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The broadly neutralizing monoclonal antibodies (MAbs) 4E10, 2F5, and Z13e1 target membrane-proximal external region
(MPER) epitopes of HIV-1 gp41 in a manner that remains controversial. The requirements for initial lipid bilayer binding
and/or CD4 ligation have been proposed. To further investigate these issues, we probed for binding of these MAbs to human
immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV) virions with protein A-conjugated gold (PAG)
nanoparticles using negative-stain electron microscopy. We found moderate levels of PAG associated with unliganded HIV-1
and SIV virions incubated with the three MAbs. Significantly higher levels of PAG were associated with CD4-liganded HIV-1
(epitope-positive) but not SIV (epitope-negative) virions. A chimeric SIV virion displaying the HIV-1 4E10 epitope also showed
significantly higher PAG association after CD4 ligation and incubation with 4E10. MAbs accumulated rapidly on CD4-liganded
virions and slowly on unliganded virions, although both reached similar levels in time. Anti-MPER epitope-specific binding was
stable to washout. Virions incubated with an irrelevant MAb or CD4-only (no MAb) showed negligible PAG association, as did a
vesicle-rich fraction devoid of virions. Preincubation with Fab 4E10 inhibited both specific and nonspecific 4E10 IgG binding.
Our data provide evidence for moderate association of anti-MPER MAbs to viral surfaces but not lipid vesicles, even in the ab-
sence of cognate epitopes. Significantly greater MAb interaction occurs in epitope-positive virions following long incubation or
CD4 ligation. These findings are consistent with a two-stage binding model where these anti-MPER MAbs bind first to the viral
lipid bilayer and then to the MPER epitopes following spontaneous or induced exposure.

The typical human immunodeficiency virus (HIV) or simian
immunodeficiency virus (SIV) virion has about 5 to 15 enve-

lope spikes on its surface (15, 83, 84), each of which is a trimer with
a gp41 transmembrane stalk and a gp120 head region (21, 63).
Each gp41 protomer may be further subdivided into a fusion pep-
tide, polar region, N-terminal heptad repeat, connecting loop re-
gion, C-terminal heptad repeat, membrane-proximal external re-
gion (MPER), transmembrane domain, and cytoplasmic tail
(reviewed in reference 49).

The MPER is rarely targeted by effective neutralizing antibod-
ies and might therefore seem to be an unattractive target for vac-
cine production (20, 26, 28, 72, 80, 81). However, because the
region is highly conserved across clades and, though rare, some
patient-derived antibodies with broadly neutralizing activity tar-
geting this region have been described (7, 12, 26, 29, 43, 68, 74, 80),
considerable effort has gone into attempts to characterize the few
available MPER-specific monoclonal antibodies (MAbs) and into
developing methods for enhancing the immunogenicity of this
region for purposes of vaccine development (9, 49).

Of the three broadly neutralizing anti-MPER MAbs (4E10,
2F5, and Z13e1) (12, 53, 54, 86), 2F5 is the most potent and 4E10
has the broadest cross-clade neutralization capacity (8, 48). These
MAbs are effective in protecting against infection in a SHIV model
(33) and have shown considerable therapeutic potential (33, 45).
Together, the 4E10 and 2F5 epitopes cover most of the MPER,
with the 4E10 epitope occupying the C-terminal half and the 2F5
epitope occupying the N-terminal half. The Z13 epitope is situ-
ated in an intermediate position and partially overlaps the two
neighboring epitopes (54, 60). Although the structure of the
MPER in its native form in the context of the trimer has not been

resolved, all three anti-MPER MAbs have been crystallized in
complex with their cognate MPER peptides (11, 13, 37, 57). For
4E10 and 2F5, one face of the associated peptide is predominantly
hydrophilic and the other is hydrophobic with the hydrophilic
surface making contact with a grooved paratope on the cognate
MAb. All three MAbs possess qualities suitable for interaction
with membrane-associated epitopes. 4E10 and 2F5 MAbs share
the unusual property of having long VH-H3 loops tipped with
hydrophobic residues which likely play no role in direct peptide
contact (2) but rather appear to interact with the viral membrane
(49).

4E10, in particular, has affinity for lipids in addition to its pep-
tide binding capacity (2, 4, 32, 66, 69, 75, 77). The affinity of 2F5
for lipids is controversial (38, 46, 66, 70, 77, 85). Both MAbs bind
with higher affinities to their respective MPER peptides when pre-
sented in a lipid environment (2, 77). These observations have led
to the suggestion that the 4E10 peptide region is closely associated
with, and likely partially submerged within, the lipid bilayer (1, 10,
13, 30, 57, 66). Recent biophysical data (2, 23, 73) provide strong
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evidence that this is indeed the case and supports a model in which
the 4E10 MAb is specially adapted to partially insert (via the hy-
drophobic tips) into the lipid bilayer as a prelude to successful
engagement of the epitope within the recessed hydrophilic por-
tion of its CDR (73). The 2F5 epitope, in contrast, may reside just
above the plane of the membrane but close enough for the hydro-
phobic elements of the CDR to engage the membrane (2, 23). The
Z13e1 MAb appears to exert its neutralizing effect by binding to
and immobilizing a small hinge-like region in the MPER (73).

