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Abstract

HIV-1 integrase (IN) is an enzyme which is indispensable for the stable infection of host cells
because it catalyzes the insertion of viral DNA into the genome and thus is an attractive target for
the development of anti-HIV agents. Earlier, we found Vpr-derived peptides with inhibitory
activity against HIV-1 IN. These Vpr-derived peptides are originally located in an a-helical region
of the parent Vpr protein. Addition of an octa-arginyl group to the inhibitory peptides caused
significant inhibition against HIV replication associated with an increase in cell permeability but
also relatively high cytotoxicity. In the current study, stapled peptides, a new class of stabilized a-
helical peptidomimetics were adopted to enhance the cell permeability of the above lead peptides.
A series of stapled peptides, which have a hydrocarbon link formed by a ruthenium-catalyzed ring-
closing metathesis reaction between successive turns of a-helix, were designed, synthesized, and
evaluated for biological activity. In cell-based assays some of the stapled peptides showed potent
anti-HIV activity comparable with that of the original octa-arginine-containing peptide (2) but
with lower cytotoxicity. Fluorescent imaging experiments revealed that these stapled peptides are
significantly cell permeable, and CD analysis showed they form a-helical structures, whereas the
unstapled congeners form S-sheet structures. The application of this stapling strategy to Vpr-
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derived IN inhibitory peptides led to a remarkable increase in their potency in cells and a
significant reduction of their cytotoxicity.

Graphical Abstract
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Several antiretroviral drugs have been developed to date and are now available to treat
human immunodeficiency virus type 1 (HIV-1) infection and acquired immunodeficiency
syndrome (AIDS).! The main targets for antiretroviral drugs are viral enzymes such as
protease, reverse transcriptase (RT) and integrase (IN) and surface proteins such as gp41 and
coreceptors. New anti-HIV-1 drugs operating with different inhibitory mechanisms however,
are required due to the emergence of viral strains with multidrug resistance (MDR), side
effects and high costs of treatments. IN, an indispensable enzyme for the stable infection of
the virus into host cells, catalyzes the insertion of viral DNA into the genome of host cells
via strand transfer and 3”-end processing reactions. Thus, it is an attractive target for anti-
HIV-1 drugs.2=2 It has been assumed that during the transfer of viral DNA from cytoplasm to
nucleus, the activity of IN must be negatively regulated to prevent autointegration, which
might abort the infection and we speculate that HIV must invoke a mechanism preventing
the autointegration. The viral preintegration complex (PIC) contains viral nucleic acids; viral
proteins such as RT, IN, capsids (p24°A and p7NC), matrix (p17MA), p6 and Vpr; cellular
proteins HMG 1 (Y); and a barrier to autointegration factor (BAF).47 Since these proteins
exist in proximity in the PIC, they might physically and functionally interact with each
other, and thus PIC components may regulate one another’s function. An example of this is
inhibition of IN activity by Vpr through its C-terminal domain.8:° In our previous study, the
screening of an overlapping peptide library derived from HIV-1 proteins led to the
identification of several peptide motifs with inhibitory activity against HIV-1 IN,10 and the
evaluation of effective inhibition of HIV-1 replication in cells using the identified peptide
inhibitors possessing a cell membrane-permeable octa-arginine.!! The original Vpr-fragment
(1) and its octa-arginine-conjugate with cell membrane permeability (2) have been
developed as lead peptides (Figure 1), which are located in the second helix region of the
whole protein Vpr. In the structure—activity relationship studies, Glu-Lys pairs were
introduced into the 7and 7+ 4 positions to increase the helicity, and Ala-scan was also
performed on the lead compound to identifiy the amino acid residues responsible for the
inhibitory activity.12 However, the addition of octa-arginine to these peptides led to an
increase in cytotoxicity.
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In the current study, hydrocarbon-stapled peptides, often utilized as a new class of stabilized
a-helical peptidomimetics,3-15 were adopted to enhance cell permeability in the above
peptides, without octa-arginine (Figure 2). In stapled peptides, a ruthenium-catalyzed ring-
closing metathesis (RCM) reaction between successive turns of a-helix causes formation of
a hydrocarbon link.16:17 Several stapled peptides were designed and synthesized, and their
anti-HIV assay and bioimaging experiments using living cells were performed.

RESULTS AND DISCUSSION
Design and Synthesis of Stapled Peptides.

