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INTRODUCTION

Abstract: A pentapeptide, Boc-Leu-Acgc-Ala-Leu-Acgc-OMe 1, an octapeptide, Boc-Leu-Acgc-Ala-Leu-Acgc-
Ala-Leu-Acgc-OMe 2 and a tripeptide, Boc-Aib-Acgc-Aib-OMe 3 containing the 1l-aminocyclooctane-1-
carboxylic acid residue (Acgc) were synthesized and conformationally characterized by x-ray diffraction
studies in the crystal state. Peptides 1 and 2 were also studied by NMR in CDCl3 solution. Peptide 1
adopts a purely 3jp-helical conformation in crystals, stabilized by three intramolecular 1 < 4 hydrogen
bonds. Peptide 2 in crystals is largely 310-helical with distortion in the backbone at the N-terminus by
the insertion of a water molecule between Acgc (2) CO and Ala (6) NH groups. Peptide 3 forms a Cjp-ring
structure, i.e. a type III (III') 8- turn conformation stabilized by an intramolecular 1 < 4 hydrogen bond.
Five cyclooctane rings assume boat-chair conformations, whereas the sixth [Acgc(8) in 2] is appreciably
distorted, resembling a chiral intermediate in the pseudorotational pathway from the boat-chair to the
twisted boat-chair conformation. Internal bond angles of the cyclooctane rings are appreciably distorted
from the tetrahedral value, a characteristic feature of the cyclooctane ring. Peptide 1 crystallized in the space
group P21212; with a =11.900(4) A, b=18.728(6) A, ¢ =20.471(3) A and Z = 4. The final R; and WR,
values are 0.0753 and 0.2107, respectively, for 3901 observed reflections [F, > 30 (F,)]. Peptide 2 crystallized
in space group P21 with a = 12.961(5) A, b= 17.710(10) A, ¢ = 15.101(7) A, 8 = 108.45(4)° and Z = 2. The
final R; and wRy values are 0.0906 and 0.1832, respectively, for 2743 observed reflections [F, > 30 (Fo)]. 1H-
NMR studies on both the peptides strongly suggest the persistence of 3;0-helical conformations in solution.
Peptide 8 crystallized in the space group P2;/n, with a = 10.018(1) A, b=20.725(1) A, c=12.915(1) A
and Z = 4. The final R; and wRy values are 0.0411 and 0.1105, respectively, for 3634 observed reflections
[Fo > 40 (F,)]. Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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chemistry in the design of analogues of biologi-
cally active peptides [1-3] and in the construc-
tion of synthetic mimics of protein structures

Backbone modifications are being widely inves-
tigated as a means of controlling chain stereo-
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[4-6]. C**-Dialkylated amino acid residues, con-
taining both linear and cycloalkane side-chains,
have been shown to strongly stabilize helical con-
formations [7-12]. The use of 1-aminocycloalkane-
1-carboxylic acid residues permits the introduction
of completely hydrophobic side-chains with limited



conformational flexibility. Thus far, only relatively
short peptides containing 1-aminocycloalkane-1-
carboxylic acids (Ac,c) have been structurally char-
acterized for ring sizes (n) ranging from 3 to
12 membered rings [8,13-18]. The crystallinity of
apolar peptide helices provides an entry to the
crystallographic characterization of large, flexible
cycloalkane rings. A systematic comparison of the
conformational properties of C*?-dialkylated amino
acids with acyclic and cyclic side-chains has been
performed. This paper reports a structural analysis
of three, five and eight residue peptides containing
1-aminocyclooctane-1-carboxylic acid (Acsc). The
sequences, Boc-Leu-Acgc-Ala-Leu-Acgc-OMe (pep-
tide 1) and Boc-Leu-Acgc-Ala-Leu-Acgc-Ala-Leu-
Acgc-OMe (peptide 2), were chosen to place the
cyclooctane ring approximately on the same face
of the cylindrical 3,¢/a-helical structures. Boc-Aib-
Acgc-Aib-OMe (peptide 3) is a potential model 8-turn
forming tripeptide incorporating Acgc at the i+ 2
position.

