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ABSTRACT: Peptides derived from the carboxyl-terminal heptad repeat of the gp41 envelope glycoprotein
ectodomain (C-peptides) can inhibit HIV-1 membrane fusion by binding to the amino-terminal trimeric
coiled coil of the same protein. The fusion inhibitory peptide T-20 contains an additional tryptophan-rich
sequence motif whose binding site extends beyond the gp41 coiled-coil region yet provides the key
determinant of inhibitory activity in T-20. Here we report the design of a recombinant peptide inhibitor
(called C52L) that includes both the C-peptide and tryptophan-rich regions. By calorimetry, C52L binds
to a peptide mimic of the amino-terminal coiled coil with aKd of 80 nM, reflecting the large degree of
helicity in C52L as measured by circular dichroism spectroscopy. The C52L peptide potently inhibitsin
Vitro infection of human T cells by diverse primary HIV-1 isolates irrespective of coreceptor preference,
with nanomolar IC50 values. Significantly, C52L is fully active against T-20-resistant variants in a single-
cycle HIV-1 infectivity assay. Moreover, because it can be expressed in bacteria, the C52L peptide might
be more economical to manufacture on a large scale than T-20-like peptides produced by chemical synthesis.
Hence the C52L fusion inhibitor may find a practical application, for example as a vaginal or rectal
microbicide to prevent HIV-1 infection in the developing world.

The use of combination therapy including protease and
reverse transcriptase inhibitors (called highly effective anti-
retroviral therapy, HAART1) has markedly reduced the
progression of human immunodeficiency virus type 1
(HIV-1) infection to AIDS and improved the health of many
patients. HAART cannot, however, eradicate the virus from
infected individuals, and its effectiveness is often tempered
by toxic side effects, long-term adverse reactions, lack of
adherence, and the emergence of drug-resistant HIV-1
variants (1-6). Hence new classes of anti-HIV-1 drugs
directed at targets other than viral protease or reverse
transcriptase are urgently needed, to curb the global epidemic
of HIV-1 infection. One such antiviral drug is the fusion
inhibitor enfuvirtide (T-20), which is used as salvage therapy
for a growing number of AIDS patients who no longer
respond to HAART (7). However, the clinical use of T-20
is limited by resistance development, the requirement for
parenteral delivery, and the high cost of chemical synthesis.
Despite intensive efforts, the search for orally bioavailable,
small-molecule HIV-1 fusion inhibitors targeting gp41 has

been frustrating. Moreover, inhibitors of virus-cell fusion are
under consideration as topical microbicides to prevent HIV-1
sexual transmission (8, 9). New peptidic fusion inhibitors
with greater potency and an improved spectrum of activity
would be useful for therapeutic and microbicidal applications.

Entry of HIV-1 into its target cell to establish an infection
requires fusion of the viral and cellular membranes, a process
mediated by the viral envelope glycoprotein (Env) and
receptors on the host cell surface. HIV-1 Env is synthesized
as the polyprotein precursor gp160 that oligomerizes in the
endoplasmic reticulum and is subsequently cleaved by a
cellular protease to yield the receptor-binding (gp120) and
membrane fusion (gp41) subunits (10). The mature Env
complex is a trimer, with three gp120 glycoproteins associ-
ated noncovalently with three membrane-anchored gp41
subunits. Binding of gp120/gp41 to cellular receptors (CD4
and a coreceptor, such as CXCR4 or CCR5) triggers a series
of conformational changes in gp41 that ultimately leads to
formation of a postfusion trimer-of-hairpins structure and
thereby effects membrane fusion (11-13). The ectodomain
of gp41 includes two conserved regions consisting of heptad
repeats (HR) of hydrophobic residues characteristic of coiled
coils. The first (HRN) is adjacent to the N terminus of gp41
while the second (HRC) immediately precedes the trans-
membrane domain (Figure 1a). Peptides derived from these
regions are referred to as N-peptides and C-peptides,
respectively. The soluble core of the gp41 trimer-of-hairpins
is a bundle of sixR-helices: a central trimeric coiled coil
formed by the N-peptide region is surrounded by three
C-peptide helices that bind to conserved hydrophobic grooves
on the coiled-coil surface in an antiparallel orientation
(14-17) (Figure 1b). During the fusion process, the fusion
peptide at the extreme N terminus of gp41 is exposed and
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inserted into the target cell membrane (18). Thus a folding-
back of the gp41 ectodomain drives the C-terminal trans-
membrane anchor toward the fusion peptide to bring the viral
and cellular membranes into proximity, thereby facilitating
membrane fusion and subsequent viral entry (14-16).

