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The infection of CD4™" host cells by human immunodeficiency virus type 1 (HIV-1) is initiated by a temporal
progression of interactions between specific cell surface receptors and the viral envelope protein, gp120. These
interactions produce a number of intermediate structures with distinct conformational, functional, and anti-
genic features that may provide important targets for therapeutic and vaccination strategies against HIV
infection. One such intermediate, the gp120-CD4 complex, arises from the interaction of gp120 with the CD4
receptor and enables interactions with specific coreceptors needed for viral entry. gp120-CD4 complexes are
thus promising targets for anti-HIV vaccines and therapies. The development of such strategies would be
greatly facilitated by a means to produce the gp120-CD4 complexes in a wide variety of contexts. Accordingly,
we have developed single-chain polypeptide analogues that accurately replicate structural, functional, and
antigenic features of the gp120-CD4 complex. One analogue (FLSC) consists of full-length HIV-1BaL gp120
and the D1D2 domains of CD4 joined by a 20-amino-acid linker. The second analogue (TcSC) contains a
truncated form of the gp120 lacking portions of the C1, C5, V1, and V2 domains. Both molecules exhibited
increased exposure of epitopes in the gp120 coreceptor-binding site but did not present epitopes of either gp120
or CD4 responsible for complex formation. Further, the FLSC and TcSC analogues bound specifically to CCRS
(R5) and blocked RS virus infection. Thus, these single-chain chimeric molecules represent the first generation of
soluble recombinant proteins that mimic the gp120-CD4 complex intermediate that arises during HIV replication.

The fusion of human immunodeficiency virus type 1 (HIV-1)
with CD4™ target cells involves an orchestrated appearance of
intermediate structures comprised of the viral envelope pro-
tein, gp120, the CD4 receptor, and certain seven-transmem-
brane domain chemokine receptors or coreceptors (2, 9).
These intermediates facilitate critical early steps in HIV rep-
lication and present structural and antigenic features that are
highly conserved among virus strains (19, 27, 38). Accordingly,
HIV envelope intermediates are now considered to be prom-
ising targets for the development of new therapeutic and anti-
HIV vaccine strategies.

One such intermediate, the gp120-CD4 complex, is formed
during the attachment of HIV gp120 to the primary host cell
receptor, CD4 (38). The functional role of the complex is to
induce structural rearrangements that expose a conserved,
high-affinity coreceptor-binding site on the gp120 moiety (34,
36). Subsequent attachment of this site to a coreceptor pro-
duces a gp120-CD4-coreceptor tricomplex that triggers struc-
tural alterations in the viral transmembrane protein, gp4l,
leading directly to the fusion of viral and host cell membranes
(6, 29).

The potential utility of gp120-CD4 complexes in vaccine
development has been clearly shown by several studies in
which soluble complexes were used to generate antibodies to
cryptic gp120 epitopes and broadly neutralizing humoral re-
sponses against HIV (5, 8, 12, 17). More recently, complexes
presented in the context of cell-cell fusion were also shown to

* Corresponding author. Mailing address: Institute of Human Vi-
rology, 725 West Lombard St., Rm. N649, University of Maryland,
Baltimore, MD 21201. Phone: (410) 706-4680. Fax: (410) 706-4694.
E-mail: devico@umbi.umd.edu.

produce neutralizing responses effective against HIV isolates
from various geographic clades (20). Other studies have shown
that gp120-CD4 complexes present conserved epitopes in the
coreceptor binding domain that are recognized by neutralizing
human monoclonal antibodies (MADbs) (35, 37). Collectively,
these studies suggest that gp120-CD4 complexes should be
considered as candidates for subunit vaccine immunogens.
The exposure of the coreceptor-binding domain on gp120-
CD4 complexes allows these molecules to also be used for
screening panels of compounds for candidates that might in-
hibit infection at the level of tricomplex formation. Further-
more, these complexes could be used directly as the basis for
strategies to competitively block HIV-coreceptor interactions
and inhibit viral entry. In this context, the complexes could be
considered as analogues of the chemokines that act as natural
coreceptor ligands. Such chemokines prevent HIV-1 entry by
directly interfering with envelope interactions (2, 9).
Unfortunately, the widespread development of therapeutic
and vaccination strategies based on gp120-CD4 complexes is
currently hindered by the need to produce and chemically link
two polypeptides. Consequently, gp120-CD4 complexes have
only been considered as soluble subunits that, although capa-
ble of eliciting neutralizing humoral immunity, are unlikely to
stimulate a cytotoxic-T-lymphocyte (CTL) response. Enve-
lope-specific CTLs could be generated by DNA- or vector-
based vaccines that mediate the coordinated expression of
gp120 and CD4. However, a coordinated expression of the
CD4 gene and HIV env, which is under the control of the viral
rev regulatory sequences, might be difficult to achieve. Insta-
bility of the complex structure may also hinder their capacity to
block coreceptor interactions with HIV or to screen for other
compounds that block viral entry. Although we have shown
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that stabilization of the soluble complex structure can be
achieved by covalent cross-linking, such treatment is not opti-
mal as it may partially obscure critical neutralizing epitopes
and alters the antigenic properties of the molecules.

In order to overcome these problems, we have developed
single-chain polypeptide molecules that faithfully duplicate the
structural, functional, and antigenic properties of the gp120-
CD4 complex. The present study describes the construction
and characterization of such molecules.

