obeys the TEDS (Threonine, Glutamate,
Aspartate, Serine) rule for phosphorylation proposed by Bement and Mooseker,
1995. Initial mutational analysis of threonine 406 with glutamate or alanine

substitutions have failed to reveal any effect on MyoVI activity in vivo (Buss et al.,
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1998). The Ostap lab, however, has shown that phosphorylation of Threonine
406 affects the Katpase but not the Vpyax of MyoVI (De La Cruz EM et al., 2001).
The Morris lab also showed that T406E had an increase in phosphate release
and an increase in affinity for ADP. Phosphorylation is also consistent with
recruitment of MyoVI into membrane ruffles suggesting that cytoskeletal
dynamics are affected (Buss et al., 1998). Based on the increase in ADP affinity
and slow dissociation from actin, phosphorylation of T406 may be a potential

regulator of motor dimerization and membrane anchoring.

PKA and Spontaneous Oscillations

Under the right ionic conditions, bullfrog hair bundles spontaneously
oscillate (Martin et al., 2003). In frogs and turtles, spontaneous oscillations of the hair
bundle range in frequency from 5-40 Hz in vitro (Art et al., 1985; Martin and Hudspeth,
1999; Martin et al., 2003). These oscillations are hypothesized to arise from a
combination of negative stiffness of the hair bundle and the force generated by myosin
motors undergoing adaptation (Hudspeth et al., 1994; Martin et al., 2000). When
transduction channels rapidly close, an increase in tension is transferred to the tip link
which causes the bundle to move towards the stimulus. An input of an oscillatory
stimulus will permit the increased tip link tension to increase movement of the bundle.
Stimulating a hair cell with a sinusoidal wave at its characteristic frequency has been
shown to result in an output greater than the input, and may represent a form of
amplification (Martin and Hudspeth, 1999).

There are few known regulators of Myolc, though experiments with kinase

stimulators and inhibitors have produced some intriguing leads. In the bullfrog
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sacculus, enhancers of PKA activity such as forskolin, 8-Br-cAMP, Sp-cAMP,
okadaic acid, and 3-isobutyl-1-methylxanthinge (IBMX) all decreased the
frequency of spontaneous oscillations, while the PKA inhibitor Rp-cAMP
increased oscillation frequency (Martin et al., 2003). Interestingly, a myosin
inhibitor, butanedione monoxime, blocked spontaneous oscillations. These
results support the hypothesis that PKA phosphorylation influences the

mechanics of the hair bundle.

Regulation of Transduction Current by PKA

The relationship between displacement of the hair bundle and current
entry is depicted with the current-displacement (I-X) curve. This relationship can
be described by a sigmoidal Boltzmann curve. From the I-X curve one can infer
how much force is exerted through the tip links by the transduction machinery to
open transduction channels. The tip link tension (5-20 pN) is reasonably high at
rest, and is generated mainly by the adaptation motor (Hudspeth, 1992). At rest,
the channels carry 15% of their maximal current; displacement of the bundle in
the positive direction allows additional current entry. A shift of the I-X curve to
the right indicates that more displacement of the bundle is needed to allow the
same amount of current entry. This curve shift is indicative of less force exerted
through the tip links by the transduction machinery to keep channels open.
Similarly, a shift of the curve to the left shows that tension on the tip link is
high,and little deflection of the hair bundle is needed to achieve a large level of

current entry. Under these conditions we infer that the adaptation motor exerts
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Figure 11. PKA activators and inhibitors affect the current-displacement
curve. A. In the Corey lab, the addition of 8-Br-cAMP to hair bundles shifted the
I-X curve to the right by 375 nm while washout returned the curve to near resting
values. B. The addition of Rp-cAMP shifted the I-X curve to the left by 425 nm.

The curve returned to resting values with washout (Corey, D, unpublished).
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Figure 12. PKA inhibition and adaptation. H89 was applied to bullfrog hair
cells while the cells were stimulated with a family of step displacements. The
PKA inhibitor H89 decreased the rate of slow adaptation in bullfrog hair bundles,
while washout did not fully return the curve to resting current (Gillespie, P.,

unpublished).
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large amounts of force on the gating spring.

Agents that affect PKA can alter the I-X curve of a hair cell, suggesting
that PKA phosphorylation is an important regulator of tip link tension. For
example, the membrane-permeant cAMP analog 8-Br-cAMP induced a positive
shift in the 1-X curve in both turtle and mouse vestibular hair cells, which reversed
upon washout (Figure 10A; Ricci et al., 1998; Geleoc et al., 2001) consistent with
decreased force production by Myolc. Intracellular application of (0.1 mM) cAMP
had similar results. IBMX, a phosphodiesterase inhibitor that should raise cyclic
nucleotide levels, also produces the same rightward shift in turtle hair cells (Ricci
and Fettiplace, 1997). Conversely, the PKA inhibitors H89 and Rp-cAMP cause
the curve to shift in the negative direction, indicating an increase in motor force
production (Baylor and Fettiplace, 1975; Geleoc, 2001). H89 also decreased the
rate of adaptation and increased open probability in frog hair bundles (Gillespie
P., unpublished; Figure 12). This increase in force with PKA inhibition suggests
that a target protein is phosphorylated when at rest. Inhibiting PKA would allow
endogenous phosphatases to dephosphorylate their target proteins. Potential
targets could include the transduction channel, an unidentified protein in series
with the tip link, or a myosin. We propose that PKA is activating a protein or

protein cascade that reduces force production by the transduction apparatus.

Serine 701 and its Role in Myolc Function

Myolc contains a strong PKA consensus site at serine 701 (S701). This

site is conserved among human, mouse, and rat, while the sequence deviates
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slightly in chicken and frog (Figure 13). In addition, a high-stringency Scansite
(http://scansite.mit.edu/) search of the Myolc amino acid sequence supports that
S701 is a strong candidate for PKA phosphorylation. Scansite scores start at 0
and increase as a particular sequence diverges from being an optimal match
(Obenauer JC, 2003). For Myolc, the PKA phosphorylation site at S701 in
human, mouse, and rat has a percentile score of 0.2839, the lowest (best) of all
predicted kinase phosphorylation sites for Myolc. The chicken and frog
sequences are predicted to be phosphorylated by PKA, albeit with slightly higher
scores of 0.400 and 0.380. By comparison, known PKA substrates cAMP
response element-binding protein (CREB) and L-type Ca®* channels have scores
of 0.2210 for S133, and 0.3143 for S1897 respectively (Fiol CJ, 1987; Davare
MA, 2000). The consensus PKA site of rat and mouse includes S701, which is
sandwiched between the ATP-hydrolyzing head region and the three CaM-
binding 1Q domains of Myolc.

The PKA holoenzyme is composed of a dimer of two regulatory (R)
subunits that keep two catalytic (C) subunits in an inhibited state. CAMP binds to
two sites in each of the regulatory subunits of PKA, leading to dissociation of
active catalytic subunits (Taylor et al., 2004). The activated catalytic subunits can
phosphorylate serine or threonine residues on target substrates. There are three
C subunits: a, B, and y, and four types of regulatory subunits, Rla, RIf, Rlla, and

RIIB. PKA holoenzymes containing Rla or RIB are found in the cytoplasm, where

those containing Rlla or RIIB are mostly found at intracellular locations where
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Figure 13. Conservation of S701. Alignment of Myolc sequences from rat,
mouse, human, bullfrog, and chicken. S701 is conserved across species. The
PKA consensus site is conserved in rat, mouse, and human while less conserved

in bullfrog and chicken.
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688 701 711
rat LFATEDSLEVRROQSLATKIQAAWR
U L FA T EDSLEVRROQS LATKIT QAAWRK
WVInEUM L FATEDALEVRRQS LATKITI QAAWR
bullfrog | HSGYNSANENRAWNEK HEY | BV QAMWR
GO FATEDALEVRIRO S LATKAIC '
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they are bound to anchoring proteins (Taylor et al., 2004). In one model for PKA
regulation, Ca®* stimulates cAMP synthesis through an adenylyl cyclase;
forexample, adenylyl cyclases 1 and 8 are both regulated by Ca**. The mRNA
transcripts for adenylyl cyclases 1, 6, 9 have been identified in the organ of Corti
(Drescher MJ, 1997; Kumagami H, 1999). The presence of adenylyl cyclases in
the ear further supports the possibility that cCAMP can activated hair cell PKA.

The identification of a strong PKA consensus sequence in Myolc at S701
leads us to propose that Myolc is the target of PKA-altering agents. Due to the
placement of S701 between the head and neck domains at a flexible region, we

hypothesize that Myolc mechanics can be altered by the addition of a phosphate.
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MATERIALS AND METHODS |

Phospho - S701 Myolc Antibody

In order to determine the phosphorylation state of Myolc in various
experiments, an antibody specific for phosphorylated S701 in Myolc was
produced by Open Biosystems (Huntsville, AL). The peptide, EVRRQ(phospho-
S)LATKIQ was synthesized on a 50-uM scale and injected into 2 rabbits using
the SPF 90-day immunization protocol
(http://www.openbiosystems.com/antibodies/custom/polyclonal/2rabbit90day/)
(Sleeman, M. et al., 2004). To deplete the antibodies to non-phosphorylated
S701, the analog non-phosphorylated peptide was also synthesized and used in

affinity enrichment chromatography.

AutoSpot Peptide Array Assays

To determine if S701 in Myolc was recongnized by PKA, an array of
peptides were covalently synthesized on cellulose membrane by an AutoSpot
robot ASP222 (ABIMED, Langenfeld, Germany) in the John Scott lab. The
membrane was dipped in 100% ethanol and incubated in 10 ml pre-incubation
buffer (20 mM N-(2-Hydroxyethly)piperazine-N'-(2-ethanesulfonic acid) [HEPES]
pH 7.4, 100 mM NaCl, 5 mM MgCl,, 1 mM EDTA, 1 mM DTT, 0.2 mg/ml bovine
serum albumin (BSA)) overnight. The buffer was then replaced by 10 ml blocking

buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 5 mM MgCl,, 1 mM EDTA, 1 mM
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DTT, 1 mg/ml BSA, 100 pM ATP) and incubated for 1 hr at 30° C. The
membrane was placed in 10 ml pre-warmed kinase assay buffer (20 mM HEPES
pH 7.4, 100 mM NaCl, 5 mM MgCl,, 1 mM EDTA, 1 mM DTT, 0.2 mg/ml BSA, 50
UM ATP, PKA, 1:10,000 dilution of 10 pCi/pl y-*2P-ATP) for 20 minutes at 37°C
with gentle agitation. The membrane was then washed 3 x 10 minutes with 1 M
NaCl + 0.2% Tween-20, rinsed 3 times in dH,0, washed 3 x 10 minute in 1 M
NaCl, rinsed 3 more times in dH,O, and finally rinsed 3 times in Tween-Tris
Buffered Saline (TTBS; .5M Tris-Cl and 0.15M NaCl, 0.5 ml Tween-20, 1 L dH.0,
pH to 7.4). The membrane was exposed to film (X-Omat Blue, Kodak, Rochester,

NY) and developed.

Sf9 Protein Expression

To express Myolc protein from baculoviruses, we used the BaculoDirect
Baculovirus Expression System (Invitrogen, Carlsbad, CA). Log phase Sf9 insect
cells were plated at 0.7 x 10° cells/ml in 35-mM tissue culture dishes and allowed
to adhere for 20 minutes. A DNA transfection mixture was prepared containing
0.34 ml Graces Media (Invitrogen) 0.17 pg Bac-N-Blue DNA (Invitrogen), 1.3 pg
plasmid DNA, 6.8 ul of vortexed Insectin liposomes (Invitrogen), and then
allowed to incubate at room temperature (RT) for 15 minutes. The cells were
washed with Grace's Media and then the transfection mixture was added
dropwise to the cells and incubated with rocking for 4 hours at RT. After
incubation, 0.64 ml of Grace's Complete Media (GCM; Grace's Media, 10% Fetal

Bovine Serum (FBS), 25 mg/ml gentamicin) was added to the cells. The cells
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were then centrifuged at 12,000 x g for 5 minutes at 4°C. The supernatant (P1)
was collected and stored at 4°C. To prepare the first round of viral amplification,
1 x 10° cells were plated in 30 ml GCM in a 150 cm? tissue culture flask (Fisher).
The next day, the cells were infected with 200 pl of the P1 stock. After 7 days,
the media was removed and centrifuged at 10,000 x g for 15 minutes at 4°C. The
supernatant (P2) was removed and stored in a 50 ml conical tube at 4°C. To
amplify the virus a second time, 200 ml of 1.5 x 10° Sf9 cells were grown in a
Kiss flask at 27°C at 100 rpm. The cells were infected with 3 ml of P2 stock or a
multiplicity of 0.25 virus per cell. After 7 days, the media and cells were poured
into 50 ml conical tubes and centrifuged at 12,000 x g at 4° C. The supernatant
(P3) was collected into new sterile tubes and stored at 4°C. To determine the
viral titer of the P3, a plaque assay was performed by first plating 1.8 x 10° cells
into 60 mm tissue culture plates (Fisher) in GCM and allowed to adhere for 20
minutes. Dilutions of the P3 stock were made of 1 x 107 and 2.5 x 10 virus in
GCM. From the seeded plates, 1 ml of media was removed, and replaced with 1
ml of the virus dilutions. The plates were allowed to sit at RT for 2 hours with
gentle rocking every half hour. After 4 hours, the media was aspirated from the
cells and 4 ml of the agarose overlay was added. The agarose overlay contained
3.2% low melting agarose in dH,O, diluted to 0.8% with GCM and 150 pg/ml X-
gal. The overlay was allowed to harden for 1 hour and then stored in a humid
container at 27°C for 7 days. Blue plaques were counted in order to estimate the
plaque-forming units per ml (pfu/ml). To express Myolc constructs, cells were

grown to a density of 1.8 x 10° in 400 ml of GCM in a Kiss flask and infected with
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~30 ml P3 Myolc stock and 4 ml Xenopus CaM P3 virus at a multiplicity of
infection of 4:2 (Gillespie et al., 1999). The cells were incubated at 27°C with
gentle shaking at 100 rpm and harvested after 56-70 hours. The cells were
centrifuged at 3000 rpm, the supernatant removed, and the cells were stored at -

80°C.

