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Abstract: The physical nature underlying intermolecular interactions between two rod-like winter
flounder antifreeze protein (AFP) molecules and their implication for the mechanism of antifreeze
function are examined in this work using molecular dynamics simulations, augmented with free
energy calculations employing a continuum solvation model. The energetics for different modes of
interactions of two AFP molecules is examined in both vacuum and aqueous phases along with the
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water distribution in the region encapsulated by two antiparallel AFP backbones. The results show
that in a vacuum two AFP molecules intrinsically attract each other in the antiparallel fashion,
where their complementary charge side chains face each other directly. In the aqueous environment,
this attraction is counteracted by both screening and entropic effects. Therefore, two nearly
energetically degenerate states, an aggregated state and a dissociated state, result as a new aspect
of intermolecular interaction in the paradigm for the mechanism of action of AFP. The relevance
of these findings to the mechanism of function of freezing inhibition in the context of our work on
Antarctic cod antifreeze glycoprotein (Nguyen et al., Biophysical Journal, 2002, Vol. 82, pp.

2892-2905) is discussed.

© 2004 Wiley Periodicals, Inc. Biopolymers 75: 109-117, 2004
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INTRODUCTION

The survival of many polar fishes during the winter is
dependent on their bodies’ ability to inhibit and sup-
press the growth of ice crystals when the temperature
of the seawater and therefore the fish’s blood serum
falls well below freezing.'? It has been determined
that the unusually low freezing temperature of fish
blood serum cannot be attributed to colligative effects
of dissolved substances (such as salts) alone, but is
due to the presence of a family of so-called biological
antifreezes.®® Biological antifreezes can be classified
into two categories according to the presence or ab-
sence of carbohydrate moieties. The former are
known as antifreeze glycoproteins, while the latter are
known as antifreeze proteins.”’>> Biological anti-
freezes are known macroscopically not only to pre-
vent the growth of the incipient ice crystals up to
several degrees below freezing, but also to interfere
with the growth morphology of ice crystals and, in a
noncolligative manner, to exhibit thermal hysteresis,
which lowers the freezing temperature without affect-
ing the melting temperature. Furthermore, thermal
hysteresis is additive to the colligative effect. Early
hypotheses of the mechanism of function were based on
data from the ice etching technique developed by Knight
et al.?*?® Although particular facets for antifreeze pro-
tein (AFP) and antifreeze glycoprotein (AFGP) accumu-
lation can be identified, this method lacks the ability to
characterize adsorption dynamics. Hence, initial postu-
lates suggested that the proteins are irreversibly ad-
sorbed onto the surface of particular facets. It was the
work of Kuroda® in 1991 that questioned the irrevers-
ible binding aspect of the hypothesis.

Winter flounder AFPs are type I AFPs and consist
mostly of two components, namely HPLC6 and
HPLCS, of which the former (which we will subse-
quently refer to as AFP) is the major component and
the subject of this study. This AFP’s chemical com-
position consists of 37 amino acid residues and has
been a subject of intensive experimental and compu-

tational studies. Both the X-ray crystallography>° and
the NMR?*'? structures of AFP have now been de-
termined and show that it is a rod-like a-helix protein
(Figure 1). It has been long believed that AFP func-
tions directly on the exposed ice surface along the
(2021) crystal plane by means of a hydrogen-bonding
network. The interaction is postulated to be between
the regularly spaced Thr residues and the matching
water molecule that is capable of hydrogen bonding
with Thr for the particular facet in question. As a
result of the direct interaction, hysteresis, due to the
Kelvin effect (see ref. 1 for more details), is observed.
However, works since 1997 using site-directed mu-
tagenesis of winter flounder AFP**~° showed that
hydrogen bonding between this molecule and the ice
may not be responsible for thermal hysteresis. Hard-
ing et al.>” suggested that it is the hydrophobic inter-
actions including entropic contributions at the facet-
specific ice—water interface that contribute to the
ability of antifreeze proteins to accumulate selectively
due to favorable total free energy of the system. Thus,
the exact molecular mechanism of action of biological
antifreezes at the molecular level awaits elucidation.

