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ABSTRACT: Herein, we present the first high resolution single crystal structure of an unfunctionalized tetrameric proline
in the polyproline II conformation. This rationally designed oligoproline tetramer, self-assembles to form a permanently
porous crystalline supramolecular peptide framework (SPF). Thermal activation, guest inclusion and thermally induced
release of chemical guests have been demonstrated for this novel system. This discovery provides a conclusive insight into
the previously ambiguous conformation of short oligoprolines and will allow for the further development of proline-based

peptide linkers in the rational design of SPFs and metal-peptide frameworks.

Peptide based porous frameworks are an emerging class
of materials, which have found applications as adaptive'
and reversibly tuneable* porous materials, capable of cap-
turing greenhouse gases,>° facilitating chiral events and
transformations,” and separating chiral drugs?®. Peptides
can be prepared at scale with high purity, have canonical
and non-canonical amino acids incorporated into their pri-
mary sequence with high accuracy and have a high level of
biocompatibility. As such, the efforts to investigate this
class of compounds as an alternative to the rigid, aromatic
and non-adaptable ligands in the creation of extended
frameworks, has seen a surge in recent years.793 While
considerable advancement has been achieved in the field
of peptide-based metal-organic frameworks
(MQOFs),7910121415 jt remains a challenge to develop peptide-
based extended porous networks guided by supramolecu-
lar interactions (e.g. H-bonding, halogen bonding, r-inter-
actions and host-guest interactions).’® To the best of our
knowledge, the use of cyclic peptides to yield porous chan-
nels in crystalline materials and the use of self-assembling
hydrophobic dipeptides, are amongst the few examples of
well characterised peptide-based frameworks (i.e. Supra-
molecular Peptide Frameworks; SPFs).53'92 In recognition
of the immense chemical space yet to be explored in this
field, we set out to exploit peptides with stable secondary
structures in the construction of SPFs. In particular, we fo-
cused our efforts on the use of polyproline helices as SPF
building blocks due to the accessibility to rigid yet stimuli
sensitive secondary structures.* Polyprolines can intercon-
vert between two different secondary conformations, pol-
yproline II with all trans amide bonds and polyproline I

with all cis amide bonds. This interconversion can be con-
trolled as a function of the environment it is exposed to
(i.e. temperature, solvent polarity and pH).>>4 Polyproline
helices have shown remarkable resilience to a diverse
range of functionalisation and, in contrast to other helices
used in supramolecular chemistry, can retain their confor-
mation even in exceptionally short and un-functionalised
sequences.® These properties make them promising can-
didates for the synthesis of novel porous SPFs. Herein, we
report the first crystal structure of the unfunctionalized te-
trameric oligoproline PP, in the polyproline II form (Figure
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Figure 1. a) Proline tetramer Fmoc-(Pro),-NH, (PP,), b) Crys-
tal structure of PP,, 50 % ellipsoids (Mercury), c) View along
the axis displaying C3 symmetry and the 3 faces (F1-3) of the
helix, Fmoc group removed for clarity.
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Figure 2. a) Crystal structure of PP4 showing packing and solvent accessible voids (yellow) viewed along the a axis, ethanol mol-
ecules were removed, b) View along the b axis, ¢) View along the c axis, d) Hydrogen bonding between a single peptide unit and
two opposing peptide units, through terminal amide hydrogens and Proz and Pro3 carbonyls (2.1930(18) A and 2.1478(19) A re-
spectively), which extends through the framework, e) Model of PP4 dimer illustrating orbital interactions between Fmoc groups.

To the best of our knowledge, this is the shortest crystal-
line unfunctionalized polyproline II helix reported.2627 This
peptide was rationally designed to yield a porous supramo-
lecular peptidic framework via hydrogen bonding and =« in-
teractions. This remarkably resilient SPF is stable to ther-
mal activation and can reversibly host inorganic molecules
(L) within the channels while retaining its original supra-
molecular hosting network.

As the shortest oligoproline showing evidence of a poly-
proline II form in solution is a tetramer,> we decided to
focus our initial efforts on this type of oligomer. The earli-
est crystal structure of a tetrameric oligoproline was re-
ported by Matsuzaki, with several of the proline units de-
viating from the typical polyproline II conformation.?® It
was not until 2014, that Wennemer’s group reported the
first crystal structure of a polyproline hexamer in the poly-
proline II conformation providing insight into the stability
of the polyproline helix,*¢ followed by Hanessian, who re-
ported the crystal structure of the tetrameric proline con-
gener (cis-4,5-methanoproline) in the polyproline II form.
However, as stated in this work, the capacity for unfunc-
tionalized tetrameric oligoprolines to adopt a polyproline
II helical conformation was not conclusive.?”

