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Abstract

Non-nucleoside Reverse Transcriptase Inhibitors (NNRTIs) are potent anti-HIV
chemotherapeutics. Although there are FDA-approved NNRTIs, challenges such as the
development of resistance have limited their utility. Here we describe the identification of novel
NNRTIs through a combination of computational and experimental approaches. Based on the
known plasticity of the NNRTI binding pocket (NNIBP), we adopted an ensemble-based virtual
screening strategy: coupling receptor conformations from 10 x-ray crystal structures with 120
snapshots from a total of 480 ns of Molecular Dynamics (MD) trajectories. A screening library of
2,864 National Cancer Institute (NCI) compounds was built and docked against the ensembles in a
hierarchical fashion. 16 diverse compounds were tested for their ability to block HIV infection in
human tissue cultures using a luciferase-based reporter assay. 3 promising compounds were
further characterized, using a HIVV-1 RT based polymerase assay, to determine the specific
mechanism of inhibition. We found that 2 of the 3 compounds inhibited the polymerase activity of
RT (with potency similar to the positive control, the FDA-approved drug nevirapine). Through a
computational approach, we were able to discover 2 compounds which inhibit HIV replication and
block the activity of RT, thus offering the potential for optimization into mature inhibitors.
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Introduction

HIV-1 Reverse Transcriptase (RT) is an important target of drugs that block the replication
of Human Immunodeficiency Virus (HIV). HIV-1 reverse transcriptase (RT) catalyzes the
conversion of the single-stranded RNA retroviral genome into a double-stranded linear
DNA, which is then integrated into the human genome. Currently, there are two main
classes of small molecule inhibitor that block this process: nucleoside RT inhibitors (NRTIs,
which lack a 3" OH and, when converted to the triphosphate form by cellular enzymes and
incorporated into viral DNA, block DNA synthesis) and non-nucleoside RT inhibitors
(NNRTIs, which act at an allosteric site and displace the end of viral DNA from the
polymerase active site, blocking polymerization) (1). We have focused NNRTIs, because the
allosteric binding pocket confers a higher degree of selectivity/specificity (to avoid harmful
off-target activity) and because there is a large chemical space for drug design (2, 3).
Although both major classes are used in combination as highly active antiviral therapies
(HAART), HIV infections cannot be cured and infected patients have to follow these
regimens for the duration of their lives; this places a considerable premium on developing
inhibitors that have little or no long-term toxic effects.

Despite the approval of five NNRTIs by the FDA-(nevirapine, efavirenz, delavirdine,
etravirine and rilpivirine), there is still a pressing need to discover novel NNRTI
chemotypes, largely to mitigate the problems associated with the development of resistance.
Nevirapine, the first FDA approved NNRTI, selects for resistance after one dose in a large
number of infected patients (4). The hydrophobic NNRTI binding site is not evolutionarily
conserved and many residues can be altered in ways that disrupt the binding of the first
generation NNRTIs with only a very modest effect on the ability of the virus to replicate.

In this report, we describe the use of computational drug discovery techniques to identify
new chemical “hits” that could be experimentally validated and potentially optimized to
yield mature NNRTIs. Computational discovery of new NNRTIs has a relatively rich
history, largely owed to the abundant structural database that is publically available in the
Protein Databank (5). This work includes a variety of ligand-based and structure-based
methodologies, including pharmacophore modeling, similarity optimization, molecular
docking and free energy perturbation methods (3, 6-11) that can be used both for identifying
hits and for lead optimization.

Because the NNRTI binding pocket is quite malleable, many of these computational studies
have included sampling of the protein degrees of freedom through the use of multiple crystal
structures, Monte Carlo sampling and pharmacophore models. Our approach used the
dynamic structural information provided by molecular dynamics (MD) simulations, through
a technigque known as the relaxed complex scheme (RCS). This method uses multiple
molecular dynamics snapshots to represent a dynamic ensemble of receptor coordinates for
molecular docking (12, 13). The RCS has been used to identify hits for a number of
molecular targets (14-17). This is an extension of our previous work on the elucidation of
the inhibition mechanism of NNRTIs through MD simulations (18) to identify novel
chemotypes that bind in the non-nucleoside binding pocket.
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Methods and Materials