While there have been a number of simulation studies
examining the interactions of a single AFP in solution
and ice surface—AFP interactions,*®** the physical un-
derlying nature of intermolecular interactions of two
AFP has not been examined by a simulation study. In
this article, we present a simulation study examining the
intermolecular interactions of two AFP molecules, start-
ing in a vacuum and then in solution.

MODEL OF AFP-AFP INTERACTIONS

The mechanism of action of AFP has long been pro-
posed to be one of competitive inhibition, whereby
the protein competes favorably for the growth sites of
the ice crystal. When the competition favors the pro-
tein, crystal growth is inhibited; when the reverse
becomes true, faceted ice growth commences.



Electrostatic

actions

Hydrophobic Interactions

FIGURE 1

Here we will focus on another approach. We look
for the total free energy constraints when two AFP
molecules are placed in an anti-parallel fashion. AFP
has an intriguing structural feature, as one may ob-
serve, in that the two peptides’ sequences on opposite
molecules would perfectly complement each other in
terms of electrostatic as well as hydrophobic interac-
tions. This structural observation is pictorially shown
in Figure 1. This hypothetical interaction geometry
would allow maximum complementarity of both elec-
trostatic interactions between charged side chains of
aspartic acid 1 and 5, lysine 18, glutamic acid 22, and
arginine 37 residues of one AFP to the same amino
acid residues but in the opposite order and hydropho-
bic interactions between two relatively nonpolar back-
bones. From the protein—protein interaction perspec-
tive, the electrostatic and nonpolar complementarities
are crucial driving forces for the binding mode and
stability of enzyme/ligand complexes and have been
the subject of many studies during the past decade on
the nature of mechanism of enzyme/substrate bind-
ing.***> As a result, we propose that, upon this struc-
tural observation, these intermolecular interactions
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Two winter flounder antifreeze protein molecules in the anti-parallel configuration.

between two anti-parallel AFP molecules may well
have an important role in retarding the growth of the
ice crystal. Therefore, in this work, we examine three
specific aspects of intermolecular interactions be-
tween two AFP molecules. First, we examine intrinsic
interactions of two anti-parallel AFP molecules as a
function of distance between two anti-parallel helical
axes and a function of the rotational angle about each
helical axis in a vacuum. We restrict our attention to
planar arrangements of the helical axis. We realize
that this restriction may preclude finding the definitive
minimum geometry complex, but believe that we will
sample those geometries where the coulomb interac-
tions of the side chains will be maximized, since any
angle between the helical axes necessarily moves
these side chains further apart. Second, we examine
the free energy of association of two AFP mole-
cules for several geometrically parallel modes of
interactions in water. Finally, we examine hydropho-
bicity, in terms of free energy of water distribution, in
the region bounded by two anti-parallel AFP back-
bones as a function of distance between two helical
axes.
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METHODS

The X-ray structure of the AFP molecule®® (code 1WFB)
was used as a starting structure for our simulations. Since
there are two HPLC6 AFP molecules in the unit cell, the one
with the straightest a-helical axis structure was taken and
the other was discarded. Because our study explores the
interaction between two AFP, we chose the straighter struc-
ture so that the interacting geometries would be better
defined. The resulting structure will be referred to as AFP1
(Figure 1). The AFP1 molecule was rotated in such a way
that its principal axes aligned along three principal cartesian
x-, y-, and z-axes as defined in Figure 1. A copy of AFPI,
referred to as AFP2, was then rotated 180° about its x-axis
and 180° about the y-axis in order to obtain an anti-parallel
structure (Figure 1) with respect to AFP1. To aid the dis-
cussion that follows, all distances discussed in this article
are defined as the distance between two parallel or anti-
parallel helical axes, and all rotational angles are referred to
as the rotational angle about the a-helical axis (x-axis) with
respect to the original face-to-face orientation shown in
Figure 1. The dynamics was performed using the AMBER
5.0 program package® with a Cornell 94 all-atom force
field.*”

