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ABSTRACT. The 70 C-terminal amino acids of Wiskott-Aldrich syndrome protein (WASp WA) activate
the actin nucleation activity of the Arp2/3 complex. WASp WA binds both the Arp2/3 complex and actin
monomers, but the mechanism by which it activates the Arp2/3 complex is not known. We characterized
the effect of WASp WA on actin polymerization in the absence and presence of the human Arp2/3 complex.
WASp WA binds actin monomers with an appar&gtof 0.4 M, inhibiting spontaneous nucleation and
subunit addition to pointed ends, but not addition to barbed ends. A peptide containing only the WASp
homology 2 motif behaves similarly but with a 10-fold lower affinity. In contrast to previously published
results, neither WASp WA nor a similar region of the protein Scarl significantly depolymerizes actin
filaments under a variety of conditions. WASp WA and the Arp2/3 complex nucleate actin filaments, and
the rate of this nucleation is a function of the concentrations of both WASp WA and the Arp2/3 complex.
With excess WASp WA and10 nM Arp2/3 complex, there is a 1:1 correspondence between the Arp2/3
complex and the concentration of filaments produced, but the filament concentration plateaus at an Arp2/3
complex concentration far below the cellular concentration determined to &8y human neutrophils.
Preformed filaments increase the rate of nucleation by WASp WA and the Arp2/3 complex but not the
number of filaments that are generated. We propose that filament side binding by the Arp2/3 complex
enhances its activation by WASp WA.

Many cells require actin polymerization for cell motility. Actin polymerization assays in vitro show that the Arp2/3
As cells move, new filaments grow from their barbed ends complex alone is a weak nucleatdt1f. Several proteins
in a cross-linked meshwork at the leading edge (reviewed greatly stimulate its nucleation activity. One protein is ActA,
in ref 1). New filaments are created by nucleation of the sole protein required for actin-based motility of the
monomeric actin, 3). Nucleation is the rate-limiting step  bacterium, Listeria monocytogenesn the cytoplasm of
of actin polymerization, as the dimer and trimer intermediates eukaryotic cells 12). Members of the WASp/Scar protein
in this process are extremely unstable (reviewed indjef  family also stimulate nucleation by Arp2/3 complex (re-
Elucidation of the mechanisms by which cells overcome this viewed in ref13). This family consists of the mammalian
unfavorable nucleation step to polymerize actin rapidly upon members: WASp (Wiskott-Aldrich syndrome protein), N-
stimulation has been a long-standing goal. WASP, and three isoforms of Scar (Scarl, -2, and -3), as

Recent studies suggest that the Arp2/3 complex is anwell as Beel (Las17p) iBaccharomyces cernsiaeand Scar
important cellular nucleating factor. The Arp2/3 complex, (supressor of CAMP receptor disruption) Dictyostelium
present in all eukaryotes examined, consists of sevendiscoidium Optimal stimulation of nucleation requires the
polypeptides, including two actin-related proteins, Arp2 and C-terminal regions of WASp/Scar proteins (WA). The WA
Arp3 (reviewed in ref5). Molecular modeling studies region, including a WASp homology 2 motif (WH2) and an
predicted that Arp2 and Arp3 might form a stable nucleus acidic C terminus, can bind both actin monomers and the
for barbed end elongation, thereby overcoming the slow Arp2/3 complex. Many aspects of this activation are not
nucleation stepd). The Arp2/3 complex concentrates to areas understood, including the role of actin monomer binding by
of actin polymerization and translocates to areas of new actin WASp/Scar proteins.

polymerization upon stimulatiory(8). Cdc42, a Rho family In addition to nucleating actin, the Arp2/3 complex also
GTPase that regulates actin polymerization in many cell ¢ross-links the pointed end of one filament to the side of
processes, requires Arp2/3 complex to stimulate actin po- another to create a “Y branch” in vitrd.{). Actin in the
lymerization in cell extractsy 10). extreme leading edge of motile cells is also cross-linked into
Y branches, and the Arp2/3 complex localizes to the
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The dendritic nucleation model has been supported by the A 1

finding that actin filaments enhance nucleation by the Arp2/3 : i TR e e w8
complex and WA in vitro 17). Without filaments, the initial e '--';:-._- ‘3 o
lag in actin polymerization nucleated by the Arp2/3 complex . T WEee e

and ScarlWA is appreciable. Sub-micromolar concentrations =~ ARE . T

of polymerized actin virtually eliminate this lag. Since

WASp/Scar WA regions do not appear to bind filamea®),( S -

this suggests that Arp2/3 complex binding to the side of a T '

filament also stimulates nucleation by the complex. ThiS ramen12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
finding suggests that cross-linking and nucleation by the

Arp2/3 complex might be intimately linked, facilitating B 40 ¢ 11 T ARAT A Aax iz aa naa nass
formation of a cross-linked actin meshwork at the leading i AS i LL L £ L 4 JJ
edge. o r .
In this paper, we use human WASp WA and the human "; [ ]
leukocyte Arp2/3 complex to address several questions. How = ]
does WASp WA bind actin monomers? Is filament side s ]
binding by the Arp2/3 complex essential for nucleation, or 0 ]
does side binding stimulate nucleation? What other condi- [ ]
. . . 11} PP PO P PO - Y. . S P
tions (pH and the state of actin monomers) affect nucleation 40 S0 60 70 80 90 100 110 120
by the Arp2/3 complex and WA? Finally, what is the volume, mL
concentration of the Arp2/3 complex in leukocytes, and do S8 60 62 64 66 68 T 72 74 T6 7
our kinetic results make sense in terms of this concentration? e
EXPERIMENTAL PROCEDURES A oy e

Preparation of WASp WA and Scarl WBNA encoding FIGURE 1: Purification of the Arp2/3 complex from human
human WASp amino acids 42%03 or human Scarl amino  leukocytes. (A) Coomassie-stained SEFFAGE of MonoS frac-
acids 443-559 was cloned into pGEX-2T (Amersham/ tions. (B) Superdex 200 elution profile of Arp2/3 complex MS2

