JOURNAL OF VIROLOGY, Aug. 2002, p. 7760-7776
0022-538X/02/$04.00+0 DOI: 10.1128/JV1.76.15.7760-7776.2002

Vol. 76, No. 15

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Oligomeric and Conformational Properties of a Proteolytically Mature,
Disulfide-Stabilized Human Immunodeficiency Virus Type 1 gp140
Envelope Glycoprotein

Norbert Schiilke,’ Mika S. Vesanen,” Rogier W. Sanders,*f Ping Zhu,”> Min Lu,* Deborah J. Anselma,’
Anthony R. Villa, Paul W. H. 1. Parren,” James M. Binley,’t Kenneth H. Roux,' Paul J. Maddon,'
John P. Moore,?> and William C. Olson'*

Progenics Pharmaceuticals Inc., Tarrytown, New York 10591'; Department of Microbiology and Immunology* and Department of

Biochemistry,* Weill Medical College of Cornell University, New York, New York 10021; Department of Biological Science and
Structural Biology Program, Florida State University, Tallahassee, Florida 32306 and Department of Immunology,

The Scripps Research Institute, La Jolla, California 92037°

Received 10 December 2001/Accepted 4 May 2002

We describe the further properties of a protein, designated SOS gp140, wherein the association of the gp120
and gp41 subunits of the human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein is stabilized by
an intersubunit disulfide bond. HIV-1;; ., SOS gp140, proteolytically uncleaved gp140 (gp140,y(), and gp120
were expressed in stably transfected Chinese hamster ovary cells and analyzed for antigenic and structural
properties before and after purification. Compared with gp140yc, SOS gp140 reacted more strongly in
surface plasmon resonance and radioimmunoprecipitation assays with the neutralizing monoclonal antibodies
(MAbs) 2G12 (anti-gp120), 2F5 (anti-gp41), and 17b (to a CD4-induced epitope that overlaps the CCRS5-
binding site). In contrast, gp140 displayed the greater reactivity with nonneutralizing anti-gp120 and
anti-gp41 MAbs. Immunoelectron microscopy studies suggested a model for SOS gp140 wherein the gp41
ectodomain (gp41;cro) occludes the “nonneutralizing” face of gp120, consistent with the antigenic properties
of this protein. We also report the application of Blue Native polyacrylamide gel electrophoresis (BN-PAGE),
a high-resolution molecular sizing method, to the study of viral envelope proteins. BN-PAGE and other
biophysical studies demonstrated that SOS gp140 was monomeric, whereas gp140,y comprised a mixture of
noncovalently associated and disulfide-linked dimers, trimers, and tetramers. The oligomeric and conforma-
tional properties of SOS gp140 and gp140\ were largely unaffected by purification. An uncleaved gp140
protein containing the SOS cysteine mutations (SOS gp140,,,) was also oligomeric. Surprisingly, variable-
loop-deleted SOS gp140 proteins were expressed (although not yet purified) as cleaved, noncovalently associ-
ated oligomers that were significantly more stable than the full-length protein. Overall, our findings have

relevance for rational vaccine design.

The native, fusion-competent form of the human immuno-
deficiency virus type 1 (HIV-1) envelope glycoprotein complex
is a trimeric structure composed of three gp120 subunits and
three gp41 subunits; the receptor-binding (CD4 and corecep-
tor) sites are located in the gpl120 moieties, and the fusion
peptides are located in the gp41 components (10, 33, 34, 52, 69,
78, 83). In the generally accepted model of HIV-1 fusion, the
sequential binding of gp120 to CD4 and a coreceptor induces
a series of conformational changes in the gp41 subunits, lead-
ing to the insertion of the fusion peptides into the host cell
membrane in a highly dynamic process (14, 31, 39, 59, 68, 72,
81, 84, 91). The associations between the six components of the
fusion-competent complex are maintained via noncovalent in-
teractions between gpl120 and gp41 and between the gp4l
subunits (52, 84). These interactions are relatively weak, mak-
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ing the fusion-competent complex unstable. This instability
perhaps facilitates the conformational changes in the various
components that are necessary for the fusion reaction to pro-
ceed efficiently, but it greatly complicates the task of isolating
the native complex in purified form. Put simply, the native
complex falls apart before it can be purified, leaving only the
dissociated subunits.

One reason it would be desirable to produce the native
HIV-1 envelope complex is to explore its potential as an im-
munogen, perhaps after modification to improve its exposure
of critical neutralization epitopes. The limited neutralizing-
antibody response to HIV-1 in infected people is directed at
the native complex and is probably raised against it (6, 40, 49,
51); P. W. H. L. Parren, D. R. Burton, and Q. J. Sattentau,
Letter, Nat. Med. 3:366, 1997). In contrast, the isolated sub-
units have not proven efficient at inducing relevant neutralizing
antibodies (reviewed in references 6, 49, and 51). We and
others are therefore attempting to make more-stable forms of
the envelope glycoprotein complex that better mimic the native
structure. Usually, these efforts have focused on making vari-
ous forms of soluble gp140 glycoproteins which contain gp120
but only the ectodomain of gp41 (4, 11, 13, 17, 19-21, 57, 66,
76, 85-87, 90).
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An approach to resolving the instability of the native com-
plex is to remove the cleavage site that naturally exists between
the gp120 and gp41 subunits. Doing so means that proteolysis
of this site does not occur, leading to the expression of gp140
glycoproteins in which the gp120 subunit is covalently linked to
the gp41 ectodomain (gp41sc-ro) by means of a peptide bond
(2, 3, 16-18). Such proteins can be oligomeric, sometimes
trimeric (11, 16-21, 54, 66, 85-87, 90). However, it is not clear
that they truly represent the structure of the native, fusion-
competent complex in which the gp120-gp41 cleavage site is
fully utilized. Hence the receptor-binding properties of un-
cleaved gp140 (gpl140ync) proteins tend to be impaired, and
nonneutralizing antibody epitopes are exposed on them that
probably are not accessible on the native structure (4, 6, 28, 60,
90).

We have taken an alternative approach to the problem of
gp120-gp41 instability, which is to retain the cleavage site but
to introduce a disulfide bond between the gp120 and gp41gcro
subunits (4, 57). Properly positioned, this intermolecular disul-
fide bond forms efficiently during envelope glycoprotein (Env)
synthesis, allowing the secretion of gpl40 proteins that are
proteolytically processed but in which the association between
the gp120 and gp41gcro subunits is maintained by the disul-
fide bond.

Here we show that the gp41-gp41 interactions are unstable
in the SOS gpl140 protein, which is expressed and purified
primarily as a monomer. In contrast, gp140yyc proteins—with
or without the SOS cysteine substitutions—are multimeric,
implying that cleavage of the peptide bond between gp120 and
gp4l destabilizes the native complex. Despite being mono-
meric, the purified and unpurified forms of SOS gp140 are
better antigenic structural mimics of the native, fusion-compe-
tent Env structure than are the corresponding gpl120 or
gpl40ync proteins. This may be because the presence and
orientation of gp4lgcro occludes certain nonneutralization
epitopes on SOS gp140 while preserving the presentation of
important neutralization sites. This explanation is consistent
with immunoelectron microscopy studies of the protein. Un-
expectedly, proteolytically mature, but variable-loop-deleted,
SOS gp140 glycoproteins have enhanced oligomeric stability,
so these molecules warrant further study for their structural
and immunogenic properties.

MATERIALS AND METHODS

Plasmids. The pPPI4 eukaryotic expression vectors encoding SOS and un-
cleaved forms of HIV-1;g gy gp140 have been described previously (4, 72). The
SOS gp140 protein contains cysteine substitutions at residues A501 in the C5
region of gp120 and T605 in gp41 (4, 57). In gpl40ync, the sequence KRRV-
VQREKRAYV at the junction between gp120 and gp41gcro has been replaced
with a hexameric Leu-Arg motif to prevent scission of gp140 into gp120 and
gp4lpcro (4). Plasmids encoding variable-loop-deleted forms of HIV-1yg gy
SOS gp140 have been described (57). In these constructs, the tripeptide GAG is
used to replace V1 loop sequences (D133-K155) and V2 loop sequences (F159-
1194), alone or in combination. The SOS gp140y ¢ protein contains the same
cysteine substitutions that are present in SOS gp140, but the residues REKR at
the gp120-gp41gcro cleavage site have been replaced by the sequence IEGR, to
prevent gpl40 cleavage. Relative to the GenBank HIV-1,; g env sequence
(accession no. AAB05604), the gp140 proteins contained a K668N substitution
near the carboxy terminus of the molecules, consistent with the consensus sub-
type B sequence. The furin gene (71) was expressed from plasmid
pcDNA3. 1furin (4).

