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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 inverse-turn. Circular dichroism (CD) indicated the presence of a predominant turn structure,
and Fourier transform infrared (FTIR) bands suggested the presence-tira 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 Hk—NH NOE between Alaand Al& and a hydrogen bond between the CO group of-Ala

and the NH group of AR, calculations clearly demonstrated the presence of an inyetsm centered

on Phé. From NOE data, we estimated a mole fraction foryhieirn of 0.65. Since for AFA an extended
p-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. 1010054-10059], we investigated the possibility thaturn and
pB-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 they-turn andg-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) relevant structural motifH) even for non-proline residues
proteins are endowed with very well-defined biological in water @, 7), therefore contrasting with the common belief
functions has suggested a reassessment of the structure that the structure of short peptides is random. A combination
function paradigmi, 2). Unfolded proteins and polypeptides of Fourier transform infrared spectroscopy, polarized Raman
are still considered completely unstructured becausesthe spectroscopy, and vibrational CD measurements of several
and y dihedral angles are assumed to sample the entiretripeptides suggested that trialanine and various alanine-based
allowed region of the Ramachandran spa8g {This is oligopeptides§, 9) in water assume a temperature-dependent
somehow confirmed by early NMR experiments on short mixture of PPIl and extended-strand conformation, but
tri- and tetrapeptides in water, which found a random even the Ala dipeptide seems to take up a predominantly
distribution of conformations. PPII conformation 10). On the other hand, trivaline mostly

Until recent years, there were only few studies that adopts an extendggtsheet conformationl(l). The pioneer-
demonstrated a significantly preferential conformation of ing work by the SchweitzerStenner group clearly estab-
very short peptides. The most noted example was thelished a new paradigm on the ability of short peptides to
YPGDV pentapeptide 4) that adopted ca. 5096-turn adopt preferential conformation; however, no direct high-
conformation. Recently, multidimensional NMR has provided resolution structure of a tripeptide in solution has been
evidence that the conformational space of even tripeptidesreported yet.
is more restricted than originally thought so that structures In our path for the study of the ability of very short
of limited stability can be formed. In this context, the aromatic peptides to form amyloid fibrils12—14), we
polyproline 1l (PPII) conformation appears to be the most became interested in the structural features of the Ala-Phe-
p— ) o R ——— 229/07 Ala (AFA) peptide. While it did not show any amyloidogenic

IS work was supported in part by -Legge - potential, unlike similar short peptides with at least one
ggg%’é%gggg?oﬁ'xg g_ng_;he Bikura (FIRST) program of the Israel aromatic side chain, AFA actually revealed a WeII—defined

*To whom correspondence should be addressed. A.M.: e-mail, Structure. Here we report that the preferred conformation of
amotta@icmib.na.cnr.it; phone, 39-081-8675-228/-226; fax, 39-081- the tripeptide in water is an inverseturn, with the formation
gggé?f;g €IaE7.?_.::J’_GeLi(n;_gléll,[ueghudga@tauex.tau.ac.||? phone, 972-3-640- of 5 possible bifurcated H-bond with the solvent molecules.

#|stituto di Chimica Biomolecolare del CNR. From NOE data, we estimated a molar fraction fortheirn

§Tel Aviv University. (x,NOF) of 0.65. This appears to be an unusual finding as
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y-turns seldom exist in short, natural peptides, and may only to obtain the cationic, zwitterionic, and anionic state of the
be induced byr-aminoxy acid mimeticsl(5, and references  peptide, respectively. Deuterated water was obtained from
therein). CortecNet.

