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Abstract—Highly active antiretroviral therapy (HAART) is one of the most effective means for fighting against HIV-infec-
tion. HAART primarily targets HIV-1 reverse transcriptase (RT), and 14 of 28 compounds approved by the FDA as anti-
HIV drugs act on this enzyme. HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs) hold a special place among
HIV RT inhibitors owing to their high specificity and unique mode of action. Nonetheless, these drugs show a tendency to
decrease their efficacy due to high HIV-1 variability and formation of resistant virus strains tolerant to clinically applied HIV
NNRTIs. A combinatorial approach based on varying substituents within various fragments of the parent molecule that
results in development of highly potent compounds is one of the approaches aimed at designing novel HIV NNRTIs.
Generation of HIV NNRTIs based on pyrimidine derivatives explicitly exemplifies this approach, which is discussed in this

review.
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Since the human immunodeficiency virus (HIV) was
described in 1983, tremendous efforts aimed at preven-
tion, prophylaxis, and suppression of HIV-infection have
been made. This significantly lowered the incidence of
HIV-infection in countries of Europe and North
America, making it a chronic, non-lethal infection,
which is quite efficiently restrained by drugs used in high-
ly active antiretroviral therapy (HAART). Nonetheless,
the global number of HIV carriers generally continues to
increase, now reaching ~40 million people worldwide [1].

In Russia, the situation remains disappointing.
According to monitoring data presented by the Russian
Federal Service for Surveillance on Consumer Rights
Protection and Human Wellbeing, 1,114,815 HIV-infec-

Abbreviations: DABO, dihydroalkoxybenzyloxopyrimidine;
DAPY, diarylpyrimidine; DLV, delavirdine; DPV, dapivirine;
EC,,, effective concentration (concentration of a substance
which causes 50% viral particle reduction); EFV, efavirenz;
ETV, etravirine; FDA, Food and Drug Administration; HEPT,
1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine; HIV,
human immunodeficiency virus; HAART, highly active anti-
retroviral therapy; 1Cs,, half maximal inhibitory concentration;
NNRTIs, non-nucleoside reverse transcriptase inhibitors;
NVP, nevirapine; RPV, rilpivirine; RT, reverse transcriptase;
WT, wild type (virus or protein).

* To whom correspondence should be addressed.

tion cases (preliminary data) were reported among citi-
zens of the Russian Federation by December 31, 2016,
including 243,883 persons who died from various causes.
In 2016, territorial centers for AIDS Prevention and
Control reported 103,438 new HIV-infection cases, 5.3%
higher than in 2015.

Since 2005, an increase in newly identified HIV-
cases has been recorded in Russia, in 2011-2016 compris-
ing 10% annual average increase. In 2016, HIV morbidi-
ty rate was 70.6 per 100,000 people [2]. In Russia, one of
the negative factors is poor coverage with treatment inter-
ventions. Among 675,000 HIV-infected persons subject
to dispensary check-up, 286,000 (42.3%) patients
received HAART. This treatment coverage does not serve
as a preventive intervention and allow drastically lower
rate of HIV-infection spread [2], due, in part, to high cost
of therapy because of insufficient availability of domestic
anti-HIV drugs.

By 2016, around 30 drugs were approved by the FDA
to fight against HIV-infection [3], primarily including
inhibitors of reverse transcriptase (RT), a key enzyme
involved in HIV replication, as well as inhibitors blocking
entry of the virus into cells (fusion and binding to co-
receptors), maturation of virus particles (protease
inhibitors), and insertion of HIV DNA provirus into the
host genome (integrase inhibitors). Such drugs are applied
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separately and as a part (in most cases) of HAART combi-
nation cocktails containing at least three drugs simultane-
ously targeting several stages in the HIV life cycle, thereby
most efficiently limiting disease progression.

Administration of drug cocktails is one of the most
successful strategies for treatment of HIV-infection, lim-
iting disease progression especially at early stages.
HAART lowers plasma viremia level below the detection
limit within six months [4].

However, some issues are still far from solved. While
applying HAART, the main problem is rapidly developing
drug resistance in HIV strains, thus requiring periodical
change in anti-HIV drugs. According to WHO, in 2010 in
developing versus developed countries ~7% versus 10-
20% of HIV patients at the onset of antiretroviral therapy
(ART) were found to develop drug resistance. Recently,
some countries report 15% or greater drug resistance rate
in patients at the onset of anti-HIV therapy and up to
40% in patients restarting treatment [5]. Adverse effects
and toxicity issues often resulting in non-adherence to
ART regimens are still of high significance [6]. Thus,
development of novel anti-HIV drugs with improved
resistance profile and increased tolerability remains rele-
vant. Among anti-HIV drugs, so-called non-nucleoside
reverse transcriptase inhibitors, the development of which
is reviewed here, hold a special place.

HIV RT INHIBITION

Properties of HIV and features of its life cycle have
been described in textbooks and numerous reviews [7-
10]. Reverse transcription converting genetic information
of single-stranded viral RNA into its double-stranded
DNA copy is a key stage in the HIV life cycle [11].
Reverse transcription is catalyzed by HIV reverse tran-
scriptase (RT), which is an asymmetric heterodimer con-
sisting of the two structurally dissimilar subunits p66 and
p51, the latter being formed from proteolytically cleaved
p66. RT exhibits two catalytic activities mediated through
active sites located in the p66 subunit: (i) it acts as a poly-
merase, i.e. it can complete DNA chain synthesis on an
RNA or DNA template, and (ii) it can act as RNase H,
degrading RNA within RNA-DNA hybrids. The struc-
ture of the HIV RT (p66/p51) heterodimer resembles a
right-hand shape [12] typical of several nucleotide poly-
merase types. Accordingly, several subdomains are distin-
guished within the RT structure, such as “fingers”
(residues 1-85, 118-155), “palm” (residues 86-117, 156-
236), “thumb” (residues 237-318), “connection”
(residues 319-426), and RNase H (residues 427-560)
(Fig. 1) [13, 14]. A catalytic site responsible for poly-
merase activity is located within the “palm” subdomain,
which contains a highly conserved YMDD motif. In the
RNase H subdomain, the active center is located 17-
18 bp from the polymerase active center.
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Fig. 1. HIV RT spatial organization [15].

Generation of a set of specific inhibitors that can
serve as effective pharmaceutical agents was motivated by
the key role that RT plays in the HIV life cycle. These
inhibitors belong to two major classes: (i) nucleoside
(nucleotide) reverse transcriptase inhibitors (NRTIs); (ii)
non-nucleoside RT inhibitors (NNRTIs). The NRTIs
entering infected cells, convert nucleosides into relevant
NTPs, and after being inserted into a nascent viral DNA
result in its termination, as their structure does not allow
further DNA chain eclongation. Nucleotide inhibitors
must be phosphorylated at two sites, as they already con-
tain the 5'-phosphate residue. The NNRTIs are organic
compounds belonging to various classes containing sub-
stantial amounts of aromatic hydrophobic radicals
(Fig. 2). The NNRTIs are noncompetitive RT inhibitors
binding to its allosteric site, which affects mobility and
plasticity of the polymerization site, thereby resulting in
profoundly downregulated RT activity. The binding site
for NNRTIs is located 10 A from the polymerase site in
the p66 subunit, which is mainly constructed from
hydrophobic amino acid residues (p66 subunit: L.100,
K101, K103, V106, T107, V108, V179, Y181, YI88,
V189, G190, F227, W229, 1.234, Y318; p51 subunit: E138
[13, 16]). Examination of RT HIV crystals complexed
with NNRTIs demonstrated that the hydrophobic pocket
is formed only when NNRTIs are bound, and they are
not observed in the inhibitor-free structure [17-20].

NNRTIs exhibit inhibitory activity differently. For
instance, binding of nevirapine (NVP; see Fig. 3) changes
the position of hydrophobic residues Y181 and Y188, and,
consequently, move apart two components of protein ter-
tiary structure such as B-sheets 6-f10-$9 and p12-p13-
B14 containing catalytic amino acid residues D110-
D185-D186 and the primer grip region for its 3'-OH ter-
minus in polymerase reaction, respectively. As a result,
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Fig. 2. HIV NNRTIs approved by the FDA [25].

Fig. 3. Amino acid residues in the hydrophobic pocket (shown as gray balls), responsible for resistance to NNRTIs. E138 in the p51 and L.234,
P236, K238, L318 in the extended hydrophobic pocket are not shown.
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the primer is displaced relative to the enzyme catalytic
site by 4 A, so the conserved catalytic YMDD motif loses
interaction with the primer terminus [21].

