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Abstract: Peptide T (ASTTTNYT), a segment corresponding to residues 185–192 of gp120, the coat protein of HIV, has several
important biological properties in vitro that have stimulated the search for simpler and possibly more active analogs. We
have previously shown that pseudocyclic hexapeptide analogs containing the central residues of peptide T retain considerable
chemotactic activity. We have now extended the design of this type of analogs to peptides containing different aromatic residues
and/or Ser in lieu of Thr. The complex conformation-activity relationship of these analogs called for a reexamination of the basic
conformational tendencies of peptide T itself. Here, we present an exhaustive NMR conformational study of peptide T in different
media. Peptide T assumes a γ -turn in aqueous mixtures of ethylene glycol, a type-IV β-turn conformation in aqueous mixtures of
DMF, and a type-II β-turn conformation in aqueous mixtures of DMSO. The preferred conformations for the analogs were derived
from modeling, starting from the preferred conformations of peptide T. The best models derived from the γ -turn conformation of
peptide T are those of peptides XII (DSNYSR), XIII (ETNYTK) and XVI (ESNYSR). The best models derived from the type-IV β-turn
conformation of peptide T are those of peptides XIV (KTTNYE) and XV (DSSNYR). No low-energy models could be derived starting
from the type-II β-turn conformation of peptide T. The analogs with the most favored conformations are also the most active in
the chemotactic test. Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Peptide T (ASTTTNYT), the sequence of which corre-
sponds to region 185–192 of the gp120 coat protein,
was originally proposed as an inhibitor of the bind-
ing of HIV-1 to the CD4 receptor [1]. Although the
original observations were not followed by successful
clinical applications, it was later found that peptide
T is endowed with several interesting biological activi-
ties [2,] notably with a potent chemotactic activity on
human monocytes, which in turn is correlated with the
inhibition of CD4 binding [3,4].

Invasion of cells by HIV-1 is a more complex
phenomenon than believed at the time of the discovery
of peptide T. It has been shown that in addition to the
CD4 primary cell receptor the interaction of the gp120
envelope protein involves another cell surface molecule,
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sulfonyl; Trt, tripheylmethyl; PITC, phenylisothiocyanate; For, formyl;
QM, quantum mechanical; TFA, trifluoro acetic acid.
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a co-receptor, belonging to the chemokine receptor
family [5]. The two main co-receptors indicated so far
are CCR-5 and CXCR-4, instead of, or in conjunction
with, CCR-5 [6].

The determination of the crystal state structure of a
gp120–CD4-CD4i antibody complex [7] did not clarify
the role of peptide T in the interaction. The CD4-
induced antibody (CD4i) mimics in part the HIV-1
co-receptor but the recombinant gp120 utilized in the
X-ray diffraction study was a ‘core fragment’ depleted of
some variable regions including that in which peptide
T is contained (variable region V2). Modeling of loop
V1/V2 showed that it is located above the gp120 core,
close to the interface with CD4i [7]. It is therefore
conceivable to think that the region of gp120 that
contains the sequence of peptide T is involved in an
interaction with the co-receptor, in lieu of or in addition
to that with the CD4 receptor.

The involvement of peptide T in an interaction with a
chemokine receptor, implying a possible interpretation
for its chemotactic activity, prompted us to resume
SAR studies on this peptide and its analogs [8].
To favor pseudocyclization, we designed hexapeptides
containing a core typical of peptide T (either the TNYT
or the TTNY sequence) flanked by charged residues
at the two ends. Peptides carrying an acidic residue
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at the N-terminus and a basic residue at the C-
terminus feature stable helical structures and retain
full chemotactic activity. Owing to the importance of
aromatic residues and to the widespread occurrence
in sequence data bases of typical peptide T cores
in which Thr is replaced by Ser, we have extended
the design of pseudocyclic T peptides to hexapeptides
containing Ser in lieu of Thr and Phe or Trp in lieu of
Tyr. While most of these substitutions induced only
small changes in the chemotactic activity, in three
cases, apparently minor changes, such as Lys in lieu of
Arg, induced large variations in biological activity (vide
infra). In our view, these surprising results may be
best interpreted on conformational grounds. However,
an exploratory NMR work showed that all analogs exist
as complex mixtures of conformations in equilibrium.
Therefore, we resorted to modeling methods, based on
canonical conformations of the parent peptide. As a
necessary prerequisite for the conformational study of
the analogs, a novel detailed study of peptide T was
deemed necessary since, in spite of several published
results of experimental and theoretical investigations,
there is no consensus on the preferred conformation of
this peptide [9].

