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Processive Acceleration of Actin Filament Barbed End Assembly by-M/ASP
Nimisha Khanduja

Abstract

Actin-based celimotility plays crucial rolethroughout the lifetime of an organism.
The dynamic rearrangementtbe actin cytoskeleton triggers a plethora of cellular
processes including cellular migration. Neural Wiskdtlrich syndrome proteigN-
WASP) is nvolved intransduction of signals from receptors on the cell surface to the
actin cytoskeletorN-WASP activated actin polymerization drives extension of
invadopodia and podosomes into the basement layer. In addition to activating Arp2/3
complex N-WASP binds actifilament barbed ends, and botiV'WASP and barbed ends
are tightly clustered in these invasive structures.

We used nanofibers coated withWASP WWCA domains as model cell surfaces
and single actin filament imaging to determine how cluster®AEP affecs Arp2/3
independent barbed end assembly. Individual barbed ends captured by WWCA domains
of N-WASPgrew at or below their diffusion limited assembly rate. At high filament
densities, overlapping filaments formed buckles between their nanofiber tethers and
myosin attachment points. These buckles grewddifaster than the diffusiehimited
rate of unattached barbed endsWMSP constructs with and without the native poly
proline (PP) region showed similar rate enhancements. Increasing polycatiGhir Mg

Spermine to enhance filament bundling increased the frequency of filament buckle



formation, consistent with a requirement of accelerated assembly on barbed end
bundling.

Our preliminary data shows thethered NWASP construct containing ongH2
domaindoes nogenerate processive bundles or flament Idepding us to believe that
tandem WH2 is required for processiviye propose that this noveFWASP assembly
activity provides an Arp2fihdependent force that drives nascent filament bundles into
the basement layer during cill/asion. Discovery ofthis bundle mediated unique
pathwayinvolved in invasion and metastasis will provide new targets for therapeutic

development.
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Chapter 1

Literature Review

Overview: Cell Migration In Biology

Directed cell migration accompanies us from conception to death. In eukaryotes, cell
migrations depend upon the actin cytoskeleton: a cohesive meshwork of protein filaments
extending througkhe cytoplasm of cell (Bray 2001). Many cellular events, including
migration, utilize localized actin polymerization to assemble a branched network of actin
microfilaments that produces a protrusive force towards the plasma membrane. The
dynamic assemblgf a branched network of these actin filaments in eukaryotic cells
drives cell migration and participates in endocytosis, phagocytosis, vesicle trafficking,
cell maintenance, changes in cell shape, cytokinesis, and maintenance of (Btdeyy
and Welch2006).

In some cases, the pathways regulating cell motility are also instrumental in the
dissemination of tumor cells away from their primary site of growth. This migration of
primary tumor cells and their invasion into other tissues is called metastasis. Metasta
resulting in the formation of secondary tumors account for more than 90% of the fatalities
associated with cancer progressfdtehlen and Puisieux, 200®@/eigelt et al., 2006

Because most cells rely on the actin migration machinery for general housekeeping
functions, alterations to the actin machinery can téisuhetastasis. Upegulation or
activation of motility proteins encourages cells to move away from their initial place to

invade surrounding tissues. Cell motility results from changes in the dynamics of the



protein, actin, polymerizing just under thegia membrane in response to stimuli
(Friedl and Gilmour, 2009

Actin polymerizes into fiber like flaments that are approximately 6 nm in diameter.
These filaments are creeked by other cellular proteins to form a wide variety of actin
cytoskeletal based structures. Thssactures include protrusions at the leading edge of
migrating cells, mainly the lamellopodia and filopodia, invasive structures like
invadopodia and podosomes, stress fibers of adherent cells, neuronal growth cones and
thin filament muscle fibers. Allfdhese structures are dynamic and are able to reorganize
themselves in response to internal/external stimuli.

The migration of cells involves protrusion of their leading edge and retraction of
their trailing edg€Mitchison and Cramer, 1996The cell protrusions of great interest
are lamellopodia, filopodia and invadopodia. Lamellopodia are thin sheet like ertensio
containing a dendritic actin network. Filopodia, on the other hand, are fingerlike
membrane protrusions containing bundled actin filaments. Similarly, invadopodia are
membrane protrusions containing a mix of bundled and branched actin that cause
proteoysis of extracellular matrices (ECM). After development, invadopodia are found
mainly in cancer cells.

The assembly and disassembly of actin filaments is accomplished by a plethora of
proteins associated with the actin cytoskeleton that effect the gateht nucleation,
branching, elongation, capping, severing and crosslinking of actin flaments. Much of the
understanding of actin mediated movement and regulatory protein function comes from

decades of biochemical dissection of individual or combinatighese purified proteins.



The understanding of complex cell movement can be understood and modeled from what

we learned from these experiments.

Structures for Cellular Migration
Cells make various structures to migrate under different conditions. Sader
conditions cells become polarized and generate distinct membrane protrusions to migrate.
Lamellipodia and FilopodiaAt the front of a migrating cell, a broad shéke
membrane protrusion called the lamellipodium and filopodia, djikemembrane
protrusions that extend out from the lamellipodium, dominate the leading edge. These
protrusive structures contain actin filaments with elongating barbed ends orientated
towards the plasma membrane. Different actin architecture underlies these twotdifferen
structures as illustrated in Figure 1.1. While lamellopodia consist of a meshwork of
branched actin filaments, filopodia consist of bundled actin filaments.
Invadopodia and PodosomeSells produce specialized poiike membrane
protrusions on their Isal side to degrade ECM. Invadopodia and podosomes (which can
be subsumed under the umbrella term “invadosomes') are subcellularchcsinuctures
that are specialized for matrix degradation and are formed by cancer and normal cells,
respectively(Gimona et al., 2008 Although both membrane structures are sites of
matrix degradation, invadopodia are longer membrane protrusions with longer lifetime,

and thereforenore degradativéMurphy and Courtneidge, 201

Actin Cytoskeleton and Cell Motility
Actin was first identified as part of the protein complex animsin responsible for

producingthe contractile force in skeletaduscle(Straub, 194 Most normuscle cells



contain 100 uM cytosolic actiThe ceoe constituent of actin cytoskeleton is the
monomeric globular actin (G actin, where G for globular). The G actin monomer is a
globular protein composed of a single polypeptide chain of 375 amino acids with a
molecular weight of 4RDa. The actin monomeials four suldomains and forms a

hinged molecule with a deep OABIRdiIng cleftO on one side where ATP can enter and
leave(Bray, 200). Actin monomers can sedissociate both laterally and longitudinally
through a combination of hydrophobic and hydrogen bonds to generate aldelidzaé
polymer filament that can grow up to severatnometers in length through further
monomer addition. Actin subunits in the two helical strands are arranged in parallel (as
apposed to anparallel) to give the filament an overall directional polarity. This polarity

is key to the mechanism of actin aswly in cellsBray, 200). Based on the arrowhead
pattern created when actin is decorated by rigor myosin S1 heads, one end of actin called
the barbed end favors rapid monomer addition. The -otingrointedend favors only

slow growth. Actin filaments in cells orient their barlesdls outward and toward the cell
surface. This orients the rapidly growing barbed end to push the cell membrane outward

(Small et al.19783.

Actin Dynamics

Under appropriate conditions actin monomers-asffemble to form filaments.
Polymerization only occurs if the concentration e&Gin exceeds the critical
concentration (). The C is defined as the concentration of actin monomers coexisting
with polymer at equilibriunfOosawa, 1983 In other words, at levels of actin below the
C., actin will fail to polymerize and remain in monomer state. Inside cells, a large

number of ABPs sequester actin andwll@onomeric actin to exist at concentrations



100B1,000 times the Cin vitro (Pollard et al., 2000a The time course of the actin
polymerization usually consists of four steps, namely, activatiocleation and
elongation(Gaszner et al., 199@s illustrated in figure 1.2.

Activation results from the binding dg®*, K* or C&" to the intermediate affinity
cationrbinding sites, anih vitro, the exchange of Cafor Mg** at the high affinity
cationbinding site(Carlier et al., 1986aActivation reduces electrostatic repulsion
between monomers by neutralizing the negative chargediar(@arlier et al., 1986b
Frieden, 198Band also induces a conformational change that facilitates the nucleation
procesgGaszner et al., 1999

Nucleation is an energetically unfavorable process of aggregating actin monomers to
form a relatively stable oligomer (seed or nucj@dssawa, 1983 A nucleus supports
addition of monomeric actin at both ends leading to the formation of actin filaments.
Spontaneous nucleation is kinetically unfavorable and is théimatang step in
polymerization, because the actin dimer intermediate is very unstable.

Elongation refers to the association and dissociation of actin monomers at both ends
of the actin filament. Association predominantly occurs at the barbed end of the filament
and dissociation at the pointed end. A short delay exists between the ingorpofat
ATP-G-actin onto a filament end and hydrolysis of the bound nucleotide. A longer delay
exists for release of the generated inorganic phosphate. ATP hydrolysis primarily occurs
at the barbed (growing) end of filaments. The structural polarityasfif and the
irreversible nucleotide hydrolysis during actin assembly has implications for the rate and
direction of filament growth at opposite ends of the actin filament.CEHer the pointed

end is much higher than for the barbed end under physiolagicditions. This



difference inC; may result in a continual flux of-&ctin subunits from the pointed to the
barbed end producing unidirectional growth of the actin filament. Thistoezd
polymerization otreadmilling (Wegner, 197%0f actin is modulated by a number of
ABPs within cells(dos Remedios et al., 2003

The rate of filament elongation is the constagt, fher UM per sec) multiplied by the
con@ntration of free actin in solution. The depolymerization of filaments given by the
rate constant (in per sec) is independent of the concentration of filaments. When the
Cc is reached the rate of polymerization is equal to rate of depolymerizaticnhginen
by k,,! Cc =k or kg k,n=Cc. Therefore at concentration greater than the critical
concentration filaments elongate at rates that depend linearly on the concentration of
actin.

Actin polymerization is ultimately driven by ATP hydrolysis. As filaments elongate,
actin subunits hydrolyze their bound ATP and release the free phosphate. Rapid
hydrolysis and slow phosphate release drives the different polymerization kinetics at each
filament end. Actin monomers can bind to one molecule of ATP each, but ATP
hydrolysis is extremely slow (several days) when actin is in its monomeric (G) state
(Korn et al., 1987Small et al., 1978b During actin polymerization, one ATP bound G
actin assembles to the barbed end of anotkect(d (Figure 1.2) resulting in a polarized
filamentous actin (Eactin, F for filamentous)Bugyi and Carlier, 201(Holmes et al.,
1990. Once polymerized, M@ TP-actin subunits at the barbed end rapidly hydrolyze
their "-phosphatéBlanchoin and Pollard, 20p%ith a halttime of 2 seconds and slowly
form Mg-ADP-actin by releasing their-phosphate with a hatime of 6 min(Blanchoin

and Pollard, 1999Melki et al., 1998. ADP bound acti has lower binding affinity for



filament ends. Therefore ADPound actin is more likely to disassociate from the
filament than is ADFPi-bound actin or ATRactin. After ADP actin monomers dissociate
from either end of a filament, or the filament completifassembles in a prasecalled
severing ADP-bound G actin monomers are far less likely tpog/merize. The ATP
nucleotide held by the monomers must later be replaced by ATP in a process called
Onucleotide exchangeO. Freshly rechargedaiiti monorer is then available for re
polymerization. Because actin barbed ends are directed toward the plasma membrane,
this cycle of polymerization and depolymerization drives actin filament growth towards
the membranéSmall et al., 1978b As a result, the growing actin filamenissp the
membrane forward to drive cell migration. The critical concentrations and rates of
hydrolysis, association, and dissociation are different at each end of the filament. ATP
provides the energy to maintain this difference in affinity for monometiaddbetween
the barbed and pointed endéillard et al., 2004n

Several line of evidence originally suggested tlsingpolymerization against the
plasma membrane drives protrusigReskin et al., 1993If the barbed end were
constantly associated with the membrane, theredMoillittle room for the addition of
new actin monomers. In fact, because of Brownian motion, the relative position of barbed
end and the plasma membrane fluctuates. In the OBrownian RatchetO model of Mogilner
and OstefMogilner and Oster, 1996when the fluctuation of the membrane and barbed
end provides a large enough gap, one actin monomer can add to the barbed end and push
the membane forward. Meanwhile, long enough actin filaments can bend to provide
further space for actin monomer insertion at the barbed end. The lengthened actin

filament then applies an elastic force to push the membrane forward. While actin



polymerization provids the force necessary for membrane expansion, the geometry of

polymerized actin filaments dictates the morphology of the membrane protrusions.

Actin Regulatory Proteins

A large repertoire of actibinding proteins regulates the dynamic assembly and
spatal organization of actin filaments to orchestrate the motility of eukaryotic cells.
These proteins can: (i) promote the nucleation of actin monomers, like the Arp2/3
complex or formins; (ii) initiate the depolymerization of actin filaments, like the-actin
depolymerizing factor (ADF/cofilin) family; (iii) bind to monomeric actin, like profilin
and betathymosin; (iv) regulating filament assembly by capping barbed or pointed ends,
such as the capping protein CapZ

Most actin regulatory proteins bind prefetialty either to actin monomers or to
actin filaments to control organization and assembly actin cytoskeleton. For example,
actin sequestration proteins bind to actin monomers and temporarily prevent their
assembly, thereby maintaining the pool of unpolymeel actin. Other actin regulatory
protein bind filaments and can stabilize actin nuclei, assist in filament elongation, sever

filaments, cap filament ends, or organize filaments into a network or bundle them.

Profilin

Profilin is an important spatial driemporal regulator of actin filament growth.
Profilin, discovered in 197{Carlsson et al., 1977is a 1215 kD protein known to form
a 1:1 complex with @cin. Surprisingly, profilin can simultaneously both suppress and

promote actin assembly through its actin monomer binding activity.



Profilin can positively regulate actin polymerization through its nucleaadange
activity. Profilin binds between subohains 1 and 3 on an actin monomer and opens up
the hinged ATP binding cleft of actin. By freeing a path for nucleotide to leave or enter
actin, profilin catalyzes the exchange of adioundADP to ATP. Profilinthereby
converts poorly polymerizing ADBcin monomers into readily polymerizing ATattin
monomergGoldschmidtClermont et al., 1992Mockrin and Korn, 198D

Profilin also suppresses spontaneousieonovo actin nucleation. Profilin binds to
monomeric actin along the latitudinal actintin contact site and effectively suppresses
actin dimer and trimeformationbessential pathways for tlikee novdormation of actin
filament nuclei. Once actin nuclei are generate by other actin binding proteins (see
below), profilinbactin complexes rapidly associate with the filament barbed end (but not
the pointed edl). After profilin-actin dimers are assembled on to a filament barbed end,
profilin rapidly dissociates from its bound actin subunit, leaving the-actin binding
interface free. Another profilhactin dimer can then readily add to the barbed end to
repeat the cycle.

In addition to its actin binding activity, profilin has two other binding domains: one
for the phosphoinositidphosphates, Ptdins(4i5)and Ptdins(3,4,%) (Lassing and
Lindberg, 198%and one for amino acid sequences rich proline, @afied polyL-
proline stretche@Mahoney et al., 199Metzler et al., 1994 It is through the poh-
proline-binding domain that profilin interacts with the many proteins. Prediitin
complexes are fed into growing actin polymers by proteins suidrras and VASP that
contain one or more stretches of prolimeh domains. These proteins can drive actin

polymerization to much faster rates than available through unaided polymerization.



