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DISSERTATION ABSTRACT
Sofia Rebecka Carlson
Doctor of Philosophy in Chemistry
Title: Molecular Regulation of Arp2/3 Complex Branch Nucleation in Assembly of Actin
Networks

The Arp2/3 complex is a key actin filament nucleator responsible for the formation of
force producing branched actin networks. Determining how it is activated and regulated is
critical for understanding how force production drives dynamic cellular processes such as
motility and endocytosis. Intrinsically inactive, the Arp2/3 complex must bind activators to adopt
a short pitch, flattened conformational state. Nucleation of linear filaments occurs when activated
by a member of the WISH/DIP/SPIN90 (WDS) family of proteins while nucleation of branched
filaments requires a member of the WASP family of proteins, monomer recruitment by WASP,
and a preformed actin filament. The role of each activator in stimulating these conformational
changes and activating the Arp2/3 complex during branch nucleation remains unclear. We show
that monomer recruitment is required specifically for the WASP-mediated mechanism but is not
a fundamental requirement for human Arp2/3 complex activation. WASP and WASP-tethered
monomers stimulate the short pitch state but can be bypassed in splayed interface mutant
complexes that more readily adopt the short pitch state. Formation of a filament nucleus from
which elongation proceeds can occur without direct monomer tethering via monomer collisions.
Though splayed interface mutants bypass WASP and WASP-mediated monomer recruitment in
vitro, they cause only minor defects in cellular actin networks in Saccharomyces cerevisiae.
Mutants show increased actin accumulation and longer actin lifetimes, indicating a change in

network architecture, but endocytic internalization proceeds normally. These observations



suggest additional unexplored mechanisms control the regulation of the Arp2/3 complex in vivo.
We show that the Arp2/3 complex has intrinsically disordered regions (IDRs) located at its
filament binding surface that are important for full nucleation activity. Analysis of these IDRs
and design of high-affinity actin filament binding mutants will be an important future step in
determining the influence of filament binding in targeting Arp2/3 complex to the membrane.
This work has clarified the mechanisms of Arp2/3 complex activation and its regulation within
polarized, functional actin networks, contributing to our understanding of actin nucleation and

assembly.

This dissertation includes previously published and unpublished co-authored material.
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CHAPTER ONE
INTRODUCTION
The Role of the Actin Cytoskeleton in Cells

Cells carry out a variety of complex processes such as endocytosis, cell division, cell
motility, DNA repair, phagocytosis, and tissue morphogenesis that are inherently dynamic'®.
For example, during motility, broad protrusions called lamellipodia extend forward and adhere to
an extracellular substrate, driving the cell forward. Membrane dynamics are critical for
endocytosis during which membrane invagination allows for internalization of extracellular
cargoes, critical for nutrient uptake and cellular signaling. At a broader scale, changes in cell
shape drive tissue morphogenesis during development. These dynamic processes are all driven
by the production of force that requires precise spatiotemporal coordination.

Cells produce force for diverse functionalities through the machinery of a vast
cytoskeletal network. The cytoskeleton consists of polymers of filaments and microtubules
composed of monomers of actin and dimers of tubulin respectively. Upon polymerization,
microtubules and crosslinked actin filaments provide a stiffness that is critical for maintenance of
structural integrity in cells’®. At the cell cortex, a dense network of actin filaments, actin binding
proteins and myosin about 200 nm thick, provides surface tension that resists external forces,
while also producing contractile forces, allowing for changes in cell shape °~'2. Though
previously believed to belong to distinct cytoskeletal networks, growing evidence has suggested
a role for actin-microtubule crosstalk'®. Additionally, microtubules have been shown to promote
cortical stiffness that counteracts actomyosin contractility'*. The ability of these polymers to
depolymerize and repolymerize allows them to respond to signaling cues or external forces

accordingly.
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The polymerization of actin into filaments occurring during assembly of dendritic
networks is a ubiquitous, highly regulated process. Actin is one of the most abundant proteins in
eukaryotic cells, with total concentrations estimated to be in the range of 12-300 uM and local
concentrations of actin filaments estimated to be in the range of 500 to 1600 uM">~'°. Net growth
of actin networks occurs when monomer concentrations are above the “critical concentration” of
0.1 uM where polymerization and depolymerization are in equilibrium'>. Network assembly is
further regulated by a variety of proteins that interact with actin in its monomeric or filamentous
form, influencing filament nucleation, stabilization, and disassembly. These regulatory
mechanisms allow the same machinery to be used in a variety of processes.

The actin cytoskeleton plays a critical role in dynamic force production in cells.
Filaments are incorporated into polarized networks that are assembled and disassembled rapidly,
on the order of seconds in lamellipodia®®. As a single filament polymerizes, monomers are added
to the rapidly growing end, producing a pushing force of 1-2 pN?'2, When many filaments
elongate concurrently in vast networks, the total force produced is compounded, producing
estimated forces of 1000-2500 pN/um? 1”33, The extent of this force production depends on the
organization of the actin networks.

The architecture of an actin network influences its force production and functionality.
Networks differ in filament density and relative abundance of branched versus linear filaments.
Cellular networks adapt to differences in mechanical load by changing filament density, allowing
denser actin networks to produce increased force against greater loads®*?. Branched actin
networks are utilized in processes that require greater pushing forces. They are found in broad,

flat lamellipodial protrusions that are optimal for pushing on the membrane during cellular
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motility and at endocytic patches where the spatial organization at the base of the invagination
site is optimal for production of pushing and pulling forces that create and internalize a
vesicle?®?’. Linear filaments are found primarily in filopodia, thin finger-like protrusions, where
they are aligned and bundled, producing weaker forces?! but faster overall growth of the

structure®®, important for sensing and exploring their environment %’

. The organization of actin
into branched and linear architectures depends on the regulation of actin nucleation and

assembly.

Mechanism of Actin Nucleation

The assembly of actin networks depends on the structural properties of actin. Actin
monomers are 42 kDa globular proteins consisting of four subdomains forming an outer
(subdomains 1 and 2) and inner (subdomains 3 and 4) domain®’. Two grooves lie between the
outer and inner domains; at the pointed end of the monomer is the nucleotide binding pocket
(between subdomains 2 and 4) which binds ATP and cations (Mg?" in cells), and at the barbed
end of the monomer is the barbed end groove (between subdomains 1 and 3), a common binding
target’!. Actin transitions between its globular monomeric form, its G-state, to its filamentous
form, its F-actin state, in which each monomer adopts a flattened conformation through the
rotation of the outer domain relative to the inner domain®%2*. The filamentous form consists of a
single left-handed helix resembling two right-handed helical strands in which consecutive actin
subunits bind along the short pitch helical axis**. During polymerization, a DNasel-loop (D-loop)
on subdomain 2 at the pointed end of each subunit inserts itself into the barbed end groove at the
barbed end of an adjacent, longitudinal subunit**. This directionality results in a filament

containing a fast-growing barbed (+) end and a slow-growing pointed (-) end, which elongate at
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steady rates, 11.6 and 1.3 uM's! respectively®. Before elongation can proceed, however, an
unfavorable nucleation step must occur. Spontaneous nucleation involves the formation of an
actin nucleus, a stable oligomer from which elongation can occur. Actin monomers diffuse and
collide to form dimers, trimers, and tetramers, with the nucleus likely formed upon trimer or
tetramer assembly®. Because spontaneous nucleation is a slow, unfavorable process, cells rely
on actin filament nucleators to lower the energy barrier of nucleation. These include formins,
tandem WH2 domains, and the Arp2/3 complex.

Nucleators of linear actin filaments function by recruiting monomers to form a nucleus or
by structurally mimicking actin subunits within a filament. Formins are a large family of dimeric
proteins involved in processive elongation and nucleation of linear filaments. They are
characterized by the presence of proline-rich formin-homology 1 (FH1) and formin-homology 2
(FH2) domains. The FH2 domains have a donut-like structure that allows them to processively
bind to the barbed end of actin filaments and incorporate actin monomers to regulate
elongation®’. As FH2 domains show no affinity for actin monomers, nucleation is thought to
occur via stabilization of actin dimers or trimers®® and recruitment of actin monomers via regions
at the C-terminus®**°. Proteins containing tandem WASP-homology 2 (WH2) domains such as
IMY*, Spire*?, and Cobl*® bind actin monomers at each domain, recruiting multiple monomers
for nucleus formation. The number of WH2 domains and length of linkers, which differs
between proteins, determines the positioning of the monomers by influencing formation of
longitudinal and lateral contacts, likely influencing nucleation activity**. An alternative
nucleation pathway is carried out by the Arp2/3 complex, which can nucleate linear filaments by
mimicking a filamentous actin dimer when activated by a member of the WISH/DIP/SPIN90

(WDS) family of proteins*. The linear filaments created by unique nucleators are bundled and
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assembled into actin structures such as filopodia, actin cables, cytokinetic rings, and stress

fibers*®.

Arp2/3 Complex Nucleation of Branched Actin Filaments

The only known nucleator of branched actin filaments is the Arp2/3 complex. This
complex was first purified and characterized from Acanthamoeba castellanii*’*3, but is well
conserved across diverse eukaryotic species*” and has since been purified and characterized from
Saccharomyces cerevisiae™®, Schizosaccharomyces pombe5 152" Bos taurus>?, and humans®, Its
presence is essential as evidenced by the lethality of deletions of genes encoding individual

50,51,54,55

subunits of the complex in S. pombe or S. cerevisiae and inability to obtain viable Arp3,

Arp2, or ARPC1 null mouse embryo fibroblast cell lines without additional modifications %7,

58-60 " endocytosis®! ¢, focal

Additionally, it has been shown to have critical roles in lamellipodia
adhesions®, and DNA repair®.

The Arp2/3 complex consists of seven subunits, including actin related proteins (Arps)
Arp2 and Arp3, and the scaffolding proteins ARPC1, ARPC2, ARPC3, ARPC4, and ARPCS.
Evidence of its branch nucleation activity was first observed by electron microscopy showing the
complex bound to the side of a “mother” actin filament and the pointed end of a “daughter”
filament, forming a branch junction at a consistent 70° angle®. Arp2 and Arp3 were named actin
related proteins due to their high sequence similarity to actin, believed fundamental to their
influence on actin assembly®’. A high resolution structure of Arp2/3 complex confirmed that the
Arp subunits had high structural similarity to that of monomeric actin®, though with insertions

t68

that have since been characterized in yeast™. The high sequence and structural similarity to actin

suggested that Arp2/3 complex was able to template a branch by mimicking an actin dimer.
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To mimic a filamentous actin dimer, the Arp2/3 complex must adopt a short pitch,
flattened conformation (Figure 1.1A and 1.1B). The short pitch conformation mimics the
arrangement of two consecutive actin subunits within the short pitch helical axis of an actin
filament whereas flattening corresponds to the conformational change that occurs within an actin
monomer during polymerization®**~", Low resolution reconstructions and structures of Arp2/3

75,80

complex at the branch junction’>*" and subsequent high-resolution structures of active Arp2/3

complex’77981

observe Arp2 and Arp3 in this short pitch, flattened state. These high-resolution
structures have clarified the conformational changes occurring as the complex moves from the
inactive to the active state. The splayed to short pitch transition occurs via a large rigid body
movement of ARPC1, ARPCS, Arp2, and a portion of ARPC4, initiated by twisting of an
ARPC2 and ARPC4 clamp, which moves Arp2 relative to Arp3, creating a short pitch Arp
heterodimer (Figure 1.1C)’%7® . Movement of Arp2 out of the inactive, splayed state frees the
barbed end of Arp3 for the incoming actin monomer of the daughter filament. In addition to the
inter-subunit movements, intra-subunit flattening occurs in both Arp2 and Arp3 as their outer
domain (subdomains 1 and 2) rotates relative to their inner domain (subdomains 3 and 4),
analogous to the twisted to flattened transition each actin subunit undergoes during
polymerization (Figure 1.1D and 1.1E)’®7”. This includes a widening of their barbed end
grooves, allowing for the insertion of incoming actin D-loops. Flattening in Arp3 also brings it
closer to the mother filament, increasing contacts and buried surface area®’. Additionally,

flattening is believed to prime the Arps for ATP hydrolysis’®7#2

, important for branch
disassembly and network recycling®***. Activators of Arp2/3 complex must induce the short

pitch and flattened confirmational changes to produce a nucleation competent state.
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Splayed, Short pitch,
Twisted Flattened

Figure 1.1. Activating conformational changes in the Arp2/3 complex. A) Structure of the
inactive Arp2/3 complex (PDB: 4jd2) in the splayed, twisted conformation. Yellow dihedral
indicates clamp twisting during splayed to short pitch transition. Blue and cyan dihedrals indicate
location of flattening in Arp2 and Arp3. B) Cartoon representing the activating conformational
changes in the Arp2/3 complex. C) Structure of the active Arp2/3 complex (PDB: 7tpt) overlaid
over its inactive state (in light colors, PDB: 4jd2). Yellow dihedral indicates clamp twisting.
Arrow shows the direction of movement during the splayed to short pitch transition. D) Active
Arp2 overlaid with inactive Arp2 (light red). Dihedral is measured as the center of mass between
the 4 subdomains. Arrow indicates movement of subdomains 1 and 2 during flattening. E) Active
Arp3 overlaid with inactive Arp2 (light orange). Dihedral is measured as the center of mass
between the 4 subdomains. Arrow indicates movement of subdomains 1 and 2 during flattening.
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The Arp2/3 complex is intrinsically inactive and requires activating proteins to overcome
the energy barrier between the stable inactive state and the high energy active state. During
branch nucleation, the complex must bind to a preformed actin filament, a nucleation promoting
factor such as a member of the WASP family of proteins, and actin monomers recruited by
WASP#8 These activators drive the conformational changes required for Arp2/3 complex

activation, providing a key regulatory role in the assembly of actin networks.

Regulators of the Arp2/3 Complex

The primary regulators of the Arp2/3 complex are nucleation promoting factors, or NPFs,
which are typically sorted into two groups: type I (WASP), which bind to Arp2/3 complex and
actin monomers, and type II (cortactin), which bind to Arp2/3 complex and actin filaments.
WDS proteins have formed a class of their own as they have not been shown to interact with
actin monomers or filaments and thus activate the complex through a distinct mechanism to
nucleate linear filaments.

