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The crystal structures of 1-Ala-1-Ile, 1-Ile-L-Ala, L-Val-L-Val, 1-Val-L-Ile and r-Ile-L-Val are presented.
Together with L-Ala-L-Val and L-Val-L-Ala they constitute a unique group of seven isostructural dipeptides
with hydrophobic pores and identical three-dimensional hydrogen bond networks. Hydrophobic side chains
form the inner surfaces of channels parallel to the hexagonal axes in these structures. By changing the bulk of
the side chains the van der Waals’ diameter of the channels can be regulated within the interval 3.3 to 5.2 A.

Introduction

In the crystal structures of peptides the N-terminal amino
group can donate up to two of its H atoms to main chain car-
boxylate groups of neighboring peptide molecules. To avoid
steric crowding the last amino H atom must find another type
of acceptor (at least as long as no C- or N-terminal Gly resi-
dues are involved). Functional groups in the side chains or
in co-crystallized solvent molecules normally serve this func-
tion. When hydrophobic moieties in the molecules are com-
paratively small, structures with three-dimensional hydrogen
bond networks and small hydrophobic columns are observed,
while larger hydrophobic groups usually lead to structures that
are divided into hydrophobic and hydrophilic layers.! Several
solvates of dipeptides with two hydrophobic residues belong
to the second group,” but when no organic solvent molecules
are present new crystal packing patterns are required in order
to position three acceptors around each amino group.

An original way of solving the packing problem of hydro-
phobic dipeptides was provided by the crystal structure of L-
Val-L-Ala (VA), the first-ever example of nanotube formation
by such a small molecule.® The tubes are distinctly hydropho-
bic and are created within a three-dimensional hydrogen bond
network. The crystal structure of the retroanalogue, L-Ala-L-
Val (AV),* proved to be very similar, but with a special ability
to adapt pore size and in particular pore shape to the nature of
the absorbed solvent molecules. Dipeptides with only L-Leu
and L-Phe residues, such as L-Phe-L-Phe (FF), also form
nanotubes,” but in a completely different manner, giving
one-dimensional hydrogen bond networks, in the shape of
cylinders, with hydrophilic tube interiors.

Since the side chains of the dipeptides form the inner surface
of the channels in the VA class, the inherent layout offers a
unique possibility to adjust the nature of the hydrophobic
groups without disrupting the hydrogen bond network of the
overall structure. This article presents five new VA class struc-
tures and summarizes the results for the seven isostructural
dipeptides.

Experimental

Crystal growth

L-Val-L-Val (VV) and 1-Ala-L-Ile (AI) were obtained from
Sigma, while L-Ile-L-Ala (IA), L-Val-L-Ile (VI) and r-Ile-L-Val
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(IV) were obtained from Bachem. Needle-shaped crystals with
diameter > 0.1 mm could be grown fairly easily for VA and
AV by vapor diffusion of 2-propanol (and also other solvents)
into aqueous solutions of the peptides.>* Initial crystallization
attempts for Al and VV under similar conditions yielded only
useless, extremely thin needles. It was subsequently found that
the initial solute concentration had a profound effect on crystal
size; needles large enough for diffraction experiments were only
formed when the concentration was just high enough to give
precipitation. For both dipeptides this was achieved at very
low concentrations in the range of 0.7-1.0 mg ml™!, corres-
ponding to 0.02-0.03 mg of peptide in 30 pl of water. An
increase to 0.05 mg of peptide in 30 pl of water was enough
to produce only the already familiar hair-like needles. Crystals
of IA, VI and IV were grown by rapid evaporation at 60°C,
after it was discovered that these conditions yielded useful
crystals for the very hydrophobic dipeptides in the FF class.’

X-Ray diffraction

The crystallographic data are reported in Table 1. Reflections
were measured on a Siemens SMART 1000 CCD diffract-
ometer using Mok, radiation (4 = 0.71069 A). The data col-
lections with SMART® included three sets of exposures with
the detector set at 20 = 26° and crystal-to-detector distance
of 5.0 cm. Data integration and cell refinement was carried
out by SAINT,” while absorption corrections were carried
out by SADABS.® SHELXTL® was used for structure solution
by direct methods as well as subsequent full-matrix least-
squares refinement on F2. O, N, and C atoms were refined
anisotropically, except for O atoms associated with absorbed
solvent water molecules in AI, VV, IV and VI, which were
refined isotropically. H atoms bonded to N and Cf (i.e., those
involved in hydrogen bonds) were also refined isotropically.
Other H atoms were placed geometrically and constrained to
keep all C-H or N-H distances as well as all C-C-H or
C-N-H angles on any one C or N atom the same. Water H
atoms could not be located in the electron density maps and
were not included in the refinements.