As originally described by Haynes et al., the hydrophobic na-
ture of the 4E10 and 2F5 paratopes are sufficient to bind lipids
directly, even in the absence of the MPER peptide, suggesting that
these MAbs are polyreactive and perhaps function as, or derive
from, autoantibodies (26, 27, 32, 52, 66). Each of these assertions
has been questioned (46, 70, 75, 76). Nevertheless, a variety of
evidence supports the lipid-binding nature of these MAbs (1, 46,
57, 75, 77, 78).

Whether the anti-MPER MAbs bind to their respective gp41
epitopes prior to CD4 ligation or require ligation for binding is
also controversial (reviewed in reference 49). Various evidences
have been interpreted to indicate that the MPER epitopes are ex-
posed or formed in the CD4-liganded Env spike but are not pres-
ent, or are only minimally present, on the unliganded spike, leav-
ing a relatively narrow window of opportunity for MAb binding
and neutralization (2, 6, 16, 24, 31, 82). A two-step model has been
proposed in which 4E10 and 2F5 MAbs bind to, and diffuse
within, the plane of the membrane prepositioning these MAbs for
efficient interaction with the membrane-associated exposure/cre-
ation of the cognate epitopes upon CD4-induced Env spike trig-
gering (1, 2). In contrast, a recent study has provided evidence that
both 4E10 and 2F5 neutralize HIV-1 and induce gp120 shedding
in the absence of CD4 ligation, but only after prolonged incuba-
tion (64). Still others find minimal recognition by these MAbs
before or after CD4 ligation compared to nonneutralizing anti-
MPER antibodies (14).

We have addressed these and related issues by assaying both
virions and vesicles incubated with anti-MPER MAbs under a
variety of conditions using negative stain electron microscopy
(EM) coupled with protein-A gold (PAG) probes. The results
show that anti-MPER MAbs moderately associate with virions,
including those devoid of MPER epitopes, and that this interac-
tion is strong enough to resist washout. MPER epitope-bearing
virions liganded with CD4 show a much higher association of
anti-MPER antibodies compared to the unliganded virions. These
results suggest that CD4 liganding enhances the exposure of the
MPER epitopes but also are consistent with a lipid-binding
capacity.

MATERIALS AND METHODS
Reagents. The following reagents were obtained through the National
Institutes of Health (NIH) AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious Dis-
ease: MAbs 4E10 (catalog no. 10091) from Hermann Katinger, 2F5 (cat-
alog no. 1475) from Hermann Katinger, Z13e1 (catalog no. 11557) from
Michael Zwick, and 2G12 (catalog no. 1476) from Hermann Katinger and
soluble 4-domain CD4. The AIDS Vaccine Program (SAIC Frederick,
National Cancer Institute [NCI], Frederick, MD) supplied the following
highly purified aldrithiol-2-treated viruses: HIV-1 (mn) CL.4/SUPT1, lot
P3806 (HIV-1 MN); HIV-1 BaL/SUPT1, lot P3955 (HIV-1 BaL); SIV-
mac239/CEMX 174(T1), lot P3660 (SIVmac239); SIV 239/251 TAIL/
SUPT1-CCR5 CL.30, lot P3978 (SIV short-tailed); SIV*4E10/SUPT1-

CCR5 CL.30, lot P4131 (4E10 epitope-grafted SIV or SIV-4E10); HIV-
1SF162/SupT1-R5, lot P3916 (HIV-1 SF162); and SUPT1-CCR5 CL.30
microvesicles, lot P4138 (microvesicles). The data on the estimated num-
ber of Env spikes per virion (see Table S1 in the supplemental material)
were provided by Elena Chertova, AIDS and Cancer Virus Program, NCI-
Frederick, using previously described methods (15). Genetically engi-
neered 4E10 Fab (40) was generously provided by Pamela Bjorkman, and
MAb 2909 was generously provided by Susan Zolla-Pazner. Uranyl for-
mate was obtained from SPI Supplies (West Chester, PA). Protein
A-conjugated 5-nm gold nanoparticles (PAG) were purchased from the
Cell Microscopy Center (University Medical Center, Utrecht, Nether-
lands). Trehalose was obtained from Sigma (St. Louis, MO). Thin-bar
hexagonal 600-mesh copper grids were purchased from Electron Micros-
copy Sciences (Hatfield, PA).

MAb binding and gold labeling assay. Original virus stocks (1.5 to 2.5
mg/ml protein) were 1:1 diluted with phosphate-buffered saline (PBS).
Portions (10 �l) of diluted virions were incubated with 1.0 �l of CD4 (1.0
mg/ml stock) or 1.0 �l of PBS (control) at 37°C for 15 min. The molar
ratio of soluble CD4 to the gp120 monomer was about 3:1. After incuba-
tion, CD4-liganded and -unliganded viruses were incubated with 2 �l of
MAb (1 mg/ml stock) at 37°C for additional 30 min. The MAb/mono-
meric gp120 molar ratio was 15:1 to 30:1. After incubation, excess MAbs
and CD4 were removed by the addition of 127 �l of PBS, pelleting using a
Beckman Airfuge (A-100/18 rotor; catalog no. 347593) at �140,000 � g
for 10 min, and resuspended in 10 �l of PBS on ice. To gold label the
bound MAb, 1.0 �l of PAG (freshly prepared 1:1 dilution of the original
PAG stock with PBS) was added to the virus suspension, followed by
incubation with rotation at room temperature for 30 min. After incuba-
tion, the virions were fixed by adding an equal volume (11 �l) 5% glutar-
aldehyde, incubation at 4°C for 30 min, and washing with 118 �l of 20%
BSB (20 mM H3BO3, 5 mM Na2B4O7·10H2O, 15 mM NaCl buffer [pH
8.2]) at �140,000 � g for 10 min prior to preparation of the EM-negative
staining grids.

