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ABSTRACT: Ice growth and melting inhibition activities of
antifreeze proteins (AFPs) are better explained by the
adsorption-inhibition mechanism. Inhibition occurs as a result
of the Kelvin effect induced by adsorbed protein molecules
onto the surface of seed ice crystal. However, the Kelvin effect
has not been explored by the state-of-the-art experimental
techniques. In this work, atomistic molecular dynamics
simulations have been carried out with Tenebrio molitor
antifreeze protein (TmAFP) placed at ice—water interface to
probe the Kelvin effect in the mechanism of AFPs. Simulations

Concave Interface Formation
above Melting Temperature

Convex Interface Formation
below Melting Temperature

show that, below equilibrium melting temperature, ice growth is inhibited through the convex ice—water interface formation
toward the water phase and, above equilibrium melting temperature, ice melting is inhibited through the concave ice—water
interface formation inward to ice phase. Simulations further reveal that the radius of curvature of the interface formed to stop the
ice growth increases with decrease in the degree of supercooling. Our results are in qualitative agreement with the theoretical
prediction of the Kelvin effect and thus reveal its operation in the activities of AFPs.

1. INTRODUCTION

Antifreeze proteins (AFPs) help certain fish," insects,” plants,3
and bacteria® to survive in harsh winter environments. AFPs
inhibit the growth of ice and thus protect the species from the
possible lethal effects of freezing at subzero temperatures. In
the presence of AFPs, ice growth inhibition occurs due to the
reduction of nonequilibrium freezing temperature of ice
without appreciably affecting the equilibrium melting temper-
ature. The difference between the two temperatures, termed as
thermal hysteresis (TH), depends on not only the concen-
tration but also the nature of the proteins. For example, small
a-helical or globular AFPs present in polar fish™® that belong to
the moderately active AFP family show lower TH values.” On
the other hand, relatively larger S-helical AFPs present in
insects™’ belonging to the hyperactive AFP family exhibit
higher TH values.” AFPs inhibit ice growth by using their
unique ability of discriminating the solid phase of water, ice,
from the large excess of liquid water, which help them to adsorb
at the ice—water interface. The adsorbed protein molecules at
the interface play an important role in the growth inhibition
process. But how the growth inhibition occurs is not
unambiguously understood. Even the adsorption of the
proteins at the interface is itself debating. Several mechanisms
assume reversible adsorption,'®”'® whereas few assume
irreversible adsorption.'’~"?  Although some experimental
results support reversible adsorption,2 2! fluorescence micros-
copy and microfluidic experiments””*’ strongly suggest the
irreversible adsorption, especially for hyperactive Tenebrio
molitor AFP (TmAFP).*** The microfluidic experiment™
even showed that the adsorbed protein molecules on a seed
ice crystal are sufficient to exhibit thermal hysteresis irrespective
of their presence in liquid phase surrounding the ice crystal. As
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mentioned by Knight and Wierzbicki,'” irreversible adsorption
seems to be reasonable, otherwise water molecules will occupy
those ice lattice positions from where the protein molecules
detach. Irreversible adsorption-based mechanism is therefore in
action for antifreeze activity. The adsorption-inhibition
mechanism proposed by Raymond and DeVries'” is such
type of mechanism mostly cited in the literature. According to
this mechanism, action of AFPs below equilibrium melting
temperature occurs in two steps. Adsorption of the protein
molecules onto ice surfaces occurs first, followed by curved
ice—water interface formation between the adsorbed protein
molecules. As a result, local freezing temperature decreases
according to the Kelvin effect’”” and hence ice growth is
inhibited. However, the mechanism is not foolproof, as the
operation of the Kelvin effect remains to be established.
Wilson'? pointed out for an experiment with a microscope of
atomic resolution to explore the formation of curved interface
and hence the Kelvin effect. Such experiment has not been
performed to date by the state-of-the-art experimental
techniques. Molecular dynamics (MD) simulations could,
therefore, be useful for such purpose. Unfortunately, only a
few simulations have been carried out to explore the Kelvin
effect. The curved interface formation was shown by a statistical
simulation technique.”® But, in this simulation, reversible
adsorption was considered and highly ideal interparticle
interactions with no atomistic details were employed. Nada
and Furukawa’”** carried out MD simulations with AFPs on
ice—water interface. They showed that ice growth rate is
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Figure 1. (a) Crystal structure of the TmAFP protein® (drawn as cartoons) with employed interfacial water arrangement. IBS of the protein is drawn
in blue, whereas the NIBS is drawn in green. Side chains of the threonine (T) residues in the IBS are drawn as spheres. Interfacial waters are drawn
as balls and sticks. Starting configurations for (b) SI and S2 simulations at 220 and 225 K, respectively, and (c) S3 simulation at 230 K. Protein is
drawn as spheres, ice water molecules are drawn as balls and sticks, and liquid water molecules are drawn as white balls.

