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Arp2/3 complex is a key actin filament nucleator that assem-
bles branched actin networks in response to cellular signals. The
activity of Arp2/3 complex is regulated by both activating and
inhibitory proteins. Coronins make up a large class of actin-
binding proteins previously shown to inhibit Arp2/3 complex.
Although coronins are known to play a role in controlling actin
dynamics in diverse processes, including endocytosis and cell
motility, the precise mechanism by which they regulate Arp2/3
complex is unclear. We conducted a detailed biochemical anal-
ysis of budding yeast coronin, Crn1, and found that it not only
inhibits Arp2/3 complex but also activates it. We mapped
regions required for activation and found that Crn1 contains a
sequence called CA, which is conserved inWASp/Scar proteins,
the prototypical activators of Arp2/3 complex. Point mutations
in CA abolished activation of Arp2/3 complex by Crn1 in vitro.
Confocal microscopy and quantitative actin patch tracking
showed that these mutants had defective endocytic actin patch
dynamics in Saccharomyces cerevisiae, indicating that activa-
tion of Arp2/3 complex by coronin is required for normal actin
dynamics in vivo. The switch between the dual modes of regula-
tion by Crn1 is controlled by concentration, and low concentra-
tions of Crn1 enhance filament binding by Arp2/3 complex,
whereas high concentrations block binding. Our data support a
direct tethering recruitment model for activation of Arp2/3
complex by Crn1 and suggest that Crn1 indirectly inhibits
Arp2/3 complex by blocking it from binding actin filaments.

Regulation of actin polymerization is critical for orchestrat-
ing complex cellular processes, including endocytosis, cell divi-
sion, cellular differentiation, and motility (1). Arp2/3 (actin-
related protein 2/3) complex is a key actin regulator that
nucleates branched actin filaments and initiates the assembly of
highly cross-linked actin networks (2). Arp2/3 complex is
tightly regulated, and proteins with both activating and inhibi-
tory influence act on the complex in vivo. The best studied
activators are the WASp/SCAR family proteins, which bind
directly to Arp2/3 complex and actin monomers, initiating an
activating conformational change and recruiting the first actin
subunits for the nascent (daughter) filament (3, 4). A second

class of activators, referred to as class II nucleation-promoting
factors (NPFs),3 lacks actin monomer binding regions and
instead binds actin filaments (2). Class II NPFs, best repre-
sented by the Src kinase substrate cortactin, are thought to
activate by recruiting Arp2/3 complex to the sides of actin fila-
ments, but the precise mechanism is unknown (5, 6). In the
absence of NPFs, Arp2/3 complex has weak or no nucleation
activity. However, inhibitors of Arp2/3 complex play important
roles in controlling the activity of the complex in vivo (7–11),
suggesting thatmultiple layers of regulation of Arp2/3 complex
are required for controlling the assembly of cellular actin
networks.
In budding yeast, Arp2/3 complex nucleates patches of cor-

tical branched actin networks required for endocytosis (12).
Actin patches contain at least six different Arp2/3 regulators
(Las17, Pan1, Myo3, Myo5, Abp1, and Crn1) (13). Five of these
proteins have been shown to activate the complex in vitro, and
in vivo experiments have demonstrated that despite some func-
tional overlap, all five NPFs contribute to actin patch assembly
(13–16). Coronin, anArp2/3 complex inhibitor present in yeast
actin patches, plays a role in regulating the dynamics of the
patches (13, 17–19), which assemble at the cortex as the endo-
cytic vesicle forms and then disassemble as the vesicle moves
into the cytoplasm to fuse with endosomes (20). Actin polym-
erization is thought to provide force for invagination of endo-
cytic vesicles and may propel the vesicle into the cytoplasm
(21). Deletion of coronin increases the duration of both the
assembly and the mobile phases, indicating that coronin is
involved in fine-tuning actin dynamics during endocytosis (13).
Unlike other known cellular Arp2/3 complex inhibitors, coro-
nins have been shown to both inhibit and directly interact with
Arp2/3 complex (9, 18). However, the mechanism of inhibition
is not known, and it is currently unclear howcoronin is involved
in tuning actin patch dynamics.
Here we describe the biochemical dissection of the mecha-

nism of regulation of Arp2/3 complex by budding yeast coro-
nin, Crn1. To our surprise, we found that this coronin not only
inhibitsArp2/3 complex, but also activates it, and therefore, has
dual modes of regulation. The concentration of coronin con-
trols the switch between the regulatory modes; low concentra-
tions activate Arp2/3 complex, and high concentrations inhibit
the complex. We show that Crn1 is a type II NPF with a previ-
ously undiscovered CA sequence within its central unique
region and thatmutations of this sequence abolish activation of
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the complex in vitro and slow patch assembly in vivo. Our data
support a model by which at low concentrations, Crn1 recruits
the complex to the sides of actin filaments and activates it. Acti-
vation is synergistic with Las17, the budding yeast WASp
homologue, but does not require Las17. We also propose a
model for the switch between regulatory modes of Crn1 in
which high concentrations of Crn1 inhibit nucleation by block-
ing Arp2/3 complex binding sites on actin filaments.

