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Abstract: Aromatic—aromatic interactions between phenylalanine side chains in peptides have been probed
by the structure determination in crystals of three peptides: Boc-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe, I;
Boc-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe, II; Boc-Aib-Ala-Phe-Aib-Phe-Ala-Val-Aib-OMe,
I1l. X-ray diffraction studies reveal that all three peptides adopt helical conformations in the solid state with
the Phe side chains projecting outward. Interhelix association in the crystals is promoted by Phe—Phe
interactions. A total of 15 unique aromatic pairs have been characterized in the three independent crystal
structures. In peptides | and Il, the aromatic side chains lie on the same face of the helix at /i + 4 positions
resulting in both intrahelix and interhelix aromatic interactions. In peptide 11, the Phe side chains are placed
on the opposite faces of the helix, resulting in exclusive intermolecular aromatic interactions. The distances
between the centroids of aromatic pair ranges from 5.11 to 6.86 A, while the distance of closest approach
of ring carbon atoms ranges from 3.27 to 4.59 A. Examples of T-shaped and parallel-displaced arrangements
of aromatic pairs are observed, in addition to several examples of inclined arrangements. The results support
the view that the interaction potential for a pair of aromatic rings is relatively broad and rugged with several
minima of similar energies, separated by small activation barriers.

Introduction illustrated in Figure 1, and the parameters used to describe ring
) o . orientations are also definédzarly surveys of aromatic pairs
Aromatic-aromatic interactions were suggested t0 be a j, ,ioteins revealed a preponderance of perpendicular edge to
stabilizing force in determining globular protein structures, from face orientations (Figure 1d,e), although it was noted that in
an ar!aly_/sis C,)f the frequency of occurrence of aromatic pairs in well-packed interiors “interaction with other side chains can
protein interiors.™ Burley and Petsko observed “that on an jiaifere with and obviously overcome the preference for a
average about 60% of aromatic side chains in proteins are e nengicular interaction in aromatic paifsA large body of
involved in aromatic pairs, 80% of which form networks of o, nerimental and theoretical work on benzene difnéfavors
three or more interacting aromatic side chains. Phenyl ring ) the parallel-displaced (Figure 1b) and T-shaped clusters
centroids are separated by a preferential distance of between -
4.5 and 7 A, and dihedral angles approaching 8fe most ™ 2"5‘2%3‘_‘%2%39' B.; Gagnes, M.; Rappe, A.X Biol. Chem1998 273

common”! A large number of subsequent analyses have (8) Cox, E. G.; Cruickshank, D. W. J.; Smith, J. A.Foc. R. Soc. London,
. . s . . Ser. A1958 247, 1-21. (b) William, D. E.Acta Crystallogr 1974 A30,
reemphasized the importance of aromatic interactions in struc-  71-74. (c) Hall, D.: Williams, D. EActa Crystallogr 1975 A31, 56-58.

ture stabilization and have pointed to the occurrence of several (9) Forexamples: (a) Janda, K. C.; Hemminger, J. C.; Winn, J. S.; Novick, S.
.o E.; Harris, S. J.; Klemperer, W. Chem. Physl975 63, 1419-1421. (b)
alternate arrangements of closely packed flat aromatic frfgs. Steed, J. M.: Dixon, T. A.; Klemperer, W. Chem. Phys1979 70, 4940~
i i i 4946. (c) Henson, B. F.; Hartland, G. V.; Venturo, V. A.; Felker, P.JM.
The most common idealized arrangements are schematically Chem. Phys1002 97 2180, (d) Ferguson. S B.. Sanford, £. M Seward,
E. M.; Diederich, FJ. Am. Chem. So2991, 113 5410-5419. (e) Paliwal,
S.; Geib, S.; Wilcox, C. SJ. Am. Chem. S0d 994 116, 4497-4498.
(10) Hobza, P.; Selzle, H. L.; Schlag E. W.Am. Chem. S0&994 116, 3500~

T Department of Physics, Indian Institute of Science.

* Molecular Biophysics Unit, Indian Institute of Science. 3506
§ Department of Inorganic and Physical Chemistry, Indian Institute of (11) Laatikainen, R.: Ratilainen, J.; Sebastian, R.: Santd, Am. Chem. Soc
Science. 1995 117, 11006-11010.

''Naval Research Laboratory. (12) Tsuzuki, S.; Uchimaru, T.; Mikami, M.; Tanabe, Rhem. Phys. Let.996
(1) Burley, S. K.; Petsko, G. ASciencel985 229 23—28. 206-210.
(2) Singh, J.; Thornton, J. MFEBS Lett 1985 191, 1-6. (13) Jaffe, R. L.; Smith, G. DJ. Chem. Phys1996 105, 2780-2788.
(3) Burley, S. K.; Petsko, G. AJ. Am. Chem. Sod.986 108 7995-8001. (14) Chipot, C.; Jaffe, R.; Maiggret, B.; Pearlman, D. A.; Kollman, P.JA.
(4) Burley, S. K.; Petsko, G. AAdv. Protein Chem1988 39, 125-189. Am. Chem. Socdl996 118 1121711224.
(5) Hunter, C. A.; Singh, J.; Thornton, J. NI. Mol. Biol. 1991, 218 837— (15) Hobza, P.; Selzle, H. L.; Schlag, E. W.Phys. Chenl996 100, 18796~

846. 18794.

