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Trimerization of the human immunodeficiency virus (HIV-1) envelope glycoproteins is mediated by the ecto-
domain of the gp41 transmembrane glycoprotein. Here we investigate oligomer-specific conformations of gp41
by using monoclonal antibodies (MADbs) from HIV-1-infected humans. Human MAbs directed against the cluster
I region of gp41 recognized trimeric, dimeric, and monomeric forms of soluble envelope glycoproteins; thus, the
integrity of the cluster I epitopes is minimally affected by the oligomeric state. In contrast, human MAbs to the
cluster II region were all oligomers specific. One cluster II MAb, 126-6, recognized exclusively the trimeric form
of envelope glycoproteins, whereas the others recognized both trimeric and dimeric forms. Thus, a distinct
trimer-specific conformation exists in the cluster II region of gp41. Analysis of soluble envelope glycoprotein
mutants revealed that gp41 sequences immediately N-terminal to isoleucine 646 contribute to the formation of
both the trimer and the trimer-specific conformational epitope.

Introduction

UMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) entry

into the host cell is mediated by the viral envelope
glycoproteins, gp120 and gp41, which constitute a trimeric
complex on the viral surface. The gp120 exterior envelope
glycoprotein is retained on the trimer via noncovalent inter-
actions with the ectodomain of the gp4l transmembrane
envelope glycoprotein.' The ectodomain of the gp41 glyco-
protein contains a hydrophobic, glycine-rich amino terminus
(fusion peptide), and two heptad repeat (HR) regions, desig-
nated HR1 and HR?2, connected by a 25- to 30-residue region
characterized by a disulfide-bonded loop and several N-linked
glycosylation sites. HR1 is immediately carboxy-terminal to
the fusion peptide and HR2 is close to the viral membrane-
spanning region.*® It is thought that gp41 exists in a native,
prefusogenic state prior to receptor binding, and this pre-

fusogenic conformation may be stabilized by extensive inter-
action with the inner domain of gp120.° Upon the interaction of
gp120 with its cellular receptors CD4 and one of the chemo-
kine receptors, CCR5 or CXCR4, the trimeric HIV-1 envelope
glycoprotein complex undergoes extensive conformational
transitions that culminate in the formation of a gp41l six-
helix bundle, in which the HR2 regions pack into the well-
conserved, largely hydrophobic grooves on the outer surface
of the HR1 coiled coil.' The formation of the six-helix bundle
structure is thought to approximate the viral and the target cell
membranes and eventually drive membrane fusion.”

The gp41 glycoprotein ectodomain is very immunogenic,
inducing high-titer antibodies in essentially all HIV-1-infected
individuals. Several distinct antigenic determinants in the
gp4l ectodomain were identified and mapped by human
monoclonal antibodies (MAbs),* ! or by MAbs produced by
immunization of mice with envelope glycoproteins.'> Two
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regions in the gp4l ectodomain appear to be immuno-
dominant: (1) the region between HR1 and HR?2 that contains
the intrachain disulfide bond (denoted cluster I epitopes) and
(2) the region containing HR2 (designated cluster II epi-
topes).'” Antibodies to cluster I recognize peptides containing
amino acid residues 579-604, whereas the binding of anti-
bodies to cluster II is generally dependent on gp41 confor-
mation and can be disrupted by changes in the gp41 region
between residues 644 and 663.5'° Most human MAbs to
cluster II epitopes do not react with the HR2 peptide (aa 624—
666) designated C43, but do react with the complex that
is formed by N51 (aa 540-590) and C43 peptides, which is
thought to approximate the six-helix bundle core of the post-
fusogenic form of gp41."> Human MAbs to both cluster I and
cluster I have been shown to bind HIV-1-infected cells'*"®
and intact virions,'”’!® and can mediate Ab-dependent cellu-
lar cytotoxicity (ADCC)" and complement-dependent vir-
olysis."® Most human MAbs to gp41 do not neutralize HIV-1
viruses."” Exceptions to this are human MAbs 2F5 and
4E10,'*°?! which recognize nearby but distinct epitopes on
the membrane-proximal external region (MPER) of gp41 at
the C-terminal end of cluster IL.'**?! One anti-cluster I MAb
98-6 has been reported to neutralize some primary HIV-1
isolates.” Cluster Il human MAbs have been shown to block
MAb 2F5 binding to gp4l epitopes to variable degrees.”
Other weakly neutralizing gp41-directed MAbs have been
reported.***

The mature, trimeric spikes of gp120/gp41 represent the
functional form of the HIV-1 envelope glycoproteins. How-
ever, it has been suggested that HIV-1 particles also bear
nonfunctional gp120/gp41 monomers and gpl20-depleted
gp41 stumps on their surface.'”?® The formation of hetero-
trimeric complexes of HIV-1gp120/gp41 presumably causes
quaternary structural changes that could lead to new anti-
genic properties compared with the monomeric forms of these
molecules.”” Indeed, recognition of trimeric HIV-1 envelope
glycoproteins on cell or virion surfaces has been shown to
correlate better with the neutralizing activity of antibodies
than recognition of monomeric envelope glycoproteins.®®°
Thus, understanding the antigenic structure of the mature,
trimeric envelope glycoproteins has implications for vaccine
development and for the study of the immune response
against HIV-1.

