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Soluble forms of the HIV-1 receptor CD4 (sCD4) have been extensively characterized for more than 2
decades as promising inhibitors and components of vaccine immunogens. However, they were mostly based on
the first two CD4 domains (D1D2), and numerous attempts to develop functional, high-affinity, stable soluble
one-domain sCD4 (D1) have not been successful because of the strong interactions between the two domains.
We have hypothesized that combining the power of structure-based design with sequential panning of large D1
mutant libraries against different HIV-1 envelope glycoproteins (Envs) and screening for soluble mutants
could not only help solve the fundamental stability problem of isolated D1, but may also allow improvement
of D1 affinity while preserving its cross-reactivity. By using this strategy, we identified two stable monomeric
D1 mutants, mD1.1 and mD1.2, which were significantly more soluble and bound Env gp120s more strongly
(50-fold) than D1D2, neutralized a panel of HIV-1 primary isolates from different clades more potently than
D1D2, induced conformational changes in gp120, and sensitized HIV-1 for neutralization by CD4-induced
antibodies. mD1.1 and mD1.2 exhibited much lower binding to human blood cell lines than D1D2; moreover,
they preserved a (3-strand secondary structure and stability against thermally induced unfolding, trypsin
digestion, and degradation by human serum. Because of their superior properties, mD1.1 and mD1.2 could be
potentially useful as candidate therapeutics, components of vaccine immunogens, and research reagents for
exploration of HIV-1 entry and immune responses. Our approach could be applied to other cases where soluble

isolated protein domains are needed.

CD4 is a transmembrane glycoprotein expressed on the sur-
faces of most thymocytes and a subpopulation of mature T
cells (CD4™" T cells) (16). It is composed of four immunoglob-
ulin-like extracellular domains, a transmembrane segment, and
a cytoplasmic tail noncovalently associated with Lck, a src-
family tyrosine kinase. As an important component of the
immune system, CD4 functions as a coreceptor of the T-cell
receptor (TCR) on the surfaces of CD4™" T cells for stronger
association with the class II major histocompatibility complex
(MHCII) on antigen-presenting cells (APCs). This association
is sufficient to trigger T-cell signaling transduction, resulting in
activation of the CD4 " T cells. The crystal structure of human
CD4-murine MHCII complex shows that only the first extra-
cellular domain (D1) of CD4 contacts MHCII (37). However,
mutational analysis indicates that, in addition to D1, other
domains also affect binding to MHCII (27). Moreover, oli-
gomerization of CD4 is required for stable interaction with
MHCII and efficient T-cell activation (31).

CD4 is also the primary receptor for HIV-1 (9). HIV-1 entry
is initiated by its binding to the viral envelope glycoprotein
(Env) gp120. The interaction results in extensive conforma-
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tional rearrangements of gp120 and subsequently gp41 after
engagement of a coreceptor (either CCRS5 or CXCR4). The
structural rearrangements of Envs and the interplay between
Envs and the cellular receptor and coreceptor bring viral and
plasma cell membranes within close proximity and eventually
cause membrane fusion and entry of the viral genome into
cells. Because CD4 plays a key role in HIV-1 infections, re-
combinant solubly expressed CD4 (sCD4) containing either all
four (T4) (10) or the first two (D1D2) (35) extracellular do-
mains is a potent inhibitor of HIV-1 entry and was used for
crystallization alone (30, 39) or with gp120 (21). Crystallized
CD4 binds similarly to HIV-1 gp120 and MHCII through D1.

We have, therefore, hypothesized that by using protein-en-
gineering techniques it would be possible to generate a smaller
version of sCD4 that contains only the first domain, D1, while
preserving not only binding activity and specificity, but also
other functions, such as induction of conformational changes
in HIV-1 gp120. Due to decreased molecular size, D1 could
have excellent biological properties, including improved bind-
ing kinetics; soluble expression in Escherichia coli; higher sol-
ubility, stability, and specificity; lower immunogenicity in ani-
mals; and better penetration into tissues, such as the densely
packed lymphoid environments (e.g., spleen, lymph node, and
gut), where HIV-1 mostly replicates and spreads. In a previous
study (34), D1 was generated using a mutational strategy based
on single-amino-acid replacement and purified from a soni-
cated supernatant of E. coli. However, the purified protein was
stable only at low pH (4.0), was partially improperly folded,
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and had affinity severalfold lower than that of D1D2 and T4. In
this study, we used the power of library methodologies and
generated a large phage-displayed library of D1 by randomiz-
ing four hydrophobic residues at the interface with the second
domain (D2) and introducing additional mutations into other
positions by error-prone PCR. The library was panned sequen-
tially against different HIV-1 Envs. The selected D1 mutants
were highly soluble, expressible in E. coli, stable, and mono-
meric in phosphate-buffered saline (PBS) (pH 7.4), and
showed a dramatic increase in affinity compared to D1D2. In
addition, they preserved other functions of CD4, such as in-
duction of structural rearrangements in HIV-1 gp120 and pos-
sible interactions with other targets.

MATERIALS AND METHODS

Cells, viruses, plasmids, and HIV-1 Env gp140s. BJAB cells were a gift from
Anu Puri (National Cancer Institute, Frederick, MD). We purchased the 293T
and SUPT1 cells from ATCC and the 293 freestyle cells from Invitrogen. Other
cell lines and plasmids used for expression of various HIV-1 Envs were obtained
from the National Institutes of Health AIDS Research and Reference Reagent
Program (ARRRP). The D1D2 gene was synthesized and cloned in our labora-
tory by Xiaodong Xiao (National Cancer Institute, Frederick, MD; currently at
Medimmune, Gaithersburg, MD). gp140s¢ and gp140,,5 were produced in our
laboratory as described previously (5). Gp140c¢q,.s (23) and gp140cyyi2.0544.2
were gifts from Barton F. Haynes (Duke University Medical Center, Dur-
ham, NC).