Type I NPFs such as WASP, N-WASP, WAVE, WHAMM, and WHIMP are
characterized by the presence of a verprolin-homology, central, and acidic (VCA) sequence®’.
WASP proteins also form a number of protein interactions through proline-rich regions, acting as
a signaling module for Arp2/3 complex activation®®. The verprolin-homology (V) or WH2
domain binds to actin monomers with low micromolar to nanomolar affinity and recruits actin
monomers to the complex®>*°~!, The disordered CA motif binds the Arp2/3 complex in one of
two sites: on Arp3 or spanning Arp2 and ARPC13-*°, Upon binding, the C region forms an
amphipathic helix and the A region becomes partially ordered’**2. The C helix binds in the

barbed end groove of Arp2 and Arp3, a site that overlaps with the location of the D-loop of the
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incoming actin monomer. Consequently, WASP also plays an inhibitory role, supported by the
observation that it must be released prior to branch nucleation®. Biochemical experiments
investigating the role of WASP in the Arp2/3 complex activation mechanism have found that
WASP stimulates adoption of the short pitch conformation’®”*44 The requirement for WASP
in this activating conformational change ensures branch nucleation is spatially controlled, though
the influence of the splayed to short pitch equilibrium in regulating functional cellular actin
networks is unknown. Polybasic regions in WASP interact with phosphoinositide lipids,
resulting in WASP localization to the membrane®. This ensures Arp2/3 complex is activated at
the membrane, producing a polarized actin network capable of force production.

In the WASP-mediated activation mechanism, direct actin monomer tethering is
necessary for optimal branch nucleation by the Arp2/3 complex. WASP constructs containing
the CA motif but lacking the WH2 domain stimulate the short pitch state but fail to potently
activate the Arp2/3 complex’®’>%. Biochemical experiments have shown that monomer
recruitment increases adoption of the short pitch state compared to WASP alone’®’>74%4 This
suggests that monomer recruitment has a role in stimulation of the short pitch state, but the
existence of an additional required role has been proposed’*. Mathematical modeling suggests
the nucleus cannot be a dimer, meaning that direct monomer tethering may be required to
assemble an actin-Arp2-Arp3 nucleus prior to branch elongation®®. Though the precise role of
monomer recruitment in activation is unclear, its requirement in WASP-mediated activation
programs additional regulatory mechanisms into the assembly of actin networks. Network
density is influenced by competition for a pool of monomers between WASP and elongating

barbed ends, with reduced branch nucleation as the number of barbed ends increases®’. The WH2
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domain also binds barbed ends, competing with capping protein, which increases WASP activity
by blocking its barbed end binding®®.

Type II NPFs, including cortactin®®, Abp1'%, and Pan1'%!, activate the Arp2/3 complex
via a distinct mechanism in which they bind to actin filaments instead of monomers'®. A well
characterized type II NPF is cortactin, which contains a N-terminal acidic (NtA) region that
binds to Arp3 but fails to stimulate the short pitch conformation’>!%. Without increased adoption
of the short pitch state, cortactin only weakly activates the Arp2/3 complex, but can potently
synergize with type I NPFs'%*. An additional role for type II NPFs is that of branch
stabilization!°>1%°, This is evidenced by observations of cortactin remaining stably bound to
branch junctions after nucleation. Furthermore, a structure of the branch junction shows cortactin
bound to Arp3 and the daughter filament, stabilizing the active conformation and Arp2/3-actin
contacts'*1%_ Though type II NPFs have multiple functions, further characterizations are needed
to determine their primary role in functional actin networks.

During WASP-mediated activation, the Arp2/3 complex must bind to the side of an
existing actin filament to nucleate a branch. The ARPC2 and ARPC4 subunits form the majority
of contacts at the filament interface, with additional interactions made by Arp3, ARPCI, and
ARPC37880 777 Though the filament binds at the clamp, adoption of the short pitch state does
not substantially change the contacts made with the filament in the inactive state, suggesting that
filament binding does not influence clamp twisting during stimulation of the short pitch state’s.
Biochemical crosslinking assays have also shown that filaments do not stimulate the short pitch
state, instead influencing a distinct conformational change!®’. Structural evidence suggests this
is flattening as Arp3 flattening increases contacts with the mother filament through movement of

Arp3 and ARPC38. This requirement to bind a preformed actin filament ensures that WASP-
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mediated activation creates a branch rather than a linear filament, allowing assembly of highly
dendritic actin networks. Because of this binding requirement in activation, Arp2/3 complex
must navigate vast, dense networks consisting of many potential binding sites and may need to
tune its binding affinity to avoid sequestration and localize to WASP at the membrane.

Arp2/3 complex nucleates linear filaments when activated by the WISH/DIP/SPIN90
(WDS) family of proteins*>. WDS proteins contain armadillo repeat motif (ARM) domains,
through which they bind to ARPC2 and ARPC4 in the Arp2/3 complex®"-!%. Because this
binding site does not clash with the D-loops of incoming monomers as in the WASP-mediated
mechanism, WDS proteins can remain bound to the Arp2/3 complex after nucleation resulting in
a “single turnover” event, balancing relative levels of branched and linear actin'®. Structural
evidence shows that the same conformational changes occur in Arp2/3 complex during linear
filament nucleation as in branch nucleation, with subtle differences’®’®. Biochemical
experiments investigating the role of the S. pombe WDS protein Dip1 in activation found that
Dipl stimulated the short pitch conformation at levels similar to WASP*. That the WDS-
mediated mechanism of linear filament nucleation does not require filament binding suggests
that WDS proteins also stimulate flattening of Arp2/3 complex. Though WDS proteins can
activate Arp2/3 complex without a type I NPF, they also synergize with WASP family proteins
to nucleate linear filaments!'°. The WDS mediated mechanism of linear filament nucleation
plays important roles in network assembly and architecture. The linear filament nucleation
activity of Arp2/3 complex may provide seed filaments required for the assembly of branched
actin networks. Because branch nucleation requires a pre-existing filament, there must be a
source of seed filaments driving network formation. Additionally, recent structures have

demonstrated that the mammalian WDS protein SPIN9O0 acts as a dimer with biochemical
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experiments showing that its activity is dependent on its dimerization domain'!"!!2, How the
nucleation of bidirectional filaments influences network architecture and functionality remains to
be seen.

In my dissertation, I seek to elucidate the regulatory mechanisms involved in activation
of the Arp2/3 complex and their influence on functionality of polarized networks. In Chapter II, I
investigate the role of actin monomer recruitment in branch nucleation. In Chapter III, I
investigate the influence of perturbations of the equilibrium between the splayed and short pitch
states on functional actin networks. In Chapter IV, I investigate the role of binding affinity for

filaments in Arp2/3 complex activation.
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CHAPTER TWO
DIRECT ACTIN MONOMER DELIVERY IS A WASP-SPECIFIC REQUIREMENT FOR
HUMAN ARP2/3 COMPLEX ACTIVATION

*This chapter contains previously published co-authored material.

Carlson S. and Nolen B. Direct actin monomer delivery is a WASP-specific requirement for
human Arp2/3 complex activation. Journal of Molecular Biology. (under revision).
(2025).

Author Contributions: Sofia Carlson and Brad Nolen conceptualized the study, designed

experiments, and wrote and edited the manuscript. Sofia Carlson generated reagents and

performed experiments.

Introduction

Polymerizing actin filaments play critical roles in cellular force production. New actin
filaments are formed when the first few actin subunits (or structural mimics of actin) associate to
create the filament nucleus, the smallest oligomer that elongates at its ends at the same rate as
actin filaments''®. Filament nucleation is tightly regulated to control when and where actin
networks assemble and to dictate their cellular architectures®®, both of which are critical for
defining cytoskeletal function. While several actin filament nucleators have been identified,
including Arp2/3 complex, formins, and tandem WH2 proteins, Arp2/3 complex is the only
nucleator known to nucleate branched actin filaments**''*'>, Branched actin networks
assembled by Arp2/3 complex drive many biological processes, including endocytosis, cellular
motility, autophagy, and tissue morphogenesis'*®. Precise control of the nucleation activity of

Arp2/3 complex is essential to properly orchestrate these processes.

27



While Arp2/3 complex is intrinsically inactive, several classes of activating proteins, or
Nucleation Promoting Factors (NPFs), trigger its activation. The largest class of NPFs—the
Type I or WASP-family NPFs— includes several members, including WASP, N-WASP,
WAVE, WHAMM, JMY, WHIMP, and WASH?. WASP family proteins are characterized by the
presence of a C-terminal WCA (or VCA) segment (WH2, Central, Acidic), which constitutes the
minimal region sufficient for activation®'"®. The CA sequence within WCA binds Arp2/3
complex at two distinct sites, and engagement at both sites is required for maximal
activation’#?>"711® The WH2 sequence binds to actin monomers, allowing WASP to deliver the
first actin subunits for incorporation into the new filament®'"°. WASP constructs lacking the
WH2 region activate Arp2/3 complex weakly or not at all, demonstrating that recruitment of
actin monomers is critical for nucleation during WASP-mediated activation®-'"°. Importantly,
the requirement for directly recruited monomers establishes competitive interactions that regulate
both branch density and WASP activity in Arp2/3-assembled actin networks. First, by creating
competition between WASP and actin filament barbed ends for the pool of unpolymerized
monomers, this requirement limits the number of branches that can be nucleated, thereby
controlling branch density within the networks®”. Second, actin binding by the WH2 domain
establishes competition between WASP and capping protein for filament barbed ends, allowing
capping protein to indirectly stimulate WASP by preventing its association with barbed ends®.
Despite these essential regulatory roles, how WASP-recruited actin monomers contribute to
activation is still unclear.

Arp2/3 complex must bind to WASP, WASP-recruited actin monomers, and the side of a
pre-existing actin filament before nucleation is triggered®¢. Activation involves two major

structural changes: movement of the Arp2 and Arp3 subunits into an arrangement that matches
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consecutive actin subunits along the short pitch helical axis of the actin filament (the short pitch
conformation), and subunit flattening in both Arp2 and Arp374788"120, These changes allow the
Arp2-Arp3 pair to structurally mimic a filamentous actin dimer and template assembly of the
new filament. Biochemical experiments demonstrated that WASP-recruited actin monomers
stimulate movement of Arp2/3 complex into the short pitch conformation, thus bringing the
complex closer to a nucleation-competent state, indicating that this may be their primary
contribution to activation’®’4%+12°. However, when researchers crosslinked an engineered human
Arp2/3 complex to lock it into the short pitch state, it remained inactive and still required WASP
for activation’®. This finding suggested that in addition to stimulating the short pitch state, actin
monomers delivered during WASP-mediated activation play a second essential role in triggering
nucleation.

While the nature of this additional role is unclear, one model proposes that direct actin
monomer recruitment is a fundamental requirement to build the actin filament nucleus during
activation by any NPF. Several lines of evidence support this model. For instance, kinetic
modeling showed that the filament nucleus during spontaneous actin assembly is at least a trimer
or tetramer of actin''>'?'] suggesting the Arp2-Arp3 filament-like dimer may be insufficient to
constitute a nucleus. Additionally, studies of tandem WH2 class of actin filament nucleators
indicated that direct tethering and self-association of actin monomers via WH2 segments is a
viable mechanism to complete nucleus construction**''>22, However, some data argue against
the requirement for direct monomer delivery during Arp2/3 complex-mediated nucleation. For
instance, in budding yeast Arp2/3 complex (ScArp2/3 complex), WASP must directly deliver
actin monomers for potent activation under normal conditions, but when the complex is

crosslinked into the short pitch conformation, ScArp2/3 complex nucleates actin filaments

29



potently even without WASP-recruited actin monomers'?. These data indicate that direct actin
monomer delivery is not a fundamental requirement for nucleation by ScArp2/3 complex, but
rather a specific requirement for WASP-mediated activation.

These apparent discrepancies may reflect fundamental mechanistic differences between
Arp2/3 complexes from distinct species. Biochemical and structural investigations have used
purified human, bovine, budding yeast, fission yeast, and Acanthamoeba Arp2/3 complex. These
experiments—in addition to the crosslinking data mentioned above—have revealed multiple
differences among the distinct species. For instance, while Arp2/3 complexes from both yeast
and mammals retain some nucleation activity in the absence of NPFs, this basal activity is
greater in the budding yeast complex'?, likely due to its increased propensity to populate the
short pitch conformation’*'?. Furthermore, mammalian but not yeast Arp2/3 complexes are
regulated through phosphorylation of the Arp2 subunit'**'?*. While these species-specific
differences could be symptomatic of fundamental differences in the nucleation mechanism, it is
also possible that they represent minor evolutionary adaptations, and that the overall mechanism
of nucleation is conserved. Here we use a combination of biochemical assays and kinetic
modeling to distinguish between these possibilities, and to address the role of actin monomer
delivery in nucleation by human Arp2/3 complex. Our data clarify how actin filament nuclei can
be assembled by Arp2/3 complex during activation of the complex by any NPF, with or without
monomer delivery, and demonstrate that fundamental aspects of the nucleation mechanism are

conserved between yeast and mammalian complexes.

30



Results
Short pitch crosslinked HsArp2/3 complex may be inactivatable

To better understand how recruited actin monomers influence the activity of human
Arp2/3 complex (HsArp2/3 complex), we revisited the short pitch crosslinking assays of
Zimmet, et al”®. Their data showed that treating dual cysteine engineered HsArp2/3 complex with
bismaleimidoethane (BMOE) yielded mixed products. These included ~20% crosslinked
complexes, as well as an unknown percentage of uncrosslinked complexes and BMOE adducts.
The BMOE-treated reaction mix was not active without WASP and was only partially activated
by WASP. This led to the conclusion that the crosslinked HsArp2/3 complex was inactive
without WASP, but activatable by WASP, whereas the non-crosslinked BMOE adducts were not
fully activatable. An alternative interpretation is that the human complex is inactive upon
crosslinking, possibly locked into a near, but not fully short-pitch state. To assess this possibility,
we engineered the previously studied cysteines that trap the short pitch conformation (between
residues Arp3 (L117C) and Arp2 (L199C)) into HsArp2/3 complex containing high-activity
subunit isoforms (Arp3A, ARPCIB, and ARPC5L). We purified this complex using an insect
cell expression system with His-Strep tags on ARPC1 (Figure 2.1A). The purification procedure
yielded low milligram quantities of Arp2/3 complex that showed consistent activity across
preparations (Figure S2.1A).

