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ABSTRACT

There are currently no U.S. Food and Drug Administration (FDA)-approved vaccines or therapeutics to prevent or treat Argen-
tine hemorrhagic fever (AHF). The causative agent of AHF is Junin virus (JUNV); a New World arenavirus classified as a Na-
tional Institute of Allergy and Infectious Disease/Centers for Disease Control and Prevention category A priority pathogen. The
PTAP late (L) domain motif within JUNV Z protein facilitates virion egress and transmission by recruiting host Tsg101 and
other ESCRT complex proteins to promote scission of the virus particle from the plasma membrane. Here, we describe a novel
compound (compound 0013) that blocks the JUNV Z-Tsg101 interaction and inhibits budding of virus-like particles (VLPs)
driven by ectopic expression of the Z protein and live-attenuated JUNV Candid-1 strain in cell culture. Since inhibition of the
PTAP-Tsg101 interaction inhibits JUNV egress, compound 0013 serves as a prototype therapeutic that could reduce virus dis-
semination and disease progression in infected individuals. Moreover, since PTAP L-domain-mediated Tsg101 recruitment is
utilized by other RNA virus pathogens (e.g., Ebola virus and HIV-1), PTAP inhibitors such as compound 0013 have the potential
to function as potent broad-spectrum, host-oriented antiviral drugs.

IMPORTANCE

There are currently no FDA-approved vaccines or therapeutics to prevent or treat Argentine hemorrhagic fever (AHF). The caus-
ative agent of AHF is Junin virus (JUNV); a New World arenavirus classified as an NIAID/CDC category A priority pathogen.
Here, we describe a prototype therapeutic that blocks budding of JUNV and has the potential to function as a broad-spectrum
antiviral drug.

Junin virus (JUNV) is a New World arenavirus endemic in Ar-
gentina that causes severe Argentine hemorrhagic fever and

significant mortality in humans (1). The virus is present in excreta
from infected rodents and is typically spread to humans via aero-
solization (1). JUNV is important because it is a biosafety level 4
pathogen with potential use as a bioterror agent, for which there
are no U.S. Food and Drug Administration (FDA)-approved vac-
cines or therapeutics. JUNV is an enveloped, bisegmented nega-
tive-sense RNA virus that encodes four proteins: surface glycopro-
tein precursor (GPC), RNA polymerase (L), nucleoprotein (NP),
and small RING finger matrix protein (Z). The Z protein of are-
naviruses plays a key role in promoting virus egress and spread
and is capable of budding independently from mammalian cells in
the form of virus-like particles (VLPs) (2–6). Efficient separation
of arenavirus Z VLPs from the plasma membrane is promoted by
viral L domains within the Z protein (for a review, see reference 7).
L domains function by recruiting host proteins that facilitate effi-
cient virus-cell separation (“pinching-off”) (7). JUNV Z protein
contains a single PTAP type L domain which interacts with host
Tsg101, a component of the endosomal sorting complexes re-
quired for transport (ESCRT) machinery (5–7). L-domain-medi-
ated recruitment of host proteins by virus represents a potential
target for the development of novel antiviral inhibitors to disrupt
virus egress from infected cells to reduce virus dissemination and
disease progression (3, 6, 8–13).

Based upon the known nuclear magnetic resonance structure
of the Tsg101-PTAP interaction site, we conducted an in silico
screen for competitive binding inhibitors. We identified several

compounds, and the most potent (compound 0013) blocks both Z
VLP and live JUNV egress at nanomolar concentrations. More-
over, compound 0013 specifically blocks PTAP-Tsg101 interac-
tions. Intriguingly, since L-domain-containing matrix proteins
are generally required for efficient virus-cell separation of emerg-
ing RNA viruses (filoviruses, arenaviruses, henipaviruses, rhabdo-
viruses, paramyxoviruses, and retroviruses), we speculate that
inhibitors of this virus-host interaction could represent broad-
spectrum antiviral drugs against a range of enveloped RNA vi-
ruses.