; i ; :and Coomassie-stained SBBAGE of Superdex 200 fractions.
Pharmacia) and expressed and purified as described preVIMSl migrated similarly (not shown). Standards eluted on Superdex

ously 7). 200 as follows: A being blue dextran 2000, B thyroglobulin (669

Quantitatize ImmunoblottingPolymorphonuclear leuko-  kDa), C ferritin (440 kDa), D catalase (232 kDa), E aldolase (158
cytes (PMN) were purified from human blood leukocytes ﬁgg‘)e’nF(z%Sk% zS;?I lF(zllj\lEzli)éeGAo(\iasliggsn éﬁg fa?ﬁ}n'ﬂﬂﬁmk%%ps"
(obtained as de_scrlbed below) by layering 5 mL of Iegkoc_:ytes Subunits are labeled as follows: 1 Being Arp3, 2 Arp2, 3 p40, 4
onto 7 mL of Ficoll-Hypaque (Amersham/Pharmacia) in a p34, 5 p21, 6 p20, and 7 p16.

50 mL conical tube (Falcon) and centrifuging in a swinging

bucket rotor at 50§ at Rmax for 15 min at 4°C. The  horseradish peroxidase-congugated goat anti-rabbit 1gG
supernatant was removed, and the pellet was washed oncgBabco) in TBST for 90 min. The blot was again washed
in 25 mL of KRH and then resuspended to a density of 4 extensively in TBST, and immunoreactive bands were
10%/mL in KRH. This cell suspension consisted of greater yeyealed by ECL (Amersham/Pharmacia). Figurs 2 3 s
than 90% PMN. After detergent extraction (described below), exposure of one such blot. Band intensity was quantified by
20 uL aliquots of uncentrifuged homogenate were flash- densitometry ba 1 s exposure of the same blot. The
frozen in liquid nitrogen and stored at80 °C. The total  iyieqgrated band density of 6His-p34 varied linearly between
protein concentration was determined by the Bradford assays and 20 ng (not shown). The cytoplasmic concentration was
(Bio-Rad). 5 SDS-PAGE sample buffer [150 mM Tris-  yatermined on the basis of a cytoplasmic volume of .8
HCI (pH 6.8), 25% glycerol, 10% SDS, 12.58emercap- 1513 per PMN, as calculated by morphometry in which

toethanol, 2.5 mM_ _EDTA’ and 0.001% bromophenol blue] the volumes of granules and the nucleus were subtracted from
was brought to boiling and added to the frozen homogenatethe total cell volume 19)

to a protein concentration ofZy/mL (cell density of 4.4x o )
108 cells/mL), and further boiled for 5 min. This stock was ~_ Purification of the Arp2/3 CompleXable 1 summarizes
diluted in 1x SDS-PAGE sample buffer with or without ~ the steps and yields. Human peripheral leukocytes were
varying concentrations of 6His-p34 (concentration of 6His- Prepared from 6 units of blood drawn into ACD (29.4 g/L
p34 determined by densitometry of Coomassie-stained-SDS  Citric acid monohydrate, 58.8 g/L sodium citrate, and 39.6
PAGE using theAcanthamoebarp2/3 complex and actin g/L dextrose). Each unit was mixed with 0.1 volume of 10%
as standards). SBSPAGE was conducted on 15 cm gels Dextran T500 (Amersham/Pharmacia) in 0.9% NacCl, poured
(Hoeffer), and the proteins were transferred onto a PVDF into a 1000 mL separatory funnel, and incubated at@5
membrane overnight at 20 V/gel in 10 mM CAPS (pH 11.0) for 30 min. Red cells were drained off, and the upper phases
and 10% methanol. The membrane was blocked in TBST were centrifuged at 5@¥or 15 min at 25°C. The remaining

[50 mM Tris-HCI (pH 7.5), 100 mM NacCl, and 0.1% Tween red cells were lysed by resuspending each pellet in 25 mL
20] containing 3% BSA fo4 h at 20°C, and then incubated of iced LB (8.3 g/L ammonium chloride, 1 g/L sodium
for 16 hin TBST and 0.3% BSA containing affinity-purified  bicarbonate, and 0.038 g/L disodium EDTA, with the pH
anti-p34 diluted 1:2000 at 2C. After extensive washing in  not adjusted), incubated on ice for 5 min, and centrifuged
TBST, the membrane was treated with a 1:5000 dilution of for 5 min at 20@. The pellets were washed in 25 mL of
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of a 240 kDa globular particle. No other protein bands could

Table 1: Arp2/3 Complex Purification from Human Leukocytes - : . o A
be visualized by Coomassie staining (Figure 1B). The

total total Arp2/3

volume proteit  complex fold purified Arp2/3 complex was dialyzed against 2 mM Tris-

fraction (mL) (mg) (mg)  enrichmertt HCI (pH 8.0), 0.1 mM EGTA, 0.1 mM MgG| 1 mM DTT,
homogenate 36 350 21 1 and 75% glycerol and stored at20 °C. Concentrations of
LSS 33 176 35 1.7 the Arp2/3 complex from SourceQ 15, MonoS, and Superdex
QFT 45 81 3.1 3.3 200 columns were measured by Coomassie staining ofFSDS
a%%rggQ ee;l;a{e 470 07-52 oyééo 2613 PAGE using theAcanthamoebaArp2/3 complex as a
MonoS Eeak 5 10 29 6 77 standard. Three concentrations of the PMN Arp2/3 complex
$200 (MS1) 6 0.25 0.35 85 and four concentrations of thscanthamoeb@rp2/3 com-
S200 (MS2) 6 2.4 24 85 plex were used. The gels were scanned, and the integrated

aTotal protein determined by the Bradford assafrp2/3 complex densities of the combined Arp2/Arp3 bands, the p34 band,
concentration determined by quantitative immunoblotting using the anti- and the combined p21/p20 bands were measured separately

p34 antibody* Arp2/3 complex concentration determined by scanning in NIH Image. The concentration of the PMN Arp2/3
g;rgoﬁar;a:Ie:tgtlgﬁgafaaczﬁagtgjint? tr:jei)eicd?gth?:wneoer?ﬁggsof complex was based on an average of these three separate
miIIigprams of Arp2/3 complex in a given gurificatior? step by the number measurements against CUIVES forMnthamoebArpZB

of milligrams in the homogenate. complex. The concentrations determined from the Arp2/
Arp3, p43, and p21/p20 bands never differed by more than
0.9% NaCl per pellet. The six pellets were combined in 50 5%. Although WASp WA activated both MS1 and MS2
mL of 0.9% NaCl; 3 mM diisopropy! fluorophosphate was comparably (not shown), MS2 was used for all subsequent
added, and the cells were incubated on ice for 15 min. The characterization of activation by WA.

