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The finding that peptides containing �-amino acid residues
give rise to folding patterns hitherto unobserved in �-amino
acid peptides[1] has stimulated considerable interest in the
conformational properties of peptides built from �, �, and
� residues,[2] as the introduction of additional methylene
(CH2) units into peptide chains provides further degrees of
conformational freedom. Studies of the influence of introduc-
ing �-amino acids into regular polypeptide structures derived
from � residues have demonstrated that extra methylene
groups can be inserted into helical backbones and into the
strand and turn segments of � hairpins.[3] In regard to the
influence of CH2 group insertion into the i� 2 position of
isolated peptide � turns, we are investigating the conforma-
tional properties of a series of model sequences Piv-�Pro-Xxx-
NHMe (defined in Scheme 1 and reference [4]).

The parent peptide Piv-�Pro-Gly-NHMe has been shown,
through structure determination directly from powder X-ray
diffraction data,[5] to adopt a classical Type II � turn, previous
studies having established the sequence as one that forms a
canonical � turn.[6] Preliminary CD spectroscopic analysis of
the peptides with Xxx� �-Gly, �-Abu, �-Ava, and �-Acp
showed that all four peptides give distinctly different spectral
bands compared to the parent sequence with Xxx�Gly.
Attempts to obtain single crystals of these materials appro-
priate for single-crystal X-ray diffraction have been unsuc-
cessful, and we have instead exploited the opportunities that
now exist for determining crystal structures directly from
powder X-ray diffraction data.[7] Herein we report the
structure of Piv-�Pro-�-Abu-NHMe determined by ab initio
structure solution from powder X-ray diffraction data using
the Genetic Algorithm technique[8] followed by Rietveld
refinement. As discussed below, the structure of Piv-�Pro-�-
Abu-NHMe reveals a novel chain reversal motif that is>
stabilized by an intramolecular C�H ¥¥¥O interaction.

Scheme 1. a) Piv-�Pro-Xxx-NHMe, where Xxx� -NH-(CH2)n-CO- (n� 1,
Gly; n� 2, �-Gly; n� 3, �-Abu; n� 4, �-Ava; n� 5, �-Acp). b) Definition
of the backbone torsional angles in Piv-�Pro-�-Abu-NHMe.

Figure 1 (top) shows the molecular conformation of Piv-
�Pro-�-Abu-NHMe in the crystal structure determined from
powder X-ray diffraction data. The relevant backbone torsion
angles (see references [9] and [3b] for the definition of the

Figure 1. Top: Conformation of Piv-�Pro-�-Abu-NHMe in the crystal
structure. Bottom: Crystal structure of Piv-�Pro-�-Abu-NHMe illustrating
the one-dimensional columns of hydrogen-bonded molecules along the
c axis (hydrogen atoms omitted for clarity).
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backbone torsion angles of peptides containing �-amino
acids) are: �Pro � 71.0, �Pro � 26.1, ��Abu � 77.2, �1

�Abu � 50.2,
�2

�Abu � 172.2, and ��Abu � 140.0�. The internal torsion
angles of the pyrrolidine ring of the Pro residue are: �

(C�-N-C�-C�) � 10.4, 	1 (N-C�-C�-C�) � 20.9, 	2 (C�-C�-C�-C�)
� 23.5, 	3 (C�-C�-C�-N) � 17.4, and 	4 (C�-C�-N-C�) � 4.4�.
The observed conformation is clearly folded, and is reminis-
cent of chain reversals found in �-peptide structures. Inter-
estingly, a short C�H ¥¥¥O interaction is observed between
one of the �-methylene hydrogen atoms of �-Abu and the
C�O group of Piv. The observed geometry of the hydrogen
bond (with the hydrogen atom position normalized according
to standard geometries from neutron diffraction) is:
C��H�Abu ¥ ¥ ¥ O 2.51 ä, C�

