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ABSTRACT: Molecules that inhibit the growth of ice crystals are highly desirable for
applications in building materials, foods, and agriculture. Antifreezes are particularly
essential in biomedicine for tissue banking, yet molecules currently in use have known
toxic effects. Antifreeze glycoproteins have evolved naturally in polar fish species living
in subzero climates, but practical issues with collection and purification have limited
their commercial use. Here, we present a synthetic strategy using polymerization of
amino acid N-carboxyanhydrides to produce polypeptide mimics of these potent
natural antifreeze proteins. We investigated a set of mimics with varied structural

- Bioinspired
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44 polymer
- reduces ice
crystal size
by 80%

properties and identified a glycopolypeptide with potent ice recrystallization
inhibition properties. We optimized for molecular weight, characterized their conformations, and verified their cytocompatibility
in a human cell line. Overall, we present a material that will have broad applications as a biocompatible antifreeze.

B INTRODUCTION

Worldwide, animal species have adapted strategies to survive
subfreezing temperatures.'* A particularly interesting example
is the convergent evolution of antifreeze glycoproteins’
(AFGPs) in polar fish, which are the most potent ice-binding
molecules discovered to date.”” Protein binding to embryonic
ice crystals modifies their shape and growth rate, resulting in
small crystals, lower plasma freezing points, and prevention of
mechanical damage to cells and tissues by large crystals.

There is a broad demand for antifreeze molecules for
applications in food technology, agriculture, fisheries, coatings,
building materials, and the petroleum industry.”” Additionally,
there is a great need for nontoxic ice-recrystallization inhibitors
(IRI) to improve post-thaw tissue viability and function in
biomedical cryopreservation.'”"" For decades, AFGPs have
been explored in the cryopreservation of tissues and even
whole organs'’™" and have even been utilized as texture-
improving ice cream additives."* However, the expense and
impracticality of harvesting these specialized proteins from
polar fish have limited widespread use. Dimethyl sulfoxide and
glycerol are still standard cellular cryoprotectants despite well-
known toxic effects.'”'® AFGPs have the potential to
revolutionize biomedical cryopreservation by replacing toxic
CPAs or acting as an effect-boosting additive in CPA mixtures.
However, lack of consensus on optimal cryopreservation
conditions and lack of mechanistic details hinder their
widespread use.'”'>'" "7

A wide variety of short peptides and polymer alternatives
have been explored as AFGP mimics, but none have achieved
comparable potency to AFGPs and require orders of
magnitude higher concentration for observable effects.””"™"’
Depending on protein molecular weight, native AFGPs can
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fully inhibit ice crystal growth at concentrations from 0.022 to
0.22 pug/mlL, with longer chains displaying higher activity at
lower concentrations.””® By contrast, 1—20 mg/mL poly(vinyl
alcohol) (PVA)****** or 5—40 mg/mL proline polymers/
oligomers”**® is needed for IRI activity and 100- to 1000-fold
higher concentrations were used in cell experiments. As with
native AFGPs, the potency was dependent upon the material’s
chain length.

Our lab recently reported a breakthrough in the scalable
preparation of synthetic AFGPs that are based on the exact
chemical motifs in the native protein structure.”’ AFGP
molecular structure is relatively simple, consisting of a highly
conserved Ala-Ala-Thr repeat, where Thr is glycosylated with
the disaccharide @Gal(l1 — 3)aGalNAc (Figure 1).*
Polyprotein genes encode for isoforms with molecular weights
from 2.6 to 33.7 kDa, classified as AFGP8—AFGP1, which
correlates to 12—150 residues.” Due to steric and hydrogen
bonding effects from the Thr methyl and bulky sugar groups,
AFGPs adopt an extended structure similar to a polyproline
type II (PPII) helix.""**~*

For decades, the molecular mechanisms of AFGP-ice
binding have been debated. It has generally been accepted
that after adsorption of the glycoprotein to an embryonic ice
crystal, approaching liquid water molecules become disor-
dered, resulting in inhibited crystal growth, ice shaping, and
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Figure 1. Chemical structure and cartoon representation of (A) native
AFGPs as compared to (B) our synthetic mimics based on statistical
copolymers of galactosylated-Pro and Ala.

lowered melting point.*~** However, until recently, the roles

of hydrophobic Ala versus hydrophilic sugars have been
unclear.”"**™>* This is in part due to the lack of access to
sufficient quantities of AFGPs for experimental purposes and
also since native AFGPs can only be isolated in heterogeneous
mixtures rendering structure—function studies difficult. To
date, these glycoproteins have resisted recombinant produc-
tion.””>?