Results and discussion

The crystal structures of IA, AL, VV, VI and IV are shown in
Fig. 1 together with the structures of VA and AV.>* All bond
lengths and bond angles are normal.
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Table 1 Crystal data for compounds in this study

Compound Al 1A \'AY VI v
Chemical formula C9H13N203'H20 C9H18N203 CmHz()NzOszO Cl 1H22N203'0.22H20 Cl 1H22N203'0.21H20
Formula weight 220.3 202.3 2343 234.3 234.1
Crystal system Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal
Space group P6, P6, P6, P6, P6,

T/K 150 105 150 105 105

a/A 14.2566(6) 14.372(2) 14.6469(7) 14.7403(14) 14.8003(6)
c/A 10.1535(4) 9.8282(13) 10.2772(5) 10.3140(13) 10.2809(3)
V/A3 1787.22(13) 1758.1(4) 1909.40(16) 1940.8(4) 1950.31(13)
V4 6 6 6 6 6

u/mm! 0.095 0.086 0.093 0.089 0.087
Neasured 5302 2213 4377 2717 2985
Nunique 1386 1373 1481 1501 1510
Nobserved [F> > 26(F)] 1360 1225 1432 1153 1267

Ring 0.040 0.041 0.055 0.100 0.047

R [F > 20(F)] 0.033 0.028 0.039 0.055 0.033
WR(F?) 0.076 0.070 0.082 0.112 0.082

Molecular conformations For C-terminal L-Val and L-lle residues there is a shift

from the favorable gauche—/trans side chain conformation
for subgroup A to the more uncommon gauche + /gauche—
conformation for subgroup C. Model building subse-
quently revealed that the gauche—/trans conformation was
incompatible with side chains larger than methyl (L-Ala) or
ethyl (L-2-aminobutyric acid; L-Abu) at the first residue. The
gauche + /gauche— conformation is also observed for the
N-terminal L-Val and r-Ile residues in both subgroup B and
subgroup C.

The listing of torsion angles in Table 2 shows that the seven
structures can be divided into three subgroups: (A) AV and
AL (B) VA and IA; (C) VV, VI and IV. Subgroups A and B
can be distinguished mainly by their different ¢, torsion angles,
~130° and ~152°, respectively, but also at the C-terminal car-
boxylate rotation (/7). Both subgroups A and B have peptide
bond rotations around 176°, while in subgroup C this rotation
is approximately —177.5°. There are hardly any significant dif-
ferences between structures in subgroup C, which can clearly
be attributed to the tight packing of C? and C” atoms in the
VYV structure. An extra methyl group may be added at the first
residue, giving IV, or at the second residue, giving VI. In either

Crystal structure and hydrogen bond types

The crystal structures of the VA class can be modelled as an
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case a trans 3> torsion angles makes the terminal methyl group
point straight into the channel interior.

array of dipeptide left-handed double helices with threefold
screw symmetry, linked at the corners as shown in Scheme 1.

Fig. 1 The molecular structures of AV (from ref. 4), VA (from ref. 3), AL, VV, VI, Al and IV (present paper). Displacement ellipsoids are shown
at the 50% probability level.
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Table 2 Torsion angles (A) for the compounds in this study
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AV VA? Al A vV VI v
N-C2-C'1-N, (1) 151.01(6) 162.9(6) 153.25(16) 157.91(14) 166.06(19) 165.5(3) 170.68(19)
C3-C'\-N,-C% () 175.98(6) 176.0(6) 176.80(15) 175.65(14) —177.30(18) —177.6(3) —177.65(19)
C'1-Ny-C2-C'5 (2) ~130.56(6) ~150.6(6) —128.92(17) —153.76(15) ~140.0(2) ~139.5(3) ~139.9(2)
N,-C2 czfoZ(lpT)' —45.24(8) ~28.2(2) —42.5(2) ~31.62) ~26.1(3) —24.5(3) —25.4(3)
N-C2-Ch-cl' (41 — 53.6(8) — 48.44(19) 55.4(3) 55.3(4) 57.5(3)
N, e cb C’2 (/!2) — —71.5(8) — —77.48(18) —69.7(3) —70.0(4) —69.2(2)
C°<—clg c! cﬁl (7 ) — — — 164.79(17) — — 157.3(2)
Ny C“ ch C’ (1 % h —65.79(7) — —62.8(2) - 60.1(3) 63.0(4) 60.2(3)
Ny cm ct cf2 (/22 171.72(6) — 173.78(18) - ~64.0(2) —62.4(4) —64.3(3)
cz-cb cf‘ c°' 2 - — 173.18(19) - — 165.5(4) —

a

ref. 4. % ref. 3. ¢ Measured to the O atom giving the smallest positive or negative value.