HsArp2/3-dual cysteine (wildtype HsArp2/3 from here onward) was active in the
presence of the VCA fragment of N-WASP in pyrene polymerization assays but showed little or
no activity in the absence of N-WASP VCA, consistent with previous reports (Figure S2.1A).
We treated the human dual cysteine complex with the bismaleimide crosslinker BMOE and

found an optimized condition in which up to 40% of the complex was crosslinked after
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incubation with BMOE in the absence of N-WASP (Figure 2.1B). These data are consistent with
the previous report and suggest that the HsArp2/3 complex at least weakly adopts the short pitch
conformation even in the absence of WASP’%. To determine how crosslinking affects Arp2/3
complex activity, we tested the products of the reaction—a mix of uncrosslinked and crosslinked
complexes— in pyrene actin polymerization assays. These assays showed that neither the
crosslinked nor the uncrosslinked adducts have significant activity in the absence of N-WASP-
VCA, consistent with previous data’ (Figure 2.1C and 2.1D). To determine whether HsArp2/3
complexes in the crosslinked mix are activatable, we added N-WASP-VCA to the pyrene
polymerization assays. We found the crosslinked mix had reduced WASP-stimulated activity

compared to the untreated HsArp2/3 complex (Figure 2.1E). From these data, we cannot rule out

Figure 2.1. Short pitch crosslinked HsArp2/3 complex may be inactivatable.

(A) Coomassie-stained SDS-PAGE gel of purified human dual-cysteine Arp2/3 complex
containing tandem 12x His and TwinStrep tags on the ARPC1 C-terminus. (B) (left) Anti-Arp3
western blot of 0.5 uM dual-cysteine HsArp2/3 complex crosslinked for 1 hour with 25 uM
BMOE. (right) Quantification of percent Arp2/3 crosslinked (n=3). (C) Time course of pyrene
actin polymerization comparing the activity of the uncrosslinked versus crosslinked human
Arp2/3 complexes in the absence of N-WASP-VCA. Reactions contained 3 uM 15% pyrene
labeled actin and the indicated concentrations of crosslinked or uncrosslinked Arp2/3 complex.
The control reaction contained 15 nM uncrosslinked complex and 50 nM N-WASP-VCA.

(D) Maximum polymerization rates calculated from reactions in (C). Statistical significance was
determined by an ordinary one-way ANOVA with Dunnett’s multiple comparisons test (n=4).
(E) Time course of pyrene actin polymerization comparing the activity of the crosslinked
reaction mixture (total Arp2/3 concentration 25 nM) with 50 nM added N-WASP-VCA to the
indicated concentrations of the purified uncrosslinked Arp2/3 complex with the same
concentration of N-WASP-VCA. Reactions contained 3 uM 15% pyrene labeled actin. (F)
Maximum polymerization rates calculated from reactions in (E). (n=4) (G) Possible percent
activities of the crosslinked Arp2/3 complex (magenta) and uncrosslinked Arp2/3 complex
(green) that could produce the activity of the complex measured in (E). The activity of the
BMOE-treated reaction mix, which contains a total of 9.6 nM crosslinked and 15.4 nM
uncrosslinked Arp2/3 complex (which likely includes BMOE adducts), has activity equivalent to
~11 nM non-BMOE treated complex. This activity could be accounted for by the inactive
crosslinked Arp2/3 complex harboring no activity and the uncrosslinked pool being 71% active
(left extreme in plot), the crosslinking complex being 100% active and the uncrosslinked pool
having 9% activity (right extreme in plot), or by the intermediate scenarios indicated in the plot.
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the possibility that uncrosslinked BMOE adducts are defective. However, a 25 nM HsArp2/3
complex reaction mix containing 38.4% (9.6 nM) crosslinked and 61.6% (15.4 nM)
uncrosslinked had slightly more activity than a reaction containing 10 nM uncrosslinked
HsArp2/3 complex (Figure 2.1E and 2.1F). This level of activity can be attributed to either a
complete loss of activity in the crosslinked fraction of the reaction mixture or various degrees of
partial activity loss in both the crosslinked and uncrosslinked fractions (Figure 2.1G). These
results support the possibility that the short pitch crosslinked complex may be inactive, even in
the presence of WASP. We conclude that this assay cannot be used to determine whether locking
the HsArp2/3 complex into the short pitch conformation bypasses the need for WASP and

WASP-recruited actin monomers in the activation mechanism.
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Splayed interface mutations stimulate NPF-independent activity in HsArp2/3 complex

We found that activity measurements of the crosslinked mixes were ambiguous, so we
switched to a mutagenesis approach to assess the effect of adoption of the short pitch
conformation on HsArp2/3 complex activity. In ScArp2/3 complex, mutations at the inactive
(splayed) interface between Arp2 and Arp3 destabilize the splayed state, shifting the equilibrium
towards the short pitch state’®. We purified the homologous single point mutants in HsArp2/3
complex, Arp2 (A208W) and Arp2 (F204Y), in the context of the dual engineered cysteines and
tested whether they shifted the conformational equilibrium by crosslinking each mutant with
BMOE (Figure 2.2A and 2.2B). Crosslinking between the Arp2 and Arp3 subunits increased in
both Arp2 (F204Y) and Arp2 (A208W) complexes compared to the wildtype complex,
demonstrating that the mutations increase the population of the short pitch conformation (Figure
2.2C and 2.2D). Based on the previously published results’, we expected that the shift toward
the short pitch conformation would not be sufficient to activate the complex without WASP, as
fully short pitch crosslinked HsArp2/3 complex was reported to have no WASP-independent
activity. However, the splayed interface mutants showed significant activity in the absence of
WASP (Figure 2.2E-2.2G). The activity of the Arp2 (F204Y) and Arp2 (A208W) mutants, as
measured by the maximum polymerization rate, was 60% and 45% greater than the wild-type
complex, respectively, in reactions using 25 nM of the Arp2/3 complexes. The mutant
complexes were less active than the wild-type complex activated with an optimal concentration
of WASP, consistent with the observation that the mutants only partially shift the complex
toward the short pitch conformation (Figure 2.2D). These data demonstrate that activation of the
short pitch HsArp2/3 complex does not require direct recruitment of actin monomers by WASP.
They also indicate that BMOE crosslinking creates a defective HsArp2/3 complex. Unlike the
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splayed interface mutants, the crosslinked complex showed no NPF-independent activity despite

being locked in the short pitch conformation, suggesting that crosslinking itself impairs complex

function (Figure 2.1C and 2.1D).
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Figure 2.2. Splayed interface mutations stimulate NPF-independent activity in HsArp2/3
complex. (A) Structure of inactive Bos taurus Arp2/3 complex highlighting residues in Arp2 at
the Arp2-Arp3 splayed interface, A208 and F204 (PDB: 4jd2). These residues are conserved in
human Arp2/3 complex and are mutated in this study. (B) Coomassie-stained SDS-PAGE gel of
purified human Arp2/3 complexes: wild-type dual-cysteine construct (WT), Arp2(F204Y) and
Arp2(A208W). (C) Anti-Arp3 western blot of 0.5 uM WT, Arp2(F204Y), and Arp2(A208W)
complexes crosslinked for 30 minutes with 25 uM BMOE. (D) Percent crosslinked WT,
Arp2(F204Y), and Arp2(A208W) complexes from reactions in (C). Statistical significance was
determined by an ordinary two-way ANOVA with Dunnett’s multiple comparisons test (n=4).
(E) Time courses of pyrene actin polymerization for reactions containing 3 pM 15% pyrene
labeled actin and either 25 nM Arp2(F204Y), Arp2(A208W), or WT complexes in the absence of
N-WASP VCA or 25 nM WT Arp2/3 complex with 100 nM N-WASP-VCA. (F) Maximum
polymerization rates calculated from reactions in (E). Statistical significance was determined by
an ordinary one-way ANOVA with Dunnett’s multiple comparisons test (n=4). (G) Plot of
maximum polymerization rates versus concentration of Arp2/3 complex for wild-type and
mutant complexes under the reaction conditions shown in E. No N-WASP-VCA was present in
these reactions. Error bars indicate standard deviation (n=3).
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Splayed interface mutants likely require monomer collision for WASP-independent
nucleation

Our data demonstrate that direct actin monomer recruitment is not required to activate
HsArp2/3 once it adopts the short pitch conformation. This indicates either that the Arp2-Arp3
short pitch dimer alone is sufficient to create the filament nucleus, or that monomers diffuse,
collide with and bind to the Arp2-Arp3 dimer to construct the nucleus. To distinguish between
these possibilities, we ran time courses of pyrene actin polymerization with varying
concentrations of the Arp2(A208W) complex and modeled the reactions using kinetic simulation
software. To minimize the number of floating rate constants in the simulations, we first modeled
spontaneous actin assembly by running the assays at a range of actin concentrations without
Arp2/3 complex (Figure S2.2). The best-fit rate constants for actin dimerization and trimerization
were used for Arp2 (A208W) modeling.

We modeled WASP-independent activation of the Arp2(A208W) complex using several
different pathways to determine which reaction schemes fit the time courses we measured in the
pyrene actin polymerization assays (Figure 2.3A, Table S2.1). Each model included an
irreversible branching nucleation step to represent activating conformational changes (e.g.,
subunit flattening or adoption of the short pitch conformation). This step was made irreversible
to prevent subunit dissociation from converting elongating branches into new branch nuclei,
since the simulations do not account for filament length'®*'?”. While rate constants for actin
filament binding by wild-type or mutant HsArp2/3 complexes have not been measured, we
floated the off rate and constrained the on rate based on measured binding affinities of HsArp2/3
complex for actin filaments’*'?. In the simplest model (Arp2-Arp3 dimer nucleus model, Figure
2.3A), Arp2/3 complex bound a preformed actin filament, underwent irreversible activation, and
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the Arp2-Arp3 heterodimer formed the nucleus for branch elongation. This model fit the data
poorly, suggesting that the Arp2-Arp3 heterodimer alone is insufficient to build the nucleus

(Figure 2.3B).
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Figure 2.3. Splayed interface mutants likely require monomer collision for WASP-
independent nucleation. (A) Pathways of WASP-independent nucleation by the Arp2(A208W)
complex mutant tested via mathematical modeling. Each pathway also included reactions for
spontaneous nucleation in the simulation (see Figure S2.2). The filament nucleus is indicated by
the dashed box in each pathway. Floated rate constants are in red and fixed or constrained rate
constants (see main text) are in black. (B) Polymerization time courses (dashed lines) of 15 % 2
uM pyrene labeled actin with the indicated concentrations of Arp2(A208W) Arp2/3 complex.
Best fits from Model 1 (Arp2-Arp3 dimer nucleus model) simulations are shown as solid lines.
(C) Polymerization time courses as described in (B). Best fits from Model 2 (Arp2-Arp3-actin
trimer nucleus model) simulations are shown as solid lines. (D) Objective values of the best fits
from Model 1-3. Objective value is the result of minimization of the normalized weighted sum of
squares (see methods).
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The poor fits in the Arp2-Arp3 dimer nucleus model show that accumulation of polymer
is faster than predicted by the simulation early in the reaction and slower later in the reaction. We
wondered whether this could reflect dependence on the actin monomer concentration, which
decreases as the reaction proceeds. Therefore, we next considered a model in which an actin
monomer must collide with the complex and bind to Arp2 and Arp3 to form the nucleus (Arp2-
Arp3-actin trimer nucleus model, Figure 2.3A). This model fit the data well, suggesting that
monomers must collide with and bind to Arp2/3 complex for activation (Figure 2.3C). We also
tested a model requiring two actin monomers to bind the complex, but these simulations fit
poorly compared to those in the Arp2-Arp3-actin trimer nucleus model (Figure 2.3D). Together,
these data suggest the Arp2-Arp3 heterodimer is insufficient for nucleation, and that a monomer
must collide with and bind to the complex to create the nucleus. We note that the WASP-
independent activity of the Arp2(F204Y) complex also fit best to the Arp2-Arp3-actin trimer
nucleus model, indicating the splayed interface mutants use similar NPF-independent nucleation

mechanisms (Figure S2.3, Table S2.2).

SPIN90 achieves potent Arp2/3 activation through monomer collisions

Our data indicate that direct actin monomer delivery is not required to activate HsArp2/3
complex once it is shifted into the short pitch state. However, our simulations suggest that actin
monomers must bind to the complex to build the branch nucleus. While random collisions allow
an actin monomer to bind to the complex in the best fitting model (Arp3-Arp2-actin trimer
nucleus model), we expect this step to be comparatively slow, since direct monomer delivery by
WASP dramatically increases the effective concentration of actin monomers. Therefore, we

wondered whether nucleus formation through (slow) monomer collisions could yield rapid
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nucleation by mammalian Arp2/3 complex, or if directly tethered monomers are required for
rapid nucleation. We could not address this with the splayed interface mutants, as these mutants
had relatively weak W ASP-independent activity that could be attributable either to their
incomplete adoption of the short pitch conformation and/or because of slow actin monomer
collision steps. Instead, we compared the nucleation potency of SPIN90, the mammalian
WISH/DIP1/SPIN90 (WDS) protein, to N-WASP, a prototypical WASP family protein.

Like other WDS proteins, SPIN90 activates BtArp2/3 complex without directly
delivering monomers*®, so we reasoned that the SPIN90-Arp2/3 complex might build a filament
nucleus through one or more monomer collisions. To test this, we measured activation of the
complex by a range of concentrations of SPIN90 and modeled the resulting pyrene actin
polymerization time courses using multiple kinetic pathways (Figure 2.4A, Table S2.3), as
described above. While it is now known that dimerization is required for SPIN90 activity, for
simplicity we did not include SPIN90 dimerization steps in the models'!""!'2. In the simplest
activation pathway, SPIN90 bound reversibly to Arp2/3 complex followed by an irreversible
activation step, with the Arp2-Arp3 heterodimer creating the nucleus (SPIN90 Arp2-Arp3 dimer
nucleus model). As with the splayed interface mutants, this model fit the data poorly (Figure
2.4B), suggesting the Arp2-Arp3 heterodimer is insufficient to create the nucleus. A model in
which a single actin monomer collided and bound to SPIN90-Arp2/3 complex to create the
nucleus showed an improved fit (SPIN90 Arp2-Arp3-actin trimer nucleus model, Figure 2.4A)
(Figure 2.4C), and a model requiring two monomers fit similarly to the single monomer-binding
pathway (Figure 2.4D). These observations suggest SPIN90-mediated activation, like the NPF-
independent activity of the splayed interface mutants, requires assembly of an Arp2-Arp3-actin

nucleus with at least one actin monomer.
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Figure 2.4. SPIN90 achieves potent Arp2/3 activation through monomer collisions

(A) Pathways of SPIN90-mediated activation of HsArp2/3 complex tested via mathematical
modeling. The filament nucleus is indicated by the dashed box in each pathway. Floated rate
constants are in red and fixed or constrained rate constants (see main text) are in black.

