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& Rabinovich, 1978). These structures are symmetri-
cally disposed about a crystallographic twofold axis,

which is not the case for diphenic acid. The structure of -

biphenyl-2,2'-dicarbonyl dichloride (diphenic acid

_chloride) has both carbonyl ‘O atoms directed toward
the bond connecting the two rings (Leser &
. Rabinovich, 1978), whereas in diphenic acid only the
. O(3) carbonyl atom is located in this position. The
- ..differences in the structure of diphenic acid as com-
_pared to the other 2,2'-disubstituted biphenyls probably
arise from intermolecular hydrogen bonding in the
former.

The minimum-energy structure of diphenic acid
calculated by extended Hiickel theory methods as an
isolated molecule (Botrel & Guerillot, 1974) has a
dihedral angle of 85° with the acid groups anti, in
agreement with the crystal structure. However, the
calculated structure has the carboxyl groups ortho-
gonal to the rings.
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Abstract. C,.H, 3N3O4 2H,0, M, —309 monoclinic,
P2, a=8-504(2), b=11-287 (2), c=28922(2) A,
B=108-65(1)°, V=811.4(4A}, Z=2, D,=
1.27(Q), D,=1.26 Mgm3, A(CuKa)=1-5418 A
- u4=8-53cm™L, F(000)=336, T=293K, final R =
0-040 for 1499 observed reflections. The bond angles in
the central residue exhibit conformation-dependent
- asymmetry about C¢ The conformation of the
molecule corresponds to an incipient type II' (or type
II) fturn. The structure contains an internal water
bridge, involving two water molecules, which connects
. the terminal amino group and the carbonyl group of the

. 0108-2701/87/081618-04801.50

second residue. An interesting feature of the crystal is a
zigzag head-to-tail sequence centred around a 2, screw
axis.

Introduction. We have earlier shown that the most

prominent feature of molecular aggregation in the
crystals of unprotected peptides containing residues of
common naturally occurring amino acids is the
‘head-to-tail’ sequence in which the terminal amino and
carboxylate groups are brought into periodic proximity
(Suresh & Vijayan, 1985a,b). Such sequences, which
occur ubiquitously in amino acid crystal structures as

© 1987 International Union of Crystallography
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well (Suresh & Vijayan, 1983a,b), have been suggested
as of probable relevance to prebiotic polymerization
(Vijayan, 1980). It is of interest to examine if such
sequences occur in peptides containing o-aminoiso-
butyric acid (Aib), for two reasons. First, Aib is found
in simulated experiments on prebiotic organic synthesis
(Miller & Orgel, 1974, pp. 83-102) as well as in
carbonaceous chondrites (Miller & Orgel, 1974, pp.
191-196). Secondly, Aib differs from most proteinous
amino acids in that it is highly conformationally
restricted and promotes folded structures (Toniolo,
Bonora, Bavoso, Benedetti, Di Blasio, Pavone &
Pedone, 1983; Prasad & Balaram, 1984). The crystal
structures of several Aib-containing peptides have been
published, but the terminal groups in almost all of them
are blocked. As far as we are aware, the only crystal
structure containing an unprotected Aib peptide is that
of a tri-Aib copper complex (Diaddario, Robinson &
Margerum, 1983). Metal complexation, however, often
has an overriding influence in dictating crystal and
molecular structure, and hence the structure of this
complex does not provide useful information on the
intrinsic structural propensities of Aib peptides. The
crystal structure analysis of free, uncomplexed tri-Aib
(I) was therefore undertaken.

