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Summary

4’ -Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA/MK-8591), a nucleoside reverse transcriptase
inhibitor (NRTI) under clinical trials, is a potent and promising long-acting anti-human
immunodeficiency virus type 1 (HIV-1) agent. EFdA and its derivatives possess a modified 4’-
moiety and potently inhibit the replication of a wide spectrum of HIV-1 strains resistant to existing
NRTIs. Here, we report that EFJA and NRTIs with a 4”-ethynyl- or 4”-cyano-moiety exerted
activity against HIV-1 with an M184V mutation and multiple NRTI-resistant HIV-1s, whereas
NRTIs with other moieties (e.g., 4"-methyl) did not show this activity. Structural analysis indicated
that EFdA and 4’-ethynyl-NRTIs (but not other 4’-modified NRTIs), formed strong van der Waals
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interactions with critical amino acid residues of reverse transcriptase. Such interactions were
maintained even in the presence of a broad resistance-endowing M184V substitution, thus potently
inhibiting drug-resistant HIV-1 strains. These findings also explain the mechanism for the potency

of EFdA and provide insights for further design of anti-HIV-1 therapeutics.
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EFdA exerts potent antiviral activity against multiple-drug-resistant HIV-1 strains and is now
undergoing clinical trials. Takamatsu et al. evaluated the antiviral activity and structural analysis of
EFdA derivatives and report that 4”-ethynyl or 4”-cyano moiety are the key structural features for

the potent antiviral activity against drug-resistant HIV-1 strains.
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Introduction

Combined antiretroviral therapy (CART) is very effective in decreasing viral load and
significantly improves the quality of life of patients with human immunodeficiency virus
type 1 (HIV-1) and acquired immunodeficiency syndrome (AIDS). However, the emergence
of HIV-1 variants that are resistant to multiple antiretroviral drugs is unavoidable after
prolonged treatment of patients with AIDS with cART (Menéndez-Arias, 2013; Panel on
Antiretroviral Guidelines for Adults and Adolescents with HIV, 2017). Therefore, it is
essential to develop potent antiviral agents that are effective against HIV-1 variants resistant
to all approved anti-HIV-1 therapeutics. 4’-Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA or
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MK-8591) is one of the most promising anti-HIV-1 nucleoside reverse transcriptase
inhibitors (NRTIs) that shows activity against various drug-resistant HIV-1 variants /n vitro
(Nakata et al., 2007; Kawamoto et al., 2008; Hattori et al., 2009; Murphey-Corb et al.,
2012).

Recent clinical studies reported the pharmacokinetic (PK) profiles and antiviral efficacy of
EFdA. Grobler et al. demonstrated that a 10-mg single dose administration in humans was
able to achieve the exceeding projected efficacious concentrations for at least 7 days
(Grobler et al., The Annual Conference on Retroviruses and Opportunistic Infections
(CROI). Abstr. 98, 2016). In another study, treatment of cCART-naive HIV-1-infected patients
with a single 10-mg dose of EFdA rapidly reduced the viral load; the mean viral load
continued to decrease until day 10 after the treatment, with a mean reduction of 1.78 logyg
and no evidence of recrudescence (Friedman et al., CRO/. Abstr. 437LB, 2016). This study
also reported that long-acting parenteral formulations of EFdA resulted in the continuous
release of the drug for =6 months in rodents achieving high plasma levels. These findings
suggest that unlike the current therapies that require at least one dose per day, EFdA can be
administered orally at least once weekly (QW) or much longer with long-acting parenteral
formulations (Grobler et al., CRO/. Abstr. 98, 2016).

NRTIs are key components of CART that targets HIV-1 reverse transcriptase (RT)
(Menéndez-Avrias, 2013). Since the 1990s, various 4’-modified nucleoside analogs have
been reported that show activity against HIV-1 by inhibiting HIV-1 RT (Maag et al., 1992;
O-Yang et al., 1992; Kohgo et al., 1999a; Nomura et al., 1999; Kohgo et al., 1999b; Kohgo
et al. 2004; Kawamoto et al., 2008). However, most of these analogs exerted cytotoxic
effects and hence were not examined in clinical trials. We previously developed several 4'-
ethynyl-2"-deoxynucleoside analogs (EdNs) that retained a 3"-hydroxyl (3'-OH) moiety in
their sugar and showed activity against HIV-1 (Kodama et al., 2001). However, these EdNs
also exerted toxic effects. We optimized these EdNs to successfully develop EFdA (Nakata
etal., 2007). EFdA was generated by adding a fluorine atom at position 2 in the purine
moiety of a potent but cytotoxic nucleoside analog, 4’ -ethynyl-2"-deoxyadenosine (EdA).
This 4’ -modification successfully decreased the cytotoxicity of EdA, especially EdA’s
human DNA polymerase y inhibition, while maintaining EdA’s highly potent anti-HIV-1
activity (Nakata et al., 2007; Kawamoto et al., 2008). Moreover, we found that the
intracellular half-life of EFdA-triphosphate (EFdA-TP), an active form of EFdA, was =17 h
(Nakata et al., 2007). EFdA is currently under clinical trials in the United States and
elsewhere (Grobler et al., CRO/. Abstr. 98, 2016).

Kawamoto et al. reported that a moderate resistance of HIV-1 against EFdA (22-fold change
compared with that against wild-type HIV-1 [HIV-1WT]) was associated with three amino
acid substitutions (1142V, T165R, and M184V) in the RT-encoding gene (Kawamoto et al.,
2008). Recently, we reported that the emergence of EFdA-resistant HIV-1 (HIV-1gggaR) was
significantly delayed when selection was performed /in vitro. Moreover, we found that nine
amino acid substitutions, namely, M41L, D67A, T69G, K70R, L74l, V75T, M184V, T215F,
and K219Q (in HIV-1gegaR), were associated with EFdA resistance (Maeda et al., 2014).
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In the present study, we synthesized a panel of 4’-modified NRTIs (4'-NRTIs) structurally
related to EFdA and examined their antiviral activity against various NRTI-resistant HIV-1
variants, including the highly multidrug resistant HIV-1gggaR. We found that EFdA and
some of the 4"-NRTIs maintained their potent activity against HIV-1 harboring drug-
resistance-associated mutations. Moreover, we examined the mechanism based on the
recently determined crystal structures of EFdA-TP complexed with RT (Salie et al., 2016).