MATERIALS AND METHODS

Cell lines and antibodies. The 293 cell line is an adenovirus transformed
kidney line that was obtained from the NIH AIDS Reagent Repository (Be-
thesda, Md.). L1.2 cells that express the chemokine receptors CCR5 (R5) and
CXCR4 were a generous gift of Lijun Wu (LeukoSite, Cambridge, Mass.) (36).
The wild-type L1.2, a murine B-cell lymphoma, was obtained from Eugene
Butcher (Stanford, Calif.). U373/CD4/MAGTI cells lines that express chemokine
receptors CCR5 and CXCR4 were constructed by Mike Emerman (35) and were
obtained from the NIH AIDS Reagent Repository. MAb F240 was a generous
gift of Lisa Cavacini (Harvard University) (4). MAbs A32, C11 (21a), 48d, and
17b (33) were provided by James Robinson (Tulane University). MAb IgG1b12
(3) was provided by Dennis Burton (San Diego, Calif.). MAb 205-469 (33) was
provided by Michael Fung (Tanox, Inc., Houston, Tex.). The anti-myc MADb,
9E10 (11), was obtained from Immunotech (Marseille, France).

Plasmids. The full-length codon-optimized envelope gene derived from HIV-
1p.1. was constructed synthetically (Midland Certified Reagents, Midland, Tex.)
using codons most frequently used in mammalian cells. The synthetic gene was
then subcloned into pUC12 to create pMR1W1-9. The human CD4 sequence
used was derived from T4-pMV7 (21) (NIH AIDS Reagent Repository).

Construction of pEF6-FLSC and pEF6-TcSC. The plasmid pEF6-FLSC, en-
coding the full-length single chain, was constructed via PCR using the plasmids
pPMR1W1-9 and T4-pMV7 as templates. The gp120 forward primer was GGG-
GGT-ACC-ATG-CCC-ATG-GGG-TCT-CTG-CAA-CCG-CTG-GCC, and the
reverse primer was GGG-TCC-GGA-GCC-CGA-GCC-ACC-GCC-ACC-AGA-
GGA-TCC-ACG-CTT-CTC-GCG-CTG-CAC-CAC-GCG-GCG-CTT. The CD4
forward primer was GGG-TCC-GGA-GGA-GGT-GGG-TCG-GGT-GGC-GG
C-GCG-GCC-GCT-AAG-AAA-GTG-GTG-CTG-GGC-AAA-AAA-GGG-GAT,
and the reverse primer was GGG-GTT-TAA-AC-TTA-TTA-CAG-ATC-CTC-
TTC-TGA-GAT-GAG-TTT-TTG-TTC-AGC-TAG-CAC-CAC-GAT-GTC-TA
T-TTT-GAA-CTC. The resulting PCR product was subcloned into pEF6 (In-
vitrogen, Carlsbad, Calif.) using KpnI and Pmel restriction sites. To construct the
pEF6-TcSC plasmid, the full-length gp120 expressing sequence in pEF6-FLSC
was exchanged for a truncated version of the gp120 sequence (DC1DC5DV1V2).
The truncated gp120 was generated using GGG-GGT-ACC-ATG-CCC-ATG-G
GG-TCT-CTG-CAA-CCG-CTG-GCC-ACC-TTG-TAC-CTG-CTG-GGG-AT
G-CTG-GTC-GCT-TCC-TGC-CTC-GGA-AAG-AAC-GTG-ACC-GAG-AA
C-TTC-AAC-ATG-TGG as a forward primer and GGG-GGA-TCC-GAT-CT
T-CAC-CAC-CTT-GAT-CTT-GTA-CAG-CTC as a reverse primer. The V1 and
V2 regions were deleted using CTG-TGC-GTG-ACC-CTG-GGC-GCG-GGC-
GAG-ATG-AAG-AAC-TGC-AGC-TTC-AAC-ATC-GGC-GCG-GGC-CGC-C
TG-ATC-AGC-TGC as a forward primer and GCA-GCT-GAT-CAG-GCG-G
CC-CGC-GCC-GAT-GTT-GAA-GCT-GCA-GTT-CTT-CAT-CTC-GCC-CG
C-GCC-CAG-GGT-CAC-GCA-CAG as a reverse primer. All primers were
generated by the University of Maryland Baltimore Biopolymer Facility (Balti-
more, Md.).

Expression of FLSC and TcSC proteins. Selected clones of pEF6-FLSC and
pEF6-TcSC were transiently transfected into 293 cells using Fugene (Boehringer
Mannheim, Indianapolis, Ind.) according to the manufacturer’s protocol. After
48 h, the supernatants were collected and analyzed for protein expression by
anti-gp120 and anti-CD4 immunoblot assays.

Immunoblot analysis. Samples were treated by boiling for 5 minutes in 2%
sodium dodecyl sulfate (SDS) and 1% B-mercaptoethanol and then electropho-
resed over a 4 to 20% polyacrylamide gradient gel (Owl, Portsmouth, N.H.).
Protein was then electrophoretically transferred to nitrocellulose sheets, which
were then treated with 10 mM Tris (pH 7.5) containing 140 mM NaCl and 5%
nonfat dry milk (BLOTTO) for 1 h at room temperature to prevent nonspecific
binding. Transferred protein was detected with either a mixture of murine anti-
gp120 MADs (1); a rabbit anti-human CD4 polyclonal serum, T4-4 (7) (NIH
AIDS Reagent Repository); or polyclonal goat anti-human CD4 IgG (R&D
Systems, Minneapolis, Minn.) as necessary. Sheets were washed three times with
0.1% Tween in 10 mM Tris (pH 7.5) containing 140 mM NaCl (TBS) and then
treated with the appropriate secondary antibody conjugated to either alkaline
phosphatase (KPL, Gaithersburg, Md.) or horseradish peroxidase (KPL). All
antibodies were suspended in BLOTTO. Bound alkaline phosphatase-conju-
gated antibodies were visualized with BCIP (5-bromo-4-chloro-3-indolylphos-
phate)-nitroblue tetrazolium (KPL), and bound horseradish peroxidase-conju-
gated antibodies were developed with the ECL-Plus kit (Amersham-Pharmacia
Biotech, Piscataway, N.J.). Stained bands were quantified by densitometric anal-
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ysis using ImageQuant 5.0 (Molecular Dynamics, Sunnyvale, Calif.) on a Storm
Fluor-Imager (Molecular Dynamics).