Eker et al. 16) reported for AFA g3-strand-like confor- NMR spectra, acquired at the NMR Service of Istituto di
mation. Accordingly, we investigated the possibility that both Chimica Biomolecolare del CNR (Pozzuoli, Italy), were
they-turn and the3-strand-like conformations contribute to  recorded on a Bruker Avance 400 instrument, operating at
ROESY cross-peaks at 280 K, as they represent two major400.13 MHz, and a Bruker DRX-600 instrument operating
conformations that can be accessed by the tripeptide. Byat 600.13 MHz, using on both an inverse multinuclear
assuming the-turn and thes-strand as a basis set, we were probehead fitted with gradients along e Y-, andZ-axes.
able to simulate the NOE pattern via a best-fit procedure In all spectra, quadrature detection in th@limension was
that calculated experimental NOEs as weighted averages ofaccomplished using the hypercomplex meth).(Spectra
the effects originating from both structures. With this model, were referenced to sodium 3-(trimethylsilyl)[2,2,3}3,]-
we calculated with good accuracy the backbone NOEs atpropionate. Homonuclear two-dimensional clean TOCSY
280 K, yielding for they-turn a mole fractiorx, < of 0.60 (27) and ROESY 28) spectra were recorded by standard
and for the angB-strand a mole fractioms2'd of 0.40, with techniques and by incorporating the excitation sculpting
x,2d very similar tox,N°F found via NOE data. sequence 29 for_ Water_ suppress_ion. We used a double-

A y-turn is a type of reversed turn secondary structure Pulsed field gradient spin-echo with a soft square pulse of 4
that involves three amino acids forming a81 hydrogen ~ M$ at the water resonance frequency, with gradient pulses
bond between the CO group of amino acid residaed the ~ ©f 1 ms each in duration; 512 equally spaced evolution time
NH group of amino acid residue + 2. Depending on  Periodt; values were acquired, averaging four transients of
whether the side chain of residue- 1 is in an equatorial or 2048 points, with a spectral width of 6024 Hz. Time domain

axial orientation on the pseudo-seven-membered fiftgins data matrices were all zero-filled to 4096 in both dimensions,
giving rise to a kink in the chain or a direction change, transformation, resolution enhancement was applied with a
respectivelyy-Turns, although less recurrent th@surns, ~ Lorentz-Gauss window to both andt, dimensions for all

also play important biological functions. Structural studies the experiments. ROESY spectra were obtained with a spin-
have revealed that naturally occurring small peptides [namely, lock field strength of 7 kHz and different mixing times (80,
vasopressinl(9) and the related desmopressio, brady- 120, 200, 300, and 400 ms) and temperatures (between 275
kinin (21), and angiotensin 1132)] that function as hormones ~ @nd 330 K); TOCSY experiments were recorded with a spin-
or neurotransmitters, or have other regulatory roles in |0ck period of 70 ms, achieved with the DIPSI-2 mixing
organisms, adopg-turn conformations. The-turn present ~ S€quence, at different temperatures to obtain the amide proton
in the Arg-Gly-Asp sequence of vitronectin has been reported temperature dependence.

to contribute to the specific recognition by integrin receptor ~ 1he natural abundanéel—**C HSQC spectrum30) was

afBs (23, 24), playing a role in tumor cell adhesion recorded at 280 K at_ the pHs given above on the DRX-600
angiogenesis, and osteoporosis. Finally, formation of hy- SPectrometer operating at 150.90 MHz &€; 128 equally
drated reverse turns such as the one observed for AFA hasPaced evolution time perioth values were acquired,

been proposed to promote hetigoil unfolding 25). averaging 48 transients of 2048 points and using GARP4
for decoupling. The final data matrix was zero-filled to 4096
MATERIALS AND METHODS in both dimensions, and apodized before Fourier transforma-

