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ABSTRACT
In liquid water, there is a natural tendency to form aggregates that consist of water molecules linked by hydrogen bonds. Such spontaneously
formed aggregates are surrounded by a “sea” of disordered water molecules, with both forms remaining in equilibrium. The process of creating
water aggregates also takes place in the solvation water of proteins, but in this case, the interactions of water molecules with the protein surface
shift the equilibrium of the process. In this paper, we analyze the structural properties of the solvation water in antifreeze proteins (AFPs).
The results of molecular dynamics analysis with the use of various parameters related to the structure of solvation water on the protein surface
are presented. We found that in the vicinity of the active region responsible for the binding of AFPs to ice, the equilibrium is clearly shifted
toward the formation of “ice-like aggregates,” and the solvation water has a more ordered ice-like structure. We have demonstrated that a
reduction in the tendency to create “ice-like aggregates” results in a significant reduction in the antifreeze activity of the protein. We conclude
that shifting the equilibrium in favor of the formation of “ice-like aggregates” in the solvation water in the active region is a prerequisite for
the biological functionality of AFPs, at least for AFPs having a well-defined ice binding area. In addition, our results fully confirm the validity
of the “anchored clathrate water” concept, formulated by Garnham et al. [Proc. Natl. Acad. Sci. U. S. A. 108, 7363 (2011)].

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158590

PROLEGOMENA

Since the discovery of antifreeze proteins (AFPs) more than
half a century ago, their functioning is still of great interest to
many researchers. A widely accepted explanation is that these pro-
teins adsorb permanently1–3 on the surface of a spontaneously
formed embryo/ice crystal and, thus, prevent further ice growth
at the adsorption site. Consequently, the surface of ice growing
between the adsorption sites becomes curved. According to the
Gibbs–Thomson effect, the melting temperature of a convex surface
is lower than that of a flat one. Due to this phenomenon, the ice
formation eventually stops at a certain temperature range. Because
a key step of the described mechanism is the adsorption of protein
onto ice, the intriguing question arises as to how AFP, being sur-
rounded by liquid water, recognizes the ice surface and adsorbs onto
it. It is surprising that effective recognition is performed despite the
absence of any chemical differences between water and ice. Further-
more, both liquid water and ice display strong structural similarity
due to the presence of a tetrahedral network of hydrogen bonds, and

thus, the structural differences between these two phases are very
subtle. Kristiansen and Zachariassen4 postulated that the adsorp-
tion process occurs in two stages. First, the adsorption site solidifies
(that is, the solvation layer in the active region of the protein sur-
face solidifies), which is accompanied by the formation of a distinct
crystal plane. Only then does AFP bind to this newly formed surface.
According to the authors, adsorption is not possible without the for-
mation of an ice layer. The binding is possible because of the specific
structure of the active region on the surface of AFP (ice-binding sur-
face, IBS), where both the flat shape and the specific arrangement
of the hydrophilic and hydrophobic groups play an important role
in creating the molecule’s affinity for ice. This suggests that the sol-
vation layer in the active region (IBS) of AFP must be specifically
arranged in order to transform into ice. This finding is supported
by the fact that the solvation water of the “ordinary” surface of a
protein molecule does not freeze,5–7 and consequently, such a pro-
tein surface is repelled from the ice crystal plane. The concept of the
specific ordering of solvation water in the vicinity of IBS has been
confirmed by various authors,8,9 who noted a significant degree of
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structural ordering in the water layer located in the vicinity of IBS in
AFPs. This finding suggests the occurrence of an ice-like structure
in this particular layer of water. In addition, the analysis of solvation
water dynamics leads to a similar conclusion.10–12 All of the above
seems to indicate the formation of an ice-like motif, which links the
IBS of AFP to ice. Later on, Garnham et al.13 proposed the concept of
“anchored clathrate water” (ACW), which had been based on x-ray
crystallographic images of the interaction between MpAFP and ice
at 100 K. According to this concept, anchored clathrate water binds
to the IBS of AFP in positions that fit into the crystal lattice of ice.
Thus, it can be said that an AFP molecule brings its own “ice”14 on its
active surface in the form of pre-structured ice-like water molecules,
which are anchored to the protein’s surface, supporting the crystal-
lization of the surrounding water. It is noteworthy that other authors
also found a very similar arrangement of hydration water molecules
in the vicinity of IBS of LpAFP15 and TisAFP.16

Although the concept of ACW is soundly based on previous
observations, i.e., significant structural ordering of solvation water
in the vicinity of IBS, its veracity has been questioned by Hudait
et al.17 Based on the results of molecular simulations, the authors
stated that the solvation water in the active region of TmAFP does
not exhibit ice- or ACW-like order in solution. The ACW motif
forms only when TmAFP migrates into the vicinity of the ice sur-
face and positions itself in an orientation optimal for binding to it.
According to the authors, these findings strongly suggest that the
initial ordering of the solvation water layer is not necessary for the
recognition of ice by AFP. In addition, the studies on the hyperactive
AFPs showed that these proteins do not induce (in aqueous solu-
tion) pre-ordering of water molecules in the solvation layer of AFP’s
active region into ice-like structures.18–21 This finding supports the
conclusion, reached by Hudait et al., that the ordered water struc-
ture required for ACW formation is only induced when the synergy
between AFP and the ice crystal surface occurs. Such interpretation
is also supported by the fact that the solvation layer of ice spreads
over a distance on the order of 1 nm,22–24 and the initial stages of the
adsorption process depend on the interactions between the solvation
layers of a protein and ice.25–27

