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Abstract 

 Antifreeze proteins (AFPs) are a class of proteins that adsorb to the surface of ice crystals to 

prevent their growth. Recent structural work has shown that the ice-binding site (IBS) of a bacterial AFP 

organizes surface waters into an ice-like clathrate arrangement that matches and fuses to the quasi-liquid 

layer on the ice surface. On cooling, these waters join the ice lattice and freeze the AFP to its ligand. 

Evidence for the generality of this ice-binding mechanism, which is termed as anchored clathrate water 

(ACW) mechanism, is limited because AFPs tend to crystallize with their IBS as a preferred protein-

protein contact surface, which displaces some bound waters.  

 My thesis applies two strategies to test the universality of the ACW mechanism. First, I determine 

the crystal structure of a fish AFP called Maxi. This AFP is an elongated molecule, which crystallized 

such that almost half of its IBS was free from crystal packing influences. Waters on the solvent-exposed 

IBS are ice-like and can bind to the target ice planes, supporting the ACW mechanism. Second, in the 

crystal structure of type III AFP alone, one region of the IBS was completely engaged in crystal packing. 

We force that region to expose to solvent by crystallizing a fusion of type III AFP to maltose-binding 

protein. By combining the crystallographic data with MD simulations, the waters on the IBS were 

revealed and were shown to support the ACW mechanism.  

 Studies showed that AFPs also can inhibit gas hydrate formation and growth. However, the 

mechanism for this process is not known. The crystal structure of Maxi revealed a novel protein fold, 

which retains ~400 ice-like waters in its core. Surprisingly, the internal water network of Maxi, which 

extends to the protein’s outer surface, is remarkably similar to the {100} planes of structure type II (sII) 

gas hydrate. The crystal structure of this water web has facilitated the construction of in silico models for 

Maxi and type I AFP binding to sII hydrates. The model suggests that AFPs adsorb to the gas hydrate 

lattice through the same anchored clathrate water (ACW) mechanism used to bind ice. 
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Chapter 1 General Introduction 

 Organisms living in subzero environments face the danger of freezing damage. At their 

freezing temperature, ice may form and grow inside of the organism, which can lead to 

dehydration stresses, cell rupture and tissue damage (1). There are diverse ways to cope with this 

environmental stress. Many endothermic animals maintain their body temperature above the 

freezing point by consuming food reserves and by taking shelter and using insulation such as fur. 

Organisms that cannot regulate their body temperature include some that synthesize biochemicals 

to promote their survival. For example, some freezing-avoiding species of fish (2) and insect (3) 

produce high levels of glycols to lower the colligative freezing point of their bodily fluids. Other 

freeze-avoiding species of fish (4) and insects (5) produce antifreeze proteins (AFPs) that bind to 

the ice seed crystals and prevent their further growth, thereby depressing the noncolligative 

freezing point of their body fluids. In contrast, some freeze-tolerant species of plants (6, 7) 

produce AFPs, not to stop the growth of ice nuclei, but to prevent the transition of small ice 

crystals into large ones (recrystallization), which can be destructive to the organism.  

1.1 AFP structural diversity  

 AFPs have been discovered in a wide variety of organisms living in the ice-laden 

environments. Although they share the same function of binding to ice, AFPs have an astounding 

diversity in terms of amino acid sequence and tertiary structure. So far, structures of eleven AFPs 

have been published.  They include the completely alpha-helical type I AFP (8) as well as the 

globular type II and type III AFPs found in fishes (9, 10); insect AFPs include the polyproline 

type II coiled sfAFP  (11) and beta-helical CfAFP (12) , TmAFP (13) and RiAFP (14). The beta-

helical fold was also shared by the AFPs from grass (LpAFP) (15) and microorganisms (MpAFP 

and TisAFP) (16, 17). Despite the structural diversity, the common feature shared by all these 

AFPs is a flat, relative hydrophobic and solvent-exposed surface for binding ice. This surface is 
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termed as the ice-binding surface (IBS).  Among those structures that were already solved, 

several novel folds were revealed.  This suggests that as yet undiscovered AFPs might yield new 

protein folds. 

1.2 Thermal hysteresis 

 For most protein solutions, the freezing point (FP) is equal to the melting point (MP). Ice 

crystals melt above this equilibrium temperature and freeze below it. When AFPs are present, 

they adsorb to the surface of ice crystals. This depresses the freezing temperature below the 

equilibrium FP and slightly elevates the melting temperature above the equilibrium MP (18). The 

difference between these two temperatures is termed thermal hysteresis (TH) (Figure 1.1). The 

growth of ice crystal will be halted in the TH gap, but they will “burst” (grow rapidly) when the 

temperature drops below the TH gap. TH is used as a measure for the activity of AFPs. 

1.3 Adsorption:inhibition mechanism of AFP action 

 How do AFPs depress the freezing temperature below the equilibrium temperature?  This 

has been explained by the adsorption:inhibition mechanism originally proposed by Raymond and 

DeVries (19, 20). In this model, when AFPs bind to ice crystals, convex surfaces will form 

between the bound AFP molecules as the temperature drops (Figure 1.1, inset at the bottom). 

According to the Kelvin effect, it is thermodynamically more difficult for water to add to a 

curved ice surface than a flat one (21). When the average spacing between the bound AFPs is 

equal to or smaller than the critical diameter of the convex ice front, the ice growth is stopped. 

When the surrounding solution is supercooled enough (below the TH gap), rapid ice growth 

occurs. The binding of AFPs to ice also slightly elevates the melting temperature. This is 

achieved through generating negative curvatures on the ice surface (Figure 1.1, inset on the top).  

Although this model explained how ice growth is inhibited by AFPs, it was not clear how an 

individual AFP binds to ice at the molecular level. 
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Figure 1.1. Thermal hysteresis. The left-hand side of the vertical temperature scale shows the 

case where antifreeze proteins (AFP) are absent and the freezing point (FP) is the same as the 

melting point (MP). Ice crystals (light blue disks) shrink or grow beyond this equilibrium 

temperature. The right-hand side illustrates the ability of AFPs to shape ice into a faceted crystal, 

lower the FP and raise the MP by surface adsorption to ice. The insets show AFPs (red dots) bind 

to the surface of a melting-inhibited ice crystal (top) and a growth-inhibited ice crystal (bottom), 

causing negative and positive curvatures, respectively. The direction of ice growth below the FP 

is shown in the presence of moderate and hyperactive AFPs in relation to the c-axis of their 

crystals. Figure taken from (18). 
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1.4 Ice as a heterogeneous ligand  

 The common form of ice at atmosphere temperature and pressure is a hexagonal structure 

referred to as ice Ih, which has unit cell dimensions ao = 4.5 Å and co = 7.35 Å (22). The ice Ih 

lattice is described by Miller notations (a1, a2, a3, c), where all a-axes are perpendicular to the c-

axis (Figure 1.2).  The two planes that are normal to the c-axis are basal planes while those that 

are perpendicular to the a-axes are prism planes. Primary prism planes intersect with two a-axes; 

secondary prism planes intersect with three a-axes. Any plane that inclines at an angle to the c-

axis is referred to as a pyramidal plane. In fact, cutting the ice lattice can generate many potential 

planes, which have different patterns of oxygen atoms (Figure 1.2). Different AFPs may bind to 

different planes or sets of planes. For example, type I AFP only binds to one pyramidal plane (20-

21), while the hyperactive spruce budworm AFP (sbwAFP) can bind both primary prism and 

basal planes. The method for identifying which plane(s) certain AFP binds to is called ice etching 

(23). Later, this technique was improved by using fluorescently tagged AFPs, which is referred to 

as fluorescence-based ice plane affinity (FIPA) analysis (24). 

1.5 The mechanism by which AFPs bind to ice 

 The mechanism by which AFPs bind to specific planes of ice at the molecular level has 

been difficult to deduce. This partly is because it is almost impossible to get a homogeneous, 

stable AFP/ice complex for structural investigation. Early research suggested that AFPs bind to 

ice through hydrogen bonding interactions (Figure 1.3A) (25). However, this hypothesis could 

not explain why the hydrophilic surfaces of AFPs would preferentially bind to ice instead of the  

water (in great excess at 55 M) in which the proteins were dissolved. Later, it was appreciated 

that the IBSs of AFPs are more hydrophobic than the other surfaces of the protein (26). This led 

to the suggestion that the hydrophobic effect was the driving force for binding. In this mechanism 

constrained waters on the IBS would be released into the bulk solvent when AFPs dock into the 

contours of the ice surface (Figure 1.3B), resulting in a gain of entropy. Subsequently,  
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Figure 1.2. Hexagonal unit cell of ice and corresponding ice surfaces. The c and a axes of the 

unit cells are labelled. The one on the left shows the basal plane (shaded grey) and the primary 

prism plane (shaded red). The unit cell on the right shows a pyramidal plane (shaded red) and the 

secondary prism plane (shaded grey). The Miller indices of each plane are indicated, as are the 

oxygen atoms (red spheres) that constitute each plane. Hydrogen bonds are shown as black 

hatched lines. 
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Figure 1.3. Proposed mechanisms for AFPs binding to ice. Three proposed mechanisms for ice 

binding (panels A, B, and C) are illustrated in the preadsorbed (top) and adsorbed (bottom) states. 

The ice-binding site (IBS) of an AFP is represented by the single threonine residue in red. Water 

molecules in the ice lattice or quasi-liquid layer above ice are shown as blue circles. Clathrate 

waters around the IBS are dark blue dots. (A) Hydrogen bonding hypothesis. Threonine 

representing the IBS initially hydrogen bonds (dash line) to ice (top), and progresses to have the 

threonine hydroxyl occupy an ice lattice O atom site to make additional hydrogen bonds. (B) 

Hydrophobic effect. Constrained waters around hydrophobic groups on the IBS (top) are released 

into the solvent on AFP binding to ice with an intimate fit (bottom). (C) Anchored clathrate water 

hypothesis. Ice-like clathrate waters merge with the quasi-liquid layer waters and become ice 

(bottom). Figure taken from (18). 
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computational studies beginning with a random network of waters modeled on type III and I  

AFPs showed that waters in the first primary hydration shell of the IBS were more ordered and 

ice-like compared to those on the rest of the protein (27, 28).  In addition, MD simulations 

performed by Nutt and Smith on CfAFP suggested that the constrained waters on the IBS are 

quite ice-like (29). Therefore, they proposed the surface hydrate on the IBS can mediate the 

binding of AFPs to ice by merging with the quasi-liquid layer of ice instead of being released into 

the bulk solvent (Figure 1.3C). This is in contrast to the previous two mechanisms which assumed 

that AFPs directly adsorb to ice through their IBSs. The crystal structure of Marinomonas 

primoryensis region IV antifreeze protein (MpAFP_RIV) gave considerable support to the latter 

mechanism (16). One and one third of the four molecules in the unit cell were well exposed to 

solvent and had waters on their IBS organized into an ice-like or clathrate structure by 

hydrophobic groups and anchored via hydrogen bonds directly to the polypeptide backbone and 

adjacent side chains (Figure 1.4A). Also, these waters matched well with the basal and primary 

prism planes of ice on which this AFP binds (Figure 1.4B&C). With this insight, the mode of 

binding has been termed the ‘anchored clathrate waters mechanism’ (ACW).   

1.6 Challenges and opportunities for testing the ACW mechanism  

 To test the universality of the ACW hypothesis as the mechanism for AFPs binding to 

ice, the water structure on more AFPs should be examined. Among the crystal structures of AFPs 

determined so far, most of the IBSs tend to be involved in crystal packing due to their flat and 

hydrophobic nature (Figure 1.5) (12-14). Waters on those surfaces are either displaced or 

constrained, which cannot reflect their “true” structure when AFPs are in solution. The crystal 

packing of the IBS in MpAFP_RIV is exceptional (16). As indicated in Figure 1.7 below, there 

are four molecules in one asymmetric unit of the crystal. Part of the IBS in chain A, and the 

whole IBS in chain D, are fully exposed to solvent (Figure 1.6). Two factors are thought to have 

caused this packing. First, a nine-residue loop protruding from each chain prevents the four  
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Figure 1.4. Ordered surface waters on the IBS of MpAFP. A) Ordered surface waters 

hydrogen bonded directly to the IBS. Carbon atoms are white, oxygens red, and nitrogens blue. 

Ordered surface waters on the IBS of the protein are coloured cyan, while hydrogen bonds are 

represented as black hatched lines. B, C) The organized surface waters make an excellent three-

dimensional match to both the basal (B) and primary prism (C) planes of ice. Water molecules 

from the ice lattice are red. The direction of the c-axis is indicated in both panels. Figure modified 

from (16). 
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Figure 1.5. The crystal environments of IBSs of some AFPs. (A). Crystal contacts between two 

molecules of TmAFP (1EZG) restricts bound water. (B). Crystal contacts between two molecules 

of RiAFP (4DT5) also restricts bound water. (C). Crystal contacts between two molecules of 

MpAFP (3P4G) leaves one IBS fully exposed to solvent water that looks ice-like. (D). Simulation 

of waters on the RiAFP IBS shows extra waters that are squeezed away on making crystal 

contacts (shown in B).The target AFP is colored in white, while its IBS is in green. The 

neighboring AFP is colored in yellow. The side chains on the IBS of target AFP and the nearby 

side chains from the neighboring molecule are shown as sticks. The waters on the IBSs are shown 

as red spheres. The predicted waters by MD simulation were shown as blue meshes.   
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Figure 1.6. Crystallographic unit cell of MpAFP_RIV. The four chains in the unit cell of the 

crystal are indicated as A-D and colored in white. Ca2+ ions are colored as green spheres, while 

the anchored clathrate waters on the solvent exposed regions of the IBS of chain A and D are 

shown as cyan spheres. The nine-residue loop that extends from each chain is colored red. Chains 

colored green in the upper right hand corner are from an adjacent unit cell (30). 
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molecules from aligning evenly and packing closely, thus generating large solvent channels 

within the crystal. Second, the IBS of MpAFP is relatively long, and therefore has a higher 

chance of being partially or fully exposed to solvent. From this experience, testing the 

universality of the ACW mechanism can most likely be achieved through determining the crystal 

structures of newly discovered AFPs on the off-chance that some will pack with all or part of an 

IBS exposed, or by determining the crystal structures of AFPs fused to large protein tags to 

change the crystal packing and force IBS exposure to solvent.  The structure determination of 

Maxi (Chapter 2), a novel fish AFP, is an example of the first strategy; while solving the structure 

of type III AFP from Macrozoarces americanus with a maltose-binding protein (MBP) tag is an 

example of the second strategy (Chapter 3). 

1.7 Moderately active vs. hyperactive AFPs 

 Most AFPs isolated from fishes have TH values of 1 to 1.5 ºC at the low mM 

concentrations found in the blood (31). This level of antifreeze activity, in combination with the 

colligative effect of other solutes, allows fishes to survive in icy seawater (-1.9 ºC). AFPs isolated 

from organisms living in much colder environments, such as overwintering insects, have TH 

activity that is an order of magnitude higher than those of fish AFPs. Therefore, AFPs were 

divided into two categories according to their activities: moderately active and hyperactive (32). 

Although most fish AFPs are moderately active, there is one exception.  A hyperactive antifreeze 

protein called Maxi was isolated from the plasma of the winter flounder and the American plaice, 

which has comparable activity to the AFPs produced in insects (33). The TH difference between 

moderately active and hyperactive AFPs has been attributed to their target-ice-plane specificity. 

Hyperactive AFPs are capable of binding the basal plane of ice in addition to other planes (34), 

while most moderately active AFPs have no affinity for the basal plane. In the presence of 

moderately active AFPs, ice crystals are typically shaped into hexagonal bipyramids that burst 

along c-axis (normal to the basal plane) when the TH gap is exceeded (Figure 1.1). The additional 
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binding to the basal plane by hyperactive AFPs allows the “weak point” of the ice crystals to be 

protected, resulting in bursts normal to the c-axis and with much greater TH activity. 

1.8 Type I AFP 

 Several isoforms of type I AFP have been isolated from the blood of right-eye flounders. 

They are single alanine-rich alpha-helices with the molecular weight of 3-5 kDa (35). Among 

them, the HPLC6 isoform from winter flounder has been mostly extensively studied. It is a 37-

residue protein containing three 11-amino-acid repeats of the consensus ThrX2AsxX7, where X 

is typically alanine. The structure of HPLC6 was determined by X-ray crystallography at the 

resolution of 1.5 Å, revealing an alpha-helix with 3.7 residues per helical turn (8). The ice-etching 

technique showed that this AFP binds to the (20-21) pyramidal plane of ice in the <01-12> 

direction (23). Type I AFP shapes ice crystals into a hexagonal bipyramidal shape, and the crystal 

will burst along the c-axis when the TH gap is exceeded.   

1.9 Identifying the IBS of type I AFP  

 Early on, when it was thought that hydrogen bonds were the primary driving force for 

type I AFP adsorption to ice, the Thr/Asx-rich surface was proposed as the IBS (Figure 1.7A) 

(36). However, this hypothesis was challenged by the results of several experiments. In the 

studies performed by Chao et al., Haymet et al. and Zhang et al., the putative ice-binding Thr 

residues of type I AFP were mutated into Ser or Val (37-39). The Ser mutant resulted in a 

complete loss of activity, while the Val mutant had only slightly less TH than the wild type. This 

indicated that the hydrophobic methyl group on the regularly spaced Thr residues played a more 

important role in binding ice than the hydroxyl group. Subsequently, Baardsnes et al. performed a 

series of individual Leu substitutions for Ala 17, Ala19, Ala20 and Ala 21 of type I AFP (Figure 

1.7) (40). There was a complete loss of activity with the A17L mutant and dramatically reduced 

activity with the A21L variant, while A19L and A20L retained wild-type activity. Therefore, the 

hydrophobic Ala-rich surface comprising of Thr (i), Ala (i+4), and Ala (i+8), which is rotated  
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Figure 1.7. The IBS of type I AFP. (A) Helical wheel representation of the five type I AFP 

isoforms superimposed to form a pie diagram. The area of shading indicates the frequency of 

naturally occurring amino acid substitutions. The putative ice-binding face, the Thr/Asx-rich 

surface, is denoted by a dashed line. The relative positions of the Ala to Leu replacements around 

the α-helix are denoted by amino acid number 17, 19, 20 or 21. The new ice binding surface 

mapped by the mutagenesis study is indicated by a solid line. (B) Helical net representation of the 

HPLC6 isoform. The positions of the Ala to Leu replacements are shown in red. Figure taken 

from (40). 
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roughly 100º from the original Thr/Asx-rich surface, was identified as the IBS of type I AFP 

(Figure 1.7A).    

