
A Redundant Mechanism of Recruitment Underlies the
Remarkable Plasticity of the Requirement of Poliovirus
Replication for the Cellular ArfGEF GBF1

Ekaterina G. Viktorova,a Samuel Gabaglio,a Justyna M. Meissner,b Eunjoo Lee,b Seyedehmahsa Moghimi,a Elizabeth Sztul,b

George A. Belova

aDepartment of Veterinary Medicine, Virginia-Maryland Regional College of Veterinary Medicine, University of Maryland, College Park, Maryland, USA
bDepartment of Cell, Developmental and Integrative Biology, University of Alabama at Birmingham, Birmingham, Alabama, USA

ABSTRACT The replication of many positive-strand RNA viruses [(�)RNA viruses]
depends on the cellular protein GBF1, but its role in the replication process is not
clear. In uninfected cells, GBF1 activates small GTPases of the Arf family and coordi-
nates multiple steps of membrane metabolism, including functioning of the cellular
secretory pathway. The nonstructural protein 3A of poliovirus and related viruses has
been shown to directly interact with GBF1, likely mediating its recruitment to the
replication complexes. Surprisingly, viral mutants with a severely reduced level of
3A-GBF1 interaction demonstrate minimal replication defects in cell culture. Here, we
systematically investigated the conserved elements of GBF1 to understand which de-
terminants are important to support poliovirus replication. We demonstrate that
multiple GBF1 mutants inactive in cellular metabolism could still be fully functional
in the replication complexes. Our results show that the Arf-activating property, but
not the primary structure of the Sec7 domain, is indispensable for viral replication.
They also suggest a redundant mechanism of recruitment of GBF1 to the replication
sites, which is dependent not only on direct interaction of the protein with the viral
protein 3A but also on determinants located in the noncatalytic C-terminal domains
of GBF1. Such a double-targeting mechanism explains the previous observations of
the remarkable tolerance of different levels of GBF1-3A interaction by the virus and
likely constitutes an important element of the resilience of viral replication.

IMPORTANCE Enteroviruses are a vast group of viruses associated with diverse hu-
man diseases, but only two of them could be controlled with vaccines, and effective
antiviral therapeutics are lacking. Here, we investigated in detail the contribution of
a cellular protein, GBF1, in the replication of poliovirus, a representative enterovirus.
GBF1 supports the functioning of cellular membrane metabolism and is recruited to
viral replication complexes upon infection. Our results demonstrate that the virus re-
quires a limited subset of the normal GBF1 functions and reveal the elements of
GBF1 essential to support viral replication under different conditions. Since diverse
viruses often rely on the same cellular proteins for replication, understanding the
mechanisms by which these proteins support infection is essential for the develop-
ment of broad-spectrum antiviral therapeutics.
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The absolute dependence of viruses on the cellular metabolic machinery provides an
attractive opportunity to develop antiviral interventions targeting cellular proteins.

Such an approach could potentially yield therapeutics effective against broad classes of
viruses that rely on the same host factors. Antivirals directed against stable cellular
instead of easily adaptable viral proteins are also expected to have a higher barrier to
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the development of resistance. Yet, such a promising approach has not yet been
successfully implemented. One of the major concerns in using cellular proteins as
antiviral targets is potential toxicity to the host. In this regard, it would be highly
desirable to be able to specifically inhibit activities/interactions of the cellular proteins
that are crucial for viral infection but spare those important for normal cellular
metabolism. In this paper, we systematically analyzed functional elements of the
cellular protein GBF1 known to be essential for poliovirus replication in order to identify
those required to support infection.

Poliovirus is a representative member of the Enterovirus genus of the Picornaviridae
family of small positive-strand RNA viruses [(�)RNA viruses] infecting vertebrate hosts,
including humans. Its genome RNA of �7,500 nucleotides (nt) in length is translated
into one polyprotein which undergoes proteolytic processing by viral proteases to
generate about a dozen structural and replication proteins. Replication complexes of
poliovirus, as those of all (�)RNA viruses of eukaryotes, are associated with cellular
membranes, which implies that at least some cellular proteins involved in membrane
metabolism should be important for viral replication. Indeed, it was observed that the
replication of poliovirus, as well as that of other related picornaviruses, is sensitive to
a fungal metabolite brefeldin A (BFA) (1–3), a compound known to inhibit the activity
of three so-called large guanine nucleotide exchange factors (GEFs) for small GTPases
Arf, GBF1, BIG1, and BIG2. GEFs facilitate GDP/GTP exchange to generate GTP-bound
Arfs, which then can associate with cellular membranes and regulate the recruitment of
Arf-interacting effector proteins that support multiple aspects of membrane metabo-
lism. The subsequent hydrolysis of GTP results in the dissociation of the now-inactive
Arf-GDP from the membranes. Arf cycling regulates Golgi homeostasis and membrane
trafficking through the secretory pathway and supports the molecular identity of
membranous organelles (4, 5). BFA stabilizes a transient intermediate formed by
Arf-GDP and the catalytic Sec7 domains of BIG1, BIG2, or GBF1 (but not other cellular
ArfGEFs), locking the GEF molecules in a nonfunctional conformation and inhibiting Arf
activation. It was established that the BFA sensitivity of poliovirus and other picorna-
viruses is due to the requirement for GBF1 in the RNA replication process (6, 7).
Moreover, GBF1 has been shown to be an important cellular factor for the replication
of such diverse (�)RNA viruses as hepatitis C virus, coronaviruses, and hepatitis E virus
(8–10).

Yet, our understanding of the mechanistic role of GBF1 in the viral RNA replication
process is very limited. The nonstructural protein 3A from poliovirus and a related
coxsackie B3 virus was shown to strongly interact with GBF1, resulting in its recruitment
to viral replication complexes (6, 11, 12). It was proposed that Arf activated by GBF1
may be either directly involved in the functioning of the replication complexes or
mediate the recruitment of other effector proteins necessary to support the replication.
In the case of poliovirus, it was suggested that the activated Arf may be responsible for
the recruitment of a phosphatidylinositol 4 kinase III beta (PI4KIII�), an Arf effector and
a protein whose activity is essential for the replication of many picornaviruses and other
(�)RNA viruses (13–16). However, the accumulating data suggest that such straight-
forward interpretation of the role of GBF1 in viral replication may be misleading. The
detailed investigation of the recruitment of PI4KIII� to the replication complexes of
multiple picornaviruses demonstrated that it is independent of GBF1 and relies on
interaction of the viral protein 3A with another host factor, ACBD3, which directly
interacts with PI4KIII� (17–20).