As the brief review above clearly indicates, the solvation of the
IBS of AFP differs significantly from the pattern characterizing other
proteins. The notion that this specific solvation pattern is essen-
tial for AFP to perform its antifreeze function is widely accepted in
the literature. However, there are two reasons for which the accep-
tance of the concept of ice-like ordering of water adjacent to the
IBS is highly controversial. First, different authors have different
understanding of the term “ice-like structure” in relation to solva-
tion water. The need for clarification has already been recognized by
Nemethy and Scheraga, who wrote: “Thus, although the term ‘ice-
like’ was used in describing the clusters, it referred only to the extent
of hydrogen bonding and did not necessarily imply that the clus-
ters have the tridymite-like arrangement of ordinary ice. The latter is
merely one of several possible, nearly equivalent structures although
it might be expected to occur quite often, especially at low tempera-
tures, in analogy with ice, because it offers a relatively large number
of hydrogen bonds for a given cluster size. It is to be noted that
rather irregular arrangements of the molecules in the clusters are
not excluded by the model as the clusters do not extend beyond a
few molecular diameters. Thus there is no need to confine the pos-
sible structures to long range repeating arrangements, a weak point

of some semicrystalline structural theories for water.”28 The second
reason is the high structural lability of the liquid phase, which obvi-
ously hampers the detection of any structural motifs (and found to
be ice-like).

Thus, we now wish to clarify how we understand an increase
in the structural order of solvation water and what can/should be
considered its “ice-like structure.” This will allow us to reach two
goals, i.e., to avoid the aforementioned controversy and to show that,
with such a clarification, the concept of an “anchored clathrate” is
absolutely correct. Moreover, in this paper, we demonstrate that the
existence of such a clathrate is a prerequisite for AFPs to perform
their function. Below, we present arguments that will justify the pro-
posed thesis in regard to the model describing the structure of liquid
water.

Liquid water exhibits unusual thermodynamic properties that
distinguish it from other molecular liquids. The most well-known
anomalies are the lower density of ice compared to liquid water and
the occurrence of a density maximum at 4 ○C. Other thermodynamic
parameters of water, for example, the isothermal compressibility
coefficient (κ) or heat capacity (cp), also show a remarkable temper-
ature dependence. To explain these anomalies, Tanaka published29

a model describing the structure of liquid water. The model assumes
that there are two types of structural ordering in liquid water, char-
acterized by two independent order parameters. The first type is
translational ordering, tending toward the tightest possible spatial
packing of molecules in the liquid, where the liquid density is a mea-
sure of ordering. The second type is orientational ordering, resulting
from the directional properties of hydrogen bonding. It manifests
itself in the tendency to maintain a preferred spatial arrangement
and mutual orientation of water molecules. This mechanism natu-
rally counteracts the increase in density due to the resulting spatially
ordered structures of considerable volume. Tanaka assumed (as
Nemethy and Scheraga28 did at one time) that “locally favored
structures” are formed in liquid water. They are aggregates made
of water molecules connected by hydrogen bonds that are energeti-
cally stable and with a significant volume of their own. In this paper,
we use the term HVA (high volume aggregates) in order to abbrevi-
ate the notation and to emphasize the most characteristic property
of these structures. HVAs occur in the liquid in relatively small
amounts, being surrounded by a “sea” of disordered water molecules
that form a phase of greater than average density. At first glance,
the presented idea may resemble the concept of the coexistence of
two phases characterized by different densities (high density amor-
phous phase, HDA, and low density amorphous phase, LDA)30 in
liquid water. However, it is not identical, as pointed out by Tanaka.29

According to the author, the parameter describing the degree of ori-
entational ordering of water is equivalent to the content of HVAs in
liquid water. The presence of high volume aggregates plays a key role
in the freezing of water.31

Thus, in liquid water, an equilibrium is established, which
determines the relative content of two structural forms: HVA and
disordered phase. The values of various physicochemical parameters
of water (e.g., density, viscosity, and compressibility) depend on the
equilibrium point. A legitimate question arises here about the struc-
ture of postulated aggregates, but Tanaka’s model does not provide
a clear answer. Some of the most likely candidates are six-membered
rings or the so-called octameric units.32,33 It is noteworthy that
the aforementioned structures are configurational elements of
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hexagonal ice. Obviously, these are not the only possible solutions.
For example, five-membered rings, whose presence in the liquid
phase is responsible for the ability of liquid water to transition into a
glassy state,34,35 are another option.

