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ABSTRACT

Members of the Enterovirus (poliovirus [PV], coxsackieviruses, and human rhinoviruses) and Kobuvirus (Aichi virus) genera in
the Picornaviridae family rely on PI4KIII� (phosphatidylinositol-4-kinase III�) for efficient replication. The small membrane-
anchored enteroviral protein 3A recruits PI4KIII� to replication organelles, yet the underlying mechanism has remained elu-
sive. Recently, it was shown that kobuviruses recruit PI4KIII� through interaction with ACBD3 (acyl coenzyme A [acyl-CoA]-
binding protein domain 3), a novel interaction partner of PI4KIII�. Therefore, we investigated a possible role for ACBD3 in
recruiting PI4KIII� to enterovirus replication organelles. Although ACBD3 interacted directly with coxsackievirus B3 (CVB3)
3A, its depletion from cells by RNA interference did not affect PI4KIII� recruitment to replication organelles and did not impair
CVB3 RNA replication. Enterovirus 3A was previously also proposed to recruit PI4KIII� via GBF1/Arf1, based on the known
interaction of 3A with GBF1, an important regulator of secretory pathway transport and a guanine nucleotide exchange factor
(GEF) of Arf1. However, our results demonstrate that inhibition of GBF1 or Arf1 either by pharmacological inhibition or deple-
tion with small interfering RNA (siRNA) treatment did not affect the ability of 3A to recruit PI4KIII�. Furthermore, we show
that a 3A mutant that no longer binds GBF1 was capable of recruiting PI4KIII�, even in ACBD3-depleted cells. Together, our
findings indicate that unlike originally envisaged, coxsackievirus recruits PI4KIII� to replication organelles independently of
ACBD3 and GBF1/Arf1.

IMPORTANCE

A hallmark of enteroviral infection is the generation of new membranous structures to support viral RNA replication. The func-
tionality of these “replication organelles” depends on the concerted actions of both viral nonstructural proteins and co-opted
host factors. It is thus essential to understand how these structures are formed and which cellular components are key players in
this process. GBF1/Arf1 and ACBD3 have been proposed to contribute to the recruitment of the essential lipid-modifying en-
zyme PI4KIII� to enterovirus replication organelles. Here we show that the enterovirus CVB3 recruits PI4KIII� by a mechanism
independent of both GBF1/Arf1 and ACBD3. This study shows that the strategy employed by coxsackievirus to recruit PI4KIII�
to replication organelles is far more complex than initially anticipated.

All positive-strand RNA viruses reorganize intracellular mem-
branes into “replication organelles” in order to amplify their

genomes (1–3). These replication organelles are decorated with
complexes of viral nonstructural proteins and co-opted host
factors that mediate viral RNA replication. Yet the donor or-
ganelle of which each virus hijacks host factors and membranes
varies among different viruses. Flaviviruses, for instance, de-
velop a “membranous web” originated from the endoplasmic re-
ticulum (ER) (4–6), while enteroviruses (family Picornaviridae)
generate new tubular-vesicular organelles by exploiting Golgi
membranes (7–10).

PI4KIII� (phosphatidylinositol-4-kinase III�) is a membrane-
modifying host factor essential for enterovirus replication (9, 10).
In uninfected cells, PI4KIII� is mainly localized at the Golgi com-
plex, where it catalyzes the synthesis of PI4P (phosphatidylinosi-
tol-4-phosphate), a lipid with important roles in signaling and
vesicle transport (11–13). Replication organelles of enteroviruses
contain elevated levels of PI4KIII� and its product, PI4P. The sole
expression of coxsackievirus B3 (CVB3) nonstructural protein 3A
leads to a strong membrane enrichment in PI4KIII� and PI4P (9),
suggesting that 3A is responsible for the active recruitment of the

kinase to replication sites. However, the mechanism by which
PI4KIII� is recruited to enterovirus replication organelles has re-
mained unknown. PI4KIII� is normally recruited to the Golgi by
Arf1, a key regulator of transport in the early secretory pathway
(11). Arf1 is a small cellular GTPase cycling between a cytosolic,
inactive GDP-bound form and a membrane-associated, active
GTP-bound form (14–16). Activation of Arf1 by the large guanine
nucleotide exchange factor (GEF) GBF1 triggers downstream re-
cruitment of effectors to the Golgi membranes, such as PI4KIII�
or the COPI (coat protein I) complex, which mediates vesicle
formation and trafficking in the early secretory pathway (11, 17–
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20). GBF1 was previously demonstrated to localize to replication
organelles and to be crucial for enterovirus RNA replication (21–
24). Based on the observation that enterovirus 3A is able to di-
rectly bind GBF1 (25), it has been proposed that 3A recruits
PI4KIII� via its interaction with GBF1/Arf1 (9).

PI4KIII� is also important for the replication of Aichi virus, a
member of the genus Kobuvirus, within the Picornaviridae family
(26, 27). Recruitment of PI4KIII� to Aichi virus replication sites
occurs through the interaction of viral nonstructural proteins
with the cellular protein ACBD3 (acyl coenzyme A [acyl-CoA]-
binding protein domain 3). In uninfected cells, ACBD3 localizes
to the Golgi by binding to giantin, a Golgi integral protein (28).
ACBD3 was recently shown to also interact with PI4KIII� and
thereby contribute to the kinase localization to Golgi membranes
in Vero cells (26). Depleting cells of ACBD3 inhibits Aichi virus
replication, highlighting ACBD3 as a novel essential kobuvirus
host factor. Interestingly, poliovirus (PV) replication was also
shown to be reduced upon ACBD3 knockdown (27). Extensive
affinity purification and proteomics studies revealed an associa-
tion of kobuviral, but also enteroviral, 3A proteins with ACBD3
and PI4KIII� (27). Based on these findings, ACBD3 was suggested
to be important for the recruitment of PI4KIII� not only to ko-
buvirus but also to enterovirus replication organelles.