Our recently described method for the preparation of
synthetic AFGPs, based on amino acid N-carboxyanhydride
(NCA) polymerization, allows precise tuning of glycopolypep-
tide molecular characteristics.”’ Variation of the ratios of Ala to
glycosylated Thr provided key experimental evidence that Ala
is the driver of ice binding rather than the disaccharide-Thr
residue. Reduction in Ala content resulted in reduced
antifreeze activity.' The disaccharide could even be truncated
to a variety of monosaccharide structures without a loss of IRI
activity. These data corroborated molecular dynamics models
of a 14-residue AFGP. The model predicted that Ala is crucial
for IRI activity and that the residue’s methyl groups nest into
ice-surface cavities, driven by the entropy of dehydration.”
The simulations also suggested that AFGP’s extended PPII
structures play a role in antifreeze activity.

Substitution of Pro in the Ala-Ala-Thr repeat has been
observed in Antarctic fish.” PolyPro itself has been explored as
a simplified antifreeze polymer.”**° PolyPro was found to
exhibit length-dependent ice-binding and IRI activity. How-
ever, concentrations 10—40X of that of native or synthetic
AFGPs were required.

Considering our recent data that Ala plays a dominant role
in ice-binding, we wondered if the disaccharide-Thr could be
substituted for simpler PPII-driving residues. The disaccharide
structure requires lengthy syntheses and advanced skills in
carbohydrate chemistry, and Thr requires harsher NCA
cyclization conditions than many other amino acids due to
steric hindrance by the methyl group and potential formation
of the 2-oxazolidinone side product.45 Therefore, we
investigated copolypeptides composed of Ala and various Pro
derivatives. Here, we report that galactosylated hydroxyproline
(GalHyp) is a suitable substitute for the disaccharide-Thr
residue and enables facile preparation of potent synthetic
AFGP mimics (Figure 1).
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B EXPERIMENTAL SECTION

Materials and Instrumentation. Reactions were con-
ducted under an inert atmosphere of N, and with oven-dried
glassware and anhydrous solvents, unless otherwise stated.
Deionized water (18 MQ cm) was obtained by passing in-
house deionized water through a Thermo Scientific MicroPure
UV/UF purification unit. Infrared spectra were recorded on a
Bruker Alpha ATR-FTIR spectrophotometer. For peracety-
lated polymers, tandem size exclusion chromatography/
refractive index (SEC/MALS/RI) was performed on an
Agilent 1260 Infinity liquid chromatograph pump equipped
with a Wyatt DAWN HELEOS-II light scattering (LS) and
Wyatt Optilab T-rEX refractive index (RI) detectors.
Separations were achieved using 10°, 10* and 10° A
Phenomenex Phenogel 5 ym columns using 0.10 M LiBr in
DMEF as the eluent at 60 °C. For aqueous GPC samples using
deacetylated polymers, samples were analyzed on an Agilent
1260 Infinity equipped with UV, RI, and Wyatt miniDawn
TREOS for light scattering. Samples dissolved in PBS at 3 mg/
mL and were filtered via a 0.2 ym PTFE syringe filter. The
eluent was DPBS without Ca & Mg, and the column utilized
was Agilent AQ Gel-OH 30 <100—60,000> Da. The injection
volume was 100 uL with a flow rate 1 mL/min. The degree of
polymerization was also determined by 'H NMR of poly-
(ethylene glycol) (PEG) end-capped polymers. CD measure-
ments of the polypeptide solutions were recorded in quartz
cells with a path length of 0.1 cm, on a JASCO J-1500 CD
spectrophotometer. 'H and '*C NMR spectra were recorded
on a Varian Mercury spectrometer (400 MHz) or an Agilent
DirectDrive spectrometer (500 MHz) and are reported relative
to a deuterated solvent.

