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The genus Enterovirus of the Picornaviridae family contains many established and
emerging pathogens. However, licensed vaccines are currently available only against
poliovirus and enterovirus A71. No therapeutics have been officially approved to treat any
enterovirus infections, although some are being developed. To find suitable targets for
antivirals and control the infections, we need to understand the virus's life cycle better and
identify the cellular factors involved in virus infection. Enterovirus genome replication
occurs on the unique membranes known as replication organelles (ROs). A Golgi resident
protein, GBF1, is recruited to the ROs by a viral protein 3A. GBF1 activates small GTPases
Arf, which are critical regulators of the cellular secretory pathway. Here, we investigated

the mechanistic details of GBF1-dependent Arf activation during enterovirus replication



and characterized the proteome of the ROs in the vicinity of GBF1. We showed that Arfl
appeared to be the first to associate with the ROs, followed by other Arfs. Once activated
and recruited to the ROs, all Arfs except Arf3 were no longer sensitive to inhibition of
GBF1, suggesting that they do not actively cycle between GTP- and GDP-bound states in
infected cells. siRNA depletion studies demonstrated an increased sensitivity of polio
replication to inhibition of GBF1 in Arfl-, and to a lesser extent, Arf6-depleted cells,
indicating the importance of GBF1-mediated activation of these Arfs for the viral
replication. Taking advantage of the GBF1 recruitment to the ROs and GBF1’s essential
role in enterovirus replication, we used a GBF1 construct fused to APEX2 peroxidase to
explore the proteome of the ROs by proximity biotinylation. Among the proteins
biotinylated in infected cells were the known cellular factors recruited to the ROs,
including PI4KIIIB, OSBP, and ACBD3, indicating that these proteins are localized close
to GBF1. Among the viral proteins, the intermediate products of the polyprotein processing
were overrepresented, suggesting that GBF1 is localized close to the sites of active
polyprotein processing. About 85% of the proteins identified by MS have not been
previously associated with enterovirus infection. Gene ontology analysis revealed a
significant enrichment of RNA binding and mRNA metabolic processes, suggesting a close
localization of GBF1 to the RNA replication complexes. siRNA knockdown functional
analysis of the selected proteins showed the recruitment of both proviral and antiviral
factors to the ROs. Collectively, our work revealed important details about the involvement
of Arfs in the replication process, introduced a highly efficient system to investigate the
proteome of the enterovirus ROs, and provided novel data about the protein composition

of the GBF 1-enriched environment in the replication sites.
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Chapter 1: Introduction to Enteroviruses

1.1 Enteroviruses classification

The genus Enterovirus of the Picornaviridae family contains 15 species,
enteroviruses A to L and rhinoviruses A to C, which cause many established and emerging
diseases in humans and animals. Enteroviruses were formerly discriminated based on
criteria such as host specificity, receptor usage, disease manifestations in experimental
animals and humans, and epitope specificity of the VP1 capsid protein in neutralization
assays (52). Nowadays, however, enteroviruses are classified based on the VP1 capsid
protein sequences (11, 156, 192). Among the enterovirus species, enteroviruses A to D and
rhinoviruses can cause a wide range of illnesses in humans. Poliovirus, the representative
member of the genus, belongs to the Enterovirus C species along with 22 serotypes of
Coxsackie A viruses and several numbered enteroviruses. 25 serotypes of Coxsackie A
viruses and numbered enteroviruses such as enterovirus A7l are in the Enterovirus A
species. The Enterovirus B species contains 63 serotypes, some of which are important
human pathogens such as Coxsackie B viruses and echoviruses. The Enterovirus D species
comprises five serotypes of numbered enteroviruses, such as enterovirus D68 and D70
(154). Human rhinoviruses were initially divided into major and minor groups based on
the usage of cell surface receptors and their sensitivity to antiviral compounds (6). Now,
they are grouped based on the phylogenetic sequence analysis into human rhinoviruses A,
B, and C. Human rhinovirus A contains 80 serotypes, mostly from the major receptor
group, and human rhinovirus B has 32 major receptor serotypes. The more recently-defined

species, human rhinovirus C, contains 57 serotypes, all from the minor receptor group.
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1.2 Current enteroviruses challenges

1.2.1 Poliovirus

Poliovirus is the causative agent of poliomyelitis, and humans are the only natural
hosts for the virus (212). Poliovirus is transmitted via a fecal-oral route, replicates in the
gastrointestinal mucosa, and enters the blood circulation via the lymph nodes, causing
viremia (64). The virus induces three different types of responses in the host, two of which
are non-paralytic forms. One is called the abortive form in that no symptoms of nervous
system disorder are developed in the infected individuals (154). The other form is aseptic
meningitis, and the virus can be detected in the cerebrospinal fluid (CSF) (238). The
paralytic form of poliomyelitis causes temporary or permanent disabilities or death due to
the paralysis of the respiratory muscles. In this form of response, the virus disseminates in
the central nervous system (CNS) upon either penetrating the blood-brain barrier (BBB) or
retrograde axonal transport and infects motor neurons in multiple parts of the CNS (157).

It has been over three decades since the Global Polio Eradication Initiative (GPEI),
led by national governments and six partners, including the World Health Organization
(WHO), the U.S. Centers for Disease Control and Prevention (CDC), the United Nations
Children’s Fund (UNICEF), Rotary International, Bill & Melinda Gates Foundation and
Gavi, the vaccine alliance, started an ambitious attempt to achieve a polio-free world.
During that time, substantial progress has been made so that the number of poliomyelitis
cases plummeted by more than 99% in the world, and the wild polioviruses of type 2 and
3 were eradicated with the last naturally occurring viruses detected in India in 1999 and
in Nigeria in 2012, respectively

(https://www.cdc.gov/cpr/polioviruscontainment/diseaseandvirus.htm) (176). However,
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type 1 wild-type virus is still circulating in two endemic countries, Afghanistan and
Pakistan and the vaccine-derived polioviruses (VDPVs) circulate in both endemic
countries and non-endemic regions, i.e., the ones that are declared free from the wild-type

poliovirus  (https://www.cdc.gov/mmwr/volumes/68/wr/mm6845a4.htm).  Attenuated

viruses in the Sabin vaccine (OPV) can revert to the wild-type phenotype during replication
in the intestine, generating VDPVs which can establish circulation in under-immunized
communities, turning to circulating VDPV (cVDPV), and causing outbreaks of paralytic
poliomyelitis. (173). All three serotypes of the virus caused the cVDPVs-related outbreaks
over the past five years; however, more than 90% of them were associated with the type 2
cVDPV (cVDPV2). In 2020, 1,037 cases of cVDPV2 were reported from 24 countries,

while the number of cases was three times less in 2019, and 15 countries were involved

(https://polioeradication.org/wp-content/uploads/2021/03/GPEI-cVDPV2-nOPV2-

Factsheet-20210312-EN.pdf). Multiple factors are associated with the cVDPV2 outbreaks,

such as low immunization coverage, inefficient outbreak response, and elimination of type
2 from the vaccination programs. The Polio Eradication Strategy 2022-2026 was
implemented by the GPEI in July 2020, offering a systematic plan to overcome these
challenges and deliver on a promise of a polio-free world. The strategy includes two goals:
(1) to permanently stall all wild-type poliovirus transmission in endemic countries and (2)
to put a stop to cVDPVs transmission and prevent outbreaks in non-endemic regions. To
achieve these goals, a set of activities has been implemented, such as developing next-
generation mOPV2 vaccines that are more genetically stable, increasing the vaccination
coverage in children, and establishing intensive disease surveillance in the regions with a

history of cVDPV2 outbreaks (https://polioeradication.org/gpei-strategy-2022-2026/).




1.2.2 Non-polio enteroviruses

Non-polio enteroviruses can infect humans, non-human primates, and domestic
animals. They are associated with a wide range of illnesses with various clinical
manifestations, target organs, main target age group, severity, and prognosis.

Many enteroviruses can induce neurological disorders. Enterovirus A71 is one of
the most neurotropic non-polio enteroviruses and the main cause of Hand-Foot-and-Mouth
Disease (HFMD) outbreaks around the globe, especially in Southeast Asia (161). Infants
and children are the main targets of the virus. The disease starts with rash and blisters in
the limbs and mouth and can lead to the development of neurological symptoms such as
aseptic meningitis, encephalitis, and poliomyelitis-like paralysis (161). Coxsackieviruses
A6, A10, and A16 are other etiologic agents for HFMD, but they cause milder symptoms
and less mortality than enterovirus A71 (187). The other neurotropic non-polio enterovirus
is enterovirus D68, although it is primarily associated with respiratory-related diseases.
Enterovirus D68 is the primary causative agent of Acute Flaccid Myelitis (AFM), which
mainly affects the grey matter of the spinal cord, causing general weakness in the body,
especially in the limbs. The epidemiology of enterovirus D68 has changed rapidly and
unpredictably during the past decade worldwide. Up to 2014, enterovirus D68 cases were
reported sporadically in the U.S., Europe, and Southeast Asia and were associated with
mild respiratory complaints. However, several enterovirus D68 outbreaks occurred since
2014 with disease manifestation of severe respiratory infections and, in some cases, mixed
with AFM. These outbreaks led to the awareness and attention towards this enterovirus and
its association with AFM, so the CDC has initiated monitoring and monthly reporting of

AFM cases in the U.S. since 2014 (36). Echoviruses may also show neurological



manifestations, with echovirus-A71 causing AFM and echovirus 6 and 9 causing aseptic
meningitis, especially in children (123). Similarly, several serotypes of Coxsackieviruses
B, such as Coxsackieviruses B2 and B5, can cause encephalitis and aseptic meningitis (4,
39).

Coxsackieviruses A and B and echoviruses can target cardiac muscles causing
different presentations such as myocarditis, myopericarditis, dilated cardiomyopathy, and
cardiac arrhythmia. Enterovirus-induced cardiomyopathy predominantly occurs in children
and young adults, resulting in an unexpected death or a life-long heart failure in the
surviving patients (63, 114).

Type 1 diabetes, an autoimmune genetic disorder, results from the damage of
insulin-producing B-cells in the pancreas by autoreactive immune cells. Multiple genetic
and environmental factors have been defined as the causative agents of the disease (59).
Viral infection is one of the major environmental factors associated with type 1 diabetes.
In particular, enteroviruses, including Coxsackieviruses B4 and BS5, are the main viral
candidates for the disease in humans as the viral RNA and antibodies synthesized against
the viral antigens were detected in the patients with onset of the disease (158). The tropism
of the virus to the pancreatic cells is associated with the expression of the viral receptor
Coxsackie and Adenovirus Receptor (CAR) on the surface of these cells (180). Viral
infection can trigger a robust immune response by stimulating natural killer cells (NK cells)
and CD8" cytotoxic cells, which can attack the f§ pancreatic cells in the patients (59).

Acute hemorrhagic conjunctivitis, mainly caused by Coxsackieviruses A24 and

enterovirus 70, is a highly contagious disease with severe symptoms such as hyperemia,



eye discharge, and sub-conjunctival hemorrhage. The disease occurs in all age groups with
no specific preference and no treatment described (119, 154).

Human rhinoviruses are the major cause of the common cold and arguably are the
main reason for the antibiotic prescription (7). They are highly contagious and mainly
cause upper respiratory infections, although in certain cases, they can invade the lower
parts of the respiratory tract (95). Human rhinoviruses typically cause self-limiting diseases
in immunologically competent individuals; however, they are associated with life-
threatening disorders such as croup, bronchiolitis, and pneumonia in infants,
immunocompromised persons, and patients with pre-existing chronic obstructive
pulmonary disease (35). Human rhinoviruses are also the major cause of asthma
exacerbation in children and adults (66). Thus far, about 170 serotypes of human
rhinoviruses have been detected, categorized into groups A, B, and C (127). Some
antivirals, such as repurposed registered drugs, including capsid-binding agents (e.g.,
pleconaril, vapendavir, pirodavir), mRNA synthesis antagonists (e.g., ribavirin), 3C
protease inhibitor (e.g., rupintivir), and immunomodulatory compounds (e.g., interferon
2a, interferon B) could successfully combat the diseases associated with these viruses (35,
95, 208).

Enteroviruses can cause infections in domestic animals, which are mostly mild to
asymptomatic (97). Bovine enteroviruses (BEVs) belong to the species E and F of the
genus and are endemic in cattle in many areas of the world (87). Although they are typically
associated with asymptomatic infections, there have been reports of various clinical signs
such as diarrhea, respiratory disorders, and abortion in infected animals (31, 97, 237, 243).

BEVs transmission from animals to humans has been documented; however, they are not



associated with any clinical disorders in humans (74). Coxsackievirus B5 is a causative
agent of the highly contagious swine vesicular disease (SVD) in domesticated pigs, with
clinical manifestations of vesicles and erosions on the hooves and mouth. However, SVD
is primarily mild and self-limiting in pigs, and no clinical signs have been reported in
humans with close contact with infected animals (53). Species G of the genus enterovirus
contains 20 serotypes of porcine enteroviruses, associated with sporadic reports of skin

lesions, flaccid paralysis, and diarrhea in pigs (5, 111, 233).

1.2.3 Enteroviruses vaccines

Despite a wide range of enterovirus species and their associated illnesses, licensed
vaccines are currently available only against two of them, poliovirus and enterovirus A71.
Such limitation in vaccine development is due to a considerable genetic variability among
enteroviruses (68). Two vaccines against poliovirus are the inactivated Salk vaccine (IPV)
and live-attenuated Sabin vaccine (OPV), which were licensed in the U.S. in 1955 and
1963, respectively (47). The inactivated Salk vaccine, which has been the sole poliovirus
vaccine applied in the U.S. since 2000, is administered via intramuscular or subcutaneous
routes and triggers only humoral immunity in the vaccine recipients. The live attenuated
Sabin vaccine is administered orally and stimulates both humoral and mucosal immunity
in the vaccinees, as well as some immunization of unvaccinated individuals with close
contact with the vaccine recipients (47). Compared to IPV, OPV production is less
expensive, the administration is more convenient, and it induces sterilizing immunity
important for the interruption of poliovirus transmission. Nevertheless, OPV is associated
with the vaccine-associated poliovirus poliomyelitis (VAPP) incidence as the attenuated

strains in the vaccine can revert to the wild-type phenotype. To address this issue, the polio
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immunization strategy has been either completely switched from OPV to IPV
administration or included a sequential IPV-OPV vaccination plan in which at least two
doses of IPV are required (143). In addition to these two vaccines, new anti-poliovirus
vaccines are actively being developed to contribute to the polio elimination programs, such
as nOPV2-Consortiuml (nOPV2-cl), nOPV2-c2, nOPV-Codon-Deoptimized (nOPV-
CD), which have higher genetic stability and lower risk of reversion to the wild-type (46,
112).

Enterovirus A71, which belongs to the enterovirus A species, is the other
enterovirus that is currently controlled with vaccines. There are three monovalent
inactivated whole virus vaccines approved by the Chinese Food and Drug Administration
(CFDA) in 2015 to deal with the increasing number of HFMD cases in Southeast Asia (40).
They were developed by three different companies, including Sinovac Biotech, Beijing
Vigoo, and the Chinese Academy of Medical Science (CAMS). The efficacy and safety of
these vaccines were evaluated by large phase III clinical trials, which revealed no adverse
effects and 94.8%, 90.5%, and 97.4% efficacy for Sinovac, Vigoo, and CAMS vaccines,
respectively (129). During the past few years, the development status of these vaccines has
been carefully monitored and reviewed by the WHO, which provided recommendations to

assure the efficacy, safety, and quality of the vaccines (https://www.who.int/teams/health-

product-policy-and-standards/standards-and-specifications/vaccine-

standardization/enterovirus-71). Recently, other types of anti-enterovirus A71 vaccines are

being developed, some of which are multivalent vaccines against enterovirus A71 and other
HFMD-related enteroviruses such as Coxsackieviruses A16, A6, and A10, estimated to be

more efficient in controlling HFMD outbreaks (132).



1.2.4 Anti-enteroviral drugs

While the high antigenic diversity of multiple enteroviruses presents a significant
challenge for vaccine development, antivirals may provide an effective way to control virus
infections. Nevertheless, to date, no FDA-approved anti-enteroviral drugs are available,
although some compounds targeting the viral factors such as capsid (e.g., pleconaril, V-
073, disoxaril, pirodavir, and BTA-798), polymerase (e.g., ribavirin), and proteases (e.g.,
rupintrivir, AG7404) are in development (24, 213). Such drugs targeting viral proteins are
effective only against very closely-related viruses in the Picornaviridae family.

The other option for antiviral development is targeting host cell factors involved in
the virus’s life cycle, which seem to be effective for a broad range of viruses that rely on
the same cellular factors during infection (201, 214). However, host toxicity is a matter of
concern for such drugs. For instance, PIK93 inhibits virus replication by blocking host
phosphatidylinositol 4-kinase I1I  (PI4KIIIB). However, the clinical trial for the drug was
halted at phase II due to toxicity as well as the emergence of resistant viruses (24).
Enviroxime-like compounds, divided into the major and minor categories, target the host
cell proteins PI4KIIIP and oxysterol-binding protein (OSBP), respectively. The major
enviroxime-like drugs, including MDL-860, pachypodol, oxyglaucine, GW5074, BF-
738735, and T-00127-HEV1 demonstrated significant inhibition of virus infection;
however, they caused adverse side effects in the clinical trials (131, 197). The minor
enviroxime-like drugs such as itraconazole, AN-12-HS5, 25-HC, and T-00127-HEV?2 are in

the pre-clinical phase (182, 201).



To address the challenges in designing efficient and safe anti-enteroviral drugs, it
is important to have a better understanding of the virus’s life cycle, including the

knowledge of the cellular factors involved in viral replication.

1.3 Enterovirus genome organization, particle structure, and life cycle

1.3.1 Viral genome organization

Poliovirus is the representative member of the genus enterovirus. It is a small, non-
enveloped virus containing a ~7.5 kb positive-strand genome RNA. The genome consists
of a 5' untranslated region (UTR), a single open reading frame (ORF), a 3' UTR, and a
poly(A) tail at the 3'terminus (Figure 1.1) (149). The 5’ end is covalently attached to a
small viral peptide VPg (also known as 3B), which acts as the primer for viral genome
replication. The first 100 nucleotides (nt) of the 5’ non-coding region contain a cloverleaf
structure necessary for viral genome replication. The cloverleaf contains stem loops a, b,
¢, and d. The dynamic binding of host and viral proteins to these stem loops mediates the
transition from translation to the replication of the viral RNA (58, 68). The next 642 nt
UTR of'the 5’ end contains an internal ribosome entry site (IRES) which consists of several
stem-loop structures and is necessary for the cap-independent translation of the viral RNA
(68). The single ORF codes for a polyprotein that is cleaved by viral proteases into
structural and replication proteins encoded in the P1 and P2P3 regions, respectively.
Typically, in enteroviruses, the 2C-coding region of the genome contains the cis-acting
RNA element (CRE), a 61-base stem-loop structure that functions as a template for VPg
uridylation. However, the CRE position varies in several human rhinoviruses; for instance,

in human rhinovirus 14, CRE is located in the P1-coding part of the genome, while in
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human rhinoviruses 1A, 2, and 16, CRE is in the 2A-coding region (142). The 3° UTR is
about 72 nt and consists of two stem loops involved in a pseudoknot structure formation

(96). The 3° UTR is terminated by a poly(A) tail with about 60 adenylate residues (234).
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Figure 1.1 Poliovirus genome structure.

1.3.2 Viral particle structure

Enteroviruses’ genome is enclosed in a naked icosahedral capsid of about 30 nm in
diameter (Figure 1.2). Viral particle comprises 60 identical structural units (protomers),
each consisting of one copy of viral proteins VPO, VP1, and VP3. During maturation, VPO
is autocatalytically cleaved into the VP2 and VP4, so the protomer of the mature virions
consists of 60 copies of each VP1, VP2, VP3, and VP4. The C-terminal domains of VP1,
VP2, and VP3 are located inside, and their N terminal parts are on the virion’s surface.
VP4 is entirely located internally. Five sets of the capsid proteins VPO, VP3, and VP1
assemble into a pentamer. The structure of these proteins comprises an eight-stranded
antiparallel B barrel sheet. The capsid is made of 12 pentamers; each pentamer contains
fivefold, threefold, and twofold axes. VP2 and VP3 surround the two and threefold axes,

while the fivefold axis is surrounded by the capsid protein VP1, in which a deep depression
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called “canyon” is located. The canyon is the binding site for the cell surface receptors, and
its size and location differ among enteroviruses. For example, human rhinoviruses C and
enterovirus D68 possess non-continuous canyons, resulting in an unusual capsid compared
to other enteroviruses (11). There is an opening into a hydrophobic pocket underneath the
canyon in the hydrophobic center of the capsid protein VP1, known as the “pocket factor”,
which contains a combination of fatty acid-like molecules (82). However, not all
enteroviruses contain the pocket factor; for instance, human rhinovirus C lacks such

structure in its capsid (42, 135).

VP2 VP3 vP1

Figure 1.2 Poliovirus capsid proteins organization and structure, protomer assembly,
and surface representation of the virion (109). Poliovirus structural proteins (VP1, VP2,
VP3, and VP4) are located at the N-terminal domain of the viral polyprotein, modified by
myristoylation (Myr). They generate a protomer with VP1-3 on the surface and VP4 hidden
at the bottom. Five protomers assemble into a pentamer, 12 of which construct the icosahedral
capsid structure.
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1.3.3 Enterovirus life cycle

1.3.3.1 Virus attachment and entry

Enteroviruses employ various cell receptors, including the immunoglobulin (Ig)-
like receptors, mucin-like domain receptors, low and very low-density lipoprotein
receptors (LDLRs and VLDLRs), complement control family receptors, sialic acid, and
integrins (25).

The Ig-like family receptors comprise an extracellular domain, a transmembrane
domain, and a cytoplasmic domain and include poliovirus receptor (PVR), intracellular
adhesion molecule-1 (ICAM-1), Coxsackie and adenovirus receptor (CAR), which are
respectively used by poliovirus, major group human rhinoviruses, and Coxsackieviruses
(212).

LDLRs and VLDLRs are utilized by minor group human rhinoviruses, and similar
to the Ig-like receptors, they contain an extracellular, a transmembrane, and a cytoplasmic
domain. Five copies of the receptor surround the fivefold axes of the viral capsid. This
event enhances the avidity of the virus-receptor binding (212).

