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Figure 5. Stereo view of TFV-DP in the polymerase active site of WT RT and K70Q/Q151Mc RT. WT RT residues are shown as cyan sticks,
K70Q/Q151Mc RT residues are shown as purple sticks. The primer strand is shown as dark gray sticks, template strand as light gray sticks. The fingers

and palm subdomains are shown as blue and red cartoons, respectively.

doi:10.1371/journal.pone.0016242.g005

validation of contribution to resistance by using site-directed
mutagenesis; 2) susceptibility testing of laboratory or clinical
isolates; 3) nucleotide sequencing of viruses from patients in whom
the drug is failing; 4) correlation studies between genotype at
baseline and virologic response in patients exposed to a drug. Our
study has unambiguously demonstrated that K70Q meets at least
the first three criteria: evidence for criterion #1 is shown in
Figure 2; for criterion #2 in Figures 1 and 2; and for criterion #3
in Figure 1 and Figure S1. Therefore, the K70Q) mutation meets
the criteria of a clinically relevant mutation.

In addition to the clinical and virological studies, we used
biochemical techniques to determine the mechanism of TFV
resistance imparted by the K70Q mutation to Q151Mc RTs. We
used primer extension assays to show that K70Q/Q151Mc RT is
less susceptible to TFV-DP than WT and Q151Mc¢ RTs. We
demonstrated that the mechanism of this resistance is not based on
excision. On the contrary, we showed that the ATP-based excision
of the mutant enzymes was slightly decreased with respect to WT
RT, possibly because of decreased affinity of the mutant enzymes
for the ATP excision substrate, incurred by changes in the binding
environment of ATP, such as the loss of lysine at position 70.

Using transient-state kinetics we unambiguously established that
the overall mechanism of K70Q/Q151Mc resistance to TEFV is
due to enhanced discrimination between the natural dATP
substrate and TFV-DP. While all mutant enzymes had compara-
ble efficiency of dATP incorporation, they displayed varying
affinity and turnover rates of incorporation. It appears that the
stronger effect of the enhanced discrimination overcomes the slight
increase in sensitivity due to the small increase in excision. As a
result, the mutant enzymes are resistant to the inhibitor.

Mutations at position 70 of RT have been known to confer
NRTT resistance by two distinct mechanisms: K70R combined
with at least two excision enhancing mutations, D67N and T215Y,

@ PLoS ONE | www.plosone.org

enhances ATP-mediated excision of AZT and d4T [1,2,3,48]
(excision—dependent mechanism). On the other hand, K70E causes
resistance to 3TC, TFV, and ABC by lowering the maximum rate
of inhibitor incorporation by RT' (ky,-dependent exclusion mechanism)
[55]. Our results establish that in the background of Q151Mc,
K70Q causes TFV resistance through a third mechanism: by
decreasing the binding affinity of the inhibitor (Kg-dependent
exclusion mechanism). Taken together, these findings highlight the
remarkable ability of RT to use separate mutations at a single
position to acquire NRTT resistance through three different
mechanisms.

Our cell-based assays with infectious HIV-1 show that Q151 Mc
remains susceptible to TFV-DF, a finding consistent with previous
reports [22]. Similarly, clinical isolates deposited at the Stanford
HIV resistance database and carrying the Q151Mc mutation were
also susceptible to TFV-DF, unless they also had the K65R
mutation. However, pre-steady state characterization of TFV-DP
incorporation by Q151Mc in this work (Table 2) and by others
[59] showed that Q151Mc is less susceptible to TFV-DP than WT
RT. This small discrepancy may be the result of potential
differences in DNA-dependent and RNA-dependent DNA
synthesis, or the result of the slightly increased excision of
Q151Mc RT compared to WT RT (Fig. 3B and C).

To gain insights into the possible structural changes caused by
the addition of K70Q to Q151Mc, we compared the molecular
model of K70Q/Q151Mc RT/DNA/TFV-DP with the crystal
structure of WT RT/DNA/TFV-DP [45] (Fig. 5). The network of
hydrogen bonds involving the side-chains of K65, R72, and Q151
in the WT structure [26,27,54], is disrupted in the mutant
structure. Also, Q151M and associated mutations A62V, V751,
and F77L are likely to modify the hydrophobic core of the fingers.
We and others have previously shown that the side-chains of
residues 72 and 65 interact with each other [35] and with Q151
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and the o- and y-phosphates of the incoming dNTP [26] or TFV-
DP [45]. The functions of these residues have been established by
several biochemical studies [21,25,60,61,62,63]. The reduction in
polymerase rate (k) and in binding affinity for TFV-DP
(increased Kgryv.pp) may be the consequence of one or more
such structural changes. Our molecular dynamics simulation
experiments suggested a re-arrangement in the position of the side
chain of K65, which is a catalytically important residue. While the
precise effect of this change is not clear at this point, such changes
could influence the overall binding of the substrate and/or the rate
of nucleotide incorporation. Moreover, such movement of K65 in
the presence of a mutation at position 70 is consistent with our
previously reported crystallographic data, which established that
there is an interplay between the positioning of the side chains at
positions 70 and 65 [64]. Ongoing crystallographic studies are
expected to provide more detailed structural insights into the role
of K70Q) in drug resistance.

In summary, we report here clinical data showing that addition
of the K70Q mutation to the Q151Mc background confers high-
level HIV resistance to TFV-DF and enhances resistance to other
NRTIs. The biochemical mechanism of the TFV resistance is
based on reduced binding affinity and incorporation of TFV-DP.
Detection of this novel pattern of TFV-DF resistance may help
adjust therapeutic regimens for the treatment of patients infected
with multi-drug resistant HIV-1.

Supporting Information

Figure S1 Amino acid sequence alignment of the RT regions
(amino acid 32 to 560) of the clinical isolates at time points 1 to 2
(see Figure 1A).
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Figure 82 Effects of RT mutations K70Q, Q151Mc, or K70Q/
Q151Mc on DNA primer extension activity and on ATP-based
excision activities. (A) Effect of varying concentrations of TFV-DP
on the primer extension activities of HIV-1 WT and mutant RTs.
The experiments were carried out in the presence and absence of
3.5 mM ATP (marked as ATP (+) and ATP (—), respectively).
Addition of ATP in the polymerization mixture allows measure-
ment of the net sum of DNA polymerization and ATP-based
excision activities. (B) Time dependence of ATP-based rescue of
TFV-terminated primers. (C) ATP-based rescue was dependent on
concentration of ATP.
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Abstract

4’-Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) is the most potent inhibitor of HIV reverse transcriptase (RT).
We have recently named EFdA a Translocation Defective RT Inhibitor (TDRTI) because after its incorporation
in the nucleic acid it blocks DNA polymerization, primarily by preventing translocation of RT on the
template/primer that has EFdA at the 3’-primer end (T/Pgrqa). The sugar ring conformation of EFdA may also
influence RT inhibition by a) affecting the binding of EFdA triphosphate (EFdATP) at the RT active site and/or
b) by preventing proper positioning of the 3’-OH of EFdA in T/Pgrs that is required for efficient DNA
synthesis. Specifically, the North (C2’-ex0/C3’-endo), but not the South (C2’-endo/C3’-exo0) nucleotide sugar
ring conformation is required for efficient binding at the primer-binding and polymerase active sites of RT. In
this study we use nuclear magnetic resonance (NMR) spectroscopy experiments to determine the sugar ring
conformation of EFdA. We find that unlike adenosine nucleosides unsubstituted at the 4’-position, the sugar
ring of EFdA is primarily in the North conformation. This difference in sugar ring puckering likely contributes
to the more efficient incorporation of EFAATP by RT than dATP. In addition, it suggests that the 3’-OH of
EFdA in T/Pggga is not likely to prevent incorporation of additional nucleotides and thus it does not contribute to
the mechanism of RT inhibition. This study provides the first insights into how structural attributes of EFdA
affect its antiviral potency through interactions with its RT target.

Key words: EFdA, Translocation Defective Reverse Transcriptase Inhibitors, Sugar Ring Conformation, Reverse
Transcriptase, HIV, Antivirals.
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which has long been considered a requirement for
inhibitors to be successful chain terminators.
Although this lack of a 3’-OH group promotes
effective chain termination, it imparts a negative
effect on the potency of the NRTI, including a
diminished binding affinity for the RT target and
decreased ability to be activated by cellular
kinases (12).

