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The initiation of drug therapy results in a reduction in the human immunodeficiency virus type 1
(HIV-1) population, which represents a potential genetic bottleneck. The effect of this drug-
induced genetic bottleneck on the population dynamics of the envelope (Env) regions has been
addressed in several in vivo studies. However, it is difficult to investigate the effect on the env
gene of the genetic bottleneck induced not only by entry inhibitors but also by non-entry inhibitors,
particularly in vivo. Therefore, this study used an in vitro selection system using unique bulk
primary isolates established in the laboratory to observe the effects of the antiretroviral drug-
induced bottleneck on the integrase and env genes. Env diversity was decreased significantly in
one primary isolate [KP-1, harbouring both CXCR4 (X4)- and CCR5 (R5)-tropic variants] when
passaged in the presence or absence of raltegravir (RAL) during in vitro selection. Furthermore,
the RAL-selected KP-1 variant had a completely different Env sequence from that in the passage
control (particularly evident in the gp120, V1/V2 and V4-loop regions), and a different number of
potential N-glycosylation sites. A similar pattern was also observed in other primary isolates
when using different classes of drugs. This is the first study to explore the influence of anti-HIV
drugs on bottlenecks in bulk primary HIV isolates with highly diverse Env sequences using in vitro
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) shows a
high degree of genetic diversity owing to its high rates of
replication and recombination and the high mutation rate
of the HIV-1 reverse transcriptase (Najera et al, 2002).
Even in a single infected individual, the virus can best be
described as a population of distinct, but closely related,
genetic variants or ‘quasi-species’ (Eigen, 1993; Nijhuis
et al., 1998). The quasi-species behaviour of viruses is
recognized as a key element in our understanding and
modelling of viral evolution and disease control (Vignuzzi
et al., 2006).

The GenBank/EMBL/DDBJ accession numbers for the env sequences
of HIV-1 KP-1, KP-2 and KP-4, are AB640872-AB640881,
AB641341-AB641361 and AB641335-AB641340, respectively.

Two supplementary figures are available with the online version of this
paper.

Combination antiretroviral (ARV) therapy results in a
contraction of the viral population, which represents a
potential genetic bottleneck (Charpentier et al., 2006;
Delwart et al., 1998; Ibailez et al., 2000; Kitrinos ef al., 2005;
Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al., 1996;
Zhang et al, 1994). Whilst this bottleneck has a direct
effect on the region that is being targeted by the drugs (e.g.
protease or reverse transcriptase), it also affects other
regions of the viral genome. Indeed, the effect of the drug-
induced genetic bottleneck on the population dynamics of
the envelope (Env) regions has been addressed in several in
vivo studies (Charpentier et al., 2006; Delwart et al., 1998;
Ibafiez et al., 2000; Kitrinos et al, 2005; Nijhuis et al., 1998;
Nora et al., 2007; Sheehy et al., 1996; Zhang et al., 1994).

Virus bottleneck evolution of the HIV-1 env gene might be
important when choosing the optimal drugs to treat a
particular patient. Indeed, a CCR5 antagonist (maraviroc,
MVC) and a fusion inhibitor (enfuvirtide, T-20) have now
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been approved for use as HIV-1 entry inhibitors. Analysing
the dynamics of drug-induced genetic bottlenecks and
studying drug-resistant mutation profiles in response to
HIV-1-specific ARV drugs are both important if we are to
understand fully HIV-1 drug resistance and pathogenesis.

The aim of the present study was to understand better the
effect of in vivo drug-induced genetic bottlenecks. In vitro
selection of different primary HIV-1 isolates was per-
formed using the recently approved HIV integrase
inhibitor raltegravir (RAL) (Steigbigel et al, 2008). Two
R5-, one X4-, one dual- and one mixed R5/X4-tropic
isolates were passaged through a RAL-induced genetic
bottleneck. We also performed in vitro selection of the R5/
X4 isolate using lamivudine (3TC), saquinavir (SQV) and
MVC, and compared the results with those from the RAL-
selected isolate.

RESULTS

Genotypic profiles of the HIV-1 primary isolates

Four genetically heterogeneous HIV-1 primary isolates (KP-
1-4) from Japanese drug-naive patients were used to assess
the extent to which RAL affected the selection of bulk
primary viruses in vitro. A laboratory isolate, strain 89.6, was
also used in the study (rather than a molecular clone) to
allow escape mutants to be selected from each quasi-species
pool and to be generated de novo. First, the sequences of the
integrase (IN) regions of the four primary isolates were
determined. Table 1 shows the detailed evaluation of the R5/
X4 mixture subtype B (KP-1), R5-CRF08_BC (KP-2), R5
subtype B (KP-3) and X4-CRF01_AE (KP-4) primary
isolates, and the dual-tropic subtype B laboratory virus
(89.6). Although some naturally occurring polymorphisms
were observed within the IN regions of these isolates
compared with the subtype B consensus sequence available
from the Los Alamos National Laboratory HIV sequence
database, we did not identify any primary resistant
mutations to RAL. Three baseline viruses (KP-1, KP-4 and
89.6) were sensitive to RAL, with ICs, values ranging from
1.2 to 4 nM, which are comparable with those reported
previously (Kobayashi ef al, 2008). However, KP-2 and KP-
3 showed minor resistance to RAL, with 1Cs, values of 16
and 32 nM, respectively. These two isolates contained
amino acid mutations at positions 72, 125 and 201 within
the IN region [previously reported as L-870,810 and S-1360
resistance mutations (Hombrouck et al, 2008; Rhee et al.,
2008), but not as RAL-resistance mutations]. KP-2 also
contained a unique insertion at position 288 (NQDME) at
the C-terminal end of the IN region.

In vitro selection of variants of the primary
isolates and 89.6 using RAL

To induce RAL-selected HIV-1 variants in vitro, PM1/
CCR5 cells, a T-cell line expressing high levels of CCRS,
were exposed to the four primary isolates and strain 89.6.

The viruses were then serially passaged in the presence of
RAL. As a control, each isolate was passaged under the
same conditions, but without RAL, to allow monitoring of
spontaneous changes occurring in the viruses during
prolonged PM1/CCRS5 cell passage (the passage control).
The selected viruses were initially propagated at a RAL
concentration equal to each ICsy value. The RAL
concentrations were then increased from 20 to 85 nM
during the course of the selection procedure (Table 1).

Only small shifts in the ICsy to RAL were observed in four
of the five isolates (KP-1, KP-2, KP-4 and 89.6), with fold
changes in ICsq values of 3.4, 6.5, 16 and 9.2, respectively.
KP-3 did not show resistance to RAL. ICs, values in all the
passage controls were comparable with those of the
baseline viruses (Table 1).

IN region sequences in RAL-selected variants

The full-length IN genes were amplified and cloned to
determine the genetic basis of selection in the presence or
absence of RAL. Ten to 12 clones from each sample were
sequenced.

Substitutions within IN were observed at passages 30
(G189R) and 29 (T210I) in two RAL-selected isolates (KP-
2 and KP-4, respectively). Neither of these has been reported
as IN inhibitor-resistant mutations. No substitutions in the
IN regions of KP-3 and 89.6 were found. However, A125T
and V1801 substitutions were observed in the KP-3 and 89.6
control variants at the last passage. No previously reported
mutations were identified in the IN region of KP-1 (an R5/
X4 mixture isolate) after 17 passages. However, four amino
acids (K7/K111/H216/D278) were selected by RAL from the
baseline quasi-species, whereas different amino acids (R7/
R111/Q216/N278) were selected in the control-passage
variants (Table 1).

Taken together, these findings showed that RAL-induced
selection pressure causes adaptation within the IN regions
of bulk primary viruses during in vitro passage in the target
cells, and confirmed that this system can be used to analyse
drug-selected variants in vitro.

Comparison of env gene sequences in RAL-
selected and passage-control isolates

A highly diverse gp120 region was observed in the baseline
R5/X4 mixture isolate, KP-1; however, the viral diversity of
variants passaged in the presence or absence of RAL
decreased significantly during in vitro selection (overall
mean distance after RAL selection of 0.056 at baseline to
0.007 after passage 17; mean overall distance in the passage
control of 0.01 after 20 passages, Table 2). Moreover, the
RAL-selected and control variants utilized CCR5 to enter
the target cell; neither variant used CXCR4 (Table 3).

Interestingly, the low-diversity RAL-selected variant con-
tained a completely different Env sequence from that of the
passage-control variant (Fig. 1a). Different regions spanning
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Table 1. Susceptibility of HIV-1 isolates to RAL and distinct differences in IN region sequences between RAL-selected and control-passaged viruses

Isolate Subtype  Tropism Passage no. Concn (nM) RAL-selected variant* Passage control
IN sequence RAL ICs¢ (nM) IN sequence RAL IC;¢ (nM)
KP-1 B Mix 0 0 K/R7, K/R111, Q/H216, D/N278 4 K/R7, K/R111, Q/H216, D/IN278 4
8 20 K111, H216, D278 31 (7.8) R7, R111, Q216, N278 4.5 (1.2)
171 20 K7, K111, H216, D278 26 (6.5) R7, R111, Q216, N278 0.4 (0.1)
KP-2 CRF08_BC R5 0 0 1201, ins289NQDME 16 1201, ins289NQDME 16
18 40 G189G/R, 1201, ins289NQDME 32 (2) 1201, ins28ONQDME 16 (1)
30 85 G189R, 1201, ins289NQDME 55 (3.4) 1201, ins289NQDME 25 (1.6)
KP-3 B R5 0 0 V72, A125 32 V72, A125 32
11 25 V72, A125 25 (0.78) V72, A125 33 (1)
22 27.5 V72, Al25 37 (L.2) V72, A125T 13 (0.41)
KP-4 CRF01_AE X4 0 0 - 2.1 - 2.1
8 40 - 33 (16) R166R/K, D279N 4.4 (2.1)
29 40 T2101 22 (10) G163E, R166R/K, D279N/S 4.1 (2)
89.6 B R5X4 0 0 - 1.2 - 1.2
8 15 - 34 (28) - 4.4 (3.7)
34 20 - 11 (9.2) V1sol 1.2 (1)

*Amino acid changes in each passage variant are shown. Italicized letters represent mutations relative to the consensus subtype BC or B present in the baseline isolates. Bold letters represent amino

acids selected out of the quasi-species cloud. The fold increase in RAL ICsq values is shown in parentheses for in vitro-selected variants compared with those in the baseline isolates.
1The RAL variant selected after 17 passages was compared with the control selected after 20 passages.
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Table 2. Comparison of amino acid length and number of PNGs between RAL-selected and control-passage KP-1 variants

Mean V4 length  Mean PNGs (range)

Mean ENV ;_47, length Mean V1/V2 length (range) Mean V3 length (range)

Genetic diversity*

Passage no.

