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Abstract: The effect of insertion of methylene groups into the turn segment ofâ-hairpin peptides has been
investigated in the model sequence Boc-Leu-Val-Val-DPro-δ-Ava-Leu-Val-Val-OMe. This sequence is related
to the previously well-characterized modelâ-hairpin octapeptide, Boc-Leu-Val-Val-DPro-Gly-Leu-Val-Val-
OMe. Replacement of Gly byδ-Ava (δ-aminovaleric acid) formally corresponds to expansion of the turn
segment from a two-residue loop to a three-residue loop. Backbone proton chemical shifts, vicinal coupling
constants, and circular dichroism spectra for the two peptides are virtually indistinguishable. Nuclear Overhauser
effects corresponding to short cross-strand interproton distances confirm that the registry of theâ-hairpin
structure is maintained in theδ-Ava peptide. Restrained molecular dynamics simulations, using experimental
constraints, yield two structural families that are consistent with the NOE data. Both families correspond to
â-hairpin conformations and differ only in the backbone torsion angles at theδ-Ava residue.

Introduction

The insertion of methylene groups into polypeptide chains
is readily accomplished by incorporation ofω-amino acids into
peptide sequences.1 Peptides containingω-amino acids differ
from theirR-amino acid counterparts in the number of C-atoms
which separate two linked peptide units. Greater stereochemical
variability and resistance to proteolytic cleavage is anticipated
in ω-peptides, a feature which should make these systems
attractive in the design of peptidomimetics.2 Considerable recent
interest in the design ofâ-amino acid-containing peptides has
been stimulated by the observation of novel stereochemical
features in model sequences.1,3 Synthetic and stereochemical
interest has also been focused on peptides containingγ- and
δ-amino acids.4 The incorporation of aâ-Ala-γ-Abu segment
into peptide helices has been demonstrated by crystallographic
analysis.5 In this report, we describe the expansion of the nu-
cleatingâ-turn segment in a modelâ-hairpin peptide by inser-
tion of a δ-aminovaleric acid residue (-NH-(CH2)4-CO-,
δ-Ava). â-Hairpin structures in peptides have been shown to

be favored in sequences incorporating centrally locatedDPro-
Gly segments.6 The crystal structure of the designed hairpin
structure Boc-Leu-Val-Val-DPro-Gly-Leu-Val-Val-OMe (I ) has
been previously reported.7 In this study, spectroscopic evidence
for aâ-hairpin structure in the analogous peptide Boc-Leu-Val-
Val-DPro-δ-Ava-Leu-Val-Val-OMe (II ) is presented. The in-
corporation ofδ-Ava in place of Gly corresponds to the insertion
of three additional backbone atoms into theâ-turn segment. The
δ-Ava residue may thus be considered as formally homomor-
phous with a Gly-Gly segment (Figure 1).8 PeptideII may con-
sequently be viewed as a sequence in which a two-residue hair-
pin turn has been expanded to a “three-residue turn”. Recent
analyses of hairpins in protein structures reveal the widespread
occurrence of three-residue loops connecting the twoâ-strand
segments.9

Experimental Procedures

PeptideII was synthesized by conventional solution-phase methods,10

using a fragment condensation strategy involving a final 3+ 5 coupling.
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The Boc group was used for N-terminal protection, and the C-terminus
was protected as a methyl ester. Deprotections were performed using
98% formic acid or saponification, respectively. Couplings were
mediated by dicyclohexylcarbodiimide-1-hydroxybenzotriazole (DCC/
HOBt). All the intermediates were characterized by1H NMR (80 MHz)
and thin-layer chromatography (TLC) on silica gel and used without
further purification. The final peptide was purified by medium-pressure
liquid chromatography (MPLC) on a C-18 (40-60 µm) column,
followed by high-performance liquid chromatography (HPLC) purifica-
tion, on a reversed-phase (RP) C-18 (10µ) column using methanol-
water gradient elution. The melting point was 162-164 °C. Peptide
homogeneity was demonstrated by analytical RP-HPLC (C-18, 5µm),
and the identity of the peptide was confirmed by MALDI mass spectra,
M + Na (obsd)) 972.6, M (calcd)) 949.6. The final peptide was
characterized by complete assignment of 500-MHz1H NMR spectra.