(6) Serrano, L.; Bycroft, M.; Fersht, A. R. Mol. Biol. 1991, 218 465-475. (16) Sun, S.; E. R. Bernstein, E. B. Phys. Chem1996 100, 13348-13366.
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S properties of interacting pairs of aromatic residues have also
.“,, been investigated computationadyWe have been investigating
R the effect of aromatic residue positioning on helical and
- B-hairpin peptide backbones. The ability to design conforma-
_ _“_ tionally rigid' peptides of \{vell-defiped secondary structure'using
S stereochemically constrained amino a&t&has been exploited
to construct helical peptides, with appropriately positioned
phenylalanine (Phe) side chains. In this report, we describe the
crystal structures of three helical peptides containing multiple
aromatic rings, which provide an opportunity to characterize
both intramolecular and intermolecular PHehe interactions
in the solid state. Conformational rigidity resulting in the
formation of helical structure is imposed by appropriate place-
ment of thea-aminoisobutyryl (Aib) residué’—3° The crystal
structures of the following peptides are described:

a b

§Y

Boc Val - Ala-Phe-Aib-Val-Ala-Phe- -Aib-OMe (Peptide I)
Boc-Val - Ala-Phe-Aib-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe (Peptide II)

Boc-Aib - Ala-Phe-Aib-Phe-Ala-Val- -Aib-OMe (Peptide IIT)

Peptided andll contain the repeating tetrapeptide unit (Val-
Ala-Phe-Aib), (I, n = 2; 1, n = 3), in which the Phe residues
appear at positionsandi + 4 and are expected to be aligned
on the same face of a helical structure. Peptltecontains a
central Phe-Aib-Phe-Ala-Val segment, which corresponds to an
Figure 1. Geometries of aromatic interactions. The aromatic pairs are interchange of the Val and Phe residues in the corresponding
placed at a centroidcentroid distance of 5.5 A, which is the distance at segment in peptidé and I, resulting in ani andi + 2
which the distribution of PhePhe pairs in proteins is maximuhfor the —  grientation of Phe residues, which precludes an intramolecular
parallel sandwich arrangement the energetically optimum distance is . ion in helical s d ination in sinal
expected to be at 3.5 A. The van der Waals surfaces generated with attachedteraction in helfica _Strucwres' tr_UCture etermination !n single
hydrogen atoms are indicated: (a) parallel sandwich, eclipsed; (b) parallel Crystals reveals helical conformations for all three peptides and
sandwich, staggered; (c) parallel displaced; (d) T-shaped, edge to face; (e)provides examples of cooperative Ptighe interactions through-
L-shaped, edge to edge; (f) inclined. Parameters used to define the aromatic,, + the crystals. Perpendicular, parallel-displaced, and inclined
interaction are shown in (g)Reen (A), which is the centroie-centroid . . T . ! L o
distance:y (deg), which is the interplanar anglByo (A), which is the orientations of the interacting aromatic ring pair are observed.
shortest distance between two carbon atoms of the interacting rings. Peptidell reveals an interesting example of static disorder

) ] o ) ) arising from specific PhePhe interaction between helical
(Figure 1d). Indeed, while summarizing theoretical studies on ¢,jumns.

benzene dimers, Sun and Bernstein note that, “if theory is telling

us anything, it surely is saying that the interaction potential Experimental Section

between two benzene molecules is quite flat and that many local

minima can exist for the dimer. Only small barriers separate Peptidesi Il were synthesized by conventional solution phase
parallel displaced, herringbone, and perpendicular (T) conforma- procedures using a fragment condensation st_rategy. Boc_ and methyl
tions”16 A more recent survey of protein structutessing a ester groups were used as N- and C-terminal protecting groups,

. o respectively. Peptides couplings were mediatedNiy-dicyclohexy-
large dataset of 500 proteins concludes thatacking interac- Icarbodiimide (DCC) and 1-hydroxybenzotriazole. The peptides were

tions a_re “a!lve and We_" n p.rotelns", a ConCI_US'On based.on an purified by reverse-phase medium-pressure liquid chromatography (C
analysis of isolated pairs (dimers of aromatic pairBptential 40-60 um) using methanol/water gradients. The peptides were
of mean force calculation lead to the conclusion that in an characterized by 500 MH#H NMR spectroscopy and MALDI mass
aqueous environment stacking is favored, whereas in hydro-
phobic surroundings T-shaped structures are more stdble. (20) Butterfield, S. M.; Patel, P. R.; Waters, M. I Am. Chem. SoQ002
i i i 124, 9751-9755.

