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Abstract: The envelope proteins, gp120 and gp41 of HIV-1, play a crucial role in receptor (CD4+ lymphocytes)
binding and membrane fusion. The fragment 254–274 of gp120 is conserved in all strains of HIV and, as a
part of the full gp120 protein, behaves as ‘immunosilent’, but as an individual fragment it is ‘immunoreactive’.
When this fragment binds to its receptor, it activates the fusion domain of gp41 allowing viral entry into
the host CD4+ cells. The conformation of fragment 254–274 of the gp120 domain and fragment 519–541
of the gp41 domain was studied by NMR and MD simulations. The studies were carried out in three
varied media — water, DMSO-d6 and hexafluoroacetone (HFA). The fusogenic nature of the gp41 domain
peptide was investigated by 31P NMR experiments with model bilayers prepared from dimyristoyl-L-α-
phosphatidylcholine (DMPC). The solvent was seen to exert a major effect on the structure of the two
peptides. Fragment (254–274) of gp120 in DMSO-d6 had a type I β-turn around the tetrad Val9-Ser10-Thr11-
Gln12 while in HFA a helical structure spanning the region Ile5 to Gln12 was seen with the remaining part
of the peptide in a random coil structure. It is possible that the β-turn may constitute an initiation site for
the formation of the helix. In water at pH 4.5, the peptide adopted a β-sheet. The NMR results for fragment
519–541 of gp41 are conclusive of a β-sheet structure in DMSO-d6, a conformation which may help in
insertion into the membrane, a notion also put forward by others. The 31P NMR studies of DMPC vesicles
with this fragment show its fusogenic nature, promoting fusion of unilamellar vesicles to larger agglomerates
like multilamellar ones. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The acquired immunodeficiency syndrome (AIDS) is
one of the most lethal diseases and is caused by
human immunodeficiency virus (HIV) [1], a complex
retrovirus encoding 15 distinct proteins. High-
resolution electron microscopy has shown the HIV
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virion to have an icosahedral structure in which the
viral envelope or the outer coat surrounds the inner
core and is made up of a lipid bilayer. The outer layer
glycoprotein called gp120 mediates receptor binding
while gp41, the inner layer, mediates membrane
fusion [2]. HIV’s principal targets are the CD4
bearing helper T lymphocytes or T cells [CD4+ (T4+)]
[3]. It is a protein found in the membrane of
several types of immune system cells. It is now well
established that direct interaction of HIV gp120 with
a specific portion of the CD4+ (T4+) molecule is the
most crucial point in inducing the infection [4, 5].
Gp120 is highly diverse both in size and sequence
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across the retrovirus family. Different functional
roles have been described for each region of this
molecule. The gp120 region has been subdivided
into three domains that are separated by two
conserved hinge regions. The amino terminal is the
most variable region comprising V1 and V2 loops
and an amphipathic helix (helix 1). The central
region contains two helical regions helix 2 and
helix 3 interspersed by a conserved turn known
as the V3 loop. This region plays a significant role in
cell tropism and post-binding events of fusion and
infection. The carboxyl terminal region comprising
V4 and V5 loops surrounds a fourth helical region.
It comprises the principal region involved in binding
to the cellular receptor.

There are reports [6] that suggest that an
antiserum directed against fragment 254–274 of
gp120, which belongs to the central conserved
region, was efficient in neutralizing three different
isolates of HIV in vitro but it did not block the
binding of HIV to CD4+ cells. Thus this well
conserved region of gp120 appears to be involved
in a post-binding event during virus penetration
and represents an important target for antibody
neutralization of HIV. It was also observed that
this antisera immunoprecipitates a protein of 120
or 160 kD or both in HIV infected cells, while
it did not immunoprecipitate in uninfected cells.
This clearly indicates that the antisera only react
with gp120. It was proposed that after the specific
interaction of gp120 with CD4+, the fragment
254–274 might undergo a suitable conformational
change within the gp120–gp41 complex [7]. This
structural alteration results in activation of the
fusion domain (519–541) at the N-terminus of gp41
[8, 9] which can then mediate the fusion and
thus allow virus penetration. This fusion peptide
is essential for entry of the virus into the host CD4+

T cell. On the other hand, the region 254–274 of
gp120 may further bind to or interact with another
CD4+ molecule on the cell surface to facilitate HIV
entry. All these events highlight the importance of
fragment 254–274 of gp120 and fragment 519–541
of gp41 in the early events of the replicative cycle, i.e.
when HIV binds to and enters the target cells [10].

There are also results that indicate that when
fragment 254–274 is a part of gp120 it remains
‘immunosilent’; however, by itself it is capable of effi-
ciently neutralizing a number of HIV isolates. These
findings suggest the potential of these particular
regions of gp120 and gp41 in the development of a
vaccine for AIDS. It also throws light on the fact that

a small well-defined peptide may be a more effec-
tive vaccine that can specifically direct the immune
response against a biologically important domain
that is conserved in all strains of HIV. As a result,
there is a great need to understand the structural
aspects and structure–function relationship of these
fragments of gp120 (254–274) and gp41 (519–541)
that could be used to design small peptide vac-
cines for AIDS. Therefore the conformation of frag-
ment 254–274: Cys1-Thr-His-Gly-Ile5-Arg-Pro-Val-
Val-Ser10-Thr-Gln-Leu-Leu-Leu15-Asn-Gly-Ser-Leu-
Ala-Glu21 in the gp120 domain (designated as P254)
and fragment 519–541: Ala1-Val-Gly-Ile-Gly5-Ala-
Leu-Phe-Leu-Gly10-Phe-Leu-Gly-Ala-Ala15-Gly-Ser-
Thr-Met-Gly20-Ala-Arg-Ser23 in the gp41segment
(labelled as F519) were investigated. The conforma-
tion of these peptides was studied in three diverse
media — water, DMSO-d6 and hexafluoroacetone
(HFA). In order to understand the fusogenic nature
of F519 31P NMR experiments on the interaction of
F519 with lipid bilayers were carried out.

