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The aim of this study was to design synthetic peptides with
p-amino acid substitutions that mimic the human immuno-
deficiency virus (HIV) gp41 HR2 region. The objective was to
develop new and active C34 analogue peptides by introducing
D-amino acid point substitutions at nonessential sites for HR1-
HR2 interaction without disrupting the structure of the peptide.
Herein we report a study with C34L peptide analogues, includ-
ing the enantiomer peptide C34D, the retro-inverso analogue
(RI), and two peptides with p-amino acid point substitutions
(C34M2 and C34M3). Our results show that, with the exception
of RI, these peptides adopt an a-helical structure and are, like

Introduction

HIV preferentially infects CD4 cells, including T4 lymphocytes,
monocytes/macrophages, and dendritic cells."? This tropism is
determined by the viral envelope glycoproteins, the cellular
CD4 receptor, and CCR5 or CXCR4 co-receptors.® Envelope gly-
coproteins are synthesized as 160-kDa precursors that are
cleaved at the trans-Golgi level by cellular endoproteases to
yield the mature external envelope gp120 (also named surface
unit [SU]) and the transmembrane (TM) gp41 glycoprotein.”
Both proteins interact through noncovalent interactions to
form trimers at the surface of viral particles and infected
cells.”’ The high-affinity interaction between gp120 and CD4
(K3=1nm) induces significant structural modifications that
lead to the exposure of a new domain of gp120 that under-
goes a second interaction with the chemokine receptors CCR5
or CXCR4.2® Upon gp120 receptor and co-receptor binding,
subsequent rearrangements within the TM gp41 lead to the
exposure of a previously hidden hydrophobic N-terminal
region known as the fusion peptide. The insertion of this hy-
drophobic N-terminal fusion domain into the membrane of the
host cell then initiates fusion between the viral and host cell
membranes.”) This insertion is accompanied by structural
modifications of the heptad repeat regions HR1 and HR2,
which fold into hairpin-like structures: the two hydrophobic
helices HR1 and HR2 adopt an antiparallel orientation to form
a six-helix bundle (6HB). The latter structure can then promote
fusion by bringing the viral and cellular membranes into close
proximity.®

Three essential domains have been determined in the gp41
ectodomain. The N-terminal fusion peptide (FP; residues 512-
527) is characterized by its hydrophobicity. HR1, a structured
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C34L, able to interact with HR1, mimicked by the N36 peptide.
Furthermore, we show that modifications introduced in C34M2,
but not in C34M3, enhance its resistance to trypsin-mediated
hydrolysis and increase the stability of C34M2 in physiological
medium. Interestingly, our results show that C34 peptide ana-
logues C34M2 and C34M3, but not C34D and its RI analogue,
retain their ability to inhibit HIV-1 replication with an efficiency
similar to that of the C34L peptide. These data underscore the
interest in using p-amino acids at specific sites in the C34 pep-
tide sequence and may lead to a new strategy for the develop-
ment of more stable and active anti-HIV-1 peptidic drugs.

helical coiled-coil, also named N-HR (residues 542-592) is fol-
lowed by HR2, also known as C-HR (residues 623-663), which
is also a structured helical coiled-coil domain. This domain is
important for the development of anti-HIV vaccines, as broadly
neutralizing antibodies recognize an epitope in this region.”
Despite the high variability of the HIV-1 genome, the HR1 and
HR2 domains are conserved."” The relatively high sequence
conservation of HR1 (~65% in the M group) relative to HR2
(34% in M group)"" can be correlated with the localization of
the Rev responsive element (RRE) within this region. This
region is essential for the export of mono- and non-spliced
viral mRNA from the nucleus to the cytoplasm."?

The fusion process is a complex phenomenon that depends
on a wide range of structural, biochemical, and biophysical in-
teractions. In addition, the molecular and structural mecha-
nisms of membrane fusion, mediated by HIV-1 gp41, are still
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only partially understood, but enough to allow the develop-
ment of new molecules that are able to block this key step of
the viral cycle. To this end, the first applications showed that
HIV-1 FP and its analogues™' are able to block HIV-1 enve-
lope glycoprotein-mediated fusion. So far, efforts have been fo-
cused on the development of fusion inhibitor peptides that in-
terfere with HR1-HR2 interactions. T20 (DP-178, or enfuvirtide/
Fuzeon) is a 36-residue peptide that shares two thirds of its N-
terminal amino acid sequence with HR2."® This peptide effi-
ciently inhibits HIV-1 replication invitro at the nanomolar
range"®'” and in vivo.'¥ Its inhibitory activity appears to be
mediated by direct interactions with HR1 and by interaction of
its C-terminal region, which is different from HR2, with the
membrane or the transmembrane domain of gp41.1%2% T20 is
in current use as an entry inhibitor of HIV, primarily for patients
who have developed resistance to the usual highly active anti-
retroviral therapy (HAART).?Y However, the emergence of re-
sistance to T20 in new HIV-1 strains® requires the develop-
ment of novel peptide-based inhibitors, including: 1) ana-
logues of T20 such as T-1249,”% a 39-residue, all-L-amino acid
peptide composed of sequences derived from HIV-1, HIV-2,
and simian immunodeficiency virus (SIV); the great advantage
of this peptide is its ability to remain active against T20-resist-
ant viruses.”” 2) C34 peptide, corresponding to HR2, which in-
hibits HIV-1 infection in vitro at the nanomolar level; several
analogues of HR2 regions have also proved to be potent inhib-
itors both invitro and invivo.?*%? 3) N36 peptide, a 36
amino acid peptide corresponding to HR1; in contrast to T20
and C34, the N36 peptide inhibits HIV-1 with lower activity
(ICs, in the micromolar range).*® The use of the T20 peptide is
also limited by its relatively short half-life in vivo.

The introduction of p-amino acids at specific positions may
enhance the resistance of peptides or proteins to protease
degradation. However, structural stability, conformation, and
activity might be negatively affected.®" The magnitude of the
structural changes depends on the location and nature of the
modification.®? Partial p-amino acid substitutions could break
tertiary structural integrity, thus decreasing peptide stability; in
contrast, such substitutions could maintain a favorable peptide
conformation with a lower cost to stability. For example, the
substitution of glycine residues by p-alanine satisfies the topo-
logical requirements for retaining structure and function®® or
even increasing stability.**** This suggests the possibility of
substituting natural L-amino acids with their respective p-iso-
mers without introducing significant perturbations to structure,
and thus to the activity of the peptides or proteins.

