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Abstract

The cellular protein GBF1, an activator of Arf GTPases (ArfGEF: Arf guanine nucleotide

exchange factor), is recruited to the replication organelles of enteroviruses through interac-

tion with the viral protein 3A, and its ArfGEF activity is required for viral replication, however

how GBF1-dependent Arf activation supports the infection remains enigmatic. Here, we

investigated the development of resistance of poliovirus, a prototype enterovirus, to increas-

ing concentrations of brefeldin A (BFA), an inhibitor of GBF1. High level of resistance

required a gradual accumulation of multiple mutations in the viral protein 2C. The 2C muta-

tions conferred BFA resistance even in the context of a 3A mutant previously shown to be

defective in the recruitment of GBF1 to replication organelles, and in cells depleted of GBF1,

suggesting a GBF1-independent replication mechanism. Still, activated Arfs accumulated

on the replication organelles of this mutant even in the presence of BFA, its replication was

inhibited by a pan-ArfGEF inhibitor LM11, and the BFA-resistant phenotype was compro-

mised in Arf1-knockout cells. Importantly, the mutations strongly increased the interaction of

2C with the activated form of Arf1. Analysis of other enteroviruses revealed a particularly

strong interaction of 2C of human rhinovirus 1A with activated Arf1. Accordingly, the replica-

tion of this virus was significantly less sensitive to BFA than that of poliovirus. Thus, our data

demonstrate that enterovirus 2Cs may behave like Arf1 effector proteins and that GBF1 but

not Arf activation can be dispensable for enterovirus replication. These findings have impor-

tant implications for the development of host-targeted anti-viral therapeutics.

Author summary

As ultimate intracellular parasites, viruses rely on cellular proteins for every step of their

life cycle. This provides a possibility of controlling viral replication by targeting the
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cellular factors. Such therapeutics are expected to be more difficult to develop resistance

to since cellular proteins do not change. Yet, enteroviruses, a large group of small positive

RNA viruses that are associated with multiple human pathologies, rapidly develop resis-

tance to virtually all experimental therapeutics including compounds targeting host fac-

tors essential for the viral replication. Here we investigated in detail the development of

enterovirus resistance to one of such compounds targeting a host protein GBF1 that acti-

vates small GTPases of the Arf family. We found that while the mutations in a resistant

virus make it insensitive to the inhibition of GBF1, the virus acquired the capability of

obtaining activated Arfs from other cellular sources and that the interaction of one of the

viral proteins with activated Arfs is likely essential for the functioning of the replication

complex. Thus, our work revealed that it is not GBF1 per se, but activated Arfs that are

indispensable for viral replication, which provides new opportunities for the development

of anti-enterovirus therapeutics refractory to the development of resistance.

Introduction

Enteroviruses are small (+)RNA viruses of the genus Enterovirus of the family Picornaviridae.
They comprise numerous established and emerging human pathogens such as Coxsackie-

viruses, poliovirus, rhinoviruses, enteroviruses D68 and A71, and many others. Enterovirus

infections can be associated with diverse pathologies ranging from a routine common cold to

life-threatening conditions including diabetes, myocarditis and fatal encephalitis [1]. Yet, the

current arsenal of anti-enteroviral tools is essentially limited only to anti-poliovirus and anti-

enterovirus A71 vaccines [2,3]. The continuous research on anti-enterovirus therapeutics has

so far produced limited results, and there are still no drugs officially approved to treat enterovi-

ral infections [4]. The major problem in the development of anti-enteroviral therapeutics is

that these viruses rapidly develop resistance to any compounds targeting either viral proteins

or cellular factors and pathways hijacked for viral replication [5]. The latter ability runs against

the expectations that overcoming the requirement for an essential cellular activity should rep-

resent a significant barrier for the virus, underscoring the limits of the current knowledge of

the mechanistic details of viral replication.

In spite of antigenic diversity, enteroviruses share significant similarities in molecular

mechanisms of replication, including the dependence on essential cellular factors. Poliovirus, a

representative enterovirus and one of the best-studied animal viruses, serves as an important

model for the investigation of enterovirus replication and virus-cell interaction. Poliovirus

genome RNA of ~7500nt serves both as an mRNA and as a template for replication. It codes

for one polyprotein, which is processed co- and post-translationally by virus-encoded prote-

ases into three structural and ten replication proteins, including stable intermediates of the

polyprotein processing. Three of the non-structural viral proteins, 2B, 2C, and 3A have mem-

brane-targeting domains that anchor the viral replication complexes on specialized membra-

nous structures, replication organelles [6–8].

Cellular factors recruited to the replication organelles facilitate the development of their

unique lipid and protein composition necessary for the optimal functioning of the viral repli-

cation machinery. The complete composition of the cellular proteins on the replication organ-

elles, let alone their roles in the replication process, are far from understood. One of the

cellular proteins important for the replication of enteroviruses as well as many others but not

all (+)RNA viruses is GBF1, a guanine nucleotide exchange factor for small cellular GTPases of

the Arf family (ArfGEF) [9–13]. Arfs in their activated, GTP-bound form, associate with
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membranes and interact with multiple Arf effector proteins recruiting them to the membranes

and regulating their activity. Hydrolysis of GTP results in the dissociation of the inactivated

Arf-GDP from membranes. Human cells express five Arf isoforms (Arfs 1, 3, 4, 5, and 6), and

the tight spatial and temporal control of the Arf activation-deactivation cycle on cellular mem-

branes is important for the maintenance of the biochemical identity of cellular organelles and

regulation of intracellular membrane trafficking [14,15].

GBF1 is a large (~200 KDa) multidomain protein that maintains a pool of activated Arfs at

the ER-Golgi interface necessary for the functioning of the cellular secretory pathway.

GBF1-dependent Arf activation is also important for membrane trafficking at the trans-Golgi

network and delivery of certain proteins to lipid droplets [16–18]. The ArfGEF activity of

GBF1 is mediated by a centrally located Sec7 domain, while other domains of GBF1 contribute

to the interaction of the protein with other cellular factors, its recruitment to membranes, and

regulation of its activity [19–21]. The Sec7 domains demonstrate a remarkable structural and

functional conservation even among organisms of different kingdoms, yet the variances in

amino-acid sequences make them differently susceptible to inhibitors [21–23]. Among the 15

Sec7-containing proteins expressed in mammalian cells, ArfGEF activity of only GBF1, BIG1,

and BIG2 can be inhibited by the fungal metabolite brefeldin A (BFA), while Golgicide A

(GCA) inhibits GBF1 but not other ArfGEFs [24–31], and a recently developed compound

LM11 inhibits the activity of all human ArfGEFs [32].

In cells infected with poliovirus and other enteroviruses, GBF1 interacts with the viral pro-

tein 3A and relocalizes to the replication organelles, which results in a massive accumulation

of activated Arfs on replication membranes [12,13,33,34]. BFA and GCA strongly inhibit

enterovirus replication, and such inhibition can be relieved only by the overexpression of

GBF1 but not other ArfGEFs [12,13,35]. Moreover, enteroviruses can efficiently replicate in

cells expressing extensively truncated GBF1 mutants, but not those with non-functional Sec7

domains, indicating the importance of GBF1-driven Arf activation for replication [36]. While

the contribution of individual Arf isoforms to enterovirus replication remains poorly under-

stood, it appears that activation of Arf1 plays the most important role in the development and/

or functioning of the replication organelles [33].

Contrary to the expectations that inhibitors of cellular proteins such as GBF1 may pose a

higher barrier to viral resistance, poliovirus mutants capable of replicating in the presence of

BFA could be easily selected, at least at relatively low concentrations of the drug [37,38]. The

resistance is conferred by single amino-acid substitutions in the membrane-targeted viral pro-

teins 2C and 3A. The 3A mutations provided a major contribution to the resistance phenotype,

and the combined effect of 2C and 3A mutations was required for the full level of resistance

[37,38]. In the absence of BFA, replication of such a mutant is accompanied by a massive Arf

activation, similar to the wt virus. Yet, in the presence of the drug, Arf activation could not be

detected in a biochemical pull-down assay, which could be explained by either a lower level of

replication, or a possible diminished requirement of the mutant for the activated Arf [39].

Intriguingly, the BFA-resistant virus was still dependent on GBF1 both in the presence and in

the absence of BFA, as evidenced by the sensitivity of replication to the siRNA-mediated

knockdown of GBF1 expression [39]. Moreover, the potency of BFA-resistant mutations was

severely compromised in the context of a 3A mutation reducing the 3A-GBF1 interaction, sug-

gesting that at least a residual amount of GBF1-activated Arf(s) is still required for the replica-

tion of the BFA-resistant poliovirus mutants [38].

In this study, we investigated the development of resistance of poliovirus replication to

much higher concentrations of BFA than those used previously, with the goal of obtaining the

most conspicuous phenotype that may help elucidate the mechanism of resistance. Impor-

tantly, such a selection was successful only after incremental increases of BFA concentrations.
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Sequencing the viral isolates from successive passages in increasing concentrations of BFA

revealed dynamic changes in the mutational landscape of 2C and 3A. We further investigated

the replication of the mutant that demonstrated the strongest BFA-resistant phenotype. Con-

trary to the previously observed pattern [37,38], mutations in 2C but not in 3A were responsi-

ble for resistance to high level of BFA. However, the combination of mutations in 2C and 3A

was required for BFA-dependent phenotype observed in some but not all cell types. The

mutated 2C could confer a high level of BFA resistance even in the context of a 3A mutation

previously shown to significantly inhibit 3A-GBF1 interaction [38], and in cells with knock-

down of GBF1 expression. At the same time, replication of the resistant virus was accompanied

by a robust accumulation of all Arf isoforms on the replication organelles in the absence and

in the presence of BFA. We found that the replication of wt and BFA-resistant polio replicons

is sensitive to the depletion of several BFA-insensitive ArfGEFs, suggesting that GBF1-inde-

pendent Arf activation may contribute to the development and/or functioning of the replica-

tion organelles. Importantly, the BFA-resistant mutant was still sensitive to a pan-ArfGEF

inhibitor LM11, and the BFA resistance was severely compromised by Arf1 knockout and to a

lesser extent by Arf6 knockdown, indicating the need for Arf1 activation to sustain BFA-inde-

pendent viral replication. Moreover, pull-down experiments revealed that the mutations in 2C

conferring BFA resistance strongly increased 2C interaction with activated Arf1. Furthermore,

our finding that 2C of rhinovirus 1A strongly interacts with Arf1 and that its replication is

much less sensitive to BFA than that of poliovirus further supports the key role of the 2C inter-

action with activated Arf1 in BFA resistance. Together, our data strongly suggest that enterovi-

rus 2C functions as an Arf effector protein and infer the mechanism of BFA resistance

depending on the scavenging of activated Arf1 generated by cellular BFA-insensitive ArfGEFs

by mutated 2C. Moreover, these results demonstrate that while the resistance of enterovirus

replication to the inhibition of ArfGEF activity of GBF1 develops relatively easily, the require-

ment for activated Arfs could not be circumvented. Thus, the 2C-Arf interface could be a

promising target for anti-viral therapeutics which would not only be refractable to the develop-

ment of resistance, but also would be active only in infected cells as opposed to inhibitors such

as BFA that target general cellular pathways.

Materials and methods

Cells

Human cervical carcinoma HeLa cell line was a gift from Dr. Ellie Ehrenfeld (NIH). Human

embryonic kidney HEK293 cell line and human colon cancer Caco2 cell line were a gift from

Dr. Xiaoping Zhu (University of Maryland). Human hepatoma Huh7 cells were a gift from Dr.

Liqing Yu (University of Maryland School of Medicine). Human osteosarcoma MG63 and

human lung carcinoma A549 cells were purchased from ATCC. Stable HeLa cell lines express-

ing individual human Arfs fused to Venus fluorescent protein were described in [33]. HeLa

cells with CRISPR-CAS9-generated knockouts of Arf1, 3, 4, and 5 were described in [40] and

were kindly provided by Dr. Martin Spiess (University of Basel, Switzerland). HeLa cells were

grown in DMEM high glucose modification supplemented with pyruvate. HEK293, and Huh7

cells were grown in DMEM. MG63 cells were grown in Eagle’s MEM, and A549 cells were

grown in F12K medium. All media were supplemented with 10% FBS.

Selection of BFA-resistant polioviruses

Poliovirus type I Mahoney was propagated in HeLa cells, and the titer was determined by pla-

que assays. For the selection of resistant mutants, the first passage was performed by infecting

a HeLa cell monolayer grown on a 35 mm dish at a multiplicity of infection (MOI) of 50
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plaque-forming units (PFU) per cell. The virus adsorption was performed for 30 min at room

temperature on a rocking platform in 0.5 ml of medium without the inhibitor. After adsorp-

tion, the cells were incubated in 2 ml of the complete growth medium with the indicated

amount of BFA for 6 h at 37C. At 6 h p.i. the plate with cells and the medium was frozen. The

virus was released by three cycles of freeze-thawing and the medium was clarified from cell

debris by low-speed centrifugation. Half of the medium was used for the subsequent passaging,

and the rest was used for plaque assays, viral RNA isolation, and sequencing.

