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Abstract 

Interpretation of crystallographic and mutational studies of antifreeze proteins 

(AFPs) requires molecular modeling of AFPs with ice. Most models proposed so far 

suggested H-bonds as the major driving force of AFP-ice association. However, the bulk 

water offers optimal network of H-bonds and van der Waals contacts to the isolated AFP 

and ice suggesting that corresponding components of free energy would not decrease 

upon AFP-ice association. In an attempt to resolve this controversy, we Monte Carlo­

minimized complexes of several AFPs with taking into account, in addition to nonbonded 

interactions and H-bonds, the hydration potential for proteins (Augspurger and Scheraga, 

1996). Parameters of the hydration potential for ice were developed basing on an 

assumption that at the melting temperature the free energy of water-ice association is 

small. Simulations demonstrate that desolvation of hydrophobic groups in the AFPs upon 

their fitting to the grooves at the ice surface presents the major stabilizing contributions to 

the free energy of AFP-ice binding. Our results explain available data on structure of 

AFPs and their mutational analyses, in particular, a paradoxical fact that substitution of 

Thr residues to Val does not affect potency of Winter Flounder AFP. 
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Chapter 1. Introduction 

1.1 What are antifreeze proteins ? 

In order to survive the subzero temperatures, living organisms must protect 

themselves from fatal ice crystal growth (DeVries et al., 1974) . Some of these 

organisms produce antifreeze proteins (AFPs), which depress the freezing point of their 

body fluids. The freezing point of a solution at a given pressure is defined as the 

temperature at which liquid and solid phases have the same free energy. There are 

antifreeze compounds, such as ethylene glycol, that lower this freezing point by an 

amount proportional to their molar concentration (colligative effect). In contrast, AFPs 

depress the freezing point 300-500 times more than one can predict basing on this effect. 

(Harding et al., 1999). The mechanism of this depression is that AFPs bind to specific 

surfaces of seed ice crystals, thus inhibiting further ice growth and preventing the 

freezing of the solution (Wilson, 1994). 

First, AFPs were found in millimolar concentrations in the blood of polar fish, 

which live in sub-zero Antarctic waters (Scholander et al., 1957; DeVries et al., 1980; 
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DeVries, 1982; DeVries, 1983). Currently, structures of five different types of AFPs has 

been determined (Davies & Sykes, 1997). Type I AFPs are alanine-rich a-helical proteins 

of 3.3-4.5 kDa (Duman & DeVries, 1974; Duman & DeVries, 1976; Hew et al., 

1985).Type II AFPs are cysteine-rich globular proteins, containing five disulfide bonds 

(Ng et al., 1986; Slaughter et al., 1981; Ng & Hew 1992) .Type III AFPs are globular 

proteins of approximately 6 kDa (Jia et al., 1995; DeLuca et al., 1996; SoEnnichsen et al., 

1996; type VI AFPs are glutamate- and glutamine-rich a-helical proteins (Deng et al., 

1997); also there are hyperactive insect AFPs (Graham et al., 1997; Liou et al., 2000) (see 

Figure 1.1 for structural details). 

The best studied among them are type I AFPs, which were found in shorthorn 

sculpin, winter flounder, and other animals. (See Table 1.1 for sequence details). 

1.2 Winter Flounder AFP 

The winter flounder (WF) AFP HPLC6 (Duman & DeVries, 1974) is a 37 amino 

residues protein, containing three 11-residue repeats ThrX2AsxX7, where X is usually 

alanine. CD and NMR studies of this protein revealed that this protein is 100% a-helical 

with the exception of theN- and C- terminal residues. High resolution X-ray structure of 

WF (Sicheri and Yang 1995) (see Figure 1.3), confirmed its a-helical structure and 

provided a basis for further modeling of WF AFP with ice. The X-ray structure also 
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showed a N-terrninal cap formed by Asp 1, Thr 2, Ser 4, Asp 5 and two water molecules; 

a C-terrninal cap formed by ami dated Arg 37. A salt bridge between Lys 18 and Glu 22 

apparently stabilizes the protein's a-helix structure. Hydrogen bonds between hydroxyl 

groups of Thr 13 and Thr 24 and carbonyl oxygens of Ala 9 and 20 respectively are also 

observed. 

1.3 Thermal hysteresis and crystal growth morphology 

In general, AFP activity is characterized by the temperature of thermal hysteresis 

and by the ice crystal growth morphology in a solution containing AFPs. These two 

characteristics are the major footprints of the AFP activity. 

The freezing temperature of the liquid phase at constant pressure is defined as the 

temperature at which the molecules of the solid and liquid phases have the same free 

energy. In pure water the freezing and the melting temperature are the same. This 

temperature can be depressed due to colligative effect by a value proportional to the 

molar concentrations of solute components. This is purely a thermodynamical effect; it 

does not depend on the chemical identity of the solute molecules or its dissociated 

particles. 
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In contrast to the colligative effect, AFPs apparently create a heterogeneous 

interlayer between the solid ice and liquid water, consequently distracting 

thermodynamically favorable growth behavior of the ice crystals. Since the binding of an 

AFP is specific only to certain crystallographic planes of the ice (Knight et al., 1991), this 

distraction results in macroscopic changes in morphology of ice crystal growth (Knight et 

al., 1984). If the concentration of AFP is high enough, ice crystal growth can be 

completely inhibited even at temperatures below the colligative freezing point. The 

lowest temperature at which this inhibition may take place is called the freezing 

temperature of the AFP solution. Unlike the colligative freezing temperature, it is not 

equal to the melting temperature of AFP solution. The difference between the freezing 

and melting temperature of the AFP solution is defined as the temperature of thermal 

hysteresis or simply thermal hysteresis. Thermal hysteresis is considered as the most 

important characteristic of the AFP activity. The magnitude of thermal hysteresis does 

not only characterize AFP, but also depends on the concentration of AFP. The thermal 

hysteresis curve is typically hyperbolic. 

Another, perhaps very important characterization of AFP activity is the 

morphology of the ice crystal growth (Knight et al., 1984). Basically, it is an assessment 

of the shape of a single growing ice crystal. The specificity of AFP binding to a certain 

crystallographic plane of ice, when combined with the symmetry features of the ice 

crystallographic unit cell (see Figure 1.4 for details) results in differential bipyramidal­

shaped ice crystal (see Figure 1.2). Practically, this assay is very useful for preliminary 
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evaluation of AFP activity, however precise analysis of three-dimensional (3D) shape of 

the crystal may be utilized to identify the ice plane to which AFP specifically binds. 

The process of ice growth inhibition is often considered as a "kinetic" in nature 

(DeVries, 1983), this means that bound AFP molecules physically decrease or completely 

cover the water-accessible surfaces of ice; thereby preventing the ice crystal growth. 

However, we believe that this process can also be considered from a thermodynamical 

point of view. For instance, the freezing temperature of the AFP solution can be defined 

as the temperature at which the complex of AFP with ice has the same free energy as 

corresponding number of solvent molecules. 
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Figure 1.1 Five different tYPes of AFP 
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A) 

Figure 1.2 Morphologies of ice crystal growth in WF AFP solution and different stages of ice crystal growth in AFP solution. 
A- circle flat crystal, normally observed in pure water. B-hexagonal flat crystal observed at low AFP 
concentrations. C, D- bipyramid- shaped crystals observed at high AFP concentrations. 
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Table 1.1 Multiple sequence alignment of type I antifreeze proteins and their temperature hysteresis value. Adapted from 
(Harding et al., 1999) 

Code Species Sequence 

Winter flounder D TASDAAAAAAL TAANAKAAAKL TADNAAAAAAA TAR 

Winter flounder D TASDAAAAAAA TAATAAAAAAA TAVTAAKAAAL TAANAAAAAAATAAAARG 

Yellowtail flounder D TASDAAAAAAA TAAAAAKAAAD TAAAAAKAAAD TAAAAAEAAAATAR 

Alaskan plaice D TASDAAAAAAA TAAAAKAAAEK TARDAAAAAAA TAAAAR 

Winter flounder MDAPARAAAA TAAAAKAAAEA TKAAAAKAAAA TKAAAH 

Shorthorn sculpin MNAPARAAAK TAADALAAAKK TAADAAAAAAA 

Shorthorn sculpin MNGETPAQKAA RLAAAAALAAK TAADAAAKAAAKAA AIAAAAASA 

MDAPAIAAAK TAADALAAAKK TAADAAAAAAKP 

MDGETPAGKAA RLAAAAALAAK TAADAAAKAAAIAA AAA 

MDGETPAGKAA RLAAAAALAAK TAADAAAKAAAIAA AAA 

Arctic sculpin MDAPARAAAK TAADALAAANK TAADAAAAAAAA 

[IJ Duman, & DeVries, 1974~ Duman, & DeVries, 1976 
[ZJ Chao et al., 1996 

[
6J Hew et al., 1985~ Fletcher et al., 1982~ 
[?J Chakrabartty et al., 1988 

[JJ Scott et al., 1987 [SJ Yang et al., 1988 
[
4J Knight et al., 1991 

[SJ Gong et al., 1996 

I 

Hysteresis 
lOmg*mL-1 

0.6 

0.56 

0.39 

0.68 

Ref. 

[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

[6] 

[7] 
-

I [7] 
-
[8] 

[8] 

\0 



Table 1.2 Activity and a-helicity of Winter flounder HPLC6 selected mutants. 

Code Sequence 
Helicity 

(%) References 

HPLC6 D TASDAAAAAAL TAANAKAAAEL TAANAAAAAAA TAR 

TASDAKAAAEL TAANAKAAAEL TAANAKAAAEA TAR [1] 

TAAAAANAAAA 

SAANAAAAAAA TAR 

SAANAAAAAAA SAR 

SAANAAAAAAA SAR 

SSSS2KE D SASDAKAAAEL SAANAKAAAEL SAANAKAAAEA 
~-" 

tttt tAANAKAAAEL tAANAAAAAAA 

TVVT D VAANAKAAAET VAANAAAAAAA TAR 100 [4] 

VASDAKAAAEL VAANAKAAAEL VAANAKAAAEA VAR 100 [6] 

AASDAKAAAEL AAANAKAAAEL AAANAKAAAEA AAR 17 100 [ 6] 

TASADAAAAAN LAANAKAAAEL TAAAAANAAAA TAR 0 106.2 

TASDAAAAAAN LAATAKAAAEL TAAAAANAAAA 

S41 TAANLKAAAEA TAANAAAAAAA 

S42 TAANLKAAAEA TAANAAAAAAA TAR 0 102 

, A17L TAANLKAAAEL TAANAAAAAAA TAR 0 

A19L TAANAKLAAEL TAANAAAAAAA TAR 80 

A20L TAANAKALAEL T AANAAAAAAA TAR 100 

A21L D TAANAKAALEL TAANAAAAAAA TAR 10 [8] 

[IJ Chakrabartty & Hew., 1991 [
41 Chao et al., 1997 [7) Wen & Laursen., 1993 

[21 Wen & Laursen., 1992 [SJ Zhang & Laursen., 1998 [SJ Baardsnes et al., 1999 
[JJ Haymet et al., 1998 [

61 Haymet et al., 1999 ...... 
0 
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Figure 1.5 Effect of mutation of Thr residues on the activity of WF AFP. The numbers below the space-fill models indicate 
the activity of the mutants that contain respective residues at positions 2,13,24,35. See also Table 1.2 for mutants 
activity details. 
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1.4 Current theory on interaction of AFP with Ice 

Based on the morphology of ice crystal growth, WF AFP was initially suggested 

to bind to the [100] prism face of ice (Raymond & DeVries., 1977). However, a series of 

ice etching experiments (Knight et al., 1991) showed that WF AFP specifically bound 

only to the [201] crystallographic plane of ice. These data, along with the X-ray structure 

(Sicheri and Yang 1995), leaded to the series of models of WF AFP with ice, in which 

Molecular Dynamics (MD) and Monte Carlo (MC) methods were used to predict the 

optimal orientation of AFP at the [201] surface of ice and the residues of AFP involved in 

the binding to ice (See below). The latest models suggested that Thr and Asx (Asp or 

Asn) repeats are responsible for WF binding to ice. The hydrogen bonding between 

hydroxyl groups of Thr, Asn, Asp residues and water molecules of ice was suggested as 

the major driving force of WF AFP binding to ice. Possible role of van der Waals and 

hydrophobic interaction has been suggested in several molecular modeling studies (Lal et 

al., 1993; Cheng & Merz, 1997), however no adequate theoretical model regarding this 

phenomena has been proposed. 
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1.5 Paradoxes in structure-activity relationships revealed by recent 

experiments with mutants of WF AFP 

Until recently, hydrogen bonding remained the only candidate considered to be 

responsible for the binding of WF AFP to ice. However, recent experiments on the 

binding of WF AFP mutants to ice revealed a striking paradox in structure-activity 

relationships. The substitution of the hydrophilic Thr residues, which were generally 

thought to form H-bonds with ice (Raymond & DeVries, 1977; DeVries, 1984; Brooke­

Taylor et al., 1996; Cheng & Merz, 1997) by the hydrophobic Val residues did not 

significantly affect the AFP activity (Haymet et al., 1999), whereas the substitution of 

these Thr residues by Ser residues eliminated AFP activity (Zhang & Laursen, 1998). 

