fnt. I, Pepride Prosein Res. 32, 1988, 536-543

Aggregation studies in crystals of apolar helical peptides:
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In the crystal, the backbone of Boc-(Aib-Val-Ala-Leu),-Aib-OMe adopts a helical
form with four a-type hydrogen bonds in the middle, flanked by 3,,-type hydrogen
bonds at either end. The helical molecules stack in columns with head-to-tail hy-
drogen bonds, cither directly between NH and CO, or bridged by solvent molecules.
The packing of the helices is parallel, even in space group P2,. Cell parameters are
a = 9837A, b = 15.565(3) A, ¢ = 20.087(5) A, f = 96.42(2)°, deyye = 1.091 g/
em’ for CyHy N, 04+ 1.5H,0-0.67CH, OH. There appears to be some hydration of

the backbone in this apolar helix.

Key words: Aib residues; 3,5-helix/z-helix; parallel packing of helices; erystal structure; head-to-
tail hydrogen bonds; hydration of backbone

The role of specific peptide residues in pro-
moting helix formation and the nature of the
aggregation of helices is being studied with
X-ray diffraction analyses of model synthetic
apolar peptides containing 9-16 residues (1-
4). Factors which may be important are the
type of residue, the specific sequence, and the
polarity of the solvent from which crystals are
grown. All the model peptides studied have
~ 30% Aib (z-aminoisobutyric acid) content
to mimi¢ natural membrane active peptides
like zervamicin ITA (5). The sequence in the
apolar 1-10 analog (1, 3) and the apolar 1-16
analog (2) of zervamicin ITA has the charac-
teristic of having residues with large side-
chains such as Ile, Val, and Leu interspersed
with one or two residues with small side-
chains such as Ala and Aib. The resulting
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helix has all the large side-chains on one side
and the small side-chains on the other.

A decapeptide with the sequence Boc-(Aib-
Ala-Leu), Aib-OMe also has the large leucyl
side-chains on one side of the helix and the
small side-chains of Aib and Ala on the other
side (4). For this sequence, however, water
molecules have invaded into the backbone on
the side of the small side-chains and caused
this peptide to mimic an amphiphilic helix.
An agueous channel is formed by the anti-
parallel aggregation of the helices.

The present peptide, Boc-(Aib-Val-Ala-
Leu),-Aib-OMe, has an alternation of small
and large side-chains. It forms a predomi-
nantly alpha-helix and aggregates with the
helices parallel to each other in a mode
similar to the zervamicin ITA analogs (1-3).
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There is only minimal solvation of the back-
bone.

EXPERIMENTAL PROCEDURE

Boc-(Aib-Val-Ala-Leu),-Aib-OMe was syn-
thesized by conventional solution-phase
procedures and crystals were grown from
CH,0H/H, O solution in the form of prisms
with tapered corners. A crystal of size
1.30 = 0.40 x 0.50mm, sealed in a thin-
walled glass capillary with a small amount of
mother liquor, was used to collect X-ray dif-
fraction data on an automated diffractometer
using CuKa radiation and a graphite
monochromater (1 = 1.54178 A). The 6-20
scan technique was used with a scan of
2.0° + 20(x,) — 20(x,), a variable scan rate
between 6°/min and 27°/min, depending upon
the diffracted intensity, and 28, = 110° for
a total of 4024 independent reflections and
3249 reflections with intensities greater than
3a(F). Three reflections 006, 031, and 400,
monitored after every 60 measurements, re-
mained constant within 3% during the data
collection. Lorentz, polarization, and absorp-
tion corrections were applied to the data. The
cell parameters are a = 9.837(2)A, b =
15.565(3) A, ¢ = 20.087(5)A, and f =
96.42(2)® for space P2,. The calculated
density for Z = 2,V = 3056.0 A, molwt =
95423 + 5984 for C,H;N,O,-1.5
H,0-0.67CH,OH is 1.091 g/cm’.

