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The human immunodeficiency virus envelope glycoprotein (Env) is com-
posed of surface (gp120) and transmembrane (gp41) subunits, which are
noncovalently associated on the viral surface. Human immunodeficiency
virus Env mediates viral entry after undergoing a complex series of con-
formational changes induced by interaction with cellular CD4 and a
chemokine coreceptor. These changes propagate from gp120 to gp41 via the
gp120–gp41 interface, ultimately exposing gp41 and allowing it to form the
trimer-of-hairpins structure that provides the driving force for membrane
fusion. Key unresolved questions about the gp120–gp41 interface include
the specific regions of gp41 and gp120 involved, the mechanism by which
receptor and coreceptor-binding-induced conformational changes in gp120
are communicated to gp41, how trimer-of-hairpins formation is prevented
in the prefusogenic gp120–gp41 complex, and, ultimately, the structure of
the prefusion gp120–gp41 complex. Here, we develop a biochemical model
system that mimics a key portion of the gp120–gp41 interface in the pre-
fusogenic state. We find that a gp41 fragment containing the disulfide bond
loop and C-peptide region binds primarily to the gp120 C5 region and that
this interaction is incompatible with trimer-of-hairpins formation. Based on
these data, we propose that in prefusogenic Env, gp120 sequesters the gp41
C-peptide region away from the N-trimer region, preventing trimer-of-
hairpins formation until coreceptor binding disrupts this interface. This
model system is a valuable tool for studying the gp120–gp41 complex, con-
formational changes induced by CD4 and coreceptor binding, and the
mechanism of membrane fusion.
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Introduction

Human immunodeficiency virus (HIV) enters
target cells by fusion of the virus and cell mem-
branes, mediated by the viral envelope glycoprotein
(Env). HIV Env is initially synthesized as gp160,
which is cleaved by cellular proteases into trans-
membrane (gp41) and surface (gp120) subunits.
After cleavage, gp41 and gp120 remain noncova-
lently associated and form trimeric spikes on the

surface of virions (reviewed byWyatt and Sodroski1
and Eckert and Kim2) (Fig. 1a). gp120 recognizes
appropriate target cells by interacting with CD4 and
a coreceptor (typically CXCR4 or CCR5). The initial
binding of CD4 induces a major conformational
change in gp120 that creates and exposes the
coreceptor-binding site.1,3–5 Subsequent coreceptor
binding induces additional poorly characterized
conformational changes in the gp120–gp41 complex
that are required for membrane fusion and viral
entry.
Membrane fusion is directly mediated by gp41,

which contains an ectodomain (ED), a transmem-
brane domain (TM), and a long cytoplasmic tail
domain (CT) (Fig. 1b). The ED can be further
divided into several regions, listed from N- to
C-terminus: hydrophobic fusion peptide (FP),
N-peptide region, disulfide bond loop (DSL), C-pep-
tide region, and membrane proximal domain.
Currently, only the postfusion structure of gp41 is
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known. In this structure, three N-peptides form a
central parallel trimeric coiled coil that is sur-
rounded by three antiparallel C-peptides, forming
a very stable six-helix bundle structure (also known
as trimer-of-hairpins).6–9 Before the formation of this
six-helix bundle, gp41 transiently adopts an ex-
tended conformation (prehairpin intermediate), in
which the N-peptide trimer (N-trimer) has formed
but the C-peptide regions have not yet associated
with it. This intermediate state of fusion is vulnerable
to inhibition by peptides that bind to the N- or
C-peptide regions (including the HIVentry inhibitor,
T20/Fuzeon).10–14
Formation of the six-helix bundle provides the

driving force for membrane fusion by bringing the
viral and cellular membranes (attached by the TM
and FP, respectively) into close apposition (reviewed
by Chan and Kim15) (Fig. 1a). gp41 stores energy for
fusion by initially separating the N- and C-peptide
regions and by preventing them from forming the
stable six-helix bundle until after CD4 and corecep-
tor engagement of gp120 triggers fusion at the
appropriate time and place. The least understood
component of the pathway is the prefusogenic
gp120–gp41 complex, which has resisted high-
resolution structural analysis. A key unanswered
question is how the gp120–gp41 interface maintains
gp41 in its metastable prefusogenic conformation
(i.e., preventing formation of the very stable trimer-
of-hairpins structure).
gp120 contains five conserved constant regions,

C1–C5, and five variable loop regions, V1–V5.16 The
most direct evidence implicating specific regions of

Env in the gp120–gp41 interface comes from SOS
Env, which contains an engineered disulfide bond
between the gp41 DSL and gp120 C5 regions. These
regions are spatially close enough to form an
intermolecular disulfide bond in the native prefuso-
genic state of Env.17 The C1 region of gp120 is also
thought to be a contributor to the gp120–gp41 inter-
face because mutations that cause gp120 “shedding”
from gp41 on the viral surface are predominantly
localized to this region, as well as C5 of gp120 and
the DSL region of gp41.18–23 However, many of these
Env mutants are also associated with poor proteo-
lytic processing, expression, or trafficking, suggest-
ing global Env misfolding in a substantial fraction
of Env rather than direct disruption of the gp120–
gp41 interface. In addition, since even a significant
fraction of wild-type (wt) Env on the viral surface is
misfolded or unprocessed,24 cell/virus-based stu-
dies do not provide clear data on the nature of the
gp120–gp41 interface in properly folded Env.
The main obstacle to a detailed understanding of

the gp120–gp41 interface has been the lack of high-
resolution structural information. Existing HIV Env
structures have been extremely informative, but
only reveal the gp41 postfusion state (six-helix
bundle)6–9 or the “core” structure of gp120 (exclud-
ing most of the variable loops and the C1/C5
regions).5,25,26 Unfortunately, all currently available
gp120 structures lack the N- and C-terminal regions
that are most likely to participate in the gp120–gp41
interface. An NMR structure of the isolated C5
region peptide has been determined using trifluor-
oethanol to induce secondary structure in the other-

