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ABSTRACT

The HIV-1 envelope glycoprotein binds cooperatively to its cellular receptor CD4 and a coreceptor, principally CXCR4 or CCR5.
We have previously improved a natural amino-acid form of a scorpion toxin-derived CD4-mimetic peptide and in parallel gener-
ated sulfopeptide mimetics of the CCR5 amino terminus. Here we show that some fusions of these CCR5- and CD4-mimetic pep-
tides, expressed as immunoadhesins, neutralize HIV-1 more efficiently than CD4-Fc or equimolar mixtures of immunoadhesin
forms of each peptide. Specifically, double-mimetic peptides with linkers of 11 amino acids or greater, and with the CCR5-mi-
metic component preceding the CD4-mimetic component, were more efficient than constructs with shorter linkers or in a re-
verse orientation. The potency of these constructs derives from (i) their ability to simultaneously and cooperatively bind the
CD4- and CCR5-binding sites of a single gp120 monomer of the HIV-1 envelope glycoprotein trimer and (ii) the ability of the
CCR5-mimetic component to prevent the CD4-mimetic peptide from promoting infection when cellular CD4 is limiting. Thus,
there is a significant advantage to simultaneously targeting both conserved regions of the HIV-1 envelope glycoprotein.

IMPORTANCE

This report describes a novel class of peptides that potently inhibit HIV-1 entry. These peptides simultaneously target the recep-
tor- and coreceptor-binding sites of the HIV-1 envelope glycoprotein gp120. Peptides of this class overcome key limitations of
inhibitors that target only one gp120 binding region and illustrate the utility of binding the sulfotyrosine-binding pockets of
gp120.

The HIV-1 envelope glycoprotein is a trimeric complex of het-
erodimers composed of a surface glycoprotein, gp120, and a

transmembrane component, gp41. HIV-1 entry is mediated by its
envelope glycoprotein and requires cellular expression of CD4
and a coreceptor, principally CCR5 or CXCR4 (1–4). When the
envelope glycoprotein binds CD4, gp120 undergoes conforma-
tional changes that promote its high-affinity association with a
coreceptor (e.g., 21, 37, 40, and 45). Association of gp120 with a
coreceptor induces additional conformational changes in gp41,
which in turn promote mixing of the membrane lipids, ultimately
facilitating fusion of the viral and cellular membranes.

High-affinity binding of the HIV-1 envelope glycoprotein to
the coreceptor CCR5 requires sulfation of the amino-terminal
tyrosines of CCR5. In addition, a number of antibodies which
bind the coreceptor-binding site of gp120 contain sulfated
tyrosines in their CDRH3 regions (5). Sulfated peptides based on
the amino terminus of CCR5, or on the CDRH3 loops of sulfated
antibodies, can specifically bind the HIV-1 envelope glycoprotein
and inhibit HIV-1 entry (6, 7). Antibody-derived sulfopeptides
retain an arrangement of sulfotyrosines similar to that of the
amino terminus of CCR5 and bind a broad range of R5, X4, and
dual-tropic envelope glycoproteins (7, 8). These CCR5-mimetic
peptides bind gp120 inefficiently but more efficiently than pep-
tides based directly on the CCR5 amino terminus. Binding is sub-
stantially improved in the presence of CD4 or a CD4-mimetic
peptide (7–9).

Small CD4-mimetic peptides, based on a scorpion toxin scaf-
fold, also bind the envelope glycoprotein and inhibit HIV-1 entry
(10–12). These peptides induce the CD4-bound conformation of
gp120 and, like soluble CD4, can promote infection when cel-
lular CD4 is limiting (9, 12, 13). The best characterized of these

peptides include nonnative amino acids, preventing their expres-
sion from mammalian cells or their improvement by phage-dis-
play techniques. To address these limitations, we previously gen-
erated a native amino acid form of this peptide, which we called
CD4mim1. Inspection of the structures of gp120 bound to various
CD4-mimetic peptides indicated that their amino termini were
held by a disulfide bond in an orientation that sterically precluded
amino-terminal extensions (9, 14). To study amino-terminal fu-
sions with CCR5-mimetic peptides, we eliminated this first disul-
fide bond of CD4mim1. This peptide was subsequently improved
by phage display, resulting in CD4mim6, a peptide with higher
affinity for gp120 (12).