EXPERIMENTAL PROCEDURES

Budding yeast Arp2/3 complex, Crn1, Las17-VCA, and
N-WASp-VCA proteins were purified as described in the sup-
plemental material. Actin was purified and labeled with pyrene
iodoacetamide, and the increase in fluorescence was meas-
ured to monitor polymerization as described previously (22).
Sedimentation velocity experiments were carried out in a
Beckman XL-I analytical ultracentrifuge as described in the
supplemental material. Fluorescence anisotropy competi-
tion experiments were carried out as described previously
(22) and analyzed as described in the supplemental material.
Detailed procedures for all other methods can be found in
the supplemental material.

RESULTS

Crn1 Activates Arp2/3 Complex—To determine how coro-
nin regulates Arp2/3 complex, we used a pyrene actin polym-
erization assay to measure the rates of polymerization of actin
filaments in the presence ofArp2/3 complex, Las17-VCA, and a
range of concentrations of Crn1. Low micromolar concentra-
tions inhibited Arp2/3 complex-mediated nucleation, as
reported previously for human and yeast coronins (Fig. 1A) (18,
23). The rate of polymer formation was equal to actin alone
when 3.0�M ormore coronin was added to our assays, suggest-
ing that Arp2/3 was completely inhibited under these condi-
tions. At highCrn1 concentrations, we observed fluctuations in
the emission values in late stages of the reaction and increased
total fluorescence, which we attributed to filament bundling, a
previously reported activity of coronin (24).
Surprisingly, we found that low concentrations of coronin

increased the rate of polymer formation (Fig. 1, A and B). The
maximal rate of actin assembly increased and the lag phase
decreased with more coronin added, up to an optimal concen-
tration range of 50–100 nM. In the presence of Las17-VCA, the

maximal rate of polymer formation was �2-fold higher at 100
nM coronin thanwith no coronin. Las17-VCAwas not required
because coronin alone increased the polymerization rate in the
presence of Arp2/3 complex, although not as efficiently as
Las17-VCA (Fig. 1, B and C). As the rate increase is dependent
on the presence of Arp2/3 complex (supplemental Fig. S1) but
did not require Las17-VCA, we concluded that Crn1 activates
Arp2/3 complex.
The Unique Region of Crn1 Contains C and A Sequences

Required for Activation—To determine how Crn1 activates
Arp2/3 complex, we mapped regions of Crn1 required for the
increased polymerization rate. Crn1 contains a conserved
N-terminal WD repeat domain that binds to actin filaments
(25, 26), a C-terminal predicted coiled coil, and a non-con-
served central region of 197 amino acids predicted to be
unstructured (27) (Fig. 2A). Deletion of either the coiled-coil
(Crn1-WDU) or theWD repeat domain (Crn1-UCC) abolished
activation (Fig. 2B). A Crn1 construct (Crn1WD-CC) lacking
the unique region also failed to activate Arp2/3 complex (Fig.
2B), so all three regions of Crn1 contribute to activation.
Humphries et al. (18) demonstrated that Arp2/3 complex and
Crn1 interact directly in pulldown experiments and that the
C-terminal half of Crn1 (residues 400–651, which include the
entire unique region and the coiled-coil domain) co-immuno-
precipitates with Arp2/3 complex in Saccharomyces cerevisiae
lysate. Therefore, we hypothesized that residues in the C-ter-
minal region might directly interact with Arp2/3 complex and
contribute to activation. We examined the Crn1 sequence and
identified motifs in the unique region similar to the C (central)
and A (acidic) sequences of WASp/Scar family proteins (Fig.
2C), which are known to bind and activate Arp2/3 complex (28,
29). The acidic sequence in Crn1 spans residues 503–508 and is
composed of the sequence WEEADD. Mutation of this
sequence to AKKADD (Crn1-AKK) abolished activation (Fig.
2, D and E). In WASp/Scar proteins, the C region is thought to
form an amphipathic helix that interacts with Arp2/3 complex
(30) and promotes an activating conformational change (31,
32).Wemutated three residues within the putative C-region of
Crn1 (L480A/K482E/K483E) and found that this mutant,
Crn1-ALEE, did not activate Arp2/3 complex alone or with
Las17-VCA (Fig. 2, D and E). We conclude that Crn1 contains
sequences homologous to WASp/Scar C and A regions within