METHODOLOGY

Materials and Sample Preparation

The conformation of P254 was investigated in
DMSO-d6, water at pH 4.5 and HFA (40% HFA +
5% D2O + 55% H2O) while F519 was studied in
DMSO-d6 and lipid bilayers prepared from dimyri-
stoyl-L-α- phosphatidyl choline (DMPC). The con-
formation of F519 in water and trifluoroethanol
(TFE) has already been reported [11]. The pep-
tides (>97% purity) were purchased from Bachem
(Switzerland), while the solvents DMSO-d6 (99.9%),
HFA and DMPC (99%) were purchased from Sigma
Chemical Co. (USA). In DMSO-d6 the concentra-
tion of P254 was 1.51 mM, while in water and
HFA it was 2.26 mM. The concentration of F519
in DMSO-d6 was 3.13 mM. At these concentrations,
no aggregation was observed by NMR for either
peptide.

NMR experiments were done on a Varian
Unity Plus 600 MHz FT-NMR at 298 K. For reso-
nance assignments, two dimensional (2D) Double
Quantum Filtered COrrelated SpectroscopY (DQF-
COSY) [12] and TOtal Correlated SpectroscopY
(TOCSY) [13] were recorded. For deducing the con-
formation, 2D-Nuclear Overhauser Enhancement
SpectroscopY (NOESY) [14] was recorded. For sam-
ples in water, solvent suppression was achieved
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with the WATERGATE (water suppression by Gra-
dient Tailored Excitation) technique for TOCSY and
NOESY experiments [15, 16]. The number of tran-
sients was 32 for TOCSY and NOESY, and 64 for
DQF-COSY. The mixing pulse (80 ms) in TOCSY
was achieved by the MLEV-17 scheme. For all 2D-
NMR experiments the fids were digitized with 2K
points, except for DQF-COSY where it was digi-
tized with 4K points. The number of experiments
in the t1 dimension was 512. Quadrature detection
in the t1 period was achieved by the hypercomplex
(STATES) method. All 2D-NMR experiments were
recorded with the conventional pulse sequences and
a 1.5 s relaxation delay. The 2D data were processed
using Felix software (v 97.0, MSI, USA) running on
a Silicon Graphics O2 workstation. The fids were
apodized by multiplication with a sine squared bell
window function. In most of the experiments a π/2
phase-shifted sine squared bell window function was
applied to the data along both dimensions. In some
TOCSY and NOESY spectra, a π/6 sine squared
bell window function was applied along D1 axis and
π/3 along D2 axis, to obtain better resolution of
overlapping peaks. The data were zero filled to give
a final 2K × 2K matrix except in the case of DQF-
COSY, where a 4K × 4K matrix was prepared prior
to Fourier transformation.

The 3JNHα coupling constants were extracted from
the DQF-COSY spectrum, as follows. 1D slices
were picked from the DQF-COSY spectrum and
after a Hilbert transform the data was fast Fourier
transformed. Zero filling was done to 64K points
and a sine-squared window function shifted by
7° was applied to reduce the overlap. This trace
was then complex Fourier transformed and the
separation between antiphase components gave
the coupling constants [17]. 1D spectra were
recorded at different temperatures ranging from
298 K to 318 K. Over this temperature range, a
linear dependence of the amide chemical shift on
temperature was observed. Temperature coefficients
of NH chemical shifts were calculated from TOCSY
spectra recorded at 298 K, 303 K and 308 K. In
aqueous solution, temperature coefficient values
below 3 ppb/K indicate participation of the amide
proton in intramolecular H-bonding. In HFA, the
criterion for predicting intramolecular H-bonding
differs from water. Temperature coefficients below
5 ppb/K suggest intramolecular H-bonds or solvent
shielding in HFA [17]. 13C chemical shifts were
obtained from the Gradient enhanced Heteronuclear
Single Quantum Coherence (HSQC) experiment [18].
13C chemical shifts helped to resolve any ambiguities

in the assignment of spin systems, and were
used to predict the secondary structure via the
chemical shift index (CSI) [19]. The NOE build-up
curves were obtained from NOESY spectra recorded
with mixing times of 100, 150, 200, 250, 300
and 400 ms. Chemical shifts have been referenced
to 2,2–dimethyl-2-silapentane-5-sulfonic acid (DSS)
as internal standard.

Lipid bilayers were prepared as follows: appropri-
ate quantities of DMPC and F519 were dissolved
in chloroform. The solution was evaporated to dry-
ness first by a stream of dry nitrogen and then
under vacuum for 3–4 h. A thin film of the lipid
and peptide formed on the inner surface of the con-
tainer which was hydrated with 0.55 ml Tris buffer
(pH 7.5). The mixture was allowed to equilibrate
for 2 h at 50 °C and then vortexed to give lipid dis-
persions in aqueous media. The lipid concentration
was maintained at 80 mM while the concentration
of F519 was varied. Unilamellar vesicles were pre-
pared by sonicating the above dispersions with a
sonicator (Branson Sonic Power Co.) at 50% duty
cycles until the sample attained optical clarity. In
like manner, the control sample (80 mM DMPC) was
prepared. 31P NMR experiments were carried out
on Varian 600 MHz FT-NMR spectrometer using a
broadband probe with proton decoupling (decou-
pling power 36 dB). The 90° pulse was 10 µs and
recycling period was 0.7s.

