
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

May 2000, p. 4746–4754 Vol. 74, No. 10

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Modifications That Stabilize Human Immunodeficiency Virus
Envelope Glycoprotein Trimers in Solution

XINZHEN YANG,1,2 LAUREN FLORIN,1 MICHAEL FARZAN,1,2 PETER KOLCHINSKY,1

PETER D. KWONG,3 JOSEPH SODROSKI,1,2,4 AND RICHARD WYATT1,5*

Department of Cancer Immunology and AIDS, Dana-Farber Cancer Institute,1 Department of Pathology2 and
Department of Medicine,5 Harvard Medical School, and Department of Immunology and Infectious Diseases,

Harvard School of Public Health,4 Boston, Massachusetts 02115, and Department of Biochemistry and
Molecular Biophysics, Columbia University, New York, New York 100323

Received 17 November 1999/Accepted 21 February 2000

The functional unit of the human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins is a trimer
composed of three gp120 exterior glycoproteins and three gp41 transmembrane glycoproteins. The lability of
intersubunit interactions has hindered the production and characterization of soluble, homogeneous envelope
glycoprotein trimers. Here we report three modifications that stabilize soluble forms of HIV-1 envelope
glycoprotein trimers: disruption of the proteolytic cleavage site between gp120 and gp41, introduction of
cysteines that form intersubunit disulfide bonds, and addition of GCN4 trimeric helices. Characterization of
these secreted glycoproteins by immunologic and biophysical methods indicates that these stable trimers retain
structural integrity. The efficacy of the GCN4 sequences in stabilizing the trimers, the formation of intersub-
unit disulfide bonds between appropriately placed cysteines, and the ability of the trimers to interact with a
helical, C-terminal gp41 peptide (DP178) support a model in which the N-terminal gp41 coiled coil exists in
the envelope glycoprotein precursor and contributes to intersubunit interactions within the trimer. The
availability of stable, soluble HIV-1 envelope glycoprotein trimers should expedite progress in understanding
the structure and function of the virion envelope glycoprotein spikes.

The entry of human immunodeficiency virus type 1 (HIV-1)
into target cells is mediated by the viral envelope glycoproteins
(53). The mature envelope glycoproteins on the virus are or-
ganized into oligomeric spikes composed of the gp120 exterior
envelope glycoprotein and the gp41 transmembrane envelope
glycoprotein (1, 22, 52, 54, 60). In the infected cell, the HIV-1
envelope glycoproteins are initially synthesized as an 845- to
870-amino-acid protein, depending upon the viral strain (22).
N-linked, high-mannose sugars are added to this primary trans-
lation product to result in the gp160 envelope glycoprotein
precursor. Oligomers of gp160 form in the endoplasmic retic-
ulum, and several pieces of evidence suggest that these are
trimers. First, X-ray crystallographic studies of fragments of
the gp41 ectodomain revealed the presence of very stable,
six-helix bundles (11, 53, 55). These structures were composed
of a trimeric coiled coil involving N-terminal gp41 a-helices,
with three C-terminal gp41 a-helices packed into the grooves
formed by the three inner helices. Second, introduction of
cysteine pairs at specific locations in the coiled coil resulted in
the formation of intermolecular disulfide bonds between the
gp160 subunits (26). The disulfide-stabilized oligomer was
shown to be a trimer. Finally, the matrix proteins of HIV-1 and
the related simian immunodeficiency viruses, which interact
with the intravirion domains of the envelope glycoproteins,
crystallize as trimers (32, 50).

Following oligomerization, the gp160 glycoprotein is trans-
ported to the Golgi apparatus, where cleavage by a cellular
protease generates the gp120 and gp41 glycoproteins (1, 52,
54). The gp120 glycoprotein remains associated with the gp41
glycoprotein through noncovalent, hydrophobic interactions

(30, 36). The lability of the gp120–gp41 association results in
the “shedding” of some gp120 molecules from the trimer,
resulting in nonfunctional envelope glycoproteins (40, 58). It
has been suggested that these disassembled envelope glyco-
proteins result in the generation of high titers of nonneutral-
izing antibodies during natural HIV-1 infection (7, 45, 49). The
envelope glycoprotein trimers that remain intact undergo mod-
ification of a subset of the carbohydrate moieties to complex
forms before transport to the cell surface (22).

The mature envelope glycoprotein complex is incorporated
from the cell surface into virions, where it mediates virus entry
into the host cell. The gp120 exterior envelope glycoprotein
binds the CD4 glycoprotein, which serves as a receptor for the
virus (17, 33, 39). Binding to CD4 induces conformational
changes in the envelope glycoproteins that allow gp120 to
interact with one of the chemokine receptors, typically CCR5
or CXCR4 (2, 14, 18–20, 27; reviewed in reference 15). The
chemokine receptors are 7-transmembrane, G protein-coupled
receptors, and gp120 interaction with the chemokine receptors
is believed to bring the viral envelope glycoprotein complex
nearer to the target cell membrane and to trigger additional
conformational changes in the envelope glycoproteins. Al-
though the exact nature of these changes is unknown, muta-
genic data are consistent with a role for the hydrophobic gp41
amino terminus (the “fusion peptide”) in mediating membrane
fusion (8, 28, 31, 36). It has been suggested that, following
interaction of the fusion peptide with the target cell mem-
brane, formation of the 6-helical bundle by the three gp41
ectodomains would result in the spatial juxtaposition of the
viral and target cell membranes (11, 53, 55). Six-helical bundles
have been documented in several viral envelope glycoproteins
that mediate membrane fusion and virus entry (11, 55–57). The
formation of this energetically stable structure from a different
and as-yet-unknown precursor structure is believed to provide
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the energy necessary to overcome the repulsion between the
viral and cell membranes.

