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Restraining the conformation of HIV-1 gp120

by removing a flexible loop
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The trimeric HIV/SIV envelope glycoprotein, gp160, is
cleaved to noncovalently associated fragments, gp120
and gp4l. Binding of gp120 to viral receptors leads to
large structural rearrangements in both fragments. The
unliganded gp120 core has a disordered p3—p5 loop, which
reconfigures upon CD4 binding into an ordered, extended
strand. Molecular modeling suggests that residues in this
loop may contact gp41. We show here that deletions in the
p3—P5 loop of HIV-1 gp120 weaken the binding of CD4 and
prevent formation of the epitope for monoclonal antibody
(mAb) 17b (which recognizes the coreceptor site).
Formation of an encounter complex with CD4 binding
and interactions of gp120 with mAbs b12 and 2G12 are
not affected by these deletions. Thus, deleting the p3-§5
loop blocks the gp120 conformational change and may
offer a strategy for design of restrained immunogens.
Moreover, mutations in the SIV B3-$5 loop lead to greater
spontaneous dissociation of gp120 from cell-associated
trimers. We suggest that the CD4-induced rearrangement
of this loop releases structural constraints on gp4l and
thus potentiates its fusion activity.

The EMBO Journal (2006) 25, 5026-5035. doi:10.1038/
sj.embo0j.7601358; Published online 28 September 2006
Subject Categories: structural biology

Keywords: CD4; envelope; gp120; HIV

Introduction

Infection by enveloped viruses, such as influenza virus and
HIV/SIV, begins with fusion of viral and cellular membranes.
The membrane fusion reaction is facilitated by the viral
envelope glycoproteins (Harrison, 2005). The HIV or SIV
envelope glycoprotein is synthesized as a precursor, gp160,
and cleaved by a furin-like protease after trimerization (Allan
et al, 1985; Veronese et al, 1985). The two fragments pro-
duced by the cleavage, gp120 and gp41, form a noncovalently
associated heterodimer, three of which make up the mature
viral spike (Center et al, 2001, 2002; Zhu et al, 2003). The
interaction between gp120 and gp4l is relatively weak, and
gp120 spontaneously dissociates from mature virions (shed-
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ding), especially in some laboratory-adapted strains (Moore
et al, 1990). Sequential binding of gp120 to viral receptor CD4
and coreceptor (e.g. CCR5 or CXCR4) triggers a cascade of
conformational changes within both gp120 and gp4l (Wyatt
and Sodroski, 1998; Harrison, 2005). It is generally believed
that refolding of gp4l pulls viral and cellular membranes
together (Chan et al, 1997; Weissenhorn et al, 1997). Changes
in gp120 that accompany CD4 and coreceptor binding must
somehow liberate gp41l to undergo the fusion-inducing, re-
folding process, either by dissociating from it or by releasing
conformational constraints.

CD4 binding is the first step in viral entry. A large body
of evidence derived from biochemical and thermodynamic
experiments supports the notion that some major conforma-
tional changes take place in gp120 upon binding to CD4
(Sattentau and Moore, 1991; Sattentau et al, 1993; Myszka
et al, 2000). CD4 binding has a number of consequences. It
leads to formation of the coreceptor binding site (Wu et al,
1996; Trkola et al, 1996a; Rizzuto et al, 1998), to formation of
binding sites (epitopes) for the so-called CD4i (CD4 induced)
antibodies, such as 17b and 48d (Thali et al, 1993; Sullivan
et al, 1998), to enhanced exposure of the V1V2 and V3
variable loops in the context of the gpl60 trimer (Wyatt
et al, 1995), to exposure of the gp41 HR1 region in the trimer
(Furuta et al, 1998; Gallo et al, 2004), and to dissociation
(shedding) of gp120 from gp41, especially in some labora-
tory-adapted strains (Moore et al, 1990, 1992). Crystal struc-
tures of gpl20 in both CD4-bound and wunliganded
conformations have recently allowed us to visualize these
changes in considerable detail (Kwong et al, 1998; Chen et al,
2005b).