Activity of the nucleoside analogs against HIV-1WT and HIV-2gp0.

We designed and synthesized various 4’-NRTIs and determined the activity of different 4’-
NRTIs, including EFdA (Figure 1), and reference NRTIs (zidovudine [AZT], abacavir
[ABC], and tenofovir disoproxil fumarate [TDF]) against HIV-1WT. We first attempted to
determine the antiviral activities of each compound against HIV-1WT and HIV-2go using
methyl thiazol tetrazolium (MTT) assay, which evaluates the inhibitory effect of certain
compounds based on its virally-induced cytopathicity. Results of MTT assays using MT-4
cells showed that all the examined 4’-NRTIs showed activity against HIV-1WT. Eight NRTIs
showed potent activity, with 50% inhibitory concentration (ICsq) values less than 10 nM.
ICsq values of other compounds ranged from 24 to 276 nM (Table 1). Results of the MTT
assay indicated that AZT, ABC, and TDF also showed activity against HIV-1WT with ICsq
values of 37, 262, and 203 nM, respectively (Table 1). EFdA and 4’-cyano-2-amino-2’-
deoxyadenosine (CAdA) (Takamatsu et al., 2015) were found to be the most potent
compounds, with I1Csq values of 0.3 and 0.2 nM, respectively (Table 1). These 4’-NRTIs had
moderate cell toxicity with a 50% cytotoxic concentration (CCsgg) value of <100 uM. Among
them, EFdA had most favorable cytotoxicity profile with a selectivity index (SI; CCsg/ICsq)
value of 64,000 (Table 1). We also examined the antiviral activity of 4’-NRTIs against
HIV-2g10 and found that these 4'-NRTIs exerted potent activity against HIV-2 with similar
ICsq values as against that of HIV-1WT (Table S1).

Determination of activity of 4’-NRTls against NRTI-resistant HIV-1 variants.

Next, we examined the activity of the 4’-NRTIs against a drug-resistant HIV-1K65R variant
because K65R is a TDF resistance-associated mutation that reportedly induces
hypersensitivity to EFdA (Kawamoto et al., 2008; Brenner et al., 2009; Michailidis et al.,
2013). As expected, seven of the 4’-NRTIs examined showed low ICsq values (fold increase
from 0.06 to 0.9 compared with that against HIV-1WT) and none of them showed elevated
level of resistance against HIV-1X65R (Taple 1). EFdA and CAdA showed slightly elevated
ICsq value compared with that against HIV-1WT with 3-fold changes, but they maintained
potent antiviral activity with ICg values of 1 nM or less.

We previously selected an HIV-1gggaR variant harboring M41L, D67A, T69G, K70R, L741,
V75T, M184V, T215F, and K219Q mutations (Figure 2A) (Maeda et al., 2014). Therefore,
we generated multiple HIV-1 clones containing some of the mutations present in the
HIV-1gpgaR variant, such as HIV-1 clones harboring D67A, T69G, K70R, L741, and V75T
mutations (HIV-167-75); M184V mutation (HIV-1M184V): or T215F mutation (HIV-1T215F),
by using site-directed-mutagenesis. EFdA showed activity against HIV-187-75 with an 1Csq
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value of 3 nM, and all other EFdA-related analogs showed activity against HIV-167-75 with
0.8- to 13-fold higher ICsq values (Table 1). In contrast, reference NRTIs, ABC, and TDF,
showed drastically reduced activity against HIV-167-75 with ICsq values of >1 uM in activity
compared with that against HIV-1WT (Table 1). The EFdA-related derivatives also showed
similar or slightly reduced activity (0.3~11.1 fold; Table 1) against HIV-1T215F Among the
reference NRTIs, AZT showed a 3-fold decrease in activity against HIVT215F Previously,
we observed that EFdA showed only a slightly decreased activity (~6-fold decrease) against
HIV-1M184V (Kawamoto et al., 2008; Maeda et al., 2014). However, in the present study,
nine examined 4 -NRTIs were virtually inert, with 1Csq values of >1 uM (Table 1). In
contrast, six 4’-NRTIs, including EFdA and CAdA, showed activity against HI\-1M184V,
with ICgq values ranging from 4.4 to 356 nM (fold change between 0.6 and 22).

The activity of 4’-NRTIs against HIV-1gggaR was determined by performing p24 assay
using MT-4 cells (Table S2). Some of the NRTI-resistant HIV-1 variants, such as
HIV-1grgaR, have less virally-induced cytopathicity against CD4™ cells, and therefore, we
measured the antiviral activity based on the reduction of the supernatant HIV-1 p24 levels, as
shown in Table 2. Nine 4"-NRTIs (at concentrations up to 1 pM) did not show any activity
against HIV-1gegaR (Table S2). The ICsq value of 4”-vinyl-2-amino-2”-deoxyadenosine
(VAdA) was 804 nM, which was 190-fold higher than that against HIV-1WT, and therefore,
HIV-1gegaR was considered to be resistant against VAdA. 4’ -Ethynyl-2”-deoxyguanosine
(EdG), 4”-ethynyl-2’-deoxycytidine (EAC), 4’-cyano-2’-deoxythymidine (CdT), CAdA, and
EFdA showed favorable activity against HIV-1gggaR (Table S2). The ICsq value of EFdA
for HIV-1grgaR was 42 nM, while the fold decrease was 52-fold. Next, we examined the
activity of these compounds against an HIV-1 clone namely HIV-167-75184.215 ‘harhoring
seven mutations, D67A T69G, K70R, L741, V75T, M184V, and T215F, derived from
HIV-1gegaR and obtained almost similar results as those obtained for HIV-1gggaR (Table
S2, right column).