This work addressed the role of ACBD3 in CVB3 replication
and investigated the strategy employed by enteroviruses to recruit
the lipid kinase PI4KIII� to replication organelles. We reveal that
ACDB3 is not required for the kinase recruitment to replication
organelles, despite its direct interaction with CVB3 3A and
PI4KIII�. Depleting cells of ACBD3 rather enhances CVB3 repli-
cation, arguing against its previously suggested role as a host factor
essential for enteroviral RNA replication. Furthermore, we show
that GBF1/Arf1 is dispensable for PI4KIII� recruitment to CVB3
replication organelles.

MATERIALS AND METHODS
Cells and reagents. HeLa R19, BGM (buffalo green monkey), Hek 293,
and COS-1 cells were grown in Dulbecco’s minimal essential medium
(DMEM; Lonza) supplemented with 10% fetal bovine serum at 37°C and
5% CO2. Brefeldin A (BFA) and AG1478 were purchased from Sigma-
Aldrich and dissolved in methanol and dimethyl sulfoxide (DMSO), re-
spectively.

Plasmids. p3A-wt-myc, p3A-REIKI(6-10)-myc, p3A-Ins16S-myc,
p3A-PPP(17-19)A-myc, p3A-VDSE(29-32)A-myc, p3A-VREY(34-37)A-
myc, and pBIND-GBF1 constructs were described previously (29).
pArf1-EGFP was received from Eric Fluharty, University of Pittsburgh,
Pittsburgh, PA. pEGFP-N1 (for green fluorescent protein [GFP] overex-
pression) was from Clontech. pACT- and pBIND-CVB3 3A were also
previously described (30). cDNA encoding PV, human rhinovirus 2
(HRV2), HRV14, or mengovirus 3A was cloned into pACT/pBIND vec-
tors using restriction sites SalI and NotI, while BamHI and XbaI were used
for enterovirus 71 3A, CVB3 3A deletion mutants, and PI4KIII�. Plasmid
pGEX-6P3-ACDB3 for expression of ACBD3-glutathione S-transferase
(ACBD3-GST) in Escherichia coli and mammalian two-hybrid constructs
for ACBD3 were a kind gift from J. Sasaki (Fujita Health University School
of Medicine, Aichi, Japan) (26). Plasmid pcDNA4/TO-ACBD3-Strep
used for mammalian expression and purification of streptavidin (Strep)-
ACBD3 was a kind gift from J. deRisi (University of California at San
Francisco, San Francisco, CA) (27). pGEX4T1 (Pharmacia) was used for
expression of GST in E. coli. CVB3 3A(1-60) cDNA was cloned into the
pET23a vector using NdeI and XhoI restriction sites to construct the plas-
mid pCVB3 3A(1-60). pACT, pBIND, and pG5Luc vectors were from
Promega.

Virus infection. CVB3, CVB3-RLuc, and CVB3-RLuc 3A-H57Y vi-
ruses were described previously (31). Virus infections were carried out by
incubating subconfluent BGM or HeLa R19 cells for 30 min with virus.
Following virus removal, cells were washed once with phosphate-buffered
saline (PBS), and fresh (compound-containing) medium was added to the
cells. Cells were either fixed for immunolabeling at 5 h postinfection (p.i)
or lysed at 8 h p.i. to determine replication by measuring intracellular
Renilla luciferase activity using a Renilla luciferase assay system (Pro-
mega).

Mammalian two-hybrid assay. Subconfluent COS-1 cells, seeded the
previous day in 24-well plates, were transfected with 350 ng each of pACT,
pBIND, and pG5Luc plasmids using Fugene 6 (Promega) according to the
manufacturer’s protocol. At 48 h posttransfection (p.t.), cells were lysed
and Renilla and firefly luciferase levels were measured using a dual-lu-
ciferase assay kit (Promega) by following the manufacturer’s protocol.
Values were converted to firefly/Renilla signal ratios to correct for trans-
fection efficiencies and were normalized to corresponding background
signals of the negative controls to express the level of interaction (plotted
as fold FLuc/RLuc).

Immunofluorescence microscopy. BGM or HeLa R19 cells were
grown to subconfluency on coverslips in 24-well plates. Where indicated,
cells were transfected with 200 ng of plasmid using Fugene 6 according to
the manufacturer’s protocol or infected with CVB3 at a multiplicity of
infection (MOI) of 10. At 24 h p.t. or 5 h p.i., cells were fixed with 4%
paraformaldehyde for 15 min at room temperature, followed by permea-
bilization with PBS– 0.1% Triton X-100 for 5 min. Cells were then incu-
bated sequentially with primary and secondary antibodies diluted in PBS
containing 2% normal goat serum (NGS). Cellular proteins were detected
with antibodies against PI4KIII� (rabbit polyclonal; Millipore), GBF1
(mouse monoclonal; BD Biosciences), Arf1 (rabbit polyclonal, from F.
Wieland, Biochemie-Zentrum, Heidelberg, Germany), and ACBD3
(mouse monoclonal; Sigma). The overexpressed CVB3 3A-myc proteins
were detected with the anti-C-myc antibody (mouse monoclonal; Sigma).
Viral CVB3 3A was detected using either a rabbit polyclonal antibody
described before (25) or a mouse monoclonal antibody (MAb). The an-
ti-3A MAb was obtained by immunizing mice with His-tagged CVB3
3A(1-60) recombinant protein. Conjugated goat anti-rabbit and goat an-
ti-mouse Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes) were
used as secondary antibodies. Nuclei were stained using 4=,6-diamidino-
2-phenylindole (DAPI). Coverslips were mounted with FluorSave (Calbi-
ochem), and images were acquired with an Olympus BX60 fluorescence
microscope.

siRNA treatment. HeLa R19 cells were reverse transfected with 2 pmol
of small interfering RNA (siRNA) per well of a 96-well plate (2 � 103

cells/well) or with 14 pmol of siRNA per well of a 24-well plate (14 � 103

cells/well) using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s indications. Scramble siRNA (AllStars Negative Control; Qia-
gen) was used as a control. siRNA against hPI4KIII� (target sequence,
5=-UGUUGGGGCUUCCCUGCCCTT-3=) and siRNA against hGBF1
(target sequence, 5=-CAGGAGCATGTACATATGGAA-3=) were from
Qiagen, siRNA against hArf1 (target sequence, 5=-ACGATCCTCTACAA
GCTTA-3=) was from Sigma, and siRNA against hACBD3 (26) (smart
pool of 4; number 1, 5=-GGAUGCAGAUUCCGUGAUU-3=; number 2,
5=-GCAACUGUACCAAGUAAUA-3=; number 3, 5=-GCAUAUGGGAA
GUAACAUU-3=; and number 4, 5=-GUAUAGAAACCAUGGAGUU-3=)
was from Dharmacon. After 48 h, cells were either infected with virus,
transfected with plasmid DNA, or harvested to evaluate the knockdown
efficiency by Western blot analysis.