The equilibrium point mentioned above depends on tempera-
ture but not exclusively. It is to be expected that it will also depend
on the interactions between liquid water and the surface of a solute
molecule (such as protein). If the distribution of hydrophilic atoms
on the surface of a solute molecule is “matched” to the spatial
arrangement of water molecules in HVA, then the aggregate will
only weakly recognize the vicinity of the solvated surface. However,
if the hydrophilic atoms are arranged on the surface of solute in a
chaotic manner (as is probably the case with most proteins), then
HVAs will get disorganized via interactions with this surface. This
is the explanation, presented by us previously,36 of the well-known
observation about the increased water density in the solvation layer
of proteins. We demonstrated that HVAs are destructed in the vicin-
ity of the protein surface, which results in an increase in water
density. This effect applies to most proteins. However, in the vicinity
of IBS in AFP, the equilibrium between the two structural forms of
liquid water is shifted in the direction of strengthening the tendency
to form HVAs.

Distinct behavior of solvation water at the IBS is attributed to
two factors that occur simultaneously. First, it is the hydrophobic
nature of IBS. It is thought37 that the significant degree of hydropho-
bicity of this area (together with its flat shape) ensures the func-
tioning of AFP. According to the well-known concept of “icebergs”
by Frank and Evans,38 water around the hydrophobic functional
groups, such as CH3, is characterized by increased degree of order-
ing. This results in the formation of pseudocrystalline structures
(“icebergs”). Although Frank and Evans’ concept was considered
very controversial for many years, we have recently confirmed its
validity using the results of molecular simulations.39 We demon-
strated that water molecules connected by hydrogen bonds form
ice-like aggregates in the solvation layer of model hydrophobic sub-
stances. We also showed that the formation of these aggregates is
more likely to occur in the solvation layer of solutes than in bulk
water. It has been easy to relate these observations to the IBS of
AFP since the active surface of AFP has a pronounced hydropho-
bic character (attributed to the protruding CH3 groups). Thus, a
similar enhancing effect due to the presence of HVA should be
expected here as well. The second important factor is the distribution
of hydrophilic groups (for example, OH) on the IBS. The distribu-
tion “matches” the spatial distribution of water molecules in HVAs.
This creates favorable conditions not only for anchoring of HVA
to the IBS but also for its additional stabilization. It is noteworthy
that the existence of such anchoring of HVA to the IBS in Cf AFP
was already demonstrated in our previous work7 (see Fig. 4 thereof).
During the freezing process, HVAs present in the solvation water are
transformed into the fragments of the crystal lattice of ice.

The argumentation presented above allows us to clarify the con-
cept of “ice-like structure” of solvation water as one that contains more
HVA than bulk water at the same temperature.

Based on the presented considerations, the following solvation
model of the IBS of AFP emerges. In liquid water, energetically sta-
ble high-volume HVAs, consisting of water molecules bonded by
hydrogen bonds, form spontaneously. These aggregates occur in the

liquid in relatively small amounts, remaining in equilibrium with a
“sea” of disordered water molecules, which form a phase of above-
average density. In the case of solvation water, the equilibrium point
depends on how water molecules interact with the surface of a solute.
Interaction with the “ordinary” surface of protein generally shifts
the equilibrium toward the HVA destruction. The opposite scenario
occurs in the vicinity of IBS where the equilibrium shifts toward
the HVA formation. Moreover, formed HVAs have the ability to
bind to the IBS due to the specific structure of the latter. As we will
show later in this paper, water molecules binding to the IBS pre-
fer to occupy specific positions in space, and the structural ordering
of solvation water around the IBS is ice-like in the sense described
above. Therefore, we believe that the existence of an equivalent of
ACW in the liquid phase is possible. At the same time, it seems more
relevant to use the term “fluent clathrate”27 instead of “anchored
clathrate” because both the preferred positions of water molecules
and the structure of solvation water are largely blurred. Since the
process of water freezing proceeds through a gradual reorganiza-
tion of the liquid structure toward the formation and merging of
HVA structures,32,40 it can be stated that the HVAs “anchored” to the
IBS provide specific crystallization nuclei for nascent hexagonal ice.
Increasing the number of these nuclei in the vicinity of IBS facilitates
the transformation of liquid water into a solid phase (ice), while their
anchoring to this surface is responsible for the process of adsorption
of an AFP to ice.

The described model was used by us previously27 to present
the interaction between Cf AFP and ice. The model explains the
possibility of “remote” interaction with the ice surface as well as
the characteristic “periodic” profile (as a function of distance) of
the potential energy curve for this interaction. It also explains very
a similar “periodic” profile of the potential energy curve for the
interaction between the IBS of two RiAFP molecules in water.41

Additionally, the model has been confirmed by the observation of a
different but functionally similar class of proteins, that is, ice nucle-
ation proteins (INPs). For this group of proteins, the structure of
active region is very similar to that observed in the hyperactive
AFPs.42 It is also known that similar to the IBS of AFP, the frag-
ments of INP have the ability to bind to ice.43 The results of mutation
experiments clearly indicate44 that INPs organize water molecules in
the same way as AFPs but on a much larger scale. Obviously, this is
due to the much larger size of INPs and their ability to assemble
into aggregates. The large surface area of INP enables a significant
increase in the number of HVAs acting as crystallization nuclei,
which ultimately translates into the ability to nucleate ice.

