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Most antibodies induced by HIV-1 are ineffective at preventing
initiation or spread of infection because they are either nonneu-
tralizing or narrowly isolate-specific. Rare, ‘‘broadly neutralizing’’
antibodies have been detected that recognize relatively conserved
regions on the envelope glycoprotein. Using stringently charac-
terized, homogeneous preparations of trimeric HIV-1 envelope
protein in relevant conformations, we have analyzed the molecular
mechanism of neutralization by two of these antibodies, 2F5 and
4E10. We find that their epitopes, in the membrane-proximal
segment of the envelope protein ectodomain, are exposed only on
a form designed to mimic an intermediate state during viral entry.
These results help explain the rarity of 2F5- and 4E10-like antibody
responses and suggest a strategy for eliciting them.

envelope glycoprotein � membrane fusion

HIV-1 infection generally induces a strong antibody response to
the envelope glycoprotein [trimeric (gp160)3, cleaved to

(gp120/gp41)3], the sole antigen on the virion surface. Most induced
antibodies are ineffective in preventing infection, however, because
they are either nonneutralizing or narrowly isolate-specific, and the
virus replicates so rapidly that ongoing selection of neutralization
resistant mutants allows viral evolution to ‘‘keep ahead’’ of high-
affinity antibody production (1). Moreover, much of the antibody
response may be to rearranged or dissociated forms of gp120 and
gp41, on which the dominant epitopes may be either in hypervari-
able loops or in positions occluded on virion-borne envelope trimer.
Rare, ‘‘broadly neutralizing’’ antibodies have been detected that
recognize one of three relatively conserved regions on the envelope
protein: the CD4-binding site (mAb b12) (2); carbohydrates on the
outer gp120 surface (mAb 2G12) (3); and a segment of the gp41
ectodomain adjacent to the viral membrane (mAbs 2F5 and 4E10)
(4, 5), often called the ‘‘membrane-proximal external region’’
(MPER). We seek to understand the molecular mechanisms of
neutralization by these and other antibodies.

Fusion of viral and target-cell membranes initiates HIV-1 infec-
tion. Conformational changes in gp120 that accompany its binding
to receptor (CD4) and coreceptor (e.g., CCR5 or CXCR4) lead to
dissociation of gp120 from gp41 and a cascade of refolding events
in the latter (6). In the course of these rearrangements, the
N-terminal fusion peptide of gp41 translocates and inserts into the
target-cell membrane. A proposed extended conformation of
the gp41 ectodomain, with its fusion peptide thus inserted and the
transmembrane anchor still in the viral membrane, has been called
the ‘‘prehairpin intermediate’’ (7). It is the target of various fusion
inhibitors, including T-20/enfuvirtide, the first approved fusion-
inhibiting antiviral drug (8), and the characteristics of the interme-
diate have been deduced from the properties of these inhibitors or
mimicries by short gp41 fragments (9). Subsequent rearrangements
from the intermediate to the postfusion state of gp41 involve folding
back of each of the three chains into a hairpin-like conformation,
with two antiparallel �-helices connected by a disulfide-containing
loop. This process brings the fusion peptide and transmembrane
anchor, and hence the two membranes, close together at the same
end of the refolded protein.

Where in this sequence of events do neutralizing antibodies
intervene, and can any such antibodies neutralize more than a
narrow range of isolates? The first step toward answering these
questions is the preparation of biochemically homogeneous forms
of the HIV envelope glycoprotein with defined and uniform
antigenic properties, which include each of the principal states of
the gp41 ectodomain: the prefusion, the prehairpin intermediate,
and the postfusion conformations. We describe here stable, homo-
geneous preparations of trimeric HIV-1 envelope protein in rele-
vant states. We show that the epitopes for the MPER antibodies,
2F5 and 4E10, are exposed only on the form of the envelope protein
designed to mimic the prehairpin intermediate. These results help
explain the rarity of 2F5- and 4E10-like antibody responses and
suggest how one might design an immunogen to elicit them.

