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Rational Design of Membrane Proximal External Region Lipopeptides
Containing Chemical Modifications for HIV-1 Vaccination

Vincent J. Venditto,a Douglas S. Watson,a,b* Michael Motion,a,b David Montefiori,c Francis C. Szoka, Jr.a

Departments of Bioengineering and Therapeutic Sciences, School of Pharmacy, University of California, San Francisco, California, USAa; Joint Graduate Group in
Bioengineering, UC San Francisco/UC Berkeley, San Francisco, California, USAb; Department of Surgery, Duke University Medical Center, Durham, North Carolina, USAc

The inability to generate broadly neutralizing antibody (bnAb) responses to the membrane proximal external region (MPER) of
HIV-1 gp41 using current vaccine strategies has hampered efforts to prevent the spread of HIV. To address this challenge, we
investigated a novel hypothesis to help improve the anti-MPER antibody response. Guided by structural insights and the unique
lipid reactivity of anti-MPER bnAbs, we considered whether amino acid side chain modifications that emulate hydrophilic phos-
pholipid head groups could contribute to the generation of 2F5-like or 4E10-like neutralizing anti-MPER antibodies. To test this
hypothesis, we generated a series of chemically modified MPER immunogens through derivatization of amino acid side chains
with phosphate or nitrate groups. We evaluated the binding affinity of the chemically modified peptides to their cognate mono-
clonal antibodies, 2F5 and 4E10, using surface plasmon resonance. The modifications had little effect on binding to the antibod-
ies and did not influence epitope secondary structure when presented in liposomes. We selected five of the chemically modified
sequences to immunize rabbits and found that an immunogen containing both the 2F5 and 4E10 epitopes and a phosphorylated
threonine at T676 elicited the highest anti-peptide IgG titers, although the high antipeptide titers did not confer higher neutral-
izing activity. These data indicate that side chain modifications adjacent to known neutralizing antibody epitopes are capable of
eliciting antibody responses to the MPER but that these chemically modified gp41 epitopes do not induce neutralizing
antibodies.

An effective HIV vaccine will require both humoral and cellular
immune responses to prevent infection (1–3). Progress to-

ward an HIV vaccine has been slow; the Merck trial of a recombi-
nant adenoviral vaccine failed to protect against infection (4), and
efforts in the RV144 Thai trial to elicit neutralizing antibodies
showed only modest efficacy (5). A small number of broadly neu-
tralizing antibodies (bnAbs) isolated from HIV-infected patients
have guided the rational design of immunogens that might be
suitable for an HIV vaccine (6–12). Three of the more potent
bnAbs (2F5, 4E10, and Z13) are directed to the membrane prox-
imal external region (MPER) of gp41, comprised of 35 amino
acids N terminal to the transmembrane domain (Fig. 1) (13). The
MPER is conserved across viral clades and essential for virus-cell
fusion (14–16). However, with the exception of a few recent re-
ports (17–19), MPER immunogens have failed to elicit antibodies,
and none have had the breadth or potency of patient-derived
bnAbs (13).

Weak antibody responses and a lack of structural definition are
primary concerns with MPER-based immunogens (13). MPER-
specific antibodies are rare in infected patients, and highly immu-
nogenic scaffolds grafted with MPER sequences have failed to
elicit detectable MPER reactivity in animals (20–22). Haynes and
Alam (23) and Zwick (24) have suggested that antibody responses
to the MPER are limited by tolerance mechanisms, which is sup-
ported by the cross-reactivity of MPER-targeted bnAbs with phos-
pholipids (25–28). Moreover, these antibodies contain unusually
long, hydrophobic heavy-chain complementarity-determining
region 3 (CDRH3) sequences, which are necessary for viral neu-
tralization by these bnAbs (29). In humans, antibodies with long
CDRH3 segments are typically deleted in the bone marrow due to
their autoreactive character, which could explain the rarity of 2F5-
like and 4E10-like bnAbs (30). However, therapeutic use of 2F5
and 4E10 has shown no immunological side effects and an excel-