1.10 The discovery and characterization of Maxi 

 The concentration of type I AFP in the winter flounder’s blood plasma produces a 

thermal hysteresis value of 0.7 °C, while the flounder’s body fluids have an equilibrium freezing 

point of only -0.8 °C. When these two factors are added up, the sum is not sufficient to protect the 

fish all the way down to the freezing point of icy sea water, which can go as low as -1.9 ºC. By 

carefully examining the blood plasma of flounder, Marshall et al. discovered a new AFP (33) that 

was 10-100 times more active than type I AFP. This AFP shaped ice crystal into a spindle shape, 

with the crystal bursting perpendicular to the c-axis when the temperature dropped below the 

depressed freezing point, indicating that this AFP is hyperactive (31). Marshall et al. further 

characterized this AFP using several biophysical techniques (41). CD spectra showed that it was 

almost entirely α-helical at 4 ºC.  MALDI-TOF mass spectrometry indicated that the monomeric 

molecular weight of this protein was about 16 kDa. However, analytical ultracentrifugation 

showed that its molecular weight in solution was 32 kDa, indicating that it is dimeric. Amino acid 

analysis revealed that this protein, like type I AFP, has a remarkable amino acid composition that 

is >60% alanine.  After Graham et al. had cloned and sequenced its cDNA (42), sequence 

alignment clearly showed that the protein is homologous to type I AFP with similar ice-binding 

residues.  Given the 10 times larger size of the new type I AFP homologue it was finally named 

Maxi. Maxi is extremely thermolabile and denatures irreversibly at temperatures above 16 ºC. 

1.11 Previous efforts at structural determination of Maxi 

 Lin et al. made considerable progress towards solving the crystal structure of Maxi (43). 

The gene for Maxi was cloned into pET-24a vector (Qiagen). Since Maxi is extremely 

thermolabile, the recombinant protein was expressed in a cold-adapted strain of Escherichia coli 

(Arctic Express) at 10 ºC. Initially the AFP was purified by three successive rounds of ice-affinity 
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purification followed by one round of diethylaminoethyl cellulose (DEAE) ion-exchange 

chromatography. This gave sufficient protein of high enough purity to initiate crystallization 

studies.  Plate crystals for structure determination were obtained at 4 ºC using the microbatch 

method by mixing 1µl of 13 mg/ml Maxi with 1µl of solution containing 17.5% PEG3350, 225 

mM  NaSCN, and 50 mM HEPES (pH=6.5). These crystals diffracted to 1.7 Å when examined at 

the X6A synchrotron beam line. However, the diffraction spots were blurred and diffuse, such 

that the data could not be used for structural determination. With this important groundwork done 

by Dr. Lin, the first goal for my thesis research was to determine the structure of Maxi and use it 

to test the ACW mechanism. 

1.12 Type III AFP 

 Type III AFP is a 7-kDa protein, which has been isolated from the blood plasma of the 

Newfoundland ocean pout (Macrozoarces americanus) (44). In this fish there are at least 12 

separable isoforms which can be subclassified into two categories: those that bind QAE-Sephadex 

(QAE) and SP-Sephadex (SP), respectively. These two isoform classes share approximately 55% 

sequence identity. Recently, 13 type III AFP isoforms were identified in the Japanese notched-fin 

eelpout (Zoarces elongatus Kner) (45).  Based on their primary sequences, these 13 isoforms were 

divided into QAE1, QAE2 and SP isoforms. QAE1 isoforms have moderate levels of TH, while 

QAE2 and SP isoforms cannot arrest the growth of ice crystals by themselves but only shape 

them into hexagonal bipyramids. Interestingly, the inactive SP isoform becomes ‘active’ with the 

addition of small amounts of QAE1 isoform (45). This phenomenon is termed a co-operative 

effect on antifreeze activity. Ice-etching studies showed that the QAE1 isoform is capable of 

binding both the primary prism plane and a pyramidal plane of ice whereas the SP isoforms only 

can bind a pyramidal plane (24).  

 The crystal structure of HPLC12 (1HG7), a typical QAE isoform, has been determined, 

revealing a compact globular fold (10). The overall structure comprises one β-clip fold with one 
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turn of alpha-helix. Early mutagenesis studies indicated which part of the AFP surface bound to 

ice (46, 47). Subsequently, fluorescence-based ice plane affinity (FIPA) analysis revealed that the 

IBS is a compound binding site, comprised of two adjacent, flat, ice-binding surfaces at 150 º to 

each other (Figure 1.8) (24). One binds to the primary prism plane of ice, the other to a pyramidal 

plane. The residues on the pyramidal plane IBS are conserved between SP and QAE1 isoforms, 

while several of those on the primary prism plane IBS are not. This may explain why SP isoforms 

can only bind to the pyramidal plane of ice. 

1.13 The crystal packing of type III AFP 

 In the crystal structure of QAE1 isoform (1HG7), the primary prism plane IBS is partially 

exposed to solvent. Five free waters on this surface are ice-like and match well with the primary 

prism plane of ice (Figure 1.8), which offers some support for the ACW mechanism. In contrast, 

the pyramidal plane IBS is completely buried in crystal packing. Therefore, the water structure on 

this surface is not known. Although the structures of some SP and QAE1 isoforms have been 

determined in different space groups (48, 49), most waters on the pyramidal plane IBSs are either 

displaced or restrained by neighboring proteins. The second goal of my thesis work was to further 

test the ACW hypothesis by revealing the free waters on the pyramidal plane IBS. This was done 

by determining the crystal structures of QAE1 fused with maltose-binding protein (MBP) tag in 

order to change the crystal packing of the IBS. In addition, since QAE1 and SP isoforms have the 

same pyramidal plane IBS, the revealed water structure on the surface may explain the 

incomplete activity of the SP isoform and the co-operative effect on antifreeze activity when low 

amounts of the QAE1 isoform are added. 

1.14 Gas hydrates  

 Gas hydrates are ice-like clathrate structures composed of water cages surrounding 

trapped gas molecules. Depending on the gas present, they can form at temperatures above 0 °C, 

and at modest pressures (0.5 to several MPa) (50). In nature, they most commonly exist in two 
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Figure 1.8. Type III AFP (1HG7). The AFP is shown in surface mode with the primary prism 

plane IBS colored green and the pyramidal plane IBS colored red. Residues on the IBS are 

numbered. In the inset, free water molecules on the primary prism plane IBS, which match the 

spacing of waters on the primary prism plane of ice, are colored light blue and numbered 

according to the PDB entry. Hydrogen bonds are indicated by black dash lines. Figure taken from 

(51).  
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distinct forms, the cubic structures I or II (sI and sII). These consist of a combination of “small” 

12-faced pentagonal dodecahedron cages (512) and other water cages. For sI, there are two small 

cages and six 51262 “large” cages per unit cell (Figure 1.9A). In contrast, for sII, there are sixteen 

small cages and eight 51264 “large” cages per unit cell (Figure 1.9B). Small guest molecules such 

as methane tend to promote sI formation, while larger gas molecules like propane promote sII 

crystals (52). 

1.15 Hydrate blockage and hydrate inhibitors 

 Although gas hydrates deposits are a potential energy source, the unscheduled formation 

of gas hydrates is a major problem for the petroleum industry since they can cause blockages at 

well-heads and inside pipelines with potentially disastrous consequences (53). There are two 

major classes of inhibitors used for controlling hydrate formation and growth. Thermodynamic 

inhibitors, such as methanol, shift the equilibrium for hydrate formation (54). But due to their 

high cost and safety concerns there has been a move towards the application of kinetic hydrate 

inhibitors (KHIs). Unlike thermodynamic inhibitors, KHIs can delay hydrate nucleation and/or 

interfere with the crystal growth (55). Typically, they are water-soluble polymers, which are 

effective at low concentrations. The monomers of typical KHIs contain a vinyl group (used in 

polymerization) and a hydrate-binding site (containing amide and hydrophobic groups) (Figure 

1.10).  

1.16 AFPs as KHIs  

 Studies on type I AFP, type III AFP, LpAFP, CfAFP and TmAFP showed that they can 

all inhibit gas hydrates (56-58), even though there are distinct differences in the crystal structures 

of hydrates and ice. These AFPs were equal to, or more effective than, the commercial kinetic 

hydrate inhibitor (KHI) polyvinylpyrolidone (PVP) (Figure 1.10). These AFPs have been dubbed 

‘green’ hydrate inhibitors but their potential for commercial use has been largely uncharted. 
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Figure 1.9. Cages forming the different gas hydrate structures. (A) Small and large type I gas 

hydrate water cages with waters (red spheres) and their hydrogen bonds (black dashed lines) 

indicated. (B) Small and large type II gas hydrate water cages. 
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Figure 1.10. The structure of polyvinylpyrolidone (PVP). 
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1.17 The mechanism by which KHIs inhibit gas hydrates   

 In contrast to our growing understanding of the adsorption of AFPs to ice, the way in 

which KHIs bind to hydrates is less clear. Again this is a challenging topic due to a lack of solved 

inhibitor-gas hydrate complex structures. Some in silico models have been made both with 

molecular dynamics (MD) and Monte Carlo simulations, but the lack of detailed information on 

KHIs have also made the use of these algorithms problematic (53). This is unfortunate since it 

hinders the rational design of more effective hydrate inhibitors for the petroleum industry. Since 

antifreeze proteins act as KHIs, the third goal of my thesis work is to perform molecular 

modeling using these solved X-ray crystallographic structures to explore the mechanism of gas 

hydrate inhibition. 

1.18 Research hypotheses and objectives 

In my PhD thesis I have tried to answer two research questions. The first question is 

whether the ACW mechanism is universal for AFPs binding to ice; the second is how AFPs bind 

to another substrate – gas hydrate. My research hypotheses are: i). the ACW mechanism is 

universal for AFPs binding to ice; ii). AFPs bind to gas hydrate through the ACW mechanism. To 

help test the universality of the ice-binding mechanism, I will obtain the crystal structures of 

AFPs with the IBSs exposed to solvent. This will be achieved by determining the crystal 

structures of Maxi (see Chapter 2) and type III AFP fused to MBP (Chapter 3). I will examine the 

waters on their IBSs. To investigate how AFPs bind to gas hydrate, I will use crystallographic 

data, especially the waters associated with AFP structures, to facilitate the construction of in 

silico models for AFPs binding to sII hydrates (see Chapter 4). 
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Chapter 2 An Antifreeze Protein Folds with an Interior Network of 

More than 400 Semi-clathrate Waters 

2.1 Abstract 

 When polypeptide chains fold into a protein, hydrophobic groups are compacted in the 

center with exclusion of water. We report the crystal structure of an alanine-rich antifreeze 

protein that retains ~400 waters in its core. The putative ice-binding residues of this dimeric, 

four-helix bundle protein point inwards and coordinate the interior waters into two intersecting 

polypentagonal networks. The bundle makes minimal protein contacts between helices, but is 

stabilized by anchoring to the semi-clathrate water monolayers through backbone carbonyl 

groups in the protein interior. The ordered waters extend outwards to the protein surface and 

likely are involved in ice binding. This protein fold supports both the anchored-clathrate water 

mechanism of antifreeze protein adsorption to ice and the water-expulsion mechanism of protein 

folding. 

2.2 Introduction  

 A driving force for protein folding is formation of a hydrophobic core (59, 60). As 

aliphatic and aromatic side chains pack together in the protein core they release constrained 

waters into the surrounding solvent with an overall gain in entropy that helps power the folding 

process. Therefore, almost all globular proteins reported to date have a dry protein core. There are 

two main schools of thought for how a protein’s hydrophobic core is formed. In the de-wetting 

mechanism, waters collectively evaporate from the partially formed core. This is followed by the 

spontaneous collapse of the core, which stabilizes the protein by reducing the solvent accessible 

surface area of core residues (61). In the expulsion mechanism, an initial structural collapse forms 

a near-native intermediate with a partially solvated hydrophobic core. This is followed by water 

expulsion from the hydrophobic core to form the native state (62). In this model, waters are 
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thought to function as a lubricant that helps the hydrophobic core find its optimally packed state 

(62). Here we report the crystal structure of an antifreeze protein (AFP) with a water-rich core 

that offers an alternative view on the role of water in protein folding. 

 Antifreeze proteins (AFPs) are a class of proteins that adsorb to the surface of ice crystals 

to prevent their growth. We determined the crystal structure of the AFP Maxi, a large isoform of 

the 3-kDa, alanine-rich type I AFP from winter flounder (Pseudopleuronectes americanus). Type 

I AFP is a monomeric α-helix with an 11-residue periodicity (8) that binds to a pyramidal ice 

plane. Its ice-binding residues (Thr, i+4 Ala, i+8 Ala) are arrayed along one face of the helix (40). 

Ice-binding residues are thought to organize and stabilize ordered waters to merge with, and 

freeze to, the quasi-liquid layer of water next to the ice lattice (16, 29, 63). Maxi is five times 

longer than type I and forms a homodimer with no stable monomer form, but is otherwise similar 

in alanine-richness (65%), helicity (>95% α-helix), and 11-residue periodicity (33, 41, 42). 

2.3 Materials and methods 

2.3.1 Protein crystallization and structure determination 

 Preparation of recombinant Maxi for crystallization was done as previously described 

(43). The thin plate-like crystals produced in a previous condition were stacked together. 

Therefore, pH screening was performed to find a different crystal form that would give a clear 

diffraction pattern. Rod-shape crystals formed in the pH range 9 to 10. In-house diffraction tests 

showed that these crystals were not twinned. For SAD phasing, native crystals were soaked with 

NaI or SmCl3 or co-crystallized with NaI. In addition, selenomethionine-labeled crystals were 

also prepared.  

 One native dataset and four derivative datasets were collected at the X6A beamline of the 

NSLS facility (Brookhaven National Laboratory) (Table 2.1). Data were integrated and scaled 

using XDS (64). The phase problem was solved using the program Autosharp (65), and 95% of 

the unit cell was built automatically using ARPwARP (66). The model was rebuilt using the 
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program Coot (67). After each round of rebuilding using Coot, the model was refined using the 

program Phenix (68). 

 

2.3.2  Analysis of the interior water network 

 The distance and angle cutoffs for interior waters in the polyrings use hydrogen bonding 

allowances from the PyMOL program, which are in turn based on a combination of angle and 

distance as used in the program DSSP (69). In this algorithm the distance cutoff depends on the 

angle. The angle cutoff is 63°for the angle A-D-H (A = acceptor heavy atom, D = donor heavy 

atom, H = hydrogen). 

2.3.3 Intrinsic fluorescence experiment 

 Fluorescence measurements were performed in duplicate at 4 °C using a Flourolog Tau3 

Lifetime system (Jobin Yvon Horiba). Wild-type Maxi was measured at 2 mg/mL while the 

concentration of the LpAFP T53Y control sample was adjusted to give similar tyrosine 

fluorescence intensity as Maxi at the best emission wavelength. Samples were made in 50 mM 

HEPES (pH 6.5). The denatured samples also contained 6 M guanidinium chloride. 

2.3.4 Cross-linking experiments 

 Mutant genes for A29C/A76C, T120C/A175C, and V38C/A71C/A124C/T157C were 

made by GeneArt and cloned into pET-24a(+) plasmid. Production of wild-type and mutant Maxi 

was done as previously described (43) with the following modification. Since Maxi precipitates 

from solution at a relatively low percent saturation of ammonium sulfate (28%) while most E. 

coli proteins remain soluble, the typical ice affinity purification method was replaced by three 

rounds of ammonium sulfate precipitation, which proved to be more efficient. In addition, all 

buffers used for purification contained 5 mM DTT. The protein pellet from the third precipitation 

was re-suspended and dialyzed overnight in 100 mM HEPES (pH 7) and 5 mM TCEP to remove 
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ammonium sulfate. Immediately before the cross-linking experiment, purified Maxi (0.28 

mg/mL) was dialyzed against 100 mM HEPES (pH 7), 5 mM EDTA to remove TCEP. Reactions 

were initiated by mixing dialyzed Maxi (500 μL) with 10 µL of 20 mM BMH or BM(PEG)3 

dissolved in DMSO. After 1 h at 4 ºC the reaction was stopped with 20 μL of 100 mM DTT. For 

the oxidation experiment, Maxi samples (0.25 mg/mL) were dialyzed against 4 mM Tris-HCl (pH 

7.0) for one day. The reaction products were analyzed by SDS-PAGE.   

2.3.5  Molecular dynamics 

 A simulation was performed using the program Gromacs v. 4.6.1 (70). The Maxi dimer 

was solvated in a rectangular box using the TIP4P water model. The CHARMM 27 force-field 

was used. After energy minimization, two position-restrained molecular dynamics simulations 

were performed (one for 100 ps with the NVT ensemble and one for 200 ps with the NPT 

ensemble) to relax the solvent around the protein at 273 K. A full-scale 20-ns MD simulation 

(NPT ensemble) was then performed. The coordinates from the MD simulation were aligned by a 

least squares fit of the protein Cα atoms for one half of the molecule (residues 1-43 and 156-195 

of one monomer along with residues 60-138 of the other monomer). The first frame of the 

trajectory was used as a reference to calculate the water density around the protein. Water density 

was calculated using the VolMap plugin (version 1.1) of VMD (version 1.9.1) with a resolution 

of 0.5 Å, atom size 1 Å, weights as mass, computed as the average for all saved frames. 

