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ABSTRACT: Ice recrystallization inhibitors (IRI) are of critical importance in biology, cryopreservation of cells and organs, and
frozen foods. Antifreeze glycoproteins (AFGPs) are the most potent IRI. Their cost and cytotoxicity drive the design of synthetic
flexible polymers that mimic their function. Poly(vinyl alcohol) (PVA) is the most potent biomimetic found to date, although it is
orders of magnitude less potent than AFGPs. A lack of molecular understanding of the factors that limit the IRI efficiency of PVA
and other flexible ice-binding polymers hinders the design of more potent IRI. Here, we use molecular and numerical simulations to
elucidate how the degree of polymerization (DP) and functionalization of PVA impact its IRI. Our simulations indicate that the
onset of IRI activity of PVA occurs for 15 < DP < 20, in agreement with experiments. We predict that polymers with stronger
binding to ice per monomer attain IRI activity at lower DP and identify this as a contributor to the higher IRI potency of AFGPs.
The simulations reveal that the limiting step for binding of flexible molecules to ice is not the alignment of the molecule to the
surface or the initiation of the binding but the propagation to reach its full binding potential. This distinguishes AFGPs and PVA
from rigid antifreeze proteins and, we argue, is responsible for their different scaling of efficiencies with molecular size. We use the
analysis of PVA to identify the factors that control the IRI activity of flexible polymers and assess the molecular characteristics that
endow AFGPs with their exceptional IRI potency.

1. INTRODUCTION a competition between the time scales of binding and
unbinding of the IRI molecules to the ice surface and the
rate of growth of ice. The latter is controlled by the difference
in equilibrium melting temperatures of small and large crystals.
For example, according to the Gibbs—Thomson equation for
spherical particles, T,,(R) = T, — 78 K nm/R,”**”** the
difference in T, between 1 and 2 pm radii ice crystals is ~0.04
K. The growth rate of ice for that degree of supercooling is
0.02 A ns71**%" je, it takes ~0.15 us to build a new ice
bilayer. Ice-binding molecules with bound times shorter than
the characteristic time to grow ice will be inefficient at stopping
its recrystallization.”"

Antifreeze glycoproteins are the most potent IRI agents.
However, their industrial use is hindered by synthetic

The control of ice recrystallization is central to medical,
environmental, and industrial applications ranging from
cryopreservation of organs, cellular drug therapy, frozen food,
crop damage in agriculture, and ice repellent coatings for
infrastructures.' 7 Ice recrystallization is an Ostwald ripening
process in which larger ice crystals grow at the expense of
smaller ones.'®™>" The large ice crystals have deleterious
effects on organisms, e.g,, they can cause mechanical damage to
cell membranes and induce osmotic shock.”'* Hence,
controlling and inhibiting ice-recrystallization is of utmost
importance for cryopreservation and biology.

Ice-binding macromolecules such as antifreeze proteins and
glycoproteins enable life at subfreezing conditions by
preventing the growth and recrystallization of ice.””**** The
effectiveness of the ice recrystallization inhibition (IRI) agents Received: December 1, 2019
depends on their ability to prevent the coarsening of ice Published: February 13, 2020
crystals with time. Molecules that bind and pin the ice surface
create a metastable rippled ice surface that arrests the growth
of ice.”**° The development of a stationary state depends on
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challenges such as their cost and possible toxicity.””** Knight
et al. found that synthetic mimics of AFGP such as poly(vinyl
alcohol) (PVA), poly(1-hydroxyproline), and poly(L-histidine)
display ice recrystallization inhibition activity.”> PVA is the
most potent synthetic IRI agent found to date.”® The high IRI
activity of PVA, its low cost, minimal toxicity, and non-
penetrative action, make it an excellent candidate for replacing
antifreeze proteins (AFP) and antifreeze glycoproteins
(AFGP) in cryopreservation, as well as in biomedical and
dietary applications.>****’

PVA prevents ice growth through binding to the prismatic
face of ice.'”***** Binding of PVA to ice is facilitated by
lattice matching between the adjacent hydroxyl groups of the
polymer and the water molecules along the c-axis of the
prismatic plane of ice.'”® Because of this, PVA binds ice
exclusively along the direction of the ¢ axis by adopting a one-
dimensional binding configuration.”**’ Linear binding of PVA
to the prismatic plane of ice is also supported by the scanning
transmission electron microscopy (STEM) imaging of PVA
bound to growing ice, which shows grooves of the same
length—about 700 nm—as that of the extended polymer.*’

Establishing the minimum length of the polymer required
for activity is crucial to design synthetic mimics of antifreeze
proteins. Budke and Koop conjectured that PVA binds to ice
with a minimum of six to eight monomer units.'” Their
experiments were made with commercial PVA that is partially
acetylated and has a highly dispersed molecular weight
distribution. Gibson and co-workers later investigated the IRI
activity of PVA with a well-defined degree of polymerization
(DP), which they synthesized using radical polymerization
techniques, and they observed a significant increase in the IRI
activity with increase in DP.>> The effect was the most
pronounced when the DP increased from 10 to 19.** On the
basis of these results, they suggested that the minimum
repeating sequence rei{uired for IRI activity is between 10 to
19 monomeric units.”” The origin of this threshold has not
been established.