_Several recent expe_rlnjental ?tUd'?S hav_e_ _empha_3|zed the(zl (a) Tatko, C. D.; Waters, M. L1. Am. Chem. So@002, 124, 9372-9373.
importance of aromatic interactions in stabilizing helices and

)
(b) Walters, M. L.Curr. Opin Chem. BioIZQOZ 6, 736-741.
ﬁ-hairpins in designed synthetic peptic?é32.3 The structural (22) Schindelin, H.; Jiang, W.; Inouye, M.; Heinemann,Rtoc. Natl. Acad.
)

Sci. U.S.A1994 91, 5119-5123.
(23) (a) Das, C.; Shankaramma, S. C.; BalaramCRem—Eur. J. 2001, 7,

(17) Sinnokrot, M. O.; Valeev, E.; Sherrill, C. D. Am. Chem. So2002 124, 840-847. (b) Aravinda, S.; Shamala, N.; Rajkishore, R.; Gopi, H. N.;
10887-10893. Balaram, PAngew. Chem., Int. EQ002 41, 3863-3865.

(18) For examples: (a) Bhattacharyya, R.; Samanta, U.; Chakrabdrtiofein (24) Gervasio, F. L.; Chelli, R.; Procacci, P.; Schettino,Pvoteins: Struct.,
Eng. 2002 15, 91-100. (b) Thomas, A.; Meurisse, R.; Brasseur, R. Funct., Genet2002 48, 117-125.7
Proteins: Struct., Funct., Gene002 48, 635-644. (c) Thomas, A.; (25) Venkatraman, J.; Shankaramma, S. C.; Balaraif@hem. Re. 2001, 101,
Meurisse, R.; Charloteaux, B.; BrasseurPRoteins: Struct., Funct., Genet 3131-3152.
2002 48,628-634. (d) Tdah, G.; Watts, C. R.; Murphy, R. F.; Lovas, S. (26) Kaul, R.; Balaram, PBioorg. Med. Chem1999 7, 105-117.
Proteins: Struct., Funct., Gene2001, 43, 373—-381. (e) Mitchell, J. B. (27) Prasad, B. V. V.; Balaram, ERC Crit. Re. Biochem.1984 16, 307—
0O.; Laskowski, R. A.; Thornton, J. MProteins: Struct., Funct. Genet. 347.
1997 29, 370-380. (28) Karle, I. L.; Balaram, PBiochemistry1l99Q 29, 6747-6756.

(19) Chelli, R.; Gervasio, F. L.; Procacci, P.; SchettinoJVAm. Chem. Soc. (29) Toniolo, C.; Benedetti, ETrends Biochem. Sci991], 16, 350-353.
2002 124, 6133-6143. (30) Balaram, PCurr. Opin. Struct. Bial 1992 2, 845-851.
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Table 1. Crystal and Diffraction Parameters for Peptides 111l

peptide | peptide I peptide 1l
empirical formula G8H72N8011 C59H10d\112015 2C47H70N8011'4H20
cryst habit clear and rectangular prism with cracks clear and rectangular
cryst size (mm) 0.4% 0.3x 0.2 0.53x 0.33x 0.07 0.4x 0.3x 0.1
crystallizing solvent methanol/water/acetone acetonitrile/water acetonitrile/water
space group P212:2; Cc2 P1
cell params

a(h) 12.4460(12) 38.779(13) 10.802(3)

b (R) 16.027(2) 8.839(2) 16.361(5)

c(A) 27.704(3) 23.369(5) 17.853(6)

o (deg) 90. 90. 116.405(5)

p (deg) 90. 104.74(2) 95.535(7)

y (deg) 90. 90. 93.164(6)

V (A3) 5526.4(11) 7746.5 2795.8(15)

z 4 4 2
molecules/asym unit 1 1 2
cocrystallized solvent none none 4 water molecules
M; 937.1 1337.6 2(923.1 72=1918.2
Dcaica (g/cn?) 1.126 1.147 1.135
F(000) 2016 2872 1024
radiatn ¢, A) Cu Ko (1.5418) Cu K (1.5418) Mo Ka (0.710 73)
temp €C) 21 20 21
26 range (deg) 140.3 115.2 53.8
scan type w—20 0—20 w
scan speed variable constant
indpdt reflcns 5725 5784 10887
obsd reflcns 4140F| > 4o(F)] 1877 [F| > 4o(F)] 6562 [|F| > 40(F)]
final R (%) 5.88 10.22 7.68
final WR2 (%) 16.09 20.91 18.58
goodness of fit$) 1.073 1.015 0.733
Apmax (€ A3) 0.64 0.24 0.45
Apmin (€ A3) —0.20 -0.24 -0.23
no.of restraints/params 6/605 14/768 5/1225
data-to-param ratio 6.8:1 2.45:1 5.4:1

spectrometryNnat = 959.8,Mcq = 937.1 for peptidé; Mya+ = 1360.5, values for G-C = 1.39 A and G-C—C = 2.41 A and refined