Molecular Dynamics (MD) Simulations

MD simulations were done on a Silicon Graphics O2
machine with molecular modelling software Insight II
and Discover from Accelrys, USA. Three simulations
S1, S2 and S3 for P254 were carried out; each
using NMR data in DMSO-d6, water and HFA,
respectively, while simulation S4 was done using
NMR data of F519 in DMSO-d6. The NOEs and
coupling constants were used as restraints (vide
infra) in a simulated annealing protocol (described
below) to generate the solution structures.

An extended structure of the peptide was built
with the Biopolymer module as the starting confor-
mation for the simulations. The energy of the system
was calculated with the CFF91 forcefield [20] for
P254 while CVFF forcefield [21] was used for F519.
The bond stretching in the energy equation was rep-
resented by a simple harmonic function. A dielectric
constant of 1.0 was used for calculation of electro-
static interactions for simulations S1 and S4, while
4.0 was used for simulations S2 and S3. Before
performing an MD run, the starting structure was
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thoroughly minimized by a combination of steepest
descents and conjugate gradients, to a gradient of
0.01 kcal/mol/Å so as to reduce any internal strain
in the starting structure. In the case of simula-
tions S1 and S2 the molecule was slowly ‘heated’
to 1000 K in steps of 100 K with a 2.5 ps dynamics
run. On reaching 1000 K, dynamics was continued
for another 25 ps during which period frames at an
interval of 1 ps were sampled and stored for further
processing. Each of the 25 structures was ‘cooled’
by gradually lowering the temperature in steps of
100 K to 300 K. For simulations S3 and S4, dynam-
ics was carried out at 300 K. The dynamics was
continued after an initialization period of 25 ps for
S3 and 50 ps for S4 during which time frames at an
interval of 1 ps were sampled and finally subjected to
energy minimization. In all four simulations the final
minimization with restraints of the annealed struc-
tures began with 2000 steps of steepest descents,
was followed by 3000 steps of conjugate gradients
and terminated with 300 steps of BFGS [22]. At the
end of this cycle, most structures had a gradient of
0.01 kcal/mole/Å or lower. In the MD simulations,
the Newton’s equations of motion were integrated
with the Verlet algorithm [23] with a step length
of 1 fs. Temperature control was achieved either by
scaling the velocities or coupling to a temperature
bath.

Distance Restraints

The NOEs were categorized as strong, intermediate
and weak with corresponding distance ranges
(1.8–2.7 Å), (1.8–3.5 Å) and (1.8–5.0 Å) set for the
respective protons. These distances were modified
for methyl and methylene groups and for aromatic
rings that rotate fast on the NMR time scale. For
such groups of protons, it is necessary to define a
pseudoatom which is used as a reference point for
the distance restraint. Corrections for the distances
to such pseudoatoms were made according to the
rules initially formulated by Wüthrich [24]. Force
constants for distance restraints ranged from 25
to 30 kcal/mol/Å

2
. The total number of distance

restraints used in the MD simulations is given in
Table 1.

Dihedral Restraints

The 3JNHα coupling constant is related to the dihedral
angle φ as expressed by the relationship [25]:

3JNHα = 6.7 cos2 φ − 1.3 cosφ + 1.5.

The coupling constants were transformed to φ

values which were introduced as dihedral restraints
allowing a range of ±10° on the calculated values,
with a force constant of 25–50 kcal/mol/rad2. The

Table 1 Summary of Experimental Restraints and Statistical Analysis of the Family of Structures
Generated for P254 and F519 by Simulated Annealing

Parameter P254 F519

Distance restraints DMSO-d6 Water HFA DMSO-d6

All 120 109 119 113
Intra-residue 55 43 47 75
Inter-residue 65 66 72 38
Sequential 9 12 14 12
Medium range 54 53 62 26
Long range 2 1 6 —
Dihedral restraints 14 35 25 24
Avg. fractional violation/constraint 0.0038 0.0074 0.0038 0.0106
Avg. no. of violationsa/structure 1.03 2.08 1.18 3.20
RMSDs with avg. structure: Backbone atoms
Maximum 0.12 3.72 1.19 3.20
Minimum 0.02 1.18 0.21 1.00
Average 0.04 2.19 0.63 1.86
Average pair-wise RMSD 6.15(±1.4) 3.27(±1.7) 4.42(±2.4) 1.84(±1.3)
IRMA/MARDIGRAS
R factor 0.53 0.64 0.68 0.58

a A ±0.2 Å difference from the imposed distance restraint was considered a violation.
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total number of such dihedral restrains used in the
MD simulations is listed in Table 1.

Structure Refinement – IRMA [26] and MARDIGRAS
[27]

Structure refinement was done using IRMA for S2,
S3 and S4 simulations, while structures obtained
in S1 simulations were refined by MARDIGRAS.
These are computational tools based on NMR
relaxation theory. For a given molecular structure,
the NOE intensities can be back calculated taking
into account the entire spin relaxation network
and molecular flexibility. The calculated NOEs are
then matched with the experimental values and the
structure refined iteratively so that the two closely
match. The R factor obtained is thus a measure
of the fit between the experimental and theoretical
NOE intensities.

MARDIGRAS is similar to IRMA, but with the
additional capability of using the ROESY spectrum

in structure refinement. The IRMA R factor is
defined as

R =

∑

i,j,m

ωij(τm)|Aij
cal(τm) − Aij

exp(τm)|
∑

i,j,m

ωij(τm)|Aij
exp(τm)|

where Aij
cal(τm) and Aij

exp(τm) denote, respectively,
the theoretical and experimental NOE intensities for
the pair (i,j) for the mixing time τm. The weight factors
ωij account for measurement errors, particularly
noise levels, and were set to 1.0. The R factor in
MARDIGRAS is given by a similar equation.