PVA can be fine-tuned in-terms of functionalization, opening
promising ways of enhancing its antifreeze and ice recrystal-
lization inhibition activities.”>***® Extensive experi-
ments”' 23334274 4nd molecular simulations*>%*%*$75
have been performed to understand the structural features that
control the binding of molecules to ice. One such modification
is the inclusion of hydrophobic groups to IRI agents to
improve their potency.*>* It has been shown that the addition
of hydrophobic groups to n-octyl-galactoside increased its IRI
activity compared to that of pure galactose.*® Therefore, it was
expected that the IRI activity of PVA would increase upon
introduction of hydrophobic groups to the chain.’® On the
contrary, Congdon et al. found that acetylation of PVA reduces
its TRI activity.”” To understand this result, they proposed that
the incorporation of acetate groups makes the polymer more
hydrophobic, resulting in a more collapsed structure with
diminished exposure to water.”> However, in the same study,
they found that the IRI activity of PVA also decreases upon
random functionalization with hydrophilic groups.” These
results suggest that modulations of hydrophobicity are not the
main drivers of the IRI activity of ice-binding polymers.

The commonality to hydrophobic and hydrophilic mod-
ifications to PVA molecules is the inclusion of moieties that
disrupt the continuity of the hydroxyl groups along the PVA
chain. It is not yet understood how the presence of
modifications in the hydroxyl sequence in the chain affects
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its binding to ice, e.g, whether they impact the kinetics or
thermodynamics of ice-binding. The mechanism by which
acetylated PVA binds to ice and its implications for its IRI
effectiveness are not known.

Few theoretical models have been proposed to quantify the
effect of binding molecules on crystal growth. The kinetic
pinning (KP) model of Sander and Tkachenko assumes that
ice-binding molecules (IBM) bind irreversibly to ice as they
reach the ice surface.’* According to the KP model, when the
rate of adsorption of the IBM is higher than the rate of
engulfment of these molecules by the growing ice front, the
growth of ice stops. In a recent study, Chasnitsky and
Braslavsky (CB) assessed for a wide range of proteins the
validity of the KP model, which they modified to consider that
the IBMs that arrive to the ice surface have a probability p of
binding to ice.”” CB found that the modified KP model
explains well the relationship between the thermal hysteresis
(TH) and concentration of IBM for moderately active type III
AFP that binds irreversibly to the prismatic plane of ice, while
the model fails to account for the TH of hyperactive proteins
that bind irreversibly to both the basal and prismatic ice
planes.”” PVA only binds to the prismatic plane of ice, the
same as type III AFP. However, it has not been established
whether the binding of PVA to ice is irreversible, how the
irreversibility depends on the DP of PVA, and how the
probability of binding PVA depends on its DP and
functionalization.

An alternative model for kinetic inhibition of crystal growth
that does not assume reversible binding was proposed recently
by Yagasaki, Matsumoto, and Tanaka (YMT) to explain the
role of the DP of kinetic inhibitors on the growth of clathrate
hydrates.”’ There are two main differences between the KP
and YMT models. First, while KP always assumes irreversible
binding, YMT assumes that the binding can be reversible for
short polymers and increasingly stronger and irreversible for
longer ones. Second, YMT does not account for the
engulfment of bound molecules by the growing crystal. It
assumes that molecules which have a bound time at the surface
higher than a threshold value (determined by the intrinsic
growth rate of the crystal surface) can halt crystal growth even
if they bind reversibly to the surface.”” The relationship
between the DP of PVA and the time the oligomers remain
bound to the ice surface is not known.

In this study, we use large-scale molecular dynamic
simulations with computationally efficient united atom
models®®*” to first unravel how PVA molecules with different
degrees of polymerization bind to the ice surface and then
discern how long they remain bound. We then use molecular
and numerical simulations to elucidate how the acetylation of
PVA impacts the ice binding and its IRI activity. Our results
and analysis point to important differences in the size-
dependence of the ice-binding efficiency of flexible and rigid
ice binding molecules, and to the important role that the time
scale of propagation of the binding across the chain has on the
efficiency of flexible ice-binding polymers. We use these
insights to assess the factors that endow AFGPs with their
exceptional IRI activity and to identify ways to increase the IRI
efficiency of synthetic polymers.

2. RESULTS AND DISCUSSION

Effect of Chain Length on IRI Activity. We investigate
the effect of the polymer length on ice binding by performing
simulations of PVA with DP = 6, 10, 15, 20, and 30 in
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simulation cells where the prismatic plane of ice is in
equilibrium with liquid water at 273 K, the melting
temperature of ice in the mW water model.” The details of
the simulations and the order parameters used for identifying
whether PVA is bound to ice are discussed in the Methods
section.

Figure 1 illustrates the process of binding of PVA with DP =
30 to the prismatic face of ice. The simulation shows that the
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Figure 1. PVA with DP = 30 binds to the prismatic plane of ice in a
long process that is reversible at its early stages. (a) Time evolution of
the number of OH groups of PVA bound to ice, Nog, where Ny is
computed as a running average over 1 ns windows of the trajectory to
filter fast fluctuations that do not physically correspond to binding/
unbinding events. (b—f) Snapshots along the binding simulation. The
times corresponding to the snapshots are indicated in panel a. Ice is
represented with silver sticks, water with cyan points, bound OH
groups of PVA with red balls, unbound OH groups with blue balls,
and the hydrocarbon backbone with green sticks.

binding is not immediate, despite the small volume of liquid
available to the molecule. There are multiple binding attempts
in which the molecule binds ice through no more than ~3 OH
groups and almost immediately unbinds. Only when PVA
binds through more than ~8 OH groups, the binding becomes
irreversible in the hundreds of nanoseconds time scale of the
simulations.