The HIV-1 entry process is a primary target for vaccine
and drug development. Synthetic C-peptides, such as C34
and T-20 (see Figure 1a), are potent inhibitors of HIV-1
infection and syncytium formation (19-21). The available
evidence indicates that these C-peptide mimics interfere with
formation of the gp41 six-helix bundle in a dominant-
negative manner by binding to the transiently exposed
N-peptide coiled coil in a “prehairpin” intermediate (17, 22-
25). C-peptides exist in a random-coil configuration in
isolation and form anR-helical structure only when bound
to their target, the N-peptide region of gp41 (14-17,
20, 26). Hence the presentation of C-peptides in a preformed
R-helical conformation may be a viable strategy to improve
their inhibitory potency (27-31). The crystal structure of
the gp41 core reveals that residues at positionsa andd of
the C-peptide helix pack against thee andg side chains on
the surface of the N-peptide coiled-coil trimer (14-16).
Consistent with this model, replacement of a buried polar
residue (Gln652) at ad position of C-helix by the nonpolar
leucine side chain imparts additional binding energy and
results in a∼3-fold increase in antiviral activity of the mutant
C-peptide (28). In the present study, we have applied a

protein-engineering approach to develop recombinant pep-
tides in which short coiled-coil segments are fused to the C
terminus of the gp41 C-peptide. These chimeric molecules,
which present the C-peptide in anR-helical conformation,
inhibit the replication of diverse HIV-1 isolates including
T-20-resistant strainsin Vitro at nanomolar concentrations.
The engineered C-peptides can be expressed in bacteria and
produced economically. The potent and inexpensive gp41
fusion inhibitors described here may have potential utility
as a therapeutic drug, and also as a microbicide for preventing
HIV-1 sexual transmission in developing countries.

MATERIALS AND METHODS

Plasmid Construction and Protein Production.Recombi-
nant DNA procedures were carried out by standard methods;
all generated sequences were confirmed by DNA sequencing.
Plasmid pC52D encoding C52D was constructed by sub-
cloning the C52 segment (representing residues 624-675
of HIV-1 HXB2 gp160) followed by a Lys-Ile-Lys-Gln-Ile-
Glu-Asp-Lys-Ile-Lys sequence (see Figure 1a) into the
pAED4 vector (32). Plasmid pC52L encoding C52L was
prepared using pC52D as the template. Mutations were
introduced using the method of Kunkel (33). The C52D and
C52L peptides were expressed inEscherichia coliBL21-
(DE3)/pLysS (Novagen). The cells were grown at 37°C in
LB medium to an optical density of 0.7 at 600 nm and
harvested by centrifugation 4 h postinduction with 0.5 mM

FIGURE 1: HIV-1 gp41 structure and fusion inhibitors. (a) Schematic diagram of gp41. The positions of the fusion peptide (FP), the two
hydrophobic heptad repeats (HRN and HRC), the disulfide bond (S-S), the potentialN-linked glycosylation sites, and the transmembrane
region (TM) are shown. The locations of T-20 (enfuvirtide), N36 (N-peptide), and C34 (C-peptide) are indicated. The sequence of the C52
segment is shown, along with the heptada andd positions. The engineered C52D and C52L peptides used in this study contain the C-terminal
Lys-Ile-Lys-Gln-Ile-Glu-Asp-Lys-Ile-Lys and Lys-Ile-Lys sequences, respectively (see text). The Gln652 to leucine substitution in C52L
is shown in bold. Residues are numbered according to their position in the HIV-1HXB2 gp160 sequence. (b) Lateral (left) and axial (right)
views of a six-helix bundle formed by the N36 and C34 peptides (PDB 1AIK). The N termini of the N36 helices point toward the top of
the page, and those of the C34 helices point toward the bottom. (c) Helical wheel representations of N36 and C34. Heptad-repeat positions
are labeleda throughg. Thea andd residues in the C-peptide (red) interact with the exposede andg side chains on the central N-peptide
coiled coil (green).
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IPTG. Bacterial pellets were resuspended in buffer A
(50 mM Tris-HCl, 1 mM EDTA, pH 8.0) supplemented with
25% sucrose. The cells were lysed by sonication and
centrifuged (35000g for 15 min) to separate the soluble
fraction from inclusion bodies. The inclusion bodies were
washed extensively with buffer A containing 1% Triton
X-100. The peptide was purified directly from the inclusion
bodies after resuspension in 8 M urea/buffer A. The debris
was removed by a 1 hcentrifugation at 4°C. The peptide
was then loaded onto a DEAE Sepharose column (Pharma-
cia) equilibrated with 3 M urea/buffer A and eluted using a
NaCl gradient (0 to 1000 mM) in 3 M urea/buffer A. The
sample was dialyzed into 5% (vol/vol) acetic acid overnight
at 4°C. The peptide was purified to homogeneity by reverse-
phase HPLC (Waters) on a Vydac C18 preparative column
(Hesperia, CA) using a water-acetonitrile gradient in the
presence of 0.1% trifluoroacetic acid and lyophilized.

