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helical structure is formed via intermolecular hydrogen bonding
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Abstract—A single crystal X-ray diffraction study of the tetrapeptide Boc-Ala1-Aib2-Leu3-Aib4-OMe 1 (Aib: �-aminoisobutyric
acid) reveals that it forms a supramolecular helix through continuous intermolecular hydrogen bonds. Scanning electron
microscopic studies show that this peptide exhibits amyloid-like fibrillar morphology in the solid state. © 2002 Elsevier Science
Ltd. All rights reserved.

The creation of supramolecular �-sheet structures from
self-assembling oligopeptides is very common and fre-
quently studied.1 The design and construction of
supramolecular �-sheets is important due to their many
potential applications in biological and material sci-
ences.2 Unimolecular helix design from peptides with
appropriate amino acid residues has also been thor-
oughly studied.3 However, much less attention has been
paid to the construction of a peptide supramolecular
helix. The majority of supramolecular helices have been
designed and constructed by exploiting the metal-medi-
ated self-assembly of organo-ligand strands (helicates)4

and intermolecular hydrogen bonding of poly-func-
tional organic compounds.5 In helicates, co-ordinate
bonds are used instead of hydrogen bond interactions
to stabilize the supramolecular helical structure.4

Hanessian et al. have introduced a novel type of metal-
free-helicate exploiting the complementary hydrogen
bond functionalities of diamine-diol adducts whose
helical sense completely depends on the chirality of
1,2-diamines.5c They have also shown that, not only
neutral adducts of diamine-diols, but also the salts of
diamines and carboxylic acids are capable of forming
metal-free helicates through intermolecular hydrogen
bonds. However, supramolecular helices with different

levels of self-organization and self-assembly of the pep-
tide backbone are very common in biological systems
including collagen,6 and the tobacco mosaic virus coat
protein.7 In collagen, polypeptide chains self-associate
to form the triple helix which further self-assembles to
form highly ordered collagen fibers. Self-assembly of
the heavy chain of myosin generates an extended helical
coiled coil structure composed of six polypeptide
chains.8 Previous studies have suggested that not only
�-sheets, but also the helix has a definite role in the
formation of amyloid-fibrils.9 Recently, Blanch et al.
have suggested that polyproline II (PPII) helix might be
the precursor conformation in amyloid formation.10 So,
hierarchical self-assembly of a peptide into a
supramolecular helical structure and further self-assem-
bly to form fibrils is an important aspect in biology.
Our previous studies have suggested that peptide con-
taining noncoded amino acids with appropriate confor-
mation can act as a subunit for fibril forming
supramolecular helical architectures.11 Here we report
our study of the terminally-blocked tetrapeptide12 Boc-
Ala1-Aib2-Leu3-Aib4-OMe 1 which forms a supramolec-
ular helix, by exploiting its hydrogen bonding potential,
and also possesses an amyloid-like fibrillar morphology,
in the solid state.

The ORTEP diagram of the crystal structure13 of the
title peptide 1 with the atomic numbering scheme is
shown in Fig. 1. Hydrogen bonding dimensions and
backbone torsion angles for peptide 1 are listed in
Tables 1 and 2, respectively. The molecular structure of
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Figure 1. The structure of the peptide 1 showing the atomic numbering scheme. Ellipsoids at 20% probability.

Table 1. Intra- and intermolecular hydrogen-bond
parameters for peptide 1

Distance (A� )Donor Angle (°)Acceptor

D�H A H···A D···A D�H···A

2.12N10�H 2.97O31 166.4
2.26N13�H 3.04O61 150.2
2.21 3.03O121 159.5N4�Ha

N7�Ha O151 2.50 3.32 161.9

a Symmetry operation 1−x, 0.5+y, 0.5−z.

the Ala1 and Aib2 NH groups and the Leu3 and Aib4

CO groups (Table 1) of symmetry related molecules.
Fig. 2a and b clearly show the formation of a
supramolecular helix through the self-assembly of pep-
tide 1.