The affinity of CCR5-mimetic peptides for the HIV-1 envelope
glycoprotein is low in the absence of soluble CD4 (7). CD4-
mimetic peptides bind with higher affinity, but their neutraliza-
tion potency is limited in part by a tendency to promote infection
at subneutralizing concentrations (12). Because the binding sites
of these peptides are close (separated by approximately 28 Å; Fig.
1A), we reasoned that fusions of CD4- and CCR5-mimetic pep-
tides (“double-mimetic” peptides, represented in Fig. 1B and C)
would bind gp120 cooperatively and with high avidity. We further
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anticipated that the CCR5-mimetic peptide would limit the ability
of the CD4-mimetic peptide to promote infection. We show here
that double-mimetic peptides can indeed overcome the limita-
tions of each single-mimetic peptide and efficiently neutralize
HIV-1.

MATERIALS AND METHODS
Plasmids and protein expression. Fc fusions were expressed using a pre-
viously described pcDM8-derived plasmid expressing the signal sequence
of CD5 and the Fc region (comprising hinge and CH2 and CH3 domains)
of human IgG1. Fc monomers were expressed from a similar vector in
which the hinge cysteines, the CH2 N-glycosylation site, and 3 hydropho-
bic residues at the CH3 dimer interface had all been modified (C219A,
C226N, C229G, N297D, L368R, F405H, and Y407E; numbering accord-
ing to the Kabat database). Maxiprep DNA was prepared from 250 ml LB
cultures of MC1061/P3 Escherichia coli using PurLink maxiprep kits (In-
vitrogen) according to the manufacturer’s instructions. 293T cells grown
to 50% confluence in 140-mm-diameter plates were transfected with 25
�g/plate using standard calcium phosphate transfection. Constructs bear-
ing CCR5-mimetic peptides were contransfected with a plasmid express-
ing tyrosylprotein sulfotransferase TPST-2 at a 5:1 ratio. At 12 h post-
transfection, 10% fetal calf serum-Dulbecco’s modified Eagle’s medium
(FCS-DMEM) was replaced with serum-free 293 Freestyle medium (In-
vitrogen). Medium was collected 48 h later, and debris was cleared by
centrifugation for 10 min at 1,500 � g and filtered in 0.45-�m-pore-size
filter flasks (Millipore). Complete protease inhibitor mixture (Roche) was
added to the filtered supernatants. A 500-�l bed volume of protein A-
Sepharose beads (GE Healthcare) was added and agitated at 4°C over-

night. The bead/medium mixture was collected by gravity flow column
(Bio-Rad) and washed with 30 ml of phosphate-buffered saline (PBS)
(Lonza) with the NaCl concentration increased to 0.65 M followed by 10
ml of PBS. Protein was eluted with 5 ml of 2 M arginine (pH 4) into 1 ml
1 M Tris (pH 7.5). Buffer was exchanged for PBS, and protein was con-
centrated to 1 mg/ml by ultrafiltration (Amicon Ultra) at 4,000 � g.