The five compounds that showed activity against HIV-1ggaR (Table S2) also showed
activity against HIV-167-75 HI\V-1M184V and HV-1T215F (Table 1). Moreover, most
compounds that did not show activity against HIV-1gggaR also showed no activity against
HIV-1M184V These results suggest that M184V is a key mutation that induces resistance to
the 4’-NRTIs examined in the present study. Based on the obtained results, we divided the
4’-NRTIs into two groups: (i) HIV-1M184V_active group, which includes 4’-NRTIs with the
4’-ethynyl or 4”-cyano moiety (e.g., EFdA, CAdA, and EdC), and (i) HIV-1M184V_inactive
group, which includes 4’-NRTIs with other 4 -moieties (e.g., 4’ -fluoromethyl-2-amino-2’-
deoxyadenosine [FMAdA], 4’-methyl-2-amino-2’-deoxyadenosine [MAdA], and VAdA)
(Table 1 and Figure 1).

Structural details of wild-type HIV-1 RT complexed with EFdA-TP and its inhibitory

mechanism.

To elucidate the mechanism in which only 4’-NRTIs with a 4’-cyano-, or a 4’-ethynyl-
moiety exhibit potent activity against HIV-1M184V and HIV-1gggaR, we performed structural
analysis by using a recently defined crystal structure of HIV-1 RT with a double-stranded
DNA and EFJA-TP (PDB [RRID: SCR_012820] ID:5J2M) (Salie et al., 2016). The
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structure showed that the sugar moiety of EFdA-TP was located close to the hydrophobic
pocket of HIV-1 RT and that the 4’ -ethynyl of EFdA-TP was bound to a preformed
hydrophobic pocket defined by conserved residues A114, Y115, F160, and M184 and an
aliphatic part of D185 (Figures 2BiPE) (Salie et al., 2016). The 4’ -ethynyl moiety of EFdA
showed strong van der Waals (vdW) interactions with these residues (Figures 2B-E).
Regarding the strong interaction of 4”-ethynyl of EFdA to the active site amino acids,
Michailidis et al. discussed the mechanism underlying EFdA-induced RT inhibition. Briefly,
they showed that after the incorporation of EFdA-monophosphate (EFdA-MP) at the 3'-
terminus of HIV-1 RT, the RT mostly stayed in a pre-translocation binding mode (N-site)
because of the strong interaction between EFdA-MP and the active site of RT (containing
residues Al14, Y115, F160, M184, and D185) and failed to shift to P-site (post-
translocation mode), thus blocking the binding of an incoming dNTP and in turn terminating
DNA polymerization. Hence, EFdA is defined as a translocation-deficient RT inhibitor
(TDRTI) (Figure 3) (Michailidis et al., 2013; Salie et al., 2016).

Direct and strong vdW interactions between 4’-moieties and amino acid residues, such as
F160, in the active site cavity of RT is critical for the potency of the 4’-NRTIs.

To compare the binding profile of EFdA with that of other 4’-NRTIs, we performed
structural analyses starting from the crystal structure of wild-type RT complexed with
EFJA-TP (PDB ID: 5J2M) (Salie et al., 2016) as a template. MAdA, which contains a 4’-
methyl moiety, was examined and structurally compared with EFdA. As shown in Fig. 2, the
4’ -ethynyl moiety of EFdA-TP showed strong vdW interactions with M184, A114, F160,
and Y115 (Figures 2A-E). In contrast, the 4’ -methyl moiety of MAdA-TP showed moderate
interaction with M184 and much reduced interaction with A114, and no interaction with
F160 (Figures 4A-C)

Amino acid residues present in the active site of RT are important for maintaining the
activity of RT. We examined the importance of each of these amino acid residues in RT
activity and HIV replication (Figure 5). The HIV-1 mutant RT enzymatic activity in the
cytoplasm of HIV-1 infected cells was determined (Figure 5A). The replication ability of the
viruses with RT mutation(s) was also determined by analyzing the changes in supernatant
p24 Gag protein from HIV-1 infected MT-4 cells (Figure 5B). We found that one amino acid
residue, F160, located at the bottom of the active site cavity of HIV-1 RT strongly interacted
with EFdA. Substitution of F160 with Alanine (F160A) resulted in the complete loss of the
enzymatic activity of HIV-1 RT (HIV-1 RTF1604) (Figure 5A). Similarly, HIV-1 expressing
RTF160A showed negligible replication during the examination period of up to 10 days (<5%
supernatant p24 value compared with that for wild-type RT) (Figure 5B). A114V (Van Cor-
Hosmer et al. 2012), Y115A (Larder et al. 1989), and D185A mutations, which reduced the
activity of HIV-1 RT by >90%, also critically decreased viral replication (Figures 5A, B).
However, the RT activity of HIV-1 RTM184V wags almost similar to that of wild-type RT
(HIV-1 RTWT) and the virus with HIV-1 RTM184V maintained a substantial viral replication
(Figures 5A, B). Next, we examined the effect of HIV-1 RT87-7> (containing D67A, T69G,
K70R, L74l, and V75T mutations) and HIV-1 RT "215F on viral replication and found that
these mutants only slightly affected viral replication kinetics (50% ~ 90% replication
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compared with that of HIV-1 expressing wild-type RT); moreover, replication was well
maintained in HIV-1 harboring these mutants (Figure 5B).

Compared to MAdA, EFdA formed stronger vdW interactions with A114, Y115, F160,
M184 and D185. EFdA also exhibited more potent activity than MAdA. One of the
important differences between EFdA and MAdA is in the presence of a 4’-ethynyl in EFdA
compared to a 4’ -methyl in MAdA. The stronger vdW interactions of EFdA with the above
residues is primarily because of the 4”-ethynyl substituent. These data suggested that
stronger vdW interactions of a 4’-moiety (e.g., 4" -ethynyl) with A114, Y115, F160, M184,
and D185 was critical for more potent inhibition of HIV-1 RT.

