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Monoclinic polymorph of Boc-Trp-Ile-Ala-Aib-Ile-Val-
Aib-Leu-Aib-Pro-OMe(anhydrous)

Parallel packing of 3 ,-/x-helices and a transition of helix type
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The structures of two crystal forms of Boc-Trp-Ile-Ala-Aib-Ile-Val-Aib-Leu-Aib-
Pro-OMe have been determined. The triclinic form (P1, Z = 1) from DMSO/H,0O
crystallizes as a dihydrate (Karle, Sukumar & Balaram (1986) Proc. Natl. Acad. Sci.
USA 83, 9284-9288). The monoclinic form (P2,, Z = 2) crystallized from dioxane is
anhydrous. The conformation of the peptide is essentially the same in both crystal
systems, but small changes in conformational angles are associated with a shift of the
helix from a predominantly a-type to a predominantly 3,5-type. The r.m.s. deviation
of 33 atoms in the backbone and C’ positions of residues 2-8 is only 0.29 A between
molecules in the two polymorphs. In both space groups, the helical molecules pack
in a parallel fashion, rather than antiparallel. The only intermolecular hydrogen
bonding is head-to-tail between helices. There are no lateral hydrogen bonds. In the
P2, cell, a = 9.422(2) A, b = 36.392(11)A, ¢ = 10.548(2) A, p = 111.31(2)° and
V = 3369.3 A* for 2 molecules of CgyHy; Nj, Oy per cell.

Key words: Aib residues; anhydrous apolar decapeptide; crystal structure; 3,,-helix/x-helix

transformation; hydrogen bonds

Aggregation of helical, hydrophobic pep-
tides may be an important step in the for-
mation of transmembrane peptide channels
(1). The role of specific side chains in promo-
ting helix aggregation is being studied by
means of synthetic peptides. The triclinic
crystal of Boc-Trp-Ile-Ala-Aib-Ile-Val-Aib-
Leu-Aib-Pro-OMe-2H,0, an apolar analog
of residues 1-10 of zervamicin ITA, has one
molecule of the peptide per cell (2). Since the
only mode of repetition in a triclinic cell is by
translation in the three axial directions, the
packing of the helical columns must neces-
sarily be parallel rather than antiparallel. The

parallel packing of a-helices is in contrast to
the antiparallel packing generally observed in
proteins and in other a-helical peptides (3-5).
Consequently, attempts were made to crystal-
lize this decapeptide in a different type of cell
by using nonpolar solvents, rather than
DMSO/H, O, which was used to grow the tri-
clinic crystal form. Monoclinic crystals were
obtained from wet dioxane, as well as from
ethyl acetate/petroleum ether. The latter
solvent mixture yielded only poor quality
single crystals, although they had the same
cell parameters and appeared to have similar
intensities for the scattered reflections as
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those from dioxane. The monoclinic space
group P2, relates two molecules by a 2-fold
screw axis. Thus it was possible to have anti-
parallel packing of the helices, if the orienta-
tion of the helical molecules were perpen-
dicular to the screw axis. Actually the helices
lie parallel to the screw axis in the present
monoclinic cell and neighboring helices are
parallel to each other. The parallel packing of
neighboring helices is identical to that found
for a 16-residue apolar peptide (6) with the
same 1-10 sequence as in the present peptide.
Each of the three molecules with the same
1-10 sequence of residues, and very similar
values for conformational angles, contain a
different ratio of 3,,-helix/a-helix hydrogen
bonds (4 — 1/5 — 1) from 1:5 to 4:2.

EXPERIMENTAL PROCEDURES

Boc-Trp-lle-Ala-Aib-Ile-Val-Aib-Leu-Aib-
Pro-OMe was synthesized by conventional
solution-phase procedures and crystals were
grown by slow evaporation from wet
dioxane. A dry crystal in the form of a some-
what irregular rhomboid, 0.10 x 0.12 x
0.18 mm, was used for X-ray data collection
on an automated four-circle diffractometer
with CuKa radiation and a graphite
monochromater (1 = 1.54178 A). The 6-20
scan technique was used with a 2.0° scan,
variable scan rate of 7° to 30°/min, and
260,... = 100°, for a total of 3556 independent
reflections and 3020 reflections with inten-
sities > 3o(F) to a resolution of 1.0 A. Three
reflections, 300, 080 and 024, monitored
after every 60 measurements, were constant
within 2%.