Profilin is essential for this mode of polymerization because it tsdhe actin

monomers to the prolinech sites. Through their multiple poefyroline profilin binding
sites, these proteins can recruit multiple profdotin dimers at once, increasing the pool
of monomeric actin available for polymerization near thééarend. These actin
accelerating proteins have also been show to OfeedO {ardfitirio the barbed end at the
correct orientation for binding and thus greatly accelerate polymerization o the

novoassembly of randomly oriented actin to the barbet e

The Nucleator of Actin: Arp2/3 Complex

Because profilin so effectively suppresses spontaneous filament nucleation,
eukaryotic cells rely on filament nucleatarsnucleation factors (NF) to generate actin
nuclei. Currently, there are three known classes of nucleation factors: Arp2/3 complex,
Formins and Spire. Arp2/3 complex and Formins are expressed in all eukaryotes while
Spire seems to be restricted to metao These molecules control the time and location
of actin polymerization, and additionally influence the structures of the actin networks
that they generate.

Arp2/3 complex is a sevesubunit protein that is a major initiator of actin
polymerization (Gaty and Welch, 2006). The arp2/3 induces actin branches on pre
existing filaments to generate a new actin barbed end nucleus that propels the edge of the
cell forward(Pollitt and Insall, 200P The Arp2/3 complex is intrinsically inactive,
relying on signaling pathways converging on the members of the Wiskivith
syndrome family protein (WASP,-M/ASP, WAVE, and WASH proteingMillard et

al., 20042



The Arp2/3 complex was first purified froAcanthamoeba castellarand was
shown to consist of a stable assembly of seven polypeptides, including two main Arp
(actin related proteins) subunits Arp2 and A(@®ley and Welch, 200/ullins et al.,
1997. The remaining five subunits were originally named by size, but are now referred
to as ArpC1 (actirelated protein complek), ArpC2, ArpC3, ArpC4 athArpC5
(Robinson et al., 2001Goley and Welch, 2006

While many actin other nucleators have been identified, Arp2/3 corigolb
major nucleator in lamellipodia formatigbai et al., 2008Suraneni et al., 20)2
invadopodigYamaguchi et al., 20Q5podosomegKaverina et al., 2003and
pseudopod§Li et al., 201).

When activated by a nucléa promoting factor (NPF), the Arp2/3 complex binds
to the side of existing actin filament (mother filament) and nucleates a new branch of
actin filament, known as the daughter filam@ktann and Pollard, 2001Larhe actin
like Arp2 and Arp3 subunits form the pointed end of the new deuglgment, while
ARPC2 and ARPC4 make contact with the mother filanf@fged et al., 2000 The new
daughter filament and its mother filament form a-€haped branch with both barbed
endspointing in the same directigdmann and Pollard, 2001éVullins et al., 1998a
This combination of filament nucleation and branching by the Arp2/3 complex is referred
to as autocatalytic branching or dendritic nucleation for the Gikeethape these actin
networkstake(Goley and Welch, 2006

The Arp2 and Arp3 subunits have both an inactive (open) conformation and an
active (closed) conformatioim the inactive state conformation, the Arp2 and Arp3 are

too far apart to interact with actiRodal et al., 2005 while in the active (closed) state,

! 0t



Arp2 and Arp3 converge to form a psetatdin dimer that nucleates a new daughter
actin filament. Thectivity of the Arp2/3 complex is tighticontrolled through the signal
dependent association with many NEFed their central role lies in stabilizing Arp2

and Arp3 in their active, closed conformati@oley and Welch, 2006

Regulation of Arp2/3

BecauseéArp2/3 complex is such a potent actin nucleator, its activity must in turn be
tightly regulated to control actin polymerization. The fact that purified Arp2/3 complex is
inactive initially suggested that additional activators were req(Maghesky et al.,

1999. In fact, a number of nucleatiggmtomoting factors (NPFs) that activate the Arp2/3
complex have been identified.

The largest group of NPFs is Wiskétidrich Syndrome Protein (WASRamily of
proteins(Padrick and Rosen, 20LEight members of this protein family have been
identified, namely, WASP, neural WASP{NASP) and Scar/WAVH, -2, and-3,

WASH, WHAMM, and JMY(Campellone and Welch, 20L0'hese are capable of
overcoming the ratémiting step of actin polymerization by directly binding and
controlling the nucleation promoting activity of the Arp2/3.

Based on the mechanism by which the NPFs activate the Arp2/3 complex, their
branching effects, and how the sigtr@nsduction pathways control them, the NPFs fall
into two classes: | and Il. Class | NPFs are activated by thefd®hity GTPases, CDC42
andRac and are diverse in their overall domain organization. They possess a common
WCA domain, which consists of a WASf®mology2 (WH2 or W; also called V for
verprolinrhomology) domain that binds to actin monom@sczkowska et al., 2008

Rodal et al., 2005 and a central (C; cofiltnomology or connector) and acidic (A)

I %0¢



region, together known as CA, that bind to Arp@8czkowska et al., 2008Goley and
Welch, 200§. The WCA domain is sufficient for the activation of the Arp2/3 compiex
vitro to polymerize branched actin filaments. While the CA region holds Arp2 and Arp3
in their active, closed conformation, theddmain holds an actin monomer in the proper
orientation to form a pseuetamer of actin, Arp2, and Arp3 that function as the nucleus
for the new filament.

The class Il NPFs include tlsaccharomyces cerevisiaetin binding protein 1 (Abp
1), Panl, and etazoan cortactifDuncan et al., 20QKessels et al., 20QUruno et al.,
2001). Like the class | NPFs they have an acidic region but instead of the monomeric
actinbinding domain they contain a filamentous adtinding region that activates the
Arp2/3 complex. It is believed that the class Il NPFs bind simultaneously to the Arp2/3
complex with a WASP family protein and remain attached to the Arp2/3 complex to
inhibit branch dissociatiofWeaver et al., 2001

The canonical ClassArp2/3 activator, WASPwas first identified as a rare- X

chromosome linked disorder that leads to Wiskddrich syndromega combination of
immune deficiency and low blood platelet co(iderry et al., 1994Millard et al.,
20043. WASP is a 50&amincacid prolinerich protein expressed in haematopoietic
cells. A second, more ubiquitously expressed isoform was latereiddtam brain and
called NWASP. (Miki et al., 199§. A protein related to WASP was identified in a
genetic screen iDictyosteliumand named Scar, as disruption of the Scar gene
suppresses abnormalities caused by loss of one of the cCARs (CAMP re¢Bptursj al.,
1998. Later, the mammalian homologue of Scar was identified and named WAVE

(WASP family verprolin homologous prote{ivJachesky and Insall, 199@Miki et al.,



1998hH. Mammals express two other isoforms of Scar/WAVE, bringing the total number
of WASP family members to five: namely WASP-WASP, Scar/WAVEL,

Scar/WAVEZ2 and Scar/WAVE®&uetsugu et al., 1999

Nucleation Promoting Factors: N-WASP

Another WASP family protein member-WASP, was first identified in a screening
for Ash/Grb2 binding protein@iki et al., 1996. N-WASP is ubiquitously expressed but
enriched in neural tissues (hence the name). The members of WASP family of proteins
are characterized by conserved domain architefiiomecenti et al., 2004 The G
terminus of NWASP binds to and activates the Arp2/3 comgMachesky et al., 1999
and consists of one or two WASP homology 2 (WH2) domdiissafically referred to as
V for their homology to verprolin), which bind to monomeric actin. The single or double
WH2 domain is followed by a short central (C) region and an acidic (A) domain, which
bind and activate the Arp2/3 complex. Polyproline répeathin the prolineich domain
(PRD) immediately upstream of the WCA region provide sites for the binding of proteins
containing Src homology 3 (SH3) domdirakenawa and Suetsugu, 20P@aprofilin
(asdiscussed above).

The Nterminal region contains domains that provide a connection with regulatory
proteins (see ORegulation oMHASPO below). As such, they differ among WASP
family members. WASP and-W/ASP contain a WASP homology 1 (WH1) domain, also
known as an Ena/VASP homology 1 (EVH1) domain, and a CRIB domain, which binds
to prolinerich protein and the small GTPase Cd¢f#akenawa and Suetsugu, 20Dp7a

The N terminus of NWVASP contains an EVH1/WH1 domain that binds the

WASP-interacting protein, WIPRamesh et al., 199.7The N terminus of NWASP also
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binds PIR, actin filaments, and, through its IQ domain, calmod{Higile et al., 1999
The GTPasdinding domain (GBD) includes a Cdc42/Rac interactive binding (CRIB)
motif and surroundingequences. The GBD preferentially binds Cdc42 and basic
sequence (B) binds PIfRohatgi et al., 2000 The PRD binds profilin and SH3 domain
containing proteins, including the adaptors Nck and Grb2, and tyrosine kinases

(Takenawa and Suetsugu, 20P7a

Regulation of N-WASP

Under resting conditions, WASP and\WNASP are folded by an intramolecular
interaction between the-@rminal WCA region and the-drminal region. Folded
WASP and NWASP are inactive because the WCA region is masked, thereby inhibiting
acces of the ARP2/3 aoplex to the VCA region (Figure 1.3). This prevents binding of
the Arp2/3 complex to the CA region and thus inhibits WASP atdASPOs Arp2/3
activation activity. The Nerminal basic region on-M/ASP also interacts with the acidic
A domain, contributing to the autohibition of NNWASP. The Xray crystal structure of
inactive NWASP shows that the inactive molecule is folded on itself preventing the
WCA from interacting with Arp2/3 complex (Kim et al., 20q®)iki and Takenawa,
1998.

Intramolecular autanhibition of N-WASP can be relieved by competitive binding
of small Rhefamily GTPase, Cdc42, (Kolluri et al., 1996) and KFRohatgi et al., 1999
to the Nterminus regulatory domain 8F-WASP. Binding of Cdc42 to the CRIB domain
activates WASP andMVASP by causing a dramatic conformational chabgence the
release of WCA domain (Kim et al., 2000). The basic region can also interact with

negatively charged phospholipid, RIBn the pasma membrane. This interaction with

! %)



PIP, greatly enhances Cdc42 dependent activationr@{ASP. Thus, Cdc42 and RIP
release the autoinhibiton o-WASP, which in turn activates the Arp2/3 complex,
resulting in actin polymerization near the plasma menm#(&igure 1.3). Racl, another
Rho-family GTPase, can also exclusively release the autoinhibitior\WA$P. This
activation of NWASP activation by purified Racl is more potent than Cdc42 activation
of N-WASP, suggesting that Cdc42 is the major activatWASP, while Racl activates
N-WASP (Tomasevic et al., 2007).

In addition to Cdc42 activation of-M/ASP, the Nck adapter protein is reported to
activate NWASP independently of Cdc42 and through a different binding site. Nck SH3
domains bind directly tthe proline rich motif of WASP/NVASP (RivereLezcano et
al., 1995, Rohatgi et al., 2001). In the presence of, RIEk activates NVASP to
promote Arp2/3 dependent actin polymerization. All three SH3 domains of Nck are
required for maximum activation of-M/ASP (Rohatgi et al., 2001). This multivalent
interaction has recently been shown to prome#&ANSP-Nck polymer formation, which
triggers Arp2/3 complex activatian vitro. With the help of a transiembrane protein
nephrin in cells, NWASP-Nck complex isorganized into a polymeric platform just

beneath the plasma membrane that activates Arp2/3 complex (Li et al., 2012).

N-WASP and Cancer

The ability to cells to migrate and invade tissues allows cancer cells to proliferate
within tissues (growth), expand adjacent tissues (invasion), and travel to distant organs
(metastasigHanahan and Weinberg, 2Q008ost tumors remain benign while cells are
restricted to their immediate environment. These Ostage zeroO cancers may often be

surgically removed. Consegutly, metastasis or the spreading of cancerous cells, is



leading cause of 90% of cancer deafBhambers et al., 20DZTumor invasion is a
complex process involving invasion of cells at edge of a tumor through the extracellular
matrix that fences the tumor. Invasion begins with formation dpcetrusions that

degrade the extracellular matrix. As the first step in metastasis, it is important to gain a
deeper understanding of the proteins contributing to such protriamthey control the
invasive and metastatic potential of cancer cells.

Invadopodia are small, invasive, aetioh subcellular structures that play a pivotal
role invasive cancer metastasis. They aide in degradation of and protrusion through the
extracellular matrix (ECMjBuccione et al., 2004Similar structures known as
podosomes, are produced in cells transformed with oncogenic src kinase, but can also be
found in normal cells that traverse or remodel tissue such as macrophages and osteoclasts
(Linder and Aepfelbacher, 20P3nitiation of invadopodia depends on branched actin
assembly by the Arp2/3 complex. Invadopodia and podosomes share many common
functional and molecular characteristi€ait of the five know members of the WASP
family, N-WASP and WAVE1 have been shown to be critical for invadopodia formation
and ECM degradation respectively.

Both invadopodia and podosomes contain tightigked actin filaments that depend
on NN\WASP for teir generatioriLinder et al., 1999aMlizutani et al., 2002a N-WASP
is activated in small punctae at the basal cell membrane during the initiation of
invadopodium formation. While \NVASP localization implicates INVASP activity in
the initiation of invasiorfLorenz et al., 2009athe precise funions of NWASP in

invadopodia remain to be determined.



N-WASP is specifically localized at invadopodia together with the Arp2/3 complex
(Li et al., 2010bLinder et al., 2000Lorenz et al., 2004ldo generate a branched actin
network(Baldassarre et al., 2008imilar to dendritic nucleation in a lamellipodium
(Pollard et al., 200QPollard and Borisy, 20Q%ollard and Cooper, 20R9

Despite the presence of Arp2/3, which generates braradtigdstructures, both
invadopodia and podosomes contain a mix of bundled and branche(Gastazzi et al.,
1989 Schoumacher et al., 2010n support, invadopodia are also rich in actin
crosslinking proteingSchoumacher et al., 20L0'he actin bundling protein fascin
stabilizes invadopodia and enhances substrate degralateiral., 2010k.
Ultrastructure studies of podosomes similarly show tight clusters of actin filaments
(Luxenburg et al., 20Q7Thus, actin clusters or bundles may play an important role in

the extension of both structures into the substrate.

Biochemical approaches to study actin dynamics in vitro
Over the past decades tremendous progress has been made in understanding how
actin networks assemble. Many methods have been developed to quantify actin
polymerization processas vitro including but not limited to centrifugal, densiometric
and light scattering experiments, and fluorometric and microscopic assays. Some of the
techniques that were used in analyzing the different states of actin are as follows.
Pyrenytactin assays: Also known as the pyrassay, this technique was one of the
first few techniques that was used to quantify the kinetics of actin polymerization
(Cooper et al., 1983Actin monomers are covalently labeled at their reactive3Zys
residue wih a fluorescence dye Pyrerigblacetamide and subsequently mixed with

unlabeled actin monomers. Polymerization of actin is initiated by transferring labeled
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actin monomers into polymerization buffer containing salts (typically KCI). The
fluorescence of pgne labeled actin increases 2D fold when monomers are

incorporated into filaments. This method can be used to determine different parameters
related to the assembly and disassembly of actin flaments. Although a great amount of
information can be extcéed from these assays, these bulk assays only report total
polymer mass. They do not provide direct information about the kinetics of individual
filaments, filament length, or filament branching or bundling. Thus, this technique makes
it difficult to visualize or estimate the change in actin architecture. Furthermore, the
biochemical properties of proteins that alter elongation and nucleation cannot be
precisely quantified, and some (such as cofilin) alter pyaetia fluorescence directly.