The simulation trajectory of PVA with DP = 30 in Figure 1
illustrates features we see in the binding to ice of PVA
oligomers of all lengths: the binding starts at a random position
of the chain, it is reversible over hundreds of nanoseconds
when the number of OH bound is less than ~10, and the
propagation of the binding typically proceeds in discrete
“bursts” in which consecutive monomers of PVA bind to the
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ice surface over a short time period of, typically, 3 to 15 ns,
separated by long waiting times during which a combination of
the fluctuations of the ice surface and the orientation of the
chain hinders the propagation of the binding. We observe the
same mode of binding for PVA with DP = 6, 10, 15, and 20
(results for representative trajectories shown in Figure 2, full

0 100 200 300 400 500 0 100 200 300 400 500
Time (ns) Time (ns)
c) DP =15 4 pp-2z
15 ————T——T— . 20— .

0 100 200 300
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Figure 2. Time evolution of number of bound OH groups of PVA,
Noyy for representative ice-binding trajectories of oligomers with (a)
DP =6, (b) DP = 10, (c) DP = 15, and (d) DP = 20. The full set of
trajectories for DP = 10, 15, and 20 is shown in SI Figures S1—S3.
Similar to Figure 1, Noy is the running average over 1 ns windows of
the instantaneous number of OH bound. The maximum Ny is ~2/3
of the DP, due to 2 bound:1 unbound binding pattern of PVA.*®

sets in SI Figures S1—S3). We find that defects on the ice
surface slow down the binding and propagation of PVA on ice.
We expect this also to be the case for curved ice surfaces,
because PVA binding is specific to a particular direction of a
specific plane of ice. We conclude that even when PVA is at the
ice-liquid surface, it has to surmount several barriers to fully
bind to ice. These processes result in a low probability of
binding, even for those chains that are long enough to
eventually attach irreversibly to the ice surface.

We analyze the complete set of binding simulations of PVA
oligomers to compute the bound times 7 of each oligomer at
the ice surface as a function of the average number nqy of OH
groups bound for that time interval. The results are
summarized in Figure 3. We find that 7 depends on ngy but
not on the degree of polymerization of PVA. The higher the
DP of PVA, however, the higher is the number of OH groups
that can bind to ice and the longer is the maximum time that
the chain can pin the ice surface, preventing its growth.

Figure 3 points to an increase in the bound time with the
number of OH of PVA bound to the ice surface that is slightly
higher than exponential. An exponential increase would be
consistent with the YMT model,>' which assumes that the
binding free energy grows linearly with the number of bound
groups, AGyq = AGoy nop, where AGgy is the binding free
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Figure 3. Bound time 7 of PVA at the ice surface increases
exponentially with the average number of OH groups bound to ice,
nop irrespective of the DP of the polymer and its functionalization.
The data for DP = 6 are shown in blue (from 3 X 0.5 ys simulations),
for DP = 10 in green (from 20 X 0.5 us simulations), for DP = 15 in
red (from 20 X 0.5 us simulations), for DP = 20 in black (from 20 X
0.5 us simulations), for 10% acetylated PVA with DP = 30 in cyan
(from 10 X 1 us simulations), and for 10% dehydroxylated PVA with
DP = 30 in magenta (from 20 X 0.5 ps simulations). The open circles
correspond to the last bound time for each simulation trajectory,
limited by the running time and not unbinding of the molecule. Gray
line is obtained by fitting all bound times between 1 and 100 ns in the
graph to 7 = 7, exp(AGounoy/RT), which results in 7, = 8.1 ns and
AGgy = 0.77 KJmol ™.,

energy per monomer, and that the bound time of the molecule
at the surface is 7 = 7, exp(AGpy nou/RT). If we assume an
exponential increase in 7 with ngy, we obtain 7 , = 8.1 ns and
AGpy = 0.77 kJmol™" by fitting to this equation the bound
times between 1 and 100 ns collected for all polymers in Figure
3. The fit is shown with a gray line in the figure. The AGoy
obtained from the fit is a lower bound to the real value, even
more than the figure shows, because the bound times for the
largest ngoy are limited by the simulation times and not the
detachment of the chains from the ice surface. Cooperativity
due to distinct scaling of the enthalpy and entropy of binding™®
may be the origin of the faster than exponential increase we
cannot resolve with the data of Figure 3. Table 1 shows the

Table 1. Average Residence Times of PVA Oligomers Fully
Bound to Ice Predicted by 7, = 8.1 ns and AGgyy = 0.77
kJmol ¥

— 6 15
Thully bound . (1S) 30 250

“Compare with 0.15 us time scale for growth of ice bilayer under
typical IRI conditions. The capping of long bound times by the
simulations times in Figure 3 suggests that for DP > 10, the bound
times may increase more steeply with DP than indicated by our
fitting. Obtained by fitting data in Figure 3 and considering that fully
bound PVA binds through 2/3 of its OH groups.

10
80

20
760

30
7400

predicted bound times of PVA oligomers fully bound to ice
using this fit, where we have considered that ngy of the fully
bound chain is 2/3 of its DP, according to the 2 bound:1
unbound binding pattern of PVA,*® using the parameters of
the gray fitted line of Figure 3. A comparison of the bound
times of PVA of different DP and the 0.15 s it takes to grow
an ice bilayer under typical IRI conditions explains why the
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experimentally observed IRI activity of PVA increases
significantly when DP increases from 10 to 19.%

Our analysis indicates that there are three main factors that
control the efficiency of flexible polymers as IRI. First, the
strength of their ice-binding free energy per site, which
determines the bound times per number of monomers
adsorbed to ice. Second, the length of the polymer, which
combined with the binding strength per monomer sets the
maximum bound times of the polymer pinning the ice-surface.
Third, the rate of propagation of the binding of the polymer to
ice, which in conjunction with the binding free energy per site
determines the probability that a polymer that starts binding to
ice undergoes a long series of reversible binding/unbinding
events before reaching its full binding potential. To our
knowledge, the time of propagation of the binding has not
been previously considered in the analysis or design of ice-
binding molecules. In next section, we show that it plays a key
role in the drop in IRI efficiency of PVA upon acetylation.