Fig. 1. HIV entry model and
schematic of gp41 and gp120 frag-
ments. (a) Working model of HIV
entry. (b) Schematic of gp41 frag-
ments. gp41 consists of the ED, TM,
and CT. Constructs N-DSL49 (resi-
dues 540–666), DSL49 (residues
584–666), DSL20 (residues 584–
637), C49 (residues 618–666), C43
(residues 624–666), C20 (residues
618–637), and DSL (residues 584–
622) are shown. DSL has one intra-
molecular disulfide bond, indicated
by the dashed line between Cys598
and Cys604. All gp41 fragments
contain a C-terminal His tag. (c)
JRFL-gp120 deletion constructs.
!C1 (residues 33–82), !C5 (resi-
dues 493–511), !V1/V2 (residues
128–194), and !V3 (residues 303–
323) are indicated. For !C1, !V1/
V2, and !V3, the deleted loops are
substituted with GS, GAG, and GA,
respectively. Core gp120 contains
all of the deletions (!V1/V2/V3
and!C1/C5). Amino acid number-
ing is based on the prototypic HXB2
gp160 sequence.
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wise disordered C5 peptide,27 but the relevance of
this structure under native conditions is not known.
Initial studies on the gp120–gp41 interaction

implicated CD4 binding as the trigger for gp120–
gp41 dissociation, since exposure to soluble CD4
(sCD4) caused “shedding” of gp120 (e.g., Sattentau
and Moore3 and Moore et al.28). However, this
conclusion has been supplanted by more recent
work showing that sCD4-induced shedding is not
physiologically relevant to the fusion pathway of
primary isolates and may be an artifact due to the
significant population of misfolded Env present on
virus and cell surfaces.2,24,29,30
In order to better define the gp120–gp41 complex

and to study its conformational changes during the
entry process, we have developed a stable biochem-
ical model system of this interface. First, we have
identified gp41 fragments that bind to gp120 and
mimic a major portion of the prefusogenic gp120–
gp41 interface. Second, using these fragments, we
have characterized the regions of gp41 and gp120
contributing to this interface. Finally, we used these
fragments to study conformational changes in gp41
affecting the gp120–gp41 interface and changes in
the complex by CD4 binding. Most interestingly, this
study suggests a mechanism for the separation of
the gp41 N- and C-peptide regions in the prefuso-
genic conformation of the gp120–gp41 complex.
This biochemical model system will also likely find
broad utility in future mechanistic and structural
studies of the gp120–gp41 interface.

Results

Identification of gp41 fragments that bind to
gp120

In this study, we employ gp120 from JRFL (a
standard primary HIV-1 isolate) for two main
reasons. First, primary isolates of HIV-1 do not suffer
from the gp120 shedding artifact seen in many
laboratory-adapted isolates in the presence of
sCD4.31 As a typical primary R5 strain, JRFL is
more likely to reflect the gp120–gp41 interaction of
clinical isolates. Second, a previously studied
C-peptide, T20, has been reported to bind in a non-
specific manner to the V3 loop of X4 strain gp120 in
the presence of sCD4, but not to R5 strain gp120.32,33
We constructed a variety of HIV-1 gp41 fragments

(named as shown in Fig. 1b) to find those that
bind to JRFL gp120 and potentially mimic the
gp120–gp41 binding interface. Importantly, to pre-
vent gp41 trimer-of-hairpins formation, we avoided
including both N- and C-peptide regions in the same
fragment. We excluded the N-peptide region from
further studies based on preliminary screening
showing that gp41 fragments containing both the
N-peptide and DSL regions did not interact with
gp120 (data not shown). Therefore, our main series
of fragments focused on the DSL and C-peptide
regions.

DSL49, DSL20, and C49 show weak binding to
gp120, which is significantly enhanced in the
presence of sCD4 (Fig. 2a and b). Both with and
without sCD4, DSL49 shows the strongest binding,
followed by DSL20 and C49, while DSL, C20, and
C43 do not show detectable binding to gp120. Thus,
the N-terminal part of the C-peptide region has a
significant role in this interaction, as shown by the
increased binding of DSL20 versus DSL and C49
versus C43. The increased binding of DSL49 com-
pared to DSL20 also suggests a contributing role of
the C-terminal part of the C-peptide region.