MATERIALS AND METHODS

Solid-phase Synthesis of Peptides

Peptides were numbered following the eight hexapeptide series
of the previous paper [8]. The first two, I, D-TNYT-R, and II,
E-TNYT-R, coincide in fact with the corresponding ones of this
reference. The other peptides are: IX, DTNFTR; X, DSNFSR;
XI, DTNWTR; XII, DSNYSR; XIII, ETNYTK; XIV, KTTNYE; XV,
DSSNYR; and XVI, ESNYSR. All peptides, including peptide T,
were prepared by solid-phase methods, using a continuous-
flow instrument employing an on-line UV monitoring system
(Milligen/Biosearch, Ventura, CA, USA, model 9050). The
stepwise syntheses were carried out by Fmoc chemistry,
without any special effort to optimize the repetitive steps. For
each peptide, 0.5 g (0.35 mequiv.) of Wang resin (Novabiochem,
Laufelfingen, Switzerland) was used. The resin was swelled in
DMF for 1 h and packed in the reaction column. tert-Butyl
was used as the side-chain protecting group for Ser, Thr,
Asp, Tyr, and Glu. Boc was used for Lys and Trp, while Pmc
and Trt were used for Arg and Asn, respectively. Nα-Fmoc
amino acids were used in fourfold excess with, as coupling
reagents, DIPCDI in the presence of HOBt for 1 h. The Fmoc
group was removed with a flow of 20% piperidine in DMF
for 25 min. After completion of the synthesis, each protected
peptide was cleaved from the resin, and the amino acid side
chains were simultaneously deprotected by treatment with a
mixture of TFA/H2O/Et3SiH (88 : 5 : 7) for 2 h (4 h in case of
Arg-containing peptides) at room temperature. The resin was
removed by filtration and washed with TFA (2 × 1 ml). The
filtrate and washings were combined and evaporated at 25 °C,
and the oily residue was triturated with diethyl ether (10 ml).
The resulting solid peptide was collected by centrifugation and
purified by preparative RP-HPLC (purification yield, 75–85%).

Verification of the chemical structures was achieved by amino
acid analysis, mass spectrometry, and NMR spectroscopy.

Homogeneity and retention times of the purified products
were assessed by analytical RP-HPLC with a Vydac C18 column
(5 µm, 4.6 × 250 mm, spherical) connected to a Rheodyne
model 7725 injector, a Waters 600 HPLC system, a Waters
486 tunable absorbance detector set to 220 nm, and a Waters
746 chart recorder. Analytical determinations were carried out
with the following gradient system: A, 0.1% TFA in CH3CN; B,
0.1% TFA in H2O; linear gradient from 0% A–100% B to 30%
A–70% B over 30 min, flow rate 1 ml/min. The final HPLC
purity of the peptides was always greater than 99%.

Preparative RP-HPLC was routinely performed on a Waters
Delta-Prep 4000 system equipped with a Waters 486
multiwavelength detector, using a Vydac C18 (15–20 µm,
20 × 250 mm) column. The gradient used was the same as
that for the analytical determinations. The flow rate was
30 ml/min.

