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Abstract

Antifreeze proteins (AFPs) are produced by a variety of organisms to either 

protect them from freezing or help them tolerate being frozen. Recent structural work has 

shown that AFPs bind to ice using ordered surface waters on a particular surface of the 

protein called the ice-binding site (IBS). These 'anchored clathrate' waters fuse to 

particular planes of an ice crystal and hence irreversibly bind the AFP to its ligand. An 

AFP isolated from the perennial ryegrass, Lolium perenne (LpAFP) was previously 

modelled as a right-handed beta helix with two proposed IBSs. Steric mutagenesis, where 

small side chains were replaced with larger ones, determined that only one of the putative 

IBSs was responsible for binding ice. The mutagenesis work also partly validated the fold 

of the computer-generated model of this AFP. In order to determine the structure of the 

protein, LpAFP was crystallized and solved to 1.4 Å resolution. The protein folds as an 

untwisted left-handed beta-helix, of opposite handedness to the model. The IBS identified 

by mutagenesis is remarkably flat, but less regular than the IBS of most other AFPs. 

Furthermore, several of the residues constituting the IBS are in multiple conformations. 

This irregularity may explain why LpAFP causes less thermal hysteresis than many other 

AFPs. Its imperfect IBS is also argued to be responsible for LpAFP's heightened ice-

recrystallization inhibition activity. The structure of LpAFP is the first for a plant AFP and 

for a protein responsible for providing freeze tolerance rather than freeze resistance. 

To help understand what constitutes an IBS, a non-ice-binding homologue of type 

III AFP, sialic acid synthase (SAS), was engineered for ice binding. Point mutations were 
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made to the germinal IBS of SAS to mimic key features seen in type III AFP. The crystal 

structures of some of the mutant proteins showed that the potential IBS became less 

charged and flatter as the mutations progressed, and ice affinity was gained. This proof-

of-principle study highlights some of the difficulties in AFP engineering.
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 1 Chapter 1 – General Introduction

Many organisms live in regions where they are regularly exposed to sub-freezing 

temperatures. To combat ice and the threat of freezing, some endothermic animals 

maintain elevated body temperature by using insulation such as fur, blubber or clothing 

(1). Other mammals hibernate and in doing so they allow their body temperature and rate 

of metabolism to decrease, putting themselves to 'sleep' for months (2). Organisms that 

cannot regulate their body temperature are at greater risk of freezing. To protect their core 

organs from freezing, some amphibians produce high levels of glycerol but can tolerate 

having up to 65% of their body water frozen (3). Some fish (such as Arctic bottom-

dwelling fishes Lycodes and Liparis) can avoid freezing by allowing their blood to 

supercool and remain in deep water where no ice is found (hence no ice nuclei) (4). But 

some fishes survive in ice-laden waters where the temperature is approximately 1 °C 

below the equilibrium freezing point of their blood (5). Ever more impressively, certain 

insects can overwinter without freezing at temperatures below -30 °C (6). How is this 

accomplished?

 1.1 Discovery of proteins with antifreeze activity

Scholander (1957) observed that some Arctic fish could survive in ice-laden water 

below the equilibrium freezing point of their blood (4). Indeed, certain Arctic fish were 

shown to be able to survive direct contact with ice but the authors could not explain how. 

Over 10 years later, DeVries and Wohlshlag reported that the freezing resistance of certain 
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Antarctic fish was due to the presence of a specific set of glycoproteins that depress the 

freezing point of a solution non-colligatively while having little effect on the melting 

point (7). These proteins were dubbed antifreeze glycoproteins (AFGPs) (8). They consist 

primarily of a tandemly repeated tripeptide (Ala-Ala-Thr) with an O-linked disaccharide 

group on the threonine hydroxyl.

Shortly thereafter, non-glycosylated antifreeze proteins (AFP) were discovered in 

the winter flounder Pseudopleuronectes americanus (9). This AFP (called type I AFP 

(10)) was shown to be almost entirely alpha-helical at 0 °C as demonstrated by circular-

dichrosim (CD) and viscosity measurements, and became increasingly denatured at 

higher temperatures (11). Type I AFP gave rise to some early hypotheses regarding how 

AFPs can bind ice (see section 1.12). Fish AFPs have been discovered in many other 

polar and sub-polar species, and some of these species and their AFPs are discussed later 

on.

A similar freezing-point depression phenomenon was discovered early-on in 

insects (12) but AFPs were not identified as the cause until 1977 (13). Over the last 30-40 

years AFPs have been found in various organisms that can survive subfreezing conditions 

including insects, bacteria, diatoms, fungi and plants (13-17, 17-21). 

 1.2 Thermal hysteresis

AFPs stop the growth of small ice crystals by irreversibly adhering to the surfaces 

of ice (22). This binding halts growth of the ice crystal and depresses the non-equilibrium 

freezing point relative to the melting point. The temperature gap between the melting and 
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the freezing points is called thermal hysteresis (TH) and can be readily measured (8). TH 

is dependent on the concentration of the AFP, the rate of cooling of the solution, and the 

amount of time that the crystal is initially held at its melting point (23).  

TH measurements are typically made by observing a single ice crystal under a 

microscope within a drop of solution. In this situation, the temperature of the solution is 

maintained externally by a cooling stage between freezing and melting temperatures. 

While in the TH gap, the ice crystal in the presence of an AFP is prevented from growing; 

but once the temperature drops below the altered freezing point, the ice crystal grows 

rapidly and quickly encompasses all the water in the drop. TH can range from fractions of 

a degree Celsius to multiple degrees depending on the AFP and the concentration. 

Importantly, ice crystals in the TH gap have a shape that can indicate the type of AFP 

bound (24). 

 1.3 Adsorption-inhibition as the mechanism of AFP action

According to the adsorption:inhibition model, each AFP molecule that binds to ice 

causes a disruption in further addition of water molecules to the crystal lattice in the 

immediate vicinity of the interaction (25). As AFP coverage of an ice crystal increases, ice 

is forced to form convex surfaces between bound AFP molecules and further addition of 

water molecules becomes constrained (Fig. 1.1A). When the mean spacing of AFP 

molecules is equal to or smaller than the critical radius of the convex ice front, growth is 

stopped (22). When the surrounding solution is sufficiently supercooled, sudden rapid 

overgrowth of bound AFPs happens. Although this adsorption:inhibition mechanism was 
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Figure 1.1. Adsorption-inhibition mechanism. A) Two-dimensional representation of 
ice when bound by AFP molecules. When the solution is below its melting point, the AFP 
molecules force the surrounding ice to grow with positive curvature. B) When the 
solution is above its melting point, the bound AFP molecules force the ice to form 
negative curvature. AFP molecules are represented as green circles, the ice is blue and the 
water is white. 
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proposed in 1977 by Raymond and DeVries, the exact biochemical explanation for how 

AFPs bind to ice is still uncertain.

 1.4 Melting hysteresis and irreversible binding

The adsorption:inhibition model also holds true for the melting process. When an 

AFP-bound ice crystal is warmed, its melting temperature is slightly increased (26). As 

the crystal melts, the ice between bound AFP molecules forms concave fronts as water 

molecules leave (Fig. 1.1B) (27). The elevation of the melting point is far smaller than the 

depression of the freezing point. However it clearly demonstrates that AFPs bind 

irreversibly. Indeed, irreversible binding has also been demonstrated by photobleaching 

experiments using fluorescently tagged AFPs (28). These experiments show no detectable 

regeneration of fluorescent signal on an AFP-bound ice crystal after photobleaching, 

meaning that AFPs do not leave the ice crystal, nor are they overgrown within the TH 

gap.

 1.5 Ice crystal lattice

Most ice available to organisms on earth is in the form Ih (29). This form of ice is 

hexagonal, as evidenced by the six-fold symmetry of snowflakes. The unit cell of ice has 

dimensions of approximately 4.5 x 7.4 Å and within the ice-crystal lattice, particular 

planes can be defined. These planes are described using Miller notation (a1, a2, a3, c) 

where the a-axes are perpendicular to the c-axis. The two planes normal to the c-axis are 

called the ‘basal planes’ and those perpendicular to the a-axes are called prism planes. 

Primary prism planes intersect with two a-axes, secondary prism planes intersect with 
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three a-axes, and pyramidal planes are inclined towards the c-axis (Fig. 1.2). The fact that 

many different planes can be cut through the ice lattice and that these can have different 

surfaces may be one of the reasons for the remarkable diversity in the structures of AFPs 

(see section 1.11). An important aspect of any structure/function analysis of AFPs is 

determining to which plane of ice the protein binds.

 1.6 Hyperactive and moderately active AFPs

The AFPs isolated from polar fish have TH of 1.0 °C at ~ 5 mM, which is 

adequate for ensuring the fish do not freeze in their environment (10). However, the AFPs 

isolated or recombinantly expressed from certain over-wintering insects, such as the 

common yellow mealworm beetle Tenebrio molitor (which produces TmAFP) and spruce 

budworm Choristoneura fumiferana (which produces CfAFP), have TH that is an order of 

magnitude higher than what is detected with the fish AFPs (30). This led to the division of 

AFPs into two general categories: moderately active AFPs and hyperactive AFPs. 

Hyperactive AFPs appear to be largely found in overwintering insects, though there are 

exceptions (31, 32). For example, winter flounder produces a hyperactive AFP that is 

related to type I AFP and is called type Ih AFP (31). An Antarctic bacterium, 

Marinomonas primoryensis also produces a hyperactive AFP (MpAFP) (32). 

One difference between the two categories of AFPs is that the hyperactive AFPs 

examined to date have affinity for the basal plane of ice in addition to other planes of ice 

(24). Most moderately active AFPs have no affinity for the basal plane, which is 

demonstrated by the way in which ice crystals grow in their presence. When the TH gap 
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Figure 1.2. Hexagonal symmetry of ice Ih. Ice is shown as a hexagon divided by three 
a-axes (a1, a2 and a3) normal to the c-axis (c). A) In grey is a basal plane (Miller index: 
{0001}) and in blue is a primary prism plane {10-10}. B) Blue shows a secondary prism 
plane {11-20} and red is a pyramidal plane {1-101}.
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is exceeded, ice expands rapidly along the c-axes, a non-favourable growth pattern for ice 

crystals because it requires water to add to the basal planes (29). Conversely, in the 

presence of a hyperactive AFP, ice-crystals expand rapidly along the a-axes. The 

additional coverage of the basal plane provided by the hyperactive AFPs can expand the 

TH gap by an order of magnitude. 

 1.7 Ice recrystallization

Recrystallization of ice is the growth of large ice crystals at the expense of smaller 

crystals (33). Recrystallization of ice involves two different processes: nucleation of new 

ice crystals (grains) from initial strained crystals; and grain boundary migration, where 

larger crystals increase in size while smaller crystals disappear. AFPs inhibit grain 

boundary migration likely by inhibiting movement of water molecules between grains of 

ice (34, 35). The IRI activity of AFPs can happen at very low apparent concentrations (as 

low as 50 nM) (33, 34, 36) but because protein and solutes are concentrated in the liquid 

boundary between grains (37), the local concentration of AFPs is likely quite higher than 

the bulk concentration. Demonstrating the IRI activity of an AFP can be done in different 

ways: one method is to use the 'splat' assay, where a small volume of solution is flash 

frozen by being dropped 1-3 m onto a piece of aluminum held at ~ -80 °C (35); another 

method is to flash freeze a sample between cover slides or in a capillary (the 'capillary 

assay') (33, 34). After freezing using either method, the ice is moved to a temperature-

controlled chamber and incubated for approximately 16 h. The former method looks only 

at inhibition of grain-boundary movement, while the latter technique includes both 

nucleation of new grains and grain-boundary migration (Fig. 1.3) (C. Knight, personal 
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Figure 1.3. Comparison of two methods for measuring IRI. Panel A) shows the result 
of a 'splat' assay where a 10 µL drop of solution was dropped ~ 1.5 m onto an aluminum 
block held at -80 °C. The images on the left are in the absence of AFPs, and on the right 
in the presence of 3 mM type III AFP. Images on the top were taken 1 h after beginning of 
incubation at -6 °C, bottom images taken after 16 h of incubation. Recrystallization is 
apparent as increased crystal size. B) Capillary assay with the same order as with the splat 
assay but initial pictures were taken immediately upon incubation. Pictures in A) and B) 
were taken under 40x magnification and through cross-polarized light to allow individual 
ice crystals to be seen.
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communication, 2010) (33, 35).

 1.8 IRI as a function of AFP type

A comparative analysis of the IRI activity of a selection of moderately and 

hyperactive AFPs was published in 2010 (36). The IRI comparisons were made largely 

using the capillary assay, which can identify the minimum AFP concentration at which 

recrystallization is inhibited (called the endpoint). The results of these assays showed no 

correlation between AFPs with hyperactive TH and heightened IRI activity. Indeed, the 

IRI endpoints varied over an 8-fold range independent of whether the protein was a 

hyperactive or a moderately-active AFP. A rationale for this apparent contradiction is that 

when measuring TH, overgrowth of a bound AFP molecule by ice contained in 

supercooled solution will likely result in explosive growth of the ice crystal. In contrast, 

when assaying IRI, the solution is completely frozen and supercooling is not a factor. 

Thus, while most moderately-active AFPs have less coverage of an ice crystal, small 

amounts of exposed ice will not be sufficient to allow recrystallization to occur. Further 

hypotheses regarding the differences between TH proteins and IRI proteins are presented 

in Chapters 3 and 5. Another important observation made by Yu et al. is that when 

assaying steric mutants of two AFPs where the ice-binding site (IBS) was attenuated, the 

endpoints were higher (ie: less IRI). This study highlights that the IBS is responsible for 

both TH and IRI. 

 1.9 Freeze-resistance vs. freeze-tolerance

AFPs were initially discovered in freeze-intolerant organisms where the AFPs act 
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to stop the growth of microscopic ice crystals and prevent the organism from freezing to 

death. Subsequently, “AFPs” have been isolated from freeze-tolerant organisms such as 

many plants, fungi and bacteria (17). In a freeze-tolerance situation, what role do AFPs 

play? As outlined previously, when a TH gap is breached the ice crystal grows 

explosively, which would likely inflict massive damage to cells and tissues. In freeze-

tolerant organisms, having an AFP with high levels of TH would probably be selected 

against as powerful AFPs would not act to protect tissues once the temperature was below 

the reduced freezing point (38). Because the role of AFPs isolated from freeze-tolerant 

organisms is probably to provide IRI and not TH, these AFPs should be referred to as IRI 

proteins (39).

 1.10 Biotechnological application of AFPs

The remarkable ability of AFPs to stop the growth of ice and inhibit ice 

recrystallization makes them quite promising for biotechnological applications. The 

company Unilever has used AFPs (labelled as ‘ice structuring proteins’) in frozen food 

products, which allows the fat content to be reduced without loss of texture stability (40). 

AFPs are also being used for: aiding stability of organs for transplantation (41), 

cryopreservation (42), de-icing applications (43), inhibition of the formation of 

hydrocarbon hydrates (44), and increasing frost tolerance in plants (45, 46). Insertion of 

AFP genes into the genome of frost-sensitive plants could help them become more 

capable of surviving unanticipated sub-freezing conditions. 
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 1.11 Structural diversity of AFPs

AFPs have been discovered in a wide variety of organisms; they are a structurally 

diverse selection of proteins that have independently evolved the ability to bind ice. The 

structure of AFPs include the fully alpha-helical type I (47) and type Ih AFPs (48) as well 

as the globular type II (49-51) and type III AFPs (52, 53) with mixed structure that are 

found in fishes; AFPs isolated from insects include Hypogastrura harveyi AFP (HhAFP) 

(54) that forms polyproline type II coils, and the beta-helical CfAFP (55) and TmAFP 

(56). Beta-helical AFPs have also been isolated from the bacteria M. primoryensis (57) 

and from grass (38) (Fig. 1.4). With the exception of type Ih, (58) which is an extreme 

variant of type I AFP, none of these aforementioned structures are homologous. Each of 

these structures has an IBS, yet with the structural diversity of AFPs it has been a 

challenge to see what common features, if any, define an IBS. The structural and 

functional work over the last 30-40 years has determined that the IBS is a flat, relatively 

hydrophobic, solvent-exposed surface of the protein that is responsible for binding the 

protein to its ligand, ice (59). However, the biochemical mechanism for how the AFPs can 

bind ice via their IBS is still not clear, and the hypotheses have evolved extensively over 

the last 40 years.

 1.12 Type I AFP

Several orthologues of type I AFP have been discovered in the righteye flounders 

(60). Similar proteins have been observed in three teleost orders: Pleuronectiformes, 

Scorpaeniformes and Perciforms (61, 62). The HPLC6 isoform of type I AFP isolated 
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Figure 1.4. Structural diversity of AFPs. A) Type I AFP from Pseudopleuronectes  
americanus (PDB ID: 1WFB) B) Type II AFP from Clupea harengus (PDB ID: 2PY2) C) 
Type III AFP from Macrozoarces americanus (PDB ID: 1HG7) D) Marinomonas 
primoryensis AFP (PDB ID: 3P4G) E) Hypogastrura harveyi AFP (PDB ID: 2PNE) F) 
Tenebrio molitor AFP (PDB ID: 1EZG) G) Choristoneura fumiferana AFP (PDB ID: 
1M8N) H) Leucosporidium sp. AFP (PDB ID: UYV) I) Lolium perenne AFP (PDB ID: 
3ULT).
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from the winter flounder has been intensively studied. It is 37 amino acids long yet has a 

molecular mass of only ~ 3.3 kDa due to its high (>75%) Ala content. Its primary 

sequence consists of three Thr-X2-Asx-X7 repeats, where X is typically Ala. Early 

structural work including CD studies indicated that HPLC6 is entirely alpha-helical at its 

working temperature of ~ 0 °C (11). Based on previous work using AFGPs that suggested 

the glycoprotein bound to ice via hydroxyl groups on its sugar moieties (63), DeVries and 

Lin proposed that type I AFP bound via regularly-spaced oxygen atoms located on the 

side chains of Thr and Asx residues (64). Pairs of oxygen atoms along the helix were 

predicted to be ~ 4.5 Å apart, matching the spacing of oxygen atoms on the primary-prism 

plane of an ice crystal, and were hypothesized to hydrogen bond to this plane of ice. 

Subsequently, Knight et al. used an elegant technique to determine which plane(s) of ice 

the AFP could bind (65). A large (~ 5 cm) single ice crystal was mounted onto a hollow 

brass rod so that the centre of the ice crystal was cooled by flowing refrigerant (Fig. 