Effect of Polymer Functionalization on IRl Activity.
Experiments indicate that the random acetylation of long PVA
chains has a dramatic effect on their performance as IRI. For
example, 30% acetylation completely obliterates the IRI
activity of PVA with DP,, = 351.>> This poses the question
of why this PVA copolymer with 245 OH groups is unable to
stop the recrystallization of ice: is the depression of the IRI
upon functionalization the result of thermodynamic or kinetic
effects?

It has been proposed that the replacement of hydroxyl
groups by the more hydrophobic acetyl groups makes PVA
more compact, decreasing its ability to bind to ice.”® This
could be a contributor to the lower IRI of acetylated PVA. In
our simulations, however, we purposefully exclude the effect of
increased compactness by tuning the interaction strength
between the carbonyl group and water to result in the same
radius of gyration for acetylated and nonacetylated PVA. This
allows us to focus on how the IRI is impacted by the disruption
of the polymer’s binding sequence.

We first study the effect of acetylation on PVA binding to ice
by systematically acetylating 20% or 10% of the monomers in a
chain with DP,, = 30, ie., one every five or one every ten
hydroxyl groups are acetylated. This results in copolymers with
blocks of PVA of uniform DP = 4 and 9, respectively, separated
by PVAc blocks of DP = 1. We evolve one simulation of PVA
with 20% acetylation and ten simulations for PVA with 10%
acetylation. Each of these 11 simulations is sampled for at least
1 ps, while we monitor the number of OH groups bound to
ice.

Our simulations reveal large barriers for the propagation of
the binding to ice through the acetylated monomers: the
binding does not propagate over the acetylated monomers in
the microsecond time scales of the simulations. An analysis of
the bound Ny for each of the three PVA blocks of the 10%
acetylated DP,.,; = 30 copolymer (Figures 4 and S4) indicates
that the acetylated chain behaves similarly as PVA with DP =9,
the length of its pure PVA blocks. Likewise, the 20% acetylated
PVA behaves as PVA with DP = 4 (Figure SS). We conclude
that the acetylated monomers decrease the bound times of
PVA and its IRI efficiency by interrupting the propagation of
the binding of the polymer to ice.

The 10% acetylated chain sometimes binds ice through OH
groups in multiple PVA blocks (Figures 4 and S4). Most of
these cases result in unbinding of the chain, consistent with the
low bound time for DP = 9 (Table 1 and Figure 3). However,
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Figure 4. Acetyl groups separate the PVA chain into independent
segments from the point of view of their binding to ice. (a) Time
evolution of the number of OH groups bound to ice, Npy, for each
segment of the polymer separated by the acetyl group for a 10%
acetylated PVA. The blue, red, and black lines correspond to the first
middle and last blocks of the polymer, respectively, as sketched in the
inset of panel a. Binding starts randomly at any of the three
unfunctionalized blocks, and the propagation occurs linearly along the
c-axis of the ice plane, the same as that for the unfunctionalized PVA,
but it stops before reaching the acetylated monomer. (b, c) Snapshots
of the system at the times indicated with letters b and c in panel a.
The snapshots depict ice with silver sticks, the hydrocarbon backbone
of PVA with green sticks, its bound OH groups with red balls, and its
unbound OH groups with blue balls. The ester oxygen, carbonyl
oxygen, and carbonyl carbon of the acetylated monomers are shown
with brown, yellow, and orange balls, respectively. Liquid water is not
shown, for clarity.

we found a case, shown in Figure 5, in which independent
binding of multiple PVA blocks was followed by molecular
rearrangements that allowed the chain to adopt an aligned
linear conformation that maximized the number of OH groups
bound to ice. The final state does not unbind from ice over
hundreds of nanoseconds (Figure S). This indicates that the
difficulty of acetylated PVA to bind ice is not due to a
significant destabilization of the bound state, but it rather arises
from large kinetic barriers for the propagation of the binding
across PVA blocks of the copolymer.

To understand the origin of the large barrier for propagation
of binding over the acetylated monomers, we assess the effect
of the functionalization on the dihedral distribution of the alkyl
backbone of the polymer, as these dihedrals control the
orientation of the unbound chain with respect to the ice-
binding axis. The alkyl backbone has two preferred dihedrals:
the ¢ ~ + 180° trans conformation and the ¢ ~ + 60°
“kinked” one. Only the trans conformation is conducive to the
1D-binding of PVA to ice. We find that dihedrals that involve
an acetylated carbon have an increased population of kinked
conformations for the polymer in solution (Table 2). For
example, the C—C—C—C torsion around the acetylated C
carbon is 56% of the time in the kink conformation, compared
to 14% for the C—C—C—C dihedral of pure PVA in water. The
fraction of kinked conformations for the C—C—C—C dihedral
of pure PVA bound to ice is even lower, 4% (Table 2). The
preference for kinked conformations in the torsions that
include the acetylated monomer in solution and bound to ice
(Table 1) may contribute to the barrier of propagation over
them. However, it cannot be its sole origin, because the
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Figure S. Independent binding of PVA blocks of acetylated PVA can
lead to a fully bound PVA/PVAc at the ice surface. (a) Time
evolution of the number of bound OH of each PVA block of 10%
acetylated PVA. The three lines indicate the PVA blocks; same colors
as in Figure 4. (b—e) Snapshots along the simulation depicting the
rearrangement of the bound polymer segments that leads to a fully
bound 10% acetylated PVA on the ice surface. The times
corresponding to the snapshots b to e are indicated in panel. Colors
are same as in the snapshots of Figure 4. Note that in panel e, the
small size of the simulation cell precludes the full extension of the
molecule on the surface.

