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Abstract: The incporation of (3-amino acid residues into the strand segments of designed (3-hair-
pin leads to the formation of polar sheets, since in the case of (3-peptide strands, all adjacent car-
bonyl groups point in one direction and the amide groups orient in the opposite direction. The con-
formational analysis of two designed peptide hairpins composed of «l(B-hybrid segments are
described: Boc—Leu—BPhe-Val-p-Pro—Gly-Leu—[Phe-Val-OMe (1) and Boc—BLeu—Phe—(3Val-p-
Pro-Gly-fLeu—Phe—[3Val-OMe (2). A 500-MHz "H-NMR (nuclear magnetic resonance) analysis
in methanol supports a significant population of hairpin conformations in both peptides. Diagnostic
nuclear Overhauser effects (NOEs) are observed in both cases. X-ray diffraction studies on single
crystals of peptide 1 reveal a [3-hairpin conformation in both the molecules, which constitute the
crystallographic asymmetric unit. Three cross-strand hydrogen bonds and a nucleating type II' (3-
turn at the p-Pro—Gly segment are observed in the two independent molecules. In peptide 1, the
[BPhe residues at positions 2 and 7 occur at the nonhydrogen-bonding position, with the benzyl side
chains pointing on opposite faces of the (3-sheet. The observed aromatic centroid-to-centroid distan-
ces are 8.92 A (molecule A) and 8.94 A (molecule B). In peptide 2, the aromatic rings must occupy
facing positions in antiparallel strands, in the NMR-derived structure.

Peptide 1 yields a normal *‘hairpin-like’” CD spectrum in methanol with a minimum at 224 nm.
The CD spectrum of peptide 2 reveals a negative band at 234 nm and a positive band at 221 nm,
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suggestive of an exciton split doublet. Modeling of the facing Phe side chains at the hydrogen-bond-
ing position of a canonical B-hairpin suggests that interring separation is ~4.78 A for the
gauche™ gauche™ (g+g™) rotamer. A previously reported peptide B-hairpin composed of only a-
amino acids, Boc—Leu—Phe—Val-p-Pro—Gly-Leu—Phe—Val-OMe also exhibited an anomalous far-
UV (ultraviolet) CD (circular dichroism) spectrum, which was interpreted in terms of interactions
between facing aromatic chromophores, Phe 2 and Phe 7 (C. Zhao, P. L. Polavarapu, C. Das, and P.
Balaram, Journal of the American Chemical Society, 2000, Vol 122, pp. 8228-8231). © 2005 Wiley
Periodicals, Inc.” Biopoly 80: 787-799, 2005

This article was originally published online as an accepted preprint. The Published Online date
corresponds to the preprint version. You can request a copy of the preprint by emailing the

Biopolymers editorial office at biopolymers@wiley.com

Keywords: peptide hairpins; hybrid peptides; [3-peptides; anomalous circular dichroism, cross-
strand aromatic interactions; exciton split doublet; peptide crystal structure

INTRODUCTION

The ability of a centrally positioned D-Pro—Xxx
segment to stabilize [-hairpin conformations in
short synthetic peptides is well established by
NMR studies in solution'™ and X-ray diffraction
studies in crystals.”'* Robust synthetic hairpin
scaffolds provide an opportunity to examine the
effect of turn stereochemistry on the orientation of
the antiparallel strands'* and to probe cross-strand
interactions between side chains placed at facing
positions.'*'> Hybrid peptides incorporating 3-, -,
and é-amino acid residues in the strand facilitate
changes of the local polarity of the sheets.'™'® In
the case of D-Pro-Gly segments, the nucleating
turn can adopt either type T' (¢, = 60°, v
= 30% ¢ipo = 90°, Yin = 0°) or type II' (¢
= 60°, i1 = —120% @0 = —80° ¢in = 0°)
conformations, since the achiral Gly residue can
readily be accommodated at the i 4+ 2 positions of
both turn types. Sequence variations in the strand
segment permit analysis of cross-strand interactions
and intrastrand interactions between proximal side
chains. The nature of side-chain interactions in
ideal B-hairpins is schematically illustrated in
Figure 1. In an earlier study, we have character-
ized a [-hairpin conformation for the peptide Boc—
Leu—Phe—Val-p-Pro-Gly-Leu—Phe—Val-OMe, in solu-
tion by nuclear magnetic resonance (NMR) spec-
troscopy.'” Interestingly, an anomalous circular
dichroism (CD) spectrum for this octapeptide was
observed in the region 210-240 nm, suggesting
cross-strand aromatic interactions.'”> This segment
has also been shown to exist as a (-hairpin, when
incorporated into a larger 17-residue sequence that
adopts a mixed helix—hairpin structure.'® Similar
side-chain interactions were also established in the