1.5A). The ice crystal was grown into a hemispherical shape before being immersed in a 

dilute AFP solution. AFPs at low concentrations adsorb to their binding planes but do not 

inhibit growth, allowing them to be repeatedly overgrown by ice. After sufficient growth 

of the hemisphere (~ 5 mm) had occurred, the ice crystal was lifted from the solution and 

quickly moved to a freezer. The crystal was allowed to sublimate for ~ 24 h leaving 

powdery patches where the AFP molecules were bound. Using careful measurements of 

these cloudy regions, Knight determined that type I bound to the {20-21} planes of ice in 

the <01-12> direction (Fig. 1.5B). This plane of ice does not contain an obvious 4.5 Å 

spacing between oxygen atoms, but instead has a corrugated topology with oxygen atoms 

spaced ~ 16.7 Å apart. To explain how type I could bind to this plane, Knight et al. (65) 
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Figure 1.5. Ice etching technique and type I AFP etch pattern. A) The apparatus for 
growing a single ice crystal into a hemisphere shape and binding AFP molecules (image 
courtesy of Dr. Michael Kuiper). B) Ice etch in the presence of type I AFP from P. 
americanus. The cloudy patches (indicated by arrows) show where protein is bound. 
These planes of ice were identified as being the {20-21} pyramidal planes. Panel B) 
modified from (65).
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argued that the proposed 16.5 Å spacing between oxygen atoms on the side chains of 

threonine residue would still match the {20-21} planes of ice. Furthermore, work 

published by Wen and Laursen (66) found that ice crystals in the presence of type I AFP 

have a c/a ratio of 3.3/1 which is the predicted ratio when growth is inhibited on the 

pyramidal planes of ice. 

 1.13 IBS: more than meets the eye

The hydrogen bonding hypothesis did not adequately explain why the more 

hydrophilic surface of an AFP would adhere to an ice crystal rather than the 55 M liquid 

water in which the protein is dissolved. Furthermore, the publication of the high 

resolution crystal structure of type I AFP in 1995 showed that the proposed ice-binding 

threonine residues were in a conformation where they were the least likely to be able to 

hydrogen bond to ice (67). Several amino acid replacement studies showed that hydrogen 

bonding may not be the driving force for the protein's affinity for ice (68-71). In the 

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

residues (ranging from one to all four) were changed to other smaller amino acids, 

including Ser and Val. The Ser variants resulted in a dramatic reduction in TH activity, 

while the Val mutants had only slightly less TH than the wild type. How is this possible if 

AFPs bind via hydrogen bonds? The Ser mutant would be more amenable to hydrogen 

bond to ice, while the Val mutant would have no available hydrogen bond donors or 

acceptors. Thus, the γ-methyl group of threonine appeared to be vital for ice binding and 

it was proposed that the binding to ice happened via van der Waals interactions and the 

hydrophobic effect. The paper published by Baardsnes et al. in 1999 showed that 

16



changing highly-conserved Ala residues to Leu on a surface approximately 100° around 

the helix from the initially proposed IBS resulted in the protein losing all or nearly all of 

its antifreeze activity (71). This shifted IBS was identified as being responsible for 

binding to ice, and made it clear that type I AFP bound to ice via a hydrophobic face. This 

developing idea changed the way researchers looked at AFPs. It was also in line with the 

earlier observation of Sönnichsen et al. that the IBS of type III AFP was its most 

hydrophobic surface (72).

 1.14 Type II AFP

Type II AFP is a 14 kDa globular non-repetitive protein that was isolated in 1981 

from the sea raven, Hemitripterus americanus (73). The solution structure of the cysteine-

rich protein was solved in 1998 and crystal structures of two orthologues were reported in 

2007 (50) and 2008 (49). Type II AFP is a compact, highly disulfide-bonded protein. It 

has not been possible to produce a recombinant version of this AFP in bacteria (74). This 

difficulty has made the identification of its IBS challenging because producing the protein 

in yeast or other eukaryotic cells slows the production of mutant proteins. Suffice to say 

that the IBS is not yet well enough defined to contribute to the debate on the mechanism 

by which AFPs bind ice. 

 1.15 Type III AFP

A family of AFPs was isolated from the arctic ocean pout Macrozoarces 

americanus in 1984 (75). The different isoforms (twelve isoforms, initially) were 

separated into two categories: QAE-Sephadex and SP-Sephadex depending on which kind 
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of ion-exchange resin they bound. Subsequently, isoforms have been found in many polar 

and sub-polar fish in the Zoarcoidei suborder (76-79). The non-repetitive sequence of this 

AFP made its ice-binding mechanism more difficult to predict and extensive structural 

and functional work was undertaken. The solution structure reported in 1993 (80) did not 

make the IBS obvious, partially because the authors thought that ice binding was due 

entirely to hydrogen bonding. Subsequently, mutagenesis studies identified a patch of 

residues that were required for maximum TH activity (81-83). The crystal and high-

precision NMR structure were reported in 1996 and showed that the protein folds as a 

compact globular protein consisting of many short beta strands with one remarkably flat 

surface where the ice-binding residues were located (52, 72). Additionally, a crystal 

structure of type III reported by Yang et al. in 1998 identified the IBS as a flat surface 

containing a large percentage of solvent-exposed hydrophobic side chains (84). Jia et al.  

showed that the protein could bind the primary prism plane of ice in silico and proposed 

that it adhered at a step in the ice surface via hydrogen bonding (52). This docking was 

influenced in part by a report that type III AFP bound to the primary prism plane based on 

an ice etch (85). More recently, a mutagenesis study showed that disrupting the 

'hydrophobic seal' that surrounds a cluster of more hydrophilic side chains on the IBS of 

type III AFP reduces the TH (86). The authors hypothesized that the hydrophobic 

characteristic of the IBS may form a clathrate of solvating water. 

In 2001, Antson et al. published a refined crystal structure of type III AFP and 

included a hemisphere etch that exhibited a continuous patch of binding around the prism 

planes of the ice crystal (53). The authors suggested that type III AFP bound to both the 
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primary-prism planes {10-10} and a pyramidal plane {20-21} of ice. Furthermore, they 

found that using docking studies type III AFP could be fitted to nearly any plane of ice. 

Definition of the IBS of type III AFP became clearer in a recent study that compared the 

ice-binding pattern of the QAE and the SP isoforms of the protein (87). The effect of a 

type III AFP SP isoform is to shape an ice crystal but without stopping its growth (88). In 

contrast, the QAE isoforms can shape ice and stop the growth of the crystal. Interestingly, 

when a solution of SP isoform is spiked with a small amount of QAE isoform (as little as 

1%) the resulting solution has TH comparable with the QAE isoform alone. Using the 

refined crystal structure, molecular modelling and ice etches, Garnham et al. showed that 

type III AFP has a compound IBS that has affinity for both the primary prism and a 

pyramidal plane of ice (Fig. 1.6) (87).

 1.16 Some insect AFP structures

The structures of two non-homologous hyperactive AFPs isolated from insects 

were published in 2000 (55, 56). Both of these proteins are beta-helical, though with 

opposite handedness. The AFP isolated from T. molitor (TmAFP) is an 8.4 kDa threonine- 

and cysteine-rich protein that folds as a right-handed beta-helix. It has a 12-amino-acid 

repeat sequence of TCTxSxxCxxAx where each repeat makes up a coil of the helix. 

These coils have an almost identical configuration, allowing the outward-pointing Thr of 

the TCT repeat to be aligned perfectly down the length of the beta-solenoid. Instead of 

having a hydrophobic core, its structure is instead stabilized largely by disulphide 

bonding, supported by a serine ladder and internal waters. Homologous sequences from 

the fire-coloured beetle Dendroides canadensis (DecAFP) were published in 1998 (89), 
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Figure 1.6. Ice etch and fluorescence-based ice plane affinity (FIPA) assay with type 
III AFP. A) Etch pattern (indicated by arrows) in the presence of type III AFP with a 
drawing clarifying the shady patch where the protein binds on the right. Image modified 
from (53) B) FIPA assay using fluorescently-tagged type III AFP shows an identical 
pattern as shown by Antson et al. C) Surface representation of type III AFP with its 
compound ice-binding surface indicated. Carbon atoms are in white, nitrogen atoms in 
blue, oxygen atoms in red and sulfur atoms in yellow (PDB ID: 1HG7).
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and they have the same repeat motif as the primary sequence of TmAFP. These sequences 

suggest that DecAFP folds identically as TmAFP.

The NMR structure of an AFP isolated from the spruce budworm C. fumiferana 

was published in 2000 (55). The solution structure of this 9-kDa isoform showed that the 

protein folds as a left-handed, triangular beta-solenoid. Similar to TmAFP, CfAFP has a 

TXT repeat motif, where the Thr point outwards on one surface of the structure. CfAFP is 

supported by a hydrophobic core in addition to disulfide bonds and like TmAFP, it has 

extensive inter-coil main-chain hydrogen bonds. The crystal structure of the 9-kDa 

isoform was published in 2002 (90), and shortly thereafter the structure of a larger 

isoform of CfAFP was published (91). This bigger isoform has a 31-amino-acid insertion 

which folds into two additional coils, giving this isoform heightened TH in comparison 

with the smaller isoform.  

These two isoforms of CfAFP each have regularly spaced and identically oriented 

outward-pointing Thr residues flanking one side of the protein. The intercoil spacing of 

oxygen atoms on the side-chain Thr OH groups was ~ 4.5 Å while the distance between 

OH groups in each TXT repeat was approximately 7.4 Å (56). These dimensions provide 

an almost exact match to the spacing of oxygen atoms on the primary-prism plane and the 

basal plane of ice. Indeed, basal-plane binding is supported by ice etching using CfAFP 

that shows protein bound to both the basal and the primary-prism planes of a single ice 

crystal (55). Fluorescent tagging and microscopy work shows that CfAFP binds the basal 

and primary prism planes of ice (92) and ice etching shows complete coverage of the ice 

crystal in the presence of fluorescently tagged TmAFP (38). Furthermore, water 
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molecules were found on both proteins in a trough formed between the ice-binding TXT 

repeats. These waters are regularly spaced and were postulated to be directly involved in 

ice binding.

The AFP discovered in the snow flea H. harveyi has a markedly different primary 

sequence that gives the protein an intriguingly different fold (93). Two isoforms of 6.5 

and 15.7 kDa were reported. Both isoforms are glycine rich with a primary sequence 

consisting of tripeptide repeats of G-X1-X2, where X1 is often glycine and X2 alternates 

between runs of hydophilic and small hydrophobic residues (94). The 0.98 Å crystal 

structure of the small isoform of HhAFP was published in 2008 (54, 95), after publication 

of a molecular model of the protein (94). The small isoform of HhAFP folds as six left-

handed polyproline type II helices stacked together in a brick-like structure. The AFP 

presents a hydrophilic surface opposed by a more hydrophobic flat surface made up 

largely of Ala. The Ala-rich surface is the putative IBS, and water molecules can be seen 

hydrogen bonded to main-chain atoms in troughs on this surface. The large isoform of 

HhAFP presents a larger hydrophobic surface, and has been modelled to have the same 

polyproline type II fold (96). This more active isoform appears to bind to all surfaces of a 

hemisphere, as shown by fluorescent tagging. All three insect AFP structures solved to 

date have large, relatively hydrophobic and, in two cases (CfAFP and TmAFP), 

exceptionally regular surfaces that they use to bind ice. Additionally, each insect AFP 

structure has water molecules located in an ordered manner on their IBS. 
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 1.17 An ice-binding role for surface-bound waters?

In 2004 and 2005, Yang and Sharp used a random network model to 

computationally analyze what happens to water molecules on the IBS of both type III (97) 

and type I AFP (98). Using a 1 ns molecular dynamics (MD) simulation, they showed that 

water molecules around the IBS of wild-type type III AFP are more ice-like (more 

tetrahedral) than waters located in the same location of two inactive mutants (97). Similar 

results were obtained with type I and two quadruple (Thr to Val and Thr to Ser) mutants 

(98). The authors argue that an IBS needs a mixture of apolar and polar groups to allow 

formation and anchoring of ice-like waters before the protein can adhere to ice.

Nutt and Smith did a MD study with CfAFP and showed that the IBS of the 

protein organized water molecules into a quasi ice-like layer (99). They showed that at 

low temperatures water mobility was lower and hydrogen bond lifetimes were increased 

around the IBS. This slowing effect extended out to the 2nd and 3rd shells of water 

molecules. This MD simulation suggests that an AFP forms an interfacial-like ice layer on 

its IBS and as this layer approaches an ice crystal, the ice-like waters merge and freeze 

(Fig. 1.7A). Furthermore, the authors argue that the other surfaces of CfAFP disrupt the 

structure of water, preventing overgrowth of the AFP.

 1.18 Structure of a hyperactive bacterial AFP

AFPs have been reported in many bacteria (17, 100), and are poorly characterized. 

Usually these AFPs show moderate levels of TH and may help the bacteria to tolerate 

freezing. The most thoroughly studied bacterial AFP was isolated from M. primoryensis 
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Figure 1.7. Hydration layer and anchored clathrate waters hypotheses. A) CfAFP 
with ordered surface waters shown as a gradient below its IBS. As the protein approaches 
ice (shown at the bottom) the ordered water regions merge and freeze the protein to ice 
(far right). Image modified from (99) B) and C) Ordered water molecules observed on the 
IBS of an MpAFP molecule in the crystal structure. D) and E) show the matching of these 
waters to the basal and primary-prism planes of ice, respectively. Carbon atoms are white, 
nitrogen atoms blue, oxygen atoms red, calcium ions are green spheres, ordered waters 
are cyan spheres, and waters in the ice crystal are red spheres. Predicted hydrogen bonds 
are shown as dashed lines. Panels B-E) modified from (57).
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in 2004 (100) and was reported to be hyperactive and Ca2+-dependent (101). The AFP is 

an extraordinarily large protein, but the domain that provides antifreeze activity is only a 

small portion of the full-length protein. The 34 kDa AFP domain (MpAFP) consists of 11 

tandem 19-amino-acid repeats that fold as a beta-solenoid (57). A computer model 

generated from the primary sequence proposed that the IBS consisted of solvent-exposed, 

highly-conserved TGN repeat motifs in a similar regular arrangement as the TXT repeats 

seen in the two helical insect AFP structures (32). The crystal structure was reported in 

2011 and largely confirmed the computer model (57). In the structure, novel N- and C-

terminal capping structures stabilize the helix, while its IBS residues are aligned on an 

angle so that the Asn O atom of one TGN repeat is ~ 4.5 Å from the Thr OH of the 

subsequent TGN repeat.

The packing of MpAFP in the asymmetric unit was such that one molecule had its 

IBS almost entirely exposed to solvent. Because IBSs tend to be flat and hydrophobic, 

they typically serve as protein:protein contact surfaces in crystal formation. This packing 

tends to exclude much of the surface water. For example, two beta-helical insect 

structures (CfAFP and TmAFP) have rows of regularly-spaced water molecules located in 

the trough formed between the repeated Thr on their IBSs (56, 91). In both of these cases, 

the protein molecules packed IBS:IBS making it unclear whether the water molecules are 

an integral part of how the AFPs work, or whether they are crystallography artifacts. On 

the fully-exposed IBS of one of the molecules of MpAFP, a layer of organized water 

molecules were observed that match closely with waters on the primary-prism and basal 

planes of ice (Fig. 1.7B-E) (57). In fact, an alignment of some of the oxygen atoms in this 
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layer of waters with oxygen atoms in the primary and basal planes of ice has a root-mean 

square deviation (RMSD) of 0.68 Å and 0.73 Å, respectively. This remarkable discovery 

was the first experimental proof that AFPs can organize an ice-like layer around their IBS. 

This clathrate-like water structure forms around solvent-exposed methyl groups and is 

anchored to the protein by hydrogen bonds. These waters are in flux with the surrounding 

water, but for a portion of time the AFP would be able to pick up the required quorum of 

water molecules to preform its ligand, allowing it to adhere irreversibly to ice. This 

structure was the first experimental evidence that corroborated the molecular modelling 

work discussed in section 1.17.

 1.19 Alternate naming conventions

Many freeze-tolerant organisms employ protein and non-protein ice nucleators to 

allow them to initiate the formation of ice at higher temperatures and prevent 

supercooling of the water around their cells (102). The ice nucleating proteins (INPs) 

appear to function using a similar mechanism as AFPs but tend to be massive repetitive 

proteins that present a surface that can act as an ice nuclei (103-105). Recently, 

researchers have proposed different naming conventions for AFPs that would allow INPs, 

IRI proteins, and AFPs to be categorized as ice-binding proteins (IBP) (106) or ice-active 

proteins (107).

 1.20 The response of plants to cold

When plants are exposed to low non-freezing temperatures, they become cold 

acclimated (CA) (108). Decreasing membrane fluidity is hypothesized to be a major way 
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plants detect decreasing temperatures. Indeed, membrane lesions are a major damaging 

effect of ice and in response, plants increase levels of unsaturated fatty acid acyl groups in 

their membranes (109). The intracellular spaces of a plant have a lower freezing point 

than the extracellular (apoplastic) space due to higher concentrations of solutes inside the 

cells (110). Ice formation occurs extracellularly in the apoplastic space and this ice is 

prevented from entering the cells by the plasma membrane. Partial freezing of the 

extracellular space concentrates the solutes and creates an osmotic effect that draws water 

from within the cells resulting in dehydration of the intracellular spaces. To combat 

dehydration of the cells, plants produce dehydrins, which are highly-hydrophilic proteins 

that retain water and protect proteins and cellular surfaces from water loss (111). Other 

CA responses include alterations of plant hormone levels, and synthesis of cryoprotectant 

molecules (110). Cryoprotectant molecules include sugars, such as sucrose and other 

polyols which act to moderate water movement and maintain the cell membrane; 

glycerol; and certain amino acids. A number of plants also produce AFPs as a response to 

low temperatures (21, 112-116).

