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ABSTRACT: Recent studies have provided evidence that peptides as short as tripeptides do adopt preferred
conformations. Here we report that the tripeptide Ala-Phe-Ala (AFA) in aqueous solution preferentially
forms an inverseγ-turn. Circular dichroism (CD) indicated the presence of a predominant turn structure,
and Fourier transform infrared (FTIR) bands suggested the presence of aγ-turn forming a bifurcated
H-bond with the solvent molecules. The high-resolution structure was obtained by a combined use of
NMR spectroscopy and calculations. On the basis of 30 unambiguous ROESY-derived distance restraints
(including the HR-NH NOE between Ala1 and Ala3 and a hydrogen bond between the CO group of Ala1

and the NH group of Ala3), calculations clearly demonstrated the presence of an inverseγ-turn centered
on Phe2. From NOE data, we estimated a mole fraction for theγ-turn of 0.65. Since for AFA an extended
â-strand was also reported [Eker, F., Griebenow, K., Cao, X., Nafie, L. A., and Schweitzer-Stenner, R.
(2004)Proc. Natl. Acad. Sci. U.S.A. 101, 10054-10059], we investigated the possibility thatγ-turn and
â-strand may represent two major conformations. By using a best-fit procedure that calculated experimental
NOEs as weighted averages of the effects originating from both structures, we were able to calculate with
good accuracy the backbone NOEs at 280 K in terms of the two limiting conformers, yielding a mole
fraction for theγ-turn andâ-strand conformations of 0.60 and 0.40, respectively, in good agreement with
those found by NOE data. The implication of the existence of a preferred conformation by a small structural
element is discussed in the context of the nucleation of protein folding events and the design of small
peptide and peptidomimetic drugs.

The recent discovery that natural “disordered” (unfolded)
proteins are endowed with very well-defined biological
functions has suggested a reassessment of the structure-
function paradigm (1, 2). Unfolded proteins and polypeptides
are still considered completely unstructured because theφ

and ψ dihedral angles are assumed to sample the entire
allowed region of the Ramachandran space (3). This is
somehow confirmed by early NMR experiments on short
tri- and tetrapeptides in water, which found a random
distribution of conformations.

Until recent years, there were only few studies that
demonstrated a significantly preferential conformation of
very short peptides. The most noted example was the
YPGDV pentapeptide (4) that adopted ca. 50%â-turn
conformation. Recently, multidimensional NMR has provided
evidence that the conformational space of even tripeptides
is more restricted than originally thought so that structures
of limited stability can be formed. In this context, the
polyproline II (PPII) conformation appears to be the most

relevant structural motif (5) even for non-proline residues
in water (6, 7), therefore contrasting with the common belief
that the structure of short peptides is random. A combination
of Fourier transform infrared spectroscopy, polarized Raman
spectroscopy, and vibrational CD measurements of several
tripeptides suggested that trialanine and various alanine-based
oligopeptides (8, 9) in water assume a temperature-dependent
mixture of PPII and extendedâ-strand conformation, but
even the Ala dipeptide seems to take up a predominantly
PPII conformation (10). On the other hand, trivaline mostly
adopts an extendedâ-sheet conformation (11). The pioneer-
ing work by the Schweitzer-Stenner group clearly estab-
lished a new paradigm on the ability of short peptides to
adopt preferential conformation; however, no direct high-
resolution structure of a tripeptide in solution has been
reported yet.

In our path for the study of the ability of very short
aromatic peptides to form amyloid fibrils (12-14), we
became interested in the structural features of the Ala-Phe-
Ala (AFA) peptide. While it did not show any amyloidogenic
potential, unlike similar short peptides with at least one
aromatic side chain, AFA actually revealed a well-defined
structure. Here we report that the preferred conformation of
the tripeptide in water is an inverseγ-turn, with the formation
of a possible bifurcated H-bond with the solvent molecules.
From NOE data, we estimated a molar fraction for theγ-turn
(xγ

NOE) of 0.65. This appears to be an unusual finding as
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γ-turns seldom exist in short, natural peptides, and may only
be induced byR-aminoxy acid mimetics (15, and references
therein).

Eker et al. (16) reported for AFA aâ-strand-like confor-
mation. Accordingly, we investigated the possibility that both
theγ-turn and theâ-strand-like conformations contribute to
ROESY cross-peaks at 280 K, as they represent two major
conformations that can be accessed by the tripeptide. By
assuming theγ-turn and theâ-strand as a basis set, we were
able to simulate the NOE pattern via a best-fit procedure
that calculated experimental NOEs as weighted averages of
the effects originating from both structures. With this model,
we calculated with good accuracy the backbone NOEs at
280 K, yielding for theγ-turn a mole fractionxγ

calcd of 0.60
and for the andâ-strand a mole fractionxâ

calcd of 0.40, with
xγ

calcd very similar toxγ
NOE found via NOE data.