Solvents used for reactions were dried over 3 Å molecular
sieves. DMF was distilled immediately before use over CaH2.
All solvents were filtered and degassed prior to use. Reagent
grade materials were purchased from Novabiochem and from
Sigma-Aldrich (Milan, Italy), and were used without further
purification. Amino acid analyses were carried out using the
PITC methodology (Pico-Tag, Waters-Millipore, Waltham, MA).
Lyophilized samples of peptides (50–100 pmol) were placed
in heat-treated borosilicate tubes (50 × 4 mm), sealed, and
hydrolyzed using 200 µl of 6 N HCl containing 1% phenol in
the Pico-Tag work station for 1 h at 150 °C. A Hypersil ODS
column (250 × 4.6 mm, 5 µm particle size) was employed to
separate the PITC-amino acid derivatives.

Molecular weights of peptides were determined by fast
atom bombardment-mass spectrometry (FAB/MS) on a ZAB 2
SE-Fisons (Beverly, MA, USA) instrument.

Analytical data of the new peptides synthesized are
summarized in Table 1.

Monocyte Chemotaxis

Mononuclear cells were isolated from heparinized blood of
normal human volunteers by sedimentation over Ficoll-Paque
(Pharmacia, Uppsala, Sweden). Chemotaxis was performed in
a modified 48-multiwell Boyden chamber (Neuroprobe, Inc.,
Milano, Italy). The migration into the filter was evaluated by
the method of leading front [10] as previously described [11].
Each compound was dissolved in DMSO at a concentration
of 10−2 M, diluted before use with Krebs–Ringer phosphate
buffer containing 0.5 mg/ml bovine serum albumin (Sigma-
Aldrich, St Louis, MO, USA), and tested at a final concentration
in the range 10−13 M to 10−5 M. To obtain an accurate
comparison, the results for the individual compounds are
expressed in terms of chemotactic index (CI), which is the ratio:
(migration towards test attractant – migration towards the
buffer)/migration towards the buffer. Migration in presence of
the buffer alone was 35 µm ± 3 SE (n = 8). In all experiments,
10−8 M fMLP (For-Met-Leu-Phe-OH) was used as a peptide
control; peak response migration was 67 µm ± 3 SE (CI
0.92 ± 0.03).

NMR

Samples for NMR spectroscopy were prepared by dissolving
each peptide in water, adjusting the pH to a value between
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Table 1 Analytical data of new pseudocyclic peptide T analogs

Peptide Amino acid analysis HPLCa MW

D T Nb F R S Wb Y E K Calcd Found

IX DTNFTR 1.81 1.96 — 1.01 0.96 — — — — — 16.1 752.8 753.6
X DSNFSR 1.90 — — 0.95 0.94 1.94 — — — — 16.3 724.7 725.6
XI DTNWTR 1.85 1.90 — — 1.04 — — — — — 16.9 791.8 792.3
XII DSNYSR 1.82 — — — 0.96 1.91 — 0.89 — — 15.6 740.7 741.4
XIII ETNYTK 0.86 1.87 — — — — — 0.91 1.03 1.01 15.4 754.8 755.1
XIV KTTNYE 0.88 2.01 — — — — — 0.94 0.97 1.02 15.5 754.8 755.4
XV DSSNYR 1.84 — — — 1.01 1.98 — 0.99 — — 15.6 740.7 741.6
XVI ESNYSR 0.85 — — — 0.96 1.89 — 1.01 1.01 — 15.9 754.8 755.7

a Retention time for the following conditions: reversed phase Vydac C18 column (5 µm, 4.6 × 250 mm) and the following gradient
system: A, 0.1% TFA in CH3CN; B, 0.1% TFA in H2O; linear gradient from 0% A–100% B to 30% A–70% B over 30 min, UV
detection at 220 nm, flow rate 1 ml/min.
b The method used for hydrolysis does not allow the recovery of tryptophan, while asparagine is completely converted to aspartic
acid.

6 and 7 by addition of small amounts of 1 M NaOH, and
lyophilization of aliquots corresponding to a concentration
of 1.0 mM in 0.5 ml of solvent. The composition of the
cryomixtures water/DMSO, water/DMF, and water/EG was
20/80 v/v in all cases. Redissolution in media different from
neat water was achieved by addition of ca 500 µl of the
appropriate solvent.