Fig. 2. Binding of gp41 fragments to gp120. (a) gp41
fragments were incubated with gp120 in the presence or in
the absence of untagged sCD4 and precipitated with Ni+
beads. Eluents were deglycosylated and analyzed by
nonreducing SDS-PAGE Western blot analysis with anti-
gp120 antibody. Mock lane contains gp120 without any
gp41 fragment. (b) Quantification of monomeric gp120
binding from (a). Binding percentage was normalized to
the amount of gp120 precipitated by CD4-H6 in the
absence of untagged sCD4. (c) DSL49, DSL20, and C49
incubated with gp120 in the presence or in the absence of
sCD4 and 5-helix as indicated. (d) Schematic diagram of 5-
helix binding to gp41 fragments.
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Maintaining the metastable prefusogenic gp41
conformation

For trimer-of-hairpins formation and membrane
fusion to occur at the appropriate time and place, the
N- and C-peptide regions must be prevented from
associating until after both CD4 and coreceptor have
bound to gp120. The interaction we observed
between C-peptide-containing fragments (DSL49,
DSL20, and C49) and gp120 suggests a possible
mechanism for the sequestration of the C-peptide
region from the N-peptide region. To test this idea,
we measured the interaction of our gp41 fragments
with gp120 in the presence of 5-helix. 5-Helix is an
engineered protein that binds to C-peptides with
high (subpicomolar) affinity to reconstitute the six-
helix bundle (Fig. 2d).10 The addition of 5-helix to
DSL49 or C49 dramatically decreased their interac-
tion with gp120 (Fig. 2c). In order to show that this
effect was not induced by competitive binding of
5-helix to gp120, we used glutaraldehyde cross-
linking to monitor the interaction of 5-helix and
gp120. While DSL49 made a crosslinked complex
with gp120 and sCD4, 5-helix could not (data not
shown). DSL20's interaction with gp120 was also
decreased by 5-helix, but less dramatically than for
DSL49 and C49 (Fig. 2c). This smaller decrease likely
results from DSL20's partial C-peptide sequence,
which reduces its binding affinity for 5-helix. These
results show that the six-helix bundle conformation
of gp41 is not compatible with the stable formation
of the interface between our gp41 fragments and
gp120, supporting the idea that this interface
sequesters the C-peptide region and prevents six-
helix bundle formation.

The gp120 C5 region forms the main interaction
interface with gp41 fragments

Todefine the binding site for our gp41 fragments in
gp120, we examined a series of gp120 deletion
constructs (Fig. 1c). Each deletion mutant was
incubated with DSL49 and DSL20, which show the
strongest interaction with wt gp120 (Fig. 2a and b).
First, !C1-gp120, !C5-gp120, and !C1/C5-gp120
were examined, since the C1 and C5 regions have
been previously suggested to participate in the
gp120–gp41 interface. In the presence of sCD4,
!C5 and !C1/C5 show significantly weakened
interactions, while !C1 is only slightly weakened
compared to wt gp120 (Fig. 3a and b). These results
indicate that the gp120's C5 region is critical for
DSL49 or DSL20 binding, while the C1 region is of
lesser importance.
Next, the contribution of gp120's variable loops

was examined using !V1/V2/V3-gp120 and core-
gp120 (!V1/V2/V3/C1/C5) (Fig. 3). In the absence
of sCD4, !V1/V2/V3-gp120 showed stronger bind-
ing than wt gp120 to DSL49 and DSL20, but core-
gp120 only showed a very weak residual interac-
tion, similar to !C1/C5-gp120. In the presence of
sCD4, !V1/V2/V3-gp120 and wt gp120 showed
similar binding to DSL20 and DSL49, while core-

gp120 only bound weakly. These results indicate
that the main variable loops of gp120 (V1/V2/V3)
are not required for the interaction with our gp41

Fig. 3. Interaction between gp41 fragments and gp120
deletion mutants or MBP-C1/C5. (a) gp120 deletion
constructs were coprecipitated with DSL49 and DSL20±
sCD4 as described in Fig. 2a. (b) Quantification of
monomeric gp120 binding from (a), normalized as in
Fig. 2b. (c) Coprecipitation of 10 "M MBP or MBP-C1/C5
with 2 "M DSL49. As a negative control, His-tagged Ub
(Ub-H6) was used. Loading control contains 1 "M MBP
and MBP-C1/C5 (corresponding to 50% of maximal
binding to 2 "M DSL49) and 2 "M DSL49 and Ub-H6
(100% of maximal binding). Proteins precipitated by Ni+
beads were analyzed by SDS-PAGE.
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fragments, in contrast to the previously reported
nonspecific T20 binding to X4 strain gp120.32,33
To confirm that the gp120 regions identified by

screening with deletion mutants bind to DSL49
specifically, we produced C5 and C1/C5 fragments
of gp120 fused to the C-terminus of maltose-binding
protein (MBP; MBP-C5 and MBP-C1/C5, respec-
tively). MBP is commonly used as a fusion partner
and aids the production, detection, and solubility of
these small peptide fragments. DSL49 showed
strong binding to MBP-C1/C5 (Fig. 3c), but did
not bind to MBP-C5 (data not shown). This
interaction was reduced by the addition of 5-helix,
as observed with binding to gp120 (Fig. 2c). As an
additional control, we observed that sCD4 had no
effect on this interaction, as expected, since MBP-
C1/C5 lacks the CD4-binding site of gp120 (data
not shown). Although C1 did not show a major role
in the interaction with DSL49 in the context of
gp120, C1 may help stabilize or solubilize the
isolated C5 fragment in the context of our MBP
construct.

