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Abstract: The crystal structures of the peptides, Boc-Leu-Trp-Val-
OMe (1), Ac-Leu-Trp-Val-OMe (2a and 2b), Boc-Leu-Phe-Val-OMe
(3), Ac-Leu-Phe-Val-OMe (4), and Boc-Ala-Aib-Leu-Trp-Val-OMe (5)
have been determined by X-ray diffraction in order to explore the
nature of interactions between aromatic rings, specifically the
indole side chain of Trp residues. Peptide 1 adopts a type | B-turn
conformation stabilized by an intramolecular 4 — 1 hydrogen
bond. Molecules of 1 pack into helical columns stabilized by two
intermolecular hydrogen bonds, Leu(1)NH...O(2)Trp(2) and
IndoleNH...O(1)Leu(1). The superhelical columns further pack into
the tetragonal space group P43 by means of a continuous network
of indole-indole interactions. Peptide 2 crystallizes in two
polymorphic forms, P2, (2a) and P2,2,2; (2b). In both forms, the
peptide backbone is extended, with antiparallel B-sheet association
being observed in crystals. Extended strand conformations and
antiparallel B-sheet formation are also observed in the
Phe-containing analogs, Boc-Leu-Phe-Val-OMe (3) and Ac-Leu-Phe-
Val-OMe (4). Peptide 5 forms a short stretch of 3;o-helix. Analysis of
aromatic-aromatic and aromatic-amide interactions in the
structures of peptides, 1, 2a, 2b are reported along with the
examples of 14 Trp-containing peptides from the Cambridge
Crystallographic Database. The results suggest that there is no
dramatic preference for a preferred orientation of two proximal
indole rings. In Trp-containing peptides specific orientations of the
indole ring, with respect to the preceding and succeeding peptide

units, appear to be preferred in p-turns and extended structures.

Abbreviations: Aib, a-amino isobutyric acid; Boc, tert-
butyloxycarbonyl; OMe, methyl ester; Ac, acetyl; DCC/HOBT,
dicyclohexylcarbodiimide/1-hydroxybenzotriazole; MPLC, medium

pressure liquid chromatography.
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Introduction

The folded structures of peptides and proteins are stabilized
by networks of backbone hydrogen bonds and a multitude
of weak interactions involving the side chains of amino acid
residues. Trp is unique among the 20 amino acid residues
found in proteins because its large indole side chain can
participate in the formation of nonpolar clusters and also in
hydrogen bonding, with the indole NH-group serving as a
donor. In addition, the indole ring can serve as an acceptor
for weak NH...7 hydrogen bonds (1,2) and also participate in
weak electrostatic interactions involving the quadrupoles
of the aromatic ring (3—5). Trp residues play an important

Table 1. Crystal and diffraction parameters for peptides, 1-5

role in membrane proteins invariably occurring at the lipid-
water interface, as a consequence of the amphipathic nature
of indole side chains (6-10). The importance of Trp in
formation of hydrophobic clusters, which may be important
in the folding pathway of proteins, has been emphasized in
a recent study of hen lysozyme (11). Cross-strand interac-
tions between facing Trp residues have been advanced as a
means of stabilizing designed B-hairpin structures (12).
Several analyses of protein crystal structures have attemp-
ted to dissect the nature of stabilizing interactions invol-
ving the indole side chain of the Trp residue (13-15). In
order to systematically analyze interactions involving the

indole side chain of Trp we have embarked on program of

Peptide 1

Peptide 2a

Peptide 2b

Peptide 3

Peptide 4

Peptide 5

Empirical formula
Crystal habit
Crystal size (mm)

Crystallizing solvent

C28Ha2N4O6
Colorless rod
0.54 x 0.1 x 0.05

Methanol/water

CasH36N405
Colorless rod
0.6 x 0.25 x 0.18

Methanol/water

Space group P43 P2,
Cell parameters
a (A) 14.6979 (10) 10.966 (3)
b (A) 14.6979 (10) 9.509 (2)
c(A) 13.9749 (8) 14.130 (3)
B (deg) 90 104.941 (4)
Volume (A% 3019.0 (5) 1423.6 (6)
z 4 2
Molecules/asymmetric unit 1 1
Co-crystallized solvent None None
Molecular weight 530.66 472.58
Density (g/cm?) (cal) 1.168 1.102
F(000) 1144 508
Radiation MoK, MoK,
Temperature (°C) 20 20
26 maximum (°) 54.76 54.64
Measured reflection 24 401 11115
Rint 0.0507 0.0306
Independent reflection 6372 5668
Observed reflections [|F] > 44(F)] 4654 4408
Final R (%)/wWR; (%) 7.09/15.10 6.59/18.17
Goodness-of-fit (S) 1.121 1.065
Apmax(@A ) Apmin (€A73) 0.401/-0.119 0.390/-0.244
Number of restraints/parameters ~ 1/415 3/323
Data-to-parameter ratio 11.2:1 13.6:1

