
of August 4, 2022.
This information is current as

Envelope Epitopes
Glycoprotein 41 Membrane Proximal
Monoclonal Antibodies 2F5 and 4E10 to 
Neutralizing Anti-HIV-1 Envelope Human
Lipid Reactivity in Binding of Broadly 
The Role of Antibody Polyspecificity and

Haynes
Daniel Gewirth, Garnett Kelsoe, Pojen Chen and Barton F.
Rak, Richard M. Scearce, Feng Gao, Zenaido T. Camacho, 
S. Munir Alam, Mildred McAdams, David Boren, Michael

http://www.jimmunol.org/content/178/7/4424
doi: 10.4049/jimmunol.178.7.4424

2007; 178:4424-4435; ;J Immunol 

References
http://www.jimmunol.org/content/178/7/4424.full#ref-list-1

, 19 of which you can access for free at: cites 54 articlesThis article 

        average*
   

 4 weeks from acceptance to publicationFast Publication! •  
   

 Every submission reviewed by practicing scientistsNo Triage! •  
   

 from submission to initial decisionRapid Reviews! 30 days* •  
   

Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists All rights reserved.
Copyright © 2007 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/cgi/adclick/?ad=56318&adclick=true&url=https%3A%2F%2Fwww.invivogen.com%2Fsars2-spike-vectors%3Futm_source%3Djim-banner%26utm_medium%3Dbanner%26utm_campaign%3Djimmunol
http://www.jimmunol.org/content/178/7/4424
http://www.jimmunol.org/content/178/7/4424.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


The Role of Antibody Polyspecificity and Lipid Reactivity in
Binding of Broadly Neutralizing Anti-HIV-1 Envelope Human
Monoclonal Antibodies 2F5 and 4E10 to Glycoprotein 41
Membrane Proximal Envelope Epitopes1

S. Munir Alam,2* Mildred McAdams,* David Boren,* Michael Rak,* Richard M. Scearce,*
Feng Gao,* Zenaido T. Camacho,* Daniel Gewirth,3* Garnett Kelsoe,* Pojen Chen,†

and Barton F. Haynes2*

Two neutralizing human mAbs, 2F5 and 4E10, that react with the HIV-1 envelope gp41 membrane proximal region are also polyspecific
autoantibodies that bind to anionic phospholipids. To determine the autoantibody nature of these Abs, we have compared their reac-
tivities with human anti-cardiolipin mAbs derived from a primary antiphospholipid syndrome patient. To define the role of lipid
polyreactivity in binding of 2F5 and 4E10 mAbs to HIV-1 envelope membrane proximal epitopes, we determined the kinetics of binding
of mAbs 2F5 and 4E10 to their nominal gp41 epitopes vs liposome-gp41 peptide conjugates. Both anti-HIV-1 mAbs 2F5 and 4E10 bound
to cardiolipin with Kd values similar to those of autoimmune anti-cardiolipin Abs, IS4 and IS6. Binding kinetics studies revealed that
mAb 2F5 and 4E10 binding to their respective gp41 peptide-lipid conjugates could best be defined by a two-step (encounter-docking)
conformational change model. In contrast, binding of 2F5 and 4E10 mAbs to linear peptide epitopes followed a simple Langmuir model.
A mouse mAb, 13H11, that cross-blocks mAb 2F5 binding to the gp41 epitope did not cross-react with lipids nor did it neutralize HIV-1
viruses. Taken together, these data demonstrate the similarity of 2F5 and 4E10 mAbs to known anti-cardiolipin Abs and support the
model that mAb 2F5 and 4E10 binding to HIV-1 involves both viral lipid membrane and gp41 membrane proximal epitopes. The
Journal of Immunology, 2007, 178: 4424–4435.

H uman mAbs 2F5 and 4E10 are two rare broadly neutral-
izing Abs that interact with the membrane proximal ex-
ternal region (MPER)4 of the HIV-1 gp41 segment of

HIV-1 envelope (Env) (1–4). mAbs 2F5 and 4E10 bind to con-
served core amino acid residues ELDKWA and NWFDIT, respec-
tively, that lie outside the six-helix bundle structures of the heptad
repeat region of gp41 (5–8). Both nominal peptide epitopes and
soluble recombinant Env gp160 proteins that include the MPER
2F5 and 4E10 epitopes fail to generate broadly reactive neutraliz-
ing Abs after immunization of animals and humans (9, 10). mAbs

2F5 and 4E10 are both unusual in that they have long, hydrophobic
Ig CDR3 regions (11–14).

We have recently determined the reactivity of mAbs 2F5 and
4E10 with human autoantigens and found reactivity of mAb 2F5
with Ro (Sjogren’s syndrome Ag), histones, centromere B, and
cardiolipin (15). mAb 4E10 reacted with Ro (Sjogren’s syndrome
Ag), centromere B, and cardiolipin as well as other phospholipids
such as phosphatidylserine. In addition, mAb 4E10 had lupus an-
ticoagulant activity with prothrombin reactivity, resulting in
prolongation of the partial thromboplastin time (15). Based on
the crystal structures of mAbs 2F5 and 4E10, it has been pro-
posed that the long, hydrophobic CDR3 loops of both 2F5 and
4E10 mAbs might interact with a lipid component on the viral
surface, because only small regions of both mAb CDR3 inter-
acted with the antigenic peptide, leaving large hydrophobic
CDR3 components to interact with the virion membrane (1, 2).
The presence of long hydrophobic CDR3 regions and the ob-
servation of direct binding of broadly neutralizing mAbs 2F5
and 4E10 to lipid autoantigens have prompted the hypothesis
that anti-HIV-1 Abs like 2F5 and 4E10 are rarely made due to
B cell tolerance mechanisms (15–20).

Anti-phospholipid Abs that include Abs against the anionic
phospholipid, cardiolipin, can be associated with recurrent throm-
bosis in patients with the antiphospholipid syndrome (APS) (21,
22). Nonpathogenic anti-cardiolipin Abs can also be found in pa-
tients with a variety of infectious diseases due to disordered im-
munoregulation, including HIV-1, syphilis, and leishmaniasis (23).
APS patients make anti-cardiolipin Abs that bind to a variety of
phospholipids and cofactors, with pathogenicity of those Abs
being associated with Ab reactivity with �-2-glycoprotein-1 (24,
25). In general, anti-phospholipid mAbs from APS patients contain

*Department of Medicine, Duke University School of Medicine, Durham, NC 27710;
and †Department of Medicine, University of California, Los Angeles, CA 90095

Received for publication November 15, 2006. Accepted for publication January
12, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by the National Institutes of Health Center for HIV/AIDS
Vaccine Immunology Grant, AI0678501, by National Institute of Allergy and Infec-
tious Diseases P01 AI52816, AI51445, and a Collaboration for AIDS Vaccine Dis-
covery grant from the Bill and Melinda Gates Foundation.
2 Address correspondence and reprint requests to Dr. Barton F. Haynes, Duke Human
Vaccine Institute, Box 3258, Duke University, RP1 Circuit Drive, Room 107,
Durham, NC 27710; E-mail address: hayne002@mc.duke.edu or Dr. S. Munir Alam,
Duke Human Vaccine Institute, Box 3258, Duke University, RP1 Circuit Drive,
Room 107, Durham, NC 27710; E-mail address: alam0004@mc.duke.edu
3 Current address: Hauptman-Woodward Medical Research Institute, Buffalo, NY
14203.
4 Abbreviations used in this paper: MPER, membrane proximal external region; Env,
envelope; APS, antiphospholipid syndrome; SPR, surface plasmon resonance; RU,
response unit; SA, streptavidin; HR, heptad repeat.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

The Journal of Immunology

www.jimmunol.org

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


large numbers of somatic mutations in their VH and VL sequences,
with arginine residues in their CDR3 region (26–28).

