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Summary

Background: Actin polymerization by Arp2/3 complex must
be tightly regulated to promote clathrin-mediated endocy-
tosis. Although many Arp2/3 complex activators have been
identified, mechanisms for its negative regulation have
remained more elusive. To address this, we analyzed the yeast
arp2-7 allele, which is biochemically unique in causing unreg-
ulated actin assembly in vitro in the absence of Arp2/3 activa-
tors.
Results: We examined endocytosis in arp2-7 mutants by live-
cell imaging of Sla1-GFP, a coat marker, and Abp1-RFP,
which marks the later actin phase of endocytosis. Sla1-GFP
and Abp1-RFP lifetimes were accelerated in arp2-7 mutants,
which is opposite to actin nucleation-impaired arp2 alleles
or deletions of Arp2/3 activators. We performed a screen for
multicopy suppressors of arp2-7 and identified SYP1, an
FCHO1 homolog, which contains F-BAR and AP-2m homology
domains. Overexpression of SYP1 in arp2-7 cells slowed Sla1-
GFP lifetimes closer to wild-type cells. Further, purified Syp1
directly inhibited Las17/WASp stimulation of Arp2/3 com-
plex-mediated actin assembly in vitro. This activity was map-
ped to a fragment of Syp1 located between its F-BAR and
AP-2m homology domains and depends on sequences in
Las17/WASp outside of the VCA domain.
Conclusions: Together, these data identify Syp1 as a novel
negative regulator of WASp-Arp2/3 complex that helps cho-
reograph the precise timing of actin assembly during endocy-
tosis.
Introduction

Clathrin-mediated endocytosis (CME) is a complex process
involving a large number of protein factors that collect mem-
brane cargo, provide directional force to invaginate a vesicle,
pinch it off, and ultimately move the vesicle into the cytoplasm.
This process is highly conserved throughout evolution, and
its efficiency depends on the cooperative interactions of
many low-affinity protein-protein and protein-lipid binding
domains and highly tuned regulatory mechanisms [1]. Actin
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polymerization has emerged as critical for providing force
during endocytosis [2–4]. This was first uncovered in yeast,
where sites of endocytosis are marked by characteristic
cortical actin patches [5, 6], and later extended to CME in
animal cells [7, 8]. However, the underlying mechanisms that
coordinate the precisely timed actin polymerization during
endocytosis are still not fully understood.

Budding yeast has been an ideal system in which to dissect
the specific roles and complex spatiotemporal relationships
of proteins involved in endocytosis and actin assembly.
This is largely because of the advanced molecular genetic
approaches that can be combined with biochemical amena-
bility and recent advances in imaging of endocytic progression
via multicolor live-cell fluorescence microscopy. These stud-
ies have revealed discrete stages of vesicle development
and a characteristic assembly/disassembly pathway of indi-
vidual endocytic factors [9, 10]. Initially, there is a prolonged
immobile phase of 1–2 min where coat module components
collect membrane cargo into an incipient vesicle bud site.
Factors such as clathrin and Ede1, an Eps15 homology
(EH)-domain protein, arrive early during this ordered phase
[10–12]. Sla2, related to mammalian Hip1/R, appears fairly
late in the immobile stage and is the first actin-binding protein
seen at the patch [9, 11]. Finally, late immobile-phase factors
assemble w15–20 s prior to actin assembly, which include
an SH3 domain-containing protein (Sla1), two EH-domain
proteins (Pan1, End3), yeast epsins (Ent1 and Ent2), and
Las17, the yeast Wiskott-Aldrich syndrome protein (WASp)
homolog [9, 10, 13]. Las17 and Pan1 are Arp2/3 activators [9,
10, 14], and Sla1 serves as both a cargo adaptor [15] and an
inhibitor of Las17 activity [16]. It is hypothesized that Las17,
possibly together with Pan1, primes actin assembly for mem-
brane invagination. The fast mobile stage of endocytosis is
marked by the arrival of Abp1, Arp2/3 complex, type 1 myosins
(Myo3 and Myo5) that further activate Arp2/3 complex, and
a host of proteins that decorate actin filaments [9, 10, 17–22].
Actin-mediated invagination takes only w10–15 s, at which
time vesicle scission occurs, facilitated by Rvs161/167 (amphi-
physin homologs) [9, 10]. The coat module factors move
inward about 200 nm with the invaginating membrane bud
(e.g., clathrin, Sla1, Sla2, Pan1, End3, Ent1/2) and then, imme-
diately after or around the time of scission, disassemble, while
the released vesicle moves rapidly into the cell along actin
cables [9, 10, 12, 23]. Some studies suggest that Las17 and
type 1 myosins dissipate from the surface rather than internal-
izing with the nascent vesicle [9, 19, 24], suggesting that actin
assembly takes place at the cell surface. However, other
studies suggest that these proteins may, in fact, move inward
as the endocytic bud neck elongates but dissipate upon
vesicle scission [18, 25].