Virtual screening library

A library of 2,864 screening compounds that are available from the National Cancer
Institute (NCI) was assembled using a combination of general chemical diversity and
similarity to a selection of next-generation NNRTIs. The “diversity subset”, comprising
1,364 compounds, was taken directly from the preassembled NCI Diversity Set 2 (NCIDS-2:
http://dtp.cancer.gov). The “similarity subset”, comprising 1,500 compounds, was built by
querying the entire NCI repository for structures similar to a set of six leading NNRTIs
currently under development by various companies (Figure 1). Similarity searching of the
complete NCI screening library was carried out with Accelrys Discovery Studio, using a
fingerprint-based method (http://www.accelrys.com). The aim of this combinatorial
approach was to improve the probability of discovering active compounds, given the
relatively small screening library. A library size of ~3,000 molecules was deemed tractable
considering the computational demands of both the chosen docking algorithm and the multi-
structure nature of ensemble-based docking.

Virtual screening workflow

A hierarchical scheme was used to identify a small number of the NCI compounds that
could be tested experimentally for their ability to inhibit the polymerase activity of HIV-1
RT (Figure 2). In the first step, a set of 10 crystal structures of wild-type HIV-1 RT
complexed with different NNRTIs was compiled. This crystallographic ensemble comprised
the following PDB codes: 1VRT, 1HNV, 1RT1, 1VRU, 1FK9, 1EP4, 1BQM, 1KLM, 1RT4
and 2ZD1. These structures represent a structurally diverse collection of NNRTIs and
consequently there is considerable variation in the conformation of the NNRTI Binding
Pocket (NNIBP) (see Figure 3). The screening library was docked into each of the crystal
structures and a mean binding energy was calculated for each compound across the
ensemble. The library was then ranked by the mean binding score, to select for compounds
that can adapt to, and bind to, diverse conformations of the NNIBP, as opposed to binding
preferentially to a specific conformation. The top 150 compounds from this crystallographic
screen (~5% of the screening library) were then moved forward to a secondary screen
against conformations of the NNIBP extracted from MD simulations. This subset of the
compounds represented a range of binding energies from —12.3 kcal/mol to —9.9 kcal/mol.
Each compound was docked to 30 representative snapshots from each of four simulation
systems. A weighted-mean binding energy was calculated for each compound in each
simulation system, whereby the mean was weighted by the population size of the cluster
from which the snapshot was extracted (12). Such a consensus scoring system gives more
weight to compounds that bind well in more the common conformations of the binding site,
as opposed to an unweighted mean which does not discriminate between common and rare
conformers. A final re-scoring of the 150 compounds was achieved by taking the mean rank
of each compound across all simulation systems.

Molecular docking

Virtual screening was carried out with components of Schrédinger Suite 2010. Receptor
conformations (both crystallographic and from MD simulations) had all non-protein atoms
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eliminated prior to docking and were processed using the standard protein preparation
workflow found within Maestro. All compounds were prepared with the LigPrep routine,
including 3D conformer generation and protonation. Glide XP (Extra Precision) was used
for all molecular docking, with only the lowest binding energy pose retained from each run
(19). The GlideScore function was used to calculate ligand binding free energies.

Molecular dynamics (MD) simulations

Four different RT:drug complexes were simulated using the GROMACS simulation
software, comprising the following NNRTIs: Nevirapine (NVP), 8-Cl TIBO (TBO), a-APA
(APA) and UC-781 (UC1). For consistency, the starting protein coordinates for each system
were taken from PDB code 1VRT (RT:Nevirapine complex). All MD was performed with
GROMACS v.3.3.1 (20-22), using the GROMOS 53A6 force field (23, 24). Each protein-
drug complex was bathed in explicit water, using a simple point charge (SPC) water model
(25), yielding system sizes of ~160,000 atoms. A multi-copy simulation approach was
adopted to enhance conformational sampling, whereby four independent trajectories of 30 ns
were generated for each of the four systems. Further details of the simulation protocol have
been described previously (18). Snapshots of the simulation systems can be seen in Figure 4.

