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Most nucleated cells crawl about by extending a pseudopod that is
driven by the polymerization of actin ®laments in the cytoplasm
behind the leading edge of the plasma membrane1,2. These actin
®laments are linked into a network by Y-branches, with the
pointed end of each ®lament attached to the side of another
®lament and the rapidly growing barbed end facing forward3.
Because Arp2/3 complex nucleates actin polymerization and links
the pointed end to the side of another ®lament in vitro, a dendritic
nucleation model has been proposed4 in which Arp2/3 complex
initiates ®laments from the sides of older ®laments. Here we
report, by using a light microscopy assay, many new features of
the mechanism. Branching occurs during, rather than after,
nucleation by Arp2/3 complex activated by the Wiskott±Aldrich
syndrome protein (WASP) or Scar protein; capping protein and
pro®lin act synergistically with Arp2/3 complex to favour
branched nucleation; phosphate release from aged actin ®laments
favours dissociation of Arp2/3 complex from the pointed ends of
®laments; and branches created by Arp2/3 complex are relatively
rigid. These properties result in the automatic assembly of the
branched actin network after activation by proteins of the WASP/
Scar family and favour the selective disassembly of proximal
regions of the network.

We used ¯uorescence microscopy of ®laments stained with
¯uorescent phalloidin (Figs 1 and 2) to establish the structural
pathway of actin ®lament nucleation by Arp2/3 complex and to test
the in¯uence of pro®lin, capping protein, and nucleotide that is
bound to actin monomers or actin ®laments on the structure of the
network. We focused on actin, Arp2/3 complex, capping protein
and pro®lin, because they are ubiquitous5, abundant, essential in
genetic systems6 and suf®cient (with the addition of an actin-
depolymerizing factor (ADF) or co®lin depolymerizing protein)

to reconstitute in vitro assembly of actin ®lament comet tails that
drive the motility of the intracellular bacteria, Listeria and Shigella7.
Arp2/3 complex links the pointed ends of actin ®laments to the sides
of other ®laments at an angle of 708 (ref. 4) and nucleates growth in
the barbed direction when activated by the WA domains of WASP/
Scar proteins6. Actin ®laments potentiate nucleation by Arp2/3
complex that is activated by WASP/Scar proteins8,9. Arp2/3 complex
is localized to 708 branches in the actin ®lament network at the
leading edge of motile cells10. Capping protein and pro®lin have
been proposed to maintain a pool of actin/pro®lin that is able to
elongate free barbed ends but not pointed ends11. Pro®lin inhibits
spontaneous actin nucleation more strongly than nucleation by
Arp2/3 complex8. Capping protein also terminates the elongation of
barbed ends12 and ef®ciently nucleates actin ®laments that grow in
the pointed direction13±15.

Light microscopy provides the ®rst direct evidence that branch-
ing occurs during actin ®lament nucleation by Arp2/3 complex and
WASP/Scar proteins (Fig. 1). Results are similar with highly puri®ed
Arp2/3 complex from Acanthamoeba and bovine thymus activated
by WA domains from human WASP and Scar-1 (Table 1). On their
own, actin monomers form nuclei spontaneously at a low rate
(Fig. 1a), resulting in long and unbranched ®laments (Fig. 1c,
Table 1). Few branches form if WA-domain activated Arp2/3
complex is added after completion of spontaneous polymerization
(Fig. 1d). Arp2/3 complex activated by WA domains accelerates the
polymerization of Mg-ATP-actin (Fig. 1a), creates new ®laments
(Fig. 1b) and produces branches (Fig. 1e and f) depending on the
concentrations of both components (Table 1). Branch length is
inversely proportional to branch density because the concentration
of actin subunits is limiting. The concentration of new barbed ends
plateaus at high concentrations of Arp2/3 complex (Fig. 1b)9, and,
because nucleation is slower than elongation, actin monomers are
consumed before each Arp2/3 complex can form a new ®lament. At
high concentrations of activated Arp2/3 complex, branching is so
dense that individual ®laments cannot be resolved (data not
shown). This is reminiscent of the densely branched ®laments
that are observed by electron microscopy in lamellipodia of
keratocytes3. The mean lengths of actin ®laments visualized by
light microscopy are close to the lengths calculated from kinetic data
(Table 1).

