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Neutralization of HIV-1 primary isolates has been a tremendous
challenge for AIDS vaccine development. Here, we identify a single
amino acid change (T198P) in gp120 that alters the neutralization
sensitivity of the primary isolate DHO12 to antibodies against
multiple neutralization epitopes that include the V3, CD4-induced,
and CD4 binding sites in gp120. This mutation is located in the
V1/V2 stem region that forms the third B strand (B3) of the
bridging sheet of gp120. The conformation of variable loops,
especially V1/V2 and V3, was proposed to regulate the accessibility
of these neutralization epitopes. The results of this study indicate
a direct association between the V1/V2 and V3 loops of DH012
gp120. The single amino acid mutation T198P in the B3 severely
compromises the interaction between the V1/V2 and V3 loops.
These results suggest that interaction of V1/V2 and V3 can mask
the neutralization epitopes and that the B3 plays a critical role in
determining the neutralization sensitivity by modulating the
interaction. This study provides an insight into why primary iso-
lates are relatively resistant to antibody neutralization and might
facilitate the development of anti-HIV strategies against HIV-1
infection.

H uman immunodeficiency virus type 1 (HIV-1) infection
causes AIDS. HIV-1 infection generally provokes a vigor-
ous antibody response to the envelope glycoproteins gp120 and
gp41. In natural infection, antisera that can neutralize a broad
spectrum of HIV-1 primary isolates are uncommon and of low
titer. Likewise, vaccine sera are generally ineffective against
primary isolates (1-5). The relative resistance of HIV-1 primary
isolates seems to be because of a decreased accessibility of the
relevant neutralization epitopes on the envelope glycoproteins
(6-9). The observations of differential binding of mAbs to
primary isolates versus T cell line-adapted virus support the
notion that the relative constraints of the primary isolate enve-
lope might contribute to neutralization resistance (10-13).
The ability of HIV-1 to evade immune responses is likely the
major reason that allows the virus to establish persistent infec-
tion. The structure of the envelope glycoproteins is responsible
for the ability of HI'V-1 to evade the humoral immune response.
The variable regions of gp120 might play an important role in
neutralization resistance of HIV-1 primary isolates because
there is a remarkable similarity between the gp120 cores from
primary and laboratory-adapted HI V-1 strains (14). The V1/V2
loop was proposed to functionally interact with the V3 loop, as
mutations in V1/V2 could modulate the conformation of the V3
loop (15) and, in some cases, alter antibody binding or neutral-
ization sensitivity of HIV-1 to anti-V3 antibodies (16, 17). The
V1/V2loop was suggested to mask neutralization epitopes in the
CD4 binding site and those of CD4-induced sites in gp120 of
primary isolates (13, 18). In addition, V1/V2 was proposed to
cooperate with V3 to determine the neutralization-resistant
phenotype and to interact with chemokine receptors (19-21).
These studies suggest that V1/V2 can functionally interact, or is
located in close proximity, with the V3 loop. However, whether
there is a direct physical interaction between the V1/V2 and V3
loops is unknown, as the crystal structure of a gp120 core was
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determined devoid of these V regions (22). The crystal structure
of the gp120 core displays a unique structure called the bridging
sheet that is situated in proximity to both the V1/V2 and V3
loops (22). The bridging sheet contains four antiparallel S
strands (B2, B3, B20, and B21) that come from discontinuous
regions of gp120. It is proposed that the bridging sheet is exposed
after CD4 binding and is involved in subsequent envelope/
chemokine receptor interaction.

Previously, we have found that the V1/V2, V3, and bridging
sheet regions determine the neutralization sensitivity of DH012
viruses (6, 23). To further understand the role of the interplays
among the V1/V2, V3, and bridging sheet regions in neutral-
ization sensitivity, we have used the primary isolate DH012 as a
model system to demonstrate how the primary isolate envelope
evades neutralization by various antibodies and soluble CD4.

