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DISSERTATION ABSTRACT

Max RodnickSmith
Doctorof Philosophy
Department of Chemistrgnd Biochemistry
June 2016
Title: Mechanism of Conformational Changes of Arp2/3 Complex in the Branched
Actin Nucleation Pathway

Branched actin networks play an important role in cellular processes ranging from
cell motility, endocytosis, and adhesion. The Agetated protein 2/3 (A/3) complex
nucleates actin branches from the sides of existing actin filaments. Arp2/3 complex is
highly regulated and requires association with ATP, actin monomers, actin filaments and
a class of proteins called nucleation promoting factors (NPFs)d&rgo an activating
conformational change where the agttated subunits, Arp2 and Arp3, arrange into a
filamentlike conformation that templates a new actin brai¢hile some progress has
been made, the individual roles of each of these factors @ttivating conformational
change is poorly understood. In addition, it is still unclear how Arp2/3 complex is held in
its inactive statewhich is vital for understanding how activation occurs. In this
dissertationwe dissect key interfaces in Arp2/3 cdexthat are responsible for holding
it in an inactive state, and specifically evaluate the roles of ATP and WASP, the
canonical NPF, in the activating conformational change of Arp2/3 complex.

In chapter Il, we investigated the contacts made betweenrfiieahd Arp3

subunits in their inactive state, and the role of ATP in stimulating the active

conformation. We found that two key interfac
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terminus of Arp3, a conserved extension not present in actin, are vital forghAlgha/3
complex in its autoinhibited state. Evaluation of the role of ATP demonstrated that
binding of ATP is required for the activating conformational change and displaces the
Arp3 Cterminus, an important step in destabilization of the inactive state.

In chapter 1, we investigated the mechanism of WA&duced conformational
changes using an engineered crosslinking assay that only forms crosslinks when Arp2/3
is in its active conformation. We discovered that many WAS&ed proteins are
capable ostimulating this conformational change through a mechanism that involves
displacement of the Arp3-@rminus. Interestingly, purified Arp2/3 complex crosslinked
in the active conformation was hyperactive compaoed/ASRmediated activation,
demonstratinghat WASP activation limits nucleati@nd that actin monomer delivery is
not required for nucleation

This dissertation contains unpublishedazdhored material.
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CHAPTER |

INTRODUCTION

The Actin Cytoskeleton Plays an Essential Role in Living Cells

The cytoskeleton is an important biological network composed of hundreds of
individual proteins. The cytoskeletonaslynamic protein netwoylof which actin is a
central component. Actin plays a role in maintaining cell shape, sensing the surrounding
environment, uptake and release of chemicals through endocytosis and exocytosis
respectively, cellular motility, and transporting cellular cargo, among many other
processe$Welch & Mullins, 2002]Pollard & Cooper, 2009)

Actin is a ~42kD protein that binds ATP and sedsembles into necovalent
polymers called filaments. Actin filaments are polar, where assembly is slow from the
pointed or minus -J end and more rapid from the barbed or plus (+)(Patlard, 1986)
This polarity is important for many actin binding proteins, such as transport myosins V
and VI, which fAwal ko along fil effifeamentss t owar d
respectively(Li & Gundersen, 2008)Shortly after incorporation into a filament, actin
subunits rapidly hydrolyze ATP frolysis=0.3s?) to create ADFPi actin ad the
phosphate is released slowlye(k&s=0.003s") to form ADP actin(Fujiwaraet al, 2007)
The nucleotide state of filaments is critical for the function of the cytoskeleton, thought to
serve as a timing mechanism to determine the age of actin filathen®aincheet al,
2003)Martin et al, 2006)Ingermanet al, 2013) Proteins such as ADF/cofilmecognize

the conformational changes that occur on actin filaments during ATP hydrolysis and
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phosphate release. Specifically ADF/cofilin binds and severs-&ddR preferentially
overATP or ADRPi-Actin by about twefold, enhancing filament turnovéCarlier et
al., 2012)
The geometry of actin networks vary depending on the function. For example,
duringmuscle contractigriinear actin networks are constricted by muscle myosins,
where the actin filaments slide past one another to generate muscle mo{@eeeis &
Holmes, 1999)In contrastactin retworks are very differnemtt the leading edge of a
lamellipodia,which is alarge protrusiorof the membrananportant for cell motility The
actin networksn this structure are highly dendritic, whichinsportant for generating the
force necessary farell movement{Pollard, 2007)In addition to the severing of
filaments by ADF/cofilin mentioned above, actin networks are tightbydioated by
over a hundred regulatory proteins. Profilin and thymésih ( Tbh4) ar e respons|
mai ntaining a pool of unpolymerized actin, w
binding to both the barbed and pointed end of a single actin monomestingnitl
incapable of forming new filaments by preventing interactions with either ends of
existing filamentgMannherz & Hannappel, 200Profilin facilitates nucleotide
exchange from ADP to ATRctin and also prevents fortian of new filaments, but in
contrast to Tb4, only binds to the barbed en
the free pointed end to the growing barbed end of actin filaments, where profilin
subsequently dissociates from the actin mondieminguez & Holmes2011) In
dense branched networks, capping proteins will bind to the growing barbed ends of
filaments, preventing further association of new monomers and providing the structural

rigidity needed for force generation by these netw{kiwvards et al., 2014Filaments
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can also be crodmked into dense arrays by, most commonly, proteins belonging to the
calponith o mol ogy domai n faatimmn, brgpedtrigGineonaktialmb r i n U
2002) Not only is controlling the various archetypes of actin networks very important,
but controlling when and where actin polymerization is initiated is vital for cellular
function and survival.

Formation of actin filamentde novooccurs through a proceksown as
nucleation. During nucleation, actin monomers (globular-actih) must overcome a
large thermodynamic barrier to form actin filamentsa¢fin) due to the instability of
small actin oligomergSept & McCammon, 2001Pespite high cellular actin
concentrations favoring the filamentous state, kinetic modeling suggests that actin dimers
and trimers rapidly disassemble into their monomeric forms, b anetramer forms,
the actin oligo is stable and forms a filament to which new actin monomers can rapidly
associate at a diffusieiimiting rate (Pollard, 1986)Sept & McCammon, 20010
control when and where actin filaments are generated, cells rely on three sets of actin
Anucl eatorso to r egul aWk2/ViniclieadorspandoAgpe/3 s; f or mi
complex(Figure 1jPollard, 2007)Campellone & Welch, 2010)

Formins are proteins that form homodimers and are compdsedulatory, FH1
and FH2 domaing@Pollard, 2007)Dimerization occurs through the FH2 domain, with
each dimer binding two actin momers, forming a dontghaped hole that interacts with
the barbed ends of filamen(dtomo et al., 2005Nucleation occurs through this stable
actin dimer, and the formin remains bound to the barbedrangne,
2002)Breitsprecher et al., 201,2)here it recruits profilingoound actin monomers to the

growing barbed end through its FH1 dom@hang et a).1997) Tandem WH2 proteins,
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Figure 1: Schematic of actin nucleation and the three classes of nucleators.

A. Cartoon representation of actin nucleation in the pmsand absence of an actin

nucleator (represented by red spheres). The presence of a nucleator prevents dissociation
of actin dimers and trimers, favoring formation of a new filamBnRepresentation of

the three classes of actin nucleators; formingléaenWH2/V nucleators, and the Arp2/3
complex.

such as Spire and Cobl bind actin monomers through their WH2 regions (also called V or
Verprolinrrhomobgy) and nucleate actin filaments by tethering these monomers in close
proximity, speeding up the nucleat procesgCampellor & Welch, 2010)The

difference between tandem WH2/V nucleators amthins are thatiandem WH2/V

nucleators dissociate after nucleation, while formins will remain associated with the
barbed end of the filament, continually adding new actin subunits and speeding up the
elongation rateThese nucleators sometimes work in concert with flesmiror example,
DrosophilaSpire haseen shown tassociatevith the formin Cappuccin@uinlanet

al., 2007), where it has been proposed that one formin dimer binds two Spire molecules
andnucleates 8 actin monomegpire then disociatestherebyi handi ng of f o0 t he
nucleus taCappuccingallowing itto processively elongate the new filamé&itar et al.,

2011) Thelast class of nucleatyrArp2/3 complex will be discussed in the following
section.

The Arp2/3 Complex is the Key Nucleator of Actin Branches in the Cell



TheActin RelatedProtein2/3 (Arp2/3) complex is unique among actin nucleators
in that it normally nucleates branched actin filaméAtsann & Pollard, 2001&\mann
& Pollard, 2001b(Egile et al., 200%Wagneret al, 2013) Arp2/3 complex was initially
discovered through a profiliaffinity column ofAcanthamoeba castellaratract where
two polypeptides (associated with five other proteins), Arp2 and Arp3, contained
sequence homology to yeast actins, suggesting it may have a role in regulating the actin
cytoskeletor{Macheskyet al, 1994) Soon after its initial discovery, homologous
complexesverepurified from yeas{Winteret al, 1997) mammalgWelchet al, 1997)
andXenopusgg extractg§Ma et al, 1998) Arp2/3 complexvas shown to have
nucleation activity, however these experiments required high concentrations of complex
(Mullins et al, 1998) Later, groups showed that proteins such as ActA frsteria
monocytogenesnd human Scar potently induced actinyparization combined with
Arp2/3 complex, suggesting the complex needed to be activated in order to nucleate actin
(Welchet al, 1998(Machesky et al., 1999Flectron microscopyndtotal internal
reflection fluoresenceicroscopy experiments showed that Arp2/3 complex creates actin
branches, confirming that it wasnew class of nucleat¢Amann & Pollard,
2001ajAmann & Pollard, 2001[§gile et al., 2005)

The first crystal structure d@dostaurusArp2/3 complex confirmed that the Arp2
and Arp3 subunits were structurally similar to actin and the five other subunits, ARPC1
5, form the scaffold that holds the Arp subunits in pl@egure 2A)(Robinson et al.,
2001) Interestingly, the Arp subunits were positioned in a conformation that was neither
compatible with a long pitch (end to end) nor a short pitch (side tod&rmation

similar toactin dimes thathave been observed in structures of actin filamditis
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Figure 2: Structure of Arp2/3 complex and conformational pathway to branch

formation.

