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Abstract: The structural characterization in crystals of three designed decapeptides containing a double
D-segment at the C-terminus is described. The crystal structures of the peptides Boc-Leu-Aib-Val-Xxx-
Leu-Aib-Val-PAla-PLeu-Aib-OMe, (Xxx = Gly 2, PAla 3, Aib 4) have been determined and compared with
those reported earlier for peptide 1 (Xxx = Ala) and the all L analogue Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-
Ala-Leu-Aib-OMe, which yielded a perfect right-handed a-helical structure. Peptides 1 and 2 reveal a right-
handed helical segment spanning residues 1 to 7, ending in a Schellman motif with PAla(8) functioning as
the terminating residue. Polypeptide chain reversal occurs at residue 9, a novel feature that appears to be
the consequence of a C—H---O hydrogen bond between residue 4 C*H and residue 9 CO groups. The
structures of peptides 3 and 4, which lack the pro R hydrogen at the C* atom of residue 4, are dramatically
different. Peptide 3 adopts a right-handed helical conformation over the 1 to 7 segment. Residues 8 and
9 adopt a,. conformations forming a C-terminus type I' 5-turn, corresponding to an incipient left-handed
twist of the polypeptide chain. In peptide 4, helix termination occurs at Aib(6), with residues 6 to 9 forming
a left-handed helix, resulting in a structure that accommodates direct fusion of two helical segments of
opposite twist. Peptides 3 and 4 provide examples of chiral residues occurring in the less favored sense
of helical twist; PAla(4) in peptide 3 adopts an ar conformation, while “Val(7) in 4 adopts an a, conformation.
The structural comparison of the decapeptides reported here provides evidence for the role of specific
C—H---O hydrogen bonds in stabilizing chain reversals at helix termini, which may be relevant in aligning
contiguous helical and strand segments in polypeptide structures.

Introduction pair of 6—1 and 4-1 intramolecular hydrogen bonds and has
The use ofx-aminoisobutyric acid (Aib) residues to generate been widely observed in proteih$n model peptides, this motif
helical peptide structures is well establishéd’ he availability have been observed, with achiral residues such as Aib adopting
of designed synthetic peptide scaffolds permits probing of the the o conformation near the C-terminus of largely helical
effect of introducingp-residues into sequences composed of peptides’ Such local -conformations¢ = +60°, y = +30°)
largely L-amino acids, which are expected to fold into right- are also expected to be favored Iyresidues. Thus, the
handed helical structurésSeveral years ago Charlotte Schell- introduction of D-residues into helicatpeptide sequences can,
man noted that in proteins helix termination often occurs when in principle, result in helix termination with the formation of a
a C-terminus residue, most frequently Gly, adopts a left-handed Schellman motif. During the course of systematic investigations
(o) conformatiort The Schellman motif is characterized by a  of the effect of using-residues in-peptide helices, we began
with the consideration of the parent alsequence Boc-Leu-

T Department of Physics.
* Molecular Biophysics Unit.
(1) (a) Prasad, B. V. V.; Balaram, Brit. Rev. Biochem1984 16, 307—347.

(3) (a) Gurunath, R.; Balaram, Biochem. Biophys. Res. Comm@894 202,

(b) Toniolo, C.; Benedetti, EISI Atlas Sci.: Biochem1988 1, 225. (c)
Karle, I. L.; Balaram, PBiochemistryl99Q 29, 6747-6756. (d) Toniolo,
C.; Benedetti, ETrends Biochem. Sc1991, 16, 350-353. (e) Kaul, R.
K.; Balaram, PBioorg. Med. Chem1999 7, 105-117. (f) Venkatraman,
J.; Shankaramma, S. C.; Balaram,Ghem. Re. 2001, 101, 3131-3152.

(2) (a) The definition of backbone dihedral angles follows the IUPAC-IUB

Commission on Biochemical Nomenclatude Mol. Biol.197Q 52, 1—-17.
a, refers toleft-handed 3/a helical conformations whileg denotes a
right-handed helical conformation. Since botho&nda-helical conforma-
tions fall in a limited region ofy,;y space, the termg_ andag are used in
a generic sense. (b) All the amino acids are chirality unless otherwise
specified. (c) Abbreviations used: Aib a-aminoisobutyric acid; Boe=
tertiary butyloxycarbonyl; OMe= methyl ester; HPLG= high performance
liquid chromatography.
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Figure 1. (a) Molecular conformation in crystals of Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe. Note the formation of an almost perfesdtx.”
(b) Molecular conformation in crystals of Boc-Leu-Aib-Val-Ala-Leu-Aib-Vahla-PLeu-Aib-OMe 1. Note unusual chain reversal stabilized by the Ala-
(4)C*H---OC PLeu(9) hydrogen bon#l(c) Superposition of 15 structures extracted from the Protein Data Bank which reveal a close similarity to the helix
terminating motif observed in peptide(from ref 9a). (d) A representation of the helix terminating motif identifying the stabilizing hydrogen bonds. Note
nomenclature used for the residues along the polypeptide chain: T corresponds to the helix terminating residue, which @adoptf@amation.

Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe, which folded into the course of our studies, we encountered an unusual reversal
a perfecto-helical conformation stabilized by seven—% of polypeptide chain direction at the C-terminus of a synthetic
hydrogen bonds (Figure 1&4)This sequence was chosen as the decapeptide helix Boc-Leu-Aib-Val-Ala-Leu-Aib-V&Ala-P-
template for the site specific introduction ofresidues. During Leu-Aib-OMe 1, which appeared to be stabilized by an unusual
C—H---O hydrogen bond, between Ala(#)& andPLeu(9) CO

(6) For examples in designed peptides, see: (a) Karle, I. L.; Flippen-Anderson, ; ;
J.L.; Uma, K.; Balaram, Fnt. J. Pept. Protein Re<.993 42, 401—410. groups (Figure _1b§-W3 subsequently examined a dataset of
(b) Di Blasio, B.; Pavone, V.; Saviano, R.; Fattorusso, C.; Pedone, E.; 634 high-resolution protein structures in order to identify similar

Benedetti, E.; Crisma, M.; Toniolo, (Pept. Res1994 7, 55-59. (c) . . . PP .
Banerjee, A Datta, S.; Pramanik, A.. Shamala, N.; Balaram], Am. helix terminating motifs in proteins. A total of 111 examples
ghepm- SOC_lk%;f lBlrEIi 347594833(%!33&&, SJP Ehargﬁla, NS %%g%”ee' were identified® The superposition of 15 examples with the
.; Pramanik, A.; Bhattacharjya, S.; Balaram,J?PAm. Chem. So 4 . . . .
119 9246-9251. (d) Datta, S.; Uma, M. V.; Shamala, N.; Balaram, P. structure of peptidd is shown in Figure 1c. It thus appeared
Biopolymers1999 50, 13-22. (e) Karle, I. L.Biopolymers (Peptide that the C-H---O hydrogen bond between T-428 and T+1
ScienceR001, 60, 351-365. . X . K . .
(7) Datta, SFolding of the Designed Peptides: X-ray Crystallographic Studies CO groups (where T is defined as the helix terminating residue
on the Structure, Conformation, Aggregation and Interactions of Oligopep-
tides Containing Conformationally Constrained Amino AcRis.D. Thesis, (8) Aravinda, S.; Shamala, N.; Pramanik, A.; Das, C.; BalaranBiéchem.
Indian Institute of Science, Bangalore, India, 1998. Biophys. Res. Commug00Q 273 933-936.
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Table 1. Data Collection and Refinement Parameters for Peptides
2, 3, and 4 Boc-Leu-Aib-Val-Xxx-Leu-Aib-Val-PAla-PLeu-Aib-OMe
(Xxx = Gly 2; PAla 3; Aib 4)

peptide 2

peptide 3 peptide 4

emfpiriCall Cs1Hg2N1¢013'H20  CspHoaN 10013 3HO  Cs3HoeN10013'H0

ormula

crystal habit clear and thin clear and clear and thin

plates rectangular plates

crystal size 0.4x 0.23x 0.04 0.4x 0.3x 0.2 0.32x 0.1x 0.04
(mm)

crystallizing methanol/water ethanol/ methanol/
solvent ethyl acetate dioxane/water

space group P2,2:2, P452,2 C222,

cell parameters
a(h) 13.818(2) 25.115(4) 20.185(6)
b (A) 21.595(9) 25.115(4) 30.163(8)
c(A) 21.928(8) 43.709(10) 25.969(10)
o (deg) 90.0 90.0 90.0
S (deg) 90.0 90.0 90.0
y (deg) 90.0 90.0 90.0
volume (&) 6543(4) 27570(9) 15811(9)
z 4 16 8

molecules/ 1 2 1
asym. unit

cocrystallized H,O 3 H0 H,O
solvent

molecular 1053.35+ 18 1067.37 54 1081.4+ 18
weight

de?sitlyg (g/cr®) 1.069 1.052 0.922
cal

F (000) 2288 9472 4768

radiation Cuki (A= Mo Ko (A = Mo Ko (A =

1.5418 A) 0.7107 A) 0.7107 A)

temperature’C) 21 21 21

260 max (deg) 110 54.2 46.52

scan type w — 20 ® ®

scan speed variable

measured 355 061 48 890
reflections

independent 4559 29 024 11301
reflections

unique 4559 16 061 6127
reflections

observed 2428 6693 4967
reflections

~ [FI > 40(F)]

final R (%) 10.6 6.99 10.64

final wR2 (%) 23.7 15.7 18.54

goodness- 1.13 0.795 0.960
of-fit (S

Apmax(€A™3) 031 0.35 0.28

Apmin (€ A73) -0.27 —0.18 -0.27

no. of restraints/ 0/675 4/1378 16/684
parameters

data-to- 3.6:1 4.8:1 7.2:1
parameter
ratio

adopting anoy conformation, Figure 1d) appears to be an
important determinant of the structure.

C—H---O hydrogen bonds have been widely implicated as
important structural determinants in organic crysfaland
biological macromolecul€$.Extensive theoretical calculations
suggests that €H---O interactions may be distinctly weaker
than their N-H---O or O—H-:-O counterpart$? Some recent
studies suggest that-aH---O interactions may have appreciable

(9) (a) Madan Babu, M.; Kumar Singh, S.; Balaram,JPMol. Biol. 2002
322 871-880. For the possible relevance of this motif in aligning helices
and sheets in antiparallel fashion in protein, see: (b) Kumar Singh, S.;
Madan Babu, M.; Balaram, FProteins: Struct., Funct., Gene2003 51,
167—171.

