JIAIC[S

COMMUNICATIONS

Published on Web 02/26/2004

Self-Assembling Peptide Nanotubes from Enantiomeric Pairs of Cyclic
Peptides with Alternating D and L Amino Acid Residues
Katri Rosenthal-Aizman,” Gunnar Svensson,* and Anders Undén*'

Department of Neurochemistry and Neurotoxicology and Department of Structural Chemistry, Stockhagnsityni
S-10691, Stockholm, Sweden

Received July 14, 2003; E-mail: andersu@neurochem.su.se
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system is cyclic peptides composed by an even number of HaN”_/q L LE/-"NH HN -ND 1_/“‘NH2
alternatingo- andL-amino acid residues. These can self-assemble o cm.f @ AL LNHO
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into extgnded hollow tubular structures, so-called peptide nanotupes, - «9.: e 1®<
by forming antiparallel hydrogen bonds between homochiral amino 2 o

acid residues of adjacent rings.

The formation of such nanotubes was first proposed by DeSantis
in 1974 and later demonstrated experimentally and studied in a
series of elegant papers by Ghadiri and co-worRédfisese studies
have also shown that nanotubes with different inner diameters can
be obtained by varying the number of amino acid residues in the
peptide. Peptides of this class have also been demonstrated to be
able to form artificial transmembrane channels for ion and glucose
transport, as well as_to exert antibacterial activity. Figure 1. Proposed layered nanotube struct8ris formed in equimolar

In most of the studies reported thus far, the nanotubes have beemmixture of peptidesl and 2. Intersubunit hydrogen bonds are formed
assembled in solutions by millimolar concentration of a single between homochiral amino acid residues of adjacent enantiomers. Side
peptide. The only example of an ordered assembly of nanotubeschains ofD-tert-Ieupine (gr_ay) and-tgrt—leucine (blue) are gﬁectively pac_ked _
from more than one peptide is a salt-bridged nandtétrened in ?;r;ﬁfegffg?rgls;ﬁ?yc)ally hindered side chains of glutamine or glutamic acid
a mixture of cyclo[(L-Glu-p-Leu)] and cyclo[(L-Lys-D-Leu)]. '
However, this approach severely restricts the choice of amino acids To test these suggestions experimentally, we therefore synthe-
to those that are capable of specific electrostatic interactions. sized enantiomer$ and 2 by solid-phase peptide synthesis using

In peptide nanotubes, the relative positions of the side chains the Boc/benzyl strategy.
are strictly determined by the interactions between peptide back-  Solutions of the individual enantiomeric peptides were stable
bones. In principle, this allows the formation of molecular surfaces up to a concentration of 5 mM in 33% (v/v) acetonitrile-water,
where different functional groups could be assigned an exact relative 0.25% (v/v) TFA (used for acidification), and no precipitation could
positions. However, this requires new methods to control the self- be observed even after prolonged storage for several days. At higher
assembly of these peptides into nanotubes. concentrations, the peptide immediately precipitated after acidifica-

In this communication, we present a first step toward a new tion, but FT-IR analysis did not show any amide frequencies that
strategy for a stereochemical control of peptide nanotube formation are characteristic for peptide nanotuBek. can therefore be
by imposing sterical restrictions upon the hydrogen-bonding pattern. concluded that Tle residues strongly disfavor both parallel and

Our model studies of the stacking of the backbone hydrogen antiparallel stacking of peptide into nanotubes.
bonds in nanotubes by the peptidgcld-(L-GIn-p-Tle-L-Glu-D- However, if both enantiomers and 2 were mixed in a molar
Tle)»] (1, Figure 1) suggested that peptides incorporating the bulky ratio 1/1 in a concentration range between 25 and &R0 an
amino acidtert-leuciné (Tle) in every second position, could not  increase in the turbidity of the solution could be observed.
readily be sampled into nanotubes either by formation of parallel ~ These solutions were centrifuged, and the pellets of peptide
or antiparallel hydrogen bonds. This is the result of sterical clashes formed were analyzed with transmission electron microscopy studies
between near-neighboring homochiral residues of Tle. (TEM, Figure 2) and Fourier transform infrared spectroscopy (FT-

