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ABSTRACT Listeria monocytogenes is a foodborne bacterium that causes gastroen-
teritis, meningitis, or abortion. Listeria induces its internalization (entry) into some
human cells through interaction of the bacterial surface protein InlB with its host re-
ceptor, the Met tyrosine kinase. InlB and Met promote entry through stimulation of
localized actin polymerization and exocytosis. How actin cytoskeletal changes and
exocytosis are controlled during entry is not well understood. Here, we demonstrate
important roles for the host GTPase Arf1 and its effectors AP1 and PICK1 in actin po-
lymerization and exocytosis during InlB-dependent uptake. Depletion of Arf1 by RNA
interference (RNAi) or inhibition of Arf1 activity using a dominant-negative allele im-
paired InlB-dependent internalization, indicating an important role for Arf1 in this
process. InlB stimulated an increase in the GTP-bound form of Arf1, demonstrating
that this bacterial protein activates Arf1. RNAi and immunolocalization studies indi-
cated that Arf1 controls exocytosis and actin polymerization during entry by recruit-
ing the effectors AP1 and PICK1 to the plasma membrane. In turn, AP1 and PICK1
promoted plasma membrane translocation of both Filamin A (FlnA) and Exo70, two
host proteins previously found to mediate exocytosis during InlB-dependent inter-
nalization (M. Bhalla, H. Van Ngo, G. C. Gyanwali, and K. Ireton, Infect Immun 87:
e00689-18, 2018, https://doi.org/10.1128/IAI.00689-18). PICK1 mediated recruitment of
Exo70 but not FlnA. Collectively, these results indicate that Arf1, AP1, and PICK1
stimulate exocytosis by redistributing FlnA and Exo70 to the plasma membrane. We
propose that Arf1, AP1, and PICK1 are key coordinators of actin polymerization and
exocytosis during infection of host cells by Listeria.
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The foodborne bacterium Listeria monocytogenes causes gastroenteritis, meningitis,
or abortion (1). A critical aspect of Listeria virulence is the ability of bacteria to

induce their internalization (entry) into nonphagocytic cells in the intestine, liver, or
placenta (2). A major pathway of Listeria entry is mediated by binding of the bacterial
surface protein InlB to its host receptor, the Met tyrosine kinase (3). InlB activates Met,
resulting in the stimulation of two host processes that promote bacterial uptake: actin
polymerization and exocytosis (4–7).

Actin polymerization is thought to contribute to uptake of Listeria by providing a
protrusive force that pushes the plasma membrane around adherent bacteria (4, 8).
Exocytosis is the fusion of intracellular vesicles with the plasma membrane (9). This
process contributes to Listeria entry in part by redistributing the host GTPase Dynamin
2 (6). During InlB-mediated internalization, exocytosis mediates the translocation of
Dynamin 2 from an internal membrane compartment, termed the recycling endosome
(RE), to sites in the plasma membrane that underlie adherent bacteria. Importantly,
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Dynamin 2 has a critical role in InlB-mediated internalization of Listeria (6, 10). Dynamin
2 can remodel membranes through a GTP-dependent scission activity and also by
interacting with membrane-sculpting proteins containing BAR domains (11). It seems
likely that these membrane-remodeling activities of Dynamin 2 are responsible for the
ability of the GTPase to promote uptake of Listeria.

An important question is how actin polymerization and exocytosis are stimulated
during InlB-mediated entry. The mechanisms of stimulation of these processes have
been partly elucidated. Actin filament assembly during entry is mediated, at least in
part, through the host Arp2/3 complex and upstream activators of this complex,
including the nucleation-promoting factors N-WASP and WAVE and the small GTPases
Cdc42 and Rac1 (5, 12–14). Although less is known about how exocytosis is stimulated
during InlB-dependent uptake, recent results have shed some light on this topic.
Upregulation of exocytosis during Listeria entry requires the tyrosine kinase activity of
the Met receptor and a downstream host signaling pathway comprised of the serine/
threonine kinases mTOR and protein kinase C-� (PKC-�) and the scaffolding protein
Filamin A (FlnA) (7). mTOR affects exocytosis by mobilizing FlnA to the plasma mem-
brane, whereas PKC-� phosphorylates FlnA on a serine residue located in a carboxyl-
terminal immunoglobulin-like repeat. This phosphorylation event enhances the ability
of FlnA to stimulate exocytosis. FlnA promotes exocytosis by recruiting a multicompo-
nent complex, termed the exocyst. The exocyst is known to mediate polarized exocy-
tosis by tethering exocytic vesicles to specific sites in the plasmalemma (15). Despite
these recent advances, our understanding of regulatory mechanisms of actin polym-
erization and exocytosis during entry of Listeria is likely incomplete.

One group of mammalian proteins that has the potential to control actin filament
assembly and exocytosis during uptake of Listeria is Arf family GTPases (16–18). Based
on amino acid sequence, three classes of mammalian Arf proteins have been described
(17). Class I Arf proteins (Arf1, Arf2, and Arf3) localize mainly to the Golgi apparatus but
also function in the endosomal system. The best-characterized class I protein is Arf1,
which controls multiple membrane trafficking events, including retrograde transport of
vesicles from the trans-Golgi network (TGN) to the endoplasmic reticulum (ER), trans-
port of TGN-derived vesicles to early and late endosomes, clathrin-independent endo-
cytosis, and RE-mediated exocytosis (16–20). Interestingly, Arf1 also controls Arp2/3-
dependent actin polymerization at the plasma membrane (18, 20, 21). Class II Arf
proteins consist of Arf4 and Arf5 (16, 17). Overall, the functions of these two GTPases
are not well understood. However, recent data indicate that Arf4 acts at the TGN to
control vesicular transport of rhodopsin to cilia, Arf5 promotes endocytosis of integrin
receptors, and Arf4 and Arf5 cooperate to stimulate exocytosis of dense core vesicles
from nerve terminals (16, 22). The sole class III Arf protein is Arf6. This GTPase acts in
endosomes and at the plasma membrane to regulate endocytosis, membrane recy-
cling, and actin polymerization (16–18).

Arf GTPases are activated by binding to GTP (16, 17). The GTP-bound state of Arf
proteins is increased or decreased by various guanine nucleotide exchange factors
(GEFs) or GTPase-activating proteins (GAPs), respectively. When activated, Arf GTPases
accomplish their biological activities by interacting with several effector proteins. For
example, Arf1-GTP promotes transport of TGN-derived vesicles to early endosomes or
the RE by binding the gamma subunit of the adaptor protein complex AP1 (23, 24). AP1
directs vesicular transport by recruiting specific cargo into clathrin-coated buds that
emerge from the TGN. In addition to affecting membrane trafficking, activated Arf1 also
controls Arp2/3-dependent actin polymerization at the plasma membrane by engaging
the WAVE regulatory complex (WRC) (18), the BAR domain-containing protein PICK1
(21), or the lipid kinase phosphatidylinositol 4-phosphate 5-kinase (PIP5K1A) (25).

To date, the roles of Arf proteins in InlB-mediated entry of Listeria have not been
comprehensively investigated. The only Arf protein previously examined for a function
in Listeria uptake is Arf6. Interestingly, this GTPase limits InlB-mediated entry under
conditions in which the GAP ARAP2 is depleted by RNA interference (RNAi) (26). In
contrast, when ARAP2 expression is normal, Arf6 has no detectable role in InlB-
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dependent entry. Since ARAP2 normally inactivates Arf6 by stimulating GTP hydrolysis
(27), these findings indicate that unrestrained activation of Arf6 impairs internalization
of Listeria. The roles of the remaining four human Arf proteins (Arf1, Arf3, Arf4, and Arf5)
in internalization of Listeria remain to be addressed. In this regard, it is worth noting
that human cells lack Arf2, an Arf protein present only in mice (16).