cells were pelleted and resuspended to a density>ofl4? Other Proteins Actin was purified from rabbit skeletal
cells/mL in KRH [118 mM NaCl, 9.7 mM KCI, 25 mM muscle 20). Monomers were purified by gel filtration on
HEPES (pH 7.4), 1.2 mM KKPO,, and 1.2 mM MgS(G]. Sephacryl S-300 in G-buffer [2 mM Tris (pH 8.0), 0.2 mM
This suspension, which consisted of 70% polymorphonuclear ATP, 0.1 mM CadC{, and 0.5 mM DTT]. Actin was labeled
cells and 30% mononuclear cells, was incubated at@7  (21) with pyrenyliodoacetamide (Molecular Probes, Eugene,
for 10 min, and then stimulated with 0.001 volume of 1 mM OR), and the extent of labeling was determined using
fMLP in DMSO for 10 s. An equal volume of iced extraction extinction coefficients of 22 000 M cm™* at 344 nm for
buffer [40 mM Tris-HCI (pH 8.0), 5 mM EDTA, 1 mM DTT,  bound pyrene and 26 600 Mcm™* at 290 nm 22) for actin
0.5% Thesit (Roche Biochemicals), 26/mL leupeptin, and  after correction for pyrene2@). Actin monomers were
10ug/mL pepstatin A] was added, mixed by inversion for 1 converted toe-ADP or to ADP following the method
min at 4 °C, and centrifuged at 200§0for 5 min. The described previously2d). ADP—P; filaments were prepared
conductivity of the supernatant (LSS) was adjusted to that by addition of 5 mM sodium phosphate (pH 7.0) ta:®l

of QA [10 mM Tris-HCI (pH 8.0), 100 mM NaCl, 1 mM  actin previously polymerized fol h in 1x KMEI (25).
EGTA, 1 mM MgCh, and 1 mM DTT] wih 5 M NaCl and ADP—BeF filaments were prepared by polymerizing2a
loaded by gravity flow ord a 5 mLcolumn of Q Fast Flow  MgATP actin in 0.1 M KCI, 2 mM MgC}, 15 mM NaF,
(Amersham/Pharmacia) equilibrated in QA. The column was and 150uM BeCl, at room temperature fo4 h (26).
washed with 5 mL of QA, and the flow through plus wash Recombinant human gelsolin was expressed in bacteria from
was dialyzed against several changes of 1 mM Tris-HCI (pH the PET 23 vector (a generous gift from H. Yin) and purified
8.0), 0.1 mM EGTA, 0.1 mM MgGl and 1 mM DTT until following previously published method®%). Spectrir-actin

the conductivity was equal to that of QB [10 mM Tris-HCl seeds were prepared from human erythrocy®8). (The

(pH 8.0), 1 mM EGTA, 1 mM MgCJ, and 1 mM DTT]. recombinant p35 subunit of the human Arp2/3 complex with
The dialysate was loaded onto 8 mL of Source Q15 packedan N-terminal six-histidine tag (PET15b vector, Novagen)
in a 10/10 column (Amersham/Pharmacia) equilibrated in was expressed iBscherichia colBL21(DE3), and purified
QB. After washing the column with QB until the 280 nm from the high-speed pellet of the bacterial lysate by solu-
absorbance returned to baseline, bound proteins were elutedilization in 8 M urea and N+NTA chromatography
with an 80 mL linear gradient to QA. Fractions containing (Qiagen) according to the manufacturer’s instructions. This
the Arp2/3 complex were detected by actin nucleation assaysmaterial was used to raise polyclonal antiserum in New
in the presence of WASp WA. These fractions were pooled Zealand white rabbits. Anti-p35 antibodies were purified by
and diluted 1:1 into SA [20 mM PIPES (pH 6.8), 50 mM using their affinity for recombinant p35 as previously
NaCl, 1 mM EGTA, 1 mM MgC}4, and 1 mM DTT] and described 29). The WASp WH2 peptide (residues 432
loaded onto a MonoS 10/10 column (Amersham/Pharmacia)456) was synthesized on an Applied Biosystems 432A
equilibrated in SA. After washing the column with SA until peptide synthesizer and deprotected according to the manu-
the 280 nm absorbance returned to baseline, bound proteingacturer’s instructions. The pure peptide gave a mass of 2666
were eluted with a 160 mL linear gradient to SB (SA but Da as determined by MALDI (Salk Institute Mass Spec-
with 250 mM NacCl). Two peaks of the Arp2/3 complex trometry Facility).

eluted (Figure 1A), centered at 105 (MS1) and 120 mM NaCl  Gelsolin—Actin SeedsUnlabeled actin in G-buffer was
(MS2). Each peak was pooled separately, concentrated in goolymerized at a concentration ofi® by the addition of
Centricon50 apparatus (Amicon), and loaded onto 125 mL 0.1 volume of 1& KMT [500 mM KCI, 10 mM MgCh,

of Superdex 200 packed in a 16/60 column (Amersham/ and 100 mM Tris-HCI (pH 8.0)] fol h at 25°C, then diluted
Pharmacia) and equilibrated with SB. The Arp2/3 complex 1:1 with 175 nM freshly purified gelsolin and 0.5 mM CaCl