AFP-AFP Interactions in a Vacuum

The nature of AFP-AFP intrinsic interactions is probed by
computing the total energy of the AFP1-AFP2 systems in a
vacuum for different geometrically parallel modes of inter-
actions. We studied the dependence of these interactions on
two coordinates; first, the total potential energy of the
AFP1-AFP2 system is computed as a function of distance;
and second, the total potential energy is computed as a
function of rotational angle (around the axes of the AFPs).
In the first case, the AFPs were simulated with interaxis
distances of 13, 14, 15, 16, 17, 18, 19, 25, 30, 35, and 40 A,
resulting in 11 systems. A molecular dynamics (MD) sim-
ulation was carried out for each of these systems for 0.5 ns
at a constant temperature of 300 K after an equilibration
process, which consisted of 5000 iterations of minimization
using conjugate gradient and 110 ps of equilibration. In all
MD simulations, backbone atoms (N, C,, and C) were held
fixed in space while all remaining atoms were allowed to
move freely; no potential truncation was applied, and snap-
shots of the trajectory were saved periodically every 0.5 ps.
Similarly, in the second case, both AFP1 and AFP2 were
placed at a separation distance of 15.0 A, a distance giving
a minimum energy as determined from the first case, and
each AFP1 and AFP2 was rotated in turn with an increment
of 90° about its helical axis, resulting in 16 AFP1-AFP2
systems. While a complete search would require examining
this rotational orientation at all distances to verify that the
most attractive complex had been found, here we simply
confirm that the orientation with the charged groups facing
each other is more energetically favorable. Our search grid
in either distance or angle is not sufficiently fine to locate
the most attractive conformation in a vacuum; rather it is

designed simply to search for the possible existence of a
general preference in mutual orientation of two monomers.
Besides, since the focus of this work is on the free energy of
attraction between two AFP molecules in solution, such a
complete search in a vacuum would not be necessary. The
simulation protocol used in the second case is exactly as in
the first case.

Free Energy of Association

The free energy of association of two AFP molecules for
different modes of interaction was computed as follows:
two AFP molecules were placed at a distance of 10 A,
which is the closest interhelical distance without atomic
overlapping, in parallel and anti-parallel fashion with two
orientations such that their charged sides face away from
each other (180° rotational angle) and directly toward each
other (0° rotational angle). We examined these four systems
designated configurations A, B, C, and D. In configurations
A and B, both AFP molecules are anti-parallel to each other,
but in the former configuration, charges face away from
each other, and in the latter configuration, charges face
directly toward each other (as shown in Figure 1). Config-
urations C and D are defined similarly, but the AFP mole-
cules are parallel to each other. Each of these four systems
was solvated in a box of ~3800 TIP3P water molecules*®
and MD was carried out for 0.5 ns using the NPT ensemble
with the temperature held fixed at 300 K using Berendsen’s
algorithm®® and pressure maintained at 1.0 atm using iso-
tropic scaling, after 10,000 iterations of minimization (using
conjugate gradient) and 0.3 ns of equilibration. Particle-
mesh Ewald®® was used for handling long-range forces
while the potential function was truncated at 10.0 A for
short-range forces (van der Waals forces). In the PME, the
grid size of ~1.0 A was used in conjunction with the error
tolerance of 10>, Snapshots from the trajectory were saved
periodically every 2.0 ps. The time step was set to 2.0 fs in
conjunction with the SHAKE algorithm®" for restraining all
bonds containing hydrogen atoms, with the SHAKE geo-
metrical error tolerance set to 10* A. In addition, a simu-
lation of a single AFP in aqueous water, whose simulation
protocol is exactly as described above, was carried out to
allow computation of free energy of association. The free
energy of association was computed from the saved trajec-
tory using the MM-PBSA method as previously reported.>?
Details of parameters used in the MM-PBSA method are
reported in our previous work.>?

Hydrophobic Nature in the Region
Encapsulated by AFP1-AFP2

As the last objective of this study, we examined the hydro-
phobic nature, in terms of free energy of water distribution,
in the region encapsulated by two helical backbones of
AFP1-AFP2. As in the vacuum simulations, we anchored
both AFP1 and AFP2 in an antiparallel orientation with
their charged sides facing each other (i.e., in Figure 1) in
such a way that the distances between AFP1 and AFP2 were
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FIGURE 2 Potential energy profile of the AFP1-AFP2

as a function of inter-AFP distance. Calculated results are
shown as triangles. The standard error associated with each
potential average is ~0.4 kcal/mol. The solid line helps
visualize the results presented so that the attractive potential
of ~40 kcal/mol and the distance at which minimum occurs
is readily seen.