In this work, we examined the roles of Arf1, Arf3, Arf4, and Arf5 in entry of Listeria
into the human cell line HeLa. Our findings demonstrate an important function for Arf1
in controlling actin polymerization and exocytosis during InlB-dependent uptake.
Genetic, biochemical, and microscopy-based studies indicate that Arf1 is activated by
InlB and promotes actin polymerization and exocytosis through recruitment of the
effectors AP1 and PICK1. We also present evidence that AP1 and PICK1 control
exocytosis during InlB-mediated entry by mediating translocation of FlnA and Exo70 to
the plasma membrane. Collectively, our findings identify Arf1 and its effectors AP1 and
PICK1 as important coordinators of actin polymerization and exocytosis during infec-
tion of host cells by Listeria.

RESULTS
The host GTPase Arf1 promotes InlB-mediated entry of Listeria. RNA interfer-

ence (RNAi) was used to investigate the functions of Arf1, Arf3, Arf4, and Arf5 in entry
of Listeria into the human cell line HeLa. Previous findings indicated that internalization
into HeLa cells is dependent on InlB but not on other bacterial factors (26, 28, 29). Short
interfering RNAs (siRNAs) were transfected into HeLa cells to deplete various Arf
proteins. In order to control for potential off-target effects (30), three siRNAs were used
to target each GTPase. As controls, cells were mock transfected in the absence of siRNA
or transfected with a control nontargeting siRNA that lacks complementarity to any
known human mRNA. In the case of Arf1, depletion of the target protein by siRNAs was
confirmed by Western blotting (Fig. 1A). For the remaining Arf proteins, quantitative

FIG 1 Host Arf1 promotes InlB-mediated entry. (A) Effect of siRNAs against Arf1 on target protein expression and
entry of Listeria. HeLa cells were mock transfected in the absence of siRNA, transfected with a control nontargeting
siRNA, or transfected with three different siRNAs against Arf1. Cells were then solubilized for analysis of target gene
expression by Western blotting (i) or infected with Listeria for assessment of entry by gentamicin protection assays
(ii). (B) Internalization of InlB-coated beads. HeLa cells were incubated with beads coated with InlB or GST for
30 min, followed by fixation, labeling, and quantification of bead internalization, as described in Materials and
Methods. Results are means � SEM from three experiments. In each experiment, approximately 200 cell-associated
beads coated with InlB or 50 beads associated with GST were analyzed for entry. *, P � 0.05 compared to the
control siRNA condition. (C) Inhibition of entry of InlB-coated beads by an siRNA targeting Arf1. The results are
means � SEM from three experiments. In each experiment, approximately 100 cell-associated beads were scored
for each condition. *, P � 0.05 compared to the control siRNA condition. (D) Effect of Arf1.T31N on internalization
of InlB-coated particles. HeLa cells transiently expressing HA-tagged wild-type (wt) Arf1, Arf1.T31N, or luciferase as
a control were incubated with InlB-coated beads for 30 min, followed by fixation, labeling, and analysis of bead
internalization. The data are means � SEM from four experiments. *, P � 0.05 compared to HA-Arf1.wt.
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PCR (qPCR) was used to verify knockdown at the mRNA level, since effective antibodies
were not commercially available (see Fig. S1 in the supplemental material). siRNAs
targeting Arf1 caused a greater than 90% depletion of Arf1 protein and a 60 to 70%
inhibition in entry of Listeria (Fig. 1A). siRNAs against Arf3, Arf4, or Arf5 decreased target
mRNA expression by 75 to 95%, indicating that the corresponding GTPases were
substantially depleted (Fig. S1). However, siRNAs against these three Arf proteins
generally caused less severe inhibition in entry of Listeria than the Arf1 siRNAs. For this
reason, and because Arf1 is better characterized than the other Arf proteins, we decided
to focus the remainder of our study on Arf1.

In order to strengthen the evidence for a role for Arf1 in InlB-dependent entry, we
next determined the effect of inhibition of Arf1 on uptake of inert particles coated with
InlB. Latex beads (3 �m in diameter) have been extensively used as a model for
InlB-dependent entry, since these particles lack other bacterial factors and are effi-
ciently internalized into mammalian cells in a manner that depends on the Met
receptor and other host proteins involved in Listeria uptake (6, 12, 13, 26, 29, 31–34). As
previously reported (6, 7, 29, 34, 35), beads coupled to InlB were efficiently internalized
into HeLa cells, whereas control beads coupled to glutathione S-transferase (GST) were
not internalized (Fig. 1B). The siRNA against Arf1 that caused the largest inhibition in
entry of Listeria next was used to deplete Arf1, and the effect on uptake of InlB-coated
beads was assessed. Internalization of beads was inhibited by about 40% (Fig. 1C).
Collectively, the results shown in Fig. 1A to C indicate an important role for Arf1 in
InlB-dependent entry.

InlB-dependent entry involves the activated form of Arf1. We used a dominant-
negative allele of Arf1 to determine if InlB-mediated entry requires Arf1-GTP. Arf1
containing a threonine-to-asparagine substitution at residue 31 (T31N) has been ex-
tensively used as a tool to inhibit Arf1 activity in mammalian cells (16, 36–41). When
overexpressed, this Arf1.T31N protein is thought to inhibit activation of endogenous
Arf1 by sequestering GEFs that would otherwise stimulate GTP loading on the endog-
enous protein (16). HeLa cells were transiently transfected with plasmids expressing
hemagglutinin (HA) epitope-tagged Arf1.T31N or HA-tagged wild-type Arf1 (Arf1.wt).
As a control, cells were transfected with a plasmid expressing HA-tagged luciferase,
which does not affect InlB-dependent entry (34). Cells were then incubated with
InlB-coated beads for 30 min, and entry of particles was assessed using a previously
described fluorescence microscopy-based approach (7, 26, 29, 34, 35). Internalization of
InlB-coated beads was inhibited by �80% in cells expressing tagged Arf1.T31N com-
pared to cells expressing tagged Arf1.wt (Fig. 1D). These findings suggest an important
role for the GTP-bound form of Arf1 in InlB-dependent entry. We note that the
inhibition in InlB-dependent entry caused by Ha.Arf1.T31N was greater than the �40%
decrease in internalization resulting from RNAi-mediated depletion of Arf1 (Fig. 1C).
Some Arf1 GEFs also control other Arf GTPases, including Arf3 and Arf5 (42). Because
Arf3 and Arf5 may participate in InlB-mediated entry (Fig. S1), it is possible that the
effects of Arf1.T31N on entry are due to combined inhibition of Arf1, Arf3, and Arf5.