Channels are created at the hexagonal axes in this pattern. VV
is shown in Fig. 2 as a representative example of a VA class
structure.

The detailed view of a pair of neighboring dipeptide helices
in Fig. 3 shows all five types of hydrogen bonds in VA class
structures as listed in Table 3. N1-H2---O3 hydrogen bonds
generate the two head-to-tail dipeptide chains that constitute
the individual strands of the double helices. The strands are
connected by N1-H1---O1 hydrogen bonds across the three-
fold screw axis as seen in Fig. 2. At the interface between dou-
ble helices N2-H4 and C1-H11 interact with the carboxylate
group of the next peptide down the twofold screw axis, Fig.
3. This bidentate motif was found in only nine other structures
in the Cambridge Structural Database (version 5.24, Novem-
ber 2002),'? eight of them involving H* atoms of Gly residues.
By repetition the last hydrogen bond, N1-H3---02, forms a
head-to-tail chain in the shape of a large right-handed helix
that defines the circumference of each pore.

Cell dimensions and hydrogen bond lengths

Although the hydrogen bond network is essentially the same in
all seven structures of the VA class, strain obviously becomes
more important as the cell dimensions increase from
a=>b=14. 1635(8) Aand ¢ =09. 8702(5) A for the acetonitrile
solvate of AV*up toa = b = 14.8003(6) A and ¢ = 10. 2909(3)
A for IV. Some of this strain is released by lengthening the
hydrogen bonds in the structure. In particular, the NI1-

1---O1 hydrogen bond is quite variable, as reflected by the
large sample standard deviation in Table 3. The NI1---Ol
distance is linearly correlated with the length of the « and b
axes (and also of the ¢ axis) and varies from 2.668(1) A for AV
to 2.816(4) A for VL. The H3---02 distance of the NI-
H3---O2 interaction is virtually constant, while the hydrogen
bond angle and thus the N1- - -O2 distance vary with cell dimen-
sions. Oddly enough, the geometry of the NI1-H2.---O3
bond is almost invariant in the crystallographic material; no
correlation with the cell dimensions is found.

hydrophobic side chams vanable pore

of tunable bulk

XOXGX

mterface

dlpeptlde
double helices

Scheme 1

It has previously been noted that the cell dimensions for AV
increased when co-crystallized acetonitrile solvent was driven
out by drying, meaning that solvent absorption has a contract-
ing effect on the channels.* A related effect is probably respon-
sible for the extraordinary decrease in cell dimensions from
a=b=14.424(4) A and ¢ =9.996(6) A for VAtoa=b =
14.372(2) Aandc=09. 8282(13) A for the larger IA molecule.

Channel dimensions

As the bulk of the side chains increases from AV and VA (four
side chain C atoms) through AL IA (five C atoms) and VV (six
C atoms) to VI and IV (seven C atoms) the diameter of the
channels at the hexagonal axes decreases. The top left image
in Fig. 4 shows a space filling model of one of the widest chan-
nels, observed in the structure of AV.* A better impression of
the pore is gained by the bottom view of a 3.0 A thick slice of
the structure, cut at an arbitrary point along the channel axis.
A52 A sphere can fit in the channel , but it is actually more
rectangular in shape with dlmenswns of 6.0 x4.5 A. The Al
channel is very similar to the AV channel, except that the
two protrusions emanating down from the channel core in
the slice view in Fig. 4 are filled. The IA channel is compara-
tively flat, with approximate dimensions of 5.0 x 2.5 A. The
channels of VV and VI are irregularly shaped, just like the
IV channel shown in Fig. 4. The van der Waals’ diameters
can be roughly estimated to be 4.3, 3.3 and 3.3 A, respectively.
All these values should be compared with the 4.6 A channel
diameter of the naturally occurring peptide, antibiotic gramici-
din A,"" the 7-8 A diameter of the cyclic p,L-octapeptides
studied by Ghadiri et al., 12 and the 6.0 x 2.5 A rectangular to
10 A circular channels for dipeptides in the FF class.>!?
After completing the studies of the seven dipeptides in the
VA class, it was questioned whether even larger channels than

Fig. 2 The crystal structure of VV viewed along the ¢ axis. Side
chains are shown as thin lines.
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Fig. 3 Stereo view of the hydrogen bond pattern in the VV crystal. C and H atoms in one dipeptide double helix are colored white, similar atoms
in the other helix are colored grey. For clarity only the C? atoms of the L-Val side chains are shown.

