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ABSTRACT: The peptide gp41659-671 (ELLELDKWASLWN) comprises the entire epitope for one of the
three known antibodies capable of neutralizing a broad spectrum of primary HIV-1 isolates and is the
only such epitope that is sequential. Here we present the NMR structure of gp41659-671 in water. This
peptide forms a monomeric 310-helix stabilized byi,i+3 side chain-side chain interactions favored by its
primary sequence. In this conformation the peptide presents an exposed surface, which is mostly
hydrophobic and consists of conserved HIV-1 residues. The presence of the 310-helix is confirmed by its
characteristic CD pattern. Studies of the 310-helix have been hampered by the absence of a model peptide
adopting this conformation. gp41659-671 can serve as such a model to investigate the spectral characteristics
of the 310-helix, the factors that influence its stability, and the propensity of different amino acids to form
a 310-helix. The observation that the 310-helical conformation is highly populated in the peptide gp41659-671

indicates that the corresponding segment in the cognate protein is an autonomous folding unit. As such,
it is very likely that the helical conformation is maintained in gp41 throughout the different tertiary structures
of the envelope protein that form during the process of viral fusion. However, the exposure of the gp41659-671

segment may vary, leading to changes in the reactivity of anti-gp41 antibodies in the different stages of
viral fusion. Since gp41659-671 is an autonomous folding unit, peptide immunogens consisting of the
complete gp41659-671 sequence are likely to induce antibodies highly cross-reactive with HIV-1.

The protein gp160 of the human immunodeficiency virus
type 1 (HIV-1)1 is the precursor of the surface glycoproteins
gp120 and gp41. The latter is a transmembrane protein that
mediates the fusion of the virus with host cells. The three-
dimensional structure of the HIV-1 gp41 core, made of two
segments containing heptad leucine/isoleucine repeats, N36
(gp41546-581) and C34 (gp41628-661), was solved by X-ray
crystallography (1-3), and the structure of the SIV gp41
core was solved by multidimensional NMR (4). The gp41

core is a six-helix bundle that exhibits structural similarity
to other fusion proteins such as the hemagglutinin fusion
protein of the influenza virus (5) and is assumed to be the
fusogenic or postfusogenic form of this protein (6). Antibod-
ies against this structure do not seem to neutralize the virus
possibly because once the six-helical coiled-coil structure is
formed in the fusion process, gp41 is not accessible to HIV-1
neutralizing antibodies (7).

The C-terminal region (residues 660-683) of the gp41
ectodomain preceding the membrane-spanning domain is rich
in tryptophan residues that are conserved in lentiviruses (8).
Deletion of residues 660-670 (LLELDKWASLW) results
in partial dissociation of the oligomeric structure of gp41
(9), abolishes fusion, and decreases gp160 precursor cleav-
age. Mutation of the first three tryptophan residues (W666,
W670, and W672) suffices to eliminate viral fusion (8).

The C-terminal tryptophan-rich region overlaps the peptide
T-20 (gp41638-673), which is a strong inhibitor of HIV-1
fusion with an EC50 of 0.5 ng/mL (10). This peptide is
presently in a phase III clinical trial (11). In contrast to all
currently available anti-HIV drugs that inhibit the virus in
already infected cells, T-20 is expected to represent a new
class of anti HIV-1 drugs that inhibit the fusion of the virus
with its target cells, thus preventing infection of new cells.
A peptide corresponding to the C-terminal residues 661-
673 of T-20 inhibits HIV-1 infection with an EC50 of 20 µg
mL-1.
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The tryptophan-rich domain of gp41 includes also the
ELDKWA sequence that is the core epitope for the HIV-1
neutralizing monoclonal antibody 2F5 (12). MALDI-MS
protection assay suggested that the complete 2F5 epitope
consists of 16 residues mapped to gp41656-671 (13). The 2F5
antibody has a 5-fold higher affinity to the gp41659-671peptide
in comparison to its affinity to gp41 [Ka of 1.3 × 109 M-1

in comparison with 2.4× 108 M-1 (14)], indicating that
gp41659-671 contains all residues important for 2F5 binding.
Only three antibodies, 2F5, 2G12, and G1b12, were found
to be capable of neutralizing a broad spectrum of primary
HIV-1 isolates (15). Passive immunization with these
antibodies and especially their combination protect macaques
against a challenge of a pathogenic HIV-1/SIV chimeric virus
(16, 17). Immunogens that present the epitopes of these three
antibodies in a way that mimics their structure on native
HIV-1 may be an important component of an anti-HIV-1
vaccine (7, 13, 18).

The antibody 2F5 binds the gp120/gp41 complex, and its
affinity diminishes after CD4 binding to gp120 (19). It has
been shown recently that 2F5 binding to the peptide C43
(gp41624-666) is inhibited by preincubation of C43 with the
peptide N51 (gp41540-590) as a result of complex formation
between these two peptides (20). These findings indicate that
the 2F5 epitope is exposed in the prefusogenic form of gp41
(before CD4 binding to gp120) and is occluded or disrupted
in the fusogenic form of gp41 (after CD4 binding to gp120).
The structure of gp41 in the prefusogenic form, which is
the structure relevant for vaccine development, is not known.