Mapping the minimal determinants of gp41
fragment binding to gp120

We further dissected DSL20 to determine the
minimal fragment capable of interacting with
gp120. First, we investigated the role of the DSL
N-terminal region in gp120 binding by truncating
the N-terminus of DSL20 (Fig. 4a). Both 13- and 20-
residue deletion mutants (!13-DSL20 and L20,
respectively) dramatically decreased interaction
with both wt and !V1/V2/V3-gp120 (Fig. 4b)
compared to DSL20, indicating that the N-terminal
13 residues of DSL20 are required for this interac-
tion. Next, we tested the role of the disulfide bond in
DSL20 by mutating both Cys residues to Ser to
produce DSL20ss (Fig. 4a). DSL20 and DSL20ss
showed similar binding affinities for both wt and
!V1/V2/V3-gp120 (Fig. 4b), indicating that the
DSL disulfide does not play a significant role in
binding gp120.
Since the DSL disulfide is highly conserved in

all known HIV and SIV strains,8,34 it likely plays a
critical role in Env function. Previous studies have
reported that peptides from the DSL region may
bind directly to membranes.35,36 To address the
specific role of the disulfide bond in DSL, we
measured the binding of DSL20 and DSL49 to
cellular membranes. DSL49 and DSL20 both showed
significant cell surface binding by Western blot
analysis (Fig. 4c). This result was confirmed by cell
surface immunostaining, which also revealed a
punctate-binding pattern (Fig. 5). In contrast, C49
shows minimal cell surface binding (data not
shown).
To further examine the role of the DSL disulfide

bond in mediating membrane binding, we dis-
rupted the disulfide bonds using: mutagenesis
(DSL49ss and DSL20ss), reduction (DSL49-red),
and reduction with blocking by the hydrophobic
N-ethylmaleimide (NEM) and hydrophilic iodoace-

tate (Ac) to produce DSL49-NEM and DSL49-Ac,
respectively. DSL20ss, DSL49ss, and DSL49-red
bound to the cell surface much less efficiently
(Figs. 4c and 5). DSL49-Ac also bound to the cell
surface very weakly (Fig. 4d). In contrast, DSL49-
NEM displayed more cell surface binding than
DSL49ss, DSL49-Ac, and DSL49-red. These results
indicate that the DSL disulfide's hydrophobic
character is likely the most important determinant
for membrane binding, since the introduction of
more polar groups (e.g., reduced Cys, Ser, or Ac) is
more disruptive than hydrophobic substitutions
(e.g., oxidized Cys or NEM). In addition, the cell
surface binding of DSL49 and DSL20 is distinct from
their binding to gp120, which is not affected by the
mutagenesis of the DSL disulfide bond (Fig. 4b).
This conclusion is further supported by the cell
surface binding of DSL49 in the presence of 5-helix
(Fig. 4c), which actually enhances cell surface
binding, possibly due to induced helical structure

Fig. 4. Binding of DSL20 mutants to gp120 and cell
surface. (a) DSL20 mutant constructs: !13-DSL20 (resi-
dues 597–637), L20 (residues 605–637), and DSL20ss
(C598S and C604S). (b) DSL49, DSL20, and DSL20
mutants were incubated with gp120 in the presence of
sCD4. Mock lane contains only gp120 and sCD4. (c)
Binding of DSL49, DSL49ss, DSL20, and DSL20ss to HOS
cells. Right panel shows the effect of 5-helix addition on
cell surface binding. Bound proteins on the cell surface
were analyzed by Western blot analysis with anti-His tag
antibody. Mock lanes were prepared without addition of
gp41 fragment. (d) Binding of DSL49, DSL49ss, DSL49-
NEM, DSL49-Ac, and DSL49-red to HOS cells.

790 Peptide Mimic of the gp120–gp41 Interface



Author's personal copy

or enhanced solubility (a similar enhancement is
seen with DSL49ss; data not shown).

Discussion

The gp120–gp41 interface has resisted detailed
biochemical and structural characterization for
several reasons, including: (1) the fragility of the
native gp41 conformation (due to its metastability
and strong tendency to adopt the postfusion six-
helix bundle structure); (2) the flexible nature of
gp120 regions participating in this interface (requir-
ing their removal for crystallography5,25,26); and (3)
lack of a detailed understanding of the residues
in gp120 and gp41 participating in this interface
(due to challenges in interpreting Env mutants in
vivo). The structural and mechanistic details of how
the gp120–gp41 interface is affected by receptor and
coreceptor binding during HIVentry are also poorly
understood. In this work, we make significant prog-
ress towards overcoming these barriers by develop-
ing a stable biochemical system that partially
mimics the gp120–gp41 interface. Using this system,
we strengthen previous findings that the gp120 C5
and gp41 DSL regions contribute to the gp120–gp41
interface. The value of this biochemical system is
demonstrated by our new findings that the C-pep-
tide region makes key contact with the gp120 C5
region and that this interaction may be responsible
for sequestering the C-peptide region and for pre-
venting six-helix bundle formation in the prefuso-
genic state.