Fragments of gpl20 and gp4l, truncated to facilitate
structural studies, have been crystallized and have yielded
atomic structures. The gp120 ‘core’—that is, gp120 stripped
of nonessential variable regions and also of N- and C-terminal
segments—has been crystallized in two forms: in an unli-
ganded and fully glycosylated state (from SIV mac32H) (Chen
et al, 2005b) and in a CD4-bound form (from HIV-1 HXBc2
and YU2) in complex with the Fab from monoclonal antibody
(mAb) 17b (Kwong et al, 1998, 2000). The latter is the
receptor-induced conformation. It has been described as
two closely associated domains, named ‘inner’ and ‘outer’
(Kwong et al, 1998). The relative orientations of the two
domains are fixed by a four-strand B-sheet, termed the
‘bridging sheet’, which is formed by two B hairpins, the
base of the V1V2 variable loop from the inner domain and
a hairpin that projects from the outer domain. CD4 makes
direct contacts with both domains as well as with the
bridging sheet. The bridging sheet and the V3 variable loop
together contribute to the binding site for coreceptor (Rizzuto
et al, 1998; Rizzuto and Sodroski, 2000). Comparison of the
liganded and unliganded core structures shows that CD4
binding results in large rearrangements of the inner domain
as well as formation of the bridging sheet (Chen et al, 2005b).
The latter constitutes at least part of the binding sites for both
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Figure 1 Location of the B3-B5 loop in the gp120 structures. (A) The structure of the unliganded SIV gp120 core; the disordered segment
(residues 220-228; the B3-P5 loop) is evident as a dashed, purple line. The 3-B5 loop connects the inner-domain B-sheet in cyan and the V1V2
stem in red. (B) The structure of CD4-bound HIV gp120 core; the B3-B5 loop is a well-ordered strand shown in purple. (C) Proposed gp120
trimer structure, based on the unliganded gp120 core structure (Chen et al, 2005b). Note that the three f3-f5 loops from the three gp120
subunits, shown in red, green and blue, respectively, project around the three-fold axis towards gp41.

coreceptor and antibody 17b. These structural rearrange-
ments are consistent with the observation that unusually
large negative entropy changes accompany CD4 binding
(Myszka et al, 2000).

The inner-domain rearrangements are extensive: each
secondary structural element shifts around independently,
so that the conformational change cannot be described as
a rigid-body motion of the whole domain. For example, the
relative displacements of the V1V2 stem (yellow in Figure 1A
and B) and the three-stranded sheet (light blue in Figure 1)
are such that the loop that connects them (joining strands 3
and B5, and hence designated the ‘B3-B5 loop’), which is
disordered in the unliganded structure, becomes extended
and ordered in the liganded conformation (compare Figure
1A and B). We have suggested that the 3-5 loop interacts
with gp4l in the trimer (explaining why it is disordered
on the free gp120 subunit) and that when it is drawn into
a different structure during the gp120 conformational change
accompanying CD4 binding, it dissociates from gp4l. In a
model for the unliganded trimer, described in Chen et al
(2005b), this loop is indeed in a position to contact gp4l1. It
may interact with the C-C loop and HR1 of gp41, which are
implicated by mutagenesis studies in direct contacts with
gpl120 (Maerz et al, 2001; York and Nunberg, 2004; Jacobs
et al, 2005).

The initial and final residues of the 3-5 loop are spatially
adjacent in the unliganded conformation of gp120, but 26 A
apart in the CD4-bound state (Kwong et al, 1998; Chen et al,
2005b). Deletion of the loop should therefore not destabilize
the unliganded conformation of free gp120 but should inhibit
or weaken the interaction of gp120 with CD4 by preventing
the complete conformational change. Binding of CD4 and
gp120 is a two-stage process—rapid formation of an initial
encounter complex is followed by a slower rearrangement to
a tightly docked association (Zhang et al, 2001). We show
here that deletions in the $3-85 loop of HIV-1 gp120 indeed
weaken the interaction with CD4 and block formation of the
mAb 17b epitope. Thus, they probably also block formation
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of the coreceptor binding site. The deletions selectively affect
the slow step of CD4 binding. They do not affect formation of
an encounter complex with CD4, nor do they alter interaction
of gp120 with mAbs b12 and 2G12. In addition, point muta-
tions in the B3-PB5 loop lead to greater spontaneous dissocia-
tion of gp120 from cell-associated gp120/gp41 trimers while
not diminishing the capacity of the envelope protein to
mediate cell-cell fusion. These findings suggest that CD4-
induced rearrangement of the 3-f5 loop may release struc-
tural constraints on gp4l and thus potentiate its fusion
activity. Deleting the B3-B5 loop may represent a simple
strategy for producing a gpl20 immunogen locked in its
prefusion conformation.

Results

Conservation of the $3-$5 loop in the inner domain
The B3-B5 loop (residues 220-228 in SIVmac 32H) connect-
ing the V1V2 stem and the inner-domain fB-sheet is in con-
served region C2. It immediately follows a conserved cysteine
in the protein sequence, so the sequence alignment in this
region is indisputable. Table I shows that the B3-B5 loop is
highly conserved in strains among HIV-1/SIVcpz (residues
206-214, HXBc2 numbering) and among HIV-2/SIV, but
differs between these two groups. The only invariant residue
among all viruses is a lysine at the second position of the
loop. A similar pattern of conservation is also true for the C-C
loop and HR1 of gp41, as expected for interacting segments
that must coevolve to maintain optimal fit (Douglas et al,
1997; Leitner T, 2003, also see Table I).