CasH36N405
Colorless rod
0.58 x 0.17 x 0.1

Methanol/water

Ca6Ha1N30g
Colorless knife
0.6 x 0.4 x 0.24

Ethanol/water

Ca3H35N305
Colorless needle
0.5 x 0.04 x 0.01

Ethanol/water

C35H50NgOg2H,0
Colorless plate
0.45 x 0.4 x 0.14

Methanol/water

P2:2124 2 P2,2124 P2,

9.533 (6) 31.318 (8) 9.514 (8) 9.743 (3)
14.148 (9) 10.022 (3) 13.563 (11) 22.807 (7)
19.527 (13) 9.657 (3) 20.046 (17) 10.106 (3)
920 107.409 (4) 90 105.730 (6)
2634 (3) 2892.2 (13) 2587 (4) 2161.6 (12)
4 4 4 2

1 1 1 1

None None None Two H,0
472.58 491.62 433.54 718.84
1.192 1.129 1.113 1.104
1016 1064 936 772

MoK, MoK, MoK, MoK,

20 20 20 20

52.68 54.80 46.50 54.8

19 056 9345 15 649 17 103
0.0207 0.0234 0.0234 0.0737
4928 5656 3711 8638

4499 4855 2761 5654
4.44/12.0 5.96/15.54 8.55/17.77 7.91/18.53
1.099 1.054 1.126 1.066
0.191/-0.310 0.317/-0.285 0.259/-0.184 0.533/-0.278
0/403 5/329 0/292 6/470
11.1:1 14.7 :1 9.4:1 12:1
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Peptide 2b

Peptide 2a

Figure 1. Molecular conformation of peptides 1—s. Peptide 2¢, represents the superposition of two polymorphs of Ac-Leu-Trp-Val-OMe. Hydrogen

bonds are shown by dotted lines.

crystal structure determination of synthetic Trp-containing
peptides.

We describe in this report the crystal structures of the
following peptides: Boc-Leu-Trp-Val-OMe (peptide 1),
Ac-Leu-Trp-Val-OMe (peptide 2a), Ac-Leu-Trp-Val-OMe
(peptide 2b).

In addition analogs of 1 and 2 in which Trp is replaced by
Phe, are also described: Boc-Leu-Phe-Val-OMe (peptide 3},
Ac-Leu-Phe-Val-OMe (peptide 4). Boc-Ala-Aib-Leu-Trp-Val-
OMe (peptide s).

The structures provide a view of both inter- and intra-
molecular interactions involving the Trp side chains in
three distinct secondary structure contexts. Peptide 1
adopts a folded B-turn structure, peptide 2a and 2b are
extended and aggregates to form an antiparallel B-sheet in
crystal, while peptide s folds to a short stretch of
3.0-helix. Indole-indole and indole-amide interactions ob-
served in the structure of peptides, 1, 2a and 2b are
analyzed together with examples of Trp-containing pep-
tides extracted from the Cambridge Crystallographic
Database.

Experimental Procedures
Peptide synthesis

All peptides were synthesized by standard solution phase
chemistry using Boc (tert-butyloxycarbonyl) and methyl
esters as protecting groups for the N- and C-termini,
respectively. Coupling reactions were mediated by dic-
(DCC/
HOBT). The final peptides were purified by medium pres-

yclohexylcarbodiimide/1-hydroxybenzotriazole

sure liquid chromatography (MPLC) on a C,3 column
(40-60 micron pore size) using methanol-water gradients.
Acetylation of the purified peptides was carried out after
acidolytic cleavage of the Boc-group and subsequent treat-
ment of the free peptide with acetic anhydride under basic
conditions. The homogeneity and identity of the peptides
were established by high-performance liquid chromatogra-
phy using methanol-water gradients and 400 MHz 'H one-
dimensional nuclear magnetic resonance (1D NMR| spectra
(Mf; = 531.3, Mf, = 553.3,
M, = 530.0 for peptide 1; Myf; = 473.4, M{, = 495.4,

and mass spectrometry

J. Peptide Res. 65, 2005 [ 113-129 | 11§
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Table 2. Torsion angles® (deg) of peptides, 1-5

Residues ¢ W ® e 72

Peptide 1
Leu(1) -76.8° -11.6 -177.1 -57.3 -57.2, 1771
Trp(2) -91.0 -8.8 -170.7 53.4 80.6, —99.1
Val(3) -62.7 150.4 175.0¢ 67.8, —164.1

