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ABSTRACT: The HIV-1 envelope glycoprotein gp41 is responsible for viral fusion with the host cell. The
fusion process, as well as the full structure of gp41, is not completely understood. One of the strongest
inhibitors of HIV-1 fusion is a 36-residue peptide named T-20, gp41(638-673) (Fuzeon, also called Enfuvirtide
or DP-178; residues are numbered according to the HXB2 gp160 variant) now used as an anti HIV-1
drug. This peptide also contains the immunogenic sequences that represent the full or partial recognition
epitope for the broadly neutralizing human monoclonal antibodies 2F5 and 4E10, respectively. Due to its
hydrophobicity, T-20 tends to aggregate at high concentrations in water, and therefore the structure of
this molecule in aqueous solution has not been previously determined. We expressed a uniformly13C/
15N-labeled 42-residue peptide NN-T-20-NITN (gp41636-677) and used heteronuclear 2D and 3D NMR
methods to determine its structure. Due to the additional gp41-native hydrophilic residues, NN-T-20-
NITN dissolved in water, enabling for the first time determination of its secondary structure at near
physiological conditions. Our results show that the NN-T-20-NITN peptide is composed of a mostly
unstructured N-terminal region and a helical region beginning at the center of T-20 and extending toward
the C-terminus. The helical region is found under various conditions and has been observed also in a
13-residue peptide gp41659-671. We suggest that this helical conformation is maintained in most of the
different tertiary structures of the gp41 envelope protein that form during the process of viral fusion.
Accordingly, an important element of the immunogenicity of gp41 and the inhibitory properties of Fuzeon
may be the propensity of specific sequences in these polypeptides to assume helical structures.

The penetration of human immunodeficiency virus 1 (HIV-
1)1 into its host cells is mediated by its two envelope
glycoproteins, gp41 and gp120. The extracellular protein
gp120 is responsible for host recognition by interacting with
two receptors of the host cells (CD4 and CCR5 or CXCR4)
(1). The role of gp41 is to activate the fusion between the
membrane of the virus and the membrane of the target cell
(2). During this process gp41 undergoes a number of
conformational changes (3, 4).

gp41 contains several functional domains: the fusion
peptide, the fusion peptide proximal domain, the N-helix and
C-helix regions that form the core structure of gp41, the loop
connecting the N- and C-helices, the C-terminal extracellular

membrane proximal domain, the transmembrane domain, and
the cytoplasmic tail (Figure 1). The three-dimensional X-ray
structure of the HIV-1 gp41 core, composed of the N- and
C-helices, revealed a six-helix bundle formed by three
C-helices packed on a coiled-coil conformation formed by
three N-helices (5-7). A similar tertiary structure for the
gp41 core of the simian immunodeficiency virus (SIV) was
determined by multidimensional NMR (3). The six-helix
bundle structure found in both HIV-1 and SIV gp41 is
assumed to be the fusogenic or postfusogenic form of gp41
(8).

The C-terminal membrane proximal domain that is flanked
by the C-helix and the gp41 transmembrane domain is a
relatively conserved region that plays an important role in
the fusion process. Deletion of segments within the C-
terminal membrane proximal domain or Ala mutations of
specific amino acids in this domain (residues W666-I682
of the HXB2 strain of HIV-1) decreased the ability of gp41
to mediate both cell-cell fusion and virus entry and in some
cases abolished fusion altogether (9, 10). Furthermore, this
region contains the full or partial epitopes of the neutralizing
monoclonal antibodies (mAb) 2F5 (11), 4E10 (12), and Z13
(13). These unique antibodies neutralize a broad spectrum
of HIV-1 isolates. They, specifically the extensively studied
2F5, are thought to bind the prefusogenic or intermediate
forms of gp41, thus preventing viral fusion with the host
cell.
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During the prehairpin intermediate stage, the gp41
ectodomain is available for binding to inhibitor molecules.
One of the strongest inhibitors of HIV-1 fusion, now used
as an anti-HIV-1 drug, is a 36-residue peptide named T-20
(gp41638-673, Fuzeon, also called Enfuvirtide or DP-178)
(14-16). This peptide consists of the C-terminal segment
of the C-helix and most of the membrane proximal region
of gp41 (Figure 1). T-20 represents a new class of anti-HIV-1
drugs that inhibits the fusion of the virus with its target cells
by competitively binding to the N-helix and preventing the
formation of the six-helix bundle (14, 17). This proposed
mechanism is supported by the finding of T-20-resistant
phenotypes of HIV strains that are mutated in their N-helix
(18). Despite the clinical importance of T-20 and its
corresponding region in gp41, the structure of neither has
been solved.

