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Abstract

Michael Kerber: The Role of Myosin-X in a Putative System of Intpéiial Transport
(Under the direction of Richard Cheney)

My research focuses on the role of the molecular motor, myogMy¥10), in
the cellular protrusions called filopodia. Chapter one provides an-datéoreview of
Myo10 in a manuscript that is being prepared for submission to the Jair@se!l
Science. Chapter two, my main data chapter, was published innC&imogy and
describes a novel population of fast-moving Myo10 in filopodia that wewased using
single-molecule imaging techniques. For this paper, | optimizekntging system used
to detect single Myo10 molecules, performed most of the experinsmsnade all of
the figures. 1 also helped develop a software program, Kymotraitiadrexploits a
technique called kymography to track and take measurements efdingte molecules
in time-lapse videos. In Chapter three, | describe pretingiexperiments investigating
the role of Myo10 in filopodial adhesions. In Chapter four, | summarelgsions

drawn from my research and discuss important avenues of future research il the fie
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Chapter 1: Myosin-X: aMyTH4/FERM motor at thefilopodial tip

Summary

Myosin-X (Myo10) is a MyTH4-FERM myosin broadly expressed inelerate
tissues. Myo10 is best known for its role in the formation of filopadia its striking
ability to move within filopodia and accumulate at their tips.tdikregion is implicated
in signaling downstream of PI3K, interactions with adhesion-assdciattoteins, and
binding to microtubules. In addition to its central role in filopodia,olMy is also
required for the proper orientation and length of the mitotic spindlaile biophysical
studies of Myo10 have begun to uncover the motor’s single-molecypenies, exciting
progress has also been made in revealing Myol0’'s physiologicaiodiusic Recent
evidence has demonstrated that Myo10 is required for the migraticell®fcoucial for

the development of the nervous system.

| ntroduction

Myosin motors are an ancient group of proteins capable of malonyg actin
filaments and binding to cargos via a wide variety of tail domaMgosin-X (Myo10)
contains a unique combination of domains in its tail and is the foundingbeneof its
own class of myosins. Together with its closest relatives;ltss VII and XV myosins,
Myo10 is a member of a larger superclass of myosins definduebyrésence of myosin

tail homology 4 (MyTH4) and band4.1, Ezrin, Radixin, Moesin (FERM) domairise



MyTH4-FERM myosins have been implicated in mediating membcgteskeleton
interactions in protrusive structures such as stereocilia apmbfila (Oliver et al., 1999).
MyTH4-FERM myosins are also evolutionarily ancient, appearuggy early in
metazoan evolution, although Myol0 is not present in the fly and woreades
(Odronitz and Kollmar, 2007).

Myo10 was originally discovered in a screen for novel myosins in bglifiner
ear tissue, but has since been detected in most mammalaesti&olc et al., 1994,
Yonezawa et al., 2000). It is important to note, however, thagutd bf expression is
orders of magnitude lower than that of the better-known myosimy010 is the only
myosin to boast multiple pleckstrin homology (PH) domains, which conéeability to
bind directly to the plasma membrane (Berg et al., 2000). Throughigse assortment
of PH, MyTH4, and FERM domains and distinctive motor properties, Mypp@as to
play several important roles within the cell (Divito and Che@698; Sousa and Cheney,
2005). In particular, Myo10 has emerged as a central figure in filopodia.

Filopodia provide a point of contact between a cell and its environmdmhany
cells are thought to rely on these finger-like organelles toepestal interact with their
surroundings (Mattila and Lappalainen, 2008). Filopodia are thereforehthtudpe
important for developmental processes that rely on directeanagdation, such as axon
guidance and angiogenesis (Eilken and Adams, 2010; Koleske, 2003). eDdspit
implications in human health and disease, the mechanisms undefliopgdial
formation, maintenance, and function remain largely uncertaifopdélia consist of a
plasma-membrane-encased F-actin bundle, oriented with the adiedbends towards

the filopodial tip (Wood and Martin, 2002). These tips are thes dite actin



polymerization, which contributes to forces that cause the filop@dish bundle to
continuously slide back towards the cell body, a phenomenon termedvédrda
treadmilling” (Medeiros et al., 2006). One likely master ratul of filopodia is Myo10,
which localizes to filopodial tips, causes an increase in filopagmber, and moves in a
directed manner within filopodia (Berg et al., 2000; Bohil et al., 26G8pber et al.,
2009). Here we review key progress in understanding Myo10, frontruistigal and

single-molecule properties to its role in organismal development.

Myosin-X structure and biochemical properties

Myo10 contains regions referred to as the head, netlelix, and tail (Figure
1.1). The head of Myo10, like all myosins, consists of a conserved motomd @il to
bind to F-actin and hydrolyze ATP to produce force (Homma et al., 200itigl in vitro
experiments performed using an “HMM-like” Myo10 construct, whichudes only the
head, neck, and-helical domains, indicated that Myo10 moved at ~200-300 nm/s with a
processivity somewhere between that of non processive motorsyidsn+l and highly
processive motors like myosin-Va (Chen et al., 2001). A monomeric headeorestkuct
exhibited an actin activated ATPase of ~4/s at 25°C and a dtity af ~16%, again
intermediate between that of nonprocessive and highly processiees (Kovacs et al.,
2005). On the contrary, a shorter head-neck construct used bgraemtifffroup yielded a
much higher actin activated ATPase and duty ratio of 13.5/s and ~@&8fpectively
(Homma and lkebe, 2005). These discrepancies illustrate the anperof studying
full-length My10 constructs in the cellular environment to estalihe motor properties

of the native protein.
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Figure 1.1. Myol10 Structure

(A) Domain organization of the MyolO protein.B)(Working model of Myol0’s
structure, including bound calmodulin light chains (blue), construate@yiMol by
combining domain structures derived from a combination of predictionrgimsgyand
known domain structures, where possible. Myol0 is depicted here asawiim a
singlew-helix domain of 90 amino acids and a coiled-coil domain of 40 amiius,ac
though the exact proportions are unknown. Note that the PEST-domain-cantaini
region (gray) is predicted to be and therefore depicted asedylangstructured region of
roughly 200 amino acids.



Following the motor domain is the Myol0 neck, consisting of three 1Qfsnot
each capable of binding to calmodulin or calmodulin-like light chamns icalcium-
dependent manner (Berg et al., 2000; Homma et al., 2001). Recent studishdame
that calmodulin-like protein actually increases Myol0 expression ingracting
specifically with Myo10’s 1Q3 motif (Bennett et al., 2008; Bettret al., 2007; Bennett
and Strehler, 2008). One explanation for this method of regulatighatsduring
translation, the growing Myo10 peptide somehow interferes with futtaeslation until
calmodulin-like protein binds to its neck, changing the conformatiorhefnascent
peptide and allowing translation to proceed (Bennett and Strehler,. 2008)10 may
also undergo the kind of self-inhibition exhibited by myosin-VII, venepart of the tail
region folds into and inhibits the motor (Yang et al., 2009) (Figure li2the mature
protein, the neck region is thought to function as a rigid lever hanamplifies the
conformational change in the motor domain, causing the molecule to madigéaace
proportional to the length of the lever arm, which is typicallyaded by the number of
IQ motifs in the neck. For example, the 3IQ motifs of Myol0’s neek expected to
span ~10 nm, which would allow a Myo10 dimer to potentially reach @28 nm in a
single step.

The precise structure of the Myol0 lever arm is still uncthar to a recent
reanalysis of the ~130 amino aaidhelical region. What was originally predicted to
form a dimer-inducing coiled-coil domain is now accepted to béeamt partially, a
stable singlex-helix (SAH). SAH domains function as stiff extensions of #eef arm
and have recently been discovered in several myosins (Baboolal ef08ab;

Sivaramakrishnan et al., 2008). In the case of Myo10, the SAH domain occupies at least
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Figure 1.2. Model of possible Myo10 regulation

Myo10’s predominant intracellular state may resemble a compact, inactive monome
Binding to actin by the motor domain, or to other cargos by domains in the tail, may
cause the monomer to extend. A final, active dimer may be formed either when khe loca
concentration of extended monomers reaches some threshold, or by binding to specific
cargos via the Myo10 tail.



the first 36 of thex-helical region and possibly much more, extending the lever arm and
leaving a much shorter region that might form a coiled-coildBral., 2000; Knight et

al., 2005a). The ability of Myol0 to form a dimer has therefoimine somewhat
controversial.

Whether through the use of a coiled-coil domain or by some other nigecha
Myol0 appears to undergo dimerization under certain circumstances.e @#ndtron
microscopy revealed that a purified HMM-like Myol0 remainecdbstlty (90%)
monomeric, the 10% of the HMM-Myo10 population that successfully formexrdi
under these in vitro conditions appeared to have lever arms thatmush longer than
expected for a neck consisting of only 31Q motifs. A moremnestudy by Sun et al.
discovered that HMM-Myo10s readily dimerize when brought into proyjreiiggesting
that the distal portion of the predicted coiled-coil domain retaimsesdimer-forming
ability. To test the necessity of dimerization, many group® ltaeated “forced-dimer”
constructs of MyolO that include a region that artificially induckserization.
Experiments using different forced-dimer versions of HMM-liked#§ indicate that the
ability to dimerize is necessary for Myol0 to move processigegrber et al., 2009;
Nagy et al., 2008; Nagy and Rock, 2010; Ricca and Rock, 2010; Sun et al., 2010).
Consistent with this theory, a construct containing only the headaheck, thus lacking a
coiled-coil domain, is unable to localize to the tips of filopodiar{Band Cheney, 2002).
It is possible that in the environment of the cell, MyolO is subjectegulated
dimerization either through cargo binding, as has been reported forinviipsor
through high local concentrations in the regions of the cell whaseumulates (Iwaki et

al., 2006; Park et al., 2006; Phichith et al., 2009; Yu et al., 2009).



Immediately following then-helical region are three proline-rich PEST regions,
which have been implicated as sites of cleavage by calcipendent calpain (Berg et
al., 2000; Rechsteiner and Rogers, 1996). While cleavage at thesR&sSdan occur in
vitro, generating an HMM-like Myo10 as well as a tail fragmeénts not yet known
whether this is an important process in vivo (Berg et al., 2000).r thigePEST regions,
the Myol0 tail contains a cluster of three pleckstrin homology (&bthains in an
unusual arrangement; the second PH domain (PH2) is inserted pmitative surface
loop of PH1 (Figure 1). The inclusion of PH domains allows Myol0Olstéabind
directly to the plasma membrane via phosphatidylinositol phosphateg €8 al., 2000;
Cox et al., 2002; Isakoff et al., 1998; Macias et al., 1994; Musacclaio, 993; Tacon
et al., 2004; Yonezawa et al., 2003). This membrane-binding abilityigsie among the
many myosins discovered so far and may lead to an increaselatdaheoncentration of
Myo10 to levels that favor dimerization (Sun et al., 2010). Additiontiky presence of
PH domains raise the possibility that Myol0 functions downstream I®kiase
signaling. Indeed, the PH2 domain of Myo10 is known to function downstre&i3-of
kinase in macrophage phagocytosis (Cox et al., 2002) and the inabilinnd to
PtdIns(3,4,5)P3 shifts Myo10'’s localization from the plasma memhloRab7-positive
vesicles (Plantard et al., 2010).

Following the PH domains, the Myo10 tail contains a Myosin Tail Honyolbg
(MyTH4) domain, which has been shown to bind to microtubules and may M§oi0
to act as a link between the actin and microtubule cytoskeletoasagishhulu and
Reddy, 1998) (Weber et al., 2004). The tail of Myo10 ends in a FERMidpmamed

after the proteins in which the domain was originally discovereahdB4.1, Ezrin,



Radixin, and Moesin. Other FERM domain-containing proteins serniekdhe actin
cytoskeleton to integral membrane proteins (Chishti et al., 1998harf@ERM domain
of Myo10 has been shown to bind to the NPXY motif of the cytoplasmiauntoof 5

integrin (Zhang et al., 2004). In addition to binding to cargos indiviue MyTH4

and FERM domains can also act in conjunction to bind to some carganpr{é¢ei et
al.,, 2011; Wu et al.,, 2011). To bind to the netrin receptor, DCC, fangea the
formation of a MyTH4/FERM structural supramodule is apparentjyired. It is also
likely, according to structure-based sequence analysis, thistyAaH4/FERM tandems
form this supramodule. It will be interesting to see whetheruhion of the MyTh4 and

FERM domains affects their interactions with other binding partners.

Mvyosin-X localizes to the leading edge of laméllipodia and the tips of filopodia

One of Myo10’s most defining characteristics is its strikmgplization to the tips
of the cellular protrusions called filopodia (Figure 1.3). When demsig the movement
of motors in filopodia, it is important to note the constant retrogflase of filopodial
actin. Against this steady rearward flow, Myol10 uses its owtormforce to migrate
towards and maintain itself at filopodial tips. As one migigeex, the motor domain is
necessary for Myol0's tip localization while an HMM-like constngcsufficient (Berg
and Cheney, 2002). Although Myo10 is thought to prefer bundled-actin structuses,
also known to localize to the leading edge of lamellipodia, broagets range to areas

of dynamic actin.



