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The quest to create a human immunodeficiency virus type 1 (HIV-1) vaccine capable of eliciting broadly
neutralizing antibodies against Env has been challenging. Among other problems, one difficulty in creating a
potent immunogen resides in the substantial overall sequence variability of the HIV envelope protein. The
membrane-proximal region (MPER) of gp41 is a particularly conserved tryptophan-rich region spanning
residues 659 to 683, which is recognized by three broadly neutralizing monoclonal antibodies (bnMAbs), 2F5,
Z13, and 4E10. In this study, we first describe the variability of residues in the gp41 MPER and report on the
invariant nature of 15 out of 25 amino acids comprising this region. Subsequently, we evaluate the ability of
the bnMAb 2F5 to recognize 31 varying sequences of the gp41 MPER at a molecular level. In 19 cases, resulting
crystal structures show the various MPER peptides bound to the 2F5 Fab�. A variety of amino acid substitu-
tions outside the 664DKW666 core epitope are tolerated. However, changes at the 664DKW666 motif itself are
restricted to those residues that preserve the aspartate’s negative charge, the hydrophobic alkyl-� stacking
arrangement between the �-turn lysine and tryptophan, and the positive charge of the former. We also
characterize a possible molecular mechanism of 2F5 escape by sequence variability at position 667, which is
often observed in HIV-1 clade C isolates. Based on our results, we propose a somewhat more flexible molecular
model of epitope recognition by bnMAb 2F5, which could guide future attempts at designing small-molecule
MPER-like vaccines capable of eliciting 2F5-like antibodies.

Eliciting broadly neutralizing antibodies (bnAbs) against
primary isolates of human immunodeficiency virus type I
(HIV-1) has been identified as a major milestone to attain in
the quest for a vaccine in the fight against AIDS (12, 28). These
antibodies would need to interact with HIV-1 envelope glyco-
proteins gp41 and/or gp120 (Env), target conserved regions
and functional conformations of gp41/gp120 trimeric com-
plexes, and prevent new HIV-1 fusion events with target cells
(21, 57, 70, 71). Although a humoral response generating neu-
tralizing antibodies against HIV-1 can be detected in HIV-1-
positive individuals, the titers are often very low, and virus
control is seldom achieved by these neutralizing antibodies (22,
51, 52, 66, 67). The difficulty in eliciting a broad and potent
neutralizing antibody response against HIV-1 is thought to
reside in the high degree of genetic diversity of the virus, in the
heterogeneity of Env on the surface of HIV-1, and in the
masking of functional regions by conformational covering, by
an extensive glycan shield, or by the ability of some conserved
domains to partition to the viral membrane (24, 25, 29, 30, 38,
39, 56, 68, 69). So far, vaccine trials using as immunogens
mimics of Env in different conformations have primarily elic-
ited antibodies with only limited neutralization potency across

different HIV-1 clades although recent work has demonstrated
more encouraging results (4, 12, 61).

The use of conserved regions on gp41 and gp120 Env as
targets for vaccine design has been mostly characterized by the
very few anti-HIV-1 broadly neutralizing monoclonal antibo-
dies (bnMAbs) that recognize them: the CD4 binding-site on
gp120 (bnMAb b12), a CD4-induced gp120 coreceptor binding
site (bnMAbs 17b and X5), a mannose cluster on the outer
face of gp120 (bnMAb 2G12), and the membrane proximal
external region (MPER) of gp41 (bnMAbs 2F5, Z13 and
4E10) (13, 29, 44, 58, 73). The gp41 MPER region is a partic-
ularly conserved part of Env that spans residues 659 to 683
(HXB2 numbering) (37, 75). Substitution and deletion studies
have linked this unusually tryptophan-rich region to the fusion
process of HIV-1, possibly involving a series of conformational
changes (5, 37, 41, 49, 54, 74). Additionally, the gp41 MPER
has been implicated in gp41 oligomerization, membrane leak-
age ability facilitating pore formation, and binding to the galac-
tosyl ceramide receptor on epithelial cells for initial mucosal
infection mediated by transcytosis (2, 3, 40, 53, 63, 64, 72). This
wide array of roles for the gp41 MPER will put considerable
pressure on sequence conservation, and any change will cer-
tainly lead to a high cost in viral fitness.

Monoclonal antibody 2F5 is a broadly neutralizing mono-
clonal anti-HIV-1 antibody isolated from a panel of sera from
naturally infected asymptomatic individuals. It reacts with a
core gp41 MPER epitope spanning residues 662 to 668 with
the linear sequence ELDKWAS (6, 11, 42, 62, 75). 2F5 immu-
noglobulin G binding studies and screening of phage display
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libraries demonstrated that the DKW core is essential for 2F5
recognition and binding (15, 36, 50). Crystal structures of 2F5
with peptides representing its core gp41 epitope reveal a
�-turn conformation involving the central DKW residues,
flanked by an extended conformation and a canonical �-helical
turn for residues located at the N terminus and C terminus of
the core, respectively (9, 27, 45, 47). In addition to binding to
its primary epitope, evidence is accumulating that 2F5 also
undergoes secondary interactions: multiple reports have dem-
onstrated affinity of 2F5 for membrane components, possibly
through its partly hydrophobic flexible elongated complemen-
tarity-determining region (CDR) H3 loop, and it has also been
suggested that 2F5 might interact in a secondary manner with
other regions of gp41 (1, 10, 23, 32, 33, 55). Altogether, even
though the characteristics of 2F5 interaction with its linear
MPER consensus epitope have been described extensively, a
number of questions persist about the exact mechanism of 2F5
neutralization at a molecular level.