The 310-helix is the fourth most common secondary
structural motif in proteins. Three to four percent of residues
in crystal structures of proteins are in 310-helices, accounting
for 20% of the observed helices (21) in these biopolymers.
Due to a decreased stability of the 310-helices in comparison
to R-helices, segments in a 310-helical conformation are
usually very short and on average only three to four residues
long (21). The 310-helix has recently attracted the attention
of biochemists and structural biologists, and it has been
suggested that it may act as a folding intermediate inR-helix
formation (22, 23). The first water-soluble 310-helical peptide
was reported recently, but it was composed only of unnatural
amino acids (24), and five CR-tetrasubstitutedR-amino acids
stabilized the 310-helix conformation in this heptapeptide.
These unnatural amino acids lackR protons necessary for
NMR detection of theRN(i,i+2) andRN(i,i+4) NOEs that
differentiate a 310-helix from anR-helix and theRN(i,i+3)
andRâ(i,i+3) NOEs that characterize both helices and which
can be used to estimate the relative populations of 310- and
R-helices (23, 25, 26).

Here we report that a nine residue long 310-helix is formed
in water by a monomeric tridecapeptide corresponding to
residues 659-671 (ELLELDKWASLWN) of the envelope
glycoprotein gp41 of HIV-1 (gp41659-671). The gp41659-671

peptide contains the entire epitope of the HIV-1 neutralizing
antibody 2F5. This peptide can be used to characterize the
spectral properties of 310-helices and to investigate the
parameters that stabilize this type of helical conformation.
Since gp41659-671 is an autonomous folding unit, it most
likely represents the structure of the corresponding segment
in gp41, and therefore immunogens consisting of the
complete gp41659-671 sequence are likely to induce antibodies
highly cross-reactive with HIV-1.

EXPERIMENTAL PROCEDURES

Peptide Synthesis.The peptides ELLELDKWASLWN
(gp41659-671) and Ac-ELLELDKWASLWN-NH2 (Ac-
gp41659-671-NH2) were synthesized on an Applied Biosystems
peptide synthesizer. The crude peptides were purified on a
Vydac polymer column using an acetonitrile gradient. The
water and acetonitrile contained 0.1% NH3. The peptide
sequences were verified by mass spectrometry and amino
acid analysis.

Sample Preparation.NMR samples were prepared by
dissolving the peptide in a 50 mM aqueous solution of CD3-
COONH4, pH 7.7, containing 0.05% NaN3. The 95% H2O/
5% D2O contained 1.85 mM peptide, and the 99.9% D2O
solution contained 3 mM peptide.

Circular Dichroism Studies.The CD spectra of the peptide
were recorded on an AVIV model 62 DS CD instrument
(AVIV Associates, Lakewood, NJ) at 277, 283, and 298 K.
Data were scanned at 1 nm intervals, and five spectra were
averaged for each condition. Peptide concentrations in
solutions were determined from UV measurements at 280
nm using an extinction coefficient of 7000 M-1 cm-1 per
Trp residue. CD intensities are expressed as mean residue
ellipticities (deg‚cm2 dmol-1).

Diffusion Coefficient Measurements.A longitudinal encode-
decode (LED) experiment (27) was used for measurements
of translational self-diffusion coefficients on a Bruker
DMX400 spectrometer using a 5 mmtriple resonance probe
with a single gradient (Z). The diffusion coefficient was
measured in triplicate at two concentrations of the gp41659-671

and Ac-gp41659-671-NH2 peptides (3 mM, 0.1 mM) in 50 mM
ammonium acetate buffer, pH 7.7, in D2O. Diffusion
coefficients were measured with 3 ms duration of the field
gradient and 100 ms delay between the gradients. Measure-
ments were carried out at 277 K using 62 G/cm Z-gradient.
A series of 10 spectra were recorded in 2D mode for each
measurement.

Sedimentation Equilibrium Measurement.Sedimentation
equilibrium measurements were conducted in a Beckman
XL-A analytical ultracentrifuge. Sample concentration was
limited to 0.1 mM due to the high extinction coefficient of
the peptide. The buffer and the pH conditions were identical
to those in the NMR and the diffusion measurements.
Equilibrium data were collected at 42000 rpm at 277 K.
Concentration gradients were monitored by the absorbance
at 280 nm. Equilibrium had been reached after 5 days.

NMR Measurements.NMR spectra were recorded on
Bruker DMX 500 MHz and DRX 800 MHz spectrometers
(Bruker). Measurements were conducted at 277 K. NOESY
(28) measurements in H2O used a water-flip back pulse and
a 3-9-19 WATERGATE (water suppression by gradient
tailored excitation) pulse sequence with gradients for water
suppression (29). 3JHNR coupling constants were measured
from a 1D spectrum. For each residue the amide protonT2

relaxation time was determined using a 1,1-echo sequence.
Stereospecific Assignment.For stereospecific assignment

two additional NOESY spectra were recorded in H2O and
D2O solutions with a short mixing time of 80 ms, and the
intensities of the HN/Hâ and HR/Hâ cross-peaks were
compared. A DQF-COSY spectrum in D2O was recorded
under the same conditions to obtain3JHRHâ couplings. The
data from these three experiments were used to determine
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the ø1 dihedral angles (30) of residues E662, W666, S668,
and W670.