(range)

(range)t

24 (22-28)
27 (25-28)

30 (29-31)

34 (33-34)
34 (33-34)%

69 (60-74)

74 (71-74)%

472 (461-480)

0.056

Baseline

31 (29-31)%

479 (472-480)%

0.038

RAL-selected virus

28 (26-29)
27 (26-27)$

31

34
34
34 (33-34)%

74

480

480
464 (461-466)+
463 (462—463)
462 (459-463)

0.0070
0.0070
0.045

31
29 (29-31)%

74
64 (60~74)%

17

24 (22-27)%

Passage control

23 (22-23)
23 (22-23)
23 (22-23)$

29
29

29
0.0048%

34

34

34
0.91%

62

62

62
<0.0001%

0.0070
0.0080
0.010

10
20

463
<0.0001%

0.0019%

P value

<0.0001§

*Overall mean distance.

tSequence from gp120 SP to the V5 region (aa 1-474).

1, § P values were calculated using the homoscedastic #test between the RAL-selected and the passage-control variants indicated by the same symbols above.

the whole envelope sequence [from the signal peptide (SP) to
V5] were compared in the RAL-selected and passage-control
viruses. The results showed that, after only two passages, the
gpl120, V1/V2 and V4-loop regions within RAL-selected
variants were longer than those in the control variants, and
the number of putative N-linked glycosylation sites (PNGs)
was significantly higher than that in the control-passage
viruses (Table 2). This phenomenon was seen consistently in
two independent experiments.

We also analysed the gpl120 sequences in the other four
isolates. Although the number of positional differences
between the RAL-selected and passage-control variants for
these four isolates was lower than that in KP-1 (between
three and nine, compared with >40), there was a similar
pattern of separation between the Env sequences (Fig. 1). In
three of the four isolates (KP-2, KP-3 and KP-4), positional
differences were observed in SP, C1 and all the variable
regions of gp120 (Fig. 1b—d). In strain 89.6, differences were
observed in the C2, C3 and V4 regions (Fig. le).

These results suggested that RAL treatment of target cells
causes a decrease in viral diversification within quasi-
species Env regions via a route different from that in
untreated target cells.

In vitro induction of RAL-selected V3-loop library
virus variants

To investigate further the effects of RAL on viral Env
sequences, we used the V3-loop library virus (JR-FL-
V3Lib) developed by Yusa et al. (2005), which carries a set
of random combinations from zero to ten substitutions
(27 648 possibilities) in the V3 loop (residues 305, 306, 307,
308, 309, 317, 319, 322, 323 and 326; V3 loop from Cys**®
to Cys®*'). The variants contained in the library were
polymorphic mutations derived from 31 R5 clinical isolates
(Yusa et al., 2005). PM1/CCR5 cells were exposed to the
JR-FL-V3Lib and serially passaged in the presence of RAL.
After two passages, the V3 sequence within the RAL-
selected variant was completely different from that in the
passage control (Fig. 1f). This suggested that, under
pressure from RAL, the infectious clone harbouring
different V3 region sequence from the passage control
had adapted to the target cells, despite containing the same
IN sequences.

Phylogenetic analysis of the Env regions after
passage with or without RAL

To confirm the temporal and spatial differences observed
in each of the RAL-selected and passage-control viruses,
phylogenetic analyses were conducted using complete SP—
V5 sequences. The neighbour-joining phylogenetic tree
showed a clear and distinct branching between RAL-
selected and passage-control KP-1 viruses (Fig. 2a). We
also identified a similar pattern in all the other isolates
tested (Fig. 2b—e).
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Table 3. Comparison of amino acid length, number of potential N-linked glycosylation sites, V3 sequences and co-receptor usage between anti-retroviral drug-selected and

control-passaged KP-1 variants

Passage  Genetic Mean ENV, 4;; Mean V1/V2 Mean V3 Mean V4 Mean V3 region Geno2
no. diversity* length (range)t length (range) length (range) length (range) PNGs pheno
(range) (%)$
Prevalence Sequence}
(%)
Baseline 0 0.056 472 (461-480) 69 (60-74) 34 (33-34) 30 (29-31) 24 (22-28) 41.9 CTRPNNNTRKGIHIGPGKFYATGAIIGDIRQAHC 41.2
226 e e e Voo 41.2
16.1 T S T.R..T.RD...N..K 1.7
13.0 LIS A T.R..T.KT...N.KK 2.9
3.2 e 7.4
3 e Do 55.3
Passage 8 0.0070 463 (462-463) 62 34 29 23 (22-23) 1000 . Veeoooon 41.2
control
RAL- 8 0.0070 480 74 34 31 28 (26-29) 100.0 L e et e 41.2
selected
virus
3TC- 6 0.020 478 (475-480) 74 34 31 (29-31) 27 (25-28) 833 e e e e 41.2
selected
virus
SQV- 11 0.0040 474 71 34 31 26 1000 e 41.2
selected
virus
MVC- 7 0.0080 469 (468-469) 69 33 29 24 (23-24) 100.0 -..I....R..T.R..T.KT...N.KK 1.7
selected
virus

*Qverall mean distance.
tSequence from gpl120 SP to the V5 region (aa 1-474).

+V3 sequences of each variant are shown. Dots denote sequence identity and dashes indicate a deletion mutation.

SPrediction of viral co-receptor tropism using Geno2pheno based on a selectable ‘false positive rate’.
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Fig. 1. Comparison of the gp120 sequences between RAL-selected and control-passaged viruses.

The gp120 sequences of

baseline, RAL-selected and the passage-control viruses were aligned for KP-1 (a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6
(e). Each amino acid in (a)—(e) is numbered relative to the HIV-1 HXB, reference sequence. The V3 sequences from the JR-FL-
V3Lib baseline library, RAL-selected and passage-control viruses were aligned (f). Filled cells denote the most dominant amino
acids observed in RAL-selected variants at the latest passage, open cells denote the most dominant amino acids observed in
the passage-control variants at the latest passage and shaded cells show amino acids deleted by the end of both passages,
whilst ‘'~ indicates a deletion mutation. The number of passages is indicated, e.g. 17p for passage 17.
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In vitro selection of KP-1 variants by 3TC, SQV
and MVC

To determine whether other HIV drugs also changed the
route of adaptation to the target cells, we attempted to
select KP-1 variants using a reverse transcriptase inhibitor
(3TC), a protease inhibitor (SQV) and a CCR5 inhibitor
(MVC). As shown in Fig. 2(f), the pattern of clustering at
distinct positions between the selected isolates and the
passage-control variants was similar to that observed for
the RAL-selected variants. The selected variants showed
decreased diversity in the gp120 sequences; however, the
length of the gpl20, V1/V2 and V4 sequences increased
(apart from in the MVC-selected variants). In addition, the
number of PNGs within gp120 was higher than that in the
control (Table 3). We also compared the V3 sequences
between the passage-control and each of the drug-selected
variants. The V3 sequences in all the SQV-selected variants
and 83.3% of those in the 3TC-selected variants, were
comparable with those in the RAL-selected variants. This
was not the case for the passage controls. Comparison of
variants passaged with RAL and 3TC showed that the
length of the V1/V2 and V4 regions and the number of
PNGs was similar; however, these parameters were
different in the SQV-selected variants (Table 3). This
indicated that the time at which a drug acts (e.g. during the
early or late phase of the HIV life cycle) influences the
selection of Env sequences. During selection with MVC,
CXCR4-tropic variants were selected from the baseline
mixture after seven passages.

Taken together, these results suggested that, in treated cells,
different classes of anti-HIV drugs may suppress the
variability of quasi-species during in vitro selection via a
route different from that in untreated cells.

DISCUSSION

This study evaluated the impact of anti-HIV drugs on the
Env bottleneck in bulk HIV-1 primary isolates during
selection in vitro. RAL-, 3TC- and SQV-selected variants of
the unique viral isolate, KP-1, harbouring both X4 and R5
variants and with a very high level of baseline viral diversity,
were used to study the final destination (genetic bottleneck)
of a large variety of Env sequences. Interestingly, the
phylogenetic clustering of RAL-selected KP-1 variants was
completely different from that of non-drug-treated controls
(Fig. 2). Our results also confirmed differences in the length
of the gp120, V1/V2 and V4-loop regions and in the number
of PNGs (Tables 2 and 3).