Materials and Methods

Cell Lines and Viruses. The human T lymphoblastoid cell lines,
CEM and MT4, were maintained in RPMI 1640 medium con-
taining 10% FBS and 100 units/ml penicillin and streptomycin.
The construction and characterization of the chimeric virus
NLDH120 has been described (24). The selection and charac-
terization of the neutralization-resistant DH012mu virus was
also reported recently (6).

Cloning and Sequencing of the Neutralization-Resistant DH012 Enve-
lope. The human chromosomal DNA containing the neutraliza-
tion-resistant virus genome was prepared by extracting chromo-
somal DNA from the virus-infected MT4 cells. The
neutralization-resistant HIV-1 envelope sequence was amplified
by using PCR. The 5’ primer used in the PCR was located in the
junction of the gp120 signal peptide and the N terminus of the
¢p120 sequence (5'-GATGATCTGTAGTGCTGCAG-3"). The
3" primer was located in the cytoplasmic domain of gp4l
(5'-CGTCCCAGAAGTTCCAC-3"). The 2.2-kb PCR product
was cloned into a TA vector pCR3.1 (Invitrogen) for sequence
analysis.

Site-Directed Mutagenesis. A quick-exchange mutagenesis kit
(Stratagene) was used to introduce mutations into the NLDH120
envelope sequence by following the protocol provided by the
manufacturer. The NLDH120 variant M1-NLDH was obtained
by introducing a mutation into NLDH120 with the two mu-
tagenesis primers 5'-CATTGGGAAATCGATGAGAGAA-
GAAATAAAAAACTG-3" and 5'-CAG TTTTTTATTTCT-
TCTCTCATCGATTTCCCAATG-3. Likewise, M2-NLDH was
created with the primers 5'-GCTATAGGTTGATCAGCTG-
TAACCCCTCAACCCTTA C-3' and 5'-GTAAGGGTT-
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Fig. 1. Mutations in the envelope of the neutralization-resistant DH012.
DHO12mu is the neutralization-resistant mutant derived from culturing
DHO012 in the presence of escalating concentrations of the chimpanzee serum
C1206 (6). The viruses were initially grown in MT4 cells in the presence of
C1206 at 1,000-fold dilution. The concentration of C1206 was subsequently
elevated to 1/500, 1/200, and 1/100. DHO12mu is the virus that grows in the
presence of C1206 at 100-fold dilution. The detailed protocol for the neutral-
ization has been described (24, 25). Normal human serum (NHS) was included
in the assay as a negative control. (A) Dot blot analysis of HIV-1 reverse
transcription activity in the assay samples. The chimpanzee serum C1206 at 100
and 1,000-fold dilutions was used in this neutralization assay. Each positive
dot indicates successful virus replication. (B) DHO12 virus neutralization assays
were carried out as described above. DH012 is very sensitive to the chimpanzee
serum C1206 because virus replication was not detected in the presence of C1206
at 1,000-fold dilution. (C) The envelope sequence of DHO12mu including gp120
and gp41 was determined. The arrows indicate three mutations in gp120 of the
neutralization-resistant mutant DHO12mu. *NHS, normal human serum.

GAGGGGTTACAGCTGATCAACCTATAGC-3'. The M3
mutation of M3-NLDH was introduced by the two primers
5'-GTATTTTATACAACCGGTAAAATAGTAGGAG-3'
and 5'-CTCCTACTATTTTACCGGTTGTATAAAATAC-3'".
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Fig. 2. Effect of each mutation of DHO12mu on neutralization sensitivity.
The neutralization sensitivity was determined by using a Magi assay previously
described (6). (A) Neutralization sensitivity of each NLDH120 mutant to the
chimpanzee serum C1206. M1-NLDH is the NLDH120 mutant that contains the
G152E mutation, M2-NLDH contains the T198P mutation, M3-NLDH contains
the E320K mutation, and M123-NLDH contains all three mutations. (B) The
neutralization sensitivity of these mutants was tested against the guinea pig
serum NC75 that contains neutralizing anti-V3 antibodies (6). The serum
dilution that inhibits 50% of the blue cells, for example a reduction of 400 to
200 blue cells, is defined as the neutralization titer of the serum. The neutral-
ization titer derived from each virus was used to determine the relative
sensitivity of the viruses. The neutralization titers of C1206 against NLDH120
and M123-NLDH are 28,000 and 210, respectively. Therefore, M123-NLDH is
133-fold more resistant to C1206 than NLDH120.