Purification of FLSC and TcSC antigens. FLSC and TcSC molecules were
expressed either from transient transfection of 293 cells or from stable 293 cell
lines that had been adapted for growth in 293 serum-free medium (GIBCO-
BRL, Gaithersburg, Md.). Single-chain complexes were purified via affinity chro-
matography using either the anti-gp120 human MAb, A32, coupled to CNBr-
activated Sepharose 4B (Amersham-Pharmacia Biotech) or Galantahus nivalis
lectin coupled to 4% agarose beads (Sigma, St. Louis, Mo.) as appropriate.
Bound protein was eluted from the antibody column with 0.1 M acetic acid (pH
2.5) and from the lectin column with 1 M methyl-a-p-mannopyranoside (13). The
eluted material was then dialyzed against phosphate-buffered saline (PBS). Pro-
tein concentrations were determined by BCA Assay (Bio-Rad, Hercules, Calif.)
according to the manufacturer’s protocol.

Gel filtration analysis of FLSC and TcSC molecules. FLSC and TcSC proteins
were analyzed under nondenaturing conditions by gel filtration chromatography
on a Superose 6 column (Amersham-Pharmacia Biotech). The column was
equilibrated with PBS, calibrated, and then standardized using protein standards
ranging from 12.4 to 669 kDa (Sigma). A standard curve of elution volume versus
molecular weight was then generated. Regression analyses based on the curve
was then used to estimate the molecular weights of test proteins run on the
column. Samples of FLSC or TcSC (200 pg) were applied to the column in 0.5
ml of PBS. The column was run at a constant flow rate of approximately 1.0
ml/min, and 5-ml fractions were collected. Uncomplexed Bal.gp120 or complexes
formed by mixing soluble gp120 with recombinant soluble CD4 (rsCD4) (re-
ferred to as soluble gp120-rsCD4 complexes) were also run under identical
conditions for comparison. Two hundred micrograms each of these standards
was applied to the column in 0.5 ml of PBS. Fractions from runs of BalLgp120,
FLSC, and soluble gp120-rsCD4 complexes were analyzed by gp120-capture
enzyme-linked immunosorbent assay (ELISA) (22). Fractions from runs of
FLSC and TcSC were also analyzed by immunoblot assay with anti-CD4 antibody
as described above. The FLSC, TcSC, gp120-rsCD4, and gp120 species were
assigned sizes by using the highest point in each peak or shoulder in a chromato-
gram as the basis for making calculations versus the standard curve.

Gpl120-capture ELISA. Bal.gp120, gp120-rsCD4 complexes, or single-chain
chimeric complexes were captured using a purified polyclonal sheep antibody
(International Enzymes, Fallbrook, Calif.) raised against a peptide derived from
the C-terminal 15 amino acids of gp120, D7324 (22), adsorbed to the matrix. The
D7324 was diluted in PBS to 2 pg/ml and adsorbed to 96-well plates (Maxisorb
plates; VWR Scientific, St. Louis, Mo.) by incubating them overnight at room
temperature. Plates were treated with BLOTTO in order to prevent nonspecific
binding to the wells. After the plates were washed with TBS, test samples were
diluted in BLOTTO and 200-pl aliquots were incubated in duplicate D7324-
coated wells for 1 h at room temperature. Bound antigen was detected using a
pool of inactivated HIV-1" sera diluted 1:1,000 in BLOTTO followed by goat
anti-human IgG labeled with horseradish peroxidase (KPL). Detection was also
accomplished using various MAbs, as indicated in the text, followed by the
appropriate labeled second antibody. All antibodies were diluted in BLOTTO
and incubated for 1 h at room temperature. Plates were washed three times with
TBS between each incubation step. The amounts of gp120 sequences present in
the test samples were determined based on a standard curve generated with
commercial recombinant HIV IIIB gp120 (Bartels, Issaquah, Wash.). In com-
parative experiments involving Balgp120-rsCD4 complexes, D7324-coated
plates were treated with saturating concentrations of gp120. After the wells were
washed, an excess concentration of rsCD4 (1 wg/ml) was then added to the wells
and incubated for 1 h to form the complexes. In order to evaluate the TcSC
antigen, which lacks the D7324 epitope, an alternate ELISA format using anti-
CD4 MAD 45 (Bartels) for capture was developed. The antibody was adsorbed to
plastic at 1 wg/ml, and wells were blocked with BLOTTO. Assays were then
carried out as described above using the indicated human sera or human MAbs.

