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Due to its multifaceted essential roles in virus replication and extreme genetic fragility, the human im-
munodeficiency virus type 1 (HIV-1) capsid (CA) protein is a valued therapeutic target. However, CA is as yet
unexploited clinically, as there are no antiviral agents that target it currently on the market. To facilitate the
identification of potential HIV-1 CA inhibitors, we established a homogeneous time-resolved fluorescence
(HTRF) assay to screen for small molecules that target a biologically active and specific binding pocket in the C-
terminal domain of HIV-1 CA (CA CTD). The assay, which is based on competition of small molecules for the
binding of a known CA inhibitor (CAI) to the CA CTD, exhibited a signal-to-background ratio (S/B) > 10 and a
Z'value > 0.9.In a pilot screen of three kinase inhibitor libraries containing 464 compounds, we identified one
compound, TX-1918, as a low micromolecular inhibitor of the HIV-1 CA CTD-CAI interaction (ICso = 3.81 pM)
that also inhibited viral replication at moderate micromolar concentration (ECso = 15.16 uM) and inhibited CA
assembly in vitro. Based on the structure of TX-1918, an additional compound with an antiviral ECs of 6.57 uM
and cellular cytotoxicity CCso of 102.55 uM was obtained from a compound similarity search. Thus, the HTRF-
based assay has properties that are suitable for screening large compound libraries to identify novel anti-HIV-1
inhibitors targeting the CA CTD.

1. Introduction current medications and by the emergence of drug-resistant viral strains

(Zhang, 2018). Consequently, there continues to be a need for new

Human immunodeficiency virus type 1 (HIV-1) infects and kills
CD4™ T cells in patients, who normally exhibit CD4 decline and im-
munodeficiency, eventually resulting in acquired immunodeficiency
syndrome (AIDS) (Hel et al., 2006). Over the past decades, approxi-
mately 30 drugs have been approved for use against HIV infection,
targeting several critical steps in the virus replication cycle (Chaudhuri
et al.,, 2018). These drugs coupled with the introduction of antiviral
combination therapy has led to a dramatic decrease of mortality and
prolonged life expectancy of HIV positive patients. As a result, HIV-1
infection can be managed effectively as a chronic disease (Engelman
and Cherepanov, 2012). However, the treatment is not a cure, and
treatment success can be compromised by the unwanted side effects of
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drugs with superior characteristics (e.g., reduced toxicity and more
convenient dosing regimens) and novel mechanisms of action.

The HIV-1 capsid (CA) represents an attractive yet clinically un-
exploited target. Approved antiretroviral drugs target four viral pro-
teins (reverse transcriptase, protease, integrase and gp41) and one host
protein (CCR5) (https://www.fda.gov/ForPatients/Illness/HIVAIDS/
Treatment/u.

c¢m118915.htm). None of these FDA-approved drugs directly in-
hibits CA, which notably participates in numerous steps of the HIV-1
replication cycle including virus assembly, maturation, uncoating, nu-
clear import, reverse transcription and integration (Campbell and Hope,
2015). Retroviruses such as HIV-1 replicate via RNA intermediates and
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Table 1
Capsid-targeting compounds.
Compound Binding site on CA ECso (UM) Type Clinical trials Reference
CAP-1 CA NTD =70 Small molecule No Tang et al. (2003)
CAI CA CTD Not done peptide No Sticht et al. (2005)
NYAD-1 CA CTD 4-22 stapled peptide No Zhang et al. (2008)
NYAD201 CA CTD 1.58-9.88 stapled peptide No Zhang et al. (2011)
BD-1 CA NTD 0.07 Small molecule No Lemke et al. (2012)
BM-1 CA NTD 0.06 Small molecule No Lemke et al. (2012)
PF-3450074 (PF74) CA NTD 0.3-0.6 Small molecule No Blair et al. (2010); Shi et al. (2011)
BMMP Unknown 20-50 Small molecule No Urano et al. (2011)
BI-1 CA NTD 1.4 Small molecule No Lamorte et al. (2013); Price et al. (2014)
BI-2 CA NTD 1.8 Small molecule No Lamorte et al. (2013); Price et al. (2014)
Ebselen CA CTD 3.37 Small molecule No Thenin-Houssier et al. (2016)
GS-CA1l CA NTD 0.00014 Small molecule Yes Tse et al. (2017)
Compound 1 CA NTD 57 Small molecule No Lemke et al. (2013)
Coumermycin Al CA NTD 8 Small molecule No Chen et al. (2016);
Vozzolo et al. (2010)
I-XW-053 CA NTD 22.5 Small molecule No Kortagere et al. (2012), 2014
Compound 27 CA CTD 4.6 Small molecule No Machara et al. (2016)
Compound 40 CA CTD 35 Small molecule No Kozisek et al. (2016)
NYAD-36 CA-CTD 1.5 stapled peptide No Zhang et al. (2013)
Compound 50 CA-CTD 1.1-10.9 Small molecule No Curreli et al. (2011)
Compound 6 CA-CTD 1.6-6.2 Small molecule No Curreli et al. (2011)
GDC CA-CTD 3.12 Small molecule No Lampel et al. (2015)
TA CA-CTD ~50% at 100 uM Small molecule No Lampel et al. (2015)
kFGF-MTS-anti-p24-mAb Unknown ~73% at 10 ug/ml Antibody No Ali et al. (2016)

