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Coxsackievirus B3 (CVB3) is one of the most common pathogens for viral myocarditis. The lack of effective
therapeutics for CVB3-caused viral diseases underscores the importance of searching for antiviral compounds.
Pyrrolidine dithiocarbamate (PDTC) is an antioxidant and is recently reported to inhibit ubiquitin-protea-
some-mediated proteolysis. Previous studies have shown that PDTC inhibits replication of rhinovirus, influ-
enza virus, and poliovirus. In the present study, we report that PDTC is a potent inhibitor of CVB3. Coxsack-
ievirus-infected HeLa cells treated with PDTC showed a significant reduction of CVB3 viral RNA synthesis,
viral protein VP1 expression, and viral progeny release. Similar to previous observation that divalent ions
mediate the function of PDTC, we further report that serum-containing copper and zinc are required for its
antiviral activity. CVB3 infection resulted in massive generation of reactive oxygen species (ROS). Although
PDTC alleviated ROS generation, the antiviral activity was unlikely dependent on its antioxidant effect because
the potent antioxidant, N-acetyl-L-cysteine, failed to inhibit CVB3 replication. Consistent with previous reports
that PDTC inhibits ubiquitin-proteasome-mediated protein degradation, we found that PDTC treatment led to
the accumulation of several short-lived proteins in infected cells. We further provide evidence that the
inhibitory effect of PDTC on protein degradation was not due to inhibition of proteasome activity but likely
modulation of ubiquitination. Together with our previous findings that proteasome inhibition reduces CVB3
replication (H. Luo, J. Zhang, C. Cheung, A. Suarez, B. M. McManus, and D. Yang, Am. J. Pathol. 163:381-385,
2003), results in this study suggest a strong antiviral effect of PDTC on coxsackievirus, likely through inhibition

of the ubiquitin-proteasome pathway.

Coxsackievirus B3 (CVB3), an enterovirus in the family of
Picornaviridae, is one of the most common causative pathogens
for human viral myocarditis and its sequela, dilated cardiomy-
opathy (DCM) (3, 41, 42). CVB3-induced viral myocarditis is
initially considered an immune-mediated disease (40), but re-
sults from our laboratory and others have shown that CVB3
can also directly injure cardiomyocytes in infected hearts (12).
In cultured HeLa cells, CVB3 triggers mitochondria-mediated
apoptotic pathway through activation of several caspases fol-
lowing cytochrome c release (9, 10). Similar to other viruses,
CVB3 can modulate the pre-existing host signaling machinery
to facilitate its own replication. Several signaling proteins, such
as the extracellular signal-regulated kinase 1 and 2 (ERK1/2)
(14, 26, 37, 43) and protein kinase B/Akt (PKB/Akt) (21), are
activated following CVB3 infection, and activation of these
signaling proteins is important to successfully complete CVB3
life cycle.

Ubiquitin-proteasome pathway, a major intracellular pro-
teolytic system, has been found to be involved in a variety of
intracellular functions, including cell cycle regulation, apopto-
sis, and inflammatory responses (33, 47). In the process of
protein degradation, substrates are first tagged by ubiquitin by
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three enzymes, ubiquitin-activating enzyme (E1 enzyme), ubig-
uitin-conjugation enzyme (E2 enzyme), and ubiquitin ligase
(E3 enzyme). The polyubiquitinated proteins are then rapidly
degraded by the proteasome. Recent studies have implicated
an important role of the ubiquitin-proteasome pathway in viral
life cycle (7, 38, 39, 45, 49, 54). Proteasome-mediated proteol-
ysis of cyclin D1 is associated with CVB3-induced cell growth
arrest, and a few other host proteins including p53 are rapidly
degraded following CVB3 infection. In addition, proteasome
inhibitors reduce the replication or progeny release of several
viruses, including CVB3, human cytomegalovirus, and human
immunodeficiency virus (HIV) type 1. However, the exact host
proteins that are important for viral replication remain unde-
fined. In addition, the role of ubiquitin ligases in CVB3 repli-
cation has not been reported.