On the other hand, NNRTIs may also influence
dynamic interactions between RT and a nucleic acid tem-
plate [22, 23]. In particular, in the absence of the
inhibitor, HIV RT can slide along a nucleic acid, whereas
binding to NNRTIs promotes this process [23, 24]. For
efavirenz (EFV, see Fig. 3), it was demonstrated that after
binding it contributes to opening of the hand and extend-
ed the distance between HIV RT thumb and fingers sub-
domains. Displacement towards a sliding conformation
profoundly reduces binding to dNTPs. Formation of the
E138—K101 salt bridge between the p51 and p66 subunits
of RT results in emergence of the opened hand structure
typical for sliding conformation, whereas EFV in the
hydrophobic pocket stabilizes it. Amino acid residue
K103 contributes to orienting K101 towards E138, and its
substitution in the KI03N mutant disrupts the
E138—K101 salt bridge as well as stabilizing the enzyme
in a closed hand position, thus enhancing polymerase
activity. This explains resistance of the K103N mutant to
a whole range of HIV NNRTIs [22].

Emergence of resistance to all anti-HIV drugs occur-
ring in patients undergoing antiretroviral therapy is the
most acute issue [26, 27]. In addition, HIV NNRTIs is
not an exception; two drug generations are distinguished
depending on the resistance profile — the first-generation
drugs include nevirapine (NVP), efavirenz (EFV), and
delavirdine (DLV), whereas etravirine (ETV) and
rilpivirine (RPV) belong to the second-generation drugs
[28, 29]. However, despite a broad range of resistance
profiles observed in the second-generation HIV NNRTTIs,
patients with mutations in HIV RT have been already
reported in clinical practice, which makes HIV resistant
to this class of agents [26].

High HIV genetic variability results in multiple amino
acid substitutions within the RT, leading, in part, to its
resistance to NNRTIs. Most resistance mutations are relat-
ed to substitution of amino acids forming the hydrophobic
pocket (Fig. 3), but also there are substitutions found in the
connection subdomain that result in resistance to NNRTIs
[30, 31]. Several mechanisms underlying RT resistance to
NNRTIs have been proposed: steric hindrance for posi-
tioning of NNRTIs inside the hydrophobic pocket (L1001,
G190A) [32]; loss of interactions with amino acid residues
within the pocket (Y181C, Y188L) [33]; hindered access of
NNRTISs to the hydrophobic pocket (K103N and K101E)
[34, 35]; disrupted K101-E138 salt bridge stabilizing the
opened RT conformation (K103N, K101E/H/P, E138A/
G/K/Q/R) [22]; indirectly reduced association rate of
NNRTI with RT (mutations in the connection subdomain
N348I, T3691/V, T376S) [30, 31].

It should be noted that the impact of different mech-
anisms of NNRTTI resistance varies greatly depending on
the class of the agents. Due to a rigid structure of the first-
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generation drugs, NVP and EFV had a very low genetic
barrier to resistance, so that even a single mutation was
able to sharply reduce their efficacy, thus resulting in
elimination of the drug from clinical practice [36]. More
advanced second-generations drugs etravirine and
rilpivirine lack this drawback and are suitable for the
treatment of patients with resistance to the first-genera-
tion NNRTIs [37-39]. Nonetheless, a combination of
three or more mutations also results in resistance to the
second-generation NNRTIs [40]. For patients unrespon-
sive to ETV therapy, it was found that they typically con-
tain HIV strains with mutations K103N, Y181C, G190A
[41] combined with another 15 mutations in the
hydrophobic pocket — V901, A98G, L1001, KIO1E/H/P,
V1061, E138A, V179D/F/T, Y1811/V, G190S, M230L
[37, 38] as well as mutation N3481 within the connection
subdomain in p66 [42]. Patients strongly resistant to RPV
therapy were found to usually contain mutations K101P,
Y1811/V [41] in the HIV strains in combination with
another 14 mutations L1001, K101E, E138A/G/K/Q/R,
VI179L, Y181C, Y188L, H221Y, F227C, and M230I/L
[43-45]. Compared to ETV, RPV is resistant to mutation
N348I in the connection subdomain [31].

High activity of NNRTIs combined with their low
toxicity makes this class of inhibitors of great promise
both for the future search for novel compounds [46],
refining a mode of application for already approved drugs
as stand-alone agents [47], a part of inhibitor cocktails
[48], as well as drugs preventing HIV infection [49].

DIARYLPYRIMIDINE (DAPY)-BASED NNRTIs

In 2008 and 2011, the two second-generation HIV
NNRTIs etravirine and rilpivirine were approved for clin-
ical application, both being diarylpyrimidines (DAPY).
Conformational flexibility is the major feature found in
DAPYs [50] allowing them to better adapt to amino acid
substitutions occurring within the hydrophobic pocket,
which is the reason for resistance to the first-generation
HIV NNRTIs.

Diarylpyrimidines were developed from studies iden-
tifying HIV NNRTIs among a-anilinophenylacetamides
(a-APA) [51], which led to compound R15345 (1;
Table 1) exhibiting submicromolar inhibitory activity in
HIV-infected cells [52]. Studies aimed at optimizing
R15345 produced another HIV NNRTI known as
R89439 (loviride) (2), which is more potent than R15345
(1), but it was neglected during clinical trials due to lack
of clear benefit compared to the first-generation HIV
NNRTIs delavirdine and nevirapine. Using R89439 (2),
imidoyl thiourea derivatives (ITU) were generated,
among which a compound R100943 (3) displayed the
strongest activity [53]. However, R100943 (3) also failed
during clinical trials due to hydrolytic instability of its
imidoyl thiourea moiety. To improve the pharmacokinet-
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Table 1. Inhibitory activity for compounds 1-5 against WT and NNRTI-resistant HIV mutants [51, 52]
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ECs, pM*
Compound
WT L1001 KI101E K103N VI06A YI181C Y188L G190A
1 0.61 - - - - - -
2 0.05 0.05 0.063 1.26 1 15.8 50.1 2.51
3 0.003 0.513 0.019 0.589 0.382 0.511 0.318 0.002
4 0.006 0.4 - 0.04 - 0.2 0.32 -
5 0.001 0.3 - 0.012 - 0.18 0.071 -
NVP 0.032 0.316 0.316 6.31 5.01 10 >100 7.94
DLV 0.063 2.51 0.158 2.51 1.59 2 1.26 0.063

* MT-4 cell line was used in the experiments.

ic properties of R100943 (3), a thioketo group was
replaced by an iminocyano group, which resulted in an
unexpected ring closure, producing the diaryl triazine
R106168 (4) having nanomolar inhibitory activity against
WT HIV (EC5, = 0.0063 uM [54]) and a high genetic bar-
rier to resistance (Table 1) [55].

During further investigations, the central triazine
moiety was replaced by a pyrimidine ring [56]. Studies

with three isomers of diarylpyrimidine (DAPY) and a tri-
azine derivative demonstrated that compound 5 showed
the most promise, not only exhibiting the highest antivi-
ral potency against WT HIV RT, but a broad resistance
profile as well (Table 1) [39].

Molecular modeling of compound 5 [57] predicted
that the amino group between the central pyrimidine ring
and the 4-cyanobenzene fragment might form a hydrogen

BIOCHEMISTRY (Moscow) Vol. 82 No. 13 2017
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bond with the main chain K101 carbonyl oxygen, which
was fully confirmed by obtaining HIV RT crystalized with
various DAPYs: TMC120 [39], etravirine [58], and
rilpivirine [58, 59].

Further description of modifications in various moi-
eties of DAPYs will be done in accordance with the abbre-
viations shown in Fig. 4.

Modified DAPY A-, B-, and C-rings. By substituting
an alkyl linker between the left aromatic ring and the cen-
tral ring with an oxygen, sulfur, or amino group [57], it
was demonstrated that a nature of these substituents
insignificantly affected the antiviral activity of the corre-
sponding compounds against both WT and resistant
mutant HIV strains.

Examining the impact of substituents in the left aro-
matic ring of the molecule revealed some patterns show-
ing that the most potent DAPYs should have substituents
at the 2,4,6-positions of the left aromatic ring (Table 2)
[57].

