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Madeleine K. Adam,® Charles Jarrett-Wilkins,c! Michael Beards,[ Emiliyan Staykov, Liam R.
MacFarlane,l?l Toby D. M. Bell,l[! Jacqueline M. Matthews, ! lan Manners,© Charl F. J. Faul,” Pierre D.
J. Moens,@ Robert N. Ben! and Brendan L. Wilkinson*[

Abstract: Antifreeze glycoproteins (AFGPs) are polymeric natural
products that have drawn considerable interest in diverse research
fields owing to their potent ice recrystallization inhibition (IRI) activity.
Self-assembled materials have emerged as a promising class of
biomimetic ice growth inhibitor, yet the development of AFGP-based
supramolecular materials that emulate the aggregative behavior of
AFGPs have not yet been reported. Here, we demonstrate the first
example of the 1D self-assembly and IRl activity of AFGP-
functionalized perylene bisimides (AFGP-PBIs). Glycopeptide-
functionalized PBIs underwent 1D self-assembly in water and showed
modest IR activity, which could be tuned through substitution of the
PBI core. This work presents essential proof-of-principle for the
development of novel IRIs as potential supramolecular cryoprotectans
and glycoprotein mimics.

Antifreeze glycoproteins (AFGPs) are poly-disperse, mucin-type
natural products isolated from deep-sea teleost fish.[ These
biological antifreezes exert their physiological function by
inhibiting ice growth at sub-zero temperatures, thereby preventing
cryoinjury and death.?® AFGPs have long drawn interest.in
diverse fields including cryopreservation, cryosurgery, and food
technology owing to their potent ice recrystallization inhibition
(IRI) activity. The structural and conformational requirements for
activity have been intensively investigated, with several studies
suggesting a defined polyproline type Il helix or an extended
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random coil conformation in solution, with different molecular
weight  fractions  possessing variable ice-restructuring
properties.®  Solution-phase aggregation and inter-facial
absorption of AF(G)Ps have recently been highlighted as
important determinants for IRI activity.[®! Previous computational
studies on type | AFPs from winter flounder species known to
adopt a-helical structures have also underscored the importance
of the hydrophobic domains on the protein for optimizing binding
interactions at the ice/water interface.l”l The acquisition of AFGPs
in sufficient purity and quantity, either from natural sources or total
synthesis, is a major practical limitation that has prompted the
development of low molecular weight and polymeric mimics.®!
The design and synthesis of these molecules has greatly
expanded our understanding of AFGP mechanism and yielded
some potent IRIs. Supramolecular self-assemblies from low
molecular weight building blocks is an emerging and promising
strategy for accessing novel IRIs, which has to date included star
polymers,®! metallohelices!'™ and aromatic dye stacks.['!]
However, the application of bio-functionalized supramolecular
structures from the self-assembly of amphipathic AFGP
monomers is yet to be reported as a strategy for emulating the
aggregative behavior and anti-freeze activity of AF(G)Ps. We
postulated that by incorporating planar n-conjugated moieties into
AFGP_monomers could facilitate 1D self-assembly through n—n
stacking interactions to provide supramolecular AFGP mimics.
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Figure 1. Self-assembly and IRI activity of AFGP-PBIs 1 and 2.

Perylene bisimides (PBls) are a well-studied class of
polyaromatic dye that display outstanding fluorescence properties
and photo/chemical stability. PBls have drawn considerable
interest as biological probes!'? and as supramolecular building
blocks for 1D self-assembled materials owing to their strong
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propensity to undergo n—m stacking in polar and non-polar
solvents.l'l Water soluble PBls that incorporate ionic and non-
ionic groups in either the bay, ortho or imide position have been
actively pursued in bio-sensing and imaging, and as
supramolecular materials that mimic biological systems.['14 The
functionalization of the PBI core with chiral, water-solubilizing
motifs such as monosaccharides and amino acids is known to
give rise to nanoscale structures with programmable helicity and
self-assembly properties.l'S) However, the self-assembly of 1D
PBI structures incorporating more complex glycopeptide motifs
has never before been reported as a strategy for mimicking
functional glycoproteins. In this paper, we describe the 1D self-
assembly and ice recrystallization inhibition activity of AFGP-
functionalized PBIs (AFGP-PBIs 1 and 2, Figure 1).