Mca = 1337.6 for peptidél ; Mnat = 945.4,Mqq = 923.1 for peptide isotropically. Additionally, there are two positions for thert-butyl

). group in the terminatert-butoxy group related by a rotation about a
Crystals of peptidé were grown from methanol/water mixtures by ~ C—0O bond. Full-matrix least-squares refinement resulted in an R factor

slow evaporation. Three-dimensional intensity data were collected up of 10.2%.

to 14C using Cu Kk radiation ¢ = 1.5418 A) on a CAD4 Crystals of peptidelll were grown by slow evaporation of

diffractometer. The structure was determined and refined (SHELXS- acetonitrile/water mixture in the triclinic space grobyp, with two

97 and SHELXL-973 to an R factor of 5.88%. molecules in the asymmetric unit, along with four water molecules.
Crystals of peptidél grown from dioxane/methanol were very thin ~ The X-ray data were collected on a Bruker AXS SMART APEX CCD

and fragile. Robust prisms were obtained by slow evaporation from diffractometer, using Mo i radiation ¢ = 0.710 73 A). The structure

acetonitrile/water solution. Even though most of the crystals contained was solved by direct methotisand refined to an R factor of 7.68%.

cracks, the optical extinction was good and the X-ray peaks generally The crystal and diffraction parameters for peptidedil are sum-

had a good profile. X-ray data were collected for a triclinic setting marized in Table 1.

with Cu Ko radiation ¢ = 1.5418 A). The structure was solved initially

in space grou1 for the two molecules in the unit cell, using a vector

search proceduf&®® and tangent formula expansidrbased on a 34 Figure 2 shows a view of the molecular conformation of the

atom model from thec-helical structure of Ac-Val-Ala-Leu-Dpg-Val-  three peptides determined in crystals. The backbone and side

Ala-Leu-OMe* The two molecules in the cell were very similar,  cpain torsion angles are summarized in Table 2, and hydrogen

including the disorder in the t_hree p_henylalanme residues. Furthermore,bond parameters are listed in Table 3. Peptidasd|l exhibit

they were related by a rotation axis. The X-ray data were recollected predominantly a pattern of a-helical (51 hydrogen bonds)

in the more symmetric monoclinic space gra@p, in which there is . .
one molecule/asymmetric unit. In both space groups, at the Phe(3),Wlth good 4~1 hydrogen bonds (ghelical tums) observed only

Phe(5), and Phe(11) residues, there are two positions for each phenyPt the termini. The observed hydrogen bonds listed in Table 3
ring, with about 50% occupancy in each position. Because of the are based on a comparison of all the parameters for both 4

proximity of many atoms of the phenyl rings in the “average” electron and 5—1 interactions?’:38

density map, the six phenyl rings were restrained to have idealized The structure of an “averaged” molecule of peptilevith

2-fold disorder is shown in Figure 2b. All the valine side chains

(31) (a) Sheldrick, G. MSHELXS 97, Program for Automatic Solution of Crystal i i i i
Structures University of Gatingen: Gatingen, Germany, 1997, (o) &€ Onone side of the helix, and all the disordered phenylalanine
Sheldrick, G. M.SHELXL 97, Program for crystal structure refinement
University of Gdtingen: Gitingen, Germany, 1997.

(32) Nordman, C. E.; Nakatsu, K. Am. Chem. S0d 963 85, 353—-354.

(33) Egert, E.; Sheldrick, G. MActa Crystallogr 1985 A41, 262—268. 10S Press: Amsterdam, 2001; pp-7&1.

(34) Karle, J.Acta Crystallogr 1968 B24, 182—-186. (37) Datta, S.; Shamala, N.; Banerjee, A.; Balaram]).FPept. Res1997, 49,

(35) Vijayalakshmi, S.; Rao, R. B.; Karle, I. L.; Balaram,Btopolymers200Q 604—611.
53, 84—98. (38) Baker, E. N.; Hubbard, R. Prog. Biophys. Mol. Biol1984 44, 97—179.

Results and Discussion

(36) Sheldrick, G. M.; Schneider, T. Rirect Methods for Macromolecules.
Methods in Macromolecular Crystallographyurk, D., Johnson, L., Eds.;
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Molecule A

Molecule B

a b c
Figure 2. Molecular conformation in crystals of peptideslll . All the hydrogen bonds are shown as dotted lines:| (8oc-Val-Ala-Phe-Aib-Val-Ala-
Phe-Aib-OMe; (b)ll, Boc-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe; (¢)l , Boc-Aib-Ala-Phe-Aib-Phe-Ala-Val-Aib-OMe.