MAbs and CD4-based proteins. The following anti-gp120 monoclonal anti-
bodies (MAbs) were used: IgG1b12 (against the CD4 binding site [7]), 2G12
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(against a unique C3-V4 glycan-dependent epitope [75]), 17b (against a CD4-
inducible epitope [70]), 19b (against the V3 loop [42]), and 23A (against the C5
region [41]). The anti-gp41 MAbs were 2F5 (against an epitope centered on the
sequence ELDKWA [44, 48, 93]) and 2.2B (against epitope cluster II). MAbs
I1gG1b12, 2G12, and 2F5 are broadly neutralizing (74). MAb 17b weakly neu-
tralizes diverse strains of HIV-1, more so in the presence of soluble CD4 (70),
whereas the neutralizing activity of MAb 19b against primary isolates is limited
(73). MAbs 23A and 2.2B are nonneutralizing. Soluble CD4 (sCD4) and the
CD4-based molecule CD4-IgG2 have been described elsewhere (1).

HIV-1 gp140 and gp120 glycoproteins. To create stable cell lines that secrete
full-length HIV-1; g SOS gpl40 or AV1V2 SOS gp140, we cotransfected
DXB-11 dihydrofolate reductase-negative Chinese hamster ovary (CHO) cells
with pcDNA3.1furin and either pPPI4-SOS gp140 (4) or pPPI4-AV1V2#x SOS
gpl140 (57), respectively, using the calcium phosphate precipitation method.
Doubly transformed cells were selected by passaging the cells in nucleoside-free
a-minimum essential medium containing 10% fetal bovine serum, Geneticin
(Life Technologies, Rockville, Md.), and methotrexate (Sigma, St. Louis, Mo.).
The cells were amplified for gp140 expression by stepwise increases in metho-
trexate concentration, as described elsewhere (1). Clones were selected for SOS
gp140 expression, assembly, and endoproteolytic processing based on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blot analyses of culture supernatants. CHO cells expressing SOS gp140nc Were
created using similar methods, except that pcDNA3.1furin and Geneticin were
not used. Full-length SOS gp140 was purified from CHO cell culture superna-
tants by Galanthus nivalis lectin affinity chromatography (Sigma) and Superdex
200 gel filtration chromatography (Amersham-Pharmacia, Piscataway, N.J.), as
described elsewhere (72). The gpl40ync glycoprotein was purified by lectin
chromatography only. The concentration of purified Envs was measured by UV
spectroscopy as described previously (61) and was corroborated by enzyme-
linked immunosorbent assay and densitometric analysis of SDS-PAGE gels.
Recombinant HIV-1;g gy, HIV-1; 55, and HIV-1y, gp120 glycoproteins were
produced using methods that have been previously described (72, 81).

Where indicated, HIV-1 envelope glycoproteins were transiently expressed in
adherent 293T cells by transfection with Env- and furin-expressing plasmids, as
described previously (4). For radioimmunoprecipitation assays, the proteins were
metabolically labeled with [**S]cysteine and [**S]methionine for 24 h prior to
analysis.

SDS-PAGE, radioimmunoprecipitation, Blue Native PAGE, and Western blot
analyses. SDS-PAGE analyses were performed as described elsewhere (4). Re-
duced and nonreduced samples were prepared by boiling for 2 min in Laemmli
sample buffer (62.5 mM Tris-HCI [pH 6.8], 2% SDS, 25% glycerol, 0.01%
bromophenol blue) in the presence or absence, respectively, of 50 mM dithio-
threitol (DTT). Protein purity was determined by densitometric analysis of the
stained gels followed by the use of ImageQuant software (Molecular Devices,
Sunnyvale, Calif.). Radioimmunoprecipitation assays (RIPAs) were performed
on Env-containing cell culture supernatants, as previously described (4, 57).

Blue Native (BN)-PAGE was carried out with minor modifications to the
published method (62, 63). Thus, purified protein samples or cell culture super-
natants were diluted with an equal volume of a buffer containing 100 mM
4-(N-morpholino)propane sulfonic acid (MOPS), 100 mM Tris-HCI, pH 7.7,
40% glycerol, 0.1% Coomassie blue, just prior to loading onto a 4 to 12%
Bis-Tris NuPAGE gel (Invitrogen). Typically, gel electrophoresis was performed
for 2 h at 150V (~0.07A) using 50 mM MOPS, 50 mM Tris, pH 7.7, 0.002%
Coomassie blue as cathode buffer, and 50 mM MOPS, 50 mM Tris, pH 7.7 as
anode buffer. When purified proteins were analyzed, the gel was destained with
several changes of 50 mM MOPS, 50 mM Tris, pH 7.7 subsequent to the
electrophoresis step. Typically, 5 g of purified protein were loaded per lane.

For Western blot analyses, gels and polyvinylidene difluoride (PVDF) mem-
branes were soaked for 10 min in transfer buffer (192 mM glycine, 25 mM Tris,
0.05% SDS [pH 8.8] containing 20% methanol). Following transfer, PVDF
membranes were destained of Coomassie blue dye using 25% methanol and 10%
acetic acid and air dried. Destained membranes were probed using the anti-V3
loop MAb PA1 (Progenics) followed by horseradish peroxidase-labeled anti-
mouse immunoglobulin G (IgG) (Kirkegaard & Perry), each used at a final
concentration of 0.2 wg/ml. Luminometric detection of the envelope glycopro-
teins was obtained with the Renaissance Western blot Chemiluminescence Re-
agent Plus system (Perkin-Elmer Life Sciences, Boston, Mass.). Bovine serum
albumin (BSA), apo-ferritin, and thyroglobulin were obtained from Amersham
Biosciences (Piscataway, N.J.) and used as molecular mass standards.

Matrix-assisted laser desorption ionization—time-of-flight (MALDI-TOF)
mass spectrometry. Proteins were dialyzed overnight against water prior to
analysis. Where indicated, SOS gp140 (1 mg/ml) was reduced with 10 mM DTT
(Sigma), after which iodoacetamide (Sigma) was added to a final concentration
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of 100 mM, before dialysis. The samples were mixed with an equal volume of
sinapinic acid matrix solution, dried at room temperature, and analyzed by
MALDI-TOF mass spectrometry (37). MALDI-TOF mass spectra were acquired
on a PerSeptive Biosystems Voyager-STR mass spectrometer with delayed ex-
traction. Samples were irradiated with a nitrogen laser (Laser Science Inc.)
operated at 337 nm. Ions produced in the sample target were accelerated with a
deflection voltage of 30,000 V.

Sedimentation equilibrium analysis. Sedimentation equilibrium measure-
ments were performed on a Beckman XL-A Optima analytical ultracentrifuge
with an An-60 Ti rotor at 20°C. Protein samples were dialyzed overnight into run
buffer (50 mM sodium phosphate, 150 mM NacCl [pH 7.0]) diluted to 0.15, 0.30,
and 0.60 mg/ml and centrifuged in a six-sector cell at rotor speeds of 6,000 and
9,000 rpm. Data were acquired at two wavelengths per rotor speed and were fit
using the program NONLIN to a single species model of the natural logarithm
of the absorbance versus radial distance squared (29). Solvent density and pro-
tein partial specific volume were calculated according to solvent and protein
composition, respectively (36).

Size exclusion chromatography. Purified, CHO cell-expressed SOS gp140,
gp140yne, and gp120 proteins were analyzed by size exclusion chromatography
on a TSK G3000SWy;_ high-performance liquid chromatography column (Toso-
Haas, Montgomeryville, Pa.) using phosphate-buffered saline as the running
buffer. The protein retention time was determined by monitoring the UV absor-
bance of the column effluent at a wavelength of 280 nm. The column was
calibrated using ferritin as a model protein that exists in oligomeric states of 220,
440, and 880 kDa (24).

Surface pl r e ements. A Biacore X optical biosensor was
used. Each MAb was immobilized at 8,000 to 10,000 resonance units by the
amine coupling method to a CMS sensor chip, according to the manufacturer’s
instructions (Biacore, Inc., Piscataway, N.J.). A reference surface (lacking anti-
body) was used as a background control. Binding experiments were performed at
25°C in HSB-EP buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA,
0.005% [vol/vol] Surfactant P20). Purified Envs (25 nM) were run over the test
and control chips at a flow rate of 30 wl/min, whereas CHO cell culture super-
natants (~5 nM Env) were analyzed at 10 pl/min. To study the exposure of
CD4-induced epitopes, sCD4 was added to the envelope glycoproteins at an
8-molar excess concentration for at least 1 h prior to analysis. The sensor surface
was regenerated with a short pulse of 3.5 M MgCl,.