 1.21 Discovery of AFPs in plants

A paper published in 1992 reported the first AFPs detected in plants (21). Fluid 

samples were collected from surviving plants after an early fall frost and tested for TH 

and IRI. Common weeds, including dandelions (Taraxacum officinale) and chickweed 

(Stellaria media); cold-tolerant crop plants such as brussel's sprouts (Brassica oleracea) 

and potatoes (Solanum tuberosum); and two grasses in the genus Poa had measured TH of 

0.2-0.3 °C. The authors speculated that the AFPs were not present to prevent freezing, but 
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to help with the plants' frost tolerance. At around the same time, Griffith et al. extracted 

apoplastic fluid from cold-treated winter rye (Secale cereale) leaves and found that the 

extracts shaped ice crystals into hexagons and hexagonal bipyramids (117). However, TH 

measurements were not reported. Subsequently, the same lab isolated, partially purified, 

and identified at least five proteins that appeared to be responsible for the antifreeze 

activity (118, 119). These proteins are pathogenesis-related proteins, and the authors 

suggested each of the proteins act in a cooperative manner allowing them to provide 

complete coverage of an ice crystal. A glycine-rich AFGP was purified from the 

bittersweet nightshade (Solanum dulcamara) by Duman in 1994 and found to have 

similarly low levels of TH (120). Indeed, low TH appears to be the rule for plant AFPs.

 1.22 Plant AFPs and structural clues

The report of the identification and cloning of a repetitive AFP isolated from 

carrots (Daucus carota) led to the first structural clues regarding plant AFPs (114). The 

carrot AFP (DcAFP) consists of a leucine-rich repeat motif and is homologous to 

polygalacturonase inhibitor proteins (PGIPs). DcAFP was modelled based on the 

structure of a PGIP from the common bean, Phaseolus vulgaris (121). The modelled 

structure is curved and elongated and is characterized by a regular arrangement of 310-

helices and ß-sheets (122). The computer model is supported by a hydrophobic core and 

conservative glycine and proline residues located at beta-turns (122). The model has a 

row of Asn residues located in a turn between ß-sheets, and these Asn residues were 

identified as DcAFP's putative IBS. Mutagenesis of the conserved Asn to Val or Gln 

resulted in the recombinant protein losing 30-70% of the activity of the wild-type 
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recombinant protein. Mutating non-Asn residues to Asn in this conserved rank increased 

the TH activity of the protein. However, no experimental structure of DcAFP has been 

published.

Other structural work was done using an AFP isolated from the perennial ryegrass, 

Lolium perenne (LpAFP). This highly-repetitive protein was reported in 2000 to have low 

levels of TH, but high levels of IRI (115). Its sequence comprises sixteen tandem 7- or 8-

amino-acid repeats of X-X-N-X-V-X-(S)-G. Fourier-transform infrared spectrum analyses 

suggested that the protein has extensive solvent-exposed beta-sheet structure (123). Based 

on its primary sequence and high levels of beta-sheet, a computer model was generated in 

2001 (124). The protein was modelled as a right-handed beta-roll stabilized by a 

hydrophobic Val core and two internal Asn ladders located on opposite sides of the roll. 

Conserved Gly residues allowed the structure to make tight turns (Fig. 1.8A). 

Interestingly, the model suggested that the protein has two opposing IBSs, comprising 

two parallel ranks of solvent-exposed smaller side chains (including Thr, Ser and Val) 

(Fig. 1.8B). The model was much like the structures of CfAFP and TmAFP but without 

the regular arrays of Thr. The presence of two IBSs was postulated as a rationale for the 

protein's high levels of IRI, and could act to bridge a grain boundary with each IBS 

adhered to neighbouring crystals. The variable residues constituting the IBS of LpAFP 

offered a plausible explanation for its moderate levels of TH. In Chapter 2, I show that 

LpAFP has only one IBS and I report the X-ray crystal structure of LpAFP in Chapter 3. 
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Figure 1.8. Model of LpAFP. A) One coil of the computer model of LpAFP comprising 
two tandem X-X-N-X-V-X-G repeats. The Asn residues make up an internally-pointing 
ladder, Val residues pack into a hydrophobic core and Gly residues allow the tight turns. 
Red 'X' show the two putative IBS ('a' side and 'b' side). B) Full-length computer model of 
LpAFP with the two putative IBSs shown as sticks. PDB ID: 1I3B. Carbon atoms are 
green, oxygen atoms are red, and nitrogen atoms are blue.
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 1.23 The evolution of AFPs

The structural and functional diversity of AFPs argues that each distinct type 

evolved independently. There are examples of different fish AFPs being found in other 

species within the same sub-order of the teleost fishes, implying that they evolved 

relatively recently (5). Indeed, the evolution of fish AFPs likely happened 10-20 million 

years ago when Cenozoic sea glaciations occurred (125) promoting selection of fish that 

could survive in sub-freezing waters. The presence of AFPs would allow these fish to 

survive in waters inhospitable to most of their competitors and predators (126). As 

introduced in section 1.5, the multiple different surfaces provided by ice allows AFPs to 

evolve in many different ways with affinity for different planes of ice.

 1.24 Evolution of AFGPs

The precursor of the AFGPs in notothenioids has been proposed to be a pancreatic 

trypsinogen-like protease (TLP) (127). Cheng and Chen discovered a chimeric TLP-

AFGP gene within the genome of the notothenioid Dissostichus mawsoni which produces 

a family of AFGPs. The gene was a hybrid exon encoding seven AFGP molecules of 

different sizes as well as containing parts of the TLP gene. The location of this exon 

corresponded with a Thr-Ala-Ala present within the TLP gene, and the AFGP likely 

evolved as a consequence of replication slippage or unequal crossing over. Interestingly, 

the Arctic cod has independently evolved its own AFGP proteins after divergence, and 

this likely occurred by descent from a different genomic precursor (128).
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 1.25 Evolution of type I AFP

Type I AFP has evolved independently in at least three distinct teleost orders: 

Pleuronectiformes, Scorpaeniformes and Perciforms (62). Evolutionary links have been 

reported between chorion and type I AFP, with the possibility of a frame-shift mutation 

being responsible for co-option of a novel function (129). An evolutionary link has also 

been proposed between type II keratin and the AFP. 

 1.26 Evolution of type II AFP

Type II AFP is homologous to C-type lectins (130) and pancreatic stone proteins 

(51). There is strong evidence that type II AFP has undergone lateral gene transfer (LGT) 

between herring and smelt (126) putting an almost identical protein in these two 

evolutionarily distant species. Type II AFP from sea raven has high identity with the 

isoforms in herring and smelt, but the evidence for LGT is presently less clear.

 1.27 Evolution of type III AFP

Type III AFP is homologous to the C-terminal domain of the enzyme sialic acid 

synthase (131) and likely evolved from SAS by a gene duplication-and-divergence 

mechanism (132). SAS from an Antarctic eelpout, a fish that produces type III AFP, has 

been observed to have ice-binding activity and evidence for gene duplication is apparent 

in the fish's genome. The X-ray structure of a SAS produced by the pathogenic bacteria 

Neisseria meningitidis was reported in 2005 (133) and a solution structure of the C-

terminal domain of SAS from Homo sapiens was reported in 2006 (134). The C-terminal 

domain of SAS from N. meningitidis (NmSAS) is structurally very similar to type III AFP, 
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lending credence to the evolutionary link between SAS and type III AFP. This link is 

explored in more detail in Chapter 4.

 1.28 Evolution of LpAFP

Two homologues of the AFP isolated from L. perenne in 2000 (115) were found in 

wheat (Triticum aestivum) containing an N-terminal secretion signal sequence and 

leucine-rich repeat (LRR) motif N-terminal to their antifreeze domain (also known as the 

IRI domain) (39). The authors proposed that the N-terminal domain was homologous to a 

phytosulfokine receptor kinase from Oryza sativa (OsLRR-PSR). Tremblay et al.  

surmised that the gain of the IRI domain is due to a transposable element insertion, but 

Sandve et al. propose that a single IRI repeat motif expanded in number due to uneven 

crossing over or polymerase slippage (116). Two approximate repeat motifs are present 

within the putative OsLRR-PSR protein, making this hypothesis credible. The replication 

event would have happened after the divergence of the subfamilies of grass (Pooidaea) 

and rice (Ehrhartoideae). 

 1.29 Research objectives

Over the last six years, I have undertaken structural and functional research on the 

AFP isolated from the perennial ryegrass, L. perenne. Does this protein bind to ice via 

both of its proposed IBS? Why does this protein have such high levels of IRI activity and 

limited TH? To which planes of ice does this protein bind? In Chapter 2, I use steric 

mutagenesis to determine which face this AFP uses to bind to ice, as well as provide 

credence for the computer model generated in 2001 (124). Subsequently, I began 
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experiments to obtain the X-ray crystal structure of LpAFP and I report the results and 

further details regarding how the protein binds to ice in Chapter 3. Chapter 3 brings up an 

interesting observation that this AFP from a freeze-tolerant organism has an irregularly 

structured IBS, which may be essential for the protein's heightened levels of IRI. I discuss 

a pattern in IRI protein structures in Chapter 5, the General Discussion. The other area of 

research I undertook is an engineering project reported in Chapter 4. In this chapter, I 

report on a proof-of-principle experiment where I engineered, via mutagenesis, a bacterial 

enzyme (SAS) into a protein that has low levels of TH, and is approaching activity 

comparable with what is shown by type III AFP. 
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 2 Chapter 2 - Identification of the ice-binding face of a plant 
antifreeze protein

 2.1 Abstract

The antifreeze protein of Lolium perenne, a perennial ryegrass, was previously modeled 

as a beta-roll with two extensive flat beta-sheets on opposite sides of the molecule. Here 

we have validated the model with a series of nine site-directed steric mutations in which 

outward-pointing short side-chain residues were replaced by tyrosine. None of these 

disrupted the fold. Mutations on one of the beta-sheets and on the sides of the protein 

retained 70% or greater activity. Three mutations that clustered on the other flat surface 

lost up to 90% of their antifreeze activity and identify this beta-sheet as the ice-binding 

face.
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 2.2 Introduction

Antifreeze proteins (AFPs) are defined by their ability to lower the freezing point 

of a solution in a non-colligative manner, termed thermal hysteresis (TH), and inhibit the 

recrystallization of ice in frozen samples (ice recrystallization inhibition, IRI) (59, 135, 

136). AFPs are found in diverse species and taxa, all of which share a common 

environmental factor: exposure to freezing temperatures at some point during their life 

cycle. The best characterized AFPs are those of arctic and antarctic fishes (5), and 

terrestrial insects (137), most notably the yellow mealworm (Tenebrio molitor) and spruce 

budworm (Choristoneura fumiferana) (138), but certain bacteria (101, 139, 140), plants 

(39, 114, 115, 119, 122) and arthropods (141) living in environments where the 

temperature routinely drops below the freezing point have been identified as expressing 

proteins with antifreeze activity. As well as being taxonomically diverse, AFPs from 

different organisms are structurally diverse: they include single alpha-helices, globular 

proteins, and beta-helices (59). The commonality in all of these AFPs is that each 

possesses an ice-binding surface, through which they are thought to directly interact with 

one or more planes of a growing ice crystal (136).

The C-terminal domain (142) of a perennial ryegrass (Lolium perenne) protein has 

been identified as an AFP (Lolium perenne antifreeze protein, LpAFP) (115), 

characterized as to its ice-binding activities (both TH and IRI), and recombinantly 

expressed in Escherichia coli. There are at least five isoforms of LpAFP found in the 

grass (142), and similar regions have been identified in two bread wheat (Triticum 

aestivum) genes (39) and ESTs from numerous economically important grass species, 
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limited to the family Pooideae. The mature coding sequence of LpAFP consists of 113 

amino acids, with a semi-conserved seven-amino acid repeat: X-X-N-X-V-X-G over its 

entire length (123). LpAFP has been modeled as a beta-roll with two parallel beta-sheets 

on opposite sides running the length of the protein, with each full revolution of the roll 

consisting of two consecutive repeats (124). It has been proposed that one or both of these 

flat, relatively hydrophobic beta-sheet surfaces is the ice-binding site of the AFP. These 

putative ice-binding planes have been referred to as the ‘a-side’ and the ‘b-side’ (Fig. 2.1)

Here we have investigated the validity of this structural model and attempted to 

determine which of the potential ice-binding faces (IBFs) actually possess that activity, 

via single substitution mutations to bulky tyrosine residues at multiple sites around the 

protein. The TH activity of these mutants was compared to that of the wild-type 

recombinant LpAFP, and structural changes to the mutants were assessed by comparing 

their circular dichroism (CD) spectra to that of the wild-type.

 2.3 Materials and methods

 2.3.1 Recombinant expression and mutagenesis of LpAFP

The DNA sequence for LpAFP with a C-terminal 6-His-tag was cloned into the pET 24a+ 

vector for expression in E. coli BL21 DE3 . Mutagenesis was performed using the∗  

QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Mutations 

were confirmed by DNA sequencing (Cortec, Kingston, ON, Canada; Robarts Research 

Inst., London, ON, Canada). Mutant and wild-type cultures were grown in 1 l of LB 
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Figure 2.1. Sequence of LpAFP with repeat motifs aligned such that each row 
represents one loop of the helical model. Highlighted are the two beta-sheets suggested 
to be ice-binding surfaces. Blue amino acids indicate inward-facing residues, while red 
amino acids display the putative IBFs. Boxes surround amino acids that were mutated to 
tyrosine.
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media at 37 °C with 50 μg/ml of kanamycin until an OD600 nm of 0.6 was reached.∼  

Growth was continued at 24 °C until the OD600 nm reached 1.0 before protein∼  

expression was induced by the addition of IPTG to 1 mM. After overnight expression, the 

cells were harvested by centrifugation and resuspended in 50 ml of 50 mM Tris–HCl (pH 

7.8), 100 mM NaCl, 1 mM EDTA and 0.1 mM PMSF.

 2.3.2 Purification of LpAFP

Wild-type LpAFP and its mutants were typically purified by a three-step procedure 

starting with thermal denaturation. The resuspended cells were lysed by boiling for 8 min 

and allowed to cool to 4 °C on ice. The lysate was clarified by centrifugation at 21 000×g 

for 45 min and the resulting supernate was diluted two-fold with distilled water. Active 

AFPs were extracted from this solution by ice-affinity purification (IAP) as described 

previously (143). Briefly, a brass ‘finger’ filled with circulating coolant was immersed 

into the diluted supernate, and the temperature of the coolant was decreased from −1.0 to 

−3.0 °C over the span of approximately 24 h. The resulting ice fraction around the finger 

was melted and passed through a nickel-agarose affinity column (Ni-NTA Agarose, 

QIAGEN, Mississauga, ON, Canada) with a bed volume of 8 ml. After washing the 

column with two bed-volumes of 50 mM Tris–HCl (pH 7.8), 500 mM NaCl, 5 mM 

imidazole, the His-tagged LpAFP was eluted from the column with 50 mM Tris–HCl (pH 

7.8), 500 mM NaCl, 250 mM imidazole. Fractions containing LpAFP were pooled and 

dialyzed into 50 mM Tris–HCl (pH 7.8), 100 mM NaCl, 1 mM EDTA. Inactive LpAFP 

mutants were recovered from the boiled supernatant by nickel-agarose affinity 
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chromatography.

 2.3.3 TH activity

TH measurements were performed using a Clifton Nanolitre Osmometer as previously 

described (48) using a cooling rate of 0.07 C°s/min (equivalent to 40 mOsm/min). TH is 

the lowering of the non-equilibrium freezing temperature below the melting point caused 

by adsorption of AFPs to an ice crystal’s surface. The difference in the lower temperature 

at which there is sudden, uncontrolled growth of the ice crystal and the higher 

temperature where the crystal melts is expressed in C°. The TH activity of mutant 

LpAFPs is given as a percentage of the activity of the wild-type AFP. All measurements 

were performed in 50 mM Tris–HCl (pH 7.8), 100 mM NaCl and 1 mM EDTA. Protein 

concentration was confirmed by amino acid analysis (Advanced Protein Technology 

Centre, Hospital for Sick Children, Toronto, ON).

 2.3.4 CD

Purified LpAFP was dialyzed into 5 mM Tris–HCl (pH 7.8) overnight before being 

diluted with dialysate to a final protein concentration of 120 μM. The samples were∼  

examined for CD using an Olis Rapid Scanning Monochromator 1000 spectrometer (Olis 

Inc., Bogart, GA) with the cuvette temperature maintained at 0 °C. A minimum of three 

scans were averaged and the curves were corrected using the dialysate as a blank.
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 2.4 Results

 2.4.1 Purification of LpAFP

The ability of LpAFP to refold on cooling after thermal denaturation was used as 

the first and major purification step (123). LpAFP was substantially over-produced in E. 

coli and migrated on SDS–PAGE as the major protein band with an apparent molecular 

weight of 26 kDa (Fig. 2.2, lane 1). The vast majority of E. coli proteins were precipitated 

by boiling and cooling and were found in the pellet (lane 3). The major protein left behind 

in solution along with a few minor impurities was LpAFP (lane 2). Subsequent IAP 

ensured that only properly folded protein was obtained in the final yield (28, 124). The 

ice-bound material (Fig. 2.2, lane 5) is purer than that present in the excluded liquid 

fraction (lane 4). The ice-affinity purified LpAFP was then passed through a nickel-

agarose column to concentrate it and remove any remaining impurities (Fig. 2.2, lane 6 

and 7).

In the process of purifying two of the least active mutants, T53Y and T67Y, we 

found that an insufficient level of protein was included in the ice fraction after IAP (data 

not shown). This step of the purification protocol was omitted for these mutants.

 2.4.2 Mutagenesis and determination of the IBF

To locate the IBF of LpAFP, steric mutations were made at points all around the 

beta-roll with particular emphasis on the two putative IBFs. Steric mutations disrupt the 

discrete surface:surface complementarity between an AFP and ice and have routinely 

been used to define IBFs (32, 71, 83, 144). Residues substituted by tyrosine are boxed in 
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Figure 2.2. SDS–PAGE analysis of wild-type LpAFP purification. Lane M, molecular 
mass markers; lane 1, whole-cell E. coli lysate after 16 h induction (10 μg); lane 2, 
supernate after boiling lysis (10 μg); lane 3, pellet after boiling lysis (10 μg); lane 4, 
liquid fraction after IAP (10 μg); lane 5, ice fraction after IAP (5 μg); lane 6, nickel-
affinity chromatography flow-through fraction; lane 7, pooled nickel column eluate 
showing pure LpAFP (10 μg). Note that while LpAFP has a molecular mass of 13.5 kDa, 
it shows an apparent molecular mass of 26 kDa on Tris–tricine SDS–PAGE.

42



Fig. 2.1 and the beta-sheets are shaded. Tyrosine, which is not found in wild-type LpAFP, 

was chosen because it has a large side-chain and is compatible with beta-structure (145).

