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ABSTRACT: Viral assembly, similar to other self-organizing
protein systems, relies upon early building blocks, which
associate into the late supramolecular structures. An initial and
crucial event during HIV-1 core assembly is the dimerization
of the capsid protein C-terminal domain, which stabilizes the
viral capsid lattice. Thus, monitoring and manipulating this
stage is desirable both from mechanistic as well as clinical
perspectives. Here, we developed a fluorescent-based method for the detection and visualization of these early capsid
interactions. We detected strong dimeric interactions, which were influenced by mutations in the capsid protein. We utilized this
assay for potential assembly inhibitors screening, which resulted in the identification of a leading compound that hinders the
assembly of capsid protein in vitro. Moreover, a derivative of the compound impaired virus production and infectivity in cell
cultures. These findings demonstrate that the described assay efficiently detects the very first association events in HIV-1 capsid
formation and emphasize the significance of targeting early intermolecular interactions.

The organization of viral capsids by self-assembly of
structural building blocks is a critical event in the viral

replication cycle that carries major clinical implications.
Similarly, the self-assembly of amyloid proteins is associated
with many pathologies,1 including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and type 2 diabetes (T2D).
Targeting the initial steps of the association of these proteins
holds an immense therapeutic potential yet is very challenging.
A major structural component of the human immunodefi-

ciency virus-1 (HIV-1) is the capsid protein (CA) that
assembles into the core encapsulating the viral genome and
proteins.2 CA comprises two independently folded domains,
the N-terminal domain (NTD) and the C-terminal domain
(CTD), separated by a flexible linker.3−6 High-resolution
structural models of HIV-1 core revealed that the lattice is
formed by NTD hexamers, connected by CTD dimers.7−9 The
lattice-stabilizing CA CTD dimer interface is similar to the
solution dimer interface,8,10 indicating that the basic assembly
unit of the HIV-1 core is composed of two CA subunits linked
by their CTD. It was shown that mutations in CA CTD impair
viral particle assembly both in vitro and in vivo and diminish
viral infectivity,4,11,12 thus, making the CTD dimerization an
attractive therapeutic target.
A number of HIV-1 CA assembly inhibitors were previously

reported,13−19 demonstrating the antiviral potential of disrupt-

ing CA assemblies. To specifically target the CA dimerization
event, we used bimolecular fluorescence complementation
(BiFC) for the detection and visualization of this fundamental
assembly unit. BiFC is based on the association of two
nonfluorescent constituents fused to a protein of interest (here,
the CA CTD) and the subsequent generation of a fluorescent
complex as a result of interaction between the fused
proteins.20,21 This assay is widely used for protein−protein
interactions and was recently utilized by us as a platform of high
throughput screening (HTS) for amyloid assembly inhibitors.22

Following a screening for potential CA assembly inhibitors,
we identified a leading compound which inhibits the assembly
of CA protein in vitro. We found that a derivative of this
compound inhibits assembly in vitro more efficiently as
demonstrated by biophysical methods, including turbidity
assay, dynamic light scattering (DLS), electron microscopy
(EM), and nuclear magnetic resonance (NMR). We also found
that this lead compound hinders viral infectivity and viral
particle production in cell cultures, indicating the significance of
targeting the initial CA interactions and the clinical relevance of
the developed BiFC assay.
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To study and monitor the elementary association of CA
CTD using BiFC, split mCherry protein, a mutant monomeric
red fluorescent protein,23 was used as the fluorescent marker.
The two fragments of mCherry protein, residues 1−159 (N-
ter) and 160−237 (C-ter), were cloned separately into E. coli
expression vectors with compatible origins of replication
(ORI).22 CA CTD (residues 146−231, GeneBank accession
number NP_579880) was fused to the mCherry fragments via a
flexible linker consisting of two repeats of the sequence (Gly−
Gly−Gly−Gly−Ser) (Figure 1A). To achieve efficient detection
and visualization of CA CTD interactions and high expression
of the assembly units, the assay was performed in bacteria cells
(see Supporting Information). The fluorescence of E. coli cells
expressing the CA CTD fused to the mCherry fragments was
measured and compared to cells expressing the nonfused N-ter
and C-ter mCherry fragments (negative control). To rule out
the possibility that the fluorescent signal stems from
interactions between CA CTD and mCherry fragments, two
additional negative controls were examinedCA CTD fused to
either the C-ter or the N-ter fragment coexpressed with the
nonfused compatible mCherry fragment. As shown in Figure
1B, mCherry fragments carrying CA CTD generated a robust
fluorescent signal, significantly higher than that of all negative
controls, indicating no affinity between the individual mCherry
fragments or between CA CTD and mCherry fragments. The
fluorescence of CA CTD interactions could also be detected by
fluorescence microscopy. Red fluorescence was evident in cells
coexpressing the CA CTD-N-ter and C-ter-CA CTD fusions
(Figure 1C, image 1), while no fluorescence was observed for
cells expressing the negative controls (Figure 1C, images 2−4).