Structural mechanism underlying the potent activity of EFdA against HIV-1M184V

We finally investigated the mechanism underlying the potent activity of NRTIs containing
the 4’-ethynyl moiety (e.g., EFdA) against HIV-1M184V compared with that of NRTIs with
other 4’-moieties (e.g., 4”-ethyl), which completely nullified their antiviral activity against
HIV-1M184V Figure 6A shows the superimposition of the interaction of 4 -ethynyl moiety
of EFAA-TP with wild-type HIV-1 RT and HIV-1 RTM184V_The 4’-ethynyl moiety showed
good vdW interaction with F160, M184, and other amino acids in the active site of HIV-1
RT (Figure 6A). We found that the 4’ -ethynyl moiety showed slightly decreased vdwW
interactions with V184, but the moiety showed strong vdW interactions with other amino
acids such as F160 and A114 even in the presence of a V184 substitution (Figures 6A and
B). Notably, introduction of the V184 substitution in the active site cavity of RT did not
change the conformation of other amino acid residues such as F160 and A114 (Figures 6B,
D, and F). Next, we analyzed the interaction of FMAdA-TP (4’-fluoromethyl) and EtAdA-
TP (4’-ethyl), which showed very potent activity against HIV-1WT but not against HIV-1
that contained M184V substitution (Table 1 and Table S2). Figure 6C and Figure 6E show
superimposition of the interactions of FMAJA-TP and EtAdA-TP with wild-type HIV-1 RT
and HIV-1 RTM184V _4’_Fluoromethyl and 4’-ethyl moiety of FMAJA-TP and EtAdA-TP
had good interaction with wild-type HIV-1 RT (M184), but these interactions were reduced
with M184V substitution (Figures 6C and E). Moreover, these moieties showed less vdW
interaction with F160 compared to that of 4”-ethynyl moiety of EFdA-TP (Figures 6A, C,
and E). As described in Figure 5, amino acids A114, Y115, F160 and D185 are very
important for RT activity, and NRTIs with the 4’-ethynyl moiety (e.g., EFdA) showed strong
vdW interaction with these residues even in the presence of the V184 mutation (Figures 2
and 6A). Thus, NRTIs with the 4”-ethynyl moiety showed potent activity against HIV-1
RTM184V as well. In contrast, NRTIs with a 4’-moiety with the exception of 4’-ethynyl (and
4’-cyano) may not show strong interaction with residues such as F160, A114, and D185
(Figures 6C, E). Therefore, it is possible that these weaker NRTIs maintain their binding
affinity by showing weak or moderate affinities toward multiple amino acids such as M184
in the active site cavity of RT. NRTIs containing the 4’-fluoromethyl moiety (e.g., FMAdA)
and 4’ -ethyl moiety (e.g., EtAdA) showed less interaction with V184 compared with wild-
type M184 (Figures 6C, E), suggesting that decreased interaction with V184 considerably
affects the antiviral activity of FMAdA and EtAdA.
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Discussion

At present, EFAA/MK-8591 is under clinical trials in the US. A recent study reported
promising PK data for EFdA and suggested QW oral administration or extended dosage
regimen of EFdA with long-acting parenteral formulations (Grobler et al., CRO!. Abstr. 98,
2016; Friedman et al., CRO/. Abstr. 437LB, 2016). TDF is one of the most commonly used
NRTIs for treating patients with AIDS; moreover, it is also used for treating HBV-infected
patients. Furthermore, tenofovir alafenamide fumarate (TAF), a tenofovir pro-drug that is
easily incorporated into HIV-1-infected cells and shows similar antiviral efficacy as TDF
with less adverse effects on the kidneys at a low dose (Fernandez-Fernandez et al. 2011), is
currently used for treating both HIV-1- and HBV-infected patients. However, it has been
recently reported that TDF-resistant HIV strains have developed in addition to TDF-
associated side effects, such as accelerated aging (shortening of telomere length) (Miller,
2004; Powderly et al., 2012; Leeansyah et al., 2013).

EFdA is potent against HIV-1 strains resistant to all the currently available NRTIs and is
considered as a next-generation therapeutic. It was reported that EFdA showed
hypersensitivity against K65R mutation, which is known as a TDF-resistant associated
mutation (Nitanda et al., 2005; Kawamoto et al., 2008; Brenner et al., 2009). The K65R
substitution causes minor changes in the efficacy of EFdA incorporation and of RT
translocation, causes the hypersensitivity of EFdA against K65R mutation (Brenner et al.,
2009). In the present study, we had assessed the anti-viral activity of a series of 4’-NRTIs
against HIV-1X65R and found that these 4’-NRTIs also maintained their antiviral activity.
Four compounds that contain 4’ -ethynyl moiety (Figure 1), showed increased potency
against HIV-1K65R compared to that against HIV-1WT (Table 1). Although EFdA showed
slightly elevated I1C5q value with 2.7-fold change, it still maintained its antiviral activity with
an ICsgq value of sub nano molar, indicating that 4”-ethynyl NRTIs including EFdA showed
increased potency against HIV-1K65R EFdA also retained its potency against the viruses
containing not only M184V/I mutation, but also E138K mutation (Oliveira et al., 2017),
which caused virological failure during the clinical trials that evaluated rilpivarine with
emtricitabine as a first-line therapy (Van Eygen et al., 2016). Moreover, we previously
showed that the emergence of EFdA resistance was considerably delayed compared to other
NRTIs, including TDF (Maeda et al., 2014). In the present study, we investigated the
structural mechanism underlying the activity of EFdA against HIV-1 variants, including
drug-resistant HIV-1 variants, and found that EFdA and several NRTIs with the 4’ -ethynyl
moiety showed a strong vdW interaction with F160. We also found that F160 is one of the
most critical amino acids for HIV-1 RT activity and thus the virus does not select F160 as a
drug-resistant substitution. Moreover, this strong vdW interaction with active site residues
Al14, F160, and D185 was not reduced or lost even in the presence of drug resistant
mutations, such as V184, also present in the active site cavity. Therefore, EFdA and other
NRTIs that have a 4”-ethynyl moiety successfully maintain potent activity against HIV-1
variants, including drug-resistant HIV-1 variants.

We also examined the multidrug NRTI-resistant HIV-1 variant HIV-1gggaR which harbors
nine drug-resistant amino acid mutations in the gene encoding RT. We found that each of
these nine mutations had a moderate effect on the activity of EFdA but had a substantial
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effect on the activities of conventional NRTIs, such as AZT and ABC (Table 1). Moreover,
most of the selected amino acids, except M184, were not located in or around the active site
cavity of RT (Figure 2A). This suggested that it was very difficult for the virus to obtain
single substitutions that would have contributed to high resistance against EFdA. Rather, the
virus accumulated minor conventional drug-resistant mutations which resulted in moderate
resistance against EFdA (Table S2). Together, these findings suggest that EFdA is one of the
most promising next-generation anti-HIV-1 agent with a favorable PK profile and improved
activity against various drug-resistant HIV-1 strains.

