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ABSTRACT: Most HIV-1 broadly neutralizing antibodies are directed
against the gp120 subunit of the env surface protein. Native env consists of
a trimer of gp120−gp41 heterodimers, and in contrast to monomeric gp120,
preferentially binds CD4 binding site (CD4bs)-directed neutralizing antibod-
ies over non-neutralizing ones. Some cryo-electron tomography studies have
suggested that the V1V2 loop regions of gp120 are located close to the trimer
interface. We have therefore designed cyclically permuted variants of gp120
with and without the h-CMP and SUMO2a trimerization domains inserted into the V1V2 loop. h-CMP-V1cyc is one such
variant in which residues 153 and 142 are the N- and C-terminal residues, respectively, of cyclically permuted gp120 and h-CMP
is fused to the N-terminus. This molecule forms a trimer under native conditions and binds CD4 and the neutralizing CD4bs
antibodies b12 with significantly higher affinity than wild-type gp120. It binds non-neutralizing CD4bs antibody F105 with lower
affinity than gp120. A similar derivative, h-CMP-V1cyc1, bound the V1V2 loop-directed broadly neutralizing antibodies PG9 and
PG16 with ∼20-fold higher affinity than wild-type JRCSF gp120. These cyclic permutants of gp120 are properly folded and are
potential immunogens. The data also support env models in which the V1V2 loops are proximal to the trimer interface.

HIV-1 (human immunodeficiency virus) is the etiological agent
of AIDS. Despite decades of extensive efforts, discovery of an
immunogen capable of eliciting broadly neutralizing antibodies
remains elusive. The neutralizing antibody response is primarily
directed against the envelope (env) protein of HIV-1.1,2 HIV-1
is an RNA virus from the retroviridae family, and its trimeric
env surface protein consists of two noncovalently associated
subunits, membrane-anchored subunit gp41 and surface
subunit gp120. The ectodomain of gp41 consists of two heptad
repeats (N and C heptad repeats), a disulfide loop region, and a
hydrophobic membrane proximal external region. Surface
subunit gp120 consists of the inner domain, the outer domain,
and bridging sheet regions.3 On the native env spike, the inner
domain of gp120 interacts with the ectodomain of gp41. Upon
interaction with cellular receptor CD4, gp120 undergoes
conformational changes that lead to the exposure of cryptic
epitopes (CD4i). Binding of gp120 to the coreceptors (CCR5
and CXCR4) on the target cell membrane leads to further
conformational changes and ultimately to the fusion of viral and
cellular membranes, driven by formation of a six-helix bundle
on gp41.
Although gp120 is the target of several neutralizing

antibodies, immunization with recombinant monomeric
gp120 typically elicits antibodies that are able to neutralize T-
cell line-adapted and other neutralization-sensitive viruses but
not more resistant circulating primary isolates.4 This suggests
that recombinant monomeric gp120 does not faithfully mimic
the native env spike on the virion surface. A number of different
approaches have been pursued to elicit broadly neutralizing
antibodies against HIV-1 but so far have met with limited
success.

The conserved coreceptor binding site on the env
glycoprotein is involved in the attachment of the virus to the
target cell membrane. However, epitopes in this region show
increased levels of exposure after receptor binding. One
approach to exposing these cryptic epitopes (CD4i epitopes)
is to stabilize gp120 through CD4 binding.
Previous studies have shown that immunization with gp120−

CD4 complexes or single chains was able to elicit neutralizing
antibodies against HIV-1.5−9 We have previously shown that
the broad neutralization elicited by the gp120−CD4 single
chain was due to anti-CD4 antibodies.10 In the same study, a
single chain of the gp120-M9 complex was also tested. M9 is a
27-residue scyllatoxin-derived mimic of the gp120 binding
region of CD4. However the gp120-M9 single chain did not
display CD4i epitopes or elicit neutralizing antibodies. It is
possible that the use of a long flexible linker to connect the
termini of gp120 and M9 might have affected the folding of the
molecule. Hence, in this work, we report the reduction of linker
length by cyclic permutation of gp120 and characterization of
the single-chain derivatives of these cyclic permutants with M9.
To elicit broadly neutralizing antibodies against HIV-1 env,

several strategies have been employed to mimic the native,
trimeric, gp120−gp41 spike on the virion surface. These
include the design of cleavage defective gp140, cleavage
competent gp140 stabilized by disulfide linkage between
gp120 and gp41 (SOSgp140 and SOSIPgp140),11−13 fusion
of trimerization domains with gp14014 and gp120,15 formation
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of HIV and SIV chimeric gp140,16 stabilization of gp140 by
introduction of cysteine mutations into the gp41 N heptad
repeat region,17 and addition of a trimerization domain at the
C-terminus of gp140 or gp130 along with cysteine mutations in
gp4118,19 to facilitate trimer formation. Several of the designed
mutants were largely trimeric. However, the sera elicited by the
uncleaved gp140−GCN4 complex at best showed only
marginal improvements in neutralization affinity relative to
those elicited by monomeric gp120.20 Subsequently, it was
shown21 that cleavage of cell surface-displayed gp160 is
essential for formation of a nativelike trimer, which binds
CD4bs-directed neutralizing antibodies such as b12 consid-
erably better than corresponding non-neutralizing ones.
Recently, Liu et al. modeled the HIV-1 env spike on the virion
surface using cryo-electron tomography.22 By fitting various
ligand-bound crystal structures of gp120 into the tomogram,
they demonstrated how each gp120 monomer is oriented in the
native env spike. In the native, unliganded spike, truncated
V1V2 loops from each gp120 subunit are oriented toward the
excess electron density at the apex of the trimer. The trimer
appears to be held together by strong contacts at the base
involving gp41, and at the apex that appears to be largely
mediated by the V1V2 loop. However, other cryo-EM
microscopy and tomogram studies have made conflicting
claims.22−26 In our work, we also report the design and
stabilization of circularly permuted gp120 in a trimeric
conformation. Trimerization was achieved by fusion of gp120
with two different trimerization domains (h-CMP and
SUMO2a) inserted into the V1 loop. The binding of the
trimeric constructs to various neutralizing and non-neutralizing
antibodies was characterized. These trimeric constructs are
novel, potential immunogens against HIV-1. The data also
support models of the HIV-1 spike in which the V1V2 loops are
proximal to the trimer interface.