MATERIALS AND METHODS
Cell lines, virus, and antibodies. VeroE6 and HEK293T cells were grown
in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum. The Candid-1 vaccine strain of JUNV was kindly provided by
Robert B. Tesh (University of Texas Medical Branch, Galveston, TX) via
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Susan R. Ross (University of Pennsylvania, Philadelphia, PA) and was
propagated in VeroE6 cells as described previously (14). The antisera used
included a monoclonal anti-Flag antiserum (Sigma-Aldrich, St. Louis,
MO), a monoclonal anti-JUNV-GP antiserum QC03-BF11 (BEI Re-
sources, Manassas, VA), a monoclonal anti-Tsg101 antiserum (Clone C2;
Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit polyclonal anti-
EBOV VP40 antiserum described previously (15), and a monoclonal anti-
actin antiserum (Sigma-Aldrich).

Compound 4816-0013. Compound 4816-0013 (�95% purity) was
purchased from ChemDiv (San Diego, CA), and a 100 mM stock solution
was prepared in dimethyl sulfoxide (DMSO) and stored at �20°C.

Plasmids. A JUNV Z-WT expression plasmid was kindly provided by
Cybele Garcia (Ciudad Universitaria, Buenos Aires, Argentina). A Flag-
tagged copy of full-length JUNV Z-WT was PCR amplified and cloned
into the pCAGGS vector. A PTAP deletion mutant of JUNV Z was gener-
ated in pCAGGS by standard PCR and cloning techniques. JUNV-Z-
CYFP was constructed by joining the C-terminal half of EYFP to the C
terminus of JUNV-Z in pCAGGS using standard PCR and cloning tech-
niques. Plasmids expressing EBOV VP40, MARV VP40, and NYFP-
Tsg101 have been described previously (12).

BiMC assay. Bimolecular complementation (BiMC) in HEK293T
cells was performed as described previously (12). Briefly, HEK293T cells
were cotransfected for 3 h, and the cells were then treated with the indi-
cated concentrations of compound 0013 for an additional 24 h. The cells
were examined by fluorescence microscopy.

Virus infection and focus-forming assay. For the experiment de-
scribed in Fig. 5, VeroE6 cells were infected with JUNV (Candid-1) at a
multiplicity of infection of 0.02 for 42 h at 37°C. Supernatants were re-
moved, and the cells were washed three times with 1� phosphate-buff-
ered saline (PBS). The cells were then treated with DMSO alone or the
indicated concentration of compound 0013 for an additional 30 h. Viri-
ons were harvested from the supernatant samples as described below for
VLPs and then used to infect fresh monolayers of VeroE6 cells for 48 h for
the quantification of foci using fluorescence microscopy (Fig. 5).

VLP budding assay and Western blotting. VLP budding assays and
Western blotting were performed as described previously (15–17).

Immunoprecipitation/Western blot assay. VeroE6 cells in a 100-mm
dish were transfected with 2.0 �g of JUNV-Z-WT using Lipofectamine
reagent (Invitrogen) and the protocol of the supplier. DMSO or the indi-
cated concentrations of compound 0013 were added at 6 h posttransfec-
tion. Cells were harvested and lysed in nondenaturing buffer (20 mM
Tris-HCl [pH 8.0], 137 mM NaCl, 1.0% Nonidet P-40, 2.0 mM EDTA,
10% glycerol) at 30 h posttransfection. The cell lysates were clarified for 10
min and then incubated with anti-Flag or preimmune control (Invitro-
gen) antisera overnight at 4°C. Protein G-agarose beads (Invitrogen) were
added to the samples, which were then incubated with agitation for 7 h at
4°C. The beads were washed three times in nondenaturing lysis buffer,
suspended in loading buffer with boiling, and then fractionated by SDS-
PAGE. Endogenous Tsg101 was detected in samples by Western blotting
with anti-Tsg101 antiserum.

MTT cell viability assay. MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide] assays on HEK293T and VeroE6 cells
were performed as recommended by the supplier (Amresco, Solon, OH).
Briefly, cells were seeded onto collagen-coated 96-well plates at a density
of 5 � 104 cells/well. HEK293T cells were transfected with empty vector
(pCAGGS) and incubated under appropriate conditions with the indi-
cated concentrations of compound 0013. MTT (5 mg/ml in PBS) was
added to the media for 3 h, and the absorbance at 590 nm was measured
and recorded.