MATERIALS AND METHODS

In order to confirm the described model as well as the “fluent
clathrate” concept, the following two steps will be required. First,
the presence of HVAs and their increased content (compared to
bulk water) in the IBS solvation shell of AFP that is NOT located
in the vicinity of ice surface have to be confirmed. Second, it has
to be demonstrated that the increased HVA content in the IBS sol-
vation water of AFP is directly related to HVA’s ability to bind to
the ice surface. The realization of these two steps is the goal of this
research. To this end, we selected proteins from the AFP group, dif-
fering in both activity and adsorption to different crystallographic
planes of ice (basal and prism). In addition, we also studied the
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TABLE I. AFPs investigated in this study.

Protein PDB code Antifreeze activity Protein size (kDa) Mutation

RiAFP 4DT5 Hyperactive 13.68 ⋅ ⋅ ⋅
Cf AFP 1L0S Hyperactive 9.04 ⋅ ⋅ ⋅
LpAFP 3ULT Low 11.32 ⋅ ⋅ ⋅
TmAFP 1L1I Hyperactive 8.36 ⋅ ⋅ ⋅
ZaAFP 1MSI Moderate 6.97 ⋅ ⋅ ⋅
N14SQ44T 8MSI Low (10% of wild type) 6.92 ASN14→ SER, GLN44→ THR
T18N 9MSI Low (10% of wild type) 6.99 THR18→ VAL
T15V 1MSJ Low (54% of wild type) 6.97 THR15→ ASN

behavior of three different mutants of AFP III (ZaAFP), which were
designated as N14SQ44T, T18N, and T15V. The respective activities
of these proteins were 10%, 10%, and 54% of native form activity.45

The mutations located in the IBS region significantly reduced the
antifreeze activity of studied proteins, while the hydrophobic nature
of IBS was only slightly affected. Therefore, we found it worthwhile
to include those mutants in our study. AFPs investigated in this
study are listed in Table I.

The results were obtained with the use of molecular dynamics
methods. We conducted computer simulations using the Amber1646

package and the ff03 force field in the NpT conditions. The tempera-
tures were kept constant by a Berendsen thermostat.47 The pressure
of 1 bar was kept constant using the weak coupling method. The
lengths of the bonds involving the hydrogen atom were fixed using
the SHAKE procedure. The cutoff for nonbonding interactions was
equal to 1.2 nm. Equations of motion were integrated with a time
step of 2 fs. Periodic boundary conditions were applied for the sim-
ulation boxes in all three dimensions. In all simulation systems, the
TIP4P/Ice48 model of water was used because it has got a freezing
temperature that is very close to the experimental value, 272 K.

The 3D structures of AFPs were obtained from the protein data
bank. They subsequently solvated in a periodic cubic box of water
with at least 2.5 nm from the box walls; the total number of atoms
in each molecular system is given in Table I. A certain amount of
counterions (Na+ or Cl−) were added to neutralize the systems;
the ions were restrained at the edge of the box. These counterions
were restrained at the edge of the box to avoid their influence on
the structure and dynamics of solvation water.7 Moreover, the CA
atoms of the protein were also restrained at their initial positions.
The CA atoms of the protein molecule were restrained using krest
= 0.05 kJ/(mol A2), while ions were restrained using krest = 5.0
kJ/(mol A2). Initially, ten different, independent copies of each sys-
tem were prepared, generating initial velocities for each copy from
Maxwell distribution. After 1 ns of equilibration at a given temper-
ature, the production simulations were carried out at temperatures
of 265, 275, 285, and 298 K. Subsequently, trajectories for analysis
were saved every 40 fs. The length of each of the ten independent
simulations was equal to 6 ns. Details regarding the methods for the
analysis of the results are described in the supplementary material.

RESULTS

When analyzing the properties of solvation water, a number
of parameters characterizing its structure was used (for a detailed

description, see the supplementary material). The “differential”
method described previously49 was employed, which has already
allowed precise multiple analyses of the results obtained from simu-
lation runs. A “reference” system was generated by transferring the
protein molecules into a separate simulation box filled with liquid
water. This procedure is described in detail below, discussing the
ordering parameter p used to construct the ordering map.

The IBS, which is responsible for binding of a protein onto ice,
displays various structures in different proteins. With the exception
of type III proteins (ZaAFP and its mutants), this particular pro-
tein region is relatively large, including regular matrix of amino acid
residues—this is shown in Fig. S1 in the supplementary material.
The IBS of AFP III is relatively small and without any regular pat-
tern of amino acid residues in its structure. Therefore, in the case
of AFP III, we assumed the solvation layer covering the entire IBS,
while for other AFPs, only the solvation layer of the regular matrix
is responsible for binding to ice.

One of the studied proteins, i.e., LpAFP, has an unusual struc-
ture, suggesting the existence of two planes that are able to bind to
ice.50 The mutation experiments clearly showed that only one of the
sites is the IBS.51 However, in our work, we analyzed both regions
that had been labeled side a (identified as IBS) and side b. The non-
IBS region of LpAFP covers the remaining fragment of the protein
surface, which is outside the side a and side b regions.

The results of analysis performed on various structural para-
meters of solvation water, in the temperature range (265–298 K), are
presented below. All results refer to the solvation layer with a thick-
ness of 0.45 nm. This value corresponds to the position of the first
minimum on the graph showing the distribution of water density as
a function of distance from the hydrated surface (see Fig. S2 in the
supplementary material).

