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The human immunodeficiency virus type 1 (HIV-1) capsid plays crucial roles in HIV-1 replication and thus represents an excel-
lent drug target. We developed a high-throughput screening method based on a time-resolved fluorescence resonance energy
transfer (HTS-TR-FRET) assay, using the C-terminal domain (CTD) of HIV-1 capsid to identify inhibitors of capsid dimeriza-
tion. This assay was used to screen a library of pharmacologically active compounds, composed of 1,280 in vivo-active drugs, and
identified ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one], an organoselenium compound, as an inhibitor of HIV-1 capsid
CTD dimerization. Nuclear magnetic resonance (NMR) spectroscopic analysis confirmed the direct interaction of ebselen with
the HIV-1 capsid CTD and dimer dissociation when ebselen is in 2-fold molar excess. Electrospray ionization mass spectrometry
revealed that ebselen covalently binds the HIV-1 capsid CTD, likely via a selenylsulfide linkage with Cys198 and Cys218. This
compound presents anti-HIV activity in single and multiple rounds of infection in permissive cell lines as well as in primary pe-
ripheral blood mononuclear cells. Ebselen inhibits early viral postentry events of the HIV-1 life cycle by impairing the incoming
capsid uncoating process. This compound also blocks infection of other retroviruses, such as Moloney murine leukemia virus
and simian immunodeficiency virus, but displays no inhibitory activity against hepatitis C and influenza viruses. This study re-
ports the use of TR-FRET screening to successfully identify a novel capsid inhibitor, ebselen, validating HIV-1 capsid as a prom-
ising target for drug development.

The human immunodeficiency virus type 1 (HIV-1) capsid
plays essential roles in the viral life cycle; e.g., the precise un-

coating process (or disassembly) of capsid is tightly associated
with reverse transcription (RT) (1), and capsid assembly and mat-
uration are essential for viral particle integrity and infectivity (2).
The mature HIV-1 conical core consists of 1,500 capsid (CA, or
p24) monomers assembled into 250 hexamers and 12 pentamers.
Antiretroviral therapy (ART) currently administered for HIV
treatment does not directly target the uncoating or assembly of the
viral capsid protein; instead, it consists of a cocktail of at least three
drugs that include a combination of nonnucleoside reverse trans-
criptase inhibitors (NNRTIs), nucleoside reverse transcriptase in-
hibitors (NRTIs), protease inhibitors (PIs), integrase inhibitors
(INIs), fusion inhibitors (FIs), and entry inhibitors. Given the
importance of the capsid for HIV-1 replication, it represents an
attractive target for drug development.

HIV-1 capsid originates from a 55-kDa Gag precursor proteo-
lyzed into three folded proteins (matrix [MA], capsid [CA], and
nucleocapsid [NC]) and 3 small peptides (spacer peptides 1 and 2
[SP1 and SP2, respectively] and p6). The Gag polyprotein plays an
important role in cell membrane binding and in Gag-Gag lattice
interaction in immature virions. Upon budding and release of the
immature viral particles from the host cell, HIV maturation is
initiated by proteolysis of Gag by the viral protease, resulting in the
assembly of mature fullerene-like conical capsids. Capsid is criti-
cal for both early and late events in the HIV-1 life cycle. Early on,
the fusion of the virus with target cell membranes triggers disas-
sembly or uncoating of CA, which promotes completion of re-
verse transcription and synthesis of viral cDNA (1, 3). Even
though viral uncoating is not completely understood, the capsid’s

stability and integrity during the early stages of infection are es-
sential for efficient reverse transcription and infectivity. Muta-
tions in CA that alter its stability compromise HIV-1 uncoating
and infection (4, 5). Furthermore, two cellular restriction factors
target the viral capsid during the uncoating process. Tripartite
motif 5-alpha (TRIM5�) promotes rapid and premature disas-
sembly of viral capsids, abrogating productive reverse transcrip-
tion (6, 7), while the interferon-inducible MxB protein prevents
uncoating by stabilizing the HIV-1 core during infection, limiting
integration of viral DNA (8, 9). During the late stages of the viral
life cycle, capsid assembly and maturation are essential for the
formation of infectious viral particles, and mutations in capsid are
detrimental for HIV-1 assembly and particle release (10, 11).

The CA protein consists of an independently folded N-termi-
nal domain (NTD; residues 1 to 145) and C-terminal domain
(CTD; residues 151 to 231) connected by a 5-residue flexible
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linker. Structures of the full-length capsid, NTD, and CTD have
been studied by crystallography, cryo-electron microscopy, and
nuclear magnetic resonance (NMR) (12–16). The CA-NTD is
composed of seven �-helices (CA helices 1 to 7), while the smaller
CA-CTD is composed of a short 310-helix followed by an extended
strand and four �-helices (CA helices 8 to 11). In solution, CA
dimerization (dissociation constant [Kd] of 18 �M) is mainly de-
pendent on Trp184 and Met185 residues in helix 9 of the CTD
(13). Mutation of these residues interferes with CA assembly
in vitro and abolishes viral infectivity (15, 17). This interface is
therefore required for efficient assembly of both the mature and
immature capsid lattice.

The HIV capsid protein is thus emerging as an important target
for development of small-molecule compounds (reviewed in ref-
erence 18). Unfortunately, so far, none of the most promising
candidates is used in the clinic. Bevirimat, which blocks HIV-1
replication by interfering with the Gag CA-SP1 cleavage site, was
tested in clinical trials (19), but a high-baseline drug resistance was
observed due to natural viral polymorphisms (20).

Here, we describe a time resolved-fluorescence energy transfer
high-throughput screening (HTS-TR-FRET) assay to identify in-
hibitors of CTD capsid dimerization. A library of pharmaco-
logically active compounds (LOPAC) composed of 1,280 com-
pounds was screened, and ebselen was identified as an HIV-1
inhibitor. Ebselen was shown to directly bind the CTD and to
inhibit early events of the HIV-1 life cycle. Our efforts not only
resulted in the identification of a novel class of compounds with
antiretroviral activity but also validated the use of HTS-TR-FRET
for the identification of inhibitors of HIV-1 capsid dimerization,
thereby confirming HIV-1 capsid as a promising antiviral target.

