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1 | INTRODUCTION

Abstract

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) inhibit reverse transcrip-
tion and block the replication of HIV-1. Currently, NNRTIs are usually used as
part of a three-drug combination given to patients as antiretroviral therapy. These
combinations involve other classes of anti-HIV-1 drugs, commonly nucleoside re-
verse transcriptase inhibitors (NRTIs). However, attempts are being made to develop
two-drug maintenance therapies, some of which involve an NNRTT and an integrase
strand transfer inhibitor. This has led to a renewed interest in developing novel
NNRTTs, with a major emphasis on designing compounds that can effectively inhibit
the known NNRTI-resistant mutants. We have generated and tested novel rilpivirine
(RPV) analogs. The new compounds were designed to exploit a small opening in the
upper right periphery of the NNRTI-binding pocket. The best of the new compounds,
12, was a more potent inhibitor of the NNRTI-resistant mutants we tested than either
doravirine or efavirenz but was inferior to RPV. We describe the limitations on the
modifications that can be appended to the “upper right side” of the RPV core and the
effects of substituting other cores for the central pyrimidine core of RPV and make

suggestions about how this information can be used in NNRTI design.
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(Havlir, McLaughlin, & Richman, 1995; Shafer et al., 2003).
In most patients who are compliant, there is a decrease, over

Although the available anti-HIV drugs can, in combination,
block viral replication, current therapies do not eliminate
the viral infection. As a consequence, patients are currently
prescribed multiple drugs (usually three). This approach is
called combination antiretroviral therapy (cART). cART is
the standard of care because treating patients with mono-
therapies fails to completely suppress HIV-1 replication,
which leads to the rapid emergence of drug resistance

several months, in the level of viral RNA in the blood to
levels below what can be detected in standard commercial
assays (Maldarelli et al., 2007; Perelson et al., 1997). The
most effective anti-HIV therapies target the HIV-1 viral en-
zymes protease, reverse transcriptase (RT), and integrase.
The current standard of care for treatment-naive patients
includes an integrase strand transfer inhibitor (INSTI) plus
two additional nucleoside reverse transcriptase inhibitors

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Chemical Biology & Drug Design published by John Wiley & Sons A/S.

4 wileyonlinelibrary.com/journal/cbdd

Chem Biol Drug Des. 2021;97:4-17.


mailto:﻿
https://orcid.org/0000-0002-9176-4377
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hughesst@mail.nih.gov

SMITH ET AL.

(NRTIs), for example, bictegravir/tenofovir alafenamide/
emtricitabine, dolutegravir/abacavir/lamivudine, or dolute-
gravir/tenofovir/emtricitabine (U.S. Department of Health
and Human Service, 2019, G-4). However, there are clin-
ical situations (including some types of salvage therapies)
in which the cART regimen includes a non-nucleoside re-
verse transcriptase inhibitor (NNRTI; U.S. Department of
Health and Human Service, 2019, G-1). There are six FDA-
approved NNRTIs; a seventh, elsulfavirine, is approved for
use only in Russia (Al-Salama, 2017). Only three of the
approved NNRTIs, rilpivirine (RPV), doravirine (DOR),
and efavirenz (EFV), are currently recommended for use in
combination therapies (Figure 1; U.S. Department of Health
and Human Service, 2019, G-1); the other three approved
NNRTIs, nevirapine (NVP), delavirdine, and etravirine,
are either sparingly recommended or have been discontin-
ued (Gathe et al., 2011; Namasivayam et al., 2019; Scott &
Perry, 2000; Wang, De Clercq, & Li, 2019). In low- to mid-
dle-income countries, EFV plus two NRTIs or NVP plus two
NRTIs are still recommended treatment strategies. Attempts
are being made to develop long-acting cART formulations
and two-drug maintenance therapies for those who are fully
suppressed. As is discussed in more detail below, some of
the long-acting therapies, and some of the two-drug main-
tenance therapies that are being tested, include NNRTIs.
Having additional NNRTIs that are broadly effective against
the known drug-resistant mutants would be quite helpful.

NNRTIs bind in a largely hydrophobic pocket about 10 A
from the polymerase active site of RT (Das & Arnold, 2013a,
2013b). The binding of an NNRTI causes a conforma-
tional change that moves the end of the viral DNA away
from the polymerase active site, blocking DNA synthesis
(Das, Martinez, Bauman, & Arnold, 2012; Sluis-Cremer
& Tachedjian, 2008). Host DNA polymerases do not have
a structure that is similar to the NNRTI-binding site (Das,
Lewi, Hughes, & Arnold, 2005), and in general, NNRTIs
have little or no toxicity for the host (Margolis, Heverling,
Pham, & Stolbach, 2014). However, the NNRTI-binding
site of HIV RT is not evolutionarily well conserved (Ren
et al., 2002; Tebit et al., 2010), and the emergence of resis-
tance to NNRTIs is well documented (Wensing et al., 2019;
Xavier Ruiz & Arnold, 2020).

FIGURE 1 Chemical structures of
the NNRTIs used in cART. The chemical
structures of the FDA-approved NNRTIs
RPV, DOR, and EFV are shown
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There is an increased interest in developing drugs, and
combination therapies, that can be used in long-acting for-
mulations, both for antiviral therapy in those who are al-
ready infected and for preventive strategies (pre-exposure
prophylaxis; PrEP; Cohen, 2018; Gulick & Flexner, 2019;
Mayer et al., 2015; McCormack et al., 2016). Some of the
long-acting therapies that are currently under development
or in late-phase clinical trials are based on combinations of
NNRTIs and INSTIs (Gulick, 2018; Margolis et al., 2015,
2017). In addition, there have been trials to test whether it
is possible, in fully suppressed patients, to switch to a two-
drug regimen for the maintenance of viral suppression.
Some of the maintenance regimens being tested comprise an
NNRTT and an INSTI, for example dolutegravir (DTG) and
RPV, DTG and lamivudine (3TC), or boosted darunavir and
RPV (Cahn et al., 2019; Casado, Monsalvo, Rojo, Fontecha,
& Rodriguez-Sagrado, 2018; Llibre et al., 2018; Pasquau
et al., 2019). These simplified maintenance therapies, if suc-
cessful, would reduce both the cost of the therapy and the ex-
posure to drugs over a lifetime of therapy (Dowers, Zamora,
Barakat, & Ogbuagu, 2018; Llibre et al., 2018).

Although all NNRTIs bind in the same hydrophobic pocket
of RT, there is no single consistent chemical structure or theme
that defines what constitutes a successful NNRTI (Gu, Lu, Liu,
Ju, & Zhu, 2018); however, the most recently FDA-approved
NNRTIs, RPV and DOR, have a central core, with two ap-
pended aromatic rings. The structures of RPV and DOR differ
significantly, and the two compounds bind differently within
the NNRTI-binding pocket (Das et al., 2008; Feng et al., 2015;
Smith, Pauly, Akram, Melody, Ambrose, et al., 2016). As
might be expected, the compounds differ in terms of their abil-
ity to retain potency against the known NNRTI-resistant mu-
tants (Smith, Pauly, Akram, Melody, Ambrose, et al., 2016).