in each peak eluted with a Stoke’s radius equivalent to that in G-buffer with 0.1 volume of 1@ KMT, and incubated
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for 30 min at 25°C. EGTA was added to a final concentra- = AV, = V,, + (V,, — V,)I[K4 + [A] + [WA] —
tion of 1 mM. The concentration of pointed ends was
determined by measuring the elongation rate of pyrene \/(Kd +[A] + [VVA])2 — 4[A][WA]/2]
actin from these seeds using the equation [pointed ends]
elongation ratek:[actin]), wherek; = 1.3uM™ s7* (24). whereAV; is the change in the initial rate of elongatiary
Effect of WASp WA on Nucleotide Exchange from Actin. the initial elongation rate in the absense of WA, the initial
The dissociation of Mg-ADP from actin monomers was elongation rate in the presence of WA, [A] the concentration
measured by the decrease in fluorescence with excitation aiof actin monomers, and [WA] the concentration of WA.
360 nm and emission at 410 nm. A Hi-tech SFA-Il rapid  Pelleting AssaysUnlabeled actin was polymerized at a
mixer enabled mixing of 60&M ATP from one syringe  concentration of %M in G-buffer with 1x KMEI for 1 h at
with 2.8 uM €-ADP actin in the absence or presence of 6 25°C. Polymerized actin was diluted to a concentration of
uM WASp WA in G-buffer-Mg (G-buffer with 1 mM EGTA 4 4M in G-buffer and & KMEI containing the other proteins
and 0.1 mM MgCj). in the assay, and incubated for 30 min at’#5 The mixture
Actin Polymerization by Fluorescence SpectroscByyene- ~ was centrifuged at 80 000 rpm for 20 min in a TLA-100
labeled and unlabeled actin monomers were mixed to obtainrotor (Beckman) at 253C. The supernatant was removed,
the desired ratio of pyreneactin to unlabeled actin (5% the surface of the pellet washed withx IKMEI, and the
pyrene-actin unless otherwise indicated), and diluted to 20 pellet resuspended in 30 mM Tris-HCI (pH 6.8), 5% glycerol,
uM total actin in G-buffer. An aliquot of this stock was 2.5% BME, 0.5 mM EDTA, ad 6 M urea. Pellets and
converted to Mg-actin by adding 0.1 volume of 10 mM  supernatants were analyzed by SEFAGE.
EGTA and 1 mM MgC} and incubating at 28C for 2 min
in a 1.5 mL Eppendorf tube. This mix was diluted with RESULTS

G-buffer-Mg, and aliquots of the other proteins in the assay  pification of the Arp2/3 ComplexWe developed a

(in G-buffer-Mg) Were_placed in separate drqps on the side nathod for purifying the Arp2/3 complex from human

of the tube. The reaction was started by adding HMEI leukocytes that features three advances over existing methods
[500 mM KCI, 10 mM MgCb, 10 mM EGTA, and 100 MM of mammalian Arp2/3 complex purificatio,(9, 30). First,
imidazole (pH 7.0)] to the actin to a final concentration of he procedure is completed within 12 h of drawing the blood
1x, and the separate drops of other proteins were quickly 5nq within 8 h of lysing the leukocytes, minimizing the

mixed into the actin; the final mix was placed into the onh0runity for protein modification or proteolysis after lysis.
cuvette, and the fluorescence reading was started. The delaESecond, the yield is about 5-fold higher than with other

between addition of 10 KMEI and the other proteins to  rocedures. This high yield is in part due to the efficiency
the actin was<5 s, and the delay between starting the of the purification steps (67% recovery from the cell
reaction and starting the fluorlmeter was-117 s. Pyrene homogenate) and in part to the abundance of the Arp2/3
fluorescence data (excitation at 365 nm and emission at 407complex in leukocytes. The Arp2/3 complex represents 1.2%
nm) were collected on a PTI Alphascan spectrofluorimeter ¢ the total cellular protein in neutrophils, or 9471.2 uM
(Photor_1 Technology International, Santa Clara, CA) at a rate, the neutrophil cytoplasm (Figure 2). Approximately 70%
of 1 point/s. of the cells in the total leukocyte preparation are neutrophils.
Calculation of Polymerization ParameteM/e calculated  Third, we identify two chromatographically distinct popula-
the concentration of barbed ends from elongation rates usingtions of the Arp2/3 complex by cation exchange chroma-
the equation [barbed ends} elongation ratek[actin tography, MS1 and MS2. While two populations of the
monomers]), wher&, = 11.6uM~1stat pH 7.0 @4). This Arp2/3 complex have been identified Adcanthamoebé31),
method, using the elongation rate at the point where 80% of there are no reports of such heterogeneity in mammals. MS1
the monomers were polymerized in a spontaneous assemblhand MS2 exhibited comparable nucleation activities in the
reaction, gave the same concentration of ends as the initialpresence of WASp WA (not shown).
rate of elongation when fresh monomers where added atthe  WASp WA Binds Actin Monomers and Inhibits Pointed
completion of spontaneous polymerization. We calculated End ElongationAll WASp/Scar members tested in previous
k. at other pH values to be 18 (pH 6.5 imidazole), 15.9 (pH studies bound actin monomerk8( 32—34), but the experi-
6.75 imidazole or MOPS), 10.9 (pH 7.25 imidazole or ments were not quantitative and did not reveal the effect of
MOPS), 8.7 (pH 7.5 MOPS or Tris), 7.1 (pH 7.75 MOPS or binding on actin polymerization. We determined the effect
Tris), and 5.8M~1s™1 (pH 8.0 Tris) from elongation rates  of WASp WA alone on actin polymerization before studying
in the presence of actin monomers and a known concentrationits effect on polymerization mediated by the Arp2/3 complex.
of actin filaments (buffer composition was 10 mM pH buffer, WA inhibits spontaneous polymerization of actin monomers
1 mM EGTA, 1 mM MgCh, and 50 mM KCI). We defined  in a concentration-dependent manner (Figure 3A). However,
polymerization lag as the time necessary for polymerization at steady state even high concentrations of WA do not alter
of 10% of the actin monomers (as judged by pyrene the polymer concentration as judged by pyrene fluorescence
fluorescence) and nucleation rate as the inverse of the(not shown). Therefore, WA does not sequester actin
polymerization lag, with the full understanding that nucle- monomers or cap the fast-growing barbed end of filaments,
ation is more complex than this simple definition and that either of which changes the steady state polymer concentra-
nucleation is occurring throughout this period).( To tion. Instead, WA may inhibit nucleation or elongation.
calculate the apparent equilibrium constant of WA for actin Excess WA inhibits slightly the rate of elongation from
monomers from the rate of inhibition of pointed end prepolymerized actin seeds by AFBctin monomers (not
elongation, we used the equation shown). This is consistent with an effect on pointed end but
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Ficure 2: Determination of the p34 concentration in PMN by
guantitative immunoblotting. A 10-fold concentration range of PMN
homogenate was blotted, as well as a concentration curve of 6His-
p34 in 5ug of PMN homogenate as an internal control. The
integrated density of p34 immunostaining was linear between 2.5
and 10ug of homogenate, and between 5 and 20 ng of 6His-p34. [ D e