(10) (a) Desiraju, G. RAcc. Chem. Resl996 29, 441-449. (b) Steiner, T.
Chem. Commuri997 727-734. (c) Desiraju, G. R.; Steiner, The Weak
Hydrogen Bond in Structural Chemistry and Biolp@yxford University
Press: Oxford, 1999. (d) Desiraju, G. Brystal Engineering. The Design
of Organic Solids Elsevier: Amsterdam, 1989. (e) Steiner, Angew.
Chem., Int. EdA2002 41, 48—76.

(11) (a) Derewenda, Z. S.; Lee, L.; Derewenda,JUMol. Biol. 1995 252,
248-262. (b) Fabiola, G. F.; Krishnaswamy, S.; Nagarajan, V.; Pattabhi,
V. Acta Crystallogr., Sect. DL1997, 53, 316-320. (c) Wahl, M. C;
Sundaralingam, MTrends Biochem. Sci997, 22, 97—102. (d) Chakrabarti,

P.; Chakrabarti, SJ. Mol. Biol. 1998 284, 867—873.

magnitudes with a study of DMF dimers yielding a hydrogen
bond energy of—3.0 + 0.5 kcal/mol for the GH---O
interaction2° Similar estimates have been reported for hydrogen
bonds between a water oxygen atom acceptor areHdonors

in amino acid residue’®° These theoretical estimates point to

a possible structure determining role for-8---O interactions.

In the case of many weak interactions observed in crystal
structures, the question often arises as to whether an optimum
geometrical arrangement of the interacting atoms is a conse-
guence or determinant of the structure. The problem of deciding
whether short interatomic contacts observed in crystals are
stabilizing has been specifically addressed with respect to the
appearance of polymorphic forms in molecular crystals. Dunitz
and Gavezzotti while analyzing 1,4-dichlorobenzene polymorph
crystals have cautioned that: “The contact atom pairs that occur
in molecular crystals should not necessarily be considered as
the prime promoters of the intermolecular attraction but rather
as a result of long-range effects’If we extend this admonition

to intramolecular interactions such as that observed in peptide
1, it becomes necessary to gather further evidence for supporting
the role ascribed to the intramolecular—8---O hydrogen
bond® The unusual conformation in peptidesuggests that the
C—H---O interaction shown in Figure 1b is indeed a determinant
of the structure, a conclusion reached in view of the absence of
any other obviously stabilizing interactions. To further delineate
the role of the G-H---O hydrogen bond, we have determined
the crystal structures of three related decapeptide sequetices (
4), in which systematic replacements have been made at residue
4.,

Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-PAla-PLeu-Aib-OMe (1)
Boc-Leu-Aib-Val-Gly-Leu-Aib-Val-°PAla-PLeu-Aib-OMe @)
Boc-Leu-Aib-ValPAla-Leu-Aib-Val-PAla-PLeu-Aib-OMe @)
Boc-Leu-Aib-ValAib-Leu-Aib-Val-PAla-PLeu-Aib-OMe @)
The results establish the role of the-8---O interaction in

generating the unusual chain reversal at the C-terminus of
polypeptide helices.

Experimental Procedures

Peptide Synthesis.Peptides2, 3, and 4 were synthesized by
conventional solution phase methods, using a fragment 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 and saponification for N- and
C-terminus, respectively. Couplings were mediated by dicyclohexyl-
carbodiimide/1-hydroxybenzotriazole (DCC/HOBT). All the intermedi-
ates were characterized b{H NMR (80 MHz) and thin-layer
chromatography (TCL) on silica gel and used without further purifica-
tion. The final peptides were purified by medium-pressure liquid
chromatography (MPLC) on a ;€ reverse phase column using
methanot-water gradients. The peptides were further purified by reverse
phase HPLC on a fg¢ (5—10 ux) column using methaneiwater
gradients. The purified peptides were analyzed by electrospray mass
spectrometry. Mea = 1053.2,Mops = 1077.2 [M+ Na'] for peptide
2; Mca =1067.2,Mops = 1091.2 [M + Na'] for peptide 3; Mca =
1081.2,Mqps = 1105.2 [M+ Na'] for peptide4).

(12) (a) Gu, Y.; Kar, T.; Scheiner, 9. Am. Chem. Sod999 121, 9411-
9422. (b) Vargas, R.; Garza, J.; Dixon, D. A.; Hay, B.J>Am. Chem.
S0c.200Q 122 4750-4755. (c) Scheiner, S.; Kar, T.; Gu, ¥.Biol. Chem.
2001, 276, 9832-9837.

(13) Dunitz, J. D.; Gavezzotti, AHelv. Chim. Acta2002 85, 3949-3964.