In vitro TIRF (total internal reflection fluorescencajcroscopy: This is the best
known technique to date to directly observe and verify single filament dynamics and
verify binding protein interactions in real time. In early experiments, single actin
filaments coulde visualized by fluorescence microscopy using phalloidin, an actin
binding toxin that can be conjugated to a fluorescent dye such as TRITC. Although
frequently used, phalloidin stabilizes actin flaments and is known to alter the binding
behavior of accewry proteins like Arp2/8Blanchoin et al., 20QMahaffy and Pollard,
2008.

In contrast to phatidin-fixed actin studies, TIRRicroscopy can observe the
dynamics of single growing and shrinking actin fiems. TIRF microscopy uses an
evanesent wave that only penetrai@gproximately one hundred nanometers into the
specimen, thus greatly reducing the background fluorescence. For these microscopic

assays, fluorescently labeled actin monomers are mixegalymerization buffers and



applied to a flow cell precoated with inactivated NEM myosin heads. Monomers nucleate
to form filaments that elongate and are captured along their lengths by myosin heads.
TIRF microscopy visualizes these filaments that are cegtat the coverslip surface and

can continually monitor their growth, severing, bundling, branching, or shrinkage.

Aim of Research

Why is NWASP so critical to invadopodia formation? If it acts solely as an Arp2/3
activator in invadopdia, then why arehey formed ofa mixture of bundled and branched
actin? Invasive cancer cells both degrade and produce large, punctate forces to push their
way through the crosslinked basal lamina and escape a tumor. A dendritic actin network
generated by Arp2/3 distribigehe force of actin polymerization across a wide lamella.
In contrast, rodike actin bundles might provide the required stiffness and dense
concentration of barbed ends to penetrate the substratum and invade the stroma. Because
invadopodia formation appes to depend on a wide range of protein®d/NSPOs precise
role in invadopodia remains a contentious issue.

Critical singlefilament TIRF studies over the past few years have demonstrated that
some actin regulators are insertional polymerases, accetgtta¢ielongation of
filaments while they cap or remained attached to the @ra@gsprecher et al., 2008a
Hansen and Mullins, 2010Kovar and Pollard, 2004&hemesh et al., 20p3-ormin
family proteirs were the first to shown such Oprdeegsactivity, with individualdfmin
molecules remaining attached to a barbed end as the filamen{ikyear and Pollard,
20043 Shemesh et al., 20pSimilarly, Ena/VASP proteins also accelerate filament
elongation, but interact with growing filaments by a different mechaiseitsprecher

et al., 2008aBreitsprecher et al., 201Hansen and Mullins, 201Rdn addition to



actvating Arp2/3, the WCA domains of WASP family proteins share some homology
with the processive actin assembling portion of Ena/VASP proteiashesky and

Insall, 1999. Furthermore, NWASP has two tandem WH2 that bind to actin monomers
(Chereau et al., 200Marchand et al., 200)land fastgrowing actin filament barbed
ends(Co et al., 2007Egile etal., 1999aHu and Kuhn, 2012 _aurent et al., 1999

Could then NWASP act as a processive actin assembler?

The Kuhn lab recently showed that, in the presence of Arp2/3 complex, nanofibers
coated with GSTWWCA domains from NWASP generated both branched and bundled
actin networkgHu and Kuhn, 2012aln thisin vitro reconstruction, filament bundles
arose spontaneously from the dendritic network and apgpéa attach processively to
WWCA tethers. Surprisingly, this attachment generated enough force to buckle filaments
within the bundle. Because-WASP generated a mix of branched and bundled
protruding actin, NWASPOs barbed end binding activity may prajmgortant role in
the extension of invadopodia or podosomes into the basementHayesver, it was
unclear whether NWASP attached to barbed ends directly or indirectly through Arp2/3.
Thereforewe sought to determine whether actin filaments could pnocessively to
tethered WWCA domains in the absence of Arp2/3, how WWCA binding might affect
barbed end polymerization rates, and whether the prdiiitiding polyproline domains

of N-WASP were critical for this activity.
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Figure 1.1 Cell migration structures at a glance.Lamellipodia are thin, shedéke

membrane protrusions found at the leading edge (front) of motile cells. Filopodia are
slender cytoplasmic projections containing bundled actin and are associated with sensing
environmental cues. liadopodia, formed only in cancer cells, mediate matrix

degradation and invasion.
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Figure 1.2 Actin nucleation and elongation. Spontaneous actin nucleation and
elongation. Actin dimer and trimare unstable. After nuclei formation, filament starts to
elongate rapidly at barbed end and slowly at pointed end. Rate constants are shown for
Mg-ATP actin (T) and MgADP actin (D) with units of #Ms* for k+ and & for k-.
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Figure 1.3 The assembly of branched actin filament networksA model of how

WASP family proteins stimulate Arp2/3 complex mediated nucleation of branched actin
filament networks. Free MVASP is in an autoinhibitedonformation and cannot interact

with Arp2/3 complex. This autoinhibition is released after activation through Cdc42
(pink) and PIR(dark blue). NWASP is then unfolded and activatddhe profilinBactin
complex then binds to the PRD of\WMASP. An ATP boud actin subunit binds to the V

(also called WH2) region of NVASP. NWASP, now in the active conformation, binds

to, and activates, the Arp2/3 complex, which binds to the side of a preexisting filament to
initiate a new daughter filament. The barbed esfdbese filaments are oriented towards

the plasma membrane. The rapid actin polymerization at the barbed ends pushes the

membrane forward.
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Abstract

N-WASP-activated actin polymerization drives extension of invadopodia and
podosomento the basement layer. In addition to activating Arp2/3VNSP binds
actin filament barbed ends, and bothABASP and barbed ends are tightly clustered in
these invasive structures. We used nanofibers coated WwtASIP WWCA domains as
model cell surfages and single actin filament imaging to determine how clustered N
WASP affects Arp2/3ndependent barbed end assembly. Individual barbed ends captured
by WWCA domains grew at or below their diffusion limited assembly rate. At high
filament densities, howev, overlapping filaments formed buckles between their
nanofiber tethers and myosin attachment points. These buckles grew abiold 84ter
than the diffusiodimited rate of unattached barbed endSMASP constructs with and
without the native pokproline (PP) region showed similar rate enhancements in the
absence of profilin, but profilin slowed barbed end acceleration from constructs
containing the PP region. Increasing¥m enhance filament bundling increased the
frequency of filament buckle foration, consistent with a requirement of accelerated
assembly on barbed end bundling. We propose that this newtASIP assembly activity
provides an Arp2/3ndependent force that drives nascent filament bundles into the

basement layer during cell invasion

Introduction

InvadopodigMueller and Chen, 199hnd related podosomé€Barone et al., 1995
are specialized ventral cellular projections that can degrade the extracellularvaatrix
locdized activity of matrix metaloproteases. Both structures contain tighttked actin

filaments that depend on neuronal Wiskdldirich Syndrome protein (NWASP) for



their generatiorfCo et al., 200;/Linder et al., 1999H_orenz et al., 2004Mizutani et
al., 2002h. N-WASP is thought to organize invadopodia primarily through its Arp2/3
activating activity(Li et al., 2010bLinder et al., 2000Lorenz et al., 2004bwhich
generates a branched actin netw@#&ldassarre et al., 20p@&miniscent of dendritic
nucleation in a moving cellOs lamellipodi(fPollard et al., 200QPollard and Borisy,
2003 Pollard and Cooper, 20pDespite the presence of Arp2/3, both invadopodia and
podosomes contain a mix of bundled and branched @&tivazzi et al., 1989
Schoumacher et al., 2010nvadopodia are ricmiactin crosslinking proteins
(Schoumacheet al., 201, and the actin bundling protein fascin stabilizes invadopodia
and enhances substrate degraddlioet al., 2010k. Ultrastructure studies of
podosomes show tight clusters of actin filaméhtsxenburg et al., 2007 Thus, actin
clusters or bundles may play an importaéin the extension of both structures into the
substrate.

In addition to activating Arp2/3, the-terminal WWCA region of NVASP binds to
fastgrowing actin filament barbed enfSo et al., 2007Egile et al., 1999aHu and
Kuhn, 2012bLaurent et al., 1999For Arp2/3 activation, the central (C) and acidic (A)
regions stabilize the shepitch helix conformation of arp2 and arp3 subu(ftadrick et
al., 2011 Xu et al., 201}, while the two Verprolin/WASP homology 2 domains (V, W,
or WH2) bind to actin monome(€hereau et al., 200Marchandet al., 2001pand to
actin barbed end$aucher et al., 201 Rebowski et al., 2008 Thus, NWASP may also
organize actin barbed ends in podosomes and invadopodia independent of its role in

Arp2/3 activation.



We recently showed that in the presence of Arp2/3ptexn nanofibers coated with
GST-WWCA domains from NWASP generated both branched and bundled actin
networks(Hu and Kuhn, 2012b This onedimensional analog of a twadimensional cell
membrane formed actin networks reminiscent of those produced at the leadind &olge
invasive cell. In this reconstruction, filament bundles arose spontaneously from the
dendritic network and appeared to attach processively to WWCA tethers. This attachment
generated enough force to buckle filaments within the bundle. Becauns&S¥
generated a mix of branched and bundled protruding actiASPOs barbed end
binding activity may play an important role in the extension of invadopodia or
podosomes into the basement layéwever, it was unclear whether\INASP attached
to barbed endsirkctly or indirectly through Arp2/3.

Given our observation of bundle tethering t?&AMASP coated nanofibers, we sought
to determine whether actin filaments could bind processively to tethered WWCA
domains in the absence of Arp2/3 and how WWCA binding &ffearbed end
polymerization rateddere, we show thatMVASP coated nanofibers bindde novo
nucleated actin filament barbed ends in two regimes. Individual barbed ends bbdlind to
WASP-coated nanofibers grew at or below the diffusion limited polyméoizaate,
depending on whether the nanofiber acted as a barrier to filament growth.
However,clustered barbed ends bound to nanofibers could grow substantially faster than
the diffusionlimited polymerization rate. Thuské Ena/VASP and formin proteins; N
WASP WWCA domains can processively attach to growing barbed end bundles and
increase their diffusicfimited elongation ratelThis new activity for NWASP provides

an important new mechanism for cell invasion into the substrate.



Results
Individual barbed end capture is non processive.
We used TIRF microscopy of single actin filame@#mann and Pollard, 2001b
Kuhn and Pollard, 2005lKuhn and Pollard, 20070 dissect actin barbed end capture by
the Gterminus of NWASP in the absence of Arp2/3 comypl&lass nanofibers were
coated with GSFagged constructs of the WWCA domain ¢#ASP having both
native WH2 domains. The first construct tested contained the nativemiye region
(PP) of bovine NWASP followed by the native WWCA-@&rminal Arp2/3activator
domain Figure 2.1A). Addition of fluorescently labeled bovine serum albumin (BSA) to
coated nanofibers blocked nonspecific binding and highlighted nanofibers for
microscopy. Coated nanofibers and fluorescently labeled actin monomers weréoadded
chambers coated with a low concentration of rigor myosin to tether filaments along their
length. Myosin attachments appeared as inflection points that served as fiduciary marks
to separate barbed and pointed end measurelfiaria and Pollard, 2005b
GST-PRWWCA coated nanofibers captured growing barbed ends of individeal,
novonucleated actin filament#t low filament densities, we identified two types of
barbed end capture with unique behaviors-eagture parallel to the long axis of the
nanofiber or engtapture perpendicular to the long axis. Filament barbed ends that
encountered the nanofiber astzallow angleKigure 2.1B) continued to grow along the
nanofiber long axis after attachment and were designated as parallel captures. A small
fraction of barbed ends (13 + 24%, N=24 filaments, Mean + SD) encountered the
nanofiber at right angles and raimed attached to the same locai{bigure 2.1.B).

These interactions were designated as perpendicular captures.



We measured filament length over time to assay barbed end growth before and after
capture. Parallel captured barbed ends giewg the nanofiber at the same rate before
and after bindingFigure 2.1.C), while perpendicular capture barbed ends grew at a
substantially reduced rate while att@d to the same location on the nanofiségure
2.1D). To quantify the slow, saltatogrowth of perpendiculabound barbed ends over
time, we determined the smoothed, instantaneous growth rates at each time point. Parallel
captured barbed ends in 1.5 uM actin monomers grew at 10.1 # @\3-6 filaments)
before capture and at 10.4 + $8(N=6) after capturéFigure 2.1.E-F, 1), consistent
with theoretical rates for labeled acffhuhn and Pollard, 2005ollard, 198%. In
contrast, filaments captured perpendicular to the nanofiber slowed from 11.5% 2.5 s
(N=6) to 3.1 + 2.3%(N=6) after captureRigure2.1G-I). In control experiments,
filament barbed ends did not interact with BSA coated nanofibeyare2.7). Thus, the
parallel growth along NWASP coated nanofibers and the substantial reduction in growth
of perpendicular capture filaments was due {&/NSP binding rather than nespecific

interaction of barbed ends with nanofibers.

Rapid processie elongation of NWASP bound barbed ends.

At high filament densities, some nanofitsssociated filaments grew faster than
their neighbors to form prominent buckles and lo®gs measured the elongation rates
of both nanofibeiassociated buckling filamengsmd unattached background filaments in
the same experimentdble2.1). Strikingly, buckling barbed ends grew 3dd faster
than background filaments. Background barbed ends grew at the theoretiauhate
and Pollard2005h Pollard, 1985 0f 6.89 + 0.13$ (Figure2.2B), while buckling

barbed ends grew at an average rate of 22.42 + 0.@9gire2.2C).



Filament buckling was rare in 1 mM Mg but more frequent when Mowas raised
to induce filament sidéo-side association (bundling). Based on previous evidence that
filament bundling by divalent cations may mediate processive barbed end attachments to
N-WASP (Hu and Kuhn, 2012bwe increased buffer M§concentration to 10 mM to
generate actin bundléslu and Kuhn, 2012brang and Janmey, 1996n 10 mM Md",
nanofibers mediated more frequent rapid filament growth and budKiggre 2.2.D)
However, high M§" did not change speed of accelerated barbed end growth once it
began. As with lower Mg, nanofiberassociated barbed ends grew-fold faster than
unattached barbed ends in 10 mM#ig

Accelerated filaments did not remain bundled along their entire length as they grew.
Rather, their barbed ends were frequently oriented parallel to the long nanofiber axis and
its parallel captured filaments. In somees, we found accelerated barbed ends that were
directly bundled to other filamentbléack arrowheads Figure 2.2A, D). Thus, parallel
association of barbed ends (end bundling) likely plays a role in accelerated barbed end

growth.

Profilin bound to the proline-rich region slows barbed end processivity.

