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ABSTRACT 

SOUNICK HALDAR 

IMPORTANCE OF ARP3 RESIDUE ARGININE 161 (Rl61) FOR NEURITE 
OUTGROWTH AND THE INTERACTION BETWEEN WA VE 1 AND 

THE ARP2/3 COMPLEX 

DECEMBER 2012 

Axon extension results from branched actin nucleation and polymerization 

leading to lamellipodial expansion. This process is regulated by interaction of the 

Wiskott-Aldrich syndrome protein (WASP), WASP family verprolin-homologous 1 

(WA VE 1 ), with actin binding proteins of the actin related protein (Arp) 2/3 complex. 

The Arp2/3 complex is composed of seven proteins (Arp2, Arp3 and �ccessory proteins 

ARPC 1-5) and binds to existing actin filaments to initiate (nucleate) new side chains. 

Both Arp2 and Arp3 bind to actin filaments; however, the amino acid residues in Arp3 

that contribute to this association and interaction of the Arp2/3 complex with WA VE 1 

are not yet identified. Using computational structure simulations, we predicted that Arp3 

arginine 161 (R 161) contributes the most to Arp3 interacting with Arp2. To test whether 

�his prediction is. true, we have expressed N-terminal green fluorescent protein (GFP)

tagged wild-type and mutant Arp3 (with.Rl61 mutated to alanine) in B35 neuroblastoma 

cells and determined the effects on Arp2/3 complexing with WA VE 1, actin filament 

content and·neurite outgrowth using immunocytochemistry, co-immunoprecitation and 

image analysis. Expression of Arp3-R 161 A in B35 neuroblastoma cells decreased neurite 
V 



outgrowth (79.36% decrease in the number of neurite bearing cells) and increased 

cortical phalloidin staining by 25.74%. Arp2 and WAVEl co-immunoprecipitated with 

expressed wild-type Arp3 and Arp3-R161A, providing evidence that the mutant Arp3 

participated in the Arp2/3 complex formation, which could still interact with WA VE 1. In 

vitro, actin polymerization was increased by extracts from cells expressing the Arp3-

Rl 61 A gene. We interpret these data to indicate that residue R 161 of Arp3 is important 

for regulating Arp2/3 complex binding to actin filaments and that mutation of this residue 

to alanine promotes this binding, increasing actin polymerization and decreasing neurite 

outgrowth. Understanding the mechanisms of Arp2/3 complex function may identify 

sites for therapeutic action for promoting axon regeneration following traumatic and 

neurodegenerative lesions. 
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CHAPTER I 

INTRODUCTION 

Injury to the central nervous system (CNS) results in permanent loss of function 

due, in part, to loss of neurons and appropriate substrata (Lu et al., 2004). While neurons 

spared following injury have good capacity for regeneration and synaptic plasticity (Alto 

et al., 2009), an abundance of CNS inhibitors released post-lesion limit axon regeneration 

(Duo et al., 2009). Proper reinnervation may lead to recovery of function if. However, 

encouraging sprouting without also ensuring that regenerating axon connect to 

appropriate targets may result in additional dysfunction. Understanding. the mol�cular 

mechanisms that promote axon extension may lead to novel therapeutic strategies to 

encourage axon regeneration after CNS injury. 

Axon growth is directed by a sensory motile structure, the growth cone, located at 

the tip of extending axons. Growth cones are composed of a microtubule-rich central 

domain and a peripheral domain dominated by actin filaments (Fig. 1.1 ). In the 

peripheral domain, actin filaments fonn two structures, filopodia and lamellipodia. 

Filopodial and lamellipodial dynamics are regulated by actin polymerization and 

depolymerization (Aspenstrom et al., 1999; Dickson et al., 2001; Garrity et al., 1999; Luo 

et al., 1996; Mueller et al., 1999; Nikolic et al., 2002). 



Fig. 1.1: Growth cone at the tip of a growing neuritc. The peripheral domain is composed of 
filopodia, finger like projections made up of cytoskeletal structures primarily composed of linear 
actin filaments that act as long range sensors, and lamellipodia, broadened areas made up of 
branched actin filaments responsible for advancing the growth cone. Actin filament branching in 
lamcllipodia is facilitated by WAVEJ activation of the Arp2/3 complex. Adapted from Baas ct 
al., 200 I. 

Actin shuttles between monomeric and polymeric forms, with polymers 

producing actin filaments. Actin polymers are directional, having barbed and pointed 

ends, based on electron microscopy patterns of filaments decorated with the S 1 subunit of 

myosin (Maruyama et al., 1990). In growth cones in vivo, the barbed ends arc located 

toward the plasma membrane. The dynamics resulting in changes in actin filaments 

involve regulated nucleation, polymerization, severing and depolymerization, processes 

directed by a set of actin binding proteins. Nucleation is the initiation of filaments and 

2 



can occur de novo, at the end of existing filaments, or from the sides of existing filaments 

(Rouiller et al., 2008). Profilin binds actin monomers and facilitates nucleotide 

exchange, promoting polymerization by delivering active monomers to the barbed ends 

of filaments (Machesky et al., 1994) Cofilin is an actin severing and depolymerizing 

protein that separates filaments into monomeric actin (Meyer et al., 2002). In addition, 

capping proteins limit actin filament growth by binding to the barbed ends of actin 

filaments (Pollard et al., 2003). 

Actin filaments may be arranged in linear C?r branched configurations, based on 

the method of nucleation and polymerization. Bundles of linearly-arrayed actin filaments 

form filopodia, whereas lamellipodia have a meshwork of actin filaments. The branched 

actin filament network observed in growth cone lamellipodia is the result of the actin 

related protein 2/3 (Arp2/3) complex interaction with Wiskott-Aldrich Syndrome family 

proteins (WASP), including WASP, neuronal WASP (N-WASP) and verprolin

homologous 1 WASP (WAVEl ) proteins (Meyer et al., 2002). The Arp2/3 complex 

(Machesky et al., 1994) is made up of seven proteins: Arp2, Arp3, ARPCI, ARPC2, 

ARPC3, ARPC4. and ARPC5 (Rodal et al., 2005; Rouiller et al., 2008; Millard et al., 

2004). The complex is inactive by itself but, when activated by a WASP family protein, 

acts as a nucleator to promote actin branching (Domi�gue� et al., 2009; Song et al., 200 I; 

DesMarais et al., 2004; Shakir et al., 2008) and lamellipodia formation (Goldberg et al., 

2000). At the same time, Arp2/3 complex inhibition or Arp3 knock down results in 
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similar neuromorphological changes (Pinyol et al., 2007), which might suggest that Arp3 

is extremely important for the function of the Arp2/3 complex. 

Important to this work is the WASP protein, WA VEI. It and other WASP family 

members are usually in an auto-inhibited state until Cdc42 or Rae I disrupts the auto

inhibition, either through direct binding (Cdc42) or through the interaction of 

intermediate kinases like Pak 1, Pak2, Pak3 and myotonic dystrophy kinase-related 

Cdc42-binding kinases (MRCK; Nikolic et al., 2002; Mullins et al., 2000; Bompard et al., 

2004; Padrick et al., 2008; Leung et al., 2008). Th� COOH-terminus of WA VE I has a 

verprolin homology, central sequence and acidic region (VCA) domain, which binds to 

the Arp2/3 complex to activate it (Wegner et al., 2008). The VCA domain binds to the 

Arp2/3 complex and actin monomers strongly, without which the actin nucleation is 

extremely slow (Beltzner et al., 2007). 

The molecular structure through which WA VE I interacts with the Arp2/3 

complex has not been completely determined, but understanding the details on how the 

Arp2/3 complex nucleates actin polymerization may provide a target for new therapeutics 

to encourage axon growth. Thus, it is essential to elucidate this mechanism of action. 