The results shown in Fig. 1D suggest that InlB induces an increase in cellular levels
of Arf1-GTP. To test this idea, we used a previously described approach involving
coprecipitation of Arf1-GTP with its effector, GGA3 (40, 43–45). Before proceeding with
the studies with InlB, we confirmed that the coprecipitation technique selectively
detects Arf1-GTP in HeLa cells. As expected, Arf1 was present in GGA3 precipitates
prepared from lysates loaded with the nonhydrolyzable GTP analog GTP-gamma S but
not in precipitates of lysates loaded with GDP (Fig. 2A). In addition, HA-tagged
wild-type Arf1 (Arf1.wt) or a constitutively activated form of Arf1 (Arf1.Q71L) coprecipi-
tated with GGA3, whereas tagged Arf1.T31N failed to coprecipitate (Fig. 2B). Having
validated the Arf1 activation assay, we next determined if InlB activates Arf1 by treating
HeLa cells with soluble InlB protein. When used at low-nanomolar concentrations,
soluble InlB is a potent agonist of the Met receptor and its associated downstream
signaling pathways (3, 7, 29, 34, 46, 47). HeLa cells were either left untreated or treated
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FIG 2 InlB induces an increase in Arf1-GTP levels. (A) Validation of the GST-GGA3 pulldown assay to
measure Arf1-GTP. Lysates of HeLa cells were incubated in the absence of nucleotide, with GTP�S, or with
GDP for 30 min, followed by precipitation with GST-GGA3 or GST. Arf1-GTP in precipitates was detected
by Western blotting. Total cell lysates used for the precipitations were also Western blotted with anti-Arf1
antibodies to confirm similar levels of Arf1. Representative blots are shown. The experiment was
performed three times, with similar results. (B) Ability of wild-type and mutant forms of Arf1 to interact
with GST-GGA3. HeLa cells transiently expressing HA-tagged Arf1 wild type (WT), Arf1.T31N, or Arf1.Q71L
were solubilized, and lysates were used for pulldowns with GST-GGA3 or GST. Precipitates or total cell
lysates were Western blotted with anti-HA antibodies. (i) Western blots from a representative experiment
are shown. (ii) Quantified Western blotting data from three experiments are provided. To obtain relative
Arf1-GTP levels, data were normalized to those of Arf1.Q71L. ND, not detected. *, P � 0.05. (C) Stimulation
of Arf1 activity by InlB. HeLa cells were either left untreated (�) or treated with soluble InlB or EGF for
5 min. Lysates were used for pulldowns with GST-GGA3 or GST. (i) Representative anti-Arf1 Western blots

(Continued on next page)
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with 4.5 nM soluble InlB for 5 min. As a positive control, cells were incubated for 5 min
with 15 nM epidermal growth factor (EGF), a known activator of Arf1 (44, 45). Impor-
tantly, compared to untreated conditions, treatment with InlB caused an �70% in-
crease in Arf1-GTP levels (Fig. 2C), indicating that InlB activates Arf1.

Arf1 redistributes to the plasma membrane during InlB-mediated entry. Al-
though Arf1 is present predominantly in the Golgi apparatus in the absence of cell
stimulation (16), a subcellular pool of this GTPase redistributes to the plasmalemma
during endocytosis or phagocytosis (16, 37–39, 48). Importantly, we found that HA-
tagged Arf1 localized in ring-like structures around InlB-coated beads that were incu-
bated with HeLa cells for 5 min (Fig. 3A). In contrast, Ha-Arf1 failed to localize around
beads coated with GST (Fig. 3A), which are not internalized into host cells (Fig. 1B). We
next examined if HA-Arf1 accumulating around InlB-coated beads colocalizes with a
marker of Arf1 activation. For this purpose, we used a probe consisting of yellow
fluorescent protein (YFP) fused to the N-terminal GAT domain of the Arf1 effector
GGA1. This YFP-NGAT probe was previously used to demonstrate activation of Arf1
during Fc� receptor-mediated phagocytosis in macrophages (37). Importantly, �66%
of InlB-coated beads that induced accumulation of Ha-Arf1 also displayed recruitment

FIG 2 Legend (Continued)
of precipitates (top) or total cell lysates (bottom) are shown. (ii) Quantified Western blotting data for
Arf1-GTP from six experiments are provided. Data are means � SEM. *, P � 0.05 compared to the control
siRNA condition.

FIG 3 Arf1 is recruited during internalization of InlB-coated particles. (A) Accumulation of Arf1 around
InlB-coated beads. HeLa cells transiently expressing HA-tagged wild-type Arf1 were incubated with beads
coated with InlB or GST for 5 min, followed by fixation, labeling, and imaging by confocal microscopy. (i)
Representative images of HA-Arf1 localization are shown. Panels on the left display HA-Arf1 distribution,
with locations of beads indicated with arrows. Regions near beads are expanded in the middle and right
panels. Middle panels show HA-Arf1 labeling, whereas right panels are differential interference contrast
(DIC) images displaying beads. Scale bars indicate 5 �m. (ii) Data showing the percentage of cell-
associated beads that recruited HA-Arf1. ND indicates that no intracellular beads coated with GST were
detected. Results are means � SEM from three experiments. In each experiment, approximately 100
cell-associated beads were scored for recruitment. (B) Corecruitment of Arf1 and NGAT around InlB-
coated particles. HeLa cells transiently coexpressing HA-Arf1 and YFP-NGAT were incubated with
InlB-coated beads for 5 min, followed by fixation and labeling of HA-Arf1. A representative confocal
microscopy image is presented. Scale bars indicate 5 �m. Analysis from three experiments indicated that
65.8% � 2.3% (standard deviations) of beads that recruited Arf1 also recruited YFP-NGAT. In each
experiment, approximately 150 beads were analyzed.
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of YFP-NGAT (Fig. 3B). Collectively, the data shown in Fig. 3 suggest that activated Arf1
is recruited to sites of InlB-mediated entry.

The Arf1 effectors AP1, PICK1, and PIP5K1A contribute to InlB-dependent
uptake. The role of Arf1-GTP in InlB-mediated internalization and the ability of InlB to
activate Arf1 (Fig. 1D, 2C, and 3B) suggested that Arf1 affects uptake of Listeria through
one or more effector proteins. We used RNAi to examine if InlB-mediated entry involves
three known Arf1 effectors: the gamma subunit of the adaptor protein AP1, the BAR
domain-containing protein PICK1, and the lipid kinase type IA alpha phosphatidylino-
sitol 4-phosphate 5 kinase (PIP5K1A) (16, 21, 23–25, 49). In these experiments, siRNA-
mediated inhibition in expression of PICK or PIP5K1A was confirmed by qPCR, since
effective commercially available antibodies against these proteins were unavailable
(Fig. 4). In the case of AP1, both qPCR and Western blotting were used to assess
reduction in target gene expression (Fig. 4 and Fig. S2). Importantly, these RNAi-based
experiments demonstrated that each of the three Arf1 effectors contributes to inter-
nalization of Listeria (Fig. 4) and InlB-coated beads (Fig. S3).

We next examined if AP1 or PICK1 was recruited to the plasma membrane during
InlB-mediated entry. We were unable to examine recruitment of PIP5K1A, as effective
antibodies or constructs expressing tagged PIP5K1A were not available. Importantly,
AP1 and PICK1 each accumulated around InlB-coated beads that were in the process of
entering into HeLa cells (Fig. 5, no siRNA condition). In contrast, these two Arf1 effectors
failed to be recruited around control beads coated with GST. We next investigated if
Arf1 acts upstream of AP1 and PICK1 to recruit these effectors to the plasma membrane
during entry. Importantly, treatment of HeLa cells with an siRNA targeting Arf1 inhib-
ited accumulation of AP1 or PICK1 around InlB-coated beads (Fig. 5A and B). Specifi-
cally, the proportion of InlB-coated particles that recruited AP1 or PICK1 was reduced
by 70 or 62%, respectively (Fig. 5C). These results indicate that Arf1 modulates these