Cell surface coreceptor-binding assay. L1.2 cells expressing coreceptor were
grown in sterile media and treated with 5 mM sodium butyrate for 24 h in order
to upregulate coreceptor expression. For staining, 10° cells were added to V-
bottom culture wells, washed with PBS, and finally pelleted. The cells were then
resuspended in 50 pl of PBS containing 0.1% fetal bovine serum (PBS-FBS) and
various concentrations of complexes. After 1 h of incubation at 37°C, the cells
were pelleted and washed three times with PBS-FBS. Bound material was de-
tected by incubating the cells with a murine anti-human CD4 antibody, MAb 45
(5 pg/ml), for 1 h at 4°C, followed by treatment with phytoerytherin-labeled
anti-mouse IgG (Caltag Laboratories, Burlingame, Calif.) for an additional 1 h at
4°C. The cells were then washed three times with PBS-FBS and analyzed by flow
cytometry using a FACSCalibur (Becton Dickinson, San Jose, Calif.).

For competition experiments, complexes and competing MAbs were added to
the cells at concentrations of 1 and 10 pg/ml, respectively, in PBS-FBS. Cells and
protein were incubated together for 1 h at 37°C. Cells were pelleted and washed
with PBS-FBS three times. Bound material was detected by flow cytometry with
anti-human CD4 MAD 45 (Bartels) as described above.

Virus neutralization assays. A total of 10* U373/CD4/MAGI cells (35) ex-
pressing either CCR5 or CXCR4 were allowed to attach overnight to flat-bottom
tissue culture wells. Culture medium was then removed and then replaced with
100 pl of fresh medium containing various concentrations of test protein. An
additional 100 pl of medium containing 50 50% tissue culture infective doses of
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FIG. 1. Construction of genes encoding single-chain BaLgp120-CD4 mole-
cules. The deletions described for the TcSC construction are numbered accord-
ing to the BaL gp120 sequence.

virus was then added. The entire mixture was then incubated at 37°C until
syncytia were visible, which typically occurred within 3 to 5 days. Culture wells
were then treated with a B-galactosidase chemiluminescent reagent, Galatostar
(Tropix, Bedford, Mass.) according to the manufacturer’s protocol. Virus infec-
tion was then determined as a function of chemiluminescence, quantified using
a Victor? (EG&G Wallac, Gaithersburg, Md.) fluorescence plate reader. Back-
ground signal was determined in assays carried out in the absence of virus.
Signals obtained for the test assays were then corrected by subtracting the
background value. The percent infection was calculated by dividing the corrected
relative light units for each experimental well by the corrected light units for
control wells containing only cells and virus. The 90% inhibitory dose (IDg)
values were determined from plots of the test protein concentration versus the
percent inhibition of infection. All test conditions were carried out in triplicate.

RESULTS

Construction of single-chain BaLgp120-CD4 molecules. Our
strategy for the production of a single-chain gp120-CD4 com-
plex was based on a synthetic, human codon-optimized gene
encoding the gp120 of the primary RS5 isolate, HIV-1g,; (Fig.
1). This allowed for an efficient, rev-independent expression of
envelope in a wide variety of human or mammalian-derived
cell lines (15). To construct the single-chain complex, se-
quences encoding a Gly-Ser-Ala repeat linker were added to
the 3’ end of the synthetic gp120 coding sequences. The length
of the linker was chosen by spatial analyses of the gp120 struc-
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ture complexed to soluble CD4 (18). Based on the Swiss PDB
Viewer modeling program, we predicted that the 20-amino-
acid spacer should provide enough flexibility in the single-
chain polypeptide to allow self-association into a complex. The
3’ end of the linker sequence was then attached in frame to an
oligonucleotide encoding sequences for the first and second
extracellular domains of soluble CD4. The entire single-chain
complex gene was completed by adding sequences encoding a
short polypeptide tag derived from the c-myc oncogene to the
3’ end. This chimeric recombinant gene, which contained the
entire BaLL gp120 sequence, was designated full-length single
chain (i.e., FLSC). A second construct was designed to pro-
duce complexes more closely resembling the molecules used to
solve the gp120 crystal structure. This construct, designated
truncated single chain (i.e., TcSC), was constructed as before
except that a sequence encoding AC1AC5AV1V2 gpl120 was
used in place of the full-length coding sequence (16, 25, 30, 37,
39) (Fig. 1). The complete single-chain complex genes com-
prised of these sequences were generated by PCR and inserted
into pEF6.

Expression and characterization of FLSC and TcSC mole-
cules. Protein expression by the pEF6-FLSC and pEF6-TcSC
plasmids was evaluated by Western immunoblot assays using a
mixture of anti-gp120 MAbs (1) or anti-human CD4 polyclonal
sera. As shown in Fig. 2, transiently transfected 293 cells ex-
pressed a soluble protein with an estimated size of 162 kDa,
matching the size predicted for the full-length gp120-CD4 sin-
gle-chain sequence. As expected, this species was reactive with
both anti-gp120 and anti-CD4 antibodies (Fig. 2). In other
experiments, we also detected reactivity with anti-myc antibody
(data not shown), further confirming the identity of the 162-
kDa species as the FLSC. In addition to this high-molecular-
mass species, we also observed 120- and 23-kDa bands consis-
tent with the expected size for fragments containing the gp120
and the CD4 D1D2-myc tag moieties, respectively. This indi-
cated that some portion of the single-chain molecules were
subjected to proteolysis at or near the gp120-CD4 junction to
produce fragments containing either gp120 or CD4 sequences.

