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The interaction between a winter flounder antifreeze polypeptide and an ice/water
interface was studied using Molecular Dynarnics computer simulation techniques to
study the mechanism of action of this class of antifreeze molecules. Simple Point Charge
models were used for the water molecules, and a molecular mechanics program
(CHARMM) was used to construct the model for the polypeptide. A (2021) face was
exposed on the ice surface, as this is believed to be the experimentally favored ice face
for peptide binding. The polypeptide binds strongly to the ice surface even though it was
placed with its four polar threonine (Thr) groups pointing away from the ice surface.
This tested the previously advanced hypothesis that adsorption occurs primarily between
these groups and the ice due to a matching of the spacing between oxygen atoms in the
ice lattice and the polar Thr residues. As well as contacts with other polar groups on the
peptide, the binding to the ice produces a good steric fit of the peptide with the corru-
gated ice interface. The presence of the peptide did not induce any melting of the ice at

200 K

Introduction

Antifreeze polypeptides are a class of molecules capable of
acting as cryoprotectants, allowing, for example, antarctic
fishes to live in temperatures below 0°C. These polypeptides
are believed to act by adsorption to a planar ice front through
hydrogen-bonding to the oxygen atoms in the ice lattice
(Knight et al., 1991; Chakrabartty et al., 1989b). Most cryobi-
ologists assume that this binding occurs between polar groups
on the peptide (attention has focused almost entirely on the
four threonine residues that the molecule possesses) and wa-
ter molecules on the surface of the ice lattice. In this article
we examine the binding of a winter flounder antifreeze
polypeptide, HPL.C-6, to an ice/water interface using molec-
ular dynamics (MD) simulation methods to explore the valid-
ity of this hypothesis.

The winter flounder peptide chosen here contains 37 amino
acid residues whose sequence is Asp—Thr— Ala—Ser— Asp—
(Ala)g— Leu—Thr - Ala— Ala— Asn— Ala— Lys— (Ala); — Glu—
Leu—Thr - Ala— Ala— Asn—(Ala),~Thr~ Ala— Arg (Fourney
et al., 1984). Thus it contains three repeating segments of the
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type Thr—(Xaa),- Asx—(Xaa),, where Xaa is mainly ala-
nine. Similar alanine-rich repeating segments, 11 amino acids
in length, have been discovered for antifreeze proteins from
yellowtail flounder (Scott et al., 1987) and from the sculpin
family (Hew and Fletcher, 1985; Feeney et al., 1986; Davies
et al., 1982; Pickett et al., 1984). The winter flounder an-
tifreeze polypeptide (AFP) HPLC-6 has been shown, by cir-
cular dichroism spectroscopy and X-ray crystallography, to
exist in a mainly a-helical conformation in solution near 0°C,
with a melting temperature near 18°C (Chakrabartty et al.,
1989a; Yang et al,, 1988). A helical structure does not imply
antifreeze activity, however, since the fragment GluLeul2~
Arg37 has a largely helical conformation but lacked an-
tifreeze activity.

The winter flounder AFP molecule contains several polar
threonine residues whose side chains align along one side of
the helix. These side chains have received most of the atten-
tion of the experimental community who have assumed that,
since the spacings between the Thr groups in this peptide
match those of an idealized ice lattice, the Thr groups will
form the primary contacts to the ice (Knight et al., 1991;
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Eastman and DeVries, 1980; Chou, 1992), thereby retarding
further ice crystal growth. It is indeed likely that the adsorp-
tion of molecules on solid surfaces will depend critically on
the exact chemical nature of the contact groups and their
relative positions along the peptide chain. This has been con-
firmed by experimental studies of the adsorption of fi-
bronectin and glucagon to bare surfaces of metals (Grinnell
and Feld, 1982; Pitt et al., 1986) and plastics (Horbett, 1981;
Lu and Park, 1991). However, there are as yet no experimen-
tal studies that provide the molecular-level detail necessary
to determine the contact groups for the binding of antifreeze
polypeptides to ice interfaces.

There is considerable commercial interest in understand-
ing the mode of activity of these molecules. They are cur-
rently used industrially to preserve bovine and other em-
bryos, they are under investigation to help prevent natural
gas hydrate formation in pipelines, and a clone is used to
preserve the flavor of foods such as ice cream. Other applica-
tions in biomedical, aviation, and agricultural applications are
possible, though their implementation is likely to be hastened
if mechanistic information about the wild-type could be used
to “engineer” mutated polypeptides with enhanced ability.

MD simulation techniques offer a way to provide this in-
formation in principle, though there are a number of practi-
cal difficulties due to the prohibitively large computational
effort involved in simulating the detailed intermolecular
forces between every atom in the relatively large systems
needed to contain the AFP and surrounding ice and water
molecules (of the order of thousands of water molecules).
Other difficulties involve the short timescales that can be
monitored (of the order of ns) and the sluggish kinetics of
ice-containing systems at temperatures around the melting
point. Despite these difficulties, there is considerable incen-
tive to use MD simulation techniques for this problem, as
they represent a completely noninvasive in situ tool. These
techniques are capable of providing exquisitely detailed in-
formation about the groups involved in binding the peptide
to the ice interface in a manner unlikely to be duplicated by
experimental studies.

In the past, there has been very little simulation work de-
voted to the adhesion of biomolecules to solid surfaces. There
are, however, two recent articles that describe the binding of
the winter flounder antifreeze polypeptide (HPLC-6) to a bare
(simply terminated) ice surface with a (2021) exposed face,
that is, this is a simplification of the real situation since the
surrounding liquid water molecules are absent. Lal et al.
(1993) described this “docking” through energy minimizations
using the COMMET software molecular mechanics package
(White and Morrow, 1979) to define the optimum angular
positioning of the peptide on the surface. The peptide pre-
ferred to lie at an angle of about 60° across the ridges in the
corrugated (2021) face. Later Madura et al. (1994) performed
a simulation of the D- and L-forms of the HPLC-6 AFP, also
at a bare (2021) ice surface using CHARMM 22 to model the
AFP and TIP3 to model the water. They reproduced the ex-
perimental findings that the two isomers should bind to the
ice in mirror symmetry-related directions.

Our docking studies using the CHARMM?22 program to
investigate the energy of the interaction of the peptide with a
bare ice surface for over 40 different rotations and transla-
tions of the peptide at the ice surface essentially duplicated
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Lal’s result that the peptide preferred to lie across the ridges
in the ice surface when the peptide was bent at 30° and 60°,
but not for a straight peptide. Earlier hydration studies of
ours had shown the peptide to prefer to adopt a bent confor-
mation in solution, a roughly 30° bend at 300 K and a 60°
bend at 273 K (McDonald et al., 1993).

Our main goal here was to perform the first reported MD
simulation of the binding of a wild-type peptide at the full
ice/water interface, not the ice/vacuum interface studied by
all previous investigators. This describes the environment ex-
perienced by the rcal molecule in sifu far more realistically
than the artificial environment in the “docking” studies. On
a practical note, comparison of the results found here with
docking studies should allow us to determine whether the re-
sults are sufficiently different to warrant the large computa-
tional burden imposed by the full ice/water + peptide simula-
tion. As a rough guide, a comprehensive docking study would
take 1-2 days of elapsed time, whereas 100 ps of MD simula-
tion for a large ice/water+peptide system would take a
month on a fast workstation (such as an IBM RS6000-500).
The MD results are arguably the only way to provide insight
into the mechanism of action of the winter flounder an-
tifreeze polypeptide.