2.4 Results 

2.4.1  Overall structure 

 The crystal structure of Maxi was determined at 1.8 Å-resolution from needle-shaped 

crystals (Table 2.1) grown in arginine buffer at pH 9.6. Maxi is a rod-like four-helix bundle with 

a length of 145 Å and an average diameter of 22 Å (Fig. 2.1A). Both 290 Å-long helix monomers 

fold exactly in the middle through 180 º so that their N and C termini are side by side. In the  
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Table 2.1 Data collection and refinement statistics 

  Structure  Native   NaI  

Soaking  

NaI  co-

crystallization  

 SmCl3 

soaking  

   Se-Met 

Data collection   

Space group  C2 C2 C2 C2 C2 

Cell dimensions      

a, b, c (Å) 95.8, 48.1, 

182.5 

95.8, 49.9, 

182.9 

95.9, 48.7, 

182.9 

96.7, 47.8, 

182.7 

96.1, 48.5, 

182.5 

α, β, γ (º) 90, 91.9, 90  90, 92.1, 90 90, 92.0, 90 90, 92.1, 

90 

90, 91.8, 

90 

Resolution (Å) 47.9-1.8  

(1.9-1.8)a 

47.9-2.5 

(2.7-2.5) 

47.9-2.5 

(2.7-2.5) 

48.4-2.5 

(2.7-2.5) 

48.0-2.0 

(2.1-2.0) 

Rmeasure (%) 12.6 (122.5)       18.1 (99.4) 15.2 (55.4) 15.1 (81.6) 15.4 (60) 

I/σI 11.6 (1.8) 6.2 (1.8) 6.0 (2.1) 7.6 (2.0) 7.3 (2.5) 

Completeness (%) 99.3 (98.6) 95.9 (93.1) 93.6 (82.1) 96.6 (94.5) 97.8 (94.6) 

Redundancy  5.5 (5.5) 3.9 (3.9) 2.2 (2.1) 3.9 (3.8) 3.9 (3.7) 

Refinement   

Resolution (Å) 47.88-1.80  

(1.82-1.80) 

No. reflections 76904 

Rwork/Rfree 19.6/25.3  

(34.5/39.1) 

No. atoms  

   Protein   3682 

   Water  1741 

 B-factors (Å2)  

   Protein    23.2 

   Water   26.2 

R.M.S deviations  

 Bond lengths (Å)   0.011 

 Bond angles  (º)   0.935 

Ramachandran   

 Favoured (%) 

 Allowed (%) 

 Outliers (%) 

   99.5 

   0.2 

   0.3 
a Numbers in parenthesis refer to the highest resolution shell 
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Figure 2.1. Four-helix-bundle structure of Maxi has an open core. (A) Four-helix-bundle 

structure of Maxi in ribbon format showing how the antiparallel hairpin monomers 1 and 2 align. 

N and C termini are indicated by N and C, respectively. The dyad axis of symmetry is shown by 

the arrow C2. Capping regions, 11-residue repeats, and center sections are labeled as Cap, R, and 

Center, respectively. Residues in van der Waals contact in the cap and central regions are 

indicated by their side chains. (B) End-on view of the capping structure of Maxi; hydrogen bonds 

are illustrated by black dotted lines. (C) End-on view of a cross-section of Maxi in surface 

representation marked in (A) by the red box. Red spheres are crystallographic waters present in 

the 20 Å-deep section. (D) Similar-sized section through Rop, a representative four-helix bundle 

structure. 
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dimer, the two hairpins are aligned in an antiparallel manner without overlap such that the four-

helix bundle has a two-fold rotational axis of symmetry (indicated by the central curved arrow). 

The two N-terminal helices lie adjacent to each other in an antiparallel orientation, as do the two 

C-terminal helices. At the secondary structure level Maxi is comprised of tandem 11-residue 

repeats (T/IxxxAxxxAxx) that each form three helical turns with an average of 3.7 residues per 

turn (R1-3 and R1´-3´), as opposed to 3.6 residues per turn in the classical α-helix. The only 

departures from this pattern are the central sections of two 7-residue segments (two helical turns 

each) and the terminal capping regions. The capping regions comprise the N and C termini of one 

monomer and the hairpin loop region of the other (Fig. 2.1B).  Remarkably, the two chains of 

Maxi associate with minimal protein-protein interactions, as do the two arms of the hairpins (Fig. 

2.1C). This is in sharp contrast to a standard four-helix bundle protein like ‘Repressor of primer’ 

(Rop) where the longer aliphatic and aromatic side chains form a compact hydrophobic core with 

only two waters inside (Fig. 2.1D). Rop was selected for comparison because, like Maxi, it is also 

a dimer of hairpin alpha-helices with a non-overlapping antiparallel alignment (71).    

2.4.2  Dimerization interactions 

 Direct contact between the Maxi monomers is largely limited to the capping structures 

and the center region. In the capping structures, Leu 94 and Tyr 103 near the hairpin loop of one 

monomer together with Ile 2 at the N terminus and Phe 191 at the C terminus of the other 

monomer pack together to form a local hydrophobic core with stacking of the two aromatic side 

chains (Fig. 2.1B).  On the hairpin loop, Lys 100 donates hydrogen bonds to cap the backbone 

carbonyl groups of Ala 191, Ala 192 and Ala 194 on the C terminus, while the carbonyl groups of 

Leu 94 and Ile 97 and the side chain of Asn 98 accept hydrogen bonds from Arg 7. In the center 

region, Ile 51 and 54 from both N-terminal helical arms of Maxi form a hydrophobic cluster. The 

same is true for Val 144 and 148 from both C-terminal helical arms. However, the intervening 
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helical repeats pack loosely through sparse van der Waals interactions as shown by a 

representative cross section through one repeat (Fig. 2.1C). 

2.4.3 Novel internal water structure 

 The apparent loose packing of the four helices in the 11-residue repeat regions generates 

internal space that is just wide enough to accommodate a single layer of water (Fig. 2.1C, and 

Fig. 2.2, A and B). The water molecules that occupy the gap form an extensive polypentagonal 

network around the inner projecting residues (mostly Ala and Thr, Fig. 2.5), with an occasional 

tetragonal and hexagonal water ring. In the 11-residue repeat regions, the network comprises two 

monolayers of polypentagonal waters (Fig. 2.2, A and B) that cross each other at approximately 

90º (Fig. 2.3 and Fig. 2.4). The intrachain sheet, which lies between the N-terminal arms and the 

C-terminal arms of Maxi, contains nineteen pentagonal rings per 11-residue repeat (labeled A to 

R in Fig. 2.2A). The pattern for each repeat is almost identical, and three repeats spanning nine 

helical turns are shown. Occasional large holes in the sheet are generated where side chains like 

Thr 132 and Ala 68 from the same monomer form close protein-protein contacts.  The interchain 

water web that forms the interface between the two monomers contains seven pentagonal rings 

(labeled S to Z in Fig. 2.2B). Again, a few large holes appear in this sheet due to rare interchain 

side-chain contacts like those between Thr 122 and Ala 173 from different monomers. A 

molecular dynamics simulation of Maxi in a box of water showed that the predicted interior water 

densities match extremely well with the ones in the protein core of the crystal structure (Fig. 2.5).   

2.4.4 Maxi is highly solvated with waters anchored to the helix carbonyls 

 The 3.7-residue repeat of the helices in Maxi results in altered Φ and Ψ angles compared 

to those of classic α-helices. This deviation likely causes the backbone carbonyl groups to be 

slightly tilted outwards (41), allowing them to form the key intrahelical hydrogen bonds while 

also hydrogen bonding with solvent waters (Fig. 2.6B), a duality not seen in Rop and other 

typical alpha-helices (Fig. 2.6C). In addition, Maxi is an alanine-rich protein, and these small side  
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Figure 2.2. The interior water structure associated with the repeat regions of Maxi. (A) 

Sheet of pentagonal intrachain water rings labeled A to R. Waters are showed as red spheres and 

hydrogen bonds by black dashes. Residues forming intrachain contacts are identified and shown 

by stick representation. Waters that hydrogen bond to the carbonyl groups of Maxi in R3 are 

numbered. (B) A sheet of interchain pentagonal waters at right angles to the sheet in C as 

indicated in the schematic diagrams on the right. Notations are the same as in (A). The pentagonal 

rings in this sheet are labeled from S to Z. In addition, rings G, H, and K at the intersection of two 

sheets are also labeled. 
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Figure 2.3. Interior water network in Maxi. Section through Maxi showing network of interior 

waters as spheres colored by association with the yellow or orange monomers. Hydrogen bonds 

are indicated by black dotted lines. Waters that make multiple matches to the ice lattice and are 

not sterically hindered by the protein are boxed in red. 
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Figure 2.4. Angular view at a 30º inclination to Fig. 2.3 with helices removed, showing the 

depth of the water network. Hydrogen bonds are indicated by black dotted lines. The H bond 

distances and angles for interior waters are 2.8 ± 0.2 Å and 111 ± 13º, respectively. 
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Figure 2.5. The MD simulation result of solvated Maxi using the CHARMM27 force field 

and TIP4P water model. (A). Water molecules are shown as red spheres and hydrogen bonds by 

black dashes. Residues forming intra-chain contacts are identified and shown by a stick 

representation. The calculated water density is shown by a cyan mesh at level 0.9. (B). Waters 

from the crystal structure of the same region for comparison (Fig. 2A). (C). The Cα RMSD (Å) 

one -half of Maxi as a function of time (ns). 
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Figure 2.6. Water interactions with Maxi. (A) Cross-section through R2 illustrating the interior 

water network and the intersection of the intra- and intermolecular water sheets. Waters are 

shown as red spheres, and hydrogen bonds are shown as green dotted lines. (B) A section of helix 

from Maxi in stick format showing bifurcation of intramolecular hydrogen bonds. Hydrogen 

bonds between water (red spheres) and carbonyl O atoms are shown as green dotted lines; 

intrahelical hydrogen bonds as black dash lines. N atoms are blue and O atoms red. (C) A section 

of helix from Rop in stick format showing normal intramolecular hydrogen bonds. (D) An 

example of semi-clathrate hydrate structure in the internal space is shown as a close-up view of 

the green boxed region in (A). 
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chains make the backbone carbonyl groups more exposed to solvent. Therefore, most of the 

carbonyl groups in Maxi are involved in hydrogen bonding interactions with waters, which helps 

to keep this rather hydrophobic protein highly solvated and freely soluble in flounder blood. For 

typical protein structures determined at 2.0 Å-resolution the number of water molecules located 

by crystallography is roughly equal to the number of amino acid residues (72).  In contrast, in the 

asymmetric unit of Maxi the water to amino acid residue ratio is almost three times this value 

(2.9), even though Maxi does not contain many polar residues to hydrogen bond with waters. 

Because most of the residues in the internal space are also alanine, hydration occurs around all 

four helices. Maxi uses the interior bifurcated carbonyl groups to help anchor the > 400 internal 

ordered waters, approximately 25% of which are directly involved in backbone hydrogen bonding 

interactions. The hydrogen bonding interactions in R3 are listed in Table 2.2. 

2.4.5 Crystal Contacts 

 The asymmetric unit contains three monomers, two of which are related by a non-

crystallographic 2-fold axis to form a dimer, while the third forms a dimer via a crystallographic 

2-fold axis with an identical monomer in a neighboring asymmetric unit (Fig. 2.7). There are 

extensive solvent channels that bathe large sections of the helix bundles. 

2.4.6 The putative ice-binding residues of Maxi 

 In addition to the internal waters, a second unexpected feature of Maxi’s structure was 

that the putative ice-binding residues (Thr/Ile, i+4 Ala, i+8 Ala) occur on the inward pointing 

surfaces of all four helices (colored pink in Fig. 2.8).  These residues were identified by 

homology to the small, monomeric type I AFP isoform that binds ice through this highly 

conserved hydrophobic face using regularly spaced methyl groups from the Ala and Thr/Ile (40). 

The same ice-binding residues are well conserved in each 11-residue repeat of Maxi and occupy 

equivalent quadrants of the helices throughout the molecule. Their side chains have a similar 

function to ice-binding residues because they cooperate to form and anchor the interior ordered  
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Table 2.2. The hydrogen-bonding interactions between the carbonyl groups of the protein 

and the ice-like waters in the repeating region 3 

  Water   

network 

Waters that 

interact with 

protein in 

Figure 2(A)   

Residues that 

interact with 

waters through 

carbonyl group 

  Water   

network 

Waters that 

interact with 

protein in 

Figure 2(B)   

Residues that 

interact with 

waters through 

carbonyl group 

 

In between 

the  

N-terminal 

arms and 

the  

C-terminal 

arms 

       1 A79e  

 At the 

interface 

of two 

monomers 

        9 A21b 

       2 N110a        10 A14f 

       3 A114e        11 A22c 

       4 A83i        12 A80f 

       5 A13e        13 A76b 

       6 T176a        14 T18j 

       7 A180e        15 A115f 

       8 A17i        16 A177b 

       9 A21b        17 A173i 

      10 A14f        18 T111b 

Note: the putative ice-binding residues are shown as bold and italic   
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Figure 2.7. Solvent exposure of Maxi in the crystal. (A) The packing of Maxi dimers is shown 

in one region of the crystal. There are three chains in the asymmetric unit - chain A, B, and C. 

They are colored in green, yellow, and orange, respectively. The waters were shown as red 

spheres. (B) The asymmetric unit of the unit cell for Maxi. 

 

 

 

 

 



 

38 

 

 

 

Figure 2.8. Helical wheel representation of Maxi and Rop as seen from the center region to 

the capping region. The 11- and 7- residue repeat positions in Maxi and Rop, respectively, are 

indicated by subscripts. "Ice-binding residues" in Maxi are colored in pink; internal core residues 

in Rop are colored in blue. The residue numbers for each helix are shown. 
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waters that stabilize the protein structure (Fig. 2.6A and Table 2.2). The average B-factor for all 

waters in the crystallographic asymmetric unit is 26 Å2. However, most of the waters in the inner 

network have B-factors that are lower than 20 Å2 (colored blue and green in Fig. 2.9). Outer 

waters (colored red) are more disordered. 

2.4.7 Proof that the Maxi crystal structure matches the solution form 

 Three lines of evidence suggest that the crystal structure of Maxi is representative of the 

solution form, and that the protein does not undergo a conformational change to bind to ice 

crystals through the Thr/Ile, i+4 Ala, i+8 Ala residues. First, Olijve et al. have determined the 

solution structure of Maxi at low temperature using SAXS (73). In solution, Maxi has a 

cylindrical shape and dimensions that are consistent with the four-helix bundle crystal structure, 

and eliminate a previously proposed model where the two helices form a fully extended helix 

dimer (42).  Second, the measurement of intrinsic fluorescence transfer between Tyr and Phe 

suggests that the exquisite capping structure seen in the crystal (Fig. 2.1B) is also present in 

solution (Fig. 2.10). Lastly, cross-linking experiments show that the juxtaposition of residues on 

neighboring chains of the helix bundle are the same in solution as they are in the crystal (Fig. 2.11 

and 2.12). Moreover, where these cross-links prevent the opening of the helix bundle to expose 

the “ice-binding residues”, there is no appreciable loss of antifreeze activity (Table 2.3). 

 Maxi lacks tryptophan but contains one tyrosine (Tyr 103) and one phenylalanine (Phe 

191). They are far apart in the linear sequence but come together in the protein fold. Tyr 103 from 

one monomer stacks with Phe 191 from the other monomer, forming the center of the 

hydrophobic core in the capping structure (Fig. 2.1B). The distance between the two residues is 

about 4.5 Å, which is short enough to allow fluorescence resonance energy transfer (FRET) to 

occur when the protein sample is excited at the right wavelength. If the crystal structure is 

physiologically relevant, denaturation of Maxi will cause tyrosine fluorescence to red-shift when 

a sample is excited at 280 nm (only absorbed by Tyr 103). Also, denaturation of Maxi should  
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Figure 2.9. Internal water network with water B-factors coloured. (A). Sheet of pentagonal 

waters between the N- and the C-terminal arms of Maxi. (B). Sheet of pentagonal waters at the 

interface of two monomers of Maxi. Waters are colored to indicate their B-factor (Å2): <15 in 

blue; 15 to 20 in green; 20 to 25 in yellow; >25 in red. The average B-factor for all waters in an 

asymmetric unit is 26 Å2. Other details are described in the legend to Fig. 2.2. 
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eliminate or reduce the phenylalanine-to-tyrosine energy transfer when the sample is excited at 

252 nm (absorbed by both Tyr 103 and Phe 191). LpAFP T25Y (74) was used as a negative 

control. This mutated protein also lacks tryptophan and contains one tyrosine (Tyr 25) and one 

phenylalanine (Phe 84). These two residues are located on the surface of the protein 16 Å apart. 

The wavelength of tyrosine fluorescence was indeed red-shifted by 4 nm when Maxi changed 

from its native state to a denatured state (Fig. 2.10A). This significant shift indicates that Tyr 103 

is located in a hydrophobic environment. In contrast, there was no significant red-shift for the 

tyrosine fluorescence when the control protein was denatured, which is consistent with the known 

structure of LpAFP (15).When Maxi was excited at 252 nm, denaturation of the AFP caused 

tyrosine fluorescence to decrease and phenylalanine fluorescence (at 275 nm) to increase (Fig. 

2.10B). This indicated that there was energy transfer between Phe 191 and Tyr 103. The tyrosine 

fluorescence of Maxi had less intensity than that of the control protein when the samples were 

excited at 280 nm. However, when the samples were excited at 252 nm, the tyrosine fluorescence 

of the control protein was less intense (Fig. 2.10A and B). This suggests that the phenylalanine-

to-tyrosine energy transfer in Maxi is more efficient. Since Maxi and the control protein contain 

the same type and numbers of fluorophores, the higher FRET efficiency in Maxi is mainly due to 

the shorter distance between the donor and the acceptor. This is consistent with the structure 

results – the distances between phenylalanine and tyrosine in Maxi and control protein are 4.5 Å 

and 16 Å, respectively. 

 The four-helix bundle structure of Maxi with the ice-binding residues on the inside was 

so unexpected that we designed cross-linking experiments to test if the crystal structure 

represented the molecule in solution and was not formed as a crystal packing artifact. Maxi does 

not have cysteine residues. Based on the crystal structure, we picked pairs of spatially close 

residues from each monomer to be mutated into cysteine. If these pairs of Cys residues could link 

the subunits of Maxi together by disulfide bond formation or reaction with bismaleimide  
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Figure 2.10. Fluorescence emission spectra for Maxi and LpAFP T25Y. (A) Samples were 

excited at 280 nm; (B) samples were excited at 252 nm. All emission spectra were corrected 

against the spectra of buffer to remove the Raman scattering peak. 
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crosslinkers the result would show that the crystal structure is same as the one in solution. Three 

mutants, A29C/A76C, T120C/A175C, and V38C/A71C/A124C/T157C (Maxi tetra) were 

designed (Fig. 2.11). The distance between cysteine 29 and 76 (from different monomers) is 2.9 

Å, which would allow disulfide bonds to form between the two N-terminal helical arms. The 

distance between cysteines 120 and 175 (from different monomers) is 10 Å, which is in range for 

the two C-terminal helical arms to be linked by bismaleimidohexane (BMH) and 1,11-

Bismaleimido-triethyleneglycol (BM(PEG)3) with linker lengths of 13 and 17 Å, respectively. 