To investigate the effect of core substitution on the self-
assembly and IRI activity of these dyes, we targeted two PBls —
AFGP-PBI (1) and the bay-substituted tetrachloro- analogue
AFGP-PBICI4 (2), to provide a planar and ring-distorted analogue,
respectively. We anticipated the structural modification to the PBI
core would facilitate variable aggregation properties and thus
supramolecular IRI activity. Water-soluble PBIs 1 and 2 were
synthesized from adapted literature procedures as described in
the ESII® A triglycopeptide sequence Ala-Thr-Ala was
introduced at the imide position, whereby the Thr hydroxyl group
was glycosylated with a p-D-galactosyl-(1,3)-N-acetyl-a-D-
galactosaminyl disaccharide from the native glycoprotein. A short
triethylene glycolate spacer was inserted to promote water
solubility and n—= stacking interactions between the aromatic
faces. In order to investigate the influence of the AFGP side
chains and core substitution on the self-assembly properties of
these dyes, we examined the steady-state absorption and
emission spectra, and performed time-resolved fluorescence
measurements. The absorption spectra were acquired at varying
concentrations in water and yielded information regarding the
electronic coupling of monomers through = stacking
interactions. For the planar PBI 1, broad unstructured features
were observed at concentrations as low as 5 x 10 M, with an
absorption maxima at 500 nm and a second absorption band at
540 nm (Figure 2a). The loss of vibronic structure corresponding
to the unimeric S0—S1 transition became more pronounced at
higher concentrations, which was accompanied by a decrease in
the molar extinction coefficient. These spectral features, along
with a hypsochromic shift in the dominant absorption bands are
typical hallmarks of PBI aggregation and suggest the formation of
H-type aggregates.'l From the solvent-dependent UV-vis
spectra of 1 at 10* M, the transition from molecularly dissolved
species in 3:2 water/acetonitrile to a highly aggregated form in
water could be observed (Figure S1). The strong propensity of 1
to aggregate in water is also supported by the fluorescence
quantum yield in 3:2 water/acetonitrile at 5 x 10® M (® = 0.73),
which decreased commensurately upon increasing water
composition (® = 0.07 in water) (Figure S2 and S3).

Further insight into the self-assembly properties of PBIs 1 and
2 was provided by near UV CD spectroscopy. Since the PBls
incorporate chiral glycopeptide side chains, one would expect a
helical bias arising from the transfer of chirality from the side
chains to the perylene core of the self-assembled structure.!'® For
PBI 1 in water, a bisignate Cotton effect was observed with a
positive and negative maxima at 500 nm and 450 nm, respectively
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(Figure 2c and Figure S4). This signal is consistent with chiral
excitonic coupling and the formation of right-handed helical
aggregates.l'® %1 The CD signal gradually diminished upon
increasing acetonitrile content as the unimeric species
predominated. For PBI 2, a similar bisignate CD signal was seen
in water although this signal rapidly diminished upon increasing
acetonitrile content, presumably due to the weaker aggregation of
this dye (Figure 2d).

From the emission spectra of 1 in water, which provided
information relating to the relaxed excimer state, unimeric
emission bands at 550 nm and 590 nm were observed at low
concentrations (5 x 10 M), which gradually diminished upon
increasing concentration (Figure 2b). This was accompanied by
an intense red-shifted emission band at 690 nm corresponding to
the aggregated state, which increased in intensity upon
increasing concentration (up to 5 x 10 M).['*2% |n order to verify
the effect of cooling on aggregation, the excitation and emission
spectra of 1 (10* M) was also recorded at variable temperature
(Figure S5). Encouragingly, no significant change in the spectra
was observed upon cooling to 0 °C, thus indicating no significant
disaggregation or reorganization of self-assembled structures at
lower temperatures. In order to quantify the binding affinity
between PBI unimers in water, the dissociation constant (Ky) was
determined for 1 by measuring the generalized polarization
between the assumptively unimeric and aggregated emission
bands as a function of concentration (Figure S6).2" Based on this
approximation, PBI 1 displayed a Ky value of 4.7 x 10 M, thus
indicating a strong driving force for self-assembly in water.
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Figure 2. a) Concentration dependent UV-vis absorption spectra of PBI 1 in
water (solid black: ¢ = 5 x 10 M; solid red: ¢ = 5 x 10* M). b) Fluorescence
emission spectra of PBI 1 in water (solid black: ¢ = 5 x 10 M; solid red: ¢ = 5
x 10" M). Arrows indicate the changes upon increasing concentration in water.
(c) Solvent-dependent near UV CD spectra of AFGP-PBI 1, and (d) AFGP-
PBICIs 2 at 10* M concentration. Spectra were obtained in water/acetonitrile
mixtures at 25 °C (bold red = water, bold black = 40% acetonitrile).