Another evidence against the theory that H-bonds are the major driving force of 

AFP-ice association was obtained when alanine residues in positions 17,19,20,21 of the 

WF AFP were simultaneously mutated to the bulky leucine residues (Baardsnes et al., 

1999). The experiment showed that the WF AFP activity was seriously affected only 

when leucine residues have been substituted in positions 19 and 21, at the hydrophobic 

side of the AFP helix. The results of this experiment suggested that the "hydrophilic" 

face of WF AFP helix (see Figure 1.3) was not involved in the AFP binding to ice. 

Because of the contradiction between the results of recent mutations and "H­

bond" theory, the importance of other forces, such as van der Waals and hydrophobic 
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interactions were suggested. However no adequate explanation was provided for the 

physical origin of these forces in the AFP-ice system. 

1.6 Molecular modeling and dynamics studies of WF AFP 

Molecular modeling and dynamics studies of antifreeze proteins and WF AFP 

went through a long process of evolution, starting from the earliest intuitive models, 

where AFP was suggested to H-bind to the prism face of ice (Raymond & DeVries., 

1977; DeVries & Lin., 1977; DeVries.,1984), to the latest and most advanced computer 

model, in which a proposed hypothesis that van der Waals interaction is the driving force 

of WF AFP binding to ice was tested (Dalal & Sonnichsen, 2000). 

The first models (Raymond & DeVries, 1977; DeVries & Lin, 1977; DeVries, 

1984) were primarily based on the ice crystals growth morphology studies and the 

knowledge of ice crystal structure. Since at low concentrations AFP modifies round and 

flat ice crystals into hexagonal ones, it was suggested that AFP binds to the prism faces 

of ice, and consequently inhibits ice crystal growth through those faces. As evidence, a 

4.5 A match between Thr and Asp, Asn amino residues of WF AFP and the distance 

between oxygen atoms of ice on the prism face was provided. However, this model did 

not explain the specificity of AFP binding to the prism face, since the 4.5 A distance can 

be found in many different crystallographic faces of ice. 
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All subsequent models were based on the results of ice etching studies (Knight et 

al., 1991), which demonstrated that WF AFP specifically bound to the [201] 

crystallographic plane. In the absence of a high resolution X-ray data, molecular 

modeling studies were focused on the prediction of WF conformation. After the 

investigation of side chain conformation of WF AFP using Monte-Carlo simulating 

annealing and energy minimization protocol in vacuum, WF was suggested to bind to the 

[201] crystallographic face of the ice "in a zipper-like fashion" by H-bonding between 

the hydroxyl groups of Thr and oxygen atoms of ice. In this model, the predicted 16.1A 

distance between Thr residues matched the 16.7 A distance between oxygen atoms 

repeats along { 0 1-1 2} vector on [20 1] face of ice (Chou, 1992). In a different molecular 

dynamics study, which was done for 0° C and included solvent molecules, resulted in an 

average 16.6 A distance between Thr residues and proposed a very similar mechanism of 

AFP binding to ice via H-bonds (Jorgensen et al., 1993). Another two molecular 

dynamics simulations of WF were reported at the CRY0'92 meeting also suggesting 

similar binding mechanisms to ice. (Haymet & Kay, 1992; McDonald et al., 1992). 

The next very important step was the introduction of the ice surface to the 

computational experiment. One of the first groups, which successfully approached this 

kind of modeling, used COMMET software, which combined both MC and MD 

approaches (Lal et al., 1993). This research explored two possibilities of binding AFP to 

[201] and [001] faces of ice in vacuum. The results of this experiment showed that Thr, 

Asn and Asp of WF AFP formed H-bonds with ice surfaces, however they also 
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highlighted the importance of steric complementarity between AFP and ice, suggesting 

the contribution of van der Waals interaction to the free energy of AFP-ice binding. It 

was shown that the difference in AFP-ice H-bonding energy between [201] and [001] ice 

surfaces was not significant, while the difference in van der Waals potential was huge. 

Consequently, van der Waals interaction or "the lock and key mechanism" was proposed 

to be responsible for high affinity of WF AFP to [201] ice surface. The predicted binding 

energy -84 kcal/mol of WF AFP to ice [210] surface was suggested by the authors to be 

overestimated since the solvating effect was not taken into account. 

Another group (Brooke-Taylor et al., 1996) focused on the behavior of water 

molecules surrounding the WF AFP. The results of this MD simulation, which was 

carried out with parameters corresponding to 0° C, showed that water molecules around 

the hydrophobic regions of AFP are more flexible than near hydrophilic polar groups 

where water molecules tend to form organized H-bonded structure. The binding 

mechanism was proposed, in which WF AFP interacts with the ice through H-bonds, 

formed by polar groups, while the hydrophobic region "restricts the binding of further 

water molecules and keeps them in a flux, thus preventing further growth of ice". 

Contradiction of the results of this simulation with modem theory of hydrophobicity, 

according to which water molecules around hydrophobic groups restrict themselves in 

"water cages" formations, consequently resulting in the entropy penalty for free energy of 

the whole system, apparently did not influence author's conclusion. 



18 

MD simulations of WF AFP in gas, water and ice [201] interface (Cheng & Merz, 

1997), despite introduction of water in the model, did not suggest anything new in terms 

of H-bonding concept involving polar groups of Thr, Asp and Asn. However this 

simulation failed to achieve the same level of steric complementarity as the model by Lal 

et al. (1993). Apparently, this is the result of overestimation of the energy of hydrogen 

bonds, which leads to trapping MD convergence trajectory in a local minimum, formed 

by strong hydrogen bonds. The authors of the paper also did say that activity of AFP is 

related to free energy of binding, however they did not comment on a value of -157 

kcal/mol for the AFP binding energy to ice in water, which is roughly two times stronger 

than the already huge energy provided by Lal et al. (1993). More importantly, the 

reported value of -1062 kcal/mol of the combined energy of AFP interaction with ice 

surface and water molecules, in the case of bounded AFP, was higher than -1167.4 

kcal/mol energy of interaction only with water molecules, in the case of fully solvated 

AFP. Despite this fact directly suggested that within proposed model and the energy 

estimation parameters, the binding of AFP on ice surface could not take place, it was left 

without any adequate explanation. This model also showed that the methyl groups of the 

Thr and Leu residues governed by van der Waals interactions tend to direct toward the 

groves on the ice surface. This is a rather controversial result, since it is reasonable to 

suggest that bulky waters theoretically should offer stronger van der Waals potential than 

ice, leaded authors to the important conclusion that hydrophobic interactions may 

contribute to the AFP binding. The authors suggested that interaction between 

hydrophobic groups of Thr and Leu with already organized ice, reduced the hydrophobic-
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effect penalty of placement of those groups in water solution and therefore may 

contribute to the free energy of binding. 

The most recent reported computer modeling studies of WF AFP (Dalal & 

Sonnichsen., 2000) tested the hypothesis, that van der Waals interactions are the 

dominant driving force of AFP- ice association. According to the authors, the importance 

of van der Waals interaction was based on experimental evidence, particularly on 

mutation studies of Thr substitution to Val (Zhang & Laursen, 1998; Haymet et al., 

1999). Basically, in this computation, the rigid-body WF AFP was randomly positioned 

above the ice surface, and then the energy of the whole system was minimized. After a 

quarter of million of these cycles, the set of best energy conformations was selected. 

Using this relatively simple but elegant approach, the authors demonstrated that the 

minimum energy of van der Waals interactions corresponded to the conformation, in 

which AFP aligned along the {1-10-2} vector and bonded to the [201] surface of ice by 

its Thr-Ala-Asn face. The results of this study suggested that van der Waals interactions 

are not sufficient to explain recent experimental results on AFP binding specificity. 
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1. 7 Our general approach and results 

In this study, we analyzed all contributing forces to the interaction of AFP with 

ice and concluded that hydrophobic interactions between AFP and ice is the major 

driving force of AFP-ice interaction. We analyzed the activity curve of the WF AFP, and 

came to the conclusion that the free energy of AFP-ice binding does not exceed 5 

kcal/mol. 

We also consider the AFP-ice binding free energy as a small difference of two 

large values: energy of AFP hydration and energy of AFP-ice association in vacuum. 

Standard computational approaches, requiring the introduction of a large number of 

explicit water molecules to hydrate AFP and ice, are not expected to reproduce the small 

energy of AFP-ice binding, mainly because of two reasons. First, the parameters of the 

force fields used to simulate interactions of explicit water molecules with ice and with 

AFP, naturally, have limited accuracy. Second, introduction of at least a thousand explicit 

water molecules necessary to hydrate the large surfaces of AFP and ice would require 

additional 6,000 degrees of freedom. While modem computers allow using so many 

variables, simulation by the conventional molecular dynamics (MD) method would not 

move the system far from the starting point set up by the user. 

To resolve this problem, we have employed non-standard computational 

approaches, namely Monte Carlo minimization (MCM) (Li and Scheraga, 1987) in the 
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space of generalized coordinates and calculation of hydration effect by using method of 

Augspurger and Scheraga, (1996) that involves "implicit waters". Since these methods 

had not been implemented in commercially available molecular simulation programs 

such as Discover (Biosym/MCI, USA), we used the program ZMM developed by Dr. B. 

S. Zhorov (Department of Biochemistry, McMaster University). 

To test the above hypothesis that hydrophobic interactions are the major driving 

force in AFP-ice interactions, we built several computational models of AFP-ice system. 

We also adjusted parameters used in the method of Augspurger and Scheraga (1996) with 

the aim to make the method applicable for simulations of interactions of ice and protein 

with the solvent at the equilibrium freezing temperature of water. With the use of these 

parameters, the search for the optimal orientation of WF AFP on the ice surface was 

performed by numerous MCM "hands free" docking experiments from randomly 

generated starting points. 

Finally, we analyzed the partitioned energy of AFP-ice interactions to determine 

individual atom-atom interactions that provide the largest contributions to the AFP-ice 

binding and discussed structure-activity relationships of known WF AFPs and their 

mutants in view of the results obtained. Importantly, our model explained most of the 

available experimental data on structure-activity relationships of WF AFP. In our model, 

WF AFP binds to the ice surface with its hydrophobic face. Unlike in other models, 

methyl groups of threonin residues were oriented inside the grooves on surface of ice, 
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while the hydroxyl groups remained in water. We also showed that this interaction is 

driven by the hydrophobic force of desolvation of WF AFP's hydrophobic groups. We 

demonstrated that WF AFP not only bind to the [201] surface of ice, but also to the [Ill] 

plane with slightly weaker binding energy. 
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Chapter 2. Binding energy of WF AFP and methods for its 

computing 

2.1 Energy of AFP interaction with ice is approximately 5 kcal/mol, which 

contradicts with 80-150 kcal/mol shown in previous computation studies. 