Library construction and panning. The phage-displayed library of D1 mutants
was constructed by random mutagenesis. To randomize positions 5, 76, 96, and 98
of D1, we used the following degenerate primers: D1mF, 5'-CGCTACCGTGGCC
CAGGCGGCCAAGAAGGTGGTGNNSGGCAAGAAGGGCGACACC-3'
(sense); D1mR1, 5'-GTGGTGGCCGGCCTGGCCGCCWNNCACWNNCAGCT
GCACCTCCTCCTTCTGGTCCTCCACCTCGCAGATGTA-3" (antisense); and
DImR?2, 5'-CTCGCAGATGTAGGTGTCGCTGTCCTCWNNCTTCAGGTTCT
TGATGATCAG-3' (antisense). The D1 gene fragment was first amplified by PCR
with a D1D2-encoding plasmid as the template and primers DImF and D1mR2.
The PCR product was gel purified and used as a template for amplification of
full-length D1 with primers DImF and DImR1. To introduce point mutations in
other positions, we performed random DNA mutagenesis with the purified full-
length D1 gene as a template, primers DImF and DImR1, and the Gene-Morph
PCR Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s
instructions. The PCR products were gel purified, digested with Sfil, and gel purified
again. The purified fragments were then cloned into phagemid pComb3X linearized
by Sfil. A phage library was prepared by electroporation of E. coli strain TG1
electroporation-competent cells (Stratagene, La Jolla, CA) with desalted and con-
centrated ligation, as described previously (8).

The phage library was used for selection of D1 mutants against HIV-1 antigens
used to coat 96-well plates as described previously (13). For sequential panning,
200, 100, and 20 ng of gp140gc, gpl40ys, and gpl40g- were used in the first,
second, and third rounds, respectively. Clones that bound to HIV-1 antigens
were identified from the third round of panning using soluble expression-based
monoclonal enzyme-linked immunosorbent assay (semELISA) as described pre-
viously (7).

Cloning of D1 mutants for mammalian expression and fusion proteins of D1
mutants and D1D2. The following primers were used: D1-49F, 5'-TGACGCG
GCCCAGCCGGCCAAGAAGGTGGTGATCGGC-3' (sense); D1-49R, 5'-CG
GGTTTAAACTCAGTGGTGGTGGTGGTGGTGGCCTAGCACTATCAGC
TG-3' (antisense); D1-53F, 5'-TGACGCGGCCCAGCCGGCCAAGAAGGTG
GTGTACGGC-3' (sense); D1-53R, 5'-CGGGTTTAAACTCAGTGGTGGTG
GTGGTGGTGGCCTACCACTACCAGCTG-3' (antisense); CH2F1, 5'-GCA
CCTGAACTCCTGGGG-3'" (sense); CH2F2, 5'-TCAGGCGGAGGTGGCTC
TGGCGGTGGCGGATCAGCACCTGAACTCCTGGGG-3' (sense); CH2R,
5'-CGGGTTTAAACTCAGTGGTGGTGGTGGTGGTGTTTGGCTTTGGA
GATGGT-3' (antisense); DIR4, 5'-GAGTTCAGGTGCGCCTAGCACTATC
AGCTG-3' (antisense); DIR5, 5'-AGAGCCACCTCCGCCTGAACCGCCTC
CACCGCCTAGCACTATCAGCTG-3' (antisense); D1-49FcR, 5'-TTTGTCG
GGCCCGCCTAGCACTATCAGCTG-3' (antisense); D1-53FcR, 5'-TTTGTC
GGGCCCGCCTACCACTACCAGCTG-3' (antisense); CD4FcF, 5'-TGGTTT
CGCTACCGTGGCCCAGCCGGCCAAGAAGGTGGTGCTGGGC-3'
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(sense); and CD4FcR, 5'-GTGAGTTTTGTCGGGCCCGGCCAGCACCACG
ATGTC-3' (antisense).

To clone two stable monomeric D1 mutants, mD1.1 and mD1.2, for mamma-
lian expression, the gene fragments were PCR amplified with their bacterial
expression plasmids as templates and primer combinations D1-49F/D1-49R and
D1-53F/D1-53R, respectively. The PCR products were gel purified, digested with
Sfil and Pmel, and cloned into pSecTagB. To construct mD1.1CH2, the mD1.1
fragment was PCR amplified with primers D1-49F and D1R4. The CH2 frag-
ment was amplified with an IgG1-encoding plasmid as a template and primers
CH2F1 and CH2R. mD1.1 was joined to CH2 by overlapping PCR performed in
a volume of 50 .l by using both templates at the same molarities for 7 cycles in
the absence of primers and 15 additional cycles in the presence of 500 pM
primers D1-49F and CH2R. mD1.1L3CH2 was constructed in the same way,
except for the use of the primer combinations D1-49F/D1RS and CH2F2/CH2R
for amplification of the mD1.1 and CH2 fragments, respectively. The resulting
products, with Sfil and Pmel restriction sites appended on both sides, were
digested and cloned into pSecTagB. For construction of mD1.1Fc, mD1.2Fc, and
D1D2Fc, gene fragments were PCR amplified with primer combinations D1-
49F/D1-49FcR, D1-53F/D1-53FcR, and CDA4FcF/CD4FcR, respectively; di-
gested with Sfil and Apal; and cloned into pSecTagB-Fc.

Cloning of gp1205--mD1.2, gp1205--D1D2, and gp120gc. The following prim-
ers were used: SCF, 5'-TGACGCGGCCCAGCCGGCCGAGGTGGTGCTGG
GCAAC-3' (sense); SCR, 5'-TGAACCGCCTCCACCGCTTCCTCCTCCTCC
GGATCCTCCTCCGCCGGATCCTCCTCCTCCCTCGATCTTCACCACCT
T-3' (antisense); SCDI1F, 5'-GGTGGAGGCGGTTCAAAGAAGGTGGTGTA
CGGC-3' (sense); D1-53R, 5'-CGGGTTTAAACTCAGTGGTGGTGGTGGT
GGTGGCCTACCACTACCAGCTG-3' (antisense); SCD12F, 5'-GGTGGAG
GCGGTTCAAAGAAGGTGGTGCTGGGC-3' (sense); SCD12R, 5'-CGGGT
TTAAACTCAGTGGTGGTGGTGGTGGTGGGCCAGCACCACGATGT
C-3' (antisense); and SCR1, 5'-CGGGTTTAAACTCAGTGGTGGTGGTGGT
GGTGCTCGATCTTCACCACCTT-3' (antisense).