(14) Balaram, H.; Sukumar, M.; Balaram, Biopolymers1986 25, 2209
2223.
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DLeu(9)

DAla®) © 07
OMe

Molecule B Molecule A

a b
Figure 2. (a) Molecular conformation in crystals of Boc-Leu-Aib-Val-Gly-Leu-Aib-V@Ma-PLeu-Aib-OMe 2. (b) Molecular conformation in crystals of

Boc-Leu-Aib-ValPAla-Leu-Aib-Val-PAla-PLeu-Aib-OMe 3. Two independent molecules are observed in the crystallographic asymmetric unit. The atoms
of the doublep-segment are shown in ball-and-stick representation for easy identification.

Table 2. Torsion Angles (deg)?

peptide 3 Xxx = PAla

peptide 2(1) Xxx = Gly(Ala) molecule A molecule B peptide 4 Xxx = Aib
residue ¢ P w ¢ P [0} ¢ P w ¢ 7 w
Leu(1) —65.3(-67P —29.5(-18) —178.7 -59.6 —405 —175.7 —64.40 422 180 -57.3 —39.1 1749
Aib(2) —55.7(-51) —42.2(-45) —179.2 —523 —488 —-178.1 —49.4  —47.1 1774 —=57.7 —34.3 174.4
Val(3) —79.9(-69) —46.1(-44) 179.7 —720 —41.4 177.2 —69.5 —44.2 179.2 —80.8 —449  —175.8
Xxx(4) —60.2(-55) —44.3(-45) —176.6 —-46.6 —529 —-177.3 —54.1 —48.6 —176.6 —53.0 —-41.1 —173.1
Leu(5) —64.5(-68) —38.8(-44) —179.9 —655 —439 —-175.0 —62.6 —-39.6 —177.3 —101.8 7.1 173.2
Aib(6) —56.0(-59) —39.0(-45) —-172.9 —556 —326 1774 —57.7 —30.0 —178.6 51.6 428 —179.4
Val(7) —96.8(-107) —8.5(-7) —176.9 —106.6 25.1 164.3 —111.9 27.1 164.3 425 40.0 178.6
DAla(8) 85.1(84) 30.8(42) 167.8 76.8 21.4 178.1 67.8 30.1 176.7 66.8 15.7 179.9
PLeu(9) 126.8 (130) —155.7¢-160) —163.6 90.4 14.8 176.2 72.1 211 179.0 84.7 35.0 159.0
Aib(10) 51.5(51) —146.2(-149y 179.¢ -40.3 —-51. —173.7 —46.6 151.2 166.5 495 14506 —167.2
side chain Ve Va Ve Ve Ve Ve Ve Va
Leu(1) —69.4 —70.2,171.8 —178.4 63.6-172.6 —179.4 56.4,175.7 —162.6 72.9-160.2
Val(3) —60.0, 179.6 57.2,178.8 —59.8,171.5 —65.5,173.5
Leu(5) —71.8 —74.7,157.3 —70.1 —62.3,176.7 —174.2 61.3,173.9 —52.1 —55.8,—178.9
Val(7) —49.9,71.1 62.7,61.4 62.3,67.0 41.2-62.7
PLeu(9) 56.5 57.1;-177.4 67.1 48.8--178.7 89.4 —55.4,178.1 74.2 56.1,175.2

aTorsion angles shown in bold correspond to the helix terminafingegsidue which adopts am_ conformation.? C'(0)—N(1)—C%(1)—C'(1). ¢ N(10)—
C*(10)—C'(10)—0O(OMe). 4 C*(10)—C'(10)—O(OMe)-C(OMe).

X-ray Diffraction. X-ray diffraction data were collected on a CAD4  set revealed 73 out of 74 non-hydrogen atoms in the asymmetric unit.
diffractometer (Cu k) for peptide2 and on a Bruker AXS SMART The remaining atoms were located from difference Fourier maps. The

APEX CCD diffractometer (Mo I&) for peptides3 and 4. Crystal, structure was refined isotropically followed by full matrix anisotropic
diffraction data, and refinement details are summarized in Table 1. least-squares refinement using SHELXL9AIl the hydrogen atoms
Boc-Leu-Aib-Val-Gly-Leu-Aib-Val- PAla-PLeu-Aib-OMe (2). The were fixed geometrically in idealized positions and allowed to ride with

structure was solved by direct methods using the Shake-and-Bakethe C or N atom to which each was bonded in the final cycle of
method® (SnB), which uses minimal-function phase refinement and a refinement. The finaR factor was 10.6%.

Fourier filtering procedure. This gave a fragment containing 45 atoms,  Boc-Leu-Aib-Val-PAla-Leu-Aib-Val- PAla-PLeu-Aib-OMe (3) and

which was then used in the partial structure expansion method, Boc-Leu-Aib-Val-Aib-Leu-Aib-Val- PAla-PLeu-Aib-OMe (4). The
employing 200 reflections satisfying the criteri@g,s = 1.5 and the structures were solved by direct methods using SHELXXEor 3, two
largestEca/Eqns The Fourier map generated with the improved phase fragments were obtained containing 72 and 70 atoms. Remaining atoms

(15) Miller, R.; Gallo, S. M.; Khalal, H. G.; Weeks, M. Q. Appl. Crystallogr. (16) Sheldrick, G. M.SHELXL-97, Program for the Refinement of Crystal
1994 27, 613-621. Structures Universitd Gottingen: Germany, 1997.
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Table 4. Hydrogen Bonds in Peptide 3

