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Abstract. An aromatic peptoid analogue of the diphenylalanine
dipeptide self-assembles in aqueous solution and the first crystal
structure was obtained for this class of compound. This reveals
molecular packing stabilized by networks of hydrogen bonds. Free-
floating nanosheet lamellar structures are observed in solution,
which form via cooperative intermolecular interactions driven by
1i— stacking

The Peptoids are intriguing biomimetic molecules which have
unique properties compared to peptides, to which they are
related as N-functionalized instead of aC-functionalized
analogues. 2 Peptoids are in fact N-glycine derivatives and
specific sequences can confer bioactivity and self-assembly
behavior. They have attracted interest since they have a range
of properties including enhanced biological stability (reduced
hydrolysis), and the potential to evade the immune system.3 4
In addition, antifouling properties have been reported,>7 and
they have great potential in drug discovery (due to their affinity
for proteins, and the ability to prepare libraries of peptoids by
automated synthesis methods),® ° among others.

The discovery that diphenylalanine (FF) can self-assemble into
nanotubes in aqueous solution!® has stimulated great interest
due to the remarkable range of properties displayed by this
material, especially (opto)electronic,1! 12 with great potential in
nanotechnology development.’3 14 This inspired us to
investigate the self-assembly and structural properties of
peptoid analogues of FF.
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There are only a handful crystal structures of oligo-peptoids and
these are mainly for cyclic peptoids,’>17 and to the best of our
knowledge there is only one prior published crystal structure of
a linear oligomeric peptoid, pentameric N-(1-
cyclohexylethyl)glycine.1® In this manuscript, we report on the
crystallization behavior of a dipeptoid containing two residues
with an aromatic sidechain, Nbn [N-benzylglycine] (Fig.1a),
which is an analogue of the amino acid phenylalanine (F). We
observed that peptoid NbnNbn is generally unstable and
undergoes cyclisation over a period of time to form di-keto-
piperazine (the crystal structure of which we obtained, this
having also been reported previously'®). To overcome this, we
capped the N terminal by acetic anhydride reaction on resin,
producing a peptoid referred to in the following as CapNFF.
Synthesis details are provided in the Sl along with LC-MS (SI
Fig.S1), ESI-MS (SI Fig.S2) and HPLC data (SI Fig.S3) which
confirm the expected product, obtained with high purity (the
purity is also confirmed since we were able to crystallize the
sample and obtain a single crystal structure as described
below).
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Fig.1. (a) Molecular structure of CapNFF, (b) TEM image of 2 wt% sample in 70%
acetonitrile: 30% water, (c) SAXS intensity profile (measured — open circles, every
5th point plotted for visibility) with form factor fit (red line) for a 2 wt% sample in
70% acetonitrile: 30% water, (d) Concentration-dependent Nbn fluorescence
intensity with fit to Hill equation, showing cooperative molecular interactions.
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We first investigated the self-assembly of capNFF in solution
(mixed water and acetonitrile due to insolubility in water).
Fig.1b and SI Fig.S4 show transmission electron microscope
(TEM) images which reveal free-floating nanosheet structures.
This was further probed by small-angle X-ray scattering (SAXS)
and the measured SAXS intensity profile is shown in Fig.1c along
with a model form factor fit based on a form factor developed
for lamellar structures?® and used by our group to describe
peptide?! and lipopeptide?? nanosheets. The form factor
describes the data very well apart from the broad Bragg peak at
q = 2.6 nm which corresponds to d = 2.4 nm (24 A), which is
very close to the a cell parameter from the crystal structure
(Table 1) and suggests possible internal packing of the
molecules within the free-floating nanosheets, although the
peak is not sharp and this ordering is not crystalline. The fitted
parameters include the nanosheet thickness t = (6.9 + 1.5) nm
(a full list of fit parameters is listed in Table S2). This thickness
indicates that the nanosheets comprise approximately 5-10
layers of CapNFF molecules, based on the estimated molecular
length. The nanosheet structure is thus confirmed by both TEM
and SAXS. The nanosheet structure formed by CapNFF may be
compared with the free-floating nanosheet (individual lamellae)
observed for mixtures of oppositely charged alternating Nce-
Npe and Nae-Nphe [Npe: N- (2-phenylethyl)glycine, Nce: N-(2-
carboxyethyl glycine), Nae: N-(2-aminoethyl) glycine]
oligopeptoids.?? We examined the self-assembly process of
CapNFF using fluorescence spectroscopy, measuring the
concentration dependence of the peak associated with Npe
aromatic stacking interactions. Fig.1d shows the
fluorescence intensity increase with concentration along with a
fitted sigmoidal curve using the Hill equation, the Hill coefficient
was found to be n = 1.15. These results indicate positive
cooperative binding associated with intermolecular interactions

T-TU

driven by m-m stacking. The original fluorescence spectra are
shown in SI Fig.S5.
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Fig.2. (a-d) Polarized optical microscopy images of samples (referring to Sl Table
1) (a,b) Sample A and (c,d) Sample C. The sample preparation conditions are
shown schematically in the center.