Understanding of AFP activity requires computational modeling of AFP 

complexes with ice. Ideally, such models should predict free energy of binding of AFP to 

ice (LlGAFP-Ice). However, experimental values of LlGAFP-Ice are not available in the 

literature. Thermal hysteresis .dT, which is defined as the difference between the 

"freezing temperature" of ice in the AFP solution and its "melting temperature", is the 

most common experimental characteristics reported. Figure 2.1 shows a typical 

concentration-dependent hyperbolic-like thermal hysteresis curve. The objective of this 

chapter is to derive LlGAFP-Ice from .dT. 
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The system under consideration consists of an AFP at concentrations CAFP, which 

binds to the surface of ice. 

k+ 

AFP+lce AFP=Ice 
k-

Conditions for a typical thermal hysteresis evaluation experiment are: 0.1mM -

3mM AFP in -1mm size of the solution drop. The total binding surface of AFP is 

estimated to exceed that of ice by three orders of magnitude £. Therefore the fractional 

amount of AFP bound to the ice surface 8 and AFP concentration in solution CAFP is 

negligible to the total ice surface area. Consequently, 8 should be thermodynamically 

defined by free energy of binding of AFP to ice surface. 

By definition, at equilibrium the number of molecules of AFP that bind to the ice 

surface N +k is equal to the number of AFP molecules that dissociate from the ice surface 

Nk: 

Nk+ = Nk- (2.1) 

According to Langmuir (1918) and Burcham et al., (1986) who first applied Langmuir 

approach to an AFP system, equation (2.1) rearranges to equation (2.2). 

where Ois a fraction of the surface of ice covered by the AFP, CAFP is concentration of 

AFP in solution, k+ and k_ are rate constants of the direct and reverse reactions. 
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Definition of association constant (Ka) and equation (2.2 )gives us equation (2.3): 

k B K=_:t...=-----
a k_ (J-8)XCAFP 

(2.3) 

and, simple rearrangement yields to equation (2.4 ), in which Kd is the dissociation 

constant 

B 

Fractional hysteresis activity (L1TF) can be defined as the ratio between the 

temperature of the thermal hysteresis at certain concentration (L1T c) and the maximum 

temperature of thermal hysteresis observed at the saturation concentrations (L1T max). We 

assume that L1Tp depends on Bor, in other words, L1Tpis a function of B 

L1T 
L1TF = _c_ = lf/( 8) (2.5) 

L1Tmax 

where lj/is an unknown function. Combination of equation (2.5) and equation (2.4) gives 

us equation (2.6) in which the temperature of thermal hysteresis (L1T c) is a function of 

AFP concentration (CAFP). 
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The simplest representation of the function lf/, with which the theoretical equation (2.6) 

perfectly fits the experimentally observed thermal hysteresis curves, is given by equation 

(2.7) 

lf/(x)=x (2.7) 

Thus, combination of equations (6) and (7) gives us the final equation for iJ.T c 

(2.10) 

From equation (2.10) it is easy to derive that Kd is equal to concentration at which iJ.Tcis 

equal to half of iJ.T max : see equation (2.11 ). On the other hand, ~G AFP-Ice is related to the 

Kd by the fundamental Arrhenius equation (2.12). 

1 
CJ : (iJ.T 1 = -iJ.Tmax) 

- C- 2 
2 2 

(2.11) 

iJ.G = RT · Ln( Kd) (2.12) 



27 

The Experimental value C112 of, for example, Winter Flounder AFP is about 0,5mM 

(Baardsnes et al., 1999). Since R=1,99 cal mor1 K-1 and T = 273 K thus : 

ilc:;_Ice = 1,99 X 273 X Ln(5 ·10-4
) = -4,1· kcal · M-1 

All earlier modeling of AFP predicted binding energy at the level of hundreds kcal/mol 

(e.g., Cheng & Merz, 1997). We believe, such values are not reasonable. 

£Under typical for thermal hysteresis evaluation experiment conditions: 0.1mM - 3mM of 

AFP concentrations and about 1mm size of the solution drop, the total binding surface of 

AFP exceeds that of ice by three orders of magnitude. 

Let us consider an ice crystal with radius r embedded in a drop with radius R of 

1mM AFP solution. The volume of this drop has order of value - R3 mm3 and the 

surface area of ice crystal has- ~mm2• 

r---·-·-·-·-·---·-----·---·-·• . . 
I 
I 
I I ·-·---------------------------· 

1-wA 

-5o A 

An approximate surface area which can be covered by an individual molecule of WF 

AFP is -500 .&?=5·10-12 mm2
. Consequently, it is possible to accommodate -2·1011xr2 

molecule of AFP on the surface of this ice crystal. On the other hand, there are 10-9xR3 
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Mol of AFP or - 6·1014xR3 molecules in the drop with radius R mm of lmM AFP 

solution. 

Thus, in this system, the ratio between quantity of AFP molecules and that of 

available AFP binding sites on the surface of ice will be : 

if the ice crystal occupies the whole volume of the drop, in typical hysteresis 

assay (R-lmm) this ratio is 103
. 
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2.2 The necessity of water in the computational model 

The contradiction between experimental results and recent molecular models of 

WF AFP clearly shows that it is impossible to predict the behavior of this system using a 

conventional force field in vacuum. Water, an equally important member of interaction, 

was factored out from the consideration. In modeling studies on ligand-protein interaction 

omitting of water effects may not lead to serious consequences. However AFP-water-ice 

system practically compares water with ice, which is basically the rigid organized water. 

Therefore, omission of water would be totally unacceptable. One should be able to 

demonstrate the difference between interaction with the rigid and solid water. 

2.3 Explicit and implicit water 

In general, two approaches are possible for introduction of solvent effect to the 

computer molecular system: explicit and implicit waters. Explicit water is basically just 

water molecules randomly incorporated to the computer system of ice and AFP with 

certain density. Theoretically it is a way to account for water effects on the system, 

however this approach demands enormous amount of computing resources. This method 

is practically impossible to implement for our task due to the large number of variables, 
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such as positions and orientations of water molecules. On the other hand, a much more 

efficient method had been developed to take water into account, that is implicit water. 

This method, in contrast to explicit water method, does not deal with individual water 

molecules, instead it uses the term "solvation potential". This potential, multiplied by the 

volume of the solvating shell of an atom group, is equal to the energy of transferring the 

group from vacuum to water. The parameters for this method, such as potential and 

volume of solvating shell, are derived from experimental observations. This method 

allows relatively easy estimation of the solvation effect during binding process. For 

instance, solvation component of binding energy of two atomic groups would be equal to 

the solvation potential of each group multiply by the volume which both solvating shells 

exclude from each other upon binding. 

2.4 Necessity of implicit water for computation 

The implicit water method provides reliable, but more importantly, obtainable 

solution for including the water factor into AFP-ice system. Instead of substantially 

increasing the complexity of the computing system by many additional members of 

interactions, it just add one new energy component to the existing ones. Molecular 

dynamics simulation of AFP binding on ice using the explicit waters method (Cheng & 

Merz, 1997) clearly demonstrated complete inability of this approach to simulate water 

effect in such a large system. Despite the fact that reported value -1062 kcal/mol of 
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combined energy of AFP-ice and AFP-water interaction, in the case of AFP bound to ice, 

was higher than -1167.4 kcal/mol energy of AFP-water interaction of fully solvated AFP, 

the computing system remained biased to starting conformation. Monte-Carlo simulation 

with explicit waters approaches apparently would face the same problem in this complex 

system. Explicit waters necessary for solvating AFP would increase the space of variable 

coordinate by 6000 degrees of freedom. This would make practically impossible the 

global energy minimization in such a system. 

Another important aspect of computations is the estimation of hydrophobic 

interactions. Theoretically, MD simulation combined with explicit water method should 

predict free energy and, in particularly, hydrophobic interactions by statistical analysis of 

conformational ensembles of the system, which moves according to Newton's law, and 

enthalpy forces with speed relevant to temperature of the solution. However, practically it 

would require a very large quantity of water molecules necessary to form water cages 

around hydrophobic groups and also huge time of simulation to wait while those cages 

would disappear upon merging of hydrophobic groups. Molecular mechanics approach 

with explicit waters utilizing, for example, MCM protocol, in addition to the system 

overcomplicating problem would require assigning new solvation potential to account for 

entropy effects, which otherwise could not be computed using this method. On the other 

hand, after solvation potential is introduced, there is no more need for explicit waters, if 

this potential would also include enthalpy component of interaction with the solution. 

Consequently, it would be already the implicit water method. 
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Nowadays there are only two options to include water is this system: adding 

explicit waters and subsequent long MD simulation of the system or using implicit water 

approach with molecular mechanics. Apparently only the implicit water method is 

suitable for the AFP-ice system. 

2.5 Nature of the driving force of AFP-ice binding. 

From the physical point of view, AFP-ice-water is a very interesting and unique 

system. What we know for sure is that AFP binds to ice, but we also have a major 

question: why? What is the driving force of AFP-ice association? In other words, what 

ice can offer to AFP that water could not? From the molecular point of view, water and 

ice are identical. However, water has an advantage of all enthalpy components of 

interactions; since it is flexible, it is reasonable to suggest that water can offer closer and 

consequently stronger contact. On the other hand, ice is rigid and has lower density, 

consequently it could not possibly provide stronger van der Waals interactions with AFP 

than water does. Similar reasoning can be provided for H-bonding, especially taking into 

account that for H-bonding not only distance but also direction is important. Flexible 

water will always find better conformations to satisfy AFP in terms of H-bonds. 

Therefore, neither van der Waals nor H-bonding interaction could be the driving force of 

AFP-ice association, since AFP potential for both these interaction is already fully 

realized in water. In the absence of ionizable groups in AFP and ice, the electrostatic 
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interactions are relatively small. Therefore, solvating effects remain the only candidates 

for the driving force in AFP-ice interaction. 

It is entropically unfavorable, when water molecules are immobilized into 

organized water cages near hydrophobic groups of AFP. The process, when AFP-ice 

binding expels these immobilized waters to the "free" water, apparently is the driving 

force of AFP ice interaction, since ice is already organized and entropical penalty for this 

is paid. 
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Chapter 3. Two alternative WF-binding surfaces of ice 

3.1 Ice etching assay 

In the ice etching assay (Knight et al.,1991) a sphere made of a single ice crystal is 

exposed to 10-2 mM WF AFP solution and allowed to grow (see Figure 3.1 A) In the 

sphere, all microscopic crystallographic planes are exposed to the solution and 

molecules of AFP cover those planes to which AFP binds better. After been exposed to 

the AFP, the sphere is allowed to sublime in air at -10°C. During the sublimation process, 

those areas of surfaces, which have been covered by AFP and, therefore, preserved from 

even sublimation, became matte, while uncovered surfaces remained glance. Thus, by 

analyzing the matte spots on the surface of the sphere, it is possible to identify those 

crystallographic planes to which AFP binds primarily. 

This assay has been done with WF AFP solution (Knight et al., 1991) (Figure 3.1B) 

and the [201] crystallographic plane was found to be a plane at which WF AFP 

preferably accumulated. 
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3.2 Ice growth morphology 

In the ice growth morphology assay (D. Yang unpublished), a single ice crystal is 

grown in an AFP solution and then photographed. The purpose of this assay is to identify 

the crystallographic plane where AFP accumulates. 

The assumption is that AFP, when bound to an ice plane, would prevent the growth 

of ice on that plane. Therefore, the ice crystal would eventually form a bipyramid, 

designated by the crossing of 12 equivalent crystallographic planes. The bipyramidal 

shape is defined by the symmetry operator of the ice crystallographic group (see Figure 

3.2.A). 