A γ-turn is a type of reversed turn secondary structure
that involves three amino acids forming a 3f 1 hydrogen
bond between the CO group of amino acid residuei and the
NH group of amino acid residuei + 2. Depending on
whether the side chain of residuei + 1 is in an equatorial or
axial orientation on the pseudo-seven-membered ring,γ-turns
are classified as inverse or classical, respectively (17, 18),
giving rise to a kink in the chain or a direction change,
respectively.γ-Turns, although less recurrent thanâ-turns,
also play important biological functions. Structural studies
have revealed that naturally occurring small peptides [namely,
vasopressin (19) and the related desmopressin (20), brady-
kinin (21), and angiotensin II (22)] that function as hormones
or neurotransmitters, or have other regulatory roles in
organisms, adoptγ-turn conformations. Theγ-turn present
in the Arg-Gly-Asp sequence of vitronectin has been reported
to contribute to the specific recognition by integrin receptor
Rvâ3 (23, 24), playing a role in tumor cell adhesion
angiogenesis, and osteoporosis. Finally, formation of hy-
drated reverse turns such as the one observed for AFA has
been proposed to promote helix-coil unfolding (25).

MATERIALS AND METHODS

Circular Dichroism (CD) Spectroscopy.A stock solution
of the peptide was prepared by dissolving AFA in double-
distilled water to a concentration of 0.25 mg/mL, at acid,
neutral, and alkaline pH. After a 5 min sonication, the peptide
was diluted in double-distilled water in the experiment
cuvette to a final concentration of 100µM. CD spectra were
obtained using an AVIV 202 spectropolarimeter equipped
with a temperature-controlled sample holder and a 5 mm
path length cuvette. CD ellipticity, measured between 190
and 250 nm at 280 K, was averaged for 5 s.

Fourier Transform Infrared (FTIR) Spectroscopy.Infrared
spectra were recorded using a Nicolet Nexus 470 FTIR
spectrometer with a DTGS detector. AFA was dissolved in
2H2O to a final concentration of 0.25 mg/mL, at acid, neutral,
and alkaline pH, and suspended on a CaF2 plate. Measure-
ments were taken by using a 4 cm-1 resolution and averaging
2000 scans. The transmittance minima were determined by
the OMNIC analysis program (Nicolet).

NMR Data Collection.The peptide was dissolved in 0.5
mL of a 1H2O/2H2O mixture (90/10, v/v), and in2H2O to
yield concentrations in the range of 0.10-10 mM. The pH
was adjusted to 1.2, 7.2, and 12.1 by adding HCl or NaOH

to obtain the cationic, zwitterionic, and anionic state of the
peptide, respectively. Deuterated water was obtained from
CortecNet.

NMR spectra, acquired at the NMR Service of Istituto di
Chimica Biomolecolare del CNR (Pozzuoli, Italy), were
recorded on a Bruker Avance 400 instrument, operating at
400.13 MHz, and a Bruker DRX-600 instrument operating
at 600.13 MHz, using on both an inverse multinuclear
probehead fitted with gradients along theX-, Y-, andZ-axes.
In all spectra, quadrature detection in thet1 dimension was
accomplished using the hypercomplex method (26). Spectra
were referenced to sodium 3-(trimethylsilyl)[2,2,3,3-2H4]-
propionate. Homonuclear two-dimensional clean TOCSY
(27) and ROESY (28) spectra were recorded by standard
techniques and by incorporating the excitation sculpting
sequence (29) for water suppression. We used a double-
pulsed field gradient spin-echo with a soft square pulse of 4
ms at the water resonance frequency, with gradient pulses
of 1 ms each in duration; 512 equally spaced evolution time
periodt1 values were acquired, averaging four transients of
2048 points, with a spectral width of 6024 Hz. Time domain
data matrices were all zero-filled to 4096 in both dimensions,
yielding a digital resolution of 2.94 Hz/point. Prior to Fourier
transformation, resolution enhancement was applied with a
Lorentz-Gauss window to botht1 andt2 dimensions for all
the experiments. ROESY spectra were obtained with a spin-
lock field strength of 7 kHz and different mixing times (80,
120, 200, 300, and 400 ms) and temperatures (between 275
and 330 K); TOCSY experiments were recorded with a spin-
lock period of 70 ms, achieved with the DIPSI-2 mixing
sequence, at different temperatures to obtain the amide proton
temperature dependence.