In order to generate a tractable, representative set of diverse RT conformations from the MD
simulations, a root-mean-square deviation (RMSD) based clustering was performed, using
the “g_cluster” GROMACS tool. The aim of this step is to cluster MD snapshots with
similar binding site conformations, so as to capture key movements in as few structures as
possible. For each system, the four individual 30 ns trajectories were concatenated into a
single 120 ns trajectory. Clustering was then performed on a set of 15 residues that form the
NNIBP: Leu-100, Lys-101, Lys-103, Val-106, Val-179, Tyr-181, Tyr-188, Val-189,
Gly-190, Phe-227, Trp-229, Leu-234, His-235, Pro-236 and Tyr-318. Using the motion of
all heavy atoms in each binding site residue (backbone and sidechain), a RMSD cutoff was
selected to allow for 30 clusters to be defined for each system. Each cluster centroid was
then extracted from the MD trajectory as the representative of that cluster and used in virtual
screening.

DNA constructs and virus production

The VSVg-pseudotyped HIV-1 vector was generated by transient transfection of human
293T cells (American Type Culture Collection No. CRL-11268), with the vector plasmid
pNL4-3LucR+E- (26) and the VSVg glycoprotein plasmid pMD.G. The titer was
determined by antibody staining for Gag (p24) expressing cells following infection of 293T
cells. IM1186, an NL4-3 Nef+ IRES rluc vector encoding renilla luciferase was derived
from NL4-3 Nef+ IRES eGFP vector (27) by replacement of the eGFP open reading frame
with renilla luciferase (kindly provided by Sumit Chanda’s lab, Sanford-Burnham Medical
Institute, La Jolla).

Tissue culture-based infectivity assays

For the initial screen of the ability of the compounds to block HIV-1 replication, ten
thousand human 293T cells were plated in 80 pl DMEM + 10% FBS medium in each well of
96-well tissue culture plate. The next day, 10 pl of a solution of diluted compound was
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added to give a final concentration of 5 uM and the cells were incubated at 37°C for 1 hour.
As a control, 5 pl of a nevirapine solution was added to give a final concentration of 10 uyM
and the cells incubated at 37°C for 1 hour. A 10 pl aliquot of medium containing the VSVg-
pseudotyped HIV-1 vector (giving a multiplicity of infection of 0.15) was then added to
each well. Twenty-four hours after the viral challenge, 100 pl of the Bright-Glo reagent
(Promega, Madison, WI) was added to the medium to lyse the cells and provide the luciferin
substrate for virus-encoded firefly luciferase, the level of luciferase was measure using a
Topcount-HTS (PerkinElmer). After ten minutes, the luminescence associated with each
sample was measured and used to quantify virus infectivity in each well. Cytotoxicity of the
compounds was measured 24 hours after treatment of mock-infected cells by adding an
equal volume of CellTiter-Glo (Promega, Madison, WI) and reading luminescence.

To determine the effect of the compounds on the expression of the HIV provirus, 293T cells
were seeded, infected as described above, and passaged for 7 days to allow loss of most of
the non-integrated forms of viral DNA. Ten thousand cells were then plated in each well of a
96-well tissue culture plate and the following day appropriate dilutions of each compound
were added to give a final concentration of 5 M and the cells were incubated at 37°C for 24
hours. HIV luciferase activity and cytotoxicity were determined as described above. In
parallel plates, DNA was isolated and viral DNA was quantitated by qPCR as described in
the next section.

For the assays employing the replication-competent HIV-1 vector JM1186, forty thousand
human monocytic leukemia cells (THP-1) engineered to stably express the CD4 and CCR5
receptors were plated in each well. THP-1 cells were grown in RPMI 1640 with 10% FBS,
Pen/Strep, 0.5 pg/ml and were differentiated by exposure to 5 ng/ml phorbol-12-
myristate-13-acetate (PMA). Three days after activation, the test compounds were added to
give a final concentration of 5 UM, as described above, and cells were incubated at 37°C for
1 hour prior to virus challenge. The cells were then mixed with 15 pl per well of the NL4-3
Nef+ IRES rluc virus vector (0.05 MOI) and spinoculated at 1200xg for 1 hour at 4°C.
Plates were incubated at 37°C for 24 or 48 hours and viral infection was monitored by
adding 100 pl per well of Renilla-Glo Luciferase Reagent (Promega) and measuring
luciferase activity. Cell toxicity was assessed on a duplicate plate of samples by adding 100
ul Cell-Titer Glo Reagent. In parallel plates, DNA was isolated and viral DNA was
quantitated by gPCR as described in the next section.