FIG 4 Arf1 effectors AP1, PICK1, and PIP5K1A are needed for efficient entry of Listeria. HeLa cells were
mock transfected in the absence of siRNA, transfected with a control nontargeting siRNA, or transfected
with three different siRNAs against AP1 (A), PICK1 (B), or PIP5K1A (C). Cells were then solubilized for
measurement of target gene expression by qPCR (i) or infected with Listeria for evaluation of entry (ii).
Entry or expression data are means � SEM from three to eight experiments, depending on the condition.
*, P � 0.05 compared to the control siRNA condition.
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FIG 5 Arf1 mediates recruitment of AP1, PICK1, and PIP5K1A during InlB-dependent entry. HeLa cells
were subjected to control conditions or transfected with an siRNA targeting Arf1. About 24 h later,
cells were transfected with plasmids transiently expressing HA-tagged AP1 or myc-tagged PICK1. HeLa
cells were then incubated with beads coupled to InlB or GST for 5 min, followed by fixation, labeling, and
imaging by confocal microscopy. (A and B) Representative images of recruitment of AP1 or PICK1 are
shown. Areas near beads indicated with arrows in the left panels are expanded in the middle and right
panels. Scale bars represent 5 �m. (C) Quantification of effects of Arf1 RNAi on recruitment of effectors.
Data are means � SEM from three experiments. In each experiment, 30 to 80 cell-associated beads were
scored for each condition. *, P � 0.05 compared to the no siRNA or control siRNA conditions for
InlB-coated beads.
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effectors, at least in part, by promoting their redistribution to the plasma membrane
during InlB-mediated uptake.

Arf1 and AP1 do not affect surface levels of the Met receptor. Because Arf1 and
AP1 are known to promote postendocytic recycling of transmembrane proteins (16, 17,
23), we considered the possibility that these two host proteins affect InlB-dependent
entry by controlling surface levels of the Met receptor. In order to test this idea, Arf1 or
AP1 was depleted by RNAi, and surface Met was detected using an established method
involving biotinylation of surface proteins (6, 50, 51). As a positive control predicted to
affect Met surface levels, Met was knocked down by RNAi. Importantly, RNAi-mediated
depletion of Arf1 or AP1 failed to reduce the amount of Met receptor on the surface of
HeLa cells (Fig. S4). These results indicate that Arf1 and AP1 do not have appreciable
roles in maintaining surface levels of Met and instead control InlB-mediated entry by
acting downstream of this host receptor.

Arf1 and its effectors promote actin polymerization and exocytosis during
entry. Previous findings indicate that F-actin accumulates in cup-like structures
around InlB-coated beads that are being internalized into host cells (6, 26, 29, 34).
In addition, entry of InlB-coated beads is inhibited by treatment of HeLa cells with
the actin polymerization inhibitor cytochalasin D (29) or by genetic inhibition of the
Arp2/3 complex (5, 12, 13, 35). These results demonstrate that InlB-dependent
uptake requires local stimulation of actin polymerization at sites of entry. We used
RNAi to investigate the role of Arf1 and its effectors in actin filament assembly
during InlB-dependent uptake. HeLa cells were treated with siRNAs targeting Arf1,
the gamma subunit of AP1, PICK1, or PIP5K1A. As negative controls, cells were mock
transfected in the absence of siRNA or transfected with control siRNA. As a positive
control expected to inhibit actin polymerization during entry, cells were treated
with an siRNA against Met (6, 7, 26, 29, 34). Transfected cells then were incubated
for 5 min with InlB-coated beads or with GST-coated beads as a control. Samples
were fixed, labeled for filamentous (F)-actin and extracellular beads, and imaged by
confocal microscopy. In order to quantify effects of Arf1 depletion on actin polym-
erization, we measured the degree of accumulation of F-actin around InlB-coated
beads using fold enrichment (FE) values, as described previously (6, 7, 26, 34, 35).
FE is defined as the mean fluorescence intensity of a host protein around beads
normalized to the mean fluorescence intensity of the protein throughout the
human cell. An FE value greater than 1.0 indicates enrichment of the host protein
around particles. As previously reported (6, 7, 26, 34, 35), F-actin accumulated
around InlB-coated beads in HeLa cells that were mock transfected in the absence
of siRNA or treated with a control siRNA (Fig. 6A). The mean FE values for F-actin
under these conditions were 1.7 and 1.6, respectively, demonstrating enrichment of
F-actin around InlB-coated particles (Fig. 6B). In contrast, F-actin failed to accumu-
late around GST-coated beads (Fig. 6A), as indicated by a mean FE value of less than
1.0 (Fig. 6B). Importantly, RNAi-mediated knockdown of Arf1, AP1, PICK1, PIP5K1A,
or Met each decreased accumulation of F-actin around InlB-coated beads (Fig. 6A),
resulting in mean FE values between 1.2 and 1.4. Taken together, these results
demonstrate that Arf1, AP1, PICK1, and PIP5K1A are needed for actin cytoskeletal
changes that accompany InlB-mediated uptake.

In order to determine the role of Arf1 and its effectors in exocytosis during entry, we
used a probe consisting of the v-SNARE protein VAMP3 fused to green fluorescent
protein (VAMP3-GFP) (6, 7, 52). Prior to exocytosis, VAMP3-GFP resides in intracellular
vesicles derived from the RE. When vesicles fuse with the plasma membrane during
exocytosis, the GFP moiety becomes extracellular (exofacial) and can be labeled with
antibodies without cell permeabilization. HeLa cells were subjected to control condi-
tions or transfected with siRNAs against Arf1, its effectors, or Met. After siRNA trans-
fection, cells were transfected with a plasmid expressing VAMP3-GFP, incubated with
beads coated with InlB or GST, fixed, and labeled for exofacial VAMP3-GFP, as described
previously (6, 7, 52). Confocal microscopy images were acquired to quantify FE values
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FIG 6 Arf1 and its effectors promote actin polymerization during InlB-mediated uptake. HeLa cells were
subjected to control conditions or transfected with siRNAs against Arf1, Met, AP1, PICK1, or PIP5K1A and
then incubated with beads coated with InlB or GST for 5 min. Samples were fixed, labeled, and imaged
by confocal microscopy. (A) Representative images are presented. Regions near beads indicated with
arrows in the left panels are expanded in the middle and right panels. Scale bars indicate 5 �m. (B) Fold
enrichment (FE) values for F-actin are shown. Each dot represents an FE measurement for an individual
bead. Data are pooled FE values from three experiments. In each experiment, approximately 60
extracellular, cell-associated beads were analyzed for each condition. *, P � 0.05 compared to the no
siRNA or control siRNA conditions for InlB-coated beads.
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for exofacial VAMP3-GFP, as detailed earlier (6, 7). The results indicate that siRNAs
against Arf1, AP1, PICK1, and Met each decreased exocytosis around InlB-coated
particles (Fig. 7). In contrast, depletion of PIP5K1A failed to affect exocytosis. Collec-
tively, the results shown in Fig. 7 demonstrate important functions for Arf1 and its
effectors AP1 and PICK1 in exocytosis during InlB-mediated entry.

Arf1 and AP1 recruit FlnA and the exocyst complex during entry. Previous
findings indicate that exocytosis during InlB-mediated internalization is controlled by
the exocyst complex and the scaffolding protein Filamin A (FlnA) (7). The exocyst is an

FIG 7 Arf1 and its effectors control exocytosis during InlB-dependent entry. HeLa cells were either
subjected to control conditions or transfected with siRNAs targeting Arf1, Met, AP1, PICK1, or PIP5K1A.
Cells were then incubated with particles coupled to InlB or GST for 5 min, fixed, labeled, and imaged by
confocal microscopy. (A) Representative images are shown. Regions near beads indicated with arrows in
the left panels are expanded in the middle and right panels. Scale bars represent 5 �m. (B) FE values for
exofacial VAMP3-GFP are presented. Data are pooled FE values from three experiments. In each
experiment, approximately 40 extracellular, cell-associated beads were analyzed for each condition.
*, P � 0.05 compared to the no siRNA or control siRNA conditions for InlB-coated beads.
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8-protein complex that promotes polarized exocytosis by tethering RE-derived vesicles
to the plasma membrane in a step that precedes vesicle-plasma membrane fusion (15).
During entry of InlB-coated beads, multiple exocyst components, including Exo70, are
recruited to the plasma membrane (7). Importantly, recruitment of the exocyst com-
ponent Exo70 during entry requires FlnA. Finally, RNAi-based experiments demonstrate
that FlnA and the exocyst complex mediate exocytosis during uptake of InlB-coated
particles.