Recently, we developed a series of RPV analogs that
displayed potent antiviral activities not only against WT
HIV-1, but also against many of the well-characterized
NNRTI-resistant mutants, including DOR-resistant mu-
tants (Smith, Pauly, Akram, Melody, Rai, et al., 2016). The
new RPV analogs have various functional groups added to
the central pyrimidine ring of RPV, and in some of the an-
alogs, the central pyrimidine ring was replaced with either a
2,6-substituted purine ring system or a 2,9-substituted purine

DOR EFV
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FIGURE 2 Chemical structures of the new RPV analogs. The structures of the lead compounds 4 and 5 and the new compounds used in this

study are shown with the modifications appended to the aromatic ring on the right side of pyrimidine core depicted in red [Colour figure can be

viewed at wileyonlinelibrary.com]

system. We also made modifications to the appended aro-
matic ring on the right side of RPV (depicted in red as shown
in Figure 2), which is, in RPV, a benzonitrile. In the initial
experiments, most of the modifications we tested were small
(Johnson et al., 2012). In the experiments we report here, we
chose two of the most promising compounds as leads and
used them to extend our exploration of RPV modifications
(Johnson et al., 2012; Smith, Pauly, Akram, Melody, Rai,
et al., 2016). We generated compounds with novel modifi-
cations to the right side of the lead compounds and tested
whether the new compounds could potently inhibit both WT
HIV-1 and a panel of well-characterized NNRTI-, DOR- and
RT-resistant mutants, some of which have mutations outside
the NNRTI-binding pocket. One compound, 12, was more
broadly potent than DOR and was slightly better than EFV;
however, none of the new compounds were better than the
lead compounds. We discuss why the new compounds were
not as effective as the leads from which they were derived
and describe how the new data can be used to help guide the
design of additional derivatives.

2 | METHODS AND MATERIALS

2.1 | NNRTI synthesis

EFV was purchased from Sigma. The acquisitions of RPV
and DOR have been discussed previously (Smith, Pauly,

Akram, Melody, Ambrose, et al., 2016; Smith, Pauly, Akram,
Melody, Rai, et al., 2016). The synthesis of RPV analogs 4
and 5 has been described. Compound 4 was previously re-
ported as compound 7, and compound 5 was previously re-
ported as compound 27 (Johnson et al., 2012). The synthesis
and characterization of RPV analogs 6, 7, 8, 9, 10, 11, 12,
and 13 are described as follows. The arylamines used in the
synthesis of these compounds are shown in Scheme 1, A.
Ar, was synthesized from 4-bromo-2,6-dimethyl-aniline and
acrylonitrile by a Heck coupling method (Schils et al., 2008).
That paper also describes a workup, which combines solvent
Michael addition to the Z-isomer and selective crystallization
of the E-isomer to give greater than 98% enrichment of the E-
isomer as determined by NMR. Ar, and Ar, were synthesized
by adapting the Shils et.al. procedure (Schils et al., 2008) to
4-bromoaniline and 6-bromonaphthalen-2-amine, respec-
tively. Ar, required two rounds of Michael addition-recrys-
tallization to give greater than 95% E-isomer as determined
by NMR. Ar, was not enriched by that procedure but was
enriched to greater than 95% E-isomer by three rounds of
sequential recrystallization from methanol. Ar; was synthe-
sized by treating 6-bromonaphthalen-2-amine with copper (I)
cyanide in DMF at 160°C.

The remaining analogs were synthesized using similar pro-
cedures as outlined in Scheme 1, B. Commercially available
2.4-dichloro-5-nitropyrimidine was reacted with (E)-3-(4-
amino-3,5-dimethylphenyl)acrylonitrile (Ar;) in a neat reac-
tion at 140°C giving the 4-substituted pyrimidine along with a
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Reagents and conditions: (a) Arq, 140°C, neat, 1h; (b) Ara.4, 100°C, microwave, 0.5h; (c) SnCl,, EtOH, 70°C,12h; (d) HC(OEt);,100°C, neat, 12h.

SCHEME 1
used in this study

lesser amount of the 2,4-disubstituted pyrimidine, which would
later give analogs 6 and 9. The 4-substituted pyrimidines were
substituted at the 2-chloro position with the remaining anilines
Ar, 4 by microwave heating at 110°C in DMF. The 5-nitro
group was reduced with stannous chloride in ethanol at 60°C
to give the five 2,4-arylamino-5-aminopyridines 6,7, 8, and 12.
The purine ring was formed by treating these analogs with tri-
ethyl orthoformate (neat) at 100°C to give purine compounds 9,
10, 11, and 13. All analogs were purified by preparative scale
reverse-phase HPLC using acetonitrile-water gradients con-
taining 0.1% trifluoroacetic acid. Product peaks were frozen
and lyophilized to give amorphous solids.

NMR spectra were recorded on a Bruker spectrom-
eter. The following abbreviations were used to describe
peak patterns: s = singlet, d = doublet, dd = doublet of
doublets, t = triplet, and m = multiplet. Low-resolution,
positive-ion MS analyses (LC/MS) were carried out on an
Agilent LC/MSD single quadrupole system, equipped with
an in-line diode-array UV detector, to assess compound
identity and homogeneity. Samples were analyzed by LC/
MS using a narrow-bore (100 X 2.1 mm), small-particle
(3.5 pm), Zorbax Rapid-Resolution reversed-phase C18

(a) The structures of the four arylamines used in the synthesis of compounds. (b) The synthetic process used to give the analogs

column coupled with a C18 guard column (12.5 X 2.1 mm)
eluted with a 5%-90% gradient of methanol/water contain-
ing 0.1% acetic acid at a flow rate of 300 pl/min for sepa-
rations. Samples were analyzed using atmospheric pressure
chemical ionization (APCI). The UV chromatograms at
270 nm were used to assess purity, which was greater than
95% for all compounds.

2.1.1 | 6:(2E,2’E)-3,3'-(((5-
aminopyrimidine-2,4-diyl)bis(azanediyl))
bis(3,5-dimethyl-4,1-phenylene))diacrylonitrile

'H NMR (400 MHz, DMSO-dy) & 9.58 (s, 1H), 9.48 (s, 1H),
7.56 (dd, J = 16.7, 1.6 Hz, 2H), 7.39 (d, J = 10.3 Hz, 4H),
7.16 (s, 1H), 6.41 (dd, J = 16.7, 1.8 Hz, 2H), 2.13 (s, 6H),
2.05 (s, 6H).

BC NMR (100 MHz, DMSO-d¢) & 158.35, 158.02,
157.69, 155.91, 149.95, 149.92, 148.67, 136.98, 136.91,
136.07, 135.51, 132.86, 132.69, 127.65, 127.30, 121.41,
118.78, 118.73, 96.95, 96.84,17.90, 17.72, 17.61.