Plasmids

Plasmid pXpA-SH coding for the full-length poliovirus type I (strain Mahoney) cDNA with

introduced SalI and HpaI restriction sites in the 5’ and 3’ non-translated regions was described

in [41], and its derivative plasmid pXpA-RenR coding for a poliovirus replicon with Renilla

luciferase gene substituting the capsid coding region was described in [42]. To introduce the

BFA-resistant mutations in 2C and 3A either PCR fragments synthesized using isolated RNA

of BFA-resistant viruses as a template, or gene fragments synthesized by GeneArt service

(Thermo Fisher) were introduced into pXpA-SH and pXpA-RenR using standard cloning

techniques. All mutations were verified by sequencing. Plasmids p53CB3T7 and

pACYC-RV1A coding for the cDNA of Coxsackievirus B3 (strain Nancy) and rhinovirus 1A

(strain ATCC VR-1559) under the control of T7 promotor were kindly provided by Professor

Frank van Kuppeveld (University of Utrecht, the Netherlands) and Dr. Margaret Scull (Uni-

versity of Maryland), respectively. Expression plasmids pM1-2Cs coding for 2Cs of poliovirus

(wt and BFA-resistant), were constructed using pM1-MT vector for a high level of mammalian

expression (Roche Biosciences). Cloning details are available upon request. Plasmids coding

for human Arf1, 3, 4, 5, and 6 fused to EGFP were a gift from Dr. Catherine Jackson (Univer-

sité Paris Diderot, France).

Antibodies and reagents

Mouse monoclonal antibodies: anti-GBF1 was from BD Biosciences (Cat# 612116); anti-polio-

virus 2C described in [43] was a gift from Professor Kurt Bienz, University of Basel, Switzer-

land, this antibody recognizes 2C of diverse enteroviruses; anti-β-actin antibody fused to horse

radish peroxidase was from Sigma Aldrich (Cat# A3854). Rabbit polyclonal antibodies against

GFP were from Abcam (Cat# ab290). GFP selector beads with a conjugated camelid single

domain antibody against GFP were from NanoTag Biotechnologies (Cat. # N0310). These

beads recognize multiple GFP derivatives including Venus. Secondary antibody conjugates

with Alexa fluorofores were from Molecular Probes, those conjugated with horse radish perox-

idase were from SeraCare. BFA was from Sigma Aldrich, LM11 was from Hit2Lead Chem-

Bridge Chemical Store.

siRNAs

GBF1 5’CAACACCUACUAUCUCU [39]

Cythohesin 1 5’AUGGAGGAGGACGACAGCUAC [44]

Cythohesin 2/ARNO 5’AUGGAGGAGGACGACAGCUAC [44]

Cythohesin 3/ARNO3/GRP1 5’GGAGAAGGCCUAAAUAAGA [45]

Iqsec1/BRAG2/GEP100 5’AGAACUCGGUGACGUACAGUU [46]

Iqsec2/BRAG1 5’GCGACCUUCUAGUAGGCAUCU [47]

Arf6 5’CGGCAUUACUACACUGGGA [48]

https://doi.org/10.1371/journal.ppat.1011673.t001
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SiRNA duplexes were synthesized by Dharmacon with 3’UU overhangs, except for siRNA

pool targeting Psd3/EFA6D which was purchased from Santa Cruz Biotechnology (sc-77475).

Non-targeting siRNA control was from Ambion (siControl 1). siRNAs were transfected into

HeLa cells grown on 96 well plates using Dharmafect-1 reagent (Dharmacon) according to the

manufacturer’s recommendations. The replication experiments were performed ~72h post

siRNA transfection except for cells treated with siRNA targeting GBF1 which were first

assessed at 48h post-transfection because prolonged depletion of GBF1 induces significant

cytotoxicity. Cell viability was determined with CellTiter-Glo assay (Promega).

Replication assay

Replicon RNA preparation and replicon assays were performed essentially as described in

[42]. Briefly, cells grown on white 96-well plates with clear bottoms were transfected with a

polio replicon RNA expressing the Renilla luciferase gene in the complete medium supple-

mented with 30 μM of cell-permeable Renilla luciferase substrate Enduren (Promega). The

plates were sealed with a transparent coversheet and incubated directly in the heated chamber

of a multifunctional M3 microplate reader (Molecular Devices), the luciferase signals were

measured every hour for 18 h post replicon transfection. The total replication signal was calcu-

lated as an area under the curve of kinetic measurement from 1 to 8 hours of replicon replica-

tion. The signal for each sample was averaged from at least 12 wells.

Arf-EGFP pull-down assays

HeLa cells expressing Arf1-Venus fusion protein [33] grown on a six-well plate were infected

at an MOI of 10 with the indicated viruses. For co-IP of individually expressed 2C and Arf1,

HeLa cells were co-transfected on a six-well plate with a 3:1 mass ratio mix of pM1-2C and

pArf1-EGFP plasmids (or a plasmid expressing EGFP instead of Arf-EGFP in controls) using

Mirus 2020 transfection reagent (Mirus Bio). Infected cells were processed at 6, 8, and 18 h p.i.

for poliovirus, Coxsackie virus B3, and rhinovirus 1A, respectively; those transfected with plas-

mids were incubated overnight (~18h). The cells were either directly lysed in 750 μl of the mild

lysis buffer (0.1M Tris-HCl pH 7.8 with 0.5% Triton X100 supplemented with a protease inhib-

itor cocktail (Millipore-Sigma)), followed by clearance of the lysate by low-speed centrifuga-

tion, or first processed for fractionation with a Cell Fractionation Kit (Cell Signaling, Cat.#

9038) according to the manufacturer’s protocol for cytoplasmic and total membrane and

nuclear fractions. The proteins from the total membrane and nuclar fraction were similarly

extracted with the mild lysis buffer. The cleared mild lysis buffer lysates were further used for

pull-down assays.

The lysate protein concentration was determined using Bradford reagent (Bio-Rad), and

Co-IP was performed using GFP Selector resin (Nanotag Biotechnology) according to the

manufacturer’s protocol. Briefly, the amount of lysate containing 1 mg of total protein was

mixed with pre-washed GFP Selector resin and incubated with rotation for 1 hour at 4˚C. The

beads were collected by low-speed centrifugation, and the unbound proteins were removed by

extensive washing of the beads three times in the mild lysis buffer. The bound proteins were

eluted by incubating the collected beads in a 2X denaturing Laemmli sample buffer at 95˚C for

5 minutes.

Microscopy and image processing

Cells were grown on glass coverslips in 12-well plates and fixed with 4% formaldehyde (Elec-

tron Microscopy Sciences) in PBS. Cells expressing Arf-Venus fusions were imaged with a

confocal Zeiss LSM 510 microscope without any further processing to preserve the
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intracellular membranes. For immunofluorescent assays, the cells were permeabilized with

0.2% Triton X100 in PBS for 5 min, washed 3 times with PBS, and sequentially incubated for

one hour with primary and secondary antibodies diluted in PBS with 3% blocking reagent

(Amersham) with 3x PBS washes after each antibody incubation. The Structural Illuminated

Microscopy (SIM) superresolution images were taken with a Nikon A1R microscope. Digital

images were converted to TIFF format by the corresponding microscope software and pro-

cessed with Adobe Photoshop for illustrations. Western blot digital images were obtained with

Azure 500 chemiluminescent detection system (Azure Biosystems) and were quantified with

Image Studio Lite 5.2 software (Licor). All changes were applied to the whole image and

images from the same experiment were processed with the same software settings.

Protein sequence alignment

2Cs of the representative human enteroviruses (Enterovirus A species: Enterovirus A71, strain

EV71/Homo sapiens/VNM/191/2011, GenBank: KJ686308.1; Enterovirus B species: Coxsack-

ievirus B3, strain Nancy, Gen Bank: AEH42467.1, Enterovirus C species: Poliovirus type I,

strain Mahoney, GenBank: V01149.1; Enterovirus D species: Enterovirus D68, strain Fermon,

GenBank: AY426531.1; Rhinovirus A species: Rhinovirus A1, strain ATCC VR-1559, Gen-

Bank: FJ445111.1, Rhinovirus B species: Rhinovirus B3, GenBank: DQ473485.1, Rhinovirus C

species: Rhinovirus C4, GenBank: EF582385.1), cardioviruses (Encephalomyocarditis virus,

strain pEC9, GenBank: DQ288856.1) and aphtoviruses (Foot and mouth disease virus type O,

strain Chu-Pei, GenBank: AF026168.2) were aligned using CLUSTAL Omega (1.2.4) multiple

sequence alignment web tool with default alignment settings (49).

Statistical analysis

Data processing and statistical calculations were performed using the GraphPad Prism 9 pack-

age. Graphs show average values with standard deviation bars, the difference between pairs of

experimental values was evaluated with an unpaired (two-sample) t-test, p-values�0.05 were

considered statistically significant. P-values�0.05 are designated by *, those� 0.01 with **,
those� 0.001 with ***, and those� 0.0001 with ****.

Results

Selection of poliovirus mutants resistant to high concentrations of BFA

The previously described poliovirus mutants capable of replicating in the presence of BFA

were selected at 1–2 μg/ml of the drug. These viruses contained single amino-acid substitu-

tions in the 2C and 3A proteins, but how these mutations restored viral replication in the pres-

ence of the drug could not be determined [37,38]. To get a better insight into the mechanism

of BFA resistance, we set out to select viruses resistant to higher concentrations of the inhibitor

to obtain more conspicuous phenotypes. Treatment of cells with BFA induces a dose-depen-

dent inhibition of the secretory pathway and of Golgi-associated enzymatic activities such as

protein glycosylation. The working concentrations of BFA up to 100 μg/ml (~350 μM) have

been used in different systems and the effects were reported to be fully reversible upon the

drug removal [49–53].

First, we tried to select resistant variants by using high initial concentrations of BFA. HeLa

cells were infected with wt poliovirus type I Mahoney at 50 PFU/cell and incubated in the pres-

ence of 20 or 50 μg/ml BFA for 6 hours (the duration of the poliovirus replication cycle in

HeLa cells). Half of the total virus yield was used for the next passage in the same conditions,

and the process was repeated for 10 passages. The cells tolerated six-hour incubation in the
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presence of the drug without any obvious signs of cytotoxicity, and previously such a selection

scheme at 2 μg/ml of BFA resulted in a rapid establishment of a resistant viral population [38].

However, after 10 passages at either 20 μg/ml or 50 μg/ml of BFA the resistant variants did not

emerge.

To facilitate selection, we first performed 10 passages at 4 μg/ml of BFA. The resistant popu-

lation was successfully established, and sequencing of the 2C3A region of five plaque-purified

viruses revealed that all of them shared a mutation C4200T (2C/S26L) located in the amphi-

pathic helix of 2C (here and further on, mutations are designated by their position in the

nucleotide sequence in the poliovirus genome and, in parenthesis, by the amino-acid position

in the corresponding viral protein). This mutation was previously described in a BFA-resistant

poliovirus mutant [38]. Two of the isolates contained an additional 2C mutation A4286C (2C/

M78L), two others shared another mutation T4410C (2C/V96A), and one of them had an

additional mutation A5067G (2C/N135S). Three isolates shared a 3A mutation G5211A (3A/

R34K), and the other two had different mutations in 3A, A5223G (3A/Q38G) or T5238C (3A/

I43T), respectively (Table 1).

The material from passage 10 at 4μg/ml BFA was used for further passaging 10 times at

20μg/ml of the drug. This time the selection was successful, and we sequenced 2C3A regions of

six plaque-purified isolates, as well as that of the total viral RNA isolated from the material

from passage 10. All of the individual isolates shared three 2C mutations: C4200T (2C/S26L),

A4286C (2C/M78L), and A4318C (2C/Q65H). One of them had an additional 2C mutation

A4380G (2C/Q86R). All but one isolate shared a 3A mutation G5211A (3A/R34K), and one

had a 3A mutation T5238C (3A/I43T) (Table 1). The sequence of 2C3A region of the total

viral RNA revealed that only the mutations C4200T (2C/S26L) and A4318C (2C/Q65H) were

strongly fixed in the population. Only the mutant nucleotide T was detected in position 4200,

while in position 4318 there was a mix of either C or T, both of which would result in the same

amino-acid change 2C/Q65H. All other mutation sites demonstrated a mixture of the wt and

mutant sequences. We also detected a mixed sequence at the position of G4361A (2CV80I), a

mutation that was described previously to be associated with BFA resistance [37] (Table 1).

Thus, the population of viruses propagated at 20μg/ml of BFA was still heterogeneous, and the

number of mutations in 2C was increasing.

To see if the resistant population could resolve to the fittest genotype, the material from pas-

sage 10 at 20μg/ml of BFA was used for further passaging 25 times at 50 μg/ml of the drug. To

avoid the possibility of missing BFA-dependent viruses, this time we did not plaque-purify

individual isolates. Instead, a PCR fragment encompassing the 2C3A coding region of the

poliovirus genome obtained from the total RNA was ligated to a plasmid vector, and 13 indi-

vidual clones, as well as the original PCR material, were sequenced. All of the individual clones

had a single 3A mutation T5238C (3A/I43T). Eleven of them had the same five mutations in

2C, C4200T (2C/S26L), A4318C (2C/Q65H), C4339A (2C/H72Q), T4410C (2C/V96A) and

A4542G (2C/N140S). One clone did not have the A4542G (2C/N140S) mutation but instead

contained another 2C substitution G4703A (V194I), and one clone had an additional 2C

mutation C4851T (2C/A243V). Analysis of the sequence of the total PCR material revealed

that the population selected at 50 μg/ml was much more homogenous than that after selection

at 20 μg/ml of BFA, however in mutated positions 4410 and 4542 in 2C and 5238 in 3A, at least

traces of the wt sequence could still be detected (Table 1).

The three different 2C3A genotypes (clones 46, 59, and 60) found in the population resis-

tant to 50 μg/ml were reconstructed in a replicon RNA coding for the Renilla luciferase gene

instead of the polio capsid proteins (Fig 1A). A comparison of replication of these three repli-

cons at 25 and 50 μg/ml of BFA demonstrated that genotype 59 (the most abundant among the

individual PCR fragments sequenced) was replicating better than the others (Fig 1B), and it
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was selected for further analysis. This mutant replicated in the broad range of BFA concentra-

tions, and showed a mild BFA-dependent enhancement of replication in HeLa cells (Fig 1C).