The C52 construct with the Met629f Leu mutation was
appended to theTrpLE′ leader sequence (68). The C52M629L

peptide was expressed as a chimeric protein inE. coli BL21
(DE3)/pLysS, purified from inclusion bodies, and cleaved
from the TrpLE′ leader sequence with cyanogen bromide
(CNBr) as described (57). The T-20 and C34 peptides were
synthesized by standard fluorenylmethoxycarbonyl chemistry
with acetylated N terminus and amidated C terminus. After
cleavage from the resin, the peptides were desalted on a
Sephadex G-25 column (Pharmacia) and lyophilized. Pep-
tides were then purified by reverse-phase HPLC as described
above. The untagged 5-helix protein used for the isothermal
calorimetric binding experiments was expressed inE. coli
BL21(DE3)/pLysS with the pAED4 vector (32), extracted
from inclusion bodies, refolded by renaturation from urea,
and purified by ion exchange and size-exclusion chroma-
tography as previously described (34). Protein identities were
confirmed by electrospray mass spectrometry (Voyager Elite;
PerSeptive Biosystems, Framingham, MA). The concentra-
tions of all peptide proteins were determined by tryptophan
and tyrosine absorbance (at 280 nm) in 6 M guanidine
hydrochloride (GuHCl) (35). Stock solutions of 500µM of
C-peptides in 50 mM Tris-HCl (pH 8.0) were prepared,
frozen in aliquots, and stored at-20°C. Control experiments
demonstrated that the inhibitory activity of these peptides
was not affected by freezing.

Circular Dichroism Spectroscopy.CD experiments were
performed on an Aviv 62A/DS (Aviv Associates, Lakewood,
NJ) spectropolarimeter equipped with a thermoelectric tem-
perature control at 10µM peptide concentration in TBS (50
mM Tris-HCl, pH 8.0, 150 mM NaCl). CD spectra were
collected from 260 to 200 nm at 0°C, using an average time
of 5 s, a cell path length of 0.1 cm, and a bandwidth of 1
nm. A [θ]222 value of-33 000 deg cm2 dmol-1 was taken
to correspond to 100% helix (36). Thermal stability was
determined by monitoring [θ]222 as a function of temperature.
Thermal melts were performed in 2 deg intervals with a 2
min equilibration at the desired temperature and an integra-
tion time of 30 s.

Sedimentation Equilibrium Analysis.Analytical ultracen-
trifugation measurements were carried out on a Beckman
XL-A analytical ultracentrifuge (Beckman Coulter, Fullerton,
CA) equipped with an An-60 Ti rotor. Protein samples were
dialyzed overnight into TBS (pH 8.0), loaded at initial
concentrations of 10, 30, and 100µM, and analyzed at rotor

speeds of 21, 24, and 35 krpm for C52D, and 25, 28, and 35
krpm for C52L at 4 and 37°C. Data were acquired at two
wavelengths per rotor speed setting and processed simulta-
neously with a nonlinear least-squares fitting routine (37).
Solvent density and protein partial specific volume were
calculated according to solvent and protein composition,
respectively (38).

Isothermal Titration Calorimetry.Isothermal titration
calorimetry measurements were performed on a VP-
isothermal titration calorimeter (MicroCal, Amherst, MA)
thermostated at 37°C. Peptides were dialyzed overnight into
25 mM Tris-HCl, pH 8.0, 50 mM NaCl using a 2 kDa
molecular mass cutoff Spectra/Por membrane. All solutions
were degassed before the experiment. C-peptides ranging
from 1.0 to 1.5 mM were injected in 2µL of increments
into the reaction cell (1.42 mL volume) containing 20µM
5-helix. The heat associated with the binding reaction was
obtained by subtracting the heat of dilution of C-peptide from
the heat of reaction with 5-helix. Binding isotherms were
analyzed by fitting the data to a single binding site model
with the Microcal (Amherst, MA) ORIGIN analysis software.

Cell-to-Cell Fusion Assay.Syncytia formation was assayed
by coculturing CHO[HIVe] (clone 7d2) cells expressing
HXB2 envelope and tat (39) with U373-MAGI cells (M.
Emerman and A. Geballe, National Institutes of Health AIDS
Research and Reference Reagent Program) in the presence
of different concentrations of C-peptide inhibitor. Cell fusion
allows the expression of nuclearâ-galactosidase from the
U373-MAGI indicator cell line and can be quantitated by
monitoring â-galactosidase activity. After an overnight
incubation at 37°C after coculture,â-galactosidase enzymatic
activity was measured with the Mammalian beta-galactosi-
dase Chemiluminescent Assay Kit (Gal-Screen from Applied
Biosystems). The peptide inhibitor concentrations at which
activities were reduced by 50% (IC50) and 90% (IC90) relative
to control samples lacking C-peptide were calculated by
fitting data to the variable-slope-sigmoid equation using the
Prism program (Graphpad, San Diego, CA).