Arp2 and Arp3 are actin homologs (Rodal et al., 2005). The other five subunits of the 

Arp2/3 complex provide for integrity of the complex� whil� maintaining a distance

between Arp2 and Arp3 that prevents nucleation until the complex is activated by a 

WASP family protein (Beltzner et al., 2007). When associated with a WASP family 

protein, the Arp2/3 can bind adenosine triphosphate (ATP), changing its quaternary 

4 



conformation to place the complex in an active state with its nucleotide binding cleft in a 

closed conformation (Kiselar et al., 2006). The activated complex binds to an existing 

actin filament to form a base for the formation of a new actin polymer at a 70° angle to 

the existing filament (Rouiller et al., 2008) (Fig. 1.2). This leads to the branching of actin 

filaments (Rodal et al., 2005; Rouiller et al., 2008). However, the function of nucleotide 

binding to the Arp2/3 complex is not entirely clear. Dayel et al. (2001) claim that 

hydrolysis of bound ATP is needed for activation of the nucleating capacity of the Arp2/3 

complex. 

Fig. 1.2: Actin filament branch-point. The WA VE-Arp2/3 complex binds to the sides of mother 
actin filaments to initiate branch formation. The daughter filament grows with Arp2/3 complex as 

its foundation. Adapted from Dominguez et al., 2009. 
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It is well known that the Arp2/3 complex is activated by WASP proteins, 

including WA VEI (Boczkowska et al., 2008; Seifert et al., 2008). However, it is not 

clear whether WA VE 1 binds to Arp3 alone or to Arp3 and Arp2 simultaneously for 

activation of the complex. An X-ray scattering study of activated Arp2/3 complex bound 

to actin and a single molecule of WA VE 1 suggests that the central sequence motif of 

WA VE I binds to the Arp2 subunit and the acidic region motif of WA VE 1 binds to Arp3 

subunit of Arp2/3 complex (Boczkowska et al., 2008). This can imply that the Arp3-Arp2 

interface is regulated by interaction with WA VE I,. with WA VE I potentially directing an 

interfacial conformation change between Arp2 and Arp3. However, another study 

suggests that a dimer of the VCA domains of WA VE I binds to the Arp2/3 complex more 

readily than a WA VE 1 monomer (Padrick et al.; 2008). According to Rodal et al. (2005) 

binding of a WASP protein to the Arp2/3 complex brings Arp2 and Arp3 into closer 

structural contact to facilitate binding to the actin mother filament. The interaction 

between WASP proteins and the Arp2/3 complex appears to depend primarily on 

interaction with Arp3, as Arp2 does not have high affinity for the VCA domain of 

WA VE I (Nolen et al., 2008). Thus, investigating how WA VE I regulates the interface 

between Arp2 and Arp3 may provide mechanistic clues on the regulation of lamellipodia 

formation and axon growth. 

We are able to use computational protein structure calculations to determine the 

residues in the interface between Arp2 and Arp3 that contribute the most towards the 

function of Arp3. Computational studies performed by Amruta Mahadik and colleagues 
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(Mahadik et al., in preparation) using Kortemme and Baker alanine scans (Kortemme et 

al., 2004) and Lichtarge's evolutionary tracing (Lichtarge et al., 1996) predicted three 

Arp3 residues that likely contribute a lot towards the Arp3-Arp2 interface: arginine 161 

(R 161 ), serine 226 (S226) and arginine 44 7 (R44 7). Of these, R 161 has the maximum 

change in the free energy when virtually mutated to alanine, suggesting it is an essential 

residue for the interface (Mahadik et al., in preparation). If this is true, mutating Arp3 

R 161 should affect advancement of the growth cone and elongation of the neurite, a 

question addressed by performing the studies desc�ibed herein. In particular, we mutated 

the Arp3 residue R 161 to alanine and expressed mutant and wild-type Arp3 in B3 5 rat 

neuroblastoma cells. We then assessed the interaction of WA VE 1 with the Arp2/3 

compi'ex, as well as lamellipodia formation, lamellipodial actin filament content and 

neurite extension (Fig. 1.3). 
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Fig. 1.3: Flowchart of the project plan. Site directed mutagenesis of the important residue in the 
recombinant DNA was followed by amplification of the WT and mutant Arp3 in E. coli and 
transfected into separate B35 neuroblastoma cells. Changes in the morphology of the cells and 
WA VE l -Arp2/3 complex interactions were studied with image analysis, immunocytochcmistry 
and co-immunoprecipitation by comparing the WT to the mutant cells. 
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CHAPTER II 

ARP3 RESIDUES IMPORTANT TO THE ARP2/3 FORMATION OF BRANCHED 
ACTIN FILAMENTS 

Excerpts adapted from a manuscript by A.C. Mahadik, , S. Haldar, , D.L. Hynds, , and 
B. W. Beck, to be submitted to Biophysical Journal 

INTRODUCTION 

Outgrowth of axons from neurons is the result of lamellipodial expansion at the 

leading edge of growth cones located at the tips of extending axons (Korobova et.al., 

2008).- Actin filaments in lamellipodia are arranged in a branching network. The 

polymerization and branching of actin filaments are further dependent on various 

proteins, including Arp3 of Arp2/3 complex. Through virtual alanine scans and 

evolutionary tracing Arp3, we predicted residue arginine 161 (RI 61) to have the largest 

contribution for the interface between Arp2 and Arp3. In particular, the computational 

simulations wer� conducted using a struc,ture without a bound nucleotide, so the complex

was in an open conformation cleft or functionally inactive structure. 

Since actin· polymerization and organization is important for growth cone 

extension and axon branching (Schmidt et ·al., 20 I 0), we planned to analyz� th� effect of 

expressing Arp3 with an arginine to alanine mutation at residue R 161 (RI 61 A) on neurite 

initiation and outgrowth. Here, we have developed expression ve�tors containing wild-
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type Arp3 and Arp3-Rl61A. We tested the effect ofR161A on actin polymerization in 

vitro and in vivo. 

METHODS 

The protocols for virtual alanine scan (VAS), comparison of full length cDNA, 

evolution�ry trace (ET) and multi sequence alignment are described in detail in a 

manuscript produced from this project (Mahadik et al., in preparation). Here, we 

describe the methods used to construct the vectors used in this study and the bench 

experiments testing the results of the computer simulation experiments. 

Generation of green fluorescent protein (GFP) tagged Arp3 

A GFP-tagged Arp3 construct was generated to facilitate the identificatio•n of 

transfected cells. This required amplification of two plasmids: an entry vector containing 

the complete open reading frame (ORF) of human Arp3 (1373 bp); and a destination 

vector containing GFP (717 bp), V5 epitope (42 bp), chloramphenicol resistance (Chlorr) 

and ampicillin re�istance (Ampr) genes (�-EmGFP-DEST, lnvitrogen). Each vector was 

first amplified in One Shot Top IO cells (E. coli) cultured in Lysogeny broth (LB; Bertani 

et al., 1951) with a·ppropriate selection (spectinomycin resistance for entry vector, 

chloramphenicol resistance for destination.vector). Plasmid DNA was isol�ted µsing 

Qiagen Miniprep and Midiprep kits. 
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To generate GFP-tagged Arp3, the ORF was transferred into the destination 

vector by homologous recombination with LR Clonase II (Invitrogen, Carlsbad, CA) in 

Tris/EDT A. This enzyme cuts each vector at specific sites and facilitates the exchange of 

Arp3 in the entry vector with the chloramphenicol resistance gene in the destination 

vector. The final construct produced had the genes for GFP and VS epitope attached to 

the two ends of the Arp3 gene with linkers of 15 bp and 7 bp respectively. E.coli 

transformed with the recombinant DNA was grown in LB medium plates with ampicillin 

( I OOµg/ml) (Sigma, St. Louis, MO). Recombinants were selected based on ampicillin 

resistance ( demonstrating presence of plasmid) and chloramphenicol sensitivity 

(indicating recombination). In each case transformation efficiencies were estimated using 

the control plasmid pUCl 9. Restriction digestion with Bgll and sequencing were used to 

confirm correct recombination. 