(B) Polymerization time courses (dashed lines) of 15 % 3 uM pyrene labeled actin with 25 nM
Bos taurus (Bt)Arp2/3 complex and the indicated concentrations of SPIN90. Best fits from
Model 1 (SPIN90 Arp2-Arp3 dimer nucleus model) simulations are shown as solid lines.

(C) Polymerization time courses as show in (B) with best fits from Model B (SPIN90 Arp2-
Arp3-actin trimer nucleus model) simulations shown as solid lines. (D) Objective values of the
best fits from dimer (Figure 2.4B), trimer (Figure 2.4C), and tetramer models. Objective value is
the result of minimization of the normalized weighted sum of squares (see methods).

(E) Plot of maximum polymerization rates versus concentration of either SPIN90 or GST-N-
WASP-VCA [NPF] for pyrene polymerization assays containing either NPF plus 3 uM 15%
pyrene labeled actin and 25 nM BtArp2/3 complex. Error bars indicate standard deviation (n=3).
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To determine whether SPIN90-mediated activation can yield rapid nucleation despite
relying on random monomer collisions, we directly compared the activity of SPIN90 and N-
WASP-VCA in pyrene actin polymerization time courses (Figure 2.4E). More SPIN90 was
required to saturate Arp2/3 complex than N-WASP-VCA, suggesting that it binds Arp2/3
complex weakly. However, at near-saturating concentrations, SPIN90 stimulated nucleation by
the complex at levels close to that triggered by N-WASP-VCA, according to their maximum
polymerization rates. This suggests that—even though it relies on collision and binding of
untethered monomers—SPIN90 can stimulate relatively rapid filament nucleation in bulk
polymerization assays.

To better understand the rates of the monomer binding and nucleation steps in the
SPIN90 reaction, we examined the fittted kinetic rate constants for k.7, k7 and ko, but found that
they were poorly determined by the data (Figure S2.4C-E). Therefore, we derived an equation to
express the macroscopic rate constant for formation of new ends from the SPIN90-Arp2/3
complex assembly (kobs, s90) (Figure S2.4A-B). This rate constant describes the rate through the
monomer collision and nucleation steps during SPIN90-medidated activation. Because of the
simple, linear pathway of the model, the value for kops, soo is well-determined at ~0.0001 s™!
Figure S2.4C-E.

Because of the non-linear nature of the mechanism, we could not derive an analogous
macroscopic rate constant for monomer binding and nucleation steps during WASP-mediated
activation, as modeled in Helgeson, et al (reactions 23, 24, and 25 in Figure S2.5A)'%.
Therefore, to estimate the rates of these steps, we used previous measurements of the binding
kinetics of actin to an isolated WH2 domain along with the nucleation rate constant derived from

single molecule studies of the budding yeast Arp2/3 complex®>!*°. Given these values, we
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estimated a Kobs,wasp of ~0.0067 s™! for the WASP monomer binding and nucleation steps at 3

uM actin monomer (Figure S2.5B). This value is ~70 fold faster than the analogous macroscopic
rate constant for the SPIN90 mechanism. While not definitive, these calculations are consistent
with a model in which actin monomer collisions and subsequent nucleation steps during SPIN90-
mediated activation are slower than WASP-mediated actin monomer recruitment, at least at 3

uM actin.

Discussion

Our data demonstrate that direct actin monomer delivery is a WASP-specific
requirement, not a fundamental prerequisite for Arp2/3 activation. Why direct monomer delivery
is required for WASP but not WDS family proteins may relate to their distinct binding modes
and release requirements. WASP proteins must be released before nucleation completes because
their binding is incompatible with the final nucleation-competent conformation’ 7893194, In
contrast, WDS proteins remain bound throughout activation and even after nucleation is
complete'®. Therefore, direct monomer delivery by WASP may be required to stimulate release
of WASP from the nascent branch junction. Consistent with this hypothesis, engagement of the
D-loops of recruited actin monomers with the barbed end grooves of Arp2 and Arp3 is thought to
cause activating structural changes (e.g. subunit flattening) that could facilitate WASP release®’.
These interactions could explain why monomer delivery is needed during WASP-mediated
activation and, while not required, how it can accelerate activation by other NPFs (see below).

We show here that—comparing near-saturating NPF concentrations of each NPF—
SPIN90 activates Bos taurus (Bt)Arp2/3 complex at rates similar to N-WASP-VCA, despite its

inability to recruit actin monomers. A similar comparison revealed that the S. pombe WDS
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protein, Dipl, activated Arp2/3 complex more potently than S. pombe WASP at all
concentrations tested, even though Dip1 relies on monomer collisions rather than delivery*®.
Together, these findings demonstrate that collision-based nucleation mechanisms can result in
significant activation of the complex relative to WASP, despite the slow passage through the
monomer binding and nucleation steps. Simulations of the WASP-mediated activation pathway
suggest that despite relatively rapidly monomer binding and nucleation steps, WASP-mediated
nucleation may be at least partially limited by slow actin filament binding in these assays (Figure
S2.6). In contrast, SPIN90 does not require preformed filaments for activation, so its rate of new
filament end creation is similar to WASP despite its slower passage through the monomer
binding and nucleation steps. Therefore, the kinetics of SPIN90-mediated activation are
consistent with its role in initiating rather than propagating branched actin networks: it has high
activity relative to WASP at low filament concentrations and low activity relative to WASP at
high actin filament concentrations.

Importantly, WDS proteins activate more potently when monomer delivery is
incorporated into the reaction. Specifically, both Dipl and SPIN90 potently synergize with
WASP proteins to activate Arp2/3 complex''®''. This synergy depends on the ability of WASP
to deliver actin monomers to the complex, suggesting that WASP-mediated monomer delivery
eliminates the slow monomer collision step to accelerate nucleation. This principle may extend
to cortactin, a weak type II NPF that lacks monomer binding regions and likely depends on
collisions for nucleation®®'*2. Fusing WASP's actin-binding region to cortactin dramatically
enhances its potency'®. Understanding why monomer delivery or collisions are required—and
why the Arp2-Arp3 dimer alone is insufficient—remains an important open question in

understanding the Arp2/3 complex nucleation mechanism.
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Our findings indicate that fundamental aspects of activation are conserved between yeast
and mammalian Arp2/3 complexes. Specifically, both mammalian and yeast complexes can be
activated without the need to directly recruit actin monomers once they adopt the short pitch
conformation (e.g., by WDS proteins or through splayed interface mutations). In contrast, during
activation by WASP, both yeast and human complexes require direct actin monomer recruitment
through the WASP WH2 domain, a requirement essential for regulating WASP activity and
branch density in Arp2/3-assembled branched actin networks®”%.

The conserved roles of actin monomers in activating human and yeast complexes, despite
~1.5 billion years of evolutionary divergence, suggests that other fundamental aspects of the
activation may also be preserved. However, it will be important to test other key aspects of the
mechanism to confirm this hypothesis. For instance, actin filaments play a well-understood role
in WASP-mediated activation of ScArp2/3 complex, where crosslinking experiments showed
that actin filaments do not stimulate the short pitch conformation but instead stimulate a different
conformational change'’. Whether this is also true for mammalian complexes will be critical to
test, given that the filament requirement ensures that only branched actin filaments are nucleated
during WASP-mediated activation.

While crosslinked ScArp2/3 complex gains potent NPF-independent activity'?, our data
indicate that the crosslinked HsArp2/3 complex is defective and cannot be activated. The
structural basis for this difference is unclear, but comparison of the active BtArp2/3 complex
structure (Bos taurus Arp2 and Arp3 show 100% identity to their human homologues) to a
ScArp2/3 complex homology model revealed potentially important differences near the

crosslinked cysteines’®. For instance, within 5 A of the two crosslinking residues are three

substitutions that may create more steric crowding around the BMOE crosslinker in HsArp2/3
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complex: Arp3 Hs T119 (Sc P157), Arp3 Hs H192 (Sc N230), and Arp2 Hs L198 (Sc S197)
(Figure S2.7). Molecular dynamics simulations indicate that BMOE has an S-S crosslinking
distance of ~6.3-10.5 A, depending on its conformation3*. We speculate that steric crowding
may force BMOE in crosslinked HsArp2/3 complex to adopt a conformation that holds Arp2 and
Arp3 in a non-native inactive state. Additional computational and structural work will be
required to test this hypothesis and to understand the conformational diversity of the nucleation-

competent ensemble.

Methods
Cloning, protein expression, and purification

Actin was purified from rabbit muscle acetone powder and labeled with pyrene
iodoacetamide as previously described'®. N-WASP-VCA (C431A) and GST-N-WASP-VCA
were purified as previously described™®. Human SPIN90 (269-722) was purified as previously
described'®®, with minor changes as follows. Protein was eluted from the Resource 30Q column
over a salt gradient from 50 to 400 mM NaCl. After passing through a glutathione Sepharose
column, protein was purified on a Superdex 75 column, followed by a Superdex 200 column,
pooling pure fractions each time. Pure protein was concentrated in a Vivaspin Turbo 30
concentrator (Sartorius) and exchanged into storage buffer (20mM Tris pH 8.0, 100mM NacCl,
ImM DTT) before flash freezing in liquid nitrogen and storing. Bos taurus Arp2/3 complex was
purified as previously described from calf thymus'®. Proteins described above are shown in
Figure S2.1B.

Human Arp2/3 complex was expressed using the biGBac insect expression system'®.

The Arp3A, ARPCI1B, and ARPC5L isoforms were used as complexes with these variants have
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been shown to be more active than their counterparts'’. C-terminal tandem 12x His and
TwinStrep tags were added to the ARPC1 subunit. Arp2, Arp3, ARPC1, ARPC2, ARPC3,
ARPC4, ARPCS, and a mNeonGreen (mNG) fluorescent marker were subcloned into pLIB
vectors with polyhedrin promoters. The dual-cysteine mutant was constructed by introducing
mutations Arp2 (L199C), Arp3 (L117C), and Arp3 (C408A) into pLIB Arp2 or pLIB Arp3 via
site directed mutagenesis. The dual-cysteine construct used in the crosslinking activity assays
(Figure 2.1) had the additional mutations C189A and C307A introduced by site-directed
mutagenesis into pLIB Arp3. F204Y and A208W mutations were introduced into the Arp2 pLIB
vector via site-directed mutagenesis in the context of the dual-cysteine mutation. Genes from
pLIB vectors were then PCR amplified and inserted via Gibson or Infusion (Takara) assembly
into linearized parent pBIG1 vectors to produce three pBIG1 vectors containing Arp2 and Arp3,
ARPCI1-3, or ARPC4-5 and mNG. pBIG1 vectors were then digested with the Pmel restriction
enzyme and inserted via Gibson assembly or Infusion into a linearized parent pBIG2 vector to
produce a single pBIG2 vector containing all seven subunits and the mNG fluorescent marker to
track viral infection.

Bacmid DNA was generated by transforming pBIG2 plasmids into DH10Bac competent
cells and purifying with GeneJET Plasmid Miniprep kit (ThermoFisher) through the
neutralization step with subsequent purification by ethanol precipitation. Sf9 cells maintained in
ESF921 media (Expression Systems) with 2% fetal bovine serum (FBS) were transfected with
purified Bacmids by incubating 5-7 pg of DNA with 4 uL of FuGENE (Promega) and 250 uL of
Opti-MEM media (Gibco) for 20 minutes before adding to 1 x 10° cells in a 6-well plate. After
4-7 days at 27° C, the supernatant (PO virus) was added to 7 x 10° Sf9 cells in a 10 cm tissue

culture dish, which were grown for another 4-7 days at 27°C. These cells were harvested by
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centrifugation at 600 x g for 5-10 minutes and the supernatant (P1 virus) was stored at -80 °C. P2
virus was prepared by infecting 100 mL of Sf9 cells at 1 x 10% with 2 mL of P1 virus and
harvesting after 4-7 days by centrifugation at 600 x g for 5-10 min, filtering with a 0.22 pm
polyethersulfone (PES) filter, and storing at 4° C. Protein was expressed in HighFive cells
maintained in ESF921 media by infecting with 2% P2 virus at log phase and growing for 2 days.
Cells were harvested via centrifugation after addition of ImM EDTA and ImM
phenylmethylsulfonyl fluoride (PMSF). Cell pellets were washed with phosphate-buffered saline
(PBS), pelleted via centrifugation, and stored at -80 °C until purification.

Arp2/3 complex was purified by resuspending cell pellets in PKME buffer (25mM
PIPES-KOH pH 7, 50 mM KCI, 1 mM EGTA, 3 mM MgCl,, 1 mM dithiothreitol (DTT),
0.1mM ATP) supplemented with cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche)
and 1.25 U/mL Benzonase Nuclease (Millipore Sigma) and lysing via sonication. Cell lysate was
supplemented with 2 mM PMSF and clarified via ultracentrifugation in a Ti70 or Ti45 rotor for
one hour at 52k or 35k RPM. The fat layer was aspirated off and the clarified lysate was filtered
once through 8 ply cheese cloth and subsequently through a 5 um PVDF filter and an optional
0.45 um PVDF filter. The filtrate was then loaded on a glutathione Sepharose 4B (Cytiva) GST-
N-WASP VCA column prepared as previously described®, washed with PKME, PKME +
25mM KCIl, and PKME + 50mM KCIl, and then eluted via a 100 mM to 1M NaCl gradient in 20
mM Tris-HCI pH 8, 1 mM BME, and 5% glycerol. The elution was diluted to 250 mM NaCl and
0.5 mM BME and loaded on a HisPur Cobalt Superflow Agarose (Thermo Scientific) and/or
nickelnitrilotriacetic acid (Ni-NTA) affinity column in 20 mM Tris pH 8, 250 mM NaCl, 5 mM
imidazole, 0.5 mM BME, and 5 % glycerol before washing with 20 mM Tris pH 8, 250 mM

NacCl, 15 mM imidazole, 0.5 mM BME, and 5% glycerol. The cobalt column was eluted with 20
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mM Tris pH 8, 250 mM NacCl, 150 mM imidazole, 0.5 mM BME, and 5 % glycerol. The Ni-
NTA affinity column was eluted with 20mM Tris pH 8, 250 mM NaCl, 250 mM imidazole, 0.5
mM BME, and 5 % glycerol. Eluted fractions were pooled, supplemented with 1 mM EDTA, 1
mM DTT, and 0.1 % Tween 20, and dialyzed against 20 mM Tris pH 8, 100 mM NaCl, 1 mM
DTT, 1 mM EDTA, 0.1% Tween20, and 5% glycerol for 4 hours. The sample was then dialyzed
in 20 mM Tris with 100 mM NaCl overnight and then for an additional 4 hours with fresh buffer.
The sample was then run over a glutathione Sepharose 4B column to remove any residual GST-
N-WASP-VCA before it was concentrated in a stirred ultrafiltration cell (Amicon) with a
Hydrosart 30 kDa molecular weight cutoff filter (Sartorius), flash frozen, and stored at -80 °C.
Concentrations were determined by measuring absorbance at 280 nm (g250= 237,000 Mlcm™)
and validated via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE).