The natural abundance1H-13C HSQC spectrum (30) was
recorded at 280 K at the pHs given above on the DRX-600
spectrometer operating at 150.90 MHz for13C; 128 equally
spaced evolution time periodt1 values were acquired,
averaging 48 transients of 2048 points and using GARP4
for decoupling. The final data matrix was zero-filled to 4096
in both dimensions, and apodized before Fourier transforma-
tion by a shifted cosine window function int2 and in t1.
Linear prediction was also applied to extend the data to twice
its length int1.

3JNHR and3JRâ values were estimated in a double-quantum-
filtered COSY spectrum in a1H2O/2H2O mixture (90/10, v/v)
(31).

Structure Determination.Distance restraints were obtained
by integrating NOE peak volumes at different mixing times,
and representing their buildup by a second-order polynomial.
Assigned NOE cross-peaks, in the ROESY spectra with
different mixing times, were volume-integrated by using a
Monte Carlo approach (67), and interproton distances,dij,
were calculated according to the relation

wheredref stands for a known interproton distance between
two protons andVij andVref stand for the integrated volumes
of the i-j cross-peak and the reference cross-peak, respec-
tively (32). As a reference distance, we used the two geminal
methyleneâ-protons of Phe2 separated by 0.178 nm.

φ andψ dihedral angle restraints were derived from3JNHR

coupling constants. The structure was calculated with 30

dij ) dref(Vref/Vij)
1/6

Formation of a Stable Structure by a Tripeptide Biochemistry, Vol. 44, No. 43, 200514171



NOEs [14 intraresidue, 15 sequential (RCHi-NHi+1, âCHi-
NHi+1, and NHi-NHi+1), and one medium-range (RCH
Ala1-NH Ala3)]. Runs were first performed with distance
restraints only.

Stereospecific assignments of Phe2 side chain methylene
Hâ2 and Hâ3 resonances were accomplished by qualitatively
evaluating3JRâ and NOE-derived distances using HABAS
(33). For methyl groups, an additional correction of 0.03 nm
was added for the highest apparent intensity of methyl
resonances (34).

The structure was calculated with CYANA (35). A total
of 100 randomized structures were generated, and the
dynamics ran for 4000 and 35 000 steps (highsteps) 800
and 7000 and minsteps) 800 and 7000, respectively). The
10 structures with the lowest CYANA target functions,
resulting from van der Waals and restraint violations, were
chosen for further refinement. Energy minimization (EM)
calculations were performed with GROMOS (36); bond
length constraints were applied with the SHAKE method (37,
38). To release the strain caused by bad van der Waals
contacts, while retaining the features of the original distance
geometry structures, 800 steps of steepest descent restrained
EM were applied. The list of nonbonded neighboring atom
pairs was updated every 10 cycles of EM. A cutoff radius
of 0.08 nm was used beyond which no nonbonded interac-
tions were evaluated. Distance restraints obtained from NMR
measurements were incorporated into calculations as a
semiharmonic potential function with a force constant of
1000 kJ nm-2 mol-1.

The final structures were analyzed with the MOLMOL
(39).

Energy Calculations.The united-atom (40) and all-atom
(41) parametrizations of the AMBER force field were used
in a series of EM calculations. The following steps were
applied: (i) generation of starting models (vide infra), (ii) a
united-atom EM calculation performed using a quasi-Newton
method, the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm (42), stopping it when the gradient norm was
e10-2, (iii) addition of nonpolar hydrogen atoms to the
resulting structure, and all-atom BFGS EM run until a
gradient norm of 10-3 was reached, and (iv) a final
refinement obtained by a full Newton-Raphson minimiza-
tion, with a convergence criterion on the gradient norm of
e10-6. In the preliminary calculations, solvation effects were
assessed by testing three different procedures on each
conformation: (i) a distance-dependent dielectric constant
ε ) r, (ii) a fixed ε ) 10 value, and (iii) a damped distance-
dependentε ) 20r. Apart from a general increase in the
average hydrogen bond length between Ala1 and Ala3, the
folding patterns were essentially insensitive toε variations,
whereas side chains and terminal regions were affected to a
larger extent. Since the experimental NOEs were measured
in water at 280 K with a dielectric constantε of ≈85, we
adopted the extreme solvation model by performing final
refinements with anε of 20r.