Three mutations (T51Y, T53Y and T67Y) were performed on the ‘a-side’ of 

LpAFP (Fig. 2.3B) and four (T43Y, V45Y, N72Y and S88Y) on the ‘b-side’ (Fig. 2.3D). 

At least one steric mutation was made on either edge of the parallel beta-strands that form 

the sheets (Fig. 2.1). Each of the mutants was purified to homogeneity and assayed for 

TH activity over a range of concentrations (approx. 0.5–5 mg/ml). Two mutations made 

to the ‘a-side’ (T53Y and T67Y) resulted in a dramatic decrease in their TH values (<10% 

of wild-type, Fig. 2.3A) and failed to be incorporated into the ice fraction during IAP. The 

other mutation performed to the ‘a-side’ (T51Y) resulted in less than 50% of wild-type 

activity. In contrast, steric tyrosine mutations targeted to the ‘b-side’ (T43Y, T45Y, N72Y 

and S88Y) had a much smaller impact on antifreeze activity, with most mutants showing 

at least 70% of wild-type activity over a range of AFP concentrations (Fig. 2.3C).

Two additional mutations (T62Y and S55Y) were made to target the surfaces 

between the beta-sheets (Fig. 2.3B and D). These off-sheet locations were in the centre of 

the molecule to maximize any steric inhibition. T62Y and S55Y had similar activities to 

the b-side mutants (approximately 70% of wild-type).

 2.4.3 Determination of folding-status of mutants

To ensure that the mutants were properly folded, and thus validate the mutagenesis 

work, CD was performed at 0 °C on selected mutants and wild-type LpAFP (Fig. 2.4). 

The resulting spectra of the mutants showed curves almost identical to the ones observed
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Figure 2.3. TH activity of LpAFP mutants. (A) Activity curve of mutations performed 
to the ‘a-side’ as well as a control mutation, S55Y. (B) Structural model of LpAFP with 
‘a-side’ shown on the top. Mutations to tyrosine are shown by stick representations, 
illustrating how they can sterically disrupt protein-ice complementarity. (C) Activity 
curve of mutations performed on the ‘b-side’ as well as the control mutation, T62Y. (D) 
Structural model with ‘b-side’ on the top, showing tyrosine mutations. Models were 
constructed using PyMOL v1.02.
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Figure 2.4. Circular dichroism analysis of the wild-type LpAFP (Wt) as well as 
representative mutations from each face of the protein (‘a-side’ T67Y, ‘b-side’ V45Y 
and ‘Control’ T62Y). Plotted as 103 ×molar ellipticity (degrees cm2 dmol−1) vs. 
Wavelength.
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with the recombinant wild-type LpAFP, indicating that the mutants were properly folded. 

This CD spectrum has a minimum at 219 nm and a maximum at 200 nm and is red-

shifted by 4 nm relative to the characteristic beta-sheet CD spectrum∼  (146, 147).

 2.5 Discussion

This research lends credence to the beta-roll model proposed by Kuiper et al. as 

none of the nine mutations performed in this study disrupted the folding of the protein 

(124). Each mutation was performed on a putative solvent-exposed residue such that a 

small side-chain was replaced by the much bulkier tyrosyl side-chain. Previous 

mutagenesis work performed on a beta-helical AFP isolated from Marinomonas 

primoryensis demonstrated that mutating an inward-pointing residue from a small side-

chain to a larger residue resulted in a significant mis-folding discernible by CD (32). The 

core of LpAFP as proposed in the model is small, consisting of interlocking valines 

flanked by asparagine ladders. The protrusion of a tyrosine into the centre of this fold 

would likely be extremely disruptive. None of the alterations performed to LpAFP 

resulted in a significant change to the CD spectrum (Fig. 2.4). Additionally, the CD 

spectrum of LpAFP resembles a beta-structure profile, consistent with the presence of two 

extensive parallel beta-sheets running the length of the protein (146, 147).

AFPs interact with ice using a specific surface of the protein, which is relatively 

flat and hydrophobic, and shows a high level of order (148). Previously, IBFs of other 

AFPs characterized to date have been successfully identified using similar steric 

mutations (32, 71, 83, 144). In particular, three other beta-helical AFPs show conservation 

of two rows of regularly spaced amino acids on their identified IBF (32, 91, 138), and 
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different repetitive patterns are seen with alpha-helical AFPs (58). The examples most 

relevant to LpAFP are the insect AFPs that have two rows of threonine along their ice-

binding beta-sheet that are complementary to two specific planes of ice (55, 56). In 

contrast, the outward-pointing residues on both beta-sheets of LpAFP are not nearly as 

regular. Although there are several threonine in the two ranks of solvent accessible 

residues on both the ‘a’ and ‘b’ sides, there are also many valines and serines, and a few 

other residues.

Indeed, the theoretical model shows that both sheets have some structural features 

characteristic of IBFs – flatness, hydrophobicity and some structural regularity. This 

makes identification of the IBF of LpAFP difficult, which is why Kuiper et al. suggested 

that LpAFP might have two IBFs (124). This mutagenesis study, however, demonstrates 

that the IBF of LpAFP is located on the ‘a-side’, and that the ‘b-side’ is not directly 

involved in ice affinity.

For each mutation performed to the ‘b-side’, a modest decrease in activity of 

approximately 30% was observed (Fig. 2.3C). However, similar decreases in activity 

were observed with the two mutations made off the beta-sheets on the sides of the protein. 

Additionally, decreases in activity with control mutations were observed in other IBF-

discovery studies (32, 71, 83, 144). For example, the off-site T44Y mutation made to T. 

molitor AFP had 70% of full activity∼  (144) and two off-site steric mutations (T48L and 

T66L) made to spruce budworm AFP had 60% of full activity∼  (55).

Structural models are a vital tool in elucidating the structure and function of 

proteins. Here we have used the model of LpAFP to design mutations which have tested 

and confirmed the overall fold of the antifreeze, and at the same time have revealed that 

47

http://www.sciencedirect.com/science/article/pii/S0014579309000714#fig3


the protein binds to ice via its ‘a-side’ and does not employ two IBFs as originally 

proposed. From here on it will be necessary to solve the structure of LpAFP to understand 

why the ‘a-side’ fits ice and the ‘b-side’ does not. Nevertheless, the identification of the 

IBF of LpAFP will direct attention to that surface of the protein for ice-binding 

simulations, and provide clues to the mechanism of AFP binding to ice.
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 3 Chapter 3 - Antifreeze protein from freeze-tolerant grass has 
a beta-roll fold with an irregularly structured ice-binding site

 3.1 Abstract

The grass Lolium perenne produces an ice-binding protein (LpIBP) that helps this 

perennial tolerate freezing by inhibiting the recrystallization of ice. Ice-binding proteins 

(IBPs) are also produced by freeze-avoiding organisms to halt the growth of ice and are 

better known as antifreeze proteins (AFPs). To examine the structural basis for the 

different roles of these two IBP types, we have solved the first crystal structure of a plant 

IBP. The 118-residue LpIBP folds as a novel left-handed beta-roll with eight 14- or 15-

residue coils and is stabilized by a small hydrophobic core and two internal Asn ladders. 

The ice-binding site (IBS) is formed by a flat beta-sheet on one surface of the beta-roll. 

We show that LpIBP binds to both the basal and primary-prism planes of ice, which is the 

hallmark of hyperactive AFPs. However, the antifreeze activity of LpIBP is less than 10% 

of that measured for those hyperactive AFPs with convergently evolved beta-solenoid 

structures. Whereas these hyperactive AFPs have two rows of aligned Thr residues on 

their IBS, the equivalent arrays in LpIBP are populated by a mixture of Thr, Ser and Val 

with several side-chain conformations. Substitution of Ser or Val for Thr on the IBS of a 

hyperactive AFP reduced its antifreeze activity. LpIBP may have evolved an IBS that has 

low antifreeze activity to avoid damage from rapid ice growth that occurs when 

temperatures exceed the capacity of AFPs to block ice growth while retaining the ability 
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to inhibit ice recrystallization.
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 3.2 Introduction

Antifreeze proteins (AFPs) are found in diverse organisms ranging from 

vertebrates to bacteria that are exposed to sub-freezing environments at some point in 

their life histories (5, 21, 136, 149). Two frequently measured activities of AFPs are 

depression of the freezing point relative to the melting point, referred to as thermal 

hysteresis (TH) (8), and ice recrystallization inhibition (IRI) (135). TH activity halts ice 

crystal growth, allowing freeze-intolerant organisms (such as fish and some insects) to 

supercool and avoid freezing. IRI activity is more relevant in freeze-tolerant organisms, 

which are unable to avoid freezing and therefore must minimize the damage caused by 

recrystallization of ice in frozen tissue (150). For example, some overwintering plants 

such as carrots and grasses produce proteins that show weak TH activity but have IRI 

activity matching or exceeding that of fish and insect AFPs (36, 114, 115). The structural 

basis for the differences in these activities is one of the issues addressed in this work. 

Because some proteins with TH activity function as IRI proteins rather than antifreezes, 

we introduce the more inclusive term “ice-binding protein” (IBP) to refer to proteins that 

serve in either capacity (106).

IBPs irreversibly adsorb to the surface of ice crystals and inhibit their growth by 

the Gibbs–Thomson effect (22), in which the addition of water molecules to the ice lattice 

is limited to the space between bound IBPs, resulting in surface curvature that makes the 

further addition of water thermodynamically unfavourable (25). Recent work suggests 

that IBPs adsorb to ice through an ordered ice-like array of waters assembled by the 

protein's ice-binding site (IBS), which merges with and freezes to the ice surface (57, 98, 
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99). The spacing of these so-called “clathrate” waters, anchored to the IBP by hydrogen 

bonds, matches one or more planes of ice. In this anchored-clathrate mechanism, the IBP 

essentially preforms part of its ligand before irreversibly adhering to it.

AFPs were recognized in certain insects over 30 years ago (13-15). More recently, 

characterization of purified insect AFPs revealed that their specific TH activities exceed 

those of fish AFPs by an order of magnitude (6, 30); thus, they were termed 

“hyperactive.” The heightened TH of hyperactive versus moderately active AFPs has been 

attributed to their unique affinity for the basal plane of ice (24). Moderately active AFPs 

bind only to prism and/or pyramidal planes, leaving the basal planes unprotected and 

vulnerable to growth (53, 65, 85, 87, 92). Although the addition of water to the basal 

planes of ice is less favourable than to a prism surface, this readily occurs under 

supercooled conditions when the TH gap of moderately active AFPs is exceeded, 

resulting in rapid crystal growth along the c-axis. Adsorption of AFPs to the basal plane 

provides substantially better coverage of the ice crystal and therefore provides greater TH 

activity.

The perennial ryegrass Lolium perenne is a freeze-tolerant forage grass planted 

worldwide (151) that thrives in cold environments (152, 153). An IBP isolated from L.  

perenne (LpIBP) was reported to have high IRI but low TH activity (115). LpIBP TH 

activity is an order of magnitude lower than that of hyperactive AFPs and slightly less 

than that of moderately active fish type I, II and III AFPs (154). However, it has superior 

IRI activity (36, 115). Subsequently, several isoforms and homologues of this IBP have 

been found in various grasses in the sub-family Pooideae (116). The protein originally 

isolated constitutes the highly repetitive C-terminal “IRI” domain of a longer protein. On 
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the basis of the DNA sequence, the complete protein includes an N-terminal secretion 

signal sequence and a leucine-rich repeat domain, but the ice-binding activity is limited to 

the IRI domain, which may represent the fully processed form of the protein. LpIBP is 

secreted from plant cells and functions in the apoplast, where it acts to minimize frost 

damage to the plant tissue, largely through its IRI activity (151).

The sequence of the highly repetitive C-terminal domain of LpIBP suggested that 

its structure might resemble other beta-solenoid proteins, in particular the hyperactive 

AFPs discovered in the insects Tenebrio molitor (TmAFP) and Choristoneura fumiferana 

(CfAFP) (55, 56). This was supported by a computer model of this protein as a right-

handed beta-roll with two flat beta-sheets on opposite sides of the solenoid termed “a” 

and “b” faces (124). These flat surfaces resembled the IBSs of the insect AFPs, and it was 

originally proposed that both sheets might simultaneously bind ice on opposite sides of 

LpIBP. However, it was subsequently determined experimentally that only one of the two 

flat surfaces is responsible for TH activity (154). The introduction of single steric point 

mutations on the a face of LpIBP reduced the TH and IRI activities of the protein by up to 

90%, whereas mutation of the b face had only a small effect.

Here, we report the X-ray crystal structure of LpIBP, which is the first such 

description of a plant IBP. Its structure resembles that of some of the hyperactive AFPs 

but with a less regular IBS, which we argue is the basis for its low TH activity. Like the 

hyperactive AFPs, LpIBP binds the basal plane of ice. Together, these analyses suggest 

that LpIBP has developed the ability to control ice growth at high sub-zero temperatures, 

which is compatible with a role in promoting freeze tolerance.
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 3.3 Materials and Methods

 3.3.1 Purification and crystallization of LpIBP

Recombinant LpIBP with a C-terminal 6 × His-tag was purified in three steps as 

previously described (154). After removal of most contaminating Escherichia coli  

proteins by boiling, LpIBP was further purified by ice affinity purification (143), which 

also selected for properly folded LpIBP. Finally, Ni-Agarose affinity chromatography was 

performed, mainly to concentrate the His-tagged product. The pure protein was eluted and 

dialyzed against 50 mM Tris–HCl (pH 7.8), 100 mM NaCl and 1 mM 

ethylenediaminetetraacetic acid prior to crystal screening. Crystallization trials were done 

at 4 °C in 24-well 500-μL vapor diffusion plates (Hampton Research, Aliso Viejo, CA, 

USA) using 2 μL of protein at 10 mg/mL and 2 μL of mother liquor. Initial crystals were 

obtained under condition 18 of the JCSG+ Screen [40% ethanol, 5% polyethylene glycol 

1000 and 100 mM phosphate-citrate (pH 4.2)] (Qiagen, Toronto, ON, Canada.) Crystals 

were optimized using a range of 40–50% ethanol, 100 mM phosphate-citrate (pH 4.1–4.3) 

and 0–5% polyethylene glycol 1000. Microseeding and macroseeding techniques were 

used to obtain diffraction-quality crystals, which typically took 3–4 weeks to grow. 

Optimized native crystals were approximately 0.2 mm × 0.1 mm × 0.05 mm and were 

soaked in 25% ethylene glycol, 40% ethanol and 50 mM phosphate-citrate (pH 4.2) 

before being flash-frozen in liquid nitrogen. For phasing, crystals were soaked in a variety 

of heavy metals at low concentration or in highly concentrated (0.5–1 M) halide salts.
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 3.3.2 Structure determination of LpIBP

Data were collected at 100 K from beamline X6A at Brookhaven National Laboratories 

(Upton, NY). Two crystals were used for structure determination: one native (collected at 

1.13 Å) and one soaked for approximately 5 min in 1 M NaI, 25% ethylene glycol, 40% 

ethanol and 50 mM phosphate-citrate (pH 4.2) (collected at 1.55 Å). Data were indexed 

and integrated with XDS and scaled using XSCALE (155). The two data sets were 

merged with CAD and scaled together with SCALEIT (156). SHARP/autoSHARP (157) 

was used to locate iodide sites and obtain phases using single isomorphous replacement 

with anomalous scattering. Sixteen iodide atoms were located, resulting in a phasing 

power of 1.32/0.96/0.77 (acentric/centric/anomalous), and solvent flattening determined 

that the crystals had a solvent content of 70%. Iterative model building was done with 

ARP/wARP (158), and the resulting model was submitted to a cycle of simulated 

annealing at 3000 K followed by energy minimization and B-factor refinement cycle 

using Phenix-refine (159). Afterwards, the model was refined by simple energy 

minimization followed by isotropic B-factor refinement (restrained and individual). 

Manual rebuilding, including adding alternate conformation of amino acids, was 

performed using Coot v0.6.2 (160). The final model was submitted to PROCHECK to 

ascertain its quality (161).

 3.3.3 TH measurements

TH measurements were made using a Clifton nanolitre osmometer (Clifton Technical 

Physics, Hartford, NY, USA) or a modified apparatus where the temperature of the cooled 

block was regulated by a Newport Temperature Controller (Model 3040), and the 
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experiments were recorded to a computer using a video frame grabber (IMAQ PCI-1407; 

National Instruments Inc., Austin, TX). This system was controlled by the Labview 

software as described previously (27). A sample droplet of 100 μm diameter was flash-∼

frozen and warmed until a single ice crystal remained. Once a crystal of desired size ( 20∼  

μm) was formed, the melting temperature was recorded, and the temperature was lowered 

at a rate of 0.01 °C every 10 s until the ice crystal suddenly grew. This temperature was 

determined as the freezing point of the crystal, and the TH was the difference between 

this freezing point and the melting point.

 3.3.4 FIPA analysis

FIPA analysis is a modification of ice binding plane analysis by sublimation (ice etching 

(65)) and was performed as previously described (87). A fluorescent-tagged IBP was 

engineered by ligating cDNA encoding GFP into the NdeI site upstream of the LpIBP 

coding sequence, leaving the C-terminal 6 × His-tag intact. The construct was sequenced 

before being transformed into E. coli strain BL21(DE3). The GFP-LpIBP fusion protein 

gene was expressed under the same conditions as the LpIBP gene. After cells were 

harvested by centrifugation and lysed by sonication, the lysate was centrifuged at 

21,000g. GFP-LpIBP was partially purified from the crude lysate supernatant by Ni-

Agarose affinity chromatography (Ni-NTA; Qiagen). The tagged IBP was eluted from the 

column with 50 mM Tris–HCl (pH 7.8), 250 mM imidazole and 100 mM NaCl (5 mL) 

and dialyzed against 20 mM Tris–HCl and 20 mM NaCl before being used in FIPA 

analysis at a concentration of approximately 0.2 mg/mL. Photographs of hemispheres 
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under ultraviolet illumination were taken with a Canon EOS 50D camera through a 

Canon EFS 17- to 85-mm lens.

 3.3.5 Mutagenesis and expression of TmAFP

TmAFP mutations were made using the Kunkel method (162). Mutant proteins were 

produced and purified as previously described (144). After the two-step purification, the 

TmAFP mutants were dialyzed against 100 mM NH4HCO3 for TH measurements at a 

range of AFP concentrations.

 3.3.6 Structure deposition

The atomic coordinates and structure factors were submitted to the Research 

Collaboratory for Structural Bioinformatics Protein Data Bank (ID: 3ULT).