For cloning of gp120g--mD1.2, the gp120gc- and mD1.2 gene fragments were
PCR amplified with primer pairs SCF/SCR and SCD1F/D1-53R, respectively.
Gp120gc was joined to mD1.2 by overlapping PCR using primers SCF/D1-53R.
The resulting product was digested with Sfil and Pmel and cloned into
pSecTagB. gp1205--D1D2 was constructed in the same way, with the substitution
of primers SCD12F/SCD12R for amplification of D1D2 and SCF/SCD12R dur-
ing overlapping PCR. To generate gp120gc, the gene fragment was amplified by
PCR with primers SCF/SCRI1, digested with Sfil and Pmel, and cloned into
pSecTagB.

Protein expression and purification. The D1 mutants were expressed in E. coli
HB2151 or 293 freestyle cells; D1D2 and all fusion proteins were produced in
293 freestyle cells, as described previously (6). The D1 mutants, D1D2, gp120g,
mD1.1-CH2, gp120g--mD1.2, and gp1205--D1D2 fusion proteins, which were
tagged with hexahistidine at their C termini, were purified from the soluble
fraction of HB2151 periplasm or the 293 cell culture supernatants by immobi-
lized metal ion affinity chromatography (IMAC) using Ni-nitrilotriacetic acid
(NTA) resin (Qiagen, Valencia, CA) according to the manufacturer’s protocols.
The Fc fusion proteins were purified from the 293 cell culture supernatants by
Protein A Sepharose 4 Fast Flow (GE Healthcare, Piscataway, NJ) column
chromatography.

Size exclusion chromatography. A Superdex75 10/300 GL column (GE
Healthcare, Piscataway, NJ) was calibrated with protein molecular mass stan-
dards of 14-kDa RNase A, 25-kDa chymotrypsin, 44-kDa ovalbumin, 67-kDa
albumin, 158-kDa aldolase, 232-kDa catalase, 440-kDa ferritin, and 669-kDa
thyroglobulin. Purified D1 mutants and D1D2 in PBS were loaded onto the
preequilibrated column and eluted with PBS at 0.5 ml/min.

ELISA. ELISA was performed as described previously (6). Bound D1D2, the
D1 mutants, and mD1.1-CH2 fusion proteins were detected by horseradish
peroxidase (HRP)-conjugated anti-hexahistidine tag antibody (Sigma-Aldrich,
St. Louis, MO). Bound antibody-Fc fusion proteins in the absence or presence of
sCD4 were detected by HRP-conjugated anti-human IgG (Fc-specific) antibody
(Sigma-Aldrich, St. Louis, MO). The half-maximal binding (50% effective con-
centration [ECs]) was calculated by fitting the data to the Langmuir adsorption
isotherm.

SPR analysis. The binding kinetics of D1D2, the D1 mutants, and their
derivatives with HIV-1 gp140 were assessed by surface plasmon resonance (SPR)
analysis on Biacore X100 (GE Healthcare) using a single-cycle approach accord-
ing to the manufacturer’s instructions. Briefly, purified HIV-1 gp140 was diluted
in sodium acetate (pH 5.0) and immobilized directly onto a CMS5 sensor chip by
a standard amine-coupling method. The reference cell was injected with N-hy-
droxysuccinimide/1-ethyl-3-(3-dimethyaminopropy)carbodiimide and ethanol-
amine without injection of gp140. The proteins were diluted with running buffer
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FIG. 1. Library construction and selection of high-affinity, soluble, stable D1 mutants. (A) Schematic representation of library construction. The
X-ray crystal structure of D1D2 (left) was adapted from Protein Data Bank (PDB) 2B4C. The four hydrophobic residues in D1 interacting with
D2 are indicated by small arrows. The random-mutagenesis library of D1 is shown on the right, where circles denote randomization of the four
hydrophobic residues with the degenerate codon NNS and stars denote randomization by error-prone PCR. (B) Reducing SDS-PAGE of D1D2
and the D1 mutants purified from 293 freestyle cell cultures. (C) Size exclusion chromatography analysis. The thick arrows at the top indicate the
elution volumes of molecular mass standards in PBS: RNase A (14 kDa), chymotrypsin (25 kDa), and ovalbumin (44 kDa).

HBS-EP (100 mM HEPES, pH 7.4, 1.5 M NaCl, 30 mM EDTA, 0.5% surfactant
20). All analytes were tested at 500, 100, 20, 4, and 0.8 nM concentrations. The
kinetic constants were calculated from the sensorgrams fitted with the monova-
lent binding model of the BiacoreX100 Evaluation software 2.0.

Flow cytometry (FACS). For detection of the expression of human MHCII
(HLA-DR), approximately 10° BJAB or SUPTT1 cells in 100 ul PBS containing
0.1% bovine serum albumin (BSA) (PBSA) were mixed at different ratios (vol/
vol) with fluorescein isothiocyanate (FITC)-conjugated monoclonal mouse anti-
human HLA-DR (Sigma-Aldrich, St. Louis, MO) and incubated for 30 min at
room temperature. The cells were washed twice with 200 wl PBSA and then used
for fluorescence-activated cell sorter (FACS) analysis. For measurement of the
interaction of sCD4, 10° cells in 100 wl PBSA were incubated with sCD4-Fc
fusion proteins at final concentrations of 0.2, 2, and 20 uM for 1 h at room
temperature. The cells were washed twice and resuspended in 100 ul PBSA, and
0.5 pl Alexa Fluor 488-conjugated mouse anti-human IgG1 (Fc specific; Invit-
rogen, Carlsbad, CA) was added. Following a 30-min incubation at room tem-
perature, the cells were washed twice and then subjected to FACS.

