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Abstract

The hydration of polar and apolar groups can be explained quantitatively, via the random network model of water,
in terms of differential distortions in first hydration shell water—water hydrogen bonding angle. This method of
analyzing solute induced structural distortions of water is applied to study the ice-binding type Ill thermal hysteresis
protein. The analysis reveals subtle but significant differences in solvent structuring of the ice-binding surface,
compared to non-ice binding protein surface. The major differences in hydration in the ice-binding region are
polar groups have a very apolar-like hydratidii) there is more uniform hydration structure. Overall, this surface
strongly enhances the tetrahedral, or ice-like, hydration within the primary hydration shell. It is concluded that these
two specific features of the hydration structure are important for this surface to recognize, and preferentially interact
with nascent ice crystals forming in liquid water.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction decrease in entropy. In contrast, the hydration heat
) ] ] ~ capacities of these two types of hydration have
It is wel! established that the unique properties gifferent signs[8-14 and thus are a more reveal-
of water dictate much of a protein’s structure and jng indicator of the difference between apolar and
function. One central theme that has emerged is pojar hydration. We have previously directed our
that hydrophobic, or solvophobic, interactions efforts towards developing a deeper understanding
drive or influence many molecular _‘transactlons' of heat capacity changes using as a starting point
[1-6]. In the past, descriptions of this effect have the random network modelrnm) of Henn and
focused on the entropic penalty for ordering water Kauzmann[13]. A combination of explicit water
around an apolar soluti]. Yet the hydration of  gimyations and this mm yields quantitative agree-
polar solutes is also usually accompanied by a ment hetween measured and calculated hydration
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features of this picture are: The bulk water—water
angular distribution function(P(6)) is bimodal,
with a low angle population and a high angle
population, centered at approximately °1and
approximately 52 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
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Il THP molecule has been proposed based on
several studie§22-24, and it is notable for its
flatness[21] and hydrophobicity. Thus, many ques-
tions remain regarding the mechanism of specific-
ity and affinity in these proteins, the principal one
being how such a hydrophobic surface is able to
manifest a strong enough interaction with the face
of an ice crystal in order to preferentially bind to

angle population, polar solutes increasing the high ice nuclei even in the presence of a large excess
angle population. There is a direct link between (55 M) of liquid water.

these angular structural changes in the water The goals of this paper were: First, to refine our
hydrogen bond network in the first hydration shell previous analysis of the effect of solutes on the
of the solute and heat capacity changes. Changeswater—water angular distribution function, and
in water—water distance in the first hydration shell extend it to the study of protein hydration. Second,
are highly correlated with these angle changes, butto apply the analysis to a type Ill THP protein in
are much smaller, explaining why previous exper- order to better understand its ice binding proper-
imental and theoretical analyses of water using the ties. Two specific questions includé) whether
usual analyses of radial distribution functions there are significant differences in the hydration

[17,19 show apparently little change in water
structure due to apolar solvatigh4].
The sensitivity of P(6) as a reporter of solute

structure of the highly hydrophobic THP III ice-
binding surface compared to either its non-binding
surface, or an equivalently hydrophobic binding

induced structure changes suggests that it could besurface of a non-THP proteir(ii) Whether this
used more generally to enhance our understandinganalysis can shed light on the interaction between
of protein and nucleic acid hydration. A particu- the THP Ill binding site and the ice surface.

larly intriguing potential application is that of anti-
freeze or thermal hysteresis proteif@HPS9).
These proteins are produced by a variety of organ-
isms, including fish, spiders, insects and bacteria, 2.1. Selection of proteins

in order to facilitate their survival at sub-freezing

temperatures. Although the precise mechanism is In addition to the analysis of a type Ill THP, it
unclear, these proteins act to depress the freezingis also necessary to apply the analysis to a non-
point of a solution below the melting point in a THP of similar general physical properties as a
non-colligative manner by accumulating at the control. The selection of both the THP and control
surface and inhibiting the growth of ice crystals was guided by several criterigi) Availability of
[19]. The ice-binding sites on several THPs have a high-resolution crystal structuréii) Moderate
been identified and are distinguished by the rela- size, in order to be able to include a sufficient
tive planarity and nonpolar character of the surface number of explicit water molecules to form at
(67% type | THP, 59% type Il THP[20,21. The least two complete hydration shells around the
type lll THP is a 66-residue protein that, unlike protein, yet run the simulations to convergence in
the a-helical type | THP, consists mainly d3- a reasonable timdiii ) No post-translational mod-
strands connected by large loops. Although type | ifications or heteroatoms. This both simplifies the
THPs present regular arrays of hydrogen bonding simulation procedure and contributes to the gen-
groups on their surface, the geometric arrangementerality of our results.(iv) Monomeric, so that