BFA block of picornavirus replication can be relieved only by GBF1 overexpression
but not by the overexpression of constantly activated Arf mutants, and small interfering
RNA (siRNA) knockdown or CRISPR knockouts of different Arf isoforms individually or in
combinations do not significantly affect picornavirus replication (7, 21). Moreover, it
was reported that some GBF1 mutants with an inactivated Sec7 domain could support
at least some level of poliovirus replication and that BFA resistance poliovirus mutants
can replicate in the absence of detectable Arf activation but not in cells with GBF1
knockdown, arguing that GBF1 may be required for more than just enriching the
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replication membranes in Arf-GTP (22). Even the requirement for a strong 3A-GBF1
interaction is not absolute, since picornavirus mutants severely defective in such an
interaction demonstrate only minor growth defects, at least in cell culture (6, 12).

In this paper, we aimed to revisit these controversial findings and identify the
elements/activities of GBF1 that are essential to support poliovirus replication, as well
as to understand if they can be separated from those mediating GBF1 function in
cellular metabolism. To this end, we generated multiple GBF1 mutants using mutagen-
esis of conserved motifs, domain swapping, and alanine scanning. Our data demon-
strate a much higher tolerance of GBF1 mutations by the viral replication machinery
than by cellular metabolism, indicating that the virus utilizes only a small subset of
GBF1 functions. However, none of the several GBF1 constructs with a mutation in the
catalytic Sec7 domain rendering them defective in Arf activation could support polio-
virus replication. Surprisingly, the cognate Sec7 domain of GBF1 could be substituted
with that from a distantly related GEF, indicating that virus replication is dependent on
the Arf activation property but not the amino acid sequence of the Sec7 domain. Our
results confirm and extend the previous data that the very N-terminal sequence of
GBF1 holds important determinants of the protein functioning in the replication
complexes and that all the C-terminal domains of GBF1 downstream of the Sec7
domain are fully dispensable for replication of the wild-type poliovirus. However, the
C-terminal HDS2 and HDS3 domains of GBF1 become important for replication of
a poliovirus mutant with impaired 3A-GBF1 interaction. This discrepancy suggests a
redundant mechanism of GBF1 recruitment to viral replication complexes. Such a
complementary mechanism likely facilitates the access of GBF1 to the replication
machinery and may underlie the resilience of poliovirus replication in diverse cell-
specific environments encountered by the virus during the development of infection in
a natural host.

RESULTS
Alanine substitutions within the N terminus of GBF1 do not significantly

interfere with its function in poliovirus replication but affect GBF1 function in
cellular secretion. The yeast two-hybrid and coimmunoprecipitation (co-IP) data
demonstrate that the N-terminal fragment of GBF1 that includes the DCB and HUS
domains is likely engaged in direct protein-protein interactions with the nonstructural
protein 3A of poliovirus and a related enterovirus coxsackievirus B3 (11, 12). Further-
more, the deletion of the first 37 amino acids of GBF1 (GBF1Δ37) blocks the poliovirus
3A-mediated recruitment of GBF1 to membranes and the capacity of the protein to
rescue poliovirus replication from BFA inhibition, suggesting that the very N-terminal
stretch of amino acids contains important determinants of GBF1 recruitment/function
in replication (6). Thus, we performed an extensive mutagenesis of the N-terminal part
of GBF1 to identify amino acids important for poliovirus replication. First, we substi-
tuted the authentic N-terminal amino acids with blocks of 10 Ala, generating mutants
GBF1/1-10A, 11-20A, 21-30A, and 31-40A (Fig. 1A). All the mutants were created in the
background of the A795E mutation in the Sec7 domain that makes GBF1 resistant to
BFA (6, 7). Thus, in the presence of the drug, the endogenous GBF1 is inactivated, and
the input of only the mutant protein to cellular metabolism or to viral replication can
be assessed. HeLa cells were transfected with plasmids expressing GBF1 mutants and
the next day transfected with a poliovirus replicon RNA with a Renilla luciferase gene
substituting for the capsid protein-coding region. As a positive control, cells were
transfected with a plasmid coding for GBF1 with only the BFA resistance mutation
A795E, and as a negative control, cells were transfected with an empty vector. Surpris-
ingly, in the replication assay, all the Ala scanning mutants of GBF1 were just as
functional as the positive control (Fig. 1B, replication).

The capacity of the same GBF1 mutants to function in cellular metabolism was
evaluated by measuring their ability to support cellular secretion. To this end, cells were
cotransfected with a plasmid coding for a GBF1 mutant and a plasmid coding for
Gaussia luciferase, an enzyme that has a natural sequence targeting it to the secretory
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FIG 1 Functional analysis of alanine scanning mutants of the N terminus of GBF1 in replication and secretion. (A) Schematic representation of
the alanine substitutions in the GBF1 sequence. All GBF1 expression constructs are GFP tagged and contain the A795E BFA resistance mutation
in the Sec7 domain. (B) Performance of the indicated mutants in the poliovirus replicon replication and cellular secretion assays. For the replication
assay, cells were transfected with the plasmids expressing a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or an empty
vector (negative control). The next day, the cells were transfected with a poliovirus replicon RNA expressing Renilla luciferase and incubated in

(Continued on next page)
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pathway (23). The next day, the medium was replaced with medium containing BFA,
and the amount of secreted Gaussia luciferase was determined after 4 h. The 1-10A,
11-20A, and 21-30A mutants were partially compromised in supporting secretion, while
the 31-40A mutant supported an even somewhat higher level of secretion than did the
wild-type GBF1 (Fig. 1B, secretion). Thus, viral replication can tolerate significant
modifications of the very N-terminal fragment of GBF1, while such mutations have a
more pronounced negative effect on GBF1 physiological function in secretion.

Substitutions of the N-terminal regions of GBF1 with those from BIG2 affect
the function of GBF1 in poliovirus replication and cellular secretion. To introduce
more severe perturbations within the N-terminal region of GBF1, we replaced the entire
N-terminal part of GBF1 up to the DCB domain with the corresponding 68-amino-acid-
long fragment from BIG2, another large Arf GEF with similar domain organization,
generating the 2-68/BIG2 construct (the first methionine is the same in both proteins).
BIG2 localizes to the trans-Golgi network (TGN) and endosomes in cells and is incapable
of rescuing poliovirus and coxsackievirus B3 replication from BFA inhibition (6, 7, 24,
25). The chimeric protein was expressed to a level similar to that of the positive control
GBF1/A795E and was severely compromised in poliovirus replicon replication and
nonfunctional in cellular secretion assays (data not shown).

The 68-amino-acid BIG2 insert was further split into shorter stretches of 15 amino
acids to generate the following four GBF1 constructs with the corresponding segments
from BIG2: 2-17/BIG2, 18-31/BIG2, 32-46/BIG2, and 47-62/BIG2 (Fig. 2A). Two constructs
with the BIG2-derived substitutions in the middle of the N-terminal fragment of GBF1
demonstrated either complete (18-31/BIG2) or partial (32-46/BIG2) ability to support
poliovirus replication, while the ones with the most N-terminal (2-17/BIG2) and the
most C-terminal (47-62/BIG2) substitutions were severely impaired in the replication
assay. This suggests that either two distinct regions (positions 2 to 17 and 47 to 62)
within the N terminus facilitate GBF1 function in poliovirus replication or that the two
domains may interact to form a single functional interface. In contrast to their perfor-
mance in viral replication, all four constructs were defective in cellular secretion (Fig.
2B). This supports the data in Fig. 1 showing that poliovirus replication is more resilient
to N-terminal GBF1 mutations than its functioning in physiological context of cellular
secretion.