Pyrrolidine dithiocarbamate (PDTC) is a stable pyrrolidine
derivative of dithiocarbamates. It has been commonly used as
an inhibitor for oxidative stress-induced NF-kB activation. Re-
cent studies have shown that PDTC may play a role in ubig-
uitin-proteasome-mediated protein degradation by acting as
an inhibitor of E3 ubiquitin ligase (25) or by direct inhibition
of proteasome activity (32). Previous studies have shown that
PDTC strongly inhibits replication of human rhinoviruses that
is independent of its antioxidant activity (24). However, the
precise mechanisms are not well elucidated.

In this report, we provide evidence that PDTC effectively
reduces CVB3 replication and CVB3 viral progeny release,
and such inhibitory effect is independent of its antioxidant ac-
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tivity. Additionally, we find that PDTC apparently inhibits pro-
teasome-mediated degradation of several host proteins, includ-
ing p53, p21, and MKP-1. Inhibition of the ubiquitin-proteasome
pathway by PDTC may contribute to its antiviral effect.

MATERIALS AND METHODS

Cell culture, virus, and materials. HeLa cells (American Type Culture Collec-
tion) were grown and maintained in Dulbecco’s modified Eagle’s media (DMEM)
supplemented with 10% heat-inactivated newborn calf serum (NCS) (Invitro-
gen). CVB3 (Kandolf strain) was propagated in HeLa cells and stored at —80°C.
Virus titer was routinely determined by a plaque assay of HeLa cell monolayer
prior to infection as described below.

PDTC, N-acetyl-L-cysteine (NAC), and monoclonal anti-B-actin antibody were
purchased from Sigma Chemical Company. The monoclonal anti-VP1 antibody
was obtained from DakoCytomation. The monoclonal anti-caspase-3, anti-p21,
and anti-p53, polyclonal anti-MKP-1 antibodies and horseradish peroxidase-
conjugated secondary antibodies were obtained from Santa Cruz Biotechnology.
The polyclonal anti-IkBa antibody was obtained from Cell Signaling, and poly-
clonal anti-ubiquitin antibody was from Calbiochem.

Virus infection. HeLa cells were grown in complete medium (DMEM supple-
mented with 10% NCS) to 70 to 80% confluence prior to infection. HeLa cells
were then infected at a multiplicity of infection (MOI) of 10 with CVB3 unless
otherwise indicated or sham infected with phosphate-buffered saline (PBS) for
1 h in serum-free DMEM. Cells were then washed with PBS and cultured in
serum-free DMEM for the indicated periods of time. For inhibitor experiments,
HeLa cells were infected with CVB3 (MOI = 10) for 1 h, washed with PBS, and
then incubated with DMEM containing various concentrations of compounds
unless otherwise specified.

Western blot analysis. Cell lysates were prepared as described previously (37).
Equal amounts of protein were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred to nitrocellulose membranes.
Membranes were blocked for 1 h with nonfat dry milk solution (3% in PBS)
containing 0.1% Tween 20. Blots were then incubated for 1 h with the primary
antibody followed by incubation for 1 h with the secondary antibody. Immuno-
reactive bands were visualized by enhanced chemiluminescence (Amersham).

Viral RNA in situ hybridization. HeLa cells were grown and maintained
on two-chamber culture slides (Becton Dickinson Labware). Subconfluent cells
were infected with either PBS or CVB3 (MOI of 10). Following 1 h of incubation
at 37°C, cells were washed with PBS and replenished with complete medium in
the absence and presence of 100 uM PDTC. HeLa cells were incubated for an
additional 5 h before fixation. The culture slides were then washed gently with
PBS, fixed with formalin buffer for 15 min, and then air dried at room temper-
ature. Culture slides were then subjected to in situ hybridization assays to detect
the sense strand of CVB3 genomic RNA as previously described (2).

Cell viability assay. A modified 3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay (Promega),
which measures mitochondrial function, was used to determine cell viability.
HeLa cells were grown in 96-well plates and serum starved for 24 h. Following
CVB3 infection (MOI = 1), culture medium was replaced with serum-free
DMEM with or without inhibitors. Twenty hours postinfection, cells were incu-
bated in MTS solution for 2 h, and absorbance was measured with an enzyme-
linked immunosorbent assay plate reader (490 nm). MTS assays were performed
in triplicate.