The linked dimers were analyzed by SDS-PAGE in the absence of reducing agents. If the mutant 

Maxi concentrations were too high it might be possible to produce linker dimers by 

intramolecular cross-links rather than the intended intermolecular reaction. We used Maxi tetra as 

a negative control for this possibility since BMH and BM(PEG)3 can only link the cysteine 

residues on the same monomer of this mutant. If any appreciable amount of dimer was formed 

with Maxi tetra then it would call into question how T120C/A175C dimers were formed. 

T120C/A175C was used as a negative control for A29C/A76C since Cys 120 and Cys 175 are too 

far apart to form disulfide bonds between two monomers. If any dimers formed they would have 

resulted from intermolecular oxidation and would call into question how A29C/A76C dimers 

were formed.  

 The Maxi mutant T120C/A175C migrated on SDS-PAGE at an apparent molecular 

weight of 16.5k as expected for a monomer under reducing conditions (Fig. 2.12A lane 2). 

Exposure to the cross-linking agents BMH and BM(PEG)3 converted T120C/A175C into a 

product of twice this molecular weight (lanes 3 & 4, respectively). Maxi tetra, which was used as 

a control for this experiment, migrated as a monomer (lane 5). When this mutant was treated with 

the same cross-linking reagents it produced one major band that migrated slightly faster than the 

monomer, which we explain by the formation of intramolecular cross-links that bridge across the 

hairpin monomer and prevent it from becoming a fully extended polypeptide chain. There are  
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Figure 2.11. Design of the cross-linking experiments for Maxi mutants. (A) T120C/A175C. 

The two monomers are in red and blue. Green lines represent the cross-linkers. (B) 

V38C/A71C/A124C/T157C (Maxi tetra). The green lines represent the cross-linkers. (C) 

A29C/A76C. The light blue bars represent disulfide bonds. (D) Predicted SDS-PAGE result: lane 

1: wild-type Maxi; lane 2: The linked T120C/A175C; lane 3: The linked A29C/A76C; lane 4: 

The linked Maxi tetra. 
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                                          A       

 
                                                  

                                             B 

Figure 2.12. SDS-PAGE analysis for the cross-linking experiments for Maxi mutants. (A) 

The cross-linking experiments for T120C/A175C and Maxi tetra. (B) The cross-linking 

experiments for T120C/A175C and A29C/A76C. 

 

 

Lane 1: molecular weight marker 
Lane 2: T120C/A175C + DMSO 
Lane 3: T120C/A175C + BMH 
Lane 4: T120C/A175C + 
BM(PEG)3 
Lane 5: Maxi tetra + DMSO 
Lane 6: Maxi tetra + BMH 
Lane 7: Maxi tetra + BM(PEG)3 

Lane 1: molecular weight marker 
Lane 2: wild-type Maxi 
Lane 3: T120C/A175C + BMH 
Lane 4: T120C/A175C + BM(PEG)3 
Lane 5: T120C/A175C in non-
reducing environment 
Lane 6: A29C/A76C + BMH 
Lane 7: A29C/A76C + BM(PEG)3 
Lane 8: A29C/A76C in reducing 
environment 
Lane 9: A29C/A76C in non-reducing 
environment 
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some minor amounts of higher molecular weight forms that could be dimers and higher 

multimers. The Maxi mutant A29C/A76C migrated on SDS-PAGE as a monomer (16k) under 

reducing conditions (Fig. 2.12B lane 5). When this mutant was treated with BMH or BM(PEG)3, 

the major bands produced (33k) were twice the molecular weight (lanes 6 & 7).  When 

A29C/A76C was allowed to form disulfide bonds in non-reducing condition, two bands became 

visible on SDS-PAGE (lane 9). The bottom band at 27k may represent a dimer linked by two 

disulfide bonds, and the upper band at 33k maybe the dimer linked by just one disulfide bond. In 

contrast, T120C/A175C, which was dialyzed in non-reducing condition as a control, migrated as 

a monomer (lane 8).  Overall, the crystal structure was supported by the cross-linking 

experiments. Moreover, the cross-linked samples were as active as wild-type recombinant Maxi 

in halting the growth of ice crystals (Table 2.3). 

2.5 Discussion 

 Fifty years ago Scheraga et al. theorized that a partial cage of pentagonal water rings will 

form when hydrophobic side chains in α-helices or β-sheets are separated by a single layer of 

water molecules (75). The formation of pentagonal rings has negative free energy when two 

hydrated aliphatic side chains approach each other during protein folding to a distance where they 

are separated by a single water layer. This proposal has been borne out here where the spaces 

inside Maxi’s four-helix bundle are just wide enough to allow a single layer of waters to fit in and 

form a semi-clathrate structure. Prior to this study, five pentagonal “ice-like” water clusters had 

been reported in crystals of crambin (PDB code: 1CRN), a 46-residue seed storage protein, but 

only as a result of intermolecular packing (76). It was predicted that these localized pentagonal 

clusters might occur not only at intermolecular hydrophobic contacts, but also around adjacent, 

hydrophobic side-chains in α-helices or β-sheets. This prediction has been supported by a 

molecular dynamics simulation study of streptavidin (77), where a five-membered water ring was  
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Table 2.3. The thermal hysteresis for wildtype and mutants linked by BM(PEG)3 or 

disulfide bonds 

                Protein Concentration (mg/ml) TH activity (ºC) 

Wildtype 0.125 0.289 ± 0.032 

Wildtype + BM(PEG)3 0.125 0.248 ± 0.034 

T120C/A175C 0.125 0.242 ± 0.032 

T120C/A175C + BM(PEG)3 0.125 0.194 ± 0.026 

A29C/A76C 0.093 0.194 ± 0.011 

A29C/A76C + BM(PEG)3 0.093 0.199 ± 0.009 

A29C/A76C with disulfide bond 0.083 0.177 ± 0.004 
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formed in between two hydrophobic groups in the binding cavity. The crystal structure of Maxi 

has revealed the natural association of pentagonal water clusters within a protein on a large scale.  

 Two-dimensional phases of water are produced by nanoscale confinement between non-

polar materials (nanopores) (78).  These thin water layers exhibit unusual properties compared to 

bulk water and are typically studied by molecular simulation. Maxi contains a monolayer of 

amorphous ice/water between mainly hydrophobic surfaces. The pattern of the water sheet in 

Maxi is different from those observed by molecular simulations and experimental approaches (79, 

80). This is mainly due to the inner-surface architecture of the protein. Since most nanopores 

have flat surfaces, water molecules inside tend to arrange themselves in layers parallel to the 

surface (81). In contrast, the inward pointing side chains that form the inner surface of Maxi are 

molecularly rough, so the five-membered water rings form cages on individual residues, 

illustrating their semi-clathrate hydrate structure (Fig. 2.6D). In addition, unlike most nanopores 

used for simulations, the inner surface of Maxi interacts with ~1 in 4 of the waters through 

hydrogen bonds in addition to Van der Waals interactions (as described below).  

 The hydrated protein core of Maxi suggests that this protein uses the water-expulsion 

folding mechanism but does not complete the water discharge step. The alanine-richness of the 

protein core may have provided an ideal opportunity to see retention of waters during the folding. 

These waters serve to glue the four helical arms of Maxi together through a stabilizing network of 

hydrogen bonds that are anchored to backbone carbonyl groups in the interior (82). Since water-

mediated protein association is less stable than direct protein association (62), this could explain 

why this antifreeze protein is thermolabile and irreversibly denatures at temperatures above 16 

ºC.  

 How then does Maxi bind to ice? Close examination of Maxi’s crystal structure shows 

positioned waters extending outwards between all four helices from the core to the surface. At the 

periphery they form a network of ordered waters that are unobstructed by the helices and 



 

49 

 

available to merge and freeze with the quasi-liquid layer on the surface of ice (16, 29, 63). It is 

possible to fit clusters of crystallographic surface waters at the face formed by the N- and C-

terminal helices (boxed regions in Fig. 2.3) into the ice lattice on numerous planes, three of which 

are shown in Figs. 2.13A, B and C. Consistent with this result, when we used fluorescence-based 

ice plane affinity (FIPA) analysis (24) to determine which ice planes adsorb Maxi, all surfaces of 

the single ice crystal hemisphere were bound by the fluorescently-tagged AFP (Fig. 2.14D). 

Unlike other AFPs characterized to date, which have ice-binding residues located on their 

surface, Maxi is the only one that has them buried inside. This further supports the anchored 

clathrate water mechanism by which AFPs adsorb to ice (16) since it suggests that this AFP 

cannot directly bind to its ligand but must do so through the ordered surface waters. 
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Figure 2.13. Top three results of searching for matches between the bound surface waters 

on one solvent-exposed face of Maxi with ice lattice waters. One monomer of the Maxi dimer 

is shown as a yellow cartoon. The small purple spheres connected by dashed lines are the bound, 

hydrogen-bonded surface waters in the Maxi crystal structure. The ice waters are shown as small 

crosses coloured in the rainbow (blue, green, yellow, orange, and red) along the c-axis (blue 

arrow) of the ice crystal. The arrows represent the x (red), y (green) and z (blue) orthogonal axes 

of the ice lattice. The larger spheres are those ice waters that were found to be within 1 Å of a 

surface water of Maxi. 
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Figure 2.14. Fluorescence-based ice plane affinity (FIPA) analysis. (A) Type III AFP 25; (B) 

Type I AFP 10; (C) MpAFP 10; (D) Maxi. The AFPs in (B) and (C) were tagged with green 

fluorescent protein. The AFPs in (B) and (D) were tagged with TRITC. In these images the c-axis 

is vertical as indicated by the white arrows. 
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Chapter 3 Revealing Surface Waters on an Antifreeze Protein by Fusion 

Protein Crystallography 

3.1 Abstract  

 Antifreeze proteins (AFPs) adsorb to ice through an extensive, flat, relatively 

hydrophobic surface. It has been suggested that this ice-binding site (IBS) organizes surface 

waters into an ice-like clathrate arrangement that matches and fuses to the quasi-liquid layer on 

the ice surface. On cooling, these waters join the ice lattice and freeze the AFP to its ligand. 

Evidence for the generality of this binding mechanism is limited because AFPs tend to crystallize 

with their IBS as a preferred protein-protein contact surface, which displaces some bound waters. 

Type III AFP is a 7-kDa globular protein with an IBS made up two adjacent surfaces. In the 

crystal structure of the most active isoform (QAE1), the part of the IBS that docks to the primary 

prism plane of ice is partially exposed to solvent and has clathrate waters present that match this 

plane of ice. The adjacent IBS, which matches the pyramidal plane of ice, is involved in protein-

protein crystal contacts with few surface waters. Here we have changed the protein-protein 

contacts in the ice-binding region by crystallizing a fusion of QAE1 to maltose-binding protein. 

In this 1.9-Å structure the IBS that fits the pyramidal plane of ice is exposed to solvent. By 

combining crystallography data with MD simulations, the surface waters on both sides of the IBS 

were revealed and match well with the target ice planes. The waters on the pyramidal plane IBS 

were loosely constrained, which might explain why other isoforms of type III AFP that lack the 

prism plane IBS are less active than QAE1. The AFP fusion crystallization method can 

potentially be used to force the exposure to solvent of the IBS on other AFPs to reveal the 

locations of key surface waters. 
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3.2 Introduction 

 Many organisms living in cold environments produce antifreeze proteins (AFPs) to 

prevent freezing damage (4, 83, 84). AFPs bind to ice crystals and inhibit their growth through an 

absorption-inhibition mechanism (19). The binding of AFPs to ice generates micro-curvature on 

this surface, which will depress the freezing point below the melting point according to the 

Kelvin effect (20). The temperature gap generated is termed thermal hysteresis (TH) (85). AFPs 

have been discovered in many living organisms and display a remarkable diversity in sequence 

and structure (8, 9, 11, 13, 86-89). One common feature shared by many AFPs is that they bind to 

ice through a flat and relatively hydrophobic ice-binding surface (IBS) (90, 91). The AFP ligand, 

ice, contains many distinct planes (defined by Miller indices) that have different patterns of 

oxygen atoms. AFPs specifically bind one or more ice planes. For example, as shown by ice-

etching studies, type I AFP only can bind the pyramidal plane {20-21} (23), whereas spruce 

budworm AFP (sbwAFP) (12) can bind both the primary prism and basal planes. 

 It was initially thought that AFPs might directly bind to the ice surface (91, 92). 

However, recent evidence from molecular dynamic (MD) simulations and structural studies 

suggest a different mechanism. Computer simulations have shown that an ice surface has a 10 to-

15-Å thick quasi-liquid layer that is more ordered than bulk water but less well ordered than ice 

(93, 94). It was unclear how AFPs could recognize such an intrinsically disordered surface. MD 

simulations on both fish and insect AFPs showed that waters around its IBS have some ice-like 

properties (27, 29).  It was proposed that the ice-like waters on the IBS of the AFP can merge 

with the quasi-liquid layer on ice. When this region transitions to ice the AFP would then be 

frozen onto it. Evidence to support this mechanism came from a structural study of MpAFP_RIV 

(16). In the crystal of MpAFP_RIV, the IBS of chain D was freely exposed to solvent. Over 50 

waters on the surface were organized into an ice-like structure.  They formed cages around the 

methyl groups of a long rank of Thr and were “anchored’ by hydrogen bonds to the Thr OH 
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groups and peptide amide groups of the nearby polypeptide backbone. These “anchored” waters 

matched well to the basal and primary prism planes of ice to which MpAFP can bind. This 

suggested that the ice-like waters on the IBS are indeed capable of binding the AFP to specific ice 

plane(s). This binding mode is termed the ‘anchored clathrate water’ (ACW) mechanism. 

Recently determined AFP crystal structures of Maxi and LpAFP also showed that waters on the 

solvent-exposed IBS are ice-like (15, 95). To test the universality of the anchored clathrate water 

hypothesis as the mechanism for AFPs binding to ice, the water structure on other AFPs can be 

examined. However, most of the IBSs are involved in crystal packing due to their flat and 

hydrophobic nature. Waters on those surfaces are either displaced or constrained, which cannot 

reflect their “true” structure when AFPs are in solution.  

 Type III AFP is a 7-kDa globular protein produced by many species of marine fishes 

called eel pouts that inhabit ice-laden waters of both the Northern and Southern hemispheres (96, 

97). This protein is typically produced as a mixture of many isoforms that fall into two sets with 

very different pI values, QAE and SP, which are 55% identical (98). QAE isoforms can be further 

subdivided into QAE1 and QAE2 groups (45). QAE1 isoforms have TH activity values similar to 

other fish AFPs, whereas the SP and QAE2 isoforms are by themselves essentially incapable of 

stopping ice growth (45). Fluorescence-based ice plane affinity (FIPA) analysis showed 

QAEop12 (a QAE1 isoform) has a compound ice-binding site (24) (Figure 3.1A). One section of 

the IBS binds to the primary prism plane of ice while the other binds to a pyramidal ice plane. 

These two IBS regions are inclined at 150º to each other. In the SP isoform, the residues forming 

the pyramidal plane IBS are conserved and superpose well structurally with those in QAEop12 

(Figure 3.1B). However, the ice-binding residues on the primary prism plane IBS differ. 

Consistent with these results the SP isoforms only bind to pyramidal ice planes (24). 

 In the crystal of QAEop12 (1HG7), the primary prism plane IBS is partially exposed to 

solvent. Five free waters on that surface match well to the primary prism plane of ice (51).  
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Figure 3.1. The IBSs of QAEop12 and the SP isoform zvAFP6. (A). View from the top 

looking down onto the IBS of QAEop12 (1HG7). Amino acids are represented as sticks with a 

transparent surface. All residues involved in ice binding are labeled in black. The dashed line 

indicates the division between pyramidal plane (top of line) and primary prism plane (bottom of 

line) IBSs. (B). Superposition of the IBSs of QAEop12 and zvAFP6 (4UR6) viewed from the 

same angle as (A). Amino acids are represented as sticks. The C atoms for QAEop12 and zvAFP6 

are colored in yellow and cyan, respectively. The ice-binding residues for zvAFP6 are labeled, 

and those that differ from QAEop12 are labeled in red and the rest in black.   
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Moreover, MD simulations of QAEop12 analyzed by different algorithms showed that waters in 

the primary hydration shell (about 5Å cut-off) of the IBS are ice-like (28, 99). However, the 

pyramidal plane IBS is involved in crystal packing which displaced almost all surface waters.  In 

two SP isoform crystal structures (1OPS and 4UR6), the same IBS is also not exposed to the 

solvent. Most waters on the surfaces are either displaced or restrained by neighboring proteins 

(48, 100).  

 In this study, we set out to elucidate the organization of surface hydration on the 

pyramidal plane IBS to see if it matched the targeted ice-plane lattice. Characterizing the waters 

on that IBS might explain the low activity of the SP isoform. We restored the naturally associated 

waters on the pyramidal plane IBS of QAEop12 through fusion protein crystallography combined 

with reliable molecular dynamic (MD) simulations. After analysing surface hydration on the IBS, 

a reason for the SP isoform possessing low or no TH activity was proposed. 

3.3 Materials and Methods 

3.3.1 Cloning, production and purification of MBP-type III AFP fusion 

 A plasmid (pMAL-QAEop12), encoding a chimera of MBP and type III AFP (QAEop12) 

with a C-terminal His6 tag separated by a three-alanine linker, was constructed  from pMAL-a1 

37 by replacing the a1 gene fragment with the QAEop12 gene. The latter with its C-terminal His6 

tag was amplified by PCR from pET20b(+) type III AFP plasmid (101) using the primer pair p1: 

5´-GCATCTGCAGCGAACCAGGCTAGCGTTGTGGC-3´ (underlined is the PstI site, which 

encodes the first two Ala of the linker) and p2: 5´-

GATCAAGCTTTCAGTGGTGGTGGTGGTGGTGCTC-3´ (with the HindIII site underlined). 

The PstI- and HindIII- digested PCR product was ligated into PstI- and HindIII- digested pMAL-

a1 vector to produce pMAL-QAEop12.   