In vitro HeLa S10 cell extract assay. The HeLa S10 cell extract assay
was performed as previously described (21). Briefly, all translation reac-
tion mixtures included 2.5 �g of RNA transcripts and were incubated for
3.5 h at 34°C, followed by centrifugation for 20 min at 16,000 � g at 4°C.
Pelleted membranes were subjected to SDS-PAGE and Western blot anal-
ysis. An aliquot of each translation reaction mixture was incubated with 1
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�l of 35S Easy-Tag Express protein labeling mix (PerkinElmer) and fur-
ther resolved by SDS-PAGE to visualize translation products.

Separation of total cellular membranes from cytosol. HeLa R19 cells
were harvested and resuspended in ice-cold PBS supplemented with pro-
tease inhibitor cocktail (Roche). Cells were disrupted by three rapid
freeze-thaw cycles, followed by centrifugation at 4°C for 30 min at 13,000
rpm. Supernatant (cytosol fraction) and pellet (membrane fraction) sam-
ples were boiled in sample buffer (SB) for 5 min at 95°C and further
subjected to SDS-PAGE and Western blot analysis.

Western blot analysis. Samples were run on SDS-PAGE gels followed
by transfer to nitrocellulose membranes (Bio-Rad). Membranes were in-
cubated with primary antibodies as follows: rabbit polyclonal anti-GBF1
(gift from N. Altan-Bonnet, Rutgers University, NJ), mouse monoclonal
anti-GBF1 (BD Biosciences), anti-Arf1 (Affinity Bioreagents), anti-
�COPI (gift from F. Wieland, Biochemie-Zentrum, Heidelberg, Ger-
many), rabbit polyclonal anti-PI4KIII� (Millipore), mouse monoclonal
anti-ACBD3 (Sigma), rabbit polyclonal anti-GFP (kind gift from J.
Fransen, NCMLS, Nijmegen, The Netherlands), mouse monoclonal
anti-�-actin (Sigma), or rabbit polyclonal anti-calnexin (Sigma). Sec-
ondary antibody detection included IRDye goat anti-mouse or goat anti-
rabbit (LI-COR) or horseradish peroxidase (HRP)-conjugated antibodies
(Amersham). Tagged recombinant proteins were visualized using an ECL
kit (GE Healthcare) and the following HRP-conjugated primary antibod-
ies: mouse monoclonal anti-His-HRP (Abcam), mouse monoclonal anti-
StrepMAB-classic-HRP (IBA Lifesciences), and mouse monoclonal anti-
GST-HRP (Millipore). Images of blots were acquired with an Odyssey
imaging system (LI-COR).

Recombinant protein purification and GST pulldown assay. Recom-
binant GST, ACBD3-GST, and CVB3 3A(1-60)-His were expressed in E.
coli BL21 bacteria under isopropyl-�-D-thiogalactopyranoside (IPTG) in-
duction. GST-tagged proteins were purified with glutathione Sepharose
4B beads (GE Healthcare), and CVB3 3A(1-60)-His was purified using
nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen). Strep-
ACBD3 was expressed in Hek 293 cells and purified from lysates using
Strep-Tactin Sepharose beads (IBA Lifesciences). All purifications were
performed according to the manufacturer’s protocol. PI4KIII�-GST was
purchased from Invitrogen. Pulldown experiments were performed un-
der rapid kinetic conditions (27). Briefly, combinations of 2 �g of each
recombinant protein (for ACBD3-GST, 5 �g and 10 �g were also used)
were incubated in PBS– 0.02% Tween 20 with Pierce glutathione magnetic
beads (Thermo Scientific) for 2 h at 4°C. Beads were then washed three
times for 5 min (total time) with PBS– 0.1% Tween 20. Bound proteins
were eluted by boiling in sample buffer. Samples were further subjected to
SDS-PAGE and Western blot analysis.

RESULTS
Binding of enteroviral 3A proteins to ACBD3. Recent studies put
ACBD3 forward as a new picornavirus host factor, responsible for
the recruitment of PI4KIII� to sites of kobuvirus replication (26,
27). Since the 3A proteins of both entero- and kobuviruses were
found to copurify with ACBD3 and PI4KIII� (27), we investigated
whether enteroviruses recruit PI4KIII� through ACBD3. First, we
investigated which picornaviral 3A proteins are able to interact
with ACBD3. To this end, several enterovirus 3A proteins—
namely, those of CVB3, PV, human rhinovirus 2 (HRV2), and
HRV14 (HRV14)—and the 3A protein of mengovirus (a strain of
encephalomyocarditis virus, which belongs to the genus Cardio-
virus, within the Picornaviridae family) were tested in the mam-
malian two-hybrid system. All enteroviral 3A proteins potently
interacted with ACBD3, while mengovirus 3A did not (Fig. 1A).

To identify which region of ACBD3 is important for 3A inter-
action, we made use of a number of previously established mu-
tants with domain deletions in the N terminus, the central part, or
the C terminus of ACBD3 (26). Of the seven ACBD3 deletion

mutants tested, only mutants 3 and 5, containing an intact C-ter-
minal domain, were still able to interact with CVB3 3A (Fig. 1B),
indicating that the region of ACBD3 required for 3A interaction
involves the C-terminal GOLD (Golgi dynamics) domain. The
central part of ACBD3 was shown to be important for PI4KIII�
interaction (26); thus, our data suggest that ACBD3 could bind
simultaneously to 3A and PI4KIII�, thereby bringing the kinase to
replication organelles.