Real-time PCR quantification of viral DNA

Total cellular DNA was harvested 24 or 48 hours post infection from infected THP-1 cells
using g-PCR lysis buffer (0.1M Tris-HCI pH8, 0.05M EDTA, 0.1M CaCly, 1% Triton-
X100, 1% SDS). Cells were washed with PBS, 50 pl of gPCR-lysis buffer was added to each
well and the cells were dislodged from the plate by pipetting up/down five times. The cell
lysis solution was added to a 96-well PCR plate and incubated for 58°C for 1 hour, followed
by heat inactivation for 10 minutes at 95°C. Late HIV-1 reverse transcripts were quantified
using real-time PCR and the ABI Prism 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA) with the following primers and probes: primers MH531,
MH532, probe LRT-P (28). To normalize for the number of cellular DNA equivalents in the
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samples, a segment of the single-copy PBGD gene was amplified with primers PBGD1 (5-
AAGGGATTCACTCAGGCTCTTTC), PBGD2 (5'-GGCATGTTCAAGCTCCTTGG) and
probe PBGD-P (5'-VIC-CCGGCAGATTGGAGAGAAAAGCCTGT-MGBNFQ).

HIV-1 RT enzyme assay

The purification of HIV-1 p66/p51 RT heterodimers has previously been described (29). The
RT is from the B subtype HIV strain BH10 (Genebank HIVBH102). The NNRTI assay is
similar to assays we have previously described (see above reference). Briefly, the —47
sequencing primer (5'- CGCCAGGGTTTTCCCAGTCACGAC-3"; New England Biolabs)
was 5" end-labeled with [y-32P]ATP and T4 polynucleotide kinase. After purification, the
labeled primer was annealed to single-stranded M13mp18 DNA (1.0 pg of DNA for each
sample to be assayed) by heating and slow cooling. For each sample, 0.1 ug of wild-type RT
(~17 nM final) added to the labeled primer template (~9.0 nM) in 25 mM Tris-CI (pH 8.0),
75 mM KCI, 10.0 mM MgCl,, 100 pg of BSA per ml, and 10.0 mM CHAPS. The reaction
mixture was supplemented with 0.5 UM (each) of dATP, dCTP, dGTP, and dTTP. The
NNRTIs were added to a final concentration of 0, 0.0156, 0.0313, 0.0625, 0.125, 0.25,0.5, or
1.0 uM. The reactions were allowed to proceed at 37° for 60 min and were then halted by
the addition of EDTA. The samples were precipitated by the addition of two volumes of
ethanol, fractionated by electrophoresis on a 6.0% polyacrylamide gel, and the gel was
autoradiographed. Phosphoimaging was used to determine the amount of signal in each lane.
Primer extension products >90 nt in length were considered full length product. The
percentage of the full length product was calculated for each reaction condition, then plotted.
Reactions were done in duplicate.

Results and Discussion

Virtual screening

Using a primary screen based on the crystallographic ensemble of 10 RT structures, we were
able to discard 95% of the compounds in the original library, retaining only the 150
compounds which docked in favorable poses across multiple receptor conformations. In a
secondary screen, we re-ranked these compounds by their performance against an ensemble
generated from a series of MD simulations. The highest ranked compounds thus represented
molecules that were predicted to be able to adapt well to a highly dynamic binding site. The
50 highest re-ranked compounds from the secondary MD screen were chosen for additional
testing. To reduce redundancy, the compounds were clustered into structurally similar
groups, using Accelrys Discovery Studio (http://www.accelrys.com). A total of 20
compounds were picked, with the aim of selecting diverse chemotypes (see Figure 5). Of the
final 20 compounds, 11 were derived from the similarity dataset and 9 from the diversity
dataset. Only 16 of the 20 compounds were available, and these compounds were assayed
using cell and enzyme-based methods.