We reported previously that a group of
NRTIs with 4’-substitutions and a 3’-OH are
very effective at inhibiting both wild-type (WT)
and multi-drug resistant strains of HIV (18). The
most potent compound in this collection is 4’-
ethynyl-2-fluoro-2’-deoxyadenosine (EFdA), an
adenosine analog containing a 4’-ethynyl group
on the deoxyribose ring and a 2-fluoro group on
the adenine base (Figure 1). EFdA is able to
inhibit both WT and multi-drug resistant strains
of HIV several orders of magnitude more
efficiently than all other currently approved
NRTIs (22). Moreover, clinically-observed drug
resistant HIV strains are sensitive (38, 21), and in
some cases hypersensitive (17), to EFdA.
Recently, we have shown that EFdA acts
primarily as a chain terminator because it
prevents translocation of RT on the EFdA-
terminated primer after incorporation. Antiviral
compounds demonstrating this novel mechanism
of inhibition have been termed Translocation

Defective Reverse Transcriptase Inhibitors
(TDRTIs) (22).
NH2
N
2 N
OH < |
N o
(0] N F
— .
HC?
HO
Figure 1. The chemical structure of EFdA.
It has been demonstrated that the

conformation of the sugar ring affects the
biological activity of NRTIs (16, 30, 27, 20, 25,
4, 31, 2, 3). In solution, the structure of the
deoxyribose ring of nucleosides exists in a
dynamic equilibrium between the C2’-exo/C3’-
endo (North) and C2’-endo/C3’-exo (South)
conformations. It has previously been shown that
the sugar ring conformation of NRTIs is
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important for recognition by RT at both the
primer and dNTP binding sites. For efficient
DNA polymerization to occur, both the
nucleotide at the 3’-end of the primer and the
incoming dNTP or NRTI are required to be in the
North conformation. In the North conformation,
the 3°-OH of the nucleotide at the 3’-primer
terminus is properly positioned for in-line
nucleophilic attack on the o-phosphate of the
incoming ANTP or NRTI (Figure 2a). The North
conformation is also important for the incoming
dNTP or NRTI, because if the sugar ring were in
the South conformation, the 3’-OH would be
very close to Tyr115 of RT (d = 1.8 A), creating
unfavorable steric interactions between the
substrate and enzyme (Figure 2b) (20, 23, 2).

If EFdA were in the South conformation
after incorporation into the primer, then the 3’-
OH would not be properly positioned for in-line
nucleophilic attack on the a-phosphate of the
next incoming nucleotide, therefore contributing
to inefficient catalysis and inhibition of DNA
synthesis. In order to evaluate the influence of
these structural attributes on the antiviral
properties of EFdA, we carried out nuclear
magnetic  resonance (NMR)  spectroscopy
experiments using EFdA and the natural substrate
dA. The results of this study allow us to compare
the sugar ring puckering of EFdA and other
nucleoside analogs, such as 2’-fluoro-2’,3’-
dideoxynucleoside 5’-triphosphates (23), AZT,
ddl, ddA (26), and bicyclo[3.1.0]hexene
nucleosides (28), and determine if its structure 1)
is in the proper conformation for optimal
recognition by RT and 2) if it contributes to the
inhibition mechanism of HIV RT.

MATERIALS AND METHOD

Chemicals

The compound dA was purchased from Sigma-Aldrich
(St. Louis, MO). EFdA was provided by Yamasa
Corporation (Chiba, Japan). dg-Dimethyl sulfoxide (DMSO)
was purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA). All other materials were purchased from
Fisher Scientific (Pittsburgh, PA).

NMR Spectroscopy

One-dimensional '"H NMR spectra were collected in
10 °C increments from 20 to 50 °C on a Bruker Avance
DRX500 Spectrometer equipped with a 5mm HCN
cryoprobe. Both dA and EFdA were dissolved in ds-DMSO
to final concentrations of 2 — 4 mM. Spectra used for
coupling constant analysis were acquired with 64 scans and
33K data points with a sweep width of 4960 Hz and a
relaxation delay of 4.3 s. Spectra were processed with a line
broadening of 0.3 Hz. Coupling constants were read
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directly from the spectra for first-order resonances.
Complex multiplets were analyzed by spectral simulation
using SpinWorks 3.0 (19). Simulations were performed for
the spin systems on the deoxyribose ring only. RMS
deviations of calculated and experimental coupling constants
for both compounds were < 0.05 Hz.

Figure 2. The effect of sugar ring conformation in the HIV-
1 RT polymerase active site. The sugar ring conformation at
the 3’-primer end is required to be in the North (2’-exo0/3’-
endo) conformation (2a, dark gray) for successful in-line
nucleophilic attack of the o-phosphate of the incoming
dNTP or NRTI. The South (2’-endo/3’-exo0) (2a, green)
conformation of the sugar ring at the primer terminus
positions the 3’-OH away from the a-phosphate and thus
DNA polymerization is not as efficient. The preferred
conformation of the sugar ring of the incoming dNTP or
NRTI is the North conformation (2b, yellow). The South
conformation of the sugar ring of the incoming dNTP or
NRTI (2b, green) would result in a very short distance
between the 3’-OH and the aromatic ring of Tyr115 (red),
causing steric interactions with the enzyme. Coot (10) was
used to perform simple modeling of the 2’-endo/3’-exo
sugar ring conformations of the primer and dNTP using
structural coordinates from PDB Code 1RTD. Images were
generated using PyMOL (7).

Pseudorotational Analysis

Sugar ring conformations of dA and EFdA were
determined using the program PSEUROT 6.3 (13, 6, 36)
(acquired from Dr. Cornelis Altona, University of Leiden,
Netherlands). This version utilizes an improved generalized
Karplus equation, as described by Donders et al. (9), which
uses experimental data as a basis for the iterative calculation
of coupling constants. In the case of dA, the puckering
amplitude of the less favored conformation (¢,(N)) was held
constant during calculations. For EFdA, the puckering
amplitudes of both conformations were fixed during
calculation. RMS deviations of calculated and experimental
coupling constants for both compounds were <0.2 Hz.

Molecular Modeling

A model of the ternary complex of HIV-1 RT / DNA /
EFdA triphosphate (EFdATP) was built using the
coordinates of the crystal structure of the HIV-1 RT-DNA-
tenofovir diphosphate (TFVDP) complex (35). The
triphosphate of the EFAATP was built using the
corresponding atoms of TFVDP in the structure from PDB
code 1TO5 and of dTTP in PDB code IRTD (15). The
structure of the EFdATP was assembled from its
components using the sketch module of SYBYL 7.3 (34),
and minimized by the semi-empirical quantum chemical
method PM3 (33). After removing the TFVDP from 1T05,
the PM3 charges and the docking module of SYBYL 7.0
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were used to dock the EFdATP at the RT dNTP binding site
to give the ternary complex of HIV-1 RT / DNA / EFdATP.
The final complex structure was minimized for 100 cycles
using the AMBER force field with Coleman united charges
on the protein and DNA molecules.

RESULTS
NMR  Spectroscopy and  Pseudorotational
Analysis

To evaluate the sugar ring conformation of
dA and EFdA, one-dimensional "H NMR spectra
were collected over a range of temperatures for
both compounds. Coupling constants determined
from each spectrum were used to calculate the
structural parameters of the deoxyribose ring.
The changes in the value of each coupling
constant with temperature were examined for
both compounds, and these changes were used to
calculate the pseudorotational phase angle, P, and
the degree of maximum ring pucker, ¢, using
PSEUROT 6.3 (Table 1) (1).

Coupling constants between most of the
hydrogen atoms on the deoxyribose ring required
spectral simulation in order to be resolved. The
pseudorotational parameters listed in Table 1
were calculated with PSEUROT 6.3, which
assumes a two-state approximation (North and
South) and utilizes a generalized Karplus
equation combined with a non-linear Newton-
Raphson minimization process to examine the
conformational flexibility of five-membered
rings.  An iterative approach was used to
determine  the  optimal  pseudorotational
parameters Py, Ps, ¢n(N), and ¢,(S) in which
some of these parameters were fixed during
refinement.

The results of the conformational analysis of
dA demonstrate that the sugar ring heavily favors
the South conformation over the North
conformation in solution. This result is in
agreement with previous conformational studies
of dA (37, 11). On the other hand, the results of
the conformational analysis of EFdA show that
the sugar ring favors the North conformation in
solution (Figure 3). The value of Py is 38.7°,
which is just slightly outside of the range
observed for most typical nucleosides (Py = 0 —
36°) but still in the Northern hemisphere (1).
This observation is similar to that previously
reported for 4’-ethynyl-2’,3’-dideoxycytidine
(31). The value of Pg is 146.5°, which falls in the
range commonly observed for traditional
nucleosides (Ps = 144 — 180°). The values of
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Table 1. Summary of pseudorotational analysis.

*Root mean square deviation between experimental and

calculated coupling constants. °Parameter fixed during calculations.

Compound Py,deg  Ps,deg  ¢,(N), deg On(S), deg % N RMS error (Hz)"
dA 18.7 169.1 39.0° 31.1 23 0.034
EFdA 38.7 146.5 39.0° 39.0 75 0.197
Om(N) and ¢, (S) were fixed during calculations due to the 2- or 4’-substitutions in EFdA.

to 39°, the average value commonly observed for
purine-base nucleosides (1). This result suggests
that either the 4’-ethynyl, 2-fluoro, or both in
combination greatly influence the sugar ring
conformation of EFdA compared to the natural
substrate, dA.
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Figure 3. Dynamic equilibrium between the North and
South sugar ring conformations of EFdA in solution.