In the mature HIV-1 envelope glycoprotein trimer, the
structure of gp41 is likely to be strongly influenced by qua-
ternary interactions with gp120 and other gp41 subunits; as an
example of the latter; contacts involving the three gp41 ecto-
domains are largely responsible for envelope glycoprotein
trimerization.>' In an effort to understand the structure of the
HIV-1 envelope glycoprotein complex, soluble trimers lacking
the transmembrane anchor and cytoplasmic tail have been
produced; the stability of these soluble trimers (sgp140) has
been increased by disruption of the proteolytic cleavage site
between gp120 and gp41 and, in some cases, by adding het-
erologous trimerization domains at the C-terminus.>* For
cleavage-defective sgp140(-) glycoproteins without heterolo-
gous sequences, the relative amount of the glycoprotein in
trimeric, dimeric, or monomeric forms was influenced by the
extent of gp41 ectodomain sequences included in the con-
structs; for example, deletions affecting the carboxyl terminus
of the sgp140(-) glycoprotein resulted in disruption of the
trimers.>! Trimer-specific HIV-1 gp41 epitopes recognized by
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human monoclonal antibodies have not yet been described,"
and no previous work has carefully studied the oligomers
dependence of a panel of human anti-gp41 MAbs. Here, we
screened a panel of human anti-gp41 MAbs with cross-linked
HIV-1 sgp140(-) envelope glycoproteins. We demonstrated
that a human monoclonal antibody, MAb 126-6, exclusively
recognizes trimeric forms of the HIV-1 envelope glycopro-
teins. We analyzed the gp41 regions critical for the integrity of
the oligomer-specific epitopes by using sgp140(-) mutants,
and found that the trimer-specific conformations were mainly
presented within the cluster II region of the gp41 ectodomain.

Materials And Methods
Envelope glycoprotein constructs

The soluble HIV-1 envelope glycoprotein sgp140(-) consists
of the complete gp120 and gp41 ectodomain with alterations
in the gp120/gp41 cleavage site (the arginines at amino acid
positions 508 and 511 changed to serines).’* The mutations
resulting in C-terminal truncations introduced two stop co-
dons at the desired position. Soluble gp140(-) constructs from
the YU2, JR-FL, and HXBc2 HIV-1 strains were studied.
Amino acid residue numbers correspond to those of the
prototypic HXBc2 HIV-1 envelope glycoproteins, as per cur-
rent convention.*?

Antibodies and reagents

Human MAbs 50-69, 98-6, 240D, 246D, 126-6, 1281, and
1379 were derived from HIV-1-infected individuals from
the United States.'>'*>** MAb F240 was obtained from Drs.
Marshall Posner and Lisa Cavacini through the NIH AIDS
Research and Reference Reagent Program.35 MAbs 2F5 and
5F3 were obtained from Dr. Hermann Katinger through the
NIH AIDS Research and Reference Reagent Program.20’36’37
Two subclones were obtained from the original 126-6 het-
erohybridoma line: one producing an IgG2 MAb (described in
Xu et al.'%) and the other producing an IgG1 MADb (which has
not previously been described). Both have specificity for
cluster II of gp41. The MAb used here was from the subclone
of 126-6 producing the IgG1 MAD. This latter MAb is now
available from the AIDS Research and Reference Reagent
Program as 126-7 to avoid confusion.

Expression and cross-linking of soluble
envelope glycoproteins

The soluble envelope glycoproteins were transiently ex-
pressed in 293T cells by transfecting with env-expressing
plasmids using Lipofectamine 2000 transfection reagent, fol-
lowing the manufacturer’s protocol (Invitrogen). Twenty-four
hours after the start of transfection, the expressed enve-
lope glycoproteins were radiolabeled with [**SJmethionine/
cysteine for 36h prior to harvesting. The harvested culture
supernatants were centrifuged at low speed to clear the cell
debris, and the envelope glycoproteins in the supernatant
were cross-linked with glutaraldehyde (GA), as previously
described. >0 Briefly, 100 or 200 ul of supernatants was
diluted to 400 ul with phosphate-buffered-saline (PBS) con-
taining 1mM EDTA, and incubated with GA at a final con-
centration of 10 mM at room temperature for 5 min, followed
by the addition of glycine to a final concentration of 100 mM to
quench the unreacted GA. The cross-linked soluble envelope
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glycoproteins in the culture supernatant were then subjected
to immunoprecipitation.

