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A structure-activity relationship study was conducted of several CD4 mimicking small molecules which
block the interaction between HIV-1 gp120 and CD4. These CD4 mimics induce a conformational change
in gp120, exposing its co-receptor-binding site. This induces a highly synergistic interaction in the use in
combination with a co-receptor CXCR4 antagonist and reveals a pronounced effect on the dynamic supra-

molecular mechanism of HIV-1 entry.
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Recently, remarkable success has attended the clinical treat-
ment of HIV-infected and AIDS patients, with ‘highly active anti-
retroviral therapy (HAART)'. This approach involves a combination
of two or three agents from two categories: reverse transcriptase
inhibitors and protease inhibitors.! In addition, the molecular
mechanism involved in HIV-entry and -fusion into host cells has
been described in detail.?> The complex interactions of surface pro-
teins on cellular and viral membranes, which are designated as a
dynamic supramolecular mechanism of HIV entry, are reported
to be crucial to the viral infection. In a first step, an HIV envelope
protein, gp120 interacts with a cell surface protein, CD4, leading
to a conformational change in gp120 followed by subsequent bind-
ing of gp120 to a co-receptor CCR5> or CXCR4.# CCR5 and CXCR4
are the major co-receptors for the entry of macrophage-tropic
(R5-) and T cell line-tropic (X4-) HIV-1, respectively. The interac-
tion of gp120 with CCR5 or CXCR4 triggers entry of another enve-
lope protein, gp41 to the cell membrane and formation of a gp41
trimer-of-hairpins structure, which causes fusion of HIV/cell-mem-
branes and completes the infection.

Informed by this mechanism, a fusion inhibitor, enfuvirtide (fuz-
eon, Trimers & Roche)® and a CCR5 antagonist, maraviroc (Pfizer)® in
addition to an integrase inhibitor, raltegravir (Merck)’ have been
used clinically. However, serious problems with chemotherapy still
persist, including the emergence of viral strains with multi-drug
resistance (MDR), considerable adverse effects and high costs. Con-
sequently, development of novel drugs possessing mechanisms of
action different from those of the above inhibitors is currently re-

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

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.10.098

quired. We have previously developed selective CXCR4 antagonists®
and fusion inhibitors® Furthermore, N-(4-Bromophenyl)-N'-
(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (1) and N-(4-chloro-
phenyl)-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (2) were
previously found using chemical library screening to inhibit syncy-
tium formation by other researchers.’® 1 and 2 bind to gp120 with
binding affinities of K4 = 2.2 uM and 3.7 pM, respectively, blocking
the interaction of gp120 with CD4 in the first step of an HIV-1 entry.
Thus, in the present study we focus on the development of CD4 mim-
ics that can block the interaction between gp120 and CD4. We have
investigated the effect of CD4 mimics on conformational changes of
gp120 and on their use in combination use with a CXCR4 antagonist.

Initially, molecular modeling of compound 2 docked into gp120
was carried out using docking simulations performed by the Flex-
SIS module of SYBYL 7.1 (Tripos, St. Louis) (Fig. 1).!* The atomic
coordinates of the crystal structure of gp120 with soluble CD4
(sCD4) were retrieved from Protein Data Bank (PDB) (entry 1RZ))
(Fig. 1a) and it was observed that Phe** and Arg®® of the CD4 have
multiple contacts with Asp®®8, Glu37® and Trp*?” of gp120, which
are all conserved residues. An inspection of the environment of
compound 2 docked in gp120 revealed the presence of a large cav-
ity around the p-position of the phenyl ring of compound 2, which
could interact with the viral surface protein gp120 (Fig. 1b and c).
Several analogs of 2 with substituents on the phenyl ring were
therefore synthesized.

All compounds except 12 were synthesized by previously
published methods (Scheme 1).1°!213 Aniline derivatives (3) were
coupled with ethyl oxalyl chloride to yield the corresponding ethyl
oxalamates 4. Saponification of the above oxalamates to the
corresponding free acids and the subsequent coupling with 4-ami-
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gp120+sCD4

gpi2{+compound 2

Figure 1. (a) The crystal structure of gp120 with soluble CD4 (sCD4) retrieved from
the PDB (entry 1RZ]); (b) docking structure of compound 2 and gp120; (c) a focused
figure of (b) shown by space-filling model.

p“s“wgﬁé

3 5-9 (see Table 1)

Scheme 1. Reagents and conditions: (i) ethyl oxalyl chloride, Et3N; (ii) 1 M NaOH;
4-amino-2,2,6,6-tetramethylpiperidine, 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, 1-hydroxybenzotriazole, Et3N.

no-2,2,6,6-tetramethylpiperidine using 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC) and 1-hydroxybenzotri-
azole (HOBt) yielded compounds 5-9. In the case of compound 12,
whose amide bond is not stable during the reaction of the saponifica-
tion of the corresponding oxalamates, an alternative synthetic
scheme was used (Scheme 2).'* The reaction of p-nitroaniline (10)
with oxalyl chloride gave the corresponding oxoacetamide 11, which
was subsequently coupled with 4-amino-2,2,6,6-tetramethylpiperi-
dine to yield the desired compound 12.

W@”Qﬁ“ﬂ@jﬁﬁ%

10 12 (see Table 1)

Scheme 2. Reagents and conditions: (i) oxalyl chloride, Et3N; (ii) 4-amino-2,2,6,6-
tetramethylpiperidine, EtsN.