Immunoelectron microscopy. Immunoelectron-microscopic analyses of SOS
gp140 and gp120 alone and in complex with MAb, MAD fragments, and sCD4
were performed by negative staining with uranyl formate as previously described
(55, 56). The samples were examined on a JEOL JEM CX-100 electron micro-
scope and photographed at a magnification of 100,000 diameters.

Immune complex image digitalizing and averaging. The electron micrographs
of immune complex images were digitalized on an AGFA (Ridgefield Park, N.J.)
DUOSCAN T2500 negative scanner at a scanning resolution of 2,500 pixels per inch.
Potentially informative complexes were selected and windowed as 256- by 256-pixel
images. Approximately 500 randomly oriented examples of each complex combina-
tion were windowed, brought into alignment, and then averaged using the SPIDER
software package (23). Windowed images were first normalized by scaling to adjust
the image pixel values to a mean of 1. Complexes were then centered and masked
for an alignment through classification (multiple references [multireference] align-
ment [23]). For this alignment procedure, the particles were first assigned to six
classes using k-means clustering (23). The images in each class were then averaged,
and the six class averages were taken as the multireference for the realignment of all
of the original windowed complexes. Complexes with mirrored (inverted) orienta-
tion were automatically righted for averaging. The newly aligned complexes were
then reclassified, and class averages were calculated as the new references. All of the
complexes were then realigned based on the new multiple references. The classifi-
cation and multireference alignment processes were repeated until no further im-
provement was evident.

For image subtraction comparisons, a threshold value was first applied to the
averaged images. They were then manually aligned for best fit, and one image
was subtracted from the other.

Molecular modeling. The SwissPDBviewer program (25) and Viewerlite soft-
ware (Accelrys, Inc., San Diego, Calif.) were used to enhance the electron
microscopy-based interpretations and to investigate the likely location of the
gp41 domain in SOS gp140.

RESULTS

Assembly and cleavage of purified SOS gp140. We have
previously described the antigenic properties of unpurified
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FIG. 1. SDS-PAGE analysis of purified HIV-1; . SOS gp140,
gp140ynce, and gp120 proteins. CHO cell-expressed proteins (0.5 pg)
in Laemmli sample buffer with (reduced) or without (non-reduced) 50
mM DTT were resolved on a 3 to 8% polyacrylamide gradient gel.

l

HIV-1,5_ g SOS gp140 proteins produced via transient trans-
fection of 293T cells (4). To facilitate preparation of larger
amounts of this protein for evaluation in purified form, we
constructed a stable CHO cell line that expresses both SOS
gp140 and human furin. Heterologous furin was expressed to
facilitate efficient proteolytic processing of SOS gp140 (4).

The SOS gp140 protein was purified from CHO cell super-
natants to >91% homogeneity as determined by SDS-PAGE
and densitometric analysis of the nonreduced protein (Fig. 1,
lane 8). Only minor amounts of free gp120 were present in the
SOS gp140 preparation, indicating that the intersubunit disul-
fide bond remained substantially intact during purification. No
high-molecular-mass SOS gp140 oligomers or aggregates were
observed (Fig. 1, lane 8). Under nonreducing conditions, SOS
gp140 migrated as a predominant 140-kDa band. The major
contaminant was bovine alpha 2-macroglobulin, which mi-
grates as a ~170-kDa band on a reducing SDS-PAGE gel (Fig.
1, lane 3) and can be eliminated by adaptation of the CHO cell
line to serum-free culture (unpublished results). Upon reduc-
tion with DTT, the purified SOS gp140 protein migrated as a
predominant 120-kDa band, with a minor (~14%) fraction of
the 140-kDa band present (Fig. 1, lane 3). These data indicated
that approximately 86% of the SOS gp140 protein was proteo-
lytically processed.

The HIV-1,, g gpl40ync protein was expressed in CHO
cells using similar methods, although without cotransfected
furin, and was also obtained at ~90% purity. It too contained
alpha 2-macroglobulin as the major contaminant, but no free
gp120 was detectable (Fig. 1, lanes 4 and 9). In the absence of
DTT, alpha 2-macroglobulin migrates as a ~350-kDa dimer
and is not clearly resolved from gp140 ¢ oligomers (Fig. 1,
lane 9). Under nonreducing conditions, bands consistent with
gp140ne monomers (140 kDa), dimers (280 kDa), and trim-
ers (420 kDa) were observed in roughly equal amounts (Fig. 1,
lane 9). These proteins were reactive with anti-gp120 MAbs in
Western blot analysis (data not shown). When treated with
DTT, gp140ync gave rise to an intensified monomer band at
140 kDa and an alpha 2-macroglobulin monomer band at
~170 kDa; but gp140 oligomers were absent (Fig. 1, compare
lanes 4 and 9). Thus, disulfide-linked, reducible oligomers
comprise half or more of the gp140nc preparation. Compa-
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rable amounts of reducible oligomers have been observed in
gp140yne protein preparations derived from subtype A, B,
and E viruses, with minor strain-to-strain differences (46, 67).
Reducible gp160 oligomers of this type have been proposed to
contain aberrant intermolecular disulfide bonds (46). If so, at
least some of the oligomers present in gp140,nc preparations
represent misfolded protein aggregates.

Biophysical properties of purified SOS gp140. (i) Matrix-
assisted laser desorption ionization mass spectrometry. This
technique was used to determine the absolute molecular
masses of HIV-1; 1 gp120 and SOS gp140. The measured
molecular masses were 121.9 kDa for SOS gp140 and 91.3 kDa
for gp120. Reduced SOS gp140 gave rise to a small peak of
uncleaved gp140 at 118.5 kDa, a gp120 peak at 91.8 kDa, and
a gp4lscro peak at 27 kDa. Differences in glycosylation be-
tween cleaved and uncleaved SOS gp140 proteins could ac-
count for the 3.4-kDa difference in their measured masses. A
difference of ~0.5 kDa was observed in the mass of gp120
when expressed alone and in the context of SOS gp140. This
difference is not significant but rather is within the range of
assay variation for a heavily glycosylated protein. The mea-
sured mass of HIV-1;; & gp120 is comparable to previously
reported molecular masses of CHO cell-expressed HIV-1554
gp120 (91.8 kDa) and Drosophila cell-expressed HIV-1y, 6,
gp120 (99.6 kDa) (30, 45). The anomalously high molecular
masses (~120 and ~140 kDa, respectively [Fig. 1]) observed
for gp120 and SOS gp140 by SDS-PAGE reflect the high car-
bohydrate content of these proteins. The extended structure of
the glycans and their poor reactivity with the dodecyl sulfate
anion retard the electrophoretic migration of the glycoproteins
through SDS-PAGE gel matrices (30).

(ii) Ultracentrifugation. Sedimentation equilibrium mea-
surements were used to examine the oligomeric state of puri-
fied SOS gp140. Over protein concentrations ranging from 0.15
to 0.60 mg/ml, the apparent molecular mass of SOS gp140 was
consistently found to be 155 kDa (Fig. 2A). Hence, the purified
SOS gp140 protein is monomeric in solution. There was no
systematic dependence of molecular mass on protein concen-
tration over the range studied, since the molecular masses were
all within 15% of those calculated for an ideal monomer.
However, the residuals (the difference between the data and
the theoretical curve for a monomer) deviated from zero in a
systematic fashion (Fig. 2A), suggesting the presence of small
amounts of oligomeric material. The difference in molecular
masses observed using mass spectrometry (122 kDa) and sed-
imentation equilibrium (155 kDa) may reflect imprecisions in
the latter technique. In particular, the uncertain composition
of the SOS gp140 glycans introduces an error of this magnitude
into calculations of the molecule’s partial specific volume.
However, this issue does not obscure our chief conclusion that
the SOS gp140 protein is a monomer.

(iii) Analytical gel filtration chromatography. Purified
HIV-1,g g SOS gp140, gp140ne, and gpl20 proteins were
also examined using size exclusion chromatography. Mono-
meric gp120 eluted with a retention time of 6.24 min and an
apparent molecular mass of ~200 kDa (Fig. 2B). The appar-
ently large size of this protein reflects the extended structures
of its carbohydrate moieties. The retention time (5.95 min) and
apparent molecular mass (~220 kDa) of the SOS gp140 pro-
tein are consistent with it being a monomer that is slightly
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larger than gp120. In contrast, the gp140,nc protein eluted at
4.91 min as a broad peak with an average molecular mass of
>500 kDa, which is consistent with it comprising a mixture of
oligomeric species. Although the chromatogram suggests the
existence of multiple species in the gp140,n preparation, this
gel filtration technique cannot resolve mixtures of gpl40
dimers, trimers, and tetramers.