Purification of Myolc Expressed in Sf9 Cells

Myosin was purified at 4°C or on ice.. Frozen cell pellets were
resuspended with 9 ml of chilled lysis buffer (25 mM Tris pH 8, 0.5 mM MgCly,
0.5 mM EGTA, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 uM leupeptin, 1
MM pepstatin, and 2.4 mM B-mercaptoethanol). Using a 10-ml Luer-lock syringe,
the cell resuspension was passed through a 22 g needle twice and then 3 times
through a 25 g needle. To the mixture, 1440 ul of 5 M NaCl was added in
addition to 240 pl of 200 mM ATP. The volume of the lysate was adjusted to 18
ml with lysis buffer and then centrifuged for 30 minutes at 256,000 x g at 4°C.
The Ni-NTA column was prepared by adding 1.2 ml of a 50% slurry of Ni-NTA-
agarose resin (Qiagen, Valencia, CA) to a column. The resin was washed with 10
ml dH,O followed by 15 ml wash buffer (300 mM NaCl, 25 mM Tris pH 8, 0.5 mM
MgCl,, 0.5 mM EGTA, 0.2 mM PMSF, 1 uM leupeptin, 1 uM pepstatin, and 2.4
mM B-mercaptoethanol). Following the centrifugation, clarified supernatant was
loaded on the Ni-NTA column. After the supernatant had flowed through, the
column was washed with 20 ml wash buffer. The myosin was then eluted from

the column with 5 x 300 pl aliquots of elution buffer (125 mM imidazole pH 8, 200
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mM KCI, 15 mM HEPES pH 8, 1 mM MgCl,, 0.1 mM EGTA, 0.2 mM PMSF, 1 uM
leupeptin, 1 uM pepstatin, and 2.4 mM B-mercaptoethanol) into 1.7 ml Eppendorf
tubes. A Bradford assay was used to determine relative protein concentrations by
adding 8 pl of each eluted fraction to 175 pl Bradford reagent in 5 glass test
tubes. The elution fractions corresponding to the tubes that were most blue in
color were pooled and stored at 4°C. The concentration of Myolc was also
evaluated by a standard Bradford plate assay and by absorption using extinction

coeffiecient (http://expasy.org/) (Wilkins MR, et al., 1999).

Modifications to the Sf9 Protein Purification Protocol

To achieve higher yields of head-neck (HN) Myolc protein, we had the
National Cell Culture Center (NCCC, Minneapolis, MN) coexpress HN with CaM
in Sf9 cells. We were able to purify substantially more HN (~1 pg/ul vs. ~0.2ug/ul)
from NCCC cell pellets using the standard purification protocol. To increase
yields of all other protein, we used 2 other techniques in the purification process:
IPER lysis reagent and batch-binding. We added 100 ml IPER Insect Cell Protein
Extraction Reagent, (Pierce, Rockford, IL) with 0.2 mM PMSF, 1 pM leupeptin, 1
MM pepstatin, and 2.4 mM B-mercaptoethanol per 800 ml of pelletted Sf9 cells.
The resuspended cells were incubated on ice for 10 minutes with intermittent
vortexing followed by addition of 8 ml 5 M NaCl and 1.333 ml 100 mM ATP. The
lysate was centrifuged for 30 minutes at 256,000 x g at 4°C. The Ni-NTA resin
(Qiagen) was prepared by washing 1.2 ml of the 50% slurry with dH,O followed

by wash buffer (300 mM NacCl, 25 mM Tris pH 8, 0.5 mM MgCl,, 0.5 mM EGTA,
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0.2 mM PMSF, 1 pM leupeptin, 1 uM pepstatin, and 2.4 mM B-mercaptoethanol).
Following the centrifugation, clarified supernatant was added to the Ni-NTA resin
in an Ehrlenmeyer flask and stirred with a magnetic stir-bar overnight at 4°C. The
next day, the resin was centrifuged for 5 minutes at 12,000 x g at 4°C and the
supernatant was removed. The resin was then resuspended in 50 ml wash buffer
and re-centrifuged for 5 minutes at 12,000 x g at 4°C. The resin was further
resuspended in 3 ml wash buffer and transferred to a column. The residual wash
buffer was allowed to drip through, and then the protein was eluted from the resin
with 5 x 300 pl aliquots of elution buffer (125 mM imidazole pH 8, 200 mM KCl,
15 mM HEPES pH 8, 1 mM MgCl,, 0.1 mM EGTA, 0.2 mM PMSF, 1 uM
leupeptin, 1 uM pepstatin, and 2.4 mM B-mercaptoethanol) into 1.7 ml Eppendorf
tubes. A quick Bradford assay was used to determine relative protein
concentrations by adding 8 ul of each eluted fraction to 175 ul Bradford reagent
in 5 glass test tubes. The elution fractions corresponding to the tubes that were
most blue in color were pooled and stored at 4°C. The concentration of Myolc
was also evaluated by a standard Bradford plate assay and by an OD,gy nm

measurement.

SDS-PAGE

Proteins were separated on a 15% resolving - 4% stacking sodium
dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) gel. The
resolving gel consisted of 2.2 ml dH,0 water, 3.75 ml 30% 150 acrylamide to 1

bis, 1.43 ml 2 M Tris pH 8.9, 37.5 pl 200 mM EDTA, 37.5 pl 20% sodium dodecyl
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sulfate (SDS), 50 pl 15% ammonium persulfate (APS) and 6 pl N,N,N',N'-
Tetramethylethylenediamine (TEMED; BioRad, Hercules, CA). The stacking gel
consisted of 5.79 ml water, 1.07 ml 29% acrylamide/1% bis, 1 ml 1 M Tris pH 6.8,
40 pl 200 EDTA, 40 pl 20% SDS, 60 pl 15% APS, and 8 ul TEMED. The gel was
run at 200 V for 1 hour in running buffer (25 mM Tris pH 7.5, 192 mM glycine,
0.1% SDS, and 1 mM EDTA). The protein samples prepared in 4x sample buffer
(4x SB; 20% glycerol, 250 mM Tris, 0.7 M B-mercaptoethanol, 0.016%
bromophenol blue, 12% SDS, 20 mM EDTA) and heated for 5 minutes a 95°C.
To determine the relative size of proteins, molecular weight markers were run
alongside experimental samples. Perfect Protein Markers, 10-225 kDa range
(Novagen, Madison, WI) and Benchmark Prestained Protein Markers, 10-190

kDa range (Life Technologies) were used.

PKA Catalytic Subunit Expression and Purification

To obtain PKA, the pET-15b-PKA plasmid was transformed into 50 ml BL-
21 cells overnight at 37°C with shaking, and then 10 ml of these cells were
inoculated into 1 L of Luria Broth (LB) supplemented with ampicillin. Once the
cells reached an OD of 0.6, 1 ml of 1 M isopropylthio-beta-D-galactoside (ITPG)
was added and the cells were incubated 4 hours at 37°C with shaking. The
culture was centrifuged at 12,000 x g for 5 minutes, and the pelletted cells were
resuspended in 15 ml of lysis buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.15 Triton X-100, 0.2 mM PMSF, and 0.07% p-

mercaptoethanol). The cells were sonicated for 8 x 15 seconds with cooling and
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then centrifuged at 256,000 x g for 30 minutes at 4°C. To prepare the resin, 1.5
ml of a 50% slurry of Ni-NTA agarose (Qiagen) was centrifuged 1 minute at
10,000 x g in a 1.7 ml Eppendorf tube. The liquid was removed, and the resin
was washed several times with equilibration buffer (50 mM Tris pH 7.5, 0.5 M
NaCl, 0.1% Triton X-100, 0.07% p-mercaptoethanol, 0.2 mM PMSF). The
clarified lysate was added to the equilibrated Ni-NTA agarose in a 50 ml conical
tube and incubated on a roller at 4°C for 2 hours. The resin was centrifuged and
resuspended in high salt buffer (50 mM Tris pH 7.5, 0.5 M NaCl, 10 mM
imidazole, 0.1% Triton X-100, 0.07% p-mercaptoethanol, and 0.2% PMSF). It
was then loaded onto a column and washed with 30 ml high salt buffer followed
by 30 ml of low salt buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10 mM imidazole,
0.1% Triton X-100, 0.07% pB-mercaptoethanol, and 0.2% PMSF) at 4°C. The
protein was eluted from the column with 10 aliquots of 300 pl elution buffer (50
mM Tris pH 7.5, 150 mM NaCl, 0.1 mM EGTA, 300 mM imidazole, 0.2 mM
PMSF, and 0.1% B-mercaptoethanol). The elution fractions were separated by
SDS-PAGE and stained with 100 ml Coomassie stain (2.5 g Coomassie Brilliant
blue, 455 ml methanol, 455 ml dH»0, 90 ml glacial acetic acid) for 30 minutes with
rocking followed by incubation in 100 ml destain solution (455 ml methanol, 455
ml dH»0, 90 ml glacial acetic acid) for 2 hours to identify the fractions with the
highest PKA concentration. The pooled fractions were then dialyzed against
dialysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1 mM EGTA, 0.03% Brij-35,
50% glycerol, 0.2 mM PMSF, 0.1% B-mercaptoethanol) overnight at 4°C. The

protein was stored at -20°C.
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Sf9 Protein Phosphorylation

To determine conditions permitting Myolc phosphorylation by PKA, a
series of in vitro reactions was performed with Sf9-expressed protein.
Phosphorylation mixtures were assembled on ice in 1.7 ml Eppendorf tubes and
reactions initiated by placing tubes in a 30°C water bath. Individual reactions
contained ~1 pg of Myolc protein, 0 - 100 uM CaCl,, 0 - 100 uM EGTA, 15 mM
HEPES pH 7.5, 150 mM KCI, 1 mM MgCl,, 10 -1000 uM [y-32P] ATP, PKA, and
dH,O0 for a total volume of 10 pul. After 30 minutes, the reactions were stopped by
addition of 3.3 pl 4x SB. Samples were separated on a 15% resolving - 4%
stacking SDS-PAGE gel, stained with Coomassie stain and destained. The gel
was dried for 2 hours with heating and exposed to film (X-Omat Blue, Kodak) at -
80°C for 2 days. The hot ATP stock was made by mixing 10 pl of a 1 mM ATP
stock with 10 pl of 10 mCi/ml [y-*P] ATP and 80 pl dH,O to result in a 100 uM
stock. In one experiment, calmidazolium, a CaM inhibitor, (Compound R24571,

Sigma, Saint Louis, MO) was also included in the reaction.

Stoichiometry Measurements

To measure the stoichiometry of phosphorylation, the individual myosin
bands were cut out of the dried Coomassie-stained gels. Each band was placed
in a scintillation vial along with 0.5 ml H,0, overnight. The following day, 2.5 ml
scintillation fluid (EcoLite, MP Biomedicals, Solon, OH) was added to vials and

counted in a scintillation counter.
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Construction of 1Q1 Peptides

To investigate the interaction of CaM at 1Q1 with S701, two peptides were
synthesized by GeneMed synthesis (South San Francisco, CA). The native form
included the amino acid sequence: DSLEVRRQSLATKIQ-
AAWRGFHWRQKFLRC, while the phosphorylated form  contained:

DSLEVRRQ(phospho-S)LATKIQAAWRGFHWRQKFLRC.

IQ1 Peptide Phosphorylation

For each reaction, a 2 x 2 cm square of 0.2-um nitrocellulose paper
(PROTRAN, Schleicher and Schuell, Keene, NH) paper was cut and labeled with
a pencil. Reaction mixtures were assembled in 1.7 ml Eppendorf tubes on ice
and reactions initiated by placing tubes in a 30°C water bath for 30 minutes. The
hot ATP stock was made by mixing 10 ul of a 1 mM ATP stock with 10 pl of 10
mCi/ml [y-**P] ATP and 80 pl dH.O to give a 100 uM stock. Each reaction
contained 1 pl of the labelled ATP stock, 1 ul PKA, 1 pl of 1 mM of short peptide,
and 1 pl of 10x assay buffer (10 mM MgCl,, 150 mM HEPES pH 7.5, 1.5 M KCI).
When indicated, reactions also included 1 pl of 250 uM CaCl,, 1 pl of 1 mM
EGTA, or 1 pl of 250 uM CaM. To bring the volume of each reaction up to 10 pl,
reactions were supplemented with dH,O. Following incubation at 30°C, the entire
reaction from each tube was pipetted onto nitrocellulose squares and allowed to
air dry for 5 minutes. The squares were washed simultaneously by placing them

in a beaker with 200 ml 75 mM orthophosphoric acid and stirring the contents
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with a magnetic stir-bar for 5 minutes. The squares were washed a total of 5
times 5 minutes each. The squares were washed for a final time in acetone for 5
minutes. Squares were allowed to air dry for 10 minutes, then placed in
scintillation vials with 1 ml dH,O. Cerenkov radiation was then counted. The
counts were analyzed with Excel software (version 11.1, Microsoft) and graphed

in Kaleidograph (version 3.6, Synergy Software).