Figure 1.3. Myol0 localizesto filopodial tips and the leading edge of lamellipodia

A bovine aortic endothelial cell fixed and stained with rhodamine-phalloidin dret)
antibodies against My10 (green). Image courtesy of Melinda Divito.
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Mvyosin-X potently induces filopodia

While Myol0 exhibits a clear affinity for filopodia, its functions these
structures have not been completely characterized. There isydmwelarge body of
evidence indicating that Myo10 is crucial for the formation afpiddia. Overexpression
of Myo10 is sufficient to induce a massive increase in both substtathed and non-
adherent filopodia (Berg and Cheney, 2002) (Figure 1.4). Likewise k&oom of
Myol10 resulted in a dramatic loss of filopodia in HelLa cells. Myoday induce
substrate-attached filopodia via an integrin-dependent mechanisasingamore
filopodia to stick to and become stabilized by the substrate (Zetaglg 2004). The vast
majority of filopodia, however, are non-adherent, and a Myol1l0 conshatctacks the
integrin-binding FERM domain is also capable of inducing filopod@h({Bet al., 2006).
In contrast, an HMM-like construct does not induce filopodia. This evidentieates
that although the tail of Myol0 is required, there may be an integtependent
mechanism of Myol0’s induction of filopodia. One alternate theory preptss
Myo10 can crosslink actin fibers at the leading edge of the lgoéilm, generating
actin bundles that could form new filopodia (Tokuo et al., 2007). These sndoeiot
exclude the possibility that Myo10 transports some other protetisacfor filopodial
formation or maintenance (Ross et al., 2008). Myo10 may perfaimikar function in
the filopodia-like structures, invadopodia, which are protrusions associaith
metastatic cancer cells. Myo10 localizes to the tips of invadapmatl is required for
their elongation, suggesting a provocative link between Myo10 and czelteretastasis

(Schoumacher et al., 2010).
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GFP control

Figure 1.4. Myo10 overexpression induces filopodia for mation

Scanning electron micrographs of Cos-7 cells expressing &F&* GFP-Myo10 B).
Images courtesy of Aparna Bohil.
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Mvyosin-X under goes intr afilopodial motility

Consistent with the hypothesis that Myo10 propels itself aldogddial actin,
GFP-tagged full-length Myol10 constructs have long been known to dispi&ing
motility along the filopodia of living cells (Berg and Cheney, 2002gure 1.5). Bright
puncta of Myo10 not only localize strongly to filopodial tips, but alewvenrearwards at
rates closely matching those of actin retrograde flow (~15S)anit is thought that these
rearward movements represent Myol0 molecules that have couplé@ t@arward
treadmilling filopodial actin bundle, riding it like packages on @weyor belt.
Occasionally, these Myol1l0 puncta migrate back towards the tyB@&tnm/s. More
recently, single-molecule microscopy techniques were employeetért a previously
uncharacterized, extremely faint population of Myol0 partideg tindergo forward
movement at rates that more closely match those exhibited an(v&00 nm/s) (Kerber
et al., 2009). These fast-forward events can be quite frequeéhtnew molecules of
Myo10 moving up the shaft of an individual filopodium as often as evegndecThe
forward movement of either the large clusters or the singleaulele of Myo10 require a
functional motor, and an HMM-like construct was found to be sufficiedicating that
in both cases Myo10 is propelling itself. Interestingly, an HMIy10 that included an
artificial forced-dimer domain in the-helical region was also capable of exhibiting fast
forward movement at the single-molecule level, indicating thhead, neck, and the
ability to dimerize is also sufficient. Although it was ndéar from initial “single-
molecule” imaging experiments whether the fast, faint pagidf Myol0 represented
monomers or dimers, a more recent study reported two-step photobtpat these

particles, suggesting that they consist of dimers (Watanabe et al., 2010).
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Figure 1.5. Myol10 undergoes intrafilopodial motility

(A) Model of Myo10 movement in filopodia. Large clusters of Myo10 (green) are
commonly observed both at tips and along the filopodial shaft sliding rearward at ~15
nm/s and migrating forward at ~80 nm/s. These clusters may include as pebueded
scaffolding components, actin polymerization machinery, or other caray) (gr

Meanwhile, individual Myo10 monomers or dimers move much faster towards filopodial
tips, ~600 nm/s. This highly motile population of Myo10 may also be transporting either
cytoplasmic or membrane-associated cargo proteins (orarigje Kyfmograph of a
filopodium from a Hela cell transfected with GFP-Myo010 and imaged usigtesin
molecule TIRF. Note the complex juxtaposition of the various modes of Myo10
intrafilopodial motility.

14



Does Myosin-X transport carqgo in filopodia?

Due to its ability to propel itself along filopodial actin, Myol0as excellent
candidate to act as a cargo delivery motor in a putative, filoppéafs transport
system (Kerber et al., 2009; Nambiar et al., 2010). Consistenttiigtimodel, bright
puncta of Myo10 have been reported to undergo cotransport with VASP analdiBrn
in filopodia (Almagro et al., 2010; Tokuo and Ikebe, 2004). It should be noted, however
that it has not yet been shown whether Myo10 is necessaryeftnatisport of its binding
partners. These experiments may require the development of MgotRout cell lines.
It will also be important in the future to show convincing evidenceMygol0 directly
transporting other proteins, a feat that may require more sensingle-molecule
techniques than those employed so far.

Filopodia are also known to serve as passageways for the tran$pmatgo
between cells. For example, melanosomes are pigment-producanglbeg that appear
to be delivered from melanocytes to keratinocytes along filopodigionaess thought to
be driven by myosin-Va (Scott et al., 2002). A recent studygekiery demonstrated the
importance of Myol0 in this transport system. Knockdown of MyolO in ettieer
melanocytes or the keratinocytes resulted in inhibition of melamptake while
ultraviolet light upregulated both melanosome transfer and Myol10 eiprg§&ngh et
al., 2010). Intriguingly, a similar filopodial transport systamy also be exploited by
retroviruses to infect neighboring cells, although the contributiotMpd10 in this
process has not yet been investigated (Lehmann et al., 2005; Shalte2@07; Sherer

and Mothes, 2008).
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Mvyosin-X isrequired for endothdial cell migration and junction for mation

In addition to acting as transport routes for intracellulagasrfilopodia are also
thought to be crucial for signaling and cellular migration. Intergist BMP6-
dependent filopodial extension and, consequently, directional migration inhehdlot
cells requires Myo10 (Pi et al., 2007). In this process, Myol0 sas/asnecessary part
of the signaling pathway that allows the cell to detect BMP&hm extracellular
environment, possibly by transporting the BMP6-receptor ALK6 lopddial tips.
Endothelial cell filopodia play an important role in establishingasl junctions, which
are held together by a cell-cell adhesive receptor, VE-CadheyE-Cadherin was
recently reported to immunoprecipitate with Myo10 and undergo coordinatement
with Myo10 in endothelial cell filopodia. Importantly, expressingusative dominant
negative MyolO construct, consisting of the Myol0 FERM domain, inhibited the

localization of VE-Cadherin (Almagro et al., 2010).

Mvyosin-X isrequired for spindle assembly and orientation

In addition to its clear association with filopodia-like structudgpl10 is also
important in a process that has little in common with cellulatrpsions: mitotic spindle
orientation. Assembly of the mitotic spindle and anchoring of théensian Xenopus
laevis oocytes are disrupted when Myo10 function is presumably irthityteither anti-
Myo10 antibodies or a Myo10-tail construct (Weber et al., 2004).eMoamatically, the
use of morpholinos to inhibit Myol0 expression in developing embryos results i
multipolar spindles (Woolner et al., 2008) (Figure 1.6). Proper otientaf the mitotic

spindle is also dependent on Myo10. Hela cells, which normally orient their mitotic
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Figure 1.6. Knockdown of Myo10 resultsin the formation of multipolar spindles

(A) Control or B) Myo10 morpholino-treated cells of a Xenopus embryo. Cells were
fixed and stained fds-tubulin (red),y-tubulin (green), and DNA (blue). Image courtesy
of Bill Bement.



spindles parallel to the substrate in an integrin-mediated, sighdgpendent manner,
lose the ability to correctly orient their spindles when MyolPression is knocked
down with siRNA (Toyoshima and Nishida, 2007). Knockdown of Myo10 alseases
the probability of the cancer cell line MDA231 to produce multipolandips (Kwon et
al., 2008). It is hypothesized that Myo10 links the spindle-assddiatectin with astral
microtubules and applies a contractile force to the spindle, coumeraloe stretching

force applied by cortical F-actin (Wuhr et al., 2008).

Mvyosin-X isimportant for axon outgrowth

While most tissues express full-length Myo10, expression in tbesen brain
peaks during the first week after birth, which is also the peabgeak synapse
formation. Myol10 expression then plummets in the adult mouse brain, darathealso
expresses an enigmatic isoform that lacks the motor domain (8basa 2006). This
“headless” isoform is otherwise intact and may representusatigtoccurring dominant
negative. Indeed, expressing a headless Myol0 construct inhibitsignation of
neuronal cells in vitro (Wang et al., 2009) and impairs chick comnailseauron axon
projection in vivo (Zhu et al., 2007). In neurons, actin and microtubadesboth
important for axon guidance and extension, with filopodia being especrayrtant for
axonal path-finding (Dent and Gertler, 2003). Cortical neurons fromoase line
lacking the three Ena/VASP proteins, Mena, VASP, and EVL, do not fitwpodia or
generate neurites. Expressing Myol0 in these triple knockoutreslisies filopodia
formation and neuritogenesis (Dent et al., 2007). Interestingly, Mypodpregulated ~7-

fold following nerve injury, perhaps due to the reactivation of diggapathways
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normally active during development. In development, axon path-finding is regbipta
group of proteins called Netrins, whose receptors include Delet€dlorectal Cancer
(DCC). DCC localizes to neurite tips in a Myol0-dependent maameralso induces
Myo10-dependent filopodia formation and elongation (Zhu et al., 2007). Reyg#tese

data strongly indicate a developmentally critical role for Myo10 in axon outgrowt

Mvyosin-X isrequired during development for neural crest cell migration

Although there is currently no knockout animal model for Myol0, exciting
studies using Xenopus laevis reveal that Myol0 is required for therprogeation of
cranial neural crest cells (Hwang et al., 2009) (Nie et28l09). Neural crest cells are
multipotent, migratory cells that give rise to several cgtles including craniofacial
cartilage and bone, melanocytes, and peripheral neurons (Huang ande3aimdt,
2004). In the Xenopus embryo, Myol0 is predominantly expressed in the cestal
cells in the premigratory and migratory stages. Knocking down Mygffession with
morpholinos causes a loss of neural crest cell migration and results in éicideosease
in the size of the cranium. The loss of migration can be resoueitto by expressing
exogenous Myo10, confirming that the phenotype is due to the loss of Myodi8. T
defect in cell migration appears to be caused by inhibited celhdhesion and
polarization of the neural crest cells. It will be importanietrn whether Myo10 proves

to be required in other migratory cell types and other developmental processes.
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How does Myosin-X select for filopodial actin?

Much of Myo10's filopodia-centric functions rely on its ability to ferentially
localize to bundled actin. Recent advances in the understandingodfOMd biophysical
properties are steadily revealing the mechanism underlying Mydfidisyefor bundled
actin in the cell. One hypothesis proposes that Myo10 binds favdmablyndled actin
because its lever arms possess the distinct length and flexibility to endowdbkm with
the unique ability to bind each motor domain to separate, neighbatingilaments. In
a series of experiments from the Rock group, Myol10 has been shonitidi ilonger,
more frequent runs on bundled actin than filamentous actin, and thah,Ftdse
filopodial actin bundler, is required for proper Myo10 localization in (iMagy et al.,
2008). Myo10 also appears to prefer parallel actin bundles in ex ygt®nss in which
the stabilized cytoskeletons of fixed, detergent-treated eeHlsused to seed purified
motors (Brawley and Rock, 2009). The specifics of Myol10’s behavidsundled and
filamentous actin remain unclear, with reported step-sizesngufiggm 18 nm to 34 nm
(Ricca and Rock, 2010; Sun et al., 2010). There is also disagreemgenimg whether
Myol10 spirals in a right-handed, left-handed, or unbiased fashion on filarardts
bundles. Domain-swapping experiments indicate that MyolQO’s bundletigglec
however, appears to rely on the properties obitselical region and may involve the
amount of flexibility that the region lends to Myo10’s lever aNagy and Rock, 2010).
Much of the discrepancies may be due to differences in the consisgttsby different
groups. Some forced-dimer constructs may alter the fleyilofithe a-helical region or

may place them out of register. It is clear from thegdiss that the field would benefit
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greatly from a purified, full-length version of Myo10 that couldused to establish the

step size, processivity, and bundle selectivity of the native protein.

Discussion

Although Myo10'’s provocative localization to filopodia and similar dtrces has
long hinted at importance in development, the first confirmationisofole in vivo has
only recently come to light. The requirement for Myol0 in neurastccell migration
may represent only the first of many potential roles in developn@nsidering its
importance in other in vitro systems (e.g. endothelial cell atimgn and mitotic spindle
formation).  The creation of true knockout animal models may revealr othe
developmental processes that require Myol10. Cell lines that lackyMyol10 would
also provide invaluable new testing grounds to more fully characterize its rbkegelt.