MATERIALS AND METHODS

Peptide Synthesis

The peptides 1-3 were synthesized by conven-
tional solution phase procedures using a frag-
ment condensation strategy. The Boc group was
used for N-terminal protection and the C-terminus
was protected as a methyl ester. Deprotections
were performed using 98% formic acid or saponi-
fication, respectively. Couplings were mediated
by N,N’-dicyclohexylcarbodiimide/1-hydroxy-1,2,3-
benzotriazole (DCC/HOBt). The intermediate pep-
tides were characterized by 'H-NMR (80 MHz) and
thin-layer chromatography (TLC) and were used
without further purification. The final peptides were
purified by medium-pressure liquid chromatogra-
phy (MPLC) on a reverse-phase C;5 column. Homo-
geneity was established by HPLC on a 5u Cis
column. The peptides were fully characterized by
'H NMR.

The pentapeptide 1 was synthesized usinga 2 + 3
strategy involving coupling of Boc-Leu-Acsc-OH to
H-Ala-Leu-Acgc-OMe, which in turn was obtained
by formic acid deprotection of Boc-Ala-Leu-Acgc-
OMe. Peptide 1 was obtained as a white solid which
was completely characterized by 500 MHz 'H-NMR
spectroscopy. Chemical shifts are listed in Table 7.

FABMS: [M + H]* 736; [M + Na]t 758.
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The octapeptide 2 was synthesized by the 2+ 6
strategy involving coupling of Boc-Leu-Acgc-OH to
H-Ala-Leu-Acgc-Ala-Leu-Acgc-OMe. The latter was
synthesized by coupling Boc-Ala-OH to H-Leu-
Acgc-Ala-Leu-Acgc-OMe, generated by 98% formic
acid deprotection of peptide 1. The peptide was
fully characterized by 500 MHz 'H NMR. Chemical
shifts are listed in Table 7. Homogeneity was
demonstrated by analytical HPLC.

The tripeptide Boc-Aib-Acgc-Aib-OMe was synthe-
sized by sequential extension from the N-terminus.
Boc-Aib-OH was coupled to H-Acgc-OMe to yield
Boc-Aib-Acgc-OMe. Saponification yielded Boc-Aib-
Acgc-OH which was then coupled to H-Aib-OMe
to yield the tripeptide as a white solid. M.P. =
180°-182°C. The peptide was characterized by
80 MHz 'H NMR.

NMR Studies

All NMR experiments were carried out on Bruker
AMX-400 and Bruker DRX-500 spectrometers at the
Sophisticated Instrument Facility, Indian Institute
of Science, Bangalore. Peptide concentrations were
in the range 5-6 mM. Resonance assignments were
performed using two-dimensional double quantum
filtered COSY and rotating frame nuclear Over-
hauser effect (ROESY) experiments. All 2D data were
acquired at 1K data points, 512 experiments with
48-64 transients. A 300 ms mixing time was used
for ROESY experiments. The spectral width for all
the experiments was set to 4500 Hz. NMR data were
processed using the UXNMR or the FELIX software.
All two-dimensional data sets were zero filled to 1024
points with a 90° phase shifted squared sine-bell fil-
ter in both dimensions. The probe temperature was
maintained at 303 K.

Crystallization and X-Ray Diffraction

Crystals of peptide 1-3 were grown by slow
evaporation from methanol/water mixtures (for
peptides 1 and 2) and acetonitrile (for peptide 3),
respectively. X-ray diffraction data were collected
from dry crystals on an automated four-circle
diffractometer. Unit cell parameters were obtained
and refined by a least squares fit of the angular
settings of 25 accurately determined small angle
reflections. Three-dimensional CuK, intensity data
were collected to 20 = 150° for peptide 1 and
20 = 140° for peptide 3. MoK, intensity data was
collected to 26 = 50° for peptide 2. w-26 scans with
variable speeds were used. Two reflections were
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monitored after every 100 reflections (the intensity
remained constant within 3%). Lorentz polarization
corrections were applied, but not the absorption
corrections [u (peptide 1) = 0.60 mm™!, u (peptide
2) = 0.08 mm™!, i (peptide 8) = 0.66 mm™!].