MS (APCI) m/z = 436.2 [M + H]".
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212 | 7:(E)-6-((5-amino-4-((4-(2-
cyanovinyl)-2,6-dimethylphenyl)amino)

pyrimidin-2-yl)amino)-2-naphthonitrile

'HNMR (400 MHz, DMSO-d) 5 10.49 (s, 1H), 9.65 (s, 1H),
8.36 (d, J = 1.6 Hz, 1H), 7.84-7.72 (m, 3H), 7.62 (s, 2H),
7.56 (s, 1H), 7.48 (dd, J = 8.5, 1.7 Hz, 1H), 7.39 (dd, J = 9.0,
2.2 Hz, 1H), 7.13 (d, J = 8.6 Hz, 1H), 6.58 (d, J = 16.7 Hz,
1H), 2.21 (s, 6H).

213 | 8: (E)-3-(4-((5-amino-2-((6-((E)-2-
cyanovinyl)naphthalen-2-yl)amino)pyrimidin-
4-yl)amino)-3,5-dimethylphenyl)acrylonitrile

'H NMR (400 MHz, DMSO-d,) & 10.54 (s, 1H), 9.81 (s,
1H), 7.97 (s, 1H), 7.77-7.66 (m, 4H), 7.62 (s, 2H), 7.58 (dd,
J=8.7, 1.8 Hz, 1H), 7.52 (s, 1H), 7.31 (dd, J = 8.9, 2.2 Hz,
1H), 7.13 (d, J = 8.8 Hz, 1H), 6.56 (d, J = 16.7 Hz, 1H), 6.41
(d, J = 16.6 Hz, 1H), 2.21 (s, 6H).

3C NMR (100 MHz, DMSO-dy) & 159.05, 158.70,
155.42, 150.49, 149.94, 146.78, 137.50, 137.46, 136.43,
134.53, 133.11, 129.77, 129.28, 129.01, 128.65, 127.95,
127.64, 123.48, 120.71, 118.97, 118.87, 117.59, 114.67,
113.79, 97.27, 95.79, 17.95.

MS (APCI) m/z = 458.2 [M + H]*.

214 | 9: (E)-3-(4-((9-(4-((E)-2-cyanovinyl)-
2,6-dimethylphenyl)-9H-purin-2-yl)amino)-3,5-
dimethylphenyl)acrylonitrile

'HNMR (400 MHz, DMSO-d,) 8 8.91 (s, 1H), 8.77 (s, 1H), 8.26
(s, 1H), 7.69-7.45 (m, 5H), 7.33 (s, 2H), 6.50 (d, J = 16.7 Hz,
1H), 6.31 (d, J = 16.7 Hz, 1H), 2.11 (s, 6H), 1.99 (s, 6H).

BC NMR (100 MHz, DMSO d-) & 158.43, 153.27,
150.32, 149.53, 149.29, 143.07, 139.88, 136.78, 136.28,
134.63, 134.51, 131.06, 127.62, 127.25, 127.04, 119.01,
118.57,98.21, 95.58, 18.31, 17.53.

MS (APCI) m/z = 446.2 [M + H]".

'3C NMR (100 MHz, DMSO d¢-) 8 159.85, 159.53, 155.38,
150.47, 147.81, 139.76, 13830, 136.98, 135.59, 134.21,
133.46, 129.58, 128.69, 128.15, 128.11, 126.98, 121.86,
119.84, 119.33, 115.70, 113.15, 106.30, 97.66, 18.57, 18.44.

MS (APCI) m/z = 432.2 [M + H]*.

2.1.5 | 10: (E)-6-((9-(4-(2-cyanovinyl)-2,6-
dimethylphenyl)-9H-purin-2-yl)amino)-2-
naphthonitrile

'H NMR (400 MHz, DMSO-d) § 10.29 (d, J = 7.7 Hz,
1H), 9.11 (s, 1H), 8.64-8.54 (m, 1H), 8.49 (s, 1H), 8.37 (d,

J=1.5Hz, 1H), 7.91 (d, J = 9.0 Hz, 1H), 7.83 (dd, J = 9.0,
2.2 Hz, 1H), 7.79-7.61 (m, 5H), 6.61 (d, J = 16.7 Hz, 1H),
2.05 (s, 6H).

13C NMR (100 MHz, DMSO-dg) 8 156.34, 152.49, 149.59,
149.37, 144.20, 141.50, 136.92, 135.57, 134.86, 134.38,
133.76, 128.85, 128.10, 127.88, 127.66, 127.35, 126.73,
121.70, 119.59, 118.62, 112.09, 105.21, 98.41, 17.66, 17.55.

MS (APCI) m/z = 442.1 [M + H]*.

2.1.6 | 11: (E)-3-(6-((9-(4-((E)-2-cyanovinyl)-
2,6-dimethylphenyl)-9H-purin-2-yl)amino)
naphthalen-2-yl)acrylonitrile

'H NMR (400 MHz, DMSO-d¢) 6 10.16 (s, 1H), 9.09 (s, 1H),
8.53-8.49 (m, 1H), 8.47 (s, 1H), 7.99 (s, 1H), 7.82-7.67 (m,
7H), 7.57 (d, J = 8.7 Hz, 1H), 6.61 (d, J = 16.7 Hz, 1H), 6.48
(d, J = 16.6 Hz, 1H), 2.06 (s, 6H).

3C NMR (100 MHz, DMSO-d¢) 8 15845, 156.51,
152.53, 150.69, 149.61, 149.35, 144.01, 140.24, 136.91,
135.09, 134.82, 134.43, 129.48, 129.07, 128.98, 128.04,
127.90, 127.65, 127.48, 123.37, 121.04, 119.23, 118.63,
112.51, 98.37, 95.15, 17.56.

MS (APCI) m/z = 468.2 [M + H]*.

2.1.7 | 12: (E)-3-(4-((5-amino-2-((4-((E)-
2-cyanovinyl)phenyl)amino)pyrimidin-4-yl)
amino)-3,5-dimethylphenyl)acrylonitrile

'H NMR (400 MHz, DMSO-d¢) & 10.38 (s, 1H), 9.80 (s, 1H),
7.70 (d, J = 16.7 Hz, 1H), 7.56-7.44 (m, 4H), 7.29-7.12 (m,
4H), 6.53 (d, J = 16.7 Hz, 1H), 6.16 (d, J = 16.7 Hz, 1H),
2.17 (s, 6H).

3CNMR (100 MHz, DMSO-dy) 8 158.95, 158.60, 155.25,
150.08, 149.83, 140.89, 137.55, 136.30, 132.99, 128.23,
127.83, 127.50, 119.04, 118.84, 118.60, 97.07, 94.12, 17.90.

MS (APCI) m/z = 408.2 [M + H]".

2.1.8 | 13: (E)-3-(4-((9-(4-((E)-2-cyanovinyl)-
2,6-dimethylphenyl)-9H-purin-2-yl)amino)
phenyl)acrylonitrile

'H NMR (400 MHz, DMSO-d¢) 6 10.08 (s, 1H), 9.04 (s, 1H),
8.42 (s, 1H), 7.83-7.76 (m, 2H), 7.72-7.67 (m, 1H), 7.63 (s,
2H), 7.55-7.44 (m, 3H), 6.58 (d, J = 16.7 Hz, 1H), 6.22 (d,
J = 16.6 Hz, 1H), 2.01 (s, 6H).