We investigated if Arf1 and its effectors promote exocytosis during entry through
recruitment of FlnA and/or the exocyst. RNAi was used to deplete Arf1, AP1, PICK1,
PIP5K1A, or Met in HeLa cells, and the resulting effects on accumulation of FlnA or
Exo70 around InlB-coated beads were assessed. Importantly, siRNAs targeting Arf1,
AP1, or Met each inhibited recruitment of endogenous FlnA (Fig. 8) or enhanced GFP
(EGFP)-tagged Exo70 (Fig. 9). In contrast, an siRNA against PI5P5K1A failed to reduce
accumulation of FlnA or EGFP-Exo70 around InlB-coated beads. Interestingly, an siRNA
targeting PICK1 impaired recruitment of EGFP-Exo70 but augmented recruitment of
FlnA. These findings indicate that Arf1 and its effector, AP1, promote exocytosis during
InlB-mediated entry through recruitment of both FlnA and the exocyst complex. In
contrast, PICK1 likely affects exocytosis through mobilization of Exo70 alone. The
different requirements for AP1 and PICK1 in recruitment of FlnA imply that FlnA is not
sufficient to mobilize the exocyst during entry.

Arf1 and AP1 redistribute from the RE to the plasma membrane during
InlB-mediated entry. We further investigated the mechanisms of recruitment of
Arf1, AP1, PICK1, FlnA, and Exo70 during InlB-dependent internalization. Arf1 and
AP1 are known to localize to the RE as well as to the TGN (19, 23, 38, 53–55).
Consistent with these reports, we found that in resting HeLa cells not stimulated
with InlB, Arf1 and AP1 partly colocalized with VAMP3 (Fig. S5), a marker for the RE
(9, 54, 55). In contrast, PICK1, FlnA, or Exo70 did not colocalize with VAMP3-GFP
under these conditions. Importantly, when HeLa cells were incubated with InlB-
coated beads, Arf1, AP1, PICK1, FlnA, and Exo70 each coaccumulated with VAMP3-
GFP around these particles (Fig. 10). Taken together, the results shown in Fig. 10
and Fig. S5 suggest that Arf1 and AP1 use RE-mediated exocytosis to translocate
from endomembranes to the plasma membrane during entry of InlB-coated beads.
In contrast, recruitment of FlnA and Exo70 to the plasma membrane probably does
not directly involve the RE but instead is likely mediated by Arf1 after this GTPase
translocates to the plasmalemma.

We performed experiments to directly test the idea that Arf1 and AP1 transit to the
plasma membrane through RE-mediated exocytosis. RE-mediated exocytosis induced
by InlB-coated beads requires the v-SNARE VAMP3 and the t-SNARE Syntaxin 4 (Stx4)
(6). We used RNAi to deplete VAMP3 or Stx4 and determined the resulting effects on
accumulation of HA-tagged Arf1 or endogenous AP1 around InlB-coated particles. The
results indicate that depletion of VAMP3 or Stx4 inhibited recruitment of Arf1 or AP1
around beads (Fig. 11). Collectively, the data shown in Fig. S5 and Fig. 10 and 11
support the idea that exocytosis redistributes Arf1 and AP1 from the RE to the plasma
membrane during InlB-mediated entry.

DISCUSSION

Results in this work demonstrate important regulatory roles for Arf1 and its effectors
AP1 and PICK1 in exocytosis during InlB-dependent internalization. Specifically, we
found that these effectors promote exocytosis by recruiting the scaffolding protein
FlnA and the exocyst component Exo70, two host factors previously shown to mediate
exocytosis during uptake of Listeria (7).

In order to direct recruitment of FlnA and the exocyst complex to sites of InlB-
mediated entry, Arf1 and its effectors must themselves translocate to the plasma
membrane. Interestingly, our results suggest that translocation of Arf1 and AP1 in-
volves exocytic delivery through the RE. Subcellular pools of Arf1 and AP1 localize to
the RE in unstimulated HeLa cells. During InlB-dependent entry, Arf1 and AP1 redis-
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FIG 8 Arf1 and AP1 promote recruitment of the scaffolding protein FlnA. HeLa cells were mock
transfected in the absence of siRNA, transfected with a control siRNA, or transfected with siRNAs against
Arf1, AP1, PICK1, PIP5K1A, or Met. Cells were then incubated with InlB- or GST-coated beads for 5 min,
fixed, labeled, and imaged by confocal microscopy. (A) Representative images are presented. Regions
near beads indicated with arrows in the left panels are expanded in the middle and right panels. DIC
indicates differential interference contrast images. Scale bars represent 5 �m. (B) Pooled FE values for
FlnA from three experiments are presented. In each experiment, approximately 80 extracellular, cell-
associated beads were analyzed for each condition. *, P � 0.05 compared to the no siRNA or control
siRNA conditions for InlB-coated beads.
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FIG 9 Arf1, AP1, and PICK1 mediate recruitment of Exo70 during InlB-dependent entry. After mock
transfection or transfection with the indicated siRNAs, HeLa cells were transfected again with a plasmid
expressing EGFP-Exo70. Cells were then incubated with InlB- or GST-coated particles for 5 min, fixed,
labeled, and imaged by confocal microscopy. (A) Representative images are shown. Arrows indicate
regions with beads that are enlarged in the middle and right panels. Scale bars represent 5 �m. (B)
Pooled FE values for EGFP-Exo70 from three experiments are presented. In each experiment, approxi-
mately 40 extracellular, cell-associated beads were analyzed for each condition. *, P � 0.05 compared to
the no siRNA or control siRNA conditions for InlB-coated beads.
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tribute to the plasma membrane, where they colocalize with VAMP3 around InlB-
coated particles. This redistribution of Arf1 and AP1 is blocked by knockdown of VAMP3
or Stx4, conditions known to impair RE-mediated exocytosis (6). The lack of colocaliza-
tion of FlnA and Exo70 with VAMP3 at endomembranes suggests that FlnA and Exo70
are absent from the RE. Nonetheless, accumulation of FlnA or Exo70 around InlB-coated
beads is dependent on Arf1 and AP1. Collectively, our results suggest a mechanism of
translocation of FlnA during InlB-dependent entry that involves exocytic trafficking of
Arf1 and AP1 to the plasma membrane, followed by Arf1- and AP1-dependent recruit-
ment of FlnA. FlnA, in turn, recruits Exo70 (7). At present, it remains unclear whether
Arf1 directly mobilizes FlnA through physical interaction or whether Arf1 has a less
direct role in recruitment.