Analysis of the single crystal data in the literature for
polyproline helices, allowed us to gain insight into the type
of supramolecular interactions governing assembly. For
example; in the case of the hexamer a hydrogen bond in-
teraction between the lone pair on the carbonyl oxygen of
the second proline and the C terminus carboxylic acid (H-
--O distance of 2.05(7) A) was present.2¢ With this insight
in hand, we anticipated that a terminal primary amide

could act as an excellent H-Donor (Hp), which may pro-
mote the formation of an extended network through H
bonds with H-Acceptor (Ha) groups (i.e. carbonyl groups).
The N terminus was protected with a Fmoc carbamate
group so as to facilitate intramolecular assembly of pep-
tides via 7 interactions.?3° Moreover, analysing the hex-
amer crystal structure, we observed that the polyproline
units packed in parallel with minimal void space.?¢ We hy-
pothesised that the steric demand associated with the
Fmoc functional group might force two helices into an an-
tiparallel arrangement, hence promoting intermolecular 7
interactions. With these design principles in mind, PP, was
successfully synthesised using solid phase peptide method-
ology on a 0.3 mmol scale and in a quantitative yield (SI 1).
PP, was characterised in solution with far-UV circular di-
chroism (CD) analysis of aqueous, ethanol, and propanol
solutions (0.25 mM), showing that the peptide adopts a
polyproline II helix conformation in all solvents (Amax at
223/229 nm and Amin at 202 nm; SI 5, Figure S6). High res-
olution mass spectrometry of PP, evidenced the presence
of dimers in solution (2M+H*), suggesting that the supra-
molecular Hp/H, interactions are present not just in the
solid state (SI 2, Figure S2).

Robust crystals of PP, suitable for single crystal X-ray
diffraction analysis were reproducibly obtained via slow
cooling of a super-saturated hot solution of PP, in ethanol
(SI 7). The structure was solved and refined to an atomic
resolution of 0.81 A (Figure 2), revealing that the peptide
adopts the polyproline II helical conformation. This is the
shortest unfunctionalized oligoproline reported to adopt



this conformation in the solid state. The characteristic di-
hedral angles and an analysis of the puckering of the pyr-
rolidine rings, have been summarised in Table S1 (SI 9.2).
Detailed investigation of the helical structure of the pep-
tide from crystal structure data revealed aspects in agree-
ment with observations from the hexameric structure; we
found that pyramidalization of the amide carbonyls clearly
indicated the presence of n-m* interactions and these in-
teractions were more significant in prolines exhibiting the
exo conformation with a larger degree of pyramidalization
(SI 9.3, Table 2).2° Analysis of the packing of PP, showed
an extended supramolecular peptide framework (PP,-SPF)
with channels extending in one dimension through the
network, which are occupied with disordered solvent mol-
ecules (SI g, Figure S8).

As per our design, the formation of the extended frame-
work is driven by a combination of hydrogen bonding and
n-interactions. The peptides were arranged in alternating
anti-parallel rows, extending through the network, such
that each protected N terminus faces another Fmoc group
(Figure 2e). Each row of peptides is offset from the next
row such that the C-terminal amide can hydrogen bond
with two other peptides. In particular, the amide group of
each peptide interacts with different carbonyl groups on
the two opposing peptides. The C-terminal amides hydro-
gen bond with the carbonyl group of Proz on peptide 1 and
the Pro3 carbonyl on peptide 2 (Figure 2d, 2.1478(19) A and
2.1930(18) A respectively), therefore each peptide acts as
both a Hp and Hy with another peptide, which then ex-
tends in one dimension. These layers are then stacked in
an alternating manner creating an extended network.

The crystal structure suggests that interactions between
the Fmoc groups determine the second aspect of the self-
assembly process. The closest distance (2.7515(19) A) be-
tween the Fmoc moieties is that of a proton of one fluo-
renyl to the aromatic region of another (SI 9, Figure n),
well within the possible distance to classify a potential in-
teraction.>3'3> Computational calculations at [B3LYP-
D3(BJ)/6-3u++G(d,p)] on a Fmoc associated pair (geome-
try fixed to that of the crystal structure) showed orbital
overlap between the groups (Figure 2e and Shi3 Figure 21).
The electrostatic potential map showed relatively electron
poor inner regions for the Fmoc groups, as expected, but
no obvious points of significant electrostatic interaction
between the groups (SI 13.1, Figure 20).