100000

Construction of Recombinant Proteins. The procedure for construc-
tion of recombinant proteins containing various domains of
¢p120 was similar to that which we have described for the gp41
recombinant proteins (25). The gp120 DNA fragments used in
this study were cloned into the EcoRI/HindIIl site of the
expression vector pMal-p2. The gp120 sequence of the recom-
binant protein MBri was obtained by using PCR with the
upstream primer 5'-TCAGTTGAATTCAAACAAATTATA-
AACATGTGGCAGGAAGTAGGAAAAGCAATGTAT-
GCCCCTGGGAAGCCATGTGTAAAATTAAC-3" and the
downstream primer 5'-TAGACCAAGCTTTTATGGACAG-
GCCTGTGTAAGGGTTGAGG-3". The upstream and down-
stream primers used in a PCR to create M-V1/V2 were 5'-
TCAGTTGAATTCCCACTCTGTGTTACTTTACATTGC-3’
and 5'-TAGACCAAGCTTTTAACTTATCAACCTAT-
AGCTAG-3'. A quick-exchange mutagenesis kit (Stratagene)
was used to introduce mutations into M2-MBri by using MBri
as templates. The same primers that were used to generate
M2-NLDH were used to introduce the M2 mutation.

Results

Development and Mutations of Neutralization-Resistant DH012. Like
many primary isolates, DHO12 is relatively resistant to neutral-
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Sensitivity of NLDH120 mutants to soluble CD4 and mAbs. The neutralization sensitivity of the NLDH120 and mutants was determined with the same

Magi assay that has been described in the Fig. 2 legend. The viruses were used to infect Magi cells in the presence of (A) soluble CD4, (B) IgGb12, (C) 17b, and
(D) 2G12 and 2F5. 1IgGb12, 2G12, and 2F5 are mAbs that neutralize a broad spectrum of HIV-1 primary isolates.

ization by HI'V-1-positive sera. Nevertheless, we have previously
reported that this virus is very sensitive to serum obtained from
a DHO12-infected chimpanzee (6, 23). The virus (DH012mu)
that escapes the neutralizing serum C1206 replicated well in the
presence of the chimpanzee-neutralizing serum at a 100-fold
dilution (Fig. 14). On the other hand, the chimpanzee serum can
totally block DHO12 replication at a 1,000-fold dilution (Fig. 1B).
The neutralization escape mutant was at least 100-fold less
sensitive to the neutralizing DHO12 serum (6). There are only
three amino acid differences between the entire envelope se-
quences of wild-type DHO12 and the neutralization escape
mutant as indicated in Fig. 1C. The differences are a G152E
(M1) mutation in the V1/V2 loop, a T198P (M2) change in the
B3 of the bridging sheet, and an E320K (M3) mutation in the C
terminus of the V3 loop. To determine the effect of each
mutation on neutralization sensitivity, each of the mutations was
reintroduced into a chimeric virus NLDH120 that contained the
wild-type DHO12 envelope in the genetic background of NL4-3.
The envelope subunit gp120 alone is sufficient to confer the
neutralization sensitivity to the neutralizing chimpanzee serum
C1206 (23). Introduction of all three mutations into NLDH120
resulted in a marked reduction (133-fold) in sensitivity to
neutralization by this serum (Fig. 24). Among the three muta-
tions, the T198P mutation had the most impact on neutralization
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by the chimpanzee serum. This mutation resulted in a 9.3-fold
reduction in the neutralization sensitivity to the chimpanzee
serum. The mutation in the V3 loop alone, E320K, did not have
a significant effect on neutralization by the chimpanzee serum.
However, this V3 mutation did contribute to neutralization
resistance, as a virus that contains only the M1 and M2 mutations
is 2-fold more sensitive than M123-NLDH to the chimpanzee
serum C1206 (data not shown). These results are consistent with
our previous report that multiple envelope regions are involved
in the neutralization of NLDH120 by the sera from infected
chimpanzees.

