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Abstract

Glutathione (GSH) is the most abundant cellular thiol playing an essential role in preserving a reduced cellular environment.
Cellular GSH levels can be efficiently reduced by the GSH biosynthesis inhibitor, L-buthionine sulfoximine (BSO). The aim of
our study was to determine the role of GSH in the growth of two C-cluster enteroviruses, poliovirus type 1 (PV1) and
coxsackievirus A20 (CAV20). Our results show that the growth of both PV1 and CAV20 is strongly inhibited by BSO and can
be partially reversed by the addition of GSH. BSO has no effect on viral protein synthesis or RNA replication but it strikingly
reduces the accumulation of 14S pentamers in infected cells. GSH-pull down assays show that GSH directly interacts with
capsid precursors and mature virus made in the absence of BSO whereas capsid precursors produced under GSH-depletion
do not bind to GSH. In particular, the loss of binding of GSH may debilitate the stability of 14S pentamers, resulting in their
failure to assemble into mature virus. Immunofluorescence cell imaging demonstrated that GSH-depletion did not affect the
localization of viral capsid proteins to the replication complex. PV1 BSO resistant (BSOr) mutants evolved readily during
passaging of the virus in the presence of BSO. Structural analyses revealed that the BSOr mutations, mapping to VP1 and
VP3 capsid proteins, are primarily located at protomer/protomer interfaces. BSOr mutations might, in place of GSH, aid the
stability of 14S particles that is required for virion maturation. Our observation that BSOr mutants are more heat resistant
and need less GSH than wt virus to be protected from heat inactivation suggests that they possess a more stable capsid. We
propose that the role of GSH during enterovirus morphogenesis is to stabilize capsid structures by direct interaction with
capsid proteins both during and after the formation of mature virus particles.
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Introduction

Glutathione (GSH), c-L-glutamyl-L-cysteinylglycine, is an

important cellular reducing agent, which prevents damage to

cellular components caused by free radicals or peroxides. In

addition, GSH has roles in signal transduction, gene expression

and apoptosis [1]. The thiol group (SH) of GSH’s cysteine serves

as a proton donor and is responsible for the biological activity of

GSH. Glutathione is present in several forms in cells, tissues, and

plasma, at a high concentration of about 5 mM. It primarily exists

in free form either in a reduced (GSH) or in an oxidized state

(GSSG). GSH is also capable of forming disulfide bonds with

cysteine residues in proteins and in its bound form it regulates

protein function [1].

The cellular synthesis of GSH takes place in two consecutive

steps. The first and rate-limiting step is the synthesis of a

dipeptide, catalyzed by c-glutamylcysteine synthase. In the

second step glycine is added to the dipeptide in a reaction

catalyzed by glutathione synthase. L-buthionine sulfoximine

(BSO) is a specific and selective inhibitor of c-glutamylcysteine

synthase and consequently of GSH synthesis [2]. Pretreatment of

HeLa cell monolayers with BSO reduces the total GSH level to

,1% of control values by 48 hr post treatment [3]. Previous

studies with BSO have shown that GSH influences viral

replication. Specifically, BSO pretreatment of cells enhanced

the replication of HIV, influenza virus, HSV-1 and Sendai virus

[4–7]. In contrast, recently it was shown that BSO inhibits

replication of coxsackievirus B3(CVB3), a B-cluster enterovirus,

by blocking virus morphogenesis [3]. Early studies with PV have

shown that in the presence of 5–10 mM glutathione the eclipse

period of poliovirus infection is blocked [8]. Eclipse refers to an

early phase of the viral replication cycle during which the
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metabolic machinery of the host is reorganized for the

subsequent production of progeny virions. Adsorption and

penetration of the virus to the host cell were not affected but

the entering particles were not uncoated. Studies on the effect of

BSO on Echovirus 9 proliferation indicated that the drug

inhibited apoptosis induced by this virus [9]. Finally, GSH was

found to stabilize purified poliovirus (PV) particles to in vitro heat

inactivation, similarly to the action of S7, methylthiopyrimidine

[10] or arildone, an antiviral agent that reversibly blocks the

uncoating of PV [11].

Poliovirus (PV) is a plus strand RNA virus in the Enterovirus

genus of the Picornaviridae. The 7.5 kb genome of poliovirus

contains a single open reading frame, which encodes one capsid

(P1) and two nonstructural domains (P2 and P3) (Figure 1). The P1

precursor, after interacting with cellular chaperone Hsp90 [12]

adopts a processing-competent conformation that is cleaved by

viral proteinase 3CDpro [13] into capsid proteins VP0, VP1 and

VP3 (Table 1). These assemble to form a 5S protomer and then

five protomers assemble yielding a 14S pentamer. Twelve

pentamers make up the 75S empty viral capsid. The viral particle

containing RNA, the provirion (150S), undergoes the final

maturation cleavage of VP0 to yield VP2 and VP4. Whether the

progeny RNA is inserted into the empty capsid or the pentamers

surround and enclose the viral RNA remains an unanswered

question. The experimental evidence available thus far favors the

idea that 14S subunits are key assembly intermediates in PV1

morphogenesis. Studies using the in vitro cell-free translation/

replication system demonstrated that 14S particles interact with

newly made viral RNA and are assembled into virions [14]. In

addition, electron microscopic analyses indicated that 14S

particles associate with the replication complex and can be

cross-linked to viral RNA by UV-irradiation [15]. Finally, Nugent

and Kirkegaard observed that only 14S particles and mature

virions interacted in vitro with poliovirus RNA but empty capsids

did not [16]. The question of whether 75S empty capsids are the

storage form of pentamers or dead-end products is still contro-

versial [14,17–20].

Although the basic steps involved in the encapsidation of

poliovirus RNA are well established, very little is known about

details of the overall process. We have recently made the interesting

observation that the specificity of enterovirus encapsidation (PV,

C-CAV) is determined by an interaction between capsid proteins

and nonstructural protein 2CATPase [21]. An alanine scanning

mutagenesis analysis of the 2CATPase polypeptide strongly supported

this model and identified, in addition, a domain near the C-

terminus that is required for morphogenesis. Indeed, mutations in

VP1 and VP3 were found to compensate for the defect in

encapsidation [22]. Our recent work led us to conclude that no

RNA encapsidation signal is involved in poliovirus assembly

[21,22].

As part of our ongoing studies on the morphogenesis of C-

cluster enteroviruses, we have examined the effect of GSH on

encapsidation by using drug inhibition and biochemical experi-

ments. In this study we observed that BSO blocked the production

of both PV1 and CAV20 in tissue culture cells by more than

hundred fold. Neither protein synthesis nor RNA replication were

affected by the drug treatment. However, we observed that the

level of 14S pentamers was severely reduced in the absence of

GSH due to BSO-treatment. Consequently very little, if any,

infectious mature virus was produced. Immunofluorescence cell

imaging confirmed the absence of mature virus in drug-treated

PV1-infected lysates even though capsid proteins colocalized with

nonstructural proteins in the replication complex. GSH-pull down

assays indicated that GSH physically interacts with the mature

virus and capsid precursors. Drug resistant mutations map to

capsid proteins VP1 and VP3. Structural analyses of capsids of

BSO-resistant mutants indicate that the mutations are located at

protomer/protomer interfaces of pentamers supporting a role for

GSH in the stabilization of these precursors. Heat-inactivation

studies confirm the proposed stabilizing effect of GSH on purified

PV1 particles. Our results suggest that the effect of GSH on PV

morphogenesis is specific and that the primary function of GSH is

to stabilize the capsid proteins both during and after their

assembly into the viral particle.

Results

BSO inhibits the growth of both PV1 and CAV20 on HeLa
cells

In view of the relatively high cellular concentration of GSH

(5 mM), HeLa cells have to be pretreated with BSO (0.4 mM) for

48 hr to reduce its concentration to below detectable levels [3].

We used these conditions to test the effect of BSO-pretreatment on

poliovirus infection. In preliminary experiments untreated or

BSO-pretreated HeLa cell cultures were infected with wild-type

type 1 PV (PV1-wt) and incubated for 8 hr in the absence or

presence of the drug, respectively. A measurement of the virus titer

by plaque assays indicated a 100-fold reduction in the yield of virus

produced in the presence of the drug (Figure 2A). In a parallel

experiment a mixture of BSO resistant (BSOr) variants, isolated by

passaging PV1-wt on HeLa cells in the presence of BSO, were also

tested. The drug had no effect on the growth of the BSOr variants

(Figure 2A).

Similarly, proliferation of CAV20-wt, another member of the

C-cluster enteroviruses, was also found to be severely inhibited in

BSO-treated HeLa cells (data not shown). BSO resistant CAV20

(CAV20-BSOr) mutants were also isolated on BSO-treated cells

after several passages in the presence of 0.4 mM BSO although

these mutants did not arise as easily as the PV1-BSOr mutants

(data not shown). Together, these results suggest that GSH is

required for the growth of both PV1 and CAV20 since BSO, the

inhibitor of GSH synthesis, blocks virus production.