The anti-HIV activity of the synthetic compounds was evaluated
against various viral strains including both laboratory and primary
isolates (Table 1). ICsp values were determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method'” as the concentrations of the compounds which conferred
50% protection against HIV-1-induced cytopathogenicity in PM1/
CCR5 cells. Cytotoxicity of the compounds based on the viability
of mock-infected PM1/CCR5 cells was also evaluated using the
MTT method. CCsq values were determined as the concentrations
achieving 50% reduction of the viability of mock-infected cells.
Compounds 1 and 2 showed potent anti-HIV activity against labo-
ratory isolates, IIIB (X4, Sub B) and 89.6 (dual, Sub B) strains, and
compound 2 also possessed potent activity against a primary iso-
late, an fTOI strain (R5, Sub B). All of the ICso values were between
4 pM and 10 uM. Compound 1 was not tested against primary iso-
lates. The potencies of compounds 1 and 2 are comparable to the
reported binding affinities for gp120 (K4 = 2.2 and 3.7 pM, respec-
tively).'® Several of the new analogs of compounds 1 and 2 showed
significant anti-HIV activity. Compound 5, which has a phenyl
group in place of the p-chloropheny! group of compound 2, did
not show significant anti-HIV activity at concentrations below
100 pM against all strains tested except for an fTOI strain (R5,
Sub B). This result suggests that a substituent at the p-position of
the pheny! ring is critical for potent activity. Compound 6, which
has a fluorine atom at the p-position of the phenyl ring, showed
moderate anti-HIV activity against laboratory isolates, HlIB (X4,
Sub B) and 89.6 (dual, Sub B) strains (ICso = 61 and 81 pM, respec-
tively), but, at concentrations below 100 plM, failed to show signif-
icant anti-HIV activity against a primary isolate, a KYAG strain (R5,
Sub B). Among halogen atoms, fluorine is less suitable than bro-
mine or chlorine as a substituent at the p-position of the phenyl
ring, as evidenced by compound 6, which is 8-15-fold less potent
than compounds 1 and 2 against IIIB (X4, Sub B) and 89.6 (dual,
Sub B) strains. Compound 7, which has a methyl group at the p-po-
sition of the phenyl ring, showed relatively more potent activity
against [IB (X4, Sub B) and 89.6 (dual, Sub B) strains (ICsp =23
and 41 pM, respectively) than compound 6. Compound 7 also
showed significant anti-HIV activity against primary isolates, fTOI
(R5, Sub B) and KYAG (R5, Sub B) strains (ICso=16 and 51 uM,
respectively). Compound 8, with a methoxy group at the p-position
of the phenyl ring, did not show significant anti-HIV activity
against all strains tested until a concentration of 100 pM was
reached. In the biological assays, derivatives having electron-with-
drawing substituents such as bromine, chlorine and fluorine at the
p-position of the phenyl ring are relatively potent, whereas deriv-
atives having electron-donating groups such as methoxy at this po-
sition are not potent. Furthermore, the steric effect of a substituent
at the p-position of the phenyl ring appears to be critical to anti-
HIV activity. The sum of Hammett constants (o) of benzoic acid
substituents'® shown in Table 1 can be used to evaluate the elec-
tron-withdrawing or -donating effect of the substituents on the
aromatic ring. The Taft E; values!'®*'” were used as steric
parameters for substituents at the p-position of the phenyl ring.
The order of potency found for the halogen-containing derivatives
in anti-HIV activity against laboratory isolates, IIIB (X4, Sub B) and
89.6 (dual, Sub B), is: compound 1 (R=Br) (¢ =0.23, E;=-1.16), 2
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Table 1

Hammett constants (o) and steric effects (E) of substituted aromatic rings and anti-HIV activity and cytotoxicity of synthetic compounds
Compd R? a® ES ICs0® (UM) CCso® (M)

Lab. isolates Primary isolates
1B (X4) 89.6 (dual) fTOI (R5) KYAG (R5)

1 Br 0.23 -1.16 4 9 ND ND 150
2 c 0.23 -0.97 8 10 5 >30 170
5 H 0 0 >100 >100 81 >100 350
6 F 0.06 -0.46 61 81 ND >100 320
7 CH; -0.17 -1.24 23 41 16 51 210
8 OCH; -0.27 -0.55 >100 >100 ND >100 340
9 CF; 0.54 -240 ND 27 ND ND 72
12 NO, 0.78 -1.77¢ ND 42 ND ND 230
sCD4 0.010 0.021 0.0044 ND ND

See Schemes 1 and 2.
o = Hammett constant of a substitutent on a benzoic acid derivative.'®

The average value of —1.01 and ~2.52, which are E, values of the NO, group, —1.77, was used.

a
b
¢ E = steric effect of a substituent at the para position on the aromatic ring.'6*!7
d
e

Values are means of at least three experiments (ND = not determined).

(R=Cl) (6 =0.23, E;=-0.97), 6 (R=F) (0 =0.06, E;= —0.46) and 5
(R=H) (6 =0, Es=0). This is the order of substituents’ electron-
withdrawing ability and also of their size. Methyl (o =-0.17,
E;=~1.24) is an electron-donating group, but is almost as bulky
as a bromine atom. Thus, the p-methyl derivative 7 has relatively
potent anti-HIV activity against laboratory isolates, IIIB (X4, Sub
B) and 89.6 (dual, Sub B), higher than that of compound 6 (R =F)
but lower than that of compound 1 (R =Br) or 2 (R = Cl). The elec-
tron-donating ability of a methoxy group is stronger (¢ = —0.27),
but the bulk size is smaller (Es=-0.55), than that of a methyl
group. Thus, the p-methoxy derivative 8 has no significant anti-
HIV activity against all strains tested at concentrations below
100 pM. Two derivatives containing bulkier and more potent elec-
tron-withdrawing substituents such as trifluoromethyl (R =CFs)
(o =0.54, E;=—2.40) and nitro (R=NO;) (0 =0.78, E;=—-1.77) at
the p-position of the phenyl ring were evaluated. Compounds 9
(R=CF3) and 12 (R=NO,) showed significant anti-HIV activity
against an 89.6 (dual, Sub B) strain. These are less potent than com-
pounds 1 and 2 and this is perhaps due to the excessive size of the
substituents at the p-position. This suggests that a certain level of
the bulk size and a potent electron-withdrawing ability of the sub-
stituents are preferable for anti-HIV activity. It is estimated that a
cavity around the p-position of the phenyl ring of CD4 mimicking
compounds would be optimally filled by bromine (E;=-1.16) or
a methyl group (E;=-1.24) at p-position, and that an electron-
deficient aromatic ring might interact tightly with a negatively
charged group such as carboxy of Glu3’°. In isothermal titration
calorimetry (ITC) experiments reported elsewhere,!® compound
5 (R=H) does not have significant affinity for gp120, and com-
pound 6 (R=F) has less potent affinity for gp120 than compound
2, consistent with the present data. In all but one of the com-
pounds, no significant cytotoxicity was detected (CCsp >150 uM,
Table 1), the exception being compound 9 (R = CF;) (CCsp = 72 uM).
Compounds 7 and 12 have relatively low cytotoxicities, compared
to compounds 1 and 2.