Indeed, Myo10 has yet to be fully characterized at the molelayar and many
guestions persist. How is Myo10 regulated? Does it dimerize€s D transport cargo?
Although great progress has been made using various truncated and-dianee
versions of Myo10, the field would benefit greatly from a purifidédlength Myo10 that
could be used for biophysical studies. Likewise, much has been lessnmeahfvitro and
ex vivo systems, but in vivo approaches may be required to teasetlapaattual
dimerization status, step size, and bundled actin behavior that Myolfitexhithe cell.
A better understanding of Myo10’s molecular characteristicsumfioubtedly lead to a

better understanding of its role in the broader context of human health and disease.
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Chapter 2. Imaging Myosin-X at the Single-Molecule L evel Revealsa Novel Form

of Motility in Filopodia

Michael L. Kerber, Damon T. Jacobs, Luke Campagnola, Brian D. Dunn, Taofei Yin,

Aurea D. Sousa, Omar A. Quintero, and Richard E. Cheney

Summary

Although many proteins, receptors, and viruses are transportedardaaiong
filopodia by retrograde actin flow (Hu et al., 2007; Lidke et al., 2005; Sheadr 2007),
it is less clear how molecules move forward in filopodia. MydsiiMyo10) is an actin-
based motor hypothesized to use its motor activity to move forabangy actin filaments
to the tips of filopodia (Berg and Cheney, 2002). Here we use digerstal internal
reflection fluorescence (TIRF) microscopy system to direddyalize the movements of
GFP-Myo010. This reveals a novel form of motility at or near thgles-molecule level in
living cells wherein extremely faint particles of Myol0 madwea rapid and directed
fashion towards the filopodial tip. These fast forward movements @tct600 nm/s
over distances of up to ~10 um and require Myo10 motor activity andfidentirents. As
expected for imaging at the single-molecule level, the fairticies of GFP-Myo10 are

diffraction-limited, have an intensity range similar to sinGIEP molecules, and exhibit



stepwise bleaching. Faint particles of GFP-Myo5a can atsertowards the filopodial
tip, but at a slower characteristic velocity of ~250 nm/#mil& movements were not
detected with GFP-Myola, indicating that not all myosins arebtapd intrafilopodial

motility. These data indicate the existence of a novel systelong-range transport

based on the rapid movement of myosin molecules along filopodial actin filaments.

Results and Discussion

Filopodia are slender actin-based extensions thought to function latarcel
sensors in processes such as nerve growth and blood vessel develdpiopotlia have
a relatively simple structure consisting of a bundle of paratieh flaments surrounded
by the plasma membrane (Mattila and Lappalainen, 2008; Wood and Martin), 2002
Each actin filament has its barbed end oriented towards the thge dflépodium, and
actin monomers are constantly added to the filament at its barzed The actin in
filopodia typically moves rearward at rates of 10-100 nm/s in &ess known as
retrograde flow. Although retrograde flow (Albrecht-Buehler arald®an, 1976) is
now known to be powered by a combination of actin polymerization and mlyosin
mediated contraction (Medeiros et al., 2006), the mechanisms b winlecules move
forward in filopodia are much less clear. Since microtubules amdbna@ous vesicles
are generally absent from filopodia, forward movement in filop@ligely to depend

either on diffusion or an actin-based mechanism.

Myo10 is an actin-based motor protein that localizes to theofifisopodia and

has potent filopodia-inducing activity (Bohil et al., 2006; Sousa and&gh@005). The
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Myo10 heavy chain consists of a myosin head domain responsible fopfodiection, a
neck domain that provides binding sites for calmodulin or calmodulinhke chains
(Rogers and Strehler, 2001), and a large tail (Sousa and Cheney, Z883ail includes
a segment that was initially predicted to form a coiled dddrg et al., 2000), 3 PH
domains that can bind to inositol phospholipids such ag(PIi&hanov et al., 2004), a
MyTH4 domain that can bind to microtubules (Weber et al., 2004), afdRdIFlomain
that can bind to candidate cargoes sucp-im$egrins (Zhang et al., 2004). Imaging with
conventional epifluorescence revealed that the bright puncta ofMyBRO normally
present at the tips of filopodia sometimes vacate the tip and showby rearward at 10-
20 nm/s (Berg and Cheney, 2002), the rate of retrograde actin flélelia filopodia.
Bright puncta also occasionally moved forward at ~80 nm/s, leddirtige hypothesis
that Myo10 moves forward by using its barbed-end motor activity to transgeiftalong
filopodial actin filaments and that it moves rearward by bindma@ irigor-like state to
actin filaments undergoing retrograde flow. Consistent with #i#Jyol0 construct
comprised only of the head, neck, and predicted coiled coil (MyolO-HM/s$
sufficient for tip localization (Berg and Cheney, 2002). Althougtbagulovirus-
expressed Myol10-HMM-like construct appears largely mononmeritro (Knight et al.,
2005b), induced dimerization of Myo10 head-neck constructs leads to tizatioa in
vivo (Tokuo et al., 2007). Kinetic analyses of Myo10 head-neck constnditaie they
have duty ratios intermediate between those of highly processivessoich as Myoba,
and non-processive motors, such as muscle myosin (Homma and IkebeK@08é&s et

al., 2005). Most importantly, recent single-molecule experimeintg usvitro motility
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assays show that a HMM-like Myo10 forced-dimer can move rapidiypaocessively on

artificial actin bundles at 340-780 nm/s (Nagy et al., 2008).

Although in vitro experiments at the single-molecule level have led to many
fundamental insights about motor proteins, tracking the movememtsligidual motor
moleculesin vivo has remained a major challenge. To test whether cells erbiinist
but previously unsuspected forms of trafficking at the single-matddevel, here we use
TIRF to image the movements of GFP-tagged motor proteins in the filopddiving
cells. The TIRF system used here provides approximately an order of magnitiedese
in sensitivity and temporal resolution compared to previous convehfiooaescence
microscopy (Berg and Cheney, 2002) while the linear organization dimedi@olarity
of filopodia greatly facilitates particle tracking and analysia addition, the ~100 nm
thickness of a filopodium means that all or most of a filopodium belvithin the 100-
200 nm penetration distance of the TIRF field. Imaging substtt@ehad filopodia with
TIRF thus provides a system that has much of the simplicity of @tro motility assay,

but in the context of a living cell.

TIRF revealsa novel form of rapid motility in filopodia

To test the sensitivity of our TIRF system, we adsorbed low obtratens of
pure GFP onto coverslips and imaged with TIRF. As expected foresimglecule
imaging of GFP (Pierce et al., 1997), this resulted in the til@teaf faint spots that were
diffraction-limited, underwent stepwise bleaching, and exhibited "blgik{Movie S1).

When living HelLa cells were transiently transfected with-fetigth GFP-Myo10 and
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imaged by TIRF under the same conditions, bright labeling was olsatuee tips of
filopodia as well as at the ventral surface of the cell (M®dg Most importantly, close
inspection of individual filopodia revealed a novel form of movement in wéxtiemely

faint particles of GFP-Myo10 moved rapidly towards the tip (Movies S3-S4).

The movements of the faint particles along a given filopodium ciearly
illustrated in kymographs, which reveal numerous faint trackesponding to the rapid
and directed movements of faint particles of GFP-Myo10 towards the tip é6igur and
2.2). Approximately a dozen such tracks are visible in the 40 sldipse illustrated in
Figure 2.1B. Tracks from these fast forward movements appeareavéorelatively
constant intensities and most traveled the entire ~5 um lengtheofilopodium.
Although most particles moved in a smooth and apparently procesdivenfamtil they
reached the filopodial tip, particles occasionally paused or trahsieeversed,
generating Z-shaped tracks (Figures 2.1D and 2.2). Rapid forwardmaoigeof faint
Myo10 particles were detected under a variety of TIRF ingagonditions, including the
use of different camera settings, different magnifications, andifferent TIRF
illuminator (Figure 2.2). At 25° C, the faint particles of Myod@ved forward at an
average velocity of 578 + 174 nm/s (Figure 2.1E). At 37° C théclgmtmoved faster
(840 + 210 nm/s), as expected for a motor-driven biological process.veldmties of
GFP-Myo010 particles detected here in living cells are quitdasino the 340-780 nm/s
reported for movements of individual molecules of a Myol0 forced-dimeartificial
actin bundles (Nagy et al., 2008). The forward movements detectedh@i®F are

clearly distinct from the relatively infrequent forward movements of b&fR-Myo10
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Figure 7.1. TIRF microscopy revealsfast forward movements of faint particles of
GFP-Myo10in living cells

(A) TIRF image of a single filopodium from a Hela cell expiregsGFP-Myol0
showing a bright punctum of GFP-Myo10 at the tip of the filopodium, aévamt
particles of GFP-Myol10 along the shaft, and diffuse fluorescabdbe base of the
filopodium (See Movie S3). B) Kymograph generated from time-lapse imaging of the
same filopodium revealing numerous faint tracks (arrow) slopingygeatn to the right
that correspond to rapid movements of faint particles towardsgheTte very bright
track corresponds to the tip of the filopodium, which was initiallgeding forward at
~100 nm/s and then stopped. The faint vertical track beyond the tgsgonds to a
faint particle of fluorescent debrisCY Kymograph from a branched retraction fiber in a
HelLa cell stably expressing GFP-Myo010. This kymograph showstfacks from fast
forward movements as well as vertical tracks from statiopariicles. One track slopes
steeply down to the left and corresponds to GFP-Myol0 that was molamly s
rearward (dashed arrow). DX Kymograph from a HelLa cell expressing GFP-Myo10
showing numerous faint tracks that terminate midway along a filapudiOne particle
moved rapidly forward, transiently reversed, stopped for a few secamds then
disappeared suddenly (track marked by an asterisk). Vélocity histogram for fast
forward movements of faint GFP-MyolQO particles (531 measurementa 85
filopodia).
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Figure 2.2. Dynamics of GFP-Myo10 in living HeL a cellsimaged with TIRF

(A) Kymograph of a filopodium imaged at 37° C using a 60x lens, 1.5x anse 2x2
binning, camera set to maximum gain, a pixel size of 142 nm, anitcen NIRF 1l
illuminator. Numerous faint tracks slope gradually down to thiet ricorresponding to
fast forward movements of faint particles of GFP-Myo10. Althougistrparticles move
at a relatively constant velocity from base to tip, a few particles egbé&@slow down as
they approached the tip and others appear to transiently rediezséon, creating Z-
shaped tracks. Note that the particles move so rapidly thdtreash the tip prior to
bleaching, even at full laser power.B)(Kymograph of a filopodium imaged using
standard imaging conditions (25° C, 60x, 1x tube lens, no binning, zero gaia,pacel
size of 107 nm) except that a Nikon single-molecule TIRF illuromatas used. This
kymograph illustrates several different states that MyolO e&st in, including
stationary (vertical lines), moving rapidly forward (tracks tblape gradually down to
the right), and moving slowly rearward (tracks that slope staedphn to the left). @)
Kymograph of a filopodium imaged under standard conditions with a NIKBf I
illuminator. In this filopodium much of GFP-Myo10 was moving slowly rearward.
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puncta detected previously by conventional fluorescence in thapditieles detected

here are much fainter, move 5-10 fold faster, and move forward much more frequently.

In addition to the fast forward movements of faint particleMgd10, we also detected
slow rearward movements (Figure 2.1C and 2.2). The averagefrite cearward
movements was 23 + 8 nm/s (137 measurements from 20 filopodia), aywetwwistent
with the hypothesis that GFP-Myol0 moves rearward by binding ta ékiments
undergoing retrograde flow. The bright puncta of GFP-Myo10 atipiseof filopodia
were generally stationary and thus generated bright vertmeits that grew gradually
dimmer due to photobleaching. Vertical tracks were also sonepnesent at different
points along a filopodium, indicating that some Myol0 within the filopodialftsis

stationary, perhaps due to association with integrin-based adhesions (Zabng0&4).

It should be noted that we observed obvious movement of Myol0 particles in
slender extensions that extended forward during imaging and that wiousd bie
functionally defined as filopodia (Figure 2.1A-B). We also obsesmedlar movements
in slender extensions that had the branched morphology of retraction fibers Eighye
Since Myol0 particles exhibited the same kinds of motility in botim$ of slender
extension and both forms of extension contained filopodial markersasugkactin and
the actin bundling protein, fascin (Figure 2.3), we use the conventionit&ing et al.

and refer to these slender extensions collectively as filopodia (Svitkina 20@3).
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Figure 2.3. Substrate-attached cell extensionsin Hel a cells contain the filopodial
markers F-actin and fascin

(A-C) A Hela cell fixed with paraformaldehyde and stained withxAl&68-phalloidin
and an antibody against human paxillin (BD Transduction 6117P4F) (nsets from A-
C showing that extensions contain F-actin, but lack detectable levels of thedioesioa
marker, paxillin. G-l) Higher magnification view of an identically fixed and staine
HelLa cell with several long, branched extensions. Note that théensions also contain
actin and lack detectable paxillin. (J) A HeLa cell fixedhwnethanol and labeled with
an antibody against human fascin (Dako 55K-2). Note that this fildpmdigker labels
both cell-surface filopodia as well as substrate-attachddegtdnsions. K) Higher
magnification of another HelLa cell fixed with methanol and sthiwgh human fascin
antibody, showing clear labeling of surface filopodia as welloag, substrate-attached
cell extensions. Arrow heads indicate filopodia on the cell stirfidtle arrows indicate
substrate-attached filopodia and retraction fibers (as defined by brancinglology).
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Figure 2.4. Faint particles of GFP-Myo010 exhibit characteristics of single molecules

(A) High magnification TIRF image of a filopodium showing a brightggum of GFP-
Myol0 at the tip and the diffraction limited nature of 3 faint pksicwithin the
filopodial shaft. The numbers indicate the background-correctedratgeigntensity for
each spot. ) Images from Kymotracker showing a single faint partafl&FP-Myo10
as it moved rapidly toward the tip of a filopodium and an apparent blepelient at ~15
s. ) Images from Kymotracker showing a single molecule of Gé&sorbed to a
coverslip and an apparent bleaching evem) Iftensity histogram of faint particles of
GFP-Myo010 moving rapidly forward in filopodia (268 measurements frorfogodia).
(E) Intensity histogram of single molecules of GFP adsorbed toslgvsurface (1124
measurements).F( H) Intensity-versus-time plots from Kymotracker for single jobet
of GFP-Myo010 that underwent apparent bleaching events as they napiély forward
in filopodia. Note that each particle disappeared in a singleratker than gradually
fading away. G, |) Intensity-versus-time plots from Kymotracker for singlelecules
of GFP adsorbed on a coverslip.
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Faint Myo10 particles have single-molecule characteristics

We next investigated whether the faint particles detected IRF exhibited
properties expected of single molecules (Mashanov et al., 2004g Reeral., 1997).
High-magnification views show that the faint particles movinghinitfilopodia are
approximately the size expected for a diffraction-limited spbtaum at half maximum
intensity), whereas the bright puncta at filopodial tips are rgéywenuch larger (Figure
2.4). Manual measurements indicated that the faint particles legplated intensities of
~100 arbitrary units (AU), which is approximately 1M1t 1/10¢" the intensity of a
typical tip punctum. To facilitate particle tracking and quacdiion, we wrote a
program called Kymotracker, which utilizes the position and timeduoates from a line
on a kymograph to semi-automatically track a particle and unedis intensity through
time. As can be seen from the Kymotracker images of agamitcle of GFP-Myo10 as
it moves along a filopodium, the faint particles appear diffractiomteid and exhibit
relatively constant intensities as they move (Figure 2.4B)soine cases, a particle that
had been tracked through several frames disappeared suddenly, as woylddbedefor
photobleaching of a single GFP. Using Kymotracker, the averagssityt@f the faint
particles of GFP-Myo010 in filopodia was found to be 137 + 53 AU. Tkensities of
single GFP molecules adsorbed to coverslips and imaged under the same illummnthtion a
exposure conditions had a similar magnitude and an overlapping distil{i8 + 35
AU) (Figure 2.4D-E), although it should be noted that the pure GFRmegged in TBS
rather than cytoplasm. Plots of intensity versus time reveapgzhrent stepwise
bleaching events both for pure GFP on coverslips and for the faintl@srtnoving

within filopodia (Figure 2.4F-I). Together these experiments demoaghat the TIRF
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system used here can detect single molecules of pure GFPaartdettiaint particles of

GFP-Myo010 detected in living cells correspond to single molecules or sngalivars.