The structures of a free 13-residue peptide (gp41659-671)
containing a segment of T-20 and encompassing most of the
2F5 epitope were solved by NMR at two different conditions
(19, 20). The structures of 7- and 17-residue peptides
(gp41662-668 and gp41654-670) in complex with the 2F5
antibody were determined by X-ray crystallography (21, 22).
The four structures varied from a 310-helix (19) to a turn
(20, 21) to almost an extended conformation (22). The crystal
structure of the mAb 4E10 epitope (gp41670-678, which is
downstream of the 2F5 epitope and partially overlaps the
C-terminal segment of T-20) in complex with the Fab 4E10
was recently solved and revealed a helical conformation
preceded by a short turn formed by N671-W672 (23). These
results are in good agreement with the helical structure found
by NMR in the gp41665-683 peptide in dodecylphosphocholine
micelle medium (24). The structure of the gp41 core
composed of N- and C-peptides of different lengths was
solved by crystallography. The C-peptide that has the largest
overlap with T-20 formed a helix until residue D664 with
the last turn in a 310-helical conformation as frequently
observed at the end of helices (25).

T-20 forms aggregates above 10µM concentrations (9)
and is insoluble in water at the concentrations normally used
for NMR structure determination (0.2-2 mM). It was
concluded that in 50% aqueous acetonitrile T-20 was
predominantly random with a low percentage ofR-helix
mapped by NMR to E662-N671 (26). In this study we
partially alleviated the aggregation and solubility problems
by elongating T-20 with six additional native residues from
gp41. Uniform labeling of the peptide with15N and13C/15N
using anEscherichia coliexpression system and the use of
3D NMR allowed assignment of most of the NMR spectrum
of the peptide in 7% DMSO/93% H2O and by extension

permitted NMR analyses in aqueous buffer. The NMR results
suggest that the NN-T-20-NITN peptide is composed of an
N-terminal unstructured region and a helical region beginning
at the center of T-20 and extending toward the C-terminus.
It is likely that the helicity of this domain is an important
element of the biological activity of the drug.

EXPERIMENTAL PROCEDURES

Synthesis of NN-T-20-NITN.The 42-residue NN-T-20-
NITN peptide (5.12 kDa) corresponding to the sequence
NNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWN-
WFNITN was synthesized using a solid-phase strategy. All
reagents and solvents used for the solid-phase peptide
synthesis of the 42-amino acid residue fragment were
analytical grade and were purchased from Advanced
ChemTech (Louisville, KY), Calbiochem-NovaBiochem
Corp. (San Diego, CA), VWR Scientific (Piscataway, NJ),
and Aldrich (St. Louis, MO). High-performance liquid
chromatography grade dichloromethane, acetonitrile, metha-
nol, and water were purchased from VWR Scientific and
Fischer Scientific (Springfield, NJ). Automated synthesis of
the 42-mer peptide was carried out on an Applied Biosystem
433A peptide synthesizer (Applied Biosystems, Foster City,
CA) using a preloaded Fmoc-L-Asn Wang resin (0.56 mmol/
g; Advanced Chemtech) on a 0.1 mmol scale. The 0.1 mmol
FastMoc chemistry of Applied Biosystems was used for the
elongation of the peptide chain with a 2-(1H-benzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/N-hy-
droxybenzotriazole/diisopropylethylamine-catalyzed coupling
step using 10 equiv of protected amino acids.

The chemistry for the synthesis was designed on the basis
of the hydrophobic nature of many of its amino acid residues
and the length of this peptide. Starting from the carboxyl
terminus the first six amino acids were single coupled, amino
acids 7-16 were double coupled, amino acids 17-25 were
single coupled, and amino acids 26-42 were double coupled
to obtain optimum synthesis of the 42-residue peptide. After
complete chain assembly, the resin was washed with 1-meth-
yl-2-pyrrolidone and dichloromethane and dried in a vacuum
for 4-5 h. The peptide was cleaved from the resin support
with simultaneous side chain deprotection using trifluoro-
acetic acid (10 mL), crystalline phenol (0.75 g), thioanisole
(0.5 mL), water (0.5 mL), and 1,2-ethanedithiol (0.25 mL).
Filtrates from the cleavage mixture were collected, combined
with trifluoroacetic washes of the resin, concentrated under
reduced pressure, and treated with cold ether to precipitate
the crude product. The yield of crude peptide was 240 mg
(47%).

FIGURE 1: Functional regions of the HIV-1 gp41 envelope glycoprotein. Residues are numbered according to the HXB2 gp160 variant. The
sequences of T-20 (bold), along with the additional six residues (italic) used in this study, are highlighted.
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The crude product was checked by analytical HPLC, and
three major peaks were observed (data not shown). All three
peaks were collected, lyophilized, and sent for ESI-MS. The
peak eluting at 40.6% acetonitrile in water (using a shallow
gradient of 37-52% in 10 min and a C18 analytical column)
was found to have the correct MS value (MW, 5121.61 Da;
MS, 5120.80 Da; Mass Facility, Hunter College/CUNY, New
York). To obtain milligram quantities of peptide, 20 mg of
crude peptide was injected into a VYDAC C4 reversed-phase
column (VYDAC 214TP102205), and purification was
accomplished using a shallow gradient of 34-41% aceto-
nitrile with 0.1% of TFA over 60 min. The final peptide
was greater than 98% homogeneous on analytical HPLC and
had the correct mass as judged by MALDI mass spectrom-
etry.