One such ambiguous area of the neutralization mechanism
of 2F5 is investigated in this study. Indeed, compared to
bnMAb 4E10, 2F5 is the more potent neutralizing antibody
although its breadth across different HIV-1 isolates is more
limited (6, 35). In an attempt to shed light on the exact mo-
lecular requirements for 2F5 recognition of its primary gp41
MPER epitope, we performed structural studies of 2F5 Fab�
with a variety of peptides. The remarkable breadth of possible
2F5 interactions reveals a somewhat surprising promiscuity of
the 2F5 binding site. Furthermore, we link our structural ob-
servations with the natural variation observed within the gp41
MPER and discuss possible routes of 2F5 escape from a mo-
lecular standpoint. Finally, our discovery of 2F5’s ability to
tolerate a rather broad spectrum of amino acids in its binding,
a spectrum that even includes nonnatural amino acids, opens
the door to new ways to design small-molecule immunogens
potentially capable of eliciting 2F5-like neutralizing antibodies.

MATERIALS AND METHODS

gp41 MPER sequence alignment analysis. The Epilign sequence alignment
and manipulation tool from the Los Alamos National Laboratory HIV database
(http://www.hiv.lanl.gov) was used to probe for gp41 MPER sequence variability.
A search was performed for protein residues 659 to 683 of HIV-1 Env. It resulted
in 1,766 aligned sequences. A Clustal W format file of all aligned sequences was
then used with the program WebLogo (16, 60) to qualitatively represent vari-
ability at each amino acid position of the gp41 MPER. Subsequently, aligned
sequences were manually divided by their clade information (clade A, 94 se-
quences; clade B, 529 sequences; clade C, 469 sequences; clade D, 61 sequences;
clade F, 19 sequences; clade G, 60 sequences; clade J, 2 sequences; clade AC, 41
sequences; clade AE, 71 sequences; clade AG, 75 sequences; clade BF, 68
sequences; clade BG, 4 sequences) and represented using WebLogo to show
gp41 MPER sequence variability by clade.

2F5 Fab� production and crystal complex formation. The bnMAb 2F5 amino
acid sequence and the preparation and purification of its 2F5 Fab� fragment have
been described elsewhere (9). 2F5 immunoglobulin G was a gift from Sanofi-
Pasteur. Peptides were gifts from either A. Pedyczak and P. Chong (Sanofi-
Pasteur) or were obtained commercially. Peptides dissolved in 20 mM Tris, pH
8.0, buffer at a concentration of 10 mM were added to a 8 to 10 mg/ml 2F5 Fab�
protein solution in the same buffer in a molar ratio ranging from 3:1 to 50:1.
Crystal screening was performed using the commercially available Hampton
Research Crystal Screen and ammonium sulfate grid screens. Initial crystal hits
were identified from Crystal Screen I condition 41 (0.1 M HEPES, pH 7.5, 10%
vol/vol 2-propanol, 20% [wt/vol] polyethylene glycol 4000) and from the ammo-
nium sulfate grid screen condition 8 (0.1 M citric acid, pH 5.0, 1.6 M ammonium
sulfate). Crystal complexes were refined using the hanging drop method at room
temperature, and most 2F5 Fab�-peptide crystals used for X-ray diffraction

experiments were obtained from a solution of 0.1 M citric acid, pH 5.6, and 1.6
M ammonium sulfate. As shown in Table 1, some 2F5 Fab�-peptide mixtures did
not form any crystals at all or only those of the free Fab� under the conditions of
the crystal screening procedure outlined above.

X-ray diffraction analysis. All diffraction data were collected on crystals
cooled to 100 K after being soaked in a cryoprotectant of 25% glycerol mixed
with mother liquor on a home source Rigaku FR-C rotating copper anode with
a Mar345 detector and/or at National Synchrotron Light Source synchrotron
station X8C. Data were processed with the program packages DENZO and
SCALEPACK (46). Most 2F5 Fab�-peptide complexes adopted space group
P212121 (a of �59.0 Å, b of �65.0 Å, and c of �175.6 Å) and grew as rectangular
prisms. Due to the long c-axis, high and low resolution data sets were collected
and subsequently merged. The structure of the 2F5 Fab�-peptide 1 crystal com-
plex was determined by molecular replacement using the program AMoRe with
the Protein Data Bank (PDB) entry 1CLZ as the search model (43). The con-
stant and variable regions were used as independent models. The correct solu-
tion showed one Fab� molecule per asymmetric unit and a correlation coefficient
of 35.3 (R � 47.3%) using data to 3.3 Å. The CNS package was used for
refinement (8). Real-space refinement was done using the programs O and Coot
(19, 26). Density for the peptides was clear and could be fitted unambiguously.
After numerous cycles of real-space, positional, and B-factor refinements were
performed, waters were included where peaks of �3.5 sigma were found in a
difference map at an appropriate distance from a donor or acceptor atom. Most
peptide complexes gave crystals isomorphous and isostructural to the 2F5 Fab�-
peptide 1 complex crystals. Figure images were generated using the program
PyMol (17).

RESULTS

MPER variation. Table 2 qualitatively depicts the sequence
variation of the HIV-1 gp41 MPER. Fifteen amino acid po-
sitions out of the 25 contained in this region are conserved
and show little to no variation: L660, L661, L663, D664, W666,
L669, W670, W672, F673, I675, W678, L679, W680, Y681, and I682.
Except for aspartic acid at position 664, all conserved posi-
tions are occupied by nonpolar or hydrophobic residues.
Interestingly, one-third of the conserved positions are tryp-
tophan residues. Looking more closely, it is clear that se-
quence variation in the gp41 MPER is highly influenced by
HIV-1 clade. Notably, position 662 is particularly variant in
clades B and D, whereas position 665 varies significantly in
clades C and D. Moreover, position 667 accommodates dif-
ferent residues in clade C, and position 677 varies consid-
erably in clade D.