Results
Stable Conformations of HIV Envelope Glycoprotein. Gp140 trimer.
Gp140, the ectodomain of the precursor gp160, is often produced
to mimic the prefusion state of the envelope, based on structural
studies of other viral fusion proteins, e.g., influenza hemagglutinin
(10). The stability of HIV-1 gp140 varies greatly from strain to
strain; it can be enhanced by adding a C-terminal trimerization tag
such as the T4-fibritin ‘‘foldon’’ or the coiled-coil trimer derived
from GCN4 (11, 12). Recombinant simian immunodeficiency virus
(SIV) gp140 is a stable trimer even without such a tag (13). We have
expressed gp140 proteins from a number of HIV-1 primary isolates,
with and without trimer tags, to identify sequences that yield
particularly stable gp140 trimers [supporting information (SI) Fig.
5]. A construct we call 92UG-gp140-Fd, derived from isolate
92UG037.8 and stabilized by a C-terminal foldon tag, has proved
especially well behaved (Fig. 1). Its properties, analyzed by size-
exclusion chromatography, sedimentation equilibrium, and chem-
ical cross-linking, are shown in Fig. 2. Uncleaved gp140 from the
same isolate but without the C-terminal foldon also yields stable
trimer (data not shown), but the foldon form is easier to purify
because of its higher affinity for Ni-nitrilotriacetic acid (NTA). To
mimic even more closely the conformation of (gp120/gp41)3 on the
virion surface, we have made partially cleaved gp140 with human
plasmin (see SI Fig. 6I).
Gp41-prehairpin intermediate. To produce biochemically homoge-
neous forms of additional conformations, we made two constructs
designed to capture gp41 in the extended, prehairpin intermediate
conformation. As shown in Fig. 1, gp41-inter has the following
sequence: (HR2)-linker-[HR1-CC loop-HR2-MPER]-(trimeriza-
tion tag), where HR1 and HR2 are the first and second ‘‘heptad
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repeat’’ in gp41 (the segments that form helices in the postfusion
trimer of hairpins) and the sequence in brackets is essentially the
complete gp41 ectodomain, except for the fusion peptide. The
‘‘linker’’ is a short, flexible connector of serines and glycines. When
gp41-inter chains trimerize, we expect the N-terminal HR2 seg-
ments to form a six-helix bundle with the HR1 segments; the
C-terminal HR2 segments, constrained by the trimerization tag,
will be unable to do so. The conformation of this construct can be
pictured as the prehairpin intermediate captured by an HR2
peptide, such as T-20. We expressed gp41-inter by using sequences
from two isolates: 92UG037.8 and HXB2, with foldon and trimeric
GCN4, respectively. In both cases, the protein could be expressed
in Escherichia coli and refolded in vitro. Controls showed that the
N-terminal HR2 segment is required for refolding of bacterially
expressed protein and for obtaining soluble, secreted protein from
insect cells (data not shown). A similar construct with the gp41
sequence of SIVmac32H and the catalytic subunit of E. coli
aspartate transcarbamoylase as trimer tag (14) could also be
obtained as secreted protein from insect cells (data not shown),
indicating that the overall design is robust and independent of the
choice of a C-terminal trimerizing element.

Purified 92UG-gp41-inter is a monodisperse trimer (Fig. 2 D and
E), stable after multiple rounds of gel-filtration chromatography. Its
CD spectrum suggests a mixture of secondary structures (SI Fig.
7A). Negative-stain electron microscopy shows rod-like particles,
150 Å in length and �45 Å wide (Fig. 2F). The expected lengths for
the N-terminal six-helix bundle and the C-terminal foldon are 75
and 28 Å, respectively. The intervening segment of �100 residues
(C–C loop, HR2, and MPER) must have a relatively compact fold,
to span just 45–50 Å of axial distance.

Gp41-postfusion six-helix bundle. Forms of postfusion gp41 that con-
tain the complete MPER tend to aggregate. We have prepared a
six-helix bundle construct that contains the full 2F5 epitope (LD-
KWANL) but lacks 4E10 epitope; we designate it ‘‘gp41-post’’ (Fig.
1). As refolded from E. coli-expressed inclusion bodies, gp41-post
has all of the properties expected for a trimer of �-helical hairpins
(SI Fig. 8).