at 13, 15, 18, 21, 24, 27, 30, and 33 A, resulting in eight
systems. Each of these AFP1-AFP2 systems was then im-
mersed into a box of 4555 TIP3P water molecules. The
minimization was carried out for 10,000 iterations using the
conjugate gradient method, followed by the 50 ps of con-
stant pressure and 100 ps of constant volume MD. Each
simulation was completed with another 200 ps of MD using
the NVT ensembles with the temperature held fixed at 300
K. During the course of dynamics, all backbone atoms were
fixed to ensure the well-defined region bounded by two
AFPs. The trajectory was saved periodically every 0.25 ps.

To improve the statistics, we performed another three
sets of simulations using thermal perturbation of different
heating schemes. In the first set, all atom velocities saved at
the end of the equilibration above were reassigned a new
velocity drawn randomly from the Maxwellian distribution
at 200 K; then thermally ramped to 330 K within a 10 -ps
period; run at this temperature for another 10 ps; cooled
down to 300 K within another 10 ps; and finally equilibrated
for another 100 ps. Each solvated system of the first set was
simulated further for 200 ps of MD. A similar procedure
was applied for the remaining two sets, but the initial
temperatures were 230 and 260 K, respectively, and the
ramped temperatures were at 360 and 390 K, respectively.
These four sets of MD simulations allowed us to obtain
better statistics for the water distribution in the region
bounded by AFP1-AFP2.

RESULTS AND DISCUSSION

In this section, we present three sets of results corre-
sponding to three sets of simulations described in the
previous section along our discussion of their rele-
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vance to the mechanism of function of biological
antifreezes.

AFP-AFP Intrinsic Interactions in a
Vacuum

The energy of interactions in a vacuum can provide a
means for studying the intrinsic intermolecular inter-
actions of AFP molecules in the absence of all other
external influences such as solvation. We therefore
chose this regime to measure the interaction strength
of AFPI and AFP2 as a function of distance and of
rotational angle. Figure 2 presents the total potential
energy profile of the AFP1-AFP2 as a function of
distance, while Figure 3 shows the corresponding
profile as a function of the rotational angle along each
AFP’s helical axis whose interhelical distance is at
15.0 A. In Figure 2, triangles represent the average
total energies of AFP1-AFP2 systems over the period
of dynamics, visually aided by the solid line plotted
from the Lennard—Jones potential function (U; ;=4%*€
[(a/r)"?-(a/r)°]) with € ~ 40 kcal/mol and & approx-
imately 13 A. In Figure 3, the angle 61 is defined as
the rotational angle of the AFP1 molecule about its
a-helical axis, whereas 62 is the corresponding one of
AFP2. A value of zero of these two variables corre-
sponds to the configuration where both charged faces
of AFP1 and AFP2 face each other (as shown in
Figure 1), while other values correspond to the de-
grees for which each angle is rotated about its helical
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FIGURE 3 Potential energy profile of the AFP1-AFP2

as a function of orientational interaction between AFP1 and
AFP2 at interhelical axes distance of 15 A. Unfilled dia-
monds start with the original face-to-face orientation of the
dimer as AFP2 is rotated about its helical axis, while AFP1
held fixed (61 = 0). Similarly, filled squares, unfilled cir-
cles, and filled triangles represent configurations where
AFP1 is rotated by 90, 180, and 270°, respectively. The
standard error associated with each potential average is
~0.4 kcal/mol.
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Table I Free Energy of Interactions of Two AFP Molecules for Different Configurations

EMM EPB ENP Esublolal Eemropy (7TS)
St. St. St. St. St.
Configurations  Ave. Err. Ave. Err. Ave. Err. Ave.  Ermr. Ave. Err. Total