The prolinerich region of PRAVWCA might recruit profiliractin heterodimers
(Mullins et al., 1998pSuetsugu et al., 1998&r insertion at the barbed end, similar to
formin proteingRomero et al., 2004 To test whether profilin modulated prodggyg we
repeated the barbed end capture experiments with prafitin, high Mg*, and short
actin seed filaments to overcome the suppressioe obvdilament nucleation by
profilin. Nanofibers generated filament buck{€ggure 2.3A), but the accelation was

reduced by profilin. Buckling filament barbed ends grew at an average rate of 14.28 +
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0.18 §' (Figure 2.3C), compared to 7.4 + 0.1T for unattached barbed end&dure
2.3B). This 1.9fold acceleration was significantly lower-¢jalue < 0001) than the 34
fold acceleration seen in the absence of profilin (Talle

The prolinerich domain is not required for processivity.

The decrease in profiliactin assembly rates seen above could be due either to
slower incorporation of profil#actin dimers at the barbed end or through direct
interaction between profilin and the prolirieh region of NWASP. We therefore
designed a GBN-WASP construcfFigure 2.1A) lacking the polyproline domains to
determine its effect on accelerated processivity. We found thatMlSTA coated
nanofibers generated filament buckles in both high (10 mM) and low (1 m’¥) Mg
(Figure 2.4 GST-WWCA tethered ends grew 3:-1dld faster than untethered ends in
low Mg?* and 3.45fold faster in high M§". These acceleration rates were not
significantly different (pvalue = 0.1083) in the two M§concentrations tested. The
poly-proline region ths does not have a major role in processive barbed end acceleration
of actin alone.

To determinavhether profilin affected barbed end processivity of @8WCA
constructs, we repeated the above experiments in the presence of-pobiliand actin
seedsAs with GSFPRWWCA constructs, GSWWCA constructs accelerated barbed
end assembly in the presence of profditin (Table2.1). However, the 3.4%0ld rate
enhancement was equal to the rate enhancement seen in the absence of profilin. Thus, the
slower larbed end acceleration rate seen above with construct containing the poly proline
region was due to specific interactions between the praltheregion of NWASP and

profilin-actin.



Rare processive elongation events were not evident in bulk assays

Giventhe rarity of these processive elongation events, we sought to determine
whether processive elongation would be evident or hidden in bulk actin polymerization
assays under typical conditions (1 mM ¥)gModerate concentrations of GSTWCA
(200 nM) enhanakthe initial polymerization rate of 2.5 IM pyrenyctin (Figure2.5A-
B). However, this enhancement was likely due to &@BWNCA-mediated nucleation
rather than barbed end acceleration. Although isolate®dA$P WWCA peptides do not
nucleate filament§Gaucher et al., 20)2dimerization contributed by the GST t@dgm
et al., 1994 effectively doubles the number of WH2 domains available foleation.

Like the actin nucleators Spire with four WH2 domai@siinlan et al., 2007or CoblOs
three WH2 domaingAhujaet al., 200¥, GST dimerization could contribute to the weak
nucleation activity we found at moderate GEWCA concentrations.

In support of a nucleatiebased increase in initial rate seen at moderate GST
WWCA concentrations, high concentrations of lG&WCA (500 nM) abolished the
initial rate enhancement, consistent with WWCA sequestration of actin monomers
(Gaucher et al., 20)2Furthermore, when GSWWCA nucleation was overwhelmed
with pre-polymerized actin seeds, we found no concentrateEpendent rate
enhancemenfjgure 2.5C-D). Instead, high concentration of GSTWCA decreased
the actin assembly rate.

This decrease in actin polymerization at high @8WCA concentrations could
come from monomer sequestration or froAWM\SP mediated changes to actin barbed
end kinetics. We therefore tested the effects of ®BVCA on acth depolymerization.

A 20-fold dilution of actin filaments prepolymerized from 5 M ATByrenylactin



reduced overall filament concentration to 0.24 'M and free monomer concentration to <
10 nM was used. Under these conditions, monomer binding byMA&TA would have

little effect on the initial depolymerization rate. Nevertheless,-@8VCA decreased the
actin depolymerization ra{&igure 2.5e-F), consistent with previous studies of
uncomplexed WWCA peptidéSaucher et al., 20)2The decrease depolymerization

was thus likely mediated by GSIWWWCA interaction with filament ends rathiran by
further depleting actin monomers. In support, @8WCA also produced a
concentratiordependent increase in the final monomer critical concentrgigare

2.5.G), consistent with its binding to actin barbedds.

Taken together, bulk assays saginding of NWASP to barbed ends but cannot
unequivocally show barbed end acceleration. Bulk pyrene actin assays are often difficult
to interpret as they only measure the average total filamentous actin content over time.
Rare barbed end acceleratiorelets would only contribute a small fraction to total
pyrene actin filament mass. Thus, the crucial but rare acceleration activil\W@{HP
would only be discernable through TIRF microscopy and could have easily been missed
in previous studies.

Filament bundling increases frequency of NVASP-mediated barbed end
acceleration.

Although Md* did not significantly alter barbed end acceleration rates, nanofiber
mediated buckles appeared earlier in reactions with high (10 mKf) Mig therefore
scored the bucklmitiation time and normalized against the total nanofiber length in each
experimentcigure 2.6. Buckles appeared at significantly higher frequencies in 10 mM

Mg?®* than they did in 1 mM M for both NWASP constructs (Table 3.2 urthermore,



the NWASP construct containing the peproline region (PRVWCA) was less efficient
than the shorter construct (WWCA) at initiation barbed end acceleration in all cases.
Once initiated, both constructs accelerated polymerization to the same extent. This
differencein initiation efficiency may lie in the difference between tether lengths. Thus,
the range of motion of nearby clustered WWCA domains may play a key role in finding
and maintaining contact with bundled filament barbed ends. As beW\WEA and
WWCA constucts were nonspecifically adhered to glass nanofibers, we cannot rule out
differences in the way each construct adhered.

The primary effect of Mg on N\WASP processivity was likely due to barbexd
bundling. We previously showed that actin filaments formdles at cellular (1 mM)
Mg?** levels under the same buffer conditions used in the present(studnd Kuhn,
2012h. However, the fraction of bundled filaments and the speed of bundle initiation
increase significantly in 1M Mg**. Furthermore, GSTWWCA coatedparticles
capture significantly more bundled barbed ends than unbundled barbed ends in higher
Mg?* or when bundling factors are added. In the present stilyASP generated
accelerated filament buckles only appeared when filaments density increased and
filaments were highly clustereddding Mcf* increased the frequency of initiation of
processive WWCAnediated barbed end assembly tiethreefold without
significantly modifying the overall rate of this accelerated assembly. In contrast,
increased M does not increas#e novdilament nucleatiorfHu and Kuhn, 2012b
Barbed ends were generated at the same rate in both high and f6aridghe increased
rate of buckle initiation in high Mg was due to increased availability of bundled barbed

ends rather thamancrease in total barbed ends. Taken together, polycations influenced



the acceleration of barbed ends by bundling negatively charged filaments and by limiting
the diffusion of barbed ends away fror/ASP rather than by increasing the number of
availablebarbed ends or by enhancing the binding VISP to barbed ends. Bundle
mediated cooperativity of barbed ends thus appears to be a key factor in the transition

from diffusion limited elongation to fast processive assembly.

Discussion

Here, we showed th&t-WASP-coated nanofibers captured and assembled actin
filament barbed ends in two distinct regimes. (1) Individual barbed ends bourd to N
WASP assembled at their normal rate when growing along the nanofiber or at a slower
rate when growing against the wéiber. (2) At high filament densities,-WASP
binding promoted rapid, processive barbed end growth. Processive barbed end assembly
was rare at low filament densities and could not be discerned with traditional bulk
pyreneactin assembly assays. Processiseembly was relatively rare in the 1 mM g
concentrations used in most actin assays, even at high filament densities. Thus, this novel
behavior of NWASP likely escaped notice as the actin field focused primarily on the
Arp2/3 binding activity of NWASP rather than its interaction with actin filaments.

N-WASP mediated growth of individual barbed ends at or below the diffusion
limited polymerization rate fits well with current models of WH2 domain association at
the barbed end. WASP family WH2 domainsdto the hydrophobic cleft of actin
monomergChereau et al., 2005This binding site is exposed at the barbed end of a
filament, allowing WH2bound actin monomers to add to the barbed end. Once
assembled, WH2 domamnust dissociate from the hydrophobic cleft to allow further

longitudinal actin assembly. Like profiliiang et al. 1999 Pollard and Cooper, 1984



soluble NWASP WWCA (WCA) activator domains do not prevent barbed end assembly
(Egile et al., 1999aimplying that WH2 dissociates somewhere in the assembly process.

In contrast to profiliractin, it is unclear whether WH2 domains dissociate from the
terminal barbed end subunit inedliately after WHzactin addition or after some delay.
Our data demonstrated thatWASP associated actin assembly was much slower than
the diffusion limited rate if the nanofiber acted as a barrier to monomer addition
(perpendicular attachments). Contimsattachment betweenrWASP during periods of
slow barbed end growth implies that WH2 dissociation from the barbed end may be
linked to subsequent monomer addition. When further monomer addition was restricted,
N-WASP remained attached to the barbed end.

Slow growth of barbed ends against a barrier (perpendicular capture) implies a
thermal ratchet model of ngprocessive barbed end assembly BWIRSP. Here, some
of the free energy from polymerization goes towards buckling the filafDegterom
and Yurke, 199y leading to a decrease in the diffusion limited assembly rate. In the
Otethered ratchetO model of mot{lipgilner and Oster, 2003&logilner and Oster,
20031 and related Ocooperativermal breakageO modalberts and Odell, 200800
and Theriot, 2006 nonpolymerizing actin barbed ends are transiently attached to the
leading edge while polymerizing barbed ends mgsinst the leading edge. Transient
filamentto-membrane attachments are broken as the compressive force of
polymerization against the membrane is translated through thelicicss network to
the membrane bound filaments. As we have showM/ABP can povide this transient
attachment to filament barbed ends. Cycles of attachment and detachment were rapid

when monomer addition was unrestricted (growth along the nanofiber), whilaSP



detachment was slower when monomer addition was restricted (growrntabe
nanofiber).

In the second assembly reginbeickling filaments remained processively attached
to the same location on the nanofilRapid and processive barbed end assembly fits
closely with the OactoclampinO model of Dickinson and Ridickinson, 2008
Dickinson et al., 200Dickinson and Purich, 2002which posits that a hypothetical
membrane bound OactoclampinO molecule maintains constant, processive attachment to
the growing barbed end.

The barbed end assembly rate of buckling filaments can be used to distinguish
between processive and nprocessive polymerization. In the fagbngation regime,
acceleration of barbed ends beyond their natural diffugioited rate unequivocally
shows processive barbed end assembly by WWCA domakesEna/VASP
(Breitsprecher et al., 2008Hansen and Mullins, 2010Kovar and Pollard, 2004tand
formin family proteindKovar and Pollard, 2004I®©tomo et al., 2003Paul and Pollard,
2009h Romero et al., 2004N-WASP WWCA domains can processively attach to
growing barbed ends and increase their diffudilmited elongation rate as originally
postulated by Chereaat al(Chereau et al., 2005

Poly-proline regions of WASP family proteins recruit profituctin (Suetsugu et al.,
1998. We found that NVASP construct containing this region accelerated lpredictin
polymerization to a lesser extent (fddd) than it did actin alone (3:#ld). This
reduction was likely due to profilin binding to the pgsoline region, as NVASP
constructs lacking this region accelerated barbed end assembly to the sarheviéx or

without profilin. Reduced acceleration could stem from misaligned insertional assembly



of profilin-actin at the barbed end. However, profdéictin binds to the loading site
containing a GPPPP consensus sequ@viaboney et al., 1997and the first WH2
domain is a major factor in stabilizing Arp2/3 daughter bras@ullins, 200Q

Suetsugu et al., 1998ang et al., 2000 More likely, GPPPP binding to profilin reduces
dissociation of profilin from the barbed end required for subsedoegitudinal actin
monomer addition. Further experiments with\WASP constructs lacking one or more
GPPPP domains or with different length of linker between tieriinal GPPPP binding
site and the first WH2 domain ofWASP may shed light on the mecisan of N

WASP mediated profiliractin insertion at the barbed end.

How is this transition from diffusicfimited elongation to fast processive assembly
driven? The active barbezhd binding domains of VASP and WASP proteins are highly
homologougDominguez, 2009-erron et al., 2007 and VASP requires its
tetramerization domain to accelerate barbed é@ddshmann et al., 1998reitsprecher
et al., 2008p(Hansen and Mullins, 201pbSimilarly, formin requires dimerization to
processively walk along growing barbed ef®seley et al., 2004and clusteed WH2
domains from VopL can assembly barbed giftemgoong et al., 20)1Membrane
clustered WWCA domains could similarly walk along bundled barbedardisisert
actin subunits agreviously propose(Fig. 8 in Hu and Kuhn, 2012bAlthough our
GST-tagged NWASP constructs likely formed dimers at the nanofiber suif@adrick
et al., 2008lending a pseudmultimerization to our NNVASP, we did not see fast
processive elongation until barbed ends clustered as well. In contrast to VASP and
formin, which rely on multimerization for processive actin assembIWASP relies on

both clustering ashbundling provided by extrinsic factors such as polycations. While N



WASRP is less likely to initiate processive assembly than VASP, it is efficient once
started. We propose that filament bundling limits diffusion of a barbed end away from
WWCA after WWCAdissociation. WWCA is then free to bind additional actin
monomers and efficiently fénd the same barbed end for subsequent monomer addition.

Alternatively, the two tandem WH2 domains ofYWASP could provide the two
actin binding sites required for prasgve stepping. While the-@rminal WH2 domain
binds to a filament barbed end, the upstream WH2 domain would bind and add a new
monomer. Both WH2 domains bind actin monon{&@aucher et al., 201 Rebowski et
al., 20098, but structures of tandem WH2 domains fidRWASP show that the tandem
actin monomers orientation are incompatible with longitudinal dimer formation
(Rebowski et al., 2008We do not preclude an intermediate, low affinity binding state
where longitudinal dimer formation ejects the second WH2 from the hydrophobic cleft at
the longitudinal dimer interface. However, it is unclear how the short linker between
WH2 domains in NWASP could provide enough flexibility for stepping toward a new
binding site during elongatiaibominguez, 201 Further studies with extended WH2
linkers, with NWASP constructs lacking one WH2 domain, or with WASPOs single
WH2 domain should elucade the mechanism of processive elongation.

We have demonstrated a novel Arpiidependent barbed end assembly mechanism
by the Gterminal of NWASP. This new activity provides new insight into the formation
of cellular structures by NWWVASP. Although acti microspikes are enriched with N
WASP (Nakagawa et al., 200and NWASP owerexpression can generate filopodia
(Miki et al., 19984, the involvement of NWASP in filopodia generation remains

controversia(Sarmiento et al., 200&napper et al., 200 bteffen et al., 2006 However,



N-WASP appears to be required for invadopodia and podosome forr{taticat al.,

2007 Linder et al., 19990 orenz et al., 2004Mizutani et al., 2002 We propose that
N-WASP promotes transient actin bundles to invasive structures by accelerating their
assembly. The simultaneous requirement of both a higsitgleof free barbed ends and

their parallel association means that the transition from passive to processive assembly is
rare throughout the actin cortex, where free barbed end densities are relatively low. The
probability of buckle initiation increaseslsstantially in regions of active barbed end
nucleation where barbed ends are also densely packed, such as within podosomes or
nascent invadopodia. Once initiated, the force from this accelerated assembly provides an
initial push or OspedipO for invadopdia to wedge into the basement layeM\MASP
accelerated bundles that do not rapidly dissipate into the dendritic network are then
stabilized by crosslinking proteins such aactinin and fascin. VASP and formin are

then recruited to these sites to exte@mvadopodia into the basement layer.

