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A synthetic peptide, DP178, containing amino acids 127 to 162 of the human immunodeficiency virus type 1
(HIV-1) gp41 Env glycoprotein, is a potent inhibitor of virus infection and virus mediated cell-to-cell fusion (C.
Wild, T. Greenwell, and T. Matthews, AIDS Res. Hum. Retroviruses 9:1051–1053, 1993). In an effort to under-
stand the mechanism of action of this peptide, we derived resistant variants of HIV-1IIIB and NL4-3 by serial
virus passage in the presence of increasing doses of the peptide. Sequence analysis of the resistant isolates
suggested that a contiguous 3-amino-acid sequence within the amino-terminal heptad repeat motif of gp41 was
associated with resistance. Site-directed mutagenesis studies confirmed this observation and indicated that
changes in two of these three residues were necessary for development of the resistant phenotype. Direct
binding of DP178 to recombinant protein and synthetic peptide analogs containing the wild-type and mutant
heptad repeat sequences revealed a strong correlation between DP178 binding and the biological sensitivity of
the corresponding virus isolates to DP178. The results are discussed from the standpoints of the mechanism
of action of DP178 and recent crystallographic information for a core structure of the gp41 ectodomain.

The envelope glycoprotein of human immunodeficiency vi-
rus type 1 (HIV-1) is composed of two subunits, gp120 and
gp41. These glycoproteins are proteolytic cleavage products of
the gp160 envelope precursor and associate with each other
through noncovalent interactions. During the course of viral
infection, gp120 and gp41 are involved in the fusion process
between membranes of HIV-1 and host cells expressing CD4
and certain coreceptors (2, 4, 13, 15–17). After receptor bind-
ing, structural rearrangements of the gp41 subunit are thought
to play a role in membrane fusion (23, 31, 39, 40) in a poorly
understood process which has often been compared to that
used by the hemagglutinin HA2 protein of influenza (7, 9, 54).

A model for the secondary structure of the HIV-1 gp41
glycoprotein has been described by Gallaher et al. (21). Several
features of this model are shown in Fig. 1. The membrane-
spanning or transmembrane domain (TM) has been mapped to
residues 173 to 194 (the numbering is that used for the HXB2
viral clone [44]) (19) and divides gp41 into an ectodomain
(extracellular) and an endodomain (intracellular). At the N
terminus of gp41 is a hydrophobic fusion peptide sequence,
FLGFLG, which has been proposed to act as an insertional
sequence involved in the initial penetration of the target cell
membrane (18, 20, 25). On the carboxyl side of the fusion
peptide is a leucine zipper-like 4-3 repeat (14). This region is
labeled heptad repeat 1 (HR1) in Fig. 1. A peptide, DP107,
designed from this region (residues 42 to 79) was found to
adopt a coiled-coil structure in solution and block HIV-1 in-
fection (50). A second predicted helical region as described by
the Gallaher model (21, 51) is adjacent to the membrane-
spanning domain. This region is also predictive of a 4-3 repeat
structure and is referred to as heptad repeat 2 (HR2) in Fig. 1.

We have previously reported that a peptide, DP178, modeled
from this region (residues 127 to 162) is a potent inhibitor of
infection and virus-induced cell-to-cell fusion (48, 51). Antivi-
ral activity has also been described for several overlapping
peptides (26–28, 34, 35). In other experiments with several
peptide and fusion protein models, evidence suggestive of in-
teractions between HR1 and HR2 has been reported (11, 27,
49). Other recent studies have shown that two protein frag-
ments overlapping the same regions associate with each other
in an antiparallel fashion to form a-helical trimers of het-
erodimers (10, 28, 45–47).

In view of the apparent association of the HR1/HR2 peptide
models, it has been speculated that the potent antifusion ac-
tivity of DP178 might be mediated by binding to the HR1
sequence of gp41 (10, 11, 27, 28, 30, 49). In this report, we
describe further experiments to test this possibility by using a
genetic approach. Briefly, we derived HIV-1IIIB and NL4-3
progeny viruses which were resistant to the DP178 peptide.
Mapping of the determinants involved was consistent with an
HR1 site of action, and the results support the proposed as-
sociation of the two heptad repeat regions in the ectodomain
of gp41.

MATERIALS AND METHODS

Peptide synthesis. Peptides were synthesized on an Applied Biosystems 431A
peptide synthesizer by using Fast Moc chemistry and purified by reverse-phase
high-pressure liquid chromatography (HPLC) (50). The peptides were acetylated
at the N terminus and amidated at the C terminus, and their identities were
confirmed by mass spectrometry.