The Arp2/3 complex is the primary actin nucleator control-
ling the polymerization of actin filaments at yeast endocytic
sites [26]. It promotes formation of a densely branched actin
network, which provides the tensile strength needed for invag-
ination and polarized movement. Alone, purified wild-type
yeast Arp2/3 complex fails to nucleate actin assembly effi-
ciently [27]. However, yeast express five different nucleation-
promoting factors (NPFs) that, when combined with Arp2/3
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complex, stimulate actin nucleation: Las17/WASp, Abp1,
Pan1, and the type 1 myosins Myo3 and Myo5 [14, 17, 20,
21, 27, 28]. The potency of their effects on Arp2/3 complex
ranges greatly, with Las17/WASp appearing to be the stron-
gest [16, 24]. Little is known about how the activities of these
NPFs on Arp2/3 complex are spatially or temporally controlled.
Because some of the NPFs arrive at sites of endocytosis well
before Arp2/3 complex-mediated actin assembly occurs,
presumably they must be negatively regulated until the appro-
priate stage of patch development. Although two Las17/WASp
inhibitors, Bbc1 and Sla1, have been identified in yeast [16],
the potency of their activities has suggested that other factors
may be involved in this negative regulation. Furthermore, little
is known about how the other NPFs are downregulated, and to
date, only one direct negative regulator of yeast Arp2/3
complex has been identified, Crn1/coronin [29], which arrives
much later than most NPFs [18]. To obtain a full understanding
of yeast Arp2/3 complex regulation and therefore better eluci-
date the rules governing development of endocytic sites, it will
be necessary to identify and characterize the full cast of regu-
lators.

One set of genetic tools that has proven to be highly useful in
dissecting yeast Arp2/3 complex function and regulation is
a collection of seven arp2 temperature-sensitive alleles that
were generated through random mutagenesis [30, 31].
Although all of the alleles show defects in actin organization
and restricted cell growth at elevated temperatures, differ-
ences in their genetic interactions and biochemical activities
suggest that they may uncouple different regulatory inputs
controlling Arp2/3 complex [32]. Purification of the mutant
Arp2/3 complexes revealed that some of the alleles (e.g.,
arp2-1 and arp2-2) are actin nucleation impaired, whereas
others (e.g., arp2-7) show unregulated (or ‘‘leaky’’) nucleation
in the absence of NPFs [32]. Previously, a dosage-suppression
screen of arp2-1 temperature-sensitive growth identified the
strong yeast NPF, LAS17/WASp [32, 33]. In this study, we
asked conversely whether a dosage-suppression screen of
arp2-7 might identify negative regulators of Arp2/3 complex.
We identify SYP1 (suppressor of yeast profilin), which encodes
an FCHO1/F-BAR-related protein that inhibits Las17/WASp
activation of Arp2/3 complex-mediated actin assembly and
localizes to cortical sites of endocytosis.

Results

arp2 Mutants Display Altered Endocytic Cortical

Patch Dynamics
Previous reports characterizing seven temperature-sensitive
alleles of the Arp2 subunit of Arp2/3 complex suggested that
arp2-1 and arp2-2 are loss-of-function (hypomorphic) muta-
tions, whereas arp2-7 is unique, behaving as a hypermorphic
mutation [30–33]. Each of these alleles leads to defects in actin
organization [30–33]; however, their patterns of genetic inter-
actions are distinct [32, 33]. The arp2-1 and arp2-2 mutations
are synthetically lethal when combined with las17D or myo3D
myo5D, and their temperature sensitivity is suppressed by
overexpression of LAS17, indicating a dependence on ele-
vated NPF activity. In contrast, arp2-7 demonstrates no addi-
tional defects when combined with these NPF null mutations,
and overexpression of LAS17 fails to rescue this mutation
[30–33]. Furthermore, in vitro assays with purified mutant
Arp2/3 complexes show that the arp2-7 mutation causes
increased, unregulated actin assembly in the absence of
NPFs, whereas arp2-1 or arp2-2 causes impaired actin
nucleation [32]. To better understand how the biochemical
properties caused by these different arp2 mutations translate
into in vivo effects on endocytic vesicle formation, we used
live-cell imaging to examine the spatiotemporal patterns of
Sla1-GFP (a component of the endocytic coat) and Abp1-
RFP (a later-arriving actin-binding protein that marks the
mobile actin phase of internalization).