Ligand Binding and Antigenic Properties of Envelope Protein in
Distinct Conformational States. We have carried out binding exper-
iments to verify the integrity of the 92UG-gp140-Fd trimer and to
analyze its antigenic properties. The 92UG-gp140-Fd trimer binds
CD4 with a Kd of 1.98 nM (Table 1 and SI Fig. 6A); the surface
plasmon resonance (SPR) sensorgrams can be fit by a two-step
binding model as used for binding of CD4 to gp120 core (15). Thus,
the covalent linkage between gp120 and gp41 does not impede the
conformational change in gp120 that accompanies CD4 binding.
The 92UG-gp140-Fd trimer also binds mAb 2G12 (3) with high
affinity (Table 1 and SI Fig. 6B), as expected, because the 92UG037
isolate is sensitive to neutralization by 2G12 (16). The trimer fails
to bind the b12 IgG (2), consistent with the resistance of the isolate
to neutralization by that mAb (16), but monomeric gp120 derived
from 92UG037 does bind b12, with a Kd of 1.4 �M (ref. 15 and SI
Fig. 6C). This affinity is �2 orders of magnitude weaker than
measured for the same mAb with gp120 from isolates HXB2 or
YU2 (17), probably because of a sequence difference in the
CD4-binding loop [P369L, HXB2 numbering, a residue that makes
direct contact with b12 (17)]. In addition, the 92UG-gp140-Fd
trimer does not bind two other ‘‘nonneutralizing’’ CD4-binding site
antibodies, b6 and 15e, despite high affinities of these two antibod-

Fig. 1. Expression constructs. (Upper) Schematic representations of HIV-1 envelope glycoproteins; gp160, the full-length precursor. Various segments of gp120
and gp41 are designated as follows: C1–C5, conserved regions 1–5; V1–V5, variable regions 1–5; F, fusion peptide; HR1, heptad repeat 1; C–C loop,
immunodominant loop with a conserved disulfide bond; HR2, heptad repeat 2; (see SI Fig. 9 for alignment); TM, transmembrane anchor; CT, cytoplasmic tail.
Expression constructs are: gp140, uncleaved ectodomain of gp160 with a C-terminal His tag; gp140-Fd, uncleaved ectodomain of gp160 with a trimerization tag
and a C-terminal His tag; gp41-inter, gp41 in the prehairpin intermediate conformation trapped by an N-terminal HR2 peptide and a C-terminal foldon tag;
gp41-post, gp41 in the six-helix conformation with partial MPER. Glycans are represented by tree-like symbols. (Lower) Diagrams represent 3D organization of
these protein species. Gp120 and gp41 in the prefusion state are shown in light green and light blue, respectively. The viral membrane is in orange. Other regions
are colored as in the schematics above.
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ies for 92UG-gp120 core (Table 1 and SI Fig. 6 D and E). We
conclude that the position and orientation of gp120 in the prefusion
trimer reduce accessibility of the CD4 site to antibodies, without
impeding accessibility to CD4. Uncleaved 92UG-gp140-Fd also
binds a CD4i (CD4-induced) mAb, 17b (18), but only in the
presence of CD4, as expected (SI Fig. 6F). This result shows that the
gp120 part of this trimer can undergo the conformational transition
associated with formation of the bridging sheet, the docking site for
mAb 17b (and for coreceptor), even when gp120 cannot fully
dissociate, consistent with the similar observations from other
groups (12).

Antibodies to gp41 include those in ‘‘cluster I,’’ which bind the
immunodominant, disulfide-containing loop between the two he-
lical regions of the postfusion form, and those in ‘‘cluster II,’’ which
bind MPER epitopes. The 92UG-gp140-Fd trimer binds two cluster
I mAbs, 240-D and 246-D (SI Fig. 6G), in accord with earlier

observations that SIV gp140 trimer interacts with cluster I mAbs,
KK41 and 9G3, and that cluster I epitopes are well exposed on
HIV-1 virions (19–21). We note that mAb 9G3 has neutralizing
activity (20). We also find strong binding of 240-D and 246-D with
plasmin cleaved 92UG-gp140-Fd (data not shown), but because the
cleavage is incomplete, we cannot make strong conclusions about
the effects of gp120-gp41 cleavage on antibody affinity. Some
previous reports suggest that cluster I and II epitopes are exposed
on uncleaved, oligomeric gp140 but inaccessible on cleaved, disul-
fide-linked, monomeric SOS gp140 derived from the same strain
(22). The conformational homogeneity of those preparations was
not fully assessed, and the cluster I epitope in the SOS gp140 was
also altered by the extra disulfide introduced.