It is not clear why viruses cultured under pressure from the
non-Env-directed drug RAL result in different env genotypes
compared with those without the drug. Thus, we cloned the
IN—eny region of the proviral genome from passaged viruses
and sequenced the env and IN regions on the same cloned
plasmid, and compared them among the baseline and
passages 1, 2, 8 and 17 of the KP-1 virus. Under low

concentrations of the IN inhibitor RAL, K7 was selected for
at a late passage after accumulation of the other three amino
acids, K111, D278 and H216, in IN. During the sequential
accumulation of these four amino acids (K111, D278, H216
and K7), the RAL-selected Env sequences at passage 17 (the
Env sequences shown as filled boxes in Fig. 1) sequentially
accumulated mutations in the same proviral genome (Fig.
S1, available in JGV Online). However, we did not find a
clone including both the RAL-selected Env at passage 17 and
RAL-selected IN at passage 17 in the baseline or each
passaged virus, except for in the last passage. We also
examined the gpl20 and IN sequences of the 3TC- and
SQV-selected KP-1 variants. Compared with the RAL-
selected region, the variable regions of gpl20 in these
selected variants were very similar to each other, except for
the V1/V2 region (Fig. S2). However, the passage-control
variant was very different from the drug-selected variants
(Fig. 1a). Furthermore, the IN sequences were different in
each passaged virus: K111/D278/H216/K7 in RAL-selected,
R111/D278/Q216/R7 in 3TC-selected, K111/D278/H216/R7
in SQV-selected and R111/N278/Q216/R7 in virus without
drug treatment (underlined residues indicate amino acids
different from those in viruses without drug treatment). To
explain these results, we believe that, under pressure from
anti-HIV drugs (non-entry ARVs), the virus might show a
primitive reaction to select for the Env sequence and
recombine from quasi-species to gain advantage for entry
and/or enhance replication in target cells. Meanwhile, IN
was selected from quasi-species by a direct and/or indirect
effect of RAL-induced pressure. The combination of both
selective pressures may affect the selection for Env and IN
during adaptation in drug-treated conditions (Figs 1a and
S2). These results suggest that non-entry inhibitors, such as
RAL, 3TC and SQV, might also affect cell adaptation to
PM1/CCRS5 cells.

Many in vivo studies have reported the effects of the anti-
HIV drug-induced bottleneck on the env gene (Charpentier
et al., 2006; Delwart et al., 1998; Ibanez et al., 2000; Kitrinos
et al., 2005; Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al.,
1996; Zhang et al., 1994). However, these studies had several
limitations. Because viruses were placed under in vivo
selective pressure using at least two anti-HIV drugs and by
the host immune response, it is difficult to separate the
different effects and to draw clear conclusions, particularly in
vivo. Delwart et al. (1998) and Kitrinos et al. (2005) avoided
some of these limitations by employing a heteroduplex
tracking assay, although in vivo peculiarities still remained.
Therefore, we used an in vitro selection system using unique
bulk primary isolates established in our laboratory (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al., 2006,
2010b) to observe the effects of the anti-retroviral drug-
induced bottleneck on the IN and env genes.

This selection provides a sensitive approach for analysing
virus population dynamics. The effectiveness of ARV drugs
can be examined during the in vitro passage of a single
variant or mixture of variants without being affected by
many of the factors encountered in vivo. In addition,

http://vir.sgmjournals.org
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Fig. 2. Phylogenetic analyses of the Env regions from in vitro-passaged viruses selected with or without ARV drugs. (a—e)
Phylogenetic trees were constructed using gp120 SP-V5 sequences from RAL-selected and passage-control variants of KP-1
(), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6 (). An ‘X’ represents baseline (BL) variants, and closed and open symbols
represent RAL-selected (RAL) and passage-control (PC) variants, respectively. In (a), the results of the second experiment are
indicated as RAL2 and PC2, respectively. (f) A phylogenetic tree was constructed using gp120 SP-V5 sequences from RAL-,
3TC-, SQV-, MVC-selected and control-passaged variants of KP-1. O, Control variants after eight passages; ®, RAL-selected
variants after eight passages; A, 3TC-selected variants after six passages; €, SQV-selected variants after 11 passages; B,
MVC-selected variants after seven passages. The trees were constructed using the neighbour-joining algorithm embedded

within the MEGA software.

differences in the Env sequences between the baseline and
selected variants can be compared after any number of
passages. The results of the present study provide important
information that will enhance our understanding of the
drug-induced genetic bottleneck. This phenomenon can be

examined in vitro using bulk primary isolates treated with or
without drugs.

Recently, several new ARV drugs have been licensed for use
in HIV-1-infected patients. MVC, approved in 2006, is the
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first CCR5 inhibitor (Gulick et al., 2008). One important
advantage associated with this drug is the absence of
cross-resistance with previously available ARV com-
pounds (Gulick et al, 2008; Steigbigel er al, 2008).
However, as is usual with anti-HIV drugs, resistant
variants with mutations in the Env, gpl20 and gp4l
sequences are induced both in wvivo and in vitro
(Anastassopoulou ef al., 2009; Berro et al., 2009; Tilton
et al., 2010; Yoshimura et al., 2009, 2010a). As shown in
the present study, distinct Env sequences from each quasi-
species might be selected by the different anti-HIV drugs
(e.g. length of the V1/2 and/or V4 regions, V3 region
depletion and the number of PNGs). Moreover, many of
the novel anti-retroviral drugs in pre-clinical trials are
viral entry inhibitors (e.g. PRO140, ibalizumab, BMS-
663068 and PF-232798; Jacobson et al., 2010; McNicholas
et al., 2010; Nettles et al., 2011; Stupple et al., 2011; Toma
et al., 2011). Therefore, it is necessary to examine whether
such entry inhibitors are effective when used alongside
conventional drugs.

In conclusion, we studied the genetic bottleneck in bulk
primary HIV-1 isolates from untreated patients and drugs
targeting the Env (and other) regions. The results showed,
for the first time, the presence of drug-selected Env
sequences in these isolates. Although our observations were
based on a limited number of HIV-1 isolates and need to
be confirmed by independent studies, we believe that they

provide a new paradigm for HIV-1 evolution in the new
combination ARV therapy era.

METHODS

Patients and isolates. Primary HIV-1 isolates were isolated from
four drug-naive patients in our laboratory (KP-1-4) and passaged in
phytohaemagglutinin-activated PBMCs. Infected PBMCs were then
co-cultured for 5 days with PM1/CCRS5 cells (a kind gift from Dr Y.
Maeda; Maeda et al, 2008; Yusa et al, 2005) and the culture
supernatants were stored at —150 °C (Hatada ef al, 2010; Shibata
et al., 2007; Yoshimura et al., 2006, 2010b).

After isolation of the primary viruses, we checked the sensitivity of
each primary isolate to MVC. The KP-1 isolate was relatively MVC-
resistant compared with KP-2 and KP-3 (54 vs 5.9 and 8.7 nM,
respectively). KP-1 became MVC sensitive after eight passages in
PMI/CCR5 cells [ICsp, 3.4 nM; Geno2pheno value (see below),
41.2%)], whilst under the pressure of MVC, KP-1 became highly
resistant to MVC after eight passages (I1Csp, >1000 nM; Geno2pheno
value, 1.7 %). These results indicated that the bulk KP-1 isolate used
in this study harboured primarily R5 viruses with X4- or dual-tropic
viruses as a minor population.

Cells, culture conditions and reagents. PM1/CCR5 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated FCS (HyClone Laboratories), 50 U penicillin ml™", 50 pg
streptomycin ml~! and 0.1 mg G418 (Nacalai Tesque) ml™!. MVC,
RAL and SQV were kindly provided by Pfizer, Merck & Co. and
Roche Products, respectively. 3TC was purchased from Wako Pure
Chemical Industries.

http://virsgmjournals.org
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The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NIH AIDS Research and Reference Reagent Program, was
propagated in phytohaemagglutinin-activated PBMCs. The viral-
competent library pJR-FL-V3Lib, which contains 176 bp V3-loop
DNA fragments with 0-10 random combinations of amino acid
substitutions, was introduced into pJR-FL, as described previously
(Yusa et al, 2005).

In vitro selection of HIV-1 variants using anti-HIV drugs. The
four primary HIV isolates (KP-1-4), strain 89.6 and JR-FL-V3Lib
were treated with various concentrations of RAL and used to infect
PM1/CCRS5 cells to induce the production of RAL-selected HIV-1
variants, as described previously, with minor modifications (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al, 2006, 2010b).
Briefly, PM1/CCR5 cells (4 x 10* cells) were exposed to 500 TCIDs,
HIV-1 isolates and cultured in the presence of RAL. Virus replication
in PM1/CCRS cells was monitored by observing the cytopathic effects.
The culture supernatant was harvested on day 7 and used to infect
fresh PM1/CCRS5 cells for the next round of culture in the presence of
increasing concentrations of RAL. When the virus began to propagate
in the presence of the drug, the compound concentration was
increased further. Proviral DNA was extracted from lysates of infected
cells at different passages using a QIAamp DNA Blood Mini kit
(Qiagen). The proviral DNAs obtained were then subjected to
nucleotide sequencing. In vitro selection of the KP-1 isolate using
SQV, 3TC and MVC was also performed using the procedure
described above.

Amplification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using
PrimeSTAR GXL DNA polymerase and Ex-Tag polymerase
(Takara), as described previously (Hatada et al, 2010; Shibata et al.,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gpl20 region (Hatada et al, 2010; Shibata et al, 2007;
Yoshimura et al, 2006, 2010b), IN 1F (5'-CAGACTCACAATAT-
GCATTAGG-3') and IN 1R (5'-CCTGTATGCAGACCCCAATATG-
3') for the IN region, and IN 1F and H for the IN-gp120 region. The
first-round PCR products were used directly in a second round of
PCR using primers 2B and F (Hatada et al., 2010; Shibata et al., 2007;
Yoshimura et al,, 2006, 2010b) for gp120, IN 2F (5'-CTGGCATGG-
GTACCAGCACACAA-3’) and IN 2R (3'-CCTAGTGGGATGTGT-
ACTTCTGAACTTA-3') for IN, and IN 2F and F for IN-gp120. The
PCR conditions used were as described above. The second-round
PCR products were purified and cloned into a pGEM-T Easy
Vector (Promega) or pCR-XL-TOPO Vector (Invitrogen), and the
env and IN regions in both the passaged and selected viruses were
sequenced using an Applied Biosystems 3500xL Genetic Analyzer
and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Phylogenetic reconstructions were generated using
the neighbour-joining method embedded in the MEGA software
(http://www.megasoftware.net) (Tamura et al, 2007). Overall,
mean distances for viral diversity were also calculated using MEGA
software. The number and location of putative PNGs were
estimated using N-GlycoSite (http://www.hiv.lanl.gov/content/
sequence/GLYCOSITE/glycosite.html) from the Los Alamos
National Laboratory database.