MATERIALS AND METHODS
Compounds: LOPAC library, ebselen and analogs of ebselen, and cys-
teine binding compounds. A library of pharmacologically active com-
pounds (LOPAC) containing 1,280 compounds representing all major
target classes was purchased from Sigma-Aldrich (St. Louis, MO). The
compounds were screened at a final concentration of 10 �M. Ebselen was
purchased from Adipogen Corporation (catalog number AG-CR1-0031),
and ebselen oxide was from Cayman Chemical (catalog number
10012298). Ebselen analogs with the phenyl ring converted to pyridine
(2pyr- and 3pyr-ebselen) were synthesized at Wroclaw University of
Technology, Poland, with purity and stability assessed at St. John’s Uni-
versity, NY. Other ebselen analogs with selenium replaced by sulfur (S-
ebselen), oxygen (O-ebselen), and carbon (C-ebselen) were provided by
Barbara Slusher, Johns Hopkins University School of Medicine, Balti-
more, MD. The cysteine binding compounds, omeprazole (AAJ62860-03;
Afla-Aesar), methyl-3,4-dephostatin (M9440; Sigma), and 3-bromo-
1,1,1-trifluoroacetone (BTFA) (18545; Sigma) were purchased.

TR-FRET. A time-resolved fluorescence resonance energy transfer
(TR-FRET) assay was used to monitor CTD dimerization and to screen
for inhibitors of this interaction. This assay is based on the transfer of
energy between two fluorophores, a donor and an acceptor labeled with
europium cryptate (EU) and allophycocyanin (XL665), respectively (Cis-
bio Bioassays). The proteins, as well as the antibody-tagged fluorophores,
were diluted in assay buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl,
10% glycerol, 0.05% Triton X-100, and 100 mM potassium fluoride). In a
384-well plate (total volume � 20 �l), glutathione S-transferase (GST)-
CTD and CTD-Flag (200 nM each) were mixed together with EU-conju-
gated anti-GST antibody (1.8 ng/well) (catalog number 61GSTKLB; Cis-
bio) and XL665-conjugated anti-Flag antibody (20 ng/well) (61FG2XLB;
Cisbio) and incubated overnight at room temperature. Interaction be-
tween the two proteins and illumination with a 320-nm beam resulted in

transfer of fluorescence energy and emission at 665 nm. Untagged CTD
was used as a control of inhibition of GST-CTD/CTD-Flag dimerization.

For HTS, the assay was further miniaturized to a 1,536-well plate for-
mat. All concentrations were retained, yet the volume was scaled down to
10 �l total. The proteins and the test compounds (10 �M) were mixed
together and incubated for 20 min at room temperature; then the two
antibody-tagged fluorophores were added. The mixture was incubated for
5 h at room temperature before the emission was read at 665 nm. The
TR-FRET signal was calculated as a ratio of emission: (665 nm/620 nm) �
10,000. Hepatitis C virus (HCV) core protein was used as a counterscreen
(23). All plates were analyzed and passed quality control (QC) if their Z=
score was greater than 0.5. All data were archived into the Scripps drug
discovery database, and activity was determined based on that of high and
low controls. The inhibitory activities of ebselen and its analogs were
further evaluated by TR-FRET in a 384-well plate format at a 10 �M final
concentration. The results represent the mean of at least three indepen-
dent experiments with triplicate data points per experiment.

Multiple-round infection. HeLa-CD4-LTR-LacZ (where LTR is long
terminal repeat) cells were infected with NL4.3 replicative virus in the
presence of increasing concentrations of ebselen for 72 h. HIV-1 replica-
tion was assessed by measuring the �-galactosidase (�-Gal) production in
cells by chlorophenol red-�-D-galactopyranoside (CPRG) assay or by
quantifying the viral capsid in the supernatant by p24 enzyme-linked
immunosorbent assay (ELISA).

Quantification of early and late reverse transcription product and
provirus integration. HeLa-CD4 cells were plated at 2 � 105 cells per well
in a six-well plate. Twenty-four hours later, cells were infected with vesic-
ular stomatitis virus G protein (VSV-G)-NL4.3 pseudotyped viruses in
the presence of ebselen, efavirenz, raltegravir, lopinavir, or dimethyl sul-
foxide (DMSO). Virus that was heat inactivated for 10 min at 95°C was
used as a control. At 18 h postinfection, genomic DNAs (gDNA) were
prepared using a DNeasy blood and tissue kit (Qiagen), according to the
manufacturer’s protocol, and subjected to quantitative PCR (qPCR) us-
ing Sensifast Sybr mix (Bioline). The early viral DNA products were am-
plified using the primer pair 5=-GGC TAA CTA GGG AAC CCA CTG-3=
(P1) and 5=-CTG CTA GAG ATT TTC CAC ACT GAC-3= (P2), and the
late viral DNA products were amplified using the primer pair 5=-TGT
GTG CCC GTC TGT TGT G-3= (P3) and 5=-GAG TCC TGC GTC GAG
G-3= (P4) (9). The number of integrated proviruses was quantified by
Alu-Gag PCR, followed by a nested qPCR (50). The Alu-PCR was run with
the following conditions: initial denaturation of 2 min at 94°C, then 20
cycles of amplification of 20 s at 94°C, 10 s at 50°C, and 3.5 min at 65°C,
and a final elongation step of 7 min at 65°C. Primers sequences were as
follow: for Alu, 5=-TCC CAG CTA CTG GGG AGG CTG AGG-3=; for
Gag, 5=-CCT GTG TCA GCT GCT TG-3=. Nested qPCR was done with
primers P1 and P2. The qPCR amplification was run as follows: 3 min at
95°C and then 40 cycles of 5 s at 95°C, 20 s at 60°C, and 8 s at 68°C. Results
correspond to the mean of three independent experiments with triplicate
(RT products) or duplicate (Alu-qPCR) data points per experiment.