21 F y p i -

Fluorescence, a.u.
L
]
1

not barbed end elongation, since elongation from the pointed e
end is 10-fold slower than it is from the barbed ed)( S
We further tested elongation using filaments capped at the
barbed end with gelsolin. Excess WA inhibits pointed end
elongation (Figure 3B). Because the WA concentration [ Tt e TR
dependence of this inhibition depends on the concentration 20| B -
of actin monomer but not on the concentration of gelselin [ ' ]
actin seeds (not shown), we conclude that the inhibition is - W AT
due to interaction of WA and actin monomers. From the
dependence of this inhibition on WA concentration (Figure
3C), the apparerity of WA for actin monomers is 0.4M.
Elongation from spectrinactin seeds was 20% inhibited by
saturating WA (Figure 3C), which might reflect a slightly
decreased rate of barbed end elongation. 8 " 2

The effect of WA on pointed end elongation was similar - o b ME ]
to that of profilin 35, 36). We therefore tested whether WA 4 LR ]
might also be like profilin in catalyzing nucleotide exchange e
on actin. However, the rate @fATP exchange on actin is
the same in the presence and absence of excess WA (not
shown). T kT T T 1r 1 rr oI’

The WH2 motif of WASp/Scar proteins contributes to
actin monomer binding3@3). To test whether this motif is
sufficient to bind monomers, we synthesized and tested a
peptide of WH2. Like WA, WH2 inhibits nucleation and
pointed end elongation (panels A and B of Figure 3). The
Kq4 of WH2 for actin monomers estimated from its inhibition
of pointed end elongation is/8Vl, about 10-fold higher than
for WA.

While previous studies agree that the C-termini of WASp/
Scar proteins do not bind tightly to actin filamenis8(32—
34), these studies differ on the issue of whether these proteins
depolymerize actin filaments. The fact that, in our experi- 0
ments, actin eventually polymerizes fully even in excess WA
shows that WA does not sequester actin monomers. How-
ever, studies where depolymerization was obserdsd-( Ficure 3: Effect of WASp WA and WH2 on actin polymerization.
34, 37) differed from the current work in three ways. (1) (T/z)é:/}/iﬁa?ggn\é\g%réﬁgfgft;;& F;?é):g;ﬁ%ﬁ;ﬂﬁﬁ?&;ﬂggfeggtin-

. . . A -
B 5 e, e o e 0.1,04r ) S e a0 ) 2 o s (8 10
. - ? A), 20 @), or 40uM WH2 (O) in a final concentration of &
used in previous work, while we used WASp WA cleaved polymerization buffer (pH 7.0), and the pyrene fluorescence was
from GST. (3) Unchelated calcium ions were present in the measured. (B) WA and WH2 inhibit pointed end elongation.
previous work, while we included EGTA in our buffers. We Monomeric acttin \;Vssgfgiuvt\’/ﬁgd%se r?escri)tﬁﬂefzgr?g“g&ﬁirWith
tA i H varying amounts o .

therefore performed actin filament pelleting assays under all J% /BZL %f bolymerization buffer. and 2@?ﬂbf 80 nM gelsolin
of these conditions using either WASp WA or Scarl WA. 5(in seeds were added, and the increase in pyrene fluorescence
Although the level of supernatant actin increases slightly with was measured. Symbols indicate the same final WA and WH2
WASp or Scarl WA, neither polypeptide causes actin concentrations as in panel A. (C) Dependence of the WA

depolymerization to the extent found in previous studies CO“CfF‘tfati?_n on g'o'rk?i?ion rate fromﬂgﬂelggn/lin-capperzl k?cltir&)and
- ; : : spectrin-actin seeds. Actin monomers g2/, 5% pyrene-labele
(Figure 4.and not shown). Densitometric analysis of the were added to 4 nM gelsoliractin @) seeds or to 0.4 nM
Coomassie-stained gels reveals thapM WASp WA, spectrin-actin seeds@) in the presence of varying amounts of
whether coupled to GST or cleaved from it, increases the WA. Elongation rates were measured for the initial 50 s and

concentration of actin in the supernatant from 0.1 to/0vB normalized to the rates in the absence of WA.
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Ficure 5: Effect of pH on actin polymerization in the absence
and presence of WA and the Arp2/3 complex. The concentration
Pellets of barbed ends (circles) and the nucleation rate (squares) as a

Ficure 4: Neither WASp nor Scarl WA depolymerizes actin function of pH in the absence (white symbols) and presence (black
filaments. Final concentrations of MM polymerized actin and 4 symbols) of WA and the Arp2/3 complex. The concentration of
uM WASp or Scarl WA cleaved from GST, WASp, or Scarl WA ends |_n_the presence of WA, the Arp2/3 complex, and. 250 nM
still attached to GST were incubated it KMEI at pll| 7.0 for 30 phalloidin-stabilized polymerized actin was also determineyl (
min at 25°C. After centrifugation in a TLA-100 rotor at 80090
for 20 min, the pellets and supernatants were analyzed by-SDS
PAGE and Coomassie staining. Similar results were obtained when
Tris-HCI (pH 8.0) was used as the buffer or when EGTA was
excluded from the buffer (not shown).
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(4 uM total actin). Scarl WA behaves in a similar manner
when cleaved from GST, while GSIScarl increases the
supernatant actin concentration to @v.