CVB3 3A is a small protein, of 89 amino acids (aa), containing
a hydrophobic C-terminal domain (aa 61 to 82) and a conserved,
unstructured N-terminal domain. To examine which region in 3A
is responsible for the interaction with ACBD3, we generated a
series of both N- and C-terminal deletion mutants of CVB3 3A
and determined their abilities to interact with ACBD3 in the
mammalian two-hybrid system. Mutant 3A(1-60), which lacks
the C-terminal hydrophobic domain, was still able to interact with
ACBD3 (Fig. 1C). Deletion mutants 3A(1-30), 3A(1-40), and
3A(1-50) failed to interact with ACBD3, implying that aa 50 to 60
are important for the binding of 3A to ACBD3. Consistently, mu-
tant 3A(61-89), lacking the entire region from aa 1 to 60, showed
a markedly reduced interaction with ACBD3, whereas mutant
3A(41-89) efficiently interacted with ACBD3. To conclude, our
results indicate that a region in CVB3 3A involving aa 50 to 60 is
important for ACBD3 interaction. Our data are in line with the
recent findings of Greninger et al. (32) and Téoulé et al. (33) that
the central part of PV 3A is involved in binding to ACBD3.

ACBD3 interacts directly with CVB3 3A and PI4KIII�. To
investigate whether ACBD3 and CVB3 3A directly interact with
each other, GST pulldown experiments were performed using re-
combinant proteins. CVB3 3A-His was copurified with ACBD3-
GST in a dose-dependent manner (Fig. 2A), while no binding to
GST alone was detected, which shows that CVB3 3A and ACBD3
interact directly with each other. In addition, we studied the pos-
sibility that CVB3 3A and PI4KIII� interact directly without the
involvement of ACBD3. Rapid capture and washing conditions
were applied, as it was previously shown that enterovirus 3A co-
purifies PI4KIII� from cell lysates only under rapid kinetic con-
ditions due to the transient nature of the interaction (27). We were
unable to show a direct interaction between 3A-His and PI4KIII�-
GST under the experimental conditions tested (Fig. 2A). How-
ever, PI4KIII�-GST bound to ACBD3-Strep, which demonstrates
that PI4KIII� was able to establish a direct interaction. The inter-
action between these proteins was further characterized in the
mammalian two-hybrid system. Interactions were detected be-
tween 3A and ACBD3 as well as ACBD3 and PI4KIII� in both
orientations, validating the functionality of the proteins in this
system (Fig. 2B). Coexpression of 3A and PI4KIII� resulted in
only a minor increase in the luciferase signal in one orientation,
while no signal was detected in the second orientation. Taken
together, our results indicate that ACBD3 can interact directly
with CVB3 3A and PI4KIII�, advancing the idea that ACBD3
could be utilized by enteroviruses to recruit PI4KIII� to replica-
tion organelles.

ACBD3 is dispensable for PI4KIII� recruitment to CVB3
replication organelles. Based on our 3A-ACBD3 interaction
studies, we set out to elucidate if CVB3 indeed recruits PI4KIII� in
an ACBD3-dependent fashion. To achieve this, HeLa R19 cells
were depleted of ACBD3 by RNA interference and examined by
immunofluorescence for the presence of PI4KIII� at CVB3 repli-
cation organelles. In mock-infected cells, ACBD3 silencing dimin-
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ished PI4KIII� from the Golgi comparable to silencing PI4KIII�
itself (Fig. 3A). Similar effects were observed in Vero cells (data
not shown), which is in line with a previous report demonstrating
that ACBD3 plays a critical role in PI4KIII� localization in these
cells (26). As expected, in infected cells treated with scramble
siRNA, both ACBD3 and PI4KIII� localized with 3A at replication
organelles (Fig. 3B, scramble siRNA panels). Surprisingly, ACBD3
depletion did not affect the levels of PI4KIII� present at replica-
tion organelles in CVB3-infected cells (Fig. 3B, ACBD3 siRNA

images). These results suggest that CVB3 does not rely on ACBD3
to recruit PI4KIII� to replication organelles, despite the observed
contribution of ACBD3 to the membrane association of PI4KIII�
in uninfected cells. While our manuscript was in preparation,
Téoulé et al. showed that ACBD3 depletion does not affect recruit-
ment of PI4KIII� to PV replication organelles (33), which is in
line with our observations.

ACBD3 is not required for CVB3 RNA replication. The find-
ing that ACBD3 is not involved in recruiting PI4KIII� to CVB3

FIG 1 The GOLD domain of ACBD3 and aa 50 to 60 of CVB3 3A are crucial for interaction. (A) The ability of several picornavirus 3A proteins to interact with
ACBD3 was determined using the mammalian two-hybrid system. Error bars represent standard deviations. Significant differences were calculated over the
highest control, by paired t test. ***, P � 0.001. (B and C) Mapping of interaction domains of ACBD3 and CVB3 3A. Graphs at the bottom show interactions of
CVB3 3A with truncated ACBD3 (B) and of ACBD3 with truncated CVB3 3A (C) in mammalian two-hybrid. Error bars represent standard deviations. Schematic
representations of full-length and truncated variants of ACBD3 (B) and CVB3 3A (C) are depicted in the top portions.
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replication organelles prompted us to question whether ACBD3
plays another important role in replication. Therefore, we ana-
lyzed the effects of ACBD3 depletion on replication using Renilla
luciferase-encoding viruses CVB3-RLuc wt and CVB3-RLuc 3A-
H57Y, a mutant that is resistant to treatment with PI4KIII� inhib-
itors as well as to PI4KIII� knockdown (10). Viral RNA replica-
tion was assessed by measuring the Renilla luciferase activity at 8 h
postinfection. Efficient knockdown of ACBD3 and PI4KIII� was
confirmed by Western blot analysis (Fig. 4B). As we previously
reported, PI4KIII� knockdown severely inhibited replication of

CVB3-RLuc wt, while CVB3-RLuc 3A-H57Y was far less affected
by the depletion (6-fold compared to the result for the wild type
[wt]) (Fig. 4A). Remarkably, ACBD3 silencing had an enhancing
effect on CVB3-RLuc wt replication, with an increase up to 200%
compared to the scramble control. As opposed to CVB3-RLuc wt,
replication of CVB3-RLuc 3A-H57Y was not influenced by
ACBD3 depletion, suggesting that the effects observed on CVB3-
RLuc wt replication are specific and providing further evidence of
the link between 3A, ACBD3, and PI4KIII�/PI4P.