The rotational correlation time τc for P254 was
estimated as 2.0 ns from the NOE build-up curve
for the CδH of Pro7 recorded in DMSO and water,
and used for the refinement of structures obtained
in S1 and S2 simulations. In the case of simulation
S3, τc was calculated as 1 ns from the NOE build-
up curve for the CβH of Glu21 recorded in HFA.
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Figure 1 600 MHz TOCSY spectrum of P254 in DMSO-d6 at 298 K recorded with mixing time of 80 ms (D1 7.6–8.4 ppm
and D2 0.8–4.8 ppm).
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For the refinement of F519 structures obtained in
simulation S4, τc was calculated as 4 ns from the
NOE build-up curve for the CαH of Gly16 recorded
in DMSO.

RESULTS AND DISCUSSION

The spin systems of the amino acid residues in P254
and F519 that were unique were easily identified
in the TOCSY spectra of the respective peptides
as seen in Figures 1 and 3. Those that were not
unique were grouped together. Thus the unique spin
systems such as Thr2,11, Gly4,17, Ile5, Val8,9, Gln12,21

and Ala20 in the case of P254 and Ala6,14,15,21,
Val2, Gly3,5,10,13,16,20, Ile4 and Thr18 in the case of
F519 could be distinguished easily. Ser10,18, Asn16

and His3 of P254 as well as Ser17,23 and Phe8,11

of F519, which have the AMX spin-system, were
identified as a group of residues. Phe8,11 in F519
was identified from the NOESY cross peaks arising
from its aromatic protons to its α and β protons. Arg6

in P254 and Arg22 in F519 was confirmed from peaks

from its εNH resonance to its α, β, γ and δ protons.
Identification of all leucines in both peptides was
done with the help of prominent δ CH3 NOESY
cross peaks. Sequential assignment in all solvents
was achieved by the standard procedures using
the NOESY spectrum as elaborated in Figures 2
and 4. Once the proton assignment was complete,
the 13C assignments were done from the HSQC
spectrum by correlating the assigned proton NMR
signals to the 13C NMR signals. The 13C assignment
helped to confirm all leucine residues in both
peptides. The presence of Pro residue at position
7 in P254 caused a break in the assignment. The
observation of an NOE between Arg6 CαH and Pro7

CδH mended this gap. This NOE also established
the ‘trans’ state of the Arg6 –Pro7 amide bond. In
all three media — DMSO-d6, water (pH 4.5) and
HFA — the TOCSY spectra of P254 showed two
or more sets of peaks arising from Val9, Ala20

and Leu19 indicating the presence of other minor
conformers in equilibrium with the major. In case of
F519, Val2 and Ile4 exhibited a second set of peaks
that could be attributed to a minor conformation.

Table 2 Chemical Shift (ppm), 3JNHα (Hz), and Temperature Coefficients of NH Chemical Shift (ppb/K) of
P254 in DMSO-d6

Residue NH CαH CβH CγH Others 3JNHα Temp
coeff.

Cys1 — 4.16 2.91, 3.15 — — — —
Thr2 7.96 4.19 4.04 1.00 — 8.8 1.6
His3 8.20 4.59 2.99, 3.13 — — 10.9 3.9
Gly4 8.22 3.77, 3.84 — — — — 4.0
Ile5 7.98 4.27 1.74 1.09, 1.41 δ1 0.83 8.8 5.7
Arg6 8.20 4.49 1.71 1.55 ε NH 7.04, 7.50 δ1 3.11 8.9 5.2
Pro7 — 4.47 2.03 1.86, 1.93 δ1 3.56, δ2 3.73 — —
Val8 7.96 4.16 2.00 0.87 — 11.0 3.6
Val9 7.66 4.28 2.01 0.86 — 9.6 4.0

Val9
′

7.63 — — — — — —
Ser10 8.07 4.41 3.61 — — 4.8 4.2
Thr11 7.76 4.20 4.04 1.05 — 8.9 4.8

Thr11′
7.72 — — — — — —

Gln12 7.94 4.24 1.74, 1.95 2.14 Amide NH 6.79, 7.25 9.3 2.1
Leu13 7.88 4.17 1.61 1.48 γ CH3 0.87 8.9 3.5
Leu14 7.09 4.31 — 1.51 γ CH3 0.86 9.0 3.9
Leu15 7.85 4.29 1.61 1.47 γ CH3 0.86 — 4.0
Asn16 8.05 4.50 2.48, 2.56 — Amide NH 6.99, 7.47 7.9 5.5
Gly17 8.11 3.69, 3.80 — — — — 3.4
Ser18 7.92 4.31 3.63 — — — 3.8
Leu19 7.92 4.22 1.77 1.53 γ CH3 0.89 7.3 3.9
Ala20 7.86 4.26 1.22 — — 8.8 4.2
Glu21 7.96 4.21 1.79, 1.99 2.29 — 9.1 4.8
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Figure 2 (a) 600 MHz NOESY spectrum of P254 in DMSO-d6 recorded with mixing time of 300 ms. (D1 7.6–8.4 ppm and D2
3.4–4.8 ppm) (b) NOESY spectrum of P254 in DMSO-d6 showing the NH-NH region (D1 7.5–8.4 ppm and D2 7.5–8.2 ppm).
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and D2 0.8 to 4.8 ppm).

The minor conformation in both peptides has been
estimated at 3%–7% of the major by integration
of the relevant cross peaks in the TOCSY spectra.
The 1H and 13C chemical shifts for both major and
minor conformations of the two peptides are listed
in Tables 2–7.