These findings suggest that the fluorescent signal is the result of
CA CTD interactions.
To evaluate the sensitivity of the BiFC assay in detecting

alterations in CA CTD interactions, known mutations in the
dimerization interface of CA CTD were also examined. As
previously reported by structural and genetic data, Trp at
position 184 (W184) and Met at position 185 (M185) have a
significant role in CA CTD dimerization and in core
organization.4,11,24 Substitution of these residues to Ala
significantly reduced CA CTD association (Figure 1D). The
W184A mutation had a slightly stronger inhibitory effect than
that of the M185A mutation. This finding is in agreement with
previous studies showing that W184 is more critical for CA
dimerization,4 thus suggesting the BiFC system enables a
sensitive detection of variations in CA association.
Next, we employed the assay to screen for potential

inhibitors of CA CTD dimerization using a library of 1280
pharmacologically active compounds22 (see Supporting In-
formation, Table S1). This library offers high structural
diversity; yet, for clinical purposes the positive hits should be
medicinally modified to increase specificity for capsid protein,
since these molecules have additional biological activity. The
advantage of the designed BiFC assay as a screening method
compared to other complementary methods such as co-
immunoprecipitation25 is that the assembled complex has
strong intrinsic fluorescence, allowing direct visualization of CA
CTD interaction with no need for exogenous agents.
Each compound was added in a final concentration of 100

μM to the media of cells expressing the CA CTD-mCherry
constructs. To validate that the compounds directly affect CA

Figure 1. Detection of CA CTD intermolecular interactions using the BiFC assay. (A) Schematic representation of BiFC constructs. CA CTD
(residues 146−231) fused to the N-terminus and C-terminus of mCherry fragments 1−159 (N-ter) and 160−237 (C-ter), respectively. Fluorescence
spectroscopy (B) and fluorescence microscopy (C) of bacteria expressing the following pairs: CA CTD-N-ter and C-ter-CA CTD (1), mCherry N-
ter and C-ter (2), CA CTD-N-ter and C-ter (3), or C-ter-CA CTD and N-ter (4). Upper panel: bright field. Lower panel: dark field. Magnification is
×40. (D) Fluorescence spectroscopy of bacteria expressing wild type or CA CTD mutants (either W184A or M185A) fused to split mCherry or the
negative control (N-ter and C-ter). For B and D, excitation, 540/35; emission, 600/40. Values are means ± s.d., Student’s t test, *P < 0.05, ****P <
0.0001, N = 4.
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CTD interactions rather than other cellular processes such as
protein translation or folding, the compounds were also added
to cells expressing the intact mCherry protein. Each compound
was tested in triplicate and normalized according to cell
amount. The screening yielded four positive hits: taurocholic
acid (TA), aminoguanidine hemisulfate (AGH), (±)-2-amino-
5-phosphonopentanoic acid (A5PA), and acetylsalicylic acid
(ASA). These compounds significantly inhibited CA CTD
dimerization (by 50% or more; Figure S1) and had no
significant effect on the intact mCherry protein (Figure S1).
Next, we examined whether the lead compounds inhibit the

assembly of HIV-1 CA protein in vitro. The assembly of full-
length HIV-1 CA protein was monitored over time either in the
absence or in the presence of the compounds by turbidity assay.
Quantitative analysis was obtained by fitting the time-
dependent formation of light-scattering CA assemblies to a
sigmoidal equation (Supporting Information). As shown in
Figure S2 and Table S2, at a high molar excess of 100-fold,
A5PA had no inhibitory effect on the assembly of the protein,
as it increased the time at which the optical density reaches half
of its final value (t50) by 1.8-fold. However, AGH and ASA
decreased the linear assembly rate by more than 2-fold and
mildly increased the t50 of the reaction (Table S2). In contrast,
TA significantly inhibited the assembly of CA protein, as all
reactions, besides that with TA, reached equilibrium after 40
min. In addition, TA had no effect on the dimerization of two
additional unrelated proteins, islet amyloid polypeptide, and α-
synuclein,22 further supporting specificity of the compound for
capsid protein. The variance between the inhibitory perform-
ances of TA in the BiFC assay compared to that in vitro stresses
the differences between the two systems; while the cellular
bacterial milieu includes various factors that might affect the

activity and affinity of TA to CA CTD such as molecular
crowding or interactions with additional proteins, these factors
do not occur in the in vitro settings.
TA was selected for further examination as the leading