The primary epitopes of bnMAbs 2F5, Z13, and 4E10 have
been mapped to the gp41 MPER. A buried surface area anal-
ysis of gp41 residues from the crystal structures of 2F5 (PDB
code 3D0L), 4E10 (PDB code 2FX7), and Z13 (PDB code
3FN0) reveal that the five residues with the largest buried
surfaces are L661, D664, K665, W666, and W670 for 2F5; W672,
F673, T676, L679, and W680 for 4E10; and W670, N671, D674, I675,
and T676 for Z13 (13, 27, 48). Clearly, the core residues rec-
ognized by 2F5 and 4E10 are more conserved than those rec-
ognized by Z13, which helps to explain the increased neutral-
ization breadth of the former pair of bnMAbs (44, 75). In the
case of 2F5, core residues are generally conserved although
significant variation is observed at position K665 in the case of
HIV-1 clades B, C, and D.

Table 1 contains a list of 7-mer peptides that were tested for
crystal complex formation with 2F5 Fab� and statistics of data
collection, processing, and structure refinement for these pep-
tides that formed complex crystals. Peptide 1 (ELDKWAS)
represents the consensus HXB2 reference of the primary 2F5
epitope amino acid sequence from HIV protein gp41 (42). The

VOL. 83, 2009 STRUCTURES OF 2F5 WITH A VARIETY OF gp41 MPER PEPTIDES 11863



structure of the complex of this peptide with 2F5 Fab� was
previously reported and described in detail (27, 45, 47). Briefly,
the antibody was shown to recognize the gp41 MPER in the
conformation of a type I �-turn centered on the DKW core
residues. The present study has as its objective to investigate
how tight the spatial restrictions are that govern the interaction
between the gp41 core epitope and the corresponding 2F5
paratope. First, alanine substitutions were made at all positions

of the ELDKWAS peptide. Subsequently, if such a substitution
was tolerated and a crystal complex could be obtained, substi-
tutions with amino acids found with a high frequency in the
gp41 MPER were attempted. When alanine substitutions were
not tolerated, only conservative substitutions were investi-
gated. Figure 1 is an overlay of all peptides reported in this
study and depicts the central �-turn conformation adopted by
residues at position 664 through 666.

Footnotes for Table 2 on facing page.
a The left column displays the overall sequence variability of HIV-1 Env residues 659 to 683 (gp41MPER) as well as sequence variability across
different HIV-1 clades as a WebLogo representation (16, 60). Briefly, the height of each logo represents the relative frequency of a given residue
at a particular position (see Materials and Methods for details). Single-letter representations of amino acids are color coded based on their
chemical properties: basic, blue; acidic, red; polar residues G, S, T, Y, and C, green; polar residues N and Q, purple; and hydrophobic, black.
b The right column displays the ability of 2FS to neutralize HIV-1 viruses of different clades as previously reported by Binley et al. (6). To stay
consistent with the original report, the data have been color coded according to the percentage of viruses that were neutralized: no viruses
neutralized, white; 31 to 60% of viruses neutralized, yellow; 61 to 90% of viruses neutralized, orange; and �90% of viruses neutralized, red.

TABLE 1. List of peptide sequences (with associated MPER residue variation) that were used for cocrystallization experiments
with 2F5 Fab�

Peptide Amino acid
sequence

Variation at
position:

X-ray diffraction dataa

Resolution
range (Å) Rsym (%) Complete (%) Rwork (%) Rfree (%) PDB ID

1 ELDKWAS HXB2b 12.0–2.00 3.5 (31.3) 90.0 (93.3) 23.2 25.8 2F5B
2 ALDKWAS 662 12.0–2.10 3.3 (38.6) 97.4 (96.9) 22.1 23.6 1U8H
3 ELAKWAS 664
4 ELEKWAS 664 50.0–2.24 6.0 (36.8) 85.6 (83.2) 22.8 23.8 1U8Q
5 ELNKWAS 664

6 ELQKWAS 664
7 ELDAWAS 665
8 DLDRWAS 662, 665 17.0–2.60 8.8 (35.6) 88.3 (88.0) 22.3 24.9 1U8L
9 ELDHWAS 665 80.0–2.24 5.6 (24.6) 96.9 (100) 21.0 23.9 1U95
10 ELD(Orn)WAS 665 80.0–2.24 4.6 (11.8) 91.3 (97.4) 22.9 22.7 3IDJ

11 ELD(Nrg)WAS 665 80.0–2.24 5.7 (31.3) 93.2 (99.9) 22.9 23.6 3IDM
12 ELD(Paf)WAS 665 50.0–2.25 6.3 (23.6) 97.4 (99.1) 22.0 23.8 3IDN
13 ELDEWAS 665
14 ELDKAAS 666
15 ELDKYAS 666 50.0–2.40 5.4 (36.4) 99.2 (96.3) 21.8 22.6 1U8M

16 ELDKFAS 666 50.0–2.56 9.6 (37.1) 92.2 (93.9) 20.5 23.1 1U8N
17 ELDKHAS 666 20.0–3.02 9.5 (34.7) 94.8 (93.7) 21.1 21.4 1U8O
18 ELDKIAS 666
19 ELDKLAS 666
20 ELDK(Nle)AS 666

21 ALDKWQN 662, 667, 668 30.0–2.10 8.3 (39.2) 99.9 (99.8) 21.2 23.0 3IDI
22 ALDKWD 662, 667 20.0–1.86 4.2 (29.9) 98.5 (99.5) 22.4 22.7 3IDG
23 ELDKWNSL 667 50.0–2.60 13.5 (35.2) 95.8 (90.3) 21.3 24.0 2PW1
24 ELDKWKSL 667 50.0–2.55 22.0 (39.0) 99.0 (98.5) 21.8 23.7 2PW2
25 ELDKWAN 668 17.0–2.00 5.9 (39.9) 97.1 (89.0) 23.4 24.7 1U8I