(iv) Blue Native polyacrylamide gel electrophoresis. BN-
PAGE was used to examine the oligomeric state of the purified
SOS gp140 and gp140ync proteins. In BN-PAGE, most pro-
teins are fractionated according to their Stokes radius (62, 63).
We first applied this technique to a model set of soluble pro-
teins, including gp120 alone and in complex with sCD4 (Fig.
2C). The model proteins included thyroglobulin and ferritin,
which naturally comprise a distribution of noncovalent oli-
gomers of various sizes. The oligomeric states of these multi-
subunit proteins, as determined by BN-PAGE, are similar to
those observed using other nondenaturing techniques (24, 77).
BSA exists as monomers, dimers, and higher-order species in
solution (35); the same ladder of oligomers was observed in
BN-PAGE. Not surprisingly, the gp120/sCD4 complex, which
has an association constant in the nanomolar range (1), re-
mained intact during BN-PAGE analysis.

The purified SOS gp140 protein was largely monomeric by
BN-PAGE (Fig. 2D), although a minor amount (<10%) of
dimeric species was also observed. The purified gp140 ¢ pro-
tein migrated as well-resolved dimers, trimers, and tetramers,
with trace amounts of monomer present (Fig. 2D). The
gp140 e dimer represented the major oligomeric form of the
protein present under nondenaturing conditions. Although tet-
rameric gpl40 e is a distinct minor species on BN-PAGE
gels (Fig. 2D), it is absent from nonreduced SDS-PAGE gels
(Fig. 1). Upon treatment with SDS and heat, the gpl40ync
tetramers probably revert to lower-molecular-weight species,
such as monomers and/or disulfide-linked dimers. As expected,
HIV-1,g_ g gp120 migrated as a predominant 120-kDa mono-
meric protein. BN-PAGE analyses of unpurified gp140 pro-
teins are described below (see Fig. 7).

Overall, ultracentrifugation, gel filtration, and BN-PAGE
analyses were in excellent agreement as to the oligomeric
states of these purified Env proteins. BN-PAGE, however, was
the only method capable of clearly resolving the mixture of
oligomeric species contained in the gp140c preparation.

Immunoelectron microscopy of SOS gp140. (i) SOS gp140
and SOS gp140-MAb complexes. In the absence of antibodies,
the electron micrographs revealed SOS gp140 to be mostly
monomeric, randomly oriented, and multilobed (Fig 3A).
Qualitatively similar images were obtained with HIV-1;; 1.
gp120 (data not shown), and the two proteins could not be
clearly distinguished in the absence of MAbs or other means of
orienting the images.

Electron micrographs were also obtained of SOS gp140 in
complex with MAbs 2F5 (Fig. 3B), IgG1b12 (Fig. 3C), and
2G12 (Fig. 3D). To aid in interpretation, the complexes were
masked and rotated such that the presumptive Fc of the MAb
points downward. Schematic diagrams are also provided for
each complex in order to illustrate the basic geometry and
stoichiometry observed. In each case, the complexes shown
represent the majority or plurality species present. However,
other species, such as free MAb and monovalent MAb-SOS
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FIG. 2. Biophysical analyses of purified, CHO cell-expressed HIV-1,5 g envelope glycoproteins. (A) Sedimentation equilibrium studies of SOS
gp140 indicate that it is monomeric in solution. Representative data (open circles) obtained at a rotor speed of 9,000 rpm and a protein concentration
of 0.6 mg/ml are plotted as In(absorbance) versus the square of the axis of rotation. The slope is proportional to the molecular weight of the protein
oligomer. Dashed lines with increasing slopes indicate, respectively, the predicted data for monomeric (1), dimeric (2), and trimeric (3) states of the
protein. Deviations from the calculated values are plotted as residuals in the upper portion of the figure. (B) Analytical size exclusion chromatography.
Purified SOS gp140, gp140nc, and gp120 proteins were resolved on a TSK G3000SWy, column in phosphate-buffered saline, and their retention times
were compared with those of known molecular mass (MW) standard proteins of 220, 440, and 880 kDa (arrowed). The main peak retention time of SOS
gp140 (5.95 min) is consistent with it being a monomer that is slightly larger than monomeric gp120 (retention time, 6.24 min), whereas gp140ync
(retention time, 4.91 min) migrates as an oligomeric species. (C) The oligomeric status of pure standard proteins, thyroglobulin, ferritin, and albumin,
were compared with gp120 and gp120 in complex with soluble CD4 using BN-PAGE. The proteins were visualized on the gel using Coomassie blue.
(D) BN-PAGE analysis of CHO cell-derived, purified HIV-1; g gp120, SOS gp140, and gp140ync glycoproteins.

gp140 complexes, were also present in each sample (data not and up to two SOS gp140s (Fig. 3B and C). The complexes
shown). adopted the characteristic Y-shaped antibody structure, with a

When combined with IgG1b12 or 2F5, SOS gp140 formed variable angle between the Fab arms of the MAb. In contrast,
rather typical immune complexes composed of a single MAb the 2G12-SOS gp140 complexes produced strikingly different



VoL. 76, 2002 DISULFIDE-STABILIZED HIV-1 gp140 GLYCOPROTEIN 7765

FIG. 3. Negative-stain electron micrographs of SOS gp140 alone (A) and in complex with MAbs (B to F). Bar, 40 nm. In panels B to F, the
panels were masked and rotated so that the presumptive Fc of the MAD is oriented downward. When multiple MAbs were used, the presumptive
Fc of MAD 2F5 is oriented downward. In panels B to F, interpretative diagrams are also provided to illustrate the basic geometry and stoichiometry
of the immune complexes. SOS gp140, intact MADb, and F(ab)', are illustrated by ovals, Y-shaped structures, and V-shaped structures, respectively,
in the schematic diagrams, which are not drawn to scale. The MAbs used are as follows: 2F5 (B), IgG1b12 (C), 2G12 (D), MAb 2F5 plus F(ab’),
IgG1b12 (E), and MAD 2F5 plus MAb 2G12 (F).
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SOS gp140

17b

sCD4 ",v

FIG. 4. Individual, averaged and subtracted electron micrographs of SOS gp140 and gp120 in complex with sCD4 and MAb 17b. Panels A and
B are individual electron micrographs of ternary complexes of SOS gp140 (A) and YU2 gp120 (B). The Fc region of MAb 17b is aligned downward.
Panels C and F are averaged electron micrographs of ternary complexes of SOS gp140 (C) and gp120 (F). Panels D and G are masked and averaged
electron micrographs of the SOS gp140 complex (D) and the gp120 complex (G). Panel E represents the density remaining upon subtraction of
the gp120 complex (G) from the gp140 complex (D). In panels D and E, the arrow indicates the area of greatest residual density, which represents
the presumptive gp41gcro moiety that is present in SOS gp140 but not in gp120. Panel H indicates the outline of the gp120 complex (G) overlaid
upon a ribbon diagram of the X-ray crystal structure of the gp120 core in complex with sCD4 and the 17b Fab fragment (PDB code 1GC1) (33).
The gp120 complex was enlarged to facilitate viewing. Bar, 40 nm (A to G) or 10 nm (H).




VoL. 76, 2002

images (Fig. 3D). Y-shaped complexes comprising two distinct
Fab arms with bound SOS gp140s were rare. Instead, the
2G12-SOS gp140 images were highly linear and appeared to
represent one MAb bound to two SOS gp140 proteins aligned
in parallel. Similar structures were observed less frequently for
2G12 in a complex with HIV-1;; . gpl20, but not with
HIV-1y, gpl20 (data not shown). We suspect that the par-
allel alignment of the SOS gp140s forces the two Fab arms into
similar alignment, resulting in an overall linear structure.
These complexes are unprecedented in our immunoelectron
microscopy studies of Env-MAb complexes (55, 56, 92; K. H.
Roux, unpublished observations). One hypothesis is that 2G12
binds to HIV-1; i gp120 and SOS gp140 in an orientation
that promotes residual weak gp120-gp120 and/or gp41-gp41
interactions, which then stabilize the complex in the parallel
configuration observed. Additional studies are ongoing to fur-
ther explore this finding.

