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Abstract: The synthetic octapeptide peptide T (ASTTTNYT) has been shown to interfere with binding of
the HIV-1 envelope glycoprotein gp120 to the chemokine receptor R5, thus preventing viral infection. This
study investigated the degree of conformational order of two analogs of peptide T, one biologically active
(D-Ala peptide T amide) and one inactive (D-Ala, D-Tyr peptide T amide) using nuclear magnetic resonance
(NMR) spectroscopy in an aqueous environment, both in solution and in the frozen solid state. Standard
solution NMR techniques such as DQFCOSY, HMQC, ROESY and inversion recovery measurements have
been utilized to characterize these peptides. Solid state NMR experiments were likewise employed to study
the peptides in a frozen glycerol : water mixture. The NMR results indicate that the monomeric form of
both peptide T analogs have considerable conformational heterogeneity. Solid state NMR studies indicate
aggregation of D-Ala peptide T, possibly into a β-sheet structure, at concentrations higher than 10 mM.
Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

HIV-1 infects healthy cells via the chemokine recep-
tor CCR5 (R5) [1]. The infection process is mediated
by the viral envelope glycoprotein gp120 [2–4]. It
was discovered in 1986 that the chemotactic por-
tion of this protein had the sequence ASTTTNYT,
which is located in the V2 region of gp120 [5]. A
synthetic analog that will exhibit improved pharma-
cokinetic properties (same sequence, but with the
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D-isomer of Ala1) was then developed. This peptide
is claimed to block effectively the receptor sites of
gp120 via antagonism of the chemokine receptor R5
[6], thus preventing viral infection [5]. The chemo-
tactic activity of the peptide has been attributed to
residues 4–8, referred to as the core pentapeptide
[7]. Studies have also shown that variants of this
core pentapeptide have a wide range of potencies in
preventing the binding of gp120 [8]. This present
work was mainly interested in the octapeptides
dASTTTNYT and dASTTTNdYT. Both these peptides
have the same primary sequence as peptide T, yet
the single substitution of D-tyrosine at residue 7 in
the second isomer renders it inactive [7–9].

A previous study using nuclear magnetic reso-
nance (NMR) spectroscopy, with deuterated dimethyl
sulfoxide (DMSO-d6) as solvent, has indicated that
peptide T assumes a β-turn conformation in the last
four residues of the peptide [10]. The conclusions
drawn from this previous work have been disputed
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by other NMR studies on aqueous and non-aqueous
solutions [11–13] and by modeling studies of
the peptide using molecular dynamics simulations
[14–17]. The modeling studies indicate that there
are several available low energy conformers, of which
only a small percentage represent a β-turn motif.

This paper presents the results of NMR studies of
two forms of peptide T conducted in an aqueous
solution, as well as solid state NMR studies
conducted in a frozen glycerol : water solution. From
the data described below, it is concluded that
both the biologically active form and the inactive
form of peptide T are substantially conformationally
disordered in aqueous solution. The conformational
disorder is dynamic in the liquid state NMR
measurements and static in the solid state NMR
measurements. This conclusion is based on the
observations that the NMR chemical shifts and
scalar couplings in the liquid state are indicative
of a random coil conformation, that spin relaxation
properties in the liquid state are consistent with an
unstructured peptide, and that 13C NMR linewidths
in the solid state are indicative of conformational
heterogeneity.