Crystal Structure Determination and Refinement

The structures were solved by direct phase deter-
mination methods using the random-tangent for-
mula procedure in the SHELXS-86 [19] (peptides
1 and 2) and SHELXS-97 [20] (peptide 3) com-
puter programs. A full matrix least-squares refine-
ment was carried out using SHELXL-93 [21] (pep-
tides 1 and 2) and SHELXL-97 [22] (peptide 3).
All the non-hydrogen atoms were initially refined
isotropically and then anisotropically. The hydro-
gen atoms were fixed geometrically in the idealized
positions with C-H=1.08 A and N-H=1.08 A
and refined in the final cycle as riding over the

atoms to which they are bonded. In the refine-
ment for peptides 1 and 2 restraints were applied
on bond lengths and bond angles in three of the
six cyclooctane rings [C3-C4, C4-Cs, Cs5-Cg, Cs-Co,
LC3C4Cs5, LC4C5C6 and LCeC7Cs in Acgc(2) of pep-
tide 1; C3-C4, C4—C5, C5-C6, Cg-C7, ZC4C5C5 and
ZC5C6C7 in ACgC(5] and CQ-Cg, C3-C4, C4-C5, C5-CG,
CG-C7, ZC3C4C5,ZC4C5C6 and ZC5C6C7 in ACgC(S]
of peptide 2].The final R-factors for peptides 1-3
were 0.0753 (Ry =0.2107), 0.0906 (Ry = 0.1832),
and 0.0411 (R, = 0.1105) for 3901, 2743 and 3634
observed reflections, respectively, with F, > 30 (F,)
for peptides 1 and 2 and F, > 40 (F,) for peptide 3.
The function minimized during refinement for pep-
tides 1 and 8 was Y w(|F, — F|)2 where w = 1/[02 x
(Fo2) + (0.1587 x P)? 4 0.44P] for peptide 1 and w =
1/l62 x (Fo2) + (0.0581 x P)? + 0.45P] for peptide 3
where P = (max(F,2,0)+ 2 x F.2)/3. The function
minimized during refinement for peptide 2 was
Y w(|F, — F|)*> where w = 1/[02 x (F,2) + (0.1 x P)2].

Table 1 Crystal Data and Structure Refinement Details for Peptides 1-3

Peptide 1 Peptide 2 Peptide 3
Empirical formula C390gN5Hgg C57011NgH100 Co3H41N30¢
Crystal size (mm) 0.04 x 0.50 x 1.20 0.20 x 0.30 x 0.80 1.02 x 0.26 x 0.20
Crystallization solvent CH3OH/H20O CH3OH/H2O CH3CN
Space group P2:2,2; P2, P2,/n
Cell parameters
a @) 11.900 (4) 12.961 (5) 10.018 (1)
b (A) 18.728 (6) 17.710 (10) 20.725 (1)
c @A) 20.471 (3) 15.101 (7) 12.915 (1)
a (deg) 90 90 90
B (deg) 90 108.45 (4) 91.18 (1)
y (deg) 90 90 90
Volume (AS) 4562.4 3288.1 2680.9
Z 4 2 4
Co-crystallized solvent None Water None
Molecular weight 736.00 1089.45 455.49
Density (g/cm®) 1.072 1.100 1.129
F(000) 1608 1188 992

Radiation (A) CuK, (» = 1.5418)
26 Max (°) 150

Scan type w-26

Independent reflections 5191

Observed reflections

Goodness-of-fit (S)

3901 [|F| > 30 (F)]
1.110

Apmax (€A™3) 0.30

Apmin (eA—S) -0.37

Final R index 0.0753

Final Ry, index 0.2107
Data/restraints/parameters 3901/7/536

MoK, (A = 0.7107)
50

w-26

5980

2743 [|F| > 30 (F)]
1.002

CuK, (A = 1.5418)
140

w-26

4868

3634 [|F| > 40(F)]
1.041

0.24 0.21

—0.50 -0.14
0.0906 0.0411
0.1832 0.1105
2743/14/793 3634/0/290
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All the crystallographic parameters related to the
data collection and refinement are given in Table 1.
Crystallographic data (excluding structure factors)
for peptides 1, 2 and 3 have been deposited
with the Cambridge Crystallographic Data Cen-
tre as supplementary publication numbers CCDC-
208280, CCDC-208279 and CCDC-208278, respec-
tively. Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44 1223 336033 or
E-mail: deposit@ccdc.cam.ac.uk)

RESULTS AND DISCUSSION

Structure of Peptides in Crystals

Peptide 1. Figure 1 shows a stereoview of the
structure of pentapeptide 1. From the backbone
torsion angles summarized in Table 2, it is evident
that residues 1-4 adopt ¢, ¢ values in the
310/a-helical region of the conformational space.
Table 3 lists relevant parameters for potential
hydrogen bond interactions. The molecule clearly
possesses three intramolecular 1 <-4 hydrogen
bonds, resulting in the formation of a short stretch
of 31p-helix.