Combinations of these well-characterized MAbs were used
to examine the relative placement of their epitopes on SOS
gp140. In the first combination, SOS gp140-2F5-IgG1b12, mul-
tiple ring structures were observed which appeared to be com-
posed of two SOS gp140 proteins bridged by two antibody
molecules (data not shown). To distinguish between the 2F5
and IgG1b12 MAbs, we examined complexes formed between
IgG1b12 F(ab’),, SOS gp140, and the intact 2F5 MAb. Char-
acteristic ring structures were again observed (Fig. 3E). The
ring complexes were then subjected to computational analysis
using the SPIDER program package to yield several categories
of averaged images (data not shown). The MAb 2F5 and
IgG1b12 F(ab’), components can be clearly delineated in the
images, as can the SOS gp140 molecule. When bound to a
given SOS gp140 molecule, the Fab arms of 2F5 and IgG1b12
lie at approximately right angles, as indicated in the schematic
diagram (Fig. 3E).

In marked contrast to the IgG1b12-containing ternary com-
plexes, those composed of SOS, 2F5, and 2G12 formed ex-
tended chains rather than closed rings (Fig. 3F). These obser-
vations place the 2F5 and 2G12 epitopes at opposite ends of
the SOS gp140 molecule. There was significant heterogeneity
in the stoichiometry of the 2F5/2G12/SOS gp140 complexes,
just one example of which is indicated in the schematic dia-
gram.

(ii) Immunoelectron microscopy of SOS gp140 and gp120 in
complex with sCD4 and MAb 17b. In an effort to further
characterize the topology of SOS gp140, we reacted it with
MAD 17b and/or sCD4. We generated the corresponding YU2
gp120 complexes for comparison. As expected, the combina-
tion of MAD 17b plus SOS gp140 or gp120 alone did not form
complexes, consistent with the need for sCD4 to induce the
17b epitope. Similarly, unremarkable complexes were obtained
when sCD4 was mixed with SOS gp140 or gp120 in the absence
of MADb 17b (data not shown). However, complexes with
clearly defined geometry were obtained for sCD4/Env/17b
(Fig. 4A and B).

These complexes were composed of 17b with one or two
attached SOS gp140s or gpl20s, together with tangentially
protruding sCD4 molecules. These complexes were then sub-
jected to computer-assisted averaging (Fig. 4C and F). The
free arm and the Fc region of MAb 17b were disordered in
these images due to the flexibility of the MADb, so the averaged
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images, based on multireference alignment (23), were masked
to highlight the better-resolved sCD4, Env, and 17b Fab struc-
tures (Fig. 4D and G). The gp120 and SOS gp140 images were
qualitatively similar, but an image subtraction of one from the
other revealed the presence of additional mass on the SOS
gp140 protein (arrowed in Fig. 4D and E). For this process, a
threshold cutoff value was first applied to the averaged SOS
gp140/sCD4/17b (Fig. 4D) and gp120/sCD4/17b (Fig. 4G) im-
ages. The two profiles were then manually aligned for best fit,
and the image of the gp120 complex was subtracted from that
of the SOS gp140 complex. This additional mass may represent
gp4lgcro, although we cannot strictly exclude other explana-
tions, such as differences in the primary sequence and/or gly-
cosylation of the gp120 and SOS gp140 proteins used. The
resolution of the technique does not enable us to estimate the
molecular weight of the additional mass. Moreover, a signifi-
cant portion of the gp4lg.ro moiety of SOS gpl140 could
reside “under” gp120 and thus be hidden in the image.

In order to orient the putative gp41.-ro moiety in relation
to the remaining structures seen in the electron micrographs,
the X-ray structure of the gpl120 core in complex with the
D1D2 domain of sCD4 and Fab 17b (33) was docked, using
Program O, into the profile map obtained for the sCD4/gp120/
MADb 17b complex (Fig. 4H). Given that there are differences
in the gp120 (whole versus core) and CD4 (four-domain versus
two-domain) molecules used for the electron microscopy and
crystallization studies, there is reasonable agreement in the
overall topology of the structures generated.

This agreement in structures (Fig. 4H) enabled us to posi-
tion the putative gp4lzcro moiety in relation to the core
gp120 structure (Fig. 5). The previously defined neutralizing,
nonneutralizing, and silent faces of gp120 (41, 83) are illus-
trated, as are the IgG1b12 (58) and 2G12 (83) epitopes. Ac-
cording to this model, the gp41lz-ro moiety recognized by
MAD 2F5 is located at ~90° relative to the IgG1b12 epitope
and ~180° from the 2G12 epitope (Fig. 5B). This model is in
broad agreement with the independently derived electron mi-
croscopy images of the complexes formed between SOS gp140
and combinations of these MAbs (Fig. 3E and F). This putative
placement of gp41z-ro would cause it to largely occlude the
nonneutralizing face of gp120, a result that is consistent with
the MAD reactivity patterns observed for SOS gp140 both here
and elsewhere (4).

Antigenic properties of unpurified SOS gpl140 and
gp140nc proteins. (i) RIPAs. RIPA was used to determine
whether the antigenicity of HIV-1;_ & SOS gp140 differed
when the protein was expressed in stably transfected CHO cells
from what was observed previously when the same protein was
expressed in transiently transfected 293T cells (4). The SOS
gp140 proteins in unpurified supernatants expressed from
CHO cells were efficiently recognized by neutralizing agents to
gp120 epitopes located in the C3/V4 region (MAb 2G12), the
CD#4 binding site (the CD4-IgG2 molecule), and the V3 loop
(MAD 19b) (data not shown). In addition, the conserved CD4-
induced neutralization epitope defined by MAb 17b was
strongly induced on SOS gp140 by sCD4. SOS gp140 was also
efficiently immunoprecipitated by the broadly neutralizing
gp41 MAD 2F5. In contrast, SOS gp140 was largely unreactive
with the nonneutralizing MAbs 23A and 2.2B to gp120 and
gp41, respectively (data not shown). These findings are consis-
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FIG. 5. Models indicating the approximate location of gp41gcr in relation to gp120 as derived from electron microscopy data of SOS gp140.
(A) Presumptive location of gp41gcro (represented by the blue oval) in relation to the X-ray crystal structure of the gp120 core (green, silent face;
red, neutralizing face; lavender, nonneutralizing face [41, 83]) in complex with sCD4 (orange) and Fab 17b (dark blue) (PDB code 1GC1) (33).
(B) Surface rendering of the gp120 core with faces colored as above. Also indicated are the key residues of the IgG1b12 (58) (purple) and 2G12
(83) (yellow) epitopes. The image of the gp120 core in panel B is rotated 60° to the right about the vertical axis and 15° upward about the horizontal

axis with respect to panel A.
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tent with our previous observations (4) and indicate that CHO
and 293T cell-derived HIV-1;_;; SOS gp140 proteins possess
similar antigenic properties.

Relatively minor amounts of free gp120 were observed in
the unpurified SOS gp140 CHO cell supernatants (data not
shown), as reported previously for 293T-derived material (4).
This free gpl120 was preferentially recognized by MAb 23A,
suggesting that its C5 epitope is largely obscured in SOS gp140
(data not shown). This is consistent with the electron micros-
copy-derived topology model described above (Fig. 5B) and
with what is known about the gp120-gp41 interface (27, 41, 82).
As with 293T-derived material (4), processing of SOS gp140 at
the gp120-gp41 cleavage site was efficient in CHO cells, as
determined by RIPAs performed under reducing and nonre-
ducing conditions (data not shown). Similar levels of assembly
and proteolytic processing were observed when unpurified
SOS gp140 was analyzed by Western blotting rather than RIPA
(data not shown). Thus, the folding, assembly, and processing
of this protein appear to be largely independent of the cell line
used for its production.

(ii) SPR assays. Surface plasmon resonance (SPR) was used
to further characterize the antibody- and receptor-binding
properties of unpurified, CHO cell-expressed SOS gp140 and
gpl140 N proteins. A comparison of results obtained using
SPR and RIPA with the same MADs allows us to determine if
the antigenicity of these proteins is method dependent.
Whereas SPR is a kinetically limited procedure that is com-
pleted in one or more minutes, RIPA is an equilibrium method
in which Env-MAD binding occurs over several hours. SPR
analysis was also performed on purified and unpurified forms
of the SOS gp140 and gp140nc proteins, to assess whether
protein antigenicity was significantly altered during purifica-
tion. Purified HIV-1,¢_ g gp120 was also studied. Although the
purified SOS gp140 protein is a monomer, it does contain the
gp120 subunit linked to the ectodomain of gp41. Since there is
evidence that the presence of gp41 can affect the antigenic
structure of gp120 (32, 53, 79), we thought it worth determin-
ing whether monomeric SOS gp140 behaved differently than
monomeric gp120 in its interactions with neutralizing and non-
neutralizing MAbs.