MATERIALS AND METHODS

D-Ala peptide T Amide (DAPTA) and D-Ala, D-Tyr pep-
tide T Amide (DADTPTA) were synthesized on an
Applied Biosystems model 433A automated peptide
synthesizer, using standard FMOC synthesis and
cleavage protocols, a Rink amide MBHA resin (Pep-
tides International) and HBTU activation. Solution
NMR measurements were performed on unlabeled
samples. Solid state NMR measurements were per-
formed on DAPTA with U-15N,13C-labeled Asn6 and
Tyr7, and on DADTPTA with U-15N,13C-labeled Asn6.
Uniformly labeled, FMOC protected L-Asn and L-Tyr
were obtained from Cambridge Isotope Laboratories.
Samples for solution NMR were prepared by dis-
solving the peptide in a 50 : 50 H2O : D2O mixture.
The concentration of the samples was approximately
5 mM in a total volume of 0.2 ml. A water suscep-
tibility matched Shigemi sample tube was used to
accommodate the small sample volume. Solid state
NMR samples were prepared in glycerol : water as
described below. To reduce 1H spin-lattice relaxation
times in the frozen solutions to approximately 1 s,
Na2[Cu(EDTA)] with a final concentration of 20 mM

was added to these samples.
Solution NMR experiments were performed on a

Varian Unity INOVA 500 MHz NMR spectrometer

interfaced with a Sun Sparc Station running the
Varian VNMR v.5.1 software. The 1H and 13C chemi-
cal shifts were externally referenced to TMS, and
the 15N chemical shifts were externally referenced
to benzamide. All two-dimensional (2D) spectra
were collected in the phase-sensitive mode using
the Haberkorn-States hypercomplex method. Low-
power presaturation of the residual HDO signal du-
ring the repetition delay was used in each spectrum
for solvent suppression. All NMR experiments were
conducted at 298 K. The DQFCOSY [18], TOCSY [19]
and ROESY [20] spectra were recorded as 512 (t1) ×
4096 (t2) data sets. Each FID was averaged over
36 scans. The TOCSY spectra used the MLEV-17
sequence [19] with a mixing time of 75 ms. Mixing
times (τm) of 100, 150, 200 and 250 ms were used
in the acquisition of the ROESY spectra. The 13C
HMQC and HMBC and the 15N HMQC experiments
were likewise collected as 512 (t1) × 4096 (t2) data
sets. These FIDs were also averaged over 36 scans.

Due to the low viscosity of water, which leads to
unfavorable correlation times for an eight-residue
peptide, no cross peaks were observed in 2D
NOESY spectra of DAPTA and DADTPTA. ROESY
experiments were therefore conducted in lieu of
NOESY experiments.

Solid state NMR measurements were carried out
on a Varian/Chemagnetics Infinity-400 spectrome-
ter. The NMR samples were prepared in a mixture
of glycerol and water (40 : 60 by volume). Peptide
concentrations of 1 and 16 mM were used. Peptide
solutions were pipetted into 6 mm (240 µl sample
volume) magic angle spinning (MAS) rotors, frozen
by immersion in liquid N2, and inserted into the
precooled MAS NMR probe. Measurements were per-
formed at a sample temperature of 150 K. 13C NMR
spectra were recorded with a cross-polarization (CP)
contact time of 2 ms and at a magic angle spin-
ning (MAS) rate of 5 KHz. 1H decoupling levels were
approximately 80 kHz. 2D 13C NMR spectra were
obtained with a 2D exchange pulse sequence, using
active rotor synchronization to suppress cross peaks
among MAS sidebands. The exchange period con-
sisted of 10 ms of 13C-13C spin diffusion, with no 1H
decoupling or 13C pulses during the exchange period.

RESULTS

The one-dimensional (1D) 1H NMR spectra of DAPTA
and DADTPTA are shown in Figure 1. The chem-
ical shift dispersion in these spectra is such that
almost all 1H resonance assignments could be made.
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Figure 1 One-dimensional 1H NMR spectra of (A) D-Ala peptide T and (B) D-Ala, D-Tyr PeptideT in 50% H2O/50% D2O at
298 K.