reduced at ice surface when the AFPs stably bound to the
surface. However, cessation of ice growth does not occur,
whereas growth is supposed to be stopped by the Kelvin effect.
Recent simulations showed that local melting of ice around
AFPs, which are not stably bound to ice, induces curved ice—
water interface formation for inhibition of ice growth.*”*’
Apparently, no consensus notion exists regarding the action of
the Kelvin effect in the mechanism of antifreeze activity, and
such effect needs to be explored.

According to the Kelvin effect,” cessation of ice growth
occurs due to the formation of convex interface toward the
liquid phase. The critical radius, r¥, of the interface that would
allow and restrict further %rowth at a temperature, T, within the
hysteresis gap is given by”'

20T,
AHAT

* =

(1)

where o is the interfacial tension, T, is the equilibrium melting
temperature, AH is the latent heat of fusion, and AT is the
degree of supercooling (AT = T,, — T). Equation 1 suggests
that regardless of the separation between the protein molecules
on an ice plane the critical radius of the curved interface will
decrease with increase in the degree of supercooling. As the
degree of supercooling increases with the decrease in
temperature below T, critical radius will therefore decrease
with the decrease in temperature below T,. Equation 1 further
implies that if a convex interface is sustained to a higher
temperature than that at which it is formed (i.e., sustained to a
reduced degree of supercooling) the critical radius will increase
by melting. Melting will continue until and unless the critical
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radius at the said supercooling is attained. If the sustained
temperature is above T, there will be a possibility of melting
inhibition with the formation of concave interface inward the
ice phase (r* is negative as AT is negative at T > T,,). AFPs
indeed inhibit the melting of ice up to a certain temperature
above T,,**** although the melting inhibition potential of an
AFP is much more less than its growth inhibition potential. So,
to establish the Kelvin effect in the mechanism of AFPs, it is
required to examine, at least qualitatively, the cessation of ice
growth and melting as well as change of interfacial radius with
temperature. Such aspects have been studied in this work by
means of atomistic MD simulations with a paradigm protein
TmAFP placed at the ice—water interface. The rest of the article
has been organized as follows. In Section 2, we provide a brief
description of the system setups and the simulation methods
employed. The results obtained from our analyses are
presented and discussed in Section 3. Finally, the important
findings from the study and the conclusions reached therefrom
are highlighted in Section 4.

