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Abstract

The random network model of water quantitatively describes the different hydration heat capacities of polar and
apolar solutes in terms of differential distortions of the water–water hydrogen bonding angle in the first hydration
shell. This method of hydration analysis is applied here to study the hydration of the wild type III thermal hysteresis
protein from eel pout and three mutations at residue 16. Wild type and one mutant have full activity, the other two
mutants have little or no anti-freeze(thermal hysteresis) activity. The analysis reveals significant differences in the
hydration structure of the ice-binding site(centered on residue 16) among four proteins. For the A16T and A16Y
mutants with reduced activity, polar groups have a typical polar-like hydration. For the wild type and mutant A16C
with 100% of the wild type activity, polar groups have unusual, very apolar-like hydration. In the latter case, hydrating
water molecules form a more ice-like pattern of hydrogen bonding on the ice-binding face, while in the former case
water–water H-bonds are more distorted and more heterogenous. Overall, the binding surface of active protein
strongly enhances the water tetrahedral structure, i.e. promotes ice-like hydration. It is concluded that the specific
shape, residue size and clustering of both polaryapolar groups are essential for the binding surface to recognize, and
preferentially interact with nascent ice crystals forming in liquid water.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Antifreeze or thermal hysteresis proteins(THP)
have been found in a variety of organisms, includ-
ing fish, spiders, insects and bacteria. These pro-
teins are able to depress the freezing point of
aqueous solutions by adsorbing to the ice crystal
and inhibiting its growth in solution. THPs lower
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the freezing point of a solution without changing
the melting point. The difference between the
freezing and the melting point is termed thermal
hysteresis, which is widely used as an indicator of
THP activity. Several type III THPs’ structures
have been solved by X-rayw1,2x and NMR tech-
nique w3x. Type III THP is a globular protein that
consists mainly ofb-strands connected by large
loops. Its ice-binding face has been studiedw4–6x
and is distinguished by the relative planarityw2x
and apolar characterw2,3,5,6x. However, the pre-
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cise mechanism by which THPs bind to ice crystal
and inhibit ice growth is still unclear. Many ques-
tions remain regarding the mechanism of specific-
ity and affinity in these proteins. This include the
question of how either of THPs’ polar or apolar
groups can recognize the ice crystals forming in
liquid water and how water molecules aggregate
on the protein surface. If the protein uses polar
groups then ordinarily such groups, being polar,
will have a high affinity for liquid water which is
present at large excess(55 M), and net binding to
ice, present initially at low concentrations, will be
negligible. On the other hand, if the protein uses
apolar groups, these normally prefer more ice-like
water in their hydration shell, but because of their
hydrophobicity, their affinity for any kind of water,
liquid or ice, will be low. This creates an apparent
affinityyspecificity dilemma in terms of choosing
groups to construct a specific ice nucleus binding
surface.
No general mechanism has been proposed by

which all antifreeze proteins associate with ice
crystal and stop its growth. Three models have
been proposed for type Ia-helical antifreeze pro-
tein. The first is based on a lattice match of the
ice oxygen atoms with hydrogen-bonding groups
on the protein w7–13x. In contrast, the second
model emphasized the role of the hydrophobic part
of the amphiphilic helix of the type I THPs in
binding to ice surfacew14–17x. The third model,
a dynamic version of the first model, emphasizes
the effect of the initial association of one repeat
unit of the helix with ice crystal on the subsequent
binding of other repeat units through ‘remodeling’
of the ice surfacew18x. Moreover, none of these
models may apply to type III THPs because they
lack many structural features of type I THPs,
notably the 11-residue Thr-repeat structural motif
and their amphiphilic helix. In order to explain
type III THP’s activity, a model based on align-
ment of five hydrogen-bonding atoms on the puta-
tive ice-binding face and ice oxygen atoms on the
prism plane was proposedw1,4x. A subsequent
study indicated that side chain orientation and tight
packing limit the formation of possible hydrogen
bonds and concluded that hydrophobic groups on
the ice-binding site might play an important role
in the protein–ice interactionw3x. A computer