In terms of the activity and drug-resistance profile of 4’-modified NRTIs against HIV-2, Wu
et al. reported that EFdA (MK-8591) showed high antiviral activity against both wild-type
HIV-2 and multi-NRTI-resistant HIV-2 variants (Wu et al., 2017). Smith et a/. also reported
that 4”-ethynyl-d4T (BMS-986001 or festinavir) showed increased potency against HIV-2,
and 4’ -ethynyl-d4T was also active against HIV-2M184V (Smith et al., 2015). The active site
cavities of both HIV-1 and HIV-2 RTs are considered to be very similar (Boyer et al., 2006;
Smith et al., 2015), but more detailed analyses are needed to explain the precise mechanism
of drug-resistance of HIV-2 against EFdA and other 4"-modified derivatives.

We previously reported that two 4”-modified and EFdA-related NRTIs, namely, CAdA and
CdG, potently inhibited both HBV and HIV-1 (Takamatsu et al., 2015). EFdA, a potent anti-
HIV-1 inhibitor, only showed minor anti-HBV activity, whereas CAdA and CdG showed
potent (sub nano molar ICsq values) activity against both HIV-1 and HBV. It has been
reported that the reverse transcriptase (po/ gene product) is the most stable in the changes
during the evolution of retroviruses (McClure et al., 1988). Although the HBV RT and
HIV-1 RT have less than 25% amino acid sequence identity (Das et al., 2001, Yasutake et al.,
2018), key RT interactions with DNA and dNTP were well-conserved especially in the
catalytic region of RTs, which include conserved domain A-G (Allen et al., 1998,
Bartholomeusz et al., 2004). Moreover, A114 and Y115 form interactions with the incoming
triphosphate moiety of dNTP (Huang et al., 1998, Boyer et al., 2000). A114 of HIV-1 RT is
observed as A87 in HBV RT (Stuyver et al., 2001), while Y115 of HIV-1 RT corresponds to
F88 in HBV RT (Stuyver et al., 2001). Interestingly, the Y115F mutation is reported to be
associated with the HIV-1 drug (ABC and TDF) resistance (Margot et al., 2006) and is the
only amino acid substitution that does not reduce the HIV-1 RT enzyme activity (Larder et
al., 1989, Boyer et al., 2000). F160 of HIV-1 RT is a part of a helix and positionally
equivalent to L180 of HBV RT (Das et al., 2001, Stuyver et al., 2001). CAdA and CdG
possess a 4’ -cyano moiety in their sugar groups. Modeling analysis of HIV-1 RT or HBV RT
complexed with an NRTI-TP suggested that a shallow hydrophobic pocket in the polymerase
active site of HBV RT accommodated the slightly shorter 4’-cyano moiety of CAdA-TP but
could not accommodate the longer 4’ -ethynyl moiety of EFdA-TP. In contrast, the deeper
pocket of HIV-1 RT efficiently accommodates the 4’-moieties of both CAdA and CdG
(Takamatsu et al., 2015). These data suggest that the type of 4’ -moiety in NRTIs determines
their affinity toward HIV-1 RT or HBV RT. In addition, as described, the present study
showed that EFdA and related NRTIs with the 4”-ethynyl or 4"-cyano moiety showed very
potent activity against HIV-1M184V and HIV-1gegaR; however, related compounds with
other moieties such as the 4’ -methyl moiety did not show any activity. The result was also
consistent to the previous studies for other 4’-modified NRTIs (Kohgo et al., 1999; Ohrui et
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al., 2011). Taken together, this finding suggests that the structure of the 4”-moiety of NRTIs
determines the activity of the NRTIs not only against HIV-1 or HBV but also against drug-
resistant HIV-1 variants.

Thus, EFdA and its derivatives with the 4’-ethynyl or 4’-cyano moiety warrant further
clinical investigation as NRTIs potent against various multidrug-resistant HIV-1 variants.
The results of the present study also suggest another strategy to design NRTIs that directly
bind to residues that are critical for the function of HIV-1 RT (e.g., F160) or HBV RT even
in the presence of drug-resistant mutations, such as (e.g., M184V). Such NRTIs will be
effective against various drug-resistant viruses and will not induce resistance in HIV-1 and
HBV because they directly and strongly bind to conserved amino acids in the active site of
RT, that do not undergo mutation.

Star Methods
CONTACT FOR REAGENT AND RESOURCES

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Kenji Maeda (kmaeda@ri.ncgm.go.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells.—MT-4 cells, originated from adult male human (RRID: CVCL_2632) authenticated
using the STR profiling (ATCC, Manassas, VA), were grown in RPMI 1640-based culture
medium with 10% fetal calf serum (FCS; Gemini Bio-Products, West Sacramento, CA)
while HEK293T cells, originated from fetus female human (RRID: CVCL_0063), were
cultured in DMEM supplemented with 10% FCS. The cells were grown and maintained in
humidified atmosphere containing 5% Co, at 37°C.

Viruses.—A wild-type laboratory HIV-1 isolate, HIV-1y 4.3 (Adachi et al., 1986), and
HIV-2e40 (Rey et al., 1989) was used for performing the drug susceptibility assay.

METHOD DETAILS

Antiviral agents.—EFdA and CAdA (Figure 1) were synthesized as described previously
(Kohgo et al., 2004). The synthesis of FMAdA and other 4’ -modified EFdA-related
derivatives are discussed elsewhere (O-Yang et al., 1992; Kitano et al., 1997; Kohgo et al.,
1999a; Kohgo et al., 1999b, Ohrui et al., 2000; Kitano et al., 2000; Kohgo et al., 2004;
Kohgo et al., 2018). AZT (ZDV) and ABC were purchased from Sigma-Aldrich (St. Louis,
MO). TDF was purchased from BioVision (Milpitas, CA).