There was good concordance of results between RIPA- and
SPR-based (Fig. 6) antigenicity analyses of unpurified SOS
gpl140 in CHO cell supernatants. For example, SOS gp140
bound the broadly neutralizing anti-gp41 MADb 2F5 (Fig. 6B)
but not the nonneutralizing anti-gp41 MAb 2.2B (Fig. 6D).
Similarly, binding of MADb 17b was strongly potentiated by
sCD4 (Fig. 6F). Unpurified SOS gp140 bound the neutralizing
anti-gp120 MADbs 2G12 and 19b but not the nonneutralizing
anti-gp120 MAb 23A in both SPR and RIPA experiments
(data not shown). Taken together, the RIPA and SPR data
indicate that unpurified, CHO cell-derived SOS gp140 rapidly
and avidly binds neutralizing anti-gp120 and anti-gp41 MADs,
whereas binding to the present set of nonneutralizing MAbs is
not measurable by either technique.

SPR revealed some significant differences in the reactivities
of SOS gp140 and gpl140yNc proteins with anti-gp41 MAbs.
Thus, SOS gp140 but not gp140ync bound MAb 2F5 but not
MAD 2.2B, whereas the converse was true for gp140 . No-
table, albeit less dramatic, differences were observed in the
reactivity of SOS gp140 and gp140nc With some anti-gp120
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MADs. Of the two proteins, SOS gp140 had the greater kinetics
and magnitude of binding to the neutralizing MAbs IgG1b12
(Fig. 6G), 2G12 (Fig. 6H), and 17b in the presence of sCD4
(Fig. 6E and F). The binding of gp140n¢ to 17b was clearly
potentiated by sCD4, as has been reported elsewhere (90).
Neither SOS gp140 nor gp140,nc bound the anti-gp120 MAb
23A (data not shown). This was expected for gp140 ¢, Since
the C5 amino acid substitutions that eliminate the cleavage site
directly affect the epitope for MAb 23A (43).

Qualitatively, the antigenicities of SOS gp140 and gp140ync
were little changed upon purification (Fig. 6, compare panels
A, C, and E with panels B, D, and F). Hence the lectin affinity
and gel filtration columns used for purification do not appear
to significantly affect, or select for, a particular conformational
state of these proteins. However, these studies do not allow for
direct, quantitative comparisons of SPR data derived using
purified and unpurified materials.

Compared with monomeric gp120, the purified gp140nc
protein reacted more strongly with MAb 2G12 but less strongly
with MAb IgG1b12. Prior SPR studies have demonstrated that
2G12 avidly binds to oligomeric forms of Env (89), and it is
possible that MAb 2G12 is capable of undergoing bivalent
binding to oligomeric Envs. It will be informative to perform
electron microscopy analyses of 2G12 in complex with
gp140ync or other oligomeric Envs in future studies, given the
unusual nature of the 2G12-SOS gp140 complex (Fig. 3D).

Oligomeric properties of unpurified SOS gpl40 and
gp140c proteins. BN-PAGE was used to examine the oligo-
meric state of the SOS gp140 and gp140,¢ proteins present
in freshly prepared, CHO cell culture supernatants. The SOS
gp140 protein was largely monomeric by BN-PAGE, with only
a minor proportion of higher-order proteins present (Fig. 7A).
In some, but not all, 293T cell preparations, greater but highly
variable amounts of dimers and higher-order oligomers were
observed using BN-PAGE (data not shown, but see Fig. 7B).
This probably accounts for our previous report that oligomers
can be observed in unpurified SOS gp140 preparations using
other techniques (4).

The unpurified gp140nc protein typically migrated as well-
resolved dimers, trimers, and tetramers, with trace amounts of
monomer sometimes present (Fig. 7A). Qualitatively similar
banding patterns were observed for purified (Fig. 2D) and
unpurified (Fig. 7A) gp140ync proteins. In each case, dimers
of gp140,nc Were the most abundant oligomeric species. HIV-
1;r.pr gp120 ran as a predominant 120-kDa monomeric band,
although small amounts of gp120 dimers were observed in
some unpurified supernatants. In general, the BN-PAGE anal-
yses indicate that the oligomeric properties of the various Env
proteins did not change appreciably upon purification (com-
pare Fig. 7A and 2D).

The same CHO cell supernatants were also analyzed by
analytical gel filtration, the column fractions being collected in
0.2-ml increments and analyzed for Env content by Western
blotting. The retention times of unpurified gp120, SOS gp140,
and gp140y,n¢ proteins were determined to be ~6.1, ~5.9, and
~5.2 min, respectively (data not shown). These values agree
with those observed for the purified proteins (Fig. 2B) to
within the precision of the method. The gel filtration studies
thus corroborate the BN-PAGE data in that unpurified gp120
and SOS gp140 were mostly monomeric, while gp140 e Was
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mostly oligomeric (data not shown). However, unlike BN-
PAGE, this analytical gel filtration procedure does not have
sufficient resolving power to characterize the distribution of
the oligomeric species present in the gp140yyc preparation.

SDS-PAGE followed by Western blot analyses of superna-
tants containing unpurified SOS gp140 and gp140 ¢ proteins
yielded banding patterns similar to those shown in Fig. 1 for
the purified proteins (data not shown). The gp120 preparation
contained ~10% dimer, which was observed only when SDS-
PAGE analyses were carried out under nonreducing condi-
tions. Thus, the gp120 dimer represents disulfide-linked and
presumably misfolded material (46).

SOS gp140 glycoproteins with deletions of variable loops
form more-stable oligomers. We previously described HIV-
1;r.rr. SOS gp140 glycoproteins from which one or more of the
gp120 variable loops were deleted to better expose underlying,
conserved regions around the CD4- and coreceptor-binding sites.
It was possible to remove the V1, V2, and V3 loop structures
individually or in pairs without adversely affecting the formation
of the intersubunit disulfide bond, proper proteolytic cleavage, or
protein folding. However, the triple loop deletant was not effi-
ciently cleaved (57). In order to explore the oligomeric properties
of these modified SOS gp140 glycoproteins, the supernatants of
293T cells transiently cotransfected with these gp140 constructs
and furin were analyzed by BN-PAGE. Unexpectedly, deletion of
the variable loops, both alone and in combination, significantly
enhanced the stability of the SOS gp140 oligomers. The AV1V2
SOS gp140 preparation contained almost exclusively trimeric and
tetrameric species, whereas AV1 SOS gp140 formed a mixture of
dimers, trimers, and tetramers similar to that seen with gp140 ;¢
(data not shown). The AV2 SOS gp140 protein was predomi-
nantly oligomeric, but it also contained significant quantities of
monomer. Thus, in terms of oligomeric stability, the SOS proteins
can be ranked as follows: first AV1V2 SOS gp140, then AV1 SOS
gp140, then AV2 SOS gp140, and then full-length SOS gp140.
The reasons for this rank order are not yet clear but are under
investigation.

Based on the above observations, we chose to generate a CHO
cell line that stably expresses the AV1V2 SOS gp140 protein.
Supernatants from the optimized CHO cell line were first ana-
lyzed by SDS-PAGE under reducing and nonreducing conditions,
followed by Western blot detection. The major Env band was
seen at 120 kDa (AV1V2 gp140 protein) in the nonreduced gel
and at 100 kDa (AV1V2 gp120 protein) in the reduced gel (data
not shown). These results are consistent with our prior findings
that deletion of the V1V2 loops decreases the apparent molecular
mass of the protein by ~20 kDa (57). Notably, the AV1V2 SOS
gp140 protein was largely free both of disulfide-linked aggregates
and of the ~100-kDa loop-deleted, free gp120 protein. Thus,
proteolytic cleavage and SOS disulfide bond formation occur ef-
ficiently in the AV1V2 SOS gp140 protein (data not shown).
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FIG. 7. BN-PAGE analyses of unfractionated cell culture superna-
tants. (A) Comparison of HIV-1;p g gp120, SOS gp140, gp140 N, and
AV1V2 SOS gp140 glycoproteins present in culture supernatants from
stable CHO cell lines. (B) Proteolytic cleavage destabilizes gp140 oli-
gomers. 293T cells were transfected with furin and plasmids encoding
SOS gp140, gp140ync, or SOS gp140yne. Cell culture supernatants were
combined with MOPS buffer containing 0.1% Coomassie blue and re-
solved by BN-PAGE. Proteins were then transferred to PVDF mem-
branes and visualized by Western blotting. Thyroglobulin and the BSA
dimer were used as molecular mass (MW) markers (see Fig. 2C).