Thus, poliovirus resistance to high concentrations of BFA requires the accumulation of

multiple mutations in 2C, and can be achieved only upon the sequential increasing concentra-

tion of the drug.

Mutations in 2C are responsible for the high-level resistance to BFA

The mutations in 2C were concentrated in the N-terminal part of the protein which contains

an amphipathic helix and is important for the recruitment of 2C to membranes [54,55]. The

mutation in 3A was localized in the stretch of amino-acids where other mutations conferring

resistance to BFA and the inhibitors of the OSBP-PI4KIIIβ-dependent enrichment of the

Table 1. A summary of the mutations in the 2C-3A region of individual viral isolates and the PCR fragments obtained from the total viral RNA after sequential

selection (10 passages at 4 μg/ml of BFA followed by 10 passages at 20 μg/ml of BFA followed by 25 passages at 50 μg/ml of BFA). Green highlights indicate highly

resistant genotypes analyzed in this study.

4 μg/ml BFA selection

2C 3A

C4200T

S26L

A4286C

M58L

A4318C

Q65H

C4339A

H72Q

G4361A

V80I

A4380G

Q86R

T4410C

V96A

A4542G

N140S

G4703A

V194I

C4851T

A243V

A5067G

N315S

G5211A

R34K

A5223G

Q38G

T5238C

I43T

4_clone1 * * *
4_clone3 * * *
4_clone5 * * * *
4_clone6 * *
4_clone7 * * *

20 μg/ml BFA selection

20_clone2 * * * * *
20_clone3 * * * *
20_clone4 * * * *
20_clone5 * * * *
20_clone6 * * * *

20_pool * *mix

with wt

A

*mix

mut C/T

*mix

trace

mut A

*mix

with wt

G

*mix

with wt

T

*mix

with wt

G

*mix

with wt

T

50 μg/ml BFA selection

50_clone41 * * * * * *
50_clone44 * * * * * *
50_clone45 * * * * * *
50_clone46 * * * * * *
50_clone52 * * * * * *
50_clone53 * * * * * *
50_clone54 * * * * * *
50_clone55 * * * * * *
50_clone56 * * * * * *
50_clone57 * * * * * *
50_clone58 * * * * * *
50_clone59 * * * * * *
50_clone60 * * * * * * *

50_pool * *mix

trace

mut C

*mix

trace

mut C

* *mix

trace wt

T

*mix

trace wt

A

*mix

trace wt

T

https://doi.org/10.1371/journal.ppat.1011673.t002
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replication organelles in PI4P and cholesterol were reported [37,38,56] (Fig 2A). To under-

stand the contribution of individual mutations, we first constructed replicons containing only

2C or 3A mutations from clone 59 (59/2C and 59/3A, respectively) and assessed their replica-

tion at low (2 μg/ml) and high (25 μg/ml) concentrations of BFA. Replicon 59/3A with only

Fig 1. Selection poliovirus mutants resistant to high BFA concentration. A. A summary of mutations in 2C and 3A

proteins found in highly BFA-resistant poliovirus isolates. B. Replication of Renilla replicons with mutations found in

highly resistant genotypes at the indicated concentrations of BFA. Relative replication is calculated for the signal up to

8 h post-transfection (dashed line) and is normalized to the replication of the mutant 59.

https://doi.org/10.1371/journal.ppat.1011673.g001
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the T5238C (3A/I43T) mutation replicated much better without BFA than the parental repli-

con 59, but was severely compromised in the presence of either concentration of the inhibitor

(Fig 2B). Replicon 2C/59 also replicated better without the drug than the parental replicon 59,

although not as robustly as the replicon 59/3A. Its replication was resistant to either high or

low concentrations of the drug but was not stimulated by BFA like that of replicon 59 (Fig 2B).

In different experiments, the total replication signal of 2C/59 at the high concentration of BFA

sometimes demonstrated minimal but statistically significant decrease compared to the repli-

cation without the inhibitor. Thus, the five 2C mutations are sufficient to confer the high level

of BFA resistance but not the BFA-dependent phenotype in HeLa cells.

To see which 2C mutations contributed the most to the highly resistant phenotype, we first

constructed replicons lacking a single mutation out of the five present in 59/2C. The removal

of the most N-terminal mutation C4200T (2C/S26L) did not affect the replication at 25μg/ml

of BFA, while the replicons lacking A4318C (2C/Q65H) and C4339A (2C/H72Q) mutations

replicated at about half the efficiency of the control 59/2C replicon (S1 Fig). Interestingly, the

removal of the C-terminal mutations T4410C (2C/V96A) or A4542G (2C/N140S) noticeably

increased the level of replication in the presence of 25 μg/ml of BFA (S1 Fig). We then gener-

ated mutants containing combinations of 3 mutations in the background of a replicon lacking

Fig 2. Mutations in 2C are necessary and sufficient to impart high level of BFA resistance. A. A schematic of the 2C-3A poliovirus polyprotein fragment

with black and green numbers indicating 2C and 3A amino-acids, respectively. Known functional motives are designated by colored boxes, and BFA-resistant

mutations of genotype 59 are in red. The grey and teal highlights of the 3A amino-acids indicate locations of previously reported mutations conferring

resistance to BFA and enviroxime-like compounds, respectively. B. Replication of Renilla replicons bearing the full complement of mutations from genotype

59, or those in the 2C or 3A proteins only. Relative replication is calculated for the signal up to 8 h post-transfection (dashed line) and is normalized to that of

59. C. Replication of Renilla replicons with the indicated combinations of mutations in 2C from the genotype 59. Relative replication is calculated for the

signal up to 8 h post-transfection (dashed line) and is normalized to that of 59/2C.

https://doi.org/10.1371/journal.ppat.1011673.g002
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A4542G (2C/N140S) (the most C-terminal mutation that was dispensable for BFA-resistant

phenotype). In the presence of 25 μg/ml of BFA only the replicon containing the three most

N-terminal mutations C4200T (2C/S26L), A4318C (2C/Q65H), and C4339A (2C/H72Q) rep-

licated similar to the control 59/2C replicon, although with a delayed kinetics. Replication of

all other replicons was severely compromised, even though they still showed BFA resistance

compared to the wt replicon (Fig 2C).

Thus, the BFA resistance can be conferred by multiple mutations in 2C in the context of wt

3A, and the combination of N-terminal mutations C4200T (2C/S26L), A4318C (2C/Q65H)

and C4339A (2C/H72Q) contributes the most to the resistant phenotype.

The mutant virus demonstrates a strong BFA-dependent phenotype in a

cell-type specific manner

We analyzed the BFA-resistant phenotype of the replicon 59 in cells of different origins. In all

cell lines tested, the control wt replicon replicated efficiently and was strongly inhibited by

BFA (Fig 3A). Vero (green monkey kidney) was the only cell line where replicon 59 replicated

to the levels comparable to that of the wt replicon in the presence and in the absence of the

drug, i.e. there was no BFA-dependent phenotype (Fig 3A). In all other cell lines, the level of

the replication of the BFA-resistant replicon approached that of the control replicon only in

the presence of the drug, while in the absence of the inhibitor, its replication varied signifi-

cantly. In HeLa (human cervical carcinoma) and HEK293 (human embryonic kidney) cells,

the total replication signal of the replicon 59 was within 25% of that of the control. In Huh7

(human hepatoma), MG63 (human osteosarcoma), and A549 (human lung carcinoma) cells

the total replication signal of replicon 59 in the absence of BFA was less than 10% of the control

wt replicon replication (Fig 3A). In Caco2 (human colorectal adenocarcinoma) cells the defect

of replicon 59 replication in the absence of BFA was particularly severe, and only a trace repli-

cation signal without the drug could be observed, while in the presence of BFA, replication

was restored to nearly the level achieved by the wt replicon without the inhibitor (Fig 3A).

Previously, the analysis of the replication of a poliovirus mutant resistant to a low concen-

tration of BFA which contained single amino-acid substitutions in the 2C and 3A proteins

showed that it was dependent on the expression of GBF1 [38,39]. Thus, we compared the level

of GBF1 expression in different cell lines. No correlation between the levels of GBF1 and the

manifestation of the BFA-dependent phenotype of replicon 59 could be observed (Fig 3B).

These data show that high level of BFA resistance imparts a significant fitness cost in a cell-

type-specific manner and demonstrate the importance of cell factors for the functioning of the

viral replication machinery.

Replication of the highly BFA-resistant mutant is independent of GBF1

levels

We investigated the effect of GBF1 depletion on the replication of the highly BFA-resistant

mutant in HeLa cells. At 48h post siRNA treatment, the amount of GBF1 was significantly

decreased (Fig 4A, GBF1 western blot). Surprisingly, the replication of replicon 59 was stimu-

lated in GBF1-depleted cells in the absence of BFA, while the replication in the presence of the

drug was similar in cells treated with either control or anti-GBF1 siRNA (Fig 4A, 48h). In cells

incubated with siRNA for 72h, further reduction of GBF1 expression was observed (Fig 4A,

GBF1 western blot), but at this time point cells treated with GBF1 siRNA showed noticeable

toxicity. In cells treated with control siRNA for 72h, the BFA-dependence of replication of

mutant 59 became even more pronounced than at 48h, increasing up to ~25x compared to the

replication without the drug (Fig 4A, 72h). In GBF1-depleted cells, the replication was similar
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in the presence and in the absence of BFA, and in both conditions the replicon replicated bet-

ter than in control cells without the drug (Fig 4B, 72h). Thus, the reduction of GBF1 levels

improved viral replication in the absence of BFA, and did not affect BFA resistance.

To confirm that the 2C-mediated mechanism of high level BFA resistance does not depend

on GBF1, we introduced the 2C mutations in the context of the so-called 3A-2 mutation, inser-

tion of an additional serine at the 13th position of the protein 3A (Fig 4B). The 3A-2 mutation

in poliovirus 3A or analogous mutation in 3A of Coxsackie virus B3 severely impairs the

3A-GBF1 interaction and reduces GBF1 recruitment to replication organelles [12,34]. Accord-

ingly, we previously demonstrated that the 3A-2 mutation significantly increases the sensitivity

of poliovirus replication to BFA and compromises the efficacy of BFA-resistant mutations in

2C or 3A selected at low concentrations of the drug [36,38]. However, we observed that the

replicon 2C/59/3A-2 with the 2C of the highly resistant virus in the context of 3A-2 replicated

Fig 3. Replication of the BFA-resistant mutant is cell-type specific. A. Replication of wt replicon and the replicon with mutations in 2C and 3A from

genotype 59 in the indicated cell lines in the absence or presence of 25 μg/ml of BFA. Relative replication is calculated for the signal up to 8 h post-

transfection (dashed line) and is normalized to the replication of wt replicon without BFA. B. Expression of GBF1 in the cell lines used in A. Actin

represents a loading control.

https://doi.org/10.1371/journal.ppat.1011673.g003
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in the presence and in the absence of BFA similar to the control 2C/59 replicon containing the

wt 3A sequence. This further supports that GBF1 is unlikely to play a major role in the BFA-

resistant phenotype of this mutant (Fig 4B).

Collectively, these data strongly suggest that the mechanism of BFA resistance conferred by

mutations in 2C may be GBF1-independent.

Fig 4. BFA-resistance conferred by mutations in 2C is independent of GBF1 levels. A. Replication of the Renilla

replicon with mutations from genotype 59 in cells treated with siRNA against GBF1 for 48 (top) and 72 h (bottom)

with or without 30 μg/ml BFA. Western blot shows the level of GBF1 depletion at the time of replicon transfection.

Actin represents a loading control. Relative replication is calculated for the signal up to 8 h post-transfection (dashed

line) and is normalized to the replication in cells treated with control siRNA without BFA. B. Replication of Renilla

polio replicons (wt, with mutations in 2C form the genotype 59 (2C/59), and with a combination of BFA resistant

mutations in 2C and mutation 3A-2 in 3A that inhibits the 3A-GBF1 interaction (2C/59/3A-2)) with or without 25 μg/

ml BFA. Relative replication is calculated for the signal up to 8 h post-transfection (dashed line) and is normalized to

the replication of the wt replicon without BFA.

https://doi.org/10.1371/journal.ppat.1011673.g004

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 14 / 28

https://doi.org/10.1371/journal.ppat.1011673.g004
https://doi.org/10.1371/journal.ppat.1011673


Replication of the mutant virus induces Arf activation even in the presence

of BFA

We recently demonstrated that enterovirus replication is accompanied by the simultaneous

recruitment of all cellular Arfs to the replication organelles [33]. To monitor Arf recruitment,

we infected HeLa cell lines expressing individual Arf-Venus fusions with an MOI of 50 of the

mutant 59 in the absence and in the presence of 25 μg/ml of BFA. The cells were fixed at 6 h p.i

and imaged without additional immunostaining to maximally preserve intracellular mem-

branes. In mock-infected cells, Arfs 1, 3, 4 and 5 were released from the intracellular membra-

nous structures in the presence of BFA. As expected, Arf6, which is activated by BFA-

insensitive ArfGEFs and controls membrane trafficking associated with the plasma membrane

was not significantly affected (Fig 5A, mock panel). However, in cells infected with the mutant

59, we observed strong recruitment of all Arfs to the perinuclear replication organelles irre-

spective of the presence of BFA (Fig 5A, PV panel).