2. Methods

of potential hydrogen bonding groups cannot fully
explain their ice-binding propertief25]. Recent
studies have also identified an important role for
hydrophobic interactions in the type | ice-binding
mechanism[44]. An ice-binding face of the type

dimer interfaces did not complicate our analysis
of surface hydration. It is also desirable that the
two proteins be of similar size and constructed of
mainly the same type of secondary structure. Two
proteins that fulfilled these requirements were the
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Fig. 1. THP.(a) Secondary structure. The ice binding face is on the left. Ala 17 in the center of the ice-binding site, Ala 49 is on
the edge, and Ala 66 is on the opposite side, shown in CPK representation. Molecular surface in the same ofighatidn
rotated 90 to show binding facéc). Apolar residue surface is white, polar residue surface is dark grey.

66-residue type Il THR(pdb entry 1MSI,[26]), making van der Waals contacts with residues on
and the 61-residue protein fasciculingddb entry  the acetylcholinesterase surfa@g].

1FAS, [27]). Both proteins are mainly comprised

of B-sheets(Fig. 1a and Fig. 2a Fasciculin-1 is  2.2. Analysis of protein hydration

isolated from mamba venom, and belongs to a

family of three-fingered toxins that include- The overall approach to the analysis of hydration
neurotoxins and cardiotoxins. It is an extremely is as follows: we first run a molecular dynamics
potent and highly selective inhibitor of most syn- simulation of the protein in periodic box of explicit
aptic acetylcholinesterasd28,29. The structure  water molecules. For each saved frame in the
of fasciculin is composed of four anti-parallgt trajectory, waters in the first hydration shell of the
sheets that connect three loops. Four disulfide protein are identified, and the angular distribution
bonds stabilize the globular core of the molecule function of all pairs of waters within a certain
(Fig. 29. Despite the predominance of basic ami- distance cut-off is calculated. The shape of the
no acids on its surface, it has been shown that bimodal angular distribution function is quantified
hydrophobic interactions involving residues on the by obtaining the areas beneath the two populations
tips of loops I (residues 4-16and Il (residues by numerical integration. The ratio of these areas
23-28 play a vital role in binding(Fig. 2a by is characteristic of the hydration of different types
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Fig. 2. Fasciculin-1(a) The secondary structure. The single
surface alanine on the biding loop is shown in CPK represen-
tation. (b) Molecular surface in the same orientation. Apolar
residue surface is white, polar residue surface is dark grey.

of groups or atomgi.e. polar, nonpolar, mixed
Finally, the area ratios are compared to the ratios
derived from small solutes of varying polarity, and
between different protein surfaces or surface
subsets.

2.3. Molecular dynamics simulations

Molecular dynamics simulations were carried
out using the CHARMM22 parameter set to model

the solutes and the c22b1 version of the program S

CHARMM to generate the trajectori¢80-34. The
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solute—water systems were constructed in the same
manner as those used in previous Monte Carlo
simulations [33]. However, a very similar, but
slightly simpler water potential, the TIP3P poten-
tial [34] was used to model the water because
CHARMM has been highly optimized for this poten-
tial, and because the four-site TIP4P model could
not be accommodated by the available c22bl
CcHARMM code. Comparison of TIP3P and TIP4P
for small solute hydration is possible using the
Monte Carlo programeoss [35], and we found
very similar hydration structuref36]. A 63 cube

of TIP3P water was built using Insight{Acceler-

ys, San Diegp and equilibrated at 298 K. The
solvent cube was superimposed on the protein
structure and overlapping atoms were eliminated.
This resulted in a system containing approximately
25000 atoms, of which 998THP III) and 921
(fasciculin were protein atoms, providing at least
5 layers of water. A time step of 1 fs was used.
The simulations were done at constant pressure
and constant temperature was maintaifiEe 300