The BIG2-derived N-terminal inserts in the constructs 2-17/BIG2 and 47-62/BIG2, the
most severely compromised in the poliovirus replication assay, were further split into
4 amino acid blocks. All these constructs except for one with the substitution of the
GBF1 amino acids in positions 9 to 12 (QGEI) for those derived from BIG2 (FVSR) could
rescue poliovirus replication as well as did the positive control (data not shown). Since
we are interested in finding GBF1 mutants that might be compromised in supporting
viral replication but still functional in the cellular metabolism, the construct 9-12/BIG2
was also analyzed in a cellular secretion assay. However, 9-12/BIG2 proved to be
completely nonfunctional in supporting secretion (data not shown). Collectively, our
data demonstrate that the very N-terminal segment of GBF1 holds important determi-
nants mediating protein functioning in poliovirus replication, and that poliovirus
replication requirements for the N terminus of GBF1 are much less stringent than those
of the secretory pathway.

The ability of the N-terminal GBF1 mutants to support poliovirus replication
does not strictly correlate with interaction with the viral protein 3A. It is believed
that direct interaction of the viral protein 3A with GBF1 accounts for the relocalization

FIG 1 Legend (Continued)
the presence or absence of 1 �g/ml BFA. For the secretion assay, the cells were cotransfected with plasmids coding for a corresponding GBF1
mutant, a full-length GBF1 A795E (positive control), or an empty vector (negative control) and a plasmid coding for a secreted Gaussia luciferase.
The next day, they were washed and incubated in the medium with the indicated amount of BFA, and the amount of secreted luciferase was
determined after 4 h. Secretion data are normalized to the signal obtained without BFA for each construct. Statistical significance of the difference
between the signal in the positive control and in the sample expressing a mutant GBF1 for corresponding concentrations of BFA is indicated. RLU,
relative light units.
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FIG 2 Functional analysis of GBF1/BIG2 N-terminal chimeras in replication and secretion. (A) Scheme of the BIG2-derived substitutions in the GBF1
sequence. All GBF1 expression constructs are GFP tagged and contain the A795E BFA resistance mutation in the Sec7 domain. (B) Performance
of the indicated mutants in the poliovirus replicon replication and cellular secretion assays. For the replication assay, cells were transfected with
the plasmids expressing a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or an empty vector (negative control). The
next day, the cells were transfected with a poliovirus replicon RNA expressing Renilla luciferase and incubated in the presence or absence of
1 �g/ml BFA. Expression of the 2-17/BIG2 and 47-62/BIG2 constructs, the most compromised in the replication assay, is additionally verified by
Western blotting in the samples from the corresponding experiments. For the secretion assay, the cells were cotransfected with plasmids coding

(Continued on next page)
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of GBF1 to the replication organelles where it supports the functioning of the replica-
tion complexes (11, 12). Thus, we used a co-IP assay to evaluate whether the mutations
in the N terminus of GBF1 that did not support replication could have interfered with
3A interaction. HeLa cells were cotransfected with a plasmid expressing a GBF1 mutant
and a plasmid expressing poliovirus protein 3A with a FLAG-Y insert after the sixth
amino acid in the N terminus of the protein (3A-FLAG-Y). This insert was previously
found to be fully compatible with poliovirus replication (26, 27). As a positive control
for 3A-GBF1 interaction, cells were cotransfected with plasmids expressing 3A-FLAG-Y
and wild-type (wt) GBF1, and for a negative control, cells were cotransfected with
plasmids expressing 3A-FLAG-Y and the GBF1Δ37 mutant lacking 37 amino acids at the
N terminus. Since all GBF1 constructs were expressed as N-terminal green fluorescent
protein (GFP) fusions, anti-GFP antibodies were used to detect mutant GBF1 molecules.
Surprisingly, all of the GBF1 mutants containing 10-amino-acid-long Ala substitutions in
the N terminus, which were positive in the replication assay, had a noticeably decreased
interaction with 3A compared to the positive control (Fig. 3A).

The interaction of 3A with 2-68/BIG2 GBF1 mutant with a long BIG2-derived sub-
stitution, which could not support poliovirus replication, was reduced to an undetect-
able level (data not shown). All of the N-terminal GBF1 mutants containing 15-amino-
acid-long inserts derived from BIG2 were also severely compromised in the interaction
with 3A, irrespective of whether they supported replication or not (Fig. 3B). However,

FIG 2 Legend (Continued)
for a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or an empty vector (negative control) and a plasmid coding for a
secreted Gaussia luciferase. The next day, they were washed and incubated in the medium with the indicated amount of BFA, and the amount
of secreted luciferase was determined after 4 h. Secretion data are normalized to the signal obtained without BFA for each construct. The statistical
significance of the difference between the signal in the positive control and that in the sample expressing a mutant GBF1 for corresponding
concentrations of BFA is indicated.

FIG 3 Effects of mutations in the N terminus of GBF1 on interaction with the viral protein 3A. (A) Co-IP of 3A-FLAG
with GFP fusions of alanine scanning mutants of GBF1. (B) Co-IP of 3A-FLAG with GFP fusions of GBF1/BIG2
chimeras. Cells were cotransfected with plasmids coding for corresponding GFP-tagged GBF1 mutants and a
plasmid coding for 3A-FLAG-Y. IP was performed with anti-FLAG resin. GBF1s were detected with anti-GFP
antibodies, and 3A was detected with anti-FLAG antibodies. Actin in the lysates is shown as a loading control.
Relative recruitment is calculated by normalizing the GBF1-to-3A signal ratio in the pulldown material of the
mutants to that of the positive-control (wt) sample. Each bar is an average of the results from at least three
independent experiments. The performance of the corresponding GBF1 constructs in the replication assay is
indicated.
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the lowest level of GBF1-3A interaction was repeatedly observed with constructs
2-17/BIG2 and 47-62/BIG2, which were almost negative in the replication assay (Fig. 3B).
Collectively, these data are consistent with the previous observations that the 3A-GBF1
interaction generally correlates with the ability of GBF1 to support replication, although
it can vary significantly without negative effect on the viral replication, at least in cell
culture (6, 12, 27).