 3.4 Results

 3.4.1 Crystallization and structure determination of LpIBP

LpIBP crystallized in the monoclinic C2 space group with two molecules per 

asymmetric unit. Crystals were grown at low pH (4.2) and high concentrations of ethanol 

(40–50%) at 4 °C over approximately 4 weeks. Data were collected at beamline X6A at 

National Synchrotron Light Source in Brookhaven National Laboratories. Two data sets 

obtained from two crystals were combined to obtain phases using single isomorphous 

replacement with anomalous scattering. After solvent flattening, the electron density map 

was well defined, and > 95% of the model was built automatically by ARP/wARP (158). 
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The structure was refined at a resolution of 1.4 Å (Rwork = 16.5%, Rfree = 18.7%) and has a 

solvent content of 70% (Table 3.1). Only the first three residues (DEQ) of LpIBP and the 

C-terminal His-tag were not observed in the electron density map. In addition to the 

protein, 235 waters, 2 ethylene glycol molecules and 11 ethanol molecules were found. 

Asn69 in chain B was the only residue located in an unfavourable region of the 

Ramachandran plot, and this was due to steric hindrance imposed by crystal packing.

 3.4.2 LpIBP is a left-handed beta-roll

The 118-residue protein folds as a left-handed beta-helix with a length of 33 Å, a 

width of 20 Å and a height of 10 Å (Fig. 3.1A). Each of the eight beta-helical coils is 

composed of two seven-residue tandem repeats with a consensus sequence XXNXVXG 

(Fig. 3.1B), where X is a solvent-exposed residue, typically with a polar side chain. The a 

side of the beta-roll is the beta-sheet made from the seven-residue repeats on the left-hand 

side of Fig. 3.1B, and the b side is the beta-sheet made from the seven-residue repeats on 

the right-hand side. The first three coils have one additional outward-pointing residue 

(Fig. 3.1C, red circle) inserted into each second repeat (b side) on the C-terminal side of 

the conserved Val (Fig. 3.1B, yellow highlight). This insertion causes a bulge in the cross-

section of the coil (lower right quadrant in Fig. 3.1C), which is not present in the other 

five coils (Fig. 3.1D). The bulge in the b side is accompanied by the substitution of two 

larger hydrophobic residues (Ile7 and Leu22) for Val on the opposing a side in the N-

terminal two coils. Together, these substitutions and insertions assemble a slightly larger 

hydrophobic core at the N-terminal end. Two residues (Asp–Glu) precede the first tandem
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Table 3.1
Summary of data collection and refinement statistics. 

Native Iodide

Data collection

Wavelength (Å) 1.13 1.55

Resolution (Å) 20-1.4 (1.5-1.4)a 20-2.1 (2.2-2.1)

Space group C2 C2

Unit-cell parameters

a,b,c (Å)

β (o)

94.28 62.49 44.00

113.96

94.7 62.53 44.05

114.34

Total reflections 256957 (42228) 51177 (3943)

Unique reflections 45098 (8305) 23468 (1969)

Completeness (%) 97.9 (96.9) 87.1 (56.9)

I/σ(I) 16.8 (5.5) 7.10 (2.8)

Rmerge (%)b 5.7 (29.3) 7.3 (2.5)

Redundancy 5.7 (5.7) 2.2 (2)

Iodide sites 16

Rcullis 
c 

acentric/centric/anomalous
0.75/0.82/0.9

Phasing power 

acentric/centric/anomalous
1.32/0.96/0.77

Overall mean FOMd 0.3/0.85

Refinement

Rwork (%)e 16.5

Rfree (%)e 18.7

RMSD from ideal bond length

(Å)/angles (o) 0.011/1.4

Non-hydrogen atoms 2109

All atoms 3850

Protein 3496

Water 235

Other solvent atoms 117

Average B factors (Å2) 17.3

Ramachandran plot (%)

Most favoured regions 92.5

Allowed regions 6.8

Disallowed regions 0.7

aHigh resolution shell is shown in parentheses.
bRmerge=P|I_<I>|/PI, where <I> is the average intensity from multiple observations of symmetry-related reflections.
cRCullis=[<(LOC)2>]1/2 (<|_F|2>)1/2, where LOC is the lack-of-closure error.
dBefore and after density modification.
eRwork and Rfree=Ph|||Fo|_|Fc||/Ph|Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes. Rfree was calculated with 5% of the reflections not 
used in refinement
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Figure 3.1. Structure of LpIBP. (A) Stereo image of chain B of LpIBP. The main-chain 
atoms are shown in cartoon representation. Side chains on the a and b sides are shown as 
sticks. The C terminus is at the front, and the N terminus is at the back. Carbon atoms are 
cyan, nitrogen atoms are blue and oxygen atoms are red. (B) Sequence of LpIBP divided 
so that the two tandem repeats constituting a coil of the helix are on the same line. On top 
is the consensus sequence. Inward-pointing Asn or His are in red, the hydrophobic core is 
in green and the IBS is shown with a grey background. Highlighted in yellow are the one-
amino-acid insertions in the first three coils. (C) Cross-section view of one of the first 
three coils (coil 1) showing that the hydrophobic packing is twisted to compensate for the 
extra residue (circled in dotted red) in the first three coils. (D) Cross-section view of one 
of the last five coils (coil 7). Colouring for (C) and (D) is the same as in (A).
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repeat, and the last three residues of the C-terminal, eighth coil (Thr-Asp-Ala) deviate 

from the consensus sequence (Fig. 3.1B).

 3.4.3 The beta-roll is stabilized by internal Asn/His ladders

Characteristic of a beta-solenoid, the structure is stabilized by backbone amide to 

carbonyl hydrogen bonds of which there are 83 predicted here between the parallel coils 

down the length of the protein (Fig. 3.2A). Within the core of the structure, adjacent coils 

are held together by two internal Asn ladders that run the length of the beta-roll. The Asn 

side-chain amide and carbonyl groups hydrogen bond to the main-chain atoms of 

neighbouring coils and to adjacent Asn side chains (Fig. 3.2B) to help form the beta-

arcades (163) that link the a and b sides of the beta-roll. His substitutes for Asn at four 

locations in the helix and their side-chain amide groups hydrogen bond only to main-

chain atoms on adjacent coils (Fig. 3.2C). The conserved Gly residues at the end of each 

heptad repeat allow the protein to make acute beta-arches that tightly pack the highly 

conserved Val residues in the centre of the core.

 3.4.4 Comparative analysis of LpIBP structure

A search of the Protein Data Bank using one chain of LpIBP was performed using 

the Dali server (DaliLite v.3) (164). The top alignment was to an adhesin structure from 

the bacterium Moraxella catarrhalis (165) with a Z-score of 17.8 and an RMSD of 1.3 Å. 

The subsequent matches were primarily other prokaryotic adhesin proteins, though a 

bacteriophage tail spike protein (166) also scored highly (Z-score of 16.2). All of the 
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Figure 3.2. Stabilization of the structure of LpIBP. (A) The structure of LpIBP 
highlighting the extensive main-chain hydrogen bonds. N and C termini are indicated. (B) 
Stereo view of the hydrogen-bonding network of the Asn ladder and (C) the His ladder. 
Colouring is identical with Fig. 3.1.
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high-scoring results were left-handed beta-helical structures composed of 14- to 16-

residue tandem repeats. None of the top search results were eukaryotic proteins. The 

highest sequence identity was 23%, which is on the borderline for homology and 

probably reflects the abundance of certain amino acids (Asn, Ser, Thr and Val) in beta-

solenoids (163) rather than a recognizable relationship by descent.

 3.4.5 The IBS of LpIBP lacks the regularity of insect AFPs

The ab initio model of LpIBP was built as a beta-roll of opposite handedness 

(right handed) to this structure (124). It correctly forecast the Val core and two Asn 

ladders. The model did not, however, anticipate the N-terminal bulge on the b side 

associated with the one-amino-acid insertions in the first three coils. Instead, it predicted 

two extensive, flat surfaces (a and b sides) on the protein, one or both of which were 

proposed to bind ice. Here, the X-ray crystal structure shows that the flatness of the b side 

is disrupted by this bulge. However, the a side is extraordinarily flat with each coil 

packing in almost perfect alignment with its neighbours, which is consistent with a site-

directed mutagenesis study that mapped the IBS to the a side (154). Unlike most beta-

solenoids (163), LpIBP does not display a twist. The lack of twist from one coil to the 

next ensures that the IBS is flat for engaging the surface on an ice plane.

Flat, untwisted IBSs supported by beta-helical scaffolds have been seen before in 

two nonhomologous insect AFPs (55, 56), both of which have two parallel arrays of Thr, 

assembled from beta-strands bearing TXT motifs, where X is any inward-pointing residue 

(Fig. 3.3A). The IBS Thr residues of these hyperactive insect AFPs are all fixed in the 

same rotameric conformation such that the distance between equivalent side-chain atoms 
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Figure 3.3. LpIBP IBS. (A) View from above the IBS of LpIBP with the ice-binding 
residues shown as sticks. Numbers in red indicate the number of alternate conformations 
of side chains on the IBS. (B) TmAFP with the ice-binding side chains shown as sticks. 
Colouring is as in Fig. 3.1A. Black numbers in (A) and (B) show the spacing of the alpha 
carbons. N and C termini are indicated. (C) TH activity curve of TmAFP and mutations of 
TmAFP. Letters and number show threonine mutations made to TmAFP, and wild-type 
LpIBP activity is shown for comparison. The activity curves for the TmAFP mutations 
T17V, T39V and T39S were indistinguishable from those for T17S, T41S and T41V, 
respectively. The latter three curves were not included on the graph for clarity. 
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closely matches the spacing of O atoms in two dimensions on both the primary-prism and 

basal planes of ice (55, 56, 167). However, the IBS residues of LpIBP are less regular 

(Fig. 3.1A). Only 5 of the 16 positions are occupied by Thr (Fig. 3.1B), while the other 11 

positions are occupied by Ser (6), Val (2), Ala (1), Ile (1) and Asn (1). Consequently, the 

side chains of these residues are not locked in particular orientations, and many were 

found in multiple conformations in the crystal structure (Fig. 3.3A). The conformational 

variability of the LpIBP IBS residues complicates measurement of the distances between 

neighbouring side chains; thus, we measured the distances between the alpha carbon 

atoms to assess the regularity of the underlying beta-sheet. The 6.8-Å spacing between∼  

residues on the same beta-strand and 4.5 Å distance between adjacent residues on 

neighbouring beta-strands (Fig. 3.3A) are similar to the spacing observed on the IBSs of 

other beta-helical AFPs (56, 57) (Fig. 3.3B) and approximate the spacing of water 

molecules on the basal and primary-prism planes of ice.

 3.4.6 LpIBP contains rows of bound water molecules on its IBS

The LpIBP crystal packing left the IBSs of both molecules in the asymmetric unit 

exposed in solvent channels (Fig. 3.4A). With the exception of an AFP from the Antarctic 

bacterium Marinomonas primoryensis (MpAFP) (57), every previous AFP structure 

solved by X-ray crystallography is derived from crystals in which proteins were packed 

IBS to IBS, either eliminating or restricting the number of surface waters. Due to 

fortuitous crystal packing, the MpAFP structure showed an extensive ice-like arrangement 

of waters around its IBS. Similarly, the IBS of LpIBP contains two rows of waters located 

in the troughs formed between the outward-pointing X residues of the XNXVX repeat
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Figure 3.4. Ordered surface waters on the crystal structure of LpIBP. (A) The 
packing of molecules in the crystal of LpIBP. Arrows represent the solvent-exposed IBS 
of LpIBP. The two molecules constituting the asymmetric unit are packed with the face 
opposite the IBS in contact. The beta-roll of LpIBP is depicted in cartoon representation. 
(B) Surface representation of LpIBP. Carbon is in white, nitrogen is in blue and oxygen is 
in red. N and C termini are shown. Light-blue spheres show the location of ordered water 
molecules on the IBS of the structure of LpIBP. Gray and brown sticks show locations of 
ethanol molecules found on the IBS. Carbon is in grey, and oxygen is in brown.
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 (spaced ca 3.9–5.5 Å). However, these water molecules are less regular than the 

“anchored-clathrate” waters of MpAFP. Due to the high concentration of ethanol used 

under the crystallization condition, some waters are replaced with ethanol molecules. 

Most of these ethanols are oriented so that their hydroxyls occupy similar positions as 

adjacent water molecules. The LpIBP-bound waters are stabilized by hydrogen bonds to 

main-chain carbonyl groups as well as side-chain hydroxyls of threonine or serine 

residues. The distance between the two water rows on the IBS is approximately 7.0 Å, 

which is close to the spacing of oxygen atoms on the basal plane of ice (7.3 Å). Waters 

are also seen between the outward-pointing X residues of the XNX repeat on the non-IBS 

side spaced 4.5–5.0 Å apart (where N is part of an internal Asn ladder). A superimposition 

of the two LpIBP molecules in the asymmetric unit shows that these waters occupy 

almost identical positions in both chains.

 3.4.7 Effect of Thr replacements on the IBS of another beta-helical AFP

To examine the hypothesis that the low TH activity of LpIBP might be due to the 

presence of residues other than Thr on its IBS, we explored the impact of similar 

mutations on the TH activity of the beetle AFP TmAFP. Thr residues at position 17, 39 or 

41 on the IBS of TmAFP were separately mutated to Ser and Val, and the TH activity of 

the pure protein was measured (Fig. 3.3C). All six mutations significantly lowered the TH 

activity of the AFP by 30–65% without disrupting the protein fold. Mutations of the 

centrally located Thr (positions 39 and 41) to either Ser or Val were the most deleterious. 

At a similar concentration, wild-type LpIBP has TH activity of 10% of wild-type TmAFP 

(Fig. 3.3C) (154).
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 3.4.8 LpIBP binds to the basal and primary-prism planes of ice

To determine the planes of ice to which LpIBP binds, we fluorescently labeled the 

protein with an N-terminal green fluorescent protein (GFP) tag. This construct was slowly 

incorporated into a growing single crystal ice hemisphere and directly visualized under 

UV illumination. An ice crystal oriented with the cold finger perpendicular to the basal 

plane exhibited a central, circular fluorescent patch on the basal plane surrounded by six 

evenly spaced patches on the primary-prism planes (Fig. 3.5A, c-axis perpendicular to the 

page). A hemisphere mounted with the basal plane parallel with the cold finger displayed 

three elongated fluorescent patches on the prism planes (Fig. 3.5B). For comparison, the 

fluorescence-based ice plane affinity (FIPA) analysis obtained with GFP-TmAFP showed 

complete coverage of the ice crystal hemisphere with no separate patches observed (Fig. 

3.5C).

Binding to the basal plane of ice (in addition to other planes) is the hallmark of 

hyperactive AFPs (24). Within the TH gap, the supercooled ice crystal formed in the 

presence of LpIBP had the general shape of a hexagonal bipyramid with the c-axis 

oriented between the two crystal tips (Fig. 3.5D). When the sample was cooled below the 

TH gap, the LpIBP-bound ice crystal rapidly expanded along the a-axes while presenting 

flat basal planes that advanced only slowly (Fig. 3.5D). This morphology is consistent 

with the basal-plane affinity of LpIBP.

 3.5 Discussion

Here, we have presented the first structure of a plant “antifreeze protein,” which is
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Figure 3.5. Ice planes bound by LpIBP. (A) An ice hemisphere was slowly grown in a 
solution of GFP-LpIBP from a single crystal oriented with the c-axis perpendicular to the 
page and visualized under UV light. (B) An ice hemisphere was grown as in (A) with the 
c-axis vertical in the plane of the page as indicated. (C) Ice hemisphere grown in the 
presence of GFP-tagged TmAFP. (D) Growth of a supercooled microscopic ice crystal in 
the presence of LpIBP at 1 mg/mL. The melting point of the ice crystal was − 0.57 °C, 
and its freezing point was −0.86 °C. The six frames encompass a period of 5 s.

69



 in effect the first structure of an IBP that functions primarily in freeze tolerance by 

inhibiting ice recrystallization. The fish and insect AFP structures solved to date (47, 51, 

52, 54-56, 168) all come from organisms that must avoid freezing. The repetitive, beta-

helical LpIBP structure provides a flat regular ice-binding face that resembles several 

AFPs, most notably the hyperactive AFPs from insects. With its eight coils, LpIBP is 

similar in size and length to two insect beta-helical AFP structures, TmAFP and CfAFP, 

whereas it is notably shorter than the beta-helical AFP structure from the bacterium M. 

primoryensis (MpAFP), which is composed of 13 coils (55, 56, 87).

Unlike the insect AFPs, TmAFP and CfAFP, which are reinforced by disulfide 

bonds, and MpAFP, where internal calcium-ion coordination strengthens and rigidifies the 

fold, LpIBP is stabilized largely by an extensive hydrogen-bonding network within the 

external sheath and inner Asn/His ladder, as well as a small hydrophobic core. The low 

temperatures at which IBPs function strengthen hydrogen bonding but diminish the 

hydrophobic effect. A number of AFPs rely almost entirely on hydrogen bonding for their 

stability and like LpIBP have protein folds that have evolved to function well at low 

temperatures. For example, type I AFP is a single free-standing alpha-helix (67), and 

snow flea AFP has a polyproline II coil structure held together largely by a network of 

hydrogen bonds between the peptide backbones of the neighboring coils (54, 94, 95). 

Interestingly, the LpIBP structure lacks obvious N- or C-terminal capping structures that 

have been observed in most other beta-solenoid structures (163, 169). While the larger 

side chains present on the N terminus of LpIBP may stabilize that end of the helix, the C 
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terminus is left exposed. The lack of capping structures may explain why this IBP unfolds 

at temperatures above 12 °C but readily refolds after heat treatment ∼ (142, 154, 170).

Steric mutagenesis is commonly used to deduce the location of an AFP's IBS (32, 

71, 83, 144, 154). However, even non-steric mutants that do not disrupt the protein's fold 

can disrupt ice binding, possibly by disturbing the anchored-clathrate waters on the IBS. 

The replacement of regularly spaced Thr residues with Val versus Ser had very different 

effects on the activity of the alpha-helical type I AFP (68-70). Val was well tolerated, but 

Ser caused a large loss in TH activity. The subsequent identification of the IBS of type I 

AFP as a hydrophobic surface formed from the Thri, Alai +4 and Alai + 8 in each 

TxxxAxxxAxx repeat (71) revealed the structural basis for the importance of the Thr 

methyl groups. In light of the anchored-clathrate hypothesis (57), the loss of the Thr 

methyl group (Ser replacement) would fragment the potential clathrate structure that may 

form along the length of the alpha-helix.