In this study, we demonstrated that the kinetics of mAbs 2F5
and 4E10 binding to cardiolipin are similar to typical anti-APS
cardiolipin autoantibodies. In addition, we have characterized the
reactivity of mAbs 2F5 and 4E10 with gp41 membrane proximal
epitopes in the context of synthetic liposomes and showed that the
mAbs 2F5 and 4E10 mAbs dock onto gp41-derived peptides an-
chored in synthetic liposome membranes in a conformational
change model, thereby positioning the mAbs for high-affinity bind-
ing to the HIV-1 gp41 membrane proximal region.

Materials and Methods
Antibodies

Anti-HIV-1 gp41 (antimembrane proximal) mAbs 2F5 and 4E10 (3) were
purchased from Polymun. Anti-cardiolipin mAbs IS4 and IS6 were derived
from an APS patient and hybridomas and were generated as described (29).
The CD4 inducible anti-HIV-1 gp120 mAb 17b (30, 31) was provided by
Dr. J. Robinson (Tulane University, New Orleans, LA). Fab of mAb 2F5
were the gift of P. Kwong, R. Wyatt, and G. Ofek (Vaccine Research
Center, National Institutes of Health, Bethesda, MD) (1). Fab of mAb 4E10
were the gift of D. Burton, I. Wilson, and R. Cardoso (The Scripps Re-
search Institute, La Jolla, CA) (2). Both Fab Ab reagents were analyzed on
a Superdex HR200 column and found to be free of dimer forms. Mouse
mAb 13H11 was produced from splenocytes from a mouse immunized
with HIV-1 Env oligomer CON-S (32), as described (33). All mAbs were
purified by affinity chromatography on anti-Ig columns.

Proteins

rHIV-1 Env gp140 proteins, CON6 gp140, CON-S gp140, and JRFL gp140
were produced using recombinant vaccinia viruses and purified as de-
scribed (10, 32, 34). BSA, OVA was purchased from Sigma-Aldrich.

Peptides

Peptides were synthesized (SynPep) and purified by reverse-phase HPLC.
Purity of the peptides were assessed by HPLC to be �95% and confirmed
by mass spectrometric analysis. Peptides used in this study include the
following: HIV-1 gp41 2F5 epitope peptides, 2F5663–677 (NEQELLELD
KWASLWSGGRGG-biotin), GTH1–2F5659–678 (YKRWIILGLNKIVR
MYSQQEKNEQELLELDKWASLWN-biotin), and HIV-1 gp41 4E10
epitope peptides, 4E10675–690 (SLWNWFNITNWLWYIK), and GTH1–
4E10675–690 (YKRWIILGLNKIVRMYSSLWNWFNITNWLWYIK). Ran-
domly scrambled sequences of the above peptides were used as controls. Full-
length HR-2 gp41 peptide (DP178), YTSLIHSLIEESQNQQQEKNEQELL
ELDKWASLWNF, while the HR-1 peptide (DP107), NNLLRAIEAQQHL
LQLTVWGIKQLQARILAVERYLKDQ, was used as a control.

Phospholipids

Phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS), 1,2-dio-
leoyl-sn-glycero-3-phosphatidylserine (DOPS), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE); cardiolipin (heart cardiolipin),
1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), and cholesterol dis-
solved in chloroform were purchased from Avanti Polar Lipids.

Preparation of aqueous phospholipid suspension and liposomes

Phospholipid liposomes were prepared by dispensing appropriate molar
amounts of phospholipids in chloroform-resistant tubes. The phospholipids
were mixed by gentle vortexing and the mixture was dried in the fume
hood under a gentle stream of nitrogen. Any residual chloroform was re-
moved by storing the lipids under a high vacuum (15 h). Aqueous suspen-
sions of phospholipids were prepared by adding PBS or TBS buffer (pH
7.4) and kept at a temperature above the transition temperature for 10–30
min, with intermittent, vigorous vortexing to resuspend the phospholipids.
The milky, uniform suspension of phospholipids was then sonicated in a
bath sonicator (Misonix Sonicator 3000). The sonicator was programmed
to run three consecutive cycles of 45 s of total sonication per cycle. Each
cycle included 5 s of sonication pulse (70 W power output) followed by a
pulse off period of 12 s. At the end of sonication, the suspension of lamellar
liposomes was stored at 4°C and was thawed and sonicated again as de-
scribed above before capture on BIAcore sensor chip. POPC:POPS and

POPC:cardiolipin liposomes were prepared by mixing the phospholipids at
molar ratios of 3:1 (POPC:POPS or POPC:cardiolipin).

Anchoring of membrane proximal peptides to synthetic
liposomes

To design peptides that would associate with the outer layer of liposomes,
we synthesized membrane proximal 2F5 and 4E10 nominal epitopes with
a HIV-1 p24 gag �-helix region (GTHI) YKRWIILGLNKIVRMYS, N-
terminal to the membrane proximal epitopes. In preliminary experiments,
we have previously shown this peptide design facilitates peptide interaction
with lipid bilayers via the GTHI peptide (B. F. Haynes, A. M. Moody,
S. M. Alam, unpublished observations). HIV-1 membrane proximal pep-
tides GTH1–2F5656–670 and GTH1–4E10675–690 were dissolved in 70%
chloroform, 30% methanol. Chloroform solutions of lipids were added to
the peptide solution, in molar ratios of 45:25:20:10 (POPC:POPE:DMPA:
cholesterol). Each peptide was added to a molar ratio of peptide:total phos-
pholipids of 1:420. The mixture was vortexed, then dried and resuspended
as described above.