The decay-accelerating factor (DAF, also known as CD55) belongs to the
complement control family of receptors, used by Coxsackie B viruses, Coxsackievirus
A21, and enterovirus D70 (105, 138, 188). DAF comprises four short consensus repeats
connected to the membrane by a glycosylphosphatidylinositol (GPI) anchor. The binding
of DAF with the virus does not make conformational rearrangement in the capsid structure;
instead, it attracts the virus to the cell surface where the second receptor triggers viral entry.

Integrins are other cell receptors used by enteroviruses, such as Coxsackievirus A9,

echoviruses 1 and 9 (26, 78, 152). Integrins contain a and B subunits; each has a globular
13



extracellular domain, a transmembrane domain, and a cytoplasmic domain. Similar to
DAF, integrins function as a co-receptor for attachment, and other receptors are required
for the virus entry.

Enterovirus A71 uses two receptors, P-selectin glycoprotein ligand-1 (PSGL-1) and
scavenger receptor B2 (SCARB2), for attachment and uncoating, respectively. The
neurotropism of enterovirus A71 causing neurological manifestations in humans is
explained by the expression of SCARB2 on neurons (98). Interestingly, receptors for
enteroviruses that cause characteristics neurological clinical symptoms, such as poliovirus
(CD155), Coxsackieviruses B5 and A2 (CAR), and historical enterovirus D68 (sialic acid),
are expressed on the motor neurons, suggesting a direct correlation between the presence
of a particular viral receptor in tissue and induction of specific clinical presentations in
patients (86). However, in vivo studies revealed that contemporary circulating enterovirus
D68 (i.e., strains collected from the outbreaks since 2014) reaches the neurons independent
of sialic acid, and no receptors for these strains have been characterized yet (81).

Receptor-mediated endocytosis is the route of entry used by enteroviruses.
Receptor-binding of poliovirus and many other enteroviruses triggers conformational
alterations in the viral capsid such that the virions lose VP4, and most of the hydrophobic
N-terminus of VP1 translocate to the particle’s surface. The resulting particle is called “A”
(altered) particle, which differs from the native viral particle in several characteristics,
including the sedimentation value, hydrophobicity, antigenicity, stability, and the ability
for receptor binding. The A particle contains the RNA genome and retains infectivity
similar to the native virus. Owing to the hydrophobic feature of the A particle and the

conformational modifications, the virion can interact with the membrane bilayer, leading
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to the virus-membrane attachment, followed by RNA genome release into the cytoplasm

(82).

1.3.2.2 Viral genome translation and polyprotein processing

After release into the cytoplasm, the positive single-strand RNA genome works as
an mRNA and initiates a cap-independent translation process (Figure 1.3). Viral protein
VPg is cleaved from the 5° end of the genome by a host protein 5’ tyrosyl-DNA
phosphodiesterase 2 (TDP2) (220). The viral genome RNA is translated into a single
polyprotein with a total molecular weight of 247 kDa in poliovirus. The polyprotein is then
co- and post-translationally cleaved by the viral proteases 2AP™, 3CP™, and 3CDP™ into
multiple intermediate and mature capsid and replication viral proteins (19). To compromise
the limited information encoded in the small genome size, the intermediate and end
cleavage products of the viral proteins have different functions during infection (232).
Poliovirus structural protein precursor P1, located in the N-terminal part of the polyprotein,
is separated in cis from the rest of the polyprotein by the activity of the viral protease 2 AP™
shortly after translation. Further P1 processing occurs in trans by the viral protease 3CDP™
to generate VPO, VP3, and VPI capsid proteins. During virion maturation, VPO is
autocatalytically processed into VP2 and VP4 proteins. Two scenarios have been defined
for the processing of the replication proteins located in the P2P3 region. First, P2 proteins
undergo rapid processing by the viral protease 3CP™ to generate the 2A, 2CB, and P3
proteins. The second way is the generation of P2 and P3 precursors, which are further
processed to make multiple cleaved products. The 2BC protein is further cleaved by the
viral protease 3CP™ into the 2B and 2C proteins. A rapid cleavage processing of the P3

precursor yields the viral proteins 3AB and 3CDP™, which are subsequently processed to
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make the end products 3A, 3B, 3CP™, and viral RNA-dependent RNA polymerase 3DP°!
(122).

Enteroviruses induce the host gene expression shutoff so that most of the cellular
translation machinery is available for the viral gene expression (61). This also results in
downregulation of the cellular antiviral factors expression, which contributes to the virus's
evasion of the immune response. The translation initiation of cellular mRNAs is associated
with the initiator tRNA, the 40S and 60S ribosomal subunits, which are assembled into an
80S ribosome by eukaryotic initiation factors (elFs) (172). The elF-4F cap-binding
complex (containing the ATP-dependent RNA helicase elF-4A, the elF-4E, and the
scaffolding protein elF-4G) and the factors el[F4A and elF4B functions in binding of 43S
complexes (consisting of a 40S subunit, e[F2-GTP-Met-tRNAi complex) to the capped
mRNA. To efficiently scan the ribosome for the start codon, eIF1A facilitates the assembly
of 48S complex at the initiation codon. eIF5B is required for the assembly of the 48S
complexes and 60S subunits (172). At the same time, the poly(A)-binding protein (PABP)
attaches to the poly(A) tail of the e[F-4G-bound mRNA, bringing the 3’ and 5’ ends of the
mRNA next to each other, which contributes to the stability of the initiation complex and
enhances the efficiency of the translation (196). Enteroviruses shut down host mRNA
translation machinery through the activities of the viral proteases 2AP™, which cleaves elF-
4G, and 3CP™, which cleaves elF-5B subunit of the translation initiation complex and

PABP (45,71, 106, 181, 195).
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Figure 1.3 Poliovirus polyprotein processing. The molecular weights of the precursor and
mature viral proteins are presented next to their names in kDa. The red triangles are the cleavage
sites for the viral protease 3C™°; the green triangle shows the site cleaved by the protease 2AP"™,
and the blue triangles are the active sites for the protease 3CD"°. The black star indicates the
autocatalytic site between the structural proteins VP2 and VP4.

Cleavage of the cellular translation initiation factors eIF-4G and PABP triggers the
formation of stress granules (SGs) early in the infection cycle. SGs formation is a prompt
cellular response to the environmental stress stimuli such as oxidative stress, heat shock,
ultraviolet radiation, and viral infection. SGs are highly dynamic cytoplasmic aggregations
containing translation initiation factors, 40S ribosomal subunits, mRNAs, and many RNA-
binding proteins, such as Ras GTPase-activating protein-binding proteins (G3BP1/2), T-
cell intracellular antigen 1 (TIA-1), and TIA-related protein (TIAR). These proteins play
critical roles in SGs formation ad are used as the markers to recognize the SGs in the cell.
Entrapping translation initiation factors, SGs temporarily stall the translation until the

stress stimulus is terminated (239). However, as the infection progresses, enteroviruses
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countermeasure SGs development so that the translation of the viral RNAs is minimally
affected. At 4 hpi, SGs are reduced in quantity and size until they disappear by the end of
the viral infectious cycle. Viral protease 3CP™ critically functions in SGs disappearance by
cleaving one of the main SGs-resident proteins, G3BP1, resulting in the disassembly of the

SGs (55, 239).

1.3.2.3 Viral genome replication

Viral genome replication is associated with unique membranous structures called
the replication organelles (ROs), whose composition is important for the functioning of the
viral replication complexes (Figure 1.4) (21). The positive single-strand RNA genome is
used as a template for negative-strand RNA synthesis. Viral protein VPg serves as a primer
for the synthesis of both negative and positive strands, but first, it needs to be activated.
The activation requires the CRE, where the viral RNA polymerase 3DP? uridylates VPg,
generating VPg-pU-pU. Both 3’ and 5’ non-coding regions of the genome play crucial roles
during genome replication. At the 5’ end, the cloverleaf binds a host cell protein poly(rC)
binding protein (PCBP), which leads to the binding of the RNA polymerase to the other
side of the cloverleaf. Subsequently, the RNA polymerase 3DP° uses VPg-pUpU as a
primer to generate the complementary negative-strand RNA. During this step, a long
double-stranded RNA (dsRNA) is made (replication form), which consists of one positive-
and one negative-strand RNA and can be recognized by the host cell sensors such as MDA-
5(55). The next step is the synthesis of the positive-strand RNA genome from the negative-
strand RNA template. During this step, a replicative intermedia) is formed, containing a

full-length negative-strand RNA and multiple nascent positive-strand RNA molecules

18



undergoing active transcription (55). The newly generated positive-strand RNA genome

molecules can enter the translation/replication pool or be encapsidated (170, 200).

1.3.2.4 Virion formation and release

P1 is the single precursor polyprotein for the viral capsid proteins VP1, VP2, VP3,
and VP4. P1 is initially cleaved by the viral protease 3CDP™ into VPO, VP1, and VP3,
which assemble in a protomer. Five protomers form a pentamer, twelve of which make a
procapsid (an empty capsid) that comprises 60 copies of VPO, VP1, and VP3. The nascent
viral genome RNAs are then packaged into these premade capsid protein shells, which are
now called non-infectious provirions. During virion maturation (i.e., acquiring the RNA
genome), the viral protein VPO is autocatalytically cleaved into VP2 and VP4 capsid
proteins. VPO cleavage is dependent on RNA encapsidation and associated with a
conserved histidine residue (2195H) in the close vicinity of the cleavage site (12, 80).
2195H activates local water molecules adjacent to the cleavage site, leading to a
nucleophilic attack of the VPO scissile bond. The scissile bond polarization escalates this
event via the coordination of the carbonyl oxygens with RNA bases (80). Thus, the
infectious particles contain a viral genome surrounded by 60 identical copies of the surface
capsid proteins VP1, VP2, and VP3 and the internal capsid protein VP4 (177, 236). Empty
capsids (without the RNA genome) are less stable than the mature virions (with the RNA
genome) in different conditions, suggesting that VPO cleavage into VP2 and VP4 is an
indispensable event for generating stable viral particles (12).

Depending on the virus and the infected cell type, enterovirus particles egress from
the cell by lytic or non-lytic pathways. Lytic release of the virions happens upon the cell

death triggered by either a canonical cytopathic effect (CPE) or an apoptotic response. CPE
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is manifested as extreme modifications in the morphology and location of intracellular
structures, such as aggregation of membranous vesicles, nucleus shrinkage and
displacement, elevated plasma membrane permeability and rounding up the cells, the
specificity of biochemical events and cellular pathways involved in the development of
enterovirus-induced CPE is still debated (20, 164). Apoptosis is a cell death program
activated upon different stimuli, including viral infections, which is characterized by the
activation of specific proteases, caspases. During enterovirus infection, the apoptotic
response is activated early in the infection, while later in infection, the viral protease-
mediated degradation of cellular factors required for the implementation of the apoptotic
program prevents its further development. The balance of pro- and anti-apoptotic stimuli
may be different upon enterovirus replication in different cell types (1, 2). The recently
proposed non-lytic egress of viral particles is associated with the double-membrane
vesicles. These double-membrane vesicles formed during enterovirus infection resemble
autophagosomes, but their generation does not require at least some canonical autophagy
factors (44, 49). The autophagosome-lysosome fusion is interrupted by enteroviruses, and
autophagosomes are redirected to the autophagosome-mediated exit without lysis
(AWOL), in which the vesicles containing virions fuse to the plasma membrane and egress
from the cell (117). Poliovirus, Coxsackievirus B3, enterovirus A71, echovirus 7, and
several human rhinoviruses induce autophagy and use this non-lytic pathway to release
virions (164).

The other non-lytic viral exit pathway is through the exosomes, which are vesicles
released from multi-vesicular bodies fused to the plasma membrane. Enterovirus A71

employs this type of viral exit under some circumstances. For example, the exosome-
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entrapped virus was identified in the blood of the patients with viral encephalitis, whereas
free viruses were detected in the feces samples of these patients (73). Such a pattern of
viral egress is similar to that used by hepatitis A virus (HAV), a picornavirus that belongs
to the genus hepatovirus. Entrapping in exosomes in the bloodstream protects the virus

from being recognized by the antibodies (73, 164).
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Figure 1.4 Schematic description of the enterovirus life cycle. The virus interacts with
specific receptors on the cell surface and is internalized into the cell (1). Upon entering into
the host cell, the viral RNA genome is released into the cytoplasm. The positive-strand
RNA is translated into a polyprotein, which is co and post-translationally cleaved by viral
proteases (2). In the replication organelles, the genome RNA replicates to generate
negative-strand RNAs, which in turn, synthesize more positive-strand RNAs (3). The
newly-made positive-strand RNAs either enter another round of translation/replication
process or are encapsidated into the provirus to make the mature virions (4), which are then
released from the cell (5).
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Chapter 2: Rewiring the Host Cell Membrane Metabolism During
Enterovirus Infection

2.1 Induction of cell membrane remodeling to develop the viral replication organelles

Enterovirus genome replication is associated with the specialized membranous
structures, replication organelles (ROs) which may be beneficial for the virus by: (i)
increasing the local concentration of viral and host factors required for genome replication,
(i1) providing a structural scaffold and facilitating proper assembly of the replication
complexes, and (iii) protecting viral replication sites from being detected and destroyed by
the cellular antiviral defense mechanisms (21). The structure and composition of ROs are
changing during different stages of infection. Ultrastructural analysis of the replication
organelles revealed that they are formed as single-walled tubular membranous structures
at the early stage nearby the Golgi compartment. As the infection progresses, they

transform into double-membrane vesicles located in the perinuclear areas (19).

2.2 Host cell modifications to develop the replication organelles

Enteroviral nonstructural proteins induce the development of the ROs; however,
the detailed cascade of interactions of the viral and cellular factors leading to the
development of these membranous structures is not understood. The emerging picture
shows that the development of the ROs includes two relatively separate components: (1)
the recruitment of factors that impart a favorable biochemical environment for genome
replication and (2) the activation of the phospholipid synthesis required for the expansion

of their structures (205).
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2.2.1 Cellular secretory pathway and enterovirus replication organelles

2.2.1.1 Overview

The secretory pathway functions in transporting, modifying, and controlling the
quality of the proteins synthesized by ribosomes associated with the rough endoplasmic
reticulum (RER). This pathway comprises the RER, ER-Golgi intermediate compartments
(ERGIC), the Golgi complex, endosomes, and the plasma membrane (202). Proteins are
carried between these compartments by specialized vesicles containing organelle-specific
protein coats and targeting factors ensuring precise delivery of the cargo. Coated vesicle
membrane II (COPII) and coated vesicle membrane I (COPI) mediate the anterograde
protein transport from the ER to ERGIC and the cis-Golgi, and the retrograde protein
transport back to the RER and within the Golgi complex (from trans-Golgi network to cis-

Golgi network), respectively (Figure 2.1) (198).
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Figure 2.1 Scheme of cellular protein secretory pathway. The pathway comprises multiple
compartments including RER, Golgi cisternae, endosomes, and plasma membrane. Nascent
proteins synthesized in the RER are transported via COPII-coated vesicles (small red circles)
to the ERGIC and cis-Golgi during anterograde trafficking. They are either secreted from the
cell to the extracellular environment or function in the intracellular metabolic pathways.
During retrograde trafficking, the misfolded proteins and ER-resident proteins are sent back
to the RER via COPI-coated vesicles (small purple circles).

The enterovirus ROs are detectable as early as 2 hours post-infection (hpi) adjacent
to the cis-Golgi and the ERGIC, the two main structures of the cellular secretory pathway
(19). Furthermore, viral replication structures are strongly associated with the Golgi
marker, GM130, at the early stage of infection, meaning a close relationship between the
establishment of viral replication complexes and the Golgi membranes, probably because
the Golgi contains some specific factors required for virus infection. Additionally,
enterovirus replication is highly sensitive to a fungal metabolite named brefeldin A (BFA),

which has an inhibitory effect on the secretory traffic (19). Altogether, it implies that the
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virus replication depends on at least some elements of the secretory pathway, particularly

those found in the Golgi apparatus.

2.2.1.2 Arf GTPases in the secretory traffic

The formation of COPI-coated vesicles requires Arf-GTPases which recruit COPI
coatomer from the cytoplasm. The family of Arf-GTPases is divided into three classes
based on structural homology. In primate cells, class I comprises Arfl and Arf3, class II
has Arf4 and Arf5, and class III contains the most structurally diverse Arf6. Similar to other
GTPases, Arfs exist in activated membrane-bound Arf-GTP and inactive cytosolic Arf-
GDP forms. Arf activation requires Arf guanine nucleotide exchange factors (Arf-GEFs),
and the GTP hydrolysis is facilitated by Arf-GTPase activating proteins (Arf-GAPs)
(Figure 2.2) (50). Activation of different Arf isoforms is subject to tight spatial and
temporal regulation. The activated Arfs regulate multiple steps of the cellular membrane
metabolism by interacting with various effector proteins (69, 94). They attract effector
proteins involved in the lipid synthesis, modification, and transport, including phosphatidyl
kinases, which can modify the local membrane protein and phospholipid environment,

differentiating the Arf-enriched domains from the surrounding membranes (93).
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Figure 2.2 Scheme of the Arf GTPases activation cycle.

2.2.1.3 GBF1 in the secretory traffic

Various Arf-GEFs differ in cellular localization, functions, and interactions. They
are categorized into six families based on domain organization and sequence homology:
GBF1, BFA-inhibited GEFs (BIGs), Arf nucleotide-binding site opener
(ARNO)/Cytohesins, exchange factor for Arf6 (EFA6/PSD), BFA-resistant Arf-GEF
(BRAG/IQSecs), and F-box only protein 8§ (FBX8) (34). Among them, GBF1 and BIG1/2
are high-molecular-weight (~200 KD), BFA-sensitive GEFs playing key functions in the
secretory and endosomal trafficking (231). GBF1 typically resides in the cis-Golgi and
mediates the Arf-GTPase activation required for the vesicle trafficking in the secretory
pathway (203). It is a large protein with multiple domains, including N-terminal
dimerization and cyclophilin binding domain (DCB) and homology upstream of Sec7
domain (HUS) and C-terminal homology downstream of the Sec7 domains 1, 2, and 3
(HDSI, 2, and 3), which are essential for the GBF1 membrane association. The centrally-

located Sec7 domain (Sec7d) of GBF1 catalyzes GDP to GTP exchange to activate Arfs
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(Figure 2.3) (22, 30). The secretory traffic inhibitor, BFA, interacts with the Sec7d of GBF1
in the junction with Arf-GDP and stabilizes the transient GBF1-Sec7-Arf-GDP complex
on the membranes, thus inhibiting its catalytic activity. Introducing point mutations in the
Sec7d or replacing GBF1-Sec7d with that of another Arf-GEF ARNO could rescue GBF1

from the inhibitory effect of BFA in the cell (174).

N terminus C terminus

[ [pcB1] | Hus1 | | sec7 || HDs1 | | HDs2 | | HDS3 | |

Figure 2.3 Schematic depiction of GBF1’s multiple domains. GBF1 is a large protein and
contains six conserved domains, including DCBI1 and HUSI in the N terminal end, the
centrally-located Sec7 domain and HDS1, HDS2, and HDS3 in the C terminal end.

2.2.1.4 GBF1 during enterovirus infection

GBEFT1 is recruited to the enterovirus replication sites through interaction with the
viral protein 3A (15). However, while GBF1 activity is essential for viral replication, the
3A-GBF1 interaction may not be a limiting factor, at least in certain cell types, since viruses
with a mutation in 3A significantly reducing GBF1-3A binding can still grow efficiently
in the cell culture (217). The N terminus of GBF1, including the Sec7d, is essential for
viral replication, while the C-terminal part downstream of Sec7d is dispensable for
replication of wild-type poliovirus. However, the defective GBF1-3A binding mutant virus
requires the whole C-terminal domains of GBF1 to replicate properly (17, 217). The
enterovirus replication in the presence of BFA can be rescued upon expression of GBF1

species with BFA-insensitive Sec7ds, but not with those with catalytically inactive Sec7ds,
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indicating that Arf activating function of GBF1 is essential for enterovirus replication (16).
However, the catalytic activity of GBF1 in Arf activation may not be the sole contribution
of GBF1 to the virus replication since some level of the rescue of poliovirus replicon
replication was observed upon the expression of certain catalytically inactive GBF1

mutants (217).

2.2.1.5 Arf GTPases during enterovirus infection

While the Arf-GEF function of GBF1 is essential for the enterovirus replication,
the contribution of GBFI-activated Arfs to the replication process is not understood.
siRNA interference experiments suggested important roles of the class I Arfs (Arfl and
Arf3) in enterovirus 71 replication. Yet, Arf3 depletion was noticeably toxic to cells, which
can at least partially explain the only report of a significant decrease in an enterovirus
replication after the simultaneous depletion of Arfl and Arf3 (223). The inhibition of
enterovirus infection by compounds blocking the Arf-GEF activity of GBF1, such as BFA,
could be relieved only by overexpression of GBF1 itself but not by any individual wild-
type Arfs or the constitutively active Arf mutants (16, 120). Moreover, the depletion or
knockdown of expression of individual Arfs, or pairs thereof, was tolerated by diverse
enteroviruses remarkably well, suggesting a higher level of Arf redundancy in the viral

replication than in the cellular metabolism (56).

2.2.2 Cellular lipid metabolism pathway and enterovirus replication organelles

2.2.2.1 Overview

Lipids are essential building blocks of cellular life performing different functions:

(1) structural lipids, including phospholipids (PLs) such as phosphatidylcholine,
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phosphatidylserine, and phosphatidylethanolamine, sphingolipids (SLs), and cholesterol,
which form the intracellular and plasma membranes, (ii) signaling lipids, including fatty
acids (FAs), sterols, phosphatidic acid (PA), and phosphatidylinositides, , and (iii) storage
lipids, such as triacylglycerol (TAG) and sterol esters, which mostly accumulate in the lipid
droplets (LDs) and provide energy for the cell and building blocks for new lipid synthesis

(242).