2. SIMULATION DETAILS

We have carried out three simulations, designated as S1, S2,
and S3, with the protein TmAFP placed at the ice—water
interface at three different temperatures, 220, 225, and 230 K,
respectively. The initial coordinates of the protein were taken
from its crystal structure (PDB code: 1EZG).® The 84-residue
pseudo-rectangular-shaped right-handed pf-helical TmAFP
contains 7 loops with a series of 12 residue repeats of sequence
TCTxSxxCxxAx. The flat f-sheet formed by the threonine—
cysteine—threonine (TCT) motifs of the loops (except the N-
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terminal loop) is the ice-binding surface (IBS) of the protein.
The remaining part of the protein is denoted as the nonice-
binding surface (NIBS). The initial structure of the protein with
employed protein—ice interfacial water arrangement is shown
in Figure la. Prior to simulations, required modifications in the
protein structure were done, as reported in our previous
study.”® The simulations were performed using the NAMD
code.’® The energy-minimized structure of the protein was
placed at the ice—water interface. We created the ice—water
interface on the basal plane of ice. IBS of the protein was in
contact with the basal plane of ice. It may be noted that the
basal plane was chosen as it is known that an hyperactive
protein like TmAFP preferentially binds to the basal plane of
ice.””” Protein—ice interfacial water arrangement was adopted
to that we have reported previously.”® To avoid unfavorable
contacts, the protein was inserted at the flat interface by
carefully removing the water molecules within 2 A from any
protein atom. Two Na' ions were added in liquid water to
neutralize the whole system. Finally, the system contained the
protein molecules in an orthorhombic cell with dimension
72.32 A X 54.81 A X 76.62 A containing 3372 ice water
molecules, 5376 liquid water molecules, and 2 Na" counterions.
Three-tier energy minimization was done with the system using
the conjugate gradient energy minimization method as
implemented in the NAMD code:* first, by keeping all of
the heavy atoms of the protein and the oxygen atoms of the ice
water molecules constrained in their positions; second, by
keeping only the backbone heavy atoms of the protein
constrained in their positions; and finally, by removing all of
the constraints. The system was then heated to 300 K within a
short MD run of 100 ps under constant temperature and
volume (NVT) condition. To equilibrate the ice—water
interface, a 2 ns simulation under NVT condition was carried
out at 300 K, keeping all backbone heavy atoms and the ice
oxygen atoms constrained into their positions. The final
configuration of this short run was used as the starting
configuration for the S1 and S2 simulations at 220 and 225 K,
respectively. The configuration is shown in Figure 1b.
Temperatures were lowered to the respective target values
and then at each of the temperatures the simulations were
carried out for 300 ns under NVT condition. It is important to
note that we have determined the melting point (T,,) of ice at
the basal plane for TIP4P water by performing direct
coexistence simulations of ice—water interface. Ice was found
to continuously grow below 229 K and melt above 229 K, and
the two phases remained stable at 229 K. Thus, considering the
T,, of TIP4P water model to be 229 K, S1 and S2 simulations
were carried out below T,,. During these simulations, we have
employed much larger box length along the z-axis than the
actual length of 76.62 A to obstruct the ice growth on the
protein-free ice—water interface that would otherwise exist
under the employed periodic boundary conditions (PBCs).*
After 300 ns run, condition of S1 simulation was changed from
NVT to that of isothermal—isobaric ensemble (NPT) at
constant pressure of 1 atm and constant temperature of 220 K.
Change of simulation condition creates protein-free ice—water
interface by eliminating the water—vacuum and ice—vacuum
interfaces present in earlier stage. Simulation was performed for
20 ns to freeze those quasi-ice-like water molecules, which were
present earlier in ice—vacuum interface. Final configuration,
shown in Figure Ic, of this short 20 ns NPT run was used for
the S3 simulation at 230 K. Temperature in S3 simulation was
increased from 220 to 230 K at a heating rate of 1 K/ps. The
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simulation was then carried out at 230 K temperature for 300
ns under NPT ensemble condition. As the simulation
temperature in S3 simulation is above the T, of water model
employed, ice could melt on either of the two ice—water
interfaces (one contains TmAFP and another free from
TmAFP). To stop the melting at the protein-free interface,
the oxygen atoms of the closest hexagonal bilayer of ice on that
interface were constrained to their initial positions. All
simulations were carried out with an integration time step of
1 fs, whereas the trajectories were stored with a time resolution
of 500 fs for subsequent analyses. All bonds involving the
hydrogen atoms were constrained by the SHAKE algorithm.*’
The PBC and the minimum image convention™ were
employed to calculate the short-range Lennard-Jones inter-
actions with a spherical cutoff distance of 12 A and a switch
distance of 10 A. The long-range electrostatic interactions were
calculated using the particle-mesh Ewald method.”' The all-
atom CHARMM?22 force field and potential parameters for
proteins with CMAP corrections*”*’ and TIP4P model** for
water were employed in the simulations. It can be noted that
the calculated T,, of TIP4P water model is in very good
agreement with the other values reported in the literature.™™**

In all of the simulations, we have used only one TmAFP
molecule on the ice plane. But at least two molecules for curved
step'” or three molecules for bulge interface’'* formation are
required to exhibit the Kelvin effect in between the protein
molecules. This requirement is satisfied by the employed PBC
in simulations. PBC generate an infinitely large rectangular
array of the proteins on an infinitely large and flat ice surface,
thus making it possible to detect the Kelvin effect using a single
TmAFP molecule.