Peptide 2a
Leu(1) -110.9° 131.0 173.0 178.8 68.3, —166.9
Trp(2) -136.4 114.0 -178.4 -176.9 41.8, -138.6
Val(3) -104.2 445 -176.9¢ -65.1, 179.4

Peptide 2b
Leu(1) -109.3° 133.5 173.4 -176.4 66.8, —168.8
Trp(2) -135.1 114.0 -177.5 172.2 63.4, -119.0
Val(3) -134.3 172.6° -178.8¢ 55.8, -69.3

Peptide 3
Leu(1) -99.2° 127.3 167.8 -179.6 -80.3, 135.2, 49.7, -149.5
Phe(2) -124.3 135.6 168.8 175.7 78.5, —94.6
Val(3) -147.3 143.7¢ 179.7¢ 59.6, —172.6

Peptide 4
Leu(1) -106.8°  133.1 169.7 -178.5 73.5, -160.0
Phe(2) -139.8 111.9 -178.3 -174.6 73.7, -107.7
Val(3) -125.7 173.7¢ 176.49 57.8, -67.0

Peptide 5
Ala(1) -58.7° 281  -178.2
Aib(2) -50.2 -37.1 -173.9
Leu(3) -77.2 -14.2 -162.9 —-60.6 -39.5, -165.4
Trp(4) -123.2 4.8 177.0 -64.0 -67.4, 110.9
Val(5) -92.5 -19.2¢  -1755° -62.6, 65.1

a. The torsion angles for rotation about bonds of the peptide backbone (¢, and w) and
about bonds of the amino acid side chains (;',5?) as suggested by the IUPAC-IUB Com-

mission on Biochemical Nomenclature (Biochemistry, 1970, 9, 3471-3479).
b. C’(0)-N(1)-C*(1)-C'(1).
c. N(3)-C*(3)-C’(3)-O(OMe).
d. C*(3)-C’(3)-O(OMe)-C(OMe).
e. N(5)-C*(5)-C’(5)-O(OMe).
f. C*(5)-C'(5)-O(OMe)-C(OMe).

M, = 472.0 for peptides 2a and 2b; Mf; = 492.3,
M;, = 514.4, My = 491.0 for peptide 3; Mj; = 433.2,
M{,, = 455.8, Mca = 432.0 for peptide 4; M, = 709.2,

My = 725.5, Mca) = 686.0 for peptide s).

X-ray diffraction

Single crystals, of peptides 1—s suitable for X-ray diffraction,
were grown by slow evaporation from methanol/water
mixtures (for peptides 1, 2a, 2b, and 5) and ethanol/water
mixtures (for peptides 3 and 4). The X-ray intensity data for

peptide crystals, 1—5, were collected at room temperature

116 | ]. Peptide Res. 65, 2005 [ 113-129

on a Bruker AXS (Madison, WI, USA) SMART APEX CCD
diffractometer with graphite monochromated MoK, (A =
0.71073 A) radiation. Peptide 2, crystallized in two poly-
morphic forms (2a and 2b). The structures of peptides, 1—s,
were determined by direct phase determination using
SHELXS-97 (16). Refinement for all the six structures were
carried out with a full matrix anisotropic least-square
method using SHELXL-97 (17). In peptide s, three water
sites were observed from the difference Fourier map during
the refinement. For peptide 1, hydrogen atoms attached to
one of the methyl groups of the tert-butyloxycarbonyl
moiety (Boc CoT1); Leu(1) N1, CA, CB, CG; Trp(2) N2, CA,
CB, CD1, NE1, CZ3, CE3; Val(3) N3, CA were located from
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Table 3. Hydrogen bond parameters of peptides, 1-5

Type Donor (D)  Acceptor (A) D...A (A) H...A (A) C=0..H(®) C=0..D(°®) OH...D (9

Peptide 1

Intramolecular

4 -1 N(3) 0(0) 3.623 2.815 111.9 112.3 172.4
Intermolecular®  N(1) 0(2)? 2.877 2.118 138.2 141.0 169.3
N(2E1) o(1)? 2.985 2.157 160.7 155.3 157.3
Peptide 2a
Intermolecular®  N(1) 0o(2)° 2.923 2.193 152.5 153.6 172.2
N(2) o(1)¢ 2.847 1.968 152.2 153.9 173.4
N(2E1) o@3)? 2.914 2.074 150.0 153.8 162.4
N(3) 0(0)® 2.838 2.146 147.5 149.9 170.3
Peptide 2b

Intermolecular®  N(1) 0(2)¢ 2.913 2.097 146.8 150.6 165.1
N(2) o(1)f 2.948 2.108 144.9 146.5 163.6
N(2E1) 0(3)¢ 3.211 2.444 168.4 158.3 140.9
N(3) 0(0)¢ 2.882 2.050 139.2 144.5 160.6