Cells and parental viruses. The human T-lymphoblastoid cell line CEM-4 was
maintained in RPMI 1640 medium containing 10% fetal calf serum. HIV-1IIIB
and the NL4-3 virus (derived by transfection of the infectious molecular clone
pNL4-3 into CEM-4 cells) were used to generate the DP178-resistant viruses
(178-14 and re4, respectively). HIV-1IIIB was obtained from R. Gallo (National
Institutes of Health), and pNL4-3 was obtained through the AIDS Research and
Reagent Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases (1). HIV-1IIIB virus stock was prepared from acutely infected CEM-4
cells. NL4-3 virus stock was generated by transfection of CEM-4 with proviral
DNA.

Transfection of proviral HIV-1 clones into CEM-4. Proviral DNAs (3 mg) were
incubated with 15 ml of Lipofectamine (GIBCO-BRL) in 200 ml of serum-free
RPMI 1640 medium for 15 to 45 min at room temperature. About 2 3 106
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CEM-4 cells were added to the DNA mixture to a final volume of 1 ml, and the
mixture was incubated for 4 to 5 h at 37°C under 5% CO2. Complete RPMI 1640
containing 10% fetal calf serum was then added, and the cells were cultured at
37°C for 5 to 7 days. Supernatants of the transfected cells were monitored for
virus production on the basis of reverse transcriptase (RT) activity.

Generation of DP178-resistant virus. CEM-4 cells (106 cells) were infected
with 20 50% tissue culture infective doses (TCID50) of cell-free HIV-1IIIB or
NL4-3 virus stock derived from filtered culture supernatants. The virus was
allowed to adsorb to 5 3 106 cells/ml for 1 h at 37°C. The culture was then diluted
to 2 3 105 cells/ml in DP178-containing media at a final concentration of 100
ng/ml. Every other day, the cell concentration was adjusted to 2 3 105 cells/ml by
the addition of peptide-containing medium. Samples of cell supernatant were
collected every other day and evaluated for virus production on the basis of RT
activity. Supernatants containing the highest level of RT activity were then used
for subsequent rounds of infection by following the same protocol but with
twofold-higher concentrations of DP178 at each passage of the virus (i.e., 200,
400, and 800 ng/ml). For the DP178-resistant virus pool, the infection was
performed and maintained in the presence of DP178; the peptide was removed
from the medium 48 h before the virus pool was harvested.

Virus infectivity assay. Serial fourfold dilutions of each virus were incubated
in duplicate with various concentrations of the DP178 peptide. The virus-peptide
mixtures were then added to CEM-4 cells (final volume, 60 ml) in 96-well
microtiter plates. Fresh peptide-free medium was added every other day. On day
8 postinfection, supernatants from each well were tested for the presence of RT
activity as a criterion for successful infection. The infectious titer for each
DP178-treated culture was calculated from the Reed and Muench formula (38)
and compared to that for untreated cultures. The surviving virus fraction (Vn/V0)
represents the TCID50 of peptide-treated virus (Vn), divided by the TCID50 of
virus in the absence of peptide (V0). Multiplicity curves were generated by a plot
of the surviving titer (Vn/V0) as a function of the peptide concentration.

Fusion assay. About 104 CEM-4 cells chronically infected with HIV-1IIIB were
mixed with 7 3 104 uninfected Molt4 cells in 96-well plates (half-area Costar
cluster plates) in 100 ml of culture medium in the presence or absence of peptide.
At 24 h later, multinucleated giant cells (syncytia) were estimated by microscopic

examination at 340 magnification. Uninhibited cultures yielded 90 to 120 syn-
cytia per well for each virus tested.

RT assay. The RT activity was determined as previously described (22, 52).
Supernatants from cell culture were made 1% (vol/vol) Triton X-100. A 10-ml
sample of supernatant was added to 50 ml of RT cocktail (75 mM KCl, 2 mM
dithiothreitol, 5 mM MgCl2, 5 mg of poly(rA) per ml, 0.03 absorbance unit at 260
nm of oligo(dT)12–18 per ml, 0.05% Triton X-100, 50 mM Tris [pH 7.8], 10 mCi
of [32P]dTTP) in a 96-well U-bottom microtiter plate and incubated at 37°C for
90 min. After the incubation, 40 ml of the reaction mixture was applied to a DE81
Whatman filter (96-well manifold [Schleicher & Schuell]) saturated with 23 SSC
(0.3 M NaCl, 0.03 M sodium citrate). The filter was rinsed three times under
vacuum and washed twice for 10 min in a tray containing 23 SSC. The filter was
drained, and radioactivity was determined with a Matrix 9600 direct beta counter
(Packard). In addition, the membrane was exposed to film overnight.