The 92UG037 isolate is sensitive to neutralization by the broadly
neutralizing, MPER-directed human monoclonal antibodies, 2F5
and 4E10 (16), and these two antibodies indeed recognize unfolded

Fig. 2. Preparations of the prefusion and the prehairpin intermediate conformations of HIV-1 gp41. (A) Purified HIV-1 92UG-gp140-Fd trimer was resolved by
gel-filtration chromatography on Superose 6. The apparent molecular mass was calculated by using as standards thyroglobulin (670 kDa), ferritin (440 kDa), and
catalase (232 kDa). (Inset) Peak fractions were pooled and analyzed by Coomassie blue-stained SDS/PAGE. (B) Sedimentation equilibrium of 92UG-gp140-Fd
trimer with a Beckman XL-A analytical ultracentrifuge at 4°C. Three protein concentrations (0.62, 1.24, 2.48 �M) and three rotor speeds (1,820, 3,567, and 5,897
� g) were used. The data shown were collected with the protein at 1.24 �M and rotor speed of 3,567 � g. Data were analyzed with a single-species model; partial
specific volume was calculated as 0.686 ml/g, using the sugar content. The molecular mass is 409 � 10 kDa. (C) 92UG-gp140-Fd trimer was treated with various
concentrations (lanes 1–7, 0, 0.05, 0.25, 0.5, 1, 2, 5 mM) of ethylene glycol bis(succinimidylsuccinate). Cross-linked products were analyzed by SDS/PAGE in a 4%
gel. The molecular mass standard was cross-linked phosphorylase b (Sigma). Dimeric and trimeric species of 92UG-gp140-Fd migrate faster than expected for their
molecular mass, probably because of compactness after cross-linking. (D) 92UG-gp41-inter was expressed in E. coli and refolded in vitro. (Inset) The refolded
protein was resolved by gel-filtration chromatography on Superdex 200. It migrates on SDS/PAGE at molecular mass �26 kDa when sample is boiled and reduced;
when not boiled and not reduced, there is a ladder of three bands (�26, 50, 80 kDa, respectively), corresponding to monomer, dimer, and trimer. (E)
Sedimentation equilibrium of 92UG-gp41-inter with a Beckman XL-A analytical ultracentrifuge at 4°C. Three protein concentrations (0.98, 1.96, 3.92 �M) and
three rotor speeds (16,380, 22,295, and 49,213 � g) were used. Data shown were collected with the protein at 3.92 �M and rotor speed of 22,295 � g. Data were
analyzed with a single-species model; the molecular mass is 92 � 6 kDa. (F) 92UG-gp41-inter examined by negative-stain electron microscopy. Raw image of a
field (Upper) and selected images after class averaging to increase signal-to-noise (Lower). The dimensions of the rod-like molecules are �150 Å � 45 Å. (Scale
bar: 20 nm.)
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92UG-gp140-Fd on a Western blot (Fig. 3A, Inset, lane 1, and Fig.
4C). The native trimer does not, however, bind mAb 2F5 under any
of the conditions we tested by SPR. In particular, 92UG-gp140-Fd
exhibits no interaction with a 2F5 surface, regardless of whether
IgG or Fab was used for immobilization (Fig. 3A). We have also
observed no binding of 2F5 IgG or Fab with immobilized gp140, at
either 20° or 37°C. The presence or absence of the foldon tag has
no effect, nor does partial plasmin cleavage (Fig. 3A). The 92-
gp140-Fd trimer also fails to bind 4E10 Fab and shows only very
weak binding to 4E10 IgG at high concentration (Fig. 4A and
SI Fig. 6H). We conclude that the epitopes of 2F5 and 4E10 are
either buried or in a nonantigenic configuration on the native gp140
trimer. This conclusion is consistent with published reports that
mAb 2F5 does not bind the envelope protein on the surface of
virions (23, 24). Other published experiments suggest a tempera-
ture-sensitive interaction with cell surface-expressed Env, but the
structural heterogeneity of cleaved envelope protein on cell sur-
faces and the potential lipid-binding ability of 2F5 make those
results difficult to interpret (25–27). The gp140 preparations re-
ported to bind 2F5 all contain significant amounts of monomers,
dimers, or aggregates (11, 22).

