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ABSTRACT

Myosin llla, a motor protein that localizes to actin-rich regiohphotoreceptors
and to stereocilia of inner ear hair cells, is associated thghhearing process in
vertebrates and with phototransduction for invertebrates. It osntailarge Pak-like
kinase domain at its N-terminus that has previously been showndphasphorylate
residue(s) on the motor domain. We have characterized the autophospropratess
and its influence on the motor’'s ATPase activity and actin affinity uspigpaphorylated
version of our previously developed construct human Mllla 21Q, contraissiragtivity
with the kinase-dead Mllla 2IQ K50R construct, which has a sinddstgution mutation
in the kinase’s catalytic region. We have determined that autophgkytfom is an
intermolecular process with rates ranging from ~0.05min~0.30 mift (0.01 - 1.2 pM
Mllla). Although proposed target autophosphorylation sites are neandobe’s actin
binding region, the autophosphorylation rate is not affected by thenmesf actin
filaments. We demonstrated that the Mllla 2IQ ATPase ratine presence of 20 uM
actin decreases over time of pre-incubation with ATP (~40% inThie) ATPase of fully
phosphorylated Mllla 2IQ has lowegkand higher Krpasesthan unphosphorylated Milla
21Q or the K50R construct, while its steady-state actinnigff in the actin co-
sedimentation assay fkin) is decreased.

We propose that phosphorylation of the myosin Illa motor by itgadet! kinase
domain reduces the molecule’s actin affinity. This concentratiperaient
autophosphorylation acts as a downregulatory mechanism that semastain myosin
llla/cargo concentration at actin bundle tips within physiologicdéitermined limits for

maintenance of stereocilia length and flexibility. This modefuither supported by



v
immunolocalization results (Kachar lab, NIH) in which a GFP-¢aggersion of the

kinase-dead construct was demonstrated to localize more effediivstereocilia tips

than GFP-tagged wild type.
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CHAPTER 1: REVIEW OF THE LITERATURE

1.1 The Myosin Superfamily

The myosins are a superfamily of actin-based motor proteinsewihds/idual
members perform a wide variety of intracellular functionsl. jtosins convert chemical
energy to mechanical energy by hydrolyzing ATP in an actin-depengh@nner.
Coordination of the steps in their ATPase cycle with changdsoih actin binding
affinity and myosin conformation generates force (Sellers 199@ywtypically results
in translational movement of the myosin motor or of the associatiedfitament (Figure
1). Examples of myosin-dependent processes include cellular ¢artrir cytokinesis
or muscular activity, transport of organelles or molecular caigng actin filament
“tracks,” and generation of tension for cell motility or otlspecific cellular processes,

including those that contribute to sensory functions.

K. k.. k. k. k..
AM + ATP & AM(ATP) & AM.ATP ;—_' AM.ADP.Pi <« AM.ADP &AM
k., k. 2 k. k.
ko dtke ‘. kot i K, s L ke . Koo gt koo i e e
M +ATP= MATP) & MATP & MADP.Pi & MADP& M
k,1 k.g k.a k-tl k—5

Figure 1. Scheme 1, which describes the actomyosin ATP hydrolysis cycle.

All the myosins have at least three distinct domains: a niogéad,” a lever arm
“neck,” and a rod-like C-terminal tail (Figure 2). The myosinonag highly conserved,

with both nucleotide binding and actin binding regions as well as museomponents
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that communicate between these two sites. Relatively smadtwal variations in this

domain for a particular myosin modify the motor's biochemistry, hattits motor

characteristics to the myosin’s cellular function (De La Gmad Ostap 2004). The neck

Motor Neck Tail domain is called the
_— lever arm because it

N- el -C
-\ pivots  during the

Figure 2. Generalized myosin structure. .
g Y ATPase cycle in order

to amplify head movements and magnify force against an acéimeitt during the
hydrolysis cycle. The lever arm’s stability is enhancethleybinding of calmodulin or a
calmodulin-like light chain at each of its IQ motifs, whiclmga in number from one to
six among the known myosins. The myosin tail is its most divérdgmain, reflecting
the molecule’s cellular function according to the specific bindiagner(s) with which
the particular myosin isoform associates. Examples includewasmr molecular cargo,
membrane components, or filament-forming tail regions of adjacent myosecunes.
There is some variation in the way the myosin superfamisulsdivided, but
currently its members are reported to comprise either 24 sl@Sethet al 2006) or 35
classes (Odronitz and Kollmar 2007), each including numerous subclagsssfarms.
All eukaryotic species require at least two distinct myospesyand most have nine or
more, though no specific class is common to all species (Richadiavalier-Smith
2005). Eleven classes have been found in the vertebratesefFatt2006). The first
identified and most familiar representatives of the myosin supéyfare the muscle
myosins, all of which dimerize and assemble into contractileneés called thick

filaments. These thick filaments interact with actin-ba$ea filaments within highly-



ordered contracting structures known as sarcomeres.

3

The fikfonembg myosins,

both muscle and non-muscle types, make up class Il and are kndlven“asnventional”

Plant Myosins
VI, X, XTI

® Node found in >90% Bootstrap trials
— = Partial Sequence
I —— Class uncertain by matrix analysis

/ —
/ An Unrooted Phylogenetic Tree
of the Myosin Superfamily
Tony Hodge, MRC-LMB
Jamie Cope, UC Berkeley
July 2000

Conventional
AeHm Myosins 1t

Figure 3. Unrooted phyloge netic tree of myosins,
Home Page (Hodge and Cope 2000 ).

from The Myosin

toward the “plus” end.

myosins. The

remaining classes,
the unconventional
myosins, function as
either  monomers
(myosins | and I,
for example) or as
dimers (myosins V
and VI) that move
unidirectionally on
actin filaments, all
with the exception
VI

of  myosin

Inactive myosin molecules generally diaso¢rom the actin

filament in the presence of ATP and become free to diffuse utddesed in place by

tail binding. Figure 3 shows an unrooted phylogenetic tree illusgréhe relationships

among the myosin classes and subclasses based on distanceansysis (Clustal-W)

using the chicken muscle myosin motor for reference (Boalé2003).

1.2 Class lll Myosins

Myosin Il was the third myosin class to be identified (Monéeltl Rubin 1988).

It was initially identified from its expression in photoreceptargl in the inner ear
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sensory cells (hair cells), where it associates with bundléd. adMlyosin 1ll was

identified as the gene product of th@aC gene inDrosophila melanogaster, so named
because of the observation that its deletion resultsither nactivation ior activation of
the photoreceptor response (Montell and Rubin 1988). Since then, ntatiess of the
class Il myosins have been identified in both invertebrates ventkbrates. The
properties of myosin Il isoforms from several species in auditio Drosophila

melanogaster have

Kinase Motor Neck Tail _ _
e been investigated,
N-T 1) UH U L0 U <C
Q1,2 IQ3 3THDL  3THDII most notably from
Figure 4. Schematic diagram of myosin llla structure. Limulus polyphemus

(horseshoe crab)ylorone saxatilis (striped bass)Mus musculus (mouse) andHomo
sapiens (human). In all known cases excépinulus two myosin Il isoforms are present,
with the longer one designated myosin llla (p17&noesophila) and the shorter myosin
llIb (for Drosophila, p132);Limulus expresses only the longer isoform. The two isoforms
are encoded by separate genes exceptrasophila where they are splice variants of a
single gene (Montell and Rubin 1988).

The class Il myosins have unique structural features thanglisth them from
other members of the myosin superfamily (Figures 4 and 5). Magbleamong these is
their N-terminal kinase domain that has been shown to be able tohphgape other
proteins as well as autophosphorylating the myosin Il motoregfNd) 1996, Komabaet
al 2003). The myosin llla motor is relatively divergent, with approxetya25%
homology to the class | and class Il myosin motors (Chehay 1993). Our lab has

reported the characteristics of the human myosin Il motor tadecklow steady-state
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ATPase activity with high actin concentrations required for &dlivation, and rate-

limiting ADP release as is typical for a high duty ratio onqDoséet al 2006). Its lever
arm has two 1Q motifs that bind calmodulin, and its tail includésrd 1Q motif and a

tail homology domain | (3THD1)

Kinase

that has recently been reported to
bind the SH2 domain of the actin
bundling protein espin 1,
transporting this protein to actin

Domain

filament tips and thereby
Regulatory Domain/ 1Q

Motifs . . - .
contributing to stereocilia elongation

Figure 5. Ribbon diagram of proposed
structure of myosin Il kinase, motor and lever (Doséet al 2003, Sallest al 2009).

arm domains.

The number of 1Q motifs in the neck
and the tail is quite variable, and both fish &naulus class Il myosins have more than
the human isoforms (Dos# al 2003). Human myosin llla but not Illb also has a tail
homology domain Il (3THDII) that includes an actin binding motif proposed t
contribute to processive movement along actin filaments. Neitoéorm appears to
have a sufficient coiled coil-forming region to dimerize, S8 inost likely a one-headed
myosin (Doséet al 2003). There is greater sequence homology among the known
myosin llla isoforms of different vertebrate species tlh@tween the llla and Ilib
sequences within the same species (Katil 2009).

Class lll myosins appear to be exclusive to photoreceptoBrasophila and

Limulus, and are also highly expressed in vertebrate retinal tisswkesiner ear sensory

receptor cells. Vertebrate myosin Il transcripts areatiade in brain, kidney, testes,
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intestine and pancreatic tissue as well. However, for both bassnmjfasand Ilib,

transcription levels are reported to be considerably lower imdhesensory tissues (ten

to fifty times lower for myosin llla, two to four times lowéor Ilib) (Doséet al 2000,

Doséet al 2003). Specific functions for class Ill myosins in non-sensory tissues gst a

undetermined (Dosé al 2000, Doséet al 2003, Kattiet al 2009). In fish, both myosin

lIl isoforms are present at the photoreceptors but only Midastcript expression has

been detected in the cochlea (Daséal 2003, Walshet al 2002). The consensus of

numerous studies over more than a decade is that class Il mpteynisnportant roles

in several aspects of hearing and vision, but there is much that remains to bengetermi

1.3 Myosin llla and Vision

The visual process has

been extensively investigated Drosophila

photoreceptors, which have the fastest G protein-coupled signaficgdeayet identified.

Both vertebrate and invertebrate photoreceptors are highly polarilednmith a cell

Cell
body Rhabdomeres

Rhabdomere/
microvilli

Figure 6. A single invertebrate
photoreceptor cell with its rhabdomere,
left. At right is a transverse section of one
ommatidia, showing the orientation of
rhabdomeres.

body and a signaling compartment called either
the outer segment (vertebrate) or the
rhabdomere (invertebrate) (Figures 6 and 7).
The signaling compartment houses the major
proteins essential for phototransduction and
either contains stacked membranous discs
(vertebrates) or has thousands of microvilli in a
comb-like arrangement down one side

(invertebrates). In this compartment photon
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absorption by the photopigment rhodopsin activates a G protgin f@& Drosophila,

transducin for vertebrates) to initiate a sequence of eventsrakalis in activation
(deactivation in the vertebrate system) of the light sensdivehannels TRP and TRPL.
Reversal of the response involves inactivation of the photopigmerts liynding with
arrestin2 and interaction with Ca

It has been established that several of these key signatitegnsr undergo light-
dependent translocations into and out of the signaling compartment, Bnghiltat
appears to be essential for adjusting both sensitivity and speed phobaesponse.
Altering the concentration of signaling proteins is an adaptive response to thedirgad
of light intensities within which photoreceptors function. The &d  subunits and
TRPL cation channels are concentrated in the signaling congrartim dark-adapted
animals but approximately fifty percent of each of these
proteins shuttles to the inner segment/cell body over the
Outer

segment course of several minutes of light exposure. Visual

arrestinl and arrestin2 translocate in the opposite direction

Connecting cilium upon light exposure, from the cell body or inner segment

with calycal

Inn processes

segnent

into the outer segment/rhnabdomere where they participate

Cell bdy in response termination.

- In both vertebrate and invertebrate photoreceptors
ynaptic
ending

Figure 7. Vertebrate myosin 1l is heavily associated with areas rich in bundled
photoreceptor (rod).

actin filaments (Diagrams 6 and 7), particularly between
the cell body/inner segment and the rhabdomere/outer segment. ediois’s bundled

actin filaments are directionally organized so that their phodseare oriented either
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toward the signaling compartment or, for vertebrates, are cedtaithin microvilli-like

structures called calycal processes that project from the dfathe outer segment of
vertebrate photoreceptors. Their minus ends extend into the cell bodygegment
(vertebrates) or even beyond into the myoid region (Netghé 1986). Null mutants of
the ninaC gene products undergo light-induced degeneration of the retina andidisrupt
of the actin cytoskeleton, which suggest that these gene prodecteaded for cell
maintenance (Matsumotet al 1987). The Drosophila isoforms are differentially
localized, with p174 contained within the rhabdomeres and p132 in the celk lwddie
photoreceptors (Portet al 2002). Fish myosin llla is heavily concentrated at the tips of
calycal processes and is also present in the actin-ricbnsegf the inner segment, while
myosin lllb has been visualized as having a more genedaldistribution in these
regions as well as the outer segment (Deséal 2003, Lin-Joneset al 2009).
Immunolocalization studies revealed that fish myosin llla is abunohatihe retinal
pigmented epithelium, while 1llb was detected in the retina’grolihiting membrane,
which is formed by actin-containing projections from the glial Istitells (Lin-Jonest

al 2009). A similar differential distribution has very recently begpmorted for mouse
myosin llla and Illb (Kattet al 2009).