3C NMR (100 MHz, DMSO-d¢) 8 156.25, 152.53,
150.22, 149.60, 149.31, 144.15, 143.55, 136.87, 134.79,
134.34, 134.34, 128.55, 128.01, 127.65, 126.40, 119.43,
118.59, 117.77, 98.37, 92.84, 17.51.

MS (APCI) m/z = 418.1 [M + H]™.
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2.2 | Cell-based assays

HIV-based viral vectors with either a WT or a mutant RT
were used in single-round infectivity assays to determine the
antiviral potencies (half maximal effective concentration,
ECj values) of the compounds, and the cellular cytotoxicities
were measured using an ATP-dependent luminescence assay
as previously described (Smith & Hughes, 2014). A modi-
fied version of the single-round infectivity assay was used
to determine the replication capacity of the NNRTI-resistant
mutant vectors. Briefly, 200 ng of a WT or NNRTI-resistant
mutant HIV-1 based vector was added to 96-well plates, in-
cubated for 48 hr, and luciferase activity was measured. The
luciferase activity of the WT virions was set to 100%, from
which the infectivity of the mutant virions was measured as a
percentage of WT activity.

2.3 | Vector constructs

The vector pNLNgoMIVR-AENV.LUC has been described
previously (Smith, Zhao, Burke, & Hughes, 2018). The
NNRTI-resistant mutants used in this study have been de-
scribed previously (Smith, Pauly, Akram, Melody, Ambrose,
et al., 2016; Smith, Pauly, Akram, Melody, Rai, et al., 2016).

2.4 | Computer modeling

All modeling was conducted using MOE 2019.01 02
(Chemical Computing Group). RPV in the RT NNRTI-
binding pocket (PDB ID: 2ZD1; Das et al., 2008) was used
as a structural template to dock compounds 7, 12, and 13 into
the binding pocket. The docking placement methodology tri-
angle matcher was initially scored by London dG. Rigid re-
ceptor was used for the postrefinement, and the final scoring
methodology was GBVI/WSA dG.

3 | RESULTS

3.1 | Design of new RPV analogs

In previous studies, we showed that the RPV analogs 4
(previously reported as compound 7) and 5 (previously de-
scribed as compound 27) were able to potently inhibit both
WT HIV-1 and several NNRTI-resistant mutants (Johnson
et al.,, 2012; Smith, Pauly, Akram, Melody, Rai, et al.,
2016). Published structural studies have described a small
hydrophobic pocket formed by residues P225, F227, and
L234 that resides in the upper right region of the NNRTI-
binding pocket (Figure 3; Das et al., 2008, 2012). We

CR-WILEY-

nnnnnn

prepared a series of new compounds, using compounds 4
and 5 as leads, which have modifications to the right side
aromatic ring (Figure 2; shown in red). We designed the
new compounds to have modifications that could interact
with the small hydrophobic pocket formed by residues
P225, F227, and L234. Compounds 6, 7, 8, and 12 are de-
rivatives of 4 and contain, on the right side, appended to
a benzene ring, cyanonaphthalene (7), naphthalene-2-acry-
lonitrile (8), or acrylonitrile (12). Compound 6 has a cya-
noethenyl appended to a dimethylbenzene ring. Compounds
9 (cyanoethenyl), 10 (cyanonaphthalene), 11 (naphthalene-
2-acrylonitrile), and 13 (acrylonitrile) are derivatives of §
and have the same series of modified aromatic rings on the
right side, but the central core is a 2,9-substituted purine
rather than a pyrimidine.

3.2 | Comparing the cytotoxicities and
antiviral potencies against WT HIV-

1 of the new RPV analogs and the FDA-
approved NNRTIs

To determine the potency of the new compounds, we tested
their abilities to inhibit WT HIV-1 in a single-round in-
fection assay (Table 1). Compounds 7 (2.3 + 0.3 nM), 10
23+ 0.2nM), 12 (1.2 + 0.2 nM), and 13 (1.4 + 0.2 nM)
all potently inhibited WT HIV-1, with ECs, values less
than 2.5 nM. In comparison, RPV and DOR, and the lead
compounds 4 and 5, have been previously shown to in-
hibit WT HIV-1 with subnanomolar potencies (Johnson
et al., 2012; Smith, Pauly, Akram, Melody, Rai, et al.,
2016). We also measured the antiviral activity of EFV
against WT HIV-1; it potently inhibited WT HIV-1 with an
ECs,0f 0.9 + 0.1 nM. Some of the new compounds, 6, 8, 9,
and 11 were less potent, in terms of their ability to inhibit
WT HIV-1 (Table 1). The cytotoxicities of the new com-
pounds and EFV were determined and compared with RPV,
DOR, and the lead compounds 4 and 5§ (Table 1). In gen-
eral, NNRTIs have few problems with cytotoxicity when
compared to the other major class of RT inhibitors, NRTIs.
Among the FDA-approved NNRTIs, DOR was the best in
terms of low cytotoxicity (180.6 + 3.5 uM), while RPV is
more toxic (20.6 = 1.5 uM), and EFV (36.4 + 1.6 uM) had
a CCs that was similar to RPV. Of the new compounds, 9
(191.6 + 11.0 uM) and 13 (>250 uM) had favorable cyto-
toxicities; however, the cytotoxicities of remaining com-
pounds ranged from a CCs, value of 10.8 uM (both 8 and
10) to 44.9 uM (6). Both 12 and 13 had therapeutic indexes
of >25,000, which is similar to the FDA-approved NNRTIs
and the lead compounds, 4 and 5. This initial screening of
the new compounds suggests that these are the compounds
that have the greatest potential.
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P225
Y188
F227
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Y181
L100
K103
RPV
V179
E138

K101

FIGURE 3 The small hydrophobic pocket formed by residues P225, F227, and L234 in the upper right periphery of the NNRTI-binding
pocket. A structure of RPV (maroon) in the NNRTI-binding pocket is shown with the residues that comprise the binding pocket labeled in black.

This small hydrophobic pocket is the place where the modifications on the upper right of the new RPV analogs are designed to bind; this small

pocket is outlined by a blue square. The right inset shows a close-up of the small hydrophobic pocket with the benzonitrile modification of RPV

bound in it [Colour figure can be viewed at wileyonlinelibrary.com]

3.3 | Comparison of antiviral potencies of
RPYV analogs and FDA-approved NNRTIs
against well-known NNRTI-resistant mutants

As mentioned above, NNRTIs are potent inhibitors of WT
HIV-1; however, because the NNRTI-binding site primarily
consists of hydrophobic residues that are not strongly con-
served evolutionarily, resistant mutants can and do emerge
against them (Wang et al.,, 2019; Wensing et al., 2019).
Treatment with the first-generation NNRTIs saw the emer-
gence of a number of resistance mutations, most of which
were in or near the NNRTI-binding pocket. New NNRTIs
have been developed that can effectively inhibit some of the
NNRTI-resistant mutants that emerged against the first-gen-
eration NNRTIs; however, even the most advanced NNRTISs,
like RPV and DOR, are susceptible to some mutants. We
tested the efficacies of the new RPV analogs against the
signature NNRTI-resistant mutants L.100I, K103N, V106A,
E138K, Y181C, Y188L, H221Y, and K103N/Y181C and
then compared the efficacies of the new compounds to RPV,
DOR, and EFV and the lead compounds 4 and 5§ (Table 2;
Figure S1). Of the new compounds, 12 was the most success-
ful in terms of its ability to inhibit the NNRTI-resistant mu-
tants we tested; compound 7 was the second best. The only
mutants in the panel that caused a significant reduction in

potency for 12 were Y188L (44.0 + 2.6 nM) and the double
mutant K103N/Y181C (22.4 + 1.1 nM). The antiviral profile
of 12 against this panel of NNRTI-resistant mutants was very
similar to the lead compound 5; importantly, 12 was much
more effective than the FDA-approved NNRTIs DOR and
EFV. However, the antiviral profile of RPV analog 12 was
inferior to both RPV and the lead compound, 4.