In order to identify this plane, careful examination of the angles of the bipyramid 

was performed. The results have shown that in all experiments the angle is very stable 

and has a value of 39 ° +-0.5 °, which corresponded to the 111 crystallographic plane (see 

Figure 3.2B). 

3.3 The contradicting results of these two assays. 

Ice etching assay is precise enough to distinguish the difference between [201] 

and [111] surfaces. On the other hand, the growth-morphology assay is also able to show 

the difference between bipyramid, formed by the [111] plane with peak angle of 39 °, and 
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bipyramid, formed by the [201] plane with the peak angle of 34°. The huge difference of 

5° is very easy to detect. The peak angle of the ice bipyramid may appear bigger for 

observer than it is in reality only if the vertical axis of ice bipyramid is constantly beveled 

to the observer (see Figure 3.2 C for details). Simple trigonometric calculations show, 

that in this case the bevel angle must be 30 °, so [111] and beveled [201] bipyramid will 

appear the same. But in this case, in different morphology experiments bevel angles 

should be different and, consequently, the error should be at least ±5°, which is not 

observed in these experiments. 

In practice, because the ice crystal is lighter than water, the bipyramid tends to 

remain parallel to the surface of water drop. Therefore, if we choose for observation the 

ice bipyramids in the geometrical center of the drop, where the surface is parallel to the 

horizon, the vertical axes of the bipyramid should remain perpendicular to the observer 

(see Figure 3.2.D for details). 
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3.4 Two surfaces are possible, but when do we see them? And why? 

The results of the experiments described above suggesting that WF AFP may bind 

to both [201] and [111] crystallographic planes. However, why we see either [201] or 

[111], and never see both planes together? 

We propose that WF AFP binds to the [201] plane slightly stronger than to [111] 

plane. Let's assume the difference in free energy of binding to be about 1-2 kcal/mol and 

the total free binding energy about -5 kcal/mol (see Chapter 2). In this case, the density 

of WF AFP on the surface of ice sphere in the ice etching assay is related to free energy 

of WF AFP binding to the different ice planes by the fundamental Arrhenius equation 

(2.12) and equation (2.4). Therefore, WF AFP in ice etching study should be 10 times 

more dense on the [201] plane than on the [111] plane surface. This could explain why 

we do not observe WF AFP on the [111] plane surface on sphere: the WF footprint on the 

[111] plane is simply too dim to be detected when comparing to [201] plane. But if WF 

AFP binds stronger to the [201] plane, why do we observe bipyramids formed by [111] 

plane in the morphology assay? 

To answer this question we have to consider that most crystals formed in nature 

have very basic stereometrical shapes, such as parallelogram, prism, pyramid, bipyramid. 

This is because nature is always trying to minimize the surface energy of the crystals. In 

all crystallization the processes of loosing the entropically favorable degrees of freedom 
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of "free" molecules are compensated by the gaining of enthalpically favorable energy of 

association or, in other words, the bonding energy. Consequently, the more bonds a 

molecule forms on the surface of crystal, the bigger is the energy gain. In nature, we 

observe crystals formed by simple crystallographic planes, such as [001], [011], [111] 

because these planes have the maximum number of bonds per surface area. This could 

explain why we do not see crystals formed by [201] plane. 

We suggest that both the surface energy of the crystal itself and the energy of AFP 

binding to a particular plane are important for determination of the ice crystal growth 

morphology. Their combination, rather than one of those factors, is responsible for 

shaping crystals of ice in the AFP solution. Apparently, the [ 111] surface is a product of 

compromise between the most efficient from bonding energy point of view [001] face 

and [201] to which WF AFP have strongest binding affinity. But why WF AFP is 

"designed" by nature to bind to the [201] plane? Why did not Winter flounder produce 

AFP which binds stronger to [111] plane? We will address these questions in Chapter 6 

(Discussion). 
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Chapter 4. Methods of computations 

4.1 Model of ice 

Ice etching assay (Knight et al., 1991): WF AFP accumulates primarily on the 

[201] crystallographic plane. Morphology of the ice crystal growth (D. Yang, 

unpublished): ice bipyramids, formed in solution of WF, represent the [111] 

crystallographic surface (Figure 3.2 B). 

We suggest that WF can interact with both [201] and [111] planes, however the 

affinity to the [201] plane is stronger, making it observable in the ice etching 

experiments. While the miller index designate a unique crystallographic plane, many 

unequal crystalline surfaces can be formed that are parallel to each other. The number of 

unique surfaces depends on the space group. The [201] and [111] surfaces designates four 

and two equivalent surfaces respectively. Although they are identical from the 

crystallographic point of view, the physical surface profiles are different, (see Figure 4.1 

for details) which is crucial for the modeling. In this situation we choose the surface, 

where each surface molecule of water forms a maximal possible number of H-bonds 

(Figures 4.1A; 4.1E); the reason for this has been discussed earlier. 
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Ice was modeled as a cylindrical slab with the diameter of 80 A and thickness of 

7.5 A. The slab was created to be large enough to accommodate a 50 A long WF AFP 

with some extra area for translational freedom. Coordinates of the oxygen atoms of this 

slab were generated using program MACO (D. Yang unpublished). The ZMM software 

was used to add hydrogen atoms and to assign random Euler angles to all water 

molecules. Then the whole slab was Monte-Carlo-minimized with fixed positions of 

oxygen atoms. The system converged rapidly and the energy of the system decreased 

dramatically during 10000 steps. The MC- minimized structure of ice was used in the 

subsequent models as a rigid body. 

We decided not to add any water molecules onto the surface of ice, which could 

potentially improve the binding of WF AFP to the surface of ice as have been done in 

two latest modeling studies of WF AFP (Cheng & Merz, 1997; Dalal & Sonnichsen, 

2000) (see Figure 8.E for details). In our system the ice was rigid, without any water 

"pillow" between the ice and AFP. Each water molecule on AFP binding surface of ice 

has at least two H-bonded neighboring water molecules. We believe that this is unbiased 

approach, because otherwise we could loose any sense of surface at all, by adding and 

subtracting the molecules of water wherever we needed to do so in order to improve 

binding affinity. 
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4.2 Model of WF AFP and AFP mutants 

We used the X-Ray geometry of WF AFP (Sicheri and Yang, 1995) as an initial 

structure for the modeling (see Figure 1.3 for details). Hydrogen atoms were added using 

ZMM package. To eliminate possible conformational strain effect, which could occur due 

to the crystal packing, the energy of the WF X-ray structure was minimized. The 

conformational energy dropped from -237.6 kcallmol to -277.7 kcal/mol and as the 

result of the energy minimization, the a-helix of AFP was straighten up due to a slight 

change of the torsion angles in the main chain. An additional hydrogen bond was formed 

between the hydroxyl group of Thr 35 and the carbonyl oxygen of Ala 31, consequently 

all four Thr were aligned with x1 torsion angle equal to -60° (see Table 4.1 for details). 

The obtained structure was used in all subsequent computational experiments. The 

information on generalized coordinates of the initial and minimized structures is 

presented in Table 4.1. This structure was also used to build mutants of WF by 

implementing homology modeling method in ZMM software. 



E) 

F) 

Surface bound water 
molecules 

44 

Figure 4.1 Different ice slabs. A-D are crystallographically equivalent to the [201] plane, 
E and F to the [ 111] plane. For our modeling we choose surfaces A and F 
because they do not have surface- bound water molecules. 



Table 4.1 Torsion angels of the X-ray and energy-minimized X-ray structure ofWF AFP 
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4.3 Energy components 

4.3.1 Energy contribution of the solvation effect 

Implicit waters method (Augspurger and Scheraga., 1996) was used to take into 

account the solvating effect. In contrast to the explicit waters method in which large 

number of water molecules is added to the system, in the implicit water method the 

energy of solvation effect for each solute group is assigned in addition to the other atom 

to atom forces such as, van der Waals, electrostatic and H-bonding terms. The energy of 

solvation effect is, by definition, the energy of transferring the molecular group from 

vacuum to solvent. In our case, the solvent is water. The empirically determined energy 

naturally combines contributions from all types of interactions between the solvent and 

solute including: van der Waals, electrostatic, hydrogen bonding and hydrophobic effect. 

This energy is usually negative, since it represents a huge gain in the van der Waals 

potential, however it is very different for hydrophobic and hydrophilic groups (see Table 

4.1). When two groups of atoms interact in solution, their solvating shells overlap, 

consequently excluding some volume from each other. This creates a desolvation penalty 

(gain) which is proportional to the solvation potential multiplied by fractional volume of 

the overlapped solvation shell. 

The total free energy of interaction of protein with water !1Ghyd is considered as 

the sum of contributions from individual atoms: 
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ll.Ghyd = L &(VHS)i (1) 

Bi is an empirically determined hydration energy density of atom i (Ai), and (VHS)i is the 

volume of the solvent-exposed hydration shell of Ai (shaded area at Figure 4.2). 

(2) 

V( R;h) is the volume of the first hydration shell of A, and V( Rn is the volume of the 

van der Waals spheres of A and its covalent neighbors, R;h is the radius of the first 

hydration shell of Ai, and Rt is the van der Waals radius of Ai. Analytical expression for 

the exact calculation of VHSi includes overlapping volumes of two, three, and four van 

der Waals spheres of atoms bound to Ai. Since this expression is not differentiable, an 

algorithm for the approximate computing of VHSi was proposed that involves only 

double overlaps between spheres whose van der Waals radii are reduced to compensate 

ignoring of triple and quadruple overlaps. Thus, 
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where D(rij, Ri, Rj) is the volume of intersection of two spheres of radius Ri and Rj, whose 

centers are separated by the distance rij, and R; is the reduced van der Waals radius of Aj 

Figure 4.2 Solvent-exposed volume of the first hydration 

shell of radius R~ (shaded area) around the amide 

hydrogen that has van der Waals radiusR~. Atoms N, Ca 

and C' occupy part of the volume of the first hydration 

shell, thus decreasing the solvent-exposed volume 

(Based on Augspurger and Scheraga, 1996). 

To ensure the VHS differentiability, the hard van der Waals spheres were 

substituted by the softer "Gaussian spheres" the volume of intersection between which is 

given by the following formula: 

(4) 

The reduced van der Waals radii R; are pre-calculated for each molecular system via 

Monte Carlo integration of the corresponding van der Waals volume reduced by overlaps 

with atoms covalently bonded to Aj. Empirical parameters A = 1.88 and B = 0.52 were 
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adjusted to minimize the difference between results of calculations of VSHs made with 

the exact (but not differentiable) and approximate differentiable expressions. 

The hydration energy densities 8i were determined by least squares fitting of the 

computed and experimental energies of gas-to-aqueous transfer of various organic 

molecules. The parameters are given in Table 4.2. 