Particle movementsrequire the Myol0 motor and actin

To investigate the mechanisms responsible for the rapid movemeryiodDiwve
utilized a panel of Myo10 deletion constructs. No rapid particle mewés and no tip
localization was detected in HelLa cells transfected withP-®&yol0-headless, a
naturally occurring form of Myo10 that lacks most of the motor doraaih thus lacks
motor activity (Sousa and Cheney, 2005) (Figure 2.5A). In addition, no f@pvard
tracks were detected with a full-length Myo10 construct contaiipgint mutation in its
motor domain that corresponds to a weak actin-binding mutation in other
myosins(Friedman et al., 1998) (GFP-Myo010-E456K; Figure 2.6). Ky&0-HMM,
which consists of the Myo10 motor, neck, and predicted coiled coil, did gmdapid
particle movements similar to those of full-length Myo10 (Figurd8R.5This suggests
that a dimerized Myol0 head-neck domain is sufficient for fastard movements.
Since systematic analysis of deletion constructs indicatecdatifi@tced-dimer construct
consisting of the Myo10 head, neck, and first 34 amino acids of thedamil" fused to
a GCN4 dimerization domain was the minimal construct able darlgl localize to
filopodial tips, we imaged the forced dimer by TIRF and found thaag also capable of
fast forward movements in filopodia (Figure 2.6). Together thegergnents indicate

that rapid movements of faint particles in filopodia require Myo10 motor acawitythat
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Figure 2.5. Fast Forward movementsrequirethe Myol0 motor domain and are
inhibited by latrunculin B

(A) Kymograph from TIRF imaging of GFP-Myo10-headless inlapbdium. This
construct lacks most of the Myol10 motor domain and does not localiteptadial tips
or exhibit obvious fast forward movement&) Kymograph from TIRF imaging of GFP-
Myo10-HMM. GFP-Myol10-HMM is sufficient for tip localization aridint particles of
it undergo fast forward movements.C)( Kymograph showing that fast forward
movements of GFP-Myo10 are blocked by latrunculin B. Celleweated with 1 uM
latrunculin B for ~10 minutes to depolymerize actin filaments dma&l remaining,
substrate-attached filopodia were imaged by TIRF.
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Figure 2.6. Ability of different Myol0 constructsto localizeto filopodial tipsand
TIRF imaging of a motor domain point mutant and a forced dimer construct

(A-1) HelLa cells transfected overnight with the indicated GFP-taggestructs (green)
were replated ~12 hours on glass coverslips, fixed, and then stathguhalloidin (red).
(A-D) The full-length, positive control GFP-Myol0 shows clear loadilin to the
filopodial tip, whereas GFP-My010 E546K (a motor domain point mutant)eisasthe
negative controls (GFP-Myo10-headless and GFP alone) show little localization to
the tip, demonstrating that Myo10 motor activity is necessargtfong tip localization.
(E-1) Similar experiment showing that the GFP-Myo10-HMM positieatool is clearly
sufficient for localizing to filopodial tips, whereas the GFPal§-head-neck, GFP-
Myo10-head-neck-34, and the GFP-Myo10-head-neck-GCN4 forced dimerigteoor
no tip localization. The slightly longer GFP-Myo010-head-necks&8N4 forced dimer is
able to localize to the filopodial tip, although it also exhibits ealiffuse labeling of the
cell body. () Bar diagram summarizing the domain structure of different Myol0
constructs and their ability to localize to the filopodial tipK) (Kymograph of a
filopodium from a cell transfected with the motor domain point mut&®P-Myo10
E456K) and imaged by TIRF. The motor domain point mutant shottieddicalization
to the filopodial tip relative to wild type GFP-Myo10 and did not getieectear tracks
corresponding to rapid forward movementk.)) Kymograph of a filopodium from a cell
transfected with the GFP-Myo0l10-head-neck-34-GCN4 forced dimer aadetnby
TIRF. This construct generated occasional tracks corresponding ttofofagard
movements, indicating that a forced dimer is capable of rapicafdrmovements within
filopodia.
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dimerization of the head-neck region is sufficient for fast fodwmaovement and tip

localization.

To test whether the fast forward movements are dependent on altsinye®
treated with 1 puM latrunculin B to depolymerize actin filament#s expected, this
triggered the collapse of filopodia that were not attached to théraigbgnot shown).
Although latrunculin did not induce collapse of most substrate-attadiopadia, it did
cause the loss or spreading of the bright puncta of GFP-Myo10 ippresent at their
tips (Figure 2.5C). Most importantly, fast forvard movements dP-Giyo10 were not
detected after treatment with latrunculin B, indicating thatfés¢ forward movements
are indeed dependent on F-actin. Treatment of cells wit¥l Bocodazole did not block

fast forward movements of GFP-Myo10 (data not shown).

Faint particles of GFP-Myo5a undergo similar movements

To test whether other myosins were capable of similar movemeitiisn
filopodia, we imaged HelLa cells transfected with GFP-Myola fbbasder myosin I), a
monomeric myosin that is non-processive and localizes to micrqVillska and
Mooseker, 2002). TIRF showed that GFP-Myola yielded a diffuse latahzalong the
filopodia with no obvious enrichment at the filopodial tip (Figure 2.7A).pdrtantly,
GFP-Myola did not undergo detectable fast forward movements in fimpaodicating
that not all myosins are capable of rapid directed movementspodia. We also tested
GFP-Myo5a (Wu et al., 2002), an intensively studied dimeric myostnigh@ocessive

and functions in organelle transport (Trybus, 2008) and filopodial dyngiviasg et al.,
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1996). Interestingly, GFP-Myo5a was enriched at the tips of filgpadd faint particles

of GFP-Myo5a generated clear tracks corresponding to rapidribmvavement (Figure
2.7B). However, the GFP-Myo5a particles moved at only ~251 +/- 121 r&8/s (
measurements from 22 filopodia), significantly (P=0.035) slower than-$1@ nm/s
observed for GFP-Myo010. The velocity of the GFP-Myo5a pastidevery similar to
the 270-330 nm/s reported for individual molecules of a dimeric Myo5a construct moving
on actin bundlesn vitro (Nagy et al., 2008). It is therefore likely that the rapid and
directed movements of GFP-Myob5a detected here correspond to tiadizason of
individual Myo5a molecules moving along the actin filaments of liaelis. As with
GFP-Myo010, faint particles of GFP-Myo5a sometimes moved sloedyward at the
retrograde flow rate of ~10-20 nm/s (Figure 2.7B). This ob&ervagrovides direct
evidence that Myo5a can indeed undergo retrograde flow, as recgptthésized (Liu

et al., 2006).

Conclusions

The TIRF experiments reported here reveal a novel form of lamger motility
driven by myosin motors at or near the single-molecule levidghe fast movements
require Myol0 motor activity and actin filaments, but not the Myol10 taibgether,
these results strongly support the hypothesis that Myo10 molacédetheir barbed-end
motor activity to move forward along filopodial actin filamentsgsnodel illustrated in
Movie S5). The faint particles detected with TIRF exhibiize,sintensity range, and
bleaching behavior consistent with imaging at the single-maeevel. It is not yet
clear, however, whether these particles correspond to monomers, dimers, or small
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Figure2.7. Particles of GFP-Myo5a also move forward and rearward in the
filopodia of living cells

(A) Kymographs from TIRF imaging of GFP-Myola in filopodia. GFlpel¥a did not
localize to the tips of filopodia and no tracks corresponding to rapicafdrmovement

were detected. B) Kymographs from TIRF imaging of GFP-Myo5a in filopodia. Note
that several faint particles of GFP-Myo5a moved rapidly towéndstip while others

moved slowly rearward.
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Figure 2.8. Faint particles of GFP-VASP moverapidly forward in filopodia at
velocities similar to those of GFP-Myo010

(A) Kymographs of filopodia from HeLa cells transfected withPGFASP and imaged
using standard TIRF imaging conditions. Note that GFP-VASPitesato filopodial
tips and generates faint tracks corresponding to rapid forward moter@ Velocity

histogram for fast forward movements of GFP-VASP particles.
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oligomers of Myol0. Several factors contribute to this uncertaimgiuding the

relatively high and variable background fluorescence present in loetlg, variable
levels of protein expression, the non-ideal behavior of GFP as a fluoropmte
variations in the Z-axis position of the filopodium or molecules withinFor example,
even a 0.1 um difference in the Z-axis position (the approximate tisickoé a
filopodium) will result in a ~2-fold change in the intensity of TH&F field. It should

also be noted that although we can clearly detect the movemesawsnefparticles, we
cannot guarantee unambiguous detection of every GFP-Myo10 moleeufidgoipodium.

Despite these limits, the combination of TIRF and GFP-tagging leesl provides a
powerful strategy for imaging the movements of motor proteins lagd ¢argos at or

near the single-molecule level in living cells.

In addition to exhibiting a novel form of rapid, long-range maotilityfilapodia,
Myo10 also has potent filopodia-promoting activity. Our previous work itescthat
Myo10’s ability to induce numerous filopodia requires (1) elementsinvihe Myo10
tail and (2) the ability to localize to filopodial tips (Bohil et al., 2006). Sinceowve find
that only Myol10 constructs capable of moving rapidly forward in filopade able to
localize to filopodial tips, the novel form of motility reported hesdikely to underlie
both tip localization and filopodia promotion. Although the precise meahés)isy
which My10 promotes filopodia are not yet clear, it could act kyatmg filopodia, by
transporting cargos that facilitate filopodia formation, by functigras part of a mobile
tip complex, or by some combination of these or other mechanisohs! @ al., 2006;

Sousa and Cheney, 2005; Tokuo et al., 2007).
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As a motor that moves rapidly along filopodia, Myo10 clearly transpts#lf to
the filopodial tip, but it may also be responsible for the transportioér specific
molecular cargos, such as VASP(Tokuo and lkebe, 2004). Indeed, ipaglim
experiments indicate that faint particles of GFP-VASP exHst, forward movements
in filopodia very similar to those of Myo10 (Figure 2.8). A majoaldor the future will
be to test for cotransport at the single-molecule level andi¢éondi@e whether Myo10 is
required for transport of this and other cargos. It will also lerasting to determine if
Myo3a or Myol5a, myosins that localize to the tips of sterecaiich are necessary for
hearing, undergo similar forms of movement (Belyantseva et al., 200%t al., 2006;
Schneider et al., 2006). In addition to revealing a novel form of tyotitis work also
suggests that motor proteins may power many as yet undetectetnents at the single-

molecule level.

M aterials and M ethods

Constructs. Bovine GFP-Myo010 (aa 1-2052), GFP-My010-HMM (aa 1-947), and GFP-
Myol10-head-neck (aa 1-811) in pEGFP-C2 have been described preiBaslyand
Cheney, 2002). The GFP-Myo0l0 E456K motor domain point mutant (GAG>AAG, nt
1588-1590) was generated by PCR in pEGFP-C2 and corresponds to a weak acti
binding mutation in other myosins(Friedman et al., 1998). The GFP-MyaikB-heck-
GCN4 forced dimer was generated by fusing the 29 aa leucine rzippe
(VKQLEDKVEELASKNYHLENEVARLKKLYV) from yeast GCN4 to aa811 of the
bovine Myol10-head-neck construct and cloning this into the Bglll-Hinsités of

pEGFP-C2. The GFP-Myo0l0-head-neck-34 construct consists of aa df8#tivine
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Myo10 inserted into the Bglll-Hindlll sites pEGFP-C2. The QW 10-head-neck-34-
GCN4 construct was identical except that the GCN4 leucine zggoprence was added
after aa 845. Myol10 constructs were verified by sequencing andntimibering is
based on GenBank sequence NM_174394. Mouse GFP-Myola in pEGFP-Cdiigska
Mooseker, 2002) was a generous gift from Dr. Matthew Tyska, moase ®FP-Myo5a

in pEGFP-C1 ("BR MV")(Wu et al., 2002) was a generous gift of Jshn Hammer,
human GFP-VASP in pEGFP-N1 was a generous gift from Dr. FrastleG and

pEGFP-C2 was used as a GFP control.