To determine if Arf activation is required for the replication of the resistant mutant, we

used LM11, a compound that inhibits the activity of both, the BFA-sensitive and the BFA-

insensitive ArfGEFs in vitro and in vivo [32]. Replication of wt virus and mutant 59 were inhib-

ited by LM11 in a dose-dependent manner (Fig 5B). Importantly, cells incubated with LM11

during the infection did not show any signs of cytotoxicity. The inhibitory effect of LM11 was

confirmed in a replicon replication experiment. The replication of the wt replicon was simi-

larly inhibited by both BFA and LM11, while replication of the replicon 59 showed strong BFA

resistance as expected, but was inhibited by LM11 similar to the wt replicon (Fig 5C). Thus,

the BFA-resistant virus still requires Arf activation for replication.

Given that Arf activation is still observed in cells infected with the mutant virus when BFA-

sensitive GEFs (such as GBF1) are inhibited implies Arf activation by BFA-insensitive ArfGEF

(s). The human genome encodes 14 proteins with functional Sec7 domains, only three of

which (GBF1, BIG1 and BIG2) are BFA-sensitive. The Sec7 domains of different ArfGEFs can

likely activate all Arfs, and the specificity of Arf activation by different ArfGEFs in cells is

determined by poorly understood targeting signals restricting specific Arfs and ArfGEFs to a

particular subcellular location (reviewed in [30]). The proteomics and transcriptomics data

show that HeLa cells express several BFA-insensitive ArfGEFs: Cythohesin1, Cytohesin2/

ARNO, Cytohesin3/ARNO3/GRP1, Iqsec1/BRAG2/GEP100, Iqsec2/BRAG, and Psd3/EFA6D

[57,58]. We first screened if siRNA-mediated depletion of these BFA-insensitive ArfGEFs

affects the replication of 2C/59 replicons in HeLa cells in the presence of 25μg/ml BFA. Deple-

tion of PSD3 and Cytohesin3 had no effect on replication (S2 Fig). Depletion of Cytohesin1 or

Cytohesin2 inhibited the replication to 30–50% of control, while the depletion of Iqsec1 and

especially Iqsec2 had a much more pronounced inhibitory effect (S2 Fig). We further analyzed

the effect of depleting Cytohesin1, 2, and Iqsec1, 2 on the replication of both 59/2C and wt rep-

licons in the presence and absence of 25μg/ml BFA. In cells treated with siRNA targeting Cyto-

hesin1, the replication of both replicons without BFA was significantly inhibited, but the BFA-

resistant phenotype of 59/2C was still observed (Fig 5D). The depletion of Cytohesin2 and

Iqsec 1 had minimal effect on the replication of either of the replicons with and without BFA

(Fig 5E and 5F). The depletion of Iqsec2 inhibited replication of the wt replicon without BFA

to ~25% of that in cells treated with control siRNA, and demonstrated the strongest suppres-

sion of the replication of the 59/2C mutant, both in the presence and absence of BFA, but the

depletion of this ArfGEF was also noticeably toxic to cells (Fig 5G).

Collectively, these results demonstrate that the 2C-mediated mechanism of high level BFA

resistance could bypass the requirement for GBF1 activity, but still requires activated Arfs that

are likely supplied by multiple BFA-insensitive ArfGEFs.
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Arf1 and Arf6, but not other Arfs provide the major contribution to the

replication of BFA-resistant viruses in the presence of BFA

To determine which of the five Arf isoforms present in HeLa cells is required to support the

replication of the 59/2C replicon in the presence of BFA, we utilized cells with CRISPR-CAS9

knockouts of individual Arf 1, 3, 4 and 5 [40], and siRNA-mediated depletion of Arf6. In con-

trol cells, the 59/2C replicon demonstrated the expected resistance to BFA with the total

Fig 5. Arfs are recruited to the replication organelles of the BFA-resistant mutant even in the presence of BFA. A. HeLa cell lines stably expressing

individual Arf-Venus fusions were infected (or mock-infected) with the BFA-resistant mutant 59 at an MOI of 50 and incubated with or without 25 μg/ml

of BFA for 6 h. B. HeLa cells were infected with wt poliovirus or the BFA-resistant mutant 59 at an MOI of 10 and incubated with the indicated

concentrations of the pan-ArfGEF inhibitor LM11 for 6 h. Accumulation of the viral protein 2C reflects replication (actin represents a loading control). C.

Replication of Renilla polio replicons (wt and the BFA-resistant genotype 59) in the presence of 25 μg/ml BFA or 200 μM of LM11. Relative replication is

calculated for the signal up to 8 h post-transfection (dashed line) and is normalized to the replication of wt replicon without the inhibitors. D-G.

Replication of Renilla polio replicons (wt and the BFA-resistant 59/2C mutant) in HeLa cells treated with siRNA targeting individual ArfGEFs with or

without 25 μg/ml of BFA. The replication assay was performed 72h post-siRNA transfection, viability data reflect the cell state at the end of the replication

assay. Relative replication is calculated for the signal up to 8 h post-transfection (dashed line) and is normalized to the replication of each replicon in cells

treated with control siRNA without the inhibitor.

https://doi.org/10.1371/journal.ppat.1011673.g005
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replication signal of ~75% and ~65% in the absence or presence of 25μg/ml of BFA, respec-

tively, compared to the replication of the wt replicon without the inhibitor (Fig 6A, HeLa con-

trol). The knockout of Arf1 and depletion of Arf6, but not the knockout of other Arfs

specifically inhibited the replication of 59/2C replicon in the presence of BFA, from 45% down

to ~14% with and without BFA for Arf1, and from ~55 to ~25% for Arf6, relative to the repli-

cation of the wt replicon in the absence of the drug (Fig 6A). We also analyzed the replication

of wt and 59/2C replicons in cells with the double knockout of both class I Arfs, Arf1 and Arf3.

The results were consistent with those observed in Arf1 knockout cells, with the replication of

the replicon 2C/59 inhibited by BFA from ~67% to ~25% of the level of the wt replicon without

the drug (Fig 6B). To confirm the essential role of Arf1 in the replication of the BFA-resistant

mutant, we analyzed the infection of the wt poliovirus and a virus with the reconstructed BFA-

resistant mutations in 2C (2C/59) in Arf1 KO cells. As shown in Fig 6C, in both control and

Arf1 knockout cell lines the replication of the wt virus was virtually completely inhibited by

25 μg/ml BFA. In contrast, the replication of the BFA-resistant mutant in the presence of BFA

was about ~50% of that without the drug in control cells, while in Arf1KO cells it dropped to

Fig 6. BFA-resistant phenotype conferred by mutations in 2C is sensitive to depletion of specific Arfs. A, B. Replication of the Renilla polio replicons (wt

and the BFA-resistant mutant 2C/59 in cells with CRISPR knockout of individual Arfs 1–5, siRNA-knockdown of Arf6, and double Arf1 and 3 CRISPR

knockout, respectively, with and without 25 μg/ml BFA. Western blot shows the level of Arf6 depletion at the time of replicon RNA transfection. Relative

replication is calculated for the signal up to 8 h post-transfection (dashed line) and is normalized to the replication of wt replicon without BFA. C. Control and

Arf1 knockout HeLa cells were infected with an MOI of 10 PFU/cell of wt and BFA-resistant poliovirus mutant 2C/59 and incubated with or without 25 μg/ml

of BFA for 4 h. p.i. The expression of 2C is normalized to the signal without BFA for each virus in each culture. The quantification of 2C accumulation was

performed from three independent experiments.Rrepresentative western blots are shown with actin as a loading control.

https://doi.org/10.1371/journal.ppat.1011673.g006
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about ~8% (Fig 6B). Thus, the BFA-resistant phenotype conferred by mutations in 2C still

depends on Arfs, and Arf1 is the major contributor to viral replication in the presence of BFA.

BFA-resistant mutations strongly increase the interaction of 2C with

activated Arf1

The accumulation of Arfs on the replication organelles of wt and the BFA-resistant virus, in

the latter case even in the presence of high concentrations of BFA, strongly suggests that acti-

vated Arfs perform an essential role in the replication process. Arfs function in cells by orga-

nizing biochemically distinct domains on membranes through direct interactions with Arf

effector proteins. Given that Arf accumulation on membranes in the presence of BFA corre-

lates with the accumulation of mutations in 2C, we hypothesized that 2C may engage in direct

interaction with Arfs. To analyze 2C-Arf interactions, we co-expressed wt poliovirus 2C, or 2C

from the resistant mutant 59 (2C/59) with individual Arf-EGFP fusions and performed co-IP

with anti-GFP beads. In control samples, 2Cs were co-expressed with only EGFP. No specific

interaction of the wt 2C with any of the Arfs could be detected in this assay, but the interaction

of the mutant 2C/59 with Arf1, and to a lesser extent with Arf3, was markedly increased

(Fig 7A).

We further focused on the interaction of 2C with Arf1 since this Arf1 contributes the most

to the replication of both wt poliovirus and BFA-resistant mutant ([33] and data presented

here).

We performed similar co-IP experiments after co-expressing the wt and BFA-resistant 2Cs

with Arf1/T31N locked in the inactive, GDP-bound conformation, and Arf1/Q71L locked in

the activated, GTP-bound conformation [59]. As above, we could not detect a specific interac-

tion of wt 2C with any of the Arf mutants, but the 2C/59 mutant interacted very strongly with

the activated Arf1/Q71L (Fig 7B).

We also analyzed the cellular localization of 2C/59 relative to activated and inactivated Arf1

using structural illuminating microscopy (SIM) imaging. As can be seen in Fig 7C, there was

no co-localization of 2C/59 with inactive Arf1 T31N mutant, while in cells co-expressing 2C/

59 and the activated Arf1 Q71L mutant the two proteins extensively co-localized (Fig 7C,

arrows). Still, there were also regions where only 2C/59 signal was present (Fig 7C,

arrowhead).

We further analyzed the 2C-Arf1 interaction under conditions of bona fide viral infection.

HeLa cells stably expressing Arf1-Venus fusion were infected with an MOI of 50 of wt poliovi-

rus, or the BFA-resistant mutant 59/2C with or without 25μg/ml of BFA, and the cells were

processed for co-IP at 6 h p.i. We used the BFA-resistant mutant with mutations only in 2C

because it replicates similarly in the presence and in the absence of BFA, in contrast to the

mutant with mutations in both 2C and 3A which shows a BFA-dependent phenotype. Arfs are

abundant cellular proteins, and only a fraction of the total Arf pool exists in the activated,

membrane-bound form. Thus, to increase the signal of the activated, membrane-bound

Arf1-Venus, which could be interacting with 2C, the co-IP was performed with the membrane

fraction of the cellular lysates. The analysis of the input showed that the replication of the wt

virus in the absence of the drug was similar to the replication of the 59/2C mutant in both con-

ditions, and that BFA effectively blocked the replication of the wt virus, as expected (Fig 7D,

input, compare lanes 1 and 3, 4)). In the co-IP samples, we observed a trace signal of wt 2C

(Fig 7D, input, lane 1), but very strong signals of mutant 2C in the pull-down from infected

cells incubated with or without BFA (Fig 7D, pull-down, lanes 3, 4). Other mutant 2C-contain-

ing fragments of polyprotein processing (2BC and P2) were also recovered in Arf1 co-IP (Fig

7D, pull-down, lanes 3, 4).
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These data show that the BFA-resistant mutations in poliovirus 2C strongly increase its

interaction with activated Arf1, suggesting a mechanism of BFA resistance based on the scav-

enging of activated Arfs generated by BFA-insensitive ArfGEFs.

Fig 7. BFA-resistant mutations in 2C increase its interaction with activated Arf1. A. HeLa cells were cotransfected with plasmids expressing poliovirus 2C

(wt or the BFA-resistant mutant (2C/59)) and those expressing individual Arf-EGFP fusions. In control cells, 2Cs were co-expressed with only EGFP. Pull-

down was performed with anti-GFP beads and the amount of the recovered proteins was determined by western blot with anti-2C and anti-GFP antibodies. B.

Hela cells were co-transfected with plasmids encoding 2Cs (wt or the BFA-resistant mutant (2C/59)) with EGFP fusions of Arf mutants T31N and Q71L locked

in GDP (inactivated) or GTP (activated) states, respectivly. Pull-down was performed with anti-GFP beads and the amount of the recovered proteins was

determined by western blot with anti-2C and anti-GFP antibodies. C. HeLa cells co-expressing 2C from the resistant mutant (2C/59) and EGFP fusions of

activated (Q71L) or inactivated (T31N) Arf1 mutants were processed for immunofluorescence with anti-2C antibody and imaged by structural illumination

superresolution microscopy. The scale bar is 10 μm. Co-localization of 2C/59 and Arf1/Q71L is indicated by arrows. Arrowhead marks 2C/59 signal separate

from the Arf1/Q71L signal. D. HeLa cells stably expressing Arf1-Venus fusion were infected with an MOI of 50 of wt poliovirus or the BFA-resistant mutant

(59/2C) and incubated with or without 25 μg/ml of BFA for 6 h. Cells were lysed and processed for membrane fraction separation which was used for co-IP

with anti-GFP beads. The amount of recovered proteins was determined by western blotting with anti-2C and anti-GFP antibodies. Polyprotein fragments P2

and 2BC are marked.

https://doi.org/10.1371/journal.ppat.1011673.g007
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2C-Arf1 interaction correlates with the sensitivity of enterovirus

replication to BFA

We further analyzed the 2C-Arf1 interaction of diverse enteroviruses. Control HeLa cells and

HeLa cells expressing Arf1-Venus fusion were infected with an MOI of 50 of poliovirus (a rep-

resentative of Enterovirus C species), Coxsackie virus B3 (Enterovirus B species), or rhinovirus

1A (Rhinovirus A species). Since these viruses replicate with different kinetics, the co-IP from

membranous fractions of the cellular lysates with anti-GFP beads was performed at 6 h p.i. for

poliovirus, 8 h p.i. for Coxsackie virus B3, and 18 h p.i. for rhinovirus 1A. In agreement with

the data shown above, there was no specific recovery of poliovirus 2C in co-IP with Arf1 Fig

8A). Similarly, we did not observe a co-IP signal for 2C of Coxsackie virus B3 (Fig 8B), but the

interaction of 2C of rhinovirus 1A with Arf1 was very strong (Fig 8C).