To understand the molecular basis of
importance of the sugar ring conformation for RT
recognition, we used our pre-catalytic RT / DNA
/ EFAATP ternary complex to assess the effect of
EFdA sugar ring conformation on the binding
interactions of the inhibitor with the polymerase
active site of the enzyme (Figure 4). In our
molecular model, the 4’-ethynyl group is
stabilized in a hydrophobic pocket formed by RT
residues Alall4, Tyrl115, Phel60, Met184, and
the aliphatic segment of Aspl185. With the 3°-
carbon in the North conformation, the 3’-OH is
able to fit nicely in the RT polymerase active site.
However, when the 3’-carbon of EFdATP is
placed in the South conformation, the 3’-OH
interacts sterically with the aromatic ring of
Tyrl15 (short distance of 1.8 A).

DISCUSSION

Our results show that EFdA has a
dramatically different sugar ring conformation
than dA. The equilibrium between the North and
South sugar ring conformations is shifted from
the preferred South conformation for the natural
substrate dA to the North conformation for
EFdA. It is not clear if the structural changes are
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However, it is likely that steric interactions
between the 4’-ethynyl and the 3°-OH disfavor
the South conformation of EFdA. This is
because the North conformation of the sugar ring
positions the 4’-ethynyl and the 3’-OH groups
farther apart than they would be in the South
conformation. However, even in the absence of
the 3’-OH, the sugar ring in the crystal structure
of 4'-ethynyl-2',3’-dideoxycytidine is also in the
North conformation (31). Hence, it appears that
in addition to steric interactions between the 3°-
OH and 4’-ethynyl, other factors contribute to the
propensity of 4’-ethynyl-substituted NRTIs to
have a sugar ring in the North conformation.

Figure 4. Stereo view of EFdATP (cyan) modeled in the
RT active site. The 3’-OH of EFdATP is in the North
conformation and is free of steric interactions with Tyrl15
(red sticks). The primer is in dark gray, the template in light
gray, the connection subdomain in yellow, and the palm
subdomain in red. The fingers subdomain was removed for
clarity. Image generated using PyMOL (7).

The NMR experiments confirm that EFdA is
primarily in the North conformation, rendering its
structure (and presumably the structure of its
active metabolite EFdATP) in the optimal
conformation for binding at the polymerase
active site of RT. While the natural substrate,
dA, favors the South conformation, the energy
barrier required to convert the sugar ring of dA to
the North conformation is very small,
approximately 1 kcal/mol (11). EFdA (and
presumably EFdATP) already favors the North
conformation and does not have to overcome this
energy barrier in order to bind to the primer.
This is likely a contributing factor in the more
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efficient incorporation of EFdATP into the
primer strand than dATP, contributing to the high
potency of the inhibitor as reported (22).

Molecular modeling studies were performed
with EFdATP to gain further insight into the
structural effects of the sugar ring conformation
on RT recognition. When EFdATP is positioned
in the nucleotide binding site prior to
incorporation into the primer, the importance of
the sugar ring puckering becomes apparent. With
the sugar ring of EFdATP positioned in the North
conformation, the 3’-OH is free of unfavorable
interactions with RT (particularly from steric
interactions with Tyr115) and fits perfectly in the
active site. In addition, the sugar ring geometry
of EFdA allows favorable interactions of the 4'-
ethynyl into a hydrophobic pocket defined by RT
residues All4, Y115, F160, M184 and the
aliphatic chain of D185. These interactions are
thought to contribute both to enhanced RT
utilization of EFdATP and difficulty in
translocation of 3'-terminal EFdAMP primers
(22).

Upon incorporation into the primer strand,
the position of the 3’-OH of the EFAAMP in the
North conformation is in perfect alignment for in-
line nucleophilic attack on the a-phosphate of the
next incoming dANTP.  Because the North
conformation of the sugar ring is heavily favored
over the South conformation for EFdA, this is
evidence that misalignment of the 3’-OH for
nucleophilic attack is not a contributing factor to
the chain termination mechanism of inhibition of
EFdA. While the sugar ring conformation of the
3’-terminal EFdAMP is in the North
conformation, which favors incorporation of the
next dNTP, this step cannot occur because of the
inability of RT to translocate from the nucleotide
binding site. This further supports the
observation that the inability of RT to translocate
after EFdA incorporation is the primary
mechanism of inhibition (22).

Slight changes in the chemical composition
of adenosine analogs have a pronounced effect on
the efficiency of TDRTIs in blocking HIV
replication. In particular, substitutions at the 4’-
position of the deoxyribose ring and the 2-
position of the adenine base favor structural
conformations of EFdA that improve its
interactions with the RT target, thereby
enhancing its antiviral potency.
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Small molecules behaving as CD4 mimics were previously reported as HIV-1 entry inhibitors that block
the gp120-CD4 interaction and induce a conformational change in gp120, exposing its co-receptor-bind-
ing site. A structure-activity relationship (SAR) study of a series of CD4 mimic analogs was conducted to
investigate the contribution from the piperidine moiety of CD4 mimic 1 to anti-HIV activity, cytotoxicity,
and CD4 mimicry effects on conformational changes of gp120. In addition, several hybrid molecules
based on conjugation of a CD4 mimic analog with a selective CXCR4 antagonist were also synthesized
and their utility evaluated.

© 2010 Elsevier Ltd. All rights reserved.

The infection of host cells by HIV-1 takes place in multiple steps
via a dynamic supramolecular mechanism mediated by two viral
envelope glycoproteins (gp41, gp120) and several cell surface pro-
teins (CD4, CCR5/CXCR4).! Cell penetration begins with the inter-
action of gp120 with the primary receptor CD4. This induces
conformational changes in gp120, leading to the exposure of its
V3 loop allowing the subsequent binding of gp120 to a co-receptor,
CCR52 or CXCR4.2

N-(4-Chlorophenyl)-N'-(2,2,6,6-tetramethyl-piperidin-4-yl)ox-
alamide (NBD-556: 1) and the related compounds NBD-557 (2)
and YYA-021 (3) have been identified as a novel class of HIV-1 en-
try inhibitors, which exert potent cell fusion and virus cell fusion
inhibitory activity at low micromolar levels (Fig. 1).* Furthermore,
compound 1 can also induce thermodynamically favored confor-
mational changes in gp120 similar to those caused by CD4 bind-
ing. The X-ray crystal structure of gp120 complexed with CD4
revealed the presence of a hydrophobic cavity, the Phe43 cavity,
which is penetrated by the aromatic ring of Phe* of CD4.%> Molec-
ular modeling revealed that compound 1 is also inserted into the
Phe43 cavity, the para-chlorophenyl group of 1 entering more dee-
ply than the phenyl ring of Phe*® of CD4 and interacting with the
conserved gp120 residues such as Trp*?”, Phe®®2, and Trp'12.% The
modeling also suggested that an oxalamide linker forms hydrogen
bonds with carbonyl groups of the gp120 backbone peptide bonds.
Our model of 1 docked into gp120 revealed that eight other gp120

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0960-894X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2010.07.106

residues, Val?>®, Asp3%, GIu?7°, Ser®”®, 1le*?4, Trp*?’, Val**°, and
Val*’? are located within a 4.4 A-radius of 1 and that a large cavity
exists around the p-position of the aromatic ring of 1.*¢ Based on
these observations, we conducted a structure-activity relationship
(SAR) study of a series of analogs of CD4 mimics with substituents
at the p-position of the aromatic ring. This study revealed that a
certain size and electron-withdrawing ability of the substituents
are indispensable for potent anti-HIV activity.*¢

Although several reported SAR studies of 1 have revealed the
contributions of the phenyl ring and the oxalamide linker of 1 to
the binding affinity with gp120, the anti-HIV activity and the
CD4 mimicry on conformational changes of gp120, there has been,
to the best of our knowledge, no prior report describing SAR stud-
ies of the piperidine ring of 1. In this paper, the contributions of the
piperidine ring of 1 to the anti-HIV activity, CD4 mimicry and cyto-
toxicity were investigated through the SAR studies focused on the
piperidine ring of 1. Furthermore, to apply the utility of CD4 mim-
ics to the development of potent anti-HIV agents, a series of the

0] NH

Figure 1. NBD-556 (1) and related compounds.
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hybrid molecules that combined CD4 mimic analogs with a selec-
tive CXCR4 antagonist were also synthesized and bioevaluated.
For the design of novel CD4 mimic analogs, we initially tried to
directly derivatize the nitrogen atom of piperidine group. However,
direct alkylation and acylation of 1 failed probably as a result of
steric hindrance from the methyl groups on the piperidine ring
so we synthesized several derivatives lacking the methyl groups
and evaluated their anti-HIV activity, cytotoxicity, and ability to
mimic CD4. According to the previous SAR study,*® the p-Cl (4),
p-Br (5) and p-methyl derivatives (6) lacking the methyl groups
on the piperidine ring were prepared. Compounds 4-6 were syn-
thesized by published methods as shown in Scheme 1. Briefly, cou-
pling of aniline derivatives with ethyl chloroglyoxalate in the
presence of EtsN and subsequent saponification gave the corre-
sponding acids (10-12). Condensation of these acids with 4-ami-
no-N-benzylpiperidine in the presence of EDC-HOBt system,
followed by debenzylation under von Braun conditions with 1-
chloroethyl choroformate® produced the desired compounds 4-6.”
The anti-HIV activity of each of the synthetic compounds was
evaluated against MNA (R5) strain, with the results shown in Table
1. ICsp values were determined by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) method® as the con-
centrations of the compounds which conferred 50% protection
against HIV-1-induced cytopathogenicity in PM1/CCRS5 cells. Cyto-
toxicity of the compounds based on the viability of mock-infected
PM1/CCRS5 cells was also evaluated using the MTT method. CCsq
values, the concentrations achieving 50% reduction of the viability
of mock-infected cells, were also determined. Compounds 1 and 3
showed potent anti-HIV activity. The anti-HIV ICso of compound 2
was previously reported to be comparable to that of compound 1,