In wild-type cells, Sla1-GFP persists at cortical patches for
w30–40 s. After an immobile phase of 15–20 s, actin assembly
initiates and invagination begins. About 10 s later, vesicle scis-
sion occurs and Sla1 and other coat factors rapidly disas-
semble while the vesicle with associated actin is propelled
into the cell away from the surface. At 25�C, the immobile
phase, as assessed by the lifetime of Sla1-GFP, was pro-
longed significantly in arp2-1 and arp2-2 mutants, whereas
arp2-7 was similar to wild-type yeast (Figures 1A and 1C). Of
the two affected alleles, arp2-1 caused the longest Sla1 life-
time (106 6 29 s compared to 34 6 6 s for ARP2,
p % 0.0001), although the arp2-2 was also significantly pro-
longed (49 6 12 s, p % 0.0001 compared with ARP2). After shift
to 37�C for 15 min, the arp2-2 phenotype was further exacer-
bated, with Sla1-GFP showing an average lifetime of 98 s. In
contrast, the Sla1-GFP lifetime was accelerated at the
elevated temperature in both wild-type and arp2-7, but it
was significantly more rapid in arp2-7 than ARP2 cells
(24 6 6 s for arp2-7 versus 30 6 7 s for ARP2, p % 0.0003)
(Figures 1B and 1C; see also Figure S1 available online). The
accelerated lifetime in arp2-7 can be seen clearly in kymo-
graphs (Figure 1C), which show many Sla1-GFP patches with
shorter duration.

The mobile actin assembly phase of endocytosis was also
prolonged in the arp2-1 and arp2-2 mutants (Figures 1B and
1C). At 25�C, Abp1-RFP timing in arp2-1 was nearly doubled
compared to wild-type (29 6 8 s versus 17 6 3 s, p %
0.0001). A similar delay in arp2-2 was seen, but only at 37�C
(25 6 9 s, p < 0.0001 compared to ARP2). Abp1 timing was
slightly delayed in arp2-7 at 25�C (22 6 7 s; p % 0.002 versus
ARP2). However, at 37�C, wild-type (13 6 3 s) and arp2-7
(14 6 3 s) Abp1-RFP lifetimes were similar and accelerated
compared to 25�C, which likely represents a temperature
effect. No aberrant cortical patch structures or actin comet
tails were seen in any of these arp2 mutants. The number of
Sla1-containing patches per cell was increased in arp2-1 and
arp2-2, consistent with the long delay in the immobile phase;
however, patch numbers seemed unaffected in the arp2-7
mutant (data not shown). Therefore, the pronounced elonga-
tion of Sla1 and Abp1 lifetimes in arp2-1 and arp2-2 reflects
their hypomorphic properties, whereas the accelerated life-
time of Sla1 in arp2-7 at 37�C is consistent with its hypermor-
phic character, corroborating the prior genetic and biochem-
ical analyses [32, 33].

A Screen for High-Copy Suppressors of arp2-7
To identify negative regulators of Arp2/3 complex, we screened
for dosage suppressors of the temperature-sensitive, hyperac-
tive arp2-7 allele. A high-copy plasmid (2m) S. cerevisiae geno-
mic DNA library was transformed into the arp2-7 strain
(BGY142). Four plasmids that suppressed temperature sensi-
tivity (pJD7, pJD9, pJD11, and pJD12) contained overlapping
regions of the right arm of chromosome III. One intact open
reading frame (ORF) was common to these four plasmids,
SYP1 (Figure 2A) [34]. To confirm that the suppression was by
SYP1, we constructed a plasmid with SYP1 under the control
of the GAL1 promoter and found that galactose-inducible



Figure 1. Endocytic Dynamics in arp2 Mutant

Cells

(A) Patch lifetimes 6 standard deviation of Sla1-

GFP at 25�C (white) or 37�C (gray) for ARP2

(SL5770), arp2-7 (SL5775), arp2-1 (SL5792), and

arp2-2 (SL5780), respectively. *p % 0.0001 com-

pared with ARP2 at comparable temperature,

yp % 0.0003 compared with ARP2 at comparable

temperature, and #p % 0.0001 compared to

same strain at 25�C.

(B) Patch lifetimes 6 standard deviation of Abp1-

RFP at 25�C (white) or 37�C (gray) for ARP2,

arp2-7, arp2-1, and arp2-2, respectively.

*p % 0.0001 compared with ARP2 at comparable

temperature, zp % 0.002 compared with ARP2 at

comparable temperature, and #p % 0.0001

compared to same strain at 25�C.

(C) Kymographs of Sla1-GFP and Abp1-RFP at

either 25�C or 37�C illustrate the lifetimes and

overlap of these factors over 240 s. Time-lapse

movies were acquired with 2 s intervals between

frames, with 250 ms exposures for both Sla1-

GFP and Abp1-RFP.
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overexpression of the SYP1 open reading frame could sup-
press the conditional growth defects of arp2-7 (Figure 2B).
Moreover, SYP1 suppression was specific to arp2-7, because
it failed to suppress the temperature-sensitive growth defects
of other arp2 alleles such as arp2-1 (Figure 2B) and arp2-2
(data not shown). It is noteworthy that GAL1-driven overex-
pression of SYP1 negatively affected the growth of wild-type
yeast at 37�C.

SYP1 was originally identified, along with four other genes
(MID2, ROM1, ROM2, and SMY1), in a genetic screen for
dosage suppressors of a yeast profilin (SYP) null mutant [34].
Interestingly, all of the suppressors restored the defects in
actin patch polarization caused by pfy1D, but not the loss of
actin cables. However, of these five genes that suppress
pfy1D, only SYP1 could suppress arp2-7 (Figure 2C), which
stresses the specificity of the genetic interaction.