Preparation of NCAs. Pro and AcO-Pro NCAs were
prepared according to a previous publication.’® The cyclization
of Boc-GalOAc,Hyp was completed similarly. The Boc-
GalOAc,Hyp (0.66 g 1 equiv) was dissolved in anhydrous
THF (11.76 mL, 0.1 M). Triphosgene (0.175 g, 0.5 equiv) was
added and the solution was cooled to 0 °C. Epichlorohydrin
(046 mL, S equiv) was added to the solution followed by
dropwise addition of distilled TEA (0.0445 mL, 1.1 equiv).
The reaction was stirred for 24 h, and the reaction progress
was monitored by ATR-FTIR. After 24 h, the reaction was
filtered through cotton to remove TEA-HCI salts. The reaction
solution was evaporated under reduced pressure. The
evaporate was sequestered in a tandem solvent trap system
cooled by liquid N,. The traps were immediately quenched
with ammonium hydroxide. The crude product was purified
using anhydrous silica chromatography”” with $%—15% THF
in DCM. The collected fractions were analyzed by ATR-FTIR.
NCA-containing fractions were combined, resulting in 0.41 g
of white crystalline solid (73% yield).

General Method for Polymerization of NCAs to
Prepare Homopolymers and Statistical Copolymers.
All polymerizations were performed in a N,-filled glovebox.
NCAs were dissolved in anhydrous THF at 50 mg/mL in a vial
or a bomb tube. To the NCA solution, a 30 mg/mL solution of
(PMe,),Co or preinitiated Ni complex in THF was added.’***
PolyPro homopolymer was prepared using hexylamine as
previously described.” The NCA:initiator ratio varied, yielding
different-length polypeptides. The vials were left in the
glovebox at ambient temperature, and the bomb tubes were
removed from the glovebox and heated at 50 °C for 5—72 h.
The reaction progress was monitored by attenuated total
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reflectance Fourier transform infrared spectroscopy (ATR-
FTIR). Upon completion, a portion of the polypeptides was
removed for molecular weight analysis by size exclusion
chromatography coupled to multiangle light scattering and
refractive index detectors (SEC/MALS/RI) or end-capping
and 'H NMR.****~°" Representative data can be found in the
Supporting Information.

General Method for Deacetylation of AcO-Contain-
ing Copolymers. Polymer was suspended in 0.25 M K,CO,
in a 1:1 MeOH:H,O mixture and stirred overnight. The
solution was transferred to a 1 kDa spin filter and concentrated
at 4000g for 20 min. The concentrate was diluted three times
with Milli-Q water and spin-filtered at 4000g for 20 min each
time. The concentrate was recovered, frozen, and lyophilized.
Samples can also be dialyzed against Milli-Q water in 2000
MWCO dialysis tubing.

General Method for Observing Dynamic Ice Shap-
ing.*"®? To observe dynamic ice shaping, 10 uL of solution
containing polypeptide in 1X PBS was placed on a microscope
slide and sandwiched between a coverslip. The stage was
rapidly cooled at a rate of 10 °C/min to —30 °C to freeze the
polymer solution. The stage was then slowly warmed to —2.5
°C at a rate of 8 °C/min. Then, the stage was warmed to —1.8
°C at a rate of 0.5 °C/min. The stage temperature was then
increased at a rate of 0.05 °C/min to —1.5 to —1 °C depending
on the polypeptide solution used to isolate individual crystals.
The stage was then cooled at 0.02 °C/min to —2 to —1.5 °C to
observe dynamic ice shaping. The stage was then toggled
between melting and freezing rates to observe the ice crystal
change as the temperature was increased and then decreased.
Images of the single crystals were taken as the temperature was
decreased to observe ice crystal growth.