(0]
NH, H
ab N
= T
(0]
R R
) )

7(R=Cl 10 (R=Cl
8 (R=Br) 11 (R=Br)
9 (R = Me) 12 (R = Me)

c,d
THLN

Scheme 1. Synthesis of compounds 4-6. Reagents and conditions: (a) ethyl
chloroglyoxylate, Et;N, THF; (b) 1 M aq NaOH, THF, 67%-quant.; (c) 1-benzyl-4-
aminopiperidine, EDC-HCl, HOBt-H,0, EtsN, THF; (d) (i) 1-chloroethyl chlorofor-
mate, CH,Cl,; (ii) MeOH, 8-47%.

Table 1
Effects of the methyl groups on anti-HIV activity and cytotoxicity of CD4 mimic
analogs®

Compd R 1Cs0 (uM) CCsp (uM)
MNA (R5)
1 cl 12 110
2 Br ND 93
3 Me 15 210
a4 Cl 8 100
5 Br 6 50
6 Me 20 190

¢ All data with standard deviation are the mean values for at least three inde-
pendent experiments (ND = not determined).

and thus was not determined in this study. Novel derivatives 4 and
6 without the methyl groups on the piperidine ring, showed signif-
icant anti-HIV activity comparable to that of the parent compounds
1 and 3, respectively. The p-methyl derivative 6 has slightly lower
activity than the p-Cl derivative 4 and the p-Br derivative 5. These
results are consistent with our previous SAR studies on the parent
compounds 1-3. Compound 5 was found to exhibit relatively
strong cytotoxicity (CCso =50 uM) and compounds 4 and 6 have
cytotoxicities comparable to that of compounds 1 and 3, respec-
tively. This observation indicates that the methyl groups on the
piperidine ring do not contribute significantly to the anti-HIV
activity or the cytotoxicity.

Compound 1 and the newly synthesized derivatives 4-6 were
also evaluated for their effects on conformational changes of
gp120 by a fluorescence activated cell sorting (FACS) analysis.
The profile of binding of an anti-envelope CD4-induced monoclo-
nal antibody (4C11) to the Env-expressing cell surface (an R5-
HIV-1 strain, JR-FL, -infected PM1 cells) pretreated with the above
derivatives was examined. Comparison of the binding of 4C11 to
the cell surface was measured in terms of the mean fluorescence
intensity (MFI), as shown in Figure 2. Pretreatment of the Env-
expressing cell surface with compound 1 (MFI =53.66) produced
a significant increase in binding affinity for 4C11, consistent with
that reported previously.*® This indicates that compound 1 en-
hances the binding affinity of gp120 with the 17b monoclonal anti-
body which recognizes CD4-induced epitopes on gp120. The Env-
expressing cells without CD4 mimic-pretreatment failed to show
significant binding affinity to 4C11. On the other hand, the profiles
of the binding of 4C11 to the Env-expressing cell surface pretreated
with compound 4 (CI derivative) and 5 (Br derivative) (MFI = 49.88
and 52.34) were similar to that of compound 1. Pretreatment of the
cell surface with compound 6 (Me derivative) (MFI = 45.99) pro-
duced slightly lower enhancement but significant levels of binding
affinity for 4C11, compared to that of compound 1 as pretreat-
ments. These results suggested that the removal of the methyl
groups on the piperidine moiety might not affect the CD4 mimicry
effects on conformational changes of gp120 and it was conjectured
that the phenyl ring of CD4 mimic might be a key moiety for the
interaction with gp120 to induce the conformational changes of
gp120. This is consistent with the results in the previous paper
where it was reported that CD4 mimics having suitable substitu-
ent(s) on the phenyl ring cause a conformational change, resulting
in external exposure of the co-receptor-binding site of gp120.%¢

Based on these results, a series of N-alkylated and N-acylated
piperidine derivatives 13-18 with no methyl groups were prepared.
Several compounds with 6-membered rings were also prepared to
determine whether or not the piperidine ring is mandatory. The
synthesis of these derivatives is shown in Scheme 2. Since the p-Cl
derivative 4 showed potent anti-HIV activity and relatively low
cytotoxicity, compared to the p-Br derivative 5, chlorine was se-
lected as the substituent at the p-position of the phenyl ring. The
N-methyl derivative 13 was synthesized by coupling of 10 with
4-amine-1-methylpiperidine. Alkylation of 4 with tert-butyl bromo-
acetate, followed by deprotection of tert-butyl ester provided com-
pound 14. The N-isopropyl derivative 15 was prepared by
reductive amination of 4 with isopropyl aldehyde. The N-acyl deriv-
atives 16-18 were prepared by simple acylation or condensation
with the corresponding substrate. The synthesis of other derivatives
19-23 with different 6-membered rings is depicted in Scheme 3. The
6-membered ring derivatives with the exception of 21 were pre-
pared by coupling of acid 10 with the corresponding amines. Com-
pound 21 was prepared by reaction of 10 with thionyl chloride to
give the corresponding acid chloride, which was subsequently cou-
pled with 4-aminopyridine.

Compounds 1, 3, and 13-18 were evaluated for their CD4 mim-
icry effects on conformational changes of gp120 by the FACS anal-
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Figure 2. FACS analysis of compounds 1 and 4-6. JR-FL (R5, Sub B) chronically infected PM1 cells were preincubated with 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 goat anti-human IgG antibody
was used for antibody-staining. Flow cytometry data for the binding 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 independent experiments. The
number at the bottom of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.
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Scheme 2. Synthesis of N-alkylated and N-acylated piperidine derivatives 13-18.
Reagents and conditions: (a) 4-amine-1-methylpiperidine, EDC-HCI, HOBt-H,0,
EtsN, THF, 16%; (b) (i) tert-butyl bromoacetate, NaH, DMF; (ii) TFA, 6%; (c)
isobutylaldehyde, NaBH(OAc);, AcOH, DCE, quant.; (d) acetyl chloride, EtsN, DMF,
quant.; (e) succinic anhydride, EtsN, THF, 37%; (f) isobutyric acid, EDC-HCI,
HOBt-H;0, Et3N, THF, 95%.
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Scheme 3. Synthesis of 6-membered ring derivatives 19-23. Reagents and condi-
tions: (a) the corresponding amine, EDC-HCl, HOBt-H,0, Et3N, THF, 22%-quant.; (b)
4-aminopyridine, SOCl,, MeOH, 38%.

ysis, and the results are shown in Figure 3. Pretreatment of the
Env-expressing cells with the N-substituted compounds 13, 15,
16, and 18 produced a notable increase in binding affinity to

4C11, similar to that observed in the pretreatment with compound
1. The profile of the binding of 4C11 to the cell surface pretreated
with compounds 14 and 17 was similar to that of controls, suggest-
ing that these derivatives offer no significant enhancement of bind-
ing affinity for 4C11 and that the carboxylic moiety in the terminal
of piperidine ring is not suited to CD4 mimicry. It is hypothesized
that the carboxylic moieties of compounds 14 and 17 might pre-
vent the interaction of CD4 mimic with gp120 by their multiple
contacts with side chain(s) of amino acid(s) around the Phe43 cav-
ity, such as Asp®®® and Glu*’°. Replacement of the piperidine moi-
ety with the different 6-membered rings resulted in a significant
loss of binding affinity for 4C11 in the FACS analysis of compound
19-23 (MFI(19) = 11.44, MFI(20) = 12.84, MFI(21) = 12.47, in MFI
(blank) = 11.34; MFI(22)=26.67, MFI(23)=20.21, in MFI(blank) =
26.79, data not shown), indicating a significant contribution from
the piperidine ring which interacts with gp120 inducing conforma-
tional changes.