Fluorescence activated cell sorting (FACS) analysis was per-
formed"® to investigate whether these synthetic compounds inter-
act with gp120 inducing the conformational change necessary for
the approach of an anti-envelope antibody or a co-receptor to
the gp120. The profile of binding of an anti-envelope CD4-induced
monoclonal antibody, 4C11, to the Env-expressing cell surface (an
R5-HIV-1 strain, JR-FL-infected PM1 cells) pretreated with the
above CD4 mimic analogs was examined. Comparison of the bind-
ing of 4C11 to the cell surface was measured in terms of the mean
fluorescence intensity (MFI), and is shown in Figure 2. Pretreat-
ment of the Env-expressing cells with compound 2 (MFI =38.42)

produced a remarkable increase in binding affinity for 4C11, simi-
lar to that observed in pretreatment with sCD4 (MFI = 37.90). This
is consistent with the results in the previous paper!® where it was
reported that compound 2 enhances the binding of gp120 to the
17b monoclonal antibody which recognizes the co-receptor bind-
ing site of gp120. Env-expressing cells, which were not pretreated
with sCD4 or a CD4 mimic compound, did not show significant
binding affinity for 4C11 (Fig. 2, blank). The increase in binding
affinity for monoclonal antibodies may be due to conformational
changes in gp120, which were caused by the interaction of sCD4
or a CD4 mimic with gp120. It is hypothesized that such conforma-
tional changes involve the exposure of the co-receptor binding site
of gp120 (the V3 loop), which is hidden internally, since the bind-
ing of gp120 to 17b is enhanced. Compound 5, which failed to
show significant anti-HIV activity, and compounds 7, 9 and 12,
which had significant anti-HIV activity, were assessed in the FACS
analysis. The profile of the binding of 4C11 to the Env-expressing
cell surface pretreated with compound 5 (MFI = 14.34) was similar
to that of the blank (MFI = 11.24), suggesting that compound 5 of-
fers no significant enhancement of binding affinity for 4C11. This
result is compatible with the anti-HIV activity of compound 5.
The profile of the binding of 4C11 to the Env-expressing cell sur-
face pretreated with compound 7 (MFI = 38.33) was entirely simi-
lar to that of compound 2 used as a pretreatment. Pretreatment of
the cell surface with compounds 9 and 12 (MFI = 29.09 and 30.01,
respectively) produced a slightly lower enhancement of binding
affinity for 4C11, compared to those of compounds 2 and 7 as pre-
treatments. However, in the ITC experiments reported else-
where,'® compound 9 (R=CF3) has a high affinity for gp120,
comparable to that of compound 2, but compound 12 (R=NO,)
does not have significant affinity for gp120, indicating that these
are not consistent with the current FACS studies, possibly due to
the difference in the assay systems. Although the anti-HIV activity
of 7 is weaker than that of compound 2, the level of compound 7
inducing an enhancement of binding affinity of gp120 for 4C11 is
comparable to that of compound 2. The concentration of com-
pounds used in the FACS analysis was 100 pM, much beyond the
1C5o values of compounds 2 and 7. A concentration of 100 pM
would be also sufficient for the expression of anti-HIV activity
caused by compounds 2 and 7.

An effect on the use of compound 2 combined with another entry
inhibitor was investigated. Analysis of the synergistic effects of anti-
HIV agents was performed according to the median effect principle
using the CalcuSyn version 2 computer program'® to estimate ICsq
values of compounds in different combinations. Combination indi-
ces (CI) were estimated from the data evaluated using the MTT assay
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Figure 2. JR-FL (RS, Sub B) chronically infected PM1 celis were preincubated with 100 pM of a CD4 mimic or sCD4 (11 nM) 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 sCD4 or 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 top of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.

Table 2
Combination indices (CI) for compound 2 or sCD4 and a CXCR4 antagonist, T140,
against an HIV IIIB strain

Combination HIV strain (I values at different IC*

[Cso [C75 ICBO
2+T140 1B 0.786 0.713 0.655
sCD4 + T140 1B 0.705 0.528 0.400

* The multiple-drug effect analysis reported by Chou et al. was used to analyze
the effects of combinational uses of compounds.'® CI <0.9: synergy, 0.9 <Cl<1.1:
additivity, CI >1.1: antagonism.

(Table 2)." Compound 2 showed a highly remarkable synergistic
anti-HIV activity with a co-receptor CXCR4 antagonist, T140,%?
against an X4-HIV-1 strain, IIIB at various IC values (ICsq, ICy5 and
ICqp). However, sCD4 exhibited a higher synergistic effect (lower CI
values) with T140 (Table 2). The interaction of sCD4 or a CD4 mimic
with gp120 would expose the co-receptor-binding site of gp120, and
the co-receptor CXCR4 could then easily approach gp120. Thus, an
inhibitory effect of a CXCR4 antagonist would be meaningful, and a
significant synergistic effect might also be brought about by a com-
bination of sCD4 or a CD4 mimic and T140.

In summary, a series of CD4 mimic compounds were synthe-
sized and evaluated for their anti-HIV activity. Several compounds
showed significant anti-HIV activity with relatively low cytotoxic-
ity. SAR studies showed that a certain level of size and electron-
withdrawing ability of the substituents at the p-position of the
phenyl ring are suitable for potent anti-HIV activity. In addition,
the treatment of Env-expressing cells with several CD4 mimicking
compounds causes a conformational change, exposing the co-
receptor-binding site of gp120 externally. Thus, a (D4 mimic
exhibited a remarkable synergistic effect with a co-receptor antag-
onist. These compounds are essential probes directed to the dy-
namic supramolecular mechanism of HIV entry, and important
leads for the cocktail therapy of AIDS.
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module, into the crystal structure of gp120 (PDB, entry 1RZ]). The binding site
was defined as residues Val**%, Asp*®%, GIu*7°, Ser®”®, 11e*24, Trp*?’, Val**° and
Val*”>, and included residues located within a radius 4.4 A. The ligand was
considered to be flexible, and all other options were set to their default values.
Figures were generated with ViewerLite version 5.0 (Accelrys Inc., San Diego,
CA).