Author Summary

Enteroviruses are plus stranded RNA viruses in the
Picornaviridae family that cause as many as 3 billion
infections per year. Enterovirus morphogenesis, which
involves the encapsidation of newly made viral RNAs, has
been studied for many years but the process is still poorly
understood. Elucidation of this process is important for the
development of drug treatments for a variety of human
diseases. We describe the role of glutathione, an important
cellular reducing agent, in enterovirus morphogenesis by
studying the inhibition of GSH biosynthesis with BSO on
viral proliferation. We discovered that GSH directly
interacts with viral capsid precursors and the mature virus.
In the presence of BSO the accumulation of a small capsid
precusor (pentamer) is reduced and consequently no
mature viruses are produced in virus-infected cells. Drug
resistant viruses are easily isolated with mutations located
in two of the capsid proteins, VP1 and VP3. We propose a
model to explain the role of GSH in enterovirus morpho-
genesis, which is to stabilize the capsid precursors and the
mature virus during and after the encapsidation of the
progeny viral RNA by direct interaction with capsid
proteins.

Glutathione & Capsid Interaction in Morphogenesis
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Reversal of BSO-inhibition of PV1 growth in vivo by GSH
Next we tested whether the requirement for GSH during PV

growth is specific or whether GSH can be replaced by other

reducing agents, such as dithiothreitol (DTT), b-mercaptoethanol

(b-ME) or GSSG, the oxidized form of GSH (Figure 2B).

Untreated or BSO-pretreated HeLa cells were infected with

PV1-wt and at 2 hr post infection various compounds (5 mM)

were added to the cultures. Incubation continued for 8 hr in the

absence or presence of BSO, respectively (Figure 2B). Both GSH

and DTT but not GSSG, were able to reverse the inhibitory effect

of BSO, albeit only partially. Partial rescue by DTT, however,

does not necessarily mean that it can directly replace GSH-

function in poliovirus growth and morphogenesis. DTT, a

reducing agent frequently used in biochemical experiments, might

function indirectly, for example, by reducing GSSG (that by itself

does not rescue inhibition) to GSH. Surprisingly, b-ME, another

common reducing agent in the laboratory, lacked the ability to

overcome the inhibitory effect of BSO. It should be noted that in

studies with CVB3 no reversal of the BSO-induced inhibition of

viral growth was achieved by either DTT or by b-ME [3].

BSO-resistant mutations are mapped to capsid proteins
VP1 and VP3

To map the mutations in BSO resistant variants of both PV1

and CAV20, the plaque-purified viruses were subjected to full-

length genome sequence analyses. Three PV1-BSOr variants

revealed an array of mutations in capsid proteins VP1 and VP3,

whereas only a single VP3 mutation was found in 4 different

plaque-purified CAV20-BSOr mutants (Figure 3A).

H. A. Thibaut and his colleagues have recently observed that

the small compound TP219 inhibits the replication of several

enteroviruses by binding GSH (Thibaut et al. in press). Interest-

ingly, the replication of the poliovirus vaccine strain Sabin 1 was

resistant to TP219 (Thibaut et al, submitted for publication). Since

TP219 depletes available cellular GSH we have followed

Thibaut’s observation and found that, indeed, PV type 1 Sabin

virus is also resistant to depletion of GSH by BSO (Figure 3B). The

Sabin 1 vaccine strain was initially isolated following numerous

passages of its progenitor strain PV1(Mahoney) in different non-

human tissue culture cells and monkeys [23]. The passages lead to

21 amino acid changes in the viral polyprotein, of which 12 are

located in the capsid domain [24] (Figure 3A). Only 4 of the 12-

capsid mutations have been assigned to the attenuated phenotype

of the PV type 1 Sabin vaccine [23]. We do not know yet which of

the 12-capsid mutations in PV type 1 Sabin are responsible for the

BSOr phenotype.

Growth curves of PV1 and CAV20 on HeLa cells in the
presence of BSO

To examine the effect of BSO on the growth of C-cluster

enteroviruses in more detail we analyzed growth curves of wt and

of drug-resistant PV1 (VP3 Q178L) and of CAV20 (VP3 Y97H)

on HeLa cells, which were untreated (2BSO) or treated with the

drug (+BSO). HeLa cell cultures were infected at a moi of 10 with

wt or drug resistant variants of PV1 and incubation was with or

without BSO, as indicated. Virus titers were monitored by plaque

assay at various times, up to 8 hr post-infection. As shown in

Figure 3C, PV1-infected control cells yielded 109 PFU/ml but the

drug reduced the yield about 100 fold at 4 hr and 8 hr post

infection. In contrast, the depletion of GSH did not affect the

growth of PV1-BSOr variant (VP3 Q178L) (Figure 3C). Essen-

tially the same results were obtained with CAV20, except that

drug treatment reduced the titer of the wt virus nearly 10,000-fold

(Figure 3D). Again, the growth of CAV20-BSOr variant (VP3

Y97H) was unaffected in GSH depleted cells, and in the presence

Figure 1. Genome structure of PV1 RNA and polyprotein processing. The PV1 genomic RNA contains a 59NTR, a single open reading frame, a
39NTR and poly (A) tail. The polyprotein, translated from a single open reading frame, has one structural (P1) and two nonstructural domains (P2, P3).
The P1 domain is released from the polyprotein by 2Apro. Further processing of the P1 domain into VP0, VP3 and VP1 is by 3CDpro, followed by the
maturation cleavage of VP0 into VP4 and VP2 by an unknown mechanism. The P2/P3 domains are processed by 3Cpro/3CDpro to generate different
precursors and mature nonstructural proteins.
doi:10.1371/journal.ppat.1004052.g001

Table 1. Stepwise processing of the P1 capsid protein and
maturation of the PV particle.

P1 precursor protein

I P1* (by associating with Hsp90) processing-competent conformation

II VP0, VP3, VP1 protomer 5S

III (VP0, VP3, VP1)5 pentamer 14S

IV [(VP0, VP3, VP1)5]12 empty capsid (procapsid) 75S

V [(VP0, VP3, VP1)5]12RNA provirion 150S

VI [(VP4, VP2, VP3, VP1)5]12RNA virion 150S

doi:10.1371/journal.ppat.1004052.t001

Glutathione & Capsid Interaction in Morphogenesis
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of BSO, at any time post infection (Figure 3D). It should be noted

that the extent of inhibition did not significantly vary with the

multiplicity of PV1 infection (0.1–10) (data not shown). These

results confirmed our preliminary finding (Figures 2A and 2B) that

GSH is required for the growth of both PV1 and CAV20, two C-

cluster enteroviruses. As shown on Figure 3C, the PV1 virus titer

slowly increased from 4–8 hr post infection in drug-treated cells in

the presence of the drug. In order to determine whether the virus

obtained at 8 hr post infection (Figure 3C) in the presence of BSO

were BSOr variants or just a few wt viruses that escaped the

inhibition by the drug, we tested the growth properties of the

progeny PV1 obtained at 8 hr post infection in both untreated and

BSO-pretreated HeLa cells. We observed that .90% of total

population consisted of BSOr variants (data not shown), an

observation indicating that drug resistant PV1 variants appear

readily when GSH is depleted in the presence of BSO. In contrast,

the virus titer for CAV20-wt in the presence of BSO did not

increase (Figure 3D). This is in agreement with the result in

Figure 3A showing that PV1 can easily become resistant by

acquiring different mutations whereas only one VP3 mutation has

been found in CAV20 that confers it the resistance to BSO. As

mentioned previously, this suggests that CAV20 is much more

sensitive than PV1 to suboptimal levels of GSH such that selection

to resistance is more difficult.

Structural analyses of BSOr mutations within the PV1
capsid

The existence of BSO resistant PV1 or CAV20 variants

indicates that stable 14S particles and mature virus can be

generated even in the absence of GSH. Therefore, it is reasonable

to assume that the BSO resistant mutations have a role in

stabilizing the mature virus and likely also one or more of the

capsid precursors. Therefore we determined the exact location of

the Q178L mutation mutations (Figure 4A) and also of all the

other PV mutations: T254I/VP1, I239V/VP1, T175A/VP3)

(Figure 4B) within the known atomic structure of the capsid [25].

Figure 4A illustrates the PV protomer, shown here as a colored

ribbon, which forms an interface with symmetry related neighbors.

The location of the Q178L mutation is shown with two nearby

protomers highlighted. The other mutations are shown in

Figure 4B, with two protomers highlighted. These mutations

map primarily at protomer/protomer interfaces within the

pentamers, an observation supporting our hypothesis that they

contribute to the formation of a stable capsid even in the absence

of adequate concentrations of GSH. Similarly, the CAV20 Y97H

mutation is predicted to be at or near the Q178L mutation in the

structure of a modeled CAV20 capsid (data not shown). The

Q178L and Y97H mutations are located in the GH loop of VP3

Figure 2. BSO-treatment of HeLa cells inhibits the growth of PV1. (A) HeLa cells were pretreated with 0.4 mM BSO for 48 hr and were
infected with PV1-wt at a moi of 1. The cell lysates were passaged in the presence of the drug until BSOr mutants developed and CPE (cytopathic
effect) was observed. BSOr and wt lysates were used to infect either untreated or drug-treated HeLa cells at a moi of 1 and incubation continued until
CPE. Viral titers were determined by plaque assay, as described in Materials and Methods. Dilution factors used for the plaque assay are given in the
center of the wells. (B) Reversal of BSO-inhibition of PV1 growth by GSH and DTT. BSO-treated HeLa cells were infected with PV1-wt at a moi of 1 in
the presence of 5 mM different reducing agents (GSH, DTT and b-Me) or 5 mM GSSG. Cell lysates harvested at 8 hr post-infection were used to
determine the virus titers by plaque assays (Materials and Methods).
doi:10.1371/journal.ppat.1004052.g002
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both in the PV structure and the predicted CAV20 structure.