Susceptibility assay. The sensitivity of the passaged viruses to
various drugs was determined as described previously with minor
modifications (Hatada et al., 2010; Shibata et al., 2007; Yoshimura
et al., 2006, 2010b). Briefly, PM1/CCR5 cells (2 x 10> cells per well) in
96-well round-bottomed plates were exposed to 100 TCIDs, of the
viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

Predicting co-receptor usage by the V3 sequence. HIV-1
tropism was inferred using Geno2pheno [coreceptor] program, with
a false rate positive (FPR) value of 5.0 %, which is freely available
(http://coreceptor.bioinf.mpi-inf.mpg.de/index.php). This genotyp-
ing tool more accurately predicts virological responses to the CCR5
antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al., 2007).

Statistical analyses. Pairwise comparisons of the different param-
eters between variants in the two groups was calculated using the
homoscedastic t-test. A P value of <0.05 was considered statistically
significant.
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Several CD4 mimics have been reported as HIV-1 entry inhibitors that can intervene in the interaction
between a viral envelope glycoprotein gp120 and a cell surface protein CD4. Our previous SAR studies
led to a finding of a highly potent analogue 3 with bulky hydrophobic groups on a piperidine moiety.
In the present study, the aromatic ring of 3 was modified systematically in an attempt to improve its anti-
viral activity and CD4 mimicry which induces the conformational changes in gp120 that can render the
envelope more sensitive to neutralizing antibodies. Biological assays of the synthetic compounds
revealed that the introduction of a fluorine group as a meta-substituent of the aromatic ring caused an
increase of anti-HIV activity and an enhancement of a CD4 mimicry, and led to a novel compound 13a
that showed twice as potent anti-HIV activity compared to 3 and a substantial increase in a CD4 mimicry
even at lower concentrations.
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1. Introduction

The first step of HIV entry into host cells is the interaction of a
viral envelope glycoprotein gp120 with the cell surface protein
CD4.! Such a viral attachment process is an attractive target for
the development of the drugs to prevent the HIV-1 infection of
its target cells.? Several small molecules including BMS-806,% IC-
9564* and NBDs” have been identified that inhibit the viral attach-
ment process by binding to gp120. Recently, we and others have
been exploring the potentials of NBDs-derived CD4 mimics as a no-
vel class of HIV entry inhibitors (Fig. 1).5°8

Small molecular CD4 mimics identified by an HIV syncytium
formation assay showed potent cell fusion and virus cell fusion
inhibitory activity against several HIV-1 laboratory and primary
isolates.> Furthermore, the interaction of CD4 mimics with a highly
conserved and functionally important pocket on gp120, known as
the ‘Phe43 cavity’, induces conformational changes in gp120° a
process which occurs with unfavorable binding entropy, leading
to a favorable enthalpy change similar to those caused by binding
of the soluble CD4 binding to gp120. These unique properties ren-
der CD4 mimics valuable not only for the development of entry
inhibitors, but which also, when combined with neutralizing anti-

* Corresponding author. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039.
E-mail address: tamamura.mr@tmd.acjp (H. Tamamura).

0968-0896/$ - see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/{10.1016/j.bmc.2013.02.041

bodies function as
stimulants.'®

The structure of the complex formed by NBD-556 (1) bound to
the gp120 core from an HIV-1 clade C strain (C1086) was recently
determined by X-ray analysis (PDB: 3TGS).!"' As expected with
molecular modeling by us® and others,5* NBD-556 binds with
Phe43 cavity with its p-chlorophenyl ring inserted into the cavity,
and in addition multiple contacts were observed, with Trp112,
Val255, Phe382, 1le424, Asn425, Trp427, Gly473, and Val430 of
gp120 were observed (Fig. 2). However, no obvious interaction
with Arg59 of CD4 was observed, although the salt bridge forma-
tion between Arg59 of CD4 and Asp368 of gp120 is a critical inter-
action of the viral attachment.’? Based on this binding model,
several potent compounds were recently identified.®%”

Prior to those studies, we performed structure-activity relation-
ship (SAR) studies based on the modification of the piperidine moi-
ety of CD4 mimics to interact with Val430 and/or Asp368. These
resulted in the discovery of a potent compound 3 which has bulky
hydrophobic groups on its piperidine ring, and shows significant
anti-HIV activity and lower cytotoxicity than other known CD4
mimics.®¢ Qur study of the docking of 3 into the Phe43 cavity of
gp120 suggests that the cyclohexyl group of 3 can interact
hydrophobically with the isopropyl group of Val430.

We hypothesized that the optimization of the aromatic ring of 3
would lead to an increase of antiviral activity and CD4 mimicry, the
latter inducing the conformational changes in gp120. Here, we de-

envelope protein openers-putatively,
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scribe the systematic modification of the aromatic ring of 3 for fur-
ther optimization to evaluate substituent effects on anti-HIV activ-
ity, cytotoxicity and CD4 mimicry.

2. Results and discussion

The co-crystal structure of 1 with the gp120 core revealed that
the aromatic group of 1 binds to gp120 by several aromatic-aro-
matic and hydrophobic interactions (Fig. 2). In particular, hydro-
phobic space surrounded by the hydrophobic amino acid
residues Trp112, Val255, Phe382, and [le424 is likely to be affected
by substituents at the meta- and para-positions of the aromatic
ring, and consequently we decided to investigate substituents at
these positions (Fig. 3).

Initially, we selected a chlorine or a methyl group to serve as the
para-substituent of the aromatic group because CD4 mimic com-
pounds such as 1 (NBD-556) with a p-chloro substituent, and be-
cause 3 showed significant anti-HIV activity compared to other
substituents. Further, CD4 mimic structures such as 2 with a p-

Q%ﬁ* Q%KQ/O

NBD-556 (1, X = Cl) HAR-171 (3)
YYA-021 (2, X = Me)

Figure 1. Structures of NBD-556 (1), YYA-021 (2) and HAR-171 (3).

Hydrophobic interaction
Aromatic-aromatic interaction
<+ H-bonding interaction

Figure 2. Major interactions between NBD-556 and Phe43 cavity of gp120.

methyl substituent also showed potent anti-HIV activity and
exhibits lower cytotoxicity than those with the p-chlorophenyl
derivatives.®? Next, we chose several halogens including F, Cl and
Br, to be the meta-substituent on the aromatic group since previous
SAR studies revealed that the introduction of an appropriate group
with an electron-withdrawing ability at the meta-position leads to
an increase of binding affinity and antiviral activity.5? Furthermore,
to investigate whether electron withdrawal and hydrophobicity of
the meta-position are appropriate, the CD4 mimics with a meta-
methyl substituent, which has electron-donating properties and
is similar in size to bromine, were also synthesized. Finally, two
piperidine scaffolds (the 2,2,6,6-tetramethylpiperidine A and the
dicyclohexylpiperidine B) were combined with these aromatics
via the oxalamide linker.

2.1. Chemistry

The syntheses of novel compounds are depicted in Schemes 1
and 2. Starting from the appropriate aniline with m- and p-substit-
uents, coupling with ethyl chloroglyoxylate in the presence of Et;N
gave the corresponding amidoesters 6a-c and 7a-c. Subsequently,
microwave-assisted aminolysis'> of 6a—c¢ and 7a-¢ with commer-
cially available 4-amino-2,2,6,6-tetramethylpiperidines afforded
the desired compounds 8a-c and 9a-c (Scheme 1). A series of
CD4 mimics with two cyclohexyl groups 13a-c and 14a-c were
prepared from 2,2,6,6-tetramethylpiperidin-4-one 10 by the meth-
od previously reported,® with slight modification (Scheme 2).
Briefly, treatment of 10 with cyclohexanone in the presence of
ammonium chloride gave a 2,6-substituted piperidin-4-one 11
via Grob fragmentation followed by intramolecular cyclization.'®
Reductive amination with p-methoxybenzyl amine, acidic treat-
ment with TMSBr/TFA, and oxidative cleavage of p-methoxybenzyl
group with cerium(IV) ammonium nitrates (CAN) furnished the
corresponding 4-aminopiperidines (12) with higher yields and less
burdensome purifications than the previous method. Finally, cou-
pling of 12 with the corresponding esters 6a—-c and 7a-c under
microwave irradiation provided the desired compounds 13a-c
and 14a-c.