For example, the synthesis of compound 7: To a solution of ethyl oxalyl chloride
(0.400 mL, 3.48 mmol) in THF (20 mL) were added triethylamine (Et;N)
(0.480 mL, 3.48 mmol) and p-toluidine (373 mg, 3.48 mmol) with stirring at
0°C. The reaction mixture was allowed to warm to room temperature, and
then stirred for 6 h. After removal by filtration of the resulting salts, the filtrate
was concentrated under reduced pressure. The residue was extracted with
EtOAc (50 mL), and the extract was washed successively with brine (20 mL),
1M HCI (20 mL x 2), brine (20 mL), saturated NaHCO3 (20 mL x 2) and brine
(20 mL x 3), then dried over MgSO4 Concentration under reduced pressure
gave the crude ethyl oxalamate, which was used without further purification.
To a solution of the crude ethyl oxalamate (640 mg, 3.09 mmol) in THF (30 mL)
were added aqueous 1M NaOH (3.40 mL, 3.40 mmol), water (50 mL) and
MeOH (20 mL) with stirring at 0 °C. The reaction mixture was allowed to warm
to room temperature, and then stirred for 20 h. After the addition of aqueous
1M HCI (5 mL), MeOH and THF were evaporated under reduced pressure. The
residue was acidified to pH 2 with 1M HCl, and extracted with EtOAc
(50 mL x 2). The combined organic layer was washed with brine (20 mL x 3),
and dried over MgSO,. Concentration under reduced pressure gave the crude
acid, which was used for the next reaction without further purification. To a
solution of the above crude acid (514 mg, 2.87 mmol) in THF (10 mL) were
added 1-hydoxybenzotriazole (484 mg, 3.16 mmol), 4-amino-2,2,6,6-
tetramethylpiperidine (446 ulL, 2.58 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (606 mg, 3.16 mmol) and
EtsN (0.439 mL, 3.16 mmol) with stirring at 0 °C. The reaction mixture was
allowed to warm to room temperature, and then stirred for 20h. After
evaporation of THF, the residue was dissolved in CHCl3 (50 mL). The mixture
was washed with saturated NaHCO3; (20 mL x 2} and brine (20 mL x 3), and
dried over MgS0O4. Concentration under reduced pressure gave the crude
crystalline mass. The usual work-up followed by recrystallization from EtOAc—

13.
14.

15.

16.

17.

18.

n-hexane gave the title compound 7 (363 mg, 1.14 mmol, 39.8%) as colorless
crystals, mp = 176 °C; oy (400 MHz; CDCl;) 1.07 (1H, m, NH), 1.16 (6H, s, CH3),
1.29 (6H, s, CHs), 1.44 (2H, m, CH,), 1.91 (1H, d, ] 3.7, CHH), 1.94 (1H, d, ] 3.7,
CHH), 2.34 (3H, s, CHs), 4.25 (1H, m, CH), 7.17 (2H, d, ] 8.3, AtH), 7.33 (1H, m,
NH), 7.50 (2H, d, J 8.4, ArH), 9.18 (1H, s, NH); HRMS (FAB), m/z calcd for
C1gHasN30, (MH)* 318.2182, found 318.2173.

McFarland, C.; Vicic, D. A.; Debnath, A. K. Synthesis 2006, 807.

The synthesis of compound 12: To a solution of Et;N (417 uL, 3.00 mmol) and 4-
nitroaniline (138 mg, 1.00 mmol) in THF (1.3 mL) was added oxaly! dichloride
(85.8 pL, 1.00 mmol) with stirring at 0 °C. After being stirred for 30 min at 0 °C,
EtsN (167 pL, 1.20 mmol) and 4-amino-2,2,6,6-tetramethylpiperidine (156 pL,
0.90 mmol) were added. The reaction mixture was stirred for 6 h at 0 °C. After
removal by filtration of the resulting salts, the filtrate was concentrated under
reduced pressure. The residue was dissolved in CHCl; (20 mL), and the mixture
was washed successively with brine (10 mL), saturated NaHCO; (10 mL x 2)
and brine (10 mL x 3), and dried over MgS0O,. Concentration under reduced
pressure followed by flash chromatography over silica gel with CHCl;-MeOH
(9:1) gave 42.4 mg (0.122 mmol, 13.5%) of the title compound 12 as colorless
crystals, mp = 190 °C; &y (400 MHz; CDCl;) 1.09 (1H, m, NH), 1.17 (6H, s, CH;),
1.29 (6H, s, CH3), 1.43 (2H, m, CHy), 1.92 (1H, d, J 3.8, CHH), 1.95 (1H, d, ] 3.8,
CHH), 4.28 (1H, m, CH), 7.29 (1H, m, NH), 7.82 (2H, d,] 9.1, ArH), 8.28 (2H, d,J
9.1, ArH), 9.55 (1H, s, NH); HRMS (FAB), mfz calcd for C;7HysN404 (MH)
349.1876, found 349.1871.
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Structure-activity relationship studies were conducted on HIV integrase (IN) inhibitory peptides which
were found by the screening of an overlapping peptide library derived from HIV-1 gene products. Since
these peptides located in the second helix of Vpr are considered to have an o-helical conformation, Glu-
Lys pairs were introduced into the i and i + 4 positions to increase the helicity of the lead compound pos-
sessing an octa-arginyl group. Ala-scan was also performed on the lead compound for the identification of
the amino acid residues responsible for the inhibitory activity. The results indicated the importance of an
o-helical structure for the expression of inhibitory activity, and presented a binding model of integrase

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Highly active anti-retroviral therapy (HAART), which involves a
combination of two or three agents from two categories, reverse
transcriptase inhibitors and protease inhibitors, has brought us
remarkable success in the clinical treatment of HIV-infected and
AIDS patients.! However, it has been accompanied by serious clin-
ical problems including the emergence of viral strains with multi-
drug resistance (MDR), considerable adverse effects and nonethe-
less high costs. As a result, new categories of anti-HIV agents oper-
ating with mechanisms of action different from those of the above
inhibitors are sought. HIV-1 integrase (IN) is a critical enzyme for
the stable infection of host cells since it catalyzes the insertion of
viral DNA into the genome of host cells, by means of strand transfer
and 3'-end processing reactions and thus it is an attractive target
for the development of anti-HIV agents. Recently, the first IN inhib-
itor, raltegravir (Merck),? has appeared in a clinical setting. It is as-
sumed that the activity of IN must be negatively regulated during
the translocation of the viral DNA from the cytoplasm to the nu-
cleus to prevent auto-integration. The virus, as well as the host
cells, must encode mechanism(s) to prevent auto-integration since

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

0968-0896/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.07.050

the regulation of IN activity is critical for the virus to infect cells.3
By screening a library of overlapping peptides derived from HIV-1
SF2 gene products we have found three Vpr-derived peptides, 1, 2
and 3, which possess significant IN inhibitory activity, indicating
that IN inhibitors exist in the viral pre-integration complex
(PIC).# The above inhibitory peptides, 1, 2 and 3, are consecutive
overlapping peptides (Fig. 1). Compounds 4 and 5 are 12- and
18-mers from the original Vpr-sequence with the addition of an
octa-arginyl group® into the C-terminus for cell membrane perme-
ability, respectively. Compounds 4 and 5 have IN inhibitory activity
and anti-HIV activity. Here, we report structure-activity relation-
ship studies on these lead compounds for the development of more
potent IN inhibitors.