Cells. Hela cells were transfected with Polyfect (Qiagen) uniedeated otherwise.
To obtain the relatively low levels of expression required tdifaie single-molecule
imaging, HelLa cells were generally transfected for no rttwae 6-12 hours. Cells were
replated onto #1.5 glass coverslips that had been precoated with fibmaoefcilitate
formation of substrate-attached filopodia. Coverslips were preddgtincubating acid-
washed coverslips for 20 minutes in 10 pg/ml fibronectin in PBS and then washed at leas
3x in PBS over 10 minutes prior to plating. To minimize background ftehular
debris, cells were usually plated onto coverslips at <10% confluentte best results
obtained with less than one cell per camera field. Cells alveved to attach to the
coverslip for 1-2 hours and the coverslip was mounted in a Rose chaitiher 3 mm
spacer and a #1.5 coverslip for the roof. The chamber was compldtly with
Optimem (Gibco). Tet-off HeLa cells (Clontech) that "staleypress GFP-Myo10 were
generated as per the manufacturer's instructions. Thesewslé withdrawn from
doxycycline for 1 day to induce expression of GFP-Myo10 and then platedylaist
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coverslips and imaged as described above. Only a subset cellssexibdetectable GFP-

Myo10 following doxycycline withdrawal.

Imaging. Objective type TIRF imaging was performed with a Nikon TE-2000érted
microscope equipped with a Nikon TIRF-II illuminator with 18 mnidfief view, a 60x
1.45 NA lens, and a 100 W Hg lamp. TIRF illumination was provided B@GamwW
argon laser and a AOTF was used for rapid wavelength selextorshuttering. For
single-molecule experiments, the laser power at 488 nm was adjoségproximately
40 mW, measured upon exit from the fiber optic cable leading toIRE illuminator.
The calculated penetration depth for the TIRF field under our sthedaditions is ~160
nm. During TIRF imaging, all neutral density filters wersmozed from the beam path
in the TIRF-II illuminator. As noted, in some experiments a Nikon singleeudel IRF
illuminator with an 11 mm field of view was used in place of tiieFT1l illuminator. A
Chroma #41001 filter cube was used for GFP imaging and imagesagteed on an
ORCA-ER cooled CCD camera (Hamamatsu). Standard camérgseatere low light
mode, zero gain, and no binning, with a pixel size of 107 nm. 200 ms exposne
typically collected at 2-3 frames/s for 30-90 s and the 488aser lline was active only
during exposures. Using a 1.45 NA lens with 488 nm light at 63° incidehee,
calculated penetration depth of the TIRF field (distance to dexdye of intensity at
coverslip surface) is ~158 nm. Experiments were performed at 2BfleSs indicated
otherwise.  To avoid pre-bleaching cells prior to a time-lagseess we generally
focused on a cell, and adjusted the laser angle to establish JiRfered the laser,

moved the stage to a different cell in an adjacent field thatnbadbeen illuminated,
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checked focus with DIC, and then activated the laser and acquiréthéiapse. When
the performance of the TIRF system was compared to conventiwitfield

fluorescence with a 100 W mercury lamp by imaging the tipsubktsate-attached
filopodia, TIRF images acquired under identical exposure conditiore apgroximately
an order of magnitude brighter and exhibited greatly decreased backgr Metamorph
7.5 software was used to control the microscope, acquire images, euijastst, and

scale images. Adobe Photoshop and lllustrator were used to prepare figures.

Kymotracker and data analysis. Imaging data was analyzed using custom software
written in Python. The user draws a line through a filopodium and stifisvare
generates a kymograph. The user then traces the pauitks bn the kymograph. This
position information is used to seed a center-weighted spot sedtah.program then
performs a fixed-radius Gaussian fit which determines the ityernmckground, and
subpixel location of the spot in each image. To achieve a mowasedackground
measurement, the Gaussian fit algorithm ignores nearby puteth deviate from the
Gaussian model by a predefined amount. Kymotracker will attéonfpit a Gaussian
even for time points in which no particles are present, finding tightbst area in the
naturally variable background and thus reporting a slight positive ittensiead of zero
after a spot has bleached. The values reported after bleaching are a gatibmdiche
level of variation in background pixel intensities and are easilyndisshed from the
typical intensities of bona fide spotKymotracker outputs this data as a file that can be
opened in Microsoft Excel for graphing and further analysis. For each tracigtkacker

also captures an image of the spot at each time point. Thetkacker software is
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available upon request. Particle velocities were calculatedtfierslopes of kymograph
tracks. Error bars indicate standard deviations. Statisigalfisance was calculated

using a 2-tailed t-test for unequal sample size and unequal variance.

Supplemental Movie L egends

Movie S1. TIRF Microscopy of Single GFP Molecules Adsorbed on a Coverslip.

Pure GFP (Clontech) was diluted with TBS, adsorbed to #1.5 glass lgms/eesnd
washed several times with TBS and then imaged using TIRFexpeacted for single-
molecule imaging, several faint, diffraction-limited spots present at the beginning of
the time-lapse and exhibit stepwise bleaching. Several spats'tdink” on and off, a
behavior that is a hallmark of single molecule imaging witiPGH his time-lapse was
acquired using the standard TIRF imaging conditions of 200 ms expp&tBerames/s,

and 107 nm pixels. Time stamps indicate minutes:seconds and scale bars indicate 5 um.

Movie S2. TIRF Microscopy of GFP-Myo010 in HeLa Cell Filopodia. This tilapse
was acquired under the same imaging conditions as Movie 1 and Bhghtspuncta of
GFP-Myo010 at the tips of the numerous substrate-attached filopadiefien fibers. In
addition to these bright puncta, large numbers of extremely faittlparof GFP-Myo010
can be detected moving within the shafts of the filopodia. GFP-MyahOatso be
detected in the thicker part of the cell at the bases ofiltpmodia, but much of this

region of the cell is saturated under the imaging and scaling conditions used here.
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Movie S3. TIRF Microscopy Reveals Fast Forward Movements of FaintidRestof
GFP-Myo010 in a Filopodium. This time-lapse movie illustrates the rapid and directed
movements of several faint particles of GFP-Myol10 towardstithef a filopodium.
This is the same filopodium illustrated in Figure 2.1A-B and waeguired under the

standard TIRF imaging conditions.

Movie $4. TIRF Microscopy lllustrating both Fast Forward and Slow Reatw
Movements of GFP-Myo010. This time-lapse shows numerous faintlparof GFP-
Myo10 moving in a rapid and directed manner to the tip of the filopodiumeselimages
were acquired under the same conditions as above except timgfiearsolecule TIRF

illuminator was used. A kymograph from this time-lapse is shown in Figure 2.2B.

Movie S5. Model of Intrafilopodial Motility of Myol0. This video schematlga
illustrates a filopodium containing a single actin filament watttin monomers (red)
polymerizing at the barbed end and undergoing retrograde flow2@ héa/s. A Myol0
molecule, illustrated here as a dimer, uses its motor activitynove forward on
filopodial actin in a rapid and directed fashion at ~600 nm/s. A kggeomplex that
includes tens or hundreds of Myo10 molecules is present at the filopipdidearward
movement of Myo10 results from tight binding to actin filaments undergeitnggrade

flow.
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Chapter 3: Investigations of therole of Myol10in afilopodial tip complex

Summary

How do cells sense and interact with their environment? Maflg extend
fingerlike protrusions, called filopodia, that have been hypothesizedirtctidn as
sensors. For example, macrophage filopodia appear to scan their surreuadivege to
pathogens, and reel them back towards the cell body. The roléspofiia in processes
such as pathogen capture and cell migration are mostly civeeladwever, since there
is not yet a way to specifically inhibit filopodia in vivo. Gart capabilities of filopodia,
such as their adhesion to substrates, seem indisputable despite agmstanding of
the mechanism of filopodial adhesion. One candidate for directlyhgrtkie membrane
receptors to the actin cytoskeleton is the molecular motor, myQswvhich is the best
known marker for filopodial tips. Additionally, myosin-X may delivadhesion
machinery to the tips of filopodia, perhaps serving double-duty as afilogodial
transporter and anchor. Here, | describe preliminary expesnmgended to investigate
the role of Myol0 in filopodial adhesion. An accurate model of theecotdr
underpinnings of filopodia is a crucial step towards finallyldstiaing their functions in

Vivo.



| ntroduction

Filopodia are cellular protrusions resembling antennae in their dod presumed
function. There is compelling evidence indicating that filopodia #&le #o detect
chemical and physical environmental signals, form attachmergghisirates and other
cells, and use those attachments to apply force (Faix and Rottner, Mafita and
Lappalainen, 2008). Filopodia are therefore thought to function in sdvetabical
processes, including axon guidance and the capture of pathogensnancells
(Koleske, 2003; Kress et al., 2007).

The filopodial tip is thought to be the “business end” of the strectand
unpublished data from our lab reveals the presence of a dense camnfiiexfilopodial
tip (Figure 3.1). This filopodial tip complex is likely to inclugeoteins reported to
localize to tips, including the molecular motor, myosin-X (MyoliQg actin filament
anti-capping protein, VASP; and the extracellular matrix recephtegrin (Berg and
Cheney, 2002; Tokuo and lkebe, 2004; Zhang et al., 2004). The compositiontipf the
complex is largely unknown, but during early spreading, initialchthents are mediated
by filopodia that contain known focal adhesion proteins, including imtegnid talin
(Partridge and Marcantonio, 2006).

Focal adhesions are protein complexes that span the cell menam@ranchor
the cell to the extracellular matrix (ECM) (Dubash et2009; Zamir and Geiger, 2001).
These adhesions generally rely on the integral membrane protegrinntto bind to
ECM proteins. Integrins are heterodimers with many diffeeeabd subunits, which
when paired in different combinations can bind specifically to difteEECM proteins.

For example, the5p1-integrin heterodimer binds specifically to fibronectin while the
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Figure 3.1. Platinum replica electron micrograph of an individual filopodium

(A) Filopodium from a cell fixed using the methods described by thesyBgroup

(Svitkina et al., 2003), removing the plasma membrane while presehergructure of
the actin cytoskeleton. In this image, the cell body is towtdreddower left and the
filopodium extends towards the upper-right.B) ( Higher-magnification view of
filopodial tip from A. Note the presence of a large, amorphous gobppoteins at the
filopodial tip. Scale bars represent 1 um. Image provided by Omar Quintero.
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avB3 heterodimer binds to vitronectin (Hermann et al., 1999; Morgan et al.,.2008)
intracellular portion of integrin binds to adapter proteins likia,tavhich are thought to
form the link between the focal adhesion and the actin cytoskel8omidge and
Mangeat, 1984; Horwitz et al., 1986; Samuelsson et al., 1993). Myo10 isumat in
focal adhesions, but it has been reported to interact with the cytupldomains of1,
B3, andp5 integrin subunits via a FERM domain in its tail (Zhang et2004). Since
Myo10 can also bind to actin via its motor domain, it is a strong datedfor acting as a
structural link between integrins and filopodial actin.

While a daunting number of proteins are known to associate with filcasi@ns,
integrin, talin, and vinculin are among those known to be essentiaigulngly, both
talin and vinculin appear to contribute to filopodial stability (Sydaale 1996). When
vinculin is inactivated by chromophore assisted laser inactivatidhljGn the neuronal
growth cone, filopodia in the affected region reportedly buckle mfies dhan usual.
When talin is inactivated, the filopodia tend to stall, halting extenand retraction. The
researchers who performed these experiments concluded thatetlilates filopodial
extension while vinculin bundles filopodial actin. An alternative expianas that they
were instead responsible for forming adhesions that are redairedntinued extension
of filopodia along the plane of the growth cone.

How might adhesion proteins localize to the tips of filopodia? Compogdt
models of filopodia suggest that diffusion alone is insufficient towalfor the
accumulation of “consumed” proteins at filopodial tips, which can domest extend
several microns from the cell body (Zhuravlev et al., 2010). Consuroésins refer to

proteins like actin monomers, which are constantly added to the bartiedfefilaments
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at the tip, but may also include adhesion components that are contindepskited as a
filopodium extends. Myol0 has been proposed to supplement diffusion by trangsport
proteins specifically towards filopodial tips, where it accumslat®yol10’s reputation
as a motor that moves along filopodial actin is certainly loageshg and well
established (Berg and Cheney, 2002).

Myo10 undergoes two modes of intrafilopodial motility: 1) “faint tjwdes” of
Myo10 frequently move in a directed fashion from the cell body towazoflial tips at
~600 nm/s, and 2) “bright puncta” of Myol0, which are often observed uridgrg
retrograde flow in filopodia, sometimes migrate forward at n8ts (Kerber et al.,
2009). VASP has been reported to undergo cotransport with the brigh# pdméyo10
and has also been shown to exhibit the frequent, fast movementsivedafathe faint
particles of Myol0 (Tokuo and lkebe, 2004). Similar cotransport of intedpas not
been reported, but beads coated with anti-integrin antibodies have been cmoigrate
along filopodia at ~600 nm/s (Grabham et al., 2000). Furthermore, ovessipr of
Myol10 causes integrins to relocate to filopodial tips (Zhang et al.,)200Hese data
suggest two possible roles for Myol0 in filopodia: 1) as a transpafrigher proteins,

and 2) as a direct link between integrins and the actin cytoskeleton (Nambig?@1@).