Table 2. Percentage of Backbone Dihedrals in Kink
Conformations, ¢ ~ + 60°“

dihedral % kink dihedral in solution % kink dihedral bound to ice
C-C-C-C 14 4
C-C-C-C 40 31
C-C-C-C 56 30
“C is the backbone carbon of an acetylated monomer.

dihedrals involving the acetylated monomer can remain in the
trans conformation for more than hundred nanoseconds
(Figure S6), a time that would be sufficient for the propagation
of binding of pure PVA. We conjecture that steric hindrances
between the acetyl groups and ice may also contribute to the
barrier for propagation of the binding.

To test our hypothesis that the barriers for binding over the
acetylated monomers originate on steric effects and not from
the discontinuity in the sequence of the OH groups, we
investigate the binding of a polymer in which we remove some
OH groups instead of replacing them with bulkier groups. As
the systematic removal of one of every 3 OH groups may not
impact the blndlnlg of PVA, because of its 2 OH bound:1 OH
unbound pattern, we prepare a 10% dehydroxylated PVA
copolymer by removing one of every 10 OH groups in a DP =
30 PVA, forcing the binding to miss at least one OH group and
investigate its mode of binding along 20 simulations, each 500
ns long. We find that the 10% dehydroxylated chain binds to
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ice in almost the same way as PVA of the same length,
extending linearly over the ice. The absence of the OH group
does not have a noticeable impact on the time scale of
propagation of the binding (Figure S7). We conclude that
acetylation of PVA hampers the binding to ice through steric
effects and not by introducing discontinuities in the OH
sequence along the chain.

Our analysis above indicates that acetylation of PVA
separates the chain into quasi-independent ice-binding frag-
ments. This explains why block copolymers of PVA and non-
ice-binding monomers have the IRI activity of the PVA
block.’® To understand the dramatic effect that a random
distribution of acetyl and other non-ice-binding groups have
on the IRI activity of PVA,*>*® we combine the above results
and insights of the molecular simulations of PVA and regularly
acetylated PVA with numerical analyses of the distribution of
the lengths L of uninterrupted PVA sequences in statistical
copolymers.

The probability p(L) of finding a PVA block of length (i,
DP) L in the randomly acetylated polymer decays exponen-
tially with L (Figure S8). The probability that the binding
occurs through a PVA block of length L, however, increases
with L, because binding can start from any OH along the
chain. Hence, the most probable length of the PVA block that
binds to ice is given by the maximum in the product of the
length L and its probability, L X P(L), shown in Figure 6a: the
most probable number of OH groups in the ice-binding block
decays from 18 to 3 as the acetylation increases from 5% to
30%.

a) b)
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Figure 6. Length L of the PVA block that contains the most probable
binding site decays steeply with increasing acetylation of the chain.
(a) Distribution of the most probable length of uninterrupted PVA for
different % acetylation. (b) Percentage of PVA blocks in randomly
acetylated polymers that have DP > 20 decays from 36% to 0.1%
when the acetylation increases from 5% to 30%. The results given
here are for polymer of DP,, = 351. SI Figure S9 shows that P(L) is
essentially independent of polymer length if the DP is comparable or
larger than the length L corresponding to the tail of the distribution.

IRI experiments’” and our simulations concur that only PVA
segments with DP > 20 bind to ice for times long enough to
effectively hold its recrystallization. The percentage of PVA
blocks with DP > 20 in the statistical polymer falls
exponentially with acetylation, from 36% in the 5% acetylated
polymer to just 0.1% in the 30% acetylated one (Figure 6b).
Together with the insurmountable barriers for propagation of
the binding over acetylated monomers, this explains the steep
decrease of IRI activity of PVA with more than 20% acetylation
and its complete elimination when the acetylation is >30%. We
conclude that any structural modification that introduces a
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barrier for the propagation of ice-binding decreases the
efficiency of polymeric IRI agents to those of much shorter
versions of the same ice-binding polymer.

3. CONCLUSIONS AND OUTLOOK

Halting of the growth and recrystallization of ice is a challenge
that is central to a myriad of medical, environmental, and
industrial applications. Burgeoning demands in these areas call
for synthetic alternatives that can mimic the potent IRI activity
of AFGPs. All synthetic AFGP mimics are polymers, which
provide high versatilitz through changes in architecture and
functionalization.”***” These synthetic polymer mimics are
flexible molecules, like AFGPs themselves.”® Poly(vinyl
alcohol) (PVA) is the most effective synthetic mimic of
antifreeze glycoproteins.” Its IRI effectiveness, however,
strongly depends on the degree of polymerization and
functionalization of the chain.’>*° In this work, we use
molecular and numerical simulations to elucidate the
molecular origin of these dependences. To our knowledge,
this is the first molecular simulation study to investigate how
the length of the polymer and presence of functional groups
affect the efficiency of any ice recrystallization inhibitor.