Interestingly, the GH loop undergoes major structural rearrange-

ments in the 135S cell entry intermediate of PV suggesting the

possibility that the mutations also play a role during expansion or

uncoating [26].

BSO does not affect CAV20 protein translation or viral
RNA synthesis

To determine the stage of the viral life cycle at which adequate

GSH concentrations are required for virus proliferation, we

labeled the viral proteins with S35 trans-label in CAV20-wt

infected HeLa cells that were untreated or pretreated with BSO,

and analyzed 35S trans-labeled viral proteins by SDS-PAGE. BSO

had no effect on the translation and processing of the CAV20

polyprotein. Similar to previously reported results [3] no

maturation cleavage of CAV20 VP0 to VP2 and VP4 could be

observed in cells depleted of GSH (Figure 5A, compare lanes 1

and 2), an observation indicating that no infectious particles were

formed. In contrast the CAV20-BSOr variant produced similar

levels of VP2 in the absence or presence of the drug (Figure 5A,

compare lanes 3 and 4). We conclude that BSO treatment of HeLa

cells has no apparent effect on CAV20 protein synthesis and

processing.

The effect of GSH-depletion on viral RNA synthesis was

examined with a CAV20-FLuc replicon in which the capsid

domain of CAV20 was replaced with the FLuc coding sequence

(Figure 5B). BSO-treated or untreated cells were transfected with

RNA transcripts of the CAV20-FLuc replicon both in the absence

or presence of guanidine hydrochloride (GnHCl), a potent

inhibitor of RNA replication [27]. The luciferase signal in the

presence of GnHCl, measures the level of translation of the

transfected replicon, which in BSO treated and untreated cells,

was at normal levels. RNA replication, on the other hand, was

evaluated by measuring luciferase activity in the absence of

GnHCl. Since the luciferase activity, in the absence of GnHCl,

was comparable in BSO-treated and untreated cell cultures

(Figure 5B) we conclude that GSH depletion and BSO have no

inhibitory effect on RNA replication.

BSO inhibits the morphogenesis of CAV20
To test the effect of GSH-depletion on encapsidation we

performed trans-encapsidation assays [17]. Specifically, we mea-

sured the ability of BSOr viruses to trans-encapsidate a CAV20

FLuc replicon. Only those replicons that have been encapsidated

during the transfection step by the capsid of the superinfecting

BSOr virus are expected to produce a Luc signal during passage

Figure 3. BSO resistant PV1 and CAV20 variants and their growth curves in HeLa cells. (A) Identification of BSO resistant mutations in the
capsid of PV1 and CAV20. BSOr mutants of PV1 and CAV20 were plaque purified and after RT/PCR of the viral RNAs the cDNAs were sequenced in the
capsid domain (Materials and Methods). The loci of the mutations in the capsid domain (enlarged) are illustrated. Also included are mutations in the
capsid of PV type 1 Sabin, also a BSOr mutant. The residue or residues responsible for the BSOr phenotype of PV type 1 Sabin has not yet been
identified. (B) The growth of PV type 1 Sabin is not inhibited by BSO. PV type 1 Sabin was grown in the absence or presence of BSO and the virus
titers at 8 hr post infection were determined by plaque assay (Materials and Methods). (C) Untreated and BSO-pretreated cells were infected with
PV1-wt or PV1-BSOr (VP3 Q178L) at a moi of 10. Cultures of infected cells were harvested a 0 hr, 2 hr, 4 hr, and 8 hr post-infection. Virus titers were
determined by plaque assays (Materials and Methods). (D) Untreated and BSO-pretreated cells were infected with CAV20-wt or CAV20-BSOr (VP3
Y97H) at a moi of 1. Cultures of infected cells were harvested at 0 hr, 2 hr, 4 hr, and 8 hr post-infection. Virus titers were determined by plaque assays
(Materials and Methods).
doi:10.1371/journal.ppat.1004052.g003

Figure 4. BSOr mutations are located at the interface between protomers. The poliovirus protomer, shown here as a colored ribbon with
VP1 in blue, VP2 in yellow and VP3 in red, forms an interface with symmetry related neighbors, one of which is shown as a mesh with the same color
scheme. Three remaining symmetry copies are shown in grey to make up the pentameric arrangement around the 5-fold axis. The locations of the
mutations are shown as colored spheres and are predominantly found at the interface between protomers. (A) VP3 Q178L mutation alone; (B) All
BSOr PV mutations. Colors: VP3 Q178L-purple; VP1 D219N-Orange; VP3 T175A-Green; VP1 I239V-Pink; VP1 254I-Cyan. Molecular graphics and analyses
were performed with the UCSF Chimera package and PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC. Chimera is developed by
the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIGMS 9P41GM103311)
[26,43].
doi:10.1371/journal.ppat.1004052.g004
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on fresh HeLa cells. HeLa cells were treated with BSO before

transfection with transcript RNAs of a CAV20 FLuc replicon

(Figure 5C) and incubated in the presence of the drug. Six hours

post transfection the cells were superinfected with either CAV20-

wt or CAV20-BSOr virus, both in the absence and presence of

GnHCl. After 6 hr the cells were lysed and an aliquot was used to

measure luciferase activity. Luciferase activity from transfection (-

GnHCl), which measures RNA replication, was comparable in the

cell lysates co-infected with CAV20-wt or CAV20-BSOr viruses

(Figure 5C), confirming our preliminary finding that GSH-

depletion has no inhibitory effect on RNA replication

(Figure 5B). To measure encapsidation, an aliquot of the cell

lysate was used to infect fresh HeLa cells and, again, luciferase

activity was measured at 6 hr post infection. Those replicon-

transfected cells that were superinfected with wt virus produced

only background levels of Luc signal indicating a lack of trans-

encapsidation by the wt capsid. In contrast, high luciferase activity

was detected when superinfection was done with the BSOr virus,

indicating that the capsid derived from the BSOr virus was able to

transencapsidate the replicon. These results indicate that BSO-

induced inhibition of viral growth functions at the level of

morphogenesis.

Binding between GSH and capsid proteins is essential for
virus production

The presence of mutations in VP3 and VP1 in the BSOr

variants (Figure 3A) suggested the possibility that GSH directly

interacts with the wt capsid precursors or virus particles in infected

cells. To examine this possibility, we did GSH-pull down assays

using 35S-labeled lysates of untreated or BSO-treated HeLa cells

that have been infected with wt or BSOr PV1 and CAV20 viruses

(Figure 6A and 6B). The left panel of Figure 6A shows labeled PV1

viral proteins of the input lysates separated by SDS-PAGE

(Figure 6A, lanes 1–4). When the lysates were applied to GSH-

Sepharose beads and the bound material was analyzed again by

SDS-PAGE (Figure 6A, right panel), the pull down mixtures from

Figure 5. The effect of BSO on CAV20 protein translation, RNA replication and transencapsidation. (A) In vivo 35S labeling of CAV20-wt
and CAV20-BSOr viral proteins in the absence and presence of BSO in HeLa H1 cells. Viral proteins were separated on SDS-polyacrylamide gels
(12.5%), as described in Materials and Methods. (B) The genome structure of the CAV20 FLuc replicon used in the experiment is shown above. The
FLuc coding sequence was used to replace the P1 domain of the polyprotein. RNA transcripts of the replicon were transfected into untreated or BSO-
treated HeLa H1 cells either in the absence or presence of GnHCl (2 mM). Luciferase activity was measured at 9 hr post transfection. (C) CAV20 FLuc
replicon RNA transcript was transfected into BSO-treated HeLa H1 cells either in the absence or presence of GnHCl. At 1 hr post-transfection the cells
were superinfected either with wt or with CAV20-BSOr (VP3 Y97H) at a moi of 0.5. The cells were lysed at 6 hr post-infection and were then used to
re-infect fresh HeLa H1 cells in the absence or presence of GnHCl.
doi:10.1371/journal.ppat.1004052.g005
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BSO-untreated cells infected with PV1-wt or PV1-BSOr were

resolved into VP0, VP1, VP2 and VP3 (Figure 6A lanes 5 and 7).

VP4, the smallest capsid protein, would not be visible under the

conditions of the gel. The observation that both VP2 and VP0

were present in the mixture indicated that both mature virus and

one or more capsid intermediate interacted with GSH. In BSO-

treated cells, VP2 was not detectable in the lysates of cells made

from infection with the PV1-wt virus (Figure 6A, left panel lane 2).