Compound 6 (R147681, TMC120, dapivirine) was
developed as a microbicidal agent [60, 61]; it displayed
paradoxically good bioavailability for such a hydrophobic
molecule, and it was even tested in phase I1I clinical trial,
but was withdrawn [62]. Compounds 7 and 8 became the
basis for further designing various DAPY derivatives. An
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Fig. 4. Scheme for modifications in the DAPY scaffold based on
compound 5.

important feature of such compounds is the presence of a
cyano group at the para-position of the aromatic ring.
According to molecular modeling data for analogs of
compound 7 [63] and X-ray structural analysis of
dapivirine (6) crystalized with HIV RT [64], a cyano
group at the para-position of the aromatic ring should
interact with a conserved amino acid residue W229,
which is of great value in fighting against resistant muta-

Table 2. Inhibitory activity for compounds 6-11 against WT and mutant HIV-1 RT [56, 57]

2.5
j;\\(

R é
HN.__N
| YNH

N
6-8 9-11
1C5,/EC5y, nM*
Compound R X
WT | L100I | K103N Y181C YI188L | L100I+K103N | K103N+Y181C

6 2,4,6-CH, NH | 1 18 4.3 7.5 48 >10,000 44
7 2,6-CH;,4-CN NH | 04 34 1.9 7.1 7.8 1000 37
8 2,6-CH;,4-CN (0] 1.1 73 2.7 37 19 800 94
9* CH=CH-CN (E) - 0.5 0.4 0.3 1.3 2 8 1
10* CH=CH-CN (2) - 0.6 6.3 1.6 5 31 790 40
11* CH,~CH(CH;)-CN | - 0.6 1 0.6 2 5 12.5 5
NVP* 40 320 6300 10,000 >10,000 - >10,000

DLV* 63 2500 2500 2000 1300 - >10,000

EFV* 1 40 40 2 160 >10,000 40

* MT-4 cell line was used in the experiments.
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tions due to extreme HIV variability. To strengthen bind-
ing to W229, analogs of compound 7 containing a linker
between the cyano group at the para-position and the
aromatic ring (Table 2) were synthesized [65].

It turned out that the most potent were compounds 9
and 11, and the Z-isomer of compound 10, as expected
according to computer modeling data, was less potent due
to a weaker interaction between the cyano group and
W229. Due to a high selectivity index exceeding 60,000, it
directed further investigation to compound 9 [65]. After
varying substituents at the ortho-position of the aromatic
A-ring as well as a linker between the left and central aro-
matic moieties, no evident benefits for analogs of com-
pound 9 were found [66]. Compound 9 was patented as
TMC278 (rilpivirine) [67], and based on the results of
clinical trials in 2011 it was approved by the FDA as HIV
NNRTI [68].

Trying to enhance inhibitory activity of the com-
pounds, an amino group between the central and left aro-
matic rings was substituted for a hydroxyimino group [69].

Despite exhibiting high inhibitory activity against
WT HIV (for the lead compound ECs, = 13 nM), in the
case of double mutants K103N+Y181C, for these com-
pounds it was reduced by several orders of magnitude.
Among those studied by Feng et al. [69], special attention
should be given to compound 12 displaying inhibitory
activity against HIV-2 (ECs, = 8.3 uM), which might
suggest several potential mechanisms of its action on
HIV-1.

A similar effect was observed by incorporating a
cyano group into a linker [70]. The lead compound 13
(ECs, = 1.8 nM) exhibited inhibitory activity in the
nanomolar range against WT HIV, but it completely
lacked activity against double-mutant KI103N+Y181C
virus.

Like hydroxyimino derivatives, hydroxymethyl
analogs of DAPY demonstrated several potential mecha-
nisms for inhibiting HIV, such as strong inhibitory activi-
ty against WT HIV, which was profoundly reduced against
double mutants K103N+Y181C, as well as maintaining
inhibitory activity against HIV-2 [71].

A thorough examination was conducted for optical
isomers of the most potent compound 14 (ECs, = 5 nM),
and it revealed that the R-isomer was more potent against

N NH

N

VALUEV-ELLISTON, KOCHETKOV

CN

WT HIV-1, whereas the S-isomer better acted against the
K103N+Y181C double mutant and HIV-2.

Computer modeling of both isomers revealed a dif-
ference in antiviral activity. It was found that the left aro-
matic A-ring of the R-isomer 14 could make a stacking
interaction with amino acids Y181, Y188, and W229 sim-
ilarly to that in case of the DAPY TMC120 (6) crystal
[72]. S-isomer 14 is positioned in the hydrophobic pock-
et of the HIV RT differently, thus hindering a stacking
interaction of aromatic A-ring and the side chain of Y181,
which positively influences the inhibitory activity in the
case of mutation Y181C [73].

Another approach to improve the properties of
DAPY is replacement of the benzene ring in the A-ring
with a naphthyl moiety (pioneers in this field were
researchers led by F. E. Chen [74, 75]). Originally, it was
assumed that by substituting the benzene ring by a naph-
thyl moiety might enhance stacking interaction between
the aromatic A-ring of the inhibitor and side chains of
amino acids Y181, Y188, and W229, typical of the most
promising DAPY TMC278 (9) [58].

An increased affinity of DAPY to the hydrophobic
pocket by substituting the benzene ring in the A-position
with a 1- or 2-naphthyl moiety resulted in a series of com-
pounds displaying high activity against WT HIV, which
was substantially reduced in the case of the
K103N+Y181C double mutation in RT [74]. The most
potent compound 15 (ECs, = 8.4 nM) exhibited only
modest activity against the double mutant (ECs, =
4.5 uM). In addition, changes in the linker structure

o) 1
O.__N.__NH
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between aromatic A- and C-rings did not improve the
properties of the DAPY derivatives. Replacement of oxy-
gen by sulfur [74], incorporation of a cyano group [70], or
a hydroxyimino group [69] merely reduced the inhibitory
activity of the compounds, as well as negatively acted on
the genetic barrier to resistance.

Computer modeling of naphthyl-substituted com-
pounds based on rilpivirine (9) crystalized with HIV RT
[59] demonstrated that 2-naphthyl-substituted DAPY
analogs could make a stacking interaction with side
chains of amino acids Y181, Y188, and F227, but did not
interact with the conserved amino acid W229 as in com-
pound 9, thus resulting in sharply reduced activity against
the Y181C mutant [74].

According to the modeling data, incorporation of a
cyano group at the 6-position in the naphthyl moiety
should promote interaction with conserved amino acid
W229 similar to benzene analogs, as confirmed previously
[75]. It turned out that these compounds were more resist-
ant to the RT K103N+Y181C double mutation compared
to non-substituted analogs of compound 15 [74].

Based on these data, compounds were generated
containing substituents at the 1- and 3-position in the
naphthyl moiety that exhibited submicromolar activity
against the K103N+Y181C mutant (for lead compound
16, EC5, = 0.16 uM) [76].

Moreover, even more potent were compounds where
oxygen was substituted by an amino group in the linker
between naphthyl and pyrimidine rings [77]. It was
demonstrated that the most potent compound 17 (ECy, =
2.9 nM) displayed inhibitory activity within the nanomo-
lar range both against WT and NNRTI-resistant HIV
strains. According to X-ray structure analysis, the naph-
thyl moiety in the compounds interacts with side chains
of amino acids Y181, Y188, and F227, as earlier proposed
in computer modeling of naphthyl analogs [75].
Compared to naphthyl analogs, compounds with an
indolizine moiety, with the most potent compound 18
(ECs, = 1 nM), were more potent against WT HIV, but
was inferior to the former for the K103N+Y181C double
mutant. In addition, in terms of solubility, compound 18
was less efficient than naphthyl analog 17 (12.2 and
8.2 ug/ml for 17 and 18, respectively) [77].
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Gu et al. [78] attempted the drastic substitution of
the left aromatic ring by a cyclohexyl moiety. Although
the most potent compound 19 (ECy, = 55 nM) was high-
ly potent against WT HIV-1, it completely lost potency
against the double mutant KIO3N+Y181C.

These obtained fully agree with the results of com-
puter modeling noted earlier [65, 75, 76], which demon-
strated that the aromatic ring at the A-position is of cru-
cial importance for DAPY, as it can be involved in stack-
ing interaction with the side chains of amino acids Y181,
Y188, F227, and W229.

Substituents in the pyrimidine moiety can signifi-
cantly affect inhibitory activity. A series of halogen-sub-
stituted compounds was synthesized using HIV-1
NNRTIs 6-8. Compounds with halogen substituents in
the pyrimidine moiety had superior inhibitory activity
against RT with both point and double L100I+K103N
and K103N+Y181C mutations (Table 3) [56]. Moreover,
analogs of rilpivirine (9) and dapivirine (6) containing
fluorine in the pyrimidine moiety exhibited much lower
cytotoxicity, showing a selectivity index of about 42,000
[80].