Conditions for Nucleation by WA and the Arp2/3 Complex. 5
WASp/Scar proteins act synergistically with the Arp2/3
complex to accelerate actin nucleatioh7,( 38—40). To A R S S
understand this process in more detail, we tested the effects o 20 40 60 80 100
of pH, nucleotide bound to actin monomers and filaments, Unlabeled actin, %of total actin
and pyrene labeling of actin, as well as the concentration Ficure 6: Effect of the percentage of pyrenmonomeric actin
dependence of the Arp2/3 complex, WA actin monomers, on WA or Arp2/3 stimulation. To a final concentration ofuM
and actin filaments. The Arp2/3 complex and WA affect two monomeric Mg-actin was added a final concentration of KMEI
parameters of actin polymerization: the polymerization lag, Without or with 500 nM WA and 50 nM Arp2/3 complex. The

. : : . olymerization kinetics of different percentages of pyrene actin
during which stable nuclei form, and the concentration of gloxe were indistinguishable from tﬁose of 1900% pi)/)r:amain.

filament ends that are generated, which is proportional to The concentration of barbed end®)(and the nucleation ratdm
the polymerization rate at any given concentration of actin are plotted as a function of the percentage of unlabeled monomeric

monomers. We analyze both parameters, expressing theactin.

polymerization lag as a nucleation rate (reciprocal of the time and the polymerization lag (Figure 6). However, with less
required for 10% polymerization) and calculating the con- than 20% pyreneactin, the effect of pyrene is ’minimal.
centration of ends generated from the polymerization rate atThus. our use of 5% py;eﬂactin in other experiments does
80% of total polymerization. This method for calculating ot affect the results. To test one possible reason for

ends agrees well with elongation assays using the fully inhibition of WA and Arp2/3 complex-stimulated nucleation
polymerized samples as seeds (not shown). by pyrene-actin, we tested whether WA could inhibit
The pH affects the initial lag, which is much longer at pH  elongation of 100% pyreneactin from gelsolir-actin seeds.
8.0 than at pH 6.5 in the presence and absence of WA andapproximately 2-fold more WA is required to inhibit pointed
the Arp2/3 complex (Figure 5). With the Arp2/3 complex end elongation (not shown), so WA may bind less well to
and WA, the nucleation rate is more than 5 times faster at pyrene-actin monomers.
pH 6.5 than at pH 8.0. However, when the effect of pH on  ATP—actin is a much better substrate than AB#tin
elongation rate of actin alone is taken into account, the for nucleation by WA and the Arp2/3 complex, although
concentration of ends produced by WA and the Arp2/3 high concentrations of the Arp2/3 complex and WA do
complex varies by less than a factor of 2 between pH 6.5 enhance nucleation of ADRactin (Figure 7). This effect is
and 8.0. These effects are independent of the pH buffers tnatnot due to a decreased aff|n|ty of WA for ADP-actin, as

Ends, nM
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B
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L

N

o
,.095 ‘0] X aley UoneajonN

are used. WA inhibits elongation of ADP-actin and ATP-actin
Nucleation by WA and the Arp2/3 complex is sensitive monomers from gelsolinactin seeds with a similar con-
to the state of actin monomers in the assay. Pyretin centration dependence (not shown).

monomers are much less effective than unlabeled monomers Concentration Dependence of Reactants during Nucle-
in nucleating filaments in the presence of the Arp2/3 complex ation. Nucleation depends on the concentrations of the
and WA, as judged by both the number of filaments produced Arp2/3 complex, WA, and MgATPactin. With a constant
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FiGure 7: Monomeric MgATP-actin is a better substrate for
nucleation by WA and the Arp2/3 complex than monomeric
MgADP—actin. To a final concentration of 4M monomeric
MgATP—actin (black symbols) or monomeric MgADRctin
(white symbols) were added no WA and the Arp2/3 complex
(circles), 100 nM WCA and 10 nM Arp2/3 complex (squares), or
500 nM WA and 50 nM Arp2/3 complex (triangles) in a final
concentration of ¥ polymerization buffer (pH 7.0), and the pyrene
fluorescence was measured. The white diamonds represent data for
monomeric MgADP-actin which was preincubated with a 5-fold
molar excess of ATP (0.5 mM) to free ADP in G-buffer for 3 min
before starting polymerization in the presence of 100 nM WA and
10 nM Arp2/3 complex.

actin monomer concentration ofdM and an excess of WA,
the nucleation rate and the number of filament ends produced
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increase with the concentration of the Arp2/3 complex
(panels A and B of Figure 8). The nucleation rate reaches a
maximum, and the concentration of filament ends plateaus 0
at 20-25 nM with a saturating concentration of Arp2/3
complex. With<10 nM Arp2/3 complex and a saturating
concentration of WA, each Arp2/3 complex produces one
filament. Similarly, with constant concentrations of actin
monomers and Arp2/3 complex, both parameters increase
with WA concentration, and the concentration of ends again
plateaus at 25 nM (Figure 8C).

With constant concentrations of the Arp2/3 complex and
WA, both the concentration of ends and the nucleation rate
increase with the concentration of monomeric actin (panels
A and B of Figure 9). Both of these parameters also increase
with actin concentration in the absence of the Arp2/3
complex or WA. The largest effect of WA and the Arp2/3
complex is at low actin concentrations. We found previously 5
that the presence of profilin suppresses spontaneous nucle-
ation and increases the contribution of activated Arp2/3- 0
induced nucleation. 0 400 600

Effect of Preformed Filaments on Nucleatiohddition WASp WA, nM
of polymerized actin greatly accelerates nucleation mediatedFicure 8: Nucleation depends on the concentrations of the Arp2/3
by Acanthamoeb®rp2/3 complex and Scar construcis, complex and WA. (A) Effect of the Arp2/3 complex concentration
so we investigated the effect of filaments on nucleation by ©N actin polymerization in the presence o0&k monomeric actin
the human Arp2/3 complex and WASp WA using two ezmd 0.54uM WA. The Arp2/3 complex concentrations were@)(