Alexa-CaM Binding to PKA-1Q1 Peptides

To determine if CaM could equally bind to both phosphorylated and
dephosphorylated 1Q1 peptides, Alexa-CaM quenching experiments were
conducted. Samples were assembled in a 96-well plate (Fisher) in triplicate.
Negative controls contained no peptide, while our positive control was an E. Coli
- expressed 1Q1 domain. The wells contained CaM assay buffer (150 mM KCI,
15 mM Hepes pH 7.5, 1 mM MgCl,, 1 mM DTT, 15 mM CacCl,, 500 pug/ml BSA),
and peptide (0-100 uM) for a final well volume of 100 pl. The Alexa-CaM was
prepared by adding 120 ul PBS to 200 pg of Alexa 488-CaM (Molecular Probes,
Eugene, Oregon) and further diluted to 1:1000 with CaM assay buffer. To each
well, 100 pl of the diluted Alexa-CaM was added to give a final CaM
concentration of 50 nM. The plate was then covered with foil and incubated for
30 minutes at RT. The plate was read in a spectrofluorometer with an excitation
of 494 nm and emission of 520 nm. The results were analyzed with Excel

software and graphed with Kaleidograph.
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Tryptophan Fluorescence Measurements

To further investigate if native CaM could bind to the two states of PKA-
IQ1 peptides, fluorometer readings were acquired under a variety of conditions.
Reactions comparing phosphorylated peptide to native peptide were prepared in
1.7 yl Eppendorf tubes. Endogenous tryptophan fluorescence of the peptide was
observed with a Photon Technologies QM-1 steady-state fluorescence
spectrophotometer with an excitation of 295 nm and emission of 300-500 nm.
The spectra were analyzed using the PTI software program Felix. For the CaM
guenching experiment, sample tubes contained 5 uM peptide, 15 mM HEPES pH
7.5, 150 mM KCI, 1 mM MgCly,, +/- 1 mM EGTA, and +/- 100 puM CacCl, for a final
volume of 750 pl. To the cuvette, 375 pl of the sample was added and
measurements taken after individual additions of 1 pM CaM for a final
concentration of 21 pM CaM. The fluorescence spectra of Ca?* and CaM without
peptide was subtracted from samples. Results were analyzed with Excel

software and results plotted with Kaleidograph.

Immunoprecipitation of Myolc

Conjugating DAR to Sepharose

Immunoprecipitiation of Myolc was conducted to determine the state of
phosphorylation in COS-7 cells and Sf9 cell extracts with the hope of translating
these methods to hair cells. The Two ml of phosphate buffered saline (PBS; 137

mM NacCl, 2.7 mM KCI, 4.3 mM NayHPO,, 1.4 mM KH,PO,4, pH 7.3) was added
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to a 1 mg vial of donkey anti-rabbit (DAR) IgG (Jackson Immunoresearch, West
Grove, PA), and dialyzed in a slide dialyzer (Pierce) against two 1 L changes of
coupling buffer (100 mM sodium bicarbonate, 500 mM NacCl, pH 8.5) at 4°C.
Following dialysis, 0.5 ml of hydrated CNBr-Sepharose was washed for 15
minutes with 1 mM HCI followed by a quick rinse with coupling buffer. The DAR
IgG was then added to the CNBr-Sepharose and coupling was allowed to take
place for 2 hours at RT with tumbling. The beads were washed briefly with
coupling buffer then blocked with 200 mM Tris pH 8 and 500 mM NaCl at RT for
2 hours. The beads were washed with a high pH buffer (100 mM CAPS pH 10.5,
500 mM NaCl, 100 mM sodium acetate pH 4.5, 500 mM NacCl), then with a low
pH buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris pH 7.5, 0.05% NaN3), and

stored as a 50% slurry at 4°C in the low pH buffer.

Binding Antibodies to DAR Sepharose

We incubated 200 pl of the 50% Sepharose-DAR slurry with 100 pg of
either 2652, an antibody directed against a region of the Myolc tail, or anti-
phospho-Myolc-S701 in 1 ml PBS for 2 hours with tumbling at RT. The liquid
was removed from the Sepharose and then the antibody complex was washed
three times with 1 ml 0.2 M sodium borate pH 8. To prepare conjugation buffer,
65 mg of dimethylpimelimidate (DMP) was added to 5 ml 0.2 M sodium borate
pH 8, followed by pH adjustment to 8.2 with NaOH. To the antibody complex, 1
ml of freshly-prepared conjugation buffer was added and then the mixture was

incubated at RT for 45 minutes with tumbling. The beads were then centrifuged,
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the liquid removed, and another 1 ml of fresh conjugation buffer was added for a
second 45 minute incubation. The beads were washed with 50 mM Tris pH 8.9 to

block the remaining DMP molecules, then washed 3 x 5 minutes with PBS.

COS-7 Cell Stimulation and Extraction

COS-7 cells were grown in a 12-well plate (Fisher) in Dulbucco's Modified
Eagles' Medium (DMEM; Invitrogen) supplemented with 10% FBS and
penicillin/streptomycin. To stimulate phosphorylation, 20 uM Forskolin (Sigma)
and 75 uM 3-isobutyl-1-methylxanthine (IBMX; Sigma) was added along with
phosphatase inhibitors (10 uM sodium pyruvate, 50 mM sodium flouride, 1 mM
sodium orthovanadate (Sigma), 1 UM okadaic acid (Calbiochem, San Diego, CA),
1 uM microcystin (Calbiochem), 1 uM cyclocporin A (Calbiochem)). PKA activity
was also stimulated by adding 500 uM 8-Br-cAMP or 1 pM ionomycin in addition
to phosphatase inhibitors. To inhibit PKA activity, we added 100 pM H89
(Sigma). The cells were stimulated or inhibited for 15 minutes, then the media
was removed and the cells were washed quickly with PBS (+/-
stimulators/inhibitors), then removed with a cell scraper in the presence of 1 ml
lysis buffer (25 mM Tris pH 8, 0.5 mM MgCl,, 0.5 mM EGTA, 0.2 mM PMSF, 1
MM leupeptin, 1 UM pepstatin, +/- activators/inhibitors). SDS was added to a final
concentration of 1% and then the tubes were heated at 95°C for 10 minutes. The
cells were then centrifuged at 256,000 x g for 30 minutes at 4°C. The total protein
concentration of the extract was measured by a standard bicinchoninic acid

(BCA) assay. The Myolc concentration was estimated by separating the extract
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on a SDS-PAGE gel along with Myolc standards (0.1 pg-1 pg) and

immmunoblotting with 2652

Immunoprecipitation

For each immunoprecipitation, 15 pg of COS-7 cell extract was used.
Samples were diluted to 30 ul using 1% SDS, followed by addition of 10 ul 4x SB
and heated to 95°C for 10 minutes. To each sample 80 pl water was added to
reduce the SDS concentration to 0.2%, and then samples were diluted with 440
pl of 1.25% Triton X-100, 187.5 mM NaCl, 6.25 mM EDTA, and 62.5 mM Tris pH
7.5. The samples were centrifuged for 10 minutes at 12,000 x g at RT and the
supernatants were transferred to new Eppendorf tubes along with 15 pl of the
50% slurry of DAR-antibody-Sepharose. DAR-anti-phospho-Myolc-S701-
Sepharose was used to precipitate phosphorylated Myolc; DAR-2652-Sepharose
was used as a positive control to also precipitate total Myolc. DAR-Sepharose-
anti-adenylate cyclase 1 (AC1l), and DAR-Sepharose alone were used as
negative controls. The mixtures were incubated overnight at 4°C on a rotator and
then centrifuged at 12,000 x g at RT for 1 minute. The supernatant was removed
in 2 x 270 ml aliquots in 1.7 ml Eppendorf tubes. To these tubes, 1.25 ml acetone
was added and then tubes were incubated for 1 hour at -20°C. The pelletted
Sepharose was washed 4 x 1 ml with wash buffer (0.1% Triton X-100, 0.02%
SDS, 150 mM NaCl, 5 mM EDTA, 50 mM Tris pH 7.5). To the washed
Sepharose, 2.5 ul of 4x SB and 10 pl of 1x SB was added to each tube and the

mixture was heated to 65°C for 20 minutes. The Sepharose was centrifuged
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briefly and the supernatant removed and placed into a fresh tube. Another 10 pl
aliquot of 1x SB was added to the Sepharose and heated to 65°C for 20 minutes.
The two supernatants were pooled and saved to be run on a SDS-PAGE gel.
Following the 1 hour incubation at -20°C, the acetone precipitates were
centrifuged at 12,000 x g at 4°C for 20 minutes. The supernatant was removed
and the pellets were resuspended in 30 pl 1x SB, per pair. The acetone pellets
and precipitated protein were both separated on a 15% resolving/4% stacking
SDS-PAGE gel, transferred to polyvinylidene fluoride membrane (PVDF)
membrane (Immobilon P, Millipore, Billerica, MA), and probed with either 2652 or

anti-phospho-Myolc S701.

Western Blot Analysis

Transfer buffer was made by combining 100 ml methanol, 29.75 ml of 500
mM N-Cyclohexyl-3-aminopropanesulfonic acid (CAPS) buffer pH 10.55, and
1870 ml of cold water. After the protein was separated by SDS-PAGE, the gel
was incubated in 50 ml transfer buffer for 5 minutes. Gels were transferred to
PVDF for 1 hr at 100 V in transfer buffer with cooling and left overnight with
stirring. The membrane was blocked for 2 hours at RT with 25 ml blocking buffer
(5% Liquid Block (Amersham Biosciences, UK) in PBS). The membrane was
incubated for 1 hour in primary antibody in block buffer at RT with rocking, then
washed 3 x 5 minutes in 0.3% Tween-20/PBS with vigorous shaking. The blots
were then incubated with 1:10,000 secondary antibody in block buffer for 1 hour

at RT with gentle rocking. To detect the Perfect Protein Markers, 1:10,000 S-
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protein HRP conjugate was included with the secondary antibody. The blots were
washed 3 x 5 minutes with 0.3% Tween-20/PBS and developed for 5 minutes
with HRP substrate (SuperSignal West Pico, Pierce, Rockford, IL). The blots
were finally exposed to film (X-Omat Blue XB-1. Kodak) for 10 sec - 2 hours

depending on intensity of the signal.
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MATERIALS AND METHODS I

Construction of S701 Mutations of HN

Site mutations of S701 were constructed for functional studies of Myolc.
Residue S701 of the HN sequence of rat Myolc (amino acids 1-791) was
converted to either alanine or glutamate by site-directed mutagenesis and
inserted into the pBBHis2B vector (Invitrogen). The primers for HNS701A were:
Forward (CTGGAAGTCCGACGGCAGGCGCTAGCCACCAAGATCCAGG) and
Reverse (CCTGGATCTTGGTGGCTAGCGCCTGCCGTCGGACTTCCAG). The
primers for HNS701D were: Forward (CTGGAAGTCCGACGGCAGG-
ATCTAGCCACCAAGATCCAGG) and Reverse: (CCTGGATCTTGGTGG-
CTAGATCCTGCCGTCGGACTTCCAG). To confirm the presence of the

mutation, the vectors were sequenced through the mutation site.

In Vitro Motility Assay

Actin Preparation

The in vitro motility assay was used to determine the rate Myolc and S701
mutants could translocate actin. For use in ATPase and in vitro motility assays,
actin was extracted from rabbit muscle. To prepare actin, 10 ml buffer A (2 mM
Tris pH 8, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CacCl,, 1 mM NaN3) was added to
0.5 g rabbit skeletal muscle acetone powder (Pel-Freez Biologicals, Rogers, AR).

The mixture was stirred in a small beaker in an ice bath for 30 minutes. The liquid
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was squeezed through pre-soaked (buffer A) cheesecloth. The extraction was
repeated with an additional 10 ml of buffer A added to the remaining muscle,
stirred in an ice bath for 1 hour, and squeezed through cheesecloth. The pooled
extracts were centrifuged at 8000 x g for 20 minutes at 4°C. The supernatant was
adjusted to 50 mM KCI and 2 mM MgCl, and allowed to polymerize for 1 hour
with constant stirring in an ice bath. The KCI concentration of the mixture was
adjusted to 800 mM and the actin allowed to polymerize for an additional 30
minutes. The actin was then pelleted with a spin at 200,000 x g at 4°C for 30
minutes. The pellet was washed with 1 ml buffer A and then resuspended with a
chilled glass homogenizer in 2 ml buffer A. The resuspended actin was then
dialyzed against 1 L buffer A with a slide dialyzer (Pierce) for 48 hours with 4
buffer changes total. The polymerized actin was then removed from the dialyzer
and centrifuged at 200,000 x g for 30 minutes. The unpolymerized actin in the
supernatant was repolymerized by adjusting the final concentrations to 50 mM
KCl and 1 mM MgCl, and then stirred in an ice bath for 1 hour. The F-actin was
dialyzed against ATPase buffer (15 mM HEPES pH 7.5, 50 mM KCI, 1 mM
MgCl,, 0.1 mM EGTA, 0.005% NaN3) overnight at 4°C, and then it was
centrifuged at 200,000 x g for 30 minutes. The pelleted F-actin was homogenized
with 1 ml ATPase buffer and stored at 4°C. Actin concentration was determined

by assuming 38.5 uM/Az90 Nm optical density for a 1 mg/ml solution.
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Actin Cycling of Myosin

To remove Myolc unable to bind and release actin in the presence of ATP,
the Myolc eluates were actin cycled. To the Ni-NTA eluate, 100 uM F-actin was
added and the mixture was incubated for 30 minutes on ice. A sucrose pad was
made by adding 0.34 g sucrose to 1 ml dH,O. To a micro centrifuge tube, 75 pl of
the sucrose pad was added and then overlaid with the actin and myosin mixture.
The tube was centrifuged at 256,000 x g for 30 minutes. The supernatant was
removed and the pellet was washed briefly with 100 ul of Ni-NTA elution buffer.
The pellet was resuspended with 100-200 ul ATP resuspension buffer (50mM
KCI, 1 mM MgCl,, 0.1 mM EGTA, 15 nM HEPES pH 8, 5 mM ATP, 5 mM MgCls,
0.3% Tween 20, 0.2 mM PMSF, 1 uM leupeptin, 1 uM pepstatin). The
resuspended actin and myosin was centrifuged for 10 minutes at 256,000 x g
and the supernatant containing the cycled myosin was collected and stored at
4°C. The myosin separated on an SDS-PAGE gel against a set of BSA standards

in order to estimate protein concentration.