Fab inhibition assay. Portions (10 �l) of HIV-1 or SIV-4E10, diluted
1:1 in PBS, to which 1.0 �l of PBS (control) or 1.0 �l of CD4 (1.0 mg/ml)
in PBS were added, were incubated at 37°C for 15 min. Then, 6 �l of Fab
4E10 (1.0 mg/ml in PBS) or PBS (for control) was then added, followed by
incubation at 37°C for an additional 30 min. The Fab 4E10/monomeric
gp41 molar ratio was 40:1 to 60:1. Immediately after the Fab incubation,
the virus mixtures were incubated with 2 �l of MAb 4E10 (1.0 mg/ml
stock) at 37°C for 30 min. Excess CD4, Fab 4E10, and MAb 4E10 was
removed by dilution with 121 �l of PBS, pelleting at �140,000 � g for 10
min, and resuspension in 10 �l of PBS on ice. After washing, the bound
MAb was labeled with PAG as described above.

Washout assay. Portions (10 �l) of HIV-1, SIV short-tailed, SIV-
4E10, or microvesicles (1:1 diluted original virus stock with PBS) were
incubated with 2 �l of anti-MPER MAb (1.0 mg/ml stock) at 37°C for
30 min. The molar ratio of MAbs to gp41 monomer was 15:1 to 30:1.
Excess MAb was washed out as described above, and the virions/mi-
crovesicles were resuspended in 10 �l of PBS on ice. Virions and/or
microvesicles with bound MAbs were additionally incubated at 37°C
for 30 min and then washed again as described above with PBS prior to
labeling with PAG.

Negative staining and EM. Gold-labeled, glutaraldehyde-fixed, and
washed virions were resuspended in 9 �l of BSB previously diluted 1:5
with H2O. Virions were affixed to thin carbon membranes supported by
thin bar hexagonal 600-mesh copper grids and stained with 1% uranyl
formate containing 2% ethanol and 0.5% trehalose as follows: 4-�l virion
samples were applied to the carbon substrate, incubated at room temper-
ature for 60 s, and blotted from the bottom with filter paper. Immediately
after the blotting, 4 �l of stain solution was applied, incubated for 30 to 60
s, and removed by blotting. Air-dried grids were imaged at 100 keV in a
JEOL 1200EX or FEI CM120 transmission electron microscope at 30K or
50K magnification.
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Scoring and statistical analysis. PAG particles bound to the surface of
the virions were counted visually from the EM negatives. Gold particles
within close proximity (�20 nm) to the virions were considered as asso-
ciated. For each virion/reagent combination, two to four independent
experiments were performed. Statistical calculations were made using Or-
igin 7.5 software package (OriginLab, Northampton, MA).

RESULTS
Negative-stain EM analysis of MAb association with the viruses.
An initial attempt to visualize the binding of an anti-MPER MAb
to epitope-bearing virions was conducted with 4E10 in complex
with a chimeric form of SIV displaying the HIV-1 4E10 epitope
(SIV-4E10). This target construct was chosen because it expresses
higher levels of Env than wild-type HIV and has been shown to be
readily neutralizable by 4E10 (80). Figure 1A shows a collage of
virions displaying well-delineated Env spikes. When reacted with
MAb 4E10, considerable additional surface features are evident as
a reticular meshwork over much of the surface (Fig. 1B). However,
the level of detail was insufficient to distinguish between spike
elements and MAbs on the crowded viral surface, precluding fur-
ther analysis by this method. Attempts to analyze 4E10-liganded
virions by cryo-EM were similarly inconclusive (data not shown).

As an alternative approach, the association of broadly neutral-
izing MAbs with individual virions was measured by a gold-
labeling assay in which the presence of virion-associated MAbs
was detected and quantified by counting the number of protein
A-labeled gold particles (PAG) associated with each virion as vi-
sualized by negative-staining EM. Virions or control vesicles were
first incubated with MAb, washed, and then incubated with 5-nm

PAG. In some cases, CD4 was also added and incubated with the
virions prior to PAG labeling. The conjugated virions were then
fixed with glutaraldehyde to stabilize the structures and allowed to
adhere to carbon-coated EM grids, followed by negative staining
and TEM analysis.

Negative controls show minimal background PAG binding.
HIV-1 MN virions were initially assayed. Negative controls in-
clude HIV-1 MN reacted with no antibody, an irrelevant anti-Env
antibody (antibody 2909), or CD4. MAb 2909 recognizes a strain
(SF162)-specific V2/V3 conformational epitope not expressed on
HIV-1 MN (25, 34). For these controls, less than 1 PAG/virion
(PAG/v), on average, was detected (Table 1). A short-tailed (high
Env-expressing) mutant version of SIV also tested negative for
reactivity when incubated with CD4 or MAb 2909, as did a second
mutant form of SIV expressing a grafted 4E10 epitope in the
MPER (SIV-4E10) (Table 1). Figure 2 shows collages of HIV-1
MN virions reacted with PAG alone (Fig. 2A), CD4 � PAG (Fig.
2B), and irrelevant MAb 2909 � PAG (Fig. 2C). Only occasional
scattered gold particles are observed.