2.2. Biological evaluation

The anti-HIV activity of the synthetic compounds was evaluated
against an R5 primary isolate YTA strain. ICso values were deter-
mined by the WST-8 method as the concentrations of the com-
pounds that conferred 50% protection against HIV-1-induced
cytopathogenicity in PM1/CCR5 cells. Cytotoxicity of the com-
pounds based on the viability of mock-infected PM1/CCR5 cells
was also evaluated using the WST-8 method. The assay results
for compounds 8a-c and 13a-c with a p-chloropheny! group are
shown in Table 1. The parent compound 1 and compound 8a,%
known as JRC-1I-191, showed significant anti-HIV activities (ICsq

Aromatic group Oxalamide linker  Piperidine moiety
B e N\
% % X Y
o .
cl Cl Cl Cl
F cl Me K A

53 Y £ 3
oo g NH
e Me e
e ! F Cl Br ¥

B
——

Figure 3. The structures of scaffolds in the design of novel CD4 mimics.
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Table 1
Anti-HIV activity and cytotoxicity of compounds 8a-c and 13a-c containing a p-

H 0]
/©/ NH; a /©/ N \”/U\ OEt chlorophenyl group?
(0]
X X o9
. N
Y Y /Q/ jl)J\F{
o]
da(X=Cl,Y=F) 6a(X=Cl,Y=F) cl

4b (X =Cl, Y = Cl) 6b (X =Cl, Y =Cl) ¥
4c (X =Cl. Y = Me) 6¢ (X = Cl. Y = Me)
. 5a (X = Me, Y = F) 7a (X = Me, Y = F)
5b (X=Me, Y =Cl) 7b (X =Me, Y =ClI) p— - S o o
— — —-— iy om 50 1]
5¢ (X =Me, Y =Br) 7c (X=Me, Y =Br) P YTA481P so- (1
H O NH 1 ; hH H 061 110
b N N
— N 8a A F 032 94
o) H 8b A a 41 36
X 8¢ A Me 33 38
Y
8a(X=ClLY=F) i9a(X=Me,Y=F)
8b (X =Cl, Y=Cl) i 9b (X=Me Y =Cl : § e W8 120
8c (X=Cl,Y=Me): 9¢c (X=Me, Y =Br) \ﬁ
Scheme 1. Reagents and conditions: (a) ethy! chloroglyoxylate, Et;N, THF; (b) 4- 13a B F 023 11
S L s s 0 e ey R T

* All data are the mean values from three of more independent experiments.

® ICsp values of the multi-round assay are based on the inhibition of HIV-1-
induced cytopathogenicity in PM1/CCRS5 cells.

¢ CCsq values are based on the reduction of the viability of mock-infected PM1/

NH a NH CCR5 cells.
__._>.
’d
@) 0%
- 10 11 Table 2
Anti-HIV activity and cytotoxicity of compounds 9a-c and 14a-¢ containing a p-tolyl
group?
- b,c 0
H
—— NH R TI)LR
H,N Me/©/ ©
Y
12
Compd R Y ICso® (M) CCso (1M)
H 0] NH YTA48P
d N
. e N NH
0 H 2 : H 9.0 260
~N
X ; N
Y 9a A F 28 110
- 9b A cl 3.2 62
13a(X=Cl,Y=F) | 14a(X=Me, Y =F) 9 A B >10 32
18b (X =Cl, Y=Cl) i 14b (X =Me, Y =Cl)
13c (X =Cl, Y =Me) | 14¢ (X =Me, Y = Br)
14a NH F 0.54 91
Scheme 2. Reagents and conditions: (a) cyclohexanone, NH4Cl, DMSO, 60 °C; (b) p- %\
methoxybenzylamine, NaBHyCN, MeOH, then 1 M TMSBr in TFA; (c) CAN, CH5CN/ {}"
H,0 (viv=2:1); (d) 6 or 7, EtzN, EtOH, 150 °C, microwave. 14b 8 a 6.2 11
- 14c B Br 3.2 11

N ; -
_ _ 6a . All data are the mean values from three of more independent experiments.
of 1=0.61 HM and IG5 of 8a=0.32 HM)' Compound 8b havmg a b ICsp values of the multi-round assay are based on the inhibition of HIV-1-

m,p-dichlorophenyl group and compound 8¢t (JRC-1-193) having induced cytopathogenicity in PM1/CCR5 cells.
a p-chloro-m-tolyl group showed moderate anti-HIV activity (ICso € CCsq values are based on the reduction of the viability of mock-infected PM1/
of 8b=4.1 uM and ICso of 8c=3.3 uM) but their potency was CCR5 cells.



T. Narumi et al. /Bioorg. Med, Chem. 21 (2013) 2518-2526 2521

Blank (4C11)

FCTTRITETA TCITR ITTTH ITY

o
TNy

s
109 10! 102 10° 10°
FLIH

Counts
0 10 20 30 40

“rnTey

mean = 12.39
NBD-556 (1) compound 8a
23 73
28 283
EEE £81
“o 3 s
P SR TV T
10 90! 102 16° 10 w0l 10" 0% 0f 1
FLI-H FLIH
mean = 34.94 mean = 39.06
HAR-171 (3) compound 13a
2 #3
w83 283
4 = 3
221 £33
“ e < =5
- i”‘:‘:{;l w:.,:i“:; S Q_a {’. i \M‘,‘\:.» . —
AT LT C T 1w ot 10f w® 1ed
FL1H FLIH
mean = 24.17 mean = 51.39
YYA-021 (2) compound 9a
e %
281 2%
351 389
23 Y23 ‘Jf Lo
-:.:*'6-” et ;;E ) o1 lm_ —
107 1 W 1w 10 100 101 102 103 104
FLIH FLIH
mean = 25.97 mean = 39.04

compound 14a

ansiday

saant

1

Counts
g 10 20 30 40
Pl

.
] '*{ - \“’ﬂ:}‘_

ey e

0% 1l 16 10 10d
FLI-H

‘mean = 30.27

sCD4
=3
7 3
03]
= 4
=R .
<
=X
o4 “mij.’-; n:.'f:‘}" Sl rari
w0 et 1?10 1
FL1-H
Mean = 24.09
compound 8b compound 8¢
%3 23 -
PEE w33 i
£ 84 /I
Va3 | =E )!’ \m
= :0, ‘;;-,’...;.,' e = Ea’i:i;,‘...;‘é‘,‘é. s
168 100 10° 107 10 0" 10 105 107 10
FL1-H FL1-H
mean = 2343 mean = 26.30
compound 13b compound 13¢
2 =
2 B3 © 2 &\,
3R =i b
‘)95 ©o 3 \
=3, ,"”“":253 el = :"‘ff;;;’.', 1.":*53‘., Srrarrd
100 10° 107 10
FLI-H 10~ 10 FC?—H 107 1
mean = 25.74 mean = 24.51
compound Sb compound 9¢
=3 = 3
T ]
@ 8_: " " n S_j 'Iir\,‘
28] } | £33 1
© s ; Y N
e PR S —
107 107 10" 107 10 10Y 100 10 107 10
FL1H FL1-H
mean = 23.51 mean = 19.63
compound 14b compound 14¢
2 2
uR wB 3 .
287 289
=E s
T =3 — .
w0l 10?2 10® 10d w0? ! 10?103 1e?
FL1H FL1-H
mean = 28.41 mean = 20.08

Figure 4. FACS analysis of synthetic compounds 8, 9, 13 and 14.

approximately 10-fold lower than that of compound 8a. The cyto-
toxicity of 8b and 8c is relatively stronger than that of 8a (CCsq of
8b=36uM and CCsp of 8c=38 uM). Compounds 13a-c with
hydrophobic cyclohexyl groups in the piperidine moiety showed
more potent anti-HIV activity than the corresponding compounds
8a-c¢, confirming the contribution of the bulky hydrophobic

group(s) to an increase of antiviral activity. Our lead compound 3
showed significant anti-HIV activity comparable to that of com-
pound 8a (ICso=0.43 uM) but, consistent with previous results,
exhibited lower cytotoxicity. In particular, compound 13a with a
m-fluoro-p-chloropheny! group exhibited the highest anti-HIV
activity. The ICsq value of 13a was 0.23 uM, whose potency was
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Figure 5. FACS analysis of 3 and 13a in different concentrations.

approximately twice as high as that of compound 3. Notably, com-
pound 13b with a m,p-dichlorophenyl group showed 7-fold more
potent anti-HIV activity than the corresponding compound 8b.
Compound 13c, which has a p-chloro-m-tolyl group, showed po-
tent anti-HIV activity comparable to that of the corresponding
compound 8c and an increase of cytotoxicity (CCsq= 15 pM). We
observed a tendency for compounds 13a-c with both hydrophobic
cyclohexyl groups and a m,p-disubstituted phenyl group to exhibit
higher cytotoxicity than the corresponding tetramethyl-type com-
pounds 8a-c. No clear reason for an increase of cytotoxicity in the
m,p-disubstituted phenyl group-containing compounds is
apparent.

Assay results for the compounds 9a-c and 14a-c with a p-tolyl
group are shown in Table 2. As expected, replacement of the p-chloro
substituent with a p-methyl group resulted in somewhat reduction
of anti-HIV activity. Compound 2, YYA-021 has significant anti-HIV
activity (1Cso = 9.0 uM) and exhibits the lowest cytotoxicity among
all of the compounds tested (CCsp = 260 pM). These results are con-
sistent with our previous SAR studies involving the aromatic ring.
Introduction of a fluorine at the meta-position of the p-tolyl group,
e.g. in compound 9a and 14a, improved the antiviral activity, as ob-
served with 8a and 13a and a similar tendency was observed for
compound 9b with a m-chloro-p-tolyl group. In particular, com-
pound 14a with cyclohexyl groups and a m-fluoro-p-tolyl group
showed slightly higher anti-HIV activity than the parent compound
1. Among the compounds with m-bromo-p-tolyl groups, it was
found that compound 9¢, with a 2,2,6,6-tetramethylpiperidine
group, showed no anti-HIV activity at a concentration below
10 uM, whereas compound 14c¢ with hydrophobic cyclohexyl
groups attached to the piperidine moiety, showed moderate activity
(ICsp = 3.2 uM), indicating that the hydrophobic modification of
piperidine ring can contribute to an increase in anti-HIV activity.