Actin Labeling

To prepare rhodamine-labeled actin, 66 pl of 3.3 uM rhodamine-phalloidin
(Rh-Ph) was dried for 10 minutes in a speed-vacuum. The Rh-Ph was then
resuspended in 87 ul buffer A (2 mM Tris pH 8, 0.2 mM ATP, 0.5 mM DTT, 0.1
mM CacCl,, 50 mM KCI) and added to 10 pl of 20 uM F-actin and then incubated

overnight at 4°C. This stock was then diluted 1:400-1:800 in buffer A and stored

at 4°C wrapped in foil to prevent photobleaching.
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Preparation of Flow-Through Chambers

Glass coverslips (15 mm, #1) were washed with detergent, dH,O, and
then stored in 70% ethanol in a 50 ml conical tube. To construct the flow-through
chambers the coverslips were allowed to air dry and then coated with 8 pl of
nitrocellulose (Ernest F. Fullam, Latham, NY). Two narrow strips of double-sided
Scotch tape were laid down on a glass slide parallel to each other. The
nitrocellulose-coated glass coverslips were then laid on top of the parallel strips
of tape. Chambers were washed with 50 pl 1x PBS followed by flow-through of
10 pl 2.5 mg/ml Protein A (Santa Cruz Biotechnology, Santa Cruz, CA) and
incubated for 30 minutes at RT in a humid container. To the chamber, 50 ul of
block buffer (1 mg/ml BSA in PBS) was flowed through and allowed to incubate
at RT for 10 minutes in a humid container. Next, 5 pl of the mouse monoclonal
antibody 9E10 (anti-myc) was flowed though the chamber and allowed to bind
overnight in a moist chamber at 4°C. The chambers were washed with 50 pl
block buffer and bound with 5 pl of 0.2 pg/ml Myolc for 1 hr at 4°C in a humid
container. The chamber was washed with 50 ul of block buffer and 5 pl of diluted
Rh-Ph-actin was flowed into the chamber and incubated for 2 minutes at RT.
While the actin was incubating, a 100 ul aliquot in vitro motility assay buffer (see
below) was assembled and then flowed into chamber. The ends of the chamber
were sealed with a small amount of high-speed vacuum grease (Dow Corning,
Midland, MI). The slides were immediately imaged with a Plan Apo 100x oil lens

on a Nikon Eclipse E800 upright microscope equipped with a Photometrics
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CoolSnap CCD camera. Images were collected with the Metamorph Imaging

system (version 6.1r4, Molecular Devices, Sunnyvale, CA).

Solutions for In Vitro Motility Assay

2 mM ATRP 1250 pM MMB-ADP 0.1 md Cacly (2 i HMB-ATP
H,O 75 72,3 75 79
10x ATPase Buffer 10 10 10 10
M DTT 5 5 5 5
100 mdd ATP z 2 2 1]
100 mdd HME-ATP 1] 0 1] z
25 i HME-ADP 1] 2.5 1] 1]
05 M M2ClL 1 i 1 1
150 mefl Glucose 2 2 2 2
25 mg/ml Glucose Oxidase 1 1 1 1
3 mg/ml Catalase 1 1 1 1
500 g Cahd z 2 2 z
100 mdd EGTA i ul 1] i
10 o Cacly 0 ] i 0

* Amounts noted in OI.

Analysis of Motility

Movies of Rh-Ph actin translocation were captured as consecutive images
at 5 second intervals for a total of 5 minutes per movie. Actin velocities were
analyzed with Metamorph software as follows. An image of a 100 um grated slide
was acquired to allow a pixels/um conversion measurement to be applied to each
movie. Each movie to be analyzed was then "thresholded” by using the
Metamorph tracking feature, 30-60 randomly-selected actin filaments were
tracked per movie. This tracking gave an average velocity per filament in pum/sec.
One flaw with the analysis is that Metamorph will provide a velocity for filaments

that are "dead" or not moving. To address this problem, the velocities of 10
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identified non-moving filaments were averaged per movie; this value was
subsegently subtracted from each collected velocity for that movie. The adjusted
velocities were analyzed with Excel software and graphed in Kaleidograph.
Because of the diversity of data for each condition in the HN vs. HNS701A and
HNS701D, the cumulative probability was calculated and graphed for each group

of data.

Alpha-Actinin In Vitro Motility Assays

To order to assess force production by various Myolc mutants, a stalling
protein was added in the in vitro motility assay. To stall myosin motility, a-actinin
(Cytoskeleton, Denver, CO) was included in the in vitro motility set-up. Stocks of
protein A/a-actinin were made by combining 1.25 mg/ml Protein A and a range of
a-actinin concentrations. Next, 5 pl of Protein A/a-actinin stocks were added to
the nitrocellulose-coated coverslips in the flow-through chambers and allowed to
incubate 30 minutes at RT. The coverslips were then blocked as descibed in the
in vitro motility protocol. The velocities per Myolc/a-actinin ratio were plotted as a
mean +/- standard deviation (SD) or standard error (SE). The "protein friction"
model for myosin motility was illustrated by Tawada and Sekimoto (1991). To fit

the data, the following formula was used in Kaleidograph:

VX
V = —4——
1+(y - Dx
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V is the velocity without [J -actinin, x is the ratio of 0 -actinin/Myolc. and [is a fit
parameter describing the viscosities of each state but weighted by the probability

of the holding state of each, UPMyo|c/UPO-actinin.

ATPase Assay

To determine ATP hydrolysis by Myolc, the ATPase assay was performed.
1 mM stock of hot ATP was made by mixing 10 pl of 100 mM ATP, 3 pl of [y-*2P]
ATP, and 987 ul of water. Assay components were assembled in 1.7 ml
Eppendorf tubes and kept on ice. Each reaction contained 15 mM HEPES pH
7.5, 1 mM MgCl,, 0.1 mM EGTA, 50 mM KCI, and 100 upM ATP from the hot
stock. Reactions were initiated by adding water, actin, or actin and myosin. The
reactions were immediately vortexed, centrifuged, and placed in a 37°C water
bath. Hydrolysis was allowed to progress for 30 minutes, then terminated by the
addition of 67 pl stop solution (2 parts 10 N sulfuric acid and 5 parts silicotungstic
acid) and vortexed briefly. To recover [y-*2P] ATP, 250 pl of isobutanol:benzene
and 25 pl of ammonium molybdate were added and then the mixture was
vortexed for 20 seconds. The tubes were centrifuged for 12,000 x g at RT for 5
minutes and then 100 ul of the organic phase was transferred to a scintillation
vial with 2.5 ml scintillation fluid (EcoLite). The counts per minute were measured
with a scintillation counter. Controls included 1 pl of [y-3P] ATP stock, and also

actin and [y->?P] ATP to account for intrinsic ATPase activity of actin.
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MATERIALS AND METHODS I

NMB-ADP Inhibition of In Vitro Motility

To determine the effect of the tail domain on myosin function, and also if
(2-methylbutyl) adenosine diphosphate (NMB-ADP) could inhibit Y61G mouse
Myolc, in vitro motility assays were preformed. Protein purification, actin cycling
and in vitro motility assays were conducted as described in Materials and
Methods | and Il. Y61G experiments were carried out using 2 mM ATP, 1 mM
EGTA; 2 mM ATP, 250 uM NMB-ADP; or 2 mM (2-methylbutyl) adenosine
triphosphate (NMB-ATP), 1 mM EGTA; 2 mM ATP, 0.1 CaCly; 2 mM NMB-ATP,
1 mM EGTA. Filaments were quantified and binned and the data fit with a

Gaussian-distribution curve.
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RESEARCH OBJECTIVES IA

This thesis investigates the impact of S701 phosphorylation on function of
the motor and the conditions necessary for Myolc phosphorylation. The Myolc
sequence includes a strong consensus sequence for PKA phosphorylation
located at the junction of the head and first IQ domain of the motor at S701.

Chapter IA confirms that Myolc can be phosphorylated by PKA at S701.
PKA phosphorylated the PKA consensus sequence at S701 in a short peptide
array and also in Myolc purified from Sf9 cells. While the stoichiometry of
phosphorylation was low, conditions that affect phosphorylation will be explored

in Results IB.
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RESULTS IA

PKA Phosphorylation of S701

Because Myolc contains a consensus site for phosphorylation by PKA, we
wanted to confirm that the rat S701 site could be phosphorylated by PKA in the
context of its native surrounding amino acids (Figure 14). An array of 14-15
amino acid peptides was synthesized on cellulose membrane by an AutoSpot
robot (AutoSpot ASP222, ABIMED, Langenfield, Germany). The AutoSpot-
generated peptide arrays are useful for assessing kinase and phosphatase
activities in relation to target substrates (Espanel X, 2002). An alanine scan was
introduced to sequentially interrupt each amino acid in turn, including amino
acids of the PKA consensus site (RRQS) in Myolc. When incubated in the
presence of PKA, [y-*?P] ATP, and standard phosphorylation buffer, the native
Myolc sequence became highly radioactive, indicating that it was strongly
phosphorylated. Peptides with variations of the Myolc PKA sequence were also
strongly phosphorylated when the RRQS site was preserved or when the
surrounding amino acid sequence was not significantly altered. Peptide number
12 contained an ideal RII phosphorylation site, though was only moderately
labeled. From these results we concluded that the S701 phosphorylation site
within the Myolc sequence is an ideal PKA phosphorylation site.

To further support that the consensus sequences from the peptide arrays
were phosphorylated, we probed the peptide array with an antibody that
recognizes phosphorylated serine and threonine residues (Cell Signaling

Technologies). The results obtained in this experiment were identical to those
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results from PKA phosphorylation in the presence of [y-*’P] ATP, with the
exception of lighter labeling of peptide 12. These results further verify that S701

Myolc is a strong PKA phosphorylation site.
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Figure 14. PKA phosphorylation of S701. Myolc peptide arrays that included
the RRXS PKA consensus site were strongly phosphorylated by PKA in the
presence of [y-**P] ATP. Alanine substitutions are labeled in red. The red arrow
notes the PKA consensus site RRXS. The same peptides were recognized by a

phospho-Ser/Thr antibody (aRRXS).

78



2
+
S LS”Q-

Native 1 g @ DSLEVRROSLATKIQA
2 @ ® DSLEARRQSLATKIQA
3 DSLEVARQSLATKIQA
4 DSLEVRAQSLATKIOQA
S @ @ DSLEVRRASLATKIOQA
6 DSLEVRRQALATKIOQA
7 # ® DSLEVRROSAATKIQA
8 ® ® DSLEVRROSLAAKIOQA
9 DSLEVAAQSLATKIOQA
10 ' DSLEVRRQALAAKIOQA
Native 11 ™ @ DSLEVRROSLATKIQA

12 ™ PGRFDRRVSVCAET
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Myolc Constructs

We next wanted to determine if S701 could be phosphorylated by PKA in
the context of longer protein fragments of Myolc, which closely mimic the native
protein. Three rat Myolc contructs were expressed with a bacuolovirus
expression system, and purified from Sf9 insect cells by Ni?*-NTA
chromatography: Head-Neck (HN), Neck-Tail (NT), and Neck-Tail 701 (NT701)
(Figure 15). The HN construct contains the head and neck (amino acids 1 - 791)
regions of Myolc, while the NT construct contains the neck and tail regions of
Myolc (amino acids 690 - 1028). Though NT701 (amino acids S701 - 1028)
contains the neck, tail, and S701, this construct does not include the RRXS PKA
consensus site required for serine phosphorylation. We used the NT701

construct as our negative control.
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Figure 14. Myolc constructs. Three rat Myolc truncations are shown. The HN
construct includes the head and neck domains. The NT construct includes the
neck and tail. The NT701 includes the neck and tail but excludes the PKA

consensus site.
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Myolc Constructs are Phosphorylated by PKA

To determine if S701 could be phosphorylated within the context of the
longer protein fragments of Myolc, we incubated NT, HN, and NT701 for 30
minutes at 37°C with [y-P*?] ATP, PKA, and standard phosphorylation buffer. The
fragments that included the consensus PKA phosphorylation site at Myolc S701
(HN and NT) were phosphorylated, while the fragment that excluded the PKA
consensus site proceeding S701 (NT701) was not (Figure 16A). These results
demonstrated that S701 is a key site of PKA phosphorylation in Myolc.

We wanted to determine if PKA has a dose-dependent effect on
phosphorylation of the HN construct; this would provide additional support that
Myolc is sensitive to PKA phosphorylation. The HN construct was
phosphorylated with three concentrations of PKA in the presence of [y-P%*] ATP,
separated on an SDS-PAGE gel, and exposed to film. As expected, HN was
phosphorylated by PKA in a dose-dependent manner (Figure 16B). Low amounts
of PKA were able to phosphorylate HN, while higher concentrations of PKA
resulted in greater phosphorylation, though only 15% of full phosphorylation was

acheived.
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Figure 16. Phosphorylation of Myolc constructs. A. HN and NT were
phosphorylated by PKA in the presence of [y-**P] ATP while NTS701 was not
phosphorylated. B. HN is phosphorylated by PKA in a dose dependent manner,

Concentrations of PKA are shown in [uM].
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DISCUSSION IA

Our results suggest that both short peptides and longer constructs of
Myolc can be phosphorylated by PKA. Myolc contains a strong consensus site
for PKA phosphorylation (RRXS), where (X) can be any amino acid and the PKA
consensus site that includes S701 is RRQS. Phosphorylation of RRQS in the
context of the native Myolc sequence on the peptide array shows that native
Myolc can be phosphorylated by PKA. Sequences with substitutions of the
arginines or serines in the consensus sequence were not phosphorylated.
Peptide number 12 (PGRGDRRVSVCAET) contains an ideal recognition site for
PKA RIl phosphorylation. Though RRVS fits within the RRXS parameters for
PKA phosphorylation, this sequence was only modestly phosphorylated. Peptide
number 7 (DSLEVRRQSAATKIQA) also lacked the levels of robust
phosphorylation seen in the other peptides. These two results taken together
suggest that the native surrounding amino acids, especially the flanking leucine
residue, may be required for strong phosphorylation of Myolc.