As well as calculating the binding of the peptide to the ice,
a secondary goal was to study the effect of the peptide on the
ice front. For instance, would the presence of the peptide
cause the ice to melt? The ice is highly unlikely to grow dur-
ing the MD simulation due to its sluggish kinetics at the tem-
perature considered here (200 K), the ice point for this water
model (Karim et al., 1990). It is important to realize that the
numerical value of the melting point of the model (200 K for
the simple point charge (SPC) model for water vs. 273 K for
real water) is unimportant for determining the properties of
the system as long as the reduced temperature (7/7,) at
which the study is carried out corresponds to an appropriate
location on the phase diagram of the model. As such, our
simulation is being performed in the operating regime of nat-
ural antifreeze molecules, that is, around the ice point. This
simulation may also provide us with information regarding
any changes in the structure of the AFP molecule induced by
the ice. This structure can be studied in terms of its confor-
mation and helix-stabilizing interactions in comparison to its
behavior in pure water, which we studied earlier (McDonald
et al., 1993).

Simulation Methodology and Potentials Used
Intermolecular potentials

The modeling of the interactions between water molecules
was achieved using the rigid three-site SPC (Single Point
Charge) model due to Berendsen et al. (1981). The potential
energy function, E,, of the SPC model includes both van der
Waals and electrostatic terms and has the form:

E,=Tk,(b—by)*+Tks(8 — 6,)°
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librium bond angle (H-O~H), 8,, are 1.00 A and 109.47° for
the SPC model. Interactions of the van der Waals type (12-6)
are only allowed between oxygen atoms.

The O-H distances are constrained using the iterative
SHAKE algorithm (Van Gunsteren and Berendsen, 1977).
Partial charges are centered on each site. This model pro-
vides a good description of the liquid properties, especially
diffusion coefficients, as compared to experiment.

The polypeptide was modeled using the molecular me-
chanics software package CHARMM?22 (Brooks et al., 1983)
using an intermolecular potential of the form:

Ep=Eb+EB+E¢+Ew+EUdW+Ee,+E,,,,+Ec,+EC¢,
2

This function includes a set of terms to account for internal
motions within the molecule and another set of terms that
model three types of nonbonded interactions within a
molecule or between molecules. Nonbonded interactions
within the CHARMM force field involve van der Waals terms
E 4., electrostatic terms E,;, hydrogen bonding contribu-
tions (Ey,), and two constraint terms, E,, and E_,. There
are a number of methods for handling the van der Waals and
electrostatic terms within CHARMM. One can use a switch-
ing function applied over a small window of separation dis-
tances to smooth the nonbonded interactions to zero at a
certain cutoff distance. Alternatively, a shifting function can
be applied to the nonbonded interactions for all separation
distances up to a set cutoff value. Most of the atoms in a
given system have an assigned van der Waals radius, o, and
well depth, €, that describes the strength of the van der Waals
interaction. The electrostatic interactions were cut off at a
distance of 10 A using a shifting function on an atom-pair
basis. The nonbond list was cut off at a separation of 12 A on
an atom-pair basis and was updated every 10 timesteps. The
van der Waals interactions were cut off at a distance of 10 A
using the atom-pair shifting function.

A detailed description of this model for the peptide and its
behavior in vacuo and in water have been given previously
(McDonald et al., 1993). Periodic boundary conditions were
used in the plane of the ice surface (that is, x- and y-), a
fixed lattice was used at the base of the ice block, and a free
surface existed above the water region (that is, there was no
periodic boundary in the z-direction). The simulation was
conducted at a constant temperature of 200 K (the ice point
of the model), that is, under NVT ensemble conditions, where
there is a constant number of particles, N, constant volume,
V, and constant temperature, T. No pressure bath was used.
The reduced density of the liquid water was 0.9 g/cm3,

Initial conformation of the peptide

The equilibrated conformation of the polypeptide resulting
from a 1.8-ns (1,800,000 time step) MD simulation in vacuo
at 300 K was used as the starting point for an energy mini-
mization of the peptide “docked” with a bare ice surface ex-
posing a (2021) orientation. The in vacuo simulation resulted
in a peptide bent to about 60° about the intact salt bridge
formed in the middle of the peptide between Lys 18 and Glu
22. Energy minimization, consisting of 10 steps of steepest
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descent and up to 2,500 steps of an adopted basis Newton-
Raphson method, resulted in a conformation in which the
salt bridge lay at an angle of 160° away from the ice and the
threonine groups were also pointing away from the ice. How-
ever, there was a good fitting of the shape of the peptide in
the “hills and valleys™ of the molecularly rough (2021) inter-
face. Energy minimizations of 45 different rotational and
translational arrangements of the peptide at the ice surface
were conducted to ensure that the lowest energy configura-
tion was achieved and local minima avoided. The lowest en-
ergy arrangement of the peptide was used to set up the MD
simulation as described below. Repeating the study with an
unbent polypeptide, identical to the first system except for
the bend, showed little difference in the lowest energy con-
figuration. However, it did alter the groups within contact
range of the ice: the unbent peptide had the four Thr groups
close to the ice, although only one of these groups formed a
hydrogen bond with the ice, and the bent one had two Thr
groups (Thr 13 and 24) and one Asn group (Asn 16) in con-
tact with the solid, with only the Asn side chain forming hy-
drogen bonds to the ice. Lacking experimental data, we can-
not yet say whether the real AFP is bent in solution or in
contact with ice.

We chose to consider the behavior of the bent peptide at
an ice/water interface for two reasons: first, all the simula-
tions we have performed for the wild-type winter flounder
polypeptide have exhibited a bend whether in vacuo or in
solution at both 200 and 300 K. All the tests performed so far
do not indicate this bend to be a peculiarity of the parame-
ters chosen for the peptide or the water model. There are
helices in globular proteins, such as retinol binding protein
(Aqvist et al., 1986) or calmodulin (Barbato et al., 1992; Rao
et al.,, 1992), that have been seen to be bent in experimental
studies. Second, since a bent peptide shows a preferred ori-
entation with the Thr groups pointing out into the liquid side
of the interface, unlike the model suggested by Knight et al.
(1991) in which the threonines were the main contacts to the
ice, we can test whether the hydrogen bonding of Thr groups
to the ice is indeed the primary binding mechanism. If steric
fit is important, as the “docking” resuits of Lal et al. (1993),
Madura et al. (1994), and ourselves (McDonald et al., 1994)
have demonstrated, then intentionally placing the peptide
with the Thr groups away from the ice could help evaluate
the importance of Thr group binding relative to the advan-
tages due to steric fitting of the peptide shape with the inter-
face.

Assembly of the ice/water /peptide system

The first step in the simulation of the wild-type polypep-
tide near an ice/water interface involved construction and
equilibration of the ice/water interface without the AFP
molecule present. The ice was chosen to have a (2021) crys-
tallographic orientation since this was the plane to which ad-
sorption of the wild-type AFP had occurred in etching exper-
iments (Knight et al., 1991). Simulations of bulk phases of ice
exist (Han and Hale, 1992; Deutsch et al., 1983b; Weber and
Stillinger, 1983); we note in particular, the work of Hale et al.
simulating bulk ice /, using the Monte Carlo method (Ward
et al., 1982). The optimum parameter set for water molecules
in the hexagonal ice lattice found by Hale et al. (Deutsch et
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al., 1983a) involved an H-O-H bond angle of 101° and an
O-H bond length of 0.97 A, subsequentially different from
the values of the SPC model used here (109.47° for the bond
angle and 1.00 A for the O-H bond length). This difference
is not surprising since the SPC model was fitted to liquid
phase properties at room temperature only.