The HIV-1 envelope glycoproteins are inefficient in gener-
ating antibodies that neutralize the virus, especially those that
can neutralize more than a limited number of HIV-1 strains (3,
16, 38; reviewed in references 6, 7, and 60). Many of the
antibodies elicited by the envelope glycoproteins are not able
to bind efficiently to the functional envelope glycoprotein tri-
mer and therefore are devoid of neutralizing activity (4, 43, 45,
48, 49, 59). The lability of the envelope glycoprotein trimers,
conformational flexibility in the shed gp120 glycoprotein, and
the variability and glycosylation of the gp120 surface all possi-
bly contribute to the poor neutralizing antibody responses (re-
viewed in references 42, 44, and 60). A better understanding of
the barriers that contribute to limited neutralizing responses
may suggest approaches that will present more functionally
relevant epitopes to the immune system and thereby expedite
vaccine development.

An understanding of the functional HIV-1 envelope glyco-
protein trimer would be helpful in devising interventional ap-
proaches. Soluble forms of the HIV-1 envelope glycoproteins
have been produced by deletion of the gp41 membrane-span-
ning region and intracytoplasmic domain, as well as modifica-
tion of the proteolytic cleavage site between gp120 and gp41
(4, 21, 23–25). These soluble HIV-1 envelope glycoproteins
consist mainly of dimers and tetramers (4, 21, 23–25). Here we
investigate approaches designed to increase the production
and stability of soluble HIV-1 envelope glycoprotein trimers.

MATERIALS AND METHODS

Envelope glycoprotein constructs. The envelope glycoprotein expression plas-
mids were derived from pSVIIIenv and were constructed by PCR or by
QuikChange (Stratagene) site-directed mutagenesis. The specific changes intro-
duced into each mutant are described in Results. The sequence of the entire env
open reading frame was determined for each of the mutants. Two differences
between the wild-type YU2 gp120 glycoprotein and the soluble gp120 glycopro-
tein were noted. One of these apparently arose as a result of PCR error and
converted the wild-type alanine 379 to glutamine. In addition, a single glycine
residue was introduced at the C terminus of the gp120 glycoprotein, after the
arginine at position 508. All of the other glycoproteins used in the study exhibited
the wild-type sequence of either the YU2 R5 or the HXBc2 X4 viral envelope
glycoproteins, except where modifications were deliberately introduced. Amino
acid residue numbers are reported according to those of the prototypic HXBc2
sequences (35).

Envelope glycoprotein expression. To express the soluble HIV-1 envelope
glycoproteins, a 100-mm dish of 293T cells was transfected with 4.5 mg of the
pSVIIIenv plasmid expressing the mutant glycoproteins and 0.5 mg of an HIV-1
Tat-expressing plasmid. The transfection was performed using LipofectAMINE-
PLUS reagent (Gibco-Life Technology) according to the manufacturer’s recom-
mendations. Sixteen hours after transfection, the cells were metabolically labeled
with [35S]methionine-cysteine (NEN) in methionine- and cysteine-free Dulbecco
modified Eagle medium (DMEM) for 24 h.

Sucrose density gradient centrifugation. The oligomeric state of the envelope
glycoprotein variants was investigated using sucrose density gradient centrifuga-
tion. The radiolabeled proteins in the transfected 293T cell supernatants were
concentrated about 3-fold [15-fold for the less efficiently secreted gp130(2)
glycoprotein] using Centriprep 30 filters (Amicon). Approximately 750 ml of the
concentrated supernatants was loaded onto 10-ml 10 to 25% continuous sucrose
gradients, which were centrifuged in a Beckman SW41 rotor for 20 h at 40,000
rpm at 4°C. Fractions of 1.1 ml were collected manually and precipitated using
a mixture of sera from HIV-1-positive individuals and protein A-Sepharose.
Precipitates were analyzed on nonreducing and reducing sodium dodecyl sulfate
(SDS)-polyacrylamide gels and autoradiographed. Molecular weights of the pre-
cipitated proteins were analyzed by interpolation, using previously characterized
envelope glycoprotein dimers and trimers (26) and known molecular weight
standards for reference.

Molecular exclusion chromatography. For gel filtration analysis, the soluble
envelope glycoproteins were produced by transient transfection of 293T cells
using Effectene reagents (Qiagen). For each protein, 30 100-mm dishes of cells
were transfected. The soluble envelope glycoproteins were harvested in 5 ml of
culture medium every day for 3 days after transfection. The pooled supernatants
were incubated twice with 8 ml of 10% (wt/vol) protein A-agarose beads for 3 to
5 h at 4°C to deplete the culture medium of antibodies. The solution was then
passed three times by gravity through an affinity column in which the F105

anti-gp120 monoclonal antibody was coupled to protein A-agarose beads. After
being washed with 50 column volumes of 0.5 M NaCl in phosphate-buffered
saline (PBS), the envelope glycoproteins were eluted with 10 column volumes of
3 M MgCl2 in 20 mM Tris-HCl, pH 7.2. After dialysis against 100 volumes of PBS
and concentration using Centriprep filters (Amicon), the proteins were assessed
by SDS-polyacrylamide gel electrophoresis for purity and amount, using a serially
diluted bovine serum albumin standard.

Approximately 10 mg of the purified envelope glycoproteins in 50 ml of PBS
was loaded onto a Superdex 200 gel filtration column (Pharmacia). The column
was then eluted at a rate of 0.5 ml/min for 40 min, and the eluted proteins were
detected by measuring optical density at 280 nm (OD280) using a Varian ProStar
System (Varian Analytical Instruments). A panel of protein markers (Pharma-
cia) was analyzed under identical conditions to serve as molecular weight stan-
dards.

Immunoprecipitation. Envelope glycoproteins were precipitated either by a
mixture of sera from HIV-1-infected individuals or by a specific monoclonal
antibody, as previously described (59). Many of the antibodies studied were used
in a previous study on antibody competition mapping of HIV-1 gp120, in which
they have been described (45).