The lead peptides 1 and 2 are shown in Figure 1.10 It was found in our previous Ala-scan
study that Phel2, 11e13, Phel®, and 1lel7 are indispensable for IN inhibitory and anti-HIV
activities.12 Avoiding substitution for these residues, several stapled peptides cross-linked
between the 7and /j+ 4 positions were designed using all-hydrocarbon staple-type8-20 and
ether staple-type amino acid derivatives?! (Table 1). Okamoto et al. reported that staple
positioning was indeed important in binding of BimBH3 peptides to pro-survival proteins.2°
Protected linear peptides were constructed by Fmoc-solid phase peptide synthesis on the
Rink amide resin using Fmoc-protected all-hydrocarbon staple-type and ether staple-type
amino acid derivatives (Scheme 1). The RCM reactions of the protected linear peptides were
performed on the resin by treatment with 20 mol % of the ruthenium-mediated Grubbs
second catalyst in 1,2-dichloroethane at 60 °C for 2 h. The RCM reactions of the all-
hydrocarbon staple-types gave high yields (83-97%), while those of the ether staple-types
did not cause adequate conversion (~0-57%), probably due to their instability or
hydrophilicity. The yields of the conversion in the RCM reactions from linear to cyclic
peptides are shown in Table 1. With peptides that have low conversion yields, it might be
difficult for the two olefin moieties to interact each other and cross-link. The configuration
of the double bonds was not determined.22 After RCM, the Fmoc group at the N-terminus
was removed, and the peptide was subsequently acetylated followed by the removal of the
protecting groups and cleavage of the peptides from the resin using TFA. Purification of the
crude peptides by preparative HPLC provided the stapled peptides as final products. In the
synthesis of the corresponding linear peptides with olefinic side chains, the Fmoc group at
the N-terminus was removed in the absence of RCM reactions, and the peptide was
subsequently acetylated, the protecting groups were removed, and the peptide was cleaved
from the resin using TFA and purified by HPLC. Since most of ether staple-type peptides
had low conversion yields in the RCM reactions, only compounds 11S and 11L were
synthesized. The conjugates of 6S with octa-arginine (17) and with the quartet repeat of
arginine and glutamic acid (18), the conjugate of 6L with the quartet repeat of arginine and
glutamic acid (19), and the conjugates of 6S with tetra-arginine (20), with penta-arginine
(21), with hexa-arginine (22), and with hepta-arginine (23) were synthesized using the same
method (Figure 5). For fluorescein-labeled peptides of 3S, 6S, 8S, 6L, 1, and 2, Fmoc-
GABA-OH and fluorescein were condensed after the deprotection of the Fmoc group at the
N-terminus (Supporting Information).

ACS Chem Biol. Author manuscript; available in PMC 2020 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nomura et al. Page 4

CD Spectroscopy of Linear and Stapled Peptides.

The secondary structures of the synthetic peptides, stapled peptides, 35-9S and 11S, and the
linear peptides, 4L—6L, 8L, 9L, and 11L, were analyzed by CD spectroscopy (Figure 3). All
of the stapled peptides, with the exception of 3S, showed double negative peaks at 208 and
222 nm, characteristic of an a-helical structure. In contrast, the corresponding linear
peptides including compound 1 showed a broad negative peak around 215 nm, characteristic
of a B-sheet structure. It is clear that stapling of the linear peptides causes a significant
increase in a-helicity. Only one stapled peptide (3S) failed to show any sign of an a-helical
structure, and consequently the corresponding linear peptide, 3L, was not used as a control.

Integrase (IN) Inhibition Assays of Stapled Peptides, 3S-9S and 11S, and Linear Peptides,
4L-6L, 8L, 9L, and 11L.