A. Crystal structure oBos taurusArp2/3 complex with subunits distinguished by color.
The structure of Arp2/ complex with GMF (not shown) was used due to disorder of

Arp2 in other structure®. Cartoon of the conformational pathway for branch formation.
Arp2/3 complex in the inactive, or splayed, conformation and undergoes a
conformational change to the shpitich conformation at a branch junction in the

presence of ATP, WASP, actin monomers and actin filaments, although the contribution
of each is unknown.

conformationexplairedwhy Arp2/3 complex had no nucleatiantivity on its own and

formedthe hypotheis that the complex must undergo a large conformational change in

order to nucleate an actin bran@wobinson et al., 2001¥%ince then, lowesolution

electron microscopy reconstructions of Arp2/3 complex at a branch junction support a

model where Arp2 and Ar p3aymawe fcromm otrhma tii roanc
conformation resembling a fAshort pitcho act.i
additional actin subunits to associate into a filanfRouiller et al., 2008)Consistent

with the hypothesis that the Arp2 and Arp3 subunits form the first two actin subunits in a



daughter filament, purifie§chizosaccharomyces ponfg2/3 complex lacking the
Arp2 subunit was unable to nucleatgin brancheé@Nolen & Pollard, 2008)

Since cells require precisentrol of when and where new actin filaments are
generated, it is important for cells to make sure Arp2/3 complex remains in its inactive
state in the absence of activating factdfet, how Arp2/3 complex remains in its adto
inhibited state still remainsn open question. In addition to the contacts between Arp3
and subdomain 4 of Arp2, Arp2 primarily forms contacts with the ARPC1,4,5 subunits
while Arp3 is mostly associated with the ARPC2,3,4 subRitdinson et al., 2001)
Residuesin Arp2 D6 Agosti no @®ardetald 20O5)ARPAR(MRYdal et
al., 2005) and ARPC4Narayanan et al2011)appear to have important contacts with
neighboring subunits and mutationsloése residues cause increased activity of the
complex. While the Arp subunits are structurally homologous to actin, Arp3 harbors a
few flexible inserts that are not present in actin that regulate the activity of the complex
(Dalhaimeret al, 2008)Liu et al, 2013) In addition, molecular dynamics simulations
suggest phosphorylation of a tyrosine rasidn the Arp2 subunit causes conformational
changes of the complex, suggesting that the phosphorylationasalwbntribute to
relieving autoinhibitionNarayanan et al., 2011)

We now know that Arp2/3 complex requires interactions with ATP, actin
monomers, actin filaments and a class of proteins callel@ationpromotingfactors
(NPFs), such as ActA, Scar and WASP, in order to relieve autoinhibition and form actin
branchegFigure 2BjMachesky & Insall, 1998Machesky et al., 199@)ayel et al,

2001)YAmann & Pollard, 2001b)dentifying and characterizing the various types of



NPFs has been an exciting development in the field of studying branch formation by
Arp2/3 compéx.

NPFs are Composed of Diverse Classes of Proteins that Activate Arp2/3
Complex

The intrinsic inactivity of Arp2/3 compleis a conserved feature across many of the
forms so far studiedrhroughout evolution, many unique NPFs have arisen and can
generaly be divided into classes called Type | NPFs, Type Il NPFs, and the more
recentlydiscovered WISH/DIP/SPIN90 family of proteiff2ollard,2007YCampellone &
Welch, 2010)Wagner et al., 2013Yype | NPFs, the most commonly known and
characterized being the WASP and Scar (also called WAVE) family of proteins, share a
minimal functional region located at thet@&minus referred to as the VCA region which
is necessary and sufficient to activate the Arp2/3 complexro (Machesky et al.,
1999]L Blanchoin et al., 200Q\Varchand et al.2001) The VCA region is comprised of
three discrete regions, which are called\eeprolinrhomology,Central andAcidic
regions, each conferring a unique role in the activation of Arp2/3 complex.

The CA region interacts with the Arp2/3 complex, with the acidic region comprising
of the bulk of the affinity, a mode dependent on a conserved tryptophan atehaigal
part of theregion(Marchand et al., 20017 he role of the acidic residues is less well
defined since additioar removal of acidic residues from type | NPFs either increases or
decreases the activity of the complex, depending on whitith iNis been studied
(Zalevskyet al, 2001)Smith et al., 2013)The central region alone does not have
significant affinity for Arp2/3 complex, however removal of the central region from a CA

peptide reduced the affinity for Arp2/3 complex 5 &l (Marchand et al., 200@elly
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et al, 2006) Despite itsveak affinity, the central region has an important function in
activation of the complex. Upon binding to the complex, it forms an amphipathic helix
that is thought to bind the barbed end groovas®fArp subunits and promote activation
of the complexXParchalet al, 2003) The central region is comprised of several
conserved hydrophobic residues and a conserved arginine residue. Mutation of the
hydrophobic residues had varying effects on V@Adiated activation of Arp2/3
complex, ranging from meto svere(Marchand et al., 200@fanchal et al., 20083elly

et al, 2006) Mutation of the conserved arginine to lysine in WASP (R477K) has been
observé in patients witiWiskott-Aldrich Syndrome (the diseaseom which WASP gets
its name{Derryet al., 1995pand has diminished activity in polymerization assays
(Marchand et al., 200@anchal et al., 2003)

The V region is the defining characteristi
helix that interacts with the barbed end groove of actin monof@éeseau et al., 2005)
and delivers them to Arp2/3 complex, which is thought to stabilize the actin nucleus and
allow fager branch formatioHiggset al, 1999) This activty is vital for Arp2/3
complex activity, as the CA region alone provides little to no activation of the complex
(Marchand et al., 200Kelly et al., 2006) Interestingly, the number of V regions in type
| NPFs varies to some degree, with the majority containing/argion Nterminal to
the CA region, however some NPFs contain multiple V regions likéAEP and
WHAMM (two V regions) or JMY (three V region@ucheroet al, 2009YDominguez,
2009)Campellone & Welch, 2010)ncreasing the number of V regions is thought to

speed up actin nucleation by stabilizing larger actin oligomers, which is thought to be the



mechanism of tandem WH2 nucleators such as Spire, which nucleates linear actin
filaments through four consecutiVéH2 regiongQuinlan et al. 2005)Sitar et al., 2011)
Type Il NPFs are characterized by their ability to bind actin filamegiser than
monomergGoley & Welch, 2006)All type 1l NPFs contain an acidic region that is
capable of binding Arp2/3 cortgx, however some fungal type Il NPFs, such as coronin,
Myo3p and Myo5p also contain C regigiisszangelista et al., 200@jumphries et al.,
2002)Liu et al, 2011) One of the most well characterized type 1l NPFs is cortactin
(Uruno et al., 2001Vrunoet al, 2003)Helgeson & Nolen, 2018jlelgesoretal., 2014)
which is present in metazoans and localizes to many Arp2/3 coropigaining actin
networks, most notably invadopodia which are protrusions of the memidtane
associated witlsancer cellshat areinvolved in degradation of the extralcghr matrix
(Ayala et al., 2008)The mechanism for aeation by type Il NPFs varies. Due to their
actin filament binding properties, type Il NPFs are believed to activate Arp2/3 complex
by recruiting them to the sides of filame{@oley & Welch, 2006)However,
experiments suggest that by themselves, type Il NPFs are weak activators of Arp2/3
complex. Cortactin fails to activate Arp2/3 complex to a significant degree by itself
(Uruno et al., 2001Vrunoet al, 2003)Helgeson & Nolen, 2018jlelgesoret al, 2014)
Yeast coronin produces some activation at lowoentrations, but inhibits at high
concentrations, possibly due to saturating the sides of filaments, preventing Arp2/3
complex from bindingHumphries et al., 200@)iu et al., 2011) Yeast proteins Myo5p
and Abpl dher fail to or weakly produce any activation of Arp2/3 comgeunet al,
2006)Goodeet al.,2001) Despite this weak activyit type Il NPFs can often indirectly

activate the complex. While cortactin is unable to activate the complex on its own, potent
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synergistic activation of Arp2/3 complex is achieved upon addition of dimeric NPF
constructs due to cortactin enhancing the sl@sociation step of these NPsuno et
al., 2001jUrunoet al, 2003)Helgeson & Nolen, 2018)elgesoret al, 2014) Yeast
myosirs also activate the complex by binding to verprolin, which recruits actin
monomers to the complex, allowing activation. Consistent with the inability of type Il
NPFs to directly recruit actin monomers, addition of V regions to cortactin caused
activation @ Arp2/3 complex, although not as strongly as VE#elgeson et al., 2014)

The WISH/DIP/SPIN90 family of proteins has only been recently classifieth as a
activatorof Arp2/3 complex, however this family is very unique among NPFs in that
these proteins recruit Arp2/3 complex to generate linear filanféragner et al., 2013)
Unlike type | or type Il NPFs, these proteins bind neither actin filaments nor monomers,
and lack the canonical acidic region containing the conserved tryptophan thought to be
required for all NPF§Wagner et al., 2013)nstead, WISH/DIP/SPIN90 proteins utilize a
leucinerich domain that has not been observed in other NPFs, making thig tdmil
proteins an intriguing target for further mechanistic studies.

In addition to all of the classes of NPFs described among eukaryotes, bacterial
pat hogens have developed novel NPFs of their
cytoskeleton in order torpmote movement within in the cell, including, but not limited
to, ActA fromListeria monocytogeng$Velchet al, 1998)and VopL fromVibrio
parahaemolyticugLiverman et al., 2007 Due to the vast variety of NPFs, determining
the mechanisms of how these proteins coordinate the regulation of branched actin

networks is an important and challengingigmr understanding cytoskeletal dynamics.
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Individual Roles of ATP, WASP, Actin Monomers and Actin Filaments in the
Branched Actin Nucleation Pathway

Although it is known that ATP, WASP, monomers and filaments are required to
form actin branches, the specific contributions of each are not well understood. ATP
hydrolysis by the Arp subunits, like with actin, provides a timing mechanism to
determine thege of actin branches, aiding in actin branch disassethblZlaincheet
al., 2003)Martin et al, 2006)Ingermaret al, 2013) Hydrolysis of ATP in actin
promotes disassembly by the actin filamesgveing protein cofilin(Blanchoinet al,

2000) Similarly, the ADF/cofilin homolog GMF, which severs filaments at the branch
junction rather than the sides of the filament, possibly acts through an analogous
mechanism with Arp2Gandhi et al.2010)(Luan & Nolen, 2013)

In addition to providing a timing mechanism, ATP binding to Arp2/3 complex is
important for initial branch formation. In crystal structures of Arg@iBiplex, the
nucleotidefree state shows the nucleotide cleft in Arp3 to be in an open conformation
and upon nucleotide binding, constricts into a more closed @@ohinson et al.,
2001)YNolenet al, 2004) Subdomains 1 and 2 of Arp2 are disordered in these structures,
however a recent structure of Arp2/3 complex with ATP and GMF bound caused
ordering of theseamains and the nucleotide cleft of Arp2 was observed to be closed
(Luan & Nolen, 2013)The effect of ATP binding on the short pitch conformation was
investigated with labeled ARPGIhd ARPC3 subunits and caused an increase in FRET,
but due to the low resolution of this technique, the exact structural changes are unclear
(Goleyet al, 2004) In molecular dynamics simulations, ATP binding caused release of

the Arp3 Gterminus from its barbed end groove, which is thought to be an important
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regulatory element in Arp2/3 complex activation and daxplain the conformational
changes observed in the FRET experimédtghaimer et al., 2008Consistent with
these simulations, the-terminus becomes more disorderedrystalstructures when
ATP and oher nucleotides are bouri@obinson etla 2001)Nolen et al., 2004Nolen &
Pollard, 2007)

Unlike ATP, much less is known of the nature and effects of WASP binding to
the complex. Experiments using analytical ultracentrifuggfradricket al,
2011)Hetrick et al, 2013)and isothermal titration calorimet(yi et al,
2011)Boczkowskeet al, 2014) have supported bindingf two VCA molecules to
Arp2/3 complex. Additionally, dimeric VCA constructs bind the complex with ~180
fold higher affinity(Padrick et al., 2008 WASRP-related proteinsave not been shown to
dimerize in isolationhowvever they are believed to act as oligomersellsdue to
clustering on the plasma membrgRadrick et al., 2008pohl et al, 2010)Suetsugu,
2013) Chemical crosslinking studies have suggested that one of the VCA peptides binds
to Arp3, while the dter spans Arp2 and ARP{KreishmanDeitrick et al.,
2005)Padrick et al., 201{)iu et al., 2011(Ti et al., 2011) The acidic region is believed
to bind to Arp3 between subdomains 3 dnthased on crystal structures containing
Arp2/3 and WASP showing weak electron density in this regioet al.,
2011)Jurgenson & Pollard, 2015)hile the other acidic region is believed to bind
ARPC1, since this subunit binds CA in isolatigtan et a].2004) The ITC experiments
have shown that the two binding sites have roughly a 9-fol@d4lifference in affinity,
suggesting that there might be an importance of one binding site over th€Totteal,

2011)Boczkowskeet al, 2014) Indeed, there has been some telba to which binding
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site is first targeted by VCA. Low resolution structures of VCA and VCA crosslinked to
actin monomers bound to the complex hamnggestedhat the first binding site is on
Arp3 or Arp2, respectivelgXu et al., 2012Boczkowska et al., 2008although it is
possible that the preference of binding for the high affinity site can be influenced by the
presence of actin monomers.