K) using the Nose-Hoover algorithm. Minimum
image periodic boundary conditions were used.
Electrostatic and van der Waals interactions were
truncated using a shifting function between cut on
and cut off distances of 11.5 and 13.0, respectively.
For each solute system, a 50 ps equilibration
preceded a 1 ns simulation. Configurations were
saved at 0.1 ps intervalevery 100 steps For
both the Monte Carlo and the molecular dynamics
simulations, convergence was determined by mon-
itoring the batch averages of the energy and the
hydration structural parameters. All protein atoms
were allowed to move during the simulation,

Table 1
Position of solute atom—watei(r) minima used to define the
first hydration shell

Atom Hydration
type radius
C 5.60
e} 3.40
N 3.60
5.30
0.00
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Fig. 3. Water structure. The geometry of the TIP3P water is
shown. The water—water distance is taken as the distance
between O atoms. The water—water angle is defined as the
minimum of the four HO-O angles. Note that given the TIP3P
HOH angle of 104, the maximum water—water angle possible
with this definition is 128.

whereas the internal geometry of the solvent mol-
ecules was maintained by means of the SHAKE
algorithm.

2.4. Analysis of water—water angular distribution
functions

The first hydration shell waters were identified
by finding all waters that lay within the first
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hydration shell cutoff of any protein or solute
atom. The first shell hydration cutoff for each
atom type is defined as the first minimum in that
atom-water radial distribution functiog(r) [37].
The g(r) for each atom type was obtained from
preliminary simulations on the model compounds
alanine dipeptide and cysteine which contain all
the required atom type@able 1. The position of
the first minimum in each function was identified
using the peak identification function of Origin
6.0[38]. Every pair of waters within a water—water
distance cutoff was then analyzed, the distance
and angle being defined as in Fig. 3. Previous
work used a cutoff of 3.4, because this is the
position of the first minimum in the bulk
water—-water g(r) [37]. However, in order to
increase the sensitivity of our water structure
analysis, we examined the effect of increasing the
water—water cutoff distances up to 5.2, in order to
include more water—water pairs. Previously we
referred to any water pair within the cutoff as

<
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Fig. 4. Effect of cutoff on discrimination between polar and apolar hydration. Hydration heat capacity is calculated using the