We determined the polarity of the ®laments in branched net-
works by polymerizing Mg-ATP-actin monomers in the presence of
rhodamine-phalloidin and preformed ®laments labelled with Alexa
green-phalloidin (Fig. 1j). In the absence of Arp2/3 complex, red
unbranched actin ®laments grow much longer at the barbed ends
than at the pointed ends of the green ®lament seeds (Fig. 1j, left). In
the presence of Arp2/3 complex and WASP/Scar proteins, the
branches face the barbed ends, creating a polarized network
(Fig. 1j, centre and right), as has been observed in cells by electron
microscopy3. Dendritic nucleation occurs from the sides of ADP-Pi

and ADP ®laments with similar ef®ciency (Fig. 1j, centre and right).
ADP-actin ®laments were polymerized from ADP-actin monomers
with green-phalloidin. ADP-Pi-actin ®laments were polymerized
from ATP-actin in the presence of green-phalloidin, which inhibits
phosphate release. These ®laments were added to ATP-actin mono-
mers, activated-Arp2/3 complex and red phalloidin to label the new
®laments. With ADPi-actin ®laments, 70% of the branches grew
from the initial ®laments, 30% from the new ATP-actin ®laments.
With ADP-Pi-actin ®laments, 50% of the branches grew from the
initial ®laments. In biochemical experiments, ADP-actin and ATP-
actin ®laments enhance nucleation by Arp2/3 complex to the same
extent9.

Nucleotide bound to actin has two marked effects on branching
that are probably related mechanistically. First, ADP-actin mono-
mers polymerize but rarely form branches in the presence of high
concentrations of activated Arp2/3 complex (Fig. 1g). Second, the
branching density of Mg-ATP-actin that is polymerized in the
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presence of activated Arp2/3 complex depends on when rhoda-
mine-phalloidin is added to the sample. Branching is maximal if
rhodamine-phalloidin is present during polymerization. If added
20 min later, fewer branches are observed (Fig. 1h) unless BeF3 is
included (Fig. 1i). Because phalloidin inhibits phosphate release
from ADP-Pi-actin ®laments16 and BeF3 stabilizes a state similar to
ADP-Pi (ref. 17), ATP-actin and ADP-Pi-actin subunits probably
favour the formation and maintenance of branches. ATP hydrolysis
and phosphate dissociation may thus provide an automatic timer to
initiate the disassembly of the branched network (Fig. 3).

The combination of Arp2/3 complex, capping protein and
pro®lin strongly favours branched nucleation (Fig. 2b and d; and
Table 1), creating many more short branches than in the absence of
capping protein (Fig. 2a and c). Polymerization of actin with
capping protein produces many short ®laments that are capped
on their barbed ends13,15. Inclusion of pro®lin with activated Arp2/3
complex and capping protein suppresses both nucleation by
capping protein and pointed-end growth from capped ®laments,

but allows branching nucleation by Arp2/3 complex. Capping
protein rapidly terminates these new ®laments. This preserves the
subunit pool and produces densely branched networks (Fig. 2b and
d). This is a striking example of the cooperation of the multiple
components in this complicated system.

High-speed imaging of branched actin ®laments undergoing
thermal ¯uctuations (Fig. 2e±n) revealed that the Y-junctions
created by Arp2/3 complex are stiff. The mean (6 s.d.) angle
measured 0.5±1 mm from the Y-junction in 400 frames of several
branches was 778 (6 138) for bovine Arp2/3 complex and 718 (6
108) for amoeba Arp2/3 complex, which corresponds to rotational
spring constants of 7.6 ´ 10-20 J rad-2 and 13 ´ 10-20 J rad-2,
respectively. The narrow angular distribution suggests that branches
produced by Arp2/3 complex are suf®ciently rigid to be compatible
with the elastic Brownian ratchet model18 for growing actin ®la-
ments pushing forward a membrane or a bacterium.