Applying standard methods in assigning spin sys-
tems [21], 1H, 13C and 15N resonance assignments
were made using the results from the 2D DQF-
COSY, TOCSY, 13C HMQC, 13C HMBC and 15N
HMQC experiments. All resonance assignments and
J-couplings are listed in Tables 1 and 2 for DAPTA
and DADTPTA, respectively. The HN and Hα protons
are found to have very similar chemical shifts for
the two isomers, indicating very similar conforma-
tional distributions. The only substantial difference
between the two spectra in Figure 1 is the line for
one of the Thr (Thr8) methyl protons. The chemical
shift of these protons is around 1.0 ppm in DAPTA,
while in DADTPTA a significantly more shielded
value is observed, 0.7 ppm. This indicates that the
local environment around the γ protons of Thr-8 has
changed between the two isomers. The most proba-
ble cause of this increase in shielding is the phenyl
ring of Tyr7. The side chain of Tyr7 may lie close to
the side chain of Thr8 in DADTPTA but significantly
further away in DAPTA (because of the different tyro-
sine enantiomers), suggesting that residues 7 and

8 are assuming an extended conformation in both
peptides. Importantly, the backbone chemical shifts
(13Cα, 1Hα, 13C′, 13Cβ ) for both peptides lie very close
to those of a random coil [22]. Furthermore, the
coupling constants between HN and Hα protons are
6–8 Hz, consistent with a random coil.

Close examination of the ROESY data (Figure 2)
suggests that DADTPTA may have a somewhat more
rigid structure than DAPTA. More cross peaks are
observed in the 2D ROESY spectrum of DADTPTA
than in the corresponding DAPTA spectrum. In fact,
in Figure 2, before cross peaks can be observed in
the DAPTA spectrum, the vertical scale needs to be
made so large that the t1 noise from the water signal
is already visible. Interestingly, neither of the two
spectra show any HNi ↔ HNi+1 cross peaks, which
would be indicative of the type I β-turn [21] reported
in the earlier NMR study in DMSO solvent [10].
DADTPTA exhibits the expected sequential cross
peaks between HNi and Hα

i−1, as shown in Figure 2.
The ROESY spectrum of DADTPTA shows additional
cross peaks between Tyr7 HN and Thr4 Hβ , and
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Table 1 Chemical Shifts (ppm) and Coupling Constants (3JNHα Hz) of D-Ala-
peptide T in 50% H2O/50% D2O

Residue Position 1H chemical
shift (ppm)∗

13C chemical
shift (ppm)a

15N chemical
shift (ppm)b

3JNHα (Hz)

Ala-1 N
Ala-1 α 4.04 49.30
Ala-1 β 1.42 16.71
Ala-1 C 171.38
Ser-2 N 8.65 117.51
Ser-2 α 4.45 55.58 6.60
Ser-2 β 3.78 61.21
Ser-2 C 172.21
Thr-3 N 8.28 118.46
Thr-3 α 4.38 59.20 6.43
Thr-3 β 4.19 67.16
Thr-3 γ2 1.09 18.98
Thr-3 C 172.21
Thr-4 N 8.14 117.89
Thr-4 α 4.34 59.20 8.35
Thr-4 β 4.15 67.16
Thr-4 γ2 1.07 18.92
Thr-4 C 172.21
Thr-5 N 8.06 118.55
Thr-5 α 4.21 59.20 7.48
Thr-5 β 4.02 67.16
Thr-5 γ2 0.99 18.87
Thr-5 C 171.28
Asn-6 N 8.29 123.26
Asn-6 α 4.62 50.38 7.72
Asn-6 β 2.61 36.19
Asn-6 δ1 172.07
Asn-6 δ2 6.76,7.42
Asn-6 C 174.45
Tyr-7 N 8.14 123.49
Tyr-7 α 4.50 55.43 7.29
Try-7 β 2.91 36.17
Tyr-7 γ 128.17
Tyr-7 δ 7.01 130.70
Tyr-7 ε 6.71 115.72
Tyr-7 ζ 154.65
Tyr-7 C 173.47
Thr-8 N 7.94 118.38
Thr-8 α 4.15 58.89 7.97
Thr-8 β 4.14 67.16
Thr-8 γ2 1.03 18.87
Thr-8 C 174.24
Thr-8 Amide 114.11

a Externally referenced to TMS at 0.0 ppm.
b Externally referenced to benzamide at 105.4 ppm.

between Tyr7 HN and Thr4 Hα, suggesting a low
population of a turn somewhere between residues 4
and 7. These cross peaks as well as the sequential
ones are not observed in DAPTA.