Peptide 2. A stereoview of the molecular conforma-
tion of octapeptide 2 is shown in Figure 2. From the
backbone torsion angles given in Table 2 it is clear
that residues 1-7 cluster in the right-handed heli-
cal region of the ¢, ¥ space. Inspection of potential
hydrogen bond parameters listed in Table 4 reveals
that four potential 1 < 4 hydrogen bonds can be
identified, characterizing the largely 3;0-helix struc-
ture. The Leu (1) CO group shows evidence for

Figure 1 Stereo view of pentapeptide 1 in crystals.
Intramolecular hydrogen bonds are indicated by bro-
ken lines.
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Table 2 Backbone and Side-Chain Torsion Angles*
(deg)

Residue @ W w x! x?
Peptide 1

Leu(1) —622 -28 177 -63 —53/176
Acgc(2) —54 -27 -178

Ala(3) -66 —-11 172

Leu(4) -67 —24 169 -70 -70/164
Acgc(5) 46 55P 175°¢

Peptide 2

Leu(1) —582 -36 —-173 -74 —-58/176
Acgc(2) —56 -35 180

Ala(3) -75 —41 —171

Leu(4) -84 -23 -170 -60 —63/168
Acgc(D) -51 —-45 —-172

Ala(6) -65 -21 180

Leu(7) -83 -21 -171 -58 —-56/179
Acgc(8) 46 48d 180¢

Peptide 3

Aib(1) +592 +35 +174

Acsc(2) +56 +31 +178

Aib(3) +48  +48f  +1808

*The torsion angles for rotation about bonds of the peptide
backbone (¢, ¥, and w) and about bonds of the amino
acid side chains (x!, x2) are given as suggested by the
IUPAC-IUB Commission on Biochemical Nomenclature
(1970) [43]. Estimated standard deviations ~1.0° Side-
chain torsion angles corresponding to the cyclooctane ring
of all the Acgc residues are given in Figure 8.
aC/'(0)-N(D)-C¥(1)-C'(1).

b N(5)-C*(5)-C'(5)-O(OMe).

¢ C(5)-C’'(5)-O(OMe)-C(OMe).

4N(8)-C¥(8)-C'(8)-O(OMe).

€ C%(8)-C'(8)-O(OMe)-C(OMe).

TN(8)-C%(3)-C'(3)-O(OMe).

& C%(3)-C’'(3)-O(0OMe)-C(OMe).

formation of a ‘three-centre hydrogen bond’, involv-
ing donor NH groups of Leu (4) and Acsc (5) residues.
Such ‘three-centre hydrogen bond’ is relatively com-
mon at helix termini in peptide structures [23-26].
A lone water molecule inserts into the helix back-
bone forming hydrogen bonds to Ala (6) NH and Acgc
(2) CO groups. The inserted water is positioned to
interact also with the Ala (3) CO groups (Table 4).
Solvent insertion into a helical backbone is also a
relatively common occurrence in the crystal struc-
ture of peptide helices [25,27-30].

Figure 3 shows a superposition of residues 1-5
of peptide 1 with residues 4-8 of peptide 2. The
close similarity of the backbone fold and side-
chain orientation of the pentapeptide segment are

dJ. Peptide Sci. 10: 160-172 (2004)
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Table 3 Potential 1 < 4 and 1 <« 5 Hydrogen Bonds Parameters in Boc-Leu-Acgc-Ala-Leu-

Acgc-OMe (Peptide 1)

Type Donor Acceptor N.--O H---O C=0--'H C=0---N O..-H-N
(A) @A) (deg) (deg) (deg)
Intramolecular
1 <« 4P N(3) 0(0) 2.95 2.13 121 126 159
1« 4b N(4) O(1) 3.03 2.18 128 130 171
1« 4b N(5) 0(2) 3.05 2.27 123 128 151
1«5 N(4) 0(0) 4.56 4.00 134 142 126
1«5 N(5) O(1) 4.76 4.08 131 137 138
Intermolecular
N(1) 0O(4)2 2.91 2.06 150 150 176
N(2) 0o(5)2 3.10 2.40 150 156 139

a Symmetrically related by (x — 1, y, 2).

b These are the acceptable hydrogen bonds satisfying the criteria of hydrogen bond geometry [44,45].