FIGURE 1. Low concentrations of Crn1 activate Arp2/3 complex. A, time course of 2 �M 15% pyrene actin polymerization showing the effect of 0 –3.0 �M

full-length Crn1 on polymerization nucleated by 20 nM Arp2/3 complex and 40 nM GST-Las17-VCA. RFU, relative fluorescence units. B, plot of maximum (max)
polymerization rate versus Crn1 concentration for reactions with or without 25 nM GST-Las17-VCA and 10 nM Arp2/3 complex. C, Crn1 activates Arp2/3 complex
in the absence of VCA. Conditions are the same as in panel A, except that GST-Las17-VCA was excluded from the reaction. Note that Arp2/3 complex has some
nucleating activity even in the absence of Las17-VCA, as observed previously (54, 55).
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its unique domain and that these regions are required for
activation.
Activation of Arp2/3 Is Required for Normal Actin Patch

Dynamics in Budding Yeast—In wild-type S. cerevisiae, actin
and actin-binding proteins assemble to their peak concentra-
tions in the patches in about 8 s, after which the patches sepa-
rate from the cortex andmove into the cytoplasm (15, 19, 21). In
the crn1� strain, the duration of the assembly phase of an aver-

age actin patch is increased by 2 s (13, 19). To determine
whether activation of Arp2/3 complex by Crn1 influences the
dynamics of patch assembly, we deleted CRN1 from a haploid
strain and reintegrated mutant or wild-type CRN1 genes under
control of their native promoters into the leu2-3,112 locus (see
supplemental Table S1 for all strains used in this study). To
visualize actin patches in live cells, we added a C-terminal GFP
tag to Abp1, an actin filament-binding protein that localizes to
actin patches with the same kinetics as actin, Arp2/3 complex,
and a number of other actin-binding proteins (15, 33).We used
confocal microscopy to image live cells and then used previ-
ously developed automated patch tracking software to follow
the trajectories of hundreds of individual actin patches (13).
Consistent with previous reports, we found that the average

duration of the assembly phase of patches increased from 8.0 to
9.8 s in the crn1� strain (Table 1). The ALEE and AKK point
mutants, which abolished activation ofArp2/3 complex, caused
a small but significant increase in the duration of the assembly
phase when compared with wild type (0.8 and 0.9 s, respec-
tively), demonstrating that Arp2/3 complex activation by coro-
nin plays a role in fine-tuning the dynamics of actin patch
assembly. When compared with other Arp2/3 complex activa-
tors, the change in the duration of the assembly phase is greater
than observedwhen the acidic region of Pan1 is deleted (�0.5 s)
but less than observed when the acidic region of Las17 is
deleted (�4 s) (13). Neither the ALEE nor the AKK Crn1
mutants lengthened the assembly phase asmuch as the coronin
knock-out, so activation of Arp2/3 complex is not the only role
coronin plays in actin patch assembly.
LowConcentrations of Crn1 Recruit Arp2/3 Complex to Actin

Filaments—Because Crn1was previously only known to inhibit
Arp2/3 complex, we sought to determine the mechanism of
activation to better understand the molecular basis of Arp2/3
complex regulation. We first asked whether actin monomer
recruitment is important for activation. Monomer recruitment
ismediated by theV sequence of theVCA region in type INPFs,
which binds directly to actin monomers and is required for
activation by type I NPFs (29, 34, 35). We did not find a V
sequence in Crn1, and actin monomers did not interact with
GST-Crn1 in a pulldown assay (Fig. 3A), so it is unlikely that
Crn1 activates by recruiting monomers to Arp2/3 complex.
We next explored the possibility that Crn1 activates Arp2/3

complex by recruiting it to the sides of actin filaments. Actin
filament binding is necessary for activation of the complex (3,
36, 37), but the complex has low affinity and binds with a slow
on-rate to actin filaments (KD �1–5 �M (3, 38)), whereas Crn1