All the synthetic compounds were evaluated for their CD4 mim-
icry on the conformational changes in gp120 by fluorescence acti-
vated cell sorting (FACS) analysis, and the results are shown in
Figure 4. The profile of binding of a CD4-induced (CD4i) monoclo-
nal antibody (4C11) to the Env-expressing cell surface pretreated
with the synthetic compounds was assessed in terms of the mean
fluorescence intensity (MFI). The increase in binding affinity for

4C11 (by the pretreatment with synthetic compounds) suggests
that those compounds can reflect the CD4 mimicry as a conse-
quence of the conformational changes in gp120. Our previous stud-
ies disclosed that the profiles of the binding to the cell surface
pretreated with 1, 2, or 3 were similar to those observed in pre-
treatment with soluble CD4, indicating that these compounds offer
a significant enhancement of binding affinity for 4C11.% As shown
in Figure 4, similar results were obtained with those compounds in
this FACS analysis (MFI of 1, 2, and 3 =34.94, 25.97, and 24.17,
respectively). A notable increase in binding affinity for 4C11 was
observed in essentially all the synthetic compounds. The com-
pounds 8a, 9a, 13a and 14a with a meta-fluorine in the aromatic
ring, showed significant anti-HIV activity, and produced a substan-
tial increase in binding affinity for 4C11. These results suggested
that the introduction of a fluorine group at the meta position of
the aromatic ring is significant not only for the increase of anti-
HIV activity, but also for the enhancement of a CD4 mimicry. In
particular, a remarkable improvement in binding affinity for
4C11 was observed with 13a (MFI=51.39) which has twofold
more potent anti-HIV activity than the lead compound 3 (HAR-
171), and is the most active compound in terms of both anti-HIV
activity and the CD4 mimicry resulting from the conformational
change in gp120. The profiles of pretreatment of the cell surface
with compounds 8b and 13b having a m,p-dichlorophenyl group,
compounds 8¢ and 13c¢ having a p-chloro-m-tolyl group, and com-
pounds 9b and 14b with a m-chloro-p-tolyl group were similar to
results obtained for 3, suggesting that these compounds produced
slightly lower enhancement compared to those of compounds 8a,
9a, 13a and 14a but significant levels of binding affinity for 4C11.
On the other hand, pretreatment with compounds 9¢, which failed
to show significant anti-HIV activity and 14¢, which had moderate
anti-HIV activity resulted in a slight decrease of binding affinity for
4C11, suggesting that the introduction of a Br group at the meta-
position of p-tolyl group is not advantageous to a CD4 mimicry,
possibly due to the steric hindrance caused by the two bulky sub-
stituents. These results are consistent with previous observations
that a limited size and electron-withdrawing ability of the aro-
matic substituents are required for potent anti-HIV activity and
CD4 mimicry.®
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Figure 6. The modeled structure of 13a (yellow carbon atoms) in the complex with
the Phe43 cavity in gp120 (3TGS) overlaid with the modeled structure of 3 (green
carbon atoms).

Since 13a showed higher CD4 mimicry than the other com-
pounds tested, the effect of the solution concentration of 13a on
the binding affinity for 4C11 was investigated. As shown in Fig-
ure 5, pretreatment of the cell surface with a 100 pM solution of
13a produced a higher increase in the binding affinity for 4C11
than pretreatment with the same concentration of compound 3.
Interestingly, the profile pretreated with a 50 pM solution of 13a
was similar to that with a 100 uM of compound 3, and even with
a 25 uM solution of 13a a potent enhancement of the binding affin-
ity for 4C11 was observed: MF] of 13a at concentrations of 50 uM
and 25 pM = 19.07 and 16.06, respectively. This observation sug-
gests that 13a could serve as a novel lead compound for the devel-
opment of envelope protein openers for the use combined with
neutralizing antibodies because of its effectiveness at low
concentrations.

The substantial increase in the CD4 mimicry of 13a even at a
low concentration is not easily explained because HAR-171 (3)
and 13a would be expected to form the similar binding modes with
gp120. A probable contribution of 13a is suggested by modeling
studies docked into the Phe43 cavity in gp120 (3TGS) in which
the depth and direction of the aromatic ring of 13a is slightly dif-
ferent from those in compound 3 (Fig. 6), leading to the possible
formation of appropriate interactions with the hydrophobic amino
acid residues such as Val255 and Phe382, and therefore explaining
the increased potency observed in the anti-HIV activity and CD4
mimicry of 13a.

3. Conclusion

CD4 mimics are attractive agents not only for the development
of a novel class of HIV entry inhibitors but also as possible cooper-
ating agents for the neutralizing antibodies—that is, envelope pro-
tein openers. In the present study, a structure-activity relationship
study of a series of CD4 mimic compounds was performed with a
view to improving the biological activity of HAR-171 (3), which
was identified in our previous studies as a promising lead com-
pound with anti-HIV activity, cytotoxicity and CD4 mimicry result-

ing from the conformational change in gp120. Systematic
modification of the meta- and para-substituents of the aromatic
ring of 3 led to some potent compounds. In particular, 13a, which
has a bulky hydrophobic group on its piperidine ring and a m-flu-
oro-p-chlorophenyl group, demonstrated twofold more potent
anti-HIV activity and much higher CD4 mimicry than 2 following
the conformational changes in gp120, although the cytotoxicity
of 13a is relatively high. Further structural modification studies
of the aromatic ring and the oxalamide linker to improve pharma-
ceutical profiles will be the subject of future reports.

4. Experimentals

TH NMR and '3C NMR spectra were recorded using a Bruker
Avance Il spectrometer. Chemical shifts are reported in § (ppm)
relative to Me,Si (in CDCls) as internal standard. Low- and high-
resolution mass spectra were recorded on a Bruker Daltonics
microTOF focus in the positive and negative detection mode. For
flash chromatography, silica gel 60 N (Kanto Chemical Co., Inc.)
was employed. Microwave reactions were performed in Biotage
Microwave Reaction Kit (sealed vials) in an Initiator™ (Biotage).
The wattage was automatically adjusted to maintain the desired
temperature for the desired period of time.

4.1. Chemistry

4.1.1. Ethyl 2-((4-chloro-3-fluorophenyl)amino)-2-oxoacetate
(6a)

To a stirred solution of 3-fluoroaniline (1.11 g, 10.0 mmol) in
CHCl3 (30.0 mL) was added dropwise N-chlorosuccinimide (NCS)
in CHCl3 (20.0 mL) at 0°C. The mixture was stirred at 0°C for
42 h. After the reaction mixture was concentrated under reduced
pressure, the residue was dissolved in Et;O. The mixture was
washed with water, and dried over MgSO,. Concentration under
reduced pressure followed by flash chromatography over silica
gel with EtOAc/n-hexane gave 4-chloro-3-fluoroaniline (259.4 g,
18% yield) as crystalline solids. To a stirred solution of the above
aniline (259.4 mg, 1.78 mmol) in THF (8.9 mL) were added at 0 °C
ethyl chloroglyoxylate (237.3 plL, 2.14 mmol) and EtsN (296.6 pL,
2.14 mmol). The mixture was stirred at room temperature for
12 h. After the precipitate was filtrated off, the filtrate solution
was concentrated under reduced pressure. The residue was dis-
solved in EtOAc, and washed with 1.0 M HCI, saturated NaHCO;
and brine, then dried over MgS0O,. Concentration under reduced
pressure to provide the title compound 6a (435.2 mg, 99% yield)
as brown crystals, which was used without further purification.

'H NMR (500 MHz, CDCls) 6§ 1.44 (t, J=7.50 Hz, 3H), 4.43 (q,
J=7.50Hz, 2H), 7.24-7.25 (m, 1H), 7.35-7.40 (m, 1H), 7.70-7.75
(m, 1H), 8.93 (br, 1H); '*C NMR (125 MHz, CDCl3) § 13.0, 64.1,
108.5 (d, J=26.3 Hz), 1159 (d, J=3.75Hz), 117.3 (d, J=18.8 Hz),
1309 (d, J=10.0 Hz), 135.9, 153.9, 158.1 (d, ] = 246.3 Hz), 160.5;
HRMS (ESI), m/z calcd for CioH1oCIFNO; (MH™) 244.0182, found
244.0183.

4.1.2. Ethyl 2-((3,4-dichlorophenyl)amino)-2-oxoacetate (6b)

To a stirred solution of 3,4-dichloroaniline 4b (1.94¢g,
12.0 mmol) in THF (20.0 mL) were added ethyl chloroglyoxylate
(1.11 mL, 10.0 mmol) and EtsN (15.2 mL, 11.0 mmol) at 0 °C. The
mixture was stirred at room temperature for 6 h. After the precip-
itate was filtrated off, the filtrate solution was concentrated under
reduced pressure. The residue was dissolved in EtOAc, and washed
with 1.0 M HCl, saturated NaHCO3; and brine, then dried over
MgS0,. Concentration under reduced pressure to provide the title
compound 6b (1.58 g, 95% yield) as white powder, which was used
without further purification.
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"H NMR (500 MHz, CDCl3) 6 1.44 (t, /= 7.00 Hz, 3H), 4.43 (q,
J=7.00Hz, 2H), 7.44 (d, ] = 8.50 Hz, 1H), 7.49-7.51 (m, 1H), 7.87,
2.35 (d, J=2.50 Hz, 1H); '3C NMR (125 MHz, CDCls) & 14.0, 64.0,
119.0, 121.5, 129.0, 130.8, 133.2, 135.7, 153.9, 160.5; HRMS (ESI),
m/z caled for CoH1oCl,NO3 (MH*) 262.0038, found 262.0031.

4.1.3. Ethyl 2-({(4-chloro-3-methylphenyl)amino)-2-oxoacetate
(6¢c)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 4¢ (3.34 g, 24.0 mmol) was con-
verted into the title compound 6c¢ (4.63 g, 96% yield) as white
powder.

TH NMR (500 MHz, CDCl3) 6 1.43 (t,] = 7.00 Hz, 3H), 2.38 (s, 3H),
4.42 (q,] =7.00 Hz, 2H), 7.33 (d,] = 8.50 Hz, 1H), 7.43-7.46 (m, 1H),
7.51-7.54 (m, 1H), 8.82 (s, 1H); '3C NMR (125 MHz, CDCls) § 14.0,
20.2, 63.8, 1185, 122.0, 129.7, 130.9, 134.8, 137.1, 153.8, 160.9;
HRMS (ESI), m/z calcd for Cy1H;3CINOs; (MH*) 242.0578, found
242.0568.