RESULTS
Identification of host-oriented inhibitors targeting L domains.
We and others have established that efficient budding of hemor-
rhagic syndrome viruses (e.g., arenaviruses and filoviruses) is de-
pendent upon subversion of host proteins (e.g., Tsg101) by viral L

domains (e.g., PTAP L domain) (Fig. 1A). These viral L-domain–
host interactions represent viable targets for broad-spectrum,
host-oriented antiviral therapeutics. Since disruption of virus
budding would reduce virus dissemination, small-molecule in-
hibitors that block these virus-host interactions should effectively
block virion egress and thus disease progression and transmission
(Fig. 1A). We used an in silico screen to identify candidate small
molecule compounds that would interfere with the interaction
between the viral PTAP L-domain and the UEV domain of host
Tsg101 (Fig. 1B) (18, 19). Briefly, the in silico screen involved
computational docking with AutoDock 4.0, energy minimization
using CHARMM with the MMFF force field, and ranking with
Accelrys LigScore2 of more than two million drug-like com-
pounds from the ZINC database. After experimentally testing the
top-10-scoring compounds, we identified compound 5539-0062
(Fig. 1C), which achieved low micromolar inhibition of EBOV
VP40 budding, as described previously (12). Next, we identified
and tested numerous structural analogs of compound 5539-0062,
including compound 0013 (Fig. 1C). Based upon VLP budding

FIG 1 Mechanism of budding inhibition and in silico strategy. (A) Schematic
diagram of JUNV budding at the plasma membrane showing the PTAP-de-
pendent interaction between JUNV Z and host Tsg101 in the absence or pres-
ence of a PTAP budding inhibitor. (B) Flow chart of the in silico screening
strategy used to identify PTAP-Tsg101 inhibitors. (C) Chemical formula and
structure of PTAP-Tsg101 inhibitors 5539-0062 and 4816-0013.
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assays and studies with live virus, we report that compound 0013
is a more potent PTAP-specific inhibitor and antiviral compound
than 5539-0062.

Compound 0013 blocks JUNV Z-Tsg101 interactions. We
sought to determine whether compound 0013 specifically blocks
the JUNV Z-Tsg101 interaction first by using a BiMC approach to
evaluate interactions between NYFP-Tsg101 and JUNV-Z-CYFP.
Briefly, the mechanistic basis of the BiMC assay involves the split-
ting of yellow fluorescent protein (YFP) into N-terminal (NYFP)

and C-terminal (CYFP) halves that are then joined to two proteins
of interest (Tsg101 and JUNV Z) (Fig. 2A). If Tsg101 and JUNV Z
interact when coexpressed in mammalian cells, then the N- and C-
terminal halves of YFP will come together to reconstitute a function-
ally fluorescent YFP signal (12). Expression and efficient budding of
JUNV-Z-CYFP was confirmed (Fig. 2B). NYFP-Tsg101 and JUNV-
Z-CYFP were coexpressed in human HEK293T cells for 3 h, and then
the cells were treated with the indicated concentrations of compound
0013 (Fig. 2C). At 24 h after transfection, the cells were examined for

FIG 3 Immunoprecipitation/Western blot assay showing that compound 0013 inhibits JUNV Z/Tsg101 interaction. Cell proteins from JUNV Z (Flag-tagged)-
transfected VeroE6 cells treated with DMSO alone or the indicated concentrations of compound 0013 were first immunoprecipitated with either mouse
preimmune antiserum (control Ab; lanes 2, 4, 6, and 8) or mouse anti-Flag antiserum (lanes 1, 3, 5, and 7), and endogenous Tsg101 was detected in the
precipitated samples by Western analysis with anti-Tsg101 antiserum (top panel). Western blot controls (bottom panels) for the expression of endogenous
Tsg101, �-actin, and Flag-tagged JUNV Z are shown.