Apart from the NOEs that help in making the
assignments, some definite NOE patterns were
observed in all solvents which were indicative of
specific secondary structures. The NH and αH chem-
ical shift dispersion of P254 in the three solvents
were different indicating that its structure differs
in the three media. The temperature coefficients of
NH chemical shifts provided some clues to possible
structures for P254 and F519. The observed tem-
perature coefficient of the NH resonance of Gln12

in DMSO-d6 was 2.1 ppb/K (Table 2) indicating its
participation in an intramolecular H-bond while
others were beyond the limit of 3.0 ppb/K. Tem-
perature coefficients of NH chemical shifts for all
residues in water were above 5 ppb/K (Table 3)
showing that all such protons were freely exposed
to the solvent. In case of HFA, the tempera-
ture coefficient below 5.0 ppb/K of a substantial
stretch of residues from Ile5 to Gln12 (Table 4) sug-
gested intramolecular H-bonds or solvent shielding
[11].

The NOESY spectrum of P254 in DMSO-d6

showed strong NH-NH peaks between Val9-Ser10

and between Ser10-Thr11 and medium intensity
peaks from Ser10 αH to Gln12 NH (Figure 2b)
and Ser10 NH to Gln12 NH. These NOE peaks

Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 10: 363–380 (2004)



CONFORMATION OF HIV-1 ENVELOPE PROTEINS 371

8.4 8.2 8.0 7.8 7.27.6 7.4

D1_H1 (ppm)

D
2_

H
1 

(p
pm

)

4.6

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

2.8

G5 G20 G10

G16G3
A1

V2
L12
&

R22

F11

F8
S17

A14 & M19

T1
A6

S23
I4

L7
L9A15

Figure 4 600 MHz NOESY spectrum of F519 in DMSO-d6 at 298 K recorded with mixing time of 300 ms. (D1 7.4–8.6 ppm,
D2 0.8–4.8 ppm).

suggested a Type I β-turn [24] around the tetrad
Val9-Ser10-Thr11-Gln12. Support for this comes from
the low temperature coefficient of the NH resonance
(Table 2) of Gln12. The 3JNHα coupling constants for
Ser10 and Thr11 residues deduced from the DQF-
COSY spectrum were also strong indicators of a
β-turn motif. For the (i + 1) residue (Ser10) this
value was 4.8 Hz, while 8.9 Hz coupling constant
characterized the (i + 2) residue (Thr11

) in the β-
turn. Thus the observed NMR data, namely the
pattern of NOEs, low temperature coefficient of the
NH chemical shift of Gln12 and typical values of
3JNHα coupling constants strongly suggested a Type
I β-turn around the tetrad Val9 –Ser10-Thr11-Gln12

for P254 in DMSO. The NMR data for the remaining
portion of the peptide best described a random
coil.
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Gln12Leu13

Leu14Leu15
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Leu19
Ala20
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Figure 5 Structure of P254 in DMSO-d6. The dotted line
shows H-bonding in the Type I β-turn. The ribbon traces
the backbone atoms.
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Table 3 Chemical Shifts (ppm), 3JNHα (Hz), and Temperature Coefficients of NH Chemical Shift
(ppb/K) of P254 in Water

Residue NH CαH CβH CγH Others 3JNHα Temp
Coeff.

Cys1 — — — — — — —
Thr2 8.77 4.29 4.11 1.14 — 7.2 4.5

Thr2′
8.75 4.33 — — — — —

His3 8.62 4.73 3.15, 3.29 — — 7.8 5.2
Gly4 8.42 3.94 — — — — 4.1
Ile5 8.05 4.17 1.81 1.14, 1.41 δ 0.85 8.6 6.0
Arg6 8.35 4.61 1.81 1.69 δ1 3.16, δ2 3.29 8.6 6.6
Pro7 — 4.42 1.96, 2.25 1.82 δ1 3.60, δ2 3.83 — —
Val8 8.22 4.05 2.00 0.91 — 8.5 7.9
Val9 8.17 4.16 2.04 0.89 — 9.4 7.5
Ser10 8.37 4.48 3.82, 3.88 — — 7.2 6.5
Thr11 8.14 4.25 4.20 1.17 — — 5.7
Gln12 8.26 4.24 1.94, 2.04 2.32 Amide NH 7.25, 6.79 8.4 4.1
Leu13 8.08 4.33 1.62 1.54 δ 0.83 8.4 5.2
Leu14 7.15 4.32 1.60 — δ 0.83 8.5 5.7
Leu15 8.09 4.28 1.61 1.55 — 7.4 6.6
Asn16 8.32 4.64 2.81 — Amide 7.47, 6.99 8.9 5.3
Gly17 8.32 3.93 — — — — 4.5
Ser18 8.09 4.43 3.85 — — 7.3 3.9
Leu19 — — — — — — —
Ala20 8.14 4.28 1.34 — — — 5.0
Glu21 8.20 4.39 1.71, 2.18 2.45 — 8.1 6.0

In water, P254 showed sequential NOESY peaks,
i.e. peaks between the neighbouring residues that
were stronger than the ‘COSY’ peaks, and medium
intensity NH-NH cross peaks. These characteristics
provided strong evidence for a β-sheet structure [24].
Further, in this case, the temperature coefficient of
NH chemical shifts (Table 3) were above 5 ppb/K
indicating that all such protons were freely exposed
to the solvent. 3JNHα coupling constants of a
large number of residues were ∼ 8.5 Hz, confirming
presence of the β-sheet in water [24]. The 13Cα

chemical shifts all have a negative deviation from the
random coil values supporting the β- sheet structure
in water [19].

The NOESY spectrum for P254 in the case
of HFA, indicated several long range NOE peaks
such as Nα(i → i + 2, i → i + 3) NN (i → i + 2) and
αβ(i → i + 2, i → i + 3) stretching from Ile5 to Gln12

which were pointers of a helical structure around
these residues. Due to a high degree of overlap
between NH-α cross peaks of the various residues it
was difficult to extract all 3JNHα coupling constants
from the DQF-COSY spectrum but some values
that could be gleaned were near the values

characteristic of a helix. Thus in HFA solution, the
pattern of long range NOEs, the low temperature
coefficients and 3JNHα coupling constants suggested
a helical structure around Ile5 to Gln12 while the
remaining part of the peptide adopted a random coil
structure.