Production of gp120 core proteins with loop deletions

The B3-5 loop is flexible (hence disordered) in the unligand
gp120 structure, but extends into a well-ordered strand upon
CD4 binding. Deletion in the B3-B5 loop will hinder move-
ment of at least two structural elements, the V1V2 stem and
the inner-domain B-sheet, into their CD4-induced positions,
and thus will lock gp120 in the unliganded conformation. We
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Table I The sequences of B3-B5 loop and gp4l C-C loop from various HIV/SIV strains

HIV/SIV strain

Loop sequence

gp41 C-C loop sequence

HIV-1.A.92UG037.8

HIV-1.B.AR.99.ARMA132

HIV-1.C.BI.91.BU910112
HIV-1.D.CD.84.84ZR085
HIV-1.F1.BE.93.VI850
HIV-1.G.BE.96.DRCBL
HIV-1.H.BE.93.VI991
HIV-1.J.SE.94.SE7022
HIV-1.K.CM.96.MP535
HIV-1.AE.TH.90.CM240
HIV-1.N.CM.-.YBF106
HIV-1.0.FR.92.VAU
CPZ.CD.-.ANT

HIV-2 H2A.CI.88.UC2
HIV-2 H2B.FR.-.97244
SIV MAC32H

SIV MAC.US.-.239

SIV SMM.SL.92.SL92B

PKVTFEPIP
PKVSFEPIP
PKVSFDPIP
PKVSFEPIP
PKVSWDPIP
PKVTFEPIP
PKVSFEPIP
PKVSFQPIP
PKVTFEPIP
PKISFDPIP
PKTTFEPIP
PKVSFEPIP
EKSTFEPIP
DKHYWDSMK
DKHYWDSLR
DKHYWDTIR
DKHYWDAIR
DKHYWDAIR

RDQOLLGIWGCSGKLICPTNV
KDQOLLGIWGCSGKLICTTAV
KDQQLLGIWGCSGKLICTTAV
KDQOLLGIWGCSGKHICTTTV
KDQQLLGIWGCSGKLICTTNV
KDQOLLGIWGCSGKLICTTNV
KDQQLLGIWGCSGKLICTTNV
KDQQLLGIWGCSGKLICTTNV
KDQOLLGIWGCSGKLICTTNV
KDQKFLGLWGCSGKIICTTAV
RDQQILSLWGCSGKTICYTTV
ONQOLLNLWGCKNRLICYTSV
RDQQLLSLWGCADKVTCHTTV
KDQAQLNSWGCTFRQVCHTTV
KDQAQLNSWGCAFRQVCHTTV
KDQAQLNAWGCAFRQVCHTTV
KDQAQLNAWGCAFRQVCHTTV
KDQAQLNSWGCAFRQVCHTTV

have designed loop deletions in the SIV gp120 core based
on our crystal structure of the unliganded protein. Because
the two ordered residues (219 and 229 in SIV) that flank the
B3-B5 loop are about 15A apart (Co positions) but might
tolerate some degree of flexibility, we generated two con-
structs: one with deletion of five residues in the middle of the
loop and another with the entire 9-residue loop replaced by
two glycine residues. When introduced into insect cells, both
constructs yielded secreted gp120 core proteins that could be
purified using a 17A11 antibody column. The antibody 17A11
recognizes a conformation-dependent epitope close to the
coreceptor binding site (Edinger et al, 2000). A monodisperse
protein preparation can be obtained by further purification
using size-exclusion chromatography (data not shown).
These observations indicate that the deletions in the B3-B5
loop do not affect protein folding.

We then went on to make similar constructs for HIV-1, to
take advantage of the many well-studied reagents available
for characterizing HIV-1 gp120. We chose a primary isolate,
92UG037.8, from clade A (Figure 2A). The wild-type gp120
core (here designated HIV92ug) was generated as described
previously (Chen et al, 2005a) and a His-tag was added to the
N-terminus for purification. This HIV-1 gp120 core still con-
tains 17 N-linked glycosylation sites. Construct HIV92ugD5
has five residues deleted in the middle of the B3-pB5 loop and
HIV92ugD9GG contains a short linker GG replacing the entire
B3-B5 loop. The proteins were expressed in insect cells and
purified by metal-chelate affinity chromatography with
Ni-NTA agarose resin from cell supernatants, followed by
gel filtration. All three proteins elute from a Superdex 200
column as a sharp peak, with a size corresponding to a 60-
kDa globular protein (Figure 2B). It is consistent with the
calculated mass for the monomeric gp120 core that contains a
polypeptide chain of about 36kDa and 17 N-linked glycans.
The proteins migrate as a single, but diffuse protein band
with an average molecular mass of 64kDa, as expected for
a heavily glycosylated species.