While we were previously able to purify crosslinked budding yeast Arp2/3 complex™®’, we did

not attempt to purify the crosslinked HsArp2/3 complex because the yields were too low.

Crosslinking assays

Dual-cysteine Arp2/3 complex was incubated in 1x KMEI (10 mM Imidazole-HCI] pH
7.0, 50 mM KCI, 1 mM EGTA, 1 mM MgCl,) and 0.2 mM ATP for 5 minutes at room
temperature before adding a 50x molar excess of bismaleimidoethane (BMOE). Reactions were
carried out at room temperature and quenched with 2 x SDS buffer for western blot or 1 mM
DTT for pyrene polymerization assays. For western blot analysis, reactions were run on 10-20%
SDS-PAGE gradient gels, transferred overnight onto nitrocellulose membranes, probed with
1:200 Anti-Arp3(A-1) (Santa Cruz sc-48344) primary antibody followed by 1:5000-1:15,000

IRDye 800CW Donkey anti-Mouse IgG secondary antibody (Licor #925-32212)
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before imaging on an Amersham Typhoon imager. Quantification of the percent crosslinked was
completed in the ImageQuant analysis software by determining the crosslinked and

uncrosslinked band intensities after background subtraction via the rolling ball method.

Pyrene actin polymerization assays

Pyrene actin polymerization assays were carried out in a 96-well black flat bottom half-
area plate (Corning 3686) on a TECAN Safire 2 plate reader with excitation at 365 nm and
emission at 407 nm. A 10x solution of M/E buffer (5 mM MgCl,, 20 mM EGTA) was added to
rabbit skeletal muscle actin in G buffer (5 mM Tris pH 8.0, 0.2 mM CaCl, 0.2 mM ATP, 0.2
mM DTT) with 5% bovine serum albumin (BSA) and the solution was incubated for 2 min.
Activators including Arp2/3 complex and indicated proteins were pre-mixed and added to the
actin at the concentrations indicated, with a final concentration of 2-3 uM 15% pyrene-labeled
actin, and a final buffer composition of 10 mM Imidazole-HCI pH 7.0, 50 mM KCI, 1 mM
EGTA, 1 mM MgCl, 0.2 mM ATP, and ImM DTT. For mathematical modeling experiments,
measurements were made in a cuvette using an ISS PC1 Photon counting spectrofluorometer and
BSA was not added to the reaction. Maximum polymerization rates were determined by
measuring slopes across 5 time points and converting to elongation rates by assuming that 0.1

uM actin remained unpolymerized at steady state.

Mathematical Modeling
Time courses of actin assembly were simulated using the program COmplex PAthway
Simulator (COPASI)™®. Fluorescent values from actin polymerization assays containing 2 or 3

uM 15% pyrene-labeled actin were converted to the concentration of polymerized actin based on
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the assumption that the critical concentration of 0.1 uM actin remained monomeric at steady
state. Models were fit with reaction traces for both F-actin and G-actin concentrations for each
reaction condition. All conditions were fit simultaneously to each model, first using the genetic
algorithm with 800 iterations, followed by the Levenberg-Marquardt method with 2000 iterations
for local refinement. Quality of fits were evaluated based on the objective value, determined by

calculating the normalized mean square weighted sum of squares (MSS) with the following

1
<x2>

equation: MSS = ), * (x — y)?, with x representing an experimental data point and y the

corresponding simulated value.

To reduce the number of floating parameters, reactions containing only actin were fit to
spontaneous nucleation and assembly models to determine rate constants for dimerization,
trimerization, and trimer nucleation (Figure S2.2). Barbed and pointed end elongation rates were
fixed according to previously measured values®. The best-fit values were subsequently used
when testing models for reactions containing SPIN90, the Arp2(A208W) complex, or the
Arp2(F204Y) complex. Actin trimer nucleation values were floated in A208W and F204Y
models to account for variation in actin activity between days. Simulations of the polymerization
reaction without actin were repeated for each preparation of actin. To constrain Arp2/3 complex
filament binding rate constants for A208W and F204Y mutant complex modeling, the Kp was
estimated by averaging the estimated Kp from two previous studies on HsArp2/374'%, To
constrain SPIN90 binding to Arp2/3 complex, maximum polymerization rates from pyrene
polymerization traces over a range of SPIN90 concentrations were plotted. An apparent binding
affinity was estimated from the resulting curve with the nonlinear regression curve fit in

GraphPad Prism and using the 95% confidence interval range of affinity values. SPIN90 was
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recently found to dimerize and nucleate bidrectionally'"-''2, but we treated it as a monomer to
simplify the model and reduce the number of floating variables.

Rate of barbed end formation was determined for SPIN90 and GST-VCA by plotting the
rate of Arp2/3 complex ends versus time in Copasi with the indicated saturating concentration of
each activator. The simulations were run with the reported best fit values from model B for

SPIN90 and from Table 1 in Helgeson et al for WASP ',

Derivation of Kobs

The macroscopic rate constant Kobs spivoo defines the rate of barbed end formation at
steady state from a SPIN90-Arp2/3 complex. The equation used to calculate kobs,spinoo was
derived using the nucleation pathway and values shown in Figure S2.4, assuming a constant
concentration of actin monomers.

The macroscopic rate constant kobs wasp defines the rate of barbed end formation at steady
state from a WASP-filament-Arp2/3 complex. The equation used to calculate kobs wasp was
derived using the nucleation pathway and values shown in Figure S2.5, assuming a constant
concentration of actin monomers. Because of the non-linear pathway to nucleus formation, we
ignored the parallel pathways and included only reactions 23-25 in our derivation. Because we
could not use the best fit rate constant values from Copasi, we used previously reported values
for WH2 domain actin binding®>13%: kon = 4.3 x 10’ M"!s™! for ka3 and ka4 and kogr = 25.8 s™! for
k23 and k24 ¥. For the kos nucleation rate constant, we used a previously reported nucleation rate

t130

of 0.007 s! from budding yeast'*°, assuming this rate was equal to that of the bovine Arp2/3

complex.

51



Structural analysis of crosslink sites
Structural analysis of residues near the crosslink site was completed by comparing the
active BtArp2/3 complex structure (PDB:7tpt) to a ScArp2/3 complex homology model created

by using the BtArp2/3 complex structure as a template.

Bridge to Chapter 111

In chapter II, we showed that activation of the human Arp2/3 complex can occur without
monomer recruitment by WASP. Nucleus formation occurs through monomer collisions in
activation of Arp2/3 complex mutants that more readily adopt the short pitch conformation and
during SPIN90-mediated activation. Bypassing the requirement for monomer recruitment has
also been observed in budding yeast, signifying that fundamental aspects of Arp2/3 complex
activation are conserved between yeast and humans. These findings clarify how Arp2/3 complex
is activated and provide insight into potential requirements for actin nucleation by other
nucleators. In Chapter III, I investigate the relevance of these findings in vivo by characterizing
the effects of splayed interface mutations in Arp2/3 complex during endocytosis in
Saccharomyces cerevisiae. Though monomer recruitment is not required for activation of the
mutants in vitro, the requirement for WASP restricts Arp2/3 complex branch nucleation to the
membrane. | seek to determine how disruption of the regulatory splayed to short pitch switch

influences the functional actin networks involved in endocytosis.
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CHAPTER THREE
CONSTITUTIVELY ACTIVATED ARP2/3 COMPLEX MINIMALLY ALTERS
ENDOCYTIC ACTIN ASSEMBLY
*This chapter contains unpublished co-authored material.
Author Contributions: Brad Nolen, Heidy Narvaez-Ortiz, and Sofia Carlson conceptualized the
study. Heidy Narvaez-Ortiz and Brad Nolen designed experiments. Heidy Narvaez-Ortiz
generated reagents and performed experiments. Sofia Carlson performed data analysis. Sofia

Carlson and Brad Nolen wrote and edited the manuscript.

Introduction

The dynamics of many cellular processes such as motility, morphogenesis, and
endocytosis require precise regulation' 6. This is achieved by machinery consisting of
polymerizing actin filaments that form extensive branched networks capable of producing force.
To respond to diverse stimuli, actin filaments must assemble into complex architectures at the
right place and time. The critical step in the assembly of branched actin networks is the
nucleation of each branch, carried out by Arp2/3 complex.

The Arp2/3 complex requires a nucleation promoting factor (NPF) such as a member of
the WASP family of proteins, a preformed actin filament, and WASP-recruited monomers for
activation®*®, During activation, it adopts a short pitch, flattened state, mimicking a filamentous
actin dimer. Intra-subunit flattening occurs in the Arp2 and Arp3 subunits, as each transitions out
of the actin monomer-like twisted state®>. Rearrangement into the short pitch state involves a
large rigid body movement of half of the Arp2/3 complex, reorienting Arp2 relative to Arp3,

moving the Arps into an active conformation that mimics the arrangement of two consecutive
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actin subunits along the short pitch axis of an actin filament’®®!. Biochemical work investigating
the role of activators in Arp2/3 complex activation has established that WASP and WASP-
recruited actin monomers stimulate the short pitch state’>74%412°_ This requirement for the
membrane-tethered WASP in Arp2/3 complex activation ensures branch nucleation is restricted
to the membrane®®,

Perturbing the splayed to short pitch equilibrium by increasing adoption of the short pitch
through crosslinking or point mutations bypasses the requirement for WASP in activation,

conferring NPF independent activity!?°

. Activity in the absence of WASP is detrimental for
functionality of reconstituted force-producing actin networks because nucleation is no longer
spatially restricted, leading to unproductive filament nucleation away from the actin network and
depleting free actin monomers!'®’. The functionality of cellular actin networks may similarly
depend on a precise equilibrium between the splayed and short pitch states. In cells,
unproductive nucleation can disrupt network architectures that are critical for proper
functionality of complex processes. There may be additional regulatory mechanisms in place,
however, that can counteract the effects of perturbations in the splayed to short pitch
conformational switch. Investigating how critical the splayed to short pitch conformational
switch is for proper regulation of cellular actin networks is important for understanding how
Arp2/3 complex activation is tied to biological functionality.

Endocytosis is a process that allows for the internalization of cargoes containing
extracellular materials, and is important for nutrient uptake and cellular signaling'*°. Though
other pathways of internalization occur, the most characterized pathway is clathrin-mediated

endocytosis, which occurs in all eukaryotes'* . A complete endocytic event involves over 50

proteins and proceeds through initiation, recruitment, membrane bending, scission, and
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uncoating stages'>>!%°. Polymerizing actin filaments provide the force necessary for membrane
bending during invagination and the presence of actin networks is required for successful
invagination in yeast'*!. Arp2/3 complex and NPFs such as N-WASP in mammals or Las17 in
budding yeast localize to endocytic sites''*>. Endocytosis stalls upon inhibition of Arp2/3
complex, consistent with an important role for branch nucleation in endocytic force
production®~’.

Endocytosis has been well characterized in budding yeast where endocytic sites form at
cortical patches'. Through expression of fluorescently tagged endocytic proteins, endocytic
patches can be tracked and quantified to obtain insight on the functionality of the actin
network®. This system can serve to determine how perturbations in Arp2/3 complex influence
functional actin networks. By utilizing a previously developed quantification pipeline!'$, we
investigated how perturbing the splayed to short pitch conformational switch in Arp2/3 complex
influences actin assembly during endocytosis. Here we show that mutations that destabilize the
splayed interface and confer NPF independent activity in vitro alter the dynamics of actin

assembly without disrupting the overall functionality of the actin networks involved in

endocytosis.

Results
Cells expressing Arp2/3 complex splayed interface mutations do not show ectopic actin
networks or gross defects in endocytic actin patches

To investigate the influence of constitutively active Arp2/3 complex on assembly of
polarized networks, we constructed Saccharomyces cerevisiae strains containing mutations in

Arp2 previously characterized in vitro. Arp2 (F203Y) and Arp2 (A207C) are at the splayed
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interface between Arp2 and Arp3 and have been shown to increase adoption of the short pitch
state. This bypasses the requirement for Las17, the WASP protein in budding yeast, breaking the
splayed to short pitch regulatory switch, and giving Arp2/3 complex NPF independent

126 The strains also expressed Las17 containing N-terminally tagged mNeonGreen

activity
(mNG-Las17) and filament binding protein Abp1 C-terminally tagged with TagRFP-T (Abp1-
TagRFP-T) to monitor NPF and actin dynamics during endocytosis. Based on the significant
NPF independent activity in polymerization assays in vitro, we hypothesized that branch
nucleation would occur away from the membrane to the detriment of the force-producing
network, resulting in failure to successfully internalize endocytic patches. Surprisingly, there
were no obvious defects in the endocytic patches in mutant strains compared to the wildtype

strain (Figure 3.1). In all strains, no ectopic actin was observed and Abp1 localized into discrete

puncta that were circular and cortical.