A large block of ice was fabricated by duplicating in space
a small rectangular region of ice I,. This region of ice was
created by placing oxygen atoms of water molecules on lat-
tice positions provided by Hale (Deutsch et al., 1983b) and
the coordinates of the hydrogen atoms were made to fit the
geometry of the SPC water model starting from those given
in the coordinate set by Hale. The large block of ice was cut
with two parallel planes to expose the (2021) AFP adsorption
plane. The slab was rotated such that its smallest dimension
was set perpendicular to the z-direction. At this point, the
slab contained four molecular layers of width 3.5 A each in
the z-direction. The coordinates of this solid region were du-
plicated twice in the + z-direction to provide the coordinates
for what would become the liquid region and once in the
— z-direction to create the eight-layer-wide solid region. A
copy of a four-layer-wide slab was added to these two blocks
of ice to act as a fixed lattice in the subsequent simulations.

The ice/water interface was equilibrated using two seg-
ments of MD. First, the last eight layers of the large ice slab
were heated to 275 K and then equilibrated for 12 ps to pro-
duce a liquid phase, as described for the MD simulations of
the wild-type AFP in water (McDonald et al., 1993). The po-
sitions of the atoms in the solid and in the fixed lattice were
held fixed during the heating. The liquid was then cooled to
200 K (using velocity scaling) and equilibrated further for 6
ps. Then the constraints on the water molecules in the solid
region were released and the system was equilibrated for 10
ps at 200 K. This resulted in an overall ice/water system with
dimensions 85 A by 37 A by 52 A incorporating 4,856
molecules of water in total, of which 2,507 were initially lo-
cated on ice lattice sites.

The location of the ice/water interface was determined us-
ing a combination of analysis techniques: the properties of
“slices” of the system, cut to encompass one plane of
molecules in the ice lattice and continued into the liquid
without changing the thickness of the slice, were evaluated
for their diffusion coefficient and density. In previous studies
of metals, semiconductors, Lennard-Jones systems, and natu-
ral gas hydrates, this technique was found to be accurate and
efficient (Cook and Clancy, 1993).

Once the ice/water system had been equilibrated, a single
wild-type AFP molecule was inserted into the ice/water in-
terfacial region in such a way that minimized any energy
transient in the system. This prevents the ice from melting
and the peptide conformation from being influenced by a
temperature “spike” during equilibration. This was accom-
plished by removing water molecules that overlapped with any
peptide atom and then performing 20 steps of steepest de-
scents energy minimization and 100 steps of conjugate gradi-
ent energy minimization on the peptide-interface system. The
resulting system Is shown in Figure 1, where it can be seen
that the AFP molecule has some contacts with the rough sur-
face of the solid.

The complete system, containing one AFP molecule placed
at the ice/water interface, was allowed to equilibrate for 28
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Figure 1. AFP molecule following energy minimization
near an ice/water interface with an exposed
(2021) face.

The four leftmost layers of ice compose the fixed lattice; the
remaining water molecules shown constitute the dynamic ice
and part of the interface. The water molecules originally in
the liquid region have not been drawn. The peptide can be
seen to be bound at the curled C-terminus (near the top of
the photo) and through an Arg residue nearby. Part of the
midsection of the peptide, near Leu 12, sits in a cavity in the
ice.

ps, after which 72 ps of production dynamics were per-
formed. The average temperature of the system over the pro-
duction period was 203 K. There was no overall drift in the
magnitude of the total electrostatic and total van der Waals
energies during the production dynamics. The equilibration
of the peptide structure was followed by determining the
root-mean-square deviations of the positions of all the atoms
in the AFP as a whole, as well as those of the backbone atoms
and those of the side chains. The rms deviations for each of
the three groupings of peptide atoms reached stable values
by 15 ps. The rms deviations values of 1.0, 1.3, and 0.8 A for
all, side chain, and backbone atoms were much lower (2-3 A)
than the corresponding values for the simulations of the
wild-type AFP in water (McDonald et al., 1993). This is due
to the lower thermal energy in this low temperature system.

This 100-ps simulation required about 83 CPU-hours on a
Cray C-90 “supercomputer.” An equivalent length of simula-
tion on an IBM RS/6000-350H would take roughiy 800
CPU-hours.

Effect of Peptide on the Ice/Water Interface

The morphology of the ice/water interface was studied by
Haymet and coworkers for two different rigid water models,
the well-known TIP4P and SPC potentials (Karim et al., 1990;
Karim and Haymet, 1988). These studies showed the
ice/water interface to be diffuse, spanning about three
molecular layers (about 10 A). The temperature below which
the ice no longer melted was found to be 240 and 200 X for
the TIP4P and SPC models, respectively. Like Haymet and
coworkers, we determined the position of the interfacial re-
gion during the MD simulation using two-dimensional den-
sity profiles and diffusion coefficients traversing the system
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Figure 2. Density profile for the equilibrated [2021] ice/

water interface prior to insertion of the pep-
tide.

from the solid region to the bulk liquid, thus locating the
interface between these two phases.

The oxygen-atom density profiles across the ice/water in-
terface in the z-direction were determined by averaging over
8 ps. Averages over 1 ps gave profiles with qualitatively simi-
lar features. Six strong peaks corresponding to bulk ice were
apparent in the density profile, two peaks of intermediate
height with nonzero minima were due to the interfacial re-
gion, and a section having a density just below 1.0 g/cm® cor-
responded to the bulk liquid water phase of the system. Orig-
inally, the ice contained eight molecular layers, thus the last
two layers of ice and the nearby region of the liquid had
formed the interfacial region during the equilibration of the
ice/water interface (Figure 2). Equilibration of the ice/water
system proceeded until the position of the interface was im-
mobile, which was established rapidly, after about 4 ps. In
fact, no movement of the interface was observed even after
the peptide was inserted and throughout the entire produc-
tion run, see Figure 3. Thus the ice neither melted nor grew
during the simulation at 200 K, as one would expect of a
system at its melting point. The interface here consisted of
2-3 molecular layers, similar to the results for the basal plane
studied by Haymet et al. (Karim et al., 1990).

The self-diffusion coefficients for water molecules in each
3.4-A-wide molecular layer were found by averaging over re-
sults for 4 ps, following the procedure of Haymet. We ob-
served that the mean squared displacement values were lin-
ear over this period and that the diffusion did not change
appreciably if the observation time were halved. The diffu-
sion coefficient for SPC water at an ice/water interface at
200 K was found to be 0.3x 1073 cm”?-s~! by Karim et al
(1990). The analysis was based on the z-coordinate of the
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Figure 3. Density profile for the [2021] ice/water inter-
face after insertion of the peptide, averaged
over the interval from 92 to 100 ps.

Note that the presence of the peptide in the region from 40
to 48 A causes a decrease in the density of the water due to
its exclusion near the AFP.

oxygen atoms at each instant in the trajectory and the mean-
squared displacement calculated for a 4-ps time period.