The objective of this study was to initiate the development
of new and active C34 analogue peptides by introducing bp-
amino acid point substitutions at the putatively more sensitive
enzymatic cleavage sites, without disrupting the overall pep-
tide structure. Herein we report our studies with C34L peptide
analogues, including the enantiomeric C34D peptide, the
retro-inverso analogue (Rl), and two peptides with p-amino
acid point substitutions (C34M2 and C34M3). Our results show
that, with the exception of RI, these peptides adopt an a-heli-
cal structure, and are, like C34L, able to interact with HRT mim-
icked by the N36 peptide. Furthermore, we show that modifi-
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cations introduced in C34M2, but not in C34M3, enhance its
resistance to trypsin-mediated hydrolysis and increase the sta-
bility of C34M2 in physiological medium. Interestingly, our re-
sults show that C34 peptide analogues C34M2 and C34M3, but
not C34D and its Rl analogue, retain their ability to inhibit
HIV-1 replication with an efficiency similar to that of the C34L
peptide.

Results
Design of C34 peptide analogues

Several aspects were taken into account in the rational design
of the C34L analogues. First, because the use of p-amino acids
could destabilize the helical tendency of C34, an approach
using only limited residue substitution was chosen. Second,
only C34 residues that are not important for the C34-N36
trimer interaction were selected for substitution. Third, mutat-
ed residues were selected in pairs that are separated by one
turn of the C34 helix in order to promote the establishment of
noncovalent bonds in the direction of the helix macro-dipole.
Calculations of the C34L peptide docked into the trimeric
N36 three-helix core were performed to determine the most
important residues in the C34-N36 interaction. Only one clus-
ter of docked structures with an RMSD of 0.4 A with respect to
the crystallographic C34 binding mode was obtained, which in-
dicates that a sufficient number of energy evaluations had
been performed to obtain convergent results. The contribution
of each C34L residue to the docking energy is shown in
Figure 1. It is apparent that only a subset of residues make an
important contribution to the stabilization of the C34 peptide
within the N36 trimer core. The two major contributions corre-
spond to Trp628 and Trp631, which are in a hydrophobic
cavity formed inside the N36 core.®™ These two residues are in
the N-terminal part of C34L and are separated by one turn. In
the next three turns of the C34L helix, lle635, Tyr638, and
lle642 are in contact with the N36 trimer, making an important
contribution to the docking energy. However, for the last half
of the C34 peptide, a different pattern of intermolecular inter-
actions is observed. In general, at each turn the interaction in-
volves more than one residue: Leu 645 and lle 646 for the sixth
turn; Glu648, Ser649, and GIn650 for the seventh turn;
GIn652 and GIn653 for the eighth turn; Asn656 and Glu657
for the ninth turn; and finally, Leu660 for the last turn.
Accordingly, two C34L peptide analogues, C34M2 and
C34M3, with different selected mutations were designed. For
C34M2, two weakly interacting residues separated by one turn
were selected in the N-terminal region (Glu654 and GIn658).
The two C34 sequence changes were E654e and Q658k. We re-
placed Glu654 by its p-isomer to enhance the resistance of the
cleavage site at Lys655. However, to conserve an ionic bond
with its y-COO™ group, the L-GIn residue at position 658 was
substituted by p-Lys. As a consequence, the resulting ionic in-
teraction was present at the opposite face of the helix, and
helped to stabilize the a-helical structure of the peptide. For
the second analogue (C34M3), in addition to the modifications
introduced in the C34M2 peptide, two new modifications were
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Figure 1. a) Representation of the C34L helix (gray) and two interacting N36
peptides (green) derived from PDB file 1AIK; yellow residues indicated posi-
tions directly involved in the interaction with N36 according to the docking
calculations, and red residues show the positions which are substituted in
the C34L analogues. b) Docking energy profile for all C34L residues calculat-
ed with AutoDock 4.

added. At position 629 L-Met was replaced by b-Glu, and at
position 634, L-Glu was substituted by L-Lys. The goal of the
first modification was to introduce a dipeptidyl protease-resist-
ant site, and the aim of the second was to introduce a nega-
tively charged amino acid able to establish a salt bridge with
Lys634 in the direction of the macro-dipole. This modification
attenuated the impact of introducing a p-amino acid at posi-
tion 629. The docked structure of the C34 peptide in complex
with the three-helix core of the N36 trimer is shown in Fig-
ure 1a. It can be seen that residues Met629 (M2 in the figure),
Glu634 (E7), Glu654 (E27), and GIn658 (Q31) of C34L, which
were changed to their respective b-isomers in C34M2 and
C34M3, do not directly interact with the N36 trimer. Thus, the
mutation of these residues does not disturb the formation of
the C34-N36 complex to any significant extent, according to
molecular dynamics calculations (see Supporting Information).

Physicochemical characterization of C34L and its analogues

The peptides were synthesized by using a solid-phase method
with an Fmoc strategy. All the peptides were purified by HPLC
and had a purity of at least 95% (Supporting Information). In
addition to C34M2 and C34M3, native C34L, C34D (all p-amino
acids), RIC34 (the retro-inverso analogue), C34M1 (a scrambled-
sequence peptide), and N36 were also synthesized and used in
order to compare the various interactions and activities. All
peptides were acetylated and amidated at their N and C termi-
ni, respectively (Table 1).
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Table 1. Amino acid sequences of synthesized peptides.

Peptide  Sequence® Yield [%]
C34L 628\ VMEWDREINNYTSLIHSLIEESQNQQEKNEQELL®®' 17
C34M2 628V MEWDREINNYTSLIHSLIEESQNQQeKNEKELL®®' 26
C34M3 628V eEWDRKINNYTSLIHSLIEESQNQQeKNEKELL®®' 34
RIC34 %|leqenkeqqngseeilshilstynnierdwemw®’ ND®
C34D 528wmewdreinnytslihslieesqnqqgeknegell®’ 17
C34M1  “Bwedmwrnnvteylssilehveqqsnkgeegenl!®’ ND®
N36 $°SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL®' 24

[a] Upper-case letters denote L-amino acids; lower-case letters indicate b-
amino acids. [b] Not determined.