Cell lysates. Cell pellets (107 cells) were incubated in lysis buffer (50 mM KCl,
10 mM Tris-HCl [pH 8], 2.5 mM MgCl2, 0.5% Tween 20, 0.5% Nonidet P-40, 150
mg of proteinase K per ml) at 37°C for 3 h and 100°C for 15 min. Debris was
removed by centrifugation. The cell lysates were used in the PCRs.

DNA amplification, cloning, and sequencing. Infected cell lysates (1/10 final
dilution) were prepared as described above and mixed with 50 mM KCl, 10 mM
Tris-HCl (pH 9.0), 3.0 mM MgCl2, 0.1% Triton X-100, 200 mM each de-
oxynucleoside triphosphate, 40 ng each of HIV-1 env-specific primers 7198 (tgg
aggaggagatatgaggg) and 8302 (ctaccaagcctcctactatc), and 2.0 U of Taq DNA
polymerase (Promega) in a final volume of 50 ml. The DNA was denatured for
6 min at 95°C and amplified by 35 cycles of PCR (95°C for 30 s, 52°C for 30 s, and
72°C for 4 min). The polymerization was concluded by a 10-min incubation at
72°C. The PCR product was visualized with ethidium bromide on a 2% Meta-
phor (FMC BioProducts) agarose gel. The DNA fragments were extracted from
the agarose with phenol-chloroform, cut with BamHI and NheI, and substituted
into pNL4-3 between the unique NheI and BamHI restriction sites. Four clones
(pNL-178-3, pNL-178-4, pNL-178-6, and pNL-178-7) were obtained. The se-
quences of the inserted fragments were determined by using the dideoxy method.

Generation of the cloned mutant viruses. The NL-GIV, NL-SIV, NL-GIM,
NL-SIM, and NL-DIM cloned viruses were generated by site-directed mutagen-

FIG. 1. Schematic representation of the HIV-1 gp41, recombinant proteins, and synthetic peptide reagents used in this study. The amino acids are represented by
the one-letter code and numbered starting at the first amino acid of the HXB2 gp41. The positions of the amino acids according to a helical-wheel assignment are
represented above the amino acid by an italicized lowercase letter. FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane domain.
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esis of pNL4-3. Site-directed mutagenesis was performed with the Amersham
Sculptor in vitro mutagenesis system kit. An HXB3 NheI-BamHI env fragment
from HXB3 (nucleotides 6470 to 8118; a gift from B. Cullen) was subcloned into
M13mp18. The single-stranded DNA was mutagenized in four separate reactions
with four different oligonucleotides to generate the indicated amino acid
changes. The resultant sequences of the insert DNAs were confirmed by dideoxy
sequencing, and the fragments were substituted into pNL4-3.

Fusion protein construction, expression, and purification. Fusion proteins
containing a fragment of the HIV-1 gp41 region fused to the C terminus of the
Escherichia coli maltose binding protein (MBP) were prepared as previously
described (11, 42). To generate the MBP107X fusion protein, a fragment of the
HXB3 env gene encoding amino acids 26 to 82 of gp41 was constructed by PCR
amplification of plasmid pgTAT (29). The fragment was purified and cloned into
the pMAL-p2 vector (New England BioLabs, Beverly, Mass.) at the XmnI and
EcoRI sites immediately downstream of the malE gene, which encodes MBP. To
generate the MBP107X-SIM protein, an analogous fragment was amplified from
the plasmid pNL-SIM (described above) and similarly cloned into pMAL-p2.
MBP107X-SIM differs from MBP107X at two residue positions: G36S and
S38M. The MBP2* (MBP alone) was purchased from New England BioLabs.
DNA sequences were confirmed by dideoxy sequencing. Recombinant proteins
were expressed and purified as previously described (42).

Labeling of DP178. DP178 peptide (30 mg) was labeled with 1 mCi of Na125I
(Amersham) with Iodobeads (Pierce). The peptide was separated from the free
Na125I by fractionation on a G10 column (Pharmacia). The fractions containing
the peptide were collected, pooled, and diluted 100-fold in phosphate-buffered
saline (PBS; GibcoBRL) containing 2% bovine serum albumin (BSA).

Binding assay. A 100-ml volume of MBP fusion proteins or peptides at 2 mg/ml
was incubated overnight in Immulon Removawell strips (Dynatech Laboratories,
Inc.) at 4°C. The wells were blocked with 100 ml of 5% BSA in PBS for 1 h at
37°C. Serial dilutions of the 125I-DP178 were added to the wells in triplicate, and
the wells were incubated for 2 h at 37°C. The wells were then washed three times
with 2% BSA in PBS, and individual wells were counted in a gamma radiation
counter.