■ EXPERIMENTAL PROCEDURES
Construct Descriptions. The gp120 sequences (amino

acids 31−511) used in this work are derived from the JRFL and
JRCSF isolates. Gene sequences were codon optimized for
expression in mammalian cells. M9 is a 27-residue CD4
analogue based on a scyllatoxin scaffold. It is a structural mimic
of β-strands C′ and C″ of domain D1 of human CD4. M9 binds
gp120 ∼100-fold less strongly than CD4.27 h-CMP is a 43-
residue peptide consisting of the coiled coil domain of human
cartilage matrix protein,28 which assembles into a homotrimer.
SUMO2a is a mutant of the 72-residue human SUMO2
protein29 and contains two designed cysteine mutations at
positions 26 and 46 to stabilize the homotrimeric form of the
protein via disulfide bond formation.
Cloning of Cyclic Permutants. To cyclically permute

gp120, new N- and C-termini were chosen at the V1V2, V3,
and V4 loop regions, and the original N- and C-termini of wt-
gp120 were connected via a 20-amino acid linker.
V1Jnstpagp120-L-CD4D1210 was used as a template. Here L
is a 20-residue linker composed of repeats of the GSA
tripeptide sequence. In this template, gp120 was cloned
between BglII and XbaI restriction sites and CD4D12 between
BamHI and KpnI restriction sites. For the cyclic permutants,
the N-terminal fragments (residues 153−511 for V1cyc, 328−
511 for V3cyc, and 409−511 for V4cyc) were amplified with
BglII and XbaI restriction sites at the N- and C-termini,
respectively. The C-terminal fragments (residues 31−142 for
V1cyc, 31−305 for V3cyc, and 31−401 for V4cyc) were

amplified with BamHI and KpnI restriction sites at the N- and
C-termini, respectively. The polymerase chain reaction (PCR)
products for each cyclic permutant and template
V1Jnstpagp120-L-CD4D12 were digested with BglII and XbaI
restriction enzymes and ligated to generate the N-terminal
fragment of the cyclic permutants. Similarly, the PCR products
and the template V1Jnstpagp120-L-CD4D12 were digested
with BamHI and KpnI restriction enzymes and ligated to
generate the C-terminal fragment of the cyclic permutants.
Individual N and C fragments of the cyclic permutants were
ligated together to generate three different cyclic permutants.

Cloning of Single-Chain Derivatives of the Cyclic
Permutants. To generate single-chain derivatives of the cyclic
permutants and M9, V1Jnstpagp120-L-M9,10 V1JnstpaV1cyc,
and V1JnstpaV3cyc were used as templates. In the case of
V1cyc and V3cyc, the stop codon at the end of the gene was
mutated using megaprimer-based PCR30 to introduce an NheI
restriction site. To have appropriate linkers between cyclic
permutants and M9, an NheI restriction site was introduced at
the required positions in the linker region of V1Jnstpagp120-L-
M9 by a similar megaprimer-based PCR. All templates
containing the NheI restriction site were doubly digested
with HpaI and NheI restriction enzymes, and inserts from
V1cyc and V3cyc were ligated into the doubly digested vectors
of gp120-L-M9 having 7- and 12-amino acid linkers,
respectively.

Cloning and Gene Synthesis of Oligomeric Cyclic
Permutants. Two different trimerization domains, h-CMP
and SUMO2a, were fused individually at the N-terminus of
V1cyc. Both trimerization domains were constructed by gene
synthesis and amplified via PCR with BglII restriction sites at
the N- and C-termini. The V1JnstpaV1cyc vector and PCR
products containing the trimerization domains were digested
with BglII and ligated to generate h-CMP-V1cyc and SUMO2a-
V1cyc. Only three amino acids (EIS) encoded by the restriction
sites lie between the trimerization sequence and the N-terminus
of the JRFL cyclic permutant. The E168K mutation was also
introduced into both constructs. Genes for wt-gp120, h-CMP-
V1cyc1, and V2cyc-h-CMP, based on the JRCSF sequence of
HIV-1, were synthesized by Genscript and were human codon-
optimized. In this case, two amino acids (AS) lie between the
trimerization sequence and the cyclic permutants.

Cell Lines, Antibodies, and Reagents. The HEK293 cell
line was obtained from the National Centre for Cell Sciences
(Pune, India). Monoclonal antibody (mAb) IgG-b12 was
obtained from Neutralizing Antibody Consortium of the
International AIDS vaccine Initiative (IAVI, New York, NY).
Antibodies PG9 and PG16 were kindly provided by S. Phogat.
Antibody F105 was kindly provided by L. Cavacini. Polyclonal
antisera against gp120 were generated in rabbits as described
previously.31

Expression and Purification of gp120 Derivatives.
Plasmids of all the constructs were transiently transfected into
HEK293 cells by using the polyfect transfection reagent
(Qiagen) according to the manufacturer’s protocol. Eight
hours after transfection, the medium was replaced with
Optimem reduced serum medium (Gibco). After an additional
48−72 h, supernatants were collected and analyzed for protein
expression by anti-gp120 immunoblot assays. Proteins were
purified by affinity chromatography using Lentil-Lectin
Sepharose 4B (Amersham-Pharmacia Biotech). Bound protein
was eluted with 600 mM α-D-methyl mannopyranoside in PBS
(pH 7.4). Protein concentrations were determined by a BCA

Biochemistry Article

dx.doi.org/10.1021/bi300003v | Biochemistry 2012, 51, 1836−18471837



assay (Sigma) according to the manufacturer’s protocol using
BSA as a standard.
BN-PAGE, SDS−PAGE, and Western Blot Analysis.