Immunoprecipitation of soluble envelope glycoproteins

The radiolabeled soluble envelope glycoproteins in the
culture supernatant were diluted with PBS and incubated with
1 ul of a mixture of pooled sera (PS) from HIV-1-infected in-
dividuals or with 1 ug of individual monoclonal antibodies.
The antibody-glycoprotein complex was precipitated by pro-
tein A-Sepharose beads (Amersham Biosciences) and washed
twice with PBS containing 0.2% Tween-20 before analysis by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The radiolabeled envelope glycoprotein bands
on the SDS-PAGE gels were exposed to a PhosphorImager
Screen and analyzed with a STORM system (Molecular Dy-
namics).

For the depletion of specific MAb-reactive envelope gly-
coproteins, the supernatants containing radiolabeled soluble
envelope glycoproteins were incubated with the MAb and
protein A-Sepharose beads. The envelope glycoproteins re-
active with the MAb were precipitated, and the remaining
supernatants were incubated with the same fresh MAb and
protein A-Sepharose beads. After precipitation, the superna-
tants were subjected to one or two additional precipitations
with the same MAD. The envelope glycoproteins left in the
supernatants after the depletion were then either precipitated
directly by PS or cross-linked and precipitated by PS. The
precipitates were washed and subjected to SDS-PAGE, as
described above.

Results

Oligomer-specific epitopes on soluble HIV-1
envelope glycoproteins recognized by human
anti-gp41 antibodies

Previous studies showed that soluble, cleavage-defective
HIV-1 sgp140(-) envelope glycoproteins form trimers, dimers,
and monomers, and these three oligomeric forms of sgp140(-)
can be readily distinguished by cross-linking and SDS-
PAGE.* We utilized this approach to investigate potential
oligomer-specific epitopes in the soluble envelope glycopro-
teins, and to study oligomer-specific conformations of the
gp41 ectodomain. Because the sgp140(-) glycoprotein from the
primary HIV-1 strain JR-FL contains measurable amounts of
trimers, dimers, and monomers, we chose this glycoprotein to
screen a panel of human anti-gp41 MAbs for their interaction
with different oligomeric forms of sgp140(-). The sgp140(-)
glycoprotein was transiently expressed, radiolabeled in 293T
cells, and then cross-linked with 10mM GA. We showed
previously that GA at this concentration fully cross-linked
soluble HIV-1 envelope glycoprotein oligomers.*

The untreated and cross-linked soluble envelope glyco-
proteins were immunoprecipitated by either PS from HIV-1-
infected humans or a panel of human MAbs that recognizes
different epitopes of the gp41 envelope glycoprotein (Fig. 1).
The PS serves as control for precipitating all the trimers, di-
mers, and monomers of the envelope glycoproteins in the
supernatant, as it is known to recognize both native and de-
natured forms of the HIV-1 envelope glycoproteins.*®*** The
amount of the untreated sgp140(-) envelope glycoproteins
precipitated by the individual MAbs was similar, except that
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240D Linear (592-600) Cluster I
246D Linear (590-597) Cluster I
F240 Linear (592-606) Cluster I
98-6 Conformational (644-663) Cluster II
126-6 Conformational (644-663) Cluster II
1281 Conformational (644-663) Cluster II
1379 Conformational (644-663) Cluster II
S5F3 Linear (526-543) Cluster V
2F5 ELDKWA (662-667) Cluster III

FIG. 1. Interaction of human anti-gp41 monoclonal anti-

bodies (MAbs) with oligomeric forms of soluble envelope
glycoproteins. (A) Radiolabeled sgp140(-) glycoproteins from
the HIV-1 JR-FL strain were either untreated (top panel) or
cross-linked with 10mM GA (bottom panel) before being
precipitated by PS or the indicated MAbs. The precipitates
were subjected to SDS-PAGE and autoradiography. (B) The
gp41 epitopes of the human MAbs used in (A) are indicated.

MADbs 50-69 and 126-6 precipitated less of the envelope gly-
coproteins than the other MAbs. Different preferences in
precipitating the cross-linked, oligomeric forms of the soluble
envelope glycoproteins were observed for the MAbs tested
(Fig. 1A). The MAbs 50-69, 240D, 246D, and F240 directed
against cluster I epitopes recognized trimeric, dimeric, and
monomeric forms of cross-linked sgp140(-) envelope glyco-
proteins, although only a small portion of each oligomer was
precipitated by these MAbs compared to that precipitated by
PS (Fig 1A). The 50-69 MADb precipitated monomeric and di-
meric sgp140(-) glycoproteins less efficiently than the trimeric
sgp140(-) glycoproteins, which is consistent with previous
findings.*> Among the MAbs that recognize cluster II epi-
topes, MAbs 98-6, 1281, and 1379 efficiently precipitated tri-
mers and dimers, whereas MADb 126-6 precipitated only the
trimeric form of cross-linked sgp140(-) envelope glycopro-
teins (Fig. 1A). The amount of each oligomer precipitated by
these cluster II monoclonal antibodies was equivalent to that
precipitated by PS. That the MAb 126-6 reacted only with the
trimeric form of sgp140(-) envelope glycoproteins explained
the lower amounts of the untreated envelope glycoproteins
precipitated by this antibody. MAb 5F3, which recognizes a
linear gp41 epitope adjacent to the N-terminal fusion peptide,
preferentially precipitated cross-linked trimeric and dimeric