Positive controls show PAG binding to virions. When reacted
with HIV-1 SF162 (3 to 6 spikes/virion, see Table S1 in the sup-
plemental material), 2909 � PAG averaged 4.3 PAG/v (Table 1).
Figure 2D shows another positive control for binding consisting of
HIV-1 MN (8 to 10 spikes/virion) incubated with the anti-gp120
MAb 2G12, an MAb which binds to high mannose glycan epitopes
on HIV-1 gp120 (67). Note the numerous gold particles associ-
ated with some of the virions (7.8 PAG/v, Table 1).

In summary, a combination of gold labeling and negative-stain
EM techniques appears to be an effective tool for the analysis of
MAb association with these viruses yielding, in these examples,
�1 PAG/Env spike.

Binding of MPER-specific MAbs to virions with or without
CD4 liganding. Whether anti-MPER antibodies bind to unligan-
ded virions or require CD4 liganding for epitope expression is
controversial (49). Our initial focus was on MAb 4E10. The viri-
ons used in the present study have been previously shown not to
shed gp120 upon CD4 binding or prolonged incubation at 37°C
(15). Figure 3A and B show EM collages of 4E10 reacted with
unliganded and CD4-liganded HIV-1 MN virions, respectively.
We observed a moderate, though well above background, level of
PAG associated with the unliganded virions and a significantly
greater level of binding to the CD4-liganded virions. A direct
count shows 3.6 PAG/v for the unliganded form and 10.2 PAG/v
for the liganded form (Fig. 4A; see Table S2 in the supplemental
material for statistical data on all binding assays). A frequency plot

TABLE 1 Statistical data from PAG binding control assays

Reactant(s)

PAG/virion
No. of
viruses
assayedMean SD SE Range Median

HIV-1 MN 0.20 0.52 0.03 0–3 0 373
HIV-1 MN� CD4 0.25 0.55 0.04 0–3 0 187
HIV-1 MN � MAb 2909 0.62 1.00 0.09 0–5 0 121
HIV-1 MN � MAb 2G12 7.81 6.68 0.50 0–34 6 176
HIV-1 SF162 � MAb 2909 4.28 4.17 0.44 0–18 3 92
SIV short-tailed � CD4 0.22 0.54 0.04 0–3 0 156
SIV short-tailed � MAb 2909 0.36 0.69 0.08 0–3 0 75
SIV-4E10 � CD4 0.57 1.07 0.10 0–3 0 115
SIV-4E10 � MAb 2909 0.55 1.08 0.10 0–2 0 110

FIG 1 Negative-stain EM montage of SIV-4E10. (A) Virions showing Env
spikes (arrowheads show some examples). (B) Virions incubated with MAb
4E10 showing multiple complexes (protein meshwork). Bar, 100 nm.
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reveals a wide range of PAG binding values, especially for the
CD4-liganded virions (Fig. 4A). 4E10 was also reacted with a mu-
tant form of SIV in which the 4E10 epitope was orthotopically
grafted into the MPER (SIV-4E10) (80). This mutant expresses a
higher level of Env (34 to 58 Env spikes/virion; see Table S1 in the
supplemental material) than its wild-type counterpart, SIV-
mac239 (7 to 14 Env spikes per virion). Interestingly, the PAG
association values for SIV-4E10 were about twice those observed
for HIV-1 MN for both unliganded (7.9 PAG/v) and liganded (19
PAG/v) virions (Fig. 4B), likely reflecting the greater number of
epitope-bearing spikes on SIV-4E10.

It would seem that although CD4 liganding clearly enhances
binding, in its absence, a significant level of 4E10 binding occurs,
and this binding may be influenced by the amount of Env present,
possibly by direct association with the virus lipid bilayer. To ex-
plore this issue further, we incubated 4E10 and PAG with wild-
type SIV (low number of spikes, lacking the 4E10 epitope), as well
as the SIV short-tail virions (i.e., high number of spikes, lacking
the 4E10 epitope), the parent strain from which SIV-4E10 was
derived. The high-spike SIV short-tail virions bound more PAG
(3.1 PAG/v) than wild-type SIVmac239 (1.6 PAG/v) (Fig. 4D and
C, respectively). Also, CD4 liganding did not appreciably affect
PAG binding in 4E10 epitope-negative virions.

In comparing the distribution patterns among the four viruses,
the following patterns emerge: (i) in the absence of CD4 liganding,
the presence of the 4E10 epitope enhances 4E10 binding (compare

Fig. 4A and B to Fig. 4C and D); (ii) virions with greater numbers
of spikes bind more 4E10 even in the absence of the 4E10 epitope
(compare Fig. 4B and D to Fig. 4A and C); and (iii) CD4 liganding
greatly enhances 4E10 binding on epitope-positive virions but not
on 4E10 epitope-negative virions (compare Fig. 4A and B to Fig.
4C and D).

To determine whether 4E10 binds to lipid bilayers in general or
has a preference for virion membranes, we probed a microvesicle-
rich fraction obtained from noninfected cell of the same line that
was used to generate the virions. Although some vesicles displayed
associated PAG, the vast majority did not, indicating that a lipid
bilayer, per se, is not sufficient for appreciable 4E10 interaction.
This assay also serves as an important control since most virus
preparations contain a certain level of contaminating mi-
crovesicles that copurify with the virion-rich fraction.