26 ELDKWAG 668 80.0–2.24 13.6 (27.3) 91.3 (96.5) 22.9 23.8 1U8J
27 ECDKWCS 663, 667 20.0–3.23 12.6 (30.2) 97.2 (97.8) 21.2 22.2 1U8P
28 E(Dap)DKWES 663, 667 80.0–2.24 10.9 (24.8) 94.0 (87.9) 22.5 24.9 1U92
29 EDDKW(Dap)S 663, 667 80.0–2.24 9.4 (20.0) 91.4 (88.1) 22.7 23.1 1U91
30 EEDKW(Dap)S 663, 667 80.0–2.37 9.6 (34.5) 92.0 (95.3) 24.0 23.6 1U93

31 E(Dap)DKWDS 663, 667
32 KLDNWAS 662, 665
33 ALDNWNN 662, 665, 667, 668

a Collection and refinement statistics are given for each 2F5 Fab�-peptide complex that formed crystals along with the PDB identifier (ID). The absence of data
indicates that no crystal complex was obtained. Values in parentheses are those for the highest-resolution bin.

b Reference sequence.
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Asp664 substitutions. To study the extent of variability al-
lowed in the DKW core itself, we started our analysis by in-
vestigating peptides carrying mutations in this core. Converting
the Asp664 side chain to a methyl group (peptide 3, ELAK
WAS) prevented complex formation with 2F5, consistent with
the lack of observable binding found in alanine scanning mu-
tagenesis studies on gp41 peptides (36). Similarly, substitutions
D664N (peptide 5, ELNKWAS) and D664Q (peptide 6, ELQ
KWAS) did not form complexes with 2F5 Fab�. A crystal
complex did form for peptide 4, ELEKWAS, which has the
conservative D664E substitution (Fig. 2). To achieve Fab�-
peptide complex formation, the concentration of this peptide
had to be 10-fold higher than the standard used, e.g., with the
consensus ELDKWAS peptide. The structure of the ELE
KWAS complex reveals that the side chain carboxylate makes
the same polar contacts as aspartate with heavy chain (H)
residue Arg(H)-95 and light chain (L) residue His(L)-96 of the
antibody, the amide bond of the peptide’s Trp666, and an
adjacent water molecule. In addition, a slight shift in the glu-
tamate side chain position compared to the aspartate side
chain allows it to come into closer proximity with residues
Tyr(H)-52 and Tyr(L)-94 of the antibody. Furthermore, the
backbone of the peptide does not exactly overlie that of refer-
ence peptide 1, and the B-factor of the �-carbon atom is 70.1
Å2 as opposed to 23.7 Å2 when aspartate is present. The
entropic penalty paid to stabilize the longer glutamic acid side
chain and, especially, limits on space leading to molecular
crowding may be responsible for the reduced affinity of this
peptide. These results indicate that the correct positioning of
the negative charge at position 664 is essential for epitope
recognition.

Lys665 substitutions. In a similar fashion to the Asp664
substitutions, we synthesized a peptide changing Lys665 to an
alanine residue (peptide 7, ELDAWAS). Again, we were un-
able to generate a complex of this peptide with 2F5 Fab�.
Replacing position 665 with a negatively charged glutamic acid

(peptide 13, ELDEWAS) also failed to produce complex crys-
tals.

The conservative substitution of Lys665 for arginine in pep-
tide 8 (DLDRWAS) led to complex crystal formation with 2F5
Fab� (Fig. 3B). As expected, the extended alkyl chain of argi-
nine occupies the same space as that of lysine from the refer-
ence peptide, forming hydrophobic alkyl-� stacking interac-
tions with the peptide tryptophan and heavy chain Tyr(H)-52.
The positive charge at the end of the arginine side chain
interacts in the same way with the Asp(H)-54 carboxylate as
the corresponding positive charge of lysine but is no longer
able to interact with Asp(H)-56. It should also be noted that
two water molecules making hydrogen bonding interactions
near Lys665 observed in the reference peptide structure are
absent in the Fab�–DLDRWAS structure.

Another allowed substitution is a histidine residue in place
of Lys665 (peptide 9, ELDHWAS) (Fig. 3D). Crystallization of
this peptide with 2F5 Fab� was done using sodium citrate, pH
5.6, and at this pH, the histidine is protonated and positively
charged, making contact with the Asp(H)-56 side chain car-
boxylate. Alternate rotamer conformations of the imidazole
ring could also lead to the positive charge making contacts with
Asp(H)-54, which is also an interaction partner for Lys665 in
the reference peptide. Another interesting feature in this struc-
ture is the tight semiperpendicular stacking between the imi-
dazole and indole rings of the peptide (the distance between
the imidazole � carbon and the indole carbons of the six-
membered ring varies between 3.3Å and 3.8Å) and partially
parallel stacking arrangement with Tyr(H)-52 of the Fab� (the
distance between the histidine �, 	, and ε carbons and the
phenol ring carbons varies between 3.7 Å and 4.1 Å).

Ornithine is an analogue of lysine, but its alkyl chain is one
methylene group shorter than that of lysine. When lysine was
replaced with ornithine at position 665 (peptide 10, ELD[Orn]
WAS) a new water network formed around position 665 (Fig.
3A). In the ELDKWAS structure, the positively charged
amino group hydrogen bonds directly with the negatively
charged side chains of 2F5 Fab� residues Asp(H)-54 and
Asp(H)-56. When ornithine is substituted for lysine, a water

FIG. 2. Crystal structures of 2F5 Fab� in complex with peptides
probing substitutions at position 664 of the MPER. The reference
peptide ELDKWAS is shown in light gray, whereas peptide ELE
KWAS is shown in green. A white rendering of the 2F5 Fab� paratope
surface is shown in the background.