Table 2. Torsion Angles (deg)*® for Peptides I-lII

) by w
residue | Il 1A 1B | I 1A B I I A 1B
Val(1)/Aib(1) —55.8 —50.8 —53.2 -552 376 —422 -358 319 -—179.7 -176.8 —176.6 —179.8
Ala(2) —56.4 —58.5 —57.0 —53.7 —384 —-408 —28.8 —30.8 176.0 —177.6 —178.6 —179.5
Phe(3) —69.7 —69.5 —61.8 —-60.2 —450 —471 -380 375 179.3 180 179.8 177.0
Aib(4) —51.3 —52.2 —53.7 —542 469 —471 —-444 —460 -—1776 1788 —1788 —179.1
Val(5)/Phe(5) —63.3 —63.1 —68.3 -66.6 —449 -—-450 —-309 396 —179.7 178.2 -—-179.6 —172.8
Ala(6) —64.5 —54.5 —63.9 —68.7 —39.2 457 215 —327 —179.6 1712 -179.9 179.7
Phe(7)/Val(7) —64.5 —-543 —109.8 —104.3 —443 502 -7.8 -3.1 1705 -179.9 -—-1726 —175.6
Aib(8) 51.0 —59.8 —66.9 —54.0 492 372 161.2 —35.1 171.3 177.6 168.6 —178.3
Val(9) —63.1 —47.6 —175.3
Ala(10) —60.9 —28.9 —175.1
Phe(11) —103.8 -9.1 -161.9
Aib(12) —68.5 165.5 173.8
Side Chain Torsion Angles (deg)
x1 %2
residue | I A I[[:3 | I 1A 1B
Val(1) —61.1,174.2 —33.7,—-147.0
Phe(3) 172.6 —78.6 (178.7) —171.7 —170.1 70.9-108.2 83.6-100.9 (58.8,-117.7) 78.8,-96.7 66.8-112.2
Val(5)/Phe(5) —72.6, 163.7 —70, 166.2 —69.6 —65.5 87.2-99.9 86.9-93.6
Phe(7)/Val(7) —174.1 —73.7(167.4) 75.4:55.1 66.1,-55.3 78.6-100.8 107.6-69.6 (74.7,—101.6)
Val(9) —65.5, 167.3
Phe(11) —49.0 (—90.9) 153.0,-34.2 (91.6,-96.5)

aC'(0)—N(1)—C*(1)—-C'(1). ® N(8)—C*(8)—C'(8)—O(OMe). ¢ C*(8)—C'(8)—O(OMe)-C(OMe).  N(12)—C*(12)—-C'(12)—O(OMe). ¢ C*(12)-C'(12)—
O(OMe)-C(OMe). The side chain torsion angle values of disordered Phe residues in dépdigegiven in parentheses. Esdis1.0°

side chains are on the other side. The “averaged” molecule Peptiddll crystallized with two molecules in the asymmetric
represents two distinct conformers where rotations take placeunit. Molecule A showed a predominatelygdelical (4—1
about the €—C’ bonds. In conformer A, where the three phenyl  hydrogen-bonding pattern), while molecule B revealed a mixed
rings point upward, the torsion anglegI¥CAC; (%) are—79, 31 helix, with the N and C terminal segment stabilized by

—74, and—49° (gauche, g7) for rings labeled 3A, 7A, and 41 and 5-1 hydrogen bonds, respectively. A comparison of
11A,' In conformer B, where theo rings point QOwnward, the \...0 and H-+O distances listed in Table 3 suggests that the
torsion angles are 179, 167, an@1” (trans, § for rings labeled intramolecular hydrogen bonds in peptitle are significantly

+ i i i
3B, 78, and 118_' Theg" andt side chain confo_rmatlon have a  \eaker on an average than those observed in peftiaesl| .
greater propensity for occurrence for Phe residues-lirelices : . o . .

This observation may be of some significance in the light of

in proteins3® ) ) ) g
the subsequent discussion of the array of aromatiomatic
(39) Chakrabarti, P.; Pal, DProg. Biophys. Mol. Biol2001, 76, 1—102. interactions that stabilize the molecules in the crystal. It is

J. AM. CHEM. SOC. = VOL. 125, NO. 18, 2003 5311
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Table 3. Hydrogen Bonds for Peptides I-IlI exclusively by head-to-tail hydrogen bonds, between the free
N0  HeO C=0-H C=0-+N O-HN NH and CO groups at helix termini. In peptidd , the
type  donor acceptor () (G (deg) (deg) (deg) asymmetric unit consists of a pair of approximately parallel
Peptidel: Intermolecular Bonds helices. The helical columns are arranged in, necessarily, parallel

N(1) O(6p 3.088 2232 1586 1575 173.8  fashion in the triclinic crystal (Figure 4a). As many as four water
N@) Oy 2872 2040 1553 1534 1624 molecules are located in the head-to-tail region providing