1.4 Roles of Class Il Myosins at Invertebrate Photoreceptors

Several lines of evidence have implicated both of Dinesophila ninaC gene
products (myosin Il isoforms p174 and p132) in the visual process. Thaqui@dn is
essential for response termination (Poeteal 1992), and while both isoforms influence
long-term adaptation to changes in light intensity, p132 in particslameeded for a

normal response (Lee and Montell 2004). Arrestin is the photorecppitein that
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initiates termination of the light signal by binding to photoeeaiand phosphorylated

rhodopsin. Arrestin translocates from the cell body into the rhabdasdight exposure
excites increasing quantities of rhodopsin, consequently requiringandramore arrestin
for adequate quenching (Pesttal 2004). The light-dependent translocation of visual
arrestin2 was shown to be based on the binding of Arr2 to phosphoinositieig (Pl
enriched vesicles, and evidence has been presented implicatosinniypl32 as the
Arr2 transporter via a tail linkage to (BJFenriched vesicles (Lee and Montell 2004).
However, this requirement for NINAC has been more recentlyasigdld by Satoh and
Ready (2005), who did not find a NINAC (myosin Ill) requirement fanslocation of
either arrestinl or arrestin2 (Satoh and Ready 2005). The light-deyepibcess is
complete within ten minutes, while the retrograde movement & #at reestablishes
resting conditions requires several hours and has been attribudétlisoon rather than
myosin motor activity (Lee and Montell 2004).

A light-instigated shift of much of they from theDrosophila rhabdomere to the
cell body takes place within five minutes of continuous illuminationism®pendent on
light intensity, while in darkness the translocated €@turns to the rhabdomeres. These
compartment shifts are essential for long-term adaptatiomlt ilntensity. Go's rapid
exit from rhabdomeres is dependent on rhodopsin activation by light buhadbesyuire
NINAC protein nor any of the downstream signaling components invesfig&roninet
al 2004) and is independent of arrestin or TRPL channel movements (€rahi2004).
However, Ga's normal rate of return to the rhabdomeres does appear to invob&my
lll, yet because it will slowly take place even in the abseof myosin Il it may be that

diffusion plays a role as well (Cronit al 2004). The authors point out that because
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myosin Il is both a motor protein and a functional kinase, it is possiblé&ghatansport

may depend upon its kinase activity rather than motor function (Cetréh 2004).
While vertebrate myosin Ill has been demonstrated to exhidibrmaetivity in thein
vitro sliding assay (Komabet al 2003), and movement into the rhabdomere is in the
expected direction for a plus-end directed motor, there has not yetliveet verification
of mechanoenzymatic activity for the invertebrate myosin lifias been suggested that
the lack of a critical salt bridge in the invertebrate motoy pravent motor activity, and
that myosin III's function inLimulus may be as an actin binding protein (Kempgeal
2007).

Drosophila myosin Il is capable of concentrating calmodulin (CaM) in the
rhabdomere, which it can bind not only by lever arm IQ motifs but laysits multiple
tail domain IQ motifs (Porter and Montell 1993). It has been propdsgdcalmodulin
transport gives p172 an indirect role in“Calependent metarhodopsin inactivation,
essential to the termination of the light response. Calmodulin ptagsaan intermediate
that responds to calcium influx by accelerating the rate oéstnr binding to
metarhodopsin (Liwet al 2008). Recent studies indicated that thé*@@pendence did
not depend on rhodopsin dephosphorylation when normal calmodulin was present, but
when C&" was present rhodopsin could not be inactivated in the presence of mutant
calmodulin nor of NINAC mutants (Liet al 2008). The authors suggest a mechanism
whereby CaM and NINAC mediate localized *Canflux in the rhabdomere, which
accelerates the binding of arrestin to activated metarhodopsis aadlito promote high

efficiency, temporal resolution and fidelity of the signaling processdfial 2008).
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Studies investigating the light-induced translocation of TRPL chsninem

rhabdomere to cell body have revealed that this is dependent amcaiflux through

the C&" specific TRP gated channels, and is an important component of deduce
photosensitivity under bright light conditions. Activation of very lowl%s) levels of
rhodopsin and ga trigger the translocation (Liet al 2008). A NINAC mutant showed
partially compromised TRPL-eGFP rhabdomeric recovery in the Batkthis has been
attributed to secondary effects of the mutation, particularly disrupted actin
cytoskeleton and retinal degeneration (Mesteal 2006, Matsumotet al 1987). Because
TRPL is a transmembrane protein it cannot be solubilized and ghtimiislocation is
expected to require an endocytotic pathway (Megteas 2006).

The signalplex, a large assembly of many of the proteitisatrfor Drosophila
phototransduction (TRP channels, rhodopsin, phospholipase C, protein kinase C, and G
protein coupled receptors), localizes to the rhabdomere and is asdemybthe PDZ-
domain scaffolding protein INAD (West al 1999). It was demonstrated that INAD binds
directly to NINAC, and disruption of the interaction slows the teation of the
photoresponse although it does not affect NINAC localization @Vas1999). The role
played by myosin Ill as a component of the signalplex remains to be determined.

TheLimulus myosin Il in lateral compound eyes localizes to rhabdomeresgwher
it undergoes phosphorylation changes in concert with circadian reytEdwards and
Battelle 1987; Cardasist al 2007). There are numerous structural and functional
changes that take place in these photoreceptors in associdtotheviight-dark cycle,
and myosin Il phosphorylation status may mediate some of these shi#m®yepleret al

2007). Phosphorylation of certain target residues may influenae afiity, and it is
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suggested that changes in phosphorylation status may “prime”latieeal eye

photoreceptor to undergo transient membrane shedding from the micaivithe
rhabdomere (Cardasgsal 2007).

1.5 Roles of Class lll Myosins in Vertebrate Vision

The functional processes of vertebrate photoreceptors are simalayeneral way
to invertebrates. Rhodopsin is activated by light, activating thprdkein subunit
transducino. which induces the photoresponse, which is accomplished by stimulating
cGMP phosphodiesterase to rapidly reduce intracellular cGMP asé itle gated cation
channel in the plasma membrane. The events of rapid recoveryHeophotoresponse
are also similar, involving phosphorylation of photoexcited rhodopsin and subsequent
arrestin binding, with regulation of rhodopsin kinase activity by a&iwal binding
protein. As described for invertebrates, key vertebrate signptioigins also undergo
massive intracellular translocation for adaptation. Cakteatt (2006) estimated the rates
of diffusive equilibrium in the outer segment, inner segment and congegtium of
rods, and concluded that diffusion may successfully explain the ifigiated
translocation of both transducin and arrestin without assistance fromot@ bound
transport. Currently the dark adaptation mechanism for returningdtreins and/or
arrestin to their inactive concentrations in each compartment iswett enough
understood to allow potential roles to be distinguished between malecodars and/or
diffusion in these processes (Calveral 2006). Fish myosin llla transgenic expression
in Xenopus laevis rod photoreceptors resulted in abnormally large actin filament bundles

in the calycal processes, which was interpreted as suggestivelaf for myosin llla in
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the morphogenesis and maintenance of actin bundles, perhaps in addlitodhet

functions related to cytoplasmic transport and/or signaling (Lin-Jeira2004).

1.6 Myosin [lIA and Human Hearing

A naturally occurring set of three mutations in the human myis gene has
been designated as the nonsyndromic progressive recessiveffdaafiless DFNB30,
which has no known corresponding visual or balance defect (Waalsh, 2002).
DFNB30 was described in three generations of an Israeli fashilyagi descent, who
experience bilateral hearing loss that progresses fromeaddigh-frequency hearing in
the second decade to severe hearing loss by age fifty (Vealah 2002). Three
mutations within the myosin llla gene were identified in tfectéed family members.
The earliest age of onset along with significantly poorer hgaturing the progressive
stages were associated with homozygosity of a nonsense mutationeasalsgitution in
exon 28 in codon 1043 (31269G) resulting in a premature stop codon that truncates the
protein at its head/neck junction (Walshal, 2002). The other two mutations were
localized to the splice acceptor sites of intron 17 and intron 8, eokimng in deletion of
exon 18 in the motor domain and the other producing an unstable mess#gs s
expression is significantly reduced (Wakttal, 2002). All homozygotes for any of these
mutations eventually developed deafness of equal severity byixthedgecade, while
simple heterozygotes were unaffected (Wadslal, 2002). This investigation within a
single family demonstrated that myosin llla is required for mbimearing and suggested
that other mutations in this gene may also exist, perhaps $atnaffiect both vision and
hearing as reported for myosin Vlla in the disease Usher Hbisf\st al, 2002; Petiiet

al, 2001 review).
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The discovery of DFNB30 has resulted in the recent myosin I$k@areh focus

on its role in the inner ear sensory receptor cells (Figure IBhas been shown to
associate with the actin bundle cores of stereocilia, the higlelgiadized microvilli on

the apical surface of inner ear hair cells that contain meclspuwrsive cation channels.
Myosin llla localizes to the tips of filopodia in HeLa and CO8ells (Doséet al 2007,
Salleset al 2009), and the same GFP-tagged construct has been found to localize to a
previously unidentified compartment at the tips of stereocilianmer ear hair cells
(Schneideret al 2007). It was recently shown to colocalize with the actin bundling
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Figure 8. Cochlea cross section showing the even more pronounced in filopodia

position and appearance of rows of outer and

inner hair cells in organ of Corti. ~ (Encyclopedia of COS-7 cells (Sallegt al 2009).

Britannica, 1997)
The sensory tissues of the

auditory epithelium are said to be “the most precisely and minatgineered tissues of
the body” (Albertset al 2002). The hair cells of this epithelium have elongated
mechanosensory protrusions on their apical surfaces calledodta, which are
organized precisely into staircased rows, with each one attachieel &djacent taller one
by a fibrous tip link (Figure 9). These cells respond to auditiomyu$ by triggering a

receptor potential called the MET (mechanoelectrical transoh)cturrent when their
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stereocilia are perturbed by endolymph fluid vibrations. Not omystereocilia lengths
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Figure 9. Stereocilia with
representative associated
myosins, MET complex and tip
links. (Schneider et al. 2006)

regulated according to row on an individual hair

cell, but also there is a gradual decrease in length
around the two and a half turns of the cochlea from
its base to its apex, sensitizing different regions of
the organ of Corti to vibrations of different

frequencies. Stereocilia are highly specialized
microvilli and so have bundled parallel actin

filaments at their core, with the plus ends of the
filaments oriented toward the tip. These bundles
are continually renewed by a treadmilling process in

which they add new actin monomers as well as

actin bundling proteins at their tips and remove “old” ones from these, and yet

continuously maintain their precise lengths and functionality. Mgirisingly stereocilia

have numerous myosin isoforms in association with them. At least six of tihgading

myosin llla, are known to be essential to the hearing proces®r alirectly during

response to a stimulus or indirectly as a component of maintenanceguatory

processes, and have been demonstrated to be associated with bBpadifig disorders

when mutated (Redowicz 2002 review, Friedrea 2007 review). (see Figure 9). Each

stereocilium’s length, flexibility, and intracellular and tranesmbrane components must

be carefully regulated and maintained for a lifetime in order these terminally

differentiated cells to remain functional. Elucidating the rolggdiaby specific myosins
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is essential to understanding the hearing process at the moleselaras well as for the

eventual development of treatments to reverse myosin-related hearioty defe
Developmentally, the appearance of detectable levels of mijtasin stereocilia
is associated with the maturation of actin bundle structure andcaisoides with or
closely precedes the onset of MET currents (Waguesgati2007), suggesting a role in
transporting components either of the MET machinery or of the simepstructure.
Myosin llla encloses the tip of the actin bundle in a thimble-likeepatdistinct from the
distribution pattern of other myosins of the stereocilia (Schneaieal 2006).
Localization requires the motor domain but not the actin-binding matifeotail 3STHDII
domain, and deletion of the kinase domain results in both stereocilia wongad
bulging of the tip compartment occupied by myosin llla (Schnestiet 2006). This
compartment encompasses both the region of the MET machinemheausite of actin
polymerization, suggesting that myosin llla may participate ineeibr both of these
processes. Similar colocalization of myosin llla and the dmtimdling protein espin 1
was observed. Overexpression of either of these two proteins asiaded with
stereocilia elongation, while overexpression of both causes greater elar(§atlles et al
2009). The myosin llla 3THD1 domain associates with the WH-2 motdéspin 1
(Salleset al 2009). These results indicate that at least one function for mitzsis the
transport of espin 1 to stereocilia tips, but do not preclude the pdgsibibther roles as
well, perhaps transport of MET components in an analogous function toha$dteen

observed irDrosophila photoreceptors (Sallesal 2009).
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1.7 Potential Partial Overlap in Myosin IlIA and Il1IB Function

While discovery of the human myosin Illa mutations that areatesasfor the
DFNB30 deafness phenotype has spurred investigations to elucigatelatin the
hearing process, it also raises questions about the lack of a gmuabnent in this
disease, especially given myosin llla’s importance Doosophila vision. It has been
hypothesized that a redundancy of function exists in vertebrate preptoes; so that
perhaps the similarities between myosin llla and myosin Ihlcgire, in conjunction
with their overlap in localization and function may provide an explanafiwo recently
published reports describe localization studies for myosin isofarriigeieye, one in fish
and the other in mice (Lin-Jonesal 2009; Kattiet al 2009). Both show partial overlap
of myosin Illa and myosin lllb localization, most notably at thi#nadgch distal portion
of the inner segment (Lin-Jonetsal 2009; Kattiet al 2009). Further studies are required
to confirm whether this localization overlap actually transldtesa redundancy of
function sufficient to overcome the myosin llla deficiency associated WithE30.