Recombinant Viruses.—Recombinant HIV-1 clones (HIV-1K65R H|\.1A114V)

H|V—1Y115A, H|v_1F16OA, H|V—1M184V H|v_1D185A H|v_1T215F
H|V_1D67de|/T69(3/K70R/L74IN75T [H|V—167'75], and

HI\/-1D67del/ TBIG/KTOR/LTAIN75TT/MI8AVIT215F [141\/-167-75,184,215]) were propagated using
HIV-1y 4-3-based infectious clones generated using QuikChange Il XL Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). Another recombinant HIV-1
clone HIV-1gpgaR was propagated using a recombinant HIV-1y 4-3-based infectious
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molecular clone, as reported previously (Maeda et al., 2014). Briefly, a DNA fragment
containing 312 nucleic acids of the 3"-end of the gag-coding gene was inserted into the
clone. Next, the entire protease-coding gene and 951 nucleic acids of the 5"-end of the RT-
coding gene were amplified from a drug-selected virus population and were digested with
Apal (gag-coding region) and Agel (RT-coding region) and were inserted into the infectious
clone. Thus, the infectious clone contains the entire protease protein and the first 312 amino
acids of RT derived from the selected virus population (Maeda et al., 2014). The nucleotide
sequences of RT-coding gene were verified by the Sanger sequencing using BigDye
Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and
conducted at the CCR Genomics Core at the National Cancer Institute.

Anti-HIV and cytotoxicity assays.—Anti-HIV activity of EFdA and other EFdA-related
NRTIs (Figure 1) was examined by performing the methyl thiazol tetrazolium (MTT) and
p24 assays, as described previously (Kodama et al., 2001; Maeda et al., 2014). The potency
of HIV inhibition by a compound was determined based on its inhibitory effect on virally
induced cytopathicity (MTT assay) or on the production of p24 antigen (p24 assay)
compared with that of drug-free controls. Briefly, for MTT assay, MT-4 cells were exposed
to an HIV strain at fifty 50% tissue culture infectious dose. After viral exposure, the cell
suspension was plated in each well of a 96-well flat microtiter culture plate (cell density, 5 x
103 cells/well) containing various concentrations of the drug. After incubation for 5 days,
the number of viable cells in each well (with or without drug) was measured using Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan), and 50% inhibitory concentration (ICsp) value
was determined. We also determined the anti-HIV-1 activity of EFdA against HIV-1gpgaR
and HIV-167-75.184.215 by nerforming the p24 assay, as described previously (Kodama et al.,
2001). Briefly, the amount of p24 antigen in supernatants of 5-day incubated HIV-1-infected
cells was measured by performing a chemiluminescent enzyme immune assay with
Lumipulse G1200 (Fujirebio, Tokyo, Japan), which measured the fluorescence (count per
second [cps]). The fluorescence (cps) was converted to the amount of p24 antigen produced
(ng/ml) by using a standard curve obtained using 2-fold serial dilutions of a standard
concentration of the p24 antigen (ZeptoMetrix Corporation, Buffalo, NY). Cytotoxicity of a
compound in MT-4 cells was also determined. Cells were plated in a 96-well plate at a
density of 5 x 103 cells in well and were continuously exposed to various concentrations of
a compound throughout the entire period of the 7 days of culture. The number of viable cells
in each well was determined using Cell Counting Kit-8, and 50% cytotoxicity concentration
(CCgp) values were determined. All the assays were conducted in triplicate of two or three
independent experiments and the average values were determined.

RT activity and viral replication assays.—HIV-1 RT activity and viral replication
assays were performed using HIV-1 mutants harboring RT mutations. HIV-1y 4.3 based
plasmids (pHIV-1y 4-3) with RT mutations were transfected into HEK293T cells by using
Attractene Transfection Reagent (Qiagen, Hilden, Germany), and the viruses were harvested
at 72 h after the transfection. The viral p24 antigen was measured using Lumipulse G1200.
RT activity of the HIV-1 mutants (for 100 ng p24 antigen) was measured by performing a
colorimetric RT assay (Roche Applied Science, Penzberg, Germany), according to the
manufacturer’s instructions. Percent control numbers was calculated by comparing to that of
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wild type RT, and the average value was given out of three independent assays. Replication
of HIV-1 mutants was determined as described previously (Maeda et al., 2014), with minor
modifications. Briefly, MT-4 cells (density, 1.5 x 10° cells in 6 wells plate) were exposed to
the HIV-1 mutants with the amount of 20 ng/ml of the p24 antigen and were cultured
without the antiretroviral agents for 10 days. The amount of the p24 antigen was measured
every 2 days. The average value of each data point was determined from two independent
assays.

Molecular modeling.—Crystal structure of the ternary complexes of HIV-1 RTs with
primer-templates (pt) and EFdA-triphosphates (EFdA-TP) reported by Salie etal. (PDB
[RRID: SCR_012820] ID: 5J2M) was used as the starting structure (Salie et al., 2016).
Correct bond orders of the residues, including zero-order bonds from the Mg2* to the
phosphate groups were assigned, and the termini were capped. A restrained minimization
was performed (5J2Mprep). All subsequent minimizations were carried out from the
5J2Mpyep structure. MAdA-TP, FMAdA-TP and EtAdA-TP-were built by appropriate
modifications to EFA in 5J2Myep, and the structures were minimized to obtain respective
wild-type complexes. M184 residue was mutated to valine and minimized to obtain
respective HIV-1 RTM184V complexes. Maestro version 10.7.015 (Schrodinger, LLC. New
York, NY) was used for molecular model building, visualization, analysis, and figure
generation. The OPLS3 forcefield, as implemented in Maestro was used for all structure
minimizations.