accordingly exhibit comparatively high mutation rates. Genetic ro-
bustness (i.e., the ability to tolerate mutations) underlies preservation
of function in the face of sequence change (Elena, 2012) and could be
leveraged to design novel antiretroviral compounds. HIV-1 CA notably
exhibits extreme genetic fragility, suggesting that CA is a good target
for therapy and vaccination strategies (Rihn et al., 2013).

HIV-1 CA protein originates from the 55-kDa Gag polyprotein pre-
cursor and is composed of two independently folded domains, the N-
terminal domain (CA- NTD; residue 1-145) and C-terminal domain (CA-
CTD, residues 151-231), which are connected by a 5-residue flexible
linker (Tedbury and Freed, 2015). Despite its attractiveness as a drug
target, less than two dozen CA-targeting compounds, which include
small molecules, peptides and an antibody, by our count have been
described (summarized in Table 1). So far, none of these candidates has
been licensed for clinical use. Fortunately, the promising compound GS-
CA1, which blocks both disassembly and assembly and yields defective
virions, has been evaluated in a phase 1 clinical trial (Perrier et al.,
2017; Tse et al., 2017; Carnes et al.,, 2018). Of the 10 compounds
previously described to target the CA CTD, the 12-residue CAI peptide
ITFEDLLDYYG (for capsid assembly inhibitor) efficiently abrogated the
assembly of both immature and mature CA structures in vitro. NMR, X-
ray crystallography and mutation analyses revealed that CAI binds
specifically to a reactive hydrophobic pocket in the CA CTD (Sticht
et al., 2005; Ternois et al., 2005). Due to its lack of cell permeability,
CAI antiviral activity could not be assessed in cell culture. However, its
cell-penetrating derivative, the stapled peptide NYAD-1, could inhibit
HIV-1, validating the CAI-binding pocket as a target for HIV-1 CA as-
sembly inhibitors (Zhang et al., 2008).

Here, based on homogeneous time-resolved fluorescence (HTRF)
technology, we developed a novel assay for screening small compounds
targeting the same pocket as CAI to identify lead antiviral compounds.
Three libraries composed of 464 protein kinase inhibitors in total were
screened to validate the use of HTRF for the identification of inhibitors
of HIV-1 CA. This mix-and-read and wash-free assay is scalable to a
384-well format and sufficiently robust for high-throughput screening
(HTS).