Surface plasmon resonance (SPR) measurements

All SPR measurements were conducted on a BIAcore 3000 instrument
and data analyses were performed using the BIAevaluation 4.1 software
(BIAcore). Specific binding assays for rate constants and equilibrium
Kd measurements were performed as described below.
Kinetics and affinity of mAb binding to peptide epitopes. Biotinylated
versions of 2F5 (2F5656–670), GTH1–4E10675–690 peptides, and scrambled
sequences of 2F5 peptides were individually anchored on a BIAcore SA
sensor chip as described earlier (35). Each peptide was injected until 100–
150 response units (RU) of binding to streptavidin was observed. Specific
binding responses of mAb binding were obtained following subtraction of
nonspecific binding on the scrambled 2F5 peptide surface. Rate constants
were measured using the Langmuir equation and global curve fitting to
binding curves obtained from mAb titrations, which ranged from 0.01 to
119 nM and 6.0 to 1400 nM for mAbs 2F5 and 4E10, respectively. The
mAbs were injected at 30 �l/min for 2–6 min and glycine-HCl (pH 2.0)
and surfactant P20 (0.01%) were used as the regeneration buffer.
Kinetics and affinity of mAb binding to phospholipids. Phospholipid-con-
taining liposomes were captured on a BIAcore L1 sensor chip, which uses
an alkyl linker for anchoring lipids. Before capturing lipids, the surface of
the L1 chip was cleaned with a 60-s injection of 40 mM octyl �-D-gluco-
pyranoside, at 100 �l/minute, and the chip and fluidics were washed with
excess buffer to remove any traces of detergent. After each Ab injection,
the surface was again cleaned with octyl �-D-glucopyranoside, and 5-s
injections of each 5 mM HCl, then 5 mM NaOH, to clean any adherent
protein off the chip.

In experiments to demonstrate specificity of mAb 4E10 and 2F5 binding
to cardiolipin, cardiolipin was anchored to near saturation (�6000 RU) on
one of the flow cells of the L1 sensor chip. On two of the remaining flow
cells, OVA and BSA were immobilized using amine coupling chemistry to
�3000 RU. mAbs 17b, 2F5, and 4E10 were then injected at 100 �g/ml at
a flow rate of 30 �l/min. For kinetics and affinity measurements of mAb
binding to cardiolipin, BSA was immobilized to all flow cells with �3000
RU of BSA. This step was important as we observed nonspecific binding
of all mAbs to the blank L1 sensor surface and this level of nonspecificity
was abrogated with chip coating with BSA. Second, to minimize rebinding
and mass transfer, we immobilized cardiolipin at a predetermined optimal
level of �500 RU. The Biacore L1 sensor chip was used for anchoring
cardiolipin, whereas a streptavidin (SA) sensor chip was used for peptide
immobilization. In each binding assay, flow cell 1, with immobilized BSA
but no cardiolipin, served as a control for nonspecific binding. For each
cycle of binding, specific binding responses were calculated by in-line
subtraction of responses from flow cell 1 (see Fig. 1). Global curve fitting
to the Langmuir equation was used to derive rate constants and steady-state
analysis for calculation of Kd. The two-step conformational change model
(A�B3 ABx, (encounter step); ABx3 AB, (docking step)) was used for
binding of MPER mAbs, 2F5 and 4E10, to peptide-lipid conjugates.

RNA isolation from hybridomas

The IS6 hybridoma cells were lysed with the TRIzol reagent (Invitrogen Life
Technologies). The total mRNA was isolated according to the manufacturer’s
protocol and resuspended in 20 �l of diethyl pyrocarbonate-treated H2O.

Cloning of �H and �L chain V(D)J rearrangements from cDNA
by RACE

IS6 mRNA was used in a 5� RACE reaction using the GeneRacer kit
(Invitrogen Life Technologies) according to the manufacturer’s protocol.

4425The Journal of Immunology
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Briefly, 5 �l of total mRNA was dephosphorylated with calf intestinal
phosphatase, extracted with phenol and precipitated with ethanol. The
mRNA was then uncapped with tobacco acid pyrophosphatase, extracted

with phenol, and precipitated with ethanol. An RNA oligonucleotide pro-
vided in the kit was ligated to the 5� end of the mRNA. After the ligation,
the reaction was extracted with phenol, precipitated with ethanol, and

FIGURE 1. Binding of 4E10 and 2F5 mAb and
Fab to cardiolipin and peptide epitopes. Approxi-
mately 400–600 RU of cardiolipin in an aqueous
suspension was coupled to the BIAcore L1 sensor,
on which �3000 RU of BSA was immobilized
previously. Whole mAb (A, C, E, and G) or Fab
(B, D, F, and H) of either 2F5 or 4E10 was then
injected at varying concentrations. The Ab con-
centration range used was as follows: 4E10 mAb
(1.66–333 nM); 4E10 Fab (27.3–1800 nM); 2F5
mAb (46.6–1800 nM); 2F5 Fab (120–2000 nM).
Due to the biphasic nature of binding, steady-state
KD values were derived for 4E10 mAb and 4E10
Fab and 2F5 mAb, whereas Kd values for 2F5 Fab
were derived from kinetics rate constants. Data
shown are specific binding of each mAb or Fab
after subtraction of nonspecific signals over a BSA
immobilized surface. For binding to peptide
epitopes, �150–200 RU of biotinylated peptides
were immobilized to streptavidin that was coupled
to a BIAcore sensor chip (SA). Whole mAb or Fab
were then injected at varying concentrations,
which were at 11–714 nM (4E10), and 0.156–5
nM (2F5) for whole mAb and 125–2000 nM
(4E10) and 0.62–9.95 nM (2F5) for Fab.

4426 LIPID POLYREACTIVITY OF ANTI-HIV-1 MPER Abs
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resuspended in 10 �l of diethyl pyrocarbonate-treated H2O. The modified
IS6 RNA was then reverse transcribed with Superscript III reverse tran-
scriptase and an oligo dT primer (Invitrogen Life Technologies).

IS6 cDNA (2 �l) was used in a PCR amplification reaction using the 5�
primers provided by the GeneRacer kit and 3� primers that are universal for
IgG genes. GeneRacer 5� primer: 5�-CGACTGGAGCACGAGGACA
CTGA-3� with 3� gene specific primers uni-�: 5�-GAAGATGAAGACA
GATGGTGC-3�, uni-�: 5�-AGTGTCGCCTTGTTGGCTTG-3� or uni-�:
5�-GTAGTCCTTGACCAGGCA-3� were used in the first round PCR am-
plification. GeneRacer 5� nested primer: 5�-GGACACTGACATGGACT
GAAGGAGTA-3� and the same 3� primers were used in the second PCR
amplification. The following PCR condition was used for each round of
amplification: 30 cycles of denaturation at 94°C for 45 s, annealing at 50°C
for 45 s, and extension at 72°C for 2 min.

Cloning and sequencing of amplified DNA

The amplified product products were run on a 1% agarose gel, visualized
with ethidium bromide staining, and purified with a gel extraction kit
(Qiagen). The purified products were ligated into PST-1 Blue plasmids
(Novagen) and sequenced using T7 and SP6 primers.