Role of the V1/V2 loops in the gp120–gp41
interface

Most interactions between our gp41 fragments
and gp120 are strengthened by sCD4 binding. This
result may seem surprising in the context of earlier

studies showing sCD4-induced shedding of gp120
in laboratory-adapted strains.3,28 However, the
impact of CD4 binding on the gp120–gp41 interac-
tion in properly folded Env from primary strains is
currently unknown. There is strong evidence that
sCD4 binding alone is insufficient to release gp120
from gp41, including the ability of HIV to enter
CD4(!) cells when sCD4 is provided in trans
(sCD4-activated fusion)40 and the existence of
CD4-independent HIV strains.41 The sCD4-induced
enhancement of binding may be explained by two
possibilities. First, unliganded monomeric gp120 is
known to have a flexible structure that is signifi-
cantly rigidified upon CD4 or antibody binding,42
which may stabilize the monomeric gp120–gp41
interface. Second, sCD4 binding also triggers spe-
cific conformational changes in monomeric gp120
that may facilitate the gp120–gp41 interaction in this
biochemical system.
To help explain the effect of sCD4 binding on the

monomeric gp120–gp41 interaction, we compared
the crystal structures of unliganded and sCD4-
bound core gp120 (!C1/C5/V1/V2/V3) (Fig. 6).
In the unliganded gp120 structure, the V1/V2 stem
is located near the N- and C-termini (C1 and C5
stumps), which may allow the V1/V2 loop to
occlude the C1/C5 region when the ~80 deleted
residues of V1/V2 are present. In the sCD4-bound
gp120 structure, the V1/V2 stem undergoes a dra-
matic movement away from the N- and C-terminal
regions and is now located near the V3 loop and
coreceptor-binding site.43 If the V1/V2 loop ob-
structs gp41 fragment binding in unliganded gp120,
wewould expect either sCD4 binding or V1/V2 loop
deletion to enhance gp41 fragment binding, consis-
tent with our data (see Fig. 3). In support of this idea,
deletion of the V1/V2 loop has been shown to
functionally substitute for CD4 binding in exposing
the coreceptor-binding site of the monoclonal anti-
body 17b.44

Fig. 5. Immunostaining of DSL49 and its DSL49ss on cellular membrane. DSL49 or DSL49ss was incubated with HOS-
pBABE cells and stained with rabbit anti-His6 antibody and Alexa Fluor 568 goat anti-rabbit antibody. Cells were placed
on the slide and photographed at magnifications of 40! and 100!.
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In the context of trimeric gp41 interacting with
three gp120 proteins, it is very likely that gp120 also
makes important intersubunit contacts to stabilize
the trimeric spike. Models of trimeric gp120 have
been proposed based on electron microscopy and
crystallographic data, in which the V1/V2 loop
contacts the V3 loop of a neighboring gp120 within
the trimer.5,45 If the V1/V2 loop is involved in such
an intermolecular interaction, this alternate confor-
mation would explain why the monomeric gp120–
gp41 interaction appears relatively weak in the
absence of sCD4 (in our system), but is more robust
on the virion surface. In the monomer, the V1/V2
loop appears to obscure the gp41 interface region,
but in the context of a trimer, the V1/V2 loop would
be removed from this interface by lateral contacts
with neighboring gp120s.

Conformational changes during fusion

HIV Env undergoes complex and extensive con-
formational changes upon interaction with CD4
and a coreceptor. How and when conformational
changes in gp120 are transmitted to gp41 via their
interface are important unanswered questions. For
completion of membrane fusion, the interaction
between gp41 and gp120 must be weakened to
allow formation of the six-helix bundle. Strong
evidence for this requirement is provided by SOS
Env, which can only mediate membrane fusion
when its engineered gp120–gp41 disulfide bond is
broken with a weak reducing agent.37,38 Coreceptor
binding is likely the most critical step in the fusion

pathway, since several CD4-independent Envs can
fuse, but no coreceptor-independent strains have yet
been identified.
Our biochemical results show that the C-peptide

region of gp41 maintains binding to gp120 after
sCD4 binding, but this interaction must ultimately
be dissociated to allow the formation of the trimer-
of-hairpins structure that mediates membrane
fusion. Coreceptor binding to gp120 is the most
likely remaining stimulus that can induce this
conformational change. Using the data obtained
here and in previous studies, we propose a modified
model for the gp120–gp41 interface and how this
interface responds to CD4 and coreceptor binding.
In the native (prefusogenic) state, the DSL and
C-peptide regions interact with gp120 primarily via
the C5 region. Interaction of the C-peptide region
with gp120 can sequester it and prevent the for-
mation of the six-helix bundle until coreceptor
engagement disrupts this interface and liberates
the C-peptide region (Fig. 7).
In support of this idea, a recent report by Steger

and Root shows that the C-peptide region is
accessible to inhibitors for a much shorter period
of time (in seconds) than the N-peptide region (in
minutes) during fusion.39 This observation is con-
sistent with the sequestration of the C-peptide
region by gp120 observed here. If coreceptor
binding triggers the dissociation of the C-peptide
from gp120, the short kinetic window of C-peptide
accessibility to 5-helix may reflect the time needed to
form the six-helix bundle after the C-peptide is
liberated from its interaction with gp120.