water—water angles via the rnifn) Methane,(q) ethane (o) K*. Experimental values are shown as horizontal lines.
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‘hydrogen bonded’ regardless of angle. In view of was closest to a polar solute atom, that water—water
our use of an increased distance cutoff, and the angle would be added to the mixed angle frequen-
confusing lack of consensus on the geometric cy histogram.
definition of a hydrogen bond, we use here the
more general terms water—water angular distribu- 2.5. Analysis of angle probability distributions
tion function P(6) and reserve the term hydrogen
bond for waters within 3.4. Fig. 4 demonstrates In order to obtain a quantitative comparison of
the difference in sensitivity as a function of the P(0) curves, the area under each peak, correspond-
water—water distance. The plot shows the hydration ing to the populations of low angle and high angle
heat capacity of small reference solute calculated water—water geometry, is obtained by numerical
via the rnm wusing the root mean square integration using the trapezoidal rule as imple-
water—water angle accumulated over the course mented in Origin 6.0[38,39. The boundary
of each simulation37]. For our final analysis of  between the peaks is determined from the position
THP IIl and FAS hydration we employed a cutoff of the minimum in the pure TIP3P watdt(0)
of 4.0, which, judging from the difference in curve (Fig. 5. The ratio of these two areas is
hydration heat capacities of the reference solutes characteristic of the type of soluteonpolar, polar,
in Fig. 4 provides the most discrimination in water etc,). Reference ratios were calculated from simu-
structure perturbation(lt should be pointed out lations of several small molecules of differing
that this cutoff is only used for the structure polarity studied previously by Madan and Sharp
analysis. The water—water non-bonded interaction [2] using the rnm-explicit water method. Thus, we
cutoff used in the simulations to generate the may interpret the distribution of water—water
proteirywater configurations is much greader. angles surrounding the protein surface in relation
Standard deviations in other quantities were to small test solutes.
obtained from the variation in batch means
between different Monte Carlo runs, or from the 2.6. Surface subsets and controls
variation in batch means from successive segments
of the molecular dynamics simulation. The hydration structures of the entire THP Il
For the protein hydration, the water—water angle and fasciculin surfaces were evaluated according
distribution analysis was carried out using the to the procedures outlined above. We also exam-
programpraM (available from the authoyswhich ined several subsets of the protein surfaces. These
uses thecHarMM trajectory files as input. All included the ice-binding site of THP Ill, which is
atoms in the protein are first classified as being composed of residues 10, 16—19 and(€g TALT
apolar, polar, or weakly polar, based on the partial and Q, respectively—see Fig. )land the acetyl-
charge assigned by the molecular dynamics force cholinesterase-binding loops of fasciculin, residues
field. Those atoms possessing a charge magnitude4-16 and 23-28 (YSHTTTSRAILTN and
less than 0.35 are considered nonpolar, chargeYRKSRR, respectively—see Fig. 2bWe also
magnitude 0.35-0.45 are classified as weakly analyzed separately the hydration structure sur-
polar, and atoms with a partial charge magnitude rounding the alanine 17 residue of THP IlI, which
greater than 0.45 are considered polar. Solute defines the center of the ice-binding site. The
atoms of interest can also be ‘tagged’ before hydration structures of two other alanines on the
analyzing the trajectories, allowing the hydration THP Il surface were studied, alanine 49, which is
structure of subsets of the protein surface to be located adjacent to the binding site, and alanine
examined. Water—water angular distributions are 66, which is far removed from the ice-binding site
also accumulated separately for the three possible(Fig. 139. We also examined the hydration struc-
types of solute atom polarity class: polar—polar, ture surrounding alanine 12 of fasciculin, which is
apolar—apolar, and polar—apolaimixed). For in a very similar secondary structure environment
example, if the first water oxygen was closest to as A17 of THP Il (Fig. 28. As another control,
an apolar solute atom and the second water oxygenwe included a subset of water hydrating a roughly
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Fig. 5. Integration of water—water angular distribution populations. The division between the low angle and high angle populations
is 3¢, based on the minimum in the pure water curve shown for the TIP3P potential.

10-diameter patch of surface on the face of THP globular proteins known, Crambin, which has a
Il that is directly opposite the binding site. This 64% apolar surface. The binding face is even more
site is comprised of residues 3-7, 26—32 and 55-56 hydrophobic, but does contain some polar regions

(QAS, EVVTPVG and TT, respectively (Fig. 10.
3. Results 3.2. Simulation results
3.1. Protein surface hydrophobicity After the 50-ps equilibration period, the energy

and temperature values for all simulations were
The hydration structure of groups is primarily stable and all solute structures remained intact. In
determined by their polarity. We first made a order to determine if the simulation length was
comparison of the overall hydrophobicity of Type sufficient, we examined the convergence of the
Il AFP with other proteins of similar size. We parameter of interest, the water—water angle distri-
found in the PDB data base nine other proteins of bution population ratiodlA1/A2). The angle dis-
similar size(61-70 residugsand high resolution tributions converged to their final profiles rather
(<2.1), including fasciculin(1FAS, 1A80, 1FSC, quickly. After only half of the configurations were
1IGD, 1NXB, 1PIX, 1QKE, 1SNB, 2SNB [40]. analyzed, the population ratios had reached their
On average the surface of these proteins is 3% final values(Fig. 6). This figure also shows that
apolar, which is typical for globular proteins of all there is little variation and that after as few as 500
sizes. This should be compared to 62% apolar configurations, all classes are within 4% of their
surface for Type Illl AFP. This is very high, and final values. Fig. 6 depicts the population ratios
comparable to one of the most hydrophobic soluble calculated for the entire first hydration shell of
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THP 1lI. Slower convergence of the polar class, Table 2 . _
which contains the fewest number of first hydra- Water—water low angle and high angle populations for small
. o lut
tion shell water—water pairs, is seen. All the surface soltes
subsets converge more slowly given the smaller ggjyte Al A2 A1/A2
still number of water pairs, but we looked at the

. _TIP3P wat 0.37 0.63 0.60
convergence around the polar atoms of an alanlne,\/Iethan";a e