2. Materials and methods
2.1. Agents and inhibitor libraries

XL665-conjugated streptavidin (Lyophilized) and monoclonal anti-
body (Mab) anti-GST-Eu cryptate (Lyophilized) were purchased from
Cisbio Bioassays (Bedford, MA, USA). Black microplates (96-well) were
purchased from Greiner Bio-One (Darmstadt, Germany). White 384-
shallow well microplates were purchased from PerkinElmer (Boston,
MA). Streptavidin (SA) biosensors were purchased from Pall ForteBio
(Fremont, CA, USA). Peptides were custom synthesized by GL Biochem
(Shanghai) Ltd. Ebselen and taurocholic acid were purchased from
MedChem Express (Shanghai, China). Glycodeoxycholate was pur-
chased from Shanghai Macklin Biochemical Co., Ltd. Working stocks of
these chemicals were prepared by dissolution in dimethyl sulfoxide
(DMSO) to 10 mM concentrations. Three protein kinase inhibitor li-
braries (Syn kinase inhibitor library, protein kinase inhibitor library
and kinase inhibitor library) were obtained from National Compound
Resource Center (Shanghai, China). Ni-nitriloacetic acid (NTA) and
glutathione S-transferase (GST) resins were purchased from Smart-
Lifesciences (Changzhou, China). The anti-p24 antibody was home-
made (Liu et al., 2007) and anti-B-actin antibody was obtained from
CWBIO (China). Polyvinylidene fluoride (PVDF) membranes and che-
miluminescent horse radish peroxidase (HRP) substrate were purchased
from Millipore (USA). Cell lysis buffer for western blotting was pur-
chased from Beyotime (China). All general biochemical reagents were
obtained from AMRESCO (Solon, USA). HIV-1 inhibitors tenofovir
disoproxil fumarate (TDF) and indinavir (IDV) were obtained from
Medical Research Council, AIDS Reagent Projects.

2.2. Cells and virus

Human T cell lines MT-4 and C8166, as well as laboratory-derived
virus HIV-1yp, were obtained from Medical Research Council, AIDS
Reagent Project. Cells were maintained in RPMI medium 1640 (Gibco)
containing 10% fetal bovine serum (FBS, Gibco), 100 units/ml peni-
cillin and 100 units/ml streptomycin. HIV-1jp was propagated in
C8166 cells.
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2.3. Expression and purification of recombinant CA CTD and full-length CA
proteins

DNA encoding the C-terminal 89 amino acids of CA was codon
optimized for expression in Escherichia coli and chemically synthesized
by Genewiz, Inc. (Suzhou, China). The resulting sequence was sub-
cloned into BamHI-Notl sites of a pGEX-4T-1 expression plasmid har-
boring the N-terminal GST tag. Recombinant CA CTD protein was ex-
pressed in E. coli BL21(DE3) and purified as previously described
(Thenin-Houssier et al., 2016). Expression and purification of full-
length wild type CA (CA-WT) in E. coli using plasmid pET11a CA-WT
was done as previously described (Lanman et al., 2002). Concentrations
of proteins were determined by the Bradford assay using bovine serum
albumin (BSA) as a standard. Proteins were analyzed using 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to asses
purity.

2.4. Kp determination of the interaction between CA CTD and CAI

Biolayer interferometry was measured using an OctetRED96 in-
strument in combination with streptavidin functionalized biosensors.
All assays were run at 30°C with continuous 1000 rpm shaking.
Phosphate-buffered saline (PBS) with 0.01% Tween-20 was used as the
assay buffer. Loading of biosensors was conducted by exposing samples
containing 10 ug/ml biotin-CAI to pre-equilibrated biosensor tips for
300s. Association of samples containing increasing amounts GST-CA
CTD was recorded for 800 s from drop-holder position. Dissociation was
measured by dipping the biosensor tip into a tube filled with assay
buffer for 800s. Reference measurements were conducted by using
buffer instead of CA CTD samples, and reference signals were sub-
tracted from experimental samples to obtain final signals. Global 1:1
fitting of association and dissociation curves with Fortebio data analysis
9.0 software revealed ko, kgis and Kp binding constants. GraphPad
Prism 5.0 was used to visualize curves.

2.5. HTRF-based CAI binding competition assay

An HTRF assay was used to measure the interaction between the CA
CTD and CAI The experiment was performed in white 384-shallow well
microplates in PBS supplemented to contain 0.05% Tween 20 and 2 mM
B-mercaptoethanol using the PerkinElmer Enspire plate reader. First,
1 pl reaction buffer, 2 pl CAl-biotin peptide (ITFEDLLDYYGPGGGSK-
biotin) and 2 pl GST-CA CTD were added to the plate. After incubation
at room temperature for 30 min, 5pl of premixed fluorescent donor
(anti-GST europium cryptate) and fluorescent acceptor (XL665-con-
jungated streptavidin) in assay buffer with 100 mM potassium fluoride
(KF) was added. Following an additional 1 h at room temperature, the
plate was read in an Envision multilabel reader. Raw counts per s (cps)
were collected at 665 nm and 620 nm, and the signal was calculated as:
(cps 665 nm/cps 620 nm) X 10,000. Buffer instead of both proteins was
used as negative control. DMSO instead of compound was used as a
positive control. Untagged CAI was used as a positive compound for
inhibition of GST-CA CTD/CAIL Compounds were dispensed into the
assay plate wells prior to the addition of the assay mixture. GraphPad
Prism was used to visualize does response curves and to calculate ICsq
values by plotting inhibition values against logarithmic compound
concentrations and applying a sigmoidal dose-response fit (variable
slope).