F203Y A207C

Figure 3.1. Splayed interface mutants do not show ectopic actin networks or catastrophic
defects during endocytosis. A) Representative images of wildtype and mutant Saccharomyces
cerevisiae strains expressing Abpl-TagRFP-T and mNG-Las17 imaged at 25 °C. Dashed circle
indicates outline of a single cell. Scale bar represents 1 pm. B) Maximum distance Abp1-
TagRFP-T traveled from origin for wildtype and mutant strains. Dashed line at 0.25 uM is the
threshold for successful internalization. Percentages above the plot represent the overall success
rate for each strain. Each data point represents a single punctum. Statistical significance was
determined by an ordinary one-way ANOVA with Dunnett’s multiple comparisons test. Error
bars represent standard deviation.
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Splayed interface mutants influence assembly of endocytic actin networks

Because we did not observe significant defects of actin in the mutant strains, we sought to
determine whether the dynamics of actin assembly and disassembly were affected. To monitor
dynamics, we analyzed Abp1-TagRPF-T fluorescent signals. In wild type cells, Las17
accumulates at the membrane first, followed by the recruitment of Abp1, which increases to a
peak intensity. Internalization then begins during which the Abp1 patch moves inward and actin
begins to disassemble, corresponding to a decrease in Abpl fluorescence. We found that Abpl
puncta had longer lifetimes in Arp2 (F203Y) and Arp2 (A207C) compared to the puncta in the
wildtype strain (Figure 3.2A). The number of Abp1 molecules was quantified by calibrating the
peak fluorescent signal in the wildtype strain to the previously reported average maximum

h!'*3. We found that the maximum number of Abp1 molecules

number of molecules per patc
increased in both mutant strains (Figure 3.2C and 3.2D). This suggests that the mutant Arp2/3
complexes may be assembling defective actin networks that are less efficient at force production,
as it takes more filamentous actin to internalize patches.

To determine if the mutations in the complex influenced the dynamics of Las17 we
monitored the fluorescent signal of mNG-Las17. Mutations did not alter the lifetimes of Las17
patches (Figure 3.2B) but changed the average number of Las17 molecules recruited to endocytic
sites, calculated as described for Abpl. Approximately 27 more molecules of Las17 were
recruited in the Arp2 (A207C) strain. Previous data suggested Las17 is removed from the plasma
membrane by treadmilling endocytic actin networks, creating a negative feedback loop that

144

contributes to network disassembly **. A suboptimal actin network may not create an effective

feedback loop, explaining the increased accumulation of Las17 in the Arp2 (A207C) strain.
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Unexpectedly, the average maximum number of Las17 molecules decreased in the Arp2

(F203Y) mutant, an observation that we cannot currently explain.
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Figure 3.2. Splayed interface mutations alter Abp1 recruitment. A) Plot of Abpl-TagRFP-T
lifetimes at endocytic sites for wildtype and mutant strains. Each data point represents a single
punctum. Statistical significance was determined by an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test. Error bars represent standard deviation. B) Plot of mNG-
Las17 lifetimes at endocytic sites for wildtype and mutant strains. Each data point represents a
single punctum. Statistical significance was determined as described in A. Error bars represent
standard deviation. C) Plot of the average number of molecules of mNG-Las17 and Abp1-
TagRFP-T over time for the Arp2 (F203Y) (green and magenta) and wildtype (black) strains.
Shaded error represents standard deviation. D) Plot of the average number of molecules of mNG-
Las17 and Abp1-TagRFP-T over time for the Arp2 (A207C) (green and magenta) and wildtype
(black) strains. Shaded error represents standard deviation.
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Abp1 accumulation rates are increased in Arp2 (A207C)

Because the Arp2/3 complex splayed interface mutations were previously shown to have
increased NPF independent activity in vitro®, we investigated whether the rate of actin
accumulation (as measured by Abp1) at endocytic sites was increased in the mutant strains. We
found that the Arp2 (F203Y) mutant accumulated Abp1 at the same rate as the wild-type strain,
while the Arp2 (A207C) mutant showed increased accumulation rates of Abpl, suggesting that
the mutated complexes have different effects in functional actin networks (Figure 3.3A). This
difference perhaps may be attributed to the greater NPF independent activity observed in Arp2
(A207C) in vitro'?. To determine whether disassembly of actin was influenced in the mutant
strains, we examined the deaccumulation rates of Abpl, but found no difference compared to

wildtype (Figure 3.3B).
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Figure 3.3. Accumulation rate of Abp1-TagRFP-T is increased in Arp2 (A207C) and
deaccumulation rate is unchanged. A) Plot of Abp1-TagRFP-T accumulation rates at
endocytic sites for wildtype and mutant strains. Each data point represents a single punctum.
Statistical significance was determined by an ordinary one-way ANOVA with Dunnett’s
multiple comparisons test. Error bars represent standard deviation. Error bars represent standard
deviation. B) Plot of Abp1-TagRFP-T deaccumulation rates for wildtype and mutant strains.
Each data point represents a single punctum. Statistical significance was determined as described
in A. Error bars represent standard deviation.
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Constitutively active Arp2/3 complex mutants do not show defects in endocytic
internalization

To determine if the changed actin and NPF dynamics influenced the functionality of
assembled actin networks in endocytosis, we determined whether there were differences in the
ability to carry out endocytosis. Successful internalization was defined as an Abp1-TagRFP-T
puncta traveling greater than 0.25 um from its initial location at the membrane. Success rates
were similar across all strains indicating that actin networks in mutant strains were still

functional, despite changes in their actin assembly dynamics (Figure 3.4).
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Figure 3.4. Splayed interface mutants do not show defects in endocytic internalization.
Maximum distance Abp1-TagRFP-T traveled from origin for wildtype and mutant strains.
Dashed line at 0.25 uM is the threshold for successful internalization. Percentages above the plot
represent the overall success rate for each strain. Each data point represents a single punctum.
Statistical significance was determined by an ordinary one-way ANOVA with Dunnett’s
multiple comparisons test. Error bars represent standard deviation.

Discussion
Although actin dynamics were altered in cells containing constitutively active Arp2/3

complex, actin networks were still functional. Endocytosis largely proceeded as normal as
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determined by the successful internalization of Abpl patches. This may be a result of additional
regulatory mechanisms in place to ensure actin is not assembled unproductively'?*. Out of the 50
proteins involved in endocytosis, some are regulators that may act to inhibit unproductive Arp2/3
nucleation!’. For example, filament binding proteins such as fimbrin or coronin bind actin

filaments to inhibit Arp2/3 complex 45146

, and may prevent unregulated activity within cells.
Genetic crosses with strains containing constitutively active Arp2/3 complex and null strains
lacking filament binding proteins may clarify the role of other regulators in localized Arp2/3
complex activation.

Another consideration for the relatively minor defects in endocytosis is whether Arp2
(F203Y) and Arp2 (A207C) complexes have similar NPF independent activity in a cellular
context compared to in vitro. The NPF activity of these mutants was measured with free actin
monomers, whereas in cells, actin monomers are predominantly bound to profilin and delivered
to Arp2/3 complex by WASP!'#7-148 Branching nucleation requires monomer collisions in the
absence of WASP-recruited monomers '#°. Profilin-bound actin monomers may be unable to
collide with and activate the Arp2/3 complex. If this is the case, the mutant complexes would
still require WASP for activation in vivo, thereby preventing unregulated branch nucleation.

Though the actin networks were functional, patch dynamics were altered in the mutant
strains, suggestive of defects in actin assembly. Both mutant strains had increased Abpl
accumulation and longer Abpl lifetimes while Arp2 (A207C) additionally had increased Abpl
accumulation rates. Longer Abpl lifetimes were similarly observed in constitutively active
Arp2/3 complex strains containing multiple mutations in Arp2'*°. Because internalization, Abpl

assembly rates, and total accumulation of Abp1 were not quantified, however, the influence of

the mutations on actin assembly dynamics and the success of endocytic internalization were

61



unknown. The longer lifetimes of actin patches in our mutant strains and the increase in Abpl
molecule recruitment demonstrate that actin assembly is increased, but not productively, either
due to branch nucleation independent of WASP or increased nucleation activity in the presence
of WASP. This is further supported by the increase in Las17 accumulation in Arp2 (A207C),
which suggests that the negative feedback loop that removes Las17 from the membrane is not as

t'4 We hypothesize that the architecture of the actin networks assembled

effective in this mutan
by constitutively active Arp2/3 complexes are sufficient, though suboptimal, for their role in

endocytosis.

Methods

8. cerevisiae strain generation

S. cerevisiae strains SCBN358 and ScCBN359 were generated by transforming two PCR-generated
cassettes into strains containing the Arp2/3 complex mutation of interest (SCBN317, SCBN319)
via lithium acetate transformation to add an N-terminal mNeonGreen tag on Las17 and a C-
terminal TagRFP-T tag on Abp1 (Table 3.1)1°1152,

Table 3.1. S. cerevisiae strains used in this study

Strain Protein Genotype Reference
wild type complex, MATa, ARP3::URA3, his3, leu2,
ScBN369 | mNG-Las17, ABP1- Aarp3::HIS3, natMX6::mNeonGreen- 18
TagRFP-T Las17, ABP1-TagRFP-T::kanMX6
MATa, Arp2-A207C::URA3, his3A200,
ScBN317 | Arp2 A207C leu2-3,112, lys2-801(oc)?, ade2-1?, This study

Aarp2::HIS3, ABP1::EGFP_NAT

MATa, Arp2-F203Y::URA3, his3A200,
ScBN319 | Arp2 F203Y leu2-3,112, lys2-801(oc)?, ade2-1?, This study
Aarp2::HIS3, ABP1::EGFP_NAT

MATa, Arp2-A207C::URA3, his3A200,

Arp2 A207C
’ - - ? .12
ScBN358 | mNG-Las17, ABP1- | \€42-3,112, 1ys2-801(oc)?, ade2-1?, This study
Aarp2::HIS3, natMX6::mNeonGreen-
TagRFP-T

Las17, ABP1-TagRFP-T::kanMX6
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Table 3.1, continued.

Strain Protein Genotype Reference

MATa, Arp2-F203Y::URA3, his3A200,

Arp2 F203Y, 9 9
ScBN359 | mNG-Las17, ABP1- | 1€u2-3:112, lys2-801(0c)?, ade2-1?, This study
Aarp2::HIS3, natMX6::mNeonGreen-
TagRFP-T

Las17, ABP1-TagRFP-T::kanMX6

8. cerevisiae live-imaging and analysis
S. cerevisiae strains were grown, imaged, processed, and analyzed in triplicate as

d’®118 ysing a DeltaVision Ultra High-Resolution Widefield Fluorescence

previously describe
microscope (Cytiva), a pco.edge 4.2 sCMOS camera, an Olympus 100x 1.4 numerical aperture
Oil UPlanSApo objective, and B-G-O-FR polychroics. Each video was 1 minute and 15 seconds
long, with 100 ms exposure and 10% transmission in the orange and green channels.

Videos were processed in FIJI for background subtraction photobleaching correction!?,
TrackMate!>* patches were manually selected, and a custom python script!'® was run to extract
fluorescent trajectories for each patch as previously described!!®. This output data aligned based
on the maximum intensity of Abpl, including fluorescent values, distance from origin, and
lifetimes. Fluorescence levels were corrected by subtracting the average minimum fluorescence
value. These corrected values were then converted to number of molecules by multiplying by the
ratio of the average maximum number of molecules in patches previously reported'** (Abpl: 800
; Las17: 102) to the average maximum fluorescence value in the wildtype strain. Accumulation
rates were calculated from the slope between the first value and the maximum value.
Deaccumulation rates were calculated from the slope between the maximum value and the last

value. Successful internalization was determined by a distance from origin value greater than

0.25 pm.

63




Bridge to Chapter 1V

In Chapter III, I examined the importance of the regulation of the splayed to short pitch
conformational switch during cellular actin assembly by expressing constitutively active splayed
interface mutations in yeast. I showed that activating mutations of Arp2/3 complex alter actin
assembly, but not to the detriment of endocytosis. The amount of actin accumulated and its
lifetime in endocytic patches was increased, but patches were still internalized at success rates
similar to wildtype strains. Cells likely have regulatory mechanisms in addition to the splayed to
short pitch switch that regulate its activity. In chapter IV, I investigate how intrinsically
disordered regions of Arp2/3 complex located at the filament binding interface may influence its
activity by regulating its binding. Tuning its binding affinity for actin filaments may be

important for proper localization to the membrane to avoid unproductive sequestration.
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CHAPTER FOUR
INTRINSICALLY DISORDERD REGIONS AT FILAMENT BINDING INTERFACE ARE
REQUIRED FOR OPTIMAL HUMAN ARP2/3 COMPLEX ACTIVATION
*This chapter contains unpublished co-authored material.
Author Contributions: Sofia Carlson and Brad Nolen conceptualized the study, designed
experiments, and wrote and edited the manuscript. Sofia Carlson generated reagents and

performed experiments.

Introduction

Branched actin networks produce force for cellular processes such as cell migration,
endocytosis, and cell division by building dense arrays of polymerizing actin filaments at
membranes'~. Numerous proteins regulate branched actin networks through the spatiotemporal
coordination of assembly, remodeling, and turnover. Critical to the assembly of actin networks is
the nucleation of each branch, carried out by the Arp2/3 complex. The Arp2/3 complex nucleates
branched filaments upon activation by a nucleation promoting factor (NPF), predominantly the
WASP family of proteins, actin monomers recruited by WASP, and an actin filament®>%¢, WASP
is membrane-tethered, ensuring branch nucleation is restricted to the region adjacent to the
membrane, effectively creating an active zone of nucleation and producing a polarized actin
network®>. After an actin network is initiated, the Arp2/3 complex must typically diffuse through
a dense actin network to reach membrane-bound WASP for activation. This localization is
important to sustain the network amidst the rapid turnover that occurs in dynamic structures such
as the lamellipodial protrusions involved in cellular motility!>>. These networks can be vast;

lamellipodium are wide (10-40 pm) structures with high actin density'’. Because Arp2/3
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complex binds actin filaments as part of its activation mechanism, it must avoid sequestration
through unproductive binding of actin filaments away from the membrane.

The Arp2/3 complex may avoid unproductive sequestration through its binding interface
with actin filaments. Previous work examining the filament binding step of Arp2/3 complex
activation found that complexes from different species bind relatively weakly to actin filaments,
with Kp values in the low micromolar range’+!?7:128:130 " Additionally, filament binding has been
observed to be at least partially rate limiting during nucleation!*’. This contrasts with its tight
binding at the branch junction where it remains bound after nucleating a branch. Branches are
quite stable in the absence of disassembly factors, persisting for minutes in vitro'*S. This
conservation of weak binding despite tighter binding being favorable for nucleation suggests
weak filament binding may be important to rapidly target Arp2/3 complex to membrane-bound
WASP.