Light microscopy is an ideal approach to study the formation and
dynamics of the branched actin network that is generated by
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Figure 1 Comparison of the kinetics of actin polymerization in the presence of Arp2/3

complex and WASP WA domain with the structure of the products observed by light

microscopy. a,b, Biochemical assays. Conditions: 4 mM actin (5% pyrene-labelled),

10 mM imidazole pH 7, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.5 mM dithiothreitol,

0.1 mM CaCl2, 0.2 mM ATP and 3 mM NaN3, 22 8C. a, Time course of polymerization

monitored by pyrene ¯uorescence. Line with no symbols, no additions to actin. Filled

symbols, experiments with 100 nM amoeba Arp2/3 complex and varying concentrations

of human Scar WA: ®lled circles, no WA; ®lled squares, 5 nM WA; ®lled triangles, 50 nM

WA. Open symbols, experiments with 100 nM human Scar WA and varying

concentrations of Arp2/3 complex: open circles, no Arp2/3 complex; open squares, 5 nM

Arp2/3 complex; open triangles, 50 nM Arp2/3 complex. b, Concentrations of barbed

ends9. Open triangles, 100 nM WASP-WA with variable bovine Arp2/3 complex; open

circles, 100 nM Scar-WA with variable amoeba Arp2/3 complex; ®lled circles, 100 nM

amoeba Arp2/3 complex with variable Scar-WA. c±i, Fluorescence micrographs of the

products of actin polymerization as a function of Arp2/3 complex and WASP. c, Mg-ATP-

actin alone; d, 20 nM of bovine Arp2/3 complex and 100 nM of WASP-WA added to the

actin ®lament mixture after polymerization; e, Mg-ATP-actin polymerized with 15 nM

bovine Arp2/3 complex and 100 nM WASP-WA; f, Mg-ATP-actin polymerized with 50 nM

bovine Arp2/3 complex and 100 nM WASP-WA; g, Mg-ADP-actin polymerized with 50 nM

bovine Arp2/3 complex and 400 nM WASP-WA; h, as e but phalloidin added after 20 min;

i, as h but in the presence of 150 mM BeCl2 and 5 mM NaF; j, as e but in presence of

300 nM polymerized actin previously labelled with Alexa green phalloidin. Scale bars,

10 mm for c±i and 2.5 mm for j.
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dendritic nucleation in the presence of Arp2/3 complex. This
approach cannot assess the components that are required for
bacterial motility as can a reconstitution assay7, but the visualization
of individual ®laments provides more insights into the molecular
mechanisms, which we summarize in a revised dendritic nucleation
model (Fig. 3).

In our experiments and in cells, new ®laments arise from a pool of
Mg-ATP-actin monomers that are bound to pro®lin, which sup-
presses spontaneous nucleation. Existing ®laments are mostly
capped on their barbed ends by capping protein and on their
pointed ends by Arp2/3 complex. Activation of Arp2/3 complex
by a WASP/Scar protein initiates the assembly of a new ®lament
(step 1). Branching is tightly coupled to nucleation (step 2). Arp2/3
complex may bind the side of a pre-existing ®lament before
nucleation of a new ®lament, because preformed ®laments stimu-
late nucleation8 and a lag occurs at the onset of polymerization of
pure actin monomers, even with high concentrations of activated

Arp2/3 complex9. The pool of Mg-ATP-actin/pro®lin rapidly elon-
gates the new barbed end (step 3), and the stiff, elastic ®lament
anchored at its pointed end by a rigid branch pushes forward the
plasma membrane (step 4). Elongation is transient, because growth
is terminated by binding of capping protein (step 5). Pro®lin and
capping protein enhance branching and limit the length of the new
®laments. Pro®lin suppresses spontaneous nucleation more effec-
tively than branching nucleation by Arp2/3 complex8, and capping
protein terminates growth before the pool of subunits is depleted12.
Unexpectedly, the nucleotide that is bound to actin monomers and
®laments in¯uences dendritic nucleation and the stability of
branches. The simplest interpretation of our observations is that
ATP hydrolysis and phosphate release (step 6) weaken the interac-
tion of the pointed end of the new ®lament with Arp2/3 complex
(step 7) (R. D. Mullins, personal communication). This may be the
®rst step in the disassembly of the new ®lament. ADF/co®lins
promote this step by catalysing phosphate release19. These proteins