RESULTS

CD Spectroscopy.The secondary structure of the AFA
peptide in aqueous solution was initially investigated by CD
spectroscopy. The CD spectrum at 280 K (Figure 1A)
revealed a clear positive ellipticity in the far-UV region with

distinct double maxima at 197 and 217 nm, suggesting the
presence of some turn structure. Identification of the nature
of such nonrandom structure by CD is not possible due to
the shortness of the peptide and the variety of CD spectra
found experimentally for the different types of turns (43).

The AFA spectral features were retained after several days
of incubation at high concentrations. Unlike the case with
other short aromatic peptides, no signs of aggregation (see
Aggregation State) or amyloid formation were observed upon
ultrastructural analysis using electron microscopy (data not
shown). The inability of the peptide to aggregate was further
evidence of the presence of defined structure, different from
a â-sheet that is a key for amyloid fibril formation.

FTIR Spectroscopy.Additional information about the AFA
structure was obtained by FTIR spectroscopy in2H2O. Two
minima were observed at the amide I region of the peptide
spectra at room temperature (Figure 1B). The minima at 1678
and 1647 cm-1 are indeed consistent with the existence a
predominant secondary structure, rather than a random
conformation. A further band is observed at 1595 cm-1. It
has been reported that the bands at 1676, 1647, and 1595
cm-1 observed in the IR spectrum of cyclo[Pro-Ala-(CH2)5-
CO] in 2H2O are indicative of the presence of an inverse
γ-turn, with the low-wavenumber component band for a
bifurcated (three-center) H-bond most likely involving
solvent molecules (44). Water (or deuterated water) is
reported to be easily involved in three-center H-bondings
(45). Our FTIR band values correspond well to those for
cyclo[Pro-Ala-(CH2)5-CO], therefore suggesting also for
AFA an inverseγ-turn with a possible bifurcated H-bond
with the solvent molecules.

It has been proposed that helix-coil unfolding is promoted
by insertion of a water molecule into theR-helix 5 f 1
H-bonding via initial formation of a transient external or
three-center H-bonding system (25). This leads to the

FIGURE 1: CD and FTIR spectra of AFA. (A) The circular
dichroism spectrum was recorded at 280 K in 20 mM phosphate
and 100 mM NaCl (pH 7.2) at a peptide concentration of 100µM.
(B) The Fourier transform infrared spectrum was recorded at 280
K at a peptide concentration of 0.25 mg/mL.

14172 Biochemistry, Vol. 44, No. 43, 2005 Motta et al.



formation of a repertoire of hydrated reverse turns, like that
found for AFA, connecting theR- andâ-regions and so might
facilitate the extremely rapidR T â “flickering”.

Aggregation State.One-dimensional1H NMR spectra were
recorded in aqueous solution at peptide concentrations in the
range of 0.10-10 mM. We did not observe any appreciable
change in either line widths or chemical shifts, each of which
is suggestive of aggregation. Nevertheless, to check for the
presence of aggregation at concentrations lower than those
used in NMR experiments, fluorescence spectra were re-
corded for Phe2. We found that the intensity of the Phe
fluorescence emission at 282 nm (Phe excited at 257 nm)
varied linearly with concentration up to 80µM. As another
test to rule out aggregation, CD spectra were acquired at
peptide concentrations of 50 and 100µM. Identical spectra
were obtained at both concentrations, consistent with the
absence of aggregation in this range (data not shown). Once
the absence of aggregation over a wide range of peptide
concentrations was confirmed, a peptide concentration of
0.10 mM was used in all the NMR experiments reported
here.

NMR Analysis.1H NMR spectra of AFA in aqueous
solution at various pH values and under denaturing conditions
(8 M urea) were easily assigned using the standard sequential
assignment procedure (46). The1H and13C chemical shifts
are reported in Table 1.

The detection and identification of the folded conforma-
tions adopted by AFA were based on the structural informa-
tion provided by ROESY data, HR conformational shifts
(deviation of the chemical shift values with respect to those
in completely unstructured peptides), and NH shift temper-
ature coefficients (46). Figure 2 reports the ROESY spectrum
of AFA recorded with a mixing time of 0.12 s at 280 K.
Evidence for the presence of a chain bend in AFA comes
from three points. First, there is theRCHi-NHi+2 NOE
between residues Ala1 and Ala3 (labeled 1R-3N in Figure
2). Second, the small temperature coefficient of the NH
resonance of Ala3 (Table 2) indicates protection against
solvent exchange by the possible involvement in an intramo-
lecular hydrogen bond since for a tripeptide it is unlikely
that a small value is due to the inaccessibility to the solvent.
Third, are HR chemical shifts, whose deviations from
unstructured (U) values are diagnostic of secondary structure.
HR conformational shifts (∆δ ) δ - δU, in parts per million)
are negative for helical or turn regions and positive in
â-conformations or extended conformations (47).