If mAbs 2F5 and 4E10 do not bind the ectodomain of the
(gp120/gp41)3 in the prefusion conformation found on virions, how
do they neutralize? Several reports have provided evidence that 2F5
may target the fusion-intermediate conformation of gp41 (28, 29),
but previous attempts to mimic the intermediate state have been
limited largely to constructs containing only the HR1 and HR2
fragments (9), which could not be used to resolve the issue. In
contrast, our gp41-inter constructs contain nearly the full-length
gp41 ectodomain, including the full epitopes for 2F5 and 4E10. The
data in Fig. 3B and SI Fig. 7B show that the Fab fragment derived
from mAb 2F5 binds gp41-inter proteins very tightly (Kd �10 nM,
with koff �1.4 � 10�5 s�1), regardless of the choice of isolate and
trimerization tag (Table 1). (We used the Fab to avoid potential
avidity effects with intact antibody). The estimated dissociation
constant is relatively insensitive to which protein is immobilized on
the chip. The complex of 2F5 Fab and 92UGgp41-inter protein can
also be purified by gel-filtration chromatography (data not shown).
The 4E10 single-chain Fv fragment (scFv) likewise bound strongly
to gp41-inter proteins (Kd �1.1–2.9 nM; Fig. 4B, Table 1, and SI Fig.

7D). We used scFv because 4E10 Fab produced by papain digestion
had weaker neutralizing activity than scFv and IgG, whereas the
latter two were equally potent (M.M., M. Alam, B. Haynes, S.
Harrison, and B.C., unpublished data). These observations suggest
that 2F5 and 4E10 exert their neutralizing activity by binding an
intermediate conformation of gp41. Kinetic studies of membrane
fusion have shown that both 2F5 and 4E10, like T-20, are probably
effective only in a small time interval during the fusion process (29,
30). Moreover, mutations in the gp41 core that destabilize the
six-helix bundle enhance sensitivity of the mutant viruses to 2F5
neutralization (31).

Peptides that contain the 2F5 epitope, such as T-20, bind the 2F5
Fab, as expected (Fig. 3D and Table 1), but they dissociate much
more rapidly than do the gp41-inter proteins (Table 1). Rapid
dissociation has also been reported when the 2F5 epitope peptide
is inserted into protein scaffolds other than gp41-inter (32). A
peptide containing the full 4E10 epitope also bound more weakly
to 4E10 scFv (Kd �18 nM) than did gp41-inter (Fig. 4D and Table
1). Thus, very strong binding by these two mAbs appears to be a
specific consequence of incorporating the epitope into a prehairpin
intermediate-like conformation.

As expected, postfusion gp41 binds the 2F5 Fab very weakly (Kd
�1.4 �M; Table 1 and SI Fig. 8D), whereas a short epitope peptide
ending with the same residue as gp41-post binds tightly (Kd �3.8–
5.3 nM; Table 1). Thus, the 2F5 epitope in gp41-post does not have
an optimal binding conformation, consistent with observations that
the formation of the six-helix bundle weakens 2F5 binding (33).

Discussion
Our results indicate that 2F5 and 4E10 inhibit HIV-1 infection
by binding to their epitopes as displayed on the prehairpin
intermediate conformation of gp41, thereby blocking a crucial
step in the conformational transition required for membrane
fusion. Binding may not obstruct formation of the six-helix
bundle, however, because the epitopes lie outside HR2; that is,
the block may occur at a very late step in the ‘‘zipping up’’ of gp41.
These two antibodies could, for example, prevent MPER from
interacting with residues proximal to the fusion peptide, a poten-
tially required step for induction of membrane hemifusion. The
nonneutralizing, cluster I antibodies bind gp41-inter and prefusion