A functional Sec7 domain is critically important for poliovirus replication. It
was previously reported that GBF1 with the mutation E794K that inactivates the
nucleotide exchange function of the Sec7 domain cannot support the replication of
poliovirus and coxsackievirus B3 (6, 7). However, these data could not be unambigu-
ously interpreted as a strict dependence of the viral replication machinery on activated
Arf. The E794K mutation is believed to lock the GBF1-Arf-GDP complex in an inactive
conformation, similar to the action of BFA (28, 29), and the GBF1/E794K mutant remains
associated with membranes significantly longer than the functional wild-type GBF1
(30–32). Moreover, it was previously observed that GBF1/E794K mutants truncated just
after the Sec7 domain, or even a GBF1 N-terminal fragment truncated before the Sec7
domain, could support at least some level of poliovirus replication in the presence of
BFA, suggesting an Arf-independent contribution of GBF1 to the replication complexes
(22). These findings are consistent with an alternative explanation that the virus
requires the GBF1 protein irrespective of its Arf activation property, and that the E794K
mutant could not be recruited to the replication complexes, perhaps by being too
strongly stabilized on membranes. We recently generated and characterized a GBF1
mutant with a substitution of amino acids 883 to 889 to alanines (GBF1/7A) in the loop
after the J helix of the Sec7 domain. The GBF1/7A mutant is predicted not to bind
Arf-GDP and, therefore, should lack Arf activation capacity. Importantly, in contrast to
the GBF1/E794K mutant, GBF1/7A retains the membrane binding dynamics of the wt
protein and is not stabilized on membranes (33).

We generated a full-length GBF1 and two truncated constructs containing the 7A
mutation within the context of the E795A mutation conferring BFA resistance (Fig. 4A).
To confirm that the 7A mutation prevents the interaction of GBF1 with Arf, we
performed a GBF1 pulldown assay with purified Arf1-glutathione S-transferase (Arf1-
GST) that demonstrated that Arf1-GST interacts with wt GBF1 and the GBF1/A794K
mutant but does not interact with the GBF1/7A mutant, as predicted (Fig. 4B). We then
tested in a replication assay the full-length GBF1/7A construct, as well as 1060 and 894
truncated 7A constructs, similar to those previously shown to be partially functional in
poliovirus replication in the contexts of the A794K Sec7-inactivating mutation (22).
None of the GBF1 constructs with the 7A mutation could support poliovirus replication,
even though they were expressed at a somewhat higher level than the positive control
GBF1/A795E (Fig. 4C). Thus, we conclude that the Arf-activating function of GBF1 is
essential for viral replication.

Mutations in the conserved elements of C-terminal domains of GBF1 do not
affect viral replication. GBF1 orthologs regulate membrane trafficking in all eu-
karyotes, and they all contain several domains showing a high level of sequence and
structure conservation among diverse taxa, separated by less-conserved linkers (34).
Previously, we generated a series of mutations in the highly conserved regions of the
HDS1, HDS2, and HDS3 domains of GBF1 targeting the most conserved residues. The
HDS1 domain was recently found to target GBF1 to phosphoinositide phosphate
(PIP)-enriched membranes, and the LF926AA mutation (number corresponds to the
position of the first amino acid changed in the GBF1 sequence) disrupted this property
and inhibited GBF1 function in secretion (35). Similarly, the HDS2 mutants L1246R,
LF1266AA, and RDR1168AAA were severely compromised in supporting the cellular
secretory pathway and targeting to the Golgi, while the HDS2 mutant LMK1135AAA
behaved like a positive control in a secretion assay (23). HDS3 mutants FPL1594AAA
and PLL1544AAA also inhibit GBF1 association with Golgi membranes and do not
support secretion (our unpublished data). Here, we tested these GBF1 mutants (Fig. 5A)
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for their ability to support poliovirus replication. As shown in Fig. 5B, all the GBF1
mutants tested, including those previously shown to be severely compromised in
cellular metabolism, supported poliovirus replication as well as the positive control.

These data are consistent with the previously reported results that truncation of the
whole C-terminal part of GBF1 downstream of the HDS1 domain does not interfere with
GBF1 function in poliovirus replication complexes (22) and confirm that virus-specific
function(s) of GBF1 require only a subset of the interactions/activities of this protein
essential for cellular metabolism.

GBF1 constructs containing the Sec7 domain from the ArfGEF ARNO are fully
functional in poliovirus replication. To determine whether viral replication requires
the cognate Sec7 domain of GBF1 or whether any active Sec7 domain would work, we
generated chimeric constructs where the Sec7 domain of GBF1 was replaced with the
Sec7 domain of another ArfGEF, ARNO. ARNO is responsible for Arf activation on the
plasma membrane, where it regulates actin cytoskeleton-dependent cellular migration
and endosomal trafficking (36–38). Thus, ARNO engages in a completely different set of

FIG 4 GBF1 mutants unable to activate Arf are defective in replication. (A) Schematic of GBF1 constructs containing the inactivating 7A mutation. All GBF1
expression constructs are GFP tagged. (B) GST-Arf1-GBF1 pulldown assay. GST or GST-Δ17 ARF1 was immobilized on glutathione beads and incubated with
lysate from cells (designated SM [starting material]) expressing GFP-tagged GBF1/A795E, GBF1/A795E/A794K, or GBF1/A795E/7A. The bound material was
analyzed by SDS-PAGE and the gel either stained with Coomassie blue (top) or transferred to nitrocellulose (NC) and immunoblotted with anti-GFP antibodies
(bottom). GBF1/795/7A does not bind the ARF substrate, whereas GBF1/795 and GBF1/795/794 bind ARF. (C) Performance of the corresponding mutants in a
poliovirus replication assay. Cells were transfected with the plasmids expressing a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or
an empty vector (negative control). The next day, the cells were transfected with a poliovirus replicon RNA expressing Renilla luciferase and incubated in the
presence or absence of 1 �g/ml BFA. For the secretion assay, the cells were cotransfected with plasmids coding for a corresponding GBF1 mutant, a full-length
GBF1 A795E (positive control), or an empty vector (negative control) and a plasmid coding for a secreted Gaussia luciferase. The next day, they were washed
and incubated in the medium with the indicated amount of BFA, and the amount of secreted luciferase was determined after 4 h. Expression of the 7A
constructs in the samples from the corresponding replication experiments is additionally verified by Western blotting. Representative positive-control (A795E)
and negative-control (vector) samples are shown.
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FIG 5 Functional analysis of GBF1 mutants targeting conserved elements in the C-terminal noncatalytic domains in replication and secretion. (A)
Scheme of the mutations in the GBF1 sequence. All GBF1 expression constructs are GFP tagged and contain the A795E BFA resistance mutation
in the Sec7 domain. (B) Performance of the corresponding mutants in a poliovirus replicon replication assay. Cells were transfected with the
plasmids expressing a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or an empty vector (negative control). The next
day, the cells were transfected with a poliovirus replicon RNA expressing Renilla luciferase and incubated in the presence or absence of 1 �g/ml
BFA.
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interactions than does GBF1, which functions at the endoplasmic reticulum (ER)-Golgi
interface. Apart from the Sec7 domain, ARNO and GBF1 do not share any significant
homology, and the C-terminal part of ARNO contains only a pleckstrin homology (PH)
domain responsible for targeting to the plasma membrane (4). Importantly, the amino
acid sequence conservation between ARNO and GBF1 Sec7 domains is only 44%,
indicating that substituting the Sec7 domains can be used to test the requirement for
the GBF1 sequences in poliovirus replication. Due to the different amino acid sequence,
ARNO is intrinsically resistant to BFA. We generated a construct (GARG, from GBF1-
ARNO-GBF1), where the GBF1 Sec7 domain was substituted with that from ARNO (Fig.
6A). We have shown previously that GARG targets to the Golgi and supports secretion
as well as wild-type GBF1 (39). Importantly, the GARG chimeric protein also was fully
functional in supporting poliovirus replication (Fig. 6B). Thus, poliovirus replication has
no specific requirement for GBF1 Sec7 domain but rather can be supported by any Sec7
domain capable of activating Arfs.