. S 0.49 0.51 0.96
residue (the worst case scenario, in terms of gthane 0.49 051 0.96
statisticg, and it converged to within 4% of the Ethanol-nonpolar 0.51 0.49 1.02
final value within half of the run length. Thus EtEaﬂo:-PQIard 0.45 0.55 0.81
1 nfiguration r fficien lish Ethanol-mixe 0.42 0.58 0.72

0 000 configurations are sufficient to establis Potassium ion 008 s Y

precise population ratios for all classes and subsets

Populations defined as the areas Al, A2 in Fig. 5.
3.3. Population ratios for small molecules
ratio slightly (to 0.81), whereas the highly polar

Table 2 lists the calculated low ang{é1) and potassium ion reduces this ratio to 0.07. Pure water
high angle (A2) populations in the hydration falls between these two extremes at 0.60. It is
structure for pure water, methane, ethane, ethanolinteresting to note that the ratio for the mixed class
and the potassium ion. The ratio of A1 to A2 is in ethanol is lower than the ratio for the polar
distinct for different types of hydration. This ratio atoms(0.72 and 0.81, respectivelyAs we have
is close to 1.00 for nonpolar groups and the more shown previously by detailed analysis of specific
polar the solute, the lower the AA2 ratio. For water structures corresponding to these different
example, the polar atoms of ethanol decrease theP(0) distributions[16], the higher the low angle
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Fig. 6. Convergence of low angleigh angle population ratios. The ratios for the entire surface of THP Il are shown as a function
of the number of configurations analyzed. Hydrating water—water c{a3sionpolar,(o) polar, (x) mixed, (-) all classes.
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population, the more tetrahedral-like, or ice-like
the hydrating water structure is.

3.4. Overall P(0) distributions for THP I and
fasciculin

The water—-water angle distributions for the
entire first hydration shell of THP IIl and fasciculin
are shown in Fig. 7a and b, and are typical of the
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things: (i) a less distorted, more tetrahedral or
hydrophobic-like water structuring around the ice
binding site.(ii) A homogenous, or regular hydra-
tion structure around the ice-binding site. These
changes are apparent in the population ratios in
Fig. 9, where the most significant change for the
ice-binding site is in the A1A2 ratio for polar
groups. At 0.89 it is approximately 16% greater
than for polar groups on the opposite face77).

profiles seen for the different classes of solvating Comparing this to the ratio for polar groups on
water pairs seen previously, and in Table 2. The the entire THP Il surfacd0.72), the increase in
apolar—apolar pairs have a higher low angle pop- the ice-binding site is even greater, at 24%. This
ulation, the polar—polar pairs a lower angle popu- same trend is also observed in the mixed hydrating
lation, and the mixed pairs are intermediate. water class(ratio data not shown in Fig. )9
Population ratios for the nonpolar and polar classes although the differences between binding site and
are summarized in Fig. 9. The small molecule the opposite face or the entire surface are smaller

ratios are included as points of reference and are (10 and 14%, respectively Although the surface

indicated by the horizontal lines on the histograms.
In general, the nonpolar character of the THP 1lI
surface is reflected in higher AB2 ratios than
fasciculin. The water structuring surrounding non-
polar and polar atoms differs little between the
two molecules. The most significant differences
are found in the mixed clas&atio data for the
mixed class not shown in Fig.,) 9In this class, the
THP Il is significantly (8%) more nonpolar than
fasciculin.

3.5. The THP Il binding site—internal comparison

In order to examine the differences between ice-

of fasciculin is on average significantly more polar
than that of THP lll, it also contains two loops
that form important nonpolar contacts upon bind-
ing. While the hydration water structure surround-
ing these loops is more tetrahedral than the average
of the entire fasciculin surface, it is still signifi-
cantly more distorted than the network hydrating
the THP IIl binding site. The nonpolar, polar,
mixed and combinedi.e. ‘All Types’) classes are

6, 17, 20 and 17% less tetrahedral, respectively.