A high genetic barrier to resistance along with high
inhibitory activity led to clinical trials with compound 20
named TMCI125 (etravirine), which in 2008 was approved
by the FDA as an HIV NNRTI. According to the clinical
trials, TMC125 (20) had ECs, < 100 nM in 98% of sam-
ples and in 97% of samples of NNRTI-resistant strains, as
well as having ECy, < 10 nM in 77% of samples of
NNRTI-resistant strains [81]. Nonetheless, due to a seri-
ous pharmacokinetic drawback [82], etravirine should be
taken twice a day.

The majority of DAPY-based HIV NNRTIs have low
water solubility, which complicates their application in
clinical practice [39, 83, 84]. To solve this problem, Huang
et al. [79] proposed DAPY derivatives containing a mor-
pholine moiety attached to the pyrimidine group. Hence,
the water solubility for compound 43 was 27.3 pg/ml,
which is superior to DPV (6) by 180-fold. However,
inhibitory activity of the compound was decreased both
against WT and NNRTI-resistant HIV strains.

Zeng et al. [85], in contrast, incorporated a rigid
moiety instead of substituents at the 5- and 6-position in
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Table 3. Inhibitory activity of compounds 6, 20, 21 against WT and NNRTI-resistant mutant HIV RT [56, 79]

— N ~ N |
Br (0) _ N
20 21 6
1Cs0/ECso, pM*
Compound
WT L1001 K103N Y181C Y188L L100I+K103N K103N+Y181C
6 0.001 0.018 0.0043 0.0075 0.048 >10 0.044
20 0.0014 0.0033 0.0012 0.007 0.0046 0.019 0.0043
21%* 0.0086 - - 0.48 - - 0.038
NVP 0.032 0.32 6.3 10 >100 - >100
DLV 0.063 2.5 2.5 2 1.3 - 20
EFV 0.001 0.04 0.04 0.002 0.16 >10 0.04

* MT-2 cell line was used in the experiments.

the pyrimidine moiety. To generate new promising HIV
NNRTIs, molecular hybridization of the template
DPCO083 and etravirine (20) was used [87, 88]. The final
compounds displayed strong inhibitory activity against
HIV-1 and had a high genetic barrier to resistance
(Table 4) [85]. High potency of the lead compound 22
was due to its interaction with amino acids E138, V179,
K101, and K103, which should expand the genetic barri-
er [85]. Nonetheless, in terms of activity, compound 22
was inferior to etravirine (20), a structural motif of which
was used as a template.

Discovery of highly potent patented HIV NNRTIs
[89] that are analogs of etravirine (ETV, 20), where the
pyrimidine moiety is substituted by a purine ring, gave rise
to the idea of modifying the pyrimidine moiety to gener-
ate analogs of rilpivirine (RPV, 9) [86]. It was shown that
the most potent compounds exhibited subnanomolar
activity against WT HIV RT and a whole range of mutant
HIV strains resistant to the first- and second-generation
NNRTIs as well as the promising HIV NNRTI doravirine
[90], which is currently undergoing phase I1I clinical trial.
During the study, compound 23 was identified, which has
a broader resistance profile compared to rilpivirine (9),
thus explaining its preserved high potency even against
rilpivirine-resistant double mutant K101P+V1791 of HIV
RT (Table 4). By computer modeling of compound 23
inside the hydrophobic pocket of HIV-1 RT [86] based on

rilpivirine crystalized with HIV RT [58, 59], it was
demonstrated that a bulkier purine ring shifts the
cyanovinyl and benzonitrile moieties deeper into the
hydrophobic pocket by 0.5 and 1 A, respectively. Because
in compound 23 all three aromatic rings were shifted, the
double mutation K101P+Y1791 in HIV RT made no
steric hindrance, in contrast to the loss of affinity to the
hydrophobic pocket in the case of rilpivirine. High poten-
cy of compound 23 against all mutant HIV RT variants
makes it a third-generation HIV NNRTI.

Modifications in the DAPY D-ring. According to X-
ray structure analysis, a cyano group at the ortho-position
of the aromatic D-ring in etravirine (20) and rilpivirine
(9) crystalized with HIV-1 RT makes a dipole—dipole

N
9 (RPV)
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Table 4. Inhibitory activity of compounds 22, 23, and 9 against WT and NNRTI-resistant HIV mutants [85, 86]

Etravirine (20) 22 DPCO083
CN
CN
N CN
~N CN
HN N NH
HN._ _N.__NH A
~-N N
\_NH
RPV (9) 23
IC50/ECsp, nM*
Compound
WT | L100I |L100I+K103N |K103N+Y181C|K101P+V1791 | E138K+M184V| V106A+G190A+ | VIO6A+F227L+
F227L 12341
22% 2.3 18 - 56 - - - -
23 0.56 - 0.45 2.5 0.44 0.98 3.4
9 (RPV) 0.24 - 2.3 - 94 0.2 0.5 0.21
EFV* 2.2 32 - 85 - - - -

* MT-4 cell line was used in the experiments.

interaction with the backbone at H235 [58]. Heeres and
Lewi [57] demonstrated that by incorporating chlorine or
amide substitutions, it not only negatively affects
inhibitory activity of various compounds, but creates a
genetic barrier to resistance as well.

Nonetheless, it turned out to be perhaps possible to
make successful modifications of the right aromatic D-
ring and the linker between the D-ring and the pyrimi-
dine ring. X-ray structure analysis of etravirine crystalized
with HIV-1 RT [58] showed that the amino group
between the central and right aromatic rings of etravirine
forms a hydrogen bond to the backbone at K101. An
attempt to enhance interactions of the linker with
hydrophobic pocket amino acids via formation of new
hydrogen bonds was made in a study [33], where the link-

BIOCHEMISTRY (Moscow) Vol. 82 No. 13 2017

er and the right aromatic ring of compound 20 were
replaced with a fragment of the GW678248 molecule,
another well-known HIV RT inhibitor currently in clini-
cal trial. Crystals of GW678248 with HIV-1 RT demon-
strate that the amide moiety of the compound forms a
hydrogen bond with K103 and interacts with residues
P236 and V106 at the exit from the hydrophobic pocket
[91]. Compound 55 generated by combining structural
motifs from both molecules (Fig. 5) exhibited moderate
activity against WT HIV RT (ICs, = 0.9 uM), but it
acutely lost activity in the presence of mutations in the
hydrophobic pocket of the enzyme typical of HIV-1 RT
resistant to the first-generation HIV-1 NNRTIs. This was
a reason to substitute the amide linker with a piperidine-
methyl moiety [33].
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Fig. 5. Strategy for generation of highly potent NNRTIs by combining structural motifs from GW678248 and etravirine (20).

Table 5. Inhibitory activity of DAPY piperidine derivatives against WT and NNRTI-resistant HIV mutants [33, 92-94]

SO,NH,

R2
CN CN
N
NH
o N NH o N
R1 Z R1 Z — N HN
24, 25 26, 27 28 29
ECs), nM*
Compound R1 R2
WT VI106A Y188L L100I+K103N K103N+Y181C
24 Br 2-Cl1,4-SO,CH; 6.1 5.7 2.8 5.9 7.3
25 Br 2-CL4-SO,NH, 9.9 2 3.2 9.1 19
26** H 4-SO,NH, 24 - >1000 - >1000
27 CH, 3-CONH, 1.1 0.6 <1 6.7 3.8
28 38 - - - 950
29 1.9 - - - >1000
EFV 1.8 5.7 >500 >500 83
ETV (20) 2 2 3 9.5 9.2

* MT-4 cell line was used in the experiments.
**1Cso (nM) is shown.
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Fig. 6. Strategy for generation of highly potent NNRTIs by combining structural motifs from compound 26 and etravirine (20).

The most potent compound 24 was superior to the
second-generation NNRTI etravirine both against Y188L
and the common double-mutant K103N+Y181C RT.
Compound 25 shows great promise due to the important
impact of the sulfoamino group on the solubility of the
compound. Compound 25 demonstrated a high genetic
barrier to resistance, comparable with that of the second-
generation HIV NNRTI etravirine [33] (Table 5).

Piperidine derivatives comprised the second subclass
of compounds synthesized based on compound 55
(Table 5). By optimizing compound 61, it was found that
compared to N-benzyl piperidines (24, 25), a substituent
at the meta- rather than at the para-position of the ben-
zene moiety in the D-ring was preferable (26, 27). A
series of highly potent HIV RT inhibitors was generated
based on compound 27, among which the most potent
compounds exceeded the inhibitory activity of the sec-
ond-generation HIV NNRTI etravirine as well as exhibit-
ing a high genetic barrier to resistance [92].