Next, we tested if the GBF1-ARNO Sec7 substitution can function in the context of
the 1060 truncation, i.e., when GARG is terminated after the HDS1 domain (GARG/1060)

FIG 6 GBF1 constructs containing a Sec7d from another GEF support poliovirus replication. (A) Scheme of the GBF1/ARNO chimeras. All GBF1 expression
constructs are GFP tagged. (B) Analysis of the corresponding constructs in a poliovirus replicon replication assay. Cells were transfected with the plasmids
expressing a corresponding GBF1 mutant, a full-length GBF1 A795E (positive control), or an empty vector (negative control). The next day, the cells were
transfected with a poliovirus replicon RNA expressing Renilla luciferase and incubated in the presence or absence of 1 �g/ml BFA.

Functioning of GBF1 in Replication Complexes Journal of Virology

November 2019 Volume 93 Issue 21 e00856-19 jvi.asm.org 11

https://jvi.asm.org


(Fig. 6A). The truncated protein retained the full capacity to support poliovirus repli-
cation (Fig. 6B).

It was previously observed that a GBF1 construct truncated just after the Sec7
domain (GBF1/894) is much less efficient in supporting poliovirus replicon replication
than the GBF1/1060 construct truncated after the HDS1 domain (22). This phenomenon
suggests two non-mutually exclusive possibilities, that either the HDS1 domain con-
tains important elements necessary for proper functioning of GBF1 in replication, or
HDS1 presence at the C terminus of the protein stabilizes the functionally important
Sec7 domain. To see if the HDS1 domain of GBF1 provides any specific contribution to
poliovirus replication, we generated a chimeric construct where the Sec7-HDS1 frag-
ment of GBF1 was substituted with Sec7-PH domains of ARNO (GAR, from GBF1-ARNO)
(Fig. 6A). GAR supported poliovirus replication similar to the GBF1 positive control (Fig.
6B), thus ruling out the need for HDS1-specific interactions for the functioning of the
replication complexes. To assess if the PH domain in this construct is important, we
generated a truncated mutant, GARΔPH, with just 10 amino acids of PH after the end
of the ARNO Sec7 domain (Fig. 6A). This protein was also fully functional in the
replication assay, conforming the HDS1-independent role of GBF1 in poliovirus repli-
cation (Fig. 6B), at least under the conditions of HeLa cells and a wt poliovirus RNA (see
below).

The C-terminal HDS2 and HDS3 domains of GBF1 are important for viral
replication under conditions of limited 3A-GBF1 interaction. The surprising toler-

ance of poliovirus replication to varied levels of 3A-GBF1 interaction suggests that there
may be an additional mechanism facilitating GBF1 recruitment to the replication
complexes. The intrinsic propensity of GBF1 to bind membranes with specific lipid and
protein compositions could be an important component of such a mechanism, posi-
tioning the protein where it can be easily accessed by the viral replication machinery.
To test this possibility and to identify the GBF1 domains responsible, we used a
poliovirus replicon containing the 3A-2 mutation, in which an additional serine is
inserted at position 15 within the 3A sequence (Fig. 7A). The 3A-2 virus demonstrates
a cold-sensitive phenotype, much higher sensitivity to BFA inhibition, a slightly reduced
replication level, and a delay in the development of CPE compared to the wt virus (6,
40, 41). Importantly, the 3A-2 mutant and similar coxsackievirus B3 constructs are
severely compromised in interactions with GBF1 (6, 7, 42).

We compared the abilities of different GBF1 mutants to support the replication of
the wild-type and 3A-2 replicon. As shown in Fig. 7B, the replication of a wild-type
replicon was efficiently supported by both the full-length GBF1 and a construct
truncated after the HDS1 domain (A795E/1060), consistent with data in this study (see
Fig. 6) and reported elsewhere (22). In contrast, the replication of the 3A-2 poliovirus
mutant could be efficiently supported by the full-length GBF1, although the level of
rescue was lower than with the wt poliovirus, in accordance with previously reported
data (6, 42), but not by the A795E/1060 truncated GBF1 construct (Fig. 7B). Thus, the
C-terminal domains of GBF1 are dispensable for the replication of wild-type virus but
become important when GBF1-3A interaction is diminished.

To identify the domains within the C terminus of GBF1 important for the replication
of 3A-2, we examined the ability of C-terminal GBF1 mutants, which were fully
functional in replication of the wild-type replicon (see Fig. 5), to support 3A-2 replica-
tion. GBF1 with the mutation LF926AA in the HDS1 domain consistently rescued
replication of the 3A-2 replicon somewhat better than the positive control (Fig. 7C).
GBF1 with the mutation LMK1135AAA or RDR1168AAA in the HDS2 domain and
mutation PLL1544AAA in the HDS3 domain rescued replication of the 3A-2 replicon just
like the positive control (Fig. 7C). However, the mutation FPL1594AAA in HDS3 and the
mutations LF1266AA and especially L1246R in HDS2, severely impaired the capacity of
GBF1 to rescue replication of the 3A-2 replicon (Fig. 7B).

Thus, the C-terminal HDS2 and HDS3 domains of GBF1, while dispensable for the
replication of the wild-type replicon, hold important determinants facilitating the
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FIG 7 C-terminal GBF1 mutants show differential capacity to support replication of a wild-type versus the 3A-2 mutant replicon. (A) Top,
scheme of the full-length and 1060 truncated GBF1 constructs; bottom, amino acid sequence of 3As from the wt poliovirus and 3A-2 mutant.

(Continued on next page)
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recruitment/function of the protein in replication complexes under conditions of
reduced interaction between GBF1 and the viral protein 3A.