1.8 Regulation of Myosin IlIA Motor Activity

The regulation of myosin motor activity is crucial to itduar functionality, and
any explanation of the myosin’s cellular role is incomplete witleoatetermination of
how it is regulated. In order for myosin llla to be able to mainpaoper stereocilia
lengths it must transport the necessary amount of espin | tcboorated at their actin
bundle tips. A kinase-deleted construct developed in our lab (MlllaARQhas been
demonstrated to have a higher maximum rate of ATPase actimitysonger actin

affinity than the comparable construct containing the kinase domdiila 21Q) (Doséet
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al 2006, Dosét al 2008). Compared to Mllla 21Q, it localizes more effectivelyattin

bundle tips in filopodia and stereocilia while simultaneously elongétiagn (Doséet al,
2006; Sallest al 2009). This suggests that the myosin llla kinase domain is invaived i
downregulation of function by influencing the activity of its motor.

Mechanisms for regulating myosin activity to maintain proper celfulagtioning
have not yet been elucidated for many of the unconventional memb#rs ofyosin
superfamily, but phosphorylation and dephosphorylation are among known myosin
regulatory processes that also include calcium binding and laliayl@f cargo. For the
conventional myosins, calcium’s role in the tight regulation of mattivity has been
investigated extensively. The stimulus for contraction in cardiad skeletal muscle
results in sudden calcium influx in the vicinity of the contracéifgaratus, calcium
binding to the thin (actin/troponin/tropomyosin) filament and subsequent indudtian
structural change that allows actomyosin cycling to begin @us971, Vibertet al
1997). For smooth muscle myosin and the non-muscle class Il myosaismcanflux
results in myosin light chain kinase (MLCK) activation, phosphorylatibthe myosin
regulatory light chain by activated MLCK and subsequent motor amafitonal change
to an active state (Trybwe al 1994). Cessation of the stimulus prevents further activity
by various means involving dephosphorylation of the light chaiojura removal, and
motor/tail phosphorylation (Trybwet al 1994).

Much less is known about regulation of unconventional myosin activityjt but
appears to be accomplished by several means. Myosin V motoatieguhas been
reported to involve calcium concentration influences on both calmodulm digain

binding and tail-motor interactions (Krementsetval 2004, Luet al 2006) as well as
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cargo binding to the globular tail domain (Olivastsl 2006). The calcium dependent

structural changes are characterized by an extended, activerncandbm and a
conformation that is inactive and folded, in which the myosin V globalidrdbmain
blocks the motor’'s active site (Krementsetval 2004). Tail-motor interactions may
regulate myosin VII activity as well (Umekt al 2009). For many myosin | isoforms,
motor phosphorylation of a serine or threonine residue at the highbgoved TEDS site
(the amino acid residue must be a phosphorylatable threonine or seriae,acidic
glutamic or aspartic acid) on a surface loop of the actin bindgigrrdnas been shown to
upregulate motor activity (Bement and Mooseker 1995 review; Brzeskdorn 1996;
Redowicz 2001 review). In myosin VI the role of phosphorylation afTteS site’s
threonine residue is less clear, but in addition to calcium contienttamay influence
the motor’s kinetic properties (De La Crazal 2001; Morriset al 2003; reviewed in
Buss and Kendrick-Jones 2009).

Motor phosphorylation of human myosin llla is not at the TEDS sitediber
has been determined by limited chymotrypsin proteolysis to be within a 20 kDdepapti
the C-terminal end of the motor (Komadtaal, 2003). Recent studies bfimulus myosin
llla, which is found in photoreceptors of lateral eyes whereplktesphorylation is
associated with increased retinal sensitivity at night, inditeteautophosphorylation of
this myosin takes place at several sites within and near loopr2pantant actin binding
region that partially overlaps with the 20 kDa peptide region ifiettby Komaba
(Kempler et al 2007). Studies involving selective point mutationsaridop 2 sequence
have revealed that, for myosin II motors, loop 2 influences both afftmtya and

phosphate release (Uyedaal, 1994; Murphy and Spudich, 1999), while in myosin V it



20
apparently is important for allowing actin binding during the netfy weak binding

states (Yengo and Sweeney 2005). Actin affinity has been foundctease with
increasing loop 2 net positive charge (Jaell 2003), so the charge reduction associated
with loop 2 phosphorylation may be expected to decrease actin affinity.

1.9 Characteristics of the Myosin IlIA Kinase

The myosin Ill kinase has greatest sequence homology to ttigticaregion of
the p21 activated kinases, specifically the Pakl and Ste20 kinagpsg®ells and
Chernoff 1997; Dosét al 2003). This family of serine-threonine kinases includes those
that phosphorylate the TEDS sites of amoeboid myosin | and myosiar \&cfivation
and those that are important in regulating polymerization of thie@ agtoskeleton
(Daniels and Bokoch 1999 The Pak kinases are themselves regulated by
phosphorylation, with a highly conserved activation target residue inatiagytic site.
Although most also include a phosphorylatable regulatory domain, themijlakinase
does not (Parringt al. 2002).

Pak kinases are “basophilic kinases” in that they prefergnilosphorylate
substrates that have basic residues near the phosphorylation site jteeattions with
two acidic residues that create a negatively-charged pocket kingge’s major groove.
(Ghu et al 2005). Each basophilic kinase family appears to prefer basic residaes
different set of positions around the target serine or threoninedGthi2005). The Pakl
kinases are distinguished by an exceptionally strong prefefenegginine in the target
residue’s “P -2” position. They also share a strong preferércarginine at “P -5,” and
also favor arginine at “P -3” and “P -4,” (negative number indictitesposition of the

basic residue upstream (N-terminal) from the phosphorylation Yaigeti et al 2005,
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Rennefahrtet al 2007). Specificity profiling of selected Pakl kinases was used t

develop position specific scoring matrices (PSSM) of neighboring residues arounad know
phosphorylation targets, and substrate specificity was found to be llyirtua
indistinguishable among the kinases of the Pakl family (Rennef#ahbkt2007). It is
suggested that this research group’s Pak PSSM along with theelrb@sed Scansite
tool can be used as a mechanism for prioritizing direct tesfipgtential target residues
in a putative substrate (Rennefabttal 2007). This technique may be useful in the
process of identifying specific autophosphorylatable target threoam#®r serines in
the myosin llla molecule.

Based on the current understanding of myosin llla function in inndra@acells,
it is evident that myosin regulatory activity is necessamyrder to maintain stereocilia at
the appropriate length with proper bundling of their actin core. sltblean demonstrated
that the myosin llla cargo, the actin bundling protein espin |, is pocated into the
actin bundle solely at its tip, which contains the plus ends ofoisponent parallel
filaments (Sallest al 2009). Excessively long stereocilia and filopodia have resulted
from transfection of either exogenous myosin llla or espimd, markedly so when the
two proteins were cotransfected, while stereocilia were sratnon-functional when
espin | was lacking (Schneidet al 2006, Sallesst al 2009, Zheng Let al 2000.;
Rzadzinskaet al 2002). Transfection of kinase-deleted myosin llla or to arfesdent,
kinase-dead, results in its increased accumulation at actin bupdlealong with
elongation and reduced rigidity of the actin bundle (Detsél 2006, Schneideet al

2006, Sallest al 2009).
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1.11 Hypothesis

These studies provide support for a general hypothesis that myiasimadtor
activity may be down-regulated by autophosphorylation in a mannerstaniswith a
negative feedback mechanism. This regulatory mechanism wouldtatawyosin llla -
espin | system to maintain each stereocilium at the lengtiopypate for its proper
response to fluid vibrations of its targeted frequency and magniweepropose that the
dual kinase-motor structure of myosin Il and the preference okitiese domain to
autophosphorylate the motor in an intermolecular manner provide a msuhfaniself-
regulation of myosin Il concentration as it accumulates atipiseof actin bundles. The
bulging stereocilia or filopodia tips characteristic of ceimsfected with kinase-deleted
Mllla-GFP suggest that myosin molecules travel to the plus ehtise actin filament
bundle and remain attached upon arrival in the tip compartment, lackieglaanism for
turning the motor off and/or for reducing their actin affinity. Thieake deleted
construct’s high steady-state ATPase rate and high actintaffetative to wild type also
support the concept that this is an unregulated motor. The kinase-deddicty which
has only a single substitution mutation rendering it unable to autophosphorylatéats m
also accumulates at actin bundle tips and elongates filopodia beyolesddlseobserved
for wild type transfections. We suggest that this accumulasiatue to the lack of a
down-regulatory effect on the motor from autophosphorylation, andrthetenance of
actin bundle lengths is dependent upon the concentration of myosin lltze itipt
compartment. The differences observed between kinase-dead ase-#t@lated myosin

[lla may be attributable to structural interactions between the kinaseantbtbr.
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Specifically we hypothesized that the autophosphorylation processasnsible

for both activating the kinase domain and phosphorylating the motor tlahaiyosin
llla are concentration dependent and can take place in the presemctndflaments.
Further, when the kinase domain is active it is capable of autophosgimagthe motor
domain in the loop 2 region by an intermolecular process, therebyimngdhe motor’s
activity and actin affinity. We tested this hypothesis bgnitoring the rate of
autophosphorylation across a series of myosin concentrations and in skacpres
compared to the absence of actin filaments. Furthermore, weireédbe steady state
enzymatic activity and actin affinity of a fully-phosphorylategosin llla, in comparison
to both an unphosphorylated control and a kinase dead myosin llla conateustport
herein results that show phosphorylation to reduce the activityeaft/osin llla motor
and to reduce its actin affinity. In addition, the lack of motor phospdtay is
associated with higher actin affinity. We also report findintlgat indicate
autophosphorylation rates are directly proportional to myosin concentraibnsistent
with autophosphorylation as an intermolecular process. Our resglss that levels of
phosphorylated myosin are adjusted according to the concentration of myosin present.
Because the negative charge associated with phosphorylatiogeifresidues in
critical regions of the motor has the potential to reduce acfinitgafand/or rate of
product release, autophosphorylation may serve to down regulate mifasimotor
activity.  Our comparison of phosphorylated and unphosphorylated myosin llla
constructs in steady-state ATPase and actin binding assays providedugpert for our
model of myosin Illa down-regulation of motor activity by autophosphation as a

mechanism for maintenance of actin bundles in stereocilia.sMy@/in vitro evidence
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that autophosphorylation is not hindered by the presence of actin ritsyrs® it is

reasonable to suppose that the myosin motor can be phosphoimylgitealas well. This

work contributes to our overall understanding of maintenance of the heaspmnse at a
fundamental level. As structural, biochemical, and cell biologickgs of the various
myosins and other proteins essential to the visual and auditory measselucidated
the groundwork will be laid for a better understanding of how disruptiotiseir genes
contribute to sensory disorders. Knowledge of the role of myosirsensory cells
interactions may serve as a basis for future development aifmieats for visual and

hearing-related disorders.



CHAPTER 2: INTRODUCTION

Myosin llla, an unconventional myosin localized to the calycal ggees of
photoreceptors and the stereocilia of the inner ear, is unique amangenseof the
myosin superfamily in that its structure includes an N-termdwhain with serine-
threonine kinase activity (Dosé and Burnside, 2000; Koreabla 2003). This domain is
similar to the catalytic domain of the Pakl kinases and isbtapé autophosphorylating
site(s) at the C-terminal end of the myosin Illa motor domaon{&baet al, 2003). The
lever arm of myosin llla contains two isoleucine-glutamine f@hmotifs which bind
calmodulin or myosin light chains. Typically the structure of tiledgion for a specific
class and subclass of myosin reflects its unique role in theacel in myosin llla it
includes a third 1Q motif, the myosin tail homology 1 motif (3THDApd the tail
homology Il actin-binding motif (3THDII) near its C-terminus. daase there is no
evidence of a coiled-coil forming region myosin llla is presunmetlie a single-headed
myosin. Human myosin llla has demonstrated both ATPase activitytrenability to
move actin filamentsn vitro, consistent with the characteristics of a cellular transporter
or force transducer (Komalehal, 2003; Doséet al, 2007; Kambarat al, 2006; Doséet
al, 2008).

Myosins couple ATP hydrolysis with changes in both conformation and acti
binding affinity in order to cyclically generate mechanical éoedong actin filaments.

Small differences among myosin motor domains result in propéiiely-tuned for a
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specific myosin’s biological role in the cell (Holmes and Geg®¥899). Additionally,

motor function may be regulated intracellularly by variationaatdrs such as calcium
concentration, presence or absence of cargo, and/or phosphorylatiorheatyechain’s
motor or tail, or on light chains (Sellers, 1999; Krementtat, 2004; Thirumurugaset
al, 2006). It is postulated that autophosphorylation of the myosin Illa m&gract as a
means for its regulation in photoreceptors and inner ear harwaller specific cellular
conditions (Nget al, 1996, Dosét al, 2008).