Plaque assay. CVB3 titer in cell supernatant was determined on monolayers of
HeLa cells by an agar overlay plaque assay in triplicate as described previously
(2). Briefly, samples were serially diluted 10-fold and overlaid on 90 to 95%
confluent monolayers of HeLa cells in 6-well plates and incubated for 1 h.
Medium was aspirated and HeLa cells was washed with PBS twice, and 2 ml of
complete DMEM containing 0.75% agar was overlaid in each well. Cells were
incubated at 37°C for 72 h, fixed with Carnoy’s fixative (75% ethanol-25% acetic
acid) for 30 min, and stained with 1% crystal violet. Plaques were counted, and
viral concentration was calculated as PFU per milliliter.

Reactive oxygen species (ROS) detection. HeLa cells were sham infected with
PBS or infected with CVB3 (MOI = 10) for the indicated periods of time, then
a redox-sensitive fluorescence probe, CM-H,DCFDA (15 pM), was added to the
medium. Cells were labeled with CM-H,DCFDA for an hour and visualized
under a Nikon fluorescence microscope. Images of cells were captured by a CCD
digital camera and then processed using Photoshop.

26S proteasome activity assay. Fresh cytoplasmic extracts were used to mea-
sure 26S proteasome activity as described previously (38). Twenty micrograms of
cytoplasmic protein was added to an assay buffer (20 mM Tris-HCI [pH 8.0], 1
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mM ATP, and 2 mM MgCl,) in the presence of 75 uM synthetic fluorogenic
substrate SLLVY-AMC (Calbiochem) to a final volume of 100 pl. The tubes
were incubated at 30°C for 1 h, and the fluorescence product AMC in the
supernatant was measured at a 465-nm emission wavelength using a fluorom-
eter.

RESULTS

PDTC inhibits CVB3 viral RNA synthesis, viral protein ex-
pression, and viral progeny release. PDTC has been shown to
be a potent inhibitor of replication of rhinovirus and influenza
virus (24, 58). The life cycle of CVB3 consists of different
stages, including viral RNA synthesis, viral proteins expression,
and viral progeny release (9). To investigate whether PDTC
also has an antiviral effect on replication of CVB3, we first
examined the effect of PDTC on CVB3 viral RNA synthesis by
in situ hybridization. We found that CVB3 infection resulted in
a massive production of viral RNA in the cytoplasm (red stain-
ing), and treatment with 100 nM PDTC significantly reduced
CVB3 viral RNA expression in these cells (Fig. 1A). We next
investigated the effect of PDTC on viral capsid protein VP1
expression by Western blotting. As shown in Fig. 1B, PDTC
inhibited VP1 expression in a dose-dependent manner and a
complete inhibition of VP1 expression by PDTC was observed
at concentrations as low as 2.5 uM. The viral progeny release
was also investigated by a plaque formation assay. As shown in
Fig. 1C, PDTC treatment resulted in a more than 170-fold
reduction of viral progeny release (log, is 7.325 = 0.041 versus
5.075 = 0.073). These results suggest that PDTC potently in-
hibits CVB3 replication.

Apoptosis or programmed cell death during the late phase
of viral infection has been suggested to play an important role
in CVB3 life cycle by facilitating viral progeny release and
propagation (9, 10). However, early cell death of infected cells
may limit virus replication (51). Other studies have shown that
PDTCinducesapoptosisby activating caspase-mediated proapo-
ptotic pathways in many cell types (11, 31, 57, 60). We there-
fore decided to determine whether PDTC can inhibit CVB3
replication via induction of apoptosis during the early stage of
viral infection. We investigated the effect of PDTC on cell
viability by MTS assay and found that the dosage and the
incubation periods of PDTC applied in this study did not cause
caspase-3 activation and loss of cell viability in sham-infected
cells (data not shown). In contrast, PDTC treatment greatly
promoted cell viability in infected cells (Fig. 2). Cells treated
with PDTC were almost 100% viable at a concentration of 1.25
pM or higher, which was consistent with previous observed
inhibition of VP1 expression (Fig. 1B). These results suggest
that PDTC reduces CVB3 replication not through inducing
apoptosis of infected cells.