3. RESULTS AND DISCUSSION

Permanent attachment (irreversible binding) of the protein
onto the ice surface is the primary requirement for the
exhibition of the Kelvin effect. In the simulations, protein is
initially taken as in ice-bound state. So, it is required to
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Figure 2. Time evolutions of (a) Rcy’s of TmAFP with respect to ice
surface and (b) RMSDs based on the nonhydrogen atoms of the
TmAFP protein (except two end residues from each terminal) with
respect to the starting configuration of the protein as obtained from
simulations S1 at 220 K, S2 at 225 K, and S3 at 230 K. Time evolution
of RMSD obtained from our earlier simulation® of free protein in
aqueous solution at 220 K is shown in the inset.
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Figure 3. Time evolutions of the number of ice water molecules, N,
formed above the reference plane, z = —4, as obtained from
simulations S1 at 220 K, S2 at 225 K, and S3 at 230 K. The negative
values represent the appearance of liquid water molecules just below
the reference plane.

Table 1. Average Number of Ice Water Molecules above the
Reference Plane, z = —4, Present after 100 ns Onward as
Obtained from Simulations S1 at 220 K, S2 at 225 K, and S3
at 230 K*

simulation ice water molecules
S1 1237.3 (82.5)
S2 376.0 (101.8)
3 —59.0 (113.4)

a . o

The negative value represents the appearance of liquid water
molecule just below the reference plane. The values in the parentheses
are the corresponding standard deviations.

examine, prior to probing the ice growth or melting inhibition,
whether such state remains intact during the course of
simulations. It is visualized over the trajectory of each system
that the protein indeed remains bound to the ice surface at all
of the three temperatures. Quantitatively, we explore the intact
nature by calculating the center of mass distance (Rcy,) of the
protein molecule with respect to ice surface. Variations of Ry
with time at three temperatures are displayed in Figure 2a. The
distance remains unchanged as the simulations progresses,
indicating that the protein remains bound onto the ice surface.
However, the Rcy; calculation does not reveal that the IBS of
the protein is always in contact with ice because the cylindrical
protein molecule can rotate when it is bound to a large ice
surface. To ascertain whether the IBS is in contact with the ice
surface, we probe the rotational motion of the protein molecule
by calculating the root-mean-square deviations (RMSDs) of the
simulated protein configurations with respect to the starting
configuration. In traditional calculation of root-mean-square
deviations, translational as well as rotational motions of
macromolecules are eliminated, and such calculation reveals
the conformational fluctuations of the molecules. In our
calculation, we have not eliminated rotational motion. There-
fore, in the present case, time evolution of RMSD values probe
the rotational motion of the protein molecule. Calculations are
carried out over all of the nonhydrogen atoms of the protein
except two end residues from each of the terminals. Time
evaluations of the RMSD values for the protein at three
temperatures are shown in Figure 2b. For comparison,
corresponding data from our earlier simulation of the free
protein in solution at 220 K** are also shown in the inset. It can
be seen that the protein at the interface exhibits very low
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RMSD values at all three temperatures, as compared to that in
free state at 220 K. Such low RMSD values reveal that the
rotational motion of the protein is completely frozen. Frozen
rotational motion is also apparent from the observed variation
of RMSD values of the protein at interface compared to that in
solution. RMSD of the protein on ice surface remains
unchanged, whereas in free state it changes continuously
(inset in Figure 2b). As the IBS of the protein is initially in
contact with ice, the frozen rotational motion indicates that the
IBS remains in contact with the ice during the simulations.
Moreover, frozen rotational motion of the large cylindrical
protein molecule exhibits its perfect registration on ice surface
possibly through the formation of hydrogen bonds between
regularly arranged Thr hydroxyl groups on the IBS of the
protein and periodically arranged water molecules on ice
surface. The calculated number of hydrogen bonds formed by
each Thr hydroxyl group on IBS with ice water molecules
suggests that kind of registration. On average, each Thr
hydroxyl group on the IBS forms 2.57 hydrogen bonds, close to
its limiting value 3.00. Clearly, the results reveal that the protein
is permanently bound onto the ice surface. Such binding may
help the protein to exhibit the freezing and melting inhibition
of ice.