The major problem of application of the above algorithm to the AFP-ice system is 

the lack of parameters 81, Rv and Rh for the ice hydrogen and oxygen and certain unfit of 

parameters in Table 4.2 for simulation of the system at the melting-ice temperature, since 

they were derived for room temperature. Derivation of proper parameters would be a 

large stand-alone project therefore, we decided to use existing parameters with complete 

understanding of their limitations. We also addressed the question of adjusting solvation 

parameters in chapter five. 
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Table 4.2 Empirical solvation parameters (Augspurger and Scheraga, 1996) 

Atom type ~X 103 
Rt(A) R;h (A) 

kcal/(mol A3) 

1 Hydroxyl, amino -10.35 1.415 4.17 

2 AcidH -3.206 1.415 4.17 

3 AmideH -7.714 1.415 4.17 

4 Thiol H 2.709 1.415 4.17 

5 Aliphatic CH3 1.319 2.125 5.35 

6 Aliphatic CHz 0.2374 2.225 5.35 

7 Aliphatic CH -1.271 2.375 5.35 

8 Aliphatic C -2.297 2.06 5.35 

9 Cyclic CR 0.3827 2.25 5.35 

10 Cyclic CH 0.2890 2.375 5.35 

11 Aromatic CH -0.2137 2.10 5.35 

12 Aromatic CR -1.713 1.85 5.35 

13 Branched aromatic C -1.910 1.85 5.35 

14 Aromatic COH -0.6063 1.85 5.35 

15 Carbonyl C 2.696 1.87 5.35 

16 Primary amine N -1.149 1.755 5.05 

17 Secondary amine N -10.28 1.755 5.05 

18 Aromatic N -10.48 1.755 5.05 

19 AmideN -7.332 1.755 5.05 

20 Hydroxyl, ether 0 -7.396 1.62 4.95 

21 Acid, ester 0 0.07897 1.62 4.95 

22 Ketone carbonyl 0 -15.70 1.56 4.95 

23 Acid, amide carbonyl 0 -15.56 1.56 4.95 

24 Thiol, disulfide S -4.706 2.075 5.37 

25 WaterH 0 1.415 4.17 

26 WaterO 0 1.62 4.95 
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4.3.2 Total energy function 

The energy was presented as the sum of six components. Van der Waals 

interactions were calculated using the AMBER force field (Weiner et al., 1984) with a 

cutoff distance of 8 A and a shifting function (Brooks et al., 1985). The standard partial 

charges at the atoms of AFP (Momany et al., 1975) and a distance-dependent dielectric 

parameter (Weiner at al., 1984) were used to calculate the electrostatic energy. The 

partial charges at the water molecules were assigned the values of -0.5 for oxygen atoms 

and 0.25 for hydrogens. Energy terms also included hydrogen bonding, solvation effect 

(Augspurger and Scheraga, 1996), torsion energy, and flat-bottom constraints. To analyze 

the results, the energy can be subdivided into internal and ligand-receptor (AFP-ice) 

energy. 

4.3.3 Imperfection of our energy calculations 

The imperfection of our approach is the use of solvation parameters which were 

derived for room temperature of 25°C to simulate the system at the temperature of 0°C. 

We expect that at lower temperatures the hydrophobic effect becomes weaker and 

hydrophilic forces slightly stronger, than at the room temperature. However we hope that 
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we were able to compensate for this temperature effect by adjusting reduced van der 

Waals radius of ice, thus avoiding overestimation of the hydrophobic effect. 

4.4 Starting geometry 

AFP: X-ray structure of WF AFP with idealized alpha-helix 

Ice: Generated by the program MACO (D. Yang) 

Positions and orientations of AFP: Random 

4.5 Generalized coordinates 

Molecular mechanics calculations were performed with the ZMM program 

package (Zhorov, 1981, 1982). ZMM allows conformational searches in the space of 

arbitrarily specified generalized coordinates: torsion and bond angles, positions of free 

molecules (Cartesian coordinates of their root atoms) and the orientation of the molecules 

(Euler angles of the local systems of coordinates centered at the root atoms). WF AFP 

consists of 308 atoms whose positions were specified by 924 Cartesian coordinates. In 

the space of internal coordinates, only 154 variable torsion angles, position and 

orientation of AFP may specify the geometry of the system. Other geometrical 

parameters, namely, bond lengths, bond angles, positions and orientations of water 

molecules in the ice slab were kept fixed. While these parameters were used to calculate 

the Cartesian coordinates of atoms, they did not appear in the list of variable geometrical 
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parameters, because ZMM allows to fix any parameters without imposing special 

constraints. Bond lengths and bond angles between atoms of the backbone were fixed. 

Bond lengths and bond angles involving hydrogen atoms were fixed at their standard 

values (Momany et al., 1975). 

4.6 Monte Carlo Minimization Method 

The Monte Carlo-minimization (MCM) protocol (Li and Scheraga, 1988) was 

used for the search of optimal conformations. Trajectories were calculated at T = 600 °K. 

The subsequent starting point in a trajectory was obtained by randomly selecting a 

generalized coordinate of the previous point and changing it by a random increment. The 

energy was minimized from the starting point until the norm of the energy gradient fell 

below 1 kcal mor1 rad-1 or until the limit of 300 calls of the procedure of calculation of 

energy and gradient was exceeded. The resulting minimum-energy conformation (MEC) 

was accepted in the trajectory if its energy E fell below that of the preceding point of the 

trajectory Ep or if a random number n E (0, 1) was less than exp(-(E-Ep)/RT). The 

obtained MEC was added to a stack of MECs accumulated during the search if its energy 

was within 7 kcal/mol from the apparent global MEC held in the stack and if it was 

geometrically distinct from any MEC already accumulated in the stack. Two MECs were 

considered distinct if they had at least one generalized coordinate different by 0.1 Rad. 

An MCM trajectory was terminated when the last N consecutive energy minimizations 

did not lower the energy of the apparent global MEC in the stack nor added a new MEC 
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to the stack. In most of our computational experiments, the parameter N was set to 1000. 

A trajectory was also terminated after 10,000 energy minimizations in case the above 

criteria of convergence were not satisfied. One energy minimization of this system 

usually converged in less than 200 iterations and took 1 - 2 minutes on a Pentium III 450 

mHz processor. 

4.7 Constrains 

To prevent movement of AFP beyond a definite distance from the ice slab, 

distances r between specified atoms of AFP and ice were restrained within the boundaries dt 

< r < dh by using the function Er = s(r)*J(r). In the last equation, s(r) is a switching operator 

(Brooks et al., 1985) andf(r) is a quasiparabolic penalty function defined as follows: 

s(r) = 

1 
[(dt + x- ri(dt + x- 3(dt- x) + 2r)]/(2x)3 

0 
[(dh- x- ri(x- dh + 3(dh + x) - 2r)]/(2x)3 

1 

if r~dt-X 
ifdt-X<r~dt+X 

if dt + X < r ~ dh - X 

ifdh-x<r~dh+x 

if dh +x< r, 

The switching distance x was set to 0.2 A and the force constant C was set to 100 kcal 

1-t A-z mo . 
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4.8 Software 

For energy calculations and MCM search we used ZMM software package. ZMM 

is a molecular modeling package for conformational analysis and modeling of 

biomolecular systems. 

ZMM searches the energetically optimal structures in the space of internal 

coordinates: torsion and bond angles, bond lengths, positions and orientation of free 

molecules or ions. Rigid fragments that are not expected to undergo significant 

conformational rearrangements may be specified in such a way that interactions within 

each rigid fragment are completely excluded from computational protocols. This 

essentially facilitates modeling of complex molecular systems. For example, in docking 

experiments, the ice slab may be considered as a rigid body. 

Most well-known molecular modeling packages, e.g., AMBER, DISCOVER, 

CHARM and XPLORE minimize energy in the space of Cartesian coordinates of atoms. 

Corresponding algorithms for molecular mechanics and molecular dynamics calculations 

are relatively simple compared to those of internal coordinate systems. However, the 

price for the simplicity is a large number of variables, many of which move collectively 

during energy minimization. For example, rotation of a phenyl ring around the C-Ph bond 

in the Cartesian coordinate space involves the collective movement of 30 variables 

(Cartesian coordinates of atoms), whereas this rotation may be described by one torsion 
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angle in the generalized-coordinates space. The energy minimization in the space of 

torsion angles is used in several other programs, including the ECEPP package (H. A. 

Scheraga and coworkers). However, ECEPP is difficult to use when bond angles and/or 

bond lengths should be treated as flexible, e.g., for docking of certain drugs in proteins. 

In many cases, only few atoms of a ligand should be considered as flexible, whereas 

valence geometry of the protein and the remaining part of the ligand may be considered 

as rigid. An example is curare alkaloids, in which bond angles of few carbon atoms in the 

macrocycle essentially deviate from the tetrahedral values (Zhorov, 1993; Zhorov and 

Brovtsyna, 1993). Usually, the valence geometry of a tetrahedral atom is described by six 

bond angles, which are not independent and, hence, are not generalized coordinates. The 

latter may be chosen as polar angles in a vector model of a tetrahedral atom (Zhorov, 

1983). A unique feature of ZMM is that any part(s) of the system may be specified as 

rigid, while the flexible part(s) may contain any variables (torsions, bond angles, lengths). 

ZMM implements well-known force fields such as AMBER (Weiner et al., 1984) 

and ECEPP/2 (Nemethy et al., 1983) The following methods of conformational search 

are realized in the ZMM: 

-Energy minimization in generalized coordinates (Zhorov, 1981, 1983) 

-Nested rotations with building multidimensional grids 

-Monte Carlo minimization (MCM) (Li & Scheraga, 1987) 
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- MCM in the space of scaled collective variables (Noguti & Go, 1985; Maurer et 

al., 1999) 

-Biased MCM (Abagyan & Totrov, 1994) 

-Nested MCM protocol (Zhorov, unpublished). 

-Predicting loop-closing conformations of macrocycles (Go & Scheraga, 1970). 

- Computing MC-minimized energy profile a ligand in a protein (Zhorov and Lin, 

2000) 

- Computing multidimensional MC-minimized energy map of a ligand in a 

protein (Zhorov, unpublished) 

ZMM is a file-operated package with molecular structures and controlling 

parameters specified in input files, and results delivered to output files. Advantage of the 

file-operated systems (e.g., compilers for programming languages) is the 100% 

reproducibility of results, a possibility to debug input data and to clone homologous jobs. 

Molecular graphics programs such as RASMOL, INSIGHT, MVM, etc., may be used 

concertedly with ZMM that exports and imports PDB files. ZMM includes utilities to 

build input files automatically and to analyze large number of minimum-energy 

conformations accumulated in a conformational stack during conformational search. 
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For visualization purposes we primarily used RASMOL program, we also used 

Insight II software package to generate starting conformations of AFP binding on ice 

surfaces for some early models. 
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Chapter 5. Results of computational experiments 

5.1 Overview of our initial approaches 

5.1.1 Conventional force field computations 

In the initial approach, we used conventional AMBER force field without taking 

into account any solvating effect, since we were not sure about the physical nature of 

AFP-ice interaction at that time. Our first objective was to repeat published theoretical 

studies of AFP-ice system, with the hope that this experience would give us new ideas of 

how to improve the model. 

In this first step of our modeling study, we developed new methodological 

approaches, primarily for the model of ice. We systematically considered different ice 

slabs (see Figure 4.1), and also developed approaches for generating coordinates of ice 

hydrogen atoms. We also found that despite using the MCM method for the global 

minimum-energy conformational search, the final conformation correlated with the 

starting conformation. The preliminary analysis have shown that this effect was due to 

formation of strong hydrogen bonds between ice and AFP. These bonds prevented further 

substantial changes in conformation. Basically, the negative energy of hydrogen bonds 



60 

between AFP and ice created deep local energy minimum, which was very difficult to 

overcome. Generally, the energy of the local minima was comparable with the energy of 

apparent global minimum, however the binding geometry of AFP-ice complex was 

essentially different. 

Soon after the model was built, we realized that our minimum-energy 

conformations were, in principal, very similar to those reported in previous modeling 

studies. In our structures, AFP was bound to ice by hydrogen bonds formed between 

waters of ice and polar groups of Thr, Asp and Asn. (see Figures 5.1; 5.2) 

Although our model shows apparently better binding characteristics than previous 

models, it had the same disadvantage as these models, namely, it did not explain the main 

mutation paradox, in which Thr replaced by Val did not affect the AFP activity, while 

replacement by Ser did. The need to consider water effect became apparent. 

5.1.2 Trajectory convergence problem 

The correlation between the starting and final conformation indicated that our 

search for the global minimum was biased with the "hand-made" starting conformation. 

Due to strong H-bonding interactions between AFP and ice, the trajectory was "trapped" 

in deep local minimums created by these forces and did not converge to the global 

minimum. Therefore, we had to develop a new search strategy. That could have been 
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either sequential consideration of all possible starting conformations, or generation of 

random starting conformations with subsequent statistical analysis of the results. 