HIV-1 MN was also tested for reactivity with anti-MPER MAbs
2F5 and Z13e1, without and with CD4 liganding (Fig. 5A and see
Fig. S1A and B in the supplemental material). As with 4E10, both
MAbs bound to unliganded viruses (ca. 4 to 5 PAG/v) and PAG
binding increased when CD4 liganded (8 PAG/v). The irrelevant
anti-gp120 MAb, 2909, did not appreciably bind to HIV-1 MN
(Table 1, Fig. 5A, and see Fig. S1C in the supplemental material) in
the absence or presence of CD4 preliganding (Fig. 5A and see Fig.
S1C in the supplemental material).

HIV-1 MN virions reacted with MAb b12 were used as a con-
trol to assess the maximum PAG binding for this HIV-1 strain in

FIG 2 EM images of HIV-1 MN samples. (A) HIV-1 MN alone incubated with PAG (negative control). (B) HIV-1 MN liganded with soluble CD4 and then
incubated with PAG (negative control). (C) HIV-1 MN treated with irrelevant MAb 2909 and incubated with PAG (negative control). (D) HIV-1 MN treated
with MAb 2G12 (anti-gp120) and labeled with PAG (positive control). Scale bar, 100 nm.
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the absence of the sort of steric restrictions that likely affect
MPER-targeting MAbs (Fig. 5A and see Fig. S1D in the supple-
mental material). MAb b12 is a broadly neutralizing antibody that
binds to and blocks the CD4 binding site on gp120 and has been
shown by cryo-EM tomography and negative-stain EM to project
radially from the Env spike head well above the membrane (39,
44). In this position, steric interference from neighboring gp120
elements or the viral membrane, as could be the case for the anti-
MPER MAbs, are highly unlikely. An average of 9.3 PAG/v was
detected for the b12-treated HIV-1, which is comparable to the
levels of 4E10-, 2F5-, and Z13e1-mediated PAG binding to CD4-
liganded HIV-1 (Fig. 5A). These data indicate that once triggered
by CD4, the cognate MPER epitopes are readily accessible. When
HIV-1 is preliganded with CD4, b12 binding to the virus is re-
duced to 1.5 PAG/v (Fig. 5A), demonstrating the efficiency of CD4
binding in our assays.

The HIV-1 BaL and HIV-1 SF162 isolates were also tested for
MAb 4E10 binding to unliganded and CD4 liganded virions (Fig.
5A and see Fig. S1E and F in the supplemental material). Unligan-
ded HIV-1 BaL and HIV-1 SF162 showed 2 to 3 PAG/v, on aver-
age, whereas CD4 liganded virions showed �5 PAG/v. Like HIV-1
MN, these other tier 1 isolates showed increased PAG binding
after CD4 liganding.

When the same set of anti-MPER MAbs was reacted with SIV
virions lacking the three epitopes, all showed 2 to 3 PAG/v on
average (versus �1 for anti-gp120 MAb 2909) (Fig. 5B and see Fig.
S2 in the supplemental material). With the possible exception of

4E10 (which was unexpectedly high), CD4 ligation yielded com-
parably low levels of PAG binding.

Fab 4E10 can block both MPER epitope-specific and nonspe-
cific IgG 4E10 interactions with the viruses. To determine
whether Fc interactions or MAb bivalency plays an important role
in 4E10 IgG binding, we preincubated virions with Fab 4E10 and
assayed for blockage of both specific and nonspecific interactions
(Fig. 6 and see Fig. S3 in the supplemental material; see Table S3 in
the supplemental material for statistical data on all Fab inhibition
assays). HIV-1 unliganded and CD4-liganded virions not treated
with Fab 4E10 have an average of 3.7 and 8.7 PAG/v, respectively.
When pretreated with Fab 4E10, PAG binding dropped to 1.1 and
1.9 PAG/v, respectively. Similarly, whereas 4E10-liganded SIV-
4E10 virions showed 11.2 and 18.4 PAG/v in the absence and
presence of CD4, respectively, preincubation with 4E10 Fab re-
duced binding to 1.4 and 3.6 PAG/v, respectively. When short-
tailed SIV virions and microvesicles were reacted with MAb 4E10,
a modest level of PAG binding was observed (�2.6 PAG/v) as
indicated above. Preincubation with 4E10 Fab reduced this level
of MAb binding (�1.0, PAG/v).

Together, these data indicate that MAb 4E10 binds to virions
both through specific epitope-mediated interactions and nonspe-
cific presumptive membrane interactions and that both modes of
binding are mediated by the Fab arms of 4E10.