Like AP1, the Arf1 effector PICK1 is needed for exocytosis and recruitment of
Exo70 during InlB-dependent uptake. Interestingly, PICK1 does not accumulate in
endomembranes with VAMP3, suggesting that PICK1 does not translocate to the
plasma membrane through RE-mediated exocytosis. PICK1 contains a BAR domain
capable of binding lipids and a PDZ domain that interacts with activated Arf1 and
several other proteins, including neurotransmitter receptors, transporters, and the
serine/threonine kinase protein kinase C-� (PKC-�) (56–58). Like PICK1, PKC-�
controls exocytosis during InlB-mediated entry (7). In addition, both PKC-� and
PICK1 are needed for recruitment of Exo70, but not FlnA, during entry. It therefore
seems plausible that PICK1 and PKC-� act together to promote exocytosis through
mobilization of Exo70. The mechanism by which PICK1 and PKC-� control Exo70
localization is presently unknown. The observations that PICK1 and PKC-� do not

FIG 10 Arf1, AP1, PICK1, FlnA, and Exo70 are corecruited with VAMP3 during InlB-dependent internal-
ization. HeLa cells transiently expressing VAMP3-GFP were incubated with InlB-coated beads for 5 min,
fixed, and labeled for HA-tagged Arf1, myc-tagged PICK1, or endogenous AP1, FlnA, or Exo70. Repre-
sentative confocal microscopy images are presented. Regions near beads indicated with arrows in the left
panels are expanded in the middle and right panels. DIC indicates differential interference contrast
images. Scale bars represent 5 �m. Yellow areas in the merged images represent colocalization of
VAMP3-GFP with Arf1, AP1, PICK1, FlnA, or Exo70.
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FIG 11 Translocation of Arf1 and AP1 to the plasma membrane requires SNARE proteins. HeLa cells were
transiently mock transfected in the absence of siRNA, transfected with a control nontargeting siRNA, or
transfected with siRNAs against the v-SNARE protein VAMP3 or the t-SNARE Stx4. Cells were then
transfected with plasmids expressing HA-Arf1 or HA-AP1, followed by incubation with InlB-coated beads
for 5 min. Samples were fixed and labeled for HA-tagged Arf1 or AP1. (A) Confirmation that siRNAs
deplete VAMP3 and Stx4. Images of representative Western blots for VAMP3 (i) or Stx4 (ii) are shown in
the top panels. The bar graphs below the Western blot images are quantified Western blotting data
expressed as mean relative expression values � SEM from three experiments. *, P � 0.05. (B) Effect of
siRNAs against VAMP3 or Stx4 on recruitment of HA-tagged Arf1 or endogenous AP1. (i) Representative
confocal microscopy images are presented. DIC indicates differential interference contrast images. Scale
bars represent 5 �m. (ii) Quantification of effects of VAMP3 or Stx4 RNAi on recruitment of HA-Arf1 or
AP1. Data are means � SEM from three experiments. In each experiment, approximately 50 to 100
cell-associated beads were scored for each condition. *, P � 0.05 compared to the no siRNA or control
siRNA conditions for InlB-coated beads.
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affect mobilization of FlnA during InlB-dependent entry suggests that FlnA and
PICK1/PKC-� cooperate to mediate recruitment of the exocyst complex.

In addition to controlling exocytosis, Arf1, AP1, and PICK1 promote the accumula-
tion of actin filaments during InlB-dependent entry. Interestingly, PICK1 is known to
regulate actin filament assembly through interactions with the Arp2/3 complex (59)
and/or the GTPases Rac1 and Cdc42 (57). Future work should determine the extent to
which these interactions control the actin cytoskeleton during InlB-mediated uptake.
How AP1 might regulate actin polymerization is presently unclear.

In this study, we found that the Arf1 effector PIP5K1A contributed to InlB-
mediated entry and actin cytoskeletal changes. These results are in general agree-
ment with the known role of the PIP5K1A product phosphatidylinositol 4,5-
bisphosphate (PIP2) in actin polymerization (60). In contrast, PIP5K1A was
dispensable for exocytosis and mobilization of FlnA or Exo70 during entry. The lack
of effect of PIP5K1A on recruitment of Exo70 is somewhat surprising given that PIP2
is known to bind this exocyst component (15). However, PIP5K1A is only one of
three mammalian type I phosphatidylinositol 4-phosphate 5-kinases (PI4P5Ks) that
are capable of synthesizing PIP2 (25). Apart from PI4P5Ks, PIP2 can also by produced
by PI5P4Ks. It therefore seems plausible that RNAi-mediated depletion of PIP5K1A
does not sufficiently reduce PIP2 levels to the extent that would perturb recruit-
ment of Exo70. In this work, we were unable to assess localization of PIP5K1A.
Therefore, it is presently unclear if this lipid kinase controls InlB-mediated entry by
acting on an Arf1-dependent or -independent pathway. In this regard, it is worth
noting that PIP5K1A can be activated not only by Arf1 but also by Rac1 and Cdc42
(60), small GTPases that promote InlB-dependent entry (8).

Our previous findings indicate that actin polymerization and exocytosis are separa-
ble host physiological responses during InlB-dependent entry of Listeria (6). Specifically,
inhibition of actin polymerization fails to reduce exocytosis around InB-coated beads,
and impairment of exocytosis fails to decrease F-actin accumulation around beads.
Although exocytosis and actin polymerization are separable, each of these host pro-
cesses is essential for InlB-mediated entry (4–6, 8). It would therefore seem advanta-
geous for these two host processes to be coordinated temporally and spatially in order
to achieve optimal InlB-mediated uptake. The results of this study demonstrate that
Arf1 is a key regulator capable of coordinating exocytosis and F-actin remodeling to
promote efficient infection by Listeria.

Finally, we note that Arf family GTPases control the entry of several bacterial
pathogens apart from Listeria. Internalization of the Gram-negative bacteria Yersinia
pseudotuberculosis, Chlamydia caviae, Shigella flexneri, and Salmonella enterica serovar
Typhimurium all involve exploitation of host Arf6 (41, 48, 61–63). Interestingly, entry of
Salmonella also requires Arf1, which is activated in an Arf6-dependent fashion during
infection (41, 48). To date, work with Yersinia, Chlamydia, Shigella, and Salmonella have
focused on the roles of Arf proteins in mediating actin cytoskeletal rearrangements
during bacterial uptake. An interesting question is whether future work will reveal
important functions for Arf proteins in controlling exocytosis during infection by these
pathogens.

MATERIALS AND METHODS
Bacterial strains, mammalian cell lines, and media. The Listeria monocytogenes strain BUG 947 was

grown in brain heart infusion (BHI; Difco) broth and prepared for infection as described previously (46).
This strain was derived from the wild-type strain EGD, contains an in-frame deletion in the inlA gene, and
is internalized into mammalian cells in a manner dependent on the Listeria protein InlB and its host
receptor, Met (3, 29, 64).

The human epithelial cell line HeLa (ATCC CCL-2) was grown in Dulbecco’s modified Eagle
medium (DMEM) with 4.5 g of glucose per liter and 2 mM glutamine (catalog no. 11995-065; Life
Technologies), supplemented with 5 or 10% fetal bovine serum (FBS). Cell growth, bacterial
infections, incubations with latex beads, and stimulation with InlB protein were performed at 37°C
under 5% CO2.