The IN inhibitory activities of these compounds were evaluated in vitro by the 3”-end
processing and strand transfer reactions (Table 2).23-27 Compounds 4S, 5S, 6S, 6L, 8L, and
9L showed almost the same inhibitory levels as compound 1 in both the 3"-end processing
and strand transfer reactions. Compounds 3S, 8S, 9S, 4L, 5L, and 11L showed 1.3-4.0-fold
lower inhibitory activities than compound 1 in both 3”-end processing and strand transfer
reactions. Compound 7S showed remarkably lower inhibitory potency against both
activities. Compound 11S showed lower inhibitory activity on the 3’-end processing
reaction than compound 1 but almost the same inhibitory level on the strand transfer reaction
as that of compound 1. Compound 3S showed a S-sheet structure and low inhibitory activity,
suggesting that stapling between 1 and 5 positions is not feasible and that the original amino
acid residues Glu® and/or Arg® are indispensable for IN inhibitory activity. Compounds 4S
and 5S retained the inhibitory activity of compound 1, while compounds 4L and 5L showed
low inhibitory activity. These results suggest that stapling between the 2 and 6 positions and
between the 3 and 7 positions is feasible, but the introduction of pentenyl moieties into the 2
and 6 positions or into the 3 and 7 positions is not. Maintenance of inhibitory activity at the
level of that of compound 1 in both compounds 6S and 6L revealed that not only stapling
between the 4 and 8 positions but also the introduction of pentenyl moieties into the 4 and 8
positions is permissible. The original amino acid residue Ile* or GIn8 is not essential for IN
inhibitory activity. The considerable decrease in IN inhibitory activity of compound 7S
showed that Arg® and GIn® are clearly important. The stapled peptide 7S showed no
significant IN inhibitory activity, and consequently the corresponding linear peptide 7L was
not synthesized. A decrease in activity of compounds 8S and 9S and maintenance in activity
of compounds 8L and 9L suggest that Ile®, Leu’, Leul®, or Leu! is not essential for IN
inhibitory activity and that stapling by RCM between the 6 and 10 positions and between the
7 and 11 positions might have a disadvantageous effect on the other regions. A decrease in
activity of compounds 11S and 11L suggests that the ether-type stapling is unsuitable,
possibly because of hydrophilicity, while the reason why the inhibitory activity of 11S
against the strand transfer reaction is retained is unclear. Compound 2 showed the highest
inhibitory levels on both the 3”-end processing and strand transfer reactions, which were
approximately 30x higher than those of compound 1. The reason for this is not clear. The IN
inhibition assays against the 3’-end processing and strand transfer reactions were performed
in vitro, and thus, cell membrane permeability is not relevant.
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MT-4 Luc Assays of Stapled Peptides, 3S-9S and 11S, and Linear Peptides, 4L—6L, 8L, 9L,

and 11L.

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.28 MT-4 Luc cells constitutively express high levels of luciferase, but
these high levels are significantly reduced by HIV-1 infection 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. The cytotoxicity of test compounds can
be evaluated by a decrease of luciferase signals in these MT-4 Luc systems. As reported
previously, the parent compound (2) showed significant anti-HIV activity at concentrations
above 2.5 M (Figure 4).10:12 Compound 1 showed no significant anti-HIV activity at
concentrations below 10 4#M, presumably due to lack of cell membrane permeability.
Compound 6S showed significant anti-HIV activity at concentrations above 2.5 (M, its
activity level being consistent with that of compound 2. Compound 8S at a concentration of
10 4M also showed significant anti-HIV activity. The corresponding linear peptides 6L and
8L did not show significant anti-HIV activity at concentrations below 10 zM, suggesting
that stapling was effective for both cell membrane permeability and the expression of
activity inside cells with the result that HIV-1 replication was effectively inhibited. The other
stapled peptides did not show significant anti-HIV activity at concentrations below 10 ¢/M,
possibly because of the introduction of the cross-link in inappropriate positions. All of the
linear peptides failed to show significant anti-HIV activity, indicating that these peptides do
not enter the cytoplasm or cannot access IN. Compounds 6S and 2 have almost the same
level of anti-HIV activity in cells, although 2 has much higher IN inhibitory activity /n vitro
than compound 6S. The additional octa-arginine sequence might play a functional role
besides influencing cell membrane permeability, and thus, conjugates of compounds 6S and
6L with hydrophilic sequences were synthesized to investigate the functional role of octa-
arginine.

IN Inhibition Assays of Conjugates of Hydrophilic Sequence-containing Compounds 6S

and 6L.

As a comparative study of additional hydrophilic sequences, we investigated the functional
role of octa-arginine with the conjugates of compounds 6S and 6L with the quartet repeat of
arginine and glutamic acid (Figure 5, Table 3). Compound 17 showed high inhibitory levels
with respect to both the 3”-end processing and strand transfer reactions and its activity levels
were comparable with those of compound 2. Compound 18 showed lower IN inhibitory
levels, which were almost the same levels as those of compounds 19, 6S, and 1. It suggests
that the addition of the quartet repeat of arginine and glutamic acid does not lead to an
increase in IN inhibitory activities, and that the only addition of octa-arginine is effective.

MT-4 Luc Assays of Conjugates of Compounds 6S and 6L with Hydrophilic Sequences.