Figure 2 Regulation of branch length and observation of branch point rigidity. a±d, Effect

of Arp2/3 complex and capping protein on actin polymerization. Polymerization

conditions: 4 mM actin monomers, 15 nM Arp2/3 complex, 100 nM WA, 50 mM KCl,

1 mM MgCl2, 1 mM EGTA, 0.5 mM DTT, 0.1 mM CaCl2, 3 mM NaN3, 10 mM imidazole

pH 7.0 and 4 mM rhodamine-phalloidin. a,b, Amoeba actin and 16 mM amoeba pro®lin-I

were polymerized alone (a), or with 100 nM amoeba capping protein (b). c,d, Muscle actin

and 8 mM human pro®lin were polymerized alone (c), or with 60 nM amoeba capping

protein (d). Scale bar, 2.5 mm. e±n, Thermal ¯uctuations of branched actin ®laments

formed from 4 mM muscle actin, 15 nM Arp2/3 complex, 100 nM WASP-WA and 4 mM

rhodamine-phalloidin and diluted into ¯uorescence buffer as in Fig. 1. Fluorescence

micrographs were recorded at 15-ms intervals. Every tenth frame illustrates the stiffness

of the branch point relative to the ¯exibility of the ®lament. Branch length 2 mm.
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(4) Tips of growing filaments fluctuate
± 10° and push membrane forward
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Figure 3 Model for the assembly and disassembly of the dendritic actin ®lament network at the leading edge of a cell. ATP-actin is shown in white, ADP-P-actin in orange, ADP-actin in

red, and pro®lin in black.
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also sever ADP-actin ®laments20 and dissociate ADP-actin subunits
from ®lament ends21. Further investigation of each of these steps will
bring us closer to understanding the mechanism of force generation
by actin polymerization during cell motility. M

Methods
Protein puri®cation

Actin was puri®ed from rabbit skeletal muscle acetone powder22 or from Acanthamoeba23,
Arp2/3 complex from bovine thymus9 or from Acanthamoeba24, capping protein from
Acanthamoeba24, pro®lin from Acanthamoeba26. Human pro®lin was bacterially expressed
and puri®ed27. Actin was labelled on Cys 374 to a stoichiometry of 0.9±1.0 with pyrene
iodoacetamide23,28. Human WASP-WA domain was expressed and puri®ed as described8.
Human Scar-WA domain was bacterially expressed and puri®ed by gel ®ltration (G50)
followed by DEAE chromatography.

Polymerization

Actin was polymerized by addition of a 1:9 dilution of 10´ KMEI (500 mM KCl, 10 mM
MgCl2, 10 mM EGTA, 100 mM imidazole, pH 7). Actin polymerization in presence of
Arp2/3 complex and WASP-WA domain has been described9.

Microscopy

After 20 min of polymerization at 22 8C in presence of rhodamine-phalloidin or Alexa
green phalloidin, actin was diluted to a ®nal concentration of 10 nM in ¯uorescence buffer
containing 50 mM KCl, 1 mM MgCl2, 100 mM dithiothreitol, 20 mg ml-1 catalase,
100 mg ml-1 glucose oxidase, 3 mg ml-1 glucose, 0.5% methylcellulose, 10 mM imidazole
pH 7.0. Two microlitres were applied to coverslips coated in 0.1% nitrocellulose and
¯uorescence viewed with an Olympus IX-70 microscope using a mercury illumination
source. Images were collected using a Hamamatsu digital camera. Filament lengths,
branch number and angles were measured manually using Metamorph software. The
rotational spring constant of branches was calculated from the equation, k(u)2 = kT,
based on the equipartition principle, where k is the rotational spring constant, u is the
standard deviation of the angle (in radians) and kT is the thermal energy (4 ´ 10-21 J).
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Table 1 Quantitation of branching and ®lament length

Arp2/3
(nM)

WA
(nM)

CP
(nM)

Pro®lin
(mM)

Biochemical length
(mm)

Microscopic length
(mm)

Branching
(%)

...................................................................................................................................................................................................................................................................................................................................................................

Amoeba system: co-polymerization of Mg-ATP actin with rhodamine-phalloidin
...................................................................................................................................................................................................................................................................................................................................................................