Once the protein is bound onto the ice surface, the
adsorption-inhibition mechanism requires that the ice will
grow or melt, depending on the sustained temperature, in the
open area of the surface.'”*” If the temperature is in the active
range of the protein, growth or melting will be ceased after
attaining the corresponding critical radius as in eq 1. Such
growth or melting could be detected by calculating the number
of ice water molecules with time. A suitable order parameter is
therefore needed to distinguish ice water molecules from liquid
water molecules. The order parameter (g¢) derived from
Steinhardt order parameters® is the one that has been used
previously.”*>>! (g,) is defined as

6 1/2
e =2 Y K, ()P
13 o6 )
where
1 O
(a,,)) = ——— 2, 4,,()
6 N, + 1 on 6 3)
and
1 i
q,, () = — D, %,.(0,, ¢.)
6 N, ~ 6m\yjr by )

Yém(Qij, qo,-j) is the sixth-order spherical harmonics, and 6; and
@;; are the polar angles of the bond vector connecting i water
molecule to the jth member of its N,, number of neighboring
molecules. Angles are measured in an external reference frame.
Summation in eq 3 runs over all of the neighbors of i water
molecule, including the molecule itself (when j = 0). In the
calculation, we have considered only second-shell neighbors of
a tagged water molecule to clearly identify it as an ice water
molecule or liquid water molecule. From the (q¢) distribution
curves of pure water, pure ice, and ice—water coexisting system,
we observed in our earlier study’® that water molecules with
(ge) value greater than 0.17 are ice water molecules. This cutoff
value is also used here to identify ice water molecules. Change
in the numbers of ice water molecules above z = —4 plane at
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Figure 4. Two-dimensional probability distributions of water molecules around the TmAFP protein on the xz plane (the protein helical axis is
aligned along the x axis) as obtained at 0, 25, 50, 75, 100, 150, 200, 250, and 300 ns from simulation S1 at 220 K. In each panel, the reference plane, z

= —4, is drawn as a black dashed line.

three temperatures is shown in Figure 3. The plane (henceforth
used as “reference plane”) is defined by setting the centroid of
the protein as the origin of the Cartesian coordinate system.
This plane is chosen as reference plane because, in the starting
configuration (Figure 1b) used for the S1 and S2 simulations,
the plane separates the flat ice surface from the liquid phase.
The number of ice water molecules above the reference plane is
calculated only to trace the change at the ice—water interface
containing the protein molecule. The negative number of ice
water molecules in the figure indicates the presence of liquid
water molecules just beneath the reference plane. Figure 3
shows that the number of ice water molecules initially increases
at 220 and 225 K but decreases at 230 K. After certain time, no
further increase or decrease occurs, rather the numbers
fluctuate around fixed values. Initial increase below T, (i.e.,
at 220 and 225 K) and decrease above T,, (ie. at 230 K)
clearly suggest the growth and melting of ice, respectively. No
further increase or decrease suggests the cessation of ice growth
or melting. Importantly, the fluctuating numbers indicates that,
although the growth or melting is ceased, the ice—water
interface is not static rather dynamic. After cessation, some
extent of ice formation and subsequent breaking of the same
often occurs. The dynamic interface has also been observed in
statistical simulation’® and may be correlated to protein-
induced long-range water dynamics.””>* The average number
of newly formed ice water molecules above the reference plane
and the average number of liquid water molecules just beneath
the reference plane at the three temperatures are given in Table
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1. The averages are calculated after 100 ns onward to exclude
the initial growth or melting periods. The number of ice water
molecules above the reference plane increases with the decrease
of temperature. The presence of ice water molecules above the
reference plane also indicates the formation of convex ice—
water interface at 220 and 225 K, and the presence of liquid
water molecules just beneath the reference plane indicates the
formation of concave ice—water interface at 230 K. The
formation of convex and concave interfaces can be better
understood from the two-dimensional probability distributions
of waters around the protein molecules. For the calculation of
the distributions, the coordinates of all of the atoms are
transformed in such a way that the helical axis of the protein
remains aligned along the x axis, and the IBS remains parallel to
the xy plane. Distributions are computed within a slice of the
systems for better visualization of the interfaces. The slice
containing part of the protein molecule is selected by setting
the limit —10.0 < y < 10.0 A. All water molecules within the
slice are mapped on the xz plane (perpendicular to y axis and
IBS). All waters are translated in between the protein molecule
and PBC-generated first virtual image of the protein along the
+x direction. The distributions are calculated over a window of
2 ns at different time intervals. The window spans 1 ns each on
either side of a time interval. The results obtained at 220, 225,
and 230 K are shown in Figures 4—6, respectively. The black
horizontal lines in the figures represent the reference plane.
The regions in the figures with highly intense peaks correspond
to the ice phase, and the low-intensity regions correspond to
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Figure 5. Two-dimensional probability distributions of water molecules around the TmAFP protein on the xz plane (the protein helical axis is
aligned along the x axis) as obtained at 0, 25, 50, 75, 100, 150, 200, 250, and 300 ns from simulation S2 at 225 K. In each panel, the reference plane, z