Anti-HIV activity of these conjugates was assessed by the MT-4 Luc system (Figure 6).
Compound 17 showed significant anti-HIV activity at concentrations above 1.25 M but
significant cytotoxicity at a concentration of 10 xM. Compound 18 showed significant anti-
HIV activity at concentrations above 5 zM; its activity level was almost the same as that of
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compound 6S. Compound 19 showed significant anti-HIV activity at a concentration of 10
LM, whereas compound 6L did not show significant anti-HIV activity at concentrations
below 10 M. Thus the addition of the quartet repeat of arginine and glutamic acid results in
a slight increase in anti-HIV activity in cells, but the increase was much lower than that
resulting from the addition of octa-arginine. It is noteworthy that the octa-arginine addition
has a possibility to cause cytotoxicity and also that stapled peptides have sufficient cell
membrane permeability

P24 ELISA and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assays
of Conjugates of Hydrophilic Sequence-Containing Compounds 6S and 6L.

The MT-4 Luc assay evaluates anti-HIV activity and cytotoxicity of compounds
simultaneously: HIV-1-induced MT-4 cell death and compound-derived cell death both
cause reduction of the luciferase signals, and consequently, anti-HIV activity and
cytotoxicity of compounds cannot be distinguished by this assay system. The p24 ELISA
and MTT assays of conjugates of compounds 6S and 6L with hydrophilic sequences were
performed (Table 3). ECsq values in the p24 ELISA assay were based on the reduction of the
HIV-1 p24 production in MT-4 cells infected with HIV-1 (NL4-3 strain). ECgg values in the
MTT assay were based on the protection of HIV-1 (NL4-3 strain)-induced cytopathogenicity
in MT-4 cells, and CCs values in the MTT assay were based on the reduction of the
viability of mock infected MT-4 cells. In these tests, compound 17 showed potent anti-HIV
activity (ECsq (p24 assay) = 4.29 (M, ECso (MTT assay) = 3.08 M), but also significant
cytotoxicity (CCsq = 7.04 tM). The anti-HIV activity of compound 18 (ECsq (p24 assay) =
9.56 1M, ECso (MTT assay) = 6.81 ¢M) is lower than that of compound 17. This is
consistent with the results in the MT-4 Luc assay (Figure 6). Compound 19 did not show
significant anti-HIV activity at concentrations below 10 zM either in the p24 assay or in the
MTT assay, but compound 19 showed significant but moderate anti-HIV activity at a
concentration of 10 4/M in the MT-4 Luc assay. Since MT-4 cells possess luciferase,
background signals can be detected in the MT-4 Luc assay whose sensitivity compared to
that of the more reliable p24 or MTT assays is not therefore refined. Consequently,
compound 19 might have minimal or no anti-HIV activity. Compound 6S has potent anti-
HIV activity (ECsq (p24 assay) = 6.46 1M, ECsg (MTT assay) = 3.55 ¢M), which is
consistent with that of compound 17. The corresponding linear peptide 6L did not show
significant anti-HIV activity at concentrations below 10 zM in either the p24 assay or in the
MTT assay, indicating the effect of stapling. Compound 6S did not show significant
cytotoxicity at concentrations below 10 £M in common with all the peptides lacking octa-
arginine. Only compounds 17 and 2 showed potent cytotoxicity (CCgq = 7.04 M, CCsg =
5.91 1M, respectively). The second most potent stapled peptide (8S) and its corresponding
linear peptide (8L) showed a certain level of anti-HIV activity and almost no significant
anti-HIV activity, respectively. These results are consistent with those in the MT-4 Luc assay
(Figures 4 and 6). Compound 5S, which did not show high anti-HIV activity in the MT-4
Luc assay, failed to exhibit significant anti-HIV activity at concentrations below 10 M
either in the p24 or the MTT assay. Compound 2 showed potent anti-HIV activity and
cytotoxicity (ECsq (p24 assay) = 3.51 ¢M, ECgq (MTT assay) = 4.54 1M, CCsq = 5.91 tM),
whereas compound 1 did not show significant anti-HIV activity or cytotoxicity at
concentrations below 10 4M. These results are consistent with those from the MT-4 Luc
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assay. In the expression of anti-HIV activity in cells, stapling is therefore sufficient, and the
addition of octa-arginine is not desirable because of cytotoxicity.

DNA Binding Effects of Conjugates of Compounds 6S and 6L with Hydrophilic Sequences.