NMR spectra were recorded on Bruker (Karlsruhe, Germany)
DRX-400 and DRX-600 spectrometers. One-dimensional NMR
spectra were acquired in the temperature range 295–330 K
in the Fourier mode with quadrature detection, and the water
signal was suppressed by a low-power selective irradiation
in the homogated mode. Assignments of 1H resonances were
achieved by a combination of standard 2D experiments: DQF-
COSY [12,] TOCSY [13,] and NOESY [14]. All experiments were
run in the phase-sensitive mode using quadrature detection
in ω1 by time-proportional phase incrementation of the initial
pulse [15]. Data block sizes were 2048 addresses in t2 and
350 equidistant t1 values. Before Fourier transformation, the
time domain data matrices were multiplied by shifted cosine
functions in both dimensions. A mixing time of 70 ms was
used for the TOCSY experiments. NOESY experiments were
run at 300 K with mixing times in the range 100–250 ms. The
qualitative and quantitative analyses of DQF-COSY, TOCSY,
and NOESY spectra were achieved using the SPARKY [16] and
the NMRView [17] software.

Structure Calculations

Peak lists were converted into the format used by DYANA
1.5 [18] and translated into upper distance bounds with
the routine CALIBA; the necessary pseudoatom corrections
were applied for nonstereospecifically assigned protons at
prochiral centers and for the methyl group of Thr. After
discarding redundant and duplicated constraints, the final
list included 36 intraresidue and 20 interresidue constraints
for the structure of peptide T in EG/water, 47 intraresidue
and 18 interresidue constraints for the structure of peptide
T in DMSO/water, and 29 intraresidue and 12 interresidue
constraints for the structure of peptide T in DMF/water. These

restraints were used to generate an ensemble of 50 structures
by the standard protocol of simulated annealing in torsion
angle space implemented in DYANA (using 6000 steps). No
dihedral angle restraints or hydrogen-bond restraints were
applied. The best 20 structures, which had low values of
the target functions (0.83–1.19), were refined by in vacuo
minimization in the AMBER 1991 force field, using the
program SANDER of the AMBER 5.0 suite [19].

To mimic the effect of solvent screening, all net charges were
reduced to 20% of their real value, and moreover a distance-
dependent dielectric constant (ε = r) was used. The cutoff for
nonbonded interactions was 12 Å. The NMR-derived upper
bounds were imposed as semiparabolic penalty functions, with
force constants of 16 kcal/mol Å

2
; the function was shifted

to linear when the violation exceeded 0.5 Å. The best ten
structures after minimization had AMBER energies ranging
from −441.4 to −391.1 kcal/mol. The final structures were
analyzed using the Insight 98.0 program. Computations were
performed on SGI Indigo II computers.

Model Building

Model building of the analogs was performed by means of
the program Chem3D (Cambridge Soft, Cambridge, MA, USA).
Starting models were built from scratch using only sequence
information and imposing local conformations consistent
with those previously found for peptide T (this work). The
resulting conformer was energy-minimized using a simple
MM2 force field in vacuo with a dielectric constant of 15,
and NOE-derived interatomic distances as the only restraints.
Restrained minimization was continued until low values of the
gradient (<0.001) were reached.

Quantum Mechanical Calculations

The initial geometries of the minimum-energy conformers
obtained from the NMR-restrained molecular dynamics, in
which the terminal –OH was substituted with an –OCH3

group, were preliminarily optimized with the ONIOM method
[20,21,] which allowed the application of different levels of
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theory to different parts of peptide T. In particular, we
combined the B3LYP functional and the 6–31G(d) basis set for
the 3TTT5 segment and the AM1 semiempirical method for the
remaining residues. Subsequently, on the obtained geometry,
a final full optimization was run on the whole molecule at
the hybrid DFT B3LYP level using the 6–31G(d) basis set
(Gaussian03 software package) [22].

RESULTS

Chemotactic Activity

The biological activity of the hexapeptides IX–XVI
was assessed by measuring their ability to stimu-
late monocyte-directed migration (chemotaxis). Table 2
summarizes the results for all new pseudocyclic analogs
(shown in bold), including the parent peptides (HEXA-I,
HEXA-II, HEXA-III, and HEXA-VIII) described in Ref. 8
for the sake of comparison.