Fate of capsid in cells. HeLa-CD4 cells were plated at 2 � 106 cells in
a 10-cm plate. Twenty-four hours later, cells were infected with NL4.3-
eGFP (where eGFP is enhanced green fluorescent protein) virus for 30
min at 4°C to allow viral attachment to cells and then moved to 37°C for 16
h in the presence of 20 �M ebselen, 6 �M PF74, or DMSO. Cells were
washed three times with ice-cold phosphate-buffered saline (PBS) and
then detached with 1 ml of Pronase (7.0 mg/ml prepared in Dulbecco’s
modified Eagle’s medium [DMEM]) for 5 min at room temperature. Cell
pellets were washed three times in PBS and resuspended in 2.5 ml of
hypotonic buffer (10 mM Tris-HCl, pH 8.0, 10 mM KCl, 1 mM EDTA,
and protease inhibitors) for 15 min on ice. Cells were lysed with 15 strokes
in a 7-ml Dounce homogenizer with pestle B, and cellular debris was
cleared by centrifugation for 3 min at 2,000 � g. Cleared lysate (100 �l)
was harvested and used as input for HIV-1 p24 assay. Two milliliters of
cleared lysate was ultracentrifuged onto a 50% (wt/vol, in PBS) sucrose
cushion at 125,000 � g for 2 h at 4°C (SW 41 Beckman rotor). The top-
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most part (100 �l) of the supernatant containing soluble CA was har-
vested. The pellet, containing fullerene CA, was resuspended in 100 �l of
SDS sample buffer. The input, supernatant, and pellet fractions were run
on SDS-PAGE gels followed by Western blotting with anti-p24 antibody.
The bands corresponding to input and pellet were quantified, and the
ratio of the value for the pellet fraction to that of the control was calcu-
lated. The error bars are representative of two independent experiments,
normalized to the values of the DMSO control.

In vitro CA assembly assay. The effect of ebselen on CA assembly was
measured by monitoring the turbidity at 350 nm, as previously described
(51). Briefly, 75 �l of NaCl solution (2 ml of 5 M NaCl mixed with 1 ml of
200 mM sodium phosphate, pH 8) containing increasing concentrations
of ebselen, PF74, raltegravir (used as a negative control), or DMSO was
placed into a 96-well plate. To initiate the assembly reaction, 25 �l of
purified p24-His protein (100 �M; 25 �M final concentration) was
added. Turbidity was monitored every 30 s for 20 min.

NMR. Nuclear magnetic resonance (NMR) data were collected on a
700-MHz Bruker NMR instrument equipped with a quadruple resonance
inverse (QCI) cryo-probe. The CA-CTD and the capsid mutant CA-CTD
W184A/M185A (WAMA) were prepared in 25 mM phosphate (pH 6.5),
100 mM NaCl, 0.02% NaN3, and 10% D2O, with or without 5 mM dithio-
threitol (DTT) to a final concentration of 1 mM and 330 �M, respectively.
Two-dimensional (2D) [1H,15N] heteronuclear single-quantum coher-
ence (HSQC) spectra were acquired at 298 K, with or without a 1.2-fold or
2.4-fold molar excess of ebselen prepared as a 50 or 100 mM stock in
hexadeutero-DMSO (DMSO-d6). All samples contained the same
amount of DMSO-d6 (2%). Chemical shifts were assigned using previ-
ously published CA-CTD (24) and WAMA HSQC peak assignments (25).
Data were processed using Bruker Topspin, version 3.0, and analyzed with
NMRViewJ (OneMoon Scientific, Inc.).

Tryptophan fluorescence assay. CA-CTD and a negative-control pro-
tein, lysozyme, were prepared at 5 �M and 2.5 �M, respectively, in the same
buffer as for NMR. Similarly, L-Trp was prepared at 25 �M. Serial dilutions
(1:1) of ebselen and a negative-control ligand, raltegravir, were prepared in
DMSO and added to the protein or L-Trp samples to final concentrations
ranging from 25 nM to 50 �M. Samples were plated in duplicate at 12 con-
centration points in a 96-well black quartz microplate (Hellma) and read
using a SpectraMax M5e at excitation and emission wavelengths of 280 nm
and 335 nm, respectively. The reversible effect of ebselen to cysteine was in-
vestigated by postincubation with 5 mM DTT for 30 min at room tempera-
ture. The effect of the ligand on L-Trp fluorescence is subtracted from the
ligand quenching to the intrinsic Trp fluorescence of CA-CTD or lysozyme
and converted to percentage with respect to the fluorescence of vehicle con-
trol samples. Data were analyzed in GraphPad Prism.

CD. CA-CTD (14 �M) was buffer exchanged in 10 mM potassium
phosphate–100 mM KF, pH 6.6. For ligand-bound samples, ebselen (in
DMSO) was added at a 2.4:1 molar ratio with respect to the protein, and
after a 1-h incubation, was buffer exchanged anew to remove traces of
DMSO. Experiments were performed in triplicate for each sample in a
circular dichroism (CD) quartz cuvette (Hellma) with a path length of 1
mm. Wavelength scans from 190 to 250 nm at 1-nm increments were
acquired at 25°C in a JASCO J-815 CD spectrometer.

Liquid chromatography-electrospray ionization-mass spectrome-
try (LC-ESI-MS). The molecular mass of CA-CTD was measured on a
LTQ XL linear ion trap mass spectrometer (Thermo-Fisher Scientific)
connected to a liquid chromatography system. The CA-CTD was reacted
with different molar ratios of ebselen and subsequently desalted and di-
luted to 4 �M at room temperature. The reversibility of ebselen modifi-
cation was investigated by postincubation treatment with 5 mM DTT for
30 min at room temperature. The resulting protein was acidified using
0.1% formic acid (FA) and separated onto a C8 column employing a 0% to
100% acetonitrile gradient. The mass spectra were acquired in the posi-
tive-ion mode. Mass-to-charge ratios were extracted from the raw data,
deconvoluted, and deisotoped with the MaqTran software.