Experimental Constraints.NOESY spectra were acquired
using a 250 ms mixing time. The HN(i)/HR(i+1) NOE was
used for distance calibration. NOE-derived distances (202)
were constrained between 1.8 Å and 130% of the calculated
distance (30). Theφ dihedral angles along the polypeptide
backbone were constrained between-62 ( 25° (30) for all
of the amino acids exhibiting3JHNR <5.6 Hz, resulting in
nine dihedral angle constraints. For E662, W666, and W670
theø1 dihedral angle was constrained to 180( 30° and for
S668 to 60( 30°.

Structure Calculations.The structure of gp41659-671 was
calculated by the CNS program (Crystallography and NMR
System) using the distance geometry-simulated annealing
method (31), starting from the extended strand conformation
(32). Initially no hydrogen bonds were input as constraints.
However, a shorti,i+3 distance between the carbonyl oxygen
of D664 and the amide proton of A667, exhibited in all
accepted structures, was included as a hydrogen bond
constraint in the final structure calculations. Ninety-six
structures with no violations of the NMR constraints were
generated (out of 100 calculated structures), and the 25
structures with the lowest energy were chosen for statistical
analyses (Table 1).

RESULTS

Estimation of Molecular Mass of gp41659-671 in Water.The
molecular mass of gp41659-671 was determined using sedi-
mentation equilibrium at 277 K to find out whether the
peptide forms oligomers. Due to the high extinction coef-
ficient at 280 nm, the molecular mass was determined using
a 0.1 mM solution and was found to be 1789 Da, in good
agreement with the expected mass of 1613 Da. The trans-
lational diffusion coefficient of the peptide in D2O, deter-
mined by NMR, was found to be (1.37( 0.03)× 10-6 and
(1.35( 0.02)× 10-6 cm2 s-1 at 0.1 and 3 mM concentration,
respectively, indicating that the peptide does not aggregate
at the higher concentration. Moreover, the 1D spectra of a
0.1 mM and of a 3.5 mM sample in H2O were found to be
practically identical. Therefore, we conclude that the
gp41659-671 peptide is monomeric in aqueous solution.

Circular Dichroism of gp41659-671. The circular dichroism
(CD) spectrum of gp41659-671 was measured in water to
assess the secondary structure of the peptide. The pH was
adjusted to 7.7 by the addition of ammonium hydroxide. The

CD curve was characterized by a weak negative shoulder
between 220 and 230 nm, a minimum centered at 205 nm,
very little ellipticity below 200 nm, and a ratio of [θ]222/
[θ]205 ) 0.27 (Figure 1). Similar CD spectra were found for
the peptide in ammonium acetate buffer at pH 7.7 and 8.4.
The presence of two tryptophan residues in gp41659-671

complicates the analysis, as the indole chromophore is known
to contribute ellipticity in the peptide region of the CD
spectrum (33). The shape and intensity of the CD patterns
are similar to those recently reported for short peptides
containing CR-tetrasubstituted amino acids, which assume a
310-helical conformation (24, 34). Moreover, a recently
published CD spectrum of T-20 is very similar to the CD
spectrum reported for the 310-helix (35). Overall, the CD
results indicate that gp41659-671 forms a 310-helix in aqueous
media. No significant changes in the CD spectrum were
observed at 283 and 298 K (Figure 1), indicating that the
310-helical conformation is mostly conserved over this range
of temperatures.

NMR Analysis of gp41659-671. gp41659-671 was investigated
by 1H NMR in aqueous solution at pH 7.7 and 277 K, and
chemical shifts were assigned by standard procedures. The
NMR parameters are consistent with a helical structure for
the segment ELDKWASLW (residues 662-670). Specifi-
cally, the peptide exhibited a series ofdNN(i,i+1) anddRN(i,i+3)

NOE connectivities starting at E662 and continuing to the
carboxyl end of the peptide (Figures 2a,b and Figure 3) and
3JHNR values under 5.6 Hz with the exception of W670 and
N671 that comprise the C-terminus of gp41659-671 (Figure
3). The amide proton of L660 was not detected due to fast
exchange with H2O, frequently observed at this pH for the
second amide proton in the polypeptide chain. In addition,
the peptide shows negative deviations ofR-proton chemical
shifts from the random coil values (Figure 3). Both the3JHNR

coupling constants, predicted to be 3.9 and 4.2 Hz, respec-
tively (25), for idealR- and 310-helices, and the H chemical
shift deviations from random coil values support the presence
of a high population of helical conformers in solution and
only a minor population of random coil. The NOESY
spectrum also exhibited 7dRN(i,i+2) connectivities but no
dRN(i,i+4) interactions (Figures 2a and 3). This pattern of