peptide, Boc—Leu-Phe—Val-Aib—b-Ala—Leu—Phe—
Val-OMe, in which an Aib-p-Ala (type I' [-turn)
nucleated a (-hairpin conformation in crystals.'*
To investigate the effects of cross-strand aromatic
interactions in (-hairpins, we have designed and

Intra-strand (i.i+2)
(a)

Inter-strand
(6)
o)

H-bonding site Non-H-bonding site

FIGURE 1 Schematic of a peptide [-hairpin indicating
the nature of side-chain interactions. (a) The i/i + 2 intra-
strand interactions and (b) cross-strand interaction between
facing residues. Two distinct sites are defined—hydrogen-
bonding and nonhydrogen-bonding sites. (c) Cross-strand
diagonal interactions.



subjected to conformational analysis the following
octapeptides:

1 (Boc—Leu—fgPhe-Val- p-Pro-Gly-Leu—/3Phe—
Val-OMe) [3Phe = (S)-3-homophenylalanine].
2 (Boc—fLeu—Phe-3Val-p-Pro-Gly—SLeu—Phe—
(fVal-OMe) [BLeu = (S)-3-homoleucine] and
[#Val = (R)-3*-homovaline].

These sequences were based on the parent peptide
Boc—Leu—Phe—Val-p-Pro—Gly-Leu—Phe—Val-OMe
(peptide 3). Replacement of Phe 2 and Phe 7 by 5Phe
and retention of the [-hairpin conformation should
place the two Phe rings on opposite faces of an
approximately planar (-sheet structure, eliminating
cross-strand interactions. In peptide 2, replacement of
Val 3 and Leu 6 by their higher homologs places the
phenyl rings, Phe 2 and Phe 7, at facing hydrogen-
bonded positions in a 3-sheet, in contrast to the parent
peptide 3 , where the Phe rings are at facing no-hydro-
gen bonded positions. Peptide 2 also contains [3-res-
idues at positions 1 and 8, SLeu and $Val, respec-
tively. This substitution does not affect the aro-
matic side-chain position but merely alters the
sheet polarity at the two termini. The results
described in this article establish -hairpin confor-
mations in solution for both peptides 1 and 2. In
addition, X-ray diffraction studies establish a -
hairpin structure for peptide 1 in crystals. Peptide 1
yields a CD spectrum similar to that normally
observed in peptide [-hairpins, while peptide 2
yields an anomalous CD spectrum.