This indicates that very little, if any, mature virus was formed

under these experimental conditions because no VP0 was cleaved

to VP2 and VP4. Moreover, no capsid proteins were present in the

pull down of cell lysates from BSO-treated cells infected with PV1-

wt virus (Figure 6A, lane 6). These results suggested either that no

normal capsid intermediates were made or that these structures

lost their ability to bind to GSH. In the presence of BSO, the PV1-

BSOr variant yielded all viral capsid proteins in the GSH-pull

down (Figure 6A, lane 8). This result suggests that capsid proteins

of the BSOr variants, regardless of the absence of adequate

amount of GSH, possess the correct conformation for the binding

of GSH. Meanwhile, we observed that the viral proteins of

CAV20-wt and CAV20-BSOr virus (Figure 6B, lanes 1–4) share a

similar binding pattern to GSH (Figure 6B, lanes 5–8) as their PV1

counterparts, indicating that the interaction of GSH to capsid

proteins is a general phenomena within C-cluster enteroviruses.

The fact that the loss of binding of capsid proteins to GSH in PV1-

wt leads to its failure to generate viable virus strongly suggests that

the interaction of capsid proteins with GSH is important for virus

production.

BSO treatment of HeLa cells reduces the level of 14S
pentamers and alters the mobility and stability of 150S
particles

With the aim of determining which step of particle assembly is

inhibited by BSO we applied 35S-labelled PV1-wt infected HeLa

cell lysates, made in BSO treated or untreated cells, to sucrose

gradients to separate the 5S, 14S, 75S and 150S fractions

(Figures 7A and 7B). It should be noted that the 150S fraction

usually contains both provirions and mature virions. Lysates

prepared from infected but BSO-untreated HeLa cells yielded

gradients with distinct peaks of all intermediate structures and

virus particles [28]. In contrast, the gradients made with lysates of

BSO-treated cells exhibited normal 5S and 75S peaks but

strikingly lower amounts of the 14S peak (Figure 7A). There are

several possible explanations for the reduced amounts of 14S

material visible on the gradient. First, there might be fewer

pentamers made under conditions of insufficient GSH. In this case

the production of subsequent capsid precursors, 75S and 150S,

would have been decreased accordingly. However, the sucrose

gradient profiles clearly showed that the peaks of 75S and 150S

particles, in the presence of BSO, are comparable to their

counterparts generated in the absence of the drug. Alternatively,

the 14S pentamer particles are produced in normal amounts but

are unstable in the absence of sufficient amounts of GSH. This

explanation supports our hypothesis that the role of GSH during

morphogenesis is to stabilize the 14S pentamers but it does not

explain the seemingly normal production of 75S particles. As will

be seen below in the GSH-pull down assay (Figure 7E), the

properties of 75S particles produced in GSH-depleted HeLa cells

are indeed different from those made in untreated HeLa cells.

We observed reproducibly in experiments with GSH-depleted

cells a 150S peak, which migrated faster than the 150S peak

obtained in untreated lysates (Figure 7B). As far as the shift in

mobility of the 150S particle is concerned, these results suggest a

malformation of the 150S particle, likely producing noninfectious

virus particles. To test this hypothesis, we compared the virus titers

in the 150S peaks, derived from lysates made in untreated or BSO-

treated HeLa cells. Indeed, the infectious virus titer in the +BSO

150S peak was only about 3% of the plaque forming units

generated under normal growth conditions (2BSO) (Figure 7C).

The combined results of the sucrose gradients, especially the

abnormal profiles of the 14S and 150S particles, suggest that 14S

pentamers formed under GSH-depletion might have a different

conformation that renders them unstable and unable to form

normal 150S, even though they are still able to associate with the

viral RNA.

GSH interacts with capsid precursors
In Figure 6A we showed that VP0 was present in the GSH-pull

down mixture indicating that one or more capsid intermediates

interacted with GSH. To determine which capsid precursor binds

to GSH we individually pooled three fractions of each peak,

containing the highest levels of 35S label (Figures 7A and 7B), and

subjected aliquots to GSH-pull down assays. The viral capsid

proteins present before (input) and after pull down with GSH (pull

Figure 6. GSH directly interacts with capsid proteins of both PV1 and CAV20. (A) GSH-pull down assay of PV1-infected lysates. HeLa cells,
untreated or BSO-treated, were infected with PV1-wt or PV1-BSOr (VP3 Q178L). (B) GSH-pull down assay of CAV20-infected lysates. HeLa cells,
untreated or BSO-treated, were infected with CAV20-wt or CAV20-BSOr. The viral proteins were labeled with 35S-Translabel from 4 to 5 hr post-
infection and the cells were harvested. The viral proteins in an aliquot of the lysates were analysed on SDS-polyacrylamide (11.5%) gels (lane 1–4).
Samples were loaded onto GSH Sepharose beads and the pulled down material was analyzed by SDS-PAGE (lane 5–8).
doi:10.1371/journal.ppat.1004052.g006
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down) were analyzed on SDS-PAGE (Figures 7D and 7E). Lysates

made from untreated HeLa cells yielded the expected capsid

proteins after GSH-pull down in all peaks except the 5S. This 5S

peak contained primarily unidentified protein bands suggesting

that most of the label in the peak (Figure 7A) is not capsid related

(Figure 7E, lanes 2 and 7). After the pull down of lysates made in

GSH-depleted cells no capsid proteins were detected from the 5S,

14S and 75S peaks and only trace amounts of capsid proteins were

visible in the 150S peak (Figure 7E, lanes 7–10). A comparison of

protein band intensities in the 150S peaks in lane 10 of Figure 7D,

and Figure 7E suggests that these proteins are derived from the

BSOr variants, which represent 3% of the normal virus titer as

shown in Figure 7C. Overall these results suggest that GSH can

bind to capsid intermediates under normal conditions. This

binding might be crucial for morphogenesis because it confers the

14S pentamer a stable conformation that is required for forming

normal 150S particles, which can mature into infectious virions.

GSH binds to mature virus particles
The presence of VP2 in the GSH-pull down mixture suggested

that GSH might also bind to the virion (Figure 6B). To confirm the

interaction of GSH with mature virion particles, CsCl-purified

mature viruses (Figure 7F, lane 1), made in the absence of BSO,

were subjected to GSH-Sepharose pull down assays and the bound

viral proteins were analyzed by SDS-PAGE (Figure 6F). As a

control we also analyzed also empty Sepharose beads, which

yielded no visible bands (Figure 7F, lane 2). The bound proteins in

the purified virus preparation consisted of the expected amounts of

VP1, VP2, and VP3 (Figure 7F, lane 3). It should be noted that the

amount of labeled amino acids (Cys+Met) in VP1 (7) is about one

half of what it is in VP2 (14) or VP3 (17), therefore the VP1 band

in the gel appears significantly lighter than the other two bands. A

trace of uncleaved VP0 in the GSH-pull down suggests the

presence of a small amount of provirion in the virus band. These

results confirm a direct binding between GSH and the mature

virus and possibly also the provirion.

Lysates made from cells infected with PV1-wt, under GSH-

depletion condition, did not yield any virus band in a parallel CsCl

gradient (data not shown). The lack of a band at the expected

location of the gradient indicates that the 150S particles made

under these conditions are unstable and fall apart, probably during

our purification procedure that includes a strong detergent, SDS.

Immunofluorescence cell imaging of BSO-untreated or -
treated HeLa cells infected with wt and BSOr viruses

To confirm that mature virus is not formed in BSO-treated

infected cells, we used immunofluorescence cell imaging. Untreated

or BSO-treated HeLa cells were infected with PV1-wt (moi 10). At

4 hr post infection the cells were probed for the presence of mature

virus [with monoclonal antibody (mcAb) A12] and for 3AB (with

mc3AB), the latter being an essential viral protein component of the

replication complex. In untreated cells (Figure 8A, 2BSO lane),

mature virus and 3AB colocalize at the peri-nuclear region of the

infected cell whereas no mature virus particles were detected under

the conditions of the experiment in drug-treated cells (Figure 8A,

+BSO lane). In a similar experiment with a PV1-BSOr variant

(VP3, Q178L), mature viruses were observed in equal amounts in

untreated or drug-treated cells (Figure 8A, 2/+BSO lanes).

As we mentioned before, the 150S peaks derived from GSH-

depleted lysates (+BSO) were present in about the same amount as

the ones made in untreated cell lysates (Figure 7B). These results

suggested that BSO has no direct effect on the interaction between

capsid precursors and the protein components of the replication

complex. To confirm this observation we again used immunoflu-

orescence cell imaging to examine the localization of VP3 (with

VP3 polyclonal antibody) and of 2CATPase (with 2CmcAb) in

infected cells that were either untreated or BSO-treated. A specific

VP3/2CATPase interaction has recently been reported by us to be

essential for poliovirus morphogenesis [21,22]. Our results clearly

showed normal colocalization of VP3 and of 2CATPase, both in

BSO-treated and untreated cells (Figure 8B). The same results

were obtained when PV1-BSOr (VP3, Q178L) was used instead of

the wt virus (Figure 8B). The successful localization of the capsid

precursors to the replication complex in BSO-treated cells suggest

that the structural (conformational) change in the capsid precursor

due to GSH-depletion does not affect the direct protein-protein

interactions between the VP3-component of capsid precursors and

2CATPase on the replication complex.