The homogeneity of the peptides was confirmed by amino
acid composition analysis and molecular weight determination
by MALDI-TOF MS. The solubility of each peptide was calculat-
ed by MS as described in the Experimental Section. The con-
centrations of the peptides were: 11.3 um for C34L, 70 pum for
C34M2, and 131 pm for C34M3.

At a structural level, circular dichroism (CD) spectra for C34L,
C34M2, and C34M3 alone in aqueous solution showed only
moderate a-helical structure. In contrast, when the analyses
were performed in 30% trifluoroethanol (TFE), the CD spectra
clearly showed a double minimum at 208 and 222 nm, charac-
teristic of the presence of an a-helical structure (Figure 2a—c).
Interestingly, when the analysis was performed under the
same conditions with the all-p-amino acid containing C34D
peptide, a spectrum symmetrical to that of C34L was obtained
(Figure 2a). This effect is related to the dextrorotatory p-amino
acids of this peptide analogue.

CD spectral analysis was further used to study the capacity
of C34 analogues to interact and form a 6HB (a trimer of hair-
pins)®37 with the N36 peptide. For that purpose, CD spectra
were obtained with equimolar mixtures of N36 and C34 pep-
tide analogues in aqueous solution. The corresponding CD
spectra of these mixtures, shown in Figure 2, clearly show the
capacity of C34L peptide and its analogues, C34M2 and
C34M3, to interact with N36 peptide and to form a-helical
structures. The relative degree of helicity of these complexes,
listed in order of decreasing level, is N36+4C34 (Figure 2d),
N36+C34M3 (Figure 2f) and N36+C34M2 (Figure 2e). In con-
trast, no interaction was observed with the C34M1 peptide
control (Figure 29), as indicated by the absence of characteris-
tic spectral features of a-helical structure.

The stability of the N36-C34 peptide interactions was further
characterized by measuring the thermal denaturation values of
the complexes formed between N36 and C34L, C34M2, or
C34M3 peptides. The melting curves and the midpoint of the
thermal unfolding transition (7,) values were determined for
each C34L peptide analogue (Figure 3). The complex between
N36 and C34L had a T, value of 62.7°C, and those formed
with C34M2 and C34M3 exhibited similar T,, values of 52.5°C.
These data show that, despite the respective introduction of
two or three p-amino acids in C34M2 or C34M3, these pep-
tides show greater solubility than C34L yet maintain their ca-
pacity to interact and form stable complexes with the N36
peptide.
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Figure 2. CD spectra of the various peptides and N36-C34 peptide complexes: a) C34L (black) and C34D (gray); b) C34L (black), C34M2 (light gray), and
C34M3 (dark gray). Spectra were recorded at 25 °C with a peptide concentration of 56 um in 30% TFE, 10 mm potassium phosphate, 50 mm potassium fluo-
ride, pH 7.4. ¢) Enlargement of the C34M2 and C34M3 spectra. d-g) CD spectra of peptides in an equimolar mixture of d) N36+C34L, e) N36+C34M2,

f) N36+C34M3, and g) N36+peptide control. Spectra were obtained in aqueous solution. The appearance of a maximum at 192 nm and a double minimum
at 208 and 222 nm were used as indicators of peptide interactions and of the formation of a-helical structure.

Susceptibility of C34 peptide analogues to trypsin cleavage

Treatment of the C34L peptide with trypsin leads to the ap-
pearance of fragments resulting from cleavage at lysine or ar-
ginine residues. MALDI-TOF MS analysis allowed us to identify
the peptide fragments that correspond to the hydrolysis of the
Arg 633-Glu634 and Lys655-Asn 656 junctions. These products
are in agreement with the peptides expected to result from
cleavage at the basic residues Lys or Arg. The same approach
was applied to the C34M2 peptide analogue. Analysis of the
trypsin digest products by MALDI-TOF MS allowed us to identi-
fy only two peptides with the following sequences: WMEWDR
and EINNYTSLIHSLIHSLIEESQNQQeKNEKELL. The absence of
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products resulting from hydrolysis between Lys655 and
Asn 656, previously identified from trypsin-treated C34L, can be
easily explained by the introduction of a p-Glu residue near
the potential cleavage site at Lys655. Treatment of the C34M3
peptide analogue with trypsin under the same conditions
showed a very rapid degradation of the peptide. MALDI-TOF
MS analysis of the products allowed us to identify the products
of hydrolysis at Arg633-Lys634 and Lys634-Asn635, which
leads to the appearance of the following peptide fragments:
WeEWDR, WeEWDRK, and RKINNYTSLIHSLIEESONQQeKNEKELL.
This high sensitivity of C34M3 toward trypsin digestion can be
explained by the introduction of an additional trypsin cleavage
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Figure 3. Thermal stability curves of the various N36-C34 complexes: complexes of N36 with a) C34L, b) C34M2, and c) C34M3 were obtained by monitoring
the molar ellipticity at 222 nm of equimolar mixtures at 10 pm in 10 mm phosphate buffer, 10 mm potassium fluoride, pH 7.4. The plots at right show the first
derivative of molar ellipticity, and the maxima indicate the melting temperature (T,,) in each case.

site by substituting L-Glu with an L-Lys residue at position 634.
As expected, no cleavage products were observed with the
same trypsin treatment of the all-p-configured C34D peptide,
even after 48 h exposure (Figure 4).

Considering that the kinetics of hydrolysis are first order, the
half-life of each peptide was determined by applying the for-
mula: InC=InCy—k.t, in which C;, and C are the peptide con-
centrations at t=0 min and at time t, respectively, and k, is the
experimental rate constant determined from the curves of deg-
radation kinetics. The half-lives determined for the C34L pep-
tide and its analogues are as follows: C34M2 t, =133 min,
C34L t,=78 min, and C34M3 t, <15 min (Figure 4). These
data clearly underscore the positive or negative effect of the
mutations introduced in C34M2 or C34M3, respectively, with
respect to their stability toward trypsin treatment.