The slope of the linear portion of each mean-squared dis-
placement curve was used to determine the diffusion coeffi-
cients for the water molecules in each molecular layer. The
ice portion of the system had a diffusion coefficient < 0.05X
10~ cm?s. The interface displayed diffusion coefficients in
the range 0.05-0.15X% 1073 cm?/. The liquidlike layers had
diffusion coefficients around 0.5x 1073 cm?/. This value is
roughly half that calculated by Karim and Haymet (1988) for
an equivalent region in the TIP4P-modeled ice/water inter-
face. This is in accord with the known differences in the dif-
fusion coefficients for TIP4P and SPC models. In comparison
to the profiles by Karim and Haymet (1988), the progression
of the diffusion coefficients traversing from the solid to the
liquid was not as regular in shape, but the width of the inter-
facial region was around 10 A, similar to that found in the
Karim and Haymet study. The unchanging nature of these
diffusion coefficients with time support the results from the
density profiles that the ice/water interface was stable during
equilibration. Later inclusion of the peptide near the inter-
face did not lead to any melting of the ice. Thus, the peptide
had no large-scale influence on the ice/water interface in
terms of its ability to melt the ice at 200 K.

Polypeptide-Interface Interactions
Analysis of the interactions of the AFP molecule with wa-
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ter molecules in the ice/water interface was used to deter-
mine the nature of any adsorptive contact with the interfacial
region. These contacts might involve the formation of hydro-
gen bonds with water molecules in the interfacial section, in-
teractions of the dipoles of water molecules in the ice with
those of nearby groups on the peptide (such as the two
charged terminuses), and van der Waals contacts of the non-
polar side chains of the AFP with the irregularly structured,
dynamically changing interface. We shall now examine each
of these possibilities.

Peptide-ice hydrogen bonding

The hydrogen bonds that occurred between the side chain
and main chain groups of the wild-type peptide and water
molecules were determined for each snapshot in the saved
coordinate trajectory. A hydrogen bond donor-acceptor dis-
tance cutoff of 3.5 A and a donor-hydrogen-acceptor angle

Table 1. Hydrogen Bonding of the AFP to (2021) Ice/Water
Interface during the Period 28-100 ps*

Total Hydrogen Hydrogen

Group Hydrogen Bonds Bonds
Name Bonds to Solid  to Liquid
Asp 1 N-HT1 1.1 0.6 0.5
Asp 1 N-HT3 1.0 1.0 0.0
Asp 1 OD1 0.7 0.3 0.4
Asp 10D2 2.8 1.8 1.0
Asp10 12 0.0 12
Thr 2 N-H 0.8 0.0 0.8
Thr 2 OG1-HG1 25 0.0 25
Thr2 0O 1.9 0.0 1.9
Ala 3N-H 0.8 0.0 0.8
Ala30 1.1 0.0 11
Ser 4 N-H 0.9 0.0 0.9
Ser 4 OG-HG 2.8 0.0 2.8
Ser4 O 1.0 0.0 1.0
Asp 5 OD1 29 1.4 1.5
Asp 5 OD2 1.7 0.0 1.7
Asp50 0.6 0.1 0.5
Ala 6 N-H 0.3 0.0 0.3
Ala6 0O 1.0 0.0 1.0
Ala70 0.9 0.0 0.9
Ala80O 1.0 1.0 0.0
Ala ¢ N-H 0.1 0.1 0.0
Ala90 1.0 0.0 1.0
Alal100O 0.9 0.0 0.9
Alal110 1.0 0.0 1.0
Leu 120 0.6 0.6 0.0
Thr 13 OG1-HG1 2.5 0.0 25
Thr 130 0.7 0.0 0.7
Ala 140 0.8 0.0 0.8
Ala150 0.4 0.4 0.0
Asn 16 OD1 13 0.7 0.6
Asn 16 ND2-HD21 0.9 0.7 0.2
Asn 16 ND2-HD22 0.9 0.7 0.2
Asn 16 0 1.0 0.0 1.0
Lys 18 NZ-HZ1 1.5 0.0 1.5
Lys 18 NZ-HZ2 0.2 0.0 0.2
Lys 18 NZ-HZ3 1.0 0.0 1.0

cutoff of 120° were applied in examining the peptide/water
hydrogen bonding. Any hydrogen bonds formed to water
molecules that originally constituted part of the ice were con-
sidered contacts to the ice. Those that formed between pep-
tide and any water molecules originally part of the liquid wa-
ter side of the interfacc were counted as peptide/water con-
tacts. Some water molecules in the interface underwent ex-
change between being in the more solidlike region of the in-
terface to being in the more liquidlike region. However, the
flux between the icelike and liquidlike water molecules in the
interface was roughly equal, which effectively cancels any in-
correct counting of peptide/ice and peptide/liquid hydrogen
bonds, especially when averaged over the entire production
period of the simulation.

The number of peptide/water hydrogen bonds in the sys-
tem increased as the simulation proceeded, rising from 29 to
75 in 100 ps. Details of these 75 hydrogen bonds are summa-
rized in Tables 1 and 2. This number is about 16 hydrogen
bonds larger than was observed for the wild-type peptide in
either SPC-modeled (McDonald et al., 1993) or TIP3P-mod-
eled water (McDonald, 1995). There were about 59
peptide/liquid water interactions intact at any given instant
and 16 peptide/ice hydrogen bonds. Thus the increase in
peptide/water hydrogen bonds over those for the hydration
of the peptide could be due to contacts to the ice, reflecting
the preference of the peptide to bind to the ice. Alterna-
tively, the larger number of peptide/water hydrogen bonds
could have been due to an increased tendency for hydrogen

Table 2. Hydrogen Bonding of the AFP to a (2021) Ice/Water
Interface during the Period 28-100 ps*

Total Hydrogen Hydrogen
Group Hydrogen Bonds Bonds
Name Bonds to Solid  to Liquid
Ala190 15 1.1 0.4
Ala 200 2.1 0.0 2.1
Glu 22 OE1 38 0.0 38
Glu 22 OE2 2.0 0.0 2.0
Glu220 1.1 0.0 1.1
Thr 24 OG1-HG1 0.4 0.0 0.4
Ala 25 N-H 0.1 0.0 0.1
Ala 250 1.0 0.0 1.0
Ala 26O 1.0 0.0 1.0
Asn 27 OD1 0.5 0.0 0.5
Asn 27 ND2-HD21 1.0 0.0 1.0
Asn 27 ND2-HD22 1.6 0.0 1.6
Ala280 1.0 0.0 1.0
Ala290 1.7 0.0 1.7
Ala300 21 0.0 21
Ala 32 N-H 0.9 0.0 0.9
Ala 320 1.7 0.0 1.
Ala 33 N-H 0.1 0.1 0.0
Ala330 1.8 1.7 0.1
Ala34 0 1.1 0.0 1.1
Thr 35 OG1-HGI1 1.0 0.0 1.0
Thr 350 0.8 0.0 0.8
Ala 36 N-H 0.9 0.0 0.9
Ala 360 23 23 0.0
Arg 37 OCT2 1.9 19 0.0
Total 75.1 16.5 58.6

*Values for residues 1~18 are shown, with the exclusion of groups form-
ing no hydrogen bonds tc water molecules.
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*Values are given for residues 19-37, with the exclusion of groups form-
ing no hydrogen bonds to water molecules.