In addition, compounds 24 [33] and 26 [92] were
crystalized with WT HIV RT. Data of X-ray structure
analysis showed that both compounds were similarly posi-
tioned inside the hydrophobic pocket [92]: an aromatic
moiety in D-position was located near the exit from the
hydrophobic pocket, which interacts with P236, whereas
the polar substituent makes a hydrogen bond to the back-
bone of V106; the piperidine moiety interacts with K103,
whereas an amino group between it and the central aro-
matic ring makes a hydrogen bond to the main chain of
K101. A finding showing an interaction between the aro-
matic A-ring and the conserved amino acid W229 was of
great importance [92]. In all likelihood, it was a mere
interaction supporting a high genetic barrier to resistance
for this subclass of compounds, previously found only in
rilpivirine (9), which also interacts with W229 [58].

BIOCHEMISTRY (Moscow) Vol. 82 No. 13 2017

A high genetic barrier to resistance in piperidine
derivatives of DAPY promoted the idea of generating
new-generation HIV NNRTIs able to adopt several dif-
ferent positions within the hydrophobic pocket of HIV
RT via multiple interactions between various moieties of
the inhibitor molecule and amino acid residues of the
pocket, thereby more readily adopting to its shape in
response to appearing mutations, and successfully over-
riding their impact by preserving high inhibitory activity
[93]. To solve this issue, an approach combining structur-
al motifs from compound 26 and etravirine (20) was
selected (Fig. 6).

However, this approach failed, as the inhibitory
activity of the new subclass of piperidine-substituted
DAPYs turned out to be lower compared to the initial
analogs (24, 25) and etravirine (20) (Table 5). Virtually all
compounds were found to lose or have no potency against
double mutant K103N+Y181C HIV strains that are usu-
ally found in clinical practice. Nonetheless, Chen et al.
[93] consider that this is a promising approach, and
assumed that it will be further developed by using deriva-
tives of compound 28, which demonstrated the highest
potency against the double mutant K103N+Y181C [93].

To enhance the affinity of piperidin-DAPY deriva-
tives to the hydrophobic pocket by formation of addition-
al interactions with the piperidin moiety, particularly to
the conserved amino acid residue 1.234, the approach of
combining structural motifs from piperidine-DAPY
derivatives and VRX-480773 was applied [94]. The new
compounds displayed high inhibitory activity up to the
nanomolar range of concentrations. A compound with a
hydrophilic substituent at the 4-position of the distal ben-
zene ring (29) was found to be the most potent analog,
although incorporation of a hydroxyl group in the para-
position also positively influenced inhibitory activity. It
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should be noted that the compound containing a fluorine
atom at the ortho-position of the distal benzene ring
exhibited very low cytotoxicity and hence selectivity
index exceeding 16,000, although it was less potent com-
pared to compounds bearing substituents at the para-
position. For all the compounds of this series, a common
drawback was the complete loss of inhibitory activity with
regard the double mutant K103N+Y181C HIV RT.

HIV-1 NNRTIs BASED ON
1-[(2-(HYDROXYETHOXY)METHYL]-6-
(PHENYLTHIO)THYMINE (HEPT)

The second extensive pyrimidine-based NNRTI
class consists of derivatives of 1-[(2-(hydroxyeth-
oxy)methyl]-6-(phenylthio)thymine (HEPT, 30). HEPT
(EC5y =7 uM) was discovered in 1989 at the dawn of anti-
retroviral anti-HIV therapy [95]. Since then, a variety of
highly potent HEPT-based compounds has been generat-
ed, thus allowing to consider it as one of the most popu-
lar and extensive NNRTI classes [96].

Structurally, HEPT molecule (30) can be divided
into the six moieties, which focused studies on their mod-
ifications to create highly potent NNRTIs.

Positions N-3 and C-4 are conserved in the HEPT
molecule, as hydrogen at N-3 position makes a hydrogen
bond to the main chain of amino acid K101, whereas oxy-
gen at C-4 position creates hydrogen bonds to the main
chain of E138 and the side chain of K101 [97, 98]. It was
confirmed experimentally that no substituents at C-4
position are required [99]: incorporating various sub-
stituents at this position reduced inhibitory activity
against HIV RT.

Alkylation [99] and incorporation of an amino group
[100] at N-3 position resulted in complete loss of
inhibitory activity, whereas hydroxylation, in contrast,
had a positive effect, likely related to preserving the
hydrogen bond between the hydroxyl group at N-3 posi-
tion of the inhibitor molecule and the main chain of K101
[100]. Moreover, compound 31 was even active against
HIV integrase, which was the starting point for creating a
dual-mode HIV inhibitor [100-102].

In HEPT derivatives, the presence of a C-2 hydrogen
is considered rather conserved. According to X-ray struc-
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30 (HEPT)
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ture analysis of HEPT derivatives crystalized with HIV
RT [97], the C-2 oxygen in the pyrimidine ring makes a
hydrogen bond to the hydroxyl group of Y318.
Substitution of oxygen by sulfur at the C-2 position in the
pyrimidine moiety did not result in evident increase in
inhibitory activity against the WT or NNRTI-resistant
HIV strains bearing mutations L1001, K103N, V106A,
Y181C, Y1811, and Y188H [103, 104].

Alkyl substituents incorporated at C-5 position
increased the inhibitory activity of HEPT derivatives,
with the most prominent effect using the isopropyl sub-
stituent (32; EC5, = 0.063 uM) [105].

Inhibitory activity increases in the series Pr < Me <
Et < i-Pr, and similar dependency was observed for mul-
tiple HEPT analogs containing in the linker between aro-
matic rings sulfur [106], selenium [107], a methylene
moiety [103, 108], or a keto group [109].

While examining HEPT derivatives containing vari-
ous alkyl substituents at the C-5 position, compound 33
(ECs, = 0.008 uM) known as emivirine (MKC-442),
which reached phase III clinical trial [110], became one
of the first clinically relevant NNRTIs. It was noted that
compound 33 had a synergistic effect with NRTI azi-
dothymidine (AZT) [111] and could activate cytochrome
P450 involved in metabolism of HIV RT inhibitors [112].

Unfortunately, clinical trials with compound 33 were
discontinued due to the rapidly developing mutation
Y181C in HIV strains [110] (common in patients with
HIV strains resistant to other first-generation NNRTIs
nevirapine and delavirdine), as well as financial inexpedi-
ency after efavirenz appeared on the market.

Using X-ray structure analysis of NNRTIs crystal-
ized with HIV RT, high potency for HEPT derivatives
with an isopropyl substituent at C-5 position was found
[97, 98].

The isopropyl moiety in the inhibitor molecule is sur-
rounded by hydrophobic amino acid residues V106, V179,
Y181, Y188, V189, and G190, being tightly bound to this
region of the hydrophobic pocket in HIV RT and strongly
interacting with Y181. The bulky isopropyl moiety triggers
changes in the position of the side chain of Y181, thereby
strengthening stacking interactions of the latter with the
benzene ring of the inhibitor molecule [97]. Such confor-
mational restructuring might not occur due to insufficient
size of the methyl and ethyl group at C-5 position [106,

o 0
HN | HN |
(0] N S O N
32 33

BIOCHEMISTRY (Moscow) Vol. 82 No. 13 2017



NOVEL NON-NUCLEOSIDE REVERSE TRANSCRIPTASE INHIBITORS

107]. Incorporation of bulkier substituents in the C-5
position, such as phenylthio, benzene, benzoyl, vinyl, or
diphenylvinyl groups, reduced inhibitory activity of the
compounds against HIV RT and sharp growth of cytotox-
icity [113]. Moreover, C-5 halogen-substituted derivatives
also had profoundly decreased activity [102, 114].

The aromatic ring at the C-6 position of the pyrimi-
dine moiety is another conserved region in HEPT com-
pounds. According to X-ray structure analysis data of
NNRTIs crystalized with HIV RT, the aromatic ring is
involved in stacking interaction with residues Y181 or
Y188 [98]. Moreover, substitution of the benzene moiety
by an alkenylene or a cyclohexenyl group, which also
retain the ability to interact with the n-system of the side
chains of aromatic amino acids in the pocket, was unsuc-
cessful, as all these compounds were less potent compared
to the relevant aromatic analogs [115].

On the other hand, due to the rapidly developing
mutation Y181C, stacking interaction of the benzene
moiety with Y181 weakens applicability of this class of
compounds. Hopkins et al. [98] tried to override this issue
by removing the aromatic moiety in the distal ring via
incorporating a cyclohexyl group (34; EC5, = 3 nM). X-
ray structure analysis demonstrated that compounds 33
and 34 crystalized with HIV RT were differently posi-
tioned inside the hydrophobic pocket. In particular, the
cyclohexyl group in compound 34 interacts with highly
conserved residue W229 compared to the aromatic moi-
ety of compounds 33 located near Y188 and Y181. In
turn, in compound 34 it imparted resistance to amino
acid substitution Y181C.

