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ice crystals, namely antifreeze characteristics, although their 
structures and configurations are very different. It is impor-
tant to study the binding properties of antifreeze proteins with 
ice crystal by using the Molecular Modeling simulation and 
minimization energy method.

The interaction mechanism of the fish-type-II antifreeze 
protein presenting a ball configuration (Ewart et al., 1992; 
Wen and Laursen, 1993; Sönnichsen et al., 1995) with ice 
crystal is hardly detected by some experiments, as compared 
with some bug proteins with certain formal structures. It 
has been reported by previous studies that the possible 
configurations of such protein-ice crystal system have been 
investigated by using the molecular mechanics and molecular 
dynamics simulation methods (Gronwald et al., 1998), from 
which the results showed the stable interface of the antifreeze 
protein with the ice crystal surface (1121) (Fig.  1). 

Abstract Based on the computational simulation with the 
vacuum environment for the fish-type-II antifreeze protein-
ice-solvent (water) system, the multi-complex system of 
the antifreeze protein-ice-water has been constructed and 
calculated. We have studied the interaction of such protein-
ice system with water solvent through the dynamics simula-
tion with 350  ps. By employing the Molecular Dynamics 
simulation and semi-empirical method calculation, we have 
further investigated the interface properties of the antifreeze 
protein and ice crystal combined system. Consequently, a 
water solvent affects significantly the properties of this 
combined system.
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1 Introduction

Numerous types of proteins in biological systems have 
potential functions in catalytic processes. An antifreeze pro-
tein is a special biologic complex with antifreeze properties 
formed from biologic revolution procedure. Up to now, such 
kinds of antifreeze proteins have been separated from micro-
biological bodies in fishes, bugs, and plants. Particularly, the 
fish-type antifreeze proteins have been intensively studied by 
many experiments and certain theoretical methodology. By 
considering the many kinds of the structures, there are four 
types of the fish antifreeze proteins—type-I, II, III, and IV 
(John, 2001). The fish antifreeze proteins present similar 
properties of biologic procedures to prevent the formation of 

Fig.  1 Model of stable interface of the fish-type-II antifreeze 
protein and ice crystal surface (1121)
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From the investigations of the interaction of the protein-
ice crystal system using theoretical simulation, it is noted that 
the previous molecular dynamics simulation has been pro-
cessed only under a vacuum situation. However, the effect of 
water solvent on the interface of the protein-ice has been lim-
ited in the previous studies although the calculations in the 
vacuum situation may provide certain understanding for the 
system. The protein-ice-water combined system will present 
a real situation of a biologic life system and the significant 
interaction in this combined system (Cheng et al., 2002). 
Based on the previous studies for the protein-ice system, 
the current works present the investigations of interactions 
for the protein-ice-water system using molecular dynamics 
simulation with an efficient long simulation time and com-
parisons of their interactions between the vacuum and water 
environments. 

2 Theoretical modeling methods 

2.1 Construction of fish-type-II antifreeze 
protein-ice-water system

From the results of the previous theoretical simulations under 
the vacuum condition, the ice crystal surface (1121) has been 
selected as a stable binding surface with the antifreeze protein 
in the present model. Further, such antifreeze protein-ice 
crystal model has been surrounded by a periodic water 
solvent box by with 55.0  Åx50.0  Åx56.0  Å (Fig.  2). The 
TIP3P model in the HyperChem program has been employed 
to instruct the water solvent box (Kollman, 1993). The whole 
model includes a total of 1874 atoms in the protein molecule, 
1380 atoms in the ice crystal model, and 1695 water 
molecules in the solvent model. 

2.2 Molecular dynamics simulation and geometry 
optimization for fish-type-II antifreeze protein-ice-water 
system

The molecular dynamics simulation and geometry optimiza-
tion at the molecular mechanics level for the fish-type-II 
antifreeze protein-ice-water system have been performed by 
using the HyperChem program, which involves three steps.