Compound 7 also potently inhibited some of the NNRTI-
resistant mutants, notably L100I (4.5 + 0.4 nM), K103N
(4.0 + 0.8 nM), and H221Y (2.8 + 0.2 nM). The NNRTI-
resistant mutants V106A, E138K, and Y181C all caused
small reductions in susceptibility to compound 7, while
NNRTI-resistant mutants Y188L (152.4 + 21.3 nM) and
K103N/Y181C (156.2 + 12.7 nM) caused large reductions
in susceptibility to 7 (Table 2). Both 10 and 13 retained
high potencies against the NNRTI-resistant mutant H221Y,
34 + 0.3 and 2.6 + 0.7 nM, respectively; however, only
13 retained moderately potent efficacies against K103N
and V106A, while a loss in potency was observed for 10
against K103N and V106A (Table 2). Compound 10 lost po-
tency against L1001, E138K, Y181C, Y188L, and K103N/
Y181C. Compound 13 lost potency against L1001, E138K,
Y181C, Y188L, and K103N/Y181C (Table 2). Compounds
6, 8,9, and 11 were largely ineffective against the NNRTI-
resistant mutants in this panel. Modeling the binding of the
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TABLE 1 Cytotoxicities and antiviral potencies of the new RPV
analogs and the FDA-approved NNRTIs against WT HIV-1 = ;E:
o122 2232 Fl=
v N
CCs WT I §g$§55225
S H
RPV 206+1.5uM  0.2+0.1 nM >25,000 Z ;Q' ;’3' QS' ;‘ :E' S :,' S
n — O — = O O
DOR 180.6 +3.5uM 0.7+ 0.1 nM >25,000 E —~ @ Y s 8 o
EFV 364 + 1.6 UM 09 +0.1 ;M >25,000
4 511+48uM  05+010M  >25000 22222222
— 0 < — < < A wn
5 30.5+3.9uM 0.5+ 0.1 nM >25,000 S - S S S Y S o
2 H H O H H OH H HH
6 449+ 06puM 272 +33nM 1,651 ST T B S T B R
— T N ©O - O O o©
7 23.0+23uM 23 +030M 10,000 = N B
8 10.8 + 0.7 uM 6.8 + 0.6 nM 1,588 b
s ss3s5 =E
9 1916 +11.0uM 104 + 0.6 nM 18,423 f] f; :1 ; N G
oS 6 o < NN
10 10.8 £ 1.2 uM 23 +0.2nM 4,696 H - H o1 oH % o4
11 171 £08uM 102+ 1.9nM 1,676 MMM N
-] o~ N v O
12 322+ 15uM  1.2+02nM >25,000 = = ; ~
13 >250 uM 1.4 +0.2nM >25,000
Note: The CCs, values were determined for the approved NNRTIs and RPV % % % % % % % E
analogs. The ECs, values for the approved NNRTIs and the new compounds i) <+ a4 = a a 3‘% S A
were determined for WT HIV-1 in a single-round infection assay. The § i i ?I i i i T| :|
therapeutic indexes for the NNRTIs and RPV analogs were calculated. The error g 8 ~ g o ® 3 2 ﬁ :
bars represent standard deviations of independent experiments, n = 3. § E - o = S
E _
. . = S =535 35s 3
compounds using the previously solved structure of RPV & SIE R Flo o
- b a4 — = 2 A
bound to WT HIV RT, (Das et al. 2008) suggested that, for % S a o o S S o A
. o ° H o+ H H H H H A
the compounds that failed, the modifications may have been S ¥ 2 9 ] N N
- - o g o
too large to fit into the hydrophobic pocket formed by P225, é a - - Y&
F227, and L234 (data not shown). We confirmed that K103N E
(358 + 9.1 nM), YI8SL (76.8 + 65 nM), and KIO3N/ £ 5353233372
Y181C (36.0 + 8.4 nM) all caused a significant loss in sus- % zEl2 § Bl E
o
ceptibility to EFV; however, EFV was more broadly active R H o+ H H H H H A
against the NNRTI-resistant mutants in this panel than DOR. 2 = SEl-El 3 5 p ;
. S, - — o —
Based on these findings, we focused on the RPV analogs 7, g > o
10, 12, and 13. =
a9
E = =2 =2 =2 =2 =2 = =
=1 = = = = = = = =
o N0 = = A\ o =
. P . = S A4 o O O n oS O
3.4 | Comparison of antiviral potencies of g oz HOH HH H A H A
RPYV analogs and FDA-approved NNRTIs s 229532452
against some other well-characterized NNRTI- = I -
resistant mutants g M-
3 R
o [selN e : <
A number of NNRTI-resistant mutants have emerged against 5 4 B H M
=
the first-generation FDA-approved NNRTIs, and we tested ;= HE Sl
) O — B . = 3 H 2
our new compounds against the lead compounds and the sec- g E S = w S s g vz
ond-generation FDA-approved NNRTIs against some addi- ‘q‘é
tional well-characterized NNRTI-resistant mutants K101P, = % % % % % % % %
Y1811, G190A, G190S, M230L, P236L, L100I/K103N, & — =l — =l — Kl 2 BE
= S O O o O on o O
K101P/V1791, K103N/P225H, and V106A/G190A/F227L < H o H H H H H OHH
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(Table 3; Figure S2). Of the four compounds we tested, n 2 S S S S S oS
12 was the most broadly active against the second panel E
of NNRTI-resistant mutants. Compound 12 potently inhib- M z & 2
s X A K< n © ~ ®

ited G190A, G190S, P236L, K103N/P225H, and V106A/
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34+ 03nM