RESULTS

Selection of viruses resistant to DP178. HIV-1 isolates re-
sistant to DP178 were derived by repeated passage of the
uncloned HIV-1IIIB through the CEM-4 cell line in the pres-
ence of increasing concentrations of the peptide. We began the
process with a DP178 concentration of 100 ng/ml, which is
sufficient to reduce the wild-type HIV-1IIIB infectious titer by
95 to 98% (48, 51). About 20 infectious units of the virus was
added to the host cells 1 h before the peptide was added. The
peptide was maintained in the cultures by the addition of fresh
peptide-containing medium every other day. Culture superna-
tants were routinely monitored for virus production on the
basis of RT activity. Supernatants containing peak levels of RT
activity were repassaged through the CEM-4 cells at a twofold-
higher peptide concentration. After five such passages of virus
over a period of 6 weeks, we obtained a virus population,
referred to as 178-14, which was resistant to DP178 at a con-
centration of 1 mg/ml, about 10-fold greater than that required
to completely inhibit the parental HIV-1IIIB.

DP178 resistance determinants contained within the enve-
lope gene. Direct sequence analysis of the envelope region of
the resistant virus revealed several substitutions not previously
reported for HIV-1IIIB or LAI clones. These changes were
limited to the amino-terminal region of gp41. To test if the
gp41 ectodomain of the envelope was involved in the resistance
phenotype, a PCR fragment derived from the resistant 178-14
was substituted for the analogous region of pNL4-3. The frag-
ment included Env sequences from the gp120 V3 through the
gp41 intracellular domain (NheI to BamHI). Several proviral
clones were obtained and transfected into CEM-4 cells. High-
titer virus stocks were prepared, and one of the chimeric virus
clones, NL178-3, was found to be resistant to DP178 at con-
centrations as high as 10 mg/ml (Table 1; Fig. 1). Sequence
analysis of this clone showed an unusual sequence involving
two substitutions at the amino terminus of the HR1 region of
gp41. These substitutions were at positions 36 (glycine to
serine, G36S) and 38 (valine to methionine, V38M) to yield an

SIM sequence in place of the wild-type GIV sequence. As
indicated in Table 1, several other clones derived from the
178-14 virus stock contained only one of these substitutions
(G36S), and those clones exhibited intermediate sensitivity to
the peptide, requiring 0.5 to 1 mg of DP178 per ml for a 10-fold
reduction in virus titer. No other sequence differences were
noted in the NheI-BamHI fragment contained within the re-
sistant NL178-3 envelope in comparison to wild-type HIV-1IIIB
clones.

Resistance determinants mapped by site-directed mutagen-
esis. The above results suggested that two mutations in gp41
are involved in the DP178 resistance phenotype, and this pos-
sibility was tested by site-directed mutagenesis. A review of the
envelope sequences in the Los Alamos database (33) showed
that residues 36 to 38 are very highly conserved in that only
three viruses with sequences other than GIV were noted in 196
sequences reported. These include BZ126A (EIV), CA1
(GIR), and the chimeric virus clone NL4-3 (DIV). It is some-
what surprising that NL4-3 contained a variant DIV (G36D)
mutation, since this substitution has not been noted in other
reported sequences for the HIV-1IIIB env donor of the pNL4-3
chimeric plasmid. The uncommon D36 residue does not ren-
der the NL4 virus resistant to the peptide, as indicated in Fig.
2. Nevertheless, for the purpose of the mutagenesis experi-
ments, we preferred to base the site-directed changes on an
envelope background that contained the more common GIV
sequence. We therefore cloned into M13 for mutagenesis an
NheI-BamHI fragment derived from HXB3, which is an infec-
tious virus clone also derived from HIV-1IIIB and contains the
normal GIV sequence. The mutagenized fragments were sub-
cloned into pNL4-3. The following five NL4-3 mutant clones
containing specific substitutions were constructed: wild-type
pNL/HXB3 chimera (pNL-GIV), G36S (pNL-SIV), V38M
(pNL-GIM), G36S and V38M (pNL-SIM), and G36D and
V38M (pNL-DIM). In each case, virus was recovered from
transfected CEM-4 cells and tested for susceptibility to the
DP178 peptide. The data in Fig. 2A allows visualization by
autoradiography of virus production from cells challenged with
serial dilutions of virus on the basis of RT activity released to
the supernatant of the cultures. In this experiment, each dilu-
tion of virus was added in duplicate to the host CEM-4 cells in
the absence and presence of 10 mg of DP178 per ml. The titer
of the NL4-3 and NL-SIV exceeded the greatest virus dilution
tested (about 16,000) in the absence of peptide but was greatly
reduced (to about 2) in the presence of this level of peptide.
Thus, the relative reduction in infectious titer by the peptide
for these isolates was about 10,000-fold. In contrast, the ap-