The particular cellular functions of myosin llla are currentigder active
investigation. It is known to be localized within the photoreceptors oftelwates as
well as vertebrate sensory receptor cells of the retina ardeeoclt was first identified
in Drosophila photoreceptors as theinaC gene product (neither inactivating nor
activating) that, when deleted, was associated with abnormadlretectrophysiological
response and retinal degeneration (Montell and Rubin, 2088). NINAC wamsieated
to require the motor but not the kinase domain in order to localiteeactin-bundle
filled rhabdomere, a structure that is the primary site of plaststiuction activity and
thus is analogous to the vertebrate outer segment (Porter and Ma8&38). Other
studies have demonstrated its ability to localize at the dipsactin bundles in
photoreceptors of bass (Dogtéal, 2003) andXenopus (Lin-Joneset al, 2004), as well as
inner ear hair cell stereocilia of mice (Schneideal, 2006) and filopodial tips in HeLa
cells (Doséet al, 2008). Two isoforms designated myosin llla and lllb have been
identified in vertebrates (Dosé and Burnside, 2003, Bbs& 2003), and disruption of
the human myosin Illa gene has been associated with the developmentsyhdoomic

deafness DFNB30 (Walgt al, 2002; Vreugdet al, 2003).
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Previous studies have indicated that actin bundle tip localizatioryasimlilla in

filopodia and in stereocilia of inner ear hair cells is enhangecimoval of the myosin
llIA kinase domain (Dosé et al, 2008, Schneideal, 2006). A previously unknown
compartment at stereocilia tips was found to expand in mouse cotfdaatected with
kinase-deleted myosin llla (Schneidaral, 2006). This suggests that myosin llla may
perform an essential role at stereocilia tips, with a poter@gulatory function for the
myosin llla kinase. Recently we have reported that myosinvidlats 3THD1 tail motif
binds to the stereocilia-specific actin bundling protein espin litgid/H2 domain,
myosin llla and espin | colocalize at stereocilia tips of mauser ear hair cells and the
filopodia tips of COS-7 cells, and that their cotransfection resaltboth stereocilia
lengthening and a remarkable 10-fold lengthening of the filopodidetSailal 2009).
While it is possible that myosin llla may transport essent@inponents of the
phototransduction pathway iDrosophila photoreceptors (Portest al, 1993; Lee and
Montell, 2004; Croninet al, 2004), parallel functions have not been elucidated in the
vertebrate eye.

Our lab previously has reported kinetic analyses of myosin lliastoacts
truncated after the second IQ domain, with and without the kinase dotesignated
myosin llla 21Q and myosin llla 2IQkinase (Dosét al, 2006; Doséet al, 2008).
Notable differences between the two constructs were found inysséateé and transient
kinetics as well as degree of filopodia tip localization. Tt¢tenaactivated ATPase assay
for the kinase-deleted construct (Mllla 2KK) showed a two-fold higher:l and five-
fold lower Katpasethan Millla 21Q, as well as five-fold higher steady-statén affinity.

The rate-limiting step for Milla 21Q was modeled to be ansition between two
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AM.ADP states, while the faster Mllla 2IQK exhibited slow, rate-limiting ATP

hydrolysis. Another lab has recently reported similar resoltafmotor-only construct
(Kambaraet al, 2006), with differences that may be attributed to their removahef
lever arm and lower salt concentrations in assays (Btag8¢2008). These results imply
that kinase activity may be associated with down-regulation ahgfgsin motor. Results
from experimentation on the kinase-removed construct have sevesaktsahowever. It
is possible that removal of the kinase domain may result in stalcthanges of the
remaining molecule. Additionally, differentiation between effectdue to
autophosphorylation and those resulting from kinase-motor interactions is unclear.

To more specifically identify the role of the kinase domain in magulation we
have expressed and purified a kinase-dead construct, myosin K52, in which a
critical lysine in the kinase catalytic domain has been gsubedi with arginine to render
the kinase domain incapable of autophosphorylating the motor. Cell |dicadiztudies
in mouse stereocilia have been accomplished. Additionally, we heaireed the
concentration dependence and role of actin filaments in the autophospborglaicess
of our wild-type construct, Mllla 21Q, and have conducted a prelnyi characterization
of the steady-state enzymatic activity for fully phosphorylated Mii@a 2

Previous results obtained by comparison of Mllla 21Q to MII@ 2K suggested
that autophosphorylation may down-regulate the motor by reduciaffirigy for actin.
Our current study provides additional support for this hypothesis khsasvadditional
data to clarify a model for the role of myosin Illa in sens@fis¢including the ability of

the kinase to phosphorylate the motor in the presence of actin fignaedlt the
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regulation of myosin motor activity by intermolecular autophosphaooylain a

concentration-dependent manner.



CHAPTER 3: MATERIALS AND METHODS
3.1. Generation of Human Myosin IlIA cDNA Constructs

Reagents used were all of the highest purity available comnterciaTP and
ADP were prepared fresh from powder. Nucleotides were méparthe presence of
equimolar MgCJ before use. /f?P]JATP was purchased from GE Healthcare Biosciences
or PerkinElmer Life and Analytical Sciences Inc.

We previously generated a construct of human myosin llla congaiegidues 1-
1143, truncated after the second IQ domain (Mllla 21Q) and containi@geaminal
FLAG tag (DYKDDDDK) for purification purposes (Dost al, 2007; Sweeney, 1998;
Sun et al, 2006). The Stratagene QuikChange site-directed mutagenegisghént
Technologies) was used to modify this construct with a simget mutation,
substituting arginine for lysine at residue 50 in the catakite of the kinase domain
(Mllla 21Q K50R), as described in Salles al (2009). Expression plasmids were
sequence verified by the University of Pennsylvania DNA Sequenaitigiti:

3.2 Expression and Purification of Proteins

Recombinant baculoviruses of Mllla 21Q, Mllla 2IQ K50R, and calmadukre
generated with the FastBac system (Invitrogen). Mllla 2iQd Milla 2I1Q K50R,
respectively, were co-expressed with calmodulin (CaM). Onedliteisect Sf9 cells (2 x

10° cells/ml) was co-infected with myosin and CaM viruses and adttor three days at
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28°C then harvested by centrifugation. Cells were lysed in 4%s1d buffer (10 mM

Tris pH 7.5, 200 mM KCI, 1 mM EGTA, 1 mM EDTA, 2 mM Mgg£l0.015 mg/ml
aprotinin, 0.015 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluor{@®1SF), 2 mM
ATP, 5 mM dithiothreitol (DTT)), and centrifuged (Beckman Coultéracentrifuge,
Ti70 rotor) at 45 000 rpm for one hour. Myosin was separated on aRlak@ resin
column and eluted with excess FLAG peptide. The elute was fuptingied by
ammonium sulfate precipitation then dialyzed overnight at 4°CNMgX00 buffer (10
mM imidazole, 100 mM KCI, 1 mM EGTA, 1 mM Mggll mM DTT). Protein purity
was assessed by Coomassie-stained SDS PAGE gels. TRadimicroplate Bradford
assay was used to determine myosin concentration, with BSAtasnaard (Dosét al
2006, Doseéet al 2008). Absorbance measurements were also performed using a
predicted extinction coefficient of 129 500’ Mem™ to calculate the concentration, with
similar results.

Actin was purified from rabbit skeletal muscle using an acepaveder method
(Pardee and Spudich, 1982). Actin was extracted in cO®) @ buffer (2 mM Tris-HCI
pH 7.5, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM Ca(.01% NaN) and filtered, followed
by polymerization at % (addition of 50 mM KCI, 2 mM MgGJ 0.8 mM ATP, and after
2 hours in high salt wash to remove tropomyosin). Following cenatitig pellets were
resuspended in fresh G buffer and dialyzed for two days with baffanges. To
enhance purity a second polymerization and depolymerization cysleamapleted prior
to use or liquid nitrogen storage. Concentration was determined dgpbabhse measured
at 290 nm using agf*° of 2.66 x 16 M™*cm™. A molar equivalent of phalloidin (Sigma)

was added to stabilize actin filaments in experiments.
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All experiments were performed in KMg50 buffer (50 mM KCI, 1 mi@H,

1mM MgCh, 1 mM DTT and 10 mM Imidazole-HCI, pH 7.0,%29 and in the presence
of excess calmodulin to ensure that the IQ domains of Mllla had bound calmodulin.

3.3 Kinase Activity Assays

Autophosphorylation of Mllla 21Q and Mllla 2IQ K50R was detectedckimase
assay usingyf’P]JATP. Myosin at specified concentrations was allowed to react with 200
uM [v*?P]ATP at room temperature (22 for specific time periods ranging from 0 to
60 minutes. The reaction was stopped at each time point by theaddi$DS loading
buffer. Autophosphorylation of Milla 2IQ K50R was compared to thdfiidla 2I1Q at
1uM concentration, as was autophosphorylation of Mllla 2IQ in the poesef 40uM
actin. Additionally, autophosphorylation rates were compared at essefimyosin
concentrations ranging from 0.1 to Lll. Samples were run on SDS-PAGE gel and the
incorporation of*P into myosin Illa was detected by phosphorimaging using the
Typhoon 8600 Variable Mode Imager (Molecular Dynamics). Following
phosphorimaging, the gel was Coomassie-stained to assess evefn&saling.
Densitometry analysis using NIH Image J software was usedetermine band
intensities and adjust for loading differences.

3.4 Steady-State ATPase Activity

Steady-state ATP hydrolysis by Mllla 21Q K50R (50-100 niM)he absence and
presence of actin (0-6@M) was examined by use of the nicotinamide adenine
dinucleotide (NADH)-linked assay (Dos€al, 2006) with a final MgATP concentration

of ImM. This assay employs the NADH-lactate dehydrogenasgevaig kinase—
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phosphoenol pyruvate (NADH-LDH-PK-PEP) regeneration system to fuams ATP

hydrolysis rate by coupling regeneration of ATP hydrolysisdpct (ADP) to NADH
oxidation, determined by monitoring for 200 s at an absorbance of 34Uharassay
was performed in an Applied Photophysics stopped-flow. The ATiRéseat each actin
concentration was determined, and Michaelis-Menten equation was usddulated the
Keat and Katpase[Vo + ((Keat [actin])/(KaTpase + [actin]))]. Uncertainties are reported as
standard errors in the fits unless stated otherwise. The da#glatactin concentration
represents an average of 2-3 protein preparations.

For comparing steady-state ATP hydrolysis rates of phosphedyland
unphosphorylated Mllla 2IQ at 20 uM actin, we pre-incubated the myas4 uM) at
room temperature for 60 minutes with either 200 uM ATP or buffemdasamples at
specific time points (5, 15, 30, 60 min). Myosin was diluted into akeay in the
presence of 20 uM actin, ATP, and the regeneration system. ThasATRte as a
function of time incubated was fit to a single exponential equation.

Steady-state actin-activated ATPase rates for both phosateatyl and
unphosphorylated Mllla 2IQ were obtained by preincubation of Millaf2iKB0 min (as
described above) immediately prior to the assay. Samplestestee in the presence of
0 - 60 uM actin as described above. Separate incubations were eohftuceach
ATPase sample using staggered start times to ensure tlag tivae between incubation
and testing was consistent.

3.5 Actin Co-Sedimentation Assays

Steady-state actin affinity of Mllla 21Q K50R as weB phosphorylated and

unphosphorylated Milla 21Q was determined by actin cosedimentatidve PK-PEP
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ATP regeneration system was used to eliminate the accuanul@tiADP. Myosin (1

uM) was mixed with actin (0-6QM) in the presence of the regeneration system. 1-2 mM
ATP was added prior to ultracentrifugation in a TLA 100.2 Beckman centrifuge at 95 000
rom for 20 min at 25°C. Supernatant and pellet were separated, the pellet was
resuspended in KMg50-DTT buffer, and samples were run on SDS-PAGE The
fraction of actin-bound myosin was determined by measuring ela¢ive amount of
myosin in the pellet sample normalized to the total (supernatpaliet). Quantification

of bands and densitometry analysis were performed using Imagéwhre (NIH).

Kaleidagraph software was used to fit the data to a binding equation.



CHAPTER 4: RESULTS

4.1 Kinase-Dead Mutant MIIIA 21Q K50R

The expression yields of Mllla 21Q K50R co-expressed with calmodulin in the
baculovirus insect cell (sf9) system were comparable to those for Millanatgsiand
our previous studies (Doseal 2006; Doséet al 2008). The purity of both Mllla 2I1Q
(WT) and Mllla 21Q K50R after anti-FLAG affinity column chromatogrgpteas
assessed to be 95% by Coomassie staining following electrophoresis in SDSIBIAGE
(expected molecular weight for each construct was 131 780 Da). Stoichiometry for
calmodulin to myosin was determined to be approximately two to one.

All experiments were performed in KMg50 buffer in the presence of 10-
fold excess calmodulin to ensure that all IQ motifs were calmodulin-bound. Conditions
and methods for experiments were identical to those in our previous kinetic
characterizations of Mllla 21Q and Mllla 2I8K (Doséet al 2006, Doséet al 2008)
unless otherwise indicated, which allow direct comparison with the curresekiead
and fully-phosphorylated myosin IlIA analyses. We investigated properttbs of
phosphorylation process in addition to the steady-state activity of a fully phglkstldr
Mllla 21Q. Full phosphorylation was accomplished by incubation of myosin with 200
uM ATP in the presence of 1M calmodulin (at room temperature, 60 minutes) as

described in Dosét al (2006), then immediately used in the assay.
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The elimination of kinase activity by the K50R point mutation was evaluated by

Western blot of samples taken at specific time points during 60 minutes of incubation
with 200uM ATP, using antiphosphothreonine as the primary antibody (Figure 1). No
phosphothreonine increase was detected at a myosin concentratiopldf QvBereas

the myosin llla 21Q wild type protein (08V) showed similar rates of increase in
phosphorylation to our previous reports (Desal, 2006). Prior to incubation (0 min) the
K50R myosin showed a residual level of threonine phosphorylation slightly higher than
was previously seen and reported for the wild type control (Btadé2006).

Nitrocellulose membranes were stripped and reprobed with anti-FLAG teateal
evenness of protein loading for each sample.