Chemical shifts of HR protons of amino acid X in Gly-
Gly-X-Ala tetrapeptides are frequently used as reference for
the disordered state (48), but the HR chemical shifts for most
peptides show small variations from these random coil

values. To avoid sequence effects on random coilδ values,
the HR conformational shifts of AFA were evaluated using
as a reference for the unstructured state HR chemical shifts
obtained for the same peptide under fully denaturing condi-
tions (8 M urea). This way of evaluating conformational
shifts allows the detection of small populations of structure
in partially folded peptides (49, 50). ROESY spectra of AFA
in 8 M urea, performed to obtain theδ values under
denaturing conditions, only contain sequential NOE connec-
tivities less numerous and weaker (not shown) than those in
an aqueous urea-free solution. Furthermore, the NH shift
temperature coefficients of Phe2 and Ala3 become ca. 10 ppb/
K, suggesting exposure to solvent, the breaking of the
intramolecular hydrogen bond, and therefore the disappear-
ance of the turn under denaturing conditions. The HR
conformational shifts with reference to 8 M urea are plotted
as a function of the peptide sequence in Figure 3. The upfield
RH chemical shift of Phe2 of 0.19 ppm therefore indicates
anR-conformation for this residue which is also in agreement
with the small3JNHR value (Table 2).

AFA was studied at pH 7.2 in the zwitterionic state.
Although the protonation state of the terminal groups has
been reported to have only a very limited influence on the
conformation of the central amino acid (51), we investigated
AFA in the presence of NaCl, and at pH 1.2 (cationic state)
and pH 12.1 (anionic state) to assess the effects of ion pair
interaction on turn formation. ROESY spectra acquired in

Table 1: 1H and13C Chemical Shifts (parts per million) of AFA in
a 1H2O/2H2O Mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2

residue NH CRH CâH others

Ala1 - 4.12 1.33
51.78 18.81

Phe2 7.78 4.63 3.23, pro-S 7.30 (CδH), 7.38 (CεH),
7.26 (CúH)

56.22 2.99, pro-R 129.95 (Cδ), 129.47 (Cε),
127.87 (Cú)

37.68
Ala3 7.32 3.80 1.40

49.99 17.64

FIGURE 2: ROESY spectrum of AFA, acquired in a1H2O/2H2O
mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2, with a mixing
time of 0.12 s. Peak labeling is reported along the diagonal. The
NOE between theRCH group of Ala1 and the NH group of Ala3,
suggestive of the inverseγ-turn, is explicitly labeled.

Table 2: 1H Coupling Constants (hertz) and Amide Proton
Temperature Coefficients (parts per billion per kelvin) of AFA in a
1H2O/2H2O Mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2

residue 3JNHR (Hz) 3JRâ (Hz) -∆δ/∆T (ppb/K)

Ala1 7.2
Phe2 5.9 5.2 9.4

9.2
Ala3 8.1 6.9 1.1

Formation of a Stable Structure by a Tripeptide Biochemistry, Vol. 44, No. 43, 200514173



the presence of 10 mM to 1 M NaCl and at pH 1.2 and 12.1
did not significantly alter the NOE pattern, although a general
resonance broadening was observed around 0.8 M NaCl.
Taken together, these results show that theγ-turn observed
for AFA at pH 7.2 cannot be attributed to ion pair interaction
between charges onRNH3

+ andRCOO- groups in Ala1 and
Ala3, therefore confirming the limited influence of the
charged terminal groups on the central residue (51).

Estimation of theγ-Turn Population.To estimate the
population of theγ-turn formed by AFA, we used the ratio
of the intensities of the HR-NH NOE between Ala1 and
Ala3, characteristic of the turn, to that of the Hâ-Hâ′ Phe2

NOE (intensityHR-NH observed/intensityHâ-Hâ′ Phe2), because being
the Hâ-Hâ′ Phe2 distance constant, the Hâ-Hâ′ Phe2 NOE
intensity can be used as a reference. The intensity ratio
corresponding to 100%γ-turn was taken to be (dHRi-NHi+2)

-6/
(dHâ-Hâ′Phe2)-6, wheredHRi-NHi+2 is the distance between HR
of the first residue and the NH group of the third residue
found for theγ-turn in proteins (18, 52). This approach is
clearly approximate, because it implicitly assumes equal
correlation times for the peptide in any conformational state,
and small variations in the actual HR-NH distance with
respect to the averaged value in theγ-turn of proteins can
lead to a large over- or underestimation of the turn popula-
tion. Nevertheless, we believe that this approach safely
estimates turn population (53). Accordingly, from NOE data,
we estimated for the inverseγ-turn a molar fractionxγ

NOE

of 0.65, most likely interconverting with other conformations,
including those corresponding to the “unfolded state”. This
term implies that there are no strongly preferred backbone
conformations, with small energy differences existing among
different backbone conformations, namely, on the order of
kT (54). When the energy differences among backbone
conformations are large compared withkT, there will be one
strongly preferred backbone conformation (54).