We examined binding of these proteins to some well-
characterized mAbs by surface plasmon resonance (SPR)
biosensor analysis. mAb 2G12 is a broadly neutralizing anti-
body that recognizes a glycan- and conformation-dependent
epitope in the outer domain of gp120 (Trkola et al, 1996b). To
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measure the binding kinetics of various gp120 core proteins
to 2G12, the intact IgG was immobilized on a CMS5 chip, and
gp120, at different molar concentrations, was passed over the
surface of the chip. In Figure 3, the sensorgrams for binding
of 2G12 to the HIV92ug protein and its two loop deletion
variants, HIV92ugD5 and HIV92ugD9GG, are almost identi-
cal. The data were analyzed with a 1:1 Langmuir binding
model; the kinetic binding constants are listed in Table II. The
on- and off-rate constants and the Kd are essentially identical
for all three proteins, indicating that the loop deletions
did not affect the conformation of the 2G12 epitope. We
also tested binding of the three proteins to another broadly
neutralizing antibody, b12, which recognizes an epitope that
overlaps the CD4 binding site (CD4 BS) (Burton et al, 1994).
Among all CD4 BS antibodies, b12 is the only one with
potent, broadly neutralizing activity. Unlike many other
CD4 BS antibodies, its association with gpl120 does not
appear to require a large, entropically costly conformational
change (Kwong et al, 2002). The sensorgrams for b12 binding
are very similar for all three proteins (not shown), and the
kinetic data, derived from a 1:1 Langmuir binding model, are
summarized in Table II. Although b12 binds to the gp120 core
of this particular HIV-1 strain from clade A with relatively low
affinity (Kd =1.42 uM), the rate constants for two deletion
variants, HIV92ugD5 and HIV92ugD9GG, do not differ sig-
nificantly (within a factor of 1.6) from that of the wild-type
core, HIV92ug. We conclude from the antibody binding
studies and from the data described above that the deletions
introduced into the B3-5 loop do not have deleterious effects
on the conformation or stability of gp120.

CD4 binding to HIV-1 gp120 core proteins

The large-amplitude structural rearrangements in gp120 that
accompany CD4 binding are primarily in the inner domain.
We have proposed that the initial contact of CD4 with gp120
might be with the ‘CD4-binding loop’ in the outer domain
(Chen et al, 2005b), which will be unaffected by deletion of
the B3-B5 loop. Thus, on this basis, we expect that in a two-
step Kinetic analysis of CD4-gp120 binding, encounter-com-
plex formation might be insensitive to 3-f5 loop deletion,
whereas the slower, tight-binding step might be strongly
retarded. We have therefore analyzed kinetics of CD4 binding
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Figure 2 Protein production of HIV-1 gpl20 core and its loop-
deletion variants. (A) Schematic representations of HIV-1 gp120
protein and its loop-deletion variants. HIV gp120, the surface
subunit of the envelope glycoprotein; N-linked glycans are repre-
sented by tree-like symbols and various segments of gpl20 are
designated as follows: C1-CS in light blue, conserved regions 1-5;
V1-V5 in yellow, variable regions 1-5. HIV92ug, HIV-1 gp120 core,
the protein is truncated the same way as described in Chen et al
(2005a) for crystallographic studies. HIV92ugD5, gp120 core with
five residues deleted from the B3-B5 loop. HIV92ugDIGG, gp120
core with the entire $3-p5 loop replaced by a short linker GG. The
location of the B3-B5 loop is highlighted in red. The actual residues
in the loop are shown beneath each construct. All the gp120 core
proteins have a His-tag (in gray) at the N-terminus to facilitate
protein purification. (B) HIV-1 gp120 core protein and its loop-
deletion variants were purified from supernatants of insect cell
culture, and then resolved by gel-filtration chromatography using
a Superdex 200 column. The traces are shown in red for HIV92ug,
blue for HIV92ugD5 and green for HIVug92D9GG. The apparent
molecular masses were calculated based on a standard curve using
the following known standards: thyoglobulin (670 kDa), y-globulin
(158kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and vitamin
By, (1.4kDa). Peak fractions were pooled and analyzed by
Commassie-stained sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (inset). Lane 1, HIV92ug; lane 2, HIV92ugD5; lane 3,
HIV92ugD9GG.

to HIV92ug and its loop deletion variants, HIV92ugD5 and
HIV92ugD9GG, using SPR. Soluble, four-domain CD4 was
immobilized on the chip, and solutions of gp120 at various
concentrations were allowed to flow over the surface. As
shown in Figure 4, all three proteins had similar rate con-
stants for the initial, rapid encounter step (both ko, and ko),
but quite different rate constants for the tight-binding step.
Both loop-deletion variants had association rate constants
three to four times lower than did wild-type gp120, and
dissociation rate constants 15-20 times greater. The equili-
brium dissociation constants (at 25°C) derived from these
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data are 13.9nM for wild-type HIV92ug, 228nM for
HIV92ugDS5, and 1.0 uM for HIV92ugD9GG. The same experi-
ment was also carried out at 10°C with similar results.