Pseudovirus neutralization assay. HIV-1 pseudoviruses were generated, and
the neutralization assay was performed as described previously (6).

Solubility measurement. Proteins in PBS (pH 7.4) were concentrated using
Millipore centrifugal filters with a low molecular mass cutoff of 3 kDa and an
Eppendorf 5804R centrifuge. The 15-ml filtration devices were centrifuged at
4,000 X g at room temperature until the volume was reduced to about 50 pl. The
concentrated proteins were transferred to 1.5-ml Eppendorf tubes and centri-
fuged at 15,000 X g with an Eppendorf 5417R centrifuge for 10 min at room
temperature. The supernatant was collected, and the protein concentration in
solution was determined after appropriate dilution by measuring the absorbance
at 280 nm. To further concentrate the proteins, Microcon Ultracel YM-3 cen-
trifugal filters with a cutoff of 3 kDa and an Eppendorf 5417R centrifuge were
used. When the volumes were reduced to between 5 and 10 pl, samples were
transferred to 0.5-ml Eppendorf tubes and centrifuged at 15,000 X g at room
temperature for 10 min. The supernatant was collected, and protein concentra-
tions in solution were determined as described above. After storage of the

supernatants at 4°C for 5 days, the samples were centrifuged, and the concen-
trations of proteins in the supernatant were quantified again.

CD. The secondary structure and thermal stability of D1D2 and D1 mutants
were determined by circular dichroism (CD) spectroscopy as described previ-
ously (17).

Serum stability measurement. The proteins in PBS were mixed at a 1:1 ratio
(vol/vol) with human serum or PBS as a control to give a final concentration of
8,300 nM in a total volume of 35 pl. After 5, 10, and 15 days of incubation at
37°C, respectively, the reactions were stopped by freezing the samples at —20°C.
After all samples were collected, 35 pl of 4% milk in PBS was added to each
sample, and the diluted proteins were used in ELISAs with gp140¢,,,_.. Standard
curves were generated using the original protein stocks to quantify functional
sCD4 surviving different periods of serum incubation.

Proteolysis. Proteolytic digestion of sCD4 in PBS was performed using trypsin
at a protease/substrate ratio of 1:600 (wt/wt). For each reaction, 5 ng of trypsin
in 2 pl PBS was added to 3 pg sCD4 in 5.5 pl PBS. Separate samples were
incubated for 15, 30, and 60 min. The reactions were stopped by adding 2.5 ul
SDS-PAGE gel-loading buffer containing 100 mM dithiothreitol (DTT) to each
reaction mixture and boiling the samples for 5 min at 100°C. Samples collected
at different time points and stored at —20°C were resolved by SDS-PAGE,
followed by staining with Coomassie brilliant blue R250.

RESULTS

Structure-based library design and construction and selec-
tion of soluble D1 mutants with high binding and cross-reac-
tivity to HIV-1 gp140s. In crystallized D1D2, four hydrophobic
residues (5L, 761, 96L, and 98F) on D1 contact D2 (Fig. 1A).
These residues were randomized by using the degenerate
codon NNS, which encodes the complete set of standard amino
acids, and additional point mutations were introduced into
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FIG. 2. Binding kinetics characterization of mD1.1 and mD1.2. SPR analysis was performed on Biacore X100 by using a single-cycle approach
according to the manufacturer’s instructions. The tested sCD4 concentrations corresponding to each sensorgram are indicated by arrows, and the

calculated kinetic constants are shown on the right.

other positions by random mutagenesis through error-prone
PCR. The resulting D1 mutants were used to construct a rel-
atively large phage-displayed library with approximately 10°
members (Fig. 1A). The library was panned sequentially
against two HIV-1 Envs from different clades, gp140g (clade
B) and gp140,,s (clade A), to ensure preservation of D1 cross-
reactivity and to eventually increase affinity. To identify indi-
vidual mutants that specifically bind to Envs and are soluble in
the E. coli periplasm, clones were randomly selected after
three rounds of panning and subjected to screening by
semELISA. Sequencing of the 40 highest-affinity binders re-
vealed that they represented 19 different clones (see Fig. S1 in
the supplemental material). A majority (89%) of the mutants
retained hydrophobic residues in positions 5 and 96, where
isoleucine dominated, while 58% and 68% of the mutants
contained hydrophobic residues in positions 76 and 98, respec-
tively.

Two clones, designated mD1.1 and mD1.2, were chosen for
further characterization because of their high binding to all
gp140s tested in semELISA and their relatively high yields of
0.5 and 0.75 mg liter ', respectively, from the soluble fraction
of E. coli periplasm. In order to further characterize these
clones and for comparison with D1D2, which had been ex-
pressed in E. coli as an insoluble inclusion body protein (15),
mD1.1, mD1.2, and D1D2 were cloned into a mammalian
expression vector, expressed in 293 freestyle cells, and purified
from the cell culture supernatants. mD1.1 and mD1.2 ran on a
reducing SDS-PAGE with apparent molecular masses of ap-

proximately 16 kDa (Fig. 1B), which were greater than their
calculated molecular masses (12.040 and 12.061 kDa, respec-
tively, including the hexahistidine tag). Both mD1.1 and mD1.2
were seen to be monomeric in PBS at pH 7.4 by size exclusion
chromatography, with apparent molecular masses similar to
their calculated molecular masses (Fig. 1C). D1D2 was also
monomeric but did not elute as a single peak.

mD1.1 and mD1.2 bound to gp140s with much higher affin-
ity than D1D2 and enhanced binding of CD4-induced (CD4i)
antibodies to gp140s. Binding of mD1.1 and mD1.2 was ana-
lyzed by SPR and ELISA. Both D1 mutants bound to
gp140con.s (23), which was a consensus gpl40 designed by
aligning >1,000 sequences of group M, with picomolar affinity
(Kp, [equilibrium dissociation constant] = 1.60 X 10~'° and
1.62 X 10~ '° M, respectively) 48-fold higher than that of D1D2
(K,, = 7.76 x 10~ M) (Fig. 2). They had much higher (28-
fold) association rates and lower (2-fold) dissociation rates. To
assess cross-reactivity and confirm the high binding affinity of
mD1.1 and mD1.2, ELISAs were performed with two addi-
tional gpl40s (gpl40ciy12.0s44» and gpld0ge) from clade B
isolates. As expected, both mutants were cross-reactive against
all three gp140s and in all cases had ECs,s about 10-fold lower
than those of D1D2 (see Fig. S2 in the supplemental material).