Deletion of SYP1 alone causes no discernable alterations in
cell growth, morphology, or cytoskeletal organization [34].
However, when combined with arp2-7, syp1D exacerbated
the temperature-sensitive phenotype (Figure 2D). This result
is consistent with our observation above that elevated SYP1
expression suppresses arp2-7. Further, in accordance with
the suppression data, the syp1D synthetic growth defect was
only seen in arp2-7, not in arp2-1 (Figure 2D).

Syp1 Is an Early Component of Cortical Endocytic Patches
By structural modeling in silico with protein homology/analogy
recognition engine (Phyre) [35], we found that Syp1 contains
an N-terminal F-BAR domain (aa 1–265) and a C-terminal m

homology region (aa 609–870) similar to the tyrosine sorting
motif-binding region of the clathrin heterotetrameric adaptor
medium-chain m subunits (Figure 2E) [36]. This has recently
been corroborated by X-ray crystallographic analysis [36].
F-BAR domains are thought to sense and/or induce mem-
brane curvature [37]. Additional elements in Syp1 include
serine-rich (aa 251–405) and proline-
rich (aa 417–528) sequences, two puta-
tive Ark1/Prk1 phosphorylation sites
(aa T576/T588) [38, 39], and a C-terminal
Asp-Pro-Phe (NPF) motif (aa 846–848)
that is a potential EH domain-binding partner [40–42]. Previous
global protein-interaction studies have suggested physical
interactions between Syp1 and Ede1, an early endocytic coat
factor that contains three EH domains, as well as Las17 and
Sla1 [43–46].

Because we identified SYP1 as a suppressor of arp2-7, we
investigated whether Syp1 also localizes to sites of actin
assembly and endocytosis by live-cell imaging. Previously,
Syp1 was shown to interact with septins and localize to the
bud neck throughout most of the cell cycle [47]. Also, faint
cortical Syp1 was reported by Marcoux and colleagues [34].
With more sensitive imaging, we observed distinct cortical
patches of Syp1-GFP, in addition to the bud neck localization
(Figure 3A). To determine whether the cortical puncta were
sites of endocytosis, we colocalized Syp1-GFP with other en-
docytic markers (Figure 3C). Syp1-GFP did not overlap with
Abp1-RFP, a marker of the actin-mediated mobile internaliza-
tion phase of endocytosis. However, Syp1-GFP closely colo-
calized with Ede1 (yellow in the merged image), which is one
of the earliest known factors to arrive during the immobile
phase of endocytosis. We also observed partial colocalization
with End3, a later-arriving coat module factor that appears near
the end of the immobile phase along with Sla1 and Pan1
(Figure 3C). Similar to other coat module endocytic factors,
Syp1 was still recruited to cortical patches in the presence of
latrunculin A, which prevents actin assembly (Figure S2A).

Time-lapse movies pairing Syp1-GFP with red fluorescent-
tagged Ede1, End3, and Abp1 were consistent with the coloc-
alization images in Figure 3C. Syp1 arrived early in the immo-
bile phase and overlapped nearly completely with Ede1; both
proteins showed long lifetimes of w1–2 min (Figures 3B and
3D). The Syp1 cortical signal was relatively faint, and it flick-
ered on and off during its lifetime (see kymographs in
Figure 3D). Furthermore, like Ede1, Syp1 did not internalize
and instead disappeared near the onset of the actin/mobile



Figure 2. Identification of SYP1 as a Dosage Suppressor of

arp2-7

(A) Schematic of S. cerevisiae genomic inserts contained in

library plasmids pJD11, pJD12, pJD7, and pJD9, which

were isolated as high-copy suppressors of arp2-7 tempera-

ture-sensitive growth.

(B) ARP2 (BGY134), arp2-1 (BGY136), and arp2-7 (BGY142)

strains transformed with empty vector (pBG006) or pGAL1-

SYP1 (pBG287) were 10-fold serially diluted, plated on selec-

tive galactose-containing medium, and grown at 25�C and

37�C.

(C) Previously identified high-copy suppressors of pfy1D [34]

were transformed into the arp2-7 (BGY142) strain. Trans-

formants were 10-fold serially diluted, plated on selective

medium, and grown at 25�C and 37�C.

(D) ARP2, arp2-1, and arp2-7 strains containing SYP1 or

syp1D were 5-fold serially diluted and grown at 30�C,

35.5�C, or 37�C for 48 hr.

(E) Schematic of Syp1 demonstrating regions of homology to

F-BAR (green) or APm (brown) domains. Also highlighted are

serine (blue)- and proline (yellow)-rich regions, possible Ark/

Prk phosphorylation sites (T576, T588), and a nucleation-

promoting factor (NPF) motif (orange).
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phase (Figures 3D and 3E). End3 arrived w20 s before the end
of the lifetime of Syp1-GFP but, as shown previously [10], per-
sisted during invagination with Abp1/actin until vesicle scis-
sion and coat disassembly (Figures 3D and 3E).