5.1.3 Complementarity concept 

At this point we started to look for the physical nature of the driving force of 

AFP-ice interaction. We suggested that the AFP-ice binding is driven by decrease of 

water-accessible nonpolar surface of AFP. The main reason for this suggestion has been 

discussed above. One of the major requirements for this type of binding is a surface 

complementarity between AFP and ice. Otherwise, loss of van der Waals energy after 

transferring the AFP binding surface from the "soft" water to a non-complimentary ice 

surface would not allow the binding to take place at all. Therefore we decided to search 

for the conformation which corresponds to the maximal steric complementary binding of 

AFP to ice. We expected that this search would narrow the set of possible binding 

conformations, and that further individual assessment of multiple conformations would 

eventually lead us to the unique one which correlated with experimental data. 

Structures with maximum binding complementarity may be found by optimizing 

the energy of van der Waals interactions between ice and AFP. Therefore, we Me­

minimized the structure of AFP-ice complex without taking into account H-bonds and 

electrostatic energy, consequently the only contribution to the energy of binding was van 
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der Waals interactions. We found out that the conversions of MCM trajectory were much 

better than in case of MC minimizing of complete energy function. The absence of strong 

electrostatic and H-bonds interactions has made the energy profile of the AFP-ice 

complex substantially smother, which increased efficiency of MCM protocol. 

At this stage our level of bias to the starting point dramatically decreased, since 

we observed major binding conformational changes without "stacking" within the 

starting point which was inevitable in case of MC minimizing of complete energy 

function. However, since our objective was to explore all possible binding conformations 

rather than finding the most complementary one, we were interested in creating an energy 

profile map which would provide us with relative values of binding van der Waals 

energy, which is relevant to steric complementarity, for all possible binding conformation 

geometries. Theoretically this map has to be 6 dimensional, designated from 3 Euler 

angles of rotation and 3 degrees of translation. Creating of this kind of 6 dimensional 

map with 10° rotational and 1A translational resolution would require computing of 

approximately 108 conformations, most of which would have small or no binding 

complementarity at all. Therefore we limited our map to only one dimension, which was 

the degree of rotation <p around a-helix axis (see Figure 5.3 for details ). To build this 

map, rotation of AFP around <p was restricted by using flat bottom quasi-torsional 

constrain within 20° step, while all other degree of freedom were allowed to vary. To 

keep AFP within the dimensions of the ice slab, flat bottom constrains were imposed 

between Ala 19 of AFP and the imaginary axis which perpendicularly crossed the 
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geometrical center of the ice slab disc. Then van der Waals, torsion and bond energy 

components of the AFP-ice system were MC-minimized with the fixed main chain of 

AFP. Consequently, the maximum complementarity conformation was found for each 

step of cp. The result of this computational experiment as a dependence of relative value 

of van der Waals binding energy on the angle cp is presented on Figure 5.4. We found 

that regardless of the value of cp in the range 80°-280°, the maximum complementarity 

binding geometry of WF AFP was aligned parallel to [20-11] vector on [201] surface of 

ice. The global energy minimum of van der Waals interactions between AFP and ice 

corresponded to the conformation in which WF AFP bound to ice by its "Thr, Asp, Asn" 

face (see Figure 5.5). Conformations in which AFP interact with ice by its "hydrophobic" 

and "hydrophilic" faces were found to have weaker van der Waals energy than the global 

minimum conformer by 20% and 30% respectively (see Figures 5.6; 5.7) However, since 

complementarity is also related to the total binding surface area, these two binding faces 

should not be excluded from future consideration as candidates for real binding face. 

After visual examination of all three conformations allowed by 

complementarity requirement based on hydrophobic concept of AFP-ice interaction, the 

"hydrophobic" face was proposed to be the binding surface of AFP. This proposal was 

later supported by independent mutations studies (Baardsnes et al., Dec. 1999). However 

we needed more quantitative way to demonstrate the difference between "hydrophobic", 

Thr, Asp, Asn and "hydrophilic" faces to be less biased in our conclusions. After this 

stage of our study we decided to introduce water into the system. 
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5.2 Optimization of parameters 

5.2.1 Solvation parameter of ice 

The solvation method of Augspurger-Scheraga (Augspurger and Scheraga, 1996) 

lacks parameters for computing hydration energy of ice. These parameters include 

density of free energy to remove water from hydration shell of water molecules forming 

ice 8ice. radius of the solvation K'ice shell and reduced van der Waals radius (RVR) of 

water molecules forming the ice Rvice· We have developed these parameters based on the 

three following postulates: (i) the free energy of ice melting at 0° C (melting, freezing) is 

0 kcal/mol; (ii) upon binding the a-helix of WF AFP to ice, relatively similar amount of 

water is excluded from the ice surface, regardless of AFP binding face; (iii) the free 

binding energy of AFP to ice is about 5 kcal/mol (see Chapter 2). To simplify our 

computational model, we ignored desolvation energy of ice, assuming that it is relatively 

similar for all productive binding conformations of WF AFP on ice. A series of 

computational experiments demonstrated that the hydration component of free energy of 

binding of AFP to ice is extremely sensitive to the value of RVR. We varied the value of 

RVR in the range of 1.5 to 2.0 A and performed MCM search for each value of RVR. We 

found the value, which correctly reproduced the experimental data for binding energy to 

be 1.95 A. Using this value, we performed next series of computation experiments with 

MC-minimizing the energy from different starting points. We found that the resulted 
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conformations had an important common feature: AFP helix interacted with ice by the 

"hydrophobic" face (see Figure 5.13). Importantly, we also found that the hydrophobic 

methyl, rather than the hydrophilic hydroxyl group, is exposed inside the grooves of the 

ice surface. This finding explains the most important mutations. However, the 

convergence of MCM trajectories was very poor: from 50 different starting points only 5 

conformations were found within 3 kcallmol from the apparent global minimum. We 

analyzed this problem and found, that the poor convergence was due to the strong 

electrostatic interactions, which trapped some trajectories in the local minima with 

relatively high energy. In an attempt to solve this problem, we increased the dielectric 

constant e and found that the final MCM orientation of AFP on ice was low-sensitive to 

this parameter, whereas the conversion of MCM has improved dramatically. Based on 

this finding, we decided to ignore the electrostatic component in subsequent 

computations. This required a new calibration of RVR, which was found to be 1.9 A. We 

repeated the computational experiment with the new parameters and found that 40 out of 

50 starting points converged to the structures within 3 kcal/mol of the lowest energy 

conformation. Although the insensitivity of AFP orientation to the electrostatics is 

surprising, it may be explained by simple physical considerations. In a real system, the 

orientation of AFP would be governed by three major types of forces: van der Waals, 

solvation effect and electrostatics, including H-bonds. However, H-bonding of polar 

groups of AFP to liquid water is always energetically (entropically and enthalpically) 

more favorable. In this system, desolvation forces are stronger than H-bonds. Thus 

calculations with and without electrostatics provide similar results, while computations 
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without electrostatics yield much better convergence of MCM. For future references we 

would call energy minimization using AMBER force filed, excluding electrostatic 

component, combined with solvation potential - minimization in van der Waals & 

solvation (VS) force field. 

5.3 Typical computational experiment 

The typical computational experiment was set as follows: no bias was imposed 

for the starting position and orientation of WF AFP near the surface of the ice slab. This 

means that the starting Euler angles and translational position of AFP were randomly 

generated. 

To keep the AFP within the ice surface, two constrains were imposed (see Figure 

5.9). The center of helix was constrained within 5A to an axis normal to the surface and 

passing through the geometrical center of the slab. To prevent unproductive parting of 

AFP far from the ice surface, Nand C terminus of AFP helix were constrained within 15 

A from the plane. Both types of these constrains were flat bottom. Although these 

constraints did not bias our results, they dramatically improved the convergence of MCM 

trajectories due to preventing the movements of AFP away from the slab. 
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During the search, the AFP backbone was fixed, while all side chain torsions were 

allowed to vary. This approach preserved the a-helix of WF AFP from possible distortion 

due to binding on ice during MCM protocol. 

The maximum length of trajectories was limited to 10000 of MCM steps. A file 

with coordinates of atoms was delivered each time when the energy of the system 

decreased below the value of the current minimum. Figure 5.10 shows typical 

superposition of the lowest-energy conformers, obtained in the course of MCM 

trajectory. AFP rapidly approached the ice surface and then searched the optimum 

orientation on the ice surface. Usually it took about 3000 MCM steps to find the optimal 

orientation on the surface, however extra 7000 steps were allowed to make sure that the 

best orientations are found (see Figure 5.11) 

5.4 Ice surface [201] with wild type of WF AFP and "Vai","Ser","Aia" 

mutants 

MC minimization of WF AFP and its mutants to find the optimal binding 

conformations on ice surfaces was performed from 100 starting points, in which the 

position and orientation of AFP in space around the ice surface were randomly generated. 

These trajectories yielded ensemble of minimum energy complexes within 1 kcal/mol 
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from the apparent global minimum. Figures 5.13-5.16 show the typical structures from 

this ensembles. 

The typical binding conformation of wild type WF AFP has the following 

characteristics. AFP is oriented along [01-12] vector and bound to the ice surface by its 

"hydrophobic" face (see Figure 5.13). Methyl groups of Thr form hydrophobically 

favorable contacts with the grooves on the ice surface while hydroxyl groups are exposed 

to the solution. Side chain conformation of the threonines x1= -60° allows formation of 

hydrogen bond between the hydrogen atom of the hydroxyl group and the carbonyl 

oxygen of the main chain. This conformation is also consistent with the energy 

minimized X-Ray structure of WF AFP. Hydrophilic groups of Asp, Asn together with 

all the other hydrophilic groups of side chains of WF AFP remain in water. Entire a-helix 

of the AFP forms tight steric contact with the ice surface. 

Binding conformation of "Valine" mutant generally shares the same features with 

the wild type, however, since Val does not have hydroxyl groups both methyl groups can 

be involved in hydrophobically favorable interactions with ice surface (see Figure 5.14). 

This resulted in lower than wild type AFP-ice binding energy. Binding conformation of 

"Alanine" mutant is very similar to the "Valine" in terms of orientation and binding face 

of AFP (see Figure 5.16). However, due to the absence of bulky hydrophobic side chain 

alanine was unable to form favorable contact with the ice grooves, which resulted in 
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lowering steric complementarity and increasing desolvation energy component. (See 

Table 5.1) 

In contrast to the wild type, "valine" and "alanine" mutants, "serine" analog did 

not show any consistent binding affinity. Relatively weak binding energy was primarily 

due to hydrophobically favorable interactions between Leu 12, Leu 23 and ice surface. 