General Method for Cooling Splat Assays.*'°* To
make the ice wafer, 10 yL of solution containing polypeptide in
PBS was dropped from 2 m through a PVC pipe onto a
precooled slide using a micropipette. The slide was cooled on
an aluminum block and rested in a bed of dry ice. The slide
containing the ice splat was quickly moved to the temperature-
controlled stage (Linkam LTS120, WCP, and T96 controller)
precooled to —6.4 °C. The stage chamber was purged with N,
to prevent condensation from growing on the ice splat. The ice
splat was annealed for 40 min and images of the ice crystals
were recorded at 0, 20, and 40 min using cross-polarizers
(MOTICAM S3, MOTIC BA310E LED Trinocular) to
observe ice recrystallization inhibition. Our highly quantitative
method for determining mean grain size (MGS) and IRI
activity is as follows. For every sample, three images were taken
of different areas of the ice wafer. Image processing software
(Image]J (Fiji)) was used to determine individual grain size for
larger crystals, or for samples with very high IRI and crystal
sizes too small to be accurately determined by the software,
crystals were sized manually. Statistical analyses showed that
150 pum X 150 pm regions of the images resulted in an MGS
that is representative of the entire population in the image. We
randomly selected regions of this size in each of 3 separate
images to analyze. For samples that resulted in little to no IRI
activity, 7S crystals were analyzed moving radially outward
from a randomly selected point. In all cases, from this analysis
of the three separate images, the ice crystal areas were
averaged. The average and standard deviation of the three
images are presented for each experiment and statistical
significance was determined with a one-way ANOVA and post
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hoc Tukey tests, where ns indicates not significant, * indicates
p < 0.05, and ** indicates p < 0.01.

General Method for Determining Cell Viability with a
CCK8 Assay. HEK 293 cells were plated at a density of 10,000
cells/well in a 96-well plate. The cells were incubated at 37 °C
in 5% CO, for 24 h to allow the cells to adhere to the plate.
The cells were then treated with polymer dissolved in complete
media (DMEM with 10% FBS supplemented with 1%
penicillin-streptomycin and 1% vr-glutamine) for a final
polymer concentration of 0.02, 0.2, and 2.0 mg/mL.
Additionally, other wells of cells are treated with 100-X Triton
to kill cells for a positive control or media to serve a negative
control. The treated cells were again incubated at 37 °C in 5%
CO2 for 24 h. The cells were then dosed with 10 uL of CCK-8
solution (Dojindo) and incubated at 37 °C in 5% CO, for 3 h.
The absorbance at 450 nm of the treated cells was measured
after the 3 h incubation using a BioTek Synergy HTK
multimode reader.

B RESULTS

Antifreeze Polymer Design and Preparation. We
prepared synthetic antifreeze glycoproteins via NCA polymer-
ization. NCA polymerization is an attractive route to obtain
polypeptides since the method is rapid, high yielding, scalable,
and allows precise tuning of chain length up to high molecular
weights. "% Compared to solid-phase peptide synthesis,
substantially higher molecular weights can be achieved, which
has been shown to dramatically iméprove activity in both
natural and synthetic AFGPs.”*""***®> The method is much
more scalable than recombinant protein production methods,
and while recombinant nonglycosylated AFPs have been
achieved, AFGPs have so far resisted all efforts.®*>°

GalHyp was prepared in one step by coupling of
commercially available peracetylated galactose and N-carbo-
benzyloxy-hydroxyproline-O-benzyl using boron trifluoride
etherate as a Lewis acid (Scheme 1). The conjugate was

Scheme 1. Preparation of Galactose-Hydroxyproline
Conjugates and Conversion to NCA Monomers
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isolated as a mixture of 1:1 @/f anomers that were not
separated. Amino acid-protecting groups were quantitatively
removed by hydrogenolysis over palladium on carbon. Based
on the prior work of our own lab and others, we formed
GalHyp NCA using conditions optimized for Pro NCA
cyclization via t-butoxycarbonyl-Pro with triphosgene and
triethylamine. GalHyp NCA was obtained in excellent yield
after purification by anhydrous flash column chromatography
on dry silica in a fume hood.” Ala NCA was prepared
according to published methods. Since polyPro and densely
hydroxylated poly(vinyl alcohol) have also been explored as
antifreeze polymers, we prepared Pro NCA and AcOHyp
NCAs in order to examine polypeptides structurally related to
GalHyp but that vary in hydroxyl density and potentially
conformation.

https://doi.org/10.1021/acs.biomac.3c01462
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NCA polymerization was initiated using (PMe,;),Co for
polypeptides containing Ala or with Ni-complexes for
polypeptides containing only Pro-based structures since these
complexes bypass the need for the NCA nitrogen proton
(Scheme 2, see the Supporting Information).” Degrees of