AIChE Journal



bonds to form at the lower temperature in this simulation
(200 K here vs. 300 K in the hydration simulation). A further
higher temperature simulation of the peptide/water/ice sys-
tem would be necessary to determine if the latter explanation
is valid.

The residues found to have formed hydrogen bonds to the
icelike interfacial region included the amino and carboxy ter-
minuses, the side chains of Asp 1, Asp 5, and Asn 16, along
with the main chain carbonyl groups of Ala 8, Leu 12, Ala 15,
Ala 19, Ala 33, and Ala 36. None of these hydrogen bonds
between the ice and main chain carbonyl groups existed at
the start of the simulation. When we compared the binding
formed in the rather constrained “docking” minimization
procedure and the unconstrained MD simulation of the
ice/water interfacial system, we found considerable differ-
ences. In the “docking,” the only group of the peptide that
was hydrogen bonded to water molecules in the ice slab was
the main chain carbonyl of Ala 36, which formed two hydro-
gen bonds with water molecules. The peptide in the interfa-
cial system had the same orientation as in the docking study,
but here it preferred to form numerous hydrogen bonds to
water molecules in the interfacial region, through its side
chains and some main chain groups. Thus the shape of the
peptide formed a better “fit” with the rough (2021) interface
than the “docked” peptide at a bare ice surface. This can be
seen in Figure 4, which shows Quanta-generated pho-
tographs of the peptide-interface system following 100 ps of
MD simulation. Several side chain and main chain groups of
the peptide, including the N- and C-terminuses, have formed
new associations with the irregularly shaped interfacial re-
gion.

Peptide-water hydrogen bonding

Hydrogen bonding interactions of the peptide with water
molecules in the liquid phase of the interface could also be
important to the function of the AFP molecule in stopping
ice growth. One proposed mechanism suggests that the pep-
tide might act by influencing the translational mobility and
three-dimensional structuring of water molecules and thus
interfere with the process by which water molecules in the
liquid gain access to and join the solid phase (Feeney et al.,
1986). In the hydration study (McDonald et al., 1993), the
diffusion of water molecules near polar groups of the peptide
that contained oxygen atoms was reduced by a factor of 3
relative to that in the bulk solvent, which may allow water
structuring for a longer lifetime.

The number of hydrogen bonds that each group of the
wild-type polypeptide formed with water molecules consid-
ered to be in the liquid phase, using the classification method
described earlier for the peptide/ice hydrogen bonds, are
shown in the last columns of Tables 1 and 2. The number of
hydrogen bonds to water for the hydroxyl-containing side
chains of Thr 2, Ser 4, and Thr 13 was slightly larger than in
the hydration. This may be due to the increased tendency for
hydrogen bonds to form at lower temperatures. The side
chains of Thr 24 and Thr 35 formed fewer hydrogen bonds to
the liquid in the interfacial simulation as compared to the
hydration; instead they satisfied part of their hydrogen bond-
ing capacity by interacting with main chain carbonyl groups,
as is discussed in subsection titled “Peptide/peptide interac-
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Figure 4. Two views of the AFP molecule following
100 ps of MD near an ice/water interface.

Key as in Figure 1. Note the increased number of contacts
between the ice and the peptide in comparison to Figure 1.

tions.” Main chain groups behaved similarly in both the hy-
dration and interfacial simulations.

For most of the main chain carbonyl groups of the peptide,
hydrogen bonding was exclusively to the liquid-phase water
molecules and involved about one such hydrogen bond. An
exception was observed for the carbonyl of Ala 20, which en-
tered into two hydrogen bonds on average with water
molecules in the liquid phase. This carbonyl group did not
fulfill one of its hydrogen bonds by interacting with the side
chain of Thr 24, as in the hydration study, and might be more
available to interact with ice if the peptide rotates around its
long axis. The side chain of Thr 24 formed a hydrogen bond
to Ala 19 instead (as in the initial configuration). Hydrogen
bonding interactions were rarely observed between main
chain amide groups and water molecules in the liquid portion
of the interface. Fewer hydrogen bonds to the liquid were
found for the amino-terminus and the side chains of Asp 1,
Asp 5, and Arg 37 for the interfacial system as compared to
the hydration. Even though these groups were hydrogen
bonded to the ice, they showed fewer hydrogen bonds to wa-
ter molecules overall in comparison to the hydration study.
This is probably related to the steric hindrance provided by
the ice. In particular, the side chain of Arg 37 showed no
hydrogen bonding to water molecules in either the liquid, in-
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terfacial, or ice regions. Instead, this side chain hydrogen
bonded to several main chain groups, as described in subsec-
tion titled, “Peptide/peptide interactions.” The carboxy ter-
minus also had a different pattern of hydrogen bonding in
this interfacial study, preferring to form about two hydrogen
bonds to the interfacial region instead of several hydrogen
bonds to liquid water in hydration. Despite the small differ-
ences noted previously, the peptide/water interactions in this
interfacial simulation were similar to those in bulk water.
Thus, the presence of the ice did not significantly influence
the mobility or ordering of nearby water molecules in the
liquid compared to its hydration conformation.

Elastrostatic and van der Waals interactions

The results of Lal et al. (1993) agreed with the experimen-
tal hypothesis that the wild-type polypeptide interacts more
strongly with the (2021) ice plane compared to the basal or
prism planes. They related this difference to the formation of
a more intimate contact of many parts of the peptide with
the rougher (2021) plane and found that the van der Waals
component of the energy was more negative for the (2021)
face compared to the basal plane. We found that the van der
Waals component increased (became less favorable) by about
10% during the equilibrium period, but remained constant
after that, as shown in Figure 5. The corresponding history
for the electrostatic energy component, seen in Figure 6,
showed a decrease of larger magnitude over a similar
timescale. This suggests that improved electrostatic interac-
tions developed at the expense of some unfavorable steric

10000 11000
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Figure 5. History of the van der Waals energy for the
AFP near a [2021] ice/water interface.
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Figure 6. History of the electrostatic energy for the AFP
near a [2021] ice/water interface.

ones. However, our docking studies did not clearly show a
preference for the peptide to bind to one particular ice face.

Effect of the Ice on the Polypeptide

The effect of the presence of the ice/water interface on
the peptide itself was also studied, for example, to determine
any loss of helicity or change in helix bending. The mecha-
nism by which the peptide is effective in stopping ice growth
may involve the formation of secondary contacts to the inter-
facial region, following the initial contact by polar groups.
Formation of these secondary contacts may be facilitated by
changes in the extent of the helix bend, the conformation of
the side chains and backbone, and shifts in the pattern of
peptide/peptide hydrogen bonding vs. peptide/water (liquid
or solid) hydrogen bonding.