Molecule A

N...O H...O C=O...H C=o...N O...NH
type donor  acceptor A (] (deg) (deg) (deg)

Intermolecular
N(2) O(9yp 2.897 2.142 150.0 159.3 146.4
Olw  O(8y 2.710
o2w  O(7p 3.104
solvent  N(1) Olw 2.858 2.076 167.2

Intramolecular
5—1 N@) 0(0) 3.068 2221 151.8 154.1 168.4
5—1 N(5) 0O(1) 2.874 2.028 165.3 165.9 167.4
5—1 N(6) 0(2) 3.218 2416 137.2 143.4 155.4
5—1 N(7) 0(3) 3.258 2.495 155.7 161.8 148.2
4—1 N(8) 0O(5) 2.941 2.093 1125 114.2 168.8
6—1 N(9) 0O(4) 2.912 2.076 151.3 147.6 163.9
4—1¢ N(10) O(7) 3.565 2.789 107.1 1135 150.9

Molecule B

C=0-+H C=0-N O-NH
type  donor acceptor N---O(A) H---O(A)  (deg) (deg) (deg)

Intermolecular
N(2) O(9f 2.945 2.127 146.0 151.7  158.7
O2w  O(8y 3.106
O1wd  O(8y 2.760
O2w  O1w! 3.315
solvent N(1) O2w 2.830 2.066 147.6
solvent O3w  O(6) 3.217

Intramolecular
4—1 N@3) 0(0) 3.119 2.559 117.8 128.2 123.7
5—1 N(@4) 0(0) 3.064 2.215 153.2 155.7 169.0
5—1 N(5B) 0(Q) 2.885 2.035 163.1 164.9 169.9
5—1 N(®6) 02 3.234 2.474 135.5 142.9 147.8
4—1 N(®6) O@) 3.103 2.588 97.8 111.1 1195
4—1 N(@7) 0@ 3.281 2.570 104.9 113.7 140.6
4—1 N(8) 0O(5) 2.973 2.127 109.8 111.6 167.8
6—1 N9 0O(@4) 3.010 2.166 145.3 143.5 166.8
4—1 N(10) O(7) 3.276 2513 115.1 1225 1483

D eu(")

aSymmetry related by + Y5, —y + 35, —z + Y, ® Symmetry related
by X + Yo, =y + Y, —z+ Y4 ¢ Symmetry related by — Y,, =y + 15, —z
+ Y,. 9 Symmetry related by, y — 1, z. © This interaction is listed despite

) o ) ) relatively long N--O and H--O distances.
Figure 3. Molecular conformation in crystals of Boc-Leu-Aib-Val-Aib-

Leu-Aib-Val-PAla-PLeu-Aib-OMe 4. The atoms of the double-segment Table 5. Hydrogen Bonds in Peptide 4
are shown in ball-and-stick representation for easy identification.

N-=O  He:O C=0-H C=0-*N O---HN
Table 3. Hydrogen Bonds in Peptide 2 tpe  donor accepor (A  (A) (deg) (deg) (deg)
Intermolecular

N...O H...O C=O...H C=O...N o...HN
N@1) O 2987 2132 132.8 1342 1721
type donor  acceptor  (A) R (deg) (deg) (deg) Ngzg O(lv\);‘ 3072 2290 1513
Intermolecular solvent Olw  O(4) 3.043

N(1) O(@p 2957 2101 106.3 107.6 1729 Intramolecular
H(i)o 8(? 2995 2185 1250 1271 1570 41 N@) O 3200 2557 1148 1241 1323
vent 0(1 ) o( 13’0 e : : : 5—-1 N(@4) O@) 3180 2340 1562 1591  169.4
solven w (10) : 5—1 N(5) O(1) 3.030 2232 155.0 160.1  154.3
Intramolecular 4—1 N() O  3.127 2306 1058 111.0  159.9

4—1 N@) 0(0) 3123 2489 1207 1205 1312 6—1 N7) 0@ 3.008 2196 151.3 1535 1575
5—1 N(4) 0(0) 2992 2140  147.0 149.6  170.4 4—1 N(8) 0O(5) 3.035 2261 1255 132.4 1497
5—1 NB) 0O 2794 1950 1434 147.0  166.6 4—1 N 0O(6) 2.987 2155 130.4 1352 1628
5—1 NI O3 3.334 2573 1544 1615 1481 4—1 N(10) O(7) 3.108 2298  110.9 1165  157.0
5—1 N(@B) 0O(4) 2996 2450  145.0 1585  122.0
4—1 N(@8) 0O(5) 3.308 2.548 95.2 103.1  148.0 T
6—1 N O(4) 2803 2011 1459 1425  152.8 ?Symmetry related by + ¥z, —y + ¥z, —z+ 1.

a Symmetry related by + 1,y, z. P Symmetry related by-x — Y, —y

1oy carried out with full matrix least-squares methods using SHELXL-97.
s 2-

All non-hydrogen atoms were initially refined isotropically followed

by full matrix anisotropic least-squares refinement. During the course
of refinement, the atoms Chnd COM showed nonpositive definite
temperature factors. Hence, they were included in subsequent refinement
with isotropic temperature factors. All the hydrogen atoms were fixed