Site-directed mutagenesis 

Computational modeling of actin, Arp2/3 and WA VEl protein interactions using 

evolutionary trace and virtual alanine scanning identified R 161 as contributing the 

highest energy interaction at the Arp2/ Arp3 interface. Site directed mutagenesis was done 

with QuickChange II Site-Directed Mutagenesis Kit (Invitrogen, Carlsbad, CA), 

according to the manufacturer's suggestions. Primers used to mutate R 161 to alanine 

were sense: 5'- CTCCACTCA AT ACACCAGAAA ACGC AGAGT A TCTTGCAG 

AAA TT A TGT -3' and antisense: 5'- ACA T AA TTTCTGCAAGA T ACTCTGCGTTTTC 
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TGGTGTATTGAGTGGAG -3' (red text indicates site of mutation). Both primers were 

used in polymerase chain reaction (PCR)-based generation of mutated Arp3. The initial 

PCR program was 16 thermal cyclings with the following steps: ( 1) 95°C for 30 sec for 

melting; (2) 55°C for 1 min for annealing; and (3) 68°C for 7 min for elongation. DpnI 

was used to digest the parental dsDNA. Mutation was verified by sequencing 

(Biosynthesis). A map of the expression vector containing mutated Arp3 is shown in Fig. 

2.1) 

Fig.2.1. Plasmid map showing the site for mutation, RI 61, on Arp3 
gene. GFP and V5 epitope are attached to the two ends of Arp3 with 

linkers. 
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Gel electrophoresis 

Gel electrophoresis was done to confirm the sizes of the DNA and its fragments 

after restriction digestion. Samples were mixed 1: I with loading buffer (bromophenol 

blue) and electrophoresed through 1.5% agarose gels in Tris-Acetate-EDT A (TAE) 

buffer for I hour at 130 V. DNA was labeled with 25 mg/ml ethidium bromide for 30 min 

and the si�e of DNA fragments were compared to a standard DNA ladder. 

Transfection in B35 neuroblastoma cells 

B35 rat neuroblastoma cells were used for the expression of the wild-type and 

mutant Arp3. These cells were routinely cultured in I 0% fetal bovine serum (FBS)

containing medium and incubated at 37°C until 90% confluent. For splitting cells, 0.25% 

trypsin in phosphate buffered saline (PBS) was used. For biochemical experiments ( co

immunoprecipitation and western blot), cells were seeded in 6-well plates at a density of 

20,000 cells/cm2 • Lipofectamine TM 2000 was used to transfect B35 rat neuroblastoma 

cells according to manufacturer's instructions. 

lmmunocytochemistry 

Transfection efficiencies were estimated using immunocytochemistry for GFP. 

For immunocytochemistry experiments, ceils were seeded in 6-well plates <;lt a �ensity of 

10,000 cells/cm2 • Controls included untransfected cells and cells transfected with empty 

vector (vector with GFP but no Arp3). Two days after transfection, the cells were fixed in 
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4% paraformaldehyde and immunolabeled with mouse anti-VS ( I :200; Invitrogen, 

Carlsbad, CA) and rabbit anti-GFP (1 :200; Invitrogen, Carlsbad, CA) antibodies. V5 is an 

additional tag located at the C terminus of the Arp3 gene. Immunolabeling was visualized 

using appropriate secondary antibodies including Alexafluor 488-conjugated goat anti

mouse and Alexafluor-555 conjugated donkey anti-rabbit antibodies (Invitrogen, 

Carlsbad, �A). Actin was stained with Texas Red-phalloidin (165 nM; Invitrogen, 

Carlsbad, CA). One image per replicate (3 per condition) was captured with 40X and 

I 00X objectives. Transfection efficiencies were estimated by comparing the number of 

cells expressing GFP to the total number of cells in each image. 

Co-immunoprecipitation 

Co-immunoprecipitation and western blot studies were done to determine·the 

extent that WA VE 1 associates with Arp3 in B35 cells that remained untransfected as well 

as in cells transfected with empty vector (EV; GFP alone), GFP-wild type (WT) Arp3 or 

GFP-R 161 A Arp3. Cell lysates ( 400 µg total protein) were precipitated overnight at 4°C 

with rabbit anti-WA VE I antibodies (IO µg) and incubated with protein A agarose beads 
. 

' 

for 2 hrs at room temperature. Immunoprecipitates and lysates were electrophoresed 

through 12% sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred 

to nitrocellulose. Nitrocellulose was blocked in 5% nonfat dry milk in Tris _buffered 

saline containing 0.1 % Tween-20 (TBST). Blots were probed with rabbit anti-GFP 

antibodies (I: I 000) overnight followed by goat anti-rabbit antibo�ies conjugated to horse 
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radish peroxidase ( 1 :5000) for 2 hours and immunoreactive bands were visualized by 

enhanced chemiluminescence and were quantified using scanning densitometry readings. 

The nitrocellulose was stripped and re-probed with anti-Arp3 (to confirm WAVE1/Arp3 

complexing), anti-Arp2 (to determine Arp3 Rl61 interruption of Arp3/Arp2 complexing) 

and anti-WA VE 1 antibodies (to evaluate the efficiency of the immunoprecipitation). The 

experime�tal controls were anti-WA VEl antibody precipitates of lysates from 

untransfected and GFP-only cultures; and the negative control for immunoprecipitation 

was normal rabbit serum precipitates. In addition, reverse immunoprecipitations with 

anti-GFP or anti-Arp3 antibodies were performed. 

Actin polymerization assay 

Actin Polymerization Biochem Kit (Cytoskeleton, Denver, CO) was used·to 

measure actin polymerization rates in B35 cells that remained untransfected as well as in 

cells transfected with EV, GFP-WT Arp3 or GFP-Rl61A Arp3. In this assay, increased 

polymerization is measured by increased fluorescence from pyrene·-conjugated actin. 

Lysates from cells transfected with WT and Rl61A Arp3 were incubated with pyrene-
. ' 

conjugated G-actin (0.4 mg/ml) in the presence of ATP and the samples were read with a 

fluorimeter (Tecan). The samples were read at 60 second intervals for 20 minutes without 

actin polymerization buffer (APB) and for i hour after the addition of APB: Ba�eline 

controls only had ATP and General Actin Buffor. Spontaneous actin polymerization for 

each treatment condition (at time= 1 min) was subtracted from each group (baseline 
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control, test buffer/positive control, wild-type samples and mutant samples). The pyrene 

label minimally affects the rate of actin polymerization. 

RESULTS 

The virtual alanine scan of Arp3 subunit of Arp2/3 complex in the open state 

revealed one strong hot spot (��Gsubst > 2 kcal/mol) at Rl61 and two moderate hot spots 

(��Gsubst > I kcal/mol but less than 2 kcal/mol) at S226 and R447 in Arp3. The highest 

free energy change was seen with substituting alanine for arginine at residue 161, with a 

3.98 kcal/mol free energy change. RI 61 was also shown to be energetically important in 

the intermediate and closed states defined here as having a free energy change of more 

than I ·kcal/mo I after its substitution with alanine ( data not shown). Thus, R 16 I was 

predicted to have the largest energy contribution to the interface between Arp2 and Arp3. 