The assay was optimized to achieve a satisfactory signal-to-back-
ground ratio (S/B) by adjusting the amounts of CA CTD protein, CAI
peptide and DMSO in the assay mixture. S/B is widely used to indicate
the quality of an assay. For good quality, the minimum value of S/B
should be greater than 3. The competence of the assay in 384-well
plates was evaluated by preparing a checkerboard plate, in which the
assay mixture with CAI (positive samples) and without CAI (for back-
ground binding) were distributed in alternating wells. Data were
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analyzed in GraphPad Prism 5.0.
2.6. Assay validation for high-throughput screening

Stock solutions of Syn kinase Inhibitor Library (86 compounds),
Protein Kinase Inhibitor Library (282 compounds) and Kinase Inhibitor
Library (96 compounds) were available at 10 mM concentrations in
DMSO. For HTS, the volume of the assay was miniaturized to 10 pl total
with a 384-well plate. The protein, the peptide and the test compounds
were mixed together and incubated for 30 minat room temperature,
then the two fluorophores were added. The mixture was incubated for
1 hat room temperature before the emission was read at 665 nm and
620 nm. The HTRF signal was calculated as a ratio of emission: (665
nm/620 nm) x 10,000. All plates were analyzed and passed quality
control (QC) if their Z’-factor was greater than 0.5. Data were analyzed
visualized in GraphPad Prism 5.0.

Z’-factor (Zhang et al., 1999) to estimate assay quality was calcu-
lated using the following equation:

_ 3 X SDmax + 3 X SDmin
lumax — pminl

Z'=1

where SD.,.x and SD,,;, are standard deviations of the positive and
negative control measurements, respectively, and pmax and pmin are
the mean of the respective positive and negative signal controls.

2.7. Effects of TX-1918 on in vitro CA assembly

Purified CA-WT protein was dialyzed against 50 mM sodium phos-
phate, pH 8.0 buffer. In vitro assembly assays were performed as pre-
vious described (Lanman et al., 2002). Compound was added to CA-WT
(final concentration of 50 uM) in 50 mM sodium phosphate buffer, pH
8.0 in a volume of 500 pul. CA assembly was initiated by addition of
500 ul 50 mM sodium phosphate buffer containing 4 M NacCl, pH 8.0.
Optical density was monitored on a spectrophotometer at 350 nm every
20 s for 30 min.

2.8. Cytotoxicity assays

The cytotoxicity of the compounds was determined by MTT col-
orimetric assay described previously (Wang et al., 2004). C8166 or MT-
4 cells (4 x 10*/well) were co-incubated with serial diluted compounds
in 96-well plates at 37 °C in humidified tissue culture incubators con-
taining 5% CO,. After 3 days, cell viability was determined using MTT,
and the 50% cytotoxicity concentration (CCso) was calculated.

2.9. Cytopathic effect assay

Anti-HIV-1 activity was evaluated via inhibition of virus-induced
cytopathic effects (Wang et al., 2011). Briefly, C8166 cells (4 x 10%/
well) were infected with HIV-1yp at a multiplicity of infection (M.O.I)
of 0.03, with vehicle control or serially diluted compounds in 96-well
plates at 37 °C, 5% CO,. After 3 days, the cytopathic effect was accessed
by light microscopy by counting the number of syncytia in each well,
and 50% effective concentrations (ECsy) were calculated. The se-
lectivity index (SI) was determined as CCsq divided by ECso. TDF was
used as a positive control.