Additionally, we confirmed by immunofluorescence that

FIG 2 ACBD3 directly interacts with CVB3 3A and PI4KIII�. (A) Rapid kinetic GST pulldown assay to study direct interaction between ACBD3-GST and CVB3
3A(1-60)-His, Strep-ACBD3, and PI4KIII�-GST or PI4KIII�-GST and 3A(1-60)-His. Unless otherwise specified, 2 �g of recombinant GST/GST-tagged protein
was incubated for 2 h with Pierce glutathione magnetic beads and 2 �g of the other recombinant proteins. GST was used as a negative control. Following rapid
washing, bound proteins were eluted off the beads and subjected to Western blot analysis. Proteins were detected with antibodies against the GST, Strep, and His
tags. Purification of recombinant proteins is described in Materials and Methods. (B) Mammalian two-hybrid assay testing interactions between 3A, ACBD3, and
PI4KIII�. Error bars represent standard deviations. Significant differences were calculated over the highest control, by paired t test. *, P � 0.1; **, P � 0.01; ***,
P � 0.001.
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ACBD3 knockdown does not inhibit replication of CVB3 wt, as
evidenced by a similar amount of infected cells in both scramble
and ACBD3-depleted cells as well as similar levels of 3A expression
(Fig. 4C). In contrast, knockdown of PI4KIII� dramatically im-
paired replication, as reflected by the strong reduction in the num-
ber of infected cells.

To evaluate a possible role for ACBD3 in other steps of the
CVB3 life cycle, we analyzed whether ACBD3 depletion had any
impact on virus assembly and release by measuring the amounts of
intracellular and secreted virus. However, we found no notable
differences between control and ACBD3-depleted cells (data not
shown). Collectively, our data strongly indicate that ACBD3 is not
required for CVB3 RNA replication.

GBF1 is not essential for the recruitment of PI4KIII� by
CVB3 3A. Having established that ACBD3 does not play an im-
portant role in PI4KIII� recruitment by CVB3, we set out to in-
vestigate another proposed recruitment mechanism. Previously, it
was suggested that enteroviruses recruit PI4KIII� to replication
organelles through GBF1/Arf1 (9), since enteroviral protein 3A is
able to directly bind GBF1 and manipulate Arf1-mediated effector
recruitment (25). To investigate the importance of GBF1 activity
for PI4KIII� recruitment, we utilized an in vitro system with HeLa
S10 cell extracts (21). RNA coding for CVB3 3A was translated in
these cell extracts in the absence or presence of brefeldin A (BFA),

a well-known inhibitor of GBF1 (34). Subsequently, the mem-
branes were isolated by centrifugation and the membrane-associ-
ated proteins were analyzed by Western blotting. In line with pre-
vious results, 3A expression induced a significant accumulation of
GBF1 and Arf1 (21), but also PI4KIII�, on membranes (Fig. 5A).
BFA treatment alone also induced a massive accumulation of
GBF1 on membranes, yet in an inactive form, since these samples
did not exhibit increased levels of Arf1 or its effector �COPI. Re-
markably, BFA treatment did not affect the ability of 3A to recruit
PI4KIII� to membranes, despite its inhibitory effects on GBF1
and Arf1 as evidenced by dissociation of �COPI from membranes.
Together, these results demonstrate that 3A is able to recruit
PI4KIII� regardless of GBF1 activity and accumulation of Arf1 on
membranes.

In order to evaluate whether GBF1 provides a physical, nonen-
zymatic link between PI4KIII� and 3A, we performed siRNA
knockdown experiments to deplete GBF1 from cells and assess the
effects on PI4KIII� recruitment. Since GBF1 knockdown inhibits
enterovirus replication (21, 22), we studied this in cells expressing

FIG 3 CVB3 recruits PI4KIII� to replication organelles independently of
ACBD3. (A and B) HeLa R19 cells were reverse transfected with siRNA against
PI4KIII�, ACBD3, or scramble siRNA as a control. At 48 h p.t., cells were mock
infected (A) or infected with CVB3 wt at an MOI of 10. At 5 h p.i., cells were
fixed and stained with antibodies against PI4KIII� and ACBD3 (A) or
PI4KIII�, ACBD3, and CVB3 3A (B).

FIG 4 ACBD3 is not essential for CVB3 RNA replication. HeLa R19 cells were
reverse transfected with siRNA against PI4KIII� or ACBD3 or scramble siRNA
as a control. At 48 h p.t., cells were infected with CVB3-Rluc wt or CVB3-
RLuc-3A H57Y at an MOI of 0.1 (A) or with CVB3 wt at an MOI of 10 (C). (A)
At 8 h after infection with the luciferase-encoding viruses, cells were lysed and
Renilla luciferase activity was determined as a measure of viral RNA replica-
tion. Error bars represent standard deviations. Significant differences were
calculated by paired t test. **, P � 0.01; ***, P � 0.001. (B) Cells were harvested
at 48 h p.t. and subjected to Western blot analysis to evaluate the knockdown
efficiency. Actin was used as a loading control. (C) At 5 h after infection with
CVB3 wt, cells were fixed and stained with antibodies against CVB3 3A.
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3A alone. Unfortunately, the detection of overexpressed 3A by
immunofluorescence was severely impaired in cells depleted of
GBF1, most probably due to the great overall impact of GBF1
knockdown on Golgi integrity, as reflected by the perturbed pat-
tern of both cis (GM130) and trans (TGN46) Golgi markers in
immunofluorescence staining (data not shown). An approach to
overcome this technical limitation is the detection of proteins by
Western blot analysis. CVB3 3A-EGFP was expressed in HeLaR19
cells treated with siRNA against GBF1, ACBD3, or scramble
siRNA. At 24 h following protein expression, cells were harvested,
and membranes were separated from cytosol by freeze-thawing
and subjected to Western blott analysis to evaluate the presence of

