
Hexapeptide Boc-(D-Ala-∆ZPhe-L-Ala)2-OCH3 [Boc = tert-
butyloxycarbonyl; ∆ZPhe = (Z)-β-phenyldehydroalanine] in the
solid state exhibited a novel looping backbone consisting of
three partially overlapped β-turns supported by intramolecular
(i+3) → i hydrogen bonds.  Here the looping backbone also
included a β-bend ribbon structure.

To find a novel regular structure other than conventional
secondary structures (e.g., α-helix, β-sheet, and β-turn) in pep-
tides and proteins is important when creating a specific molecu-
lar shape or a regular arrangement of functional groups, leading
to rational design of a wide variety of artificial proteins or
supramolecules.  Unusual helical structures such as β-helix or
γ-helix have been found experimentally and theoretically in
periodic oligo- or polypeptides.1 Herein the repeating units
should contain non L-Ala-types of residues such as D-Ala, Gly,
and Pro, which essentially differ from L-Ala-type of residues in
conformational preference.

We here report the X-ray crystallographic analysis of hexa-
peptide 1 consisting of L-Ala, (Z)-β-phenyldehydroalanine
(∆ZPhe), and D-Ala residues:

Herein, the ∆ZPhe as an unusual residue is shown to provide a
specific conformational preference in the main and side chains
due to the presence of Cα=Cβ double bond.2 Thus, the intro-
duction of the three different types of amino acids into the same
sequence is expected to give a novel regular structure.

Peptide 1 was synthesized by coupling Boc-D-Ala-∆ZPhe-
L-Ala-OH with H-D-Ala-∆ZPhe-L-Ala-OMe using a mixed
anhydride method according to reference 3.  Both the tripep-
tides were obtained by deprotection of Boc-D-Ala-∆ZPhe-L-
Ala-OMe prepared by ring-opening Boc-D-Ala-∆ZPhe azlactone
with H-L-Ala-OMe.  The detailed procedure and characteriza-
tion will be described elsewhere.  Single crystals of peptide 1
(C36H46N6O9·C2H3N·H2O; fw = 765.86) were grown by slow
evaporation from an acetonitrile solution in the monoclinic
space group P21 with a = 10.224(4) Å, b = 16.619(8) Å, c =
12.852(4) Å, β = 92.94(3)°, V = 2180(1) Å3, Z = 2, and Dcalc =
1.166 g/cm3.4 A perspective view of peptide 1 is shown in
Figure 1, and the torsion angles are summarized in Table 1.
Interestingly, the backbone, although being an acyclic peptide,

exhibits a looping shape.  This conformation is a consequence
of three partially overlapped β-turns: a type III' β-turn confor-
mation [φ1 = 69(1)°, ψ1 = 19(1)°, φ2 = 68(1)°, and ψ2 = 11(1)°]
for the Boc(0)-D-Ala(1)-∆ZPhe(2)-L-Ala(3) segment, a distorted
type II β-turn [φ3 = –62(1)°, ψ3 = 125.2(10)°, φ4 = 55(1)°, and
ψ4 = 31(1)°] for the ∆ZPhe(2)-L-Ala(3)-D-Ala(4)-∆ZPhe(5) seg-
ment, and a type III' β-turn [φ4 = 55(1)°, ψ4 = 31(1)°, φ5 =
65(1)°, and ψ5 = 17(1)°] for the L-Ala(3)-D-Ala(4)-∆ZPhe(5)-L-
Ala(6) segment.  Here three intramolecular (i+3) → i hydrogen
bonds were observed for the pairs of N3–H···O0', N5–H···O2',
and N6–H···O3', as follows.
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The type III' β-turns can be ascribed to the conformational
preference in ∆ZPhe residue, which has been shown to induce a
310-helix (successive type III β-turns).2a The chirality of type III'
β-turn should be induced by the chirality of the preceding residue
(L-Ala) of ∆ZPhe, since ∆ZPhe residue is achiral one.  An addi-
tional intramolecular hydrogen bond was found between the two
remote residues, i.e., N2–H···O6', to complete the looping struc-
ture.  The intra- and intermolecular hydrogen-bond parameters are
summarized in Table 2.  All five peptide bonds took trans confor-
mations essentially, and the side chains of the two ∆ZPhe residues
adopted a planar conformation.