2.2.2.2 Phospholipid synthesis enhancement

During enterovirus infection, the overall cellular phospholipid synthesis is up-
regulated, supporting the structural development of the membranous scaffold of the ROs
(13). The phosphatidylcholine (PC) synthesis, which is the major constituent of the
structural lipids in eukaryotic cells, is significantly increased during virus infection (241).
The underlying mechanism includes activating the long-chain Acyl-CoA synthetase
enzymes (ACSLs) and releasing the CTP: phosphocholine cytidylyltransferase from the
nuclear depot. This two-step reorganization of the cellular lipid synthesizing machinery
results in retargeting the long-chain fatty acid flux from the neutral lipid to phospholipid
synthesis. ACSL3, in particular, has an essential role in FA metabolism during poliovirus
infection as the virus replication is impaired in the cells with knocked down expression of

ACSL3. Poliovirus protein 2A was shown to stimulate ACSL function (14, 151).

2.2.2.3 Cholesterol and phosphatidylinositol 4-phosphate enrichment of

the replication organelles

Enterovirus infection significantly modifies the cholesterol landscape in the cell.

Under normal conditions, cholesterol is internalized from the plasma membrane and
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extracellular environment to the cell in the form of low-density lipoprotein (LDL) through
CME. Endosomes containing LDL later fuse to the lysosomes, leading to LDL degradation
and accumulation of free cholesterol. Cells maintain cholesterol homeostasis by balancing
between its uptake, synthesis, distribution in the ER, storage of the esterified form in the
lipid droplets (LDs), and recycling back to the plasma membrane.

During enterovirus infection, cholesterol regulates proteolysis of the viral precursor
3CDP™ into 3CP™and 3DP°!in the replication complexes and facilitates viral RNA synthesis
(91). Enteroviruses redistribute cholesterol pools from the plasma membrane, ER,
endosomes, LDs, and extracellular medium to the replication complexes through
harnessing different routes, including CME and recycling endosomes (91, 184). Various
enteroviruses exploit different cholesterol sources in the cell. 2BC protein of poliovirus
and Coxsackievirus B3 enhances cholesterol uptake and internalization from the plasma
membrane and extracellular medium through CME early infection. The internalized
cholesterol pools distribute into the ER and recycling endosomes. Another viral membrane-
targeting protein, 3A, recruits recycling endosomes containing Rabl11 into the replication
membranes, resulting in additional cholesterol accumulation in these sites. Human
rhinovirus A16, re-routes cholesterol stored in the LDs to the replication membranes (13).

The transfer of cholesterol from the cellular depots to the membranes of ROs relies
on the PI4P-cholesterol exchange cycle mediated by the cellular proteins OSBP and PI
kinases beta. OSBP is a multidomain protein with a C-terminal OSBP-related ligand-
binding domain (ORD), an N-terminal pleckstrin homology (PH) domain, and a centrally-
located two phenylalanine residues in an acidic tract (FFAT) domain. In uninfected cells,

OSBP interacts with the Golgi-resided PI4P and the ER vesicle-associated membrane
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proteins (VAPs) through its PH domain and FFAT region, respectively, forming a contact
site between the ER and PI4P-enriched trans-Golgi membranes (159). The ORD domain
of OSBP transfers cholesterol from the ER to the Golgi membranes, followed by reverse
transfer of PI4P, which is enriched on the Golgi membranes to the ER. The hydrolysis of
PI4P at the ER by phosphatase Sacl maintains the PI4P gradient providing the energy for
the PI4P-cholesterol exchange process (145, 146).

PI4P synthesis is mediated by phosphatidylinositol kinases 4 (PI4Ks) (48). Four
PI4Ks were identified in mammalian cells, divided into type II (PI4KIla and PI4KIIB) and
type I (PI4KIIla and PI4KIIIP) groups with distinct localizations and functions in the
cell. Among all PI4Ks, PI4KIIIp is shown to be recruited to the ROs during enterovirus
infection. In uninfected cells, the recruitment of PI4KIIIB to the Golgi is mediated by
interaction with GBF1-activated Arfs and/or another protein ACBD3 (also known as 60-
kDa Golgi complex-associated protein, GCP60) is a multifunctional protein containing an
N-terminal acyl-coenzyme A binding (ACB) domain, a coiled-coil (CAR) domain, a
glutamine-rich domain (Q-rich), and a C-terminal Golgi dynamics (GOLD) domain.
ACBD3 is located in the Golgi membranes through the interaction of its GOLD domain
with the C-terminal cytoplasmic domain of a Golgi-resident protein, giantin, which
functions in Golgi structure maintenance and protein trafficking between the ER and Golgi
(43, 72, 194). The major mechanism employed by enteroviruses for hijacking PI4KIII is
the direct interaction of the viral protein 3A with ACBD3, which results in the
redistribution of PI4KIIIp to the ROs (48). 3A protein of several enteroviruses, including
poliovirus, Coxsackieviruses, enterovirus A71 and D68, and human rhinoviruses A2, A16,

and B14 bind ACBD3 through its GOLD domain (136). Knockdown and knockout studies
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revealed an essential function of ACBD3 in supporting enterovirus infection (204). In
addition, co-immunoprecipitation studies showed a PI4KIIIB-viral protein 2BC binding,
suggesting that a portion of PI4KIIIP is potentially recruited to the poliovirus replication
organelles through direct interaction with the viral protein 2BC (13). It is also possible that
GBF1/Arf1-GTPase pathway facilitates PI4KIIIP recruitment to the enterovirus replication
organelles since GBF1 is also recruited to the ROs through interaction with viral protein
3A, although this mechanism has not been experimentally demonstrated in infected cells.
In addition, some in vitro studies revealed a direct interaction between activated Arfl and
viral protein 2BC on the replication membranes, similarly resulting in PI4KIIIB
accumulation in these regions (13).

The 3A-ACBD3-mediated recruitment of PI4KIIIB on the ROs generates a high
local concentration of PI4P and drives the OSBP-mediated enrichment of the replication
membranes in cholesterol (91, 137). In addition to being associated with the cholesterol
transport to the ROs, PI4P is able to bind a variety of host cell proteins containing a PH
domain and recruit them to the replication complexes, likely contributing to the
establishment of a membrane microenvironment required for the functioning of the viral
replication complexes. Viral polymerase 3DP°! was shown to interact with PI4P in vitro,

which may promote its recruitment to the replication sites (84).

2.2.2.4 Lipid droplets (LDs) engagement during enterovirus infection

LDs are highly dynamic cellular organelles functioning as lipid storage which can
be rapidly mobilized or replenished depending on the cell’s metabolic needs and
environmental stimuli (160). They consist of a core of neutral lipids such as TAG and

cholesterol esters surrounded by a phospholipid monolayer decorated by proteins
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associated with lipid metabolisms. LDs are distributed throughout the cytoplasm in
uninfected cells and often maintain direct contact with the ER membranes (27, 160). In
enterovirus-infected cells, LDs are mostly detected in the close vicinity of the perinuclear
ROs. During the time course of infection, the size and the quantity of LDs decrease,
consistent with the activation of hydrolysis of neutral lipids and the retargeting of long-
chain FAs for the increased PLs synthesis level during enterovirus infection (121, 219).
Shuttling FAs from LDs to the replication complexes is facilitated in two ways. One is
through the interaction of viral protein 2C located in the replication sites with its
counterparts (other 2C protein pools) on the surface of LDs that triggers the formation of
membrane contact site between these two organelles, inducing FAs flux from LDs to the
replication compartments. The other way is through a direct interaction of the viral proteins
3A and 3AB, which reside in the ROs, with LD-associated lipases, including adipocyte
triglyceride lipases (ATGL) and hormone-sensitive lipase (HSL), resulting in the
recruitment of the cell’s lipolysis machinery into the membrane contact sites, where FAs
are released from the LDs by TAG lysis (121). LDs serve as the source of cholesterol for
the ROs of several human rhinoviruses (23). Still, the details of LDs' engagement upon

enterovirus infection are understood very cursory.

2.3 Projects Goals

Recruitment of GBF1 to the replication complexes through interaction with the
viral membrane-targeted protein 3A has been reported for PV, CVB3, and EV71.
Accordingly, the GBF1-directed enrichment of ROs in Arfl has been documented.

However, whether other Arfs are recruited to the ROs, and what Arf isoform(s) is actually
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required to support the viral replication, as well as their mechanistic roles in the replication
process, are not understood. In the first part of this project, I investigated the activation
dynamics of all human Arf isoforms upon enterovirus infection and identified Arfisoforms

important to support poliovirus replication.

Virtually all stages of the enterovirus replication cycle in a cell are associated with
the replication organelles. While their morphological development has been extensively
documented since the early days of electron microscopy, the landscape of the host and viral
proteins on the membranes of the ROs and their functional associations are understood
only superficially. In the second part of this project, we used a proximity biotinylation
approach coupled with mass spectrometry to identify proteins localized on the replication

organelles in the vicinity of GBF1.
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Chapter 3: Materials and Methods

3.1 Plasmids

Retroviral vector pLNCX2 containing cytomegalovirus (CMV) promoter ahead of
the multiple cloning site (MCS) and geneticin antibiotic selection properties was purchased
from Takara, Bio, USA (Cat No. 631503). Plasmids pArf1-GFP, pArf3-GFP, pArf4-GFP,
pArf5-GFP, and pArf6-GFP were gifts from Catherine Jackson (Université Paris Diderot-
Paris). Retroviral vectors expressing individual Arf-GFP were generated by inserting each
Arf-GFP fragment into the Xhol and Notl restriction sites of the pLNCX2 vector. For
constructing the pLNCX2-Arfl-FRP, expressing Arfl fused to a monomeric red
fluorescent protein, FusionRed (190), an Arfl1-FRP fragment maintaining the same linkers
as the Arfl1-GFP construct was synthesized by GeneArt (Thermo Fisher). The Arfl-FRP
fragment was inserted into the pLNCX2 vector in the Xhol and Notl restriction sites for the
cloning. For the construction of the pLNCX2-FLAG-APEX2-GARG-1060, which is a
truncated GBF1 after HDS1 domain with Sec7d from ARNO fused with FLAG-APEX?2
optimized by GeneArt service for human expression, a two-step cloning was performed.
First, the plasmids  GeneArt FAPEXGAG 1Xho-Apall and  GeneArt
FAPEXGAG 2Apall-Notl were respectively cut by the pair of restriction enzymes Xho-
Apall and Apall-Notl, followed by inserting to the pCI vector to generate pClI-
FAPEXGAG Xho-Notl. For cloning into the retroviral vector, the FAPEXGAG Xho-
Notl fragment was excised with the restriction enzymes X#o and NotI and inserted into the

previously linearized pPLNCX2 with the same enzymes. Plasmid pXpA-RenR, coding for
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a poliovirus or Coxsackievirus 3 replicons with the capsid P1 region replaced by the Renilla

luciferase gene, was described elsewhere (15).

3.2 Cells

HeLa and RD cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 mM sodium pyruvate, 2 mM L-glutamine, and
10% fetal bovine serum (FBS). Retrovirus packaging cell line GP2-293 (Takara) was

maintained in DMEM supplemented with 10% FBS and nonessential amino acids.

3.3 Generation of stable cell lines using a retroviral gene transduction system

Retroviral virions were generated by transfecting the packaging cell line GP2-293
according to the manufacturer’s directions. Briefly, GP2-293 cells seeded into a 6-well
plate were co-transfected with pLNCX2 vectors expressing either Arf fusions or FLAG-
APEX2-GARG-1060, and the plasmid coding the vesicular stomatitis virus (VSV)
envelope glycoprotein. Eighteen hours after transfection, the medium was replaced with a
fresh complete growth medium, and cells were kept in the incubator overnight. The
infectious virions were collected in the culture supernatant 48 h after the start of
transfection. HelLa cells seeded into a 6-well plate were transduced with the freshly
harvested supernatant supplemented with 10 pg/ml Polybrene (Sigma-Aldrich, Cat No.
TR1003). The plate was centrifuged at 1,200 X g for 1 h at 32°C and then incubated at
37°C for 18 h. The next day, the medium was replaced with a fresh complete growth
medium, and cells were kept in the incubator overnight. Forty-eight hours after the start of
transduction, cells were transferred into a T-25 flask, and the drug-resistant colonies were

selected with 300 pg/ml G418 (VWR Life Science, Cat No. 97064-358) for 10 days. The
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resistant colonies were pooled, and the stable cell lines were maintained in the complete
growth medium supplemented with 300 pg/ml G418.

Cells co-expressing green and red Arf fusions were generated similarly, but the
original HeLa culture was transduced by a mixture of retroviral vectors coding for the
corresponding ARF fusions and after the G418 selection, the double-positive cells were
sorted using BD FACSAria II cell sorter. This method generated cultures with 10% to 20%
of cells co-expressing both green and red Arf fusions.

After a two-week course of antibiotic selection of the stable cells expressing
APEX2-GBF1, approximately 60% of the cells showed the expression of the transgene
indicated by FLAG staining. So, a clonal selection of the transduced cells was performed
to generate pLNCX2- FLAG-APEX2-GARG-1060 expressing cells with a uniformly high
level of transgene expression. Shortly, the stable cells were cultured in three 96-well plates;
each contained about 30 cells so that a single cell, whether expressing the transgene or not,
was plated into a separate well. Since the growth medium contains the selection antibiotic
G418, only cells expressing the transgene could grow and make colonies. After expanding
one of the selected clones for about three weeks, we obtained a culture with more than 90%
of cells showing strong APEX2-GBF1 expression. This stable cell line was used for the

rest of our study.

3.4 Virus strains and propagation

Poliovirus type I Mahoney, poliovirus type I with FLAG-Y insert in the 3A protein
(206), Coxsackievirus B3 Nancy, and encephalomyocarditis virus E9 variant with a
shortened poly(C) tract (76) were propagated in HeLa cells, and their titers were

determined by plaque assays or TCIDS50. For infection, HeLa cells were seeded in either
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12-well plates (with or without a coverslip depending on the future analysis) or 8-well -pu
slides (Ibidi, Cat No. 80841) with a glass bottom or T225 flasks. For adsorption, the cells
were incubated with the required amount of the virus re-suspended in DMEM for 30 min
at room temperature and then at 37°C in DMEM with 10% FBS for the indicated times

post-infection.

3.5 Chemicals and reagents

DharmaFECT1 transfection reagent was purchased from Horizon (Cat No. T-2001-
02). Brefeldin A was purchased from Sigma-Aldrich. EnduRen cell-permeable substrate
for Renilla luciferase was from Promega. DNA and RNA transfection reagents 7rans-1T
2020 and Trans-IT mRNA/mRNA Boost were from Mirus. Opti-MEM Reduced-Serum
Medium was from Gibco (Cat No. 31-985-062). Polybrene was from Sigma-Aldrich (Cat
No. TR-1003). The cell viability luciferase-based assay kit was from Promega (Cat No.
G7570). The XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-

Carboxanilide) cell growth kit was from Invitrogen (Cat No. X6493).

3.6 Antibodies

Anti-poliovirus mouse monoclonal anti-2B, -2C, and -3A, rabbit polyclonal anti-
3D antibodies, and human monoclonal antibody A12, recognizing a conformational
epitope present only in mature poliovirus capsids were described elsewhere (17, 38, 167).
Rabbit polyclonal anti-FLAG antibody was from Invitrogen (Ref No. PA1-984B). Mouse
monoclonal anti-GM130 and anti-ERGIC53 antibodies were from BD Bioscience and
Santa Cruz, respectively. Rabbit polyclonal anti-GFP antibodies were from Abcam. Wheat

germ agglutinin, Streptavidin Alexa Fluor 594 conjugate, and secondary antibody
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conjugated with Alexa fluorescent dyes (568, 488, and 594) were from Molecular Probes
(Thermo Fisher). Streptavidin-horseradish peroxidase conjugate (streptavidin HRP) was
purchased from Sigma-Millipore (Cat No. RPN1231). Antibodies against lactate
dehydrogenase A (LDHA) (Cat No. C4B5) and pyruvate kinase (PKM) (Cat No. C103A3)
were from Cell Signaling. Antibodies against aldolase A (ALDOA) (Lot No. C105938),
heterogeneous nuclear ribonucleoprotein U (HNRNPU) (Lot No. A119002), RNA-binding
protein EWS (EWSR1) (Lot No. R88077), and Interleukin enhancer-binding factor3-90
(Lot No. HPA001897) were from Sigma. Antibodies against LDHB (Cat No. NBP2-
53421SS), EWSR1 (Cat No. NBP1-92686SS), and HNRNPAO (Cat No. NBP1-57275)
were from Novus Biological. Antibody against G3BP1 was from Cell Signaling (Cat No.
61559T). Hoechst was purchased from Thermos Fisher (Cat No. 33342). The anti-OSBP
antibody was from ProteinTech (Cat No. 11096-1-AP). Antibodies against PI4KIIIB (Cat

No. 06-578) and ACBD3 (Cat No. SAB1405255) were from Millipore Sigma.

3.7 Plaque assay

RD cells were seeded into a 6-well plate and incubated at 37°C. The next day, a
ten-fold serial dilution was prepared from the viral stock to be tittered in the serum-free
DMEM. Viral absorption was performed by adding 400 pl of each dilution to the RD
monolayer, and the plate was incubated on a shaker at room temperature for 30 min. In the
meantime, the agarose cover was prepared by dissolving 500 mg agarose powder in 75 ml
distilled water, followed by adding 20 ml 5X DMEM, 6 ml FBS and 2 ml penicillin-
streptomycin. After aspirating the absorption medium, 4 ml of the prepared overlay
solution was added to each well, and the plate was kept at room temperature till the overlay

solidified. The plate was incubated at 37°C for 48 h, subsequently stained with crystal
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violet, and the viral titer was calculated based on the number of plaques that appeared in

specific dilutions.

3.8 Tissue culture infectious dose (TCIDS50) assay

HeLa or RD cells were seeded into a 96-well plate and kept at a 37°C incubator
overnight. The next day, a 10-fold serial dilution was made from the viral stock in a serum-
free DMEM, starting from -1 to -10. The last two columns of the plate were left uninfected
as the control. 20 pl of each dilution was transferred into each well using a multichannel
pipette, and the plate was incubated on the shaker at room temperature for 30 min
absorption. Next, 80 ul of DMEM supplemented with 2% FBS and 1% antibiotic was
added to each well to reach the final volume of 100 ul per well. The plate was incubated at
37°C for 72- 120 h, followed by staining with crystal violet. The viral titers (TCID50/ml)

were calculated using Kérber’s formula (104).

3.9 DNA transfection

HeLa cells were seeded into a 6 or 12-well plate, depending on the experiment’s
purpose, and transfected according to the manufacturer's direction. Shortly, for a 6-well
plate, the transfection mix for each well was made by adding 250 uL. Opti-MEM Reduced-
Serum Medium, 2.5 pg DNA plasmid, and 7.5 pL 7Trans-IT-2020 Reagent and keeping at
room temperature for 20 min. The monolayer was then transfected with the mixture, and
the cells were incubated at 37°C overnight. The next day, transfected cells were either
infected with the virus, fixed with paraformaldehyde 4%, or collected in the lysis buffer

for blotting.
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3.10 RNA transfection

HeLa cells were seeded into a 6 or 12-well plate, depending on the experiment's
purpose, and transfected according to the manufacturer's direction. In brief, for a 6-well
plate, the transfection mix was prepared for each well by adding 250 pL Opti-MEM
Reduced-Serum Medium, 2.5 pg RNA stock, and 5 pL of each Trans-IT mRNA and
mRNA Boost Reagent and keeping at room temperature for 5 min. The complex was then
added to the monolayer medium, and the cells were kept either in the incubator at 37°C
overnight or in a plate reader in the presence of the EnduRen cell-permeable substrate for

poliovirus replicon replication assay.

3.11 siRNA nucleotide sequences and transfection

Scrambled siRNA mix siControl#1 was from Ambion. siRNAs against human
ARFs and other cellular proteins, including ALDOA, LDHA, LDHB, PKM, EWSRI,
HNRNPU, HNRNPH2, HNRNPH3, HNRNPAO, HNRNPR, HNRNPQ (SYNCRIP),
interleukin enhancer-binding factor 3-90 (ILF/NF3-90), ILF/NF3-110, KH domain-
containing RNA-binding protein (KHDRBS), and RNA-binding motif protein RBMX
were ordered from Horizon according to sequences presented in Table 3.1. siRNA
transfection was performed in a 96-well plate (for Renilla replicon replication assay), a 12-
well plate with coverslips, an 8-well -uslides with a glass-bottom (for immunostaining), or
a 12-well plate without a coverslip (for western blotting) according to the DharmaFECT’s
protocol. Briefly, for 35 wells of a 96-well plate, the siRNA mix was prepared by adding
175 pL Opti-MEM Reduced-Serum Medium, 157.5 sterile molecular grade water, 17.5 uL
of 20 uM siRNA or scrambled siControl#1. The DharmaFECT transfection mix was made

for the whole plate by adding 31.5 pL DharmaFECT into 1544 pL Opti-MEM Reduced-
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Serum Medium and incubating at room temperature for 5 min. Then, 350 pL of the
transfection mix was added to the siRNA solution and incubated at room temperature for
20 min. For each sample, about 3.5 * 10”5 HeLa cell in 3.5 ml complete growth medium
was mixed with the transfection mixture and subsequently were seeded into the plate and

incubated for 72 h at 37°C.
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Table 3.1 siRNA sequences against human Arfs and other cellular proteins with references.