In spite of the assay results obtained previously, the functional role of the additional octa-
arginine sequence remains unclear. In the both the 3-end processing and strand transfer
reactions /n vitro, the addition of the quartet repeat of arginine and glutamic acid failed to
increase IN inhibitory activities, and only addition of octa-arginine was effective. Thus, the
effects on DNA binding of conjugates of compounds 6S and 6L with hydrophilic sequences
were investigated. Significant DNA binding effects were observed in the octa-arginine-
containing peptides 17 and 2 at a concentration of 4 M, whereas in the peptides with the
quartet repeat of arginine and glutamic acid or lacking an additional sequence, DNA binding
effects were observed at a concentration of 37 4M. This suggests that octa-arginine plays a
critical role in DNA binding, perhaps because the arginine guanidino groups can bind to
phosphonate groups of DNA and that the binding of peptides to the target DNA might lead
to a significant increase in IN inhibitory activity.

IN Inhibition, P24 ELISA, MtT, and DNA Binding Assays of Conjugates of Compound 6S
with Oligo-arginine Sequences.

The functional role of the additional octa-arginine sequence appears to be correlated to
binding affinity for the target DNA and thus the IN inhibitory activities /n vitro. The addition
of the quartet repeat of arginine and glutamic acid appears not to have such a significant
effect. This suggests that the hydrophilic nature of octa-arginine is not important but the
sequential arginine sequence is critical. To investigate effects of the length of oligo-arginine
sequences on DNA binding and IN inhibitory activities, the conjugates of compound 6S with
tetra- (20), penta- (21), hexa- (22), and hepta-arginine (23) sequences were prepared (Figure
5). Compounds 20 and 21 showed 3-6x higher inhibition of both the 3"-end processing and
strand transfer reactions than compound 6S (Table 4). Compound 22 showed 2x higher
inhibitory levels than compounds 20 and 21 in both reactions. The activity levels of
compound 23 were comparable with those of compound 17. Thus, the IN inhibitory
activities appear to be positively correlated with the length of oligo-arginine sequences of
the conjugates of compound 6S, and the addition of hepta-arginine is sufficient for increases
in IN inhibitory activities. For DNA binding analysis, a fluorescent polarization assay was
conducted. The interaction between the oligo-arginine and phosphates of DNA backbone
should only be nonspecific electrostatic interactions. Although the changes in polarization
did not reach equilibrium over the time-course examined, the differences in the rates of
association of the peptides with DNA are positively correlated with the length of the oligo-
arginine sequences of the conjugates of compound 6S (Figure 7). In the p24 ELISA and
MTT assays, compounds 17 and 20-23 showed almost the same levels of anti-HIV activity
(ECsq = 3.1-7.4 1iM), although exact ECsq values of compounds 17 and 23 were not
determined in the MTT assay because of the high cytotoxicity of the compounds.
Cytotoxicity and the length of oligo-arginine sequences of the conjugates of compound 6S
were inversely proportional to one another. Since compounds 20 and 21 with tetra- and
penta-arginine sequences have sufficient IN inhibitory and DNA binding activities and
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relatively low cytotoxicity, these are useful leads in the series of stapled peptide-type IN
inhibitors.

Stapled and Linear Peptides Labeled with Fluorescein: Imaging Experiments.

To investigate whether stapled and linear peptides penetrate cell membranes, imaging
experiments using peptides labeled with fluorescein were performed in HeLa cells (Figure
8). Compound 3S-F, the stapled peptide 3S labeled with fluorescein, was not observed
inside cells, and it was concluded that compound 3S-F cannot penetrate cell membranes.
According to the CD analysis, compound 3S does not form an a-helical structure (Figure 3)
and thus is unable to penetrate cell membranes and did not show significant anti-HIV
activity in the MT-4 Luc assay (Figure 4), although it showed significant IN inhibitory
activity /n vitro (Table 2). Cell membrane penetration of compound 6S-F, the stapled peptide
6S labeled with fluorescein, was observed, whereas cell membrane penetration of compound
6L-F, the linear peptide 6L labeled with fluorescein, was not. In the image of 6L-F, the high
accumulation of fluorescent dyes was observed on the cell surface. The phenomenon could
suggest the aggregation of peptides. It is thought that, since compound 6S forms an a-helical
structure, it can penetrate cell membranes and show potent anti-HIV activity, and since
compound 6L does not form an a-helical structure, it cannot penetrate cell membranes and
does not show significant anti-HIV activity. Compound 8S-F, the stapled peptide 8S labeled
with fluorescein, showed imaging similar to that of compound 6S-F. Compound 8S forms an
a-helical structure, can penetrate cell membranes and shows significant anti-HIV activity as
in the case of compound 6S. However, in the case of compound 8S-F, the accumulation of
fluorescent dyes on the cell surface was also observed. Compound 1-F, the peptide 1 labeled
with fluorescein, was not observed inside cells, whereas compound 2-F, peptide 2 labeled
with fluorescein, was observed inside cells. The addition to the structure of octa-arginine
caused the peptide 1 to penetrate the cell membrane. The concentration of each peptide was
5 M. In the MTT assay, the CCsq value of peptide 2 was 5.91 4M (Table 3). It is possible
that slightly rounded and no lamellipodia extensions of the cell image might be caused by
the use of the peptide concentration similar to that of the CCgq value. More cytotoxic effects
might be detected if higher concentrations of the peptides were used. As a result, stapling
(which can cause an increase in helicity) enhances cell membrane penetration. All the
penetrating peptides (peptides 6S-F, 8S-F, and 2-F) in the cell showed localization in
cytosol and accumulation near the cell membrane.