The C-terminal domains of GBF1 functionally alleviate the defects of GBF1-3A
interaction in poliovirus replication. To further investigate the role of C-terminal
domains of GBF1 in its recruitment by 3A, we cotransfected HeLa cells with plasmids
expressing either wt or 3A-2 mutant poliovirus 3A proteins and plasmids expressing
either a full-length GBF1 or a truncated GBF1/1060 construct lacking HDS2 and HDS3
(Fig. 8A). In cells coexpressing wt 3A and a full-length GBF1 construct, GBF1 signal was
concentrated in bright agglomerates in virtually every cell, and such a distribution
almost perfectly mirrored the 3A signal. In cells coexpressing wt 3A and the truncated
version of GBF1, the GBF1 punctae became smaller, and they were present in only
about half of the cells. A significant amount of 3A and GBF1 signals were distributed in
an ER-like reticular pattern. A similar distribution of 3A and GBF1 signals was observed
also in cells coexpressing 3A-2 mutant and a full-length GBF1, although both the GBF1
and the 3A agglomerates were noticeably smaller than those observed in cells express-
ing wt 3A. However, removing the GBF1 C-terminal domains resulted in an almost
complete loss of the punctate GBF1 distribution in cells coexpressing the 3A-2 mutant
protein (Fig. 8A). Thus, combinations of 3A and GBF1 corresponding to those found in
functional replication complexes (wt 3A plus full-length or truncated GBF1, or 3A-
2 plus full-length GBF1) demonstrated a significant amount of colocalizing GBF1 and 3A
signals, while in cells coexpressing a nonfunctional combination (3A-2 plus truncated
GBF1), such punctate colocalization was completely lost.

Our data support the double targeting model of GBF1 recruitment to the replication
complexes where the C-terminal domains of GBF1 can compensate for deficiencies in
3A-GBF1 interactions. To further test this model, we made a truncated GBF1 construct
lacking the C-terminal domains and incorporating the substitution of amino acids 32 to
46 for those derived from BIG2 (GBF1/32-46/BIG2/1060), and we tested its ability to
support replication of the wt poliovirus replicon (Fig. 8B). The full-length GBF1 con-
struct with 32-46/BIG2 substitution was capable of supporting poliovirus replication but
was strongly compromised in interaction with 3A (see Fig. 2 and 3). Consistent with the
previous data, both the 1060 construct with the wt N terminus and the full-length
construct with the 32-46/BIG2 substitution could efficiently support poliovirus replica-
tion. However, when the 32-46/BIG2 substitution was introduced into the 1060 trun-
cated context, such a construct was completely nonfunctional in the replication assay
(Fig. 8B).

Thus, recruitment of GBF1 to the replication complexes relies on both 3A-GBF1
interaction and membrane targeting mediated by the C-terminal domains. Functional
replication complexes may be formed if either of these mechanisms is compromised
but not when both are inactivated at the same time.

DISCUSSION

The cellular protein GBF1 that supports functioning of the secretory pathway has
long been known to be recruited to the replication complexes of poliovirus and related
viruses and to mediate the sensitivity of infection to the fungal metabolite BFA (1–3, 6,
12). The replication-independent expression of poliovirus polyprotein in HeLa cells in
the presence of BFA as well as the experiments in an in vitro system that allows

FIG 7 Legend (Continued)
All GBF1 expression constructs are GFP tagged and contain the A795E BFA resistance mutation in the Sec7 domain. (B) Performance of the
full-length and 1060 truncated GBF1 constructs in a replication assay with a wt replicon and a replicon bearing the 3A-2 mutation, severely
inhibiting 3A-GBF1 interaction. Cells were transfected with the plasmids expressing a full-length GBF1 A795E, a 1060 GBF1 A795E truncated
construct, or an empty vector (negative control). The next day, the cells were transfected with a wt or 3A-2 poliovirus replicon RNAs
expressing Renilla luciferase and incubated in the presence or absence of 1 �g/ml BFA. (C) Performance of the GBF1 mutants in the HDS1,
HDS2, and HDS3 domains in a replication assay with a replicon containing 3A-2 mutation. Scheme of the mutation positions in the GBF1
domains is shown. All GBF1 expression constructs are GFP tagged and contain the A795E BFA resistance mutation in the Sec7 domain. Cells
transfected with the full-length GBF1 A795E serve as a positive control, and those transfected with the 1060 truncated GBF1 A795 serve as
a negative control. Expression of constructs L1246R, LF1266AA, and FPL1594AAA, severely impaired in rescuing the replication of the 3A-2
poliovirus replicon, is additionally verified by Western blotting in the samples from the corresponding experiments.
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FIG 8 C-terminal part of GBF1 can compensate for the defects in 3A-GBF1 interaction. (A) The C-terminal part of GBF1 facilitates its recruitment by 3A. Top,
scheme of the full-length and 1060 truncated GBF1 constructs and amino acid sequence of 3As from the wt poliovirus and 3A-2 mutant. HeLa cells were
cotransfected with plasmids expressing wt 3A or 3A-2 mutant proteins together with plasmids expressing either full-length or 1060 truncated GBF1 constructs.
The next day, the cells were fixed and stained for 3A upon mild permeabilization, and the distribution of GBF1 signal in 3A-expressing cells was evaluated. Graph
shows quantification of three independent experiments, with at least 200 cells counted for each sample. Statistical significance is indicated. (B) The C-terminal
part of GBF1 can functionally compensate for the defect of GBF1-3A interaction in poliovirus replication. Top, scheme of a full-length GBF1 construct with
substitution of amino acids 32 to 46 for those derived from a corresponding segment of BIG2; 1060 truncated GBF1 construct with wt N-terminal sequence;
and 1060 truncated GBF1 construct with BIG2-derived substitution of amino acids 32 to 46. HeLa cells were transfected with the plasmids expressing indicated
GBF1 constructs. The next day, the cells were transfected with a wt poliovirus replicon RNA coding for the Renilla luciferase gene, and incubated in the presence
or absence of 1 �g/ml of BFA. Expression of the GBF1 constructs was verified by Western blot.
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separation of individual steps in the viral replication cycle revealed that GBF1 is
required for proper assembly and/or functioning of the membrane-associated viral
replication complexes (6, 43). However, the exact mechanism by which GBF1 supports
the viral replication machinery remains unknown. GBF1 is a large protein of �200 kDa,
containing six conserved domains, and in this study, we aimed to identify GBF1
elements necessary to sustain viral replication.

Previous co-IP and yeast two-hybrid assays established that the N-terminal �60-kDa
fragment of GBF is sufficient for direct interaction with the 3A protein of coxsackievirus
B3, a close relative of poliovirus (7, 12), and that the deletion of the first 37 amino acids
of GBF1 blocks such 3A-GBF1 interaction (6). Here, we report that the N terminus of
GBF1 can tolerate significant modifications, such as replacements of long stretches of
the protein sequence with alanines, without a noticeable effect on its function in
poliovirus replication. Interestingly, such extensive modifications of GBF1 were also
compatible with its function in the cellular secretory pathway. Substitutions of
N-terminal fragments of GBF1 with segments derived from a related protein, BIG2,
which has a similar domain architecture, proved to be more detrimental. None of the
four tested 16-amino-acid-long substitutions were tolerated in the secretion assay, but
only two of them, the one substituting amino acids 2 to 17 and the one replacing
amino acids 47 to 62, severely inhibited the replication-supporting function of GBF1.
Further dissecting the BIG2-derived segments revealed that the substitution of only
four GBF1 amino acids in positions 9 to 12 significantly inhibits viral replication.