1. Preferred positions and orientations of solvation water
molecules in the vicinity of IBS. In order to find preferred positions,
we divided the space around the IBS into cubic cells with the length
of an edge equal 0.02 nm. We analyzed the degree of occupancy of
each cell by the oxygen and hydrogen atoms of water molecules.
Based on the constructed histogram, we were able to find and visu-
alize the most likely positions and orientations of water molecules
in the vicinity of IBS, as shown in Fig. S3 (see the supplementary
material). The tendency to create ring-like structures, formed by
water molecules that, we might assume, are probably connected
by hydrogen bonds, is noticeable in these pictures. This obser-
vation suggests to us an extension of the ACW concept to sys-
tems containing AFP molecules surrounded by liquid water under
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physiological conditions. We treat the result of this visual assessment
as an indication for further investigation path.

2. Ordering map. Differences in the structure of solvation water
between the two surfaces, i.e., IBS and non-IBS, as well as the struc-
tural similarity of the solvation water around the IBS of different
proteins, can be clearly observed in the “ordering map.” The concept
of this map was taken from the work of Debenedetti et al.52,53 The
authors proposed that the state of structural ordering can be pre-
sented in a diagram, generating the values of two structural ordering
parameters of the liquid, i.e., translational and orientational. Espos-
ito et al.,54 on the other hand, proposed to relate these ordering
parameters to a two-particle correlation function. We applied the
later approach in this paper in the following way.

The local ordering parameter p was defined as the following
integral of the two-particle correlation function, g(2)(r, ω⃗)

p = −kB
ρW

16π2

0.58 nm

∫
r=0
∫

ω⃗

{g(2)(r, ω⃗) ln [g(2)(r, ω⃗)]

− g(2)(r, ω⃗) + 1}r2drdω⃗, (1)

where r represents distance between two water molecules, while ω⃗
represents five angles describing their relative orientation. Parameter
ρW represents the number density of bulk water, while kB is the
Boltzmann constant. As we have shown previously,55 this parameter
can be decomposed into sum of three terms,

p = ptra + pcon + port , (2)

where the individual components ptra, pcon, and port reflect contri-
butions derived from the translational order (ptra, depending only
on the distance between the molecules) and the orientation order
(pcon and port , characterizing the mutual orientation of two adjacent
water molecules). We also showed55 that the values of the pcon and
port parameters are proportional to each other, so it is possible to use
only the pcon parameter instead of the sum of pcon + port . This allows
for a significant simplification of the calculation procedures. As it
results from the definition, the values of all the parameters (ptra, pcon,
and port) are always non-positive: equal to zero in a state of complete
disorder (for an ideal gas), and as the degree of order increases, their
values become increasingly negative.

The values of parameters (ptra)solv and (pcon)solv, determined for
the solvation layers of solutes, depend on many factors, such as the
thickness and the shape of the analyzed layer as well as the nature
of the interaction of water molecules with the solvated surface. The
contribution that originates from the latter factor is the most inter-
esting to us because it is what gives the information about the
structure of water. However, to assess its magnitude, the influence
of other factors needs to be minimized or removed.

To achieve that, we created a “reference” system by transfer-
ring the protein molecules into a separate simulation box filled with
liquid water (at the same temperature and pressure). By removing
the “overlapping” water molecules, we obtain a system in which the
introduced protein molecule is surrounded by water with a struc-
ture corresponding to bulk water. Determining the values of the
parameters (ptra)bulk and (pcon)bulk in the so-defined, fictitious system
gives us a point of reference, and the calculated differences in para-

meter values in both systems: Δptra = (ptra)solv − (ptra)bulk and Δpcon
= (pcon)solv − (pcon)bulk, reflect the change in the structure of solva-
tion water resulting from its specific interactions with the solvated
surface. The values of Δptra and Δpcon obtained in this way deter-
mine the position of the point on the “ordering map,” and such a
description have been used previously.56

Figure 1 shows this map, reflecting changes in the degree of
structural ordering of solvation water in relation to bulk water filling
the solvation layer.

Two effects are clearly visible in this figure. First, the struc-
ture of water around the IBS is different from that surrounding the
non-IBS. The sites representing two types of surfaces are clustered
in different regions of the map. The second and much more inter-
esting effect is that the temperature variation of the solvation water
structure in the two areas, i.e., IBS and non-IBS, is different. For the
solvation water of IBS, the difference between the solvation water
and bulk water increases steadily as the temperature decreases (both
Δptra and Δpcon become more negative). In the case of the solva-
tion water of non-IBS, the opposite trend is observed. The behavior
of the solvation water of IBS resembles the pattern obtained previ-
ously for the hydration process in model hydrophobic molecules.39

This allows us to suppose that the structural changes in the solva-
tion water around the IBS move toward the formation of the ice-like
ordering. Since a characteristic feature of such an ordering is the for-
mation of HVAs, we therefore look for confirmation of the existence
of these objects in the solvation water layer. We present these results
below.