. ©),4 @), 7.5 @), 10 (a), 15 (»), 20 (#), 30 (), and 50 nM
approaches. In the first approach, the presence of low (). "The trace with no symbols represents actin alone. (B)
concentrations of polymerized actin decreases the polymer-Calculation of the concentration of barbed en@ énd nucleation

ization lag by the Arp2/3 complex and WA (Figure 10A). rate @) from data similar to those depicted in panel A. (C) Effect

We used submaximal concentrations of WA and the Arp2/3 of WA concentration on the same parameters in the presence of 4
- #M monomeric actin and 50 nM Arp2/3 complex.

complex to slow the process so that the effect of filaments

could be analyzed more accurately. While decreasing the lag filaments are in either the ADPP- or ADP—BeR-bound

filaments have little effect on the number of new ends created state, or when the filaments are polymerized in the presence

by the Arp2/3 complex and WA. Although the vast majority of excess phalloidin or when phalloidin is added after actin

of actin present in the filaments used in this experiment is has fully polymerized (not shown). The pH dependence of

in the ADP-bound state, the effect is similar when the nucleation by WA and the Arp2/3 complex appears to be
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WASp/Scar proteins and actin. In the pointed end elongation
assay, WASp WA binds actin monomers with an apparent
Kgq of 0.4uM. This interaction inhibits addition of monomers
to filament pointed ends but not to barbed ends, since excess
WA inhibits only slightly elongation from prepolymerized
actin seeds. Since WA also inhibits spontaneous polymeri-
zation of actin from monomers, and pointed end elongation
contributes little to this process, WA must also inhibit
spontaneous nucleation. The WH2 motif alone affects actin
polymerization similarly but with a 10-fold lower affinity.
Finally, in contrast to the work of other82—34), we find
that neither WASp WA nor Scarl WA depolymerizes
preformed actin filaments to the same extent. The level of
depolymerization is negligible with WASp WA, Scar WA,
0 100 200 300 400 500 600 or GST-WASp WA, while GST-Scarl WA depolymerized
Time, seconds <20% of 4uM actin, much less than that observed by others
(34). We see no simple explanation for this discrepancy, but

20 F

Normalized Fluorescence, a.u.

10 ™ —T —T—T T T 80
i ' ' ' ' it may be related to the method of actin preparation, which
70 was not described in the previous work.
8 60 g Inhibition of pointed end elongation by WA and WH2
o implies that they may bind to domain 1 and/or domain 3 of
= &6 50 & actin monomers4l), sterically inhibiting addition of these
=1 . .
< T complexes at pointed ends but not at barbed ends (Figure
8 0 11A). Since WA only slightly inhibits barbed end elongation
W 30 & at the concentrations we tested, it must rapidly dissociate
S from the filament barbed end upon addition of WA-bound
, 20 § monomer. Profilin has a similar effect on polymerization; it
10 inhibits nucleation and pointed end elongation but not barbed
end elongation 35). This is due to binding to actin
0 0 subdomains 1 and 32—44). On the other hand, WA differs
from profilin in that it does not catalyze nucleotide exchange
monomeric actin, uM on actin. WASp/Scar WH2 has some sequence motifs similar

FiGuRe 9: Effect of the monomeric actin concentration on O those of the sequestering protein thymgsh(T/34) in
nucleation by the Arp2/3 complex and WA. (A) Effect of the the region that binds actin subdomains 1 and 3. WH2
mor]omeric actin concentration on polymerization in the absence contains a sequence similar to the KLKK motif §f4, in
S oo, Wi the second ysie can be crossInked 10 an acie
2 (circles), 4 (squares), 6 (triangles), and;4@ (diamonds). (B) reS|d_ue in s_ubdomaln 1 of aCtII4'3_Q). Another similarity to _
Calculation of concentration of barbed ends (circles) and nucleation TﬁAf IS the_ high level of conservation of several hydrophoblc
rate (squares) in the absence (white symbols) or presence (blackesidues in the 10 amino acids directly N-terminal to the

symbols) of 100 nM WA and 10 nM Arp2/3 complex from KLKK motif. In T4, modifications of analogous residues
polymerization data similar to those depicted in panel A. reduce the affinity for actin46, 47). Last, WASp/Scar WH2

L ! motifs contain a highly conserved basic residue 12 amino
similar in the presence and absence of filaments, as the_.iqs N-terminal to the KLKK-like motif. A lysine in a

number of ends created by WA and the Arp2/3 complex in qjmijar position onT/34 cross-links an aspartate on subdo-
the presence of filaments is also affected by less than a factor, 2in 3 of actin 45). The 10-fold lower affinity of WH2

of 2 between pH 6.5 and 8.0 (Figure 5B). , than of WA for actin suggests that residues C-terminal to
As another test for filament stimulation of nucleation by e WH2 might also contribute to actin binding.

WA and' thg Arp2/3 c;omplex, we initiated the spontaneous  \cleation by the Arp2/3 Complex and Wikis study is
polymerization of actin monomers alone, and then added the, jntial step in dissecting the details of nucleation by the
Arp2/3 complex and WA at various times during the reaction. Arp2/3 complex and WA. By analyzing two parameters of
Thellag for nuclgatlon bY the Arp2/3 complex apd WA the process, the nucleation rate and the number of ends
dec;lmes progrgsswely during spontaneous polymen_zatlon Ofproduced, we can judge the effect of changing conditions
actin alone (Figure 10B), suggesting that the actin poly- 4, the nucleation process. The nucleation rate reflects the
merized spontaneously stimulates nucleation by WA and the o ,qempje of the associations required for formation of a
Arp2/3 complex. The concentrations of polymerized actin ,,jeys. These associations could include actin monomers
needed to increase the nucleation rate by the Arp2/3 complex, torm dimers or trimers. WA with an actin monomer. WA
and WA are similar in the two types of experiments (Figure | it the Arp2/3 complex, WA-actin with the Arp2/3

10C). complex, the WA-actin monomerArp2/3 complex with
additional actin monomer(s), and the Arp2/3 complex with
the side of an actin filament. Similarly, dissociation rates of
Effect of WASp WA Alone on Actin Dynami@sir study these complexes will affect nucleation. The potential of each
is the first quantitative analysis of the interaction between of these associations to affect the others lends a high level

DISCUSSION
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77 T of potential complexity. The number of ends produced
16 [ A represents the total efficiency of the process. We assume

that by obtaining a 1:1 correspondence between ends
produced and Arp2/3 complex at low Arp2/3 complex
concentrations we have reached 100% efficiency, although
this might not be the case. A full understanding of the
nucleation process will require measurement of affinities and
rates of each association and their effects on other associa-
tions.

