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Abstract

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 alpha-
helical conformation, Glu-Lys pairs were introduced into the i and i+4 positions to increase the
helicity of the lead compound possessing 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 alpha-helical structure for the expression of
inhibitory activity, and presented a binding model of integrase and the lead compound.

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.1
However, it has been accompanied by serious clinical problems including the emergence of
viral strains with multi-drug resistance (MDR), considerable adverse effects and nonetheless
high costs. As a result, new categories of anti-HIV agents operating with mechanisms of
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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 inhibitor, raltegravir (Merck),2 has appeared in a clinical setting. It is assumed
that the activity of IN must be negatively regulated during the translocation of the viral DNA
from the cytoplasm to the nucleus to prevent auto-integration. The virus, as well as the host
cells, must encode mechanism(s) to prevent auto-integration since 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).4 The above inhibitory peptides, 1, 2 and 3, are
consecutive overlapping peptides (Figure 1). Compounds 4 and 5 are 12- and 18-mers from
the original Vpr sequence with the addition of an octa-arginyl group5 into the C-terminus
for cell membrane permeability, respectively. Compounds 4 and 5 have IN inhibitory
activity and anti-HIV activity. Here we report structure-activity relationship studies on these
lead compounds for the development of more potent IN inhibitors.

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 (Figure 2). Judging by the 3’-end processing and strand
transfer reactions in vitro,6 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.

Structural analysis showed that the Vpr-derived peptides, 1, 2 and 3, are located in the
second helix of Vpr and were thus considered to have an a-helical conformation.7
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 a-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 a-helicity due to formation of an ionic interaction of a -
carboxy group of Glu and an e-amino group of Lys. Several analogs of 5 with Glu-Lys pairs
were synthesized by Fmoc-solid phase peptide synthesis (Figure 3). In the inhibitory assay
against the 3’-end processing and strand transfer reactions catalyzed by HIV-1 IN invitro,
compounds 11 and 15 showed more potent inhibitory activities than 5 (Table 2).
Substitution of Glu-Lys for His'4-Gly18 or Ile3-Leu’ caused no decrease in IN inhibitory
activity but a significant increase in activity, suggesting that lle3, Leu’, His# and Gly® are
not indispensable for activity. Substitution of Glu-Lys for Ala2-11e® or GIn®-1le13 caused a
slight decrease in IN inhibitory activity against the 3’-end processing and strand transfer
reactions (compounds 12 and 13), indicating that Ala2 and/or 11e%, and GIn® and/or Ile13 are
partly required for activity. Substitution of Glu-Lys for lle?-GIn® caused a 2—4 fold decrease
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in IN inhibitory activity against the 3’-end processing and strand transfer reactions
(compound 14), showing that lle* and/or GIn® are essential for activity. Substitution of Glu-
Lys for Leul!-Phe!® caused an 8-fold decrease in IN inhibitory activity against the 3’-end
processing reaction and a 1.5-fold decrease in IN inhibitory activity against the strand
transfer reaction (compound 16), indicating that Leul! and/or Phel® are indispensable for
activity, especially for inhibition against 3’-end processing. Compound 17 has two
substitutions of Glu-Lys for His'4-Gly8 and for Ala2-11e8, which are common to
compounds 11 and 12, respectively. A 2-fold decrease in both IN inhibitory activities of
compound 17 is mostly due to the substitution for Ala2-11e8 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 luciferase. HIV-1
infection significantly reduces luciferase expression due to the high susceptibility of MT-4
cells to HIV-1 infection. Protection 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 signals in these MT-4 Luc systems.
The parent compound 5 showed significant anti-HIV activity at concentrations above 1.25
UM, as reported previously (Figure 4).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 compounds 12,
13 and 17 failed to show any significant anti-HIV activity. These results suggest that there is
a positive correlation between IN inhibitory activity anti-HIV activity of the compounds.
None of these compounds showed significant cytotoxic effects 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 a-helical structure, and the other
compounds, with the exception of 11 and 15, form a-helical structures similarly (Figure 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 activities of both compounds are superior to
that of the parent compound 5. Replacement of His4-Gly18 and Ile3-Leu” by Glu-Lys in
compounds 11 and 15, respectively, caused a significant decrease in a-helicity, possibly due
to formation of unfavorable salt bridges such as Glu4-Arg!® and Glu3-Arg®. Introduction of
a Glu-Lys pair into GIn®-11e13 in compound 13 caused a slight decrease in a-helicity,
possibly due to interference in the formation of a salt bridge of Glul-Arg® by that of Arg®-
Glu®. In the other analogs, increases in a-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 (Figure 6).
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Compounds 18-22, 25, 27 and 29 showed IN inhibitory activities against the 3’-end
processing and strand transfer reactions similar to those of 4 (Table 3). Ala-substitution for
Leu’, GIn8, GIn®, Leul®, Leull, His'4, Arg® or Gly18 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 Phe12, 11e13, Phel® or Ilel” gave compounds 23, 24, 26
and 28, which were 2—4 times less active in both the IN inhibitory assays, suggesting that
Phel2, 11e13, Phel® and Ilel” are indispensable for IN inhibition. Assessment of anti-HIV
activity in the MT-4 Luc system showed that all compounds 18-29 produced dose-
dependent inhibition of HIV-1 replication, although they displayed cytotoxicity at 10 uM (4,
19-23, 26 and 27) or above 5 pM (24 and 25) (Figure 7). Compounds 23 and 24, with Ala-
substitution for Phel2 and lle!3, respectively, showed weaker inhibitory activity than 4 at 5
UM. Consequently, Phel2 and Ile!3 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 concentrations below
10 uM, suggesting that the original Vpr-sequence, with the exceptions of Phel2, 1113, Phel®
and Ile17, is critical for activity.