The most studied function of GBF1 is its guanidine nucleotide exchange activity
required for activation of the small GTPase Arf. This activity is mediated by the Sec7
domain of GBF1 and is the target of BFA and similar molecules that inhibit the cellular
secretory pathway (reviewed in references 34, 44, and 45). GBF1 with the A794K
mutation in the Sec7 domain locking GBF1 and Arf-GDP in a nonfunctional conforma-
tion does not support the replication of either poliovirus or coxsackie B3 virus (6, 7, 22).
Here, we used a novel mutation in the Sec7 domain that prevents binding of Arf-GDP
to GBF1 and found that similarly to the inactive A794K mutant, GBF1 constructs
containing the 7A mutation could not support poliovirus replication. Collectively, these
data strongly suggest that activated Arf is required for viral replication, although its
mechanistic contribution in the replication process is unknown. The importance of Arf
activation for poliovirus replication is also supported by the fact that a chimeric protein
consisting of only the N-terminal half of GBF1 and a Sec7 domain from the Arf GEF
ARNO was fully functional in the replication assay. One can envision that activated Arf
molecules on the replication membranes may serve to recruit other cellular proteins, or
that the presence of activated Arf may be necessary to keep cellular or even viral
proteins in a functional conformation. These data seem to contradict previous reports
that demonstrated at least partial functionality of certain truncated GBF1 species, either
containing the A794K mutation or completely lacking the Sec7 domain, in poliovirus
replication (22). Such a discrepancy may reflect the existence of some Arf activation-
independent role of GBF1 in poliovirus replication, which may to a certain extent be
sustained in the context of A794K (or in the constructs lacking the entire Sec7 domain)
but not in the context of a 7A mutation. It is also possible that different modes of
inactivating Sec7 domains, i.e., trapping of ArfGDP in an inactive conformation like in
the case of the A794K mutation, or preventing ArfGDP binding like in the case of 7A
mutation, result in different conformation and/or cellular localization of GBF1 mole-
cules.

It has been shown that the specificity of GEFs, including GBF1, toward activation of
certain Arfs is mediated by cellular localization of GEFs rather than by specificity of their
Sec7 domains (39). It is likely that in infected cells such targeting signals are no longer
functional, and the spectrum of Arfs activated by GBF1 may be different than that in
noninfected cells, thus probably explaining the resilience of enterovirus replication to
knockout or knockdown of expression of Arfs normally activated by GBF1 (7, 21).

Protein 3A of picornaviruses has increasingly been recognized as an important
player in organizing the membranous environment suitable for viral replication. In
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poliovirus and related viruses, the interaction of 3A with GBF1 appears to be required
for the recruitment of this cellular factor to the replication complexes (6, 7, 11, 12). In
addition, 3A proteins of diverse picornaviruses directly interact with another cellular
protein, ACBD3, and this interaction is important for recruitment to the replication
complexes of a phosphatidylinositol kinase, PI4KIII� (19, 46–49). The data available so
far, such as the accumulation of distinct resistance mutations upon propagation of
picornaviruses in the presence of inhibitors of GBF1 or PI4KIII�, as well as PI4KIII�-
independent recruitment of GBF1 and vice versa (50–52), indicate that GBF1- and
PI4KIII�-controlled processes in the replication complexes are mutually independent, in
spite of being coordinated by the same viral protein. This poses a question of whether
the same molecule of protein 3A, which in poliovirus is only 87 amino acids long,
simultaneously interacts with both ACBD3 and GBF1, or if there are different popula-
tions of 3As in the replication complexes that participate in different sets of interactions
with cellular and/or viral proteins.

While the 3A-GBF1 interaction appears to be important for poliovirus replication,
numerous findings indicate that the strength of such an interaction can vary signifi-
cantly without a dramatic effect on virus replication. This suggests that there may be
a significant excess of GBF1 available in cells, at least in the conventional cell culture
models used for the study of picornaviruses, or that there is an axillary mechanism
targeting GBF1 to the replication membranes that may compensate for the weakened
3A-GBF1 interaction. We previously found that mutations in the conserved regions of
GBF1 located in the C-terminal noncatalytic domains of the protein prevent its target-
ing to Golgi membranes and inhibit GBF1 function in the secretory pathway (35, 53).
When we tested such mutants in poliovirus replication, all fully supported replication of
the wild-type replicon, but several C-terminal GBF1 mutants were severely compro-
mised in supporting the replication of a 3A-2 replicon carrying a mutation that strongly
diminishes the 3A-GBF1 interaction (6, 7, 42). The mechanism of how the C-terminal
domains of GBF1 facilitate recruitment of GBF1 to the replication complexes is, how-
ever, far from obvious and requires further investigation.

It is known that replication organelles of picornaviruses, including those of polio-
virus, are highly enriched in PI4P (13). Yet, the mutation LF926AA in the HDS1 domain
of GBF1, previously found to impair targeting of GBF1 to PIP-containing membranes
(35), did not decrease the replication of the 3A-2 mutant and even somewhat outper-
formed the positive control. The most severe negative effect on the replication of the
3A-2 replicon was observed with the L1246R mutation of a conserved amino acid in the
HDS2 domain of GBF1. This mutation was originally identified in zebrafish embryos with
severe vasculature development abnormality (54). It was later established that such a
mutation in the human GBF1 makes the protein incapable of supporting the secretory
pathway and results in dramatic differences in the localization of the mutant protein
compared to the normal GBF1 (53). Thus, a mislocalized GBF1 with the L1246R mutation
was fully functional in replication of a wt replicon but completely incapable of sup-
porting replication under conditions when GBF1 interaction with the viral protein 3A
was impaired. This suggests that the membrane-targeting determinants of GBF1 C
terminus provide an additional mechanism facilitating GBF1 recruitment/function in
the replication complexes. Supporting the existence of a redundant targeting mecha-
nism of GBF1 to poliovirus replication complexes is the incompatibility of a substitution
of 16 amino acids in the N-terminal region of GBF1 reducing its interaction with 3A and
truncation of the C-terminal domains, neither of which by itself is detrimental to
replication. Thus, poliovirus can replicate when either the 3A-GBF1 interaction or the
proper cellular targeting of GBF1 is inhibited but not when both are compromised at
the same time. This likely explains the surprising tolerance of at least some picornavi-
ruses, including poliovirus, to the variability of the level of direct 3A-GBF1 interaction
(6, 11). Whether specific membrane targeting can compensate for a complete loss of
GBF1-3A interaction, or if at least some level of such direct interaction is absolutely
essential for replication remains to be established.

In general, these and previous findings demonstrate that poliovirus replication can
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be supported by GBF1 species completely nonfunctional in cellular metabolism, in-
cluding extensively truncated mutants, indicating that the virus needs only a subset of
GBF1 activities/interactions essential for GBF1 normal function in the cell. Given that
GBF1 is an essential factor for the replication of diverse (�)RNA viruses (8–10), it will be
interesting to determine if these diverse viruses rely on the same mechanistic contri-
bution(s) of GBF1 to the replication process. The identification of the molecular
processes by which GBF1 supports viral replication may allow interventions to target
GBF1 performance specifically in infected cells. This may open novel directions in the
development of antiviral therapeutics.