Generation of Arp3 expression vectors: 

To determine the contribution of R 161 in Arp3 'in regulating actin nucleation, we 

generated expression vectors containing Arp3 N-terminally fused to GFP. Restriction 

digestion of GFP-Arp3 WT recombinant vector with Bgll restriction enzyme produced 

three fragments of roughly 4000kb, 1800kb and 1200kb sizes (fig. 2.2) suggesting that 

the homologous recombination generated the proper recombinant DNA since one of the 

restriction sites (needed for a total of three fragments) was within the insert. When B35 

neuroblastoma cells were transfected with GFP-Arp3, immunocytochemistry for GFP 
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indicated that nearly 100% of the cells were transfected with either empty vector or with 

GFP-Arp3 (fig. 2.3). The cells were viable in all the groups 3 days after transfection 

indicating minimal toxicity due to the transfection method and protocol. In western 

blotting experiments, anti-GFP immunoreactive bands were found at 75 kDa (the 

expected molecular weight of the fusion protein) in transfected cells, but not in 

untransfe�ted cells (fig. 2.4a). Furthermore, anti-Arp3 western blots had immunoreactive 

bands at 50 kDa in both transfected and untransfected cells, corresponding to the 

expected molecular weight of endogenous Arp3 (fig. 2.4b ). An additional Arp3 

immunoreactive band was also evident at approximately 75 kDa (the expected size of the 

fusion protein) in transfected, but not in untransfected cells (fig. 2.4b ). 
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Fig. 2.2: Restriction digestion of recombinant GFP-Arp3 WT 
with Bgll restriction -enzyme. 1.5% agarose gel 
electrophoresis was done to separate the fragments. The 
digest pattern with bands at 4000, 1800 and 1200 bp 
suggested that the vector contained Arp3 m the correct 
orientation. 
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Fig. 2.3. Immunocytochemistry of GFP (a,b) and GFP-Arp3(c,d) transfected cells with anti-GFP 
antibodies ( 1 OOX). Pictures a and c are the differential interference contrast (DIC), whereas b and 

d, are the fluorescent images showing the expression of GFP and GFP-Arp3 proteins. The blue 
color is due to DAPI, which stains the nuclei. The cells are viable and of normal morphology with 

neurites. 

19 



a) 
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75kDa ...... 

50kDa 

Fig.2.4. Western blot of transfected and untransfected cell extracts. (a) Western blot with anti

GFP antibodies. The lane from cells transfected with GFP-Arp3 shows a band of 75 kDa. (b) 

Western blot with anti-Arp3 antibodies. The lane from cells transfected with GFP-Arp3 shows a 
band of 75 kDa, whereas at 50 kDa, bands of endogenous Arp3 are present in both lanes. 
T=Transfected, UT= Untransfected . 

. In addition, the expressed Arp3 is capable of interacting with one of its activating 

proteins, WA VE 1. Co-immunoprecipitation of WA.VE 1 and blotting with anti-GFP 

antibody (fig. 2.5a) and anti-Arp3 antibody (fig. 2.5b) produced bands of 75 kDa in the 

lane with extracts from cells transfected with GFP-Arp3 recombinant DNA, suggesting 

that the GFP-Arp3 chimeric protein is binding with WA VEI. Blotting with anti-Arp3 

antibody also produced bands of 50 kDa in both transfected and untransfected lanes 

because of endogenous Arp3 bound to WA VE 1. 
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Fig.2.5. Co-immunoprecipitation of WAVE I from transfected and untransfected cell extracts. (a) 
Western blot with anti GFP antibodies. The lane from cells transfected with GFP-Arp3 shows a 
band of 75 kDa. (b) Western blot with anti-Arp3 antibodies. The lane from cells transfected with 
GFP-Arp3 shows a band of 75 kDa, whereas at 50 kDa, bands of endogenous Arp3 are present in 
both lanes. T=Transfected, UT= Untransfected. 

Expression of Arp3-Rl61A alters actinfilament arrangement and cell morphology: 

. Following site-directed mutatgenesis to generate expression vectors carrying 

GFP-Arp3 with R 161 mutated to alanine, neuroblastoma cells were transfected with wild

type or mutant Arp3. Cells transfected with R 161 A Arp3 displayed altered cell 

morphology compared to those transfected with wild-type Arp3 (Fig. 2.6). The cells 

expressing Arp3-Rl61A elaborated few if any neurites.and had apparently increased 

accumulation of filamentous actin at the cell cortex. Empty vector (EV; cells transfected 

with GFP only) and untransfected (UT) groups were used as controls. 
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Fig. 2.6. Representative 1 OOX images of phalloidin stained 
untransfected (a) B35 neuroblastoma cells and cells transfected with 

EV (b ), WT ( c) and RJ 6 J A ( d) plasmids. 

GFP-Arp3-Rl61A still forms an Arp2/3 complex: 

We next tested whether GFP-Arp3-RI61A was able to form an Arp2/3 complex. 

Extracts of cells transfected with either wild-type or mutant Arp3 were co

immunoprecipitated with anti-Arp2 antibodies. Blotting with anti-GFP antibodies 

showed 75 KDa bands of similar thickness in the wild-type and R 161 A lanes, whereas 

these bands were absent in untransfected cells or cells transfected with GFP only (Fig. 

2.7). Similar results were seen with reciprocal co-immunoprecipitations (data not shown). 

This suggests that Arp3 with the RI 61 A mutation is able to complex with other members 

of the Arp2/3 complex. 
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Fig. 2.7. Co-immunoprecipitation of extracts from untransfected (UT) cells and cells transfected 
with empty vector (EV: only GFP), wild type Arp3 (WT) and mutant Arp3 (R161A). (a) Co
immunoprecipitated with anti-Arp2 antibodies and blotted with anti-GFP antibodies. Bands 75 
kDa are present in the WT and R 161 A lanes. (b) Input blot. Blots are representative of three 
separate experiments, all of which showed similar results. 

Extracts from cells expressing Arp3-RJ 61A have an increased rate of ac-tin 
polymerization: 

Extracts from cells transfected with R161A Arp3 gene showed an increase in the 

actin polymerization in-vitro as compared to that from cells transfected with wild-type 

Arp3 (Fig. 2.8). Slopes calculated for the linear portion of each-curve (5-15 minutes) 

showed an increase in the actin polymerization rate for extracts of cells expression Arp3-

R 161 A, compared to that of extracts from cells expressing wild type Arp3 or the assay 

positive control. 
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Fig. 2.8. In-vitro actin polymerization studies of extracts from cells transfected separately with 
WT and RJ 6IA Arp3 gene. The experiments were conducted in duplicate and repeated three 
times. Comparison of the slopes of the linear portion of each curve (between 5 and J 5 minutes) 
indicates that the rate of polymerization is significantly higher in cells expressing Arp3-Rl 61 A, 
compared to cells expressing WT ARP3 at p < 0.05 (ANCOVA with LSD post-hoc).This is from 
a representative experiment. 

DISCUSSION 

In this work, we identified three Arp3 residues likely to contribute to the 

Arp2/ Arp3 interface (Mahadik et al, in preparation). We constructed vectors to express 

wild-type and Arp3-R161A in mammalian cells. Both wild-type and mutant Arp3 were 

able to interact with Arp2. However, expression of Arp3-R161A increased the rate of 

actin polymerization, with filaments accumulating at the cell cortex and significantly 

altering cell morphology. The calculations indicating that Rl 61 is an important residue 
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for the Arp2/3 interface suggested that mutating this residue could either increase or 

decrease the activity of the Arp2/3 complex. We initially hypothesized that the Arp3-

R 161 A would not be able to interact efficiently with Arp2, subsequently decreasing actin 

branching and polymerization. This would lead to inability to form lamellipodia and 

decrease neurite outgrowth. However, we found that the RI 61A mutation increased actin 

polymerization, supporting the alternate hypothesis that this mutation would increase 

activity of the Arp2/3 complex. The increased actin polymerization and accumulation in 

cells suggests that the mutation made the Arp2/3 c�mplex more efficient. It is likely that 

the unusually high amount of actin polymerization hinders extension of cellular 

processes. 