Investigating therole of MyolOin integrin transport
Integrin, an essential component of focal adhesions, localizeopodia and binds to

the FERM domain of Myol0, and integrin-bound beads move along filopodia at
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velocities similar to Myo1l0 movement rates. Although these pieces of the paenteto
form an obvious picture, evidence of direct transport of integrindynl0 has remained
elusive. The ideal method to test whether Myo10 is requireddosport of cargos like
integrin is to knock out Myo10. If, in the complete absence of Myait€giins continue
to exhibit intrafilopodial motility and localization to filopodial tipshen we could
conclude that Myo10 is not required for their transport. If re-exioress full length
Myo10 rescues integrin transport, while a Myol10 construct lackindg-BRM domain
does not rescue transport, then we could conclude that Myo10 is suffimiebinding to
integrins is required. Unfortunately, Myo10 knockout cells do not exist.

Knocking down Myo10 expression is also not an ideal method for deterniiging
necessity for cargo transport. Myol0 plays an important, if poorlyrstodel, role in
filopodium formation. Knocking down Myo10 using siRNA has the confounding effect
of reducing filopodia number (Bohil et al., 2006). Under these ciramoss, it is
possible that the few remaining filopodia persist because thain i@t adequate amount
of Myol10. Instead of having filopodia that contain less Myo10, there raafgwer
filopodia with normal amounts of Myo10. It would then be misleadingtudysthe
effects of Myo10 knockdown in these remaining filopodia because thgystil contain
Myo10. Indeed, in HelLa cells in which Myol0 expression is stably kigodeosvn,
VASP continues to localize to the remaining filopodia (Figurg.3Phis suggests that
the remaining Myo10 is sufficient for VASP localization or tN&SP localizes in a

Myo10-independent manner.
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A mCherry + Myo10-siRNA B GFP-VASP C GFP-VASP

Figure3.2. VASP localizesto filopodiain Myol0 knockdown cells

(A) HelLa cell stably expressing mCherry and siRNA against MyoR). T(RF image of
cell from (A) showing GFP-VASP localization to focal adhesiorS) Higher
magnification view of box fromBE) showing GFP-VASP localization to filopodia.
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An alternative method to demonstrate coordinate movement of Myol0O and
integrins in filopodia is to image tagged versions of each moleantk determine
whether they move in lock-step. As mentioned previously, Myolsiseii two distinct
populations in filopodia: bright puncta and faint particles. Each popolati Myol10
exhibits a distinct forward velocity in filopodia, but both undergo ggade flow at ~15
nm/s. The bright puncta of Myol10 appear to be associated with alsligletin the shaft
of the filopodium. These bulges may represent large protein complexes or egiphs
where the filopodium is engorged with cytoplasm or membrane. Cizdattah of other
proteins to these bulges might therefore be interpreted as nditsp&be faint particles
of Myo10 likely represent single molecules or dimers, and col@tadiz of proteins at
the single-molecule level would be quite convincing. Unfortunatehglesimolecule
tracking of Myol0 in living cells has only recently been accashpd and our
preliminary attempts at tracking even Myol10 labeled with @pbores other than GFP
have failed. At this time, we are unable to simultaneouslk th&o molecules labeled

with different fluorophores with single-molecule sensitivity in live cells.

Sngle-molecule tracking of integrins

If integrins do undergo cotransport with Myol10, one would expect to tdetec
integrins exhibiting the same frequent, fast forward movementwbadetect when we
image Myol0 or VASP with our highly sensitive total interndletion fluorescence
(TIRF) microscopy system. To test for Myo10-like movements&grins, we imaged

Hela cells overexpressing GFP-labefdor 35 integrins, with or without simultaneous

overexpression of their complementary alpha integrittss §nd av, respectively), and

59



also with or without expression of mCherry-Myo10. In cells exqngseither GFR3-1 or
-B5 alone, we observed diffuse localization of the integrins to the plasambrane and
accumulation in structures that resembled ER, with very lgtieichment in focal
adhesions or filopodia. Co-expression of the complementantegrin resulted in
increased localization to focal adhesions. Localization to filopodia rutitkse
conditions, however, remained minimal and we were unable to detet#-sintecule
movements. It is possible the overexpression of integrins overwtiabnsupply of
endogenous Myol0. To relieve this potential traffic jam, we also xwesssed
mCherry-Myo10 in these cells, leading to an increase in filopaaibenhanced integrin
localization to filopodia. Enrichment at filopodial tips, however, wasobserved under
any of these conditions. Instead, integrins localized uniformly along filopsithés.
Since these results were not consistent with reported endogentaggini
localization, we attempted to optimize our imaging conditions Byesyatically varying
several experimental parameters. To test whether integafiZaiion was dependent on
the substrate, cells were plated on fibronectin, vitronectin, or tedadass. To test
whether localization was dependent on the length of time that tisewmre given to
spread, we imaged at time points ranging from immediatedy pfating to 7 days after
plating. Likewise, expression time for each construct was vaoed 6 hours to 14 days
to tailor the expression level for imaging of single-molesulé&nfortunately, allowing
the cells to spread for more than 16 hours tended to increase backfjuovestcence of
the substrate, making single-molecule tracking impossiblamalily, we found that the
best imaging conditions were achieved in cells that were alltovedread on fibronectin

for 1 hour, expressed both GBPand GFPe integrins for 7 days, and expressed

60



mCherry-Myo10 for 6 hours. Even under these optimized conditions, althoeghinst
did appear enriched at the cell periphery and in filopodia, theg wet enriched at
filopodial tips. Although we detected a few integrin particles ¢xibited fast, forward
movement, these events were brief and rare (Figure 3.3). Tihgkeistegrin molecules
moved forward at roughly 350-450 nm/s compared to the ~600 nm/s thgpeveedefor
Myo10 and run lengths were typically only 1-2 um, compared with Idigability to
travel 10 um in a persistent fashion.

Although previous single-molecule imaging experiments were ableeveal
populations of Myol0 and VASP that undergo frequent, fast, forward lopadlial
movement, similar methods were unable to detect an analogous populatidegahs.
Does this mean that Myo10 does not transport integrins in filopodi&? stitl possible
that the population of MyolO responsible for integrin transport is the qusyi
observed, slower moving, large clusters of Myo10. Indeed, clustergegfrins have
been observed undergoing cotransport with these Myol0 clusters wiithpodia
(unpublished data from Melinda Divito). It is also possible that Myioi€racts with
integrins very weakly, resulting in short-lived interactiohsttdrag integrins short
distances forward and bias their localization only slightly towhlapodial tips.
Competition with other integrin binding partners, like talin, could &md the binding
time between Myol0 and integrin and would provide the cell with a tavdyalance
integrin forward transport with deposition along filopodial shafts. définitive
conclusion to the story of Myol0 and integrin transport in filopodia megyine the
development of Myol0 knockouts or an imaging system capable of traskgte-

molecules in two colors.
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Figure 3.3. Single-moleculeimaging of integrinsreveals occasional forward
movements

(A) Hela cells transfected with GkE> and GFR31 for five days and mCherry-Myo10
for three days. Cells imaged using single-molecule TIRF aftengine hour to spread.
Spots seen in this image from the GFP channel of a timelapse video exhibited
characteristic single-molecule intensities and blinkirig) Example kymograph of a
filopodium from A. Note several vertical tracks, representing stationatiglpar
Velocities of forward moving particles range from 350 — 450 nm/s.
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Investigating therole of Myol0in linking integrins and F-actin
CALI of Myo10 at tips

Myo10’s potential role as a cargo transporter does not exclude thbiltgdhat
it functions as a direct link between integrins and filopodialnaictinascent adhesions
(Nambiar et al.,, 2010). It is hypothesized that these nascerdctordre eventually
converted into mature adhesions as focal adhesion proteins likeatal vinculin are
recruited to the site (Partridge and Marcantonio, 2006). We hyjxehtbsit the initial
contact between a filopodial tip and the extracellular masrsecured to the cell's actin
cytoskeleton by Myo10 (Zhang et al., 2004).

If cells were like ships anchored at sea, filopodia would be thes rigasling
down to the anchors, which would be analogous to the integrins of addlation.
Proteins like Myo10 and talin would serve as chain links to connedcrtbleor to the
filopodial rope. Damage one of the links, and the rope may recoil baekdswhe ship.
How can we instantaneously inactivate a putative link in the faaiaésion chain? One
promising method involves the use of a laser to excite freealaghaitting dyes that can
be linked to proteins of interest. Initial versions of this metlwadled chromophore-
assisted laser inactivation (CALI), have already implicaaéd and vinculin in filopodial
stability (Sydor et al., 1996). CALI causes chromophores to gendnart-lived reactive
oxygen species (ROS) that damage proteins within an effeeiiles of ~15 angstroms,
causing an acute and specific inactivation of the tagged proteiitecexy the laser
(Jacobson et al., 2008; Liao et al., 1994). Although CALI origiretiyloited the ROS-

producing power of chromophores like malachite green, more recemriments
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demonstrate that CALI can be achieved with the geneticallygeractag, GFP (Vitriol et
al., 2007).

To determine whether CALI could be used to test MyolO’'s abilitylirtk
filopodial actin to nascent adhesions, we performed preliminary iexgais with CALI
in collaboration with the lab of Dr. Ken Jacobson, UNC Chapel Hill. these
experiments, we used HelLa cells in which Myo10 expression is stably knocked down and
GFP-Myo010 is overexpressed. If Myol0 functions as a structural compohdhe
filopodial adhesion, inactivation would cause either detachment ofltdp®dium from
the substrate, or detachment and subsequent retrograde flow of thel@hssdip spot
within the filopodium. Using a 400 mW, 488 nm laser line tuned to 2.5 um sathele
plane, we were able to CALI the Myo10 tip spots of several filoppeiecell. We then
used brightfield imaging to detect detachment events immedaftelyCALI. In almost
all cases, no noticeable effect was detected after CALI.twOroccasions, we detected
retrograde flow of the phase dense tip spot after CALI, althdigbe events are not
uncommon in normal cells (Figure 3.4).

Is Myo10 involved in linking integrins to actin in filopodial adhesiong®
statistical comparison of CALI-induced detachment in GFP-Myoll3 ceimpared to
GFP-GPI or GFP-alone cells may be required to detect a atesubtle effect. It is
also possible that we did not successfully inactivate GFP-MyolOhatdhe use of a
better ROS-generating chromophore will be required. Ideally, tlee ofisMyo10
knockout cells should be used in future experiments to eliminate trsghiios that
endogenous Myo10, which should be unaffected by CALI, is sufficient totana

adhesion. Filopodial tip spots remain an ideal environment for performing CALIpdue t
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Figure 3.4. CALI of GFP-Myo10 tip spots

Example kymographs of filopodia from HelLa cells in which endogenous Myo10 is
knocked down with siRNA and GFP-Myo10 is overexpressed. CALI is performed at the
time point indicated by the orange arrows. Timelapse videos were acquirgd usi
brightfield. Dark tracks indicate the location of the tip bulge along the filopod{éhis
representative of most observations; CALI has no obvious effect on the filopodium. (B-
C) represent occasions when the tip bulge exhibited retraction immediteelZALI.

Note that in these instances, the filopodium did not detach from the substrate; the tip
bulge retracted within the filopodium. In (C), the tip bulge moves back to the tip-after
minutes and then undergoes a second rearward movement that was not instigated by
CALL
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their distance from the cell body and their proximity to the cdipersUnfortunately,
CALI is an unlikely tool to study intrafilopodial transport since goaverful CALI laser
pulse also instantaneously bleaches nearby fluorophores, makingratiendg of
fluorescent particles impossible. Moreover, the use of CAlimged to the study of
relatively immobile filopodia, due to the gap in time between positgpand firing the
laser. We made several attempts to inactivate the tiplyramic filopodia, but were
unsuccessful in hitting these fast-moving, 100 nm structures witsidiay manipulated

2.5 um laser spot.

Use of optical tweezersto form nascent filopodial adhesions

Since CALI was limited to the study of stably-attached filoppdine adhesions
observed may not have been particularly nascent. We atteroptetlite new filopodial
adhesions by guiding glass or polystyrene beads into the filopodieedfelLa cells.
The advantages to this approach include the potential to measysedhewton-scale
forces that individual filopodia apply to the beads without disturbingebkeof the cell.
The beads can also be coated with extracellular matrix proseiok, as fibronectin, to
test for the involvement of integrin-specific attachments.

In our preliminary experiments, we were able to successfailich” filopodial
tips in GFP-Myo010-expressing cells with optically trapped beaade of either glass or
polystyrene and either coated with fibronectin or uncoated. Thénattdtopodia were
then manipulated by maneuvering the trapped bead (Figure 3.5). Wkthatrfilopodia
could be stretched past the initial site of the filopodial tiprked by the Myo10 tip spot.

Surprisingly, in trial experiments the Myo10 tip spot did not always follow the pbint
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Figure 3.5. Filopodial attachments can be pulled away from the Myol10-labeled tip
spot

Individual frames from a series of timelapse fluorescence microscopesméa HelLa

cell transiently transfected with GFP-Myo10. A 4 um polystyrene beadnipuated

by an optical trap, the center of which is labeled by an orange square. Thaelue |

running through all of the images indicates the starting position of the bead. Naie that
45s, and again at 90s, the bead is extended a small distance from the Myo10 tip spot. As
the optical trap is pulled further from the cell body, the bead eventually spricigs ba

toward the cell (60s and 105s), indicating that the bead has remained attached to the
filopodium, despite becoming dissociated from the apparent tip spot. In these
experiments, the optical trap remains fixed while the stage is maneuveragkesihave

been manually registered so that the sample appears fixed while the ogpicabtres.
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attachment with the bead, instead remaining relativelyosiaty within the filopodium

while the point of attachment was pulled away. Once the filopodiamstretched too
much, the force that it exerted on the bead exceeded thedfottee optical trap, causing

the filopodium and attached bead to recoil back towards the cell boédi behavior
confirms that the bead does indeed stay attached despite the apipsteaTde between

the bead and the initial tip spot. The bead could then be re-trapped and the filopodium re-
extended with the same result: the point of attachment could be goled distance

away from the distinct Myo10 tip spot for several seconds.

