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Water entropy at the threonine-rich surface of
antifreeze and ice-nucleating proteins: small
changes make a big differencet

Deabsis Saha,? Rahul Aich,? Arnab Mukherjee*¢ and Biman Jana & *?

Heterogeneous ice nucleation is vital for various natural processes and for maintaining global sea levels.
Although different ice nucleating proteins (INPs) have been discovered on naturally formed ice, many
organisms possess antifreeze proteins (AFPs) which are structurally similar to INPs and yet prevent ice
growth in their body fluid. In this study, we investigate the ice nucleation efficiency of INPs over AFPs by
looking into water entropy near these proteins. Using all-atom molecular dynamics simulations and
a method to calculate the entropy of individual water molecules, we found distinct water entropy
patterns near AFPs and INPs. For the INP structure, water molecules hydrogen-bonded to threonine
residues on the ice-binding surface (IBS) exhibited the most significant entropy decrease, likely lowering
the entropic barrier for ice nucleation. Even for water near the IBS of the two AFPs studied, the entropy
patterns have been found to be dissimilar. Our analysis reveals that the entropy patterns stem from
varying fluctuation levels of threonine side chains on the IBS. Consequently, for two INP conformations
differing in the orientation of a conserved loop near the IBS, one structure has been found not to lower
water entropy as effectively as the other. Our study reveals that larger surface areas or continuous
threonine patches are not the only criteria that create differences between AFPs and INPs. The extent of
rigidity and consequently the change in water entropy behavior enhances the ice nucleation efficiency of
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Introduction

The essential role of ice nucleation in maintaining global sea
levels and enabling cryopreservation' necessitates a detailed
exploration of how ice-nucleating proteins (INPs) effectively
promote ice formation. The kinetic barrier associated with
homogeneous nucleation of ice keeps water in a liquid state
down to —35 °C.”> Consequently, it has been suggested that ice
formation above —20 °C can occur only through heterogeneous
ice nucleation (HIN).> Among different ice nucleating agents,
bacterial ice-nucleation activity is of particular interest, not only
because these bacteria cause frost damage* but also due to their
presence in ice, hail, and snow, indicating their role in atmo-
spheric ice nucleation.>® The origin of bacterial HIN activity
stems from certain cell-membrane bound INPs, which are
believed to facilitate crossing of the nucleation barrier required
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INPs under moderate supercooling conditions.

for ice formation by arranging water molecules into an “ice-like”
structure.”” As a result, these INPs can promote ice nucleation
at temperatures as warm as —2 °C, leading to disruptions in the
cell membrane.*®

Alternatively, another class of proteins known as antifreeze
proteins (AFPs) plays a crucial role in the survival of organisms
in sub-zero environments. Despite the structural diversity of
AFPs found in organisms such as insects, fish, plants, and
bacteria,"™* these proteins are believed to protect against
freezing by adsorbing to the surface of ice crystals via their ice-
binding surface (IBS) through a common mechanism called the
adsorption-inhibition mechanism.** This adsorption leads to
curvature formation on the ice surface between bound AFPs,
lowering the freezing temperature in a noncolligative manner.*?
While AFPs function in opposition to INPs, there are notable
similarities between the two. The ice-nucleating efficiency of
INPs also relies on their ability to bind to ice crystals, similar to
AFPs."”® Interestingly, AFPs have also shown evidence of ice
nucleation,'® though in a size-dependent manner."” This shared
behaviour is thought to originate from the TxT repeats found in
the water-exposed o-helix regions of several INPs and AFPs,'s>*
where T stands for threonine and x represents a non-conserved
amino acid.”*?* In this arrangement, the distance between the
threonine hydroxyl groups aligns with the spacing of water
molecules on the prismatic and basal planes of ice,>™*
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providing a template for ice recognition on these surfaces.”
Although there is evidence suggesting the presence of “ice-like”
water on the surface of AFPs,*® their ice-nucleating ability is
significantly lower than that of INPs.***>?*” The larger area of the
IBS on INPs compared to AFPs has been the primary explana-
tion for this difference.”**® Similar size dependence of the ice
nucleating surface has been observed for non-biological
surfaces as well.>®* However, the behavior of water molecules at
the IBS of both INPs and AFPs remains to be fully understood.

For any ice nucleating agent, the interaction between the
interfacial water and the surface is critical.*** The fact that it is
possible to accurately predict a material's ice nucleating effi-
ciency from the nature of the first layer of water near a surface®
indicates that a closer look at the water behavior at lower
temperatures near AFPs and INPs can reveal the intricate
interaction patterns that govern the ice nucleation at the INP
surface. Water shows numerous anomalies when super-
cooled.**** One of the reasons for such anomalies has been
attributed to the hydrogen bonding (H-bond) properties of
water, which shows a non-Arrhenius behavior for H-bond life-
times when supercooled.*® Such properties provide an indica-
tion of enthalpic stabilization of water at lower temperatures.
Therefore, the barrier for water to ice formation is likely to come
from water entropy. Also, the entropy of water has been shown
to play a crucial role in the formation of metastable stacking-
disordered ice,*”*®* which eventually converts to a more stable
hexagonal ice form. Therefore, a closer look at water entropy
near AFPs and INPs can reveal whether the activity of INPs is
solely due to their larger size compared to AFPs.

In this study, we aimed to differentiate water molecules near
the IBS of AFPs and INPs in terms of their entropy calculated
individually. Using all-atom molecular dynamics (MD) simula-
tions and with a method that calculates the translational and
rotational entropy of individual water molecules, we have
investigated the water entropy near two different AFPs and near
two truncated INP structures obtained from two different
models. For comparison, we also evaluated entropy values near
threonine residues on a non-ice-binding surface. Although it is
well established that the larger surface area of INPs promotes
the formation of more ice-like water molecules*®*® and the
truncated INPs are less likely to be effective ice-nucleators, all-
atom MD simulations of full length INPs or their aggregates
remain computationally challenging. Therefore, we have
focused on understanding how the INP surface facilitates ice-
like ordering in water, under the assumption that surface water
properties are largely preserved across larger INP surfaces. To
validate this assumption, we also calculated a few properties of
water near a larger INP system. The results indicate that water
near the threonine residue patches at the IBS of AFPs and INPs
have different entropies with water near one of the INPs having
the lowest entropy values. Even for the two AFPs studied, we
have found differences in their entropy pattern which are likely
to influence their ability to nucleate ice under moderate
supercooling conditions. We have investigated the structural
features that could give rise to different water entropy patterns
near the different IBSs. Our analysis indicates that a small
change in the structure leads to differences in the fluctuations
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of threonine residues at the IBS of different systems. Such
differences lead to differences in water structures and conse-
quently their entropy patterns. These findings emphasize the
fact that the differences in AFPs and INPs not only come from
variation in surface area or the presence of consecutive threo-
nine patches for the IBS, but the water at the IBS of AFPs and
INPs also exhibits a microscopic difference in behavior. The
results of our study provide insights into the design strategies of
biological and synthetic ice nucleating agents (INAs) which
could be useful in several areas of environmental significance.