When the peptide array was probed with an antibody that recognizes
phosphorylated serine and threonine residues, the results were nearly identical to
those achieved in the presence of [y-*3P] ATP. One minor difference was that
scrambled peptide 12 showed even less labeling with the antibody. Again, this
result supports the possibility that the amino acids surrounding RRQS of Myolc
are required for robust phosphorylation by PKA. We do not have reason to

believe there was any non-specific recognition by the antibody. Although this site
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is also predicted to be phosphorylated by Ca?*/calmodulin kinase Il (CAMKII), the
predicted likelihood of phosphorylation is not particularly high given a score of
0.725 by the ScanSite search, placing it in the "medium stringency" category
(Obenauer et al., 2003).

Longer fragments of Myolc, HN and NT, were also phosphorylated by
PKA, while NT701 was not. Though all three constructs contain S701, NT701
lacks the RRQ amino acids preceeding the serine of the PKA consensus site. HN
and NT contain the full RRQS site and both were phosphorylated in the presence
of PKA, and [y-**P] ATP. We also showed that HN is phosphorylated in a dose-
dependent manner by PKA in the presence of [y->*P] ATP and buffer.

To determine the extent of phosphorylation, the amount of [y-P**] ATP
incorporation into Myolc from Figure 15A was quantified. The Myolc bands were
cut out from the SDS-PAGE gel, incubated with H,O, overnight, and counted with
a scintillation counter. Though S701 is part of a strong PKA consensus site we
found that, surprisingly, only 10-15% of the Myolc was phosphorylated using
scintillation counting of phosphorylated Myolc bands (data not shown).
Conditions affecting phosphorylation will be discussed in Results 1B.

Though these results demonstrate that S701 is the major site of PKA
phosphorylation in Myolc, we cannot rule out other potential phosphorylation
sites on this motor. Myolc may contain other weaker PKA consensus sites that
could have produced the results we saw in Figure 16. Because the control
construct NT701 was not phosphorylated by PKA, alternate PKA sites, if present,

are more likely to exist in the head region. It is also possible that the Ni**-NTA
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eluate of Myolc used in this experiment contained residual kinases that could
have also phosphorylated Myolc. We believe this to be unlikely based on the
general purity of our protein seen on Coomassie-stained SDS-PAGE gels. Also,
protein that excluded exogenous PKA was not phosphorylated in control
reactions. The NT phosphorylation compared to the lack of phosphorylation in

NT701 strongly supports that S701 is a target of PKA in Myolc.
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FUTURE DIRECTIONS IA

Though these results strongly support the contention that Myolc can be
phosphorylated by PKA, there are a few experiments that would strengthen our
hypothesis. Using a peptide array generated by the Auto-Spot robot, we would
also like to test several other peptide combinations to determine the importance
of amino acids flanking the PKA consensus site. To test if the amino acids closer
to the N-terminus are crucial for phosphorylation, we would generate a peptide
array with peptides 15 amino acids N-terminal to S701 along with an alanine
scan. In a similar fashion we would like to test the importance of amino acids
toward the C-terminal of RRQS. Using mutations of amino acids in the peptide
array we would investigate the importance of the leucine residue at position 702.
This target may be of importance as in the original probe of the peptide array
(Figure 14). interruption of K702 appeared to decrease the robustness of S701

phosphorylation.
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RESEARCH OBJECTIVES IB

Though Myolc could be phosphorylated by PKA, the stoichiometry was
low. This section will explore the conditions that promote PKA phosphorylation of
Myolc. Because S701 is located at the beginning of the first CaM-binding 1Q
domain of Myolc, we investigated how Ca?* and CaM affect PKA
phosphorylation. We determined that phosphorylation of an NT construct was
Ca?*-dependent, leading to the conclusion that the adjacent CaM-binding 1Q
domains may play a regulatory role. In short peptides that contain only the S701
PKA site and first IQ domain, phosphorylation was high in the presence of CaM.
Increasing amounds of Ca?" inhibited phosphorylation of the short peptide. Also,
CaM bound with equal affinity to both phosphorylated and unphosphorylated 1Q
peptides. We propose that Myolc may require CaM bound to 1Q1, but removal of

the 1Q2 CaM may be beneficial for phosphorylation of S701.
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RESULTS IB

Phosphorylation of Myolc in the Presence of Vesicles

Because Myolc appears difficult to phosphorylate, phosphorylation
conditions were considered. The involvement of interaction of lipid binding, Ca*",
and CaM were investigated. Previous research had shown that Myolc binds to
phospholipids (Reizes et al., 1994; Hirono et al., 2004). The CaM bound at 1Q1
may prevent phosphorylation. It is possible that binding of phospholipids to
Myolc's 1Q domains may release CaM and expose the S701 site, as modeled in
Figure 17. To examine if phosphoserine (PS) vesicles increased Myolc
phosphorylation, Myolc was incubated with and without PS vesicles and Ca**
under phosphorylating conditions. The results show that HN was phosphorylated
in all conditions, but to a much greater level present when Ca** was included in
the reaction (Figure 18). The presence of PS vesicles alone did not appear to

increase PKA phosphorylation substantially.
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Figure 17. Location of S701 in Myolc. A. The crystal structure of the myosin Il
head and neck (blue) domains and associated light chains (light and dark green)
are illustrated along with a cartoon of the proposed location of a phosphate on
Myolc S701 (yellow). S701 is located between the head and first IQ domain in
Myolc. B. Modeling of the location of a phosphate at S701 (yellow), in relation to

the neck (green) and first associated light chain (gray).
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Figure 18. PS vesicles and Myolc phosphorylation. PS vesicles were added
to Myolc phosphorylation reactions. HN was phosphorylated more strongly in
reactions that included Ca** and PS vesicles or Ca** alone, and only slightly

more when PS vesicles were included.
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Calcium Promotes HN Phosphorylation

Because S701 site lies in close proximity to first IQ domain (IQ1) (Figure
17), we hypothesized that CaM at 1Q1 may structurally block PKA access to
S701; Ca* may bind to and release CaM from 1Q1, thereby exposing S701. HN
was incubated with a gradient of Ca®" concentrations in the presence PKA and
[yv-P*3] ATP. HN phosphorylation was sensitive to Ca** in a dose-dependent
manner (Figure 19A). Ca®* increased phosphorylation of HN by 2-3 fold though
the ideal Ca®" concentration for phosphorylation appeared to be 30 pM.
Interestingly, 100 uM appeared to inhibit phosphorylation. To examine the Ca**
dependence of NT, the protein was incubated with either Ca®* or EGTA under
phosphorylating conditions. Our control construct, NT701, was also exposed to
identical conditions. There was robust phosphorylation of NT in the presence of
Ca?" and no phosphorylation with EGTA (Figure 19B). NT701 showed no
phosphorylation in the presence of either Ca** or EGTA. This result confirms that
Ca?* is necessary for PKA phosphorylation of NT. Ca** may remove CaM and

allow access of PKA to S701.

96



Figure 19. Calcium and Myolc phosphorylation. A. HN was phosphorylated in
the presence of PKA, [y-**P] ATP, and increasing amounts of Ca®". HN was
phosphorylated in a dose dependent manner. B. Phosphorylation of NT and
NTS701 was compared in the presence of PKA, [y-*?P] ATP, and Ca*. NT

required Ca** for phosphorylation, while NT S701 was not phosphorylated.
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Calmodulin Promotes IQ1 Peptide Phosphorylation

To further examine if S701 phosphorylation is possible only in the CaM-
free state of IQ1, a peptide containing the PKA consensus site and 1Q1 were
phosphorylated by PKA in the presence and absence of Ca?* and CaM. Peptides
that were incubated with CaM had significant [y-P*)] ATP accumulation (Figure
20). Moreover, phosphorylation of the peptide is robust in the presence of EGTA,
even with a saturating amount of CaM. Ca®" had an inhibitory effect on
phosphorylation when included in the reactions. When EGTA and EGTA/CaM
were compared, results were statistically significant at a p value of 0.0026, while
results from Ca®" and Ca®’/CaM has a p value of 0.0022. Contrary to our

hypothesis, it appears that CaM bound at the 1Q1 site promotes phosphorylation.
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Figure 20. Phosphorylation of IQ1. A 30 amino acid peptide that included the
PKA consensus site and first IQ domain (IQ1) was phosphorylated by PKA in the
presence of [y-**P] ATP and calcium, CaM, or EGTA. CaM promoted
phosphorylated of IQ1 in both calcium and EGTA conditions, with the highest

phosphorylation in the presence of EGTA and calcium.
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Calcium Inhibits 1Q1 Phosphorylation

Because Ca®" appeared to decrease phosphorylation of the 1Q1 peptide,
a Ca*" titration was conducted to confirm the original observations in Figure 20.
The IQ1 peptide was incubated with CaM and increasing concentrations of Ca?*
in the presence of PKA and [y-P**] ATP. Incorporation of [y-P*)] ATP decreased

as Ca*" concentrations increased (Figure 21). Because Ca?* binds to and
removes CaM from IQ domains, this result suggests that the 1Q1 peptide is

phosphorylated when CaM is bound to 1Q1.
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Figure 21. Calcium titration of 1Q1 phosphorylation. IQ1 was phosphorylated
by PKA in the presence of [y-*P] ATP, CaM, and increasing amounts of calcium.
Calcium inhibited PKA phosphorylation of 1Q1. Error bars illustrate the standard

error of the mean (SEM).
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Alexa-Calmodulin Binding to 1Q1 Peptides

The PKA consensus site is located five amino acids away from the
beginning of 1Q1, and therefore phosphorylation of S701 might be competitive
with CaM binding. To investigate this scenario, the 1Q1 peptide was synthesized
with and without an added phosphate group at S701. The two synthesized
peptides and a native 1Q1 peptide were incubated with Alexa-CaM and buffer.
Alexa-CaM bound equally well to Pi-modified and control peptides as indicated
by a quench in fluorescence though was less robust for the native 1Q1 peptide
(Figure 22). The presence of a phosphate at S701 did not prevent binding of

Alexa-CaM to the short peptide.
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Figure 22. Alexa-CaM binding to 1Q1 and phos-IQ1. Alexa-CaM was incubated
with 1Q1, phos-IQ1, and IQ1 native peptide and the fluorescence (in nm) was

measured. Alexa-CaM bound equally will to both 1Q1 and phos-1Q1.
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Calmodulin Titration of IQ1 Peptides

The possibility that Alexa-CaM may not bind to Myolc with the same
affinity as native CaM was addressed in this experiment. Using native CaM,
binding to phosphorylated and unphosphorylated 1Q1 was investigated. We
expected CaM to bind, as indicated by fluorescence dequenching of tryptophan
residues on the peptides. Differences in the amount of quenching would indicate
that CaM bound differently to one peptide compared to the other. Phosphorylated
and unphosphorylated peptide were incubated with either EGTA or Ca®*, and
aliquots of CaM were added stepwise until binding saturation had been reached.
Both phosphorylated and unphosphorylated peptides had similar changes in
fluorescence emissions when incubated with CaM (Figure 23). Consistent with
the Alexa-CaM data, these results suggest that the presence of a phosphate at
S701 does not change the conformation or hinder the ability of CaM to bind to

the phosphorylated peptide.
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Figure 23. CaM titration of native CaM binding. 1Q1 and phos-IQ1 were
incubated with calcium and incremental amounts of CaM and the tryptophan

fluorescence was measured. CaM bound with similar affinity to both Ser701-1Q1

(A) and phosphoSer701-1Q1 (B).
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DISCUSSION IB

Though S701 is predicted to be a strong PKA phosphorylation site, these
results reveal the difficulty in fully phosphorylating Myolc. Although PKA
phosphorylation of Myolc fragments that include S701 is possible, the overall
stoichiometry was low (~10-15%). HN and NT constructs had greater levels of
phosphorylation in the presence of Ca®**. Because S701 lies near the first CaM-
binding 1Q domain, we originally hypothesized that CaM binding to 1Q1 was
competitive with PKA and prevented phosphorylation. This hypothesis assumed
that Ca®* would bind to and remove CaM, exposing the phosphorylation site.
Results from Figure 19 were consistent with this hypothesis. Ca** promoted
phosphorylation in the HN construct up to 30 uM, and was a necessity for
phosphorylation of NT. Phosphorylation decreased with 100 pM Ca**, suggesting
the necessity of some bound CaM. To further investigate whether CaM was
blocking the S701 site, the CaM inhibitor calmidazolium was added to
phosphorylation reactions to remove CaM from the 1Q domains which revealed a.
slight increase in HN phosphorylation by PKA (data not shown).

We further explored the IQ1:CaM interaction by exploiting peptides
consisting of IQ1 and the PKA consensus site surrounding S701. When exposed
to PKA and [y-P*?] ATP, surprisingly the highest levels of phosphorylation were in
the presence of CaM and EGTA, as demonstrated in Figure 20. When Ca®" was
added along with CaM, there was an inhibitory effect, as confirmed in Figure 21.
Using Alexa-CaM and native CaM binding experiments (Figures 22 and 23), we

determined that CaM could bind equally well to both phosphorylated and
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unphosphorylated 1Q1 peptides. CaM bound to 1Q1 did not hinder PKA from
phosphorylating S701. These results contradicted our original hypothesis that the
IQ1 CaM interfered with phosphorylation. They suggest that CaM may, instead,
be required to be bound to 1Q1 for phosphorylation to take place. Ca** may play
a regulatory role by binding to any of CaM's four Ca®" binding sites, potentially
changing the conformation of the bound CaM on the 1Q1 motif itself. Because
Ca?* inhibits phosphorylation of the 1Q1 peptide, phosphorylation is most likely
favored when the 1Q1 CaM is not fully occupied by Ca?".