5.4 Ice surface [111] with wild type of WF AFP and "Val" ,"Ser" ,"Ala" 

mutants 

Binding conformations of wild type WF AFP and its three mutants on the ice 

[111] surface revealed mostly the same binding characteristics as the corresponding 

conformations on the [201] ice surface (see Figures 5.17-5.20). AFPs interacted with the 

ice surface by their "hydrophobic" face, with the exception of "Serine" mutant. AFPs 

aligned on the ice surface so that the distance between grooves on ice surface matched 

the distance between threonine residues. However, binding energies were relatively 

higher than those of the corresponding conformations on [201] surface, except "alanine" 

mutant which was demonstrated to have similar binding affinity for both surfaces (see 

table 5.1 ). 
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Figure 5.1 MC-minimized binding conformation of WF AFP on ice [201] surface obtained by using AMBER force field in 
vacuum. Binding energy is -57.3 kcal/mol. AFP interacts with the ice surface by its "Thr, Asp, Asn" face, thus 
allowing formation of hydrogen bonds between polar groups of Thr, Asp, Asn and water molecules of ice. This 
particular binding conformation also shows alternative binding geometry of Thr amino residues. See figure 5.2 for 
details. 
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Figure 5.2. Results of MC-minimizations of WF AFP binding conformations on the ice [201] surface in vacuum, showing 
alternative binding geometries of thr residues. Possibilities for hydrogen bonds are shown by blue dotted\ lines. 
Torsion angles x1 of these Thr conformations are equal to -60°, +60° and 180° left to right respectively. Analysis 
of these conformations suggested geometry x1= -60° to have strongest binding potential in vacuum. Hydroxyl 
group of Thr is able to accept hydrogen bond from water of ice and also donate one to the carbonyl oxygen of 
the residue four position upstream, while bulky methyl group is involved in van der Waals interaction with ice. -...J 
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Figure 5.3 The scheme of computational experiments. Search for the highest van der Waals complementarity was performed 
with different values of angle <p. 
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Figure 5.5 Binding conformation of WF AFP on the ice [201] surface, which involves strongest van der Waals interaction 
between AFP and ice. Binding van der Waals energy is -35.2 kcal/mol. AFP interacts with the ice surface by its 
"Thr, Asp, Asn" face. Both methyl and hydroxyl groups of Thr are involved in binding interaction. AFP aligns 
along [01-12] vector on ice surface. 
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Figure 5.6 One of the possible binding conformations ofWF AFP on the ice [201] surface which is allowed by the concept of 
complementarity between AFP and ice . Binding van der Waals energy is -24.7 kcal/mol. AFP interacts with the 
ice surface by its "hydrophobic" face. Bulky methyl of Thr is involved in the binding interaction. -....) 

Vl 



() 
0 

0 

() - .. () ~() () 

() ()() 0 
() 

' ~1 

co 

\1.,2J 
co 

v 
() 

()() 

() () -
0 .. u v~ o f;) 

()£) 
v uu u 

()0() 
£) 0() () 

0 

~' Q.., o , 

C) () 

t.· o cc o oo u (.. t> c; 1.. :;..c 
(; c..- o o c e c c.>(; c.; Q(; c u o 

0 1,;. 1,. 0(;- c oc 0 u 0 c;. (; "'-" Gl (; O,. 

oc. 0 01;> 0 (; c (.. 1,. co (,. (It; (; c 0 ... 

1.. u (: c;. o c c oc 0 u 0 u ¢ "'" c. c-c;. 0 

0 Qo;. Q l.'C 0 C 0 C C Cl- (,. Otl 0 0 C Q 1.- 0 

"' 1.> c u 0 """ 0 01,; l.' u (> 0 c cc !,.;>I,. I.. c ... 
._. lt>C .._ o;>~;e o 1.. o 1.. L t>o 1:1. ~o t1 u c o ._. c..o 

C:l- tl 0 tl 0 0 OC 0 (.. C 0 U 0 0 C Ctl l:. \..0... (> ( > 

C C C..C Co Cl,; 0 1.. 0 1.- 0 CO <l> CO :;.. u 0 0 C.. Ot> C. 

co o o o o o:. cc c .:. e c o c o c :;..~;>~.>.c.., -. t> c 
o c <:o Q oo o o o c o cu eo oo <> c c o '- (.t. l:.l 

C.l.. f.: 0 .;t 0 0 (..C C Cl:.. 0 0 0 C> 0 :;..o ~> 1,. 0 t,., 0 1.. 

Q l- VC U (;O 1.. 0 0 0 0 t.:-0 0 00 :;;.. 0 (; 0 0 C.O 0 

0 "- 00 0> <;.>0 I,.. 0 1.. tl (.. QO 0 Co:> ;;. 0 0... Q 0 <...U Co 

r..c t. u .;. c o <...o Q c;,o o;; o c "' o ... o c oo c; <:> 
0 1.>0 0 00 C 0 C (> (.• 00 0 CO (I 1.. 1.. 0 (I Ct. 

c 0 c 0.:. (, co 0 00 0 (; .... 0 0 uc 0 co 0 0 

.., I,;Q 0 oc 0 c c 0 c co G> 00 (I .... ... ,, .... tl 

0 (.. 1.. (.. CO 0 0(.1 o C 0 G 0 OI.J 0 00 0 

<.>0 Q 0\> 0 .... I.- 0 c 1.:'1;.• 0 co (I c ... (. 
(.> c (.. 00 0 "" 0 u Q (. 0 <,;(,. c (;(.. 

0 oc 0 .... 0 c 1: l,.l,. d co 0 e: c 
(. ._ Cc Q QO 0 t,... v C> C Oc,. 

- (') 

llf''\ 

Figure 5.7 Another possible binding conformations of WF AFP on the ice [201] surface which is allowed by the 
complementarity concept. This figure demonstrates unspecificity of this approach to the hydrophobic or 
hydrophilic interactions. Binding van der Waals energy is -22.0 kcal/Mol. AFP interacts with the ice surface by its 
"Hydrophobic" face. Both hydrophobic methyl and hydrophilic hydroxyl groups of Thr are involved in the binding 
interaction. -...J 
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Figure 5.9 Constrains in typical computational experiment. In order to minimize unproductive MCM search in areas not 
relevant to the binding conformations and also to keep AFP on the ice surface to exclude possibility of binding on 
the edge of ice, following flat bottom constrain were introduced. 1) Flat-bottom constraints between N- and C­
terminal CA atoms and ice surface. The bottom width = 20 A. 2) 1. Flat-bottom constrains between the center of 
AFP and a normal to the ice surface passing through the center of the ice slab. The bottom width = 10 A. 
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Figure 5.10 Convergence of an MCM trajectory from a random starting point (left) and from multiple randomly generated 
starting points (right). 
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Figure 5.11 Typical MCM convergence trajectory. 

v.d.W. Solv. 
Total 

Ice surface AFP energy Energy 
AFP-ice 

System 
AFP-ice AFP-ice 

Ice [ 2 01] TTTT -18.4 13.5 -4.9 -313 

vvvv -20.3 12.4 -7.9 -294 
ssss -4.8 2.3 -2.5 -316 
AAAA -15.9 12.4 -3.5 -302 

Ice [111] TTTT -12.9 9.1 -3.8 -309 

vvvv -15.1 7.9 -7.2 -290 
ssss -7.6 5.1 -2.5 -312 
AAAA -17.9 14.5 -3.4 -300 

Table 5.1 The binding and total system energy of WF AFP and its mutants on the [201] 
and [ 111] surfaces of ice 
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Figure 5.12 The dependence of fractional amount of AFP on ice surface 8 (Theta) on the 
binding energy, at 2mM AFP concentration (activity saturation). Based on 
equation 2.4. 
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Figure 5.13 MC- minimized WF AFP- ice [201] system obtained by using van der Waals & Solvation (VS) force field. The 
conformation of this system shares the same key features with the system minimized by using the force filed which 
included both VS and electrostatic component. Hydrophobic methyl groups of Thr oriented insight ice grooves 
while hydroxyl groups of Thr and Asp and Asn residues remains in water. AFP aligns along common [01-12] 
vector on ice surface. 00 
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Figure 5.14 MC-minimized in VS force field binding conformation of"Valine" mutant ofWF AFP on the surface of ice [201] 
generally reproduced binding geometry of the wild type WF AFP. However, due to additional methyl group it 
shows stronger binding affinity. 00 
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Figure 5.15 MC- minimized binding conformation of"Serine" mutant ofWF AFP on the surface of ice [201], in contrast to the 
"Wild Type" and "Valine" mutants, does not show any specificity to the ice. Binding energy is week primarily 
due to Leucines interactions with ice. 
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Figure 5.16 MC- minimized binding conformation of"Alanine" mutant ofWF AFP on the surface of ice [201] shows higher 
binding affinity than "Serine" mutant, however, in contrast to the "Wild Type" and "Valine" mutants, methyl 
groups of Ala are unable to interact with ice grooves which resulted in weaker van der Waals contact with ice. 
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Figure 5.17 MC- minimized WF AFP- ice [111] system obtained using van der Waals & Solvation (VS) force field. Methyl 
groups of Thr fitted insight ice grooves which are smaller than on [20 1] surface. Binding affinity is slightly weaker 
than on [201] surface due to less specific van der Waals contact. (See Table 5.1) 

00 

"" 



ct 
Q 

Q 
ct 

(,.> 0 0 '"' (,.> 0 0 
" 0 (;; 0 (. "" (,.. " 

0 "~' 0(. 00 00 00 
QOOQ(.0(;.0QC00 

ov co oo oo co 1,10 1..1 
ooocce;;.oooooo"v 

Ul.J l,;l,';i 00 00 (:.0 00 01.> 00 
oooocooo cc ool.Joc. "" 

c,.,O 00 CU VV 00 LoU 00 00 Q 
I,J ... 1,.>(,.. c 1,. co (j 0 00 0 0 c,..(. "0 

u CO VO 00 OQ c.-0 CO 00 00 c.. 
(.10 (tV 00 I.) 0 OIJ 0 0 00 0 tJ 00 0 

oo oo oo co c;;o co co oc co co 
'-'· OV 00 00 00 tiO OV OL.i I,.U 4.l 

0 0 -n'l 

v " 
0 " 0 0 

00 QO 00 00 t.>O vO 0 (.. CO QC 00 
G l.iO 0 0 (.0 0 0 00 0 0 CO 0 0 O'l Q 

00 (Jt,) ou uo t,.;(.. co 0 0 00 (J(,J co 
C CO 00 vo uu 00 00 t.>C 00 CO 0 

()(.\ (..0 u o co f..IQ 00 co 00 00 co 
(... 00 00 00 00 uo co (l'-' (.;0 00 0 

1,) 00 cv uo co 1,..(.: co 00 '-0 (.(. c,.." oo o c,.. uo Q o vc. o o coo c 
(..0 01.1 Ou ~;,;0 01;.' OCJ CO QO u 

oc 0 0 00 (.L 0 c o 0 0 ou 0 0 co 
00 00 00 l,..oi,J 00 co vo 0 (... 
o co oc c"' co c,..o co uu o 

... 1,./ t.- co co 00 oo (...t,.) co 
OO(.; l..c,..O OOOCt.oOI:I 

vo oo ~o,:(l 00 co""' 
.:.vooooQooo 

cs;;. (...0 '-''-' 00 
lJ 0 0 0 0 (.. 

Figure 5.18 MC- minimized binding conformation of "Serine" mutant of WF AFP on surface of ice [111] demonstrate very 
poor binding affinity as in case of binding on [201] ice surface. Orientation on the ice surface is uncertain and 
varies randomly depending on the starting point in the trajectory. 
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Figure 5.19 MC- minimized in VS force field binding conformation of "Valine" mutant of WF AFP on surface of ice [111] 
demonstrates strongest binding affinity among mutants and "Wild type" due to absence of hydroxyl groups on 
binding surface. However, the binding on the [111] ice surface is weaker than on the [201] surface. 
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Figure 5.20 MC- minimized binding conformation of "Alanine" mutant of WF AFP on surface of ice [111] shows higher 
binding affinity than on [201] surface. Flat poly-alanine surface of the mutant has more steric complementarity 
with relatively flat [111] surface than with [201] surface. 
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Chapter 6. Discussion 

6.1 Critical review of previous theoretical studies of WF. 

During the last decade more than seven groups of scientist attempted computer 

modeling of WF AFP binding to ice surfaces. Due to the relatively large apparent 

binding surface area, these models predicted huge binding energy (80-160 kcal/mol). 

Such a large value of the binding energy was observed because either conventional force 

fields approximation were used in vacuum or explicit water molecules were introduced in 

the system. The major components of the calculated energy of interaction of AFP with 

ice, not surprisingly, were hydrogen bonds and electrostatic interactions. However, these 

calculations did not take into account an important component of interaction, namely the 

binding surface hydration of AFP and ice. 