Antibodies, inhibitors, and purified proteins. Rabbit antibodies used were anti-glutathione
S-transferase (anti-GST, G7781; Sigma-Aldrich) and anti-InlB (3). Mouse monoclonal antibodies used were
anti-AP1 (gamma 1 adaptin; sc-398867; Santa Cruz Biotechnology), anti-Arf1 (MAB3779; Chemicon),
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anti-Exo70 (ED2001; Kerafast), anti-Filamin A (Millipore; CBL228), anti-GFP (11814460001; Sigma-Aldrich),
anti-hemagglutinin (HA) (MMS-101P; Covance), anti-myc (9E10) (626802; BioLegend), and anti-tubulin
(T5168; Sigma-Aldrich). Horseradish peroxidase-conjugated secondary antibodies were purchased from
Jackson Immunolabs. Secondary antibodies or phalloidin coupled to Alexa Fluor 488, Alexa Fluor 555, or
Alexa Fluor 647 were obtained from Life Technologies. 6�His-tagged InlB or GST proteins were
expressed in Escherichia coli and purified as previously described (46, 65).

siRNAs. The sequences of short interfering RNAs (siRNAs) used were 5=-GAAGUUAUGUUCGUGAUG
Att-3= (AP1-1), 5=-CCACAAAUGGCCCUACUGAtt-3= (AP1-2), 5=-CUGUAUCAAGAAUGAUCUUtt-3= (AP1-3),
5=-GCCUGAUCUUCGUGGUGGAtt-3= (Arf1-1), 5=-GGCUUUAGAGCUGUGUUGAtt-3= (Arf1-2), 5=-CCUCUUGC
CCUCUGCUUUAtt-3= (Arf1-3), 5=-GAGACAGUGGAGUAUAAGAtt-3= (Arf3-1), 5=-GAAAGACCACCAUCCUAU
Att-3= (Arf3-2), 5=-CAAUGAUCGGGAGCGAGUAtt-3= (Arf3-3), 5=-CAGAAUACCCAGGGUCUUAtt-3= (Arf4-1),
5=-GAUGUUGGUGGUCAAGAUAtt-3= (Arf4-2), 5=-GACUUGACUGGCUGUCAAAtt-3= (Arf4-3), 5=-CUCAUCUU
UGUGGUGGACAtt-3=, (Arf5-1), 5=-GGAUGCAGUGCUGCUGGUAtt-3= (Arf5-2), 5=-GCCUCAUCUUUGUGGUG
GAtt-3= (Arf5-3), 5=-CAUUAUGACCGGGCUCAUAtt-3= (clathrin heavy chain), 5=-CCAGAGACAUGUAUGAU
AAuu-3= (Met), 5=-GCGAUGAGAUCACCGGUGUtt-3= (PICK1-1), 5=-GACACUCGCCUCACCAUCAtt-3= (PICK1-
2), 5=-GUGUCAAUGGCAGGUCAAUtt-3= (PICK1-3), 5=-CUCAGAAGACCUGGAACAAtt-3= (PIP5K1A-1), 5=-AC
ACAGUACUCAGUUGAUAuu-3= (PIP5K1A-2), 5=-CCAACAUAAAGAGGCGGAAtt-3= (PIP5K1A-3), 5=-GCAAUU
CAAUGCAGUCCGAtt-3= (Stx4), and 5=-GGGAUUACUGUUCUGGUUAtt-3= (VAMP3). (Lowercase letters indicate
nucleotide overhangs that are not complementary to targeted gene sequences.) These siRNAs were obtained
from Sigma-Aldrich. The negative, nontargeting control siRNA molecule 1 (catalog no. D-001210-01) was
purchased from Dharmacon. This siRNA has two or more mismatches with all sequences in the human
genome, indicating that it should not target host mRNAs.

Mammalian expression plasmids. Mammalian expression vectors used were pcDNA-HA-Arf1 (48),
pcDNA-HA-Arf1.Q71L (41), pcDNA-HA-Arf1.T31N (41), pcDNA-HA-gamma adaptin 1 (AP1) (Addgene
number 10712; gift of William Sellers), pEBB-HA-luciferase (47), pEGFP-C3-Exo70 (Addgene number
53761; gift of Channing Der), pRK5-myc-PICK1 (Addgene number 72573; gift of Victor Anggono), and
VAMP3-GFP (52).

Transfection. HeLa cells grown in 24-well plates or on 22- by 22-mm coverslips were transfected
with siRNAs or plasmid DNA using Lipofectamine 2000 (Life Technologies) as previously described (29,
65, 66).

qPCR analysis. Samples were prepared for quantitative PCR (qPCR) as described previously (35).
qPCR was performed in triplicate on each cDNA sample using an ABI7500 or ABI7900 instrument. TaqMan
probes (Thermo Fisher Scientific) used for detection of gene expression were Hs00153910_m1 (AP1),
Hs00992773_g1 (Arf3), Hs01070798_g1 (Arf4), Hs01018622_m1 (Arf5), Hs00202661_m1 (PICK1), and
Hs00801004_s1 (PIP5K1A). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (probe
Hs99999905_m1) was used as an endogenous control. Data were analyzed by the comparative threshold
cycle (CT) method, normalizing CT values for target gene expression to those for GAPDH. Relative quantity
(RQ) values were calculated by the formula RQ � 2�ΔΔCT. To obtain the relative expression values shown
in Fig. S1 and S4 in the supplemental material, RQ values in a given experiment were normalized to
values in cells mock transfected in the absence of siRNA (no siRNA condition). The data shown in Fig. S1
and S4 are means � standard errors of the means (SEM) from 3 to 4 independent experiments,
depending on the gene and siRNA condition.

Western blotting. HeLa cells were solubilized in radioimmunoprecipitation assay (RIPA) buffer (1%
Triton X-100, 0.25% sodium deoxycholate, 0.05% SDS, 50 mM Tris-HCl [pH 7.5], 2 mM EDTA, 150 mM NaCl,
1 mM phenylmethylsulfonyl fluoride, and 10 mg/liter each of aprotinin and leupeptin). Protein concen-
trations of lysates were determined using a bicinchoninic acid (BCA) assay kit (Pierce), and equal protein
amounts of each sample were migrated on 7.5% or 12% SDS-polyacrylamide gels. Transfer of proteins to
polyvinylidene (PVDF) membranes, incubation with primary antibodies or secondary antibodies coupled
to horseradish peroxidase, and detection using enhanced chemiluminescence (ECL) or ECL Plus reagents
(GE Healthcare) were performed as described previously (3). Chemiluminescence was detected using an
Odyssey imaging system (Li-Cor Biosciences). Bands in Western blot images were quantified using
ImageJ software, as described elsewhere (67).

Surface biotinylation studies. Surface Met was detected using a previously described approach
involving biotinylating surface proteins using the membrane-impermeable reagent EZ-Link Sulfo-NHS-
SS-Biotin (Thermo Fisher Scientific), isolating biotinylated proteins from solubilized extracts by precipi-
tation with streptavidin-agarose beads, and detection of Met in precipitates by Western blotting (6, 50,
51). Prior to biotinylation, HeLa cells grown in 6-well plates were either mock transfected in the absence
of siRNA, transfected with a control nontargeting siRNA, or transfected with siRNAs against Arf1 or AP1.
Biotinylation and isolation of biotinylated proteins with streptavidin agarose were performed about 48 h
after siRNA transfection.

Coupling of proteins to latex beads. InlB or GST proteins were coupled to carboxylate-modified
latex beads 3 �m in diameter (catalog no. 09850; Polysciences) using either passive binding or covalent
linkage, as described previously (6, 29).

Stimulation with soluble InlB protein. HeLa cells were placed in DMEM without FBS for 1 h,
followed by addition of 300 ng/ml (4.5 nM) soluble InlB for 5 min at 37°C in 5% CO2. Cells were then
washed in cold phosphate-buffered saline (PBS), and lysates were prepared for detection of Arf1-GTP.

Measurement of Arf1-GTP. Levels of Arf1-GTP in HeLa cells were measured using an established
approach that detects coprecipitation of Arf1 with a GST fusion protein containing the VHS and Arf
binding domain of the effector GGA3 (43–45). For experiments involving HeLa cells stimulated with
soluble InlB or expressing HA-tagged Arf1 proteins, coprecipitation with GST-GGA3 or GST was per-
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formed exactly as previously described (43). In the case of experiments involving loading lysates with
GTP�S or GDP, approximately 1 mg of lysate was incubated in the absence of nucleotide or with
1 mM GTP�S or 5 mM GDP at room temperature for 30 min prior to precipitation with GST-GGA3 or
GST. Precipitates were then migrated on 12% SDS-PAGE gels and Arf1 was detected by Western
blotting.