2.10. Analogues chosen by similarity search

Analogues of compound TX-1918 were chosen from the ChemDiv
database by similarity search on the basis of the Tanimoto similarity
coefficients evaluated in the MACCS structural fingerprints of
Molecular Operating Environment (MOE) suite (Willett, 2006; Grethe
and Moock, 1990). The cutoff of Tanimoto similarity coefficients was
set as 0.70, and compounds above this value were chosen to assess
drug-likeness rules by REOS rules (Walters et al., 1998) to remove
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compounds with toxic, reactive, or otherwise undesirable moieties.
From this, 21 compounds were chosen and purchased.

2.11. Virus production-infectivity assays

MT-4 cells were infected with HIV-1j5 at M.O.I of 0.03 in the pre-
sence of vehicle control or serial dilutions of TX-1918. After incubation
at 37 °C for 2 h, cells were washed twice with PBS to remove free viruses
and resuspended in RPMI-1640. Cells (10° in 500 pl) were next seeded
in each well of a 24-well plate with the same concentration gradient as
in the initial infections. After incubation for 3 days, supernatants were
collected, and p24 levels were determined using a previously described
in-house ELISA (Liu et al., 2007), and ECs, values were calculated.

Cells were collected, lysed for western blotting, and proteins were
separated by SDS-PAGE and transferred to PVDF membranes. PVDF
membranes were blocked with 5% milk for 1 h at room temperature and
then incubated overnight with anti-HIV-1 p24 antibodies at 4 °C.
Membranes were probed with HRP secondary antibodies at room
temperature for 1 h. The membranes were washed thoroughly, stained
with chemiluminescent HRP substrate, and exposed to X-ray film.

3. Results and discussion
3.1. Design of the assay

To identify novel compounds that interact with the CAI binding site
in HIV-1 CA, we adopted an HTRF approach using biotinylated CAI
peptide and GST-tagged CA CTD protein (Fig.1). Following CA CTD-CAI
complex formation, fluorescent acceptor XL665-labeled streptavidin
and donor europium cryptate conjugated anti-GST antibody HTRF re-
agents were added. Upon excitation at 340 nm, the donor fluorophore
will be excited and emit at 615 nm, and if the acceptor fluorophore is in
close proximity, there will be efficient energy transfer and the donor
will emit at 665 nm. Accordingly, efficient energy transfer between the
donor and acceptor will take place only upon CA CTD-CAI complex
formation.

3.2. Optimization of HTRF-based CA CTD-CAI interaction assay

Recombinant CA CTD protein was purified from E. coli (> 95%
purity as assessed by SDS-PAGE). Biolayer interferometry (BLI) is a
label-free technology suitable for measuring biomolecular interactions
(Renaud et al., 2016). We first performed a BLI assay to validate the

Excitation
Acceptor
emission\ € ——
Donor
/ \ / \emissiou

APV A P A P

CAI | CACTD =——p CAI CACTD =——=p CAI CACTD

Fig. 1. Principle of the HTRF-based assay. The assay monitors the interaction
between CAl-biotin peptide and glutathione-S-transferase (GST)-tagged CA
CTD. The transfer of energy between two fluorophores, a donor and an acceptor
labeled with europium cryptate (EU) and allophycocyanin (XL665) respec-
tively, will yield HTRF signal upon protein-peptide interaction. Europium
cryptate is excited at 320 nm, and emissions at 665 nm and 620 nm are mea-
sured. The HTRF signal is calculated from the 665 nm:620 nm emission ratio.
The assay signal will drop in the presence of a molecule that competes with CAI
for binding to CA CTD.
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Fig. 2. Determination of Kp for CA CTD-CAI interaction. Association and dis-
sociation sensorgrams were performed with various HIV-1 CA CTD concentra-
tions using previously bio-CAI-loaded SA biosensors.

interaction between GST-tagged CA CTD protein and CAL As the
binding events are monitored by the change in optical thickness of the
sensor tip surface, it is recommended to immobilize the smaller binding
partner to the tip and to keep the larger binding partner in solution to
achieve a significant change of optical thickness upon analyte binding.
We thus decided to use the same biotinylated CAI peptide that we also
used for the HTRF assay for immobilization to the biosensor tips. CA
CTD solutions were prepared in three different concentrations. After the
sensorgrams were recorded, ko, kq;; and Kp values were calculated by
applying a global 1:1 fit to all curves. We obtained a Kp value of 7.0 nM
(with ko, = 2.1 x 10* (M) ™' and kg = 1.52 X 10™% s™1) for the
binding of CA CTD to the immobilized biotin-CAI peptide (Fig. 2), re-
vealing successful interaction of GST-CA CTD and the modified CAI
peptide.