For more details, see the supplemental material.

RESULTS AND DISCUSSION

The CTD of CA is responsible for capsid dimerization, and
Trp184 and Met185 residues in helix 9 of the CTD mediate this
interaction (13). A peptide mimicking the helix 9 sequence,
CAC-1, was shown to inhibit CTD dimerization (21), and a stabi-
lized version of this peptide, NYAD-201, inhibited mature-like
virus particle formation (22). These results suggested that target-
ing CTD dimerization would be a good strategy to identify HIV
inhibitors, and we initiated the development of an HTS-TR-FRET
assay using the CTD of CA tagged with either GST (GST-CTD) or
Flag (CTD-Flag) (Fig. 1A). The proteins were purified, and their
identity and homogeneity were verified by SDS-PAGE, followed
by Coomassie blue staining and Western blotting, revealing major
expected bands at 37 kDa for GST-CTD, 12 kDa for CTD-Flag,
and 11 kDa for untagged CTD (see Fig. S1A and B in the supple-
mental material).

HTS-TR-FRET for the identification of inhibitors of CTD
dimerization. We first performed an ELISA to validate the GST-
CTD/CTD-Flag dimerization. Using a range of CTD-Flag concen-
trations, a dose-dependent signal was observed, revealing success-
ful dimerization of CTD capsid (see Fig. S2A in the supplemental
material). When increasing concentrations of untagged CTD were
included, CTD dimerization was inhibited, with a 50% effective
concentration (EC50) of 1.9 � 0.12 �M (see Fig. S2B). To screen a
small-molecule compound library, we developed a HTS-TR-
FRET method assessing CTD dimerization. A strong and specific
absorbance was observed between GST-CTD and CTD-Flag,
while interaction between free GST and CTD-Flag gave a back-
ground signal (see Fig. S2C). The CTD dimerization was inhibited
by untagged CTD concentrations, with an EC50 of 1.07 �M (see
Fig. S2D). This assay presented excellent statistics, with a Z= score
of �0.7 and a signal-to-background ratio (S/B) of 3.5, allowing
the screen of the LOPAC library. The results were summarized as
a scatterplot (Fig. 1B). The LOPAC screen was completed, with
excellent assay statistics between triplicates with an average Z= score of
0.890 � 0.004, an average Z score of 0.573 � 0.003, and an S/B value
of 5.629 � 0.101. The hit cutoff was set at 42% (average 	 3 standard
deviations [SD]), and the hit rate was 3.28%, corresponding to 42
compounds. The top 10 hit compounds inhibited CTD-CTD in-
teraction by 59% to 71%. The LOPAC library was cross-refer-
enced for HCV core inhibitors (23), and out of the 42 hits identi-
fied in our screen, 9 displayed inhibitory activity against HCV core
dimerization (15.7% to 51.6%). We tested 20 of the top hits in
multiple rounds of HIV-1 infection in HeLa-CD4 cells and iden-
tified ebselen, an organoselenium compound (Fig. 1C), as the
most active inhibitor of HIV-1 replication. The inhibitory effect of
ebselen on CTD dimerization was confirmed by TR-FRET, with
ebselen displaying a 50% inhibitory concentration (IC50) of 46.1
nM (Fig. 1D). In comparison, ebselen presented no activity on
HCV core C106 dimerization by TR-FRET assays (23).

Ebselen inhibits HIV-1 replication. We evaluated HIV-1 sus-
ceptibility to ebselen using a reporter cell line that stably expresses
the �-galactosidase (LacZ) gene driven by the HIV-1 5= long ter-
minal repeat (LTR) and responds to the viral protein Tat ex-
pressed by an incoming virus. Thus, HeLa-CD4-LTR-LacZ cells
were infected with the HIV isolate NL4.3 in the presence of in-
creasing concentrations of ebselen, and the measured �-Gal activ-
ity was directly correlated with viral replication. Ebselen inhibited
the infection in a dose-dependent manner, with an EC50 of 1.99 �
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0.57 �M (Fig. 2A), while efavirenz, a nonnucleoside reverse trans-
criptase inhibitor (NNRTI) presented an EC50 of 1.02 � 0.05 nM;
lopinavir, a protease inhibitor (PI), showed maximal inhibition of
only 30%. Given that PIs inhibit capsid maturation and only act
upon spreading from the initial infection, it was not surprising to
observe lopinavir’s low inhibitory activity in this 72-h assay. The
activity of ebselen on HIV-1 replication was also assessed by p24
ELISA in the supernatant, with an EC50 of 7.2 �M in HeLa-CD4-
LTR-LacZ cells (Fig. 2B) and 3.2 � 0.9 �M in peripheral blood
mononuclear cells (PBMCs) (Fig. 2C). Given that ebselen is ex-
pected to bind to capsid, we made sure that ebselen was not inter-
fering with p24 detection by the ELISA (see Fig. S3 in the supple-
mental material). The concentration of ebselen used in these
assays did not impact cell viability as ebselen displayed a half-
maximal cytotoxic concentration (CC50) of 25.4 � 2.9 �M in
HeLa-CD4-LTR-LacZ cells (Fig. 2D) and �30 �M in PBMCs
(Fig. 2E). We then analyzed the antiviral activity of ebselen against
13 HIV-1 primary isolates belonging to seven different clades and
two drug-resistant viruses in the presence of 10 �M ebselen in
TZM-bl cells. TZM-bl cells are HeLa-CD4 cells that express the
receptor (CD4) and the two coreceptors (CXCR4 and CCR5) of

HIV-1 and express the �-galactosidase and luciferase genes under
the control of the HIV-1 promoter. In this reporter system, eb-
selen displayed between 86.2 and 98.6% inhibitory activity against
all viruses (see Table S1 in the supplemental material).