Peptide 3
Intermolecular®  N(1) op)" 2.970 2.164 166.3 164.6 173.7
N() o) 2.942 2.193 158.4 159.4 174.2
N(3) o(mh 2.956 2.147 156.2 158.2 162.4

Peptide 4
Intermolecular® N(1) o)y 2.935 2.078 153.2 152.3 176.7
N(2) o1k 2.973 2.083 142.5 143.1 169.7
N(3) o(oy 2.879 2.069 135.0 141.2 158.3

Peptide 5

Intramolecular

4 > 1P N(3) 0(0) 3.149 2.336 126.0 129.9 157.7
4 - 1P N(4) o(1) 2.938 2.092 123.6 125.9 167.8
551 N(5) o(1) 3.458 2.936 165.3 176.3 120.9
Intermolecular® N(1) o@)' 2.938 2.116 162.3 167.4 159.5
N(2) O1wW 3.057 2.231 161.1
N(4E1) o2w° 2.907 2.121 151.6

SolventP o3w° 0(2) 2.865

o1wW o™ 2.847

o1wW 0(3) 2.837

o2we° os)" 3.021

Oo3w° O1wW 2.969

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

b. Symmetry related by (-x, y — 1/2, -z + 1).

c. Symmetry related by (-x, y + 1/2, -z + 1).

d. Symmetry related by (-x, y — 1/2, -z + 2).

e. Symmetry related by (x — 1/2, -y + 1/2, -z + 2).
f. Symmetry related by (x + 1/2, -y + 1/2, -z + 2).
g. Symmetry related by (x + 1/2, -y + 3/2, -z + 2).
h. Symmetry related by (-x + 2, y, -z + 1).

i. Symmetry related by (-x + 2, y, -z + 2).

j. Symmetry related by (x + 1/2, =y + 1/2, =z + 2).
k. Symmetry related by (x — 1/2, -y + 1/2, -z + 2).
I. Symmetry related by (x, y, z + 1).

m. Symmetry related by (x + 1, y, z + 1).

n. Symmetry related by (-x + 1, y — 1/2, -2).

o. The occupancy of O2W = O3W = 0.5.

p. These are acceptable hydrogen bonds.

J. Peptide Res. 65, 2005 [ 113-129 | 117
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Figure 2. Stereo view of superhelical molecular packing of peptide 1, Boc-Leu-Trp-Val-OMe.

difference Fourier maps and refined isotropically. The rest of
the hydrogen atoms were fixed geometrically in idealized
positions and refined as riding over the heavier atom to
which they are bonded. For peptides 2a, 3, and 4, those
hydrogen atoms attached to nitrogens were located from
difference Fourier maps and refined isotropically. The rest of
the hydrogen atoms of these peptides and all the hydrogen
atoms of peptide 5 were fixed geometrically in the idealized
positions and refined as riding over the heavier atom to
which they were bonded. For peptide 2b, all hydrogens
except for protecting groups (Boc, OMe) and Leu(1) CD1,
CD2 carbons were located from difference Fourier maps and

118 | ]. Peptide Res. 65, 2005 [ 113-129

refined isotropically. The remaining hydrogen atoms were
fixed geometrically using the riding atom model. All
the relevant crystallographic data collection parameters
and structure refinement details for the six peptides are
summarized in Table 1. CCDC-220248 1, CCDC-247188 2a,
CCDC-247187 2b, CCDC-247185 3, CCDC-247189 4, and
CCDC-247186 s contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free-of-charge  via  http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB, ,EZ, UK;
fax: (+44)-1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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Figure 3. Three aligned superhelical peptide columns viewed down the b-axis, illustrating the Trp-Trp interactions along the c-axis. Dotted lines
show hydrogen bonds and the short Trp-Trp distance (5.63 A). The centroid of the 6-membered ring is shown.

Figure 4. Two views of the unit cell indica-
ting Trp-Trp interactions 1—2, 2—-3, 3—4
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2A

2B

Figure 5. Packing of two polymorph of peptide, Ac-Leu-Trp-Val-OMe (24 and 2B) forming an antiparallel B-sheet through intermolecular hydrogen

bond.