The structure was solved directly by the
random tangent procedure as contained in
the SHELX84 package of programs®, with
the use of the tangent formula for direct
phase determination (6). The initial E-map
contained a fragment of the molecule consist-
ing of 80% of the atoms which was expanded
to the full structure by the partial structure
procedure (7) and difference maps. The final
cycles of full-matrix least-squares refinement
were petformed on the coordinates and
anisotropic thermal parameters of C, N, and
O atoms. Sixty-three hydrogen atoms in the
peptide molecule were placed in idealized
positions, and in the least-squares calculation

* MicroVAX version of SHELXTL system of programs.
Micolet Analytical Instruments, Madison, Wisconsin,
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they were allowed to ride with the C or N
atoms to which they are bonded. Difference
miaps contained sizeable peaks that corre-
sponded to alternate conformations for the
side-chains of Val® and Leu® and for the OMe
terminus and also partially occupied sites for
water molecules. These atom positions were

“included in the least-squares refinement. Oc-

cupancy factors were refined for the dis-
ordered side-chains and partially occupied
solvent sites. The hydrogen atoms associated
with the C atoms in the disordered side-
chains were not included in the refinement.
The R-factors for 3249 data (greater than
3¢(F)) are R = 0.081 and R, = 0.088. For
all the 4024 data, they are R = 0.098 and
R, = 0.090.

Fractional coordinates of C, N, and O
atoms are listed in Table 1 with the atoms in
partially occupied sites designated by 1.

RESULTS

Conformation of molecule

A diagram of the peptide molecule in its
predominant conformation, drawn by com-
puter using the experimentally determined
coordinates, is shown in Fig. 1. Alternate
conformations for the side-chains of Val® and
Leu®, as well as for the terminal OMe group,
are indicated in Fig. 2 by the dashed lines. For
Val*, the C” atoms occur at all three possible
conformations, that is, g*, g~, and t, al-
though ~ 70° of the molecules in the crystal
have the t, g~ conformation while the t, g*
and g*, g~ forms occur ~ 15% each. For
Leu®, in ~70% of the molecules, the side-
chain has the g(tg) conformation and in
~ 30%, the side-chain has the t(tg™) form.
The g(ig) conformaton, occurring in the
major conformer in Leu* and in Leu® that is
not disordered, is the highly populated form
found in peptides (8). The OMe terminus
occurs about equally in two conformations

* Supplementary material consisting of bond lengths,
bond angles, anisotropic thermal parameters, and coor-
dinates for H atoms will be deposited with the Cam-
bridge Crystallographic Data File. Observed and cal-
culated structure factors are available from LL.K.
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TABLE |
Atomic coordinates [ x 107 ) and equivalent isotrapic dis-