Materials and Methods

Protein Expression and Purificatiokctin was purified from rabbit skeletal muscle

actin acetone powder through one round of polymerization and depolymerization
followed by gel filtration(Spudich and Watt, 197)b Actin was labeled with Oregon
Green 488 iodoacetamide (Invitrogen) as descrietin and Pollard, 2005bActin and
labeled actin were stored for 1 month at 4 ¥4C. Both labeled and unlabeled actins were
dialyzed overnight against fresh buffer G (2 mM CispH 8, 0.2 mM ATP, 1 mM

NaN;, 0.1 mM CaCJ, 0.5 mM dithiothreitol, DTT) and centrifuged at 38,000 g for 2 hr at
4Yv,4C. Actin concentrations were estimated from extinction coefficients as follows: actin,

E,q= 26,600 M'cm* (Kuhn and Pollard, 2005pOregon green actin &= 26,600 M

! (%



'cm* using the correction Ay, = A,q, - 0.16991A,,; Oregon green, g, = 77,800 M'cmi
1

Bovine NWASP WWCA (A403- D505) was purified as a GST fusion protein as
describeqHu and Kuhn, 2012bBovine NWASP PRPWWCA (A244-D505) starting at
the end of the CRIB domain was cloned into the vector-4Ea (Novagen) containing
N-terminal GST, His, and-8&gs and the sequence was fiedi GSFTPRWWCA was
expressed in Rosetta DE3pLysS (Novagen) bacteria grown at 37 jC tg,ah®8 and
induced with 0.5 mM isopropyl-$-thiogalactopyranoside overnight at 16;C. Bacteria
were pelleted, resuspended in TBSE (20 mM Tris, 200 mMNacCl, IlERVA, 10 mM
2-mercaptoethanol) supplemented with complete EBfB& protease inhibitors (Roche)
and pulse sonicated on ice for a total of 150 seconds. Bacteria were pelleted for 30 min at
46,000 xg, the supernatant was added to glutathione resin (Therembifi), and the
resin was washed with 5 volumes of wash buffer (TBSE with 0.1% Thesit). Protein was
eluted using 100 mM reduced glutathione, pH 8.0, and gel filtered on a Superdex 200
column (GE Healthcare). GSHRWWCA concentration was determinedngsian
extinction coefficient E,= 53080 M'cm™. Both NWASP constructs were flash frozen
in liquid nitrogen and stored &0 %4C.

Nanofiber Preparation and Coatiriglass nanofibers (200 nm nominal diameter,

Johns MansvilleDenver, CO) were broken into smaller fragments in chloroform in a
Dounce homogenizer as previously descrifdéa and Kuhn, 2012b Nanofibers are
centrifuged at 3750 rpm for 10 min, excess chloroform drained, and the remaining
chloroform evaporated. Nanofibers ieavashed with deionized water by l®peed

centrifugation and sonicated for 1 hour in 1 M KOH in a bath sonicator to remove



contaminants. Nanofibers were washed briefly in deionized water, resuspended in 1 M
HCI, sonicated for 1 hour, and incubated owghhin HCI. Cleaned nanofibers were
subsequently pelleted by centrifugation and sonicated for 30 minutes each in in deionized
water, 1 mM EDTA, 70% ethanol, and absolute ethanol to dry, with pelleting between
each step. Cleaned nanofibers were storedassgtontainers in absolute ethanol for up to
6 months. For coating, ethanol was removed after centrifugation and the remaining
ethanol evaporated. Nanofibers were incubated with 20 (NASP in coating buffer

(20 mM Hepes pH 7.3, 0.1 M KCI, 1 mM MgCL mM ATP, 0.1 mM CaCJ 1 mM

NaN,, final pH 7.56) overnight. Fluorescein conjugated bovine serum albumen-(FITC
BSA, Invitrogen) was added to a final concentration of 0.02 mg/ml to aid visibility and
nanofibers were incubated an additional 5 minutes. Nanefibere washed 3x with

coating buffer and resuspended in coating buffer supplemented with 1 mg/ml low grade
BSA (Sigma Aldrich) to block subsequent protein addition. Nanofibers were stored in
BSA at 4%4C for up to 5 days before use.

Total InternalReflection Fluorescence (TIRF) Microscolean glass slides;

coverslips and flow cells were constructed as previously desdiduh and Pollard,
2005h. For filament tethering, flow cells were coated with 100 rkthylmaleimide
inactivated myosin Il for 2 minutes. To prevent rgpecific binding flow cells were
blocked with 1% w/v BSA for 2 min as dedmed(Kuhn and Pollard, 2003bUnlabeled
Mg-ATP-actin and MgATP-actin labeled with Oregon Green 488 (lnvgen) were

mixed with nanofibers and 2x TIRF buffer (2x: 20 mM Imidazole pH 7, 100 mM KClI, 2
mM MgCl,, 2 mM EGTA, 200 mM DTT, 0.4 mM ATP, 30 mM Glucose, 0.5% Methyl

Cellulose 1500 centipoises, 40 pg/ml catalase, 0.2 mg/ml glucose oxidase) or 2x High



Mg-TIRF buffer (2x: TIRF buffer with 20 mM total Mgg}Ito start spontaneous actin
assembly. For each experiment 16 pl of reaction mixture was added to the chamber and
the entry and exit ports of flow cell were sealed with warm VALAP (1:1:1 vaseline :
lanolin: paraffin).

Actin seedsShort actin seeds were created as desc(eln and Pollard, 2007
by polymerizing 6 uM unlabeled M TP-actin at room temperature for 10 minutes in
buffer F (buffer G with 10 mM Imidazole pH 7, 50 mM KCI, 0.105 mM MgQlmM
EGTA). Seeds were diluted 1:20 in buffer F and vortexed immediately at high speed for
60 seconds to shear filaments. Seeds were added to a final concentration of 75 nM.

Image acqisition and analysisTIRF images were collected on an Olympus upright

microscope (BX51WI) using pristibased excitation from a 488 nm sedithte laser
(Sapphire, Coherent Santa Clara, CA) and custom optics. Images were captured by a
RoleraMGI EMCCD canera (QImaging, Surrey, BC, Canada) atse@ond intervals
using Micremanager open source acquisition softw@&aelstein et al., 20)0Images

were analyzed using ImageJ softwéehneider and Rasband, 2D1&ctin filament

barbed and pointed etehgths were measured against fiduciary marks provided by
NEM-Myosin Il attachment points as previously descrii@ahn and Pollard, 2005b

We measured the lengths of an average of 10 filaments per experiment and at least 3
experiments per condition unless otherwise indicated.

Pyrenytactin assembly assayR®yreneactin fluorescence was measured using a

fluorescent plate reader (Gemini XPS, Molecular Devices, Sunnyvale, CA).
Polymerization was monitored by continuous pyrene fluorescence measurerggnts (%

364 nm, % = 407 nm)at 2224 {C. All reactions were caed out inCorning 96 well



half area flat bottom platélnseeded actin polymerization assays were monitored over a
range of nM concentration of GSIWWCA. The reaction well was prepared by addition

of with 1.5 pl of 100x antifoam (100x: 0.005% antifo&®4, SigmaAldrich), 2x initial
concentration of Mg KMEI (10x: 500 mM KCI, 10 mM MggCLO mM EGTA, 100 mM
Imidazole, pH 7.0), and buffer G and G8UWCA. In the preparatory welg uM Ca

ATP actin (30% pyrene labeled) wamxed 9:1 with ME exchange buffer (104E: 10

mM ethylene glycol tetraacetic acid, EGTA, 1 mM MgGInd incubated on ice for 2
minutes to form 2x final concentrations of MJ'P actin. The reaction was initiated by
transferring 75 pl of actin monomer mixture from the preparatory well to the
corresponding row in reaction well for a final concentration of 2.5 puM monomeric actin
in a 150 pl reaction. The delay from the reaction start until the first data read was
recorded manually and added before analysis of kinetic 8a&aled polymerization
reactions were similarly produced with 1.8#actin (30% pyrendabeled), varying GST
WWCA and prepolymerized, unlabeled actin seeds. To create actin 8gedddIg-ATP
actin was polymerized in F buffer (buffer G with 10 mM Imidazole pH 7, 50 mM KClI,
1.1 mMMgCl,, 2 mM EGTA) for 1 hour at room temperature. Seeds were vortexed
(Vortex Genie 2, VWR Scientific Products, West Chester, PA) at maximum speed for 60
seconds to break longer filaments. Short seeds were added to the reaction well to give a
final concerration of 0.4 uM actin seeds in a 150 pl reactibar depolymerization
assaysactin (5 #M, 88-97% pyrenelabeled) was polymerized overnighite reaction

well was prepared by addition @f5 pl incubated with varying concentrations of GST
WWCA for 10 mnutes. AL1.5 pl drop of 100x antifoarwas carefully added along the

side of each well. The reaction was dilutedf@@ in F-buffer with 2x slow mixing



strokes and widdore pipette tips to minimize filament breakage. After dilution,
fluorescence of pyrenactin was monitored every 15s. Initial rates of actin assembly
were determined from linear fits of the initial 400 seconds of depolymerization data.

Buckle occurrence timing.he nanofiber density varied between experiments and

therefore influenced theumber of nucleatiolcompetent sites in each captured movie.
To quantify the frequency of buckle occurrence, we recorded the time after the start of
the reaction at which each buckle became visible (buckle initiation). To correct for
variations in the numbref nucleation sites between experiments, we multiplied the
initiation time by the total length of nanofibers in each experiment and divided by the
weighted mean of total nanofiber length across all experiments. Normalized initiation
times for each conddn were combined and sorted to give a cumulative count of the
number of buckles. Buckle coun, were fit to an exponential growth cun@[1 b

expt(t Bty)/&)] to find the initiation rate, &, and delgyfdr de novdilament nucleation.



TABLES

Table 2.1 Average filament elongation rate

Barbed end: Tether Actin Mg®® Seeds Profiin  BE Rate No. Rate

M mM nM IM  subunit¥set Fil. Enhancemer

Tethered PPWWCA 12 1 N N  22.42+0.3¢ 10 3.25
Free PPWWCA 12 1 N N 6.89+0.15 10
Tethered PPWWCA 1 10 N N  21.05+0.3¢ 10 3.44
Free PPWWCA 1 10 N N 6.12 + 0.0¢ 10

Tethered PPWWCA 1 10 75 1 1428 £ 0.1¢ 7 1.93

Free PPWWCA 1 10 75 1 7.40+0.11 13
Tethered WWCA 1 1 N N  21.45+0.5: 10 3.14
Free WWCA 1 1 N N 6.83+0.0¢ 10
Tethered WWCA 1 10 K N  21.74+0.7C 10 3.45
Free WWCA 1 10 K N 6.29+0.11 10

Tethered WWCA 1 10 75 1 2545+ 1.0¢ 10 3.45

Free WWCA 1 10 75 1 7.37+ 0.2€ 10



Table 2.2 Rate of Buckle Occurrence

Construct Actin Mg* Rate

UM mM s'um™

PPWWCA 12 1 3.9+1.8x16
PPWWCA 1 10 13.8+0.6x10
WWCA 1 1 73.6+6.7x10

WWCA 1 10 1344+56x10
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Figure 2.1. Non-bundled filament barbed end capture is not processive.
Conditions: 1.5 'M (3340% labeled) MEATP actin, nanofibers coated with-20 'M
GST-PRWWCA, 1 mM MgCh, 10 mM Imidazole pH 7, 50 mM KCI, 1 mM EGTA, 100
mM DTT, 0.2 mM ATP, 0.25% methyl cellulose, 15 mM glucose, 20 !g/mL catalase,

100 !g/mL glucose oxidae. Slides coated with NEM inactivated myosir(A)



lllustration of the NWASP constructsised in the studyB) Elongating barbed ends
(arrows) attached to a GSPRWWCA coated FITEBSA blocked nanofiberd@ashed
outline), polymerizing either perpendiaurly (white arrow) or parallel black arrow). (C)
Growth of barbed ends parallel to the nanofiber before and after cgptuarowth of
barbed ends attached perpendicular to the nanofiber before and after ¢&pkiire.
Histogram of smoothed growth ratesfore (E) and after (F) parallel capture of barbed
ends or before (G) and after (H) perpendicular capfly&ox and whisker plot of

growth rates of parallel and perpendicular captured filaments. Scale bar: 10 'm.
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Figure 2.2 Filament bundling enhances rate of processive elongation. Conditions
as infigure 2.1except: 1 or 1.2 'M actin as indicated and a total Mg€incentration of
either 1 mM (AC) or 10 mM (DF), (A) Processive associatioh actin filaments to

GST-PRWWCA coated nanofibergl¢tted outlinesin 1.2 M Mg-ATP-actin and 1 mM
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Mg®* showing buckling of rapidhelongating filamentswhite arrowheadsfrom
compression between barbed erflagk arrowheadsand NEM myosin attachmen
points.(B-C) Elongation of barbed{acK and pointeddray) ends of untethered
filaments (B) or tethered buckles (C) in 1 mM fgD) Buckling filament hite
arrowhead$ with barbed endoflack arrowheadsoverlapping a notbuckling filament
(white arrow) attached to the end of a nanofildetted outlinesin 10 mM Md*. (E-F)
Elongation of untethered filaments (E) or tethered filaments (F) in 10 mi. Rgrbed

end growth rates shown in Tallel. Scalebars: 10 'm.
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Figure 2.3. Profilin reduces rate of bundle mediated processive elongation.