As a comparison, theγ-turn population was also estimated
by using the HR conformational shift, obtaining a molar
fraction xγ

∆δHR of 0.58. By following Santiveri et al. (55,
and references therein), we also used13CR and13Câ confor-
mational shifts. From∆δ13CR and ∆δ13Câ, we obtained the
following: xγ

∆δ13CR ) 0.55 andxγ
∆δ13Câ ) 0.52, respectively.

The discrepancy between anxγ
NOE of 0.65 (obtained from

NOE data) and anxγ
calcd of 0.60 (obtained from the best-fit

procedure; see below) could be due to Phe2 aromatic ring
current effects on HR chemical shifts, and conformational
flexibility affecting 13CR and13Câ chemical shifts throughφ

andψ backbone dihedral angles (55, and references therein).
Nonetheless, all the population values fall in a narrow range,
and indicate that a consistent percentage of AFA takes up a
γ-turn.

AFA Three-Dimensional Structure in Aqueous Solution.
For a peptide as small as AFA, NOE intensities cannot be
rigorously interpreted in terms of a unique structure due to
the usual conformational averaging. Nevertheless, it is useful
to calculate a limited number of structures compatible with
NOE constraints, which help to visualize the conformational
properties of the ensemble, albeit in a very simplified way.
Structure calculations were performed on the basis of the
complete set of NOE-derived distance restraints obtained for
AFA in aqueous solution at pH 7.2, and using a distance
geometry procedure (35). Starting from 100 randomized
conformations, we selected 10 conformers that satisfy the
constraints with no violation greater than 0.013 nm. The
value of the pairwise root-mean-square deviation (rmsd) for
the backbone atoms of the 10 conformers was 0.040(
0.0036 nm, while for all heavy atoms, it was 0.22( 0.024
nm. The structures calculated without any angle constraint
were less well defined (rmsd for the backbone atoms and
all heavy atoms of 0.21( 0.018 and 0.47( 0.061 nm,
respectively). For Phe2, the experimental averageφ andψ
were-91 ( 18.2° and 60( 15.3°, respectively, which fit
an inverseγ-turn centered on Phe2. Furthermore, all of the
calculated structures presented a hydrogen bond between the
CO group of Ala1 and the NH group of Ala3, with a
hydrogen-acceptor distance of 0.24 nm and a relative
frequency of 94%. The structural statistics of the 10 NMR
structures are summarized in Table 3, while a representative
low-energy structure of AFA is shown in Figure 4.

By a combination of vibrational spectroscopic techniques,
Eker et al. (16) reported for AFA a mostly extended,
â-strand-like conformation at higher temperatures. Further-
more, analysis of the ROESY spectrum in Figure 2 shows
the contemporary presence of strong sequentialRCHi-NHi+1

effects, typical of extended structures, and an NHi-NHi+1

effect, typical of folded structures. Accordingly, we inves-
tigated the possibility that theγ-turn and theâ-strand-like
conformations coexisted at 280 K and represented two major
conformations that can be accessed by the tripeptide. The
change from theγ-turn to theâ-strand was evaluated by

FIGURE 3: HR conformational shifts of AFA in a1H2O/2H2O
mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2. The HR
conformational shifts were obtained with reference to 8 M urea
under denaturing conditions (∆δ ) δ - δU, in parts per million),
in aqueous solution at pH 7.2.

Table 3: Structural Statistics for the Bundle of 10 Selected AFA
Structures

no. of experimental restraints
intraresidue NOEs 14
interresidue sequential NOEs (|i - j| ) 1) 15
interresidue medium-range NOEs (1< |i - j| e 3) 1
total NOEs 30
hydrogen bond restraints 1
total restraints 31

restraint violationsa

NOE distances with violations of>0.01 nm 5( 2
NOE distances with violations of>0.02 nm 1( 1
NOE distances with violations of>0.03 nm 0.4( 0.4

rmsd from the average structure
backbone atoms (nm) 0.040( 0.0036
heavy atoms (nm) 0.22( 0.024