TABLE 1. Comparison of amino acid sequence
and virus phenotype

Viral clone Amino acid sequencea DP178 phenotype

HXB3 Q L L S G I V Q Q Q Sensitive

NL178-4/5/7 S I V Sensitive
NL178-3 S I M Resistant
NLGIV G I V Sensitive
NLSIV S I V Sensitive
NLGIM G I M Sensitive
NLSIM S I M Resistant
NLDIM D I M Resistant
re4 D T V Resistant

NL4-3 Q L L S D I V Q Q Q Sensitive

a The sequence from positions 32 to 41 is shown.
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parent virus titers shown in Fig. 2A for the NL178-3, SIM, and
DIM virus clones were not substantially reduced by DP178
treatment. Figure 2B shows the results of a similar experiment
but with the surviving titer for each virus plotted as a function
of the peptide concentration. In both cases, the results are
similar in that each of the G36 and V38 residues must be
altered for complete resistance to DP178. At position 38, me-
thionine is the only substitution that was noted. Position 36,
however, was found to accommodate either the aspartic acid
(as found in the wild-type pNL4-3 plasmid) or serine substitu-
tion (Table 1).

Selection for a DP178-resistant NL4-3 virus. The above se-
quences associated with resistance were derived from the un-
cloned HIV-1IIIB virus stock. To determine whether the same
site might be involved in an independent selection beginning
with an infectious molecular clone, we repeated the multiple-
virus-passage strategy with NL4-3 and escalating doses of
DP178. A peptide-resistant virus strain named re4 emerged
after 5 weeks (Fig. 2A). As indicated above, the wild-type NL4-3
virus contains the unusual G36D substitution, so that the pa-
rental sequence for this selection contained a DIV sequence
instead of the more common GIV residues. Sequence analysis
of the resistant re4-derived virus following PCR revealed that
the only change within the envelope region analyzed (V3 to the
transmembrane domain of gp41) was an isoleucine-to-threo-
nine change at the adjacent position 37 to yield a DTV se-
quence. It thus appeared that this particular site in the ectodo-
main of gp41 is particularly suited to mutations that yield both
viable virus and resistance to the DP178 peptide.

Lack of DP178 binding to gp41 HR1 fragments containing
substitutions that cause resistance. We previously reported
that the DP178 peptide binds to peptides and fusion proteins
containing the HR1 region of gp41 and speculated that such an

interaction might be related to its mechanism of action (11,
49). The resistant mutants described above, whose mutations
also mapped to the HR1 domain, are consistent with this inter-
pretation. To further test this hypothesis, we compared binding of
the DP178 peptide to wild-type and escape-mutant forms of the
HR1-containing peptide and protein models (Fig. 3 and 4).

Two peptides were synthesized to include the HR1 envelope
residues 29 to 75. One of these, labeled DP327, contained the
wild-type GIV sequence, and the other, DP348, contained the
SIM sequence associated with resistance (Fig. 1). Each of these
peptides were coated on Immulon Removawells and tested for
their ability to capture radioiodinated DP178. The results,
shown in Fig. 3A, revealed a dose-dependent DP178 binding to
the wild-type HR1 peptide, DP327, but only background bind-
ing to the DP348 peptide containing the SIM substitutions. The
binding experiments were repeated with MBP fused to the HR1
domain (residues 26 to 82) (Fig. 1). As shown in Fig. 3B, binding
of the iodinated DP178 again was apparent only with the wild-
type GIV sequence, not with the SIM-containing fusion protein.

We tested the two MBP fusion proteins for their ability to
abrogate inhibitory activity of DP178 in the cell-to-cell fusion
assay (11). In this type of assay, both test components are in
solution and differences cannot be ascribed to possible artifacts
associated with the solid-phase binding experiments. The re-
sults comparing the wild-type and SIM variant fusion proteins
are shown in Fig. 4. In this assay, about 80 syncytia were
apparent in uninhibited cultures whereas no syncytia were de-
tected in the presence of DP178 at 20 ng/ml. This concentra-
tion of DP178 is severalfold greater than the concentration
required to completely block syncytium formation. In the ex-
periment in Fig. 4, the DP178 concentration was held constant
at 20 ng/ml while the HR1 fusion proteins were added to the
same wells at increasing concentrations. Competition by the