Table 1: NMR Constraints and Structural Statistics for 25
Structures of gp41659-671 Peptide

distance constraints 202
hydrogen bond constraints 1
φ dihedral angle constraints 9
ø1 dihedral angle constraints 4
maximum individual NOE violation (Å) 0.50
rmsd of NOE violations 0.02( 0.001
deviations from ideal covalent geometry

bonds lengths (Å) 0.0014( 0.0001
bond angles (deg) 0.4727( 0.0001
improper angles (deg) 0.0970( 0.0001

mean rmsd values (Å)
backbone atoms, residues 661-669 0.82
all heavy atoms, residues 661-669 1.98

FIGURE 1: Circular dichroism of gp41659-671 in H2O. The CD
spectra were measured at 277 K (black), 283 K (red), and 298 K
(green). The peptide concentration was 0.4 mM in water, pH 7.7
at 277 K. CD intensities are expressed as mean residue ellipticities
(deg‚cm2 dmol-1).
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medium-range connectivities is indicative ofi,i+3 hydrogen
bonds and the presence of a 310-helix and rules out the
presence ofi,i+4 hydrogen bonds and anR-helical confor-
mation in gp41659-671 (25, 26).

The stability of the helical conformation was studied by
measuring the3JHNR coupling constants from 500 MHz 1D
spectra recorded under different conditions. Both an increase
in pH (from 7 to 8) and the addition of 50-100 mM Tris-
acetate or ammonium acetate buffer at pH 7.7 caused a
decrease in3JHNR values, indicative of greater helical stability.
On the other hand, addition of 50 mM NaCl or elevation of
the temperature resulted in a slight increase of the3JHNR

coupling constants, suggesting somewhat lower helical
stability. TheT2 relaxation time of the amide protons of
residues 662-669 was found to be 40-57 ms while residues
661 and 670-671 exhibitedT2 in the range 74-120 ms,
indicating a tighter conformation in the segment 662-669
and enhanced flexibility at the peptide termini (Figure 3).

Structure of the gp41 Peptide.The three-dimensional
structure of the peptide was determined using 202 distance
constraints and 9φ and 4ø1 dihedral angle constraints. No
hydrogen bond constraints were included initially. However,
one i,i+3 hydrogen bond (between D664 and A667) was

observed in all of the accepted structures (the created
hydrogen bond was up to 2.8 Å in length with up to a 35°
deviation from linearity), and the segment E662-W670 in
the average energy-minimized structure was found to form
a 310-helix conformation with 3.04 residues per turn. To gain
experimental evidence for the presence of H-bonds in
gp41659-671, we carried out deuterium exchange experiments
in D2O. However, all protons exchanged at the earliest time
point we could examine (approximately 1 h after dissolving
the peptide in D2O; data not shown). This is not surprising
considering the high pH (7.8) of the sample and the increased
solvent penetration in peptides in comparison to proteins.
In addition, we measured the NH chemical shifts of the
peptide in water over the temperature range from 277 to 297
K in 5 deg intervals. The data were linear, and we found a
very low temperature coefficient (-2 ppb/K) for the A667
amide proton. Several other amides of gp41659-671 had
temperature coefficientse-5 ppb/K. These results are
consistent with the presence of a strong hydrogen bond
involving the A667 amide proton and several other H-bonded
or solvent-shielded protons in the peptide. We note that in
GGXGG peptides where X is an aromatic residue, in
particular Trp, anomalously low NH temperature coefficients
for the carboxyl-terminal Gly, compared to random coil
values, were reported (36). However, the primary sequence
of gp41659-671 is not expected to lead to such a deviation for
A667.

On the basis of the above calculation and the temperature
coefficient investigation we input ani,i+3 hydrogen bond
constraint between D664 and A667 into the final structure
calculation. A superposition of the 25 lowest energy peptide
structures, out of 100 calculated structures, and the average
structure are presented in panels a and b of Figure 4,
respectively. The structural statistics are presented in Table
1. The peptide exhibits a regular 310-helix conformation in
the segment E662-W670 with 3.2 residues per turn,
consistent with the structural features observed in a survey
of 310-helices in protein crystal structures (21). The arrange-

FIGURE 2: NMR NOESY spectrum of gp41659-671. (a) The HN-H
fingerprint region. (b) The HN-HN region. The concentration of
gp41659-671 was 1.85 mM in H2O/D2O (95:5), pH 7.7. The spectrum
was recorded at 277 K with 250 ms mixing time on a Bruker DRX
800 MHz spectrometer. Cross-peaks are labeled using numbers
indicating the position of the residue in gp160, the precursor for
gp120, and gp41.