φ andψ rmsd from average values (deg)
for the whole chain

16.71

angular order parameterSb for the whole chain 0.918

a No restraint violation larger than 0.032 nm was detected.b From
ref 68.
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monitoring the dependence of the diagnostic Ala1-Ala3 NOE
intensity on temperature. In the range of 275-330 K,
ROESY spectra of AFA showed a regular decrease in the
magnitude of the NOE as the temperature was increased,
with a plateau at ca. 280 K (not shown). On the other hand,
a temperature increase did not alter the remaining NOE
pattern, showing strong sequential NOEs that indicated the
evolution of the peptide structure toward an extended form
(46). According to these results and depending on temper-
ature, the AFA predominant structure appears to be theγ-turn
at low temperatures and theâ-strand at high temperatures.
The question of whether using both structures satisfies the
observed NOE pattern better arises, since the NOEs most
likely contain a contribution from both structures. The NOE
pattern was fit by “separating” contributions from each
structure via a best-fit procedure that calculated NOEs as
weighted averages of the effects originating fromγ-turn and
â-strand. Accordingly, we tried to reproduce observed NOEs
by using the minimum possible number of conformations
as a basis set (56). We chose to start from several folded
conformations to minimize the danger of local minima. The
NMR analysis given above indicates that a reasonable
starting conformation for AFA in internal energy calculations
was the inverseγ-turn. Other starting structures were the
classicalγ-turn, and PPII found for other AXA tripeptides
(16). Several runs of simulated annealing were also per-
formed to find additional unbiased structures. Energy cal-
culations were based on the united (40) and all-atom (41)
parametrizations of the AMBER force field (see Materials
and Methods). To account for solvation effects in an
environment with a high dielectric constant, calculations were
performed with dielectric constants whose actual value is a
damped function of interatomic distances (see Materials and
Methods). The results of this conformational analysis can
be summarized as follows. The AFA refined structure is
characterized by internal coordinates consistent with the
inverse γ-turn family suggested by NMR (Figure 4). A
hydrogen bond, characterized by a H-O distance on the
order of 0.2 nm, was observed between the CO group of
Ala1 and the NH group of Ala3, while no salt bridge between
peptide termini was observed. The structures obtained from
a classicalγ-turn and a PPII are less stable than the inverse
γ-turn by ca. 50 kJ/mol. In fact, the latter is able to “survive”
through changes ofε better than all other structures (including
those derived from simulated annealing); that is, although it
is not the absolute minimum whenε ) r, it is one of the
lowest-energy structures and becomes the absolute minimum
whenε ) 20r.

The extended conformer was built on dihedral angles
reported by Eker et al. (16) for AFA (φ ) -140( 15°, and
ψ ) 170 ( 10°) and served as input of an internal EM for
which ε ) 20r. This conformer is less stable than the turn
by ca. 23 kJ/mol. Simulation of experimental NOEs was
performed with a continuous variation of the concentrations
of the two limiting structures, and the best fit was obtained
with xγ

calcd of 0.60 and anxâ
calcd of 0.40, corresponding to

mole fractions of theγ-turn and â-strand conformers,
respectively. It is worth noting that none of the “non-
observed” NOEs has a counterpart in calculated NOEs larger
than 1%, and such a “negative” result lends support to the
fitting procedure of the experimental NOEs of AFA in terms
of γ-turn andâ-strand structures. The final internal coordi-
nates of the turn and strand conformers used in the simulation
of the NOEs are reported in Table 4.

DISCUSSION

The notion that peptides as short as tripeptides may adopt
a stable conformation in an aqueous solution has been put
forward in recent years (16, 51, 57). Several spectroscopic
techniques indicated that peptides might exist in a predomi-
nant fold rather than as random structures. Here we provided
a detailed structural analysis of AFA in water, based on NMR
and calculations, showing the existence of a confined family
of minimal energy structures all adopting an inverseγ-turn.
Furthermore, FTIR spectroscopy suggested the presence of
a bifurcated (three-center) H-bond most likely involving
solvent molecules. In aprotic solvents (anhydrous DMSO and
TFE) (data not shown), the NOE between Ala1 HR and Ala3

NH, suggestive of the inverseγ-turn, was not observed in
ROESY spectra of AFA. This suggests that the tripeptide
does require water as a solvent for the formation of the
inverseγ-turn, which disappears in a nonaqueous environ-
ment. It is tempting to speculate that formation of the
hydrated bifurcated H-bond is functional to theγ-turn. This
finding is of particular biological relevance in that hydrated
reverse turns have been suggested to promote helix-coil

FIGURE 4: Inverseγ-turn of AFA. Stereoplot of a representative structure of AFA as obtained from NMR-derived restraints.