Precipitation by the PK-C299 peptide. The sequence of the PK-C299 peptide
is as follows: YTHIIYSLIEQSQNQQEKNEQELLALDKWASLWNWFGGGT
ETSQVAPA. The underlined N terminus of this sequence corresponds to that of
the DP178 peptide derived from the YU2 HIV-1 gp41 C-terminal (C34) helix
(12). The underlined C terminus is derived from the C terminus of bovine
rhodopsin and can be recognized by the 1D4 antibody (46). The sequence GGG
was included in the peptide to introduce potential structural flexibility between
the DP178 helix and the bovine rhodopsin peptide tag. PK-C299 was custom
synthesized by the Protein Chemistry Core Facility at the Howard Hughes
Medical Institute, Columbia University. Metabolically labeled ([35S]Met-Cys)
gp130(2) and gp130(2/GCN4) glycoproteins were incubated with a 20-fold
molar excess of PK-C299 for 1 h at 37°C. The glycoprotein-peptide complex was
then precipitated by 5 mg of the 1D4 antibody.

Chemokine receptor binding assay. The soluble envelope glycoproteins were
tested for their ability to bind CD4 and CCR5 using a previously published
protocol (34). Briefly, [35S]cysteine-methionine-labeled envelope glycoproteins
were produced in transfected 293T cells. An aliquot of the cell supernatants was
precipitated using pooled sera from HIV-1-infected individuals. After analysis on
SDS-polyacrylamide gels, the amounts of envelope glycoproteins were measured
using a PhosphorImager storage screen (Molecular Dynamics). Equivalent
amounts of the envelope glycoproteins were incubated with 10 mg of soluble CD4
(sCD4)/ml at room temperature for 1 h. The mixtures were then applied to 106

Cf2Th-synCCR5 (41) cells in 6-well plates for 2 h at 37°C in the presence of 0.2%
sodium azide. The unbound proteins were washed away with cold DMEM, and
the bound proteins were precipitated from cell lysates by a mixture of 3 ml of
pooled sera from HIV-1-infected individuals and 1 mg of the anti-gp120 mono-
clonal antibody C11. The precipitated proteins were analyzed on SDS-polyacryl-
amide gels.

RESULTS

Production and characterization of soluble HIV-1 envelope
glycoproteins. We investigated three approaches designed to
stabilize soluble forms of the HIV-1 envelope glycoprotein
trimers (Fig. 1). The first approach is the disruption of the
proteolytic cleavage site between the gp120 and gp41 subunits
by replacing arginine residues 508 and 511 with serines. The
second approach is the introduction of a cysteine pair (and an
adjacent glycine) into residues 576 to 578, which are located in
the N-terminal (N36) gp41 helix. The introduced cysteines
occupy the d and e positions of the heptad repeat and thus are
located within the hydrophobic interior of the trimeric gp41
a-helical coiled coil. Identical cysteine substitutions result in
the covalent cross-linking of the full-length HIV-1 gp160 en-
velope glycoprotein subunits (26). The third approach is the
extension of the N-terminal gp41 coiled coil by the C-terminal
addition of GCN4 sequences. GCN4 is a transcription factor
that normally forms stable homodimers. However, introduc-
tion of hydrophobic residues at the a and d positions of the
heptad repeats of the GCN4 dimerization motif increases the
propensity of the protein to form trimers (29). We fused the
GCN4 trimeric motif (MKQIEDKIEEILSKIYHIENEIARIK
KLIGEV) C-terminal to the end (...YLRDQQLL) of the gp41
coiled coil, thereby extending the heptad repeat region and the
potential stability of trimer association.

Most of the envelope glycoproteins used in this study (Fig. 1)
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were derived from the primary R5 HIV-1 isolate YU2. Stop
codons were introduced into the env gene (GenBank accession
number M93258), resulting in termination of the proteins N-
terminal to the natural gp160 transmembrane (TM) region.
Thus, the majority of the envelope glycoproteins were secreted
into the medium of expressing cells. To express soluble gp120,
the YU2 envelope glycoprotein was terminated after arginine
508. Soluble gp130 glycoproteins contained all of the YU2
envelope glycoprotein residues up to and including leucine
593, which is located near the C terminus of the gp41 coiled
coil. The soluble gp140 glycoproteins, which were derived from
the YU2 and HXBc2 HIV-1 isolates, were terminated after
leucine 669, which is located N-terminal to the membrane-
spanning region. The presence of modifications designed to
increase trimer stability in the mutants is indicated in paren-
theses in the mutant name. Thus, a minus sign in parentheses
indicates the R-to-S changes at positions 508 and 511 affecting
gp120–gp41 proteolytic processing; CCG indicates the substi-
tution of the cysteine pair and a glycine residue at positions 576
to 578; and GCN4 indicates the presence of the GCN4 trimeric
peptide at the carboxyl terminus of the protein. Our initial
studies indicated that, in contrast to the results seen for the
membrane-anchored gp160 envelope glycoprotein, the CCG
substitutions were not sufficient to cross-link the subunits of
either soluble gp130 or gp140 glycoproteins (data not shown).
Therefore, in this report we focus on the effects of the cleavage
site modification and CCG substitution in the context of solu-
ble glycoproteins containing the GCN4 trimeric motif, which
was found to have a major stabilizing influence (see below).

Radiolabeled envelope glycoproteins were produced tran-
siently in transfected 293T cell supernatants, which were con-
centrated and analyzed by sucrose density gradient centrifuga-
tion. Gradient fractions were collected and precipitated by a
mixture of sera from HIV-1-infected individuals. The immu-
noprecipitates were analyzed on SDS-polyacrylamide gels un-
der reducing and nonreducing conditions. Autoradiographs of