4.2 Myosin Concentration Dependent Autophosphorylation

To determine whether autophosphorylation of myosin llla is an inteculaleor
intramolecular process, we performed time-course kinase ass#ys presence of 200
uM (v*-P) ATP as described in Materials and Methods, at a seriemyoisin
concentrations between OuM and 1.2uM. Phosphorimages of representative SDS-
PAGE gels from one experiment are shown in Figure 2C (0.1, 0.3, 0.6 aod )1 After
phosphorimaging, gels were Coomassie-stained to determine tattdinprevels.
Densitometry analysis was used to determine the time coupesphate incorporation
at each concentration based on the phosphorylated band intensity telatted protein
levels. Results are averaged from 3-4 separate experimentseendifferent protein
preps.

We found that autophosphorylation rates were nearly linearly depetent

myosin concentration within the range tested (Figure 2, A and BlesR#&tained were
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as follows: at 0.AM, 0.049 + 0.035 mif; at 0.3uM, 0.116 + 0.029 mif; at 0.6M,

~0.207 + 0.064 min; and at 1.2M the rate was 0.289 + 0.060 rifin The data were fit
to a hyperbolic equation [kinase activity / (sec * [MIIIP} [kinase activity (relative) /
(sec * [MmM M3])] to estimate the maximum kinase activitie. The dependence of
phosphorylation rate on myosin concentration suggests an intermolecodasgrfor
autophosphorylation in Mllla 21Q.

4.3 Actin Concentration Independent Autophosphorylation

An early study predicted that the autophosphorylated residue(s) dfuthan
myosin Illa motor is/are within a 20-kDa segment at its Gitews, near loop 2 of the
motor's actin-binding region (Komabat al 2003). In order to determine whether the
Mllla motor in the presence of actin is autophosphorylatable inaime svay as myosin
alone, we performed parallel time-course kinase assays inayibbaysin Illa 2I1Q in the
absence and the presence ofid0 actin with 200 pM €’P)ATP. Kinase assays were
performed as described in Materials and Methods, and resultsvisaedized by SDS-
PAGE and phosphorimaging, as well as Coomassie staining (Figure 3By
densitometry analysis we determined that the presence of lzatinno appreciable
influence on phosphorylation rate (Figure 3A). Results are avefemgad3-4 separate
experiments on three different protein preps.

4.4 Steady State ATPase Activity

We evaluated the steady-state enzymatic activity of M@ K50R as compared
to that of the wild-type Mllla 2I1Q construct in its phosphomgthstate, using the NADH-

coupled actin-activated ATPase assay as described in Mat@ndlMethods (Figures 4A
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and 4B). The unphosphorylated control Mllla 2IQ was treated iallplamwith

phosphorylated samples but in the absence of ATP.

We plotted the ATPase activity as a function of actin conceotrand used the
Michaelis-Menten equation to determikg: and Katpase AS previously reported the
maximal ATPase activityky) for the kinase dead construct was 0.76 + 0.08 galles
et al 2009), while the actin concentration at one-half maximum 8d Bativity, Karpase,
was 11.9 + 3.1M (Figure 4B). Thek for the kinase dead construct is comparable to
our previous results on Milla 21Qwt (0.77 + 0.08 Sedut its Karpasewas 3-fold lower,
intermediate between Mllla 21Q (34 + 11uM) and Mllla 24& (1.4 + 0.04 uM) (Table
1) (Salles et al, 2009, Dos€al, 2007, Dosét al, 2008).

We evaluated the effect of phosphorylation on Mllla 21Q’s stesdie rate of
ATP hydrolysis at a constant actin concentration (Figure 4d)lla 21Q (1 uM) was
incubated with 20@M ATP at room temperature (~Z2) and samples were taken at four
time points during the phosphorylation process (5, 15, 30, 60 min) torbediately run
in the assay in the presence ofyd actin and the regeneration system. A buffer-treated
control at the same concentration was assayed in parallel agsthsample (Figure 4A).
Results indicate that, compared to the control, enzymatic gotveis reduced as myosin
phosphorylation progressively increased. After 60 minutes of incubagoiATtPase rate
for phosphorylated MIIIA 2IQ at 20 pM actin was 0.099 +0.057*secreduction in
activity of approximately 40% relative to the control. Room temperaturerlitgBgment
did not appreciably alter the control myosin’s ATPase rate of 0.B6&7 set. Results

are averaged from 3-4 separate experiments on three different protein preps.
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We measured the steady-state actin-activated ATPaseityacof fully

phosphorylated MIIIA 2IQ with a range of actin concentrations (M) and compared

it to unphosphorylated controls. Our results indicate that the maximitPage rate (k)

was reduced by phosphorylation (0.25 + 0.077*ssmmpared to 0.78 + 0.30 $Bcas
was the Krpase (2.38 uM £ 3.38 compared to 24.9 uM £ 19.7 for unphosphorylated)
(Figure 4B). Results for the controls were similar to thos&ined in our previous
analysis of untreated Mllla 21Q (Dosgal, 2007).

4.5 Steady State Actin Affinity

We determined the steady-state actin affinity of myodiam 21Q K50R in the
presence of ATP and the PK-PEP regeneration system usingedlicoentation assay as
described in Materials and Methods. The fraction of myosin that boundtito veas
plotted as a function of actin concentration (0 — 40uM), and fit tgparbglic equation
to determine the steady-state actin affini§adi,) of 3.83 + 0.53uM. This value is
intermediate between previous results obtained for the wild tyjla 1Q and kinase-
deleted Mllla 21QAK (7.0 uM = 0.6 uM and 1.4 + 0.4M, respectively) (Figure 5A and
B, Mllla 2IQ K50R). Results represent the average from tleegmrate experiments
from two different protein preparations.

The actin co-sedimentation assay was also performed on fully phgkstadr
Mllla 21Q in parallel with buffer-treated controls. Samples phosphorylated and
unphosphorylated control Mllla 21Q were prepared as described ab@weii@ubation
at room temperature in the presence and absence gh2@0'P) and immediately run in
the assay at LM concentration. As seen in Figure 5, the steady-state dfitirtyaof

phosphorylated MIIIA 2I1Q was lower than the control, witK&:» (actin concentration
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at one-half maximum) of 15.60 uM * 2.43 as compared to 5.48 + 1.16 faottieol.

Phosphorylation was consistently associated with reduced maxinaatiofr of actin-
bound myosin (~0.65% vs. ~0.86%). (Figure 5B, phosphorylated and control).tsResul

represent the average from 3-5 experiments on 2-3 different protein pi@mpsarati



CHAPTER 5: DISCUSSION

Previously our lab characterized the motor enzymatic actiwing a kinase-
removed construct (Mllla 2I18K) and compared its enzymatic properties to those of its
wild-type counterpart Mllla 21Q (Dosét al 2006, Dosét al 2008). Without the 34 kDa
kinase domain the myosin llla motor demonstrated a 2-fold highemmbATPase rate
and 5-fold tighter actin affinity, which suggests it behavesnasnaegulated motor and
therefore suggesting that phosphorylation may serve as a downoegutachanism.
Our current study provides further insight by eliminating the patiyntconfounding
influences associated with complete removal of the kinase domagoroparing the
enzymatic activity of the recently-developed kinase-dead cohgiMitia 21QK50R)
(Salleset al 2009) with those of a fully phosphorylated Milla 21Q. We algmrethat
the autophosphorylation process occurs intermolecularly and is independaatinof
concentration, properties that are relevant to the regulation ofimptess function in
the cell. These investigations provide, in conjunction with our eatiigles, a more
direct evaluation of the properties and effects of myosinnhiddor autophosphorylation.
We also include corroborating evidence from immunolocalization studiegy GFP-
tagged versions of our constructs transfected into mouse stereshilth, add important
information for further clarification of the model.

The results of our kinase assays show that the rate of autophdapbo

increases with myosin concentration across the range of 0.1 pM2teM, which
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indicates that the autophosphorylation process takes place in analgenlar manner in

this concentration range. That is, myosin llla kinase domains phosateooyher myosin
llla target residues on nearby molecules rather than (or ini@udo) sites within the
same myosin llla protein. This suggests that as myosin Illaomenttivity propels
individual molecules to actin bundle tips they join others accumulatedsi tip
compartment. As concentrations of myosin llla increase in pheotnpartment myosin
llla can phosphorylate other nearby myosin llla molecules and @égwlate the ATPase
activity as well as actin affinity.

Since myosin llla functions in actin-rich regions in the cs#, investigated the
autophosphorylation process in the presence of actin. We conducted ksss/s in
parallel in the presence and absence of actin filaments (46onbéntration), and found
that autophosphorylation rate and degree were not altered byiragtino. It appears
that the motor's target residues for phosphorylation remain eqaetlgssible to the
kinase under either condition. Our results suggest a model in whiclrhentration of
myosin llla localized to the compartment at the end of its bundkad fdament “track”
is regulated by autophosphorylation in a concentration-dependent manner.

We recently developed the myosin llla construct Milla 2IQ K&G@R a point
mutation at the critical lysine in the catalytic region dc# thyosin’s kinase domain to
abolish ATP catalysis and thus render it non-functional as a kimdsks otherwise
retaining its full sequence (Sallelsal 2009). We showed by Western blot analysis using
the antiphosphothreonine antibody that the K50R construct had relatttlelynicrease
in threonine phosphorylation under our assay conditions. The wild-type mijtasin

demonstrated threonine phosphorylation which reached saturation oveihausrtene
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course. This is in agreement with previously published phosphorimaggalysrshowing

no phosphorylation increase for K50R with the same treatment conditisimg
radiolabeled ATP (Sallest al 2009). Western blotting provides the additional
information that, for both Mllla 21Q wild type and Mllla 2IQ K50Rn initial level of
threonine phosphorylation can be detected prior to beginning the dag#fl. wild type
phosphorylation was also detected previously and was attributed tatihigy aof an
exogenous kinase in the Sf-9 cells during the culturing process (@aoalé2006).
Interestingly, Pakl kinases have a highly conserved serine/thrgesidae that requires
phosphorylation for activation of kinase activity (letial 2006, Pirruccelleet al 2006).
This serine/threonine can be readily phosphorylated by either exayencactivated
Pakl kinases in an intermolecular fashion (Pirruccetllal 2006). The corresponding
conserved residue in myosin llla is T184.

Of interest is the observation that initial phosphorylation leaetsconsistently
high for K50R, whereas initial phosphorylation levels for the wilpgetgonstruct are
typically low. We have found that, in contrast to K50R, those wi@-tpreps that
exhibited heavier initial phosphorylation also showed low activityhm steady-state
ATPase. Our interpretation is that when a wild-type myosandiep shows heavy initial
phosphorylation, activated kinase domains have already phosphorylajet diées on
the motor and therefore we cannot use it to make comparisons bgthvesphorylated
and dephosphorylated parameters. The kinase domain of the K50R consirbeteha
rendered unable to phosphorylate either kinase or motor target sgsdueis likely that

the K50R kinase activation site and/or another kinase domain phosphoryéagen is
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more readily accessible to an exogenous kinase and becomes phospthanyldéer

culture conditions, while the motor remains unphosphorylated.

Because a major goal was to investigate the effects of phgtaiwmr on the
Mllla motor, we evaluated the steady state enzymatic atial bionding activity of the
K50R construct as representative of an unphosphorylated motor thatovilecome
phosphorylated during an ATP-containing assay. This provided a poiateoémce for
comparison with the steady-state activity of a fully phosphteglanyosin Illa motor. In
the ATPase assay we found the kinase-dead construct to difebfsth phosphorylated
and untreated/buffer-treated wild type Mllla 21Q in its adtinding properties (Krpase
and Kagin) While the maximum rate of actin-activated enzymaticvagti(kea) was
unchanged between K50R and untreated wild type but reduced for phos@tohylda
21Q. In the actin cosedimentation assay reported herein we folagiathat was
approximately 2-fold tighter than wild type (3.83 puM vs 7.0 uM), ahihe fully
phosphorylated myosin had a higheg# than either of these (See Table 1).

The pretreatment for full phosphorylation reduced kle of the ATPase assay
from its wild type value while the previously-reported kinasetaglancreased it, yet the
K50R point mutation did not cause a difference from untreated wildygpees. We
attributed the enhanced maximum ATPase activity of AKe construct to a faster
transition between two actomyosin-ADP states, which is theliraitng step for wild
type myosin llla (Dosé&t al 2006, Dosést al 2008). The MIllaK construct has shifted
its rate limiting step to ATP hydrolysis. Phosphorylation, on therdband, may slow the
transition from the intermediate to the high affinity AM.ADP state, orradtévely it may

cause a large increase in the population of myosin inhabiting apséyiobserved off-
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pathway low affinity M.ADP state (Dot al 2008, Dosét al 2006). An increase in the

population of the off-pathway AM.ADP state could reduce the ovk&falbecause the
rate of ADP release for this state may be slowed. likedy, given the slow rate of
autophosphorylation at the assay’s myosin concentrations (~.0%amnl puM), that not
enough autophosphorylation can take place during the 200-second timecoulnge of t
ATPase assay to effect a measurable chanigg:i@nd so only a small difference is noted
between untreated/buffer-treated wild type and K50R.