FIG 2 BiMC assay showing that compound 0013 inhibits JUNV Z/Tsg101 interaction. (A) Schematic diagrams of YFP(Venus), NYFP-Tsg101, and JUNV-Z-
CYFP (Flag-tagged) fusion proteins showing amino acid and Flag epitope positions. (B) Western blots with anti-Flag antiserum to detect JUNV-Z-CYFP fusion
protein expressed in cells and VLPs (lane 1) compared to cells receiving vector (pCAGGS) alone (lane 2). (C) BiMC assay and representative confocal images of
HEK293T cells coexpressing NYFP-Tsg101 and JUNV-Z-CYFP fusion proteins in the absence (DMSO alone) or in the presence of the indicated concentrations
of compound 0013. Bar, 200 �m. (D) Quantification and statistical analysis of positively fluorescing cells in the BiMC assay. *, P � 0.5; **, P � 0.01 (determined
by a one-way analysis of variance [ANOVA] and Student t test).
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YFP fluorescence (Fig. 2C). YFP-positive cells were abundant in the
presence of vehicle alone, indicating that this assay is capable of de-
tecting JUNV Z interactions with host Tsg101. Importantly, the ex-
tent of complementation (YFP-positive cells) decreased with a dose
dependence on compound 0013 concentration (Fig. 2C), indicating
that compound 0013 inhibits PTAP-mediated interactions between
JUNV Z and host Tsg101. Indeed, quantification of fluorescent cells
revealed a significant difference between samples in the absence or
presence of the indicated concentrations of compound 0013
(Fig. 2D).

To further verify that compound 0013 inhibits JUNV Z-Tsg101
interactions, we used an immunoprecipitation/Western blot ap-
proach (Fig. 3). VeroE6 cells were transfected with vector alone or
a plasmid expressing FLAG-tagged JUNV Z in the absence
(DMSO alone) or presence of the indicated concentration of com-
pound 0013 (Fig. 3). Proteins were extracted from cells under
nondenaturing conditions at 30 h posttransfection, and cell pro-
teins were immunoprecipitated with either preimmune serum
(control antibody [Ab]) or anti-FLAG antiserum to pulldown
Flag-tagged JUNV Z. Levels of endogenous Tsg101 in the precip-
itates were quantified by Western analysis using anti-Tsg101 an-
tiserum (Fig. 3, top panel). Tsg101 was detected in JUNV Z pre-
cipitates but not in precipitates using preimmune serum (Fig. 3,
compare lanes 1 and 2). Moreover, the levels of endogenous
Tsg101 in JUNV Z precipitates diminished as the concentration of
compound 0013 increased (Fig. 3, top panel, compare lanes 3, 5,
and 7). The expression levels of endogenous Tsg101, actin, and
JUNV Z are shown in the bottom three panels (Fig. 3). Together
with results from BiMC assays, these data indicate that compound
0013 specifically blocks PTAP-mediated recruitment of host
Tsg101 by JUNV Z.

Compound 0013 inhibits JUNV Z VLP egress. We next used a
VLP budding assay to determine whether the ability of compound
0013 to disrupt the physical PTAP-Tsg101 interaction produces
functional inhibition of JUNV Z VLP budding. First, we con-
firmed that efficient JUNV Z VLP egress from human HEK293T
cells is dependent on the sole PTAP L-domain motif at the JUNV
Z C terminus (Fig. 4A). Indeed, deletion of the PTAP motif from
JUNV Z resulted in a marked decrease in JUNV Z VLP egress
compared to JUNV Z-WT (Fig. 4A). Human HEK293T cells were
then treated with vehicle (DMSO) alone or with increasing con-
centrations of compound 0013, and then budding of JUNV Z-WT
VLPs was examined (Fig. 4B). Compound 0013 produced a dose-

dependent inhibition of VLP formation and inhibited JUNV Z
VLP egress by �90% at concentrations �100 nM (Fig. 4B, com-
pare lane 2 to lanes 4 and 5). Compound 0013 had no effect on
expression levels of cellular JUNV Z and actin at all of the drug
concentrations tested (Fig. 4B).