Results
Reactivity of membrane proximal mAbs 2F5 and 4E10 to
cardiolipin and HIV-1 Env epitopes

To directly compare the binding properties of anti-HIV-1 2F5 and
4E10 membrane proximal mAbs with anti-cardiolipin autoantibod-
ies from APS patients, we have used SPR measurements to cal-
culate the affinity of whole and Fab of 2F5 and 4E10 mAb binding
to cardiolipin. The scheme used to measure binding of mAbs to
cardiolipin and peptide epitopes is shown in Fig. 1. Both 4E10
(Fig. 1A) and 2F5 mAbs (Fig. 1C) bound to sensor surfaces with
immobilized cardiolipin. The specific binding to cardiolipin was
derived by subtraction of nonspecific binding to a BSA immobi-
lized surface. The specificity of membrane proximal mAb binding
to the aqueous form of cardiolipin was also confirmed in compar-
ison to two control proteins, BSA and OVA, using a human anti-
gp120 CD4 inducible mAb, 17b as an Ab control (30, 31) (data not
shown). 4E10 and 2F5 mAbs bound specifically to cardiolipin with
KD values of 37 nM and 0.35 �M, respectively (Fig. 1, A and C).
Moreover, 4E10 bound with fast association kinetics and a bipha-
sic dissociation phase. Nevertheless, both 4E10 and 2F5 mAb

showed specific binding to cardiolipin, with a relatively lower Kd

value for 4E10 mAb (37 nM) than that for 2F5 mAb (0.35 �M).
High-affinity binding of whole Ab (IgG) is often due to the

avidity effect associated with the bivalency of IgG molecule (36,
37). Thus, we have compared the reactivity of 2F5 and 4E10 mAbs
vs their Fab to both HIV-1 Env gp41 epitopes and to cardiolipin.
As observed with whole IgG, both 4E10 and 2F5 Fabs specifically
bound to cardiolipin (Fig. 1, B and D). However, 4E10 Fab bound
to cardiolipin with Kd of 1.2 �M (Fig. 1B), which was �30-fold
lower than those measured with 4E10 IgG (37 nM, Fig. 1A). Such
differences are comparable to those observed with 4E10 and 2F5
IgG vs Fab binding to nominal epitope peptides. 4E10 Fab binding
to its nominal epitope peptide was 10-fold weaker (Kd � 19 and
244 nM for 4E10 IgG and Fab, respectively, Fig. 1, E and F, Table
I), while 2F5 Fab binding was 20-fold lower when compared with
2F5 IgG (Kd � 0.3 and 7.5 nM for 2F5 IgG and Fab, respectively,
Fig. 1, G and H, and Table I). In both cases, the lowering in Kd

values for Fab was due to faster off-rates (Table I), which is con-
sistent with earlier SPR studies in which binding kinetics of other
monovalent and bivalent Ab ligands have been compared (38).

It was noted that 4E10 IgG bound to cardiolipin with biphasic
off-rates (Fig. 1A), with the slower component being predominant.
The binding kinetics of 4E10 Fab to cardiolipin was also similar in
being biphasic, but with the faster component being predominant
(Fig. 1B). The faster off-rates of 4E10 Fab were 2.5 times faster
than those observed with whole IgG (kd (fast) � 0.1 s�1 and 0.04
s�1 for IgG and Fab, respectively). Because the slower dissocia-
tion phase was observed with both 4E10 IgG and Fab, this com-
ponent was not due to the bivalency of IgG molecule. We have
ruled out aggregation or dimerization as a possible explanation,
because we confirmed by size exclusion chromatography (Super-
dex HR200) that there were no aggregates or dimers present in the
Fab preparation (data not shown). Furthermore, the faster associ-
ation phase of 4E10 mAb binding was found to be dependent on
the net charge of the polar head groups (data not shown). 4E10
mAb bound to the anionic phospholipid, cardiolipin (net charge �
�2), containing liposomes more strongly than those with phos-
phatidic acid (net charge � �1) or sphingomyelin (net

Table I. Binding rate constants of anti-HIV-1 gp41 membrane proximal and anti-cardiolipin mAbsa

mAb/Ag

ka kd Kd

�103 M�1 s�1 �10�3 s�1 nM

4E10 mAb/4E10 peptide 63 � 1.1 1.2 � 0.1 20.2 � 3.3
4E10 Fab/4E10 peptide 40 � 13.0 6.2 � 2.4 255 � 19.2
2F5 mAb/2F5 peptide 633 � 16.8 0.2 � 0.01 0.27 � 0.2
2F5 Fab/2F5 peptide 287 � 43 2.6 � 0.8 9.0 � 2.1
13H11 mAb/2F5 peptide 488 � 32.4 6.6 � 1.6 12.4 � 0.4
4E10 mAb/Con S gp140 108 � 7.1 1.7 � 0.3 160 � 38.0
2F5 mAb/ConS gp140 NA* NA* �1000
IS6 mAb/Con S gp140 5.0 � 1.9 3.0 � 0.22 407 � 86
2F5 mAb/JRFL gp140 3.6 � 0.74 0.54 � 0.03 164 � 34.3
4E10 mAb/JRFL gp140 1.8 � 0.2 1.95 � 0.17 1090 � 15.5
4E10 mAb/cardiolipin NA NA 37
2F5 mAb/cardiolipin NA NA 350
IS4 mAb/cardiolipin NA NA 12.0
IS6 mAb/cardiolipin NA NA �1000
2F5 peptide-lipid, encounter 510 0.15
2F5 peptide-lipid, docking 0.05 (s�1) 3.3 1.8
4E10 peptide-lipid, encounter 190 0.15
4E10 peptide-lipid, docking 0.02 (s�1) 1.5 21.5

a NA: Due to biphasic nature of binding of mAbs to cardiolipin, Kd values from equilibrium-binding analyses are given.
NA*: due to the low level of binding, reliable rate constants could not be measured.

For mAb binding to peptide-lipid conjugates, rate constants for the encounter and docking steps were determined by curve
fitting to the conformational change model. Mean and SE data are provided for binding studies in which at least three inde-
pendent studies were performed.
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charge � 0). However, binding to sphingomyelin containing
liposomes show that there is a second component (with slower
binding kinetics) of 4E10 mAb interactions which was not related
to the charge on the lipid polar head groups. In comparison to the
4E10 Fab, the 2F5 Fab bound with a comparable Kd value to car-
diolipin as did 2F5 IgG (Fig. 1, C and D). However, the binding
association rates of 2F5 Fab was much slower and did not reach
steady state, even after several minutes of injections. This slow
association rate was not due to diffusion limited binding (mass
transport limitation) as it could not be overcome either by faster
flow rates or lower cardiolipin immobilization density. Overall, the
comparison of bivalent IgG to Fab binding confirmed the speci-
ficity of 4E10 and 2F5 for cardiolipin and showed that the binding
Kd of 4E10 and 2F5 Fabs for cardiolipin is in the low micromolar
range.