Construction of the NN-T-20-NITN Peptide Expression
Vector. Trp∆LE polypeptide (27) DNA with a His tag at
the N-terminus was inserted between theNdeI and BamHI
sites of pET24a (Novagen) and used as a construct for a
carrier protein. The coding DNA for the Met-NN-T-20-NITN
peptide including two TAA stop codons was attached to the
Trp∆LE polypeptide sequence usingHindIII and BamHI
restriction sites. This construct codes for a fusion protein
containing a total of 165 amino acid residues, 123 from the
carrier protein Trp∆LE polypeptide (including the His tag
and Met residues) and the 42 residues of the NN-T-20-NITN
peptide.

Expression of the NN-T-20-NITN Fusion Protein. E. coli
BL21-Gold(DE3)pLysS competent cells (Stratagene) were
transformed with a plasmid containing the sequence coding
for the NN-T-20-NITN fusion protein. Bacteria containing
this plasmid were grown in15N-labeled and15N/13C-labeled
rich media (using isotope-enriched Celtone medium) supple-
mented with 50µg/mL kanamycin, RPMI 1640 vitamin
cocktail (Gibco), 1 mM MgSO4, and 50 mM K2HPO4 to a
cell density of OD595 0.7-1.0. Expression was induced by
adding 1 mM IPTG followed by incubation for 3 h at 37°C
and shaking at 225 rpm. The bacteria were collected by
centrifugation (8000 rpm for 30 min), frozen, and stored
overnight at-80 °C. The overexpressed fusion protein was
isolated from the cells in the form of inclusion bodies. The
cells were suspended in 20 mL of 50 mM Tris-HCl, pH 8.0,
0.5 mM EDTA, and 0.5 M NaCl (washing buffer) and
sonicated for 3 min. The cell lysate was spun at 13000 rpm
for 10 min at 4°C, and the pellet containing the inclusion
bodies was washed twice with 20 mL of washing buffer.
The inclusion bodies were gradually dissolved in 9 M urea
containing 50 mM glycine and 0.5 M NaCl. The undissolved
debris was removed from the supernatant by centrifugation
at 13000 rpm (Sorvall SS-34) for 30 min. The supernatant
was then dialyzed against 50 mM NH4HCO3 and lyophilized,
yielding more then 90% pure fusion protein (∼80 mg/L).

NN-T-20-NITN Peptide CleaVage and Purification.The
peptide was released from the fusion protein using cyanogen
bromide (CNBr) cleavage (28). A stock solution of 5 M
CNBr in acetonitrile was used. The cleavage was carried
out for 8 h in 70%trifluoroacetic acid (TFA) at room
temperature. Upon completion of the reaction 10 volumes
of water was added to the sample, and it was then lyophilized
to complete dryness. This procedure was further optimized,
by using methyltert-butyl ether in order to stop the cleavage
reaction and to precipitate the peptide. After overnight

cooling at-20°C the ether solution was centrifuged at 12000
rpm for 30 min. The product was dissolved in dimethylfor-
mamide (DMF) and acetonitrile with 0.1% TFA and purified
by HPLC on a VYDAC C4 reversed-phase column,(VYDAC
214TP102205) to greater than 95% homogeneity. Amino acid
analysis and mass spectrometry confirmed the composition
and molecular weight of the labeled peptide (for the15N
sample the molecular mass was 5177 Da corresponding to
93% labeling; for the15N/13C sample the molecular mass
was 5400 Da corresponding to 97% labeling). The yields of
purified NN-T-20-NITN were∼7 mg/L.

Circular Dichroism. CD spectra of the peptide were
recorded at various temperatures on an AVIV model 62 DS
CD instrument (AVIV associates, Lakewood, NJ). The
ellipticity was measured at 0.5 nm intervals, and three
measurements were averaged for each temperature. To follow
the melting of the peptide conformation, the ellipticity was
measured at 220 nm over the temperature range 275-363
K with 0.5 K intervals. The peptide concentration was
determined from UV measurements at 280 nm using an
extinction coefficient of 5800 M-1 cm-1 per tryptophan
residue and 1280 M-1 cm-1 per tyrosine residue. The
synthetic peptide was dissolved in water at 10µM concentra-
tion, and the pH was adjusted to 7.7 using 1.0 M ammonium
hydroxide (addition of Tris-HCl as a buffer increased the
noise level considerably). CD intensities are expressed as
mean residue ellipticities (deg cm2 dmol-1).

Sedimentation Equilibrium Measurement.Sedimentation
equilibrium measurements were conducted in a Beckman
XL-A analytical ultracentrifuge. Sample concentration was
limited to 60 µM due to the high extinction coefficient of
the peptide. The buffer and the pH conditions were similar
to those in the NMR measurements (50 mM unlabeled Tris-
HCl buffer, pH 7.7) excluding DMSO. Equilibrium data were
collected at 35000 rpm at 277 K. The concentration gradient
was monitored by the absorbance at 280 nm. Equilibrium
was reached after an overnight run.