The NMR data of F519 in DMSO-d6 showed
strong sequential NOESY cross peaks between
the neighbouring residues and presence of NH-
NH cross peaks which, as previously discussed,
are signatures of a β-sheet structure [24]. The
temperature coefficients of NH chemical shifts
(Table 6), 3JNHα coupling constants and 13Cα CSI
values also justify the β-pleated structure [19,
24]. The NMR data thus collectively gave an
unequivocal picture of a β-sheet for F519 in
DMSO.

A summary of experimental restraints and anal-
ysis of the family of structures generated using
NMR data for the two peptides by MD simulations
is given in Table 1. The simulated structures were
refined to R factors using IRMA or MARDIGRAS
that are also noted in Table 1. The backbone tor-
sion angles (φ, ϕ) averaged over the ensemble of
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Table 4 Chemical Shift (ppm), 3JNHα (Hz), Temperature Coefficients of NH Chemical Shifts (ppb/K) of
P254 in HFA

Residue NH CαH CβH CγH Others 3JNHα Temp
Coeff.

Cys1 8.02 4.28 4.02, 3.94 — — — —
Thr2 8.29 4.37 4.27 1.20 — — —
His3 8.37 4.73 3.37, 3.20 — — — —
Gly4 8.27 4.05, 3.97 — — — — —
Ile5 7.69 4.31 1.93 1.22, 1.45 δ 0.90, γ 0.95 — 5.6
Arg6 8.03 4.48 1.91, 1.75 1.67 δ 3.17 — —
Pro7 — 4.43 2.03, 2.09 1.93 δ1 3.71, δ2 3.73 — —
Val8 7.51 3.95 — — — — 6.0
Val9 7.78 3.90 — — — — 6.5
Ser10 8.00 4.53 3.94 — — 6.0 4.6
Thr11 7.86 4.28 4.00 1.31 — — 0.9
Gln12 8.05 4.03 — — — — 1.7
Leu13 8.00 4.14 1.77 1.58 δ 0.92 — 10.2
Leu14 7.86 4.21 1.72 1.68 δ 0.92 — 7.9
Leu15 8.18 4.21 1.82 1.59 δ 0.90 — 12.5
Asn16 8.12 4.66 2.89, 2.95 — Amide NH 7.47, 6.67 7.3 7.6
Gly17 8.20 4.06 — — — — 6.5
Ser18 8.07 4.48 3.98 — — — 6.8
Leu19 7.86 4.42 1.72 1.64 δ 0.91 8.5 6.3
Leu19′

7.90 4.46 1.68 1.60 δ 0.90 — —
Ala20 7.79 4.39 1.45 — — 10.3 4.7

Ala20′
8.00 4.41 1.43 — — — —

Glu21 7.68 4.23 1.98, 2.15 2.38 — 10.5 5.6

structures for each simulation are given in Tables 8
and 9. Analysis of φ, ϕ angles in simulations S1,
S2 and S3 indicated diverse structural representa-
tions. In the MD sturtures for P254 in DMSO (S1),
φ, ϕ values around the tetrad Val9-Ser10-Thr11-Gln12

were typical for a Type I β-turn while the remain-
ing portion of the peptide could more appropriately
be described as a random coil. In the MD sim-
ulation S2, the observed φ, ϕ values indicated a
β-sheet. A close inspection of φ, ϕ values of struc-
tures obtained from MD simulation S3 for the
stretch Ile5-Gln12 confirmed the presence of 310-
helix around this segment, while the rest of the
peptide adopted a random coil structure. The anal-
ysis of φ, ϕ values of structures in MD simulations
S4 indicated the presence of an overall β-sheet
for F519. A representation of structures obtained
from simulations S1, S2, S3 and S4 is given in
Figures 5–8.

F519 was also studied in lipid bilayers to
understand the fusogenic properties of this peptide.
A convenient method to study lipid polymorphism

is through 31P NMR [28]. Since phospholipid
molecules contain only one phosphate group,
the 31P NMR spectrum is relatively simple. The
resonance pattern is governed by the chemical
shift anisotropy (CSA) and therefore depends on
factors such as the orientation of the applied
magnetic field axis, molecular motions of the
phosphate group and nature of the lipid organization
in the sample. We have carried out 31P NMR
experiments on unsonicated as well as sonicated
samples of DMPC alone and with a DMPC-F519
mixture (25 : 1). The effect of F519 on DMPC
unilamellar vesicles (obtained after sonication of
the sample) at different temperatures is shown
in Figure 9. In the unsonicated sample of DMPC,
which possesses a multilamellar structure, the
overall rotational rate is too slow to average
the CSA. Thus a powder pattern is observed
which consists of a very broad shoulder and a
relatively sharp feature. In the sonicated sample
of DMPC which is composed largely of unilamellar
vesicles, only one sharp peak is observed which
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Table 5 13C Chemical Shift (ppm) of P254 in Different Solvents