It is important to note that the ROESY cross
peaks discussed above for DADTPTA are very weak.
The cross peaks in Figure 2B have intensities
that are less than 3% of the diagonal peaks.
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Table 2 Chemical Shifts (ppm) and Coupling Constants (3JNHα Hz) of D-Ala,D-Tyr-
peptide T in 50% H2O/50% D2O

Residue Position 1H chemical
shift (ppm)∗

13C chemical
shift (ppm)a

15N chemical
shift (ppm)b

3JNHα (Hz)

Ala-1 N
Ala-1 α 4.04 49.30
Ala-1 β 1.42 16.72
Ala-1 C 171.41
Ser-2 N 8.64 117.57
Ser-2 α 4.44 55.74 6.48
Ser-2 β 3.77 61.21
Ser-2 C 172.17
Thr-3 N 8.26 117.77
Thr-3 α 4.36 59.25 8.25
Thr-3 β 4.16 67.16
Thr-3 γ2 1.08 18.89
Thr-3 C 172.33
Thr-4 N 8.19 118.12
Thr-4 α 4.34 59.25 6.74
Thr-4 β 4.14 67.08
Thr-4 γ2 1.07 18.79
Thr-4 C 172.17
Thr-5 N 8.08 117.68
Thr-5 α 4.22 59.25 8.13
Thr-5 β 4.07 67.24
Thr-5 γ2 1.04 18.79
Thr-5 C 171.41
Asn-6 N 8.28 123.18
Asn-6 α 4.56 50.74 8.51
Asn-6 β 2.53 36.38
Asn-6 δ1 172.34
Asn-6 δ2 6.74,7.42
Asn-6 C 174.28
Tyr-7 N 8.14 122.90
Tyr-7 α 4.48 55.91 6.74
Try-7 β 2.89 36.22
Tyr-7 γ 127.91
Tyr-7 δ 7.01 130.76
Tyr-7 ε 6.71 115.84
Tyr-7 ζ 154.71
Tyr-7 C 173.87
Thr-8 N 8.10 118.45
Thr-8 α 4.08 58.93 7.27
Thr-8 β 4.01 66.66
Thr-8 γ2 0.71 18.47
Thr-8 C 174.82

a Externally referenced to TMS at 0.0 ppm.
b Externally referenced to benzamide at 105.4 ppm.

Differences between the two spectra in Figure 2 may
therefore reflect relatively minor differences in the
distributions of conformations adopted by the two
peptides in aqueous solution, or differences in the

rates of exchange among populated conformations.
Furthermore, the temperature dependence of the
amide proton chemical shifts in both peptides
is relatively large and negative (about −5 ppb/K).
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Figure 2 Expansion of the fingerprint region of the ROESY
spectra of (A) D-Ala peptide T and (B) D-Ala, D-Tyr peptide
T in 50% H2O/50% D2O at 298 K. Both spectra are taken
under similar conditions but the spectrum in (A) shown
here is drawn with a vertical scale 5 times larger than in (B).

This negative temperature dependence coupled with
the observed fast exchange of the amide protons
with water indicate the absence of intramolecular
hydrogen bonding within the peptide [23].