PDTC reduces CVB3 replication in a serum-dependent
manner. Our preliminary studies showed that withdrawal of
serum from the medium abolished the antiviral effects of
PDTC, which led us to further investigate whether soluble
factors present in the serum were required for the effect of
PDTC on viral replication. We first examined the impact of 100
wM PDTC on viral protein expression in the presence of var-
ious concentrations of newborn calf serum. We found that 10%
NCS or 100 uM PDTC alone did not have any inhibitory effect
on CVB3 VP1 expression (left panel in Fig. 3A). However, in
the presence of increasing concentrations of serum, PDTC
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FIG. 1. PDTC decreases CVB3 viral RNA expression, viral protein synthesis, and viral progeny release of infected cells. (A) HeLa cells were
sham-infected with PBS or infected with CVB3 (MOI = 10) in the presence or absence of 100 uM PDTC in the complete medium (with 10%
NCEF). Six hours postinfection, positive-stranded viral RNA was determined by in situ hybridization using antisense riboprobes for CVB3 (red).
Cell nuclei were counterstained with hematoxylin (blue). (B) HeLa cells were infected with CVB3 in the presence or absence of various
concentrations of PDTC in an identical manner as described above. Seven hours postinfection, cell lysates were collected and immunoblotted with
anti-VP1 and anti-B-actin (loading control) antibodies. (C) HeLa Cells were infected with CVB3 (MOI = 1) in the presence of 100 puM PDTC.
Twenty-four hours postinfection, medium was collected from CVB3-infected cells and virus titer was determined by plaque assays. The data shown
are means * standard deviations from three independent experiments.
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FIG. 2. PDTC promotes cell viability of CVB3-infected cells. HeLa
cells were infected with CVB3 (MOI = 10) as described in the legend
to Fig. 1 in the presence or absence of various concentrations of
PDTC. Cell viability was determined at 20 h postinfection by the MTS
assay that measures mitochondrial function. One-hundred percent sur-
vival was defined as the level of MTS in sham-infected cells. The data
shown are means = standard deviations (n = 6). Similar results were
obtained in two independent experiments.

dose dependently inhibited CVB3 VP1 expression (right panel
in Fig. 3A) and CVB3-induced cell death (Fig. 3B).

Copper and zinc ions contribute to the antiviral activity of
PDTC. Divalent ions, including copper and zinc, have been re-
ported to mediate PDTC functions, such as blockage of NF-«kB
activation and induction of cell apoptosis (23, 30). We inves-
tigated whether copper and zinc were factors present in the
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FIG. 3. Antiviral activity of PDTC depends on serum concentra-
tion. (A) HeLa cells were sham infected with PBS or infected with
CVB3 (MOI = 10) in serum-free DMEM. One hour postinfection, 100
wM PDTC and various concentrations of NCS were added into the
medium. Seven hours postinfection, cell lysates were collected and
immunoblotted with anti-VP1 and anti-B-actin (loading control) anti-
bodies. (B) HeLa Cells were sham infected with PBS or infected with
CVB3 (MOI = 1) in the presence or absence of 100 pM PDTC and
various concentrations of NCS as indicated. Cell viability was deter-
mined at 20 h postinfection by the MTS assay. One-hundred percent
survival was defined as the level of MTS in sham-infected cells. The
data shown are means = standard deviations (n = 3). Similar results
were obtained in two independent experiments.
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FIG. 4. Copper and zinc contribute to the antiviral activity of
PDTC. HeLa cells were infected with CVB3 (MOI = 10) in the pres-
ence of increased concentrations of CuSO, (A) or ZnSO, (B) in the
presence or absence of 50 uM PDTC as indicated. Seven hours postin-
fection, cell lysates were collected and immunoblotted with anti-VP1
and anti-B-actin (loading control) antibodies. (C) HeLa Cells were
sham infected with PBS or infected with CVB3 as described in the
legend to Fig. 3. PDTC (50 uM or 100 uM), NCS (10%), ZnSO, (10
uM), CuSO, (10 pM), and MgSO, (10 uM) were added to the me-
dium 1 h postinfection as indicated. Nine hours postinfection, cell ly-
sates were collected and immunoblotted with anti-caspase-3, anti-VP1,
and anti-B-actin (loading control). Arrow indicates the cleavage of pro-
caspase-3. The data represent one of three independent experiments.