tion by a shifted cosine window function ia and int;.
Circular Dichroism (CD) Spectroscopy stock solution | inear prediction was also applied to extend the data to twice
of the peptide was prepared by dissolving AFA in double- jts [ength int,.
distilled water to a concentration of 0.25 mg/mL, at acid, 3\]NH0L and3\]aﬁ values were estimated in adoub|e-quantum-
neutral, and alkaline pH. Aftea 5 min sonication, the peptide  filtered COSY spectrum in #4,0/2H,0 mixture (90/10, v/v)
was diluted in double-distilled water in the experiment (37).
cuvette to a final concentration of 1@®. CD spectra were Structure DeterminatiorDistance restraints were obtained
obtained using an AVIV 202 spectropolarimeter equipped py integrating NOE peak volumes at different mixing times,
with a temperature-controlled sample holdedan5 mm  and representing their buildup by a second-order polynomial.
path length cuvette. CD ellipticity, measured between 190 Assigned NOE cross-peaks, in the ROESY spectra with
and 250 nm at 280 K, was averaged for 5 s. different mixing times, were volume-integrated by using a
Fourier Transform Infrared (FTIR) Spectroscopfrared Monte Carlo approach6{), and interproton distances,
spectra were recorded using a Nicolet Nexus 470 FTIR were calculated according to the relation
spectrometer with a DTGS detector. AFA was dissolved in
2H,0 to a final concentration of 0.25 mg/mL, at acid, neutral, d; = dref(vrefjvij)l’6
and alkaline pH, and suspended on a Cplate. Measure-
ments were taken by ugjra 4 cn* resolution and averaging  whered,; stands for a known interproton distance between
2000 scans. The transmittance minima were determined bytwo protons and/; andV, stand for the integrated volumes
the OMNIC analysis program (Nicolet). of thei—j cross-peak and the reference cross-peak, respec-
NMR Data CollectionThe peptide was dissolved in 0.5 tively (32). As a reference distance, we used the two geminal
mL of a *H,0/”H,0 mixture (90/10, v/v), and ifH,O to methyleneB-protons of Ph&separated by 0.178 nm.
yield concentrations in the range of 0-100 mM. The pH ¢ andy dihedral angle restraints were derived frédu,
was adjusted to 1.2, 7.2, and 12.1 by adding HCI or NaOH coupling constants. The structure was calculated with 30
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NOEs [14 intraresidue, 15 sequentialQH,—NH;1, SCH —
NHiy1, and NH—NH;;;), and one medium-rangenCH
Alal—NH Ala®)]. Runs were first performed with distance
restraints only.

Stereospecific assignments of Pls@&le chain methylene
Hp2 and H33 resonances were accomplished by qualitatively
evaluating®J,s 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
resonancessd).

The structure was calculated with CYANAS). A total
of 100 randomized structures were generated, and the
dynamics ran for 4000 and 35 000 steps (highste 00
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 GROMOS6|; bond
length constraints were applied with the SHAKE meth®d (
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
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Ficure 1: CD and FTIR spectra of AFA. (A) The circular
dichroism spectrum was recorded at 280 K in 20 mM phosphate
and 100 mM NacCl (pH 7.2) at a peptide concentration of ARD

(B) The Fourier transform infrared spectrum was recorded at 280
K at a peptide concentration of 0.25 mg/mL.

measurements were incorporated into calculations as a

semiharmonic potential function with a force constant of
1000 kJ nm? mol™2.

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

Energy CalculationsThe united-atom40) 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 BroydenFletcher-Goldfarb—Shanno (BFGS)
algorithm @2), stopping it when the gradient norm was
<1072, (iii) addition of nonpolar hydrogen atoms to the
resulting structure, and all-atom BFGS EM run until a
gradient norm of 1 was reached, and (iv) a final
refinement obtained by a full NewterRaphson minimiza-
tion, with a convergence criterion on the gradient norm of
<1078, In the preliminary calculations, solvation effects were
assessed by testing three different procedures on eac
conformation: (i) a distance-dependent dielectric constant
€ =1, (ii) a fixed e = 10 value, and (iii) a damped distance-
dependent = 20r. Apart from a general increase in the
average hydrogen bond length between'Adad Al&, the
folding patterns were essentially insensitivesteariations,
whereas side chains and terminal regions were affected to
larger extent. Since the experimental NOEs were measure
in water at 280 K with a dielectric constaatof ~85, we
adopted the extreme solvation model by performing final
refinements with ar of 20r.