FIGURE 2. Mapping regions of Crn1 required for inhibition and activation
of Arp2/3 complex. A, Crn1 constructs used in mapping experiments. WD,
WD repeat domain; U, unique region; CC, coiled-coil domain; FLD, foldon,
27-amino acid trimerization domain from bacteriophage T4 fibritin. FL, full
length. B, plot of maximum (max) polymerization rate versus coronin concen-
tration for four different Crn1 constructs in the presence of Las17-VCA. Con-
ditions are as in Fig. 1B. C, sequence alignment of CA regions from Arp2/3
activators from S. cerevisiae (Sc), human (Hs), and Listeria monocytogenes (Lm).
Conserved hydrophobic (green) and basic (red) residues are indicated by col-
ored boxes. Crn1 mutants characterized in this work (ALEE and AKK) are indi-
cated with asterisks. D, neither Crn1-AKK nor Crn1-ALEE activates Arp2/3 com-
plex in the absence of Las17-VCA. Wild-type, AKK, ALEE, or ALEE-AKK coronin
(40 nM) or GST-Las17-VCA (40 nM) was added to actin polymerization reac-
tions with 2.0 �M 15% pyrene actin and 20 nM Arp2/3 complex, and the time
course of polymerization was monitored. RFU, relative fluorescence units. E,
neither Crn1-AKK nor Crn1-ALEE activates Arp2/3 complex with Las17-VCA
present. Conditions are: 4 �M 15% pyrene actin, 50 nM Crn1 (WT, AKK, or ALEE),
40 nM GST-Las17-VCA, and 20 nM Arp2/3 complex. Inset: plot of maximum
polymerization rate for a broad range of Crn1-AKK (red line) or Crn1-ALEE (blue
line) concentrations calculated from polymerization time courses. Reactions
contained 2 �M 15% pyrene actin with 20 nM Arp2/3 complex, 40 nM GST-
Las17-VCA, and 0 –1 �M Crn1-AKK or Crn1-ALEE.

TABLE 1
Actin patch average assembly times and total lifetimes in wild type
and mutant strains
The assembly phase length and total patch lifetime were calculated as described in
the supplemental material. Means � S.E. are listed.

Strain
Assembly
phase

Total patch
lifetime

No. of
observations

p
value

s s
WT 7.98 � 0.18 12.35 � 0.19 275
crn1� 9.82 � 0.20 14.62 � 0.26 238 �0.001
crn1-wd-cc 9.04 � 0.18 14.36 � 0.24 256 �0.001
crn1-akk 8.80 � 0.21 13.39 � 0.22 194 �0.038
crn1-alee 8.94 � 0.16 13.35 � 0.22 190 0.003
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binds tightly (24). In addition, Humphries et al. (18) reported
that 2.0 �MCrn1 increased the amount of Arp2/3 complex that
copellets with actin filaments. We conducted copelleting
experiments with a range of concentrations of Crn1 and found
that copelleting of Arp2/3 complex increased �2-fold as the
Crn1 concentration was increased to 500 nM and then
decreased as more Crn1 was added (Fig. 3B). Therefore, at low
concentrations, Crn1 recruits Arp2/3 to the sides of actin fila-
ments, whereas high concentrations block Arp2/3 from bind-
ing. Given that we observed activation only at low concentra-

tions of coronin, recruitment to the filament may explain
activation. Crn1-UCC and Crn1-WDU, mutants defective in
actin filament binding, did not activate the complex (Figs. 2B
and 3, D and F), providing further support for this mechanism.
Importantly, the Crn1 construct lacking the unique region
(Crn1-WD-CC) bound actin filaments with affinity similar to
the wild-type Crn1 (Fig. 3, E and F) but did not activate Arp2/3
complex or recruit it to filaments (Figs. 2B and 3B). A double
mutation in the CA region (Crn1-ALEE-AKK) also prevented
activation and recruitment (Figs. 2D and 3G). This led us to
hypothesize that interaction of Crn1 with both actin filaments
andArp2/3 complex is required for recruitment and activation.
The Crn1 CA Region Binds Preferentially to the Arp2 Site in

Arp2/3 Complex—The CA region from WASp/Scar proteins
interacts directly with Arp2/3 complex (29, 30), so we reasoned
that Crn1 might bind to the complex through its CA sequence.
In a fluorescence anisotropy competition binding assay, titra-
tion of a complex of rhodamine-labeled VCA (Rh-VCA) and
Arp2/3 complex with Crn1 decreased the anisotropy, suggest-
ing that Crn1 competes with Rh-VCA for binding to Arp2/3
complex. The anisotropy did not decrease to the level of Rh-
VCA alone even at the highest Crn1 concentration (80 �M), so
coronin did not completely displace VCA (Fig. 4A).
Multiple lines of evidence suggest that there are two binding

sites for VCA on Arp2/3 complex (39, 40). We reasoned that
like cortactin, a type II NPF that interacts with Arp2/3 complex
through an N-terminal acidic domain (6), Crn1 may bind pref-
erentially to one of these two sites, explaining the failure to
compete all Rh-VCAoff the complex. To test this, we labeled an
engineered cysteine in the C or A regions of N-WASp-VCA
(T464C or E491C) with benzophenone-4-maleimide and used
UV radiation to cross-link the benzophenone moiety to inter-
acting residues on the surface ofArp2/3 complex. Cross-linking
resulted in two highmolecular weight bands for eachVCA con-
struct (Fig. 4B). Western blotting (Fig. 4, C and D) and mass
spectrometry identified the top band as Arp3-VCA and the
lower band as Arp2-VCA. These data indicate that there are
two binding sites for CA on Arp2/3 complex, consistent with
the results of Padrick et al. (40). The addition of full-length
Crn1 to the reaction decreased cross-linking to both Arp2 and
Arp3, indicating that Crn1 can block both sites (Fig. 4,C andD).
However, the Arp2 site was blocked at lower concentrations
than the Arp3 site, suggesting that coronin competes more
strongly with VCA at the Arp2 site than at the Arp3 site.
We next used the competition assay to map Crn1 domain