CONCLUSIONS

Stabilized a-helical peptidomimetics, stapled peptides, were applied to Vpr-derived
fragments having HIV-1 IN inhibitory activity. Stapling of these lead compounds caused a
significant increase in a-helicity and cell membrane penetration, and in the expression of
potent anti-HIV activity in cells. The difference in the secondary structure of peptides did
not make much difference in IN inhibitory activity. Even linear peptides might form a-helix
structures when they bind to the target IN. Thus, the difference in the secondary structure
might affect the difference in cell membrane penetration and thereby anti-HIV activity in
cells. It is noteworthy that stapling and the addition of octa-arginine caused cell membrane
penetration and that stapling did not involve cytotoxicity while incorporation of octa-
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arginine into the structures increased the cytotoxicity of the compounds. As a result, the
stapled peptides 6S and 8S were found to be potent anti-HIV agents comparable with the
original lead compound (2) containing octa-arginine. Adjustment of the length of additional
oligo-arginine sequences of the stapled peptide 6S led to the development of compounds 20
and 21 with relatively high IN inhibitory activity and low cytotoxicity. The ratios of anti-
HIV activity/cytotoxicity still might not be enough for drugs, but in the future the use of
DNA binding units besides oligo-arginine sequences would resolve this drawback. The
adoption of the stapled strategy to Vpr-derived peptides was successful, and these results
might be useful for the further development of potent HIV-1 IN inhibitors. To date, several
anti-HIV drugs have been reported, and their cocktail therapies using two or three drugs are
known as highly active antiretroviral therapy (HAART), which has brought great success
and hope in the clinical treatment of HIV-infected patients.2? Recently, the first IN inhibitor,
raltegravir (Merck),23 has appeared in a clinical setting, and several inhibitors are under
development. These IN inhibitors might be useful in HAART. The present strategy,
mimicking autoinhibition, would be less susceptible to resistance through mutation.

METHODS

Chemical synthesis and characterization methods for peptides and peptidomimetics are
described in the Supporting Information.

CD Spectroscopy.

CD measurements were performed on a JASCO J-820 spectropolarimeter equipped with
thermoregulator (JASCO Corp., Ltd.), using 12.5 M of peptides dissolved in 20% TFE
water or 0.625% TFE water containing 10% CH3CN. UV spectra were recorded at 20 °C in
a quartz cell of 10.0 mm path length, a time constant of 0.25 s, and a 100 nm/min scanning
speed with 0.2 nm resolution.

Integrase Assays.

Recombinant IN was expressed in £. coliand purified as previously reported.20 Integrase
reactions were performed in 10 L with 400 nM of recombinant IN, 20 nM of 5”-end [32P]-
labeled oligonucleotide substrate (full-length 21 nucleotide duplex)3° and inhibitors or
DMSO (drug solvent). 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 zL of loading dye (10 mM EDTA, 2% SDS, 95%
deionized formamide, 0.025% xylene cyanol and 0.025% bromophenol blue). Reactions
were then subjected to electrophoresis in 16% polyacrylamide—7 M urea gels. Gels were
dried, and reaction products were visualized with a Typhoon 8600 (GE Healthcare, Little
Chalfont, Buckinghamshire, UK). Densitometric analyses were performed using
ImageQuant version 5.1 (Molecular Dynamics Inc.). Concentration of inhibitors allowing
50% reduction of enzyme activity (ICsg) and standard deviation (SD) were determined using
Prism software version 5.0c (GraphPad Software, San Diego, CA) from at least three
independent experiments.
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Replication Assays.