QUANTIFICATION AND STATISTICAL ANALYSIS

The ICsq values and CCsq values were calculated in each independent assay and the average
values were determined. Statistical analysis (calculation of standard deviation) was
performed by using Microsoft Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Nucleoside reverse transcriptase inhibitors (NRTIs) are one of the backbone drugs of
combined antiretroviral therapy (CART) regimens, which inhibit viral replication by
competitive binding to the viral reverse transcriptase and terminate DNA extension. 4'-
Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA/MK-8591), which is currently under clinical
trials, has a high genetic barrier against the emergence of drug-resistant variants and
exerts potent antiviral activity against Human immunodeficiency virus type 1 (HIV-1)
strains including highly multiple-drug-resistant variants. Here, we evaluated a series of
4’-modified EFdA derivatives and reported that EFdA and NRTIs with a 4’ -ethynyl or
4’ -cyano moiety exerted antiviral activity against HIV-1 with an M184V mutation, which
is the most prevalent NRTI-associated mutation in treated patients, and multiple NRTI-
resistant HIV-1s, whereas NRTIs with other moieties (e.g., 4’ -methyl, 4”-ethyl) did not
show this activity. This activity was due to the strong van der Waals interactions with
critical amino acid residues A114, Y115, F160, and M184 present in the hydrophobic
pocket of HIV-1 reverse transcriptase. Structural analysis revealed that these interactions
were maintained even in the presence of a broad resistance-endowing M184V
substitution. Moreover, we found that substitution of these residues resulted in the
complete loss of HIV-1 reverse transcriptase enzymatic activity and HIV-1 harboring
these mutations failed to replicate. Thus, the interaction of EFdA and 4’ -ethynyl-NRTIs
with conserved active site residues whose substitution is detrimental to the function of
HIV-1 RT is key to their potent activity against drug-resistant HIV-1 strains. These
findings shed important insight towards further design of clinically relevant antiviral
therapeutics.
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Highlights
4’ -Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA/MK-8591) is a potent anti-HIV-1 agent.
EFdA and its derivatives possess a modified 4 -moiety.
4’ -Ethynyl nucleoside analogs form strong interactions with reverse transcriptase.

These interactions are maintained even with drug resistance endowing mutations.
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Compound X Y Z
FMAdA -NH> -NH; -CHx-F
FMFdA -NH> -F -CH2-F

MAdA -NH -NH -CHs
VAdA -NH; -NH; -CH=CH;
EtAdA -NH -NH; -CH,-CH;
EdG = -NH2 -CH2-CH3
MdG = -NH; -CHs
FMAMdA -NH-CHs -NH -CH2-F
EdG =0 -NH> -C=CH
Edl =0 -H -C=CH
CAdA -NH, -NH, -C=N
EFdA -NH, -F -C=CH

Compound X Y Z

FMdC -NH> -H -CH2-F
EdC -NH> -H -C=CH
CdT = -CHs -C=N

Structures of 4’-NRTIs. All purine (A) and pyrimidine (B) derivatives possess a 4’ -modified
moiety. FMAJA,; 4’-fluoromethyl-2-amino-2’-deoxyadenosine, FMFdA; 4’ -fluoromethyl-2-

fluoro-2”-deoxyadenosine, MAdA; 4”-methyl-2-amino-2’-deoxyadenosine, VAdA; 4’-

vinyl-2-amino-2’-deoxyadenosine, EtAdA; 4’ -ethyl-2-amino-2’-deoxyadenosine, EtdG; 4’-
ethyl-2”-deoxyguanosine, MdG; 4’-methyl-2’-deoxyguanosine, FMAMdA; 4'-
fluoromethyl-2-amino-N6-methyl-2”-deoxyadenosine. EdG; 4 -ethynyl-2-deoxyguanosine,
Edl; 4’-ethynyl-2’-deoxyinosine, CAdA; 4’-cyano-2-amino-2’-deoxyadenosine, EFdA; 4’-

ethynyl-2-fluoro-2’-deoxyadenosine, FMdC; 4’ -fluoromethyl-2’-deoxycytidine, EAC; 4’-

ethynyl-2’-deoxycytidine, CdT; 4”-cyano-2’-deoxythymidine.
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Figure 2.
The structure of wild-type HIV-1 RT with EFdA-TP (PDB ID: 5J2M) (Salie et al., 2016).

(A) Amino acids associated with NRTI resistance (M41, D67, T69, K70, L74, V75, 1142,
T165, M184, T215, and K219) are shown. Maeda ef a/. reported that the combination of
M41L, D674, T69G, K70R, L74l, V75T, M184V, T215F, and K219Q mutations
(HIV-1gegaR) induced EFdA resistance, while Kawamoto et al. reported that 1142V, T165R,
and M184V mutations were associated with EFdA resistance (Kawamoto et al., 2008;
Maeda et al., 2014). (B) EFdA-TP in the active site cavity of HI\V-1 RT. The hydrophobic
pocket of wild-type HIV-1 RT active site and EFdA-TP in the N-site (pre-translocation
mode) are shown. The 4’-ethynyl group of EFdA showed good vdW interactions with
several residues, such as A114, Y115, F160, M184, and D185, in the active site cavity of RT.
EFdA-TP in the N-site strongly interacted with these residues, thus preventing the shifting of
EFdA to the P-site (post-translocation mode). See Fig. 3 for details of the mechanism
underlying RT inhibition. (C-E) Detailed vdW interactions between the 4’-ethynyl group of
EFdA and residues in the active site cavity of HIV-1 RT, namely, Met184 (C), Alal14 (D),
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and Phe160 (E). These amino acids showed good interaction with the 4”-ethynyl group of
EFdA. Colors of vdW surfaces are as follows: 4’-ethynyl, red; A114, light blue; F160,
magenta; and M184, brown.
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P
Base)

Incoming dNTP Incoming dNTP
(physiological) (physiological)

N: Nucleotide-binding site (pre-translocation mode)
P: Primer-binding site (post-translocation mode)

B
P P N
QO Q Q Q,
g OH

< x Ethynyl |

RT active site

Ethynyl
Incoming EFdA-TP

Figure 3.
(A) Schematic representation of DNA polymerization and (B) a model of RT inhibition by

EFdA. HIV-1 RT misincorporates EFdA-TP (b, red) efficiently like INTP-TP (a, dark green)
because EFdA-TP contains a normal 3"-OH moiety. After the incorporation of EFdA-MP
into the N-site (pre-translocation mode), EFdA-MP interacts very strongly with amino acid
residues A114, Y115, F160, M184, and D185 present in the active site cavity of RT and
does not shift to the P-site (post-translocation mode). Hence, EFdA is defined as a
translocation-deficient RT inhibitor (TDRTI) (Michailidis et al., 2009; Salie et al., 2016).
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N
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Figure 4.
(A) vdW interactions of MAdA-TP with amino acid residues A114, Y115, F160, M184, and