With the longer constructs of Myolc, we showed that Ca** enhances
phosphorylation. Studies by Gillespie and Cyr (2002) have suggested that when
Ca?"is low, CaM is bound to 1Q1, IQ2, and I1Q3. When Ca*" is high, CaM bound
to 1Q2 is likely to be dissociated first, due to its weak association with Myolc. The
IQ1 CaM will also dissociate, while the 1Q3 CaM is predicted to stay bound to
Myolc (Cyr et al., 2002). Similar dissociation of the CaM on 1Q2 was
demonstrated in MyoV (Trybus et al.,, 2007). Because CaM is more likely to
dissociate from the 1Q2 domain in the presence of Ca?*, a strong possibility is
that the conformation of the 1Q1-CaM complex is constrained in native Myolc and
neck-containing constructs. The presence of CaM on IQ2 may keep CaM on 1Q1
in a position where it blocks accessibility of S701. Release of the 1Q2 CaM may
relieve a strained conformation which may expose S701 (Figure 24B). However,
we cannot rule out the involvement of IQ3 or 1Q4, as the CaM bound at these

sites may have a similar inhibitory role.
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Figure 24. Model for Ca®* and CaM regulation. A. In the absence of Ca®'
phosphorylation is difficult due to molecular strain imposed by bound CaM. B.
Low Ca** may bind and release CaM on IQ2, which in turn relieves an
intermolecular strain. A conformational change may result and allow access of
PKA to S701. C. Incomplete binding of Ca?* to CaM may also cause a

conformational change and permit S701 phosphorylation.
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Another interpretation is that Ca** may promote unfolding of Myolc to
reveal the phosphorylation site, as proposed by the results shown in Figure 19,
where Ca®" was required for NT phosphorylation. In the absence of Ca?*, the talil
could fold back on the protein, and require Ca®" to relieve this obstruction. In
MyoV, Ca*" is required to unfold and activate them motor (Thirumurugan et al.,
2006; Truybus et al., 2007). Similarly the head may block the phosphorylation
site. Because both HN and NT were phosphorylated strongly in the presence of
Ca?*, its unlikely that the head and tail are both playing an inhibitory role. Ca?*
may also bind incompletely to CaM without removing CaM and cause a
conformational change in Myolc, similar to MyoV (Figure 24C) (Trybus et al.,
2007). Another possibility is that Ca** binding to CaM could attract other binding
partners that promote phosphorylation. This is unlikely, since such proteins would
have to be present in the Myolc eluted from Ni**-NTA columns to address our
observations.

There may still be other reasons why the S701 site is not strongly
phosphorylated under our conditions. It is possible that in addition to Ca?*, the
motor may require other factors to be present for phosphorylation. Myosin's
primary role is to produce force, so phosphorylation may require that Myolc is
actively exerting force. A force-producing state of Myolc may stretch or unfold the
protein in such a way that S701 is exposed for phosphorylation. A preliminary
experiment used a stalling protein, NEM-S1, in the in vitro motility set-up to stall
the motor. Myolc was eluted from the in vitro motility chambers, separated on a

gel, and exposed to film. In the lane where Myolc was stalled with NEM-S1, there
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was a faint band at 100 kD, near the size of Myolc. Subsequent experiments with
NEM-SI and the actin-binding protein, a-actinin, were unable to confirm the initial
observation. This result does not necessarily rule out this hypothesis. NEM-SI is
activation-dependent and did not behave consistently in our hands, and the a-
actinin experiments were only conducted once. With appropriate conditions, it is

still a possibility that a force producing state may increase phosphorylation of

Myolc.
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FUTURE DIRECTIONS 1B

The next step will be to further explore the interactions of the individual 1Q
domains with CaM, Ca?* and the S701 site. One possibility is that Ca** may be
required to be bound to CaM at 1Q1, but not fully occupy all four binding sites on
the CaM. Using CaM with mutations in 1, 2, 3, or all 4 of the binding sites could
address this possibility. We proposed the idea that CaM at 1Q2 may be inhibiting
phosphorylation, so phosphorylation will be attempted with a Myolc construct
with a non-functional 1Q2 site. Mutations in 1Q2 render this site unable to bind
CaM. Similarly, Myolc with 1Q2 deleted will be exposed to phosphorylating
conditions. If phosphorylation is not increased, then this result would be a strong
indication that the other 1Q domains may be playing a role. Next, protein with
mutant or deleted 1Q3 and 1Q4 will be used. If none of these conditions yield
additional phosphorylation, then involvement of the head or tail domains will be

investigated using a series of Myolc truncations.
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RESEARCH OBJECTIVES IC

We wanted to determine the phosphorylation state of Myolc in hair cells.
To do this we used COS-7 cells as a model system to determine the feasibility of
phosphoserine Myolc immunoprecipitation. COS-7 cells were exposed to agents
to stimulate and inhibit PKA. Cell lysates from treated and untreated cells were
exposed to an antibody specific for phosphorylated S701 of Myolc to
immunoprecipitate phosphorylated Myolc. Immunoblots of eluted protein were
then probed with a Myolc antibody. PKA stimulated and inhibited conditions were
compared with untreated cells to attain a relative estimation of endogenous
phosphorylation levels. This protocol was also repeated with ionomycin-treated
COS-7 cells and Sf9 cells. Unfortunately, no phosphorylated Myolc was
immunoprecipitated. These experiments suggested that Myolc is
unphosphorylated in COS-7 and Sf9 cells. From these experiments, | conclude
that phosphorylation of S701 is not straightforward and may require specific CaM
or Ca®" interactions. We also hypothesize that the CaM bound to 1Q2, 1Q3, or 1Q4

may play a key role in the availability of S701 for phosphorylation.
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RESULTS IC

Phospho-MyolcS701 Antibody

To probe the phosphorylation state of Myolc in COS-7 cells, and
potentially hair cells, an antibody, Phos-MyolcS701, was produced that
recognizes phosphorylated S701 in the context of the native surrounding amino
acids in Myolc. Phosphorylated and unphosphorylated peptide arrays including
S701 were synthesized on a cellulose membrane with an AutoSPOT robot.
These strips were then probed with Phos-MyolcS701 to test selectivity for
phosphorylated residues. Phos-MyolcS701 recognized only the peptides with an
added phosphate at S701 (Figure 25). Some staining of the unphosphorylated

peptides was present; however, this was not deemed to be significant.

119



Figure 25. Phospho-MyolcS701 antibody. Myolc peptide arrays that included
phosphorylated serine (r) were strongly recognized by the phospho-MyolcS701

antibody (7-11), while the unphosphorylated peptides were not labeled (1-6).
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Immunoprecipitation of Myolc from COS-7 Cells

To determine the phosphorylation state of Myolc in COS-7 cells,
phosphorylated Myolc was immunoprecipitated (IP) from COS-7 cell lysates.
Cells were treated with 8-Br-cAMP or H89 to increase or decrease
phosphorylation levels respectively, while control cells were untreated. The cells
were lysed and Myolc from the lysates was immunoprecipitated with donkey anti-
rabbit (DAR)-Phos-MyolcS701 Sepharose. The Sepharose was separated from
the lysate and washed. Immunoprecipitated protein was eluted from the
Sepharose with 4x SB (IP eluate). Unbound protein in the lysate was precipitated
with acetone (IP supernatant). Both IP eluates and IP supernatants were
separated on an SDS-PAGE gels, transferred to membranes, and then the
immunoblots were probed with 2652, a Myolc antibody. When exposed to DAR-
Phos-MyolcS701 Sepharose, there was no IP of phosphorylated Myolc as seen
in the E1, E2, and E3 (Figure 26). The majority of Myolc did not bind to the
antibody and remained in the IP supernatant (S1, S2 and S3). To determine total
amount of Myolc present, Myolc was also immunoprecipitated with DAR-2652
Sepharose, and immunoblots probed with 2652. In the control experiment DAR-
2652 Sepharose bound Myolc as seen in the E4, E5, and E6, though a large

amount of the Myolc remained in the IP supernatant (S4, S5, and S6).
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Figure 26. IP of Myolc from COS-7 cells. COS-7 cell extracts from PKA
stimulated, inhibited, and untreated cells were immunoprecipitated with DAR-
anti-phosS701 and DAR-2652 Sepharose. IP eluates (E) of the
immunoprecipitated protein along with IP supernatants (S) were separated on a
gel and probed with 2652. No Myolc was immunoprecipitated with DAR-anti-

phos-S701 (E1 - E3), but was present in the IP supernatants (S1 - S3).
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lonomycin Treated COS-7 Cells

Myolc was phosphorylated more strongly in the presence of Ca®', as
discussed in Results IB. To stimulate phosphorylation, COS-7 cells were treated
with 8-Br-cAMP, phosphatase inhibitors and the Ca?* ionophore, ionomycin. H89
was added to inhibit phosphorylation in COS-7 cells, and a third set of cells
remained untreated. Cells were lysed and Myolc from each of the three
conditions was immunoprecipitated with DAR-Phos-MyolcS701 Sepharose.
When immunoblots of the IP eluates were probed with 2652, no Myolc was
detected (E1, E2 and ES3), the Myolc remained unbound and present in the IP
supernatant (S1, S2, and S3; Figure 27). To show the total amount of Myolc
present, Myolc was immunoprecipitated with DAR-2652 Sepharose and the
immunoblots probed with 2652. All COS-7 cell Myolc was present in the IP
eluates by 2652 as seen in lanes E4, E5, and E6. Extracts from all three
conditions were also exposed to negative control, DAR-anti-adenylyl cyclase 1
(anti-AC1) Sepharose and also to DAR Sepharose, and probed with 2652. DAR-
anti-AC1 Sepharose and DAR Sepharose did not immunoprecipitate any Myolc

(E7-E12); all Myolc was present in the IP supernatants (S7-S12).
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Figure 27. IP of Myolc from ionomycin-treated cells. In addition to PKA
stimulators and inhibitors, COS-7 cells were also treated with ionomycin. Extracts
were exposed to DAR-anti-phosS701, run on a SDS-PAGE gel, and probed with

2652. No Myolc was present in the IP eluates (E1, E2, and E3).
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Immunoprecipitation of Myolc from Sf9 Cells

Myolc was difficult to phosphorylate in COS-7 cells, so
immunoprecipitation was attempted with purified Myolc to simplify the
experiment. To determine the phosphorylation state of Myolc in Sf9 cells, Myolc
from Sf9 Ni? -NTA eluates was immunoprecipitated with DAR-Phos-MyolcS701
Sepharose. Ni? -NTA eluates were exposed to PKA, Ca?* and phophatase
inhibitors to simulate phosphorylation, while another set of eluates was exposed
to H89 and alkaline phosphatase to inhibit phosphorylation. A third set of eluates
remained untreated. Myolc from the three conditions was immunoprecipitated
with DAR-Phos-MyolcS701 Sepharose, and immunoblots were probed with
2652. No phosphorylated Myolc was present in the IP eluates with DAR-Phos-
MyolcS701 Sepharose, (E10, E11, and E12) but there was a high amount of
background protein present (Figure 28). Surprisingly, the majority of the Myolc
remained in the IP supernatants (S10, S11, and S12). Similarly, the negative
control antibody, DAR-anti-AC1 Sepharose, and DAR Sepharose alone, did not
pull down any Myolc, as would be expected (E1 - E6). When immunoprecipitated
with DAR-2652 Sepharose, approximately half the Myolc was extracted from the
Ni? -NTA eluates (E7, E8, and E9), while the residual Myolc was present in the IP

supernatants (S7, S8, and S9).
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Figure 28. IP of Myolc from Sf-9 eluates. Myolc was immunoprecipiated from
Myolc eluates exposed to PKA stimulators and inhibitors. No Myolc was

immunoprecipitated with DAR-phosS701 (E10, E11, and E12).
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DISCUSSION IC

To probe the phosphorylation state of Myolc in COS-7 cells, Myolc was
immunoprecipitated with Phos-MyolcS701, followed by detection with a Myolc
antibody (2652). We chose COS-7 cells, a mammalian cell line, for our
preliminary experiments because they are likely to model Myolc phosphorylation
in vivo. The endogenous degree of phosphorylation of Myolc phosphorylation
was compared with the degree of phosphorylation of Myolc from cells where PKA
activity was inhibited or stimulated. This experimental design was intended to
reveal a rough estimate of phosphorylation levels in the COS-7 cells. It was
hoped that these techniques could be applied to hair cells, allowing us to
estimate the endogenous Myolc phosphorylation state.

Unfortunately, no Myolc was pulled down in COS-7 cells or Sf9 cell
eluates with Phos-MyolcS701 (Figures 27 and 28). Because the negative
controls did not pull down any Myolc, and the 2652 antibody always pulled down
Myolc, we believe the experimental design set-up and reagents were appropriate
for semi-qualitative analysis. To confirm the reliability of the phospho-specific
antibody, Figure 25 demonstrates that Phos-MyolcS701 recognizes proteins
containing a phospho-serine701 in the context of native Myolc amino acids.
Phos-MyolcS701 did not pull down any Myolc in the untreated conditions
(Figures 26, 27 and 28). These results suggest that Myolc is in an
unphosphorylated state when extracted from COS-7 cells or eluted from Sf9
cells. When Myolc and HN Sf9 immunoblots were probed with Phos-MyolcS701

or a general phospho Ser/Thr antibody, no Myolc was recognized, which further
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supports this assumption (data not shown). Immunofluorescent staining of COS-
7 with Phos-MyolcS701 also did not reveal any labeling (data not shown).

It would have been expected that PKA-stimulating conditions would have
resulted in an increase in Myolc pull-down by Phos-MyolcS701. One
consideration is that the chosen drugs or stimulating conditions were not ideal for
Myolc phosphorylation. When stimulated with ionomycin, the released Ca** also
may not have been in the vicinity of Myolc to facilitate phosphorylation. As an
alternative to ionomycin, the Ca?* ionophore A23187 could be used, which may
display a greater effect.

One consideration to account for the low levels of phosphorylation is that
Myolc may already be phosphorylated when expressed by Sf9 cells. However,
using an antibody against phosphorylated S701 in Myolc, there was no evidence
of endogenous phosphorylation. When Myolc constructs were incubated with
various phosphatases before exposure to PKA and [y-**P] ATP, there was no
additional phosphorylation.