From Table 2, it is evident that the � and � values for
Ala1 and Aib2 are close to those observed in the right-
handed 310-helix (−60±10°, −30±15°), whereas the �
and � values of the Leu3 residue deviate considerably
from the helical region. The observed �, � values of
Leu3 (−105.7, 19.2°) indicate that there is a distortion
from the ideal helical (310 or �) conformation at Leu3.
Aib2 simultaneously occupies the i+2th position of the
first �-turn as well as the i+1th position of the second
�-turn. Theoretical studies show that Aib residues
occupy a restricted region of conformational space
(�=±60±20°, �=±30±20°) corresponding to the values
found in the right-handed or left-handed � or 310-heli-
cal regions.17 The experimentally determined dihedral
angles of Aib residues in the present peptide are in
reasonable agreement with these theoretical results.
Values for Aib2 (�=−52.4, �=−29.0°) fall into the
right-handed helical region whereas those for Aib4 (�=
57.8, �=41.6°) fall into the left-handed helical region.
Apart from the � value of the Leu3 residue all other �
and � values lie within the helical region of the
Ramachandran map.

The morphology of the reported peptide 1 has been
studied using a scanning electron microscope (SEM).
The SEM image (Fig. 3) of the dried fibrous material

Table 2. Selected torsion angles (°) with estimated stan-
dard deviations for peptide 1

� (°) � (°)Residue � (°)

−14.9 (9) −169.5 (6)Ala1 −68.1(8)
−52.4 (8)Aib2 −29.0 (8) 171.9 (6)

Leu3 −105.7 (6) 19.2 (8) −176.2 (6)
−171.1 (5)41.6 (8)57.8 (8)Aib4

the peptide 1 reveals the presence of two consecutive
intramolecular hydrogen bonds. The amide nitrogen
N(10) of Leu3 is hydrogen bonded to O(31) of the
Boc-protecting group and N(13) of Aib4 is hydrogen
bonded to O(61) of the carbonyl group of Ala1 thereby
forming two overlapping �-turns (Fig. 1). Moreover,
the individual molecules are packed to form infinite
one-dimensional helical columns along the b screw axis
via the intermolecular hydrogen bonds formed between
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Figure 2. (a) The packing of the peptide 1 illustrating the intermolecular hydrogen-bonded supramolecular helix along the b axis.
Hydrogen bonds are shown as dotted lines. Carbon and hydrogen atoms as open circles, oxygen as multilined circles, nitrogen as
black circles. (b) Space-filling representation of higher-ordered supramolecular helical assembly of peptide 1 via intermolecular
hydrogen bonds in the solid state. Nitrogen atoms are blue, oxygen atoms are red and carbon atoms are grey. Hydrogen atoms
and the side chain of Leu (3) are omitted for clarity.

Figure 3. SEM image of the peptide 1 showing amyloid-like
fibrillar morphology in the solid state.

the solid. Moreover, the amyloid-like fibril forming
character of this peptide in the solid state adds a new
dimension to this study. The fibril-forming supramolec-
ular helix of the reported peptide 1 mimics some char-
acteristics of naturally occurring macromolecules.6–8

This result suggests that not only helices9a and PPII
helices,10 but amyloid-like fibril formation may occur
through supramolecular helix formation. Thus, fibrillar
morphology with supramolecular helical assembly of
this compound may be used as a model system to study
the fibrillation process of many neurotoxic disease caus-
ing amyloid fibrils.9,13
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clearly shows that the filamentous aggregate resembles
the morphology of neurodegenerative disease-causing
amyloid fibrils.9,18

The peptide 1 having double turn conformation repre-
sents a new class of peptide subunit, in which the first
turn is a Type III �-turn and the second one is an
unusual type of �-turn. The hierarchical self-assembly
of this peptide subunit through multiple hydrogen
bonds forms a supramolecular helical architecture in
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