Number Target protein siRNA sequence Reference
1 Arfl-A ACCGUGGAG UACAAGAACA (221)
2 Arfl-B UGACAGAGAGCGUGUGAAC (221)
3 Arf3-A UGUGGAGACAGUGGAGUAU (221)
4 Arf3-B ACAGGAUCUGCCUAAUGCU (221)
5 Arf4-A UCUGGUAGAUGAAUUGAGA (221)
6 Arf4-B AGAUAGCAACGAUCGUGAA (221)
7 Arf5-A UCU GCUGAUGAACUCCAGA (221)
8 Arf5-B ACCAUAGGCUUCAAUGUAGA (221)
9 Arf6-A CGGCAUUACUACACUGGGA (148)
10 Arf6-B UCACAUGGUUAACCUCUAA (148)
11 Aldo-A CCGAGAACACCGAGGAGAA (240)
12 LDHA AAGACAUCAUCCUUUAUUCCG (99)
13 LDHB GUACAGUCCUGAUUGCAUC (141)
14 PKM CCACGAGCCACCAUGAUCC (240)
15 EWSRI1 CUACUAGAUGCAGAGACCC 3)
16 HNRNPU AAAGACCACGAGAAGAUCAUG (128)
17 HNRNPH2 CAUGAGAGUACAUAUUGAA (62)
18 HNRNPH3 GACAGUACGACUUCGUGGA (54)
19 HNRNPAO CAGACCAAGCGCUCCCGUU (54)
20 HNRNPR GGAGUAUGGAGUAUGCUGU (54)
21 HNRNPQ (SYNCRIP) GCUACUUGCACAUAGUGAU (54)

22 ILF/NF3-90 CUUCCUAGAGCGUCUAAAAGU (150)
23 ILF/NF3-110 GCGGAUCCGACUACAACUACG (150)
24 KHDRBS GGACCACAAGGGAAUACAA (33)

25 RBMX CGGAUAUGGUGGAAGUCGA (139)
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3.12 Enterovirus replicon replication assay

The polio replicon replication assay was performed as described elsewhere (218).
Briefly, HeLa cells grown in a 96-well plate or cells previously (72 h) transfected with
siRNA against Arfs or other cellular proteins were transfected with a purified RNA coding
for a polio Renilla replicon using Mirus mRNA transfection reagent (Mirus Bio). The cells
were incubated in the growth medium supplemented with 5 uM EnduRen cell-permeable
Renilla luciferase substrate in the heated chamber of a multi-well plate reader (ID3;
Molecular Devices) at 37°C, and the Renilla signal was measured in live cells every hour
for 18 h after replicon RNA transfection. The signal from at least 16 wells was averaged
for each sample for each time point. The total replication signal was calculated as the area
under the curve for the replication kinetics signal. To study the effects of the inhibitors
(BFA or GuHCI) on the replication, the enterovirus replicon assay was performed in the
cells previously prepared based on the experiment’s purpose. The polio replicon replication
was assessed in the HeLa cells transfected with FLAG-APEX2-GARG-1060, a plasmid
coding for EGFP-GARG-1060, or an empty vector (pUC) or in the HeLa cells stably
expressing FLAG-APEX2-GARG-1060 along with a control HeLa in the absence or
presence of 2 pg/ml BFA. The single Arf knocked down cells were incubated for 72 h after
siRNA transfection, and a polio replicon replication was performed in the absence or
presence of 125 or 500 ng/ml of BFA. Polio or CVB3 replicon replication was measured
in the individual host protein-depleted cells at 72 h post-transfection in the absence or
presence of 2mM of GuHCIl (Sigma). Each data point on the replication graph is an average

signal from at least 24 wells.
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3.13 Immunofluorescent staining

HeLa monolayer was fixed with paraformaldehyde 4% diluted in phosphate-
buffered saline (PBS) for 20 min, followed by three times washing with PBS. Fixed cells
were then permeabilized with 0.2% triton for 5 min, with consequent washing with PBS
three times. After 30 min blocking with blocking reagent (Amersham ECL Blocking
Agent, RPN2125) dissolved in PBS, cells were incubated with primary antibody for 1 h,
followed by three times washing with PBS. Cells were then incubated with appropriate
anti-mouse, rabbit, or human secondary Alexa Fluor Conjugate or the streptavidin Alexa
conjugate and Hoechst for 1 h, then washed with PBS three times and imaged by confocal

microscope Zeiss LSM 510 microscope.

3.14 Microscopy

Confocal images were taken with either Zeiss LSM 510 or Zeiss LSM 800
microscope systems or a PerkinElmer Ultraview ERS 6FE spinning disk confocal attached
to a Nikon TE 2000-U microscope. Non-confocal images were taken with a Zeiss Axiovert
200M microscope. For image analysis, several random fields with at least 100 total cells

were analyzed.

3.15 Western blot

Cells lysed in mild lysis buffer (100 mM Tris-HCI pH=7.8, Triton-100X 0.5%) or
RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCI pH=7.5, Triton-100X 1%, sodium
dodecyl sulfate 1%, sodium deoxycholate 0.5%) supplemented with 1X proteinase
inhibitor or the streptavidin-enrichment eluates were separated in the SDS-PAGE gel

(either 12% or a gradient gel 4-15% (Bio-Rad, Cat No. 4568081)). Proteins were then
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transferred to the nitrocellulose membrane, immersed in the 2% blocking solution in
washing buffer (2 L distilled water, 100 mM NaCl, 2 mM Tris-HCI pH= 7.5, and 0.2%
Tween-20) for 30 min. The membranes were then incubated with primary antibodies for 1
h, followed by three times washing with washing buffer and incubation with appropriate
secondary antibodies or Streptavidin-horseradish peroxidase conjugate (Sigma-Millipore,
Cat No. RPN1231) for 1 h. After three-time washing, the membrane was developed using
ECL Select western blotting detection reagent (Bio Health, Cat No. PRN2235) and imaged

by Azure Biosystems C500 Chemiluminescence.

3.16 APEX2-based biotin-labeling

Depending on the future analysis, HeLa cells stably expressing FLAG-APEX2-
GARG-1060 were seeded in either a 12-well plate with or without coverslips, a T-25 or a
T-225 c¢m? flask, and infected (or mock-infected) with 10 PFU/ml of poliovirus for certain
time points in the presence of 2 pg/ml BFA. The biotinylation process was initiated half
hour before each time point by replacing the medium with DMEM containing 500 pM
biotin phenol (Chemodex CAS No. 41994-02-9) and incubating the cells at 37°C for 30
min. Next, the medium was replaced with PBS containing 20 mM hydrogen peroxide
(H202) (Sigma Millipore, Cas No. 7722-84-1), and the reaction occurred for 3 min at 37°C.
Cells were then washed three times by PBS and either fixed with paraformaldehyde 4% to
visualize in situ or lysed in RIPA lysis buffer supplemented with a 1X proteinase inhibitor
cocktail (Sigma, Cat No. P8340), followed by a 2-min sonication for SDS-PAGE or
blotting analyses. Controls were made by omitting either biotin phenol, or H2O2, or both to

confirm the specificity of the reaction.
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3.17 Streptavidin beads pull-down assay

The whole-cell lysates were mixed with the equilibrated streptavidin magnetic
beads (Pierce, Cat No. 88817) and incubated at room temperature on a rotator for 1 h. Next,
the beads attached to the biotinylated proteins were precipitated in a magnetic rack, and the
supernatant was collected as the flow-through containing the non-biotinylated proteins.
After washing the pellets with RIPA lysis buffer three times, the biotin-labeled proteins
were eluted from the beads by boiling the samples in 40 uL of 3X sample buffer
supplemented with 2 mM biotin 20 mM and dithiothreitol (DTT) for 10 min. The
streptavidin-enriched eluates were separated from the beads on the magnetic rack and kept

at -80°C for further analysis.

3.18 Sample preparation for mass spectrometry

HeLa cells expressing FLAG-APEX2-GARG-1060 were seeded into 10 T-225 cm?
flasks; half of them were infected with 10 PFU/ml of poliovirus for 6 h in the presence of
2 pg/ml BFA, and the other half were mock-infected in the same condition. The cells were
then treated with 500 uM biotin phenol at 5 and a half hpi in the presence of BFA for 30
min, followed by the biotinylation reaction for 3 min at 37°C. Cells were then washed with
PBS three times, collected in versene (PBS containing 2mM ethidium bromide), and
centrifuged at maximum speed for 5 min at 4°C. Cell pellets were lysed in RIPA lysis
buffer supplemented with 1X proteinase inhibitor cocktail and sonicated for 2 min. The
streptavidin pull-down was performed to purify the biotin-labeled proteins. The
biotinylation reaction was evaluated in the eluates collected from each flask separately by
blotting with the streptavidin-HRP conjugate. A mixture of the five replicates for mock

and PV-infected samples was loaded in the SDS-PAGE gel. The bands of interest were
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visualized by immersing the gel in the Coomassie Blue solution made of 0.1% Coomassie
Blue Dye (VWR Life Science, Cas No. 6104-58-1), 10% acetic acid, 50% methanol, and
40% distilled water for 40 min on a shaker at room temperature. The gel was then de-
stained with a solution of 10% acetic acid, 50% methanol, and 40% distilled water three
times for a total period of 3 h on a shaker until the gel's background color disappeared.
After visualizing the bands of interest using the C500 UV reader, they were excised, placed
into the Eppendorf tubes containing 50% acetonitrile, and submitted to the Harvard FAS
Division of  Science, Center for  Mass Spectrometry Proteomics

(https://proteomics.fas.harvard.edu/) for mass spectrometry analysis.

3.19 Mass spectrometry analysis and data processing

The LC-MS/MS experiment was performed on a Lumos Tribrid Orbitrap Mass
Spectrometer (Thermo Fischer, San Jose, CA) equipped with Ultimate 3000 (Thermo-
Fisher, CA) nano-HPLC. Peptides were separated onto a 150 um inner diameter
microcapillary trapping column packed first with approximately 2 cm of C18 Reprosil resin
(5 um, 100 A, Dr. Maisch GmbH, Germany) followed by PharmaFluidics (Gent, Belgium)
50 cm analytical column. Separation was achieved by applying a gradient from 5— 27%
ACN in 0.1% formic acid over 90 min at 200 nl/min. Electrospray ionization was enabled
by applying a voltage of 2 kV using a homemade electrode junction at the end of the
microcapillary column and sprayed from metal tips (PepSep, Denmark). The mass
spectrometry survey scan was performed in the Orbitrap in the range of 400—1,800 m/z at
a resolution of 6x10%, followed by the selection of the twenty most intense ions (TOP20)
for CID-MS2 fragmentation in the Ion trap using a precursor isolation width window of 2

m/z, AGC setting of 10,000, and a maximum ion accumulation of 100 ms. Singly charged
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ion species were not subjected to CID fragmentation. The normalized collision energy was
set to 35 V and an activation time of 10 ms. Ions in a 10-ppm m/z window around ions
selected for MS2 were excluded from further selection for fragmentation for 60s.

Raw data were submitted for analysis in Proteome Discoverer 2.4 (Thermo
Scientific) software. Assignment of MS/MS spectra was performed using the Sequest HT
algorithm by searching the data against a protein sequence database, including all entries
from our Uniport Human2018 SPonly database as well as other known contaminants such
as human keratins and typical lab contaminants. Searching the identified spectra against
the UniProt database provided a unique "accession number," enabling us to directly find
the protein of interest and complete information in the database. Quantitative analysis
between samples was performed by label-free quantitation (LFQ). Using the SEQUEST
search algorithm, the company provided a protein score which is the sum of the ion scores
of individual peptides that were identified. The percentage of a protein sequence covered
by the identified peptides gave us the percent coverage, ranging from 1-71%; the higher
number is better, which shows a better coverage of the protein of interest. SEQUEST
searches were performed using a 10-ppm precursor ion tolerance and requiring N-/C
termini of each peptide to adhere to Trypsin protease specificity while allowing up to two
missed cleavages. Methionine oxidation (+15.99492 Da) was set as a variable modification
as well as deamidation (+ 0.98402 Da) of Asparagine and Glutamine amino acids. Special
modification of 1xBiotin-tyramide (+361.14601 Da) on Tyrosine amino acid residues was
used as variable modification. All Cysteines were set to permanent modification with

Carbamidomethyl (+ 57.02146 Da) due to an alkylation procedure. All MS2 spectra
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assignment false discovery rate (FDR) of 1% on both protein and peptide levels was
achieved by applying the target-decoy database search by Percolator (103).

The sets of proteins identified in the infected and mock-infected samples were
analyzed for Gene Ontology (GO) term enrichment using PANTHER classification system
web tool (147) against all Homo sapiens protein-coding genes using Fisher’s exact test and
Bonferroni correction for multiple testing. Only the statistically significant enrichment
results with p<0.05 are reported. The high-confidence proteins identified in the replication
complexes by mass spectrometry were searched in the literature available in the PubMed
database to detect the proteins that have not been previously reported to be involved in

enterovirus replication.

3.20 Data analysis

Digital images were processed with microscope operating software Zen (Zeiss) or
Volocity 6.2 (PerkinElmer) and Adobe Photoshop. All images belonging to one experiment
were processed the same way, and the adjustments were applied evenly to the whole image
area. Statistical calculations were performed using the GraphPad Prism software package;
all calculations are presented as mean values and standard deviation bars. Data comparison

for statistical significance was performed using the two-tailed unpaired #-test.
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Chapter 4: Enterovirus Infection Induces Massive Recruitment of All
Isoforms of Small Cellular Arf GTPases to the Replication Organelles

4.1 Introduction

Enteroviruses are small positive-stranded RNA viruses of eukaryotes, which are
fully dependent on the host cells to replicate and produce viral progeny. During infection,
the virus induces a massive remodeling of the cell membranous structures to build a safe,
confined environment to replicate without being interrupted by the host antiviral immune
factors. These membranes, called the replication organelles (ROs), contain a unique
combination of viral and host factors required for proper genome replication. Viral antigens
are associated with the cis-Golgi marker, GM130, at the early stage of infection, meaning
a close relationship between the establishment of viral replication complexes and the Golgi
membranes, presumably because this organelle contains some specific factors required for
virus infection. In addition, the ROs are detectable nearby cis-Golgi and ERGIC, the two
compartments of the cellular protein secretory machinery early on infection, supporting
that the virus requires a Golgi-like environment for genome replication. Moreover,
inhibition of the secretory traffic by BFA blocks enterovirus replication. Collectively, these
data suggest that at least some elements of the secretory pathway are involved in the virus
replication process.

One of the key elements of the secretory pathway is the family of ADP-ribosylation
factor (Arf) GTPases, which are divided into three classes based on their structural
homology. In primate cells, Arfl and Arf3 belong to class I, Arf4 and Arf5 are in class II,

and Arf6 is the only member of class III. Similar to other GTPases, Arfs cycle between an
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activated membrane-bound Arf-GTP and inactive cytosolic Arf-GDP forms. Arf activation
is mediated by Arf guanine nucleotide exchange factors (Arf-GEFs), and the GTP
hydrolysis is facilitated by Arf-GTPase activating proteins (Arf-GAPs) (50). The active
form of Arfs interacts with various effector proteins, including those engaged in membrane
remodeling, lipid synthesis, and trafficking (69, 94). Activation of different Arf isoforms
is subject to tight spatial and temporal regulation and is important for regulating multiple
steps of the membrane metabolism in the cell.

GBF1 is one of the Arf-GEFs, which is typically located in the cis-Golgi. GBF1
and Arfl-GDP are recruited to the Golgi membranes, in which the GDP-GTP exchange
occurs. GBF1 is then released from the membranes while the activated Arfl1-GTP stays
associated with the membranes, where they recruit many effector proteins with various
functions. BFA interacts with GBF1-Sec7d in the junction with Arf-GDP and stabilizes the
GBF1-Arf-GDP complex on the membranes, resulting in inhibiting GBF1’s catalytic
function. As a consequence, the flow of the secretory pathway is disturbed. During
enterovirus infection, the interaction of GBF1 with the viral protein 3A relocates GBF1 to
the replication organelles in which it attracts and activates Arfl. Viral protein 2BC also
interacts and recruits Arfl into the replication sites. However, whether other Arfs are
associated with the replication organelles and what Arf isoform(s) is actually required to
support the viral replication, as well as their mechanistic roles in the replication process,
are not understood.

Published data show some disagreement over the significance of human Arf
isoforms in the enterovirus replication process. Knockdown and knockout studies of

individual Arf isoforms or pairwise combinations indicated no significant inhibition of
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Coxsackieviruses B3 and B4 replication (56, 120), while simultaneous depletion of Arfl
and Arf3 impaired enterovirus 71 replication in the cell (223). Although GBF1-controlled
Arf activation is required for enterovirus replication, the inhibitory effect of BFA on
enterovirus replication is relieved by overexpression of GBF1 but not any of Arf isoforms,
remaining the roles of individual Arfs in the replication process undefined.

To get a better insight into the role of different Arfs in enterovirus infection, we
established cell lines stably expressing all human Arfs fused to fluorescent proteins. Such
a system allowed us to observe the dynamics of Arf recruitment to replication organelles
upon viral infection without the artifacts usually associated with transient transfections,
such as activation of antiviral signaling due to the presence of plasmid DNA in the
cytoplasm. Using these cell lines and other experimental systems, we systematically
investigated the contributions of different Arf isoforms to the replication of enteroviruses.

Here, we report that poliovirus induces a complex pattern of engagement of
different Arfs. Only Arfl was rapidly recruited to the replication membranes in the early-
middle stages of the infectious cycle, while a significant proportion of other Arfs was not
associated with viral antigens at early times. However, by the end of the replication cycle,
all Arfs, including Arf6, were massively associated with the replication membranes. The
different dynamics of Arf isoform recruitment were confirmed in cells expressing pairs of
Arfs fused to different fluorescent proteins. Among the different viral antigens, 2B and
mature virions demonstrated the strongest association with Arfl-enriched membranes,
while the signal for double-stranded RNA (dsRNA) was strongly separated from that of

Arfl, suggesting that dsSRNA is sequestered biochemically distinct membranous domains.
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Interestingly, only Arf3 required a continuous BFA-sensitive GEF activity to
remain associated with the membranes in infected cells. Knockdown of expression of
individual Arf isoforms had minimal effect on viral replication, confirming the previously
reported data (19, 22). However, the knockdown of expression of Arfl and, to a certain
extent, Arf6, but not other Arfs, significantly increased the sensitivity of enterovirus
replication to BFA, suggesting that GBF1-driven activation of Arfl and, to a lesser extent,
Arf6, directly supports the development and/or functioning of the viral replication

complexes.

4.2 Results

4.2.1 Stable cell lines expressing Arf-GFP constructs recapitulate normal Arf

phenotypes.

To visualize the location of Arf isoforms in the cell and their redistribution profile
during viral infection, we generated stable HeLa cell lines expressing individual human
Arfs (Arfl, 3, 4, 5, and 6) C-terminally tagged to a green fluorescent protein (GFP). DNA
transfection-based systems are not well-suited for studying viral infection since the
presence of DNA in the cytoplasm triggers innate immune signaling, which interferes with
authentic viral infection responses (85). Therefore, we transduced HeLa cells with
retroviral vectors expressing individual Arf-GFP constructs and isolated the successfully
transduced cells by applying selective antibiotic pressure. Approximately 80% of the stable
cells displayed Arf signals with various intensities. The heterogeneous composition of cells

expressing Arf-GFP constructs allows minimizing possible artifacts associated with
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different provirus integration sites and the level of transgene expression in a particular
population of transduced cells.

As shown in Fig. 4.1A, the fluorescent signal was observed mainly in the Golgi and
trans-Golgi network (TNG) areas in the Arfl and Arf3 expressing cells. In contrast, the
signals for Arf4 and Arf5 were predominantly detected in a rather diffuse perinuclear
pattern, the characteristics of the ER and ERGIC regions. Arf6 was concentrated mainly
on the plasma membrane. To see whether the fluorescently-tagged Arf isoforms behave as
authentic proteins, we assessed their colocalization with markers for the cis-Golgi
(GM130), ERGIC (ERGIC53), and plasma membrane (wheat germ agglutinin-WGA). As
expected, Arfl and Arf3 colocalized with the GM130 marker, whereas Arf4 and Arf5
showed colocalization with the ERGIC53 marker. The strong colocalization of Arf6 with
the WGA marker confirmed that Arf6 is mostly associated with plasma membrane;
however, a small portion of Arf6é was detected on the intracellular structures, suggesting
Arf6 association with endosomal pathways in the cell (Fig. 4.1A). These data demonstrate
that stably expressed Arf-GFP constructs recapitulate the behavior expected from
functional Arf isoforms.

Finally, we tested if the expression of the Arf-GFP constructs interferes with
poliovirus replication. As shown in Fig. 4.1B, the accumulation of poliovirus proteins upon
infection of Arf-GFP-expressing cell lines was the same as that in control HeLa cells. It
should be noted that sometimes we observed additional weak GFP-positive bands on the
western blots upon analysis of Arf-GFP fusions (see, for example, Fig. 4.1B, Arf5 sample).
Analysis of lysates from infected and mock-infected cells did not reveal any differences

(Fig. 4.1C), thereby excluding infection-specific modification of Arf-GFP fusions. Such
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bands likely correspond to posttranslational modifications, such as phosphorylation or
acetylation of Arf molecules (83). We also analyzed the virus yield by plaque assay and
found it the same in Arf-GFP-expressing cells and the original HeLa cell line (data not
shown). Thus, cell lines expressing Arf-GFP constructs recapitulate normal Arf phenotypes
and provide a convenient tool for studying the role of these small cellular GTPases in

enterovirus infection.
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Figure 4.1. Characterization of stable cell lines expressing human Arf-GFP isoforms. (A)
HelLa cells stably expressing individual Arf-GFP isoforms were analyzed with antibodies against
cis-Golgi and ERGIC markers GM130 and ERGICS53, respectively. Plasma membrane was
stained with wheat germ agglutinin (WGA). Nuclear DNA was stained by Hoechst 33342 (blue).
Fluorescently tagged Arfs demonstrated the expected behavior. (B) Expression of fluorescently
tagged Arfs does not interfere with poliovirus replication. The original HeLa cell line and its
derivatives stably expressing individual Arf-GFP were mock infected or infected with poliovirus
(50 PFU/cell), the cells were lysed in RIPA buffer at 6 hpi, and the total cell lysates were analyzed
by western blotting with an antibody against viral antigen 2C and anti-GFP antibodies that
recognize the Arf-GFP fusions. Actin is shown as a loading control. (C) Arf-GFP fusions are not
significantly affected by poliovirus infection. Cell lines expressing corresponding Arf-GFP
fusions were infected with poliovirus (PV; 50 PFU/cell) or mock infected (M), the cells were
lysed in RIPA buffer at 6 hpi, and the total cell lysates were analyzed by western blotting with an
antibody against viral antigen 2C and anti-GFP antibodies that recognize the Arf-GFP fusions.
Actin is shown as a loading control.
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4.2.2 Poliovirus infection induces the dynamic of recruitment of multiple Arfs

to the replication organelles.

To monitor the pattern of Arf activation during the time course of poliovirus infection, cells
expressing Arf-GFP fusions were infected with 50 PFU/cell of poliovirus type I Mahoney
(so that all of the cells are infected) and fixed at 2, 4, and 6 hpi. By 6 h the replication cycle
of poliovirus in HeLa cells is complete. Activation of Arfs induces their association with
membranes, and, to maximally preserve the Arf localization pattern, the cells were not
processed for any additional staining after fixation.

