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The crystal structure of Z-ProNH(CH2)2NHPro-Z exhibits
an extended backbone, with occurrence of both a cis and a
trans conformation preceding the two prolyl residues, that
self-assembles into an infinite hydrogen-bonded b-sheet
ribbon.

Proline, the only amino acid found in proteins with a secondary
amino group in a five-membered ring, is known to play an
important role in the folding of natural proteins.1 N-Acyl
prolines lacking amide NHs display energetically similar cis-
and trans-isomeric forms2 and both forms are known to occur in
proteins, for example, ribonuclease3 or in bioactive peptides
such as bradykinin.4 Being a cyclic amino acid, proline imposes

a certain degree of conformational constraint in the protein or
peptide backbone causing bends or breaking helices,5 and
consequently proline-containing peptides are generally not
known to display extended structures. We describe herein a
unique example of a core-modified bis-proline peptide that is
preceded by both a cis as well as a trans amide bond in its
framework and self-assembles to form a hydrogen-bonded
infinite b-sheet ribbon in the solid state.

The 1,2-ethylenediamine spacer-linked bis-proline 1 [Fig.
1(a)] was prepared6 in a single step by coupling Z-proline with
1,2-diaminoethane using a direct azide coupling (diphenyl
phosphoryl azide) procedure. The bis-Pro peptide 1 was fully
characterized7,8 by spectral and analytical data.

Fig. 1 (a) Molecular formula of 1. (b) X-Ray structure of 1. The numbering is the same for each half except that the letter ‘s’ is added for atoms on one
side.

Fig. 2 (a) Flat ribbon formation by connecting the molecules by two types of hydrogen bonds, N(2)H····O(1) and N(2s)H····O(0). The molecules are repeated
by a vertical two-fold screw axis. (b) Schematic representation of the ribbon assembly of 1. (c) A side view of the ribbon. The dashed lines represent hydrogen
bonds. Both surfaces of the ribbon are largely hydrophobic by virtue of the extended placement of the benzyl moieties and prolyl rings.
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Suitable crystals for X-ray diffraction were obtained from a
mixture of ethyl acetate and hexane. The crystal structure of 1
showed a backbone extended in two sections with a sharp bend
at Pro(1s) [Fig. 1(b)]. Interestingly, the two halves of the
molecule are not symmetric. On one side of the molecule the Z-
L-Pro (1) amide bond C0A–N1 has the cis conformation, whereas
on the other side the Z-L-Pro (1s) amide bond C0As–N1s has the
trans conformation. A similar occurrence of a cis amide bond
preceding a Pro residue had been noted in 1974 for the Boc-Pro
(1) amide bond in Boc-(L-Pro)4-OBzl.9

The hydrogen-bonding pattern [Fig.2(a)] in the crystal lattice
showed the formation of an infinite ribbon assembly around a
two-fold screw axis (space group P21). There are only two
independent hydrogen bonds, N(2)H···O(1) and N(2s)H···O(0)
that connect the molecules into ribbons. Fig. 2(b) shows the
schematic picture of the ribbon assembly. A side view of the
ribbon in Fig. 2(c) shows a relatively flat structure. The
protruding phenyl and pyrrolidine rings on either side impart a
hydrophobic surface to the ribbon. Table 1 presents the
hydrogen bond parameters and torsional angles in 1. In solution-
state conformational studies of 1, while 1H NMR (variable
temperature measurements) has shown agreement with the
solid-state structure in exhibiting high dd/dT values ( > 4 ppb
K21) indicating the absence of any intramolecular hydrogen
bonding, the FTIR spectrum in chloroform solution at 297 K
showed two bands in the NH stretch region. The band at ca.
3430 cm21 is assigned to the non hydrogen-bonded NH and the
concentration independent, major band at ca. 3340 cm21 is
attributed to an internally hydrogen-bonded NH, possibly, in a
seven-membered ring.

The present results demonstrate that appropriate core inserts
can modify the conformational behavior of proline residues in a
peptide.
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Table 1 Structural characteristics of 1

(a) Intermolecular hydrogen bonds (Å) and angles (°)
N2…O1a 2.899 N2s…O0b 2.877
H2…O1a 2.10 H2s…O0b 2.09
N2…O1NC 153 N2s…O0NC 152

(b) Selected torsional angles (°)c

C2C1O00C0A +83 C2sC1sO00sC0As +155
C1O00C0AN1 yo 179 C1sO00sC0AsN1s yos 2176
O00C0AN1C1a wo +12 O00sC0AsN1sC1as wos 2171
C0AN1C1aC1A f1 290 C0AsN1sC1asC1As f1s 282
N1C1aC1AN2 y1 27 N1sC1asC1AsN2s y1s 212
C1aC1AN2C1m w1 2173 C1asC1AsN2sC1ms w1s 177
C1AN2C1mC1ms +92 C1AsN2sC1msC1m 299
N2C1mC1msN2s 2175

a Symmetry equivalent 2x, 20.5 + y, 1 2 z. b Symmetry equivalent 2x,
+0.5 + y, 1 2 z. c Conventions for labels in ref. 10.
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