A number of methods have been developed to crystallize
proteins and peptides including batch crystallization, liquid-
liquid diffusion, vapor diffusion (including hanging and standing
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drop techniques).24-26 These all effect supersaturation, which is
a pre-requisite for crystal formation. These methods may be
useful in the crystallization of peptoids, however we developed
a new simpler method based on dispersion in a low volatility
solvent DMSO, followed by injection in water and subsequent
evaporation of the mixture in a closed box. A list of
crystallization methods tested is listed in SI Table 1. Method A
led to the development of well-defined needle-shaped crystals
(Fig.2a,b). In contrast, absence of DMSO or an excess of water
relative to DMSO led to the formation of spherulite structures
(Fig.2c,d, Sl Fig.S6). The formation of spherulites is well known
during polymer crystallization as the crystal lamellae grow
radially.27-2° Maltese cross structures are observed under the
polarizing optical microscope for such structures based on
radial growth of planar lamellae, however if twisting of the
lamellae occurs as growth progresses radially, banded
spherulites are observed by polarized optical microscopy
(POM).27-2% Fig.2c,d show examples of both structures in
samples of CapNFF which did not crystallize or which did not
fully crystallize. These spherulite structures are consistent with
the formation of 2D lamellar structures growing on planar
surfaces. Our findings show that careful control of the non-
volatile solvent content and mixture volatility are essential to
produce peptoid crystals, and that lamellar structures can also
be prepared by drying from suitable mixed solvents.

Table 1. Crystallographic Data for CapNFF

Chemical formula Ca0H23N303

M; 353.41
Crystal system orthorhombic

Space group Pna2: (no.33)
z 4
a/A 23.73549(11)
b/A 16.75238(8)
c/A 4.78477(2)
v/A3 1902.549(15)
Pealc/g cmt 1.234

Colourless needle
0.13x0.015x0.010
Synchrotron, A = 0.6889 A

Crystal habit
Crystal dimensions /mm
Radiation type

T/K 100

u/mm-? 0.078
No reflections measured 41114
No independent reflections 9215

Rint 0.0411

No reflections (/ >20(/)) 7635
No parameters, restraints 327,1
Flack parameter 0.2(4)

H-atom treatment
R(F?), Rw(F?) for observed data
CCDC Code

X, y, z and Uiso refined
0.0384, 0.0942
1904300

The needle-shaped crystals of CapNFF obtained were
sufficiently large to enable synchrotron X-ray single crystal
structure determination. The peptoid crystallizes in an
orthorhombic Pna2; structure, with unit cell parameters listed
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in Table 1. The crystal structure (Fig. 3) reveals the presence of
hydrogen bonds between the N terminal nitrogen (N22) and the
N-terminal carboxyl O (021) and the C terminal O (025) (Fig.3b)
(the atom numbering scheme is shown in Sl Fig.7). Remarkably,
the N(22)...0(21) hydrogen bonds network extends along the ¢
axis (Fig.3c) while there is a network of N(22)..0(25) hydrogen
bonds in the (a,c) plane (Fig.3d). The hydrogen bond geometry
is detailed in SI Table 3. It is also interesting to note that
different residues along CapNFF adopt different backbone
twists in the crystalized structure, exhibiting both cis and trans
conformations, as may be expected of an achiral short and
flexible backbone.3° In contrast, recent studies of longer
peptoids have shown that the cis conformation is preferred,
especially as chain length increases for self-assembly or
crystallizing sequences.3?
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Fig.3. Crystal structure from single crystal XRD. (a) Showing unit cell, (b) Showing
?eLv)voi'k of H-bonds, (c) Chains of H-bonds in the (b,c) plane, (d) H-bonds in the
a,b) plane.

In summary, we show that the dipeptoid CapNFF forms either
needle-shaped crystals or lamellar spherulitic assemblies and it
undergoes self-assembly in aqueous solution to form free-
floating nanosheets. The self-assembly is driven by cooperative
interactions between the NBN aromatic units. The first crystal
structure for a dipeptoid reveals an orthorhombic structure in
which the (significantly twisted) molecules are packed with H-
bond arrays running along b and c axes. By varying solvent
volatility, it is also possible to prepare lamellar structures
consistent with spherulite formation. The novel crystallization
method employed to produce the CapNFF peptoid crystals is
also expected to find broader use in crystallizing other small
peptoids, and potentially peptides. This is currently under
investigation. CapNFF is likely to attract considerable interest as
a peptoid analogue of FF, which has generated immense
attention as a minimal peptide building motif for various
functional nanostructures possessing unique mechanical
properties (high modulus) and a range of applications from
biomaterials to energy materials.10.13, 14,32

This journal is © The Royal Society of Chemistry 20xx

Our results show that self-assembly does occur in the peptoid
in a mixed aqueous solution, and it is driven by -7 stacking, as
in FF but without the peptide amide H-bond stabilization. This
leads to a different mode of self-assembly - nanosheets in the
CapNFF peptoid rather than nanotubes in FF.
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