FLSC TeSC

|« 222kD

<+—TcSC
<+ 974 kD
<— 66 kD

<+ 46 kD
<+ 30 kD

<+ 21.5kD

a-CD4

FIG. 2. Expression of single-chain complexes. 293 cells were transiently transfected with pEF6-FLSC or pEF6-TcSC. After 48 h, supernatant was collected and
subjected to SDS-PAGE electrophoresis as described in Materials and Methods and then immunoblotted with either a mixture of anti-gp120 MAbs or anti-CD4
polyclonal sera. Uncleaved FLSC, cleaved gp120 and CD4 fragments, and TcSC are indicated.
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In contrast to the FLSC, the TcSC was expressed as a single
high-molecular-mass protein (Fig. 2) reactive with both anti-
CD4 and anti-gp120 antibodies. The apparent molecular mass
was approximately 137 kDa, matching the predicted size of the
molecule.

The characteristics of the native single-chain complexes
were examined further by gel filtration chromatography on a
Superose 6 column under nondenaturing conditions. Column
fractions were analyzed by anti-gp120 ELISA and anti-CD4
immunoblot assays, and the collected data were used to gen-
erate chromatographic profiles for the single-chain molecules.
Densitometric analysis of the immunoblot assays was used to
determine the relative positions and amounts of the intact
FLSC versus the CD4 fragments. As shown in Fig. 3A, the
majority of the intact FLSC eluted as a protein peak of ap-
proximately 178 kDa, in agreement with the size expected for
a monomer of the polypeptide. Accordingly, the apparent size
of the major peak was somewhat smaller than the peak ob-

FIG. 3. Gel filtration analysis of native FLSC and TcSC polypeptides. (A)
Chromatographic profiles of FLSC, gp120-rsCD4 complexes, and BaLgp120 on
Superose 6. Chromatography was carried out as described in Materials and
Methods. Fractions were collected from the column and analyzed by gp120
capture ELISA using pooled HIV* sera and by immunoblot assay for CD4
sequences using polyclonal goat anti-CD4 IgG as described in Materials and
Methods. In order to clearly compare chromatographic profiles from the differ-
ent assays, ELISA and immunoblot readings were normalized by assigning the
highest signal a value of 1 and then adjusting the rest of the data accordingly. The
molecular masses corresponding to distinguishable FLSC species were calculated
as described in Materials and Methods and below and are indicated with arrows.
(B) Chromatographic profile of TcSC on Superose 6. Chromatography and
anti-gp120 immunoblot analyses of column fractions were performed as de-
scribed in Materials and Methods. (C) Molecular-mass estimations for FLSC and
TcSC. Elution volumes for the column protein standards (O) were plotted versus
their molecular masses. The volumes shown are averages of measurements made
in two separate runs on the same column. Solid symbols represent the elution
volume corresponding to the highest normalized signal calculated for each test
protein shown in the other panels. The molecular masses estimated from the
standard curve are shown. The FLSC, TcSC, gp120-rsCD4, and gp120 species
were assigned sizes by using the highest point in each peak or shoulder in the
chromatogram as the basis for making calculations versus the standard curve. For
the TcSC, estimated molecular masses for the largest and smallest forms of the
molecule evident in the gel filtration profile are shown.

tained with soluble gp120-rsCD4 complexes (227 kDa), which
contain a larger (D1D4) CD4 fragment. The major peak also
exhibited a shoulder of higher-molecular-mass, approximately
313 kDa. In addition, a single minor FLSC peak could be
distinguished by the ELISA and immunoblot assays corre-
sponding to approximately 518 kDa, roughly matching the ex-
pected size of an FLSC trimer. A minor shoulder of similar size
was also evident within the gp120-rsCD4 complex standard
peak. Notably, fractions containing the two FLSC peaks also
contained the cleaved CD4 fragment (Fig. 3A). However, no
such anti-CD4 reactive protein was detected in fractions cor-
responding to the position expected for the free CD4 fragment.
Notably, no FLSC protein was detected by the gp120 ELISA in
fractions matching the peak position of the BaLgp120 standard
(97 kDa; Fig. 3A). Thus, the elution profile of the FLSC indi-
cated that the gp120 and CD4 fragments are extensively incor-
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FIG. 3—Continued.

porated into gp120-CD4 complexes of the same size as the
intact FLSC species.

To examine the structural properties of the native FLSC in
greater detail, different concentrations (1 to 0.03 wM) of the
same protein preparation examined above were covalently
cross-linked in PBS in order to fix any multimeric structures
existing in solution. The cross-linked material was then ana-
lyzed by immunoblot assay with anti-CD4 antibody. As shown
in Fig. 4, a major protein band (inset, band A) of 172 kDa was
consistently visible, along with two minor bands of higher mo-
lecular mass. One of the minor bands (inset, band B) had an
apparent size of approximately 302 kDa, while the other (inset,
band C) failed to migrate far enough into the gel to allow an
accurate assignment of size. The appearance and proportions
of the different protein bands were not dependent on the FLSC
concentration prior to cross-linking.

In comparison to the FLSC, the chromatographic profile of
the TcSC was significantly more complex. Under nondenatur-
ing conditions the protein eluted as a broad series of peaks
ranging from 166 to 353 kDa (Fig. 3B). Such a profile indicated
that the shorter TcSC polypeptide forms multiple higher-order
structures upon expression and/or purification.

Antigenic properties of FLSC and TcSC molecules. The
binding of gp120 to CD4 causes conformational changes in the
molecule leading to the exposure of the coreceptor-binding
domain. Therefore, antibodies directed against epitopes in this
domain should react strongly with properly folded single-chain
complexes. To determine if this was the case, purified FLSC
and TcSC were subjected to immunochemical analyses by an-
tigen capture ELISA. A sheep anti-gpl120 antibody, D7324
(22), was adsorbed to the solid phase in order to capture the
FLSC, which was then analyzed using a panel of human MAbs
(A32, 17b, and 48d) previously shown to preferentially bind
gp120 after engagement of CD4 (21a, 33). Two of the antibod-
ies, 17b and 48d, bind within the coreceptor attachment site
that is induced by CD4 binding (31, 34, 36). Antibody C11
(21a), which recognizes a conserved epitope in the CI1-C5
region of free gp120, was also tested for comparison.