Because the strength of the 2C-Arf1 interaction appears to correlate with BFA resistance,

we compared the sensitivity of poliovirus and rhinovirus replication to BFA. HeLa cells were

infected with an MOI of 10 of PV or rhinovirus 1A and incubated for 8 h in the presence of

increasing concentrations of BFA. Analysis of the accumulation of viral proteins showed that

poliovirus replication was blocked even at the lowest concentration of BFA (2μg/ml), while

that of rhinovirus 1A was still robust even at the highest tested concentration (10 μg/ml) of the

drug (Fig 8D).

Thus, the increased interaction of 2C with Arf1 likely allows enteroviruses to tolerate the

inhibition of GBF1 activity.

Discussion

The antiviral therapeutics targeting host proteins hijacked by viruses are generally expected to

pose a higher barrier to the development of resistance because the host proteins cannot change

Fig 8. 2C-Arf1 interactions correlates with BFA sensitivity of enterovirus replication. A-C. Control HeLa cells or

HeLa cell stably expressing Arf1-Venus fusion) were infected (or mock-infected) with an MOI of 50 of poliovirus (A),

Coxsackie virus B3 (B) or Rhinovirus 1A (C). The cells were lysed and processed for membrane fraction separation at 6

h p.i. for poliovirus, 8 h p.i. for Coxsackievirus B3 and 18 h p.i. for Rhinovirus 1A-infected cells. The membrane

fraction was used for co-IP with anti-GFP beads and the amount of recovered proteins was determined by western

blotting with anti-2C and anti-GFP antibodies. Actin represents a control for co-IP input. D. HeLa cells were infected

(or mock-infected) with an MOI of 10 of poliovirus or Rhinovirus 1A and incubated in the presence of the indicated

concentrations of BFA for 8 h. Cells were lysed and the lysates analyzed by western blotting with anti-2C and anti-actin

(loading control) antibodies. The accumulation of the viral proteins 2C and 2BC reflects the level of replication.

https://doi.org/10.1371/journal.ppat.1011673.g008
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and because they support a process essential for the viral life cycle. Yet, the remarkable adapt-

ability of enteroviruses repeatedly challenged this notion. To our knowledge, so far only an

inhibitor (geldanomycin) of a cellular chaperone Hsp 90 required for the folding of enterovirus

capsid proteins, and an inhibitor (E5) of an unidentified cellular factor supporting replication

of diverse picornaviruses, proved to be refractory to the emergence of resistant mutants

[60,61]. The low fidelity of enterovirus RNA-dependent RNA polymerase generates a cloud of

related but not identical genomes (quasispecies) providing ample material for the selection of

resistant mutants. Still, the probability of the immediate emergence of resistance rapidly

diminishes if multiple mutations are required to overcome the selection pressure. The gradual

selection of resistant genotypes with complex mutational landscapes is likely constrained by

few evolutionary trajectories allowing additive accumulation of individual mutations [62,63].

Indeed, in this work, we document that resistance to high concentrations of BFA requires mul-

tiple mutations in the viral protein 2C, and the selection of such genotypes was only possible

upon the gradual increase of the drug concentration, accompanied by step-by-step accumula-

tion and disappearance of specific mutations. Thus, from a therapeutic standpoint, the devel-

opment of viral resistance can be prevented or promoted by the particulars of the application

protocol of an anti-viral drug.

The mutations conferring BFA resistance were concentrated in the N-terminal part of 2C

which is not resolved in the crystal structure, but is known to contain membrane targeting and

RNA binding motifs [64–67]. Interestingly, the amino-acid substitutions were localized at

positions that are not strictly conserved among enteroviruses (Fig 9). Of note, the 2C of rhino-

virus 1A which we found to be much less sensitive to BFA than poliovirus differed in these

positions (except N140, which contributed the least to the resistant phenotype) from other

enteroviruses and from the BFA-resistant poliovirus mutant (Fig 9). While overall 2C is one of

the most conserved non-structural proteins of picornaviruses [68,69], the N-terminal region of

2Cs of encaphalomyocarditis virus and foot and mouth disease virus, picornaviruses that are

Fig 9. A. Alignment of the N-terminal region of 2Cs of representative enteroviruses infecting humans (Enterovirus A—enterovirus A71, Enterovirus

B—Coxsackievirus B3, Enterovirus C—poliovirus, Enterovirus D–enterovirus D68, Rhinovirus A—rhinovirus 1A, Rhinovirus B–rhinovirus B3, Rhinovirus

C–rhinovirus C4), and picornaviruses not sensitive to BFA (Cardiovirus—encephalomyocarditis virus, and Aphtovirus—foot and mouth disease virus). (*)
indicates absolutely conserved amino-acids, (:) marksconserved substitutions and (.) marks semi-conserved substitutions. Amino-acids mutated in the highly

resistant poliovirus 2C/59 are highlighted in red. B. A model for the role of the 2C-Arf1(GTP) interaction in the replication complexes of a wt poliovirus and a

BFA-resistant poliovirus mutant. Without BFA, GBF1 is recruited to the replication organelles and generates activated Arf1, which binds and stabilizes 2C in a

functional conformation on the membranes of the replication organelles (RO). In the presence of the drug, GBF1 is inactivated and doesn’t generate Arf1

(GTP), resulting in block in replication of the wt virus. In contrast, the mutant 2C can utilize the normally limiting supply of Arf1(GTP) provided by BFA-

insensitive ArfGEFs due to its highly increased interaction with Arf1(GTP).

https://doi.org/10.1371/journal.ppat.1011673.g009
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insensitive to BFA [70,71], is highly divergent from that of enteroviruses, consistent with an

Arf-independent, BFA-non-sensitive replication (Fig 9).

2C a multifunctional protein, a member of the helicase superfamily 3 (SF3) that has an

ATP-dependent RNA helicase activity, and is important for RNA replication and virion

assembly [72–76]. Yet, the full spectrum of its functions in the viral replication cycle is far

from understood. 2C is known to engage in interactions with multiple viral proteins [77–79],

but only one cellular protein, reticulon3, a component of the ER membrane shaping complex

has been reported as interacting with 2C [80]. Herein, we describe a novel strong interaction

between poliovirus 2C containing mutations conferring BFA-resistance with an active (GTP-

bound) form of Arf1. Moreover, we detected an interaction between Arf1 and wild-type 2C of

Rhinovirus 1A. We also detected an interaction of poliovirus 2C with Arf3, which is structur-

ally most similar to Arf1 among other Arfs (both Arf1 and Arf3 are members of class I Arf). In

contrast to Arf1, the genetic ablation of Arf3 did not significantly affect the replication of the

BFA-resistant mutant, suggesting that not all 2C-Arf interactions are functionally equivalent.

It should be noted however, that in HeLa cells the expression of Arf3 is more than a hundred

times lower than that of Arf1 [81], and it is possible that in other cell types, the relative contri-

bution of Arf1 and Arf3 to replication may be different.

It was proposed that ATPase, RNA-binding, and RNA helicase activities of 2C require the

formation of different homo-oligomers, from 2 to 8 subunits, with the hexamer modeled on

the SV40 large T antigen, another member of SF3 family helicases, thought to be the likely con-

figuration of the protein in the replication complexes [66,67,82,83]. In this model, the N-termi-

nal part of the protein would be facing the membrane surface where it will be accessible to

interacting with active membrane-bound Arfs. The essential role of host factors in 2C activity

is supported by a significant variation of replication of the same BFA-resistant mutant, i.e. con-

taining the same mutations in 2C, in different cell lines.

The data reported in this paper and our previous observations [33] indicate that in infected

cells at least two different subpopulations of 2C exist–those that are located in Arf-enriched

and Arf-depleted domains, and that active Arfs may stabilize and/or activate the conformation

of 2C required to support RNA replication. This also implies that the functionalities of Arf-

enriched and Arf-depleted 2C subpopulations would be different. Thus, the interactions with

cellular components in spatially distinct domains may increase the spectrum of activities per-

formed by viral proteins, effectively compensating for the limited coding capacity of the

enterovirus genome. Together, our data strongly suggest that the 2C-Arf interaction is con-

served among enteroviruses, even though its strength may vary. The stronger rhinovirus

2C-Arf1 interaction may reflect the requirements of replication at significantly different tem-

peratures and/or cell type conditions than those for enteroviruses–upper respiratory tract and

alimentary tract, respectively. Interestingly, it was reported that the 3A proteins of rhinovirus 2

and 14 do not strongly interact with GBF1. This was attributed to the differences in the N-ter-

minal sequences between poliovirus and rhinovirus 3As [84]. Thus, the stronger 2C-Arf1

interaction could reduce the rhinovirus dependence on GBF1 activity for the recruitment of

Arf1 to the replication organelles. Consistently, the replication of rhinovirus 1A was much less

sensitive to BFA than that of poliovirus.

While it is well documented that GBF1 is an essential cellular factor for enterovirus replica-

tion, the mechanistic understanding of why its activity is required for the assembly and/or

functioning of the replication complexes is lacking. Our investigation of the replication of the

mutant viruses highly resistant to BFA-mediated inhibition of GBF1 strongly suggested that

the interaction of the viral protein 2C with activated Arf(s) is required for replication. In cells

infected with wt poliovirus, the supply of activated Arfs is ensured by the recruitment of GBF1

to the replication organelles through its interaction with the viral protein 3A [12,34,85].
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However, we observed that the replication of a BFA-resistant poliovirus mutant in the pres-

ence of BFA (when GBF1 is inhibited) was still accompanied by an accumulation of Arfs on

the replication organelles. Since Arf association with membranes requires their activation, this

raises two possibilities–either the mutant somehow restored the ArfGEF activity of GBF in the

presence of BFA, or the Arfs associated with the replication organelles were activated by other,

BFA-insensitive ArfGEF(s). Our data favor the latter possibility because the depletion of

GBF1, or preventing its recruitment to the replication organelles (by incorporating a mutation

in the viral protein 3A that severely restricts 3A-GBF1 interaction) had minimal effect on the

BFA-resistant phenotype.

The human genome encodes 12 proteins with Sec7 domains that are not inhibited by BFA.

Some of them are expressed ubiquitously, while others have a more cell-type specific expres-

sion (reviewed in [30]). Our siRNA-mediated knockdown of individual ArfGEFs could not

pinpoint a single BFA-insensitive ArfGEF that was essential for the replication of the BFA-

resistant poliovirus mutant. Replication was most severely decreased by the siRNA-mediated

depletion of Iqsec1/BRAG2, but significant decreases were also apparent by depleting Cytohe-

sin1 and to a lesser extent some other BFA-insensitive ArfGEFs. Interestingly, the depletion of

each of these BFA-insensitive ArfGEFs also inhibited the replication of wt replicon, suggesting

that BFA-insensitive ArfGEFs (in addition to GBF1) play a currently unrecognized role in the

replication process. These data are in line with our recent observation of the recruitment of a

BFA-insensitive ArfGEF Cythohesin2/ARNO to the poliovirus replication organelles [86]. It is

possible that similar to their normal cellular function, BFA-insensitive ArfGEFs contribute to

the activation of Arf6 on the replication organelles. This would explain why Arf6 depletion is

also detrimental to the replication ([33] and this work). Since Arf 6 is the most structurally

divergent of Arf GTPases (it is the sole member of class III Arfs) [30], it is likely that its func-

tion in the enterovirus replication is different from that of other Arfs, notably, Arf1. The

potential importance of multiple independent pathways of Arf activation in enterovirus repli-

cation is also supported by the data on the 3CD-mediated recruitment of BIG1 and BIG2, two

other BFA-sensitive ArfGEFs. While the exact role of Arfs activated by BIG1/2 on the replica-

tion organelles is not known, it has been established that this pathway is important for replica-

tion, and is responsible for the activation of infection-specific synthesis of several

phospholipid species [87,88]. Whether Arfs activated by GBF1, BIG1/2, and Arno (and/or

other BFA-insensitive ArfGEFs) function in distinct independent pathways on the replication

organelles, or if they can compensate for each other under certain conditions and thus pro-

mote replication resilience is an important question to answer in the future investigations. We

summarized our model of the restoration of poliovirus replication in the presence of BFA

which relies on the increase of 2C-Arf1(GTP) interaction, allowing scavenging of Arf1(GTP)

produced by BFA-insensitive ArfGEFs in Fig 9B.

Collectively, our results demonstrate that the inhibitory effect of BFA on enterovirus repli-

cation can be reversed by mutations that increase the interaction of the viral protein 2C with

the active (GTP-bound) form of Arf1, which strongly suggests that the requirement for such

interaction determines the sensitivity of enterovirus infection to BFA in the first place. Thus,

at least a subpopulation of 2C on the replication membranes likely behaves like an Arf effector

protein, with Arf1 binding triggering/stimulating/initiating specific function(s) of 2C in the

replication process. Our data also document that the development of viral resistance to the

inhibition of a cellular protein exploits pre-existing pathways and interactions with cellular

factors to restore the essential functions inaccessible to the wt virus in the presence of the

inhibitor, rather than the establishment of a new mode of replication. In this regard, it appears

that the 2C-Arf(GTP) interaction rather than GBF1 activity is indispensable for enterovirus

replication, which may guide the future development of effective anti-virals.
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S1 Fig. Replication of Renilla polio replicons with the indicated combinations of individual

mutations in 2C in the presence of 25 μg/ml BFA. Relative replication is calculated for the

signal up to 8 h post-transfection (dashed line) and is normalized to the replication of the repli-

con with the full complement of resistant mutations in 2C (59/2C).
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S2 Fig. Replication of the polio Renilla replicon with BFA-resistant mutations in 2C (59/

2C) in cells treated with siRNAs targeting individual BFA-insensitive ArfGEFs for 72 h in

the presence of 25 μg/ml of BFA. Relative replication is calculated for the signal up to 8 h

post-transfection (dashed line) and is normalized to the replication of in cells treated with con-

trol siRNA.