simulation also emphasized the necessity for a
favorable orientation that maximizes the hydrogen
bond and van der Waals interactionsw19x. A neural
network study, based on the calculation of contri-
butions from the accessible surface area of the
protein, as well as hydrophobic, polar and charged
residues, predicted that a certain level of hydro-
phobicity in the binding site is essential for type
III THP’s activity w20x. Recent studies found a
contribution to THP’s activity from hydrophobic
residues on the periphery of the putative ice-
binding sitew5,6x.
Previously, we developed a quantitative analysis

of changes in water structure induced by polar and
apolar solutes based on the random network model
(RNM) w25x, which characterizes changes in the
water–water angle distribution function(P(u))
w21–24x. The main features of solute induced
water structure revealed by this analysis are: the
pure water–water angular distribution function
(P(u)) is bimodal with a low-angle population
and a high-angle population, centered at approxi-
mately 128 and approximately 548, respectively.
Solutes perturb the structure of water principally
in their first hydration shell by changing the ratio
of these two populations, apolar solutes increasing
the low-angle population, polar solutes increasing
the high-angle population. There is a direct link
between these angular structural changes in the
water hydrogen bond network in the first hydration
shell of the solute and heat capacity changes. A
combination of explicit water simulations and this
RNM analysis yields a quantitative agreement
between measured and calculated hydration heat
capacities, as well as a revealing description of the
change in water structure induced by apolar and
polar solutes.
Using the water–water angle distribution func-

tion (P(u)), Gallagher and Sharpw26x investigated
the hydration structure of type III THP wild type
over the entire protein surface, the ice-binding face
and the center of the ice-binding face around the
key residue ALA 16. This analysis revealed sig-
nificant differences in the hydration structure of
the ice-binding face compared to the non-ice-
binding protein surface and non-THP of similar
size and structure. In order to better understand
the function of type III THP, we further apply this
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Fig. 1. The crystal structure of type III THP(PDB entry:
1MSI). The key residue ALA 16 in the center of the ice-bind-
ing site is in CPK representation.

analysis to study the hydration structure of three
type III THPs with residue replacements at position
16. Two specific questions we address are:(i)
whether there are significant differences between
the hydration structures of the ice-binding site of
the wild type and the three mutants,(ii) whether
this analysis can shed light on the mechanism of
type III THP activity.

2. Methods

2.1. Molecular dynamics simulations

The wild type and three mutants of type III
THPs were selected due to their different thermal
hysteresis activity and availability of high resolu-
tion structures. Mutants A16C, A16T and A16Y
have 100, 75 and 33% of wild type, respectively
w28x. Their starting coordinates were taken from
the Protein Data Bank(PDB entry 1MSI for wild
type, 5MSI for A16C, 4MSI for A16T and 7MSI
for A16Y). The wild type structure is shown in
Fig. 1. CHARMM was used to build the hydrogen
atoms needed in the all-atom model. A 63-A cube˚
of TIP3P water molecule was built using InsightII
(Accelerys, San Diego) and equilibrated at 298 K.
The water cube was superimposed on the protein
structure and overlapping waters were eliminated.
The final simulation system consisted of approxi-
mately 25 000 atoms including 8002 water mole-
cules, providing at least five layers of solvating
water.
All molecular dynamics(MD) simulations were

performed using the programCHARMM w27x. For
each system, the whole system was first briefly