FIGURE 3: Analysis of NMR parameters of gp41659-671. A summary
of observed3JHNR coupling constants, interresidue connectivities,
T2 values in milliseconds, and deviation of the H chemical shifts
from the random coil values. Observed interresidue connectivities
are marked with filled rectangles, and the connectivities that could
not be unambiguously assigned due to overlaps are marked with
empty rectangles.
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ment of 3.2 residues per turn in the 310-helix formed by
gp41659-671 improves the staggering of the side chains in
comparison to a 310-helix with 3 residues per turn (21). Two-
thirds of the surface of the helix consisted of hydrophobic
and tryptophan side chains. The conserved L663, W666,
L669, and W670 residues (8) form a tightly packed hydro-
phobic patch perturbed somewhat by the indole of W666
and W670 as shown in Figure 5a. E662 and the variable
K665, S668, and N671 (8) form a polar face (Figure 5a),
and E662 and K665 may have weak electrostatic interactions
between them. The role of this conserved surface is yet to
be investigated. The helical wheels shown in Figure 5b,c
demonstrate that the amphiphilic structure is formed by a
310-helix but not by anR-helix. The burial of considerable
surface area of the hydrophobic side chains and of the
tryptophans by the formation of the 310-helix explains the
water solubility of gp41659-671. An amphiphilic 310-helix
could be characterized by the triad repeat NNP, where P and
N are polar and nonpolar residues, respectively. The NNP

motif in gp41659-671 is broken by two tryptophan residues
and an aspartic acid residue, which may explain why
gp41659-671 does not oligomerize. A steric hindrance caused
by the bulky and rigid indoles of the two tryptophan residues
may further impede oligomerization. E659, L660, and N671
did not exhibit any ordered secondary structure probably due
to chain-end effects. The NMR parameters indicate that L661
is probably an incipient 310-helix and that it may be in
equilibrium with disordered structures.

Spectroscopic and Structural Characterization of N-
Acetylated, C-Amidated gp41659-671 (Ac-gp41659-671-NH2). To
abolish the destabilization of a helical conformation caused
by the positive and negative charges at the N- and C-
terminus, respectively, and to make the peptide more similar
to the corresponding segment in the native protein, we
synthesized the peptide Ac-gp41659-671-NH2 acetylated at the
N-terminus and with an amide instead of a carboxyl group
at the C-terminus. The diffusion coefficient of Ac-gp41659-671-
NH2 at 0.1 mM was identical to that of gp41659-671, indicating

FIGURE 4: NMR-derived solution structure of gp41659-671. (a) Superposition of 25 lowest energy structures calculated using NOE and
dihedral angle constraints. (b) Stereoview of the average energy-minimized structure (average of 96 accepted structures).
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that Ac-gp41659-671-NH2 is monomeric at 0.1 mM concentra-
tion. At 3 mM the diffusion coefficient of Ac-gp41659-671-
NH2 decreased by 7.5%, showing that the peptide remains
mostly monomeric (dimerization reduces the diffusion coef-
ficient by 20%). The CD spectrum exhibited a ratio [θ]222/
[θ]205 ) 0.37 (data not shown), in the range (0.15-0.4) that
is characteristic for 310-helices (24, 34). The NMR data are
consistent with the conclusion that the concurrent acetylation
and amidation in Ac-gp41659-671-NH2 stabilize a helical
conformation by eliminating charges at the termini that
interacted unfavorably with the helical dipole. The amide
protons of E659 and L660 were clearly observed in the
spectrum of Ac-gp41659-671-NH2. As a result, an additional
RN(i,i+2) connectivity between E659 and L661 could be
observed (Figures 6a and 7), indicating a possible hydrogen
bond between the terminal acetyl and the amide of L661,
thus elongating the 310-helix. The helix stabilization manifests
itself in lower 3JHNR and strongerRN(i,i+3) NOEs in
comparison toRN(i,i+2) NOEs (Figures 2a, 3, 6a, and 7).
Numerous RN(i,i+2) NOEs and only one considerably
weakerRN(i,i+4) NOE (between residues L663 and A667)
were detected (see Figure 6a). Some very weak NR(i,i+1)
NOEs corresponding to a distance of 5.1 Å in a 310-helix
were detected, suggesting that theRN(i,i+4) distances are
longer than 5.1 Å. Altogether, these findings support the
formation of i,i+3 rather thani,i+4 hydrogen bonds. The
overlap between the amide protons of K665 and S668 and
between W666 and W670 of Ac-gp41659-671-NH2 (see Figure
6a,b in comparison to Figure 2a,b) hampered the unambigu-
ous assignment of severaldRN(i,i+2) anddRN(i,i+3) NOEs. As a
result the calculated structure of Ac-gp41659-671-NH2 was not
as well defined as that of gp41659-671. On the basis of the
CD spectrum and the observation of pronouncedRN(i,i+2)
interactions and only a single and considerably weakerRN-
(i,i+4) NOE, we conclude that Ac-gp41659-671-NH2 forms
mostly a 310-helix with a possible minor contribution of an
R-helical conformation.