Individual A —685.1 22 —-6449 1.7 317 00 —12982 12 —6985 29 —1996.7
conformational B —7463 22 -5984 15 306 00 -—13141 15 -—=7082 50 —20223
free energy C —719.1 2.0 -6316 1.6 325 01 -—13182 13 —-6982 3.6 —20164
D —665.7 17 —-6753 1.0 313 00 -—13097 14 —701.1 2.8 —2010.8
Single AFP —334.0 13 -3263 0.8 19.8 0.0 —-6405 09 -371.6 29 -—1012.1
Free energy A —17.0 7.7 -17.8 —-17.1 44.6 27.5
of association B -78.3 54.2 -9.0 -33.1 35.0 1.9
C —51.1 21.0 =7.1 —-37.2 44.9 7.7
D 24 —22.7 —8.3 —28.6 42.0 13.4

axis. The standard errors—defined as the ratio of the
standard deviation over the square root of the number
of snapshots—for data points in Figures 2 and 3 are
about 0.4 kcal/mol. As can be seen clearly from
Figures 2 and 3, the AFPI-AFP2 configuration,
where charged sides face each other in an anti-parallel
fashion, is the most favorable with a magnitude of
interaction strength of about 40 kcal/mol spatially at
the interhelical distance of 15.0 A and about 25 kcal/
mol rotationally. Given the magnitude of statistical
standard error mentioned above computed for the
vacuum case, the anti-parallel mode of interactions
between AFP1 and AFP2 is indeed the most favor-
able. It confirms our intuitive expectation on the in-
trinsic mode of AFP intermolecular interactions.

Free Energy of Association of
AFP1-AFP2

The free energies of association between two AFP
molecules can provide insight into the energetics of
their intermolecular behaviors in solution and, in the
end, the effect of solvation on their intrinsic intermo-
lecular interactions can be extracted. Therefore, in this
part of the paper, we examine the free energies of
association of two AFP molecules in a combination of
parallel or anti-parallel configurations and with their
charged sides facing each other or away from each
other. These four configurations we label configura-
tions A-D. As mentioned before, configurations A
and B are similar in that they are anti-parallel, while
configurations C and D are parallel. The charged sides
of both AFP molecules face away from each other in
configurations A and C, while they face toward each
other in configurations B and D. The free energies of
association for all four configurations are shown in

Table I. As shown, all free energies of association of
these four AFP1-AFP2 systems are positive, which is
consistent with experimental observation that AFP
exists in solution as a monomer. However, it is clear
that the free energy of association of configuration B
(our proposed configuration illustrated in Figure 1) is
the most favorable one with free energy of ~1.9
kcal/mol. Given the magnitude of the standard error
of about a few kcal/mol (see Table I), the free energy
of configuration B can be considered a thermally
accessible associative state. Further detailed analysis
of individual contribution of each energy component
to the MM-PBSA free energy expression (also in
Table I) shows that the intrinsic intermolecular attrac-
tive behavior between two AFP molecules is still
preserved, as the force-field energy term Ey . shows.
However, this Ey, term is almost completely coun-
terbalanced by solvation and entropy effects upon
association. These imply that while AFP1 and AFP2
are intrinsically attractive to each other, water and
entropy will prevent them from aggregating. How-
ever, the existence of the thermally accessible asso-
ciative state may be important in the mechanism of ice
inhibition as discussed below.

Hydrophobicity in the Inter-AFP Region

The term “hydrophobicity” carries a variety of mean-
ings in the literature. An aspect that we have chosen to
use as a marker for hydrophobic influences is free
energy of water distribution around the solute. We
compute this free energy of water distribution in this
region using the potential of mean force method by
binning the average of the water distribution along the
a-helical axis over the course of dynamics, followed
by the normalization to the highest water containing



20

—
tn

Free Energy (kcal/mol)
o

=
o
|

AFP-[ Self-Interaction 115

0.0

0 10 20

30 40 50

FIGURE 4 Free energy of water distribution in the region between two helical axes along the
x-axis. Each curve from the top to the bottom represents the water distribution of each simulated
configuration where the inter-AFP distances increase from 13.0 to 33A, respectively.

bin, and then converting the relative populations to an
energy with the aid of the Boltzmann distribution. A
bin size of 1.0 A was used. In the hydrophobic regions
of a particular solute, the free energy of water distri-
bution would be expected to be higher than a corre-
sponding one in the less hydrophobic (more hydro-
philic) region. We computed this measure of hydro-
phobicity in the region bounded by two anti-parallel
AFP molecules and Figure 4 depicts the free energy of
water distribution in this region. As can be seen, the
free energy of water distribution is lower toward the
two ends of the AFP molecules than in the middle of
the region, indicating that the space between the two
molecules is indeed hydrophobic by our definition.