MATERIALS AND METHODS

Peptide Synthesis and Crystallization

The two octapeptides peptide 1 and peptide 2 were synthe-
sized by conventional solution-phase procedures, using a
fragment condensation strategy. f-Butyloxycarbonyl (Boc)
and methyl groups were used for N- and C-terminal protec-
tion. Boc—(S)-APhe-OH, Boc—(S)-SLeu—OH, and Boc—
(R)-3Val-OH were synthesized by Arndt-Eistert homolog-
ation of Boc—(S)-Phe—OH, Boc—(S)-Leu—-OH, and Boc—
(S)-Val-OH (note the formal change of configuration
assignment upon homologation), respectively.'®® Peptide
couplings were mediated by N,N'-dicyclohexylcarbodiimide
and 1-hydroxy benzotriazole.'® Crude peptide 1 was purified
by medium-pressure liquid chromatography on a reverse-
phase C;5(40-63 1) column and crude peptide 2 was puri-
fied by high pressure liquid chromatography (HPLC) on a
Cy5 (5-10 p) column using methanol-water gradients.
Peptides were characterized by electrospray ionization—
mass spectroscopy (ESI-MS): Peptide 1, M + HT
=1033.7 Daand M + Na® = 1055.6 Da (M calc = 1032
Da; Peptide 2, M + Na' =1083.6 Da (M calc = 1060 Da)
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and complete analysis of the 500-MHz 'H-NMR spectrum.
Single crystals suitable for X-ray diffraction for peptide 1
were obtained by slow evaporation from ethanol-toluene—
xylene solvent mixtures. The synthesis and characterization
of peptide 3 has been previously described.'

X-Ray Diffraction

Crystals in the form of thin plates were obtained by slow
evaporation from ethanol containing some toluene and
xylene. A crystal, 1.00 x 0.56 x 0.06 mm in size, was used
to collect X-ray diffraction data on a Bruker Smart CCD
6K diffractometer. A high intensity rotating anode (Cu radi-
ation) X-ray source was used to collect data to a preset limit
of § = 67° (0.84 A resolution) at —75°C. Even at the limit
of the setting of the apparatus, there were reflections with
usable intensities. However, the structure solution was not
automatic, possibly because the Akl reflections with & = 2n
were much stronger than those with &7 # 2n. A vector
search procedure based on a hairpin model taken from the
decapeptide Boc—Leu—Val-Phe—Val-bd-Pro—Gly—Leu—3Phe—
Val-Val-OMe molecule was not successful, in retrospect, pos-
sibly because the -turns are of different types in the two crys-
tals. However, 15,000 trials with the SHELX program?’ led to
a successfully placed fragment that was used with the tangent
formula expansion® to obtain the entire structure consisting of
two independent peptide molecules and two ethanol solvent
molecules in an asymmetric unit. Hydrogen atoms were placed
in idealized positions and allowed to ride on the C or N atom
to which they are bonded. Anisotropic least-squares refinement
produced an R factor of 7.5% for 14439 data with |F
> 40(F,) and 8.7% for all 17,056 data. For the crystal with a
formula content of 2(CssHgsNgOq1) - 2(C,HsOH), the crystal-
lographic parameters are: space group P2, a = 19.555(1) A b
= 11352(1) A, ¢ = 28912(1) A, 3=101.9092)°, V
= 6259.8(4) A>, Z = 4, dye = 1.145 gm/em®.

Details of data collection, coordinates, bond lengths and
angles, anisotropic thermal parameters, and hydrogen coor-
dinates are deposited in the Cambridge Crystallographic
Data Centre, Cambridge CB2 1EZ, UK, ref. CCDC
#225008.

RESULTS AND DISCUSSION

Conformational Analysis of Peptide 1 in
the Solid State

The conformations of the two crystallographically
independent molecules A and B of peptide 1, mole-
cule A shown in stereo in Figure 2, are very similar,
but not identical. There are four areas of significant
differences, that is, more than 30° in the torsional
angles that are listed in Table I. In the backbone, three
differences occur at 13, 37° for the N3C;,C5Ny tor-
sion just preceding the p-Pro residue; at 15, 33° for the
N;5C52C5Ng torsion; and at ¢, 33° for the CiINgCsaCé
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FIGURE 2 Stereodiagram of conformer A of Boc—Leu—(3Phe—Val-p-Pro-Gly—Leu—(3Phe—Val—
OMe (peptide 1).

torsion. In the side chains there is one difference at Despite the differences in several of the torsional
Val 3 where the rotation about C35—Csp is gauche™ angles, the hydrogen bonds in both conformers A and
in one conformer and gauche™ in the other. All these B are essentially the same, both cross-strand, Figure 2,
differences occur in the vicinity of the hairpin turn. and intermolecular, Table II.