NMR Measurements on the NN-T-20-NITN Peptide.NMR
spectra of the NN-T-20-NITN peptide were measured using
0.4 mM samples with 50 mM deuterated Tris-HCl buffer in
93% H2O solution containing 7% deuterated DMSO, pH 7.7,
or using a 0.1 mM sample in 50 mM deuterated Tris-HCl
buffer, pH 7.7, without DMSO. The spectra were recorded
on a Bruker DMX-500 MHz equipped with a cryoprobe and
on a Bruker DRX-800 MHz spectrometer. Data were
processed and analyzed using XWINNMR (Bruker),
NMRPipe (29), and NMRVIEW (30) programs. Homo-
nuclear 2D TOCSY and NOESY experiments were measured
on unlabeled peptide using 60 and 200 ms mixing periods,
respectively. Water flip-back was used to improve the signal-
to-noise ratio for the amide cross-peaks (31). For the two-
dimensional (2D) [1H,15N] HSQC and1H-15N NOE (32)
experiments 200t1 increments at a sweep width of 17 ppm
and 2048t2 points at a sweep width of 12 ppm were used.
The following three-dimensional experiments were carried
out for sequential assignment: three-dimensional HNCO,
CBCA(CO)NH, and HN(CA)CO experiments (33) were run
on the DMX 500 MHz spectrometer. The HNCA (34, 35)
and the15N-separated TOCSY experiment that was acquired
with a 60 ms mixing time were run on the DRX-800 MHz
spectrometer. Connectivities and internuclear distances were
obtained from a 3D15N-separated [1H,1H] NOESY (36) with
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a mixing time of 200 ms. Typical carrier positions for all
experiments were 119.5 ppm for15N, 174 ppm for13CO, 54
ppm for 13CR, 45 ppm for13CR/13Câ, and 4.973 ppm for
1H. For the determination of the HN temperature coefficient
seven 3D HNCO experiments were acquired at seven
different temperatures around 277 K, with a minimum
temperature of 273 K and a maximum temperature of 285
K.

For the determination of chemical shift indices the
difference in ppm between the measured chemical shifts and
the random coil chemical shifts was calculated and decisions
as to secondary structure based on threshold values given in
the literature (37). The percent helix for each residue was
calculated using the equation:

whereδmeas) measured chemical shift for a specific type
of amino acid,δrandom) the random coil chemical shift for
that type of amino acid, andδhelix ) the average chemical
shift for that type of amino acid in a helical conformation.
The approach follows that developed according to ref37.

RESULTS

Sample Optimization. Previous attempts to obtain NMR
spectra of T-20 (gp41638-673) in aqueous solution were
unsuccessful due to aggregation (26). Although shorter
peptides containing portions of the T-20 sequence had been
studied, we reasoned that more meaningful results would be
obtained by extending the peptide at the termini using native
residues. To increase the solubility of T-20, we decided to
study a slightly elongated gp41 peptide (gp41636-677), which
included two asparagine residues (N636N637) at the N-terminus
and four residues (N674ITN677) at the C-terminus. The
solubility of the NN-T-20-NITN peptide improved at slightly
basic pH (7.7). At pH 7 and below the solubility decreased
considerably. The increased solubility above neutral pH is
not surprising considering that NN-T-20-NITN has a net
charge of-5.

Despite the considerable improvement in solubility, rela-
tively broad spectral lines were seen in the NMR spectra of
0.4 mM peptide samples, suggesting some aggregation.
Further improvement of the spectra was achieved by the
addition of low concentrations of DMSO (7% v:v, 2% mol/
mol). It has been demonstrated that DMSO, unlike other
organic solvents, does not contribute to the formation of
helical conformations (38). Furthermore, DMSO in high
concentrations was shown to interfere with hydrogen bond
formation and by that destroy secondary structures (38, 39).
It has been suggested that DMSO/water mixtures may be
generally useful for NMR investigations of aggregating
peptides, providing information on the structural preferences
in aqueous environment without the complication of dimin-
ished H-bond acceptor properties (associated with organic
solvents such as acetonitrile) and helicity induction associated
with aqueous solutions of fluoro alcohols/water solutions
(40). Indeed, the addition of acetonitrile increased consider-
ably the helicity of T-20 (26) and NN-T-20-NITN (data not
shown). In contrast, an analogue peptide, gp41647-677, did
not show any change in proton chemical shift in H2O and
7% DMSO/93% H2O (data not shown), thus validating our
approach. On the basis of these observations we conducted

a detailed NMR analysis of NN-T20-NITN in 7%DMSO/
water. Comparative studies in 100% aqueous buffer (vide
infra) at a lower concentration of NN-T-20-NITN demon-
strate that our conclusions are valid for the peptide in water.

Equilibrium Sedimentation of the NN-T-20-NITN Peptide
in Aqueous Solution.The molecular mass of the peptide was
determined using sedimentation equilibrium at 277 K to
assess the oligomerization state of the peptide. Due to the
high extinction coefficient at 280 nm, the molecular mass
was determined using a 60µM solution of NN-T-20-NITN
in water. The estimated MW of the peptide was found to be
5450 Da, in good agreement with the expected mass of
monomer (5.12 kDa). Unlike in the NMR experiments
DMSO was not used to prevent aggregation in the sedimen-
tation experiment because it absorbs strongly and prevents
detection of the peptide.