Results and discussion

Rotational entropy of water near the IBS of AFPs and INPs has
different patterns

In this study, we will discuss the rotational entropy of individual
water molecules near the IBS of two different AFPs and near two
different models of truncated INP structures. The AFPs studied
here are the spruce budworm AFP (PDB: 1M8N)* and Tenebrio
molitor AFP (TmAFP) (PDB: 1EZG).”> The INP structure used
here is the P. borealis INP reported in ref. 39 whose structure has
been generated using an artificial intelligence-based program
AlphaFold v2.0.*° Since the original structure reported is large in
size, we have used a truncated section of the whole INP (INP-
2022) structure in which the residues between 894 and 1025
have been included that contain eight B-sheet rich coils each
having 16 residues. The other fragment of the INP (INP-old) has
been obtained from AlphaFold v1.0.*" In this case also, we have
kept eight coils and the residues included here are between 824
and 955. Although the residue numbers are different in the two
systems, the selection was made in order to obtain a flat IBS for
both. Additionally, they both present continuous patches of
threonine residues, which makes their IBS similar for compar-
ison. The systems have been subjected to all-atom MD simula-
tions in which the proteins were placed in a cubic simulation
box and solvated using a TIP5P water model.** The details for
the simulations are given in the Methods section. For the
entropy calculations, 200 ns long simulations at constant
volume have been carried out at 273 K temperature and 1 bar
pressure with frames saved at every 0.1 ps. The trajectories thus
obtained have been used for entropy calculations for individual
water molecules whose method® has been discussed in the
Methods section. Previously, the method has been found to
correctly calculate the entropy change near different ions.*
Therefore, the method is expected to provide qualitatively
correct entropy patterns near the IBS of different systems. For
each system, we have calculated entropy for 100 nearest water
molecules from the C, atoms of the threonine residues located
at the IBS of each system. For each water molecule, 2 x 10°
frames from the 200 ns trajectory of all systems were analyzed.
In total, nearly 500 entropy calculations were performed for
water near the AFPs, INPs, and non-AFP systems considered in
this study. To compare the values with pure water entropy at 273
K, simulation of pure water also has been carried out. In this
case also, water entropy has been calculated by considering one
of the water molecules as a reference solute.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We first compare all the rotational entropy (TS, T being the
temperature) values calculated for water molecules near the IBS
of SbwAFP, TmAFP and INP-2022 and check how they behave.
The TSgo: values for the water molecules calculated near
SbwAFP, TmAFP and INP-2022 are shown in Fig. 1(a) in an
ascending manner. The x-axis, labeled as “Water Index,”
represents individual water molecules ranked based on their
TSrot values, with lower-entropy water molecules assigned lower
indices and higher-entropy water molecules assigned higher
indices. For the pure water system simulated at 273 K, the
average TS for all 50 water molecules was found to be —0.03
kcal mol . This value is shown in Fig. 1(a) as a blue dashed
line. The figure shows that water entropy reaches the pure water
value after a point. The figure shows that the water molecules
closest to all the protein surfaces show lower entropy compared
to pure water. However, the number of low entropy water seems
to be higher near the INP-2022 system, with several water
molecules showing significant differences from pure water
entropy. This suggests enhanced water ordering, which is likely
to facilitate heterogeneous ice nucleation on the IBS of INPs. To
check whether the entropy values have converged or not in our
simulations, we have checked the convergence for several water
molecules near the SbwAFP system. Fig. S1 in the ESIt presents
the entropy values calculated at different time intervals. The
plot illustrates entropy values obtained using varying trajectory
lengths for seven randomly selected water molecules, each
represented by a different color. The plot indicates that for
water molecules having a wide range of entropy values, the 200
ns long simulation is sufficient to get converged. To estimate
the error in our calculated TSk values, we analyzed the first and
last 100 ns of the 200 ns trajectory of the SbwAFP system.
Entropy values were computed for the 30 water molecules
closest to the IBS, and the associated errors were determined.
The error bars, shown in Fig. S2 in the ESI,} indicate that the
errors in the calculated entropy values are small, consistent
with previous entropy calculations in the solvation shell of
ions.** The threonine residues on the IBS are often considered
to contribute towards binding with growing ice faces at low
temperatures.> Therefore, we inspect the TSk, for water
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molecules which remain H-bonded to the threonine hydroxyl
groups on the IBS. The individual values for these water mole-
cules at the IBS are shown in Fig. 1(b)-(d) for SbwAFP, TmAFP
and INP-2022, respectively.

From the figure, we find that several water molecules near
SbwAFP show lower TSk, values compared to bulk water. For
some of the water molecules, the lowering has been found to be
up to 15 times the bulk water value. For the TmAFP system
shown in Fig. 1(c), we see that although some of the water
molecules have lower entropy compared to pure water, the
values here do not decrease as much as those of the SbwAFP
system. Previously, the simulation study by Hudait et al.** re-
ported that water entropy near TmAFP is lower than that of bulk
water. It has been claimed that such low entropy indicates
ordering of the surface water although there was no evidence for
formation of clathrate or ice-like structures.* In a different
study, different models of water were used to show that the
solvation shell water near the IBS of TmAFP has no ice-like or
clathrate-like characteristics.*® From our calculation of indi-
vidual water entropy, we also report slight lowering of entropy
for water at the IBS of TmAFP compared to bulk water. However,
the extent of entropy decrease is more significant near the
SbwAFP system than near TmAFP. The thermal hysteresis data
reported by Kozuch et al.*’ for SbwAFP and TmAFP systems
using a neural network method and through extrapolation of
experimental values indicate that SbwAFP is more effective in
preventing ice growth in solution compared to TmAFP. Hence,
it can be argued that the thermal hysteresis patterns for
different AFPs may originate from the water ordering tendency
of the AFP's IBS in solution. The calculated entropy values in
this study point towards a direct correlation between rotational
water entropy and ice-binding efficiency for AFPs from different
species.

For the INP-2022 system shown in Fig. 1(d), we find that
TSrot Values get even lower as we go towards the middle region
in the eight-coil structure. In this case, a significantly larger
number of water molecules can be seen to have lower TSgot
values compared to bulk water. To compare the entropy values
of water near the IBS with a system having no ice-binding
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Fig. 1

(a) The TSget for water molecules near the IBS of SbwAFP, TmAFP and INP-2022 in ascending order. The blue dashed line shows the

average TSgot Of pure water molecules at 273 K. The individual TSge values of water molecules H-bonded to the threonine hydroxyl groups for (b)
SbwAFP, (c) TmAFP, and (d) INP-2022 are shown. The unit for entropy values (multiplied with temperature) is kcal mol™*
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characteristics, we have simulated a truncated non-AFP system
(PDB ID: 2BM4) and calculated the entropy of water near thre-
onine residues on a flat surface of this protein. The values for
these water molecules are shown in Fig. S3 in the ESL{ The
values mentioned in the figure show that water entropy near
threonine residues on any surface will have a lower value
compared to bulk water at 273 K. Such lowering is also observed
in the case of TmAFP in our calculations. Note here that the
values may differ for threonine residues present at a different
protein surface having different characteristics. From the values
observed, it can be argued that the lower entropy values
observed near TmAFP are not a characteristic of its IBS. Rather,
it is the effect of threonine residues that bind to its surrounding
water molecules and thus lower their entropy. Such lowering
becomes much more pronounced in some of the AFPs and in
the case of INP systems.

The method used for calculation of entropy gives both
translational (TSyrans) and rotational entropy values for indi-
vidual water. Hence, the TSt..ns values for water near the IBS of
different systems have been obtained. The values for SbwAFP,
TmAFP and INP-2022 are shown in Fig. S4(a)-(c) in the ESL}
respectively. In this case, although we observe a reduction in
entropy for INP-2022 compared to the other systems, the TStrans
of water molecules at the center of INP-2022 is not the lowest, in
contrast to the TSgo, which shows the lowest values at the
center. Additionally, the two AFPs do not show any clear
difference in terms of TSt.ans. Therefore, we find that the rota-
tional entropy pattern is a more appropriate parameter to
investigate the ice nucleation propensity of AFPs and INPs.
Hence, we will focus our analysis on explaining the TSyt
behavior observed in the study in the following sections of the
manuscript.

The role of methyl groups on the threonine residues has also
been claimed to be crucial for AFPs binding to the ice surface.*
Therefore, we have also investigated the TSy, patterns near the
methyl groups of threonine residues on the IBS for TmAFP and
INP-2022. The values are shown in Fig. S5 in the ESI.{ From the
values, it appears that for water near the TmAFP system, the
values are very similar to those of bulk like water with nearly no
difference in their values. For the INP-2022 system, although
few of the water molecules have low entropy values, the differ-
ence in entropy patterns between the two systems is not as
significant as the ones H-bonded to the hydroxyl groups.
Overall, it appears that the entropy of several water molecules
near INP-2022 is significantly lower compared to pure water at
the same temperature. Previous studies have provided the
evidence for disordered water molecules on the surface of
TmAFP* and the presence of ordered water near the IBS of INPs
from ice nucleating Pseudomonas syringae bacteria at water
melting temperature.*® Since water ordering can have direct
correlation with the TSk, values, we can say that our calculated
entropy patterns show a qualitatively correct picture of water
behavior near the IBS of different systems. However, quanti-
fying the exact impact of entropy patterns on heterogeneous ice
nucleation remains challenging due to the extensive time and
length scales involved, which exceed the scope of this study.
Additionally, the requirement of large surface area of INPs and
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their aggregates for ice nucleation**** makes direct ice nucle-
ation simulation on INP surfaces computationally prohibitive.
In a previous study by our group,” we observed that the
arrangement of threonine hydroxyl groups closely aligns with
the basal plane of hexagonal ice, likely facilitating the growth of
hexagonal ice near the IBS of INPs. In a more recent study,*’ we
conducted water-to-ice nucleation simulations using enhanced
sampling methods. By applying an external bias on water
molecules near the IBS of AFPs, INPs, and non-INP surfaces, we
found that stable ice nuclei formed most readily near the IBS of
INPs with a smaller free energy cost of formation compared to
other systems. This occurred despite the likely reduced ice-
nucleation efficiency of the truncated INP structure due to its
smaller surface area. We hypothesized that water molecules
near the INP's IBS exhibit higher structural order and lower
entropy, reducing the entropic barrier to ice nucleation.*
Through our entropy calculations of individual water mole-
cules, we validate this hypothesis, confirming that water near
the IBS of INPs indeed possesses lower entropy compared to the
IBS of other systems.