some of these gels are shown in Fig. 2A. The gp120 glycopro-
tein, which is known to be monomeric, sedimented primarily in
fractions 6 and 7 of the gradient. A small amount of the gp120
glycoprotein was found in fractions 1 to 3 and migrated on the
nonreducing gels as high-molecular-weight forms. These slowly
migrating forms of gp120 were not observed on reducing gels
(data not shown) and probably represent previously described,
aberrantly cross-linked envelope glycoproteins (47). The
gp140(2) glycoproteins from the YU2 and HXBc2 HIV-1
isolates both exhibited mostly monomeric forms that sedi-
mented in fractions 5 to 7, although some higher-order forms
were observed in fractions 2 to 4 (Fig. 2A and data not shown).
Likewise, the gp130(2) glycoprotein sedimented mostly as a
monomer in fractions 5 to 7, although higher-order forms
could be seen in fractions 2 to 4. The gp130(GCN4) glycopro-
tein sedimented similarly to the gp130(2) glycoprotein. The
majority of the gp130(GCN4) glycoprotein sedimented as a
monomer in the sucrose gradient (fractions 5 to 7) and mi-
grated with an apparent molecular size of approximately 120
kDa. The small portion of the gp130(GCN4) glycoprotein that
sedimented more rapidly (fractions 1 to 3) exhibited two mo-
lecular sizes (approximately 130 and greater than 350 kDa) on
nonreducing SDS-polyacrylamide gels. This pattern suggests
that uncleaved gp130(GCN4) is oligomeric, whereas the pro-
teolytically cleaved gp130(GCN4) glycoprotein is monomeric.
That the lack of cleavage between the gp120 and gp41 moieties
stabilizes the oligomer is supported by the sedimentation pat-
tern of the gp130(2/GCN4) glycoprotein. The majority of this
protein sedimented in fractions 1 to 4, with the proteins in
these fractions exhibiting molecular sizes of 130 and greater
than 350 kDa. A small portion of the gp130(2/GCN4) glyco-
protein was cleaved to a form of approximately 120 kDa, which
sedimented as a monomer in fractions 5 to 8. Thus, the faster-
sedimenting fractions of the gp130(GCN4) and gp130(2/
GCN4) glycoproteins, which presumably represent higher-or-
der oligomers, contain only uncleaved proteins.

To determine if potential intersubunit disulfide bonds could
be formed and if these might contribute to trimer stability, the
gp130(CCG/GCN4) and gp130(2/CCG/GCN4) proteins were
studied. The gp130(CCG/GCN4) glycoprotein sedimented
similarly to the gp130(GCN4) glycoprotein, with a substantial
portion of the protein present in fractions 5 to 7 and a portion
of the protein in fractions 1 to 4. As was seen for the
gp130(GCN4) glycoprotein, the more slowly sedimenting frac-
tions consisted mainly of an apparently cleaved gp120 glyco-
protein. The faster-sedimenting portion of the gp130(CCG/
GCN4) protein exhibited a molecular size greater than 350
kDa under nonreducing conditions. Unlike the case for the
gp130(GCN4) protein, no 130-kDa band was evident in frac-
tions 1 to 3 of the gp130(CCG/GCN4) protein. This indicates
that the substitution of the cysteine pair in the gp41 ectodo-
main resulted in covalent cross-linking of some of the
gp130(CCG/GCN4) envelope glycoprotein subunits. The ma-
jority of the gp130(2/CCG/GCN4) glycoprotein sedimented in
fractions 2 to 4 and migrated with an apparent molecular size
greater than 350 kDa. A portion of these high-molecular-
weight glycoproteins could be reduced by treatment with 1.5%
b-mercaptoethanol (b-ME), and interestingly, these reduced
products of the gp130(2/CCG/GCN4) oligomer consisted al-
most exclusively of the uncleaved 130-kDa glycoprotein (Fig.
2A, bottom right panel). A small amount of the gp130(2/CCG/
GCN4) was apparently cleaved and sedimented in fractions 5
to 8, consistent with a monomer. Almost all of the greater-
than-350-kDa forms of the gp130(CCG/GCN4) and gp130(2/
CCG/GCN4) glycoproteins could be reduced by boiling in 5%

FIG. 1. Structure of the soluble HIV-1 envelope glycoprotein variants. The
partial structures of the soluble gp120, gp140, and gp130 envelope glycoproteins
used in this paper are shown beneath the corresponding segment of the wild-type
gp160 glycoprotein. The junction of gp120 and gp41, the positions of the N-
terminal (N36) and C-terminal (C34) gp41 a-helices, and the transmembrane
(TM) region are shown. The DP178 peptide used in this study contains se-
quences corresponding to those of the C34 helix. The positions of the serine
substitutions for arginine 508 and arginine 511 are shown (S S). The position of
the Cys-Cys-Gly substitution in the N-terminal helical segment (residues 576 to
578) is shown (CCG). The position of the GCN4 trimeric peptide is also shown.
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b-ME to proteins with an apparent molecular size of 130 kDa
(see Fig. 2C).

These results indicate that the inclusion of GCN4 sequences
and the disruption of proteolytic cleavage contribute to the
formation and stabilization of soluble, higher-order oligomers.
The presence of the cysteine pair in the gp41 coiled coil allows
intersubunit disulfide bonds to form, covalently stabilizing
these oligomers.

Molecular exclusion chromatography of soluble HIV-1 en-
velope glycoproteins. The YU2 gp120 and gp130(2/GCN4)
glycoproteins were analyzed by molecular exclusion chroma-

tography on a Superdex 200 column (Fig. 3). The gp120 gly-
coprotein exhibited an apparent molecular size of 157 kDa. A
major form of the gp130(2/GCN4) protein exhibited a molec-
ular size of 410 kDa. Smaller amounts of the gp130(2/GCN4)
protein were eluted at the position corresponding to the gp120
glycoprotein. Also, some higher-molecular-weight aggregates
were apparent for this glycoprotein. A substantial fraction of
the gp130(2/GCN4) glycoprotein exhibits a molecular weight
consistent with that of a trimer.

Immunoprecipitation of soluble HIV-1 envelope glycopro-
teins. The radiolabeled supernatants containing the soluble

FIG. 2. Characterization of the soluble HIV-1 envelope glycoprotein variants. (A) Sucrose density gradient fractions containing the soluble HIV-1 envelope
glycoproteins are shown. Fraction 1 was collected from the bottom of the gradient; fraction 10 represents the top of the gradient. Fractions were precipitated by a
mixture of sera from HIV-1-infected individuals. Precipitates were analyzed on SDS-polyacrylamide gels under non-reducing conditions, except for the samples
[gp130(2/CCG/GCN4) 1 b-ME] shown in the bottom right panel, which were treated with 1.5% b-ME before gel analysis. Asterisks indicate the expected position
of a gp120 monomer in each gel. (B) Radiolabeled envelope glycoproteins were precipitated from transfected cell supernatants by a mixture of sera from HIV-1-infected
individuals and were analyzed under nonreducing conditions (in the absence of b-ME). (C) Precipitates of radiolabeled envelope glycoproteins were formed as for panel
B and were analyzed on SDS-polyacrylamide gels after treatment with either 1.5% b-ME for 3 min at 100°C or 5% b-ME for 10 min at 100°C.