As shown in Fig. 5A, all of the antibodies reacted strongly
with the FLSC. However, the half-maximal binding concentra-
tions of antibodies 17b, 48d, and A32 were consistently higher
with FLSC versus gp120 alone and equivalent to what was
observed with soluble, noncovalent BalLgp120-rsCD4 com-
plexes. The higher immunoreactivity of FLSC was specific to
the antibodies directed against the CD4-induced epitopes, as
there was no significant difference in the half-maximal binding
concentrations of antibody C11 with FLSC versus free gp120.

Since the D7324 epitope sequences are deleted from the
TcSC construct, immunochemical analyses of the TcSC protein
were performed using an alternative ELISA format in which
anti-CD4 MAD 45 was to capture antigen via the C-terminal
CD4 sequences. As shown in Fig. 5B, the level of 17b and 48d
reactivity with TcSC was equivalent to what was observed with
FLSC analyzed in parallel. As expected, antibodies C11 and
A32 did not react with TcSC since the bulk of their respective
epitopes were deleted from the TcSC construct.

The binding of gp120 and CD4 sequences in the single-chain
polypeptides should also block the exposure of epitopes in the
CD4 binding site on gp120. To evaluate whether such binding
had occurred, the FLSC and TcSC were evaluated using the
MAD 45 capture format and a series of MAbs (IgG1b12, F91,
and 205-469) directed against the CD4 binding domain
(CD4bd) on gp120. As shown in Fig. 6, none of the antibodies
reacted with either single-chain complex, although positive
reactivity was observed with pooled HIV™ sera tested in par-
allel. This suggested an interaction between CD4 sequences
and the CD4bd present within the single chain complexes.

Analyses of FLSC and TcSC function. The formation of the
gp120-CD4 complex normally exposes the envelope domains
that interact with an appropriate coreceptor (33, 35). There-
fore, a correctly folded single-chain complex containing the RS
BaL envelope should bind specifically to RS. To test for this
property, purified FLSC and TcSC proteins were incubated
with either L1.2 cells expressing either RS or CXCR4 (X4)
(35). Parental cells not expressing coreceptor were also tested
as controls. As shown in Fig. 7, both single-chain forms bound
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FIG. 4. Immunoblot analyses of native FLSC. Four concentrations of purified FLSC (1 to 0.03 pM) were covalently cross-linked as previously described (8, 10) by
treatment with 1.5 pM bis(sulfosuccinimidyl) suberate (BS?; Pierce, Rockford, Ill.) for 30 min at room temperature. The cross-linked material was then subjected to
immunoblot analyses with anti-CD4 antibody as described in Materials and Methods. The visible bands (inset) are shown with arrows; sizes for bands A (172 kDa) and
B (302 kDa) were calculated relative to protein standards run in a parallel lane. The relative proportion of protein represented by each band was estimated by
densitometric analyses and plotted. Total FLSC protein was determined by adding the densitometry values for the three bands in each lane.

only to the R5-expressing cells. Maximal binding was observed
with FLSC at concentrations (10 pwg/ml) equivalent to what was
observed with soluble BalLgp120-rsCD4 complexes tested as
controls. In comparison, approximately 10-fold-higher concen-
trations of the TcSC were required to approach saturation
binding.

To verify that the expected coreceptor-binding domain on
gp120 mediated the binding to RS, the single-chain complexes
were retested for cell surface binding after treatment with
anti-coreceptor domain antibodies. As shown in Fig. 8, 17b and
48d strongly inhibited the binding of both single-chain com-
plexes to the cells. In the presence of these antibodies, the
binding signal on RS5-expressing cells was the same as the
background binding seen with L.1.2-X4 and L1.2 parental cells.
Interestingly, 2G12, a potent neutralizing antibody, also re-
duced the interaction of all complex forms with RS. In com-
parison, anti-gp120 antibodies recognizing epitopes outside the
coreceptor binding domain, C11, A32, and an anti-gp41 anti-
body, F240, all failed to reduce the binding of FLSC or TcSC
to the R5-expressing L1.2 cells.

The single-chain complexes were further examined for co-
receptor-binding specificity by testing their ability to neutralize
RS and X4 viruses. As shown in Fig. 9, both FLSC and TcSC
potently and selectively neutralized the R5 HIV-1y,, isolate,
while there was only a slight inhibition (IDy, > 10 pg/ml) of
the X4 isolate. In comparison, uncomplexed BalLgp120 inhib-
ited entry of both HIV-15,, and X4 (HIV-1,,,) viruses as
expected due to its direct interactions with CD4.

DISCUSSION

The gp120-CD4 complex represents a critical intermediate
structure in early HIV replication that is essential for virus
entry. The formation of this complex requires an interaction
between one gp120 molecule and a single CD4 receptor and
can be accomplished with soluble molecules. Thus, a chimeric

polypeptide containing gp120 and CD4 sequences separated by
a flexible linker could be expected to fold into a structure
duplicating the gpl120-CD4 complex. We describe here the
construction and characterization of two such chimeras: one
having full-length gp120 and the other containing a truncated
HIV envelope closely resembling the molecules used to resolve
the crystal structure of gp120 bound to CD4 (18).