 The fusion protein was produced in Escherichia coli BL21(DE3). Cells were resuspended 

and lysed by sonication in a buffer containing 25 mM Tris-HCl (pH 7.6), 0.5 M NaCl, 5 mM 
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imidazole, 2% glycerol and 0.1 mM PMSF. The lysate was centrifuged at 16,000 rpm in a 

Beckman JA25.5 rotor for 30 min. The fusion protein was affinity-purified from the supernatant 

fraction by a nickel-nitrilotriacetic acid-agarose (Ni-NTA) column chromatography. The fusion 

protein was further purified by size-exclusion chromatography on a Superdex 200 column. The 

final purity of MBP- QAEop12 was estimated by SDS-PAGE to be >95%. 

3.3.2 Crystallization 

 Crystals of the MBP-AFP fusion protein were grown at room temperature in hanging 

drops by vapor diffusion after mixing 1 µl of the protein solution (36 mg/ml) with 1 µl of the 

precipitant solution. The precipitant solution that gave rise to the best crystals was 1.75 M 

(NH4)2SO4 and 100 mM NaOAC (pH 4.4). Crystals were further improved by macroseeding 

using a precipitant solution containing 1.6 M (NH4)2SO4 and 100 mM NaOAC (pH 4.4).  

3.3.3 Data collection and structure determination 

  Prior to data collection, crystals were transferred to mother liquor containing 20% (v/v) 

glycerol and then flash frozen at 100 K. Diffraction data were collected at the 23ID-D beamline 

of the Advanced Photon Source (Argonne National Laboratory). The dataset was processed with 

XDS (64). The structure of MBP-QAEop12 was solved by molecular replacement using 

coordinates for type III AFP (PDB: 1HG7) (49) and MBP (PDB: 3G7W) (102) as search models 

using AutoMR (103). The model was rebuilt using the program Coot (67). After each round of 

rebuilding using Coot, the model was refined using the program Phenix with riding hydrogens 

(68). 

3.3.4 Molecular dynamic simulations 

 The starting coordinates for QAEop12 were taken from the Protein Data Bank (PDB 

entry 1HG7) (49). A simulation was performed using the program Gromacs v. 4.6.1 (70). First, 

QAEop12 was solvated in a rectangular box using the TIP4P water model. After energy 
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minimization, a 400-ps position-restrained molecular dynamics simulation was performed to 

relax the solvent around the protein at 250 K. The OPLS-aa force field (104, 105) was used, along 

with v-rescale temperature and pressure coupling. A full-scale 20-ns MD simulation was then 

performed. The coordinates from the MD simulation were aligned by least squares fit of the 

protein backbone using the first frame as a reference. The water density was calculated using the 

VolMap plugin (version 1.1) of VMD (version 1.9.1) with a resolution of 0.5 Å, atom size 1 times 

the radius, weights as mass, computed as the average for all saved frames. The natural waters on 

the solvent exposed regions of crystal structures (1HG7 and fusion structure) were used to 

validate the prediction of the simulation. First, the contour level of the map was set so that there 

were no false positive water densities on the solvent exposed regions. Next, at this contour level, 

the calculated water densities were examined to see whether they matched to all of the water 

molecules observed on the solvent exposed regions in the crystal structures. Calculations were 

performed on a cluster of computers in the High Performance Computing Virtual Laboratory. 

3.3.5 Ice-lattice matching method 

 A box of ice of dimensions 32 Å x 39 Å x 32 Å was made with the z-axis along the c-axis 

of the crystal. The surface hydration on the primary prism plane IBS of QAEop12 provided the 

test waters. One test water molecule that was likely to match the ice-lattice was superimposed on 

the center water of the ice cube and used as the center of rotation. In this case, the water anchored 

to the amino group of Leu19 was chosen. This was because it is stable in the first layer water and 

crucial for forming the ice-like water network. The test waters were rotated by Euler angles 

(CCP4 convention) (106). At each position, the number of test waters that were within a cut-off 

distance with the ice waters and the average distance between these test waters and the nearest ice 

waters were calculated and recorded. The rotation ranges were 360º. The step for each rotation 

was 1º, and the cut-off distance was 1 Å for test water selection. The matching of test waters to 

the primary prism plane of ice was evaluated based on the number of matched ice waters and the 
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RMS distance. A similar experiment was also performed for waters on the pyramidal IBS of 

QAEop12. Here, the water that was anchored to the amino group of Ala16 was selected as the 

rotation center. 

3.4 Results 

3.4.1 Crystal structure of fusion protein and packing comparison 

 The crystal structure of the MBP-AFP fusion protein was determined at 1.9 Å-resolution 

from plate-shaped crystals (Table 3.1).  The structure contains two molecules per asymmetric unit 

with an RMSD for all Cα atoms of 0.30 Å2. In the structure, the MBP and type III AFP 

components each form distinct domains (Figure 3.2). The AFP domain superimposes well on 

QAEop12 (1HG7) with a Cα root mean square deviation (RMSD) of 0.3 Å, while the MBP 

domain superimposes well on PDB 3G7W with a Cα RMSD of 0.3 Å. Within the MBP domain, 

maltotetrose (MTT) was found in its binding pocket. There are few intra-molecular interactions 

between these two domains.   

 The fusion protein strategy was successful in altering the solvent accessibility of the 

AFP’s IBS. Specifically, the pyramidal IBS (centered on Thr15), which makes contacts with 

another AFP molecule in the 1HG7 crystal structure of QAEop12 is much more exposed to 

solvent in the MBP-AFP structure (Figure 3.3C &D).  This IBS is equally exposed in both 

molecules in the asymmetric unit. In the 1HG7 crystal structure, 28 atoms from neighboring 

proteins are within 6 Å from the central Thr15, whereas no neighboring protein atoms are within 

the same distance of Thr15 in the fusion protein crystal structure. In contrast, the primary prism 

plane IBS (centered on Thr18), which is partially solvent-exposed in the QAEop12 crystal 

structure (1HG7) becomes occluded by crystal contacts with MBP in the fusion protein structure 

(Figure 3.3A & B). Thus, by combining data from the previous AFP structure with the current 

MBP-AFP fusion structure presented here, we can see the natural waters on all parts of the IBS. 

In addition, a large non-ice-binding region of the AFP domain in the fusion protein crystal is  
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Table 3.1. Data Collection and Refinement 

Statistics  

  Structure  Native      

Data collection   

Space group  P 1 21 1     

Cell dimensions      

a, b, c (Å) 48.1, 110.8, 

96.6 
    

α, β, γ (º) 90, 94.2, 90      

Resolution (Å) 48.2-1.9 (2.0-

1.9)a 
    

Rmeasure (%) 15.4 (160.1)           

I/σI 9.4 (1.1)     

CC1/2 

Completeness (%) 

99.5 

96.7 (86.2) 

    

Redundancy  3.9 (3.4)     

Refinement   

Resolution (Å) 48.2-1.9  

 (2.0-1.9) 

No. reflections 72258 

Rwork/Rfree 17.7/23.4 

(31.5/35.8) 

No. atoms  

   Protein  6827 

   Water 541 

 B-factors (Å2)  

   Protein    33.6 
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   Water   34.5 

R.M.S deviations  

 Bond lengths (Å)   0.012 

 Bond angles  (º)   1.32 

Ramachandran   

 Favoured (%) 

 Allowed (%) 

 Outliers (%) 

   98 

   2 

   0 

a Numbers in parenthesis refer to the highest  

resolution shell  
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Figure 3.2. Crystal structure of MBP-typeIII AFP fusion protein.  The MBP domain is 

colored in green and the AFP domain in orange. The side chain of threonine 18 on the prism 

plane ice-binding site is shown by spheres and the maltotetrose is shown in stick format. 
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Figure 3.3. Packing diagrams for different portions of the IBS in type III AFP and MBP-

type III AFP fusion protein crystals.  The AFP domain of interest is shown in green. The 

neighboring molecules from type III AFP and fusion protein crystals are colored in yellow and 

white, respectively. Some key ice-binding residues on different portions of the IBS are also 

labelled. Free crystallographic waters are colored purple, and the constrained waters are colored 

red. (A) The portion of the IBS that binds to the primary prism plane of ice as seen in the 

QAEop12 crystal; (B) The primary prism plane IBS of the AFP domain in the MBP-type III AFP 

fusion protein crystal; (C) The portion of the IBS that binds a pyramidal plane of ice as viewed in 

the QAEop12 crystal; (D) The pyramidal plane binding site of the AFP domain in the MBP-type 

III AFP fusion protein crystal.   
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solvent exposed, which cannot be seen in the QAEop12 structure alone. Therefore, we can 

observe and compare the water patterning on both the IBS and a non-ice-binding region.   

3.4.2 The natural waters on the pyramidal plane IBS of QAEop12 

 The criteria for identifying waters in the crystal structure that naturally associate with the 

AFP are the following: they should directly attach to the AFP or its free waters without binding to 

a neighboring macromolecule. In addition, they should bind fewer than two waters that interact 

directly with a neighboring protein molecule. By carefully examining the crystal environment of 

the MBP-AFP fusion protein, five free waters were identified on the pyramidal plane IBS of 

QAEop12 (Figure 3.4A). This compares to nine free waters identified on the prism plane IBS of 

QAEop12 in 1HG7. 

 Due to crystal packing, there are a few natural waters which cannot be seen here by 

protein crystallography. However, using the naturally bound waters as an internal control, their 

positions were reliably predicted by molecular dynamic (MD) simulations.  Examination of the 

map produced by the VolMap plugin of VMD, a contour level for water density of 0.92 resulted 

in the prediction of no false positive waters on the solvent-exposed regions of crystal structures. 

The free waters on the pyramidal plane IBS of the antifreeze domain were well predicted from the 

MD simulation (the RMSD is 0.55 Å for five waters) (Figure 3.4B). Also, the first two layers of 

natural waters on the primary prism plane IBS of QAEop12 (1HG7) match well with the 

calculated water density with a RMSD of 0.7 Å for nine waters (Figure 3.4C). In addition, there 

are eight natural waters found on the solvent-exposed non-ice-binding region of QAEop12 in the 

fusion protein crystal that also match well with the predicted waters with a RMSD of 0.59 Å 

(Figure 3.4D). The MD simulation revealed three additional natural waters each on the primary 

prism and pyramidal plane IBSs (Figure 3.5). These six waters (waters 15, 16, 17, 18, 19, and 20) 

on the IBS would be displaced by neighboring molecules in the protein crystals, which explain 

why they cannot be seen in the crystal structures. 
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Figure 3.4. Natural waters on type III AFP and MBP-type III AFP fusion protein revealed 

by crystallography vs predicted by MD simulation. Residues for the crystal structure are 

shown as sticks. Free crystallographic waters are colored purple, and the constrained waters are 

colored red. (A) Waters revealed on the IBS of the AFP domain in the MBP-type III AFP fusion 

protein crystal. The regions above and below the dashed line are the sites for binding the 

pyramidal and primary prism plane of ice, respectively. The free waters on the pyramidal IBS are 

numbered from 1 to 5. (B) The MD prediction of waters superimposed on (A) with the calculated 

water density shown in cyan mesh. (C) MD prediction of surface waters superimposed on 

crystallographic waters found on the IBS in the type III AFP crystal structure. (D) MD prediction 

of surface waters superimposed on crystallographic waters on the solvent-exposed non-ice-

binding region of the AFP domain in the fusion protein crystal structure. 
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Figure 3.5. Network of predicted waters on the compound ice-binding site of QAEop12.  The 

AFP is in stick format with the carbon backbone colored yellow. The predicted waters that 

superimpose well with the free waters identified by crystallography are numbered from 1 to 14 

and shown as red spheres, while the newly predicted waters are numbered from 15 to 20 and 

shown as green spheres. Hydrogen bonds that can be formed between protein and waters, and 

among waters on the IBS, are shown as black dashed lines. The regions above and below the gray 

dashed line are the IBS regions binding a pyramidal plane and the primary prism plane of ice, 

respectively. 
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3.4.3 Characterization of the waters on the IBS of QAEop12 

 Since the MD simulation results were judged to be reliable, the six waters were manually 

built into the calculated density to construct the surface hydration on the IBS (Figure 3.5). They 

are mainly anchored by the backbone groups and rigid side chains of the protein. The water 

pattern on the pyramidal plane IBS is different from that on the primary prism plane IBS. On the 

pyramidal plane IBS, only a single layer of waters (waters 1, 2, 3, 4, 5, 18, 19, and 20) can be 

seen, and they are scattered over the surface. In contrast, on the primary prism plane IBS, there 

are two layers of waters. Waters 8, 9, 11, 12, and 13 directly anchor to the protein, while waters 6, 

7, 10, 14, 15, 16 and 17 form a second layer. These waters (eg. 8, 9 and 11) are tetrahedrally 

arranged and form a network encircling Thr18. In the crystal structures of MpAFP_RIV and 

Maxi, two layers of waters forming a tetrahedral network were also found on their IBSs. These 

observations suggest that the solvation shell on the pyramidal plane IBS of type III AFP is sparser 

than on the prism plane IBS and has a lower degree of order. 

 An ice-lattice matching exercise was performed with the waters on both IBSs. For those 

on the primary prism plane IBS, nine out of thirteen waters match to the primary prism plane of 

ice with a RMSD of 0.55 Å (Figure 3.6A). They are waters 6, 7, 8, 9, 10, 12, 14, 15, and 16. The 

good matching indicates that these ice-like waters indeed have affinity towards the primary prism 

plane of ice. From FIPA analysis of an SP isoform, we calculate that the pyramidal plane IBS of 

type III AFP binds to a primary pyramidal plane of ice that is inclined by 18º to the c-axis. The  

ice-lattice matching experiment showed six out of eight waters on the IBS match to this ice plane 

with a RMSD of 0.58 Å (Figure 3.6B). They are water 3, 4, 5, 14, 18, and 20. This suggests that 

the pyramidal plane IBS also binds to ice through an ACW mechanism. As shown in figure 3.6B, 

Asn14, Thr15, Ala16 and Qsn44 are close to the ice plane. Mutations on these residues not only 

significantly reduced antifreeze activity but also altered ice crystal morphology to produce 

elongated hexagonal bipyramids (Table 3.2), which is consistent with reduced binding to the  
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Figure 3.6. Binding of QAEop12 to ice through the anchored clathrate water mechanism. 

(A) Match of the ice-like waters on the Thr18-centered IBS region to the primary prism plane of 

the ice lattice. (B) Match of the ice-like waters on the Thr15-centered region to the primary 

pyramidal plane of the ice lattice. The AFP is shown in stick format. Waters of the ice lattice are 

shown as red spheres, and the hydrogen bonds are shown as black dashed lines. The calculated 

water densities (contoured at 0.92σ) on the AFP surface are shown as a black mesh. Where these 

match to the ice lattice, cyan spheres are built in. The density mesh for waters 5, 15 and 16 is 

hidden inside their cyan spheres. They are labelled with the same numbers used in Figure 5.    
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Table 3.2. The TH Activity and Ice Morphology of QAEop12 Wild Type and Mutants 

Type III AFP TH activity 

(%) 

c:a ratio 

QAEop12 

wild type 

100% 2 

QAEop12 

N14S 

25% 5.9 

QAEop12 

T15A 

70% 3.6 

QAEop12 

A16H 

25% 6.2 

QAEop12 

Q44T 

47% 4.9 

Data were taken from previous measurements (46) 
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pyramidal IBS (46). Therefore, this ice-lattice matching result is consistent with previous 

mutation studies. 

3.5 Discussion 

 The fusion protein strategy we adopted here was able for the first time to reveal the 

hydration of the pyramidal IBS of type III AFP.  Unlike the primary prism IBS, the waters on the 

pyramidal IBS are sparse and do not form a robust network of anchored clathrate waters that 

seem to be needed to bind AFPs to ice. This result could shed some light on the weak antifreeze 

activity of type III AFP SP isoforms, which by themselves cannot arrest the growth of ice crystals 

but only shape them into hexagonal bipyramids. Indeed, we propose that the weak activity of 

these AFP isoforms is due to the property of the waters on its IBS. QAE1 isoforms bind to both 

the primary prism plane and a pyramidal plane of ice (24). SP (and QAE2) isoforms bind only to 

the pyramidal plane of ice. In this study, we showed the waters on the pyramidal plane IBS are 

not well ordered. Mainly the first layer of waters can be seen, and they are scattered over the 

surface rather than being concentrated. Therefore, in solution, the waters on the IBS of the SP 

isoform might not easily form a quorum for rapid binding to the pyramidal plane of ice. Thus, the 

number of SP AFP molecules accumulating on the pyramidal plane might only shape the ice 

crystal but be insufficient to arrest its growth.     

 In the presence of small amounts of QAE1 isoform, the activity of the SP isoform 

becomes concentration-dependent (45). Thus the two isoforms have a co-operative effect on 

antifreeze activity. A rough mechanism for the co-operative ice-binding has been proposed (45). 

Here, we have mapped the free waters on the compound IBS of type III AFP. This has allowed us 

to propose a mechanism for the co-operative effect in more detail. Since the waters on the 

primary prism plane IBS of the QAE1 isoform are relatively well ordered, this isoform is able to 

rapidly adsorb to the prism planes of the ice crystal, which therefore stops ice growth along the a-

axes. This will stabilize the ice surface long enough for the slow-binding SP isoform to 
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accumulate on the ‘open spaces’ between the bound AFPs of the ice crystal and further stabilize 

the plane. In the case of the QAE1 isoform the same protein can bind to both prism and pyramidal 

planes. With SP isoforms however, they are reliant on the stabilization of the ice crystal provided 

by the QAE1 isoform to bind the pyramidal plane.   

 Our study provides further evidence for the ACW mechanism of AFP binding to ice by 

adding another AFP to the list of those that have surface waters matching the ice lattice. The 

structures of many other AFPs have been determined by X-ray crystallography, and their IBSs 

identified through mutagenesis studies (18). It will be interesting to see whether they also use the 

ACW mechanism to bind ice by examining the surface hydration on the IBSs of their crystal 

structures. However, these waters are poorly revealed. This is because the IBSs of AFPs are flat 

and hydrophobic and are typically involved in crystal packing (Figure 3.7). Therefore, the 

organization of these waters on the surface is obscured by protein-protein contacts. The 

methodology we have developed here on type III AFP that uses fusion protein crystallography 

combined with reliable MD simulations can be applied to other ice-binding proteins. First, the 

structure of the target AFP with a large protein tag can be determined by X-ray crystallography. 