Using the same approach, C34L and its analogues were sub-
jected to chymotrypsin digestion for 15, 30, 60, and 120 min
before HPLC analysis. The results show the relative sensitivity
of C34L, C34M2, and C34M3 to chymotrypsin digestion
(Figure 5). Peptide cleavage reached ~50% in the following
order: C34L 15 min, C34M2 35 min, and C34M3 40 min. The
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Figure 4. Kinetics of trypsin-mediated peptide degradation: peptides C34L
(o), C34M2 (m), and C34D (e) were incubated with trypsin for various
amounts of time, and the digestion products were then separated and
quantified by RP-HPLC. For each peptide, the percentage of peptide integri-
ty is reported versus the time of trypsin digestion; t:, values were calculated
as described in the Experimental Section. Because of its rapid degradation
(t,,=15 min), data for C34M3 are not shown here.
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Figure 5. Kinetics of peptide degradation by chymotrypsin: for each peptide,
C34L (), C34M2 (m), C34M3 (), and C34D (@), the percentage of peptide
integrity is reported versus the time of chymotrypsin treatment.

high sensitivity of these peptides to chymotrypsin digestion is
due to the high number (>12) of potential cleavage sites.
Here again, no cleavage was observed in the all-p-amino acids
containing peptide C34D.

Anti-HIV activities of C34 and its analogues

The antiviral activities of C34 and its analogues were investi-
gated in three complementary assays including the inhibition
of: 1) cell-cell fusion, 2)single-cycle viral replication, and
3) quantitative viral replication. Before using peptides on cells,
their eventual intrinsic cytotoxicity was evaluated. Peptides at
concentrations up to 10™°m in culture with Hela or primary
cells did not exhibit any observable cytotoxicity as evaluated
by trypan blue exclusion assay or by comparing the growth
curves of cells in the presence or absence of various peptide
concentrations (107°-107° m; data not shown).

1. The potency of C34L and its analogues to inhibit cell-cell
fusion

The capacity of the C34L peptide and its analogues to block
syncytium formation between Hela cells expressing envelope
glycoproteins from HIV-1 LAl (X4 tropic virus), or HIV-1 ADA (an
R5 macrophage tropic virus) and Hela cells expressing the
human CD4 receptor CXCR4 or CCR5 HIV-1 co-receptors was
investigated in the presence of various amounts of each pep-
tide. Results from these experiments, shown in Figure 6a,b
and Table 2, show that C34L, C34M2, and C34M3 inhibit syncy-
tium formation in a dose-dependent manner. Potent and
nearly complete inhibition was observed at 107" m with all the
three peptides. The concentrations at which syncytium forma-
tion is inhibited by 50% (ICs,) were determined for each pep-
tide, and are listed in Table 2. The nanomolar ICs, values show
that, despite the introduction of non-natural p-amino acids at
some positions, the high antiviral activities of the peptides are
conserved. However, no antiviral activity was observed with
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Figure 6. Inhibition of syncytium formation in the presence of C34L and its
analogues: a) HelLa gp120/gp41 ADA or b) HeLa gp120/gp41 LAl cells were
co-cultivated with HeLa-P4P5 in 96-well plates in the presence of various
concentrations of peptides C34L (upward hash), C34M2 (black), C34M3
(white), C34D (downward hash), and RI (gray). After co-culture for 20 h, syn-
cytia were scored by optical microscopy.

Table 2. Anti-HIV-1 activities of C34L and its analogues determined by
HIV-1 replication and syncytium assays.

Inhibition of Inhibition of
HIV-1 replication® syncytium formation
ICso [NM]®! Loss of
Peptide Bal VN44 LAI ADA activity [%]"9
C34L 2.65 0.58 0.41 2 70
C34M2 2.53 0.31 0.15 0.3 38
C34M3 5.57 5.79 4 5.8 100

€34D - - - - -

[a] At day 3 post-infection. [b] ICs, values correspond to peptide concen-
trations that inhibit HIV-1 replication or syncytium formation by 50%.
[c] After 48 h incubation in human serum.

the all-p-amino acid containing C34D peptide or with the Rl
analogue (Figure 6).

2. Antiviral activities of C34 and its analogues in a single viral
infectivity assay

In this assay, C34 and its analogues were tested at various con-
centrations for their capacity to inhibit the infection of Hela
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CD4-CCR5/CXCR4-LTR/B-Gal cells with HIV-1 LAl or HIV-1 BaL
over a period of 20 h, a time corresponding to a single viral
cycle. In fact, this assay enabled us to monitor the completion
of the first steps of the viral cycle, including adsorption, pene-
tration, and early genome expression. The assay was based on
the ability of the early produced Tat protein to trans-activate
the expression of LacZ gene under the control of HIV promot-
er. In agreement with the cell-cell fusion assay, inhibition of
cell entry was observed with the C34L peptide and its C34M2
and C34M3 analogues, whereas no inhibition was observed
with the C34D or Rl peptides (Figure 7, Table 2). Interestingly,
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90 7 '/
r
80 / /
70 % / /
7 2 2
. | % % Z
¢ o 1 1
£ 50 / % %
g 7 % %
£ 7 / ?
2 01p O ’ 7
E 7 7 / 7
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1 1 1
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10-? 1078 1077 1076
Peptide concentration /m

b) 100 -
90 -
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60 1
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inhibition /%
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1078 1077
Peptide concentration /m

Figure 7. Anti-HIV-1 activity of C34L and its analogues in a single infectivity
assay: HeLa CD4-CCR5/CXCR4-LTR/B-Gal cells were infected for one viral
cycle (20 h) with 0.1 ng a) HIV-1 LAl or b) BaL as described in the Experimen-
tal Section in the presence of peptides C34L (upward hash), C34M2 (black),
C34M3 (white), C34D (downward hash), and RI (gray). Viral replication was
correlated directly with the transactivation of the LacZ gene by the early
translated HIV-1 Tat gene. $-Galactosidase activity was visualized by incubat-
ing cells with the substrate X-Gal, which stains cells blue after being degrad-
ed.