For MT-4 Luc assays, MT-4 Luc cells (2.5-5 x 103 cells) grown in 96-well plates were
infected with HIV-1 NL4-3 (~50-250 pg) in the presence of varying concentrations of
compounds. At 6-8 d postinfection, cells were lysed, and luciferase activity was measured
using the Steady-Glo assay kits (Promega), according to the manufacture’s protocol.
Chemiluminescence was detected with a Veritas luminometer.

Anti-HIV-1 activity was determined by measuring the protection against HIV-1 (NL4-3
strain)-induced cytopathogenicity in MT-4 cells by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay or p24 (CA) concentrations in the culture
supernatant by ELISA. Various concentrations of compounds were added to HIV-1-infected
MT-4 cells at multiplicity of infection of 0.001 and placed in wells of a 96-well microplate.
After 5 days’ incubation at 37 °C in a CO; incubator, the number of viable cells was
determined using the MTT method. Cytotoxicity of the compounds was determined by
measurement of the reduction against the viability of mock-infected MT-4 cells. Levels of
p24 antigen in the supernatants of 5-day cultures were also measured using a Retro TEK p24
antigen ELISA kit (ZeptroMetrix Corp., Buffalo, NY), according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate photometer.

DNA Binding Effect (Table 3).

Serial dilutions of peptides were mixed to IN and its radio-labeled DNA substrate in activity
buffer (see Integrase Assays section). After 2 h at 37 °C, an equal volume of loading buffer
(99% deionized formamide, 0.025% xylene cyanol, and 0.025% bromophenol blue) was
added to the mixture. Samples were then loaded on 16% polyacrylamide—7 M urea gels.
After 90 min migration at 2000 V, gels were dried, and migration of the DNA was visualized
with a Typhoon 8600. The accumulation of signal in the well of the gel was visually
investigated. The lowest concentration of peptides inducing complete retardation was
reported.

DNA Binding Assays (Figure 7).
A plate-based assay using fluorescence polarization was performed to monitor DNA
binding. In this experiment, the integrase DNA substrate contains a fluorescein dye on its 3'-
end (cleaved strand) and fluorescence anisotropy was monitored every min for 30 min at RT
using the EnVision plate reader (Perkin-Elmer). Reactions were performed in absence of IN
with 10 nM of fluorescent oligonucleotide and 0.5 ¢M peptide in buffer containing 0.1%
BSA and 0.01% tween 20, 50 mM MOPS, pH 7.2, 7.5 mM MgCls, and 14.3 mM 2-
mercaptoethanol. Each sample was assessed in triplicate, and a solution of 10% DMSO was
used as control. Data analysis was done using Prism version 5.0c (GraphPad software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS:

HIV human immunodeficiency virus

AIDS acquired immunodeficiency syndrome

RT reverse transcriptase

IN integrase

MDR multidrug resistance

PIC preintegration complex

BAF barrier to autointegration factor

RCM ring-closing metathesis

GABA y-aminobutyric acid

CD circular dichroism

Luc luciferase

ELISA enzyme-linked immunosorbent assay

MTT 3-(4,5-dimethylthial-2-yl)-2,5-diphenyltetrazalium bromide
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1: Ac-EAIIRILQQLLFIHFRIG-NH,
2: Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,

Figure 1.
Amino acid sequences of peptides 1 and 2.
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:: Vpr-derived peptides

HIV-1 Vpr protein a

i addition of cell membrane permeability
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and stability
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Figure 2.
Outline of this study.
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CD spectra of the stapled peptides 3S—-9S, and 11S (a) and the linear peptides 4L—6L, 8L,
9L, and 11L (b) (12.5 ¢M) in H,O containing 10% CH3CN and 0.625% TFE at 20 °C.
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Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of different
concentrations of compounds 3S-9S, 4L-6L, 8L, 9L, 11S, and 11L. Luciferase activity is

expressed as relative luciferase units (RLU). unINF: uninfected.
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6S: Ac-EAIXRILXQLLFIHFRIG-NH