Circular Dichroism of the NN-T-20-NITN (gp41636-677)
Peptide. The circular dichroism (CD) spectrum of gp41636-677

was measured in water (without DMSO) to evaluate the
secondary structure of the peptide. The peptide concentration
was 10µM. The CD curve at 277 K was characterized by a
negative shoulder between approximately 215 and 225 nm
and a minimum centered at 205 nm. At wavelengths below
200 nm the ellipticities trended toward positive values. A
ratio of [θ]222/[θ]205 ) 0.7 was measured (Figure 2A). Very
similar CD spectra, having a minimum centered at 205 nm,
were also reported for T-20 by others (9, 26, 41, 42). The
shape and intensity of the CD patterns were similar, but not
identical, to those recently reported for short peptides
assuming mostly the 310-helical conformation (19, 43, 44).
The CD spectrum of a 310-helix is characterized by a
minimum between 202 and 206 nm and a ratioR ) [Θ]222/
[Θ]205 between 0.15 and 0.4 (43, 44) while values closer to

(δmeas- δrandom)/(δhelix - δrandom)

FIGURE 2: Circular dichroism of the NN-T-20-NITN peptide in
H2O at pH 7.7. (A) CD spectra of NN-T-20-NITN measured at
277, 298, and 323 K. (B) Thermal unfolding transition of the NN-
T-20-NITN peptide measured at 220 nm. The peptide was dissolved
in water at a concentration of 10µM, and the pH was adjusted to
7.7 by the addition of 1 M ammonium hydroxide solution.
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1 are typical for anR-helix. The stronger shoulder centered
at 222 nm observed for NN-T-20-NITN indicates a partial
R-helical conformation. The shift of the minima from 205.5
nm at 277 K to 202.5 nm at 323 K and the gradual de-
crease of the ellipticity at 220 nm from-12 × 10-3

deg‚cm2‚dmol-1 at 277 K to an asymptotic value of-8 ×
10-3 deg‚cm2‚dmol-1 (reached above 325 K) (Figure 2)
suggest that the helicity of the peptide decreases but does
not disappear as the temperature increases.

Chemical Shift Assignment of NN-T-20-NITN. To evaluate
the structure of NN-T-20-NITN in highly aqueous conditions,
we used NMR measurements at 277 K as the CD results
suggested that higher percentages of regular secondary
structures were present at this low temperature. The HN-
HN interactions in NOESY experiments were also observed
best at 277 K, suggesting a relatively stable structure at this
temperature. At higher temperatures the amide proton NOEs
were considerably weaker probably due to a combination of
faster exchange with solvent protons and increased mobility.
To obtain sharper lines at the concentrations required for
NMR measurements, 7% DMSO was added to the peptide
samples. In the preliminary stages of the study, we used a
chemically synthesized unlabeled 42-residue NN-T-20-NITN
peptide. Usually, the structure of peptides of this size (5.12
kDa) can be solved without labeling with13C and 15N
isotopes. However, results from 2D homonuclear NOESY
and 2D homonuclear TOCSY spectra showed severe overlap
of resonances in the amide region. Moreover, the measured
T2 relaxation time of the amide protons at the optimal
temperature (277 K) was 18 ms. The shortT2 resulted in
considerable line broadening and consequently limited the
resolution. We, therefore, were forced to use15N- and13C/
15N-labeled peptides for sequential assignment and NOE
measurements.

Poor dispersion of nitrogens and protons was observed in
the 2D15N,1H HSQC spectrum of NN-T-20-NITN, typical
for helical and unstructured conformations. About 70% of
the sequential assignments were obtained using HNCA and
CBCA(CO)NH spectra. The15N-separated TOCSY and the
15N-separated NOESY spectra extended and verified the
assignments. Nearly complete backbone assignment was
obtained using HNCO and HN(CA)CO experiments. Only
the resonances of amide protons of the first three residues
(7%) were not assigned due to fast exchange with water.
We were also able to assign 90% (38 of 42) of the carbonyl
backbone atoms, 93% (39/42) of the13CR atoms, and 88%
(37/42) of the13Câ atoms (a table summarizing the chemical
shift assignment is presented in the Supporting Information).

Secondary Structure of NN-T-20-NITN by NMR. (A)
Chemical Shift Indices.For unstructured “random coil”
polypeptides it has long been recognized that the chemical
shift of the HR, CR, Câ, and CO carbons of a given residue
is largely independent of the nature of neighboring residues
in the peptide, and random coil shifts have been reported
for all amino acids (45). In contrast, in proteins and structured
peptides the1HR, 13CR, 13Câ, and 13CO chemical shifts are
influenced mainly by backbone geometry and, therefore, are
the most reliable indicators of the secondary structure (46,
47). Positive deviations for13CR and 13CO and negative
deviation for1HR and 13Câ chemical shifts are typical of a
helical conformation (46, 48). In 7% DMSO/93% water at
277 K the deviation from random coil values for the13CR

carbon chemical shift from residue E657 to residue L669
clearly indicates the formation of a rather stable helical
conformation in this region of T-20 (Figure 3A). Analysis
of the HR and CO chemical shifts measured under identical
conditions also reveals a helix beginning at E657 and
extending toward the carboxyl terminus (Figure 3B,C). The
ratio between the deviation from random coil values of the
13CR chemical shift and the average deviation from a random
coil value for the given amino acid in a helical conformation
can be used to estimate the population of helical conformers
in peptides in a residue-specific manner (37). Using this
approach we estimated that at 277 K in 7% DMSO/93% H2O
60% of the peptide molecules populate a helical conformation
in the E657-L669 segment and 20% and 30% of the
molecules populate a helical conformation at the segments
S640-N656 and W670-F673, respectively (Figure 3D). The
segment N674-N677 is unstructured.