lent overall safety profile (31–36). Furthermore, the interaction of
2F5 with unilamellar phospholipid vesicles is dependent on the
presence of the MPER sequence in the bilayer (37). Alternative
explanations for the rarity of MPER antibodies may include the
immunodominance of the gp120 variable loops (38), the rapidity
of conformational changes that expose the MPER (39), masking
by nonneutralizing cluster II epitopes (40), or a bias in the germ
line antibody repertoire (41). However, responses from B-cell
clones against gp41 are distributed across clusters I, II, and IV,
suggesting that epitope masking is not the cause for failure to
neutralize the virus (42).

Lipid cross-reactivity is essential for broad neutralization by
MPER-specific antibodies, but vaccine delivery strategies employ-
ing MPER-containing peptides or recombinant proteins formu-
lated in lipid bilayers have not resulted in robust neutralization
(13, 27, 43). We considered a novel alternative approach to the
rational design of MPER immunogens: incorporation of amino
acid side chain modifications that emulate hydrophilic phospho-
lipid head groups. Moreover, posttranslational modifications
(PTMs) such as phosphorylation and nitration are known to aug-
ment immune responses against antigens in cancer, autoimmu-
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nity, and infectious diseases (44–49). Although these modifica-
tions have not been observed during HIV infection, it is
conceivable that PTMs resulting from the inflammatory milieu
during HIV infection could contribute to altered anti-MPER an-
tibody responses in a subset of patients.

The Szoka laboratory previously reported MPER-derived lipo-
peptides that are potently immunogenic when presented in lipid
bilayer vesicles (50, 51). In the present study, we generated a series
of MPER lipopeptide immunogens bearing anionic side chain
modifications that could mimic hydrophilic phospholipid head
groups or inflammation-associated PTMs. Phosphorylated, ni-
trated, and carboxylated peptides were investigated for binding to
monoclonal antibodies 2F5 and 4E10. The peptides were then
presented in liposomal formulations to analyze the effects of each
modification on differences in secondary structure and the ability
to elicit anti-MPER neutralizing antibodies in vivo.

MATERIALS AND METHODS
Amino acids, resins, and coupling agents were obtained from Nova-
biochem (Darmstadt, Germany), Anaspec (San Jose, CA), or ChemPep
(Miami, FL). Cholesterol, dimyristoylphosphatidylcholine (DMPC), and
dimyristoylphosphatidylglycerol (DMPG) were obtained from Avanti
Polar Lipids (Alabaster, AL). Cholesteryl hemisuccinate (CHEMS;
C6512) and monophosphoryl lipid A derived from Escherichia coli (MPL;
L6638) were obtained from Sigma-Aldrich (St. Louis, MO). Peptides and
lipopeptides were synthesized and formulated in liposomes as described
previously (51). Phosphorylated and nitrated residues were incorporated
by addition of amino acids with side chains derivatized with O-benzyl-
protected phosphate or 9-fluorenylmethoxy carbonyl–3-nitro-ty-
rosine-OH (Bachem, Torrence, CA), respectively.

Surface plasmon resonance (SPR) kinetic binding analysis. A Bia-
core T100 instrument (GE Healthcare) was used in all experiments.
Monoclonal antibodies (MAbs) 2F5 and 4E10 (NIH AIDS Research &
Reference Reagent Program) were covalently coupled to Biacore CM5
series S sensor chips at final densities of �4,000 response units (RU).
Peptides were flowed over as analytes with 2-fold dilutions ranging from
200 to 12.5 nM when evaluating peptide affinity for 2F5 and 2,000 to 125
nM when evaluating peptide affinity for 4E10. Peptides were prepared in

running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA,
0.01% Tween 20) and evaluated at a flow rate of 30 �l/min for 90 s,
followed by injection of running buffer for 2 min. Binding was analyzed
using BiaEvaluation software (GE Healthcare).