While the exact effects of the individual WASP bimgisites have not been fully
elucidated, studies have supported a model where WASP stimulates a conformational
change in Arp2/ 3 compl elxi kehoatc candfogort nsa tai omo.r eA
WASP caused a large increase in the FRET assay desdoitreel&oley et al., 2004)
and singlemolecule particle EM reconstructions show that addition of WASP to Arp2/3
compl ex caused the compl ex t(Rodaetal.p2005a mor e i
suggesting WASP stimulates the short pitch conformation. Lastly, engineered cysteine
mutations in the Arp2 and Arp3 subunits that only crosslink the twansisttogether in
the expected fAshort pitcho confcmssinket,i on i n t
show an increase in crosslinking upon the addition-9¥ASP-VCA, an effect that is
reduced upon addition of the Arp2/3 complex inhibitor-&#6, demonsating that this
inhibitor blocks the activating conformational change induced by Wkefick et al.,
2013) Determining precisely how WASP induces this conformational change is an
important unanswered question in the field.

The role of VCArecruited actin monomers has long been assumed itiztahe
nascent nucleus, sperdiup the slow nucleation stégiggset al, 1999) Like VCA
binding, the importance of deliveriragtin monomers to either the Arp2 or the Arp3 site

is still uncertain. A peptidénked diVCA construct did not show any preference in
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binding of the N or @erminal VCA portion, however in the presence of actin monomers,
displayed asymmetric bindir@adrick et al., 2011 Removal of the @erminal V egion,
which preferentially delivers actin monomers to the Arp3 saesed a more dramatic

loss of VCA activity versus removal of thetsrminal V region, suggesting delivery of
monomers to the Arp3 site is more import@Padrick et al., 2011However it is

unclear if the asymmetric binding still lds in the absence of actin monomers at these
sites. A low resolution smalingle Xray scattering (SAXS) structure suggests that a
single actin monomer crosslinked to VCA puts the actin monomer at the barbed end of
Arp2, however this structure could nasckrn if Arp2/3 complex was in the splayed or
short pitch conformatio(Boczkowska et al., 2008\dditional evidence that the firs

actin monomer was delivered to Arp2 came from ITC experiments demonstrating that
GMF, which binds to the barbed end of Arh2ian & Nolen, 2013)did not bind to a

1:1:1 Actin:VCAArp2/3 complexBoczkowska et al., 2014yVhile the effects of actin
monomer delivery to the Arp2 versus the Arp3 site are still unclear, rexeatiments

using the duatysteine crosslinking assay revealed that addition of actin monomers with
WASP to the reaction caused an increase in crosslinking over WASP alone,
demonstrating that actin monomers aid in stimulation of the short pitch confammat
(Hetrick et al., 2013)This result was surprising because it suggestsitASP alone

cannot fully populate the short pitch conformation, and that actin monomer delivery is
required for the maximal stability of the short pitch conformation. This experiment was
conducted under saturating VCA+actin conditions, so the individiabf delivery to

Arp2 versus Arp3 is still unclear. A structural argument for the importance of delivery of

actin to Arp3 can be made. The inactive structure of Arp2/3 complex shows that the
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barbed end of Arp3 is blocked by ArgRobinson et al., 200,13uggesting that an actin
monomer deliered to this site would prevent Arp2 from transitioning back to the splayed
conformation. Testing this hypothesis will be important for understanding the role of
monomer recruitment in Arp2/3 complex activation.

Since Arp2/3 complex is a branched actutleator, the field has assumed that
actin filaments cooperate with WASP and actin monomers to stabilize the short pitch
conformation, although this role has not been directly te$teel dualcysteine
crosslinking assays suggest that WASP actcthmononers alone are capable of potently
stimulating the short pitch conformation, suggesting the role of actin filaroeunis be
more nuance@Hetrick et al., 2013)WASP andactinmonomers appear to stabilites
short pitchconformationyetfilaments are required for branch formation. Mutations of
the predicted actin filament binding interface, as determined by molecular docking
simulations, reduced the activity of Arp2/3 complex in pyrene actin polymerization
assays and affected the stapibif branches that actually formé@oley et al., 2010)

These mutations did not affect ATP and-@#uced conformational changes as
measured by FRET, indicating their role is for the binding and stability of Arp2/3
complex to actin filamentgSoley et al., 2010)

Onepossible clue for the role of filaments comes from a model of an actin filament
generated by-xay fiber diffraction(Odaet al, 2009) In crystal structures of actin
monomers alone, the nucleotide cleft in subdomains 2 and 4 of actin are closed with the
t wo regions i n a (Kabsohetaltl1890)dn the Eactin modeitad i o n
nucl eotide cleft remains closed, but the sub

conformation(Oda et al., 2009)ndeed, in the EM reconstruction of Arp2/3 complex at
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the branch junction, the Arp subunits appear to be in a more closed state, presenably
Afl att eneddRoudilerretfab, 2OORTHI$ flattened conformatiah changeas
expected tonitiate ATP hydrolysis as actin monomers are incorporated into the
elongating filamen{Oda et al., 2009)n one study, WASP and actimonomers alone
were not able to stimulate hydrolysis of ATP in Arp2, however once WASP, monomers
and flaments were mixed togethéydrolysisdid occur(Dayel & Mullins, 2004) One
interpretation of this result could be that WASP and actin monomers stimulate the short
pitch conformation, but that this is not enough to nucleatew filament. Once this
assembly binds to a mother filament, the flattened conformation in Arp2 and Arp3 is
stimulated and then an actin branch can form. Due to the lack of evidence for the role of
actin filaments, testing if actin filaments stimulatténing or other important steps in
the pathway is essential to umstanding why Arp2/3 complex exclusivatyrms
branched actin networks.

In chapter I, we investigated how Arp2/3 complex is held inactive in the absence of
activating factors. From premisly published high resolution crystal structyi®sbinson
et al., 2001(Nolen et al., 2004Nolen & Pollard, 2007and molecular dynamics
simulations(Dalhaimer et al., 2008yve hypothesized that the Arp3t€minaltail plays
an important role in stabilizing the inactive state, withthke 8 r mi n a | portion (ol
forming contacts with subdomain 4 of Arp2 andthe @ r mi n a | portion (or 0
in the barbed end groove of Arp3. We found that removal of ttexr@inal region irS.
pombeandS. cerevisiadrp2/3 complexes caused Nfitlependent hyperactivity and
affected actin patch dynamigsvivo. We show that removal of the-@rminus causes a

potent increase iformation of short pitch crosslinking suggesting the Arp3aq
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more closely resembles the active conformation. Mutational analysis of subdomain 4 of

Arp2, specifically the UE/UF loop, shows tha
the inactive conformation, as these mutants disggd NPFHndependent activity in actin

polymerization and crosslinking assays. Since crystal structures showed that ATP causes

an allosteric effect, where closing of the Arp3 nucleotide cleft correlates with disorder of

the Gterminal tail, we hypothesizeétlat ATP is required for stimulation of the short

pitch conformation. Using mutations of the nucleotide binding clefts of Arp2 and Arp3,

we show that ATP binding is required for crosslinking, demonstrating why ATP is

required for activation. Lastly, we e that destabilization of the tip of thet€@minal

tail also causesNPFndependent hyperactivity, supporti
ATP binding causes release of the tip of the tail from the barbed end groove of Arp3

causing destabilization betwethe base of the tail and Arp2, thereby stimulating the

short pitch conformation.

In chapter 1ll, we specifically investigated the role of WASP proteins in the short
pitch conformational change. Using the crosslinking assay, we demonstrate that
stimulation of the short pitch conformation is a conserved feature of WaBiRed
proteins. Mutational analysis oFWASP shows that while residues in both the C and A
regions are important for activity in polymerization assays, only residues in the C region
are mportant for stimulation of the short pitch conformation, as demonstrated by
crosslinking. To determine the importance of binding of WASP either the Arp2 or Arp3
site, we use WASHArp chimeras where the CA is fused to thée@ninus of either Arp2
or Arp3to demonstrate that binding of WASP to both sites is important for full

stimulation of the short pitch conformation. To determine the precise role of the short
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pitch conformation on branch formation, we purified Arp2/3 complex crosslinked into the
short ptch conformation and, remarkably, found that it is much more active compared to
WASP-activated complex. We show that this is likely due to WASP release limiting
nucleation rates, as CA inhibited the short pitch crosslinked complex in polymerization
assayski nal l 'y, wusing the Arp3®C strain describe
WA S P 6-regiofto the barbed end groove of Arp3 competes with ttegr@inal tail,
supporting our Adtail releaseodo model where WA
Arp3 Cterminal tail to promote the short pitch conformation.

The work presented in chapter Il has been submitted to the journal Nature
Communications and wasauthored with Siting Liu, Connor J. Balzer, Qing Luan and
Brad J. NolenThe work presented in chaptd has been submitted to the journal PNAS

and was coauthoreslith Qing Luan, StLing Liu and Brad J. Nolen
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CHAPTER Il

IDENTIFICATION OF AN ATP -CONTROLLED ALLOSTERIC SWITCH THAT

CONTROLS ACTIN FILAMENT NUCLEATION BY ARP2/3 COMPLEX.

AUTHOR CONTRIBUTIONS
B.J.N. and M.RS. designed the experiments and interpreted the data. B.J.N-SM.R.
and C.J.B wrote the manuscript. B.J.N., MR, S:L.L., C.J.B, and Q.L. generated

reagents and carried out experiments.

INTRODUCTION

Arp2/3 (Actinrelaed protein 2/3) complex is a seveubunit protein assembly
that plays a key role in regulating the actin cytoskeleton. By nucleating branched actin
filaments in response to cellular signals, it controls the assembly of dendritic actin
networks requireddr a broad range of cellular processes, including endocytosis,
protrusion of invadopodia and lamellipodia, and positioning of the meiotic spiidles
the absence of activating factors, Arp2/3 complex is held in an inactive or low activity
state. Activation typically requires interactions with several activating factors, including
preformed actin filaments, actin monomers, ATP, and a class eimpsatalled
nucleation promoting factors (NPE$S. The nucleation activity of Arp2/3 complex must
be tightly regulated by these factors for cells to properly control the dynamics and

architectires of actin network&™3, Despite the importance of ensuring that the complex
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does not nucleatédments in the absence of activators, the molecular basis by which the
complex is held in an autoinhibited state is not understood.