This separation of the induced filopodial attachment and the Myol(hedrig
complex is quite intriguing because it suggests that the twgeer of Myol10 is neither
bound directly to the attachment site, nor is it necessary fomoedt function, once it
has formed. This result does not, however, discount the possibilityMyaiO is
involved in the formation of the attachment. In our preliminary ewxpets, we used
uncoated beads, which may adhere to filopodia nonspecifically, pebymassing a
Myol10-dependent adhesion. Beads coated in ECM proteins like fibronectin
vitronectin could be used to assay integrin-specific adhesions also possible that
some Myo10, albeit an undetectable quantity, does remain diré¢iestbhed to the bead
adhesion while the bulk of the Myo10 remains in filopodial shaft, perhaps houhd
end of the actin bundle. Future experiments could probe this possibilitner using
more sensitive imaging techniques, such as longer exposures or X0 Mgastruct
tagged with multiple fluorophores.

While our preliminary optical trap experiments do not provide definitive

conclusions, it is clear that this represents a promising apgpfoaa filopodial adhesion
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assay. The ability to measure adhesion forces in several filopedell could yield the
kind of quantifiable data that may be necessary to parse the sudsttributions of
several adhesion components. For example, in future experimerdsulaeknock down
endogenous Myol0 and replace it with a construct lacking the FERM nlonihe

FERM-less Myo10 construct still induces filopodia, but is unable nd o integrins
(Bohil et al., 2006). Though some endogenous Myo10 would remain in thegsesdfd,

we would expect a reduction in the strength of the adhesions keetagt of the Myo10

at tips would be incapable of delivering integrins or securing them directtyito a

Actin-destabilizing drugs and FRAP

Myo10 is thought to maintain its localization to filopodial tips dontinuing to
migrate along the constantly polymerizing filopodial actin bundleur @odel also
predicts that if Myo10 is bound to membrane proteins, like integringjllitremain
localized to sites of adhesion even when actin is removed. In unpubégperiments
by Aparna Bohil, a stream of PBS was used to forcefully “bbdfiy HeLa cells from
coverslips to which they had adhered, leaving behind plaques that wmenerly
filopodial tip spots and that clearly contained Myol0. This is cawiswith the
proposed adhesive abilities of filopodial tips and suggests that My®l€irongly
anchored to these adhesions.

To test whether Myo10 localizes to sites of adhesion in the abeémctin, we
imaged GFP-Myol0-expressing Hela cells treated with thien detstabilizing drugs
latrunculin B or cytochalasin D. Both drugs prevent the continued palemien of

actin by either sequestering actin monomers, in the casewidatin B, or capping actin
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filaments, in the case of cytochalasin D. Treatment with 1coktentrations of either
drug for 5 minutes causes the retraction of filopodial actin buradl¢ise rate of actin
retrograde flow. This obviously results in a dramatic losdl afrattached filopodia, but
many of the attached filopodia survive drug treatment. In some sé ttegmaining

filopodia, the Myo10 tip spot spread, also at the rate of actin rattedlow (Figure 3.6).
This spreading of the tip spot suggests that the filopodial tiplems not a cohesive
structure that remains anchored to either the end of the actin bundhe site of

adhesion. Instead, the tip complex appears to have a fluid natureliketlyithe result

of Myo10 running off of the end of the actin bundle and diffusing witihie hollow

space that is left when the actin retracts.

These results do not exclude the possibility that Myol0 is bound tardraee
protein, only that the bulk of Myo1l0 does not appear to be anchored to a filofodia
adhesion. Indeed, one possibility is that as the actin retracts, OMigobecoming
deposited at filopodial shaft adhesions. To determine whether thisfdgi10 is fluid
and diffusive in nature or is anchored and immobile, we performed $lcemee recovery
after photobleaching (FRAP) on spread tip spots. Preliminary saaditate that, when
a small portion in the middle of one of these spread tips is bléadh®rescence
recovers very rapidly and from both directions (base and tip) ofildpodium (Figure
3.6). This strongly indicates that Myo10 is diffusing freely witthis space, but does
not yet allow us to differentiate between a cytoplasmic or manmebbound pool of
Myol10. We predict that membrane-bound proteins would diffuse moreystbnah

cytoplasmic proteins, so it may be informative to compare Myo10’s diffusios t@ate
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Figure 3.6. Myo10 clusters behave like fluids after cytochalasin D treatment

(A-C) Frames from a timelapse in which HeLa cells transfected with Gy-Mare
treated with 1 uM cytochalasin D. White arrow shows a tip spot that has spread afte
drug treatment. Also note the significant loss of unattached filopodia gftehalasin

D treatment. Scale bar represents 5 ubrE] Example kymographs of spread tip spots
that have been photobleached at the time and location indicated by the black arrow.
Kymographs are displayed as heatmaps in which white/red represent m¢gresty

and blue/black represent lowest intensity. Image€) provided by Omar Quintero.
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those of GFP-alone, which would act as a cytoplasmic marker; &®RGPI, a

membrane marker.

Discussion

Myo10 is important in filopodial formation, but its role in filopodial funathas
been difficult to establish. Based on its localization, movemaiak,banding partners,
Myol0 has been proposed as an intrafilopodial transporter and/or nabrares-
cytoskeleton linker. We have attempted to test both possibilities.

We obtained few examples of integrins exhibiting intrafilopodialiliyot This is
perplexing, considering their reported enrichment at filopodialaijs the sensitivity of
our imaging system (Zhang et al., 2004). In previous studies, Hestdsdre linked to
integrins via antibodies were reported to undergo rapid forward movemegrbwth
cone filopodia, occasionally persisting for several microns (Gral#taal., 2000). Must
integrins be activated by binding to an extracellular ligand betiloey can engage the
filopodial transport machinery? This possibility does not fithwemodels of pathogen
capture or cell migration, which one assumes would apply a aedmpulling force on
engaged integrins, not transport them towards filopodial tips. Anothebpibgss that
the bond between Myol0 and integrins is relatively weak and traremehthat the
constant stream of Myo10 molecules causes integrins to be dragdemttisgurts along
the filopodium. This forward drag could be balanced by occasiomalyg to proteins
like talin, which would couple integrins to the rearward-flowingrac Such a transport
system would cause the integrins to be localized more eviamy ¢&he filopodial shaft,

which is the localization pattern we typically observe in HelLasking filopodia
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uniformly sticky, not just at the tip. Of course, Myo10's relatiopswith integrins does
not discount the possibility that it transports other proteins in filopodia.

Although our data do not put into question Myol0’s status as a transpisrter,
role as a structural component of a putative tip complex has béeaommus. When sites
of adhesion are pulled away from the tip complex, it does not alwvagk with the
adhesion. The tip complex also appears to be fluid in nature, which undsrits
identity as a specialized, force-bearing anchor for the déiese observations suggest a
model in which filopodia are uniformly sticky and substrate adhesstaisilize the
filopodia, allowing for the recruitment of focal adhesion proteins. fikgpodial
adhesions move towards the cell body, either by coupling to retrogiadeor by
forward migration of the cell, they mature into focal adhesions.ol@ role in this
process may be to bias the localization of some proteins towkmasdia, but not to
serve as the main integrin-cytoskeleton linker.

It is important to note that in the experiments described heresevédela cells
due to their many advantages. In addition to being convenient to caitdreansfect,
HelLas are also the cell type in which Myo10 is best charaetk Helas also normally
produce a high number of filopodia. But not all filopodia are createdl.edndeed, the
structures that we refer to collectively as filopodia dispdayimpressive amount of
variety in their lengths, biophysical properties, and likely fuumstidepending on cell
type. The short “microspikes” in some growth cones, for exampleottypically bend
and wave like the much longer and more dynamic filopodia of HeLassi@ering the
amount of morphological variation, it is certainly reasonable to asshat filopodia are

equally diverse in composition. This likelihood necessitates th@aoson of different
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cell types in future studies to determine which components ardisdecicertain cell
types. Whether Myo10 powers a universal transport system in tlegseade cell types

remains to be seen.

M aterials and M ethods

Cells

HelLa cells were transfected with Polyfect (Qiagen) uniedgated otherwise.
To obtain the relatively low levels of expression required tdifaie single-molecule
imaging, HelLa cells were transfected for no more than &d#s, unless otherwise
stated. Cells were replated onto #1.5 glass coverslips orlyittesa dishes (MatTek).
Coverslips were precoated by incubating acid-washed covefeh@) minutes in 10
pg/ml fibronectin or vitronectin in PBS and then washed at [&ash PBS over 10
minutes prior to plating. To minimize background from cellular delrgdls were
usually plated onto coverslips at <10% confluence, with best reshtissned with less
than one cell per camera field. Cells were allowed to lattacthe coverslip for 1-2
hours, unless otherwise stated, and the coverslip was mounted in a Rose chamber with a 3
mm spacer and a #1.5 coverslip for the roof. The chamber was cenpiétd with
Optimem (Gibco). Tet-off HeLa cells (Clontech) that "staleypress GFP-Myo10 were
generated as per the manufacturer's instructions. Thesewslé withdrawn from
doxycycline for 1 day to induce expression of GFP-Myol10 and then platedylaist
coverslips and imaged as described above. Only a subset cellssexibdetectable GFP-

Myol10 following doxycycline withdrawal. For drug treatment expentsge 1 uM
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concentration Latrunculin B or Cytochalasin D was flushed intoooustose chambers

during imaging.

TIRF

Objective type TIRF was performed as described in Kerbel. eTlae imaging
system used here included an Andor IXON 897 EMCCD camera, whiclids more
sensitive than the Hamamatsu ORCA-ER used in Kerber et dl00X, 1.49NA TIRF

objective lens was also used here in place of a 60X objective.

CALI

Cells were plated on fibronectin to encourage integrin-dependenti@uhed he
CALI imaging protocol used here is described in Vitriol et\Wle used an argon Spectra
Physics Stabilite 2017 laser with a 400 mW, 488 nm line tuned to ~2& thma sample
plane. To achieve CALI, the sample was excited with a 100 msse of laser light.
We used either a 60X or 100X objective lens and captured images uSergiaam QE
camera. Temperature was maintained at 37C using a custonghasimber that also
allowed 5% CO2 to be flowed into the chamber. Metamorph softwareusexs$ to

control the microscope and acquire images.

Optical tweezers
An optical trap microscopy system was used to manipulate podystyor glass
beads of either 2 um or 4 um in diameter. The location of the opapatemained fixed

while the position of the stage was manipulated to move the tragpes belative to the
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sample. Cells were imaged at video framerates using dittghtfield illumination or

fluorescence. Custom software was used to control the microscope and acqyase ima

FRAP

Immunofluorescence samples were imaged on an Olympus FLUOVIEWWOBY
inverted confocal microscope (Center Valley, PA) with a PlanB@X oil, 1.42 NA
objective lens (UNC-Olympus Imaging Research Center). The FvVAh@eQ@liode lasers
for 405 nm, 559 nm and 635 nm wavelengths, and an Argon laser for 48&vetemgth
use. For z-stacks, 0.2 um slices were collected at 4.0 us/pixgllisg speed in
sequential line mode and using Kalman integration. For FRAP, the 406ewmas used
at 1-7% power to bleach regions of interest while images weraltaneously and

continuously acquired using the 488 nm line.
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Chapter 4: Conclusionsand Future Directions

Summary

Despite much recent advancement in the study of Myol10’s biophysidacell
biological properties, some questions persist. Is Myol0 a dini@o@s it transport
cargo? How is it regulated? In this chapter, | will sunneathe results presented in
previous chapters while explaining their significance within theadeo context of the
field. 1 will also propose methods and materials that may altovthe development of
an imaging system capable of tracking two colors with singlecule sensitivity. Next,
| will propose experiments that would use this two-color, singleeoudé system to
clarify Myo10’s dimerization status and test for cargo transpbmally, | will discuss
the advantages of using single-molecule imaging in filopodiautdysbther motors that

localize to actin-based protrusions.

Mvyo10 intr afilopodial motility

Movements of bright puncta of GFP-Myol10 were first described byg Red
Cheney (Berg and Cheney, 2002). These bright puncta often appeminateras part
or all of the Myol0 tip spot, which can be detected moving rearward qtige.
Forward movements of these puncta back towards the tips (~80 nmés)nueh less

common and most tips would refill with GFP-Myo010 via an undetectadgehanism.



Chapter 2 of this thesis adds some intriguing pieces to thisepuaile discovered a
population of MyolO that likely represents single-molecules or dinaes moves
frequently and with high velocity (578 +/- 174 nm/s) towards filopoties (Kerber et
al.,, 2009). This finding has now been confirmed by the Ikebe group ssmtar
methods, coincidentally measuring an identical 578 nm/s average domebocity of
Myol10 (Watanabe et al., 2010). They also reported evidence of épwasisotobleaching
of these faint particles, suggesting that the fast moving populettibtyol0 consists of
dimers. Based on my own measurements, the bright puncta of Myel@ughly 50-
100 times brighter than the intensity of a single GFP-Myo10 maectlibken together,
this data provides very clear evidence that Myo10 undergoes intrafigdmoeovement as
part of a larger cluster and as a single unit.