FIG. 2. DP178 blockade of CEM-4 cell infection by NL4-3, NL178-3, NL-SIV, NL-GIM, NL-SIM, and NL-DIM viruses. Serial dilutions of the virus stocks were
treated with no peptide (A), DP178 at 10 mg/ml (A), or DP178 at three concentrations (B) in duplicate. The cultures were incubated for 8 days, with fresh medium
(without peptide) added every other day. On day 8, the medium was tested for the presence of RT activity as evidence of successful infection. The RT-associated
radioactivity of each well was estimated by exposure of the filter to X-ray film (A). In another experiment (B), the radioactivity for each well was counted with a Matrix
9600. The counts were used to calculate the surviving virus fractions (Vn/V0 5 TCID50 in the presence of peptide/TCID50 in absence of peptide) and are expressed as
a function of the dose of DP178 (B).
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wild-type HR1 fusion protein, MBP107X, is evidenced by the
increasing number of syncytia with increasing concentrations
of the fusion protein. No competitive effect was noted with the
mutant form of the fusion protein, MBP107XSIM. The results
are in agreement with those of the direct-binding experiments
(Fig. 3) and suggest that the fusion protein containing the paren-
tal but not the “escape mutant” HR1 sequence forms complexes
with the DP178 peptide and prevents its antifusogenic activity.

Biological characteristics of wild-type and DP178-resistant
viruses. The above binding experiments suggest that the es-
cape mutations noted in the HR1 domain impair binding of the
DP178 peptide to the peptide-protein models of the HR1
domain. If this interaction also reflects an HR1-HR2 complex
structure on the intact gp41, the resistant mutants might be
expected to either contain compensatory changes in the DP178
HR2 domain or exhibit functional abnormalities indicative of a
poor association between these two domains. As indicated
above, we have not observed compensatory changes in the HR2
domain of any of the resistant mutants. Virus stability was eval-
uated on the basis of infectivity half-life estimates of virus prep-
arations incubated at 37°C. Only minor differences were noted in
that virus clones containing a substitution at the G36 position
gave somewhat shorter half-life estimates (from 3.2 to 3.6 h)
than did those with the wild-type glycine residue (about 6 h) at
this position. On the basis of microscopic examination, the
escape mutant isolates also did not exhibit obvious differences
in their syncytium-forming capacities in the absence of peptide.

We also tested the resistant mutants for sensitivity to other
inhibitory agents. These included soluble CD4, Leu3A anti-
body, several HIV-1-positive human sera, and the DP107 pep-
tide (50). No significant differences between the parental and
escape viruses were noted. Cell surface expression of the en-
velope glycoprotein was also probed by fluorescence-activated
cell sorter analysis with HIV-1-positive sera and several mono-
clonal antibodies, including 2F5 (32) and Fab-d (11). Again, no
differences were observed. We have previously reported that
the Fab-d antibody binds a discontinuous epitope in gp41
whose formation is dependent on a complex between DP178

and a segment of the HR1 domain. Since the escape mutants
bind this antibody, it is apparent that the HR2 region of the
gp41 must still be able to associate with the mutant HR1
domain, even though the peptide models of these regions
would not have predicted this result. Possible explanations for
this inconsistency are discussed below.

DISCUSSION

The results of these experiments suggest that the site of
action of the DP178 peptide is the HR1 region of the gp41
ectodomain. Each of the escape mutations described here, as

FIG. 3. Direct binding of iodinated DP178 to HR1. Serial dilutions of 125I-DP178 at 106 cpm/ml were added to Removawells coated with either HR1-containing
peptides (amino acids 29 to 75) or MBP fusion proteins (amino acids 26 to 82). (A) Binding of DP178 to DP327 (wild type) or to DP348 (SIM mutant). The background
for each dilution was measured by performing the assay with a control peptide. (B) Binding of DP178 to MBP107X (wild type) or to MBP107XSIM (SIM mutant).
The background for each dilution was measured by performing the assay with the control protein MBP2p.

FIG. 4. Abrogation of DP178 anti-cell fusion activity by coincubation with
MBP107X but not MBP107XSIM. The assay for HIV-1-induced cell-to-cell
fusion was carried out in the presence of 20 ng of DP178 per ml and the indicated
concentrations of either MBP107X, MBP107XSIM, or MBP2p. None of these
MBPs affected syncytium formation when tested alone.
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well as several others in preliminary studies (38a) have mapped
to the amino-terminal side of the HR1 domain as shown in Fig.
1 and Table 1. The substitutions noted directly affect DP178
binding, as evidenced by experiments with both fusion proteins
and synthetic peptide models of the HR1 domain. These find-
ings are consistent with a number of studies which demonstrate
an association between the HR1 and HR2 domains to form a
hetero-oligomeric complex (10, 28, 37, 46, 47). It has been
argued that such an HR1-HR2 complex forms in the early
stages of virus entry during structural rearrangements of the
envelope to a fusion-competent form (10, 11, 28, 47). Presum-
ably, binding of the inhibitory DP178 peptide interferes with
the formation of the latter complex and traps the envelope in
a fusion-inactive state (30).