17: Ac-EAIXRILXxQLLFIHFRIG-RRRRRRRR-NH,
18: Ac-EAIXRILXQLLFIHFRIG-RERERERE-NH,
6L: Ac-EAIZRILZQLLFIHFRIG-NH,

19: Ac-EAIZRILzQLLFIHFRIG-RERERERE-NH,
20: Ac-EAIXRILXQLLFIHFRIG-RRRR-NH»

21: Ac-EAIXRILXQLLFIHFRIG-RRRRR-NH,

22: Ac-EAIXRILXQLLFIHFRIG-RRRRRR-NH,
23: Ac-EAIXRILXQLLFIHFRIG-RRRRRRR-NH,

Figure 5.
Amino acid sequences of the conjugates of 6S with octa-arginine (17) and with the quartet

repeat of arginine and glutamic acid (18), the conjugate of 6L with the quartet repeat of
arginine and glutamic acid (19), and the conjugates of 6S with tetra-arginine (20), penta-
arginine (21), hexa-arginine (22), and hepta-arginine (23). x = cross-linked all-hydrocarbon
staple-type amino acid, z= 2-aminohept-6-enoic acid.
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Figure 6.
Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of different

concentrations of compounds 17, 18, and 19. Luciferase activity is expressed as relative
luciferase units (RLU).
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200+
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Figure 7.
DNA binding properties of the conjugates of 6S with octa-arginine (17), with hepta-arginine

(23), with hexa-arginine (22), with penta-arginine (21), and with tetra-arginine (20). Time
courses at the 0.5 M concentration of each peptide are presented. The oligonucleotide
concentration is 10 nM.
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Fluorescein

Figure 8.
Imaging experiments for cell permeability of the stapled and linear peptides labeled with

fluorescein to HeLa cells. Each panel is divided into three sections as follows: upper,
differential interference contrast (DIC) image; middle, fluorescein emission; lower, merged
image. The peptide concentration is 5 ¢M. After addition of peptides, cells were incubated at
37 °C for 30 min under 5% CO» atmosphere. After washing three times with HBSS buffer,
the fluorescent imaging was conducted by Fluoview FVV10i confocal microscopy systems
(Olympus). Orange bars in the panels represent 10 m. The fluorescein-labeled peptides
contain fluorescein—-GABA instead of acetyl in the A~terminus.
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Scheme 1.
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Inhibitory Activities (ICsq Values) of the Stapled and Linear Peptides toward the 3”-End Processing and
Strand Transfer Reactions Catalyzed by HIV-1 IN

Iso UM)>
peptide 3’-end processing  strand transfer

3S (stapled) 58+0.8 38+0.7
4S (stapled) 25+04 1.1+0.08
5S (stapled) 2.8+03 1.2+0.09
6S (stapled) 24+04 0.84 +0.07
7S (stapled) >111 54.4+9.6
85 (stapled) 5.6+ 0.7 41+06
9S (stapled) 49+0.6 19+0.2
4L (linear) 52+05 1.7+0.3
5L (linear) 9.6 0.6 44+04
6L (linear) 26+04 1.2+0.09
8L (linear) 25+0.3 1.0+0.07
9L (linear) 21+0.2 0.9 +0.06
11S (stapled) 4207 0.7 £ 0.08
11L (linear) 35+03 1.7+03

1 26+0.2 1.1+0.08
2 0.079 £ 0.007 0.036 + 0.008
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Table 4.

Page 26

Inhibitory Activities (ICsq Values) toward the 3’-End Processing and Strand Transfer Reactions Catalyzed by
HIV-1 IN, anti-HIV Activities (ECgg Values, p24 and MTT Assays) and Cytotoxicities (CCgg values, MTT

Assay) of the Conjugates of Compound 6S with Oligo-arginine Sequences

peptide
20

21

22

23

17

6S

1

2

AZT

ICs0 (LM)
3’-end
processing
0.45 +0.02
0.47 £0.03
0.25+0.01
0.18 £ 0.01
0.17+£0.01
26+0.1
20+0.2
0.16 £ 0.05
N.T.

ECsxp

ICoo (M) b3

strand transfer  assay
0.22 £0.02 6.5
0.21 +0.03 3.2
0.14 +0.03 7.4
0.062 + 0.005 5.6

0.076 £ 0.009 7.1

0.75+0.08 8.3
22+0.2 >20
0.062 +0.009 6.4
N.T. 0.29

ECso
%
assay

32

31

47
27% at 5 1M
28% at 5 1M

6.4

N.T.

N.T.

0.07

CCs
s
assay
16
15
13
12
6.9
>20
N.T.
N.T.
>100
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