) . . eometrically in the idealized positions and allowed to ride with the C
which each was bonded for the final cycle of refinement. The #al gr N atom toywhich each was tF))onded for the final cycle of refinement.

factor was 6.9%. n . . The final R factor was 10.64%.
For 4, a fragment containing 63 atoms was obtained. The remaining

atoms were located from difference Fourier maps. Refinement was Results and Discussion

were located from difference Fourier maps. The structures were refined
isotropically followed by full matrix anisotropic least-squares refinement
using SHELXL-97. All the hydrogen atoms were fixed geometrically
in the idealized position and allowed to ride with the C or N atom to

(17) Schneider, T. R.; Sheldrick, G. Mcta Crystallogr.2002 D58, 1772- Peptide Conformation. The molecular conformations of
1779. peptide2—4 in crystals are illustrated in Figures 2 and 3. The
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Figure 4. Superposition of decapeptide structures in pairs highlighting conformational similarities and differences. (a) Peptitegmsd= 0.54 A for
all the backbone atoms) (b) Peptidesind 3B (rmsd= 0.347 A for residues 1 to 7) (c) Peptidésand4 (rmsd= 0.26 A for residues 1 to 5).

backbone and side chain torsion angles are summarized in Table=123.C. The structures of peptiddsand2 could be superim-

2. The previously determined torsion angle for pepfide also
listed to facilitate direct comparison. Tables3list the intra-

posed, with an RMSD of 0.54 A for all atoms (Figure 4a).
The replacement of Ala at residue 4 in peptidby Gly in

and intermolecular hydrogen bonds observed in the structurespeptide 2 has therefore not influenced the folding of the

of the three peptides. Peptideadopts a conformation very
similar to that determined earlier far Residues 1 to 7 form a
largely a-helical segment with a lone;@helical turn at the
N-terminus. Helix termination occurs 8la(8), which adopts

backbone. In the case of Gly, there are two potentiat-B
bonds which can, in principle, participate in weak interactions.
The comparison of peptides and 2 suggests thapro-R
hydrogen is optimally oriented in the observed conformation.

anay conformationPLeu(9) adopts an extended conformation, We therefore turned to the structure of peptidghere residue

facilitating the formation of a potentially stabilizing-H---O
interaction between thgro R C*H of Gly(4) and®PLeu(9) CO
group. The parameters for the-El---O interactions are €O
=3.599 A, H::O = 2.87 A, 0C—H:--O = 133.0, andOH-
--O=C = 132.5. In the structure of peptid&, determined
earlier8 the corresponding parameters are-O = 3.271 A,
H---O = 2.293 A, OC—H---O = 176.2, and OC—H---O

15070 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003

4 isPAla. If PAla is introduced at position 4, maintaining the
observed conformation, the methyl group should disrupt the
observed G-H---O interaction. Peptid8 crystallized with two
independent molecules in the asymmetric uBi\(3B), both

of which adopted aight-handedhelical conformation over the
segment residues 1 to 7. Figure 4b shows the superposition of
residues 1 to 7 for peptidé and 3B, demonstrating the very
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b c

Figure 5. Comparison of helix terminating segments in peptiBesnd 4 and a related 14-residue peptide. Only backbone atoms are shown. (a) Two
independent molecules in pepti@eT = PAla(8); (b) Peptided, T = Aib(6); (c) Boci-(Val-Ala-Leu-Aib-Val-Ala-Leu)D-(Val-Ala-Leu-Aib-Val-Ala-Leu-
Aib)-OMe, T = PVal(8).5¢ These examples provide a view of the junction between fused helical segments of opposite chirality. In the 14-residue peptide,
solvent insertion into the-61 hydrogen bond in the helix terminating motif is observed.

close identity of the helical folds in the two peptides (rm¥sd dramatic changes from those observed for peptid@sand3.
0.342 A). An interesting feature of the structure of pep8ds Inspection of the torsion angles in Table 2 immediately reveals
the occurrence of thBAla residue in thaight-handedhelical that the right-handed helical segment is now considerably
(ar) conformation. Previous studies from our laboratory have shorter. Figure 4c shows a superposition of the structurds of
demonstrated that even contiguous doutdeegments can be  and4 which illustrates the dramatic conformational change that
accommodated in right-handed helical structdfeEhere is a accompanies replacement of Ala(4) Inwith Aib(4) in 4.
dramatic difference in the conformation of the C-terminus Residues 1to 5 form a short stretchright-handedhelix, with

residues in molecule®A, 3B as compared to peptidésand?2. Aib(6) acting as the helix terminating residue, adoptingoan
PLeu(9) adopts am conformation resulting in the formation  conformation. Interestingly, residues 6 to 9 now forntefi-
of type I/lll" B-turn (3¢-helical turn) stabilized by a—41 handedhelical structure. The conformation of the peptide can

hydrogen bond between the Val(7) CO and Aib(10) NH. This best be described as being composed of fused right- and left-

structure closely resembles the junction observed between fusechanded helical segments, forming an ambidextrous helix. Such

right- and left-handed helices in designed peptides. continuous helices of mixed chirality have been characterized
Having established the disruption of the-8+:-O hydrogen earlier>®18 Figure 5 shows a comparison of helix terminating

bond structural motif, upon replacement of the approprigte C segments in peptide3 and 4 with the junction between two

hydrogen at residue 4, we turn to the structure of pepfide  helical blocks of opposite chirality in peptide BagVal-Ala-

which contains an Aib residue at this position. The introduction Leu-Aib-Val-Ala-Leu)D-(Val-Ala-Leu-Aib-Val-Ala-Leu)-