MATERIALS AND METHODS
Cells and reagents. HeLa cells were maintained in Dulbecco’s modified Eagle medium (DMEM)

high-glucose modification supplemented with 1 mM sodium pyruvate and nonessential amino acids.
Brefeldin A (BFA) was from Sigma-Aldrich, and a 4 mg/ml stock solution was prepared in dimethyl
sulfoxide (DMSO) and stored at �80°C.

Plasmids. All GBF1 expression plasmids were made based on the pYFP-GBF1 plasmid described
previously (30). Numbers in the names of truncated GBF1 constructs indicate the last amino acid. An
ARNO Sec7 domain fragment and ARNO Sec7-PH fragment were amplified from a plasmid coding for a
FLAG-tagged human ARNO protein kindly provided by Julie Donaldson (NIH). Fragments with Ala
scanning mutations and N-terminal GB1-BIG2 chimeras were synthesized by the GeneArt service (Invit-
rogen) and cloned into the pVenus-GBF1 plasmid. The pXpa-RenR plasmid coding for a poliovirus
replicon with Renilla luciferase substituting for the capsid proteins was described previously (55).
pCMV-GLUC, coding for Gaussia luciferase, was from New England BioLabs. Plasmid pCI-3A-FLAG, coding
for poliovirus 3A with FLAG-Y tag under the control of cytomegalovirus (CMV) promoter, is described in
reference 26, and plasmids pCI-3A and pCI-3A-2 coding for the 3A wt and 3A-2 mutant, respectively, are
constructed similarly. Cloning details are available upon request. Plasmid transfections were performed
with Mirus 2020 DNA transfection reagent (Mirus Bio), according to the manufacturer’s protocol. The
expression of GBF1 constructs was confirmed by GFP fluorescence, and expression of the constructs that
were significantly compromised in supporting poliovirus replication was additionally verified by Western
blotting.

Antibodies. Mouse monoclonal anti-poliovirus 3A antibodies were described in reference 56. Rabbit
polyclonal anti-GFP antibodies were from Abcam; rabbit polyclonal anti-FLAG antibodies were from
Thermo Fisher. Mouse monoclonal anti-�-actin antibodies conjugated with horseradish peroxidase (HRP)
and agarose beads conjugated with anti-FLAG mouse monoclonal M13 antibody were from Sigma-
Aldrich.

Immunofluorescence assay. HeLa cells grown on coverslips were fixed with 4% formaldehyde in
phosphate-buffered saline (PBS) for 10 min and washed three times with PBS. Staining was performed
under mild permeabilization conditions by incubating cells with primary and secondary antibodies in
0.02% saponin (Sigma-Aldrich) in PBS containing 5% fetal bovine serum (FBS) as a blocking agent.
Confocal images were taken with a Zeiss LSM 510 microscope.

Replication assay. A poliovirus replicon replication assay was performed essentially as described by
Viktorova et al. (57). Briefly, HeLa cells were transfected in suspension with a GBF1-expressing plasmid
and then plated on a 96-well plate so that the cells in all corresponding wells are transfected similarly.
The next day, the cells were transfected with a purified poliovirus replicon RNA using Mirus mRNA
transfection reagent (Mirus Bio). The cells were incubated after replicon transfection in the medium
containing EnduRen cell-permeable Renilla luciferase substrate (Promega) in the presence or absence of
1 �g/ml BFA. Renilla luciferase signal was monitored in live cells every hour with Tecan M1000 or
Molecular Devices iD5 multifunctional plate readers equipped with a thermostatic incubation chamber.
Each data point on the replication graph is an average signal from at least 12 wells.

Secretion assay. A secretion assay was performed as described in reference 53. Briefly, HeLa cells
were cotransfected in a suspension with a 9:1 mass ratio of a GBF1-expressing plasmid and pCMV-GLUC
and then plated on a 96-well plate, so that the cells in all corresponding wells are transfected similarly.
The next day, the cells were washed three times with a serum-free medium and then incubated in a fresh
medium supplemented with the indicated amount of BFA for 4 h. At this time point, 20 �l of the medium
was used to monitor the amount of secreted Gaussia luciferase using a Gaussia luciferase assay kit (New
England BioLabs). Secretion data were normalized to the signal obtained from the cells incubated
without BFA for each sample. Each data point is an average of the signal from 8 wells.

Arf1-GST-GBF1 pulldown assay. For the preparation of recombinant Δ17 ARF1, GSTΔ17 ARF1 was
expressed in BL21(DE3)/pLysS Escherichia coli (Promega, Madison, WI) and purified on Pierce glutathione
agarose (Thermo Scientific, IL, USA), according to the manufacturer’s directions.

For ARF binding, HeLa cells transfected with GFP-tagged GBF1/795, GBF1/795/794, or GBF1/795/7A
were lysed in 50 mM Bis-Tris (pH 7.2), 6 N HCl, 50 mM NaCl, 10% (wt/vol) glycerol, 0.001% Ponceau S, and
1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) containing a Complete pro-
tease inhibitor mixture tablet, EDTA-free (Santa Cruz Biotechnology, Santa Cruz, CA). Lysates were
precleared by centrifugation at 15,000 rpm for 30 min at 4°C. The supernatants (100 �l) were incubated
with GST-17-residue NH2-terminal deletion mutant ([delta 17]ARF1) prebound to glutathione-Sepharose
4B beads for 1 h at room temperature and processed for SDS-PAGE. Starting material (SM) was loaded
as 10 �l of the original supernatant.
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Coimmunoprecipitation. HeLa cells grown on 35-mm petri dishes were cotransfected with pCI-3A-
FLAG and a GBF1 expression plasmid at the mass ratio of 1:1, and the next day, co-IP was performed
using anti-FLAG agarose beads (Sigma-Aldrich), according to the manufacturer’s protocol. After a final
wash, the proteins were released by heating the beads in the Laemmli SDS protein sample buffer for
5 min at 95°C. The proteins were resolved on a 4 to 15% Tris-glycine gel gradient (Bio-Rad), and 3A and
GBF1 constructs were detected in Western blots with anti-FLAG and anti-GFP antibodies, respectively.
Digital images of Western blots developed with ECL Select luminescent substrate (GE Healthcare) were
obtained with a C500 imager (Azure Biosystems) and analyzed using the ImageStudio software (Li-Cor).
Relative recruitment is calculated by normalizing the GBF1-to-3A signal ratio in the pulldown material of
the mutants to that of the positive-control (wt) sample. Each bar is an average of at least three
independent experiments.

Statistical analysis. Data presentation and unpaired two-tailed t test statistical analysis were
performed using the GraphPad Prism software package. Plots show mean values and standard deviation.
Statistical significance is indicated as follows: ***, P � 0.001; **, P � 0.01; *, P � 0.05; NS, nonsignificant.
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