For all new analogs, Figure 1 shows the migration
of monocytes in response to concentration gradients
ranging from 10−13 to 10−5 M. While all analogs have
a substantial chemotactic activity, the changes intro-
duced by substituting the single aromatic residue (Y
with F or W), or both T with S and at the two termi-
nals (E/D and R/K), modulate the activity. The peptides
can be grouped into two families (shown in Figure 1A
and 1B, respectively), mainly on the basis of their CI
and substitutions. The most dramatic effect can be
seen in peptides with different aromatic residues; both
peptides IX and X, hosting F in lieu of Y, have rather
low potency. On the contrary, substitution of T with
S leads to a modest decrease in potency for XII with
respect to I and to a considerable increase in the case
of XVI vs II. The substitution S/T proved effective also
in the case of peptide III, which is changed into the
slightly more potent and effective peptide XV. The most
dramatic increase in chemotactic activity is brought

Table 2 Biological activity of all pseudocyclic analogs,
expressed as molar concentration of the peptide at the
maximum of the chemotactic index (CI)

Peptide Sequence Mmax (CI)

HEXA -I DTNYTR −11 (0.67)
HEXA-IX DTNFTR −11 (0.41)

HEXA-X DSNFSR −10 (0.51)

HEXA-XI DTNWTR −8 (0.62)

HEXA-XII DSNYSR −11 (0.59)

HEXA-II ETNYTR −11 (0.68)
HEXA-XVI ESNYSR −10 (0.93)

HEXA-XIII ETNYTK −8 (0.87)

HEXA-III DTTNYR −11 (0.68)
HEXA-XV DSSNYR −11 (0.79)

HEXA-VIII RTTNYE −8 (0.55)
HEXA-XIV KTTNYE −10 (0.82)

about by the mere change of N-terminal R of peptide
VIII into K of its homologous peptide XIV. Modulations
induced by the E/D and R/K substitutions, as in the
previous series [8,] are not easy to interpret since the
charges are conserved. Overall, it is fair to say that
peptides XII, XIV, XV, and XVI have very high val-
ues both in activity and potency. The complexity of the
conformation–activity relationship precludes a simplis-
tic analysis based solely on chemical constitution and
calls for a detailed conformational analysis.

Structure of Peptide T

A whole set of 1D and 2D proton spectra of peptide T
were recorded in three aqueous mixtures: DMF/water
80/20 v : v, DMSO/water 80/20 v : v, and EG/water
80/20 v : v. To check the absence of aggregation, several
spectra were acquired in the concentration range
0.5–15 mM. No significant changes were observed in
the distribution and shape of the 1H resonances,

Figure 1 Migration of human monocytes in response to
concentration gradients, ranging from 10−13 to 10−5 M. The
experimental points of the chemotactic index (CI) are the mean
of five separate experiments. SEs are within 10% of the mean
value. (A) Peptides IX –XII; (B) Peptides XIII–XVI.
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Table 3 Chemical shifts of peptide T in DMSO/H2O 80 : 20 v/v; DMF/H2O 80 : 20 v/v, and EG/H2O (600 MHz, temperature
300K)