2. Results and discussion

To determine which lead compound is most suitable for further
experiments, five peptides 6-10, which were elongated by one
amino acid starting with compound 4 and extended ultimately to
5, were synthesized (Fig. 2). Judging by the 3’-end processing and
strand transfer reactions in vitro,® these peptides 4-10 had similar
inhibitory potencies (Table 1). As a result, we concluded that 12
amino acid residues derived from the original Vpr-sequence are
of sufficient for IN inhibitory activity, and any peptide among
4-10 is a suitable lead.
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AGVEAIIRILQQLLF

IIRILQQLLFIHFRI

LQQLLFIHFRIGCQH
Ac-LQQLLFIHFRIG-RRRRRRRR-NH;
Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,

G WN -

Figure 1. Amino acid sequences of compounds 1-5. Compounds 1-3 are consecu-
tive overlapping peptides with free N-/C-terminus. These were found by the IN
inhibitory screening of a peptide library derived from HIV-1 gene products.
Compounds 4 and 5 are cell penetrative leads of IN inhibitors.

Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
Ac-ILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-RILQQLLFIHFRIG-RRRRRRRR-NH;
Ac-IRILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-lIRILQQLLFIHFRIG-RRRRRRRR-NH;
10  Ac-AlIRILQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,

©Woo~NO N

Figure 2. Amino acid sequences of compounds 6-10, which are elongated by one
amino acid from compound 4 to 5.

Table 1
ICsp values of compounds 4-10 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound 1Cs0 (M)
3’-End processing Strand transfer
4 0.13 £0.02 0.06 £0.01
5 0.09+0.01 0.04+0.01
6 0.10+0.01 0.07 £0.01
7 0.13£0.02 0.11+0.01
8 0.26 £0.04 0.11+0.03
9 0.11£0.01 0.07 £0.01
10 0.08 +0.01 0.05+0.01

Structural analysis showed that the Vpr-derived peptides, 1, 2
and 3, are located in the second helix of Vpr and were thus consid-
ered to have an a-helical conformation.” Compound 5 was adopted
as a lead for the development of compounds with an increase in
a~helicity since a longer peptide is likely to form a more stable
o-helical structure than a shorter one. Initially, Glu (E) and Lys
(K) were introduced in pairs into compound 5 at the i and i+4
positions. In general, such disposition of Glu-Lys pairs at i and
i+ 4 positions is considered to cause an increase in o-helicity due
to formation of an ionic interaction of a p-carboxy group of Glu
and an s-amino group of Lys. Several analogs of 5 with Glu-Lys
pairs were synthesized by Fmoc-solid phase peptide synthesis
(Fig. 3). In the inhibitory assay against the 3’-end processing and
strand transfer reactions catalyzed by HIV-1 IN in vitro, com-
pounds 11 and 15 showed more potent inhibitory activities than
5 (Table 2). Substitution of Glu-Lys for His'*-Gly'® or lle*-Leu’
caused no decrease in IN inhibitory activity but a significant in-
crease in activity, suggesting that Ile?, Leu’, His'¢ and Gly'® are
not indispensable for activity. Substitution of Glu-Lys for Ala®-Ile®
or GIn®-lle® caused a slight decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pounds 12 and 13), indicating that Ala? and/or Ile%, and GIn® and/
or Ile® are partly required for activity. Substitution of Glu-Lys for
lle*-GIn® caused a 2-4-fold decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pound 14), showing that Ile* and/or GIn® are essential for activity.
Substitution of Glu-Lys for Leu'!-Phe!® caused an eightfold de-
crease in IN inhibitory activity against the 3’-end processing reac-
tion and a 1.5-fold decrease in IN inhibitory activity against the

1 5 10 15
5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,
11 Ac-EAIIRILQQLLFIEFRIK-RRRRRRRR-NH;
12 Ac-EEHRKLQQLLFIHFRIG-RRRRRRRR-NH,
13 Ac-EAIIRILQELLFKHFRIG-RRRRRRRR-NH,
14 Ac-EAIERILKQLLFIHFRIG-RRRRRRRR-NH,
15 Ac-EAEIRIKQQLLFIHFRIG-RRRRRRRR-NH,
16 Ac-EAIIRILQQLEFIHKRIG-RRRRRRRR-NH,
17 Ac-EEIRKLQQLLFIEFRIK-RRRRRRRR-NH,

Figure 3. Amino acid sequences of compounds 11-17, into which Glu-Lys pairs
have been introduced.

Table 2
ICs0 values of compounds 5 and 11-17 toward the 3’-end processing and strand
transfer reactions catalyzed by HIV-1 IN

Compound ICso (M)
3'-End processing Strand transfer

5 0.09 +0.01 0.04 £ 0.01
11 0.05 £0.01 0.01 £ 0.001
12 0.12 £0.01 0.047 £0.01
13 0.14+0.02 0.065 +0.01
14 0.23+0.03 0.15+0.002
15 0.04 £0.01 0.031+0.01
16 0.71+0.21 0.06 +0.004
17 0.18 £0.06 0.08 £0.02

strand transfer reaction (compound 16), indicating that Leu
and/or Phe'® are indispensable for activity, especially for inhibition
against 3’-end processing. Compound 17 has two substitutions of
Glu-Lys for His"-Gly'® and for Ala®-Ile®, which are common to
compounds 11 and 12, respectively. A twofold decrease in both
IN inhibitory activities of compound 17 is mostly due to the substi-
tution for Ala®-Ile® common to 12, although 17 is slightly less
active than 12 in both IN inhibitory assays.

Anti-HIV activity of these compounds was assessed by an MT-4
Luc system, in which MT-4 cells were stably transduced with the
firefly luciferase expression cassette by a murine leukemia viral
vector. MT-4 Luc cells constitutively express high levels of lucifer-
ase. HIV-1 infection significantly reduces luciferase expression due
to the high susceptibility of MT-4 cells to HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of test compounds can be evaluated by a decrease of luciferase sig-
nals in these MT-4 Luc systems. The parent compound 5 showed
significant anti-HIV activity at concentrations above 1.25 uM, as
reported previously (Fig. 4).* Compound 15 showed a significant
inhibitory effect against HIV-1 replication, and is thus comparable
to compound 5. Compounds 11, 14 and 16 also displayed weak
antiviral effects at concentrations of 2.5 and 5.0 uM and com-
pounds 12, 13 and 17 failed to show any significant anti-HIV activ-
ity. These results suggest that there is a positive correlation
between IN inhibitory activity and anti-HIV activity of the com-
pounds. None of these compounds showed significant cytotoxic ef-
fects at concentrations below 5.0 M.