C3)Hs H  ClOHs H  CUS)Hy 0(18)
HsN(1) — C(2)—C(5)—N(7)—-C(B)-—Cﬂ 1)—N({13)—C(14)—C(17) :'
Cl)Hy O(6) 10, O(12) CUeH; 019
0

Experimental. The synthesis of the free tripeptide
(Kirksey, Neubecker & Margerum, 1979) was achieved
by the catalytic dehydrogenation of benzyloxy-
carbonyl-tri-a-aminoisobutyrylbenzyl ester (Bonora,
Mapelli, Toniolo, Wilkening & Stevens, 1984). The
compound was crystallized by slow evaporation from
slightly aqueous methanol. Space group (00, £ odd
systematically absent) and unit-cell dimensions deter-
mined from preliminary X-ray diffraction photo-
graphs. D, measured by flotation in a mixture of
benzene and carbon tetrachloride. Crystal of dimen-
sions 0-35 x 0-33 x 0-18 mm. Computer-controlled
CAD-4 diffractometer, w—26 scan to a maximum
Bragg angle of 70°, graphite-monochromated Cu Ko
radiation. 25 reflections in the range 14 < 8 < 40° used
for cell parameter refinement. Intensities not corrected
for absorption. 20 to 10, £0 to 13, /—10 to 10.
Maximum variation in intensity of standard reflections
(303, 203, 311) 2%. 1732 reflections measured, 1628
unique, 1499 with I > 2¢(/) used in refinement. R,
=0-016. The structure was solved using the direct-
methods program MULTAN80 (Main, Fiske, Hull,
Lessinger, Germain, Declercq & Woolfson, 1980). The
non-H atoms were refined anisotropically and the H
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Table 1. Positional parameters (x 10*) and equivalent
isotropic temperature factors of non-H atoms (A?) with
e.s.d.’s in parentheses

By, =4%2.2,b,a.a,

X y z Beq
N1 5795 (3) 768 9722 (2) 3-71(6)
c2 6701 (3) 1930 (3) 9976 (3) 3.42(7)
C3 6148 (4) 2650 (3) 11161 (3) 5-14 (9)
C4 8564 (3) 1682 (3) 10595 (3) 3.92(8)
C5 6156 (3) 2544 (3) 8334 (3) 3.62(7)
06 5143 (3) 2073 (2) 7210 (3) 4.36 (7)
N7 6813 (3) 3605 (3) 8269 (3) 3:96 (7)
C8 6251 (3) 4316 (3) 6810 (3) 4.54 (8)
c9 6939 (4) 5573 (4) 7196 (5) 5-74 (11)
Cl10 6882 (3) 3766 (4) 5534 (4) 6-72 (12)
Cl1 4338 (3) 4405 (3) 6335 (3) 4.01(7)
012 3670 (2) 4588 (2) 7361 (2) 4.90 (6)
N13 3512 (2) 4346 (2) 4806 (2) 3-99 (6)
Cl4 1719 (3) 4412 (3) 4048 (3) 3.72 (6)
Cl15 1034 (5) 5574 (4) 4434 (4) 5:45(12)
Cl16 889 (4) 3313 (4) 4500 (3) 5-71(9)
C17 1402 (3) 4333 (2) 2227 (3) 4.18(7)
018 2644 (3) 4156 (2) 1782 (2) 6-19(7)
019 —-52(3) 4437 (2) 1343 (2) 4.32 (6)
w1 2427 (3) 1064 (4) 8793 (5) 7-97(12)
w2 1269 (4) 3357 (3) 8522 (3) 9:46 (11)

atoms, located from a difference Fourier map, iso-
tropically on F using the block-diagonal least-squares
method (9 x 9 and 4 x 4 matrices for non-H and H
atoms respectively) employing a locally modified
version of a program originally written by Dr R.
Shiano. The y coordinate of N(1) was fixed to define the
origin. Refinement converged at R =0-040, wR =
0-071, S =0-4306 (max. 4/0 = 0-08). The weighting
scheme had the form 1/(a + bF, + cF?) with a=
1-1584, b = —0-0589 and ¢ =0-0291. Maximum and
minimum values in the final difference Fourier map
were 0-016 and —0-20e A-3, respectively. Form
factors for non-H atoms taken from Cromer & Waber
(1965) and those for H from Stewart, Davidson &
Simpson (1965). Computations performed on a DEC-
1090 system. The final positional parameters and
equivalent isotropic thermal parameters (Hamilton,
1959) of the non-H atoms are given in Table 1.*

Discussion. The present structure provides an example
of a peptide made up of optically inactive amino acid
residues crystallizing in a chiral space group. Thus, the
crystals contain only molecules of the same chirality.
However, in as much as the absolute configuration has
not been determined, it is not possible to say which of
the two possible enantiomorphs is present in the crystal.
The choice of the particular enantiomorph in the
following discussion is purely arbitrary.