D185 in the active site cavity of wild-type HIV-1 RT. (B) As with the 4’ -ethynyl moiety of
EFdA, the 4"-methyl moiety of MAdA-TP shows a good interaction with M184 in the active
site cavity of RT. However, qualitative analysis suggests that 4’ -ethynyl of EFdA shows
improved interaction with M184 (Fig. 2C). (C) The 4’-methyl moiety of MAdA shows
reduced interactions with A114 compared with the 4’-ethynyl moiety of EFdA (Fig. 2D).
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Figure 5.
(A) The activity of HIV-1 RTs harboring different mutation was measured and compared

with that of wild-type HIV-1 RT. HIV-1 RTM184V remained its RT enzyme activity while
mutation in A114, Y115, F160, and D185 completely loss their enzyme activity. (B) Viral
replication kinetics of HIV-1 variants harboring RT mutations were determined. HIV-1
variants with T215F and M184V mutations showed almost similar replication ability
compared with HIV-1WT, The HIV-1 variants with A114V, Y115A, F160A, and D185A
were unable to propagate apparently because of the drastically loss of RT enzyme activity.
The plots represent mean values (x 1 S.D.) from two independent experiments.
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. A114
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Figure 6.
Superimposition of the interaction of the 4’-moiety of 4’-NRTI-TP with HIV-1 RTM184

(wild-type, shown in gray carbons) and HIV-1 RTV184 (shown in green carbons). The vdwW
surfaces are colored as follows: 4"-NRTI-TP, pink; F160, magenta; M184, brown; and V184,
gray. (A) 4’-ethynyl moiety of EFdA-TP had predominantly interacts with F160 in both
wild-type HIV-1 RT and HIV-1 RTM184V |t had also successfully maintained a strong
interaction with both M184 and V184 in the active site cavity of RT. Fluorine is shown in
cyan color. (C) 4’-fluoromethyl moiety of FMAdA-TP and (e) 4" -ethyl moiety of EtAdA-
TP had less interaction with F160 compared to 4”-ethynyl moiety of EFdA-TP. These
moieties had good interaction with M184 (wild-type), which is reduced in HIV-1 RTM184V
(B, D, F) The position of 4’-NRTI-TP with A114, F160, M184, and VV184. The introduction
of the V184 substitution in the active site cavity of RT did not change the conformation of
other amino acid residues such as F160, A114, and D185.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains
HIV-15 43 Adachi et al., 1986 Cat#114
NIH AIDS Reagent
Program
HIV-2g10 Rey et al., 1989 N/A
Biological Samples
One Shot MAX Efficiency DH5a-T1R Competent Cells ThermoFisher Scientific Cat#12297016
Chemicals, Peptides, and Recombinant Proteins
4’-Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA/MK-8591) Nakata et al. 2007 N/A
4’-cyano-2-amino-2’-deoxyadenosine (CAdA) Kohgo et al., 2004 N/A
4’-fluoromethyl-2-amino-2’-deoxyadenosine (FMAdA) Kohgo et al., 2018 N/A
4’-fluoromethyl-2-fluoro-2’-deoxyadenosine (FMFdA) This paper N/A
4’-methyl-2-amino-2’-deoxyadenosine (MAdA) Kohgo et al., 2018 N/A
4’-vinyl-2-amino-2’-deoxyadenosine (VAdA) Kohgo et al., 2018 N/A
4’-ethyl-2-amino-2’-deoxyadenosine (EtAdA) Kohgo et al., 2018 N/A
4’-ethyl-2’-deoxyguanosine (EtdG) Kohgo et al., 2018 N/A
4’-methyl-2’-deoxyguanosine (MdG) Kohgo et al., 2018 N/A
4’-fluoromethyl-2-amino-N6-methyl-2’-deoxyadenosine (FMAMdA) | This paper N/A
4’-ethynyl-2’-deoxyguanosine (EdG) Ohrui et al. 2000. N/A
Kitano et al. 2000.
4’-ethynyl-2’-deoxyinosine (EdlI) Ohrui et al. 2000. N/A
4’-fluoromethyl-2’-deoxycytidine (FMdC) Kitano et al., 1997 N/A
4’-ethynyl-2’-deoxycytidine (EdC) Kohgo et al., 1999a N/A
Kohgo et al., 1999b
4’-cyano-2’-deoxythymidine (CdT) O-Yang et al., 1992 N/A
Critical Commercial Assays
Cell Counting Kit-8 Dojindo Cat#CKO04

Lumipulse G1200

Fujirebio Diagnostics, Inc.

https://www.fujirebio-us.com/Lumipulse/

colorimetric RT assay Roche Applied Science Cat#11468120910
Experimental Models: Cell Lines
MT-4 cells NIH AIDS Reagent Cat#120

Program RRID: CVCL_2632
HEK?293T cells ATCC ATCC CRL-3216

RRID: CVCL_0063

Oligonucleotides

pNL4-3 NIH AIDS Reagent Cat#114
Program

Mutagenesis primers See Table S3 for primer N/A
sequence

Recombinant DNA

HIV-1gpgaR Maeda et al. 2014 N/A
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REAGENT or RESOURCE

| SOURCE

| IDENTIFIER

Software and Algorithms

Maestro version 10.7.015

| Schrédinger, LLC

| https://www.schrodinger.com/maestro/

Cell Chem Biol. Author manuscript; available in PMC 2019 October 18.



https://www.schrodinger.com/maestro/

	Summary
	Graphical Abstract
	eTOC blurb
	Introduction
	Results
	Activity of the nucleoside analogs against HIV-1WT and HIV-2EHO.
	Determination of activity of 4′-NRTIs against NRTI-resistant HIV-1 variants.
	Structural details of wild-type HIV-1 RT complexed with EFdA-TP and its inhibitory mechanism.
	Direct and strong vdW interactions between 4′-moieties and amino acid residues, such as F160, in the active site cavity of RT is critical for the potency of the 4′-NRTIs.
	Structural mechanism underlying the potent activity of EFdA against HIV-1M184V.

	Discussion
	Star Methods
	CONTACT FOR REAGENT AND RESOURCES
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Cells.
	Viruses.

	METHOD DETAILS
	Antiviral agents.
	Recombinant Viruses.
	Anti-HIV and cytotoxicity assays.
	RT activity and viral replication assays.
	Molecular modeling.

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	KEY RESOURCES TABLE