Other studies also reported successful ways to over-
come the negative impact of amino acid substitution
Y181C on potency of HEPT-based NNRTIs, which can
be arbitrarily divided into two groups: (i) related to sub-
stitution of the benzene moiety with another aromatic
system [116-121], and (ii) related to incorporation of
substituents into the benzene ring [114, 116].

Substitution of the benzene ring by a pyridine moiety
resulted in sustained high inhibitory activity of the com-
pounds [116]. Examination of inhibitory activity regard-
ing mutant NNRTI-resistant HIV revealed a decline in
potency of the lead compound 35 by more than 50-fold in
the case of amino acid substitutions Y181C and P236L, as

Fealiy-s
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well as complete disappearance of activity in the case of
the double mutation K103N/Y181C [117].

Based on computer modeling and X-ray structure data
for HEPT (30) crystalized with HIV RT [118], it was found
that the benzene moiety was far from occupying the entire
free space, therefore suggesting that it might be replaced by
a naphthyl ring to enhance interaction with Y181, Y188,
F227, and W229. Compounds with submicromolar
inhibitory activity were found among a series of naphthyl-
substituted HEPT derivatives [119-121], and naphthyl-
methyl derivatives (36) turned out to be more potent than
naphthylthio- (37) or naphthoyl- (38) derivatives, whereas
inhibitory activity against WT HIV was higher in a-naph-
thyl versus B-naphthyl HEPT derivatives [119-121].

In addition, apart from substituting the distal ben-
zene group at the C-6 position in pyrimidine [116-121],
inhibitory activity against HIV RT was additionally
achieved by incorporating substituents at the meta-posi-
tion in the benzene moiety in various HEPT analogs con-
taining a sulfur [122], selenium [107], or methylene moi-
ety [108] in the C linker.

Compound 39 showed high potency against WT
(EC5, = 4.7 nM) and mutant NNRTI-resistant HIV
strains, had low toxicity, and thus high selectivity index
(SI =52,500), that destined it for preclinical studies [107].

X-ray structure analysis of HIV RT crystalized with
HEPT-based NNRTIs containing substituents at the
meta-position in benzene ring explained sustained high
inhibitory activity against mutations Y181C and Y188C
[98]. In particular, substituents at the meta-position of the
aromatic D-ring were found to sit deeper within the
hydrophobic pocket, where they made van der Waals con-
tacts with the side chain of the conserved amino acid
W229, thereby compensating for the loss of interactions
with Y181 and Y188 in cases when the latter two residues
might be mutated. In contrast, substituents at ortho- and
para-position in the benzene moiety negatively influ-
enced potency, as they sterically hindered interaction of
the compounds with the hydrophobic pocket of HIV RT,
which is consistent with QSAR studies of HEPT analogs
[123-125].

A positive effect of substituents at the mera-position
in the benzene ring led to the highly potent HIV NNRTI
GCA-186 (40) [122]. For this, two methyl groups were

(0] 0]
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Table 6. Inhibitory activity of alkyl-substituted pyrim-
idines against WT and NNRTI-resistant HIV mutants
[109]

ECy, pM*
Compound R
WT K103N YI81C

43 H >0.5 >0.5 >0.5
44 Me 0.187 >0.5 >0.5
41 Et 0.0061 0.058 0.039
45 Pr 0.0036 >0.2 >0.2
46 Bu 0.003 0.036 0.03

EFV 0.0011 0.0029 0.039

ETV 0.0016 0.004 0.0014

* MT-2 cell line was used in the experiments.

incorporated at the mera-position of the benzene moiety
of the previously investigated inhibitor emivirine (MKC-
442) (33) that was studied in clinical trial [110]. This
compound exhibited high inhibitory activity and broad
resistance profile [98].

Later, numerous analogs of compound 40 containing
a linear substituent at the N-1 position were synthesized
[103], such that the most promising compounds had
nanomolar inhibitory activity against WT HIV and a high
genetic barrier to resistance. Relatively rare mutations
Y1811 and Y188H of HIV isolated in clinical practice

(0] (0]
HN HN
| |
OéI\N O)\N X
by J
CN
X=C=0, CF2

40 (GCA-186) 41, 42
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were found to result in severely decreased inhibitory
activity in many analogs of compound 40.

Nonetheless, preclinical studies with compound 40
and its analogs demonstrated that compounds with
methyl groups at meta-position in the benzene ring were
robustly metabolized by cytochrome P450 [126]. Analogs
of compound 40 containing chlorine [126] and fluorine
[127] as well as trifluoromethyl [127] substituents at meta-
position in the benzene moiety were synthesized to
increase their stability. Such analogs were found to
abruptly lose their inhibitory activity against Y181C
mutant HIV, thus making this approach pointless.

It turned out that a more promising approach was to
substitute one of the methyl groups in meta-position for
a cyano group in the benzene ring. It was found that
these compounds had high potency against WT HIV and
remained active in the case of mutation Y181C. The
most potent were compounds with a keto- (41; ECs, =
6.1 nM) or difluoromethylene (42; EC5, = 4.2 nM)
group in the linker between the pyrimidine and benzene
rings, which, however, turned out to be metabolically
unstable. A solubility issue was the major drawback of the
entire series of compounds that caused their poor
bioavailability [109].

While generating highly potent HEPT derivatives
(30), the greatest number of changes was made in the
structure of substituents at the N-1 position in the pyrim-
idine moiety. It was found that branched substituents at
N-1 position in the pyrimidine had an extremely negative
effect on inhibitory activity against WT HIV-1 [128],
whereas incorporation of sulfur instead of oxygen into the
linker resulted in insignificantly increased potency, but
sharply elevated cytotoxicity [108, 128]. Moreover, also
generated were compounds with an alkyl substituent at
the N-1 position in the pyrimidine, which, however, were
still inferior to ethoxymethyl analogs [104, 108].

In 2010, after highly potent compounds with methyl
substituents at meta-position in the benzene ring were
found, it was again decided to incorporate an alkyl group
at the N-1 position in the pyrimidine [109].

Increased inhibitory activity of the compounds cor-
related with increased length of the alkyl group; however,
examination of the compounds and HIV strains contain-

47 48
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ing amino acid substitutions K103N and Y181C in HIV
RT revealed that only compounds with ethyl and butyl
substituents remained active (Table 6) [109]. X-ray struc-
ture analysis of HIV RT crystalized with compound 45
containing a propyl substituent helped to clarify the rea-
son for its low activity. It was found that compounds 41
and 46 are differently positioned inside the hydrophobic
pocket: the propyl group in compound 45 interacts with
Y181; therefore, this mutation profoundly reduces the
activity of the inhibitory agent. In contrast, the ethyl
group interacts less with Y181, and thus its substitution
does not play a crucial role for this compound, whereas
the butyl moiety in compound 46 makes no contacts with
Y181C due to the distinct position of the inhibitor in the
hydrophobic pocket of the HIV RT [109].

A large-scale screening study in 2001 identified com-
pound 47 (ECy, = 0.9 nM) containing a cyclopentenyl
moiety at the N-1 position [129]. It was demonstrated
that compound 47 lost its activity against mutations
K101E, K103N, and Y188C, which also completely dis-
appeared in the case of double mutant K103N+Y181C
HIV-1. Additionally, compound 47 might inhibit viral
fusion, thus making it active against HIV-2 [129].

1731

Using compound 47, a broad series of compounds was
synthesized containing cyclopropylmethyl, cyclobutyl-
methyl, cyclohexylmethyl, 1- and 3-cyclopentenemethyl
substituents, as well as compounds with extended linker
between the pyrimidine moiety and a non-aromatic ring
such as cyclopentyl or 1-, 2-, 3-cyclopentenyl substituent
[130]. No clear dependence between inhibitory activity
against HIV-1 and structure of the cycloalkyl moiety at the
N-1 position in the pyrimidine ring of several dozens of
compounds of this series was found. Activity of compounds
containing even three-, four-, and five-membered rings
was observed after changing the type of linker between the
pyrimidine ring and the benzene moiety at C-6 position. In
this series of HEPT derivatives, the most promising was
compound 48, due to its low cytotoxicity and selectivity
index exceeding 2,500,000 [130]. Like compound 47, all
these compounds were found to exert another mode of
action in inhibiting HIV-1, i.e. that aimed at suppressing
viral binding to cell receptors [129, 130].