Alternative targets and mechanisms of action for the DP178
peptide have been suggested. For example, Neurath et al.
reported that DP178, as well as an overlapping peptide named
SJ-2176, binds the fusion peptide sequence at the amino-ter-
minal end of gp41 (34, 35). The fusion peptide used for those
studies contained the N-terminal 24 amino acid residues of
gp41. The GIV residues associated with escape from the anti-
viral effects of DP178 are in the predicted HR1 region at
positions 36, 37, and 38, of gp41 and are not contained in the
fusion peptide mimic studied in the latter report (34). None of
the escape variants displayed substitutions in the fusion pep-
tide sequence, and all of the DP178 escape mutants were also
resistant to the SJ-2176 peptide (data not shown). These ob-
servations strongly argue in favor of the gp41 HR1 domain as
the sensitive target for the antiviral effects of DP178. The same
arguments, however, do not necessarily discount a possible
binding of DP178 or SJ-2176 to the fusion peptide sequence as
previously proposed (34). As indicated above, gp41 is thought
to exist in at least two structural states (40), and binding of the
HR2 peptide mimics to the fusion peptide sequence might
reflect one of these structures while binding to the HR1 do-
main may represent the other. If that is the case, however, our
results would suggest that it is the binding to the HR1 region
that is associated with the antiviral effects of the peptide.

Other possible mechanisms of action of DP178 have in-
cluded binding to and blockade of cell surface molecules,
which may be used in the membrane fusion process. For ex-
ample, several protein-peptide models of gp41 including a
DP178-overlapping sequence have been reported to bind cell
surface molecules (12, 36). Nevertheless, results presented
here argue that the mechanism of action of DP178 is targeted
directly at the virus and not at a putative cell surface compo-
nent.

As discussed above, considerable experimental evidence
suggests a high-affinity association between the two predictive
heptad repeat regions of the gp41 ectodomain, HR1 and HR2
(Fig. 1). Most recently, this has been highlighted by the crystal
structure for a complex formed between peptide-protein mim-
ics of the HR1 and HR2 regions of gp41 (10, 46). In this
structure, three HR1 peptides form a core superhelix and three
HR2 peptides lie antiparallel within grooves created by the
HR1 coiled-coil helix. Residues involved in formation of the
central HR1 trimer were found in the expected a and d posi-
tions according to a classical helical-wheel assignment. Most
contacts between the HR1 and HR2 heptad repeat peptides
involved residues at the d and e or at the a and g positions of
the inner HR1 trimer packed against residues a and d of the
HR2 outer helix. The mutations found in the DP178-resistant
viruses described in this report lie in the c, d, and e positions of
the gp41 HR1 domain (Fig. 1). According to the crystal struc-
ture, these residues surround an asparagine (N145 according
to the numbering in reference 46) in a d position of the HR2

(51a). It might be of interest that this particular asparagine has
also been reported to be a critical residue for syncytium for-
mation and virus infectivity (8).

The DP178-resistant mutants described in this report were
derived from HIV-1IIIB and the related NL4-3 molecular
clone. In each case, the resistance mutations mapped to the
same GIV residues on the amino-terminal side of HR1. In
preliminary experiments (data not shown), we have also de-
rived a resistant variant of the primary isolate DH012 (41).
Again, resistance was associated with an amino acid substitu-
tion at the same site to yield a GIG sequence in place of GIV.
In general, the sequence of the HR1 region is highly conserved
among HIV-1 isolates and mutations therein have commonly
been found to disrupt envelope-mediated fusion events (8). It
is now apparent that constraints on HR1 sequences include the
requirements for formation of both the central triple helix and
the attachment sites for the HR2 domain. It is possible that the
GIV position is more variable and is one of the few HR1 sites
that can be altered in a way that conserves both structure and
function. However, the Los Alamos National Resource Labo-
ratory Sequence Database (33) suggests that the GIV sequence
is more constant than are other residues in this domain. We
therefore conclude that the GIV-containing heptad is espe-
cially important for binding of the DP178 peptide. This idea is
consistent with the results of binding studies of DP178 to
various HR1-derived peptides and fusion proteins. For exam-
ple, the DP107 peptide mimic of HR1 does not include the
GIV-containing heptad and exhibits only low-affinity binding
to DP178. These interactions can be visualized at the high
peptide concentrations required for circular dichroism exper-
iments (49) but not at the low peptide concentrations used in
solid-phase binding experiments with radiolabeled peptides
(data not shown). In contrast, HR1 peptides extended to the
amino-terminal side of DP107 to include the GIV-containing
heptad exhibit high-affinity binding in the solid-phase assays
(Fig. 3). Thus, both the escape mutations and direct-binding
experiments suggest that the GIV-containing heptad is a crit-
ical component of the high-affinity association of HR2-derived
peptides with H1. This particular heptad also has an interesting
influence on the structure of various HR1 peptide and protein
models. Peptides and fusion proteins lacking this heptad exist
as soluble helical oligomers that are best defined as tetrameric
coiled coils (5, 27, 36, 42). Addition of HR2 peptide mimics
such as DP178 tend to aggregate these otherwise well-ordered
tetramers (49). In contrast, peptides and proteins extended to
include the GIV-containing heptad, such as N51 (10), N36
(28), DP327, and MBP107X (Fig. 1), tend to form insoluble
aggregates in the absence of HR2 peptides but form stable and
well-ordered heteroduplex trimers in the presence of HR2
peptides (28). Thus, the inclusion of the GIV-containing hep-
tad repeat in peptide models of the HR1 has a dramatic effect
on both their solution structure and their ability to bind the
HR2 peptide mimics. That the escape determinants map to the
same heptad suggests that the site also plays a critical role in
DP178 binding on the full-length envelope, not just the peptide
and protein models of this region of the envelope glycoprotein.