requirements for binding to the complex. The WD repeat
domain was not required for competition with VCA because
Crn1-UCC displaced VCA in both the anisotropy and the
cross-linking experiments (Fig. 4,B andE). In contrast, deletion
of the entire unique domain (Crn1-WD-CC) abolished compe-
tition with VCA (Fig. 4A). The double mutant Crn1-ALEE-
AKK bound to the complex at least 8-fold more weakly than
Crn1 and did not completely compete Rh-VCA from the com-
plex at 50 �M (Fig. 4E), suggesting that the unique region CA is
critical for the interaction with Arp2/3 complex. Surprisingly,
mutation of either the A or the C motifs individually did not
prevent competition with VCA (Fig. 4E). The acidic region
mutant, Crn1-AKK, bound only slightly worse than Crn1

FIGURE 3. Crn1 recruits Arp2/3 complex to actin filaments. A, GST pull-
down assay showing that Crn1 does not bind monomeric actin. Actin (1.0 �M)
was incubated with 10 �M GST-Crn1 or GST-N-WASp-VCA bound to glutathi-
one-Sepharose beads or with beads alone (control) before pelleting. B, copel-
leting assays showing the effect of increasing concentrations of Crn1 on sed-
imentation of Arp2/3 complex with actin filaments. Arp2/3 complex at 0.5 �M

and 0 – 4 �M Crn1 were incubated with 2.0 �M polymerized actin. Pelleted
coronin and Arp2/3 complex were quantified by densitometry. The dashed
line with open squares indicates the amount of Crn1 pelleted with F-actin at
each concentration. C, copelleting assay showing binding of Crn1 to actin
filaments. Phalloidin-stabilized actin filaments were incubated with 40 nM

His-Crn1 and pelleted, and supernatant and pellet were blotted with an anti-
His antibody. sup., supernatant. D, binding isotherm from actin filament
copelleting assays showing the effect of increasing concentrations (conc) of
actin filaments on Crn1 sedimentation. Actin filaments were incubated with
Crn1-WDU (0.5 �M) or Crn1-UCC (3.0 �M) before pelleting. Data were fit as
described under “Experimental Procedures.” E, binding isotherm for Crn1 and
Crn1-WD-CC as described in C. F, tabulated binding affinities of Crn1 con-
structs for actin filaments. G, copelleting assays showing the effect of increas-
ing concentrations of Crn1-ALEE-AKK on sedimentation of Arp2/3 complex
with actin filaments assays. Conditions were identical to B. Plots shown in
panels B, D, E, and G are representative of at least three separate experiments.
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(apparent KD �2 �M, when compared with 0.6 � 0.2 �M for
Crn1) and, like Crn1, did not completely displace VCA. The C
regionmutant, Crn1-ALEE, boundmore tightly than wild-type
coronin (apparent KD � 0.3 � 0.05 �M) and decreased the ani-
sotropy to the same value as unbound Rh-VCA alone, suggest-
ing that the C-regionmutant competes with both VCA binding
sites. We do not currently understand why this mutant binds
more tightly than wild-type Crn1, but one possibility is that the
wild-type C sequence inhibits the A region from binding to one
of the two CA binding sites on Arp2/3 complex. High resolu-
tion x-ray crystal structures of CAbound to each site onArp2/3
complex will likely be required to resolve this question.
Trimerization of Crn1 Is Required for Activation—Oligomer-

ization of WASp/SCAR proteins greatly enhances their
potency (39, 41, 42), so we asked whether oligomerization of
Crn1 influences its activation potential. We used analytical
ultracentrifugation to demonstrate that Crn1 trimerizes (Fig.
5). Deletion of the coiled-coil domain (Crn1-WDU), which is
known to oligomerize other coronins (43), abolished activation
by Crn1 (Fig. 2B). To determine the role of the coiled coil in

activation, we replaced the coiled-coil domain with a 27-amino
acid trimerization domain, called foldon, from bacteriophage
T4 fibritin (44). This construct, Crn1-foldon, activated Arp2/3
complex and recruited it to actin filaments similarly to wild-
type coronin (Figs. 2B and 3B), suggesting that oligomerization
is the only required function of the coiled coil in activating the
complex. Multivalent binding of the WD repeat domains to
actin filaments has been proposed previously (45) and explains
the increased affinity of Crn1-foldon for actin filaments when
compared with Crn1-WDU (Fig. 3F).
Crn1Acts Synergistically with Las17—Activation of the com-

plex by Crn1 was enhanced in the presence of the VCA region
of Las17, suggesting that these activators act synergistically.
However, because Crn1 shows activation of the complex on its
own, it is possible that they act additively rather than synergis-
tically. To test this, we ran actin assembly assays with a range of
ratios of Crn1 to VCA, keeping the total activator concentra-
tion at 60 nM. Given that Crn1 on its own activates Arp2/3
complex more weakly than VCA, maximal activation at 100%
VCA would argue for an additive effect, whereas maximum
activation at lower ratios of VCA to Crn1 would indicate that