322 YUAN ET AL.
A JRFL  HXBc2 Yu2 C
o 8 g & 1281 3
© © © 7]
g 8 2 & g 9 3t
50 1 2 3 4 ¢
Trimer- H k h . L
o — ” o m Trimer-
Dimer-
Monomer - - Monomer - - PR—
2F5 Sy
B 10 mM GA No treatment 1 2 3 4 é o
126-6 PS 126-6 PS - —— L‘
2 3 . 1 2 3 - ¢+ G‘; Trimer-
. d Dimer- | b
Trimer- :
Dimer- o P
Monomer - ~ i
Monomer- et L

FIG. 2. MADb depletion of soluble envelope glycoproteins. (A) The radiolabeled sgp140(-) glycoproteins from the JR-FL,
HXBc2, and YU?2 strains of HIV-1 were cross-linked with 10 mM GA before being precipitated by PS or MAb 126-6. (B) The
sgp140(-) glycoproteins from the JR-FL strain were cross-linked with 10 mM GA (left panel) or untreated (right panel) before
sequential precipitation (1-3, from left to right) by MADb 126-6. The remaining envelope glycoproteins in the supernatant were
either directly precipitated by PS, or cross-linked with 10mM GA and then precipitated by PS. (C) The JR-FL sgp140(-)
glycoproteins were sequentially precipitated (14, from left to right) by the indicated MAb. The remaining envelope gly-
coproteins in the supernatant were cross-linked with 10mM GA and then precipitated by PS (10mM GA and PS). The

precipitates were analyzed by SDS-PAGE.

forms of the sgpl40(-) glycoproteins. MAb 2F5, which is
specific for the ELDKWA epitope in the membrane-proximal
region of the gp41 ectodomain,” interacted inefficiently with
the cross-linked envelope glycoproteins and precipitated only
a trace amount of the monomeric cross-linked envelope gly-
coprotein.

The MAbs used in this study that recognize the cluster I
gp41 epitopes react with a stretch of 24 amino acids from
positions 590 to 613'*'3 (Fig. 1B). Three of these, MAbs 240D,
246D and F240, react with linear epitopes; by contrast, MAb
50-69 recognizes a gp41l conformation stabilized by the dis-
ulfide bond between the cysteines at positions 598 and
604.'%% The 240D, 246D, and F240 MAbs interacted with
cross-linked trimers, dimers, and monomers, indicating that
the epitopes recognized by these MAbs were intact and ac-
cessible on the different oligomeric forms of soluble envelope
glycoproteins. The preferential recognition of the sgp140(-)
trimers by the 50-69 MAb supports previous studies showing
that the conformation of the cluster I region can be influenced
by the oligomeric state of the HIV-1 envelope glycoproteins.'

The MAbs that recognize the cluster II gp41 epitopes are all
specific for conformational structures determined by amino
acids between positions 644 and 6631013 (Fig. 1B). The differ-
ent specificities of these MAbs for distinct oligomeric forms
of sgp140(-) indicate that the conformation of this region is

strongly influenced by the oligomeric state of the HIV-1 en-
velope glycoprotein; for example, the epitope recognized by
MAD 126-6 is present and accessible only on envelope glyco-
protein trimers. As MADb 126-6 preferentially recognizes sol-
uble envelope glycoprotein trimers from several HIV-1 strains,
such as JR-FL, YU2, and HXBc2 (Fig. 2A), this trimer-specific
epitope is apparently conserved on the envelope glycoproteins
of clade B HIV-1 strains.

As GA targets primary amines on the protein compo-
nent,***® this may exert subtle effects on the envelope gly-
coprotein epitopes. To avoid any potential artifact generated
by GA cross-linking, we performed MAb-depletion experi-
ments to examine whether the oligomer-specific epitopes exist
in native HIV-1 envelope glycoproteins. Untreated sgp140(-)
envelope glycoproteins from the YU2 HIV-1 strain were re-
peatedly precipitated by MAbs 126-6, 1281, or 2F5. As shown
in Fig. 2B and C, three or four successive immunoprecipita-
tions with each of the MAbs were sufficient to remove almost
all of the envelope glycoproteins precipitable by the particular
MAD. The remaining envelope glycoproteins in the superna-
tant were then precipitated directly by PS or first cross-linked
with 10mM GA and then precipitated by PS. When the
sgp140(-) envelope glycoproteins were cross-linked with
10mM GA, MAD 126-6 only precipitated the trimeric form of
the envelope glycoprotein, and the dimeric and monomeric
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forms of the envelope glycoproteins remained in the super-
natant (Fig. 2B, left panel). In Fig. 2B (right panel), after re-
peated precipitation of the untreated sgp140(-) envelope
glycoprotein by MADb 126-6, dimeric and monomeric forms
of the sgp140(-) envelope glycoprotein remained in the su-
pernatant (Fig. 2B, right panel). This result supports the
conclusion that MAb 126-6 binds only to native envelope
glycoprotein trimers. In contrast, repeated precipitation by
MAD 1281 left primarily monomeric forms of the sgp140(-)
envelope glycoprotein in the supernatant (Fig. 2C, upper
panel). Thus, MAb 1281 reacts with native envelope glyco-
protein trimers and dimers. Repeated precipitation by MADb
2F5 left trimeric and dimeric envelope glycoproteins in the
supernatant (Fig. 2C, lower panel), suggesting that the epi-
tope recognized by this MADb is present mainly on monomers.
In summary, the MAb-depletion results were consistent with
the results of immunoprecipitation of the cross-linked enve-
lope glycoproteins.