4.1.4. Ethyl 2-((3-fluoro-4-methylphenyl)amino)-2-oxoacetate
(7a)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5a (3.00 g, 24.0 mmol) was con-
verted into the title compound 7a (4.24 g, 94% yield) as white
powder.

TH NMR (500 MHz, CDCl3) 6 1.43 (t,] = 7.20 Hz, 3H), 2.25 (s, 3H),
4.42 (q,]=6.80 Hz, 2H), 7.12-7.21 (m, 2H), 7.48-7.56 (m, 1H), 8.83
(s, 1H); 3C NMR (125 MHz, CDCls) § 14.2 (2C), 63.8, 107.1 (d,
J=27.5Hz), 115.0 (d, J=10.0Hz), 122.3 (d, J=17.5Hz), 131.6 (d,
J=6.25Hz), 1353 (d, J=13.8Hz), 153.8, 1608, 161.1 (d,
J=243.8Hz); HRMS (ESI), m/z caled for Cy;H,3FNO; (MH®)
226.0879, found 226.0878.

4.1.5. Ethyl 2-((3-chloro-4-methylphenyl)amino)-2-oxoacetate
(7b)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5b (3.40 g, 24.0 mmol) was con-
verted into the title compound 7b (5.19 g, 94% yield) as white
powder.

TH NMR (500 MHz, CDCl3) § 1.43 (t,] = 7.00 Hz, 3H), 2.35 (s, 3H),
4.42 (q,] = 7.00 Hz, 2H), 7.22 (d, ] = 8.50 Hz, 1H), 7.41-7.43 (m, 1H),
7.71 (d, J = 2.00 Hz, 1H), 8.83 (s, TH); '*C NMR (125 MHz, CDCl3) 6
14.0, 20.0, 63.8, 118.0, 120.3, 131.2, 133.3, 134.7, 135.0, 153.8,
160.8; HRMS (ESI), m/z calcd for C;1H;3CINOs (MH") 242.0584,
found 242.0573.

4.1.6. Ethyl 2-((3-bromo-4-methylphenyl)amino)-2-oxoacetate
(7¢c)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5c¢ (4.47 g, 27.0 mmol) was con-
verted into the title compound 7¢ (6.24 g, 96% yield) as white
powder.

'H NMR (500 MHz, CDCl3) 6 1.43 (t,] = 7.00 Hz, 3H), 2.38 (s, 3H),
4.42 (q,]=7.00 Hz, 2H), 7.23 (t, ] = 8.50 Hz, 1H), 7.48-7.53 (m, 1H),
7.83-7.90 (m, 1H), 8.80 (s, 1H); ™*C NMR (125 MHz, CDCl3) § 14.0,
22.4, 63.9, 118.7, 123.4, 125.0, 131.0, 135.0, 135.2, 153.7, 160.8;
HRMS (ESI), mfz caled for Cq;H,3BrNO; (MH™) 286.0079, found
286.0068.

4.1.7. N'-(4-Chloro-3-fluorophenyl)-N>-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (8a)

To a solution of compound 6a (70.0 mg, 0.286) in EtOH (2.9 mL)
were added EtsN (0.200 mL, 1.45 mmol) and 2,2,6,6-tetramethylpi-
peridin-4-amine (0.150 mL, 0.870 mmol). The reaction mixture
was stirred for 3 h at 150 °C under microwave irradiation. After
being concentrated in vacuo, the residue was extracted with CHCl5,

and washed with saturated NaHCO; and brine, then dried over
MgSO,. Concentration under reduced pressure to provide the title
compound 8a (34.6 mg, 34% yield) as white powder.

'"H NMR (500 MHz, CDCl3) 6 0.99-1.50 (m, 15H), 1.92 (dd,
J=3.50, 9.00 Hz, 2H), 4.20-4.32 (m, 1H), 7.21-7.25 (m, 1H), 7.34~
7.41 (m, 1H), 7.69-7.73 (m 1H), 9.31 (br, 1H); 3C NMR
(125 MHz, CDCl3) & 28.4, 34.8, 43.8, 44.5, 51.0, 108.3 (d,
J=26.3Hz), 115.8 (d, J=3.75Hz), 117.1 (d, j=17.5Hz), 130.8,
136.2 (d, J=8.75 Hz), 157.6, 158.1 (d, ] = 247.5 Hz), 158.4; HRMS
(ES‘), m/Z caled for C17H24C1FN302 (MH+) 356.1536, found
356.1548.

4.1.8. N'-(3,4-Dichlorophenyl)-N?-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (8b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6b (261.0 mg, 1.00 mmol) was
converted into the title compound 8b (520.0 mg, 70% yield) as
white powder.

TH NMR (500 MHz, CDCls) 6 1.07 (t, ] = 12.0 Hz, 2H), 1.16 (s, 6H),
1.28 (s, 6H), 1.90-1.93 (m, 2H), 4.20-4.32 (m, 1H), 7.26 (m, 1H),
7.40~-7.48 (m, 2H), 7.88 (s, 1H), 9.33 (s, 1H); 3C NMR (125 MHz,
CDCl3) 6 28.5 (2C), 34.9 (2C), 43.8, 44.6 (2C), 509 (20C), 119.0,
121.4, 128.7, 130.8, 133.1, 135.8, 157.7, 158.5; HRMS (ESI), m/z
calcd for C17H25Cl5N30, (MH—) 370.1095, found 370.1105.

4.1.9. N'-(4-Chloro-3-methylphenyl)-N?-(2,2.6,6-
tetramethylpiperidin-4-yl)oxalamide (8c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6¢ (482.0 mg, 2.00 mmol) was
converted into the title compound 8¢ (364.0 mg, 49% yield) as
white powder.

"H NMR (500 MHz, CDCl5) 6 1.07 (t,J = 12.0 Hz, 2H), 1.15 (s, 6H),
1.28 (s, 6H), 1.86-1.94 (m, 2H), 4.15-4.31 (m, 1H), 7.21-7.24 (m,
1H), 7.32-7.38 (m, 2H), 7.74 (s, 1H), 9.24 (s, 1H); *C NMR
(125 MHz, CDCl3) 6 19.6, 28.5 (2C), 34.9 (2C), 43.7, 44.7 (2C), 50.9
(20), 117.9, 120.2, 131.2, 133.1, 134.7, 135.1, 157.5, 158.8; HRMS
(ESI), m/z caled for C;gH»5CIN3O, (MHT) 350.1641, found 350.1656.

4.1.10. N'-(3-Fluoro-4-methylphenyl)-N>-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (9a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7a (225.0 mg, 1.00 mmol) was
converted into the title compound 9a (161.0 mg, 48% yield) as
white powder.

TH NMR (500 MHz, CDCl3) § 1.07 (t,] = 12.5 Hz, 2H), 1.15 (s, 6H),
1.28 (s, 6H), 1.92 (dd, J = 12.5, 3.50 Hz, 2H), 2.26 (s, 3H), 4.12-4.32
(m, 1H), 7.12-7.20 (m, 2H), 7.30-7.37 (m, 1H), 7.48-7.54 (m, 1H),
9.27 (s, TH); "*C NMR (125 MHz, CDCl3) § 14.2, 28.5 (2C), 34.9 (2C),
43.7, 44.7 (2C), 50.9 (2C), 107.1 (d, J=26.3 Hz), 115.0, 121.8 (d,
J=17.5Hz) 131.6, 1354, (d, J=15.0Hz), 157.5, 158.8, 161.1 (d,
J=2425Hz); HRMS (ESI), m/z calcd for CygH;5FN3O, (MH™)
334.1936, found 334.1942.

4.1.11. N'-(3-Chloro-4-methylphenyl)-N?-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (9b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7b (482.0 mg, 1.00 mmol) was
converted into the title compound 9b (448.0 mg, 48% yield) as
white powder.

TH NMR (500 MHz, CDCl3) 6 1.09 (t, = 12.5 Hz, 3H), 1.18 (s, 6H),
1.30 (s, 6H), 1.93-1.95 (m, 2H), 2.41 (s, 3H), 4.20-4.34 (m, 1H),
7.30-7.37 (m, 2H), 7.44-7.46 (m, 1H), 7.53 (d, J=2.50 Hz, 1H),
9.25 (s, 1H); '3C NMR (125 MHz, CDCl3) § 20.3, 28.5 (2C), 34.9
(2C), 43.7, 44.7 (2C), 50.9 (2C), 118.5, 122.0, 130.0, 130.7, 134.8,
137.1, 157.5, 158.8; HRMS (ESI), m/z calcd for CygH,5CIN3O,
(MH™) 350.1641, found 350.1636.
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4.1.12. N'-<(3-Bromo-4-methylphenyl)-N?-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (9c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7¢ (285.0 mg, 1.00 mmol) was
converted into the title compound 9c¢ (157.0 mg, 40% yield) as
white powder.

'H NMR (500 MHz, CDCl3) 6 1.07 (t,] = 12.5 Hz, 3H), 1.15 (s, 6H),
1.28 (s, 6H), 1.91 (dd, J = 8.00, 4.00 Hz, 2H), 2.38 (s, 3H), 3.70-3.75
(m, 1H), 7.22 (d, J = 8.50 Hz, 1H), 7.30-7.37 (m, 1H), 7.43-7.45 (m,
1H), 7.90 (d, J=2.50 Hz, 1H), 9.25 (s, 1H); *C NMR (125 MHz,
CDCls) & 22.4, 28.5 (2C), 34.9 (2C), 43.7, 44.7 (2C), 50.9 (20),
118.6, 123.4, 125.0, 131.0, 134.9 (2C), 157.5, 158.8; HRMS (ESI),
m/z calcd for CygHpsBrN;O, (MH™) 394.1136, found 394.1158.