0 100 0 0 12:0 6 10 0
5 100 0 0 6.5 7:8 6 0:7 28
50 100 0 0 1.6 1:3 6 0:5 97
15 100 0 16 2:4 6 1:1 73
15 100 100 16 1:3 6 0:6 91

Mammalian system: co-polymerization of Mg-ATP actin with rhodamine-phalloidin
...................................................................................................................................................................................................................................................................................................................................................................

0 0 0 0 21 19:7 6 13 0
10 100 0 0 2.6 6:6 6 6 14
15 100 0 0 3:2 6 2:2 56
50 100 0 0 1.4 2:3 6 1:7 90
15 100 0 8 10:3 6 10 8.3
15 100 60 8 5:8 6 4:6 43

Addition of rhodamine-phalloidin after 20 min polymerization of Mg-ATP actin
...................................................................................................................................................................................................................................................................................................................................................................

15 100 0 0 4:8 6 4 12

Addition of rhodamine-phalloidin after 20 min polymerization of Mg-ATP actin with BeF3
...................................................................................................................................................................................................................................................................................................................................................................

15 100 0 0 3:8 6 4:2 42

Co-polymerization Mg-ATP actin with rhodamine-phalloidin; addition of Arp2/3 complex after 20 min
...................................................................................................................................................................................................................................................................................................................................................................

15 100 0 0 15:0 6 9:8 3

Co-polymerization of Mg-ADP actin with rhodamine-phalloidin
...................................................................................................................................................................................................................................................................................................................................................................

60 400 0 0 12:6 6 9:0 8
...................................................................................................................................................................................................................................................................................................................................................................

Protein sources: Amoeba actin was tested as indicated with amoeba Arp2/3 complex, human Scar-WA and amoeba pro®lin-1; and rabbit skeletal muscle actin was tested as indicated with bovine Arp2/3
complex, human WASp-WA and human pro®lin-I. CP, amoeba capping protein. Biochemical lengths are calculated as described9. Microscopic lengths are given with standard deviations. At least 100
individual ®laments from 2 to 5 different experiments were observed for all length and branching measurements. Conditions: 4 mM actin with the indicated nucleotide, 4 mM rhodamine-phalloidin, 50 mM
KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole pH 7.0, 1 mM ATP or ADP as indicated, 22 8C, for 20 min before dilution into ¯uorescence buffer and preparation of slides.
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A superfamily of DNA polymerases that bypass lesions in DNA
has been described1±4. Some family members are described as
error-prone because mutations that inactivate the polymerase
reduce damage-induced mutagenesis. In contrast, mutations in
the skin cancer susceptibility gene XPV5,6, which encodes DNA
polymerase (pol)-h, lead to increased ultraviolet-induced muta-
genesis7±11. This, and the fact that pol-h primarily inserts adenines
during ef®cient bypass of thymine±thymine dimers in vitro8,12,13,
has led to the description of pol-h as error-free. However, here we
show that human pol-h copies undamaged DNA with much lower
®delity than any other template-dependent DNA polymerase
studied. Pol-h lacks an intrinsic proofreading exonuclease activity
and, depending on the mismatch, makes one base substitution
error for every 18 to 380 nucleotides synthesized. This very low
®delity indicates a relaxed requirement for correct base pairing
geometry and indicates that the function of pol-h may be tightly
controlled to prevent potentially mutagenic DNA synthesis.

The ability of pol-h to bypass ef®ciently a DNA adduct that
usually blocks synthesis by other polymerases indicates that pol-h
may have relaxed discrimination ability. To test this hypothesis,
we examined the ®delity of human pol-h during copying of
undamaged DNA. Recombinant pol-h containing a carboxy-termi-
nal hexahistidine tag5 was ®rst examined for the presence of
exonuclease activities using a 59-end labelled template primer
containing a 39-terminal A×dGMP mismatch14. Neither 59 ! 39
nor 39 ! 59 exonuclease activities were detected (Fig. 1a, lane 2).
Thus, pol-h lacks an intrinsic exonuclease activity that can proof-
read replication errors. We then investigated the ®delity of pol-h
during synthesis to ®ll a ®ve-nucleotide gap with an undamaged

DNA template containing a TGA nonsense codon in the LacZ gene
in M13mp2 DNA15. This substrate encodes a colourless M13 plaque
phenotype, and errors are scored as blue revertant plaques when the
DNA products are introduced into an a-complementation strain of
Escherichia coli and plated on indicator plates.