Mapping of the oligomer-specific regions

As shown above, the epitopes in the cluster II region of the
HIV-1 gp41 ectodomain exhibited oligomer-specific confor-
mations. To map the oligomer-specific regions, a series of YU2
sgp140(-) C-terminal truncation mutants, with deletions of
varying portions of the gp41 ectodomain, were analyzed by
immunoprecipitation (Fig. 3A). The sgp140(-) glycoprotein
mutants with C-terminal deletions up to amino acid position
(aa) 655 [sgp140(-)A655] still reacted with MAbs 126-6, 1281,
and 1379. When the deletion extended further to aa 648, the
truncated sgp140(-) mutant [sgp140(-)A648] lost reactivity to
MAbs 1281 and 1379, but still bound to MADb 126-6. Only
when the carboxyl terminus of sgp140(-) was deleted up to aa
641 did the glycoprotein [sgp140(-)A641] lose reactivity with
MAD 126-6 (Fig. 3B). Therefore, amino acid residues between
positions 641 and 648 in the cluster II region of the gp41 ec-
todomain are critical for the trimer-specific epitope recog-
nized by MAb 126-6; the amino acid residues located between
positions 648 and 655 are required for recognition by MAbs
1261 and 1379.

To map the region critical for the integrity of the trimer-
specific epitope of MAb 126-6 further, two more sgp140(-)
mutants with truncations of the gp41 ectodomain between aa
641 and 648, sgp140(-)A646 and sgp140(-)A644, were exam-
ined for interaction with MAb 126-6. As shown in Fig. 3C,
very little of the sgp140(-)A646 glycoprotein and none of the
sgp140(-)A644 glycoprotein were precipitated by MADb 126-6.
Thus, important determinants of the MAb 126-6 epitope re-
side between gp41 residues 644 and 648.

As MAD 126-6 interacts only with trimeric forms of the
HIV-1 envelope glycoproteins, we examined if this interaction
correlated with the formation of trimers by soluble envelope
glycoprotein variants. Cross-linking of sgp140(-) glycoprotein
variants with 10mM GA showed that wild-type and mutant
glycoproteins containing gp41 ectodomain sequences up to
aa 646 formed trimers. By contrast, the sgp140(-)A644 and
sgp140(-)A641 mutant glycoproteins mainly formed higher-
order oligomers (Fig. 3C). These higher-order, presumably
aggregated, forms of envelope glycoproteins were apparent at
low levels in the case of the sgp140(-)A648 mutant, and their
proportion increased in the sgp140(-) mutants with further
deletions of the carboxyl terminus (Fig. 3C). The sgp140
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FIG. 3. Mapping the oligomer-specific cluster II epitopes.
(A) The gp41 glycoprotein is depicted, with the gp120-gp41
cleavage site (triangle), fusion peptide (FP), heptad repeats
(HR1 and HR2), transmembrane region (TM), and cytoplas-
mic tail (CT) shown. The locations of the C-termini of the
mutants are noted. (B) The YU2 sgp140(-) mutants truncated
immediately C-terminal to the indicated amino acid resi-
dues were precipitated by either PS or the indicated MAbs.
The precipitates were analyzed by SDS-PAGE. (C) The YU2
sgp140(-) mutants truncated immediately C-terminal to the
indicated amino acid residues were precipitated by PS or
MAD 126-6 (top two panels). The A641FT glycoprotein is
identical to sgp140(-)A641 except that a fibritin trimer (FT)
motif has been added to the C-terminus. In the bottom panel,
the soluble envelope glycoproteins were cross-linked with
10 mM GA and then precipitated with PS prior to analysis by
SDS-PAGE.
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FIG. 4. Mapping the epitope of MAb NC-1. (A) The sgp140(-) glycoproteins from the JR-FL, YU2, and HXBc2 strains of
HIV-1 were immunoprecipitated by PS, MAb 126-6, or MAb NC-1. (B) The HXBc2 sgp140(-) glycoproteins were either
untreated or cross-linked with 10 mM GA before being precipitated by PS, MAb 126-6, or MAb NC-1. (C) The HXBc2 sgp140
(-) truncated immediately C-terminal to the indicated amino acid residues were either precipitated by PS or MAb NC-1 (top
two panels) or cross-linked with 10mM GA before precipitation by PS (bottom panel). (D) The wild-type (WT) HXBc2
sgp140(-) glycoproteins or mutants containing the indicated changes were precipitated by PS, MAb NC-1, or MAb 126-6. The

precipitates were analyzed by SDS-PAGE.