Development of robust high-throughput assays begins with the
identification of an appropriate assay buffer. Previous buffer conditions
in an AlphaScreen format for detecting CA CTD-CAI interactions al-
lowed us to readily adapt buffer conditions for the current assay
(Machara et al., 2016). Next, cross-titration experiments where both
interacting partners were titrated against each other were performed to
determine optimal concentrations of CA CTD and CAI for robust signal
with as little protein as possible and to remain well below the hooking
range. The hook effect occurs when the concentration of one of the
interacting partners is increased beyond saturation of its antibody.
Results from a representative cross-titration series are shown in Fig. 3A.
The effect of hooking can clearly be seen at concentrations of 60 nM
GST-CA CTD and higher. Under these conditions, the fluorescent donor
GST antibody is expected to be fully saturated and excess CA CTD
protein will compete with CA CTD on the donor surface for binding to
CAl, effectively inhibiting the signal. With the concentration of CA CTD
fixed at 30 nM, S/B ratios were calculated under different concentra-
tions of CAI (Fig. 3B). Based on these results, we selected 30 nM CAI to
achieve both high S/B and low peptide consumption rate.

Since protein-peptide interactions can be difficult to disrupt by
small molecules, we aimed to screen at a relatively high compound
concentration of 50 M, which would impact the final concentration of
dimethyl sulfoxide (DMSO) in the assay. To assess the tolerance of the
assay for DMSO, we titrated it across the concentration range of
0.25%-10% (v/v). The HTRF signal was normalized to the 0% DMSO
condition and corrected for background. Fig. 3C shows that despite a
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Fig. 3. Optimization of the HTRF-based competitive binding assay. (A) CA CTD and CAI were titrated against each other and the HTRF signal was measured. Results
are average * standard deviation for n = 3 independent experiments. (B) S/B ratios calculated under different concentration of CAI with CA CTD concentration
fixed at 30 nM. The optimal condition contained 30 nM GST-CTD and 30 nM bio-CAI. (C) Tolerance for dimethylsulfoxide (DMSO) in the HTRF assay. DMSO was
titrated down starting from 10% (v/v) in the CA CTD-CAI interaction assay. Results are average = standard deviation for n = 3 independent experiments. (D)
Statistics of the HTRF-based assay under the optimal conditions. Results are average + standard deviation for n = 3 independent experiments.

high tolerance of the assay for DMSO, variability increased to un-
acceptable levels when more than 6% DMSO was present. Based on
these results, the final DMSO concentration in the assay buffer was
capped at 4%.

HTS assay optimization is a fine balance between identifying robust
assay conditions with minimal variability and keeping costs acceptable.
In the present case, costs were mainly driven by the amount of HTRF
regents used. According to the manufacturer's instruction, XL665-con-
jugated streptavidin and MAb GST-Eu cryptate could be used at
0.75nM and 3.63nM respectively, while maintaining quality suffi-
ciently robust for HTS. Thus, the final optimized assay mixture con-
tained 30 nM bio-CAl, 30 nM GST-CA-CTD, 0.75 nM XL665-conjugated
streptavidin and 3.63 nM Mab GST-Eu cryptate, under which the Z' and
S/B values of the assay were respectively 0.92 and 61.04 (Fig. 3D).

3.3. Assay validation

The CAI peptide efficiently abrogates both immature and mature
capsid assemblies in vitro as shown by electronic microscopy studies
(Sticht et al., 2005). Therefore, untagged CAI was used to corroborate
the ability of our assay to discover inhibitors. As depicted in Fig. 4A,
assay signals were competed and inhibited by untagged CAI to back-
ground levels with an ICsy value of 6.5puM (95% confidence interval
[CI], 6.2 uM-6.8 uM), which was comparable to previous experiment
result of 11.0 uM, validating that the assay can robustly detect de-
creases in signal and was therefore effective and suitable for drug
screening applications (Machara et al., 2016).