Table 1. Binding rate constants derived from SPR analysis

Immobilized ligand Flowing analyte

ka, 1/ms kd, 1/s
Kd, M

1.98E-9ka1, 1/ms ka2, 1/s kd1, 1/s kd2, 1/s

92UG-gp140-Fd 4DsCD4 2.39E5 2.11E-2 141E-2 7.38E-4 1.98E-9
92UG-gp140-Fd 2G12-Fab 5.35E4 9.58E-4 1.79E-8
b12 IgG 92UG-gp120 1.50E4 1.49E-2 9.93E-7*
b6 IgG 92UG-gp120 5.62E4 1.51E-4 2.69E-9*
15e IgG 92UG-gp120 4.85E4 3.18E-3 6.57E-8*
2F5 Fab 92UG-gp41-inter-Fd 1.00E4 1.39E-5† 1.38E-9
2F5 Fab HXB2-gp41-inter-GCN4 6.82E3 6.11E-5† 8.96E-9
92UG-gp41-inter-Fd 2F5-Fab 1.53E5 4.96E-4 3.24E-9
2F5 Fab T-20 4.54E5 2.17E-3 4.79E-9
2F5 Fab 2F5 epitope peptide‡ 8.59E5 3.29E-3 3.83E-9
2F5 epitope peptide‡ 2F5-Fab 2.82E5 1.50E-3 5.33E-9
92UG-gp41-inter-Fd 4e10 scFv 1.60E5 1.71E-4 1.07E-9*
His-4e10 scFv HXB2-gp41-interf-GCN4 1.49E5 4.43E-4 2.98E-9*
4e10 epitope peptide§ 4e10 scFv 3.69E4 6.85E-4 1.86E-8
2F5 Fab 92UG-gp41-post 1.66E3 2.43E-3 1.41E-6

*These binding constants were derived by fitting the sensorgram with a single concentration of analyte; results here for b12 IgG are essentially identical to those
published previously by fitting runs with multiple concentrations (16).

†These sensorgrams are virtually flat during the dissociation phase, making accurate fitting very difficult. Thus, the actual off-rates are probably even slower than
these listed here.

‡The short 2F5 epitope peptide used is ELLELDKWASL.
§The 4E10 epitope peptide is biotin-SLWNWFNITNWLWYIK.

3742 � www.pnas.org�cgi�doi�10.1073�pnas.0800255105 Frey et al.

http://www.pnas.org/cgi/content/full/0800255105/DC1
http://www.pnas.org/cgi/content/full/0800255105/DC1
http://www.pnas.org/cgi/content/full/0800255105/DC1
http://www.pnas.org/cgi/content/full/0800255105/DC1
http://www.pnas.org/cgi/content/full/0800255105/DC1


gp140 (SI Fig. 6G and 7C). Thus, binding to the intermediate
conformation is not by itself sufficient for neutralization. Because
their target is a transient intermediate, 2F5 and 4E10 have a
relatively narrow ‘‘window of opportunity.’’ Both antibodies, which
recognize linear epitopes adjacent to each other in the MPER of
gp41, have long, hydrophobic heavy-chain CDR3 loops. These
loops contact bound MPER peptides only at their base, and it has
been proposed that they also interact with the viral membrane (4,
5). The putative, relatively nonspecific membrane binding may
simply concentrate the antibody, to give it a kinetic head start
during the short lifetime of the intermediate. Indeed, both 2F5 and
4E10 Fab fragments bind gp41-inter with high affinity in the
absence of a lipid bilayer, consistent with a largely kinetic role for
any membrane interaction.

Haynes et al. (27) have found that 2F5 and 4E10 have properties
resembling those of autoreactive antibodies (including their long,
heavy-chain CDR3 loops) and that they interact with phospholip-
ids. They suggest that these characteristics might lead to elimination
of such heavy chains from the available repertoire. Our data
provide an additional explanation for the rarity of 2F5-like anti-
bodies in HIV-infected individuals. The estimated exposure time
for a T-20 target site during cell–cell fusion is �15 min (34), and the
lifetime of an intermediate sensitive to the construct known as
‘‘5-helix’’ may be much lower, only 5–10 s (35). These transient
conformations would not have long enough lifetimes to induce a
host response effectively. Moreover, they would be present only at
the interface of an infecting virion with a T cell or macrophage,

inaccessible to the B cell receptor that must initiate clonal prolif-
eration and antibody synthesis.