To assess the enthalpic stabilization of water during ice
nucleation, we performed additional simulations of SbwAFP,
TmAFP, and INP-2022 embedded in ice at 273 K. To insert the
proteins into the ice, we followed the ice growth simulation
protocol from our previous study.* Once ice formed around the
IBS, each system underwent a 10 ns NPT simulation using the
same parameters as those in the other simulations. When
analyzing the interaction energy between the protein and
surface water molecules, we found no significant difference
between water and ice at 273 K. As a qualitative measure of
enthalpic stabilization of ice-like water compared to bulk water
near the IBS, we calculated the average number of hydrogen
bonds (H-bonds) the surface water molecules form with its
surroundings. We used a distance cutoff of 3.5 A and an O-H:+-
O angle threshold of 30°. Since water molecules with more H-
bonds are generally in a more energetically stable state, we
compared the average number of H-bonds per surface water
near the IBS under normal conditions and ice-like conditions.
The results for 50 closely interacting water molecules are shown
in Fig. S6(a) and (b) in the ESIt for non-ice water and ice like
water, respectively, for SbwAFP, TmAFP, and INP-2022 systems.
As expected, water in the ice-like state exhibited a higher
average number of H-bonds. However, the values across all
systems were similar in water (Fig. S6(a)f) and in ice
(Fig. S6(b)T) with only slight exception for TmAFP which shows
fewer H-bonds compared to the others when in ice, suggesting
that the enthalpic gain upon ice formation is comparable.
However, our previous study*® found that the free energy barrier
for ice nucleation is smaller near INPs compared to the others.
This implies that the primary barrier for water-to-ice transition
arises from entropy. Since water to ice formation is likely to
result in rotational constraints on water molecules, lowering of
TSrot Near the INP structure indicates its ability to make its
solvation shell water more ice like. Such ice like water is likely to
initiate ice nucleation on the surface of INPs even at moderately
low temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Our calculations also explain why some AFPs show ice-
nucleating efficiency, albeit to a lesser extent than INPs. The
TSrot Values for several water molecules near SbwAFP are found
to be lower than those for bulk water. However, in this case, we
see that the threonine ladder is not continuous on one side.
Hence, only a few water molecules will undergo lowering of
entropy which could contribute to the lower effectiveness of
such AFPs towards ice nucleation. This explains why a partially
purified 164 kDa AFP structure could show ice nucleation
activity while a shorter 72 kDa fragment did not have such
activity."” Additionally, our results indicate that the difference in
ice nucleation activity for INPs and AFPs may not only originate
due to the larger size of INPs as argued in several studies.'®*®
Different AFPs modulate water properties differently and hence,
even a larger size of such AFPs may not be sufficient to effec-
tively nucleate ice under moderate supercooling conditions.
Other factors may also be crucial for determination of the effi-
ciency of a surface in terms of ice nucleation. In the next
section, we will investigate the structural difference between
water molecules near the IBS of AFPs and INPs.

Structural and dynamic patterns near the IBS of AFPs and
INPs are different

Subtle differences in the structure for solvation shell water
around the IBS can result in variation of water entropy values.
Therefore, to show the structural difference for water near the
IBS of AFPs and INP-2022, we first measured the O-O-O angle
distribution for water on the IBS. For this purpose, the water
molecules, closest to each threonine oxygen atom of the IBS, are
selected first. Then two water molecules within 3.5 A are
considered from the selected (central) water molecules. The
angle between two vectors connecting the water oxygen atoms
from the central oxygen is calculated. This angle parameter
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Fig.2 The distribution of the O-O-0-angle for water in the vicinity of
threonine residues on the IBS of SbwAFP, TmAFP and INP-2022 (a).
The average number of H-bonds per water for individual water
molecules at the IBS of (b). SowAFP, (c) TmAFP, and (d) INP-2022. The
mean square displacement of water molecules near the IBS (e) and the
decay of the correlation function C(t) with time for water molecules H-
bonded to threonine residues on the IBS (f) of SowAFP (black line),
TmAFP (red line) and INP-2022 (green line).
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gives useful information about the tetrahedral arrangement of
water molecules and is shown in Fig. 2(a). The perfect tetrahe-
dral ordering of water indicated by a peak at around 109° is
most evident at the IBS of INP-2022 and least for TmAFP. The
permutation reduction method used to calculate the TSget
values can be used to calculate different structural properties of
individual water molecules near the IBS. Therefore, we investi-
gate the H-bonding behavior and tetrahedral order of water
molecules near the IBS threonine residues in order to check
whether the entropic behavior correlates with the water struc-
ture or not. The significance of H-bonding between the threo-
nine hydroxyl groups and surface water at the IBS has been well
documented through experiments*® and simulations.”* In our
calculations, we determine the number of H-bonds per water by
considering a distance cutoff of 3.5 A from the reference water
oxygen atom to the oxygen atoms from a threonine residue or
another water molecule followed by a donor-hydrogen-acceptor
(O-H---0) angle within 30°. For pure water, the average number
of H-bonds was first calculated for 30 permuted water molecules
and the value has been found to be 3.6 per water molecule at 273
K. The average number of H-bonds for water which are H-
bonded to the hydroxyl group of threonine residues on the IBS
of SbwAFP, TmAFP and INP-2022 are shown in Fig. 2(b)-(d).
Note that the value obtained here for the water H-bond number
is dependent on the water model used.

The figures show that the number of H-bonds per water is
lowest for water around the IBS of INP-2022 among the three
systems. Even for the two AFPs, SbwAFP shows a slightly lower
number of average H-bonds compared to TmAFP. Since a higher
number of H-bonds per water is an indication of bulk like water,
the water around TmAFP appears more similar to bulk water.
Similar patterns have been observed for water tetrahedral
parameters as well. As the water near protein surface may not
always have four neighboring oxygen atoms within a H-bonding
donor-acceptor distance of 3.5 A, we have used the conditional
tetrahedral order parameter (#,),*> which is more appropriate for
systems where the central water molecule can have 2 to 4
neighbors. Previously, ¢, has been shown to indicate enhance-
ment in tetrahedrality for water in the first solvation shell of the
Maxi protein, a naturally occurring homodimeric nanopore,
compared to bulk water,> although the values differed only
slightly. In our case, the #, has been obtained for water mole-
cules H-bonded to threonine residues on the IBS of AFPs and
INP-2022. The distribution of t, for all the water molecules is
shown in Fig. S7,1 followed by the ¢, values for individual water
molecules in Fig. S8 in the ESI{ for water molecules considered
near SbwAFP, TmAFP and INP-2022. From the distribution
shown in Fig. S5,} it appears that the major peak in the distri-
bution for all the systems appears at the same position.
However, for water near INP-2022, the probability of ¢, at higher
values appears to be slightly more than that of the other
systems. Similarly, ¢, values for individual water molecules also
show a slight increase near the INP-2022 system compared to
the others, with the TmAFP system having the lowest values.
These observations also explain why SbwAFP has better anti-
freeze ability compared to TmAFP. The H-bonding behavior,
along with higher tetrahedral order near INP-2022 indicates
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that water thermodynamics near INP-2022 is different not only
in terms of entropy, but also in enthalpy since the lack of H-
bonding would lead to lower enthalpic stability for this system.
This could be the reason why the INP-2022 system converts
water to ice at moderately low temperatures. Again, TmAFP will
likely have the least efficiency for the same.

The dynamic properties of water near AFPs and INP-2022
have also been characterized in this study. For this purpose, the
mean square displacement (MSD) values have been measured
for the surface water molecules near the three systems and are
shown in Fig. 2(e). From the figure, a higher MSD value can be
observed for TmAFP while the value near INP-2022 is the lowest.
Furthermore, we have measured the mean residence time (t) of
water molecules which are H-bonded to threonine hydroxyl
groups. For this purpose, we start with the water molecules that
remain within 3.5 A of threonine hydroxyl groups and have
a donor-acceptor angle within 35°. Then we measured the time
taken for these water molecules to exit the first solvation shell
from the threonine residues by calculating a correlation func-
tion, C(¢). The other details of the residence time calculation are
given in the Methods section. This way, we have calculated the ¢
for water near the IBS of SbwAFP, TmAFP and INP-2022. The
correlation function with respect to time is shown in Fig. 2(f) for
all the systems. From the figure, we see that the correlation
function decays most rapidly near the IBS of TmAFP while the
decay is slowest near INP-2022. From the exponential decay of
C(t), the value for 7 can be calculated through fitting the data
using a bi-exponential function. From the fittings, the value of ©
can be obtained for which the equations are given in the
Methods section. This way, the value for r was found to be 62.1,
46 and 70.5 ps for SbwAFP, TmAFP and INP-2022, respectively.
Therefore, the dynamics of water near the IBS of different
systems show a direct correlation with their entropy patterns. A
previous study from our group also found a similar pattern for
the structure and dynamics of water near INP-2022.>* Hence,
our analysis finds a clear distinction in the properties of water
near INP-2022 compared to AFPs which explains why the AFPs
have such low efficiencies for ice-nucleation.