3. The average geometry of a single hydrogen bond and the
average geometry of the water–water hydrogen bond network in the
solvation layer. HVAs are by definition built of water molecules con-
nected by hydrogen bonds; thus, the geometrical parameters of these
bonds are of interest. In this paper, the “conical” definition of hydro-
gen bonding, proposed by Wernet et al.57 (see the supplementary
material), was used. In order to monitor changes in the geometry of
a single bond, a histogram showing the distribution of β-angle values
(O–O–H angle) was constructed. Figure 2 presents the differential
histogram of ΔP(β) = P(β)solv − P(β)bulk with noticeable differences
between the IBS and non-IBS areas of AFPs studied. The geome-
try of a single hydrogen bond in the solvation layer around the IBS
is closer to being perfect (β-angle closer to zero) compared to bulk
water. On the other hand, the geometry of a single hydrogen bond
in the solvation layer of the remaining surface area of protein differs
only slightly from that in bulk water.

Next, we characterize the geometry of the hydrogen bonding
network by taking into account the distribution of ϑ-angle values,
where ϑ is the angle between the hydrogen bonds formed by a
water molecule with other surrounding water molecules. The “ideal”
geometry corresponds to tetrahedral ordering, where the angle ϑ
equals 109.5○. Thus, the determined differential histogram of ΔP(ϑ)
= P(ϑ)solv − P(ϑ)bulk reflects the local deformation (relative to the
properties of bulk water) of the hydrogen bond network that formed
between water molecules in the solvation layer of the analyzed region
on the protein surface. In Fig. 2, one can clearly observe an increase
in the tetrahedral ordering of water in the vicinity of IBS. At the same
time, there is a noticeable decrease in tetrahedral ordering around
the non-IBS of the protein molecule, especially at low temperatures
(for comparison, see Fig. S4 of the supplementary material). This
observation confirms an increase in the “ice-like” ordering of the
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FIG. 1. “Ordering map” (see text), reflecting the structural ordering of solvation water in the vicinity of the IBS blue points) and non-IBS red points) areas of the AFPs studied.
The arrows on the graph show the direction of change in the location of points on the map with increasing temperature—it is opposite for both areas (IBS and non-IBS). The
light-blue line in the graph shows the temperature change in the position of points describing the ordering of the solvation water of the basal plane of the ice crystal.
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FIG. 2. Comparison of parameters characterizing the average geometry of hydrogen bonds formed by a water molecule contained in the solvation layer of the IBS region
and the non-IBS region of the molecules of the considered AFP’s. Top row: differential histogram ΔP(β) = P(β)solv − P(β)bulk showing the distribution of β angle values
in the water–water hydrogen bond. Bottom row: differential histogram ΔP(ϑ) = P(ϑ)solv − P(ϑ)bulk , illustrating the distribution of the values of the ϑ angles—these are the
angles between the hydrogen bonds that a water molecule contained in the solvation layer forms with the other surrounding water molecules. The light-blue line illustrates
the properties corresponding to the solvation water of the basal plane of the ice crystal. The insets on the graph illustrate the probability distributions for the β and ϑ angles.
All the results given at temperature 265 K. Average values of both these angles (β and ϑ) are given in the supplementary material.

solvation water structure around the IBS, which additionally
supports the formation of HVAs in this specific water layer.

4. Analysis of the number of ring structures, formed by water
molecules linked by hydrogen bonds, which are contained in the
solvation layer. According to the main assumption regarding the
supposed structure of emerging HVAs (see the section titled Pro-
legomena), we analyzed the content of ring structures formed by
water molecules via hydrogen bonds in the solvation layer. To assess
the tendency to form more complex structures that can be possi-
bly identified as HVAs, we previously39 introduced a parameter τ
describing the “compactness” of these structures. The parameter was
defined as the ratio of the number of existing five- and six-membered
rings in the solvation layer to the total number of water molecules
engaged in their formation. A higher parameter value reflects the
greater “compactness” of the formed structure. For example, the τ
value for a single six-membered ring is 0.167, while for the afore-
mentioned “octameric unit” consisting of three such rings, τ equals

0.375. The average parameter values for the solvation layer, τsolv, are
generally in the range (0.35–0.42) and are temperature-dependent.
In addition, the τ values for a fictitious solvation layer (filled with
bulk water, denoted τbulk) were calculated in order to compute the
τsolv/τbulk ratios. As discussed previously,39 it is not the absolute value
of τsolvsτbulk ratio that is suitable for interpretation, but rather its
temperature variation. The values of the ratio increase with decreas-
ing temperature, which indicates that the tendency to form HVAs
in the protein solvation layer is increasing (relative to bulk water),
as illustrated in Fig. 3. The same effect was observed previously
for the molecules of model hydrophobic substances.39 Moreover,
it can also be noted that the values of the τsolv/τbulk ratio are sig-
nificantly higher for the solvation water of IBS, which indicates a
higher propensity for the HVA formation around the IBS compared
to the non-IBS. Thus, the presented results directly confirm the ten-
dency to form HVAs in the solvation layer surrounding the IBS in all
studied AFPs.
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FIG. 3. The values of the τsolv /τbulk ratio, determined for water within the solvation
layer of the surface of IBS and non-IBS AFP molecules. The solid lines describe
IBS, and the dashed lines describe non-IBS. In the inset, we have included the
temperature dependence of the value of the τsolv /τbulk ratio determined for water
within the solvation layer of the basal plane of ice; the numbers next to the points
on the graph give the (percentage) ice content of the solvation layer, as determined
by the CHILL+ algorithm.58

5. Direct confirmation of the existence of “locally favored
structures” in the solvation layer using dedicated parameters. Russo
and Tanaka35,59,60 recently introduced parameter ζ, which is defined
as “...the difference between the distance dj′i of the closest neigh-
bor molecule j′ not H-bonded to molecule i and the distance dj′′i of
the furthest neighbor molecule j′′ H-bonded to molecule i: ζ(i) = dj′i
− dj′′i.”59 This parameter was designed specifically to identify “locally
favored structures” in liquid water. Using the description presented
in the section titled Prolegomena, we currently identify the “locally
favored structures” described by Tanaka as HVAs.