FIG. 1. Overlay of all MPER representing peptides (except for
constrained peptides) characterized in complex with 2F5 Fab� reported
in the present structural study. All peptides are seen to adopt a type 1
�-turn conformation. Peptides are shown in gray as a cartoon repre-
sentation with side chain positions shown as stick models. An electro-
static potential of the 2F5 Fab� paratope is shown in the background,
with red, blue, and white regions representing negatively charged,
positively charged, and noncharged areas, respectively.
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molecule now forms a bridge between the amino group at the
tip of the shorter side chain of ornithine and Asp(H)-54 as well
as Asp(H)-56. Two additional water molecules also create sec-
ondary bridging between the retracted ornithine amino group
and side chains of the Fab�, including Ser(H)-53.

Nitroarginine corresponds to an extended arginine that
carries an additional nitro group on its guanidinium group.
In peptide 11 (ELD[Nrg]WAS), Lys665 was replaced with
nitroarginine (Fig. 3C). Mirroring the results of the closely
related K665R substitution, the positively charged guani-

dinium group again forms a hydrogen bond with the negatively
charged Asp(H)-54 side chain and stacking interactions with
the surrounding ring systems. As in the case of the K665R
substitution, however, no direct contact is observed to the side
chain of Asp(H)-56. Furthermore, the additional negatively
charged nitro group forms a hydrogen bond with Ser(H)-53 as
well as the main chain peptide nitrogen of Gly(H)-33. The
nitro group is now stationed in the same region previously
occupied by two water molecules in the peptide with the K665-
ornithine substitution.

FIG. 3. Crystal structures of 2F5 Fab� in complex with peptides probing substitutions at position 665 of the MPER. The reference peptide
ELDKWAS is shown in light gray, whereas peptides ELD(Orn)WAS (A), ELDRWAS (B), ELD(Nrg)WAS (C), ELDHWAS (D), and
ELD(Paf)WAS (E) are shown in green. A white rendering of the 2F5 Fab� paratope surface is shown in the background.
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p-Aminophenylalanine is a nonnatural amino acid that was
put in place of Lys665 in peptide 12 (ELDPafWAS), for which
a crystal complex was obtained (Fig. 3E). The structure re-
vealed that the plane of the cyclic side chain is exactly super-
imposable with the imidazole ring of histidine in peptide 9
(ELDHWAS; K665H substitution). The amino group of this
side chain now interacts with Asp(H)-54 and is bridged to
Ser(H)-33 via an additional water molecule, in the same way as
was seen in peptide 10 (ELD[Orn]WAS). Taken together,
these results suggest that the 2F5 paratope can accommodate
alternative interactions in the 665 binding region as long as key
hydrophobic stacking interactions and hydrogen bonding net-
works are conserved. However, no substitutes at position 665
reproduce exactly the interactions observed between 2F5 and
Lys665.

Trp666 substitutions. Consistent with alanine scanning mu-
tagenesis studies, peptide 14 (ELDKAAS) did not form a crys-
tal complex (36). We synthesized a series of peptides with
conservative amino acid substitutions at position 666: peptide
15 (ELDKYAS), peptide 16 (ELDKFAS), peptide 17 (ELDK
HAS), peptide 18 (ELDKIAS), peptide 19 (ELDKLAS), and
peptide 20, with a nonnatural amino acid substitution with
norleucine (ELDK[Nle]AS). Of these, only peptides carrying
substitutions with amino acids having aromatic side chains
formed complexes with 2F5 Fab� (Fig. 4) while substitutions
with amino acids with hydrophobic alkyl side chains, i.e., iso-

leucine, leucine, and norleucine, did not. In the three struc-
tures for which a crystal complex was obtained, the different
rings all occupy the same space as the indole ring plane of
Trp666. Hydrophobic alkyl-� stacking interactions were ob-
served between the ring at position 666 and the Lys665 alkyl
side chain, as well as van der Waals contacts with Pro(H)-98
and Val(H)-100K of 2F5. Furthermore, the position of a key
water molecule located below the indole ring in the reference
structure is conserved in all three structures. In the reference
peptide structure, this water molecule bridges the ε nitrogen of
the Trp666 indole ring with the backbone carbonyl Gly(H)-33.

In the case of the ELDKYAS peptide, the terminal tyrosine
hydroxyl interacts directly with the backbone carbonyl of
Gly(H)-33 as well as with the conserved water molecule below
the ring. Interestingly, for the W666F substitution, the con-
served water molecule is observed even though phenylalanine
lacks a polar functional group to coordinate via hydrogen
bonding. Finally, replacement of the Trp666 position with his-
tidine required a buffer with a pH of �7.0 to form a crystal
complex with 2F5 Fab�. Obviously, a histidine residue is toler-
ated in position 666 only when uncharged. In this structure, the
uncharged imidazole ring occupies a similar position as the
indole, phenyl, and phenol rings and makes a similar water-
bridged contact to Gly(H)-33. Also of notice in this structure,
the Asp664 side chain is slightly shifted toward the imidazole
ring, making tighter contacts with the peptide backbone amide.

FIG. 4. Crystal structures of 2F5 Fab� in complex with peptides probing substitutions at position 666 of the MPER. The reference peptide
ELDKWAS is shown in light gray, whereas peptides ELDKYAS (A), ELDKFAS (B), and ELDKHAS (C) are shown in green. A white rendering
of the 2F5 Fab� paratope surface is shown in the background.
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Depending on the rotamer conformation of histidine, the
Asp664 side chain could also directly interact via hydrogen
bonding with the side chain of His666.

These results indicate that hydrophobic alkyl-� stacking in-
teractions between a planar aromatic residue at position 666
and the extended alkyl chain of the previous residue at position
665 are an important structural feature of the DKW core
�-turn and key to the stability of the epitope-2F5 Fab� inter-
action. Linear alkyl side chains (norleucine) and branched
alkyl side chains (isoleucine and leucine) are unable to form
tight stable van der Waals interactions with the lysine side
chain and residues of the 2F5 paratope, hence, disrupting
�-turn stability.