Scheme 2. Preparation of Antifreeze Polymer Panel by NCA
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“(PMe,),Co or Ni-amido amidate complexes were utilized to initiate
polymerization.

polymerization were readily tuned by altering the monomer/
initiator ratios, and amino acid compositions were tuned via
the NCA feed ratios. Polymer yields were quantitative and
chain lengths were determined by end-group analysis as
previously described®®**~%" or by SEC/MALS/RI. See Table 1

Table 1. Representative Polymerization Data

polypeptide M M7 o). p®
(GalHypy 35-s-Alay46)., 8,643 6,758¢ 49 1.11°
(GalHypysss-Alaggg), 12,783 9,734 70 1.24°
(GalHypysss-Alages), 16923 11,5209 83 1.25°
((GalOAc,)gas-s-BnEgqs), 41,610 30,0807 109 129
(Hyposss-Alaggs), 12,930  13,113° 155 -
“Theoretical number-average molecular weight, M,,. ®Observed M, as

determined by °“SEC/MALS/RI in DPBS for deacetylated, free
hydroxyl structures, or “SEC/MALS/RI in DMF with 0.1 M LiBr for
peracetylated structures, or ““H NMR end-group analysis as described
in prior publications.”®*?~*! /Observed degree of polymerization, DP.
£Polymer dispersity, D, as determined by SEC/MALS/RI as described
in [c] and [d] or for the sample noted with (—), the dispersity could
not be determined due to poor solubility in DMF and DPBS.

for representative polymer data, and the SI for additional data
and experimental methodology. Glycan acetate-protecting
groups were quantitatively removed after polymerization by
treatment with K,CO; in methanol:water.

Since polyPro is reported to have IRI activity, we prepared
Pro homopolymers along with copolymers of varied GalHyp
densities up to 100% GalHyp. Since polyhydroxylated PVA has
also shown IRI activity, we prepared polyHyp from AcOPro
NCA where the acetate groups were removed postpolymeriza-
tion as previously described. We also prepared Hyp:Ala 1:2 to
compare the effects of a single vs the four hydroxyls of
GalHyp:Ala 1:2. For comparison of these polymers of varied
amino acid compositions, chains were prepared at a similar
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length of ca. 100 residues (see Table S1). All samples were
purified by dialysis against Milli-Q water.

Antifreeze Activity Assays. Native AFGPs bind irrever-
sibly to embryonic ice crystals, inhibiting prism-face growth
and influencing the macroscopic crystal shape and size (Figure
2, top left panel). This action results in an overall reduction in
crystal mean grain size (MGS), i.e,, IR], and shaping of single
crystals into characteristic hexagonal and bipyramidal struc-
tures.”” To quantitate MGS and observe crystal shaping, we
used cryostage microscopy and cooling splat assays.”*""
Images were collected of the ice wafers at time zero and after
40 min of ice crystal growth. Particle size was quantified from 3
separate ice crystal images, 150 ym X 150 um regions with a
minimum of 75 crystals analyzed, and using image analysis
software or manual sizing of crystals too small for software
recognition. The average and standard deviation are presented
for each experiment, and statistical significance was determined
with a one-way ANOVA and post hoc Tukey test. Activities for
our various polypeptides in PBS were compared to PBS alone.

IRI activity for the various (co)polypeptide structures is
shown in Figure 2. At identical solution concentrations of 1
mg/mL in PBS, the 40 min MGS values for Pro,o, Hyp,s, and
GalHyp,o; were not statistically different from PBS alone.
However, the 40 min MGS for ice crystals formed in the
presence of 1 mg/mL (GalHyp,33-s-Alag¢6)103 Was reduced by
61% from that of PBS alone (from ca. 4052 to 1588 um?).
Clearly, Ala residues play a major role in IRI activity since the
GalHyp homopolymer showed no discernible activity. We also
attempted to collect IRI data for the copolypeptide (Hypgs3-s-
Alagg6)100 but the sample had very poor aqueous solubility.
Centrifugation revealed an insoluble portion totaling 50% of
the mass. We measured the IRI activity of the soluble portion,
which was relatively minor (Figures S6 and S9). Preparation of
(Progs3-s-Alages) 0o vielded a material that was entirely
insoluble in water. We also examined a higher molecular
weight Hyp,(, and though activity was slightly increased from
that of the 7Smer (Figures S10 and S11), the IRI effects were
poor compared to those of the GalHyp:Ala copolymer. Clearly,
the biomimetic glycosylated copolymer with native Ala content
was the most promising antifreeze polymer candidate.