Ebselen covalently binds to Cys residues in the CTD of cap-
sid. We monitored the binding of ebselen to CTD via [1H,15N]
heteronuclear single-quantum coherence (HSQC) NMR on
CA-CTD and on the capsid mutant CA-CTD W184A/M185A
(WAMA) that bears amino acid substitutions that disrupt
dimerization (13). Peak assignments were based on published
HSQC chemical shifts for CA-CTD (24) and the WAMA mutant
(25). The addition of 1.2- and 2.4-fold molar excesses of ebselen to
CA-CTD and WAMA revealed peaks corresponding to free CA-
CTD but with lower intensity than that of the apo form and the
concomitant appearance of new resonances from ligand-bound
protein shifted from initial peak positions, consistent with ligand
binding in slow exchange on the NMR time scale (Fig. 3A to D).
After the addition of 2.4-fold ebselen to either protein, high-in-
tensity peaks clustered at the spectral center were observed, indi-
cating protein aggregation (Fig. 3B and D). Circular dichroism
(CD) spectrometry showed identical spectra for the free and eb-

FIG 1 LOPAC library screen. (A) Schematic representation of the TR-FRET assay. (B) Primary results screen. Each black dot represents a single data point, red
dots correspond to GST-CTD alone and represent the “no CTD dimerization” baseline, green dots correspond to GST-CTD and CTD-Flag interaction and
represent the “100% dimerization” baseline, and blue dots correspond to CTD dimerization inhibited by 3 �M untagged CTD, which results in 75% inhibition
of CTD dimerization. The HTS assay was performed in triplicate. Statistics of the screen are indicated. Ave/AVG, average; SD, standard deviation. (C) Structure
of ebselen. MW, molecular weight. (D) Inhibition of CTD dimerization by Ebselen in TR-FRET assay.
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selen-saturated protein (Fig. 3E), suggesting that the aggregated
protein observed at 2.4-fold ebselen did not result from protein
unfolding but from structural rearrangement to accommodate
the bulky and hydrophobic ligand, resulting in a conformation
susceptible to aggregation.

Binding of ebselen to CA-CTD was also confirmed by trypto-
phan fluorescence quenching, showing a decrease in fluorescence
proportional to increased ebselen concentrations (Fig. 3F). No
fluorescence quenching was observed in the presence of the inte-
grase inhibitor (INI), raltegravir, or when ebselen was incubated
with lysozyme, demonstrating the specificity of the ebselen–CA-
CTD interaction. Furthermore, the addition of dithiothreitol
(DTT) to ebselen–CA-CTD resulted in a loss of fluorescence
quenching, suggesting that the interaction between ebselen and
CA-CTD was reversible by a reducing agent (see Fig. S4A in the
supplemental material).

Ebselen is an organoselenium compound that mimics glutathi-
one peroxidase activity (reviewed in reference 26). Previous stud-
ies show that this compound forms a covalent bond between its
selenium atom and thiols in cysteine residues by forming a sele-
nylsulfide (-Se-S-) linkage (27–29). HIV-1 capsid contains two
cysteine residues, Cys198 and Cys218 (full-length CA number-
ing), both located in the CTD. These cysteine residues are highly
conserved across HIV-1 subtypes, with 99.96% and 99.76% con-
servation for Cys198 and Cys218, respectively (Fig. 4A). These
cysteines do not form a disulfide bond in the viral particle, and
mutation of Cys198 interferes with viral particle disassembly,
while mutation of Cys218 drastically reduces viral particle assem-
bly (30). Liquid chromatography-electrospray ionization-mass
spectrometry (LC-ESI-MS) confirmed the covalent linkage of eb-
selen to CA-CTD (Fig. 4B). Incubation of CA-CTD with equimo-
lar amounts of ebselen showed the presence of intact CA-CTD

FIG 2 Activity of ebselen on HIV-1 replication. (A) HeLa-CD4-LacZ cells were infected with NL4.3 replicative virus in the presence of increasing concentrations
of ebselen for 72 h. �-Galactosidase activity was determined by quantitative CPRG assay. (B) Viral supernatants from HeLa-CD4 cell infections were assayed for
their p24 antigen content using a sandwich ELISA kit. (C) Viral supernatants from PBMC infections were assayed for their p24 antigen content using a sandwich
ELISA kit. (D and E) Cell viability MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assays on HeLa-CD4 cells and PBMCs, as
indicated, treated with increasing concentrations of ebselen for 72 h (D) and for 4 days (E).
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FIG 3 Ebselen induces local structural changes in CA-CTD. (A and B) 2D [1H-15N] HSQC spectra of CA-CTD with a 1.2-fold (A) or 2.4-fold (B) molar excess
of ebselen. (C and D) 2D [1H-15N] HSQC spectra of CA-CTD W184A/M185A (WAMA) with a 1.2-fold (C) or 2.4-fold (D) molar excess of ebselen. Peak
assignments were based on published HSQC chemical shifts for CA-CTD (24) and the WAMA mutant (25). (E) Circular dichroism of CA-CTD with or without
2.4-fold ebselen. (F) Tryptophan fluorescence quenching assay of CA-CTD or lysozyme as a negative control, titrated with ebselen or raltegravir.
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(
10,838 Da) as well as ion masses that are 274 Da and 548 Da
higher than the mass of CA-CTD, consistent with mass increases
of one or two covalently linked ebselen molecules (
274 Da).
Notably, CA-CTD became preferentially double labeled with two
molecules of ebselen even at a compound-to-protein molar ratio
of 1:1. At higher ratios of ebselen to CA-CTD, only the doubly
modified CA-CTD was detected. These observations highlight the
high reactivity of both cysteine residues for ebselen modification.
In accordance with the tryptophan fluorescence quenching re-
sults, we confirmed that addition of DTT reduced the selenylsul-
fide bond between ebselen and CA-CTD (see Fig. S4B in the sup-
plemental material). Furthermore, small amounts of CA-CTD
protein isoforms with intramolecular disulfide-linked (Cys-S-S-
Cys) and oxidized Cys residues (Cys-SO2H) were also observed
but not the ion species equivalent to the corresponding ebselen-
linked oxidized CA-CTD (Fig. 4C). Collectively, these results sug-
gest that ebselen covalently links to thiol groups (Cys-SH) in
Cys198 and Cys218 of CA-CTD via a selenylsulfide linkage, form-
ing S-[(2-carbamoylphenyl)selanyl]-L-cysteine, as illustrated in
the structural model of CA-CTD bound to two ebselen molecules
(see Fig. S5 in the supplemental material). The binding of ebselen
to CTD is specific as omeprazole (31), methyl-3,4-dephostatin