Inhibition of HIV-1 Replication in PBMC Cells.Human
peripheral blood mononuclear cells (PBMCs) were isolated
from healthy blood donors by Ficoll-Hypaque gradient
centrifugation and stimulated in three separate pools
treated with phytohemagglutinin (PHA) at 5µg/mL, PHA
at 0.5 mg/mL, or anti-CD3 antibody OKT3 essentially as
previously described (40). After 3 day stimulation, the pools
were mixed immediately prior to their use in the antiviral
assay (41). In brief, serial dilutions of C-peptide (50µL)
were incubated with 50µL aliquots of virus inoculum (400
to 1000 TCID50/mL) for 1 h at 37 °C. The mixtures of
C-peptide inhibitor with virus were then combined with 2
× 105 PBMCs (100µL/well). On days 5-7 postinfection,
the extent of HIV-1 replication was determined by measuring
the p24 antigen content of the culture supernatants by ELISA
(42). As the virus inoculum was not washed out at any stage
of the experiment, the residual input p24 concentration was
subtracted from all test results. Peak virus production in the
absence of C-peptide inhibitor was designated as 100%, and
IC50 and IC90 values were calculated by variable-slope-
sigmoid analysis using the Prism graph software. The
cytotoxic effect of C-peptides on PBMCs was measured in
the presence of serially diluted inhibitors for 6 days, and
cell viability was quantitated by using a MTT assay (43).
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Inhibition of HIV-1 EnV-Pseudotyped Virion Infection.The
generation of Env-pseudotyped virus stocks in 293T cells
by calcium phosphate transfection and the use of the
engineered HIV-1 coreceptor-bearing cell line U87-CD4+-
CCR5+ (3000 cells per well) for Env-pseudotyped virus
infection have been described previously (44-46). Briefly,
the envelope genes were amplified by PCR, cloned into an
expression vector, and cotransfected with an envelope-
defective proviral plasmid to generate pseudotyped lu-
ciferase-encoding viruses. Variant envelopes were generated
using QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA) and verified by DNA sequencing. Recombinant
viruses were used to infect U87-CD4+-CCR5+ cells (3000
cells per well) in the presence of varying concentrations of
C-peptide. The amount of input pseudovirus was normalized
by infectivity (virus titer) rather than by p24 antigen content.
Luciferase activity in the target cells was measured in relative
light units (RLU) 72 h after infection. For each C-peptide,
data from duplicate measurements were fit to the variable-
slope-sigmoid equation to obtain IC50 values.

RESULTS

Design of C52D and C52L.The 52-residue C-peptide of
HIV-1 gp41 (denoted C52) includes the C34 and T-20
regions that have been shown to be essential for anti-HIV-1
activity (17, 19, 20, 26, 47, 48) (Figure 1a). C34 identified
by the protein-dissection method corresponds to the outer-
layer C-peptide helix of the postfusion six-helix bundle
(Figure 1b) (26). The inhibitory activity of C34 depends on
its ability to bind to a prominent hydrophobic pocket in the
gp41 coiled-coil N-peptide region (14-16, 48-51). Interest-
ingly, T-20 lacks pocket-binding residues yet contains a
C-terminal Trp-Asn-Trp-Phe sequence (at positions 670-
673) that is essential to maintain its anti-HIV-1 potency (20),
despite the fact that this region does not directly participate
in the six-helix bundle structure (14-16, 26, 52). Moreover,
C-peptides that contain pocket-binding residues, such as C34,
are fully activein Vitro against T-20-resistant viral strains
(53). Taken together, these observations suggest that the
target for the antiviral effect of T-20 may be distinct from
that of C34 (52, 54, 55). A second-generation C-peptide
inhibitor, T-1249, designed to overcome viral resistance to
T-20, includes the additional N-peptide pocket-binding
sequence and demonstrates enhanced potency and a different
resistance profile (56). On the basis of these structure-
activity considerations, we have chosen the C52 sequence
as a candidate for development of a recombinant C-peptide
fusion inhibitor (Figure 1a). However, our initial efforts to
express isolated C52 inE. coli produced low yields of
peptide.

T-20 and C34 are essentially unfolded in isolation (17,
24, 26), but R-helical when bound to the gp41 N-terminal
coiled coil (14-17, 24). Because this coil-helix transition
should exact a large energetic penalty due to the loss of
conformational entropy, stabilizing the C-peptide helix in
the unbound state is a potentially powerful strategy for
increasing its anti-HIV-1 potency (27, 29-31). In effect, C52
is also largely unstructured in solution (17); the lack of strong
R-helical character in this molecule might explain its
instability in bacterial cells. We thus sought to increase the
propensity of C52 to adopt a preformedR-helical conforma-
tion. Based on our accumulated knowledge of the coiled-

coil motif (57, 58), we placed in heptad register either 3 or
10 residues from the N terminus of a GCN4-pII isoleucine
trimer (59) at the C terminus of C52 (see Figure 1a). The
resulting chimeric peptides were referred to as C52D and
C52L, respectively. We reasoned that the short GCN4-pII
segments would promote C52-helix formation yet with
limited intermolecular coiled-coil assemblies, because C-
peptide fusion inhibitors must be monomeric to be active
(see Figure 1c) (17, 22). We have also mutated the buried
polar Gln652 residue to leucine in the C52L construct to
strengthen its interaction with the N-peptide coiled coil by
providing additional hydrophobic packing forces and remov-
ing the buried polar side chain (28).