Comparison of lipid reactivity of anti-gp41 membrane proximal
mAbs with human anti-cardiolipin autoantibodies

We next compared two anti-cardiolipin autoantibody mAbs (IS4
and IS6), derived from an APS patient, to mAbs 2F5 and 4E10 in
direct binding assays to cardiolipin. We could detect two patterns
of mAb binding to cardiolipin: one, a relatively strong and a sec-
ond weak binding profile (Fig. 2A). mAb IS4 bound strongly to
cardiolipin with nM Kd which was similar to those of mAb 4E10
(Fig. 2A, Table I). However, both 2F5 and IS6 bound to cardiolipin
weakly with micromolar Kd (Fig. 2A, Table I). As observed earlier
with 2F5 and 4E10 Fabs, the binding of IS6 Fab to cardiolipin was
also biphasic and was associated with faster dissociation rates.
Although we have analyzed only two APS mAbs, these data sug-
gested that there is likely a wide range of apparent cardiolipin

FIGURE 2. Interactions of anti-MPER mAb and anti-cardiolipin mAbs to cardiolipin and rHIV-1 Env gp140. A, Binding of anti-cardiolipin mAbs (IS4,
IS6) and anti-HIV-1 MPER mAbs (2F5, 4E10) to anchored cardiolipin. A total of 100 �g/ml of each mAb was injected over 500 RU of cardiolipin anchored
on a L1 sensor chip. Binding of mAb IS6 to Con S gp140 but not to JRFL gp140. Each of the mAb was captured at �1,000 RU on a surface immobilized
with anti-human Ig Fc (13,000 RU). rEnv gp140, Con S (B), or JRFL (C), was injected over each surface anchored with either mAb 4E10 (solid line), 2F5
(Œ), IS4 (dotted line), or IS6 (F). Binding kinetics data are given in Table I. CDRH3 sequences of each mAb is given and the hydrophobic loop is
underlined. 2F5 and 4E10 are from Protein Data Bank code 1TJI and ITZG, respectively. IS6 IgG was sequenced as described in Materials and Methods
and the sequence for IS4 mAb were from Zhu et al. (29). IS4 GRRDVRGVLWRGRHD; IS6 DRSGRRQRWGMGY; 2F5 RRGPTTLFGVPIARG-
PVNAMDV; 4E10 EGTTGWGWLGKPIGAFAH.

4428 LIPID POLYREACTIVITY OF ANTI-HIV-1 MPER Abs

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


binding Kd (nanomoles to micromoles) of anti-cardiolipin autoan-
tibodies and that the cardiolipin binding Kd measured for 2F5 and
4E10 mAbs lie within this range.

IS4 mAb was more promiscuous and showed much less dis-
crimination when binding to phospholipids in liposomal form with
varying net polar head group charges (data not shown). However,
4E10 mAb, was more specific for cardiolipin, with strong prefer-
ence for cardiolipin-containing liposomes (cardiolipin � PC:car-
diolipin �� phosphatidylcholine:phosphatidylserine; data not
shown) and only bound weakly to other phospholipids in lipo-
somes. No such pattern was observed with either IS6 or 2F5 mAbs.

The anti-cardiolipin autoantibody IS4 mAb did not cross-react
with any recombinant HIV-1 Env proteins (Fig. 2, B and C). This
was also true for IS6, with one exception. IS6 mAb bound well to
the group M consensus CON-S gp140 oligomer with Kd of 407 nM
(Fig. 2B, Table I). IS6 bound with relatively faster kinetics and
about 3-fold lower Kd than mAb 4E10 binding to CON-S gp140
oligomers (Table I).

The binding kinetics of 2F5 mAb for rHIV-1 gp140 Env was
dependent on the Env protein used, with 2F5 mAb binding weakly
to the group M consensus Env CON-S gp140 and strongly to the
wild-type clade B HIV-1 JRFL gp140 (Fig. 2, B and C). The bind-
ing of IS6 mAb to CON-S gp140 could not be blocked with either
2F5 or 4E10 epitope peptides. Furthermore, in a direct binding
assay, IS6 mAb did not bind to either of the above peptides when
the peptides were anchored on a SA-sensor chip (data not shown).
Taken together, these data suggested that IS6 mAb interacted at
sites that lie outside the membrane proximal region of gp41 on
CON-S gp140 oligomer and demonstrated that anti-cardiolipin
mAbs from autoimmune disease patients might cross-react with
select HIV-1 Env proteins.

CDR3 sequence similarities of gp41 membrane proximal mAbs
and anti-cardiolipin mAbs

We have sequenced IS6 VH CDR3 and compared CDR H3 se-
quences of APS mAbs, IS4 (29) and IS6, with 2F5 and 4E10 mAbs
(1, 2). These CDR3 sequences highlighted several similarities be-
tween the membrane proximal mAbs and the APS mAbs. First,
both groups of mAbs have a highly hydrophobic patch in their long
CDR3 loop (Fig. 2 legend, CDR3 sequences underlined). This
highly hydrophobic domain, termed “the heel” of the CDR3 “feet,”
minimally interacts with the gp41 epitope peptide and was pro-
posed to interact with as yet unidentified virion component (1, 2).
Second, there are several arginine (Arg) residues in both groups of
mAbs. Among the anti-cardiolipin mAbs, the position of Arg ap-
pears to be critical for binding to cardiolipin and dsDNA (27, 39,
40). Although the preferred positions are surface exposed Arg (be-
tween positions 95–100); a negative correlation of Arg at position
95, 97 has also been reported (27, 39). Of the four exposed Arg
residues in IS4 VH, those in positions 100 and 100g had a major
influence on the strength of cardiolipin binding, while those at 96
and 97 had no effect (26, 27). 2F5 mAb has an Arg at one key
position of 100 and also includes them at positions 95, 96. In the
case of 4E10 mAb, however, there are no Arg in the CDR3, al-
though CDR1 and CDR2 Arg could influence cardiolipin binding.
Thus, these sequence analyses show that there are similarities be-
tween the two groups of mAbs, and that a hydrophobic patch in the
CDR3 loop could account for mAbs 2F5 and 4E10 binding to
anionic phospholipids.

Comparison of the isotypes of all four mAbs revealed that all
originally derived Abs were IgG3, suggesting the possible origins
of these Abs from B cell compartments in which there is pref-
erential class switching from IgM to IgG3 such as the human

equivalents of mouse B1, transitional, and marginal zone B
cells (41– 43).

Interaction of mAbs 2F5 and 4E10 with lipid-associated peptide
epitopes (peptide-lipid conjugates)

A key question relevant to gp41 membrane proximal mAb poly-
reactivity is the significance of this property of lipid reactivity of
2F5 and 4E10 mAbs in binding to epitope peptide-lipid complexes.
The inability of soluble HIV-1 Env with membrane proximal re-
gion epitopes to elicit broadly neutralizing Abs and the crystal
structures of 2F5 and 4E10 mAbs complexed with their gp41
epitopes highlight the importance of an unidentified virion com-
ponent that may be lacking in the gp41 membrane proximal
sequence when presented either as a peptide or in the form of
soluble gp41 (1, 2, 44). Ofek et al. (1) and Grundner et al. (45)
found that the binding of 2F5 mAb was enhanced in flow cy-
tometric analysis when HIV-1 gp160 was embedded in proteo-
liposomes. This suggested that the gp41 membrane proximal
region in the lipid-associated bound form presented a unique
conformation to which the mAb bound to with higher affinity, or
alternatively, that the membrane proximal mAbs directly inter-
acted with a membrane component via its CDR3 loop, resulting
in the enhancement of the stability of the mAb-membrane prox-
imal complex.