First, the geometry optimization for the studied system 
was done by using Amber94 force field and conjugation 
gradient method (Jocoby et al., 1972; Brooks et al., 1983; 
Jorgensen et al., 1983). The atoms of protein, ice crystal 
model, and water molecules in the solvent box, except for the 
oxygen atoms in the ice crystal model, have been fully opti-
mized with the converged limit of RMS = 0.00001  kcal/mol 
in the whole optimization procedure. 

Secondly, based on the first step calculation, the molecular 
dynamics simulation for the studied system has been investi-
gated with the simulation temperature of 273  K, the relax 
time at this temperature at 0.1 ps, the step size at 0.001  ps, and 
the dynamics simulation time at 350  ps.

The simulation results through the whole simulation pro-
cedure showed that the system temperature has a consistent 
value in the highest and lowest temperatures at 277.88 and 
269.04  K, respectively, and the average value at 273.03  K. 
The total energy and potential in the first half dynamics 
simulation at 150  ps decreased significantly with the 
increasing time, in which the average values of total energy 
and potential are –42766.61 and –54390.89  kcal/mol, respec-
tively; the corresponding standard difference are −25.20 and 
−25.34  kcal/mol, respectively. From the second half simula-
tion at 200 ps, the total energy and potential were mostly at 
a consistent value with the corresponding data at −43894.25, 
−55519.25, −6.44, and −6.73  kcal/mol, respectively, conse-
quently, this has shown that this protein-ice-water system 
almost reached a dynamic equilibrium state. 

Thirdly, the energy minimization for the structure of 
the new simulated protein-ice-water system has been per-
formed one time again. The final stable configuration of 
the protein-ice-water system has been achieved with the 
minimum energy. Namely, the most stable geometry of the 
studied system has been represented in our work.

2.3 Theoretical calculation methods  

The interaction properties of the antifreeze protein-ice 
crystal model, which was selected from the simulated stable 
structure of the protein-ice-water model, have been studied 
by using molecular mechanics and semi-empirical quantum 
mechanics methods. The effects of the water solvent with the 
protein-ice system compared with the result of the vacuum 
situation simulation have been intensively considered in the 
present work.

2.4 Software

(1) The HyperChem program is employed to construct the 
interactions between the antifreeze protein and the ice surface Fig.  2 Combined system of the present protein-ice-water
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and to perform geometry optimization and molecular 
dynamics simulation.

(2) The MOPAC program is employed to perform single-
point quantum mechanics calculations (AM1 and PM3) 
(Cornell et al., 1995) based on the geometries optimized from 
the molecular mechanics method so as to make further analy-
sis on the interaction nature between antifreeze protein and 
ice surface.

3 Results and discussion

For large bio-molecules like antifreeze proteins, almost all 
former theoretical studies were constrained to molecular 
mechanics. However, the molecular mechanics is based on 
classical force field; it ignores the electronic motion in the 
molecule and thus cannot be used to study information such 
as bond forming, bond breaking, electronic state, and molecu-
lar orbitals. Quantum mechanics method, which solves prob-
lems from the microscopic point of view, directly investigates 
the motion of electrons and nucleus and can be used to study 
static and dynamic properties such as total energy, molecular 
orbital levels and charge distribution of molecules.

For large bio-molecules like antifreeze proteins, the 
interaction between antifreeze proteins and ice is complex. 
We start from the nature of interaction between protein and 
ice and try to study the interaction energy, charge transfer 
amount and the degree of the destruction of the bond order 
of protein to ice. The results obtained from both simulation 
methods are compared.

3.1 Interaction energy

Interaction energy is an important reference for measuring 
the strength of interaction between antifreeze protein and ice. 
The interaction energy between antifreeze protein and ice 
DEinteraction is calculated from the formula DEinteraction = Ecomplex 
-(EAFP+EICE) (Dewar et al., 1977), where Ecomplex is the 
energy of protein-ice system, EAFP is the energy of protein 
and EICE is the energy of ice. All the energies have been 
calculated at the molecular mechanics (MM), semi-empirical 
quantum mechanics AM1, and PM3 methods. Table  1 lists the 
calculated results of ∆Einteraction.