JRFLgp120, V1cyc, h-CMP-V1cyc, SUMO2a-V1cyc, h-CMP-
V1cyc1, V2cyc-h-CMP, and JRCSF gp120 were analyzed under
nondenaturing conditions using BN-PAGE; 5× sample buffer
[250 mM MOPS, 250 mM Tris-HCl (pH 7.7), 40% glycerol,
and 0.1% Coomassie brilliant blue G250] was added to the
samples prior to them being loaded onto a 4 to 12% Bis-Tris
NuPAGE gel (Invitrogen). Samples were electrophoresed at 4
°C for 3 h at 100 V. The cathode buffer contained 50 mM
MOPS, 50 mM Tris (pH 7.7), and 0.002% Coomassie brilliant
blue G250, and the same buffer without Coomassie brilliant
blue G250 served as the anode buffer. The gel was then blotted
onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore), which was then washed with a 30% methanol/10% acetic
acid mixture followed by 100% methanol to remove excess
Coomassie blue dye from the membrane. A broad range
molecular weight protein ladder (Invitrogen) was used as the
molecular weight marker.
Electrophoretic analysis of denatured envelope glycoproteins

was performed using 6% SDS−PAGE. Samples were denatured
by being boiled for 10 min in sample buffer (2% SDS, 40%
glycerol, and 0.1% Coomassie brilliant blue R250) and
subjected to 6% SDS−PAGE with and without DTT. Proteins
were then electrophoretically transferred to a PVDF membrane.
A broad range protein ladder (Invitrogen) was used as a
molecular weight marker. Following blotting, membranes were
blocked with 5% nonfat milk (Bio-Rad) in phosphate-buffered
saline (PBS, pH 7.4) for 2 h at room temperature. The
membranes were washed thrice with PBS containing 5% nonfat
milk and 0.05% Tween 20 and then incubated with anti-gp120
antisera generated in rabbits (1:1000) in a 5% milk/PBS
mixture at 4 °C for 5 h. The membranes were again washed
three times with PBS containing 5% nonfat milk and 0.05%
Tween (PBST) and incubated with horseradish peroxidase-
conjugated anti-rabbit antibody (Sigma-Aldrich, 1:10000
dilution) in a 5% milk/PBS mixture for 2 h at 4 °C, and the
membranes were then washed with PBST solution. Bound
antibody was detected with amino ethyl carbazole (Sigma-
Aldrich) and hydrogen peroxide.
Biacore Experiments. All Biacore experiments were

performed with a Biacore 2000 (Biacore, Uppsala, Sweden)
optical biosensor at 25 °C. In the first assay, 1000 resonance
units (RU) of four-domain CD4 was attached by amine
coupling to the surface of a research-grade CM5 chip (GE
Healthcare). The binding of gp120 and its derivatives to this
surface was examined. A naked sensor surface without antibody
that was activated and deactivated served as a negative control
for each binding interaction. gp120 and its derivatives, which
had been serially diluted, were run across each sensor surface at
four different concentrations in a running buffer of PBS with
0.005% P20. Protein concentrations ranged from 12.5 to 75 nM
for gp120, from 4 to 25.2 nM for V1cyc, from 5.6 to 29.4 nM
for V3cyc, and from 5.4 to 34 nM for V4cyc. For the remaining
proteins, interactions were studied at concentrations ranging
from 60 to 180 nM for single-chain derivatives (V1cyc-M9 and
V3cyc-M9) and at concentrations of 2−8 nM for two other
trimerized cyclic permutants of gp120 (h-CMP-V1cyc and
SUMO2a-V1cyc).
In the second assay, 1000 RU of IgG-b12 was attached by

amine coupling to the surface of a research-grade CM5 chip
and interaction with JRFL wt gp120, monomeric and

oligomeric V1cyc was examined. Three serial dilutions of
V1cyc and SUMO2a-V1cyc and four serial dilutions of wt
gp120 and h-CMP-V1cyc were run across the sensor surface in
running buffer of PBS and 0.005% P20. Protein concentrations
ranged from 50 to 200 nM for wt gp120, from 30 to 90 nM for
V1cyc, from 80 to 240 nM for h-CMP-V1cyc, and from 200 to
600 nM for SUMO2a-V1cyc. In the third assay, 1000 RU of
IgG-F105 was immobilized on the research-grade CM5 chip
and interactions with wt gp120, V1cyc and its derivatives were
examined. Proteins were serially diluted, and binding was
studied for three different concentrations of V1cyc and its
derivatives. Protein concentrations ranged from 50 to 300 nM
for wt gp120, 15 to 45 nM for V1cyc, from 40 to 120 nM for h-
CMP-V1cyc, and from 100 to 300 nM for SUMO2a-V1cyc.
Binding and dissociation were measured for 100 s each, at a
flow rate of 30 μL/min. For four-domain CD4 and F105, the
sensor surface was regenerated between binding reactions by
one to two washes with 10 mM NaOH for 60 s at a rate of 10
μL/min, and for IgG-b12, the sensor surface was regenerated
between binding reactions by washes with 10 mM HCl for 60 s
at a rate of 10 μL/min. Each binding curve was corrected for
nonspecific binding by subtraction of the signal obtained from
the negative-control flow cell.
In the fourth assay, 1500 RU of IgG-PG9 or IgG-PG16 was

immobilized on the research-grade CM5 chip and interactions
with JRCSFgp120 and h-CMP-V1cyc1 were examined. Proteins
were serially diluted, and interactions were studied for three
different concentrations of JRCSF gp120. For PG9 and PG16,
the concentration of JRCSF gp120 was varied from 410 nM to
1.6 μM and that of h-CMP-V1cyc1 from 208 nM to 2.55 μM.
In all cases, the flow rate was 20 μL/min. For PG9 and PG16,
the sensor surface was regenerated between binding reactions
by one or two washes with 4 M MgCl2 for 10 s at a rate of 30
μL/min. The kinetic parameters were obtained by fitting the
data to the simple 1:1 Langmuir interaction model by using
BIA EVALUATION version 3.1. All the Biacore experiments
were conducted at least twice.