· Prior work indicates that there may be an optimal level of Arp2/3 activity leading

to typical cellular functions. For instance, inactivating Arp2/3 function inhibits actin 

branch formation and polymerization leading to abnormal actin dynamics, cell motility 

and endocytosis in some cell lines (Liu et al, 2011 ). Conversely, studies have shown that 

increased Arp2/3 complex activity and actin polymerization disrupts many cellular 

functions leading.to binucleated cells, abnormal mitosis, defective cytokinesis and even 

apoptosis due to u�usual localization of actin (Moulding et al, 2007). From the data 

reported here, we conclude that Arp3 R 161 does contribute to the proper functioning of 

the Arp2/3 complex and mutating this residue to alanine leads to a shift in equil.ibrium 

from inactive to active actin branching and polymerization system altering cell 

morphology in B35 neuroblastoma cells. 
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CHAPTER III 

MUTATING ARP3 ARGININE 161 DECREASES NEURITE OUTGROWTH 
WITHOUT DISRUPTING WAVEI AND ARP2/3 

COMPLEX INTERACTIONS 

·Adapted from a manuscript by S. Haldar , A.C. Mahadik, B.W. Beck, and D.L. Hyndsto
be submitted to Journal of Neurobiology 

INTRODUCTION 

Axon growth during development, regeneration and plasticity of neurons results 

from extension of a sensory motile structure, the growth cone, located at the tips of 

extending axons. Forward extension of growth cones requires expansion of perirheral 

domain lamellipodia, structures containing an actin filament meshwork (Korobova et al., 

2008). In particular, nucleation and polymerization of actin near the leading plasma 

membrane of an extending growth cone is important for axon exte�sion, a process 

regulated by the actin related protein 2/3 (Arp2/3) complex (Machesky et al., 1994; 
. ' 

Aspenstrom et al., 1999; Dickson et al., 200 I; Garrity et al., 1999). 

The Arp2/3. complex is composed of seven subunits with the Arp2 and Arp3 

heterodimer binding to the mother actin fil�ment to nucleate a branching daughter 

filament (Rodal et al., 2005; Rouiller et al., 200�). Th_e other five subunits provide for 

integrity of the Arp2/3 complex and maintain the complex in an inactive state incapable 
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of binding to the mother filament (Beltzner et al., 2008). When the closed form of the 

Arp2/3 complex interacts with activating WASP family proteins, it adopts an "open," 

activated form that can interact with the mother actin filament (Wegner et al., 2008; 

Nikolic et al., 2002). 

The verprolin (V) homology, central (C) sequence and acidic (A) region (VCA) 

domain of.WA VE I binds to the Arp2/3 complex and actin monomers, aiding in the 

nucleation process (Beltzner et al., 2007). The VCA domain does not have high affinity 

for Arp2, suggesting that WA VE I interaction with Arp3 is important for the nucleation 

process (Nolen et al., 2008). Other work suggests that the C sequence of WAVEI binds 

to Arp2 and the A region to Arp3 (Boczkowska et al., 2008). It is possible that a change 

in the interface between Arp2 and Arp3 might affect the interaction between WA VE I 

and Arp2/3 complex, thus affecting actin nucleation and polymerization. Deciphering the 

particular molecular interactions that regulate Arp2/3 nucleation and subsequent 

lamellipodia formation may identify novel therapeutic targets for encouraging axon 

growth. 

METHODS 

The protocols for generation of GFP tagged Arp3, site-directed mutagenesis, gel 

electrophoresis, transfection in B35 neuroblastoma cells, co-immunoprecipitatidn and 
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actin polymerization assay have been described in detail in Chapter II. Other methods 

used are as follows. 

lmmunocytochemistry for co-localization 

Immunocytochemistry was performed using anti-WA VE I ( I :200; Sigma, St. 

Louis, MO), anti-GFP ( I :200; Sigma, St. Louis, MO) and anti-Arp3 ( I :200; Sigma, St. 

Louis, MO) antibodies, and the immunolabeling was visualized with secondary 

antibodies ( I :200) conjugated to Alexafluor 488, Alexafluor 555 or Alexaflour 649. 

Controls were untransfected cells and cells transfected with GFP only. Treatment groups 

for these experiments included untransfected control, and cells transfected with GFP 

only, wild-type Arp3 and mutant Arp3. 

Analysis of outgrowth 

Neurite outgrowth and actin filament content were analyzed using image analysis 

of phase contrast and fluorescent imag�s. Cells were stained with Texas Red-phalloidin 

(165 nM in PBS)'to analyze the actin filament content. Digital images were captured 

through 40X and 1 00X objectives for q4antification of lamellipodia formation, actin 

filament content and neurite outgrowth. For quantification of lamellipodia formation, 

areas in the growth cone with characteristic lamellipodial morphology and phalioidin 

labeling inten�ity 50% higher than growth cone central regions were defined as 

lamellipodia and outlined. Phalloidin labeling intensity in the cortical regions of the cell 
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bodies and lamellipodial regions of the growth cones was used to quantify actin filament 

content. For neurite outgrowth analysis, the percentage of neurite bearing cells, number 

of neurites per cell, total neurite length per cell (sum of all processes), the length of the 

longest neurite for each cell and number of branches per neurite were assessed. Treatment 

groups for these experiments included untransfected control, GFP only, wild-type and 

mutant Arp3. Each group was assessed using triplicate cultures in at least 3 separate 

experiments (n = 9). One image was taken per condition per replica. 

Statistics 

All end-point assays for the lamellipodia formation, actin filament content and 

neurite outgrowth yielded normally distributed data with similar variances across 

experimental groups. The experimental groups were individual cultures expressing wild

type and mutant Arp3, whereas the control groups were untransfected cultures and 

cultures expressing only the GFP construct. Data were analyzed using univariate analysis 

of variance (ANOV A) with individual treatment groups as the independent variable and 

the morphological characteristics as the d�pendent variable. Differences between 

treatment groups were determined using the Least Significant Difference (LSD) post-hoc 

test at the 0.05 level of significance. 
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RESULTS 

Expression of Arp3-RJ 61 A does not affect binding of other Arp2/3 members to WA VE J 

We assessed whether mutating residue argentine 161 in Arp3 prevents interaction 

with its activator, WA VE 1, using co-immunoprecipitation. GFP immunoprecipitates 

from cell extracts of cells expressing wild-type or mutant Arp3 had Arp3 immunoreactive 

bands at approximately 75 kDa (the expected molecular weight of the GFP fusion 

proteins), whereas untransfected cells or cells transfected with empty vector did not have 

these immunoreactive bands, suggesting that these �o categories of cells expressed the 

GFP-Arp3 chimeric proteins (Fig.3.1 ). Negative control immunoprecipita-tions with 

normal rabbit serum confirmed successful immunoprecipitation and reciprocal 

immunoprecipitations yielded similar results (data not shown). The lane of extracts from 

cells expressing mutant Arp3, however, showed increased Arp3 immunoreactivity, 

perhaps indicating an effect of the mutation on the efficacy of Arp3-antibody binding or 

increased production of the mutant compared to cells expressing the wild-type construct. 

When extracts of cells transfected with either wild-type or mutant Arp3 were co

immunoprecipitated with anti-Arp2 and blotted for WAVEl , immunoreactive bands of 

approximately 62 kDa with similar thickness were observed in the untransfected, empty 

vector, wild-type and mutant lanes, but not in cell extr_acts i�munoprecipitated with

normal rabbit serum (Fig. 3.2). Similar results were seen with reciprocal co

immunoprecipitations. Together these data suggest that the fusion proteins are being 

expressed and can be precipitated, and the interaction of other members of the Arp2/3 
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complex to one of the WASP family activating proteins is not affected by the Arp3 

mutation. 