Previous work in budding and fission yeast suggests that certain structural features may
have evolved to attenuate the affinity of the Arp2/3 complex for actin filaments. The Arp3 D-
loop, a flexible segment located at the filament binding interface, is found across diverse species,
though its sequence and length is not conserved. Though disordered in structures of inactive or

Dipl-bound Arp2/3 complex>*76:108

, it becomes ordered to varying extents upon filament
binding. Specifically, structures of the bovine Arp2/3 complex at the branch junction show a
fully ordered Arp3 D-loop®?, whereas only a portion is ordered in the branch junction with the S.
pombe (Sp) Arp2/3 complex”. In yeast, deletion of this D-loop increased the affinity for actin
filaments 2-fold and increased nucleation activity in vitro%®. This suggests that increased binding

affinity for filaments is favorable for assembly of isotropic actin networks in which Arp2/3

complex and WASP diffuse freely. The regulatory role of the Arp3 D-loop may arise in the
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assembly of polarized actin networks where decreased affinity for actin filaments may ensure
effective targeting to the membrane. Another intrinsically disordered region (IDR), the ARPC2
C-terminus, has not been well characterized but may have a similar role. The C-terminal residues
of ARPC?2 are located at the branch interface, found ordered in the SpArp2/3 complex branch
junction structure but remaining disordered in the bovine structure’’*2. The location of the
ARPC2 C-terminus at the mother filament signifies it may also influence filament binding. The
presence of multiple IDRs in the Arp2/3 complex may be important for tuning the binding
affinity for actin filaments.

Here we show that deletion of intrinsically disordered regions in the human Arp2/3
complex decreases its nucleation activity, in contrast to what was observed in yeast.
Additionally, we introduce the design of potential mutations in the Arp2/3 complex that are
predicted to increase its affinity for filaments. Utilization of low and high affinity complexes will
facilitate future work investigating how affinity for actin filaments influences the ability of the

Arp2/3 complex to localize effectively in polarized networks.

Results
Deletion of conserved intrinsically disordered regions decreases activity of human Arp2/3
complex

To determine how intrinsically disordered regions may influence the activity of human
(Hs) Arp2/3 complex, we engineered and purified complexes containing deletions of regions
near the filament binding interface whose presence is conserved across diverse species. These
included the Arp3 D-loop (38-53) and the ARPC2 C terminus (282-300), which are located at the

interface between the Arp2/3 complex and the mother actin filament (Figure 4.1). Constructs
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Bt 38 KESAKVGD-———-—-———————-—————————————————————— OAQRRVMKGV 55
Sc 39 AAPSNTKKSSGVGAPSAVSNEASYFGNSTSATNEFNGATGGLLSNNLSGKRGT 90
Sp 38 RSAGAS-—----—-- SGPAVSSKPSYMAS--—-—-—-————-——-—-— KGSGHLSSKRAT 69
F
Hs 274 LKVLNRARPDAEKKEMK-TITGKTFSSR-———————-— 300
Bt 274 LKVLNRARPDAEKKEMK-TITGKTFSSR--------- 300
Sc 306 IKVLNRAKVDEDDENDELSAEGRQQARRTFTGRKIVY 342
Sp 292 QKVLNRAKPDVELER-K-TATGRSFVRA-———————-— 317

Figure 4.1. Conserved intrinsically disordered regions are located at the filament binding
interface. A) Structure of BtArp3 D-loop (PDB: 7tpt). B) Location of BtArp3 D-loop at the
mother actin filament interface (PDB: 7tpt). C) Structure of SpARPC2 C-terminus (PDB: 8uxw).
D) Structure of SpARPC2 C-terminus at the mother actin filament interface (PDB: 8uxw). E)
Sequence alignment of Arp3-D loop. Residues deleted in this study are highlighted in red,
residues shown in the structure in A and B are highlighted in magenta, and residues deleted in
the previous study®® are highlighted in blue. F) Sequence alignment of ARPC2 C-terminus.
Residues deleted in this study are highlighted in red and residues shown in the structure in C and
D are highlighted in magenta.
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were purified using an insect cell expression system with tandem 12x His and TwinStrep tags on
the ARPC1 C-terminus. The activity of the mutant complexes was determined via pyrene
polymerization assays. Unexpectedly, and contrary to what has been seen in S. cerevisiae (Sc)
Arp2/3 and SpArp2/3 complexes, both ARPC2 AC-terminus and Arp3 AD-loop complexes had
lower activity than the wildtype complex (Figure 4.2). This indicates that these IDRs have a role

during activation of the Arp2/3 complex, though not as a “bumper” for filament binding as in

yeast.
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Figure 4.2. Deletion of Arp3 D-loop or ARPC2 C-terminus reduces Arp2/3 complex
nucleation activity. Time course of pyrene actin polymerization comparing the activity of
20nM Arp3 AD-loop (A) or ARPC2 AC-term (B) to wildtype Arp2/3 complex with and without
50nM GST-N-WASP-VCA Reactions contained 3 pM 15% pyrene labeled actin.

Design of a tighter filament binding Arp2/3 complex

To determine whether increased filament binding affinity influences the activity of the
HsArp2/3 complex similarly to ScArp2/3 complex, we began engineering an Arp2/3 complex
through protein design. Additional characterization of this high-affinity construct in polarized
networks will clarify the influence of binding affinity on targeting. We prepared a structure of
the inactive HsArp2/3 complex docked on an actin filament and utilized Rosetta to design

mutations predicted to improve the filament : complex interface. This Rosetta design protocol
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produced ten models, each with dozens of mutations. To evaluate the most probable mutations
for a tighter binding construct, we examined the most common mutations in the 10 models
(Table 4.1). These included residues at the filament interface, on every subunit except Arp2 and
ARPC3, including the ARPCI1 protrusion helix and the Arp3 D-loop (Figures 4.3 and 4.4).
Further structural analysis, purification, and characterization will be required to determine

whether a complex with these mutations has increased affinity as predicted.

Figure 4.3. Most common mutations predicted by Rosetta to improve filament binding
interface. A) Location of mutated residues colored by conservation between models (dark
magenta: frequently mutated/less conserved, white: rarely mutated/more conserved). B) Location
of predicted mutations at the mother filament interface colored as in A. PDB: 4jd2.

Table 4.1. Most common Rosetta-predicted mutations.
Most common mutations in the 10 Rosetta-designed structures, listed if found in at least 3 of the
constructs.

Subunit Mutations

Arp3 E39S, K42P, G441, D45F, Q46T, V51E, P70Y, T71F, A73E

ARPCI1 A298T, R299K, Q303V, L305R, D306A, K307E, S310P

ARPC2 K157S, R160V, S192N, H193P, T194A, P206L, L207E, E208Q, T224L

ARPC4 A3N, T4A, L5F, R6A, Y8F, R55L, ES9V, K77I/P/T, D80T, 182Q, E83M,
DI143L, S1471, K150F/L, N154W, A155Y
ARPC5 DI119N, N120D, S122A, A1231

70




AS (B

A i

L V9
NPy C

AL

A

Figure 4.4. Rosetta designed mutations on Arp2/3 complex subunits. Predicted mutation sites
are mapped onto individual subunits at the mother filament interface: Arp3 (A-B), ARPC1(C-D),
ARPC2 (E-F), ARPC4 (G-H), ARPCS (I-J). Residues are colored by conservation between
models (dark magenta: frequently mutated/less conserved, white: rarely mutated/more
conserved). PDB: 4jd2.
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Discussion

We found that the two intrinsically disordered regions we examined, the Arp3 D-loop and the
ARPC2 C terminal tail, were both important for Arp2/3 complex activation; deletion of either
region reduced activity in polymerization assays. This role differs from what was previously seen
in budding and fission yeast where the Arp3 D-loop was proposed to act as a steric “bumper”
during filament binding®®. Though the presence of the Arp3 D-loop and the ARPC2 C-terminal
tail is conserved, their lengths and sequences are not (Figure 4.1), which may lead to differing
roles for IDRs across species. The Arp3 D-loop of ScArp2/3 is ~30 and SpArp2/3 ~15 residues
longer than their mammalian counterpart. Though the D-loop in both yeast and mammalian
Arp2/3 complexes is observed at the interface with the mother filament in branch junction
structures, the extra residues may provide the length in the loop that produces the bumper
effect’®”". Because the loop is shorter in mammalian complexes, a larger portion of the loop was
removed in the HsArp2/3 complex which may have impacted its function, whether in filament
binding or complex stabilization. The ARPC2 C terminal tail has not been characterized in yeast
but also has varying lengths between species, shorter (by ~10 residues) in mammalian and
SpArp2/3 complexes than in ScArp2/3 complex. Both IDRs may still have roles in tuning
filament binding affinity, acting to decrease it in yeast and increase it in mammals. If the IDRs of
mammals don’t influence binding affinity, however, they may influence activity through a
unique mechanism. Other differences in the mechanisms of Arp2/3 complexes from different
species have been observed. For example, phosphorylation influences activity of mammalian
Arp2/3 complex, but is less critical in yeast'?*!2>157 Additionally, ScArp2/3 complex has
significantly higher basal activity in the absence of nucleation promoting factors. The

cytoskeletal networks of humans are more complex environments containing more regulatory
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proteins*”!°8, Yeast may require structural elements to provide regulatory functionalities lacking
in their simpler cytoskeletal environment.

We set out to design a strengthened filament binding interface, but further analysis of the
Rosetta-designed mutations is necessary before purification, screening, and characterization. By
selecting the most common mutations and considering the electrostatic and steric consequences
of the change in both the inactive and active state of the Arp2/3 complex, we hope to purify a
construct that has increased binding affinity without disruption of critical function. This can be
difficult to predict as mutations can have confounding effects on the stability of the complex or
its activation. Sequence analysis of evolutionary ancestors can be utilized to determine whether

159 Evaluation of the

introduction of mutations at a specific site retains the stability of the protein
conservation of residues at the interface may offer additional insight on residues that may be
critical for function. Changing a residue may have unintended consequences for activation if
activating conformational changes that occur via allostery are affected. The precise mechanisms
of activating conformational changes remain unclear, meaning several iterations of purification
and characterization are likely needed to produce a functional construct with increased binding
affinity for actin filaments. Because of the difficulty in cloning and purifying complexes with

several mutations in multiple subunits, it may be worthwhile to focus the design effort on a

single subunit guided by the results of the overall protein design.

Methods

Proteins

Actin was purified from rabbit muscle acetone powder and labeled with pyrene
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iodoacetamide as previously described'?. GST-N-WASP-VCA were purified as previously
described'®.

The human Arp2/3 complex containing the Arp3A, ARPCIB, and ARPCS5L isoforms
was expressed using the biGBac insect expression system'®. Tandem 12x His and TwinStrep
tags were added to the C terminus of ARPCI1. Cloning and expression of all subunits (Arp2,
Arp3, ARPC1, ARPC2, ARPC3, ARPC4, ARPCS) and a fluorescent marker (mNeonGreen) was
completed as previously described'*. Cells were harvested via centrifugation after addition of
ImM phenylmethylsulfonyl fluoride (PMSF) and stored at -80 °C until purification.

Arp2/3 complex was purified by resuspending cell pellets in PKME buffer (25mM
PIPES-KOH pH 7, 50 mM KCI, 1 mM EGTA, 3 mM MgCl,, 1 mM dithiothreitol (DTT),
0.1mM ATP) supplemented with cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche)
and 1.25 U/mL Benzonase Nuclease (Millipore Sigma) and lysing via sonication. Cell lysate was
supplemented with 1 mM PMSF and clarified via ultracentrifugation in a Ti70 rotor for one hour
at 52k RPM. The filtrate was then loaded on a glutathione Sepharose 4B (Cytiva) GST-N-WASP
VCA column prepared as previously described®®, washed with PKME, PKME + 50 mM KClI,
and PKME + 100 mM KClI, and then eluted via a 150 mM to 1M NaCl gradient in 20 mM Tris-
HCl1 pH 8 and 1 mM DTT. The elution was diluted to 30 mM NaCl, injected into a Source30Q
anion exchange column, and eluted over a linear gradient from 30 mM NaCl to 500 mM NaCl in
20 mM Tris pH 8 and 1 mM DTT. Pure fractions were run over a glutathione Sepharose 4B
column to remove any residual GST-N-WASP-VCA before concentration in a stirred
ultrafiltration cell (Amicon) with a Hydrosart 30 kDa molecular weight cutoff filter (Sartorius)
and injected into a Superdex200 column in 20 mM Tris pH 8 and 600mM NaCl. Pooled fractions

from the size exclusion chromatography were concentrated using the stirred ultrafiltration cell,
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buffer exchanged to 20 mM Tris pH 8, 100 mM NaCl, and 1 mM DTT, flash frozen, and stored
at -80 °C. Concentrations were determined by measuring absorbance at 280 nm (g280= 237,000

Mlem™).

Pyrene actin polymerization assays

Pyrene actin polymerization assays were done on a TECAN Safire 2 plate reader with
excitation at 365 nm and emission at 407 nm. A 10x solution of M/E buffer (5 mM MgCl,, 20
mM EGTA) was added to rabbit skeletal muscle actin in G buffer (5 mM Tris pH 8.0, 0.2 mM
CaClp, 0.2 mM ATP, 0.2 mM DTT) in a 96-well black flat bottom half-area plate (Corning 3686)
and the solution was incubated for 2 minutes. Arp2/3 complex and the indicated proteins were
pre-mixed and, when ready to start the reaction, added to the actin at the concentrations
indicated. The final reaction consisted of an actin concentration of 3 uM 15% pyrene-labeled
actin, and a final buffer composition of 10 mM Imidazole-HCI pH 7.0, 50 mM KCI, 1 mM

EGTA, 1 mM MgCl,, 0.2 mM ATP, and ImM DTT.

Rosetta design

To design the higher affinity HsArp2/3 construct in Rosetta, we prepared a structure
starting from the inactive Bos taurus (Bt) Arp2/3 complex (PDB: 4jd2). To dock the inactive
complex onto an actin filament, we overlaid the structure onto the Arp2/3 complex at a branch
junction (PDB: 7tpt). Missing loops were added in ChimeraX using modeler and side chains
were completed in ChimeraX using dock prep. Non-conserved residues between Bt and Hs
complexes were mutated to the Hs residues in Coot. Clashes were resolved and any changes

made were minimized in Coot. Any non-amino acid molecules were removed prior to
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renumbering residues in all chains to be sequential, rather than independent. The actin filament
was redefined as one chain. This prepared structure was relaxed in Rosetta and checked against
the input structure to ensure no large movements had occurred.

The relaxed structure was used to run the design protocol in Rosetta. The FastDesign
mover was used alongside the InterfaceAnalyzerMover to evaluate the interface between the
filament and Arp2/3 complex. Residues within 8 A° of the actin filament were able to be mutated
to any amino acid except Cysteine and moved while mutations and movement of the actin
filament itself were restricted. This protocol output 10 design models with multiple mutations in
the Arp2/3 complex. Mutations were evaluated by aligning the output sequences and using

ConSurf to determine the conservation at each position.