Peptidel: Intramolecular Bonds hydrogen bonds, which hold helical columns together and also
4~1  N@) O(0) 2993 2397 1145 1254 126.8

5-1 N@4) O(0) 3177 2331 1552 1584 1676 lacilitate the interaction of adjacent columns (Figure 4b).
5—1 N(B) O(1) 2959 2114 161.9 1645  167.2 Figures 5—7 provide a schematic view of the three helical
g:i HE% 8%; gégj g-ggg igzg 12421-2 ig;g peptide molecules, illustrating the interaction between the Phe
5-1 N(8 O(4) 3058 2204 1511 1532 172.3 Side chains. The centroittentroid distances are marked. In
Peptidell : Intermolecular Bonds peptided andll the interactions are both intra- and interhelical.
N(1) O(10p 2.924 2244 142.3 155.0 132.0 In peptidelll an array of intermolecular PhRé>he contacts
N(2) O(11f 2.905 2.070 148.1 1469  153.8 bridges helical peptides in the crystals. As noted earlier in
Peptidell : Intramolecular Bonds peptidell the Phe side chains adopts two different conformations
4-1 N(@) O 298 2367 1184 1294 1259 (conformers A and B) as shown in Figure 6a. They are distinct
g:i mggg 82(3 g:;g? g:ggg igig igi:? igi:g from each other. The phenyl rings must all point in the same
5-1 N(B) O(2) 3090 2.254 1341 1411 154.4 direction for spatial considerations, that is, to avoid collisions

5—1 N(7) O(3) 3.069 2.178 158.0 158.8  170.3  with each other. The directions in which the Phe rings point

5-1 N9 O() 2963 2103 1555 159.7  159.7 i g ) ) )
5—1 N(10) O(6) 3.105 2251 144.7 1495 158.4 Aromatic —Aromatic Interactions. Figure 8 summarizes the

5-1  N(11) O(7)  3.154 2397 1499 159.6 1418  relative orientation of the 15 unique aromatic pairs structurally
4-1  N(12) O(9  3.365 2484 1021 1054 1663  characterized in peptidds-Ill . Three parameters have been

N (Sfptig?;') , Moéegg's?Aé'ﬂezme'fg;'i“ 50”3555 o 1eco Usedtodescribe the aromatic pair geometrigy (A), which
N@2)Y Odw 5911 2082 ' 1616 is the centroie-centroid distance:y (deg), which is the

) interplanar angle, anB (A), which is the shortest distance
Peptidelll , MoleculeA: Intramolecular Bonds . . .
4~1 N@B) O0@) 2976 2172 1250 1297 1557 DPetween two carbon atoms. Itis evident from the Figure 8 that
4—~1 N@) O(1) 3064 2408 1187 1278 1335 two examples in peptidePhe(3)k, y, 2—Phe(7)x+ 1,y —

2“1 “% 883 g-égi gggi gg-g ﬁé-i gé% 1/2, —z — 1/2) and Phe(7X vy, 2—Phe(3)tx + 1,y + 1/2,
51 NG6)  O(2) 3183 2451 1453 1544 1433 < Z 1/2) (Figure 8b,c) correspond to parallel-displaced

4-1 N(7) O(4) 3.382 2593 106.4 112.7 153.1 conformations with a very low value ¢f Four examples, Phe-
4—1 N(8) O(5) 3.295 2511 96.4 1035 1519  (11B)(1/2— x,y — 1/2, 2— 2—Phe(3A)&, y, 2) and Phe(11A)-

zg:xgm gfm 8%% g-%ig (1/2—x,y — 1/2, 2— 2)—Phe(3B)&, v, 2) in peptidell (Figure
solvent O3w O4w 2711 8e,k) and Phe(3)B(y, 2—Phe(5)Bk + 1, v, 2) and Phe(5)A-
Peptidelll , MoleculeB: Intermolecular Bonds (x, ¥, 2—=Phe(3)Ak + 1., Z). in peptidelll (Figure 8 I’n) are
o O(7) 2757 close to the T-structure in which the benzene rings are
Peptidelll , MoleculeB: Intramolecular Bonds approximately perpendicular and arranged in an edge-to-face

4—1 N@B3) O(0) 3.026 2.212 128.2 1324 157.9 manner, withy greater than 75 Of the remaining nine
4-1  N@4) ©O(l) 3061 2401 1186 1275 1340  examples, two have relatively largevalues ¢&60°) Phe(5)Bk

4-1  NB) O(2) 3149 2622 1021 1142 1206 "  Phe.
4-1  N@©) O3 3080 2528 965 1095 1228 LY A~Phe(5Ak Y, 2) and Phe@)A + 1.y, 2—Phe