All NMR experiments were carried out on a Bruker DRX-500
spectrometer. Peptide concentrations were in the range of 7-8 mM,
and the probe temperature was maintained at 298 K. Resonance
assignments were done using two-dimensional double-quantum filtered
COSY and rotating frame nuclear Overhauser effect (ROESY) experi-
ments. All 2D experiments were recorded in a phase-sensitive mode
using the time proportional phase incrementation method. A total of
1024 and 512 data points were used int2 andt1 dimensions, respectively.
The resultant data set was zero-filled to finally yield 1K× 1K data
points. A shifted square sine bell window was used in both dimensions.
Spectral widths were in the region of 4500 Hz. CD spectra were
recorded on a JASCO J-500 spectropolarimeter using a 1 mmpath
length cell.

Results and Discussion

The CD spectrum of peptideII (Figure 2) consists of a single
negative band at 217 nm in trifluoroethanol and was almost

indistinguishable from that of the parent peptideI.11 Both
peptides yield identical spectra in methanol, where a shoulder
at 208 nm is detectable in addition to the strong negative band
at 218 nm. The spectra closely resemble those reported in the
literature for a range ofâ-hairpin peptides.11-13 Assignments
of backbone resonances in 500-MHz1H NMR spectra ofII in
CDCl3 were readily achieved. The relevant NMR parameters
are summarized in Table 1 and compared with the parameters
obtained for peptideI . Clearly, there is a remarkable cor-
respondence in the CRH and NH chemical shifts of the two
peptides. The highJNHCRH values in peptideII are also consistent
with extended conformations at the Leu and Val residues.
Addition of varying amounts of the strongly hydrogen bonding
solvent, dimethyl sulfoxide ((CD3)2SO), to CDCl3 solutions
reveals that NH resonances of Val(2), Val(7), andδ-Ava(5)
showed much larger downfield shifts as compared with those
of Leu(1), Val(3), Leu(6), and Val(8) (Figure 3). These data
suggests that the latter four NH groups may be solvent shielded,
a feature consistent with their involvement in cross-strand
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Figure 1. Comparison of homomorphic segments (a) Gly-Gly with
(b) δ-Ava.

Figure 2. CD spectra of peptideII in MeOH and TFE. Peptide
concentration, 1.89× 10-4 mmol. Molar ellipticities ([θ]M) are
expressed as deg cm2 dmol-1.

Table 1. Comparison of NMR Parameters for PeptidesI and II in
CDCl3a

NH CRH JNHCRH (Hz)

residue I II I II I II

Leu(1) 5.62 5.65 4.09 4.13 8.5 8.3
Val(2) 6.54 6.64 4.74 4.80 9.1 9.1
Val(3) 8.73 8.73 4.54 4.70 9.0 9.1
DPro(4) 4.33 4.45
Xxx(5) 6.13 6.39 3.97 3.35
Leu(6) 7.65 7.46 4.66 4.57 8.0 8.8
Val(7) 6.44 6.76 4.69 4.70 8.6 8.0
Val(8) 8.33 8.22 4.56 4.58 8.0 8.6

a PeptideI , Xxx ) Gly; peptideII , Xxx ) δ-Ava. Parameters for
peptideI are from ref 6a.

Figure 3. Dependence of NH chemical shifts on the concentration of
(CD3)2SO (v/v) in CDCl3 in peptideII . Assignments are indicated using
the one-letter code.
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hydrogen bonding in aâ-hairpin structure. The NOEs between
backbone protons are illustrated in Figure 4. The relatively
intense interresidue Ci