(a) 
Control UT EV R161A 

75kDa 

(b) 
WT R161A EV UT 

f ... .I 75kDa 
,. 

I 

Fig. 3.1. Co-immunoprecipitation of extracts from untransfected (UT) cells arid cells transfected 
with empty vector (EV: only GFP), wild type Arp3 (WT) and mutant Arp3 (Rl61A). (a) Co
immunoprecipitated with anti-GFP antibodies and blotted with anti-Arp3 antibodies. Bands 75 
kDa are present in the WT and Rl61A lanes. (b) Input blot. Blots are representative of three 
separate experiments, all of which showed similar results. 
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Fig. 3.2. Co-immunoprecipitation of extracts from untransfected (UT) cells and cells transfected 
with empty vector (EV: only GFP), wild-type Arp3 (WT) and mutant Arp3 (Rl61A). (a) Co
immunoprecipitated with anti-Arp2 antibodies and blotted with anti-WA VEI antibodies. Bands 
of 62 kDa are present in the UT, EV, WT and Rl61A lanes. (b) Input blot. Blots are 
representative of three separate experiments, all of which showed similar results. 

Expression of Arp3-RJ 61 A decreases neurite outgrowth 

We used image analysis to assess how expressing wild-type or mutant Arp3 in 

B35 cells affects neurite outgrowth. Immunocytochemical images of untransfected cells 

(Fig. 3.3 a-e) and cells transfected with GFP only (Fig. 3.4 f-j), GFP-Arp3 (WT; Fig. 3.4 

k-o ), or GFP-Arp3-R 161 A (R 161 A; Fig. 3.3 p-t) show.similar cellular morphology for

untransfected, empty vector ( only GFP) and GFP-Arp3 (WT) transfected cells, with the 

majority of cells elaborating long neurites (Fig. 3.3). In contrast, cells expressing GFP

Arp3 (R 161 A), elaborated few or no ne�rites and typically had a rounded cell morphol

ogy with increased phalloidin staining at the cell cortex (Fig. 3.3 s,t). Untra_nsfe_cted cells

did not show any GFP immunoreactivity. 
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Anti GFP Ab Phalloidin/DAPI Anti GFP Ab Phalloidin/DAPI DIC 

Fig. 3.3. Immunocytochemistry of untransfected cells (a-e) or cells expressing only GFP (f-j), 
GFP-Arp3(WT) (k-o), or GFP-Arp3-Rl61A (Rl61A; p-t) with anti-GFP antibodies (green), 

Texas- red phalloidin (red) and DAPI (blue) staining (40X). Panels e,j, o, t are DIC images of d, I, 
n and s, respectively. Panels c, h, m, r are enlarged areas of a, f, k, p, respectively. Panels d, i, n, 
sare enlarged areas of b, g, 1, q, respectively. Scale is 20µm. 

The mean of the percentage of neurite bearing cells in the Rl61A group was 

23.94% (p :S 0.05) (range 0% - 66.67%), as compared to 96.29% (range 66.67% - 100%), 

90.74% (range 50% - 100%) and 91.66% (range 50% - 100%) for the untransfected, 

empty vector and wild type groups, respectively (fig. 3.4). This might suggest that the 
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cells expressing the Arp3 mutant (Rl 6 lA) had decreased neurite initiation. Similarly, the 

number of neurites per cell ( only including cells with neurites) was significantly 

decreased in cells expressing Arp3-Rl61A, with a mean of 1.40 (range 1 to 2; p _:s 0.05), 

as compared to the mean of 1.68 (range 1 to 3), 1.96 (range 1 to 3) or 2.15 (range 1 to 4) 

for the wild-type, empty vector or untransfected groups respectively (fig. 3.5). 

Additionally, the number of branches per neurite in cells expressing Arp3-R161A was 

0.104 (p :S 0.05), as compared to means of 0.85 in cells expressing wild-type Arp3, as 

well as untransfected and empty vector, suggesting that any neurite initiated from cells 

with mutant Arp3 might have a decreased tendency to branch (fig. 3.6). The neurite 

length per cell was also significantly decreased in cells expressing Arp3-R 16 lA, with a 

mean of 35.05 microns (p _:s 0.05), as compared to means of 100.47, 78.57 and 74.51 for 

the untransfected, empty vector and wild-type groups, respectively (fig. 3. 7). The longest 

neurite per cell was significantly decreased in cells expressing Arp3-Rl 61 A, with a mean 

of 32.03 microns (p _:s 0.05), as compared to a mean of 75.4 microns for untransfected 

cells (fig. 3.8). 
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Fig. 3.4. Quantification of the percentage of neurite bearing cells in different treatment groups. 
Data are means ± SEM for n = 9. Asterisk indicates significant difference from all other groups at 
p _:s 0.05 (ANOV A with LSD post-hoc). 
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Fig. 3.5. Quantification of the number of neurites per cell in different treatment groups (including 
only cells with neurites). Data are means + SEM for n = 9. Asterisk indicates significant 
difference from all other groups at p < 0.05 (ANOV A with LSD post-hoc). 
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Fig. 3.6. Quantification of the number of branches per neurite in different treatment groups. Data 
are means± SEM for n = 9. Asterisk indicates significant difference from all other groups at p S 
0.05 (ANOV A with LSD post-hoc). 
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Fig. 3.7. Quantification of the neurite length per cell in different treatment groups. Data are 
means± SEM for n = 9. Asterisk indicates significant difference from all other groups at p S 0.05 
(ANOVA with LSD post-hoc). 
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UT EV WT Rl61A 

Condition 

Fig. 3.8. Quantification of the longest neurite per cell in different treatment groups. Data are 
means± SEM for n = 9. Asterisk indicates significant difference from UT at p:::: 0.05 (ANOV A 
with LSD post-hoc). 

Expression of Arp3-RJ 61 A increases lamellipodial actin filament content. 

The data presented above show that expressing Arp3-Rl61A decreases neurite 

outgrowth, but that this construct can still participate in the Arp2/3 complex. Therefore, 

we next determined how expressing Arp3-Rl61A affects the production of actin filament 

content in lamellipodia. Fig. 3.9 shows the immunocytochemical images of untransfected 

cells (a-c) and cells transfected with GFP (d-f), GFP-Arp3 (WT; g-i), or GFP-Arp3-

Rl61A (Rl61A; j-1). Comparison of the Arp3 mutant-expressing cells (Fig. 3.9 k) to 

those with the in the other treatment groups (Fig. 3.9 b,e,h) indicates a higher cortical 

phalloidin intensity around cell bodies, suggesting increased actin filament content. 

Images m, n and o in Fig. 3.9 provide a same field comparison of an untransfected cell 
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and a cell expressing Arp3-R161A. The cell expressing GFP-Arp3-R161A (green) did 

not elaborate neurites and demonstrates increased phalloidin staining compared to the 

untransfected cell, which has typical morphology and a long neurite. The cell body 

phalloidin fluorescence intensity was increased in cells expressing Arp3-R161A, with a 

mean of 24.64 arbitrary units (p .:S 0.05), as compared to means of 18.52, 17.01 and 17.98 

arbitrary units for the untransfected, empty vector and wild-type, respectively (fig.3 .10). 
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Fig. 3.9. Immunocytochemistry of untransfected cells (a-c) or cell transfected with GFP (d-f), 
GFP-Arp3(WT; g-i), or GFP-Arp3-RI61A (Rl61A; j-1) with anti-GFP antibodies (a,d,g,j,m; 
green) along with phalloidin (b,e,h,k,n; red) staining ( 1 OOX). Panels m-o show a same field 
comparison of an untransfected cell to a GFP-Arp3-Rl6IA transfected cell immunostained with 
anti-GFP antibodies (m; green) and stained with phalloidin (n; red) ( 1 OOX). Scale is 40µm. 
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Fig. 3.10. Quantification of cell body phalloidin stain fluorescence intensity in different treatment 
groups. Data are means ± SEM for n = 9. Asterisk indicates significant difference from all groups 
at p _:s 0.05 (ANOV A with LSD post-hoc). 