Peptide conformation

The average conformation of the main chain and the side
chains of the wild-type AFP near the ice/water interface was
determined. Using ¢ and ¢ angles to refer to rotation around
the N-C, and C,—C bonds of each residue, involving 4 con-
tiguous backbone atoms in the definition of each angle in
Table 3, it can be seen that 25 of the 35 interior residues
remained helical, using a 15° window about the a-helical val-
ues of —67° and —44° of ¢ and ¢, respectively. A picture of
the peptide near the ice/water interface following 100 ps of
MD is shown in Figure 7. The peptide was much less helical
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Table 3. Average Dihedral Angles for the AFP Near a (2021) Ice/Water Interface at 200 K over the Interval 28-100 ps

Residue ¢ ¥ @ X1 X2 X3 X4 Xs X6 X7
Asp 1 — —164.7 -179.5 64.3 336

Thr 2 ~57.7 ~51.3 —-175.8 —48.7 -90.7

Ala 3 —-147.7 -21.0 —-176.4

Ser 4 —65.6 -339 175.5 —47.6 432

Asp 5 -65.7 -35.6 173.8 62.1 1554

Ala 6 —60.8 —41.1 176.4

Ala7 —-63.3 —42.3 -179.7

Ala 8 —65.2 —46.9 174.7

Ala 9 -58.9 -356 176.5

Ala 10 —62.1 —34.4 1744

Ala 11 -63.5 —36.2 175.3

Leu 12 —65.8 —-427 177.7 —54.8 —-61.3

Thr 13 -57.7 —38.8 175.2 —48.5 69.6

Ala 14 —-59.8 —448 178.4

Ala 15 —63.7 —38.1 1747

Asn 16 —-57.6 —-44.0 176.5 1788 -51.0 -177.6
Ala 17 —63.4 —-36.3 -176.4

Lys 18 -59.3 —48.8 176.8 ~70.6 —68.2 -178.9 -59.1 —-169.4
Ala 19 —-67.6 -27.9 178.4

Ala20 -70.5 —-454 -177.2

Ala 21 —148.0 —47.7 —168.0

Glu 22 -56.8 ~58.1 —-178.2 —-535 175.8 -1725
Leu 23 ~80.9 —-29.8 178.1 -171.3 -178.7

Thr 24 —-834 —89.0 —-170.2 47.0 -175.3

Ala 25 —54.0 -51.6 -179.5

Ala 26 —65.4 —-475 -177.0

Asn 27 -733 -21.7 174.0 —166.7 -121.6 -174.2
Ala 28 —70.2 —-32.4 171.5

Ala 29 —-63.9 -379 176.9

Ala 30 —66.6 -39.0 176.8

Ala 31 —-1644 92.6 176.3

Ala 32 -715 138.6 -176.6

Ala 33 58.2 50.5 179.4

Ala 34 —156.7 -725 -176.0

Thr 35 -~83.6 80.0 -175.1 39.8 —172.6

Ala 36 711 -19.4 173.0

Arg 37 —-163.1 — — 46.0 80.5 —-64.4 -79.6 1693 1769 1734

than in our hydration study, in which 33 of the interior
residues were helical on average (McDonald et al., 1993). The
nonhelical residues included Thr 2, Ala 3, Ala 21, Thr 24,

P T oty LIPS

Figure 7. AFP molecule and the entire ice/water system
following 100 ps of MD.

A ribbon diagram has been fitted to the backbone atoms of
the peptide. Note the uncurled conformation of the car-
boxy-terminal end of the peptide.
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and Ala 31-Ala 36, most of which were hydrogen-bonded to
the liquid. These same residues were nonhelical in the start-
ing peptide structure selected from the in vacuo trajectory.
As in the hydration study, the w angle of Ala 21 was much
lower than those of surrounding residues, showing that a twist
existed in the peptide at the center of the bend. The noted
lack of helicity for Thr 24 was due to a low value of its ¢
angle, a feature that was also found in the peptide structure
used to start the simulation. The bend in the center of the
peptide was maintained in part during the simulation by this
additional (compared to the hydration) nonhelical residue
near the Lys~Glu salt bridge. These results for the backbone
dihedral angles indicate that the wild-type AFP remained
mostly helical in the vicinity of the ice/water interface, with
the nonhelicity concentrated at the ends (especially the car-
boxy terminus) and near the salt bridge in the middle of the
peptide.

The conformation of the wild-type peptide was also investi-
gated by obtaining histories of the main chain and side chain
dihedral angles over the course of the entire simulation. No
residues underwent transitions of lasting significance. The rms
fluctuations in the main chain dihedral angles were less than
10° in most cases, with the exceptions being residues on the
ends of the peptide. The histories of the backbone dihedral
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angles also indicate that the helical structure of the peptide
was maintained, with no further loss of helical structure over
the hydration study.

Side chain motions

The average values for the side chain y angles are given in
Table 3. The arrangement of many of the side chains was
different from that observed in the hydration study, except
for Thr 2, Leu 12, and Glu 22. The Thr 24 and Thr 35 side
chains differed in conformation for both their y; and y, an-
gles. The side chains of the terminal residues were not in an
extended arrangement here ( y, values near +180°), as they
were in the hydration. The ice/water interface provided a
different environment for the side chains causing transitions
in the dihedral angles of the side chains in order to reestab-
lish the balance between peptide/water and peptide/peptide
interactions. A search for such side chain rotations was made
by examining the histories of the side chain dihedral angles
over the entire simulation. Some of the side chains under-
went transitions of 30° or more in the values of one or more
of their side chain dihedral angles (see Table 4).

The hydroxyl-containing side chains, except for Thr 35, un-

derwent substantial motions, with transitions typically occur-
ring several times over the 100-ps simulation. As shown in
the analysis of peptide/water hydrogen bonding presented
earlier, these side chains interacted only with water molecules
in the liquid section of the interface. Rotation about the
chemical bonds of the side chains was preceded by breakage
of the corresponding side chain to water hydrogen bond and
was followed by reformation of hydrogen bonds to solvent,
but with the side chain arranged differently relative to the
main chain of the peptide. Often, these changes in the orien-
tation of the side chain were short-lived and the side chain
returned to its original conformation.

The magnitude of the transitions in conformation were of
the order of 60° to 180° and their frequency was generally
less than that observed for the wild-type AFP in bulk water.
The more mobile side chains were oriented into the liquid
portion of the system and would have been expected to have
similar motions to those seen in the hydration. Here, the lower
temperature resulted in a partial loss of side chain mobility.
These results suggest that the side chains of the AFP un-
dergo motions often enough and to an extent that might al-
low for the formation of additional contacts between the pep-
tide and the interfacial region, but the computational cost of

Table 4. RMS Fluctuatioas in Dihedral Angles for the AFP Near a (2021) Ice/Water Interface at 200 K

Residue ¢ ¥ X1 X2 X3 X4 Xs Xo X7
Asp 1 — 7.7 56.2 7.1

Thr 2 10.3 10.6 13.1 67.9

Ala3 11.5 10.9

Ser 4 9.5 9.1 10.0 86.6

Asp 5 7.0 6.8 342 8.1

Ala 6 6.7 6.9

Ala7 6.7 7.2

Ala 8 6.6 6.1

Ala9 6.6 6.5

Ala 10 6.2 7.0

Ala 11 5.8 6.9

Leu 12 6.5 5.8 8.3 10.4

Thr 13 6.3 5.8 6.6 55.9

Ala 14 6.7 6.8

Ala 15 6.6 6.8

Asn 16 6.8 6.3 23.8 26.0 6.4
Ala 17 6.5 6.3

Lys 18 6.0 6.2 6.4 8.5 8.8 89 14.0
Ala 19 6.7 7.3

Ala 20 7.5 11.7

Ala 21 10.6 9.4

Glu 22 7.6 7.8 8.2 7.6 46.7
Leu 23 8.2 6.8 12.6 8.6

Thr 24 77 9.0 6.7 18.6

Ala 25 9.4 7.8

Ala 26 6.9 72

Asn 27 6.3 6.8 5.6 9.0 6.2
Ala 28 7.0 6.7

Ala 29 6.5 78

Ala 30 8.2 11.0

Ala 31 8.4 16.3

Ala 32 10.6 9.6

Ala 33 6.4 10.0

Ala 34 8.9 103

Thr 35 8.1 5.8 7.5 125

Ala 36 6.1 132

Arg 37 14.9 — 6.0 6.5 6.2 7.2 55 6.7 6.5
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Figure 8. Time series of the distance between the main
chain carbonyl oxygen atom of Glu 22 and the
main chain amide nitrogen atom of Ala 26 of
the AFP.

the simulation precluded simulating the system for long
enough to confirm this.