Protein Expression and Purification.The C52D and C52L
constructs were cloned into a modified pET3a vector
(Novagen) using standard molecular biology techniques. The
C52D and C52L peptides were prepared by expression in
E. coli followed by extraction from insoluble bacterial
inclusion bodies (see Materials and Methods). The peptides
were purified by ion-exchange chromatography directly from
the inclusion bodies solubilized in urea (Figure 2). Final
purification by reverse-phase HPLC gives a homogeneous
preparation. The N-terminal sequence analysis of the purified
peptides revealed the desired sequence over five cycles of
Edman degradation, with the initial Met residue retained;
electrospray mass spectrometry confirmed their expected
composition. In simple shake flask growth experiments,
protein expression levels were up to∼145 mg and 85 mg
of peptide per liter of culture for C52D and C52L, respec-
tively.

Helical Content and Oligomerizatoin State.The far UV
circular dichroism (CD) spectra of the engineered C52D and
C52L peptides are typical of anR-helix, with the charac-
teristic minima at 208 and 222 nm in TBS (pH 8.0) at 0°C
and 10µM peptide concentration (Figure 3a). The mean
residue ellipticities at 222 nm ([θ]222, a measure of helical
content) of C52D and C52L under these conditions are
-22 000 and-16 000 deg cm2 dmol-1, consistent with∼70
and 50% helical structure, respectively. These values are
concentration-dependent, reflecting formation of the inter-
molecular peptide complexes at low temperatures (see
below). In contrast, the spectrum of the “wild-type” C52M294L

peptide exhibits a much weaker minimum at 222 nm and a

FIGURE 2: Bacterial expression and purification of the engineered
C52D and C52L peptides. Samples containing 5µg of protein were
analyzed by SDS-PAGE on a 16% tricine gel with Coomassie
blue staining. Lane 1, whole cell preparation; lane 2, inclusion body
preparation; lane 3, DEAE Sepharose column-purified peptide;
lane 4, reverse-phase HPLC-purified peptide. The sizes of protein
molecular weight markers are indicated at the right.
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more intense minimum around 200 nm, indicative of being
largely in the unfolded state (Figure 3a). Both C52D and
C52L lack a “folded” baseline at low temperatures and
display a broad noncooperative thermal unfolding transition
(Figure 3b), indicating a noncooperative disruption of the
helical structure with increasing temperature. Analytical
ultracentrifugation experiments at 4°C indicate that C52D
sediments as a trimeric species with no systematic depen-
dence of apparent molecular mass on protein concentration
from 10 to 100µM (Figure 3c), while C52L is dimeric over
this 10-fold concentration range (Figure 3d). However,
analysis of residual differences from the trimeric and dimeric
models reveals a systematic error, suggesting that both the
peptides are prone to aggregation. The monomeric forms of
C52D and C52L at 37°C were demonstrated by analytical
ultracentrifugation (data not shown). These results indicate
that C52D and C52L associate intermolecularly to form a
partially foldedR-helical structure under native conditions
(low temperature). Thus the added coiled-coil sequences
appear to stabilize theR-helical conformation of the parent
C52 peptide and clearly play an important role in determin-
ing interhelical interaction specificity at low temperatures.
This helix-stabilizing effect may underlie the high-level
expression of the recombinant C52D and C52L constructs
in E. coli.

Binding Affinity to the N-peptide Coiled-Coil Trimer.It
has been found that the binding affinity of C-peptides to the
gp41 N-peptide region tends to correlate with their inhibitory
potency (28, 48). A designed 5-helix protein containing a

single high-affinity binding site for C-helix inhibits HIV-1
membrane fusion by preventing six-helix bundle formation
(60). We therefore performed isothermal titration calorimetry
on the binding of C52D and C52L to 5-helix at 37°C to
investigate whether a large degree of helicity in these
engineered peptides as measured by CD spectroscopy can
impart favorable binding to the triple-stranded N-peptide
coiled coil. Like the C34 peptide, C52D and C52L interact
with the 5-helix protein in a 1:1 molar ratio; all titrations
are consistent with a two-state transition, although there is a
slight baseline artifact in the case of C52D (Figure 4;
Table 1). C52D and C52L exhibit strong binding to 5-helix
with dissociation constant (Kd) values of 25 and 80 nM,
respectively. Under the same experimental conditions, C34
shows>1 order of magnitude weaker binding, with aKd of
0.82 µM. The thermodynamic basis of the high binding
affinity of C52D and C52L compared with C34 is due to a
larger gain of binding entropy with a concomitant loss of
binding enthalpy (see Table 1). Overall, this enthalpy-
entropy compensation results in a higher binding affinity.