FIGURE 4. Crn1 interacts directly with Arp2/3 complex through its CA
region and competes with VCA. A and E, fluorescence anisotropy competi-
tion assay to measure interaction between Arp2/3 complex and Crn1 con-
structs. Increasing concentrations of Crn1, Crn1-WD-CC, Crn1-ALEE, Crn1-
AKK, Crn1-ALEE-AKK, Crn1-UCC, or GST-Las17-VCA were equilibrated with 60
nM ScArp2/3 complex and 50 nM SpWsp1-Rh-VCA, and the anisotropy was
measured. Data were fit as described under “Experimental Procedures.” The
KD for the Crn1-ALEE-AKK was estimated by assuming saturation at a normal-
ized anisotropy value of 0.6, as observed for wild-type Crn1. B, Coomassie
Brilliant Blue-stained gel of 5.0 �M Bos taurus Arp2/3 complex cross-linked to
10 �M T464C-B4M or E491C-B4M in the presence of increasing concentrations
of Crn1-UCC. Cross-linked bands are labeled as follows: two asterisks,
Arp3xT464C-B4M-VCA; single asterisks, Arp2xT464C-B4M-VCA; arrowhead,
Arp3xE491C-B4M-VCA; arrow, Arp2xE491C-B4M-VCA. Supplemental Fig. S5
shows that Crn1 activates B. taurus Arp2/3 complex. C and D, Western blots of
cross-linking reactions with T464C-VCA (C) or E491C-VCA (D). Conditions
were identical to B, except that increasing concentrations of Crn1 (full length
(FL)) were added to the reaction. The top row shows anti-Arp3 blots, and the
bottom row shows anti-Arp2 blots.

FIGURE 5. Oligomerization state of Crn1 and Crn1-WD-CC. A, raw data
(open circles) for sedimentation velocity analytical ultracentrifugation exper-
iment containing 9.0 �M full-length Crn1 with superimposed fit using a con-
tinuous c(S) distribution model. B, sedimentation coefficient distribution for
analytical ultracentrifugation runs containing either 9.0 �M Crn1 (solid line,
monomer molecular mass � 72.7 kDa) or 9.0 �M Crn1 (WD-CC) (dashed line,
monomer molecular mass � 55.3 kDa). The calculated apparent molecular
weights (MWapp) are indicated. The major species in the analysis of Crn1 had a
sedimentation coefficient of 7.3, a frictional ratio of 1.8, and an apparent
molecular mass of 208 kDa, indicating that Crn1 forms an extended trimer.
The major species in the analysis of Crn1-WD-CC had a sedimentation coeffi-
cient of 8.5 and a frictional ratio of 1.4, yielding an apparent molecular mass of
183 kDa, consistent with a more compact trimer or tetramer.
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activation is synergistic. We found maximal activation when
the molar ratio of Crn1:VCA was 1:1, demonstrating that Crn1
and VCA act synergistically (supplemental Fig. S2).

DISCUSSION

Crn1 Is an Arp2/3 Complex Activator with Similarities to
Both Cortactin and WASp/Scar Proteins—We show here that
Crn1 activates Arp2/3 complex both on its own and synergisti-
cally with Las17-VCA. Activation requires all three regions of
Crn1: the N-terminal WD repeat domain, the central unique
domain, and the C-terminal coiled-coil domain. Within the
unique region, we discovered a CA sequence, a conserved fea-
ture of the WASp/Scar family proteins. Like WASp/Scar CA,
Crn1 CA is required for activation and interaction with the
complex. However, we discovered important mechanistic dif-
ferences between Crn1- andWASp-mediated activation. First,
Crn1 does not contain aV sequence, an actinmonomer binding
region found N-terminal to CA inWASp/Scar proteins (29, 34,
35). Not surprisingly, we found that Crn1 failed to bind actin
monomers, so we concluded that Crn1 does not activate the
complex by recruiting actin monomers to the branch junction,
a mechanism proposed for the VCA region of WASp/Scar (29,
34). Second, our anisotropy and cross-linking assays demon-
strate that Crn1CAhas distinct binding preferences for Arp2/3
complex when compared withWASp/Scar CA because it pref-
erentially competes with one of two WASp/Scar binding sites.
In these respects, Crn1 is similar to cortactin, the prototypical
type II NPF from higher eukaryotes that, like Crn1, binds to
only one of two activator binding sites on the complex and
contains an F-actin binding domain instead of an actin mono-
mer binding domain (5, 6). Although functionally this classifies
Crn1 as a type II NPF, we note that our data already point to
important mechanistic differences between Crn1 and cortactin
because 1) cortactin contains an A but not a C sequence and 2)
cortactin binds to the Arp3 subunit, whereas Crn1 preferen-
tially binds Arp2. Dissection of these differences will likely pro-
vide valuable insight into the molecular mechanism of Arp2/3
complex activation.
The Role of Filament Recruitment in Crn1-mediated Activa-