Cell-based assay

The effects of the compounds on HIV-1 replication in cultured cells was measured in a
plate-based assay using a VSV g-pseudotyped HIV-1 vector (pNL4-3LucR+E-) encoding
firefly luciferase (26). Human 293T cells were pretreated for 1 hr with 5 pM final
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concentration of the individual compounds and then challenged with the VSVg pseudotyped
HIV-1 vector in the continued presence of that compound. 24 hours post-infection (hpi), the
luciferase activity of each sample was determined. Of sixteen compounds tested under these
conditions, three caused a 2-fold or greater decrease in luciferase activity compared to the
DMSO control (Figure 6A). Moreover, at the 5 UM concentration used, none of the
compounds showed any evidence of toxicity (Figure 6B). Because the initial screen was
performed by scoring the expression of a firefly luciferase reporter gene from a VSVg-
pseudotyped virus vector, it was possible that compounds NSC44556, NSC294378,
NSC366102 inhibited either VSVg-mediated cell entry, an early step of HIV-1 replication,
or firefly luciferase reporter activity. To differentiate among these possibilities, compounds
NSC44556, NSC294378, NSC366102 were further tested in a THP-1 monocytic cell line
engineered to stably express the cellular receptors and co-receptors that support virus entry.
Nevirapine (NVP), a known NNRTI, was included as a positive control. THP-1 cells were
pretreated for 1 hr with the compounds and infected with a replication-competent HIV-1
vector with a wild-type CCR5-tropic envelope glycoprotein. Since THP-1 cells express
SAMHD1, a deoxynucleoside triphosphate triphosphohydrolase that reduces the available
pool of deoxynucleotides present in the cytoplasm, the kinetics of HIV-1 are delayed
compared to those in 293T cells (30). As seen in Figure 7A, luciferase levels were only
slightly reduced at 24 hpi, even in cells treated with nevirapine. However, at 48 hpi,
compound NSC366102 reduced luciferase levels by 85% compared to 75% and 55% for
compounds NSC44556 and NSC294378, respectively.

To determine if compounds NSC44556, NSC294378, and NSC366102 affect viral DNA
synthesis, a quantitative real-time PCR-amplification approach was used. Total DNA was
isolated from cells at 24 and 48 hrs post infection and the amount of viral DNA synthesized
was quantified with primers and a probe specific for late HIV-1 reverse transcription
products (28). Under these conditions, compound NSC366102 reduced late RT products by
50% at 24 hpi and by 90% at 48 hpi (Figure 7B), suggesting that this compound hinders
HIV-1 reverse transcription. Compound NSC44556 reduced late RT products by 36% and
69% at 24 and 48 hpi, respectively, while compound NSC294378 had only a modest effect
(Figure 7B).

To further ensure that the compounds were affecting reverse transcription and not viral gene
expression, the compounds were tested for their ability to affect the expression of previously
established integrated proviral DNA. 293T cells were infected with the single-cycle
pNL4-3LucR+E- virus and the cells were passaged for 7 days to reduce the amount of non-
chromosomal forms of viral DNA. Compounds NSC44556, NSC294378, and NSC366102
were added to cells at a final concentration of 5 uM and 24 hours later the luciferase activity
and the levels of viral DNA were measured. The compounds did not affect luciferase
expression from integrated HIVV-1 DNA (Figure 8).

Effects of the compounds on the polymerase activity of RT

Although the compounds were designed to bind to RT and were shown to inhibit HIV-1
DNA synthesis in cultured cells, this is not direct proof that they bind to, or directly affect,
the polymerase activity of RT. The three compounds which showed promising results in the
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cell culture assays were tested for their effects on the polymerase activity of purified HIV-1
RT. One of the problems in assaying NNRTIs is that they bind to RT, blocking the chemical
step of DNA synthesis. Unless the concentration of the compound is relatively high, there
are two populations of RT: a non-bound, fully active RT set and a bound, inhibited RT set.
If the reaction conditions are chosen such that the uninhibited (unliganded) RTs can freely
bind to the template:primer and make relatively long DNA products, it can be difficult to
accurately determine whether or not a subset of inhibited RTs is present in the reaction. To
address this problem, we designed an in vitro assay so that the RTs in the assay repeatedly
disassociate and reassociate with the same template:primer. Because the binding of an
NNRTI does not impair the ability of RT to bind to a nucleic acid substrate (31, 32), both
uninhibited and inhibited RTs will bind during the synthesis of individual DNAs. As the
fraction of non-extending, NNRTI-bound RTs increases, the length of the DNA products
will decrease. To accomplish this, we chose a long DNA template as the substrate (single-
stranded, circular M13mp18 DNA), and a relatively low concentration of dNTPs (0.5 pM
each dNTP), which will prevent the active RTs from making long products before they
dissociate from the template. HIV-1 RT was present in the reactions at a final concentration
of 17 nM and the reactions were allowed to proceed for 60 min at 37°C. Nevirapine was
included as a positive control. As can be seen in Figure 9, adding NSC44556 and
NSC366102 to the reactions generated inhibition curves that are similar to that obtained for
Nevirapine. The amount of compound that would give a 50% reduction in the amount of the
full length product was approximately 60 nM in both cases. These data show that these
compounds directly inhibit the polymerase activity of HIV-1 RT. NSC294378 only had a
slight effect on the polymerase activity of HIV-1 RT. Of the three compounds tested,
NSC294378 had the smallest impact on HIV-1 replication in the in vivo experiments
described above. Even if it does bind to the HIV-1 RT, it is the weakest of the compounds,
which matches the data obtained with purified RT.