Lorentz and polarization corrections were
applied to the data. The space group is P2,
witha = 9.422(2)A, b = 36.392(1D)A, ¢ =
10.548(2) A, p = 111.31(2)°, V = 3369.3A,
Z =2 and d. = 1.163g/cm’ based on a
formula weight of 1180.51 for CeHg; N, Oy;
(anhydrous).

It was expected that the molecule would
have a conformation similar to that found for
the same substance in a P1 cell (2). Accord-
ingly, a fragment of 33 atoms, containing
the backbone and C” atoms in residues 2-8
from ref. (2), was used as a model in the
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vector search procedure in the PATSEE com-
puter program (7) contained in the SHELX84
package of programs (8). The orientation of
the fragment in the monoclinic cell and the
translation to the correct position with
respect to the cell axes were readily obtained
only after the normalized |E,, | values (9) were
obtained from the raw data by processing
with the XTAL86 program (10) rather than
the SHELX84 program (8). The remainder of
the atoms in the molecule were found with the
partial structure procedure (11).

Full-matrix, anisotropic least-squares re-
finement was performed on the C, N and O
atoms before hydrogen atoms (those bonded
to C atoms) were added in idealized positior™
Then refinement was continued with block-
diagonal least-squares alternately on blocks
of residues 1-5 (480 parameters) and 6-10
(364 parameters) with the hydrogen atoms
riding on the atoms to which they are bonded
and their isotropic thermal factors fixed
~U,, of the bonded C atoms. Hydrogen
atoms bonded to the N atoms were located in
difference maps and their coordinates were
refined with U, fixed as above (SHELXTL
program). The final agreement factors were
R = 0.063 and Rw = 0.055.

Fractional coordinates for the refined
atoms are listed in Table 1, a view of the
molecule is shown in Fig. 1, torsional angles
are listed in Table 2, and hydrogen bonds are
shown in Table 3.

RESULTS

Molecule

The conformation of the decapeptide mole-
cule in the two different space groups, Pl,
P2,, is essentially the same, as can be seen by
the superposition of the molecules in Fig. 2.
The average fit of back-bone atoms and C*
atoms in residues 2-8 is 0.29 A. The largest
deviation between two equivalent backbone
atoms in the two molecules is 1.1 A between
the C'10 atoms at the C-terminal. The hexa-
decapeptide with the same 1-10 sequence (6)
also has the same conformation for the re-
sidues 1-9. Torsional angles ¢ (N, — C) and
Y (Cf — C)) in the three molecules are com-
pared in Fig. 3. They can be compared only



TABLE 1

Atomic coordinates ( x 10*) and equivalent isotropic dis-
placement parameters (A* x 10%)