Several higkresolution structures of autoinhibited/inactive Arp2/3 complex are
availablé*'’. In this conformation, the two actielated subunits in the complex, Arp2
and Arp3, alignroughlyentb-e nd i n a conformation referred
Activation is thought to require a substantial structural change in which Arp2 moves ~20
A into position sideby-side with Arp3, ceatingan Arp2Ar p3 fishort pitcho he
that mimics two consecutive actin monomers within a filament. The short pitch
conformation is hypothesized to provide the nucleus to template a new fitAriehile
this hypothesis has never been directly tested, several lines of evidence indicate that
activating factors stimulate movement of Arp2 and3Aimto the short pitch
conformation, suggesting this conformational change may be a key activatiol¥&tep
Therefore, controlling the conformational switch from the splayed to the short pitch state
could be a critical aspect of Arp2/3 complex regulation. However, despite the availability
of hightresolution structures of the inactive complex and several muthsituthes, the
structural features of the complex that stabilize the splayed/autoinhibited state in the
absence of activators have yet to be clearly identified. Activating mutations on four
Arp2/3 complex subunits (Arp2, Arp3, ARPC2, and ARPC4) have luksiified either
in screens or in targeted mutational analysis, but the mechanism by which these
mutations influence the conformation of the complex is unkAd##{-2*°. Identification
and structural dissection of autoinhibitdeatures would not only reveal how nucleation
is prevented in the absence of activating factors, but would provide a framework for

understanding how activators stimulate nucleation.
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Figure 1 | Cartoon model of Arp2/3 complex activation.

Activation of Ap2/3 complex is thought to require movement of the aetfimted

subunits Arp2 and Arp3 from an inactive Aspl
conformation that mimics a filametfike short pitch actin dimer. ATP, actin monomers,

actin filaments, and an NR¥otein are typically required for activation.

Multiple inputs (NPFs, actin monomers, actin filaments and ATP) are required for
activation of the complex. Mounting evidence indicates that each of these inputs plays an
important role in regulating the dgmics and architectures of Arp2iBcleated actin
networksin vivd“1%2#2%_ For instance, NPFs such as the WASP family proteins link
Arp2/3 complex to cellular signaling pathways, while the requirement for preformed
filaments ensures that the complex creates exclusively branchedfilastents-°.

Likewise, bound ATP provides a buift timer that controls branch lifetimes, since
hydrolysis of ATP occurs on the complex following nucleation and stimulates
debranchingf3%3! Like WASP, ATP binding causes conformational changes in the
complex, but how these changes are linked to activation is not knowanayncxystal
structures, ATP binding causes the nucleotide ofeftrp3 to close, moving subdomain

4 of Arp3 closer to subdomait®® ATP binding increases FRET in Arp2/3 complex
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tagged with fluorescent proteins, providing additional evidence for-iAd&ced

structural changés A precise understanding of these changes and how they are linked to
activation is critical, both to determine how the AlliAding requirement is structurally
encoded into the branching nucleation mechanism and to uncevaotacular bases for
regulating branched actin network dynamics.

Here we identify interactions at the AH2p3 splayed interface as key
autoinhibitory features of the Arp2/3 complex. We show that destabilizing this interface
stimulates population of thehort pitch conformation and activates Arp2/3 complex
nucleation activity. We identify the Arp3-t@rminal tail as a switchable molecular
element that controls the activity of the compiexitro andin vivo by controlling the
stability of the Arp2Arp3 layed interface. Specifically, our data indicate that
engagement of the Arp3-términal tail with the Arp3 barbed end groove helps hold the
complex in the inactive splayed conformation, while release of the tail destabilizes the
splayed interface to stintate the short pitch conformation. ATP binding stimulates the
short pitch conformation, likely through an allosteric connection between the nucleotide
binding cleft and the barbed end groove that triggers release of the Agoi@us.
Therefore, this wik reveals a molecular mechanism by which ATP contributes to
activation and provides a structural framework to understand how activators of Arp2/3

complex can relieve autoinhibition to activate branching nucleation.

RESULTS
The C-terminus of Arp3 is required to keep Arp2/3 complex inactive in the absence

of activators
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Both Arp2 and Arp3 contain several conserved inserts/extensions relative to actin,
suggesting that in addition to mimicking actin during nucleation, the-ezlated
subunits play additionattructural roles in the function of the compte¥ Consistent
with this hypothesisye recently discovered two insertions within the Arp3 subunit that
harbor complesspecific functions, one in controlling interactions with actin filaments
and another in stabilizing attachment of a+aatin related subunit to the compiéx
These observations led us to wondi@ther insertions/extensions could be directly
involved in the response of the complex to its regulators. Our analysis led to one
promising candidate, a conserved extension in Arp3 termed-teerhal tail, which
wedges into a cleft between subdomdirend 3 called the barbed end groove (Fig. 2a).
The surface of the barbed end groove is largely hydrophobic, and two conserved non
polar residues within the Arp3-t&rminus pin it into the groove in some structures (Fig.
2b)**1% Molecular dynamics simulations suggested the engagement oftémeniDal tail
with the barbed end groove could allosterically influence the conformation of the Arp3
nucleotidebinding cleft®, so we reasoned that the tail could be important for controlling
the conformation and activity of the complé&a test this, we created a budding yeast
strain exressing amrp3 mutant arp3giC) lacking 10 residues from its-@rminus as its
sole copy of Arp3. The ArgfiC complex was purified from budding yeast and its activity
measured in a pyrene actin polymerization assay (Fig. 2c,d, Fig. S1)-{EnmiGal
truncation potently increased the NHttelependent activity of Arp2/3 complex. In
reactions containing 50 nM Arp2/3 complex the maximum polymerization rate increased
~20fold upon deletion of the Arp3-@&rminus. These data demonstrate that the Afp3 C

terminusplays a critical role in keeping the complex inactive in the absence of activators.
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To determine if the autoinhibitory function of the Arp3€minus is conserved, we
truncated the homologous resides from thiei@inus ofS. pombé\rp3. To accomplish
this, we used the homologous recombination method of Bahlal, to introduce a
premature stop codon AMRP3at its endogenous locus $ pomb&. We then purified
and assayed the mutant complex. Aseslied with budding yeast Arp3, deletion of the
C-terminus ofS. pombe\rp3 increased the NRiRdependent activity of the complex
(Fig. 2e,f). In the absence of nucleation promoting factors, 208 nddmbe\rp3qC
increased the maximum polymerization rate almostftia over actin alone in a pyrene
actin polymerization assay. Under the same conditions;typle Arp2/3 complex
showed only a ~16% increase in the maximum polymerization rate over reactions with
actin alone. These data demonstrate that ther@inus of Arp3 has a conserved role in

autoinhibiting Arp2/3 complex.

The C-terminus of Arp3 is required for proper assembly and function of endocytic
actin structures in yeast

We next asked if deletion of thet€rminus has functional consequenitegivo.
Specifically, we tested whether Arp3t€rminal tail deletion influences the assembly or
dynamics ofS. pombectin patches, cortical actin networks required for plasma
membrae invagination during endocyto5f$°3, To monitor actin patch dynamics, we
used GFRagged Fim1, an actin crosslinking protein that bindsxddéiments in the
patches and shows the same accumulation and disassembly kinetics*a& aittin
patches in tharp3giC strain were similar in quantity and overall appearance to wild type

patdes (Fig. 3a,b). In wild type cells, the FirRFP signal typically accumulated at the
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Figure 2 | The Arp3 Gterminal tail is a conserved structural feature required for
autoinhibition of Arp2/3 complex.

(a) Ribbon diagram of Arp3 from crystal structureBafs taurusArp2/3 complex (1K8K)
showing the position of the Arp3-@rminus (yellow}?. Subdomains-# are numbered
and the ATP binding site in Arp3 is indicated with cyan circle. The base and tip of the
Arp3 Cterminus are highlighted in pink and green, respectivblySéquence alignment
of the Gterminus of Arp3 from diverse species. Arabidopsis thalaniaCe:
Caenorhabditis elegan®m: Drosophila melanogasteHs: Homo sapiensDr: Danio
rerio; Dd: Dictyostelium discoideun®c: Saccharomyces cerevisje&p:
Schizosaccharomyces pombet: ralbit skeletal muscle actin. Residues underlined and
in red are deleted in ArpgC mutants. Cyan boxed residues are conserved in Arp3
sequences. Asterisks mark conserved hydrophobic residues that phtetineir@l tail

into the barbed end groove in some @ystructures.d) Time course of pyrene actin
polymerization with M 15 % pyrendabeled actin showing constitutive activity of
Arp3gC mutant compared to witype S. cerevisaéSc)Arp2/3 complexesd]

Maximum polymerization rate versus concentratbmwild-type or Arp3pC S. cerevisiae
complex for conditions described in @) ime courses of pyrene actin polymerization
as measured in (b), but wigh pombdSp)Arp2/3 complexesf) Maximum

polymerization rate versus concentration of viyigde or Ar@BgiC S. pomb&omplexes

for conditions described in (e).

cortex and then moved inward as it disappeared, consistent with previous*stddies
Importantly, actin patches in tlaep3qLC strain frequently failed to internalizejth only
51 % of actin patches (n = 114) moving off of the cortex compared to 76 % of the patches
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tracked in wild type cells (n = 113, Fig. 3c). Actin patches iratip8qiC strain also had

longer lifetimes than wild type patches (Fig. 3d, Supplementanyid/ilL and 2). To

determine whether the increased lifetimes were caused by decreased patch assembly or
disassembly rates, we measured FGHP intensity throughout the patch lifetime in both
wild type and Arp3mC mut ant weselslowwed,andBot h
the total intensity of FImIGFP was less in the mutant (Fig. 3e). This result was
unexpected, since increases in Arp2/3 complex activity might be expected to accelerate
actin patch assembly (see discussion). We next asked if the aettsdefluenced
endocytosis by pulsing cells with the lipophilic dye F8HL In wild type cells, the dye

was immediately internalized from the plasma membrane, and stained endosomes and
other internal membranes even at the first imaging time point, simifaevious

report$* (Fig. 3f). In contrast, uptake was delayed inahe3qC strain, with strong

FM4-64 staining of the plasma membrane 5 min after the initial pulse. By comparison,
the delay was more pronounced iwsp Ipstrairfs, where strong staining was visible at

the plasma membrane up to 20 min after the pulse. The observed defects in both actin
patch dynamics and endocytosis indicate that tberd@inal tail of Arp3 is required to

properly regulate Arp2/3 complex vivo.

The Arp3 C-terminus is required to prevent formation of the Arp2-Arp3 short pitch
dimer

Our data show that the Arp3t€rminal tail plays a critical role in keeping the
complex inactive in the absence of activators. We analyzed the avaHeblerystal

structures to determine how the tail could influence actiVitye N-terminal portion of
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Figure 3 | Deletion of the Arp3 Gterminal tail causes defects in endocytic actin

patches and in the uptake of FM464.