DISCUSSION

Comparison with Other Helical Peptides.It is very unusual
for short peptides in aqueous solution to show considerable
populations in helical conformations. Studies ofR-helix
formation by long polypeptides, together with the Zimm-

Bragg model (37), predict that short protein fragments as
well as other short peptides should not show any measurable
helix formation in H2O. The observations that a peptide

FIGURE 5: Amphiphilic structure of gp41659-671. (a) NMR structure of gp41659-671 shown in a CPK model. (b) A 310-helical wheel projection
of gp41659-671 with 3.2 residues per turn. (c) AnR-helical wheel projection of gp41659-671. Leucine, tryptophan, and polar residues are in
green, blue, and red, respectively.

FIGURE 6: NMR NOESY spectrum of Ac-gp41659-671-NH2. (a) The
HN-H fingerprint region. (b) The HN-HN region. The concentra-
tion of Ac-gp41659-671-NH2 was 1.85 mM in H2O/D2O (95:5), pH
7.7. The spectrum was recorded at 277 K with 250 ms mixing time
on a Bruker DRX 800 MHz spectrometer. Cross-peaks are labeled
using numbers indicating the position of the residue in gp160, the
precursor for gp120, and gp41.
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comprising the first 13 residues of ribonuclease A, a poly-
(Lys-Ala-Ala) peptide, and a 17-mer peptide consisting of
alanine and lysine residues form helices in water prompted
numerous experimental and theoretical investigations of
R-helix formation (38-40).

The 310-helix has long been thought to be inherently less
stable than theR-helix since the packing of the backbone
atoms is tighter and the hydrogen bonds are not parallel to
the helix axis (41). As a result, the 310-helix is in most cases
less than four residues long. The 310-helix has been primarily
associated with peptides containing CR-tetrasubstituted amino
acids (24). Short R-helical peptides may partially adopt a
310-helix conformation especially at their termini (26). The
peptide gp41665-683, which partially overlaps gp41659-671, is
insoluble in water and is mostlyR-helical in dodecylphos-
phocholine micelles (42). Some stretches in an ensemble of
40 calculated NMR structures for gp41665-683 form eitherR-
or 310-helices. The gp41659-671 peptide studied herein is the
first soluble peptide composed of natural amino acids found
to form a stable 310-helical structure in water.

Interactions Stabilizing a 310- Rather than R-Helical
Conformation in gp41659-671. Favorable side chain interac-
tions stabilize R-helices in aqueous solution (43-47).
Theoretical calculations suggest that strongi,i+4 side chain
interactions favorR-helix formation while the 310-helix
population is maximized when weakeri,i+4 interactions are
present (48). The AGADIR program (49) predicts only
0.58% and 2.57%R-helical content for gp41659-671 and Ac-
gp41659-671-NH2, respectively. In addition, examination of
the amino acid sequences at the central section of long 310-
helices (six residues and longer) shows that the propensity
of different amino acids to form 310-helix decreases in the
following order: Trp, Tyr, Asp, Glu, Met (50). Notably these
propensities are quite different from those obtained for an
R-helix.

Analysis of the gp41659-671 sequence shows that the 310-
helix rather thanR-helix is expected to be favored, especially

in the LLELDKW sequence, on the basis of the following
considerations:

(a) A Leu-Leu pair at positionsi,i+4 but not at positions
i,i+3 stabilizes anR-helix as observed by CD spectroscopy
(46). In gp41659-671 L660 and L663 are at positionsi,i+3.

(b) Theoretical calculations show that interactions involv-
ing three leucine residues at positionsi,i+1 and i+4 are
favorable for anR-helix (47). In gp41659-671 the leucine triplet
is i,i+1,i+3.

(c) The observed destabilization of the 310-helix at a higher
salt concentration is indicative of a stabilizing Glu-Lysi,i+3
interaction in gp41659-671. In anR-helix the Glu-Lys pair is
stabilizing at positionsi,i+4 but not ati,i+3 (44).

(d) The Leu-Trp pair stabilizes anR-helix in i,i+4
positions and destabilizes anR-helix when it is found in
positionsi,i+3, as in gp41659-671 (47).

(e) Asp and Trp have low and medium propensities for
an R-helix, respectively, and very high propensities for a
310-helix (50).

A leucine-rich repeat variant provides an excellent example
in which favorable interactions caused by increasing the
space between two leucines to two residues led to the
formation of a 310-helix (51). The favorablei,i+3 interactions
and the scarcity of favorablei,i+4 interactions as well as
the significant number of amino acids with a high propensity
for the 310-helix may have contributed to the unusual
stabilization of the 310-helix conformation in gp41659-671.

gp41659-671 as a 310-Helix-Forming Model Peptide.The
finding that the ribonuclease C-peptide forms anR-helix
(38) was the impetus to a large number of studies seeking
to understand the factors that influenceR-helix formation
in water. Similarly, the discovery that the gp41659-671 and
Ac-gp41659-671-NH2 peptides form a 310-helix can be ex-
ploited to conduct detailed studies of 310-helix formation and
stability. Previous peptides that formed 310-helices were
comprised of CR-substituted amino acids, preventing the use
of NOEs involving R-protons to differentiate between
R-helical and 310-helical conformations (23). NOEs involving
CR protons can be easily measured for gp41659-671, which
is comprised only of amino acids found in proteins. Factors
influencing the stability of the 310-helix such as the contribu-
tion of salt bridges and side chain interactions can thereby
be studied in detail. The propensity of the different amino
acids to form a 310-helix is not fully known and seems to
differ from the propensity to form anR-helical conformation.
Monitoring the effects of systematic variations of the
gp41659-671 sequence upon the 310-helix stability can help in
evaluating the propensities of different amino acids to form
a helical structure. Factors that influence the self-association
of 310-helical peptides can be studied as well.