energy-minimized(200 steps ABNR) and then
equilibrated over a period of 50 ps. Finally, a 1 ns
MD trajectory was generated. The equilibration
and trajectory generation were performed by MD
using the leapfrog algorithm with a time step of 1
fs, at a constant temperature of 300 K and constant
pressure of 1 atm. The Nose–Hoover method was
used to maintain constant temperature and the
Langevin piston method for constant pressure.
Minimum image periodic boundary conditions
were employed. In all computations SHAKE con-
straints were used to fix lengths of bonds involving
hydrogen atoms. Electrostatic and van der Waals
interactions were truncated using a shifting func-
tion between 10.0 and 12.0 A. Since 1MSI and˚
the mutants are not highly charged proteins, having
only eight charged residues—four negative, four
positive—for a net charge of 0 at pH 7, it was not
necessary to include counterions. These are usually
necessary only for highly charged molecules to
maintain stable trajectories. For similar considera-
tions we used a cut-off method to handle long-
range electrostatics, rather than particle mesh
ewald(PME). PME is primarily useful for treating
long-range electrostatics in more highly charged
systems but has been shown to introduce artifacts
in solvent structure. The cut-off method is simpler
for low-charge or neutral systems, and been vali-
dated by numerous labs working on different
proteins. Moreover, the TIP3P water model was
parameterized with cut-off method simulations.

2.2. Water–water angular distribution function

The first hydration shell waters were identified
by finding all waters within the first hydration
shell cut-off of any protein atom. The first shell
hydration cut-off for each atom type is defined as
the first minimum in the atom–water radial distri-
bution functiong(r). The g(r) for each atom type
was obtained from preliminary simulations on the
model compounds alanine dipeptide and cysteine
that contain all the required atom types. Every pair
of waters within a water–water distance cut-off
was then analyzed, the distance and angle being
defined as in Fig. 2. We use here water–water
angular distribution functionP(u) to describe
hydrogen bonds within the first hydration shell.
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Fig. 2. Water structure. The geometry of the TIP3P water is
shown. The water–water angleu is defined as the minimum
of the four HO–O angles. Note that given the TIP3P HOH
angle of 104.58, the maximum possible value ofu is 1808y
(104.58)y2s127.88.

The water–water distance cut-off of 4.0 A was˚
employed due to its sensitivity in discriminating
between hydration heat capacity of polar and
apolar solute atoms. We have previously shown
w26x that the effects of the protein on theP(u)
distribution are on the first shell–first shell water
geometry. We have monitored all the other pair
geometries: first–second, second–second and sec-
ond–bulk, etc. and have found no statistically
significant changes.
For the protein hydration, the water–water angu-

lar distribution analysis was carried out using the
programPRAM, which uses theCHARMM trajectory
files as input. All atoms in the protein are first
classified as being apolar, polar or weakly polar,
based on the partial charge assigned by the MD
force field. Those atoms possessing a charge mag-
nitude less than 0.35 are considered apolar, charge
magnitude 0.35–0.45 are classified as weakly
polar, and atoms with a partial charge magnitude
greater than 0.45 are considered polar. Solute
atoms of interest can also be ‘tagged’ before
analyzing the trajectory, allowing the hydration
structure of subsets of the protein surface to be
examined. Water–water angular distributions are
also accumulated separately for the three possible
types of solute atom polarity class: polar–polar,
apolar–apolar and polar–apolar(mixed). For
example, if the first water oxygen was closest to
an apolar solute atom and the second water oxygen
was closest to a polar solute atom, that water–
water angle would be added to the mixed angle
frequency histogram.

2.3. Analysis of angle probability distributions

In order to obtain a quantitative comparison of
P(u) curves the area under each peak, correspond-
ing to the populations of low-angle and high-angle
water–water geometry(low angle, denoted A1,
high angles, denoted A2), is obtained by numerical
integration using the trapezoidal rule as imple-
mented inORIGIN 6.0. The ratio of these two peak
areas A1yA2 is characteristic of the type of solute
(apolar, polar, etc.). Reference ratios were calcu-
lated from simulations of several small molecules
of differing polarity studied previously by Madan
and Sharp using the RNM-explicit water method
w21,22x. Thus, we may interpret the distribution of
water–water angles surrounding the protein surface
in relation to small test solutes.