Substitution of single Thr residues on the IBS of TmAFP with Ser or Val both 

resulted in a large decrease in the TH activity in comparison with the wild-type protein. 

The explanation for this decrease is twofold: the loss of the hydroxyl moiety as a result of 

the Thr-to-Val mutation means that the TmAFP mutant would be less able to secure its 

anchored-clathrate waters by hydrogen bonds; secondly, when a Thr is replaced with Ser, 

the loss of a beta-branched side chain is likely to release the locked conformations of the 

flanking Thr residues, further disrupting the bound clathrate waters. In addition, the gain 

(Val) or loss (Ser) of a methyl group could further perturb the anchored-clathrate 

structure.
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A previous mutagenesis study of TmAFP's IBS (171) replaced four of the central 

Thr residues with Val, which resulted in reduced TH activity similar to the level seen here 

with LpIBP. Mutating eight of the Thr residues to Val completely abolished TH, 

supporting our contention that the hydrogen-bonding capacity of the hydroxyl group is 

critical for ice binding. We hypothesize that the lower TH associated with LpIBP (Fig. 

3.3C) is due to the decreased likelihood of the protein organizing a quorum of water 

molecules for ice binding due to the heterogeneity of the IBS residues. In support of this 

hypothesis, LpIBP is known to partition into growing ice poorly compared to wild-type 

AFPs (170). This behaviour is consistent with AFPs bearing mutations that disrupt their 

IBSs and reduce TH activity. Indeed, LpIBP binds to ice using an imperfect hyperactive 

AFP IBS.

A defining characteristic of a hyperactive AFP is its affinity for the basal plane, 

which blocks ice crystal growth along the c-axis, thus protecting the crystal from growth 

down to lower freezing temperatures. Organisms that produce hyperactive AFPs (such as 

insects) are capable of surviving lower temperatures than those (like fish) with 

moderately active AFPs that do not adsorb to the basal plane. Basal-plane affinity was 

postulated to result from the spacing of the side chains on the IBS of beta-helical AFPs, 

which provides an almost exact match to the spacing of oxygen atoms on this plane of ice 

(55, 56). More recently, it was proposed that this spacing is required to organize and 

anchor basal-plane ice-like waters on the IBS, which are then responsible for binding to 

ice (57). AFPs that are not hyperactive lack this particular spacing and do not have the 

capacity to bind the basal plane.
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LpIBP appears to be an anomaly in that it has the ability to adhere to the basal 

plane of ice but possesses low TH activity. However, as documented here and elsewhere, 

mutation of an IBS can greatly lower or even eliminate TH (71, 172). Thus, the 

heterogeneity of the IBS of LpIBP is predicted to lower the probability that the protein 

will acquire the minimum number of anchored waters to allow it to bind to ice. Consistent 

with this idea, the anchored water molecules on the LpIBP IBS form a looser network 

than those constrained by the more regular IBS of MpAFP (57).

LpIBP presumably evolved to protect grass from damage caused by 

recrystallization of ice rather than to prevent freezing by depressing the freezing 

temperature. AFPs from freeze-avoiding organisms adsorb to ice to prevent its growth, 

allowing the surrounding liquid water to supercool. When the threshold temperature for 

freezing is breached, the ice crystals burst explosively, inflicting extensive tissue damage. 

Thus, it would be an impractical approach for plants that are routinely exposed to extreme 

sub-freezing conditions to attempt to prevent freezing using AFPs. Instead, some freeze-

tolerant plants employ IBPs to minimize the damage associated with freezing.

A search of the expressed sequence tag and nucleotide databases for isoforms and 

homologues of LpIBP shows that L. perenne has at least three other LpIBP sequences. 

The sequences of several other grass IBP orthologues have been deposited, and in each 

species, the IBP has multiple isoforms (39, 116, 173, 174). Alignments show that their IRI 

domains are composed of tandem repeats with the same consensus sequence 

(XXNXVXG) and include the same one-amino-acid insertion in their first three coils. The 

ice-binding residues are well conserved, but the other outward-projecting residues are 

highly variable. The structural residues within the beta-roll show high levels of 
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conservation. In fact, the locations of the inward-pointing His residues are fully conserved 

in these isoforms, suggesting that they play an important structural role. Interestingly, like 

the insect AFPs, the largest variation between these orthologues and isoforms is the 

number of tandem repeats, which varies from 11 to 17. This strongly implies that each 

isoform has the same overall fold and these other sequences could be modeled based on 

LpIBP.

Based on the structure of LpIBP, we hypothesize that IBPs involved in IRI have 

lower TH activities than AFPs because their IBSs are less well ordered. As a result, they 

have fewer ice-like waters and a reduced ice-binding capacity. One way to test this 

hypothesis will be to solve additional IBP structures from organisms that tolerate freezing 

and compare them to AFPs. At the same time, it will be necessary to have an unrestricted 

view of their IBS in contact with water. Clearly, there is still much to be learned from 

pursuing the structural biology of IBPs.

 3.6 Acknowledgements

This research was funded by a grant to P.L.D. from the Canadian Institutes of 

Health Research. The authors thank Debborah Fass for the gift of GFP-TmAFP, 

Christopher Garnham for help growing ice crystal hemispheres, Jean Jakoncic and Vivian 

Stojanoff from beamline X6A at Brookhaven National Laboratory for beamline support, 

Margaret Daley and Brian Sykes for validating the folding of the TmAFP point mutations, 

Sherry Gauthier for technical support, Zongchao Jia and John Allingham for access to 

their home-source beams and Qilu Ye for aiding with initial crystal screening. P.L.D. 

74



holds a Canada Research Chair in Protein Engineering, A.J.M. was supported by a 

Natural Sciences and Engineering Research Council of Canada Postgraduate Scholarship 

(PGS-D2), F.F. was supported by a postdoctoral fellowship from Fond de la Recherche en 

Santé du Québec, V.K.W. was supported by a Queen's Research Chair and M.B. was 

supported by the Lady Davis Fellowship Trust and by the Israel Science Foundation.

75

http://www.sciencedirect.com/science/article/pii/S0022283612000861#gts0010


 4 Chapter 4 – Engineering bacterial sialic acid synthase to 
have antifreeze protein activity

 4.1 Abstract

Type III antifreeze protein (AFP) is a 7-kDa, globular ice-binding protein (IBP) with 

moderate thermal hysteresis activity. It was recently shown to have a compound ice-

binding site where one surface of the more active isoforms binds to the primary prism 

plane of ice and an adjacent surface, shared by all isoforms, binds to a pyramidal ice 

plane. This AFP appears to have evolved from the C-terminal domain of the enzyme sialic 

acid synthase (SAS) by a process of gene duplication and divergence. Consistent with this 

origin, SAS from the ocean pout has the ability to bind and shape an ice crystal, but not to 

stop it from growing. To test our understanding of what structural elements constitute an 

ice-binding site and the mechanism by which a protein binds to ice, we have begun 

engineering a bacterial SAS from Neisseria meningitidis into an AFP. Unlike the fish 

SAS, the wild-type bacterial enzyme has no intrinsic affinity for ice. Mutations that 

improved the flatness and hydrophobicity of the pyramidal ice plane-binding surface gave 

SAS the ability to form facets on ice crystals and slow ice growth. Mutations designed to 

improve the flatness and hydrophobicity of the prism ice plane-binding surface did not 

fold well. We suggest there are underlying features in the fold of the bacterial SAS that 

must be changed in conjunction with the surface mutations to convert it into an AFP. 
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 4.2 Introduction

Antifreeze proteins (AFPs) are an adaptation that a wide variety of organisms have 

developed in response to sub-freezing environments (136). AFPs have the remarkable 

ability to bind to ice irreversibly and stop its growth by a non-colligative mechanism (22, 

25). However, the biophysical mechanism by which AFPs adsorb to ice has been a long-

standing question. It was initially proposed that AFPs made a hydrogen bonding match to 

ice (64, 65, 175). Subsequently, it was realized that the ice-binding surface (IBS) was 

relatively hydrophobic (68, 69, 71, 72) and a role for the hydrophobic effect was 

suggested (59). Recently, molecular dynamics analyses have predicted that AFPs can 

organize water on the protein's IBS into an ice-like arrangement (98, 99, 176). When the 

AFP with its IBS-bound waters approach an ice crystal, the ordered waters will freeze 

onto the surface of the crystal resulting in irreversible adsorption of the AFP to ice (99). 

Physical evidence for this mechanism has recently been seen in the extensive array of ice-

like waters on the IBS of a bacterial AFP, where this hydration layer has been referred to 

as anchored clathrate waters (57), and to a lesser extent in a fish AFP (177). 

The bound AFP molecules cause a freezing-point depression relative to the 

melting point via the adsorption-inhibition mechanism based on the Gibbs-Thomson 

effect (22). AFPs adsorbed to ice direct water molecules to add to the crystal lattice 

between the bound proteins to form convex surfaces (25). The curvature increases until an 

equilibrium stage is reached where there is no net addition of water molecules to the ice. 

The difference between the melting point and the non-equilibrium freezing point is 

defined as thermal hysteresis (TH) (8). When the solution surrounding the ice crystal is 
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cooled below the non-equilibrium freezing point, the ice crystal grows explosively (24).

Type III AFP is a moderately active antifreeze produced by many fish in the 

Zoarcid family (76, 77). Type III is found in the ocean pout Macrozoarces americanus as 

a series of isoforms that were initially divided into two categories: the QAE-Sephadex-

binding (QAE) and the SP-Sephadex-binding (SP) isoforms based on their affinity for the 

two different anion-exchangers (75). While the SP isoforms are TH-defective, the QAE 

isoforms have moderate levels of TH (88). Recent work using mutagenesis and 

fluorescent tagging has shown that the QAE isoforms bind to ice via an IBS that adheres 

to both the pyramidal and the primary-prism planes of ice (87). Conversely, the SP 

isoforms can bind only to the pyramidal plane of ice. It is not known why this binding 

does not confer TH while another fish AFP (type I) that only binds a pyramidal plane is 

able to halt ice growth.

Type III AFP is homologous with the C-terminal domain of the enzyme sialic acid 

synthase (SAS) (131). SAS is a cytoplasmic protein with a dimeric molecular mass of 

approximately 80 kDa (178). SAS is found in various organisms including vertebrates, 

some insects, and certain pathogenic bacteria (179). In bacteria, SAS catalyzes the 

condensation of N-acetylmannosamine and phosphoenolpyruvate to form N-

acetylneuraminic acid (a sialic acid) (133). Currently there are two published structures of 

SAS enzymes: an X-ray structure of full-length SAS from the bacterium Neisseria 

meningitidis (NmSAS) was reported in 2005, and a solution structure of the C-terminal 

domain of human SAS in 2006 (134). The bacterial SAS constitutes an N-terminal active-

site beta-barrel domain (133) and a C-terminal beta-clip domain (180). In the crystal 

structure, two SAS molecules form a domain-swapped homodimer where the C-terminal 
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domain of one monomer packs against the N-terminal region of the other molecule. The 

C-terminal domain is thought to act as a cap on the active site. 

Here, we report the engineering of SAS from N. meningitidis via mutagenesis into 

a protein that appears to have affinity for ice. The mutations were made sequentially and 

most mutants were crystallized to track the progress towards an ice-binding protein. The 

homologous type III AFP was used as a guide for the mutations. This proof-of-principle 

project was undertaken to gain a clearer understanding of what structural features are 

required to build an IBS.

 4.3 Materials and methods

 4.3.1 Sequencing of Macrozoarces americanus SAS

Total RNA was purified from approximately 120 mg of frozen Macrozoarces americanus 

liver using an RNeasy Mini Kit (Qiagen). A CSX-oligo-dT17 primer was used to reverse 

transcribe the mRNA pool and a PCR was performed using partially degenerate primers 

to amplify cDNA encoding SAS from M. americanus. Five partially degenerate primers 

(three forward and two reverse) were designed that corresponded to regions of the amino 

acid and DNA sequences with high levels of identity (Fig. 4.1). Additionally, a CSX-

oligo- dT17 (5′-GACTCGAGTCGACATCGAT17-3′) reverse primer was used to allow 

amplification of the 3' end of the mRNA. In order to fully sequence the SAS gene, inverse 

PCR was performed using previously-isolated genomic DNA (181). Sequencing was 

performed by Cortec (Kingston, Ontario, Canada).
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Figure 4.1. Sequencing of M. americanus SAS. A) Alignment of DNA sequences that 
encode SAS from four fishes closely related to M. americanus. Highlighted in grey is the 
start codon, and in green and blue are the sense and antisense partially degenerate 
primers, respectively. The anti-sense primers are shown as reverse complements for 
clarity. DNA alignment is terminated at base pair 660 where the last codon is for Gly220. 
G. aculeatus = Gasterosteus aculeatus, O. latipes = Oryzias latipes, T. rubripes = 
Takifugu rubripes, T. nigroviridis = Tetraodon nigroviridis. B) DNA and amino acid 
sequence of full-length MaSAS. Highlighted in yellow is the C-terminal domain.
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A)
                                                                   ASCAYCCGTGYTTY 
G. aculeatus         --------------CGAGCTGTGTCCCGGTCGGATGATCGGAGGAAACCACCCGTGCTTC 46
O. latipes           ATGGCGTCCGTCTTCGAGCTCTGTCCCGGCCGGAAGATCGGCGGGGAGCATCCGTGCTTC 60
T. rubripes          ATGCCGTTAGAGTTTGAACTGTGTCCTGGTCGTGTGGTGGGAGGAAACCATCCGTGTTTC 60
T. nigroviridis      ATGCCGTTAGAGTTTGAACTATGTCCTGGTCGAGTGGTCGGAGGAGACCACCCGTGTTTT 60
                                    **.** ***** ** ** .:*.* **.**..* ** ***** ** 
 
                     ATYATCGC
G. aculeatus         ATTATCGCTGAAATTGGACAAAATCACCAGGGAGACATTGAGATTGCCAAGAAAATGATC 106
O. latipes           ATCATCGCAGAGATCGGACAGAACCACCAGGGGGACATTGAAACCGCCAAGAAAATGATC 120
T. rubripes          ATTATCGCTGAAATTGGACAAAATCACCAAGGAGACATTGAAATCGCCAAGAAAATGATC 120
T. nigroviridis      ATTATCGCTGAAATTGGACAAAACCACCAGGGAGACATTGAAATCGCCAAGAAAATGATC 120
                     ** *****:**.** *****.** *****.**.********.*  ***************

G. aculeatus         AAGATGGCAAAGGACTGCGGTGCGGATTGTGCCAAATTTCAGAAGAGTGAATTGGATCAT 166
O. latipes           CAAGTGGCGAAGGACGCCGGGGCGGATTGTGCCAAATTCCAGAAGAGCGAGTTGGAGCAC 180
T. rubripes          AAAATGGCAAAGGATTGTGGTGCCGATTGTGCCAAATTCCAGAAAAGTGAACTGAAGTAC 180
T. nigroviridis      AAAATGGCCAAGGACTGTGGTGCTGATTGTGCCAAATTCCAAAAAAGTGAATTGGAAGAC 180
                     .*..**** *****    ** ** ************** **.**.** **. **.*  * 

G. aculeatus         AAATTCAACAAGAAAGCTTTGGAGCGCCCGTACAATTCTGTTCACTCCTGGGGGAAAACT 226
O. latipes           AAGTTCAACAAGCGAGCGTTGGAGCGGCCATACAACTCCAAAAACTCCTGGGGGAAAACC 240
T. rubripes          AAGTTTAACAAACGAGCTTTGGAGAGACCGTACACTTCCAAACACTCTTGGGGGAAAACT 240
T. nigroviridis      AAGTTTAACAGACGAGCTCTGGAGAGGCCGTACACTTCCAAACATTCTTGGGGGAAAACC 240
                     **.** ****....***  *****.* **.****. ** .::.* ** *********** 

G. aculeatus         TATGGTGACCACAAACGCCACCTGGAGTTCAGCCATGAGCAGTACAAGGAACTGCAGAAA 286
O. latipes           TACGGTGAACACAAGCGCCACCTGGAGTTCAGCCATGAGCAGTACAGGGAGCTGCAGAGA 300
T. rubripes          TATGGTGAACACAAGCATCATCTCGAGTTTACTCATGAACAGTATAAACAGCTGCAAAAA 300
T. nigroviridis      TACGGTGAACACAAGCGTCATCTGGAGTTTAGTCACGACCAGTATGAAGAGCTGCAAAAA 300
                     ** *****.*****.*. ** ** ***** *  ** ** ***** ... *.*****.*.*
 
                                                   GCBTCDGGSATGGAYGAGATGGC
G. aculeatus         TATGCTGAGGAGGTGGACATCTGTTTCACTGCGTCTGGGATGGATGAGATGGCAGTGGAG 346
O. latipes           TTCGCCGCAGACGTGGGGATCTTCTTCACGGCTTCAGGGATGGACGAGATGGCGGTGGAG 360
T. rubripes          TATGCACAAGAGGTGGGGATCTTCTTCACTGCCTCTGGGATGGATGAGATGGCAGTAGAA 360
T. nigroviridis      TACGCAGAAGAGGTTGGGATCTTCTTCACTGCCTCTGGGATGGATGAGATGGCAGTGGAA 360
                     *: **  ..** ** *. ****  ***** ** **:******** ********.**.**.