From the UV-vis spectra of 2 in water, a clear vibronic
structure was observed across the entire concentration range,
thus indicating a preference for unimeric species, which was
further supported from solvent-dependent UV-vis studies (Figures
S1 and S7). However, a hypsochromic inversion of the dominant
absorption bands at 495 nm and 520 nm was seen upon
increasing concentration, which provided evidence for weak
aggregation in water, presumably through dimer or trimer
formation.?? However, from the emission spectra, the emission
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band at 550 nm at 5 x 10 M did not change considerably upon
increasing concentration (up to 5 x 10 M), suggesting formation
of a non-emissive aggregate (Figure S8). The weak aggregation
of 2 was further supported by the fluorescence quantum yield
measurements (® = 0.94 in 3:2 water/acetonitrile; ® = 0.49 in
water) and can be attributed to the twisted perylene core that
resulted in impeded =-stacking interactions between the
monomers./?3 Unfortunately, due to the negligible difference in the
excitation and emission spectra for 2 wupon increasing
concentration, the generalized polarization could not be
measured and the Ky could not be accurately determined. Time-
resolved fluorescence studies of 1 and 2 also revealed the lifetime
changes upon increasing concentration in water (Figure S9). At a
low concentration of 1 (5 x 10-¢ M), a single lifetime could be fitted
to the data (5.4 ns). The fractional contribution to this lifetime
decreased due to the increasing contribution of a second, shorter
lifetime (1.7 ns), which appeared concurrently with the presence
of the excimer fluorescence at 690 nm. In contrast, PBI 2 showed
only a single fluorescence lifetime of 6.2 ns, which is consistent
with weaker aggregation.?!l This difference in the aggregation
behavior of 1 and 2, was further confirmed by the anisotropy
decay profiles (see ESI).

Fibre height (nm)

Lateral dimension (nm)

Figure 3. a) TEM image of self-assembled nanofibers from 1 (¢ = 10 M). b)
Enlarged TEM image of PBI 1 nanofiber from a diluted solution 1 stained with
uranyl acetate (¢ = 10-° M). ¢) AFM image of nanofibers from PBI 1 on carbon-
coated mica (¢ = 10 M) and d) AFM height profile. N. B. The fibers shown here
are not those used for splat-cooling (IRI) assay.

The self-assembled structures from 1 in water were imaged
using atomic force microscopy (AFM) and transmission electron
microscopy (TEM) (Figure 3). For PBI 1, one-dimensional fibers
were observed by AFM imaging on carbon coated mica, with
height profiles of the fibers showing a consistent height of 2.5-3.0
nm. However, no clear evidence for helical aggregates was
observed for these glycopeptide nanofibers (Figure S10).
Evidence for aggregate formation could be observed by TEM after
1 hour at room temperature, which is in good agreement with
spectroscopic studies (Figure S10). In order to determine the
effect of cooling on self-assembly of 1, TEM images were also
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acquired at lower variable temperatures after different ageing
times (Figure S11). Fibrous morphologies were also observed
following sample cooling to -16 °C, which was in good agreement
with fluorescence spectroscopic studies.
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Figure 4. a) IRI activity of 1-3 (22 mM) and AFGP8 (5.5 uM) in phosphate-
buffered saline (PBS) represented as the percent mean grain size (% MGS) of
ice crystals relative to the PBS control. Values represent the average of three
runs = % SEM. b) Ice crystal images of PBS and 1-3 (22 mM) after a 30-minute
annealing period at -6.4 °C during the splat-cooling assay. ¢) Dose-response
curve for the IRI activity of 2 (ICso = 10 mM). Normalized rate constants were
determined from three experiments + SEM. d) Ice crystal morphology of
deionized water, 1(5.0 x 10 M) in water, and 2 (4.6 x10° M) in water obtained
during nanoliter osmometry.