Residues Solvents NH CHα Hβ2 Hγ2 Hδ Hε

DMSO/H2O 8.06 3.84 1.31
Ala1 DMF/H2O 4.11 1.48 2.17

EG/H2O 3.95 1.40 2.11
DMSO/H2O 8.57 4.43 3.57/3.65

Ser2 DMF/H2O 8.03 4.50 3.77
EG/H2O 8.06 4.49 3.78

DMSO/H2O 7.79 4.27 4.03 1.01
Thr3 DMF/H2O 8.04 4.39 4.02 1.2

EG/H2O 7.98 4.33 4.19 1.08
DMSO/H2O 7.74 4.28 3.99 0.99

Thr4 DMF/H2O 8.01 4.37 4.22 1.07
EG/H2O 7.98 4.31 4.12 1.05

DMSO/H2O 7.69 4.21 3.95 0.97
Thr5 DMF/H2O 7.82 4.31 4.15 1.02

EG/H2O 7.87 4.21 4.00 0.97
Asn6 DMSO/H2O 8.00 4.49 2.32/2.48 6.90/7.36

EG/H2O 8.13 4.57 2.54/2.62 7.47/6.79
DMSO/H2O 7.85 4.43 2.65/2.91 6.59 7.00

Tyr7 DMF/H2O 8.14 4.45 2.80/3.02 6.65 7.02
EG/H2O 7.98 4.47 2.81/3.02 6.96 6.67

DMSO/H2O 7.86 4.09 4.12 1.02
Thr8 DMF/H2O 7.59 4.46 4.08 1.00

EG/H2O 7.47 4.03 4.06 1.00

Figure 2 Partial NOESY spectra of peptide T in three aqueous mixtures: EG/water 80/20 v : v (left), DMF/water 80/20 v : v
(center) and DMSO/water 80/20 v : v (right).

indicating that no aggregation phenomena occurred in
this concentration range.

Sequential resonance assignments of the proton
spectra of peptide T in the three different mixtures
(Table 3) were made by the approach described by
Wüthrich [23].

Despite the small size of the peptide, the inspection
of the NOESY spectra evidences the presence of a
significant number of NOE effects (Figure 2). The
pattern of NOEs correlation is consistent with the
preference of the peptide to assume ordered, folded
conformations in the C-terminal region.
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Detailed structure calculations by means of the
DYANA software were based on the NOE interprotonic
distances, as restraints were derived from the spectra in
the three aqueous mixtures. The structures of peptide T
calculated on the basis of NOE data are fully consistent
with the qualitative evaluation of the NOESY spectra.

Figure 3 shows (on the left panel) a neon repre-
sentation of the models corresponding to the three
conformations generated by MOLMOL [24] and the cor-
responding solvent accessible surfaces generated by
Chem3D (on the right panel). The pdb file correspond-
ing to the EG/water solution, subjected to PROMOTIF
software [25] for the validation of the structural results,
shows the presence of a γ -turn [26] involving residues
5TNY7 (Figure 3A). The angles characterizing this turn
are 73.8 and −59.2 for φ4 and ψ4, respectively. Uncon-
strained minimization of the structures did not produce
in this region any major rearrangement, which would
instead be expected if the observed dihedrals were
imposed by the influence of artifactual NMR restraints.

The above procedure, repeated for the data in
DMF/water and DMSO/water, generated NMR con-
formations that can be classified as β-turns at the
C-terminus [27]. The angles that characterize the con-
formations are (φ4, −116; ψ4, 7.7; φ5, −175.9; ψ5,
3.3) and (φ4, −50.2; ψ4, 90.5; φ5, 64.7; ψ5, 9.1) for
DMF/water and DMSO/water respectively. The analy-
sis of the pdb files using the PROMOTIF software yields

Figure 3 Comparison of the models of peptide T correspond-
ing to the three solvent systems with the corresponding solvent
accessible surfaces. The neon models were generated by MOL-
MOL [24]: the side chains of the neon representations are col-
ored in pale green but for Thr residues (gold). The correspond-
ing solvent accessible surfaces were generated by Chem3D
(on the right panel). (A) Conformation in EG/water 80/20 v : v;
(B) Conformation in DMF/water 80/20 v : v; (C) Conformation
in DMSO/water 80/20 v : v.

a type-IV β-turn [28] involving residues 3–6 (3TTTN6)
for the peptide T in DMF/water (Figure 3B) and a type-
II β-turn involving the same residues in DMSO/water
(Figure 3C).