To determine whether the significantly increased affinity of
the D1 mutants is due to their decreased molecular size, mu-
tation-induced structural refinement, or both, we made two
fusion proteins of mD1.1 with the human IgG1 CH2 domain,
mD1.1CH2, without a linker, and mD1.1L3CH2, with a poly-
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FIG. 3. Effects of molecular size on binding kinetics of mD1.1. (A) Generation of mD1.1-CH2 fusion proteins is schematically represented. The
6XHis denotes a hexahistidine tag, the stars denote the mutations in mD1.1 compared to wild-type D1, and (G,S); represents a polypeptide linker
composed of three repeats of the G,S motif. (B and C) The purified fusion proteins were analyzed on reducing SDS-PAGE (B) and by SPR

assay (C).

peptide linker composed of three repeats of the G,S motif
(Fig. 3A and B). As shown in a previous study (17), isolated
CH2 is solubly expressed in E. coli with a high yield; it has a
mass (approximately 13 kDa) and folding similar to those
(mass, approximately 10 kDa, and immunoglobulin-like fold-
ing) of D2 (28). Therefore, the fusion proteins could mimic
D1D2 in molecular size and shape. The association rate con-
stants (K,,) of mD1.1CH2 and mD1.1L3CH2 (K, = 6.07 X 10*
and 5.50 X 10* M s, respectively) were decreased 80-fold
compared to that of mD1.1 (K, = 479 X 10° M s ') as
measured by SPR (Fig. 3C). The fusion proteins had similar
dissociation rate constants (K, = 8.97 X 10"*and 8.93 x 10~
s~ respectively) comparable with that of mD1.1 (K, = 7.66 X
10~* s~ ') and slightly lower than that of D1D2 (K, = 1.32 X
1073 s™1). These results suggest that the improved binding
kinetics of mD1.1 compared to D1D2 is mostly due to de-
creased molecular size, although possible structural adjust-
ments induced by the mutations could also be a contributing
factor.

CD4 induces conformational changes in gp120 leading to the
exposure of CD4i epitopes. To find out whether the D1 mu-
tants can do likewise, we tested two CD4i antibody-based fu-
sion proteins, m9Fc (41) and m36hl1Fc (6), for binding to
gp140s in the absence or presence of mD1.1, mD1.2, or D1D2.
As expected, binding of the two antibodies at a fixed concen-
tration of 50 nM to gp140c,.s was dramatically enhanced in

on-s

the presence of the D1 mutants; the increase in binding with
mD1.2 was 3-fold more than that seen with D1D2 (Fig. 4). Fab
b12 (29), which is a well-characterized broadly neutralizing
monoclonal antibody targeting the CD4-binding site on gp120,
did not enhance the interaction of the CD4i antibodies with
gp140.

mD1.1 and mD1.2 potently neutralized HIV-1 and sensitized
the virus for neutralization by CD4i antibodies. To determine
the potency and breadth of HIV-1 neutralization by the D1
mutants, we used viruses pseudotyped with Envs from RS, X4,
and R5X4 HIV-1 isolates representing clades A, B, C, D, and
E. Of the 13 isolates tested, 8 were better neutralized (>2-fold)
by mD1.1 and mD1.2 than by D1D2, 4 (Bal, JRFL, IIIB, and
NL4-3) were neutralized with about the same potency, and
only 1 (GXC-44) showed reduced sensitivity to the D1 mutants
(Table 1). The D1 mutants had on average 2-fold-lower arith-
metic and geometric means of 50% inhibitory concentrations
(ICs0s) and ICyys than D1D2. The mutants were also more
potent than Fab b12, which neutralizes mainly clade B isolates.
IgG1 m102.4 (42), a control antibody specific for Nipah and
Hendra viruses, did not inhibit any of the viruses.

Synergistic effects of a combination of sCD4 and CD4i an-
tibodies on HIV-1 neutralization have been described previ-
ously (12). The major mechanism of action is that sCD4 en-
hances the exposure of the antibody epitopes, and therefore,
the antibodies can better bind the Envs. To find out whether
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FIG. 4. ELISA binding of CD4i antibodies to gp140s in the absence
or presence of the D1 mutants. Two CD4i antibodies, m36h1Fc
(A) and m9Fc (B), at a fixed concentration of 50 nM were mixed with
different concentrations of mD1.1 or mD1.2 prior to incubation with
gp140¢,,. used to coat 96-well plates. D1D2 and Fab b12 were used as
positive and negative controls, respectively. OD, optical density.
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there is synergy between the D1 mutants and CD4i antibodies,
we preincubated Bal with m36h1Fc in the presence of low
concentrations of mD1.1, mD1.2, or D1D2. Both m36h1Fc at
a concentration of 1,000 nM and IgG1 m102.4 in combination
with 2 nM mD1.1 or mD1.2 exhibited very low or no neutral-
izing activity (see Fig. S3 in the supplemental material). As
expected, preincubation of the virus with both m36h1Fc and
the D1 mutants resulted in a dramatic increase in neutraliza-
tion.