It was difficult to compare the growth cone lamellipodial phalloidin fluorescence 

intensity between the different treatment groups due to the decreased number of growth 

cones in cells expressing Arp3-R161A. An estimate was made by measuring the 

phalloidin intensity of the lamellipodial regions which showed an increase in the intensity 

in wild-type cells, perhaps due to overexpression of Arp3. However, this decreased in 

the RI 61 A group, though it was still high as compared to the untransfected and empty 
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vector groups (table 3.1 ). The difference in the intensity was significant (p::: 0.05) in WT 

as compared to UT or EV. 

Table.3.1. Quantification of lamellipodial phalloidin fluorescence intensity in 

different treatment groups. 

Condition 

UT 

EV 

WT 

R161A 

Lamellipodia Phalloidin Stain 

Fluorescence Intensity (Arbitrary units 

±SEM) 

12.13 ± 1.82 (n = 14) 

10.15 ± 1.93 (n = 8) 

27.38 ± 8.61 (n = 10) 

19.92 ± 9.96 (n = 3) 

DISCUSSION 

In this work, we have shown that an Rl 61A point mutation in Arp3 decreases 

several measure of neurite outgrowth in B35 neuroblastoma cells, including initiation, 

elongation and branching. Interestingly, Arp3-Rl 61A expression increased cortical actin 

filament accumulation and the mutant Arp3 was still capable of interacting with Arp2. 

Furthermore, cells expressing Arp3-Rl 6 l A  have Arp2/3 complexes that interact with 
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activating WA VE 1 .  These results seem somewhat disparate because it would appear that 

Arp3-R 16 lA can form a stable Arp2/3 complex, which can interact with its activator; 

however, expression of the mutated Arp3 results in dramatic decreases in neurite 

outgrowth. Our results validate those from computational biology simulations suggesting 

that Arp3 R 161 is an important contributor to the Arp2:Arp3 interface and that mutating 

this residue has profound effects on cellular morphology and lamellipodial actin filament 

structure. We interpret the results reported herein to suggest that mutating R 161 confers 

an activated form to the Arp2/3 complex, with overexpression of this resulting in excess 

accumulation of actin to decrease neurite outgrowth. 

Several studies suggest that lamellipodia formation and cell motility require 

Arp2/3 mediated nucleation and polymerization within a narrow, opti�al range. 

Moulding et al. (2007), suggest that cellular processes may be disrupted by increased 

actin branching and polymerization. In this work, the actin content quantification for the 

lamellipodia showed an increase in the wild-type and R 161 A, although it was lower in 

R 161 A as compared to wild-type. This may be a consequence of the lack of neurite 

formation in celis expressing Arp3-Rl6i'A. Mutant Arp3 has been reported as one of the 

major contributors to the abnormal actin assembly in rats with focal and segmental 

glomerulosclerosis (FSGC; Akiyama et a�., 2008). Through mutation of the nucleotide 
. . 

binding sites in Arp2 and Arp3, Martin et al. (�005)� showed that ATP binding to both

Arp2 and Arp3 is important for the nucleation by Arp2/3 complex. In our computational 

simulation experiments, mutating R 161 of Arp3 was predicted to· place the Arp2/3 

41 



complex in a closed, active conformation, a function postulated to be attributable to 

binding of ATP in the nucleotide binding cleft of Arp3. 

In this project, the effect of R161A on neurite outgrowth and the interaction 

between WAVE I and Arp2/3 complex could give some valuable clues regarding the 

importance of Arp3 in actin dynamics. Co-IP results suggest that the amounts of WA VE I 

binding to Arp2 in the untransfected, empty vector, wild-type and mutant groups are not 

different. At the same time, one cannot dismiss the idea that WA VE 1 is interacting with 

the Arp2/GFP-Arp3 complex in the wild-type and Rl61A groups considering the fact that 

Arp2 is binding to both GFP-Arp3 and GFP-Arp3-Rl61A. 

Although the co-IP studies suggested that the amount of interaction between 

WAVE I and Arp2/3 complex was not affected after Rl61A mutation,. 

immunocytochemistry and confocal imaging studies clearly showed that the cells 

transfected with Arp3 R 161 A have poor initiation and growth of neurites. These results 

seem to contradict the immunoprecipitation results. Thus, it woul_d be expected that the

mutation would either have little effect on the morphology of the cells, or that expression 

of Arp3-R 16 I A would increase neurite �utgrowth. Since the actin filament branching is 

dependent on the affinity of Arp2/3 complex (Goley et al., 2010), it is possible that the 

mutation in Arp3, irrespective of the intei:action of Arp2/Jcomplex with WAVEI, 

affected the actin branching process because o_f cha�ge in the affinity of Arp2/3 complex,

resulting in the decrease in neurite outgrowth. On the other hand, proteins that directly 
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help in Arp2/3 complex-mediated actin polymerization and branching facilitate 

lamellipodial protrusion ( e.g. cortactin; Bryce et al., 2005; Si ton et al., 2011 ). 

Together, we interpret the data reported here to suggest that the Rl61A mutation 

in Arp3 increases efficiency of the Arp2/3 complex for nucleation and actin 

polymerization. According to D' Agostino et al. (2005), Arp2 helps in the nucleation 

process. In the same year, it was also shown that nucleotide binding to Arp3 is more 

important nucleotide binding to Arp2 for proper nucleation activity of the Arp2/3 

complex (Martin et al., 2005). The C-domain ofWAVEl brings Arp2 and actin together 

in the Arp2/3 nucleation process (Chereau et al., 2005). At the same time Wiskott Aldrich 

Syndrome protein (WASP), a protein similar to WA VE 1, has been shown to bivalently 

bind with Arp2 and Arp3 (Kiselar et al., 2007). Since the amount ofW (\ VEI interacting 

with the Arp2/3 complex within the cells was not very different, it is possible that the 

R 161 A mutation in Arp3 simply increased or prolonged the activity of Arp2/3 complex 

or changed its functional structure to an independent activated state by changing the 

quaternary conformation, thereby enhancing the nucleating capacity of Arp2/3 complex 

without affecting the WAVE1-Arp2/3 complex interaction. Thus, instead of deactivating 

the Arp2/3 complex, R 161 A might have permanently activated the Arp2/3 complex, 

perhaps eliminating the need for interme�iate proteins. This might be the reason for an 

increase in the actin polymerization and conte�t. A ?etailed understanding might give us 

important clues towards manipulating actin nucleation to facilitate recovery from CNS 

injuries. 
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CHAPTER IV 

FURTHER DISCUSSION 

The Discussion sections in Chapters II and III analyze the results from each 

chapter. However, these analyses do not delve into implications for axon growth in 

development or regeneration following damage .. Here, we elaborate on these aspects of

this project. 

Appropriate axon extension is necessary for proper development of the nervous 

system and for successful regeneration following nervous system damage. Axon growth 

is an intricate process that requires an axon to navigate through a complex envfronment 

and then to establish synaptic connections with appropriate targets. Unfortunately, there 

is little axon extension following damage to the central nervous system (CNS), due in 

large part to the presence of inhibitors of axon extension. Since axon extension in 

regeneration is �bought to recapitulate d�velopmental axon growth, we need to 

understand the basics of the axon growth mechanisms. 