Figure 2 Stereo view of octapeptide 2 in crystals.
Intramolecular hydrogen bonds are indicated by bro-
ken lines.

evident. In both peptides the achiral Acgc residue
at the C-terminus adopts ¢, ¢ values that lie
in the left-handed helical region. Chiral reversal
of conformational angles at the C-terminus has
been frequently observed in peptide ester helices
containing Aib residues [31-33]. The reason for
this inversion of handedness is probably due to the
crystal packing forces and the need of formation of
appropriate intermolecular hydrogen bonds.

Peptide 3. Figure 4 shows a stereoview of the
structure of tripeptide 3. From the backbone tor-
sion angles given in Table 2 it is clear that all
the three residues lie in the (right or left) heli-
cal region of the conformational map. Both senses

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

Figure 3 Superposition of the structure of the pentapep-
tide 1 (Boc-Leu-Acgc-Ala-Leu-Acgc-OMe) and the octapep-
tide 2 (Boc-Leu-Acgc-Ala-Leu-Acgc-Ala-Leu-Acgc-OMe).
The former is indicated by the solid line, while the latter is
represented by the broken line.

dJ. Peptide Sci. 10: 160-172 (2004)
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Table 4 Potential 1 < 4 and 1 < 5 Hydrogen Bonds Parameters in Boc-Leu-Acgc-Ala-Leu-Acgc-Ala-Leu-Acgc-

OMe (Peptide 2)

Type Donor Acceptor N.-.O H---O C=0---H C=0---N O---H-N

@A) @A) (deg) (deg) (deg)
Intramolecular
1« 4P N(3) 0(0) 3.12 2.44 114 123 136
1« 4b N(4) o(1) 3.10 2.54 100 112 123
1«4 N(5) 0(2) 4.22 3.48 82 89 145
14 N(6) 0(3) 4.47 3.71 100 102 148
1« 4b N(7) 0O(4) 2.95 2.15 124 131 153
1« 4b N(8) O(5) 3.17 2.37 112 118 156
1«5 N(4) 0(0) 3.39 2.60 146 153 152
1 < 5P N(5) o(1) 2.95 2.23 161 164 142
1«5 N(6) 0(2) 5.16 4.38 122 122 152
1«5 N(7) 0(3) 5.29 4.57 116 122 143
1«5 N(8) 0(4) 3.76 3.17 143 152 128
Intermolecular

N(1) 0(8)2 3.19 2.38 112 113 157
N(2) o(7)2 3.01 2.16 141 139 171

N---W/W--..0 H---W C=0.---W W...H-N
N(6) w 2.99 2.18 157

w 0O(3) 2.77 97
w 0(2) 2.85 136

a Symmetrically related by (x, y, z— 1).

b These are the acceptable hydrogen bonds satisfying the criteria of hydrogen bond geometry [44,45].

of twist are observed because of the absence of
chiral residues in the tripeptide, which yields cen-
trosymmetric crystals. Again, the Aib residue at the
C-terminus of the peptide has ¢, ¥ values with
opposite sign to that of preceding residues Aib (1)
and Acgc (2). Table 5 lists relevant parameters for
potential hydrogen bond interactions. The molecule
clearly possesses one intramolecular 1 < 4 hydro-
gen bond, N(3)---O(0), resulting in the formation of
a Cjp-ring structure, i.e. a type III (III') B-turn con-
formation.

Molecular Packing

Figure 5 shows a view of the molecular packing in
crystal of the octapeptide 2 viewed in a direction
perpendicular to the helix axis. Helices are arranged
in columns in the normal head-to-tail fashion with
hydrogen bonds formed between NH groups of
one molecule and CO groups of a translationally
related molecule, which do not participate in

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

Figure 4 Stereo view of tripeptide 3 in crystals. The
intramolecular hydrogen bond is indicated by a bro-
ken line.