Relevance of Simulation Results to
Biological Antifreeze Function

In the discussion above, we present data indicating the
intrinsic behaviors and the existence of the thermally
accessible associative state of two AFP molecules.
The relevance of AFP-I interactions in a broader
perspective of the mechanism of function of the di-
verse structures of all the AFPs identified to date must
also be raised, since there are not similar structural
motifs to exploit for the other AFPs. Looking beyond
the immediacy of structure of AFP-I to the results of
the simulations, the threads that might generalize are

the creation of a mass and energy flux barrier, the
former by means of accumulation in the interfacial
region; and the latter by the availability of multiple
states that can act as an energy reservoir and that
interfere with dissipation of the local energy fluctua-
tion caused by those water molecules that set onto the
ice lattice. From our simulation results of the possible
existence of a thermally accessible state for the asso-
ciation of two AFP molecules in solution, one can
hypothesize that the AFP-I would function as a ther-
mal reservoir that, in effect, could retard the growth
rate of the ice crystal locally where it accumulates on
the ice surface. This conjecture on the mechanism of
action of AFP-I is also consistent with the observed
properties of the antifreeze process, such as the hys-
teresis governed by the rule known as the Kelvin (or
Gibbs—Thompson) relation. The main distinction be-
tween this and earlier hypotheses on the function of
antifreeze proteins is that it changes the emphasis in
the mechanism from one based exclusively on the
binding to ice to one that includes the concept of local
energy transfer (or energy coupling). We do not see
this change in emphasis at variance with the view that
AFP-I functions as a monomer when it adsorbs on the
ice surface.>* In this revised view, the ice growth rate
of areas on the ice surface, where AFP-I accumulates,
is lower than the ice growth rate of areas on the ice
surface, where there is no accumulation of AFP-I, and
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therefore, manifests Kelvin effects. This hypothesized
mechanism is similar to that from our previous work
on the Antarctic cod>® (Pathogenia borchgrevink) an-
tifreeze glycoprotein (AFGP-8), where we found that
AFGP-8 has multiple degenerate states in its confor-
mational energy landscape. As a result, AFP-I can act
as a thermal reservoir in a similar fashion as AFGP-8.
From these considerations, we begin to see a possible
common mechanism for both of these proteins, even
though they are completely different both chemically
and structurally.

CONCLUSIONS

We have examined molecular interactions of two AFP
molecules, exploring rotational degrees of freedom
about the helical axes and the distance between the
helical axes in both vacuum and aqueous environments
with MD and probed the hydrophobic nature in the
region bounded by two anti-parallel AFP molecules. We
observed the intrinsic characteristic nature of interac-
tions of two anti-parallel AFP molecules under various
conditions and this intrinsic mode of interaction is coun-
terbalanced by solvation and entropy, therefore prevent-
ing them from aggregating in solution, which is consis-
tent with experimental observation. However, the
presence of a thermally accessible state involving the
association of two AFP molecules in an anti-parallel
fashion is intriguing and may contribute to the antifreeze
mechanism, as we previously proposed.” Clearly, how-
ever, any role of this state remains highly speculative. Its
role, if any, may be established either by MD simula-
tions presenting the ice-water interface to AFP mole-
cules or by experimental observations implying the in-
volvement of such a state. Nonetheless, even if this state,
which resulted from the intermolecular interaction of
AFP molecules, plays no role in the antifreeze mecha-
nism, the question remains as to why this protein would
have evolved a structure able to form a perfectly paired
anti-parallel configuration. A central lesson of biology is
that there are usually reasons for nature’s designs; we
expect that further studies of this anti-parallel interaction
motif in AFP-1 in the presence of water/ice interface will
help illuminate further the detailed mechanism of func-
tion of this interesting protein.

D.H.N acknowledges Lawrence Livermore National Labo-
ratory predoctoral fellowship (SEGRF) support. This work
was in part carried out at Lawrence Livermore National
Laboratory under Contract W-7405-ENG-48 from the U.S.
Department of Energy.
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