(27), and 3-bromo-1,1,1-trifluoroacetone (BTFA) (32), three cys-
teine-binding compounds, have no effect on HIV-1 replication
and display less or no activity on CTD dimerization inhibition
compared to the effect of ebselen (see Table S2 in the supplemen-
tal material).

NMR chemical shift perturbations in CA-CTD and WAMA in
the presence of a 1.2-fold molar excess of ebselen were quantita-
tively analyzed in a plot overlay that showed similar perturbation
footprints (Fig. 5A). We mapped the residues that were affected by
ebselen in CA-CTD and WAMA to the crystal structure of CA-
CTD (33), and the most perturbed residues were found to colo-
calize in close proximity to Cys198 and Cys218. Some residues
distal from these cysteine targets were also perturbed allosterically
as a result of either structural rearrangements or conformational
change after ebselen linkage (Fig. 5B and C). At a 2.4-fold molar
excess of ebselen, additional residues in CA-CTD were perturbed
that coincide with peaks that were substantially broadened in
WAMA relative to those in CA-CTD (see Fig. S6 in the supple-
mental material). These peaks correspond to several critical resi-
dues within, or in close proximity to, the dimerization region,
including W184 and M185. These results indicate that covalent
attachment of two molar equivalents of ebselen promotes a con-

FIG 4 Ebselen covalently binds to both CA-CTD Cys residues. (A) Representation of frequencies of Cys198 and Cys218 residues from 2,890 sequences from eight
different clades (A, B, C, D, F, G, CRF01_AE, and CRF01_AG) (HIV sequence database alignment) using the WebLogo application (http://weblogo.berkeley
.edu). (B) ESI-MS analysis of CA-CTD incubated with different molar ratios of ebselen (Ebs). (C) ESI-MS analysis of oxidized CA-CTD species (intramolecular
disulfide bridge, or higher-order cysteine oxidations) treated with different molar ratios of ebselen.
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formational change that shifts the monomer-dimer equilibrium
in favor of the ebselen-linked monomer that is susceptible to ag-
gregation.

Mechanism of action of ebselen. Capsid inhibitors as well as
restriction factors targeting the viral capsid can inhibit HIV-1 rep-
lication at different steps of the viral life cycle, such as postentry
events (uncoating), capsid assembly, or capsid maturation. We
investigated in detail the step of the HIV-1 life cycle inhibited by
ebselen, starting with the analysis of the activity of ebselen in early
stages of HIV-1 replication (postentry events) in single-round in-

fections using VSV-G pseudotyped virus (VSV-G-NL4-3). Eb-
selen was active in a single-round infection assay, with an EC50 of
3.37 � 0.82 �M. Efavirenz displayed an EC50 of 1.22 � 0.22 nM,
while lopinavir, as expected, was not active in this assay (Fig. 6A).
We subsequently analyzed the viral DNA species, such as the early
and late reverse transcription (RT) products, via quantitative PCR
(qPCR). In addition, we also analyzed proviral integration by Alu-
PCR followed by qPCR (Fig. 6B). Ebselen decreased early and late
RT products in a dose-dependent manner and, as a result, inhib-
ited the levels of integrated proviral DNA. Raltegravir (INI) and

FIG 5 Residues affected by ebselen in 15N–labeled CA-CTD. (A) HSQC peak shift with respect to CA-CTD (black) and WAMA (red) apo form after the addition
of a 1.2-fold molar excess of ebselen. (B and C) HIV capsid CTD structure (33) (Protein Data Bank code 2BUO) rendered in PyMOL as a ribbon diagram
highlighting residues affected by adding a 1.2-fold molar excess of ebselen to CA-CTD (B) and WAMA (C). Residue color scheme reflects peak shifts that are �	2
SD (red sticks), between 	1 and 	2 SD (orange), and within 	1 SD (light orange) from the mean peak perturbation. Residues Cys198 and Cys218 are shown
in magenta.
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lopinavir (PI) had no impact on RT activity, and as expected ralte-
gravir inhibited proviral integration. The profile of ebselen was
similar to that observed for the RT inhibitor efavirenz (NNRTI),
which suggests that ebselen may affect the reverse transcription
process by negatively impacting the uncoating process. To test this
hypothesis, we investigated the fate of the HIV-1 capsid in the
presence of ebselen. This assay monitors the uncoating process by
measuring the relative level of soluble (disassembled CA) versus
pelletable (fullerene core) capsid during HIV-1 infection (34). As
shown in Fig. 6C, ebselen increased the amount of pelletable CA
compared to that of the DMSO control, suggesting a stabilization
of the mature capsid, similar to what is observed for the cellular
restriction factor MxB (8). In contrast, the NTD inhibitor PF74
decreased the amount of pelletable CA protein during infection by
destabilizing the mature capsid, as previously observed (35). The
stabilization effect observed in the presence of ebselen was also
shown in an in vitro capsid multimerization assay. While the ad-
dition of CTD and capsid assembly inhibitor (CAI) peptide inhib-
ited capsid assembly (36, 37), addition of increasing concentra-
tions of ebselen resulted in a dose-dependent increase in the rate
of CA multimerization. This same phenomenon was previously
observed with the NTD capsid inhibitor PF74 (38). In contrast,
the addition of raltegravir (INI) had no impact on HIV-1 capsid
assembly (Fig. 6D). Altogether, these results suggest that ebselen
acts at an early, postentry stage of the HIV-1 replication cycle by
increasing the stability of the viral capsid during infection and
impairing the uncoating process by a mechanism of action differ-
ent from that of PF74. We cannot exclude the possibility that this
increase in stability may result from aggregation of CTD protein as
observed in NMR in the presence of a 2.4-fold excess of ebselen.

