
COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry

Peptide hairpin nucleation with the obligatory Type I’ b-turn Aib-DPro
segment†

Upadhyayula Surya Raghavender,a Subrayashastry Aravinda,a Rajkishor Rai,b Narayanaswamy Shamala*a and
Padmanabhan Balaram*b

Received 22nd March 2010, Accepted 28th May 2010
First published as an Advance Article on the web 8th June 2010
DOI: 10.1039/c004577m

The a-aminoisobutyric acid-D-proline (Aib-DPro) dipeptide is
an obligatory Type I’ b-turn forming segment that nucleates
hairpin formation.

Synthetic peptide hairpins have been successfully constructed
using the strategy of placing strong turn forming segments in the
center of designed sequences.1 Prime b-turns (Type I’ and Type II’)
are most frequently found to facilitate hairpin formation in protein
structures.2 Design strategies have therefore employed DPro-Xxx
segments as the preferred choice for the hairpin nucleating
turn.3 Several examples of crystallographically characterized short
peptide hairpins containing central DPro-Xxx segments are now
available.4 The overwhelming majority of these structures have a
central Type II’ b-turn unit which results in the formation of a
flattened hairpin structure. In contrast, the Type I’ b-turn formed
in a central Aib-DAla segment results in a considerable twisting
of the antiparallel strands with a twist angle of -55.8◦.5 The only
two examples of Type I’ b-turn nucleated hairpins are in the crystal
structure of an octapeptide and a decapeptide which contain back-
bone homologated b-amino acids in the strands.6 An attempt to
generate a mixed hairpin-helix structure in a 19-residue peptide se-
quence, Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-DAla-DLeu-Leu-Val-
Phe-Val-Aib-DVal-Leu-Phe-Val-Val-OMe, led to the observation
of a continuous helix in the crystal structure in which the Aib-DVal
segment was accommodated in the center of the helix with DVal
residue adopting a right-handed helical (aR) conformation.7 Fig. 1
compares the two examples of Aib-DXxx (DXxx = DVal and DAla)
sequences adopting two distinct local folds.

In order to develop an obligatory Type I’ b-turn unit as a hairpin
nucleating segment, we turned to the Aib-DPro dipeptide. Fig. 2a
illustrates the localised region of conformational space accessible
to Aib residues as shown by overlap of the allowed region for
LAla and DAla residues. Crystallographically characterized Aib
residues cluster closely in the regions which correspond to right-
handed (aR), f negative, and left-handed (aL), f positive, of
the helical conformations.8 While D-amino acids largely populate
conformations with positive (f, y) values, several examples of
D-amino acids adopting negative f values in the right-handed
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Fig. 1 (a) Aib-DVal segment adopting right-handed alpha-helical (aR)
conformation in a 19 residue peptide.7 (b) Aib-DAla segment adopting a
Type I’ b-turn conformation in an octapeptide b-hairpin.5

alpha-helical (aR) region of the Ramachandran plot are observed
(Fig. 2b).9

In the case of DPro sidechain backbone cyclization limits the
value of f to 60 ± 20◦. The only 4→1 hydrogen bonded b-turn
conformation sterically accessible to the Aib-DPro segment is the
Type I’ structure (idealized torsional angles for Type I’ b-turn are
fi+1 = 60◦, yi+1 = 30◦, fi+2 = 90◦, yi+2 = 0◦).

The model octapeptide, Boc-Leu-Val-Val-Aib-DPro-Leu-Val-
Val-OMe (1), forms a b-hairpin conformation in solution as
established by the presence of cross-strand nuclear Overhauser
effect and the presence of four solvent shielded NH groups.10

Single crystals of the octapeptide 1 were obtained from dimethyl-
formamide(DMF)/water solution.11 Fig. 3a shows a view of the
molecular conformation of 1 in crystals. The observed hairpin
conformation is stabilized by three cross-strand hydrogen bonds
with the Aib-DPro segment adopting the anticipated Type I’ b-
turn conformation (Aib(4) : f = 56.8◦, y = 28.4◦; DPro(5) : f =
82.8◦, y = 8.0◦). Fraying of the strands is observed at the termini
with the y values for Leu(1) (f = -100.3◦, y = -16.8◦) and Val(8)
(f = -119.9◦, y = 14.0◦) deviating appreciably from the values
expected for a b-strand conformation. Val(2) (f = -136.5◦, y =
-126.2◦), Val(3) (f = -140.8◦, y = -134.3◦), Leu(6) (f = -123.1◦,
y = -136.0◦) and Val(7) (f = -79.2◦, y = -125.6◦) all adopt (f,
y) values characteristic of b-strand conformations. The crystal
structure compares very well with the structure determined by
NMR spectroscopy in solution.

The structure of 1 superposes well with that of the previously
characterized hairpin for Boc-Leu-Phe-Val-Aib-DAla-Leu-Phe-
Val-OMe (2) sequence (RMSD = 0.122 Å, Fig. 3b).5 The hairpin
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Fig. 2 (a) Ramachandran plot showing the sterically allowed regions for
the Aib residue (blue) and the narrow region accessible to the DPro residue
(gray). The i+1 and i+2 residues of Type I’/II’ b-turns are connected by
arrows. (b) Distribution of (f, y) values of D-amino acids in the Cambridge
Structural Database. Data set of 81 linear peptide sequences consisting of
164 D-amino acid residues. 11 residues lie in the aR region.

has a pronounced right-handed twist angle (q = -55.4◦). Two
co-crystallized DMF molecules form hydrogen bonds to the NH
groups of Leu(1) and Val(7). Interestingly, if the positions of turn
residues are interchanged the resulting sequence, Boc-Leu-Val-
Val-DPro-Aib-Leu-Val-Val-OMe, forms a considerably flattened
b-hairpin (twist angle, q = -3.4◦) nucleated by a Type II’ b-turn
structure.4c

The packing of the flat and twisted hairpins in crystals is
somewhat different. In both the cases, the hairpins are arranged in
parallel fashion with adjacent molecules held together by hydrogen
bonds between the exposed backbone CO and NH groups (Fig. 4).
In the case of twisted hairpin, 1 with Aib-DPro segment, a
single intermolecular hydrogen bond is observed, whereas in the
case of flat DPro-Aib hairpin two hydrogen bonds hold adjacent
molecules.

The present study provides an unambiguous structural charac-
terization of a designed peptide b-hairpin nucleated by a Type I’
b-turn. The Aib-DPro segment may be used as a conformationally
rigid template for the construction of peptide hairpins with a
considerable degree of twist between the adjacent antiparallel
strands. Such units may be useful in peptidomimetic design1e,12

and the rational design of multistranded b-sheet structures which
mimic those found in the proteins.13

This work was supported by a grant from Council of Scientific
and Industrial Research (CSIR) and Program Support in the area

Fig. 3 (a) Molecular conformation of 1. Intramolecular hydrogen bonds
are shown as dashed lines. (b) Superposition of the backbone atoms of
residues 2 to 7 of 1 (carbons in gray) and 2 (carbons in green).

Fig. 4 Packing of the b-hairpins in (a) 1 (Aib-DPro), twisted hairpin. (b) 2
(DPro-Aib), flat hairpin. Intermolecular hydrogen bonds shown as dashed
lines. Side chains of the turn residues shown.
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