■ RESULTS
Design of Cyclic Permutants of JRFL gp120. We have

previously reported the design of single-chain derivatives of
gp120 with CD4D12 or M9 in an attempt to construct
immunogens with exposed CD4i epitopes.10 Although sera
from guinea pigs immunized with gp120-CD4D12 were able to
neutralize various HIV-1 isolates, neutralization was due to anti-
CD4 antibodies. In these single-chain constructs, the N-termini
of CD4D12 and M9 were connected to the C-terminus
(residue 511) of gp120 with a long 20-amino acid linker,
because the distance between the N-terminus of CD4D12 and
the C-terminus of gp120 in the gp120−CD4D12−17b complex
[Protein Data Bank (PDB) entry 1G9M] is 45 Å. This long
linker might have interrupted the native folding of the molecule
and could be responsible for the observed lack of CD4i epitope
induction in the gp120-M9 single chain. To overcome this
problem, we cyclically permuted gp120 to reduce the linker
length and create new N- and C-termini close to the CD4
binding site of the molecule. In circularly permuted proteins,
the original N- and C-termini are connected via a peptide linker
and new N- and C-termini are created at another position in
the sequence. Hence, to circularly permute a protein sequence,
the N- and C-termini should be positioned so that they are
joined by an amino acid linker and new termini should be
created in positions that do not disrupt the folding, stability, or
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biological activity of the permuted molecule. Circular
permutation has been well studied for its impact on protein
structure, folding, and stability.32−42 In the case of gp120, the
original N- and C-termini (residues 31 and 511, respectively)
were connected by a 20-amino acid linker and new N- and C-
termini were created at loops V1, V3, and V4. These are named
V1cyc (new N- and C-termini at residues 153 and 142-
respectively), V3cyc (new N- and C-termini at residues 328 and
305, respectively), and V4cyc (new N- and C-termini at
residues 409 and 401, respectively) (Figure 1). In these cyclic
permutants, the loops are completely or partially deleted. For
V1cyc, residues from position 143 to 152 were deleted because
of poor sequence conservation and the presence of insertions
between residues 143 and 144 and residues 150 and 151 in
some HIV-1 isolates. For V3cyc, residues 306−327 were
deleted. Though the sequence conservation in this region is
moderate, there are multiple known insertions between
residues 309 and 310, residues 315 and 316, and residues

318 and 319. For V4cyc, residues 402−408 were deleted,
because of poor sequence conservation and insertions between
residues 406 and 407.

Expression, Purification, and Characterization of
Cyclic Permutants of JRFL gp120. The gene sequences of
V1cyc, V3cyc, and V4cyc were codon optimized for expression
in mammalian cell lines. Plasmid DNAs were transiently
transfected into HEK293 cells, and proteins were purified from
tissue culture supernatants by affinity chromatography.10 Yields
of purified proteins were approximately 1 mg/L of cell culture
supernatant. The gp120 subunit of the envelope binds to cell
surface receptor CD4. Following this, conformational changes
in gp120 and gp41 occur, ultimately leading to fusion of viral
and cellular membranes. To determine whether the cyclic
permutants mentioned above are folded into the native
conformation, their interaction with four-domain soluble CD4
(sCD4) was measured by SPR. Four-domain sCD4 was
immobilized on the surface of a CM5 chip, and different

Figure 1. Schematic and cartoon representations of cyclic permutants of gp120 and their single-chain derivatives. Schematic representations of (A)
wild-type gp120, (B) V1cyc, (C) V3cyc, (D) V4cyc, (E) gp120-M9, (F) V1cyc-M9, (G) V3cyc-M9, and (H) V4cyc-M9. The numbering of all gp120
constructs follows that of HXBc2. The linker sequence is marked as a dashed line. The amino acid sequence of the linker comprises glycine-serine-
alanine repeats. Cartoon diagrams of models of (I) wild-type gp120 (chain G of PDB entry 1YYL), (J) V1cyc, (K) gp120-M9, and (L) V1cyc-M9.
gp120 (chain G) is colored light violet, and M33 (chain M, a derivative of M9) is colored blue. The N-terminal (residues 31−82), C-terminal
(residues 493−511), V1V2 (residues 128−194), V3 (residues 298−329), and V4 (residues 396−411) regions are shown as long-dash extensions.
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concentrations of wild-type gp120 and cyclic permutants were
passed over the chip surface (Figure 2). Real-time binding to
surface-immobilized CD4 was assayed by using the Biacore
2000 SPR instrument. All cyclic permutants bound CD4 with
an affinity similar to that of wild-type (wt) gp120 (Table 1).
This shows that cyclic permutation of gp120 does not prevent
the molecule from folding to the native state.

Construct Design, Expression, Purification, and
Characterization of Single-Chain Derivatives of the
Cyclic Permutants of gp120. As described above, one of
the motivations for making cyclic permutants of gp120 was to
fuse these to CD4 analogue M9, to expose CD4i epitopes. To
minimize the length of the linker connecting gp120 and M9 in
the single-chain derivatives, the N- and C-termini of the cyclic
permutants were created near the CD4 binding site (Figure 1).
Either the N-terminus of M9 can be connected to the C-