Fig. 6. CD4-induced conformational changes in gp120. Structural comparison between unliganded (left) and CD4-
bound (right) gp120. Structures are rendered from Protein Data Bank accession numbers 2BF1 and 1RZJ, respectively,5,26
using PyMol. Blue and red spheres indicate the N-terminus and the C-terminus, respectively. Yellow and green indicate
the V1/V2 stem and the V3 stem, respectively.
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Roles of the DSL region disulfide bond

The intramolecular disulfide bond in the DSL
region is highly conserved and thought to be
important for the structure and function of HIV
Env.8,34,46 Although gp41 can adopt a postfusion
six-helix bundle structure without this disulfide,8 it
is currently thought to exist in the prefusogenic gp41
structure.47 The functional role of this disulfide bond
in HIV entry has been difficult to assess because
mutations of these cysteines or intermolecular
disulfide bond formation has been shown to disrupt
Env proteolytic processing and trafficking.46,48–50
Several studies have reported that the DSL region
exhibits membrane-binding properties.35,36 Mem-
brane binding of the DSL region could provide
additional force right before membrane fusion by
bringing viral and target cell membranes more
closely together.35,51 Here, we show that the DSL
disulfide is not required for gp120 binding, but does
play a role in cell surface binding. Interestingly, the
cell surface interaction is affected by the hydro-
phobicity of the disulfide region rather than by
formation of the disulfide itself. The cell-surface-
binding properties of DSL49 are not disrupted by
six-helix bundle formation, providing additional
evidence that DSL49's cell surface and gp120
binding interactions are distinct. This result also
implies that the cell-surface-binding interaction can
be maintained late in the fusion reaction after six-
helix bundle formation. Our gp41 fragment model
system will be useful for dissecting the distinct
properties of gp120 and cell binding to study how
they relate to Env trafficking, processing, and fusion
activity.

Overcoming barriers to obtaining a
high-resolution gp120–gp41 interface structure

In contrast to the intrinsically flexible variable
loops of gp120, the flexibility of the gp120 C1 and C5
regions in monomeric gp120 is likely due to the
absence of their natural binding partner, gp41.
Binding of these regions to an appropriate gp41
fragment may stabilize these regions and allow
structural characterization of the gp120–gp41 inter-

face. Further work will be required to achieve this
goal, including optimization of fragment solubility
and complex stability, possibly via covalent linkage
(e.g., crosslinking or flexible linker).

Limitations of our biochemical system

An important caveat for interpreting these
studies is that DSL49 likely does not mimic the
entire gp120–gp41 interaction interface due to the
absence of the gp41 FP and N-peptide regions.
Biochemical studies of the FP's role in the gp120–
gp41 interface are hampered by its poor solubility
(leading to its absence in these studies). The FP
ultimately inserts into the target cell membrane,
but its status during each step of the entry
pathway is poorly understood. In preliminary
studies, the N-peptide region did not interact
with gp120. However, it remains possible that
portions of the N-peptide region, when combined
with the DSL and C-peptide regions, may con-
tribute to the stability of the gp120–gp41 interface.
Finally, while we find a limited role for the gp120
C1 region in this study, it may stabilize the gp120–
gp41 interaction on virions via contacts with the
gp41 FP or N-peptide regions.
The trimeric Env complex is thought to be sta-

bilized primarily by gp41–gp41 interactions, since
gp120 is monomeric in solution. Ultimately,
trimeric gp120–gp41 must be studied for a full
understanding of HIV's entry mechanism. The
nature of gp41's trimerization in the prefusogenic
state is currently unknown, although experiments
with engineered disulfide bonds show that the N-
peptide region is in a conformation different from
that in the six-helix bundle.52 Recently, Pancera et
al. described a trimeric gp120 construct stabilized
by an appended C-terminal coiled-coil domain.53
Constructs of this type, combined with trimeric
versions of gp41 fragments such as DSL49, may
prove useful for structural characterization of the
trimeric gp120–gp41 interface. The relatively mod-
est (low micromolar) affinities observed here in
the monomeric gp120–gp41 interface are also
likely to be much stronger in the context of the
trimeric Env complex due to avidity effects.

Fig. 7. Revised model of HIVentry. Based on the results of this study, we propose this altered model of HIVentry. CD4
binding induces formation of the prehairpin intermediate, in which the N-trimer region is exposed and the FP is
embedded in the target cell membrane. In this intermediate, the DSL and C-peptide regions of gp41 interact with gp120,
preventing association with the N-trimer region. Coreceptor binding to gp120 triggers conformational changes that
weaken the gp120–gp41 interface. The liberated C-peptide region can then interact with the N-trimer region to form the
trimer-of-hairpins structure, leading to membrane fusion and viral entry.
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The biochemical system we describe here for
mimicking the gp120–gp41 interaction will likely
find wide utility in future structural andmechanistic
studies of the gp120–gp41 interface. Future studies
will focus on using this system to learn how
conformational changes of the gp120–gp41 interface
caused by CD4/coreceptor binding enable gp41 to
convert from its inactive prefusogenic conformation
to the postfusogenic six-helix bundle. This system
will also allow more detailed studies of the
contributions of specific residues in gp120 and
gp41 to formation of the interface, free of confound-
ing in vivo issues such as folding, trafficking, and
processing. A better understanding of this interface
is likely to aid efforts to discover neutralizing
antibodies and novel entry inhibitors that inactivate
HIV's fusion machinery by promoting premature
dissociation of the gp120–gp41 interface or, con-
versely, by stabilizing this interface to prevent gp120
dissociation.