X ¥y Z ‘Ueq
C(2) 5690(11) 3000(3) 3982(8) TH(4)
C(3)  6149(14)  3393(3)  4292(11) 116(6)
C@d)  7043(12)  2763(3)  4696(9)  95(5)
C(5) 4259(11) 2908(3) 4288(10) 101(5)
0 5360(6) 2990 2491(5)  69(3)
C0)  5061(9) 2672(3)  1842(9)  62(4)
O(0) 4755(7) 2383(2) 2298(6) 77(3)
N()  S083(8) 2697(2) 569(7)  59(3)
C(1)  4581(10)  2389(2) —363(7)  58(4)
(1 5445(11) 2042(2) 143(9) 58(4)
~ ) 4870(7) 1737(2) —176(6) 78(3)
) 4660(10)  2488(2) —1733(7)  T3(4)
C(1)  6270(10)  2546(3) —1756(8)  61(4)
Ci(11)  7010(12)  2870(2) —1580(8)  67(5)
C(12)  7223(11)  22832) —1993(8)  60(4)
Ne(LD)  8401(11)  2825(2) —1641(7)  75(4)
CH(12)  8558(12) 2466(3) —1931(8) 69(5)
C(13)  7135(12)  19013) —2271(9)  78(5)
Ci(11)  9754(12) 2289(3) —2159(8) 79(5)
Ci(12)  8339(16)  1729(3) —2484(9)  99(6)
(1) 9616(15)  1923(4) —2425(10)  96(6)
N@)  6918(9) 2073(2)  1008(8)  S8(3)
C*(2) 7873(9) 1764(2) 1536(8) 60(4)
C(2)  T7249(10)  15043)  23328)  65(4)
0Q)  7532(6) 1171(2) 24085  76(3)
c'@2)  9517(9) 1869(2)  2359(8)  68(4)
C'21)  9656(10)  2092(3)  3636(9)  86(5)
C'(22) 10257(11)  2067(3)  1496(10)  93(5)
C()  11190(12)  2161(4)  4611(12) 140(7)
NG3)  6341(9) 1655(2)  2932(7)  67(3)
C*(3) 5697(11) 1423(2) 3752(9) 73(4)
C()  4724(11)  11273)  2894(10)  66(5)
0(3)  4744(7) 807(2)  3348(6)  89(3)
53)  4753(11)  1666(3)  4344(9)  88(5)
N@)  37509) 1213(2)  1655(9)  83(4)
C*(4) 2678(12) 957(3) 723(11)  96(5)
C@)  3540(14) 638(3) 420(10)  90(6)
0@d)  3056(9) 325(2) 315(10)  148(6)
CP@al)  1494(12) 830(3)  1315(14) 125(7)
CF42)  1901(14) 1161(3) —609(11) 134(7)
N(S)  4884(11) 708(2) 2928)  79(4)
C(5)  5740(12) 4333) —659) 7505
C(5)  6540(10) 182(3)  115809)  72(4)
o)  6589(7)  —155(2) 984(6)  88(3)
Ch(5)  6896(13) 609(3)  —622(10) 100(6)
Gl 6091(20) 866(3) —1874(17) 164(11)
C(52)  7865(16) 3033)  —966(13) 144(9)
C(5)  4870(23) 695(4) —2987(14) 211(13)
NG6)  7235(7) 344Q2)  2344(7)  66(3)
c:6)  8017(11) 121(3) 350009  82(4)

Crystal structure

C@6)  6981(15) —157(3)  3795(9)  80(5)
0(6) 7491(8)  —471(2)  4216(6)  98(3)
ch6)  8730(12) 380(3)  4805(10) 105(5)
C(61)  10052(13) 601(3)  4577(12) 142(7)
C'(62)  9364(16) 176(3)  6012(12)  160(8)
N(7) 5543(12)  —66(2)  3580(8)  75(4)
C(7)  4414(13)  —303(3)  3840(10)  90(6)
C(7)  4193(11)  —662(3)  3033(11)  86(5)
o(7) 3754(10)  —939(2)  3431(7)  128(5)
CH(T1)  2941(13)  —102(3)  3363(13) 128(8)
C/(72)  S047(17)  —402(3)  5397(12) 152(9)
N(8)  4443(8)  —651(2)  1854(8)  69(3)
C(8)  4237(10)  —971(2) 991(9)  69(4)
C(8)  5493(10) —1242(3)  1380(9)  61(4)
0(8) 5327(6)  —1552(2) 881(6)  76(3)
CH8)  3856(10) —859(2) —472(10)  87(5)
C@®) 216517  —1751(3) —1376(14) 144(9)
C'(81)  1547(13)  —463(3) —794(13) 131(7)
C'82) 211421)  —659(5) —2787(14) 256(13)
N©)  685209) —11252)  22578)  71(4)
C'(9)  8258(10) —1341(3)  2628(10)  78(5)
C'(9) 839409 —15053)  1298(11)  77(5)
0(9) 8666(7) —1830(2)  1218(7)  95(3)
CcfO1)  9622(10) —1087(3)  3371(11) 113(5)
CP92)  8259(11) —1642(3)  3555(11) 110(6)
N(10)  8206(7) —1279(2) 258(9)  77(4)
C*(10)  8175(10) —1430(2) —1080(10)  83(5)
C(10)  9716(13) —1559(3) —943(13)  82(6)
0(10)  10905(8) —1483(2)  —27(8)  89(3)
CP(10)  7654(13) —1115(3) —2095(12) 142(6)
C/(10)  7375(15)  —802(3) —1409(14) 135(8)
C’(10)  8115(11)  —868(3) 147(12)  104(6)
C(11)  11125(15) —1859(3) —2090(14) 147(8)
O(11)  963509) —1754(2) —2042(7) 111(4)