Its possible that Myolc expressed in Sf9 cells and Myolc in COS-7 cells
require other Ca?* or CaM concentrations for phosphorylation. Myolc may also
be phosphorylated at high levels in hair cells, but may require hair-cell specific

proteins or conditions that we were unable to replicate.
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FUTURE DIRECTIONS IC

Most drugs are not absolute inhibitors or activators of desired target
proteins, and may have nonspecific effects. Both H89 and 8-Br-cAMP affect
other cAMP-dependent protein kinases, such as PKG, PKCu, CaMKIl, CKI, and
MLCK (Davies SP, 2000). Other PKA inhibitors to be considered include PKI, H8,
and KT 5720. General protein kinase inhibitors such as staurosporine may also
be of value. It would also be ideal to inhibit other components of the protein
kinase cascade. To promote phosphorylation, a combination of forskolin, IBMX,
and phosphatase inhibitors to supplement 8-Br-cAMP may result in more robust
phosphorylation. To further dephosphorylate Myolc, a combination of adenylyl
cyclase inhibitors, PKA inhibitors and phosphatases may have a greater effect
than H89 alone.

Another way to detect phosphorylation would be to stimulate hair cells with
PKA in the presence of radioactive ATP. The hair cell lysates could then be run
on a gel and exposed to film to determine if the Myolc acquired radioactive
phosphates. A direct method to determine the phosphorylation state of a protein
is to run a mass spectrometry analysis of Myolc isolated from hair cells. COS-7
cell-Myolc, or Sf9-expressed Myolc can be analyzed in a similar way.

Though Myolc S701 can be phosphorylated in protein purified from Sf9
cell extracts can be various degrees, it is possible that endogenous Myolc from
COS-7 cells may not use the S701 site for phosphorylation. Other lower

stringency phosphorylation sites will need to be investigated, as addressed in
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Results 1B. There are several PKC consensus sites present in HN that can be
phosphorylated by PKC (Gillespie, P., unpublished). There are several lower-
stringency phosphorylation sites in Myolc including a potential ERK kinase
phosphorylation site located at T800 that shows up on a high stringency Scansite

search (Figure 29).
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Figure 29. ScanSite Myolc phosphorylation sites. A high stringency search
(A) and medium stringency search (B) of Myolc phosphorylation sites with Scan
Site revealed several phosphorylation site candidates. S701 appears in both

searches.
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RESEARCH OBJECTIVES Il

Results Il investigates how S701 affects the function of Myolc. Point
mutations at S701 were constructed to mimic the phosphorylated head neck
S701A (HNS701A) and dephosphorylated (HNS701D) states of Myolc. | was
able to show that compared to HN, ATPase rates were slower in HNS701D and
in vitro motility rates are slower in both HNS701D and HNS701A. In an assay of
motor force production, both HNS701A and HNS701D velocities were not
inhibited by an actin binding protein, confirming the importance of the S701 site

for Myolc mechanics.
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RESULTS I

S701 Amino Acid Substitutions

In the previous chapter, | determined that acquiring populations of Myolc
in fully phosphorylated and dephosphorylated states was unlikely. To overcome
this obstacle, mutants of HN S701 were created to mimic the two
phosphorylation states of Myolc (Figure 30). To mimic a dephosphorylated state,
alanine was substituted for S701. Alanine is a neutrally-charged amino acid,
similar to an unphosphorylated serine. To mimic phosphorylation, aspartate was
introduced at the 701 site. Aspartate carries an acidic group with a negative
charge, similar to a phosphoserine. Both of these substitutions have been
routinely used to mimic these two states of phosphorylation (Wagner N, 1993;

Huang W, 1994; Smith SD, 2003).
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Figure 30. Amino acid substitutions for S701. An alanine mutation was
substituted for serine at 701 to mimic the dephosphorylated state of Myolc, while

aspartic acid was substituted for serine to mimic phosphoserine.

139



Serine '-FDU_
]-1-,4':— CH;—OH

NH4
Aspartic acidd 000~ [0
| &
H— {rl— O, — C\
NH} 0-
Glutamic acid” iF-'DU_ fﬂ
&
Il—l..l'J—CHg— GHE“C.K
NH} 0~

140

Alamine COO

I
H ——n‘i}‘ —CHy
NH3

?“' PO3~

CH,

|

—KH—CH—C0—

Phosphoserine



In Vitro Motility of S701 Site Mutants

Because it was hypothesized that the Myolc S701 site is important for
Myolc mechanics, the Myolc velocities of S701 site mutants were investigated.
The in vitro motility assay was used to determine the rate of actin filament sliding
over myosin bound to cover slips (Figure 31). The data were plotted using a
cumulative probability graph. In vitro motility analysis of velocities revealed that
both HNS701D (mean = 0.63 nm/sec) and HNS701A (mean = 1.14 nm/sec) had
slower velocities than the native protein HN (mean = 1.52 nm/sec; Figure 32).
HN701D had the slowest range of velocities, consistent with our prediction that a
phosphorylation-mimicking mutant generates less force, and consequentially
may translocate actin at a slower rate. This finding confirms that the 701 position

in Myolc is critical for Myolc function
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Figure 31. In Vitro Motility Assay A series of images of Rhodamine-phalloidin
labeled actin propelled by Myolc were captured by a camera linked to a
microscope. Velocity of filaments was assessed by tracking movement of
individual filaments and calculating an average velocity. Four frames showing

tracking of four actin filaments (1 = red, 2 = yellow, and 3 = blue) is shown (A-D).
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Figure 32. In vitro motility of S701 mutants. In vitro motility assays were used
to assess the velocities of the S701 mutants of HN Myolc. Both HNS701A and
HNS701D had a slower range of velocities than HN, with HNS701D displaying

the slowest velocities.
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In Vitro Motility in the Presence of a-Actinin

The next step was to determine if the S701 site of Myolc is specifically
important for motor force production. Using the in vitro motility assay, the actin-
binding protein a-actinin was included to introduce a mechanical load to the
myosin (Bing W, 2000). Motors that exert more force should require more a-
actinin to halt motility. With increasing amounts of a-actinin, the velocity of HN
was predictably slower, as the load became too great to overcome (Figure 33).
While the velocities of both HNS701A and HNS701D were initially slower with no
added a-actinin, increasing amounts of o-actinin did not slow down actin
translocation. These results imply that both HNS701A and HN701D are able to

exert more force on actin than HN.
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Figure 33. Force measurements of S701 mutants. To assess force production
by the Myolc S701 mutants, a-actinin was included in the in vitro motility assay to
stall motor force production. The velocity of actin movement was recorded in
relation to the ratio of a-actinin to Myolc. While HN was inhibited by increasing
amounts of a-actinin, neither HNS701A or HNS701D velocities were inhibited by

a-actinin.
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Actin Cycling of HNS701D Compared to HN

Preliminary experiments suggest that HNS701D has a slower ATPase rate
than either HNS701A or HN. The slower ATPase and in vitro motility rates of
HNS701D may be a result of a higher actin affinity. To investigate this possibility,
the actin-cycling properties of HNS701D was compared with HN and HNS701A.
HN was incubated with actin, followed by an ATP-dependent myosin release
step. Samples were collected, run on an SDS-PAGE gel, and stained with
Coomassie stain. Figure 33A demonstrates that HN binds actin readily in the
absence of ATP (lane 2) and a majority of HN releases from actin upon addition
of ATP (lane 6). HNS701D, by contrast, does not release readily from actin in the
presence of 5 mM ATP (Figure 33B, lane 7). The residual HNS701D ATP pellet
was resuspended with additional ATP three sucessive times followed by
centrifugation. Lanes 8, 9, and 10 show that little additional HNS701D was
released from the actin with each new ATP addition. Lane 11 shows the residual
ATP pellet, where the majority of HNS701D remained bound to actin. HNS701A
released actin readily in the presence of actin (data not shown). These results
suggest that HNS701D has a high duty ratio, which is the fraction of time during

the actin cycle that the myosin is bound to actin (Howard, 2001).
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Figure 33. Actin cycling of HN and HNS701D. A. HN was actin-cycled and
fractions from each step were run on an SDS-PAGE gel and Coomassie stained.
Lane 6 shows that HN releases readily from actin in the presence of ATP. B.
Lane 7 shows that little HNS701D is released from actin in the presence of ATP.
A small amount of HNS701D was released with additional ATP addition, though

most HNS701D remained bound to actin (lane 11).
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DISCUSSION I

Initial electrophysiology data showed that PKA inhibitors and activators
had a direct effect on open probability of the hair cell transduction channel
(Geleoc et al., 2001). We hypothesize that Myolc is the target of these agents
and that phosphorylation of Myolc alters force production by the adaptation
motor. We proposed that when Myolc is dephosphorylated, the motor applies
more force to the tip link. To examine this hypothesis, site-mutants of the S701
site on Myolc were constructed and their mechanical properties were
investigated.

We determined that HNS701D, our site-mutant mimicking
phosphorylation, had a slower range of velocities in the in vitro motility assay
than HN. Based on the HNS701D and HN in vitro motility data, it is likely that HN
is unphosphorylated at S701 when purified from Sf9 cells. It is possible that Sf9-
purified HN is a mixed population of phosphorylated and unphosphorylated
protein, though these in vitro motility data still imply that HN is largely
unphosphorylated. It is interesting that HNS701A also translocates actin at
slower velocities than HN. One would expect that HN701A velocities would be
similar to HN. If HN is a mixed population, we hypothesize that HNS701A would
translocate actin at a higher velocity than HN.

The in vitro motility assay has limitations; it is a measure of velocity and
not direct force production. To measure force production of the mutants, a-actinin

was introduced into the in vitro motility assay to act as a load; we predicted that
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myosins producing more force would translocate actin in the presence of higher
concentrations of a-actinin than myosin producing less force. The results of this
assay showed that while HN velocities were slowed down with increasing
amounts of a-actinin, velocities of HNS701D and HN701A remained relatively
constant. These results show that both HN701A and HN701D produce more
force that HN. It should be noted that in the presence of the highest molar ratio of
a-actinin/Myolc (0.3), velocities for both HN and S701A were similar (1.25
nm/sec. vs. 1.12 nm/sec).

Taken together, these results show that compared to HN both HNS701D
and HNS701A produce greater force, but have slower velocities. The greater-
force producing properties of HNS701A are consistent with our original
hypothesis, but HNS701D also appears to produce greater force than HN. Figure
33 suggests that HNS701D eluates may be composed of a greater amount of
myosin that does not release from actin in the presence of ATP, which may result
in the slower velocity and greater force production. By staying attached to actin
longer, these results imply that HNS701D has a greater duty ratio. Force
production can be enhanced by prolonging the ADP-bound state (Howard, 2001).
To further assess the limits of force production it would have been useful to
introduce even higher molar ratios of a-actinin:Myolc.

Mutations of S701 may not perfectly mimic the phosphorylated protein.
There are subtle differences in amino acid structures and sizes that may affect
protein function. Though both serine and alanine are small in size and neutral in

charge, serine contains an additional hydroxyl group. Similarly, both aspartate
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and phospho-serine are acidic but aspartate has a lower charge density than
phosphoserine (Mathews and Van, 1996). These changes may cause the protein
to fold differently, or possibly attract other binding partners, therefore affecting
the protein's function (Mathews and Van, 1996). Moreover, mutations may also
affect packing of Myolc molecules since the adaptation motor may act as a
complex in the hair cell. To address these possibilities, other amino acid
substitutions to S701 could be made in Myolc. Although alanine is typically used
to mimic unphosphorylated serine, cysteine or methionine might be a better
mimic (Mischak H, 1996). Glutamate may be a better mimic of phosphorylation,
due to its acidic nature (Royo M, 2005).

As an alternative to HNS701D, the glutamate-based mutant, HNS701E,
was constructed. In our hands, it was difficult to express and purify adequate
amounts of HNS701E protein to use for in vitro motility and ATPase assays. It is
likely that HNS701E was a poorly expressed protein, or the virus-titer was too
low for robust production of protein in Sf9 cells. Similarly, full-length rat Myolc
with S701D and S701A mutations were poorly expressed in Sf9 cells. Because
mutating S701 affected ATPase rate, in vitro motility velocities, in vitro motility
force production, and actin release, we can conclude that S701 does play an
important role in the mechanics of Myolc. Existence of a pliant region between
the motor and 1Q domains was identified in scallop muscle myosin (Houdusse A,
2000). This region allows the position of the neck and tail domains to vary
relative to the head. Mutations in the pliant region are predicted to play significant

roles in the motor properties of the myosin as has been demonstrated in myosin
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II; when a glycine residue is substituted for an arginine in the pliant region, the
resulting mutant myosin displayed higher ATPase and motility rates (Yamashita
H, 2000).

Evidence from another myosin-1E offers an appealing theory that could be
applied to Myolc. The crystal structure of Dictyostelium myosin-1E illustrates a
state in which the head's converter domain makes contact with and is stabilized
by highly conserved tyrosine residues in the upper motor domain (Kollmar M,
2002). In myosin-1E, tyrosines 69 and 70 are aromatically stacked with another
aromatic residue at phenylalanine 686 to stabilize an intermediate conformation
(Kollmar M, 2002). In Myolc, S701 is located in a comparable residue to the F686
in myosin IE, and a negatively charged phosphate at S701, as a result of
phosphorylation, could interact with several positively charged arginine residues
of the Myolc head at positions 65-70. Stabilization of an intermediate
conformation in the myosin ATPase cycle by electrostatic interaction of a
phosphate in the Myolc neck with the positively charged region in the myosin
head may alter the motility and rate of ATP hydrolysis of the motor. Based on
comparisons of Myolc and myosin-IE, phosphorylation of Myolc may stabilize the
protein in an intermediate conformation and decrease the ATPase activity. It is
predicted that an increase in myosin flexibility or stabilization of a structural
intermediate can alter the speed of the motor and have significant effects on

adaptation in the hair cell.
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FUTURE DIRECTIONS I

To assess force, actin-binding proteins other than a-actinin could be used
in the in vitro motility assay. Some commonly used proteins in such experiments
include filamin and NEM-S1 (Janson LW, 1994; Bing W, 2000; Fitzsimons DP,
2001). We have also had preliminary success using an anti-actin antibody to stall
actin translocation, and this method can also be used in conjunction with in vitro
motility, similar to the a-actinin experiments. Given the resources, optical
trapping would be the ideal method to access myosin force. Optical trapping
allows measurements of single myosin molecules in the piconewton range by
using a laser to trap the myosin.