194 +2.2nM

>5,000 nM

>5,000 nM

327 + 4.4 nM

150.4 + 6.9 nM

15.1 + 1.0 nM

58.8 + 6.0 nM

24.5 + 4.9 nM

48.0 +4.2nM

24.2 + 6.1 nM

156.1 + 30.6 nM

2.3+ 0.2nM

10.4 + 0.6 nM

9

=
=1
0
2 =
H =
o 8
s 2
5 R

17.1 £ 2.1 nM

180.3 + 14.7 nM
>5,000 nM

47.7 + 7.8 nM
>5,000 nM

>5,000 nM

>5,000 nM

232.1 +22.3nM

78.0 + 11.7 nM

10.2 + 1.9 nM

10
11

1.6 + 0.1 nM

1.6 + 0.2 nM

1.8 + 0.2 nM

1.2 +0.2nM

s 2
S~
- 8
- wn
H o+
S
N A
[o\ N\
o

2.6 +0.7nM

208.0 + 12.0 nM

44.0 £ 2.6 nM

92.4 +10.0 nM

5.3+ 0.8 nM

29.1+1.9nM

6.5 + 0.9 nM

11.3+2.2nM

0.8 + 0.2 nM

9.3+ 0.7 nM

28.6 + 7.6 nM

14+02nM

12
13

Note: Numerical values of the ECs,, values and standard deviations (n = 3) of the FDA-approved NNRTIs and RPV analogs against the NNRTI-resistant single and double mutants are shown.
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TABLE 3 Antiviral potencies of the new compounds and the FDA-approved NNRTIs against additional well-characterized NNRTI-resistant mutants

V106A/G190A/
F227L

K103N/P225H

L100I/K103N K101P/V1791

K101P Y1811 G190A G190S M230L P236L

WT

0.5 +0.02nM

0.6 +0.2nM

93,5+ 12.1 nM

23+02nM

0.2+0.0nM

51.1 £ 6.5 nM

1.7 £ 0.0 nM

0.1 +0.01 nM

0.4 +0.1 ;M

8.8 +0.1 nM

6.2 +1.6nM

02+0.1 nM

RPV

>100 nM

25.3 +4.50M
50.4 + 3.1 nM

1.5+ 0.4 nM
35.1+2.9nM

488.5 + 50.0 nM

2.0+ 0.8 nM

0.2 +0.04 nM

2.0+0.7nM

143 +£2.0nM

17.1 £ 2.6 nM

4.6 £ 1.2nM

1.2 + 0.4 nM

0.9 +02nM

0.6 £ 0.3 nM

112.3 +13.9nM

1.0 £ 0.3 nM

09+0.1nM

0.7+ 0.1 nM

DOR
EFV

4
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14 +04 M

184.8 + 19.8 nM

81.4 + 8.1 1M

1.7+ 0.4 M

0.2 + 0.06 nM

4.0 + 2.0 nM

0.4 +0.07 nM

1.1 +0.1nM
0.3 +0.0nM

19.0 + 2.6 nM

9.0 + 2.3 nM

0.5+ 0.1 nM

1.1 +£0.3nM

52+ 1.0nM

22+120M

2.1+09nM
25.3 +3.0nM

308.4 + 56.6 nM

16.6 +£ 0.5 nM

39.8+9.2nM
264.6 + 5.9 nM

0.2 +0.04 nM
1.2+03nM

214 +420M

4.2 +0.5nM

0.1 +0.01 nM
1.0+ 0.1 nM

1.4 +0.1 naM

0.2 +0.1 nM

757.7 + 57.2 nM

23.1 +4.5nM

98.7 + 14.0 nM

49 +£22nM

23 +03nM

0.5+0.1 nM

7.0+ 0.5n0M

103.3 + 8.1 nM

96.9 + 16.5 nM

1.6 + 0.1 nM

33.8 +2.7nM

2.1+0.1 nM

1.6 + 0.3 1M

1,637 + 167.6 nM

65.9 + 6.4 nM

23+02nM

7

2.5+0.50M

270.5 + 63.1 nM

16.1 + 0.2 nM

385.8 +19.9 1M

0.6 + 0.1 nM

16.9 + 1.2 nM

0.2 + 0.06 nM

0.7+ 0.1 nM

255.1 + 36.4 nM

126.3 + 29.4 nM

1.2+0.2nM

10
12
13

1.6 + 0.2 nM

4.7+ 0.9 M

29.1 + 1.6 nM

551.6 + 86.7 nM

252.1 +£21.9nM

1.1 +£0.05 nM

60.0 = 0.9 nM

1.2+03nM

3,088.7 +£220.6nM 0.9 + 0.1 nM

280.3 + 27.0 nM

1.4+02nM

Note: Numerical values of the ECs, values and standard deviations (n = 3) of the FDA-approved NNRTIs and the new compounds against the NNRTI-resistant single, double, and triple mutants are shown.

G190A/F227L with ECs, values that were similar to RPV
and the lead compounds 4 and 5. Compound 12 was more ef-
fective than both DOR and EFV against the NNRTI-resistant
mutants K103N/P225H (1.6 + 0.2 nM) and V106A/G190A/
F227L (2.5 + 0.5 nM). The ECjs, values of DOR and EFV
against K103N/P225H were 25.3 + 4.5 and 50.4 + 3.1 nM,
respectively, and against VIO6A/G190A/F227L were >100
and 184.8 + 19.8 nM, respectively. Compound 12 showed a
moderate loss in potency against M230L and L100I/K103N
(Table 3). The three NNRTI-resistant mutants K101P,
V1811, and K101P/V179I, all of which have been previ-
ously shown to cause a loss of potency for RPV and the lead
compounds 4 and 5, also caused a large reduction in suscep-
tibility to 12 (ECs values > 100 nM). Although the poten-
cies were lower for 12 against M230L (16.9 + 1.2 nM) and
L100I/K103N (16.1 0.2 nM), these antiviral activities were
better than DOR against M230L (51.1 + 6.5 nM) and EFV
against L100I/K103N (488.5 + 50.0 nM). The other new
compounds failed against a number of the NNRTI-resistant
mutants in this panel. However, 7, 10, and 13 all potently
inhibited G190A/S and P236L with ECs, values < 2.1 nM.
Overall, in terms of their ability to inhibit the mutants in this
panel, RPV and the lead compounds 4 and 5 were more ef-
fective than 12; however, 12 was a more broadly effective
than EFV or DOR.

3.5 | Comparison of antiviral potencies of the
new compounds and FDA-approved NNRTIs
against DOR-resistant mutants