Peptide 1 also includes a 'β-bend ribbon structure' character-
ized by interesting hydrogen-bonding mode in which alternating
(i+3) → i type hydrogen bonds are absent.  Namely, in the Boc-D-
Ala-∆ZPhe-L-Ala-D-Ala-∆ZPhe segment, the (i+3) → i type
hydrogen bonds are observed for N3–H···O0' and N5–H···O2', but
not for N4–H···O1'.  The β-bend ribbon conformation was firstly
proposed for the sequential peptides –(Aib–Pro)n– (Aib = α-
aminoisobutyric acid),7 and subsequently found in the pentapep-
tide Boc–Pro–∆ZPhe–Ala–∆ZPhe–Ala–OMe.8 The former β-bend
ribbon was also called β-bend ribbon spirals,7b,c in which the tor-
sion angles are almost the same as those of 310-helix, but alterna-
tive (i+3) → i type hydrogen bonds are absent due to the presence
of Pro without N–H.  The latter one was referred to as a flat β-
bend ribbon including type I and type II β-turns.  Obviously, the
β-bend ribbon structure in peptide 1 is essentially different from
the previous ones: i.e., the present structure includes a type III' β-
turn and a distorted type II β-turn, following an additional type III'
β-turn to complete a looping structure.

The peptide molecules were linked by intermolecular hydro-
gen bonds of N4–H···O5' between symmetries (x, y, z) and (–x,
y+1/2, –z), as shown in Table 2.  This leads to long columns of
looping molecules running along the b axis.  No marked π–πand
CH–π interactions between phenyl groups for neighboring mole-
cules were observed.  An oxygen atom of water molecule was
found among three peptide molecules, but strongly disordered.

The variation of NH chemical shifts for peptide 1 in CDCl3
with (CD3)2SO2b,2c,9 indicated that three NH resonances of L-
Ala(3), ∆ZPhe(5), and L-Ala(6) residues participate in intramolec-
ular hydrogen bonding, but the other NHs do not.  The lack of
intramolecular hydrogen bonding in ∆ZPhe(2) NH is inconsistent
with the solid-state conformation, suggesting that the terminal
ester group in solution fluctuates to prevent the hydrogen bonding
with ∆ZPhe(2) NH.  The other five NHs, however, agreed with the
hydrogen-bonding mode observed in the solid state, thus indicat-
ing that peptide 1 in solution retains the three β-turn structures.

Also, the CD spectrum of peptide 1 in chloroform gave marked
exciton couplets centered at ca. 280 nm assignable to ∆ZPhe
residue, with a positive peak at longer wavelengths: ∆ε261= –11.5;
∆ε295= +7.0.  Based on the exciton chirality method,10 the sign of
splitting means a right-handed arrangement of two ∆ZPhe residues,
corresponding to the solid-state conformation shown in Figure 1.
The similar CD pattern was observed in acetonitrile, methanol, and
tetrahydrofuran.  Therefore, the solid-state conformation shown in
Figure 1 should be retained in solution essentially.

In conclusion, peptide 1 consisting of three different types of
residues adopts a novel looping structure including a β-bend rib-
bon.  Here the two phenyl groups along the backbone are arranged
in a head-to-tail manner: the center-to-center (the nearest edge-to-
edge) distance is 6.9 (4.6) Å.  Thus, a pair of other functional
groups will be arranged in a similar manner when the correspon-
ding β-substituted α,β-dehydroalanines are used instead of the
∆ZPhe residue.
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