terminus of the cyclic permutant, or the C-terminus of M9 can
be connected to the N-terminus of the cyclic permutant by
introducing an amino acid linker. The linker length was decided
by measuring the distance between the termini of cyclic
permutants and M33 from the coordinates of gp120 in complex
with M33 and 17b (PDB entry 1YYL).43 V1V2 (residues 128−
194) and V3 (residues 298−329) loops have been deleted in
the core gp120 construct present in the gp120−M33−17b
complex, and residues 396−411 in the V4 loop are disordered.
Hence, linker length was decided by measuring the distance
between the termini of M33 and the nearest ordered residue of
the loop regions in the crystal structure. For V1cyc, the distance
between the C-terminus of the cyclic permutant and the N-
terminus of M33 (17 Å) was shorter than the distance between
the N-terminus of the cyclic permutant and the C-terminus of
M33 (27 Å). For V3cyc and V4cyc, both connectivities had
similar distances (∼30 Å), and hence, for both V1 and V3 cyclic
permutants, the C-terminus of the cyclic permutant was
connected to the N-terminus of M9 with an appropriate linker
to generate V1cyc-M9 and V3cyc-M9, respectively. The linker
lengths should be 5 and 9 amino acids for V1cyc and V3cyc,
respectively (Cα−Cα distance of 3.8 Å). However, 7- and 12-
amino acid linkers were used for V1 and V3 single-chain
derivatives, respectively, to ensure the flexibility of the linker.
Because V4cyc had linker lengths similar to those of V3cyc, the
corresponding single chain with M9 was not constructed.
Plasmid DNAs of V1cyc-M9 and V3cyc-M9 were transiently
transfected into HEK293 cells, and proteins were purified from
tissue culture supernatants by affinity chromatography as
described in Experimental Procedures. Yields of purified

Figure 2. Representative sensorgram overlays for binding of different concentrations of gp120 derivatives to surface-immobilized CD4. Sensorgram
overlays are shown as dotted lines, and corresponding fits are shown as solid lines. Each experiment was repeated twice. (A) wt-gp120. Curves 1−4
indicate gp120 concentrations of 75, 50, 25, and 12.5 nM, respectively. (B) V1cyc. Curves 1−4 indicate concentrations of 25.2, 16.6, 8.3, and 4 nM,
respectively. (C) V3cyc. Curves 1−4 indicate concentrations of 29.4, 23.2, 11.6, and 5.6 nM, respectively. (D) V4cyc. Curves 1−4 indicate
concentrations of 34, 22.4, 11.2, and 5.4 nM, respectively. Surface density of 1000 RU; buffer was PBS (pH 7.4) and 0.005% P20; flow rate of 30 μL/
min.

Table 1. Kinetic Parameters for Binding of wt-gp120 and Its
Cyclic Permutants to sCD4

protein kon (M
−1 s−1) koff (s

−1) KD (nM)

wt-gp120 1.9 × 105 2.1 × 10−3 11 ± 2.2
V1cyc 8.7 × 105 5.6 × 10−3 6.5 ± 0.2
V3cyc 4.9 × 105 1.4 × 10−3 2.8 ± 0.2
V4cyc 5.1 × 105 2.3 × 10−3 4.4 ± 0.3
V1cyc-M9 7.19 × 104 2.21 × 10−3 30.9 ± 4.8
V3cyc-M9 6.63 × 104 1.8 × 10−3 27 ± 6
h-CMP-V1cyc 1.89 × 106 3.2 × 10−3 1.7 ± 0.3
SUMO2a-V1cyc 8.7 × 105 4 × 10−3 4.6 ± 0.1
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proteins were approximately 1 mg/L of cell culture super-
natants. Binding of CD4 to gp120 results in a conformational
change in gp120 that exposes cryptic epitopes known as CD4i
epitopes. Interaction of mAb 17b with gp120 is considerably
enhanced in the presence of CD4; i.e., it binds to CD4i
epitopes of gp120.44 The binding of both the above gp120-M9
single chain derivatives to 17b, in the presence or absence of
sCD4, was characterized by surface plasmon resonance (SPR).
17b was immobilized on the surface of a CM5 chip, and the
single-chain derivatives of cyclic permutants with M9 were
passed over the chip surface. Real-time binding to surface-
immobilized 17b was assayed using the Biacore 2000 SPR
instrument.
Binding was assayed both in the presence and in the absence

of a 5-fold excess of soluble CD4. Neither V1cyc-M9 nor
V3cyc-M9 interacted with 17b in the absence of sCD4; i.e.,
reduction of the linker length did not help in exposing the
CD4-induced cryptic epitopes. Even in the presence of sCD4,
these single-chain derivatives did not bind 17b, which implies
that the coreceptor binding sites are either not exposed or
partially occluded by M9. Unexpectedly, these single-chain
derivatives bound surface-immobilized sCD4 with a slightly
lower affinity than the corresponding cyclic permutants,
probably because of the partial occupancy of M9 in the CD4
binding site (Table 1).
Design of Trimeric Derivatives of Cyclically Permuted

JRFL gp120. Recently, a cryo-electron density map of HIV-1
env (BAL isolate) on the virion surface was obtained.22 After
the crystal structures of monomeric core gp120 in complex with
b12 (PDB entry 2NY7) had been fit into the electron density
map, it was found that there was excess electron density at the
trimer interface that was attributed to the V1V2 loops. On the
basis of this observation, we hypothesized that insertion of a
heterologous trimerization sequence into this region might help
in the formation of nativelike trimers that present loop-derived
neutralization epitopes. Most trimerization domains and
especially trimeric coiled coils45 have large distances between
the N- and C-termini, making them unsuitable for insertion
into loop regions of a protein. In an alternative approach, we
have individually fused two different trimerization domains at
the N-terminus of V1cyc. A schematic of one of the
trimerization domains fused to V1cyc is shown in Figure 3A.
The trimerization domain of human cartilage matrix protein

(h-CMP) is a trimeric coiled coil with two cysteine residues N-
terminal to the coiled coil that form interchain disulfide bonds.
The NMR structure of the homologue from chicken (CCMP)
has been determined,46 and the CCMP trimerization domain

has previously been used for trimerization of gp140.47 In our
study, we used the human homologue of the trimerization
sequence. In addition, we also used another trimerization
domain from the human SUMO2 protein.29 The structure was
analyzed using MODIP48 to predict possible locations for the
introduction of intersubunit disulfides into SUMO2 with the
aim of generating disulfide-linked trimers. On the basis of
MODIP predictions, mutations D26C and A46C were
introduced. Both proteins were purified from HEK293 cells
by affinity chromatography. BN-PAGE analysis, followed by
Western blotting, showed that h-CMP-V1cyc exists mainly as a
trimer and SUMO2a-V1cyc is a mixture of a trimer, a dimer,
and a monomer (Figure 3B). SDS−PAGE analysis, followed by
Western blotting in the presence and absence of DTT, showed
that both constructs form disulfide-linked oligomers (Figure
3C).