Circular dichroism spectroscopy. Stock liposome solutions contain-
ing 5 mM carrier lipid and 500 �M lipopeptide were prepared in 10 mM
phosphate, pH 7.4. To minimize light scattering, liposomes were prepared
by bath sonication under argon until a size of less than 100 nm was ob-
tained. For analysis, samples were diluted to 5 �M lipopeptide in 10 mM
phosphate buffer containing 1 mM carrier lipid. Spectra were obtained
with a J-715 spectropolarimeter (Jasco, Easton, MD), and data were pro-
cessed using Jasco software. Data were acquired in continuous scanning
mode with a 1-cm path length, a 0.1-nm interval, and a 1-nm/s scan speed.
Each spectrum represents an average of three scans in triplicate. A back-
ground spectrum of empty liposomes in buffer was subtracted from each
sample spectrum. Percent helicity was estimated from the mean residue
ellipticity at 222 nm according to the method of Taylor and Kaiser (52).

Rabbit immunizations. Rabbit studies were performed by Covance
Inc. (Denver, PA). Specific-pathogen-free New Zealand White rabbits
received subcutaneous immunizations on days 0, 21, 42, 63, 84, and 105.
Blood was collected from the ear vein on days 31, 52, 73, 94, and 115.
Injections on day 0 contained 250 �g lipopeptide, 125 �g MPL, and 10
�mol lipid vehicle in 250 �l sterile phosphate-buffered saline emulsified
in 250 �l Freund’s complete adjuvant. Subsequent injections contained
125 �l of the formulation described above emulsified in 125 �l Freund’s
incomplete adjuvant. Alving and coworkers have demonstrated that lipo-
somes are compatible with oil-in-water emulsions (53). After blood draw,
cells were removed by centrifugation and sera were sent to the University
of California, San Francisco (UCSF), on dry ice and stored at �80°C.

Enzyme-linked immunosorbent assays (ELISAs) were performed on
antisera as previously described (51). The titer was defined as the recipro-
cal dilution of antisera yielding an optical density twice that of the back-
ground. Samples were assayed in duplicate. Statistical significance was
assessed by analysis of variance with Bonferroni posttest analysis, and
values were considered significant when P was �0.05. Data analyses were
performed using Prism software (GraphPad Software, Inc.).

Virus neutralization assay. Neutralization was determined by a re-
duction in luciferase reporter gene expression after infection of either
TZM-bl cells (54) or A3R5 cells. Neutralization in TZM-bl cells tested a

FIG 1 MPER peptides and MPER-CHEMS lipopeptides. (A) N-MPER and C-MPER contained the nominal epitopes of monoclonal antibodies 2F5 and 4E10,
respectively, with additional flanking sequences previously reported to improve binding (43, 58). The C terminus is amended with a two-residue linker and a lysine for
on-resin lipid conjugation. Residues that were modified with phospho or nitro groups are indicated with asterisks. (B) Lipopeptide structure denoting the peptide, linker,
and cholesteryl hemisuccinate lipid anchor. FP, fusion protein; NHR, N-heptad region; CHR, C-heptad region; TM, transmembrance domain.
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virus pseudotyped with the Env of a clade B tier 1 virus (SF162.LS); mu-
rine leukemia virus Env-pseudotyped virus was used as a negative control.
Assays in A3R5 cells utilized four clade B tier 2 viruses (SC22.3C2, RHPA,
CH77, CH58) as infectious molecular clones containing a Tat-regulated
Renilla luciferase reporter gene (IMC.LucR viruses) (55). Neutralization
titer was defined as the sample dilution at which relative luminescence
units (RLUs) were reduced by 50% compared to the numbers of RLUs in
virus control wells after subtraction of background RLUs in cell control
wells (50% infectious dose). Sera were heat inactivated (60 min, 56°C)
before use.