In addition, it was found that incorporating a third
aromatic ring at the N-1 position in the pyrimidine (49)
efficiently enhanced potency of HEPT derivatives [131].
Compound 49 exhibited submicromolar activity

Table 7. Comparison of inhibitory activity for HEPT-containing compounds 49-52 against WT HIV [97, 104, 131]
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Compound ECs, UM (WT)*
49 0.088
50 0.0032
51 0.0027
52 0.004
HEPT (30) 7

* MT-4 cell line was used in the experiments.
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(Table 7), which together with incorporation of efficient
substituents at the C-5 and C-6 positions in the pyrimi-
dine resulted in HIV NNRT]Is having nanomolar inhibito-
ry activity against WT HIV (50, 51) [104]. Modification of
the linker between the pyrimidine ring and the benzene
moiety at the C-6 position produced compound 52, which
was tested as TNK-651 in clinical trial [96, 97].

El-Brollosy et al. [132] tested two concepts related to
modification of substituents at the N-1 position in HEPT
derivatives — replacing the benzene ring for an alkenyl
moiety might sustain stacking interactions with aromatic
amino acids in the hydrophobic pocket of HIV RT, and
incorporation of an alkenyl group into the linker between
the pyrimidine moiety and the phenyl substituent at N-1
position. Compounds were found that exhibited high
potency against WT HIV, but they abruptly lost their
activity in the case of mutations YI181C and
KI103N+Y181.

X-ray structure analysis data of HIV RT crystalized
with TNK-651 (52) [97] and QSAR study [118, 133]
explained the high potency of compounds with a phenyl
substituent at the N-1 position. An extended substituent
at N-1 position is located near the entrance to the
hydrophobic pocket composed of amino acids V106,
P225, F227, and P236. Oxygen in the linker between the
phenyl substituent at N-1 position and the pyrimidine
ring makes a hydrogen bond with the side chain of Y318,
which is located close to the entrance to the hydrophobic
pocket of HIV RT [97, 98]. The phenyl moiety at N-1
position in compound 52 interacts with P236, and the
proline residue can change its position in the pocket with-
in 5 A [97], which allows incorporating bulkier sub-
stituents at the N-1 position. Nonetheless, mutation
P236L resulted in a sharp loss of inhibitory activity for
compounds of the BHAP family [134], which may not be
also ruled out for analog 52.

The presence of an extended linker between the
pyrimidine ring and the substituent at the N-1 position is
not a prerequisite for high potency of inhibitors contain-
ing a phenyl substituent. Apart from cycloalkyl sub-
stituents, compounds were synthesized with a phenyl sub-
stituent (lead compound 53; EC5, = 1.2 nM). Such com-
pounds were inferior to the relevant analogs with a
cyclobutyl substituent at N-1 position, but retained
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inhibitory activity within the submicromolar range as well
as the ability to exert the second mode of HIV inhibition
related to virus entry into the target cells [135], and they
were less toxic. High affinity of the inhibitor to the
hydrophobic pocket of HIV RT was reached due to its
interaction with Y318 [130].

According to crystallographic data for TNK-651
(52) complexed with HIV RT [97], a bulkier indanyl-
oxymethyl substituent was incorporated at the N-1 posi-
tion in the pyrimidine moiety [136]. Among a series of
synthesized compounds, compound 54 was identified
that has subnanomolar inhibitory activity against WT
HIV-1 (ECs, = 0.4 nM), but this activity was profoundly
lost in case of mutation Y181C commonly found in
patients with NNRTI-resistant HIV strains (ECs; yi5;c =
1 uM).

In addition, there are HEPT-based NNRTIs having
a pyridine ring at the N-1 position in the pyrimidine [103,
137-140], and one of them (55) was identified in a study
of 6-phenylamino-derivatives of HEPT [138]. Com-
pound 55 had submicromolar activity against WT HIV-1
(ECs, = 0.08 uM), although its numerous analogs with a
pyridine moiety displayed low inhibitory activity. An ana-
log of compound 55 containing a thiophenyl substituent
at the C-6 position in the pyrimidine was more potent but
also more toxic [141].

High inhibitory activity was found for analogs of
compound 55 having a keto group in the linker between
the pyrimidine and benzene moieties. Inhibitory activity
of the lead compound 56 against HIV-1 WT was as high
as for the thiophenyl analog of compound 55, but its
cytotoxicity was much lower, thereby resulting in selectiv-
ity index higher than 40,000 [141].

Further modification of aromatic groups at the N-1
and C-6 position in compounds containing a keto group
in the linker between the pyrimidine and benzene moi-
eties produced compound 57, which acts within the
nanomolar range of concentrations and inhibits both WT
and NNRTI-resistant HIV-1 mutants (Table 8) [139].
Examining compound 57 crystalized with HIV RT
revealed formation of a hydrogen bond between the
amino group of the pyridine moiety and the main chain of
K103N, underlying its high potency against NNRTI-
resistant HIV-1 mutants [140].

(0] (0)

HN | H
O N NH 0" N
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Table 8. Inhibitory activity of compounds 57-60 against
WT and NNRTI-resistant HIV mutants [139, 140]

ECsp, uM*
Compound R1
WT K103N Y181C
57 2-NH,, 6-F | 0.0034 0.0054 0.023
58 2-NH,, 5,6-F| 0.0045 0.033 0.037
59 2,6-F 0.012 0.023 0.14
60 2-F 0.0062 0.015 0.099
EFV 0.0011 0.0029 0.039
ETV 0.0016 0.0042 0.0014

* MT-2 cell line was used in experiments.

Pharmacokinetic study of compound 57 showed that
it undergoes microsomal oxidation, defluorination, and
hydroxylation at its isopropyl group at the C-5 position in
the central pyrimidine ring, which required its adminis-
tration more than once a day. To level these drawbacks,
compounds 58-60 were synthesized (Table 8), but these
were inferior to compound 57 in terms of inhibitory activ-
ity against NNRTI-resistant HIV strains and poorly
matched target pharmacokinetic criteria [140].

HIV-1 NNRTIs BASED ON
DIHYDROALKOXYBENZYLOXOPYRIMIDINES
(DABO)

The subclass of dihydroalkoxybenzyloxopyrimidines
(DABOs) branched out from HEPT (30) derivatives, and
compound 61 considered as a founder of this subclass was
synthesized while trying to transfer an extended sub-
stituent from the N-1 to the C-2 position in the pyrimi-
dine ring. Compound 61 had weak anti-HIV (ECy, =
86 uM) [142] potency, but it demonstrated a crucial
opportunity to generate NNRTIs based on HEPTs with
extended substituents at the C-2 position. The DABOs
contain an aromatic ring at the C-6 position in the pyrim-
idine, a prerequisite for its activity [143], thus making it
structurally similar to HEPTs. Therefore, many common
features used in DABO modifications were taken from the
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studies on improving inhibitory activity of HEPTs against
HIV RT, including:

(i) required presence of an aromatic moiety at the C-
6 position in the pyrimidine;

(ii) incorporated alkyl substituents at C-5 position in
the pyrimidine [144, 145];

(iii) incorporated methyl groups at the meta-position
in the benzene ring into the C-6 position [146], by anal-
ogy with compound 39 and GCA-186 (40) [107, 122];

(iv) replaced phenyl moiety at the C-6 position for
the naphthyl moiety (DATNO subclass [143]), by analo-
gy with those described in [119];

(v) incorporation of a third aromatic moiety at the
C-2 position [147], by analogy with TNK-651 (52) [97];

(vi) substituted phenyl moiety in place of a cyclohexyl
one at the C-6 position in the pyrimidine [148], by analo-
gy with HEPT cyclohexyl TNK-6123 (34) derivative [98].

Incorporation of an alkylthio substituent of the alky-
loxy group at the C-2 position increased inhibitory activ-
ity against WT HIV-1. Compounds with a alkylthio moi-
ety were named S-DABOs (Fig. 7) [146]. While modify-
ing the phenyl moiety at the C-6 position in the pyrimi-
dine, an important difference of DABO from HEPT
derivatives was found: it was optimal to incorporate sub-
stituents at the ortho-position in the phenyl moiety [149],
which goes against HEPT derivatives that optimally con-
tain a phenyl moiety at the mefa-position phenyl in the
C-6 position of the pyrimidine [96].

The search for substituents at the meta-position in
the phenyl moiety revealed highly potent NNRTIs such
as compound 62 with a fluorine at the meta-position in
the benzene ring [149], which became a founder for the
subclass of 2,6-F,-S-DABOs.