Both single-chain forms exhibited the expected antigenic
properties of the gp120-CD4 complex, being strongly reactive
with MAbs to the coreceptor-binding site. Further, the levels
of reactivity with such antibodies were significantly higher than
those observed with free gp120 (Fig. 5), in which the corecep-
tor binding site is partially inaccessible. Such results strongly
indicated that the gp120 and CD4 sequences in the single-
chain molecules form stable interactions. In accordance, anti-
bodies to the CD4bd, which would be occluded in the gp120-
CD4 complex, failed to recognize either the FLSC or TcSC in
antigen capture ELISA (Fig. 6).

The single-chain molecules also exhibited functional prop-
erties characteristic of a gp120-CD4 complex. Both TcSC and
FLSC, containing the RS HIV-15,, envelope sequence, bound
specifically to R5-expressing cells in a dose-dependent man-
ner. In each case the binding was completely blocked by 17b
and 48d MADbs directed against the coreceptor-binding do-
main, confirming that the interaction with R5 was mediated by
the gp120 moiety of the complexes. In agreement with these
data, the single-chain chimeras mediated selective antiviral
effects consistent with their coreceptor preference. Both FLSC
and TcSC selectively neutralized the R5-specific isolate, HIV-
1ga1, In a coreceptor-specific neutralization assay. It is note-
worthy that the soluble BaLgp120-rsCD4 complexes were less-
specific inhibitors and neutralized the X4 HIV-1,,,, isolate in
the 6- to 7-pg/ml range, whereas the single-chain complexes
did not. Such neutralization was likely due to more extensive or
irreversible dissociation of the gp120-rsCD4 complexes during
the extended incubation periods of the neutralization assay,
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FIG. 5. Exposure of CD4-induced epitopes on single-chain complexes. (A) Reciprocal half-maximal binding concentrations of human anti-gp120 MAbs with
purified FLSC. An antigen capture format with antibody D7324 was used as described in Materials and Methods. Antibodies 17b, 48d, and A32, which recognize
CD4-induced epitopes on gp120, were tested with FLSC or with Bal.gp120 either alone or complexed with rsCD4. C11, an anti-gp120 MAb that is not complex
dependent, was used as a control. Threefold dilutions of each antibody were tested starting at 10 pg/ml. Average values derived from three separate experiments are
shown. Standard errors are shown with bars. (B) Reciprocal half-maximal binding concentrations of human anti-gp120 MAbs in TcSC versus FLSC ELISAs.
Single-chain complexes were captured from transfected 293 cell conditioned medium onto plastic via the anti-CD4 MAD 45, as described in Materials and Methods,
and probed with the same antibodies as in panel A. Since different amounts of the FLSC and TcSC were present in the conditioned medium, comparisons of ELISAs
were made by normalizing half-maximal binding concentrations based on a conversion factor that equalized the signal obtained with the pooled HIV" human sera. The
level of FLSC reactivity with the HIV* human sera was 6.6-fold higher than with the TcSC.

allowing free gp120 to interfere in CD4 interactions. A greater
stability of the single-chain complexes may have limited such
effects. However, at high concentrations weak neutralization of
the X4 virus was also mediated by the FLSC (data not shown).
The complexes of gp120 and CD4 fragments present in the
FLSC preparation (see below) could explain this effect, as they
are capable of dissociating in a manner analogous to the
gp120-rsCD4 complexes.

A major consideration for the single-chain chimeras is
whether their antigenic and functional properties arise from
multimeric, interchain binding (gp120 in one molecule inter-
acts with CD4 sequences in another) or from monomeric in-
trachain interactions. The latter would give rise to bona fide
single-chain gp120-CD4 complexes. This question was ad-
dressed by gel filtration, SDS-PAGE, and immunoblot analyses
of the single-chain chimeras. These analyses revealed that the
FLSC and TcSC had significantly different physical features.

The majority of the intact FLSC behaved as a monomer, as
it exhibited similar sizes under nondenaturing (178 kDa; Fig. 3)
and denaturing (162 kDa; Fig. 2) conditions. These sizes were
in agreement with predictions of a monomeric molecular mass
based on the composition of the molecule. Further, immuno-
blot analyses (Fig. 4) showed that FLSC behaves primarily as a
172-kDa protein even after covalent cross-linking of the native

material. In view of its antigenic and functional properties the
intact FLSC seems capable of folding into an intrachain com-
plex. Thus, as predicted, the 20-amino-acid linker positioned
between the gp120 and CD4 sequences seems to be sufficient
to allow the CD4bd of gp120 to engage the CD4 moiety.
However, it is also clear that the FLSC is not exclusively
monomeric, since larger forms of the molecule were detected
under nondenaturing conditions. The gel filtration experi-
ments suggested the presence of minor species of 313 and 518
kDa, while the immunoblot analyses of cross-linked FLSC
showed two minor high-molecular-mass forms (Fig. 4, inset).
The smaller of these exhibited a molecular mass of approxi-
mately 302 kDa, possibly representing an FLSC dimer. This
species probably corresponds to the 313-kDa shoulder of the
major FLSC peak evident in the gel filtration chromatogram.
Although the larger cross-linked species (Fig. 4) could not be
assigned an accurate molecular mass by immunoblot analyses,
it is likely to be the same as the 518-kDa species that was also
fractionated by the gel filtration column. In either case, we
cannot conclude that these oligomers reflect interchain com-
plex formation, since we have detected analogous high-molec-
ular-mass molecules resembling dimers and trimers in prepa-
rations of cross-linked BaLgp120 and rsCD4 (Fig. 3A and data
not shown). Similarly, oligomeric molecules were also evident
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factor that equalized the signal obtained with the HIV* human sera. The level of FLSC reactivity with the HIV* human sera was 6.6-fold higher than with the TcSC.

in preparations of cross-linked IIIB gp120 and rsCD4 com-
plexes (10). Therefore, limited oligomerization appears to be a
general characteristic of gp120-CD4 complexes and is not
unique to the FLSC. Whether these oligomers arise via inter-
actions between sequences in gpl120, CD4, or both is as yet
unclear.