Additional data that support the lack of a rigid
structure for DAPTA are provided by 13C spin-lattice
relaxation time (T1) measurements. A sample with
uniformly 15N,13C-labeled Asn6 and Tyr7 was used
in these studies, enabling the direct measurement
of T1 via the inversion recovery method for the
13C nuclei at these two residues. The results are

Table 3 13C Longitudinal Relaxation Times (T1, s)

Site NT1 (s)a

DAPTA Asn C′ 1.56
Asn Cα 0.24
Asn Cβ 0.23
Asn Cγ 2.19
Tyr C′ 1.66
Tyr Cα 0.21
Tyr Cβ 0.31
Tyr Cγ 0.67
Tyr Cδ 0.26
Tyr Cε 0.26
Tyr Cζ 1.69

DADTPTA Asn C′ 1.53
Asn Cα 0.20
Asn Cβ 0.26
Asn Cγ 2.42

a N is the number of hydrogens attached to the C (for
unprotonated carbons, N = 1).

presented in Table 3. T1 values measured for the
protonated backbone 13C nuclei do not differ sig-
nificantly from those of the protonated sidechain
sites. Peptides that have a well-defined backbone
conformation typically exhibit smaller T1 values for
backbone carbon sites than for side chain sites, due
to the restricted mobility of the peptide backbone
relative to the sidechains. Additionally, the 13C T1

values for uniformly labeled Asn6 in DADTPTA are
nearly the same as in DAPTA, indicating that the
D-Tyr residue in DADTPTA has no significant effect
on the dynamics of Asn6. Estimates from the unre-
solved natural-abundance Thr 13C signals for both
DAPTA and DADTPTA indicate NT1 (where N is the
number of hydrogens bonded to the carbon atom,
with N = 1 for unprotonated carbons) values of 0.26,
0.31 and 1.0 s for the α, β and γ sites, respectively.
These values, combined with the observed chemical
shifts and coupling constants, strongly suggest the
absence of a single molecular conformation that can
appropriately describe these peptides and further
indicate the absence of major differences in the con-
formational distributions and dynamics of DAPTA
and DADTPTA.

Solid state NMR experiments were performed to
further characterize the structural states of the
peptides. These experiments were performed at low
temperature (150 K) using a glycerol : water mixture
to ensure a glassy frozen solution, rather than a
polycrystalline state. The addition of glycerol does
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not perturb the structure, as 1D and 2D solution
NMR spectra of the peptides in glycerol : water were
found to be identical to those obtained using water
alone as solvent. Two concentrations were used
(1 mM and 16 mM) in these solid state NMR studies.
Figure 3 compares 1D 13C NMR spectra of 16 mM

samples of DAPTA (liquid and frozen glycerol : water
solutions) and DADTPTA (frozen solution only). The
13C NMR lines are obviously wider in the frozen
solutions (4–5 ppm full width at half maximum)
than in liquid state. The sharp lines observed in the
liquid state are due to the presence of rapid motional
averaging among multiple conformations, which is
suppressed in the frozen solutions. 13C linewidths in
the frozen solutions are consistent with a significant
distribution of conformations for both peptides.
Peptides with well-defined conformations in frozen
solutions or other noncrystalline environments
typically exhibit 13C MAS NMR linewidths in the
1.0–2.5 ppm range [24,25].

The peak at 42 ppm in the solid state NMR spec-
trum of DAPTA (Figure 3C) is of particular inter-
est, as this peak is anomalously sharp and is not
observed in the liquid state (Figure 3A). Additional
new peaks are also observed in the Cα and C′ regions.
These new peaks are also not observed in solid state
NMR spectra of the 1 mM sample of DAPTA, indi-
cating that they arise from a DAPTA conformer that
corresponds to an aggregated form of the peptide.
The resonance near 42 ppm can be assigned to Cβ