Table 4: Relevant Internal Coordinates of the Molecular Models of
AFA Used in the Calculations of Experimental NOEs in a1H2O/
2H2O Mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2

γ-turn conformer â-strand conformer

φ

(deg)
ψ

(deg)
ø1

(deg)
ø2

(deg)
φ

(deg)
ψ

(deg)
ø1

(deg)
ø2

(deg)

Ala1 142.5 151.4
Phe2 -88.8 68.2 -59.4 100.8 -146.7 164.6 -63.8 104.4
Ala3 -142.4 146.7 -137.4 139.2
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unfolding by facilitating the extremely rapidR T â flickering
(25, 58).

By a different experimental approach, a combination of
vibrational spectroscopic techniques, Eker et al. (16) indi-
cated a different conformation for AFA, a mostly extended,
â-strand-like conformation, even at high temperatures. This
discrepancy could be linked to the different time scales
investigated by the two approaches, and/or to different
temperatures. However, they could also represent two major
conformations that can be accessed by the tripeptide. We
found that, depending on temperature, the inverseγ-turn and
the â-strand are predominant structures at low and high
temperatures, respectively, and that the two families, although
with different percentages, coexist as suggested by the NOE
pattern observed at 280 K. Starting from selected conforma-
tions, we were able to separate each contribution via a best-
fit procedure, and to calculate NOEs as weighted averages
of the effects originating fromγ-turn andâ-strand. This
conformational analysis suggests that the refined structure
of the folded conformer of AFA is characterized by internal
coordinates consistent with the family structure suggested
by NMR (Figure 4). By continuous variation of the concen-
trations of the two limiting structures, the best fit was
obtained with anxγ

calcd of 0.60 and anxâ
calcd of 0.40,

corresponding to mole fractions of theγ-turn andâ-strand
conformers, respectively, which parallel thexγ

NOE of 0. 65
found from NOE data. Although a model relying on inverse
γ-turn andâ-strand structures is certainly not exhaustive,
none of the nonobserved NOEs has a counterpart in
calculated NOEs larger than 1%, therefore suggesting the
absence of other significant structures.

Milner-White (18) has suggested that inverseγ-turns may
function as intermediates in folding that help stabilize
â-strands before they becomeâ-sheets. Our data seem to
support Milner-White’s suggestion, indicating that temper-
ature is a way to regulate the transition betweenγ-turn and
â-strand structures.

Our results do not support the notion that small peptides
exhibit infinite conformational flexibility. On the other hand,
they provide evidence that tripeptides can adopt a well-
defined structure in solution, which is not stabilized by
electrostatic interactions between the terminal groups. This
suggests that, as pointed out by Zimmermann and Scheraga
(59), local interactions are strong enough to give rise to
structure propensities of small peptide fragments and the
unfolded state of proteins. That fits nicely into the picture
emerging from investigations on longer alanine-based pep-
tides (8, 9).

The observedγ-turn conformation may indeed provide a
new insight into the study of protein folding. It has previously
been suggested that reverse turns play a key role in the
initiation of protein folding (59, 60). Stable turn conforma-
tions adopted by a domain of a polypeptide chain signifi-
cantly restrict the conformational space that is available for
the folding peptide chain. These results in bringing distant
parts of the peptide chain into spatial proximity may facilitate
long-range interactions, such as H-bonds, aromatic interac-
tions, and electrostatic interactions. Indeed, mutations within
proteins that disrupted local turn conformations resulted in
protein misfolding (60, 61).

γ-Turns are often situated in the middle ofâ-sheet strands,
and they have the effect of enhancing the pleated nature of

the sheets by inserting a kink in the polypeptide chain.
Consecutiveγ-turns generate a specific H-bond arrangement,
called a “compoundγ-turn”, which could help stabilize
individual â-strands before they associate to form a sheet
(18). Therefore, (de)stabilizingâ-strands throughγ-turns
could be a way of modulatingâ-sheet-driven amyloidogen-
esis.

Tripeptides are biomedically relevant as protease inhibitors
(62), as taste receptors (63), and for enzyme regulation (64),
and maintenance of a stableγ-turn conformation in a small
drug may be critical for the attainment of activity (65, 66).
The AFA and other stable tripeptides may serve as a model
as well as a molecular scaffold for future drug design.
Understanding the molecular basis of the structural features
of small tripeptides may be useful for the design of small
bioactive peptides with the low-molecular mass constrain
(<500 Da) that is consistent with typical small molecule oral
bioavailable drugs.
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