To determine whether the assay was sufficiently sensitive to detect
differences in compound binding affinity, we performed competition
assays with various concentrations of taurocholic acid (TA), glyco-
deoxycholate (GDC), ebselen and trametinib. TA and GDC are CA-tar-
geting inhibitors that interact with the same binding pocket as CAI,
through at lower affinity than CAI (Lampel et al., 2015). In contrast,
neither ebselen nor trametinib are expected to interact with the CAI
binding pocket. Ebselen covalently binds the HIV-1 CA CTD via a

selenylsulfide linkage with Cys 198 and Cys 218, neither of which lo-
cate at the interface of the CA CTD-CAI interaction (Thenin-Houssier
et al., 2016). Trametinib is not known to target CA directly, instead
abrogating the proper disassembly of the CA core by inhibiting ERK2
kinase phosphorylation levels inside virions (Dochi et al., 2018). At
50 UM concentration, unlabeled CAI reduced the signal to nearly
background (Fig. 4A and B). In contrast, TA and GDC had compara-
tively weak inhibitory effects (less than 20%) at 50 uM, while at <
3.2%, ebselen and trametinib basically lacked inhibitory activity
(Fig. 4B). These results confirm that the HTRF-based competition assay
is capable of detecting differences in the relative binding affinity be-
tween compounds that interact with the CAI binding site on CA CTD.

To determine whether the assay can be miniaturized to 384-well
plates for HTS, we performed a checkerboard assay. The assay yielded a
Z' factor of 0.89 (Fig. 4C). Assays with a Z' of 0.5 or greater are con-
sidered excellent for HTS (Inglese et al., 2007). Therefore, the CAI
competition assay has statistical properties that are desirable for HTS.
The HTS protocol was outlined in Table 2.

3.4. Testing of the assay in HTS

To determine the utility of the assay in HTS, we performed a small-
scale pilot screen of three protein kinase inhibitor libraries at a com-
pound concentration of 50 uM. The set of test compounds consisted of
464 small molecules that were available at 10 mM concentrations in
DMSO, thereby resulting in 0.5% (v/v) DMSO in the final assay mix-
ture. Assay performance was evaluated on a plate-by-plate basis and
remained robust throughout the entire screening campaign (Fig. 5A). A
median Z’-factor of 0.78 was obtained and no plates failed during
screening. Hits were scored as compounds that showed an inhibition
ratio of the signal greater than 70%. The screen revealed one kinase
inhibitor, TX-1918, that appeared to inhibit the interaction (Fig. 5B).
This represented a 0.21% hit rate, which seemed appropriate for HTS
(Zhu et al., 2013). The inhibitory effect of TX-1918 on the CA CTD-CAI
interaction was confirmed by HTRF, which yielded an ICsq of 3.81 uyM
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Fig. 4. Validation of the assay with competitor CAI and determination of Z' factor. (A) Test of the response of the assay to unlabeled CAI at various concentrations in
96-well plates. (B) Comparison of inhibitory effect of different compounds on the CA CTD-CAI interaction. Panel A and B results are averages * standard deviation
for n = 3 independent experiments. (C) Results of the checkerboard evaluation of the assay in 384-well plates.

(Fig. 5C).

We have developed a biochemical target-based assay based on the
competition of binding of peptide CAI to the HIV-1 CA CTD. The assay
has properties desirable for HTS, including a simple mix-and-read
endpoint format, a stable endpoint, relatively low reagent cost, and
excellent statistical properties.

False positives often dominate initial hit lists obtained from HTS
campaigns. In this HTRF-based assay, false-positives may interfere by
competing with CAI-bio for streptavidin, or by competing with CA-CTD
for anti-GST antibody binding. This limitation may be overcome by a
counter-screen using biotinylated GST-tag protein after the primary
screen. Additionally, several biophysical approaches for direct binding
analysis, such as surface plasmon resonance (SPR) and BLI, may be used
as orthogonal assays to validate hits.