One of the interesting features of the results reported here
is the lack of compensatory changes in the envelope HR2
domain which encodes the DP178 sequence. There are several
possible explanations for this observation. One is that muta-
tions in the HR1 site which affect the binding of free HR2
peptides have a much reduced impact on binding the co-
valently attached HR2 site within gp41 because of the higher
local concentration of the latter HR2 sequence. A second
possible explanation is that other sites within HR1 play a more
dominant role in the folding of the intact envelope glycopro-
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tein. A candidate sequence, for example, has been highlighted
recently (10, 46) as an especially deep cavity within the HR1
triplex. This site is at the opposite end (carboxy side) of the
HR1 from the GIV site. Importantly, the region of the HR2
motif that “fits” into this deep cavity includes the WMEW se-
quence N-terminal to, and not contained within, the DP178
peptide. Consistent with this idea, we have found that the
DP178-resistant viruses remain sensitive to an overlapping
peptide, T649 (Fig. 1) (3), which contains the WMEW se-
quence (3a). This latter peptide exhibits potency similar to
DP178 on prototypic virus isolates but is more active against
primary isolates. Interestingly, it has been more difficult to
derive virus resistant to the T649 peptide than to the DP178
peptide, although several such variants have been identified.
Sequence analysis of the resistant viruses has revealed muta-
tions within the HR1 sequence in the glutamine triad directly
adjacent to and on the carboxyl side of the GIV site. No
changes were noted at the C terminus of HR1, which contains
the WMEW-accepting cavity. Although these observations re-
main to be confirmed by site-directed mutagenesis, the result
highlights the importance of the GIV region of the HR1 do-
main in the binding of HR2 peptide mimics.

A mutation in the HR1 region of gp41 has also been asso-
ciated with escape from neutralizing antibody (53). In this case,
resistance was associated with distal conformational effects on
gp120 rather than a direct effect on the antibody binding epi-
tope. Again, the mutation had no obvious detrimental effect on
virus growth; rather, the resultant virus was more cytopathic
than the parental virus. In a subsequent study, these investiga-
tors reported that long-term culture of the antibody escape
mutant yielded revertant virus which displayed a compensatory
substitution in the HR2 domain of gp41 (43). We are also in
the process of long-term culture of several of the DP178 vari-
ants described here but have so far not observed such com-
pensatory changes.

In view of the antiviral potency of HR2-derived peptides
such as DP178 and T649, these reagents are being considered
as possible candidates in the treatment of HIV-1 infection (11,
34, 35, 48, 51). Experiments with the HuPBMC-SCID mouse
model have demonstrated a DP178 antiviral effect in vivo (6),
and the peptide is currently in phase I clinical trials (trial
PHA043 TRI001) in humans (24). The results of the experi-
ments described in this paper, i.e., the correlation between
escape mutations in the gp41 HR1 and lack of peptide binding
to HR1 analogs carrying these mutations, suggest that the
mechanism of action of the inhibitory peptides is binding to the
HR1 region and inhibition of HR1-HR2 complex formation
within the gp41 protein. Small molecules with similar modes of
action might also represent attractive drug candidates. The
crystal structures which are now available for this hetero-oli-
gomeric complex (10, 46), as well as the various HR1-HR2
binding assays described here and in earlier reports (11), might
prove useful in the identification of novel drugs to treat HIV
infection.
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