placement parameters (A = 107)
x ¥ z us
(4] 4085(8) 2195(7)  996(4)  1DI(3)
() MI4(14) 284209  1256(6) BH3)
C(2) S263(16)  2291(12)  655(1)  119(T)
C(3) 6301019  2841(16) [1132(13) 26B(18)
Ci4) SO01(25)  2835(14)  82(B) 24%14)
C(5) S593(07)  13T0(10)  496(8)  1358(8)
o) 3729(7) I614(7T) 12043 9D
N( 2383(9) 2546 1566(4)  77(3)
Cl) [408(12)  3LI0(7)  I814(6)  5O(4)
(1) JUIE(IT)  37BL(8)  2300(5)  TO(4)
o1 16567(8) 4518(6)  2317(4)  86(3)
Chilly S24(12) 359 1266(6)  107(3)
C"12) S50(12)  2546(9) 2257(T)  111(&)
MN(2) 3233(9) 3545(T)  2689(4)  TAW)
C'(2) I930{13) 41289  3TE(5)  8R(S)
C(2) 4383(11)  49348(9)  2866(6)  8I(5)
0(2) 4436(8) 5635(7)  3l41(4)  96(3)
cf SO38(19)  IGSAL1) 36T 132N
cont SETT29)  4222(16) 4159(11) 201{13)
cent 4317049 3055(200 4116(16) 132(19)
cont 6447(32)  34BT(21) 3269(18) 263(18)
N(3) 4841(8) 4867(T)  2263(5) 824
C'(3) SI0B(I2)  SEI9(8)  1920(7)  98(5)
(3 413015  6269)  1732(6) B6E(5)
o 4356(8) 03T} 17T 106(3)
Cf(3) SEOO(IB)  53E3(10) I3IS(B)  167(9)
N} 2876(12) 5041(T)  1536(4)  87(4)
C'{4) 1782(15)  6512(10) [1388(6) 101(5)
4 140%11)  6892(9) 2016(9)  106(6)
0(4) 104%8) TATHT)  2068(4)  114(4)
it 269(35)  6OTS(1S) MI27(13) (1D
it 322(39)  SR93(19)  462(16) 134(15)
Cliant  — 108830 S466(32)  99(18) 15&(17)
C'ant I6T(39)  6TIS2T) —6(15) 141(15)
it [135(59)  SET9(33) 942(24) 34(19)
c@t —379(33)  6449(26)  668(26) TI(1T)
Claryt —1473(128)  S600(96)  246(31) 266(41)
Clayt —101dn 72010410 249(29) 97(20)
N(5) 1330(%) 6410(7)  2586(5)  B6(4)
C'(5) 1077(12)  6729(8) 323NT) 'M4(5)
(5 1928(14)  7515(9) 3448(6) B8(5)
0(5) 1462(%) 1737 3643(5)  134(5)
C*(s1) 1418(16) GO2LEI0)  3725(T)  13XT)
Cf(52) —445(12)  GUGI(10) 31829  154(8)
Ni6) 3299(10)  T450(7)  3350{4)  TE(3)
C'(6) 4223(11)  BIS6(B)  3546(5) . TT(H)
C(6) AN4I(10)  BUO0S(R)  30TIE)  THH)
6] 3043(8) 9646(7)  3305(4)  90(3)
CFig) 5766(12)  7R47(9) 3608(6) 90(3)
C(61) 6OS2(13)  TI69(9) 4126(6) 111(5)
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C5(62) 6722(11) B611(10)  3743(6) 112(6)
M 3699 8757 24334)  63(3)
C(7) MO D46HE)  1950(6)  T94)
' 2215010 9995(8)  2051(5) TN
o) 2139(8) 10741(7)  1886(5)  110(4)
chn 3360012)  FIIOY)  1240{5)  95)
N(8) 1176(8) 9580(7)  2301{4) 64(3)
CH(8) —921 IOOOI(R)Y  2395(6) 74(4)
8 —127(14)  10421{9)  305T)  R6(5)
0(8) —1082(11)  10836(%) 3201{5) 151(%)
CH(8) —1259(11)  9348(9) 2280(6) 93(3)
i (8) — 1510015 S9RO{10) 1595(9)  134(T)
CHBIY  —2625(16)  8252(12) 1550{10) 209(11)
CY82) —1902(22)  9623(14) 1029(9) 234(13)
N9 S09(13)  [0282(8)  3503(6) 115(5)
C*(9) Q48(17)  10537(11) 4192(8) 129(7)
C'(9) 623(22)  11521(13) 4255(10) 15310
%) [OSOCTRY  12036(11) 3874(T) 214(%
coopt I6S(39)  12934(27) 4163(42) 354(3T)
CH(91) —23(22)  9941(12) 45TI(8) 196(11)
ROy 2440(21)  10543(14) 4498(%) 209013
o[10) —166(13)  11693(8) 4724(5) 162(6)
c(10nt  =s48(56)  12709(28) 4685(13) 342(38)
Wil) 4330(12)  I77R(R)  2B04(5)  165(5)
omt 6S14(25)  1290(21) 3T33(I6) 28317
cmt 6386(29)  1101(27) 4407(18) 208(1%)
wiyt 6520{44) 1459(32) 233327} 269(19)
wilT = 1249(58)  44R9(31) 2756(35) 237(34)

*U,, = /3EL U ata¥(a; -a,)
¥ Occupancy: C'(21), 0.80; C7(22), 0.35; C°(23), 0.85;
C"(4) 1o C'(42), 0.70; C*(4)' to C*(42)", 0.30; C{10), 0.50;
Ci10%, 0.50; OM, CM (McOH), 0.67, W(2), 0.25; W(3),
0.25.

differing by ~ 180® around the C*9)—C"(9)
bond. In cach case, there is sufficient space in
the lattice to accommedate the alternate con-
formations. In these atomic groupings, the
nearest intermolecular C - - - O distance is
3.30A for C7(22) - - - W(I) and the nearest
intermolecular C - - - C distance is 3.56 A for
C*(417) - - - C*(3). The remainder of the side-
groups are reasonably rigid in a single con-
formation, although the thermal values U, in
Table 1 are 50%-100% larger for the mole-
cule as a whole than in similar apolar mole-
cules (1-4).