Several studies have shown that fusion protein crystallization and structure determination are 

feasible if a short linker is used (107). If the new crystal packing allows the IBS of the AFP to be 

fully exposed to solvent, the water pattern on the IBS can be directly obtained from the crystal 

structure. If only some of natural waters are revealed due to the partial exposure of the IBS, the 

remaining free waters can be predicted by MD simulation. The simulation parameters, such as the 

force field, water model and simulation temperature can be validated by confirming where natural 

waters sit on the IBS and non-ice-binding region of the AFP structures without generating false 

positive predictions. If, after constructing an AFP fusion protein, the IBS is still involved in 

crystal packing, a different protein tag can be tried. The IBS waters revealed by this method will  
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Figure 3.7. Restriction of waters on the IBSs of various AFPs due to the crystal packing. The 

crystal environments of the IBSs of the following AFPs are shown: TmAFP (1EZG) from 

Tenebrio molitor; RiAFP (4DT5) from Rhagium inquisitor; type I AFP (1WFA). The target AFPs 

are colored in white and shown in cartoon representation, while residues on the IBS are colored 

green and shown as sticks. The neighboring AFPs are colored yellow. The waters on the IBSs are 

shown as red spheres. 
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provide insights on how AFPs bind to ice, which may be useful for biotechnological applications 

that include designing and modifying macromolecules to modulate both ice and gas hydrates (18). 
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Chapter 4 Structural Basis for the Inhibition of Gas Hydrates by Alpha-

helical Antifreeze Proteins 

4.1 Abstract 

 Kinetic hydrate inhibitors (KHIs) are used commercially to inhibit gas hydrate formation 

and growth in pipelines. However, improvement of these polymers has been constrained by the 

lack of verified molecular models. Since antifreeze proteins (AFPs) act as KHIs, we have used 

their solved X-ray crystallographic structures in molecular modelling to explore gas hydrate 

inhibition. The internal clathrate water network of the fish AFP, Maxi, which extends to the 

protein’s outer surface, is remarkably similar to the {100} planes of structure type II (sII) gas 

hydrate. The crystal structure of this water web has facilitated the construction of in silico models 

for Maxi and type I AFP binding to sII hydrates. Here, we have substantiated our models with 

experimental evidence of Maxi binding to the tetrahydrofuran sII model hydrate. Both in silico 

and experimental evidence supports the absorbance-inhibition mechanism proposed for KHI 

binding to gas hydrates. Based on the Maxi crystal structure we suggest that the inhibitor adsorbs 

to the gas hydrate lattice through the same anchored clathrate water (ACW) mechanism used to 

bind ice. These results will facilitate the rational design of a next generation of effective ‘green’ 

KHIs for the petroleum industry to ensure safe and efficient hydrocarbon flow. 

4.2 Introduction 

 Gas hydrates are ice-like clathrate structures composed of water cages surrounding 

trapped gas molecules, which depending on the gas can form at temperatures above 0 °C, and at 

modest pressures (0.5 to several MPa) (50). In nature, they most commonly exist in two distinct 

forms, the cubic structures I or II (sI and sII). These consist of a combination of “small” 12-faced 

pentagonal dodecahedron cages (512) and other water cages. For sII there are 16 small cages and 

eight 51264 “large” cages per unit cell (Figure 4.1A). Small guest molecules such as methane tend 
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to promote sI formation, while larger gas molecules like propane promote sII crystals (52). 

Although gas hydrate deposits are a potential energy source, the unscheduled formation of gas 

hydrates is a major problem for the petroleum industry since they can cause blockages at well-

heads and inside pipelines with potentially disastrous consequences (53). 

 There are two major classes of inhibitors used for controlling hydrate formation and 

growth. Thermodynamic inhibitors, such as methanol, shift the equilibrium for hydrate formation 

(54), but due to their high cost, safety concerns, and potential to catalyze hydrate formation (108), 

there has been a move towards the application of kinetic hydrate inhibitors (KHIs). Unlike 

thermodynamic inhibitors, KHIs can delay hydrate nucleation and/or interfere with the crystal 

growth (55, 109). Typically, these are water-soluble polymers that are effective at low 

concentrations. KHIs likely act by an adsorption-inhibition mechanism similar to the action of 

antifreeze protein (AFP) inhibition of ice growth. Indeed, AFPs can inhibit gas hydrate 

propagation, notwithstanding the distinct differences in the crystal structures of hydrates and ice. 

These have been dubbed ‘green’ hydrate inhibitors and their potential for commercial use is in the 

explorative phase.    

 AFPs are produced by many organisms, such as the winter flounder that live in icy, sub-

zero environments. This flatfish inhabits cold, shallow waters of the North West Atlantic. During 

the winter the flounder secretes two distinct isoforms of an AFP into the blood. Type I AFP is a 

small (3 kDa) alanine-rich, alpha-helical monomer with an 11-residue periodicity, whereas the 

larger isoform, referred to as Maxi, is five times as long as the type I AFP and forms a 33-kDa 

homodimer (33, 41). As with AFPs from other organisms, both forms bind to ice through a flat 

and relatively hydrophobic ice-binding surface (IBS). For at least one AFP, there is 

crystallographic evidence that waters associated with the protein are organized into a quasi-

liquid/ice layer (27, 29, 110, 111). These ice-like waters may facilitate the binding of AFP to ice 

by a mechanism termed the anchored clathrate water (ACW) hypothesis (16). 
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 The X-ray crystal structure of Maxi shows that both 290 Å-long helix monomers fold in 

the middle through 180⁰ (Figure 4.1B) (95). In the dimer, the two hairpins are packed so that both 

N-terminal helices lie adjacent to each other in an antiparallel orientation, as do the two C-

terminal helices. The resulting four-helical bundle retains ~400 clathrate waters in the core (112). 

The internal waters are organized into two intersecting polypentagonal networks (Figure 4.1C). 

An intrachain water sheet lies between the N-terminal arms and C-terminal arms, while an 

interchain water web is sandwiched between the two monomers. The ice-binding residues of type 

I AFP (i Thr, i+4 Ala, i+8 Ala) are also conserved in the Maxi sequence, but in this larger 

isoform, they point inwards to bind and coordinate the intrachain water network (Figure 4.1C). 

The interior residues at the dimer interface interact with the interchain water monolayer. These 

interactions, which are primarily hydrogen bonds and van der Waals (VDW) interactions, likely 

stabilize the folding of the protein and probably substitute for protein contacts between the 

helices. In Maxi, the ordered waters extend outwards from the protein surface and are thought to 

be involved in ice binding (Chapter 2). 

 In contrast to our growing understanding of the adsorption of AFPs to ice, the binding of 

KHIs to hydrates is more challenging to elucidate due to a lack of solved inhibitor-gas hydrate 

complex structures. Some in silico models have been made both with molecular dynamics (MD) 

and Monte Carlo simulations, but the lack of detailed information on KHIs have also made the 

use of these algorithms problematical (53). This is unfortunate since it hinders the rational design 

of more effective hydrate inhibitors for the petroleum industry. Here we have taken a novel 

approach to this problem: since AFPs are as effective hydrate inhibitors as some commercially 

used KHIs (56), and based on the striking match of internal clathrate waters of Maxi to sII gas 

hydrate structures, we have now modeled the adsorption of Maxi and the simpler type I AFP with 

the {100} planes of the sII gas hydrate. 
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Figure 4.1. Overview of sII gas hydrate and Maxi structures. (A). Small and large type II gas 

hydrate water cages with waters (red spheres) and their hydrogen bonds (black dashed lines) 

indicated. (B). Crystal structure of Maxi. The two antiparallel monomers are colored yellow and 

orange with the N- and C-terminal ends as indicated. (C). Cross section of Maxi. The intra- and 

interchain water sheets are shown with waters (red spheres) and their hydrogen bonds (green 

dashed lines). The side chains of Maxi are shown as sticks, with the ice-binding residues coloured 

purple.  
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4.3 Materials and Methods 

4.3.1 Modelling 

 In silico models were built using PyMOL 1.54 (113). In order to assemble the model of 

Maxi binding to sII hydrate, the edges of the hydrate-like region (HLR)  were merged with the 

{100} plane by superimposing the HLR on the hydrate plane. A model for type I AFP binding to 

sII hydrate was obtained by first superimposing type I AFP on the helical arms of Maxi including 

the HLR of the associated waters. Subsequently, the gas hydrate {100} plane was matched to the 

HLR. 

4.3.2 MD simulation of type I AFP 

 Simulations with type I AFP used coordinates obtained from the Protein Data Bank (PDB 

entry 1WFB) and were performed using the program Gromacs v. 4.6.1 (70). After solvating the 

protein in a rectangular box using the TIP4P water model and subsequent energy minimization, a 

400-ps position-restrained MD simulation was performed to relax the solvent around the protein 

at -0.15 °C. The Charmm27 force field was used, along with Berendsen temperature and pressure 

coupling. A full-scale 20-ns MD simulation was then performed.  

 In order to calculate the water density around each of the protein models, the coordinates 

from the MD simulations were aligned by least squares fit of the protein backbone using the first 

frame as a reference. Water density was calculated using the VolMap plugin (version 1.1) of 

VMD (version 1.9.1) with a resolution of 0.5 Å, atom size 1 Å, weights as mass, and computed as 

the average for all saved frames. The calculation was performed on a cluster of high speed 

computers at the High Performance Computing Virtual Laboratory (HPCVL) accessed through 

Queen’s University. 

4.3.3 Tetrahydrofuran (THF) hydrate binding 

 Recombinant Maxi was purified by three rounds of ammonium sulfate precipitation as 

described previously (95). Recombinant type III AFP (Swiss-Prot Database accession number 
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P19414) was prepared as indicated (114). Cytochrome c (12 kDa) was purchased from Aldrich 

Inc. (Canada). Proteins were fluorescently labeled using fluorescein isothiocyanate (FITC; 

Thermo-Fisher, USA) as described previously (24). It must be noted that because Maxi is more 

thermolabile than the other proteins used, care was taken to keep these protein solutions at < 15 

⁰C. 

 Polycrystalline THF clathrate hydrates were grown as previously described (57). Briefly, 

THF/water solutions (1:3.34, v/v; 80 ml) containing 4 µM protein (Maxi, type III AFP, 

cytochrome c or their FITC-labelled forms) were placed in a beaker at 4 °C and the temperature 

of a hollow brass ‘finger’ was slowly lowered (0.5 °C every 30 min) so that an ice-like hydrate 

hemisphere was formed. Routinely, the THF polycrystalline hydrate was grown until half the 

volume of the starting solution had crystallized. Hemispheres were grown in triplicate for each 

protein as follows: those formed in the presence of non-labelled proteins were done in duplicate, 

whereas those formed in the presence of labelled proteins were done once and visualized under 

the UV light and photographed. After recovery of the non-labelled protein hemispheres, the THF 

was evaporated in a fume hood and the melted liquid was 20-fold concentrated. Maxi and 

cytochrome c samples were concentrated at 4 ⁰C using Centricon filters (Millipore, Billevica, 

MA, USA). Since type III AFP tended to stick to the Centricon membrane, these samples were 

lyophilized and subsequently dissolved in water. Protein concentration was assayed using dye-

binding with bicinchoninic acid (BCA Protein Assay Kit; Pierce, Rockford, IL, USA). 

4.4 Results 

4.4.1 The similarity between the internal water network of Maxi and the sII {100} planes 

 The symmetrical cubic sII hydrate has identical {100} type planes: (100), (010), (001), 

(100), (010) and (001). As indicated, pentagonal (512) rings surround larger circular rings (Figure 

4.2A) giving rise to a repetitive pattern in the {100} plane with the basic unit defined as a 

network of 16 waters. The intrachain water sheet in the Maxi repetitive region also consists of 
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many pentagonal water rings, with the occasional tetragonal and hexagonal rings, and larger 

circular water rings (Figure 4.2B). Indeed, the water web highlighted in Fig. 4.2B shows a pattern 

very like the basic unit of the sII {100} planes connecting along the horizontal. Even the spacing 

between the equivalent waters in both regions is close at 17.3 Å and 16.5 Å for the hydrate planes 

and the Maxi water network, respectively (see dotted line in A & B). Because of this similarity, 

the highlighted portion of the Maxi’s internal water network was designated the hydrate-like 

region (HLR). When Maxi’s HLR was overlain on the {100} planes of the hydrate, most waters 

in the HLR were superimposable with a RMSD of 0.95 Å for 48 waters (Figure 4.2C). Also, a 

few waters that were just outside of the HLR superimposed well with the hydrate planes. 

4.4.2 Model for Maxi binding to type II gas hydrate 

 In Maxi, waters on the edge of the HLR extend outwards beyond the helix gaps to form 

the anchored clathrate region that is thought to bind the AFP to ice (95). Thus, a model for Maxi 

binding to sII hydrate was constructed by merging the edges of the HLR and the (100) plane of 

the hydrate (Figure 4.3A). These two sets of organized waters were seamlessly merged. 

Consequently, the top face of Maxi formed complementary interactions with the (001) plane of 

the gas hydrate (Figure 4.3B). In addition to the waters that extend from the Maxi protein core, 

waters anchoring to the carbonyl groups of the residues on the top surface of Maxi also matched 

well with waters on the hydrate (001) plane. In this configuration, the relative hydrophobic side 

chains on the protein surface fit well into the grooves of the hydrate plane. There are four types of 

grooves on the {100} planes of type II gas hydrate (Figure 4.2A). Side chains on the N-terminal 

arm (i, i+7, i+3 and i-1) docked into grooves 1, 2, 3 and 4, respectively. In addition, side chains 

on the C-terminal arm (i+7, i+3, i-1 and i+6) docked into the adjacent grooves 1, 2, 3 and 4, 

respectively. Three Asp residues (at i-1 positions along the N-terminal arm), have side-chain 

carbonyls that are capable of matching and thus substituting for waters in the plane. In this regard, 

it is notable that in an AFP from a bacterium (MpAFP), Asp side chains on the ice-binding site  
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Figure 4.2. Similarity between the internal water network of Maxi and the {100} planes of 

type II gas hydrate. (A). Structure of {100} planes of type II gas hydrate with waters (red 

spheres) and hydrogen bonds (black dashed lines). Waters defining one repeating unit on the 

plane are colored in cyan and included in the green rectangle. The distance between the 

equivalent waters is shown. There are four types of grooves on the planes; one example for 

grooves 1, 2, 3 and 4 is shown such that the water rings forming them are labelled with the same 

number. (B). Intrachain water sheet of Maxi (side view). Notations are the same as in (A). Ice-

binding residues of Maxi forming close contacts to each other are shown as sticks. The region 

highlighted by the purple square is similar to the plane of the gas hydrate. (C). Superimposition of 

a portion of HLR on the {100} planes of type II gas hydrate. Waters in the intrachain sheet (red 

spheres) and their hydrogen bonds (green dashed lines) are distinguished from hydrate waters 

(cyan spheres) and their hydrogen bonds (black dashed lines). The HLR is delineated by the 

purple square. 
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Figure 4.3. A model for Maxi binding to type II gas hydrate. (A). The edge of the HLR of 

Maxi merges seamlessly with the (100) plane of gas hydrate. Waters in HLR (red spheres) are 

differentiated from those at the edge of HLR which merge with the hydrate lattice (green 

spheres). Hydrate waters in the (100) plane (cyan spheres) and hydrogen bonds (black dashed 

lines) are indicated. Maxi is not shown except for a few ice-binding residues forming close 

contacts to each other. In the cube on the right, the (100) and (001) hydrate planes are shown in 

red and blue, respectively. (B). Top surface of Maxi forming complementary interactions with the 

(001) plane of the gas hydrate. Maxi is shown in stick representation with its carbon atoms 

(yellow), ice-binding residues (purple) and hydrate waters in the (001) plane (cyan spheres), and 

with their hydrogen bonds indicated (black dashed lines). Waters at the edge of the HLR (green 

spheres), and those anchoring to the top surface of Maxi (orange spheres) are shown. The 

periodic positions for residues that accommodate in the hydrate groove are labelled.   
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mimic surface ice-like waters (16). This supports our contention that Maxi binds to the gas 

hydrate by merging the anchored surface waters to the hydrate plane. 

4.4.3 Maxi experimentally adsorbs to THF hydrate 

 To demonstrate that Maxi was indeed capable of binding the sII hydrate, polycrystalline 

THF crystals were grown in the presence of Maxi or FITC-labelled Maxi. Parallel control 

experiments were performed with labeled type III AFP and cytochrome c, which served as 

positive and negative controls, respectively (56, 57). THF hydrate polycrystals grown in solutions 

containing FITC-labelled Maxi and type III AFP emitted green light under UV illumination 

(Figure 4.4A-B). In contrast, the hydrate grown in the presence of FITC-labelled cytochrome c 

was uniformly dark under UV illumination (Figure 4.4C). The THF crystal grown in the Maxi 

solution was deeply etched compared to those grown with type III AFP and cytochrome c (Figure 

4.4D-F), suggesting that Maxi interfered with the normal hydrate growth habit. To quantify 

adsorption, the hydrates were melted and assayed for protein. At a concentration of 4 µM protein 

in the starting THF solution, ~30% type III AFP was adsorbed and included in the polycrystalline 

hydrate, consistent with previous assessments (57). In contrast, ~50% of Maxi was adsorbed to 

the polycrystalline hydrate under the same conditions, whereas no cytochrome c was included 

into the gas hydrate (Figure 4.5), demonstrating the exclusion of non-AFPs. 

4.4.4 Model for type I AFP binding to type II gas hydrate 

 Type I AFP, the small homologue of Maxi, has previously been shown to experimentally 

bind and inhibit hydrate growth (56). These two isoforms share key Thr and Ala residues that in 

Maxi point inwards and form organizing interactions with the HLR of the internal water network 

(Figure 4.1C). In type I AFP, these residues are thought to have a more direct role in organizing 

the ACWs that bind and fuse to ice (63). Therefore, we reasoned that a model for the binding of 

the smaller isoform to sII hydrate through the IBS could be built by superimposing type I AFP on 

the helical arms of Maxi including the HLR of the associated waters and  
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Figure 4.4. Polycrystalline THF crystals adsorb AFPs. The hydrates grown in the presence of 

FITC-labelled (A) Maxi, (B) type III AFP and (C) cytochrome c, are illuminated with UV light. 

THF hydrate fingers grown in solutions containing unlabeled Maxi (D), type III AFP (E) and 

cytochrome c (F).   
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Figure 4.5. Partitioning of proteins into THF hydrate. The percentages of cytochrome c (A - 

black), type III AFP (B - grey) and Maxi (C - white) adsorbed into the hydrate are plotted as a bar 

graph. Measurements for each protein (4 µM) were done in duplicate. Bars indicate ranges.    
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subsequently matching it to the hydrate {100} planes. Since Maxi showed binding to the HLR 

through pairs of helical arms (N-terminal and C-terminal; Figure 4.1C), two models were 

obtained.  