CHO cell supernatants containing AV1V2 SOS gp140, full-
length SOS gp140, and gp140,c Were also analyzed by BN-
PAGE and Western blotting (Fig. 7A). As was observed with
the transiently transfected 293T cells, unpurified CHO cell-
derived material was oligomeric. The CHO cell-derived
AV1V2 SOS gpl140 migrated as a distinct single band with a
molecular mass consistent with that of a trimer (360 kDa); the
AV1V2 SOS gp140 band lies between those of the gp140 ¢
dimer (280 kDa) and the gpl40ync trimer (420 kDa) (Fig.

FIG. 6. SPR analysis of CHO cell-expressed HIV-1,;_; SOS gp140, gp140ync, and gpl20 proteins. Anti-gp120 and anti-gp41 MAbs were
immobilized onto sensor chips and exposed to buffers containing the indicated gp120 or gp140 glycoproteins in either purified or unpurified form,
as indicated. Where noted, Env proteins were mixed with an eightfold molar excess of sCD4 for 1 h prior to analysis. Culture supernatants from
stably transfected CHO cells were used as the source of unpurified SOS gp140 and gp140,c proteins. The concentrations of these proteins were
measured by Western blotting and adjusted so that approximately equal amounts of each protein were loaded. Only the binding phases of the
sensorgrams are shown; in general, the dissociation rates were too slow to provide meaningful information.
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7A). Hence the AV1V2 SOS gp140 protein represents a pro-
teolytically mature form of HIV-1 Env that oligomerizes into
presumptive trimers via noncovalent interactions. Purification
and additional biophysical studies of this protein are now in
progress, and immunogenicity studies are planned.

The uncleaved SOS gp140 and gp140, proteins possess
similar oligomeric properties. Overall, the above analyses re-
veal a clear difference in the oligomeric properties of the SOS
gp140 and gp140ync proteins. One structural difference be-
tween these proteins is their proteolytic cleavage status; an-
other is the presence or absence of the intersubunit disulfide
bond that defines SOS gp140 proteins. To address the question
of whether it is gp120-gp41 cleavage or the introduced cysteine
residues that destabilize the SOS gp140 oligomers, we made
the SOS gpl140ync protein. Here, the cysteines capable of
intersubunit disulfide bond formation are present, but the
cleavage site between gp120 and gp41:-1o has also been mod-
ified to prevent cleavage. The SOS gp140 e, SOS gp140, and
gp140ync proteins were all expressed transiently in 293T cells
and analyzed by BN-PAGE (Fig. 7B). In this and multiple
repeat experiments, SOS gp140nc and gp140 ¢ had similar
migration patterns on the native gel, with the dimer band
predominating and some monomers, trimers, and tetramers
also present. In contrast, SOS gp140 was primarily monomeric,
although small amounts of dimeric and trimeric species were
also observed in this particular analysis (Fig. 7B).

The above results suggest that the SOS gp140ync protein
behaves more like the gp140y,nc protein than the SOS gp140
protein. This, in turn, implies that the cleavage of gp140 into
gp120 and gp41lgcro has a substantial effect on how gp140 is
oligomerized via interactions between the gp41;-1o moieties,
whereas the presence of the cysteine substitutions in gp120 and
gp41 has little effect on these interactions. We believe that this
observation is central to understanding the relative instability
of SOS gp140 oligomers, compared to those of the gp140ync
protein. We note, however, that we have not determined
whether or not the intermolecular disulfide bond actually
forms in SOS gp140n¢; the simple method of DTT treatment
to reduce this bond is inadequate, because the uncleaved pep-
tide bond between the gp120 and gp41 1o moieties still holds
the two subunits together. Addressing this issue will require
characterizing purified SOS gp140 e by methods such as
peptide mapping. Such studies are now in progress, to further
explore the effect of gp140 cleavage on the structure of the
gp120-gp41 1o complex.

DISCUSSION

We have previously described the antigenic properties of
SOS gp140, an HIV-1 envelope glycoprotein variant in which
an intermolecular disulfide bond has been introduced to co-
valently link the gp120 and gp41gcro subunits (4, 57). In the
original report, we demonstrated that the SOS gp140 protein,
as contained in supernatants of transiently transfected 293T
cells, was an antigenic mimic of virion-associated Env (4). In
that report, the methods employed were not sufficiently robust
to conclusively determine the oligomeric state of unpurified
293T-derived SOS gp140 (4). Here we show with a smaller
panel of MADs that purified and unpurified CHO cell-derived
SOS gp140 proteins also mimic native Env in terms of their
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patterns of antibody reactivity. However, unlike virus-associ-
ated Env, SOS gp140 is a monomeric protein.

Antigenicity and immunoelectron microscopy studies sup-
port a model for SOS gp140 in which the neutralizing face of
gp120 is presented in a native conformation but the nonneu-
tralizing face is occluded by gp41lgcro (Fig. 5). In one set of
immunoelectron microscopy studies, SOS gp140 was examined
in complex with combinations of anti-gp120 and anti-gp41
MAbs to defined epitopes (Fig. 3). The gp4lgcro subunit, as
defined by the position of the anti-gp41 MAb 2F5, was located
~180° from the MAb 2G12 epitope and ~90° from the MAb
IgG1b12 epitope, as is the nonneutralizing face. A second set
of studies compared SOS gp140 and gp120 in complex with
sCD4 and MAD 17b (Fig. 4). Here, a region of additional mass
in the gp140 complex defined the presumptive gp4lgcro; its
location was similarly adjacent to the nonneutralizing face of
gp120. This model of the geometry of the gp120-gp41 interac-
tion is consistent with previous models based on mutagenesis
techniques and the mapping of MAD epitopes (27, 41, 82). It
also provides a basis for interpreting the patterns of MAb
reactivity, as discussed below.

In the present report, the antigenicity of CHO-derived SOS
gpl140 was explored from a number of perspectives: (i) in
comparison with gp140yc and gpl120, (ii) before and after
purification, and (iii) in an equilibrium-based assay (RIPA)
versus a kinetics-based assay (SPR). SOS gp140 proteins ex-
pressed in stably transfected CHO cells or transiently trans-
fected 293T cells possessed qualitatively similar antigenic
properties that were largely unaffected by purification. These
analyses utilized a seven-member panel of MAbs and CD4-
based proteins; it is possible that subtle antigenic differences
could be discerned with additional MAbs or with peptides that
target the amino- or carboxy-terminal heptad regions of gp41.
We observed that most neutralizing anti-gp120 MAbs bound
more strongly and more rapidly to SOS gp140 than to the
gp120 or gp140y,n¢ proteins, whereas the converse was true of
nonneutralizing MADbs (Fig. 6). These results were largely in-
dependent of the analytical methodology used (RIPA or SPR)
or the purification state of the glycoproteins and thus extend
our earlier RIPA analyses of unpurified Env glycoproteins (4).
We have addressed these issues on a largely qualitative basis in
the present study; quantitative comparisons of MAb reactivi-
ties are now being explored.

It is not obvious why neutralizing MAbs recognize mono-
meric SOS gp140 better than monomeric gp120. One possibil-
ity relates to differences in the conformational freedom of the
two glycoproteins. Monomeric gp120 has considerable confor-
mational flexibility, such that “freezing” of the conformation
by CD4 binding results in an unexpectedly large loss in entropy
(45). Indeed, it has been suggested that reducing the confor-
mational freedom of a gp120 immunogen may provide a means
of generating broadly neutralizing antibodies, which generally
recognize conformational epitopes (45). The presence of
gp41gcro may serve to minimize the conformational flexibility
of the gp120 subunit of SOS gp140, stabilizing the protein in
conformations recognized by neutralizing antibodies. How-
ever, the induction of 17b binding by sCD4 demonstrates that
SOS gp140 is still capable of sampling multiple, relevant con-
formations. Studies are in progress to address these issues.

Variations in conformational flexibility may also underlie
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the antigenic differences observed between the SOS gp140 and
gp140ync proteins. Other possible explanations include differ-
ences in oligomerization and cleavage. Further studies using
additional Env protein variants (e.g., SOS gpl40ync), a
broader range of anti-Env MAbs, and purified or size-fraction-
ated proteins of a homogenous subunit composition will be
required to explore these issues more thoroughly.