(PDF)

Author Contributions

Conceptualization: George A. Belov.

Formal analysis: George A. Belov.

Funding acquisition: Elizabeth Sztul, George A. Belov.

Investigation: Ekaterina G. Viktorova, Samuel Gabaglio, Seyedehmahsa Moghimi, Anna

Zimina, Bridge G. Wynn.

Methodology: Ekaterina G. Viktorova, Samuel Gabaglio, Seyedehmahsa Moghimi, Anna

Zimina, Bridge G. Wynn, Elizabeth Sztul, George A. Belov.

Project administration: Ekaterina G. Viktorova, George A. Belov.

Resources: Bridge G. Wynn, Elizabeth Sztul, George A. Belov.

Supervision: Ekaterina G. Viktorova, Elizabeth Sztul, George A. Belov.

Visualization: George A. Belov.

Writing – original draft: Elizabeth Sztul, George A. Belov.

Writing – review & editing: Ekaterina G. Viktorova, Samuel Gabaglio, Seyedehmahsa

Moghimi, Anna Zimina, Elizabeth Sztul, George A. Belov.

References
1. Tang JW, Holmes CW. Acute and chronic disease caused by enteroviruses. Virulence. 2017; 8

(7):1062–5. https://doi.org/10.1080/21505594.2017.1308620 PMID: 28362547

2. Minor P. The polio endgame. Hum Vaccin Immunother. 2014; 10(7):2106–8. https://doi.org/10.4161/

21645515.2014.981115 PMID: 25608050

3. Reed Z, Cardosa MJ. Status of research and development of vaccines for enterovirus 71. Vaccine.

2016; 34(26):2967–70. https://doi.org/10.1016/j.vaccine.2016.02.077 PMID: 26973065

4. Benschop KSM, Van der Avoort HGAM, Duizer E, Koopmans MPG. Antivirals against enteroviruses: a

critical review from a public-health perspective. Antivir Ther. 2015; 20(2):121–30. https://doi.org/10.

3851/IMP2939 PMID: 25643052

5. Bauer L, Lyoo H, van der Schaar HM, Strating JRPM, van Kuppeveld FJM. Direct-acting antivirals and

host-targeting strategies to combat enterovirus infections. Curr Opin Virol. 2017; 24:1–8. https://doi.org/

10.1016/j.coviro.2017.03.009 PMID: 28411509

6. Bienz K, Egger D, Rasser Y, Bossart W. Intracellular distribution of poliovirus proteins and the induction

of virus-specific cytoplasmic structures. Virology. 1983; 131(1):39–48. https://doi.org/10.1016/0042-

6822(83)90531-7 PMID: 6316654

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 24 / 28

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011673.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011673.s002
https://doi.org/10.1080/21505594.2017.1308620
http://www.ncbi.nlm.nih.gov/pubmed/28362547
https://doi.org/10.4161/21645515.2014.981115
https://doi.org/10.4161/21645515.2014.981115
http://www.ncbi.nlm.nih.gov/pubmed/25608050
https://doi.org/10.1016/j.vaccine.2016.02.077
http://www.ncbi.nlm.nih.gov/pubmed/26973065
https://doi.org/10.3851/IMP2939
https://doi.org/10.3851/IMP2939
http://www.ncbi.nlm.nih.gov/pubmed/25643052
https://doi.org/10.1016/j.coviro.2017.03.009
https://doi.org/10.1016/j.coviro.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28411509
https://doi.org/10.1016/0042-6822%2883%2990531-7
https://doi.org/10.1016/0042-6822%2883%2990531-7
http://www.ncbi.nlm.nih.gov/pubmed/6316654
https://doi.org/10.1371/journal.ppat.1011673


7. Hsu NY, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian PM, et al. Viral reorganization of the

secretory pathway generates distinct organelles for RNA replication. Cell. 2010; 141(5):799–811.

https://doi.org/10.1016/j.cell.2010.03.050 PMID: 20510927

8. Belov GA, Nair V, Hansen BT, Hoyt FH, Fischer ER, Ehrenfeld E. Complex Dynamic Development of

Poliovirus Membranous Replication Complexes. J Virol. 2012; 86(1):302–12. https://doi.org/10.1128/

JVI.05937-11 PMID: 22072780

9. Farhat R, Ankavay M, Lebsir N, Gouttenoire J, Jackson CL, Wychowski C, et al. Identification of GBF1

as a cellular factor required for hepatitis E virus RNA replication. Cell Microbiol. 2018; 20(1). https://doi.

org/10.1111/cmi.12804 PMID: 29112323

10. Verheije MH, Raaben M, Mari M, Lintelo EGT, Reggiori F, van Kuppeveld FJM, et al. Mouse hepatitis

coronavirus RNA replication depends on GBF1-mediated ARF1 activation. Plos Pathog. 2008; 4(6).

https://doi.org/10.1371/journal.ppat.1000088 PMID: 18551169

11. Goueslain L, Alsaleh K, Horellou P, Roingeard P, Descamps V, Duverlie G, et al. Identification of GBF1

as a Cellular Factor Required for Hepatitis C Virus RNA Replication. J Virol. 2010; 84(2):773–87.

https://doi.org/10.1128/JVI.01190-09 PMID: 19906930

12. Belov GA, Feng Q, Nikovics K, Jackson CL, Ehrenfeld E. A Critical Role of a Cellular Membrane Traffic

Protein in Poliovirus RNA Replication. Plos Pathog. 2008; 4(11). https://doi.org/10.1371/journal.ppat.

1000216 PMID: 19023417

13. Lanke KH, van der Schaar HM, Belov GA, Feng Q, Duijsings D, Jackson CL, et al. GBF1, a guanine

nucleotide exchange factor for Arf, is crucial for coxsackievirus B3 RNA replication. J Virol. 2009; 83

(22):11940–9. https://doi.org/10.1128/JVI.01244-09 PMID: 19740986

14. Casanova JE. Regulation of arf activation: the sec7 family of guanine nucleotide exchange factors. Traf-

fic. 2007; 8(11):1476–85. https://doi.org/10.1111/j.1600-0854.2007.00634.x PMID: 17850229

15. Nie ZZ, Hirsch DS, Randazzo PA. Arf and its many interactors. Curr Opin Cell Biol. 2003; 15(4):396–

404. https://doi.org/10.1016/s0955-0674(03)00071-1 PMID: 12892779

16. Kaczmarek B, Verbavatz JM, Jackson CL. GBF1 and Arf1 function in vesicular trafficking, lipid homo-

eostasis and organelle dynamics. Biol Cell. 2017; 109(12):391–9. https://doi.org/10.1111/boc.

201700042 PMID: 28985001

17. Bouvet S, Golinelli-Cohen MP, Contremoulins V, Jackson CL. Targeting of the Arf-GEF GBF1 to lipid

droplets and Golgi membranes. J Cell Sci. 2013; 126(20):4794–805. https://doi.org/10.1242/jcs.134254

PMID: 23943872

18. Soni KG, Mardones GA, Sougrat R, Smirnova E, Jackson CL, Bonifacino JS. Coatomer-dependent pro-

tein delivery to lipid droplets. J Cell Sci. 2009; 122(11):1834–41. https://doi.org/10.1242/jcs.045849

PMID: 19461073

19. Meissner JM, Bhatt JM, Lee E, Styers ML, Ivanova AA, Kahn RA, et al. The ARF guanine nucleotide

exchange factor GBF1 is targeted to Golgi membranes through a PIP-binding domain. J Cell Sci. 2018;

131(3). https://doi.org/10.1242/jcs.210245 PMID: 29361542

20. Walton K, Leier A, Sztul E. Regulating the regulators: role of phosphorylation in modulating the function

of the GBF1/BIG family of Sec7 ARF-GEFs. Febs Lett. 2020; 594(14):2213–26. https://doi.org/10.1002/

1873-3468.13798 PMID: 32333796

21. Wright J, Kahn RA, Sztul E. Regulating the large Sec7 ARF guanine nucleotide exchange factors: the

when, where and how of activation. Cell Mol Life Sci. 2014; 71(18):3419–38. https://doi.org/10.1007/

s00018-014-1602-7 PMID: 24728583

22. Sata M, Donaldson JG, Moss J, Vaughan M. Brefeldin A-inhibited guanine nucleotide-exchange activity

of Sec7 domain from yeast Sec7 with yeast and mammalian ADP ribosylation factors. P Natl Acad Sci

USA. 1998; 95(8):4204–8. https://doi.org/10.1073/pnas.95.8.4204 PMID: 9539714

23. Jackson CL, Casanova JE. Turning on ARF: the Sec7 family of guanine-nucleotide-exchange factors.

Trends Cell Biol. 2000; 10(2):60–7. https://doi.org/10.1016/s0962-8924(99)01699-2 PMID: 10652516

24. Pan HL, Yu J, Zhang LH, Carpenter A, Zhu H, Li L, et al. A Novel Small Molecule Regulator of Guanine

Nucleotide Exchange Activity of the ADP-ribosylation Factor and Golgi Membrane Trafficking. J Biol

Chem. 2008; 283(45):31087–96. https://doi.org/10.1074/jbc.M806592200 PMID: 18799457

25. Pacheco-Rodriguez G, Moss J, Vaughan M. Isolation, cloning, and characterization of brefeldin A-inhib-

ited guanine nucleotide-exchange protein for ADP-ribosylation factor. Methods Enzymol. 2001;

329:300–6. https://doi.org/10.1016/s0076-6879(01)29091-0 PMID: 11210548

26. Morinaga N, Tsai SC, Moss J, Vaughan M. Isolation of a brefeldin A-inhibited guanine nucleotide-

exchange protein for ADP ribosylation factor (ARF) 1 and ARF3 that contains a Sec7-like domain. Proc

Natl Acad Sci U S A. 1996; 93(23):12856–60. https://doi.org/10.1073/pnas.93.23.12856 PMID:

8917509

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 25 / 28

https://doi.org/10.1016/j.cell.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20510927
https://doi.org/10.1128/JVI.05937-11
https://doi.org/10.1128/JVI.05937-11
http://www.ncbi.nlm.nih.gov/pubmed/22072780
https://doi.org/10.1111/cmi.12804
https://doi.org/10.1111/cmi.12804
http://www.ncbi.nlm.nih.gov/pubmed/29112323
https://doi.org/10.1371/journal.ppat.1000088
http://www.ncbi.nlm.nih.gov/pubmed/18551169
https://doi.org/10.1128/JVI.01190-09
http://www.ncbi.nlm.nih.gov/pubmed/19906930
https://doi.org/10.1371/journal.ppat.1000216
https://doi.org/10.1371/journal.ppat.1000216
http://www.ncbi.nlm.nih.gov/pubmed/19023417
https://doi.org/10.1128/JVI.01244-09
http://www.ncbi.nlm.nih.gov/pubmed/19740986
https://doi.org/10.1111/j.1600-0854.2007.00634.x
http://www.ncbi.nlm.nih.gov/pubmed/17850229
https://doi.org/10.1016/s0955-0674%2803%2900071-1
http://www.ncbi.nlm.nih.gov/pubmed/12892779
https://doi.org/10.1111/boc.201700042
https://doi.org/10.1111/boc.201700042
http://www.ncbi.nlm.nih.gov/pubmed/28985001
https://doi.org/10.1242/jcs.134254
http://www.ncbi.nlm.nih.gov/pubmed/23943872
https://doi.org/10.1242/jcs.045849
http://www.ncbi.nlm.nih.gov/pubmed/19461073
https://doi.org/10.1242/jcs.210245
http://www.ncbi.nlm.nih.gov/pubmed/29361542
https://doi.org/10.1002/1873-3468.13798
https://doi.org/10.1002/1873-3468.13798
http://www.ncbi.nlm.nih.gov/pubmed/32333796
https://doi.org/10.1007/s00018-014-1602-7
https://doi.org/10.1007/s00018-014-1602-7
http://www.ncbi.nlm.nih.gov/pubmed/24728583
https://doi.org/10.1073/pnas.95.8.4204
http://www.ncbi.nlm.nih.gov/pubmed/9539714
https://doi.org/10.1016/s0962-8924%2899%2901699-2
http://www.ncbi.nlm.nih.gov/pubmed/10652516
https://doi.org/10.1074/jbc.M806592200
http://www.ncbi.nlm.nih.gov/pubmed/18799457
https://doi.org/10.1016/s0076-6879%2801%2929091-0
http://www.ncbi.nlm.nih.gov/pubmed/11210548
https://doi.org/10.1073/pnas.93.23.12856
http://www.ncbi.nlm.nih.gov/pubmed/8917509
https://doi.org/10.1371/journal.ppat.1011673


27. Morinaga N, Moss J, Vaughan M. Cloning and expression of a cDNA encoding a bovine brain brefeldin

A-sensitive guanine nucleotide-exchange protein for ADP-ribosylation factor. Proc Natl Acad Sci U S A.