In our timecourse ATPase assays we monitored the changeteady-state
ATPase rate at 20 uM actin as the time of pre-incubation with ikcreased. We found
a progressive reduction to approximately 40% of the initial rater afhe hour of
incubation, which agrees in principle with the results from theréumlbe ATPase assays
using fully phosphorylated myosin. However, our results from theafghy show little
if any difference at 20 uM actin. One difference betw#entwo assays was in the
myosin concentration during pre-treatment (1 uM for the timeeodrstM for the full-
range assay). The change in pretreatment conditions improvpreevation of myosin
ATPase activity for both experimental and control samples, corgeah inconsistency
experienced with this assay. It is difficult to ascertain Hos ¢hange might result in the
difference noted, but the high-concentration pretreatment may leswied in more
thorough phosphorylation. Another possible explanation is that, during taehtexfull-
range assays were being conducted, our preps tended to show imtak
phosphorylation than the earlier preps used for the timecoursesasAaynoted earlier,

higher initial phosphorylation tended to correlate with lower agtivithe ATPase in the
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untreated and buffer-treated state, and so the assay requireddugmeoncentrations to

distinguish the effects caused by additional phosphorylation.

Both ATPase and actin cosedimentation steady-state assaysdshmevK50R
actin affinity to be intermediate between wild type and pheviously reported high
affinity seen for the kinase deleted construct (Deséal 2008), while the fully
phosphorylated Mllla sample exhibited redu¢@dpascand increase& acin.. While both
these measurements are used to describe steady-stateffactyn they are obtained in
different ways. Both employ ATP regeneration systems to neeitine buildup of ADP
during the assay, which has the potential to compete with ATP atdte’s nucleotide
binding site, but the time period during which the regeneration sysieshwork is very
different. If phosphorylation influences the rate of transition beiwdd.ADP states,
then the presence of additional ADP in the system may ableasphorylated Milla
differently than unphosphorylated. The ATPase assay is monitoregagjresses over
200 seconds after a brief time during which reagents are mixedoadddl into the
stopped-flow. On the other hand, the actin cosedimentation assagligkég longer to
mix and load into the centrifuge, while the centrifugation step t@8keminutes. Thus
there is a greater likelihood of ADP buildup during the cosedimentassay in spite of
the regeneration system. If, as described, motor phosphorylationscausaift in
equilibrium so that the transition from the intermediate affiAity.ADP state to the off-
pathway low affinity AM.ADP state becomes more favored andréresition to the high
affinity state is either slowed or not appreciably affected,ptiesence of ADP may be
inhibitory for one or both of these transitions. The different balanpepulations of the

three AM.ADP states due to the presence of excess A@dvbe reflected in an overall
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K actin fOr phosphorylated Milla 21Q that is higher than that seen in the uppbpdated

Mllla 21Q.

In collaboration with this work, the Kachar lab (NIH) has complete analysis
of full length GFP-tagged myosin Illa K50RK and wild type transfected into mouse
stereocilia, and those results will be published in conjunction withdata described
herein. This is a follow-up to their immunolocalization studies inctvithey transfected
GFP-tagged full length versions of our myosin llla constructs iI@&C cells (Sallest
al., 2009) so that their localization characteristics in an endogenousraneint could be
investigated (See Appendix, Supplemental Figure 1). As was sd#opodia of COS-7
cells, myosin llla localized primarily to the tips of actin busdle stereocilia, with more
pronounced localization seen for the K50R construct and especially ad fdoth of
which appear to expand the tip compartment compared to sterecailsfected with
wild type. Differences in the actin treadmilling rate tdreocilia, where treadmilling is
slow, and filopodia, where treadmilling is more rapid, are expdotadfect net velocity
of myosin llla toward the tips and thus account for the more etfticidd-type myosin
llla tip localization in stereocilia (Salleet al 2009). The longer stereocilia in the
grouping on a given hair cell appear to have a higher concentratiogasin Illa than
the shorter ones seen in transfected wild type and K50R cellsAKHeansfected
stereocilia in this image appear to all have high concentratibnsyosin and are all of
similar length rather than exhibiting the characterisagctsing seen for transfections of
the other myosin llla constructs. The observed relationship betws@sin llla

concentration and stereocilia length is logical for a myosin wheBelar role involves
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maintenance of the length of actin bundles in structures that muistamaa precise

length for function..

Our results suggest that the ability to autophosphorylate its nsotoportant for
myosin llla down regulation, potentially in conjunction with maintairting appropriate
concentration of its cargo, the actin-bundling protein espin I. cbh&ination of myosin
llla motor regulation and espin | actin-bundling function may sernreamtain the actin
bundle core at the required stereocilia length for a hair sceluditory
mechanotransduction response. Satteal (2009) suggest that, rather than dissociating
from one another, the myosin llla-espin 1 complex may be aswnhilento and
maintained within the actin bundle core as a unit so that the entimplex is carried to
the stereocilia base by the actin treadmilling process.

It may be further speculated that in addition to espin 1 transpgosin llla
performs other as yet undetermined role(s) when localized reostka tips, which are
also the site of mechanoelectrical transduction (MET). Is wiamonstrated that
maturation of MET is developmentally correlated with onset gbsim llla expression
above detectable levels (Waguespathkl, 2007), and it is suggested that myosin llla
may be able to bind other membrane proteins with ankyrin repealarso those on the
espin 1 WH2 domain (Salles al 2009). The lack of down regulation associated with
the non-functional kinase constructs has the potential to contribute desstxe
lengthening of actin bundles by several means.

Phosphorylation is utilized as a regulatory mechanism for ttretgmf many
members of the myosin superfamily. Not only is regulatory lajiain phosphorylation

necessary to activate the smooth muscle and non-muscle myodiRa&lsA, but there are
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also many examples of regulation by heavy chain phosphorylationmyisaole myosin

Il phosphorylation near the C-terminus of its tail region appeardotvn-regulate its
activity by inhibiting filament formation and/or directly influeng its actomyosin
ATPase. Tail phosphorylation appears to similarly influencevigctiof some
unconventional myosins by affecting tail binding characteri¢Beseska and Korn 1996
review). Some lower eukaryotic myosin | isoforms are activaled motor
phosphorylation targeting a specific serine or threonine residuen iacin-binding
surface loop (the TEDS site). Interestingly a Pakl-likesimyheavy chain kinase whose
catalytic region is similar to the myosin llla kinase domain phosylates the TEDS site
(Bement and Mooseker 1995, Brzeska and Korn 1996 review, Redowicz 208d)revi
Actin-activated kinetics of the myosin VI motor are likewiseodulated by
phosphorylation by a cellular Pak kinase at a threonine residi® TiEDS site (De La
Cruzet al 2001). However, the myosin Illa motor phosphorylation does not appear to be
at the TEDS residue since there is a glutamic acid asitleisn myosin llla (Bement and
Mooseker 1995; De La Crwet al 2001; Dosét al 2003).

The C-terminal portion of the myosin llla motor domain identifiesl its
autophosphorylatable region (Koma#taal 2003) contains loop 2, which is a surface
loop in the actin-binding region that is thought to alter actimigffand actin-activated
product release in myosin Il and myosin V (Uyetlal 1994, Joekt al 2003, Yengo and
Sweeney 2004). The net positive charge in this loop appears tddieremining factor
mediating actin affinity, and so the reduction in charge resuftorg phosphorylation
may be expected to reduce actin affinity (Jetebl 2003, Yengo and Sweeney 2004,

Kempleret al 2007). It has recently been reported thatulus myosin llla (Lp-MYO3),
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an invertebrate myosin responsive to circadian rhythms but withoutidnak motor

activity, has two autophosphorylatable serines within its loop Breardasist al

2007, Kemplert al., 2007). Loop 2 phosphorylation has not been demonstrated for any
other class of myosin, but variability in the loop’s sequence andbifiex among
members of the myosin superfamily is a well-documented contrib@toryosin motor
diversity (Uyedaet al 1994, Joett al 2003, Yengo and Sweeney 2004).

The presence of actin did not alter autophosphorylation in spiteegbdssible
target residue’s position on or near loop 2 of the motor’s actin bimdgign. It may be
that the target residue is not in direct contact with the actin filamengaatrdnsfer of the
relatively small phosphate group is not blocked sterically. Adtiarely, phosphorylation
may occur in the weak binding states when myosin llla is detached from actin.

In summary, our results provide strong support for the hypsthdsat
autophosphorylation of the myosin Illa motor domain serves to reduaysttate actin
affinity as a means of downregulating motor activity. Our kirdessd, and thus
presumably unregulated, K50R mutant demonstrated enhancenmenttod steady-state
actin affinity (lowered Krpase and Kacin) in the actin-activated ATPase and actin
cosedimentation assays. In contrast, the fully phosphorylated KIQa construct
exhibited relatively reducekl.s: and increased Aiin in the steady-state vitro assays,
along with progressive reduction in steady-state ATPase gchvita constant actin
concentration as phosphorylation levels increase over time.

Our model of myosin llla functionality in inner ear hair celighich is
diagrammed in figure 6, proposes that the unphosphorylated myosin molecule

translocates to actin bundle tips carrying espin | as itsocatdpon arrival its kinase



51
domain may phosphorylate other myosin llla molecules in its viciaityhe tips, a

process whose likelihood increases with myosin llla (and thus é&sgioncentration.
Inactivation of the myosin motor and/or reduction in actin affinityl wesult in
detachment from the actin bundle and subsequent removal from thdéoyarei#her
diffusion or by actin treadmilling due to maintenance of espin 1 bindingthe actin-
binding tail domain remains attached to recycling actin monomersposgsible
consequence of rapid phosphorylation at high myosin concentrations magptbhe
espin | cannot become incorporated into actin bundle tips before myosin motor
phosphorylation and inactivation causes it to be removed from the viclihity scenario
provides a possible mechanism for myosin llla/espin | maintenansteraiocilia length
in inner ear hair cells. It is also possible that myosin d&pjn I, or the myosin llla-espin
| complex may interact at stereocilia tips with componentes@MET machinery (Salles
et al 2009).

The biological events modeled for myosin llla activity requirgegulation
strategy not only for phosphorylation via the myosin Illa kinase doimatiralso for its
dephosphorylation. However, the cellular phosphatase responsible for dephiasipigory
the target serine/threonine residues on myosin llla motor and ldoas&nsin vivo has
not yet been identified, and future studies on the dephosphorylation procestesd
will be required for clarification. The bulk of serine-threonine dephospations are
catalyzed by a handful of phosphatase catalytic subunits that, iab#®emnce of their
regulatory subunits, appear to be promiscuous and unregulated enzymego(@ab
Virshup, 2005; Virshup and Shenolikar, 200®)vivo, however, these subunits combine

so that the diverse regulatory components confer selectivityjdatiah, and regulation
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to the individual phosphatase (Gallego and Virshup, 2005; Virshup and Shenolikar,

2009). Previously we have successfully dephosphorylated purified myoairudihg
catalytic subunits of both calf intestinal phosphatase (CIP) and protein phospyyagake t
(PP1) (data not shown). Determination of specific targeting suboingisrine/threonine
phosphatases involved and their localization in stereocilia wilip®rtant to building
an understanding of the reversibility of this signaling pathwagul@nans and Bollen,
2004; Gallego and Virshup, 2005).

Further characterization of human myosin Illa motor regulatiop b
autophosphorylation will also include phosphorylation site determination aedt di
investigation of the regulatory properties of each site by moemge In addition, a
complete kinetic characterization of the phosphorylated myosienizgmatic cycle will
ascertain its specific steps that are directly affeciedutophosphorylation. Finallyn
vitro motility assays of full-length myosin llla, both phosphorylatexhd
unphosphorylated, will provide important data concerning its motilitgam filaments
in either state. These characterizations will provide furthlarification of the
mechanism(s) whereby myosin llla contributes to the heariogeps. Such studies may
also have further implications regarding the proposed role for myb#n in
morphogenesis and maintenance of actin bundles at vertebrate photoseieptdones
et al 2004). Comparison of the two isoforms, myosin llla and myosin Ililb be critical
for understanding the role of myosin Ill in sensory cells.

The broad goals for understanding myosin llla function and regulaterto
develop a more complete picture of the auditory and visual sensosspes; which will

provide a basis upon which treatments for hearing or visual disorders may be developed.
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For example, regulation of myosin llla kinase activity may kbgcal when specific

signaling pathways in which myosin Il is involved become elucdlatBherapies
targeting specific steps in kinase-dependent signaling pathveaygsbeen well utilized in
the drug development industry. Finally, understanding the regulatitdre ahotor and
kinase activity of myosin Il will allow us to develop the necessary tools tedtigs role

in the sensory transduction procassivo.



CHAPTER 6: SUMMARY AND CONCLUSIONS

This dissertation reports our findings on the steady-state etizycharacteristics
and actin-binding properties of both fully-autophosphorylated and kinase-dgzginm
llla 2I1Q. It also shows that the autophosphorylation processté&nolecular, as
evidenced by a rate that is dependent on the myosin concentration, ahtalted place
at the same rate whether actin filaments are presenttor We present a model of
myosin llla activity in the stereocilia of inner ear haillséhat describes concentration-
dependent downregulation of the myosin llla motor by autophosphorylationvidal a
component of its role in parallel actin bundles such as those eosii@a. Finally, we
suggested lines of further investigation that are necessanartty specific aspects of
myosin llla regulation as it contributes to maintenance of stéi@ecstructure in the
hearing process.