Conditions as iffigure 2.2with 1 pM actin, 10 mM total Mg, 1 uM Profilin, and 75 nM
actin seedqA) Time-lapse image of sustained processive association of actin filaments
on GSFPRWWCA coated glass nanofibers in presence of profilin. White arrowheads
indicate buckling of a rapidigrowing filament. Black arrowheads indicate approximate
position of babed end attachment poiB-C) Elongation of untethered (B) or tethered
filaments (C) in 10 mM Mg. Barbed ad growth rates shown in Table 2Scale bar: 10
pm.
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Figure 2.4. N-WASP Proline-rich domains are not required for processive
elongation.(A-D) Conditions as ifiigure 2.2except nanofibers coated with GST
WWCA. (A-B) Elongation of untethered (A) or tethered filaments (B) in 1 uM actin and
1 mM Mg*. (C-D) Elongation of untethered (C) or tethered filaments (D) in 1 uM actin
10 mM Mg™. Growth rates shown in Tabkel
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i:igure 2.5. Bulk assays of NWASP barbed end binding.Conditions: 1.5 to 5 uM30-
97% labeledMg-ATP actin 50 mM KCI, 1 mM MgC}, 1 mM EGTA, 10 mM

Imidazole, pH 7.0(A) Representativde novgoolymerization of 2.5 pM pyrenydctin in

the indicated concentration in nM of GSTWCA. Gray band indicates period for initial

slope estimation B) Average (N=6)Ye novanitial polymerization rates in a range of

GST-WWCA concentrations. Q) Polymerization of 1.5 uM pyremdctin from 0.4 pM

seeds. Gray band indicates period for initial slope estimafiyrAyerage (N=8) initial

seeded polymerizatn rates over a range of nM GSTWCA concentrations K)

Pyrenytactin depolymerization in the presence of indicated nM-®8VCA. 5 uM

)



pyrenyl actin was polymerized then dilutedfd in the indicated final nM
concentration of GSTWWCA. Gray band indicats period for initial slope estimation.
(F) Average (N=6) initial seeded polymerization rates over a range 6i\VB&TA
concentrations.) Average (N=6) final free actin concentrations over a range of GST
WWCA concentrations.
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i:igure 2.6. Bundling by Mg* increases frequency of buckle initiationBuckle
initiation times were normalized against total nanofibagth in each experiment.
Cumulative initiation times over several experiments with the indicat@dN$P
construct and Mg levels were fit to a delayed exponential telglian initiation rate
(Table 2.3. Buckle formation rates increased with polycatoncentration for both
constructs. WWCA initiation buckles faster than\RWRVCA.
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i:igure 2.7. Actin filaments do not interact with control, BSA blocked nanofibers.
Conditions as inifure 2.1 except control nanofibers were blocked only with 1 mig/m
(0.1% FITC labeled) BSA. (A) Tim&apse TIRF microscopy image of barbed end of

actin filaments\hite arrow) growing past BSA coated nanofibers. (B) Barbed end
elongation rate of filaments that grew past nanofibers. Growth rates remained the same

before(thin line) and after thick line) encountering the nanofiber (see Supplementary
Movie 6). Scale bar, 10 pm.
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Chapter 3

Bundling Mediates N-WASP Processivity

Abstract

Cells contain a number of dynamic structures including actin filament bundles.
These structurgslay indispensable roten cell physiology, cell division, motility,
adhesionsignaling, etc. Actin bundles may form via crdéis&ing of individual actin
filaments with specific actibhundling proteingPuius et al., 1998%r by polycations that
ObridgeO the gap betweegatively charged filaments. We previously showedhat
WASP mediatedassemblyof actin barbed endsrovides an Arp2/3ndependent force
thatlikely drives nascent filament bundles into the basement layer during cell invasion
(Khanduja and Kuhn, 20}.3Extending this idea, we tested the role of reducet a
enhanced divalent cation, ¥fgpn filament bundling mediated processive acceleration.
Based on the previously propos#Ependence of processive attachment on filament
bundling, we found that the physiological polycatiBpermine also supports-WASPOs
processive accelerah of barbed ensl Lastly, we speculate that two WH2 domains are
necessary for processivity, as preliminary data shows that a teth&k&SR construct

containing on&/H2 domaindoes nogenerate processive bundles or filament loops.



Introduction

Invasiveprotrusions in cancer celllow the cellto escape a primary tumor and
invadea new nicheAfter travelling through theascular andymphatic systers the cells
exit into a new position and sesm new tumoBsometimes after lying dormant for
months to year@Hanahan and Weinberg, 2Q1These invasive protrusions, known as
invadopodia, are rich in bundled actin filaments. However, it is unaleather actin
bundling promotes or inhibits cancer metastd=aher, cancer cells can adjust éxtent
of actin bundling to alter their signaling, growth, adhesion and mechanical properties.
Typically, mechanical stiffness is directly correlated with invagierumiya et al.,

2009 and metastatic potential biltere might be exceptioiiSwaminathan et al., 2011
Therefore, understanding the mechanism by which actin regufataiginspromote or
utilize actin bundling to succeed in metastasis is still ug@nguing and represents an
exciting area of research.

Invadopodiaareone of the cellular structures that rely on actin bundles for their
integrity. Unlike filopodia, invalopodiacontain a mixture of bundled and branched actin
filaments(Schoumacher et al., 20l®odosomes are structurally and functionally similar
to invadopodia, but occur in narancerous cellsuch ahiematopoietic cells, endothelial
cells and Sr¢ransformed fibroblast@Murphy and Courtneidge, 201 Both,
invadopodia anggodosomes contain a number of adiimdling proteins, including
fascin(Li et al., 2010aSchoumacher et al., 201.0-actinin, formins and Ena/VASP
(Murphy and Courtneidge, 2011

Actin filamens arehighly negatively charged biopolymer ttaaecrucial to cell

motility and cell shapelheycarly a netnegativecharge ofl4lebpersubunit In cells,



the monovalent cationkshields the negative charge of individual subunits to allow
them to polymerize. However, polyvalent cations such &@a1g®* can also allow
whole filamentgo overcome the electrostatic repulsion and form parallel or antiparallel
bundleg(StrzeleckaGooaszewska et al., 198These closely packed bundles can play
diverse role in cellular functions.

Actin bundledorm either via crosginking of individual actin filaments with
specific actinbundling proteins or bghieldingthe regatively charged filamentgith
polycationsthat formObridgsO between the filamenihe group of bivalent cross
linking proteins includes fimbrin,-&ctinin, spectrin, fascin, filamifrascin expression is
often upregulated in epithelial cancers andsisociated witkancemetastasiand
invasion(Machesky and Li, 20)0Actin bundling mediated by Fascstabilizes
filaments and increases thifetime in filopodia and invadopodig.i et al., 2010
Fascin is highly expressed at the invasive front of tumorsiravitto reduction of fascin
causes reduced motility and invasigtashimoto et al., 200%ashimoto et al., 2007
Okada et al., 200 Bchoumacher et al., 20110

Polycations, including polycatianproteins such aSNA/VASP (Harbeck et al.,
2000, and naturadnd synthetic polyamines, like Spermine &peérmidine induce
bundle formation via nespecific electrostatic interactio(®riol-Audit, 1978 Sowa et
al., 2006, by eliminating repulsion between monomeric actin or between actin filaments
(Tang and Janmey, 19p6Polycations overcome the 1®persubunit negative charge
of filamentous actin to promote filament sitbeside association.

Both C&" and Md* are major divalent cations in cell. Calciuoms are

importantsignalingmoleculesand they play a role in muscle contraction, cell motility,



fertilization, cell growth and proliferatio(Berridge et al., 2000However, he resting
concentration of Cd in thecytoplasmis normally maintained in thew range of 1®
100nM. Once activate this level rises to roughly0D0 nM(Berridge et al., 2000To
maintain this low concentration, Eas actively pumped from the cytosol to the
extracellular space and into teedoplasmic reticulurtER), and sometimes in the
mitochondriaMagnesium on the other handi& second most abundant intracellular
divalent catiorand in mammalian cell its cytosol concentration ranges frorl.6.5nM
(Rink et al., 1982Romani and Scarpa, 199omani and Scarpa, 2000nost of which
is bound to negatively charged molecules or ANRdler and Rude, 1995

Previous studies have shown that mulevalpolyamines like Spermine and
Spermdine can also promote bundle formatiorvitro (Grant et al., 19830riol-Audit,
1978 Oriol-Audit, 1989. Sperming is a small tetravalent cation aisdoresent at
millimolar concentrations in proliferating ce(®onti et al., 199% In vivo, these
positively charged polyamines are present during processes like neuron repair and sperm
activation, processdbat reply on actin bundle formati¢gAimar and Grant, 1992
Breitbart et al., 1997

Although NWASPis primarily described as an Arp2/3 activator, we previously
showed thaN-WASP WWCA domaingouldprocessively attach to growing barbed end
bundles and increase their diffusitimited elongation rate~urthermore, this activity is
independent of Arp2/3Thick actin lundlesgenerated by0 mM divalent cation, Mg,
are comparatively more prevalent than those produced in traditional polymerization
buffers containing 1 mM Mg, andthese bundleaid inacceleratedilament elongation

by N-WASP. Given an electrostatic gige of actin bundiig, one would expect that

! *U



higher concentration of divalentagnesiunor similarly, multivalent linkers would
furtherincrease bundling therelsyipportingmoreprocessie actin elongation by N
WASP. To exgore themagnesium dependentindlingin N-WASP mediategrocessive
acceleratiorwe further increased the concentration of magnesium. To tastdie
tethering to NWASP coated nanofiberould persist in presence of natural polyamines
we tested filament bundling and processivitypresence of tetravalent cation, Spermine.
Lastly, our preliminary findings indicate that tandem WH2 might be essential in N

WASP processive filament acceleration.

Results
Effect of low magnesium concentration on processivity

We adjusted the typical TIRF actin polymerization assay to facilitate a wider range
of Mg?* concentrations. €lular M¢f* concentrationsange from 0.5nM to 1.5mM
(Nureki et al., 2008Rink et al., 1982Romani and Scarpa, 1992omani and Scarpa,
2000. Inin vitro actin polymerization assays, the’Caound to the high affinity Mg
site on actin monomer is first exchanged with?Muy addition of MGEGTA prior to
addition of KCI to polymerizactin To generate low Mg concentrations in our assay
we diluted CaATP-actin monomers into buffer without added®Cand reduced Mg
EGTA concentrations-fold during the exchange step. Subsequent reducing magnesium
in all corresponding buffers reguldteotal Mg+ concentration in the assay. We
calculated free Mg concentration from the pH and total buffer CAEIGTA, MgChb,
ATP, and KCI concentrations using existing meth@kys et al., 1994Patton et al.,

2004).



To test if filament processive attachment could prevail in low magnesium
concentration we reduced magnesium concentration in barbed end capture experiments to
0.5mM and 0.2nM Mg?*. We found that at lower concentrations of ¥)gjlament
bundleformation was seen after 75 to 90 minutes after the start of the reaction. Although
delayedthe inevitablancrease irfilamentdensitynear nanofibers led to filament
bundling and resulted in rapgocessive elongatiorocessive elongation was never
observed before the point of first filament bundle formatiimese results indicate that
filament bundling is required for filaments to-operate for processive elongation on N
WASP.

Increased divalentcation concentrationincreases frequency of NVASP-mediated
barbed end acceleration

We recently showethatfilament bundling increases frequency cVfASP-
mediated barbed end acceleration without significantly altering barbed end acceleration
rates. We observed that filaments buckles, promoted by filamadtibg, appeared at
significantly higher frequencies in 10 mM Righan they did in 1 mM Mg thereby
indicating that bundling play a key role in maintaining barbed end corfidwsduja
and Kuhn, 201 To test the bundling effectiveness we doubled the Magnesium
concentration from 1M to 20mM in our motility assay. This resulted faster onset
of buckleformationby clustering more filaments on the néhers in a shorter time span
(Figure 3.1) GSTFWWCA coated patrticles captutsignificantly more bundled barbed

ends than unbundled barbed ends in highet"Mg

Processivity persiss in presence ofcellular polycation, Spermine



The natural polyamine§permidine, and&rmine, are found in almost every living
cell at high micromolar to low millimolazoncentration§Russell, 1977Russell, 198B
Polyamines are synthesized from arginine aadenosylmethionine with arginase
converting arginine to ornithine, and ornithine decarboxylase (ODC) catalyzing ornithine
decarboxylation to form putrescinBolyamine biosynthesis is upguhted in actively
growing cells mosimportantlyin cancer cell§Erdman et al., 199%erner and
Meyskens, 2004Russell, 1988 Duringcancer cell transmigratipincreased polyamine
synthesis appears to be accompanied by cancer invasivaesa€iSC overexpression
enhances the invasive characteristics of cancer(éellsota et al., 1997 Also,
inhibition of polyamine synthesis by the ODC inhibitor, B idifluoromethylornithine
(DFMO) impairs the invasive chacteristics of cancer cel{ishida et al., 1992Jun et
al., 2008 Manni et al., 200b

Therefore, first we tested if cellular polycations such as spermine may support short
filament sideto-side association im vitro TIRF actin polymerization assays. Weufal
that spermine bundles filament at 100 !M, in low f#1¢0.105mM, Figure 3.2)

To furthertest if processivity depended on filaménindling rather than magnesium
andwhether Spermidsupportgprocessivity we repeated the barbed end capture
experiments vih Spermine in lowMg?*. We found that th800!M tetravalenbrganic
cationSpermineformed thick actin bundles and showed enhanced processivitly
WASP WWCA coated nanofibers (Figure 3.Zhisshowsthatpolycationicbundlingof
actin filamentger se rather than magnesiumpromotes processive acceleration by N

WASP.

Processivity requires tandem WH2 domain



Unlike WASP the C terminus oN-WASP has two tandem WH2 motifs that bind to
an actin subunit each. To test if a single abtmding domain couldustain processivity
| designedh shorter NWASP construcinissing the first native WH2 domafsST-
WCA). To test the activation potency of GSVCA, we characterized its ability to
stimulate Arp2/3 complex mediated actin polymerization. TR&ASP constrat with
only one WH2 domain had much lower potency as an Arp2/3 actiiigure 3.3 than
did the construct with one two native WH2 domains, consistent with YamaguchiOs result
(Yamaguchi et al., 2000

We repeated barbed ércapture experiments in 10 mM Rigvith N-WASP
construct containing single WH2 domaWe foundthatwith a single WH2 domain, N
WASPdid not support processive attachméfe therefore conclude that two WH2
motifs are essential for:M/ASP mediated processive elongatiblowever, his shorter
N-WASP constructvasa less active Arp2/3 nucleator than the WCA donfrom
WASP, which contains only one native WH2 domi@igure 3.3) Therefore, it is
possible that like its Arp2/3 activation activity, the barbed end binding activity of this
shorter construct might have been compromiBeture experiments with WASPa
WAVE, nucleators than contain single Wid@main will further determineshether
tandem WH2 domains are absolutely necessary for proeessingation of barbed ends

by WASRfamily nucleation promoting factors.

Discussion
N-WASPIis a key player in actin cytoskeleton rearrangeménitss been localized
in invadopodia and podosomebere itlikely controls dynamiattachment andctin

turnover at the barbed ends of actin filamdéhtsenz et al., 2004Mizutani et al.,



2002h Murphy and Courtneidge, 201Y¥amaguchi et al., 20050ur central finding
from this study ighat filament bundlindpy both di and multivalent cations essential
for maintaining persistemirocessivattachments between growing bad endsand N
WASP WCA containing tandem WH2 domains. We found that natural occurring
polycation Spermine also supports filament gmside association that actively drives
processivity. Our preliminary data shows thattthe tardem WH2 domains of NWVASP
mightbe necessary farovide the two actin binding sites required for processive
stepping

The natural polyamines are aliphatic cations with multiple functions and are
essential for cell growthn addition, polyamines seem to accelerate tumor invasion and
mefastasis not only by suppressing immune system activity against established (already
existing)tumors but also by enhancing the ability of invasive and metastatic capability of
cancer cellsHowever, the mechanism by which polyamines increase invasivetipbten
remains unclear.