RESULTS AND DISCUSSION

The MPER of gp41 has been investigated as a potential target for
vaccine development (13). However, antibody responses to
MPER immunogens, particularly the C terminus, have been weak,
and few studies have reported elicitation of neutralizing antibod-
ies with MPER immunogens (17, 56, 57). In an attempt to over-
come the weak immune responses to the MPER and generate
neutralizing antibodies, we designed a series of lipopeptide im-
munogens bearing anionic side chain modifications that may re-
capitulate the immunogenic propensity of phospholipid head
groups or inflammation-associated PTMs and thereby elicit 2F5-
like or 4E10-like bnAbs.

Design of chemically modified MPER peptides and lipopep-
tides. The crystal structures of bnAbs 2F5 (Protein Data Bank
[PDB] accession number 1TJG) (43) and 4E10 (PDB accession
number 2FX7) (58) in complex with their corresponding peptide
epitopes suggest that modifications of the epitopes at selected
amino acids may promote favorable contacts with the antibody’s
extended CDRH3 loops capable of interacting with such a modi-
fication. Furthermore, the binding pocket of 2F5 is largely cat-
ionic, with arginine and lysine residues surrounding the epitope,
suggesting that an anionic charge may improve affinity (Fig. 2A).
Likewise, 4E10 has an arginine at the base of the epitope-binding
pocket, which appears to be too distant from the threonine in the
4E10 epitope to hydrogen bond (Fig. 2B); however, a phosphate
group may introduce additional charge interactions. These struc-
tural insights were used to design a series of chemically modified
MPER peptides and lipopeptides corresponding to the 2F5
epitope (N-MPER and N-MPERext) and the 4E10 epitope (C-
MPER and C-MPERext) (summarized in Fig. 1A) with side chain
modifications incorporated at available residues (serine, threo-
nine, and tyrosine). A summary of the nomenclature and molec-
ular weight data for the peptides and lipopeptides are reported in
Table 1.

TABLE 1 Nomenclature and molecular weights of peptides and lipopeptides

Name Sequence Linker Modification

Mol wt

Free peptide CHEMS conjugated

Experimental Observed Experimental Observed

C-MPER 671–683 AA None 2,537.1 2,539.6
C-MPERext 667–683 AA None 2,526.0 2,550.1 (Na�) 2,994.6 2,993.9
C-MPERext(S-PO3) 667–683 AA S-PO3 2,605.0 2,609.3 3,077.6 3,075.2
C-MPER(Y-PO3) 671–683 AA Y-PO3 2,147.4 2,151.0 2,615.1 2,617.0
C-MPER(Y-NO2) 671–683 AA Y-NO2 2,113.4 2,106.7 2,585.2 2,583.2
N-MPER 656–671 GG None 2,271.5 2,273.5 2,698.3 2,718.2 (Na�)
N-MPER(D) 656–677 GG S668D 2,299.5 2,307.2
N-MPER(E) 656–677 GG S668E 2,313.6 2,336.8 (Na�)
N-MPER(S-PO3) 656–671 GG S-PO3 2,308.5 2,313.6 2,776.2 2,776.7
N-MPERext(T-PO3) 656–677 GG T-PO3 3,085.4 3,087.3 3,554.0 3,556.3