Surface staining of envelope glycoprotein-expressing cells. Cells ex-
pressing HIV-1 envelope glycoprotein trimers were prepared by transient
transfection of plasmids expressing envelope glycoproteins truncated in
the C-terminal cytoplasmic domains to facilitate surface expression
(gp160-�CT). T75 flasks of 293T cells grown to 50% confluence were
transfected with 20 �g of plasmid encoding gp160-�CT and 3 �g of plas-
mid encoding tat by the calcium phosphate technique, and media
(DMEM–10% FCS) were changed at 18 h after transfection. Cells were
collected 36 h posttransfection by treatment with nonenzymatic cell dis-
sociation solution (Sigma) followed by centrifugation for 5 min at 1,200
rpm. Cells were resuspended in fluorescence-activated cell sorter (FACS)
buffer (PBS–2% donor goat serum– 0.1% sodium azide). Cells were incu-
bated with Fc fusion proteins diluted to various concentrations in FACS
buffer for 45 min on ice followed by two FACS buffer washes. Allophyco-
cyanin (APC)-conjugated anti-human Fc-� (Jackson ImmunoResearch)
diluted in FACS buffer was added, and cells were incubated on ice for 30
min. Cells were then washed two times with PBS–2% goat serum and then
fixed for flow cytometric analysis with 1% paraformaldehyde–PBS. Using
a BD Accuri C6 flow cytometer, 10,000 events/well were collected and data
were analyzed by software provided by the manufacturer.

HIV-1 neutralization and entry studies. Pseudotyped HIV-1 was
produced by coexpression of envelope glycoproteins of the indicated

FIG 1 Receptor-mimetic constructs. (A) A ribbon diagram of HIV-1 gp120 (gray) is shown bound to a CD4-mimetic peptide (red) and to a sulfopeptide (blue,
with sulfate oxygen and sulfur atoms shown in red and yellow, respectively). Sulfotyrosines were derived from the heavy chain of CD4-induced antibody 412d.
The figure was generated by aligning the gp120 molecules of the gp120-CD4-412d complex (Protein Data Bank [PDB] 2QAD) with those of the gp120-F23
complex (PDB 1YYM) (10, 19). The dashed line indicates the 28-Å distance from the amino-terminal �-carbon of the CD4 mimetic to the �-carbon of 412d
sulfotyrosine 100. (B) Diagram of mimetic-Fc fusion constructs studied here. CCR5mim3 is shown as a blue circle and CD4mim6 as a red circle, and the Fc
domain (including the hinge, CH2, and CH3 domains of human IgG1) is indicated in gray. (C) Sequences of the single- and double-mimetic peptides used in this
paper. Blue indicates CCR5mim3, and red indicates CD4mim6. Linker regions are not highlighted.
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HIV-1 isolates, or the vesicular stomatitis virus (VSV)-G protein, with
NL43�Env. 293T cells grown to 50% confluence in T175 (Falcon) flasks
were transfected with 25 �g of plasmid encoding envelope glycoprotein
and 45 �g of NL43�Env by the standard calcium phosphate technique.
The 10% FCS–DMEM was changed at 12 h, and medium was collected at
48 h. Viral supernatants were cleared by centrifugation for 10 min at
1,500 � g, passed through a 0.45-�m-pore-size syringe filter (Millipore),
and stored at �80°C. Neutralization by Fc fusion constructs was per-
formed according to the protocol described by Li et al. (14). In brief,
various concentrations of purified Fc fusion proteins were incubated with
virus at a volume of 100 �l/well in 96-well plates for 1 h, after which 100 �l
of medium containing 10,000 TZM-bl cells was added. Plates were incu-
bated 48 h at 37°C, after which 100 �l of medium was replaced with freshly
prepared Brite-Lite reagent (PerkinElmer Life Sciences), and lumines-
cence data were collected on a Victor3V counter (PerkinElmer Life Sci-

ences). All neutralizations studies were performed in triplicate. To study
infection of CCR5-positive, CD4-negative cells, CF2Th-CCR5 cells were
incubated in the presence of serial dilutions of Fc fusion proteins with
pseudoviruses generated with pNL4 –3.Luc.R-E bearing the indicated
HIV-1 envelope glycoprotein and encoding firefly luciferase. Infection
was measured as described for the neutralization studies.