Peptide /peptide interactions

Peptide /peptide hydrogen bonds were also found to stabi-
lize the helical structure of the AFP molecule here, as found
in the vacuum and hydration studies we have carried out.
Hydrogen bonds were characterized by a donor-acceptor dis-
tance cutoff of 3.5 A and a donor-hydrogen-acceptor angle
cutoff of 120°. Main chain hydrogen bonds of the typical (i,
i +4) type for a helix were broken most of the time in bonds
numbered 1, 2, 19, 20, 23, 29, 30, 32, and 33. In this number
scheme, the bond number corresponds to the index i, with
the carbonyl of residue i forming a hydrogen bond with the
amide of residue i/ +4. Bond number 18 was intact most of
the time, but had two breakages lasting 10 ps each. Bond
number 22 between Glu 22 and Ala 26 was intact early in the
simulation and then separated permanently, as shown by the
history of the O-N distance (see Figure 8). This is the same
pattern as for the in vacuo simulation at 300 K. Thus, the
stabilization of the peptide backbone by the main chain hy-
drogen bonds in the middle of the molecule was lost through-
out this current simulation, a loss that also developed during
the 300 K vacuum simulation. The implications of this contin-
uing pattern of backbone hydrogen bonding on the helix
bending motion that was observed in vacuo at 300 K will be
discussed in the following subsection.

AIChE Journal

Table 5. Number of Transitions in Selected Side Chain Dihe-
dral Angles of the AFP at an Ice/Water Interface at 200 K

Atoms in No. of

Residue Dihedral Transitions
Asp 1 ca-cb-cg-od1 6
Thr 2 n-ca-cb-ogl 1
Thr 2 ca-cb-ogl-hgt 12
Ser 4 ca-cb-og-hg 16
Asp 5 ca-cb-cg-od1 1
Thr 13 ca-cb-ogl-hgl 3
Lys 18 cd-ce-nz-hzl 4
Glu 22 cb-cg-cd-oel 1
Thr 24 ca-cb-ogl-hgl 6
Asn 27 ca-cb-cg-od1 1
Thr 35 ca-cb-ogl-hgl 0

A search for hydrogen bonding interactions of the side
chains of the peptide with the main chain was also made by
determining donor-acceptor distance histories. The geome-
tries for these interactions for the average production struc-
ture of the peptide are shown in Table 5. The side chain of
Asp 5 (containing a charged carboxyl group) interacted
strongly with the amino terminus, in a salt bridge. The charged
side chain of Arg 37 was involved in a salt-bridge interaction
with the carboxy terminus. These two interactions have the
effect of reducing the side chain interactions with the helix
macrodipole. The overall dipole moment of the helix arises
from the charged terminuses together with the unpaired main
chain groups on the ends of the peptide in the (i, { +4) main
chain hydrogen bonding pattern. These salt-bridge interac-
tions are thought to make the molecule more stable in polar
solvents such as water. As in the vacuum and hydration simu-
lations, the ends of the peptide “curled” around to allow the
formation of interactions between the side chains of the ter-
minal residues and the main chain. The extent of the
“curling” on the carboxy terminal end of the peptide was suf-
ficient to allow the formation of a hydrogen bond with the
side chain of Asn 27, three helical turns away in the se-
quence. Similar curled terminuses have been observed exper-
imentally, a phenomenon known as “capping” (Stickle et al.,
1992). As noted previously, the Arg 37 side chain did not
form hydrogen bonding interactions to water molecules ei-
ther in the liquid or solid regions of the interface. Similar to
the hydration studies, the side chains of Thr 13, Thr 24, and
Thr 35 were in close association with their respective main
chain amide groups, but the angle of these interactions pre-
cluded their inclusion as hydrogen bonds.

The only threonine group that regularly satisfied the hy-
drogen bond cutoff angle was the Thr 24 side chain bonded
to the main chain amide of Ala 25. Unlike our previous simu-
lations of the AFP, the carboxy terminus interacted in a hy-
drogen bonding manner with main chain peptide groups, in
this case the amide groups of Ala 33 and Ala 34. The peptide
was curled near its carboxy terminus in the starting coordi-
nates for this MD simulation, with the same two terminus-
amide hydrogen bonds being intact. The interaction of the
side chain of Thr 24 with main chain carbonyl groups was
again observed. The hydrogen bond to the carbonyl of Ala 19
was intact over the entire simulation, while the hydrogen bond
to the carbonyl of Ala 20 was formed only a small fraction of
the time (see Figure 9). In the hydration study, the hydrogen
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Figure 9. History of the distance between the side chain
hydroxyl oxygen atom of Thr 24 and the main

chain carbonyl oxygen atom of Ala 20 of the
AFP.

bond of the Thr 24 side chain with the carbonyl of Ala 20 was
intact, while here, as in the initial configuration, the hydro-
gen bond to the carbonyl of Ala 19 predominated.

In the 300 K vacuum study of the wild-type peptide (Mc-
Donald et al., 1993), the side chain of Thr 24 changed the
main chain carbonyl group to which it was hydrogen bonded,;
this event was thought to be crucial in the development of
the helix bend. Since the same pattern of side chain to main
chain hydrogen bonding in the center of the peptide was
maintained throughout this simulation, we expect the helix
bend angle to be maintained, as discussed below.

There were a few side chain to side chain interactions from
the starting structure that were intact in the peptide during
this interfacial simulation. The salt bridge between the side
chains of Lys 18 and Glu 22 was present at all times. The
charge/charge type of interaction involved in the salt bridge
is a stronger interaction than a hydrogen bond. One of the
two oxygen atoms of Glu 22 slowly drifted away from the
amino group on the end of the lysine side chain to a distance
of about 4.5 A as shown in Figure 10, but remained close
enough to interact strongly with the charged amino group.