In mock-infected cells, the distribution of Arf isoforms was similar at all the time
points. Arfl, 3, 4, and 5 were concentrated in the perinuclear area, reflecting their
association with the Golgi and the ERGIC, and Arf6 was associated with the plasma
membrane (Fig. 4.2, mock infection). Poliovirus infection induced dramatic changes in the
distribution of all Arf isoforms, including Arf6. As early as 2 hpi, Arfl, 3, and 5 were
redistributed in a noticeable percentage of the cells (up to 20% for Arf3) in multiple dots,
likely reflecting Golgi fragmentation known to occur early in enterovirus infection (28,
178) (Fig. 4.2, 2 hpi). Arf4 was mostly associated with perinuclear structures, possibly
Golgi remnants. Arf6 was still almost exclusively associated with the plasma membrane in
the infected cells, similar to control cells (Fig. 4.2, 2 hpi).

In the middle of the infectious cycle, at 4 hpi, in the majority of Arf1-GFP- expressing cells
(~80%) the signal was found in bright perinuclear rings, characteristic of localization of
poliovirus replication organelles, while Arf3, 4, and -5 signals were found in almost equal
numbers of cells either in distinct punctae (~60%, ~30%, and ~30%, respectively) or in

perinuclear rings (~42%, ~60%, or ~62%, respectively). Interestingly, a redistribution of
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the Arf6-GFP signal from the plasma membrane to the perinuclear region was also
observed in almost all of the cells (80%); however, the level of Arf6 signal on the
replication organelles was relatively low at this time point, especially compared to the
bright, highly concentrated signal of Arfl (Fig. 4.2, 4 hpi).

By the end of the replication cycle, at 6 hpi, all Arf isoforms in poliovirus-infected
cells were found highly concentrated in perinuclear rings in 90 to 100% of cells (Fig. 4.2,
and 6 hpi). It should be noted that starting from 4 hpi, the confocal images demonstrate a
much stronger signal of membrane-associated Arfl, 3, 5, and 6 in any section plane in
infected than in mock-infected cells, reflecting a significantly higher level of Arf activation
upon infection (Fig. 4.2).

Thus, during the poliovirus replication cycle, Arfl, 3, 4, 5, and 6 demonstrate
distinct dynamics of recruitment to the replication organelles, suggesting that the
biochemical properties of the replication membranes change during the time course of

infection.
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Figure 4.2. Recruitment of Arfs to the replication organelles in poliovirus-infected cells.
HeLa cell lines expressing individual Arf-GFP were mock infected or infected with poliovirus
type I Mahoney at 50 PFU/cell and fixed at the indicated times post-infection. To maximally
preserve the pattern of Arf recruitment, no other manipulations with cells were performed. For
quantifications, several random fields with no fewer than 100 total cells were counted. The
cellular phenotypes were defined as Arfl to -4, mostly at the Golgi membrane (Arf6 was at the
plasma membrane), Arfs mostly distributed at the cytoplasmic dots, and Arfs mostly recruited
to the perinuclear rings of the RO.

4.2.3 Diverse enteroviruses induce the same pattern of Arf activation.

To see whether the pattern of Arf recruitment to the replication organelles is virus
specific, we infected cells expressing Arf-GFP with CVB3, an enterovirus distantly related
to poliovirus. Poliovirus is classified within the enterovirus species C, while CVB3 belongs
to the enterovirus species B in the Enterovirus genus of the Picornaviridae family (222).
We also infected cells with EMCV, a murine picornavirus of the Cardiovirus genus, which

is known not to be sensitive to BFA and, thus, is unlikely to depend on Arf activation (65).
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CVB3 and EMCYV replicate in HeLa cells with kinetics similar to that of poliovirus (the
replication cycle is complete within 6 to 8 h).

Infection with CVB3 induced a pattern of Arf redistribution similar to that observed
in poliovirus-infected cells so that by the end of the replication cycle (6 hpi), all Arfs were
found on the replication organelles (Fig. 4.3A).

In contrast, in cells infected with EMCV, none of the Arfs was recruited to the
replication organelles, even in cells with strong cytopathic effects, i.e., those at the end of
the infectious cycle. Nevertheless, the effect of EMCV infection on Arf distribution was
clearly visible. In infected cells, there were much less membrane-associated Arfs than in
control cells, indicating that Arf-GEF activity is likely severely inhibited during
cardiovirus infection. In some cells, Arfl and Arf4 were found in multiple membrane-
associated dots (Fig. 4.3B and data not shown), but whether these dots represent the
remnants of preexisting Arf-enriched structures, like the Golgi, or have an infection-
specific significance requires further investigation.

Thus, the recruitment of multiple Arfs to the replication organelles is a shared
feature of enterovirus, but not cardiovirus, infection even though both enteroviruses and
cardioviruses belong to the same family and induce the formation of specialized replication

membranes.
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Figure 4.3 Recruitment of Arfs to the enterovirus but not cardiovirus replication
organelles. HeLa cell lines expressing individual Arf-GFP were mock infected or
infected with 50 PFU/cell of CVB3 (an enterovirus) (A) or EMCYV (a cardiovirus) (B)
and fixed at 6 and 8 hpi, respectively. The cells were counterstained for dsSRNA, an
intermediate product of replication of RNA viruses, to confirm the infection.
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4.2.4 Arfl is the first to associate with the functional replication organelles.

To directly compare the recruitment of different Arf isoforms to the replication
organelles in the same cell, we developed cell lines co-expressing pairs of Arfs fused to
either green or red fluorescent reporter proteins. As the red fluorescent reporter, we used
FusionRed protein (FRP) that was specifically designed to be strictly monomeric (190), so
that the residual propensity for oligomerization common to other red fluorescent reporter
proteins do not interfere with Arf targeting. First, we verified that Arfl tagged with FRP
behaves the same as GFP-tagged Arfl and monitored the colocalization of red and green
signals in a HeLa cell line co-expressing Arfl-GFP and Arf1-FRP. As shown in Fig. 4.4A,
in both control and infected cells, the red and the green Arfl signals were perfectly
colocalized, confirming that the Arf1-FRP construct recapitulates the same Arfl behavior.

We then analyzed the recruitment of different Arfs relative to Arfl by co-
expressing Arfl-FRP with other Arf isoforms fused to GFP. The cells were infected (or
mock-infected) with poliovirus type I Mahoney at a multiplicity of 50 PFU/cell, and the
subcellular localization of both Arfs was analyzed at 3 hpi (early-middle time of the
infectious cycle). At this multiplicity of infection at 3 hpi, viral antigens are readily
detectable, while the cells still maintain overall normal morphology.

As shown in Fig. 4.4B, in mock-infected cells, the Arfl signal showed extensive
colocalization in the Golgi area with all the Arfs except the plasma membrane-localized
Arf6. However, in infected cells, the recruitment of Arfl to the perinuclear replication
organelles preceded the recruitment of other Arf isoforms. At later time points (4 to 6 hpi),
all Arfs were extensively colocalized with Arfl on the replication organelles (data not

shown).
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To directly identify the Arf isoforms that associate early in infection with the
functional replication organelles, we took advantage of the fact that the assembly of
poliovirus virions is tightly coupled to RNA replication (155). At 3 hpi, the accumulation
of the progeny virus first becomes apparent; thus, the virion signal should be localized at
least close to the functional replication complexes. Cells expressing individual Arf-GFP
were infected with poliovirus at a multiplicity of infection of 50, fixed at 3 hpi, and
subsequently stained with a monoclonal antibody A 12 that recognizes only the fully mature
virions (38). As shown in fig. 4.4C, Arfl1-GFP but not the other Arfs strongly colocalized
with the virion signal.

Collectively, these observations indicate that Arfl appears to be the first to
associate with the ROs, followed by other Arf isoforms, which suggests that the
composition of the proteins associated with the ROs may be significantly different at

different stages of the infectious cycle.
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Arfl-GFP A12 (capsid) Merge Arf5-GFP A12 (capsid) Merge
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Figure 4.4. Arfl is the first to be recruited to the functional replication organelles.
(A) Arfl fusions with red and green fluorescent proteins recapitulate the same Arfl
behavior. HeLa cells co-expressing Arfl-GFP (green) and Arfl-FRP (red) fusions were
mock infected or infected with poliovirus type I Mahoney at 50 PFU/cell, and the cells
were fixed at the indicated times post-infection. Nuclear staining was performed with a
cell-permeable dye, Hoechst 33342, in live cells 30 min before fixation. To maximally
preserve the pattern of Arf recruitment, no other manipulations with cells were performed.
(B) HeLa cells co-expressing pairs of Arfl1-FRP (red) with other Arf-GFP (green) fusions
were infected with poliovirus type I Mahoney at 50 PFU/cell and fixed at 3 hpi. To
maximally preserve the pattern of Arf recruitment, no other manipulations with cells were
performed. (C) HeLa cells co-expressing pairs of Arfl-FRP (red) with other Arf-GFP
(green) fusions were infected with poliovirus type I Mahoney at 50 PFU/cell and fixed at
4 hpi. The cells were stained with antibody A12 that recognizes only mature poliovirus
capsids, and early in infection denotes the localization of the active replication organelles,
since the assembly of poliovirus virions is intimately linked to active RNA replication.
Nuclear DNA was stained by Hoechst 33342 (blue).
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4.2.5 Viral antigens show a distinct pattern of association with the Arfl-

enriched domains on the replication organelles.

Enterovirus proteins are expressed as a single polyprotein, which is co- and post-
translationally processed by three viral proteases 2A, 3C, and 3CD (Fig 4.5A). Although it
is assumed that synthesis of the polyprotein results in a similar spatiotemporal distribution
of viral antigens, it has not been explicitly addressed. Thus, we analyzed the localization
of viral antigens relative to Arfl-enriched membranes. Arfl-GFP expressing cells were
infected with 50 PFU/cell of poliovirus type I Mahoney and fixed at 4 hpi in the middle of
the infectious cycle. The cells were then stained with antibodies to dSRNA, an intermediate
product of the viral RNA replication, or with antibodies for the mature capsid (A12) or the
non-structural proteins 2B, 2C, 3A, or 3D. Because of the polyprotein synthesis and
processing scheme, the antibodies recognize the mature proteins as well as all the
intermediate cleavage products containing the corresponding antigens (Fig 4.5A). The
level of the colocalization of the viral antigens with the Arf1-GFP signal varied in different
cells and was, in general, higher in cells expressing more of the viral proteins, i.e., those
further in the replication cycle progression.

At 4 hpi, Arfl is strongly associated with the perinuclear rings of replication
organelles (compare the distribution of Arf1-GFP in mock-infected cells [Fig. 4.5B] with
that in the infected cells in Fig. 4.5C). We confirmed a very strong colocalization of the
signal of the mature virions with Arfl-enriched membranes, similar to that observed at 3
hpi (Fig. 4.4B), indicating that at least at the early-middle stage of infection, the major part

of the progeny virus is still tightly associated with the membranes of the replication
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organelles and is not significantly exported from the cell via possible nonlytic pathways
(Fig. 4.5C).

The non-structural proteins exhibited qualitatively distinct types of behavior. While
we observed the strongest Arfl colocalization with the 2B antigen, the signal for the
membrane-targeted proteins 2C and 3A was less colocalized with Arfl. Furthermore, the
signal for the 3D antigen colocalized poorly, with most of the protein found outside of the
areas enriched in Arfs. Interestingly, while the signal for dsSRNA was in close vicinity to
that of Arfl, the two signals were clearly separated such that the Arfl signal appeared to
encircle the dsSRNA-enriched regions (Fig. 4.5C, dsRNA panel, arrows). This phenomenon
was observed in all cells analyzed, arguing that exclusion of dsSRNA from Arf-enriched
regions is an important feature of the fine organization of the replication organelles.

Viral antigens did not show any specific associations with other Arfs early in the
infection cycle, and when, at the middle-late stage of infection, other Arfs were massively
recruited to the replication organelles, their colocalization with viral antigens was similar
to that of Arfl (data not shown).

To confirm that in the same cell viral nonstructural membrane-targeted proteins
could have a significantly different localization relative to Arf-enriched membranes of
replication organelles, we infected Arfl-GFP-expressing cells with a poliovirus with a
modified FLAG insert (FLAG-Y) in the protein 3A. This virus replicates with almost wild-
type kinetics (206). The simultaneous staining of cells infected with this virus with anti-
FLAG and anti-2C antibodies at 5 hpi demonstrated that both viral antigens have distinct
localizations relative to Arfl, with a substantial amount of 2C still outside the Arfl-

enriched area (Fig. 4.5D).
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These data demonstrate that the full complement of viral proteins is assembled on
the Arfl-enriched replication organelles at the early-middle stages of replication. However,
at least some of the nonstructural proteins, including the membrane-targeted proteins 2C
and 3A, could have an extended localization outside the replication complexes. This

suggests the existence of replication-independent functions of these proteins.
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Figure 4.5 Highly diverse association of different human Arf isoforms with poliovirus
antigens in the replication sites. (A) Scheme of the processing of poliovirus polyprotein. (B)
Mock-infected HelLa cells expressing Arfl-GFP. (C) HeLa cells expressing Arfl-GFP were
infected with poliovirus type I Mahoney at 50 PFU/cell, fixed at 4 hpi, and stained with
antibodies recognizing dsRNA, mature poliovirus capsid (A12), or the antigens in the viral
nonstructural protein 2B, 3A, 2C, or 3D. (D) HeLa cells expressing Arfl-GFP were infected
with 50 PFU/cell of a poliovirus type I Mahoney mutant with FLAG-Y inserted in the
nonstructural protein 3A. The cells were stained with anti-FLAG and anti-2C antibodies
simultaneously. Nuclear DNA was stained by Hoechst 33342 (blue).

4.3.6 Only Arf3 requires constant GEF activity to remain associated with the

replication membranes.

Under normal conditions, cellular Arfs constantly cycle through activated, GTP-
bound and inactivated, GDP-bound states. To determine whether Arfs recruited to the viral
replication organelles still undergo cycles of GDP/GTP exchange, we infected (or mock-
infected) cells expressing Arf-GFP constructs with poliovirus type I Mahoney at 50
PFU/cell and incubated them for 5 h so that the Arf-enriched replication organelles are well
developed. At this point, the medium was supplemented with BFA and the cells were
monitored to track the behavior of the Arfs (Fig. 4.6A). If the GTP hydrolysis arm of the
Arf cycle is still functional, Arfs whose activation depends on BFA-sensitive GEFs are
expected to be released from the membranes (Fig. 4.6B).

In mock-infected cells, after BFA addition, Arfl and 3 entirely lost their association
with the Golgi membranes. Arf4 and 5 were mostly released into the cytoplasm, although
a small portion of these proteins was still associated with membranes, likely the remnants
of the Golgi and ERGIC (Fig. 4.6C, mock). Arf6, which is activated by a BFA-insensitive
GEF called ARNO, remained associated with the plasma membrane, as expected (Fig.

4.6C, mock). In contrast, in PV-infected cells, Arfl, 4, 5, and 6 showed an intact
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localization in the ROs in the presence of BFA (Fig. 5.6C, PV 5 hpi). Arf3, however, was
released into the cytoplasm after BFA addition. These data suggest that contrary to the
rapid activation-deactivation cycle in non-infected cells, once recruited to the replication
membranes, all Arfs, except Arf3, likely remain for a prolonged time in the GTP-bound

state.
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Figure 4.6 Only Arf3 requires constant GEF activity to stay associated with the
replication membranes. (A) Scheme of the experiment with the addition of brefeldin A
(BFA), an inhibitor of GBF1, to the infected cells upon the formation of well-developed
replication organelles. (B) Scheme of Arf cycling through membrane-bound GTP- and
cytoplasmic GDP-bound forms. The guanidine nucleotide activating factors (GEFs) may be
inhibited by BFA, while the GTPase-activating proteins (GAP) are still functional. (C) Arf-
GFP expressing cells were infected (mock-infected) with 50 PFU/cell of PV for 5h, followed
by 1h treatment with 1 pg/ml BFA. No other manipulations with cells were performed to
maximally preserve the pattern of Arf recruitment.
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4.3.7 Arfl depletion strongly increases the sensitivity of viral

replication to GBF1 inhibition.

The results obtained here and previously reported data suggest that activated Arfs
constitute an important component of the specific biochemical environment of the
enterovirus replication organelles, yet their mechanistic role in the replication process
remains enigmatic. Moreover, conflicting data are available regarding the functions of
distinct human Arf isoforms in enterovirus replication. Small interfering (siRNA)-
mediated depletion or CRISPR/CAS-mediated knockout of an individual or pairwise
combinations of Arfs did not demonstrate a significant effect on the replication of
Coxsackievirus B3 or B4, but the simultaneous depletion of both Arfl and Arf3 was
reported to inhibit replication of enterovirus 71 (56, 120, 223).

We hypothesized that since enterovirus replication depends on the activity of GBF1
and is inhibited by BFA (16, 120), the depletion of the Arf isoform(s) that are important
for the replication process will increase the sensitivity of infection to BFA. Since reliable
Arf isoform-specific antibodies are not readily available, we first evaluated the efficacy
and specificity of the previously reported Arf isoform-specific siRNAs (148, 221) using
our cell lines expressing individual Arf-GFP constructs. Each Arfisoform was individually
targeted by two different siRNAs. The loss of the corresponding fluorescent signal and the
western blot performed with anti-GFP antibodies confirmed the high specificity of the
siRNAs, with the maximum depletion level achieved 72 h after siRNA transfection (Fig.
4.7A and data not shown). We observed that treatment with one siRNA from the pair was
sometimes more toxic to the cells, even though they showed similar depletion efficiency,

and the siRNAs with the least toxicity were always chosen for subsequent experiments. To
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monitor the effect of individual Arf depletion on the sensitivity of replication to GBF1
inhibition, a quantitative polio replicon replication assay was performed on the third day
after siRNA transfection in the absence or the presence of 0.125 and 0.5 pg/ml of BFA,
which only partially (down to ~40% to 50% and ~10% to 20% of the control, respectively)
inhibit polio replication in the cells transfected with scrambled siRNA control.

In the absence of BFA, PV replication was supported in the individual Arf knocked
down cells at the same level as in control siRNA-transfected cells except for Arf3, whose
depletion was the most toxic to cells (Fig. 4.7B). This suggests that either a small portion
of a particular Arf remaining after siRNA treatment was sufficient to support replication
or that other Arfs can compensate for a single Arf loss. However, the relative replication
efficiencies of the polio replicon in Arf3-depleted cells were the same as those in control
cells throughout the range of BFA concentrations (Fig. 4.7B). Similarly, in the cells
depleted of Arf5, the replication was indistinguishable from that in control cells either in
the presence or in the absence of BFA. The depletion of Arf4 repeatedly demonstrated a
noticeable stimulatory effect on replication, regardless of the presence of the inhibitor. The
most dramatic effect on BFA sensitivity was observed in Arfl-depleted cells. In the
presence of even the smaller concentration of BFA, the replication was virtually completely
inhibited, even though it was still effective in control cells (Fig. 4.7B). Surprisingly,
replication of the polio replicon in cells with knockdown Arf6 expression was slightly but
statistically significantly inhibited in the presence of BFA.

Collectively, these data support the conclusion that Arfl account for the most

essential Arf isoform critically involved in the BFA-sensitive GBF1-controlled complex of
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reactions supporting enterovirus replication. In addition, our results suggest that Arf6 also

specifically contributes to the development and functioning of the replication organelles.
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Figure 4.7 Arfl accounts for the determining factor in the sensitivity of replication to
GBF1 inhibition. (A) Specificity and efficiency of siRNA targeting were assessed after sSiRNA
gene silencing followed by immunoblotting. HeLa cell lines expressing individual Arf-GFP
fusions were transfected with isoform-specific siRNAs (e.g., 1A corresponds to anti-Arfl
siRNA) or scrambled siRNA control. The cells were lysed on the third day after siRNA
transfection and analyzed by western blotting with anti-GFP antibodies. (B) HeLa cells were
treated with Arf isoform-specific siRNAs (or scrambled siRNA, siC) and on the third day after
siRNA transfection were transfected with a polio replicon RNA coding for a Renilla luciferase
gene. The cells were incubated with the indicated concentrations of BFA and the Renilla signal
was monitored in live cells every hour for 18 h after replicon RNA transfection. The total
replication signal was calculated and normalization was performed for each sample for the
replication signal in the absence of the inhibitor. A parallel sample of siRNA-transfected cells
was used for cell viability assay.

4.3 Discussion

Enteroviruses are non-enveloped viruses containing a ~7.5 kb positive single-strand
RNA. Due to the small genome size synthetizing a limited number of proteins,
enteroviruses depend entirely on host cell factors to complete their replication cycle.
During infection, enteroviruses generate unique membranous structures called the
replication organelles. The development of these structures is an essential step during virus
infection in that they harbor the viral replication complexes. The viral proteins reorganize
multiple cellular membrane metabolisms and highjack host cell proteins to the replication
sites. Thus, the ROs are enriched in certain cellular membrane trafficking and lipid
metabolism proteins whose activity is required to support the effective functioning of the
viral replication machinery. However, the mechanistic details of how the cellular factors
contribute to viral RNA replication are still poorly understood.

A Golgi resident protein, GBF1, is a guanine nucleotide exchange factor for small
cellular Arf GTPases (Arf-GEF) and is recruited to the replication organelles through

interaction with the viral protein 3A. It is well established that GBF1’s Arf-GEF activity is
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essential for viral replication (16, 120, 217, 228-230). However, it is much less clear which
Arf isoforms activated by GBF1 are required to support the replication and how these
GTPases are involved in the replication process. In this study, we generated cell lines stably
expressing individual human Arf isoforms C-terminally tagged to a fluorescent protein,
enabling us to investigate the dynamics of each Arf isoform during enterovirus infection.