The results calculated from MM and semi-empirical 
(AM1 and PM3) methods have some discrepancy due to 
their different parameterization. The results listed in Table  1 
indicate that firstly there is an interaction between fish-type-II 
antifreeze protein and ice and this interaction is the important 
fundamental for antifreeze protein to prevent the growth of 

ice. Secondly, the dynamically simulated interaction energy 
in vacuum condition is larger than that in solvent. This is 
because the dynamic simulation in a vacuum only considers 
the interaction between protein and ice and the influence 
of water media on protein and ice is omitted. The results 
considering the water solvent approach the real state of a 
bio-system more and thus provide more reasonable results.

3.2 Charge transfer

If we consider the interaction between protein and ice as a 
relationship of donor-acceptor, it will lead to the change of 
charge distribution between protein and ice, i.e., the charge 
transfer occurs. According to the semi-empirical quantum 
mechanics calculation, the charge of protein and ice are zero 
before interaction and redistributed after interaction. The 
charge will transfer from protein to ice whether it is simula-
tion in water solvent or in vacuum. However, the amount of 
transferred charge changes according to the condition. In 
vacuum, the transferred amount of charge is 0.05(AM1) and 
0.132(PM3) and these values change to 0.002 85(AM1) and 
0.006 46(PM3) in a water solvent.

3.3 Change of bond order inside the ice

The interaction between protein and ice decreases the bond 
order inside the ice, indicating that antifreeze protein destroys 
hydrogen bonds between water molecules at the ice surface. 
The nature that antifreeze protein can prevent freezing is that 
it interacts with the surface of the ice and thus destroys the 
order of the ice surface (Cheng et al., 2002), resulting in the 
restriction of the growth of ice crystals. Therefore, the change 
of bond order inside the ice before and after the interaction is 
an important parameter in evaluating the antifreezing ability 
of antifreeze protein.

From the results of AM1 we can see that the interaction of 
fish-type-II antifreeze protein with ice will decrease the bond 
order inside the ice by 0.0556 (in water solvent) and 0.1767 
(in vacuum); these data become 0.1432 (in water solvent) and 
0.4801(in vacuum) from the PM3 calculation. The calculated 
range of the bond order of hydrogen bond between two 
atoms in ice are 0.013–0.015(AM1) and 0.014–0.024(PM3). 
According to the decreased amount of bond order in ice, we 
can estimate the number of hydrogen bonds destroyed inside 
the ice. The calculated results show that the interaction 
between antifreeze protein and ice destroys 3–4 (AM1) or 
6–10 (PM3) hydrogen bonds beneath the ice surface in the 
model system dynamically simulated in water solvent. In 
the model system dynamically simulated in vacuum, the 
number of destroyed hydrogen bonds is 11–13 (AM1) and 
20–34(PM3).

In summary, based on the simulation of interaction 
between fish-type-II antifreeze protein and ice in vacuum 
(Chen and Jia, 1999), we performed long time molecular 
dynamics simulation on the protein-ice-water complex 
system in water solvent. By analyzing interaction energy, 

Table  1 Interaction energy of fish-type-II antifreeze protein with ice, 
∆Einteraction (kcal/mol)

Theoretical method MM P AM1 PM3

ΔEinteraction (solvent) −53.91 −28.87 −35.51
ΔEinteraction (vacuum) −95.54 −57.14 −60.65
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charge transfer, and number of destroyed hydrogen bonds 
beneath the ice surface in different simulation conditions as 
the antifreeze protein interacts with ice, we find the simula-
tion in vacuum over-estimate the interaction between protein 
and ice. Thus, in the simulation of bio-systems, the influence 
of salvation effect is not a negligible factor. Theoretical 
simulation results with salvation effect are much similar to 
the real bio-system, and thus more reliable.
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