1997; 94(24):12926–31. https://doi.org/10.1073/pnas.94.24.12926 PMID: 9371777

28. Peyroche A, Antonny B, Robineau S, Acker J, Cherfils J, Jackson CL. Brefeldin A acts to stabilize an

abortive ARF-GDP-Sec7 domain protein complex: involvement of specific residues of the Sec7 domain.

Mol Cell. 1999; 3(3):275–85. https://doi.org/10.1016/s1097-2765(00)80455-4 PMID: 10198630

29. Niu TK, Pfeifer AC, Lippincott-Schwartz J, Jackson CL. Dynamics of GBF1, a brefeldin A-sensitive Arf1

exchange factor at the Golgi. Mol Biol Cell. 2005; 16(3):1213–22. https://doi.org/10.1091/mbc.e04-07-

0599 PMID: 15616190

30. Sztul E, Chen PW, Casanova JE, Cherfils J, Decks JB, Lambright DG, et al. ARF GTPases and their

GEFs and GAPs: concepts and challenges. Mol Biol Cell. 2019; 30(11):1249–71. https://doi.org/10.

1091/mbc.E18-12-0820 PMID: 31084567

31. Saenz JB, Sun WJ, Chang JW, Li J, Bursulaya B, Gray NS, et al. Golgicide A reveals essential roles for

GBF1 in Golgi assembly and function. Nat Chem Biol. 2009; 5(3):157–65. https://doi.org/10.1038/

nchembio.144 PMID: 19182783

32. Viaud J, Zeghouf M, Barelli H, Zeeh JC, Padilla A, Guibert B, et al. Structure-based discovery of an

inhibitor of Arf activation by Sec7 domains through targeting of protein-protein complexes. Proc Natl

Acad Sci U S A. 2007; 104(25):10370–5. https://doi.org/10.1073/pnas.0700773104 PMID: 17563369

33. Moghimi S, Viktorova E, Zimina A, Szul T, Sztul E, Belov GA. Enterovirus Infection Induces Massive

Recruitment of All Isoforms of Small Cellular Arf GTPases to the Replication Organelles. J Virol. 2020;

95(2).

34. Wessels E, Duijsings D, Lanke KHW, Melchers WJG, Jackson CL, van Kuppeveld FJM. Molecular

determinants of the interaction between coxsackievirus protein 3A and guanine nucleotide exchange

factor GBF1. J Virol. 2007; 81(10):5238–45. https://doi.org/10.1128/JVI.02680-06 PMID: 17329336

35. van der Linden L, van der Schaar HM, Lanke KHW, Neyts J, van Kuppeveld FJM. Differential Effects of

the Putative GBF1 Inhibitors Golgicide A and AG1478 on Enterovirus Replication. J Virol. 2010; 84

(15):7535–42.

36. Viktorova EG, Gabaglio S, Meissner JM, Lee E, Moghimi S, Sztul E, et al. A Redundant Mechanism of

Recruitment Underlies the Remarkable Plasticity of the Requirement of Poliovirus Replication for the

Cellular ArfGEF GBF1. J Virol. 2019; 93(21). https://doi.org/10.1128/JVI.00856-19 PMID: 31375590

37. Crotty S, Saleh MC, Gitlin L, Beske O, Andino R. The poliovirus replication machinery can escape inhibi-

tion by an antiviral drug that targets a host cell protein. J Virol. 2004; 78(7):3378–86. https://doi.org/10.

1128/jvi.78.7.3378-3386.2004 PMID: 15016860

38. Viktorova EG, Nchoutmboube J, Ford-Siltz LA, Belov GA. Cell-Specific Establishment of Poliovirus

Resistance to an Inhibitor Targeting a Cellular Protein. J Virol. 2015; 89(8):4372–86. https://doi.org/10.

1128/JVI.00055-15 PMID: 25653442

39. Belov GA, Kovtunovych G, Jackson CL, Ehrenfeld E. Poliovirus replication requires the N-terminus but

not the catalytic Sec7 domain of ArfGEF GBF1. Cell Microbiol. 2010; 12(10):1463–79. https://doi.org/

10.1111/j.1462-5822.2010.01482.x PMID: 20497182

40. Pennauer M, Buczak K, Prescianotto-Baschong C, Spiess M. Shared and specific functions of Arfs 1–5

at the Golgi revealed by systematic knockouts. J Cell Biol. 2022; 221(1). https://doi.org/10.1083/jcb.

202106100 PMID: 34749397

41. Belov GA, Fogg MH, Ehrenfeld E. Poliovirus proteins induce membrane association of GTPase ADP-

ribosylation factor. J Virol. 2005; 79(11):7207–16. https://doi.org/10.1128/JVI.79.11.7207-7216.2005

PMID: 15890959

42. Viktorova EG, Khattar S, Samal S, Belov GA. Poliovirus Replicon RNA Generation, Transfection, Pack-

aging, and Quantitation of Replication. Curr Protoc Microbiol. 2018; 48:15H 4 1-H 4 https://doi.org/10.

1002/cpmc.47 PMID: 29512114

43. Pasamontes L, Egger D, Bienz K. Production of monoclonal and monospecific antibodies against non-

capsid proteins of poliovirus. J Gen Virol. 1986; 67 (Pt 11):2415–22. https://doi.org/10.1099/0022-1317-

67-11-2415 PMID: 2431100

44. Rafiq NB, Lieu ZZ, Jiang T, Yu CH, Matsudaira P, Jones GE, et al. Podosome assembly is controlled by

the GTPase ARF1 and its nucleotide exchange factor ARNO. J Cell Biol. 2017; 216(1):181–97. https://

doi.org/10.1083/jcb.201605104 PMID: 28007915

45. Oh SJ, Santy LC. Differential effects of cytohesins 2 and 3 on beta1 integrin recycling. J Biol Chem.

2010; 285(19):14610–6. https://doi.org/10.1074/jbc.M109.043935 PMID: 20223830

46. Moravec R, Conger KK, D’Souza R, Allison AB, Casanova JE. BRAG2/GEP100/IQSec1 interacts with

clathrin and regulates alpha5beta1 integrin endocytosis through activation of ADP ribosylation factor 5

(Arf5). J Biol Chem. 2012; 287(37):31138–47.

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 26 / 28

https://doi.org/10.1073/pnas.94.24.12926
http://www.ncbi.nlm.nih.gov/pubmed/9371777
https://doi.org/10.1016/s1097-2765%2800%2980455-4
http://www.ncbi.nlm.nih.gov/pubmed/10198630
https://doi.org/10.1091/mbc.e04-07-0599
https://doi.org/10.1091/mbc.e04-07-0599
http://www.ncbi.nlm.nih.gov/pubmed/15616190
https://doi.org/10.1091/mbc.E18-12-0820
https://doi.org/10.1091/mbc.E18-12-0820
http://www.ncbi.nlm.nih.gov/pubmed/31084567
https://doi.org/10.1038/nchembio.144
https://doi.org/10.1038/nchembio.144
http://www.ncbi.nlm.nih.gov/pubmed/19182783
https://doi.org/10.1073/pnas.0700773104
http://www.ncbi.nlm.nih.gov/pubmed/17563369
https://doi.org/10.1128/JVI.02680-06
http://www.ncbi.nlm.nih.gov/pubmed/17329336
https://doi.org/10.1128/JVI.00856-19
http://www.ncbi.nlm.nih.gov/pubmed/31375590
https://doi.org/10.1128/jvi.78.7.3378-3386.2004
https://doi.org/10.1128/jvi.78.7.3378-3386.2004
http://www.ncbi.nlm.nih.gov/pubmed/15016860
https://doi.org/10.1128/JVI.00055-15
https://doi.org/10.1128/JVI.00055-15
http://www.ncbi.nlm.nih.gov/pubmed/25653442
https://doi.org/10.1111/j.1462-5822.2010.01482.x
https://doi.org/10.1111/j.1462-5822.2010.01482.x
http://www.ncbi.nlm.nih.gov/pubmed/20497182
https://doi.org/10.1083/jcb.202106100
https://doi.org/10.1083/jcb.202106100
http://www.ncbi.nlm.nih.gov/pubmed/34749397
https://doi.org/10.1128/JVI.79.11.7207-7216.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890959
https://doi.org/10.1002/cpmc.47
https://doi.org/10.1002/cpmc.47
http://www.ncbi.nlm.nih.gov/pubmed/29512114
https://doi.org/10.1099/0022-1317-67-11-2415
https://doi.org/10.1099/0022-1317-67-11-2415
http://www.ncbi.nlm.nih.gov/pubmed/2431100
https://doi.org/10.1083/jcb.201605104
https://doi.org/10.1083/jcb.201605104
http://www.ncbi.nlm.nih.gov/pubmed/28007915
https://doi.org/10.1074/jbc.M109.043935
http://www.ncbi.nlm.nih.gov/pubmed/20223830
https://doi.org/10.1371/journal.ppat.1011673


47. Hinze SJ, Jackson MR, Lie S, Jolly L, Field M, Barry SC, et al. Incorrect dosage of IQSEC2, a known

intellectual disability and epilepsy gene, disrupts dendritic spine morphogenesis. Transl Psychiatry.

2017; 7(5):e1110. https://doi.org/10.1038/tp.2017.81 PMID: 28463240

48. Montagnac G, Sibarita JB, Loubery S, Daviet L, Romao M, Raposo G, et al. ARF6 Interacts with JIP4 to

Control a Motor Switch Mechanism Regulating Endosome Traffic in Cytokinesis. Curr Biol. 2009; 19

(3):184–95. https://doi.org/10.1016/j.cub.2008.12.043 PMID: 19211056

49. Tse YC, Lo SW, Hillmer S, Dupree P, Jiang LW. Dynamic response of prevacuolar compartments to

brefeldin A in plant cells. Plant Physiol. 2006; 142(4):1442–59. https://doi.org/10.1104/pp.106.090423

PMID: 17041023

50. Nebenfuhr A, Ritzenthaler C, Robinson DG. Brefeldin A: Deciphering an enigmatic inhibitor of secretion.

Plant Physiol. 2002; 130(3):1102–8. https://doi.org/10.1104/pp.011569 PMID: 12427977

51. Kim S, Kim H, Ko D, Yamaoka Y, Otsuru M, Kawai-Yamada M, et al. Rapid Induction of Lipid Droplets

in Chlamydomonas reinhardtii and Chlorella vulgaris by Brefeldin A. Plos One. 2013; 8(12). https://doi.

org/10.1371/journal.pone.0081978 PMID: 24349166

52. Alonso M, Burgos HI, Pannunzio V, Hughes AM, Mattoon JR, Stella CA. Brefeldin a decreases the

activity of the general amino acid permease (GAP1) and the more specific systems for L-leucine uptake

in Saccharomyces cerevisiae. Cell Mol Biol Lett. 2006; 11(2):256–63. https://doi.org/10.2478/s11658-

006-0020-8 PMID: 16847570

53. Ritzenthaler C, Nebenfuhr A, Movafeghi A, Stussi-Garaud C, Behnia L, Pimpl P, et al. Reevaluation of

the effects of brefeldin A on plant cells using tobacco bright yellow 2 cells expressing Golgi-targeted

green fluorescent protein and COPI antisera. Plant Cell. 2002; 14(1):237–61. https://doi.org/10.1105/

tpc.010237 PMID: 11826310

54. Echeverri AC, Dasgupta A. Amino terminal regions of poliovirus 2C protein mediate membrane binding.

Virology. 1995; 208(2):540–53. https://doi.org/10.1006/viro.1995.1185 PMID: 7747426

55. Paul AV, Molla A, Wimmer E. Studies of a putative amphipathic helix in the N-terminus of poliovirus pro-

tein 2C. Virology. 1994; 199(1):188–99. https://doi.org/10.1006/viro.1994.1111 PMID: 8116242

56. Arita M, Bigay J. Poliovirus Evolution toward Independence from the Phosphatidylinositol-4 Kinase III

beta/Oxysterol-Binding Protein Family I Pathway. ACS Infect Dis. 2019; 5(6):962–73.

57. Geiger T, Wehner A, Schaab C, Cox J, Mann M. Comparative proteomic analysis of eleven common

cell lines reveals ubiquitous but varying expression of most proteins. Mol Cell Proteomics. 2012; 11(3):

M111 014050. https://doi.org/10.1074/mcp.M111.014050 PMID: 22278370

58. Nagaraj N, Wisniewski JR, Geiger T, Cox J, Kircher M, Kelso J, et al. Deep proteome and transcriptome

mapping of a human cancer cell line. Mol Syst Biol. 2011; 7:548. https://doi.org/10.1038/msb.2011.81

PMID: 22068331

59. Dascher C, Balch WE. Dominant inhibitory mutants of ARF1 block endoplasmic reticulum to Golgi trans-

port and trigger disassembly of the Golgi apparatus. J Biol Chem. 1994; 269(2):1437–48. PMID:

8288610

60. Geller R, Vignuzzi M, Andino R, Frydman J. Evolutionary constraints on chaperone-mediated folding

provide an antiviral approach refractory to development of drug resistance. Genes Dev. 2007; 21

(2):195–205. https://doi.org/10.1101/gad.1505307 PMID: 17234885

61. Ford Siltz LA, Viktorova EG, Zhang B, Kouiavskaia D, Dragunsky E, Chumakov K, et al. New small-mol-

ecule inhibitors effectively blocking picornavirus replication. J Virol. 2014; 88(19):11091–107. https://

doi.org/10.1128/JVI.01877-14 PMID: 25008939

62. Stern A, Yeh MT, Zinger T, Smith M, Wright C, Ling G, et al. The Evolutionary Pathway to Virulence of

an RNA Virus. Cell. 2017; 169(1):35–+. https://doi.org/10.1016/j.cell.2017.03.013 PMID: 28340348

63. Valesano AL, Taniuchi M, Fitzsimmons WJ, Islam MO, Ahmed T, Zaman K, et al. The Early Evolution of

Oral Poliovirus Vaccine Is Shaped by Strong Positive Selection and Tight Transmission Bottlenecks.