We find that flexible polymers can initiate the binding to ice
from any segment of the chain and that this initiation occurs
readily when the polymer is at the ice surface. Our simulations
reveal that the limiting step for flexible polymers is the
propagation of the binding to the ice surface. Capillary
fluctuations of the ice surface and the segmental dynamics of
the chain control the time of propagation of the binding of the
polymer to the ice surface. As the segmental dynamics for
polymers in good solvents is independent of the DP,”” we
conclude that the rate of propagation of the ice-binding of any
flexible polymer in a good solvent, such as PVA in water, is
independent of its degree of polymerization.

While the propagation time is independent of the DP, the
time the polymer stays bound to ice increases very steeply with
the number of monomers bound. For example, we show that
PVA bound by less than ~6 OH groups detaches from the ice
surface in time scales that are short compared to those of ice
growth. This results in multiple reversible partial binding
events before the polymer can attach through enough OH
groups to remain bound to the surface for times that suffice to
stop the recrystallization of ice.

The simulations indicate that the bound times of PVA to ice
increase faster than in an exponential manner with the number
of monomers bound, Np,,.4 This is consistent with a
cooperative mechanism in which the free energy of binding
increases faster than in a linear manner with Ny .4, due to a
different scaling of the enthalpy and entropy of binding.*®
Flexible polymers that can bind to the crystal in any direction,
as is the case for AFGPs,>> would retain more of the
configurational entropy of the chain, resulting in lower
cooperativity. If there is no cooperativity in the binding, or if
the binding free energy per monomer is large compared to the
loss of configurational entropy of the chain upon binding, the
bound times would increase exponentially with Ny ,.q. Indeed,
an analysis of experimental bound times of AFGPs to ice
suggested that binding of this flexible polymer is non-
cooperative, consistent with the multiple modes of binding
of the frotein to ice and its retention of flexibility in the bound
state.” In all cases, irrespective of the degree of cooperativity
of the binding, the rate at which the sites bind to the surface
(e, the propagation time) is the one that controls the
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reversibility of the binding and the overall recrystallization
inhibition efficiency of flexible molecules. Our analysis
indicates that the slow propagation of the binding of flexible
polymers diminishes their IRI efliciency because it allows for
reversible unbinding of the chain before it reaches its full
binding potential. We conclude that the competition between
the propagation and bound times of flexible ice binding
polymers at the ice surface is key in determining their
effectiveness as IRI.

Experiments indicate that long PVA chains are more efficient
ice recrystallization inhibitors than short ones when compared
at the same molar concentration.”> We show that this is
because the time PVA remains bound to the ice surface
increases faster than in an exponential manner with its degree
of polymerization, and molecules must remain bound to ice for
times that are long compared to the time scales of growth of
ice to be effective IRI. Our analysis shows that the bound times
of PVA with DP = 10 are shorter than those of ice growth,
while those of PVA with DP = 20 are significantly longer. This
explains the steep increase in IRI activity in experiments with
PVA when the DP increases from 10 to 20.>” Design polymers
with stronger ice-binding free energies per monomer would
result in higher probability of binding, less reversibility, and
more IRI potency at lower DP. This could be achieved by
designing monomers that can bind through multiple OH
groups positioned at distances consistent with those of water
molecules in an ice plane®® or through the syner§istic use of
hydrogen-bonding and hydrophobic interactions.’

Ice recrystallization experiments are usually performed with
concentrated sucrose solutions.*”*”°" The time scales of
diffusion of the polymer to the ice surface, segmental dynamics
of the polymer chain, unbinding of the polymer from ice, and
growth rate of ice are all proportional to the viscosity of the
medium, which is an order of magnitude higher for 50%
sucrose solution than pure water.®” This implies that IRI of an
ice-binding polymer in sucrose solutions, or the interior of a
cell, will follow the same mechanism discussed here for pure
water, with the time scales of recrystallization extended
according to the ratio of the viscosities. We expect the
competition between propagation and bound times that
determines the effectiveness of IRI molecules to be rather
insensitive to the viscosity of the solution containing the ice
crystals.

Random acetylation of PVA is known to dramatically
decrease its IRI efficiency.”” We find that binding of acetylated
PVA that has tens of hydroxyl groups is thermodynamically
favorable. The simulations reveal that the limitation for the
binding of acetylated PVA is kinetic: acetylated monomers
impose large barriers for the propagation of the binding of the
polymer at the ice surface. As we do not find noticeable
propagation barriers over non-ice-binding dehydroxylated
monomers, we conclude that the barrier for propagation
does not arise from discontinuities in the OH pattern of the
chain but from the steric hindrance of the acetyl groups.

The insurmountable barriers for propagation of ice binding
over acetylated monomers make the bound times of acetylated
PVA equivalent to those of short PVA blocks. Binding of
acetylated PVA can start at any random OH of the chain, but
only blocks with DP > 20 can ensure that the binding will be
irreversible in the time scales of growth of ice. We demonstrate
that the fraction of PVA blocks with DP > 20 falls
exponentially with the acetylation of the chain. Our analysis
explains the dramatic impact of acetylation on the IRI activity
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of the PVA polymers.”® We conclude that control over the
polymer functionalization and chemistry is key in the design of
effective ice recrystallization inhibitors.