Since length-dependent function has been clearly established
in native AFGPs, as well as in our prior disaccharide-Thr-based
mimics, we prepared GalHyp-containing chains from 30—300
residues and with the native content of 66% Ala. Short chains
of 30 residues had no statistical difference in MGS from that of
PBS alone, indicating that this length is not suflicient for
antifreeze activity (Figure 3C,D,J). Chains of 60 and 100
residues offered a reduction in ice crystal MGS similar to that
of the common cryoprotectant DMSO (Figure 3B,EF]J). A
further 37% increase in IRI activity was observed with the
increase in chain length from 100 to 150 residues, as evidenced
by the reduction in MGS (Figure 3F,G)J). The effect
plateaued, however, and further increasing the chain length
to 225 or 300 residues did not result in any statistically
significant increase in IRI activity (Figure 3G—J). The 150,
225, and 300 mers all offered a remarkable ca. 80% reduction
in MGS. Examination of the 150 mer at varied concentrations
indicated the effect is indeed concentration-dependent (Figure
3K). It is notable that our GalHyp:Ala copolymers of n > 150
residues achieved greater IRI activity (80% reduction vs 70%
reduction in MGS) at 50-fold lower concentration than for 8-
residue proline oligomers,” S-fold lower than for proline
polymers of a similar MW,*® and similar to that of high MW

https://doi.org/10.1021/acs.biomac.3c01462
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Biomacromolecules

pubs.acs.org/Biomac

80

B O
o O

20

°C e (.;’,a\‘(\‘“> 965

Figure 2. (A—F) IRI activity of various proline-based homo- and copolypeptide structures as compared to PBS alone. All samples were prepared at
1 mg/mL in PBS and ice crystals were imaged after 40 min of growth. Chain lengths were (GalHyp,33-s-Alag g6) 103 Pr0100y Hypss, and GalHyp o
Scale bars are 200 ym. (G) Quantified IRI data as MGS relative to PBS; mean and standard deviation, * indicates p < 0.01.
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Figure 3. (A—I) IRI activity of (GalHyp -s-Alag3), glycopolypeptides of varied chain lengths as compared to PBS alone or 10% DMSO in PBS.
All glycopolypeptide samples were prepared at 1 mg/mL in PBS and ice crystals were imaged after 40 min of growth. Scale bar is 200 ym. (J)
Quantified IRI data as MGS relative to PBS for varied chain lengths, 10% DMSO, or PBS; mean and standard deviation, * indicates p < 0.01. (K)
Quantified IRI data for (GalHypyes-s-Alag13)150 at varied concentrations as compared to PBS; mean and standard deviation, * indicates p < 0.01.

PVA.°> Additional imaging data at varied time points and
videos of crystal growth are supplied in the SI to show the
crystal growth rate for representative samples.

We also examined the ice-shaping properties of the
(GalHypy 33-s-Alag ), polymers since hexagonal shaping has
been linked to ice-binding and IRI activity and since antifreeze
materials resulting in spicular crystals that can cause cellular
damage are not optimal. It is generally accepted that ice-
shaping occurs after adsorption of the glycoprotein to specific
crystal faces in embryonic ice, therefore inhibiting addition of
new water molecules to that face and limiting crystal growth to
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9% Inhibition of prism-face growth and the

specific planes.
resulting hexagonal crystals are characteristic of native AFGPs
(Figure 4E). Without adsorption to crystalline faces, crystal
growth is not predisposed to a specific direction and the
structures appear amorphous or round.