In addition to the results presented in these chapters, the Appdbatlifollows
includes data collected and analyzed for previously published work aotsrérom
unpublished experiments that furthered our understanding of myosin Illaguitttion

and gave focus to the dissertation.
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Figure 1. The myosin llla kinase domain was inactivated by the K50R mutatidhe

K50R mutation abolished autophosphorylation in the Milla 21Q K50R mutant as
compared to full phosphorylation of the wild type construct in the time course kinase
assay (1.0 uM Mllla, 200 uM ATP, 20° C) as evidenced by Western blotting, using
antiphosphothreonine as the primary antibody. Stripping and reprobing with antiflag
reveal relative protein levels per lane. B. Densitometry analyis ofévesults. The
observed high initial levels of threonine phosphorylation have been attributed to kinase
phosphorylation in cell culture (See Discussion). Previously-published phosphogmagin
results for K50R showed no incorporation 8P from ¢->P)ATP incubation as

compared to wild type Mllla 2IQ (Sallesal 2009).
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Figure 2. Autophosphorylation rates were found to be dependent upon myosin
concentration. Myosin concentration dependence suggests that autophosphorylation is an
intermolecular event across the range of 0.1- 1.2 uM myosin llla 2I1Q,dnedte

200uM (y**P)ATP. A. Phosphorimages of representative phosphorylation time courses

at 0.1, 0.3, 0.6, 1.2 uM myosin llla 21Q, and B. densitometry analysis of a reptiegenta
experiment. C. The rate of autophosphorylation ranged from 0.049anth1uM Milila

to 0.289 mift at 1.2uM Millla, with & Vinax0f 0.537 + 0.047 (Error bars indicate

standard deviation from 3-4 assays on 2-3 different protein preps.)
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Figure 3. The presence of actin does not alter the rate of myosin llla
autophosphorylation. A. The rate of autophosphorylatjefi incorporation) by 1M
Mllla 21Q was unchanged in presence ofid® actin. (0.0018 + 0.004’svs 0.0023 +
.0004 &) Error bars represent standard deviation from 5-6 different assays usigig prot
from several different preps. B. Representative timecourgéef incorporation (0-60

m) in the presence and the absence of actin (phosphorimage). Coomassie staining
indicates relative levels of total protein.
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Figure 4. Steady-state actin-activated ATPase parameterdifardQ are influenced by
phosphorylation status and by a non-functional kinase. A. As autophosphorylation
progresses over time (0-60 min) the actin-activated ATPase rate (26tjnl)/idecreases.
Pretreatment of myosin (1 uM) was conducted as described, then diluted to 0.1 uM for
the assay. B. While phosphorylation of MIIIA 2I1Q reducgsdndKartpasein the actin-
activated ATPase assay, the K50R kinase dead mutation reduegswithout
changing ks from untreated Mllla 21Q values. Myosin concentration for pretreatment
was 4 uM, and was diluted to 0.1 uM for the assay. (See Table 1 and Materials and
Methods).
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assay was used to determine steady state actin affinity for (A) K50R estaatiand (B)
K50R vs phosphorylated and buffer-treated control wild type. Myosinuf#i)Ovas
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regeneration system and then pelleted &5The fraction of myosin bound to actin
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gels. The plot of the fraction bound as a function of actin concentration was fit to a
hyperbola to determine the steady-state affinity for actin. Errorrbpresent the
standard deviation from 3-5 separate experiments performed on 2-3 different protei
preparations. See Table 1 for values.
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Figure 6. Model of myosin llla function in inner ear hair cells. lawdr right) Myosin

llla with its cargo, espin 1, attached to its 3THD1 domain, walks up the actin bundle by
motor activity and using the actin binding motif in its tail tip STHDII domain tantaan
processivity. 2. ypper right) Myosin Illla may or may not release espin 1 at the tip of the
actin bundle, Tail domains with or without espin 1 may remain attached to actin or,
alternatively, bind with other binding partners at the tail tip.uppdr left) A cellular

kinase (or another activated myosin llla kinase) phosphorylates the kinas& domai
activate it, and it may act as a signaling protein to phosphorylate othernterigetles.
Other activated myosin llla kinases in the vicinity phosphorylate the mydsimdtor,
reducing its actin affinity. 41d¢wer left) Fully phosphorylated myosin llla returns to the
base of the stereocilium by retrograde flow as it maintains associdth the actin

bundle. Alternatively, it may detach from the actin bundle and diffuse away frém it
The kinase and the motor are dephosphorylated by a cellular phosphatase.
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Mlilla 21Q Milla 21Q Mlilla 21Q Mlilla 21Q
Untreated K50R Phos Dephos
Steady-State Paramefers
A\ (sec)-1 0.07 £0.03 0.07 £ 0.0% 0.16 + 0.06 0.05 + 0{04
%keat (S€C)-1 0.77 £0.08 0.76 + 0.08 0.25 +0.08 0.78 £ 0|30
“KaTPase(LM) 34 +11 9.42 +1.68 2.38 + 3.4( 25.0 £ 197
UK actin (UM) 7.0 +0.60 3.83+0.53] 1560+231 5.48+1.16

®Steady-state ATPase activity in the absence of actin measuretthevNADH coupled assay.
®Maximum rate of actin-activated ATPase measured with the NADH cdagkay. The values
for Karpase@NdK o Were determined from the fit of the data in Figure 2 to the equatipnt: (Kea

[actin]) / (Katpase+ [actin])).

“Actin concentration at which the actin-activated ATPase rate ibalfienaximal from the

NADH assay.

dActin concentration at which the myosin bound to actin in the actin cosedtinrrassay is
one-half of the total myosin in the assay.

Table 1. Steady-state parameters: MIIIA K50R vs. MIIIA wt untreateldadier 60 min
incubation with or without ATP. The kinase-inactivating mutation alter&thg.sebut

does not affect yor k.4 for the steady-state ATPase cycle as compared to untreated wild

type. Prior phosphorylation as described in Materials and Methods resulted in reduced
keay INcreased Y, and increaselacin for Mllla 21Q wt, while incubation in the absence
of ATP (dephos) did not appreciably alter steady state parameters fromirtbated

values.
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APPENDIX A

A.1 Autophosphorylation is Slow and [ATP] Dependent

One of our earliest tasks was to ascertain the rate of aupphgktion at a
constant myosin llla concentration and to establish useful expaténconditions for
autophosphorylation treatments in future assays. We treated NMIES uM) at room
temperature with ATP in the concentration range of 50 uM to 200@pdvjuenched the
reaction with SDS sample buffer at ten time points within 0 -m@® of incubation.
Samples were subjected to SDS-PAGE and Western blotting ugipg@sphothreonine
and antiphosphoserine primary antibodies (Zymed Laboratories Inc), lisbera
peroxidase-linked IgG secondary antibody (Cell Signaling Technol@mng, Lumiglo
chemiluminescence reagent (Cell Signaling Technology). Densitpraralysis using
Image J software (NIH) was performed to determine relative band tntsn&embranes
were stripped and reprobed with anti-FLAG antibody to detect total protein.

We found that threonine phosphorylation rates were linearly depend&Rn
concentration in the range of 50 to 1000 uM and that autophosphorylation was@uite
compared to the motor ATPase rate. While many Pak1 kinases turn over rapidlgythe
steady-state rate of the myosin llla kinase activity iadid that it does not turn over
rapidly without phosphorylating the substrate (&al 2003, Dosét al 2006). We used
these data to select an ATP concentration of 200 uM and a tredime of one hour for
further experiments, an ATP concentration at which the threonine pholgtiooryate

for 0.5 uM Mllla 21Q was ~0.2 mih(Doséet al 2006). (Appendix figure A2).
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A.2 Two Residues Are Autophosphorylated Per Myosin Molecule

Time courses were performed to determine the number of tagees that
become autophosphorylated, following the protocol described in A.1 but usifig)(
ATP as the substrate. The number of mole¥®fincorporated per mole of Milla 2I1Q
was determined by scintillation counting. Samples were subjext®®S-PAGE, bands
were excised and dissolved in 30%Q4, and scintillation counting was conducted in
conjunction with a standard curve. By comparison to the standard dumwesi
determined that two moles of phosphate were incorporated per mole aginmy
indicating that two phosphorylation sites are targeted during tag §Boséet al 2006).
However, because we are only measuring an increase in phosphoritlasigossible
that an initial level of phosphorylation is present following the esgion and
purification process (Dosé al 2006). (Appendix figure A3). In this assay measuring
total autophosphorylation (both serine and threonine target residuesjatéhevas
approximately 2-fold slower than that determined by Western irgjottfor
phosphothreonine incorporation. This indicates that serine phosphorylaliiceiyisand
that it most likely occurs at a slower rate than threonine phodphiory (Doséet al
2006).

A.3 MIIIA 2IQ AKinase is Not Phosphorylated

We demonstrated both by Western blotting and by phosphorimagindhthat
kinase-deleted myosin Illa construct cannot become phosphorylated mettence of
ATP during the kinase assay conducted as described above (AppendesFg A and

B). (Doséet al 2008).
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A.4 Serine Autophosphorylation is Slower Than Threonine

Serine phosphorylation proved difficult to interpret due to problems in atigni

experimental conditions for the antiphosphoserine antibody. Our fewWlestern blot

results suggest that serine phosphorylation does increase duringhéise kissay and
some amount of serine phosphorylation may take place during trmilteie or protein

preparation, but this line of investigation was redirected in fatdnture identification

of specific target residues. (Figure A5).

A.5 Glycine and Lysine Mutants

Prior to development of the K50R mutant, we attempted to inactivatenyosin
llla kinase by creating an individual glycine to alanine pmntation at each of the three
glycine residues (G34, G36, and G39) in the highly conserved glsiciméeop of the
kinase’s catalytic region. This glycine triad is one of iest highly conserved regions
in kinases, and contributes to the kinase’s nucleotide affinityn(hler et al 1997). A
review of the literature reveals that comparable point mutationsher protein kinases
have had mixed results (Hemmnetral 1997, Hiraiet al 2000, Ikenouet al 2004). None
of our mutations successfully inactivated the myosin llla kinakepugh one (G39A)
appeared to reduce the autophosphorylation rate as compared to wild\yiee.the
K50W mutation appeared to abolish autophosphorylation, the construct cohsistent
exhibited a very high initial level of phosphorylation that may haxetuded motor
phosphorylation, which may have contributed to its observed reduced mot@s@&TP

activity (Appendix Figure AB).
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A.6 Dephosphorylation of Ml 21Q WT

Because our phosphorylation Western blotss suggested that the N)IVet 2onstruct is
already phosphorylated at a low level following protein isoladiod purification prior to
experimentation, we attempted to completely dephosphorylate it by @iasph
treatment, using calf intestinal phosphatase (CIP) and protein phasphh (PP1).
While these treatments did remove the low levels of initial phosfatimny as detected
by Western blotting with antiphosphoserine and antiphosphothreonine printidydies
(Appendix Figure A7), the dephosphorylated protein was not detectilfgredif from
untreated wild type in the actin-activated ATPase assag (adatshown). It is likely that
this was due to rapid rephosphorylation to initial levels once ATPaddsd to the assay,
which may involve primarily kinase rather than motor phosphorylation.

A.7 K50R Transient Kinetics

We have partially characterized the transient kinetics ofMH&a 21Q K50R
ATPase, particularly focusing on those components of the ATPade tyat may
specifically be altered by the K50R kinase mutation, and tidedified as points of
difference between wild-type and kinase-deleted Mllla 2IQ inpoevious investigations
(Doséet al 2008).

The rates of ATP binding to the kinase domain and to the motor doneaen w
found to be comparable in our K50R construct to those determined in digr ea
characterization of Mllla 21Q wt (Dos# al 2006) (Appendix Figure A8). Our previous
characterization of Mllla 2IQAK had found it to exhibit slow, rate-limiting ATP

hydrolysis and an accelerated transition between actomyosin.Add€s giDoséet al
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2008). However, the data we have collected thus far regardindiffenences in rates of

ATP hydrolysis between Mllla 2IQ K50R and the wild type constrioave been
inconclusive (Appendix Figure A9). Our results indicate that thesttion between the
two actomyosin.ADP states is rate limiting for the K50R mutant, as it isifdtype, but
the equilibrium constant governing the transition may be enhanc&®@it. (Appendix
Figure A10). See Appendix Table Al for values obtained.

A.8 Autophosphorylation Target Residues

An important issue we have attempted to address and remaing@ngpproject
in our lab is the identification of specific phosphorylation targstidues in human
myosin llla. As noted in A.2, two sites become autophosphorylated dadabation in
the presence of ATP (Komalehal 2003, Dosét al 2007), and it is possible that some
phosphorylation takes place during the Sf-9 cell culturing procesturimg protein
isolation and purification. Preliminary mass spectroscopy asahgs been conducted
on our myosin samples by Dr. Stanley Stevens (University ofd@oRrotein Core
Facility), pointing to several putative autophosphorylatable sites dnthetmotor and
the kinase that warrant further investigation (See Appendix Figure All).

Currently we have several lines of evidence that strongly atsikinase
phosphorylation at a threonine corresponding to a phosphorylatable seroreftarat
the canonical Pak kinase activation site on the activation loop ohtigdytic domain,
Thrl84 in the myosin llla kinase domain. Not only did the mass speetinp analysis
indicate phosphorylation at this residue, but the literature inditaaephosphorylation
at this site is virtually a universal requirement for actorabf the Pak kinases (Thr 423

in mammalian Pakl), which may be accomplished by either intecoiate
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autophosphorylation or by the activity of another cellular kinaseefladi2000, Leiet al

2005 review). Close correlation between the PSSM-determined fanawed” nearby
residues for Pakl kinase target specificity and the specijgcesee of basic residues
upstream of T184 (P -5 to P -1) as well the nearby downstreamnsegakso provides
strong evidence for it81 vivo phosphorylation (Rennefahet al 2007). We have cloned
and infected Sf-9 cells with both T184A and T184E Mllla 2IQ genes, will soon
begin investigations to evaluate the significance of phosphorylatighisasite. It is
possible that other kinase domain residues also may be targetedo&phprylation,
either for inhibition or for modulation of kinase activity.