Interestingly, the inhibitory effect of compound 0013 on JUNV
Z VLP egress was reversible (Fig. 5). Briefly, human HEK293T
cells were treated with vehicle (DMSO) alone or with 400 nM
concentration of compound 0013 (Fig. 5). As expected, bud-
ding of JUNV Z-WT VLPs was markedly reduced in the pres-
ence of compound 0013 (Fig. 5, compare lanes 1 and 2); how-
ever, budding of JUNV Z VLPs was restored to control levels 16
or 24 h after the compound was removed from the media (Fig.
5, lanes 3 and 4).

We next tested the PTAP specificity of compound 0013 by
assessing its ability to inhibit production of EBOV or MARV VP40
VLPs (Fig. 6). We observed that compound 0013 blocked PTAP-
dependent egress of EBOV VP40 VLPs by �50% at a concentra-
tion of 40 nM (Fig. 6A) but, as expected, it had little to no effect on
MARV VP40 VLP production, which occurs in a PTAP-indepen-
dent manner (Fig. 6B) (20). Lastly, we found that compound 0013

FIG 4 Compound 0013 inhibits egress of JUNV Z VLPs. (A) HEK293T cells were transfected with either JUNV Z-WT or JUNV-Z-�PTAP plasmids, and cell
extracts and VLPs were harvested at 24 h posttransfection. JUNV Z-WT and JUNV-Z-�PTAP were detected by Western blotting in cells and VLPs. A Western
blot control for �-actin in cells is shown. (B) HEK293T cells transfected with JUNV Z-WT were mock treated (lane 1), treated with DMSO alone (lane 2), or
treated with the indicated concentrations of compound 0013 (lanes 3 to 5). Cells and VLPs were harvested at 24 h posttransfection, and JUNV Z was detected by
Western blotting. A Western blot control for �-actin in cells is shown.

FIG 5 The antibudding activity of compound 0013 is reversible. Western blot
of JUNV Z in VLPs from HEK293T cells treated with DMSO alone (lane 1) or
400 nM compound 0013 (lane 2) for 20 h. After 20 h, the cells were washed
once with PBS and then overlaid with fresh medium lacking the drug for an
additional 16 (lane 3) or 24 h (lane 4). JUNV Z VLP budding was restored to
levels comparable to control (VLPs; compare lane 1 to lanes 3 and 4), indicat-
ing that the antibudding activity of compound 0013 is reversible.
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also blocked HIV-1 Gag VLP formation by �50% at similar con-
centrations, as expected from the fact that HIV-1 Gag VLP forma-
tion is PTAP dependent (18, 19, 21–26). Taken together, these
data demonstrated that compound 0013 inhibits the PTAP-de-
pendent egress of arenavirus, filovirus, and retrovirus VLPs at
nanomolar concentrations.

Compound 0013 inhibits egress of live JUNV virus (Can-
did-1 strain). We next sought to determine whether compound
0013 could inhibit egress of live JUNV in a cell culture model of
infection. Briefly, VeroE6 cells were infected with live-attenuated
Candid-1 vaccine strain of JUNV in the presence of 10, 100, or
1,000 nM compound 0013. Cell extracts and supernatants were
harvested, and virions purified from supernatant samples were
then used to infect fresh VeroE6 cell monolayers for 48 h in the
absence of drug (Fig. 7). JUNV foci were detected using indirect
immunofluorescence with anti-GP antiserum to obtain a relative
measure of the number of virions produced from infected cells in
the absence or presence of compound 0013 (Fig. 7A). Qualitative
and quantitative analyses revealed that the number of viral foci
were decreased significantly in a dose-dependent manner by com-
pound 0013 (Fig. 7A and B). These results agree well with those
described above for JUNV Z VLP budding and suggest that com-
pound 0013 reduces egress of live JUNV from infected VeroE6
cells. Importantly, compound 0013 did not have a detrimental
effect on the synthesis of either JUNV GP or cellular actin in in-
fected VeroE6 cells at all of the concentrations tested (Fig. 7C).