(a) Spinning disk confocal fluorescence micrographs of wild type and m8tgumbe

cells expressing FImGFP. Images are taken tbagh the middle of the celld)
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the tail, whichowefr dfher ttad las wirhag siilhacaund
subdomain 1, fills the back end of the barbed end groove, and directly contacts

subdomain 4 of Arp2 at the splayed interf4¢& The Gterminal end of the tail, which

we wi || refer to as the Atipo, wedges into t
pinned into position by L445 and F446 (Fig. 4a). In somnayxcrystal structures, the tip
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engages the gree while in others, it is disengaged and disordérédBecause the base
of the Arp3 Gterminal tail occupies a critical position at the Afgh3 splayed interface
and the tip adopts multiple conformational states, we hypothesized thap®&A
terminus could be a switchable structural element that allows activating factors to
influence the stability of the Arp&rp3 splayed interface.

To test this, we first asked if the Arp3t@minal tail is required to hold the
complex in the splayedaformation.We used a previously described crosslinking assay
in which engineered cysteines on Arp2 and Arp3 can be crosslinked by the 8 A
crosslinker bismaleimidoethane (BMOE) only when the complex is in the short pitch
conformatior? (Fig. 4b). The Arp3 @erminal deletion is not predicted to significantly
influence either the solvent accessibility or the pKa of the engineered cysteine residues,
ensuring that changes in short pitch crosslinking efficiency are due to the conformational
change and not the chemical reactivity of the thiol groups (Supplem@iztaiey 1).
Deletion of the Arp3 @erminal tail in the context of the dual cysteliecerevisiae
Arp2/3 complex potently stimulated crosslinking between the engineered cysteines (Fig.
4c,d). A thirty second reaction with 281 BMOE, 200eM ATP and no NPFyielded 31
+ 6 % crosslinking with the ArgfiC complex, while a negligible amount of the wild type
complex was crosslinked under the same conditions. These data indicate that the C
terminal tail of Arp3 is a critical autoinhibitory structural feature thhavpnts the
complex from adopting the short pitch conformation in the absence of WASP proteins.
We note that analysis with the prograrwiélk showed that minimal crosslinking length
required to bond the engineered cysteines when the complex is in thpitttor

conformation (Cb to Cb) is between 8.0
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Figure 4 | The Arp3 Gterminus is required to prevent formation of the short pitch
conformation.

(a) Surface representation of BtArp2/3 complex (4JD2) shotiagharbed end of Arp3,

the barbed end groove and ArpaeZminal tail (yellow stick representation). Residues in

Arp3 are colored according to hydrophobicity, with polar residues orange anblaon

residues grey. Residues are labeled based @ tteevisiaeArp2/3 complex sequences.

(b) Ribbon diagrams of Arp2 and Arp3 showing the position of engineered cysteines
(Arp3(L155C), Arp2(R198C)) in the splayed and short pitch conformations and the

structure of the chemical crosslinker (BMOE) used instin@rt pitch crosslinking assay.

Structure 4JD2 was used to make both panels. In the right panel, the Oda, et. al. actin

filament structure was used to move Arp2 into the short pitch conforfafidre

solvent accessible crosslinking distance between engineered cysteines is 32.& A in th

splayed conformation, and ranges from83 A in different models of the short pitch

conformation (see Fig S33. (c) Anti-Arp3 western blot of 1 minute crosslinking

reactions containing 1 &M wild type (wt) or
ATP, 1 mM MgCh, 50 mM KCI, 20 mM Imidazole pH 7.0, and 1 mM EGTA. Both

compl exes harbor the dual engineered cystein
contains the C426A mutation to eliminate the4sbiort pitch crosslinking product (see

Fig. 7). (d) Quantification of reaction described in panel (c). Error bars show standard
error for three reactions.

crosslinking distance of BMOE (~8 A from sulfur to sulftft) Therefore, the crosslinked

complex is held in or very near the short pitch conforomati-or simplicity, we refer to
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the crosslinked complex as being in the short pitch conformation in the sections that
follow, though it is important to note that we cannot currently eliminate the possibility
that Arp2 and Arp3 could deviate somewhat fropedect filamerdike arrangement and

still form the engineered crosslink.

Destabilization of the splayed Arp2Arp3 interface activates Arp2/3 complex
The base of the Arp3-@rminal tail directly contacts Arp2 at the splayed
interface, suggesting thail prevents adoption of the short pitch conformation by
stabilizing the splayed conformation (Fig. 4a). However, some residues in the Arp3 C
terminal tail are near the ArpRrp3 short pitch interface in the electron tomography
model of a branch junctién(Fig. S2), so it is also possible that théeBminal truncation
influences the conformation of the complex by stabilizing spibch contacts between
Arp2 and Arp3. To investigate these possibilities, we first sought more conservative
mutations to test destabilization of the splayed Arp®p3 interface is sufficient to
stimulate the short pitch conformation. We initially considered R441 and N442 in the
base of the Arp3 @erminus. These residues contribute to the splayed-Arp3
interface, but arelso close to the predicted short pitch interface (Fig. 4a, Fig. S2). In
contrast, the UE/UF loop in subdomai-n 4 of A
Arp3 splayed interface, and none of them are predicted to contribute to the short pitch
interface (Fig. 5a,b, Fig. S3}. Therefore, we constructed budding yeast strains
expressing Arp2 UE/UF | oop mutakahds as their
characterized the mutant complexes (Fig. 5¢). At Arp2 position 207 we changed the wild

type alanine to bulkier amino acids to disru
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addition, we mutated Arp2 F203 to Tyr. F203Y is one of two mutated residured in
an Arp2 mutant isolated in a genetic scregp?-7, that confers increased NPF
independent activity to the complé¥®4¢4’ Because of its position
loop, we reasoned that the F203Y mutation could also destabilize theAAyBZplayed
interface. To determine if these mutations influence the conformation of the complex, we
used the short pitch crosslinking assay. We found that three of the sphesyéatem
mutations increased formation of short pitch crosslinks (Fig. 5d,e, Supplementary Table
2). In one minute reactions, the Apd207W, A207C and F203Y mutants increased
crosslinking 5, 6 and 1#ld compared to the wild type complex, respectivelyedeh
results demonstrate that the ApPp3 splayed interface is critical for holding the
complex in the inactive conformation. Furthermore, they show that destabilizing the
splayed interface potently stimulates the short pitch conformation. We noteethat th
Arp2(A2071) mutant complex was prone to degradation, but when isolated showed
similar behavior in the crosslinking assay as wild type complex, indicating not all
mutations of residue 207 can stimulate the short pitch conformation.

To determine if the splyed interface mutations increased the Nirlependent
activity of the complex, we tested the mutants in pyrene actin polymerization assays. The
Arp2(A207C), Arp2(A207W) and Arp2(F203Y) mutant complexes each showed
increased NPindependent nucleation aaty compared to wild type Arp2/3 complex,
consistent with their increased propensity to adopt the short pitch conformation (Fig.
5f,g). The A207C and F203Y mutations showed the most potent activation, and at 100
nM increased the maximum polymerizatiorerdt6é and 2.6fold over the wild type

complex, respectively. The A207W mutant showed a more modekild.Bicrease in
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pitch conformation and activates Arp2/3 complex.
(a) Ribbon diagram of Arp2 and Arp3 positioned in the splayed conformation (2P9K).
Subdomains are numbered, with partially or fully disordered subdomains in Arp2 in
parenthesesbf Close up of the ArpArp3 splayed interface, with key residues from
Arp2 labeled based o8. cerevisiasequencegc) Coomassie stained gel of purified wild
type and splayed interface mutants of ScArp2/3 complex. All budding yeast complexes in
this panel and in subsequent figures harbor the engineered cysteine residues:
(Arp2(R198C)/Arp3(L155C)).q) Anti-Arp3 and antiArp2/antiArp3 western blots of 1
min crosslinking reactions with 1 &M wil
eM ATP, 1 mM MgCl 2, 50 mM KCI, 20 &M I mi
Quantification of reaton described in panel D run in triplicate. Error bars show standard
error for three reactionsf)(Time course of 3 uM 15% pyrene actin polymerization with
25 nM wild type or splayed interface mutant Arp2/3 complexes as indicated. No NPF is
present in thse assaysg) Maximum polymerization rate versus concentration of wild
type or mutant ScArp2/3 complexes in pyrene actin polymerization assays as described in

(e).

activity compared to the wild type complex, and the A2071 mutant was nearly ideatical t
wild type. Together, our data demonstrate that destabilization of the splayed interface not

only potently stimulates formation of the short pitch conformation, but also increases the

33

o o

N

0O <



NPFindependent nucleation activity of the complex. These data suppavtiel in
which the Gterminus prevents spurious activation of the complex by locking it into the

splayed conformation.

ATP binding to both actin-related subunits is important for stimulation of the short
pitch conformational change

The requirement for the Arp3-t@rminal tail in regulation of Arp2/3 complex
vitro andin vivo,together withevidence for structural plasticity of this feature, suggests
factors that activate Arp2/3 complex could target the tail to decrease theystdtitie
splayed Arp2Arp3 interface. Structural information addressing the influence of WASP
family proteins on the complex is limited to low resolution EM reconstructfri$
small angle xay scattering modef§ FRET%8 crosslinking®>®3, photeactivatable label
transferbased constraimts and xray crystal structures showing electron densities that
likely represat partial segments of bound WASP. In these structures, electron density at
the interface of subdomain 3 and 4 in Arp3 is consistent with three residues of the A
region of NWASP>>°¢ Further tubes of electron density at the barbed ends of Arp2 and
Arp3 in these structures could correspond to the predicted alpha helical segméht in C
The lack of completgigh-resolution structures for the bound activators makes it unclear
how binding of WASP could switch Arp2/3 complex from the splayed to the short pitch
state. ATP is also required for activation, and in contrast to other activators, several high
resolutbn structures of the complex in ap@rsus ATPbound states are availahté®.
While these structures show that ATP binding closes the nucleotide baiein(NBC)

of Arp3, Arp2 and Arp3 remain in a splayed conformation, so it is unclear how ATP
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could contribute to activation. However, in these structures, NBC closure is correlated
with widening of the barbed end groove and release of the tip of theGArg3ninus?®

(Fig. 6a). These observations led us to propose a model in which ATP helps activate the
complex by stimulating closure of the Arp3 nucleotide cleft, causing release of the
autoinhibitory Gterminus from the barbed end groove and subsequent destabilth&tion
splayed Arp2Arp3 interface (Fig. 6a). As a first test of this model, we asked if binding of
ATP to the complex stimulates population of the short pitch conformation. The
crosslinking assays in Figures 4 and 5 of this study were run in buffers cogt@&iFP to
match conditions of polymerization assays, so we ran a set of experiments to directly
compare short pitch crosslinking with and without ATP. These data demonstrate that
ATP stimulates the short pitch conformation in the wild type complex. Btvenfize

minutes of crosslinking, we did not detect any crosslinking in the absence of ATP,
whereas 19 + 2 % of the complex crosslinked in the presence of ATP (Fig. 6b,c). ATP
binds to both Arp2 and Arp3, so binding to either Arp could be responsible for
stimulating the splayed to short pitch conformational cha#g&herefore, we tested the
ability of ATP to increase short pitch crosslinking using a previously described mutant
complex defective in ATP binding to Arp3, Arp3(G358Yonsistent with our model,

the Arp3 nucleotide binding cleft mutant Arp3(G358Y) reduced the ability of the ATP to
stimulate short pitch crosslinking, demonstrating that ATP binding to Arp3 is important
for stimulating the short pitchier (Fig. 6d). To probe for a role for ATP binding to

Arp2, we generated two mutations in the Arp2 NBC, D10A and G302Y. Both of these
mutations decrease crosslinking of ATP to the Arp2 subunit and potently decrease Arp2/3

complex activity(Fig. S4)’. Unexpectedly, both mutations completely blocked ATP
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induced stimulation of short pitch conformation. Together, these data demonstrate that
ATP binding to both Arp3 and Arp2 is important for stiation of the short pitch
conformation, but that ATP engagement at the Arp2 NBC plays a larger role.