5-1 N() O(2) 3119 2358 1482 1566 147.6 (9)B(X, Yy, z — 1) in peptidelll (Figure 8m,0) and could be
5-1 N(7) O@B) 3229 2436 158.1 161.7 1535  broadly classified under the T category. The remaining seven

5-1 N(@8) O(@) 3166 2642 138.1 149.3 1204 _ i ; ;
sobvent N(2) OLw 2932 2.009 1629 examples Phe(3)(y, 2—Phe(7)k, vy, 2) in peptidel (Figure

solvent Olw O2w 3476 8a) and Phe(11B)(1/2 x, y — 1/2, 2— 2—Phe(7B)(1/2— X,
solvent O3w O(5)  2.877 y — 1/2, 2— 2), Phe(3A)k, v, 2—Phe(7B)(1/2— x,y — 1/2, 2
solvent O4w  O(6)  2.931 — 2), Phe(7A), y, 2—Phe(3B)(1/2— %,y — 1/2, 2— 2), Phe-
) ) (BA)(X, v, 2—Phe(7A)k, v, 2, Phe(7TA)k, y, 2—Phe(11A)%,

a Symmetrically related by-x + 1/2+ 1, —y, z+ 1/2.° Symmetrically . .
related byx + 1/2,y + 1/2,z. "¢ Symmetrically related by +1/2,y — 1/2, Y z),_and Phe(l_lA)(’ Yy, 2—Phe(3B){-x, y, 2 — 2) in peptide
z. 9 Symmetrically related by, y + 1, z Il (Figure 8d,fj) havey values between 25 and §Ccorre-

sponding to inclined arrangements. It may be noted that the
conceivable that optimization of intermolecular interactions may Rg, value of 2.31 A obtained for 7A3B interaction in peptide
compensate for weaker intrachain hydrogen bonds. Il is unacceptably close. The temperature factors for C7D, C7E,

Helix Packing. In crystals of peptidel adjacent helical and C7Z (conformer A) are high indicating substantial uncer-

columns are packed in antiparallel fashion along the crystal- tainty in the crystallographically determined positions. It should
lographicb-axis (Figure 3a). Along the-axis helical columns ~ be noted that a small rotation=B0°) about the axis through
are arranged in parallel rows resulting in a pseudo hexagonalthe 1 and 4 positions of the benzene ring 7A relieves the close
grid arrangemerf? A similar packing mode of the approxi- /A—3B approach without changing the centreentroid
mately cylindrical helical structure is observed in crystaldl of
(Figure 3b). No solvent molecules were observed in crystals of (40) (&) Karle, I. L.Acta Crystallogr.1992 B48 341-356. (b) Karle, I. L.

. ; . A Biopolymers1996 40, 157-180. (c) Karle, I. L.Acc. Chem. Resl999
peptidesl and I, with vertical columns of helices formed 32, 693-701.
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Figure 3. Molecular packing of peptidé and |l in crystals: (a)l, Boc-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe; (bl , Boc-Val-Ala-Phe-Aib-Val-Ala-
Phe-Aib-Val-Ala-Phe-Aib-OMe. The arrows indicate the direction of the helix axes.

Fobob

Molecule A
(x, v, 2)
Molecule B
(x, ¥, 2}

Molecule B
Molecule A {x, y+1, 2)
(x, y+1, 2)

b

Figure 4. (a) Molecular packing ofll , Boc-Aib-Ala-Phe-Aib-Phe-Ala-Val-Aib-OMe, in crystals. Arrows indicate the direction of the helix axes. (b)
Environment of the water molecules which hold helical columns together and provide stabilizing intracolumn and intercolumn interactions.

distance. To further increase tRg, distance between 7A and tulated as energy minima in theoretical calculations. The

3B, a similar rotation can also take place in ring 3B. arrangement of two proximal aromatic rings is expected to be
The results suggest that there is no dominant preference fordominated by quadrupoteguadrupole interactions, which are

a specific geometrical arrangement of the proximal aromatic anticipated to have a strong angular dependéiitelhe

rings in these structures. However, some of the observedinteresting observation that quadrupetpiadrupole interactions

arrangements correspond closely to the T-shaped and parallelimay be destabilizing in a face to face geometry has been

displaced structures commonly observed in proteins and pos-emphasized? The present observations reinforce a view that
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XYZ xy+l 2z

-4, w102, -z-1/2 -x41, y41/2, -2-1/2 [}

wl,y 2

= == b
“X+2, y-1/2, z-1/2 a %42, y+1/2, -z-1/2

Figure 5. (a) Schematic view of the Phé>he interactions in crystals of peptitleThe molecular backbone is shown as a ribbon representation, and the
centroid to centroid distances (A) between proximal aromatic rings are marked. (b) Schematic view of a proxinRiiéimeeraction on the surface of the
helix in peptidel. The residues shown are Phe(3) and Phe(7). The representation was generated using the program K#OLMOL.