Qf a _ol'a dI_SUbStltu_t?d residue precludes any+--O interac- (18) Banerjee, A.; Raghothama, S.; Karle, I. L.; BalaranBiBpolymersl1996

tion involving position 4. The molecular structure 4#5hows 39, 279-285.
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Alai4)

PLeu(9)

7 #
] [} V4
%AIE(SJ

10

PLeu(9)

Figure 6. A schematic view of polypeptide helices. View in a direction perpendicular to the helix axis (top) and down the helix axis (bottom). (a) Boc-
Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe (perfecti-helical conformation); (b) Boc-Leu-Aib-Val-Ala-Leu-Aib-VdlAla-PLeu-Aib-OMe 2; (c) Boc-
Leu-Aib-Val-Gly-Leu-Aib-ValPAla-PLeu-Aib-OMe 3; (d) Boc-Leu-Aib-ValPAla-Leu-Aib-Val-PAla-PLeu-Aib-OMe 4; (e) Boc-Leu-Aib-Val-Aib-Leu-

Aib-Val-PAla-PLeu-Aib-OMe 5.

OMe e Figure 6 compares views of the peptide backbone-
folding in peptidesl to 4. View in a direction approximately
perpendicular to the helix axis and in a direction down the helix
axis. For comparison, the perfecthelical parent molecule Boc-
Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe is also shown.
These views clearly illustrate the role of the junction of opposite
chirality in determining the direction of chain folding.

In the peptidesl—4, helix termination occurs with the
formation of a Schellman motif stabilized by a pair of hydrogen
bonds of 6-1 and 4-1 types, although in peptidethe 4—1
interaction appears relatively weak N> = 3.683 A, H:-O
= 2.973 A, andON—H---O =141.7). In contrast, in peptide
4, the Schellman motif is formed by residue 6(Aib) acting as

important to note that the novel chain reversal in peptitles
and 2 occurs after the Schellman motif and is primarily a
consequence of the local conformation of tieu(9) residue.
In principle, thePLeu(9) residue could have adopted an
conformation in peptide$ and2, resulting in a structure almost
identical to that observed in peptid Such a conformation
would have indeed provided an additional intramolecutail4
hydrogen bond between Val(7)CO and Aib(10) NH groups, as
a consequence of the formation of Bala(8)-°Leu(9) type 1
B-turn. Despite the availability of this favorable conformation,
the peptide chain in molecules and 2 folds back on the
N-terminal helix, suggesting that the observed-KG--O

the terminating residue. Here again, a pair of hydrogen bonds, interaction together with other nonbonded forces determines the

6—1 and 4-1, stabilized the formation of this motif. It is

15072 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003

direction of peptide chain folding.
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xy,zt1

-x12,y-1/2,-z+1
NI

-x+2,1/2+4y ~z+1

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

-x+2, 1/ 24y .-z

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

Figure 7. A view of the packing in crystals for peptides. (left) Boc-Leu-Aib-Val-Ala-Leu-Aib-\P&lla-PLeu-Aib-OMe 1, (right) Boc-Leu-Aib-Val-Gly-
Leu-Aib-Val-PAla-PLeu-Aib-OMe 2. Intermolecular hydrogen bonds are shown as dotted lines. Intramolecular hydrogen bonds are not indicated for the
sake of clarity. Arrows indicate the direction of peptide chain propogation from the N-terminus to the C-terminus.

.
Figure 8. A view of the molecular packing in crystals for peptidegleft) and2 (right), viewed down the long axis of the molecule. The direction of the
peptide chain is indicated by the letters N and C. Alternating antiparallel columns are arranged in a square grid arrangénaeat docheckerboard
arrangement fo.19

Crystal Packing. Inspection of the modes of packing of ing molecular conformation. Figure 7 shows a view of packing
peptidesl to 4 in crystals may be relevant in assessing the in peptidesl and2. The bent molecules are held together in
possible contributions of intermolecular interactions in influenc- vertical columns, aligned parallel to theaxis by a pair of
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hydrogen bonds between exposed backbone amide groups (N(2)
--O(7) and N(1)--O(8)). The adjacent columns are arranged in
antiparallel fashion and connected laterally by the intermolecular
hydrogen bond N(16y-O(6). A lone water molecule O1w fills