Solvent Residue α β Others

DMSO Cys1 54.40 38.17, 38.21 —
Water — 33.16 —
DMSO Thr2 61.31 69.54 —
Water 59.10 66.3 γ 18.25
DMSO His3 55.41 43.91 —
Water — 25.83, 25.85 —
DMSO Gly4 45.47 — —
Water 42.25 — —
DMSO Ile5 59.91 40.18 γ127.60, γ227.68, δ 14.47
Water — 35.47 δ 9.47
DMSO Arg6 55.23 31.56 γ 27.89, δ 49.12
Water 50.48 28.81 γ 26.8, δ 39.9
DMSO Pro7 62.40 31.24 γ 29.70, δ1 50.20, δ2 50.21
Water 59.56 28.80 γ 26.80, δ 47.37
DMSO Val8 69.24 32.43 —
Water 59.10 29.58 γ 17.39
DMSO Val9 60.53 32.43
Water 57.63 29.51 γ 21.51
DMSO Ser10 58.24 64.96 —
Water 54.91 60.58 —
DMSO Thr11 61.31 69.63 —
Water 59.57 66.09 γ 18.32
DMSO Gln12 55.80 34.89 —
Water 58.95 26.01, 26.02 γ 30.44
DMSO Leu13 — — γ 27.45, δ 22.67
Water 51.75 — γ 21.24, δ 20.58
DMSO Leu14 — — γ 27.45, δ 21.15
Water 51.72 — γ 21.33, δ 20.58
DMSO Leu15 54.32 43.86 γ 27.60, δ 21.29
Water 52.00 — γ 21.14, δ 20.58
DMSO Asn16 52.45 40.34, 40.35 —
Water 50.02 35.40, 35.41 —
DMSO Gly17 45.63 — —
Water 41.78 — —
DMSO Ser18 58.68 64.96 —
Water 55.14 60.58 —
DMSO Leu19 54.47 — γ 26.51
Water 51.72 — γ 21.33, δ 20.58
DMSO Ala20 51.36 — —
Water 49.00 15.83 —
DMSO Glu21 54.48 29.77, 33.89 γ 33.36
Water 51.34 25.23, 25.24 —

shifts slightly with increase in temperature. The
increase in temperature also brings additional
motional averaging and a consequent decrease in
linewidth (Figure 9). The effect of F519 on both the
multilamellar and unilamellar vesicles of DMPC is
remarkable. For the multilamellar case, addition of
F519 was seen to increase the CSA via an additional

line broadening effect. This may be interpreted as
an increase in the overall rotational correlation
time of the vesicles by F519 (data not shown).
In the unilamellar situation, there is a significant
alteration of the lipid organization in the presence
of F519. The isotropic signal observed for pure
DMPC unilamellar vesicles (Figure 9a) changes to
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Table 6 Chemical Shift (ppm), 3JNHα (Hz) and Temperature Coefficients of NH Chemical Shift
(ppb/K) Coupling Constants of F519 in DMSO-d6

Residue NH CαH CβH CγH Others 3JNHα Temp
Coeff.

Ala1 — 3.93 1.33 — — — —
Val2 8.41 4.27 2.00 0.90 — 8.4 5.5

Val2
′

8.39 4.27 — 0.92 — — —
Gly3 8.30 3.75, 3.85 — — — — 5.3
Ile4 7.93 4.21 1.72 1.11, 1.45 δ 0.83, γ 0.86 — 7.0

Ile4′
7.90 4.21 — 1.07, 1.47 δ 0.84 — —

Gly5 8.29 3.74, 3.85 — — — — 4.9
Ala6 7.88 4.27 1.15 — — 8.2 5.3
Leu7 7.98 4.24 1.53 1.38 δ 0.82 — 5.7
Phe8 7.91 4.55 2.82, 3.04 — 2, 6H 7.21 8.4 5.8
Leu9 8.03 4.30 1.58 1.45 δ 0.85 — 7.0
Gly10 7.88 3.70, 3.60 — — — — 4.9
Phe11 8.05 4.57 2.79, 3.06 — 2, 6H 7.26 8.7 6.2
Leu12 8.19 4.30 1.61 1.50 δ 0.87 — 7.4
Gly13 8.05 3.60, 3.72 — — — — 6.7
Ala14 7.99 4.33 1.24 — — — 6.0
Ala15 8.15 4.27 1.25 — — 8.3 6.7
Gly16 8.09 3.73, 3.81 — — — — 4.9
Ser17 7.96 4.47 3.57, 3.66 — OH 5.19 7.5 4.9
Thr18 7.94 4.23 4.11 1.08 OH 4.99 — 6.7
Met19 7.96 4.35 1.81, 1.96 2.51 — — 4.1
Gly20 8.13 3.76 — — — — 4.9
Ala21 8.05 4.28 1.25 — — — 6.0
Arg22 8.18 4.30 1.55, 1.75 1.52 δ 3.11, ε 7.50 — 6.3
Ser23 7.75 4.19 3.61 — OH 4.95 9.3 5.2

an anisotropic CSA line shape very much like the
multilamellar pattern (Figure 9b). This effect was
unaffected by raising the temperature. Thus F519
causes a complete collapse of the isotropic signal
to large agglomerates resembling the multilamellar
state. The fusogenic properties ascribed to F519 may
stem from this behaviour. A similar behaviour has
been observed for another peptide very related to
F519 [29].

CONCLUSIONS

A hypothetical model for the entire HIV-1 gp120
protein spanning residues 1–510 has been proposed
[30]. The model was based on alignment of regions
that were conserved within the virus family and
present discontinuously throughout the protein but
that have similarities in biological, immunological,

or genetic properties as predicted by computer
algorithms. Our NMR results for P254 show that
the stretch of residues from Ile5 to Gln12 (258–265)
can adopt a 310 helical structure in HFA. A α-
helix spanning Ser18 to Ala29 (271–282) has been
suggested. In the case of DMSO-d6, a β-turn was
observed around the segment Val9 to Gln12, which
could have some influence in directing the process
of protein folding to the native conformation. This
turn may constitute the initiation site for the
formation of the helix. In water at pH 4.5, the
peptide was seen to adopt a β-sheet. It is a known
fact that in aqueous environment, the structures of
peptides are more flexible and difficult to stabilize
as water competes to form hydrogen bonds with
the peptide backbone while solvents such as HFA,
which provide a hydrophobic surrounding, facilitate
the formation of stable secondary structures [31].
The fragment F519, also known as ‘fusion peptide’,
has been studied in lipid membranes to understand
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Figure 6 β-Sheet structure of P254 in water. The ribbon
traces the backbone atoms.