(-)A641FT glycoprotein, which consists of the sgp140(-)A641
glycoprotein with a carboxy-terminal heterologous trimeric
motif derived from fibritin,*” formed significant amounts of
trimers (Fig. 3C). As the sgp140(-)A646 and sgp140(-)A641FT
glycoproteins formed trimers but reacted inefficiently with
MADb 126-6 (Fig. 3C), we conclude that trimer formation is not
sufficient for recognition of soluble HIV-1 envelope glyco-
proteins by MAb 126-6.

Mouse MAb NC-1 and human MAb 126-6
recognize different trimer-specific epitopes

Jiang et al. previously generated a conformation-dependent
monoclonal antibody, MAb NC-1, by immunizing a mouse
with a polypeptide that models the HIV-1 gp41 six-helix
bundle.”® MADb NC-1 binds specifically to oligomeric forms of
HIV-1 gp41, a property similar to that of the human MAbs
that recognize cluster II epitopes. We compared the HIV-1
envelope glycoprotein regions required for recognition by
MAD 126-6 and MAb NC-1. Surprisingly, MAb NC-1 did not
react with the sgp140(-) glycoproteins from the primary R5
HIV-1 strains, JR-FL or YU2; it reacted only with the sgp140(-)

glycoprotein from the laboratory-adapted X4 strain, HXBc2
(Fig. 4A). This result implied that MAb NC-1 and MAb 126-6
recognize different epitopes, because MAb 126-6 recognizes
the sgp140(-) glycoproteins from all three HIV-1 strains. Sub-
sequent experiments involving MAb NC-1 were carried out
with soluble envelope glycoproteins from the HXBc2 strain of
HIV-1. Immunoprecipitation with cross-linked sgp140(-) gly-
coproteins revealed that MAb NC-1, similar to MAb 126-6,
reacted preferentially with the trimeric form of the envelope
glycoproteins (Fig. 4B). Immunoprecipitation with a series of
C-terminally deleted sgp140(-) mutants showed that MADb
NC-1 bound efficiently to sgp140(-) mutants with C-termini
truncated up to aa 661 [sgp140(-)A661]. The recognition of
sgp140(-)A655 by MAb NC-1 was significantly decreased, and
sgp140(-)A648 was not precipitated by MAb NC-1 (Fig. 4C,
middle panel). Thus, the HIV-1 gp4l region between aa
648 and 661 is important for recognition by MAb NC-1. The
C-terminal deletion mutants of sgp140(-) from the HXBc2
strain exhibited the same pattern of trimer formation as that
from the primary strain YU2; wild-type sgp140(-) and mutants
with C-termini truncated up to aa 646 efficiently formed
trimers, whereas the sgpl40(-)A644 and sgpl140(-)A641
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FIG. 5. A map of gp4l epitopes influenced by oligomeri-
zation state. The sequences of part of the HR2 region and
adjacent membrane-proximal region of gp4l from the indi-
cated HIV-1 strains are aligned. The a and d positions of the
HR2 heptad repeat are shown. The positions of the C-termini
of some of the sgp140(-) mutants tested in this study are in-
dicated. The gp41 regions implicated in the integrity of the
indicated MAbs are delineated, as are the regions proposed to
contribute to the formation of trimer-specific and trimer/
dimeric-specific epitopes.

glycoprotein mutants oligomerized primarily into nontri-
meric states (Fig. 4C, lower panel).

MAD NC-1 recognizes only envelope glycoproteins from
the HXBc2 HIV-1 strain, not those from the YU2 or JR-FL
strains, yet the amino acid residues in the region that is im-
portant for antibody recognition, aa 648 to 661, are identical
among these three strains (Fig. 5). Therefore, other regions
must contribute to the epitope recognized by MAb NC-1.
Comparing the amino acid sequences in the nearby gp41 re-
gion of the three HIV-1 strains, the closest amino acid residue
that differs between HXBc2 and the other two strains is at aa
643, which is histidine in HXBc2 and tyrosine in YU2 or JR-FL
(Fig. 5). A change of histidine to alanine (H643A) in the HXBc2
sgp140(-) glycoprotein decreased the binding of MAb NC-1
(Fig. 4D). In contrast, a change of glutamic acid to alanine at aa
648 (E648A) in sgp140(-) did not affect MAb NC-1 recognition
(Fig. 4D). We conclude that the epitope recognized by MAb
NC-1 includes amino acid residues from aa 643 to 655. Some
amino acid residues in the aa 655 to 661 region also contribute
to the MAb NC-1 epitope because the deletion of this region
significantly reduced antibody binding.