As shown by Tanaka, the distribution of ζ values is bimodal,
with the maxima of its two modes located approximately at zero
and 0.08 nm.35 The mode located at 0.08 nm reflects the presence
of “locally favored structures” (i.e., HVA) in water.35,59,60 As in the
case of other parameters discussed above, the ζ values were deter-
mined twice, i.e., first, for the solvation layer of the protein molecule
and, second, for a fictitious solvation layer filled with bulk water. The
differential histogram of ΔP(ζ) = P(ζ)solv − P(ζ)bulk, shown in Fig. 4,
reflects the change in the tendency to form HVAs in the solvation
water layer in comparison to bulk water. The preference for the for-
mation of “locally favored structures” (i.e., the HVA structures) in
the vicinity of IBS as well as the propensity for their disorganization
around the non-IBS was very evident in all studied proteins.

LSI (local structure index) is another parameter, methodolog-
ically similar to ζ. LSI is a measure of heterogeneity of radial
distribution of water molecules within short distances (up to about
0.37 nm). It was defined by Shiratani and Sasai61,62 as follows: For
each water molecule i, the rest of the water molecules is ordered
depending on the radial distance rj between the oxygen atom of the
molecule i and the oxygen atom of molecule j: r1 < r2 < ⋅ ⋅ ⋅ < rj < ⋅ ⋅ ⋅
< rn < rn+1, while n is chosen so that rn < 0.37 nm < rn+1. Then, LSI
is defined as61,62

LSI = 1
n

n

∑
j=1
[Δ( j) − Δ]2, (3)

where Δ( j) = rj+1 − rj and Δ is the average value of Δ( j) (over all
molecules). Since it was introduced, it has been used, among others,
to demonstrate that the two phases of different densities coexist in
supercooled liquid water, i.e., high density amorphous phase, HDA,
and low density amorphous phase, LDA.63,64 As in the case of ζ, the
distribution of LSI values is also bimodal, where higher parameter
values correspond to higher HVA content in liquid water.63,64

The calculated differential histogram of ΔP(LSI) = P(LSI)solv
− P(LSI)bulk, depicted in Fig. 4, reveals the shape distribution, which
confirms both the tendency to form HVAs in the solvation water
of IBS and the disorganization of these structures in the vicinity of
other areas on the surface of analyzed proteins. Therefore, the anal-
ysis of the two described parameters (i.e., ζ and LSI) provides direct
evidence of increased HVA content in the solvation water around
the IBS and reduced HVA content in the vicinity of the remaining
areas on the surface of proteins.

6. The increased probability of HVA formation in the solvation
layer of IBS is a necessary but not sufficient condition for AFP func-
tionality. The results presented above allow us to conclude that the
formation of “fluent clathrates” occurs only in the solvation water
around the IBS of the AFP molecule, while in the vicinity of the non-
IBS region, HVAs are partially destructed. The HVA destruction can
explain the well-known observation5,6 about water contained in the
solvation layer of “ordinary” protein molecules not being able to
transform into ice. In turn, the weakening of the tendency to form
HVAs around the IBS on the LpAFP surface results in a signifi-
cant reduction in the antifreeze activity of the protein (the highest
measurable value of the width of the hysteresis loop for LpAFP is
0.1 ○C, while for hyperactive insect AFPs, it is 5–6 ○C65). This finding
unquestionably indicates that shifting the equilibrium toward the
HVA formation in the solvation water of IBS and the consequent
binding of formed HVAs to the IBS (thus the existence of “fluent
clathrate,” as described by us) is a prerequisite for AFP functionality,
at least for AFPs having a well-defined IBS region.

On the other hand, however, the analysis carried out for AFP
III and its mutants clearly shows that the structure of solvation
water around the IBS in all these molecules (i.e., ZaAFP and its
mutants) is very similar. The introduced mutations significantly (up
to tenfold) reduce antifreeze activity of protein, which proves that
the formation of described “fluent clathrate” is a necessary but not
sufficient condition to ensure this activity. Thus, it would be use-
ful to explain the evident reduction in antifreeze activity of these
mutants in comparison to wild type. In this context, the concepts
presented by Knight and Wierzbicki66 are helpful. The authors listed
“resistance to rejection” as one of the criteria determining antifreeze
activity in a protein; this parameter reflects, to some extent, the
binding strength of the AFP molecule to the ice surface. In our pro-
posed model, this would correspond to the number of sites (e.g., OH
groups) at which nascent HVA binds to the IBS. Reducing the num-
ber of such “hot” spots, or even just changing their arrangement on
the IBS in such a manner as to hinder the transformation of HVAs
into ice cells, will result in a decrease in the binding strength of IBS
to the ice surface. Consequently, this will facilitate detachment of
AFP from the ice surface, reducing the activity of the protein. This
phenomenon has been confirmed by the results recently reported
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FIG. 4. Top row: differential histogram ΔP(ζ) = P(ζ)solv − P(ζ)bulk , showing the distribution of values of the ζ parameter, reflecting the tendency to form HVA in solvation water
of different areas (IBS and non-IBS) on the surface of the AFP molecules studied. The bottom row illustrates the analogous distribution for the LSI parameter. The insets in
the graph illustrate the probability distributions of both parameters (ζ and LSI). The light-blue line illustrates the properties corresponding to the solvation water of the basal
plane of the ice crystal. All the results are given at a temperature of 265 K.