In view of their ability to induce conformational changes of
gp120, the anti-HIV activity and cytotoxicity of the piperidine
derivatives 13-18 were further evaluated, with the results shown
in Table 2. The anti-HIV activity of the synthetic compounds was
evaluated against various viral strains including both laboratory
and primary isolates and ICsy and CCso values were determined
as those of compounds 4-6. The N-methylpiperidine compound
13, was not found to possess significant anti-HIV activity against
a primary isolate, but was found to possess moderate anti-HIV
activity against a laboratory isolate, a IlIB strain (ICsg =67 pM).
Anti-HIV activity was not observed however, even at concentra-
tions of 100 uM of 13 against an 89.6 strain. The potency was
approximately eight-fold lower than that of the parent compound
1 (ICso = 8 uM), indicating a partial contribution of the hydrogen
atom of the amino group of the piperidine ring to the bioactivity
of CD4 mimic. Although compound 15, with an N-isobutylpiperi-
dine moiety, failed to show significant anti-HIV activity against
laboratory isolates, relativity potent activity was observed against
a primary isolate, an MTA strain (IC5o = 28 uM). Compounds 16 and
18, which are N-acylpiperidines, were tested against laboratory
isolates and significant anti-HIV activity was not observed even
at 100 uM. Compounds 14 and 17, with the carboxylic moieties,
failed to show significant anti-HIV activity against laboratory iso-
lates even at 100 uM, which are compatible with the FACS analysis.
These results suggest that the N-substituent on the piperidine ring
of CD4 mimic analogs may contribute to a critical interaction re-
quired for binding to gp120. Compounds 19-23 showed no signif-
icant anti-HIV activity against a IIIB strain even at 100 uM, which
are compatible with the FACS analysis (data not shown).

All but one of the compounds 13-18 have no significant cyto-
toxicity to PM1/CCR5 cells (CCsp =260 uM); the exception is
compound 18 (CCso =45 nuM). Compounds 13 and 15 show rela-
tively potent anti-HIV activity without significant cytotoxicity.
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Figure 3. FACS analysis of compounds 1, 3, and 13-18. The experimental procedures are described in Figure 2. The lanes of (a), (b) and (c) show independent experiments.
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Table 2
Anti-HIV activity and cytotoxicity of compounds 13-18*
Compd R 1Cs50 (M) CCso (M)
Laboratory isolates Primary isolates
11IB (X4) 89.6 (dual) MTA (R5)
1 8 10 ND 150
4 H ND ND ND 100
13 Me 67 >100 ND >300
14 CH,CO,H >100 ND ND 260
15 iBu >100 ND 28 >300
16 Ac >100 >100 ND >300
17 C(0)CH,CH,CO,H >100 >100 ND >300
18 C(0)iPr >100 ND ND 45

@ All data with standard deviation are the mean values for at least three independent experiments.

The results for 15 showed it to have 3-6 times less cytotoxicity
than 4 and 18. This observation indicates that the alkylation of
the piperidine nitrogen may be favorable because it lowers the
cytotoxicity of CD4 mimic analogs.

In the course of the SAR studies on CD4 mimic analogs, we have
already found that a CD4 mimic or sCD4 exhibited a remarkable
synergistic effect*® with a 14-mer peptide CXCR4 antagonist
T140.° This result indicates that the interaction of CD4 mimic with
gp120 could facilitate the approach of CXCR4 to gp120 by exposing
the co-receptor binding site of gp120. It was thought that the CD4
mimic analogs conjugated with a selective CXCR4 antagonist might
as a consequence show a higher synergistic effect for the improve-
ment of anti-HIV activity. In this context, efforts were made to syn-
thesize and bioevaluate hybrid molecules that combined a CD4
mimic analog with 4F-benzoyl-TZ14011, which is a derivative of
T140 optimized for CXCR4 binding and stability in vivo.!®

The synthesis of hybrid molecules 27-29 is outlined in Scheme
4, To examine the influence of the linker length on anti-HIV activity
and cytotoxicity, three hybrid molecules with linkers of different

lengths were designed. Based on the fact that alkylation of the
piperidine nitrogen, having no deleterious effects on bioactivity,
is an acceptable modification of CD4 mimic analogs, the alkyla-
mine moiety was incorporated into the nitrogen atom of the piper-
idine moiety to conjugate CD4 mimic analogs with 4F-benzoyl-
TZ14011. Reductive alkylation of 4 with N*-Boc-pyrrolidin-2-ol
24, which exists in equilibrium with the corresponding aldehyde,
and successive treatment with TFA and HCl/dioxane provided the
amine hydrochloride 25. Treatment of 25 with succinic anhydride
under basic condition gave the corresponding acid 26, which was
subjected to condensation with the side chain of p-Lys® of 4F-ben-
zoyl-TZ14011 in an EDC-HOBt system to give the desired hybrid
molecule 27 with a tetramethylene linker.'" Other hybrid mole-
cules 28 and 29 bearing hexa- and octamethylene linkers, respec-
tively, were prepared using the corresponding aldehydes 30 and
31.

The assay results for these hybrid molecules 27-29 are shown
in Table 3. To investigate the effect of conjugation of two molecules
on binding activity against CXCR4, the inhibitory potency against
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Scheme 4. Synthesis of hybrid molecules 27-29. Reagents and conditions: (a) NaBH(OAc);, AcOH, DCE; (b) TFA, then 4 M HCl/1,4-dioxane; (c) succinic anhydride, pyridine,
DMF, then 4 M HCl/1,4-dioxane; (d) 4F-benzoyl-TZ14011, EDC-HCI, HOBt-H,0, Et;N, DMF. Nal = 1-3-(2-naphthyl)alanine, Cit = L-citrulline.

Table 3
CXCR4-binding activity, anti-HIV activity and cytotoxicity of hybrid molecules 27-29*

Compd ECso® (UM)  ICso° (uM)  CCso? (uM)  SI (CCso/ICs0)
4F-benzoyl- 0.0059 0.0131 ND ND
TZ14011

1 (NBD-556) ND 0210 ND 19.2¢

27 (C4) 0.0044 00509 860 169

28 (C6) 0.0187 0.0365 8.00 219

29 (C8) 0.0071 0.0353 8.60 244

AZT ND 0.0493 ND ND

2 All data with standard deviation are the mean values for at least three inde-
pendent experiments.

b ECso values are based on the inhibition of ['?°I]-SDF-1a binding to CXCR4
transfectants of CHO cells.

¢ ICsp values are based on the inhibition of HIV-1-induced cytopathogenicity in
MT-2 cells.

4 CCsp values are based on the reduction of the viability of mock-infected MT-2
cells.

€ This value is based on the CCsg and ICsq values from Table 1.

binding of ['?°1]-SDF-1a to CXCR4 was measured. All the hybrid
molecules 27-29 significantly inhibited the SDF-1a binding to
CXCR4. The corresponding ECsg values are: ECs(27) = 0.0044 pM;
EC50(28) = 0.0187 uM; ECs0(29)=0.0071 pM. These potencies are
comparable to that of 4F-benzoyl-TZ14011 (ECso = 0.0059 puM),
indicating that introduction of the CD4 mimic analog into the
p-Lys® residue of 4F-benzoyl-TZ14011 does not affect binding
activity against CXCR4. Comparison of the binding activities of
27-29 showed that all hybrid molecules were essentially equipo-
tent in inhibition of the binding of SDF-1a to CXCR4. This observa-
tion indicates that the linker length between two molecules has no
effect on the binding inhibition.

Anti-HIV activity based on the inhibition of HIV-1 entry into the
target cells was examined by the MTT assay using a I1IB(X4) strain.
In this assay, the 1Csq value of 4F-benzoyl-TZ14011 was 0.0131 puM.
All hybrid molecules 27-29 showed significant anti-HIV activity
[ICs0(27) = 0.0509 pM;  ICs0(28) = 0.0365 UM;  ICs0(29) = 0.0353
uM]; however, the potency was 2- to 4-fold lower than that of
the parent compound 4F-benzoyl-TZ14011, indicating that the
conjugation of CD4 mimic with a CXCR4 antagonist did not provide
a significant synergistic effect. In view of the fact that the combina-
tional uses of CD4 mimic with T140 produced a highly remarkable

synergistic effect, the lower potency of hybrid molecules may be
attributed to the inadequacy in the structure and/or the characters
of the linkers. All the hybrid molecules 27-29 have relatively strong
cytotoxicity [CCso(27) =8.6 utM; CCso(28)=8.0 uM; CCs0(29) =
8.6 LM]. However, selectivity indexes (SI = CCso/ICs0) were 169 for
27, 219 for 28, and 244 for 29, all 9-13 times higher than that of 1
(SI'=9.2). This result indicates that conjugation of a CD4 mimic ana-
log with a selective CXCR4 antagonist can improve the SI of CD4
mimic.

The SAR study of a series of CD4 mimic analogs was conducted
to investigate the contribution of the piperidine moiety of 1 to
anti-HIV activity, cytotoxicity, and CD4 mimicry on conformational
changes of gp120. The results indicate that (i) the methyl groups
on the piperidine ring of 1 have no great influence on the activities
of CD4 mimic; (ii) the presence of piperidine moiety is important
for the CD4 mimicry; and (iii) N-substituents of the piperidine
moiety contribute significantly to anti-HIV activity and cytotoxic-
ity, as observed with N-alkyl groups such as methyl and isobutyl
groups which show moderate anti-HIV activity and lower
cytotoxicity.