tion of Arp2/3 Complex—Previous experiments showed that
Crn1 recruits Arp2/3 complex to actin filaments, but the func-
tional relevance of this observation was unknown (18). Here we
showed that only low concentrations of Crn1 could increase
copelleting of Arp2/3 with actin filaments or activate the com-
plex in actin polymerization assays, so recruitment and activa-
tion are correlated. Deletion of the coiled-coil domain or the
WD repeat domain decreased actin filament binding by at least
200- and 1500-fold, respectively, and completely eliminated
activation, indicating that actin filament binding is required for
activation. Mutants with reduced (or no) binding to Arp2/3
(Crn1-WD-CC and Crn1-ALEE-AKK) failed to recruit or acti-
vate the complex, so direct binding to bothArp2/3 complex and
actin filaments is required. Therefore, these data are consistent
with a tethering recruitment activation model, in which Crn1
simultaneously binds an actin filament and Arp2/3 complex.
The low binding affinity and unusually slow on-rate of Arp2/3
complex for filaments suggests that recruitment is a plausible
mechanism (3, 38). The tethering recruitment model predicts

simultaneous interaction of Arp2/3 complex with Crn1 and
Las17. Although this is supported by our anisotropy and cross-
linking data, we cannot rule out the possibility that Crn1 and
Las17 interact sequentially to activate the complex. This
remains an open question for both Crn1 and cortactin and will
require further study (6, 46). The stoichiometry of Crn1 to
Arp2/3 complex on filaments also remains an open question.
The data in Fig. 3B show that in the absence of Crn1, approx-
imately one molecule of Arp2/3 complex is bound per 10
actin subunits in a filament. The addition of coronin results
in maximal recruitment of one additional complex when
�0.83 coronin trimers (or 2.5 Crn1 monomers) are bound
per 10 actin subunits. Although this suggests that on average
one coronin trimer recruits slightly more than one complex,
further experiments will be required to unequivocally deter-
mine the stoichiometry.
Indirect Inhibition Explains the Dual Modes of Regulation

Observed for Crn1—Our data showed a dramatic concentration
dependence in the effect of Crn1 on Arp2/3 complex activity.
Activation was maximal at about 100 nM and decreased at
higher concentrations. Low micromolar concentrations com-
pletely inhibited the complex, as observed previously (18).
Humphries et al. (18) reported that a construct of Crn1 con-
taining both the unique and the coiled-coil regions is sufficient
to bind and inhibit Arp2/3 complex. This led to the proposal of
a direct inhibition model, in which binding of the UCC region
locks Arp2/3 complex into an inactive conformation (18, 32).
Our competition binding assay showed that deletion of the
unique region abolished binding between Crn1 and Arp2/3
complex, but this construct, Crn1-WD-CC, strongly inhibited
the complex, arguing against direct inhibition as themainmode
of down-regulation. In addition, we show that mutations that
reduced or eliminated actin filament binding (Crn1-WDU,
Crn1-UCC) caused drastic reductions in inhibition (Fig. 2B,
supplemental Fig. S3) and that high concentrations of Crn1
reduce Arp2/3 binding to actin filaments (Fig. 3B). Therefore,
we propose an alternativemechanism inwhich coronin inhibits
nucleation by saturating actin filaments and blocking Arp2/3
complex binding sites (Fig. 6). The three-dimensional recon-
struction of coronin-saturated F-actin is consistent with this
mechanism because it shows that Arp2/3 complex and coronin
binding sites on F-actin overlap (27, 47) (supplemental Fig. S4).
In addition, previous experiments showed that inhibition was
relieved by adding preformed filaments (18), which we propose
is due to the presence of free side binding sites on the added
filaments. We note that in our assays, 4.0 �M Crn1 or Crn1-
foldon was sufficient to completely inhibit Arp2/3 complex but
did not completely block copelleting of the complex with actin
filaments (Fig. 3B). In contrast, 4.0 �M Crn1-WD-CC or Crn1-
ALEE-AKK, constructs with impairedArp2/3 binding, strongly
blocked copelleting of the complex at 4.0 �M. These data sug-
gest that Crn1 constructs that bind Arp2/3 can tether the com-
plex to actin filaments even when they are saturated with Crn1
and are consistent with a tethering recruitment mechanism of
activation.
An indirect mechanism of inhibition explains the observed