serum that contributed to the antiviral activity of PDTC. HeLa
cells were infected with CVB3 and then incubated with in-
creasing concentrations of CuSO, or ZnSO, in the presence or
absence of 50 uM PDTC. As shown in Fig. 4A and B, the
combination of PDTC with copper or zinc, but not copper or
zinc alone, potently inhibited CVB3 replication in a dose-
dependent manner, suggesting that both copper and zinc ions
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FIG. 5. Reactive oxygen species generation is increased during CVB3 replication. (A) HeLa cells were sham infected or infected with CVB3
(MOI = 10) for the indicated time. Redox-sensitive fluorescence probe CM-H,DCFDA (15 wM) was added to the medium during the last hour
of infection. Representative images of ROS-induced DCF fluorescence were shown at a magnification of 200X. (B) HeLa cells were sham infected
with CVB3 in an identical manner as described in the legend to Fig. 3. Seven hours postinfection (p.i.), cell lysates were collected and immuno-
blotted with anti-VP1 and anti-B-actin (loading control) antibodies. The data represent one of three independent experiments.

appeared to be the cofactors present in the serum that were
required for PDTC activity.

Furthermore, we observed that PDTC alone or in combina-
tion with MgSQO,, which is abundant in the DMEM, failed to
prevent CVB3-induced caspase-3 cleavage, nor did zinc or
copper alone. However, PDTC supplemented with serum, zinc,
or copper showed potent inhibition of CVB3-induced cleavage
of caspase-3 (Fig. 4C).

CVB3 infection leads to ROS generation. To investigate the
possible mechanisms of the observed antiviral effects of PDTC,
we first examined whether the antioxidant property of PDTC
contributed to its action. To determine the influences of CVB3
replication on intracellular ROS level, HeLa cells were infect-
ed with CVB3 for various periods of time, and a redox-sensi-
tive fluorescence probe, CM-H,DCFDA, was added to the me-

dium 1 h prior to taking photographs. As shown in Fig. 5A,
exposure to CVB3 resulted in an increased ROS production
which began at 5 h postinfection and peaked at 7 h postinfec-
tion, corresponding to the increases of viral protein expression
(Fig. 5B).

Antioxidants have been shown to have antiviral activities
against a variety of unrelated viruses by alleviating the oxida-
tive stress generated by viruses (1, 4, 16, 24, 59). To study the
influence of antioxidants on CVB3 replication, another anti-
oxidant, NAC, was used. HeLa cells were either sham infected
with PBS or infected with CVB3. One hour postinfection,
cells were treated with 30 mM NAC, 50 puM PDTC, or 50 pM
zVAD.fmk (a general caspase inhibitor). As shown in Fig. 6A,
at 7 h postinfection, CVB3 infection resulted in a drastic in-
crease of intracellular ROS, which was strongly inhibited by
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FIG. 6. Inhibition of CVB3 replication by PDTC is independent of its antioxidant activity. (A) HeLa cells were sham infected with PBS or
infected with CVB3 (MOI = 10) in the presence of various inhibitors. Redox-sensitive fluorescence probe CM-H,DCFDA (15 nM) was added
to the medium during the last hour of infection. Representative images of ROS-induced DCF fluorescence of infected cells at 7 h postinfection
are shown at a magnification of 200X. (a) Sham infected; (b to g) CVB3 infected; (b) no inhibitor added; (c) 30 mM NAC; (d) 50 uM zVAD.FMK;
(e) 50 pM PDTC without serum; (f) 50 puM PDTC with 10% NCS; (g) 50 uM PDTC with 10 uM CuSO,. (B) HeLa cells were either sham infected
or infected with CVB3 (MOI = 10) in the presence of NAC or zZVAD.fmk as indicated. Seven hours postinfection, cell lysates were collected and
immunoblotted with anti-VP1 and anti-B-actin (loading control) antibodies. The data represent one of three independent experiments.

NAC and PDTC. Interestingly, caspase inhibitor also greatly
suppressed CVB3-induced ROS generation, suggesting oxida-
tive stress was secondary to virus-induced apoptosis. We fur-
ther showed that, unlike strong inhibitory effects seen using
PDTC, either NAC treatment or caspase inhibition by
zVADfmk. failed to inhibit VP1 expression (Fig. 6B) and virus-
induced cytopathic effects (data not shown). Taken together,
our data suggest that the antioxidant property of PDTC is not
likely a major contributor to its antiviral activity.