A natural question that arises from our results is whether the
water properties observed near the truncated INP-2022 system
are preserved near larger INP surfaces. To address this, we
performed an additional 10 ns simulation on a longer INP
segment consisting of 16 tandem repeats (residues 830-1089),
effectively doubling the size of the IBS. The simulation condi-
tions were kept the same as those in the other simulations, and
frames were saved every 0.1 ps. From this trajectory, we first
calculated the average number of H-bonds per water molecule
that are directly H-bonded to the hydroxyl groups of IBS thre-
onine residues, using the same protocol as in Fig. 2(b)-(d).
These values, shown in Fig. S9(a) in the ESI,} follow a similar
pattern to those in Fig. 2(d), with several water molecules
exhibiting significantly fewer hydrogen bonds compared to bulk
water. To further examine the water dynamics near the larger
INP system, we also computed the correlation function, C(t), for
water molecules H-bonded to IBS threonine residues. The C(t)
versus time plots for both the extended INP system and the
original INP-2022 system are presented in Fig. S7(b) in the ESL

10776 | Chem. Sci,, 2025, 16, 10771-10784

View Article Online

Edge Article

In this case as well, a comparable decay pattern is observed,
with both systems showing similar relaxation times. These
results suggest that, despite using a truncated INP segment in
our main analysis, the key water properties identified are likely
to remain qualitatively consistent across larger INP surfaces. In
the next sections, we investigate the reasons behind the entropy
patterns observed for the systems studied here.

Rotational motions of IBS threonine residues and rotational
entropy are correlated

Since we observe a difference in TSy values for water molecules
directly H-bonded to the hydroxyl group of threonine residues
on the IBS, it is interesting to check whether the rotational
motion of the threonine side chains correlates with the entropy
pattern or not. Therefore, to check how differently threonine
side chains on the IBS of AFPs and INPs rotate in solution,
angular motions of hydroxyl oxygen with respect to the Cg-atom
of individual threonine residues have been investigated by
measuring the two angles shown in Fig. 3(a) and (b). The first
angle has been measured by determining the angle made
between a vector constructed by connecting the C, atoms of x-
residue from the TXT patch on the first and last B-sheet on the
IBS (shown using an orange arrow in Fig. 3(a)) and the vector
constructed by connecting the Cg atom and hydroxyl oxygen
(shown using a blue arrow in Fig. 3(a)) on the threonine residue
for which the calculation will be done. We term this angle side
angle, fs. The other angle has been constructed using the same
vector shown in blue color in Fig. 3(a) (light blue vector shown
in Fig. 3(b)) and another vector constructed through connection
of C, atoms of two neighboring threonine residues on the same
fB-sheet at the IBS, shown in the orange color vector in Fig. 3(b).
This angle has been termed the top angle, 6. Fig. 3(c)-(h) show
the normalized distribution of 65 (Fig. 3(c)-(e)) and 6y
(Fig. 3(f)-(h)) for the left side threonine ladders of SbwAFP,
TmAFP, and INP-2022. The distributions for the right side
ladder for these systems are shown in Fig. S10 in the ESI.{ For
SbwAFP's threonine ladder, shown in Fig. 3(c) and (f), we see
that nearly all the residues appear to show peaks at the same
position for both 65 (see Fig. 3(c)) and 6 (Fig. 3(i)), except for
only one angle for . For the TmAFP threonine residues shown
in Fig. 3(d) and (g) for fs and 6r, respectively, we find that
residues show a broader distribution for fs, as evident from
lower peak heights. The distribution highlights the flexibility of
threonine residues within the IBS of TmAFP, which is likely to
affect the TSk of water molecules H-bonded to threonine
hydroxyl groups. For the rotation of INP-2022 threonine resi-
dues shown in Fig. 3(e) and (h) for 65 and 6, respectively, we see
mostly sharp peaks except for one terminal residue. For the
right-side ladder shown in Fig. S10 in the ESI,} the peaks have
slightly smaller heights for both 65 and 6y in all cases indicating
slightly broader distribution and more flexibility for these
residues. Overall, the plots indicate that threonine residues
from INP-2022 show the least rotational movement among the
three systems considered. SbwAFP also shows a similar trend, at
least for one of its threonine ladders, which explains why we see
such low TSk values near these residues. This also explains

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The vectors that define the side angle, 65 (a) and the top angle,
61 (b) for the threonine residues on the IBS. The orange color vectors
are defined by joining the C, atoms from two residues located
between two IBS threonine residues for s as shown in (a) and by
joining C,, atoms of adjacent threonine residues for 61 as shown in (b).
The blue vectors in both cases have been defined by connecting the
Cg atom and hydroxyl oxygen atom of threonine residues for which
the angles will be calculated. The panels (c)—-(e) present the distribution
of fs and panels (f)—(h) present the distribution of 6+ for SowAFP ((c)
and (f)), TmAFP ((d) and (g)) and INP-2022 ((e) and (h)). The letter R
represents the residue numbers in each case. Distribution of root
mean square deviation (RMSD) of threonine side chains from the IBS of
(i) SOwWAFP, (j) TmAFP, and (k) INP-2022.

why TmAFP shows bulk water like TSk values at 273 K and
hence will be unlikely be effective for ice nucleation at moder-
ately low temperatures.

A closer inspection of the IBS reveals the subtle difference in
the structure of TmAFP from SbwAFP and INP-2022 which is
likely to create a difference in the rotational motion of IBS
threonine residues. Calculation of average distances between C,,
atoms from two threonine residues separated by one other
residue on the same B-sheet of the IBS reveals that during the
simulation, the threonine residues in the adjacent layers are
separated by 7.1 A in TmAFP, while the distance is 6.9 A for both
SbwAFP and INP-2022. Although the difference in the distances
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seems small, the antifreeze activity has been reported to depend
on this particular distance.** Therefore, the slightly larger space
between the threonine residues is likely to make them more
flexible for TmAFP compared to others.

This assumption has been verified through measurement of
root mean square deviation (RMSD) of non-hydrogen atoms of
threonine side chains for SbwAFP, TmAFP and INP-2022 and
the values are shown in Fig. 3(i)-(k), respectively. From the
figure, it is evident that fluctuations in TmAFP are different
compared to others. For SbwAFP, shown in Fig. 3(i), threonine
residues towards the center of the structure have lower RMSD
distribution compared to the terminal residues. For INP-2022,
the RMSDs are even more similar for all the residues (Fig. 3(k)).
However, the RMSDs of threonine residues on TmAFP have very
different distributions, as seen from Fig. 3(j). We claim from
this evidence that such fluctuations will govern ice nucleation
efficiency of the IBS. The lower the fluctuations, the more
effective the ice nucleation.

Since the IBSs of both AFPs and INPs are capable of binding
to the growing ice surface, we checked how the fluctuations vary
for the threonine residues during the ice binding event. We
hypothesize that in spite of the difference in fluctuations
between TmAFP and the other systems studied here, the thre-
onine residues behave in a similar manner for all of them
during an ice binding event. To test this hypothesis, we have
carried out ice growth simulation in the presence of AFPs and
INP-2022. Since ice nucleation is a rare event and can take
a significant amount of simulation time without any additional
bias, we have followed the protocol recently used in another
study from our group.”® The other details are given in the
Methods section. Here we have chosen the temperature to be
265 K instead of 273 K to facilitate the ice growth in the system.
During the simulation, the water molecules next to the ice slab
convert to ice, eventually reaching the IBS much before 50 ns.
From the trajectories, we have calculated the distribution of fg
and 6 for IBS threonine residues at time intervals between
0 and 5 ns, 15-20 ns, 25-30 ns and 45-50 ns to check how the
angle distributions evolve in the vicinity of the ice growing
surface. The initial and final stages of the simulations are
shown in Fig. S11(a) and (c)t for SbwAFP, TmAFP, and INP-
2022. Fig. S11-S14 in the ESIt show the distribution of 65 and 6
at the above-mentioned time intervals for two threonine ladders
from SbwAFP, TmAFP and INP-2022.