Because we are developing new RPV analogs and because
we have previously demonstrated that RPV and DOR have
non-overlapping resistance profiles that could potentially
be exploited in combination therapy (Smith, Pauly, Akram,
Melody, Ambrose, et al., 2016), we measured the ability of
the RPV analogs to inhibit the DOR-resistant mutants V106A,
12341, V106A/F227, V106A/L2341, and V106A/F2271/1.2341
(Table 4; Figure S3). Compound 12 potently inhibited all of the
DOR-resistant mutants with EC5, values <2.0 nM. These results
are similar to the lead compounds 4 and 5 and similar to RPV,
which inhibited all the DOR-resistant mutants with EC, values
<0.8 nM. Compounds 7, 10, and 13 all retained potency against
L2341 (ECs values <2.3 nM); however, only 7 and 13 potently
inhibited V106A/F227L/1.2341 (ECs, values <5.4 nM). The RT
mutants V106A, VI06A/F227L, and V106A/L234I all caused
drops in susceptibility to 7, 10, and 13 (ECs, values ranging
from >10 to <80 nM); VI106A/F227/1.2341 caused a minor
drop in susceptibility to 10 (13.1 + 0.7 nM). Compared to EFV,
using this panel of mutants, 12 had a slightly better antiviral
profile. Out of the five DOR-resistant mutants, 12 was more po-
tent against four of them (V106A, L2341, V106A/F227L, and
V106A/F227/1.2341).
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TABLE 4 Antiviral potencies of the new compounds and FDA-approved NNRTIs against DOR-resistant mutants
V106A/
WT V106A L2341 V106A/F227L V106A/L.2341 F227L/1.2341
RPV 0.2+ 0.1 nM 0.3 +0.1 nM 0.1 +0.06 nM 0.8 +0.1 nM 0.1 +£ 0.0 nM 0.2 +0.01 nM
DOR 0.7 + 0.1 nM 15.6 + 4.0 nM 6.8 +2.5nM >100 nM >100 nM >100 nM
EFV 0.9+ 0.1 nM 12+0.2nM 0.8 +0.1 nM 49+0.7nM 0.3 + 0.03 nM 34+03nM
4 0.5+ 0.1 nM 0.3 + 0.03 nM 0.2 + 0.1 nM 1.3 + 0.4 nM 0.3 +0.1 nM 0.4 + 0.1 nM
0.5+ 0.1 nM 0.6 +0.1 nM 0.1 +0.04 nM 29+ 0.3nM 04 +0.2nM 0.7 + 0.3 nM
7 23 +0.3nM 13.7 + 3.4 nM 1.1 +0.2nM 18.7+2.1 nM 25.7+2.1nM 35+02nM
10 23+02nM 151+ 1.0nM 23+02nM 28.1 +1.9nM 79.1 +10.4 nM 13.1 + 0.7 nM
12 1.2 +0.2nM 0.8 + 0.2 nM 0.5 + 0.07 nM 2.0+ 0.1 nM 1.4 +0.5nM 1.3 +0.1 nM
13 14 +02nM 11.3 +2.2nM 1.8 + 0.4 nM 112 +2.2nM 36.6 +2.4nM 54+1.1nM

Note: Numerical values of the ECs, values and standard deviations (n = 3) of the FDA-approved NNRTIs and the new compounds against the DOR-resistant single,

double, and triple mutants are shown.

3.6 | Comparison of antiviral

potencies of the new compounds and FDA-
approved NNRTIs against mutants with
resistance mutations located outside the
NNRTI-binding pocket

We also compared our new compounds to RPV and the FDA-
approved NNRTIs using a panel of RT-resistant mutants that
have their resistance mutations located outside the NNRTI-
binding pocket: E40K, D67E, K101E, V111A, M1841, M184V,
K101E/M1841, K101E/M184V, E138K/M1841, and E138K/
M184V (Table 5; Figure S4). Compound 12 potently inhibited
almost all of the RT-resistant mutants (ECs, values <3.4 nM);
there was a minor reduction in potency against E138K/M 1841
and E138K/M184V (Table 5). In comparison with RPV and
the lead compounds 4 and 5, the antiviral profile of 12 was
nearly equivalent; however, there are some mutants for which
12 was slightly more potent than the FDA-approved NNRTIs.
DOR failed to retain potency against D67E (46.0 + 14.0 nM),
while 12 potently inhibited this mutant (3.4 + 0.5 nM). Against
K101E, 12 had an ECs, value at 3.4 + 0.5 nM while EFV lost
potency (11.0 + 1.2 nM). The remaining compounds 7, 10,
and 13 all had similar, albeit weaker, antiviral profiles against
the RT-resistant mutants when compared to 12. These addi-
tional compounds effectively inhibited E40K, V111A, M184I,
M184V, and K101E/M184V (ECs, values <5.0 nM); how-
ever, they lost potency against D67E, K101E/M184I, E138K/
M184I, and E138K/M 184V (ECs values >7.0 nM).

3.7 | Modeling the binding of compound
12 using the structure of RPV in the NNRTI-
binding pocket

Using the structure of RPV in the NNRTI-binding pocket
as a template (PDB ID: 2ZD1; Figure 3; Das et al., 2008),

we modeled the binding of compound 12 (Figure 4, panel
a). As expected, the binding modes of the two NNRTIs
are nearly identical. The difference in the two compounds
(12 has a cyanoethenylbenzyl modification instead of the
benzonitrile that is present in RPV) was intended to allow
the binding of the cyanoethenyl in the small hydrophobic
pocket formed by residues P225, F227, and L234. This
pocket is in the upper right of the NNRTI-binding pocket;
according to the model, the cyanoethenyl moiety binds ap-
proximately 1.5 A deeper into the pocket. Compound 7
was the second best of the new compounds in this study.
Compound 7 was also based on lead compound 4 and has
cyanonaphthalene constituent that, based on the models,
binds approximately 1.3 A deeper into the P225, F227,
L234 hydrophobic pocket than RPV (Figure 4, panel b). In
our models, the modifications to the RPV analogs 10 and
13, which were built on lead 5, do not bind in the small
hydrophobic pocket (Figure 4, panel c). Their respective
modifications interact with the back of the NNRTI-binding
pocket between V106 and P236, which would explain
their failure to retain potency against many of the NNRTI-
resistant mutants (see Section 4).

4 | DISCUSSION

NNRTIs are well-established antiretrovirals that are cur-
rently used as one of the therapeutic options in cART.
Recently, there has been an increased interest in using
NNRTIs, particularly RPV, in combination with an INSTI,
in long-acting formulations that are injected or implanted
(Gulick & Flexner, 2019; Margolis et al., 2015, 2017).
The initial results have been quite promising (Margolis
etal., 2017), and it appears that this approach will be avail-
able as a therapeutic and/or preventative option in the near
future. However, the emergence of drug-resistant strains of
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TABLE 5