Ice shaping data is shown in Figure 4A—D, and full-size
images are in the Figures S2—SS5. Hexagonal, square, and
amorphous crystals were the predominant structures observed,
indicating that all of the polymers indeed bind to the surface of
specific faces of embryonic ice crystals, resulting in directional
growth. Since spicular crystals were not the predominant

https://doi.org/10.1021/acs.biomac.3c01462
Biomacromolecules 2024, 25, 3325—-3334
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Figure 4. (A—D) Shaping of ice crystals by (GalHyp,-s-Alayss),
glycopolypeptides of varied chain lengths. All samples were prepared
at 1 mg/mL in PBS. Scale bars are 100 ym. (E) Cartoon
representation of SAFGP adsorbing to ice crystal facing, resulting in
shaping of the crystals.

structures observed, the polymers have excellent potential for
applications in cryobiology in addition to applications in foods
and agriculture.

Polypeptide Conformational Analysis and Mechanis-
tic Discussion. Spectroscopic data indicate native AFGPs
adopt an extended structure similar to the left-handed PPII
helix. The extended helical structure has been proposed to play
a role in the ice-binding mechanism. Therefore, to understand
the secondary structures and IRI mechanisms of our various
copolypeptides, we conducted analyses using circular dichro-
ism (CD) spectroscopy. This technique relies on the
absorption of light by peptide bonds. The wavelengths at
which the absorptions occur, and their intensities, reveal
characteristics about the orientation of those bonds Distinct
CD signatures have been shown for the # — #* and # — #*
transitions of PPII, intrinsically disordered, sheet, or a-helical
conformations.**® In organic solvent, polyPro adopts a
compact helical structure with 3.3 residues per turn and cis
bonds, termed a PPI helix, while in aqueous solution, the trans-
bond PPII structure with 3 residues per turn is favored.””~"*
The PPI vs PPII ratio is affected not only by solvent but also
by substituents at the 4-position of the proline ring. The two
conformations can be easily differentiated by their absorption
ellipticities. The PPI n — #* results in a moderate negative
minimum at ~230 nm and a strong maximum at ~212 nm for
7 —*. The PPII form has a minor positive maximum at ~226
nm and a strong negative minimum at ~206 nm.

Prior structural work on glycosides of Hyp focused mainly
on Hyp-rich glycoproteins that are the major proteinaceous
components of higher plant walls, such as Gpl and
extensin.”””” Predominant glycan structures are f3-galactosides
and a-arabinosides with varied chain lengths. CD spectra of
these proteins indicated PPII structures; however, the specific
effects of glycosylation were unclear since these natural
peptides and proteins are typically isolable in only minuscule
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amounts and/or are heterogeneous in nature.”® A 2010 study
by Owens et al. compared the CD structures of acetyl-capped
9-mers of Pro, Hyp, and -D-GalHyp.”” The CD spectra of all
three peptides were typical of a PPII helix; however, the
glycosylated helices had substantially greater thermal stability.
Molecular dynamics simulations indicated that the Gal units
interact with both the peptide backbone and one another to
result in increased stability. Interestingly, later work by Huang
et al. on f-D-GalHyp-containing collagen mimetic peptides
reported the glycans slightly destabilized the collagen triple
helices, but did not reduce their refolding rate.’" It should be
noted that the interpretation of structural effects in short
peptides is convoluted by their small size. Since the PPII helix
contains 3 residues per turn, a 9-mer can only form three
helical turns.

We obtained CD spectra of our high-molecular-weight
GalHyp chains, along with spectra of GalHyp:Pro statistical
copolypeptides, so that we could observe any perturbations in
structure resulting from increasing glycosylation density
(Figure SA). All data are reported in molar ellipticity, which
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Figure S. Aqueous circular dichroism data for GalHyp containing
polypeptides at 20 °C. Samples were typically prepared at 0.1 mg/mL
and data was obtained in Milli-Q water for those in (A) while those in
(B) were obtained in PBS buffer.

normalizes for samples of differing concentrations. As
expected, all structures revealed spectra characteristic of PPII
conformations. Increasing the density of statistically distributed
GalHyp from 20% to 60% to 100% resulted in slight increases
in characteristic PPII absorbances in the CD spectra, aligning
well with prior data (vide supra).