We further investigated the impact of ebselen on late replica-
tion events (after integration of the viral DNA into the host cell
genome). First we analyzed the impact of ebselen on HIV tran-
scription promoted by the viral transactivator Tat using HeLa-
CD4-LTR-Luc cells that respond to Tat transactivation (Fig. 6E).
We demonstrated that ebselen had no impact on the ability of Tat
to activate HIV-1 transcription, while didehydro-cortistatin A
(dCA), a potent Tat inhibitor (39), displayed inhibitory activity of
70%. We then analyzed the impact of ebselen on Gag expression
and maturation after transfection of HEK 293T cells with pNL4.3
as well as on the infectivity of the viral particles produced. The Gag
protein expression and maturation were similar in the presence of
ebselen, raltegravir (INI), or the DMSO control, while, as ex-
pected, two protease inhibitors (ritonavir and lopinavir) affected
the maturation process (Fig. 6F). The viral particles produced in
the presence of ebselen and raltegravir showed levels of infectivity
similar to those of the virions produced in the DMSO control,
while ritonavir and lopinavir abolished the infectivity of the viri-
ons by interfering with the maturation process (Fig. 6G). Taken
together, these results demonstrate that ebselen has no impact on
late events in the HIV-1 life cycle.

Evaluation of analogs of ebselen. Based on our NMR and LC-
ESI-MS results and as reported in the literature (27–29), ebselen
forms a selenylsulfide (-Se-S-) linkage with cysteine residues. To
confirm the importance of the selenium atom in ebselen, we ana-
lyzed analogs with selenium replaced by sulfur (S-ebselen), oxy-
gen (O-ebselen), carbon (C-ebselen) (40), or a selenoxide group
(ebselen oxide) or with the phenyl ring converted to pyridine
(2pyr-ebselen and 3pyr-ebselen) (41) (Table 1). The inhibitory
activity of these analogs on CTD dimerization was evaluated by
TR-FRET assay. Only the S-ebselen, 2pyr-ebselen, and ebselen
oxide analogs retained the inhibitory activity of ebselen, while
O-ebselen, C-ebselen, and 3pyr-ebselen had no impact on
dimerization. Since ebselen oxide and 2pyr-ebselen displayed
IC50s in the same range as the ebselen IC50 in TR-FRET assay, we
further studied these compounds in single-round infections and
determined their cytotoxicity. Ebselen oxide and 2pyr-ebselen
presented slightly lower EC50s than ebselen (1.61 � 0.18 �M and
1.92 � 0.85 �M versus 4.07 � 0.93 �M, respectively); however
ebselen oxide was slightly more toxic than ebselen in HeLa-CD4
cells (CC50 of 28.9 � 3.3 �M versus 37.9 � 7.3 �M, respectively).
Taking these results together, ebselen modification to ebselen ox-
ide or 2pyr-ebselen slightly improved ebselen’s potency. Collec-
tively, these results reveal the importance of ebselen’s selenium
atom in its antiviral activity.

Impact of ebselen on other retroviruses and nonretroviruses.
We assessed the specificity of ebselen to inhibit infection by Molo-
ney murine leukemia virus (MoMuLV) and simian immunodefi-
ciency (SIVmac239) virus. Ebselen inhibited MoMuLV and
HIV-1, with EC50s of 3.87 �M and 1.75 �M, respectively (Fig. 7A),
and it inhibited SIV, with an EC50 of 4.2 �M (Fig. 7B). The inhi-
bition of SIVmac239 by ebselen was expected since the SIV CTD
sequence is conserved relative to that of HIV-1 and also contains
the two cysteine residues, Cys198 and Cys218 (42). However, lit-
tle homology exists between MoMuLV and HIV-1 capsids.
MoMuLV capsid contains a single cysteine residue at position 55
and a unique carboxy terminus containing charge-rich residues
(arginine and glutamic acid), critical for proper viral assembly (43,
44). These results suggest that the binding of ebselen to capsid may
also have a conformational component.

We further evaluated the effect of ebselen on nonretroviruses
such as hepatitis C (HCV) and influenza viruses, and in both
cases, ebselen showed no activity (Fig. 7C and D). These results
suggest ebselen to be rather specific for retroviruses. In a recent
report, ebselen was shown to inhibit HCV NS3 helicase binding to
nucleic acid by interacting with cysteine residues, with an EC50 of
30 � 17 �M and a CC50 of 34 � 4 �M. Thus, the inhibitory
activity of ebselen could partly be due to cellular toxicity (45).

Conclusions. Protein-protein interactions play key roles in a
wide range of biological processes and are attractive targets for the
design of novel therapeutics (46). However, the development of
inhibitors that target these interactions is far more challenging

FIG 6 Mechanism of action of Ebselen. (A to C) Impact of ebselen on early replication events. (A) Activity of ebselen was determined by HIV-1 single-round
infection in HeLa-CD4-LacZ cells. �-Galactosidase activity was determined by quantitative CPRG assay. (B) The effect of ebselen on reverse-transcription
products and HIV-1 integration was determined. HI, heat inactivated. Early and late RT products were determined by qPCR, and provirus integration was
quantified by Alu-PCR followed by a qPCR. (C) The impact of ebselen on HIV-1 capsid stability was determined by a fate of capsid assay. (D) Impact of ebselen
on in vitro capsid assembly. (E to G) Impact of ebselen on late viral replication events. (E) The effect of ebselen on Tat-mediated transactivation was determined
in HeLa-CD4-LTR-Luc cells. Luciferase activity was measured at 48 h posttransfection of Tat-Flag. WT, wild type. (F) Activity of the indicated drugs on Gag
expression and maturation was determined in 293T cells transfected with pNL4.3 (top). Gag expression was quantified by Western blotting with corresponding
densitometry analysis (bottom). The impact of ebselen on infectivity of the viral particles produced in the experiment shown in panel F was determined in
infection of reporter HeLa-CD4-LTR-Luc cells. Luciferase activity was measured at 48 h postinfection.
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than targeting enzyme active sites. Notably, none of the drugs
currently used in antiretroviral therapy target the HIV-1 capsid
protein. Given the capsid’s key importance in productive infec-
tion, it seems reasonable to promote drug development against
the capsid. HIV is well known for its high mutation rate and,