Although Syp1 is an early endocytic factor, deletion of SYP1
had no detectable effect on the lifetimes of Sla2, Sla1, Las17,
and Abp1 (Figure S3), consistent with previous findings [10].
As expected for an early endocytic factor, deletion of genes
encoding later-arriving endocytic factors had no effect on
the cortical recruitment of Syp1-GFP (data not shown). Syp1-
GFP was efficiently recruited in ede1D; however, deletion of
clathrin heavy-chain or light-chain genes reduced the patch
localization of Syp1-GFP at the cell surface (Figure S2B; data
not shown). This suggests that clathrin increases the efficiency
of recruitment or retention of Syp1 at the cortex. Together,
these results define Syp1 as an early component of endocytic
sites, arriving around the time of Ede1 and disappearing just
before the actin-mediated invagination phase of endocytosis.

Syp1 Overexpression Slows Endocytic Dynamics in arp2-7

Mutant Cells
Because SYP1 overexpression suppresses the temperature-
sensitive growth of arp2-7, we compared endocytic dynamics
in wild-type and arp2 mutant strains bearing Sla1-GFP and
Abp1-RFP markers with or without pSYP1, 2m (pBG287). At
25�C, SYP1 overexpression caused a slight increase in Sla1-
GFP lifetime in ARP2 (41 6 8 s versus 34 6 6 s, p % 0.0005,
+SYP1 versus 2SYP1, respectively), and SYP1 had no signifi-
cant effect on the lifetime of Sla1-GFP in arp2-7 or the lifetimes
of Abp1-RFP in arp2-7 and ARP2 (Figure S4). On the other hand,
in arp2-1 and arp2-2 strains at 25�C, SYP1 overex-
pression increased the lifetimeof Sla1 from 106s to
149 s and from 49 s to 67 s, respectively (p < 0.0001;
Figure S4). Furthermore, Abp1-RFP progression
was delayed even further by SYP1 overexpression
in arp2-1 (43 6 14 s versus 29 6 8 s, p % 0.0001,
+SYP1 versus 2SYP1, respectively) and arp2-2
(28 6 6 s versus 18 6 4 s, p % 0.0001, +SYP1 versus
2SYP1, respectively) (Figure S4).

At 37�C, overexpression of SYP1 in wild-type
cells caused no detectable shift in either Sla1-
GFP or Abp1-RFP dynamics (Figure 4); however, it did atten-
uate the accelerated Sla1 lifetime of arp2-7 cells (38 6 12 s
versus 24 6 6 s, p % 0.0001, +SYP1 versus 2SYP1, respec-
tively). In addition, the timing of Abp1 was delayed at 37�C
when SYP1 was overexpressed in arp2-7 (Figures 4B and 4C),
leading to significantly longer lifetimes (22 6 8 s versus 13 6
3 s, p % 0.0001, +SYP1 versus 2SYP1, respectively). Overall,
the effect of SYP1 overexpression on the arp2 mutants is con-
sistent with its possible role as a negative regulator of Arp2/3
complex-stimulated actin assembly during endocytosis.

Syp1 Directly Inhibits Las17/WASp Activation
of Arp2/3 Complex

To better understand the mechanistic basis underlying SYP1
suppression of arp2-7, we purified full-length 6His-Syp1 from
E. coli and tested its effects on Arp2/3 complex-mediated actin
assembly in vitro. Purified 6His-Syp1 migrated on SDS gels
with an apparent molecular weight of 105 kDa, close to its pre-
dicted molecular weight of 96 kDa (Figure 5A). In pyrene-actin
assembly assays, Syp1 inhibited the actin assembly activity of
Las17-Arp2/3 complex in a concentration-dependent manner,
with half-maximal effects at 1.25 mM Syp1 (Figures 5B and 5C).
The inhibition was specific in that Syp1 did not alter the rate of
actin assembly in the absence of Arp2/3 complex (Figure S5).
Syp1 showed a similar ability to inhibit Las17-Arp2/3 complex
activity in assays containing yeast actin and rabbit muscle
actin (Figures 5D and 5E).

The inhibitory activity of Syp1 was mapped further with three
distinct purified fragments of the protein (Figure 5F). Inhibition
was mapped to the central fragment of Syp1, whereas N- and



Figure 3. Temporal Pattern of Syp1 Localization

to Cortical Patches

(A) Syp1-GFP localization in JDY175. A Z stack of

0.25 mm sections (600 ms exposures) was decon-

volved and projected onto a single plane.

(B) Patch lifetimes 6 standard deviation of indi-

cated endocytic factors were obtained from 4

min time-lapse movies taken at 600 ms expo-

sures, with 2 s between frames. Data are from

SL5863 (Ede1-Cherry), SL5806 (Syp1-GFP and

Abp1-RFP), and SL5862 (End3-Cherry).