We showed that Arfl accounts for the first isoform that is recruited to the
replication organelles. By the end of the replication cycle, all Arfs were observed in the
replication sites in almost all cells. Surprisingly, even Arf6, which in non-infected cells is
almost exclusively localized on the plasma membrane and is not normally activated by
GBF1, was significantly enriched on the replication organelles by the end of the infectious
cycle. Detecting all Arf isoforms in the replication organelles indicates that these newly
reorganized membranes have a unique environment with a particular composition of Arfs
and their effector proteins that never exist in a normal cell since there is not a single place
containing all Arfs in an uninfected cell. Importantly, the similar recruitment of all Arfs to
the replication organelles was observed upon infection of such distantly related
enteroviruses as poliovirus and CVB3, suggesting that it represents a commonality of
requirements for enterovirus replication.

In non-infected cells, Arfs undergo rapid cycling between active membrane-
associated GTP-bound and inactive cytoplasmic GDP-bound forms. However, after
recruitment to the replication organelles, all Arfs except Arf3 became insensitive to the
inhibition of Arf-GEF activity, indicating that they remain for a prolonged time in a GTP-

bound form. These data indicate that the metabolism of Arf-associated reactions is very
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different between infected and non-infected cells. Whether the distinctive behavior of Arf3
has a particular significance for infection requires further investigation.

The detailed analysis of the localization of viral antigens and dsRNA relative to the
Arfl-enriched domains on the ROs revealed distinct types of behavior. Among the
nonstructural proteins, only 2B showed a strong colocalization with the Arfl-contained
membranes, whereas the membrane-targeting proteins 3A and 2C were less associated with
these regions, especially at the early stages of infection. Only a minimal amount of the
RNA-dependent RNA polymerase 3D colocalized with Arfs on replication membranes,
with most of the protein found in the cytoplasm without apparent association with any
membranous structures. This is consistent with the earlier reports of a significant amount
of 3D in the soluble cytoplasmic fractions of infected cells (153, 215). Such extensive
localization of the viral nonstructural proteins outside the replication organelles suggests
that they have important replication-independent functions that remain virtually
unexplored. The fully assembled virions also showed a strong association with the Arfl-
enriched domains at the early-middle stage of infection, indicating that at least at these
steps, the major part of the progeny virus is still tightly associated with the membranes of
the ROs, and is not significantly exported from the cell via possible non-lytic pathways.
Interestingly, the signal for dsSRNA, an intermediate of the RNA replication process, was
localized adjacent to the Arfl-enriched areas but was often strictly separated in distinct
Arf-free loci. Such sequestration of dsRNAs within biochemically distinct membranous
domains may be functionally analogous to the confinement of the dsRNA within
membrane invaginations and double-membrane vesicles observed in other (+) RNA virus

systems (57, 110, 115, 183, 186, 193, 227). This may explain the importance of the proper
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development of the membranous scaffold of the enterovirus replication organelles in
evading the innate immune response (219).

Conflicting data are available regarding the contribution of distinct Arfs to the
enterovirus replication process. The knockout or knockdown of expression of individual
Arfs, or pairs thereof, was tolerated by diverse enteroviruses remarkably well, suggesting
a higher level of Arf redundancy in the viral replication than in the cellular metabolism
(56, 120). Besides, the inhibition of enterovirus infection by compounds blocking the Arf-
GEF activity of GBF1 could be relieved only by overexpression of GBF1 itself but not by
any individual Arf in either the wild-type or the constitutively active form (16, 120). In this
study, we observed similar results for poliovirus replication in the individual Arf knocked-
down cell such that viral RNA replication remained intact in the individual Arf knocked-
down cells. This suggests that either a small portion of a particular Arf remaining after
siRNA treatment was sufficient to support replication or that other Arfs can compensate
for a single Arf loss.

Here, we investigated if depletion of individual Arfs changes the sensitivity of
infection to inhibition of the Arf-GEF activity of GBF1. We observed that knockdown of
Arfl and, to a lesser extent, Arf6 significantly decreased replicon replication in the
presence of an inhibitor of GBF1 at concentrations that only partially suppressed the
replication in control cells. Curiously, depletion of Arf4 was somewhat stimulatory for
viral replication both in the absence and in the presence of BFA, suggesting that Arf4 may
be competing with another GBF 1-activated Arf(s) that promotes replication. Together with

the observations that Arfl was the first Arf associated with the replication organelles at the

82



beginning of infection, our data suggest that the GBF1-Arfl axis is the most important
contributor to the development and/or functioning of the replication organelles.

Overall, our work elucidated important details of the dynamic changes in the GBF1-
dependent activation of small Arf GTPases during enterovirus infection and documented
that unique Arf-mediated alterations in cellular membrane metabolism occur at distinct
stages of viral replication. Our work provides foundational knowledge that could be

exploited in the development of therapeutics targeting only infected cells.
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Chapter 5: APEX2-GBF1 Proximity Biotinylation Revealed Multiple
Host Factors Modulating Enterovirus Replication

5.1 Introduction

Enteroviruses’ small genome size and consequently a limited repertoire of viral
proteins implies that multiple host factors should support the viral replication process. Over
the years, multiple host proteins that are required for or facilitate the development of
enterovirus infection have been identified (133, 163); however, the full catalog of all the
cellular proteins that have been implicated in the enterovirus life cycle is yet to be
compiled. The two major groups are the host nucleic acid metabolism proteins that
modulate translation and/or replication of the viral RNA and membrane metabolism
proteins that are hijacked to support the structural and functional development of the viral
replication organelles. Currently, neither the stoichiometry of the viral proteins nor the full
spectrum of the cellular factors required for the activity of the enterovirus replication
complexes is known.

Previously, we showed that the cellular protein GBF1 is recruited to the replication
organelles through direct interaction with the enterovirus non-structural protein 3A, and its
activity is required to support the viral RNA replication (16, 120, 230). Thus, GBFI is
likely localized close to the active replication complexes on the replication organelles. In
this study, we took advantage of a strict dependence of enterovirus replication on GBF1 to
perform a proteomics characterization of the replication organelles. GBF1 is a large multi-
domain protein normally engaged in multiple protein-protein and protein-membrane

interactions (100). Our previous systematic analysis of the GBF1 determinants required to
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support enterovirus replication revealed that protein’s C terminal part is dispensable for
virus replication, but essential for cellular metabolisms (17, 216). Such different
requirements for GBF1’s domains for supporting the cellular metabolisms and virus
replication bring the possibility that the interactome profile of GBF1 varies in non-infected
and enterovirus-infected cells. 3A recruitment of GBF1 into the replication organelles may
change the protein’s structure so that some GBF1’s partners in non-infected cells are no
longer interacting with the protein during virus infection, while some new proteins interact
with the 3A-recruited GBF1 in the replication membranes. Here, to reduce the background
of the proteins that are not likely to be important for viral replication, we used a C-
terminally truncated GBF1 to generate a fusion with a peroxidase APEX2 (118).

The proximity biotin-labeling technique is a powerful tool for identifying the
proteome composition of intracellular compartments and structures as well as protein-
protein interactions in living cells. In this technique, a bait protein tagged to an enzyme
(either a biotin ligase or a peroxidase) is introduced into a cell where the enzyme utilizes
biotin or its phenolic derivatives, such as biotin phenol, as a substrate to label the proteins
in the vicinity of the bait protein (67, 108). Since the biotin-labeling reaction occurs in a
living cell, nearby proteins can be labeled during their natural dynamics and movement.
The strong interaction of biotin with streptavidin allows easy and efficient purification of
biotinylated proteins. The biotin-labeled proteins are then identified and characterized by
blotting and mass spectrometry. Thus far, this technique has been applied to identify the
localization and dynamics of various cellular proteins.

The first-established biotin-labeling method, BiolD, was defined by Roux et al. in

2012. In this method, a construct containing a bait protein tagged to an engineered
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Escherichia coli-derived biotin ligase (BirA”) is introduced into a cell in which the labeling
process happens after adding biotin into the cell culture medium. The biotin-labeled
proteins are then isolated and detected by mass spectrometry (185). This method has been
used to identify and characterize the localization and dynamics of the vicinal and potential
interactors of various proteins in the inner nuclear membrane, nuclear pore complex, and
stress granules (107, 235).

The most recent proximity-based labeling technique applies an engineered
ascorbate peroxidase (APEX) or its more-catalytically active form, APEX2, as the enzyme
to initiate the reaction by generating short-lived biotin-phenoxyl radicals from biotin-
phenol in the presence of H,O» (Fig. 5.1) The radicals covalently tag the electron-rich
amino acids such as tyrosine of the proteins in the vicinity of the bait. The biotin-labeled
proteins are then purified by streptavidin pull-down assay and identified and characterized
by blotting or mass spectrometry (118). To date, a proteomic map of different cellular
organelles, including mitochondria (inner and outer membranes, intermembrane space, and
mitochondrial matrix spaces), ER and ER-PM junction, and lipid droplets (LDs), has been
identified by this method (27, 88, 89, 125).

Compared to BiolD, the peroxidase labeling approach is significantly faster (2-5
min vs. 12-24 h), so the chances of missing the reactions occurring at the beginning of the
process and the toxicity of the biotinylated proteins for some specific cell types are
diminished. Besides, the neighboring proteins are biotinylated in a broader radius in the
peroxidase labeling technique than BioID (~20 nm vs. ~10), enabling us to determine
protein interactions and dynamics in larger cellular compartments. Another difference

between APEX and BiolD is the smaller molecular weight of APEX than BirA™ (27 vs. 35
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kDa) (211). In our study, the GBF1 nearby proteins in the replication sites are detected at
2, 4, and 6 h after poliovirus infection, which requires the biotin-labeling reaction to be
carried out very quickly. Thus, the APEX-based biotinylation is a better option than the

time-consuming BiolD for our experiments.
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Figure 5.1 Illustration of the APEX-based
biotinylation reaction. APEX is an engineered
ascorbate peroxidase, which is used as an
enzyme in the biotinylation process. The
enzyme is tagged to a bait protein, together are
introduced into a cell. In the presence of the
substrate, biotin phenol, and the activator,
H,0,, APEX converts biotin phenol to short-
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Here, we established a cell line stably expressing APEX2-truncated BFA-resistant
GBF1 (APEX2-GARG-1060). After performing the biotinylation reaction, in non-infected
cells, the truncated APEX2-GBF1 construct diffusely localized in the cytoplasm, but was
effectively recruited to the replication organelles and was fully functional in supporting
poliovirus replication. Accordingly, the profile of the biotinylated proteins isolated from
mock- and poliovirus-infected cells was significantly different. Interestingly, among the

biotinylated viral proteins, i.e., those localized close to GBF1, the intermediate products of
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the polyprotein processing were overrepresented, suggesting that either the GBF1
environment may be associated with active polyprotein processing or that those incomplete
products of proteolysis may perform specific functions in the GBF1-enriched domains of
the replication organelles. Among the biotinylated cellular proteins in infected cells were
the known cellular factors recruited to the ROs, including PI4KIIIf, OSBP, and ACBD3,
indicating that these proteins are localized close to GBF1. About 15% of the proteins
identified in MS have been previously reported in the supporting enterovirus replication,
validating our approach. The rest, 85% of the proteins identified by MS, have not been
previously associated with enterovirus infection. Gene ontology analysis revealed a
significant enrichment of RNA binding and mRNA metabolic processes, suggesting a close
localization of GBF1 to the RNA replication complexes. siRNA knockdown functional
analysis of the selected proteins showed the recruitment of both proviral and antiviral

factors to the ROs.

5.2 Results

5.2.1 Establishment and characterization of an APEX2-GBF1 system for

proximity biotinylation

We adapted the APEX2 biotinylation system to efficiently identify proteins
localized nearby GBF1 in the replication organelles. First, we introduced several
modifications to GBF1’s structure. Previously published data showed that the C terminal
part of GBF1 is required for cellular metabolism but is dispensable for polio replication

(17, 217). Thus, we used a C-terminally truncated GBF1 mutant downstream of the HDS1

88



domain, which is expected to have a lower level of interactions with proteins non-essential
for viral replication. We also previously developed a GBF1 construct containing a Sec7d
from another cellular Arf-GEF, ARNO, which is not sensitive to BFA (GARG, from
GBF1-ARNO-GBF1) (29). The advantage of such BFA-insensitive constructs is that BFA
can inactivate the endogenous GBF1 so this exogenously introduced BFA-insensitive
GBF1 derivative will exclusively support the replication functions in the experiments.
Finally, a FLAG-tagged APEX2 was N-terminally fused to the GARG truncated at the end
of the HDS1 domain (APEX2-GARG-1060 construct) (Fig. 5.2A).

To see if APEX2 fusion is compatible with the functioning of the GARG construct
in viral replication, a polio replicon replication assay was performed in the HeLa cells
transfected with a plasmid expressing either APEX2-GARG-1060 construct, EGFP-
GARG-1060 (positive control), or an empty vector, pUC, (negative control) in the absence
or presence of BFA. As shown in Fig 5.2B, a robust polio replicon replication was observed
in HeLa cells transiently transfected with either EGFP-GARG-1060 (positive control) or
APEX2-GARG-1060 in the absence or the presence of 2 pg/ml BFA. In contrast, polio
RNA replication was blocked in the cells transfected with an empty vector in the presence
of BFA. Thus, the APEX2-GARG-1060 construct is fully functional in polio replication.
The slight replication decrease observed in the EGFP-GARG-1060- and APEX2-GARG-
1060- transfected cells after BFA addition is due to the low transfection efficiency, such
that only about 60% of the cells were transfected with the corresponding plasmid.

Transiently transfection of DNA is not well suited for viral infection, and
proteomics studies since the level of transgene expression varies greatly and the presence

of the DNA in the cytoplasm triggers innate immune signaling (85). To address these

&9



issues, we generated a cell line stably expressing APEX2-GARG-1060. Further, to
generate a culture with a uniformly high level of transgene expression, we performed a
clonal selection of transduced cells. After expanding one of the selected clones, we
obtained a culture where more than 90% of cells showed strong APEX2-GARG-1060
expression. We then confirmed that these cells are suitable for further proteomics studies
by performing polio replicon replication and protein biotinylation assays in the presence of
BFA. While RNA replication was inhibited in control HeLa cells in the presence of BFA,
it was robustly supported in the HeLa cells stably expressing APEX2-GARG-1060 when
the endogenous GBF1 was blocked by the inhibitor (Fig. 5.2C). This stable cell line was
used for all further experiments which were performed in the presence of BFA so that the
replication was supported exclusively by APEX2-GARG-1060.

Next, we assessed the biotin-labeling process in the stable cells expressing APEX2-
GARG-1060 (mock and PV-infected) in the presence of BFA by microscopy. Cells were
infected (or mock-infected) with poliovirus at a MOI of 10 PFU/cell. At 4 hpi (in the middle
of the infection cycle), the reaction was performed for 3 min by adding H>O: for a final
concentration of 20 uM in the presence of 500 uM biotin-phenol. Cells were then stained
with a fluorescent streptavidin conjugate to visualize the biotinylated proteins and with an
antibody against the viral non-structural protein 3A. As shown in Fig 5.2D, a diffused
cytoplasmic biotin-labeling pattern was observed in mock-infected cells, consistent with
the lack of specific membrane-targeting determinants of APEX2-GARG-1060 at the C-
terminal domain. At the same time, the biotin-labeled proteins were detected exclusively

on the ROs membranes, where they colocalized with the viral protein 3A. These
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observations revealed that the APEX2-GARG-1060 construct is translocated to the viral
replication organelles, where it can efficiently biotinylate nearby proteins.

The specificity of the biotinylation reaction was further characterized by omitting
either the substrate biotin-phenol, the activator H>O», or both from the system. HeLa cells
stably expressing APEX2-GARG-1060 were infected (or mock-infected) with 10 PFU/cell
of poliovirus. At 4 hpi, cells were incubated with a medium containing either biotin-phenol,
H>O», both, or neither of the compounds. Western blot analysis with streptavidin-HRP
conjugate showed two endogenous bands of similar intensity in all the samples, likely
corresponding to the pyruvate carboxylase and mitochondrial 3-methylcrotonyl
carboxylase, biotin-containing enzymes previously reported in studies with APEX
biotinylation (77, 89, 90). At the same time, only samples incubated in the presence of both
compounds showed extensive biotinylation of additional proteins, confirming the
specificity of the biotinylation reaction (Fig. 5.2E).

These data indicate that the APEX2-GARG-1060 construct efficiently supports
poliovirus replication; it is recruited to the replication organelles and can specifically

biotinylate proteins associated with these structures.
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Figure 5.2 Establishment and characterization of an APEX2-GBF1 system for
proximity biotinylation. (A) Illustration of full-length wild-type GBF1 (upper) and
EGFP-GARG-1060 and APEX2-GARG-1060 (lower). The GARG-1060 constructs are
C-terminally truncated downstream of the HDS1 domain and the Sec7d was replaced
by a Sec7d from ARNO, a BFA-insensitive GEF. (B) A polio replicon replication assay
was performed in the HeLa cells transiently transfected with either EGFP-GARG-1060
(positive control), APEX2-GARG-1060 or an empty vector, pUC, (negative control) in
the absence or presence of 2 pg/ml BFA. (C) A polio replicon replication assay was
performed in the HeLa control or HeLa cells stably expressing APEX2-GARG-1060 in
the absence or presence of 2 pug/ml BFA. (D) The stable cells expressing APEX2-
GARG-1060 were infected (or mock-infected) with 10 PFU/cell of PV and treated with
BFA for 4 h, followed by the biotin-labeling reaction for 3 min and staining for the viral
protein 3A (green) and streptavidin Alexa conjugate (red) and Hoechst (blue). (E) The
specificity of the biotinylation was confirmed by omitting either H,O», biotin, or both
form the reaction in mock (M) and polio-infected (PV) cells. The two strong bands in
all samples correspond to the endogenous biotinylated proteins, pyruvate carboxylase
and mitochondrial 3-methylcrotonyl carboxylase.
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5.2.2 Initial characterization of biotin-labeled proteins during a time course

of infection using western blot

5.2.2.1 3A-GBF1-enriched domains on the replication organelles have a

unique combination of host proteins.

First, we detected the biotinylation level during the time course of poliovirus
infection. HeLa cells stably expressing APEX2-GARG-1060 were infected (or mock-
infected) with 10 PFU/cell of poliovirus in the presence of 2 ug/ml BFA, followed by
running the biotinylation reaction at 2, 4, and 6 hpi for 3 min. The biotinylated proteins
were isolated by streptavidin columns and analyzed in a western blot type assay for a global
biotinylation pattern using a streptavidin-HRP conjugate (Fig. 5.3A and B). Early on
infection at 2 h, no difference was observed in the amount of biotinylated proteins between
mock and virus-infected samples. As the infection progressed, the level of biotinylation
has not significantly changed in the mock. In contrast, a considerably higher level of
biotinylated proteins was detected in the virus-infected samples collected at 4 and 6 hpi
compared with the one isolated at an earlier time point, and they were distributed
throughout multiple ranges of molecular weights (Fig. 5.3A). Although the pattern of
biotinylated proteins was similar in the samples collected at 4 and 6 hpi, the amount of the
biotinylated proteins was higher in the sample isolated at 6 h after infection. The total
protein level was similar in both samples (mock and virus-infected) at all the time points
as indicated by Coomassie Blue staining (data not shown).

We then analyzed whether several cellular factors known to be recruited to the
replication organelles are recovered in the biotinylated fraction, which would indicate that

they localize close to GBF1 in infected cells. Similar protocols for infection, biotinylation
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reaction, and protein purification were applied as described in Fig 5.3B. Similar level of
all proteins tested was observed in the whole cell input collected from mock and virus-
infected samples. In contrast, in the streptavidin-enriched samples, we observed a specific
increase of the signals only in the infected samples collected at 4, and especially 6 hpi, for
ACBD3, OSBP, and PI4KIIIB, which are involved in the PI4P and cholesterol enrichment
of the replication organelles (Fig. 5.3C) (9, 10, 84, 137). Biotinylated OSBP signal was
always observed only in infected samples, while traces of PI4IIIKp and ACBD3 were also
visible in the material recovered from mock-infected samples (Fig. 5.3C).

We also analyzed the biotinylation of endogenous GBF1, and the APEX2-GARG-
1060 construct itself. Since the APEX2-GARG-1060 construct lacks the C-terminal part
containing the epitope recognized by the anti-GBF1 antibody, it was detected by an anti-
FLAG antibody. Again, the strongest signals for both biotinylated GBF1 and APEX2-
GARG-1060 were observed in the 4 and 6 h infected samples (Fig. 5.3C). The increase of
the signal for the APEX2-GARG-1060 constructs in 4 and 6 hpi samples coincided with a
noticeable decrease of the corresponding signal in the total input material, likely reflecting
the degradation of the cytoplasmic, but not replication organelles-associated pools of the
protein (Fig. 5.3C). Surprisingly, we did not detect biotinylated Arfs, even though they are
enriched on the replication organelles and at least a fraction of Arf molecules is expected
to be localized close to GBF1 (data not shown). Similarly, no signal for ATGL and ACSL3
were identified in the biotinylated fractions. This indicates that either they are not in the
direct vicinity of 3A-GBF1-enriched domains on the replication membranes or they are not
exposed to the phenoxyl radicals in the electron-rich amino acids position so simply they

did not get biotinylated.
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Collectively, these data reveal that the proteome of the replication organelles
nearby GBF1 is not enriched in all of the known cellular proteins involved in the
development/functioning of the replication organelles, suggesting that these membranes
are not biochemically homogeneous and likely have specialized domains containing a

particular combination of proteins with potentially different functions.
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Figure 5.3 Known cellular proteins recruited to the replication organelles are
biotinylated by FLAG-APEX2-GARG-1060. (A) HeLa/APEX2-GARG-1060 stable
cells were infected (PV) or mock-infected (M) with 10 PFU/cell poliovirus in the presence
of 2 ug/ml BFA. At certain time point after infection, the biotinylation was performed, the
biotinylated proteins were collected on streptavidin beads, resolved on SDS-PAGE and
analyzed in a Western blot with streptavidin-HRP conjugate. (B) Scheme of the
biotinylation experiment for comparison of the biotinylated protein fraction (strep pull-
down) with the total proteins in the cellular lysates (input). (C) The stable HeLa cell line
expressing FLAG-APEX2-GARG-1060 was infected (PV), or mock-infected (M) with 10
PFU/cell of poliovirus in the presence of 2 pg/ml BFA, the biotinylation reactions were
performed at 2, 4, and 6 hpi, and the unfractionated cellular lysates (input) and the
biotinylated proteins isolated by streptavidin beads (strep pull-down) were analyzed with
the indicated antibodies against known cellular factors recruited to the replication
organelles in a western blot. Anti-FLAG antibody recognizes the FLAG-APEX2-GARG-
1060 protein.