A Single Amino Acid Change Alters Neutralization Sensitivity to
Multiple Neutralizing Antibodies. In contrast to the C1206 neutral-
ization, these mutants did not exhibit resistance to sera derived
from guinea pigs immunized with baculovirus-expressed DH012
¢p120. Indeed, the mutants that are resistant to C1206 became
very sensitive to the guinea pig sera (Fig. 2B). For example,
M123-NLDH is 20-fold more sensitive to the guinea pig serum
NC75. The increased sensitivity to the guinea pig sera was
because of the presence of neutralizing anti-V3 antibodies in the
guinea pig sera and an increased accessibility of the V3 loop in
the mutants that escape neutralizing antibodies in the chimpan-
zee serum (6). The chimpanzee serum does not contain detect-
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Fig. 4. (A) Construction of recombinant gp120 fragments. The relative

position of the four g strands, B2, 83, 820, and B21, is indicated in the
schematic presentation of gp120. A glycine residue was added to MBri be-
tween B21 and B2 as a linker to join two gp120 fragments that span from
amino acids 421-437 and 118-207 as indicated (437G118). The amino acid
numbering system used here is the same as that described by Kwong et al. (22).
M2-MBri is identical to MBri, except for an amino acid change that corre-
sponds to the T198P mutation (* under the B3 region indicates this mutation).
DP283 is a DH012 V3 peptide. (B). Reactivity of IgGb12 to recombinant gp120
fragments. The binding of IgGb12 to the recombinant proteins was deter-
mined by using an ELISA assay as described (25). 1gGb12 (10 ng/ml) was added
to ELISA plates coated with the recombinant proteins MBri or M2—-MBri in the
presence of various concentrations of the free MBri or M2-MBri, respectively,
as indicated.

able anti-V3 antibodies (6). Unlike resistance to C1206, the
increased neutralization sensitivity of the DH012 mutants to the
guinea pig serum NC75 is mainly because of the T198P mutation
in B3 (Fig. 2B). The M1 and M3 mutations did not significantly
change neutralization sensitivity of the viruses to the guinea pig
serum (Fig. 2B). Because the T198P mutation is not located in
the V3 loop, it is possible that the T198P mutation alters the
conformation of the primary isolate DHO012 envelope so that
neutralization epitopes such as the V3, CD4 binding site, and
CD4-induced epitopes (CD4i) become accessible to neutralizing
antibodies.

To test this possibility, the sensitivity of the DH012 mutants
to reagents that target the CD4 binding site and CD4i was
determined. The neutralization-resistant mutant M123-NLDH
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Fig. 5. Association of recombinant gp120 fragments to V3 peptide and the
effect of this binding on antibody reactivity. (A) To determine binding be-
tween the recombinant proteins and the V3 peptide, DP283 was coated on an
ELISA plate. The recombinant proteins were then added to interact with the
V3 peptide. The binding of recombinant proteins to the V3 peptide was
monitored by antibodies to the maltose binding protein. We have used the
same approach to determine the binding between a gp41 peptide DP178 and
gp41 fragments (25). M41 is a recombinant protein with the ectodomain of
gp41 cloned downstream of the maltose binding protein. (B) The recombinant
proteins MBri and M2-MBri were coated on ELISA plates. The ELISA assay was
carried out as described in Fig. 4.1gGb12 at 10 ug/ml was used to interact with
the recombinant proteins in the presence or absence of the V3 peptide DP283
at 20 pg/ml.

is 24-, 6-, and 15-fold more sensitive to soluble CD4, IgGb12, and
17b, respectively (Fig. 3 A-C). The mAbs IgGb12 and 17b target
the CD4 binding site and CD4i, respectively. Similar to the
anti-V3 activity in the guinea pig serum, M2 alone could account
for the increased neutralization sensitivity. This conformational
effect seems to be specific to the cryptic sites in gp120 because
the T198P mutation did not change neutralization sensitivity of
the DHO12 mutants to 2F5 and 2G12 (Fig. 3D). The mAb 2F5
targets gp41, and 2G12 is believed to recognize the surface sugar
moiety in gp120. Both of the mAbs can neutralize a broad
spectrum of HIV-1 primary isolates.