PDTC inhibits ubiquitin-proteasome pathway-mediated deg-
radation of host proteins. To further explore the possible an-
tiviral mechanisms of PDTC, we examined the effect of PDTC

on ubiquitin-proteasome-mediated protein degradation. We
first measured the expression of tumor suppressor protein p53,
which was previously found to be down-regulated following
CVB3 infection (39). As shown in Fig. 7A, treatment with
PDTC significantly increased the steady-state levels of p53 and
cell cycle inhibitor p21 expression. We also examined the ex-
pression of MKP-1, a dual phosphatase capable of dephospho-
rylating and inactivating mitogen-activated protein kinases
(MAPKSs), including ERK1/2 and p38 MAPK. It was recently
reported that MKP-1 was degraded via the ubiquitin-protea-
some pathway and MKP-1 degradation resulted in sustained
ERK1/2 activation (36). As shown in Fig. 7A, treatment with
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PDTC significantly increased MKP-1 expression, suggesting an
important role of PDTC in the regulation of protein degrada-
tion.

We next investigated whether PDTC inhibited ubiquitin-
proteasome-mediated proteolysis through direct inhibition of
proteasome activity. Five hours postinfection, 26S proteasome
activities were measured using a synthetic fluorogenic sub-
strate, SLLVY-AMC. As shown in Fig. 7B, MG132, a known
proteasome inhibitor, significantly reduced proteasome activi-
ties. However, proteasome activity was not significantly altered
after addition of PDTC. In addition, we did not observe a sig-
nificant accumulation of polyubiquitinated proteins after PDTC
treatment by Western blot analysis, while MG132 treatment
markedly increased the levels of polyubiquitinated proteins
(Fig. 7B). These results suggest that PDTC appears to inhibit
early components (i.e., E1, E2, or E3 ligase) of the ubiquitin-
proteasome pathway rather than directly inhibit 26S protea-
some activity, which is consistent with previous studies that
PDTC is an inhibitor of SCF ubiquitin E3 ligase (25). Indeed,
we found that the expression of some other proteasome sub-
strates, such as IkBa (Fig. 7A) and B-catenin (data not shown),
was not altered upon PDTC treatment, implicating that PDTC
selectively inhibited proteasome-mediated degradation of pro-
teins following CVB3 infection.

DISCUSSION

PDTC has been reported to possess strong antiviral activity
against replication of influenza virus, rhinovirus, and poliovi-
rus. However, the mechanism was not well elucidated (24, 58).
In the current study, we have explored the manner in which
PDTC inhibits both coxsackievirus B3 (CVB3) viral RNA syn-
thesis and virus structural protein expression. We provide ev-
idence that PDTC exerts its antiviral activity intracellularly,
most likely independent of viral entry.

Divalent metal ions including copper and zinc have been
reported to play an essential role in mediating various biolog-
ical functions of PDTC (11, 13, 20, 30). Studies by Furuta et al.
and Kim et al. suggest that PDTC may act as an ionophore,
recruiting extracellular copper and zinc into the cells (23, 31).
Treatment with PDTC resulted in an increase of intracellular
zinc and redox reactive Cu®", and depletion of extracellular
copper and zinc prevented PDTC-induced cell death and in-
hibition of NF-«kB activation. In the present study, we found
that the antiviral activity of PDTC required the presence of
copper and zinc, consistent with previous reports.

One of the plausible mechanisms by which PDTC inhibits
CVB3 replication is via its antioxidant activity. The intracellu-
lar oxidation status has been implicated in the pathogenesis of
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several viral infections, including influenza, hepatitis, HIV, and
coxsackievirus (8, 27, 35, 44, 46, 52). We showed for the first
time that CVB3 replication was associated with a dramatically
increased intracellular ROS production (Fig. 5). To determine
whether PDTC reduces CVB3 replication through inhibition
of ROS production, we employed another potent ROS scav-
enger, NAC. We found that both inhibitors prevented CVB3-
induced intracellular ROS generation. However, NAC failed
to inhibit CVB3 replication. This finding, along with our ob-
servation that caspase inhibitor prevented CVB3-induced ROS
generation but had no effect on CVB3 VP1 expression, sug-
gests that (i) ROS generation is a relatively later event as
compared to viral RNA synthesis and viral protein expression,
which are potently inhibited by PDTC, and that (ii) the anti-
viral activity of PDTC is unlikely to be mediated through its
antioxidant property. Such a view is consistent with previous
studies in other systems (24, 58).