Various examples from other viruses illustrate that the relevant
conformation of a viral envelope protein must be presented, if
immunogen design is the goal. The exposure of flavivirus neutral-
izing epitopes depends on whether the E protein is in a pre- or
postfusion conformation (36); a similar conclusion follows from the
mapping of antigenic sites on the surfaces of pre- and postfusion
vesicular stomatitis virus glycoprotein G (37) and from early studies
on antigenicity of influenza virus (38). HIV-1 Env-based protein
immunogens often induce high ELISA-titer antibody responses
with limited neutralizing activity and breadth (39), but the lack of
rigorously characterized preparations of the envelope proteins in
well defined conformational states has confused many analyses of
antigenicity and immunogenicity. Preparations of recombinant
gp140 are often mixtures of monomers and higher oligomers; their
conformation and physiological relevance are hard to define. Even
cell-associated or virion-associated envelope proteins are structur-
ally heterogeneous because of the tendency for gp120 to dissociate
and because of inefficient cleavage of the precursor. The prepara-
tions described maybe a useful standard against which to evaluate
future immunogens. The tight binding of 2F5 to gp41-inter provides
evidence for the significance of an extended, prehairpin interme-
diate in the fusion transition. Moreover, gp41-inter may provide
a scaffold for presenting the MPER in a conformation relevant
to neutralization and potentially for inducing a relevant B cell
response.

Materials and Methods
Expression Constructs. Expression constructs were generated by standard PCR
techniques, as described in detail in SI Methods. We used pET21-a(�) (Novagen)
to express 92UG-gp41-inter in E. coli and pET23-a(�) for HXB2-gp41-inter and

Fig. 3. mAb 2F5 binds the gp41 prehairpin intermediate. (A) 2F5 Fab was
immobilized on a CM-5 chip, and 92UG-gp140-Fd (1 �M) or 92UG-gp140
(without foldon tag, 1 �M) was the analyte. The sensorgram for 92UG-
gp140-Fd is shown in pink, 92UG-gp140-Fd at 37°C in orange, and 92UG-gp140
in red. Plasmin-cleaved 92UG-gp140-Fd was purified by gel-filtration chroma-
tography on a preparation-grade Superdex 200 column; the fraction contain-
ing cleaved, trimeric gp140-Fd was immobilized on a Ni-NTA chip ( see SI
Methods); 2F5 Fab at 1 �M was the analyte; the sensorgram is shown in black.
mAb 2F5 does not bind to any of the gp140 proteins. (Inset) 2F5 does react on
an immunoblot with 92UG-gp140-Fd (lane 1), with the two gp41 proteins in
the prehairpin intermediate conformation, 92UG-gp41-inter-Fd (lane 2), and
HXB2-gp41-inter-GCN4 (lane 3). (B) The Fab fragment of 2F5 was immobilized
on a CM-5 chip. Solutions at various concentrations of 92UG-gp41-inter-Fd,
the gp41-inter protein derived from the 92UG037.8 sequence with a foldon
tag, were the analyte. Binding kinetics were evaluated with a 1:1 Langmuir
model using BiaEvaluation software (Biacore). The recorded sensorgrams are
shown in black and the fits in green. (C) The Fab fragment of 2F5 was
immobilized on a CM-5 chip. Solutions of 92UG-gp41-post at various concen-
trations (1.0, 2.5, 5.0, and 10.0 �M) were the analyte. The recorded sensor-
grams are in black for 92UG-gp41-post and in green for the fits. (D) T20
peptide at different concentrations (5, 10, 25, and 50 nM) was the analyte with
a chip bearing immobilized 2F5 Fab. The recorded sensorgrams are in black
and the fits in green. Injections were carried out in duplicate and gave
essentially the same results. Only one of the duplicates is shown.