mADb 17b binding site is not formed when the p3-$5 loop
is deleted

If the PB3-B5 loop deletion prevents the conformational
changes required for CD4 docking, including translocation
of V1V2 stem, then the loop-deleted gp120 should be unable
to close up the bridging sheet and hence unable to display the
coreceptor binding site or epitopes for CD4i antibodies such
as 17b. We examined by SPR biosensor analysis binding of
the three gp120 core proteins to mAb 17b in presence or
absence of soluble CD4. We immobilized 17b IgG molecules
on a CM5 chip and passed various gp120 proteins over the
chip surface with or without preincubation with two-domain
soluble CD4. Wild-type gp120 core (HIV92ug) does not bind
to the 17b surface in the absence of CD4 (Figure 5; sensor-
gram in cyan) but does so in complex with soluble CD4
(sensorgram in black), in agreement with published results
(Edwards et al, 2001; Zhang et al, 2001). In contrast, the two
variants with deletions in the B3-B5 loop (HIV92ugD5 and
HIV92ugD9GG) fail to bind the 17b surface, regardless of
whether they have been preincubated with CD4 or not.
Shortening the f3-B5 loop thus blocks formation of the 17b
epitope.

Several observations rule out the possibility that mAb 17b
fails to bind the loop-deletion variants because the excised
residues are part of its epitope. In the high-resolution struc-
ture of the ternary complex of gp120, CD4, and 17b, none of
residues in the B3-B5 loop makes a direct contact with 17b
(Kwong et al, 1998). The closest distance between an atom of
a B3-B5 loop residue and an atom in 17b is greater than 8 A.
Moreover, HIV92ugDS5, which has the same properties as the
full deletant, has only five residues eliminated from the
middle of the loop, and these residues are even more distant
(greater than 15A) from the 17b binding site in the CD4-
bound conformation. Finally, mutation of residues in the
3-B5 loop published by other groups does not significantly
affect 17b binding (Rizzuto et al, 1998).

The B35 loop helps anchor gp120 to gp41

Our model for the unliganded trimer suggests that the f3-5
loop participates in the gp120/gp41 interaction (Figure 1C).
To test this hypothesis, we systematically mutated the loop
residues (220-228) in SIV Env and examined these mutants
for induction of cell-cell fusion and spontaneous shedding of
gp120. We chose the envelope protein from SIV, because SIV
gp120 sheds from the Env trimer much less readily than does
HIV-1 gp120 (Sattentau et al, 1993). Each residue in the loop
was replaced with alanine by polymerase chain reaction
(PCR)-based site-directed mutagenesis, and the mutations
were confirmed by DNA sequencing. All mutant Envs were
tested first for membrane fusion activity by a cell-cell fusion
assay based on a reporter gene activation technique described
previously (Ferrer et al, 1999). As shown in Figure 6A, all the
mutant Envs support membrane fusion at a level similar to
that of the wild type, regardless of the nature of the substitu-
tion. For example, D220A, K221A, D225A and R228A are
all nonconservative substitutions that eliminate one charged
side chain at a time, and Y223A and W224A replace bulky
side chains with smaller ones. Mutants K221 A and T226A had
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Figure 3 Kinetic analysis of binding of mAb 2G12 to HIV-1 gp120 core proteins. mAb 2G12 was immobilized on a CM-5 chip, and gp120 at
various concentrations was passed over the chip surface as described in Materials and methods. All injections were carried out in duplicate,
which gave essentially identical results. Binding kinetics were evaluated using BiaEvaluation software (Biacore) using a 1:1 Langmuir binding
model. The recorded sensorgrams are shown in black (one of the duplicates) and the calculated curves in red. The residues in the f3-35 loop

are also shown for each protein at the bottom.

Table II Rate constants for binding of gp120 core and its loop-
deletion variants with the broadly neutralizing antibodies

Antibody Construct ka (1/Ms) kd (1/s) Kd (M)
2G12 HIV92ug 1.85E4 5.03E-3 2.72E-7
HIV92ugD5 2.01E4 4.89E-3 2.44E-7
HIV92ugD9GG 2.10E4 4.58E-3 2.18E-7
b12 HIV92ug 1.02E4 1.45E-2 1.42E-6
HIV92ugD5 1.60E4 1.78E-2 1.11E-6
HIV92ugD9GG 7.75E3 1.97E-2 2.54E-6

significantly higher levels of cell-associated gp120 than did
wild type, probably due to more efficient processing of gp160
(Figure 6B). These two mutants may therefore be more
strongly fusogenic than the wild type. Thus, a single change
in this region does not seem to affect either folding or
functionality of the protein. It is not clear why the lysine
residue is so conserved; the effect of the alanine mutation
could be masked by the high level of expression of Env in
a cell-cell fusion assay.