C34L and its analogues seemed to be more active against the
macrophage tropic than the T tropic virus in this assay
(Figure 7).
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3. Antiviral activities of peptides by quantitative assay

In contrast to the two previous assays, primary PBL cells or
macrophages were used as target cells and infected with a
T tropic virus (HIV-1 VN44) or macrophage tropic virus (HIV-1
BaL). The virions produced were quantified in the cell superna-
tants after three days of infection. The results show that C34L
and its analogues fully inhibit HIV-1 VN44 and HIV-1 BaL repli-
cation at respective concentrations of 107°mM and 107"m
(Figure 8, Table 2). The IC;, values listed in Table 2 show that
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0 - T T T T —

10-10 10-9 1078 1077 1076

Peptide concentration /m

Figure 8. Effect of C34L and its analogues on viral replication of X4 and R5
tropic viruses: a) lymphocytes or b) macrophages were infected with 0.3 ng
HIV VN44 (X4 tropic) or BaL (R5 tropic), respectively, for 3 h as described in
the Experimental Section in the presence of peptides C34L (upward hash),
C34M2 (black), and C34M3 (white). Three days post-infection, cell superna-
tants were collected and tested by ELISA for the p24 antigen. Uninfected
cells treated in the same way were used as control. No inhibition was ob-
served with C34D or RI (data not shown).

C34 and its analogues exhibit similar potency to inhibit HIV-1
replication, with 1C;, values in the nanomolar range (0.3-
5.8 nm). No antiviral activity was observed with the C34D or Rl
analogues.

Overall, our data show that the inhibitory activity of the C34
peptide is chirality dependent for the all-p-amino acid contain-
ing C34D analogue, and chirality independent for cases in
which only some p-amino acids are present in the peptide, as
shown with C34M2 and C34M3.
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Comparison of the stability of C34 and its analogues in
human serum

To test the stability of the antiviral activity of C34L and its ana-
logues in human serum, peptides were incubated for various
periods of time in human serum before determining the per-
cent conservation of their initial antiviral activities. As a control,
peptides or sera alone were tested in the same assay. The re-
sults show that C34M2 has the highest stability relative to
C34L and C34M3 (Figure 9). After 48 h incubation, antiviral ac-

120 -
100
80 -

60

inhibition / %

40 |

20 A

0
Human C34L C34M2 C34M3
serum -+ -+ - F

Figure 9. Stabilities of C34L, C34M2, and C34M3 after incubation in human
serum: peptides were incubated for 24 h in human serum and then tested
for their capacity to block syncytia formation between Hela gp120/gp41
and Hela-P4P5. White bars indicate remaining antiviral activities; black bars
correspond to the antiviral activities of sera-untreated peptides.

tivity losses of 100, 70, and 38% were observed with C34M3,
C34L, and (C34M2, respectively (Figure 9, Table 2). Notably,
these results correlate with the relative protease resistance
profiles for these peptides.

Discussion

All HIV inhibitors, unfortunately, face the problem of emerging
viral resistance. To circumvent this problem, it is important to
develop fusion inhibitors that bind key regions in the gp41
HR1 and HR2 domains in different ways to offset the potential
for cross-resistance among agents in the fusion inhibitor class.
For example, biochemical studies of HR2-derived peptides
have shown that the molecular mechanisms involved in the in-
hibition of HIV fusion by C34 and T20 are different despite the
fact that both are efficient in the nanomolar range."®® As for
the C34 peptide, T20 antiviral effect is also mediated by its in-
teraction with HR1, but at different sites from those engaged
with C34. In fact, T20 overlaps with C34 only by its first 23 N-
terminal amino acid residues. Data from X-ray diffraction stud-
ies of HR1-HR2 complexes implicate Trp628, Trp631, and
lle635 (absent in the T20 sequence) in interaction with resi-
dues Val570, Lys574, GIn577, Leu568, Trp571, Gly572, Thr569,
lle573, and Leu576 of the conserved pocket of HR1.” These
interactions have been shown to be important for the stabiliza-
tion of the 6HB.P®¥ The most active analogues of C34 peptides,
including T-1249 and T-649, contain these three essential
amino acids. Interestingly, the high efficiency of T-649, an ana-
logue with a two-amino acid extension at the C-terminal end
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of C34, against a panel of T20-resistant HIV-1 primary isolates
seems to be associated with the higher stability of the 6HB
formed by this peptide.”® T-1249, an analogue of both T-649
and T20, also showed antiviral activity against T20-resistant pri-
mary isolates.®” However, the development of such peptides
has remained limited by problems related to their solubility
and formulation.”” Therefore, any approach that leads to an
enhancement of the correct peptide folding, stability, and solu-
bility needs to be investigated."**?

For example, despite its high antiviral activity, the L-amino
acid containing peptide T20 (enfuvirtide, Fuzeon) suffers from
several limitations, including delivery by injection, large dose
requirements (90 mg twice daily), emergence of resistant iso-
lates, and high cost. These constraints explain why this peptide
is used particularly for the treatment of patients with HIV infec-
tions that have developed resistance to reverse transcriptase
and protease inhibitors. To circumvent some of these limita-
tions, synthetic peptides with p-amino acids need to be devel-
oped further. The first study using this approach described a
16-mer peptide that had only modest antiviral activity (ICs,=
10 um).**! Recently, however, another study has shown that
dimers or trimers of a b-amino acid containing 15-mer peptide,
also screened by a mirror-image phage display approach, inter-
act with HR1 with high affinity and are highly efficient at inhib-
iting HIV-1 replication (IC5,=250 pm).*¥ Interestingly, this pep-
tide, except for the conservation of the WXWL consensus se-
quence, has no evident sequence homology with the C34L
peptide. The concept of its design was based essentially on a
peptidomimetic approach to screen molecules that are able to
bind to the N-trimer pocket with high affinity and to inhibit
HIV-1 penetration. Analysis of the crystal structure of this
potent p-peptide inhibitor of HIV-1 in complex with the HR1
domain revealed several key interactions, including bp-Tyr7-
Trp 571, p-Lys2-Trp571, and b-Tyr7-Glu 575, which explain its
high anti-HIV potency.”*¥