Generation and characterization of a gp120-mD1.2 fusion
protein as a candidate vaccine immunogen. gp120-sCD4 fu-
sion proteins are potentially useful as vaccine immunogens
because of the highly conserved neutralizing epitopes on gp120
exposed in the CD4-bound state (11). To assess the degree to
which the D1 mutants could stabilize gp120 in this state, we
made gpl203--mD1.2 and two control proteins, gpl120g.-
D1D2 and gp120 (Fig. 5A), and measured their binding to
CD4i antibodies. The three proteins were expressed in 293
freestyle cells and purified from the cell culture supernatants
with yields of ~2.1, 2.4, and 1.7 mgl™ ', respectively. They ran
on a reducing SDS-PAGE as relatively broad bands due to
glycosylation (Fig. 5B). Notably, m36h1Fc bound gp120g.-
mD1.2 more strongly (6-fold) than gp1204~-D1D2; another
CD4i antibody, m9Fc, also bound gp120g--mD1.2 slightly bet-
ter than gp1204-D1D2 (Fig. 5C). These results suggest that
mD1.2 could induce and stabilize structural rearrangements of
gp120 more efficiently than D1D2.

Binding of mD1.1 and mD1.2 to human blood cell lines. To
estimate non-HIV-specific interactions of the D1 mutants in
vivo, we measured FACS binding of mD1.1, mD1.2, and D1D2
as Fc fusion proteins to a human B-cell line, BJAB, and a
human T-cell line, SUPT1. According to a previous study (3),
BJAB cells expressed high-level MHCII, whereas MHCII was
not detectable on the surfaces of SUPT1 cells, which was
further confirmed in our study with a specific mouse anti-

TABLE 1. mD1.1 and mD1.2 potently inhibit infection of HIV-1 pseudotyped with Envs from different clades

IgG1 m102.4 Fab b12 D1D2 mD1.1 mD1.2
Virus Clade Tropism

ICSU” ICQ()h ICSO IC‘)U ICS(] IC‘)O ICS() IC‘)U ICS() IC‘)O
92UG037.8 A RS - - - - 1521 63+95 65+04 38x20 98+31 40=*25
Bal B RS — - 4002 29*+14 24=x07 1749 23*x09 13x£17 1.6*x02 11x0.6
JRFL B RS - - 1.4+01 1327 14=08 1M1+=75 1216 8 =*64 1520 103x5.6
JRCSF B R5 — - 3022 144 +23 4129 16085 1713 7250 11x03 65=*14
R2 B RS - - 720x55 >1,667 33+09 45+70 1.0x09 80*x35 06+04 79*15
ADS B R5 — - 7311 280*44 76 =9.1 150 £ 22 2845 136219 30x1.7 125+7.6
92HT B R5X4 — - 10+0.6 61039 6.0*04 117+10 11+02 12+34 1.8*+03 32+85
111B B X4 - - <0.2 1.1 02 03=x0.1 1.3+£0.2 <0.2 1.1 £0.2 <0.2 0.9 £0.3
NL4-3 B X4 - - 1.2+04 30x58 <0.2 4507 04=01 50x09 0301 53=x1.6
GXC-44 C RS — - - - 2703 1,000 68 155=*=17 >1,667 50=*=09 >1,667
7276 D RS - - 145+ 18 >1,667 72 +5.6 >1,667 12+09 66034 60=*77 783 *15
GXE E RS — — 630 x£45 >1,667 154 =89 1,080 * 46 5432 28063 44=*15 15017
CM243 E RS - - - - 43 +25 670 =50 3.6x02 150*+9.2 18*21 161 =40
Arithmetic mean? - - 161 711 35 417 23 266 19 268
Geometric mean? - - 16 138 10 102 5.0 50 5.6 51

“1Cs,, antibody concentration (nM) resulting in 50% inhibition of virus infection.

> 1Cqp, antibody concentration (nM) resulting in 90% inhibition of virus infection.

c

* —, no significant neutralization at the highest antibody concentration (2,000 nM) tested.

4 Arithmetic and geometric means were calculated for sCD4 constructs and all viruses, including those with values of <0.2 nM, which were assigned a value of 0.1,
and those with values of >1,667 nM, which were assigned a value of 2,000. The means for Fab b12 were calculated based on the values with 10 isolates that were

significantly neutralized.
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FIG. 5. Generation and binding to CD4i antibodies of gp120-mD1.2 fusion proteins. (A) Schematic representation of gp120g--based constructs.
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purified proteins to two CD4i antibodies, m36h1Fc and m9Fc. gp120g, gp120g--mD1.2, gp1204--D1D2, and D1D2 were used to coat 96-well
plates at 2-pg/ml concentration. Binding of the CD4i antibodies was measured as described in Materials and Methods.

human MHCII monoclonal antibody (Fig. 6). Interestingly,
D1D2Fc bound to SUPT1 cells as well as to BJAB cells, sug-
gesting multitarget and/or nonspecific interactions of CD4.
mD1.1Fc and mD1.2Fc also bound to both cell lines, but a
great decrease in binding strength (>100-fold) was observed.
Notably, at 200 nM, which is a similar early antibody concen-
tration in human serum after administration of therapeutic
antibodies (a 50-kg person with 4 liters of blood receiving a
dose of 3 mg antibodies per kg body weight), the D1-Fc con-
structs did not interact with SUPT1 cells at all and very weakly
with BJAB cells, whereas D1D2Fc still bound strongly.

mD1.1 and mD1.2 are significantly more soluble than D1D2.
Protein solubility in PBS (pH 7.4) was determined by the
ultrafiltration method (40). mD1.1 and mD1.2 were concen-
trated to 135.2 and 92.6 mg/ml, respectively, without visible
precipitation after high-speed centrifugation. Higher concen-
trations were not tested because of the large amount of protein
required. In contrast, precipitation was observed with D1D2,
and its concentration in the supernatant after centrifugation
was 49.9 mg/ml. The supernatants of the three samples were
stored at 4°C for 5 days, but no additional precipitation was
observed, suggesting that they remained soluble at those con-
centrations and under those conditions.