gp41659-671 Is an Autonomous Folding Unit, and Its
Structure Represents That of the Corresponding Segment in
NatiVe gp41.The observation that a peptide corresponding
to a fragment of a protein has a very significant population
in a helical conformation makes it extremely likely that the
corresponding region in the cognate protein adopts the same
conformation (52-54). A helix that is stable enough to be
observed in an isolated peptide is an autonomous folding
unit and may serve as a nucleation site during protein folding
(55-57).

A heptapeptide (ELDKWAS, gp41662-668) was found to
adopt aâ-turn formed by the DKWA sequence when bound

FIGURE 7: Analysis of NMR parameters of Ac-gp41659-671-NH2.
A summary of observed3JHNR coupling constants, interresidue
connectivities,T2 values in milliseconds, and deviation of the H
chemical shifts from the random coil values. Observed interresidue
connectivities are marked with filled rectangles, and the connec-
tivities that could not be unambiguously assigned due to overlaps
are marked with empty rectangles.
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to the antibody 2F5 (58). Both the 310-helix and theâ-turn
are characterized by ani,i+3 hydrogen bond, unlike the
R-helix which is characterized byi,i+4 hydrogen bonds. This
structural similarity supports the hypothesis that the corre-
sponding region of the native gp41 adopts a 310-helix
conformation rather than anR-helix.

The backbone rmsd between the NMR structure of
gp41659-671 and the crystal structure of ELDKWAS
(gp41662-668) bound to 2F5 is 0.861 Å for the DKWA
sequence and 2.619 Å for the seven-residue segment,
indicating that the first two residues and the last residue of
the antibody-bound peptide differ considerably in their
conformation from that found in gp41659-671. Furthermore,
all of the NOE data we measured for the DKWA part of
gp41659-671 in water were consistent with the X-ray structure
of this region of the 2F5 bound peptide. When we overlaid
the X-ray structure onto our ensemble of gp41659-671

structures, we were unable to accommodate the distorted type
I â-turn of the crystal structure in our calculated structures.
Specifically, there was a serious mismatch in theφ angle of
the W666 residue in the NMR and X-ray structures.

Since the antibody 2F5 was elicited against a native virus,
most likely it recognizes a conformation similar to the native
conformation of gp41. However, several factors seriously
undermine the ability of the heptapeptide to mimic the native
gp41 conformation when bound to the antibody. Most of
the interactions of the ELDKWAS peptide with the antibody
are contributed by the sequence DKW. As a result, the first
two and last residues of the heptapeptide may be only
partially constrained by the interaction with the antibody.
Moreover, cyclic peptides, in which the side chains of the
second (L663) and sixth (A667) residues were modified and
cross-linked via intramolecular disulfide or amide bond
formation, could be crystallized in complex with 2F5 (58).
The modification of the side chains of the second and sixth
residue indicated that they are not crucial for binding, and
therefore, it is questionable whether in the linear peptide they
are constrained to the native gp41 conformation when bound
to 2F5. The positively charged N-terminus and the negatively
charged C-terminus do not mimic peptide bonds at these
positions of gp41, and furthermore, these charges are
expected to destabilize a helical conformation due to repul-
sion with the natural helix dipole.

The peptide conformation in the antibody complex is
stabilized not only by the interactions with the antibody but
also by the medium- and long-range intramolecular interac-
tions within the bound peptide. As stated above, the
stabilization of the 310-helix conformation requires favorable
i,i+3 side chain interactions. Due to its short size many
interactions that would stabilize a 310-helix in the corre-
sponding seven residues in the longer 13-mer peptide cannot
form in the heptapeptide. For example, while thei,i+3
interaction between L663 and W666 is possible in the
heptapeptide, the stabilizingi,i+2 andi,i+3 interactions of
L663 with L660 and L661 cannot occur as the latter two
are absent in the heptapeptide. Similarly, the 310-helix
stabilizing i,i+3 interactions of W666 with L669 cannot
occur in the heptapeptide.