Direct Association of V1/V2 with V3 and the Role of the Bridging Sheet
in This Association. These results indicate that a single amino acid
change, T198P, in the bridging sheet region has a significant
impact on the accessibility of the V3, CD4 binding site, and
CD4-induced epitopes of the DHO012 envelope. The bridging

Zhu et al.
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Fig.6. A model of DH012V1/V2 and V3 interaction. The relative location of
each domain, the CD4 binding site (orange), CD4-induced epitopes (green),
bridging sheet (yellow), V1/V2 (blue), and V3 (pink), was shown in the models
for NLDH120 and M2-NLDH. * in B indicates a single amino acid mutation in
the bridging sheet, either T198P or N197K.

sheet is situated in close proximity with both the V1/V2 and V3
loops based on the model predicted by the crystal structure of the
gp120 core (22). Therefore, we hypothesize that V1/V2 and V3
of DHO12 can physically associate with each other, and the
bridging sheet modulates this interaction. If this indeed is the
case, the association of the V1/V2 and V3 loops could explain
the observations that the V3, CD4 binding site, and CD4-
induced epitopes are less accessible in wild-type DHO012. The
latter two regions are predicted to be located spatially between
the V1/V2 and V3 loops. An association between V1/V2 and V3
is likely to affect the accessibility of these sites. To test this
hypothesis, we used recombinant gp120 fragments to determine
the interactions between the V1/V2 and V3 regions, as well as
the role of the B3 mutation in the interaction. We have previ-
ously used a similar approach to show the interaction of two
heptad repeats in the ectodomain of HIV-1 gp41 and the critical
role of this interaction in HIV-1 entry (25). The association of
the two heptad repeats of gp41 was later demonstrated by using
x-ray crystallography (26, 27).

The recombinant proteins MBri and M2-MBri contain the
bridging sheet and V1/V2 regions (Fig. 44). The arrangement of
the B strands and V1/V2 of the recombinant proteins is not
based on the order in which they appear in the primary sequence
of gp120. Instead, they were constructed in a sequence that might
best mimic the tertiary structure of gpl20 predicted by x-ray
crystallography (22). Therefore, B20-321 is placed N terminal to
B2—-B3. The fact that MBri and M2-MBri interact well with the
conformational mAbs IgGb12 (Fig. 4B) suggests that these
recombinant proteins at least retain certain fractions of the
authentic gp120 structure. Addition of free MBri or M2-MBri
effectively competed against the binding of IgGbl2 to the
recombinant proteins on ELISA plates. The epitope of IgGb12
is located in the CD4 binding site (28). The V1/V2 stem and 21
of the bridging sheet were shown to be involved in CD4 binding.
It is interesting that the binding of IgGb12 to M2-Mbri that
contains the T198P mutation in B3 of the bridging sheet is
reduced (Fig. 4B). These two recombinant proteins also inter-
acted well with the conformational antibody 17b (C.B.Z. and
C.H.C., unpublished results). The mAb 17b makes substantial
contact to the amino acids of all four B-strands of the bridging
sheet (22). Because both of the recombinant proteins contain the
17b and IgGb12 epitopes, it will be of interest to test whether
these reagents can induce antibodies directed to the CD4 binding
site and CD4-induced epitope.

Zhu et al.

The ability of direct binding between V1/V2 and V3 of DH012
is demonstrated in Fig. 54. The recombinant protein M-V1/V2
binds very well to the V3 peptide DP283 on ELISA plates. Excess
amounts of the V3 peptides in solution effectively compete for
the binding. MBri, which is the construct that contains both the
V1/V2 loop and the bridging sheet (Fig. 4), behaves similarly to
M-V1/V2 in its ability to interact with the V3 peptide DP283
(Fig. 54). On the contrary, the T198P mutation dramatically
decreased the ability of MBri to interact with the V3 peptide
DP283 (Fig. 54). The recombinant protein M41, which contains
the ectodomain of HI'V-1 gp41 (25), did not exhibit any reactivity
with the V3 peptide. These results support our hypothesis that
V1/V2 can physically interact with V3, and this interaction can
be modulated by the 83 motif of the bridging sheet.