Our experiments were limited by the ability to express and purify large
amounts of protein. To overcome these difficulties, it would be ideal to express
Myolc in bacteria because greater quantities of protein can be expressed on a
shorter timescale than by Sf9 cells. Unfortunately, no one has expressed any
active myosin in bacteria. To date, experiments with Myolc have been performed
with Myolc protein expressed in Sf9 cells. The Sf9 cell protein expression system
is not efficient; expression of a single protein from cloning to expression takes 6-
8 weeks on average. To overcome some of these difficulties, it is possible to
have the National Cell Culture Center, Minneapolis, Minnesota (NCCC) produce
large quantities of desired proteins, which has been successful with expression

of HN.
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Investigating Myolc function in a fully phosphorylated form would address
the problem of imperfect mutations. As addressed in Chapter IB, it is possible
that CaM bound to 1Q2 could be inhibiting full phosphorylation. If robust
phosphorylation of the 1Q2-mutant Myolc is achieved, then it would be ideal to
look at motor mechanics of this mutant. Because mutating 1Q2 may affect
ATPase and in vitro motility rates, the unphosphorylated 1Q2 mutant would need
to be chararcterized and the ATPase and in vitro motility rates compared to the
phosphorylated state. It is also possible that the 1Q2 mutant may have slower
motility and ATPase rates. This result would predict that CaM bound at 1Q2 is
necessary for Myolc motility or ATPase activity.

To confirm that Myolc is the sole downstream target of CAMP and PKA,
alternative methods will be necessary. Using a Myolc knock-in mouse,
endogenous Myolc could be replaced with a serine site-mutant mimicking
phosphorylated or dephosphorylated Myolc. An alanine substitution is proposed
as a suitable mimic of the dephosphorylated state, while either S701E or S701D
may mimic the phosphorylated state of Myolc. Because we suspect native Myolc
to be in a partially phosphorylated state, we initially proposed that experiments
with a S701A knock-in would be the most informative so as to mimic
dephosphorylated S701. If Myolc S701 is the target of PKA phosphorylation, H89
or 8-Br-cAMP should have no significant effects on open probability of the S701A
mutant mouse. The resting open probability would also be expected to be higher

than that of the wild-type mouse. Our a-actinin:Myolc data show that both S701A
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and S701D produced greater force than HN in vitro, so we would predict that the
S701A mouse would have a greater open probability than wild type mice.
Another method would be to take advantage of the Myolc Y61G knock-in
mutant mouse. Transduction currents in this mouse decrease upon adding the
selective inhibitor NMB-ADP (Stauffer et al., 2005). If Myolc is the selective target
of 8-Br-cAMP or H89, then we would expect these agents to have no effect on
currents when Myolc is inhibited by NMB-ADP. Even a subtle effect on open
probability by PKA-altering agents would suggest that there are other targets of

PKA in the transduction apparatus.
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RESEARCH OBJECTIVES Il

Results Il reports data from two separate in vitro motility assays of Myolc
function. The tail-less head neck (HN) construct of Myolc translocated actin at a
slower speed compared with wild-type Myolc. To support data examining Myolc's
role in fast adaptation, an in vitro motility assay with a mutant-specific inhibitor of
mouse Myolc was conducted. In vitro motility analysis confirmed that Myolc
velocity was halted by the Myolc-Y61G inhibitor NMB-ADP. It was also
demonstrated that Ca?* effectively slowed velocity of both Y61G and wtMyolc.
NMB-ADP inhibited both fast and slow adaptation in mouse hair cells with the
Y61G mutation in Myolc, therefore supporting the role of Myolc in both phases of

adaptation.
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RESULTS IlI

In Vitro Motility of HN Compared to WT Myolc

When in vitro motility rates of full-length rat Myolc were compared to HN,
an unexpected difference in velocities was noted. The rate of HN actin
translocation, 2.0 +/- 0.04 nm/sec (n = 573) (mean +/- standard error (SE), n =
actin sfilaments), was significantly slower than that of wild type Myolc, which
translocated actin at 9.4 +/- 0.05 nm/sec (n = 357; Figure 35). Full length Myolc
is longer in length (1028 amino acids) than HN (791 amino acids), suggesting

that the myosin tail may contribute to the observed greater velocity.
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Figure 35. In vitro motility of HN and wt Myolc. In vitro motility velocities were
recorded for HN and full length rat Myolc and fit with a cumulative velocity plot.

Full length Myolc had higher average velocities than the shorter HN.
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Inhibition of Mouse Y61G Myolc by NMB-ADP

Mouse Myolc was shown to play a key role in fast adaptation (Stauffer et
al., 2005). The authors introduced a Y61G knock-in mutation into the ATP
binding pocket of mouse Myolc, rendering the protein selectively sensitive to the
inhibitor N°®-(2-methylbutyl) adenosine diphosphate (NMB-ADP). ATP and ATP
analogs were introduced into a whole-cell recording pipette and the transduction
currents of the hair cells were measured. When the inhibitor was introduced into
hair cells of Y61G knock in mice, both fast and slow adaptation were inhibited. To
support these findings, in vitro motility rates of Y61G Myolc and wild-type protein
were compared. In the presence of 1 mM EGTA, wild-type average velocity was
12.4 +/- 0.8 nm/sec (n = 323), while Y61G average velocity was 25.0 +/-0.9
nm/sec (n = 317); (Figure 36). In the presence of 2 mM ATP and 250 uM NMB-
ADP, the average velocity of Y61G (2.7 +/- 0.1 nm/sec; n = 494) was inhibited
while wild type (11.0 +/ 0.3 nm/sec; n = 363) remained essentially unaffected.
With added Ca ?* both wild-type (6.2 +/- 0.3 nm/sec; n = 329), and Y61G (12.4
+/- 1.1 nm/sec; n = 243) were inhibited. NMB-ATP slowed motility for both wild

type (5.6 +/- 0.3 nm/sec; n = 394) and Y61G: (4.2 +/- 0.6 nm/sec; n = 87).
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Figure 36. In vitro motility of Y61G and wild-type Myolc. A. In the presence of
ATP, Y61G mouse Myolc had a greater range of velocities than wild-type Myolc.
B. NMB-ADP slowed Y61G Myolc actin translocation while wild-type Myolc was
not affected. C. Ca** slowed both Y61G and wt Myolc velocities. D. NMB-ATP

had an inhibitory affect on velocities of both Y61G and wtild-type Myolc.
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DISCUSSION lli

These results show that wild-type rat Myolc translocated actin at a greater
velocity than the truncated Myolc, HN. There was one notable difference: the full-
length Myolc was attached to coverslips in the previous and current experiments
with the 2652 antibody, which recognizes an epitope in the last 15 kDa of the tail.
In the current experiment, HN was attached to coverslips with 9E10, an antibody
that recognizes the myc tag at the distal C-terminal of the HN protein. Though the
attachment points of the myosin were slightly different, wild-type Myolc
maintained a longer tail than HN.

It is possible that attaching wild-type Myolc by mid-tail may have a steric
effect on velocity or inhibit a part of the tail that normally speeds up velocity.
There may be a spring-like component of the tail that is stabilized when attached
to a substrate, explaining the greater velocity seen in the wild type. We cannot
rule out the presence of a phosphorylation site or charge effect from the tail that
is crucial for velocity. On a high stringency ScanSite analysis of Myolc, there is
an ERK kinase-binding domain at L907 (see Figure 27). While this is an unlikely
candidate to alter velocity, we cannot rule out the importance of this domain
within the tail for myosin motility.

Other research has supported the hypothesis that myosin velocity is
dependent on lever arm and tail length (Schott DH, 2002; Kéhler D, 2003). The
presence of a tail may allow Myolc to take a larger step or have a greater duty

ratio which may translate to increased velocity (Schott DH, 2002). Research with
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MyoV truncations show that myosins containing more IQ domains take larger
steps along actin filaments and have faster velocities than shorter versions of the
protein (Uyeda et al., 1996; Sakamoto T, 2005). Though little is known about the
function of tails in unconventional myosins, the presence of a tail may add drag
through ionic interactions and slow down motility (Guo B, 2004). Thirumurugan,
(2006) proposed that binding of the MyoV tail to cargo unfolds and stabilizes the
tail allowing a greater velocity. A similar effect may exist for wild-type Myolc,
where binding of the tail to cargo or lipids stabilizes the motor to allow a faster
propulsion rate.

It was determined that Myolc plays a strong role in both slow and fast
adaptation. To support these findings, the effectiveness of the mutant-specific
inhibitor NMB-ADP was tested with the in vitro motility assay. As seen with rat
Y61G Myolc, the mouse Y61G had a greater velocity than wild-type Myolc.
NMB-ADP was able to inhibit motility of mouse Y61G while wild-type Myolc was
unaffected. Ca** slowed velocities of both the wild-type and Y61G Myolc. We
hypothesize that Myolc generates less force in the presence of Ca?* and cannot
overcome the load of immobile Myolc on the surface of the coverslip.
Unexpectedly, NMB-ATP inhibited both wild-type and Y61G. This may be a result
of the hydrolysis product, NMB-ADP, inhibiting the myosin, resulting in more

force production.
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FUTURE DIRECTIONS Il

To further investigate the role of tail length on Myolc velocity, several other
truncations of Myolc could be evaluated. It will be crucial to investigate how
truncations that exclude or mutate the potential Erk kinase-binding domain affect
motility. Expressing wild-type rat Myolc with a C-terminal myc-tag would rule out
any doubt based on the tag. Comparing HN and wild-type velocities in the
presence of a-actinin would be a good starting point for force assessment of the
motors. Using more involved techniques such as laser trapping would more

definitively determine how the tail affects force production.
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SUMMARY AND CONCLUSIONS

Nearly 30 million people experience some form of deafness or vestibular
abnormality (Kroenke, 1989; Kroenke, 1990). Hair cells of the ear have the key
responsibility of transducing auditory and vestibular information into electrical
signals. Although identities of several key proteins within the hair cell have been
determined, far less is known about how any one protein is functionally regulated
by processes such as phosphorylation. Phosphorylation, a known “on-off” switch
for many proteins, is likely to be a key regulator for Myolc and may be a
determining factor of whether a hair cell's transduction channel is open or closed.
The goal of this thesis was to determine the consequences of S701
phosphorylation on the biochemical properties of Myolc and also determine the
conditions that promote phosphorylation. Understanding the regulation of Myolc
by phosphorylation in the hair cell will shed light on the molecular mechanics of
the adaptation motor and further our understanding of deafness and vestibular
abnormalities, perhaps permitting development of more effective therapies.

Research by David Corey reported that the open probability of hair cell
transduction channels could be changed by agents that alter PKA activity
(Geleoc et al., 2001). Consistent with these results was the identification of a
strong PKA phosphorylation site at S701 in Myolc, a key force-producer in tip-link
tension. This site lies at the junction between the head and neck domain; a prime
location to affect motor mechanics and function. We demonstrated that S701

could be phosphorylated by PKA, and that phosphorylation levels were sensitive
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to Ca**. Ca*" promoted phosphorylation in long Myolc constructs, suggesting that
CaM bound to Myolc IQ domains may have an inhibitory role on PKA access to
S701. Experiments with short peptides containing only the PKA consensus site
and IQ1 demonstrated that the presence of CaM at 1Q1 did not have an inhibitory
effect on phosphorylation. Surprisingly, Ca®* had an inhibitory effect on
phosphorylation of the IQ1 peptide. CaM also bound equally well to short
peptides that contained a phosphate at S701 and peptides without a phosphate.
These experiments point to the involvement of other Myolc 1Q domains in Ca**
facilitation of phosphorylation.

To determine the relative phosphorylation state of Myolc in hair cells, we
first immunoprecipitated Myolc from COS-7 cells and Sf9 cell expressed protein.
Unfortunately, no phosphorylated protein was recognized. We are fairly
confident, however, that endogenous Myolc is in an unphosphorylated state.
These experiments have shown that Myolc is difficult to phosphorylate, or
requires other factors to be present that we have yet to introduce. Myolc
phosphorylation is more complex then originally thought.

Our experiments investigating the impact of mutated S701 on Myolc
function have illustrated the importance of this site. Preliminary ATPase assay
results suggest that HNS701D may have slower ATPase rates, though these
results will need to be confirmed. In vitro motility experiments determined that
both mutants HNS701A and HNS701D translocated actin slower than HN. In an
assay of force production, however, both HNS701A and HN701D velocities were

not inhibited by high concentrations of an actin-binding protein, suggesting that
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both these mutants produce greater force. The HNS701A result was consistent
with the earlier hypothesis that Myolc with mutations mimicking
dephosphorylated S701 would be the greatest force-producers. Though both
mutations had similar biomechanical properties, they both significantly differed
from that of HN. We can conclude, however, that the S701 site is critical for
Myolc mechanics.

Lastly, it was also determined that wild type Myolc translocates actin at a
faster velocity than the tail-less HN construct. Whether this is due to the
involvement of a yet-unidentified tail domain or phosphorylation site, or binding
partner is not known. The final set of experiments supports the finding that Myolc
is a key component of fast adaptation. In vitro motility assays showed that NMB-
ADP was able to inhibit motility of mouse Y61G Myolc while having no effect on
wild type Myolc activity.

Taken together, these results show the importance of the S701 site in
Myolc. Ca?* and CaM may be important regulatory mechanisms for PKA
phosphorylation of Myolc, and may play a larger role in the control of hair cell
adaptation. The studies with S701 mutant confirm the hypothesis that S701 is
important for Myolc mechanics. These studies further our understanding of Myolc
phosphorylation and how this significant motor may regulate hair cell channel

sensitivity.
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