2.4. Surface subsets and controls

The hydration structures of the entire type III
THP protein surfaces were evaluated according to
the procedures outlined above. We also examined
several subsets of the protein surfaces. These
included the ice-binding site that is composed of
residues 9, 15–18 and 44. We also analyzed the
hydration structure surrounding the residue 16 that
defines the center of the ice-binding site.

3. Results

The convergence of the simulations was moni-
tored by plotting the root mean squared(rms)
deviation of atomic coordinates from the crystal
structure as a function of simulation time(Fig. 3).
For all four proteins, the results show stable well-
converged simulations throughout the 1 ns trajec-
tory, with modest deviations from the crystal
structure expected from native state protein
fluctuations.

3.1. Overall P(u) distributions for type III THPs

The water–water angle distributions for the
entire first hydration shell of type III THPs are
shown in Fig. 4, and are typical of the profiles
seen for the different classes of solvating water
pairs seen previously. The apolar–apolar pairs have
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Fig. 3. Simulation convergence behavior, plotted as root mean square deviation in atomic coordinates from the starting crystal
structures as a function of simulation time.

a higher fraction of the low-angle population, the
polar–polar pairs a higher fraction of the high-
angle population. The water–water angle distri-
bution for pure water is used for comparison.
Population ratios A1yA2 are summarized in Fig.
7. The characteristic small molecules(methane,
potassium, pure water) are included as points of
reference and are indicated by the horizontal lines
on the histograms. In general, overall water–water
angle distributions for the wild type and three
mutant proteins are very similar. Thus, the overall
water structure around four proteins is similar.

3.2. P(u) distributions for type III THP ice-binding
sites

The putative type III THP ice-binding site is
composed of residues 9, 15–18 and 44. TheP(u)
distributions for wild type and three mutants are
shown in Fig. 5. Their population ratios A1yA2

are summarized in Fig. 7. Two main features are
noted for the hydration of type III THPs’ ice-
binding surface, compared to the overall hydration
of type III THPs. First, the polar and apolar groups
on the ice-binding face both have larger population
ratios than that for the entire protein surface. This
is true for wild type and three mutants, which
demonstrates the ice-binding surface more hydro-
phobic on average. For the wild type, the A1yA2
ratio for the apolar group on the ice-binding site
is 16% larger than the entire protein surface(0.89).
Second, in the ice-binding surface there is now

almost no distinction between the apolar and polar
water pair angle distributions, in contrast to the
entire protein hydration shell. This difference
comes primarily from a shift in the angular distri-
butions of polar water-pair towards the apolar-type
distribution around the ice-binding site, indicating
two things: (i) a less distorted, more tetrahedral
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Fig. 4. Overall water structure around type III THPs. The water–water angle probability distributions for the first hydration shell of
wild type and three mutant proteins. Hydrating water–water class:(j) apolar,(s) polar, (-) pure water.

or hydrophobic-like water structuring around the
ice-binding site; (ii) a more homogeneous, or
regular hydration structure around the ice-binding
site, i.e. less distinction between polar and apolar
group hydration. These changes are apparent in
the population ratios in Fig. 7, where the signifi-
cant change for the ice-binding site is in the A1y
A2 ratio for the polar groups. For the wild type,
at 0.91 it is approximately 28% greater than that
for polar groups on the entire protein surface
(0.71). Again the water–water angle distributions
for wild type and three mutants show similar
shape, indicating similar water structure around
their ice-binding sites.

3.3. Water structure around type III THP ice-
binding site centers

In order to explain the mechanism of type III
THP’s activity, hydration in the immediate vicinity

of the key residue 16 in the ice-binding site center
was further analyzed in the wild type and three
mutant proteins. TheirP(u) distributions are
shown in Fig. 6, and their population ratios are
summarized in Fig. 7. The most striking feature is
that the fraction of the low-angle population
around polar groups in the ice-binding site center
is larger than that around apolar groups for the
wild type and active A16C mutant. The large shift
to low angles in theirP(u) distributions for the
polar hydrating water class indicates a significant
increase in more tetrahedral-like water structure.
The water hydrating polar groups around the ice-
binding site centers thus has a very apolar-like
population ratio. This means that there is uniform
hydration structure across the polar and apolar
groups in the center of the ice-binding surface of
wild type and A16C mutant. In the A16T and
A16Y mutants with reduced activities display the
standard water structure around the apolar and
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Fig. 5. Water structure around type III THPs’ ice-binding sites. The water–water angle probability distributions for the first hydration
shell of type III THPs’ ice-binding site. Hydrating water–water class:(j) apolar,(s) polar, (-) pure water.