5.2.2.2 Viral proteins are not equally represented in the GBF1

environment.

Next, we searched the GBF1-enriched domains on the replication membranes for
the viral polyprotein fragments. Since the poliovirus genome is expressed as a single
polyprotein undergoing a proteolytic processing cascade, the antibodies can recognize both
mature and precursor forms of that corresponding antigen. The available panel of
antibodies suitable for western blot (VP3, 2B, 2C, 3A, 3D) covers all known intermediate
fragments of the poliovirus polyprotein processing and almost all individual proteins
except capsid proteins VPO and VP1, proteases 2A and 3C, and the RNA replication protein
primer 3B (Vpg) (Fig. 4.5A, poliovirus genome and polyprotein processing scheme). All
the tested viral antigens were present in the biotinylated fraction. Interestingly, while in the
input material, the largest amount of the viral antigens was found in the final polyprotein
cleavage products, in the biotinylated protein fraction, the antigens of the replication

proteins were overrepresented in the intermediate compared to the final polyprotein
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cleavage products. For example, an uncleaved precursor P2P3 was clearly detected in the
biotinylated fraction with an anti-3A antibody in 6 hpi sample, while this piece of the
polyprotein was not visible in the input material (Fig. 5.4B, anti-3A panel). This indicates
that the composition of the 3A-recruited-GBF1 domains of the ROs is different from that
of the total replication complexes. We also observed a specific increase in the biotinylated
fraction of the viral antigen-positive fragments that do not correspond to the canonical
products of the viral polyprotein processing. Note the red asterisks marking a 3A-positive
fragment in the 15-20 kDa range (Fig 5.4C, anti-3A panel, 6 h p.i), or a 3D-positive
fragment of a molecular weight slightly higher than 3D (Fig. 5.4C, anti-3D panel, 6 hpi).
This may suggest that the GBF1 environment is associated with active polyprotein
maturation, although a preferential enrichment of larger polyprotein fragments due to a
higher degree of biotinylation cannot be excluded.

Collectively, these results demonstrate that APEX2-GARG-1060 in infected cells
can specifically biotinylate both viral and host proteins associated with the replication
organelles and that the samples collected at 6 hpi are the most representative fraction for

the characterization of the proteome of the replication organelles.
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Figure 5.4 Biotinylation of the viral proteins by APEX2-GARG-1060 (A) Schematic
illustration of poliovirus genome and polyprotein processing. The cleavage sites for the viral
proteases 2A, 3C, and 2CD are indicated by green, red, and blue filled triangles,
respectively. The dashed empty green triangle indicates a 2A cleavage site in 3D believed
to be dispensable for replication, the purple star indicates an autocatalytic cleavage site in
VPO0. (B) The stable HeLa cells expressing APEX2-GARG-1060 were infected (or mock-
infected) with 10 PFU/cell poliovirus in the presence of 2 pg/ml BFA. At 6 hpi, the
biotinylation was performed, the biotinylated proteins were collected on streptavidin beads,
resolved on SDS-PAGE and analyzed in a western blot with antibodies against indicated
viral antigens (VP3, 2B, 2C, 3A, 3B, and 3D). The antibodies recognize the final and
intermediate polyprotein cleavage products containing the corresponding antigen. Red stars
on anti-3A and anti-3D panels indicate polyprotein fragments that do not match the known
stable polyprotein cleavage products. Note the red asterisks marking a 3A-positive fragment
in the 15-20 kDa range, or a 3D-positive fragment of a molecular weight slightly higher
than 3D.
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5.2.3 Characterization of biotin-labeled proteins identified in mass

spectrometry (MS)

5.2.3.1 Sample preparation for MS

For the proteomics analysis, HeLa cells stably expressing APEX2-GARG-1060
were seeded into T-225 ¢cm? flasks and infected (or mock-infected) with 10 PFU/cell of
poliovirus for 6 h in the presence of 2 pg/ml BFA. The biotinylation reaction was
performed at 6 h p.i, for 3 min. Five independent replicates were prepared for mock and
virus-infected samples, and the aliquots of the isolated proteins were individually assessed
in a western blot assay with a streptavidin-HRP conjugate. In all experiments, a similar
pattern of a highly increased amount of biotinylated proteins in infected samples was
observed, as expected (Fig. 5.5.A). The rest of the purified biotinylated proteins were
pooled together and processed for mass-spectrometry protein identification and label-free

quantitation (LFQ).

5.2.3.2 Preliminary analysis of the proteins identified in MS

After filtering the identified proteins from common contaminants, as well as
carboxylases which contain naturally covalently attached biotin, and proteins with
peroxidase activity which can likely be biotinylated independently of APEX2, 369 and 43
proteins were enriched in the infected and mock-infected sets, respectively. 331/369
proteins were found exclusively in the infected sample, while only 5/43 proteins from the
mock-infected sample were not identified in the infected sample. A total of 192 proteins in
the infected sample and 37 proteins in the mock-infected sample were detected from two

or more peptides. Among the cellular proteins that we previously confirmed to be present
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in the biotinylated pool by the western blot analysis (Fig. 5.3C), GBF1 (Q92538) was
identified from a total of nine peptides, five of them unique (9 total:5 unique) (further on
this designation is used for peptides detected for each protein), while ACBD3 (Q9H3P7)
and OSBP1 (P22059) proteins were identified from one peptide each, and PI4KIIIf
(Q9UBF8) was not found.

Since GBF1 was used as the bait protein in this proximity biotinylation system, the
presence of at least some known interactors of GBF1 and/or Arf GTPases would be
expected. In fact, the protein analysis using the BioGRID database of curated interaction
data (162, 199) identified 17 Arfl, one Arf3, four Arf4, three ArfS, and four Arf6
interactors. All Arf4 and Arf5 as well as 12 Arfl and two Arf6 interactors were identified
exclusively among the proteins from the infected sample. Also, 44 proteins were identified
as GBF1 interactors, 34 of which were found only in the infected sample.

The global association of the proteins with cellular structures and pathways was
analyzed by Gene Ontology (GO) enrichment for the cellular component, molecular
function, and biological process categories using the PANTHER classification system
(147). In general, the GO enrichment of the proteins collected from the infected sample
demonstrated a much higher statistical significance than those isolated from the mock-
infected cells, which is consistent with the larger number of proteins identified in the
infected isolates (Fig. 5.5B). In both samples, the most statistically significantly enriched
categories included proteins associated with the cellular secretory pathway and the
chaperon-assisted protein folding. In the mock-infected sample, proteins associated with
the proteasome-dependent protein degradation were among the highly enriched proteins.

In the infected sample, a significant amount of proteins was also associated with the
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cytoskeleton function. Yet, the nucleic acid, and in particular RNA metabolism, emerged
as the predominantly enriched GO terms from the infected sample. Interestingly, 17
proteins were associated with dsRNA binding, 10 of which were present only in the
infected sample.

We then searched the literature for 369 proteins identified in the poliovirus
replication complexes to determine whether they have already been reported in the
replication sites of enteroviruses. About 15% of the proteins from the poliovirus-infected
sample (55/369) were previously recognized to be involved in replicating enteroviruses,
validating our approach. Importantly, our set of proteins from the infected sample
contained 38 out of 82 proteins previously identified as interacting with poliovirus RNA
using a thiouracil-mediated covalent binding of proteins and RNA (126). The known
constituents of the poliovirus replication complex, KH domain-containing, RNA-binding,
signal transduction-associated protein 1 (KHDRBS1, Sam68) (140) was identified from 8
total: 2 unique; splicing factor, proline- and glutamine-rich (SFPQ) (60) from 10 total: 6
unique, and polyadenylate-binding protein 1 (PABCP1) (79) from 3 total: 2 unique
peptides, exclusively in the infected sample. 6 totals:3 unique peptides shared between
poly-(rC)-binding proteins 1 and 2 (PCBP1, 2) (32, 166, 210) were identified in the infected
sample while one unique peptide for each PCBP1 and PCBP2 was detected in the mock-
infected control. Polypyrimidine tract-binding protein 1 (PTB1) involved in the activation
of the enterovirus IRES-driven translation (101, 102) was detected by one peptide in both
infected and mock-infected samples.

The poliovirus-specific peptides (207 total: 64 unique) identified by MS analysis

were distributed along the whole viral polyprotein, with an intriguing absence of peptides
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covering 2B and 3A-3B regions. An increased clustering of the detected peptides was
observed in the N-terminus of a capsid protein VP1, 3C-3D junction, and in particular in
the 2C region (Fig. 5.5C). This pattern is consistent with the data shown in Fig. 5.4B and
confirms that the GBF1 environment on the replication organelles is enriched in the viral
structural and replication proteins.

Overall, these data validate the relevance of the identified cellular proteins for
poliovirus replication and provide an important insight into the viral and cellular protein

environment of the replication organelles nearby GBF1.
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Figure 5.5 MS samples reparation and primary data analysis. (A) Five sets of mock and
polio-infected samples were prepared separately as follows: The stable Hela cells
expressing APEX2-GARG-1060 were infected (PV) or mock-infected (M) with 10 PFU/cell
poliovirus in the presence of 2 pg/ml BFA. At 6 hpi, the biotinylation was performed, the
biotinylated proteins were collected on streptavidin beads, resolved on SDS-PAGE and
analyzed in a Western blot with streptavidin-HRP conjugate. The samples from each group
(mock or polio) were then pooled for further proteomics analysis. (B) Gene ontology (GO)
enrichment analysis of the proteomics data was performed using PANTHER classification
system. The bubble graphs show the number of proteins associated with a particular GO
term. The orange circles represent the mock data, and the blue ones are for the virus-infected
cells. The larger the circles, the more proteins associated with that particular GO term. The
x-axis shows the log, of enrichment over the expected non-specific associations of genes in
the dataset with a particular GO term. The y-axis represents the statistical significance of the
observed enrichment (negative logio of P value). The five of the most statistically
significantly enriched GO terms for proteins from infected and mock-infected samples are
shown. (C) The distribution of the poliovirus-specific peptides identified by mass-
spectrometry analysis throughout the poliovirus polyprotein. The x-axis shows the reference
poliovirus polyprotein based on the number of amino-acids. The y-axis shows how many
times a particular peptide is detected.

5.2.3.3 Functional validation of several high-confidence host proteins

localized nearby GBF1 in the replication organelles

One of the major goals of this study was to identify novel host factors important for

viral replication. Due to some limitations, the functional validation could have not
proceeded for all of the newly-identified proteins in the MS data. Thus, we selected a total
of 15 proteins (including a positive control for screening experiments) based on the criteria

that they should be detected from multiple peptides in the infected sample (i.e. highly
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enriched), with the previously uncharacterized role in enterovirus replication, and
representing different functional clusters. The selected proteins are grouped as follows:

(1) Glycolytic enzymes: Fructose-bisphosphate aldolase A (AldoA), pyruvate
kinase (PKM), L-lactate dehydrogenase chain A and B (LDHA and LDHB) detected from
(32 total: 15 unique), (15 total:11 unique), (6 total:2 unique) and (4 total: 2 unique) peptides
in the infected sample, respectively. Besides being highly enriched, the group of glycolytic
enzymes was selected because LDHA and LDHB are reported as Arf interactors, and also
the glycolytic pathway provides substrates for de novo nucleotide synthesis, which may be
important for rapidly replicating RNA viruses (8, 162, 171, 199, 224).

(2) Highly enriched RNA-binding proteins: Heterogeneous nuclear
ribonucleoproteins A0, H2, H3, R, U (HNRNPAO, H2, H3, R, U), heterogeneous nuclear
ribonucleoprotein Q (SYNCRIP), Ewing Sarcoma Breakpoint Region 1 (EWSRI), and
RNA-binding motif protein, X chromosome (RBMX) were among the most enriched in
the infected sample (10:3, 15:6, 8:5, 10:6, 27:11, 8:6, 12:5, and 7:6 of total: unique
peptides, respectively). SYNCRIP and HNRNPU were previously reported to bind
poliovirus RNA in a proteomics screen; however, the depletion of HNRNPU did not affect
the virus yield, and the contribution of SYNCRIP was not analyzed (126).

(3) A potential antiviral factor: A dsSRNA binding protein ILF3 was identified from
8 total:4 unique peptides in the infected sample. This protein was shown to be important
for the establishment of dsSRNA-induced antiviral signaling and to either promote or inhibit
the replication of diverse viruses (70, 92, 130, 179, 225). The ILF3 gene is expressed as
multiple isoforms of the two major variants of 90 kDa and 110 kDa proteins, all of which

have two dsRNA binding domains, with an extended C-terminal GQSY-reach region in
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the latter (169). A 90 kDa isoform of ILF3 was demonstrated to inhibit translation of a
poliovirus-rhinovirus chimera RNA in a cell-type dependent manner by binding to the
rhino- but not poliovirus IRES (144).

First, the importance of the selected proteins for the poliovirus infection was
assessed using siRNA-mediated knockdown of expression followed by a polio replicon
replication or western blot to detect the viral protein 2C accumulation level. This fast and
convenient method allows rapid screening of multiple infection samples. The replicon
replication assay is independent of virus entry, so it reflects the RNA translation-replication
steps of the viral life cycle, while the 2C accumulation during infection also represents the
effects of virion-receptor interaction, penetration, and uncoating. Among all the proteins
tested in screening, only the depletion of LDHA showed a great deal of cytotoxicity, so its
specific effects on polio replication could not be evaluated in this system. As a control for
the screening methods, we included siRNA against KHDRBS1 (Sam68) (identified from
8 total: 2 unique peptides in our proteomics dataset), previously shown to bind poliovirus
polymerase 3DP°! and promote viral replication (140). Depletion of Sam68 inhibited polio
replication in both replication and infection assays, validating our approach (Fig 5.6A and
B- KHDRBSI1 panel).

The signal for the viral protein 2C was weaker in the cells treated with siRNA
against EWSRI1 and AldoA than in the control in western blot, while the 2C level was at
least twice as much as the control in the knocked-down HNRNPR, HNRNPH2,
HNRNPH3, ILF3-90, and SYNCRIP cells. No significant variation in the 2C level was
observed between the control and the cells depleted in HNRNPAO, HNRNPU, LDHB,

PKM, RBMX, ILF3-110, and a combination of ILF3-90 and ILF3-110. The blotting results

106



are representative of two independent experiments for each protein of interest (Fig. 5.6A).
In the screening tests, the siRNA knockdown of the protein of interest relies on the
sequences that have been previously characterized to be efficient in depleting the
corresponding protein in cell (Table 3.1).

Poliovirus replicon replication was decreased in the EWSRI1 and AldoA-depleted
cells compared to the control, suggesting the importance of these host proteins in
supporting poliovirus replication. At the same time, the replicon replication was increased
in the ILF3-90 and RBMX knocked-down cells (Fig. 5.6B). The depletion of other proteins
demonstrated no considerable changes in polio replicon replication compared with the
control (Fig 5.6.B). The replication data were achieved from two or three independent
experiments for each protein of interest.

Thus, our screening results reveal novel host factors with stimulatory or inhibitory

effects on poliovirus replication.
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Figure 5.6 siRNA-gene silencing screening of the selected proteins, followed by a polio
replicon replication assay and western blot. HeLa cells were transfected with siRNAs
specific against a protein of interest, or non-targeting control siRNA. (A) At 72 h post-
transfection, cells were infected with 10 PFU/cell of poliovirus (PV) or mock-infected (M) for
4 h. Cell lysates were collected in the mild lysis buffer and subjected to western blot with an
antibody against viral protein 2C and beta-actin as the loading control. (B) 72 h after siRNA
transfection, a polio replicon replication assay was performed. The total replication was
calculated as the area under the corresponding kinetics curves.

For further detailed analysis, we narrowed down the selected proteins into three of
them (AldoA, EWSRI, and ILF3-90) whose depletion showed consistent significant
effects on polio replication in multiple independent experiments. As shown before, polio
replication was decreased in the AldoA and EWSR1-knocked sown cells, while ILF3-90
depletion stimulated polio replication (Fig. 5.7A). At the same time, cell viability and
transfection efficiency were monitored in the siRNA-depleted cells using an ATP viability
test and western blot, respectively. While similar ATP level was observed in the EWSR1-
and ILF3-90-knocked down cells to the control, AldoA depletion resulted in a significantly
lower ATP value although no obvious sign of cytotoxicity was observed for these cells.
We compared the ATP measurement viability test with another assay based on the activity
of mitochondrial dehydrogenase enzymes in reducing tetrazolium salt XTT to a highly
colored formazan. Unlike the ATP assay, the XTT test demonstrated no difference in the
mitochondrial enzyme activity in the siRNA-depleted cells, suggesting that the negative
effect of AldoA depletion on the virus replication may be due to its requirement for ATP
production in HeLa cells (Fig. 5.7B).

We then measured the effects of the individual depletion of the selected proteins on

the yield of infectious virions using TCID50. At the same time, cell viability and

109



transfection efficiency were monitored in the siRNA-depleted cells using an ATP viability
test and western blot, respectively (Fig. 5.7C). At 72 h post-siRNA transfection, cells were
infected with 1 PFU/cell of poliovirus for 6 h, and the viral stocks were harvested after
three times freeze-thaw cycles. HeLa cells were infected (or mock-infected) with 10-fold
serial dilutions of each viral stock and incubated for 72 h. At least seven separate
experiments were performed to determine the viral yield of each sample. The average titer
of control cells was about 1*10"8 PFU/ml, while the titer dropped 2 and 3 folds after AldoA
and EWSRI depletion, respectively (5.6*10"7 and 3.6*10"7 PFU/ml). At the same time,
the titer of the virus harvested from ILF3-90-knocked down showed about a 2-fold increase

to the amount of 2*10"8 PFU/ml (Fig. 5.7C).
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Figure 5.7 Distinct behavior of the selected proteins on the poliovirus RNA replication.
(A) HeLa cells were transfected with siRNAs specific against AldoA, EWSR1 and ILF3-90, or
non-targeting control siRNA, and polio replicon replication assay was performed 72 h post
siRNA transfection. The total replication was calculated as the area under the corresponding
kinetics curves. No significant cell toxicity was observed after siRNA gene silencing for an
individual protein of interest. The transfection efficiency for each protein knock down
experiment was evaluated by western blot. (B) HeLa cells were transfected with siRNAs
specific against AldoA, EWSRI1 and ILF3-90, or non-targeting control siRNA. 72 h after
siRNA transfection, cell viability was measured with an ATP test and an XTT growth assay.
The transfection efficiency for each protein knock down experiment was evaluated by western
blot. (C) TCID50 assay was performed to measure viral yield after knocking down of an
individual protein. The transfection efficiency for each protein knock down experiment was
evaluated by western blot.

Next, we examined how different the selected proteins control the replication of
diverse enteroviruses. We observed similar results for CVB3 RNA replication in the AldoA
and EWSR 1-depleted cells such that the replication was decreased by about two folds (Fig.
5.8A). However, unlike polio, CVB3 replicated in the ILF3-90 depleted cells at the same
level as control. Parallel samples were prepared for cell viability and western blot. The
yield of the infectious CVB3 virions propagated in the AldoA and EWSR1 knocked-down
cells was consistent with the replication data (Fig. 5.8B). However, ILF3-90 depletion
showed a considerable increase in the viral yield while no effect was observed during
CVB3 replicon replication. This may reflect the difference in the experimental systems
used. In the replicon replication assay, cells are transfected with the RNA replicon, so many
more RNA genomes are introduced into the cell compared to typical infection, making the
replication less sensitive to the presence of antiviral factors directly binding viral RNA.
However, in the titration assay, cells are infected with a low MOI, which much more
closely reflects the natural infection in a host when few genomes start the replication

process, and the cellular antiviral factors can effectively interfere with it
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Figure 5.8 Distinct behavior of the selected proteins on the CVB3 RNA replication. (A)
HeLa cells were transfected with siRNAs specific against AldoA, EWSR1 and ILF3-90, or non-
targeting control siRNA, and CVB3 replicon replication assay was performed 72 h post siRNA
transfection. The total replication was calculated as the area under the corresponding kinetics
curves. No significant cell toxicity was observed after siRNA gene silencing for an individual
protein of interest. The transfection efficiency for each protein knock down experiment was
evaluated by western blot. (B) TCID50 assay was performed to measure viral yield after
knocking down of an individual protein. The transfection efficiency for each protein knock
down experiment was evaluated by western blot.
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To further investigate if the depletion of these proteins affects the translation or
replication of the viral RNA, a polio RNA replicon replication assay was performed in the
absence or presence of 2 mM of Guanidine HCI (GuHCI), which is a potent inhibitor of
viral replication. In the presence of the inhibitor, the signal reflects the translation of the
original dose of the replicon RNA delivered into the cells by transfection at the first 2-3 h.
While the viral replication (in the absence of GuHCI) was decreased in the AldoA-depleted
cells compared with the control, the genome translation level (in the presence of GuHCI)
was similar to the control (Fig. 5.9A). Similarly, ILF3-90 depletion did not affect the
translation in the presence of the inhibitor (Fig. 5.9C). In contrast, EWSR1 depletion

showed a negative effect on the translation step (Fig. 5.9B).
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Figure 5.9 Evaluation of the selected proteins functions during in viral genome
translation and replication. HeL a cells were transfected with siRNAs specific against AldoA
(A), EWSR1 (B) and ILF3-90 (C), or non-targeting control siRNA, and polio replicon
replication assay was performed 72 h post siRNA transfection in the absence or the presence
of 2mM of guanidine-HCI] (GuHCI). The signal in the GuHCI-containing probes reflects the
translation of the input RNA. No significant cell toxicity was observed after siRNA gene
silencing for an individual protein of interest. The transfection efficiency for each protein
knock down experiment was evaluated by western blot.
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5.2.3.4 Redistribution pattern of the selected proteins during poliovirus

infection

We next evaluated the recruitment of the selected proteins to the replication
organelles by microscopy. HeLa cells were infected with 50 PFU/cell poliovirus (or mock-
infected), followed by staining with antibodies against the cellular proteins of interest and
a viral protein (2B or 3B) as a marker of the replication sites. The localization of all selected
proteins was significantly modified during poliovirus infection.