Inhibition of Cell-Cell Fusion by C52D and C52L.We
determined the inhibitory activity of the engineered C52D
and C52L peptides by cocultivating effector CHO cells
(stably expressing HIV-1 Env) with target U373-MAGI cells
(stably expressing CD4 and CXCR4) in the presence of
varying peptide concentrations (Figure 5). C52D and C52L
are potent inhibitors of cell-cell fusion (i.e., syncytia
formation), with IC50 values of 11.7 and 1.2 nM, respectively.
For comparison, the IC50 values of C34 and T-20 are 1.9

FIGURE 3: Biophysical properties of C52D and C52L. (a) Circular dichroism spectra of C52D (open squares), C52L (open circles), and
C52M629L (filled circles) at 0°C in TBS (pH 8.0) at a peptide concentration of 10µM. (b) Thermal melts monitored by the circular dichroism
signal at 222 nm. (c) Equilibrium ultracentrifugation data (24 krpm) for C52D (100µM) collected in TBS (pH 8.0) at 4°C. Dashed lines
with increasing slopes indicate, respectively, the predicted data for dimer, trimer, and tetramer bundles. The deviation in the data from the
linear fit for a trimeric model is plotted (upper). (d) Equilibrium ultracentrifugation data (25 krpm) for C52L (100µM) collected in TBS
(pH 8.0) at 4°C. The deviation in the data from the linear fit for a dimeric model is plotted (upper).
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and 18.4 nM, respectively. These results demonstrate that
C52D and C52L can be used as the basis for the development
of HIV-1 fusion inhibitors with structured helical conforma-
tions and improved pharmacological properties. Since C52L
is approximately 10-fold more potent than C52D, the entropic
gain in binding energy from the preformedR-helical structure
of C52D (see above) is likely offset by the energy required
to attain the active conformation of the bound state. Thus a
key issue in future protein engineering efforts is to balance
the changes in binding enthalpy and entropy.

Peptide Inhibition of HIV-1 Infection.We evaluated the
effect of the C52D and C52L peptides on HIV-1 infectivity
using a diverse set of primary isolate strains with different
geographic origins and coreceptor requirements (Table 2).
C52D and C52L potently block the spreading infection of
all of the tested clade A-F viruses in PBMC culture (as
measured by the amount of p24 antigen in cell-free medium),
with median IC50 values of 33 nM (range 10-300 nM) and
15 nM (5-61 nM), respectively. For comparison, C34 and
T-20 show median IC50 values of 12 nM (range 4-53 nM)
and 59 nM (17-149 nM), respectively. All of these peptides
at 1 µM show no cytotoxicity in PBMCs as determined by
a MTT assay (data not shown). It may be notable that C52L
displays slightly (∼2-fold) higher antiviral activity than C52D
in the viral infectivity assay but is close to an order of
magnitude more potent in the cell-cell fusion assay (see
Figure 5). It is possible that the stable, helical structure of
C52D as determined by CD spectroscopy (Figure 4a and b)
gives rise to an increased resistance to proteolytic degradation
compared with C52L over the course of the 6 day infectivity
experiment, thereby contributing to the potent inhibitory
activity. We conclude that the recombinant C52D and C52L
peptides display a broad profile of antiviral activity across
HIV-1 group M viruses regardless of the particular chemok-
ine receptor used for viral entry. A more comprehensive
study of the cross-subtype activity of C52L against 25
primary CCR5-using, 12 CXCR4-using, and 7 dual-tropic
isolates from subtypes A-G confirms this finding (61).

Inhibition of T-20-Resistant HIV-1 Variants by C52L.The
use of T-20 in patients resulted in the inevitable emergence
of drug-resistant HIV-1 variants (62-65). Escape-virus
variants are also readily derived upon continuousin Vitro
passaging of HIV-1 in the presence of increasing T-20
concentrations (53). Sequence analysis of both the resistant

FIGURE 4: Isothermal titration calorimetry of 5-helix with C52D
and C52L. Isothermal calorimetric titration measurements were
carried out in TBS (pH 8.0) at 37°C. The binding isotherms for
formation of the 5-helix/C-peptide complex were graphed and
normalized to the concentration of the injected peptide. (a) Titration
of 5-helix with C52D. (b) Titration of 5-helix with C52L. The
thermodynamic parameters after fitting to a single binding-site
model are listed in Table 1.