Cancepuscells secrete enzymes tltitgrade the surroundimxtracellular matrix
which is composed of the interstitial matrix and basement memtranprovides
additionalstructural support to cells. Cancer calte capable of pducing numeras
proteinases, such as serine proteinase pxmagtalloproteinases (MMPcathepsins, and
plasminoge activator that degrade the extracellular matrix (ECMglose correlation
between increased polyamine synthesis and increased MMP syithgeslso been
shown(Matters et al., 20Q5Vallon et al., 199%

Based on the previous known significant role of polyamines in tumor spread and the

current findings of enhanced barbed end acceleration through bundling we believe that



polyamines may have a significant role in invasiveness and tumor spreaghtarou
actinbased mechanisrRrevious gsidies show thail-WASP is activated at the cell
membrane during the initiation of invadopodium formation, thereby implicating N
WASP activity in the initiation of invasiofL.orenz et al., 2004alnvadopodia emerge

from Arp2/3 comple®induced lamellipodial actin meshwocknvergent extension. As
filaments bundle inside the invadopodia, clustering &WNSP at the tip of the

invadopodia drives accelerated processive barbed end elongation mbylitdtede

bundled filaments. Cytosolic polycation induced bundles might play an important role in
specialized focal protrusive structures

Apart from invadopodia and podosomesYWASP is also been found enriched in
microspikegNakagawa et al., 209Istructures rich with bundled actin. If Kfg
generates short bundles mediate procesgiaehment, natural bundle formation through
polyamines may have important implications for WWCA mediated microspike formation
at the leading edge. As bundling increases so would processivity as these filaments co
operate to stabilize the fast growingltied ends. Filament bundling proteins such as
fascin and actinin may further help stabilize these nascent clusters.

Our preliminary data also shows that a single WH2 domain does not support co
operative filament processivitffurther studies with extend&VH2 linkers, or with
WASPWAVEOs singléVH2 domain should elucidate theechanism of processive
elongation.

The WiskottAldrich syndrome protein (WASP) and WAS&mily verprolin
homologous protein (WAVE) family proteins are fundamental agtioskeleto

reorganizers found throughout the eukarydkagisu and Takenawa, 200Stradal et al.,



2004 Takenawa and Miki, 2001Ther conserved function across species is to receive
upstream signals fro Rhafamily small GTPases and deliviiem to activate the AR/3
complex, leading to rapid actin polymerizati@it current countthammals possess five
genes for the WASP and WAVE famityoteins:WASP, N-
WASP, WAVE1/SCAR1, WAVE2, andWAVE3 (Deeks and Hussey, 2004illard et
al., 2004b Stradal and Scita, 200Gakenawa ad Suetsugu, 2007Wartiainen and
Machesky, 2004 These contain a-&rminal regulatory region and a conserved C
terminal functional domain (Fig 3.45tructurebased muiple sequence alignment of the
WCA (verprolin homology (WH2)/cerdl/acidic) region otheseWH2-domain
containing proteingdicates aigh levels of sequence identity betweerirtketerm
domains. The WH2 domains might &eolutionarily independent protelrinding
sequencebut their sequence similarity could be iratige of a shared common function.
A highly homologous protein/ASP, requires its tetramerization domain to accelerate
barbed endéBachmann et al., 1998reitsprecher et al., 20085imilarly, Formins
dimerize andemain processively athed to growing barbed ends. Dimerization of
WASP/WAVE has been shown to greatly enhance it Arp2/3 activation acfRatyrick
et al., 2008 Similarly, dimerization of WASP/WAVE family WCA domains thie
leading edgeould act synergistically with filament bundling to enhaaceelerated
processive binding to barbed ends

Our understanding of WASP and SCAR/WAVE proteins is growungkly, but
thereis still a lot that is left taliscover. Newlydiscovered WASRamily members such
as WASH(Wiskott-Aldrich syndrome protein and Scar homaglagnardopoulou et al.,

2007, WHAMM (WASP homolog associated with actin, membranes, and



microtubulesjCampellone et al., 200&nd JIMY & WHAMM homolog(Zuchero et al.,

2009 have broadened the range of roles of the family, interacting proteins and pathways
areonly beginning to be discovered. In light of the processive babeéalongation

activity of NWASP, these newly discovered WA$d&Mmily membershould be

examined for similar Ap2/3independent behaviors.

Materials and Methods

Protein Expression and Purificatiokctin was purified from rabbit skeletal muscle

actin acetone powder through one round of polymerization and depolymerization
followed by gel filtration(Spudich and Watt, 197)aActin was labeled with Oregon

Green 488 iodoacetamidenvitrogen) as described {Kuhn, 2005 #123. Unlabeled and
labeled actin was stored fop tol month at 4 ¥%C. Both labeled and unlabeled actins were
dialyzed overnight against fresh buffer G (2 mM TCispH 8, 0.2 mM ATP, 1 mM

NaN;, 0.1 mM CacCJ, 0.5 mM dihiothreitol, DTT) and centrifuged at 38,000 g for 2 hr at
4y,Mefore use to remove storage precipitafesdin concentrations were estimated from
extinction coefficients as follows: actin,g&= 26,600 M'cm™ (Kuhn and Pollard, 2005
Oregon green actin &= 26,600 M'cm* using the correction Ay, = A,q,- 0.16991A,;;
Oregon green, g, = 77,800 M'cm'™.

Bovine NWASPWWCA (A403- D505) was purified as a GST fusion protein as
described {Hu, 2012 #101}. Bovine-WASPWCA (G433D505) was designed to
contain the second WHbmain(G433V450) and the first W domain was WH1 (N405
K421) removed. The constrimvascloned into the vector pGEX2 (Novagen) containing
N-terminal GST and the sequence was verified. ®BJA was expressed in Rosetta

DE3pLysS (Novagen) bacteria grown at 37 jC to gg & 0.8 and induced with 0.5 mM



isopropyl $D-thiogalactopyranosidevernight at 16;C. Bacteria were pelleted,
resuspended in TBSE (20 mM Tris, 200 mMNacCl, 1 mM EDTA, 10 mM 2
mercaptoethanol) supplemented with complete EB/B& protease inhibitors (Roche)

and pulse sonicated on ice for a total of 150 seconds. Bactedagelrted for 30 min at
46,000 xg, the supernatant was added to glutathione resin (Thermo Scientific), and the
resin was washed with 5 volumes of wash buffer (TBSE with 0.1%it].Hetein was
eluted using 6 mM reduced glutathione, pH 8.0 followed byan exchange
chromatography on a Source Q (GE Healthcare, Piscataway, NJ) coluniwWGST
concentration was determined using an extinction coefficightB603 M'cm®. Both
N-WASP constructs were flash frozen in liquid nitrogen and store2D&t:C.

Nanofiber Preparation and Coatiriglass nanofibers (200 nm nominal diameter,

Johns Mansville, Denver, CO) were broken into smaller fragments in chloroform in a
Dounce homogenizer as previously descri@dal and Kuhn, 2012aNanofibers are
centrifuged at 350 X gfor 10 min, excess chloroform drained, and the remaining
chloroform evaporated. Nafibers were washed with deionized water by-speed
centrifugation and sonicated for 1 hour in 1 M KOH in a bath sonicator to remove
contaminants. Nanofibers were washed briefly in deionized water, resuspended in 1 M
HCI, sonicated for 1 hour, and incubdtovernight in HCI. Cleaned nanofibers were
subsequently pelleted by centrifugation and sonicated for 30 minutes each in in deionized
water, 1 mM EDTA, 70% ethanol, and absolute ethanol to dry, with pelleting between
each step. Cleaned nanofibers wereestan glass containers in absolute ethanol for up to
6 months. For coating, ethanol was removed after centrifugation and the remaining

ethanol evaporated. Nanofibers were incubated with 20 (NASP in coating buffer



(10 mM Hepes pH 7.3, 0.1 M KCI, 1 mMdZl,, 1 mM ATP, 0.1 mM CaGJ1 mM

NaN,, final pH 7.56) overnight. Fluorescein conjugated bovine serum albumen-(FITC
BSA, Invitrogen) was added to a final concentration of 0.02 mg/ml to aid visibility and
nanofibers were incubated an additional 5 minutesofibers were washed 3x with
coating buffer and resuspended in coating buffer supplemented with 1 mg/ml low grade
BSA (Sigma Aldrich) to block subsequent protein addition. Nanofibers were stored in
BSA at 4%4C for up to 5 days before use.

Testingprocessivity in low Magnesiumnd SpermineFor low Mgf* motility

buffers, we made the following changes for the reaction. For each experiment we diluted
fresh CaATP actin into buffer G without G& We mixed actin 9:1 with 10x low
magnesium exchange beff(10x lowME: 2 mM EGTA, 0.2 mM MgCI2) for 2 minutes

to form 4x final concentration of actin. We diluted all proteins in buffer G with no added
c&”, or M, or EGTA. We reduced Mggin 2x TIRF buffer from 2 mM to 0.2 mM to
form 2x low-Mg TIRF buffer. The final total concentration of M C&*, EGTA, and

ATP were 0.105 mM, 5 uM, 1.05 mM, and 0.2 mM, respectively. Fre€,Migt*, and

ATP concentrations were calculated using MaxChelator soft{i#anes et al., 1994

Patton et al., 20Q4vailable at the following address maxchelator.stanfordFeatu.
filament bundling with spermine, all buffers were preparated as above. Spermine (100
IM or 500!'M ) was added right before the start of reaction

Total InternalReflection Fluorescence (TIRF) Microscolean glass slides;

coverslips and flow cells were constructed as previously desdiduh and Pollard,
20059 (Kuhn and Pollard, 2005{Kuhn and Pollard 20Q8uhn and Pollard, 200%a

For filament tethering, flow cells were coated with 100 rndetimylmaleimidenactivated



myosin Il for 2 minutes. To prevent napecific binding flow cells were blocked with

1% w/v BSA for 2 min as describ€luhn and Pollard, 200%aUnlabeled MgATP-

actin and MgATP-actin labeled with Oregon Green 488 (Invitrogen) were mixed with
nanofibers aneither 2x LowMg TIRF buffer (above)2x TIRF buffer (2x: 20 mM

Imidazole pH 7, 100 mM KCI, 2 mM MgGJ2 mM EGTA, 200 mM DTT, 0.4 mM ATP,

30 mM Glucose, 0.5% Methyl Cellulose 1500 centipoises, 40 pug/ml catalase, 0.2 mg/ml
glucose oxidase) or 2x High MBIRF buffer (2x: TIRF buffer with 20 mM total Mggl

to start spontanesuactin assembly. For each experiment 16 pl of reaction mixture was
added to the chamber and the entry and exit ports of flow cell were sealed with warm
VALAP (1:1:1 vaseline : lanolin : paraffin).

Image acquisition and analysi§IRF images were collected on an Olympus upright

microscope (BX51WI) using pristibased excitation from a 488 nm sedithte laser
(Sapphire, Coherent Santa Clara, CA) and custom optics. Images were captured by a
RoleraMGI EMCCD camera (QImaging, SurreyCBCanada) at 18econd intervals
using Micremanager open source acquisition softw@&delstein et al., 20)0Images

were analyzed using ImageJ softwésehneider and Rasband, 2D1&ctin filament

barbed and pointed end lengths were measured against fiduciary marks provided by

NEM-Myosin Il attachment points as previously descrii@ahn and Pollard, 2005b



Figure 3.1 Doubling Mg?* increases frequency of loopLonditions: 1JuM MgATP

actin (40% labeled), nanofibers coated with 20 uM S8WCA, 20 mM MgC}, 10 mM
Imidazole pH 7, 50 mM KCI, 1 mM EGTA, 100 mM DTT, 0.2 mM ATP, 0.25% methyl
cellulose, 15 mM glucose, 20 ug/mL catalase, 100 pg/mL glucose oxitiaselapse

TIRF microscopy movie of sustained rapid elongation of actin filaments with barbed ends
attachedo GSTFTWWCA nanofibers in 20mM/g?*. Buckling filaments {hite

arrowhead$ with barbed ends attached to nanofib8sale bar 10um



Figure 3.2Spermine supports bundle mediated processive elongation.

Conditions as in figure 3.1 butith 1 #M actin, 0.05 mM Mg" (A) 100 uM Spermine
without GSFN-WASP coated nanofib€B) 500uM Spermine(A) Time lapse TIRF
images ofdenovonucleated actin filaments forming bundI@) Buckling filaments
(whitearrowhead$ with barbed ends attached@®ST-N-WASP coatechanofibers in

presence of @rmine.
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Figure 3.3 Arp2/3 Nucleation Activity of N-WASP. Conditions: 1.5uM Actir(30%
labeled) 40nM Arp2/3, 1000M of indicatedN-WASP construct. Pyrene assay to test
Arp2/3 nucleation activity of NWVASP-WWCA, N-WASP-PPWWCAand NWASP-

WCA. N-WASP-WCA was activebut has lower activation potency
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Figure 3.4Domain organization of WASP/Scar proteins EVH1, Ena/Vasp

homology 1 domain; B, basic region; GBD, GTPasebinding domain; Poly Pro,
proline -rich region; SHD, Scar homology domain; WH2, verprolin -like or WASP

homology 2 domain; C, central or connecting domain; A, acidic domain.
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Figure 3.5 Structure-based WASP familysequence alignmentStructurebased
multiple sequence alignmeaf the WCA (verprolin homology (WH2)/central/acidic)
region of WH2domain containing protein¥he alignment was constructed using

ClustalW and BOXSHADE3.2h(tp://www.ch.embnet.org/softwaiBOX form.htm).

Accession numbers are WAVEL (Q8R5H6), WAVE2 (Q8BHABAVE3 (Q8VHI6),

WASP (P70315), NWASP (BAA20128)



Chapter 4

Conclusions and Future Directions

Conclusions

Metastasis represents the most lethal aspect of cancerous cell and also arguably one
of the most exciting frontiers of scientific and biomedical investigation. As the study of
tumor metastasis advances we are beginning to understand thethelaaiin
cytoskeleton and key proteins that might be involved in the process. Discoveries of
unique protein pathways involved in invasion and metastasis will provide new targets for
therapeutic development.

The present work demonstrates that like Ena/VASBRitsprecher et al., 2008b
Hansen and Mullins, 2019lnd Formin (Kovar and Pollard, 2004i5hemesh et al.,
2005 family proteins, NWASP WWCA domains can processively attach to growing
barbed bundles and increase their diffudionited elongation rate in the absence of
Arp2/3 complexN-WASP can thus regulate assembly of actin filaments by directly
enhancing filament elongation in a processive manner.

My thesis describes a novel actin polymerization activity -M/NSP that is
independent of its canonical role as an Arp2/3 complexatotivLocalized activity of N
WASP is considered critical for podosomes formafidnder et al., 1999bMizutani et
al., 2002h and invasion of the metastatic cancer (ledrenz ¢ al., 2004aYamaguchi et
al., 2005. We used TIRF microscopy to show how nanofibers coated with WWCA
domains of NWASP interact with individuadle novanucleated actin filament barbed
ends. In chaer 2, we show that individuéilaments capture@erpendicularly by N

WASP-coated nanofibers grew at or below the diffusion limited polymerization rate.