The assumption that compound 5 forms an a-helical structure when binding to HIV-1 IN
suggests the binding model of IN and 5 shown in Figure 8, as 5 forms an a-helical structure
in 50% aqueous MeOH solution. In this model, Phe12, 1113, Phel® and Ilel?, which were
identified by the Ala-scan experiment as critical residues, are located in the pocket of IN.
Hisl4 and Gly!8, which can be replaced by Glu-Lys with an increase of activity in
compound 11, are located outside of the pocket of IN. lle3 and Leu’ can also be replaced by
Glu-Lys while retaining activity in compound 15, and Leu? is located outside of the pocket,
whereas le3 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 a-helicity, are possibly due to substitution
of Glu-Lys for Ala2 and Ile8, which are located in the pocket of IN. The reason for a
decrease in activity of compounds 14 and 16, which show increased a-helicity, might be due
to substitution of Lys for GIn8 and Phel®, 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 possibly due to substitution of Glu-Lys for GIn® and
llel3, 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.4 The Glu-
Lys substitution 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 model 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.
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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 reagents 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 meg/g, 0.025 and 0.0125 mmol scales for Glu-
Lys substitution and Ala-scan peptides, respectively). All peptides were synthesized by
stepwise elongation techniques. Each cycle involves (i) deprotection of an Fmoc group with
20% (v/v) piperidine/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 5.0 equiv. of 1-
hydroxybenzotriazole monohydrate (HOBt.H,0) in DMF (3 mL) for 90 min. N-Terminal a-
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-
ethanedithiol (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 system (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 cm3 min~2. The purified peptides 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 Tesque, Inc.) eluted with a linear
gradient of solvents A and B at a flow rate of 1 cm3 min~1, and eluted products were
detected by UV at 220 nm (shown in Figures S1-S3 in Supplementary data).

4.2 Expression and purification of F185K/C280S HIV-1 integrase from E. 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 between 0.4 and 0.9. Protein expression was
induced by the addition of isopropyl-1-thio-p-D-galactopyranoside to a final concentration
of 0.1 mM. After 2 h, the cells were collected by centrifugation at 6,000 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 minimal 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/HCI, pH 8.0, 1 M NaCl, 2 mM 2-mercaptoethanol)
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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 pm 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
buffer. 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 spectropolarimeter 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 °C in a quartz cell
1.0 mm path length, a time constant of 1 s, and a 100 nm/min scanning speed with 0.1 nm
resolution.