= —4, is drawn as a black dashed line.

the liquid phase. It can be seen from Figure 4 that, at 220 K, ice
grows up to 100 ns, and afterward no notable change appears.
Same things occur at 225 K, as evident from Figure 5. However,
ice grows only up to 25 ns at 225 K. It is apparent that the
protein allows an initial growth of ice before complete
inhibition of the growth. The growth is observed on the
uncovered area of the ice surface. The amount of ice phase
above the reference plane is greater at 220 K than that at 225 K.
This correlates with the results presented in the previous
section, where it was shown that the number of newly formed
ice water molecules increases with decreasing the temperature
below T,,. Figures 4 and S clearly reveal that the growth of ice
leads to the formation of convex ice—water interface. The
radius of the convex interface decreases with the decrease of
temperature, as can be rationalized from the figures. The
results, therefore, demonstrate that ice growth is inhibited by
the formation of convex interface whose radius decreases with
decrease in temperature below T,,. This is also predicted by eq
1 and hence the growth inhibition of ice by TmAFP occurs
according to the Kelvin effect. The starting configuration of S3
simulation was the final configuration of S1 simulation. So, S3
simulation was started with a preformed convex ice—water
interface. The interface was formed at 220 K, lower than the
temperature of S3 simulation (230 K). The interface will,
therefore, start to melt as simulation progresses at 230 K
because, according to eq 1, the critical radius of the interface
will be larger at the reduced degree of supercooling. This
indeed occurs, as evident from Figure 6. The interface
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continues to melt up to 25 ns. Then, no notable melting was
observed during the rest of the time. So, the melting is
inhibited. Importantly, the low-intensity region just beneath the
reference plane persists in the distributions from 25 ns onward.
However, no low-intensity region just beneath the reference
plane was observed in the distributions at 220 and 225 K
(Figures 4 and S). Such low-intensity region just beneath the
reference plane reveals the concave nature of the newly formed
interface inward to ice phase. Temperature of S3 simulation is
above the T, of the water model. Therefore, the protein
inhibits the melting of ice above the T, with the formation of a
concave interface between the adsorbed protein molecules.
Such type of interface formation is also predicted by eq 1. Our
simulations, therefore, completely agree with the predicted
adsorption-inhibition mechanism for the ice growth inhibition
and ice melting inhibition below and above T, respectively.
Growth inhibition is accomplished with the formation of
convex interface toward the liquid phase, and melting inhibition
is accomplished with the formation of a concave interface
inward the ice phase. To check the quantitative agreement of
our results, we have estimated the radius of curvature of the
curved surface formed in simulation and compared it to the
value obtained from eq 1 at three temperatures. Radius is
measured using the principle of spherometer”* with rectangular
base of dimension equal to that of the simulation cell in xy-
plane. Approximate heights of the surfaces measured from
Figures 4—6 are found to be 16, S, and —3 A at 220, 225, and
230 K, respectively. To evaluate the radius from eq 1, the values
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Figure 6. Two-dimensional probability distributions of water molecules around the TmAFP protein on the xz plane (the protein helical axis is
aligned along the x axis) as obtained at 0, 25, 50, 75, 100, 150, 200, 250, and 300 ns from simulation S3 at 230 K. In each panel, the reference plane, z

= —4, is drawn as a black dashed line.