FIG 2 Crystal structures of 2F5 and 4E10 with corresponding epitopes. (A) Monoclonal antibody 2F5 with epitope showing arginines at positions 58.H and 95.H
and histidine at position 96.L in the main chains of the antibodies and 100H.H in the CDRH3 loop. Adapted from PDB accession number 1TJG (43). (B)
Monoclonal antibody 4E10 with epitope showing arginines at positions 73.H and 94.H, lysines at 100E.H and 32.L, and histidine at position 102.H. Adapted from
PDB accession number 2FX7 (58). Antibodies are denoted in red, with bound epitopes denoted in green. Cationic R groups surrounding the antibody-binding
pocket are shown in cyan, with nitrogen atoms shown in blue. Serine and threonine in the respective antibodies are shown in cyan, with oxygen shown in red.
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Surface plasmon resonance kinetic binding studies. Previous
studies have identified MPER residues necessary for binding
through natural amino acid mutations (59), and unnatural mod-
ifications that introduce structural constraints have also been in-
vestigated (60, 61). However, immunogens bearing phosphate,
nitrate, and carboxylate chemical modifications of gp41 have not
been reported. We measured the effects of these modifications on
the binding affinity of MPER peptides to bnAbs 2F5 and 4E10
using SPR. Peptides containing the 2F5 epitope bound to 2F5 with
�10 nM affinity, while peptides containing the 4E10 epitope
bound to 4E10 with �50 nM affinity (Table 2). The binding affin-
ities for the unmodified peptides were consistent with those re-
ported previously (58, 62). Side chain modifications generally did
not influence binding affinity, with one notable exception: phos-
phorylation of the 4E10 epitope T676 completely inhibited bind-
ing to MAb 4E10. Representative sensorgrams are shown in Fig. S1
in the supplemental material.

Effect of side chain modification on peptide secondary struc-
ture. We then determined if the modifications altered the second-
ary structure of the lipopeptides when presented in a lipid bilayer.
The 4E10 epitope binds to the antibody in an alpha helical con-
formation, while the 2F5 antibody binds to a beta turn consisting
of the DKW motif (43, 58). Presentation of structures similar to
those that induced 2F5 and 4E10 may lead to a more robust neu-
tralizing response. We have previously shown that the selection of
the lipid anchor and lipid conjugation site used to present the
peptides in the liposomes affects helicity (51). Here, we show that
the side chain modifications have little effect on the secondary
structure of MPER peptides, as summarized in Table 3 and Fig. S2
in the supplemental material. In general, unmodified lipopeptides
had very little helical content, and side chain modifications did not
significantly impact helicity. The lipopeptides exhibiting the high-
est helical content were N-MPER-CHEMS and C-MPER(Y-PO3)-
CHEMS, both of which contained greater than 25% helical char-
acter when formulated in phospholipid bilayer vesicles.

Effect of side chain modifications on antibody responses to
MPER lipopeptides in New Zealand White rabbits. Five chemi-
cally modified MPER lipopeptides were selected to evaluate
whether side chain modifications influence the immunogenicity
of MPER lipopeptides in rabbits. The peptides used for rabbit
immunizations included an unmodified peptide containing both
epitopes (N-MPERext), two peptides containing the 4E10 epitope
with modifications N terminal [C-MPERext(S-PO3)] and C-ter-

minal [C-MPER(YNO2)] to the epitope, and two peptides con-
taining the 2F5 epitope with C-terminal modifications adjacent to
[N-MPER(S-PO3)] or distant from [N-MPER(T-PO3)] the
epitope. Furthermore, we included N-MPERext(T-PO3) in the
rabbit immunizations to evaluate a peptide to which the 4E10
MAb failed to bind but that could potentially induce modified
epitope-specific polyclonal antibodies.