The CD spectra of (GalHypgss-s-Alages), were in stark
contrast to those of GalHyp and (GalHypx—s—Proy)n (Figure
SB). The Ala-containing polypeptide spectra are highly
characteristic of those of known intrinsically disordered
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peptides.””® This was surprising to us since native AFGPs
containing ca. 66% Ala and 33% disaccharide-Thr, and our
prior synthetic analogues of identical compositions, adopted
PPII-type structures. We also obtained CD spectra at varied
temperatures to see if a different conformation is adopted at
low temperatures (Figure S1). The spectra at 4 °C were still
characteristic of an intrinsically disordered structure, though
the absorbances were slightly increased from those at 40 and
80 °C. Ultimately, we can clearly conclude the PPII structure is
not required for ice-binding since these disordered structures
had high IRI activity.

Considering that the PPII-type structure that is the
dominant form of native AFGPs is not required for activity
and disordered structures can participate in ice surface
interactions, we propose a bulk phenomenon that relies on
the entropy of the dehydration of Ala. Computational work
previously predicted that Ala is crucial for IRI activity and that
the residue’s methyl groups nest into ice-surface cavities,
driven by the entropy of dehydration.”” This prediction was
corroborated by recent experimental data from our lab that
described synthesis of polypeptides with varied Ala content
and that sufficiently high Ala content was essential for IRI
activity.41

This rationale aligns with the data we present here where,
despite a prior report on polyPro,”® polyPro, polyHyp, and
poly GalHyp are poor antifreeze materials. Considering the
hydrophobicity of polyAla and Ala-rich polypeptides, the
hydrophilic sugars are required to both solubilize the material
in aqueous solution and likely the solvent-oriented glycan-
hydroxyls hydrogen bond to liquid water and prevent ordering
of approaching liquid water molecules at the ice surface after
the Ala methyls have nested. The higher activity of higher-DP
polymers and higher-MW native AFGPs fit with this
mechanism since the greater number of Ala groups available
on one molecule would offer more stability at the ice surface,
overcoming entropic considerations. Interestingly, the optimal
effect observed for our polymers was at DP 150, and native
AFGPs of highest activity are also ca. 150 residues.’

Cytocompatibility Studies. For future biomedical
applications, we examined our structures for cytocompatibility.
Various similar synthetic glycopolypeptides have been shown
by our lab and others to be nontoxic and well tolerated by
human cells.""**** Therefore, we did not expect toxicity or
proliferation to be impacted for our SAFGPs. To verify this, we
conducted CCKS8 assays in human embryonic kidney (HEK)
293 cells. HEK293 cells were selected as a model cell line for
broad laboratory use. Viability was measured after 24 h of
treatment with sSAFGPs of concentrations ranging from 0.2 to
2.0 mg/mL. Cells were treated with PBS as a negative control
and Triton X-100 as a positive control (Figure 6). At the
highest concentration tested, which exceeded the necessary
concentration for IRI activity, no statistically significant effects
on cellular viability were observed. Considering that cryogenic
applications typically would expose cells to antifreezes at room
temperature for only short durations and subfreezing temper-
atures thereafter, compatibility for 24 h at 37 °C is in excess of
likely exposure. From these data, we conclude that these
structures are well tolerated by live human cells and are
promising for biomedical applications.

B CONCLUSIONS

Here, we present a bioinspired synthetic polymer that strongly
inhibits the growth of ice crystals. This structure, based on
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Figure 6. HEK 293 cell viability as determined by CCKS8 assay
following 24 h incubation with (GalHypggess-Alags3)iso at the
indicated concentrations; live control is media alone and Triton X-
100 was a positive control for dead cells; standard deviation; **
indicates p < 0.01.

galactosylated hydroxyproline and alanine, is well tolerated by
human cells and is composed entirely of natural building
blocks. Chain length affected ice recrystallization inhibition
activity at a lower molecular weight but plateaued above 150
residues. Natural antifreeze glycoproteins adopt an extended
polyproline II-type helical structure. While polymers of
galactosylated hydroxyproline adopt this structure, composi-
tions with 66% alanine, as found in native fish antifreeze
glycoproteins, were disordered. However, we found that the
native conformation is not required for antifreeze activity.
Polyproline was previously explored as an antifreeze polymer;
however, in our side-by-side comparisons, activity was very
poor compared to our structures. Considering the labor and
expense required to harvest natural antifreeze glycoproteins,
access to efficient synthetics is expected to play important roles
in biomedicine, foods, agriculture, coatings, and building
materials.
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