To determine whether DMSO influenced the conformation
of NN-T-20-NITN, assignments were obtained using CBCA-
(CO)NH and HNCO spectra measured at 0.1 mM peptide
concentration in 50 mM deuterated Tris-HCl buffer, pH 7.7,
without DMSO at 277 K. Most of the cross-peaks could be
observed despite the lower concentration of the peptide, and
the similarity between the spectra recorded with and without
DMSO enabled sequential assignment for most of the
backbone nuclei. Figure 3D,E compares the helix percentage
obtained at 277 K in the presence and absence of DMSO.
The data indicate that the population of the peptide that
assumes a helical conformation for segment E657-L669 is
slightly increased in the absence of DMSO. Backbone
assignments were also obtained at 303 K using CBCA-
(CO)NH and HNCO spectra measured for 0.1 mM NN-T-
20-NITN in 50 mM deuterated Tris-HCl buffer, pH 7.7,
without DMSO. Both the CR (Figure 3F) and CO (data not
shown) chemical shift indices reveal that in the buffered
water the peptide segment E657-L669 is somewhat less
structured at 303 K in comparison to 277 K. Nevertheless,
in the buffered water at 303 K we estimate that the E657-
L669 segment of NN-T-20-NITN is 40% helical on average.
This result is in agreement with the CD results that indicated
significant helicity (about 33% helix for the entire peptide)
at 310 K (Figure 2).

(B) TALOS Data Base Analysis. To achieve further
structural information from the chemical shift assignment,
we utilized the TALOS program (49). The deviations of the
chemical shifts from random coil values, on which the
TALOS program is based, are used for secondary structure
determination of both peptides and proteins (37, 50). The
retrievedφ andψ angles for residues E657-L669 correspond
well to typical helical values (Figure 4). Residues Y638-
N656, however, did not show values typical for any protein
from the database, suggesting again that this segment does
not exhibit a well-defined secondary structure.

(C) NOESY ConnectiVities. Analysis of the 3D 15N-
separated [1H-1H] NOESY spectrum revealed 15dNN(i,i+1)
sequential connectivities and 7 medium range connectivities,
5 dRN(i,i+3) connectivities between residues L669-W672,
W666-L669, L663-W666, N656-E659, and K655-Q658,
and 2dRN(i,i+2) between residues W666-S668 and N656-
Q658, all in the segment of the peptide between Q653-
N677 (Figure 3). Despite the use of heteronuclear NMR
severe overlap was observed in the15N-separated NOESY
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spectrum (Figure 5), preventing the unambiguous assignment
of a large number of medium-range NOEs (Figure 5). The

observation of severaldRN(i,i+3) interactions suggests a
significant population in a helical conformation for the
Q655-N672 region of NN-T-20-NITN. The unambiguous
assignment of only twodRN(i,i+2) does not enable us to
differentiate between a 310-helix and anR-helical conforma-
tion. Residues Y638-Q654 in the peptide do not exhibit any
medium-range interactions in the NOESY spectrum, again
indicating that the N-terminus of the peptide is mostly
unstructured. Despite the small number of unambiguosly
assigned medium-range NOEs, we attempted to calculate a
structure using the CNS program (Crystallography and NMR
System) (51). To calculate the structure of the Q650-N677
segment of the NN-T-20-NITN peptide, 185 distance con-
straints (35 of them are medium range) and 30 dihedral
angles derived from TALOS were used (Supporting Infor-
mation). The 25 structures with the lowest energy (from 100
structures without violations) were chosen for statistical
analyses. A helical segment is observed (Supporting Infor-
mation) for the segment E657-L669 with a backbone RMSD
of 2 Å.

(D) Temperature Coefficient Analysis. An additional
indicator for secondary structure is the existence of hydrogen
bonds. The temperature-dependent changes in the amide
proton chemical shift (as long as the protein is folded
throughout the temperature range of the measurements) are
linear, and the temperature coefficients range between-16
to +2 ppb/K (52). Cierpicki and Otlewski showed that

FIGURE 3: Chemical shift indices, percentage of helical conformation, and NOE interactions for the NN-T-20-NITN peptide in aqueous
media at pH 7.7. All of the data were collected using 50 mMd-Tris-HCl, pH 7.7, as the buffer. (A-C) 1HR, 13CR, and13CO chemical shift
deviations from random coil chemical shifts in the NN-T-20-NITN peptide in 7% DMSO/93% H2O at 277 K. The cutoff values for deviations
indicating helical conformations are represented by solid lines. (D), (E), and (F) plot the helix percentage of each residue under various
conditions determined using the method of Wishart et al. (37) (see Experimental Procedures): (D) 277 K in 7% DMSO/93% H2O; (E)
NN-T-20-NITN peptide in 5% D2O/95% H2O, 277 K, in water; (F) NN-T-20-NITN peptide in 5% D2O/95% H2O, 303 K. (G) NOE
interactions were extracted from 3D15N-separated NOESY spectra for the peptide in 7% DMSO/93% H2O.