We then examined the stability of the association of gp120
and gp4l, by monitoring the distribution of gp120 between
cell and supernatant. All mutated Env constructs were trans-
fected into 293T cells. Both supernatants and lysates were
then harvested and analyzed by Western blot using a mixture
of mAbs, KK19 and SIV-101 (Kent et al, 1991 and unpub-
lished). Figure 6B shows that the antibodies detect disso-
ciated gpl120 in cell supernatants (S) and both gp120 and
gp160 in cell pellets (C). In addition, they also detect a strong
band of a very abundant protein migrating around 60kDa
from supernatants, presumably by nonspecific binding, as
the same band was detected from a mock transfection
(Supplementary Figure S1). The sample loading was normal-
ized by volume and the nonspecific band showed the same
intensity throughout, suggesting that the differences among
dissociated gp120 mutant proteins in the supernatants are
not due to variations in sample loading. All mutants except
R228A showed a significant increase in the ratio between
shed gp120 and cell-associated gp120. Mutation of residues
between 220 and 225 increased the amount of free gp120,
whereas the amount of cell-associated gp120 decreased. In
contrast, the change R228A produced an Env very similar to
the wild type in its gpl120 dissociation properties. These
results are consistent with our suggestion, that residues in
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the B3-B5 loop, disordered in the unliganded conformation,
contribute to anchoring gp120 to gp41.

Discussion

CD4 binding to the HIV-1 envelope glycoprotein induces large
structural rearrangements in gp120. These changes lead to
formation of the coreceptor binding site and may prime the
protein for further changes triggered by the coreceptor inter-
action. In the absence of CD4, various structural elements of
gp120 may be relatively flexible, allowing it to sample a range
of conformations. Thus, ‘conformational masking’ of the CD4
binding site is believed to be among the viral strategies for
immune evasion (Kwong et al, 2002). Monomeric gp120 has
failed to elicit a protective immune response against HIV
infection (Maek et al, 2003), but whether a gp120 immuno-
gen fixed in a defined conformation can be more effective
remains to be investigated. We have derived a simple strat-
egy, based on our recent crystal structure of the unliganded
SIV gp120 core, to lock gpl20 in its unliganded (and pre-
sumably prefusion) conformation. Comparison of the unli-
ganded and CD4-bound gp120 core structures shows that the
3-B5 loop connecting the V1V2 stem and the inner-domain
[-sheet is disordered in the unliganded gp120 structure, but
stretches into a well-ordered strand upon CD4 binding (Chen
et al, 2005b). Shortening of this loop should prevent the
structural rearrangements induced by CD4 binding. The
data presented here are in excellent agreement with this
prediction. Deletions in the B3-B5 loop prevent the docking
(tight-binding) step of CD4 association, but do not prevent
formation of a weaker encounter complex. Moreover, dele-
tion of just five residues in the B3-B5S loop completely
abolishes the formation of 17b binding site—and probably
also the coreceptor binding site—even in the presence of
CD4. Thus, deleting the B3-B5 loop in the inner domain
represents a simple strategy for producing a gp120 immuno-
gen restrained in the unliganded conformation.

Neutralizing antibodies must bind a relevant, functional
conformation of Env. Many antibodies recognize epitopes
near the receptor binding site (CD4 BS), but among well-
studied CD4 BS antibodies, only b12 has potent, broadly
neutralizing activity that inhibits viral infection by a variety
of HIV-1 strains (Burton et al, 1994). Another CD4 BS anti-
body, b6, is non-neutralizing, but it has essentially the same
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Figure 4 Binding of soluble CD4 to HIV-1 gp120 core proteins. Soluble four-domain CD4 was immobilized on a CM-5 chip, and gp120 at
various concentrations was passed over the chip surface. All injections were carried out in duplicate, which gave essentially identical results.
Binding kinetics was evaluated using BiaEvaluation software (Biacore) using a two-step binding model. The recorded sensorgrams are shown
in black (one of the duplicates) and the calculated curves in red. The residues in the 3-5 loop are also shown for each protein at the bottom.
The two-step model includes formation of the encounter complex [gp120/CD4]* and, after conformational changes, formation of docking
complex gp120/CD4. Rate constants and equilibrium dissociation constants derived from the fits are also summarized.
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Figure 5 Binding of mAb 17b to HIV-1 gp120 core proteins in the absence or presence of CD4. mAb 17b was immobilized on a CMS5 chip, and
various gp120 proteins at 500 nM were passed over the chip surface with or without preincubation with equimolar amounts of two-domain
soluble CD4. All injections were carried out in duplicate, which gave essentially identical results. The recorded sensorgrams for binding in the
presence of CD4 are shown in black, and those for binding in the absence of CD4, in cyan (one of the duplicates). The residues in the f3-5

loop are also shown for each protein at the bottom.

affinity for gpl20 as does bl2 (Pantophlet et al, 2003).
Thermodynamic studies show that binding of b6 to gp120
produces a large negative entropy change and therefore
seems to induce major conformational changes (Kwong
et al, 2002). The corresponding entropy change for b12 bind-
ing is relatively small, suggesting that b12 recognizes the
unliganded conformation of gp120 (Kwong et al, 2002). The
data in Table II are consistent with this conclusion, as b12
binding is unaffected by deletion of the $3-f5 loop. The b12
binding data also strengthen our earlier suggestion that the
conformation of unliganded, free gp120, as seen in the SIV
gp120 crystal structure, closely resembles its structure when
part of trimeric gp120/gp41 on the surface of a virion (Chen
et al, 2005b). The most compelling previous argument for this
suggestion has been identification, in the unliganded gp120
structure, of a likely binding pocket for BMS-378806, a viral-
entry inhibitor (Lin et al, 2003; Wang et al, 2003). As this
small molecule is an active anti-viral, it clearly also interacts
with gp120/gp41 trimers on virions. BMS-378806 appears to
stabilize the unliganded gp120 conformation, thereby pre-
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venting the structural changes induced by CD4 binding (Ho
et al, 2006). Residues that line the proposed BMS-378806
pocket, many of which are at positions of resistance muta-
tions, come from elements of the inner domain, the outer
domain, and part of the bridging sheet. They close up against
each other in the liganded conformation, and CD4 binding
would therefore require expulsion of the inhibitor.