Active compounds

The two compounds which caused RT-mediated inhibition of HIV replication have
structural similarities to other compounds known to be active against RT. Upjohn
laboratories identified and then detailed modifications of pyrimidine thioethers (33, 34).
Bioisosteric replacement resulted in the clinical candidate PNU-142721, which potently
inhibited wild-type HIV-1 RT and several RT mutants (35). More recently,
difluoromethylbenzoxazole (DFMB) pyrimidine thioether derivatives were described that
are potent inhibitors of wild-type RT and are moderately active against various mutants (36).
NSC366102 contains a benzophenone, and compounds in this class can be potent and
effective against a variety of RT mutants (37, 38). To the best of our knowledge, neither the
pyrimidinone thoiether nor the benzophenone reported in this paper has been described
previously as RT inhibitors.

Predicted poses of the two active compounds are shown in Figure 10, docked using the
1RT4 protein structure. Compounds were also docked into 1VRT, and similar orientations
were obtained (results not shown). In the models, the pyrimidone of NSC44556 interacts
with the backbone of lysine 101 and potentially with glutamine 138, whereas in published
crystal structures of DFMB pyrimidine thioethers (2YKM, 2YKN) the pyrimidine near
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lysine 101 is slightly rotated towards valine 106 (36). It is interesting to note that a water
molecule was co-crystallized in the binding pocket in both crystal forms, which may have
affected the orientation of the pyrimidine. NSC366102 shows an intramolecular hydrogen
bond between the carbonyl of the benzophenone with the secondary amine present in the
linker. A similar orientation of the benzophenone is seen in the six benzophenone-RT co-
crystal structures that have been determined (3DLE, 3DLG, 3DM2, 3DMJ, 3DOK, 3DOL),
which also indicate an intramolecular hydrogen bond, but with an amide in the linker, as
well as the C-ring pointing to the enzyme solvent interface (39). Solvent accessibility is
indicated in the ligand interaction diagrams for the predicted poses (Figure 10). It has been
suggested that the C-ring in benzophenone-based NNRTIs lies in the enzyme-solvent
interface and that it could be optimized to gain specificity, improve pharmacokinetic
properties, or to construct bifunctional inhibitors (3). Given that the two promising
compounds we identified had very similar potency to the FDA-approved nevirapine, and
that they also have similarities to other known inhibitors that have been shown to inhibit the
replication of some important drug resistant viruses, characterization of the compounds
against known RT mutants as a step towards potency optimization is warranted..

Conclusions

We set out to identify novel compounds that act as NNRTIs, using a combination of
computational and experimental approaches that were based on previous molecular
dynamics simulations. Taking into account the plasticity of the allosteric binding pocket and
using a large collection of crystallographic data, we adopted an ensemble-based virtual
screening strategy. Screening of 2,864 publically available compounds led to the testing of
sixteen diverse small molecules and the identification of two compounds that block the
replication of HIV in infected cells that inhibit polymerase activity of HIV-1 RT ata
concentration of 60 nM.
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Six second-generation NNRTIs that were used to generate the “similarity subset” of the virtual screening library. Rilpivirine
(Tibotec), RDEA-806 (Ardea), GW678248 (GSK), MIV-150 (Medivir/Chiron), UK-453061 (Pfizer) and MK-4965 (Merck).
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2,864 NCI compounds
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@ Primary 10 Crystal
Screen Structures

Top 150 compounds
[Ranked by mean binding energy]
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Structures

Top 50 compounds
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Compound a .
Selection ustering

16 compounds
for experimental testing

Figure 2.