intramolecular hydrogen bonding. In this structure
the two intermolecular hydrogen bonds formed
between N(1)---O(8) [x, y, z— 1] and N(2)---O(7) [x, y,
z — 1] (Table 4) place the helices in perfect register
along the crystallographic c-axis. Adjacent columns
of helices run in antiparallel fashion. An almost
identical head-to-tail arrangement of the short helix
in peptide 1 is formed with intermolecular hydrogen

dJ. Peptide Sci. 10: 160-172 (2004)
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Table 5 Potential 1 < 4 Hydrogen Bonds Parameters in Boc-Aib-Acgc-Aib-OMe (Peptide 3)

Type Donor Acceptor N.---O o) C=0---H C=0---N O---H-N
&) &) (deg) (deg) (deg)
Intramolecular
1« 4P N(3) 0(0) 3.07 2.27 125 130 155
Intermolecular
N(1) 0O(2)2 2.98 2.15 164 169 163
N(2) 0(3)2 3.28 2.53 142 148 145

a Symmetrically related by (x+ 1/2, —y+ 1/2,z+ 1/2).

b These are the acceptable hydrogen bonds satisfying the criteria of hydrogen bond geometry [44,45].

bonds N(1)---O(4) [x— 1, y, z] and N(2)---O(5) [x — 1,
y, z] (Table 3) (Figure not shown).

A view of the packing mode in both crystals
seen down the helix axis is shown in Figure 6.
In pentapeptide 1 molecules are arranged in heli-
cal columns which run antiparallel to adjacent
columns. Each helix makes close contacts with four
antiparallel neighbours. This kind of checkerboard
arrangements has been identified earlier by Karle in
an analysis of modes of assembly in helical peptide
crystals [34].

The assembly of helices in monoclinic crystals
of the octapeptide 2 is distinctly different. Helical
columns align themselves in parallel fashion to
form sheets, consisting of helical arrays which run
in antiparallel fashion. The crystal is then formed
by alternating layers of helical sheets which run
in opposite directions. Each peptide helix in the
square grid arrangement makes close contact with
two parallel neighbours along the crystallographic
a-axis and two antiparallel neighbours along the
b-axis. All interactions between the helices in the
direction perpendicular to the helix-axis are of the
van der Waals type.

Figure 7 shows a view of the molecular packing
in crystal of the tripeptide 3. In the crystal the
molecules of peptide 3 are held together by the
formation of two intermolecular N-H- - - O hydrogen
bonds between molecules related by n-glide sym-
metry: They are N (2)---O (3) [x+1/2,-y+1/2,z+
1/2] and N (1)---O (2) [x+1/2,-y+1/2,z+ 1/2]
(Table 5). Molecules related by 2; screw symmetry
are held together by van der Waals interactions only.

Cyclooctane Conformations

Figure 8 compares the crystallographically deter-
mined conformations of the six cyclooctane rings
present in peptides 1-3. Acgc(2) [in peptides 1-3]

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

Figure 5 Packing diagram for the octapeptide 2. View
perpendicular to the helix axis. Intermolecular hydrogen
bonds are indicated by broken lines. W indicates the
oxygen atom of the co-crystallized water molecule.

dJ. Peptide Sci. 10: 160-172 (2004)



Figure 6 Packing diagrams for peptide 1 (top) and peptide
2 (bottom) viewed down the helix axis.

and Acgc(b) [in peptides 1 and 2] side-chains
have adopted boat-chair conformations as originally
defined by Hendrickson [35]. The Acgc(8) residue in
peptide 2 is appreciably distorted, with a rather low
value of the dihedral angle C5-Cs-C7-Cg (wg = —14°).
This conformation resembles the chiral interme-
diate in the pseudorotational pathway from the
boat-chair to the twisted boat-chair conformations
[36]. In all six Acgc residues the C* atom occu-
pies the basal position in the boat segment of the
boat-chair conformation. In four cases the amino
group occupies the quasi-equatorial position, while
the carboxylic group is quasi-axial, whereas in pep-
tides 1 and 3 the amino group is quasi-axial in the
Acgc(2) residue.

The determination of the geometry of as many as
six cyclooctane rings in the structures of peptides

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 7 Packing diagram for tripeptide 3. Intermolecular
hydrogen bonds are indicated by broken lines.