Because several limitations of L-peptides, including T20, are
related to their sensitivity to protease activity, p-peptides have
many theoretical advantages. In the study presented herein,
we have shown that, as expected, the C34D peptide shows
great resistance to protease treatment. It remains uncleaved
even after 48 h incubation with trypsin or chymotrypsin. How-
ever, despite the fact that it retains the ability to adopt an a-
helical structure, this peptide is inactive as an antiviral agent.
This lack of antiviral activity correlates with its inability to inter-
act with the N36 peptide, as analyzed by CD (data not shown).
At the structural level, this lack of antiviral activity may be ex-
plained by the fact that the highly conserved residues, mostly
residing at the a, d, and e positions in the heptad structure,
are further oriented toward the opposite face of the conserved
hydrophobic pocket of HR1. As a result, no contact between
C34D and the pocket structure of HR1 can occur. To try to
compensate for these structural disadvantages we synthesized
the retro-inverso (RI) analogue of C34L. This type of modifica-
tion is accomplished by simply reversing the peptide sequence
direction and inverting the chirality of each amino acid. Several
studies have reported that retro-inverso peptides are topologi-
cally correlated with the parent peptide, as the resulting side
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chain dispositions are similar to those of the parent peptide,
but carbonyl and amine groups are interconverted from their
positions. Unfortunately, this Rl peptide does not retain antivi-
ral activity; this may be related to the importance of the helical
structure. It has been reported that the folding of the RI pep-
tide may be hindered if the peptide contains helical seg-
ments.”? However, several studies have shown that, in some
cases, Rl peptides can retain their biological activity with in-
creased stability, as reported for enkephalin, glutathione, sub-
stance P, gastrin, and atrial natriuretic peptide.”®

As an alternative, we modified our strategy in order to
follow the antiviral activity of our designed peptide inhibitor
step by step. We synthesized diastereomeric analogues of the
C34L peptide corresponding to the HIV-1 gp41 HR2 domain
with two, three, or all residues replaced by p-amino acids. Our
objective was to design peptides that have: 1) the capacity to
interact with the HIV-1 gp41 HR1 domain, 2) a propensity to
adopt a helical structure, 3) increased stability in the presence
of protease activity, and 4) antiviral activity.

Synthesized C34L, C34M2, and C34M3 peptides were puri-
fied to homogeneity. Their amino acid analysis after acid hy-
drolysis gave values consistent with the expected amino acid
composition and were in agreement with MALDI-TOF MS anal-
ysis. Structural characterizations of these peptides by CD re-
vealed their propensity to adopt a-helical structures, as shown
by the presence of double minima at 208 and 222 nm in their
respective spectra. Notably, the CD spectrum in TFE of the all-
p-amino acid containing peptide C34D showed an a-helical
structure with a mirror-image ellipticity profile at 208 and
222 nm relative to the spectra obtained with C34L, C34M2,
and C34M3. This observation indicates that the a-helical struc-
ture of C34L seems to be chirality independent. Interestingly,
the a-helical structure of C34 peptide analogues is observed
only when the CD analysis is performed in TFE, which is an
nonpolar helix-promoting solvent. However, even in aqueous
solution, CD analysis of C34L, C34M2, and C34M3 performed in
the presence of an equimolar amount of N36 peptide corre-
sponding to the HR1 domain clearly showed an a-helical struc-
ture for each complex. These induced-order structures indicate
that the N36 peptide is able to interact with C34L, C34M2, and
C34M3, presumably to form a six helix bundle (6HB). This inter-
pretation is in agreement with our data showing the capacity
of C34L and N36 peptides to form oligomers in SDS-PAGE ex-
periments, corresponding to an association of trimers of C34L
and N36 peptides (data not shown). Furthermore, we showed
that modifications introduced in C34M2, but not in C34M3, en-
hanced its stability in a physiological medium, as demonstrat-
ed in human serum, as well as its resistance to trypsin treat-
ment. C34M2 has a half-life of 133 min, which is about twice
that of the C34L peptide (t;,=78 min). In human serum,
C34M2 shows twice the stability of C34L. This stability en-
hancement can be explained by the introduction of p-amino
acids at a trypsin-sensitive cleavage site (after Lys655). In con-
trast, additional modifications, specifically the presence of L-Lys
at position 634 in place of L-Glu, led to a rapid weakening of
the C34M3 peptide, as shown by its short half-life of less than
15 min. Taking the latter result into account, synthesis of
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the same peptide with p-Lys at position 634 is currently under-
way.

All C34 peptide analogues except C34D and Rl were able to
block HIV-1 replication of both CCR5 and CXCR4 tropic viruses.
These inhibition events were mediated by blocking virus pene-
tration, as suggested by their capacities to inhibit syncytium
formation. The data obtained with C34M2 are very promising,
as they show that the introduction of p-amino acids at some
critical sites 1) enhance the stability of the peptide in human
sera, 2) increase peptide resistance to trypsin cleavage, 3) en-
hance the solubility of this peptide, and 4) do not interfere
with the antiviral activity of the peptide, which remained
active with 1Cg, values in the nanomolar range. The improved
solubility of C34M2 (70 um) relative to C34L (11 um) makes this
peptide worthy of consideration for clinical development. This
point is critical because peptides with high antiviral activity yet
low solubility are incompatible with clinical use, as is the case
for T-1249 and T-649.%” Similarly, the generation of peptides
containing p-amino acids, but with low antiviral activity, re-
mains unattractive for clinical application, as was the case for
the first p-peptide reported by Eckert et al., which inhibited
HIV entry with modest potency (ICs,: 10 um).“? However, more
recent data reported by Welch™® and Lee” show that partial
or total p-amino acid substitutions can also generate mole-
cules with strong antiviral activities. Therefore, it would be in-
teresting to introduce the same modification as that per-
formed by Lee et al. into our C34M2 peptide.