RESULTS

CD SpectroscopyThe 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 turn&3).

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 fp-sheet that is a key for amyloid fibril formation.

FTIR Spectroscopydditional information about the AFA
structure was obtained by FTIR spectroscop§HrO. Two
minima were observed at the amide | region of the peptide
spectra at room temperature (Figure 1B). The minima at 1678

nd 1647 cm! are indeed consistent with the existence a
predominant secondary structure, rather than a random
conformation. A further band is observed at 1595 &nt
has been reported that the bands at 1676, 1647, and 1595
cm t observed in the IR spectrum of cyclo[Pro-Ala-(g
CQ] in ?2H,0 are indicative of the presence of an inverse
-turn, with the low-wavenumber component band for a
ifurcated (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-(CH)s-CO], therefore suggesting also for
AFA an inversey-turn with a possible bifurcated H-bond
with the solvent molecules.

It has been proposed that hetigoil unfolding is promoted
by insertion of a water molecule into the-helix 5 — 1
H-bonding via initial formation of a transient external or
three-center H-bonding systen?5j. This leads to the
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Table 1: H and3C Chemical Shifts (parts per million) of AFA in ‘ i
a 'H,0PH,O Mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2 ’ . ' 1, 19
residue  NH @H CpH others i ﬁ 3£ F1s
Alal - 412 133 ' B
51.78 18.81 5 L2
Phé  7.78 463 3.23,pro-S  7.30 {El), 7.38 (GH), "
7.26 (CH) i} L w e
56.22  2.99,pro-R  129.95 (1, 129.47 (@), 2 Las
127.87 i
3768 (@) 1“; _'; 10_’-3_. .‘ Lao
Ala®  7.32 380 1.40 3, T
49.99 17.64 (Y 2@ 00 i
8 5.0
formation of a repertoire of hydrated reverse turns, like that \ 68
found for AFA, connecting the- andg-regions and so might 6.0
facilitate the extremely rapid. < f “flickering”. Fes
Aggregation StateOne-dimensiondH NMR spectra were q
recorded in aqueous solution at peptide concentrations in the 3y = b ge . *
range of 0.16-10 mM. We did not observe any appreciable b ‘p E | F78
change in either line widths or chemical shifts, each of which g o Qo ‘9 8o
is suggestive of aggregation. Nevertheless, to check for the ... 2 ! 85

presence of aggregation at concentrations lower than those 8¢ 75 70 65 60 55 50 45 40 35 30 2*‘ “’.‘-5 ik e
used in NMR experiments, fluorescence spectra were re-FIGURE 2: ROESY spectrum of AFA, acquired in %&1,0/7H,0
corded for Phe We found that the intensity of the Phe 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
fluorescence emission at 282 nm (Phe excited at 257 NM)NOE petween the.CH group of Ald and the NH group of A

varied linearly with concentration up to 8M. As another  syggestive of the inverseturn, is explicitly labeled.

test to rule out aggregation, CD spectra were acquired at

peptide concentrations of 50 and 1001. Identical spectra  Table 2: *H Coupling Constants (hertz) and Amide Proton

were obtained at both concentrations, consistent with the Temperature Coefficients (parts per billion per kelvin) of AFA in a
absence of aggregation in this range (data not shown). OnceHz207H0 Mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2

the absence of aggregation over a wide range of peptide residue 8InHa (HZ) 33ap (Hz) —AJIAT (ppb/K)
concentrations was confirmed, a peptide concentration of  ajat 7.2
0.10 mM was used in all the NMR experiments reported Phé 5.9 5.2 9.4
here. 9.2