GSH protects purified poliovirus particles from heat
inactivation in vitro

Early studies with poliovirus have shown that methylthiopyr-

imidine, S7, and GSH can protect the virus from heat inactivation

in vitro [10]. To examine the protective role of GSH during heat

inactivation of PV1, we carried out a series of in vitro experiments

with both PV1-wt and a PV1-BSOr variant (VP3 Q178L). The

viruses, purified on sucrose cushions, were incubated at 48uC for

25 minutes, in the absence or presence of GSH, and the fold

change in titer was examined (Figure 9A). For either PV1-wt or

PV1-BSOr virus, the results are presented as ‘‘fold change’’

relative to the virus titer obtained after heat inactivation in the

absence of GSH, which is taken as ‘‘1’’. During heating the titer of

the wt virus was reduced about 1000-fold while that of the BSOr

changed only 150-fold. When GSH was present during heating,

Figure 7. GSH interacts with encapsidation intermediates and mature virus. (A) Separation of 5S and 14S capsid intermediates on a sucrose
gradient. Untreated and BSO-treated HeLa cells were infected with PV1-wt (moi 10) and metabolically labeled with 35S-Translabel from 4–6 hr post-
infection. Cell lysates were made and were analyzed on a 6–25% sucrose gradient for the separation of 5S and 14S intermediates (Materials and
Methods). Fractions were collected from the top and the radioactivity in each fraction was determined by scintillation counting. (B) Separation of 75S
and 150S particles on a sucrose gradient. Untreated and BSO-treated HeLa cells, infected with PV1-wt (moi 10) were labeled with 35S-Translabel, as
described above, and the cell lysates were analyzed on a 15–30% sucrose gradient for the separation of the 75S and 150S intermediates (Materials
and Methods). Fractions were collected from the top and counted by scintillation counting. (C) Comparison of virus titers of 150S peak fractions
derived from 2BSO and +BSO gradients. 10 ml of 150S fractions, derived from both BSO-treated and –untreated infections, were titered by plaque
assay (Materials and Methods). (D) GSH-pull down assays of capsid intermediates and of virus derived from 2BSO lysates. Three fractions of each of
the 5S, 14S, 75S and 150S peaks were pooled and an aliquot of each was analyzed by SDS-polyacrylamide (11.5%) gel electrophoresis (lanes 1–5).
Only one part of the gel is shown, which contains the major capsid proteins. Lanes 6–10 show the proteins pulled down by GSH beads from the
lysates and from the intermediate peaks. (E) Lanes 1–5 show the input 35S-labeled viral proteins in +BSO lysates and its capsid intermediates. Lanes 6–
10 show proteins pulled down from the lysates or from the capsid intermediate peaks by GSH-Sepharose (Materials and Methods). (F) 35S-labeled
lysates made in the absence of BSO were purified and subjected to CsCl centrifugation (Material & Methods). The virus band (2BSO) containing
mature virions was isolated and an aliquot was applied to GSH Sepharose beads. The pull down sample was analyzed by SDS PAGE. Sepharose 4B
beads were used as control.
doi:10.1371/journal.ppat.1004052.g007
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both wt and BSOr viruses were protected in a dose-dependent

manner from 0.1 mM to 5 mM. GSH provided stronger

protection to the wt virus than to the BSOr variant. GSSG, the

oxidized form of GSH, was also able to protect the wt or BSOr

viruses from heat-inactivation (Figure 9B) but neither b-ME nor

DTT (5 mM) provided such protection (Figure 9B). These results

suggest that protection from heat inactivation requires a direct

interaction between GSH or GSSG and the virus particles but a

reducing environment is not sufficient. In addition they suggest

that the BSOr mutants are more resistant to heat inactivation than

the wt virus and less dependent on GSH than the wt, likely

because the BSOr capsids are more stable. In combination with

the results in Figure 7F, we conclude that the function of the

interaction between GSH and mature viral particles in vitro is to

stabilize the virions.

Discussion

An effect of intracellular GSH concentration on viral prolifer-

ation is known for several years [3–7,29] but the mechanism of

GSH’s influence on viral metabolism is largely obscure. In most

cases reducing intracellular GSH concentration aids viral prolif-

eration and pathogenesis but Smith and Dawson (2006) reported a

strong inhibition of coxsackievirus B3 (CVB3) proliferation in cells

nearly void of GSH. They made use of a drug, called BSO, that

interferes with GSH biosynthesis [2] and they presented evidence

suggesting that the block was in morphogenesis.

The mechanism of poliovirus morphogenesis is the least

understood step in viral proliferation. Although the basic steps of

PV morphogenesis have been established (Table 1), very little is

known about the details of this process. We have recently studied

steps in morphogenesis of PV1 and CAV20, which are C-cluster

human enteroviruses, and have suggested that genome encapsida-

tion occurs without the involvement of an RNA packaging signal;

instead encapsidation specificity relies on the interaction between

2CATPase (in the replication complex) and capsid proteins VP3 and

VP1 [21,22].

In an effort to extend our understanding of the mechanism of

enterovirus morphogenesis, we have undertaken a study of the role

of GSH in enterovirus proliferation with the use of BSO, an

inhibitor of GSH biosynthesis. Depletion of GSH with BSO is slow

(48 hr) but highly efficient [3]. Notably, the nearly complete

removal of GSH had no effect on CAV20 translation or processing

and on genome replication. The same was found for PV1 infected

GSH-depleted HeLa cells (data not shown). Yet the production of

infectious PV1 and CAV20 virions was inhibited .100 fold.

We then searched for and found PV1 and CAV20 mutants

(referred to as BSOr mutants) that replicated to high titers in

GSH-depleted cells. Notably, the mutations in all BSOr variants

mapped to capsid protein VP1 and VP3 (Figure 3A), and none to

2CATPase. Moreover, nearly all mutations mapped to interfaces of

protomers within the pentamers (Figure 4). Failure to score escape

mutants in 2CATPase was at first disappointing but it suggested that

the interaction between 2CATPase and VP3/VP1 is not affected by

GSH. The PV type 1 Sabin, which is BSO-resistant, contains

mutations in all of the capsid proteins but it is not known which

one is responsible for the BSOr phenotype. Interestingly, the

temperature sensitive phenotype of PV type 1 Sabin is due to a

defect in the assembly of 14S particles and mature virions [30].

A key observation in this study was that the mature wt virus and

capsid precursors of both PV1 and CAV20 were all pulled down

by GSH-Sepharose beads (Figure 6). This indicated a direct

interaction of the viral structural components and of the virion

with GSH. GSH depletion with BSO eliminated those interactions

(Figure 6). However, virus particles derived from BSOr variants,

grown in GSH-depleted cells in the presence of BSO, were fully

capable of interacting with GSH (Figure 6). All of these data

strongly indicate that the interaction of GSH with capsid proteins

is important for producing infectious virus particles.

At what stage does GSH play its role in C-cluster enterovirus

morphogenesis? We have infected normal and GSH-depleted

HeLa cells with PV1-wt and PV1-BSOr and analyzed progeny

virus and packaging intermediates by sucrose gradients (Figure 7).

Infection of untreated cells produced the well-known patterns of

5S, 14S, 75S and 150S peaks, a signature of normal morphogen-

esis intermediates. In BSO-treated cells, however, an adequate

accumulation of 14S pentamer was reproducibly missing. More-

over, in the 150S region, some material sedimenting slightly faster

than wt 150S virions accumulated. This material contained very

little infectivity and it did not survive purification and analysis in

CsCl gradients.

These data suggested that GSH has very important functions in

morphogenesis by promoting the formation of stable capsid

precursors and of the mature virus. In particular, GSH appears to

be required for the accumulation of 14S pentamers. There are two

possible explanations for the reduced amounts of 14S material

visible on the gradient. First, without GSH the 14S pentamers are

unstable, which, however, still associate with RNA and form non-

infectious particles that sediment faster than virions. Alternatively,

the unstable pentamers are depleted from the lysate by being

rapidly incorporated into 75S empty capsids, which normally are

the transient storage forms of pentamers that spontaneously

assemble and disassemble [14,17–20]. However, in the presence of

the drug, the inability of 75S particles to bind GSH indicates some

type of abnormality in their capsid structure or conformation that

makes them unable to dissociate back to 14S.

Overall, the failure of these capsid precursors to bind to GSH,

their mobility shift in sucrose gradients, and their instability in

CsCl gradients, clearly indicate that GSH is required for

maintaining their structure or conformation, particularly that of

the 14S pentamers. Early studies on PV capsid assembly suggested

the existence of an ‘‘activated’’ 14S particle whose formation was

dependent on a ‘‘morphopoietic factor’’ present in virus-infected

cell extracts and to a lesser extent in uninfected HeLa extracts

[31,32]. Whether or not this factor was GSH remains to be

determined.