Overall, our data show that partial p-amino acid substitu-
tions in the C34 sequence, if correctly placed at certain critical
sites, can help to increase the stability of the peptides without
altering their antiviral activity. Our objective is to continue to
develop this approach in the design of new peptides with effi-
cient antiviral activity and without the limitation of the T20
peptide. A great challenge for future studies will be to develop
peptide-based inhibitors that can interact with the HR1
domain with high affinity while maintaining high stability and
solubility.

Experimental Section

Docking calculations: The gp41 ectodomain structures were se-
lected for calculation of docking of the C34L peptide into the N36
peptide trimer. The structure was retrieved from the Protein Data
Bank (PDB code: 1AIK).*” AutoDock Tools were used to assign Gas-
teiger partial charges to C34L and N36 peptides and to construct a
grid map of 90x90x126 points with a grid-point spacing of
0.420 A. The maps were centered on the C34L-N36 contact sur-
face. AutoGrid 4.0 was used to calculate the grid maps. Rigid dock-
ing calculations were performed with AutoDock 4*® using the
known crystallographic conformation of the C34L peptide for the
ligand coordinates; 200 dockings were performed with the La-
marckian genetic algorithm using a population size of 50 individu-
als with a total of 5x 10’ energy evaluations. The crystallographic
coordinates of the C34L-N36 complex were used as the reference
structure to evaluate the predicted docked structures.

Peptide synthesis: Peptides were synthesized automatically in par-
allel on Rink amide-Gly-MBHA resin (330 mg) with low loading
(0.3 mmolg™") on an Applied Biosystems 433A peptide synthesizer
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by wusing Fmoc chemistry. The MBHA resin HL (loading:
0.77 mmolg™', Novabiochem) was solvated by successive washing
steps with CH,Cl, (3x1 min), 10% TFA in CH,Cl, (1x10 min), 1%
DIEA (3x1 min), CH,Cl, (3x1 min), and N,N-dimethylformamide
(DMF; 3% 1). Fmoc-Gly-OH (0.1 mmol), pre-activated with O-benzo-
triazol-1-yl-N-tetramethyluronium tetrafluoroborate (TBTU)/1-hy-
droxybenzotriazole (HOBt)/N,N-diisopropylethylamine (DIEA)
(1:1:1.5) in DMF, was coupled. After 2 h, the resin was washed with
DMF (3x1 min) and CH,Cl, (3x1 min), and the free amino groups
were capped with Ac,0O/DIEA/DMF (3:1:16) (2x30 min). The resin
was washed with DMF (3x1 min), and the Fmoc group was re-
moved with 50% piperidine/DMF (35 min). Rink amide linker was
coupled after pre-activation with TBTU/HOBt/DIEA (1:1:1.5) in DMF.
Fmoc/tBu-protected amino acids (Iris Biotech GmbH) were incorpo-
rated using standard procedures and TBTU/HOBt/DIEA as coupling
agents. The Fmoc group was removed by treatment with 22% pi-
peridine and 0.07% Triton X-100 in DMF. After final deprotection,
peptides were acetylated by treatment with Ac,0O (40 equiv) and
DIEA (9 equiv) in DMF. Concomitant side chain deprotection and
cleavage was performed by treatment with a mixture of trifluoro-
acetic acid (TFA)/H,O/triisopropylsilane/ethanedithiol (92:4:2:2 v/v/
v/v, 5mL) at 0°C for 30 min and at room temperature for 1.5 h.
TFA was removed by evaporation, and the crude peptide was pre-
cipitated with tert-butylmethyl ether. The products were character-
ized by HPLC, amino acid analysis, and MALDI-TOF mass spectrom-
etry.

Synthesis was carried out with either L- or b-amino acids, and the
sequences are listed in Table 1. In all cases, purified peptides were
obtained after synthesis on Rink amide-MBHA resin (0.03 mmol).
Purification was performed on an initial gradient of 10—30%
CH;CN with 0.5% TFA for 5 min, followed by linear gradients of
30—60% (AcC34L), 30—47% (AcC34D), 35—55% (AcC34M2), and
30—50% (AcC34M3 and N36) of CH;CN with 0.5% TFA for 20 min
at a flow rate of 10 mLmin~"; UV detection was performed at
220 nm.

HPLC analysis: The purity of the peptides was analyzed by analyti-
cal reversed-phase (RP) HPLC using a Symmetry C;3 column
(3.9 mmx 150 mm, Waters) with a particle size of 5 pm and a pore
size of 100 A. The peptides were purified with a Symmetry Ciq
column (30 mmx 100 mm, Waters) with a particle size of 5 pum.
Flow rates (1 and 10 mLmin~") were used for analytical and semi-
preparative scales, respectively. Detection was performed at
220 nm with a UV detector. Solvent system A: 0.045% TFA in H,0O
for analytical HPLC and 0.1% TFA in H,O for semi-preparative
HPLC; solvent system B: 0.036% TFA in CH;CN for analytical HPLC
and 0.1% TFA in CH,;CN for semi-preparative HPLC.

Circular dichroism: Spectra were recorded on a JASCO J-810 polar-
imeter equipped with a CDF-426S Peltier unit and a teflon-stop-
pered quartz cuvette with an optical path length of 0.1 cm. The
peptide solutions were dissolved in phosphate buffer (10 mm po-
tassium phosphate, 50 mm potassium fluoride, pH 7.4). Peptides at
56 um were dissolved in aqueous buffer or in the presence of 30%
trifluoroethanol (TFE). All analogues were soluble in these buffers
at this concentration except C34L and C34D. The N36 peptide ag-
gregated at concentrations > 10 uM. The equimolar mixture of N36
and C34 analogues were previously dissolved in ammonium car-
bonate (100 mm, pH 8.0), neutralized with CH;CO,H (1m) and
lyophilized. The dry samples were dissolved in phosphate buffer at
pH 7.4 (10 um). Measurements were performed in the range 1=
190-260 nm with a data pitch of 0.2 nm, a band width of 1 nm,
and a scanning speed of 20 nmmin~' for three accumulations. All
spectra were corrected by subtracting the spectrum of buffer
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alone. The CD data were expressed as the molar ellipticity [6]

(degcm?dmol ™), calculated by:“*”

(0] = 1or

in which 6 is the ellipticity (in mdeg), C is the molar concentration,
and [ is the path length of the cell in cm. Experiments on the ther-
mal stability of the equimolar mixtures were performed at a con-
stant heating rate of 90°Ch™' and a response time of 1s. The
measurements were acquired in the range of 10-80°C with a data
pitch of 0.5°C, monitoring the ellipticity at 222 nm. Thermal dena-
turation experiments were repeated twice with new samples.