1-3 provides an opportunity to compare the struc-
tural characteristics of medium-sized cyclooctane
rings. Table 6 lists the internal bond angles in all
the six Acgc side-chains and provides a compar-
ison with values determined in previous crystal
structures, electron diffraction studies of the parent
hydrocarbon and in molecular mechanics studies of
cyclooctane. The observed internal bond angles in
all cases are appreciably larger than the ideal tetra-
hedral value. The average values [Acsgc(2): 117.3°],
[Acsc(D): 116.3°] in peptide 1, [Acgc(2): 117.2°],
[Acsc(B) 116.2°], [Acsc(8): 117.4°] in peptide 2 and
[Acsc(2): 116.5°] in peptide 3, obtained from the six
cyclooctane rings in the present crystal structure
study, are in good agreement with the results of
electron diffraction studies (Table 6). In the crys-
tallographic refinement Figure 9 summarizes the
distribution of the equivalent temperature factors
(Ueq=(1/3)>; Zj Uyajajaay) for the eight carbon
atoms of the Acgc rings. Carbon atoms C4, Cs and
Cs show the greatest positional variation, a feature
not unexpected in the eight-membered ring.

dJ. Peptide Sci. 10: 160-172 (2004)
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a) from peptide 2

Figure 8 Conformations of the Acgc residues of peptides
1-3 in crystals. Ring torsion angles are indicated.

Although molecular mechanics calculations have
frequently focused on cyclooctane rings in order to
explore the possibility of multiple conformational
states [35,37-41], accumulated evidence suggests
that even in the gas phase the ‘boat—chair is either
the exclusive or the strongly predominant form’ [42].
The present structure determinations confirm the
overwhelming preference of cyclooctane rings for the
boat-chair conformations with quasi Cs symmetry.
Peptide scaffolds with a high degree of crystallinity
may be useful in probing structural variability of
large ring cycloalkanes.

Solution Conformations

The conformations of peptides 1 and 2 were probed
in chloroform solution by 400 MHz 'H-NMR. Res-
onance assignments were achieved in a straight-
forward manner using a combination of correlated
spectroscopy (COSY) and rotating frame nuclear
Overhauser enhancement spectroscopy (ROESY).
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Figure 9 Distribution of equivalent temperature factors of
the eight ring carbon atoms in Acsc residues of peptides
1-3 [bars 1 and 2 from left correspond to Acgc(2) and
Acgc(b) of peptide 1, bars 3-5 correspond to Acgc(2),
Acgc(b) and Acgc(8) of peptide 2, and bar 6 corresponds to
Acsc(2) of peptide 3, respectively].
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Figure 10 NH proton resonances of octapeptide 2
(400 MHz) in the presence of varying concentrations of
the free radical TEMPO. Peptide concentration: 5 mm in
CDCl3. TEMPO concentrations are indicated. X = Acgc.

Chemical shifts of backbone and side- chain protons
are summarized in Table 7. The involvement of pep-
tide NH groups in intramolecular hydrogen bond-
ing was established by solvent perturbation of NH
chemical shifts in CDCl3/(CD3)2SO mixtures and
by paramagnetic radical-induced line broadening in
CDCls. Figure 10 shows the effect of addition of
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Table 6 A Representation of the Calculated and Observed Angles of Cyclooctane in Boat-Chair Conformations

Cl—Cg—Cs Cz—Cs—C4 C3—C4—C5 C4—C5—C6 C5—C6—C7 Ce—C7—C8 C7—C8—C1 Cg—Cl—Cg Average

Observed

Peptide 1 (this

study)

Acsgc(2) 115.5 117.2 118.8 120.4 113.3 121.4 117.7 114 117.3
Acgc(5) 115.4 114.5 119.5 114.5 115.6 119.1 116.6 115.5 116.3
Peptide 2 (this

study)

Acgc(2) 114.4 119.2 115.4 118.3 119.9 115.6 118.6 116.1 117.2
Acgc(5) 113.4 120.5 112.7 116.8 117.7 117.2 115.7 115.3 116.2
Acsgc(8) 116.6 117.7 117.7 118.9 120 120.9 114.5 112.7 117.4
Peptide 3 (this

study)

Acsgc(2) 116.7 118.4 116.1 116.8 118.7 114.8 116 114.5 116.5
Moretto et al. 116.4 117.4 119.9 117.8 118.9 118.4 117.5 114.1 117.5
[7®