If the structure of a protein-derived peptide in complex
with an antibody, a toxin, or a receptor protein is used to
learn about the conformation of the corresponding segment
in the native protein, it is of utmost importance to include

not only the residues directly involved in intermolecular
interactions but also the residues involved in medium- and
long-range intramolecular interactions that define the second-
ary structure of the protein segment. We have demonstrated
that mapping of the minimal determinant that can faithfully
mimic the conformation of the corresponding part of the
protein can be done by NMR dynamic filtering experiments
(59). Using this approach we determined aâ-hairpin
conformation in an acetylcholine receptor peptide bound to
R-bungarotoxin (60, 61) while others who used shorter
peptide fragments of the receptor did not find this bound
conformation (62-64). In summary, the 13-residue gp41659-671

peptide but not the gp41 heptapeptide contains the complete
epitope recognized by 2F5 (13, 14). In view of the above
considerations we conclude that the heptapeptide lacks
important interactions with the antibody as well as helix-
stabilizing interactions within the peptide and therefore
cannot mimic accurately the corresponding region of gp41.
It is likely, however, that the NMR structure of gp41659-671

closely resembles that of the same region in the coat protein.
The Structure of gp41659-671 May Correspond to All Forms

of gp41.The 2F5 antibody binds gp41 only in the absence
of CD4 binding to the envelope protein. The interaction of
the gp120/gp41 complex with the CD4 surface molecules
of T-cells and macrophages leads to the exposure of other
gp41 epitopes but apparently disrupts the conformation of
the 2F5 epitope or reduces its exposure (19, 20). Previous
crystallographic studies determined that the structure of the
gp41 core is a six-helix bundle conformation in which the
N-terminal domain interacts with the C-terminal domain to
form a trimer of helical hairpins. This conformation, induced
after CD4 binding and the dissociation of the gp120/gp41
complex, most likely represents the fusion-active conforma-
tion of gp41. The unusual stability of the 310-helix conforma-
tion in the isolated peptide may indicate that the helical
conformation is maintained in gp41 throughout the different
conformations of this envelope protein. However, the
exposure of the gp41659-671 segment may vary in the different
gp41 conformations, leading to changes in the reactivity with
2F5.

Contrary to the assumed flexibility of the 18-residue link
(gp41666-683) between the C-peptide region (gp41628-665) and
the transmembrane anchor in the fusogenic or postfusion
form of gp41 (2), we show that at least six residues of this
link adopt a helical structure. The absence of a strong self-
association between gp41659-671 strands may allow the
interdomain flexibility required for the formation of the
hairpin structure of the gp41-core. This flexibility would
permit the packing of the C-segment against the surface of
the coiled coil formed by the N-segment as observed in the
crystal structure (1-3). Additional studies on peptides
corresponding to larger gp41 segments should provide new
information that will further illuminate the fusion process.

Implications for the DeVelopment of an Anti-HIV-1 Vac-
cine.The peptide gp41659-671 represents the complete epitope
for the antibody 2F5 (13, 14), which is one of the only three
antibodies capable of efficient, broad-spectrum neutralization
of HIV-1 infection. 2F5 is the only one of the three antibodies
(2F5, 2G12, and G1b12) (15) that recognizes a sequential
determinant. Peptide immunogens have the potential to be
used as a component of a synthetic vaccine against HIV-1.
It has been proposed that the best peptide immunogens for
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eliciting antibodies cross-reactive with native proteins are
those peptides that have a high folding propensity (52, 65).
The probability to induce protein-reactive antibodies in-
creases with the length of the peptide immunogen (66), and
a minimum of 10 residues may be required (52). Induction
of protein-reactive antibodies can be optimized by adjusting
the peptide length to that required for stabilizing a nativelike
conformation of the peptide. The length of such peptides
may differ according to the secondary structure (â-turn, helix,
or â-hairpin) and according to the propensity of the peptide
to form this conformation. Autonomous folding units fulfill
this requirement while shorter peptides will not be as
effective in eliciting protein-reactive antibodies.

Indeed, attempts to elicit efficient HIV-1 neutralizing
antibodies with the ELDKWA sequence in various forms
such as insertion into recombinant proteins or in multiple
antigen peptides have failed (13, 67, 68). This failure led to
the hypothesis that the conformation of the epitope is
dependent on the environment in which it is present in gp41
or that ELDKWA is not the complete epitope (13). To
overcome this problem, the use of constrained peptides has
been suggested (69, 70). The finding that gp41659-671 is an
autonomous folding unit may have profound implications
on HIV-1 vaccine development, since peptide immunogens
consisting of the complete gp41659-671 sequence will adopt
a 310-helical conformation without any artificial structural
constraints and are, therefore, likely to induce antibodies that
are highly cross-reactive with HIV-1. Moreover, unstructured
C-peptide immunogens, which include the gp41659-671 se-
quence, may not elicit broadly neutralizing antibodies
because their linear sequence contains some residues that
are variable among different HIV-1 strains (69). The folding
of gp41659-671 as a monomeric 310-helix enables the exposure
of the mostly hydrophobic surface to the immune system
while the hydrophilic variable residues form the opposite
face. This mostly hydrophobic surface contains the conserved
tryptophan and leucine residues that can potentially elicit
antibodies that cross-react with a broad spectrum of HIV-1
isolates.

Our results ratify strategies for development of synthetic
anti-HIV vaccines directed against antigenic determinants
with varying exposure during natural infection. At the same
time it must be noted that both immunization with the
gp41659-671 epitope and passive immunization with the 2F5
antibody are very likely to interfere with T-20 treatment and,
thus, may compromise a promising route to the next
generation of anti-HIV-1 drugs.
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