Although attempts have been made to include explicit water molecules in the 

model (Cheng & Merz., 1997) they did not lead to any substantial advance in 

understanding the mechanisms of AFP-ice interaction, because the dramatic increase of 

the number of variables had made global energy minimization of the system practically 

impossible. Obviously, the huge system involving AFP, ice, and explicit water molecules 
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was trapped during molecular dynamics simulations in the vicinity of the local minimum, 

nearest to the starting point. Therefore that kind of modeling was biased to the initial 

"hand -made" binding, and consequently produced results that were expected. 

6.2 Why hydrophobic interaction are crucial ? 

Presumably, antifreeze protein binds to ice, implying that a part of AFP less 

favorably interacts with the surrounding liquid water than with the ice surface, the rigid 

organized water. But what ice has to offer to AFP? It is likely to be neither hydrogen 

bonds nor the van der Waals potential, because both of them are already completely 

realized in water. The inflexibility of ice may also reduce these forces. Therefore, there is 

only one force which makes some proteins to be "unhappy" in water, the hydrophobic 

force. 

Entropical in nature, the hydrophobic force occurs, because some groups of 

atoms, known as hydrophobic groups, can not offer water the hydrogen bonding. 

Therefore, driven by the tendency to maximize the number of hydrogen bonds, the water 

molecules form organized clusters, known as water cages. Formation of these cages is 

entropically unfavorable. In general, the force, which drives two hydrophobic group to 

each other in water solution, thus decreasing the number of water molecules in cages, is 

called the hydrophobic force. This force minimizes the surface area of the hydrophobic 
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groups exposed to water. This minimization can be achieved by conformational changes 

in the protein, aggregation or by binding to some surfaces. In all cases the free energy 

gain from decreasing the water-accessible hydrophobic surfaces should be bigger than 

possible free energy loss of van der Waals contacts and dehydration of polar and ionized 

groups. That is why in general the interaction of hydrophilic and hydrophobic surfaces 

can not take place, the energy of dehydration of hydrophilic surface is simply too high. 

However, this type of interaction can take place, under certain conditions. 

Under normal conditions at 273° K liquid water crystallizes to ice. Free energy of 

this process L1G is equal to zero, because entropical disadvantage of organized structure is 

compensated by enthalpical gain of extra hydrogen bonds formation: L1H=T L1S. Thus, 

exchange of the environments for the hydrophobic groups of AFP from water cages to the 

ice surface appears to be reasonable since in ice the entropical disadvantage is already 

compensated. That can explain why WF AFP binds to the ice by its hydrophobic face 

only. Although not every protein, which has the hydrophobic face, would bind to the ice 

because the structure of the protein itself is crucial for that. 

6.3 Structure-activity relationships 

AFP should bind to ice surface in order to prevent ice crystal growth. We also 

demonstrated, that AFP should bind to ice by its hydrophobic surface and that the 

binding process requires surface complementarity between the hydrophobic side of AFP 
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and the ice surface, otherwise the loss of van der Waals contacts would not allow such 

binding. On the other hand, the binding requires the availability of AFP hydrophobic 

surface, which may be already involved in aggregation with another AFP molecule. 

Thus, AFP should have a hydrophobic surface complementary to the ice, but this 

surface should not aggregate with that of another AFP molecule. This puts important 

restriction on the AFP hydrophobic binding surface, basically it should not be 

complementary to itself (see Figure 6.1). Consequently, AFPs should not bind to a "flat" 

ice surface, preferring asymmetrical rough one, such as [20 1]. In the case of a large and 

relatively flat hydrophobic surface, the introduction of some polar groups helps to avoid 

aggregation, by counterbalancing the strong hydrophobic force. Then polar groups can 

interact with water and ice surface, but can not do so with polar groups of other AFP 

molecules (see Figure 6.1.D). An example for this case is the insect AFP. At the freezing 

temperature as well as at the room temperature the insect protein does not form dimers. 

However by raising the temperature of the solution, this balance can be shifted moved to 

the aggregation stage, because the higher the temperature, the stronger the hydrophobic 

interaction. This effect is observed in the insect AFP solution, when AFP forms the dimer 

after temperature reaches 40° C. 

Another important issue is the solubility of AFP. AFP works in solution, therefore 

it should have enough polar and ionized groups to ensure its solubility. In addition, the 
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AFP molecule should be rigid, to maintain the ice binding hydrophobic surface in 

solution. 

WF AFP fits, in our view, to an ideal AFP, since it has all features, which we 

described above. It has a hydrophobic surface which is due to 16.5A distance between 

Thr residues is not complementary to itself. The salt bridge stabilizes the straightness of 

WF alpha-helix. The introduction of two additional salt bridges helps to make this AFP 

even more rigid. This had been demonstrated by series of CD experiments (Chakrabartty 

& Hew, 1991). Apparently, the salt bridge together with Asp and Asn residues help 

increase solubility and prevent aggregation. The mutagenic studies of Asn residues 

(Loewen et al., 1999) are also suggested involvement of these residues in solubility of 

WF AFP. The same group of scientist investigated role of Leu residues in WF AFP and 

came to the conclusion that Leu helped to prevent the a-helix aggregation process 

which is also known as "Alacoils". However effects of solubilization and aggregation 

were not addressed is out of quantitative consideration in this modeling study. 

6.4 Why WF AFP binds better to [201] than to [111] surfaces? 

Based on Chapter 6.3 it is reasonable to suggest that the higher affinity of WF 

AFP to [201] than to [111] surface of ice is a consequence of the structural restriction 
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which is applied to AFP. As we mentioned, in order to work, the binding surface of AFP 

should not aggregate with that of another AFP molecule. The [111] ice surface is a lot 

smother than [201], therefore by designing the AFP binding surface, which is fully 

complementary to [111] ice surface, Winter flounder risks to create AFP which would 

aggregate to itself (see Figure 6.1.A). We suppose that from the sterical point of view the 

best way to avoid aggregation would be the introduction of "spikes"(protrusions) on AFP 

binding surface, which should be long enough to prevent AFP dimer formation, but short 

enough to allow the binding to [111] surface (see Figure 6.1.C). Apparently, WF AFP is a 

compromised engineering solution for this problem. Any compromise requires the 

sacrificing, therefore the WF AFP is not optimal for binding to [ 111] ice surface. 

However, it is reasonable to assume that there is at least one surface from the whole 

variety of ice planes which has the best binding affinity to WF AFP, and that can be the 

[20 1] surface observable in the ice etching experiment. 
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Figure 6.1 Possible aggregation and binding to ice surface scenarios for different AFP 
structures. A) "Flat" hydrophobic surface of AFP interacts with "flat" ice 
surface, however this structure of AFP also favors the AFP-AFP aggregation. 
B) Complementary to itself hydrophobic surface of AFP, naturally, favors the 
aggregation process. C) Possible conformation of AFP which allows 
interaction with certain ice surfaces, but not complementary to itself, therefore 
this AFP is not likely to aggregate. D) One more possible way to avoid 
aggregation - introduction of hydrophilic groups "inside" the hydrophobic 
surface. Upon binding of AFP on ice, formation of hydrogen bonds may 
partially compensate loss of contact with water for hydrophilic groups of AFP, 
on the other hand inability of hydrophobic groups to offer hydrogen bond 
unfavores the aggregation. 
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6.5 Binding energy of WF AFP and its mutants 

The important part of our results were values of the binding energy of AFPs on 

two ice surfaces. Several force field parameters were developed by ourselves, based on 

the conclusion that the binding energy of WF AFP should be about 5 kcal/Mol (see 

Division 2.1). Consequently the found absolute value of wild type WF AFP binding 

energy can not be considered as an independent result. On the other hand, we can 

consider this process of adjusting of force field parameters as a calibration of the energy 

function to the experimentally observed value. Therefore the values of binding energy for 

WF AFP and its mutants on different ice surfaces (see Table 5.1) can be transformed 

using equation (2.4) and (2.12) to the fractional amount of AFP on ice surface ,B (see 

Figure 6.2). Fractional density of AFP B is also related to the experimentally observed 

fractional hysteresis ,(jTF (see Table 1.2), according to the equations (2.5) and (2.7). The 

correlation between theoretically predicted values of B for different mutants of AFP and 

the experimentally observed fractional hysteresis ,(jTF can be considered as the measure 

of accuracy of our theoretical and computational approaches. 

We can also use the values of the binding energy of of WF AFP to [201] and 

[Ill] ice surfaces to support our propose made in Division 3.4. The figure 6.3 illustrates 

the difference in fractional density Bon these two surfaces at the standard for ice etching 

assay concentration of WF AFP. 
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Figure 6.2. The calculated fractional density (} and experimentally observed temperature 
of thermal hysteresis (relative to WF) for WF AFP and its mutants 
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Figure 6.3. The calculated fractional density (} ofWF AFP on [201] and [111] ice 
surfaces. 
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Chapter 7. Conclusion 

The atomic-level mechanisms by which antifreeze proteins bind to ice are poorly 

understood. Until recently, the dominating theory was that the H-bonding is the major 

driving force of the binding (Raymond & DeVries, 1977; DeVries, 1984; Brooke-Taylor 

et al., 1996; Cheng & Merz, 1997). However, mutational experiments in which 

substitution of hydrophilic residues in AFP by the hydrophobic residues did not 

deteriorate the AFP-ice binding (Haymet et al., 1999) questioned this theory suggesting 

that the solvating effects may be involved. Obviously, computational molecular modeling 

studies were necessary to elaborate this suggestion. 

In this study, we first estimated theoretically an approximate value of the free 

energy of AFP binding to ice and found it to be about -5 kcal/mol, a very small value as 

compared to the large energy of hydration of ice and AFP. This fact puts severe limitation 

on the choice of methodology of the simulation. Classical molecular dynamic 

computations with the explicit simulation of the system involving AFP, ice, and 

thousands of water molecules would require enormous computational resources to 

reproduce a small difference of two large energies. Less comprehensive MD simulations 

would hardly explain why AFP prefers the rigid water to the liquid one. 
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Therefore, we decided to employ new computational methods in which solvating 

effects are computed with using implicit substitutes of the explicit water molecules 

(Augspurger and Scheraga, 1996; Lazaridis and Karplus, 1999). The number of atoms in 

such a system is relatively small because thousands of water molecules are not included. 

Even more importantly, only tens variable degrees of freedom are necessary to describe 

the geometry of this system: position and orientation of AFP and side-chain torsions in 

AFP. This number of variables is negligibly small as compared to many thousands of 

degrees of freedom in the system involving explicit water molecules. The small number 

of variables opened a possibility to employ highly efficient Monte-Carlo minimization 

methods for the search of energetically optimal conformations of the system. The 

problem, however, was complicated by the absence of parameters describing energy of 

interacting of implicit waters with the melting ice. We calibrated these parameters to 

reproduce approximately the free energy of binding of AFP with ice. 

Armed with this new methodology, we sought for the lowest-energy complexes of 

AFP and ice. Using the ZMM program, the thousands of MCM trajectories were 

launched from randomly generated starting positions and orientations of AFP. The 

analysis of the results allowed conclude that entropically favorable dehydration of 

hydrophobic groups of AFP, such as methyl groups in threonine, switching the hostile 

water environment to the ice surface is the major driving force of AFP-ice binding. 
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Along with this general conclusion, several structural problems were resolved by 

our modeling studies. Thus, we explained why WF AFP binds to the [111] ice plane more 

preferably than to other crystallographic planes. We explained interesting peculiarities of 

structure-activity relationships of natural analogs of WF AFP as well as their artificial 

mutants. We also proposed that the overall structure of AFPs evolved to find a 

compromise to bind to the "flat" ice surface but avoid self-aggregation. 

Methodological aspects and results of this study, besides their direct relevance to 

the problem of ice-AFP interaction, may be pertinent to simulation studies of ligand­

receptor and protein-protein interactions. Solvating and desolvating effects are 

increasingly recognized as most important component of such interactions (Camacho and 

Delisi, 1999; 2000). The methodology developed and tested during the course of this 

study may be used to simulate these systems. 
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