Bridge to Chapter V

In Chapter IV, I demonstrated that perturbations in the Arp2/3 complex interface with the
mother actin filament influence its nucleation activity. I found that deletion of intrinsically
disordered regions in the human Arp2/3 complex reduces its nucleation activity, contrary to
yeast, where deletion of the Arp3 D-loop increased its activity. I also developed a pipeline to
design a complex with increased affinity for actin filaments. Characterization of complexes with
low and high binding affinity will advance future studies on how filament binding may influence
the ability of the Arp2/3 complex to localize during assembly of actin networks. In Chapter V 1
will summarize the work of the previous three chapters, discuss how these findings expand our

knowledge of actin cytoskeleton regulation, and highlight future directions.
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CHAPTER FIVE
CONCLUDING REMARKS
Unraveling the mechanisms involved in Arp2/3 complex regulation is critical to
understanding the cellular processes driven by branched actin networks, including cell motility
and endocytosis!**°. Additionally, force-producing actin networks have roles in disease states,
including pathogen infection and cancer. Bacteria or viruses can hijack the machinery of a host’s

160 - Actin structures

actin cytoskeleton during cell infection, enabling invasion and replication
called invadopodium allow tumors to invade surrounding tissues, contributing to cancer
metastasis'®!. A deep understanding of branched network assembly within a complex cellular
environment requires a foundation of mechanistic knowledge. My work has focused on the role
of activators and structural elements in Arp2/3 complex activation and their influence on the
functionality of the complex.

In chapter I1, my investigation into the role of actin monomers in human Arp2/3 complex
activation provided insight into actin nucleus requirements, Arp2/3 complex regulation, and
conservation of mechanisms between yeast and humans. The assembly of monomers into a stable
oligomer from which elongation proceeds is a critical step in nucleation mechanisms of
spontaneously polymerizing filaments, Arp2/3 complex, formins, and tandem WH2 containing
proteins. The unique mechanisms of actin assembly by various nucleators are informed by the
minimal requirements of nucleus formation. Kinetic modeling of spontaneous nucleation finds
that an actin nucleus must be at least a trimer due to the instability of actin dimers'!*>!2!, My
kinetic modeling shows that, though Arp2 and Arp2 template a new filament by mimicking an

actin dimer, they are an insufficient nucleus, indicating that the filament nucleus is at least a

trimer in branching nucleation, as in spontaneous nucleation. This trimer can be assembled via a
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monomer collision step and does not require WASP for recruitment, as previously proposed’*.
Direct monomer recruitment is thus not a general requirement for human Arp2/3 complex
activation but is essential specifically for WASP-mediated activation. This conclusion was
previously made in studies of the activation mechanism of the Saccharomyces cerevisiae Arp2/3
complex, suggesting that the core activation mechanism is conserved between yeast and humans.
Further investigations into the mechanism of branch nucleation will be needed to determine the
precise role of actin monomers during WASP-mediated activation.

The analysis of endocytic actin networks in chapter III highlights the importance of
investigating established regulatory mechanisms of the Arp2/3 complex within the complexity of
a cellular environment. Though we did not observe catastrophic defects in endocytosis when
expressing constitutively active Arp2/3 complexes, quantification of patch dynamics exposed
small perturbations in actin assembly dynamics. This included longer actin lifetimes, increased
actin recruitment, increased actin assembly rates, and increased NPF accumulation. These
changes suggest that mutant Arp2/3 complexes assemble actin networks with suboptimal
architectures. How the structure of mutant-assembled actin network differs from networks
assembled by wildtype Arp2/3 complex cannot be elucidated from these quantifications. The
increase in total accumulated actin at peak patch intensity may be a consequence of unproductive
branch nucleation from NPF independent activity or a result of increased activation of Arp2/3
complex mutants by WASP. Though both possibilities would influence network architecture,
cells appear to tolerate a degree of misregulation as actin patches in the splayed interface mutants
were successfully internalized at rates similar to wildtype. The presence of multiple regulatory
mechanisms likely prevents failed internalization. Mutants with more severe effects in vitro may

have a lower tolerance and exhibit more catastrophic defects during endocytosis. Supporting this,
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Arp2 (A207C) has higher NPF independent activity than Arp2 (F203Y)!?¢ and showed increased
actin accumulation rates during endocytosis. Investigating other regulatory proteins involved in
endocytosis and their effects on activity of the Arp2/3 complex may inform how their
mechanisms intersect with that of Arp2/3 complex to influence cellular function. Studies in
reconstituted polarized networks such as bead motility assays or micropatterned surfaces can
bridge the gap between Arp2/3 complex regulation in bulk solution assays and in the complex
cellular environment.

Though much work has been completed on WASP-mediated activation of the Arp2/3
complex, less is known about the role of actin filaments. My work in chapter IV focused on how
the filament binding step, specifically the binding affinity of Arp2/3 complex for filaments,
affects Arp2/3 complex activation. Previous work found that affinity for actin filaments,
modulated through conserved structural insertions, influences the degree of nucleation activity®®.
I investigated structural inserts in the human Arp2/3 complex and found that, though the
presence of intrinsically disordered regions is conserved, their role in tuning binding affinity is
not. Further work will be required to determine what the role of the Arp3 D-loop is in human
Arp2/3 complex activation and why this differs from its role as a steric bumper in yeast. Because
the ARPC2 C-terminal tail has not been studied in yeast, characterizations will be required to
determine its role across species. Additionally, my work on designing a complex with high
binding affinity for filaments will allow us to expand upon what we have learned in isotropic
networks by providing the tools for investigating the influence of filament binding affinity on
function in polarized networks. This will enhance our knowledge of the kinetics of activation,
providing insight on spatiotemporal assembly of actin networks, key to regulation of cellular

processes.
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Overall, my work has deepened our understanding of the regulation of Arp2/3 complex
and highlighted the importance of connecting mechanisms to cellular function. Future work will
be needed to clarify the role of actin monomers in WASP-mediated activation of Arp2/3
complex, probe the regulatory mechanisms counteracting misregulation in cells, and investigate

how Arp2/3 complex tunes its binding affinity for optimal functionality in polarized networks.
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APPENDIX

SUPPLEMENTARY INFORMATION FOR CHAPTER II
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Figure S2.1. Arp2/3 purification yields pure Arp2/3 complex with minimal prep-to-prep
variation.

(A) Pyrene actin polymerization time courses comparing activities of WT Arp2/3 complex from
different preparations. Reactions contained 3 uM 15% pyrene labeled actin and 50 nM wild-type
Arp2/3 complex, with or without 100 nM N-WASP-VCA .

(B) Coomassie-stained SDS-PAGE gel of proteins used in this study. See main text (Figures
2.1A and 2.1B) for HsArp2/3 constructs.
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Figure S2.2. Models of spontaneous filament nucleation and elongation.

(A) Pathway of spontaneous filament nucleation and elongation used in mathematical modeling.
Floated rate constants are in red and fixed or constrained rate constants (see main text) are in
black.

(B) Polymerization time courses (dashed lines) of 15 % pyrene labeled at the indicated
concentrations. Best fits from the spontaneous nucleation model in (A) are shown as solid lines.
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Figure S2.3. The Arp2(F204Y) complex likely requires monomer collision for WASP-
independent nucleation.

(A) Polymerization time courses (dashed lines) of 15 % 2 uM pyrene labeled actin with the
indicated concentrations of the Arp2(F204Y) complex. Best fits from Model 1 (Arp2-Arp3 dimer
nucleus model) simulations are shown as solid lines.

(B) Polymerization time courses as described in (A). Best fits from Model 2 (Arp2-Arp3-actin
trimer nucleus model) simulations are shown as solid lines.

(C) Polymerization time courses as described in (A). Best fits from Model 3 (Arp2-Arp3-actin®
tetramer nucleus model) simulations are shown as solid lines.

(D) Objective values of the best fits from Model 1-3. Objective value is the result of
minimization of the normalized weighted sum of squares (see methods).
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Figure S2.4. The macroscopic rate constant Kobs,s90 is well determined.
(A) Schematic describing the values used to determine the rate of formation of new ends formed
by the SPIN90-Arp2/3 complex, Kobs,s90.
(B) Derived equation used to calculate kovs,so0, defined as the rate of formation of new ends formed
by the SPIN90-Arp2/3 complex, as shown in (A). (see methods)
(C) Scan of k7 values plotted against the resulting objective value in magenta and the calculated

Kobs,s90 in teal.
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(D) Scan of k.7 values plotted against the resulting objective value in magenta and the calculated

Kobs,s90 in teal.

(E) Scan of ko values plotted against the resulting objective value in magenta and the calculated

Kobs,s90 in teal.
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Figure S2.5. Determination of the macroscopic rate constant Kobs,wasp.
(A) Schematic of the WASP-mediated nucleation pathway adapted from Helgeson et al'?°. Dashed
box indicates pathway and values used to determine the rate of formation of new ends formed by
the WASP-filament-Arp2/3 complex, Kobs,wasp,
(B) Derived equation used to calculate kobs,wasp, defined as the rate of formation of new ends
formed by the WASP-filament-Arp2/3 complex, as shown in (A). (see methods)
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Figure S2.6. Comparison of barbed end formation rates during SPIN90 and WASP-
mediated nucleation.

Simulated rates of barbed end formation at saturating concentrations of SPIN90 in teal and GST-
VCA in magenta using rates determined from modeling in Figure 2.4 and Helgeson et al'®,
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Figure S2.7. Comparison of residues near crosslinked cysteines in mammalian and ScArp2/3
complex.

(A) Non-conserved residues (gray) near crosslinked cysteines (magenta) in BtArp2/3 complex
(PDB: 7tpt)

(B) Non-conserved residues (gray) near crosslinked cysteines (magenta) in homology model of
ScArp2/3 complex.
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Rea;tlon Description Kon(M1 s7) Kot (s7) | Kp (uM) | Reference
1 Actin dimerization 3.4* 0.07* | 2.19x 10* | This Study
2 Actin trimerization 1.20 x 10°* 13.2* | 1.10x 10* | This Study

(1) 9.44E x 10°*,1
3 Actin trimer nucleation | (2) 8.87E x 10°*,t This Study
(3) 8.86E x10°* t
4 Barbed end elongation 1.16 x 107** 1.4%* 0.12 %
5 Pointed end elongation 1.3 x 105%* 0.8%%* 0.62 %
(1)3.62x 10° 6.51%*
6 A208W binds filament (2) 8.65 x 10° 15.6* 1.8%* This study,
(3)3.37x 10° 6.06* 72,74
7 Actin monomer binds (2) 1.01 x 10%%* 0.2% 0.19
A208W — filament (3) 8.75 x 103* 46.5* | 5.31x10° | This Study
Actin monomer binds
8 A208W - filament — (3) 1.33 x 10°* 0.2* 4.97 x 10" | This Study
monomer 2
(1)5.59 x 10+
9 A208W nucleation (2) 1.55x 10°* % This Study
(3)3.94 x 10°*,t

* indicates floated parameters
** indicates fixed parameters
t Units are s™!

Table S2.1. Rate constants determined from mathematical modeling of A208W nucleation.
Values determined from mathematical modeling in Figures 2.3 and S2.2, or previously
determined in referenced studies. Model numbers are listed for values specific to a model.
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Rea;t“’“ Description KoM s) | kot (s') | Kb (uM) | Reference
1 Actin dimerization 3.4* 0.07* | 2.19x 10* | This Study
2 Actin trimerization 1.20 x 103* 13.2* | 1.10x 10* | This Study

(1) 8.00 x 105*,t
3 Actin trimer nucleation | (2) 7.53 x 10%* t This Study
(3) 7.68 x 107*,t
4 Barbed end 116 x 107%*% | 1.4%% 0.12 3
elongation
5 Pointed end 13X 10%% | 0.8%% |  0.62 3s
elongation
(1)1.14 x 107 20.53*
6 F204Y binds filament (2)3.99 x 10’ 71.8* 1.8%* This Study
(3)2.67 x 107 48*
7 Actin monomer binds (2)3.76 x 107* 0.57* | 1.45x10° | This Study
F204Y - filament (3) 6.15 x 10°* 163* | 7.81x10°
Actin monomer binds
8 F204Y - filament - (3) 4.84 x 107* 144* 2.98 This Study
monomer
(1) 1.61 x 10** 1
9 F204Y nucleation (2) 1.49 x 107°*,+ This Study
(3) 5.05 x 102t

* indicates floated parameters
** indicates fixed parameters
1 Units are s™!

Table S2.2. Rate constants determined from mathematical modeling of F204Y nucleation.
Values determined from mathematical modeling in Figures S2.2 and S2.3, or previously
determined in referenced studies. Model numbers are listed for values specific to a model.
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Reaction

(C) 1.95 x 102% %

4 Description Kon (M 1) Kot (s7) | Kp (uM) | Reference
1 Actin dimerization 7.78 x 10°2* 0.66* | 8.53 x 10° | This Study
2 Actin trimerization 1.25x 10°* 251* | 2.00 x 10° | This Study
3 Actin trimer nucleation 1.42 x 10°* 1 This Study
4 Barbed end elongation 1.16 x 107** 1.4%* 0.12 3
5 Pointed end elongation 1.3 x 10%%x* 0.8%* 0.62 3
(A)136x 10° | 9.45% | 6.96%*
6 SPIN90 binds Arp2/3 (B) 8.88 x 10° 0.05* 6.17*** | This Study
(C)2.75x 10* | 0.19% | 6.91%**
7 Actin monomer binds (B) 6.17 x 10** 89.5% 1.45x 10° | This Study
SPIN90 -Arp2/3 (C)2.22 x 10%* 17.4* 7.81 x 10°
Actin monomer binds
8 SPIN90 -Arp2/3- (C) 2.08 x 10°* 0.01* |4.97x 10?2 | This Study
monomer
SPIN90-bound (A)9.32 x 10°5%,t
9 Arp2/3 nucleation (B) 5.33 x 10°2*,t This Study

t Units are s!

* indicates floated parameters
** indicates fixed parameters
*#* indicates fixed parameter range

Table S2.3. Rate constants determined from mathematical modeling of SPIN90 activation
Values determined from mathematical modeling in Figures 2.4 and S2.2, or previously
determined in referenced studies. Model letters are listed for values specific to a model.
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