(C) Localization of Syp1-GFP combined with

Ede1-Cherry (SL5863), End3-Cherry (SL5862), or

Abp1-RFP (SL5806) in a single cross-section

plane. Exposures were 1 s for GFP and Cherry

fusions and 800 ms for Abp1-RFP. Note that

yellow in the merge shows nearly complete over-

lap of Ede1 and Syp1, with only occasional over-

lap for Syp1-GFP and End3-Cherry (arrowheads).

There is essentially no overlap between Syp1-

GFP and Abp1-RFP.

(D) Kymographs from time-lapse movies of Syp1-

GFP combined with Ede1-Cherry (SL5863),

End3-Cherry (SL5862), or Abp1-RFP (SL5806).

Exposures were 1 s for GFP and Cherry fusions

and 800 ms for Abp1-RFP, with 3 s between

frames. Note the nearly complete overlap of

Syp1-GFP and Ede1-Cherry, whereas End3-

Cherry appears near the end of the fluorescence

lifetime of Syp1. Syp1-GFP disappears just prior

to Abp1-RFP appearance.

(E) Tile views showing timing of appearance and

disappearance of Syp1-GFP with End3-Cherry

(SL5862) or Syp1-GFP with Abp1-RFP (SL5806).

Exposures are as indicated in (D). Beginning

frames showing the early phase of Syp1 have

been trimmed. Tile views were aligned based on

the known timing of End3 and Abp1 [10]. The

black arrow in the lower tile view indicates the

transition point at which Syp1 disappears but

Abp1 has not yet appeared.
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C-terminal fragments of Syp1 lacked any detectable effects on
Las17-Arp2/3-mediated actin assembly. Activity of the central
fragment of Syp1 was titered (Figure 5G) and found to be
somewhat reduced compared to full-length Syp1. The reason
for this difference is not yet clear. One possibility is that
sequences in the N- and/or C-terminal regions containing the
F-BAR and m2 homology regions, respectively, contribute to
inhibition but alone are not sufficient for inhibition. Another
possibility is that Syp1 dimerization via its N-terminal F-BAR
domain increases the activity of the central inhibitory region.

Next, we compared Syp1 inhibitory effects on Arp2/3 com-
plex activated by full-length Las17/WASp and VCA domain
of Las17/WASp (Figures 6A and 6B). Syp1 showed strong inhi-
bition of Las17- but not VCA-stimulated Arp2/3 complex
activity. This demonstrates that the inhibitory effects of Syp1
depend on sequences in Las17 outside of the VCA domain,
emphasizing the specificity of inhibition. This also suggests
that Syp1 directly inactivates Las17 rather than Arp2/3 com-
plex. This model is further supported by direct binding interac-
tions between purified Syp1 and Las17-coated beads, but not
control beads (Figures 6C and 6D), and by the failure of Syp1 to
bind Arp2/3 complex (data not shown).

Discussion

Over ten years ago, a collection of seven temperature-sensi-
tive arp2 mutant alleles was generated, which is still providing
powerful tools for dissecting the function of Arp2/3 complex
and the role of NPFs in actin assembly [30, 31, 33]. Here, we
focused on three arp2 alleles with distinct biochemical activi-
ties, genetic interactions, and in vivo properties. Two alleles
(arp2-1 and arp2-2) encode mutations that reside at the
barbed end of Arp2, where actin polymerization is seeded.
Hence, both of these alleles are partially impaired for actin
assembly in vitro [32], and their conditional growth can be
rescued in vivo by elevated expression of Las17/WASp [33].
The third allele, arp2-7, carries two mutations, one (F203Y)
located at the pointed end of Arp2 and another (F127S) located
near the arp2-2 mutation. The first mutation (F203Y) may
reverse a repulsive interaction between Arp2 and Arp3 that
maintains the Arp2/3 complex in an inactive state, such that
this mutation triggers unregulated actin nucleation in the
absence of NPFs [32]. Thus, arp2-7 behaves as a constitutively
active or leaky allele. Consistent with these properties, here we
have shown that endocytic dynamics in both arp2-1 and
arp2-2 cells are slowed, leading to prolonged lifetimes for
both Sla1 and Abp1. In contrast, shorter Sla1 lifetimes were
observed in arp2-7 cells at the nonpermissive temperature,
suggesting an accelerated endocytic progression, which sup-
ports the view that the arp2-7 Arp2/3 complex is constitutively
active.

We took advantage of the unique properties of arp2-7 to
search for negative regulators of the Arp2/3 complex and
identified SYP1 as an allele-specific, multicopy suppressor.



Figure 4. Overexpression of SYP1 Slows the Accelerated Endocytic

Dynamics of arp2-7 Cells

(A) Sla1-GFP lifetimes (6 standard deviation) in ARP2 (SL5770) or arp2-7

(SL5775) 6 SYP1 2m shifted to 37�C. *p % 0.0001 comparing 6 SYP1 over-

expression.