3.6. Water structure surrounding alanine residues

In order to isolate more specifically the struc-

binding and non ice-binding surfaces, the water tural origin of the different hydration structure
structure surrounding the proposed binding site of seen in the ice-binding site, the hydration around
THP Il was compared with two controls: a patch the key Ala 17 residue in the center of the ice-
of surface on the opposite face, and the hydropho- binding site, Ala 49 on the edge of this site, and
bic binding loops of fasciculin. The*(6) distri- two alanines not in ice-binding regiofigla 69 of
butions are shown in Fig. 8a—c. Population ratios Type Il AFP and Ala 12 of Fasciculin was

for all three surface subsets are summarized in analyzed. The population ratios for all classes of
Fig. 9. Comparison of these profiles indicates water pairs hydrating these four alanines are sum-
significant differences between the ice binding marized in Fig. 9. The most striking feature is that
surface and the two non-ice binding surfaces. For the amount of the low angle population is signifi-
the ice-binding surface there is now almost no cantly enhanced for all classes of water around the
distinction between the apolar, polar and mixed alanines in the ice-binding site, Ala 17 and Ala
water-pair angle distributions, in contrast to the 49. The largest effect is seen for polar groups
other two surfaces. This difference comes primar- neighboring Ala 17 in the center of the site, but
ily from a shift in the angular distributions of polar the effect is noticeable for Ala 49 at the edge of
and mixed pairs towards the apolar-type distribu- the site. Even the water hydrating polar groups
tion around the ice binding site, indicating two around these two alanines has a very apolar-like
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Fig. 7. Overall water structure around THP Ill and Fasciculin. The water—water angle probability distributions for the entire first
hydration shell of THP lli(a) and Fasciculin(b). Hydrating water—water clasén) nonpolar,(o) polar, (x) mixed, (-) all classes.
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Fig. 8. Water structure around surface subsets. The water—water angle probability distributions for the hydration shell of the THP
Il ice-binding site (a); a 10 patch opposite the THP 1lI ice-binding sitie); the binding site of fasciculifc); around Ala 19 in
the center of the THP Ill ice-binding sit@l). Hydrating water—water clasén) nonpolar,(o) polar, (x) mixed.

population ratio. In the case of Ala 17 this exceeds 4. Discussion
that of the apolar class, because of the large shift
to low angles in the?(0) distribution for the polar This work was motivated by the ability of the
hydrating water clas$Fig. 8d), indicating a sig- rnm analysis of water hydration to reveal subtle
nificant increase in more tetrahedral-like water but important changes in water structure induced
structure. The important polar groups for the Ala by polar and apolar solutes, and by the desire to
17 and Ala 49 hydration are the carbonyl oxygens better understand the mode of action of THPs. To
of the same residues, which in both cases are onthis end we have extended our analysis protocol
the outer edge of beta sheet, i.e. not making so that we can easily and accurately analyze water
protein—protein H-bonds. An important neighbor structure around the entire surface of a protein or
for Ala 17 is the amide side-chain of Asn 45, any specified subsef). We have performed
which also is not involved in protein—protein H- extended molecular dynamics simulations of a
bonds, and is near enough to affect the hydration Type Ill THP and a suitable control protein, Fas-
structure of Ala 17. ciculin, in water, using the CHARMMTIP3P
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Fig. 9. Summary ofP(6) population ratios. The ratio of low angle to high angle populations in the water—water angle probability
distributions for the entire protein surfa€all), the binding site(Bnd), the opposite face of THPOpp), and the alanine§A17,

A49, A66 of THP and A12 of FAER Unshaded bars, shaded bars are the nonpolar and polar hydrating water-water classes,
respectively. Ratios for pure water, hydration of methane and potassium are shown as horizontal lines for reference.

potential functions and analyzed the water struc- lation ratios follow the same rank order for apolar,
ture. A newly developed software prograrRam, mixed, polar classes of hydrating water, the pop-
can then be used to calculate the distribution of ulation analysis can incorporate subtletiesPit)
water—water angles?(0), for macromolecular, as that the 6,, does not because the latter model
well as simple solute, surfaces. We have also contains less information on both the shape of the
developed a better quantitative method to analyze distribution and the relative amounts of the two
changes inP(6): numerical integration of the two  populations. Furthermore, the AA2 ratio defines
peaks in theP(0) distribution and calculation of the populations in relation to pure water and the
the low to high angle population raticA1/A2). reference values for hydration of apglpolar
This value can be easily computed for the entire small molecule provides us with a quantitative
protein surface or for any part of it, and the results measure of changes in hydrating water structure
interpreted, using values obtained from small test around different protein groups.