Howeve, clustered barbed ends bound to nanofibers could grow substantially faster than
the diffusionlimited polymerization rate. This rapid processive elongation-8fASP
bound barbed ends was due to filament bundling by the divalent catfdn\Wlgen
filaments overlapped at the nanofiber surface, several nanafdmrected barbed ends
switched from slow to fast growth. Measurements showed that th@gadP-assembled
barbed ends grew 3féld faster than background filaments. While the gamigline
domains educe the rate of processive acceleratigdhapresence of profilin, the
processive acceleration mediated BYWASP WWCA domains alone remains
unaffected. We further showed that increasing Mg promote filament bundling
dramatically increases the figgncy of accelerated buckle formation. My study points to
a significant requirement of divalent cationagnesium for processive motility.
Magnesium is primarily found within cel(&lin, 1988. Intracellular magnesium
concentrations increase upon cell stimulation and differ in each cell(tgpesher,
2006. Magnesiumhas numerous functions inside the cell. It is damtor to >300
enzyme reactions and a counin for ATP (Saris et al., 20QBBwaminathan, 2003Its
membrane functions include cell adhesion and transmembrane transport including
transport of calcium and potassium ions. In muscle contraction, magnesium stimulates
calcium reuptake by the calcium activated ATP4#Saris et al., 20001t is also believed
that magnesium has a role in insulin secreti®eis et al., 2000 My research has
focused ora new role of divalent cation and the direct participation ot Nythe
processive motility.
The 3rd tapter further explores the role of polycations HtWASP mediated

processivity. Because-WASP mediated filament acceleration is dependent on filament



bundling, reducing divalent cation substantially delays filament bundling and the
appearance of procesgsielongationin contrast20 mM magnesium accelerates filament
bundling and concomitantly increases the initiation of processive elongation. Other
physiologicalpolycations such as Spermine show similar actin filament bundling and
processivityactivity, which indicates that cellular polyamines play an important role in
N-WASP induced invadopodia formation. Our preliminary results also esthiiat N-
WASP constructs with only single WH2 domain did not support flament barbed end
processivity. Kwever, this must be confirmed with WASP and WAVE, which natively
contain only one WH2 domain.

Based on previous studies and my thesis | believe two distinct types of filamentous
actin networks possibly cooperate to form invadopedidranched actin ngork that
forms the base of invadopodia and a parallel array of bundled filaments along the length
of the invadopodial protrusive shaft that isp@ssible for its elongatiomegraction of,
and invasion into ECM.

Invadopodiaareinitiated by assembly afendritic network into bundled actin
networks and then mature by processive elongation of individual filaments in actin
bundles. Theetwo actin networks are driven by different molecular componédnisN
WASP has an essential role to play in bdthe banched array of actin flaments at the
base of invadopodia is driven by\WNASP activated Arp2/3 nucleated branch filament
network(Lorenz et al., 2004&choumacher et al., 2010amaguchi et al., 20Q5N-
WASP is activated by the Rho GTPase Cd&R and Nckl- all of which localize to
the invadopodia and have been shown to be necessary for its for@Yatmaguchi et

al., 2005. Invadopodia elongation is suggested to be driven by arrays of parallel bundled



filaments internally present along the length of invadopshét(Schoumacher et al.,
2010. Actin polymerization occurs at themrbed enaf an actin filamenand NWASP
is known to bind to the barbed end of filame(iigile et al., 1999aHu and Kuhn, 2012b
Khanduja and Kuhn, 20)1.3n invadopodia, the actin severing protein cofilin has been
shown to be responsible for the generatibfree barbed endthat drive protrusion of
this structurgOser et al., 2009 Accelerated x@ension of thesedrbed edsis driven by
N-WASP, which is present at the tip of these invasive bundled actin structures. The
bundling activity is coordinated by bundling proteiRascin(Li et al., 2010¢ and
polycations whosbeiosynthesis iknown to beup-regulated in actively growing cells,
including cancer cell@Erdman et al., 1999We propose that the membrane clustered N
WASP provide a multimerization effect to hold the barbed ends oriented perpendicular to
the membrane and accelerate thi&ngation. This means thatthetip of invadopodia,
multiple WCA domains from adjaceNtWASP could cooperate to attach to filament
barbed endsThe bundling factors provide sturdiness to a protrusive structurinaitsl
filaments from diffusingaway. NWASP thusacts synergistically with filament bundling
to enhance processive binding to barbed endshence believe that-WASP has a
crucial role to play at internal periphery of the cell, from initiating the nucleation of a
branched network to the aderting ability of invasive and metastatic capability of
cancer cells

We propose that this novel Arp2ii8dependent mechanism for\WWASP has
important implications for invadopodia and podosome formatieWASP promotes
transient actin bundles to invasigtructures by accelerating their assembly. The force

from this accelerated filament assembly provides an initial push or Gipgeéor



invadopodia to wedge into the basement layer. This report on a novel Arp2/3
independent actin polymerizing functiohNd-WASP is the first step towards a detailed
dissection of the mechanism of accelerated actin polymerizatiorWASP and its role

in forming invasive cell protrusions.

Future Directions

To further confirm the proposedechanism for NVASP mediated celhvasion
into the substratduture lab members will work on providing more direct microscopic
evidence and testing of this model in cells. Several other newly discovered actin
regulating proteins like WAVE, WHAMM, WASHnd JMY (a WHAMM homolog)
contain VH2 domains that might play similaoles in processive acceleration of the
filamentbarbed ends. The C termini of these players should be tested for processive actin
assembly under similar conditiorighe work presented here opens up a set of new
guestionghat can be addressed by further experimieotisin vivoandin vitro, that will
help usdefine the exact role and significance of this new mechanism-WASP. Some

potential experiments are listed as below.

Does Md* affect Acidic (A) domain binding to barbed ends?

Both the WH2 and acidic domains of\WASP bind to actin monomers with low
affinity (Marchand et al., 200}landpolycation concentrains were never explored in
my researchThus, the role that polycations play in binding to thée€ninal domain of
N-WASP needs to be further investigated. Like actin filaments, the acidic domain of
WCA activators is negatively charged at cellular pH. Actin flaments camggative

14e- per subuit charge and multivalent cations could play a role in overcoming ionic



repulsion between and the acidic domain and filament barbed ends. Although the
monovalent salt concentration (KCI) in these experiments is high enough to partially
shield these repuige ionic interactions, we cannot discount the possibility that excessive
Mg?** or other polycations in these assays binds acidic domains to actin filaments. This
can be tested using truncated version VRSP, GSFTWWC without the acidic domain

(or A doman constructs with acidic residues mutated to neutral or basie}t if N

WASP WWC domains retain the ability to enhance barbed ends rates in the presence of

high Mg

Test barbed endbinding affinities to N-WASP

If WCA domains (containing a single WH&) not support processive elongation,
this effect is likely due to a lower affinity for actin barbed ends. While previpilngy
actin monomer binding affinities to WASP WCA domains have been measured
(Marchand et al., 200)fxhe filament barbed end affinities have never been measured.
TheKuhn lab has found that fluorescence anisotropic assays can measure binding of
rhodaminelabeled NWASP to actin filament barbed end (Hu and Kuhn, manuscript in
preparation). A main requiremefor these assays is the careful shearing of barbed ends
by repetitive pipetting or vortexing to generateproducibleange of filamenend
concentratioa Actin is polymerized for short span of time, diluted and mechanically
shearedor various timesThe resultant short filaments should be used immediately in
two separate reactions. In first reaction onestaisiding affinities by mixing these
sheared filaments with rhodamine taggeddMASP WWCA. The binding of WWCA to
the barbed end would producefthin the reactionA second reaction use¢he other half

of the seeds to estimate barbed end concentration in the first reaction. Unlabeled WCA



form WASP and WAVE would be used in competition assays with rhodamine labeled
WWCA to estimate the unlabelpeptideOsinding affinity. If a low concentration of
rhodamne tagged NWASP was titrated againatrange of concentrations of the
untagged barbed ends it will help us measheeaffinity of the labeled WCA to barbed
end. Decreased affinity of WCA conmea to PPWWCA or WWCA could help explain

why N-WASP WCA domais do not processively bind to growing filaments.

Discover role of ATP hydrolysis in processive elongation.

It waspreviously reported tha&TP hydrolysis is crucial for &rmin processivity
(Romero et al., 200Romero et al., 2007 However, several other studies found that
ATP hydrolysisplayed no rolen Formin mediated actin assemlglgovar et al., 2006
Paul and Pollard, 200RaSo far, the only other processive filament elongator is the
VASP family of poteins that contaifrAB domairs Ddomains that have WHlike actin
binding properties. The clamped elongation modgligkinson and Purit, 2003
suggests that altered affinities from the FAB to ATP and ADP actin are essential for
tracking the barbed end. The role of ATP hydrolysis for VASP processivity still remains
controversial, and it needs to be explored for the new processiveratceNWASP.
This can be achieved by eitharbstitution of a nonhydrolyzable ATP analog or
measurement dhe time course gfphosphate release from AFtinfilamentsin the
presence of NWVASP coated nanofibers and polycatioAsionhydrolysable ATP
analogmightprevent or reduce the accelerated processivitiie addition of actin onto
barbed ends of filaments were directly coupled to the releasphadgphate from ATP
actin subunits then we would know that the hydrolysis of ATP provides thesaege

energetic requirements for processive elongaipph-WASP.



Quantify filament bundling with AFM

One of the major challenges we faced during our study was the quantification of
bundling that mediates processivity. Due to the limited resolution df,TiH
overlapping fluorescence of nanofiber and filament bundles made it hard to quantify
filament density We therefore need a nanometesolution method that would help us
measure number of filaments in a bundle that initiates processivity. Foretbawuse
Atomic Force MicroscopyAFM), which is a very highresolution type of scanning probe
microscopy. TIRF observed filament bundling and processive acceleration could be flash
fixed. We can relocate the same field on AFM and digitally correlat€lfie data
where we see filament buckling to the number of filaments in a bundle that help initiate it

to better understand the quantitative role of bundling in processivity.

Testing the role of polycationsin vivo

In addition to its biochemical propertiaadin vitro function,in vivo studies can
provide insight into precise role o-WASP based cell motility, cancer and its
interaction with other proteins.

Though we showed that motility vitro requires polycations, the requirement
polyvalent cationsuch as Magnesium op&rmine for motilityin vivoremains unclear.
High cellular Md" levels have been linked to angiogenesis and endothelial cell
migration. Magnesium has also been associated to integrdiated cell attachments that
provide traction ér motile cellg(Takeichi and Okada, 19Y.2ur study points to a direct
role of divalent cationm vitro. Therefore it is essential to find out how increased cellular

magnesium would affect the cytoskeleton machimemyvo.



The biosynthsis of polyamines such ap&mine is highly ugegulated in actively
growing cells, including cancer ce(l&erner and Meyskens, 2Q@Russell, 1977
Russell, 1988 A major factor that directly influences the prognosis of patients with
malignant disease is the capability of cancer cells to invade surrourssings and
organs and evade immune cell defenses to metastasize to distant organs. In animal
experiments, inhibition of polyamine synthesis has shown to not only reduce tumor
growth but also a reduced amount of metastasis, resulting in prolonged sofwwabr
bearing animalgKingsnorth et al., 198Xlein et al., 1985Manni et al., 200b
Inhibition of polyamine uptake hdmenshown to reduce cancer metasté8isz et al.,
1996. Because of the exquisite sensitivity oMNASP processivity to polyamines; N
WASP mediated invasiveness could play an important role in mediating increased
invasiveness due tmfyamine upregulation. Detailed vivo experimentgdescribed
below)would define the link between-W/ASP, polycations, and invasiveness of cancer
cells.

Polycation induced cancer invasion coblelused in tissue culture using cell lines or
clinically derived primary cancer celt® track tumor evolution and tumor response to
therapy incancer cells or ipatients. If NWASP played a role in polycatiemediated
invasion, thertumor cell lines oprimary tumor cells frontancempatients would likely
show hcreased invadopodia formation and invasiveness on basement mentbranes
vitro. We would expect that knockdown of native"WASP using antisense morpholinos
would decrease invadopodia formation and substrate invasion kpbigtation
expressing cells. Refroduction of exogenous fuéngth GFPN-WASP should restore

invadopodia formation. However, based on its lack of processivity, exogenoull-GFP



WASP containing only a single WH2 would likely not restore invadopodia formation.
We would finetune this apgrach within vitro processivity experiments to design a
version of NWASP that activates Arp2/3 but does not processively elongate filament
ends. We would use this construct to distinguish betwe@A$P important role as
Arp2/3 activation activity and ifgrocessive elongation activiiy vivo. Such
measurements could be translated into therapeutic efficacy.

We can alsaestif the bundlihg dependent attachment modetldinhibit
polyamine synthesis or availability inside cancer cells. This cachievel by treating
cells with DL-" -difluoromethylornithine (DFMO), an inhibitor of ornithine
decarboxylas€ODC) that catalyzes the first raieniting step in polyamine biosynthesis.
If N-WASP based invasivenedspendsolelyon bundling by these polyaminesw
should observe a decreased amount of metastasis, resulting in prolonged survival of
tumor bearing animals. Supplementation with polyamines should show a reverse effect.
The requirement for polyamines could further be tested in TIRF assays WA
coated nanofibers in tumor cell extracts supplemented with fluorescent actin and a range
of polyamine concentrations.

Other methods could include binding ligands of phygjaial polyamines. If
polyamine binding proteins, such as spermine binding protein, were overexpressed in
cancer cells we should see redunadtility. Depletion of these physiological polycations
should attenuate cellular protrusions. If no major effeesbserved knockdown of actin
bundling proteins, such as fascirattinin, will be performed to reduce filament

bundling.



Larger Significance

After this newly identified function of \WASP we wonder about the larger
significance of the WCA protein sequee. NWASP belongs to extensive WASP family
proteins, mostly defined by their catalytic WCA domain. WCAdms contain single or
tandem WH2 domans; key known function of which is to bind monomeric actin. The
phylogenetic analysis indicates that iniygah/ASP contained only one WH2 domain and
during early metazoan evolution the WH2 domain got duplicated and later lost during
vertebrate evolution in WASf/eltman and Insall, 2030The earliest known function of
WASP was its role irndocytosis and vesicle traffickifigpm which it hasevolved and
acquired new rolesiiregulationof the actincytoskeleton

As actin remained highly conserved across species during evolution se did t
WASPOsactin binding WH2 motifWH2 domain contains a key LLxxIR consensus
sequence that binds beten actin subdomain 1 andi8foundin all WASP subfamily
andseems to have remainednserveqHertzog et al., 2004/eltman and Insall, 2030
A spacer region whose sequence is not so highly consamedgst WASP subfamilies
follows WH2 domain. This is followed by a central region, which plays a role in
autanhibition (Kim et al., 2000 and Arp2/3 bindingMarchand et al., 2001aA key
regionin this domairforms" -helix andhasdifferent motifsin each WASP subfamilies
(Veltman and Insall, 20)0Amongst subfamilies there is a high degree of sequence
conservation in this-helix suggesting that their role could be subfamily specific. The
following domain, a low complexitgcidic region is etiched in acidic residues. In

WASP, SCAR, and WHAMM/JMY the acidic residue follows immediately after the



central region but in WASH there is a separation of acidic and central region by a spacer
of about 100 residues, the function of which still remairigiown.

Recently two new subfamilies of WASP have been identified namely, which we
called WAML andWAWH (Kollmar et al., 201Pand further research will help us
understand the larger significance of conserved protein sequévigessearch focuses
ona fascinatinqiew foundfunction of NWASPORVCA domain and it wouldd
interestingto further study the conserved role of modular domains containing consensus

sequence amongst subfamilies.
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