inhibitor. First, we studied the effect of varying TA
concentrations on the assembly of CA; the compound inhibited
CA protein association in a dose dependent manner (Figure
2A, Table S3). To further explore the activity of TA, we studied
the inhibitory potential of three commercially available TA
derivatives: glycocholic acid (GCA), taurodeoxycholate (TDC),
and glycodeoxycholate (GDC; Figure S3). As shown in Figure
2B and Table S4, GDC had the most significant effect on CA
protein assembly at 4-fold molar excess, as it decreased the
assembly rate by 6-fold and increased the t50 by more than 4-
fold. To determine the IC50 of GDC, the effect of varying
concentrations of the compound on the linear assembly rate of
CA protein was evaluated; the calculated IC50 of GDC in vitro
was found to be 94.03 ± 0.56 μM (Figure S7A). The turbidity
assay results suggest the compounds inhibit the lower scale
aggregation of capsid protein. Size distribution of CA
assemblies by DLS revealed that GDC increased the population
of small particles and decreased the formation of large CA
assemblies (Figure 2C). Ultrastructual analysis of CA
assemblies demonstrated the formation of tubular structures
resembling authentic cores after 30 min incubation of the
protein in high ionic strength. Yet, in the presence of GDC, the
protein failed to assemble into these organized structures
(Figure 2D). The identical CD spectra of CA with or without
GDC indicate that the CA structure is unchanged upon binding
of GDC (Figure S4).
To gain more insights into the mechanism by which GDC

disrupts CA assembly and to determine how GDC binds to the

Figure 2. Effect of TA and TA derivatives on CA protein assembly in vitro. (A, B) Turbidity assay of CA protein assembly (38 μM, 2 M NaCl) in
either the absence (black) or presence of (A) 2-fold (red), 10-fold (blue), or 100-fold (magenta) molar excess of TA; (B) 4-fold molar excess of
GCA (red), TA (blue), TDC (magenta), or GDC (gray). (C) DLS analysis of CA assemblies (38 μM, 1.5 M NaCl) either in the absence (black) or
presence (gray) of 4-fold molar excess of GDC. (D) TEM micrographs of CA assemblies (38 μM with 2 M NaCl) in the absence (control) or
presence of 4-fold molar excess of GDC. Scale bar is 1 μm.
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CA domain, we conducted NMR titration studies on the N-
terminal and C-terminal domains of CA (NTD and CTD,
respectively). As shown in Figure 3A, a subset of 1H−15N

signals exhibited chemical shift changes upon increasing the
concentration of GDC into a 15N-labeled sample of NTD,
indicating a direct and site-specific binding. Binding of GDC
led to chemical shift perturbations for numerous residues such
as T19, E29, K30, F32, S33, V36, F40, N53, L56, N57, V59,
G60, G61, H62, Q63, A64, A65, K70, and G106. Interestingly,
the majority of these residues are located in the binding site of
the previously reported HIV-1 capsid assembly inhibitor,
CAP1.13 This was an unexpected result because GDC was
expected to target the CTD domain. In the next experiment, we
have titrated GDC into a 15N-labeled sample of CA CTD at pH
7 followed by 2D HSQC experiments. Strikingly, a set of signals
that is only observed at pH 7 disappeared upon the addition of
an equimolar amount GDC (Figure 3B). The presence of an
extra set of signals at pH 7 is consistent with previous studies
indicating formation of CA CTD assemblies at pH 7.26 Several
other 1H−15N signals also exhibited chemical shift changes
upon increasing the concentration of GDC (Figure 3B). GDC
binding to CTD at pH 5 also led to perturbations of several
1H−15N resonances as observed for CTD at pH 7 (Figure S5).

However, the extra set of signals is not observed at pH 5. These
findings may suggest that GDC disrupts intermolecular
interactions of CA CTD, as was demonstrated by the in vitro
results and by the analysis in cell cultures. These findings
indicate that GDC is able to bind to both NTD and CTD,
suggesting a novel mechanism of inhibition. Additional
structural studies will be conducted in the future to obtain
more details into the mechanism of GDC binding.
To study the effect of GDC on viral infectivity, 293T cells

were cotransfected with plasmids encoding for vesicular
stomatitis virus envelope glycoprotein (VSV-G), HIV-1 Gag
and Pol proteins (pCMVΔR8.2), and a retroviral vector
encoding for green fluorescent protein (GFP, pHR’CMV-GFP;
Supporting Information). Five hours post-transfection, cells
were treated with varying concentrations of GDC. Supernatants
containing virus-like particles (VLPs) were collected 48 h post-
transfection; these samples were used to infect naiv̈e 293T cells.
Infection levels were determined 48 h postinfection by
measuring the reporter GFP-positive cells using fluorescence-
activated cell sorting (FACS). As shown in Figure 4A, GDC
decreased the infectivity in a dose dependent manner by ∼20%,
62%, and 89% at 1 μM, 5 μM, and 50 μM, respectively, while a
complete inhibition of infectivity was observed at 200 μM. The
IC50 of GDC from the infectivity assay, which was found to be
3.12 ± 0.37 μM, was calculated by fitting the inhibition of
infectivity values (100-relative infectivity) for each of the GDC
concentrations to a sigmoidal equation (Figure S7B). The
antiviral activity of GDC was compared to that of CAP-1,13