It is interesting to note, in the context of 14S particle assembly,

that a lack of myristolylation of VP0 also leads to a reduction or

block in the assembly of protomers to pentamers [33–35]. It was

suggested that the myristate moieties, clustered near the contact

Figure 8. Immunofluorescence cell imaging of PV1-infected HeLa cells in the presence and absence of BSO. (A) HeLa cells were
infected with PV1-wt or PV1-BSOr (VP3 Q178L) at a moi of 10 at 37uC. After 4 hours incubation, the infected cells were probed for mature virus with
A12 primary antibody (anti-PV human serum), which binds specifically to mature virus and provirions (Nihal Altan Bonnet, unpublished results), and
Alexfluor 488-conjugated secondary antibody (green color). The localization of 3AB, a member of the replication complex, was determined in the
same cell using 3AB mouse monoclonal antibody and Alexfluor 555-conjugated secondary antibody (red color). The scale is 5 mm. (B) Infected cells
were probed for capsid precursors using VP3 polyclonal antibody and Alexfluor 488-conjugated secondary antibody (green color). The localization of
2CATPase, another nonstructural protein on the replication complex, was determined in the same cell using 2C mouse monoclonal antibody and
Alexfluor 555-conjugated secondary antibody (red color).
doi:10.1371/journal.ppat.1004052.g008
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area between the 5 protomers that form the 14S particle, are

involved in stabilizing the pentamers. Whether there is any type of

interaction between the myristate group of VP0/VP4 and GSH in

stabilizing these precusors is not known.

The BSOr variants appear to require no or little GSH for capsid

stability, an observation indicating that the capsid mutations

restore the proper protomer/protomer interactions that are

required for the formation of stable 14S pentamers and,

subsequently, of mature virus. Nevertheless, the BSOr variants

retain their ability to bind GSH as evidenced by pull-down

experiments. There are two possible explanations of these findings.

First, that the GSH binding site(s) on the structure of the capsid is

completely different than the locations of the BSO resistant

mutations. Therefore the ability to bind GSH is not related in

anyway to a requirement (or a lack of requirement) of GSH for

growth. The BSOr mutant might not need to bind GSH for

growth because its 14S particle and capsid are already stable

enough for normal morphogenesis. Second, compared with the

capsid precursors of the wt virus, the BSOr capsid precursors

might have a higher affinity for GSH enabling the BSOr mutants

Figure 9. GSH protects PV1-wt and PV1-BSOr from heat inactivation. (A) Protection from heat inactivation of PV1-wt or PV1-BSOr by GSH.
Purified PV1-wt or PV1-BSOr (VP3, Q178L) 36109 PFU was incubated in vitro in PBS either in the absence or presence of various amounts of GSH for
25 min at 48uC. The amount of virus remaining after the incubation was determined by plaque assays. The virus titers obtained after heating without
GSH for both viruses were taken as ‘‘1’’. (B) Protection from heat inactivation of PV1-wt or PV1-BSOr by reducing agents or GSSG. PV1-wt or PV1-BSOr
36109 PFU were incubated in PBS either in the absence or presence of various reducing agents (5 mM) or of GSSG (5 mM) (Materials and Methods).
The virus titer obtained after heating without GSH for both viruses were taken as ‘‘1’’.
doi:10.1371/journal.ppat.1004052.g009
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to grow in BSO treated cells, which contain only trace amounts of

GSH.

Our previous genetic and biochemical studies have established

that the 2CATPase protein, a viral polypeptide central in genome

replication, interacts with capsid proteins, particularly VP3, and

that this interaction is essential for morphogenesis [21,22]. At the

height of poliovirus proliferation, both poliovirus genome replica-

tion and morphogenesis occur on peri-nuclear membranes of

infected cells. Immunofluorescence cell imaging experiments

shown here clearly indicate that in GSH-depleted cells, virions

are not formed at any site in the infected cell, and particularly not

on peri-nuclear membranes. Normal replication is seen, however,

in cells infected with PV1-BSOr variants regardless of whether the

cells were GSH-depleted or not (Figure 8A). In contrast, capsid

protein VP3 and polypeptide 2CATPase that co-localize in the peri-

nuclear membranes during ordinary infection, are still found

together in normal and GSH-depleted cells, irrespective of

whether the cells were infected with PV1-wt or BSOr

(Figure 8B). Therefore, whatever influence GSH depletion has

on the structures of the capsid related particles this does not

prevent normal association of 2CATPase/replication complex with

the VP3 polypeptide contained in these particles. This is consistent

with the observation that capsid proteins obtained from BSO-

treated cells can still associate with RNA to form 150S, albeit

unable to produce mature virion.

Does the depletion of GSH induce an alternative, hostile

condition (other than lack of GSH) in the host cell that would

interfere with capsid assembly, such as turnover of host factors

essential for morphogenesis? We cannot rigorously exclude such

scenario. However, the inhibitory state of BSO-treated cells can be

reversed by adding GSH to the cell culture 2 hr after infection and

harvesting for progeny virus after a single growth cycle. Although

replication cannot be restored to wt levels under the conditions of

the experiment, synthesis of progeny to titers of 7 logs makes it

unlikely that essential host factors were synthesized during the

short time. Unexpectedly, DTT, a reducing agent normally not

present in infected cells, was also able to partially reverse the effect

of BSO-treatment. We assume that the effect of DTT is indirect,

for example it might function by reducing GSSG, which

accumulated in the cell during GSH starvation, to GSH. It should

be noted that DTT does not reverse the effect of GSH-depletion

during CVB3 infection of cells [3].

Heating of poliovirus particles causes extensive alterations to

their physical and biological properties [36–38]. Heat-inactivated

virus particles lose VP4 and are not able to adsorb to host cells

thereby losing infectivity and their antigenic properties are

changed [36]. Early studies on the stability of PV have shown

that in vitro heat inactivation of the virus can be prevented by the

addition of thiol compounds such as GSH or S7 (ethyl-2-

methylthio-4-methyl-5-pyrimidine carboxylate) [10]. Our current

experiments indicate that both GSH and GSSG are able to protect

PV1-wt from heat-inactivation but DTT or b-ME cannot. These

results suggest that the reducing ability of GSH is not important in

preventing heat-inactivation but that direct binding increases heat

stability. Compared to the wt virus, the BSOr variant is much

more resistant to heat inactivation and exhibits less dependence on

GSH for protection from heat inactivation. Therefore, it is likely

that the BSOr variants are particles of increased physical stability

formed by bypassing the inadequate GSH supply.

Based on our results we propose the following model for the role

of GSH in morphogenesis (Figure 10). Under normal growth

conditions GSH binds to and stabilizes the 14S particles and

enhances their assembly into the provirion/virion after association

with RNA. In the presence of BSO the GSH concentration in the

cell is too low for the stabilization of the pentamers, which may fall

apart. In contrast, PV1-BSOr mutants, whose capsid proteins may

have higher affinity to GSH, do not have difficulty assembling under

low GSH concentrations and form more stable 14S pentamers.

Materials and Methods

Materials
L-buthionine-S,R-sulfoximine (BSO), Glutathione (GSH), oxi-

dized Glutathione (GSSG) and DL-Dithiothreitol (DTT) were

purchased from Sigma-Aldrich. 35S-Translabel (1000 C/mmol),

containing labeled methionine and cysteine, and Actinomycin D

were products of MP Biochemicals. Guanidine HCl, GSH

Sepharose 4B, and Sepharose 4B, were purchased from Qiagen,

BioWorld, and GE, respectively.

Plasmids
pT7PV1(M) and pT7CAV20 contain the full-length infectious

cDNA of PV1(M) and CAV20, respectively [39,40]. PV(Sab)

consisting of the cDNA of full-length infectious PV type 1 Sabin

[24] was a gift of Dr. Akio Nomoto. The CAV20-FLuc plasmid was

generated by replacing the P1 coding region of CAV20 with the

firefly luciferase gene (FLuc). A 2Apro cleavage site is inserted between

coding sequence of FLuc and the P2 nonstructural polyprotein.

Cells and viruses
HeLa H1 or HeLa R19 cells were maintained in Dubecco’s

modified Eagle’s medium (DMEM) (Life Technology) supple-

mented with 8% bovine calf serum (Thermo Scientific), 100 units/

ml of penicillin-streptomycin (Life Technology). Poliovirus type 1

(Mahoney) PV1-wt and coxsackievirus A20 (CAV20), two C-

cluster enteroviruses, were derived from their respective cDNAs,

pT7PVM and pT7CAV20. PV type 1 Sabin virus was derived

from the PV(Sab) cDNA.

Plaque assays
Plaque assays were performed in HeLa R19 cells using 0.6%

tragacanth gum [41]. The plates were incubated for 48 hr at 37uC
and were stained with 1% crystal violet.

Isolation of PV1 and CAV20 BSO resistant mutants
BSO-starved HeLa cells were infected with PV1-wt at a moi

(multiplicity of infection) of 0.01 and incubated in the presence of

BSO for 24 hr at which time partial CPE was observed. The

infected cells were lysed and an aliquot of the lysate was passaged on

fresh BSO-treated cells. PV1-BSOr mutants evolved rapidly,

already during the first passages on BSO-treated HeLa cells. The

PV1-BSOr mutants were plaque purified and the RNAs were

subjected to RT-PCR and sequence analysis. Thirteen independent

plaques were sequenced in the P1 domain and found to contain

three types of mutations (Fig. 3A). For the isolation of CAV20-BSOr

mutants BSO-treated HeLa cells were infected with CAV20 at a

moi of 1–2 and incubated in the presence of BSO. After 24 hr

incubation the infected cells were lysed and an aliquot was used to

infect fresh BSO-treated cells. CAV20-BSOr appeared after 3

passages on HeLa cells. The CAV20-BSOr mutants were plaque

purified and the RNAs were subjected to RT-PCR and sequence

analysis. The entire RNA genome of four independent plaques was

sequenced and only one type of mutation was observed (Figure 3A).