(B) ABP1-RFP lifetimes (6 standard deviation) shifted to 37�C in the same

strains as above.

(C) Kymographs of Sla1-GFP and Abp1-RFP at 37�C from strains indicated

above. Time-lapse movies were taken with 2 s intervals between frames,

with 250 ms exposures for both Sla1-GFP and Abp1-RFP.
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Further, syp1D showed synthetic growth interactions with
arp2-7 but not arp2-1 or arp2-2. Consistent with a previously
reported association between Syp1 and Las17/WASp [46],
we found that purified Syp1 directly binds Las17/WASp and
inhibits its stimulation of Arp2/3 complex-mediated actin
assembly. The precise mechanism by which Syp1 inhibits
Las17/WASp is not yet clear, but our data suggest that Syp1
binds to sequences in Las17/WASp outside of the VCA
domain. As expected for a negative regulator, overexpression
of SYP1 in arp2-7 cells attenuated the accelerated lifetimes of
the endocytic factors Sla1 and Abp1. Moreover, excess SYP1
further slowed the endocytic dynamics in arp2-1 and arp2-2.

Arp2/3 complex-mediated actin assembly during endocy-
tosis must be tightly regulated to enable the endocytic
patch to properly mature before the burst of actin assembly
that initiates membrane invagination. Further, this assembly
must be controlled spatially and temporally to tailor the
invagination into a vesicle bud rather than a tubule and then
to promote vesicle scission and propel the vesicle into the
cell. In addition to Syp1, studied here, two other endocytic
factors, Sla1 and Bbc1, were previously shown to inhibit
Las17-Arp2/3 complex activity [16]. Both of these proteins
interact directly with Las17 via SH3 domains that bind to the
proline-rich region of Las17 [16]. Because Syp1 lacks an SH3
domain, the mechanism of its inhibition is likely to be distinct.
In addition, only SYP1, and not SLA1 or BBC1, was isolated as
a suppressor of arp2-7. Further, our direct tests showed that
neither SLA1 nor BBC1 overexpression suppresses arp2-7
(unpublished data).
Because there was relatively little effect of syp1D on cell
growth or endocytic dynamics (our results, [10]), it is likely
that Syp1 shares genetically redundant functions with Sla1,
Bbc1, or other Las17-Arp2/3 complex inhibitors. In fact, the
timing of appearance of these factors at cortical sites and
the effects of their mutations suggest that each protein may
have unique yet genetically overlapping functions in negatively
regulating actin assembly [10]. Bbc1 inhibits Las17 in vitro [16]
but also interacts with the type 1 myosins Myo3 and Myo 5 [48].
Moreover, it arrives at and dissipates from the cell cortex with
Myo3 and Myo5 during the 10 s burst of actin assembly that
promotes invagination [10]. In bbc1D cells, the speed and
distance of inward movement of coat-complex components
and Abp1/actin are increased, suggesting that Bbc1’s role is
to restrain rather than completely inhibit the potent NPF
activity of myosins and Las17 during the mobile actin phase
of endocytosis [10].

In contrast to Bbc1, Sla1 arrives with the later coat factors,
around the time Las17 appears at the cortex [9, 10], and thus
could negatively regulate Las17 prior to the mobile actin
phase. Unlike Las17, Sla1 follows other coat factors once actin
assembly occurs, decorating the tips of membrane invagina-
tions and then disassembling shortly after vesicle scission
[9, 25]. Possibly its inward movement with the vesicle relieves
its inhibition of Las17. Consistent with Sla1 having roles both
as a coat factor and as an inhibitor of actin assembly, sla1D
causes major delays in progression of both the coat phase
and the actin phase [9, 10]. Also, Sla1 is a known cargo
adaptor, which is consistent with a coat function [15]. The
capacity of Sla1 to negatively regulate actin assembly is
dramatically unmasked when sla1D is combined with bbc1D

[10]. sla1D bbc1D cells show exaggerated actin protrusions
emanating from the surface, and Las17 is often found at the
tips of these assemblies.

In contrast to Sla1 and Bbc1, Syp1 has a completely
different temporal pattern of localization during endocytosis.
Syp1 appears early, with Ede1, as the endocytic site is form-
ing. Syp1 and Ede1 persist at the cortex until after the arrival
of later immobile-phase factors (such as End3, Pan1, and
Sla1), and then both dissipate just prior to the appearance of
the actin marker Abp1. The timing of Syp1 disappearance
just prior to actin assembly is highly consistent with Syp1
acting as a negative regulator of Las17/WASp activity.

Like other proteins involved in CME, Syp1 likely has multiple
roles during endocytosis. It has a novel modular structure
found in a new protein family that includes mammalian
FCHO1. These proteins have an N-terminal F-BAR domain
and a heterotetrameric adaptor APm-homology region at their
C termini. The m-homology region in the Syp1/FCHO1 family is
related to the m chain-C-terminal segment that binds to tyro-
sine sorting motifs found in membrane cargo collected in cla-
thrin-coated pits [49–51]. Similar to Syp1, FCHO1 is also asso-
ciated with clathrin-coated pits in animal cells [52]. The early
arrival of Syp1 at the endocytic patch, diminished localization
in the absence of clathrin, and presence of a m-homology
region suggest that Syp1 could be a cargo-specific adaptor
[36]. Further studies will be needed to identify its putative
cargo and the specific sorting motif (or motifs) it may recog-
nize.