Although PVA is, to date, the most efficient synthetic ice
recrystallization inhibitor, antifreeze glycoproteins from fish are
orders of magnitude more potent IRI than PVA. For example,
AFGPS, the smallest antifreeze glycoprotein, can prevent the
recrystallization of ice already at a concentration of 0.38 uM,®!
while ten times more concentrated solutions of PVA with DP =
351 are needed to achieve the same IRI activity.”’ In what
follows, we discuss what makes the AFGP much more efficient
than the most potent synthetic IRL

AFGPS is not only much smaller than PVA;5; (2.65 vs 15.44
kDa, respectively) but also has less ice-binding sites. PVA;q,
can bind ice through ~230 OH groups (ie., 2/3 of its DP),
each contributing about 0.8 kJmol™" to the free energy of
binding to ice. AFGP8 binds ice by adsorption of methyl or
methylene groups onto the rings of the prismatic face of ice.>”
This glycoprotein has 16 potential binding groups, not all of
which can bind simultaneously to ice.”” The ice-binding free
energy per methyl group was estimated to be about 2
kJmol™'.>* While the binding may be stronger due to other
interfacial contributions and the adsorption of the protein to
ice steps,””®* it would have to be at least ~6 times larger to
account for the difference in IRI activity between the small
AFGPS8 and the large PVA;;, just in terms of the bound times
when these molecules are fully adsorbed to the ice surface.
This suggests that the stronger ice-binding per site is not the
only reason why AFGPs are so potent IRI agents.

Other factors may increase the IRI potency of AFGPs
compared to PVA. First, PVA ice binds exclusively along the c-
axis of the prismatic plane,'”*® while molecular simulations
indicate that AFGP8 binds the prismatic plane in multiple
directions.’* Second, molecular simulations indicate that
AFGP8 can “walk” on the ice surface, which would allow
them to reach a step where they can adsorb more strongly.>”
The one-dimensional binding of PVA to ice would require a
concerted move for the molecule to walk the surface. We have
not seen PVA walking the ice surface even in microsecond and
longer simulations. Third, PVA adopts a random coil
conformation in water that must be extended to bind to ice,
resulting in an entropic penalty.”® AFGP8 has a well-defined
secondary structure with the sugar and hydrophobic groups
spatially segregated.””*® The distances between the hydro-
phobic ice-binding groups in the native conformation of the
peptide of AFGP8 match those of the water rings in the ice
surface, facilitating the propagation of the binding.>” As the
binding free energy per ice-binding site of AFGP8 is at least 2.5
times stronger than for PVA, adsorption of at most 5 methyl
groups of the AFGP to ice would provide the same binding
free energy as the fully bound PVA,, which remains at the ice
surface for times long compared to those of ice growth. Fourth,
the bulkiness of the AFGP pinned to the ice surface provides a
higher resistance for engulfment by the growing ice front,
compared to that of the skinny PVA molecule. Our analysis
suggests that the stronger binding per site, coupled to the
secondary structure that favors propagation of the binding, and
the bulkier structure of the AFGP that delays engulfment is
responsible for the exceptional IRI activity of AFGPs.

The antifreeze protein of Tenebrio molitor, TmAFP, is one of
the most potent antifreeze and ice-recrystallization inhibitor.”
Different from the flexible AFGPs, TmAFP is a rigid beta
helix.*****%%° Ice binding by TmAFP involves a slow diffusive
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search in its orientation with respect to the ice surface, until it
aligns its long axis to be parallel to one of the a axes of the
basal plane.’® Then, the protein binds ice all at once within a
few nanoseconds.” This indicates that different from flexible
polymers, the binding to ice of rigid molecules is limited by the
alignment of the molecule with respect to the ice-binding axis
of the ice surface and not by the time of propagation.

We argue that the difference between alignment-control of
ice binding by rigid molecules vs propagation-control for
flexible ones results in different scaling of ice-binding
efficiencies with size. The antifreeze activity of engineered
TmAFP with N = 6 to 11 ice-binding amino acid loops is non
monotonous with N, with maximal antifreeze activity for N =
9.° Tt has been proposed that the decrease in activity results
from an accumulation of mismatch between protein and ice
that reduces the ice-binding strength for longer proteins.’®
However, a recent study indicates that the binding strength per
monomer does not decrease with the number of coils.””
Recent analysis by Peters and co-workers demonstrates that
the probability of binding rigid rod molecules to ice decreases
with increasing length.®® This suggests that the nonmonoto-
nous antifreeze activity of the engineered proteins is a result of
the competition between opposing trends of increasing bound
times and decreasing binding probability with increasing
number of ice-binding loops. This points to a significant
difference in the strategies for optimizing the size of rigid and
flexible ice-binding molecules.

The inhibition of ice growth and recrystallization by ice-
binding molecules is a complex multistep process. First, the
molecule has to be soluble in water—so that enough of it can
reach the ice-liquid interface from the solution—but not so
comfortable in liquid water that it does not bind to ice; this
may be the reason why many ice-binding molecules are
amphiphilic. Second, it must diffuse to the ice—water interface;
the larger the hydrodynamic radius of the molecule, the slower
is this step.27 Third, the molecule has to bind to the ice surface
and remain there for times that are long compared to those of
ice growth. This is the step we address in this work. Finally, the
molecule has to prevent or delay its engulfment by the growing
ice front;** this is controlled by the bulkiness of the molecule
and the icephobicity of its non-ice-binding site.”* A
quantitative prediction of the ice recrystallization inhibition
and antifreeze activity of molecules requires that all these steps
are integrated into a common modeling framework. The
development of such a multiscale model will facilitate the de
novo design of synthetic mimics that could match and even
surpass the ice recrystallization inhibition of the most potent
proteins.