RT-PCR and sequencing analysis of viral RNA
Plaque purified viruses were used to infect HeLa cells and at

7 hr postinfection, total cytoplasmic RNAs were extracted with
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1 ml Trizol reagent (Invitrogen). They were reverse transcribed

and amplified into cDNA using the Titan one tube RT-PCR

system (Roche). The cDNA products were sequenced using the Big

Dye Terminator sequencing Kit (ABI).

Growth curves of PV1-wt, PV1-BSOr, CAV20, CAV20-BSOr
viruses

HeLa cells, untreated or pretreated with 0.4 mM BSO for 48 to

72 hr, were infected with PV1-wt or PV1-BSOr, CAV20, CAV20-

BSOr or PV type 1 Sabin virus at a moi of 10. Incubation was

continued in the presence of 0.4 mM BSO. Cultures were

harvested at 0, 2, 4, 8 hr post-infection and the virus titers were

determined by plaque assays. The Sabin1 culture was harvested at

8 hr post-infection.

In vitro translation
In vitro translations were performed with HeLa cell-free extracts

at 34uC, as described previously [41]. The viral proteins were

analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

containing 11% or 12.5% acrylamide.

35S-Labeling of CAV20 viral proteins in vivo
HeLa H1 cells were either untreated or pretreated with 0.4 mM

BSO for 48 to 72 hr before infection with CAV20 at a moi of 10.

Incubation was continued in the presence of 0.4 mM BSO. The

viral proteins were labeled with 35S-Translabel (a mixture of

methionine and cycteine) 4–6 hr post-infection and were analyzed

by SDS-PAGE.

Viral RNA synthesis
HeLa H1 cells were pretreated with BSO for 48 to 72 hr and

transfected with the CAV20-Fluc replicon RNA in the presence of

0.4 mM BSO. Incubation was continued in the presence of

0.4 mM BSO. When indicated, 2 mM GnHCl (guanidine

hydrochloride) was added at the time of transfection. RNA

replication was measured at 9–12 hr post-transfection by measur-

ing the luciferase signal (Promega) in an Optocomp I luminometer

(MGM).

Transencapsidation assay of CAV20-Fluc replicon RNA
Transcript RNA of the CAV20 replicon was transfected into

BSO-pretreated HeLa H1 cells and incubated in the presence of

0.4 mM BSO. At 1 hr post-transfection, the cells were superin-

fected with either CAV20-wt or CAV20-BSOr at a moi of 0.5 and

incubation was continued in the presence of 0.4 mM BSO. Cells

were lysed at 6 hr postinfection by freezing and thawing and the

lysates were used to re-infect fresh HeLa cells. Luciferase signal

was determined at 6 hr post-infection.

Sedimentation analysis of virus capsid intermediates by
sucrose gradient fractionation

Briefly, untreated or BSO-pretreated HeLa cells in 15 cm dishes

were infected with PV1-wt at a moi of 10. 50 ml Actinomycin D

(1 mg/ml) was added 1 hr after infection to the cultures. At 4 hr

postinfection, 200 mCi of 35S-Translabel was added and incuba-

tion was continued for 2 hr. The labeled cells were washed and

harvested in TNM buffer (10 mM Tris pH 7.5, 10 mM NaCl,

Figure 10. Model for the role of GSH in the morphogenesis of C-cluster enteroviruses. Capsid precursor P1, in a complex with Hsp90, is
processed by 3CDpro yielding mature viral proteins VP0, VP1 and VP3, which spontaneously form 5S protomer. Under normal growth conditions, with
ample supply of GSH, 5 protomers assemble into a pentamer (14S). The pentamers then either form an empty capsid or condense around the
progeny RNA and form a provirion. The mature virus is derived from the provirion after the cleavage of VP0 to VP2 and VP4. When GSH levels are low,
due to the presence of BSO, the pentamer is unstable. However, these unstable 14S pentamers can associate with RNA and form provirion-like
particles, which can’t mature into an infectious virus. The capsid of the BSOr mutants is more stable than that of the wt virus and requires much lower
levels of GSH for the assembly of the precursors and the mature virus.
doi:10.1371/journal.ppat.1004052.g010
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1.5 mM MgCl2, 0.1% Tween). After freeze/thawing the super-

natants were applied to a 6 to 25% or to a 15 to 30% sucrose

gradient. The 6 to 25% gradients were centrifuged at 39,000 rpm

for 16 hr in a SW41 rotor (Beckman) for the separation of the 5S/

14S intermediates. The 15 to 30% sucrose gradients were

centrifuged for 2.5 hr for the separation of 75S/150S intermedi-

ates. For each gradient, about 30 fractions (400 ml) were collected

from the top and the radioactivity was quantified by liquid

scintillation counting (Perkin Elmer).

Purification of 35S-labeled virus by CsCl centrifugation
Eight 15 cm plates of HeLa R19 cells, each containing 46107

cells, were starved for methionine and cysteine in DME (-Met, -

Cys). The cells were infected with PV1-wt at a moi of 50 and after

one hour 50 mg/ml Actinomycin D was added to each plate. At

4 hr post infection 200 mCi of 35S-Translabel was added to each

plate and the incubation was continued for 2 hr more. The cells

were harvested, washed with DME, and lysed by freezing &

thawing. The cell debris was removed by centrifugation, and to the

supernatant, SDS and EDTA were added to a final concentration

of 1% and 4 mM, respectively. The mixtures were centrifuged for

3.5 hr at 30,000 RPM (TY 50.2 Ti, Beckman) at 21uC. The pellet

was resuspended in 0.4 ml of PBS and mixed with 2.2 g CsCl in

4.5 ml PBS. The mixture was centrifuged at 40,000 RPM for

18 hr in a Beckman SW50.1 rotor at 21uC. An identical sample,

which was made from cells treated with BSO, was run in a parallel

tube. The virus band isolated from the 2BSO gradient was

dialyzed against PBS.

GSH-pull down assay
100 ml of Glutathione Sepharose 4B beads (GE Health Life

Science) were washed 3 times with 500 ml of TNM buffer

containing protease inhibitor cocktail tablets (Roche) before

incubation with the protein samples. After overnight incubation

with viral proteins at 4uC, the Glutathione Sepharose 4B beads

were washed with 500 ml TNM buffer 6 times. The protein

samples bound to the beads were analyzed by SDS-PAGE. In all

GSH-pull down assays, Sepharose 4B beads were used as control.

GSH-pull down assay of in vivo 35S labeled viral proteins
250 ml of in vivo 35S labeled virus infected cell lysate (about one

forth of total lysate harvested from 35 mm dish) was mixed with

100 ml of GSH-sepharose 4B beads or Sepharose 4B Beads and

subjected to a GSH-pull down assay.

GSH-pull down assay of mature virus
CsCl purified virus 50 ml (1/15th of the band) was incubated

either with Sepharose B beads or GSH Sepharose beads and

subjected to a GSH-pull down assay.

GSH-pulldown assay of capsid intermediates
Aliquots of the 5S, 14S, 75S and 150S peaks, separated by

sucrose gradient centrifugation, were analyzed by SDS PAGE.

Approximately equal amounts of each peak, estimated by the

quantity of label in the VP3 bands on the gel, were used for the

GSH-pull down assays.

Immunofluorescence cell imaging
HeLa cells, untreated or BSO treated, were infected with wt or

BSOr virus at a moi of 10 and were incubated for 4 hr at 37uC, in

the absence or presence of 0.4 mM BSO, respectively. The

infected cells were probed for mature virus with A12 primary

antibody, which binds specifically to mature virus, and Alexfluor

488-conjugated secondary antibody. A12, kindly provided to us by

Nihal Altan-Bonnet, is a monoclonal antibody originally isolated

and characterized by Chen et al. [42]. Capsid precursors were

probed by polyclonal VP3 antibody. The localizations of 3AB and

2CATPase, members of the replication complex, were determined

in the same cell using 3AB and 2CATPase mouse monoclonal

antibodies (isolated in our laboratory) and Alexfluor 555-conju-

gated secondary antibody. The scale is 5 mm.

PV heat-inactivation assay
36109 PFU of PV1-wt or BSOr viruses were diluted in 200 ml

PBS and were incubated at 48uC for 25 min in the absence or

presence of GSH and other chemical reagents. Samples were

cooled in ice and the virus titers were determined by plaque assay.

Acknowledgments

We thank A. Nomoto for the infectious clone of PV type 1 Sabin and K.

Chumakov, R. H. Purcell and Nihal Altan-Bonnet, for the A12 antibody.

Author Contributions

Conceived and designed the experiments: PJ HCM AVP SM YL YHC

NAB EW. Performed the experiments: HCM PJ YL NR SM CW.

Analyzed the data: PJ HCM AVP YL CW SM EW. Contributed reagents/

materials/analysis tools: MS JH. Wrote the paper: AVP PJ EW.