Synthesis by pol-h generated gap-®lled products (not shown, but
see ref. 15 and below) whose revertant frequency was 8,400-fold
higher than that of control DNA that had not been copied in vitro
(Table 1). DNA sequence analysis revealed that 8 of 12 revertants
contained a single base substitution and that the other 4 contained 2
substitutions among the 5 nucleotides copied. Both the high
reversion frequency and the number of revertants containing multi-
ple substitutions indicate that pol-h has low ®delity. The base
substitution error rate calculated from these data is 3;100 3 10 2 5

(1 error in 32 bases, 1/32). This rate is 24-fold higher than for
human DNA polymerase-b (Table 1), the least accurate among
wild-type DNA polymerases that have previously been studied.

To determine whether such low ®delity is site-speci®c or a general
feature of synthesis by pol-h, we used a 407-nucleotide gap that
permits detection of hundreds of different substitution, addition,
deletion and complex errors generated when copying a 275-nucleo-
tide sequence of the wild-type LacZ a-complementation gene16.
Here, errors are scored as light-blue or colourless mutant plaques
and the error speci®city is de®ned by sequence analysis of indepen-
dent lacZ mutants. Analysis of the DNA products of gap-®lling
synthesis revealed that pol-h ®lled the 407-nucleotide gap (Fig. 1b,
lane 2). These products yielded a lacZ mutant frequency of 32%, a
value that is unprecedented in comparison with the 0.1 to 3% values
obtained with other wild-type, template-dependent DNA poly-
merases (Table 1). Similar values were observed for synthesis
using 10- and 100-fold lower dNTP concentrations or for reactions
containing 2- or 4-fold less pol-h. The average mutant frequency for
six independent determinations was 34% (Table 1).

In contrast to the predominantly light-blue phenotypes of lacZ
mutants generated by most other DNA polymerases using this assay,
more than 95% of the pol-h-dependent lacZ mutants had a colour-
less rather than light-blue plaque phenotype. Sequence analysis of
24 lacZ mutants revealed that they contained from 3 to 22 changes
per mutant. A total of 232 single base substitutions, 10 tandem
double-base substitutions, 13 additions of 1±3 nucleotides and 32
deletions of 1±56 nucleotides were observed. The recovery of 232
single base substitutions among only 6,600 total nucleotides
analysed (24 mutants 3 275 nucleotides) yields an average base

Table 1 Fidelity of human pol-h

DNA
polymerase

Polymerase
family

39-exo
activity

Mutant
frequency* (´10-4)

Average base
substitution rate

(´10-5)²
.............................................................................................................................................................................

TGA codon reversion assay 0.05 (control³)
Pol-h Rad30 no 420 3,100
Pol-b Pol X no 26 130§
.............................................................................................................................................................................

Forward mutation assay 6 (control³)
Pol-h Rad30 no 3,400 3,500
Pol-b Pol X no 67
Pol-a Pol a no 16
HIV-1 RT RT no 6
E. coli Kf pol Pol I nok 2
Pol-d Pol a yes ,1
Pol-e Pol a yes #1
Pol-g Pol I yes #1
.............................................................................................................................................................................

* The reversion frequency is the average of two determinations; the forward mutant frequency is the
average for six experiments where reaction conditions were varied and yielded the following mutant
frequencies: 5 mM MgCl2, 10 mM dNTPs: 32%; 5 mM MgCl2, 100 mM dNTPs: 37%; 10 mM MgCl2,
1 mM dNTPs: (18 nM pol-h) 39%, (36 nM pol-h) 37%, (72 nM pol-h) 28 and 32%. In each case,
about 1,000 total plaques were scored.
² Error rates for the other DNA polymerases14,15,27,28 are averages, which vary depending on the
mismatch and its location.
³ Control values are for DNA substrates not subjected to copying in vitro.
§ From ref. 16.
k The value for exonuclease-de®cient Klenow fragment14.
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