RH and Ni+1H (dRN) NOEs and the very
weak or absent intraresidue NiH T Ni+1H (dNN) NOEs for the
segments 1-3 and 6-8 suggest that the Leu-Val-Val units favor
extended conformations. Interestingly, an NOE, albeit weak, is
observed betweenδ-Ava(5) NH and Leu(6) NH (dNN 5/6). While
the dNN NOE at thei + 2 position of aâ-turn is expected in
both types I and II turns for a normalR-amino acid residue, in

the present case three additional methylene units have been
inserted at this position. The observation of this NOE is strongly
suggestive of “turn” formation bringing the NH groups of
residue 5 and 6 into proximity. The dNN 3-6 and 1-8
connectivity supports extension of the hairpin structure. The
relatively weak dNN 1-2 NOE may be indicative of conforma-
tional heterogeneity at the N-terminus. Firm support for the
â-hairpin conformation is obtained from the observation of a
CRH T CRH cross-strand NOE between Val(2) and Val(7)
(Figure 5). The strong Val(3)R -DPro(4)δ NOE also confirms
the trans geometry about the Val(3)-DPro(4) bond.

The generation of structures consistent with the NMR data
was achieved by using starting models for theDPro-δ-Ava
segment, in which the Val(3) CdO and Leu (6) NH groups
were brought within approximately hydrogen bonding distance
(N‚‚‚O, 3.0 Å) and the dihedral angles at theδ-Ava residue
were maintained at 180° ( 30° (trans) or(60° ( 30° (gauche).
Restrained molecular dynamics simulations using 15 NOE
restraints yielded two distinct families ofâ-hairpin structures,
which were stereochemically acceptable and of comparable

Figure 4. Partial 500-MHz ROESY spectra of peptideII in CDCl3.
The top panel shows CRH T NH NOEs, and the lower panel shows
NH T NH NOEs. Assignments are marked on the 1D spectra.

Figure 5. Portion of the 500-MHz ROESY spectrum of peptideII in
CDCl3, highlighting CRH T CRH cross-strand NOEs.

Figure 6. (a) Superposition of 25 structures of one structural family
of peptideII obtained by molecular dynamics calculations with NOE
derived restraints. (b) Superposition of the turn region of two structural
families, highlighting the stereochemical differences at theδ-Ava
residue. The dark bonds correspond to family 1, while the light bonds
correspond to family 2.

5362 J. Am. Chem. Soc., Vol. 121, No. 23, 1999 Shankaramma et al.



energies (Figure 6). Figure 6a shows the superposition of
structures obtained corresponding to one structural family. The
two structural families differ only in the conformation of the
δ-Ava residue. The relevant portions of the average structures
highlighting the stereochemical difference are superposed in
Figure 6b. In family 1, the dihedral angles forδ-Ava areφ )
-158.15°, θ1 ) -67.68°, θ2 ) 97.40°, θ3 ) 69.01°, ψ )
-112.98°,while in family 2, the corresponding values areφ )
178.88°, θ1 ) 67.50°, θ2 ) -87.52°, θ3 ) 179.40°, ψ )
-114.03°.14 Since all the nuclear Overhauser effect restraints
are effectively between the two strand segments and theδ-Ava
segment has no major experimental restraints, these two
conformational families correspond to two possible closely
related minima which have been probed in the course of the
molecular dynamics. The two structures differ in a correlated
torsional flip about the CR-Câ-Cγ-Cδ segment of theδ-Ava
residue. It is pertinent to note that concerted flips involving
correlated changes in backbone torsion angles have been
implicated in interconversions between classicalâ-turn struc-
tures.15

Conclusion

The NMR results presented above unambiguously establish
that the insertion ofδ-Ava at the turn position in aâ-hairpin
can be accomplished without loss of the antiparallelâ-sheet
registry. The ability to insertω-amino acids into canonical

secondary structural motifs such as helices,5 â-turns,16 and
â-hairpins should prove valuable in peptidomimetic design,
where it is desirable to maintain overall three-dimensional shape
despite covalent modification of the peptide backbone. At first
glance, the incorporation of polymethylene units into folded
backbone structures may appear surprising; however, it should
be noted that the main prerequisite for the generation of a
compact fold is the ability of the carbon chain to adopt gauche
conformations (θ ) (60°). This indeed appears to be an
energetically accessible alternative in several theoretical calcula-
tions on model systems.17
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