Materials and Methods

Protein expression and purification

gp41 sequences were obtained from pEBB-JRFL. All
gp41-derived sequences contain a C-terminal His6 tag.
C43 was produced from N-C43, constructed as previously
described.10 Briefly, N-C43 was constructed by linking
C43 with its corresponding N-peptide sequences (N38,
residues 540–577) via a GGRGGS linker to form a stable
six-helix bundle (trimer of N-linker-C). N-C43 was
digested by trypsin, followed by reverse-phase HPLC
(RP-HPLC) (C18; Vydac) purification. DSL49, DSL20, C49,
DSL49ss, DSL20ss, !13-DSL20, L20, C20, and DSL were
expressed as C-terminal fusions to MBP linked by the TEV
protease recognition sequence, ENLYFQG. All constructs
were cloned into pET-17b (Novagen). Proteins were
overexpressed in BL21-Gold(DE3) or BL21-Gold(DE3)-
pLysS (Stratagene) and purified by Ni+-affinity column
(His-Select HC nickel affinity gel; Sigma). Purified MBP-
fused proteins were digested by TEV protease (kindly
provided by C. Hill, University of Utah) in 50 mM Tris
(pH 8.0), 0.5 mM ethylenediaminetetraacetic acid, and
0.5 mM DTT overnight at 4 °C. RP-HPLC was performed
using a C18 column (Vydac) for further purification of
gp41 fragments.
The DSL region has an intramolecular disulfide bond.

Although the two Cys residues in the DSL region are close
enough to potentially form intermolecular disulfide bonds
in the gp41 trimer,8,54,55 we exclusively produced the
intramolecular disulfide bond. This configuration is
currently thought to exist in the native gp41 structure
because it is immunologically active,47 and intermolecular
disulfide bonds have been shown to disrupt Env
proteolytic processing.48
For DSL-containing fragments, disulfide bond forma-

tion was carried out in 50 mM Tris (pH 8), 2%
Dimethyl Sulfoxide, and 3–6 M guanidine hydrochlor-
ide. DSL-containing fragments with an intramolecular
disulfide bond were separated and purified by RP-
HPLC (Supplementary Data). All gp41 fragments were
lyophilized after HPLC purification and reconstituted in
0.1% Trifluoroacetic acid to obtain high-concentration
stock solutions. 5-Helix was expressed, purified, and

prepared as described previously.10 All purified gp41
fragments were confirmed by SDS-PAGE and mass
spectrometry University of Utah Mass Spectrometry
Core Facility) and were soluble at 2 "M in phosphate-
buffered saline (PBS).
V1jns expression plasmids containing JRFL codon-

optimized gp120, !V3-gp120, and !V1/V2/V3-gp120
were gifts from X. Liang (Merck Research Laboratories).
For !C1 and !C5, nucleotides corresponding to residues
K33-Q82 were replaced with a BamHI restriction site
encoding Gly-Ser, and a stop codon was added prior to
P493 using the XbaI site in V1jns-JRFL-gp120 plasmid,
respectively. In each deletion construct, the following
regions were removed from JRFL gp120:!C1, K33 to Q82;
!C5, P493 to C-terminus; !V1/V2, T128 to I194; !V3,
T303 to I323 (Fig. 1c). All gp120 proteins were expressed in
293T-EBNA cells (Invitrogen) by transient transfection
with FuGENE 6 (Roche). Starting 24 h posttransfection,
supernatant was harvested each day for 3 days, clarified
through a 0.22-"m filter, and concentrated with a 10-kDa
cutoff Centricon (Millipore), if necessary. wt JRFL-gp120
was purified using a Lentil Lectin column (Amersham
Biosciences) as described in the manufacturer's instruc-
tions and concentrated with a 10-kDa cutoff Centricon.
Approximate gp120 concentration was measured by
Western blot analysis using commercial YU2-gp120
(ImmunoDiagnostics, Inc.) as standard.
MBP and MBP-C1/C5 were constructed into pET-17b.

C1 (residues 31–94) and C5 (residues 482–511) sequences
derived from pEBB-JRFL were linked by SGGGSGGGS.
The N-terminus of C1 was fused to MBP linked by a TEV
cleavage site (ENLYFQGS) and C9 tag (TETSQVAPA). For
the MBP control protein, a TEV cleavage sequence was
added at the C-terminus. MBP and MBP-C1/C5 were
expressed in BL21-Gold(DE3)-pLysS and purified by
amylose column (New England BioLaboratories).
The two-domain sCD4 expression plasmid, pET-9a

CD4-D1D2, was kindly provided by Raghavan Vardarajan
(Indian Institute of Science). CD4-D1D2-H6 (sCD4-H6)
was expressed in BL21-DE3-pLysS and purified by Ni+-
affinity column in 6 M guanidine hydrochloride. Purified
sCD4-H6 was refolded by dialysis into PBS (pH 7.4).