It is also worth noting that a reversable single crystal to
single crystal transition in the unit cell of PP,-SPF (SI 9.1-
9.3, PP,-SPFri.qn) is observed, whereby the Pro3 puckering
switches from exo to endo (SI 9.3, Table 1). This was
achieved by flash freezing crystals at 150 K. Remarkably,
upon returning to room temperature the crystals readopt
their initial unit cell and conformation. This was not found
when slowly ramping the temperature down to 150 K, with
only a slight reduction of the cell volume, but no signifi-
cant conformational changes.

Energy decomposition analysis (EDA) of the isolated di-
mer system (geometry fixed to that of the crystal structure)

was used to determine the relative breakdown of the inter-
molecular forces between the Fmoc groups in the crystal
lattice. Calculations were run with two different function-
als, BLYP-D3(B]J) and PBE-D, giving interaction energies of
-44.2 and -32.4 kJmol™ respectively. The breakdown sug-
gest that dispersion interactions are the predominant in-
teraction between the Fmoc groups with smaller contribu-
tions from electrostatic and orbital interactions (and the
Pauli repulsive interaction, SI 13.2, Table S3).

To investigate the ability for thermal release of ethanol
from the framework channels, ‘H-NMR analysis of PP,-SPF
in methanol-d, was carried out after activating the crystals
for various times under vacuum at 45 °C. These studies re-
vealed that thermal activation could gradually reduce the
ethanol content over time up to a 9o % reduction after 12
h, compared to the initial content present within the
framework (SI 10, Figure Si5). Samples of PP,-SPF were
ground before and after activation, and powder X-ray dif-
fraction (PD-XRD) analyses were carried out with no re-
duction of crystallinity for activated samples compared to
the original sample (SI 11, Figure S17). Simultaneous ther-
mogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) of PP,-SPF showed a crystalline melting
point with an endothermic peak (150 °C, SI 6, Figure S7).

To demonstrate the ability of PP,-SPF to engage in host-
guest chemistry, activated single crystals were exposed to
a solution of iodine in hexane. By visual inspection of the
crystals, a colour change was immediately evident with the
crystals taking on a yellow appearance.
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Figure 3. Crystal structures of PP,-SPF@L, a) View along the
b-axis, two parallel peptide units’ halogen bond interactions
(I---O distance of 2.813(16) A) with two molecules of iodine
(purple), 50 % ellipsoids (Mercury), b) View along the a axis
showing iodine filling the channels

SC-XRD analysis of PP,-SPF@I, was performed which
showed that the activated SPF was able to retain iodine
with a chemical occupancy for I, of =12.3 % (SI 12). The in-
teratomic distances (2.813(16) A) between iodine and the
Pro1 carbonyl oxygens were indicative of halogen bond for-
mation (Figure 3a). To investigate the ability to perform re-
versible guest absorption, the same single crystal of PP,-
SPF@I, was thermally treated, while mounted on the
stage, using a heated flow of N, at 50 °C for 3 hours, prior
to repeating SC-XRD analysis. The crystal was mounted
without the use of any inert oil, to facilitate guest loss.
Upon analysis of the thermally treated crystal, the chemi-
cal occupancy of I, was reduced by 50 % while crystallinity



of the sample was retained, a clear indication of the stabil-
ity of this SPF (SI 12). This experiment demonstrates the
potential of PP,SPF to perform thermally responsive
guest release. Finally, a batch of PP,-SPF@L,, kept at room
temperature for four weeks, showed an I, occupancy of 10
% (Initial occupancy 12.3 %) from SC-XRD analysis, which
exemplifies the necessity for thermal treatment to remove
the guest L.

In conclusion, the first crystal structure of an unfunc-
tionalized tetrameric oligoproline in the polyproline II
conformation is reported. The rational design of PP, has
resulted in the formation of the first polyproline based su-
pramolecular peptide framework (PP,-SPF) which has
shown remarkable stability and the ability to reversibly
host chemical guests in its channels. The rational approach
described herein to design PP,-SPF will be applied to other
peptidic systems with the aim to achieve cavity functional-
isation and chemical separation (e.g. gasses and chiral mix-
tures), and will be reported in due course.
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