Studying substituents at the C-5 position in the
pyrimidine moiety revealed another difference of DABO
from HEPT derivatives: despite the fact that incorpora-
tion of halogen at the C-5 position in the pyrimidine in
both subclasses results in lowering its inhibitory activity,
upon incorporating an alkyl substituent at the same C-5
position in the pyrimidine increases inhibitory activity in
DABO:s in the series Me > Et > i-Pr [150], which contra-
dicts data for HEPT derivatives showing the opposite
dependence [106].
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Fig. 7. Structural diversity of DABO analogs.

Studies on the impact of an aromatic substituent at
the C-6 position in the pyrimidine [143] demonstrate that
its removal results in complete loss of inhibitory activity,
and elongation of the linker between the pyrimidine and
phenyl moiety lowers inhibitory activity against HIV-1 as
well. Compounds where the phenyl substituent was
replaced with a naphthyl moiety (DATNOs) (the most
potent compound is 63, with EC5, = 0.33 uM), revealed
high inhibitory activity so that a- versus B-naphthyl
derivatives were more potent [143], similarly to HEPT
derivatives [119]. An important feature of DATNOs was a
negative effect triggered by incorporating a substituent at
the C-5 position in the pyrimidine moiety, which was not
typical of DABOs [150].

Incorporation of a methyl group into the linker
between the pyrimidine and phenyl substituent promoted
inhibitory activity of the compounds against HIV-1 [151,
152]. The impact of optical isomers on inhibitory activity

\/LSH/ILN | O\slﬂ\l\\N
OO F

64

was examined for the most potent compound 64, showing
that the R-isomer versus the S-isomer was more potent by
three orders of magnitude [152]. According to computer
modeling based on the X-ray structure data of HIV RT
crystalized with TNK-651 (52) [97], it was concluded
that the methyl group of the R-isomer interacts with the
side chain of Y181 [151].

Substitution of sulfur for the amino group within the
substituent at the C-2 position in the pyrimidine pro-
duced another DABO subclass known as NH-DABO,
featured by inhibitory activity similar to the S-DABO
inhibitory activity and a high genetic barrier to resistance
[153].

Computer modeling of compound 65 inside the
hydrophobic pocket of HIV RT suggested that the amino
group at the C-2 position in the pyrimidine was able to
make a hydrogen bond with K101, and this might com-
pensate for the loss of interaction between the phenyl
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moiety and Y181 as well as Y188 in case of their mutation,
therefore explaining the preserved inhibitory activity of
compound 65 [154].

Based on 2,6-F,-NH-DABO, another DABO sub-
class known as 2,6-F,-N,N-DABOs was synthesized
[155] (66). Compounds of this subclass exhibit high
inhibitory activity (for 66 ECs, = 0.1 uM) against both
WT and resistant HIV RT mutants. It should be noted
that by modifying the linker between the phenyl sub-
stituent 2,6-F,-N,N-DABO and the pyrimidine ring via
incorporating a halogen, hydroxyl, cyano, or keto group
into the linker, a generation of compounds with submi-
cromolar activity against WT HIV-1 was formed, which
did not extend a genetic barrier to resistance for this sub-
class of compounds. Even the most potent compounds
were found to sharply lose inhibitory activity against the
mutation Y181C HIV-1 RT.

In the case of compounds without modifications in
the linker at the C-6 position of the pyrimidine, the
inhibitory activity against the Y181C mutant decreased to
a lesser extent on incorporation of a third aromatic moi-
ety at the amino group of the C-2 position in the pyrimi-
dine (67); however, like the other studied compounds,
compound 67 was completely inactive against the double
mutation K103N+Y181C [156].

Sharp elevation of the inhibitory activity against WT
HIV-1 was achieved by incorporating an aromatic moiety
at the C-2 position [157]. Again, this was similar to HEPT
derivatives, which were also noted to have a similar impact
of the third aromatic ring on inhibitory activity against
HIV-1[97]. It should be noted that incorporating an aro-
matic moiety at the C-2 position in DABOs cannot com-
pensate for the lack of an aromatic substituent at the C-6
position in the pyrimidine [143]. Using the most potent
compound 68 (ICs, = 0.026 uM) against WT HIV RT
identified by Manetti et al. [147], the linker between the
pyrimidine ring and the phenyl substituent at C-2 position
in the pyrimidine was varied. This study showed a positive
effect of the extension of the linker length (69) on
inhibitory activity against mutation Y188L of HIV RT,
whereas incorporation of a double bond into the linker
(70) increased the activity against resistant K103N,
Y181C, and Y188L HIV mutant strains. Incorporation of
a ternary bond into the linker resulted in complete loss of
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an inhibitory activity. Unfortunately, toxicity of the com-
pounds with unsaturated hydrocarbon moieties was high-
er than toxicity of unsaturated analogs [157].

Compound with a keto group in the linker between
the pyrimidine moiety and the phenyl substituent at the
C-2 position in the pyrimidine produced a compound
with nano- and subnanomolar activity against WT HIV-1
(for lead compound 71 EC5, = 0.4 nM) [157, 158]. None-
theless, it remained the major issue for DABOs having
three aromatic rings: even the most potent compounds
continued to lose activity by several orders of magnitude in
the case of mutations K103N, Y181C, and Y188L [159].

According to computer modeling of DABOs having
three aromatic rings complexed with HIV RT [157, 159],
which were based on HIV RT crystalized with HEPT
derivatives containing three aromatic moieties from
TNK-651 (52) [97], it was assumed that compounds from
both subclasses might be similarly positioned inside the
hydrophobic pocket.
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In particular, according to computer modeling, sub-
stituents at the C-6 position in the pyrimidine of phenyl-
acetyl-DABO and TNK-651 derivatives (52) were found
to make a stacking interaction with Y188, and the aro-
matic substituent at C-2 position interacts with P236,
V106, and Y318 (similar to the aromatic substituent at N-
1 position in the pyrimidine of TNK-651 (52)), the
pyrimidine moiety makes a hydrogen bond with the main
chain at K101, whereas the alkyl substituent at C-5 posi-
tion in the pyrimidine is positioned in a way similar to
TNK-651 (52) [157, 159]. The similar position of the
alkyl moiety at the C-5 position in the pyrimidine may
explain an increased inhibitory activity in the series H <
Me < Et < i-Pr for analogs of 71 having various sub-
stituents at the C-5 position, which was observed for
HEPT analogs (30) [103, 106-109].

Yu et al. [160] tried to extend the resistance profile
for DABOs having three aromatic rings by incorporating
an amino group into the linker between the pyrimidine
moiety and the phenyl substituent at the C-2 position in
the pyrimidine, which might contribute to formation of
new hydrogen bonds to amino acids lining the hydropho-
bic pocket and compensate for the loss of interaction with
Y181 and Y188 in case of their mutations. For the same
purpose, substituents most distant from Y181 and Y188 in
phenyl moiety at C-2 position in the pyrimidine were var-
ied. The most potent compound (72) turned out to be less
active against WT HIV RT compared to other DABOs
having three aromatic rings, thus indicating lack of
prospects for this approach.

Replacement of the phenyl substituent at the C-6
position in the pyrimidine with a cyclohexyl moiety was a
more promising approach [148]. Like HEPT derivatives
[98], this yielded highly potent compound 73 displaying
inhibitory activity against WT HIV within the nanomolar
range (ECs; = 2.4 nM). Computer modeling based on X-
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ray structure analysis of HIV RT crystalized with TNK-
651 (52) [97] suggested that the cyclohexyl moiety of com-
pound 73 is involved in van der Waals interactions with
Y181, Y188, W229, and V106, this being confirmed by
examining the inhibitory activity of compound 73 in resist-
ant HIV mutants; the activity was sharply decreased in the
case of mutations VI06A and Y181C in HIV-1 RT [148].

To summarize the data regarding the three classes of
pyrimidine-substituted HIV-1 NNRTIs, the following
patterns producing novel highly potent compounds with
broad resistance profile against drug-resistant mutations
in the hydrophobic pocket of HIV-1 RT should be noted.

Compounds should: (i) exhibit conformational flexi-
bility to be able to adapt to mutations within the enzymat-
ic hydrophobic pocket; (ii) interact as much as possible
with conserved amino acid W229 in the hydrophobic pock-
et, and, ideally, with less conserved amino acids F227,
1234, P236, and Y318; (iii) make hydrogen bonds with the
main chain of the protein, and therefore substantially
reduce negative effects on inhibitory activity upon muta-
tions in amino acid residues lining the hydrophobic pocket.
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