The structures of compounds 5 and 11-17 were assessed by CD
spectroscopy. Because the aqueous solubility of these peptides is
not high the peptides were dissolved in 0.1 M phosphate buffer,
containing 50% MeOH at pH 5.6. The CD spectra suggest that the
parent compound 5, which has no Glu-Lys pair, forms a typical
o-helical structure, and the other compounds, with the exception
of 11 and 15, form a-helical structures similarly (Fig. 5). The order
of strength of a-helicity is 12, 16 > 14 > 17 > 5 > 13. Compounds 11
and 15 have no characteristic pattern, although IN inhibitory activ-
ities of both compounds are superior to that of the parent
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
different concentrations of compounds 11-17. Luciferase activity is expressed as
relative luciferase units (RLU). 3TC is an HIV reverse transcriptase inhibitor, which
was used as a positive control.
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Figure 5. CD spectra of compounds 5 and 11-17 (5 uM) in 0.1 M phosphate buffer,
pH 5.6 containing 50% MeOH at 25 °C.

compound 5. Replacement of His'-Gly'® and Ile3-Leu’” by Glu-Lys
in compounds 11 and 15, respectively, caused a significant de-
crease in o-helicity, possibly due to formation of unfavorable salt
bridges such as Glu'-Arg!® and Glu*-Arg”. Introduction of a Glu-
Lys pair into GIn®-lle'® in compound 13 caused a slight decrease
in a-helicity, possibly due to interference in the formation of a salt
bridge of Glu!-Arg® by that of Arg>-GIu®. In the other analogs, in-
creases in o-helicity were observed to result from the introduction
of Glu-Lys pairs as we had initially postulated. Overall, there is no
positive correlation between IN inhibitory or anti-HIV activity and
the degree of a-helicity of the compounds.

In order to identify the amino acid residues responsible for IN
inhibitory and anti-HIV activities of these peptides, an Ala-scan
of compound 4 was performed (Fig. 6). Compounds 18-22, 25, 27
and 29 showed IN inhibitory activities against the 3’-end process-
ing and strand transfer reactions similar to those of 4 (Table 3).
Ala-substitution for Leu’, GIn®, GIn®, Leu'®, Leu'?, His'4, Arg'® or
Gly'® did not cause any significant change in either of IN inhibitory
activities, indicating that the replaced amino acids are not essential
for IN inhibition. Ala-substitution for Phe'?, Ile'3, Phe'> or Ile?’
gave compounds 23, 24, 26 and 28, which were 2-4 times less ac-
tive in both the IN inhibitory assays, suggesting that Phe'?, Ile?3,
Phe’® and Ile'” are indispensable for IN inhibition. Assessment of
anti-HIV activity in the MT-4 Luc system showed that all com-
pounds 18-29 produced dose-dependent inhibition of HIV-1 repli-
cation, although they displayed cytotoxicity at 10 uM (4, 19-23, 26
and 27) or above 5 pM (24 and 25) (Fig. 7). Compounds 23 and 24,

7 10 15
4  Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
18 Ac-AQQLLFIHFRIG-RRRRRRRR-NH,
19 Ac-LAQLLFIHFRIG-RRRRRRRR-NH;
20 Ac-LQALLFIHFRIG-RRRRRRRR-NH,
21 Ac-LQQALFIHFRIG-RRRRRRRR-NH,
22 Ac-LQQLAFIHFRIG-RRRRRRRR-NH,
23 Ac-LQQLLAIHFRIG-RRRRRRRR-NH;
24 Ac-LQQLLFAHFRIG-RRRRRRRR-NH,
25 Ac-LQQLLFIAFRIG-RRRRRRRR-NH;
26 Ac-LQQLLFIHARIG-RRRRRRRR-NH,
27 Ac-LQQLLFIHFAIG-RRRRRRRR-NH,
28 Ac-LQQLLFIHFRAG-RRRRRRRR-NH,
29 Ac-LQQLLFIHFRIA-RRRRRRRR-NH;

Figure 6. Amino acid sequences of compounds 18-29 based on an Ala-scan of
compound 4. Position numbers correspond to alignment with compound 5.

Table 3
ICs0 values of compounds 18-29 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound ICso (HM)
3'-End processing Strand transfer
4 0.11+0.03 0.05+0.01
18 0.12 £0.004 0.08 £0.01
19 0.13 +0.02 0.06 £0.01
20 0.10 £ 0.004 0.06 + 0.01
21 0.12£0.02 0.07 £0.01
22 0.13+0.003 0.06 +0.01
23 0.34 £ 0.06 0.18 £ 0.03
24 0.33£0.02 022 +£0.01
25 0.13+0.01 0.06 +0.01
26 0.25 £ 0.02 0.12£0.01
27 0.11+0.01 0.05 +0.01
28 0.20+0.03 0.16 £0.02
29 0.09 £0.01 0.09 +0.01
1.0x107 -
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Figure 7. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
various concentrations of compounds 18-29. Luciferase activity was valued as RLU.

with Ala-substitution for Phe'? and Ile'3, respectively, showed
weaker inhibitory activity than 4 at 5 uM. Consequently, Phe'?
and Ile’® were deemed to be critical for activity, which is consistent
with the IN inhibitory activity results. A control peptide isomer of 5
(Ac-QIFEHLAGIIQILRFLRI-Rg-NH,) did not show anti-HIV activity at
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HIV-1IN

Figure 8. Brief presumed drawing of the binding model of HIV-1 IN and
compound 5.

concentrations below 10 pM, suggesting that the original Vpr-se-
quence, with the exceptions of Phe'?, lle’®, Phe® and Ile"’, is crit-
ical for activity.

The assumption that compound 5 forms an o-helical structure
when binding to HIV-1 IN suggests the binding model of IN and
5 shown in Figure 8, as 5 forms an o-helical structure in 50% aque-
ous MeOH solution. In this model, Phe'?, Tle'®, Phe'® and Ile'’,
which were identified by the Ala-scan experiment as critical resi-
dues, are located in the pocket of IN. His'* and Gly'®, which can
be replaced by Glu-Lys with an increase of activity in compound
11, are located outside of the pocket of IN. Ile* and Leu’ can also
be replaced by Glu-Lys while retaining activity in compound 15,
and Leu’ is located outside of the pocket, whereas Ile® is located
in the edge of the pocket. Compounds 11 and 15 might form
a-~helical structures when binding to IN, although 11 or 15 does
not show a-helicity in the CD spectrum. Thus, these compounds
might retain IN inhibitory activity. This binding model is compatible
with the results of structure-activity relationship studies involving
Glu-Lys substitution and Ala-scan. The reason for decreases in IN
inhibitory and anti-HIV activity of compounds 12 and 17, which
show increases of o-helicity, are possibly due to substitution of
Glu-Lys for Ala® and Ile®, which are located in the pocket of IN. The
reason for a decrease in activity of compounds 14 and 16, which
show increased o-helicity, might be due to substitution of Lys for
GIn® and Phe'®, respectively, which are located in the pocket of IN.
The reason for decreases in IN inhibitory and anti-HIV activity of
compound 13, which also shows a decrease of a-helicity, are possi-
bly due to substitution of Glu-Lys for GIn® and Ile'®, which are
located in the pocket of IN.