Residues at the gpl120/gp4l interface are likely to the
coordinate structural changes in the two fragments.
Previous mutagenesis studies have suggested that the
N- and C-terminal segments of gpl20 interact with gp4l
(Helseth and Olshevsky, 1991; Wyatt et al, 1997). Moreover,
the location of the so-called SOS disulfide mutation, which
stabilizes gp120/gp4l trimers, indicates that at least one
of the contacts of the gp120 C-terminal segment is the gp41l
C-C loop (Binley et al, 2000). Likewise, in influenza virus
HA, both ends of HA; fold together with HA, to form the
stalk (Wilson et al, 1981; Skehel and Wiley, 2000). We have
proposed that in addition to the N- and C-terminal segments,
the spatially adjacent 3-B5 loop of gp120 might also interact
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Figure 6 Fusion activity of mutant envelope glycoproteins in a cell-cell fusion assay and spontaneous dissociation of gp120 from the cell
surface. (A) Cell-cell fusion assays were carried out in triplicate for each construct as described previously (Ferrer et al, 1999). The readouts of
the assay were normalized based on the activity of the wild-type Env (100) to give the relative fusion activity of the mutant Envs. WT: wild-type
Env transfected into effector cell; indicated mutant construct transfected into effector cell; NOCR: chemokine receptor, CCRS, omitted from
target cell; NOENV: Env construct omitted from effector cell. NOCR and NOENYV are negative controls. The standard deviations derived from
the three measurements for each construct are indicated by the error bars. The experiment was repeated twice using independent transfections
and gave similar results. (B) Wild-type and mutant Env expression constructs were transfected into 293T cells. Expression and distribution of
gp120 were monitored by Western blot using mAbs KK19 and SIV-101, specific for SIV gp120. Mutations are indicated at the top; S, cell
supernatants; C, cell-associated. Equal volumes for all supernatants or cell lysates were loaded in each lane. The equal intensity of a very
abundant protein (NS) from the medium recognized nonspecifically by the antibodies indicates uniform sample loading. The experiment was

repeated four times, using independent transfections, and gave the same result each time.

directly with gp41 (Figure 1C). Our data (Figure 6) support
this proposal, as mutations in the B3-B5 loop weaken the
gp120:gp4l interaction and enhance gp120 shedding. Compa-
rison of the unliganded and liganded conformations of gp120
further suggests how CD4 (and coreceptor) binding could
trigger fusion. In the CD4-bound conformation of gp120, the
B3-B5 loop interacts with other parts of the gpl20 inner
domain. Thus, we expect that CD4 binding will peel the
loop away from gp4l and release constraints that hold it
in a prefusion configuration. We suggest that the interaction
between the B3-B5 loop and gp4l detected by our experi-
ments intervenes directly in the cascade of conformational
changes that ultimately leads to membrane fusion and viral
entry.

Eliciting broadly neutralizing antibodies against HIV-1
remains the most elusive goal for AIDS vaccine development
as illustrated by the many failed strategies for envelope-based
immunogen design (Burton et al, 2004). Most efforts have
used recombinant, cell-associated, or virion-associated enve-
lope glycoproteins, known to be structurally heterogeneous.
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For instance, recombinant, uncleaved, HIV-1 gp140 is often a
mixture of monomer, dimer, trimer, and higher-order oligo-
mers, the conformations of which are difficult to define (Jeffs
et al, 2004). Using such preparations as immunogen may
distract the immune system with irrelevant decoys, contribut-
ing to production of noneffective antibody responses. Lack of
adequate high-resolution structural information on the enve-
lope glycoprotein has impeded efforts to make Env immuno-
gens with well-defined conformations. Thus, we do not know
whether gp120 restrained in the unliganded conformation
could induce more b12-like response than have previously
studied immunogens. The loop deletion described here
should permit us to answer this question.