Immunoprecipitation of gp120 with Fc peptides. HIV-1 gp120 con-
structs were transfected into 6-well plates at 5 �g/well. At 12 h after trans-
fection, medium was replaced with cysteine-methionine-negative DMEM
containing ExpressLabel (Cole Parmer) and 5% dialyzed calf serum (In-
vitrogen). Supernatants were collected 36 h posttransfection and were
cleared by centrifugation at 3,000 rpm for 2 min followed by 1 min at
10,000 rpm, after which Complete protease inhibitor mixture was added.
Immunoprecipitations were conducted by rocking 1 �g of Fc fusion pro-
tein with protein A Sepharose beads for 2 h at 4°C. The bound beads were

FIG 2 Neutralization assays of single- and double-mimetic peptides. (A) HIV-1 pseudotyped with the envelope glycoproteins of the indicated HIV-1 isolates was
incubated with TZM-bl cells and with CD4-Fc or the indicated double-mimetic Fc fusions. Infection was determined by luciferase activity 48 h later and is shown
as the percentage of luciferase units in the absence of inhibitor. (B) Assay similar to that described for panel A except that CD4mim6-Fc, CCR5mim3-Fc, a
mixture of these constructs, Rev-Fc, 16-Fc, and CD4-Fc were assayed. All neutralization studies were performed in triplicate, with bars representing standard
errors. Experiments are representative of two with similar results.
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washed with PBS and then incubated for 20 min with 20 �l of supernatant
containing radiolabeled gp120. Beads were washed three times with PBS-
Tween (0.01%), and protein was eluted by heating 10 min at 70°C in
NuPage sample buffer. Samples were run on NuPage bis-tris gels, treated
with methanol/acetic acid fixative, and dried on Whatman paper. Radio-
labeled protein was quantified with a PhosphorImager (Fuji).

RESULTS
Double-mimetic peptides efficiently neutralize HIV-1 isolates.
For these studies, we combined CD4mim6 (12) with CCR5mim3,
a shortened form of the previously described CCR5-mimetic
peptide CCR5mim2 (8). We produced a series of CCR5mim3/
CD4mim6 fusion proteins separated by linkers of 1, 6, 11, and 16
amino acids (1-Fc, 6-Fc, 11-Fc, 16-Fc; Fig. 1B and C). We also
generated a reverse CD4mim6/CCR5mim3 fusion protein with a
linker of 11 amino acids (Rev-Fc). The fusion protein with the
shortest linker, 1-Fc, was consistently the least efficient at neutral-
izing HIV-1 and was in most cases less efficient than CD4-Fc (Fig.
2A). Fusion proteins with linker lengths of 11 and 16 neutralized
all HIV-1 isolates with comparable efficiencies and with markedly
greater efficiencies than CD4-Fc. With some isolates (HXB2,
SG3), 6-Fc, with a six-amino-acid linker, neutralized as efficiently
as 11-Fc and 16-Fc. With others (89.6, BaL), 6-Fc was clearly less
efficient than 11-Fc. Isolate-specific differences in the region be-
tween the CD4- and CCR5-binding sites may account for these
differences in 6-Fc neutralization. Together, these data suggest
that with linkers of 11 amino acids or greater, both mimetic pep-
tides are engaged, likely to the same gp120 monomer. Consistent
with this inference, mixtures of both mimetic peptides alone, each
at the same total concentration as 16-Fc, neutralized HIV-1 much
less efficiently than 16-Fc itself (Fig. 2B). Similarly, Rev-Fc, a con-
struct in which the order of mimetic peptides was reversed and the
peptides were separated by an 11-amino-acid linker, also neutral-
ized less efficiently than 16-Fc (Fig. 2B). This observation is con-
sistent with the structure of a CD4-mimetic peptide bound to
gp120 (see Fig. 1A), which indicates that a linker considerably
longer than 11 amino acids would be required to bridge the dis-
tance between the peptide carboxy terminus and the nearest
gp120 sulfopeptide-binding pocket. We conclude that 11-Fc and
16-Fc potently neutralize HIV-1, in part because they simultane-
ously engage the CD4- and coreceptor-binding sites of gp120.