Results
Boc-Leu-Trp-Val-OMe (1)

Figure 1 shows the molecular conformation of peptide 1.
The relevant backbone and side chain torsion angles are
listed in Table 2 and hydrogen bond parameters in
Table 3. Peptide 1 adopts a type I B-turn conformation
with the ¢-, y-values of Leu(1) and Trp(2) lying in the
right-handed o-helical regions of ¢,y space. B-Turns are
usually characterized by the presence of a 4 — 1 hydrogen
bond involving the C=0 group of residue (i) and the NH-
group of residue (i + 3), with (i + 1) and (i + 2) being the
two corner residues of the turn segments. The N...O
distance corresponding to the potential NH...O hydrogen
bond [Boc C(0’)...HNVal(3)] is 3.623 A, which is somewhat
long for a stabilizing interaction. Such long hydrogen
bonds are not uncommon in peptide B-turns (18). The Trp
side chain is folded over the two segments with a gauche
conformation about C*-CP bond (4! = 53.4°). A similar
folding pattern for the tripeptide backbone has been ob-
served in crystals of two tripeptides containing a central
Trp residue of sequences, Boc-Gly-Trp-Ala-O'Bu (19) and
Z-Aib-Trp-Aib-OMe (20).

120 | ] Peptide Res. 65, 2005 [ 113-129

Figure 6. Another view of packing of two polymorph of peptide, Ac-Leu-
Trp-Val-OMe (24 and 28), shows aromatic interactions.
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4

Figure 7. Packing of peptides, Boc-Leu-Phe-Val-OMe (3) and Ac-Leu-Phe-Val-OMe (4) forming an antiparallel B-sheet through intermolecular

hydrogen bond.

Ac-Leu-Trp-Val-OMe (2a, 2b)

Peptide 2 differs from 1 only in the replacement of
N-terminus Boc-protecting group by an Ac-group. The
tripeptide, Ac-Leu-Trp-Val-OMe, crystallizes in two poly-
morphic forms, monoclinic P2, (2a) and orthorhombic
P2,2,2, (2b) from the same solvent mixture of CH,OH/H,O.
Interestingly, in both forms the peptide backbone confor-
mations are extended. The molecular conformations of 2a
and 2b, shown in Fig. 1 are dramatically different from that
observed in peptide 1. The superposition of the two poly-
morphs is also shown in Fig. 1. The relevant torsion angles
are listed in Table 2. The peptide backbone adopts an
extended conformation characteristic of a B-strand struc-
ture. The Trp side chain is also extended outward with the
trans-conformation about the C*~CP bond (3* = —176.9° for
peptide 2a and 172.2° for peptide 2b). Dramatic changes in

crystal state conformations of peptides upon changing the
protecting group have occasionally been observed (21).
Examples also exist for oligopeptides adopting completely
different conformations in polymorphic crystal forms. A
particularly noteworthy example is the case of [Leu’]
enkephalin (Tyr-Gly-Gly-Phe-Leu), which has been char-
acterized in crystals in both extended (22) and B-turn (23)
conformations. An interesting example of the simulta-
neous observation of extended and folded B-turn confor-
mation is presented in the structure of the fully protected
peptide, Boc-Leu-Dpg-Val-OMe (24) (Dpg = o,0-di-n-pro-
pylglycine). Undoubtedly, for the Leu-Gly-Val sequence
only small energy differences separate the B-turn and
extended structures. As a consequence changes in the
nature of the protecting group can influence molecular
packing in crystals, thereby tilting the balance between the

two conformations.

J. Peptide Res. 65, 2005 [ 113-129 | 121
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Figure 8. Another view of packing of peptide, Boc-Leu-Phe-Val-OMe (3)
and Ac-Leu-Phe-Val-OMe (4), shows aromatic interactions.

Boc-Leu-Phe-Val-OMe (3)

Peptide 3, is an analog of peptide 1, in which the central
aromatic residue is Phe instead of Trp. The backbone and
side chain torsion angles are summarized in Table 2. The
Leu side chain is disordered with an occupancy of
Ci1d1 = 0.58/0.42 and C1d2 = 0.51/0.49 over two positions.
The molecular conformation shown in Fig. 1 corresponds to
a completely extended B-sheet conformation with all three
residues adopting ¢-, y-values of —120 + 30° and 120 = 30°
respectively. Although y' is fully extended (175.7°), the
torsion about y* (78.5°, —94.6°) folds the aromatic ring back
over the Phe-Val peptide bond. A comparison of the struc-
ture of Boc-Leu-Trp-Val-OMe and Boc-Leu-Phe-Val-OMe
reveals striking backbone conformational differences,
which must arise as a consequence of crystal packing forces
upon changing the central aromatic residue.

Ac-Leu-Phe-Val-OMe (4)

Peptide 4, differs from peptide 3, only in the replacement
of the N-terminus Boc-protecting group by an Ac-group.
The molecular conformation shown in Fig. 1, which rep-
resents a completely extended conformation. The relevant
torsion angles are listed in Table 2. The structural differ-
ences between peptides 3 and 4 are mainly in the

122 | ] Peptide Res. 65, 2005 [ 113-129
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Figure 9. (A) Molecular packing of peptide, Boc-Ala-Aib-Leu-Trp-Val-

OMe (s). (B) Solvent interactions with the molecule stabilizes the

molecular packing.

conformation of the Leu and Val side chains. Like in pep-
tide, 3, ¢' is fully extended (-174.6°); the twist about y*
(73.7°, —107.7°), folds the aromatic ring over the Phe-Val
peptide bond.