FIGURE 4: Ramachandran plot of theφ and ψ angles of NN-T-
20-NITN deduced from the chemical shifts of the peptide measured
in 7% DMSO/93% H2O, pH 7.7, at 277 K using TALOS. The gray
square represents theφ and ψ angles for residues E657-L669,
which exhibit values inside the allowed helical region. The estimated
error in the deduced dihedral angle is not more than(16°.
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hydrogen-bonded NHs in proteins usually exhibit a high
percentage of HN temperature coefficients more positive than
-4.6 ppb/K (53). We assigned the backbone amide proton
chemical shifts for NN-T-20-NITN in 7% DMSO/93% water
at six different temperatures between 273 and 285 K. Plots
of these chemical shifts at different temperatures were linear,
allowing extraction of temperature coefficients (data not
shown). Residues Q653-W666 exhibited the most positive
δHN/δT values, and 11/12 residues (92%) have temperature
coefficients significantly more positive than-4.6 ppb/K, thus
supporting the formation of hydrogen bonds by residues in
this region of the NN-T-20-NITN peptide (Figure 6).
Interestingly, on the basis of the NH temperature coefficients
the region between A667-N674 contains a mixture of

protected and nonprotected protons, with 4 of the 8 residues
(50%) in that region havingδNH/δT values more positive
than the-4.6 ppb/K threshold. All residues in the N-terminal
part of the peptide upstream of Q652 show coefficients
significantly more negative than the-4.6 threshold (Figure
6).

(E) Heteronuclear1H-15N NOE. 1H-15N NOEs of NN-
T-20-NITN in 7% DMSO/93% water at 273 K were
measured to assess local motions in the peptide. Some of
the residues could not be measured due to overlap in the
HN region. The relaxation data indicate that the largest
heteronuclear NOEs are observed for NHs in the E657-
F673 region (Figure 6B) and that these NOEs approach the
limiting value of 0.8 observed for well-structured segments

FIGURE 5: NH strips for residues E657-L669 obtained from the 3D15N-separated NOESY spectrum of NN-T-20-NITN. The15N-separated
NOESY spectrum was acquired using a 0.4 mM uniformly15N-labeled sample with 50 mMd-Tris-HCl buffer and 7% DMSO/93% H2O
at pH 7.7, 277 K, on a Bruker DRX-800 MHz spectrometer. The mixing period was 200 ms. The region between 5 and 7 ppm was cut from
the spectrum for simplification.

FIGURE 6: Amide proton temperature coefficients and1H-15N NOE values for NN-T-20-NITN in 50 mMd-Tris-HCl and 7% DMSO/93%
H2O at pH 7.7. (A) Temperature coefficients of the amide protons of each residue. The line at-4.6 ppb/K corresponds to the upper
threshold value used as an indicator for hydrogen bonding (53). (B) 1H-15N heteronuclear NOEs measured at 277 K.
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of proteins (54). This is consistent with a greater rigidification
of this region of NN-DP-178-NITN in comparison to the
rest of the peptide.

DISCUSSION

Previous attempts to study the structure of the T-20 peptide
in water were stymied by its poor solubility, tendency to
aggregate, and the severe overlap found in the NH region
of the spectrum. Accordingly, it was previously studied by
NMR in 50% acetonitrile, a condition which was shown by
CD to stabilize a helical conformation in T-20 (data not
shown and Figure 3 in ref26). On the basis of a CD analysis
it was concluded that, in aqueous buffer at 298 K and close
to neutral pH, T-20 is unstructured (26). No NMR data
supported this conclusion, and CD spectra of T-20 at 10-
50 µM in PBS buffer (pH 7.0-7.4) at various temperatures
from 274 to 293 K exhibited significant ellipticity at 222
nm suggestive of some helicity. To provide insights into
structural tendencies of specific residues of T-20, we
circumvented the solubility problems at the concentration
required for NMR measurements by elongating T-20 with
native polar residues and incorporating13C and15N isotopes.
This strategy enabled us for the first time to study in detail
its structure in aqueous solution.