Table I Torsion Angles For Peptide 1*

Torsion Angles (°)

Residue Name 10) 0 V] X! x> X
Leu 1 —94.4 125.6 176 63.7, —174.1
(—113.9) (125.5) (173.4) (62.7, —175.5)
[Phe 2 —141.1 150.2 158.8 56.3 —76.7,99
(—145.4) (160.5) (151.1) (54.6) (—78.2, 100.7)
Val 3 —153.7 122.6 50, 179.1
(—139.3) (86.3) (—45.4, —169.7)
p-Pro 4° 55.7 —130.5 21.6 —28.9 24.2
(64.5) (—122.2) (11.2) (=29.1) (35.2)
Gly 5 —83.3 20.4
(=73.1) (—11.5)
Leu6 —117.6 113.1 170.5 58.6, —176.2
(—85.8) (109.2) (174.2) (~175.9,57.3)
[3Phe 7 —101 166.7 118.5 —50.1 150.8, —26.5
(-91.9) (166.3) (115.5) (—58.9) (—15.3, 163.6)
Val 8 —156.8 143.8°¢ 57.8, —174.1
(—154.8) (122.2% (179, 54.4)

#The torsion angle values given without parentheses are for molecule A and the torsion angle values given inside parentheses are for
molecule B.

" x4: =9.7 (=29.3); x° (C6—N—Ca—Cp): —7.7 (11.4).

¢ Torsion around N8 —C8—C8'—09.



Table I Hydrogen Bonds in Peptide 1

Peptide Hairpins with Strand Segments

791

d(D--A) d(H-A) D---O=C
H-Bond Type Donor® Acceptor® A) A) Angle (°)
Intramol. N2 (Mol A) O7 (Mol A) 2.92 2.02 175.61
Intramol. N3 (Mol A) 06 (Mol A) 291 2.04 161.45
Intramol. N6 (Mol A) O3 (Mol A) 2.93 2.06 160.40
Intramol. N12 (Mol B) 017 (Mol B) 2.95 2.06 171.88
Intramol. N13 (Mol B) 016 (Mol B) 2.82 1.93 172.90
Intramol. N16 (Mol B) 013 (Mol B) 2.99 2.15 155.83
Intramol. N1 (Mol A) 018 (Mol B) 2.96 2.13 152.84
Intramol. N7 (Mol A) 012° (Mol B) 2.95 2.05 175.24
Intramol. N8 (Mol A) 011° (Mol B) 2.94 2.06 161.37
Intramol. N11 (Mol B) 08° (Mol A) 3.02 2.13 167.96
Intramol. N17 (Mol B) 02 (Mol A) 2.95 2.06 169.36
Intramol. N18 (Mol B) O1 (Mol A) 2.94 2.05 171.60
EtOH—pept. O1ET 04 2.69
EtOH—pept. O2ET 014 2.76 1.91 179.46
EtOH—pept. N5 OIET? 2.83 1.93 173.81
EtOH-pept. N15 O2ET*® 2.85 1.96 170.66

 For assignments, see Figure 2 and Figure 4.
" At symmetry equivalent x —1, +y, +z.
¢ At symmetry equivalent x +1, +y, +z.

4 At symmetry equivalent —x +1, + y +1/2, —z + 1.
¢ At symmetry equivalent —x + 2, +y + 1/2, —z + 1.

Figure 3 compares the structures determined previ-
ously for the decapeptide, Boc-Leu-Val-Phe-Val-p-
Pro-Gly-Leu-3Phe-Val-Val-OMe, which differs from
peptide 1 in having an additional Val residue at both
the N and C-termini. The decapeptide hairpin has
four intramolecular hydrogen bonds, whereas peptide
1 has three intramolecular hydrogen bonds. The
nature of the nucleating turn differs in the two cases.
In peptide 1, a type II' turn has formed, a feature
found commonly in hairpins, whereas in the decapep-
tide, a type I’ turn is seen. The superposition of struc-
tures shown in Figure 3 clearly illustrates the differ-
ences in orientation of the turns in two cases. In each
case, the NH and C=O0 moieties at the top of the
hairpin participate in hydrogen bonding with media-
ting solvent molecules. In the direction lateral to the
(-hairpins, hydrogen bonds between the strands of
separate molecules link them into infinite 3-sheets in
both peptide 1 and the decapeptide crystals. The indi-
vidual hairpins in peptide 1 have their headgroups
pointed in the same direction (Figure 4).