To further investigate the link between nucleotide binding and the stability of the
Arp2-Arp3 splayed interface, we tested how activating mutatiorntseiiGterminus or in
the Arp2U E / U Finfluemazgbthe ability of ATP to stimulate the short pitch
conformation. While the wild type complex showed no short pitch crosslinkling in the
absence of ATP, two of the mutants, including Arp2(A207C) and Arp2(FRGB6wed
significant crosslinking in the absence of ATP (Fig. 6d). Importantly,-Adthd mutant
complexes showed 85 fold more potent crosslinking than A‘bBund wild type
complex (Fig. 6eSupplementary Table) 3These data indicate that the intrinsiability
of the splayed interface tunes the ability of ATP to shift the conformation toward the
short pitch state. We note that the relatively weak AddRiced stimulation of short pitch
crosslinking in the wild type complex is consistent with the weak-MBependent
activity of the wild typeS. cerevisiagomplex in pyrene actin polymerization assays

(Fig. 2cy°®".

Release ofhe tip of the Arp3 C-terminus from the barbed end groove stimulates
formation of the short pitch conformation

Our data show that ATP binding to Arp3 stimulates adoption of the short pitch
dimer, even though the nucleotide binding site is ~20 A from th&-Arp3 splayed
interface. Therefore, we wondered if structural changes initiated at the Arp3 NBC could

allosterically destabilize the splayed Arp2p3 interface. As mentioned above, crystal
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(a) Cartoon depicting proposed conformational link between the ATP binding cleft, the
barbed end groove and thet&@minus of Arp3. Dotted red lines indicate widths of
nucleotide bindingleft (NBC) and barbed end groove. The tip (T) and base (B) of the
Arp3 Cterminus are indicatedb) Time course of crosslinking assays containing 1 uM
wild type ScArp2/3 complex with or without 100 uM KeATP. (€) Quantification of 5
min short pitch cragdinking for reactions containing 1 uM wild type or ATihding
pocket mutation complexes with either 1 pM EDTA or 200 pM*MTP. (d)
Quantification of 1 min short pitch crosslinking assays of swyjfae or splayed interface
mutations with or without 20QAM Mg2+-ATP. Error bars in panels ¢ and d show
standard error for three reactions.
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structures with ATP bound show the Arp3 cleft in a closed conformation, a state
correlated with widening of the barbed end groove and disordering of the tip of the Arp3
C-terminug®33°8(Fig. 6a). In contrast, gstal structures of the complex with no

nucleotide bound to Arp3 tend to show an open NBC, a closed barbed end groove, and
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the Arp3 Gterminus engagéti'®. These structural comparisons, along with molecular
dynamics simulations, indicate that the NBC, the barbed end groove, and the-Arp3 C
terminus are allosterically linké¥l The structural link between these regions is consistent
with our measurements of etheAdl P -ATPJbinding to theS. pombe&omplex, which
specifically measures nucleotide binding to the Arp3 subunit (see methods). Specifically,
we founrMPlomd®. ¥ fold more tightly to the Arp
type SpArp2/ 3 complex (Fig. S5ATPfoluhe® xpect edI
cerevisiaecomplex did not change when the Arp3eZminus was deleted (Fig. S5). This
was surprising given th&TP binding and truncation of the Arp3t€rminus stimulate
the same conformational change in ScArp2/3 complex (Fig 4). While we cannot currently
explain this r es udATPengagesthe NBGddferantlythantAyPsos t ha't
fails to form thesame allosteric link to the Arp3-términus.
The structural link between the nucleotide binding cleft, the barbed end groove,
and the Arp3 @erminus suggests that ATP binding could influence the stability of the
splayed interface by controlling the engatent of the Arp3 C terminus with the barbed
end groove. However, in theray crystal structures, nucleotiteduced NBC closure
generally results in disorder of the tip of the Arp8e@ninal tail, while the base remains
fully or partially ordered (Fig7a, Fig. S6). The Arp3-@&rminal truncations we describe
above remove both the tip and base of the tail (Fig. 2b). Removal of base could directly
destabilize the splayed conformation because it eliminates residues that participate in the
splayed Arp3Arp2 interface (Fig. 4a). Therefore, we wondered if disruption of the tip
alone could allosterically destabilize the splayed interface. To test this, we mutated to

aspartate the two conserved hydrophobic residues that pin the tip into the barbed end
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groove (kg. 7b). Like the complete-@rminal deletion, this mutation,
Arp3(L445D/F446D), increased NRRdependent activity compared to the wild type
complex (Fig. 7c,d). In addition, the Arp3(L445D/F446D) mutation stimulated formation
of the short pitch confornti@an in the crosslinking assay, despite the fact that neither of
the mutated residues directly contribute to the splayed interface (Fig. 4a, 7e). Similar to
the Gterminal deletion mutant, the Arp3(L445D/F446D) mutant required ATP for potent
stimulation ofthe short pitch conformation (Fig. 7e). Furthermore, like the A3 C
terminal truncation, the Arp3(L445D/F446D) mutant formed a secondarystmam

pitch) Arp3-Arp2 crosslinked band in the BMOE crosslinking assay (Fig. 7f). This
secondary product formsud to a crosslink between an endogenous cysteine in Arp3,
C426, and Arp2. C426 is at the barbed end of Arp3 adjacent totérenal tail, and is
reactive only when the-@rminal tail is deleted, but not in the wild type complex (Fig.
7b,d, Fig. S7). T C426 norshort pitch crosslink also occurs in the

Arp3(L445D/F446D) mutant, suggesting that mutation of the tip of the tail increases the
solvent exposure of Arp3 C426 similarly to theéeZminal truncation, providing

additional evidence that the Arp3@3D/F446D) mutation releases the tail from the
barbed end groov@ogether, these data strongly support a model in which release of the
tip of the Arp3 Gterminus from the barbed end groove allosterically influences the
conversion from the splayed to shpitich conformation, providing a molecular

mechanism by which ATP helps relieve autoinhibition of Arp2/3 complex.
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Figure 7 | Release of the tip of the Arp3 @erminus from the barbed end groove

stimulates formation of the short pitch conformation.

(a) Plot of average main chainf@ctor versus residue number for thee@minal residues

in Arp3. Data taken from ten differeBbs taurusArp2/3 complex crystal structures in
different nucleotidébound states (1K8K, 2P9L, 1U2V, 2P9N, 2P9U, 2P9P, 1TYQ,,2P9I
2P9K, 2P9S) (14.6). Nucleotide cleft widths are classified based on Nolen and

Pollard®. B-factors were normalized so that each chain had the same average main chain
B-factor. Residues missing in the electron density are omitted from the plot. Residue
numbers in parenthesis are for ScArp2/Bptex. See Fig. S6 for more detaileddtor
analysis. I§) Surface representation of the barbed end groove wighr@inus of Arp3

bound (yellow stick representation, black labels) based off of structure 1K8K. Orange
labels indicate key hydrophobic resgduin the Arp3 barbed end groove. C426, a cysteine
that becomes reactive upon deletion of the Arp@m@inal tail, is labeled in magenta.
Residue labels are based®ncerevisiasequence. Black line indicates transition

between the base and tip of theg®minal tail. €) Time courses of polymerization of 3

eM 15% pyrene actin in the presence of 10 nM wild type, 4p3Arp3qC(C426A), or
Arp3(L445D/F446D) ScArp2/3 complexes. The C426A mutation decreased activity
slightly in the Arp3pC complex, but was iithyperactive compared to wild typed)(

Maximum polymerization rate versus complex concentrations for reactions described in
C. (e) Time course of short pitch crosslinking for reactions containing 1 uM wild type,
Arp3qLC, or Arp3(L445D,F446D) ScArp2/3 oplexes and 200 uM Mg2ATP. Error

bars show standard error for at least three reactijribwp color (antArp2/antiArp3)

western blot of crosslinking reactions containing 1 pM wild type or mutant ScArp2/3
complexes with or without 200 uM ATP as indied. Reactions containing wild type and
Arp3(L445D/F446D) complexes with or without ATP were run for 5 min. Reactions
containing Arp8aC or Arp3C(C426A) complexes were run for 1 min.
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DISCUSSION

Our data indicate that Arp2/3 complex must be locked irspteeyed conformation to
prevent its spurious activation. Interactions that stabilize the splayed conformation can be
described by two major sets of contatts First, Arp2 and Arp3 are held by a molecular
clamp formed by ARPC1, ARPC2, ARPC4 and ARPCS5 (Fig. S8). The clamp buries
approximately 1500 Aof surface area of Arp2 and 2108 &t Arp3. Second, Arp2 and
Arp3 interact endo-end in the splayed conformation within the clamp (Fig. S8). The
contact area of the splayed Arp2p3 interface is relatively small (~800°A and based
on computational predictions is not a relevant dimtarface in the absence of the clamp
(data not shown§. However, we show that the Ar#2p3 splayed interface is critical for
controlling the conformation of the complex. Furthermore, our dajgest that at least
one activator, ATP, targets the splayed interface to activate the complex. In addition to
Arp2/3 complex activators, we note that at least one inhibitor also targets the splayed
Arp2-Arp3 interface. CK666, a small molecule Arp2/3 coneglinhibitor, binds in a
pocket at the splayed interface, directly stabilizing the splayed arrangement to inactivate
the complex®. Therefore, tuning the strength of the splayed A&pa3 interface may be
a general mechanism by which regulators control branching nucleation by Arp2/3
complex.

Here we preserdg it ai | rel easeo rnandnalltail senvesashi ch t h

a molecular switch that controls the conformation and activity of the complex. In this
model, when the tip of the tail is released from the barbed end groove, it destabilizes
interactionsbetween the base of the tail and Arp2, thereby stimulating the short pitch

conformation (Fig. 6a). Existing biochemical and structural data support the tail release
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model, but several lines of evidence indicate that activation involves additional structura
mechanisms. For instance, ATP binding increased short pitch crosslinking in tlggCArp3
mutant, demonstrating thdeletion of the Arp3 @erminal tail is not sufficient to

completely populate the short pitch state (Fig. 6e). In addition, our data SN iR
induced activating structural changes are not exclusively propagated though the Arp3
subunit. While ATP binding to Arp3 contributed to stimulation of the short pitch
conformation, mutations that blocked ATP binding to Arp2 completely abolished
stimuation of the short pitch conformation. This indicates that ATP binding to Arp2 is
actually more important than Arp3, and that nucleotide binding must also stimulate the
short pitch conformation through mechanisms not directly involving the Afp3 C
terminus We note that several other mutations in Arp2/3 complex are known to increase
the NPFindependent nucleation activity of the complex. While the structural basis by
which these mutations relieve autoinhibition is unknown, the location of the amino acid
changes suggests they may not be directly linked to the tail release meclgrism
Understanding how multiple structural features in the complex coordinately stimulate
activation, and how Arp2/3 complex regulators target these features during activation
remain mportant open questions. We anticipate that the short pitch crosslinking assay
will provide an important tool in this regard.