Axon gro.wth is mediated through interaction of its extending tip, an expanded 

sensory motile structure called the growth cone (Baas et al., 200 I). Grow.th cone 

filopodia are finger-like extension that sampl� the environment and determine a 

permissive direction for growth cone advance. However, growth cone advance is thought 
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to occur primarily through expansion of lamellipodia toward permissive areas. In this 

work, we investigated mechanisms of growth cone lamellipodial expansion. In 

particular, lamellipodial expansion occurs through branching actin nucleation and 

polymerization, resulting in a meshwork of actin filaments within the lamellipodium. 

This process is controlled by the action of the Arp2/3 complex that binds to the sides of 

existing actin filaments. The Arp2/3 complex is composed of two actin-like proteins, 

Arp2 and Arp3, associated with five accessory proteins, ARPC 1-5. The Arp2/3 complex 

is activated through binding of a Wiskott-Aldricli protein, such as WA VE 1. The goal of 

this project was to determine the amino acid residues contributing to the interface 

between Arp2 and Arp3 and to determine the effects of manipulating the most important 

of these residues. Using computational biology simulations, we identified argi�ine 161 

(R 161) of Arp3 as the most important contributor to the interface. Since it is difficult to 

mutate endogenous Arp3, we created mammalian expression vectors containing wild

type (WT) Arp3 or Arp3 with R161 mutated to alanine (R161A) and transfected B35 

neuroblastoma cells with these constructs to determine the effect of mutating Arp3 R 161 

on actin nucleation, polymerization and lamellipodial expansion .. 

Transfect�on of cells with Arp3-R 161 A decreased neurite initiation, elongation 

and branching as compared to cells expre.ssion the WT construct. Additionally, Arp3-

Rl61A increased the cellular actin filament c�ntent_and actin polymerization rate. The

mechanisms. leading to decreased neurite outgrowth in spite of the increased actin 

polymerization are not clear, but may be related to an optimal level of branching 
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polymerization for lamellipodial expansion. Several studies highlight the potential for 

intricate regulation of Arp2/3 activation. For instance, decreasing the amount of Arp2/3 

results in decreased actin branching and polymerization, leading to decreased cellular 

migration (To et al., 2010), whileArp2 suppression through mutation enhances the 

nucleating function of Arp2/3 complex (Martin et al., 2005). Our data with cells 

expressing Arp3-Rl61A may indicate that the mutation placed the Arp2/3 complex in a 

permanent active state. One might deduce that activated Arp2/3 should enhance 

lamellipodia formation and growth cone extension. However, we found that 

polymerization increased, but neurite outgrowth decreased when Arp3-R 161 A was 

expressed, perhaps indicating that too much actin polymerization may impede neurite 

extension. In support of this idea, proteins that decrease actin filament. depo1Jn:1erization, 

decrease cell motility (Knecht et al., 2010). 

In other systems, electron microscopic studies indicate that actin filament 

branches formed at the periphery, leading to an accumulation of filaments to result in 

bundling to form filopodia (Korobova et al., 2008). Since we do not observe growth cone 

or filopodia formation in cells expressing Arp3-Rl61A, expressing the mutant Arp3 

might be actively_ inhibiting the actin filament bundling. Another possibility is that 

expressing Arp3-R 16 1 Aincreasesactin p�lymerization leading to formation of an 

inappropriate meshwork at the periphery that �oes �ot allow organization of actin 

filaments into bundles of linear filaments needed for neuritogenesis. In either case, 
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filopodia initiation would be hindered, growth cone formation prevented and neurite 

growth inhibited. 

In addition, our results suggest that Arp2/3 interaction with nucleators, like the 

Wiskott-aldrich proteins, may not be completely normal. While we find that the Arp2/3 

complex can still interact with WA VE 1, our studies do not determine if this interaction is 

still necessary for actin filament meshwork formation. Thus, additional studies 

investigating the interaction of WA VE 1 with Arp2/3 complex and that of Arp3 with Arp2 

after the mutation needs to be conducted. it' is generally thought that WA VE I brings 

Arp3 and Arp2 into a close, active conformation for Arp2/3 complex activation and actin 

branch nucleation (Robinson et al., 200 I). It will be interesting to know if the R 161 A 

mutation omitted the need for this step to activate Arp2/3. According to Robins�n and 

colleagues (200 I), the Arp3-ARPC2-ARPC3 group and the Arp2-ARPC l-ARPC4-

ARPC5 group needs a 20° rotation towards each other for activating nucleation 

(Robinson et al., 2001 ). If RI 61A increased the affinity of Arp2 �nd Arp3 making it 

difficult for the two subunits to return. to a more open, inactive conformation after 

activation, it should negate the need for WA VE 1 interaction with the complex. In 

addition, while }\rp2/3 is generally thought to work at the sides of existing filaments, 

some authors support the idea of "barbed .end branching" (Pantolini et al., 2000). 

According to this theory, the activated Arp2/3 _complex competes with capping proteins 

and binds to the barbed end of the filament to produce branching. This leads to a 

simultaneous growth enhancement of the original and the new branched filament (Falet et 
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al., 2002). If this is the case, then it is possible that Arp3-Rl61A increased the affinity of 

the Arp2/3 complex for the barbed actin filaments, making it more efficient than its 

competitor capping proteins. Lastly, hydrolysis of bound ATP is needed for Arp2/3 

complex activation (Dayel et al., 2001). If expressing Arp3-R161A has negated the need 

for nucleotide hydrolysis, the Arp2/3 complex in an activated conformation could 

function in the absence of WA VE 1 activation. Answering these questions may lead to a 

better understanding of the function of the Arp2/3 complex. 

Finally, expressing Arp3-Rl 61 A may lead to an over-abundance of actin 

polymerization, preventing growth cone extension. It has been demonstrated that areas of 

high actin density do not give rise to filopodia and correspond to expanded lamellipodia 

(Verkhovsky et al., 2003). According to Verkhovsky et al.(2003), any activator 9f Arp2/3 

complex gives rise to the high density areas. This is in contrast to the Korobova & 

Svitkina model, which suggests that areas of increased actin filament mesh work 

formation lead to development of filopodia (Korobova et al., 2008). Thus, it may be that 

beyond a threshold of actin density, filopodia formation is prevented. Our data indicate 

that there is an increase in the actin polymerization in vitro from extracts of cells 

expressing Arp3�Rl 61A and in the accumulation of cortical actin content in intact cells. 

The findings suggest the possibility that tbe increased cellular actin content, probably due 

to increased activity of Arp2/3 complex, lead t9 an inappropriate actin filament 

meshwork formation. This, in tum, might have prevented filopodia protrusion and growth 

cone elongation. An electron microscopic study of the structural effects of increased actin 

48 



polymerization and branching on the filopodia initiation would confirm further, the actual 

mechanism taking place at the periphery of the cells and at the neurite branch-points. 

To summarize, having an arginine at position 161 is important for an Arp2-Arp3 

interface that facilitates appropriate levels of actin nucleation and polymerization. R 161 A 

mutation of Arp3 possibly increases the capacity or shifts the equilibrium toward the 

activated state of Arp2/3 without affecting its interaction with WA VE I, leading to an 

increase in actin nucleation and polymerization. This forms a high actin filament density 

along the plasma membranes ofB35 neuroblastoina cells,which may prevent filopodia 

initiation and growth cone elongation. In a sense, this dense network formation prevents 

organization of actin filaments into proper functional cellular processes. Further protein 

interaction and electron microscopic studies of cells with RI 61 A mutation are Qeeded for 

a better understanding the role of RI 61 in regulating the Arp2-Arp3 interface and actin 

filament meshwork formation. Understanding these process will improve our 

understanding of the molecular mechanisms regulating axon growth and may identify 

novel therapeutic targets to enhance regeneration following nervous system damage. 
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