polar groups in the ice-binding site center. This
difference indicates that there is some relationship
between hydration structure around ice-binding site
center and thermal hysteresis activity.
Sample hydration structures around polar groups

in the ice-binding site centers are shown in Fig. 8
for the wild type and three mutant, to illustrate the
overall shape of the binding surface, the number
of waters involved in hydrating residue 16, and a
representative hydration configuration. The snap-
shots were taken from the latter part of the 1 ns
trajectories. Polar atoms(O and N with significant
negative partial atomic charge) surrounding the
center of ice-binding site center are represented in
dark colored CPK, residue 16 are represented in
light CPK. The water structures in wild type and
A16C mutant are quite different from A16T and
A16Y mutants. For wild type, hydration structure
shows a flat hydrogen bond network between water
molecules organizing on the protein surface(black

CPK surface), shown in Fig. 8A. Hydrating water
molecules interact with seven polar atoms on
protein surface(dark CPK coloring), including
backbone(14O, 16O, 16N, 17O, 42N) and side
chain (18OG1 and 44OE1). Most of these polar
atoms have been hypothesized to form hydrogen
bonds with water molecules on the ice surface
w1,4x. For the A16C mutant, two water–water
hydrogen bond network patches are seen around
residue 16, shown in Fig. 8B. Three water mole-
cules form a flat hydrogen bond network on the
left, others demonstrate a different hydrogen bond
plane on the right. Hydrating water molecules
solvate seven polar atoms on protein surface,
including backbone(14O, 16N, 16O, 17O, 18N)
and side chain(42OG and 44NE2). The protein
polar atoms and the hydrating water cap form a
rather complementary set of H-bonding interac-
tions. In the case of A16T and A16Y mutants,
however, water molecules are more unevenly dis-



144 C. Yang, K.A. Sharp / Biophysical Chemistry 109 (2004) 137–148

Fig. 6. Water structure around type III THPs’ ice-binding site centers. The water–water probability distributions for the first hydration
shell of type III THPs’ ice-binding site center. Hydrating water–water class:(B) apolar,(s) polar, (-) pure water.

tributed around residue 16, as shown in Fig. 8C
and D. Examination of these and several other
snapshots shows that it is less common to see a
specific complementary arrangement between
water molecules and the indicated polar atoms in
large part due to steric interference from the larger
T16 and Y16 side chains.

4. Discussion

This work was motivated by the ability of the
RNM analysis of water hydration to reveal subtle
but important changes in water structure induced
by the polar and apolar solutesw21–24,26x, and
by the desire to better understand the mechanism
of type III THP’s activity. We have performed
extended MD simulations of type III antifreeze
wild type protein and three mutants in water using
the CHARMMyTIP3P potential functions and ana-
lyzed their hydration structures. A newly devel-

oped software program,PRAM, was then be used
to calculate the distribution of water–water angles,
P(u) for the protein hydration shell. Numerical
integration of the two peaks in theP(u) distribu-
tion and calculation of the low- to high-angle
population ratio(A1yA2) was used as a quantita-
tive method to analyze changes inP(u). This
value can be easily computed for the entire protein
surface or for any part of it, and the results
interpreted using values obtained from small sol-
utes as a reference. Furthermore, the A1yA2 ratio
defines the populations in relation to pure water
and reference values for hydration of apolarypolar
small molecules provide us with a quantitative
measure of changes in hydrating water structure
around different protein groups.
Applying this analysis to type III THP wild type

and three mutant proteins, we can draw several
conclusions. First, we note that the relative overall
population ratios for apolar and polar hydrating
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Fig. 7. Summary ofP(u) population ratios. The ratio of low-
angle to high-angle populations in the water–water angle prob-
ability distributions for the entire protein surface(all), the
ice-binding site(site) and the ice-binding site center. Unshaded
bars, shaded bars indicate apolar and polar hydrating water–
water classes, respectively. Ratios for pure water, and for
hydration of methane and potassium are shown as horizontal
lines for reference.