However, the interaction df with its enantiomecycld-(p-GIn- IR) techniques.
L-Tle-D-Glu-L-Tle),-] (2) could readily be modeled into nanotubes The corresponding electron diffraction patterns (Figure 2b) had
with close antiparallel hydrogen bonding. To obtain such optimal Sharp spots, revealing many of the crystallites to be well ordered.
interaction between the backbone peptide bonds the bislity The positions of the reflections in the ED patterns indicated one
butyl side chains must be positioned above the homochiral GIn 0ng unit cell axis witha ~ 16.5 A as expected for closely packed
and Glu residues of the enantiomeric peptide. This could only be Nanotubes and one shorter with- 4.8 A with an interjacent angle
achieved by stacking peptidgsand 2 on top of one another, of 90°. This axial periodicity of 4.8 A suggests that each nanotube
forming a repetitive layered pattern of enantiomes ( is made up of stacked rings with an intersubunit distance corre-

sponding to an ideal antiparallgt-sheet structure and is in
 Department of Neurochemistry and Neurotoxicology. ag_reem_ent with the_d_istance found in peptide nanotén‘ﬁe%ﬂ_'he
# Department of Structural Chemistry. third axis and remaining two angles could not be determined.
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Figure 2. (a) Peptide nanotubes observed with transmission electron
microscopy. The rodlike structures with sizes up to &% x 10 um long
represent bundles of nanotubes. (b) Electron diffraction pattern of peptide
nanotube crystallite.

FT IR studies could further confirm presence of intermolecular

hydrogen bonding in the peptide assembly. The presence of amide.

Ig (1631 cn1l) and amide Il (1532 crt) bands being characteristic
of B-sheet$could be demonstrated. Furthermore, amideejuency
at 1687 cm? is highly characteristic for an antiparallgtsheet,
while amide A band that appears near 3309 tfarther indicates
the formation of a hydrogen-bonding network.

These observations can be explained by assuming that nanotub
formation is controlled by the chirality of the Tle residues and
proceeds by incorporating a given enantiomer in every second
position in the nanotubes position as shown by Figure 1.

For the mixture of peptide$ and?2 in this study, the formation
of nanotubes is very rapid. We found that in the concentration range
0.3-0.5 mM an instantaneous increase of turbidity could be
observed upon mixing both enantiomers, indicating a rapid as-
sociation between peptiddsand2. This can be compared to the
analogous peptidecycld-(L-GIn-D-Ala-L-Glu-p-Ala),-] initially
reported by Ghadiri and co-workers. In that report, peptide nanotube
formation was studied at a concentration of approximately 20 mM,
and nanotube formation occurred over a period of several Fdurs.

e

propensity to adopt a fully extended planar conformation that would
thereby facilitate intermolecular recognition of the corresponding
enantiomer.

The presence of Tle residues in every second position can also
be expected to shield the hydrogen bonds between peptide
backbones in a nanotube from interaction with water, something
that will result in increased stability in aqueous solution.

In summary, we have reported a new strategy for peptide
nanotube formation in which the assembly process occurs more
rapidly and at significantly lower concentration then previously
reported. Association at low concentrations of peptides takes place
even in pure water solution, where formation of hydrogen-bonded
aggregates is particularly disfavored.

Particularly noteworthy is the possibility to impose stereochem-
ical control of the self-assembly process. We suggest that for
peptides with the general structucgcld-(p-Xaai-Tle-D-Xaad-
Tle),-] and cycld-(L-YaaD-Tle-L-YaaD-Tle),-] the relative posi-
tions of the different functional groups of the side chains of residues
Xaa and Yaa in the nanotubes will be determined by sterical control
of the self-assembly imposed by the Tle residues. This suggests a
general route for the synthesis of macromolecular structures, where
in principle any two different functional groups, and possibly
molecules conjugated to the side chains, can be assigned exact
relative positions as a result of the highly specific intermolecular
noncovalent interaction between the peptide backbones.
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To characterize the concentration dependence of nanotube

formation, the association was studied turbidimetrically by mixing
both peptide enantiomers in a molar ratio 1:1 at a set of different
total concentrations. The maximally achieved plateau values of
turbidity were found to be linearly dependent on total peptide
concentration. Extrapolation of the turbidity increment to zero gives
an intercept of the abscissa at a nonzero concentration, critical
concentratiorC,, that has been demonstrated to reflect the apparent
dissociation equilibrium constant of the growth reacfidhThe
nanotube formation studied in 33% acetonitrileater (0.25% TFA)
resulted in aC, value 18+ 12 uM of total peptide concentration
and is demonstrated by amino acid analysis toCpe< 10 uM.
These results strongly indicate that the polymerization is a coopera-
tive process and proceeds by a nucleated assembly rhodel.

Peptide nanotube formation is disfavored in hydrogen-bonding
solvents, but even in water solution (0.25% TFA) without organic
solvents, peptide nanotubes were formed as confirmed by EM and
FT IR. Here we observed significant development of turbidity at
concentrations between 50 and 504.

We suggest that the enhanced propensity of pepfide® 2 to
form nanotubes can be explained by effects of the Tle. It is known
that Tle significantly decreases the conformational entropy of a
peptide chain and favors extended conformation of the peptide.
can therefore be expected that peptitiesrd2 have an increased
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