Enzymatic hydrolysis: Each peptide was dissolved (up to 100 um)
in ammonium bicarbonate buffer (50 mm, pH 8.5). Trypsin (Prom-
ega, MS grade) was added at a molar peptide/trypsin ratio of
1:1500. Hydrolysis was performed by incubation at 37 °C. To moni-
tor the reaction, aliquots (50 puL) were harvested at various time
points between 0 and 5h, and the last aliquot was taken 48 h
later. The reaction was stopped by adding CH;CO,H (150 pL, 1m),
and the sample was immediately stored at 20°C or processed for
MS and chromatography analysis. A similar protocol was used for
chymotrypsin digestion. Each aliquot was analyzed by RP-HPLC
using a Symmetry C,; column and MALDI-TOF MS.®" The diluted
samples were eluted with a linear gradient of 0—70% CH,CN
(with 0.036% TFA in CH;CN and 0.045% TFA in H,0). The relative
amount of nonhydrolyzed peptide was determined from the peak
area. Considering that the enzymatic reaction follows first-order ki-
netics:

InC=InCy—k.t

in which C is the concentration, which is proportional to the HPLC
peak area expressed as percentage, G, is the initial concentration,
k. is the experimental rate constant, and t is time (min). The half-
life (t:,) was calculated from the k, value obtained using the follow-
ing relation:

b, =%

Viruses: The X4 HIV-1 LAl strain was obtained from Diagnostic Pas-
teur (Marne la Coquette, France) as a supernatant containing
10° TCIDsomL™". The R5 HIV-1 BaL and VN44 X4 were obtained
from Dr H. Hocini (ANRS, France). These viruses were amplified on
monocytes derived macrophages or lymphocytes. The virus har-
vested at day 7 post-infection was titrated, separated into aliquots
(100 ng p24 per mL) and stored at —80°C until use.

Isolation of monocytes and differentiation in macrophages: Pe-
ripheral blood mononuclear cells (PBMC) from the buffy coats of
healthy HIV-negative donors were isolated in a ficoll density gradi-
ent (Amersham Bioscience, Uppsala, Sweden). The cells were then
plated at a density of 5x10° cells per well in 24-well tissue culture
plates and maintained at 37°C in an atmosphere of 5% CO,. After
45 min, nonadherent cells were removed, and the remaining cells
were washed three times with Hank’s buffered salt solution and in-
cubated in medium containing 90% Iscove-modified Dulbecco’s
medium, 10% fetal calf serum (FCS), 1% macrophage colony-stim-
ulating factor, and a 1% penicillin-streptomycin mixture. The
medium was changed every three days. On day 7, differentiated
macrophages were infected with HIV-1.

Cell lines: HeLa CD4-CCR5/CXCR4-LTR/B-Gal cells, a gift from Dr. P.
Charneau (Pasteur Institute, Paris, France), are Hela cells that
stably express human CD4, human CCR5, or CXCR4 co-receptors
and contain the LacZ gene under the control of the HIV-1 LTR pro-
moter. HeLa gp120/gp41 LAl or Hela gp120/gp41 ADA are Hela
cells stably expressing gp160 from HIV-1 LAl or HIV-1 ADA isolates.
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They were grown in complete Dulbecco’s modified Eagle’s
medium in the presence of geneticin (1 mgmL™") for HeLa CD4-
LTR/B-Gal or 1 um methotrexate for Hela gp120/gp41 LAl and
Hela gp120/gp41 ADA.

Syncytium formation: The synthesized C34 peptide analogues
were tested at various concentrations (107 ®m-10""m) for their
ability to inhibit syncytium. HeLa CD4-CCR5 or HelLa CD4-CXCR4
(10000 cells) were co-cultured with HelLa gp120/gp41 LAl or Hela
gp120/gp41 ADA (10000 cells) in 96-well plates in the presence of
various concentrations of each peptide. After 20 h, syncytia were
scored by contrast phase microscopy.

p-Gal test: Cells were washed twice with phosphate-buffered
saline (PBS; 0.5 mm MgCl,, 1 mm CaCl,), fixed with 0.5% glutaralde-
hyde for 10 min, and washed twice with PBS. They were incubated
for 3 h in a mixture (1 mgmL™" X-Gal in PBS) containing potassium
ferricyanide (5 mm), potassium ferrocyanide (5mm), and MgCl,
(2 mm). The reaction was stopped by removing the X-Gal reaction
solution.

Infectivity assays: PBMC were isolated from buffy coats of healthy
humans as described above. Cells were incubated with HIV-1 LAI
(0.3 ng) or HIV-1 BaL (0.3 ng) for 2 h at 37°C in 2% FCS medium in
the presence of various amounts of peptides. Infected cells were
then washed twice with FCS-free medium and cultured in the pres-
ence of peptides in 10% FCS. Every three days, the supernatant
was harvested and tested for p24 (Innotest HIV Antigen mAB, Inno-
genetics).

Peptide stability in the presence of human serum: To determine
the stability of C34 and its analogue peptides in human sera, each
peptide (100 pg) was incubated at 37°C for various times and
tested for the maintenance of its capacity to inhibit syncytium for-
mation and HIV-1 replication as described above.

Water solubility determination: Water solubility of the peptides
was determined by amino acid analysis. Peptide (1 mg) was dis-
solved in ammonium carbonate (10 mm) at pH 8.0. The solution
was neutralized with CH;CO,H (1 N) to pH 7.0 and then lyophilized.
The sample was re-dissolved in H,O (1 mL) and was incubated for
12 h at 8°C. The suspension was centrifuged at 5000 rpm (1200 g)
for 5 min. The supernatant was filtered through a 0.2 um filter. The
concentration of an aliquot of 500 pL was determined by amino
acid analysis.
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