water pairs follow the expected trend based on
polarity, and are similar for four proteins. These
ratios may be interpreted as a reflection of the
overall hydrophobicity of protein surface. Second,
the differences between polar and apolar protein
group hydration are much smaller than the range
seen in small molecule hydration. For example,
compared to our small standard molecule(K ),q

the polar protein atoms’P(u) distributions are not
as distorted, indicating that either water has a
relatively weak interaction with these groups or
the effect of neighboring polar and apolar groups
on the surface tend to cancel. When we examine
the ice-binding surfaces of these four proteins,
significant differences between ice-binding regions
and entire proteins emerges. First, the hydration
structure of the polar atoms in ice-binding sites
contains a greater amount of tetrahedral structure
or ice-like water structure. The apolar groups in
the functional patch also exhibit more hydropho-
bic-like hydration, with even greater A1yA2 ratios
than the hydrophobic reference(methane). Second,
the hydration structure is more uniform over the
ice-binding site, i.e. there is less variation between

the polar and apolar hydration. However, looking
at the whole ice-binding sites, we cannot find
much difference in the overall ice-binding surface
hydration among wild type and three mutants
although these four proteins have different thermal
hysteresis activities.
However, if we further narrow our focus to

study the structuring of water around the key
residue 16 in the center of ice-binding site, we
observe even greater differences among different
proteins with different activities, primarily with
regards to polar atom hydration. For wild type and
A16C mutant with 100% activity of wild type,
water molecules solvating polar groups in ice-
binding site center have structures very uncharac-
teristic of polar hydration, and it is in fact more
ice-like than water molecules hydrating apolar
groups. This conclusion is based on analysis of
average of many water configuration over an
extended simulation. In structural terms, the hydra-
tion in the ice-binding center of A16 and A16C
THPs can be described qualitatively as follows:
there is formation of a water hemisphere or cap
with clathrate-like structure over residue 16 which
is ‘anchored’ at its edges by interaction with the
immediately surrounding polar groups. We inter-
pret this to imply the preference of this subsection
of the ice-binding surface, in terms of both affinity
and specificity, for more ordered water or ice. The
hydration structure around residue 16 also has the
effect of making the hydration structure of the ice-
binding face in general more uniform across polar
and apolar regions. Again, we interpret this effect
as strengthening the affinity for ordered water
structures and so favoring binding to the more
structured ice form of water over the liquid form.
The arrangement of ordered water molecules with
protein polar atoms forms shape complementary
between hydration surface and protein surface,
which could enhance affinity to ice water. These
polar atoms in the active type III THP ice-binding
face, unlike usual polar groups drive water mole-
cules to adopt the water pair conformation with
apolar hydration characteristics. This effect is
missing in A16T and A16Y mutants with reduced
activities: the polar groups in residue 16 show
standard polar hydration. These differences clearly
indicate that THP activity may require the key
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Fig. 8. Water structure around the polar groups in type III THP ice-binding site centers. The snapshots are taken from 1 ns trajectory
final structures of wild type and three mutant proteins. Negative partial charge atoms(O, N) are represented by black CPK, the
residue 16 atoms in the ice-binding centers are represented by gray CPK. The rest of the protein is shown in wire-frame. Water is
shown in ball and stick representation. Proteins:(A) Wild type, (B) A16C, (C) A16T and(D) A16Y.