Table 1: Thermodynamic Parameters for C-Peptide Binding the 5-Helix Proteina

N
Kd

(nM)
∆H

(kcal mol-1)
-T∆S

(kcal mol-1)
∆G

(kcal mol-1)

C52D 0.97( 0.01 25.8( 7.1 -11.3( 0.5 0.5( 0.4 -10.8( 0.2
C52L 1.06( 0.01 80.6( 5.4 -11.7( 0.2 1.6( 0.3 -10.1( 0.1
C34 1.05( 0.01 809( 90.7 -24.4( 1.2 15.8( 1.3 -8.6( 0.3

a Values are mean and standard error of two measurements.

FIGURE 5: Peptide inhibition of HIV-1 Env-mediated cell-cell
fusion. The C52D (open circles) and C52L (filled circles) peptides
were tested for their ability to inhibit fusion between CHO gp160
(effector) and U373-MAGI (target) cells.â-Galactosidase activity
measured in the target cells was normalized to 100% relative to
that observed in the absence of peptide. The data represent the mean
and standard error of three independent experiments, each performed
in duplicate.
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viral populationin Vitro and the viral quasispecies of patients
on T-20 therapy revealed the acquisition of resistant muta-
tions in the highly conserved HRN Gly-Ile-Val sequence
motif (at positions 547 to 549) (53, 62-65). As noted above,
C52D and C52L include the critical sequence determinants
of both T-20 and C34, suggesting that the recombinant
peptides might be effective inhibitors of drug-resistant
viruses. We therefore introduced three T-20-resistance muta-
tions (Gly-Ile-Ala, Gly-Ile-Met, andAsp-Ile-Val) individually
into the JFRL molecular clone and determined their impact
on the antiviral activity of C52L in a single-cycle Env-
mediated infection assay (Figure 6). As expected, C52L
shows clear inhibitory activity against the HIV-1JFRL, GIA,
GIM, and DIV pseudovirions, with IC50 values of 19, 22,
26, and 21 nM, respectively. In parallel studies, the GIA,
GIM, and DIV substitutions decrease T-20 sensitivity by
>26-, 7-, and 16-fold, respectively. A positive control, the
T-1249 peptide, exhibits similar effective inhibition of the
wild-type and mutant viruses (the IC50 ranging from 23 to

58 nM), in accord with the previously reported activity of
this synthetic 39-residue peptide (56). Taken together, these
results demonstrate that C52L can provide the basis for the
design and optimization of the next generation of HIV-1
fusion inhibitors.

DISCUSSION

In principle, formation of a stable postfusion six-helix
bundle in gp41 is mechanistically and thermodynamically
coupled to HIV-1 membrane fusion (11, 12). Current thinking
postulates that the receptor-induced activation of gp41
involves a regulated sequence of structural transitions with
one or more on-pathway intermediate(s), although few details
of these molecular events are understood. Consistent with
this model for gp41 function, a large body of evidence
indicates that the HRN and HRC regions, initially sequestered
in the native Env glycoprotein spike, are sequentially released
and refolded to drive membrane fusion (17, 22-25). In this
gp41 refolding process, a prehairpin intermediate containing

Table 2: HIV-1 Inhibitory Activity of the C52D and C52L Peptidesa

C52D (n ) 6) C52L (n ) 6) T-20 (n ) 12) C34 (n ) 12)

isolate clade coreceptor
IC50

(nM)
IC90

(nM)
IC50

(nM)
IC90

(nM)
IC50

(nM)
IC90

(nM)
IC50

(nM)
IC90

(nM)

DJ258 A CCR5 26( 27 81( 87 16( 18 45( 40 25( 20 86( 74 11( 11 34( 33
JFRL B CCR5 16( 23 62( 86 13( 11 50( 49 18( 27 75( 81 16( 12 64( 73
NL4-3 B CXCR4 52( 36 91( 65 25( 5 63( 27 50( 39 117( 128 13( 5 27( 6
case C 7/86 B CXCR4/CCR5 66( 65 118( 117 38( 27 69( 48 70( 172 136( 260 37( 24 63( 61
94ZW103 C CCR5 8( 7 17( 10 5( 4 27( 32 83( 208 151( 277 4( 3 10( 6
UG270 D CCR5 300( 461 508( 671 61( 32 182( 96 149( 91 430( 289 53( 28 107( 48
CM235 E CCR5 39( 33 123( 99 9( 6 43( 33 17( 12 93( 39 11( 7 36( 22
BZ162 F CCR5 10( 9 39( 32 5( 7 25( 25 67( 176 139( 273 4( 6 9 ( 11

a Pooled PBMCs from four human donors were used in the viral infectivity assay. Values are means and standard errors from the number of
determinations indicated for each peptide (n ) x).