those observed for VA and AV could be constructed. The struc-
ture of L-Ala-L-Ala (AA) is known to form a densely packed
structure with tetragonal symmetry, while dipeptides with Gly
residues, due to their flexibility both in terms of conformational
properties and hydrogen bonding associations, seemed to be
less likely building blocks for peptides forming VA class struc-
tures. Accordingly, the use of the non-standard amino acid
L-Abu was investigated in the two dipeptides r-Ala-L-Abu
(AB) and L-Abu-L-Ala (BA). The former was found to form a
crystal structure very similar to AA, while BA formed a differ-
ent type of structure without channels.'* At the opposite end of
the scale, model considerations indicated that, with very small
adaptations, there was in fact room for the extra methyl groups
in the structure of IV (or VI) required to create a hexagonal
L-Ile-i-Ile (IT) crystal with slightly narrower channels than
observed for IV and VI. Crystallization and structure determi-
nation of II, however, revealed a monoclinic structure with
tightly packed hydrophobic columns.'® L-Phe-L-Ala, which also
has eight side chain C atoms, forms a closely related structure.'¢
In summary, the current experimental range for the van der
Waals” diameter of the channels in the VA class is 3.3 to 5.2
A, with IV/VI and AV representing the extreme limits.

It is noteworthy that the dipeptides presented in this paper
incorporate, besides L-Ala, only residues with side chain
branching at CP (L-Val and vr-Ile). Dipeptides with L-Leu or
L-Phe residues, including L-Ala-1-Leu,'” do not form VA class
crystals, indicating that side chains with branching at C” can-
not be efficiently packed inside the hydrophobic channels. To
determine if crystallization in the VA class is compatible with
dipeptides incorporating unbranched side chains (apart from
the methyl group of L-Ala), crystallization and structure deter-
minations have been carried out for r-Ala-L-Met (AM)

Table 3 Average geometric parameters (A, °)* for the hydrogen
bonds in the seven isostructural dipeptides of the VA class

D H A H---A DA /D H-A
NI-HI.--0O1 1.943(84) 2.738(65) 147.3(48)
NI1-H2 .03 1.837(38) 2.716(17) 156.5(44)
NI-H3---02 1.908(28) 2.780(49) 158.2(50)
N2-H4--03 2.125(63) 2.971(32) 164.3(45)
Cl-HI11---02 2.477(95) 3.418(80) 170.4(69)

¢ Sample standard deviation in parentheses.
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and 1-Met-L.-Ala (MA). AM formed a monoclinic structure
with a chain of water molecules filling a narrow channel paral-
lel to a short crystallographic axis. The structure of MA, on the
other hand, is very closely related to the VA class, but is more
complex with Z' = 7. The AM and MA structures will be
described in detail elsewhere.'®!°

Solvent structure

Crystal structure determinations of VA and IA showed no resi-
dual electron from absorbed solvent molecules inside the chan-
nels. VA crystals grown with alcohols as precipitating agents
visibly lose solvent within seconds after being removed from
the mother liquor.? For IA crystals solvent loss probably takes
place within a matter of minutes. Drying of AV crystals, as dis-
cussed above, took place over 2 weeks at 60°C. In fact, these
dipeptides are among the first organic compounds to form
crystals that survive complete removal of co-crystallized sol-
vent. For AL, VV, VI and IV the number of positions for dis-
ordered solvent sites used in the refinement was 5, 7, 2 and 2,
respectively. These positions, shown in Fig. 5, complement the
pictures of channel shape provided by Fig. 4 and demonstrate
clearly the larger diameter of the Al and VV pores compared
to the pores of VI and IV.

Fig. 4 The channels of AV (left) and IV (right). The top views show
space filling models, the bottom views show 3.0 A thick slices of the
structures as stick drawings with a dotted van der Waals’ surface.
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Fig. 5 Refined positions for disordered solvent atoms inside the
channels of AI, VV, VI and IV.

Conclusion

Together with the previously presented structures of L-Val-L-
Ala and L-Ala-L-Val, the structures of L-Ala-L-Ile, L-Ile-L-Ala,
L-Val-L-Val, L-Val-L-Ile and vr-Ile-L-Val demonstrate a new
manner of regulating the pore size of persistent nanotubular
crystal packing arrangements. Small pores with a diameter
around 3.3 A allow only relatively restricted transport of water
molecules, while larger pores with diameters up to 5.2 A allow
the transport of metal ions and small organic solvent molecules.
Future research into this family of compounds will focus on the
storage properties and functionalization of the inner surfaces.
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