The strength of the association of anti-MPER MAbs with the
viral lipid membrane is substantial. To gain a measure of the
persistence of anti-MPER MAb association with the viral mem-

FIG 3 EM images of MAb 4E10 and PAG association with the unliganded HIV-1 MN (A), CD4-liganded HIV-1 MN (B), unliganded SIV-4E10 (C), and
CD4-liganded SIV-4E10 (D). Scale bar, 100 nm.
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FIG 4 PAG frequency analysis for MAb 4E10 bound to unliganded and CD4-preliganded virions and to microvesicles. The arrows indicate mean PAG/virion values.
Gaussian curve fitting is used to represent the PAG distribution. The dotted and solid lines represent the unliganded and CD4-preliganded virions, respectively.
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brane, we performed a washout study that incorporated a second
30-min incubation at 37°C in the absence of MAb and a wash to
remove any dissociated MAb prior to labeled with PAG. For
HIV-1 MN, washout resulted in an average of 3.9 PAG/v, which
was virtually the same as without washout (Fig. 7A and see Fig.
S4A in the supplemental material; see Table S4 in the supplemen-
tal material for statistical data on all washout assays). Similarly,
SIV-4E10, short-tailed SIV, and microvesicles showed no signifi-
cant difference in 4E10 binding when comparing the before and
after washing data (Fig. 7A and see Fig. S4B to D in the supple-
mental material). These results indicate a rather stable interaction
between MAb 4E10 and membrane components. Similarly, Z13e1
appears stably associated with virions and microvesicles in the
presence or absence of the cognate epitope (Fig. 7C and see Fig. S6
in the supplemental material). Only 2F5 showed a statistically sig-
nificant loss of MAb/PAG binding following washout, although

the drop-off in binding was small (Fig. 7B and see Fig. S5 in the
supplemental material).

4E10 binding kinetics. It has been proposed that 4E10 first
binds to the lipid membrane and then to the gp41 fusion interme-
diate form (following CD4 ligation), suggesting a two-stage bind-
ing mechanism (2). To test this hypothesis, we assayed 4E10 bind-
ing to unliganded, CD4-preliganded, and CD4-coliganded (CD4
and MAb added together) HIV-1 at 15, 30, and 70 min and at 10
and 18 h of incubation (at 37°C) with MAb. As can be seen in Fig.
8, in the absence of CD4 about half of the maximum 4E10 binding
occurs within the first 15 min. Over the next �18 h, additional
4E10 becomes associated at a decelerating rate (see Table S5 in the
supplemental material). For HIV-1 liganded with CD4, as previ-
ously observed, considerably more PAG/v is detected. Here, too,
most of the 4E10 association occurs within the first 15 min. Inter-
estingly, under coliganding conditions where soluble CD4 and
4E10 are added together, there was a reduced level of PAG/v at 15
min of incubation, but by 30 min the amount of PAG bound
equaled that of the preliganded samples. Thus, during coliganding
conditions, 4E10 may initially bind to the viral membrane quicker
than CD4 can convert Env into fully receptive 4E10 epitope-
expressing spikes, a process which is, however, completed within
30 min. Note that the level of 4E10 binding to unliganded virions
eventually (after 18 h) reaches a level approaching the maximum
observed following CD4-induced binding, whereas the maximum
for the CD4 bound virions is reached within minutes of ligation.

Spontaneous and CD4-induced gp120 shedding has been re-
ported for a variety of HIV-1 isolates (15, 22, 50, 61, 64). To de-
termine whether either form of shedding is occurring and, if so,
correlates with the binding of 4E10 to the virions, we probed
HIV-1 MN with the anti-gp120 MAb, 2G12, over time (18 h) in
the absence and presence of CD4. The level of binding for the
unliganded virions remained constant at 8 to 10 PAG/v indicating
no spontaneous gp120 shedding. For the CD4 preliganded viri-
ons, the level of gp120 detected was comparable to that of the
unliganded virions through 3 h (see Fig. S5 in the supplemental

FIG 5 Mean PAG binding for MAbs 4E10, 2F5, Z13e1, and 2909 bound to the
unliganded and CD4-liganded HIV-1 (A) and SIV (B) virions.

FIG 6 Fab 4E10 inhibition assay. Fab 4E10 is used to block the binding of MAb
4E10 to virions and microvesicles.
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material) but drops by half by 10 h, suggesting that gp120 is shed
only after extended incubation with CD4 for this isolate. Conse-
quently, long-term stability of gp120 in unliganded virions and
the long delay in gp120 shedding in CD4-liganded virions would
have minimal influence in our findings.

DISCUSSION

The broadly neutralizing MAbs 4E10, 2F5, and Z13e1 target the
MPER. Because the MPER is highly conserved and has been dem-
onstrated to be the target of these MAbs and by serum antibodies
in some patients, including those with broadly neutralizing anti-

body activity, extensive efforts have been directed toward deter-
mining the nature of both the antibodies and the targeted struc-
tural element of this region (reviewed in reference 49).

Despite extensive analyses of the MPER peptides (5, 36, 47, 49,
79), the in vivo/in situ structure of this region of the Env spike is
unknown for any stage of the prefusion/fusion sequence. The hy-
drophobic nature of the MPER suggests a significant association
with the lipid bilayer (30, 42, 57, 77). The presence of extended
hydrophobic V loops on 4E10 and 2F5 suggests a mechanism for
binding wherein the tips of the MAbs can penetrate the lipid bi-
layer to facilitate engagement with their cognate epitopes (13, 38,
57, 69). This exceptional HV loop hydrophobicity has been used
to explain the intriguing though still controversial observation
that 4E10 and 2F5 have demonstrable affinity for peptide-free
lipid bilayers in addition to their peptide epitope affinities (18). It
has also been suggested that the polyreactivity of such antibodies is
broader than simple lipid affinity (1, 52). Also controversial is
whether CD4-Env liganding is a prerequisite for anti-MPER MAb
binding and neutralization (2, 6, 8, 14, 19, 24, 64). In an effort to
further understand the nature of the interaction between the anti-
MPER MAbs and the virus, we analyzed intact virions in com-
plexed with 4E10, 2F5, and Z13e1 MAbs by EM.