FIGURE 6: Inhibition of T-20-resistant pseudoviral infection by C52L. Recombinant HIV-1 viruses expressing firefly luciferase and
incorporating the wild-type (a) or mutant GIA (b), GIM (c), and DIV (d) EnvJFRL glycoproteins were used to infect U87-CD4+-CCR5+

cells in the presence of C-peptides. Virus infection was measured after 72 h by determining luciferase expression in relative light units
(RLU). The percentage of luciferase activity measured in the target cells relative to that observed in the absence of inhibitor is shown. The
data represent the mean and standard error of duplicate points. The results shown are typical of those obtained in three experiments. The
IC50 values obtained by curve fitting are given in parentheses in the inset.
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the N-peptide coiled-coil trimer is formed; this trimer is
proposed to serve as a target for C-peptide inhibitors such
as T-20 and C34 (11). These exogenous C-peptides bind in
a dominant-negative manner to the gp41 N-peptide region
and disrupt HIV-1 fusion by preventing subsequent folding
into the six-helix bundle (17, 22-25). Although T-20 and
C34 are thought to have a similar mechanism of action,
significant differences have been observed among their
respective potencies in different HIV-1 isolates and in their
sensitivities to resistant mutations (53-55).

In this study, we use a protein engineering method to
present the entire C-peptide region (comprising the C34 and
T-20 sequences) in a structured conformation toward the
development of potent and broadly effective bacterially
expressed inhibitory peptides. We have shown that the
chimeric C52D and C52L molecules are folded into an
R-helical structure at low temperatures and bind to the 5-helix
protein with high affinity. Both C52D and C52L efficiently
inhibit cell-cell fusion and potently block infection of human
peripheral blood mononuclear cells by a diverse range of
primary HIV-1 isolatesin Vitro, with IC50 values in the
nanomolar range. In a previous study, C52L was shown to
exhibit significant microbicidal activity in the macaque
vaginal challenge model and to increase the capacities of
the CCR5 ligand CMPD167 and the entry inhibitor BMS-
378806 to protect rhesus macaques against infection by the
CCR5 virus SHIV-162P3 (9).

The engineered C52L peptide has several attractive
features that are relevant to possible applications to treat or
prevent HIV-1 infection. First, the concentration of T-20
needed to inhibit drug-naive primary viruses can vary by at
least two logs, and drug-resistant isolates have emerged both
in Vitro and in ViVo (9, 62-65). We find that C52L is a
potent and broad inhibitor of viral infection and remains fully
active against T-20-resistant HIV-1 strains. This property is
consistent with the notion that the T-20 C-terminal tryp-
tophan-rich region whose function is still unknown likely
exerts antiviral activity independently from the proposed
mechanism of inhibition of six-helix bundle formation (52,
54, 55). Thus, the C52L inhibitor has two different targets
in gp41, and can help combat the global sequence diversity
of HIV-1 and minimize the transmission of T-20-resistant
viruses. This feature also makes C52L attractive as a probe
to study the mechanism of action of T-20 and understand
how its antiviral effect is mitigated by the evolution of
resistant virusesin ViVo. Second, the T-20 drug is manufac-
tured by synthetic peptide chemistry (over 100 synthetic steps
are involved), which is challenging and expensive when
applied on a commercial scale.

We have shown that vaginally applied C52L, formulated
in a simple gel, was able to protect rhesus macaques from
vaginal challenge with a SHIV in a stringent model of HIV-1
sexual transmission (9). Moreover, C52L acts synergistically
with the CCR5 ligand CMPD167 or the entry inhibitor BMS-
378806 when inhibiting HIV-1 and SHIV replicationin Vitro
(9). This renders it particularly suitable for use in a
microbicide based on combinations of entry inhibitors (8,
9). The bacterial expression of the C52L peptide could
facilitate its production on a large scale at an economical
cost, which is particularly important for microbicides in-
tended for use in the developing world (8). Finally, for
peptide-based vaginal microbicides, proteolytic activity at

mucosal sites can be a major obstacle to potency and
effective residence times. The enhanced helix stabilization
of C52L may therefore be beneficial for increasing the extent
and duration of its antiviral activity at the site of virus
deposition by reducing its rate of degradation.

Interestingly, the epitopes of several broadly neutralizing
human monoclonal antibodies directed against gp41 (e.g.,
2F5 and 4E10) are located immediately C terminal to the
C-peptide region in the C52D and C52L constructs (66). All
attempts to elicit anti-gp41 antibodies comparable to these
elicited in infected humans by using unstructured C-peptide
immunogens have thus far met with limited success. Clearly,
there are critical and likely structural aspects of the 2F5 and
4E10 epitopesin situ on the trimeric Env complex that
remain to be identified and exploited (67). Our finding that
the C52D peptide self-associates into a labile helical trimer
suggests that it may be possible to design and produce novel
immunogens that stably present trimeric,R-helical conforma-
tion of the 2F5 and 4E10 epitopes in efforts to elicit broadly
neutralizing antibodies to HIV-1.
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