Having established the aggregation properties of PBls 1 and
2, the IRI activity was assessed using a splat-cooling assay (see
ESl for details).?s! Samples were dissolved in phosphate-buffered
saline (22 mM in PBS) and annealed at 90 °C for 1 hour prior to
cooling and storage at room temperature for 24 h. To confirm
aggregation was occurring prior to the assay, we performed time-
dependent fluorescence emission spectroscopy on PBI 1 in PBS
buffer (¢ = 1.5 x 10% M) and measured the ratio of the
fluorescence intensity for peaks corresponding to the monomeric
(547 nm) and aggregated forms (673 nm) (Figure S12).
Encouragingly, no change in this ratio was observed after 10 min
of sample preparation (up to 5 h), suggesting aggregation and
equilibration had occurred after this time. Both PBls weakly
inhibited ice recrystallization with similar inhibitory potency, with
the planar analogue 1 displaying more potent activity compared
with the ring-distorted derivative 2 (Figure 4). Notably, the AFGP
tripeptide fragment lacking the perylene core (AFGP-TEG, 3)
displayed weaker activity, thus confirming the importance of the
hydrophobic PBI core and potentially 1D aggregation for inhibiting
ice recrystallization. To probe this further, the IRI activity of PBI 2
was also measured at 10 mM and compared with the glycopeptide
3 at 20 mM (Figure S13). Encouragingly, PBI 2 displayed
enhanced IRI activity compared with the tri-glycopeptide control,
and whilst the effect is modest, it is significant and strongly
suggests the importance of the PBI core and 1D aggregation for
activating IRI activity. Unfortunately, in the absence of water-
solubilizing appendages, the IRI activity of the PBI core alone
could not be assessed, even at very low concentration. The half
maximal inhibitory concentration (ICso) value of 2 was determined
to be 10 mM (Figure 4c and ESI), which, to put into context, is the
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same or better than many previously reported amphiphilic C-
AFGP analogues bearing a pyranose residue with long alkyl
chains.?® |Interestingly, unlike AFGP8, a naturally occurring
isolate with an average molecular weight of 2.6 kDa, AFGP-PBls
1 and 2 did not exhibit any thermal hysteresis (TH) or dynamic ice
shaping (DIS) properties and thus do not strongly bind to ice.
Whilst the IRI activity of the AFGP-PBIs is weak compared with
AFGPS8, the absence of ice reshaping properties is encouraging
since this has been shown to strongly correlate with damaging ice
spicule formation at higher concentrations of AFGPs.[ 271

In summary, we report the self-assembly and IRI activity of
two water-soluble, glycopeptide-functionalized PBls. The planar
PBI 1 underwent 1D self-assembly in water to give extended
nanofibers as shown from TEM and AFM imaging, with evidence
of helical aggregates from the CD spectra. PBI 1 was shown to
be a weak inhibitor of ice recrystallization and unlike the natural
glycoprotein, did not exhibit any TH or DIS properties. This
suggests that the PBI or its self-assembled structure does not
strongly bind to ice, which may be a result of the incorrect spatial
presentation of the hydrophobic moeties on the glycopeptide to
the ice crystal surface.”® In contrast to 1, the ring-distorted
analogue 2 displayed weak aggregation in water from the
absorption and emission spectra, and was shown to be a weaker
IRl than 1. The enhanced IRI activity of these constructs
compared with the tri-glycopeptide control, along with the
attenuated activity of the ring-distored analogue 2 relative to 1,
both strongly suggest the importance of 1D self-assembly for
activation of IRI activity of low molecular weight AFGPs. Whilst
the mechanism for IRI activity of these new PBls remains to be
elucidated, and is weak compared to previously reported
polymeric and supramolecular IRIs, this nevertheless represents
important proof-of-principle for the future development  of
biomimetic IRIs presenting native AFGP motifs, along with 1D
self-assembled networks presenting bioactive glycopeptides.
Future work will focus on determining the mechanism of IRI
activity and the lack of ice binding properties using molecular
dynamics simulations, along with the development of more potent
analogues employing alternative n-conjugated systems.
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