Ala3 8.1 6.9 1.1

NMR Analysis.'H NMR spectra of AFA in aqueous
solution at various pH values and under denaturing conditions
(8 M urea) were easily assigned using the standard sequentiavalues. To avoid sequence effects on random &aihlues,
assignment procedurd®). The'H and3C chemical shifts  the Ho conformational shifts of AFA were evaluated using
are reported in Table 1. as a reference for the unstructured statedtiemical shifts

The detection and identification of the folded conforma- obtained for the same peptide under fully denaturing condi-
tions adopted by AFA were based on the structural informa- tions (8 M urea). This way of evaluating conformational
tion provided by ROESY data, d¢d conformational shifts  shifts allows the detection of small populations of structure
(deviation of the chemical shift values with respect to those in partially folded peptidesA@, 50). ROESY spectra of AFA
in completely unstructured peptides), and NH shift temper- in 8 M urea, performed to obtain thé values under
ature coefficients46). Figure 2 reports the ROESY spectrum denaturing conditions, only contain sequential NOE connec-
of AFA recorded with a mixing time of 0.12 s at 280 K. tivities less numerous and weaker (not shown) than those in
Evidence for the presence of a chain bend in AFA comes an aqueous urea-free solution. Furthermore, the NH shift
from three points. First, there is theCH—NH;», NOE temperature coefficients of Phand Al2 become ca. 10 ppb/
between residues Alaand Al& (labeled 1—3y in Figure K, suggesting exposure to solvent, the breaking of the
2). Second, the small temperature coefficient of the NH intramolecular hydrogen bond, and therefore the disappear-
resonance of Afa(Table 2) indicates protection against ance of the turn under denaturing conditions. The H
solvent exchange by the possible involvement in an intramo- conformational shifts with reference 8 M urea are plotted
lecular hydrogen bond since for a tripeptide it is unlikely as a function of the peptide sequence in Figure 3. The upfield
that a small value is due to the inaccessibility to the solvent. aH chemical shift of Pheof 0.19 ppm therefore indicates
Third, are Hx chemical shifts, whose deviations from ana-conformation for this residue which is also in agreement
unstructured (U) values are diagnostic of secondary structure with the small*Jyy, value (Table 2).

Ha conformational shiftsAd = 6 — dy, in parts per million) AFA was studied at pH 7.2 in the zwitterionic state.
are negative for helical or turn regions and positive in Although the protonation state of the terminal groups has
fB-conformations or extended conformatiods)( been reported to have only a very limited influence on the

Chemical shifts of k. protons of amino acid X in Gly-  conformation of the central amino acigllj, we investigated
Gly-X-Ala tetrapeptides are frequently used as reference for AFA in the presence of NaCl, and at pH 1.2 (cationic state)
the disordered statd§), but the Hx chemical shifts for most ~ and pH 12.1 (anionic state) to assess the effects of ion pair
peptides show small variations from these random coil interaction on turn formation. ROESY spectra acquired in
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0.20 Table 3: Structural Statistics for the Bundle of 10 Selected AFA
e _ Structures
g no. of experimental restraints
« 0.00 — — intraresidue NOEs 14
© . interresidue sequential NOES ¢ j| = 1) 15
I 7] interresidue medium-range NOEs€lji —j|<3) 1
E total NOEs 30
-0.20 hydrogen bond restraints 1
total restraints 31
r—nn restraint violation%
A F A NOE distances with violations 6f0.01 nm 5+ 2
Sequence NOE distances with violations 6f0.02 nm 11
Ficure 3: Ho. conformational shifts of AFA in aH,0”H,0 NOE distances with violations of0.03 nm 0.4 0.4
mixture (90/10, v/v), at 0.10 mM, 280 K, and pH 7.2. ThetH rmsd from the average structure
conformational shifts were obtained with referenoeS8tM urea backbone atoms (nm) 0.0400.0036
under denaturing condition&\§ = 6 — dy, in parts per million), heavy atoms (nm) 0.22 0.024
in aqueous solution at pH 7.2. ¢ andy rmsd from average values (deg) 16.71
for the whole chain
angular order paramet&? for the whole chain 0.918

the presence of 10 mMbtl M NaCl and at pH 1.2 and 12.1 2No restraint violation larger than 0.032 nm was detectdetom

did not significantly alter the NOE pattern, although a general ref 68,

resonance broadening was observed around 0.8 M NacCl.