* Lists of structure factors, anisotropic thermal parameters and
H-atom parameters have been deposited with the British Library
Document Supply Centre as Supplementary Publication No. SUP
43881 (16 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.
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Table 2. Bond lengths (A) and angles (°) with e.s.d.’s in  —142° have been observed. This unique conformation

parentheses
Ni-C2 1.501 (3) c8-Cll 1.547 (4)
C2-C3 1.523 (4) C11-012 1239 (4)
C2-C4 1.526 (4) CI1-NI3 1.321 (3)
C2-Cs 1.552 (4) N13—Cl14 1.459 (3)
C5-06 1.216 (3) C14—CIS 1519 (5)
C5-N7 1.331 (4) C14-Cl16 1.543 (5)
N7-C8 1-472 (4) C14-C17 1.561 (3)
C8-C9 1.531(5) C17-018 1.258 (4)
C8-—C10 1.536 (5) C17-019 1.241 (3)
N1-C2-C3 108-2 (2) C10-C8—Cl11 1141 (3)
N1-C2-C4 108-6 (2) C8-C11-012 119:9 (2)
N1-C2-C5 105-3 (2) C8-C11-N13 1164 (2)
C3-C2-C4 1112 (2) 012-C11-N13 123:6 (3)
C3-C2-C5 110-6 (2) CI11-N13-Ci4 127:4 (2)
C4-C2-C5 112-7 (2) N13-C14-C15 111:1 (2)
C2-C5-06 1202 (3) N13-C14—C16 109.7 (2)
C2-C5-N7 116:1 2) N13-C14—C17 1067 (2)
06—C5—-N7 123-6 (3) C15-C14—Cl6 113-1 (3)
C5-N7-C8 1205 (2) C15-C14—C17 109:5 (3)
N7-C8-C9 108-3 (3) C16-C14—-C17 106-5 (2)
N7-C8-C10 110-1 (3) C14—C17-018 117:0 2)
N7-C8-C11 107-1 (2) C14—C17-019 117:5 (2)
C9-C8-C10 110-0 (3) 018-C17-019 125:5 (3)

The bond lengths and valency angles in the structure,
given in Table 2, are comparable to those observed in
other Aib peptides (Benedetti, Bavoso, Di Blasio,
Pavone, Pedone, Crisma, Bonora & Toniolo, 1982;
Prasad & Balaram, 1984). It is, however, interesting to
note the asymmetry of bond angles around the C¢ of
the central residue. Such asymmetry in helical Aib
peptides has already been commented upon (Prasad &
Balaram, 1984). In the present case, however. the
residue falls in a non-helical region (¢ =529 and
¥ =—141-5°) corresponding to a D residue in the
Ramachandran map (Ramachandran & Sasisekharan,
1968). In this residue, the angles around C¢ involving
the C# corresponding to the D configuration (C10) open
up at the expense of the angles involving the CP
corresponding to the L configuration (C9). The reverse
would hold in the enantiomorph in which the ¢,y angles
would correspond to an allowed region for an L residue
in the Ramachandran map.

The torsion angles (°) that define the conformation
(IUPAC-IUB Commission on Biochemical Nomen-
clature, 1970) of the molecule are:

N1-C2—C5-N7(y;) = 180-0(1) C8—CI11-NI13-Cl4 (w)) =-179-7(1)
C2-C5-N7-C8 (w) =-173.8(1) C11-N13—-C14—C17(p;) = 178-4(1)
C5-N7-C8-Cll(pp) = 52.9(1) N13—Cl4-C17-018 () = 4.6 (1)
N7-C8~C11-Ni3 (w,) =—141-5(1) NI13-C14—C17-019 (¢}") = 176-2(1).