FIG. 3. Molecular exclusion chromatography of soluble envelope glycoproteins. The YU2 gp120 and gp130(2/GCN4) glycoproteins were analyzed on a Superdex
200 column and compared with molecular size standards, the positions of which are indicated by arrows. Elution times are also shown. The aggregate peak for the
gp130(2/GCN4) glycoprotein elutes before the highest molecular size standard used (660 kDa).

VOL. 74, 2000 STABILIZATION OF HIV ENVELOPE GLYCOPROTEIN TRIMERS 4749



HIV-1 envelope glycoprotein variants were also studied by
direct immunoprecipitation by a mixture of sera from HIV-1-
infected individuals. The precipitates were analyzed on SDS-
polyacrylamide gels run under nonreducing conditions (Fig.
2B). The results indicate that, under these conditions, the
glycoproteins with the cysteine pair [gp130(CCG/GCN4) and
gp130(2/CCG/GCN4)] exhibited the greatest proportion of
high-molecular-weight forms. Consistent with the results from
the sucrose gradients, the low-molecular-weight species of the
gp130(CCG/GCN4) protein appears to be a cleaved gp120.
The vast majority of the gp130(2/CCG/GCN4) protein mi-
grated as a high-molecular-weight species, underscoring the
efficacy of the cysteine cross-linking in this context. This high-
er-order form of the gp130(2/CCG/GCN4) glycoprotein mi-
grated on SDS-polyacrylamide gels at a molecular size of ap-
proximately 400 kDa, which was determined by comparing its
migration with those of protein molecular weight markers and
envelope glycoprotein oligomers of known sizes (26) (Fig. 2B).
This estimated molecular size was consistent with the notion
that the gp130(2/CCG/GCN4) glycoprotein forms a trimer.
The gp130(2/GCN4) protein migrated primarily as a 130-kDa
product, although some higher-molecular-size forms were ev-
ident. Consistent with proteolytic cleavage, the gp130(GCN4)
protein migrated as 130- and 120-kDa species. The gp140(2)
protein migrated primarily as a 140-kDa product, although
high-molecular-weight forms consistent with dimers, trimers,
and other higher-order forms could be discerned. No high-
molecular-weight species of the gp120 glycoprotein were evi-
dent.

To demonstrate that disulfide bond formation contributed
to the stabilization of oligomers, the precipitated gp130(CCG/
GCN4) and gp130(2/CCG/GCN4) glycoproteins were boiled
in the presence of b-ME prior to analysis on SDS-polyacryl-
amide gels (Fig. 2C). Boiling for 3 min in 1.5% b-ME resulted
in partial disruption of the higher-molecular-weight forms of
these glycoproteins. Boiling for 10 min in 5% b-ME almost
completely reduced the gp130(CCG/GCN4) and gp130(2/
CCG/GCN4) oligomers to lower-molecular-weight forms. The
majority of the monomeric forms produced upon reduction of
both these proteins migrated as a 130-kDa species, consistent
with the idea that lack of proteolytic cleavage promotes trimer
stability. These results indicate that the gp130(CCG/GCN4)
and gp130(2/CCG/GCN4) glycoproteins maintain the higher-
order forms on SDS-polyacrylamide gels through the forma-
tion of disulfide bonds.

Recognition of soluble envelope glycoproteins by the DP178
gp41 peptide. The cross-linking of the soluble envelope glyco-
protein subunits by cysteines placed at the internal d and e
positions of the gp41 heptad repeat implies that at least part of
the N-terminal helical coiled coil can be formed in these pro-
teins. To examine this further, we asked whether the DP178
peptide, which corresponds in sequence to the C-terminal
a-helix of the gp41 ectodomain (C34 in Fig. 1), could interact
with the soluble trimers. The DP178 peptide forms a helix that
packs into a hydrophobic groove formed on the outer surface
of the trimeric N-terminal gp41 coiled coil (12). The [35S]Met-
Cys-labeled supernatants, which were adjusted to contain the
same amounts of the gp130(2) and gp130(2/GCN4) glyco-
proteins, were precipitated either by a mixture of sera from
HIV-1-infected individuals or by the PK-C299 peptide–1D4
antibody mixture. The PK-C299 peptide is composed of the
DP178 HIV-1 gp41 sequence fused to a C9 peptide tag corre-
sponding to the C terminus of bovine rhodopsin. The C9 pep-
tide epitope is recognized by the 1D4 antibody. Equivalent
amounts of the gp130(2) and gp130(2/GCN4) glycoproteins
were precipitated by the mixture of sera from HIV-1-infected

individuals (Fig. 4, left panel). The gp130(2/GCN4) glycopro-
tein was precipitated much more efficiently than the gp130(2)
glycoprotein by the PK-C399–1D4 antibody mixture (Fig. 4,
right panel). Thus, the soluble gp130(2/GCN4) glycoprotein,
which forms stable trimers, can be recognized more efficiently
by the DP178 peptide than a similar glycoprotein that is pri-
marily monomeric.