Standard biophysical techniques were used to demonstrate
that the purified HIV-1,; i SOS gp140 glycoprotein is a
monomer comprising one gpl20 subunit that was disulfide
linked to gp41gcro- Since it is generally accepted that the gp41
subunits are responsible for Env trimerization (8, 10, 38, 69,
78), we assume that the gp41l-gp41 interactions within the
cleaved SOS gp140 glycoprotein are weak, and that this insta-
bility precludes the purification of cleaved trimers. Others have
reported that gp41-gp41 interactions are unstable in the con-
text of gp140 (21, 85). Moreover, ultracentrifugation and nu-
clear magnetic resonance spectroscopy studies of the gp4l
monomer-trimer equilibrium indicate that monomers are fa-
vored at concentrations of <3 uM (9, 80), which are compa-
rable to the highest concentration of SOS gp140 attained in
this report. The 1-mg/ml stock solution of purified SOS gp140
is approximately 7 pM, and the protein underwent further
dilution during gel filtration, ultracentrifugation, and other
biophysical analyses.

We also report the application of a rapid, simple, and high-
resolution electrophoretic technique, BN-PAGE, for exploring
the oligomeric state of HIV-1 envelope glycoproteins in unpu-
rified as well as purified forms. In this technique, the proteins
of interest are combined with the dye Coomassie blue, which
binds to the exposed hydrophobic surfaces of proteins and
usually enhances their solubility. In the presence of the dye,
most proteins adopt a negative charge, migrate towards the
anode in an electric field, and so can be sieved according to
their Stokes radius in a polyacrylamide gradient gel. Whereas
traditional native PAGE methods are typically performed un-
der alkaline conditions (pH 9.5), BN-PAGE uses a physiolog-
ical pH (pH 7.5), which is more compatible with protein sta-
bility. We demonstrate that a gp120/sCD4 complex and a
variety of purified, oligomeric model proteins all remain asso-
ciated during BN-PAGE analysis. When combined with West-
ern blot detection, BN-PAGE can be used to determine the
oligomeric state of HIV-1 envelope glycoproteins at all stages
of purification. This high-resolution technique can resolve mo-
nomeric, dimeric, trimeric, and tetrameric forms of gp140.

As determined by BN-PAGE and other methods, the SOS
gpl40 protein was secreted in mostly monomeric form. In
contrast, gpl40nc formed oligomers that are significantly
more stable. Thus, we show that HIV-1,5 1 gp140 e com-
prises a mixture of dimers, trimers, and tetramers, with dimers
representing the major oligomeric form present under nonde-
naturing conditions. Although noncovalently associated oli-
gomers constitute a significant percentage of the gpl140ync
preparation, half or more of the material consists of disulfide-
linked and presumably misfolded material (46). Others have
made similar observations with uncleaved gp140 proteins from
other HIV-1 strains and from simian immunodeficiency virus
(11, 16-21, 28, 46, 54, 66, 67, 85-87). The question then arises
as to why the SOS gp140 protein is a monomer but the un-
cleaved proteins are oligomeric. We believe that the cleavage
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of the gp120-gp41 peptide bond alters the overall conforma-
tion of the envelope glycoprotein complex, rendering it fusion
competent but also destabilizing the association between the
gp41 subunits. Support for this argument is provided by the
evidence that the SOS gp140yn¢ protein resembles gp140ync
rather than SOS gp140; cleavage is clearly more important
than the introduced cysteines in determining the oligomeric
stability of gp140 proteins. We hypothesize that destabilization
of gp41-gp41 interactions might be necessary for gp41-medi-
ated fusion to occur efficiently upon activation of the Env
complex by gpl120-receptor interactions. Moreover, having
cleavage and activation take place late in the synthetic process
minimizes the risk of fusion events occurring prematurely, i.e.,
during intracellular transport of the envelope glycoprotein
complex. Additional studies are in progress to explore the
effect of cleavage on Env structure.

We can only speculate on the structure of gp41g 1o in SOS
gp140. The strong reactivity of MAb 2F5 suggests that the
C-terminal portion mimics the native, pre-fusion conforma-
tion, but there are few probes available for other portions of
the native molecule. Clearly, gp411o does not adopt a post-
fusion, coiled-coil conformation in the SOS gp140 monomer.
It’s not obvious how coiled-coil interactions are abrogated by a
single cysteine substitution in an area outside the heptad re-
peat regions of gp41, but one possibility is that covalent at-
tachment of gp120 at this “hinge” region of gp4l sterically
prevents formation of intermediate or final intra- or intermo-
lecular interactions that are required to achieve the coiled-coil
state.

Taken together, the antigenic and biophysical data of SOS
gp140, gp120, and gp140y ¢ suggest that SOS gp140 repre-
sents an improved yet clearly imperfect mimic of native Env. It
is perhaps surprising that an SOS gp140 monomer mimics
virus-associated Env in its reactivity with the present panel of
MADs. Immunochemical studies and the X-ray crystal struc-
ture of the gp120 core in complex with CD4 and MAb 17b have
together defined the surface of gp120 in terms of neutralizing,
nonneutralizing, and silent faces (33, 83). The data presented
here and elsewhere (4) demonstrate the neutralizing face is
readily accessible on SOS gp140, whereas the nonneutralizing
face is not. There are still no immunologic ways to probe the
exposure of the silent face of gp120 (41). A source of purified
SOS gp140 glycoprotein, as described herein, will facilitate
further studies of the antigenic structure of SOS gp140 in
comparison with that of native Env.

Do gp140ync proteins mimic the structure of the native,
fusion-competent envelope glycoprotein complex on virions?
We believe not, based on their exposure of nonneutralization
epitopes in both gp120 and gp41 that are not accessible on the
surface of native envelope glycoprotein complexes (4, 50, 61,
88). Similarly, the Env proteins of several other viruses un-
dergo dramatic refolding upon cleavage as determined by elec-
tron microscopy and patterns of antibody reactivity (5, 15, 22,
26, 47, 64).

However, cleavage does not induce global conformational
changes in all viral Envs. High-resolution crystal structures
have been obtained for both cleaved and uncleaved forms of
the influenza hemagglutinin protein, which is perhaps the best-
characterized viral coat protein. Hemagglutinin cleavage in-
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duced mostly localized refolding and had little impact on the
overall conformation of the molecule (12, 65).

Given that SOS gp140 is monomeric, what can be done to
further stabilize the structure of fully cleaved, envelope glyco-
protein complexes? The immunoelectron microscopy data of
the 2G12/SOS gp140 complex suggest that appropriately di-
rected antibodies could strengthen weak oligomeric interac-
tions. The immunogenicity of such complexes may be worth
testing, although a bivalent MAb might be expected to pro-
mote formation of Env dimers rather than trimers. We have
already attempted to combine the SOS gp140 disulfide bond
stabilization strategy with one in which the gp41 subunits were
also stabilized by an intermolecular disulfide bond—this was
unsuccessful, in that the mutated protein was poorly expressed
and could not be cleaved into gp120 and gp41 subunits, even in
the presence of cotransfected furin (R. W. Sanders et al.,
unpublished results). Similarly, adding GCN-4 domains onto
the C terminus of gp41 hindered the proper cleavage of gp140
into gp120 and gp41 furin (Sanders et al., unpublished). Other
approaches, based on site-directed mutagenesis of selected
gp41 residues, are currently being evaluated.

Fortuitously, we have found that variable-loop-deleted
forms of HIV-1,5 & SOS gp140 form more-stable oligomers
than their full-length counterparts. Thus, the SOS gp140 pro-
teins lacking either the V1 or V2 variable loops contain a
greater proportion of oligomers than the full-length protein,
and the V1V2 double loop deletant is expressed primarily as
noncovalently associated trimers. One hypothesis is that the
extended and extensively glycosylated variable loops sterically
impede the formation of stable gp41-gp41 interactions in the
context of the full-length SOS gp140 protein. Indeed, using the
crystal structure of the gp120/CD4/17b complex, Kwong et al.
have developed a model of oligomeric gp120 that places V1V2
sequences at the trimer interface (34). The variable-loop-de-
leted SOS gp140 proteins may therefore represent proteolyti-
cally mature HIV-1 envelope glycoproteins that can perhaps
eventually be produced and purified as oligomers. We previ-
ously demonstrated that unpurified forms of variable-loop-
deleted SOS gp140 proteins possess favorable antigenic prop-
erties (57). These proteins are therefore worth further
evaluation in structural and immunogenicity studies.
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