Interaction of Trimers with sCD4. Binding of the h-CMP
and SUMO2a gp120 fusion proteins to surface-immobilized
sCD4 was assessed using SPR (Figure 4). h-CMP and
SUMO2a fusions bound to sCD4 with ∼6- and 2.5-fold higher
affinity than wt-gp120 (Table 1). The enhanced binding was
primarily due to the increased kon. The lower affinity of
SUMO2a fusion protein for sCD4, compared to that of h-CMP
fusion protein, probably results from a smaller amount of
formation of trimer in the former protein under native
conditions.

Interaction of Trimers with CD4 Binding Site Anti-
bodies b12 and F105. Broadly neutralizing antibody b12
interacts with gp120 at the junction of the proximal and distal
barrels of the outer domain and blocks CD4 binding.49 F105 is
a non-neutralizing CD4 binding site (CD4bs) antibody that
also binds in a region of gp120 that partially overlaps with b12.
While this binds more tightly than b12 to monomeric gp120,
unlike b12 they do not bind to the native env trimer on the
virion surface. Upon interaction with b12, gp120 on the
trimeric envelope spike is locked in a conformation, which
prevents further conformational changes for interaction with
cell surface receptor CD4.22 In contrast to monomeric gp120,
h-CMP-V1cyc interacted with similar affinities of ∼10 nM to
both the broadly neutralizing antibody b12 and non-
neutralizing antibody F105 (Table 2). SUMO2a-V1cyc binds
approximately 5−10-fold weaker than gp120 to b12 and F105
(Table 2). The improved binding of the h-CMP derivative is
consistent with its fully trimeric association and is probably
caused by avidity effects.
Monomeric and both trimeric versions of V1cyc bound less

well to F105 than wt-gp120 (Table 2). F105 interacts with the

Figure 3. BN-PAGE and SDS−PAGE of monomeric and oligomeric JRFL gp120 derivatives. (A) Schematic representation of h-CMP-V1cyc. (B)
4−12% BN-PAGE, without DTT. wt-gp120, V1cyc, h-CMP-V1cyc, and SUMO2a-V1cyc in lanes 1−4, respectively. (C) 6% SDS−PAGE. Same
proteins as in panel B. Lanes 1−4, without DTT; lanes 5−8, with DTT. Following electrophoresis, gels were subjected to Western blotting and
probed with rabbit anti-gp120 antisera.
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hydrophobic surface of gp120 near the bridging sheet.50

Bridging sheet strands β20 and β21 and strands β2 and β3
move apart to facilitate this interaction. The presence of the
covalently linked trimerization domains at the top of the V1
loop (that emanated from strands β2 and β3) may inhibit the
movement of the bridging sheet strands required for F105
interaction.
Design of Cyclic Permutants of gp120 To Improve the

Affinity for PG9 and PG16. While this work was in progress,
Walker et al. reported the isolation of two broadly neutralizing
antibodies, PG9 and PG16, from an African donor.51 PG9 and
PG16 were able to neutralize ∼80% of the HIV-1 isolates from

different clades. These two antibodies were able to recognize
gp120 on the virion surface but interacted weakly with
recombinant gp120 from most HIV-1 isolates. Although PG9
and PG16 were able to neutralize many HIV-1 isolates, they did
not neutralize JRFL but bound and neutralized the closely
related JRCSF virus. However, introduction of the E168K
mutation into JRFL rendered it sensitive to neutralization by
these mAbs.51 However, introduction of the E168K mutation
into h-CMP-V1cyc did not lead to PG9 or PG16 binding (data
not shown).
Mutational analyses indicated that the PG9 and PG16

epitopes contain residues in the V1V2 and V3 loops.51 In case
of V1cyc, ∼10 residues were deleted from the V1 loop. Because
these residues may play an important role in the proper folding
of the loop and antibody binding, two more cyclic permutants
were designed without deletions in the V1 and V2 loops. h-
CMP was used as the trimerization domain in these constructs.
The cyclic permutants were h-CMP-V1cyc1 (new N- and C-
termini at residues 144 and 142, respectively; h-CMP is fused at
the N-terminus of the putative apex of the V1 loop) and V2cyc-
h-CMP (new N- and C-termini at residues 177 and 176,
respectively; h-CMP is fused at the C-terminus of the putative
apex of the V2 loop). These two constructs were based on the
JRCSF gp120 sequence.

Purification and Characterization of wt-JRCSF gp120,
h-CMP-V1cyc1, and V2cyc-h-CMP. Plasmid DNAs of all
three constructs were transiently transfected in HEK293 cells,
and proteins were purified using affinity chromatography. BN-
PAGE analysis followed by Western blotting showed that h-
CMP-V1cyc1 exists mainly as a trimer and V2cyc-h-CMP is a
mixture of a trimer, a dimer, and a monomer (Figure 5A).
SDS−PAGE followed by Western blotting in the presence and
absence of DTT showed that both constructs form disulfide-
linked oligomers (Figure 5B). Binding to PG9 and PG16 was
characterized using SPR (Figure 6). h-CMP-V1cyc1 bound
PG9 and PG16 with ∼20-fold higher affinity than wild-type
JRCSF gp120 (Table 3). However, V2cyc-h-CMP did not show
any interaction with PG9 or PG16. This is probably because
residues 173−176 are very important for PG9 and PG16
binding, and the epitope is disrupted by cleavage between
residues 176 and 177. Additionally, this region may point away
from the trimer interface.