Cell Host Microbe. 2021; 29(1):32–43 e4. https://doi.org/10.1016/j.chom.2020.10.011 PMID: 33212020

64. Echeverri A, Banerjee R, Dasgupta A. Amino-terminal region of poliovirus 2C protein is sufficient for

membrane binding. Virus Res. 1998; 54(2):217–23. https://doi.org/10.1016/s0168-1702(98)00016-1

PMID: 9696129

65. Rodriguez PL, Carrasco L. Poliovirus protein 2C contains two regions involved in RNA binding activity.

J Biol Chem. 1995; 270(17):10105–12. https://doi.org/10.1074/jbc.270.17.10105 PMID: 7730315

66. Guan H, Tian J, Qin B, Wojdyla JA, Wang B, Zhao Z, et al. Crystal structure of 2C helicase from entero-

virus 71. Sci Adv. 2017; 3(4):e1602573. https://doi.org/10.1126/sciadv.1602573 PMID: 28508043

67. Guan H, Tian J, Zhang C, Qin B, Cui S. Crystal structure of a soluble fragment of poliovirus 2CATPase.

Plos Pathog. 2018; 14(9):e1007304. https://doi.org/10.1371/journal.ppat.1007304 PMID: 30231078

68. Zell R, Delwart E, Gorbalenya AE, Hovi T, King AMQ, Knowles NJ, et al. ICTV Virus Taxonomy Profile:

Picornaviridae. J Gen Virol. 2017; 98(10):2421–2. https://doi.org/10.1099/jgv.0.000911 PMID: 28884666

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 27 / 28

https://doi.org/10.1038/tp.2017.81
http://www.ncbi.nlm.nih.gov/pubmed/28463240
https://doi.org/10.1016/j.cub.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19211056
https://doi.org/10.1104/pp.106.090423
http://www.ncbi.nlm.nih.gov/pubmed/17041023
https://doi.org/10.1104/pp.011569
http://www.ncbi.nlm.nih.gov/pubmed/12427977
https://doi.org/10.1371/journal.pone.0081978
https://doi.org/10.1371/journal.pone.0081978
http://www.ncbi.nlm.nih.gov/pubmed/24349166
https://doi.org/10.2478/s11658-006-0020-8
https://doi.org/10.2478/s11658-006-0020-8
http://www.ncbi.nlm.nih.gov/pubmed/16847570
https://doi.org/10.1105/tpc.010237
https://doi.org/10.1105/tpc.010237
http://www.ncbi.nlm.nih.gov/pubmed/11826310
https://doi.org/10.1006/viro.1995.1185
http://www.ncbi.nlm.nih.gov/pubmed/7747426
https://doi.org/10.1006/viro.1994.1111
http://www.ncbi.nlm.nih.gov/pubmed/8116242
https://doi.org/10.1074/mcp.M111.014050
http://www.ncbi.nlm.nih.gov/pubmed/22278370
https://doi.org/10.1038/msb.2011.81
http://www.ncbi.nlm.nih.gov/pubmed/22068331
http://www.ncbi.nlm.nih.gov/pubmed/8288610
https://doi.org/10.1101/gad.1505307
http://www.ncbi.nlm.nih.gov/pubmed/17234885
https://doi.org/10.1128/JVI.01877-14
https://doi.org/10.1128/JVI.01877-14
http://www.ncbi.nlm.nih.gov/pubmed/25008939
https://doi.org/10.1016/j.cell.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28340348
https://doi.org/10.1016/j.chom.2020.10.011
http://www.ncbi.nlm.nih.gov/pubmed/33212020
https://doi.org/10.1016/s0168-1702%2898%2900016-1
http://www.ncbi.nlm.nih.gov/pubmed/9696129
https://doi.org/10.1074/jbc.270.17.10105
http://www.ncbi.nlm.nih.gov/pubmed/7730315
https://doi.org/10.1126/sciadv.1602573
http://www.ncbi.nlm.nih.gov/pubmed/28508043
https://doi.org/10.1371/journal.ppat.1007304
http://www.ncbi.nlm.nih.gov/pubmed/30231078
https://doi.org/10.1099/jgv.0.000911
http://www.ncbi.nlm.nih.gov/pubmed/28884666
https://doi.org/10.1371/journal.ppat.1011673


69. Norder H, De Palma AM, Selisko B, Costenaro L, Papageorgiou N, Arnan C, et al. Picornavirus non-

structural proteins as targets for new anti-virals with broad activity. Antiviral Res. 2011; 89(3):204–18.

https://doi.org/10.1016/j.antiviral.2010.12.007 PMID: 21236302

70. Gazina EV, Mackenzie JM, Gorrell RJ, Anderson DA. Differential requirements for COPI coats in forma-

tion of replication complexes among three genera of Picornaviridae. J Virol. 2002; 76(21):11113–22.

https://doi.org/10.1128/jvi.76.21.11113-11122.2002 PMID: 12368353

71. Midgley R, Moffat K, Berryman S, Hawes P, Simpson J, Fullen D, et al. A role for endoplasmic reticulum

exit sites in foot-and-mouth disease virus infection. J Gen Virol. 2013; 94(Pt 12):2636–46. https://doi.

org/10.1099/vir.0.055442-0 PMID: 23963534

72. Li JP, Baltimore D. Isolation of poliovirus 2C mutants defective in viral RNA synthesis. J Virol. 1988; 62

(11):4016–21. https://doi.org/10.1128/JVI.62.11.4016-4021.1988 PMID: 2845120

73. Mirzayan C, Wimmer E. Genetic analysis of an NTP-binding motif in poliovirus polypeptide 2C. Virology.

1992; 189(2):547–55. https://doi.org/10.1016/0042-6822(92)90578-d PMID: 1322588

74. Barton DJ, Flanegan JB. Synchronous replication of poliovirus RNA: initiation of negative-strand RNA

synthesis requires the guanidine-inhibited activity of protein 2C. J Virol. 1997; 71(11):8482–9. https://

doi.org/10.1128/JVI.71.11.8482-8489.1997 PMID: 9343205

75. Vance LM, Moscufo N, Chow M, Heinz BA. Poliovirus 2C region functions during encapsidation of viral

RNA. J Virol. 1997; 71(11):8759–65. https://doi.org/10.1128/JVI.71.11.8759-8765.1997 PMID:

9343235

76. Liu Y, Wang C, Mueller S, Paul AV, Wimmer E, Jiang P. Direct interaction between two viral proteins,

the nonstructural protein 2C and the capsid protein VP3, is required for enterovirus morphogenesis.

Plos Pathog. 2010; 6(8):e1001066. https://doi.org/10.1371/journal.ppat.1001066 PMID: 20865167

77. Banerjee R, Weidman MK, Echeverri A, Kundu P, Dasgupta A. Regulation of poliovirus 3C protease by

the 2C polypeptide. J Virol. 2004; 78(17):9243–56. https://doi.org/10.1128/JVI.78.17.9243-9256.2004

PMID: 15308719

78. Yin J, Liu Y, Wimmer E, Paul AV. Complete protein linkage map between the P2 and P3 non-structural

proteins of poliovirus. J Gen Virol. 2007; 88(Pt 8):2259–67. https://doi.org/10.1099/vir.0.82795-0 PMID:

17622630

79. Teterina NL, Levenson E, Rinaudo MS, Egger D, Bienz K, Gorbalenya AE, et al. Evidence for functional

protein interactions required for poliovirus RNA replication. J Virol. 2006; 80(11):5327–37. https://doi.

org/10.1128/JVI.02684-05 PMID: 16699013

80. Tang WF, Yang SY, Wu BW, Jheng JR, Chen YL, Shih CH, et al. Reticulon 3 binds the 2C protein of

enterovirus 71 and is required for viral replication. J Biol Chem. 2007; 282(8):5888–98. https://doi.org/

10.1074/jbc.M611145200 PMID: 17182608

81. Itzhak DN, Tyanova S, Cox J, Borner GH. Global, quantitative and dynamic mapping of protein subcel-

lular localization. Elife. 2016; 5. https://doi.org/10.7554/eLife.16950 PMID: 27278775

82. Adams P, Kandiah E, Effantin G, Steven AC, Ehrenfeld E. Poliovirus 2C protein forms homo-oligomeric

structures required for ATPase activity. J Biol Chem. 2009; 284(33):22012–21. https://doi.org/10.1074/

jbc.M109.031807 PMID: 19520852

83. Yeager C, Carter G, Gohara DW, Yennawar NH, Enemark EJ, Arnold JJ, et al. Enteroviral 2C protein is

an RNA-stimulated ATPase and uses a two-step mechanism for binding to RNA and ATP. Nucleic

Acids Res. 2022; 50(20):11775–98. https://doi.org/10.1093/nar/gkac1054 PMID: 36399514

84. Wessels E, Duijsings D, Lanke KH, van Dooren SH, Jackson CL, Melchers WJ, et al. Effects of picorna-

virus 3A Proteins on Protein Transport and GBF1-dependent COP-I recruitment. J Virol. 2006; 80

(23):11852–60. https://doi.org/10.1128/JVI.01225-06 PMID: 17005635

85. Wessels E, Duijsings D, Niu TK, Neumann S, Oorschot VM, de Lange F, et al. A viral protein that blocks

Arf1-mediated COP-I assembly by inhibiting the guanine nucleotide exchange factor GBF1. Dev Cell.

2006; 11(2):191–201. https://doi.org/10.1016/j.devcel.2006.06.005 PMID: 16890159

86. Moghimi S, Viktorova EG, Gabaglio S, Zimina A, Budnik B, Wynn BG, et al. A Proximity biotinylation

assay with a host protein bait reveals multiple factors modulating enterovirus replication. Plos Pathog.

2022; 18(10):e1010906. https://doi.org/10.1371/journal.ppat.1010906 PMID: 36306280

87. Banerjee S, Aponte-Diaz D, Yeager C, Sharma SD, Ning G, Oh HS, et al. Hijacking of multiple phospho-

lipid biosynthetic pathways and induction of membrane biogenesis by a picornaviral 3CD protein. Plos

Pathog. 2018; 14(5):e1007086. https://doi.org/10.1371/journal.ppat.1007086 PMID: 29782554

88. Belov GA, Habbersett C, Franco D, Ehrenfeld E. Activation of cellular Arf GTPases by poliovirus protein

3CD correlates with virus replication. J Virol. 2007; 81(17):9259–67. https://doi.org/10.1128/JVI.00840-

07 PMID: 17567696

PLOS PATHOGENS Enteorivurs 2C is an Arf effector protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011673 September 18, 2023 28 / 28

https://doi.org/10.1016/j.antiviral.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21236302
https://doi.org/10.1128/jvi.76.21.11113-11122.2002
http://www.ncbi.nlm.nih.gov/pubmed/12368353
https://doi.org/10.1099/vir.0.055442-0
https://doi.org/10.1099/vir.0.055442-0
http://www.ncbi.nlm.nih.gov/pubmed/23963534
https://doi.org/10.1128/JVI.62.11.4016-4021.1988
http://www.ncbi.nlm.nih.gov/pubmed/2845120
https://doi.org/10.1016/0042-6822%2892%2990578-d
http://www.ncbi.nlm.nih.gov/pubmed/1322588
https://doi.org/10.1128/JVI.71.11.8482-8489.1997
https://doi.org/10.1128/JVI.71.11.8482-8489.1997
http://www.ncbi.nlm.nih.gov/pubmed/9343205
https://doi.org/10.1128/JVI.71.11.8759-8765.1997
http://www.ncbi.nlm.nih.gov/pubmed/9343235
https://doi.org/10.1371/journal.ppat.1001066
http://www.ncbi.nlm.nih.gov/pubmed/20865167
https://doi.org/10.1128/JVI.78.17.9243-9256.2004
http://www.ncbi.nlm.nih.gov/pubmed/15308719
https://doi.org/10.1099/vir.0.82795-0
http://www.ncbi.nlm.nih.gov/pubmed/17622630
https://doi.org/10.1128/JVI.02684-05
https://doi.org/10.1128/JVI.02684-05
http://www.ncbi.nlm.nih.gov/pubmed/16699013
https://doi.org/10.1074/jbc.M611145200
https://doi.org/10.1074/jbc.M611145200
http://www.ncbi.nlm.nih.gov/pubmed/17182608
https://doi.org/10.7554/eLife.16950
http://www.ncbi.nlm.nih.gov/pubmed/27278775
https://doi.org/10.1074/jbc.M109.031807
https://doi.org/10.1074/jbc.M109.031807
http://www.ncbi.nlm.nih.gov/pubmed/19520852
https://doi.org/10.1093/nar/gkac1054
http://www.ncbi.nlm.nih.gov/pubmed/36399514
https://doi.org/10.1128/JVI.01225-06
http://www.ncbi.nlm.nih.gov/pubmed/17005635
https://doi.org/10.1016/j.devcel.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16890159
https://doi.org/10.1371/journal.ppat.1010906
http://www.ncbi.nlm.nih.gov/pubmed/36306280
https://doi.org/10.1371/journal.ppat.1007086
http://www.ncbi.nlm.nih.gov/pubmed/29782554
https://doi.org/10.1128/JVI.00840-07
https://doi.org/10.1128/JVI.00840-07
http://www.ncbi.nlm.nih.gov/pubmed/17567696
https://doi.org/10.1371/journal.ppat.1011673