Boc-Ala-Aib-Leu-Trp-Val-OMe (5)

The molecular conformation is shown in Fig. 1. The con-
formational angles and hydrogen bond parameters are listed
in Tables 2 and 3, respectively. Peptide 5, adopts a folded
right-handed helical conformation stabilized by two intra-
molecular 4 — 1 hydrogen bonds [BocC(o’)...HNLeu(3) and
Ala(1)C(1")...HNTrp(4)]. The 3,,-helical turn encompasses
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Table 4. List of Trp peptides from Cambridge Crystallographic Database®

Database identification

Sequences number References Code number Role of indole
Boc-Gly-Trp-Ala-O'Bu TUPGOA (18) 6 Aromatic-amide interaction
Z-Aib-Trp-Aib-OMe (two molecules/asymmetric unit) ROHVEP (19) 7 Aromatic-amide interaction
Z-Aib-Aib-Trp-Aib-OMe RORVIT (19) 8 Aromatic-aromatic interaction
Z-Aib-Aib-Aib-Trp-Aib-O'Bu ROHVOZ (19) 9 -
Boc-Aib-Aib-Aib-Trp-Aib-OMe ROHVUF (19) 10 -
Boc-Aib-Trp-Leu-Aib-Ala-Leu-Aib-Ala-Phe-OMe HICKE) (41) 1 Aromatic-amide interaction
Gly-Trp dihydrate GLTRDHO1 (42) 12 Aromatic-aromatic interaction
Ala-Trp monohydrate FUJZUF (42) 13 Aromatic-aromatic interaction
Trp-Gly monohydrate FULGEY (42) 14 Aromatic—aromatic interaction
Leu-Trp-Leu hydrochloride dihydrate FUDFUF (43) 15 Aromatic—aromatic interaction
Trp-Gly-Gly dihydrate FIZWOAO01 (44) 16 Aromatic—aromatic interaction
Trp-Gly-Leu GUBDIQ (45) 17 Aromatic-aromatic interaction
Trp-Met-Asp-phenylalanylamide GASTRN10 (46) 18 Aromatic-aromatic interaction
7-Methylguanosine-5’-phosphate-Trp-Glu complex SEKXIP10 (47) 19 Aromatic-aromatic interaction

a. The database contained 31 entries with Trp residues. Of these, only acyclic structures with short aromatic-aromatic (centroid-centroid distance between
6-membered rings of indole < 6.5 A) and/or aromatic—amide (centroid-centroid distance of 5-membered ring of indole and amide centroid < 4.5 A)

distances are listed.

residues 1-3, all of which adopt ¢-, y-values that lie in the
ar-region of the Ramachandran map. Formation of a turn of
3.0-helix is a commonly observed feature in short
sequences containing the helix promoting Aib residue
dihedral Trp(4)
(¢ = —123.2°, = 4.8°) are significantly distorted, resulting

(24,25). The backbone angles at
in the absence of the anticipated N(s)...O(2) hydrogen bond.
The observed N(s)...O(2) distance is 4.298 A. Water mole-
cule O3W forms a hydrogen bond to O(2). The observed
N(s)...O(1) distance 3.458 A may be suggestive of a weak
§ — 1 interaction, although the hydrogen bond angle and
O...H distances appear to be significantly distorted from
values normally observed for good hydrogen bonds. The
indole side chain folds back over the backbone, with a
gauche conformation (y' = —64.0°) observed about the Trp
C°-CP bond. The two water sites in the structure form
bridges between exposed NH-groups including the indole
side chain NH.

Crystal packing

Boc-Leu-Trp-Val-OMe (1)

Molecules of the tripeptide 1, pack into a helical column by
aggregation along the direction of crystallographic c-axis,
shown as a stereo view in Fig. 2. Two intermolecular
hydrogen bonds between Leu(1)NH...O(2)Trp(2) and indole