Host Tsg101 is packaged into JUNV virions. Since the JUNV
Z PTAP-Tsg101 interaction is important for budding, we sought
to determine whether endogenous Tsg101 was packaged into bud-
ding virions. VeroE6 cells were infected with JUNV (Candid-1)
for 72 h, and both cell extracts and supernatants were harvested
(Fig. 8). As expected, JUNV GP was detected only in virus-infected
cells, whereas endogenous Tsg101 was detected in both JUNV-
infected and mock-infected cells (Fig. 8, cells, top panels). Both
JUNV GP and endogenous Tsg101 were detected in supernatant
samples from JUNV-infected cells but not in supernatant samples
from mock-infected cells (Fig. 8, media, bottom panels). These
results indicate that endogenous Tsg101 is packaged into Junin
virions released into the supernatant.

Compound 0013 is not cytotoxic. Next, we wanted to deter-

FIG 6 Effect of compound 0013 on filovirus VLP egress. VLP budding assay
and Western blots for EBOV VP40 (eVP40) (A) and MARV VP40 (mVP40)
(B) in the absence (DMSO alone, lane 2) or in the presence of the indicated
concentrations of compound 0013. (A) The levels of eVP40 and actin in cells
were equivalent in all samples (cells, lanes 2 to 6), whereas the level of eVP40 in
VLPs was reduced in a dose-dependent manner in the presence of increasing
amounts of compound 0013 (VLPs, lanes 2 to 6). (B) The levels of mVP40 and
actin in cells were equivalent in all samples (cells, lanes 2 to 6), and the level of
mVP40 in VLPs remained essentially unchanged in the presence of increasing
amounts of compound 0013 (VLPs, lanes 2 to 6).

FIG 7 Compound 0013 inhibits egress of live JUNV (Candid-1 strain) from VeroE6 cells. (A) Representative confocal microscopy images of viral foci (red)
visualized with anti-JUNV GP antiserum 48 h postinfection. Bar, 1,000 �m. An enlarged viral focus is shown for clarity. Bar, 100 �m. (B) Bar graph showing
quantification of JUNV foci observed in the absence or presence of compound 0013 and represented as a percent relative to the DMSO control (average from
three independent experiments). An asterisk (*) indicates a P value of �0.01, as determined by a Student t test and one-way ANOVA. (C) Western blots to detect
levels of JUNV GP and �-actin in JUNV (Candid-1)-infected VeroE6 cells in the absence (DMSO alone) or presence of the indicated concentrations of
compound 0013.

Lu et al.

4740 jvi.asm.org Journal of Virology

http://jvi.asm.org


mine whether compound 0013 was cytotoxic to HEK293T cells
under conditions used for transfection experiments and to
VeroE6 cells under conditions used for JUNV infection experi-
ments. MTT cell viability assays were performed on HEK293T
(Fig. 9A) or VeroE6 (Fig. 9B) cells that were treated with DMSO
alone or the indicated concentrations of compound 0013 under
conditions that mimicked those used for VLP (Fig. 9A) or JUNV
(Fig. 9B) budding experiments. We found that compound 0013
was not cytotoxic to HEK293T or VeroE6 cells at the concentra-
tions tested, nor did compound 0013 inhibit the expression of
endogenous Tsg101 in HEK293T cells, as determined by Western
blotting (Fig. 9C).

DISCUSSION

JUNV is classified as category A priority pathogen and potential
agent of bioterrorism. JUNV is endemic in regions of Argentina
and West Africa and is the cause of severe episodes of hemorrhagic
fever with high mortality rates. The search for effective therapeu-
tics to treat arenavirus infections, particularly those caused by
Junin and Lassa viruses, has been an active area of research for
many years (8, 27–42). More recent efforts in the field of antiviral