Antibody responses against the extended epitope containing a
phosphorylated threonine [N-MPERext(T-PO3)] provided the
highest response, with 2 of 3 rabbits responding with a mean titer
of 6.1 � 104. For each group, the fold change in average antibody
titers compared to day 0 titers over time are shown in Fig. 3A, and
the endpoint antibody titers of individual animals are shown in
Fig. 3B. Antiserum titers over time postimmunization are shown
in Fig. S3 in the supplemental material. It is important to note that
one rabbit from the N-MPERext(T-PO3) group, with an endpoint
titer of 1.3 � 105, had an unexpectedly high epitope-specific anti-
body titer prior to immunization. It is unclear why this animal had
an elevated preimmunization titer, but as a result, this animal
exhibited a 160-fold increase in titer over the course of the study,
compared to a �1,500-fold increase in the other responder (end-
point titer, 5.2 � 104) from this group. The analogous unmodified
peptide, N-MPERext, elicited a 110-fold increase in just one rabbit
(3.6 � 103), while the two other rabbits failed to respond. All other
rabbits showed less than a 15-fold increase over preimmunization
titers. Furthermore, all rabbit sera failed to bind recombinant
gp140 in an ELISA (data not shown). Antibody responses from the
three rabbits with high titers showed a response directed toward
the N-MPER peptide (Fig. 3C) but not the C-MPER peptide. Fur-
thermore, the titers were unaffected when the serine adjacent to
the epitope was phosphorylated, as determined by ELISA. Anti-
body responses toward each peptide immunogen are shown in
Fig. S4 in the supplemental material. Endpoint sera from all rab-
bits were then evaluated for neutralization activity using a lu-
ciferase-based assay, but all samples failed to neutralize the virus.
Thus, although strong antipeptide antibody responses were
achieved using side chain-modified lipopeptides, the antibodies
generated are not neutralizing.

Conclusions. In this study, the biophysical and immunogenic
properties of side chain-modified MPER lipopeptides were evalu-
ated. MPER peptides bearing anionic side chain modifications
bound to anti-MPER bnAbs 2F5 and 4E10 with the same affinity
as analogous unmodified peptides. When the peptides were at-
tached to a cholesteryl anchor and the lipopeptides were formu-
lated in liposomes, circular dichroism revealed very little struc-
tural difference between the side chain-modified lipopeptides and

TABLE 2 Kinetic binding data obtained from surface plasmon
resonance analysis of peptides interacting with MAbs 2F5 and 4E10

MAb Name Sequence Modification KD
a (nM)

2F5 N-MPER 656–671 None 8
N-MPER(D) 656–677 S668D 9
N-MPER(E) 656–677 S668E 7
N-MPER(S-PO3) 656–671 S-PO3 3
N-MPERext(T-PO3) 656–677 T-PO3 34

4E10 N-MPERext(T-PO3) 656–677 T-PO3 DNBb

C-MPERext 667–683 None 61
C-MPERext(S-PO3) 667–683 S-PO3 40
C-MPER(Y-PO3) 671–683 Y-PO3 50
C-MPER(Y-NO2) 671–683 Y-NO2 121

a KD, affinity constant.
b DNB, does not bind.

TABLE 3 Percent helicity of lipopeptides presented in liposomes
determined by circular dichroism

Lipopeptide �222
a % helicity

N-MPER-CHEMS �8,411 	 287 29
N-MPER(S-PO3)-CHEMS �4,493 	 80 19
N-MPERext(T-PO3)-CHEMS �3,571 	 85 17
C-MPER-CHEMS �824 	 113 10
C-MPER(Y-PO3)-CHEMS �6,918 	 202 25
C-MPER(Y-NO-2)-CHEMS �2,170 	 294 13
C-MPERext-CHEMS �4,019 	 114 18
C-MPERext(S-PO3)-CHEMS �1,389 	 5 11
a Mean ellipticity at 222 nm.
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unmodified analogues. Three of the four modified peptides failed
to induce high-titer antibodies in rabbits compared to those in
sera prior to immunization (day 0). The N-MPERext(T-PO3) li-
popeptide formulation induced high antipeptide antibodies in
rabbits, with titers being statistically significantly higher than
those elicited by its unmodified lipopeptide analogue. Although
neutralizing antibodies were not achieved, the improved immune
response with one of the modified lipopeptides is consistent with
the role of PTMs in breaking tolerance (46, 47, 63).

In summary, the key findings of these studies are 2-fold. First,
chemical anionic side chain modifications of MPER peptides do
not alter binding to human bnAbs 2F5 and 4E10, as determined by
surface plasmon resonance. Second, specific modifications of
amino acid side chains can modulate the antibody response to-
ward MPER epitopes [N-MPERext(T-PO3) versus N-MPERext]
but do not enable the generation of neutralizing antibodies.
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