solutes as a reference. In previous work, numerical  Applying this analysis to the type Il THP and
comparisons ofP(6) curves were performed by the control protein FasciculifFigs. 7-9, we can
comparing0,. (i.e. the width of theP(0) distri- draw several conclusions. First, we note that the
bution) [2,41]. While 6,,,c and the AYA2 popu- relative population ratios for apolar, mixed and
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polar hydrating water pairs follow the expected comparative analysis of this part the protein sur-
trend based on polarity, and are similar for the two face structure and that of non ice-binding surfaces
proteins. However, the ratios for every classd is not capable, a priori, of explaining the differ-
thus the average value for all types of hydrating ences in water hydration we see. These clearly
waten are higher for THP Ill compared to FAS. depend on aspects of the structure that are not
Thus, these ratios may be interpreted as a reflectionobvious to the eye, but can be revealed by explicit
of the overall hydrophobicity of the protein sur- solvent simulations averaging over many water
face. Second, the differences we see are muchconfigurations, and using sensitive structural meas-
smaller than the range seen in small molecule ures(e.g. angular distortionsn the analysis. This
hydration. For example, compared to our small analysis effectively tells us that the effect these
molecule polar standard, K , the polar protein polar groups have on water structure can be more
atoms’ P(6) distributions are not as distorted, easily modulated(compared to polar groups on
indicating that either water has a relatively weak protein surfaces in genejaby the opposing ten-
interaction with these groups or the effect of dency of surrounding apolar groups to enhance the
neighboring polar and apolar groups on the protein tetrahedral structure of water. This happens to such
surface tend to cancel. When we examine subsetsan extent for these polar groups surrounding the
of the surface, however, two significant differences ice-binding alanines that the apolar neighbor group

between the ice binding and non-ice binding sur-
faces emerges. First, the hydration of the polar
atoms in the functional, or ice-binding site, of

THP 1l contains a greater amount of tetrahedral
structure or ice-like water structure than either the
nonfunctional portion of the molecule or the fas-

ciculin control surface. Second, the hydration
structure is more uniform over the ice-binding site,
i.e. there is less variation between the polar and

apolar hydration even in the absence of a regular

structure of protein surface hydrogen bonding
groups like those in Type | THPs. The flatness of
the ice-bonding surface no doubt contributes to its
more uniform hydration structure compared to the
other surfaces.

If we further narrow our focus to study the
structuring of water about individual residues, we
observe even greater differences between the ice-
binding surface and other surfaces, primarily with
regards to polar atom hydration. The water solvat-
ing the polar groups near the ice-binding site
alanines A49, and especially Al17, has structure
very uncharacteristic of polar hydration, and it is
in fact as, or more, apolar-like as water hydrating
the apolar side-chains of Ala 17 and Ala 49. These
polar groups include the carbonyl oxygens of the
two alanines. The unique hydration structure of

effect actually dominates.
5. Conclusions

Although many studies have attempted to elu-
cidate the binding mechanism of THP llI, their
main successes have been in identifying and con-
firming which residues in the protein play an
important role in binding. In addition, it has been
difficult to unambiguously establish which plane
of ice comprises the protein-binding site. Many
modeling studies have presumed, as initial evi-
dence suggested, that THP 1l binds to the primary

prism (101 0 plane, yet recent data suggests that
the protein may, in fact, interact with the pyramidal

plane (2021 and other faces, as wé23,47.
-Some have proposed that the growing ice surface
is semi-ordered[23]. Thus, there has also been
debate about whether THP IIl recognizes an exist-
ing site on a nascent ice crystal, whether the
protein itself influences the formation of the bind-
ing site, or can bind at several sites.

Regardless of the precise mechanism of THP
action, general consideration of the problem of ice
binding suggests that the main results of our
analysis: (i) more uniform hydration structure in

these polar groups must be a direct consequencethe ice-binding region primarily due tGi) polar

of the protein structure in this region, and the
neighboring polafapolar environment, including
the Asn 45 side chain. However, even detailed

groups with very apolar-like hydration, are signif-
icant for the following reasons. The major problem
for a THP is how to recognize, and preferentially
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bind nascent ice crystals forming in liquid water, A2 values and could improve our understanding
with the two types of surface groups it has avail- of THP action.

able: polar and apolar. If it uses polar groups, then

ordinarily, such groups, being polar will have a Acknowledgments
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