Preservation of mD1.1 and mD1.2 stability and secondary
structure. The thermal stability and secondary structure of
mD1.1 and mD1.2 were determined by CD spectroscopy.
D1D2 unfolding was observed to begin at 46°C, and the protein

was completely unfolded at 67°C, with a temperature of 50%
unfolding (midpoint temperature [7,,]) of 58.5°C (Fig. 7A).
The measurement was terminated at 70°C, where D1D2 ag-
gregated. A relatively early start of unfolding was also observed
with mD1.1 and mD1.2, but about 25% of both remained
folded at 67°C and their unfolding was complete at 82°C. The
T,,s for mD1.1 and mD1.2 were 58.3 and 55.1°C, respectively,
which were comparable to that of D1D2. The CD spectra of
mD1.1 and mD1.2 were similar to that of D1D2, although
there was a shift, suggesting that the D1 mutants still consisted
primarily of B strands at 25°C (Fig. 7B).

The proteins were further assessed for sensitivity to trypsin
digestion and degradation by human serum at 37°C. After 30
min of incubation with trypsin, the majority of D1D2 was
digested, while a large percentage of the D1 mutants remained
intact and a significant portion of the proteins survived 60-min
digestion (see Fig. S4 in the supplemental material). With
human serum, D1D2 was degraded slowly within the first 5
days of incubation and then quickly thereafter until 15 days
postincubation (p.i.), when less than 1,000 nM protein was left
(Fig. 8A). In contrast, the D1 mutants disappeared more rap-
idly within the first 5 days, but the degradation was slower in
the 10 days thereafter, and more than 1,000 nM protein was
detected 15 days p.i. In all cases, the degradation was specific
to trypsin or human serum, because incubation of the proteins
in PBS alone at 37°C for 15 days caused no significant loss
(Fig. 8B).
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DISCUSSION

D1 and D2 of CD4 pack against each other with a large
hydrophobic interface (21, 30). Although all residues directly
interacting with gp120 or MHCII are in D1 on a surface op-
posite to its interface with D2, mutations in D2 and other
domains have been shown to affect binding of CD4 to HIV-1
gp120 or MHCII (27), suggesting that there are strong inter-
domain interactions and that the interactions are important for
CD#4 functions. As a result, isolated D1 is not expressed in a
soluble and functional form. In a previous study (34), five
hydrophobic residues identified by crystallographic analysis to
significantly interact with D2 were mutated to either alanine or
threonine residues. The mutant protein was purified from a
sonicated supernatant of E. coli; however, the resulting puri-
fied protein was stable only at low pH (4.0) and had an affinity
with HIV-1 gp120 severalfold lower than that of D1D2 or T4.
The results of size exclusion chromatography suggest that a
significant portion of the protein may be improperly folded.
These drawbacks may limit the usefulness of the protein as a
research reagent, candidate therapeutic, or component of vac-
cine immunogens. In another study (25), CD4 mimics
(CD4M32 and CD4M33) containing 27 amino acid residues
were generated by transferring 9 residues of the human CD4
CDR2 loop to a scorpion toxin scaffold and introducing non-
standard (nonproteinogenic) amino acid residues; they exhib-
ited potent antiviral activity, with ICs,s in the nanomolar
range, comparable to that of human sCD4. Unfortunately, the
usefulness of CDM32 and CDM33 as candidate therapeutics

or components of vaccine immunogens is limited due to the
presence of nonstandard amino acid residues and the use of a
nonhuman scaffold with high likelihood of immunogenicity in
humans.

In this study, we combined several strategies, including
structure-based library design, construction, biopanning, and
screening. The selected D1 mutants were highly soluble, ex-
pressible in the E. coli periplasm fraction, monomeric, and
stable under physiological conditions. They showed a great
increase in affinity with HIV-1 gp120 over that of D1D2. While
the randomization strategies used in this study create tremen-
dous diversity, sequence analysis of 19 selected D1 mutants
showed a large percentage of them with a preference for hy-
drophobic residues in positions 5 and 96, suggesting that non-
hydrophobic residues at these positions may potentially pre-
vent the folding of stable and functional D1 structures. In
contrast, positions 76 and 98 were more tolerant of substitu-
tion. Based on these results, it is conceivable that other do-
mains, especially D2, could influence the interactions and bi-
ological functions of CD4 by interfering with D1 structure.

A previous study (19) showed that increasing antibody mo-
lecular size by PEGylation resulted in a marked reduction in
affinity observed in kinetic Biacore measurements. This effect
was independent of antibody formats and traced to lower as-
sociation rate constants caused by enlarged antibody hydrody-
namic size without significantly perturbing the dissociation rate
constants of the antibodies. To better understand the molec-
ular mechanism for the observed increase in affinity of the D1
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mutants, we fused mD1.1 to the isolated human IgG1 CH2
domain to mimic D1D2 (Fig. 3A and B). CH2 has a calculated
molecular mass only slightly larger than that of D2, and the two
independently folded moieties in the mD1.1-CH2 fusion pro-
teins may have a higher level of flexibility than D1D2, where
D1 and D2 are tightly associated. We also applied a highly
flexible polypeptide linker to one of the fusion proteins gen-
erated in order to see whether increased flexibility would have
additional effects on binding kinetics. In an SPR-based analy-
sis, the fusion proteins exhibited a dramatic decrease (80-fold)
in association rate constants while showing dissociation rate
constants comparable to that of mD1.1 (Fig. 3C), in agreement
with the previous study (19). The fusion protein mD1.1L3CH2,
linked by three repeats of the G,S motif, had even slower
association than mD1.1CH2, which contains no linker, most
likely due to a further increase in the molecular size and/or
flexibility of both moieties. The fusion proteins demonstrated
similar kinetics with D1D2, although the former associated
more slowly and the latter dissociated more rapidly. These
results suggest that most, if not all, of the improved kinetics of
the D1 mutants should be attributed to their decreased mo-
lecular size (minimized hydrodynamic size).
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The D1 mutants have substantially higher affinity for HIV-1
gp120 than D1D2 but neutralized pseudoviruses to a similar
degree. A likely explanation is that under the conditions used
in our assay, the time allowed for the inhibitors to react with
the viruses before exposure to the target cells is sufficient, so
that neutralization kinetics is mainly affected by the events
occurring thereafter, such as the dissociation of the inhibitors
from the viruses.