From the figures, it emerges that for all cases, although the
hydroxyl groups of threonine residues are not fully aligned with
each other initially on the same ladder at 265 K, the threonine
residues start to become more ordered as the growing ice phase
comes near the IBS. This can be observed for all the systems
with a slight increase in peak height at the last phase of the
simulation. These observations are more prominent for the
TmAFP system shown in the middle panel of Fig. S11-5S14 in the
ESIt with the peak heights increasing from 0-5 ns distribution
to the one between 45 and 50 ns. Interestingly, we find that even
when the IBS is bound to ice, the distribution of 65 can vary for
different threonine residues on the same IBS. Furthermore, the
distribution observed between the 45 and 50 ns time interval is
similar for all the systems. These patterns indicate that during
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an ice binding event, the IBS from all the systems behave in
a similar manner. Therefore, the key difference between AFPs
and INPs comes from the way they modulate the water prop-
erties in their vicinity before ice formation. The different extents
of fluctuations associated with the IBS of different systems are
responsible for modulating the water properties as has been
observed for different materials*”*> as well. In the next section,
we investigate factors which can contribute towards the fluc-
tuations of IBS residues and consequently the ice nucleation
efficiency of INPs.

Comparison of water entropy between two INP models

To identify the structural features that control the fluctuations of
IBS threonine residues, we compare the entropy pattern of INP-
2022 with that of another segment of the INP model obtained
from Alphafold-1. The other INP system, referred to here as INP-
old, has the same number of residues as INP-2022. The INP-old
structure has been simulated in the same way as the other systems
and then water entropy has been calculated for water near the IBS
of INP-old. In Fig. 4(a), the TSge: values of water molecules H-
bonded to threonine hydroxyl groups are shown. From the figure,
we see that the values of TSk, here are found to be very much
similar to those of bulk water unlike the case of INP-2022. This
pattern points to the fact that the presence of a continuous
threonine ladder may not be a sufficient condition for having low
entropy water in the vicinity. To investigate the origin of the
different entropy pattern between INP-old and INP-2022, we look
at the structural difference between the two systems.

As discussed earlier, the fluctuations for threonine residues
are key in governing the values of TSk for water H-bonded to
threonine hydroxyl groups. Therefore, we look at the RMSD of
threonine non-hydrogen atoms from the side chain first to
determine if the residues exhibit increased fluctuations. The
RMSD plot is shown in Fig. 4(b) for the residues from the two
ladders. The figure illustrates that, for INP-2022, only the
terminal residues show high RMSD values for a few frames,
whereas the middle residue on the INP-old structure consis-
tently demonstrates a high RMSD value. The plots indicate
more fluctuation for INP-old threonine residues, which is likely
causing the water molecule to behave like bulk water.

Upon investigation of the equilibrated systems for INP-old
and INP-2022, which were used for entropy calculation, we find
a significant difference between the conserved loop region next
to the IBS for the two systems. For the loops with the ala-gly-
tyr-gly-ser sequence, we observed that the aromatic rings on
tyrosine side chains remain stacked with each other in the INP-
2022 structure. However, for the INP-old system, such stacking
is absent as shown in Fig. 4(c). Here the structures shown are
the ones that have been used for simulations with which the
water entropy has been calculated. The lack of stacking has
been verified through measurement of distances between the Cg
atoms from the aromatic ring on tyrosine residues which are
placed next to each other. The distributions of these distances
are shown in Fig. 4(d) and (e) for INP-2022 and INP-old,
respectively. From the plots, it can be said that the peaks of the
distributions appear at the same position with similar heights
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for INP-2022, except for one terminal residue, which is only
possible when the side chains remain stacked with each other
during the simulation. However, the distributions appear at
different positions in the case of INP-old, an indication of lack
of stacking. Furthermore, we see that for the INP-2022 structure,
the serine hydroxyl group makes a H-bond with the glycine
carbonyl oxygen on the backbone as shown in Fig. 4(f). To check
the presence of this H-bond between INP-2022 and INP-old, we
have measured the distance distribution for the serine hydroxyl
oxygen and glycine carbonyl oxygen for all the loops. The
distributions are shown in Fig. 4(g) and (h) for INP-2022 and
INP-old systems, respectively. From the plots, it can be observed
that while the INP-2022 structure forms stable H-bonds between
these residues as evident from sharp distributions for most of
the residues, the distributions are broader in the case of INP-
old, indicating the presence of larger fluctuations. Therefore,
from the distribution of distances between interloop tyrosine
residues and between intra-loop serine-glycine residues, it can
be said that the loops on the INP-old structure next to IBS
threonine residues are more dynamic in nature compared to the
INP-2022 system. We hypothesize that these dynamic loop
regions near the IBS affect the threonine residues to fluctuate
more and consequently cause less impact on the water entropy
behavior.

To test this hypothesis, we have constructed a structure with
the sequence of the INP-old system where the tyrosine residues
have been placed in a manner that they remain stacked. We call
this system INP-old-rigid. After arranging the tyrosine residues
in a stacked manner, no restraints have been imposed on the
system and the system has been simulated in a similar manner
to the other systems. A final 200 ns long trajectory has been
generated for TSy calculations near the IBS of this system.
Interestingly, we found that on this system, the tyrosine resi-
dues remained stacked even at the end of 200 ns long simula-
tion without any additional bias. Therefore, we can expect the
loop region for this system to be more rigid compared to the
structure in which the tyrosine residues do not remain stacked.
To verify how the loop rigidity affects the threonine residues’
fluctuations in this new INP-old structure, we have again
calculated the RMSD of IBS threonine side chain heavy atoms.
The plot is shown in Fig. S15 in the ESL.{ The figure clearly
shows that compared to the fluctuations shown in Fig. 4(b), the
threonine fluctuations on the new structure of INP-old are
significantly less. This is true for both threonine ladders and for
all the residues. Next, we calculated the TSy, for water mole-
cules that remain H-bonded to threonine hydroxyl groups on
the IBS. The entropy values for these water molecules are shown
in Fig. S16 in the ESL.{ From the values, we can see that with
lowering of fluctuations for threonine side chains, the entropy
values also show lower values compared to the other structure
of INP-old where the tyrosine residues do not remain stacked.
The lower values compared to bulk water observed here clearly
indicate that the continuity of the water-organizing motif is not
the only criterion that can determine the ice nucleating effi-
ciency of an IBS as stated earlier.* The fluctuations in these
water organizing motifs also play a significant role in deter-
mining the ice nucleation temperatures on these surfaces.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The TSret values of water molecules H-bonded to threonine residues on the IBS of the INP-old system (a). (b) RMSD distribution of
threonine side chains from the IBS of the INP-old system. The left and right panels show the distributions from two threonine ladders on the IBS.
The letter R represents the residue numbers for each plot. (c) The positions of tyrosine residues (shown with stick model) on the conserved loop
of INP-2022 (left) and INP-old (right) systems. (d) and (e) The distribution of distances between C atoms of adjacent tyrosine residues from INP-
2022 and INP-old, respectively. The numbering 1st to 7th denotes the tyrosine residues from which the distances have been calculated in each
case. (f) Positions of serine, tyrosine and glycine residues on the conserved loop region of INPs. The position of the TxT repeats on the IBS is also
shown for clarity. (g) and (h) The distribution of distances between carbonyl oxygen of glycine and hydroxyl oxygen of serine residues on the
conserved loops from INP-2022 and INP-old, respectively. The numbering 1st to 7th is the loop numbers on these systems from which the
distances have been calculated.

Therefore, future attempts at designing INPs should also agents (INAs). Ice nucleating proteins are unique systems to
involve efforts to make the structure rigid through interactions study due to their similar structural characteristics to AFPs
within the structure for better efficiency. having an opposite function. Hence, identifying the subtle

differences between these classes of proteins is crucial for
Conclusions future designs of I.NAS v.vith .bettt?r efﬁciencies.. In thi.s st.udy, we

have progressed in this direction through investigating the
The significance of ice formation in nature makes it imperative effect of biological anti-freeze or ice-nucleating proteins on
to better understand the mode of operation of ice nucleating their surrounding water molecules. Using a method that
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calculates the single water entropy, we characterized the water
molecules in the vicinity of threonine residues on the IBS of
these proteins in terms of rotational entropy of water. Forma-
tion of ice at lower temperatures would likely result in lowering
of entropy. Hence, the presence of water molecules having lower
entropy values should decrease the entropic barrier and
enhance the efficiency of ice nucleation near the IBS of AFPs
and INPs. Our calculations indicate that among the two AFPs,
the SbwAFP system reduces the TSg.: for several water mole-
cules near the threonine residues on the IBS. However, for the
other AFP named TmAFP, the reduction in entropy is found to
be much less compared to the SbwAFP system. The entropy
patterns have also been found to be in accordance with their
thermal hysteresis data where SbwAFP is known to be a better
antifreeze agent than TmAFP. Hence, it is likely that improve-
ment in antifreeze efficiency of AFPs depends on the extent of
their water ordering ability.