 Superimposition on the N-terminal helical arm of Maxi generated a model for type I AFP 

binding to sII gas hydrate that made intimate contacts as shown in Figure 4.6A (top view) and 6B 

(side view). The side chains of the ice-binding residues (positions i (Thr), i+4 (Ala) and i+8 

(Ala)) and a non-ice-binding residue (position i+1) docked into grooves 1, 2, 3 and 4, 

respectively. With surface waters on the hydrate-binding site of the AFP are already pre-ordered 

into a gas hydrate arrangement, AFP binding to the hydrate could occur from a simple merger of 

the preformed water layers. Hydrogen bonding interactions also contributed to binding stability. 

As seen, the carbonyl groups of Maxi’s ice-binding residues anchor to the HLR through hydrogen 

bonds.  As well, the carbonyl groups of ice-binding residues (positions i+4 and i+8) formed 

hydrogen bonds with the gas hydrate {100} planes (Figure 4.6B). 

 When type I AFP was superimposed onto the C-terminal helical arm of Maxi, the 

resulting model for sII binding was equally snug (Figure 4.6C, top view; and 6D, side view).  

Here the side chain of a non-ice-binding residue (position i+7), and the ice-binding residues 

(positions i, i+4 and i+8), docked into hydrate grooves 1, 2, 3 and 4, respectively (Figure 4.6C). 

Furthermore, the carbonyl groups of the ice-binding residues(position i and i+4) formed hydrogen 

bonding interactions with the gas hydrate (Figure 4.6D). In both these N- and C-terminal models, 

two adjacent faces of type I AFP, rotated 33⁰ from each other around the helix, were used to 

interact with grooves 1, 2, 3 and 4 on the {100} planes of the gas hydrate. 

4.5 Discussion 

 The impetus to model the interaction between type I AFP and the sII {100} planes was 

based on the crystal structure of Maxi’s internal waters, which make remarkable matches to those 

of gas hydrates (Figure 4.2). Not surprisingly, since type I AFP and the sII {100} planes are  
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Figure 4.6. Models for type I AFP binding to the {100} planes of type II gas hydrate. Type I 

AFP (stick representation) with its carbon atoms (yellow) are shown with hydrate waters (red 

spheres), and their hydrogen bonds (black dashed lines). (A). Top view of the binding model 

where type I AFP is superimposed on the N-terminal helical arm of Maxi. One example for 

grooves 1, 2, 3 and 4 is shown such that the water rings forming them are labelled with the same 

number. The ice-binding residues (purple) are labelled, i, i+4, and i+8 at their periodic positions. 

(B). Side view of the binding model in (A). Hydrogen bonds (green dashed lines) between AFP 

and hydrate waters are shown. (C). Top down view of the binding model for type I AFP 

superimposed on the C-terminal helical arm of Maxi. (D). Side view of binding model. 
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similar to the helical arm and the HLR of Maxi, respectively, our proposed interactions are 

thermodynamically favorable. Further support of our model is afforded by previous experimental 

work showing that type I AFP inhibits THF hydrate growth (56). Based on the similarity between 

the HLR of Maxi and the sII {100} planes, we have also proposed a model of Maxi binding to 

hydrate, and this is supported by experimental evidence of Maxi’s adsorption to polycrystalline 

THF hydrate (Figures 4.4 and 4.5). Significantly more Maxi than type III AFP bound to the 

hydrate, consistent with our model that shows that Maxi binds to the hydrate through a large 

surface area. We further speculate that the observed morphological disruption of the 

polycrystalline hydrate surface is a result of this large surface binding.  

 Most KHIs are water-soluble polymers, with a common motif being an amide group with 

an adjacent hydrophobic group in the repeating unit. Two mechanisms have been suggested to 

explain their binding to gas hydrates, water perturbation and absorption-inhibition (115). The first 

mechanism posits that KHI functional groups perturb the water molecules at sufficient distances 

so that they are no longer available to join the crystal lattice. MD simulations with sI have shown 

some support for this hypothesis, at least for the commercially-used KHI, polyvinylpyrrolidone 

(PVP) (116). However, a neutron diffraction study showed that the water structure in propane-

water systems was not affected by PVP before and during gas hydrate formation (117). The 

second mechanism assumes that hydrophobic groups on the inhibitor polymers dock to cavities 

on the hydrate surface to mimic the small hydrocarbon guest molecules, while amide groups 

anchor to the surface through hydrogen bonding. The absorption mechanism was supported by 

studies on the growth inhibition of THF hydrate and as well as from MD and Monte Carlo 

simulation studies (118-123). 

 Type I AFP and Maxi as biological KHIs are also polymers with 11-residue repeats. They 

also have backbone amide groups and hydrophobic side chains on their IBSs, similar to the 

common functional motifs of most KHIs. Preliminary MD simulations of type I AFP and sI 
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methane surfaces gave some support for the absorption-inhibition hypothesis with adsorption 

driven by hydrophobic interactions and stabilized by hydrogen bonding (53). Here, however, we 

more compellingly show that the two AFPs with surface waters present are capable of directly 

adsorbing to sII gas hydrate. Hydrophobic side chains of the AFPs occupy cavities on the hydrate 

surface in the same way as the gas guest molecules. As shown in Figure 4.3, the backbone 

carbonyl groups of Maxi anchor surface waters, which then merge with the water layer on the 

surface of the gas hydrate. This also holds true for type I AFP. A stable MD simulation of the 

latter AFP showed that the carbonyl groups of the ice-binding residues at positions i+4 and i+8 

can anchor waters. When type I AFP docks according to the model in Figure 4.6A, these waters 

match with those on the {100} planes of hydrate (Figure 4.7). Therefore, the crystal structure of 

Maxi and the MD simulation of type I AFP allow us to speculate about the hydrate binding 

process, where AFPs bind to the hydrate by simply merging the clathrate-like waters on their IBS 

with the hydrate plane, analogous to the ACW water mechanism proposed for the binding of 

AFPs to ice. This is consistent with computer simulations of methane hydrate growth showing 

that the interface between the liquid and hydrate crystal is about 10-20 Å thick and not well 

ordered (123), which is comparable with the ice-water interface (124, 125).  

 Our model can also explain the curious hydrate binding behavior of the type I A17L 

mutant. It is well established that the A17L mutant is inactive in ice-binding and this has been 

previously explained by the presence of a bulky side chain projecting from the IBS that would 

sterically prevent binding to ice (40). However, this ice-inactive mutant is an even stronger 

inhibitor of hydrate binding than the wild type protein.17 According to our hydrate-binding 

model (Figure 4.6), Ala17 (at the i+4 position) docks into the largest groove (groove 2) of the 

{100} planes. If this residue is substituted by Leu, the larger side chain would still fit snugly 

(Figure 4.8). Therefore, the binding of the mutant to sII hydrate could potentially be more 

favorable. 
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Figure 4.7. Type I AFP with predicted surface waters docks to gas hydrate {100} planes. 

Type I AFP (stick representation) below the hydrate water surface is shown with carbon atoms 

(yellow), and ice-binding residues (purple) and their periodic positions labelled as in Fig 6. The 

predicted water densities on the surface of type I AFP (green mesh) are shown with the contour 

level set to 0.9. Waters that are predicted to be anchored by the carbonyl groups of the ice-

binding residues at position i+4 and i+8 are indicated by arrows. The hydrate waters on the {100} 

planes (red spheres), and their hydrogen bonds (black dashed lines) are also indicated.    

 

 

 

 

 

 

 

 

 

 

 

 

 



 

91 

 

 

 

Figure 4.8. Accommodation of the Leu 17 side chain in a groove when type I AFP mutant 

docks to the {100} hydrate planes. The side chain of Leu 17 (purple stick representation) with 

waters that form one groove 2 on the {100} planes are shown (red spheres) with their hydrogen 

bonds (black dashed lines) also indicated. (A). Top view. (B). Side view. As a comparison, the 

docking of the Ala 17 in the same groove when wild type binds was also shown. (C). Top view. 

(D). Side view. 
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 The development of KHIs started in the late 1980s using trial and error discovery (116). 

In the hopes of designing more effective inhibitors, several molecular modelling studies have 

been done to elucidate the mechanism by which KHIs bind to gas hydrates (118-122, 126). 

Although some experimental results supported these computational studies, it is not clear if the 

applied simulation methods, conditions and parameters were accurate enough to reveal the 

interaction complexities. Here we present detailed binding models for type I AFP and Maxi to sII 

hydrates based on crystallographic as well as experimental data. We think these models will help 

inspire the rational design of effective KHIs. First, the model of type I AFP bound to gas hydrate 

can serve as a standard to optimize computations, which will then apply to other KHIs to assess 

their interactions with certain planes of the gas hydrate. Also, the binding mechanism proposed 

here based on our models suggest alternative strategies for designing KHIs. In each repeat, the 

amide group should anchor a water molecule that matches well with a hydrate plane; the 

hydrophobic group should project well into the cavities of the hydrate, as exemplified by Maxi, 

type I AFP and its A17L mutant. In practice, these criteria can be achieved by changing the 

length of the repeat, the size of hydrophobic group and the distance between amide group and 

hydrophobic group. 

4.6 Acknowledgements 

 This work was supported by funds from NSERC to VKW and from CIHR to PLD. TS 

holds an Ontario Graduate Scholar-ship, PLD holds the Canada Research Chair in Protein Engi-

neering and VW holds a Queen’s University Research Chair. We gratefully acknowledge Kristy 

Moniz for technical help, Dr. Rob Campbell for advice on modelling, and the HPCVL facility for 

computational time. 

 

 

 



 

93 

 

Chapter 5 General Discussion 

5.1 The universality of the anchored clathrate water mechanism of AFP action 

 The anchored clathrate water (ACW) mechanism was first proposed in 2011 when the 

crystal structure of a bacterial AFP showed an extensive array of ice-like waters on the IBS of 

one of the four molecules in the unit cell (16). My thesis has been driven by the notion that the 

ACW hypothesis is a general mechanism by which all AFPs bind to ice. Here, the ACW has been 

supported by the crystal structures of Maxi (chapter 2) and a type III AFP fusion protein (chapter 

3). Maxi is an elongated molecule (145 Å in length and 22Å in width), which crystallized such 

that almost half of its IBS was free from crystal packing influences (95). On the solvent-exposed 

IBS, the ice-like waters, which extend from the protein core, were shown to be capable of binding 

to multiple ice planes.  

 In the crystal structure of type III AFP alone, the primary prism plane IBS was partially 

exposed to solvent (49). In contrast, the pyramidal plane IBS was completely engaged in crystal 

packing. The fusion protein crystallization changed the crystal packing, allowing the pyramidal 

plane IBS to be partially exposed to solvent. By combining these data with MD simulations, the 

waters on the pyramidal IBS were revealed and were shown to support the ACW mechanism.  

 Aside from the two structures reported in this thesis, new structures have emerged since 

2011 that provide an opportunity to test the universality of the ACW mechanism. Indeed, two 

recent AFP structures determined by X-ray crystallography, Typhula ishikariensis (Tis) AFP and 

Lolium perenne (Lp) AFP do lend support for the ACW hypothesis. TisAFP6 (3VN3) is a fungal 

antifreeze protein from the snow mold Typhula ishikariensis (Figure 5.1A). This secreted AFP 

has some of the hallmarks of hyperactive antifreeze. FIPA analysis revealed that the AFP binds to 

the basal and primary prism plane of ice and has its IBS completely exposed to the solvent (4). 

By carefully analyzing the waters on the IBS, I found that fifteen waters form a tetrahedral  
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Figure 5.1. The crystal structure of TisAFP6. (A).The crystal packing of TisAFP6. The protein 

is shown in ribbon representation and colored as green. Arrows represent the solvent-exposed 

IBS. (B). Zoomed-in view of the ice-like waters (green spheres) on the IBS. C atoms are yellow, 

O atoms are red, and N atoms are blue. Hydrogen bonds are illustrated by black broken lines. 

 

 

 

 

 

 

 

 

 

 

 

 



 

95 

 

network, which is anchored to the surface through hydrogen bonds (Figure 5.1B). It has been 

shown that these waters match to several ice planes including the basal plane (17).  

 LpAFP is an ice-binding protein produced by a freeze-tolerant forage grass (6). It binds to 

the basal and primary prism planes of ice, as do hyperactive AFPs, but the thermal hysteresis 

activity of this AFP is low, even in comparison to fish AFPs. When LpAFP was crystallized in 

ethanol, its IBS was also completely exposed to solvent within the crystal (15). Although the 

waters on the LpAFP IBS are less regular than the anchored clathrate waters of MpAFP, two rows 

of waters located in surface troughs form rectangular arrays ca.7.0 Å wide × 4.6-5.0 Å long 

(Figure 5.2). These distances closely match the spacing of O atoms found on the primary prism 

and basal planes of ice. Water distribution on the IBSs of these two different AFPs provides 

additional support for the ACW mechanism by which AFPs bind to ice.    

5.2 Restoring free waters on the IBS of AFP which involves in crystal packing   

 The structures of at least eleven AFPs have been determined by X-ray crystallography, 

and their IBSs have been identified through the mutagenesis studies (18). It is a matter of chance 

if AFPs crystallize with their IBS exposed to solvent. Since the IBSs of AFPs are flat and 

hydrophobic, most of them were involved in crystal packing. Therefore, the organization of the 

waters on those surfaces is poorly revealed, which hinders the validation of the ACW mechanism. 

With the success of the study on type III AFP (Chapter 3), we can apply a similar methodology to 

other AFPs whose IBSs are involved in crystal packing. First, the structure of the target AFP 

fused to a large protein tag can be determined by X-ray crystallography. Several studies have 

shown that the fusion protein crystallization and structure determination are feasible if the linker 

in between is short (107). If the new crystal packing allows the IBS of the AFP to be exposed to 

solvent (Figure 5.3), the water pattern on the IBS can be directly obtained from the crystal 

structure. If the IBS is partially exposed to solvent and only some of the surface waters are 

revealed, positions of the remaining free waters can potentially be calculated using MD  
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Figure 5.2. Ordered surface waters on the crystal structure of LpAFP. (A). Packing of 

LpAFP molecules in the crystal. The AFP is shown in cartoon representation. Arrows represent 

the solvent-exposed IBS.  (B). LpAFP is shown in surface representation. Carbon atoms are 

white, nitrogen blue and oxygen red. N and C termini are shown by N and C, respectively. The 

waters located in the troughs of the IBS are shown as the cyan spheres. Ethanol molecules 

(carbon n gray, oxygen in brown) are seen in place of several waters. Figure taken from (6). 
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Figure 5.3. Strategy for exposing the ice-binding site of an AFP to solvent. In this schematic 

diagram, the IBS (green line) of an AFP (triangle) is involved in crystal contacts and not exposed 

to solvent. By attaching the AFP to a large fusion protein (blue square), the IBS becomes exposed 

to solvent. Blue spheres are free waters on the IBS.  
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simulations. The choices of simulation parameters, such as the force field, water model and 

simulation temperature, may give different results. To ensure the prediction is reliable, the 

simulation should be validated first based on the prediction of known natural waters on the IBS 

and non-ice-binding region of the AFP structures without generating false positive predictions. If 

the IBS is still involved in crystal packing after the first attempt, different protein tags can be 

tried. The IBS waters revealed by this method will further test the anchored clathrate water 

mechanism of ice binding. 

5.3 The advantage of the anchored clathrate water mechanism 

 Why do AFPs bind to ice through the ACW mechanism instead of directly docking by 

the hydrophobic IBS?  This is hard to explain from a thermodynamic aspect since both 

mechanisms seem to be energetically favorable. In the direct docking mechanism, the constrained 

waters on the hydrophobic IBS would be released into the bulk solvent when AFPs dock into the 

binding plane on the ice surface, resulting a gain of entropy (Figure 1.3B). In the ACW 

mechanism, the ice-like waters are organized by the hydrophobic ice-binding residues and 

anchored to the IBS through hydrogen bonds. These pre-ordered waters on the IBS can form 

complementary interactions with the quasi-layer of ice without much entropic cost. 

 The reason may be due to the kinetic aspect of ice binding. According to the ACW 

mechanism, the binding of AFPs to ice is through the interactions between the ordered hydration 

waters and the quasi-liquid layer of ice, which are only dominated by the specific hydrogen 

binding. In contrast, the direct docking of the hydrophobic IBS to the quasi-liquid layer of ice is 

mainly mediated by nonpolar interactions, which are non-directional. Therefore, the binding 

speed of the ACW mechanism is faster. This is important for efficient ice-growth inhibition. 

Studies showed that TH activity of AFP is dependent on the rate of cooling of the solution and the 

amount of time that the crystal is initially held at its melting point (127). This evidence suggests 

that the adsorption of AFPs to ice is a slow process, which needs of time to reach adsorption 
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equilibrium. If AFPs were to bind to ice through the direct docking mechanism, the time for 

reaching the adsorption equilibrium would be even longer. But then the quasi-liquid layer on ice 

essentially prevents the AFP and its bound waters from a direct interaction with the ice crystal 

lattice. An even stronger argument in favor of the ACW hypothesis is that the imprecision and 

flexibility of the ice-like water layers on both the IBS and the ice surface will help their merger. 

5.4 Applications of the anchored clathrate water mechanism 

 In this thesis, I showed that the anchored clathrate water mechanism may well be 

universal for AFPs to bind ice. AFPs partially form their ligands on the IBSs, which can facilitate 

the binding to ice. For applications, we can use this mechanism to explain some ice-binding 

properties of AFPs. In the following discussions, I will talk about how to explain the multiple 

planes of ice binding, the ice-binding strength and kinetics of AFPs based on the properties of the 

anchored clathrate waters on the IBS.  Lastly, I also will discuss the application of the ACW 

mechanism in AFP engineering. 

5.4.1 Explanation for multiple planes of ice binding 

 Many AFPs discovered so far bind multiple planes of ice (14,15, 128). However, they 

have a single IBS, although in some cases it is divided into two zones inclined at an angle with 

affinities for different ice planes. The QAE isoform of type III AFP is one of these AFPs (24). 