Taken together, these results show thatjtitarn observed andy backbone dihedral angles5, and references therein).
for AFA at pH 7.2 cannot be attributed to ion pair interaction Nonetheless, all the population values fall in a narrow range,
between charges aiNHz;™ andaCOO™ groups in Ald and and indicate that a consistent percentage of AFA takes up a
Ala3, therefore confirming the limited influence of the y-turn.

charged terminal groups on the central resida®). ( AFA Three-Dimensional Structure in Aqueous Solution.

Estimation of they-Turn Population.To estimate the  For a peptide as small as AFA, NOE intensities cannot be
population of they-turn formed by AFA, we used the ratio  rigorously interpreted in terms of a unique structure due to
of the intensities of the #—NH NOE between Alhdand the usual conformational averaging. Nevertheless, it is useful
Ala3, characteristic of the turn, to that of the8HHA' Phe to calculate a limited number of structures compatible with
NOE (intensityia—nH obsevelintensityys—1p pné), because being  NOE constraints, which help to visualize the conformational
the H3—Hp' Phe distance constant, thedHHpS' Phe NOE properties of the ensemble, albeit in a very simplified way.
intensity can be used as a reference. The intensity ratioStructure calculations were performed on the basis of the
corresponding to 100%-turn was taken to bede,—nw.,,) "% complete set of NOE-derived distance restraints obtained for
(drp—rprné) 6, wheredyq—nn,,, is the distance betweenoH AFA in aqueous solution at pH 7.2, and using a distance
of the first residue and the NH group of the third residue geometry procedure3p). Starting from 100 randomized
found for they-turn in proteins {8, 52). This approach is  conformations, we selected 10 conformers that satisfy the
clearly approximate, because it implicity assumes equal constraints with no violation greater than 0.013 nm. The
correlation times for the peptide in any conformational state, value of the pairwise root-mean-square deviation (rmsd) for
and small variations in the actualoHNH distance with the backbone atoms of the 10 conformers was 0.840
respect to the averaged value in theurn of proteins can  0.0036 nm, while for all heavy atoms, it was 0.220.024
lead to a large over- or underestimation of the turn popula- nm. The structures calculated without any angle constraint
tion. Nevertheless, we believe that this approach safely were less well defined (rmsd for the backbone atoms and
estimates turn populatio®®). Accordingly, from NOE data,  all heavy atoms of 0.2% 0.018 and 0.474 0.061 nm,
we estimated for the inverseturn a molar fractiorx,N°E respectively). For PRethe experimental averaggeand y
of 0.65, most likely interconverting with other conformations, were—91 + 18.2 and 60+ 15.3, respectively, which fit
including those corresponding to the “unfolded state”. This an inversey-turn centered on PReFurthermore, all of the
term implies that there are no strongly preferred backbone calculated structures presented a hydrogen bond between the
conformations, with small energy differences existing among CO group of Ald and the NH group of AR with a
different backbone conformations, namely, on the order of hydrogen-acceptor distance of 0.24 nm and a relative
KT (54). When the energy differences among backbone frequency of 94%. The structural statistics of the 10 NMR
conformations are large compared wkih there will be one  structures are summarized in Table 3, while a representative
strongly preferred backbone conformatid); low-energy structure of AFA is shown in Figure 4.