GBF1, ACBD3, and PI4KIII� on membranes. GFP, used as a con-
trol, was detected almost exclusively in the cytosol fraction, while
3A-EGFP was found almost exclusively in the membrane fraction
(Fig. 5B), thus reflecting a successful separation of cytosol from mem-
branes. In GFP-expressing cells, GBF1, ACBD3, and PI4KIII� were
present both in the cytosol and on membranes. In cells expressing
3A, nearly all GBF1 and ACBD3 was present in the membrane
fraction. This phenomenon was not detected for PI4KIII�, where
a large proportion was still present in the cytosol fraction. Previ-
ous coimmunoprecipitation (co-IP) assays from cell lysates re-
vealed that CVB3 3A formed stable complexes with GBF1 and
ACBD3, whereas PI4KIII� only transiently interacted with 3A
(27). This could explain why we only detected massive recruit-
ment to membranes by 3A in the case of GBF1 and ACBD3 and
not for PI4KIII�, since the 3A-PI4KIII� interaction might be sen-
sitive to our membrane isolation method. Nevertheless, the pres-
ence of PI4KIII� on 3A-containing membranes remained largely
unaffected in cells lacking either GBF1 or ACBD3, despite efficient
depletion of both proteins (Fig. 5B), indicating that neither the
enzymatic activity nor the physical structure of GBF1 is required
for PI4KIII� recruitment by 3A.

To further corroborate that PI4KIII� recruitment is not de-
pendent on GBF1, we made use of a series of previously estab-
lished CVB3 3A mutants (summarized in Fig. 6C). Except for
mutant 3A-Ins16S, which contains a serine insertion at position
16, all other mutants were generated by alanine replacement of
conserved amino acid residues in the N terminus of 3A (29). The
ability of these 3A mutants to recruit GBF1, Arf1, and PI4KIII� to
membranes was tested in the HeLa S10 cell extract assay. 3A mu-
tants REIKI(6-10)A, Ins16S, and PPP(17-19)A no longer bound
to GBF1, while the GBF1 interaction was retained in mutants 3A-
VDSE(29-32)A and 3A-VREY(34-37)A (Fig. 6A), in line with our
previous observations (29). CVB3 3A-wt and mutants REIKI(6-
10)A and Ins16S were able to recruit PI4KIII� to membranes in
the absence of elevated levels of GBF1 and Arf1, confirming that
3A does not rely on GBF1/Arf1 for PI4KIII� recruitment (Fig.
6A). Mutant PPP(17-19)A, unable to recruit GBF1/Arf1, was se-
verely impaired in recruiting PI4KIII�. Mutants VDSE(29-32)A
and VREY(34-37)A induced a significant accumulation of GBF1
and Arf1 on membranes, but not PI4KIII�. These data demon-
strate that elevated levels of GBF1/Arf1 do not necessarily lead to
elevated levels of PI4KIII�. Furthermore, this result identifies res-
idues in the region from aa 29 to 37 of CVB3 3A as essential for
PI4KIII� recruitment.

Next, we sought to validate in intact cells our finding that GBF1
is dispensable for PI4KIII� recruitment by CVB3 3A. To this end,
3A mutants summarized in Fig. 6C were separately expressed in
cells and stained by immunofluorescence for the ability to actively
recruit PI4KIII� (representative images in Fig. 6B). 3A mutants
REIKI(6-10)A and Ins16S, both of which no longer interact with
GBF1, recruited PI4KIII� to membranes similarly to wt 3A, indi-
cating that this event is not mediated by GBF1. Mutant PPP(17-
19)A was severely impaired in recruiting PI4KIII�, as the level of
the kinase on membranes was only slightly higher than the basal
level. Mutations VDSE(29-32)A and VREY(34-37)A, which do
not impair the interaction with GBF1, markedly abolished
PI4KIII� recruitment to 3A-containing membranes, demonstrat-
ing that binding of 3A to GBF1 is not a prerequisite for PI4KIII�
recruitment.

CVB3 3A recruits PI4KIII� independently of Arf1. Next, we

FIG 5 GBF1 is not essential for PI4KIII� recruitment by CVB3 3A. (A) In vitro
HeLa S10 extract assay. RNA coding for CVB3 3A was translated in HeLa S10
cell extracts. Where indicated, the samples contained 80 �g/ml of BFA. Mem-
branes were isolated by centrifugation and subjected to Western blot analysis
to detect the membrane-associated proteins using antibodies against GBF1,
PI4KIII�, �COPI, and Arf1. Calnexin was used as a loading control. Efficiency
of the translation reaction was assessed by [35S]methionine labeling. The arrow
indicates specific signal for 3A (lowest blot). (B) Effect of GBF1 depletion on
PI4KIII� recruitment to membranes by 3A. HeLa R19 cells were reverse trans-
fected with siRNA against GBF1 or ACBD3 or scramble siRNA as a control. At
48 h p.t., cells were transfected with CVB3 3A-EGFP or GFP as a control. At 24
h after DNA transfection, cells were harvested, resuspended in PBS to separate
membranes (M) from cytosol (C) by three freeze-thaw cycles, and subjected to
Western blot analysis using antibodies against GBF1, ACBD3, PI4KIII�, and
GFP. Actin was used as a loading control. The star indicates a nonspecific band.
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further studied the role of Arf1 in PI4KIII� recruitment by 3A. To
this end, HeLa R19 cells were depleted of Arf1 by RNA interfer-
ence and examined by immunofluorescence for the presence of
PI4KIII� at 3A-positive membranes upon 3A overexpression.
Evaluation of the knockdown efficiency was performed by moni-
toring the levels of ectopically expressed Arf1-EGFP. 3A was
equally capable of recruiting PI4KIII� in both control and Arf1-
depleted cells (Fig. 7A), suggesting that Arf1 does not play a crucial
role in recruitment of the kinase by 3A.