Fig. 4. mAb 4E10 binds the gp41 prehairpin intermediate. (A) 92UG-
gp140-Fd trimer was immobilized on a Ni-NTA chip, and 4E10 IgG, 4E10 Fab,
and 240-D IgG, all at 1 �M, were passed over the surface sequentially.
Regeneration was not necessary after binding by 4E10 IgG and Fab. The
recorded sensorgrams are in blue for 240-D, in pink for 4E10 IgG, and in red for
4E10 Fab. The 4E10 IgG binds only weakly, even with a potential avidity effect.
(B) 92UG-gp41-inter was immobilized on a CM-5 chip. 4E10 scFv (50 nM) was
the analyte. A duplicate run with the same chip gave lower binding because
of the harsh regeneration conditions, but when repeated with a different
chip, the results duplicated those shown here. The recorded sensorgrams are
in black for 4E10 scFv and in green for the fit. (C) Western blot of 92UG-
gp140-Fd trimer and 92UG-gp41-inter detected by mAb 4E10. Both 92UG-
gp140-Fd (lane 1) and 92UG-gp41-inter (lane 2) react with 4E10. (D) Solutions
of 4E10 scFv at various concentrations (25–500 nM) were passed over the
surface of a SA chip bearing immobilized biotinylated 4E10 epitope peptide.
The recorded sensorgrams are in black and the fits in green. All injections were
carried out in duplicate and gave essentially the same results (except as
described in B). Only one of the duplicates is shown in the figure.
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92UG-gp41-post.WeusedpFastBac-1 (Invitrogen)toexpressgp140andgp140-Fd
constructs in insect cells. The gp140 contained residues 26–675 (92UG037.8
numbering).

Expression in E. coli and Protein Refolding. We expressed gp41-inter and
gp41-post inRosetta (DE3)pLysScells (Novagen).Cultureswere inducedatanA600

of 1.0 by the addition of 1 mM IPTG. Cells were harvested 2–3 h after induction
by centrifugation. Env constructs were insoluble when expressed in E. coli. Cells
were lysed by three cycles of freezing–thawing in PBS with 0.4 mg/ml DNase I, 0.4
mg/ml RNase A, and 2 mg/ml lysozyme, followed by brief sonication. For His-
tagged constructs, inclusion bodies were spun down by centrifugation and
solubilized in 6 M guanidine hydrochloride (GnHCl). After removing insoluble
material, the supernatant was loaded onto a Ni-NTA resin, washed with 6 M
GnHCl, eluted with 300 mM imidazole in 6 M GnHCl. The fractions containing
His-tagged protein were pooled, and protein refolding was initiated by rapid
dilution into ice-cold refolding buffer [1 M arginine, 100 mM Tris�HCl (pH 7.5), 2
mM EDTA, 0.2 mM oxidized glutathione, 2 mM reduced glutathione, and one
protease inhibitor cocktail tablet (Roche)] at a final protein concentration of 100
�g/ml. The refolding mix was stored at 4°C for at least 24 h and then dialyzed
against PBS four times and purified on Ni-NTA under native conditions. The
imidazole-eluted fractions were pooled, concentrated, and further separated
from aggregated species by gel-filtration chromatography on Superdex 200 (GE
Healthcare) in 25 mM Tris�HCl (pH 7.5), 150 mM NaCl. Purified protein was
concentrated and stored at �80°C. Non-His-tagged gp41 constructs were puri-
fied by acid extraction (40). Refolding proceeded as described above, except that
the protein was concentrated after dialysis by ultrafiltration with Centricon
Plus-70 (Millipore).

SPR. Unless otherwise specified, all experiments were performed in dupli-
cate with a Biacore 3000 instrument (Biacore, Inc.) at 20°C in HBS-EP
running buffer [10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005%
surfactant P20]. Immobilization of ligands to CM5, NTA, and SA chips
(Biacore) followed the standard procedures recommended by manufac-
turer. Immobilization of 4E10 antibody to the CM5 chip by the standard
amine coupling procedure blocked binding to its antigens; the same
protocol also denatured the 92UG-gp140-Fd trimer. These two types of
immobilization were therefore not used in the subsequent experiments.
The final immobilization levels were between 300 and 500 RU to avoid
rebinding events. For kinetic measurements, sensorgrams were obtained
by passing various concentrations of an analyte over the ligand surface at
a flow rate of 50 �l/min, with a 2-min association phase and a 10-min
dissociation phase. The sensor surface was regenerated between each
experiment with a single injection of 35 mM NaOH and 1.3 M NaCl, or 10
mM HCl and 1.3 M NaCl, at a flow rate of 100 �l/min. Identical injections
over blank surfaces were subtracted from the data for kinetic analysis.
Binding kinetics were evaluated with BiaEvaluation software (Biacore).
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