Bond lengths and angles have values con-
sistent with those usually observed in peptides
(8); however, those in or near the disordered
regions have large errors due to the difficulty
in the least-squares refinement procedure
arising from closely spaced atomic sites and
high thermal factors.
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The backbone is a typical helix for an
apolar peptide, containing four a-helix type
hydrogen bonds in the center portion and
flanked at either end with 34-helix type hy-
drogen bonds. Conformational angles are
listed in Table 2. Hydrogen bonds are shown
in Figs. 1 and 3 and listed in Table 3. Water
molecules have not been inserted into the
backbone as occurred in Boc-(Aib-Ala-
Leu);-Aib-OMe®. In that molecule, the large
side-chains occurred on one side of the helix.
On the other side, where side-chains consisted
of only one methyl group. there was sufficient
space for free access to the backbone by a
water molecule. In the present molecule, Boc-
(Aib-Val-Ala-Leu),-Aib-OMe, small and
large side-chains alternate and the backbone
is shielded more evenly by the hydrophobic
groups. Even so, there appears to be some
hydration. The coordinates of a possible H,0O
peak in the difference map have remained
stable in least-squares refinement. That peak

FOUR a H-BONDS

Apolar helical peptides

H-BOND

FIGURE |

View along the helix of Boc-
{Aib-Val-Ala-Leu), -Aib-
OMe. Included are the H,O
maolecule in a fully occupied
site and the CH,OH mole-
cule in a partially occupied
site (2/3) that bridge the
head-to-tail hydrogen
bonding. The C* atoms are
labeled 19, The number 015 -
the position of an O atom in
the Boc group at the amino
terminus. Carbonyl oxygens
O(5) and O(%) do not par-
ticipate in hydrogen
bonding. Only the major
conformer i5 shown.

has been labeled as an O atom of a water
molecule and the occupancy of that site has
been determined by least-squares refinement
to be ~0.25. This water molecule, W(3),
resides in a void between parallel peptide
maolecules related by one unit cell translation
in the a direction. Its only close approach to
another atom is 3.094 A to O(}). All other
contacts to W(3) are greater than 3.7 A. The
probable hydrogen bond between W(3) and
O(1) of the backbone is indicated in Fig. 3.
Fig. 4 shows that O(1) is unshielded by neigh-
boring hydrophobic side-chains and open to
hydration.

Head-to-tail hydrogen bonding

The apolar helical peptides studied thus far in
this laboratory (1-4 and unpublished work),
with 9-16 residues, form infinite helical
columns by head-to-tail hydrogen bonding.
Two molecules of such a column in the
present structure are shown in Fig. 3. Back-
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FIGURE 2

Allernate conformations for side-chains in Val’ and Leu®
and the terminal OMe group. Solid lines depict the major
conformers and dashed lines the minor conformers
{except for the OMe where the distribution is 0.5/0.5).

bone amides N{1)H and N(2)H are involved
in direct hydrogen bonding with carbonyl O
atoms of the molecule above or indirectly
through water bridges or other cocrystallized
solvent bridges, usually an alcohol molecule.

In the present case, there is one direct hy-
drogen bond, N(I)H - - - O(7). The N(2)H
group makes a hydrogen bond to W(l),
which in turn donates a proton to the O in
CH;0H and the proton in CH;0H is
donated to carbonyl O(8) in the molecule
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FIGURE 3

Head-1o-tail hydrogen bonding in a column of helical
peptide molecules. (Two peptide molecules are shown).
The sites for W{(2) and W{3) are partially occupicd (0.25).
Dashed and dotted lines indicate hydrogen bonds.

above but displaced by one cell length to the
left as viewed in Fig. 3. The CH;OH molecule
occupies only ~ 0.67 of its sites in the lattice.
In the remainder of the cells, W(2) with




Apolar helical peptides

TABLE 2
Canformational angles”