                                                      GTNGGNTCWGGAGARACCAACA
G. aculeatus         TTCCTCCATGAGCTTAATATTCCTTTCTTTAAAGTGGGCTCAGGAGACACCAACAACTTC 406
O. latipes           TTCCTCCATGAGATCAACGTGCCGTTCTTTAAAGTGGGCTCTGGAGACACCAACAACTTC 420
T. rubripes          TTTCTTCATGAACTCAATGTGCCTTTTTTCAAAGTTGGTTCTGGAGATACCAACAACTTT 420
T. nigroviridis      TTTCTTCACGAACTCAAAGTGCCTTTTTTCAAAGTCGGCTCTGGAGACACCAACAACTTT 420
                     ** ** ** **..* ** .* ** ** ** ***** ** **:***** *********** 

G. aculeatus         CCCTATTTGGAGAAGACTGCCAAGAAAGGACGGCCCATGATTGTATCCAGCGGGATGCAG 466
O. latipes           CCTTACCTGGAAAAAACCGCTAAGAAAGGTCGTCCCATGGTGGTGTCCAGCGGCATGCAG 480
T. rubripes          CCCTATCTGGAAAAGACTGCCAAGAAAGGACGTCCCATGGTGGTGTCTAGCGGGATGCAG 480
T. nigroviridis      CCTTATCTAGAGAAGACTGCCAAGAAAGGACGTCCCATGGTGGTGTCCAGCGGGATGCAG 480
                     ** **  *.**.**.** ** ********:** ******.* **.** ***** ******

G. aculeatus         AACATGGAGACGATGCGTCAGGTCTACAAAACCGTGAAGGAGCACAACCCAAACTTTACC 526
O. latipes           TCCATGGAGACCATGCGTCGTGTCTACAGAACCGTGAAGGAACACAACCCAAACTTTGCC 540
T. rubripes          TCTATGCAGACAATGCGTCGAGTCTACAAAACAGTGAAGGAGCACAATCCGAAATTTGCC 540
T. nigroviridis      TCTATGGCGACGATGCGTCGAGTATACAAAACGGTGAAAGAGCACAATCAGAACTTTGCC 540
                     :. *** .*** *******. **.****.*** *****.**.***** *..**.***.**

                                                                        MGAGTGMTM
G. aculeatus         ATCCTGCAGTGCACCAGCGCCTATCCTCTGGAAGCAGAGGATGTCAACCTCAGAGTGCTA 586
O. latipes           ATCCTTCAGTGTACCAGTGCGTACCCTTTGGAACCAGAAGATGTCAACCTGAGAGTGATC 600
T. rubripes          ATACTGCAGTGCACCAGTGCCTATCCCCTAGAAGCTGAAGACGTCAACCTGAGAGTGATA 600
T. nigroviridis      ATCCTGCAGTGCACCAGTGCCTATCCCCTGGAAGCTGAAGACGTCAACCTCCGAGTGATA 600
                     **.** ***** ***** ** ** **  *.*** *:**.** ******** .*****.*.



  
                     ACKGARTACCAGAAGG                    GGNTARTCNGGCCARGAGTCWGGN
G. aculeatus         ACGGAGTACCAGAAGGAATTTCCCGATATTCCCATTGGGTATTCCGGCCATGAGTCTGGG 646
O. latipes           ACTGAATACCAGAAGGAGTTTCCTGATATCCCCATTGGCTACTCTGGCCATGAGTCTGGA 660
T. rubripes          ACGGAATACCAGAAGGAGTTTCCCGATATCCCTATTGGGTATTCGGGCCATGAGTCAGGC 660
T. nigroviridis      ACGGAATACCAGAAGGAGTTTCCTGATATCCCCATCGGGTATTCAGGCCACGAGTCAGGA 660
                     ** **.***********.***** ***** ** ** ** ** ** ***** *****:** 

B)

atgccgttaacgttcgagctgtgtcccggtagaatgatcggaggagatcatccgtgcttc 60
 M  P  L  T  F  E  L  C  P  G  R  M  I  G  G  D  H  P  C  F 
atcatcgctgaaattggacaaaatcaccagggagacattgagattgccaagaaaatgatc 120
 I  I  A  E  I  G  Q  N  H  Q  G  D  I  E  I  A  K  K  M  I 
aaaatggcaaaggaccagggtgctgattgcgccaaattccagaagagtgaattggagcat 180
 K  M  A  K  D  Q  G  A  D  C  A  K  F  Q  K  S  E  L  E  H 
aaattcaacaagaaagccttggagcgccagtacaagtctgttcactcctgggggaaaact 240
 K  F  N  K  K  A  L  E  R  Q  Y  K  S  V  H  S  W  G  K  T  
tatggtgaccacaagcgccatctggagttcagccatgatcagtacagggaactgcagaaa 300
 Y  G  D  H  K  R  H  L  E  F  S  H  D  Q  Y  R  E  L  Q  K 
tatgctgcggaggtggggatcttcttcactgcctctgggatggatgagatggcagtggag 360
 Y  A  A  E  V  G  I  F  F  T  A  S  G  M  D  E  M  A  V  E 
ttcctccatgagctgaatgtgcttttcttgaaagtgggctcaggagacaccaacaacttc 420
 F  L  H  E  L  N  V  L  F  L  K  V  G  S  G  D  T  N  N  F 
ccctatctggagaagactgccaagaaaggacggcccatggtggtgtccagcgggatgcag 480
 P  Y  L  E  K  T  A  K  K  G  R  P  M  V  V  S  S  G  M  Q 
agcatggagacgatgcgtcgggtctacaaaacggtgaagaagcacaaccccaactttgcc 540
 S  M  E  T  M  R  R  V  Y  K  T  V  K  K  H  N  P  N  F  A 
atcctgcagtgcaccagcgcctaccctctggaagctgaagatgtcaacctcagagtgata 600
 I  L  Q  C  T  S  A  Y  P  L  E  A  E  D  V  N  L  R  V  I 
acggaataccagaaggaatttcccgatattcccattgggtactccggccatgagtctggg 660
 T  E  Y  Q  K  E  F  P  D  I  P  I  G  Y  S  G  H  E  S  G 
atcagtatttcagttgcggccgtggctatgggggcaaaggtcatcgagcgccacgtaacc 720
 I  S  I  S  V  A  A  V  A  M  G  A  K  V  I  E  R  H  V  T 
ttggacaagacttggaaaggaaatgaccacgaagcctctctggagcccgctgagctagcc 780
 L  D  K  T  W  K  G  N  D  H  E  A  S  L  E  P  A  E  L  A 
gagctggttcgttgcatccgactggtggagagggcgcagggcaccggcatcaagcagatg 840
 E  L  V  R  C  I  R  L  V  E  R  A  Q  G  T  G  I  K  Q  M 
ttgccttgtgagaagccgtgccatgataagctgggtaagtccttggtggccacggtcaag 900
 L  P  C  E  K  P  C  H  D  K  L  G  K  S  L  V  A  T  V  K 
atccccaaaggaaccgtcctgactcaggacatgttgacggtgaaggtggccgagccgatg 960
 I  P  K  G  T  V  L  T  Q  D  M  L  T  V  K  V  A  E  P  M 
ggcgtcgcggccgaggacatcttccaaatggtgggaaagaccgtgacgaaggatgtggag 1020
 G  V  A  A  E  D  I  F  Q  M  V  G  K  T  V  T  K  D  V  E 
gaggacgacagcctcttgccagaggtggtggacgggtactgcaagaagaggaagtgctga 1080
 E  D  D  S  L  L  P  E  V  V  D  G  Y  C  K  K  R  K  C  - 



 4.3.2 Cloning and mutagenesis

Full-length cDNA encoding Macrozoarces americanus SAS (MaSAS) was cloned into 

the pET28a+ vector that encodes an N-terminal His ×6 tag. Wild-type full-length NmSAS 

gene (a gift from Dr. Natalie Strynadka) was cloned into the pET28-MHL (Structural 

Genomics Consortium, Toronto, ON, Canada) vector using ligation-independent cloning 

(BD Biosciences) and included the DNA for an N-terminal His ×6 tag. Genes encoding 

mutations to the C-terminal domain of NmSAS were ordered from GeneArt (Invitrogen). 

A unique SacI restriction endonuclease site located ~ 85 bp before the DNA encoding the 

C-terminal domain, combined with a 3' HindIII cut site in the vector, allowed the removal 

of the wild-type C-terminal domain and insertion of the synthetic gene fragments. Clones 

were confirmed by sequencing (Robarts Research Institute DNA Sequencing Facility, 

London ON, Canada). The DNA encoding the C-terminal domain of NmSAS mutants was 

PCR amplified and digested with PstI and HindIII before being ligated into a vector 

(pMAL-c2) (182) containing a gene encoding a truncated maltose-binding protein (MBP). 

This ligation puts the gene encoding MBP 5' of the DNA encoding the C-terminal domain 

of NmSAS.

 4.3.3 Protein expression and purification

Vectors encoding MaSAS, NmSAS mutants and the MBP fusion proteins were 

transformed into the Escherichia coli cell line BL21 Star (DE3). Cells were grown in 1 L 

of lysogeny broth at 37 °C with 100 µg/mL of antibiotic (kanamycin for NmSAS and 

MaSAS production and ampicillin for MBP fusion production) and the temperature was 

dropped to 23 °C when the O.D.600 nm was ~ 0.6. Protein expression was induced with 1 

81



mM IPTG when the O.D.600 nm was 1.0 and the cells were shaken overnight. Cells were 

recovered by centrifugation at 2500 ×g at 4 °C and resuspended in 20 mM Tris-HCl (pH 

8.5) 150 mM NaCl, 100 μm PMSF. Cells were lysed using a model 5000 Sonic 

Dismembrator (Fisher Scientific) and cell debris was pelleted by centrifuging the lysate at 

21 000 ×g. The supernatant was mixed with 5-mL of nickel-affinity agarose beads 

(QIAGEN) for ~ 30 min before being loaded into a 20 mL column (BioRad). The column 

was washed with two column volumes of 50 mM Tris-HCl (pH 7.6), 500 mM NaCl, 2% 

(v/v) glycerol, 5 mM imidazole and then eluted with 250 mM imidazole, 50 mM Tris-HCl 

(pH 7.6), 500 mM NaCl, 2% (v/v) glycerol in five 5-mL elutions. The elutions containing 

protein were pooled and dialyzed against 20 mM Tris-HCl (pH 8.5), 50 mM NaCl before 

being loaded onto a HiLoad 16/10 Q-Sepharose column (GE Healthcare). NmSAS was 

eluted using an increasing salt gradient of 20 mM Tris-HCl (pH 8.5), 1 M NaCl, 14 mM 

ß-mercaptoethanol. Purified NmSAS was concentrated to approximately 15 mg/mL using 

Amicon concentrating columns (M.W.C.O.: 30 kDa). Diagnostic size-exclusion 

chromatography was performed using a Superdex 200 10/300 GL column (GE 

Healthcare) equilibrated with 20 mM Tris-HCl (pH 8.5), 150 mM NaCl, 14 mM ß-

mercaptoethanol.

 4.3.4 Crystallography and data collection

Purified mutants of NmSAS were crystallized under similar conditions to those reported 

by Gunawan et al, 2005 (133). Diffraction-quality crystals of NmSAS2, 3, 4, and 5 were 

obtained using vapour diffusion with 2 µL of protein and 2 µL of mother liqueur 

containing 1.0 – 1.5 M malic acid (pH 6.2), 10 mM MnCl2 and 20 mM Tris(2-
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carboxyethyl)phosphine. Data from crystals grown of NmSAS mutants NmSAS3 and 4 at 

beamline X6A at the NSLS in BNL and data using crystals of NmSAS5 were collected on 

a Rigaku rotating anode X-ray generator (Micromax 007). NmSAS3 and NmSAS4 

crystals were frozen on the beam without cryoprotection. NmSAS5 crystals were briefly 

immersed in pure paratone-N oil before being frozen on the beam. All datasets were 

collected at 100 K and were indexed and integrated with XDS and scaled using XSCALE 

(155). Structures were solved using molecular replacement with the full-length malate-

bound structure of wild-type NmSAS (PDBID: 1XUU) (133). Molecular replacement was 

performed using Phenix-MR and refinement was performed using Phenix-refine (159). 

Mutations were manually changed in Coot v.0.7-pre before the data were further refined 

(160).

 4.3.5 Thermal Hysteresis

Thermal hysteresis measurements were performed as previously described (183) using 

either a Clifton (24) or a homemade (27) nanolitre osmometer. Briefly, sub-microlitre 

sized drops were loaded into a well on a cooled stage and rapidly frozen. The sample was 

melted until only one ice crystal remained then the temperature was gradually dropped 

(0.001 °C / 10 s). Images of the ice crystals were captured using either a Canon EOS50 

camera or a video camera (Panasonic WV-BL200). Labview 2009 (v. 9.0f2; National 

Instruments) software was used to control the temperature of the cooled stage when using 

the homemade osmometer.  
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 4.4 Results

 4.4.1 The sequence of ocean pout Macrozoarces americanus SAS is 35% identical to type 

III AFP

Extensive BLAST searches were performed using the amino acid sequences of 

Danio rerio SAS and type III AFP from M. americanus in order to obtain SAS sequences 

from closely-related fish species. Translated EST and genomic sequences (when 

available) encoding SAS from fishes (including the percomorphs Takifugu rubripes,  

Tetraodon nigroviridis, and Gasterosteus aculeatus) were aligned using ClustalW2 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The alignments allowed us to design 

partially degenerate oligonucleotides that were used in a PCR to amplify internal 

fragments of cDNA encoding M. americanus SAS (MaSAS) (Fig. 4.1A). Gene-specific 

primers and inverse PCR were used to amplify the entire DNA sequence encoding 

MaSAS (Fig. 4.1B). The C-terminal domain is defined as starting at Leu 290 of the full-

length translation from DNA encoding MaSAS. The C-terminal domain has ~ 50% 

identity with isoforms of SAS from other fishes shown in Fig. 4.2 and has approximately 

35% sequence identity and 55% similarity to most isoforms of type III AFP isolated from 

M. americanus. Identity and similarity are predominantly between inward-pointing 

residues that make up the core (e.g. Ile11, Leu17, and Val49) and solvent-exposed 

charged side chains (e.g. Glu35, Asp36 and Arg47). Identity is also seen between 

particular ice-binding residues in all isoforms of the C-terminal domain. 
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Figure 4.2. Incipient ice-binding ability of MaSAS. A) Amino-acid sequence alignment 
of the C-terminal domain of SAS from various fishes and N. meningitidis with the 
HPLC12 isoform of type III AFP from M. americanus. Highlighted in blue are residues 
identical to type III AFP, and yellow highlight shows ice-binding residues. Identity and 
similarity between NmSAS and fish SAS are indicated above the alignment by asterisks 
and colons, respectively. Red asterisks are placed beside proteins that have been 
expressed and show ice-binding. Below the alignment the 'Y' and 'P' indicate pyramidal 
and primary-prism plane binding residues. Numbering on the bottom refers to type III 
AFP amino acid sequence.  T. rubripes = Takifugu rubripes; D. Rerio = Danio rerio; T.  
nigroviridis = Tetraodon nigroviridis; S. Salar = Salmo salar; L. dearborni =  
Lycodichthys dearborni; M. americanus = Macrozoarces americanus. B) Photograph 
taken under 500x magnification of an ice crystal in the presence of full-length MaSAS 
that shows clear hexagonal shaping.
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 4.4.2 Full-length MaSAS causes hexagonal faceting of an ice crystal

The C-terminal domain of MaSAS was expressed on its own and assayed for ice 

shaping and TH but none was observed. While the C-terminal domain expressed 

extremely well, circular dichroism (CD) (Fig.4.3) and nuclear magnetic resonance 

analyses (not shown) suggested that the domain was not well folded. The CD spectrum 

(collected at 4 °C) displays a minimum at approximately 199 nm with no distinct 

maximum. Similar profiles are observed when measuring the CD of unstructured or 

polyproline-type-II structures (184, 185). Therefore, we expressed full-length MaSAS in 

E. coli and partially purified it by nickel-agarose affinity chromatography (not shown). 

When the protein was assayed for antifreeze activity it shaped ice into a hexagonal plate 

but demonstrated no TH (Fig. 4.2B). This baseline ice-binding activity made full-length 

MaSAS an unsuitable candidate for converting a non-ice-binding protein into an AFP.

 4.4.3 Structural alignment of type III AFP and Neisseria meningitidis SAS has an 

R.M.S.D. < 1.0 Å

A main-chain alignment of the C-terminal domain of NmSAS (PDB ID: 1XUU) 

with the full-length HPLC12 isoform of type III AFP (PDB ID: 1HG7) has an R.M.S.D. 

of < 1.0 Å (Fig. 4.4) even though the proteins have a sequence identity of only 15% (Fig. 

4.2A). Identity and similarity are again primarily found between inward-pointing 

residues. Because of its high level of structural similarity with type III AFP but absence of 

baseline ice-binding activity, the C-terminal domain of NmSAS was used as a template 

for engineering into type III AFP. Expression of the C-terminal domain of NmSAS on its 
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Figure 4.3. CD analysis of the C-terminal domain of MaSAS. The CD spectrum of the 
C-terminal domain of recombinant MaSAS. Spectrum measured at 4 °C
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Figure 4.4. Main-chain structure alignment of NmSAS and type III AFP. A) Cartoon 
representation of a main-chain alignment of structures of NmSAS (PDB ID: 1XUU) and 
type III AFP (PDB ID: 1HG7). NmSAS is shown in yellow and type III AFP is in blue. 
The IBS of type III AFP is shown in semi-transparent surface representation where carbon 
atoms are light purple, oxygen atoms are red, and nitrogen atoms are blue. N and C 
termini are indicated by N and C, respectively. B) Forty-five degree rotation of the 
structures in panel A) in surface representation. NmSAS carbon atoms are yellow, oxygen 
atoms are red and nitrogen atoms are blue; type III AFP is shown in light purple.
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own resulted in protein levels insufficient for extensive studies. However, observation of 

the dimerized structure of full-length NmSAS suggested that at least part of potential IBS 

was solvent exposed. Furthermore, the conditions for crystallizing NmSAS are published, 

making full-length NmSAS a promising template for engineering into an AFP.

 4.4.4 Ice-binding ability observed with mutations to the pyramidal plane binding surface  

of NmSAS

Purification of wild-type and mutant NmSAS via nickel-affinity and ion-exchange 

chromatography was sufficient to bring the protein to 95% purity (Fig. 4.5). Nickel-

affinity chromatography was the first purification step and the elution is shown in lane 5 

of the SDS-PAGE gel. The predominant band in this lane is ~ 40 kDa, which is the mass 

of monomeric NmSAS. The protein was further purified using an ion-exchange column 

(Q-Sepharose) and a fraction from the peak of the elution of NmSAS is shown in lane 7. 

At this stage, NmSAS is about 95% pure with only one major contamination band visible 

at approximately 97 kDa. Additionally, diagnostic size-exclusion chromatography was 

performed to gauge the folding status of each mutant protein. Properly folded NmSAS 

and mutants eluted from the column at approximately 14 mL, which corresponds to a 

molecular mass of ~ 80 kDa (Fig. 4.5B). Improperly folded or aggregated protein eluted 

in the void volume (~ 9.8 mL). 