Interaction of V1/V2 and V3 Masks Neutralization Epitopes. We next
tested whether the IgGb12 epitope on MBri can be masked by
the presence of the V3 peptide DP283. The binding of IgGb12
to MBri on ELISA plates was significantly reduced in the
presence of excess amounts of the V3 peptide (Fig. 5B). On the
contrary, the V3 peptide does not significantly affect the binding
of IgGb12 to M2-MBri. These results are consistent with the
notion that the interaction between V1/V2 and V3 can mask the
CD4 binding site of DH012 gp120.

Discussion

The results of this study reveal a direct interaction between the
V1/V2 and V3 regions of DH012 gp120. This interaction may
explain why the wild-type DHO12 primary isolate is relatively
resistant to neutralization by antibodies such as IgGb12, 17b, and
anti-V3 antibodies. The model in Fig. 6 illustrates that the V3,
CD4i, and CD4 binding sites are masked by the interaction
between V1/V2 and V3. The mutation in the B3 strand of the
DHO12 bridging sheet disrupts the interaction, which results in
the exposure of epitopes in the V3, CD4i, and CD4 binding sites
of DHO12 gp120. The B3 motif, or perhaps the entire bridging
sheet, might function as a molecular switch that opens or closes
the door for neutralizing antibodies. Although the CD4i and
CD4 binding sites are relatively conserved among HIV-1 iso-
lates, whether the model demonstrated in Fig. 6 applies to other
HIV-1 primary isolates remains to be determined. Although the
model depicts intramolecular interaction within a monomeric
gp120, intermolecular interaction between the V1/V2 and V3
regions might occur in the native trimeric structure of gp120. The
close proximity between the V2 and V3 loops has been described
to correlate with the acquisition of neutralization resistance in a
simian HIV (13). Our results support the notion that the V2 and
V3 loops are in close proximity and further demonstrate that a
direct V1/V2 and V3 association might be responsible for the
proximity.

The critical role of B3 of the bridging sheet in modulating the
interaction between V1/V2 and V3 is further evidenced by
another DHO12 mutant that has a N197K mutation (data not
shown). This N197K DHO012 mutant behaves similarly to the
T198P mutant in neutralization sensitivity, antibody binding, and
its effects on the interaction between V1/V2 and V3. The
asparagine 197 of gp120 is a glycosylation site that has been
implicated in modulating the ability of V1/V2 to occlude the
CCRS binding region of gp120 in a recent report by Kolchinski
et al. (29). Mutation of the asparagine 197 was suggested to be
associated with a movement of the V1/V2 loop, which controls
the exposure of the CCR5 binding region of gp120 (29).

The ability of the single amino acid mutations in 83 to alter
neutralization sensitivity and the interaction of V1/V2 and V3
suggest that 3, or the bridging sheet, might determine the
relative global location of the V1/V2 and V3 loops on the
surface of gp120. The dramatic conformational effect of the
T198P mutation might arise from the ability of the proline to
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bend the B3 strand or to disrupt the interaction of 83 with other
B strands in the bridging sheet. In addition to the conformational
effects, the bridging sheet might modulate the interaction in an
interplay involving V1/V2, V3, and the bridging sheet itself. This
speculation is supported by a report that mutations in 21 of the
bridging sheet enhance mAb binding to V3 (30).

The interaction of V1/V2 and V3 may enable HI'V-1 to mask
its neutralization epitopes. However, exposure of these epitopes
is essential for the viral entry. Therefore, this interaction is likely
to be well regulated to maintain optimal viral infectivity. One of
the factors that regulate the interaction between V1/V2 and V3
might be the binding of CD4 to gp120. It is conceivable that a
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