Characterization of the gp41 region important
for human MAb 98-6 recognition

Among the human MAbs tested in this study, MAbs 98-6,
1281, and 1379 recognize epitopes in the cluster II region of
gp41 and react with trimeric and dimeric forms of sgp140(-)
envelope glycoproteins from the JR-FL HIV-1 strain (Fig. 1).
However, unlike MAbs 1281 or 1379, MADb 98-6 did not pre-
cipitate the sgp140(-) glycoprotein from the YU2 HIV-1 strain
(Fig. 6A); thus, MADb 98-6 recognizes a gp41 epitope in the
cluster II region different from that recognized by the MAbs
1281 and 1379. Immunoprecipitation experiments showed
that MAb 98-6 bound to the HXBc2 sgp140(-) mutants with
C-termini truncated up to aa 661; further deletion of the amino
acid residues at the C-terminus resulted in the disruption of
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FIG. 6. Mapping of the MAb 98-6 epitope. (A) The sgp140(-)
glycoproteins from the JR-FL, YU2, and HXBc2 strains of
HIV-1 were precipitated by PS or MAb NC-1 98-6. (B) The
HXBc2 sgp140(-) mutants truncated immediately C-terminal
to the indicated amino acid residues were precipitated by
MAD 98-6. (C) The wild-type (WT) HXBc2 sgp140(-) glyco-
proteins or mutants containing the indicated changes were
precipitated by PS or MAb 98-6. The precipitates were ana-
lyzed by SDS-PAGE.

antibody recognition (Fig. 6B). Thus, amino acid residues
between positions 655 and 661 in the gp41 ectodomain are
important for recognition by MAb 98-6.

As mentioned above, the amino acid residues between aa
655 and 661 are identical among the YU2, JR-FL, and HXBc2
strains (Fig. 5). Examination of nearby residues revealed that
aa 648 differed among these HIV-1 strains, being glutamine
in YU2 and glutamic acid in JR-FL or HXBc2. Alteration of
glutamine 648 to alanine (E648A) in the HXBc2 sgp140(-)
glycoprotein greatly diminished the binding of MAb 98-6
(Fig. 6C). By contrast, the alteration of histidine 643 (H643A)
did not affect the recognition of sgp140(-) by MADb 98-6 (Fig.
6C). Thus, the epitope recognized by the human MAb 98-6
involves amino acid residues 648 to 661, slightly carboxy-
terminal to the epitope recognized by the mouse MAb NC-1.

Discussion

The functional HIV-1 envelope glycoproteins consist of
trimers of heterodimeric subunits, so understanding the
quaternary structure of the HIV-1 envelope glycoproteins is
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essential for an appreciation of the structure/function of virus
entry and for rational attempts to design inhibitors and vac-
cines. The formation of HIV-1 envelope glycoprotein com-
plexes presumably results in new structural moieties in gp120
and gp41 that are not present in the monomeric forms of these
molecules.”’” The existence of oligomer-specific conforma-
tions in the gp41 ectodomain is supported by the recognition
patterns exhibited by several MAbs that selectively interact
with oligomeric forms of HIV-1 envelope glycoproteins.'>*
However, due to the difficulty of separating the different
oligomeric forms of envelope glycoproteins, the regions that
form oligomer-specific conformations in the gp41 ectodomain
have not been well defined. In this study, we used GA to
cross-link the trimeric and dimeric forms of soluble HIV-1
envelope glycoproteins. These cross-linked trimeric, dimeric,
and monomeric forms of envelope glycoproteins can easily
be separated from one another by SDS-PAGE.* The cross-
linking approach allowed us to examine the oligomer-specific
recognition of the envelope glycoproteins by monoclonal
antibodies, and hence to study the oligomer-specific confor-
mations of the gp41 ectodomain.

Although several distinct antigenic regions in the gp41 ec-
todomain can be recognized by MAbs produced by immu-
nization of mice with envelope glycopro’cel’ns,12 the anti-gp41
antibodies generated in most HIV-1-infected humans mainly
recognize epitopes in two regions, cluster I and cluster II; the
cluster I region appears to be approximately 100-fold more
immunogenic than the cluster IT region.'” The data presented
here indicate that most human MAbs to the cluster I region
bind indistinguishably to trimeric, dimeric, and monomeric
forms of the HIV-1 envelope glycoproteins; thus, the epitopes
in the cluster I region are not significantly affected by the
formation of the oligomeric complex.