ATP hydrolysis by Arp2/3 complex stimulates branch disassembly, so the
requirement for ATP in activation creates a built in tignmechanism to control turnover
of branched actin networks®®. Mutational analysis shows that ATP binding to both
Arp2 and Arp3 is important for branching nucleafiéhbut how nucleotide binding to

either Arp subunit could influence the activity of the complex was unknown. Here we
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show that ATP stimulates formation of the short pitch conformation, explaining how it
contributes to activation. By mutating thecteotide binding cleft of Arp3, we showed

that ATP binding to Arp3 is important for stimulation of the short pitch conformation,
consistent with the tail release model. Previously published FRET experiments are
consistent with our data, since mutationgh@ Arp3 NBC blocked an AThduced

increase in FRE?. However, these data also showed that NBC mutations in Arp2 did
not block the conformational change measung#RET?!, whereas the same mutations
completely blocked short pitch crosslinking in our assays here, making it unclear if the
FRET assay measures the shorttptonformational change. That ATP binding to Arp2
stimulates the short pitch conformation is also supported by a previously described NBC
mutation in Arp2, Y309A. Arp2309A increases the activity of the complex both in the
presence and absence of NAR EM reconstructions of negatively stained particles, the
Y309A complex favors a conformation more closely resembling the wild type NPF
bound than free compléxThis suggests it may stimulate the short pitch conformation,
and that like Arp3, the nucleotide cleft of Arp2 is allosterically linked to overall positions
of Arp3 and Arp2 in the complex. Dissection of the structural basithis allosteric link

will be important for understanding how Arp2/3 complex is activated. In addition, we
note that at cellular concentrations, ATP will bind rapidly to the nucledtegeArp
subunits, so the apmmplex is likely more transient thdiet ADRbound states.

Therefore, determining precisely why ADP cannot activate Arp2/3 complex will also be
important for understanding the nucleotictntrolled timing mechanism for branch

dissociation.
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Mutations that selectively uncouple the activity)sp2/3 complex from each of
its activating inputs (ATP, actin monomers, actin filaments, and NPFs) will be critical to
understand how Arp2/3 complex integrates activating signals to control branching
nucleationin vivad*1%. While substantial work remains to identify new mutants and
characterize existing ones, important trends have already emerged. First, despiia potent

vitro NPFRindependent activation by some mutations, the phenotype ahexist

activating mutations is relatively mild.

increased activation &. pomb&\rp2/3 complex by WASP (Wsp1l), but had no influence
on endocytic actin patch@sSimilarly, the budding yeagtrp2(Y309A) mutant showed

no obvious defects in endocytic actin patch localization or organiZalibrarp2-7

budding yeast strain, which harbors the Arp2(F203Y) mutation we charactegz@hesr
one additional mutation in Arp2), showed defects in patch dyn&ic$4! but like the
arp3gLC strain, the patches remained cortical and resembled wild type actiepaitie
failure of existing activating mutations to cause accumulation of ectopic actin structures
suggests additional mechanisms regulate the activity of the mutant conipleres

One possibility is that these mutations fail to uncouple the actizityeocomplex from

the requirement to bind preformed filaments. Consistent with this hypothesis, several
experiments suggest thevivoactivity of wild type Arp2/3 complex is limited by the
availability of suitable preformed substrate filaméft$2 Negative regulators of the
complex or its activatore(g.,Crnl, Sypl, Bbcl, Slal, Lsb1l) may also dampernrthe
vivoinfluence of the mutations, explaining the mild phenot}e$162 A second
emerging trend is that whilelatively mild, the phenotypes of each of the activating

mutations are distinct. These differences cannot be explained by the rielaiive
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potency of the mutations. For instance, $a@ombe\rp3qiC mutation shows modest
activity in vitro but has thenost pronounced influence on actin dynanmicgivo. We
speculate that the precise molecular mechanism by which these mutations uncouple
activation from activating inputsfluences theirn vivo effect on actin dynamic§Ve

note that the Arp@C mutant igarticularly intriguing in that its influence on the
dynamics of the actin patches (increased Fim1 lifetime and defective internalization) is
similar to what has been observed for mutations that compromise the activity of the
complex rather than activaite’'3. We anticipate that furthelissection of this and other
key Arp2/3 complex mutants will provide important insight intoitheivo function of

the complex.

MATERIALS AND METHODS

Construction of fission yeast strains

A fission yeast strain harboring thep3qiC(416-427) mutation was made by

transforming the TP150 strain with a cassette harboring a premature stop codon and the
KanMX6 marker as describéfl FIM1 was tgged with GFP by homologous

recombination strategy using a cassette generated from pERB&atMX6 3. Both
integrations were confirmed by amplifying and sequencing the entire regions. See

Supplementary Table 4 for all fission yeast strains used in this study.

Construction of budding yeast strains
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Splayed interface mutations in Arp2 were constructed bgkQ0hange PCR using as a
template a previously constructed vector in wkagh2(R198C)wvas subcloned into

PRS317 with native promotor and terminator sequeic@g3(L445D/F446D),
Arp3qiC*4%449and Arp3pC4o449C426A) expression plasmids were created by the same
method, using a previously described pdgae in whicharp3(L155C)is flanked by native
promoter and terminator sequences was cloned into pRS315. These plasmids were
introduced into haploid strains with the corresponding Arp subunit knocked out and
rescued on BIRAplasmid. Haploid strains ex@sing Arp subunits off of the pRS
plasmids were then mated, sporulated and selected through random spore analysis as
previously described to generate the final yeast expression $tr&es Supplementary

Table 5 and 6 for all budding yeast plasmids and strains used in this study.

Protein purification and labeling

Pyrene labeled rabbit skeletal muscle actin was purified and labeled as previously
described?% For expression d8. pombe\rp2/3 complexS. pombeells were gown in

200 mL of YES medium at 30 °C. After ~24 hours, 10 mL of this culture was used to
inoculate 1 L cultures of YES, which were grown at 30 °C fel@Zours. An additional
35 g of YES was added to each 1 L culture, and cells were grown to an optisay Gt

600 nm of ~6.0 before harvesting. To prodB8ceerevisiaeell pellets for protein
purification, a starter culture grown in synthetic media lacking leu, lys, his, and trp was
added to 1 L YPD medium and allowed to grow tos6dB7-8. An additional 50g/L YPD
powder was added and cells were harvested atd>5-16. Before harvesting, 2 mM

EDTA and 0.5mM PMSF was added to prevent proteolysis. Cells were pelleted in a F8B
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rotor at 5K rpm for 5 minutes. Cells were resuspendedsis huffer (20 mM Tris pH

8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT), and stored&Q degrees Celsius.
pombeArp2/3 complex was purified as previously described using an ammonium sulfate
cut, a GSTN-WASP-VCA affinity column, a MonoQ anion ion exchangdwuan (GE
Healthcare), and a Superdex 200 gel filtration (GE Healtt¢age)cerevisiadrp2/3
complexes were purified using an ammonium sulfate cut, alkESTASP-VCA affinity
column, and a gel filtration step, as previously descffbéthlike the other complexes
reported here, the Arg& mutant complexes could not be eluted f@@STFN-WASP-

VCA affinity column using high salt. These complexes were instead eluted with 50 mM
reduced glutathione solution. The pooled fractions were then purified by monoQ and
glutathione sepharose columns to remove any contaminatingNa&ASP-VCA. Like

the wild type complexes, the Arg€ complexes were gel filtered as a final purification
step before flash freezing in liquid nitrogen. AGST (Genescript AO0865) western

blots were used to demonstrate that there was no detectablbl®BISP-VCA in the

complexes prepared with the modified purification method (Fig. S9).

Pyrene actin polymerization assays and kinetic data analysis

Pyrene actin polymerization assays were carried out as previously deZcribed
Fluorescence changes were monitored by exciting the sample at 365 nm and measuring
the emissiont&407 nm using a Tecan Safire 2 plate reader. The maximum rate of

polymer formation was calculated as previously desctfbed

Microscopy
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TIRF microscopy was carried out as previously described using a Nikon TEROOO

microscope outfitted with a 100 x TIRF objective lens, a 488 nm argon laser and a 561

nm diodelasef*. Confocal meroscopy ofS. pombeells was carried out at 30 °C on the

same microscope, using a Yokagawa CSU10 spiatisighead. Cells were maintained

in the exponential phase for 2 days before immobilization on a gelatin pad as dé&cribed

Images were collected using Micomanager software and actin patches were tracked

manually in Image®3-°© For patch internalization measurements, patches were tracked

from x separate cells in x different movies, using custom Matlab particle tracking scripts

¢ Patches that moved 2 pixels (~0.2 em) fro
internalized, even if the patch movement was not perpendicular to the cell cortex. To

guantify the intensity of patches over time, a eineith a diameter of seven pixels was

drawn in ImageJ over isolated patches and the intensity was measured for each frame.

The background was subtracted by measuring the intensity of a circle of the same size in

the cytoplasm of the cells. Due to the frequpatch internalization failures in the

Arp3mC strain, patches were adFP,gwmced to the n
typically reflects tie time at which patch movemestarts to occut'®® FM4-64 uptake

assays were carried out as previously descitbed

UATP binding assays

UATP binding was measured by titration of a solution ofed/Bwild type or mutant

fission yeast Arp2/3 complex in 10 mM Hepes pH 7.0, 50 mM KCI, 1 mM EGTA, 1 mM
MgCl2, 1 mM DTT, 1.4 % acrylamide witBATP and measuring the fluorescencd2®

nm (excitation = 340 nm). The background fluorescence of unb@ATP was
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subtracted by assuming a linear relationship between the signadrfl at saturating
concentrations. Data were fit as previously descfb&de note that while both actin
related subunits irhe complex bind nucleotide, previous experiments showed that
mutations in the Arp2 binding pocket that potently decreased crosslinking of ATP to
Arp2 had no influence on the nucleotide

ATP measures binding spgcally to the Arp3 subunit.

Short pitch crosslinking assays

All crosslinking assays were performed with budding yeast Arp2/3 complex containing
thearp2(R198Chndarp3(L155C)mutations Reaction mixes containing Arp2/3

complex with or without additional componengsg,ATP or NPF) in KMEI were mixed
with 4 eL of 125¢M BMOE for indicated times at 21 °C before adding SBSGE

loading buffer (1XxSDSPAGE buffer: 0.3 % SDS, 33 mM DTT, bromwgnol blue) to

stop the reaction. Reactions mixes were analyzed byFAEE and western blotting

with goat antiArp3 (Santa Cruz, st1973, 1:1000 dilution), goat ariirp2 (Santa Cruz,
s¢11969, 1:1000 dilution) or mouse aatip3 (Santa Cruz, s876625,1:1000 dilution)

antibodies. Blots were imaged using a LICOR Odyssey Fc system.