Dobler et al. [46]? 115 117.3 118.2 118.3 115.6 115.4 115.1 112.7 115.9
Groth [47]2 116 115.5 118.7 115.8 114.8 117.4 115.2 118 116.5
Burgi and Dunitz 115 115.5 118.3 115.9 118.1 119.9 117.3 114.2 116.8
[48]2

Egmond and 114.2 116.2 119.1 116.4 115.2 117.5 114.8 117.3 116.3
Romers [49]2

Dorofeeva et al. 117 116.1 120.2 116.1 117 116 116.1 116 116.8
[42]°

Calculated

Hendrickson [37] 113.5 114.3 115.2 114.3 113.5 114.3 115.2 114.3 114.3
Wiberg [50] 109.6 117.4 125.3 117.4 109.6 114 114.4 114 115.2
Bixon and Lipson 114 114 115 113 115 116 116 116 115
[51]

Miller and 115.3 114.3 116.3 114.3 115.3 116.9 116.3 116.9 115.7
McPhail [52]

Dorofeeva et al. 115.3 115 117.4 115 115.3 117.3 116.3 117.3 116.1
[40]

a Crystal structure determinations of substituted cyclooctane derivatives.
b Values obtained from electron diffraction studies of cyclooctane in the gas phase.

2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) on the
line widths of the NH resonances of octapeptide 2. It
is clearly seen that only two NH resonances, Leu(1)
and Acsgc(2), show appreciable broadening indicative
of their solvent exposure. Similarly in pentapeptide
1 the only solvent exposed resonances were Leu(1)
and Acgc(2) [data not shown]. The solvent shift val-
ues (AS) shown in Table 7 also reveal that in both
peptides the only exposed NH groups correspond to
those of residues 1 and 2. These results are consis-
tent with the formation of a 3;¢-helical structure in
both the cases in which the NH groups of residues
3 to 5 in peptide 1 and residues 3 to 8 in pep-
tide 2 are intramolecularly hydrogen bonded. The

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

low 3Jyuc “H values obtained for most of the Leu
and Ala residues (Table 7), with the exception of
those at the C-terminus, also favour largely helical
conformations. In the case of octapeptide 2 all the
interresidue N;H <> Nj;;H NOEs (dyy) characteris-
tic of helical conformation were observed [data not
shown]. These results confirm that the helical con-
formations observed in crystals are also a dominant
feature in a solvent of low polarity for both peptides.

CONCLUSION

Our results establish that bulky cyclooctane side
chains are comfortably accommodated in peptide

dJ. Peptide Sci. 10: 160-172 (2004)
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Table 7 NMR Parameters for Peptides 1 and 22

Chemical shifts (§ ppm)P 3Junc °H
Residue NH C*H cfH C’H c’H Others® AS (ppm)d (Hz)
Leu(1) 4.99 3.81 1.62 1.50 0.97 1.62 2.5¢
(5.11) (3.80) (1.61) (1.48) (0.94) (1.46) 2.8)
Ac8c(2) 6.41 — — — — 1.3-2.3 1.09 —
(6.48) (1.3-2.3) (0.90)
Ala(3) 7.50 4.07 1.47 — — 0.01 4.9
(7.27) (4.20) (1.48) (0.01) (4.8)
Leu(4) 7.67 3.93 1.78 1.63 0.88 0.16 5.4
(7.48) (4.30) (1.71) (1.54) (0.85) (0.21) (8.0)
Ac8c¢(5) 7.32 — — — — 1.3-2.3 0.21 —
(6.98) (1.3-2.3) (0.08)
Ala(6) 7.01 4.17 1.50 — — 0.06 5.2
Leu(7) 7.61 4.27 1.72 1.50 0.86 0.02 7.8
Ac8c(8) 7.14 — — — — 1.3-2.3 0.01 —

aValues in parentheses are for peptide 1.
b Chemical shift values for proton resonances in CDCls.
¢ Methylene resonances of Acgc residues.

d Chemical shift difference for NH protons in CDClz and 23 : 77 DMSO-d6/CDCls,
¢Value in 0.99:99.01 DMSO-d6/CDCl3, added to sharpen resonances.

helices, thus permitting the construction of highly
hydrophobic helical faces with large protruding

substituents. Expanding the amino acid repertoire 4.

to include bulky cycloalkane substituents should
provide valuable information in studies of packing

in peptide assemblies and also in the design of 5
analogues of biologically active peptides. 6
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