Table 2. Radius of Curvature (in A) of the Surfaces as
Obtained from Simulations S1 at 220 K, S2 at 225 K, and S3
at 230 K*

simulation  estimated value (from simulation) theoretical value (from eq 1)

S1 72.33 54.34
S2 208.36 122.27
S3 —344.60 —489.09

“For comparison, the corresponding values as obtained from eq 1 are
also included. The negative value represents the presence of concave
interface inward to ice phase.

of 0 and AH are taken from refs 45 and 55, respectively. The
theoretical values along with those obtained from the
simulations are listed in Table 2. It can be seen that simulation
results are in good agreement with the values predicted by eq 1.
This unequivocally proves that the inhibition obeys the Kelvin
effect. Three-dimensional representations of the interfaces
formed at three temperatures are displayed in Figure 7. It can
be seen from the figure that the interface bulges toward liquid
phase during growth inhibition and caves into ice phase during
melting inhibition. We have not seen any curved step formation
during the inhibition processes. It may be noted that we have
continued the S1 simulation up to 500 ns, but no further
change was observed. The melting simulation was also
performed at two other temperatures, 233 and 235 K. At
these temperatures, ice melted completely, but melting started
from the uncovered area of the ice surface. Melting was not
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started just below the IBS of the protein, as seen by other
simulations.””" These studies showed that ice melts below the
T, of the water model. Such event does not appear in our
simulations below T,,. The local melting below the T, may be
due to the absence of proper arrangement of the water
molecules required for the binding of the protein with ice
through its IBS. However, such melting cannot be precluded as
the protein may come close to the ice surface without suitable
interfacial water arrangement. Our simulations show that the
growth is inhibited at a 10 K lower temperature than the T,
whereas melting is inhibited at 1 K higher temperature than the
T, This is because of the fact that the melting inhibition
potential of AFPs is much less than the growth inhibition
potential.”> Because of such low potential, we were unable to
repeat the melting inhibition simulation at a different
temperature, whereas growth inhibition simulation was
repeated at different temperatures.

4. CONCLUSIONS

In this article, we have presented results obtained from
atomistic MD simulations of TmAFP placed at the ice—water
interface. Simulations are carried out below and above the
equilibrium melting temperature of the employed water model.
Attempts have been made to probe how the ice-bound protein
inhibits the growth and melting of ice below and above the
equilibrium melting temperature, respectively. The simulations
show that below the melting temperature the protein allows
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Figure 7. (Top) The nature of the ice—water interfaces formed in simulations S1 at 220 K, S2 at 225 K, and S3 at 230 K. Parts of the protein and its
first virtual image along +x direction are drawn as the cyan spheres. Ice water molecules are shown by the red balls, and liquid water molecules are
shown by the blue balls. Note that the interfaces formed at 220 and 225 K bulge toward liquid phase and the interface formed at 230 K caves into ice
phase. (Bottom) Another view of the respective ice surfaces (red), where liquid water is not shown.

initial ice growth on the uncovered ice surface to form convex
ice—water interface. After the formation of convex interface, ice
growth is inhibited. The radius of the interface thus formed is
found to be higher at low degree of supercooling (i.e., at higher
temperature) and lower at high degree of supercooling (i.e., at
lower temperature). We have seen the convex interface
formation by local ice growth but not by local ice melting as
obtained in earlier simulations.””*® Local growth-induced
convex interface formation is originally predicted by the Kelvin
effect. Such way of interface formation is also shown in recent
simulation studies.”> Our calculations further reveal that above
the melting temperature the ice melting is inhibited through the
formation of concave ice—water interface. These types of
results are proposed to be obtained by the Kelvin effect,
although its operation was verified little. Our results therefore
clearly demonstrate its existence in the action of AFPs.
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