As a comparison, the-turn population was also estimated By a combination of vibrational spectroscopic techniques,
by using the H. conformational shift, obtaining a molar Eker et al. {6) reported for AFA a mostly extended,
fraction x,2°H* of 0.58. By following Santiveri et al.55, S-strand-like conformation at higher temperatures. Further-
and references therein), we also u&t, and3C; confor- more, analysis of the ROESY spectrum in Figure 2 shows
mational shifts. FromAd:c, and Adxc,, we obtained the  the contemporary presence of strong sequem@di—NHi
following: x,A9**c* = 0.55 andx,A*"*%# = 0.52, respectively.  effects, typical of extended structures, and anNKH;1
The discrepancy between arOF of 0.65 (obtained from  effect, typical of folded structures. Accordingly, we inves-
NOE data) and am,°¥° of 0.60 (obtained from the best-fit  tigated the possibility that the-turn and thes-strand-like
procedure; see below) could be due to Pammatic ring conformations coexisted at 280 K and represented two major
current effects on Kchemical shifts, and conformational conformations that can be accessed by the tripeptide. The
flexibility affecting $3C, and**Cs chemical shifts through change from the/-turn to theS-strand was evaluated by
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Ficure 4: Inversey-turn of AFA. Stereoplot of a representative structure of AFA as obtained from NMR-derived restraints.

monitoring the dependence of the diagnostictAlala® NOE Table 4: Relevant Internal Coordinates of the Molecular Models of
intensity on temperature. In the range of 2780 K AFA Used in the Calculations of Experimental NOEs iAHO/

1 2 -
ROESY spectra of AFA showed a regular decrease in the 20 Mixture (90710, v/v), at 0.10 mM, 280 K, and pH 7.2
magnitude of the NOE as the temperature was increased, y-turn conformer B-strand conformer
with a plateau at ca. 280 K (not shown). On the other hand, @ P 11 12 @ Y 11 %2
a temperature increase did not alter the remaining NOE (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg)
pattern, showing strong sequential NOEs that indicated the Alat 142.5 151.4

evolution of the peptide structure toward an extended form Ph¢ —88.8 68.2 -59.4 100.8 —146.7 164.6 —63.8 104.4
(46). According to these results and depending on temper- Ala? —142.4 1467 —137.4 1392

ature, the AFA predominant structure appears to bettuen

at low temperatures and tlhfestrand at high temperatures. The extended conformer was built on dihedral angles
The question of whether using both structures satisfies thereported by Eker et al16) for AFA (¢ = —140+ 15°, and
observed NOE pattern better arises, since the NOEs mosty = 170+ 10°) and served as input of an internal EM for
likely contain a contribution from both structures. The NOE which e = 20r. This conformer is less stable than the turn
pattern was fit by “separating” contributions from each by ca. 23 kJ/mol. Simulation of experimental NOEs was
structure via a best-fit procedure that calculated NOEs asperformed with a continuous variation of the concentrations
weighted averages of the effects originating frgsturn and of the two limiting structures, and the best fit was obtained
S-strand. Accordingly, we tried to reproduce observed NOEs with x,°@ of 0.60 and arxs®@°? of 0.40, corresponding to
by using the minimum possible number of conformations mole fractions of they-turn and $-strand conformers,
as a basis se6). We chose to start from several folded respectively. It is worth noting that none of the “non-
conformations to minimize the danger of local minima. The observed” NOEs has a counterpart in calculated NOEs larger
NMR analysis given above indicates that a reasonablethan 1%, and such a “negative” result lends support to the
starting conformation for AFA in internal energy calculations fitting procedure of the experimental NOEs of AFA in terms
was the inverse/-'[urn_ Other Starting structures were the of y-turn andﬁ-strand structures. The final internal coordi-
classicaly-turn, and PPII found for other AXA tripeptides  nates of the turn and strand conformers used in the simulation
(16). Several runs of simulated annealing were also per- Of the NOEs are reported in Table 4.