A perspective view of the molecule is shown in Fig. 1.
The conformation angles and the figure clearly show
that the conformation of the molecule corresponds to
an incipient type II' (type II in the enantiomorph)
fturn (Venkatachalam, 1968). The second (central)
residue in the peptide has conformational angles close
to those of the residue in the first corner of such a turn.
This seems to be the first instance where an Aib residue
occupies such a position. Indeed, so far, no other
non-terminal Aib residues with ¢,y values close to 53,

appears to have been made possible by the absence of
terminal protecting groups. All the protected homo-
tripeptides of Aib have a type IIl or III’ B-turn
conformation (Benedetti, Bavoso, Di Blasio, Pavone,
Pedone, Crisma, Bonora & Toniolo, 1982; Toniolo,
Valle, Bonora, Crisma, Formaggio, Bavoso, Benedetti,

Di Blasio, Pavone & Pedone, 1987).

ocC

?wz ® N
[
S o
N 0w ®
oW

Fig. 1. A perspective view of the molecule. The water bridge is also
indicated. Dotted lines represent hydrogen bonds.

ocC
& N
® 0
oW

Fig. 2. The crystal structure projected onto the bc plane. Only
atoms involved in hydrogen bonds are numbered. Dotted lines
represent hydrogen bonds.

Table 3. Hydrogen-bond parameters with e.s.d.’s in

parentheses

A-H.--B A.-B(A) H-A4.--B(°) Symmetry of atom B
N1-H3(N}).--W1 2.735 (3) 13(4) Pz
N1-H2(N1)---012 2828 (3) 5@ —x+1, §+y—1,—z+2
N1-HI(ND---018 2:831(3) 6(3) —x+1, §+y—1,—z+1
W1-H1(W1)---019 2:703 (4) 4(3) =X, $+y—1,—z+1
WI-H2(W1).--W2 2:753 (6) 3Q3) X0z
W2—-H1(W2)---018 2:910 (3) 15(5) Xy, z+1
W2—-H2(W2)---012 2921 (4) 12 (5) Wz
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The packing diagram of the tripeptide is shown in
Fig. 2. The parameters of the hydrogen bonds that
stabilize the structure are given in Table 3. As expected,
the terminal amino N atom is involved in three
N—H::-O hydrogen bonds as a donor. None of the
peptide N atoms is involved in a hydrogen bond. One of
the peptide carbonyl O atoms is not involved in any
hydrogen bond whereas the other accepts two. One of
the terminal carboxylate O atoms accepts two hydro-
gen bonds whereas the other accepts one. Both water
molecules in the structure accept one proton and donate
two.

An interesting feature of the structure is an internal
water bridge which connects the terminal amino group
and the carbonyl group of the second residue. Such
internal bridges involving one water molecule have been
observed before in short peptides (e.g. Nair, Nagaraj,
Ramaprasad, Balaram & Vijayan, 1981; Aubry,
Vitoux, Boussard & Marraud, 1981; Toniolo et al.,
1987) but two-membered water bridges connecting
adjacent residues, like that in the present structure, are
less usual. ‘

The original objective of the present investigation
was to see if stereochemically constrained folded
peptides like those containing Aib residues form
head-to-tail sequences. The tripeptide in the present
crystal structure does so even in the presence of
disturbing influences such as those of water molecules.
The structure contains a zigzag head-to-tail sequence
centred around a 2, screw axis. This sequence is
stabilized by the N1—H---O19 hydrogen bond and its
symmetry equivalents. The sequence, which runs
parallel to the b axis, and its translational equivalents
are stacked together along the a and the ¢ axes to form
the crystal.
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Abstract. C,H,Br,, M,=394-9, monoclinic, P2 /e,
a=17-334(6), b=15-305(26), c=11-612(16) A, B
=73.58 (6)°, V' =1250-25 A3,_ Z=4, D,=2.065,

0108-2701/87/081621-03$01.50

D,=2-098Mgm~3, A(MoKa)=0-71069A, u=
9-45 mm~!, F(000) = 752, T=293 K, R =0-047 for
816 unique reflections. The dibromocyclohexane frag-
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