of Asn6 via 2D exchange spectroscopy in the solid
state, as shown in Figure 4. The cross peak between
the 42 ppm signal and a signal in the C′ region estab-
lishes this assignment. New cross peaks attributable
to the aggregated state of DAPTA are also seen for the
C′/Cα, Cα/Cβ and Cβ/Cγ pairs of Asn6 in Figure 4.
This chemical shift for a β-carbon of Asn is highly
deshielded, implying backbone dihedral angles char-
acteristic of a β-strand conformation. The chemical
shifts for the C′ and Cα sites of Asn6 are also con-
sistent with a β-strand conformation. In contrast,
neither the 1 mM nor the 16 mM frozen samples of
the isomer DADTPTA show additional 13C MAS NMR
peaks for Asn6, indicating that DADTPTA does not
aggregate at high concentrations in glycerol : water.
This observation can be rationalized by the fact that
the D-enantiomer of tyrosine disrupts β-sheet forma-
tion through unfavorable side chain packing. Thus,
although the D-Tyr residue has no major effect on
the conformational distribution and dynamics in the
monomeric state of peptide T, the D-Tyr residue does
affect the propensity to form structurally ordered
aggregates.
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Figure 3 One-dimensional 13C NMR spectra of D-Ala pep-
tide T with uniformly 15N,13C-labeled Asn6 and Tyr7 (A,C)
and D-Ala, D-Tyr peptide T with uniformly 15N,13C-labeled
Asn6 (B). All spectra are from glycerol : water solutions,
either in the liquid state at 298 K (A) or in the frozen glassy
state at 150 K (B,C).

DISCUSSION AND CONCLUSIONS

1D and 2D NMR experiments were utilized to
explore whether peptide T and its D-Tyr analog
adopt a preferred structure in solution. The observed
chemical shifts and coupling constants, combined
with the lack of strong cross peaks in NOESY and
ROESY experiments and the measured 13C spin-
lattice relaxation times, indicate that both peptides
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(a)

(b)

Figure 4 Two-dimensional solid state 13C NMR exchange
spectra of peptide T in frozen glycerol : water solution
at 150 K. (A) D-Ala, D-Tyr peptide T with uniformly
15N,13C-labeled Asn6. (B) D-Ala peptide T with uniformly
15N,13C-labeled Asn6 and Tyr7. Assignments of peptide
T crosspeaks are indicated. Spurious crosspeaks between
58 ppm and 75 ppm in ν2 dimension are due to truncation
of the intense glycerol signals.

are highly flexible and conformationally disordered
in aqueous solution. It is not possible to assign a
single structure to these peptides. 13C MAS NMR
linewidths observed in 1D and 2D solid state NMR
measurements of frozen solutions of these peptides
likewise support this conclusion. The decreased
potency as an inhibitor of HIV infectivity caused by

the substitution of D-tyrosine in residue 7 of peptide
T does not appear to result from a significant change
in the conformational state of the free peptide. The
decreased potency is probably caused directly by
the stereochemistry of the tyrosine side chain. With
D-Tyr, it may no longer be possible for the peptide
to adopt a conformation in which the Tyr side chain
matches the binding site on the chemokine receptor.

The solution NMR results presented above are
largely consistent with an earlier study of peptide
T by Zangger and Sterk [12], even though the
peptide in this earlier study contained no D-amino
acids and was not amidated at the C-terminus. 1H
chemical shifts agree to within 0.1 ppm and 3JNHα

coupling constants agree to within 2 Hz. The 13C
chemical shift and T1 data reported above have
not been reported in previous studies of peptide T.
These data represent significantly new information
about the behavior of monomeric peptide T in
aqueous solution. In addition, the DAPTA form of
peptide T, which has not been previously studied
by NMR in aqueous solution, is the form that is
currently being considered for clinical applications
[26]. Finally, comparisons between the D-Tyr and
L-Tyr forms of peptide T, which have dramatically
different biological properties [9–11], have not been
made in earlier NMR studies.

The solid state NMR evidence given above for
β-sheet aggregation of DAPTA at high peptide
concentrations is consistent with an earlier report
by Millet et al. of β-sheet aggregation of peptide T,
with no D-amino acids and with acetyl capping of the
N-terminus, in DMSO solution [13]. In this earlier
report, peptide T was found to be in rapid exchange
between random coil and β-sheet forms. In our solid
state NMR experiments, the apparent β-sheet form is
present as a stable structure and is highly populated
(roughly 30%, based on crosspeak volumes in
Figure 4.) The effect of D-Tyr on peptide T aggregation
has not been observed in earlier NMR studies.
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