The present CD and NMR measurements support the
conclusion that a continuous segment comprising the center
and a major component of the C-terminal half of NN-T-20-
NITN, a therapeutically relevant peptide, has significant
helical tendencies in aqueous solution. The CD spectrum of
NN-T-20-NITN suggests that the peptide may contain a
mixture of 310- and R-helical conformations as well as
unstructured segments. NMR was used to map these helices
to specific residues. The heteronuclear chemical shifts (CR

and CO) provide strong evidence for a helix beginning at
E657 and continuing until at least L669 (Figure 3B,C). Use
of these chemical shifts allowed us to estimate the percentage
of helical residues within the conformational distribution of
NN-T-20-NITN. The E657-L669 segment was calculated
to be 60% helical at 277 K in 7% DMSO/93% water (Figure
3D). Strikingly, this segment of T-20 remained 40% helical
in 100% aqueous buffer at 303 K (Figure 3F). The same
approach indicated that residues S640-N656 and W670-
F673 are more than 70% disordered in 7% DMSO/93% water
at 277 K. The NOE connectivities are consistent with a
helical region beginning at the center of T-20 and extending
toward the C-terminus but are not sufficient to map the
segments that adopt a 310-helix and those that adopt an
R-helical conformation nor to calculate a high-resolution
structure. Temperature coefficients and heteronuclear NOEs
also support hydrogen bonding and structure beginning at
the center and extending toward the carboxyl terminus of
the peptide (Figure 6). Despite the fact that amide proton
coefficients more positive than-4.6 ppb/K were used as
the cutoff for prediction of hydrogen bonds, a number of
hydrogen-bonded protons inR-helical segments of the
proteins surveyed exhibited coefficients between-7 and-5
ppb/K (53). Thus, we believe that the rather negative
coefficient found for A667 is not indicative of a break in
the helix and that we can rely on the chemical shift indices
to define the limits of the helix. On the basis of our analysis,
for the first time a detailed picture of the structural elements

present for T-20 in water has emerged. The tendency of T-20
in water to form a helical structure beginning at its center
and extending toward the C-terminal end may be relevant
to both drug design and the development of effective
vaccines.

One might question whether the additional residues have
a significant influence on the structure of the T-20 core. The
CD spectrum of the elongated peptide (NN-T-20-NITN) in
water at 298 K, pH 7.8 (Figure 2), is similar to other reported
CD spectra of T-20 (19, 26, 43, 44). The small variations
between these spectra might reflect small differences in the
sample conditions such as pH, salt concentration, or tem-
perature. Asn and Thr have low helix propensities, and it is,
as observed by our NMR study, unlikely that they assume a
helical structure (55). Nevertheless, the carboxyl-terminal
extension could stabilize the helix formed by the residues
near the center of T-20.

Our results for the structure of NN-T-20-NITN in 7%
DMSO/93% water and in aqueous buffer are not in good
agreement with a recent crystal structure which concluded
that gp41654-670 in complex with 2F5 was in an extended
structure (22). It is somewhat curious that the core structure
determined for the postfusion hexahelical bundle composed
of gp41628-664 and the structure of a central segment
extending to the C-terminal strand of NN-T-20-NITN are
both helical while that of gp41654-670 bound to antibody 2F5
is extended. Perhaps the different conformations observed
in NN-T-20-NITN and in the crystal structure of the 2F5
complex represent the conformational diversity of this gp41
segment in the resting virus, during the binding and fusion
processes and in the postfusion state.

With respect to the extended structure found for the 2F5-
bound gp41657-670, we previously suggested that most of this
segment is an autonomous folding unit (19) that forms an
intrinsically stable 310-helix due to a combination of hydro-
phobic and electrostatic factors that result in stabilizing local
interactions. The present study provides additional evidence
that, in the context of the NN-T-20-NITN peptide, residues
corresponding to gp41657-669 have significant helical tenden-
cies in water. Autonomous folding units probably serve as
nucleation sites during protein folding (56-58), and it is very
likely that the region in gp41 corresponding to E657-L669
adopts helical structures similar to those found in the
gp41659-671 peptide and in NN-T-20-NITN (59-61). Thus,
it is not obvious why or when gp41 would provide the
conformational surface leading to the generation of a 2F5
binding site that would recognize an extended peptide
topology. It appears that it would be prudent to consider the
inherent helicity of the membrane proximal domain of gp41
in the development of strategies for vaccine design.

Until very recently the accepted model for T-20 inhibition
suggested attachment of T-20 to the prefusogenic state of
gp41 (41), thus preventing attainment of the hexahelical
bundle required for viral fusion. The importance of T-20
helicity in this process was supported by studies on variously
i,i+7 cross-linked (gp41638-664) peptides with enhanced
R-helicity (62). Further support for the importance of the
helicity of T-20 was obtained from a recent examination of
the differential inhibition of HIV-1 and SIV envelope-
mediated cell fusion by C34 peptides (residues 628-661 of
the transmembrane envelope glycoprotein, partially overlap-
ping T-20) derived from diverse strains of HIV-1, HIV-2,
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and SIV suggesting that the inhibitory properties of these
peptides were correlated with their helical propensities (63).

In conclusion, the findings of the present study provide
spectroscopic evidence that an extended region at the
C-terminal part and near the center of NN-T-20-NITN exists
in a helix or incipient helix under nearly physiological
conditions. Taken together with findings of others, it is likely
that the ability to form this helix is correlated to the biological
properties of T-20. Such information may be useful in
guiding future attempts at improving the therapeutic indices
of this molecule.
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