1/2-x, y-1/2, 2-2 1/2-x, y-1/2, 2-z

G 118 -—--‘G -

xi;_.‘?, ;H.'E, z ®1/2,y+1/2, 2
a b c

Figure 6. Schematic view of the PhePhe interactions in crystals of peptide (a) two sets of Phe conformations separately indicated on a helical scaffold;
(b, ¢) two alternate sets of Ph@he interactions observed between helical molecules which form antiparallel columns in the crystals. The centroid to
centroid distances (A) are indicated.

is emerging from computational studies of benzene dimers that3, 7, and 11 are aligned on the same face of the helix. Opposing
the potential energy surface for an interacting pair of aromatic antiparallel column of helices interact through the projecting
ring is relatively flat with local minima which are separated by aromatic side chains as schematically illustrated in Figure 6b,c.
very small energy barriefs. An interacting ladder of phenylalanine side chains is present
A particular interesting consequence of the aromatic interac- with opposing pairs forming rungs of the ladder. Close ap-
tions on crystal packing is observed in the structure of peptide proaches of aromatic rings on the same molecule corresponding
Il . The three aromatic rings of the Phe side chains at positionsto a stabilizing interaction between the rungs of the ladder are
also observed. Crystallographically, the three Phe side chains

(41) (a) Brown, N. M. D.; Swinton, F. LJ. Chem. Soc., Chem. Commai874 occupy two distinct spatial positions, characterized by distinct
770. (b) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Sod.99Q 112
5525-5534. (c) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, CJ.J. (42) Shetty, A. S.; Zhang, J.; Moore, J.5Am. Chem. Sod996 118 1019-
Chem. Soc., Perkin Trans.Z001, 651-669. 1027.
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at positions 3, 7, and 11 adopts conformation A, then the facing
set of Phe residues adopts conformation B, a clear indication
that specific arrangements of aromatic rings stabilize interhelix
packing. There is, however, no long-range correlation between
the ring conformations in the crystal resulting in a statistical
distribution of helical column pairs, such that on an average
half the molecules adopt conformation A, while the other half
adopts conformation B, resulting in an occupancy factor of 0.5
for the individual conformations. Interestingly, the isopropyl
side chains of Val residues, which occur on the other face of
the helical molecules, are not disordered in the crystals.

x+1, y, 2-1

x-1,y, z-1

Conclusions

This study illustrates the use of helical peptide scaffolds for
probing the nature of aromatic side chain interactions in designed
peptides, where the spatial disposition of the side chains can
be controlled by placing aromatic residues at appropriate
sequence positions. The crystallinity of hydrophobic helical
peptides containing Aib residues, which act as stereochemical
directors of peptide chain folding, permits precise structural
Figure 7. Schematic view of the PhePhe interactions observed in crystals characterization of these interactions by X-ray diffraction. The
of peptidelll . The centroid to centroid distances (A) are indicated. Note analysis of 15 unique aromatic pairs in three independent helical
that there are no intramolecular Phehe interactions in this peptide. peptide crystal structures provides examples of T-shaped,
parallel-displaced, and inclined arrangement of interacting Phe
rings. The experimental observations are generally consistent
with the view that the energy landscape for a pair of interacting
phenyl rings consists of a broad, relatively flat minimum, which
appears to be some what rugged, with several local minima
separated by small energy barriers. In crystals, cooperative
interactions between aromatic rings can lead to interesting
examples of disorder in the solid state, as exemplified by the
structure of the dodecapeptilecontaining three Phe residues.
Cooperative aromatic interactions may prove to be an important
determinant of biological structures and have been recently
suggested to be important in self-assembly of amyloid fil#ils.
An interesting recent crystal structure of the tetrapeptide Phe-
Gly-Phe-Gly reveals a fully extended, flat, sheet conformatfon.
The absence of buckling or pleating of the peptide chain may
have its origin in the observed network of aromatic interaction
in the crystals.

x+1, ¥, 2

x-1,y, 2
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m n [+]
Figure 8. Summary of the unique aromatiaromatic interactions observed  JA0341283
in the crystals of peptides—IIl . The parameter&een y, and Ry, are

indicated: (a-c) peptidel; (d—k) peptidell; (I-0) peptidelll . The } _ )
interacting Phe side chains are shown as benzyl groups with attached(43) é%%g%Z'tl‘G%J;_Af’é%'J 200216, 77-83. (b) Gazit, ECurr. Med. Chem

hydrogens. The van der Waals surfaces are shown. (44) Birkedal, H.; Schwarzenbach, D.; PattisonCRem. Commur2002 2812~
2813

; ; ; ; ; (45) IUPAC—IUB Commission on Biochemical Nomenclatumgiochemistry
Phe side chain conformations. Particularly noteworthy is the 1970 9. 34713479,

fact that in opposing columns of helices if the Phe side chain (46) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graphics1996 14, 51-55.
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