Using negative-stain EM, clear evidence of considerable 4E10
deposition on the virion surfaces was observed; however, the re-
sultant high density of surface protein prevented clear distinction
between spike structures and virion-associated MAb (Fig. 1). As
an alternative, we developed a negative-stain EM assay in which
protein A-gold (PAG) was used to provide a quantifiable visual
indication of the relative amounts of anti-MPER MAbs binding to
HIV-1 and related virions. A variety of negative controls demon-
strated that less than one PAG particle bound, on average, to
antibody-free virions or to virions incubated with CD4 or an ir-
relevant MAb. As a positive control, HIV-1 MN virions were
shown to react with the well-characterized anti-gp120 MAbs 2G12
and b12 to yield an average of ca. 8 to 10 PAG/v, which is about

FIG 7 MAb washout assay. Virions were incubated with anti-MPER MAbs, washed to remove unreacted MAbs, incubated an additional 30 min, rewashed, and
labeled with PAG.

FIG 8 Kinetics of MAb 4E10 and 2G12 binding to unliganded and CD4-
liganded HIV-1 MN. MAb 4E10 or 2G12 were added to virions preassociated
with CD4 (CD4-preliganded) or added simultaneously with CD4 (CD4-
coliganded) and incubated for the indicated time prior to PAG labeling.
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one PAG/Env spike (Table 1 and see Table S1 in the supplemental
material). The PAG distribution range for these and other spike
targeted MAbs is rather broad and consistent with the wide range
of Env spike expression on HIV-1 directly counted in our previous
cryo-EM study (84).

A comparison of the binding of 4E10, 2F5, and Z13e1 to
un(CD4)liganded HIV-1 MN virions showed ca. 3.5 to 4 PAG/v
for 4E10 and Z13e1 and 5.5 PAG/v for 2F5 (Fig. 5A). Prior ligation
with CD4 markedly enhanced PAG binding for all three MAbs.
Similar, although less-pronounced, patterns of binding with 4E10
were observed with two other isolates, HIV-1 BaL and SF162 (Fig.
5A), which have previously been shown to be less susceptible to
neutralization by 4E10 than MN (9). These data support previous
indications that CD4 ligation is not strictly required for anti-
MPER MAb binding (8, 14, 16, 19, 64) but also lend support to the
hypothesis that triggering of the spikes by CD4 ligation enhances
MPER epitope expression (24, 59). For example, Peachman et al.
(59) used a virus capture enzyme-linked immunosorbent assay
(ELISA) and surface plasmon resonance to show that 2F5 and
4E10 bind virions before and after CD4 ligation. In their study, for
many but not all virus strains tested, binding was stronger after
CD4 engagement. For some strains, CD4 ligation was a prerequi-
site for any anti-MPER MAb binding. These data may explain
some of the apparent discrepancies in the literature on this point.

Part of the controversy surrounding the role of CD4 binding
and spike triggering in the expression of the MPER epitopes re-
lates to possible artifacts characteristic of the assays used to mea-
sure binding. ELISA capture assays, which are often used, have
been interpreted as indicating significant anti-MPER binding to
unliganded virions (39, 55, 56). However, at high density, anti-
MPER antibodies can capture virions even when devoid of Env. At
a low antibody density, virions may not be captured even when
Env was present (41). The likely mode of binding is through low
affinity-high avidity hydrophobic (anti-membrane) forces associ-
ated with the solid-phase high-density MAb arrays used in such
assays (62). However, Leaman et al. found that if the virions were
first incubated with soluble anti-MPER MAbs, Env-positive, but
not Env-negative, virions could be readily captured by anti-
isotype second antibody on the plate solid phase (41). Because
PAG was reacted with virions only after excess MAb was washed
out in our assays, PAG detects only MAbs that bound to the viri-
ons directly from the solution phase, thus avoiding the issue of
artificially high-avidity interactions associated with solid-phase
detection.

An important issue is the nature of the binding of anti-MPER
MAbs to epitope-negative virions. Some previous studies have
failed to detect such interactions or at best showed a weak inter-
action with viral membranes (35, 41, 49). Others have detected
autoimmune-like binding to lipids and lipid membranes (2, 10,
18, 23, 65, 71). To test for direct membrane binding, we reacted
our anti-MPER MAbs with virions expressing Env spikes devoid
of the cognate epitopes (short-tailed SIV) and found low but sig-
nificant PAG binding (ca. 2.4 to 2.8 PAG/v) for each of the three
anti-MPER MAbs (Fig. 5B). In contrast, the reaction of virions
with the irrelevant MAb, 2909, yielded an average of just 0.4
PAG/v (Fig. 5B, Table 1).