Substitutions outside of the DKW core. In the ELDKWAS
reference structure, Glu662 interacts via hydrogen bonding
with Arg(H)-58 and two water molecules. In the case of the
D662A substitution (peptide 2, ALDKWAS), the alanine res-
idue lacks any interaction with Arg(H)-58, as was expected
(Fig. 5A). The loss of the glutamate side chain leads to a
rearrangement in the water network around position 662. In
particular, a water molecule appears in place of the glutamate
functional group to interact with Arg(H)-58.

Leu663 is invariant across HIV-1 isolates, and 2F5 interacts
with conserved Leu663 through hydrophobic van der Waals
contacts with residues His(L)-92 and Phe(L)-93 (45). There-
fore, this position was changed to only residues that allowed
the cyclization of the peptide in our efforts to favor �-turn
formation, as described below.

Position 667 is particularly interesting to study at the molec-
ular level because it shows significant variability across viruses
of different clades. For peptide 21 (ALDKWQN), clear elec-
tron density is observed for residues Ala662 through Trp666,
but it quickly fades after that with no interpretable electron
density for residues Gln667 and Asn668, which suggests that
these amino acids do not adopt a unique stable conformation
(Fig. 5B). This could indicate an inability of these residues to
make stabilizing interactions with the antibody or with other
components of the linear sequence, such as Leu663. To further
investigate the role of various amino acids at position 667,
peptides 22 (ALDKWD), 23 (ELDKWNSL), and 24 (ELDK
WKSL) were synthesized. In the case of ALDKWD, the side
chain of Asp667 interacts with His(L)-92 and Arg(H)-100H
(Fig. 5C). It replaces a water molecule interacting with
His(L)-92 in the reference ELDKWAS structure. As previ-
ously documented, in the present P212121 crystal system, the
position of Arg(H)-100H is determined by crystal lattice inter-
actions. Therefore, the interaction between Asp667 and
Arg(H)-100H might not be representative of the interaction
observed in a biological context (see reference 27 for a com-
plete discussion). Nevertheless, this crystal structure docu-
ments that 2F5 is able to accommodate an aspartic acid at
position 667. When 2F5 Fab� is crystallized in complex with the
peptide ELDKWNSL, electron density for all residues is ob-
served (Fig. 5D). The asparagine side chain, however, does not
engage in the same contacts with residues of the Fab� that
aspartate had formed. Instead, it packs tightly against Leu663,
at a distance of �3.5 Å, and makes a hydrogen bond interac-
tion with a conserved water, which in turn coordinates with
Arg(H)-100H. This is a significant decrease in distance be-
tween the 663 and 667 positions, which is �4.0 Å in the ref-

erence ELDKWAS peptide. It is possible to see from the
electron density that Leu663 moves back slightly compared to
the reference structure in order to accommodate a bulkier side
chain at position 667. Also, this structure shows a significant
difference in the direction of the C terminal residues, which
now fold back toward Trp666. This can be attributed to the
addition of Leu669 to the peptide, which has been previously
described to be part of a canonical �-helical turn when the
peptide epitope is extended (27). Finally, when a lysine residue
is introduced at position 667, no clear electron density is ob-
served for residues Lys667, Ser668, and Leu669 (Fig. 5E). This
is similar to the structure of the Fab� with peptide 21 (ALDK
WQN), with the bulky glutamine amino acid at position 667.
These data suggest that a residue with a bulky side chain at
position 667 might prevent residues located at the C terminus
of the DKW core from adopting the proper conformation
recognized by 2F5 because of clashing interactions, particularly
with Leu663.

In the reference sequence, position 668 is occupied by
serine. Previous reports demonstrated that Ser668 does not
interact with 2F5 (45). Substitutions at this position are there-
fore not expected to have major effects on the overall peptide
structure as recognized by 2F5. The most commonly observed
substitution at this position is S668N. Crystal structures of the
2F5 Fab� in complex with peptides 25 (ELDKWAN) and 26
(ELDKWAG) revealed no difference in core binding (Fig. 5F
and G). Worth mentioning, the asparagine residue of peptide
25 forms hydrogen bonds to Arg(H)-100H, providing this pep-
tide with additional interactions with the Fab� compared to the
reference peptide. However, as was previously mentioned, this
interaction with Arg(H)-100H is probably compromised by
crystal lattice interactions.

Cyclic peptides. In an attempt to constrain the �-turn motif,
peptides 27 (ECDKWCS), 28 [E(Dap)DKWES, where Dap is
L-�-diaminopropionic acid], 29 [EDDKW(Dap)S], 30 [EEDK
W(Dap)S], and 31 [E(Dap)DKWDS] were synthesized and
mixed with 2F5 Fab�. All but the E(Dap)DKWDS peptide
formed crystal complexes. Peptide ECDKWCS has Leu663
and Ala667 replaced with cysteine residues (i and i 
 4, re-
spectively). Under oxidative conditions, a disulfide bond forms
to constrain the �-turn. Figure 6A shows how the essential
�-turn conformation and contacts seen in reference peptide 1
are conserved.