*U, = $ZZ Ujatat(a, ).

through residue 8, since in the two decapep-
tide molecules, there is a change in the signs
of the ¢, ¥ values at C*(9).

Although the ¢, Y values are very similar in
the three molecules, the number of 3,,-type
(4 — 1) hydrogen bonds as compared to the
number of a-helical (5 — 1) hydrogen bonds
is quite different in the three molecules. The
ratio for the two kinds of hydrogen bonds is
1:5 for the decapeptide in P1(A), 2:4 for the
1-10 region in the hexadecapeptide (B), and
4:2 for the decapeptide in P2,(C). In Fig. 3,
the y values are arranged in 4, B, C order
with A being the lowest graph and having the
largest number of 5 — 1 hydrogen bonds,
consistent with the ideal  values for o-
helices. For the ¢ values, 4, B and C are
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TABLE 2
Conformational angles® for monoclinic polymorph

1 2 3 4 5 6 7 8 9 10
Trp Ile Ala Aib Ile Val Aib Leu Aib Pro
¢ —58.3" —58.8 —60.5 —59.1 —-75.7 —58.6 —58.0 —80.8 458 —70.1
W —28.9 —27.6 —44.1 —375 —45.2 —35.6 —283 —17.1 49.7 168.5°
w —1785 —1790 —-1772 —1764 —1788 —1789 —1785 —172.6 —174.1 173.1¢
b i3 67.4 63.3 —56.6 —69.4 —81.6 -0.9
—62.5 178.2 172.9
o —92.1 170.8 —54.6 55.4 153
89.7 —178.8
7 —236
7t 22.7
C’NC*C? —14.3

The torsion angles for rotation about bonds of the peptide backbone (¢, ¥, and @) and about bonds of the amin

acid side chains (y) are described in ref. 12.
*“E.sd.’s ~ 1.0°

*C(0) N(1) C*(1) C(1).

SN(10) C*(10) C’(10) O(OMe).

4Ca(10) C'(10) O(OMe) C(OMe).

TABLE 3
Hydrogen bonds

Type Donor Acceptor Length, A Angle, degs.
(€ =0.::N)
Intermolecular NE(LL)® 0(9) 2918 128
(head-to-tail O(10) 3.005 103
N(1) O(R) 3.085 176
Intramolecular®
4-1) N(3) O(0) 2.995 132
4-=1 N(4) o(l) 3.155 126
51 N(6) 0(2) 3.019 164
(5-1) N(T) 0(3) 3.255 155
4-1) N(8) Q(5) 3.088 118
4-1 N(9) O(6) 3.065 121

* Bifurcated hydrogen bond.

"The N(5). . .O(2) distance is 3.161 A, reasonable for a hydrogen bond; however, the H(NS). . .O(2) distance is 2.8 A,
indicating that the hydrogen atom is not directed toward the O(2) atom.

arranged in reverse order, however, the dif-
ferences are significant only for residue 5. The
difference for the ideal values of ¢ for 3,,- and
a-helices is small.

The values of the lengths and angles of
covalent bonds are very similar in all three
structures. It is interesting to observe that
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small changes in ¢, iy values (3-9°), in a
3,p-/o-helix, can cause sufficient distance or
direction changes to result in switching hy-
drogen bonds to different NH and O atoms.
In A4, N(4) and O(6) are not involved in intra-
molecular hydrogen bonding, in B, N(5) and
O(6), whereas in C, N(5) and O(4). The non-