The only other hydrogen bond among the side chains that
remained largely intact occurred between the hydroxyl group
of Thr 35 and one of the amino groups of Arg 37 (see Table
6). Average geometries and distance histories indicate that
the helix in this system was stabilized by the same types of
intramolecular hydrogen bonds, together with a few
charge/dipole and charge/charge interactions, as for the pep-
tide modeled in bulk water. The extent of intactness of the
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Figure 10. History of the distance between the side
chain amino nitrogen atom of Lys 18 and the
side chain carbonyl oxygen atom (OE1) of
Glu 22 of the AFP.

main chain hydrogen bonds was similar in the bulk liquid and
interfacial environments, but there were differences in the
side chain to main chain hydrogen bonding,

Table 6. Geometry for Peptide-Peptide Hydrogen Bonds of
the AFP Near a (2021) Ice/Water Interface at 200 K

Avg. Avg.
Distance Angle

Donor Group Acceptor Group (A) (deg)
Asp 1 N-HT2 Asp 5 0OD1 3.14 127
Asp 1 N-HT2 Asp 5 OD2 3.22 168
Asp 5 N-H Asp 1 0OD1 3.16 155
Ala 6 N-H Asp50D2 3.02 128
Thr 13 N-H Thr 13 OG1 2.67 100
Lys 18 NZ-HZ2 Glu 22 OE2 2.72 158
Thr 24 N-H Thr 24 OG1 2.65 105
Thr 24 OG1-HG1 Ala190 2.81 151
Ala 25 N-H Thr 24 OG1 2.94 128
Ala 33 N-H Arg 37 OCT1 2.96 123
Ala 33 N-H Arg 37 OCT2 2.88 162
Ala 34 N-H Arg 37 OCT1 2.92 178
Thr 35 N-H Thr 35 OG1 2.66 104
Arg37NE-HE  Arg 37 OCT2 308 143
Arg 37 NH1-HH11 Thr 35 OG1 2.77 148
Arg 37 NH1-HH12 Ala310 2.70 135
Arg 37 NH1-HH12 Arg 37 OCT1 2.82 121
Arg 37 NH2-HH21 Asn 27 OD1 2.69 145
Arg 37 NH2-HH22 Leu230 2.74 142
AIChE Journal
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Figure 11. Time series of the helix bend angle of the

AFP near a [2021] ice/water interface.

The vectors defining the angle ran between the C, atoms
of residues 5 and 16 residues 24 and 31.

Helix bending

The structure used to start the interfacial simulation had a
bend angle of 58° as defined by the angle between vectors
from the a-carbon groups of Asp 5 to Asn 16 and from Thr
24 to Ala 31. The history of the helix bend angle throughout
the simulation is shown in Figure 11. A slight decrease in the
bend angle occurred over the first 80 ps of the simulation,
with the value of the angle changing from 58° to around 55°,
after which the angle remained fairly constant. There were
no large-scale oscillations of the bend angle, possibly due to
the combined damping influences of the water molecules sur-
rounding the AFP and the low temperature at which the sim-
ulation was conducted. As noted in the previous subsection,
the pattern of main chain hydrogen bonding was nearly con-
stant, and this feature is one possible explanation for the ob-
served ability of the peptide to maintain its initial bend while
near the ice/water interface. Due to the short observation
time, the relatively constant behavior of the helix bend angle
may be viewed as indicative of a preference for the peptide
to remain in a bent shape near the [2021] ice/water interface
or as a simulation constraint caused by these low-mobility
conditions. There is an urgent need for molecularly detailed
experimental (such as nmr) studies of the peptide in water
and near ice to determine whether there is any significant
bend in the helix.

Peptide translation and rotation
Examination of the conformation of the AFP throughout
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the simulation showed that no net translation or rotation of
the peptide had occurred. Rotation of the peptide over the
interface was probably hindered by the relatively small dis-
tance of the peptide from its periodic “image,” though we
were careful to ensure that the peptide was not within its
influence. Translation, too, is unlikely due to the low diffu-
sion coefficient of this peptide. Even in the higher tempera-
ture hydration simulation, the mobility of the peptide was
more than an order of magnitude lower than that for water
molecules in the bulk solvent. A “log-roll” rotation of the
peptide about the long axis of the helix was not observed in
the graphical animation; no change occurred as to which pep-
tide groups were closest to the interfacial region.

The lack of net translation or rotation of the wild-type AFP
in this study near a (2021) planar ice/water interface empha-
sizes the need to start the peptide in the orientation that is
the most preferable for adsorption. At these low tempera-
tures, the peptide may be unable to make a transition to an-
other orientation on a timescale that can be examined using
MD simulation. Peptide motion is further constrained by the
strong interactions that some of the peptide groups formed
with the interfacial region.

Conclusions

The first report of the interaction of a wild-type winter
flounder AFP molecule with an ice/water interface was made
using MD simulation techniques. Significantly increased con-
tact was found between the peptide and surrounding water
molecules in comparison to the behavior of the AFP in bulk
water. This increased contact was entirely due to the forma-
tion of strong ice/peptide hydrogen bonds. The peptide in-
teracted with the ice/water interface through a mixture of
hydrogen bonds to both the liquid and solid phases.
Peptide /water bonds were formed with all the threonine side
chains (extended out into the liquid), and with other polar
side chains and main chain carbonyl groups; about 59 hydro-
gen bonds were formed with the water molecules in the lig-
uid. Sixteen peptide/ice hydrogen bonds were formed with
the C- and N-terminuses, the side chains of Asp 5 and Asn
16, and the main chain carbonyl groups of Ala 8, Leu 12, Ala
19, Ala 33, and Ala 36. The total number of peptide/water
hydrogen bonds was 75, showing a 20% increase over its value
in bulk water at 300 K.

The peptide remained in a stable helical, somewhat bent,
conformation throughout the simulation. The bent region of
the peptide extended over a larger segment of residues (in
the center of the helix) compared to the hydration. The bend-
ing decreased slightly throughout the run, though the simula-
tion could not be run long enough to determine how straight
it might become.

Two main differences were found in this ice/water system
as compared to the ice/vacuum “docking” studies. First, the
alteration in the extent of the bend only occurred in this
ice/water system, not in the earlier in vacuo, hydration or
“docking” studies. Since this bend—if real—could have im-
portant mechanistic implications, it may be that full ice inter-
facial systems are needed. Second, the degree of “fit” to the
ice was enhanced in the interfacial system relative to the
docking studies, which, again, may be important mechanisti-
cally.
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Several pieces of mechanistic information have resulted
from this simulation. First, positioning the peptide near the
interfacial region did not cause melting of the ice at its ice
point. This is consistent with an adsorptive mechanism in
which the peptide kinetically retards ice growth rather than a
simply colligative thermodynamic effect caused by the pres-
ence of the peptide in solution. This agrees with experimen-
tal findings. Second, in the proposed adsorption mechanism
of Knight et al. (1991), the peptide was assumed to act by
binding the four threonine side chain hydroxyl groups to wa-
ter molecules in the ice phase. In this simulation, however,
the threonine side chains were oriented away from the inter-
facial region throughout the simulation, as observed in a
computer graphics animation of the system using QUANTA
3.4 (Molecular Simulations, 1992), yet the peptide was still
able to form strong contacts with the ice. This suggests that
binding by the polar Thr groups may not be the only way for
peptides to successfully bind to ice surfaces, and hence other
mechanistic pathways may be possible strategies for an-
tifreeze activity. This simulation showed that the wild-type
AFP was able to form a close “fit” to the ice/water interface,
employing a mixture of contacts from other polar groups and
improved “steric matching” of the peptide shape to the
ice/water interface. This conclusion was also reached by Lal
et al. (1993) in docking studies: steric fit and polar group con-
tacts were both found to be important. These findings may
well be important in the design of synthetic antifreeze
molecules.

The constraints of serial computation for the simulation of
these systems were clearly visible, the major problems being
the inability of the peptide to “roll” about its long axis during
the short observation time that precluded a determination of
the preferred orientation of the peptide at an ice/water in-
terface. We are repeating the MD simulations with the pep-
tide in other initial orientations and comparing the extent of
binding to the ice. Problems associated with short observa-
tion times in the simulation will be addressed using parallel
architectures. The lack of rolling reflects the low tempera-
ture, the high viscosity of the solution, and the sluggish kinet-
ics (the diffusion coefficient of water molecules in the liquid
was about five times smaller than bulk water at 300 K).
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