An alternative method to constrain the �-turn was to
create a lactam bridge between residues at the same posi-
tion. This was done by incorporating an aspartate (peptide
29) and glutamate (peptide 30) residue in the i position and
Dap in the i 
 4 position, reacting to generate a lactam
bridge. Figure 6B and C show the resulting complexes with
2F5 Fab� using the aspartate and glutamate residue in the i
position, respectively. The DKW core residues of both pep-
tides superimpose in the same positions as reference pep-
tide 1 without structural variation, demonstrating that the
lactam bridge is sufficient in constraining the �-turn confor-
mation. The extra methylene group (	-carbon) of the glu-
tamate side chain does not adversely affect the conformation
as it bulges out away from the Fab� while the Dap �-carbon
is in the same position as the native alanine �-carbon. Fur-
thermore, in these structures an additional water molecule
is observed interacting with the carbonyl of the lactam bond.
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FIG. 5. Crystal structures of 2F5 Fab� in complex with peptides probing substitutions outside the DKW core, namely, positions 662, 667, and
668 of the MPER. The reference peptide ELDKWAS is shown in light gray, whereas peptides ALDKWAS (A), ALDKWQN (B), ALDKWD (C),
ELDKWNSL (D), ELDKWKSL (E), ELDKWAN (F), and ELDKWAG (G) are shown in green. A white rendering of the 2F5 Fab� paratope
surface is shown in the background. For substitutions at position 667, an Fo � Fc electron density composite omit map at a 2.5 sigma level are
represented in a blue mesh.
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When the residues are reversed such that the Dap group is
in the i position and a glutamate is at the i 
 4 position, a
crystal complex forms with 2F5 Fab� (peptide 28) (Fig. 6D). In
this structure the �-carbon of the glutamate is shifted away
from the optimal positions of the native alanine structure, and
unlike peptides 29 and 30, the methylene groups of the side
chain point toward the Fab� body. The use of an aspartate
residue at the i 
 4 position [E(Dap)DKWDS] did not allow
for complex formation with 2F5 Fab�. The shorter side chain
coupled with the backbone shift probably generated a highly
constrained peptide unable to maintain a stable �-turn and
bind properly to 2F5 Fab�.

DISCUSSION

Conformational flexibility of the gp41 MPER (�-helix,
kinked �-helix, 310-helix, or �-turn) has been suggested to be a
characteristic feature of gp41 and to play an important role in
HIV membrane fusion (7, 27, 45, 47, 48, 59, 65). This dynamic
aspect of the MPER, in addition to its amphipathic properties,
and its ability to oligomerize and to interact with other proteins
will put a significant constraint on its amino acid composition
(2, 3, 40, 53, 63, 64, 72). Indeed, sequence variation within the
MPER (especially for residues L660, L661, L663, D664, W666,
L669, W670, W672, F673, I675, W678, L679, W680, Y681. and I682),
is minimal, especially compared to other regions of the Env
protein. The relatively conserved nature of the MPER se-
quence helps to explain in part its recognition by three neu-
tralizing antibodies of broad activity with epitopes on the gp41

MPER (2F5, Z13, and 4E10). Furthermore, the neutralizing
breadth of these three bnMAbs (4E10 � 2F5 � Z13) seems to
correlate directly with the conserved nature of the linear
stretch of amino acids they recognize.

As shown in this study as well as in previous reports, 2F5
recognizes a core 664DKW666 �-turn motif (27, 45, 47). gp41
sequence analysis revealed that the aspartic acid and trypto-
phan residues of the 664DKW666 core are highly invariant and
completely conserved, respectively, among all HIV isolates
(Table 2). The crystal structures presented in this study expose
a strict requirement for a negative charge at position 664.
Indeed, no crystal complex was isolated when the peptide
epitope had D664A, D664N, or D664Q substitutions. More-
over, even though the D664E substitution yielded a complex
crystal, the longer side chain of glutamate seems to destabilize
the peptide conformation (higher overall B factors for the
peptide), with a loss in affinity as evidenced by the much higher
concentration of peptide required to obtain complex crystal
growth. Overall, it seems clear that 2F5 has gained an ability to
recognize an invariant aspartic acid at position 664. Position
666 is able to accommodate residues with planar side chains
(such as tyrosine, phenylalanine, and histidine), but no crystal
complex forms with residues possessing branched nonpolar
side chains at this position. Clearly, this indicates the require-
ment for specific hydrophobic alkyl-� stacking interactions be-
tween the planar side chain at position 666 with an extended
alkyl chain at position 665, as well as van der Waals contacts
with Pro(H)-98 and Val(H)-100K of 2F5. Although the con-
served nature of positions 664 and 666 do not require 2F5 to be

FIG. 6. Crystal structures of 2F5 Fab� in complex with peptides harboring �-turn stabilizing linkages between positions 663 and 667 of the
MPER. The reference peptide ELDKWAS is shown in light gray, whereas peptides ECDKWCS (A), ENDKW(Dap)S (B), EQDKW(Dap)S (C),
and E(Dap)DKWQS (D) are shown in green. A white rendering of the 2F5 Fab� paratope surface is shown in the background.
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promiscuous in its recognition, the insights gained from the
structures of 2F5 Fab� with peptides having substitutions at
these positions are useful for understanding key binding inter-
actions and should help in immunogen design efforts.

On the other hand lysine 665, another residue participating
in the �-turn motif recognized by 2F5, varies considerably in
the known HIV-1 sequences. Overall, lysine 665 is seen to be
most commonly replaced by serine, glutamine, or threonine
residues, with serine being the prevalent residue at position
665 in HIV-1 clade C isolates. The present study does not
report on the structural determination of peptides with these
substitutions at position 665. However, it is clear from the
interaction between the positively charged side chain amine of
lysine 665 and the two negatively charged residues Asp(H)-54
and Asp(H)-56 at the apex of the CDR H2 that the recognition
of 2F5 for its epitope relies heavily on these ionic interactions.
In addition to the lack of a positive charge, the presence of a
serine, glutamine, or threonine residue at position 665 could
lead to the disruption of proper hydrophobic stacking interac-
tions with Trp666 and hence a destabilization of the �-turn.
Therefore, we suggest that one of the major limitations of 2F5
neutralization breadth resides in its dependency for an ex-
tended positively charged residue at variable position 665.