A view of the crystal structure of 1 edge-on to the
(B-sheets is shown in Figure 5. There is a continuous
vertical connection between alternating right and left
hairpin molecules by an EtOH molecule that forms
an OH - - - O=C hydrogen bond with the peptide
“‘head’’ of the molecule below [O1EA - - - O4] and
an O - - - HN with the peptide ‘‘head’’ of the mole-
cule above [O1EA - - - N5]. At the ‘‘tail-to-tail’’

region, there is a slight interdigitation of the nonpolar
tails (not shown).

NMR Analysis of Peptide 1

Peptide 1 yields a sharp 500-MHz 'H-NMR spectrum
in methanol-d; (CD3;OH). In chloroform and benzene,
a broad spectrum, characteristic of aggregated spe-
cies, are observed. Addition of a small amount of
(5.66% v/v) methanol to CDClIj; results in sharpening
of NH resonances. All subsequent studies were done
in neat CD;OH at a peptide concentration of
(~6.8 mM), at which aggregation effects are insignifi-
cant. Sequence-specific assignments of the amide res-
onances were readily achieved using total correlation
spectroscopy (TOCSY) and rotating frame nuclear
Overhauser spectroscopy (ROESY) experiments. The
relevant NMR parameters are summarized in Table
III. The large 3JNH7C“H values (for « residues) are
consistent with extended strand conformations for
residues 1-3 and 6-8. The observation of the Val 3
(NH) <+ Leu 6 (NH) NOE (dyn NOE) supports the
antiparallel registry of the two strands (Figure 6). The
strong Gly 5 (NH) < Leu 6 (NH) NOE (dyn NOE)
is characteristic of the Gly residue occupying the
i + 2 position of a -turn. The strong NOE between
p-Pro 4 (C*H) and Gly 5 (NH) (d,~ NOE) is suppor-
tive of a 1 value ~ +120° at p-Pro 4, providing
support for a b-Pro—Gly type II' S-turn. A weak NOE
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FIGURE 3 Superposition of peptide 1 (solid line) and
Boc-Leu—Val-3Phe-Val-p-Pro-Gly-Leu—(3Phe—Val-Val—
OMe (dashed line) by least-squares fit of corresponding C*
atoms in the strands. Note the differences between type I' 8-
turn for Boc-Leu—Val-#Phe—Val-p-Pro-Gly—Leu—/3Phe—
Val-Val-OMe and type II' 3-turn for peptide 1.

between Leu 1 (NH) and Val 8 (C“H) (Figure 6) is
notable. This NOE may arise when Leul (NH) points
inward into the hairpin. The strong Leu 1 (NH) «
(Phe 2 (NH) NOE suggests that local helical confor-

mations may also be populated. It should be noted
that the orientations of the Leu 1 and Val 8 residues
are essentially unconstrained by hairpin formation.
Interestingly, in the crystal structure of peptide 1,
both Leu I and Val 8 adopt extended conformations:

Leu 1 ¢ = —94.4°, 3 =125.6°(molecule A),
¢ =—113.9°, ¢ = 125.5° (molecule B).
Val 8 ¢ = —156.8°, 1» = 143.8° (molecule A),
¢ = —154.8°, ¢ = 122.2° (molecule B).

(Note Val 8 1 is determined using the coordinate of
the oxygen atom of the terminal OMe group as the
fourth atom.)

This is undoubtedly a consequence of the forma-
tion of intermolecular [-sheet hydrogen bonds
involving the backbone NH and CO groups of Leu 1
and Val 8 residues. Figure 7 shows a schematic view
of the hairpin in peptide 1, illustrating the major
NOEs diagnostic of a -hairpin structure.