Recognition of the soluble HIV-1 envelope glycoproteins by
antibodies. The structural integrity of three of the soluble
glycoproteins [gp130(CCG/GCN4), gp130(2/CCG/GCN4),
and gp130(2/GCN4)] that exhibited some trimeric forms was
examined by precipitation by a panel of antibodies directed
against different epitopes on the HIV-1 envelope glycopro-
teins. The soluble YU2 gp120 and gp140(2) glycoproteins,
which are mainly monomeric, were included in this study for
comparison. Radiolabeled supernatants containing similar lev-
els of all five glycoproteins were precipitated either by a mix-
ture of sera from HIV-1-infected individuals or by a monoclo-
nal antibody. Precipitates were analyzed on SDS-
polyacrylamide gels after complete reduction in 5% b-ME.
Figure 5A shows that the mixture of HIV-1-infected patient
sera precipitated similar levels of all five glycoproteins. The
gp130(CCG/GCN4) glycoprotein migrated as proteolytically
cleaved gp120 and uncleaved gp130 forms. The recognition
patterns of the 39F, 17b, and F91 antibodies were similar to
that of the mixture of sera. The 39F antibody recognizes a
conformation-dependent structure in the third variable (V3)
loop of the HIV-1 gp120 glycoprotein (J. Robinson, personal
communication). The 17b antibody binds to a discontinuous
gp120 epitope that is induced by CD4 binding and that over-
laps the conserved chemokine receptor binding region. The
48d antibody, which recognizes a related, overlapping epitope,
was also tested and exhibited a similar pattern of recognition
(data not shown). The F91 antibody recognizes a discontinuous
gp120 epitope overlapping the CD4 binding site. Two other
antibodies directed against CD4 binding site (CD4BS)
epitopes on gp120, F105 and IgG1b12, were also tested and
exhibited similar recognition profiles (data not shown). These
results suggest that the discontinuous epitopes recognized by
several anti-gp120 monoclonal antibodies are present and ac-
cessible on the soluble trimers. These results were confirmed
when the rapidly sedimenting fractions of the gp130(CCG/
GCN4), gp130(2/CCG/GCN4), and gp130(2/GCN4) proteins
were first prepared on sucrose gradients and then immunopre-
cipitated (data not shown).

FIG. 4. Recognition of the soluble HIV-1 envelope glycoprotein variants by
the DP178 gp41 peptide. Radiolabeled envelope glycoproteins in transfected cell
supernatants were normalized for the amount of envelope protein and then
precipitated either with a mixture of sera from HIV-1-infected patients (patient
sera) or with a mixture of the 1D4 antibody and the PK-C299 peptide (DP178).
The PK-C299 peptide contains the residues of the DP178 peptide, which corre-
sponds to the C-terminal gp41 helical region (C34 in Fig. 1), and the residues of
the C9 peptide, which are recognized by the 1D4 antibody.
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The first (C1) and fifth (C5) conserved regions which rep-
resent the N and C termini, respectively, of the gp120 envelope
glycoprotein, have been implicated in the interaction with the
gp41 ectodomain (17, 30, 59). To investigate the integrity and
accessibility of gp120 epitopes from these regions on the sol-
uble envelope glycoproteins, the radiolabeled glycoproteins
were precipitated by antibodies that recognize epitopes with
C1 and/or C5 components (Fig. 5B). The C11 antibody, which
recognizes a discontinuous gp120 epitope composed of C1 and
C5 elements, was able to precipitate all five of the soluble
envelope glycoproteins. However, there were some qualitative
and quantitative differences between the recognition pattern of
the C11 antibody and those of the antibodies described above.
As reported previously (59), the gp140(2) glycoprotein was
recognized by the C11 antibody less efficiently than the soluble
gp120 glycoprotein, in contrast to the recognition pattern ob-
served for the mixture of sera from HIV-1-infected individuals.
The proteolytically cleaved, monomeric forms of the gp130
(CCG/GCN4), gp130(2/CCG/GCN4), and gp130(2/GCN4)
glycoproteins were more efficiently precipitated by the C11
antibody than by the serum mixture. The efficient precipitation
of the gp130(2/CCG/GCN4) and gp130(2/GCN4) monomers
by the C11 antibody was particularly noteworthy because pro-
teolytically cleaved monomers represented only a small frac-
tion of these two glycoprotein preparations. Although the tri-
meric, uncleaved forms of these glycoproteins could be
precipitated by the C11 antibody, the precipitation of these
forms was relatively less efficient than that observed for the
previously discussed antibodies. These results suggest that the
C11 antibody can access the gp130 trimers but binds less effi-
ciently to the trimers than to the gp120 monomer. This im-
pression was confirmed by precipitation of monomers and tri-
mers prepared on sucrose density gradients (data not shown).

The 522-149, #45, and M90 antibodies, which are directed
against discontinuous C1 gp120 epitopes, precipitated the un-
cleaved gp130 glycoproteins efficiently (data not shown). Sim-
ilar results were obtained with the A32 antibody, which recog-
nizes a discontinuous C1–C4 gp120 epitope (data not shown).
As previously reported (59), the efficiency with which the
gp140(2) glycoprotein was precipitated by these antibodies
was somewhat decreased relative to that observed for the mix-
ture of sera from HIV-1-infected individuals (data not shown).

The recognition of the soluble glycoproteins by antibodies
that bind linear HIV-1 gp120 epitopes in the C1 region was

also examined. The 4D4#85 antibody, which recognizes an
epitope within residues 35 to 50 of gp120, efficiently precipi-
tated the gp120, gp130(CCG/GCN4), gp130(2/CCG/GCN4),
and gp120(2/GCN4) glycoproteins and precipitated the
gp140(2) glycoprotein less efficiently (Fig. 5B). The 133/290
and 135/9 antibodies recognize epitopes that span gp120 resi-
dues 61 to 70 and 111 to 120, respectively (45). These antibod-
ies only inefficiently precipitated faster-migrating, presumably
underglycosylated forms of the HIV-1 gp120 glycoprotein (Fig.
5B and data not shown), consistent with the findings of earlier
studies indicating the poor exposure of these linear epitopes on
native gp120 (31). The gp140(2) glycoprotein was not precip-
itated by these antibodies. The 133/290 and 135/9 antibodies
precipitated only the uncleaved, trimeric forms of the gp130
glycoprotein variants (Fig. 5B and data not shown). The mo-
nomeric, cleaved forms of the gp130 glycoproteins were not
recognized by these antibodies. The tendency of the 133/290
and 135/9 antibodies to precipitate the trimeric forms of the
gp130(2/CCG/GCN4) and gp130(CCG/GCN4) glycoproteins
preferentially over monomeric forms was even more pro-
nounced when sucrose density-purified fractions of these pro-
teins were tested (data not shown).