formed to find additional unbiased structures. Energy cal-

culations were based on the unitetD) and all-atom 41) DISCUSSION
parametrizations of the AMBER force field (see Materials The notion that peptides as short as tripeptides may adopt
and Methods). To account for solvation effects in an a stable conformation in an aqueous solution has been put
environment with a high dielectric constant, calculations were forward in recent yearslg, 51, 57). Several spectroscopic
performed with dielectric constants whose actual value is a techniques indicated that peptides might exist in a predomi-
damped function of interatomic distances (see Materials andnant fold rather than as random structures. Here we provided
Methods). The results of this conformational analysis can a detailed structural analysis of AFA in water, based on NMR
be summarized as follows. The AFA refined structure is and calculations, showing the existence of a confined family
characterized by internal coordinates consistent with the of minimal energy structures all adopting an invepstirn.
inverse y-turn family suggested by NMR (Figure 4). A Furthermore, FTIR spectroscopy suggested the presence of
hydrogen bond, characterized by a-B distance on the  a bifurcated (three-center) H-bond most likely involving
order of 0.2 nm, was observed between the CO group of solvent molecules. In aprotic solvents (anhydrous DMSO and
Alal and the NH group of Afg while no salt bridge between  TFE) (data not shown), the NOE between Wto and Al
peptide termini was observed. The structures obtained fromNH, suggestive of the inverseturn, was not observed in

a classical-turn and a PPII are less stable than the inverse ROESY spectra of AFA. This suggests that the tripeptide
y-turn by ca. 50 kJ/mol. In fact, the latter is able to “survive” does require water as a solvent for the formation of the
through changes efbetter than all other structures (including inversey-turn, which disappears in a nonagueous environ-
those derived from simulated annealing); that is, although it ment. It is tempting to speculate that formation of the
is not the absolute minimum when=r, it is one of the hydrated bifurcated H-bond is functional to theurn. This
lowest-energy structures and becomes the absolute minimunfinding is of particular biological relevance in that hydrated
whene = 20r. reverse turns have been suggested to promote -hedik
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unfolding by facilitating the extremely rapi <> $ flickering
(25, 58).

By a different experimental approach, a combination of
vibrational spectroscopic techniques, Eker et &6) (ndi-

Motta et al.

the sheets by inserting a kink in the polypeptide chain.
Consecutivey-turns generate a specific H-bond arrangement,
called a “compoundy-turn”, which could help stabilize

individual -strands before they associate to form a sheet

cated a different conformation for AFA, a mostly extended, (18). Therefore, (de)stabilizing-strands throughy-turns
B-strand-like conformation, even at high temperatures. This could be a way of modulating-sheet-driven amyloidogen-
discrepancy could be linked to the different time scales esis.

investigated by the two approaches, and/or to different Tripeptides are biomedically relevant as protease inhibitors
temperatures. However, they could also represent two major(62), as taste receptoré3), and for enzyme regulatiors4),
conformations that can be accessed by the tripeptide. Weand maintenance of a stabteturn conformation in a small
found that, depending on temperature, the inverign and drug may be critical for the attainment of activit§5, 66).

the $-strand are predominant structures at low and high The AFA and other stable tripeptides may serve as a model
temperatures, respectively, and that the two families, althoughas well as a molecular scaffold for future drug design.
with different percentages, coexist as suggested by the NOEUnderstanding the molecular basis of the structural features
pattern observed at 280 K. Starting from selected conforma-of small tripeptides may be useful for the design of small
tions, we were able to separate each contribution via a best-bioactive peptides with the low-molecular mass constrain
fit procedure, and to calculate NOEs as weighted averages(<500 Da) that is consistent with typical small molecule oral
of the effects originating fromy-turn andf-strand. This bioavailable drugs.

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 anx,c@d of 0.60 and anxg®d of 0.40,
corresponding to mole fractions of theturn andg-strand
conformers, respectively, which parallel tké'°F of 0. 65
found from NOE data. Although a model relying on inverse
y-turn andg-strand structures is certainly not exhaustive,
none of the nonobserved NOEs has a counterpart in
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