4.1.13. Amine (12)

The compound 11 was prepared according to the reported pro-
cedure.’® To a stirred solution of piridone 11 (247.8 mg,
1.05 mmol) in MeOH (2.10 mL) was added p-methoxybenzylamine
(0.41 mL, 3.15 mmol). After being stirred at room temperature for
23 h, sodium cyanoborohydride was added and stirred at room
temperature for 48 h. The reaction mixture was poured into satu-
rated NaHCO3 and extracted with EtOAc, then dried over MgSO,.
After concentration under reduced pressure, the residue was trea-
ted with 1 M TMS in THF (4.8 mL). The mixture was stirred at 0 °C
for 14 h. Concentration under reduced pressure followed by short
chromatography with CHCl3/MeOH gave the PMB-protected
amine. To a solution of the above amine (584.0 mg, 1.64 mmol)
in CHsCN/HoO (13.1ml, viv=2:1) was added CAN (2.74g,
8.2 mmol). The mixture was stirred at room temperature for
14 h. The reaction mixture was diluted with 0.5 M HCl and washed
with CH,Cl,. The water layer was alkalized and extracted with
EtOAc, then dried over Na,;SO4. Concentration under reduced pres-
sure followed by flash chromatography over silica gel with EtOAc-
EtOH (4:1) to gave the title compound 12 (175.5 mg, 71% yield) as a
yellow oil.

TH NMR (500 MHz, CDCl3) § 1.15-1.85 (m, 24H), 2.95-3.05 (m,
1H); '3C NMR (125 MHz, CDCl3) 6 22.2 (2C), 22.8 (2C), 26.2 (2C),
37.3 (20), 42.3 (2C), 43.6 (2C), 47.0, 53.2 (2C); HRMS (ESI), m/z
caled for CisHagN, (MH™) 237.2325, found 237.2321.

4.1.14. N*-((4-Chloro-3-fluorophenyl)-N>-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (13a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6a (36.8 mg, 0.150 mmol) was
converted into the title compound 13a (7.6 mg, 12% yield) as yel-
low powder.

TH NMR (400 MHz, CDCl3) § 0.71-2.28 (m, 24H), 2.03-2.20 (m,
2H), 4.02-4.16 (m, 1H), 7.13-7.18 (m, 1H), 7.27-7.33 (m, 1H),
7.62-7.66 (m, 1H), 9.25 (br, 1H); *C NMR (125 MHz, CDCl5) &
14.1, 22.0 (20), 22.6 (2C), 25.8 (2C), 29.3, 29.7 (2C), 31.9, 70.5,
108.3 (d, J=26.3 Hz), 115.8, 117.1 (d, J=18.8 Hz), 130.8, 136.2 (d,
J=10.0Hz), 157.6, 158.1 (d, J = 247.5 Hz), 158.6; HRMS (ESI), m/z
calcd for Co3H3,CIFN30; (MH') 436.2162, found 436.2156.

4.1.15. N'-(4-Chlorophenyl)-N?-(2,6-dicyclohexylpiperidin-4-
yl)oxalamide (13b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6b (31.3 mg, 0.120 mmol) was
converted into the title compound 13b (28.0 mg, 52% yield) as
white powder.

TH NMR (400 MHz, CDCl3) § 0.96 (t, ] = 12.5 Hz, 2H), 1.10-1.84
(br, 20H), 2.05-2.19 (m, 2H), 4.08-4.21 (m, 1H), 7.23-7.33 (br,
1H), 7.39-7.46 (m, 2H), 7.88 (t, J=1.00 Hz, 1H), 9.34 (s, 1H); '3C
NMR (125 MHz, CDCl5) § 14.1, 22.1 (2C), 22.7 (2C), 26.1 (2C),
31.6, 37.2 (2C), 42.6, 43.0, 43.6, 52.6 (2C), 119.0, 121.4, 128.7,

130.8, 133.1, 135.8, 157.7, 158.5; HRMS (ESI), m/z caled for
C23H3,C1N30, (MHY) 452.1872, found 452.1865.

4.1.16. N*-((4-Chloro-3-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (13c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6¢ (121.0 mg, 0.500 mmol)
was converted into the title compound 13c¢ (15.1 mg, 7% yield) as
white powder.

'H NMR (500 MHz, CDCls) 5 0.87-1.88 (br, 22H), 2.09-2.20 (m,
2H), 2.38 (s, 3H), 4.09-4.22 (m, 1H), 7.32-7.33 (m, 1H), 7.41-7.43
(m, 1H), 7.51 (d, J=2.00 Hz, 1H), 7.73 (m, 1H), 9.24 (s, 1H); '3C
NMR (125 MHz, CDCl3) § 20.2, 22.1 (2C), 22.7 (2C), 26.0 (20),
29.7, 37.0, 423 (2C), 42.8 (2C), 43.4, 52.9 (2C), 1184, 122.0,
130.0, 130.6, 134.8, 137.1, 157.5, 158.9; HRMS (ESI), m/z calcd for
C24H35CIN30, (MH') 430.2267, found 430.2264.

4.1.17. N'~(3-Fluoro-4-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7a (225.0 mg, 1.00 mmol) was
converted into the title compound 14a (27.5 mg, 7% yield) as white
powder.

TH NMR (500 MHz, CDCl3) 6 0.971 (t,J = 12.5 Hz, 2H), 1.18-1.86
(m, 20H), 2.13-2.16 (m, 2H), 2.26 (s, 3H), 4.09-4.21 (m, 1H), 7.13-
7.18 (m, 2H), 7.33 (d, J = 8.00 Hz, 1H), 7.50-7.53 (m, 1H), 9.27 (s,
1H); 3C NMR (125 MHz, CDCls) § 14.2, 22.2 (2C), 22.8 (20), 26.1
(20), 37.2 (2C), 42.2 (2C), 43.3 (2C), 43.5, 52.6 (m, 2C), 107.0 (d,
J=27.5Hz), 115.0 (d, J=3.75Hz), 121.8 (d, J=17.5 Hz), 131.6 (d,
J=625Hz), 1354 (d, J=10.0Hz), 157.5, 158.9, 161.3 (d,
j =2425 HZ), HRMS (ESI), m/Z caled for Cy4H33FN30, (MH“)
414.2554, found 414.2562.

4.1.18. N'-(3-Chloro-4-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7b (120.5 mg, 0.500 mmol)
was converted into the title compound 14b (12.9 mg, 6% yield) as
white powder.

TH NMR (500 MHz, CDCls5) § 0.973 (t, J=12.5Hz, 2H), 1.18-
1.86 (br, 20H), 2.11-2.19 (m, 2H), 2.35 (s, 3H), 4.09-4.21 (m,
1H), 7.20-7.22 (m, 1H), 7.30-7.32 (m, 1H), 7.35-7.37 (d,
J=2.50Hz, 1H), 7.73 (m, 1H), 9.22 (s, 1H); *C NMR (125 MHz,
CDCl3) 6 19.6, 22.1 (2C), 22.7 (2C), 26.0 (2C), 29.7, 37.0, 42.1
(20), 42.7 (20), 43.2, 53.3 (20), 118.0, 1203, 131.2, 133.0,
134.7, 135.1, 157.5, 158.8; HRMS (ESI), m/z «caled for
Ca4H33CIN30, (MH™) 430.2267, found 430.2257.

4.1.19. N*-(3-Bromo-4-methylphenyl)-N*-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7¢ (142.0 mg, 0.500 mmol)
was converted into the title compound 14c¢ (11.5 mg, 5% yield) as
white powder.

TH NMR (500 MHz, CDCl3) § 0.67-2.07 (br, 22H), 2.28 (br, 2H),
2.38 (s, 3H), 4.09-4.21 (m, 1H), 7.22 (d, J=8.00 Hz, 1H), 7.28-
7.38 (br, 1H), 7.43 (dd, J=4.50, 2.50 Hz, 1H), 7.90 (d, J=2.50 Hz,
1H), 9.21 (s, TH); '3C NMR (125 MHz, CDCl3) 6 14.1, 22.1 (20),
22.4 (2C), 22.7 (2C), 25.9, 30.0, 31.6, 36.9 (2C), 42.7 (3C), 52.7,
52.9, 118.6, 1234, 125.0, 131.0, 134.9, 135.1, 1574, 158.8; HRMS
(ESI), m/z caled for Co4H33BrN30, (MH™) 474.1762, found 474.1746.

4.2. Antiviral assay and cytotoxicity assay

Anti-HIV activity and cytotoxicity measurements in PM1/CCR5
cells (Yoshimura et al., 2010) were based on viability of cells that
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had been infected or not infected with 100 TCID50 of an R5 pri-
mary isolate YTA48P exposed to various concentrations of the test
compound. After the PM1/CCR5 cells were incubated at 37 °C for
7 days. The 50% inhibitory concentration (ICsg) values and the
50% cytotoxic concentration (CCsp) were then determined using
the Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

4.3. FACS analysis

JR-FL (R5, Sub B) chronically infected PM1 cells were pre-incu-
bated with 0.5 pg/mL of sCD4 or 100 uM of a CD4 mimic for
15 min, and then incubated with an anti-HIV-1 mAb, 4C11, at
4 °C for 15 min. The cells were washed with PBS, and fluorescein
isothiocyanate (FITC)-conjugated mouse anti-human IgG antibody
was used for antibody-staining. Flow cytometry data for the bind-
ing of 4C11 (green lines) to the Env-expressing cell surface in the
presence of a CD4 mimic are shown among gated PM1 cells along
with a control antibody (anti-human CD19: black lines). Data are
representative of the results from a minimum of two indepen-
dent experiments. The number at the bottom of each graph
shows the mean fluorescence intensity (MFI) of the antibody
4C11.

4.4. Molecular modeling

Dockings of compounds 3 and 13a were performed using
Molecular Operating Environment modeling package (MOE
2008. 10, Canada), into the crystal structure of gp120 (PDB, entry
3TGS).
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