The redistribution pattern of EWSR1 resembled that of the stress granules (SGs)
during enterovirus infection (Fig. 5.10A). The protein was exclusively detected in the
nucleus in mock-infected cells. Although EWSR1 was mainly located in the nucleus at the
early stage of infection (2 hpi), it appeared in multiple small granules throughout the
cytoplasm in about 20% of the cells. At 4 hpi, weak nuclear localization of the EWSR1
signal was observed, and it was extensively redistributed into the cytoplasm or in the stress
granules encircling the nucleus. Although the number of granules dropped compared with
the previous time point, their size increased significantly, and almost all of the cells
demonstrated a similar distribution pattern. By the end of the infectious cycle at 6 hpi, the
number and size of the granules were remarkably reduced (Fig. 5.10A). At this point, no
EWSRI1 signal was detected in the nucleus, and about half of the cells lost the signal for
EWSRI1 granules in the cytoplasm. The cytoplasmic EWSR1 signal in infected cells
outside of the punctae strongly colocalized with the structures positive for a viral antigen
3B (VPg). 3B signal may correspond to the RNA replication primer in a free form, or
attached to the 5’ of viral RNAs, but may also be detected as a part of intermediate

polyprotein processing products ((Fig. 5.10B).
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The cytoplasmic punctae pattern of EWSR1 was highly reminiscent of the
development of stress granules upon poliovirus infection. To test that, we stained mock-
infected and infected cells for EWSR1 and GTPase Activating Protein (SH3 Domain)
Binding Protein 1 (G3BP1), a stress granule assembly factor known to be recruited to
poliovirus-induced stress granules. Indeed, in infected cells, the cytoplasmic punctae of
EWSR1 and GRBPI signals colocalized perfectly confirming that these structures are
stress granules (Fig. 5.10C). The detection of a stress granule protein upon proximity
biotinylation by a GBF1-derived construct was somewhat unexpected since we are not
aware of reports of GBF1 targeting to stress granules in infected or otherwise stressed cells.
We analyzed the biotinylation pattern relative to the G3BP1 signal in APEX2-GARG-1060
cells. In infected cells we observed multiple bright biotinylation-positive punctae
colocalizing with G3BP1-containing stress granules in the cytoplasm, explaining the stress
granule protein labeling by APEX2-GARG-1060 construct (Fig. 5.10D). Whether
endogenous GBF1 can be associated with stress granules upon infection, or this is a
phenomenon specific to the artificial truncated GBF1 construct requires further

investigation.
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Figure 5.10 Dynamics of EWSRI1 localization during different time course of poliovirus
infection. (A) HeLa cells were mock or virus-infected with 50 PFU/ml of poliovirus for certain
time points. Cells were then fixed and stained with antibodies recognizing EWSR1 (green) and
the viral protein 3B (red). Nuclear DNA was stained by Hoechst 33342 (blue). (B) High
magnification confocal images of HeLa cells infected (or mock-infected) and processed as in
A at 4 hpi Note the association of cytoplasmic EWSR1 signal outside of stress granules with
the 3B-positive structures. (C) Confocal images of HeLa cells infected (or mock-infected) as
in A, fixed at 4 hpi and stained with the antibodies against EWSR1 (Green) and a stress granule
component G3BP1 (red). (D) Confocal images of HelLa cells stably APEX2-GARG-1060
infected (or mock-infected) as in A, and processed at 4 hpi for biotinylation reaction and
subsequent staining with antibodies against a stress granule component G3BP1 (green) and
streptavidin Alexa conjugate (red). Nuclear DNA was stained by Hoechst 33342 (blue).

A unique distribution of ILF3-90 was observed in the polio-infected cells. HeLa
cells were infected (or mock-infected) with 50 PFU/cell of poliovirus for 4 h, fixed and co-
stained with antibodies against ILF3-90, and either 2B or dsRNA. In mock-infected cells,
ILF3-90 was mainly in the nucleus. During virus infection, the protein translocated from
the nucleus into the cytoplasm, where it encircled the viral replication organelles indicated
by viral protein 2B (Fig. 5.11A). Such observation is consistent with our previous data
showing an antiviral activity of the protein and indicates that it is inhibited from entry to
the replication sites. Nevertheless, a slight colocalization of ILF3-90 and viral protein 2B
in the ROs suggests that even though the virus attempts to limit the entry of factors with
antiviral potentials into the replication sites, host cell immune responses countermeasure
the infection by importing the antiviral factors into ROs. At the same time, ILF3-90 and
dsRNA colocalized in multiple areas in the replication organelles, suggesting that the

antiviral activity of ILF3-90 depends on its dSRNA-binding characteristics (Fig. 5.11B).
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Figure 5.11 Redistribution pattern of ILF3-90 upon poliovirus infection. HeLa cells
were mock or virus-infected with 50 PFU/ml of poliovirus for 4 h. Cells were then fixed
and stained with antibodies recognizing ILF3-90 (green) and (A) the viral protein 2B or
(B) an intermediate product of the viral RNA replication, dsSRNA (red). Nuclear DNA was
stained by Hoechst 33342 (blue).
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AldoA was one of the several glycolytic enzymes biotinylated by APEX2-GBF1 in
poliovirus-infected cells. HeLa cells were infected (or mock-infected) with 50 PFU/cell of
poliovirus for 4 h, fixed and co-stained with antibodies against AldoA, and either 2B or
dsRNA. In mock-infected cells, AldoA was distributed in the cytoplasm and the nucleus,
while upon infection, more cytoplasmic localization of AlodA was detected in cells. We
also observed multiple AldoA punctae inside the replication organelles; however, the

signal for AldoA was separated from that of 2B or dsSRNA (Fig. 12A and B).
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Figure 5.12 Redistribution pattern of AldoA upon poliovirus infection. HeLa cells were
mock or virus-infected with 50 PFU/ml of poliovirus for 4 h. Cells were then fixed and stained
with antibodies recognizing AldoA (green) and (A) the viral protein 2B or (B) an intermediate
product of the viral RNA replication, dSRNA (red). Nuclear DNA was stained by Hoechst
33342 (blue).

5.3 Discussion

GBFT1 is a cellular protein essential for enterovirus replication that interacts with
the poliovirus protein 3A on the replication organelles. In this report, we implemented
proximity biotinylation coupled with mass spectrometry to explore the protein composition
in the vicinity of GBF1 in poliovirus-infected cells. A C-terminally truncated GBF1 mutant
downstream of the HDS1 domain previously shown to be fully competent in polio
replication was used to reduce the detection of proteins without critical roles in PV
replication. We then replaced the Sec7d of GBF1 with the Sec7d of a BFA-insensitive Arf-
GEF, ARNO, so that all the replication functions will be performed by this exogenously
introduced BFA-resistant GBF1 in the presence of BFA in our experiments. The construct
was finally N-terminally inserted into a FLAG-tagged APEX2 (APEX2-GARG-1060). We
established a stable cell line expressing APEX2-GARG-1060 and showed that this
construct could support poliovirus replication in the presence of BFA.

Fluorescence imaging showed a diffused cytoplasmic localization of APEX2-
GARG-1060 in mock-infected cells, which is explained by the fact that the membrane-
targeting determinants of GBF1 in the C-terminal domain were removed. At the same time,
the biotinylated proteins were detected exclusively on the replication membranes, where
they colocalized with the viral protein 3A. This indicates that APEX2-GARG-1060 was

successfully recruited to the replication organelles and biotinylated the nearby proteins.
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Accordingly, the biotinylated proteins isolated from infected cells were significantly higher
than that of mock-infected cells. Also, more biotinylated proteins were observed as the
infection progressed, with the highest at 6 hpi. These data indicate that we can efficiently
characterize the biotin-labeled viral or cellular proteins nearby GBF1 in the mock and
virus-infected cells.

Then, the biotin-labeled samples were evaluated for several cellular proteins
previously shown to be involved in the functioning and/or development of the ROs of
enteroviruses. PI4KIIIB, OSBP, and ACBD3 were identified in western blot, indicating
that these proteins are localized in the close vicinity of GBF1 on the replication membranes.
At the same time, no signal was observed for other proteins tested, such as Arf GTPases,
suggesting either they are not located nearby GBF1 or they were not properly exposed to
the biotin-phenoxyl radicals in an electron-rich amino acid angel. Collectively, these data
revealed that the proteome of the ROs nearby GBF1 is not enriched in all of the known
cellular proteins functioning in virus replication, suggesting that the ROs are not
biochemically homogeneous and likely have specialized domains.

Among the viral proteins identified in the biotinylated fraction, we detected an
increased proportion of the incomplete products of the poliovirus polyprotein cleavage,
including some of the fragments that could not be matched with the known intermediates
of the polyprotein processing. This suggests that GBF1 on the replication membranes is
localized close to the sites of active polyprotein processing. This would be consistent with
the requirement of GBFI1 activity for the functioning of the viral RNA replication
complexes and the fact that viral replication complexes contain proteins that need to be

assembled in cis, i.e., derived from the same polyprotein molecule (51, 168, 207, 209). On
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the other hand, an artificial increase of the large polyprotein fragment signal due to a more
efficient purification because of a higher proportion of biotinylated amino acids cannot be
excluded. Interestingly, while the large precursors were easily detected in a western blot
assay of purified biotinylated proteins, the mass-spectrometry analysis identified viral
polypeptides overlapping the 3C-3D but not any other polyprotein cleavage sites,
suggesting that most of the polyprotein processing events are very rapid.

The MS analysis of the biotin-labeled proteins identified in the polio-infected
sample revealed that a major proportion of these proteins (85%) had not been previously
studied in the context of enterovirus infection. Gene ontology analysis showed significant
enrichment of RNA binding and mRNA metabolic processes, indicating that GBF1 is likely
localized close to the RNA replication complexes. The predominant association of RNA-
binding proteins can be explained by the fact that upon infection, enteroviruses protease
2AP™ specifically cleaves several nucleoporins, resulting in the inactivation of organized
nucleocytoplasmic trafficking and leakage of the nuclear proteins into the cytoplasm where
the virus can employ them for its benefits (18, 75, 165, 226).

The functional validation of several proteins with distinct cellular functions that
were significantly enriched in the MS dataset from the infected cells was performed by an
RNAI screen followed by either western blot detecting the level of viral protein 2C
accumulation or polio replicon replication. AldoA was one of several glycolytic enzymes
biotinylated by APEX2-GBF1 in poliovirus-infected cells, and its depletion significantly
inhibited the viral replication. The infection-specific biotinylation of multiple glycolytic
enzymes suggests an active supply of the replication organelles with the glycolysis

pathway-derived metabolites. Recently, the recruitment of glycolytic enzymes to the
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replication organelles of tombusviruses, a group of positive-strand plant viruses has been
discovered, and it was shown that these enzymes are involved in generating a high local
level of ATP required to support the viral replication (41, 134, 175). Interestingly, the
siRNA knockdown of AldoA expression also resulted in a reduction of the cellular ATP
level reflected in a lower signal of an ATP-based cell viability test. It is tempting to
speculate that the local nucleotide synthesis sustained in part by the recruitment of the
glycolytic enzymes generating the necessary substrates at the replication organelles is a
conserved feature of the replication of positive-strand RNA viruses. The importance of de
novo nucleotide synthesis on the replication organelles is highlighted by the previous
observations that the partially purified membrane-associated picornavirus replication
complexes more efficiently incorporate in the replicating RNA exogenously added
nucleoside mono and diphosphates compared to nucleoside triphosphates (113). Staining
data showed cytoplasmic and nuclear localization of AldoA in the mock-infected cells,
while during poliovirus infection, most of the signal for the protein was detected in the
cytoplasm. No colocalization of AldoA with viral protein 2B and dsRNA was observed.
The RNA metabolism proteins were highly enriched in the proteome recovered
from the infected cells. Many of these proteins have RNA binding properties and normally
have a predominantly nuclear localization where they participate in nuclear transcript
processing. Among the RNA proteins, we focused on EWSR1 and ILF3, which showed
the most robust and most consistent effects on viral replication in the preliminary
screening. EWSR1 is an RNA and DNA binding multifunctional protein involved in
different networks of regulation of gene expression (124). EWSRI1 depletion significantly

inhibited poliovirus genome translation and RNA replication. A similar inhibitory effect
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was observed for CVB3 replication, suggesting a potential proviral activity of EWSR1
during enterovirus infection. The ILF3 gene is expressed as two major isoforms of 110 and
90 kDa, which both share the dsSRNA binding domain and regulate multiple steps of RNA
metabolism in the nucleus and the cytoplasm (37). Since the proteomics data did not
distinguish the ILF3 isoforms, we separately targeted the expression of 110k and 90k
proteins. Depletion of the 90 kDa isoform of ILF3 had a strong stimulatory effect on the
replication of all enteroviruses tested.

The disruption of the nucleocytoplasmic barrier is caused by the cleavage of
nucleoporins by enterovirus protease 2A, which also cleaves a translation initiation factor
elF4G. This would halt the mRNA export from the nucleus and cap-dependent translation
of cellular mRNAs (18, 75, 165). In addition, the viral proteases 3C and 3CD cleave the
core components of RNA polymerase II (116, 189). The rapid and profound inactivation
of the cellular gene transcription and translation implies that the proteins present in the cell
before infection must contain the full complement of factors required to support the viral
replication. This also implies that the cells must dispose of some anti-viral measures ready
to be deployed without significant input from the activation of new gene expression. The
nuclear depot of RNA-binding proteins thus represents an important resource of both
EWSRI1 and ILF3-90 signals that were confined almost exclusively to the nuclei in non-
infected cells and massively relocated to the cytoplasm upon infection.

Immunostaining data showed a resemblance in the redistribution pattern of EWSR1
into multiple dot-shaped organelles during the time course of infection to that of the
enterovirus-induced stress granules, which was confirmed by observing a colocalization of

EWSRI and G3BP1, a marker for SGs. We showed a unique redistribution of ILF3-90
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upon infection such that the ILF3-90 signal was mainly detected surrounding the
replication organelles, indicated by viral protein 2B, with a slight colocalization with 2B
on the replication membranes. This suggests that the antiviral proteins such as ILF3-90 are
inhibited from entry to the replication sites although the host cell defense mechanisms find
a way to internalize the antiviral factors to the replication membranes evidenced by
identifying ILF3-90 nearby 3A-recruited GBF1 in our MS data.

Overall, our data demonstrated that the 3A-recruited GBF1 domain on the ROs is
enriched in proteins with either proviral or antiviral activities, indicating that while the
virus highjacks host proteins to support different steps of the life cycle, the host antiviral
immune mechanisms are actively trying to interrupt the infection by recruiting antiviral
factors to the viral replication sites.

Collectively, our work introduced a highly efficient system to investigate the
proteome of the poliovirus ROs and revealed a unique protein composition of the GBF1-

enriched environment in the replication sites.
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Chapter 6: Conclusions and Future Works

In this work, we investigated the function of the GBF1-controlled network of host
proteins during enterovirus infection.

Enterovirus genome replication occurs in remodeled membranous structures called
the replication organelles, whose composition is important for the proper assembly and
functioning of the viral replication complexes. GBF1 is an activator of small GTPases Arf,
and its activity is important for the functioning of the cellular secretory pathway. During
viral infection, GBF1 is recruited to the replication organelles through direct interaction
with the viral protein 3A, and its Arf-GEF function is required to support virus replication.
However, the mechanistic role of GBFl-activated Arf isoforms in supporting viral
replication is much less understood.

This study revealed that all human Arf isoforms are redistributed to the enterovirus
replication sites by the end of the infectious cycle. However, the kinetics of recruitment of
distinct Arfs are different at the early-middle steps of infection, which implies the dynamic
changes of the Arf-controlled biochemical environment of the replication organelles during
the time course of infection. This may guide the transition of the infectious cycle from the
early stage, when viral proteins and RNAs are accumulated, to the later phases associated
with increasing virion assembly, maturation, and release. Besides, the simultaneous
association of all Arf isoforms with the replication organelles likely creates a unique
combination of Arf effectors that generate a biochemical environment never exists in
organelles in non-infected cells.

Our work revealed novel data on the Arf6 recruitment to the enterovirus replication

organelles. Arf6 is the most structurally divergent member of Arf GTPases, a BFA-
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insensitive Arf-GEF ARNO normally activates it, and it is predominantly associated with
the plasma membrane. However, Arf6 is also implicated in endocytic traffic, and the
relocation of Arf6 to the replication membranes may be linked to the redirection of
endocytic traffic required for the enrichment of the replication membranes in cholesterol
from the plasma membrane depot (91). The possible involvement of Arf6 also implies that
ARNO or other members of the cytohesin family of Arf-GEFs (203) may be other host
factors essential for the development of infection.

We showed that in non-infected cells, Arfs undergo rapid cycling between
membrane-associated GTP-bound and cytoplasmic GDP-bound forms. However, once
recruited to the replication membranes, all Arfs except Arf3 became insensitive to the
inhibition of Arf-GEF activity, indicating that they remain for a prolonged time in a GTP-
bound form. This again underscores that the metabolism of Arf-associated reactions is very
different between infected and non-infected cells.

The detailed analysis of the localization of viral antigens revealed that nonstructural
protein 2B and the fully assembled virions show the strongest colocalization with Arf1-
enriched membranes. However, the nonstructural proteins 2C and 3A with known
membrane-targeting domains showed less colocalization with Arfs, especially at the early
stages of infection. Only a minimal amount of the viral polymerase 3D™! was colocalizing
with Arfs on replication membranes, with most of the protein found in the cytoplasm
without apparent association with any membranous structures. Such extensive localization
of the viral nonstructural proteins outside the replication organelles suggests that they have
important replication-independent functions that remain virtually unexplored.

Interestingly, while the signal for dSRNA was in close vicinity to that of Arfl, the two
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signals were clearly separated. Collectively, our data indicate that the replication organelles
are not homogenous membrane agglomerates but likely have compositionally and
structurally distinct microdomains, most likely reflecting the different requirements during
distinct stages of the viral life cycle.

To further elucidate the fine organization of the replication organelles, we will
explore the localization of viral antigens and dsRNA relative to the Arfl-enriched domains
using higher-resolution microscopy techniques.

The individual Arf siRNA depletion studies indicated the importance of Arfl and,
to a lesser extent, Arf6 on the GBF1-supported poliovirus replication. Together with the
observations that Arfl was the first Arf associated with the replication organelles at the
beginning of infection, our data suggest that the GBF1-Arfl axis is the most important
contributor to the development and/or functioning of the replication organelles.

One plausible explanation for the importance of Arfl and Arf6 during enterovirus
replication is that Arf depletion prevents the recruitment of the effector proteins to the ROs.
Thus, future experiments will focus on investigating the recruitment dynamics and
importance of Arfl and 6’s effector proteins during enterovirus infection. To do so, we
would first focus on Arfl and 6’s effectors identified in the PV replication sites in our
proteomics data in this study, such as multifunctional protein ADE2, cytohesin-2, leucine-
rich PPR motif-containing protein, and clathrin heavy chain-1. Of particular interest is
cytohesin-2 since it is a GEF for Arf6, the second important Arf in polio replication. Then,
we will inhibit the expression and/or activity of these proteins using siRNA or specific
inhibitors where appropriate and perform a quantitative enterovirus replication assay

(similar to the experiments for the functional validation in chapter 5).
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In chapter 5, we explored the proteome composition of poliovirus replication
organelles in the vicinity of the 3A-recruited GBF1 domains using an enzyme-based
proximity assay followed by mass spectrometry. Detection of the biotin-labeled proteins
exclusively on the replication membranes, colocalized with the viral protein 3A, in
microscopy ascertained the efficiency of this assay to identify the proteins located nearby
3A-recruited GBF1 in the replication sites. This observation was confirmed by blotting, in
which a higher level of biotinylated proteins was detected in the poliovirus-infected
samples than in mock. Western blot analysis using antibodies against cellular proteins with
known functions in the virus replication revealed that not all of them are located in the
GBF1-contained regions of the replication organelles. We also showed that the viral
proteins are not equally represented in the GBF1 environment. We found an accumulation
of the viral precursor proteins nearby GBF1, suggesting that GBF1 surroundings may be
associated with the viral polyprotein processing. Collectively, these data indicate that the
GBF1-environment on the replication organelles features a unique combination of viral
and cellular proteins, which may lead to functional differentiation of specific membranous
domains within the ROs.

Gene ontology analysis of the proteomics data showed a strong enrichment of
RNA-binding proteins nearby GBF1 on the replication organelles, which is consistence
with the available data, although most of the RNA-binding proteins identified in this study
were not previously reported in the context of enterovirus replication (133, 191).
Functional analysis of the proteins identified in MS revealed that the GBFI-contained
domains on the replication membranes are enriched in a combination of proteins with

proviral or antiviral activities. This indicates that during infection, the virus highjacks
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various host proteins to the replication sites to support the infectious cycle, and on the other
hand, the host cell antiviral defense mechanisms countermeasure the infection by actively
recruiting the proteins with antiviral functions to these sites.

Future experiments will provide more details on the mechanistic contributions of
the proviral and antiviral proteins during viral infection.

Here, we selected a few highly abundant proteins for initial characterization;
however, the abundance upon the proximity biotinylation-based detection reflects the
combination of three variables, including the abundance of the protein in a cell, its retention
close to the bait, and the exposure of the amino-acids that can accept the biotinphenoxyl
radicals. This may skew the representation of the actual enrichment of proteins at the bait
construct; thus, the less abundant proteins specifically detected at the replication organelles
should also be investigated in the future.

In chapter 4, we showed the important contribution of the GBF1-Arf1 axis in the
development/functioning of the ROs, and in chapter 5, we defined a unique combination
of cellular and viral proteins nearby GBF1 on the replication membranes. Thus, we will
aim to further explore the proteome nearby Arfl to get a deeper insight into the proteins
involved in this axis and in supporting viral replication. Besides, it would be interesting to
identify the functions of the Arf-enriched and Arf-depleted micro-domain of the replication
organelles.

Overall, our work elucidated important details of the dynamics of the GBF1-
dependent activation of small Arf GTPases during enterovirus infection and documented
the unique membrane environment of the replication organelles. Moreover, our data

significantly increased the knowledge of the cellular proteins associated with the
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enterovirus replication organelles and provided an important resource for the rational
approach to developing antiviral strategies targeting conserved steps of enterovirus

replication.
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