To address this issue, we prepared synthetic liposomes in which
were anchored the 2F5 and 4E10 HIV-1 gp41 nominal epitope
peptides using an �-helical linker sequence (GTH1-gag Th
epitope) which was conjugated N terminus to the gp41 2F5 or
4E10 sequence. As shown in Fig. 3, presentation of peptide
epitopes on synthetic liposomes resulted in specific binding of
4E10 and 2F5 mAbs to their respective nominal peptide epitopes.
Although low levels of binding of both mAbs to either liposomes
with no peptide or to liposomes presenting the irrelevant peptide
were detected (Fig. 3, A and B), the binding of both mAbs to the
gp41 peptide liposome conjugate was essentially peptide specific.
No binding of the control mAb 17b to any liposomes were detected
(Fig. 3C). Furthermore, the binding of both mAbs to peptide-lipo-
some conjugates showed remarkably different binding profiles
when compared with binding to the nominal gp41 epitopes alone
(Fig. 1). Binding of 2F5 and 4E10 mAbs to their respective pep-
tide-liposomes conjugates were biphasic (Fig. 3, D and E) and
could be best defined by a two-step, conformational change model
(A � B 3 ABx; ABx 3 AB). This model has previously been
used to describe conformational rearrangements associated with
soluble CD4 binding to HIV-1 gp120 (46) and as well for anti-hen
egg lysozyme Fabs to describe a linked two-step process involving
molecular encounter and docking (47, 48). In this model, the first
step is described as an encounter step that results in the formation
of the first less stable complex (ABx) with faster kinetics (ka1

and kd1). The encounter step then leads to a docking step which
involves a conformational change resulting in the formation of
a more stable complex (AB) with much slower off-rates (kd2)
(Table I).

To confirm that the binding of 4E10 and 2F5 mAbs to peptide-
liposome conjugates indeed followed a sequential two-step model,
we first determined whether Fab of 4E10 and 2F5 would also bind
in a similar mode. Both 4E10 and 2F5 Fab binding to their re-
spective peptide-lipid conjugates could be described by the two-
step conformational change model (Fig. 3, F and G). Next, we
measured the initial off-rates of mAb binding to peptide-liposomes
at varying contact times. An inverse relationship was observed
between off-rate and the association time (Ta), which suggested
that the two phases of the binding interactions were linked, and
that the events occurred in a sequential manner (Fig. 4). It is of
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FIGURE 3. mAbs 4E10 and 2F5 binding to peptide-liposome conjugates. Approximately 600 RU of either synthetic liposomes (broken line); 2F5 peptide-
liposomes (E); or 4E10 peptide-liposomes were coupled on to a BIAcore L1 sensor chip. mAbs 4E10 (A), 2F5 (B), or 17b (C) was then injected at 100 �g/ml.
Both 4E10 and 2F5 bound to peptide-liposomes in a peptide-dependent manner. D–G, The binding of mAbs or Fab of 4E10 and 2F5 to their respective epitope
peptide-liposome conjugates follows the two-step conformational change model. Curve-fitting analysis of data generated from binding of mAb 4E10 and 2F5 to
their respective peptide-liposome conjugates. The two-step conformational change model was used to derive the rate constants for the encounter complex (F) and
the docked complex (Œ) and is given in Table I. In each of the overlay, the binding data is shown in solid line and represents the observed total binding response. The
component curves for the encounter complex (F) and the docked complex (Œ) were simulated from the experimentally determined rate constants. T50 defines the time
required for half of the encounter complex to be converted to docked complex. Both mAbs bound to their peptide-liposomes with an overall high apparent Kd (Table I).
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interest to note that the T50, where the component curves crossed
and defined the amount of time required for half of the encounter
complexes to be converted to docked complexes, of 2F5 mAb or
Fab binding was 2-fold lower than that of 4E10 mAb or Fab bind-
ing (Fig. 3). These data suggested a more favorable complex for-

mation for 2F5 mAb, possibly due to differences in peptide con-
formers on the liposome surface. Overall, these data suggested that
the phospholipid binding property of neutralizing mAbs might be
exploited by the mAb for initially gaining proximity or aligning of
the Ag-binding sites of the mAbs, and thereby leading to a more
stable and specific interaction with gp41 peptide.

Temperature-dependent binding of 4E10 and 2F5 mAb binding
to a peptide-liposome complex

To define the mechanism of the binding of the membrane proximal
mAbs to peptide-liposome conjugates, we have measured the ef-
fect of temperature on the binding of 4E10 and 2F5 mAbs to pep-
tide-liposome conjugates. Binding of 4E10 and 2F5 mAbs to their
respective peptide-liposomes and their epitope peptides were mea-
sured at temperatures ranging from 5 to 30°C. We found binding
of 2F5 mAb to 2F5 nominal epitope peptide was relatively stable
over the temperatures range studied (Fig. 5A), while 4E10 mAb
binding showed moderate effects with faster single-phase kinetics
at higher temperatures (Fig. 5C). In contrast, the effect of temper-
ature on mAb binding to peptide liposome conjugates was strik-
ingly different. The docking step of both 4E10 and 2F5 mAb was
rate limiting, because increasing temperature had an adverse effect
on the docking step but not on the encounter step, with both mAbs
forming less stable complexes at higher temperatures (Fig. 5, B
and D). The free energy change (	G) of the interactions remained
the same over the entire temperature range (Table II). Although the
contribution of the encounter step (	G1) was �8–9 kcal, there
was no effect of temperature on this step. In contrast, docking of
the mAbs to the liposomes, that contributed �25% of the total 	G
at 5°C, was reduced to 12 and 15% for 4E10 and 2F5 mAb, at
30°C, respectively. Increasing temperatures had an adverse effect
on both the forward (ka2) and backward (kd2) rate constants of the
docking step of the mAb reactions. Although ka2 rates became
progressively slower, kd2 rates became faster with increasing tem-
perature. These data indicated that with each increase in temper-
ature, smaller fractions of the encounter complex would be able to
form a stable docking complex. These observations implied that

FIGURE 4. Effect of varying contact time on dissociation rates. 4E10
mAb (100 �g/ml) was injected with varying contact time (Ta) in seconds
(10, 20, 40, 80, and 120) over 600 RU of 4E10 peptide-liposomes immo-
bilized surface. Binding data were normalized to 100 RU and the end of
injection point (start of dissociation) was aligned on the x-axis at time zero.
Dissociation rate constants were measured during the first 60 s of the dis-
sociation phase and were plotted against Ta (inset). An inverse relationship
between early dissociation rates and Ta shows that the two steps (encounter
and docking) of the binding of the mAb are linked and sequential.