For the recent INP structure obtained through Alphafold
v2.0, it was found that the number of water molecules having
significantly low TS, is considerably higher than the AFPs. The
results implied that such lowering of entropy enables the IBS of
INPs to overcome the entropic barrier of ice nucleation,
resulting in conversion of liquid water into ice under moderate
supercooling conditions. Using our method to probe properties
of individual water molecules, we have also investigated the
tetrahedrality, O-O-O angle distribution, average number of H-
bonds and some of the dynamic properties of water molecules
in the vicinity of threonine residues of the IBS. The O-O-O angle
distribution and conditional tetrahedral parameter showed the
water molecules near the INP-2022 system to have the highest
ordering while they possess fewer H-bonds per water. The
TmAFP system showed the highest number of H-bonds for
water molecules with the least tetrahedrality. These patterns
indicate that water near TmAFP is similar to bulk water. The
dynamics of these water molecules near these systems also
showed a similar pattern. The water near the INP-2022 system
showed the slowest dynamics while the water near TmAFP has
the least mean residence time and highest diffusion. Such
differences make the INPs unique in terms of their ability to
nucleate ice. Our investigation finds that the water entropy and
structural and dynamic patterns are all dependent on the fluc-
tuations of side chains of threonine residues on the IBS. A slight
difference in the distances between threonine residues on the
IBS of TmAFP compared to SbwAFP or INP-2022 makes the side
chain of this system fluctuate more than the others. These
fluctuations have a direct impact on the ordering of its neigh-
boring water molecules. We also investigated the impact of side
chain fluctuations on the ice binding process on the IBS of AFPs
and INPs. Our analysis finds that during the ice binding
process, the AFPs and INPs show similar side chain fluctuations
at the same temperature. This indicates that while the ice
nucleation efficiency for these proteins can differ at moderately
low temperatures, their ice binding ability will be very similar to
each other.

The significance of structural fluctuations gets even more
prominent when we have compared the entropy patterns for
INP structures from two different models. In the INP-2022
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system, the loop residues next to IBS threonine residues
remained rigid during the simulation. This is due to w-m
stacking between the tyrosine side chain and an intra-loop H-
bond between serine and glycine carbonyl oxygen. No stacking
was found during the simulation of the INP-old system. This
resulted in a more fluctuating loop region for the system.
Interestingly, we found that the IBS threonine residues on the
INP-old system also showed more fluctuations, which was
found to reduce when the loop was rigidified. These observa-
tions point to the fact that not only the large surface area for the
IBS or a continuous patch of threonine is sufficient to make
a system an effective ice nucleator. The system will require
a certain extent of rigidity that collectively imparts ice like
character to the water molecules in the solvation shell so that
ice nucleation can take place under moderate supercooling
conditions.

Overall, the results from our studies will be helpful in
developing better ice nucleating agents in the future. Further-
more, neural network-based models are often used to predict
the ice nucleation efficiency of an IBS. From our study, we
suggest that structural fluctuations could also be a crucial
parameter to include in these methods. A rigid surface would
likely slow down the dynamics of solvation shell water more
effectively than a fluctuating surface. Also, the ordering of water
required to nucleate ice will be more pronounced near rigid
surfaces. The proof of these concepts will only come through
future studies on more such systems.

Methods

Molecular dynamics simulations

The molecular dynamics (MD) simulations were performed
using the GROMACS 2018.3 **%” package with the AMBER99SB-
ILDN force field.”®*® A TIP5P water model has been used for all
the cases. The proteins mentioned here have been inserted in
a triclinic box and the systems were solvated with water mole-
cules. The required number of sodium or chloride ions was
added to the systems for neutralization. The final systems cor-
responding to SbwAFP, TmAFP, INP-2022 and INP-old con-
tained 12381, 9244, 15857 and 14739 water molecules,
respectively. The systems were then first energy minimized
using the steepest descent method.®® The minimized systems
were then simulated for 5 ns under NVT conditions, followed by
another 5 ns simulation under NPT conditions where backbone
atoms of the protein were restrained with a force constant of
1000 k] mol~! nm™'. Nosé-Hoover thermostat®-*> was used to
maintain the temperature at 273 K with a coupling constant of
0.5 ps. The pressure was maintained at 1 atm using Berendsen
barostat® with a coupling constant of 0.5 ps. The particle mesh
Ewald® summation method was used to calculate long range
electrostatic interactions with a cut-off of 1.0 nm and a grid
spacing of 0.16 nm. A 1.0 nm cut-off was used for the van der
Waals (vdW) interactions. The equilibrated simulation box had
dimensions of 7.01 x 6.66 x 8.34 nm?, 7.92 x 6.18 x 5.87 nm?>,
8.59 x 6.83 x 8.42 nm> and 7.96 x 7.48 x 7.75 nm® for SbWAFP,
TmAFP, INP-2022 and INP-old systems, respectively. Using
these equilibrated systems, a final trajectory of 200 ns under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NPT conditions has been generated for each system with which
the entropy calculations have been performed. The frames have
been saved at every 0.1 ps for these trajectories.

Rotational entropy calculation

The method used for rotational entropy calculation has been
given in ref. 43. Here, for our calculations, we first use the
method named permutation reduction®*®® developed by Grub-
miiller and co-workers, which keeps the identity of each water
molecule with respect to a reference configuration. This way,
the water molecule at a particular position moves in a localized
region only. For calculation of rotational entropy of individual
water molecules, distribution of two angles has been consid-
ered. The first angle, 6, is the angle between the water oxygen to
the solute vector and the dipole vector. The other angle, x, is the
angle between the normal to the plane defined using the solute-
oxygen vector and the dipole vector and the H-H vector of the
water. With the angular distribution p(6, x), the rotational
entropy has been calculated using the following equation:

Srot = —kg[p(0, x)c In{p(6, x)c} sin 6 d6 dx (1)

Ice growth simulations

Since ice growth can involve significantly long timescales due to
high entropic barriers, we employed a method in which ice
growth near the IBS can be observed within a short period.
Therefore, an ice slab is first generated using the Genice®”
software package. A few layers of such ice are then taken, and
the protein is placed at about 1 nm distance from the ice
surface. The rest of the simulation box is filled with water
molecules. To prevent ice growth from both sides of ice, few
water molecules on the opposite side of proteins have been
position restrained using a force of 1000 k] mol ™' nm® The
system has been equilibrated at 265 K temperature and 1 bar
pressure for 10 ns in the same manner as the other systems
from which entropy values have been calculated. After the
equilibration, 50 ns long simulation at the same temperature
and pressure has been carried out to observe the ice binding
event on the AFPs and INP-2022. Visual inspection indicated
that the ice formation took place near the protein before 50 ns.

Mean residence time calculation

For the calculation of mean residence time of water H-bonded
to threonine residues on the IBS, three residues from the
middle regions of the threonine ladder on the IBS have been
taken from all the systems. The method used for the calculation
has been based on the stable state picture (SSP) approach of
chemical reactions® previously used for calculation of resi-
dence time of water in the solvation shells of halide ions® and
DNA base pairs.” Here, for our purpose, we have defined the
reactant state (r) for a water molecule when it remains H-
bonded to the threonine hydroxyl group at time ¢ = 0. The water
goes to the product state (p) when the H-bonded water goes
beyond 0.53 nm from the IBS at time ¢ = 7, which is the resi-
dence time. The distance cut-off chosen here has been based on
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the radial distribution function (RDF) calculated for water
oxygen atoms with the IBS of SbwAFP taken as a reference. In
this method, the transient recrossing by the water molecules
from the reactant state is taken into account by choosing the
product state properly. After defining the reactant and product
states, we calculate the following correlation function, C(¢),
using the probability of the reactant state, pr and pp, as:

A1) = 1={pr(O)pp(1)). (2)

After obtaining C(¢), the function has been fitted with the
following bi-exponential function:

€z €z
C(l) = Cien 4+ Chen (3)

where C; and C, are the coefficients and t; and 7, are two
relaxation timescales. From this, we can obtain the mean resi-
dence time using the following relation:

Cl‘L'] + C2T2
=1 =2 4

Data availability

The data supporting this article have been included in the ESI.

Author contributions

D. S, R. A, A. M. and B. ]J. designed research; R. A. and D. S.
performed the simulations; D. S. and R. A. performed the
analysis; D. S., R. A,, A. M. and B. J. wrote the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the Department of Science and
Technology SERB grant (Grant ID: C.R.G./2020/000756). R. A.
thanks UGC for the fellowship.

Notes and references

1 Z. Liu, X. Zheng and J. Wang, Bioinspired Ice-Binding
Materials for Tissue and Organ Cryopreservation, J. Am.
Chem. Soc., 2022, 144, 5685-5701.