The recognition of the soluble glycoproteins by antibodies
that bind linear gp120 epitopes in the C5 region was also
examined. The 670-30D antibody, which recognizes an epitope
encompassing gp120 residues 498 to 504, precipitated all five
proteins efficiently (Fig. 5B) (61). A similar result was obtained
with the 1331A antibody, which is directed against the same C5
region (data not shown). The M91 and CRA-1 antibodies
recognize gp120 residues 461 to 470, which span the boundary
of the V5 and C5 regions (45). These antibodies precipitated
only faster-migrating, presumably less-glycosylated forms of
soluble gp120, consistent with the findings of previous studies
indicating that native gp120 is not recognized efficiently by
these antibodies (44). The gp140(2) glycoprotein was not pre-
cipitated by either antibody (Fig. 5B and data not shown). The
M91 and CRA-1 antibodies preferentially recognized the tri-
meric, uncleaved forms of the gp130 glycoproteins. This pref-
erence was confirmed by precipitation of monomeric and tri-
meric preparations of these glycoproteins purified on sucrose
gradients (data not shown).

Chemokine receptor binding. The ability of the gp130(2/
GCN4) and gp120 glycoproteins to bind CCR5-expressing cells
in the absence or presence of sCD4 was examined (Fig. 6).

FIG. 5. Recognition of the soluble HIV-1 envelope glycoprotein variants by monoclonal antibodies. Immunoprecipitation of the radiolabeled envelope glycopro-
teins was performed with a mixture of sera from HIV-1-infected individuals (patient sera) or with monoclonal antibodies. The precipitates were analyzed on
SDS-polyacrylamide gels under reducing conditions. (A) The envelope glycoproteins were precipitated by a panel of anti-gp120 monoclonal antibodies that recognize
discontinuous gp120 epitopes. The 39F antibody recognizes the gp120 V3 variable loop, the F91 antibody recognizes the gp120 CD4 binding site, and the 17b antibody
recognizes a CD4-induced gp120 epitope. (B) The envelope glycoproteins were precipitated by monoclonal antibodies against epitopes in the C1 and C5 regions of
gp120: a discontinuous epitope involving the C1 and C5 regions (C11), and linear gp120 epitopes within the first (C1) conserved region (4D4#85 and 135/9) or within
the fifth (C5) conserved region (670-30D and M91).
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Both glycoproteins bound CCR5-expressing cells in the pres-
ence of sCD4 but not in its absence. The binding of the gp120
glycoprotein was more efficient than that of the gp130(2/
GCN4) glycoprotein. Nonetheless, these results indicate that
the gp130(2/GCN4) glycoprotein retains the ability to bind
sCD4 and that CD4 binding enhances the ability to bind
CCR5.

DISCUSSION

Previous studies have produced soluble HIV-1 envelope gly-
coproteins lacking a transmembrane region and containing a
modified proteolytic cleavage site between gp120 and gp41 (4,
21, 23–25). These soluble glycoproteins were expressed in
mammalian cells using vaccinia virus vectors and were re-
ported to form dimers and tetramers (4, 21, 23–25). Equivalent
gp140(2) constructs made in this study from both the primary
YU2 and laboratory-adapted HXBc2 HIV-1 isolates were
mainly monomeric. The reasons for this difference are un-
known. The formation of gp140(2) oligomers may depend
upon the high levels of expression achieved by vaccinia virus
vectors; higher concentrations of the gp140(2) glycoproteins
could allow weak interactions favoring dimer and tetramer
formation.

In contrast to the gp140(2) glycoproteins, some of the sol-
uble gp130 glycoproteins created in this study form relatively
stable trimers. The functionally relevant form of the HIV-1
envelope glycoproteins is thought to be a trimer (10, 11, 26, 53,
55, 60). Several lines of evidence indicate that the gp130(2/
GCN4) molecules are trimeric. First, the gp130(2/GCN4) gly-
coprotein, but not the gp130(2) glycoprotein, reacts with the
DP178 peptide. The DP178 peptide intercalates into the hy-
drophobic grooves formed by a trimeric coiled coil (11, 12, 53,
55) but would not be expected to bind efficiently to dimeric or
tetrameric coiled coils. Second, the placement of the cysteine-
cysteine-glycine residues at gp41 positions 576 to 578 would
favor intersubunit disulfide bond formation only in the context
of a trimeric coiled coil (26). In dimeric or tetrameric coiled
coils, the distances between the Cb atoms of the cysteines
would be unfavorable for cross-linking of the subunits. Finally,
gel filtration analysis indicates that the molecular weight of the
gp130(2/GCN4) glycoprotein is consistent with that expected
for a trimer.

Our work provides insights into the factors that influence the
stability of soluble HIV-1 envelope glycoprotein trimers. These
insights, in addition to providing practical guidance for pro-
ducing tractable, soluble trimers, might also apply to the na-
tive, membrane-anchored envelope glycoprotein complex. The
extension of the N-terminal gp41 coiled coil by the trimeric
GCN4 sequence was required for the efficient production of
stable, soluble trimers. The success of this approach suggests
that, within the trimers, elements of the N-terminal coiled coil

are formed and participate in intersubunit contacts. This as-
sertion is supported by the observation that intersubunit disul-
fide bonds form when cysteines are placed in the d and e
positions of the N-terminal gp41 heptad repeat (26). These
positions are located on the inner, hydrophobic face of the
trimeric coiled coil and are separated by distances that are
acceptable for disulfide bond formation (11, 53, 55). That the
N-terminal gp41 coiled coil is well formed along its length in
the soluble gp130 trimers is supported by the ability of DP178,
which corresponds to the C-terminal a-helix in the gp41
ectodomain, to bind these oligomers. C-terminal a-helical
gp41 peptides have been shown to bind within a long hydro-
phobic groove created by the interaction of two N-terminal
gp41 helices in the trimeric coiled coil (10). The accommoda-
tion of the N-terminal gp41 coiled coil within a stable, soluble
trimer supports a model in which this coiled coil exists, at least
in part, within the complete HIV-1 envelope glycoprotein pre-
cursor and contributes to oligomerization. Disulfide bonds
among the trimer subunits form as a result of the introduction
of the cysteine pair at positions 576 and 577 of the complete
HIV-1 gp160 envelope glycoprotein precursor, further sup-
porting this model (26). Perhaps the coiled coil of the HIV-1
fusion protein, unlike that of influenza virus hemagglutinin,
does not need to undergo extensive conformational changes
from a precursor state in order to form (5, 9).