�Abu ¥¥ ¥ O 3.59 ä, C��H�Abu ¥¥ ¥O
172.4�. Recently, there has been considerable interest[10] in
the role of C�H ¥¥¥O interactions in influencing molecular
conformation and molecular organization in crystals. The
observed geometry of the intramolecular C�H ¥¥¥O interac-
tion in Piv-�Pro-�-Abu-NHMe is within the limits generally
accepted for significant C�H ¥¥¥O hydrogen bonds.[10a] A
notable feature of the molecular conformation of Piv-�Pro-�-
Abu-NHMe is that this C�H ¥¥¥O interaction defines an
intramolecular cyclic 10-atom motif, similar to that observed
in the classical � turn.[11] Indeed, the observed motif can be
considered as a mimetic of the conformation observed[5] in the
parent peptide Piv-LPro-Gly-NHMe, with the hydrogen
bonding function of the C-terminal amide group now taken
by an ethylene moiety. Clearly the formation of the folded
structure of Piv-�Pro-�-Abu-NHMe is facilitated by the
gauche conformation adopted about the C��C� bond of the
�-Abu residue. Indeed, there is growing evidence[1±3] that the
formation of compact, folded structures by peptides contain-
ing �-, �-, and �-amino acid residues, by adopting gauche
conformations in polymethylene chains, is fairly widespread.
In the cyclic molecular conformation adopted by Piv-�Pro-�-
Abu-NHMe, all the C�O groups point outwards from one
face of the molecule and all the N�H groups point outwards
from the other face, in a manner that is conducive to the
formation of columns of hydrogen-bonded molecules along
the c axis in the crystal (Figure 1 (bottom)). Adjacent
molecules along these columns interact through two inter-
molecular N�H ¥¥¥O hydrogen bonds (N�H(methylamide) ¥¥¥
O�C(Pro): N ¥¥¥ O 2.84 ä, N�H ¥¥¥O 162.5� ; N�H(�-Abu) ¥¥¥
O�C(methylamide): N ¥¥¥ O 2.95 ä, N�H ¥¥¥O 139.1�).

Our reported ab initio structure determination of Piv-�Pro-
�-Abu-NHMe from powder X-ray diffraction data not only
reveals a novel structural motif, but in more general terms
emphasizes the considerable potential of this approach for
revealing structural features of materials that are recalcitrant
to the formation of single crystals of suitable size and quality
for single-crystal X-ray diffraction studies. Extension of this
approach to peptides and other molecular crystals with
significantly greater conformational complexity is clearly
possible.

Experimental Section

The synthesis of Piv-�Pro-�-Abu-NHMe was carried out by coupling Piv-
�Pro-OH to H2N-(CH2)-COOCH3 using isobutylchloroformate and tri-
ethylamine. The isolated dipeptide ester Piv-�Pro-�-Abu-OMe was con-

verted into Piv-�Pro-�-Abu-NHMe by saturating the methanolic solution
with methylamine gas and allowing the mixture to stand at room
temperature for 72 h. The peptide was purified by medium pressure liquid
chromatography over a reverse-phase C18 column (40 ± 60 �m). The
structural identity was established by 1H NMR spectroscopy (500 MHz)
and electrospray mass spectrometry (calcd m/z : 297 [M�]; found: 298
[M�H], 320 [M�Na]). The peptide was obtained as a white crystalline
solid.

High-quality powder X-ray diffraction data for this sample of Piv-�Pro-�-
Abu-NHMe were recorded at ambient temperature in transmission mode
on a Siemens D5000 diffractometer (CuK�1 (Ge monochromated); linear
position-sensitive detector covering 8� in 2� ; 2� range: 5 ± 70� ; step size:
0.019� ; data collection time: 10 h).