2 T. Koop, B. Luo, A. Tsias and T. Peter, Water activity as the
determinant for homogeneous ice nucleation in aqueous
solutions, Nature, 2000, 406, 611-614.

3 E. Sanz, C. Vega, J. R. Espinosa, R. Caballero-Bernal,
J. L. F. Abascal and C. Valeriani, Homogeneous Ice
Nucleation at Moderate Supercooling from Molecular
Simulation, J. Am. Chem. Soc., 2013, 135, 15008-15017.

4 S. E. Lindow, D. C. Arny and C. D. Upper, Bacterial Ice
Nucleation: A Factor in Frost Injury to Plants 1, Plant
Physiol., 1982, 70, 1084-1089.

Chem. Sci., 2025, 16, 10771-10784 | 10781


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08383k

Open Access Article. Published on 09 May 2025. Downloaded on 7/31/2025 4:37:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

5 B. J. Murray, D. O'Sullivan, J. D. Atkinson and M. E. Webb,
Ice nucleation by particles immersed in supercooled cloud
droplets, Chem. Soc. Rev., 2012, 41, 6519-6554.

6 C. E. Morris, F. Conen, J. Alex Huffman, V. Phillips, U. Péschl
and D. C. Sands, Bioprecipitation: a feedback cycle linking
Earth history, ecosystem dynamics and land use through
biological ice nucleators in the atmosphere, Global Change
Biol., 2014, 20, 341-351.

7 P. K. Wolber, in Advances in Microbial Physiology, ed. A. H.
Rose, Academic Press, 1993, vol. 34, pp. 203-237.

8 A. V. Kajava and S. E. Lindow, A model of the three-
dimensional structure of ice nucleation proteins, J. Mol.
Biol., 1993, 232, 709-717.

9 Y. Kumaki, K. Kawano, K. Hikichi, T. Matsumoto and
N. Matsushima, A circular loop of the 16-residue repeating
unit in ice nucleation protein, Biochem. Biophys. Res.
Commun., 2008, 371, 5-9.

10 M. J. Burke, L. V. Gusta, H. A. Quamme, C. J. Weiser and
P. H. Li, Freezing and Injury in Plants, Annu. Rev. Plant
Physiol., 1976, 27, 507-528.

11 J. G. Duman, Antifreeze and Ice Nucleator Proteins in
Terrestrial Arthropods, Annu. Rev. Physiol., 2001, 63, 327-
357.

12 Y. Yeh and R. E. Feeney, Antifreeze Proteins: Structures and
Mechanisms of Function, Chem. Rev., 1996, 96, 601-618.

13 A. L. Devries, Glycoproteins as Biological Antifreeze Agents
in Antarctic Fishes, Science, 1971, 172, 1152-1155.

14 J. A. Raymond and A. L. DeVries, Adsorption inhibition as
a mechanism of freezing resistance in polar fishes, Proc.
Natl. Acad. Sci. U. S. A., 1977, 74, 2589-2593.

15 Y. Qiu, N. Odendahl, A. Hudait, R. Mason, A. K. Bertram,
F. Paesani, P. J. DeMott and V. Molinero, Ice Nucleation
Efficiency of Hydroxylated Organic Surfaces Is Controlled
by Their Structural Fluctuations and Mismatch to Ice, J.
Am. Chem. Soc., 2017, 139, 3052-3064.

16 L. Eickhoff, K. Dreischmeier, A. Zipori, V. Sirotinskaya,
C. Adar, N. Reicher, I. Braslavsky, Y. Rudich and T. Koop,
Contrasting Behavior of Antifreeze Proteins: Ice Growth
Inhibitors and Ice Nucleation Promoters, J. Phys. Chem.
Lett., 2019, 10, 966-972.

17 H. Xu, M. Griffith, C. L. Patten and B. R. Glick, Isolation and
characterization of an antifreeze protein with ice nucleation
activity from the plant growth promoting rhizobacterium
Pseudomonas putida GR12-2, Can. J. Microbiol., 1998, 44,
64-73.

18 S. Chakraborty and B. Jana, Molecular Insight into the
Adsorption of Spruce Budworm Antifreeze Protein to an Ice
Surface: A Clathrate-Mediated Recognition Mechanism,
Langmuir, 2017, 33, 7202-7214.

19 S. Chakraborty and B. Jana, Optimum Number of Anchored
Clathrate Water and Its Instantaneous Fluctuations Dictate
Ice Plane Recognition Specificities of Insect Antifreeze
Protein, J. Phys. Chem. B, 2018, 122, 3056-3067.

20 P. Pal, S. Chakraborty and B. Jana, Deciphering the Role of
the Non-ice-binding Surface in the Antifreeze Activity of
Hyperactive Antifreeze Proteins, J. Phys. Chem. B, 2020,
124, 4686-4696.

10782 | Chem. Sci, 2025, 16, 10771-10784

View Article Online

Edge Article

21 P. Pal, S. Chakraborty and B. Jana, Differential Hydration of
Ice-Binding Surface of Globular and Hyperactive Antifreeze
Proteins, Adv. Theory Simul., 2021, 4, 2100090.

22 Y.-C. Liou, A. Tocilj, P. L. Davies and Z. Jia, Mimicry of ice
structure by surface hydroxyls and water of a B-helix
antifreeze protein, Nature, 2000, 406, 322-324.

23 E. K. Leinala, P. L. Davies, D. Doucet, M. G. Tyshenko,
V. K. Walker and Z. Jia, A B-Helical Antifreeze Protein
Isoform with Increased Activity: STRUCTURAL AND
FUNCTIONAL INSIGHTS, J. Biol. Chem., 2002, 277, 33349-
33352.

24 A. Hakim, J. B. Nguyen, K. Basu, D. F. Zhu, D. Thakral,
P. L. Davies, F. J. Isaacs, Y. Modis and W. Meng, Crystal
Structure of an Insect Antifreeze Protein and Its
Implications for Ice Binding, J. Biol. Chem., 2013, 288,
12295-12304.

25 R. Aich, P. Pal, S. Chakraborty and B. Jana, Preferential
Ordering and Organization of Hydration Water Favor
Nucleation of Ice by Ice-Nucleating Proteins over Antifreeze
Proteins, J. Phys. Chem. B, 2023, 127, 6038-6048.

26 K. Meister, S. Strazdaite, A. L. DeVries, S. Lotze,
L. L. C. Olijve, I. K. Voets and H. ]J. Bakker, Observation of
ice-like water layers at an aqueous protein surface, Proc.
Natl. Acad. Sci. U. S. A., 2014, 111, 17732-17736.

27 K. Liu, C. Wang, J. Ma, G. Shi, X. Yao, H. Fang, Y. Song and
J. Wang, Janus effect of antifreeze proteins on ice nucleation,
Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 14739-14744.

28 T. Charpentier, A. Neville, P. Millner, R. Hewson and
A. Morina, An Investigation of Freezing of Supercooled
Water on Anti-Freeze Protein Modified Surfaces, J. Bionic
Eng., 2013, 10, 139-147.

29 Y. Qiu, A. Hudait and V. Molinero, How Size and Aggregation
of Ice-Binding Proteins Control Their Ice Nucleation
Efficiency, J. Am. Chem. Soc., 2019, 141, 7439-7452.

30 G. Bai, D. Gao, Z. Liu, X. Zhou and ]J. Wang, Probing the
critical nucleus size for ice formation with graphene oxide
nanosheets, Nature, 2019, 576, 437-441.

31 A. Kiselev, F. Bachmann, P. Pedevilla, S. J. Cox,
A. Michaelides, D. Gerthsen and T. Leisner, Active sites in
heterogeneous ice nucleation—the example of K-rich
feldspars, Science, 2017, 355, 367-371.

32 S. Wu, Z. He, J. Zang, S. Jin, Z. Wang, J. Wang, Y. Yao and
J. Wang, Heterogeneous ice nucleation correlates with
bulk-like interfacial water, Sci. Adv., 2019, 5, eaat9825.

33 M. B. Davies, M. Fitzner and A. Michaelides, Accurate
prediction of ice nucleation from room temperature water,
Proc. Natl. Acad. Sci. U. S. A., 2022, 119, €2205347119.

34 L. P. Singh, B. Issenmann and F. Caupin, Pressure
dependence of viscosity in supercooled water and a unified
approach for thermodynamic and dynamic anomalies of
water, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 4312-4317.

35 A. Dehaoui, B. Issenmann and F. Caupin, Viscosity of deeply
supercooled water and its coupling to molecular diffusion,
Proc. Natl. Acad. Sci. U. S. A., 2015, 112, 12020-12025.