NH...O(1)Leu(1) of a symmetry-related molecules are

observed. Notably, the amide NH of the central peptide unit
of the B-turn is not involved in any hydrogen bond inter-
actions, presumably because of shielding by the indole side
chain which is folded back over the peptide backbone.
Inspection of the structure of the aggregated columns
immediately reveals that all three hydrogen bonds run
approximately parallel to the long axis of the twofold
superhelix. Molecules within a column are related by a 180°
rotation and translation resulting in well-defined helix
faces, in which Leu/Trp and Boc/Val/OMe groups are
clearly segregated. A view of three parallel superhelical
columns is shown in Fig. 3. Indole rings from symmetry-
related molecules are also shown between the columns.
The crystal is formed by a network of aromatic-aromatic
interactions between indole units on molecules related by
the crystallographic 4, screw axis. The centroid-centroid
distance for the 6-membered rings of interacting indole
rings is 5.63 A, which is well within the limits anticipated
for stabilizing interactions between aromatic rings (3).
Figure 4 shows two views of the packing of aromatic rings
in the crystal along the crystallographic c-axis. The
arrangement of molecules traces out a left-handed helical
path as clearly seen from the projection down the ag-axis.
The crystal structure of peptide 1, illustrates the import-
ance of the indole side chain of Trp in promoting formation
of a supramolecular right-handed helix, followed by
group,

interactions between aromatic rings. Interestingly, crystal

assembly into a tetragonal space utilizing
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Figure 10. (A) The indole rings are placed at a centroid—centroid distance of 5.5 A. The van der Waals surfaces generated with attached hydrogen

atoms are indicated: (A) NH...n, involving the indole NH and the 6-membered ring; (B and C) two possible parallel displacement arrangement; (D and
E) two possible orientations of perpendicular arrangement; (F) inclined orientation. Parameters used to define the aromatic interactions are shown in
(g): Rscen (A) is the distance between the centroid of 5-membered rings and Rycen (A) is the distance between the centroid of 6-membered rings; v (deg)

is the interplaner angle; Rey, (A) is the shortest distance between two heavy atoms of the interacting rings. (B) The centroid-centroid distance of the
amide plane and s-membered ring is 4.5 A. (H) Stacked arrangement of indole and amide plane; (I) hydrogen bonds between proximal amide and
indole group. Parameters used to define the aromatic-amide interactions are shown in (J): Rgcen (A) is the centroid—centroid distance of §-membered

ring and amide centroid; Rgcen (A is the centroid—centroid distance of 6-membered ring and amide centroid; v (deg) is the interplaner angle; Rcio (A)is
the shortest distance between the s-membered centroid and the closest heavy atom of amide plane; Reeio (A) is the shortest distance between the
6-membered centroid and the closest heavy atom of amide plane. (K) Schematic representation of aromatic-amide interaction where aromatic side

chain placed in ith position interacting with (i — 1)th or (i + 1)th amide planes within the peptide backbone.

of peptide 1, were also grown from the mixture of ethanol/
water, and 1 : 2 methanol/water. The solvent mixture 1 : 2
methanol/water was used to incorporate water molecule
into the crystal. But all the cases, the crystals belonged to the
primitive tetragonal crystal system, with exactly same cell
parameters suggesting that the superhelical assembly ap-
peared to be a favored packing mode. The importance of Trp
side chains in participating in both hydrogen bonding and
aromatic interactions in the context of protein structures
has been emphasized (14). The formation of the superhelix,
facilitated by both backbone and side chain hydrogen bonds,
has passed unnoticed in the crystal structure of a conform-
ationally similar tripeptide, Z-Aib-Trp-Aib-OMe (20). In that
case, crystal formation does not involve indole-indole
interactions. The cooperative role of weak interactions in
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determining molecular assemblies in crystals has been

emphasized in several recent examples (27-29).

Ac-Leu-Trp-Val-OMe (2a and 2b)

In both crystals, 2a and 2b, molecules pack into antiparallel
B-sheet structures. The potential hydrogen bond parameters
are listed in Table 3. Three intermolecular hydrogen
bonds, Leu(1)NH...OCTrp(2); Trp(2)NH...OCLeu(1); and
Val(3)NH...OCAc(o) between symmetry-related molecules
form the infinite sheet. The fourth hydrogen bond between
the indole NH- and Val(3)CO-group links molecules in
adjacent columns shown in Fig. 5. There is little difference
of the intermolecular hydrogen bonding modes between the
two polymorphs. Figure 6 shows an alternate view of the
packing, which illustrates the close approach of aromatic



2b

Sengupta et al. Tryptophan peptide structures

12
)20,
g

R, =7.50A Ry, =732A R, = 636A Ry.p=7217A Ry, =5.93A
R, = 5.62A R, =555A Ry, = 5-83A R, =5.04A een= 5-25A
Y =89.78° = 47.43° Y =11.60° Y 279,500 Y  =6586°
R,, =3.86A R, =369A Ry, =346A R,, =379A R,, =3.72A
12 13 14 14
R5°"'“ = 5.841& RSC"'“ = 4‘95[& RScen = 5'051§ Ricen 5'20[§ RScen =7 70A
Rgeen = 5.84A Rgeen=4.95A Ry, = 5484 Ry, = 5.20A Ry = 5114
Yy =0° Yy =0 Y  =81.66° Yy =0° Y  =63.43°
R;, =337A R, =372 R,, =333A R,, =345A R,, =351A
15 16 17 18 19
= I® ™
Rs.,, = 3.89A Ry, = 5.63A Rs.n = 5.63A R, =7.68A Ry, = 6.56A
teen = 4.34A Ry, = 5.44A R,..,=5.96A R, =657A Ryoen = 6;56 A
Y =8.06° v =54.04° Y =8233° v 83.46° vo=00
R,, =3.60A R, =3.71A R,, =3.30A R, =4.54A R, =6.56A