by Kumari et al.67 The authors studied adsorption of ZaAFP and
mutant T18N (10% activity of wild type) on the ice surface. The
increased detachment probability of T18N molecule (compared to
wild type) at the ice–water interface was observed, which reached
0.20 and 0.50 for wild type and T18N mutant, respectively.

CONCLUSIONS

The purpose of this study was to confirm the correctness of
“fluent clathrate” concept as well as to demonstrate that the forma-
tion of such a clathrate is a prerequisite for the binding of AFP to ice.
Following other authors,28,29,32 we started with the assumption that
in liquid water, there is a natural tendency to form HVAs, which
are composed of water molecules linked by hydrogen bonds. Such
spontaneously formed HVAs are surrounded by a “sea” of disor-
dered water molecules, where both forms are in equilibrium. We also
assumed that the same process of HVA formation takes place in the
solvation water, although in this case, the tendency to form HVAs
is modified by the interactions of water molecules with the protein
surface. In other words, these interactions can shift the equilibrium

point of HVA formation. The results of analysis performed by using
various parameters characterizing the solvation water structure fully
confirm the above assumptions. Formation of HVAs and the depen-
dence of HVA content in the solvation water on the characteristic of
solvated surface were demonstrated. In comparison to bulk water, a
significantly higher HVA presence in the water layer around the IBS
of AFP was observed, while in the vicinity of non-IBS, the proba-
bility of HVA formation was significantly lower. The spontaneously
formed HVAs underwent partial destruction in solvation water due
to interaction with non-IBS. The aforementioned greater tendency
to form HVAs in the vicinity of IBS is due to the hydrophobic nature
of this surface. On the other hand, the presence of OH groups on the
IBS enables HVAs to bind to this surface, which seems to addition-
ally stabilize the formed aggregates (similar to what occurs in the
solvation water of ice). Because the HVAs formed in liquid water
do not have a strictly defined, in the crystallographic sense, spatial
structure, thus, we propose27 a term “fluent clathrate” for the set of
HVAs “anchored” in this way. This name is in line with the term
“anchored clathrate” proposed by Garnham et al.13 as it empha-
sizes that each HVA has a certain ordered internal structure, i.e.,
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the mutual positions and orientations of water molecules are not
random. On the other hand, the word “fluent” emphasizes that the
structure is somewhat blurred and changes over time.

When the IBS of an AFP is close to the surface of a growing ice
crystal (at a distance of ca. one nm or less), the solvation layers of
IBS and ice overlap. This affects the process of water solidification
in the space between the IBS and ice surface. The transformation
of liquid water into ice is a relatively slow process (on a molecu-
lar scale) that involves gradual reorganization of liquid’s structure
toward an increase in HVA content. Smaller HVAs merge into larger
aggregates,32,40 and because they display a high degree of orienta-
tional ordering, the structure of liquid water becomes ice-like. In this
way, an ice-like lattice gradually builds up in the water. The higher
the HVA content in a liquid, the greater its tendency to transform
into ice. Thus, it can be concluded that under the above mentioned
conditions (the AFP molecule is close to the surface of a growing ice
crystal), HVAs in a liquid act as nascent ice nuclei. Such an expla-
nation of changes in the structure of water during the solidification
process allows us to avoid the controversial use of the phrase “ice-
like structure of water” as encountered in the literature. Thus, if the
IBS of AFP is located close to the ice surface, then the structural
reorganization of solvation water is dictated by the structural com-
patibility of HVAs present in two overlapping solvation shells, i.e.,
surrounding the IBS and ice surface. We previously27 presented a
detailed description of this transformation occurring over time. The
process was also observed by Hudait et al.,17 who interpreted it as
follows: the ACW motif forms only when the AFP molecule moves
into the vicinity of ice surface and positions itself in an orientation
optimal for binding to ice. We postulate a different interpretation,
i.e., a gradual rearrangement of the existing “ice-like” structure of
“fluent clathrate” during the solidification process, which ultimately
leads to the formation of a solid phase (ice).

SUPPLEMENTARY MATERIAL

The supplementary material includes a description of the
technical details of the calculations (range of the solvation shell,
definition of hydrogen bond, and ring analysis) and also an illus-
tration of the most probable orientations and positions of solvation
water molecules in the vicinity of the IBS of the studied protein
molecules. The attached table also includes geometrical character-
istics of the water–water hydrogen bonding network that is formed
between water molecules contained in the solvation layer of the
studied proteins.
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