Additionally, we addressed the role of Arf1 in PI4KIII� recruit-
ment in the context of CVB3 infection. AG1478 is a compound
that causes Arf1 to dissociate from Golgi membranes, resulting in
Golgi dispersal, without affecting CVB3 replication (35, 36). In
this study, we used AG1478 as a tool to block Arf1 association with
membranes and evaluate the effects on PI4KIII� recruitment to
enterovirus replication organelles. To this end, BGM cells were
infected with CVB3 wt in the presence or absence of AG1478 and
stained at 5 h p.i. for the presence of 3A, GBF1, Arf1, ACBD3, and
PI4KIII� on replication organelles. In untreated cells, GBF1, Arf1,
ACBD3, and PI4KIII� were all present at the replication organ-
elles of infected cells, as revealed by their overlap with 3A (Fig. 7B).
In uninfected cells (indicated by asterisks), AG1478 treatment
caused dispersal of GBF1 to discrete puncta throughout the cell
and a diffuse, cytosolic pattern of Arf1, ACBD3, and PI4KIII�.
However, in infected cells, GBF1, ACBD3, and PI4KIII�, but not
Arf1, were still detected at 3A-containing replication organelles

upon AG1478 treatment. This observation not only reveals an
active recruitment of GBF1, ACBD3, and PI4KIII� to replication
organelles but also confirms that Arf1 is not involved in PI4KIII�
recruitment by 3A during infection.

PI4KIII� recruitment by CVB3 3A is simultaneously inde-
pendent of ACBD3 and GBF1/Arf1. Possibly, 3A could recruit
PI4KIII� via both ACBD3 and GBF1/Arf1, in which case blocking
one of these routes would leave 3A the possibility to recruit the
kinase via the other route. To verify this scenario, we tested by
immunofluorescence if the CVB3 3A-REIKI(6-10)A mutant,
which is unable to interact with GBF1, is still capable of recruiting
PI4KIII� in ACBD3-depleted cells. Expression of mutant 3A-
REIKI(6-10)A, as well as 3A-wt, led to active recruitment of
PI4KIII� to membranes in both control and ACBD3-depleted
cells (Fig. 8). In parallel, efficient knockdown was evaluated by
separately staining ACBD3 (data not shown). These results dem-
onstrate that CVB3 3A is able to actively recruit PI4KIII� to mem-
branes in the absence of both GBF1/Arf1 and ACBD3.

DISCUSSION

As obligate intracellular pathogens, viruses have evolved diverse
mechanisms to subvert cellular pathways for their own advantage.
For the purpose of genome replication, positive-strand RNA vi-
ruses generate specialized membranous structures with unique
lipid and protein compositions. Both enteroviruses and kobuvi-
ruses of the Picornaviridae family manipulate PI4KIII� to gener-

FIG 6 CVB3 3A mutants recruit PI4KIII� in the absence of GBF1. (A) In vitro translation assay. RNA coding for wt or mutant CVB3 3A was translated in HeLa
S10 cell extracts. Isolated membranes were analyzed by Western blotting to detect the membrane-associated proteins, using antibodies against GBF1, Arf1, and
PI4KIII�. Efficiency of the translation reaction was assessed by [35S]methionine labeling (the faint signal in the H2O sample corresponds to the [35S]methionine
front). (B) To study PI4KIII� recruitment in intact cells, HeLa R19 cells were transfected with myc-tagged CVB3 3A-wt or the indicated mutants. The next day,
cells were fixed and stained with antibodies against the myc tag or endogenous PI4KIII�. Shown are representative immunofluorescence example images of
proteins listed in the table in panel C with recruitment of PI4KIII� by different 3A proteins. (C) CVB3 3A amino acid sequence. Residues replaced by alanine are
indicated by stars. The Ser insertion at position 16 and the C-terminal hydrophobic domain are also depicted. The table outlines the ability of the different 3A
mutants to interact with GBF1 in the mammalian two-hybrid system (30) and to recruit PI4KIII�.
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ate a lipid microenvironment enriched in PI4P for viral RNA rep-
lication. PI4KIII� is recruited to enterovirus replication sites by
the viral protein 3A (9), but the underlying mechanism has re-
mained elusive. Recently, ACBD3 was identified to mediate
PI4KIII� recruitment to Golgi membranes (26). The kobuvirus
Aichi virus was shown to rely on ACBD3 to attract PI4KIII� to
replication sites (26, 27). This finding prompted us to investigate
whether ACBD3 is also responsible for the recruitment of
PI4KIII� by enteroviruses. ACBD3 was able to interact with 3A of
CVB3 and other enteroviruses but not with cardiovirus 3A. Using
deletion mutants, we mapped the regions of interaction on both
ACBD3 and CVB3 3A. The C-terminal GOLD domain of ACBD3
and residues 50 to 60 of CVB3 3A were identified to be crucial for
the interaction. Our results are in line with the recent finding that
residues in the central region of PV 3A are important for ACBD3
interaction (32, 33). However, we observed that CVB3-infected
cells depleted of ACBD3 by siRNA treatment still developed rep-
lication organelles enriched in PI4KIII�, demonstrating that en-

teroviruses recruit PI4KIII� to replication sites by a mechanism
that does not depend on ACBD3. Interestingly, ACBD3 depletion
had an enhancing effect on the replication of CVB3 wt, but not
CVB3 3A-H57Y, a virus carrying a mutation in the 3A protein that
renders it resistant to PI4KIII� inhibitors or PI4KIII� knock-
down.