Why are there two distinct populations of Myo10 that exhibit défie modes of
intrafilopodial movement? In our working model, Myol0 dimers move tdsvand
accumulate at filopodial tips. Possibly triggered by a regylaignal, or perhaps as a
result of overcrowding, these clusters of Myol0O occasionally cdioptee retrograde
flow of the filopodial actin. This rearward movement of Myo10 clissteay represent a
recycling mechanism or a means of transporting cargo frapailia to the cell body.
Occasional forward movements of these bright puncta may ésult of some Myol10'’s
in the cluster becoming reactivated.

It should be noted that, although Myo10 is capable of migrating ahengides of
actin filaments and bundles (Nagy et al., 2008), the movements exhibitfilopodia
may represent Myo10 particles riding the barbed ends of he@wents as they enter and

grow within an existing filopodium. In preliminary experiments, weaged a
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constitutively active form of a protein called formin, which is known to associ#tetha
polymerizing, barbed ends of actin filaments (Campellone and Welch,).20%e
detected formin particles moving along the leading edge of Hellssand occasionally
entering filopodia, where they continued to move in a directed fashioardewthe
filopodial tip (Figure 4.1). Interestingly, we measured the @eespeed of formins in
filopodia to be roughly 570 nm/s. These provocative observations raigp®dbibility
that Myo10’s movement may rely on the polymerization of new adaménts rather
than the sides of existing filaments. The addition of new dgéments to existing

filopodia would also represent a novel mechanism of filopodial maintenance.

Mvyo10 as a potential cargo transporter

Myo10’s distinct forward and rearward movement in filopodia, combinell itgit
ability to bind to proteins like integrins, led to the hypothesis th&tinctions as an
intrafilopodial transporter (Berg and Cheney, 2002). An analogotensys transport in
flagella, which are microtubule-based protrusions, has now been ategliin several
human diseases (Badano et al., 2006; Rosenbaum and Witman, 2002). While
intraflagellar transport is powered by the forward and rearward movewofdatesin and
dynein motors, transport in filopodia could be powered by Myol0 forwardement
and actin retrograde flow.

Compelling evidence for a filopodial transport system remains ynostielative.
Some of Myol0’s binding partners, like VASP and integrins, have beentedpiar
colocalize at filopodial tips (Tokuo and Ikebe, 2004; Zhang et al., 2084ddition, we

were able to detect a population of faint VASP particles moving forwardpofiia at
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Figure4.1. Single molecules of formin exhibit fast forward movement in filopodia

(A) Hela cell overexpressing a constitutively active version of formin, GFP-
mDia2(AGBD), and imaged using single-molecule TIRF. Orange arrow inditteges

path kymographed irB). The left half of the kymograph follows the leading edge of the
cell. Tracks in this part of the kymograph represent formin molecules movingsptoall
the edge of the cell. The criss-crossing pattern indicates that formirs mmoveth

directions along the edge, seemingly crossing paths often. The cyan lineemtheat
approximate border between the cell edge (left) and the filopodium (rightg tiNait
particles appear to move only in the forward direction once they enter the filopodium in
this example. Importantly, velocities remain constant, whether formiovggat the

cell edge or within the filopodium.
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speeds virtually identical to that of Myol0 (Kerber et al., 2009)kewise, integrin-
bound beads were reported to move forward at ~600 nm/s in growth cone &lopodi
(Grabham et al., 2000).

In Chapter 3 of this thesis, we described initial experimentsndled to
investigate whether Myol0 functions as a cargo transporter dpofiia. Although
definitive conclusions should not be drawn from these preliminary sedbktre were
several provocative observations. Despite repeated attempts th fitetpient, fast
movement o541 andaVB3 integrins in filopodia, we observed only a few short spurts
of forward movement. This may have been due to a deficiency in agirighprotocol,
or it may hint at a type of intrafilopodial transport that is ensubtle than was originally
hypothesized. It is also possible that integral membrane prateensitegrins or DCC,
to which Myol0 also binds (Wei et al.,, 2011), are transported differehtyn
cytoplasmic proteins like VASP. Direct visualization of infgdbdial motility,
however, remains a promising method for identifying new carglidatgos of Myo10.
Ideally, future experiments will be able to demonstrate MyolOcanglo cotransport at
the single-molecule level, but this will require us to overcomeers¢ technical

challenges.

The challenges of single-moleculetrackingin two colors

Filopodia provide an ideal environment for single-molecule studiesinglcells.
They are far from the autofluorescent glow of the cell body, imimehki on the
substrate, and are essentially one-dimensional tracks. Althoughicgéneencoded

fluorophores provide some key advantages, they also come with seriousacka.
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Even GFP, the brightest and longest-lasting of the fluorophoresntlyravailable, does
not fluoresce with a steady intensity, occasionally blinking “effitirely. Even when
“on,” an individual GFP molecule is quite dim and bleaches rapidly cedpa non-
peptide fluorophores like quantum dots. Despite these shortcomingsergeable to
successfully track GFP-labeled Myo10 in living cells with singldecule sensitivity.
Attempts to perform the same feat with mCherry-Myo10 have rspréwven ineffective.
Red fluorophores, like mCherry, are even dimmer and bleach thsterGFP. This
particular obstacle may be resolved with relative easedatiog a Myo10 construct that
is tagged with improved or multiple red fluorophores, such as TagREFzI{Mdk et al.,
2007). Our lab now possesses a 3X-TagRFP DNA construct thbeassed for cloning
with our existing library of Myo10 constructs, making red versions obMythat could
be successfully tracked at the single-molecule level.

Another way to boost the light emitted from fluorophores is to aszeéhe power
of the excitation light. Under our normal imaging conditions, weoperftotal internal
reflection fluorescence (TIRF) microscopy by exciting oungles with 40 mW laser
light. The laser that we currently use to excite red fluoropheriess powerful, sending
20 mW into our microscope. More powerful lasers would increasarttwint of light
emitted from each fluorophore, making detection easier. Thisaserm signal would
allow us to decrease exposure times and increase acquisitierdtas) which is another
challenge for tracking in two colors. Capturing images in tworsolould require us to
capture twice as many images in the same amount of timelén tar maintain the same
framerates. The camera that we used for the initial imaging studiesnankhtsu ORCA

ER, is incapable of capturing images at that rate. Fortunatelpow possess a camera,
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an Andor IXON 897, that can acquire images at much higher fragserdthis camera

has the added advantages of having a back-thinned, super-cooled, EM{C@Each
means that it is more sensitive and can also amplify signéle final challenge to
tracking faint spots is that most available software iapable of successfully following
spots that are difficult to distinguish from background and that blink on and off. We have
developed a spot-tracking software program that exploits the on@&slonal path to

which our spots are restricted and has proven capable of tracking single eslecul

Kymotracker

In Chapter 2, we introduced a novel concept for using kymographidtin the
automatic tracking of extremely faint spots in timelapse vidata. The concept was
simple: although fast-moving, single molecules are notoriously wliffto track due to
their dimness and blinking, kymographs are able to display the cowmsliné these
molecules over time because their paths (filopodia) are wetietefi Even dim particles
moving along these paths create clear tracks in a kymographdlesgaiof blinking,
essentially mapping the exact location vs. time of all pastialeng the path. By using
the kymograph tracks as coordinates to seed a spot-finding lfgprite were able to
very accurately track single molecules and perform automategurements of intensity,
centroid position, and velocity in every frame of the original tipsgadata. Our
program, named Kymotracker, was written in Python and currently iruegher the
Linux or Windows operating environments. This powerful spot-tracking metioodd
be relatively simple to incorporate into existing software, h@wneand is potentially a

boon for the imaging of any faint particles moving on a defined patbr. ekample,
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current in vitro studies of myosin motors involve the imaging of pdifnotors along
immobilized actin filaments and future in vivo studies of stergoailotors and cargos

may take advantage of the relatively convenient system of HeLal@ptidia.

Directly visualization of Myo10 dimerization and car go transport

Development of a single-molecule imaging system capablacKitg two colors
in live cells would represent an important advancement in cell lyi@dod biophysics in
general. Obviously, this system would also serve as a powerfutaqmiobe Myo10
specifically. Our model of Myo10 predicts that single-molecul@ging experiments
would reveal MyolO dimers moving in lock-step with cargo moleculesirecD
visualization of coordinate movement of red and green dimers oflMywo filopodia
would beautifully and convincingly illustrate one of the most fundamemtaderties of
Myol0. To test whether the Myold-helical region is facilitating dimerization, we
could swap it for thex-helical regions of myosins known to be either monomers or
dimers. If MyolO is converted into a monomer, it may be incapablengf
intrafilopodial motility or localization. Since the length of Myod0&ver arm may be
extended by itsa-helical region, and this length is thought to partially dictige
selectivity for bundled actin, it would be interesting to see drethea-helical regions
of other myosins would alter Myo10’s velocity in filopodia or caust iprefer other
actin structures (Nagy and Rock, 2010). To test whethert-tiedical region of Myo10 is
sufficient to induce dimerization or selectivity for filopodial actin, we cawap it into a

known monomeric myosin, or one known to localize to other types of actin.
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The direct visualization of Myol0 and cargo at the single-moleewe! lcould
provide novel insights into the nature of the intrafilopodial transportesys For
example, does Myo10 provide a non-stop flight to the filopodial tipreotreere layovers
on the way, where its passengers are exchanged? So fainghemolecule tracks
produced by VASP suggest that it travels in a non-stop fashiondsviéopodial tips.
Integrins, however, may hop on and off of frequently, spending the rabeioftime
meandering aimlessly along the filopodial membrane. Trackingcheshand cargos
simultaneously may allow us to distinguish between these and othesappainforeseen
modes of transport. The ability to assay for cotransport would kdso @s to determine
which domains of Myo10 are responsible for binding to its various cargtescurrently
possess a library of Myo10 truncation constructs that could be used to test whathsdiom

are necessary or sufficient for cotransport.

Filopodia: an ideal environment for studying ster eocilia motors and car gos

Advancements in imaging Myo10 in filopodia may also provide powerful tools
for studying the motors that function in other filopodia-like strietusuch as stereocilia.
Stereocilia are similar to filopodia in that they are slenddtular protrusions with
tightly-packed actin bundles at their cores (Tilney et al., 198®arward actin flow in
these structures is also much slower than is typical for filopodia (Rzadzhaka2004).
Stereocilia contain a specific set of myosin motors, includingsmyllla, VI, and the
MyTH4-FERM myosins, Vlla and XVa. Naturally occurringitations in these myosins
are known to cause inherited deafness (Friedman et al., 1999h \Walsl., 2002).

Intriguingly, myosin-llla localizes to filopodial tips and igjtered for the localization of

86



espin, an actin-bundling protein also implicated in deafness, tosileadips (Salles et
al., 2009; Zheng et al., 2000). Likewise, myosin-XVa localipeSldpodial tips and is
required for the localization of whirlin and eps8 to the tips of stélia (Belyantseva et
al., 2005; Manor et al.,, 2011). In humans, a mutation that eliminatesnighPDZ
domain, which is thought to link it to myosin-XVa, is also associatéd deafness
(Mburu et al.,, 2003). Eps8 is thought to regulate the length céostiéa and mice
lacking eps8 are deaf. Future studies of these motors and tlgeis cauld benefit from
using filopodia and single-molecule imaging.

Our lab has obtained GFP-labeled constructs of myosin-llla, and myosn-XV
(generously provided by Beth Burnside at UC Berkeley and Tom Friedntiaa IsIH,
respectively). | have transfected HelLa cells with either GFP-M{@&ga kinase) or
GFP-Myol5a and imaged them using our TIRF system. Preliminary results show that
GFP-Myo3a accumulates at filopodial tips while GFP-Myo15a localizes|batb tips,
but also along the lengths of filopodia (Figure 4.2). Our preliminary attempsck
these motors produced kymograph tracks that hint at directed movement, but we did not
detect clear, long-range forward movements like those of Myo10. It is po$sibtbe¢
increased localization of these motors to the shafts of filopodia createsdaukg
fluorescence against which it is difficult to see single molecules moWingalso
possible that these motors are monomers, while Myo10 may be a dimer and pyptentiall
twice as bright. Finally, if these motors move too fast, our current imagstens may
be unable to detect them.

The combination of TIRF and filopodia may represent the ideal system for

studying the interaction of similar motors and their cargos in the contextvirfig deell.

87



A GFP-Myo3a (A Kinase) B GFP-Myo15a

. 18.2 um
I
Base__m _ ~Tip

|
|

Os

135s

Figure4.2. Deafness myosinslocalizeto filopodial tips and may display
intrafilopodial motility

(A) TIRF image of a HelLa cell transfected with GFP-Myo3eltédKinase). Note the
clear accumulation at filopodial tips.B)Y Kymograph of a filopodium from a cell
transfected with GFP-Myol5a. Note that, although many tracksaappeverlap and
make it difficult to analyze any single particle, there several clear examples of slow
rearward tracks as well as possible fast forward tracks.
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In the case of stereociliar motors and cargos, the use of established sdikértdelLa or
Cos-7 cells would be much easier than using primary cells dissected from theanoér
an animal. Since stereociliar motors are only expressed in the inner eas,dthelL@os-

7 cells would provide natural knockout-like cell lines for these studies. The egistenc

a myosin-powered transport system in stereocilia suggests thatdlileaigrange
transport along bundled actin structures is a conserved phenomenon. Myo10 still
represents the most likely candidate for powering a ubiquitous, novel transport system
specific to filopodia. Future research will be required to determine the in vivbdusic

of intrafilopodial motility and whether its physiological importance wilar that of

intraflagellar transport.
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