Several hybrid molecules based on conjugation of a CD4 mimic
with a selective CXCR4 antagonist were also synthesized and bio-
evaluated. All the hybrid molecules showed significant binding
activity against CXCR4 comparable to the parent antagonist and
exhibited potent anti-HIV activity. Although no significant syner-
gistic effect was observed, conjugation of a CD4 mimic with a
selective CXCR4 antagonist might lead to the development of novel
type of CD4 mimic-based HIV-1 entry inhibitors, which possess
higher selective indexes than a simple CD4 mimic. These results
will be useful for the rational design and synthesis of a new type
of HIV-1 entry inhibitors. Further structural modification studies
of CD4 mimic are the subject of an ongoing project.
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The synthesis of a hybrid molecule 27: To the solution of compound 26
(2.6 mg, 4.6 pmol) in DMF (1.0 mL), Et5N (26 pL, 92 pumol), HOBt-H,0 (3.5 mg,
23 umol) and EDCI-HCI (4.5 mg, 23 pmol) were added with stirring at 0 °C, and
stirred for 1h at room temperature. To the mixture 4F-benzoyl-TZ14011
(15 mg, 4.1 pmol) was then added and the mixture was stirred for 24 h at room
temperature under N, atmosphere. After concentration under reduced
pressure, the residue was purified by reversed phase HPLC (tg=23 min,
elution: a linear gradient of 27-31% acetonitrile containing 0.1% TFA over
30 min) to afford a fluffy white powder of the desired compound 27 (1.3 mg,
9.8%). LRMS (ESI), m/z 2621.20 [M+H]", calcd 2620.25.
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N-(4-Chlorophenyl)-N'-(2,2,6,6-tetramethyl-piperidin-4-yl)-oxalamide (NBD-556) is a low-molecular-weight
compound that reportedly blocks the interaction between human immunodeficiency virus type 1 (HIV-1) gp120
and its receptor CD4. We investigated whether the enhancement of binding of anti-gp120 monoclonal anti-
bodies (MAbs) toward envelope (Env) protein with NBD-556 are similar to those of soluble CD4 (sCD4) by
comparing the binding profiles of the individual MAbs to Env-expressing cell surfaces. In flow cytometric
analyses, the binding profiles of anti-CD4-induced epitope (CD4i) MAbs toward NBD-556-pretreated Env-
expressing cell surfaces were similar to the binding profiles toward sCD4-pretreated cell surfaces. To inves-
tigate the binding position of NBD-556 on gp120, we induced HIV-1 variants that were resistant to NBD-556
and sCD4 in vitro. At passage 21 in the presence of 50 pM NBD-556, two amino acid substitutions (S375N in
C3 and A433T in C4) were identified. On the other hand, in the selection with sCD4, seven mutations (E211G,
P212L, V255E, N280K, S375N, G380R, and G431E) appeared during the passages. The profiles of the muta-
tions after the selections with NBD-556 and sCD4 were very similar in their three-dimensional positions.
Moreover, combinations of NBD-556 with anti-gp120 MAbs showed highly synergistic interactions against
HIV-1. We further found that after enhancing the neutralizing activity by adding NBD-556, the contempora-
neous virus became highly sensitive to antibodies in the patient’s plasma. These findings suggest that small

compounds such as NBDs may enhance the neutralizing activities of CD4i and anti-V3 antibodies in vivo.

Human immunodeficiency virus type 1 (HIV-1) replicates
continuously in the face of a strong antibody (Ab) response,
although Abs effectively control many viral infections (3). Neu-
tralizing Abs (NAbs) are directed against the HIV-1 envelope
(Env) protein, which is a heterodimer comprising an exten-
sively glycosylated CD4-binding subunit (gp120) and an asso-
ciated transmembrane protein (gp4l). Env proteins are
present on the virion surface as “spikes” composed of trimers
of three gp120-gp41 complexes (20, 21, 29). These spikes resist
neutralization through epitope occlusion within the oligomer,
extensive glycosylation, extension of variable loops from the
surface of the complex, and steric and conformational blocking
of receptor binding sites (16, 18, 20).

Ab access to conserved regions is further limited because
viral entry is a stepwise process involving conformational
changes that lead to only transient exposure of conserved do-
mains such as the coreceptor binding site (4, 5). However,
some early strains of HIV-1 appear to be highly susceptible to
neutralization by Abs (1, 10). For instance, subtype A HIV-1
envelopes from the early stage of infection exhibit a broad
range of neutralization sensitivities to both autologous and
heterologous plasma (1), suggesting that at least a subset of the
envelopes have some preserved and/or exposed neutralization
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epitopes. It is well known that the potential for neutralizing
properties of particular Abs is enhanced after binding of sol-
uble CD4 (sCD4), especially NAbs against CD4-induced
epitopes (CD4i Abs) (27) and some anti-V3 Abs (22). CD4i
Abs are detected in plasma samples from many patients at an
early stage of HIV-1 infection (9). Consequently, we hypoth-
esize that small compounds such as sCD4 can enhance the
neutralizing activities of CD4i Abs and some anti-V3 Abs not
only in vitro but also in vivo.

In a previous report, two low-molecular-weight compounds
that presumably interfere with viral entry of HIV-1 into cells
were described (35). These two N-phenyl-N’-(2,2,6,6-tetra-
methyl-piperidin-4-yl)-oxalamide analogs, NBD-556 and NBD-
557, comprise a novel class of HIV-1 entry inhibitors that block
the interaction between gp120 and CD4. These compounds
were found to be equally potent inhibitors of both X4 and RS
viruses in CXCR4- and CCRS-expressing cell lines, respec-
tively (35). Schon et al. (25) also reported that NBD-556 binds
to gp120 in a process characterized by a large favorable change
in enthalpy that is partially compensated for by a large unfa-
vorable entropy change, representing a thermodynamic signa-
ture similar to that observed for binding of sCD4 to gp120. In
a recent study, Madani et al. (23) reported the following find-
ings: (i) NBD-556 binds within the Phe43 cavity, a highly con-
served and functionally important pocket formed as gp120
assumes the CD4-bound conformation; (i) the NBD-556 phe-
nyl ring projects into the Phe43 cavity; (iii) the enhancement of
CD4-independent infection by NBD-556 requires the induc-
tion of conformational changes in gp120; and (iv) increased
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affinities of NBD-556 analogs toward gp120 improve the anti-
viral potency during infection of CD4-expressing cells. The
latter two studies demonstrated that low-molecular-weight
compounds such as NBDs can induce conformational changes
in the HIV-1 gp120 glycoprotein similar to those observed
upon sCD4 binding (23, 25). The authors of these studies
concluded that their data supported the importance of gp120
residues near the Phe43 cavity in binding to NBD-556 and lent
credence to the docked binding mode.

In the present study, we investigated the binding position of
NBD-556 on gp120 by inducing HIV-1 variants that were re-
sistant to NBD-556 by exposing HIV-1,;;5 to increasing con-
centrations of the compound in vitro. We also induced sCD4-
resistant HIV-1,;; variants and compared the profile of the
sCD4-resistant mutations to that of the NBD-556-resistant mu-
tations. We subsequently examined the virological properties
of pseudotyped HIV-1 clones carrying the NBD-556 and sCD4
resistance-associated env gene mutations. Our findings provide
a foundation for understanding the interaction of NBD-556
with the CD4-binding site of HIV-1 gp120. We also evaluated
the anti-HIV-1 interactions between plasma NAbs and NBD-
556 in vitro and considered the possibility of using the data as
a key to opening the shield covering the conserved epitopes
targeted by NAbs.

(This study was presented in part at the 15th Conference on
Retroviruses and Opportunistic Infection, Boston, MA, 3 to 6
February 2008 [Abstract 736].)

MATERIALS AND METHODS

Cells, culture conditions, and reagents. The CD4-positive T-cell line PM1 was
maintained in RPMI 1640 (Sigma, St. Louis, MO) supplemented with 10%
heat-inactivated fetal calf serum (FCS; HyClone Laboratories, Logan, UT), 50 U
of penicillin/ml, and 50 pg of streptomycin/ml. PM1/CCRS5 cells were generated
by standard retrovirus-mediated transduction of PM1 cells with pBABE-CCRS
provided by the National Institutes of Health AIDS Research and Preference
Reagent Program (NIH ARRRP) (24, 34). PM1/CCRS cells were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FCS, 50 U of peni-
cillin/ml, 50 pg of streptomycin/ml, and 0.1 mg of G418 (Invitrogen, Carlsbad,
CA)/ml. The TZM-bl cell line was obtained from the NIH ARRRP and
maintained in Dulbecco modified Eagle medium (Sigma) supplemented with
10% FCS.

NBD-556 (molecular weight, 337.84) and YYA-004 (molecular weight,
303.4), which has the same structure as JRC-1-300 (23), were synthesized as
previously described (23, 25, 30). KD-247 (12), 3E4, and 0.5y (unpublished)
are anti-gp120-V3 monoclonal Abs (MAbs). 17b (27), 4C11, and 4E9C (un-
published) are MAbs against CD4-induced epitopes (CD4i Abs). 17b, 2G12
(a MAD against the gp120 glycan), and b12 (a MAb against the CD4-binding
site [CD4bs] epitope) were provided by the NIH ARRRP. The 0.58 antibody
established in our laboratory is an anti-CD4bs MAb (unpublished results).
RPA-T4 (an anti-CD4 MAb) was purchased from BD Biosciences Pharmin-
gen (San Jose, CA). Recombinant human sCD4 was purchased from R&D
Systems, Inc. (Minneapolis, MN).