References

1. Pompella A, Paolicchi A, Corti A, Franzini M (2013) Gamma-glutamyltransferase,

H2O2-induced apoptosis and expression of catalase. Toxicol In Vitro 27: 991.

2. Griffith OW, Meister A (1979) Potent and specific inhibition of glutathione

synthesis by buthionine sulfoximine (S-n-butyl homocysteine sulfoximine). J Biol

Chem 254: 7558–7560.

3. Smith AD, Dawson H (2006) Glutathione is required for efficient production of

infectious picornavirus virions. Virology 353: 258–267.

4. Garaci E, Palamara AT, Ciriolo MR, D’Agostini C, Abdel-Latif MS, et al.

(1997) Intracellular GSH content and HIV replication in human macrophages.

J Leukoc Biol 62: 54–59.

5. Cai J, Chen Y, Seth S, Furukawa S, Compans RW, et al. (2003) Inhibition of

influenza infection by glutathione. Free Radic Biol Med 34: 928–936.

6. Palamara AT, Perno CF, Ciriolo MR, Dini L, Balestra E, et al. (1995) Evidence

for antiviral activity of glutathione: in vitro inhibition of herpes simplex virus

type 1 replication. Antiviral Res 27: 237–253.

7. Macchia I, Palamara AT, Bue C, Savini P, Ciriolo M, et al. (1999) Increased

replication of Sendai virus in morphine-treated epithelial cells: evidence for the

involvement of the intracellular levels of glutathione. Int J Immunopharmacol

21: 185–193.

8. Fenwick ML, Cooper PD (1962) Early interactions between poliovirus and ERK

cells: some observations on the nature and significance of the rejected particles.

Virology 18: 212–223.

9. Mikami T, Satoh N, Hatayama I, Nakane A (2004) Buthionine sulfoximine

inhibits cytopathic effect and apoptosis induced by infection with human

echovirus 9. Arch Virol 149: 1117–1128.

10. Lonberg-Holm K, Gosser LB, Kauer JC (1975) Early alteration of poliovirus in

infected cells and its specific inhibition. J Gen Virol 27: 329–342.

11. McSharry JJ, Caliguiri LA, Eggers HJ (1979) Inhibition of uncoating of

poliovirus by arildone, a new antiviral drug. Virology 97: 307–315.

12. Geller R, Vignuzzi M, Andino R, Frydman J (2007) Evolutionary constraints on

chaperone-mediated folding provide an antiviral approach refractory to

development of drug resistance. Genes Dev 21: 195–205.

13. Ypma-Wong MF, Dewalt PG, Johnson VH, Lamb JG, Semler BL (1988)

Protein 3CD is the major poliovirus proteinase responsible for cleavage of the P1

capsid precursor. Virology 166: 265–270.

14. Verlinden Y, Cuconati A, Wimmer E, Rombaut B (2000) Cell-free synthesis of

poliovirus: 14S subunits are the key intermediates in the encapsidation of

poliovirus RNA. J Gen Virol 81: 2751–2754.

15. Pfister T, Egger D, Bienz K (1995) Poliovirus subviral particles associated with

progeny RNA in the replication complex. J Gen Virol 76 (Pt 1): 63–71.

16. Nugent CI, Kirkegaard K (1995) RNA binding properties of poliovirus subviral

particles. J Virol 69: 13–22.

17. Boeye A, Rombaut B (1992) The proteins of poliovirus. Prog Med Virol 39:

139–166.

Glutathione & Capsid Interaction in Morphogenesis

PLOS Pathogens | www.plospathogens.org 16 April 2014 | Volume 10 | Issue 4 | e1004052



18. Wimmer E, Hellen CU, Cao X (1993) Genetics of poliovirus. Annu Rev Genet

27: 353–436.

19. Rueckert RR (1996) Picornaviridae: the viruses and their replication.; B.N.

Fields DMKaPMH, editor. Philadelphia: Philadelphia: Lippincott-Raven.

20. Li C, Wang JC, Taylor MW, Zlotnick A (2012) In vitro assembly of an

empty picornavirus capsid follows a dodecahedral path. J Virol 86: 13062–

13069.

21. Liu Y, Wang C, Mueller S, Paul AV, Wimmer E, et al. (2010) Direct interaction

between two viral proteins, the nonstructural protein 2C and the capsid protein

VP3, is required for enterovirus morphogenesis. PLoS Pathog 6: e1001066.

22. Wang C, Jiang P, Sand C, Paul AV, Wimmer E (2012) Alanine scanning of

poliovirus 2CATPase reveals new genetic evidence that capsid protein/

2CATPase interactions are essential for morphogenesis. J Virol 86: 9964–9975.

23. Kew OM, Sutter RW, de Gourville EM, Dowdle WR, Pallansch MA (2005)

Vaccine-derived polioviruses and the endgame strategy for global polio

eradication. Annu Rev Microbiol 59: 587–635.

24. Nomoto A, Omata T, Toyoda H, Kuge S, Horie H, et al. (1982) Complete

nucleotide sequence of the attenuated poliovirus Sabin 1 strain genome. Proc

Natl Acad Sci U S A 79: 5793–5797.

25. Hogle JM, Chow M, Filman DJ (1985) Three-dimensional structure of poliovirus

at 2.9 A resolution. Science 229: 1358–1365.

26. Butan C, Filman DJ, Hogle JM (2014) Cryo-Electron Microscopy Reconstruc-

tion Shows Poliovirus 135S Particles Poised for Membrane Interaction and RNA

Release. J Virol 88: 1758–1770.

27. Pfister T, Wimmer E (1999) Characterization of the nucleoside triphosphatase

activity of poliovirus protein 2C reveals a mechanism by which guanidine

inhibits poliovirus replication. J Biol Chem 274: 6992–7001.

28. Putnak JR, Phillips BA (1981) Picornaviral structure and assembly. Microbiol

Rev 45: 287–315.

29. Tian Y, Jiang W, Gao N, Zhang J, Chen W, et al. (2010) Inhibitory effects of

glutathione on dengue virus production. Biochem Biophys Res Commun 397:

420–424.

30. Macadam AJ, Ferguson G, Arnold C, Minor PD (1991) An assembly defect as a

result of an attenuating mutation in the capsid proteins of the poliovirus type 3

vaccine strain. J Virol 65: 5225–5231.

31. Putnak JR, Phillips BA (1981) Differences between poliovirus empty capsids

formed in vivo and those formed in vitro: a role for the morphopoietic factor.
J Virol 40: 173–183.

32. Phillips BA, Wiemert S (1978) In vitro assembly of poliovirus. V. Evidence that

the self-assembly activity of 14 S particles is independent of extract assembly
factor(s) and host proteins. Virology 88: 92–104.

33. Ansardi DC, Porter DC, Morrow CD (1992) Myristylation of poliovirus capsid
precursor P1 is required for assembly of subviral particles. J Virol 66: 4556–4563.

34. Marc D, Masson G, Girard M, van der Werf S (1990) Lack of myristoylation of

poliovirus capsid polypeptide VP0 prevents the formation of virions or results in
the assembly of noninfectious virus particles. J Virol 64: 4099–4107.

35. Moscufo N, Simons J, Chow M (1991) Myristoylation is important at multiple
stages in poliovirus assembly. J Virol 65: 2372–2380.

36. Breindl M (1971) The structure of heated poliovirus particles. J Gen Virol 11:
147–156.

37. Levy HC, Bostina M, Filman DJ, Hogle JM (2010) Catching a virus in the act of

RNA release: a novel poliovirus uncoating intermediate characterized by cryo-
electron microscopy. J Virol 84: 4426–4441.

38. Belnap DM, McDermott BM, Jr., Filman DJ, Cheng N, Trus BL, et al. (2000)
Three-dimensional structure of poliovirus receptor bound to poliovirus. Proc

Natl Acad Sci U S A 97: 73–78.

39. van der Werf S, Bradley J, Wimmer E, Studier FW, Dunn JJ (1986) Synthesis of
infectious poliovirus RNA by purified T7 RNA polymerase. Proc Natl Acad

Sci U S A 83: 2330–2334.
40. Jiang P, Faase JA, Toyoda H, Paul A, Wimmer E, et al. (2007) Evidence for

emergence of diverse polioviruses from C-cluster coxsackie A viruses and
implications for global poliovirus eradication. Proc Natl Acad Sci U S A 104:

9457–9462.

41. Molla A, Paul AV, Wimmer E (1991) Cell-free, de novo synthesis of poliovirus.
Science 254: 1647–1651.

42. Chen Z, Chumakov K, Dragunsky E, Kouiavskaia D, Makiya M, et al. (2011)
Chimpanzee-human monoclonal antibodies for treatment of chronic poliovirus

excretors and emergency postexposure prophylaxis. J Virol 85: 4354–4362.

43. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al.
(2004) UCSF Chimera–a visualization system for exploratory research and

analysis. J Comput Chem 25: 1605–1612.

Glutathione & Capsid Interaction in Morphogenesis

PLOS Pathogens | www.plospathogens.org 17 April 2014 | Volume 10 | Issue 4 | e1004052