3. Conclusion

In the present study, structure-activity relationship studies
were performed on Vpr-derived peptides 4 and 5, which had been
previously identified as HIV-1 IN inhibitors. The Glu-Lys substitu-
tion experiments and Ala-scan data suggest that several amino
acid residues of 4 and 5 are indispensable for IN inhibitory and
anti-HIV activities, and a binding mode] of IN and 5 were proposed.
Furthermore, two novel compounds 11 and 15, which contained
Glu-Lys pairs and showed more potent IN inhibitory activities than
compound 5, were found. These data including the binding model
should be useful for the development of potent HIV-1 IN inhibitors
based on Vpr-peptides.

4. Experimental
4.1. Chemistry

All peptides were synthesized by the Fmoc-based solid-phase
method. The synthetic peptides were purified by RP-HPLC and
identified by ESI-TOF-MS. Fmoc-protected amino acids and re-
agents for peptide synthesis were purchased from Novabiochem,
Kokusan Chemical Co., Ltd and Watanabe Chemical Industries,
Ltd. Protected peptide resins were constructed on NovaSyn TGR
resins (0.26 meq/g, 0.025 and 0.0125 mmol scales for Glu-Lys sub-
stitution and Ala-scan peptides, respectively). All peptides were
synthesized by stepwise elongation techniques. Each cycle in-
volves (i) deprotection of an Fmoc group with 20% (v/v) piperi-
dine/DMF (10 mL) for 15 min and (ii) coupling with 5.0 equiv of
Fmoc-protected amino acid, 5.0 equiv of diiopropylcarbodiimide
(DIPCI) and 5.0equiv of 1-hydroxybenzotriazole monohydrate
(HOBt-H,0) in DMF (3 mL) for 90 min. N-Terminal o.-amino groups
of Glu-Lys substitution and Ala-scan peptides were acetylated with
100 equiv of acetic anhydride in DMF (10 mL). Cleavage from the
resin and side chain deprotection were carried out by stirring for
1.5 h with m-cresol (0.25 mL), thioanisole (0.75 mL), 1,2-ethanedi-
thiol (0.75 mL) and TFA (8.25 mL). After removal of the resins by
filtration, the filtrate was concentrated under reduced pressure,
the crude peptides were precipitated in cooled diethyl ether and
purified by preparative RP-HPLC on a Cosmosil 5C18-AR II column
(10 x 250 mm, Nacalai Tesque, Inc.) with a LaChrom Elite HTA sys-
tem (Hitachi). The HPLC solvents employed were water containing
0.1% TFA (solvent A) and acetonitrile containing 0.1% TFA (solvent
B). All peptides were purified using a linear gradient of solvents A
and B over 30 min at a flow rate of 3 cm® min~". The purified pep-
tides were identified by ESI-TOF-MS (Brucker Daltonics micrOTOF-
2focus) (shown in Table S1 in Supplementary data). All peptides
were obtained after lyophilization as fluffy white powders of the
TFA salts. The purities of these peptides were checked by analytical
HPLC on a Cosmosil 5C18-ARII column (4.6 x 250 mm, Nacalai Tes-
que, Inc.) eluted with a linear gradient of solvents A and B at a flow
rate of 1 cm® min~!, and eluted products were detected by UV at
220 nm (shown in Figs. S1-S3 in Supplementary data).

4.2. Expression and purification of F185K/C280S HIV-1 integrase
from Escherichia coli

Plasmid encoding IN1-288/F185K/C280S was expressed in
Escherichia coli strain C41. The solubility of the mutant protein
was examined in a crude cell lysate, as follows. Cells were grown
in 1 L of culture medium containing 100 pg/mL of ampicillin at
37 °C until the optical density of the culture at 600 nm was be-
tween 0.4 and 0.9. Protein expression was induced by the addition
of isopropyl-1-thio-B-p-galactopyranoside to a final concentration
of 0.1 mM. After 2 h, the cells were collected by centrifugation at
6000 rpm for 30 min. After removal of the supernatant, the cells
were resuspended in HED buffer (20 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTT) with 0.5 mg/mL lysozyme and stored on ice for
30 min. The cells were sonicated until the solution exhibited min-
imal viscosity then it was centrifuged at 15,000 rpm for 30 min.
After removal of the supernatant, the pellet was dissolved in
TNM buffer (20 mM Tris/HCl, pH 8.0, 1 M Na(l, 2 mM 2-mercap-
toethanol) with 5 mM imidazole and stored on ice for 30 min.
The cells were then centrifuged at 15,000 rpm for 30 min and the
supernatant was collected. The supernatant was then filtered
through 0.45 pum filter cartridge and applied to a HisTrap column
at 1 mL/min flow rate. After loading, the column was washed with
10 volume of TNM buffer with 5 mM imidazole. Protein was eluted
with a linear gradient of 500 mM imidazole, containing TNM buf-
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fer. Fractions containing IN were pooled and checked with SDS-
PAGE.

4.3. CD spectroscopy of peptides with Glu-Lys substitution

CD measurements were performed on a JASCO ]J720 spectropo-
larimeter equipped with thermo-regulator (JASCO Corp., Ltd),
using 5 uM of peptides dissolved in 0.1 M phosphate buffer, pH
5.6 containing 50% MeOH. UV spectra were recorded at 25°Cin a
quartz cell 1.0 mm path length, a time constant of 1s, and a
100 nm/min scanning speed with 0.1 nm resolution.