A double-mimetic peptide does not promote infection of
CD4-negative cells. The neutralization activity of soluble CD4
and CD4-mimetic peptides can be attenuated by their parallel
tendency to enhance infection, possibly by promoting interaction
of the HIV-1 envelope glycoprotein with the coreceptor (14, 15).
This tendency is most pronounced when cellular CD4 is limiting
or absent. We sought to determine if CCR5mim3 prevented the
enhancement of infection observed with CD4mim6 alone, ex-
plaining in part the potency of 11-Fc relative to CD4mim6-Fc. To
do so, we incubated CCR5-positive, CD4-negative CF2Th cells
with various concentrations of CD4-Fc, CD4mim6-Fc, or 11-Fc
and with HIV-1 pseudotyped with the BaL or ADA envelope gly-
coproteins. Expectedly, both CD4-Fc and CD4mim-Fc promoted
HIV-1 infection in these cells, whereas 11-Fc did not (Fig. 3).
Thus, the CCR5mim3 domain of 11-Fc inhibits the tendency of
CD4mim6 to enhance infection.

A double-mimetic peptide binds both receptor-binding sites
of gp120. Double-mimetic peptides with suboptimal linkers or
orientations still neutralize better than mixtures of CCR5mim3-Fc

and CD4mim6-Fc (Fig. 2B), perhaps because gp120 can bind
CCR5mim3 from one arm of the Fc dimer and CD4mim6 from
the opposite arm. Avidity effects may also be obtained by binding
of two different gp120 monomers of a single envelope glycopro-
tein trimer, or by cross-linking two trimers. Indeed, we have pre-
viously shown that an Fc-dimerized CCR5-mimetic peptide, but
not CD4-Fc, can bind two gp120 molecules of one trimer (9). To
reduce the complexity associated with the binding of a dimeric
immunoadhesin to a trimeric envelope glycoprotein, we gener-
ated monomeric Fc forms of 16-Fc and 1-Fc (mono 16-Fc, repre-
sented in Fig. 1A, and mono 1-Fc). These variants were compared
by flow cytometry with dimerized forms of the same constructs for
their ability to bind cells expressing HIV-1 envelope glycoprotein
trimers (Fig. 4A). They were also compared for their abilities to
neutralize HIV-1 (Fig. 4B) and precipitate radiolabeled gp120
(Fig. 4C). In each assay, the dimer form of 16-Fc modestly outper-
formed the monomer form of 16-Fc and dimer form of 1-Fc. All
three of these constructs bound envelope glycoprotein trimers,
neutralized HIV-1, and precipitated free gp120 markedly more
efficiently than monomeric 1-Fc. Figure 4D diagrams our inter-
pretation of the gp120 precipitation studies of Fig. 4C. Specifically,
we suggest that monomeric and dimeric 16-Fc and dimeric 1-Fc
can bind both receptor binding sites on gp120 but that mono-
meric 1-Fc can bind only one. We also note the possibility that in
trimer-binding studies (Fig. 4A) and in neutralization studies
(Fig. 4B), one or more of the mimetic peptides could recognize a
different gp120 monomer of the trimer (9) or bridge two envelope
glycoprotein trimers. However, because these figures replicate the
pattern observed in Fig. 4C, which represents an experiment that

FIG 3 Infection of CCR5-positive, CD4-negative cells. CCR5-high, CD4-neg-
ative CF2Th cells were incubated with the indicated pseudoviruses encoding
firefly luciferase in the presence of the indicated concentrations of CD4-Fc,
CD4mim6-Fc, or 11-Fc. Infection was measured as luciferase activity as de-
scribed for Fig. 2. Numbers represent relative luciferase activity levels normal-
ized to the largest observed value. The experiment was performed in triplicate,
with error bars representing standard errors.
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used only monomeric gp120, we infer that any such cross-linking
effects are relatively modest. We conclude that 16-Fc, but not
1-Fc, can associate with both receptor-binding domains of mono-
meric gp120.