Crystal structure

~ ! N (o] -]
~_ \Ng |
b Sppitay \.._: |l Oj
1 0
\\ 41 (. Boc
Trp T o '
\_\1/ ) HZ_/_/ -~
N oy /
2/ 7\,
le ~ 35X L 3, .~helix
z N 10
N3/
\ 3"‘ N
F v _OAla
~ 3\ ‘14‘
Yy 7\ Aib
lle [ i N5 X
/_ I / A N
|_. \.' R
s I 3 -
E '“}]5 V) alpha-helix
. FIGURE |
o View along the helix of the
/' ] decapeptide molecule drawn
ob ) AL -helix by computer using Lhe-. ex-
helix reversal [ V x 310 perimentally determined
é Y

In10 o/ |
OMe (%30 |\2~ 7 Leu -
o7 Pro i —yAib 1

P
e
/

Z - ——-
—

participating NH or O atoms occur at boun-
daries between 4 — 1 and 5 — 1 hydrogen
bonds. The hydrogen bonds in C are listed in
Table 3 and are shown in Fig. 1.

Among the side chains, the only significant
conformational change is in the Ile* residue
where the longer branch has g—, t and the
shorter branch g* conformations both in the
present structure and in the 16-residue
peptide, whereas in the decapeptide in P1 the
longer branch is t, g~ and the shorter branch
is g~. For Ile’, the conformation is the same
in all three structures, i.e. g*, t and g™ for the
longer and shorter branches, respectively; but
different than the two conformations ob-
served for Ile’.

Packing
The long dimension of the unique axis b,

head-to-tail H bonds

coordinates in the mono-
clinic crystal. The C* atoms
are labeled 1-10. The
number 0 is at the position
of an O atom in the Boc
group. Hydrogen bonds are
indicated by dashed lines.

36.39 A, and the small cross-section of the
unit cell, 9.42 x 10.55A, indicated imme-
diately that the two helical molecules in the
cell, related by a 2-fold screw, must be stacked
over each other in the & direction. Perpen-
dicular to the helix direction, the molecules
repeat only by translation (Fig. 4). In this
structure also, the packing of the helices is in
the parallel mode, as it has been in the poly-
morph in P1(2) and the 16-residue peptide in
P1(6). In fact, the parallel packing of mole-
cules shown in Fig. 4 is very similar to that
occurring for the 1-9 residues (upper part) in
the 16-residue peptide shown in Fig. 5. There
are four lateral C...C approaches of
~3.5A, three of them with the tryptophanyl
side-chain and C(4), Cf(42) and C’(3).
Almost all other lateral approaches between
molecules are > 3.8 A.
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Intermolecular hydrogen bonds

The only intermolecular hydrogen bonds are
the head-to-tail type between N(1)...0(8)
(1 —-x, 12+y, —2) and N¢(11)...0(9)
and O(10) (2 — x, 1/2 + y, —2), (Fig. 4). In
all three structures referred to in this paper,
N(1) and N°(11) of the tryptophanyl residue
participate in head-to-tail hydrogen bonds,
either directly or mediated by a water mole-
cule. In the other two structures, N(2) forms
a hydrogen bond to a water molecule. In the
present structure, there is no evidence for a
solvent of crystallization, even at partial oc-
cupancy, and N(2) does not participate in any
hydrogen bonding. A search of the space
above N(2), near x = 0.81, y = 0.28 and
z = (.05, shows that if a water molecule were
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FIGURE 2

A superposition of the deca-
peptide molecule in the
monoclinic cell (——lines)
with the same molecule in the
triclinic cell (- — -lines).

placed there, it would be too close to the C
atom of OMe from a neighboring molecule.

DISCUSSION

The structures of the two crystalline forms of
the decapeptide establish that minor changes
in backbone torsion angles can result in a
transition from a 3,,-helical (4 — 1) to an
a-helical (5 — 1) hydrogen bonding scheme.
The N-—-O distances and C = 0——-N
angles, corresponding to potential 4 — 1 and
5 — 1 hydrogen bonds, for the first 9 residues
of the two decapeptide forms and the hexa-
decapeptide are compared in Table 4. The
hydrogen bonding patterns in the three struc-
tures are schematically compared in Fig. 6.