A type-II β-turn of course is unexpected for residues
of L-chirality. In fact, both results are rather unusual
and, in the case of the type-IV turn, the experimental
values of the torsion angles are not very close to the
ideal expected values [25]. Although many papers use
the classification ‘type-IV’ for any turn not otherwise
classified, a statistical survey of many proteins by
Hutchinson and Thornton [29] does give the most likely
values: −61, 10, −53, 17 for φ(i + 1), ψ(i + 1), φ(i + 2)

and ψ(i + 2), respectively. Our experimental values are
not very close to these, particularly φ(i + 1) and φ(i + 2),
which are closer to those of the extended conformations.
However, as such they they are even farther away from
allowing intramolecular stabilizing hydrogen bonds. It
is likely that these conformations are the result of
specific interactions of the Thr side chains with the
mixed solution media. A comparison of the calculated
models of peptide T in DMSO/water, DMF/water, and
EG/water shows a common tendency to fold in a turn
conformation in the central/C-terminal portion of the
sequence. An inspection of the side chains highlights a
common orientation of the Thr residues, in which the
hydroxyl moieties seem to play a critical role for the
contact with the receptor.

Nonetheless, we took both the experimental torsion
angles and the canonical ones suggested by PROMOTIF
as a useful basis for further calculations, both for
peptide T and for its pseudocyclic analogs.

Quantum Mechanical Optimization of the Peptide T
Geometry

The somewhat low number of NMR restraints used
in the structure calculation of peptide T does not
allow a very detailed structural description. To obtain
additional information on conformational details, a QM
optimization of the energy and geometry of the molecule
was performed using the hybrid DFT functional and the
6–31 G(d) basis set (see Materials and methods). The
NMR DMSO/H2O solution structure was chosen as
the initial geometry for the DFT optimization, since in
this solvent system the model was generated using the
highest number of constraints. The geometry obtained
from the QM calculations is still fully consistent with
the NMR experimental restraints, but it shows a
number of interactions that were not observed in the
previously obtained NMR structures. In particular, a
type-II β-turn at Thr4-Thr5 (Table 4) is suggested from
the presence of hydrogen bonds between the T3 CO
group and the N6 NH group, and between T4 CO
and Y7 NH. Such folding of the peptide backbone
seems to be further stabilized by the hydrogen bond
involving the hydroxyl moiety of T3 and the CO function
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of T [8]. Finally, the side chains of 2TT3, interacting
via a hydrogen bond through their hydroxyl moieties,
provide a structural motif which may be representative
of peptides containing adjacent Thr residues.

Models of Analogs

All analogs of peptide T reported in this work
(IX–XVI) are too short to yield a sufficient number
of NOE-derived constraints to perform a full structure
determination. For all analogs, instead of recurring to
the standard structure determination employed for the
parent peptide, we built models that were subsequently
refined by restrained energy minimization. In order
to build good starting conformations, we adopted φ

angles close to those of the three basic structures
found for peptide T, with small manual adjustments to
take into account experimental distance restraints. The
sequences of all peptides are consistent with the γ –turn
centered on the N residue, whereas only peptides XIV
and XV can adopt conformations consistent with type-
IV and type-II turns, simply because of their sequences
flanked by the charged N-terminal residues.

Each peptide was energy-minimized using a simple
MM2 force field in vacuo and using NOE-derived
interatomic distances as the only restraints. After

Table 4 	 and 
 dihedral angles (3TTTNA6 segment) of the
peptide T backbone as derived from QM calculations

Residue 	 


Thr3 −61.81 10.70
Thr4 −55.72 141.77
Thr5 60.21 28.19
Asn6 68.19 21.55
Ala7 −83.50 80.16

several cycles of restraint minimization, unrestrained
energy minimization led to a final conformation that
was checked for consistency vs the NMR spectra.

In terms of energy, the best models derived from the
γ –turn conformation of peptide T are those of peptides
XII, XVI, and XIII, with a difference of ca 10 kcal/mol
with respect to the next model (XI). The molecular
models are shown in Figure 4.

The best model derived from the type-IV β-turn
conformation of peptide T is that of peptide XIV, but
that of peptide XV is of comparable energy. On the
contrary, for models derived from the type-II β-turn
conformation of peptide T, those of peptides XIV and
XV are very high in energy with respect to those of
previous models.