a cavity between the peptides and forms only a single hydrogen
bond to O(10) of the C-terminus ester group. Aib(6) NH does
not participate in any hydrogen bond. The observation of a
cavity filling water molecule with unsatisfied hydrogen bonding
potential may be indicative of crystallization from an aggregate
nucleus, composed of bent peptide molecules leading to
imperfect packing. This suggests that the observed molecular
conformation is not likely to be a consequence of strong
intermolecular interactions that drive crystal formation. Peptide
1, which adopts an almost similar conformation, crystallizes in
the monoclinic space group2; as compared to the orthorhom-
bic P2,2,2; space group for peptid® The mode of packing in
crystals in peptidd. is remarkably similar to that of peptide
(Figure 7), with all the three interpeptide hydrogen bonds being
observed. The antiparallel columns are more closely arranged
in peptidel, and the water molecule earlier observed in peptide
2is absent in peptidé. The mode of aggregation in a direction
perpendicular to the helix formed by residues 1 to 7 is shown
in Figure 8. In peptidel, antiparallel columns, viewed down
the axis of the molecule, form a square grid arrangement, while
a checkerboard motif is observed in the case of pegitfe
The view of molecular packing shown in Figures 7 and 8 do
not reveal any specifically unusual feature, which may force
the molecular conformation into the observed bent structure.

Peptides3 and4 may be viewed as structures generated by
fused helical peptide segments of opposite chirality. In the case
of 3, the junction is between residues 7 and 8, with the resultant
left-handed helical segment being restricted to only a single turn.
In 4, the junction occurs between residues 4 and 5 resulting in
almost equal segments of right- and left-handed twist. The
packing of these ambidextrous helices is mediated by two
bridging water molecules in the case of peptBlend one
bridging water molecule in peptide Crystals of3 contain two
molecules in the asymmetric unit. Figure 9 shows a close up
view of the intermolecular interactions, which bridge molecules
A and B in the lattice. A single interpeptide hydrogen bond
between N(2)-O(9) holds columns of A molecules and B
molecules in place. The two water molecules bridge the A and
B columns and are also hydrogen bonded to one another.

In peptide 4, the long axis of the molecule lies at an
appreciable angle with respect to the crystallographic axis, with
proximal helical units being bridged by both interpeptide and
water mediated hydrogen bonds to the N-terminal NH groups,
which are not involved in intramolecular hydrogen bonds. The
observed intermolecular interaction involves both N(1) and N(2)
(Table 5). Figure 10 shows a view of the molecular packing in
peptide 4 down the c-axis. Interestingly, as many as three
carbonyl groups (O(8), O(9), and O(10)) are not involved in
hydrogen bonding. This imperfect pairing of hydrogen bond

Molecule - B
(X.¥.2)

Molecule - A
(x+1/2,y+1/2,-2+1/4)

Molecule - B
(x-1/2,-y+1/2,-z+1/4)

Mbolecule - A
(x,¥-1,2)

Figure 9. A view of the intermolecular interactions which bind molecules
of peptide3 in crystals. Two water molecules bridge peptide columns in
both vertical and lateral directions. Note that the asymmetric unit contains
two independent peptides labeled as molecules A and B.

Figure 10. A view of the molecular packing in crystals for peptidiedown

the crystallographic-axis. The long axis of the molecule lies at an angle
with respect to the crystallographic axes. Intermolecular hydrogen bonds
mediating interaction between proximal molecules are shown as dotted lines.

donors and acceptors in crystals once again suggests that crystafonclusion

packing forces may not be a primary determinant of molecular
conformation.

(19) (a) Karle, I. L.Acta Crystallogr.1992 B48 341-356. (b) Karle, I. L.
Biopolymers1996 40, 157-180. (c) Karle, I. L.Acc. Chem. Resl999
32, 693-701.
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The structures of peptides—4, together with the structure
of all the L decapeptide shown in Figure la, provide many
insights into the nature of the interactions that determine the
precise fold of designed peptides. The introduction of the double
p-segmenPAla(8)- PLeu(9) clearly facilitates helix termination;
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when residue 4 is Ala or Gly, a novel chain reversal is observed in determining the sense of the helix-dmino acids favor a

at the C-terminus stabilized by the-Ei---O hydrogen bond right-handed twist and-amino acids favor a left-handed twist),
between residue 4 %1 and residue 9 CO groups. This weak the insertion of guest amino acids in folded sequences of
interaction appears to be a critical determinant of this unusual opposite chirality does not necessarily lead to the disruption of
fold because the replacement of the interacting hydrogen by athe twist of the helical structures. Peptid@sand 4 provide
methyl group results in a dramatic change in the conformation examples of the accommodation of amino acids of mixed
of the polypeptide. Thus, the T-48---CO of T+1 interaction chjrality in a continuous helical segment. A detailed understand-
in oy terminated segments in peptides and proteins undoubtedlying of the role of chiral reversal on local conformational features

contributes to the stability of a novel chain reversal which ¢ holypeptide chains promises to be useful in achieving control
permits alignment of helical structures in adjacent extended o, backbone-folding in designed peptides.

sheets in antiparallel fashidh.Analysis of the modes of
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Two serendipitous observations made during the course of
these studies merit special mention. In pept¢he PAla(4)
residue adopts aight-handed(agr) conformation, while, in
peptide 4, the “Val(7) residue adopts deft-handed (o)
conformation. While amino acid chirality plays a dominant role JA0372762

Supporting Information Available: X-ray crystallographic
files for peptide2—4 (CIF format). This material is available
free of charge via the Internet at http://pubs.acs.org.
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