4.4. Integrase assays

Expression and purification of the recombinant IN in E. coli were
performed as previously reported with addition of 10% glycerol to
all buffers. Oigonucleotide substrates were prepared as described.®
Integrase reactions were performed in 10 puL with 400 nM of
recombinant IN, 20 nM of 5’-end [32P]-labeled oligonucleotide sub-
strate and inhibitors at various concentrations. Solutions of 10%
DMSO without inhibitors were used as controls. Reaction mixtures
were incubated at 37 °C (60 min) in buffer containing 50 mM
MOPS, pH 7.2, 7.5 mM MgCl,, and 14.3 mM 2-mercaptoethanol.
Reactions were stopped by addition of 10 uL of loading dye
(10 mM EDTA, 98% deionized formamide, 0.025% xylene cyanol
and 0.025% bromophenol blue). Reactions were then subjected to
electrophoresis in 20% polyacrylamide-7 M urea gels. Gels were
dried and reaction products were visualized and quantitated with
a Typhoon 8600 (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Densitometric analyses were performed using ImageQuant
from Molecular Dynamics Inc. The concentrations at which en-
zyme activity was reduced by 50% (ICsg) were determined using
‘Prism’ software (GraphPad Software, San Diego, CA) for nonlinear
regression to fit dose-response data to logistic curve models.

4.5. Replication assays (MT-4 luciferase assays)

MT-4 luciferase cells (1 x 10% cells) grown in 96-well plates
were infected with HIV-1yyg, in the presence of various concentra-
tions of peptides. At 6-7 days post-infection, cells were lysed and
the luciferase activities were measured using the Steady-Glo assay
kit (Promega), according to the manufacturer’s protocol. Chemilu-
minescence was detected with a Veritas luminometer (Promega).

Acknowledgments

N.O. and T.T. are supported by JSPS research fellowships for
young scientists. This work was supported by Mitsui Life Social
Welfare Foundation, Grant-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan, the Health and Labour Sciences Research Grants from Japa-
nese Ministry of Health, Labor, and Welfare, and by the NIH Intra-
mural Program, Center for Cancer Research, US National Cancer
Institute.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2010.07.050.

References and notes

1. Mitsuya, H.; Erickson, J. In Textbook of AIDS Medicine; Merigan, T C., Bartlett, ]. G.,
Bolognesi, D., Eds.; Williams & Wilkins: Baltimore, 1999; pp 751-780.

2. (a) Cahn, P; Sued, O. Lancet 2007, 369, 1235; (b) Grinsztejn, B.; Nguyen, B.-Y.;
Katlama, C.; Gatell, J. M.; Lazzarin, A.; Vittecoq, D.; Gonzalez, C. J.; Chen, J.;
Harvey, C. M; Isaacs, R. D. Lancet 2007, 369, 1261.

3. (a) Farnet, C. M.; Bushman, F. D. Cell 1997, 88, 483; (b) Chen, H.; Engelman, A.
Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 15270; (c) Gleenberg, I. O.; Herschhorn, A.;
Hizi, A. J. Mol. Biol. 2007, 369, 1230; (d) Gleenberg, 1. O.; Avidan, O.; Goldgur, Y.;
Herschhorn, A.; Hizi, A. J. Biol. Chemn. 2005, 280, 21987; (e) Hehl, E. A; Joshi, P.;
Kalpana, G. V.; Prasad, V. R. J. Virol. 2004, 78, 5056; (f) Tasara, T.; Maga, G.;
Hottiger, M. O.; Hubscher, U. FEBS Lett. 2001, 507, 39; (g) Gleenberg, I. O.;
Herschhorn, A.; Goldgur, Y.; Hizi, A. Arch. Biochem. Biophys. 2007, 458, 202.

4, Suzuki, S.; Urano, E.; Hashimoto, C.; Tsutsumi, H.; Nakahara, T.; Tanaka, T.;
Nakanishi, Y.; Maddali, K.; Han, Y.; Hamatake, M.; Miyauchi, K.; Pommier, Y.;
Beutler, J. A.; Sugiura, W.; Fuji, H.; Hoshino, T.; Itotani, K.; Nomura, W.; Narumi,
T.; Yamamoto, N.; Komano, . A.; Tamamura, H. ]. Med. Chem. 2010, 53, 5356.

5. Suzuki, T.; Futaki, S.; Niwa, M.; Tanaka, S.; Ueda, K.; Sugiura, Y. J. Biol. Chem.
2002, 277, 2437.

6. (a) Yan, H.; Mizutani, T. C.; Nomura, N.; Tanaka, T.; Kitamura, Y.; Miura, H.;
Nishizawa, M.; Tatsumi, M.; Yamamoto, N.; Sugiura, W. Antivir. Chem.
Chemother. 2005, 16, 363; (b) Marchand, C.; Zhang, X Pais, G. C. G.;
Cowansage, K.; Neamati, N.; Burke, T. R, Jr.; Pommier, Y. J. Biol. Chem. 2002,
277, 12596; (c) Semenova, E. A.; Johnson, A. A.; Marchand, C.; Davis, D. A;;
Tarchoan, R.; Pommier, Y. Mol. Pharmacol 2006, 69, 1454; (d) Leh, H.; Brodin, P.;
Bischerour, J.; Deprez, E.; Tauc, P.; Brochon, J. C.; LeCam, E.; Coulaud, D.; Auclair,
C.; Mouscadet, }. F. Biochemistry 2000, 39, 9285; (e) Marchand, C.; Neamati, N.;
Pommiier, Y. In Vitro Human Immunodeficiency Virus Type 1 Integrase Assays. In
Methods in Enzymology (Drug-Nucleic Acid Interactions); Chaires, ]. B., Waring, M.
J., Eds.; Elsevier: Amsterdam, 2001; Vol. 340, pp 624-633.

7. Morellet, N.; Bouaziz, S.; Petitjean, P.; Roques, B. P. J. Mol. Biol. 2003, 327,
215.



Bioorganic & Medicinal Chemistry Letters 20 (2010) 5853-5858

_ Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/bmcl

CD4 mimics targeting the HIV entry mechanism and their hybrid molecules

with a CXCR4 antagonist

Tetsuo Narumi?, Chihiro Ochiai?, Kazuhisa Yoshimura P, Shigeyoshi HaradaP®, Tomohiro Tanaka?,
Wataru Nomura?, Hiroshi Arai?, Taro Ozaki? Nami Ohashi?, Shuzo Matsushita®, Hirokazu Tamamura ®*

2 Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, Chiyoda-ku, Tokyo 101-0062, Japan

® Center for AIDS Research, Kumamoto University, Kumamoto 860-0811, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 14 June 2010
Revised 22 July 2010

Accepted 26 July 2010
Available online 3 August 2010

Keywords:

CcDh4

HIV entry
Hybrid molecule
gp120

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,
CCR5? or CXCR4.3

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-chloropheny! 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®?, and Trp!'2.% 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
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residues, Val®>®, Asp®®®, Glu7°, Ser®’>, le**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
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Figure 1. NBD-556 (1) and related compounds.