PDTC has been shown to prevent agonist-induced cell death
in lymphocytes and tumor cell lines (5, 50); in contrast, it
induces apoptosis in endothelial cells, smooth muscle cells, and
B cells (31, 57, 60). Apoptosis or cell death at late viral infec-
tion can facilitate virus progeny release (9, 10). However, pre-
mature cell death will decrease the ability of host cells to foster
virus replication (51). In this study, we showed that PDTC
alone or in combination with zinc or copper did not cause
apoptosis or cell death in sham-infected cells. In contrast,
CVB3-induced apoptosis or cell death was dramatically
blocked after treatment with PDTC/Cu®** or PDTC/Zn>**, and
such was accompanied by decreased viral protein expression.
Our data suggest that PDTC inhibits CVB3 replication via a
mechanism independent of apoptosis. Furthermore, the inhib-
itory effect of PDTC on CVB3-induced cell death appears to
be due to reduced viral replication, although we cannot rule
out the direct impact of PDTC on virus-induced apoptosis.

We have previously shown that CVB3 infection results in
rapid degradation of several host proteins, including cyclin D1
and p53, through the ubiquitin-proteasome pathway (38, 39).
Inhibition of 26S proteasome activities by synthetic inhibitors
MG-132 and lactacystin greatly reduces viral replication and
viral progeny release (38, 39). Given the evidence that PDTC
inhibits proteasome-dependent proteolysis (32), it is possible
that PDTC exerts its inhibitory effect on viral replication by
inhibiting the ubiquitin-proteasome pathway. Kim and col-
leagues have showed that PDTC and zinc treatment results in
an accumulation of polyubiquitinated proteins (32); however,
we did not find significant changes of proteasome activity and
accumulation of polyubiquitinated proteins under our experi-
mental conditions. Nevertheless, the observation that PDTC
inhibited proteasome-mediated degradation of several short-

FIG. 7. PDTC inhibits proteasome-mediated protein degradation. (A) HeLa cells were sham infected with PBS or infected with CVB3 (MOI =
10). PDTC (50 uM or 100 wM), NCS (10%), ZnSO, (10 uM), or CuSO, (10 M) was added to the medium 1 h postinfection as indicated. HeLa
cells were maintained in serum-free medium, except for 10% NCS-added groups. Nine hours postinfection, cell lysates were collected and
immunoblotted with anti-p53, anti-p21, anti-MKP-1, and anti-IkBa antibodies. B-Actin was probed as a loading control. The data represent one
of three independent experiments. (B) Five hours postinfection, proteasome activity was measured as described in Materials and Methods. Lane
1, sham infected; 2 to 11, CVB3 infected; 2, no inhibitor added; 3, PDTC (50 uM); 4, PDTC (100 wM); 5, PDTC (50 pM) with 10% NCS; 6, PDTC
(100 pM) with 10% NCS; 7, ZnSO, (2 pM); 8, ZnSO, (2 M) with PDTC (50 wM); 9, CuSO, (10 pM); 10, CuSO, (10 pM) with PDTC (50 pM);
11, MG-132 (20 uM). The data shown are means * standard deviations (n = 5). Similar results were obtained in two independent experiments.
Cell lysates were immunoblotted with an anti-ubiquitin antibody to detect polyubiquitinated proteins under the indicated treatment. The masses