4. METHODS

Simulation Method. We perform molecular dynamic (MD)
simulations using LAMMPS.” We integrate the equations of motion
with the velocity Verlet algorithm using a time step of 5 fs. We build
simulation cells that are periodic in the three Cartesian directions. Ice-
binding simulations are performed with two-phase systems in the
isobaric isoenthalpic ensemble (NpH) at 1 bar, preceded by
equilibration of the system in the isobaric isothermal (NpT) ensemble
at 273 K and 1 atm. The pressure and temperature are regulated with
Nose-Hoover thermostat and barostat’®”" with time constants 2.5
and 12.5 ps, respectively. The pressure is controlled independently in
each direction, except for the one-phase simulations used to compute
the dihedral distributions, where a single barostat was used to control
the pressure in all directions and the temperature is set to 308 K.
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Molecular Models and Force Fields. We model water with the
monatomic water model mW in which water is represented by a single
particle that interacts through short-range two-body and three-body
interactions that mimic hydrogen bonds.*> The equilibrium meltin§
temperature of hexagonal ice in the mW model is T,, = 273 + 0.5 K.
The mW model has been extensively validated to reproduce the
structure,””>~7* thermodynamics,”’>”>7*"% interfacial proper-
ties,”**>">%7%* and phase transitions of water”>>7+7¢8192957112
as well to model the interactions between ice binding molecules at the
ice—water interface 2426:3848,50-52,60,67,113

We model PVA with the united atom (UA) model compatible with
the mW model, introduced in references 24,26,38. As the UA model
of PVA does not have hydrogen atoms, it does not have a defined
tacticity, although the model was parametrized to reproduce the
experimental radius of gyration of atactic PVA.>® A recent all-atom
simulation study found that the mode of binding of PVA 20-mer is
independent of its tacticity.”” Table S4 lists the UA types of the acetyl
model. Equations S1 and S2 list the forms of the bonds, angles and
dihedrals, and Tables S1, S2, S5, S6 their parameters. The form and
parameters of the nonbonded interactions are listed in Tables S3 and
Tables S7 and S8.

Systems. The molecules considered in this study are linear PVA
oligomers with DP = 6, 10, 185, 20, and 30. Acetylated PVA with DP =
30 contains 10% and 20% acetyl groups uniformly distributed along
the chain. The dehydroxylated PVA molecules with DP = 30 have
10% of the hydroxyl groups removed, also uniformly along the chain.
We prepare two-phase ice—water systems in which the primary
prismatic plane of ice is exposed to liquid water containing a single
PVA molecule. The simulation cells exposing the prismatic plane have
dimensions 9.4 nm X 5.4 nm X 5.7 nm and contain 9216 water
molecules for the studies with DP = 6, 10, 15, 20, and 30. To facilitate
the complete binding of the DP = 30 polymer, we continue the
simulations with a box of dimensions 9.2 nm X 5.3 nm X 11.4 nm,
with 18432 water molecules, obtained by replicating the previous cell
in the direction along the c-axis of ice, and deleting the PVA image.
Simulation cells that contain acetylated PVA with 10% and 20% acetyl
groups have dimensions 9.4 nm X 5.3 nm X 5.7 nm and contain 9216
water molecules. The two-phase simulation cells contain approx-
imately the same number of water molecules in the liquid and ice
phases. The PVA molecules are initially placed and equilibrated in the
liquid phase. The simulations are evolved for times spanning from 500
ns up to 1.5 ps, during which we monitor the binding of PVA to ice.
The one phase simulation cell used to compute the dihedral
distributions has dimensions of 9.4 nm X 5.4 nm X 5.7 nm with
9216 water molecules and is run for 500 ns.

Identification of Hydroxyl Groups Bound to Ice. We use the
CHILL+ algorithm""* to identify ice and OH groups bound to ice in
our systems. The CHILL+ algorithm is accurate at identifying cubic
and hexagonal ice from liquid water.""* We identify the OH groups to
be bound to ice when an OH group is within 6 A of either hexagonal
or cubic ice. That distance accounts for the existence of a layer of
interfacial ice””''* between the ice-binding molecule and the surface.
The time evolution of the OH groups bound, Npy, contains fast
variations that arise due to the fast fluctuations of the ice surface and
vibrations of the polymer that do not lead to unbinding. We filter out
the fast fluctuations in the order parameter by taking running average
over 1 ns windows along the simulation trajectories.

Computation of Bound Times. We compute the bound times, 7,
of PVA with different DP as the time each PVA molecule stays bound
to the ice surface. The start and end of these periods are signaled by
Nog = 0, except for the last bound period of the trajectory, where we
collect the total time bound although the molecule did not yet unbind
from the surface. These terminal 7 are shown with open circles in
Figure 3. We present the data of 7 as a function of the average number
of OH groups bound in the corresponding time interval where, noy =

t2
N
E“_ ZH , and 2 and ¢1 are the start and end points of the periods that

are signaled by Noy = 0
Calculation of Distribution of Lengths of Binding Blocks in
Statistical Copolymers. We compute the distribution of lengths L
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of PVA blocks in random copolymers of vinyl alcohol and vinyl
acetate monomers using a numerical model that accepts the
incorporation of an acetylated monomer by comparing a uniformly
distributed random number r between 0 and 1 to the fraction of
acetylated monomers f, in the polymer: if r < f, we add a vinyl acetate
monomer, otherwise a vinyl alcohol one. We then measure the lengths
of the PVA blocks for each polymer generated. The analysis of Figure
6 is performed with the data collected from 100000 independent
realizations of polymers with DP,, = 351 to compare with the
experiments of reference 33. SI Figure S9 shows the results of
polymers of different lengths, from DP,,, = 100 to 10000.
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