therapeutics for emerging RNA viruses have focused on identify-
ing host factors or virus-host interactions, rather than solely viral
proteins, as targets for novel antivirals (6, 8–13, 39, 40, 43, 44).
Host Tsg101 represents one such target (3, 12, 19, 22, 45). As
described here and elsewhere, budding of arenaviruses is critically
dependent on the subversion of host proteins, such as Tsg101, and
that PTAP late (L) budding domains expressed arenaviruses are
critical for interaction with these host proteins (3, 6). Not surpris-
ingly, we and others have detected host proteins such as Tsg101
packaged into mature virions, likely as a result of their function in
promoting virus-cell separation (Fig. 8) (46–48). Our rationale for
targeting this virus-host interaction is that disruption of virus
budding would prevent virus dissemination, and the identifica-
tion of small molecule inhibitors that block these critical virus-
host interactions should effectively block disease progression and
transmission. Moreover, targeting a virus-host interaction rather
than a viral target should greatly diminish or eliminate the high
frequency of drug-resistant mutations. Importantly, L-domain-
containing matrix proteins are required for efficient virus-cell sep-
aration of numerous emerging RNA viruses, including arenavi-
ruses, filoviruses, henipaviruses, rhabdoviruses, paramyxoviruses,
and retroviruses. We predict that targeting this interaction do-
main will serve as the basis for the development of powerful
broad-spectrum antiviral drugs that will serve as a countermea-
sure against multiple biodefense pathogens. Indeed, our predic-
tion is supported by findings presented here showing that com-
pound 0013 inhibits egress of both JUNV and EBOV particles. It
should be noted that compound 0013 had no virucidal effect and
did not inhibit the entry or transcription of JUNV Candid-1 (J. Lu
and R. N. Harty, unpublished data).

We describe here the identification and validation of a host-
oriented PTAP-specific budding inhibitor of JUNV Z VLPs and
infectious virions. Both immunoprecipitation/Western blot and
BiMC assays demonstrated that compound 0013 blocked the in-
teraction between JUNV Z and host Tsg101. The ability of com-
pound 0013 to physically disrupt this virus-host interaction cor-
related with its functional inhibition of JUNV Z mediated the
budding of both VLPs and live-attenuated JUNV (Candid-1). The
50% effective concentration (EC50) of compound 0013 for both

FIG 8 Host Tsg101 is packaged into JUNV virions. Vero cells were infected
with JUNV (Candid-1) for 72 h, and both cell extracts and supernatants (me-
dia) were harvested. As expected, JUNV GP was detected only in virus-infected
cells (cells, lane 1), whereas endogenous Tsg101 was detected in both JUNV-
infected and mock-infected cells (cells, lanes 1 and 2). Both JUNV GP and
endogenous Tsg101 were detected in supernatant (media) samples from
JUNV-infected cells (media, lane 1) but not in supernatant samples from
mock-infected cells (media, lane 2).

FIG 9 MTT cell viability assays. MTT cell viability assays were performed on HEK293T cells (A) and VeroE6 cells (B) that were treated with DMSO or the
indicated concentrations of compound 0013 under conditions that mimicked those used for JUNV Z VLP transfection (A) or Junin virus (Candid-1) infection
(B). (C) Western blot showing that levels of endogenous Tsg101 remain unchanged in HEK293T cells treated with DMSO or the indicated concentrations of
compound 0013.
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the VLP and the live virus budding assays is in the nanomolar
range, and its antibudding activity appears to be reversible. Im-
portantly, compound 0013 likely possesses broad-spectrum anti-
budding activity, since we found that it blocks PTAP-mediated
egress of both EBOV VP40 (Fig. 6) and HIV-1 Gag VLPs. The
specificity of compound 0013 for inhibition of PTAP-mediated
egress was demonstrated in the finding that PTAP-independent
egress of MARV VP40 VLPs was not inhibited (Fig. 6).

In conclusion, compound 0013 possesses a number of proper-
ties desirable for further development as an antiviral therapeutic,
including (i) many sites and functional group handles for modi-
fication to further improve its potency, selectivity, metabolic pro-
file, and physiochemical properties, (ii) low cytotoxicity in cell
culture, (iii) a known mechanism of action, and (iv) a current
EC50 of �1.0 �M in vitro. Our findings with compound 0013 are
encouraging, since its antiviral properties displayed improved po-
tency over those of previously identified PTAP inhibitor 5539-
0062 (12). Future studies include using medicinal chemistry ap-
proaches to improve both potency and drug-like properties, as
well as proof-of-concept efficacy studies in an animal model of
infection.
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