FIGURE 5. Effect of temperature on
binding kinetics of 2F5 and 4E10 mAb to
peptide and peptide-lipid conjugates. Bind-
ing kinetics of 2F5 (A and B) and 4E10 (C
and D) was measured at temperatures rang-
ing from 5 to 30°C for their respective
epitope peptide (A and C) or peptide-lipid
conjugate (B and D). Specific binding signal
was recorded in reference to either control
peptide or synthetic liposomes as described
in Materials and Methods. Data shown are
expressed as the percent response and was
derived following normalization of binding
responses recorded at each temperature.
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the first step of the interaction (encounter) was thermodynamically
more favorable, while the docking step involved an induced-fit
process suggestive of an entropic/conformational barrier. The pres-

ence of the lipid in these peptide-liposome conjugates likely im-
posed a constraint on the peptide conformation making it out less
favorable for stable docking of the mAbs.

FIGURE 6. Binding of a non-neu-
tralizing mAb, 13H11, to MPER pep-
tides. A and B, Binding of MPER
mAb 2F5 (A), 13H11 mAb (B) to the
full-length HR-2 peptide (YTSLIHSL
IEESQNQQEKNEQELLELDKWAS
LWNF; solid line), and to the control
HR-1 peptide (dotted line). C, Block-
ing of 2F5 mAb binding to the full-
length HR-2 peptide, DP178, by
13H11 mAb. 13H11 mAb was bound
to saturation and then mAb 2F5 was
injected at the time indicated with ar-
rows. The binding of mAb 25F in the
absence (dotted line) or presence
(solid line) of prebound 13H11 is
shown. D, Comparison of 13H11
mAb (dotted line) to 2F5 mAb bind-
ing to 2F5 peptide-lipid conjugates.
E, Binding of 13H11 mAb (100 �g/
ml) to cardiolipin, synthetic lipo-
somes, or BSA-immobilized surfaces.

Table II. Effect of temperature on binding parameters of 2F5 and 4E10 mAb complexes with peptide-
liposome conjugates

Parameter

4E10 2F5

5oC 20oC 30oC 5oC 20oC 30oC

Rate constants
ka1 (105 M�1 s�1) 0.55 1.40 1.26 2.1 1.0 0.97
kd1 (10�2 s�1) 1.93 1.62 1.77 5.7 4.1 3.7
ka2 (10�2 s�1) 1.43 0.64 0.57 2.3 1.3 1.4
kd2 (10�4 s�1) 1.1 5.6 6.5 0.8 2.6 9.3

Binding constants
Kd (10�8 M) 0.3 0.6 1.4 0.1 0.4 4.2
Kd1 (10�7 M) 3.5 1.2 1.4 2.7 4.1 3.8
Kd2 (10�2) 0.8 8.8 11.5 0.35 2.0 6.6

Free energy changes
	G (kcal) �10.9 �10.8 �10.9 �11.5 �11.0 �10.2
	G1 (kcal) �8.2 �9.3 �9.5 �8.4 �8.6 �8.9
	G2 (kcal) �2.7 �1.4 �1.3 �3.1 �2.3 �1.5
%	G (	G2/	G) 25% 13% 12% 27% 21% 15%
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Binding properties of a non-neutralizing anti-HIV-1 membrane
proximal mAb

If polyreactivity and lipid binding and the two-step conformational
change associated binding of 2F5 and 4E10 mAbs to peptide-li-
posome conjugates are associated with mAb ability to neutralize
HIV-1, then it is likely that these properties would be lacking in a
non-neutralizing gp41 membrane proximal region-reactive mAb.
Thus, we have characterized the binding properties of a novel anti-
gp41 membrane proximal mAb 13H11, which was raised in mice
immunized with HIV-1 gp140 Env oligomer that expressed the
2F5 epitope. 13H11 mAb was similar to 2F5 mAb and bound to
the gp41 heptad repeat-2 (HR-2) peptide, DP178, and not to the
gp41 HR-1 peptide, DP107 (Fig. 6, A and B). 13H11 bound to the
full-length HR-2 peptide (DP178) with nanomolar affinity (Table
I). Interestingly, 13H11 and 2F5 mAb could cross-block their
binding to DP178 (Fig. 6C). Unlike 2F5 mAb, however, 13H11
mAb did not bind to any phospholipid, including cardiolipin (Fig.
6E). Furthermore, 13H11 binding to 2F5 peptide-liposome conju-
gates was minimal and showed low-level binding with a fast as-
sociation and a dissociation rate, which was about a log faster
when compared with 2F5 mAb (Fig. 6D). Finally, an additional
distinguishing feature of 13H11 mAb was that, unlike mAb 2F5, it
did not neutralize any of four HIV-1 primary isolates tested (data
not shown).

Overall, the comparison of the three groups of mAbs: anti-
cardiolipin (IS4, IS6), neutralizing anti-HIV-1 MPER (2F5, 4E10),
and non-neutralizing anti-HIV-1 MPER (13H11) highlights sev-
eral key features (Table III) that are relevant to understanding the
properties of anti-HIV-1 MPER-neutralizing mAbs. First, neutral-
izing mAbs show cross-reactivity with phospholipids (weak),
which include cardiolipin (strong). Second, both neutralizing
mAbs were able to bind strongly to peptide epitopes presented on
synthetic liposomes. This appears to be an important distinction
when 2F5 and 4E10 mAbs are compared with the non-neutralizing
mAb 13H11, which showed no reactivity to phospholipids and
bound weakly to MPER peptide presented on liposomes
(Table III).

Discussion
SPR assays were used to characterize both 2F5 and 4E10 anti-
HIV-1 Env Abs and anti-cardiolipin mAbs from an autoimmune
disease patient to a spectrum of lipid-containing Ags. We found
that both 2F5 and 4E10 membrane proximal anti-Env mAbs bound
to cardiolipin in affinities that were similar to anti-cardiolipin au-
toantibodies derived from autoimmune disease patients, providing
additional support for the notion that 2F5 and 4E10 are autoanti-
bodies. We also found that the binding of 2F5 and 4E10 mAbs to
epitope peptide-liposome conjugates is described by an induced fit
conformational change model. The induction of conformational

rearrangements that lead to stable docking of membrane proximal
mAb to peptide-liposome conjugates was temperature dependent,
being unfavorable at higher temperatures. Finally, we have pro-
duced a nonpolyreactive mAb that cross-blocks the binding of
mAb 2F5, yet is non-neutralizing.