NMR Analysis of Peptide 2

Peptide 2 yielded broad backbone resonances in
CDCl; solution, indicative of extensive aggregation.
Sharp, well-resolved 500-MHz 'H-NMR spectra were
obtained in deuterated methanol (CD;OH) solution.
Resonance assignments were readily achieved using
a combination of TOCSY and ROESY experiments.
The relevant NMR parameters are summarized in
Table IV. Figure 8 shows a partial ROESY spectrum
illustrating key NOEs. The observation of the Phe 2
(NH) < Phe 7 (NH) (dyn NOE) is supportive of a

FIGURE 4 Assembly of peptide 1 conformers A and B into an extended (-sheet by intermolecu-
lar NH - - - OC hydrogen bonds. All the hairpin molecules have their ‘‘head’’ groups directed to the
top of the diagram.
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FIGURE 5 Packing viewed edge-on to the (-sheets in peptide 1. The hydrogen bonds, mediated
by EtOH molecules, in the polar ‘‘head-to-head’’ region are indicated.

(B-hairpin structure. The NOE gVal 3 (C’H) < fLeu
6 (NH) (dgn NOE) and fBLeu 1 (NH) < (Val 8
(CﬂH) (dng NOE) also supports the antiparallel hair-
pin structure. The Gly 5 (NH) and SLeu 6 (NH) (dyn
NOE) is indicative of the anticipated chain reversal at
the p-Pro—Gly segment. The NOEs supportive of a
(B-hairpin in peptide 2 are schematically illustrated in
Figure 7. Interestingly, a strong p-Pro 4 (C“H) < Gly
5 (NH) (d.x NOE) and a weak p-Pro 4 (C°H) < Gly
5 (NH) (dsn NOE) are both observed. The simultane-
ous observation of these NOEs suggests that both
type I' and type II' S-turn conformations are popu-

lated at the p-Pro—Gly turn segment. While the major-
ity of p-Pro—Gly turn segments characterized crystal-
lographically in peptide (-hairpins adopt type II' con-
formations, type I' turns have also been observed.'®'®
The weak dyn NOEs fSLeu 1 (NH) <« Phe 2 (NH),
Phe 2 (NH) « Val 3 (NH), and Phe 7 (NH) <« (Val
8 (NH) are not compatible with a completely rigid
hairpin and suggest fraying of the structure at the N-
and C-terminus ends. Such fraying is a relatively
common feature in CD3;OH solution, since solvent
competition for backbone hydrogen-bonding sites
tends to destabilize the hairpins.

Table Il 'H-NMR Parameters for Peptide 1 in CD;0H at 300 K

6 (ppm)
Residue Name NH C“H C’H C'H C°’H Others 3 Inn_con (Hz)
Leu 1 6.51 4.08 C’H,/C"H 0.88 8.7
(1.57/1.34)
(Phe 2 7.98 2.50 4.50 2.78,2.87 aromatic: ~7.25 8.8"
Val 3 8.36 4.53 2.10 1.00 7.5
p-Pro 4 — 436 C’H,/C"H, 3.74,3.89 —
(2.03,2.16/2.26)
Gly 5 8.41 3.80, 3.88 —
Leu 6 8.05 438 C’H,/C"H 0.92 8.4
(151, 1.74)
(Phe 7 7.95 2.50 4.44 2.75,2.85 aromatic: ~7.25 8.6
Val 8 8.28 4.43 2.15 0.95 8.3

* For (3-residues, the vicinal coupling constant Clnp_cm) is given.
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FIGURE 6 Partial 500-MHz ROESY spectrum of Boc—Leu—(3Phe—Val-bD-Pro-Gly—Leu—(3Phe—
Val-OMe (1) in CD;0H at 300 K. (Top) C*H < NH NOEs (a-residues) and C°H < NH NOEs
(B-residues). (Bottom) NH < NH NOEs. Key NOEs are marked.