■ DISCUSSION
Despite intensive efforts, discovery of an immunogen eliciting
broadly neutralizing antibodies against HIV-1 remains elusive.
Most potent broadly neutralizing antibodies, against HIV-1,
target conserved regions on the gp120 surface subunit of the
env protein.51−53 The virus has evolved multiple strategies of
immune evasion, such as glycosylation of conserved regions, a
high degree of sequence variation, and conformational
flexibility. In addition to the CD4 binding site, another
conserved region in gp120 is the coreceptor binding site.
Cryptic epitopes in this region show increased levels of
exposure after CD4 binding. As discussed above, a previous
gp120-M9 single chain10 did not display the desired CD4i
epitopes or elicit neutralizing antibodies. To reduce the length
of the linker joining gp120 and M9, in this study, gp120 was
cyclically permuted and new N- and C-termini were created
within the V1, V3, and V4 loop regions. The cyclic permutants
were able to bind sCD4 with an affinity similar to that of wild-
type gp120, indicating they are properly folded. Unfortunately,
single-chain derivatives of these cyclic permutants and M9 did

Figure 4. Representative sensorgram overlays for binding of different
concentrations of trimerized gp120 derivatives to surface-immobilized
CD4. Sensorgram overlays are shown as dotted lines and
corresponding fits as solid lines. Each experiment was repeated
twice. (A) Binding of h-CMP-V1cyc. Curves 1−4 indicate
concentrations of 8, 6, 4, and 2 nM, respectively. (B) Binding of
SUMO2a-V1cyc. Curves 1−4 indicate concentrations of 8, 6, 4, and 2
nM, respectively. Surface density of 1000 RU; buffer was PBS (pH
7.4) and 0.005% P20; flow rate of 30 μL/min.

Table 2. Kinetic Parameters of Binding of h-CMP-V1cyc and
SUMO2a-V1cyc to Neutralizing Antibody b12 and Non-
Neutralizing Antibody F105

antibody construct kon (M
−1 s−1) koff (s

−1) KD (nM)

b12 wt-gp120 8.5 × 104 2 × 10−3 23 ± 1.3
V1cyc 1.9 × 105 9.5 × 10−3 51 ± 2.6
h-CMP-V1cyc 8.9 × 104 6.5 × 10−4 7.3 ± 2.3
SUMO2a-V1cyc 2.4 × 104 5.6 × 10−3 230 ± 25

F105 wt-gp120 7.5 × 104 1.9 × 10−4 2.5 ± 1.1
V1cyc 4.3 × 105 3.4 × 10−3 7.9 ± 0.5
h-CMP-V1cyc 1.4 × 105 1.4 × 10−3 10 ± 2.7
SUMO2a-V1cyc 6.7 × 104 1.0 × 10−3 15 ± 4.4
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not interact strongly with 17b. Thus, even with a reduced linker
length, the currently designed cycgp120-M9 single chains do
not display the desired CD4i epitopes. In a recent study, gp120
and a synthetic CD4 mimic M64U-1 were cross-linked via a
disulfide exchange reaction to expose CD4i epitopes.54

Although these cross-linked constructs were able to interact
with 17b and 48d, when used as an immunogen they did not
elicit broadly neutralizing antibodies. This suggests that CD4i
epitopes are not a good target for immunogen design, possibly

Figure 5. BN-PAGE and SDS−PAGE analysis of monomeric and oligomeric JRCSF gp120 derivatives. (A) 4−12% BN-PAGE, without DTT.
JRCSF gp120, h-CMP-V1cyc1, and V2cyc-h-CMP in lanes 1−3, respectively. (B) 6% SDS-PAGE. JRCSF gp120, h-CMP-V1cyc1, and V2cyc-h-CMP
in lanes 1−3, respectively, without DTT; h-CMP-V1cyc1, V2cyc-h-CMP, and JRCSF gp120 in lanes 4−6, respectively, with DTT. Following
electrophoresis, gels were subjected to Western blotting and probed with rabbit anti-gp120 antisera.

Figure 6. Representative sensorgram overlays of binding of different concentrations of JRCSF gp120 and h-CMP-V1cyc1 to immobilized PG9 and
PG16. Sensorgram overlays are shown as dotted lines and corresponding fits as solid lines. Each experiment was repeated twice. (A) Binding of
JRCSFgp120 to surface-immobilized PG9. Curves 1−3 indicate concentrations of 1.6, 0.83, and 0.41 μM, respectively. (B) Binding of JRCSF gp120
to surface-immobilized PG16. Curves 1−3 indicate concentrations of 1.6, 0.83, and 0.41 μM, respectively. (C) Binding of h-CMP-V1cyc1 to surface-
immobilized PG9. Curves 1−5 indicate concentrations of 2.55, 1.66, 0.8, 0.41, and 0.208 μM, respectively. (D) Binding of h-CMP-V1cyc1 to surface-
immobilized PG16. Curves 1−4 indicate concentrations of 2.55, 1.66, 0.8, and 0.41 μM, respectively. Surface density of 1500 RU; buffer of PBS (pH
7.4) and 0.005% P20; flow rate of 20 μL/min.

Table 3. Kinetic Parameters for Binding of JRCSFgp120 and
h-CMP-V1cyc1 to Broadly Neutralizing Antibodies PG9 and
PG16

antibody construct kon (M
−1 s−1) koff (s

−1) KD (nM)

PG9 JRCSF gp120 1.9 × 104 2.3 × 10−3 123 ± 14
h-CMP-V1cyc1 1.7 × 105 1.3 × 10−3 7.6 ± 1.2