I 2 3 4 4 5 il 7 3 9 &
Aib Val Ala Leu Aib Val Ala Leu Aib
i —559" 582 -—-646 =724 —50.2 =719 =589 -9 -—516
i =344 =31} =360 405 =447 419 327 —B.1 =393 139470
w —=171.7 179.9 177.6 177.5 =178.7 1Me6 —1766 —170.7 1783  _—74.3¢h
b —175.8 =797 179.3¢ —61.2 —63.3
=71.6° 174.2
+ 78.3°
i —179.5"7 —167.1¢ 174.3
—678 682 ~6L.0
8
*Esd’s ~ .29,
PCOINEC AL,
“NINCHNT{NHOMe).
LCHPCNHOMe)C{OMe).
 Occupancy for x', 0.80, 0.35, 0.85 respectively.
" Oecupancy for ' and #°, 0.7.
¥ Occupancy for 3' and 3, 0.3.
4 Cecupuncy for ¢d and o, 005,
TABLE 3
Hydvagen boneds
Type Donor Accepior Length, A® Angle, (deg)
C=0---N
Intramolecular
4 =1 M(3) O 3.004 130
MNi4)* ol 3.033 120
5= MN(5) o 30014 163
Mia) O02) 3054 152
MN{T) O{3) 3088 147 oy
MR} 4} 3.000 &l
4 = | M%) &) 3211 12
Intermolecular
Head-to-tail M1} T 2899 171
N(2) Wil) 2,953
Wil QM) (0.671H ) 2748
Wil) Wi2) (0.25)° 2.768
O(M¥F(0.67)" o8y 2.792
Wi{2) (0.25§° O[8F ) 2.726
Lateral W(3) (0.258° Q1) 1094

Of5) and O(Y) do not participate in hydrogen bonding.

*O(1} is nearly the same distance from N{4) and N(5); however the H atom on N{d) is not ideally placed for a hydrogen
bond.

bx, — 1 4 v, z (transformation of coordinates in Table 1 in order 1o obtain coordinates of acceptor atom).

© QM) is the oxygen atom in CH,OH (solvent molecule).

* Occupancy in partially occupied sites.

"I+ x =1 + yz (ransformation of coordinates in Table 1 in order 10 oblain coordinates of acceptor atom).
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~0.25 occupancy in a site different than that
occupied by CH,0H, makes hydrogen bond
bridges between W(1) and O(8). The coexist-
ence of CH,OH and W(2) in a particular cell
is probably possible, since the
O(M) - - - W(2) distance is 2.87A. The
partial occupancy of the solvent molecules is
not due to the crystal drying in the at-
mosphere since a crystal surrounded by
mother liquor in a capillary was used for data
collection.

FParallel aggregation of peptide molecules
The present molecule provides another
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FIGURE 4

Sterco view of the peptide
maolecule with thermal ellip-
soids at the 50% probability
level. Note the exposure of
(1) to the outside environ-
ment and the possibility for
a4 water molecule (W(3) in
Fig. 3) to hydrate the back-
bone at this point.

FIGURE 5

Packing of Boc-(Aib-Val-
Ala-Leu),-Aib-OMe in P2,
cell. Four peptide molecules
are shown. The helices ag-
gregale in a parallel mode,
rather than antiparallel,

example of parallel packing of a-helices (1-3),
even in space group P2,. The helix axis is
approximately parallel to the b axis of the cell
(b axis unique). The length of the a axis,
9.837A, is large enough for only one helical
molecule. Therefore, in the a direction the
helices must pack in a parallel fashion simply
by translation.

In the ¢ direction, 20.087 A, there is space
for two helical molecules. The 2-fold screw
axis of space group P2, passes between the
helices. The resulting packing is shown in Fig.
5. The axes of neighboring helices are nearly
parallel but the peptide molecules are shifted




by 1/2 cell length in the & direction. The major
difference between the packing here and in
previously observed parallel motifs (1-3) is
that the helices are back-to-back rather than
back-to-front, because of the rotation due to
the screw axcs, The packing is rather loose
with intermolecular space available for rather
large positional disorder for some of the side-
chains (sec Fig. 2), for fairly large thermal
parameters that indicate smaller positional
disorder for the remaining side-chains (see
Fig. 4), and for the inclusion of a number of
solvent molecules.

All the helical molecules that have ag-
gregated in a parallel fashion thus far have
had Boc- and -OMe end groups. The effect of
other end groups is being investigated.
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