Circular Dichroism. Figure 9 illustrates the
CD spectra for peptides 1-3 in methanol solution.
Peptide 1 has a broad negative CD band with a mini-
mum at 224 nm. The CD spectra of model peptide
(-hairpins that do not contain aromatic residues have
been shown to yield a broad negative band at 214—
220 nm.*'*!52324 The origins of the red shift in the
case of 1 is not clear. It is conceivable that this is a
consequence of the fact that the strand residues are

made up of both a- and S-amino acids, resulting in
differences in the orientation of peptide chromo-
phores as compared to all a-peptide cases. Notably,
the CD spectrum of peptide 2 is anomalous, yielding
a negative band at 234 nm and a positive band at
221 nm. This observation may be rationalized by
invoking an exciton interaction between the phenyl
chromophores of Phe 2 and Phe 7. A comparison of
the CD spectrum of peptide 2 with that of parent
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FIGURE 7 Schematic representation of hairpin structures for peptides 3, 1, and 2 illustrating
key NOEs, which are consistent with the hairpin conformation. For other NOEs, see the text.

peptide 3 is also instructive. In peptide 3, negative
bands are observed at 235 and 210 nm (Figure 9).15
A positive band at 224 nm overlapped with a lower
wavelength negative CD band may be the reason for
nonobservation of an exciton split doublet, which is
seen for peptide 2 and also for octapeptide Boc—
Leu-Phe-Val-Aib-p-Ala-Leu-Phe-Val-OMe.'* Fig-
ure 9 also illustrates the orientation of the facing
aromatic residues observed in crystals of peptide 1
and the (- hairpin segment corresponding to the seg-
ment of peptide 3 in a 17-residue helix—hairpin pep-
tide. In peptide 1, the centroid-to-centroid distance
between the aromatic rings are 8.92 A (for molecule

A) and 8.94 A (for molecule B). The corresponding
distance between facing Phe residues in the nonhy-
drogen-bonded position determined for the Boc—
Leu—Phe—Val-b-Pro—Gly-Leu-Phe—Val-OMe hair-
pin segment in a 17-residue peptide is 5.03 A. In the
crystal structure of Boc-Leu-Phe—Val-Aib-p-Ala—
Leu—Phe-Val-OMe, the Phe-Phe centroid-to-cent-
roid distance is 5.52 A.'* Crystals of peptide 2 suit-
able for X-ray diffraction were not obtained, despite
several attempts. In order to estimate the interaro-
matic distance, Phe rings were modeled into the
hydrogen-bonding position of a [(-hairpin. Analysis
of protein structures reveals that for most aromatic

Table IV 'H-NMR Parameters for Peptide 2 in CD;OH at 300 K

Residue NH C°H C’H C'H C°H C*H Others 3 Inicen (Hz)?

GLeu 1 6.24 2.36,2.45 3.94 C"H,/C°H 0.87 93
(1.09, 1.30, 1.61)

Phe 2 8.33 4.68 2.98,3.12 Aromatic: ~7.25 8.1

(Val 3 7.84 2.34,2.60 432 1.82 0.90 9.2

p-Pro 4 — 428 CPH,/C"H, 3.63 —

(1.98/2.06/2.25)

Gly 5 8.51 3.80 —

ALeu 6 7.67 2.38,2.66 439 C"H,/C°H, 0.86 9.4
(1.10, 1.53, 1.63)

Phe 7 8.61 472 3.03,3.10 Aromatic: ~7.25 7.8

(Val 8 7.94 2.322.45 4.07 1.79 0.88 93

* For (3-residues, the vicinal coupling constant Clnp_cm) is given.
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FIGURE 8 Partial 500-MHz ROESY spectrum of Boc—fLeu-Phe—3Val-D-Pro-Gly—GLeu—
Phe—3Val-OMe (2) in CD;0H at 300 K. (Top) C*H < NH NOEs (a-residues) and C’H < NH
NOE:s (f-residues). (Bottom) NH < NH NOEs. Key NOEs are marked.

pairs at hydrogen-bonding sites in [-sheets, the
favored combination of side-chain conformations
are ¢ ¢ and g"¢ .>>?® For g"¢~ combination of
side-chain torsion angles, aromatic rings are proximal
[centroid-to-centroid distance: 4.78 A] (Figure 9).
However, in these orientations, the closest contact in-
volves the C” atom of one residue and the aromatic
ring of the other.