Concentration Dependence of the Arp2/3 Complex for
Nucleation.The Arp2/3 complex activated by excess WASp
WA saturates in nucleation reactions<e%0 nM, or >100-
fold lower than its cellular concentration of 9/M in
neutrophils. This is also true when excess Scarl WA activates
the Arp2/3 complex (not shown). The reason excess Arp2/3
complex does not nucleate more filaments is not clear. One
possibility is that activation of the Arp2/3 complex is slow,
so explosive polymerization at saturating Arp2/3 complex
concentrations depletes actin monomers before most of the
Arp2/3 complex is active. This depletion would be indepen-
dent of the actin monomer concentration, since the rate of
monomer addition to the barbed end is proportional to
monomer concentration (1M monomer? s™1). Cellular
Arp2/3 complex activation would not be subject to the same
limitation, since the pool of unpolymerized actin monomers
bound to profilin or P4 is constantly replenished by filament
turnover @8). Rapid capping of new barbed ends might also
2 limit the depletion of the subunit pool in the cefl9).

¢ ’f ] Role of Filament Side Binding in Nucleation by the Arp2/3
PRI EPSVEREE Brese - - Complex. We previously showed that addition of actin
0 100 200 300 400 500 filaments reduces the nucleation lag by #heanthamoeba

Time, seconds Arp2/3 complex and human Scarl WAT. This finding
supports the dendritic nucleation model, and suggests that
T o filament side binding and filament nucleation by the Arp2/3
complex might be tightly linked. In this study, we examine
. 1 this effect in more detail in an effort to determine whether
] preformed filaments are necessary for Arp2/3 complex-
mediated nucleation, or if they stimulate but are not required.
Our evidence suggests the latter. Saturating concentrations
A ] of WA and the Arp2/3 complex practically eliminate the lag.
WA slows nucleation in the absence of the Arp2/3 complex,
so nucleation with saturating WA and the Arp2/3 complex
appears to occur in the absence of filaments. However,
I ! preformed filaments clearly stimulate nucleation by the
A 1 Arp2/3 complex and WA. Addition of preformed filaments
] reduces the nucleation lag in a saturatable manner. In
addition, the nucleation lag is progressively reduced when
actin is allowed to polymerize for varying times before
addition of the Arp2/3 complex and WA, and the filament
Ficure 10: Prepolymerized actin enhances WA and Arp2/3 concentration dependence of this effect is similar to that of

complex stimulation of actin polymerization. (A) Effect of prepo- - : .
lymerized actin addition to 2M monomeric actin in ¥ KMEI in added filaments. The results of varying pH and monomeric

the absence (white symbols) or presence (black symbolsyf2 ~ actin concentration are also suggestive of a stimulatory effect
monomeric actin, 100 nM WA, and 10 nM Arp2/3 complex. The by filaments, as in both cases increasing the rate of

prepolymerized actin concentrations were 0 (circles), 16 (squares),spontaneous polymerization increases the rate of nucleation
32 (triangles), 100 (diamonds), and 250 nM (inverted triangles). by the Arp2/3 complex and WA. Filaments might therefore

(B) Effect of delayed addition of 100 nM WA and 10 nM Arp2/3 A~
complex to 2¢.M monomeric actin under polymerizing conditions. make WA binding to the Arp2/3 complex more favorable,

WA and Arp2/3 complex were added at O)( 60 @), 150 (1), especially in cells where the concentration of filaments is
200 (a) or 300 s ) after initiation of polymerization. The data ~ about 2 orders of magnitude higher than in our experiments.
for no addition of WA and Arp2/3 complex are depicted as black  The cellular importance of the filament effect will likely

circles. (C) Relationship between the concentration of added gapang on the concentrations of the Arp2/3 complex, WASp/
polymerized actin depicted in panel A) or the concentration of ’

actin that had formed before addition of WA and the Arp2/3 Scar pr_otei_ns, and polymerize_d actin at areas of actin
complex depicted in panel Ba} and the nucleation rate. polymerization. The concentration of the Arp2/3 complex
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A B

Barbed End

Q/V

Pointed End

Ficure 11: Models for the WASp WA effect on actin and the Arp2/3 complex. (A) WASp WA (black oval) binds to actin monomers
(white circle), preventing their addition to pointed ends, but not barbed ends, of actin filaments. (B) The Arp2/3 complex (gray circles)
binds actin filaments and WASp WA bound to an actin monomer in an undefined order. The actin monomer bound to WASp WA serves
to complete the nucleus on the activated Arp2/3 complex, allowing elongation.

in neutrophils (9.7uM) is supersaturating for nucleation ratio is significantly better than those we calcluated from
according to our assays. The cellular concentrations of other published results: 8 nM filaments created from 60 nM
WASp/Scar proteins are unknown, but may be much lower Arp2/3 complex (1 filament per 30 Arp2/3 complex&§)
than those of the Arp2/3 complex. Furthermore, the cellular and 8 nM filaments created from 20 nM Arp2/3 complex (1
concentrations of WASp/Scar proteins capable of activating filament per 10 Arp2/3 complexed(). Fully active Arp2/3
the Arp2/3 complex are probably lower than the total WASp/ complex is essential to our goal of understanding the
Scar concentration, since activation of WASp/Scar proteins mechanism of nucleation.
by Cdc42, PIR, or other factors is presumably required to
activate the Arp2/3 complex in turri®). Another factoris ~ ACKNOWLEDGMENT
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means that this activator of Arp2/3 complex-mediated
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