DISCUSSION

Collectively, our data describe a novel class of peptide inhibitors of
HIV-1 entry, namely, those that can simultaneously bind both the
receptor- and coreceptor-binding sites of gp120. These peptides
are more potent than any single-mimetic peptide that targets
gp120 and, indeed, more potent than CD4-Fc against several clade
B and clade C isolates. Interestingly, each component comple-
ments a weakness of the other. CCR5-mimetic peptides such as
CCR5mim3 bind gp120 inefficiently, but their affinity increases in
the presence of CD4-mimetic peptides. CD4-mimetic peptides
such as CD4mim6 bind more efficiently, but they tend to promote
infection when cell-expressed CD4 is limiting. CCR5mim3 pre-
vents this, presumably by blocking access to cell-expressed CCR5.
With appropriate linkers, double-mimetic peptides also benefit
from increased avidity by binding two discrete and conserved sites
of gp120.

Despite these advantages, these peptides have several limita-
tions as therapeutics. First, the CD4-mimetic component is con-
siderably less broad than soluble CD4 or the best CD4-binding site
antibodies (12). CD4mim6 was developed by combinatorial
methods against a clade B gp120 molecule and then further im-
proved by phage display, panning against both clade B and clade C

gp120 molecules (11, 12). While the CD4-binding site is well con-
served among isolates, CD4mim6 appears to bind gp120 in a man-
ner sufficiently different from that of CD4 so as to limit breadth
against more-divergent envelopes (12). The CD4 mimetic might
be further broadened through additional phage-display improve-
ments. However, given the structural constraints enforced by its
remaining disulfide bonds, it may prove necessary to remove an
additional cysteine pair before this peptide can be further broad-
ened. In contrast, the CCR5-mimetic peptide described here is
strikingly broad and can enhance neutralization of an immuno-
adhesin form of CD4-Fc with a very wide range of HIV-1 and
simian immunodeficiency (SIV) isolates (in preparation).

A second limitation to the therapeutic use of this class of pep-
tides is the presence of multiple sulfotyrosines, which complicate
its chemical synthesis (16). However, bacterial expression systems
have been developed which can incorporate sulfotyrosines during
translation, and these might be used to express double-mimetic
peptides on a large scale (17, 18). Finally, like any peptide, those of
this class cannot be administered orally, and given the wide array
of oral therapeutics now available, these peptides might be best
used as part of a microbicide rather than as a complement or
replacement for peptides such as enfuvirtide/T20. However, as
this report illustrates, these peptides can be useful as probes of the
structure and function of the HIV-1 envelope glycoprotein, and
they highlight the utility of simultaneously targeting both recep-
tor-binding sites.

FIG 4 Comparison of monomer and dimer forms of double-mimetic peptides. (A to C) Monomeric and dimeric Fc fusions of the indicated double-
mimetic peptides were assayed by cell-surface binding to 293T cells expressing the envelope glycoprotein of the ADA isolate, as measured by flow
cytometry (A); neutralization studies, as described for Fig. 2 (B); and precipitation of [35S]cysteine-labeled gp120 by Fc fusions bound to protein
A-Sepharose beads (C). Results shown in panel C are represented as the percentage of maximal binding. (D) A model explaining the precipitation results
corresponding to panel C. Monomeric and dimeric 16-Fc and dimeric 1-Fc can engage both receptor sites on free gp120, whereas monomeric 1-Fc can
engage only one site. The experiments represented in panels A to C were performed in triplicate, with errors bars indicating standard errors, and are
representative of at least two experiments with similar results.
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