Binding assay

gp120 (~100 nM) and gp41 (2 "M) fragments were
mixed for 2 h at 23 °C in DMEM (Gibco) supplemented
with 10% fetal calf serum (Gibco). sCD4 [400 nM; National
Institutes of Health (NIH) AIDS Research and Reference
Program, contributed by Pharmacia] was added to the
mixture, as indicated. As a positive control, 2 "MsCD4-H6
was used to measure the total amount of active gp120 in
this assay. Next, 15 "l of Talon Dynabeads (binding to the
C-terminal His6 tag present in all gp41 fragments and
sCD4-H6; Dynal) was added and incubated for 15 min at
room temperature (RT). Beads were then magnetically
precipitated and washed twice with 500 "l of PBS
containing 0.01% Tween-20 and 10 mM imidazole.
Bound proteins were eluted with 400 mM imidazole and
analyzed by nonreducing SDS-PAGE (NuPAGE; Invitro-
gen) and Western blot analysis with sheep anti-gp120
serum (NIH AIDS Research and Reference Program,
contributed by Michael Phelan). JRFL-gp120 showed
broad smearing in Western blot analysis due to variable
glycosylation. To sharpen these bands for quantification,
eluted gp120 was deglycosylated by PNGaseF (NEB)
following the manufacturer's instructions. Western blot
analysis of expressed gp120 showed the expected
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monomer, but also dimers and trimers linked by
intermolecular disulfide bonds that can be broken under
mild reducing conditions, as previously reported.56 These
oligomers are easily detected byWestern blot analysis, but
are barely detectable using direct protein staining. Since
these dimers and trimers do not have completely native
conformations (due to shuffled disulfide bonds), only the
binding of monomeric gp120 was measured in this study
using nonreducing SDS-PAGE. Bands were quantified
using the OdysseyWestern Blot Imaging System (LI-COR)
with the included software. MBP (10 "M) and MBP-C1/
C5 were mixed with 2 "MDSL49 or ubiquitin H6 (Ub-H6)
in PBS containing 10% fetal bovine serum. Ub-H6 used as
a negative control was prepared as previously
described.57 To see the effect of the formation of the
trimer-of-hairpins, 3 "M 5-helix was preincubated with
DSL49 as indicated (Fig. 3a). The mixture was precipitated
and washed as described above. Bound proteins were
analyzed by nonreducing SDS-PAGE and Coomassie blue
staining.

Crosslinking

gp120 purified by Lectin Lentil column (GE Healthcare)
was dialyzed into PBS (Gibco). gp120 (0.9 "g) was mixed
with 0.25 "g of sCD4, 0.28 "g of DSL49, and/or 0.5 "g of
5-helix in 10 "l of PBS at RT. Glutaraldehyde (10 mM;
Fisher) was added and incubated for 5 min at RT, followed
by quenching with Tris. Crosslinked mixtures were ana-
lyzed by SDS-PAGE and Krypton infrared protein staining
(Pierce).

Modification of cysteines in DSL49

DSL49 was completely reduced by boiling in 100 mM
DTTand PBS (pH 7.4). Reduced cysteines were blocked by
reaction with 50 mM NEM (Sigma) or 50 mM Ac (Sigma)
in PBS or Tris-buffered saline (pH 7.4), respectively, for 1 h
at RT. Unreacted NEM or Ac was removed by ultrafiltra-
tion (Centricon; Millipore).

Cell-binding assay

HOS-pBABE-puro cells were obtained from the NIH
AIDS Reagent Program (N. Landau) and propagated in
DMEM supplemented with 10% fetal calf serum and 1 "g/
ml puromycin. Cells were dissociated using cell dissocia-
tion buffer (Invitrogen), washed and resuspended with
PBS containing 0.1% sodium azide, and incubated for
30 min at RT to prevent endocytosis.58 Cells (2.5!105)
were incubated with 2 "M gp41 fragments for 1 h at RT
and washed three times with 500 "l of PBS containing
0.01% Tween. Cells were resuspended with SDS loading
buffer and completely lysed by sonication and boiling.
Bound gp41 fragments were analyzed by SDS-PAGE and
Western blot analysis using anti-His tag polyclonal anti-
body (Abcam).

Immunostaining

DSL49 (2 "M) or DSL49ss (2 "M) was incubated with
5!106 HOS-pBABE-puro cells in the presence of 0.1%
sodium azide to block endocytosis and 5% fetal bovine
serum as blocking solution for 2 h at RT. Cells were
washed three times with 500 "l of PBS containing 0.01%
Tween (PBS-T). Cells were fixed by 4% PFA (Electron

Microscopy Sciences) in PBS for 15 min at RT, followed by
three washes with 500 "l of PBS. After blocking with 5%
goat serum (Invitrogen) in PBS for 1 h at RT, cells were
incubated with 250 "l of rabbit anti-His6 antibody
(Abcam) at 1:200 dilution in blocking solution containing
0.01% Tween overnight at 4 °C. Unbound antibody was
removed by three washes with PBS-T (10 min each at RT).
Cells were incubated with Alexa Fluor 568 goat anti-
rabbit antibody (Molecular Probes) at 1:500 dilution in
blocking solution containing 0.01% Tween for 1 h at RT,
followed by three washes with PBS-T (20 min each at RT).
Cells were placed on the slide with VectaShield (Vector
Laboratories) and photographed at magnifications of 40!
and 100!.
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