DISCUSSION

Several conformations have been proposed in the litera-
ture for peptide T [8,9,30–36]. The first conformational
study was performed by NMR spectroscopy in a DMSO
solution [30]. On the basis of diagnostically relevant
chemical shifts, NOE, and variable temperature data,
the authors hinted that peptide T adopts an unusual
degree of conformational order. The data are con-
sistent with a β-turn including the four C-terminal
residues (TNYT). Soon afterwards, the same authors
refined the conformational analysis and extended it to
the C-terminal pentapeptide fragment (TTNYT) [31,32].
This pentapeptide segment, although less structured,
showed some tendency to fold even in a conforma-
tion similar to that of the parent peptide. According
to Cotelle et al. [33], the conformation of the synthetic
pentapeptide TTNYT is at variance with the conclusion
of Motta et al. [31] since their NMR data allow the pro-
posal for two distinct β-turn arrangements. However,
their peptide has all the side chains fully protected and

Figure 4 Best models for analogs XII, XIII and XVI consistent with a γ –turn centered on the N residue, and for analogs XIV
and XV consistent with the type-IV and type-II β-turns, respectively.
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N- and C-terminal groups blocked by t-butoxycarbonyl
and benzyloxy groups, respectively. A fully protected
peptide does not have, in general, the same biologi-
cal properties of the parent peptide, nor can it easily
assume the same conformation when protection of the
labile protons involves many of its residues.

While peptide T forms a β-turn in DMSO, Zangger
and Sterk [34] found no evidence for such a structure
in water when the conformation of peptide T in
aqueous solution was investigated by means of NMR
spectroscopy. Peptide T exists in aqueous medium
in a random coil conformation with an increased
tendency to form a partly populated β-strand at the
ends of the peptide backbone. This finding is not too
surprising since very few linear peptides can adopt
ordered structures in water.

Andrianov and Akhrem [35], on the basis of
restrained molecular dynamics calculations, reinter-
preted the above NMR data to propose six different
conformations for peptide T and suggested that the
carbonyl oxygen of Thr4 might be involved in a bifur-
cated hydrogen bond with amide protons of Tyr7 and
Thr8.

The complexity of the conformational tendencies of
peptide T, emerging from all previous studies, is best
illustrated by the theoretical investigation of Filizola
et al. [36].

In order to define the conformational preferences for
peptide T, these authors undertook a thorough explo-
ration of the conformational space within the framework
of the molecular mechanics, using simulated anneal-
ing as a searching strategy. The results of the search
indicated that the peptide exhibits an α-helical charac-
ter, although most of the conformations characterized
can be described as bent conformations. The analysis
of the low-energy conformations revealed a high ten-
dency of the peptide to adopt bent structures, some of
which exhibit a helical character. Some of the struc-
tures characterized, albeit less populated than other
conformations, exhibit also β-turns.

Overall, the results of the present thorough confor-
mational search support previous experimental find-
ings of a β-turn conformation as one of the accessible
structures of the peptide, but do not support the
hypothesis that this is the most populated confor-
mation. The experimental conformational analysis of
peptide T presented here, based on a ‘solvent scan’
approach, not only clarifies the issue of the conforma-
tional preferences of peptide T but also provides firm
bases to analyze the pesudocyclic analogs.

Among the three conformations found in the present
work, only that found in DMF bears some similarity with
the most favored conformations predicted by Filizola
et al. [36,] precisely with their conformation number
VIII. This finding confirms that peptide T can indeed
be regarded as a chameleon peptide. In the light of
our NMR investigation, it is clear that rather than

trying to define the most stable conformation or the
bioactive conformation, it is necessary to acknowledge
that its conformation is more dependent on the precise
environment than that of any other bioactive peptide.

This behavior may be linked, at least in part, to the
high content of Thr or Ser residues, the side chains of
which may favor ordered solvation. The possible role of
these residues is suggested not only by the common
orientation of their hydroxyl moieties in peptide T itself
but also by the similar orientation of the same moieties
in the pseudocyclic analogs.
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