switch between activating and inhibitingmodes of coronin.We
propose that the switch is controlled by the ability of Crn1 to
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either recruit Arp2/3 to filaments or block filament binding
sites for the complex. At low Crn1 concentrations, side binding
sites adjacent to the bound coronin are free, and the complex
can be recruited to these sites, increasing the apparent binding
affinity of the complex for filaments (Fig. 6). At high Crn1 con-
centrations, Arp2/3 complex binding sites are blocked, so
nucleation is inhibited. We note that three other actin-binding
proteins, caldesmon, epithelial protein lost in neoplasm
(EPLIN), and tropomyosin (10, 48, 49), have been shown to
inhibit nucleation by blocking filament binding sites. Under-
standing how these proteins contribute to the architecture of
actin networks in vivo is an important challenge in the field.
Regulation of Arp2/3 complex by Coronin in Vivo—We

showed that activation of Arp2/3 complex byCrn1 is important
for proper actin patch dynamics in budding yeast, and our data
support a model in which Crn1 activates the complex by
recruiting it to the sides of filaments. These observations are
consistentwithmathematicalmodeling of actin patch assembly
in fission yeast, which demonstrated that Arp2/3 complexmust
bind to the sides of actin filaments faster in vivo than observed
in vitro to account for the rate of patch assembly (33, 50).
Therefore, type II NPFs like Crn1 may play a general role in
accelerating Arp2/3 complex-mediated branching in actin
patch assembly. Of the six known activators of Arp2/3 complex
in budding yeast (Las17, Abp1, Myo3 and Myo5, Pan1, and
Crn1), only Las17 is a prototypical type I NPF with an actin
monomer-recruiting V region (51). Understanding how these
regulators coordinate to control Arp2/3 complex activity in
vivo will provide valuable insight into Arp2/3-mediated actin
assembly in actin patches and other branched actin networks.

Our in vitro data show that the role of Crn1 in regulating
Arp2/3 complex switches depending on its concentration. In
endocytic patches, Crn1 reaches an average peak concentration
of 93 molecules in budding yeast and 400–500 molecules in
fission yeast when compared with 5000–7000 molecules of
actin (19, 33). Crn1 recruitment is delayed when compared
with actin, and its concentration peaks about 4 s later than the
core actin module (19, 33). Therefore, Crn1 is present at low
concentrations during patch assembly, consistentwith our pro-
posed activation mechanism.
At peak concentrations, budding yeast actin patches contain

an average of 5100molecules of actin, greater than 50 times the
amount of Crn1 at its peak (19). This suggests that Crn1 on its
own does not saturate filaments to the extent required to block
binding of the complex during actin patch lifetimes. However,
we cannot rule out cooperation of Crn1 with other actin fila-
ment-binding proteins to inhibit branching nucleation.
Although this leaves open the question of a role for Crn1 inhi-
bition of Arp2/3 complex in yeast actin patches, other actin
filament networks appear to require inhibition of Arp2/3 com-
plex by coronin for proper dynamics (7).
Implications for Understanding Other Coronin Family

Proteins—We examined other coronin sequences to determine
whether activation of Arp2/3 complex is unique to budding
yeast Crn1 or a general feature of coronin family proteins.
Humans have seven coronins, divided into three classes (52).
Class 1 and class 2 coronins (Coro1A-1C, Coro6, Coro2A-B)
have the same domain organization as Crn1, whereas the sole
member of third class, Coro7/Pod-1, has two WD repeat
domains and no predicted coiled coil. We did not find a CA
sequence in any of the class 1 or class 2 coronins, making it
unlikely that that they activate Arp2/3 complex. However, we
and others have noted the presence of an acidic region con-
served among diverse species in the C terminus of Coro7 (52).
Our analysis suggests that Coro7 proteins also have a C
sequence N-terminal to the acidic region (Fig. 2C). Therefore,
Coro7/Pod-1 proteins may be functionally similar to budding
yeast Crn1. Interestingly, like budding yeast Crn1, Coro1B
interacts directlywith both actin filaments andArp2/3 complex
(9). However, instead of activating the complex, Coro1B has
been reported to target Arp2/3 complex at existing branch
junctions to disassemble the branch (23). In addition, multiple
laboratories have shown that some coronins play a role in reg-
ulating the disassembly of actin filaments through the actin
depolymerization factor cofilin (17, 19, 53). Clearly, additional
in vitro and in vivo experiments are required to understand the
molecular basis of actin cytoskeletal regulation by different
classes of coronins.
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