Structural modeling

Models used for surface area and pKa calculations were constructed by first creating
homology models of ScArp2 and ScArp3 with SWAEISdel

(http://swissmdel.expasy.org) using 4JD2 as a template. Arp2 was then moved into the

short pitch conformation using the Od, al filament model®. Specifically, Arp3 was
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superposed onto an actin subunit and Arp2 was then overlaid onto the subunit in the short
pitch position relative to Arp3. Thgeometry of the structure was minimized using

Phenix before running the calculatiéhs

BRIDGE TO CHAPTER Il

In this chapter, we investigated the structural features that hold Arp2/3 complex in
its inactive conformation. We found that the splayed interface between Arp3 and
subdomain 4 of Arp2 and the Arp3t€rminus are key régns for holding theomplex
in its inactive state and disruption of these regions has dramatic effecta bibth and
in vivo. This work demonstrates that binding of ATP to both Arp subunits forms an
allosteric link that is required for formation of the short pitch conformation and that one
mechanism for this observed effect is due to displacement of the Algr3nGus. In
chaper IIl, we will investigate the role of a different activator of Arp2/3 complex,
WASP, and biochemically dissect the requirements for stimulation of conformational

changes by this NPF.
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CHAPTER 1lI

THE ROLE AND STRUCTURAL MECHANISM OF WASP-TRIGGERED
CONFORMATIONAL CHANGES IN BRANCHED ACTIN FILAMENT

NUCLEATION BY ARP2/3 COMPLEX

AUTHOR CONTRIBUTIONS
B.J.N. and M.RS. designed the experiments and interpreted the data. B.J.N. an®& M.R.
wrote the manuscript. B.J.N., M., Q.L., and SL.L., generated reagents and carried

out experiments.

INTRODUCTION

Proper regulation of the actin cytoskeleton is critical for cells to orchestrate
processes like division, differentiation, motility and endocytosis. Assembly of new actin
filaments is Imited by a slow nucleation step, and cells rely on three classes of actin
filament nucleators tandem WH2 domain proteins, formins, and Arp2/3 comptex
control precisely when and where actin filament networks assefn(#¢ Arp2/3
complex is unique among actin filament nucleators in that it typically nucleates branched
(as opposed to linear) actin filame(s5). Branched actin filamestare important for
assembling dendritic networks required for lamellipodial protrusion and endodpsis
7).

Arp2/3 complex is tightly regulated, and multiple factors, including preformed

actin filamens, actin monomers, ATP, and a class of proteins called nucleation
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promoting factors (NPFs) are typically required for activa{®i). In some species,
phosphorylation of Arp2/3 complex is also required for activa@@nWASP (Wiskott
Aldrich Syndrome Protein) family proteins are the best understood NPFs, and share a
conserved polypeptide sequence called VCA (Verprolin homology, Central, Acidic),
which constitutes the minimal region sufficient for Arp2/3 complex actimatWASP
proteins interact with actin monomers through their V and C regions, and bind Arp2/3
complex through C and A regio(®, 10) How WASP proteinsictivate Arp2/3 complex

is unknown, but available data suggest they play multiple roles in the branching
nucleation reaction. For instance, several lines of evidence indicate the CA segment of
WASP proteins stimulates a conformational change in the cormpfextant for
activation(11-15). In addition, WASPVCA recruits actin monmers to the complex
through its V region. Kinetic simulations of the weak NR&ependent activity of

Arp2/3 complex suggested actin monomers must bind the complex to form a nucleus,
leading to the ideathat WASPe cr ui t ed monomer s atorg6l d Aj ump
17). The observation that the V region is required for WAS#iated activation of the
complex supported this idea, and indicated diva&ict monomer tethering might not only
accelerate nucleation, but might be a general requirement for assembly of the (@jcleus
10, 12) In addition to its activating influence, WASIFCA can also have an inhibitory
influence on the kinetics of branching nucleation. Specifically, recent single molecule
TIRF experiments showed that VCA must be released from nascent branch junctions
before nuteation, and that slow WASWKCA release limits nucleation ratés3, 19)

Efforts to understand the relative contributions of each of these roles of WASP on
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activation have been hampered by a lack of methods that can disentangle these functions
or directly probe the connection between conformation and activity.

Two of the seven ptein subunits in Arp2/3 complex, Arp2 and Arp3, are
homologous to actin. Highesolution crystal structures of inactive Arp2/3 complex show
Arp2 and Arp3interactingert-e nd i n a Aspl g2pR3Bpoconf or mati o
activation, Arp2 is hypothesized to undergo a rigid body movement that moves it ~20 A
into position nekto Arp3, formingan ArpAr p3 fAshort pitcho di mer t
mimics two consecutive actin subunits within a filam@a, 24) Low-resolution EM
structures of Arp2/3 complex bound to the WASP protek&WASP or WAVE1 support
this hypothesis, since they show Arp2 and Arp3 in a filarfikatarrangementl5). In
addition, recent experiments demonstrated th8¢ASP stimulates sitepecific
crosslinking of engineered cysteines on Arp2 and Arp3 that react only when the complex
adopts the short pitch conformati¢ii). These studies suggest a general function of
WASP proteins may be to stimulate the short pitch conformatrorjging an
explanation for how they could activate the complex. However, whether this function is
conserved among WASP proteins, and if adoption of the short pitch conformation is
sufficient for activation is unknown. Importantly, because WASP must tetin
monomers to the complex for potent activatinl2) it is possible that the short pitch
Arp2-Arp3 dimer provides only the initial core of a nucleus, to which one or more
WASP-tethered actin monomers must be added for nucle@tjoiherefore, whether
stimulation of the short pitch conformation without direct monomer tethering could

activate the complex is unknown.

53



Understanding WASInediated activation requires knowledge of both the role of
the short pitch conformation and thechanism by which WASP proteins could
stimulate this conformational change. Despite numerous studies, how the WASP CA
region binds Arp2/3 complex is still unclear. Biophysical and biochemical experiments,
including analytical ultracentrifugation, isothernti&ration calorimetry, and crosslinking
indicate that Arp2/3 complex binds two WASFA moleculeg25-27). Crosslinking and
label transfer experiments suggest one CA binding site is on Arp3 and the second spans
Arp2 and ARPC1 subunitd0, 25, 2830). NMR line lroadening experiments and
mutational analyses suggest that the C region forms an amphipathic helix when it binds to
the complex31). Together with homology modeling and recent low resolution crystal
structures, these data suggest that the C helix binds the barbed end groove of each Arp
like the V region helix binds the barbed end groove of 42627, 32)(Fig. 1A). Less is
known about interactions with A, but a short segment of electron density between
subdomains 3 and 4 in Arp3 in a-crystal structure was interpreted as the conserved
tryptophan from the A region @ine bound WASR27). The second A region is thought
to bind the ARPC1 subunit, since this subunit in isolation can bind to VCA in a mode
dependent on the conserved tryptop(&8). These data, together with distance
measuremas reported in a recent FRET stu@g), have led to an approximate model
for CA binding at each site (Fig 1A). This model is consistent with the majority but not
all of the published datd5), and providesn important starting point for understanding
the molecular basis for WASRediated conformational changes. Surprisingly, few
studies have used mutational dissection of the complex to investigate WASP binding, and

little high-resolution structural inforntenal is availabl€27, 34) so the model remains
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tentative. Furthermore, the lack of biochemical dissection leaves open the important
guestion of how engagement of WASP could stimulate the conformational gearant
of the complex thought to be required for activation.

Here we use a newly developed engineered cysteine crosslinking assay to
investigate the role of the short pitch conformation in Arp2/3 complex activ@tign
Crosslinking the engineered cysteines to hold Arp3 and Arp2 in or near the short pitch
conformation bypasses the need\WsASP in activation. Remarkably, the complex
shows NPFndependent hyperactivity when crosslinked in this conformation. This result
indicates that the switch to the short pitch conformation is a critical activation step, and
that direct actin monomer redment by WASPVCA is not required for potent activity.
Our crosslinking experiments indicate that stimulation of the short pitch conformation is
a conserved feature of WASP proteins, and that the CA region is sufficient for this
function. However, our datalso suggest that the activating effect of the W-A&Riated
conformational change may be masked by slow release of WASP from nascent branch
junctions. Using structurbased mutational analysis and WASR fusion chimeras, we
determined one mechanismwhich WASP proteins can stimulate movement of the
Arp2 and Arp3 subunits into the short pitch conformation. We show that WASP
competes for binding to the barbed end groove of Arp3 with the Are3rtiinal tail, a
structural element that forms an allosteswitch responsible for autoinhibition of the
complex. These data support a model in which WASP binds the Arp3 barbed end groove,
displacing the Arp3 @erminal tail to relieve autoinhibiton and stimulate the short pitch

conformation.
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Results
Stimulation of the short pitch conformation is a conserved feature of WASP family
NPFs

Several studies show that WASP family proteins cause conformational changes in
Arp2/3 complex, and that these changes are likely important for activation. For example,
binding of WASP-VCA to an Arp2/3 complex tagged with fluorescent proteins on
ARPC1 and ARPC3 caused a conformational change detected by increaseLlERET
Mutations that blocked the conformational changeréased the activity of the complex
(12). Similarly, EM reconstructions of negatively stained Arp2/3 complexes showed the
WASP protein Las17 caused structural rearrangements interpreted asor@pgsof
Arp2 (13, 14) Electron densities from higher resolution EM reconstructions (~2.0 nm) of
N-WASP and WAVE1bound complexes showed a short pitch arrangement of Arp2 and
Arp3 that could template nucleati¢bb). We reasoned that if stimulation of the short
pitch conformation is important for activation, it should be a conserved function of
WASP fanily proteins. To test this, we took advantage of a recently developed
crosslinking assay in which engineered cysteines on budding yeast Arp2 and Arp3
crosslink only when the complex is in or very near the short pitch confornfafip(Fig.
1B). Treatment of the dual cysteine engineered Arp2/3 complex with the 8 A crosslinker
BMOE produces a high molecular weight band cross reactive with both Arp2 and Arp3
antibodies (Fig. 2A). This band does not form in either of the single cystaimgexes
(Fig. 2A). Furthermore, the engineered cysteines do not significantly influence the
activity of the complex, demonstrating that the crosslinking assay can be used to probe

for the conformational switcfil1l). We tested the influence of canonical WASP family
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Figure 1: Hypothesized CA binding mode and schematic of short pitch crossking

assay.

A. Hypothetical model showing proposed binding sites for WASP family CA region on
Arp2/3 complex. Arp2/3 complex surface representation is based on the structure of

G M F-bound Arp2/3 complex (4J20§23). B. Ribbondiagrams of Arp2 and Arp3 in the
splayed and short pitch conformations showing design of engineered crosslinking assay.
Structure 4JD2 was used to make both panels. In the right panel, thetGdlactin

filament structure was used to move Arp2 ifte short pitch conformation (67).
Engineered cysteines (Arp3(L155C), Arp2(R198C)) are highlighted in cyan. Black arrow
shows the direction of the ~20 A movement required to position Arp2 into the short pitch
conformation. The structure of the chemical stio&ker (BMOE) used in the short pitch
crosslinking assay is indicated. The distance between engineered cysteines is 32.5 A in
the splayed conformation, and ranges frorl38A in different models of the short pitch
conformation. (Also see S| Appendix, Figl).

members from mammals and budding yeast on crosslinking of the dual cysteine
engineered complex. Each NPF was added at multiple concentrations to reach saturation
and remove the influence of binding site occupancy on the conformation. VCA segments
from N-\WASP, WAVEL, WASP, and Las17 each potently increased crosslinking (Fig.
2B,C, Sl Appendix, Table S1). In one minute crosslinking reactions, near saturating
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