Overview of the virtual screening process used to select 16 compounds for experimental testing from a library of 2,864

compounds.
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Figure 3.
Snapshots of the 10 crystal structures of HIV-1 RT used in the crystallographic ensemble, with the co-crystallized bound

NNRTI. The NNIBP is depicted in molecular surface representation, colored by residue index. NNRTIs are shown in blue stick
representation. Note the heterogeneity of the chemical structures that bind to this allosteric site.

Chem Biol Drug Des. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Ivetac et al. Page 15

water & counter-ions

ﬁi‘/\ JQIkz @i{%“‘ -
D R e ba

CH.

NVP TBO APA ucC1

HyC

Figure 4.
Snapshots of the MD simulations, comprising the complete HIV-1 RT heterodimer complexed with 4 diverse NNRTIs and

bathed in a solvent of explicit water molecules and counter-ions to neutralize the net charge. HIV-1 RT shown in a ribbon
representation, with the p66 and p51 subunits colored blue and red, respectively. A closeup view of the NNIBP, with the 4
NNRTIs superposed, in stick representation is shown in the inset.
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Figure6.
Effects of 16 compounds on HIV-1 infectivity. (A) The effects of the compounds (5 uM) on HIV-1 infectivity were determined

by measuring firefly luciferase activity at 24 hours post-infection (hpi) in human 293T cells infected with a VSVg-pseudotyped
HIV-1 vector encoding the luciferase reporter. DMSO was used as the control. (B) Cytotoxicity of the compounds was
measured in mock-infected cells after treatment of the cells with the compounds for 24 hours. The experiments represent the
mean of at least three independent experiments each performed in triplicate. The error bars represent the standard errors of the
mean.
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Page 18

Three compounds block an early step of HIV-1 replication. (A) Effect of three compounds (5 uM) in PMA differentiated THP-1
monocytes challenged with the NL4-3 Nef* IRES rluc vector encoding renilla luciferase. Luciferase activity was measured at 24
or 48 hpi. Nevirapine (NVP, 10 pM) and DMSO were used as controls. Error bars show standard error mean from three
independent experiments each performed in triplicate. (B) Effect of compounds on late HIV-1 reverse transcription products at
24 or 48 hpi. The values represent amounts of viral DNA relative to DMSO treated cell populations and were normalized to
cellular GAPDH DNA levels. The data shown are the mean average values obtained from 3 independent experiments that were

each performed in triplicate. The error bars represent the standard error.
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Compounds had no effect on gene expression from integrated HIV-1. 293T cells that contain an integrated vector DNA that
carries and expresses firefly luciferase were treated with 5 uM of the compounds or 10 uM of NVP. Virus encoded firefly
luciferase or late viral DNA was measured at 24 hpi. Error bars represent SEM of three independent luciferase or RT-PCR

measurements.
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Figure9.
Polymerase inhibition assay. As described in the Materials and Methods section, the three compounds that showed inhibitory

activity in the cell-based assays were tested for their ability to inhibit the polymerase activity of HIV-1 RT. A radioactive primer

annealed to a long template was extended by HIV-1 RT in the presence of varying concentrations of the compounds (the amount

of DMSO was constant in all of the reactions), appropriate buffer, and 0.5 uM each dNTP. Nevirapine was included as a positive

control for NNRTI inhibition. The reactions were allowed to proceed at 37° for 60 min and were then halted by the addition of

EDTA. The samples were fractionated by electrophoresis on a 6.0% polyacrylamide gel, and the gel was autoradiographed.
Phosphoimaging was used to determine the amount of signal in each lane. Primer extension products >90 nt in length were

considered full length product. The percentage of the full length produced in each of the reaction conditions was calculated, then

plotted. Reactions were done in duplicate.
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Figure 10.
Proposed binding modes of the 2 confirmed HIV-1 RT inhibitors that were active in enzyme and cell-based assays. Active

compounds are shown in predicted poses based on docking into 1RT4 (top). Protein backbone is depicted as ribbons, and
residues within 5 A of the binding site are depicted as sticks. Intermolecular and intramolecular hydrogen bonding are denoted
with black dashed lines. Two-dimensional ligand interaction diagrams (bottom) indicate predicted proximal residues for each of
the inhibitors.
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