Bacterial entry assays. Entry of Listeria was measured using gentamicin protection assays, as
previously described (3, 35). HeLa cells were infected with Listeria approximately 48 h after transfection
with siRNAs. Cells were infected for 1 h in the absence of gentamicin using a multiplicity of infection of
30:1 and then incubated in DMEM with 20 �g/ml gentamicin for an additional 2 h. Bacterial entry
efficiencies were first expressed as the percentage of the inoculum that survived gentamicin treatment.
To obtain relative entry values, absolute percent entry values in a given experiment were normalized to
the value in cells subjected to mock transfection in the absence of siRNA.

Quantification of internalization of beads. Beads coated with InlB or GST were added to HeLa cells
growing on 22- by 22-mm coverslips. A ratio of approximately 5 particles to human cells was used. Cells
were centrifuged at 1,000 rpm for 2 min at room temperature and then incubated for 30 min at 37°C in
5% CO2 to allow internalization of beads. Cells then were washed in PBS and fixed in PBS containing 3%
paraformaldehyde (PFA). Samples were labeled with anti-InlB or anti-GST antibodies, using a previously
described approach that distinguishes extracellular or intracellular particles (29). In the case of experi-
ments involving HA-tagged Arf1 proteins, samples were also labeled with mouse anti-HA antibodies to
allow identification of transfected cells. Secondary antibodies used for labeling were coupled to Alexa
Fluor 488, Alexa Fluor 555, and Alexa Fluor 647. Labeled samples were mounted in Mowiol with
1,4-diazabicyclo[2.2.2]octane (DABCO) as an antifade agent. Samples were analyzed for intracellular and
extracellular beads using an Olympus BX51 epifluorescence microscope equipped with a 20�, 0.75-
numeric-aperture (NA) dry lens objective and an Olympus DP80 charge-coupled device camera, using
Olympus cellSens software (version 1.13). Results shown in Fig. 1B are from three experiments. In each
experiment, approximately 200 cell-associated beads coated with InlB or 50 beads associated with GST
were analyzed for entry. The data shown in Fig. 1C and D and Fig. S3 are from 3 to 4 experiments. In each
experiment, approximately 100 cell-associated beads were scored for each condition. Data were initially
expressed as the percentage of total cell-associated beads that were internalized. These data were then
converted to relative internalization values by normalizing to percent internalization data from controls
lacking siRNA (Fig. 1C and Fig. S3) or expressing HA-luciferase (Fig. 1D).

Confocal microscopy analysis. For studies involving recruitment of HA-tagged Arf1 and/or YFP-
NGAT to beads (Fig. 3), HeLa cells grown on 22- by 22-mm coverslips were transfected with plasmid DNA
for about 24 h. Cells were then washed and placed in serum-free DMEM. Beads coated with InlB or GST
were added to cells at a ratio of about 5 particles per human cell. The cells were centrifuged at 1,000 rpm
for 2 min to enhance contact between beads and HeLa cells and then incubated for 5 min at 37°C in 5%
CO2. Cells were washed in PBS, fixed in PBS with 3% PFA, and permeabilized in PBS with 0.4% Triton
X-100. HA-Arf1 was labeled using mouse antibodies against the HA epitope followed by anti-mouse
Alexa Fluor 555 secondary antibodies.

Experiments involving recruitment of HA-Arf1, HA-AP1, myc-PICK1, or EGFP-Exo70, shown in Fig. 5,
10, and 11, were performed similarly to those described above, except that HeLa cells were transfected
with siRNAs about 24 h prior to transfection with plasmid DNA. For samples used for Fig. 5 and 10,
extracellular beads were labeled with rabbit antibodies against InlB or GST and secondary antibodies
coupled to Alexa Fluor 647 prior to permeabilization of cells, as described previously (35). For samples
used for Fig. 11, beads were not labeled. After permeabilization, cells expressing HA- or myc-tagged
proteins were labeled with mouse antibodies against these epitopes and anti-mouse secondary anti-
bodies coupled to Alexa Fluor 488. Samples expressing EGFP-Exo70 were not labeled with antibodies.

In the case of studies assessing accumulation of F-actin around beads, HeLa cells were incubated with
beads about 48 h after transfection with siRNAs. Samples were labeled for extracellular beads and F-actin
using phalloidin-Alexa Fluor 555, as previously described (34).

For experiments measuring exocytosis around beads, HeLa cells were transfected with siRNAs for
�24 h, followed by transfection with a plasmid expressing VAMP3-GFP for another �24 h. After incu-
bation with beads for 5 min, cells were washed in PBS and incubated with mouse anti-GFP antibodies for
1 h at 4°C. Cells were then fixed in PBS with 3% PFA and incubated with anti-mouse antibodies coupled
to Alexa Fluor 647 for 1 h. This method resulted in labeling of exofacial VAMP3-GFP (6, 7, 52). Extracellular
beads were labeled by incubation with anti-InlB or anti-GST antibodies, followed by secondary antibodies
conjugated to Alexa Fluor 555.

For labeling of endogenous AP1, FlnA, or Exo70, cells were fixed by incubation in methanol for 5 min
at �20°C. Samples were then incubated overnight at 4°C with mouse anti-AP1, anti-FlnA, or anti-Exo70
antibodies in PBS with 1.0% bovine serum albumin and 0.1% Tween 20. Cells were then incubated with
anti-mouse antibodies coupled to Alexa Fluor 555.

All samples for confocal microscopy analysis were mounted in Mowiol supplemented with
DABCO. Imaging was performed with a Zeiss LSM710 or an Olympus FV1200 laser scanning confocal
microscope, using a 60 �, 1.35-NA oil immersion objective, laser lines of 488 nm, 543 nm, and
633 nm, and photomultiplier tubes for detection. Images from serial sections spaced 1.0 �m apart
were used to ensure that all cell-associated beads were detected. ImageJ (version 1.51e) software
was used to visualize and quantify confocal microscopy images. In the case of Arf1 or Arf1 effectors,
which are present predominantly in endomembranes (16), recruitment to beads was scored as the
presence of a ring-like structure around particles at the plasma membrane (Fig. 3 and 5). For
experiments quantifying actin polymerization, exocytosis, FlnA accumulation, or EGFP-Exo70 local-
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ization around beads (Fig. 6 to 9), we determined fold enrichment (FE) values for each cell-associated
bead. FE is defined as the mean pixel intensity in a ring-like structure around the bead normalized
to the mean pixel intensity throughout the human cell (6, 7, 26, 34, 35). The thresholding function
of Image J was used to measure mean pixel intensities in ring-like structures of F-actin, exofacial
VAMP3-GFP, or EGFP-Exo70 around beads. This function was also used to measure mean pixel
intensity throughout the cell. In each experiment, approximately 40 to 80 extracellular, cell-
associated beads were analyzed for each condition. The data shown in Fig. 6B, 7B, 8B, and 9B are
pooled FE values from three independent experiments.

Statistical analysis. Statistical analysis was performed using Prism (version 7.0; GraphPad Software).
In comparisons of data from three or more conditions, analysis of variance (ANOVA) was used. The
Tukey-Kramer test was used as a posttest. For comparisons of two data sets, Student’s t test was used.
A P value of 0.05 or lower was considered significant.
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