MAbs 3E4, 0.5y, 0.58, 4C11, and 4E9C were human MAbs established from a
patient with long-term nonprogressive illness. B cells from the patient’s periph-
eral blood mononuclear cells (PBMC) were transformed by Epstein-Barr virus,
followed by cloning. Culture supernatant from an individual clone was screened
for reactivity to gp120sy, by enzyme-linked immunosorbent assay (ELISA). The
specificity of the antibodies was determined by gp120 capture ELISA and fluo-
rescence-activated cell sorting analysis of HIV-1;5 g -infected PM1 cells in the
presence or absence of sCD4. The binding specificity was further assessed by an
ELISA using peptides corresponding to the V3 sequence of various isolates.
Based on these binding data, we classified them as follows: V3 MAbs, 3E4 and
0.5; CD4bs MADb, 0.58; and CD4i MAbs, 4C11 and 4E9C.

The laboratory-adapted HIV-1 strains HIV-1ggs, HIV-1p,, HIV-l1gg4,
HIV-1;g g, and HIV-1yy;, were propagated in phytohemagglutinin-activated
PBMC. These viruses were then passaged in PM1/CCRS cells, and the culture
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supernatants were stored at —150°C prior to use. RS primary HIV-1 isolates
(HIV-1py 4, HIV-1p, 5, HIV-1p, 5, and HIV-1p,,) were isolated from four Japa-
nese patients in our laboratory. All patients were at a stage of chronic infection.
HIV-1p 4, HIV-1p 3, and HIV-1p, , were isolated from drug-naive patients, and
HIV-1p,, was isolated from a drug-experienced patient and passaged in phyto-
hemagglutinin-activated PBMC. Infected PBMC were cocultured with PM1/
CCRS5 cells for 4 to 5 days, and the culture supernatants were stored at —150°C
until used. Nucleotide sequences of the gp120 from the four primary isolates
were deposited in the DNA Data Bank of Japan under accession numbers
AB553911 to AB553914.

Susceptibility assay. The sensitivities of six laboratory-adapted viruses, four
primary isolates, and HIV-1;;5 viruses passaged in the presence of sCD4 or
NBD-556 were determined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay as previously described with minor modifications
(31). Briefly, PM1/CCRS cells (2 X 10° cells/well) were exposed to 100 times the
50% tissue culture infective dose (TCIDs,) of the viruses in the presence of
various concentrations of sCD4 or NBD-556 in 96-well round-bottom microcul-
ture plates, followed by incubation at 37°C for 7 days. After removal of 100 pl of
the medium, 10 pl of MTT solution (7.5 mg/ml) in phosphate-buffered saline
(PBS) was added to each well. The plate was then incubated at 37°C for 3 h.
Subsequently, the produced formazan crystals were dissolved by adding 100 l of
acidified isopropanol containing 4% (vol/vol) Triton X-100 to each well. The
optical densities at a wavelength of 570 nm were measured in a microplate
reader. All assays were performed in duplicate or triplicate. We also determined
the concentration for 50% cytotoxicity (CCs) by using the MTT assay.

The sensitivities of the HIV-1p, 5 primary isolate to KD-247 (anti-V3 MAb),
4E9C (CD4i MADb), and autologous plasma IgG in the presence or absence of
NBD-556 were also determined by using the MTT assay. To exclude any influ-
ence of plasma factors, such as antiviral drugs, cytokines, and chemokines, on the
neutralization activities, we used IgG from the patient’s plasma, which was
purified using protein A-Sepharose (Affi-gel Protein A; Bio-Rad, Hercules, CA)
(19).

Flow cytometric analysis. HIV-1;y ., chronically infected PM1 cells were
preincubated with or without sCD4 (0.5 wg/ml) and NBD-556 (1, 3, 10, 30, 90,
and 100 uM) for 15 min and then incubated with various anti-HIV-1 MAbs (17b,
4C11, KD-247, 3E4, and 0.5v) at 4°C for 30 min. The cells were washed with PBS,
and a fluorescein isothiocyanate-conjugated goat anti-human IgG Ab was used
for Ab detection. Flow cytometry was performed with a FACSCalibur flow
cytometer (BD Biosciences), and the data were analyzed by using the BD
CellQuest version 3.1 software (BD Biosciences).

Data analysis and evaluation of synergy. Analyses of the synergistic, additive,
and antagonistic effects of the antiviral agents were initially performed according
to the median effect principle using the CalcuSyn version 2 computer program
(6) to provide estimates of the 50% inhibitory concentration (ICs,) values of the
antiviral agents in combination. Combination indices (Cls) were estimated from
the data and reflected the nature of the interactions between KD-247 and sCD4
or NBD-556 and between NBD-556 and CD4i MADb 4C11 or anti-CD4bs MAb
0.58 against HIV-1,g gy or HIV-1;;;3 on PM1/CCRS cells as determined by the
MTT assay. A CI of <0.9 indicated synergy, a CI between 0.9 and 1.1 indicated
additivity, and a CI of >1.1 indicated antagonism. The CI value was directly
proportional to the amount of synergy for the combination regimen. For exam-
ple, values of <0.5 represented a high degree of synergy, while values of >1.5
represented significant antagonism. This approach has been widely used in anal-
yses of antiviral interactions and was chosen to allow comparability with pub-
lished literature.

Docking simulation. The structure for NBD-556 was built in SYBYL 7.1
(Tripos, St. Louis, MO) and minimized with the MMFF94 force field and partial
charges (15). Using FlexSIS through its SYBYL module, docking of NBD-556
was performed into the crystal structure of gp120 obtained from the Protein Data
Bank (PDB; entry 1RZJ). The binding site was defined as residues Val255,
Asp368, Glu370, Ser375, lle424, Trp427, Val430, and Vald75, including residues
located within a radius of 4.4 A. The structure of the ligand was treated flexibly,
and all other options were set to their default values. Figures were generated
using SwissPdb Viewer version 3.9 (SPdbViewer) (13) and ViewerLite version
5.0 (Accelrys, Inc., San Diego, CA). We also generated a simian immunodefi-
ciency virus (SIV) gp120 figure (PDB entry 2BF1) to compare the sites of the
mutations in HIV-1 gp120 using the same software programs.

Isolation of NBD-556- and sCD4-resistant mutants from HIV-1yyp in vitro. To
select NBD-556 and sCD4 escape viruses, HIV-1;,;5 was treated with various
concentrations of NBD-556 or sCD4 and then infected into PM1/CCRS5 cells as
previously described with minor modifications (32). Viral replication was
monitored by observation of any cytopathic effects in PM1/CCRS cells. The
culture supernatants were harvested on day 7 and used to infect fresh PM1/
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FIG. 1. Structures of NBD-556 and YYA-004.

CCRS5 cells for the next round of culture in the presence of increasing
concentrations of NBD-556 or sCD4. When the viruses began to propagate in
the presence of NBD-556 or sCD4, the concentration was further increased.
After the viruses were passaged using up to 50 pM NBD-556 or 20 pg of
sCD4/ml in PM1/CCRS5 cells, the resulting viruses, designated NBD-
556(20)14p, NBD-556(50)17p, and sCD4(20)5p, were recovered from the
passaged cell culture supernatants.

Proviral DNA extracts from cells cultured with several concentrations of NBD-
556 and sCD4 were subjected to PCR amplification using 7ag polymerase
(Takara, Shiga, Japan). The amplified products were cloned into pCR2.1 (In-
vitrogen), and the env regions in both the passaged and selected viruses were
sequenced by using an ABI Prism 3110 automated DNA sequencer (ABI, Foster
City, CA).

Construction of mutant Env expression vectors. Proviral DNA was extracted
from the passaged HIV-1,g-infected PM1/CCRS cells by using a QlAamp DNA
blood minikit (Qiagen, Valencia, CA). For the construction of Env expression
vectors, we used pCXN2, which contains a chicken actin promoter. Bricfly, we
amplified the passaged HIV-1,y;5 gp160 regions using LA Taq (Takara) with the
primers ENVA (5'-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3") and
ENVN (5'-CTGCCAATCAGGGAAGTAGCCTTGTGT-3'). The PCR prod-
ucts were inserted into pCR-XL-TOPO (Invitrogen). The EcoRI fragment of
pCR-XL-IIIB containing the entire env region was ligated into pCXN2 to
give pCXN-IIIBwt. pCXN-IIIB(S375N), pCXN-IIIB(V255E), and pCXN-
111B(A433T) were generated by site-directed mutagenesis using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) in accordance with the
manufacturer’s instructions with the primer pairs S375Nfw (5'-AAATTGTAAC
GCACAATTTTAATTGTGGAGG-3') and S375Nrv (5'-CCTCCACAATTAA
AATTGTGCGTTACAATTT-3"), V255Efw (5'-GAATTAGGCCAGTAGAAT
CAACTCAACTGCT-3') and V255Erv (5'-AGCAGTTGAGTTGATTCTACT
GGCCTAATTC-3"), and A433Tfw (5'-CAGGAAGTAGGAAAAACAATGTA
TGCCCCTC-3") and A433Trv (5'-GAGGGGCATACATTGTTTTTCCTACTT
CCTG-3"), respectively.