K101E/

E138K/M184V

E138K/M1841

M184V

M1841 M184V K101E/M1841

V111A

K101E

D67E

E40K

WT

1.3 +04nM
3.0+ 0.1 nM

1.4 + 0.6 nM

1.1 £0.1 nM

0.2 +0.02nM

0.2 + 0.0 nM

2.3 +0.6nM

0.7 +0.1 nM

0.7 £ 0.0l nM

0.1 +0.0nM

0.2 + 0.08 nM
0.6 + 0.2nM

0.3+ 0.1 nM
0.4+004nM 0.3+0.1nM

2.6 +1.6nM

46.0 + 14.0 nM

+ 0.8 + 0.3 nM

1.5+ 0.5 nM

02+0.1nM 0.3 +0.04 nM
0.7+ 0.1 nM

RPV

2.1+0.1 ;M

2.2+04nM

1.5+ 0.2nM

0.9 £ 0.2 nM

0.3 +0.1 nM

0.2 +0.04 nM

0.2 +£0.04 nM

11.0+ 1.2 M

3.7+0.7nM

09+0.1nM 0.3 +0.02nM

DOR
EFV
4

5
7
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24 +0.2nM

0.7+ 0.1 nM 2.9 + 0.6 nM

1.3 + 0.6 nM

0.4 + 0.04 nM

0.12 + 0.03 nM

0.2 +0.1 nM

23+ 12nM

45+ 1.1 nM

0.5+ 0.1 nM

0.5+ 0.1 nM

1.8 £ 0.8 nM

0.9+ 0.1 nM 0.9 + 0.6 nM

0.5+ 0.3nM

0.2 + 0.0l nM

0.2 + 0.04 nM

0.1 £ 0.0 nM

1.2 +£0.7 nM

1.1 £ 0.4 nM

0.5+ 0.1 nM

0.5+ 0.1 nM

20.6 + 3.6 nM

23.0 + 0.4 nM

3.0+ 0.3 nM

9.4 + 0.4 nM

2.0+ 0.1 nM

1.6 + 0.2 nM

0.2 + 0.03 nM

9.9 +2.0nM

9.7 + 1.2 nM

1.9+ 0.1 nM

2.3 +0.3 nM

32.3 +3.6nM

16.9 + 4.7 1M

4.7 + 0.8 nM

14.0 + 0.1 nM

3.1+ 0.4 nM

1.3+0.2nM

0.4 + 0.02 nM

134 +1.0nM

10.0 + 1.9nM

4.2 +0.7nM

2.3+02nM

6.8 + 0.2 nM

6.1 + 0.9 nM

1.9 £ 0.4 nM

3.1 £ 0.6 nM

1.1 £ 0.2 nM

0.4+ 0.1 nM

0.1 +0.01 nM

34 +0.1nM

34 +0.5nM

0.8+ 0.1 nM

1.2 +£0.2nM

10
12
13

21.6 + 2.6 nM

19.5 +3.1nM

2.2 +0.1 nM 7.0 +0.6 nM 39+0.6nM

0.5+0.1 nM

0.2 +£0.02 nM

9.7+ 1.2nM

9.5+ 1.8nM

1.7+ 0.2nM

1.4 +0.2nM

Note: Numerical values of the ECs values and standard deviations (n = 3) of the FDA-approved NNRTIs and the new compounds against the RT-resistant single and double mutants are shown.

HIV is a growing problem. Currently, in the Washington
D.C. area, about twenty percent of new HIV-1 infec-
tions involve drug-resistant mutants (Gibson et al., 2019).
Therefore, the development of new antiretrovirals is a ne-
cessity. However, although RPV is an effective inhibitor,
like all other anti-HIV drugs, it selects for resistant strains
of HIV. Thus, there is a need to develop new NNRTIs,
particularly new compounds that will be broadly effective
against the known NNRTI-resistant mutants. In an effort to
seek improved solubility and bioavailability, others have
reported the development of RPV analogs that have dif-
ferent modifications of the moieties that are linked to the
pyrimidine core (Huang et al., 2019; Kang, Wang, et al.,
2019; Kang, Zhang, et al., 2019; Liu et al., 2016). We have
focused primarily on increasing the potency of RPV ana-
logs against resistant strains of HIV.

Here, we tested new RPV analogs that were based on our
previously described RPV analogs 4 and S. The goal was to
make modifications on the right side of the two lead com-
pounds. The modifications were intended to bind within a
small hydrophobic pocket formed by residues P225, F227,
and L.234 located in the upper right periphery of the NNRTI-
binding pocket. The idea was that the additional interactions
between the modifications and the small binding pocket
would increase the ability of the modified NNRTI(s) to bind
to WT and mutant RTs.

RPV analog 12 was the best of the new RPV analogs and
had an overall antiviral profile that was better than DOR and
equivalent to, if not slightly better than, EFV. However, com-
pound 12 was inferior to RPV and the lead compounds 4 and
5. Against WT HIV-1 and the thirty-two NNRTI-resistant
mutants used in this study, 12 had considerably better poten-
cies against a total of twenty-nine out of thirty-two NNRTI-
resistant mutants when compared to the other new RPV
analogs we tested. Only compound 10 exhibited improved
potencies against the NNRTI-resistant mutants KI101P and
K101P/V1791 when compared to compound 12 (compound
7 also had a better potency against K101P when compared to
12). Compound 12 had better potencies than EFV for seven
out of the thirty-two NNRTI-resistant mutants, including six
out of eight of the signature NNRTI-resistant mutants and
three out of the four DOR-resistant mutants. When compared
to DOR, 12 was more potent against nineteen of the thir-
ty-two NNRTI-resistant mutants, including five of the eight
signature NNRTI-resistant mutants, all of the DOR-resistant
mutants, and six out of the ten other NNRTI-resistant mu-
tants. However, when 12 was compared to RPV, using our
panel of resistant mutants, it was generally less potent, al-
though for twelve out of the thirty-two mutants, the ECs,s
were nearly identical (within 1.0 nM), and for an additional
twelve mutants, the EC5ys were within 6.0 nM.

In the experiments we report here, we developed RPV an-
alogs that were designed to interact with a small hydrophobic
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FIGURE 4 Modeling the binding of the RPV analog 12 to HIV-1 RT based on a structure of RPV in the NNRTI-binding pocket. Panel (a)
shows a model of RPV analog 12 (green) docked into the structure of RPV (maroon) in the NNRTI-binding pocket. The distance between the

acrylonitrile modification on to the benzene ring of 12 and the benzonitrile modification of RPV is shown in blue. The interactions between the

acrylonitrile modification and the benzonitrile modification of RPV with the small hydrophobic pocket located in the upper right of the NNRTI-

binding pocket are shown. Panel (b) shows a model of RPV analog 7 (green) docked into the structure of RPV (maroon) in the NNRTI-binding

pocket. The distance between the cyanonaphthalene modification on the benzene ring of 7 and the benzonitrile modification of RPV is shown

in blue with each of the modifications entering the small hydrophobic pocket in the upper right of the NNRTI-binding pocket. Panel (c) shows a

model of RPV analog 13 (green) docked into the structure of RPV (maroon) in the NNRTI-binding pocket. The acrylonitrile modification of 13
interacts with the back of the NNRTI-binding pocket between V106 and P236 (not shown) and fails to enter the upper right of the NNRTI-binding
pocket, which is also marked by a red circle. Residues in all panels that form the NNRTI-binding pocket are labeled in black [Colour figure can be

viewed at wileyonlinelibrary.com]

patch in the upper right periphery of the NNRTI-binding
pocket. Based on the results we obtained with the first set of
derivatives, it does not appear that it will be easy to exploit this
potential binding site. However, the derivatives that were made
can be used to help to establish guidelines for the design and
development of additional NNRTIs. The results suggest that
the RPV analogs constructed using compound 4 as a lead com-
pound were more effective than were the derivatives that were
based on compound 5. Thus, new NNRTI designs should focus
on further optimization of a centralized core based on a pyrim-
idine ring, rather than using a purine as the core. Furthermore,
the derivatives that we prepared in some cases reached (and
in some cases appeared to exceed) the optimal length of the
modifications that should be appended to the right hand ring,
as defined by the acrylonitrile in compound 12. Longer substit-
uents appear to make the compounds vulnerable to mutations
in the upper right periphery of the NNRTI-binding pocket.
However, it should be possible, using a different centralized
core, and/or different modifications, to create a new NNRTI
that would be better able to broadly and effectively inhibit the
known NNRTI-resistant mutants.
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