The stability of the anti-MPER MAb binding was assessed us-
ing a washout assay. The additional incubation and wash step
failed to reduce the level of PAG binding for any of the three
anti-MPER MAbs to epitope-positive or epitope-negative virions

or to microvesicles (see Fig. S4, S5, and S6 in the supplemental
material). The anti-MPER MAbs therefore appear to be firmly
associated with the virions even in the absence of cognate peptide
epitopes (e.g., with SIV short-tailed virions), at least over the time-
scale tested. These observations support those of Franquelim et al.
in which atomic force microscopy was used to reveal that 2F5 and
4E10 bind to, and form aggregates on, artificial lipid bilayers that
mimic the composition of HIV-1 membranes (23). In contrast,
others have found that 4E10 has considerably higher affinity for
lipids than does 2F5 (32, 66, 77).

To further investigate the nature of the association between the
anti-MPER MAbs and the virions, especially in instances where
either the peptide epitope was not present (e.g., SIV short-tailed,
microvesicles) or it is not optimally expressed, e.g., in
un(CD4)liganded epitope-positive virions, we performed a series
of inhibition assays using Fab 4E10 as the inhibitor and intact
MAb 4E10 as the probe. The resultant data demonstrate that 4E10
epitope-specific and nonspecific binding is saturable and that
4E10 Fab arm binding is not strictly dependent upon MAb biva-
lency or the presence of Fc.

Another pattern that has emerged from the data is the apparent
relationship between the number of epitope-positive Env and the
level of 4E10 binding in the absence of CD4 triggering (Fig. 4A and
B). One possible explanation is that even in the absence of CD4
ligation, there is some 4E10 epitope expression (8). In support of
this interpretation is the recent observations of Ruprecht et al.
(64) that 4E10 (and 2F5) can neutralize un(CD4)liganded HIV-1
virions and concomitantly induce the shedding of gp120, al-
though the process proceeded slowly over many hours. We sug-
gest that the binding of 4E10 to the virions in our short-term (20-
to 60-min) assays demonstrates interaction with what may be
transiently accessible 4E10 epitopes and that this binding serves as
a prelude to the ultimate spike functional disruption and gp120
release associated with virus neutralization as described by Ru-
precht et al.

With regard to the enhanced binding of 4E10 to SIV-4E10,
compared to HIV-1 MN, we cannot rule out a completely lipo-
philic non-epitope-specific model of 4E10 binding in the absence
of CD4 triggering. For example, the lipid composition of the
HIV-1 MN and SIV-4E10 virions may differ as an indirect effect of
the latter having acquired a greater number of Env spikes or
through differences in the structure and composition of the gp41
lipid binding/recruitment elements between the two virion forms
(3, 78). However, the observation that unliganded short-tailed
SIV, which also expresses high numbers of Env spikes, binds con-
siderably less 4E10/PAG than the unliganded SIV-4E10 construct
argues against lipid-mediated binding as the prime mechanism
for 4E10 association in epitope-positive virions.

An alternative and much more rapid route to neutralization by
these anti-MPER MAbs enlists CD4 to induce the conformational
changes necessary to expose the MPER epitopes. Haynes and as-
sociates, as well as others, have proposed a two-stage binding
model in which anti-MPER MAbs initially bind to and diffuse
within the plane of the membrane and subsequently bind to the
MPER epitopes when exposed (2, 18, 71).

The emerging picture of anti-MPER binding and neutraliza-
tion is that there are two distinct pathways to viral neutralization,
one CD4 dependent and the other CD4 independent. In the CD4-
dependent pathway, the MPER epitopes are rapidly exposed as a
consequence of the structural rearrangements associated with
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spike triggering. Anti-MPER antibodies previously associated
with the membrane would then be in a position to latch on to their
respective epitopes. This mode would not preclude direct binding
of the epitopes from the fluid phase but, under steady-state in vivo
conditions, the viral membranes would already be preloaded with
antibodies making this the primary source for MPER epitope en-
gagement. In the CD4-independent pathway, the data indicate
that there is a moderate level of epitope expression likely preexist-
ing in unliganded spikes since we see ca. 50% of maximum (i.e.,
when CD4-liganded) binding after a 30-min incubation with anti-
MPER MAbs. This is not simply lipid bilayer binding since the
level of binding to virions is significantly greater in the presence of
the cognate epitope. The level of binding then rises over the course
of hours, eventually approaching the maximum level observed for
CD4-liganded virions. Since Ruprecht et al. (64) observe signifi-
cant viral neutralization only after many hours of incubation with
negligible neutralization following short incubations, simply
binding to the MPER epitopes, per se, may not be sufficient to
induce neutralization.

This comparison presupposes that our virions are behaving
similarly to the pseudovirions used by Ruprecht et al. However,
others have shown considerable isolate-specific variations in anti-
MPER binding and neutralization (8, 58). One possible explana-
tion for a disconnect between the hypothesized rapid binding of
the MAbs to some MPER epitopes and the slow rate of neutraliza-
tion is that the anti-MPER MAbs may target preexposed epitopes
on defective viral spikes, spike fragments, or uncleaved gp160, i.e.,
forms that are not involved in virion-target cell fusion (14, 17, 51).
Although we cannot completely rule out all of these modes of
binding in our system, we can exclude binding to gp160, a molec-
ular form that was not detected on our virions. An alternative
explanation for the different time scales for binding versus neu-
tralization is that epitope saturation, which may be a slow process,
could be required for efficient neutralization. In any case, it would
appear that CD4-independent neutralization depends on sponta-
neous low-frequency/intermittent MPER epitope exposure to
produce the necessary degree of epitope saturation for neutraliza-
tion.
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