3.5. TX-1918 inhibits HIV-1-induced syncytia formation

TX-1918 was identified using our HTS-HTRF screen for inhibitors of
the CA CTD-CAI interaction. To further evaluate the antiviral effects of
TX-1918, we tested the compound for protecting C8166 cells from HIV-
1-induced cytopathic effects (CPE). The cytotoxic effect of TX-1918 on
C8166 cells was also assessed. As shown in Fig. 6A, TX-1918 moder-
ately inhibited HIV-1ys induced CPE, with an ECsq value of 15.16 uM.
However, TX-1918 revealed limited therapeutic value because its half
maximal cytotoxic concentration (CCso) was 20.80 uM, yielding a SI
value of 1.34. Although TX-1918 could not be used as an antiviral drug,

it could serve as a lead compound to discover pharmacologically-re-
levant compounds. We accordingly used TX-1918 to search the
ChemDiv database based on similarity, which yielded a total of 21
novel compounds. K815-0041, which was one of the more potent
compounds identified, displayed ECso and CCsq values of 6.57 uM and
102.55 uM respectively, yielding a SI of 15.60 (Fig. 6A). The structures
of the 20 additional compounds from the similarity search together
with their CCsy and ECsq values can be found in Fig. S1.

3.6. Virus production-infectivity assays

To assess antiviral activity under conditions more quantitative than
manually counting syncytia formation, supernatants of infected MT-4 T
cell cultures treated with various concentrations of TX-1918 were
analyzed by p24 ELISA. As shown in Fig. 6B, TX-1918 inhibited the
production of infectious virus with an ECsy of 3.60 uM, which was
improved from the ECso value determined by the CPE assay (Fig. 6A).
Thus, the SI of TX-1918 in MT-4 cells was 6.6 (Fig. 6B). The infected cell
cultures were analyzed by anti-p24 immunoblotting to assess potential
inhibitory effects on CA p24 production and/or Gag Pr55 functionality.
These data revealed significant reductions in proteolyzed CA p24 with
increasing concentrations of TX-1918, suggesting that TX-1918 in-
hibited Gag polyprotein processing (Fig. 6B).

Table 2
HTS protocol table.
Step Parameter Value Description
1 Controls 1ul DMSO (negative), buffer (positive) and untagged CAI (positive compound)
2 Library compounds 1ul 50 uM, duplicate
3 Proteins 2l for each Bio-CAI (30 nM), CA-CTD (30 nM)
4 Incubation time 30 min Ambient temperature
5 Regents 2.5l for each Anti-GST europium cryptate (3.63 nM) and XL665-conjungated streptavidin (0.75 nM)
6 Incubation time 1h Ambient temperature
7 Assay readout 665 nm and 620 nm Envision multilabel reader, TR-FRET mode
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Fig. 5. Protein kinase inhibitor library screens. (A) Assay performance throughout the screening campaign. The median Z’-factor of 0.78 was determined across the
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3.7. Effects of TX-1918 on CA assembly in vitro A
- == DMSO
To determine the effects of TX-1918 on CA assembly in an isolated E — 2 M NaCl
system, in vitro assembly assays were performed using WT CA protein ? = _NaCl
purified following its expression in E. coli. WT CA protein incubated in < — CA:CAI1:0.1
the presence of high salt spontaneously assembles into higher-order 2 — CA:CAI 1:0.25
forms including nanotubes, which can be monitored by absorbance at .§ — CA:CAI1:05
350 nm. The CAI peptide, which was used as a positive control, in- §
hibited in a dose dependent manner both the rate and extent of CA <
assembly (Fig. 7A). TX-1918 similarly in a dose dependent manner 0 N 20 s
inhibited both the rate and extent of CA assembly, though was clearly Time (min)
less potent than CAI at the highest concentration tested (Fig. 7B). Our
results demonstrate that TX-1918 inhibits the interaction of CAI with B
CA CTD (Fig. 5C), interfers with Pr55 Gag proteolysis (Fig. 6B), and
inhibits CA assembly in vitro (Fig. 7). -] == D
In conclusion, the HTRF-based assay that we developed should be ; r 2NI\:CTaCI
useful to screen large compound libraries to identify novel chemical 8 o C ATX-1918 1:0.1
scaffolds that interact with the specific binding site of CAI on the HIV-1 2 — CATX-1918 1:0.25
CA CTD, thus expanding the chemical space for the development of CA- s — CATX-1918 1:0.5
targeting antiviral drugs. §
e,
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