of protein markers are indicated. Ub(n), polyubiquitin.
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lived proteins, such as p53, p21, and MKP-1 (23, 32), but not
other proteins (IkB, B-catenin) suggests that PDTC targets the
early stages of ubiquitin-proteasome processes, a view which is
supported by recent evidence that PDTC serves as an inhibitor
of ubiquitin ligase (25). Ubiquitin ligases (E3 enzyme) recog-
nize specific ubiquitin signals present in substrates and transfer
the ubiquitin moiety from ubiquitin-conjugating enzymes (E2
enzyme) to lysine residues of substrates (or ubiquitin) to form
polyubiquitinated proteins (48). Two families of E3 enzymes,
HECT domain family and RING finger domain family, have
been identified to date. RING domain E3 enzymes are either
single-subunit enzymes (i.e., c-Cbl and Mdm?2) or multisubunit
enzymes (i.e., SCF ubiquitin ligase) in which the RING domain
binds to zinc ions through four cysteine and histidine residues
and plays a scaffold role. Accumulation of various short-lived
proteins, such as p53, p21, and MKP-1, shown by us and others
(23, 32) suggests that PDTC acts on common components of
E3 enzymes, since p53 and p21 were targeted by different E3
ligases (34, 62). It is likely that RING domain of E3 ligase is
altered by PDTC, because PDTC treatment increases intracel-
lular zinc and copper levels which, in turn, may cause confor-
mational changes of RING domains and reduce their binding
to E2 enzymes.

Studies from other laboratories have demonstrated the im-
portant roles of the proteasome pathway in the regulation of
the life cycle of certain viruses. Monoubiquitination of HIV
proteins enhances its transactivation and budding from cells (6,
29, 54). In addition, HIV vif protein interacts with host SCF
ubiquitin ligase and promotes the degradation of innate anti-
viral enzyme APOBEC3G via 26S proteasome in order to
support its replication (53, 61). Eom et al. have also shown that
neuronal F-Box 42-kDa protein (NFB42), a subunit of an SCF
ubiquitin ligase, binds to the herpes simplex virus 1 (HSV-1)
ULD9 protein and regulates its nuclear export, ubiquitination,
and degradation via the 26S proteasome (18, 19). Such inter-
action may prevent the active replication and promote the
latency of HSV-1 in neuronal cells. These examples illustrate
the elegant interplay between viruses and cellular ubiquitina-
tion machineries. At present, selective inhibition of specific
ubiquitin ligases appears to be an attractive strategy to limit
replication or latency of many life-threatening viruses.

In addition to the best known function in the regulation of
cell growth and apoptosis (22, 28), the tumor suppressor pro-
tein p53 has been reported to interfere directly with the rep-
lication of several viruses, such as human immunodeficiency
virus type 1, simian virus, and herpesvirus, by various mecha-
nisms (15, 17, 56). Wild-type p53 binds to simian virus 40 large
T antigen and blocks the function of large T antigen in medi-
ating viral replication. p53 regulates human immunodeficiency
virus type 1 gene expression by suppressing transcriptional
activation of the long terminal repeat. Previous studies by our
laboratory have shown that CVB3 infection resulted in a down-
regulation of steady-state levels of p53 (39). Reduction of p53
by CVB3 infection may represent a strategy that the virus
utilizes to maximize its own infectivity by attenuating the in-
hibitory effect of p53 on virus replication. In the current study
we found that PDTC treatment increased the steady-state level
of p53, leading us to speculate that increased p53 may contrib-
ute, at least in part, to the antiviral activities of PDTC.

MKP-1 is a dual phosphatase that specifically dephos-
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phorylates and inactivates MAPKs, including ERK1/2 and
p38 MAPK (55). It was recently reported that MKP-1 is de-
graded via the ubiquitin-proteasome pathway, and MKP-1 deg-
radation results in sustained ERK1/2 activation (36). We have
previously reported that inhibition of the ERK1/2 signaling
pathway reduces CVB3 replication, suggesting a role of ERK1/
2 activation in CVB3 infectivity. In the current study, we found
that PDTC treatment increased expression of MKP-1 in
infected cells, accompanied by decreased phosphorylation
of ERK1/2 (data not shown). Thus, prevention of ERK1/2
phosphorylation appears to contribute to the inhibition of
CVB3 replication by PDTC.

In summary, through this series of experiments we demon-
strate for the first time that PDTC is a potent inhibitor of CVB3
and that blockage of CVB3 by PDTC is most likely through
selective inhibition of host protein degradation. Together with
our previous reports, the present study supports an important
role for the ubiquitin-proteasome pathway in the regulation of
coxsackievirus life cycle.
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