PG16 JRCSF gp120 1.0 × 104 2.2 × 10−3 200 ± 17
h-CMP-V1cyc1 8.8 × 104 1.6 × 10−3 17 ± 16
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because they are only accessible for a brief period after CD4
binding.
Most neutralizing antibodies target epitopes on gp120 that

are exposed on the native virion env spike. On the basis of a
previous model of the HIV-1 spike derived from cryo-electron
tomography, in this work we have fused two different
trimerization domains at the putative tip of the V1V2 loop.
In contrast to previous studies, where trimerization domains
were added at the C-terminus of gp140, gp130, and gp120, here
we have used the cyclic permutant V1cyc to incorporate the
trimerization domains. h-CMP-V1cyc formed a covalently
linked trimer, whereas SUMO2a-V1cyc was a mixture of a
trimer, a dimer, and a monomer. Previous trimeric gp140
constructs (gp140−GCN4 and gp140−fibritin)14 were charac-
terized for antibody binding. These showed ∼1.5-fold better
binding to neutralizing antibodies b12 and 2G12 than
monomeric gp120, while binding to non-neutralizing antibodies
(F105 and F91) was 2-fold weaker. Similar efforts in the
context of gp120, however, showed that monomeric gp120 and
the gp120−GCN4 trimer bound CD4, b12, and F105 similarly
in enzyme-linked immunosorbent assays.15 In our work, the h-
CMP trimer bound sCD4 and b12 ∼5- and 3-fold better than
monomeric gp120. Both h-CMP- and SUMO2a-fused V1cyc
bound non-neutralizing antibody F105 ∼4-fold worse than wt-
gp120, suggesting that these constructs might more closely
mimic the native trimeric spike than earlier trimeric constructs.
Overall, in this work, it has been shown that V1 cyclic
permutants of gp120 with an appropriate trimerization domain
can fold into a conformation that shows improved affinity for
neutralizing antibody b12 and poorer affinity for non-
neutralizing CD4bs antibody F105 relative to gp120. We
have also shown that cyclic permutants of monomeric gp120 in
the V1, V3, or V4 region are all competent to fold and to bind
CD4. These cyclic permutants with altered chain connectivity
can serve as the basis for future gp120 derivatives.
Cryo-electron tomography has suggested that the env trimer

is stabilized at the membrane proximal region by gp41 and at
the membrane distal apex by V1V2 loops. In contrast to
previous studies, where gp120 trimers were stabilized by using
trimerization domains at the bottom (membrane proximal
region) of the spike, in this study, we have used a V1 cyclic
permutant to stabilize the trimer by holding it together at the
proposed apex of the spike.
Because JRFL env does not bind to PG9 or PG16,51 new

cyclic permutants were made on the basis of the JRCSF
sequence that contained all residues in the V1V2 loop. New N-
and C-termini were generated either at the putative tip of the
V1 or at the putative tip of the V2 loop. h-CMP was added at
the N-terminus of V1cyc1 and the C-terminus of V2cyc. h-
CMP-V1cyc1 bound PG9 and PG16 with ∼20-fold higher
affinity than JRCSF wt-gp120. V2cyc-h-CMP did not show any
interaction with PG9 or PG16. It is known from mutagenesis
studies that residues 173, 176, and 177 are important for
binding to PG9 and PG16. PG16 is known to interact via its
unusually long (28-residue) CDRH3 domain. It may be that
the presence of the trimerization domain near these residues
has sterically blocked access of these broadly neutralizing
antibodies to the protein and/or this region of the V2 loop
points away from the trimer interface. While this work was in
progress, the crystal structure of the V1V2 domain of gp120 in
complex with broadly neutralizing antibody PG9 was
determined.55 The structure showed that residues 142−144
are in a loop region distant from the binding site of PG9. This

is consistent with the observed sequence variability in this
region and validates our choices of residues for cyclic
permutation in V1cyc and V1cyc1. However, residues 176
and 177 are in a β-strand region that largely contains an
important component of the PG9 epitope. Hence, insertion of a
trimerization domain into the middle of a strand in the case of
V2cyc-h-CMP is expected to disrupt the epitope, consistent
with the lack of PG9 or PG16 binding seen for h-CMP-V2cyc.
There are several proposed models for the native HIV-1 env

trimer that have been derived from cryo-electron microscopy
and tomography studies.22−26 These models differ from one
another in several aspects. In some, the membrane proximal
region forms a single stalk,22,24,26 while in others, it appears to
be a tripod.23,25 The V1 and V2 regions are located far from the
trimer axis in some models23,24,26 and close to it in others22,25

and can be either membrane proximal23,26 or distal.22,25

This work shows that gp120 can be circularly permuted at
multiple locations without its native fold and activity being
affected. The resulting constructs can be trimerized by adding
trimerization domains to either their N- or C-termini. This
work also shows that insertion of a trimerization domain into
the V1 loop enhances binding of both PG9 and PG16 to gp120.
This strongly suggests that the V1 loop is proximal to the
trimer interface in native env, consistent with the location of
the V1V2 loop suggested in ref 22 (Figure 7). If this were not

the case, insertion of the trimerization domain would have led
to a large distortion in the relative orientations of V1V2 and V3
loops in each monomer and a consequent loss of PG9 and
PG16 binding.
Addition of trimerization domains at the V1 loop of cyclic

permutants of gp120 resulted in the formation of predom-
inantly trimeric species, which bound CD4 and neutralizing
antibodies b12, PG9, and PG16 with higher affinity but bound
non-neutralizing antibody F105 with lower affinity than wild-
type monomeric gp120. Such trimeric constructs may be useful
as potential immunogens as well as in probing and character-
izing binding sites for recently discovered, highly potent
broadly neutralizing antibodies.52 Results from the recent
RV144 vaccine trial56,57 suggested a role for V2 binding
antibodies in vaccine-mediated protection. This further
emphasizes the importance of immunogens that appropriately
display this region of the env protein.

Figure 7. Schematic description of h-CMP (blue) fused to cyclically
permuted gp120 (dark red). The yellow region marks the location of
the V1V2 loop region of gp120. If the V1V2 regions are near the apex
of the native, trimeric spike (model 1), then in h-CMP-V1cyc the
equilibrium should be shifted toward the trimer. On the other hand, if
the V1V2 loops are located far from the trimer axis (model 2), the
equilibrium in h-CMP-V1cyc should be shifted toward the monomer.
The data support model 1.
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