Materials and methods

Expression and purification of gp120 core protein and its
deletion variants

Expression constructs pHIV92ug, pHIV92ugD5 and pHIV92ugD9GG
were generated by standard PCR techniques. For gp120 core, we
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deleted residues from the N- and C-terminal of gp120, and we
substituted short linkers for the V1-V2 and V3 loops as described
(Chen et al, 2005a). A His-tag was added to the N-terminus to
facilitate purification. Two additional residues (His-Met) were
introduced by the restriction site (Ndel) at the N-terminus.
pHIV92ugD5 and pHIV92ugD9GG were derived from pHIV92ug
with five residues deleted from the B3-5 loop and a short linker,
GG, replacing the entire nine-residue $3-5 loop, respectively. Both
restriction digestion and DNA sequencing verified the expression
constructs. The proteins were expressed using the Bac-to-Bac
system (Invitrogen, Carlsbad, CA) following a procedure described
previously (Chen et al, 2005a), except that Sf9 insect cells were used
for large-scale protein production and that the cell supernatant was
harvested 84 h after infection. Gp120 core proteins were purified
by metal chelate affinity chromatography with NTA-nickel resin
(Qiagen, Hilden, Germany) as described (Chen et al, 2000). The
protein was eluted with 300 mM imidazole, and the fractions
containing gpl120 core protein were pooled, concentrated, and
further purified by gel filtration chromatography on Superdex 200
(GE Healthcare, Piscataway, NJ) with a buffer containing 25 mM
Tris-HCI (pH 8.0) and 150 mM NaCl. The protein was concentrated
and stored at —80°C. His-tagged two-domain soluble CD4 was also
expressed in insect cells and purified by a similar protocol.

SPR binding assays

All experiments were performed in duplicate with a Biacore 3000
instrument (Biacore Inc., Piscataway NJ) at 20°C in HBS-EP running
buffer (10mM N-2-hydroxyl piperazine-N'-2-ehane sulfonic acid
pH 7.4, 150mM NaCl, 3mM ethylene diaminetetra acetic acid,
0.005% surfactant P20). Immobilization of ligands, four-domain
sCD4 (Protein Sciences, Meriden, CT), 2G12 (Polymun Scientifc
Inc., Vienna, Austria), b12 (a gift from Dr Dennis Burton), 17b
(hybridoma was provided by Dr James Robinson), to CM5 chips
(Biacore) was performed following the standard amine coupling
procedure. Briefly, carboxyl groups were activated by injection of
50ul of EDC:NHS (200mM 1-ethyl-3[3-dimethyl aminopropyl]
carbodiimide hydrochloride, 50 mM N-hydroxysuccinimide) at a
flow rate of 5ul/min (10min contact time). Ligand (20 ug/ml in
10mM sodium acetate pH 5.0) was passed over the activated
surface until the desired immobilization level was reached. Excess
carboxyl groups were blocked with 1M ethanolamine (35pul at a
flow rate of 5pl/min). A reference surface was prepared by
activating and blocking a flow cell in the absence of ligand. The
final immobilization levels for CD4 was 800 response units (RUs),
for 2G12 1200 RUs, for b12 950 RUs, and for 17b 900 RUs. For
kinetic measurements of gpl20 binding to immoblilized CD4,
sensorgrams were obtained by passing various concentrations
(10nM-1.0 uM) of gp120 over the ligand surface at a flow rate of
50 pl/min using a 2-min association phase and 5min dissociation
phase. The sensor surface was regenerated between each experi-
ment using a single injection (3's) of 35 mM NaOH, 1.3 M NaCl at a
flow rate of 100 ul/min. Identical injections over blank surfaces
were subtracted from the data for kinetic analysis. All the injections
were carried out in duplicate; the results of the duplicate
measurements were essentially identical. Binding kinetics was
evaluated using BiaEvaluation software (Biacore) using a two-state
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Cell-cell fusion assay

Each residue was replaced with alanine by PCR-based site-directed
mutagenesis, and the mutations were confirmed by DNA sequen-
cing. All mutant Envs were tested for membrane fusion activity
by a cell-cell fusion assay based on a reporter gene activation
technique described previously (Ferrer et al, 1999). Briefly, 293T
cells were cotransfected by the calcium phosphate method with
equal amounts of an SIV gp160 expression construct and a plasmid
expressing T7 polymerase; these were designated effector cells.
CD4-and CCRS5-expressing cells with a luciferase reporter gene
under the control of a T7 promotor were designated target cells. The
two types of cells were resuspended and mixed 40h post-
transfection and then incubated at 37°C for another 8h. Fusion
activity was measured by a luciferase assay (Promega, Madison,
WI) following protocols recommended by the manufacturer.

Gp120 shedding assay by Western blot

The stability of the association of gp120 and gp41 was examined by
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dodecyl sulfate (SDS), 0.25mM MgCl,, 0.02mg/ml RNase A
(Sigma, St Louis, MO) and 2000U/ml DNase I (Sigma)). Both
supernatants and lysates were then boiled with SDS-loading buffer
and resolved in a 6% SDS polyacrylamide gel. Proteins were
transferred to polyvinylidine diflouride membrane (Millipore, Bill-
erica, MA) and detected by a mixture of mAbs, KK19 and SIV-101
(Kent et al, 1991; and unpublished) and an ECL Plus Western
blotting detection kit (GE Healthcare).
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