Unlike the TcSC, the FLSC was sensitive to proteolysis that
generated fragments containing either gpl20 or CD4 se-
quences. However, this action did not grossly disrupt the rel-
evant structure of the FLSC. The fragments coeluted from the
gel filtration column and were not recovered separately (Fig.
3A), indicating that they were almost entirely incorporated
into gp120-CD4 complexes. These complexes, which are un-
tethered and almost certainly exist as monomers, were physi-
cally indistinguishable from the intact 178-kDa FLSC under
nondenaturing conditions. Notably, the complexed fragments
coeluted with the larger species of intact FLSC, indicating that

they form oligomers in the same manner as the intact single
chain.

The position of the cleavage site that separates the frag-
ments is probably located within the C-terminal gp120 se-
quences present only in the FLSC, since the shorter TcSC did
not exhibit degradation. Notably, these sequences encompass
the gp120-gp41 junction normally cleaved by the furin protease
(14). Cleavage of the FLSC at the natural furin site would be
consistent with the behavior of the FLSC fragments, as it
would have minimal impact on the structures of the gp120 and
CD4 moieties and their capacity to interact. In accordance with
this, we have recently determined that mutations in the puta-
tive furin site in fact dramatically reduce proteolytic degrada-
tion of the FLSC (data not shown).

In contrast to the FLSC, the TcSC eluted from the gel
filtration column (Fig. 3B) as a very broad peak representative
of a collection of oligomers. This behavior indicates that the
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FIG. 7. Specific interaction of single-chain and BaLgp120-rsCD4 complexes with the CCR5 coreceptor. Various concentrations of complexes were incubated with
either L1.2 cells expressing CCR5 (R5), L1.2 cells expressing CXCR4 (X4), or parental L1.2 cells (L1.2). Bound complexes were detected by flow cytometry using 5
g of MAD 45 per ml as described in Materials and Methods. The values shown are from a representative experiment repeated three times with the same results.
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TcSC exists primarily as variably sized chains of polypeptides
joined by interactions between gp120 sequences and CD4 se-
quences in separate molecules. Since the TcSC was created by
deleting 20 C-terminal amino acids from gp120, the distance
between the CD4 core structure and the CD4bd of gp120 was
significantly shortened. This may have hindered the ability of
the TcSC to achieve an intramolecular gp120-CD4 interaction
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FIG. 9. Neutralization of HIV-1,y,, and HIV-1g,; by FLSC and TcSC.
BaLgp120, BaLgp120-rsCD4 complexes, FLSC, and TcSC were examined for
neutralization of HIV-1 infection, as described in Materials and Methods, using
U373 cells that express CD4, either R5 or X4, and B-galactosidase governed by
the HIV-1LTR promoter. An X4-specific isolate, HIV-1,4,4, and the R5-specific
isolate, HIV-1g,; , were tested in parallel. An IDgy, for FLSC and TcSC against
HIV-1,444 was not achieved with the maximum concentrations tested and is
therefore presented as >10 pg/ml.

and favored the formation of interchain complexes. Neverthe-
less, the TcSC also exhibited the antigenic and functional fea-
tures of a gp120-CD4 complex. However, the maximal binding
of the TcSC to cell surfaces required approximately 10-fold
higher concentrations compared to the FLSC. It is possible
that because of intermolecular interactions involving multiple
TcSC molecules, a smaller proportion of the total protein
expressed a coreceptor binding site capable of interacting with
surface coreceptors. Alternatively, the deletion of the V1
and/or V2 regions in the TcSC may decrease the relative af-
finity of the BaL envelope for R5. Further modification of the
TcSC to elongate the linker between the gp120 and CD4 moi-
eties might allow it to form intrachain complexes. Whether the
multimeric nature of the TcSC represents a disadvantage re-
mains an open question, since studies with other multimeric
molecules suggest they are more potent immunogens than
their monomeric counterparts (9, 16, 20). Studies to address
this question are ongoing.

The availability of single-chain analogues of the gp120-CD4
complex should greatly facilitate the identification of mole-
cules that interact with the coreceptor binding domain. Folded
single-chain complexes can be expressed at high levels in cul-
ture and conveniently purified in a single immunoaffinity step
using either lectin or antibodies specific for CD4-induced
epitopes. Because they reliably present the coreceptor binding
site, such molecules can now be used as convenient tools for
identifying and evaluating the therapeutic potential of MAbs
or other compounds that might interfere with HIV-1 corecep-
tor interactions.

The synthetic genes for the single-chain complexes should
also vastly improve the versatility of vaccine approaches to
target novel conformational epitopes on gpl20. The single-
chain gene can be introduced into vaccine delivery vehicles
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such as attenuated vaccinia virus (14, 23), Semliki Forest virus
(14, 24), or Salmonella sp. (26, 28) to provide an efficient and
reliable means for the expression of properly associated and
folded gp120 and CD4 sequences. Thus, both humoral and
cellular responses to complex-dependent epitopes could be
generated. Introducing envelope genes derived from viruses
that use alternative coreceptors could further expand the po-
tential of these single-chain molecules.
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