The D1 mutants described in this study are potentially useful
in several respects. First, they could be used as a tool to elu-
cidate the mechanisms of CD4-mediated HIV-1 entry and im-
mune responses. For example, previous studies indicated that
CD4 binds to MHCII as a dimer formed either by swapping its
D2 domain (24) or through D4 (39). Here, we propose a
strategy to explore such possibilities, where the D1 mutants, as
a single domain or D1-X-D3-D4 fusion proteins (where X
could be any independently folded single domain other than
D2 but comparable in molecular size), are displayed on CD4 ™~
T-cell surfaces and the activation of these T cells by APCs is
studied. This idea appears practical, as in a previous study (24),
murine CD4 mutants were successfully presented on human
CD4™ Jurkat 8.2 T cells and impaired T-cell activation was
observed.

Second, the D1 mutants could be superior to DID2 as a
component of HIV-1 gp120-based vaccine immunogens. Bind-
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ing of CD4 induces extensive conformational changes in gp120,
leading to formation and/or exposure of highly conserved
structures. These structures are functionally important, and
therefore, gp120-sCD4 complexes are potential immunogens
capable of eliciting broadly neutralizing antibodies that inhibit
viruses from different genetic subtypes. A recent study (11)
showed that the antibodies to CD4i epitopes elicited by a
gp120-D1D2 fusion protein accounted for the control of SHIV
challenge in macaques. When the gp120-D1D2 regimen was
evaluated in animal models, however, the resulting broadly
neutralizing sera were found to be primarily due to anti-CD4
antibodies (36). It would be of interest to use the smallest
version of sCD4, D1, which could possibly minimize the im-
mune responses against CD4 by the gp120-sCD4 combina-
tions. Moreover, the higher affinity of the D1 mutants gener-
ated in this study led to more efficient exposure of CD4i
epitopes (Fig. 5C); their much weaker interactions with the
human blood cell lines (Fig. 6) could generally result in de-
creased toxicities in humans. One could speculate, therefore,
that gp120-D1 fusion proteins could elicit gp120-specific im-
mune responses more efficiently than gp120-D1D2, providing
more insights into how the gp120 structures exposed by CD4
binding could elicit neutralizing responses. One should note
that the D1 mutants could also be more likely than D1D2 to be
immunogenic because of the mutations and the exposed inter-
face with D2. Their possible immunogenicity needs to be as-
sessed in human clinical trials.

Third, the D1 mutants could be more useful than D1D2 to
generate candidate HIV-1 therapeutics, not only because of
higher potency, but also due to smaller size. The antiviral
activities of monomeric (18, 32, 33), dimeric (22, 26), and
tetrameric (1, 14) human sCD4 as Fc fusion proteins have been
evaluated in animal models and human clinical trials. They
were well tolerated by patients with no significant clinical or
immunologic toxicities and exhibited significant inhibitory ac-
tivities, such as reductions in plasma viremia and virus titer.
However, their activities were transient and not consistent;
viral rebound rapidly occurred, and no significant efficacy was
observed in some patients. While the in vitro antiviral potency
of the reagents needs to be improved, the short serum half-life
problem with monomeric sCD4 in vivo should be addressed,
and in contrast, large fusion proteins with Fc, which could have
much longer half-lives, may have poor biodistribution in the
densely packed lymphoid environment where HIV-1 mostly
replicates and spreads. To achieve avidity effects, higher-order
oligomers of sCD4 had been previously created. A dodeca-
meric sCD4 molecule generated by placing D1D2 into an IgG-
IgA tailpiece context showed more than a 1,000-fold increase
in neutralization of HIV-1 primary isolates compared to mo-
nomeric sCD4 (2, 20). In other studies (5, 38), sCD4 was fused
with CD4i antibodies for synergistic and avidity effects and
further linked to Fc for an increase in serum half-life. The
resulting chimeric fusion proteins were exceptionally potent
and broadly neutralizing. In both cases, however, their large
molecular sizes (>650 kDa for the dodecamer and >150 kDa
for the CD4i antibody-Fc fusion proteins of sCD4) may create
difficulties in producing large quantities of the proteins for
clinical use and penetrating into solid tissues in vivo. There-
fore, the use of single-domain sCD4 may aid in the generation
of smaller fusion proteins that exhibit favorable biodistribution
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and long half-life in circulation, as well as conjugates with toxic
small-molecule drugs in which a short half-life is desirable to
reduce toxicity. Another potential application of D1 would be
as an addition to the reagents of detection of HIV-1 infection
because of its high cross-reactivity and picomolar affinity,
which could confer favorable diagnostic sensitivity and accu-
racy.

Although sCD4 could induce immune responses in humans,
there are no indications of such responses or other effects on
the immune system. A previous study (4) showed that mono-
meric sCD4 did not inhibit immune functions in monkeys,
suggesting it was unlikely to be immunosuppressive in humans.
However, the experiment needs to be repeated in humans with
higher-order oligomers, because oligomerization of CD4 is
required for interaction with MHCII or, presumably, other
targets, and the highly potent sCD4 derivatives described
above are exclusively multimeric (1, 14, 22, 26). Although
sCD4-Fc fusion proteins have been safely administered to a
number of humans in several clinical trials, it was uncertain
whether long-term treatment would be safe. Therefore, safety
will continue to be one of the major concerns for the use of
sCD4 in humans, and strategies to bias sCD4 specificity toward
HIV-1 should be strongly pursued. Our results showed that
mD1.1Fc and mD1.2Fc exhibited much lower binding to two
human blood cell lines than D1D2Fc, although the possibility
that they could retain interactions with MHCII was not ruled
out. The weaker binding of the D1-Fc constructs is most likely
due to slightly altered D1 structures and/or smaller surface
area of nonspecific interactions in the absence of D2. An al-
ternative explanation is that D1D2Fc could aggregate more
easily than the D1-Fc constructs, with more efficient recogni-
tion of the multiple Fc domains of D1D2Fc aggregates by the
secondary antibody. Therefore, the D1 mutants selected in this
study could lead to safer and more effective sCD4-based HIV-1
inhibitors, although in vivo experimental data are needed to
prove it.
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