4.4 Integrase assays

Expression and purification of the recombinant IN in Escherichia coli were performed as
previously reported with addition of 10% glycerol to all buffers. Oigonucleotide substrates
were prepared as described.6 Integrase reactions were performed in 10 uL with 400 nM of
recombinant IN, 20 nM of 5’-end [32P]-labeled oligonucleotide substrate 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 MgCly, and 14.3 mM 2-mercaptoethanol. Reactions were stopped by addition
of 10 pL 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 enzyme 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 103 cells) grown in 96-well plates were infected with HIV-1yxg2
in the presence of various concentrations 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. Chemiluminescence was detected with a Veritas
luminometer (Promega).

Supplementary Material

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

lIRILQQLLFIHFRI

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

Figure 1.
Amino acid sequences of compounds 1-5. Compounds 1-3 are consecutive 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.
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4 Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
6 Ac-ILQQLLFIHFRIG-RRRRRRRR-NH,
7 Ac-RILQQLLFIHFRIG-RRRRRRRR-NH,
8 Ac-IRILQQLLFIHFRIG-RRRRRRRR-NH,
9 Ac-lIRILQQLLFIHFRIG-RRRRRRRR-NH,
10 Ac-AlIRILQQLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,

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

compound 4 to 5.
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1 5 10 15
Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-EAIIRILQQLLFIEFRIK-RRRRRRRR-NH,
Ac-EEIIRKLQQLLFIHFRIG-RRRRRRRR-NH,
Ac-EAIIRILQELLFKHFRIG-RRRRRRRR-NH,
Ac-EAIERILKQLLFIHFRIG-RRRRRRRR-NH,
Ac-EAEIRIKQQLLFIHFRIG-RRRRRRRR-NH,
Ac-EAIIRILQQLEFIHKRIG-RRRRRRRR-NH,
Ac-EEIIRKLQQLLFIEFRIK-RRRRRRRR-NH,

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

introduced.
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1.0:407 4
1.0>10° +
1.0>105 <
—~p
1.0.404
10 5 2.5 1.25 0.625 0.3125
conc. (uM)
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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208 222
wavelength (nm)

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.
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Figure 7.

10 5 2.5 1.25 0.65
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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.
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HIV-1 IN

Figure 8.
Brief presumed drawing of the binding model of HIV-1 IN and compound 5.
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Table 1
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ICsq values of compounds 4-10 toward the 3’-end processing and strand transfer reactions catalyzed by HIV-1

IN.

compound

1Cxo (LM)

3’-end processing

strand transfer

© 00 N o O b

0.13+£0.02
0.09£0.01
0.10+0.01
0.13+£0.02
0.26 +0.04
0.11+0.01
0.08 +£0.01

0.06 +0.01
0.04 +0.01
0.07 £0.01
0.11+0.01
0.11+0.03
0.07 £0.01
0.05+0.01
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Table 2
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ICsq values of compounds 5 and 11-17 toward the 3’-end processing and strand transfer reactions catalyzed
by HIV-1 IN.

compound

1Cxo (LM)

3’-end processing

strand transfer

11
12
13
14
15
16
17

0.09 +£0.01
0.05+0.01
0.12+0.01
0.14 £0.02
0.23+£0.03
0.04£0.01
0.71+0.21
0.18 £0.06

0.04 £0.01
0.01+0.001
0.047 £0.01
0.065 +0.01
0.15 +0.002
0.031+0.01
0.06 + 0.004
0.08 +0.02
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Table 3
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ICsq values of compounds 18-29 toward the 3’-end processing and strand transfer reactions catalyzed by

HIV-1 IN.
1C50 (UM)
compound

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 0.22+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
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