In uninfected cells, Arf activity is important for the recruitment
of PI4KIII� to Golgi membranes (11). Knowing that 3A is able to
directly interact with GBF1 and thereby modulate Arf1 activity
(25), we assessed if the enrichment in PI4KIII� at replication or-
ganelles by 3A is achieved through hijacking of GBF1/Arf1 (9). We
show here that PI4KIII� was still actively recruited to membranes
by CVB3 3A mutants that could no longer interact with GBF1.
Furthermore, 3A was able to recruit PI4KIII� in the presence of
BFA, a well-known inhibitor of GBF1, indicating that the activities
of both GBF1 and Arf1 are dispensable for the recruitment pro-
cess. Accordingly, PI4KIII� was present at the replication sites in
infected cells treated with AG1478, a compound that dissociates

FIG 7 Arf1 is dispensable for PI4KIII� recruitment by CVB3 3A. (A) Effect of Arf1 depletion on PI4KIII� recruitment to membranes by 3A. HeLa R19 cells were
reverse transfected with siRNA against Arf1 or scramble siRNA as a control. At 48 h posttransfection, cells were transfected with Arf1-EGFP and CVB3 3A. At 24
h after DNA transfection, cells were fixed and stained with antibodies against 3A and PI4KIII�. In cells treated with scramble siRNA, the degree of 3A and
Arf1-EGFP coexpression was greater than 90%. (B) BGM cells were infected with CVB3 wt at an MOI of 10, followed by treatment with DMSO or 25 �M AG1478.
At 5 h p.i., cells were stained with antibodies against CVB3 3A and endogenous GBF1, Arf1, ACBD3, or PI4KIII�. Uninfected cells are marked by asterisks.
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Arf1 from membranes, confirming that active Arf1 is dispensable
for PI4KIII� recruitment by 3A. Lastly, genetic depletion of either
GBF1 or Arf1 by RNA interference did not interfere with the re-
cruitment of PI4KIII� by 3A. Together, these results indicated
that 3A does not interact with GBF1 in order to recruit PI4KIII�
via the effector function of Arf1.

Whether enteroviral 3A recruits PI4KIII� to replication organ-
elles by a direct interaction or with the help of other host factors
remains an open issue. Using purified recombinant proteins in
pulldown assays, we showed that CVB3 3A is able to interact di-
rectly with ACBD3 and that ACBD3 directly interacts with
PI4KIII�. However, we were unable to detect a direct interaction
between the kinase and 3A under our experimental conditions.
The reported transient nature of the interaction (27) could impair
the detection of a direct binding of the two proteins. Furthermore,
we cannot exclude that our result is a consequence of using a
recombinant 3A protein that for efficient production in E. coli
lacks the C-terminal hydrophobic domain. Anchoring of 3A in
membranes might induce topological modifications that may be
required for the interaction with PI4KIII�.

Our finding that ACBD3 depletion from cells enhanced CVB3
RNA replication contrasts the data of Greninger et al. which
showed that PV RNA replication is reduced upon ACBD3 silenc-
ing, albeit modestly (27). However, our data are now supported by
a new study by Téoulé et al. in which PV RNA replication was also
found to be significantly increased upon ACBD3 depletion (33).
How could ACBD3 negatively influence enterovirus RNA replica-
tion? And what is the purpose of the 3A-ACBD3 interaction? The
Golgi-localized TBC1D22A/B is a putative Rab33 GTPase-activat-
ing protein (GAP) recently identified as a new interacting partner
for ACBD3 (32). PI4KIII� and TBC1D22A/B bind in a competi-
tive and mutually exclusive manner to the same domain of
ACBD3. It is unknown which factors determine whether PI4KIII�
or TBC1D22A/B interacts with ACBD3. Remarkably, although
both enterovirus and kobuvirus 3A proteins interact with the
GOLD domain of ACBD3, this seems to distinctly affect the bind-
ing of TBC1D22A/B to ACBD3 (32). Affinity purifications using

TBC1D22A/B as bait resulted in pulldown of ACBD3 together
with enteroviral 3A but not with kobuviral 3A. Thus, kobuviral 3A
seems unable to interact with a TBC1D22A/B-bound ACBD3,
suggesting that kobuviral 3A can interact only with PI4KIII�-
bound ACBD3. In contrast, enteroviral 3A was capable of inter-
acting with TBC1D22A/B-bound ACBD3, which might imply
that enteroviral 3A does not promote association of PI4KIII� with
ACBD3. Based on the above findings and our data, we speculate
that the interaction of PI4KIII� with 3A-ACBD3 might be detri-
mental for enterovirus replication by hampering an optimal en-
gagement of the kinase in RNA replication. Our speculation is
supported by our finding that ACBD3 depletion enhanced repli-
cation only of CVB3 wt and not that of CVB3 3A-H57Y, the rep-
lication of which is far less sensitive to inhibition or depletion of
PI4KIII� (10, 31).

Another possible link between ACBD3 and enterovirus repli-
cation could reside in the regulation of lipid homeostasis. Subver-
sion of host lipid metabolism is central to many positive-strand
RNA viruses, which utilize particular lipid species as building
blocks for replication organelles. Flaviviruses generate their repli-
cation factories by exploiting either PI4Ks (9, 37) or other en-
zymes involved in de novo lipid synthesis, like fatty acid synthase
(38, 39). In addition to hijacking PI4Ks for increased PI4P synthe-
sis, picornaviruses have also recently been shown to divert the host
fatty acid homeostasis toward formation of replication organelles
with an altered species of phosphatidylcholines (40). Recently,
ACBD3 was suggested to play a role in lipid homeostasis by con-
tributing to the regulation of ceramide transfer from ER to Golgi
membranes (41). Since we observed that depletion of ACBD3 en-
hanced CVB3 RNA replication, it is conceivable that the normal
role of ACBD3 in lipid homeostasis could be hampering viral RNA
replication and formation of replication organelles. The interac-
tion of CVB3 3A with ACBD3 may cause ACBD3 to diverge from
this harming role and thereby favor the process of viral RNA rep-
lication.

In conclusion, we demonstrate here that recruitment of
PI4KIII� to CVB3 replication organelles by 3A is independent of
both ACBD3 and GBF1/Arf1. Furthermore, we establish that
ACBD3 is dispensable, and even disadvantageous, for CVB3 RNA
replication. Ultimately, our study reveals that the strategy em-
ployed by enteroviruses to recruit PI4KIII� to replication organ-
elles is not as simple as initially believed, thus highlighting the
complexity of the mechanisms governing the host-pathogen rela-
tionship.
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