The motor’'s loop 2 residue(s) targeted for autophosphorylation by thanhum
myosin llla kinase does/do not appear to correspond to either afitthighasphorylation
targets published fdrimulus myosin llla (Cardasist al 2007). Only one of the sites is a
serine/threonine in human myosin llla, and a serinalanine substitution did not reduce
autophosphorylation as detected by antiphosphoserine Western blottegFiiee
Al12). Indeed, an alignment of fish, humdr,osophila andLimulus myosin Il protein
sequences shows loop 2 to be relatively variable in both length acdicspesidues,
especially when comparing vertebrate to invertebrate isofqbusé et al 2003).
Because the loop’s specific charge characteristics contributee motor’s actin affinity
in certain steps of the ATPase cycle (Yengo and Sweeney) 2608abilities at loop 2
may contribute to differences noted between the invertebrate atedbraée myosin Il
motors.

Our preliminary mass spectroscopy analysis suggested thre&86nerpstream

from the Limulus target residues, as a potential site for autophosphorylation, and
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comparison with the PSSM-derived predicted surrounding residues provedemable

support to continue with direct testing. Further verificatiomiass spectroscopy along
with direct testing will be required to ascertain these andr gib&ential targets and
evaluate the functional effects of their autophosphorylation.

An additional site on the kinase is also highly likely to be a phoglation
target, but could not be distinguished between serine-177 and threonine-13&itel s
not a consensus target for Pak phosphorylation and may serve to maduiialtébit
kinase activity. Because we suspect that there is at twastserine targeted for
phosphorylation we predict that serine-177 is more likely to be the phgtgtkdrtarget
residue. However an additional mass spectroscopy analystsewindertaken to clarify

these findings.



Milla Full wt Milla Full K50R
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Milla Full AK MHla Full K5S0R
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Appendix Figure Al (Supplemental). Kinase-inactivated myosin llla locatze
stereocilia tips more effectively than wild-type. (From Kachar INibl). Mouse inner
ear hair cells were transfected with human Milla full length-GFP agetstrthe wild

type (upper left), kinase deleted (lower left), and kinase inactivated (apddower
right). All of the myosin constructs localized to stereocilia tips, but witlalkdity in
concentration levels. Myosin concentrations at the tips were lowest for wildhigbest
for kinase deleted, and intermediate for kinase inactivated, which provides sopport f
ourinvitro results using the shortened (Mllla 21Q) myosin llla constructs. NHlla
visualized with green fluorescent protein, while actin is red (rhodamine-ghalloi
staining).
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Figure A2. Rate of Mllla 2IQ autophosphorylation was monitored by Westermglott
with anti-phosphothreonine primary antibody. Mllla 2I1Q (9 was incubated with ATP
for 0-60 min (room temperature) and the reaction was quenched with SDS loading buffer
Increase in phosphothreonine as a function of time was analyzed using Imageuksof
A. Autophosphorylation time course at 56b ATP is shown. Data are fit to a single
exponential functionki,s= 0.46 + 0.07 mift and linear phase = 0.67 + 0.05 A)ninset
shows the Western blotting results (minutes of ATP incubation givemitil linear
phase of the time course allowed us to determine the autophosphorylation rate at eac
ATP concentration. The plot demonstrates that autophosphorylation ratd (min

linearly dependent on ATP concentration in the concentration range measuredi{linea
=0.0010 + 0.0001 wimin™). (Doséet al 2006).
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Figure A3. A time course measuring kinase activity was conducted atddszarlier,
using [¥-*P]JATP (200 w) to determine the total amount of phosphate incorporation at
each time point. Samples were subjected to SDS-PAGE electrophoresis, bancigt were
out and dissolved in 30%,8,. The amount of’P incorporation as a function of time
was fit to a single exponential functidks = 0.082 + 0.02 mif, linear phase = 0.16 +
0.03 min?) to determine the maximum number of mole&?Bfper mol of myosin Ill (2.2

+ 0.2). (Doséet al 2006).
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Figure A4. Western blot and phosphorimage of purified Mllla and MiKa
autophosphorylation. (A) Anti-phosphothreonine Western blot. A time course of Mllla
autophosphorylation upon treatment with ATP demonstrates the increase in
phosphothreonine content over a 60 min period (time points =0, 1, 5, 30, and 60 min).
Mllla AK was also examined in the presence of ATP for the same time points as Mllla.
The blot was stripped and reprobed with anti-FLAG to assess equal loading of samples
(B) Phosphorimage 6fP incorporation by Milla 21Q and Mllla 2I@Kinase (60 minute
room temperature incubation). No phosphate incorporation was noted for the kinase
deleted construct within the time of the experiment (Babsé 2008).
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Milla 21Q wt
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Stripped,antiFLAG

G34A . G36A
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Figure A5. Western blotting indicates that autophosphorylation targets seithes(s)

as well as threonine (see Figure A2). Autophosphorylation assays weliected as
described (200 uM ATP, room temperature), using antiphosphoserine as the primary
antibody. Results suggest that autophosphorylation targets for the Mllla 2@ kinas
include both serine and threonine residues. The stripping conditions for the time course
assay appear to not have been completely successful.



79

A.  G34A mutation: Antiphos threonine‘ * antiFLAG

Om 60m Om 60m

G36A mutation:  Antiphos threonine
0 0.3m 0.5m 1Im 2.5m 5m 30m 60m

G39A mutation: Antiphos threoninc '
0 0.3m0.4m 0.5m Im 5m 15m 30m 60m
ANFLA Ty, o o G S c e
0 055 15 60
B WT PR C——-———
KSOR | s e
K50W e e 4
-
1.0 ; ‘
3F - —&— MIIIA 2I1Q K50R
c S —o—MIIIA 21Q K50W
255 Q 0.8 |~ MIIA 2IQ Wk
s i
> ©
° 2 T 0.6
_§_ o
154 ©
-Dccj @ 04
g 1% B
= ——MIIIA 21Q WT ] < o2
T 05F 4 MIIIA 21Q K50R ]
Y * MIIIA 21Q K50W ] . ]
0 I I I I ] L L L L
0 10 20 30 40 50 60 70 0 20 [irgctin] fl?\ﬂ 80 100

Time (minutes)

Figure A6. A. Individual point mutations in the conserved glycine loop of the Mllla 21Q
kinase domain did not abolish autophosphorylation capability as determined by time
course kinase assays (0-60m incubation with 200 uM ATP at room temperature,
guenched by SDS sample buffer). B. Both K50R and K50W point mutations appeared to
abolish autophosphorylation, but were accompanied by high phosphorylation from the
cell culture/purification process. The very high initial phosphorylation of KSOW was
associated with low ATPase activity, and so may have involved motor as well s& kina
phosphorylation. (See further K50R analysis in the main body of this dissertation.) All
samples were resolved by SDS-PAGE electrophoresis followed beivédbtting,

using antiphosphothreonine as the primary antibody. Stripped membranes weredreprobe
with anti-FLAG antibody to assess evenness of loading.
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Figure A7. Treatment with calf intestinal phosphatase for 0 to 60 minutes reaulted i
removal of initial phosphorylation, while incubation with ATP (as described for othe
kinase assays) produced a progressive increase in phosphorylation contpartide
similar assays. Dephosphorylated myosin llla 21Q, however, did not gigderea of
differences from untreated myosin in steady-state actin-adivai®ase assays (data not

included).
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Figure A8. The rate of ATP binding for Mllla 21Q K50R was measured by kineti
competition with mantATP. MllI 21Q (K50R) (tM) or acto-Mlll 21Q (K50R) was

mixed with 5uM mantATP and varying concentrations of ATP. The rate of the
fluorescence increase was linearly dependent on ATP concentration in threerase
absence of actin. A fast and a slow phase were observed both in the presence and the
absence of actin, which was interpreted as the difference betweeofrA? binding to

the kinase vs. the motor domains (Dekal, 2006). A) The fast phase, corresponding to
kinase binding, was fit to a single exponential function at all ATP concentratiohg in t
absence and presence of actin. B) The slow phase, corresponding to motor binding, was
fit to a single exponential function at all ATP concentrations in the absence aedageres
of actin. The rate of ATP binding was plotted as a function of ATP concentration to
determine the equilibrium constami;J and maximum rate of ATP binding.).
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Figure A9. The Mllla 21Q K50R equilibrium constant for ATP hydrolysisedeined by
acid quench experiments. Mllla 21Q K50R (f®) was mixed with §-*P]-ATP
(100uM) and allowed to age for specific time points (1-20 seconds) before manually
guenching the reaction with acid. The amountBfand thus the amount of ATP
hydrolyzed was determined by scintillation counting. The data was fit tgke si
exponential function (gs= 0.22 se¢) with a steady state rate (0.01 4eand a burst of
0.97uM P; peruM Millla 21Q K50R. The maximum rate of ATP hydrolysis was
determined by kinetic simulatiok.g + k3> 1.0 se). Further experimentation is
required before a conclusive comparison may be made between ATP hydailsitor
this construct and Mllla 21Q wild type.
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Figure A10. The rate of mantADP release following binding to actin in the M.JRDP
state. Mllla 21Q K50R (1uM) (2.25uM) was mixed with 12..uM mantATP, aged for 4
seconds and then mixed with 20 actin and 0.5 mM ADP (final reaction conditions:
0.5 or 1.13uM Mllla 21Q, 6.25uM mantATP, 20uM actin, and 0.5 mM ADP). The
mant fluorescence transients were fit to a two exponential function for MQI&k50R)
representing ADP release from the kinase and motor domains. Results astedntr
with those previously obtained for Mllla 216K (ADP release from the motor domain
only), which fit to a single exponential function (Dastél 2008).
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Figure 11. Mass spectroscopy reports mapping potential phosphorylatidrréardees

in myosin llla. Each of the above reports maps one of the three putative
phosphorylatable residues identified in myosin llla samples submitted fossndllgese
sites were mapped to S177/T178, T184 and T886 respectively. (Dr. Stanley Stevens,

University of Florida Core Protein Facility).
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Figure A12. The point mutation S911A in loop 2 of the human myosin Illa motor did not
block serine autophosphorylation. The band intensity difference between 0 and 60
minutes was similar for S911A construct and wild type.
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Table A1. Summary of rate and equilibrium constants in the myosin IlIA motor ATPas

cycle.
ATP Binding and Hydrolysis
Rate/Equilibrium MIlI MIll AK MiIIl K50R
Constant (y-int)
*Kiksz (uM™-sec?) 0.010 + 0.004 0.031 + 0.005 0.0078 + 0.002
(0.2840.02)
PKiksz (uM™-sec’) 0.002 + 0.001 0.075 + 0.005 N/A
K3 9 1.5
K 1K o(uM ™ -sec?) 0.005 + 0.002 0.116 + 0.013 0.028 + 0.005
(0.39+0.05)
KK 4o (UM sec’) 0.043 +0.010 0.099 + 0.005 N/A
K’ K., (UMt sec) 0.022 + 0.001 0.054 + 0.005 0.066 + 0.01
MK’y (uM) 11,144 + 2,319 4,591 + 1,063 5,016 + 697
%K .o(sec) 246 + 38 248 + 34 269 + 19
ADP Binding
K .56 (se€) 6.8+0.2 6.5+0.1 4.69 + 0.8 light scatter
K s5(uM-sec’) 1.0+0.1 0.4+0.1 0.2
K’ 55 (LM) 6.8+ 0.4 16.4+2.2 23.6+5.9
K ,5a (s€C) 0.60 +0.10 0.67 +0.20 0.81 +0.18 light
scatter
*K 45a (s€C) 0.97 +0.03 0.62 +0.07 0.58 + 0.023
K sa (seC) 0.54 +0.08 0.50 +0.10 0.15 +0.07
%K' sn 1.8+0.3 1.2+0.3 3.86
'K .55 (sec) 9.84 +0.25 8.5+0.4 6.1+0.3
'K 58 (UM *-sec’) 0.29 +0.11 0.29 +0.07 0.55 +0.49
'K’ 5p(uM) 34+14 29.1+7.3 11.09
kisa (s€C) 1.00 +£0.24 0.45+0.09 0.05 + 0.063
'ksa (s€C) 0.88+0.11 0.35+0.10 0.89 + 0.06
"Ksa 1.1+0.3 1.2+0.4 0.73
k.55 (sech) 9.26 + 1.55 48+1.3 10.11 +0.89
Kss (UM ™-sec’) 0.31 £0.09 0.51+0.12 0.14 +0.06
'Ksg (M) 30+ 11 9.4+34 71.42
Actin Binding
"kis (UM "-sEC) 11.4+0.4 21.2+0.4 10.4 +1.22
"k (sech) 1.5+0.1 0.40 +0.02 55 I 4
"1/Ke (uM) 0.13+0.01 0.020 + 0.001
"10a (UM LsECEY 14.6 £0.6 16.8+0.4 Dominated by slow
phase
"k 104 (seC)) 1.2+0.1 0.30+0.01
"1/K 108 (uM) 0.08 +0.01 0.020 + 0.001
"Kiroa (UM -sEC) NA 1.1+ 0.1 0.13+0.010 0.084
0.033
"k 104 (seC)) NA 1.1+0.1
hl/KmA(HM) NA 1.0+0.1
"1/K10a (M) 5.0

Note: see next page for legend.



4 mantATP fluorescence

® ATP binding by competition with mantATP

° Acid quench with PPJATP

4 ATP-induced dissociation monitored by light scatter

¢ ADP competition with ATP-induced dissociation monitored by light scatterrenpyactin
" mantADP fluorescence

9Phosphate binding protein

"Pyrene actin fluorescence

'Predicted from kinetic simulation

*Note the rate and equilibrium constants definkig, were modeled with an off-pathway
intermediate in MIIIAK.
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