residue 16 in the ice-binding site to play a dual
role—maintain a flat, apolar surface, and along
with its neighboring polar groups, to create polar
group hydration with apolar structure. Again, these
conclusions are based on analysis of the average
water structures. The snapshots of solvation struc-
ture in Fig. 8 primarily illustrate the overall size,
shape and number of waters in the hydration shells,
and provide a structural but qualitative rationale
for the less regular hydration pattern seen in the
inactive mutants.
Regarding the progression of hydration structure

shown in Figs. 4–6, which refer to the hydration
pattern over the whole protein, the binding face,
and the region in the center of binding around
residue 16, respectively, we draw two conclusions:
First, that the unique hydration pattern in active
THPs (polar residue hydration that is more ‘ice-

like’ than that of hydrophobics) is local and
specific, confined to the region immediately sur-
rounding the binding site center, located around
residue 16. This is shown by the fact that only in
Fig. 6 do we see the effect. The local effect is
consistent with its origin: a combination of apolar
and polar(but net neutral) groups on the protein
surface. Thus, the effect is partly due to apolar
forces(shape, hydrophobicity), and partly electro-
static in nature with dipolar(hence, short ranged)
interactions. Second, because the unique hydration
pattern in active THPs is local, it explains the
experimental observation that a single point muta-
tion can abolish activity. Also, the fact that we see
normal hydration over the rest of the protein—
which is non-ice-binding—in effect forms a control
observation.
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We propose that active type III THPs work as
follows: upon ice crystals forming in liquid water,
polar groups around residue 16 favor binding to
this ice over liquid water due to their propensity
for flatter, more ordered hydration structure with
ice-like water–water angles. In contrast, polar
groups around residue 16 of the inactive mutants
prefer binding to liquid water(with more distorted
structure) which is present in large excess, over
ice. Clearly the bulky side chain mutants, such as
A16T and A16Y, also lessen the flatness of their
ice-binding regions and loss of the protein–ice
shape complementary will also be a factor in
lowering affinity. This is consistent with the
observed highly conserved flatness of ice-binding
facesw2,28x.
Although there is no generally accepted mech-

anism by which all THPs act, several hypotheses
based on specific type of structural features and
surface group properties have been proposed
w1,3,4,7–13,16–20,29x. A major argument among
these hypotheses is whether THPs bind to the ice
surface using polar or apolar groups. The calcula-
tions and analysis presented here reveal that the
polar groups around apolar residue 16 demonstrate
apolar hydration property, implying their propen-
sity for ice-like water structure. This provides a
solution to the affinityyspecificity dilemma asso-
ciated with using either polar groups(nominally
with high affinity and low specificity) or apolar
group(nominally with low affinity and high spec-
ificity ), and implies that both polar and apolar
groups in close proximity are required.

5. Conclusions

MD simulations of type III THP wild type and
three mutants in the key residue 16 in the ice-
binding face center were performed. The MD
trajectories were used to analyze the solute induced
distortion of water structure within the framework
of the RNM, which quantitatively describes hydro-
phobic or hydrophilic hydration. The water–water
angular distribution function(P(u)) revealed that
the overall hydration structure of four proteins and
the hydration structure of their ice-binding site
both have standard features, apolar pairs with a
higher low-angle population while polar pairs with

a lower high-angle population. In contrast, the
water–water angular distribution function showed
significant differences in the hydration structure at
the center of the ice-binding site center among
wild type and three mutant THPs with different
activities. For wild type and the A16C mutant with
100% of the wild type activity, polar groups in
residue 16 have a very apolar-like hydration. For
A16T and A16Y mutants with reduced activity,
polar groups show standard polar-like hydration.
The more ice-like hydrating water structures
formed on the ice-binding faces of the active THPs
implies that this protein surface has a high affinity
and specificity for more ordered or ice-like water,
and thus for ice itself. The structure–function
relationship suggests that the high affinity of the
type III THPs binding for ice nuclei requires dual
characteristics of the protein ice-binding surface,
i.e. polar groups in proximity to apolar groups,
and having apolar-like hydration properties.
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