The F-BAR domain is a cousin of the Bin/amphiphysin/RVS
family of BAR domains. These protein modules form crescent-
shaped dimers that bind phospholipid bilayers and tubulate
liposomes in vitro [53, 54]. They have different degrees of
curvature and binding preferences for specific membrane



Figure 5. Purified Syp1 Inhibits Las17/WASp-Arp2/3 Complex-Mediated Actin Assembly

(A) Coomassie-stained gel of full-length 6His-Syp1 purified from E. coli.

(B) 3 mM actin (5% pyrene labeled) was polymerized in the presence of 15 nM yeast Arp2/3 complex, 15 nM yeast Las17/WASp, and a range of concentra-

tions of 6His-Syp1.

(C) Concentration-dependent effects of 6His-Syp1 on rate of actin assembly induced by 15 nM Las17/WASp and 15 nM Arp2/3 complex.

(D) 2 mM yeast or rabbit muscle actin (5% pyrene labeled) was assembled alone and in the presence of 10 nM Arp2/3 complex and 10 nM Las17/WASp with

and without 2.5 mM Syp1.

(E) Quantification of data in (D) 6 standard deviation. Rates of actin assembly for reactions containing yeast actin and rabbit muscle actin and lacking Syp1

were both normalized to 1 for comparative purposes.

(F) Schematic of Syp1 fragments that were purified and tested for inhibition of Las17/WASp-Arp2/3 complex activity. Each Syp1 fragment (>1 mM) was tested

for effects on 15 nM Las17/WASp and 15 nM Arp2/3 complex.

(G) Concentration-dependent effects of Syp1 (aa 265–565) on rate of actin assembly induced by 15 nM Las17/WASp and 15 nM Arp2/3 complex.
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arcs, depending on the BAR domain family. The F-BAR struc-
ture has a much more shallow curvature (w600 Å) than the
traditional amphiphysin-related BAR domains (w200–280 Å)
[37, 55, 56]. It is hypothesized that these different families of
BAR domains bind to and promote membrane bending for
different functional purposes, such as driving different stages
of endocytosis; however, they may also act as sensors of
membrane curvature. In addition, many of the proteins in this
family regulate localized actin assembly. One such example
is Toca-1, a protein with an N-terminal F-BAR domain, which
activates Arp2/3-mediated actin polymerization through a
C-terminal SH3 domain interaction with WASp [57]. In vitro
assays have shown that Toca-1 induces actin polymerization
on membranes in a curvature-dependent manner, providing
maximal induction at the highest-diameter curvatures [58].
Although Syp1 is an early endocytic factor, its ability to nega-
tively regulate Las17/WASp activity suggests that Syp1 may
also be functioning as a sensor. Assembly of coat module
factors and maturation of the endocytic patch could begin to
produce membrane curvature, especially in the late stages of
the immobile phase. The Syp1 F-BAR domain itself may help
to induce the shallow membrane invaginations seen by elec-
tron microscopy (EM) at this stage [25]. Reaching a critical
degree of curvature during this preactin phase might cause



Figure 6. Syp1 Directly Inactivates Las17/WASp

(A) 4 mM actin (5% pyrene labeled) was polymerized in the presence of 10 nM

yeast Arp2/3 complex and 10 nM yeast Las17/WASp or 20 nM yeast Arp2/3

complex and 200 nM yeast glutathione S-transferase-VCA (GST-VCA) in the

presence or absence of 2.5 mM Syp1.

(B) Quantification of data from (A) 6 standard deviation. Rates of actin

assembly for reactions containing Las17/WASp and GST-VCA domain but

lacking Syp1 were normalized to 1 for comparative purposes.

(C) Control beads or beads coated with Las17/WASp were incubated with

soluble Syp1 and then pelleted, and the supernatants were analyzed by

SDS polyacrylamide gel electrophoresis and Coomassie staining.

(D) Quantification of data in (C) 6 standard deviation; levels of Syp1 in the

supernatants were measured by densitometry.
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Syp1’s F-BAR domain to be released, leading to Syp1 dissoci-
ation from the incipient vesicle bud site, thus activating Las17-
Arp2/3 complex-mediated actin assembly to promote full
vesicle invagination. How this is orchestrated in the context
of other endocytic factors is not clear at the moment. Thus,
further studies are required to understand the multiple func-
tions of Syp1 as a cargo adaptor, possible membrane curva-
ture sensor, and inhibitor of Arp2/3 complex activity.
Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, one

table, and five figures and can be found online at http://www.cell.com/

current-biology/supplemental/S0960-9822(09)01926-5.
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