! — 3, ~helix
0
e a]pha-hellx

-_— 31 o-hellx

alpha-helix
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FIGURE 3

A comparison of the ¢
values (upper graph) and
values (lower graph) in the
decapeptide in P1(A), re-
sidues 1-9 in the hexa-
decapeptide in P1(B) and
the decapeptide in P2,(C).

FIGURE 4

Packing of the decapeptide
molecule in the P2, cell and
neighboring molecules in
two adjacent cells. The ¢
axial direction is up from the
page. Intermolecular, head-
to-tail, hydrogen bonds are
indicated by dashed lines.

573



PLS

TABLE 4

Comparison of N. . .0 distances®, C = 0. . .N angles and H. . .O distances, corresponding to potential 4 — 1 and 5 — 1 hydrogen bonds, for the first nine residues
of the monoclinic decapeptide (I), triclinic decapeptide (II') and hexadecapeptide (IIT). The value for hydrogen bonds chosen for each structure are underlined

Acceptor Domor Type N..O N..O N..O C=0..N C=0..N C=0..N H.0O H.O H.O

012 ey "1

I 11 111 I II 11 I 1l 111
1. 0(0) N(3) 41 2.995 3.010 3.027 132 130 133 2.16 2.36 2.14
2. 0(0) N(4) 51 4361 3.959 4254 147 150 143 3.85 327 3.42
3. o(l) N(4) 41 3.155 3.130 3.040 126 119 121 2.30 2.53 2.34
4. o(1) N(5) 51 3.777 3.247 3.654 152 159 154 2.94 248 2.77
5. 0(2) N(5) 41 3.162 3.244 3.139 112 104 113 2.53 2.81 2.51
6. 0(2) N(6) 51 3.019 2.960 3.175 164 157 157 1.99 2.09 227
2, 0(3) N(6) 4 -1 3359 3.361 3.168 105 104 109 2.92 3.08 2.65
8. 0(3) N(7) Sy ] 3.255 3.170 3.170 155 155 159 2.54 2.28 2.23
9, 04) N(7) 41 3.675 3.474 3.430 101 106 105 3.30 3.03 2.94
10. 0(4) N(8) 5 au] 3.926 3.189 3.346 139 152 148 3.17 245 2.51
1. 0o(5) N(8) 41 3.088 3131 3.191 118 108 108 225 2.66 2.56
12. 0o(5) N(9) 51 3.756 3.012 2.965 151 158 158 2.87 2.46 244
13. 0(6) N(9) 41 3.065 3.169 3.170 121 109 108 2.33 2.19 2.30

“E.s.d.’s: 0.01 A for N.. O, <1.0° for C = O. . .N angles, and 0.10 — 0.15A for H. . O.
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Crystal structure

FIGURE 5

Packing of neighboring
molecules of the 16-residue
peptide (6). Compare with
Fig. 4.

FIGURE 6

Schematic hydrogen
bonding patterns in the
crystal structure of (a) the de-
capeptide, P2,, (b) the de-
capeptide, P1 and (c) the first
nine residues of the hexa-
decapeptide, P1. The dark
arrows indicate 5 — 1 hy-
drogen bonding while the
light arrows indicate 4 — |
hydrogen bonding. ¢ (top),
Y (bottom) wvalues at each
residue are indicated.
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These observations suggest that n.m.r. studies
aimed at delineating the nature of hydrogen
bonded NH groups are necessarily limited by
the possibility of similar conformational in-
terconversions in solution, which may occur
rapidly on the n.m.r. timescale. Indeed, spec-
tral data for helical Aib containing decapep-
tides have been interpreted in terms of solvent
dependent transitions between 3,,- and a-
helical structures (13). This may be par-
ticularly important for sequences containing
relatively few, stereochemically rigid Aib re-
sidues.

The parallel packing of helices observed in
the two decapeptide polymorphs and the
hexadecapeptide suggest that packing forces
other than helix dipole-dipole interactions
(14) stabilize these crystalline forms. The
packing of helices in these structures is rela-
tively loose, resulting in solvent incorpora-
tion into cavities or the presence of voids with
greater than atomic dimensions. This is remi-
niscent of helix packing in proteins which
results in the formation of defect spaces (15,
16).
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