The ice-hemisphere study on this AFP showed it binds multiple planes that are parallel with, or 

inclined at a small angle to, the crystallographic c-axis of the ice crystal (49). The compound IBS, 

which is thought to bind the primary prism plane and a pyramidal plane of ice (24), offers one 

explanation for multi-plane binding. Another explanation derives from an assumption that the 

ACW layer is the base of a thicker layer of ordered ice-like waters. If this ordered water layer is 

thick enough it could fit to multiple ice planes just as multiple planes can be cut from the 3-D ice 

lattice. An examination of the ice-like waters on the primary prism plane IBS of the type III AFP 

QAE isoform shows how they can bind at least the primary and secondary prism planes of ice 
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(Figure 5.4). The IBS binds to the primary prism plane of ice through the outer solvent layer 

(Figure 5.4A) while it binds to the secondary prism ice plane through an internal plane (Figure 

5.4B). Thus if the hydration shell on the IBS has sufficient thickness to contain many intersecting 

internal planes this will allow binding to multiple planes of ice.  

 There is evidence from terahertz spectroscopy studies showing the long-range hydration 

shell on the IBSs of AFPs (111, 129). For example, the hydration shell on the IBS of a beetle 

AFP can extend up to 20 Å (about seven hydration layers) from the protein surface (111). 

Multiple planes of ice binding might be possible at functional temperatures (around 0 ºC), where 

the ice-like waters on the IBS of AFP are mobile and exchangeable (130). Internal planes will be 

exposed at intervals and may fit to corresponding planes within the quasi-liquid layer on ice. 

Therefore, the anchored clathrate waters on the IBS might not only facilitate the binding of AFP 

to ice but also allow recognition of multiple planes of ice. 

5.4.2 Explanation for the ice-binding strength of AFPs 

 Although hyperactive AFPs bind the basal plane of ice and some can bind uniformly over 

the entire surface of a single ice hemisphere, they can still have different TH activities. For 

example, the larger isoform of the insect spruce budworm AFP (sbwAFP) has 3 times the thermal 

hysteresis activity of the small isoform, and the larger isoform of sfAFP exhibits several-fold 

higher activity than the smaller isoform (128, 131, 132). These results suggest that AFP 

molecules with larger IBSs bind to ice faster than the smaller isoforms. One factor that affects 

this thermodynamic aspect of ice binding is the orderliness of ice-like waters on the IBS of an 

AFP, which can be accessed by the MD simulation or the X-ray crystal structure. According to 

the ACW mechanism, the energy of an AFP-ice interaction is driven primarily by enthalpic, and 

not entropic gains. Therefore, the more ordered the anchored clathrate waters are, the less the 

entropic costs will be when the ice-like waters on the IBS form complementary interactions with 

the quasi-layer of ice, and the more favorable the ice binding will be.  
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Figure 5.4. Models for type III AFP binding to prism planes of ice. The AFP is shown in stick 

representation. Waters of the ice-lattice are shown as red spheres, and hydrogen bonds are 

indicated by black dash lines. The ice-like waters on the IBS, which match to the ice lattice, are 

shown as cyan spheres. (A) Primary prism plane binding; (B) Secondary prism plane binding. 
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 At the other extreme, LpAFP may be an example of an AFP that has a relatively weak 

ice-binding activity in order to have low TH while retaining IRI activity. Since this grass AFP 

resides in a freeze-tolerant organism it would be inadvisable to lower the freezing point by 

several degrees because this would ultimately cause rapid ice growth that could shear or penetrate 

membranes. When the LpAFP-bound ice crystal “bursts” at the end of a TH assay the ice crystal 

grows slowly in all directions. Although LpAFP is capable of binding the basal plane of ice, 

which is the characteristic of hyperactive AFPs, its TH activity is low. In this regard the LpAFP 

behaves very much like an AFP that has been mutated to “spoil’ its IBS. When the crystal 

structure of this AFP was solved (15), its IBS was completely exposed to solvent. An 

examination of the surface waters on the IBS showed that they are less well ordered than those 

constrained by the IBS of MpAFP (16). Only the first layer waters on the IBS match to the basal 

plane of ice. This reduced orderliness corresponds well with its low affinity towards the basal 

plane of ice. The ice-hemisphere binding studies showed the size of the LpAFP patch on the basal 

plane is much smaller than the one produced by sbwAFP, an insect hyperactive AFP (12). 

5.4.3 Explanation for the kinetic aspect of ice binding 

 The orderliness of the anchored clathrate waters can explain the rate at which AFPs bind 

to ice. The lifetime of ordered water structures on the IBSs of AFPs is inevitably short (130). It is 

likely that at any given time only a small proportion of the AFP molecules have a quorum of 

water molecules in the correct orientation sufficient for ice binding. This can explain why the 

binding of AFPs to ice is a relative slow process in general. If the ice-like waters on the IBS of 

certain AFP are relatively more ordered (this can be revealed by a crystal structure), then more 

AFP molecules in the solution will possess sufficient appropriately orientated water molecules for 

a merger with the quasi-liquid layer and transition into ice. Correspondingly, this AFP should 

have relative faster binding speed towards ice. The reverse is also true. 
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 An example of this qualitative difference in ice-binding success lies in the different 

isoforms of type III AFP.  The SP isoform of this AFP has the same pyramidal IBS as the QAE 

isoform but binds to ice only through that surface. By fusion protein crystallography combined 

with reliable MD simulations, the water structure on the pyramidal IBS of QAE isoform was 

revealed. Those waters are not well ordered compared to those on the primary prism plane IBS, 

and only the first layer of waters can match to the pyramidal plane of ice. Correspondingly, this 

AFP has a very slow ice-binding rate, such that it only can shape but not halt the growth of the ice 

crystal. 

5.4.4 The application to AFP engineering 

 One interesting challenge would be to engineer the poorly active AFPs or non-AFPs into 

active AFPs. The study done by Garnham et al., had success in engineered an inactive QAE2 

isoform of type III AFP into a fully active QAE1-like AFP (51). Since AFPs bind to ice through 

the ACW mechanism, the ice-like waters formation on the potential IBS should be an important 

consideration for guiding the engineering design. Beginning with the structure of a poorly active 

AFP, the surface waters should be mapped. Next, mutation on the IBS should be planned to 

increase the number of ice-like waters. Ideally, the progress of the redesign should be followed by 

solving the crystal structures of intermediates. Then the roles that the IBS geometry and the ice-

binding residues play on the ice-like waters formation will be revealed. Along with structure 

determination, the TH activity of the protein intermediates would be measured to test the design. 

Protein crystallography combining with the MD simulation would be used to reveal the waters on 

the IBSs of mutants and guide the further modification or optimization. 

5.5 Further characterization of the binding of type I AFP on sII hydrates 

 In Chapter 4, I reasoned that a model for the binding of type I AFP to sII hydrate through 

the IBS could be built by superimposing this AFP on the helical arms of Maxi including the HLR 

of the associated waters and subsequently matching it to the hydrate {100} planes. The advantage 
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of this approach was that Maxi was fully hydrated whereas the type I AFP structure was 

originally done from crystals formed in 80% acetone. Waters were largely missing from this 

structure and one of the two molecules in the unit cell had a pronounced curve (8). Since Maxi 

binds to the HLR through two helical arms (N-terminal and C-terminal; Figure 4.1C), two models 

were established (Figure 4.6). In the following discussion, the model generated by superimposing 

type I AFP on the N-terminal helical arm is referred as model 1 (Figure 4.6A), while the model 

generated by superimposing type I AFP on the C-terminal helical arm is referred as model 2 

(Figure 4.6B). It is necessary to investigate which is the better binding model. This can be done 

by making AFP mutants and measuring their hydrate inhibition activity by the induction time 

measurements (56). Previously, it was established that the A17L mutant is inactive in ice-binding, 

and this has been previously explained by the presence of a bulky side chain projecting from the 

IBS that would sterically prevent AFP binding to ice (40). However, this ice-inactive mutant is an 

even stronger inhibitor of hydrate binding than the wild-type protein. This can be explained by 

model 1. In this model, Ala17 (at the i+4 position) docks into the largest groove (groove 2) of the 

{100} hydrate planes. If this residue is substituted by Leu, the larger side chain would still fit 

snugly (Figure 4.6A). Additionally, since Leu is more hydrophobic than Ala, the waters around 

this side chain are more hydrate-like, which would lead to a greater gain in enthalpy when 

merging with the quasi-layer of hydrate. Therefore, the binding of the mutant to sII hydrate could 

potentially be more favorable. In model 2, Ala17 docks into the groove 3 whose size is smaller 

than groove 2. If this residue is substituted by Leu, the larger side chain would clash with this 

groove. Therefore, the A17L mutant supports model 1. However, it cannot eliminate model 2 

since the enhanced hydrate inhibition by A17L mutant can be achieved only through the binding 

according to model 1.   

 In order to test whether model 2 is valid, a T13L mutant can be made and tested for its 

activity on the hydrate inhibition. According to model 2, Thr13 (at i position) docks into the 



 

105 

 

largest groove (groove 2) of the {100} planes. If this residue is substituted by Leu, the larger side 

chain would still fit snugly. In contrast, according to model 1, Thr13 docks into the groove 1 

whose size is smaller than groove 2. If this residue is substituted by Leu, the larger side chain 

would clash with this groove. Therefore, if this T13L mutant is an even stronger inhibitor of 

hydrate binding than the wild-type protein, this will support model 2. If T13L mutant has low or 

no hydrate inhibition activity, then only model 1 is valid. 

 The model established in Chapter 4 also suggests the binding of type I AFP on the {100} 

planes of sII hydrate is through the merging of the peptide-backbone-anchored waters. This can 

be tested by the similar method as above.  To test the hydrophobic effect, the Thr (at i position) to 

Ser, Ala and Val mutations can be made and tested for their activities on hydrate inhibition. 

Serine and Alanine lack the methyl group on the beta C atom which we think is critical for 

organizing clathrate waters. These two mutants are expected to have low or no hydrate inhibition 

activity. In contrast, valine has the same methyl group as threonine, and might support hydrate 

inhibition activity. To test the importance of the peptide-backbone-anchored waters, the hydrate 

inhibition activity of type I AFP might be measurable in the presence of trifluoroethanol (TFE). 

TFE can desolvate the peptide backbone (41) and promote intrahelical hydrogen bonding. One 

may expect no or low hydrate inhibition activity with this treatment. 

 

5.6 Implications for the design of ‘green’ KHIs 

 The development of KHIs started in the late 1980s using trial and error discovery (116). 

In the hopes of designing more effective inhibitors, several molecular modelling studies have 

been done to elucidate the mechanism by which KHIs bind to gas hydrates. Although these 

computational studies have had a measure of success in reproducing some experimental 

observations (118-120, 126), it is not clear if the applied simulation methods, conditions and 

parameters were accurate enough to reveal the interaction complexities. For example, recently, 
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the interactions between type I AFP and the (001) plane of methane hydrate are studied using MD 

simulations (126). In this report the ice-binding residues of type I AFP dock into the empty half-

cages at the hydrate/water interface in a "non-specific" way. That is, type I AFP is not aligned in 

any particular orientation relative to the (001) plane of hydrate surface. This conclusion was 

drawn from the inconsistent results from the triplicate MD simulations. In each run, the AFP 

molecule was placed ~1 Å away from the hydrate with the ice-binding threonine residues 

pointing toward the hydrate surface. However, the simulations had several problems. In one of 

the simulations, the AFP becomes partially unfolded. Also, in the final configuration of their 

simulations, only the head of type I AFP attaches to the hydrate plane, suggesting the 

incompleteness of their analyses. Therefore, the observation of "non-specific" binding might be 

due to the inaccuracy of the parameters used or incompleteness of the simulations.  

 Here, I have presented detailed binding models for type I AFP and Maxi to sII hydrates 

based on crystallographic as well as experimental data. We suggest these models will help inspire 

the rational design of effective KHIs. First, the model of type I AFP bound to gas hydrate can 

serve as a standard to optimize computations, such as the MD simulation mentioned above. This 

will then apply to other KHIs to assess their interactions with certain planes of the gas hydrate. 

Also, the binding mechanism proposed here based on our models suggest alternative strategies for 

designing KHIs. In each repeat, the amide group should anchor a water molecule that matches 

well with a hydrate plane; the hydrophobic group should project well into the cavities of the 

hydrate, as exemplified by Maxi, type I AFP and its A17L mutant. In practice, these criteria can 

be achieved by changing the length of the repeat, the size of hydrophobic group and the distance 

between the amide group and the hydrophobic group. 

5.7 The novel folds of AFPs  

 The structure of Maxi revealed a novel protein fold. Most proteins have a compact 

hydrophobic core and rely on hydrophobic effects for their stability. In contrast, the 11-residue 
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repeat regions of Maxi, which comprise the main body of the protein, do not form normal 

hydrophobic cores but have internal spaces occupied by water (Figure 5.5A). These ice-like 

waters glue the four helical arms of Maxi together through hydrogen bonds to stabilize the 

structure. The “ice-like” nature of the internal waters is presumably sensitive to temperature 

elevation, which could explain why this antifreeze protein is thermolabile and irreversibly 

denatures at temperatures above 16 ºC (41).   

 In fact, AFPs are a rich source of novel protein folds. This may in part be because AFPs 

are found in the cold-blooded organisms and function at low temperatures from 0 to -30 ºC. The 

hydrophobic effect, which is weaker at lower temperatures, becomes less effective for structure 

stabilization (133). In contrast, the hydrogen bonds increase in strength at lower temperatures 

(134). Therefore, several AFPs have little or no hydrophobic core and rely more on hydrogen 

bonds for protein folding, which result many novel folds. For examples, the core of the glycine-

rich snow flea AFP (sfAFP) is entirely held together by backbone-backbone hydrogen-bonding 

interactions between six short polyproline type II helices (Figure 5.5B) (11). This AFP is also 

thermolabile and irreversibly denatures above 18 ºC. The Thr- and Ala-rich Ragium inquisitor 

AFP (RiAFP) has a left-handed β-solenoid fold. It avoids having a core by interdigitating the 

short side chains projecting from the top and bottom β-strands of the solenoid to form a silk-like 

structure (Figure 5.5C) (14). The Thr- and Cys-rich Tenebrio molitor AFP (TmAFP) has a right-

handed β-solenoid fold. The protein has almost no hydrophobic core but is stabilized by 

numerous disulphide and hydrogen bonds (Figure 5.5D) (13). The manner in which Maxi is 

stabilized adds a new variation on this theme. We suggest that more protein folds will be revealed 

as new AFPs are discovered and their structures are determined. 
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Figure 5.5. Cross-sections of AFPs reveal unconventional cores. AFPs are shown in stick 

representation. O atoms are red, and N atoms are blue. (A) Maxi. Two dimers are 

distinguishable by being colored light blue and green. The red dots signify crystallographic 

waters. (B) sfAFP. The polyproline II structure is coloured light blue. The hydrogen bonds are 

illustrated by red broken lines. (C) RiAFP. The β-strands are colored green, and rest regions are 

colored grey. (D) TmAFP. The disulfide bridges are yellow. Inward projecting residues involved 

in hydrogen-bonding ladders are indicated by arrows. 
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Appendix A: Engineering a Short Maxi 

 Since Maxi is a rod-like four-helix bundle with a length of 145 Å, one protein 

engineering goal is to vary the length of the molecule. This can: (1) probe the relationship 

between IBS area and TH activity, (2) further test the crystal structure of this AFP; (3). 

investigate the roles of different parts of Maxi on its ice-binding property and thermostability. 

Maxi has a two-fold rotational axis of symmetry (Figure 1A). Each half of the protein contains 

one capping region, three 11-residue repeating regions and one center section. We design the first 

truncated version of Maxi by removing repeating region 3 (R3) (Figure 1B). We will refer to this 

construct as Midi. 

  The gene for Midi was made by GeneArt and cloned into pET-24a(+) plasmid. The 

procedures for producing and purifying Midi were exactly the same as those for Maxi. About 10 

mg protein with relative high purity was obtained from 1L culture (Figure 2). The TH 

measurement showed that the activity of Midi was much lower than Maxi and comparable to  

moderately active fish AFPs. At a concentration of 1mg/ml, the TH for Maxi and Midi are 1.5 ºC 

and 0.34 ºC, respectively. Interestingly, ice crystals in the presence of Midi burst along the c-axis 

once the non-equilibrium freezing point was exceeded (Figure 3B).  This is in contrast with those 

in the presence of Maxi, which burst perpendicular to the c-axis (Figure 3A).  

Fluorescence-based ice plane affinity (FIPA) of Midi turned a single ice-crystal hemisphere 

uniformly fluorescent under the UV light, which is similar to the one bound by Maxi (Figure 4). 

This indicated that Midi binds multiple planes of ice including the basal plane of ice. This is not 

consistent with the bursting pattern of the ice crystals, which suggested no basal plane binding by 

Midi.       

 For the future directions, we will further characterize Midi using CD experiments in order 

to ensure this protein folds well. Also, by monitoring the effect of increasing temperature on the 

secondary structure, we can compare the thermostability of Midi with that of Maxi (16 ºC). In 
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addition, we will determine the structure of Midi by X-ray crystallography to see what effect 

shortening the protein had on the pattern of ice-like waters in the core and on the IBS. Lastly, we 

will perform microfluidic experiments on Midi to resolve the contradictory observations from the 

nanoliter osmometer measurements and FIPA analysis. This method can measure the TH activity 

of AFP and observe the bursting pattern of ice crystals without going through the freezing and 

thawing process, which may cause Midi to unfold. 
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Figure 1. The design of Midi. (A). The overall structure of Maxi. The protein was showed in 

cartoon representation with two monomers colored in yellow and orange. The capping region, the 

11-residue repeating regions and the center section were labelled as Cap, R and Center, 

respectively. N and C termini are indicated. (B). Two monomers colored in rainbow display were 

opened up in order to reveal the portions truncated (boxed). The protein regions in the black 

squares are the repeating region 3 (R3). 
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Figure 2. Midi purified by three rounds of ammonium sulfate precipitation. Lane 1: marker; 

lane 2: Maxi (2 µl); lane 3: Maxi (5 µl); lane 4: Midi (2 µl); lane 5: Midi (5 µl).   
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Figure 3. Ice crystal morphology and burst in the presence of Maxi (A) and Midi (B). The 

panels on the top show the ice crystal shaping, while panels at the bottom show the bursting 

pattern. The c-axis of the ice crystals are indicated by the arrow. 
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Figure 4. FIPA analysis of Maxi (A) and Midi (B). Both proteins were tetramethylrhodamine-

labelled. The hemispheres were mounted with their basal plane normal to the ice finger.   

 