Besides the addition of trimeric GCN4 sequence, another
factor that exhibited a major influence on the stability of sol-
uble HIV-1 envelope glycoprotein trimers was proteolytic
cleavage at the gp120–gp41 junction. Regardless of the means
by which the trimer subunits were associated, including the
presence of covalent disulfide bonds in the gp41 subunit,
cleaved proteins were monomeric. This was unexpected be-
cause at least a portion of the cleaved, membrane-associated
HIV-1 envelope glycoproteins retains trimeric structure on
native virions. The basis for this difference is unknown, but it
may simply reflect the greater lability of soluble envelope gly-
coprotein trimers or, alternatively, it might be due to differ-
ences in the accommodation of the cleaved segments in the
two contexts.

In the case of the gp130(2/GCN4) and gp130(2/CCG/
GCN4) glycoproteins, a low level of proteolytic cleavage was
observed despite alteration of two basic residues N-terminal to
the cleavage site. It is uncertain whether cleavage occurred
precisely at the natural site in these mutants, although the
recognition of the cleaved gp120 glycoprotein by antibodies
against gp120 C-terminal regions was comparable to that of
wild-type gp120. Efforts to reduce the observed residual cleav-
age by further alteration of basic residues near the natural
cleavage site did not succeed (data not shown).

Covalent linkage of the trimeric subunits through disulfide
bond formation resulted in extremely stable oligomers that
remained associated on SDS-polyacrylamide gels run under
nonreducing conditions or in the presence of 1.5% b-ME.
Although covalent linkage was neither necessary nor sufficient
for the production of stable soluble trimers, it may prove useful
in circumstances where trimers are subjected to harsh condi-
tions.

During natural infection, the humoral response to the
HIV-1 envelope glycoproteins consists of both nonneutralizing
and neutralizing antibodies. Many of the nonneutralizing an-
tibodies appear to be generated against shed, monomeric
gp120 glycoproteins and do not bind efficiently to the func-
tional envelope glycoprotein trimer (48). The vast majority of
the gp120 epitopes, including all of the neutralization epitopes
examined, were present on the soluble gp130 trimers, where
their exposure was similar to that seen on the monomeric

FIG. 6. CCR5 binding of the soluble HIV-1 envelope glycoproteins. Equiv-
alent amounts of radiolabeled soluble envelope glycoproteins were incubated
with Cf2Th/synCCR5 cells in the absence or presence of sCD4. The bound
proteins were precipitated and analyzed on SDS-polyacrylamide gels, the auto-
radiographs of which are shown.
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gp120 glycoprotein. Differences between monomeric and tri-
meric envelope glycoproteins involved epitopes in the first
(C1) and fifth (C5) conserved regions of gp120, which have
been previously implicated in the interaction with gp41. The
C11 antibody, which recognizes a discontinuous gp120 epitope
with C1 and C5 components, precipitated the proteolytically
cleaved, monomeric forms of the soluble glycoproteins more
efficiently than any of the other antibodies studied. This is
consistent with the idea that the C11 antibody was generated to
a monomeric, soluble gp120 glycoprotein shed from virions or
infected cells during natural HIV-1 infection (45).

Recognition of the gp130 proteins by some antibodies di-
rected against linear C1 and C5 epitopes was actually increased
relative to recognition of the gp120 or gp140(2) monomers.
Previous studies of the native HIV-1 gp120 monomer sug-
gested that C1 and C5 sequences at the very N and C termini
of the protein, respectively, were well exposed, whereas more-
interior N- and C-terminal residues were less accessible to
antibodies (44, 45). This is consistent with the known involve-
ment of the interior C1 and C5 sequences in secondary struc-
tural elements of the gp120 core domains (37). In our study,
recognition of the mature, fully glycosylated gp120 monomer
by antibodies against interior C1 regions (residues 61 to 70 and
111 to 120) and an interior C5 region (residues 461 to 470) was
minimal (43). By contrast, these regions were accessible to
antibodies on the trimeric, but not the monomeric, forms of
the soluble gp130 glycoproteins. These observations suggest
that, in the formation of these trimers, the N- and C-terminal
regions of gp120 are extended into more-exposed conforma-
tions than those assumed in the gp120, gp140, and gp130
monomers. Interestingly, the influenza virus HA1 glycoprotein
N and C termini, which make extensive contacts with the HA2
transmembrane protein, also exhibit extended structures in the
trimeric hemagglutinin complex (13).

Another explanation for the differential recognition of the
monomers and trimers by the C1-directed antibodies 133/290
and 135/9 and by the C5-directed antibodies M91 and CRA-1
is a potential difference in the glycosylation of monomeric and
trimeric soluble glycoproteins. Although these antibodies did
not recognize the fully glycosylated gp120 monomer, they did
precipitate a faster-migrating form of gp120 that is presumably
incompletely glycosylated. It is possible that soluble trimers are
glycosylated differently than the monomeric proteins, contrib-
uting to better recognition by these antibodies.

Surprisingly, the formation of stable gp130 trimers was not
sufficient to render all of the nonneutralizing gp120 epitopes
inaccessible to antibodies. In fact, the linear C1 and C5
epitopes that are accessible only on the soluble gp130 trimers
are not thought to be available for antibody binding in the
context of the functional virion spike and, consequently, are
not neutralization targets. Some of these differences between
soluble gp130 glycoproteins and membrane-associated, native
envelope glycoprotein trimers may be due to the presence of
the glycosylated, C-terminal portion of the gp41 ectodomain or
the viral membrane in the latter. Alternatively, the soluble
gp130 glycoproteins may be trapped in a conformation differ-
ent from that normally assumed by the envelope glycoproteins
on the virion spike. Future studies of these and other issues will
be expedited by the availability of stable, tractable forms of
HIV-1 envelope glycoprotein trimers.
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