The unit cell and space group were determined prior to structure solution
directly from the powder X-ray diffraction pattern.[12] Structure solution
from the powder X-ray diffraction data was carried out using our Genetic
Algorithm (GA) technique[8] within the program EAGER.[22] In this
method, a population of trial structures is allowed to evolve subject to rules
and operations (mating, mutation, and natural selection) analogous to
those that govern evolution in biological systems. Each structure is
specified by the position {x, y, z}, orientation {�, �, �}, and conformation
(defined by variable torsion angles {
1, 
2, . . . , 
n}) of each molecule in the
asymmetric unit. New structures are generated by the mating and mutation
operations, and in the implementation used here,[8d] each new structure is
subjected to local minimization of the powder profile R factor Rwp. In
natural selection, only the structures of highest ™fitness∫ (lowest Rwp) are
allowed to pass from one generation to the next generation. Examples of
the application of this method are given in references [5, 8, and 23].

In the structure solution calculation for Piv-�Pro-�-Abu-NHMe, the
™structural fragment∫ comprised one complete molecule with hydrogen
atoms omitted, and each structure was defined by 13 variables (7 variable
torsion angles). The torsion angle (�Pro) of the peptide bond of �-proline
was restricted to either 0 or 180�. The other two amide linkages CO�NH
were maintained as planar units with a O-C-N-H torsion angle fixed at 180�.
All other torsion angles were treated as variables. The GA calculation
involved the evolution of a population of 100 structures, with convergence
on the correct structure solution achieved in 13 generations. 50 mating
operations (to produce 100 offspring) and 20 mutation operations were
carried out in each generation.

The best structure in the final generation of the GA structure solution
calculation was used as the starting model for Rietveld refinement[24]

(Figure 2), which was carried out using the GSAS program.[21] Initially,
bond lengths and angles were restrained to standard values and planar
restraints were applied to the carbonyl groups. These restraints were
gradually relaxed as the refinement progressed. The isotropic displacement
parameters of the non-hydrogen atoms were fixed at Biso� 0.05 ä2.
Hydrogen atoms were introduced in calculated positions towards the end
of the refinement, with Biso� 0.06 ä2. Refinement of a preferred orienta-
tion parameter (in the [010] direction) gave a slight improvement to the

Figure 2. Experimental (�), calculated (solid line), and difference (lower
line) powder X-ray diffraction profiles for the Rietveld refinement of Piv-
LPro-�-Abu-NHMe. Reflection positions are marked. The calculated
powder-diffraction profile is for the final refined crystal structure.
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overall fit. The final refined structure is shown in Figure 1. Fractional
atomic coordinates are given in Table 1.
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Table 1. Fractional coordinates of Piv-LPro-�-Abu-NHMe.

C1 0.0263(6) 0.721(1) 0.548(1)
C3 0.1576(4) 0.6379(6) 0.5598(7)
C5 0.2199(6) 0.5547(7) 0.502(1)
C6 0.3019(6) 0.6098(9) 0.519(1)
C7 0.3659(6) 0.5343(7) 0.442(1)
C9 0.3871(4) 0.3567(5) 0.6077(6)
C11 0.3839(3) 0.2173(6) 0.6369(5)
C12 0.4595(4) 0.1554(8) 0.591(1)
C13 0.4422(4) 0.0982(7) 0.445(1)
C14 0.3540(4) 0.0801(9) 0.440(1)
C16 0.2447(3) 0.1742(6) 0.5821(7)
C18 0.1785(3) 0.1108(5) 0.4982(7)
C19 0.1929(6) � 0.0291(8) 0.477(1)
C20 0.1011(5) 0.125(1) 0.581(1)
C21 0.1683(6) 0.174(1) 0.350(1)
N2 0.0902(5) 0.650(1) 0.4903(8)
N8 0.3612(5) 0.4027(6) 0.480(1)
N15 0.3221(3) 0.1577(7) 0.5524(6)
O4 0.1664(5) 0.6846(9) 0.6784(9)
O10 0.4204(6) 0.4230(7) 0.6929(9)
O17 0.2270(4) 0.2531(8) 0.6703(9)