consequently, rapid site-directed drug resistance; thus, develop-
ing inhibitors insensitive to such viral mutational evolution is im-
portant. Targeting the viral capsid seems appropriate since this
protein has been shown to mutate less readily and presents 70%
sequence conservation between isolates (47).

TABLE 1 Structure and activity of ebselen analogs

Compound Structure

% of CTD
dimerization
inhibitiona IC50 (�M)b EC50 (�M)c CC50 (�M)d

Ebselen (2-phenyl-1,2-benzisoselenazol-
3(2H)-one)

74.5 � 3.7 0.0467 4.25 � 1.04 37.9 � 7.3

S-ebselen (2-phenylbenzol[d]isothiazol-
3(2H)-one)

51.4 � 10.4 4.7 ND ND

O-ebselen (2-phenylbenzol[d]isoxazol-
3(2H)-one)

— NDe ND ND

C-ebselen (2-phenyl isoindolin-1-one) — ND ND ND

2pyr-ebselen (2-(2-pyridyl)-1,2-
benzisoselenazol-3(2H)-one)

58.6 � 3.9 0.1359 1.92 � 0.85 �50

3pyr-ebselen (2-(3-pyridyl)-1,2-
benzisoselenazol-3(2H)-one)

— ND ND ND

Ebselen selenoxide (1-oxide-2-
phenyl-1,2-benzisoselenazol-
3(2H)-one)

81 � 4.1 0.0512 1.61 � 0.18 28.9 � 3.3

a Maximal percent inhibitory activities of ebselen and its analogs were measured in TR-FRET assays at final concentrations of 10 �M. —, inhibition by less than 25%.
b IC50s of analogs were determined by a dose-response inhibition of CTD dimerization in TR-FRET assays.
c EC50s of ebselen, 2pyr-ebselen, and ebselen oxide were determined in HIV-1 single-round infections in HeLa-CD4-LTR-LacZ cells.
d CC50 values were determined by MTT assays on HeLa-CD4-LTR-LacZ cells for a period of 48 h.
e ND, not determined.
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To this end, we conducted a TR-FRET-based HTS assay to
identify inhibitors of HIV-1 capsid dimerization. This screening
successfully identified ebselen as an inhibitor of capsid dimeriza-
tion and HIV-1 replication. NMR confirmed perturbation of res-
idues in the dimerization domain of CTD when ebselen is present
at more than 2-fold the CTD molar concentration. Using cellular
assays, we observed that this small molecule acts on the early
postentry step of the viral cycle prior to reverse transcription by
stabilizing the incoming viral capsid. However, we cannot exclude
the possibility that this increase in stability may result from aggre-
gation of CTD protein, as observed in NMR in the presence of a
2.4-fold excess of ebselen. Moreover, ebselen was initially found as
an inhibitor of dimerization in TR-FRET assays using only the
CTD of capsid. In this context it is also a possibility that aggrega-
tion might have led to a loss in fluorescence intensity. Interest-
ingly, ebselen inhibits diverse retroviruses but has no impact on
nonrelated viruses such as HCV and influenza viruses. In addi-
tion, the selenium atom in ebselen was shown to be important for
its activity. However, ebselen has been identified in several biolog-

ical assays, suggesting lack of selectivity (reviewed in reference
26); therefore, chemical innovation around the ebselen phar-
macophore, while retaining the key selenium atom, will be nec-
essary for increasing specificity for retroviral inhibition. A
phase 2 clinical trial testing ebselen (SPI-1005) to prevent and
treat noise-induced hearing loss has been conducted. Ebselen
demonstrated clinically relevant reduction in temporary
threshold shift (TTS) induced by loud-sound exposure, and the
doses of ebselen administered (200, 400, and 600 mg twice daily
for 4 days) were well tolerated. Therefore, despite its lack of
specificity, ebselen is safely tolerated (48).

This study is a proof-of-concept employing a TR-FRET-based
HTS platform to identify a small molecule that targets the viral
capsid. The identification of ebselen as an inhibitor of HIV-1 rep-
lication further highlights the validity of the HIV-1 capsid as a
promising drug target. Moreover, as the use of covalent inhibitors
is growing in drug discovery (reviewed in reference 49), this study
lays the groundwork for future drug design involving covalently
linked capsid inhibitors that target HIV-1 replication.

FIG 7 Impact of ebselen on MoMuLV, SIV, HCV, and influenza viruses. (A) Impact of ebselen on the retrovirus MoMuLV in TE671 cells infected with
VSV-G-MoMuLV-GFP and VSV-G-NL4.3-GFP viruses. The percentage of GFP-positive cells was determined by flow cytometry. (B) Impact of ebselen
on SIV infection in CEM174 cells infected with SIVmac239 virus. Viral supernatants were assayed for their p27 antigen content using a sandwich ELISA
kit. (C) Impact of ebselen on HCV by replication and infectivity assays in Huh-7.5 cells containing an HCV reporter virus (pSG-Rluc-2a-neo-NS3-5B
JFH1) by measuring luciferase activity (left) or infected with a cell culture-adapted strain of JC1 (JC1.1) by determining the 50% tissue culture infective
dose/ml using an anti-NS5A antibody. (D) Impact of ebselen on influenza virus (H1N1) in HeLa-CD4 cells determined by flow cytometry using a
monoclonal antibody to H1N1.
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