Pseudovirus preparation. Portions, 5 pg of pSG3AEnv and 0.5 pg of pRSV-
Rev (17), supplied by the NTH ARRRP, and a 4.5-ug portion of HIV-1y5
Env-expressing pCXN2 were cotransfected into 293T cells using the Effectene
transfection reagent (Qiagen). At 48 h after transfection, the pseudovirus-con-
taining supernatants were harvested, filtered through a 0.2-um-pore-size filter,
and stored at —80°C. The pseudovirus activities were measured with a lumines-
cence assay using TZM-bl cells as previously described (28).

Single-round virus infection assay. A single-cycle infectivity assay was used to
measure the neutralization of HIV-1,;;5 pseudoviruses as described previously
(26, 28). Briefly, NBD-556, YYA-004, sCD4, 2G12, b12, RPA-T4, or 4C11 at
various concentrations and a pseudovirus suspension corresponding to 100
TCIDs, were preincubated in the absence or presence of 1 .M NBD-556 for 15
min on ice. The virus-compound mixtures were added to TZM-bl cells, which had
been seeded in a 96-well plate (1.5 x 10* cells/well) on the previous day. The
cultures were incubated for 2 days at 37°C, washed with PBS, and lysed with lysis
solution (Galacto-Star mammalian reporter gene assay system; ABI). After
transfer of the cell lysates to luminometer plates, the B-galactosidase activity (in
relative light units) in each well was measured by using 50-fold-diluted Galacto-
Star substrate in a reaction buffer diluent (100 pl/well; ABI) in a TR717 micro-
plate luminometer (ABI). The reduction in infectivity was determined by com-
paring the relative light units in the presence or absence of each compound and
expressed as the percentage of neutralization. Each assay was repeated two to
three times.

RESULTS

Anti-HIV-1 activities of sCD4, NBD-556, and YYA-004 for
laboratory strains and primary HIV-1 isolates. Initially, we
determined the inhibitory activities of sCD4, NBD-556, and
YYA-004, which has a phenyl group instead of the p-chloro-
phenyl group of NBD-556 (Fig. 1), on the infection of PM1/
CCRS cells by different laboratory-adapted HIV-1 strains and
different HIV-1 primary isolates of subtype B, including both
X4 and R5 viruses, by using a previously reported method (33).
sCD4 inhibited the laboratory-adapted HIV-1 strains HIV-
Tis, HIV-1gg 6, HIV-15,,, HIV-1gg 5, HIV-1;g g, and HIV-
1y, with ICsys ranging from 0.26 to 6.1 pg/ml (Table 1).
NBD-556 inhibited the X4 virus HIV-1,;; and dualtropic virus
HIV-1g, , with 1C50s of 7.8 and 11.4 uM, respectively, but did
not inhibit the RS viruses HIV-1g,;, HIV-1gg 65, HIV-1jg gy,
and HIV-1y,, with IC5,s of >30 pM. We also tested sCD4
and NBD-556 against the R5 primary isolates HIV-1p, ;, HIV-
1pe 2, HIV-1p, 5, and HIV-1,, . sCD4 effectively inhibited all of
the primary isolates at concentrations of 0.2 to 7.4 pug/ml. On
the other hand, NBD-556 inhibited two of the four primary

TABLE 1. Inhibitory activities of sCD4 and NBD-556 toward
infection by laboratory and primary strains of HIV-1

Mean ICsy" = SD

Virus Subtype  Cell sCD4  NBD-556 YYA-004
(ng/ml) (nM) (LM)

Laboratory-adapted

viruses
X4
HIV-1y B PM1/CCR5 026 +=0.17 7.8 2.6 >100
Dual
HIV-1g94 B PM1/CCR5 0.87 £0.09 114 *24 >100
RS
HIV-1g, B PM1/CCR5 1.7 £0.28 >30 >100
HIV-Iggi62 B PMI1/CCRS 3.6 = 0.64 >30 >100
HIV-1;. B PM1/CCR5 3.6 £0.71 >30 >100
HIV-1yy, B PM1/CCR5 6.1 =2.00 >30 >100
Primary isolates
RS
HIV-1p, B PMI1/CCR5 02 =004 36=*0.67 >100
HIV-1p,, B PM1/CCR5 1.6 £0.21 >30 >100
HIV-1p.5 B PM1/CCR5 3.7*042 11816 >100
HIV-1p.4 B PM1/CCR5 7.4 =130 >30 >100

4 PM1/CCRS cells (2 X 10%) were exposed to 100 TCIDs, of each virus and
then cultured in the presence of various concentrations of sCD4, NBD-556, or
YYA-004 as indicated. The ICsos were determined by using the MTT assay on
day 7 of culture. All assays were conducted in duplicate, and the data shown
represent the means derived from the results of two to three independent
experiments. For NBD-556, CCs, = 140 uM; for YYA-004, CCsy = 350 pM.
(The CCsy is the concentration for 50% cytotoxicity.)
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FIG. 2. Comparisons of MAD binding to cell surface-expressed gp120 with sCD4 and NBD-556. HIV-1,g ¢ chronically infected PM1 cells were
preincubated with or without NBD-556 (A, 1 to 90 uM; C, 100 pM) or sCD4 (C, 0.5 wg/ml), and uninfected PM1 cells were also preincubated
with or without NBD-556 (B, 100 M) for 15 min, and then incubated with various anti-HIV-1 MAbs (17b, 4C11, KD-247, 3E4, and 0.5v) at 4°C
for 30 min. The cells were washed, and a fluorescein isothiocyanate-conjugated anti-human IgG was used for detection. (A) Color lines show the
concentrations of NBD-556: green, 0 wM; pink, 1 wM; blue, 3 wM; orange, 10 wM; purple, 30 pM; and red, 90 uM. (B and C) Red line shows
no preincubated with NBD-556 or sCD4. Blue line shows preincubated with NBD-556 or sCD4. Black line shows using a control IgG MAb.

isolates, HIV-1,,, and HIV-1,, 5, with 1Cs,s of 3.6 and 11.8
M, respectively (Table 1). YYA-004 did not show significant
anti-HIV activity against any of the strains tested up to a
concentration of 100 wM. The in vitro cytotoxicities of NBD-
556 and YYA-004 toward PM1/CCRS cells used for the anti-
HIV-1 infectivity studies were determined by using the MTT
assay. The CCs, values of NBD-556 and YYA-004 toward
PM1/CCRS cells were 140 and 350 pM, respectively (Table 1).

Comparison of Ab binding to cell surface-expressed HIV-
1;x.rr. Env with NBD-556 and sCD4. To compare the effect of
NBD-556 with that of sCD4 with respect to the induction of
conformational change in the trimeric gp120, the binding
of CD4i MADbs (17b and 4C11) and anti-V3 MAbs (KD-247,
3E4, and 0.5y) to cell surface-expressed Env proteins on HIV-
1yr.pr chronically infected PM1 cells was analyzed by fluores-
cence-activated cell sorting. Comparisons of the binding pro-
files of the Abs to the cell surfaces were carried out using the
mean fluorescence intensity (MFI). The binding of CD4i MAb
17b increased gradually as the amount of the CD4-mimicking
small compound NBD-556 increased from 0 to 90 pM (Fig.

2A, the MFI increased from 68.36 to 320.73). As shown in Fig.
2C, the binding of both CD4i MAbs 17b and 4C11 increased
remarkably after pretreatment with 100 puM NBD-556 (the
MFTIs increased from 43.3 to 201.57 and from 24.43 to 96.06,
respectively). Moreover, the binding of all of the anti-V3
MAbs—KD-247, 3E4, and 0.5y—was enhanced by pretreat-
ment with NBD-556 (the MFIs increased from 34.59 to 51.9,
from 22.97 to 39.07, and from 86.61 to 145.08, respectively).
sCD4 pretreatment of the Env-expressing cell surface also
caused remarkable enhancement of the binding for not only
the CD4i MAbs but also the three anti-V3 MADbs, similar to
pretreatment with NBD-556. These results indicate that the
CD4-mimicking compound NBD-556 can induce the confor-
mational changes in gp120 that are caused by binding of sCD4.

Highly synergistic interactions of KD-247 combined with
NBD-556. Both neutralizing anti-V3 MAb KD-247 and NBD-
556 block the viral entry process, especially at the stage of the
interaction between CD4 and gp120 (CD4-binding site). Each
of these agents binds to either the V3 loop or the CD4 cavity.
Furthermore, our previous observations suggested that neu-
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