Using ELISA, we had earlier reported that mAbs 4E10 and 2F5
bound to cardiolipin with nanomolar and micromolar affinity, re-
spectively (15). Compared with ELISA, an advantage of SPR-
binding assays is that they allow capture of cardiolipin and
other phospholipids in aqueous suspensions via an alkyl linker
on a BIAcore L1 sensor chips. Using both whole mAbs and their
Fab, we have demonstrated that the binding Kd of anti-gp41 mem-
brane proximal mAbs for cardiolipin is similar to those of anti-
cardiolipin mAbs for cardiolipin. The avidity effect and the change
from nanomoles to micromoles in 4E10 binding Kd as seen when
comparing whole Ab with Fab was expected and has been reported
for other anti-lipid autoantibodies (49). Analysis of the two anti-
cardiolipin autoantibodies also revealed structural similarities with
the anti-HIV-1 membrane proximal mAbs, with each mAb having
long CDR3 regions and similarly placed arginine residues. Be-
cause neither of the two anti-cardiolipin mAbs derived from an
APS patient had anti-HIV-1-neutralizing activity, the ability of an
Ab from a HIV-1-negative patient to bind to cardiolipin per se
does not guarantee the ability to neutralize HIV-1. It is also im-
portant to note that anti-cardiolipin activity of 2F5 and 4E10 is not
necessarily related to Ab pathogenicity in autoimmune diseases
like APS (21, 22, 50).

Rather, reactivity of anti-cardiolipin Abs with the first domain of
�-2-glycoprotein-1 is more predictive of pathogenicity (24, 25).
We found that the mAbs 2F5 and IS6 binding to cardiolipin was
enhanced by �-2-glycoprotein-1 while IS4 and 4E10 binding were
not (M. Alam, B. Haynes, unpublished observations). 2F5 and
4E10 mAb reactivity has been administered to a number of HIV-
1-infected patients with no thrombotic event noted (51), although
when these mAbs are administered, patient sera become positive in
anti-cardiolipin and lupus anti-coagulant Ab assays (52). However,
the MPER mAbs, 2F5 and 4E10, were not the contributing factor
in the minimal effect observed on viral load (51, 53). Thus, while
these Abs may not be pathogenic and not cause thrombotic disease
when administered to HIV� patients, the relevance of our study
resides in the notion that 2F5 and 4E10 have polyreactivity for
various self Ags, and have structural and reactivity pattern simi-
larities to known autoantibodies. These observations support the
hypothesis that 2F5 and 4E10-like Abs are controlled by negative
immunoregulatory mechanisms.

The significance of polyspecific lipid reactivity of anti-HIV-1
gp41 membrane proximal mAbs may lie in their ability to interact
with membrane proximal peptide epitopes in concert with the viral
lipid membrane. Evidence in support of this notion comes from the
observation of Ofek et al. and Cardoso et al. (1, 2) that much of the
2F5 and 4E10 CDR3 regions are available to associate with the virion
lipid bilayer. Zhu et al. (54) has recently used electron microscopy
tomography to derive a structure of the native Env trimer that
when modeled with the crystal structures of 2F5 and 4E10 Fabs
suggest both mAb CDR3s can interact with the viral membrane.
Additional evidence that mAb lipid polyreactivity is required for
2F5 neutralization of HIV-1 comes from our studies that the anti-
membrane proximal mAb 13H11, that cross-blocks the binding of
mAb 2F5 to gp41 epitopes, was not cross-reactive with phospho-
lipids and was unable to neutralize HIV-1.

An important finding of our studies is that both mAbs 2F5 and
4E10 are sensitive to conformational changes induced upon an-
choring of nominal peptide epitopes into synthetic lipid bilayer.
We have observed a difference in the binding mode of both MPER

Table III. Binding reactivity of anti-HIV-1 MPER mAbs and anti-
cardiolipin mAbsa

mAb 2F5 4E10 13H11 IS4 IS6

Cardiolipin � �� � �� �
Liposomes �/� �/� � �/� �/�
Env gp140 (Con-S) � �� � � �
MPER peptide epitope �� �� �� � �
MPER peptide lipid �� �� �/� �/� �

a ���, Strong binding with Kd 
 100 nM; �, weak binding with Kd � 100
nM–�M; �, no binding; �/�, very low-affinity binding with extremely fast kinetics.
Synthetic liposomes were of the following composition, POPC:POPE:DMPA:Chol,
and as described in Materials and Methods.
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mAbs when binding to peptide in solution vs peptide conjugated to
lipids. The energetics of MPER mAb binding to peptide in solution
is thermodynamically favored (temperature sensitive) while being
unfavorable to peptides conjugated to lipids (temperature depen-
dent). Because our binding kinetics data fit well to a conforma-
tional change model, it may be inferred that the favored lipid-
bound conformer of the peptide is induced only upon mAb
encounter and following conformational rearrangements. How-
ever, it is important to note that our observations regarding the
temperature dependency of anti-MPER mAbs 2F5 and 4E10 bind-
ing is based on artificial lipid-conjugates that were designed using
nominal epitope peptides conjugated to a helical linker peptide.
These specific peptide-lipid constructs may not be the prefect
mimic of the native conformation on the viral membrane surface.
Furthermore, the influence of flanking residues of the MPER re-
gion and the degree of conformational constraints imposed upon
lipid conjugation may be sequence or linker specific.

A key issue is also in determining which part of the 2F5 and
4E10 CDR3 regions binds to the viral membrane and to cardio-
lipin. As mentioned, structural studies strongly suggest that the
hydrophobic patches of 2F5 and 4E10 CDR3 will interact with the
viral membrane (1, 2, 54). In contrast, we demonstrated that an
antiidiotypic Ab against the 2F5 CDR3 gp41-binding site blocked
the binding of 2F5 to cardiolipin (15). Moreover, Sanchez-
Martinez et al. (55) have demonstrated that cardiolipin liposomes
could inhibit the neutralizing activity of mAb 2F5. Thus, 2F5 mAb
might have two distinct lipid-binding sites: the gp41-binding site
that cross-reacts with cardiolipin, and the hydrophobic portion of
the CDR3 region that likely interacts with the viral membrane.

An additional problem in HIV-1 vaccine development is the
difficulty to design an immunogen that is a mimic of the 4E10 or
2F5 epitope in the native HIV-1 trimer. The bound state of 2F5
epitope is in a more open conformation (1), while the 4E10 epitope
is not completely �-helical (2). Thus, approaches that either intro-
duces conformational constraints that lead to improved comple-
mentarity/affinity of mAb binding (56) or mimic membrane-bound
conformations, as described in this study, might provide more use-
ful immunogens. Alternative designs of peptide-lipid conjugates
and a better understanding of the conformation of epitope peptides
when anchored into liposomes, would therefore, be useful in de-
signing novel immunogens for the generation of neutralizing anti-
MPER mAbs. Finally, our data showing that 2F5 and 4E10 mAbs
share many binding and structural similarities to anti-cardiolipin
autoantibodies from HIV-1-negative patients suggests that induc-
tion of 2F5 and 4E10-like Abs by vaccines or natural infection
may be limited by immune tolerance mechanisms (15, 16). Studies
are underway to determine the B cells of origin of 2F5 and 4E10-
like Abs and to determine their immunoregulatory control.
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