Figure 11. Aromatic-aromatic interactions observed in the crystals of peptides. The van der Waals surfaces are shown. The parameters Ricen, Recen,

y and Ry, are indicated.

rings on neighboring molecules. In both polymorphs, indole
rings stack in pairs with a significant difference in the ori-
entation of the rings in the two cases. In peptide 2a, the
interplaner angle is 47° and the distance between the
centroids of the 6-membered rings is 5.55 A, whereas in
peptide 2b, the interplaner angle is 11° and the distance
between the centroids of 6-membered rings is 5.84 A.

Boc-Leu-Phe-Val-OMe (3) and Ac-Leu-Phe-Val-OMe (4)
Peptides 3 and 4, which contain Phe at the second posi-
tion may be contrasted with peptides 1 and 2, which

contain a Trp residue at that position. Both peptides

adopt extended conformations, packing into an antipar-
allel B-sheet arrangement in crystals. All relevant dis-
tances and angular parameters between potential
hydrogen bond donor and acceptor groups are summarized
in Table 3. Strips of B-sheet are brought together by van
der Waals interactions, as shown in Fig. 7. An alternative
view of the packing shown in Fig. 8 reveals significant
differences in packing of aromatic side chains. In peptide
3, nNo aromatic-aromatic interactions are observed
whereas, in peptide 4, the rings are stacked in pairs with
an interplaner angle of 64.78° and a centroid-centroid

distance of 5.80 A.
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Figure 12. Aromatic-amide interactions 1
observed in the crystals of peptides. The van
der Waals surfaces are shown. The para- 4}_{
meters Rsccn/ Rsccn/y and RSCIO/ Réclo are
indicated.
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Boc-Ala-Aib-Leu-Trp-Val-OMe (5)

The packing of the helical peptide s, into crystals is facili-
tated by bridging water molecules. As many as three water
sites are observed. While site O1W shows full occupancy,
02W and O3W show half occupancy with simultaneous
(O2W...03W =
2.260 A) (29). O2W forms a hydrogen bond with an indole
NH-group and the Val(5)CO-group. O3W bridges O1W and
the Aib(2)CO-group. O1W forms four hydrogen bonds act-

occupancy being sterically excluded

ing as a donor in two and acting as an acceptor in two cases,
shown in Fig. 9. All the hydrogen bond parameters are
summarized in Table 3. Notably, the potential helical
intramolecular hydrogen bond involving Val(s)NH is dis-
torted by the hydrogen bond interaction to O3W. This is
also evident in the large deviation of the backbone dihedral
angle of Trp (¢ = —123.2°, Y = 4.8°) from that anticipated in

a helix.
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Interactions involving the indole ring of Trp

Aromatic-aromatic and aromatic-amide interactions have
been suggested to be important determinants of folded
structures of proteins. There have been several detailed
analyses of interactions involving Phe rings in peptides
and proteins (31-33) and interactions between the aro-
matic ring and the backbone amide group within a protein
environment (34-36). The indole ring of Trp has been the
focus of several theoretical studies (37-41). The analysis of
indole-indole interactions in proteins is limited by the
relatively low occurrence of Trp-Trp pairs in globular
proteins. The determination of several peptide structures
with Trp residues in this study promoted us to examine
the modes of interaction of indole side chains. Table 4
provides a list of Trp-containing peptides (19,20,42-48)
from the Cambridge Crystallographic Database, which



Figure 13. Schematic representation of environment of amide planes
surrounding the indole ring which provides the stabilizing aromatic—
amide interactions. The representation was generated using the pro-
gram MOLMOL (50).

have been used in addition to the structures determined in
the present study. Figure 10 schematically represents the
common idealized arrangements of indole rings and defines
the interaction parameters used to describe ring orienta-
tions. The experimental values determined are summarized
in Fig. 11. In the case of Trp-Trp interactions there is a fairly
wide distribution of the interplaner angle v, while several
examples of almost parallel and perpendicular arrangements
are observed. Close approach of the 6-membered ring
appears to be favorable with Rgcen < Rycen I most cases.
observed aromatic-amide

Figure 12 summarizes the

interactions. In all the cases of extended backbone
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