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While topologically chiral motifs are commonly observed in
nucleic acids,1 there are hardly any examples of proteins and
polypeptides that exhibit knots or links in their structures.2,3 A
recent survey4 of the X-ray structures deposited in the Brookhaven
Protein Data Bank has brought out the significance of the
presence of multiple disulfide bonds in proteins and polypeptides
with topologically important features. Our recent report5 of a
family of novel macrocyclic membrane ion carriers containing
cyclic repeats of adamantane and cystine units in 26-, 39-, 52-,
and 65-membered rings and the presence of increasingly large
number of disulfide linkages in the rings suggested that the
higher members of this family may exhibit topologically
significant features.6

In this paper, we report the “figure-eight” (double-helical
arrangement) motif in the solid state structure of cyclo(Adm-
Cyst)3, [Adm ) 1,3 adamantane dicarbonyl unit and Cyst)
L-cystine dimethyl ester] where the 39-membered [3+ 3] cyclic
peptide1 contains three S-S linkages.7 Moderate and large
macrocycles formed by cyclization of peptides have rarely been
observed to form large open pores.8 Much more frequently,
the interior space in the macrocycle collapses to some minimum
space, accompanied by folding of the backbone and formation
of intracyclic NH‚‚‚OC hydrogen bonds.9,10 The present
molecule1 assumes the topologically defined, “figure-eight”

motif,11 as shown in Figure 1.12,13 The molecule contains a
2-fold rotation axis of symmetry that passes through atoms C(1)
and C(6) and between S(3) and S(3a) (numbering shown in
Figure 1b). While the two symmetry equivalent adamantane
units have their carbonyl units anti to each other, the carbonyl
units in the central adamantane unit adopt a syn conforma-
tion that is in a favorable orientation to form intramolecular
NH‚‚‚OC bonds with the amide NHs of the middle cystine
unit, Figure 2. The symmetrical pair of hydrogen bonds
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Figure 1. (a) Chemical formula. (b) The “figure-eight” conformation
of cyclo(Adm-Cyst)3 1 in the crystal. A 2-fold rotation axis passes
through C(1) and C(6) and halfway between S(3) and S(3a). The view
is down thex axis. Several interatomic distances that indicate the size
of the cavities are as follows: C(1)-S(3), 5.80 Å; N(2)-C(4), 4.36
Å; N(2)-S(3a), 6.20 Å; N(1)-C(12), 3.94 Å; C(18)-C(3a), 4.77 Å;
O(6)-C(5), 3.85 Å. (c) Stereodiagram of (b). The dotted lines indi-
cate the only two intramolecular hydrogen bonds, N(3)‚‚‚O(1a) and
N(3a)‚‚‚O(1).
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N(3)H‚‚‚O(1a) and N(3a)H‚‚‚O(1) have N‚‚‚O) 3.027 ((0.025)
Å and H‚‚‚O) 2.21 Å. These are the only two hydrogen bonds
within the macrocycle. There also is only one pair of symmetric
NH‚‚‚OC bonds between molecules, N(1)H‚‚‚O(7) where
N(1)‚‚‚O(7)) 2.839 ((0.025) Å and H‚‚‚O(7)) 2.05 Å. The
N(2)H moiety does not participate in hydrogen bonding.
All ester substituents extend outward from the macrocycle.

The disulfide moieties are on the periphery of the molecule.
The torsion angle around S(1)-S(2) is +102°. The third
disulfide S(3)-S(3a) has a different environment than the other
two. There is considerable space about the C(31)-S(3)-S(3a)-
C(31a) moiety that allows these atoms to occupy a number of
disordered sites. For the most prevalent position (occupancy
about 0.4), the torsion angle for S(3)-S3(a) is near+84°.
Disordered S-S moieties in crystals are not uncommon.15

The need for maintaining a near orthogonal value for the S-S
dihedral angle and the ring size of the macrocycle, or in other
words the number of S-S linkages in the ring, appear to be
crucial factors for the attainment of a “figure-eight” motif in a
cystine-containing cyclic peptide. The macrocycle1with three
cystine units may have the optimum ring size required for the
adoption of this double-helical arrangement. This notion was
supported by the observation that the 26-membered [2+ 2]
macrocycle containing alternating repeats ofmeta-phenylene and

cystine units adopted a collapsed open ring structure, as shown
by its single crystal X-ray structure.16

It is of interest to note that the “figure-eight” motif could
have a left or a right disposition of the intercrossing helices,
Figure 3. The fact that only one arrangement is seen in1
suggests control by the chirality of the cystine in the macrocycle
formation. The choice of a over b (Figure 3) is analogous to
the choice of right- or left-handed helices in linear peptides.
The backbone atoms form a right-handed helix when the side
chains have theL-configuration at the CR atoms and a left-
handed helix when the side chains have theD-configuration at
the CR atoms. In cases where the CR atoms are rendered achiral
by the presence of two CH3 groups, both right- and left-handed
helices occur as shown, for example, in crystal structure analysis
of X-(Aib)n-Y peptides.17 Similarly, in the present case, there
are six chiral CR atoms, two for eachL-cystine residue, that
predispose the figure-eight backbone to assume the conformation
a in Figure 3, rather than conformation b. Conformation b is
not favored, if not impossible, because the six COOCH3moieties
that extend outward (Figure 1) would have to turn inward for
b and cause considerable steric interference.
The demonstrated ion transport through a model bilayer

membrane5 suggests that1 should either form a complex by
encapsulating a K+ ion or aggregate to form an ion channel.
Thus far, a K+ complex has not been crystallized.
In summary, the present work provides conclusive evidence

for the novel figure-eight motif that occurs only in one antipodal
form in a cyclic peptide. The present findings should prove
useful in the design of biologically important receptors with
predefined shapes. A detailed study pertaining to the design
of conformationally constrained templated cyclic peptides
containing multiple cystine units and a host of other amino acids
is in progress in our laboratories.
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Figure 2. View of 1 down thez axis. Only the most prevalent of the
disordered sites for S(3)-S(3a) and the bonded CH2’s (at the bottom
of the macrocycle) are shown in all the diagrams.

Figure 3. The presence ofL-substituents on the chiral CR atoms
(designated byO) results in the preference of (a) for the figure-eight
conformation of the backbone rather than (b). The heavy lines are above
the plane of the paper. If there were no chiral atoms in the macrocycle,
then conformation (a) could be twisted into (b).
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