In contrast, MAbs to cluster II regions preferentially inter-
acted with either trimeric, or trimeric and dimeric, forms of
the soluble envelope glycoproteins; thus, the conformation
of the cluster II region is distinct in the different oligomeric
forms. Among the MAbs examined here that recognize epi-
topes in the cluster II region, three (MAbs 1281, 1379, and
98-6) recognize trimeric and dimeric forms of envelope gly-
coprotein, and two (MAbs 126-6 and NC-1) recognize ex-
clusively trimeric forms. The gp4l regions important for
recognition by these MAbs are summarized in Fig. 5. MAb 98-
6 binding to trimeric and dimeric forms of soluble envelope
glycoproteins involves residues 646 to 661, indicating that at
least some conformational determinants in this region are
similar between the envelope glycoprotein trimers and di-
mers. MAb NC-1 binds only to trimeric forms of the envelope
glycoproteins; the gp41 region that includes the NC-1 epitope
extends from amino acid residues amino-terminal to aa 642 to
a few residues carboxy-terminal to aa 655. Thus, distinct
conformations of this region are achieved only in the context
of envelope glycoprotein trimers. Our results suggest that the
gp41 region amino-terminal to aa 648 is critical for recognition
by the trimer-specific MAb 126-6, whereas the region between
aa 648 and 655 is critical for the recognition by MAbs 1281 and
1379, which recognize both dimeric and trimeric soluble
envelope glycoproteins. These results support a model in
which the HIV-1 gp41 region amino-terminal to glutamic acid
647 forms trimer-specific structures, whereas more carboxy-
terminal epitopes involving residues 646-661 can be re-
presented on either dimeric or trimeric oligomers (Fig. 5).
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Compared with the epitopes for other cluster Il human MAbs,
the epitope for MAb 98-6 locates closer to the MAb 2F5 epi-
tope; this explains the observation that MAb 98-6 blocks MADb
2F5 binding to a gp41 peptide more efficiently than other
cluster IT human Mabs.>

The human MAD 126-6 and the mouse MAb NC-1 exclu-
sively recognize envelope glycoprotein trimers. The MAb NC-
1 was generated by immunizing a mouse with a model gp41
polypeptide from the HIV-1 HXB2 strain, and was shown to
bind to the gp41 six-helical bundle of several CXCR4-tropic
HIV-1 strains.*®*" This MAb may be less useful for studying
CCR5-tropic HIV-1 envelope glycoproteins, as we found that
MAD NC-1 did not detectably interact with the CCR5-using
envelope glycoproteins examined in this study.

MAD 126-6, along with other human MAbs that recognize
cluster II epitopes, also binds to a gp4l six-helix bundle
formed by mixing two peptides from the HR1 and HR2 re-
gions."® Although these data imply that these MAbs can rec-
ognize the postfusogenic form of gp41, two lines of evidence
suggest that these MAbs bind as well to prefusogenic forms of
gp41. First, the soluble gp140(-) envelope glycoprotein used in
this study has been shown to assume a conformation resem-
bling the prefusogenic state.>® Second, the observation that
MADs 1281, 1379, and 98-6 precipitate dimeric as well as tri-
meric forms of sgpl40(-) also argues against these MAbs
recognizing only the postfusogenic form of the gp41 envelope
glycoprotein, which is a stable trimer.*>” Hence, the MAbs to
the epitopes in the cluster II region likely recognize both
prefusogenic and postfusogenic forms of gp41, implying that
the conformation of the cluster II region in gp41 may be pre-
served during the conformational transitions induced by re-
ceptor binding. As the cluster Il region is part of the HR2 helix
in the postfusogenic six-helix bundle, this region may also be
helical in prefusogenic conformations of gp4l. The hydro-
phobic face of this helix, which in the postfusogenic confor-
mation contacts the outer groove on the HR1 coiled coil, may
in prefusogenic conformations form intersubunit contacts that
contribute to trimer stability. Such a model is consistent with
our observation that truncated versions of sgp140(-) lacking
this region do not efficiently form trimers.

The epitope for human Mab 2F5 (ELDKWA) contains a
critical lysine residue.?**! GA could potentially interact with
the primary amine on the lysine residue in our cross-linking
experiments, resulting in the inefficient recognition of the
cross-linked envelope glycoproteins by MAD 2F5 (Fig. 1). The
MADb-depletion experiment avoids this concern (Fig. 2C). Our
results showed that human MAb 2F5 reacts poorly with tri-
meric or dimeric forms of soluble HIV-1 envelope glycopro-
teins. This suggests that the epitope recognized by MAb 2F5 is
occluded or disrupted as the soluble oligomers form. This
result is consistent with the finding that the 2F5 and 4E10
epitopes are exposed only on a soluble gp41 construct de-
signed to mimic a prehairpin intermediate conformation®’;
the prehairpin intermediate is thought to be presented only
after the envelope glycoproteins bind to the CD4 receptor and
before the formation of the six-helix bundle.’® However,
previous studies also show that 2F5 recognizes cell-surface
HIV-1 envelope glycoproteins prior to receptor binding.' >
Because soluble gp41 constructs are intrinsically artificial and
because nonfunctional envelope glycoproteins may exist on
the surface of infected cells, neither of these disparate obser-
vations allows definitive conclusions to be reached about the



ANTIBODY RECOGNITION OF HIV gp41 CONFORMATION

state of MPER epitopes on the functional envelope glyco-
protein trimers.

The gp41 subunit is far more conserved than gp120, and the
membrane fusion machinery is common to all HIV-1 strains.
These aspects make gp41 an attractive target for intervention.
Understanding the specific conformations of the native, tri-
meric gp41l ectodomain will expedite progress toward this
goal.
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