better the mechanism behind the fusion process
[32, 33]. Several reports suggested that the fusion
peptide can adopt either a α-helical or β sheet
depending on the composition of the lipid membrane
and concentration of the peptide with respect to

Table 7 13C Chemical Shift (ppm) of F519 in
DMSO-d6

Residue α β Others

Ala1 49.71 19.10 —
Val2 59.25 32.40 γ119.64, γ2 20.73
Gly3 43.41 — —
Ile4 58.48 38.21 —
Gly5 43.49 — —
Ala6 49.71 19.80 —
Leu7 52.66 42.33 γ 25.62, δ 23.19
Phe8 54.91 38.67, 38.68 —
Leu9 52.68 42.41 γ 25.85, δ 23.14
Gly10 43.34 — —
Phe11 55.30 30.07, 39.06 —
Leu12 52.68 42.25 δ 25.63
Gly13 43.41 — —
Ala14 49.63 19.64 —
Ala15 — — —
Gly16 43.49 — —
Ser17 56.23 63.15 —
Thr18 59.96 67.65 γ 21.39
Met19 53.67 33.08, 33.08 30.99
Gly20 43.49 — —
Ala21 49.78 19.64 —
Arg22 53.81 30.36 γ 26.47, δ 41.97
Ser23 56.46 63.22 —

the lipid membrane [32, 33]. When studied with
neutral vesicles or erythrocyte ghosts at different
peptide : lipid ratios, it was found that the peptide
conformation changed from helical to β structure
as the peptide: lipid mole ratio was increased
from 1 : 200 to 1 : 30 [32, 34]. Chang and co-
workers [11] have studied F519 in water, 50%
TFE and SDS micellar solution and shown that
in aqueous solution it adopted a Type I β-turn
around Phe8-Phe11. In 50% TFE, a α helix had
been observed for residues spanning Ile4-Ala15 with
greater stability around the Phe8-Phe11 region.
Similarly, in SDS micellar solution, a helix had been
observed for the region covering residues Val2-Gly16.
In the same report, no conclusive answer could
be obtained in DMSO but there was a hint of a
β-turn structure. Our NMR results show that it
unequivocally adopts a β-sheet structure in DMSO.
The residues in this fragment are predominantly
hydrophobic and postulated to help in insertion
into the membrane. Our NMR results for F519
are in line with reports [35, 36] that indicate that
F519 is inserted into the membrane presumably as
a β-sheet facilitating fusion with the membrane.
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Table 8 Backbone Torsion Anglesa (φ, ϕ) for HIV-1 P254 in the Three Different Solvents Averaged
over Entire Trajectory

Residue DMSO-d6 Water HFA

φ ϕ φ ϕ φ ϕ

Cys1 — −55 (16) — 132 (0.7) — 142 (6)
142 (13)

Thr2 −159 (6) 163 (13) −96 (5) 129 (7) −79 (5) 118 (15)
−61 (7) −137 (12) 154 (8)

His3 −160 (8) 169 (10) −111 (8) 118 (9) −103 (17) 99 (22)
−79 (14) −156 (10) 157 (10)

Gly4 −111 (13) 75 (22) −102 (6) 116 (10) −134 (20) −166 (12)
160 (13) −59 (21) −166 (8) 163 (16) 164 (9)

Ile5 −154 (6) 152 (8) −107 (0) 102 −94 (23) −50 (15)
97 (24)

Arg6 −155 (7) 106 (11) −98 (8) 128 (9) −61 (3) −35 (5)
157 (11)

Pro7 −80 (17) 172 (6) −70 (4) 165 (3) −65 (1) −37 (3)
−172 (2)

Val8 −147 (3) 72 (10) −94 (2) 132 (3) −66 (2) −38 (2)
Val9 −152 (3) 136 (2) −94 (1) 135 (1) −65 (1) −35 (5)
Ser10 −57 (0) −29 (1) −121 (0) 104 (0) −62 (4) −23 (10)
Thr11 −88 (1) −3 (1) −131 (2) 104 (1) −53 (8) −41 (3)
Gln12 −119 (2) 129 (2) −112 (8) 113 (6) −165 (4) 121 (7)
Leu13 −140 (2) 77 (5) −110 (6) 116 (9) −86 (14) −64 (15)

−161 (8)
Leu14 −152 (4) 121 (26) −133 (9) 163 (1) −152 (6) −66 (8)
Leu15 −157 (6) −64 (9) −104 (1) 85 (3) −159 (5) 151 (10)

85 (10)
Asn16 −159 (5) 156 (16) −166 (2) 127 (8) −145 (6) 157 (9)

91 (27) 85 (9)
Gly17 −120 (19) −76 (3) −99 (5) 122 (7) −141 (3) 113 (1)

115 (7) 60 (7) −175 (2)
Ser18 −97 (17) 161 (12) −102 (7) −123 (10) −165 (1) 110 (1)

−163 (8) −174 (6)
Leu19 −154 (6) 158 (9) −119 (9) 122 (10) −128 (1) 111 (1)

95 (24)
Ala20 −109 (13) 118 (13) −117 (8) 108 (3) −132 (10) 132 (10)

−156 (7) 70 (2)
Glu21 −73 (13) — −95 (2) — −158 (14) —

−134 (16)

a Torsion angles are in degrees. In parenthesis is the RMSD.

The 31P NMR in DMPC lipid membrane showed
how F519 causes fusion of unilamellar vesicles
to larger agglomerates like multilamellar ones,
giving credence to its name as a ‘fusion peptide’.
The conformation of P254 is thus seen to be
strongly dependent on the environment and points
to flexibility being relevant to its biological function.
The conformation in a membrane environment may

be more relevant than its structure in aqueous or
other media.
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