All peptides with 665 substitutions that were able to form
crystal complexes possessed both an extended chain capable of
hydrophobic stacking interactions as well as a nitrogen-con-
taining functional group, positively charged in most structures,
capable of interacting with either Asp(H)-54 or Asp(H)-56 of
2F5. It may be promising that compounds other than naturally
occurring amino acids can be used to mimic the extended
lysine and tryptophan conformations. Such peptide mimicry
perhaps can be a foundation for the synthesis of a synthetic
small-molecule vaccine. However, none of the substitutes used
at position 665 in this study were able to recreate the exact
interaction of a positive charge with both Asp(H)-54 and
Asp(H)-56, and these peptides might therefore show limita-
tions in their ability to elicit 2F5-like antibodies.

Position 662 is quite variable in gp41 MPER and is predom-
inantly occupied in HIV-1 isolates by alanine and glutamic acid
residues. The ability of 2F5 to make hydrogen bonding inter-
actions with the carboxylate of Glu662 via Arg(H)-58 and
Tyr(L)-94 suggests that this antibody has matured to interact
with a negative charge at this position. However, the present
crystal structure of 2F5 Fab� in complex with a peptide har-
boring the E662A substitution reveals that the antibody is able
to adapt to the loss of the functional group at position 662.
This analysis corresponds to neutralization assays which show
that 2F5 is able to neutralize effectively isolates with mutations
at position 662 although the efficacy at which it does so might
be reduced (6). Finally, position 667 is most commonly occu-
pied by a small alanine residue although it is particularly vari-
able in clade C and F isolates, where residues like lysine,
asparagine, glutamine, and aspartic acid are often observed.
The crystal structures presented here reveal the ability of 2F5
to adapt its binding to accommodate A667D and A667N sub-
stitutions, but substitutions with residues possessing elongated
side chains such as lysine and glutamine seem to disrupt proper
binding at the C terminus of the DKW core. As reported in
Binley et al. (6), most viruses able to evade neutralization by
2F5 have mutations in the linear DKW core. However, it has

also been previously observed that sequences with a conserved
DKW motif but possessing 667 substitutions such as isolate
SG364 (662ALDKWNQ668) are able to escape 2F5 neutraliza-
tion (6). Combined with our structural studies, these observa-
tions lead us to propose that a secondary 2F5 neutralization
escape mechanism involves substitution from an alanine at
position 667 to a residue with a bulky side chain, as is often
observed in HIV-1 clade C isolates.

Since 2F5 is such a potent HIV-1 neutralizing antibody for
isolates possessing the LDKWA core, many efforts have been
put forward to create immunogens possessing a constrained
�-turn motif of this sequence in order to elicit 2F5-like anti-
bodies (4, 14, 18, 20, 31). One of the approaches to constrain
a �-turn conformation involves creating a connection between
the i and i 
 4 �-turn residues in a peptide, namely, Leu663
and Ala667, either via disulfide linkage or lactam covalent
bonds. The present crystal structures of such constrained pep-
tides show the ability of 2F5 to interact with such peptides in a
way that reproduces the interactions observed in the native
peptide. In previous studies, these �-turn-constrained gp41
peptides were tested to determine whether they were sufficient
to elicit antibodies capable of neutralizing HIV-1; however,
even though these peptides generated very-high-titer antisera,
HIV-1 neutralization was not observed (34). Nuclear magnetic
resonance analysis revealed that these constrained peptides
formed a stable �-turn conformation in solution (34). How-
ever, the specific conformations of the DKW side chains that
are adopted in solution are probably quite different from those
found in the crystal structure. Indeed, a direct cation-� inter-
action between the terminal amino group of the Lys665 and
Trp666 in solution differs from the stacking interaction ob-
served in the crystal structure whereby the methylene groups of
the extended Lys665 are stacked in an alkyl-� fashion against
the Trp666 indole ring. This suggests that both proper DKW
�-turn conformation and DKW side chain positions are crucial
for designing immunogens capable of eliciting 2F5-like neu-
tralizing antibodies.

Our structural analysis reveals multiple water molecules un-
dergoing key interactions with the 2F5 paratope and the gp41
peptide epitope. Of particular interest are two conserved water
molecules that mediate the binding of the gp41 epitope to the
2F5 paratope in all structures; one of them is located below the
indole nitrogen of Trp666 and makes hydrogen bonding inter-
actions with the backbone carbonyls of 2F5 Gly(H)-33 and
Arg(H)-96, and the second one is placed next to Asp664 and
hydrogen bonds to the 2F5 backbone carbonyl of Leu(L)-91
and the side chain NH group of Asn(H)-100L. These findings
suggest that a synthetic immunogen looking to elicit 2F5-like
neutralizing antibodies could take advantage of these water-
binding sites by incorporating water displacement in its design,
thereby decreasing the entropy of binding while maintaining
the interaction enthalpy.

While it remains uncertain why the MPER 664DKW666

�-turn conformation is required for successful HIV fusion to
CD4
 T cells, this MPER motif has been the target of much
scrutiny for vaccine design. The current study highlights the
importance in immunogen design of the correct positioning of
the negative charge of Asp664 and the hydrophobic interac-
tions of Trp666, from which 2F5 gets most of its neutralization
potency and breadth. Positions 665 and 667 were identified at
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the molecular level as particular determinants of 2F5 neutral-
ization potency and also of neutralization escape. We suggest
that evolving 2F5 in vitro to rely less on variable residues and
more on conserved MPER residues (such as Leu661 or
Leu663) might be a way to increase both neutralization breath
and potency, as was described for bnMAbs Z13 and Z13e1
(44). Finally, we emphasize that other components of the 2F5
interaction with HIV-1 in vivo, such as a canonical �-helical
turn at the C terminus of the DKW core, a phosphate ion at
the base of the CDR H3 loop, and possible interactions of
CDR H3 residues with membrane components, albeit very
challenging, nevertheless, have to be included in a successful
immunogen. However, the correct presentation of the main
determinant of 2F5 binding, the DKW core, should remain the
priority in the design of immunogens intended to elicit 2F5-like
neutralizing antibodies (Fig. 7).
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