Differences in the orientations of the two facing
aromatic rings in peptides 1-3 are also evident from a
comparison of the NMR chemical shifts of the aro-
matic proton resonances. From the data presented in
Figure 10, it is clear that the aromatic protons in pep-
tides 1 and 3 are shifted distinctly upfield, as com-
pared to the corresponding resonances in peptide 2.
Indeed, in peptide 3, there is an upfield shift of
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FIGURE 9 Far-UV CD spectra of peptides 3, 1, and 2 in methanol at 300 K. The ‘‘d”’ refers to

the centroid-to-centroid distance.

~0.4 ppm of the Phe 7 [H2 , H6] resonances. The
ring current shifts observed for peptide 2 are much
less pronounced. Interestingly, a small downfield shift
is observed for the Phe ring proton resonances of pep-
tide 2 as compared to peptide 1. This feature is con-
sistent with the interring orientation illustrated in
Figure 9, which would place the aromatic protons of
Phe 2 in the deshielding region of the proximal Phe 7
group. It is pertinent to note that the crystallographi-

cally determined Phe orientations in peptide 3
(Figure 9) places the C”H of Phe 2 in the shielding
region of the aromatic ring current of Phe 7. Interest-
ingly, for peptide 3, the observed C’H, proton chemi-
cal shifts reveal pronounced nonequivalence of the
two Phe2 C“H, protons (2.79, 3.12 ppm) as compared
to Phe 7 C°H, protons (2.85 ppm).

Aromatic interactions may have been frequently
invoked as contributors to the stability of folded
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Boc-pL-F- pV-PP-G- BL-F- BV-OMe (2)

Boc-L- BF- V-CP-G- L- pF- V-OMe (1)

Boc-L- F- V-DP-G- L- F- V-OMe (3)

I I I T

T T T
7.3 7.2 7.1 7.0 6.9 6.8

T 1
6.7 ppm
FIGURE 10 Partial 500-MHz 'H-NMR spectra of pepti-

des 3, 1, and 2 in CD;0OH at 300 K. Aromatic proton reso-
nances are shown.

structures in proteins and peptides.”’ % Analysis of
interring orientation has revealed that there may be
strong preference for either stacked (interplanar angle
= 0°) or perpendicular (interplanar angle = 90°) ring
orientation. A survey of Phe ring orientations in sev-
eral peptide crystal structures is consistent with a
broad energy minimum for an interacting aromatic
pair and the absence of pronounced angular depend-
ence. These observations are also consistent with the
result of theoretical calculations for interacting ben-
zene rings.33 Aromatic interactions are generally con-
sidered to be stabilizing for interring distances ~4.5—
7 A3 It s likely that the close approach of aro-
matic rings may result in anomalous CD. In addition
to proximity, restriction of side-chain mobility and
adoption of a fixed rotamer about the C*—C” may
also be contributors to the observed CD.

CONCLUSIONS

Defined peptide hairpins provide an opportunity to
explore side-chain interactions in (-sheet structures.
The result presented here establish that aromatic
interactions may be important contributors to the
observed circular dichroism, when residues involved
occupy facing positions across a pair of antiparallel

strands. Anomalous CD spectra are observed when
the interacting pair occupies either hydrogen-bonding
or nonhydrogen-bonding positions in an antiparallel
sheet. Our results emphasize the utility of p-Pro—Gly
segments in nucleating hairpins in hybrid peptide
containing «- and [-amino acids. The utility of mixed
a/f-sequences in altering side-chain dispositions in
designed peptides is also exemplified in the structures
described here.
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