36 H. F. M. C. Martiniano and N. Galamba, Insights on
Hydrogen-Bond Lifetimes in Liquid and Supercooled
Water, J. Phys. Chem. B, 2013, 117, 16188-16195.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08383k

Open Access Article. Published on 09 May 2025. Downloaded on 7/31/2025 4:37:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

37 E. Mayer and A. Hallbrucker, Cubic ice from liquid water,
Nature, 1987, 325, 601-602.

38 L. Lupi, A. Hudait, B. Peters, M. Griinwald, R. Gotchy Mullen,
A. H. Nguyen and V. Molinero, Role of stacking disorder in
ice nucleation, Nature, 2017, 551, 218-222.

39 J. Forbes, A. Bissoyi, L. Eickhoff, N. Reicher, T. Hansen,
C. G. Bon, V. K. Walker, T. Koop, Y. Rudich, I. Braslavsky
and P. L. Davies, Water-organizing motif continuity is
critical for potent ice nucleation protein activity, Nat.
Commun., 2022, 13, 5019.

40 J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov,
O. Ronneberger, K. Tunyasuvunakool, R. Bates, A. Zidek,
A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl,
A. J. Ballard, A. Cowie, B. Romera-Paredes, S. Nikolov,
R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy,
M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer,
S. Bodenstein, D. Silver, O. Vinyals, A. W. Senior,
K. Kavukcuoglu, P. Kohli and D. Hassabis, Highly accurate
protein structure prediction with AlphaFold, Nature, 2021,
596, 583-589.

41 A. W. Senior, R. Evans, J. Jumper, J. Kirkpatrick, L. Sifre,
T. Green, C. Qin, A. Zidek, A. W. R. Nelson, A. Bridgland,
H. Penedones, S. Petersen, K. Simonyan, S. Crossan,
P. Kohli, D. T. Jones, D. Silver, K. Kavukcuoglu and
D. Hassabis, Improved protein structure prediction using
potentials from deep learning, Nature, 2020, 577, 706-710.

42 M. W. Mahoney and W. L. Jorgensen, A five-site model for
liquid water and the reproduction of the density anomaly
by rigid, nonpolarizable potential functions, J. Chem. Phys.,
2000, 112, 8910-8922.

43 W. D. Sasikala and A. Mukherjee, Single Water Entropy:
Hydrophobic Crossover and Application to Drug Binding,
J. Phys. Chem. B, 2014, 118, 10553-10564.

44 D. Saha and A. Mukherjee, Impact of Ions on Individual
Water Entropy, J. Phys. Chem. B, 2016, 120, 7471-7479.

45 A. Hudait, Y. Qiu, N. Odendahl and V. Molinero, Hydrogen-
Bonding and Hydrophobic Groups Contribute Equally to the
Binding of Hyperactive Antifreeze and Ice-Nucleating
Proteins to Ice, J. Am. Chem. Soc., 2019, 141, 7887-7898.

46 A. Hudait, D. R. Moberg, Y. Qiu, N. Odendahl, F. Paesani and
V. Molinero, Preordering of water is not needed for ice
recognition by hyperactive antifreeze proteins, Proc. Natl.
Acad. Sci. U. S. A., 2018, 115, 8266-8271.

47 D. J. Kozuch, F. H. Stillinger and P. G. Debenedetti,
Combined molecular dynamics and neural network
method for predicting protein antifreeze activity, Proc.
Natl. Acad. Sci. U. S. A., 2018, 115, 13252-13257.

48 S. J. Roeters, T. W. Golbek, M. Bregnhgj, T. Drace,
S. Alamdari, W. Roseboom, G. Kramer, T. Santl-Temkiv,
K. Finster, J. Pfaendtner, S. Woutersen, T. Boesen and
T. Weidner, Ice-nucleating proteins are activated by low
temperatures to control the structure of interfacial water,
Nat. Commun., 2021, 12, 1183.

49 P. Pal, S. Pal and B. Jana, Molecular Insight of the Ice
Nucleation by Ice Binding Protein: A Comparative Study
With Ice Nucleating Protein, Antifreeze Protein, and Non-
Ice-Binding Protein, J. Phys. Chem. C, 2024, 129, 600-610.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

50 P. Pal, R. Aich, S. Chakraborty and B. Jana, Molecular Factors
of Ice Growth Inhibition for Hyperactive and Globular
Antifreeze Proteins: Insights from Molecular Dynamics
Simulation, Langmuir, 2022, 38, 15132-15144.

51 E. Duboué-Dijon and D. Laage, Comparative study of
hydration shell dynamics around a hyperactive antifreeze
protein and around ubiquitin, J. Chem. Phys., 2014, 141,
22D529.

52 A. Godec, J. Smith and F. Merzel, Increase of both Order and
Disorder in the First Hydration Shell with Increasing Solute
Polarity, Phys. Rev. Lett., 2011, 107, 267801.

53 S. Parui and B. Jana, Factors Promoting the Formation of
Clathrate-Like Ordering of Water in Biomolecular Structure
at Ambient Temperature and Pressure, J. Phys. Chem. B,
2019, 123, 811-824.

54 H. Lee, Structures, dynamics, and hydrogen-bond
interactions of antifreeze proteins in TIP4P/Ice water and
their dependence on force fields, PLoS One, 2018, 13,
€0198887.

55 S. P. Graether, M. J. Kuiper, S. M. Gagné, V. K. Walker, Z. Jia,
B. D. Sykes and P. L. Davies, B-Helix structure and ice-
binding properties of a hyperactive antifreeze protein from
an insect, Nature, 2000, 406, 325-328.

56 H. ]J. C. Berendsen, D. van der Spoel and R. van Drunen,
GROMACS: A message-passing parallel molecular
dynamics implementation, Comput. Phys. Commun., 1995,
91, 43-56.

57 D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof,
A. E. Mark and H. ]J. C. Berendsen, GROMACS: Fast,
flexible, and free, J. Comput. Chem., 2005, 26, 1701-1718.

58 V. Hornak, R. Abel, A. Okur, B. Strockbine, A. Roitberg and
C. Simmerling, Comparison of multiple Amber force fields
and development of improved protein backbone
parameters, Proteins, 2006, 65, 712-725.

59 K. Lindorff-Larsen, S. Piana, K. Palmo, P. Maragakis,
J. L. Klepeis, R. O. Dror and D. E. Shaw, Improved side-
chain torsion potentials for the Amber ff99SB protein force
field, Proteins, 2010, 78, 1950-1958.

60 T. Schlick, Molecular Modelling and Simulation: An
Interdisplinary Guide, Springer, New York, 2010.

61 S. Nosé, A molecular dynamics method for simulations in
the canonical ensemble, Mol. Phys., 1984, 52, 255-268.

62 W. G. Hoover, Canonical dynamics: Equilibrium phase-
space distributions, Phys. Rev. A, 1985, 31, 1695-1697.

63 H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren,
A. DiNola and J. R. Haak, Molecular dynamics with
coupling to an external bath, J. Chem. Phys., 1984, 81,
3684-3690.

64 T. Darden, D. York and L. Pedersen, Particle mesh Ewald: An
N-log(N) method for Ewald sums in large systems, J. Chem.
Phys., 1993, 98, 10089-10092.

65 F. Reinhard and H. Grubmiiller, Estimation of absolute
solvent and solvation shell entropies via permutation
reduction, J. Chem. Phys., 2007, 126, 014102.

66 F. Reinhard, O. F. Lange, ]J. S. Hub, ]J. Haas and
H. Grubmiiller, g permute: Permutation-reduced phase

Chem. Sci., 2025, 16, 10771-10784 | 10783


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08383k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 May 2025. Downloaded on 7/31/2025 4:37:48 PM.

(cc)

Chemical Science

space density compaction, Comput. Phys. Commun., 2009,
180, 455-458.

67 M. Matsumoto, T. Yagasaki and H. Tanaka, Genlce:
Hydrogen-Disordered Ice Generator, J. Comput. Chem.,
2018, 39, 61-64.

68 S. H. Northrup and J. T. Hynes, The stable states picture of
chemical reactions. I. Formulation for rate constants and
initial condition effects, J. Chem. Phys., 2008, 73, 2700-2714.

10784 | Chem. Sci., 2025, 16, 10771-10784

View Article Online

Edge Article

69 D. Laage and J. T. Hynes, On the Residence Time for Water
in a Solute Hydration Shell: Application to Aqueous Halide
Solutions, J. Phys. Chem. B, 2008, 112, 7697-7701.

70 D. Saha, S. Supekar and A. Mukherjee, Distribution of
Residence Time of Water around DNA Base Pairs:
Governing Factors and the Origin of Heterogeneity, J. Phys.
Chem. B, 2015, 119, 11371-11381.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08383k

	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k

	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k

	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k
	Water entropy at the threonine-rich surface of antifreeze and ice-nucleating proteins: small changes make a big differenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc08383k