which failed to inhibit viral infectivity at 50 μM (Figure 4A).
The IC50 of GDC from the infectivity assay is in the same scale
of the previously reported CA assembly inhibitors IC50 values,
including benzodiazepines, benzimidazoles and their analogues
(IC50 = 0.35−6.1 μM),18 acylhydrazone compounds (IC50 =
0.41−14.86 μM),19 and the modified 12-mer helical peptide
CAI,16 NYAD-1 (IC50 = 4−15 μM).27 However, the IC50 of
GDC is higher than that reported by Blair and colleagues of the
assembly inhibitor PF-3450074 (IC500.08−0.64 μM).14 The
direct effect of GDC on cell viability was tested by 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) assay. At concentrations of up to 25 μM, GDC had no
significant toxic effect; however, cell viability was decreased by
9%, 10%, and 19% at 50 μM, 100 μM, and 200 μM,
respectively. CAP-1, in contrast, decreased cell viability by 15%
at 25 μM and by more than 50% at 200 μM (Figure S6). Next,
to inspect whether GDC antiviral activity is mediated by
interference with viral assembly, we purified virions produced
by 293T cells incubated either in the absence or presence of
varying concentrations of GDC. Capsid protein levels inside the
cells media were analyzed by Western blot assay using an
antibody against HIV-1 CA protein. This analysis confirmed
that GDC decreased capsid levels, suggesting that the
compound reduces extracellular virion levels (Figure 4B).
GDC treatment did not affect intracellular actin levels, as
judged by immunoblotting, using antiactin antibody, in contrast
to CAP-1 treatment that mildly reduced the levels of this
cellular protein (data not shown). This indicates that GDC
treatment was not toxic to the cells. Intracellular Gag levels,
normalized to actin levels, were not changed by GDC (or CAP-
1) treatment, and accordingly, the dose-dependent effect of
GDC on extracellular capsid levels was calculated relative to the
normalized intracellular Gag levels (Figure 4C). Altogether, the
remarkable correlation between reduced infectivity and reduced
extracellular capsid levels suggests that GDC inhibits HIV

Figure 3. (A) Overlay of a selected region of 2D 1H−15N HSQC
spectra for 15N-labeled CA NTD (150 μM) at pH 5 upon increasing
GDC concentration [GDC/NTD = 0:1 (black), 1:1 (red), 4:1
(green), and 8:1 (blue)]. (B) Overlay of a selected region of 2D
1H−15N HSQC spectra for 15N-labeled CA CTD (150 μM) at pH 7
upon increasing GDC concentration [GDC/CTD = 0:1 (black), 4:1
(red), and 8:1 (green)]. Notice the disappearance of a subset of signals
(denoted with asterisks) upon the addition of GDC. These signals are
only observed when the solution pH of the CTD sample is ≥7. Other
signals that exhibited chemical shift perturbations are indicated by
arrows.
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infectivity by interfering with the Gag assembly, likely by
hindering capsid-mediated Gag−Gag interactions. This scenar-
io is in line with the direct binding of GDC to both NTD and
CTD of the capsid, since both domains participate in Gag−Gag
interactions.28 The inhibitory effect of GDC on the in vitro
assembly of capsid (see above) further suggests that GDC may
have an additional negative effect on virion maturation of
particles that did assemble. The lower efficiency of GDC
inhibitory activity in vitro (IC50 = ∼94 μM) as compared to in
cellulo (IC50 = ∼3 μM) suggests that the compound inhibits
viral production by an additional route, presumably by
interfering with other viral factors such as the viral enzymes.

Further examination is needed to inspect this proposed
additional activity of GDC.
In summary, the main advantage of the newly developed

BiFC assay relies upon the ability to detect the very first
intermolecular interactions in the assembly process of the HIV-
1 CA protein, events that are usually difficult to observe by
other methods. This is the first assay reported to date of
screening for assembly inhibitors that specifically target the
essential CA CTD dimerization. This work led to the
identification of a potential antiviral compound that inhibits
viral particle organization, further demonstrating the significant
role of CA CTD dimerization in HIV-1 assembly. Since viral
assembly is pivotal for the formation of functional particles, this
system should provide a platform for screening antiviral drugs
against the building blocks of other pathogenic viruses as well.
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All experimental procedures are found in the Supporting
Information.
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