Expression of full-length wild-type NmSAS yielded approximately 50 mg of 

NmSAS per litre of culture. After purification of the wild-type protein, TH measurements 

were performed and no ice shaping or TH was observed (Fig. 4.6B). Each of the mutants 

outlined below (Fig. 4.6A) were produced at levels comparable to the wild-type protein
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Figure 4.5. Purification of NmSAS. A) Representative gel of the purification of NmSAS 
mutants.  Lane 1, molecular mass marker; lane 2, supernate after lysis (10 µg); lane 3, 
lysis pellet (10 µg), lane 4, nickel column flowthrough; lane 5, nickel column elution (10 
µg); lane 6, shoulder of the nickel column elution (5 µg); lane 7, elution from Q-
Sepharose column (10 µg); lane 8, shoulder of Q-Sepharose elution (5 µg). B) 
Representative chromatogram of diagnostic size-exclusion chromatography. Mutants that 
did not fold eluted in the void volume (~ 9.8 mL), and properly folded mutants eluted at a 
volume corresponding to approximately 80 kDa (~ 14 mL). Elution profile shown is from 
NmSAS6 (red) and NmSAS3 (blue). The elution profile of protein standards (Aldolase, 
158 kDa; Ovalbumin, 43 kDa; and Ribonuclease, 13.7 kDa) as well as Blue dextran (void 
volume) and NaCl (total volume) are indicated with black triangles.
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Figure 4.6. Alignment of mutants and ice-binding activity.  A) Sequence alignment of 
wild-type NmSAS (shown at the top) with each NmSAS mutant and the HPLC12 isoform 
of type III AFP at the bottom. Numbers at the top correspond to the amino acid sequence 
of NmSAS and those at the bottom are for type III AFP. Highlighted in yellow are ice-
binding residues, blue shows identical residues, and orange shows mutated residues. 'Y' 
and 'P' underneath the alignment refer to pyramidal and primary prism plane binding 
residues, respectively. 'C' above the alignment indicates crystal contact residues. B) 
Image of an ice crystal in the presence of wild-type NmSAS. C-F) Ice crystals in the 
presence of NmSAS2, 3, 4 and 5 respectively. Scale bar in panel A is for A-E, bar in F is 
for F, G. G) Ice crystal in the presence of the HPLC12 isoform of type III AFP.  Ice 
crystal images photographed under 500x magnification.
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(30-50 mg/L of culture) with the exception of one mutation (NmSAS5p) which gave a 

poor yield (5 mg/L).  

Mutations were made to gradually convert the target IBS surface, which is a 

highly charged and uneven region of NmSAS, into a flat surface that can bind ice. The 

primary focus was on the SAS surface equivalent to that previously identified as being 

responsible for binding to the pyramidal plane of ice in type III AFP (87). This surface is 

solvent exposed in the dimerized structure of NmSAS. The first mutant protein (called 

NmSAS2) was a combination of K300P and E303T that were changed together to remove 

two charged residues (Fig. 4.7A) that were salt-bridged and projecting well above the 

surrounding surface. Subsequently, NmSAS3, 4, and 5 were produced with the additional 

mutations of K297Q, D298L, L304A, respectively. After purification each mutant was 

dialyzed against 20 mM Tris-HCl (pH 8.5) and 150 mM NaCl before being assayed for 

TH. In contrast to the result observed with wild-type NmSAS, ice in the presence of 

NmSAS2 was hexagonally shaped, which was indicative of ice binding (Fig. 4.6C). 

However, NmSAS2 did not produce any TH. NmSAS3 also shaped ice and resulted in a 

small amount of detectable TH (~ 0.02 - 0.04 °C) while NmSAS4 shaped ice but had no 

TH (Fig. 4.6D, E). In the presence of NmSAS5, ice formed a clear hexagonal bipyramid 

(Fig. 4.6F) similar to what is seen when ice is bound by type III AFP (Fig. 4.6G). 

Additionally, TH of 0.1 – 0.2 °C was measured. Diagnostic size-exclusion 

chromatography showed that NmSAS2, 3, 4 and 5 eluted where expected based on their 

mass (~ 80 kDa according to standard curve).
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Figure 4.7. C-terminal domain of the X-ray structures of NmSAS and mutants. A-D) 
Structures of wild-type and mutant NmSAS shown in surface representation to highlight 
that the putative IBS becomes less charged and more flat with successive mutations. A) 
Critical polar and charged residues located on the potential IBS of the wild-type protein 
are indicated with arrows. D) Cavity in centre of potential IBS of NmSAS5 is indicated 
with an arrow. E) Surface representation of type III AFP with the primary prism and 
pyramidal plane binding regions highlighted. Structures in panels A-E) are in identical 
configurations. Carbon atoms are shown in light grey, oxygen atoms in red, and nitrogen 
atoms in blue.
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 4.4.5 Crystal structures of wild-type and mutants of NmSAS show flattening of the  

putative IBS

Most mutants (NmSAS2, 3, 4, and 5) crystallized under similar conditions as wild-

type NmSAS reported by Gunawan et al., 2005 (133), with crystals forming in a range of 

1.0 – 1.5 M malic acid (pH 5.8 – 6.2), 20 mM MnCl2 and 20 mM TCEP. Data from 

crystals of NmSAS3 and 4 were collected to a resolution of to 2.6 Å and 2.0 Å 

respectively, while data from NmSAS5 crystals were collected on a home-source beam to 

2.1 Å (Table 4.1). Structures were solved using molecular replacement with the wild-type 

structure as the search model (PDBID: 1XUU) (133). The X-ray structures of the mutants 

allow us to track the progress of the engineering, and as the changes progress from 

NmSAS2 to NmSAS5 the putative IBS becomes flatter and less charged (Fig. 4.7). 

Indeed, the TH of each of the mutants showed that with as few as two mutated amino 

acids on the putative IBS, NmSAS gained low levels of ice-binding activity.  

A main-chain structural alignment of the wild type vs. the three mutant protein 

structures shows that the position of the side chains in the NmSAS mutants appears to 

have shifted slightly in comparison with the wild type (not shown). When the alignment is 

limited to main-chain atoms in the C-terminal domain, the shift is less prominent showing 

that this domain is properly folded. The shift is small enough to make compensating 

mutations unnecessary.

An analysis of the structure of NmSAS5, which gave rise to ice shaping and TH, 

shows that its putative IBS has become relatively flat and non-charged in comparison 

with the wild-type structure. However, a large charged side chain, Asp308, looks to be 

occluding the surface. Additionally, the IBS has a cavity in its centre. In order to remedy 
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Table 4.1

Summary of data collection and refinement statistics

NmSAS3 NmSAS4 NmSAS5

Wavelength (Å) 0.980 0.980 1.541

Resolution (Å) 20-2.6 (2.66-

2.60)a

20-2.0 (2.05-

2.00)

20-2.1 (2.16-

2.10)

Space group P21212 P21212 P21212

a (Å) 58.22 58.42 57.90

b (Å) 75.71 75.95 76.00

c (Å) 76.53 77.03 76.50

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Rsym (%)b 10.1 (75.4) 12.1 (67.8) 7.4 (57.0)

I/σ(I) 16.5 (2.19) 15.8 (2.85) 18.0 (4.11))

Completeness (%) 98.6 (93.4) 99.8 (98.4) 98.2 (95.4)

Unique reflections 10802 (741) 23757 (1660) 19927 (1409)

Redundancy 5.2 (5.0) 7.2 (6.8) 6.4 (6.4)

Refinement Statistics

Average B-factors (Å2)

Protein 45.5 21.2 30.3

Water 36.7 27.4 33.1

Ramachandran statistics

Favoured regions (%) 96.8 98.8 98.6

Allowed regions (%) 2.9 1.2 1.2

Rwork (%)c 19.4 18.2 17.7

Rfree (%) 27.1 22.2 22.2

RMSd bonds (Å) 0.008 0.007 0.008

RMS angles (°) 1.164 1.064 1.083
a High resolution shell is shown in parentheses.
b Rsym = (Σ|(Ihkl) − <I>|) / Σ(Ihkl), where Ihkl is the integrated intensity of a given reflection.
c Rwork and Rfree = ( Σ|Fo − Fc|) / ( ΣFo), where Fo and Fc are observed and calculated structure factors.  Rfree 

was calculated with 5% of the reflections not used in the refinement.
d RMS = root mean square.



these two disruptions, we made a mutant protein (NmSAS6) that was a combination of 

Asp308Val and Asn309Met, the latter to occupy the cavity.

 4.4.6 Mutations to the primary prism plane binding surface disrupt the fold of NmSAS

Mutations were made to the surface of NmSAS equivalent to the region which 

binds the primary prism plane of ice in type III AFP (Fig. 4.6A). NmSASp, NmSAS5p and 

NmSAS6 were produced and purified but did not shape ice or have any TH activity (not 

shown). Diagnostic size-exclusion chromatography on these mutated proteins showed that 

NmSASp eluted where expected but NmSAS5p and NmSAS6 eluted in the void volume 

suggesting they are unfolded or aggregated (Fig. 4.5B). None of these mutant proteins 

crystallized under the standard conditions used for NmSAS and its mutants.

 4.4.7 The primary-prism plane binding surface is occluded in the dimerized structure

In order to fully assess the TH of mutants where changes are targeted to the 

primary-prism plane binding region, an MBP-tagged version of the C-terminal domain 

was produced.  The fusion protein was also used to help with folding of mutant proteins 

that appeared to be unfolded in the context of the SAS dimer. The MBP portion of the 

fusion has a slightly truncated C terminus followed by a short Ala-Ala-Ala linker (182). 

DNA encoding the C-terminal domain of NmSAS mutants was fused beginning at the Ala 

289 codon 3' of the DNA coding the AAA linker. The fusion proteins MBP-NmSAS5p 

and MBP-NmSAS6 were expressed and purified (following the protocol used for full-

length NmSAS mutants) before being tested for TH. MBP-NmSAS5p gave rise to no TH 

or ice shaping, but MBP-NmSAS6 resulted in 0.02 – 0.1 °C of freezing-point depression 
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(Fig. 4.8).

 4.5 Discussion

The AFPs produced by fish probably started to evolve ca. 10-20 mya in response 

to the Cenozoic glaciations (125, 186-188). Evidence for this recent evolution stems from 

the observation of different AFP types emerging in branches of teleost phylogeny that are 

quite closely related (5). Evidence for the intense selective pressure to produce adequate 

amounts of the emergent AFPs includes the massive gene amplification events apparent in 

many AFP-encoding loci (181, 189). Multiple genes encoding type III AFP have been 

observed in eelpouts such as the ocean pout (M. americanus) (181) wolffish (Anarhichas  

lupus) (77) and an Antarctic eelpout L. dearborni (190). 

Deng et al. have constructed a plausible scenario for how the type III AFP gene 

arose from SAS (132). By sequencing two genomic loci in L. dearborni they show that 

the gene encoding SAS underwent duplication into two isoforms (SAS-A and SAS-B). 

There was a subsequent duplication of the 6th exon of SAS-B associated with 

translocation to another chromosome and development of a signal sequence for this exon. 

Subsequently, an extensive expansion of the germinal AFP gene occurred under selection 

to produce sufficient AFPs to allow survival in icy seawater. The duplication of the SAS 

gene is also apparent in the genomic sequence of Gasterosteus aculeatus, which is a 

percomorph that does not produce type III AFP, but we do not see this event in any of the 

other fish sequences analyzed. Our work with M. americanus found only one isoform of 

SAS, which is almost identical to L. dearborni SAS-A; nevertheless, we cannot rule out 
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Figure 4.8. Ice crystal morphology in the presence of MBP-NmSAS6. Image of an ice 

crystal in the presence of 8 mg/mL MBP-NmSAS6 approximately 0.1 °C below the 

melting point.
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the possibility that M. americanus has a second isoform of SAS equivalent to L. 

dearborni SAS-B. 

When we expressed the MaSAS gene in E. coli, the recombinant protein showed 

clear ice-binding activity in agreement with the study by Deng et al. The amino-acid 

sequence alignment shows no striking difference between the SASs that have been shown 

to have ice binding and those from other fishes. In particular, the ice-binding residues 

Pro12, Thr15, Thr18, Met21 and V41 are all conserved between type III AFP and the fish 

SAS sequences analyzed. Thus, it is possible that in many fishes SAS enzymes have 

elementary ice-binding activity.

While there would be value in enhancing the ability of MaSAS to bind ice, we 

wanted to engineer an AFP de novo. The SAS produced by N. meningitidis had no affinity 

for ice potentially making NmSAS a more challenging scaffold for engineering. Indeed, 

the protein's C-terminal domain has a low main-chain R.M.S.D. when aligned with type 

III AFP, NmSAS can be produced recombinantly at high levels, and the crystallography 

conditions are available (133). Not only do we have the structure of our initial scaffold 

protein, but we also have a high-resolution structure of our end target, type III AFP from 

M. americanus (53). The C-terminal domain of NmSAS has a large number of charged 

residues, including three Lys, one Asp and one Glu located within the putative IBS 

region. This surface is quite irregular as opposed to a flatter surface more indicative of an 

IBS. In order to minimize the possibility of disrupting the fold, these charged residues 

were gradually changed one or two at a time to match what is found on the IBS of type III 

AFP. Additionally, crystal contact residues as determined from the packing of the unit cell 

were not mutated. By leaving these contact points alone, the crystal conditions remained 
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approximately consistent with what was reported by Gunawan et al. (133)

The shift of the side chains observed when aligning the main-chain atoms of the 

mutant structures of NmSAS with the wild type suggests that an adjustment may have 

occurred to the dimerization interface in response to the mutations. While none of the 

mutations were made to residues involved in protein:protein contacts, the changes may 

have modified the fold of the protein enough to cause the perturbation. The explanation 

for why mutations targeting the primary prism plane binding surface disrupted the fold is 

less clear. The Asp308Val mutation is common in all of these particular mutant proteins 

and the loss of the charged side chain of Asp may have resulted in misfolding protein. 

Alternately, the Asp308Val mutation might disrupt charge repulsion between molecules 

leading to protein aggregation.

MBP is a commonly used tag to promote solubility and proper folding of 

downstream recombinant proteins (191). Previous work with the C-terminal domain of 

NmSAS on its own resulted in no protein production, so an MBP-C-terminal-domain 

fusion was produced. Not only could the fusion protein potentially overcome the folding 

problem of some of the mutant proteins, but it also allowed us to more completely explore 

the ice-binding activity of our mutants. Assaying the TH of some of the mutants of 

NmSAS is limited by the way that the full-length protein packs. When the protein is 

dimerized, the potential pyramidal plane binding site is exposed to solution, but the 

primary-prism plane binding site is largely occluded by the N-terminal domain of its 

partnered monomer (Fig. 4.9). This occlusion makes exploring the full scope of the 

engineering project difficult since binding of only the pyramidal plane by type III AFP 

results in a protein that slows but cannot stop the growth of ice (87, 88). By producing an 
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Figure 4.9. Exposure of NmSAS's putative IBS to solution. Surface representation of 

dimerized NmSAS5 looking through the N-terminal domain of one monomer (coloured in 

semi-transparent grey) onto the C-terminal domain of its partner. Primary prism and 

pyramidal plane binding regions on the coloured C-terminal domain are indicated. Carbon 

atoms are in purple, oxygen atoms are in red and nitrogen atoms are in blue.
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MBP fusion, we could test the TH of variants of NmSAS where the primary prism plane 

residues were changed. Indeed, the purified NmSAS6 fusion protein shaped ice into a 

hexagon and also gave rise to some TH.

The partial obstruction of the primary prism plane binding region apparent in the 

NmSAS dimer complicates the story of the evolution of type III AFP. The isoforms of 

type III AFP that cannot bind the primary prism plane of ice are TH defective, and on 

their own would not provide any freezing resistance. Thus, it is unlikely that the C-

terminal domain of SAS could evolve into a functional AFP before gaining independence 

from the full-length enzyme. Furthermore, because ice growth occurs extracellularly, 

evolution of the cytoplasmic SAS to gain AFP activity is not a tenable hypothesis. The 

SAS would need to be secreted before being selected for ice-binding activity. While 

recently published work posits that L. dearborni SAS suffered from an adaptive conflict 

where selection for enhanced TH resulted in decreased enzymatic activity (132), it is 

probable that SAS would have to be secreted before being able to fully develop the novel 

function.

There are other examples of proteins with germinal ice-binding ability that likely 

do not act as AFPs. One example is type IV AFP (192), which was discovered in the 

blood plasma of the longhorn sculpin (LHS). Type IV AFP is homologous with 

apolipoproteins and based on this homology was modelled as a four-helix bundle (193). 

However, levels of TH detected in the plasma of the LHS are too low to be of use in 

preventing the fish from freezing. The LHS also produces type I AFP in its skin (194) 

rendering type IV AFP less relevant. Thus, type IV AFP is likely an apolipoprotein that 

has rudimentary ice-binding abilities (195). It is difficult to gauge the prevalence of 
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proteins with similar low levels of ice affinity. Based on the success of ice affinity 

purification (93, 143, 196-198) they cannot be very common.

Engineering of a non-AFP into a protein with ice-binding activity demonstrates 

the extent to which we understand how AFPs bind ice. NmSAS5 has 50% of its potential 

pyramidal plane binding residues changed to match type III AFP, which appears to be 

enough to give NmSAS basic ice-binding ability. However, all of the mutations in this 

study were targeted to well-documented ice-binding residues, and less obvious mutations 

might need to be made to the core or off the IBS to allow a more complete and reliable 

conversion of SAS into an AFP.
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 5 Chapter 5 - General Discussion

In Chapter 2 of this thesis, LpAFP was shown to bind ice via only one of its two 

proposed ice-binding surfaces. This discovery was made using steric mutagenesis with 

the goal of disrupting the putative IBS. Furthermore, introduction of large side chains into 

LpAFP supported the computer model generated of the protein. In Chapter 3, I described 

the X-ray crystal structure to 1.4 Å of LpAFP (aka LpIBP) and showed that the protein 

has an IBS that is composed of a variety of amino acids that are in multiple 

conformations, as opposed to consisting of a well-conserved array of residues. This 

irregular IBS was argued to be responsible for the moderate levels of TH shown by 

LpAFP. Additionally, LpAFP was shown to be able to bind the basal plane of ice, which 

was the first such report for a moderately-active AFP. This was both the first published 

structure of a plant AFP and of a protein used to provide IRI. In Chapter 4 I reported a 

protein engineering project where I applied our understanding of what constitutes an IBS 

to convert a non-ice-binding enzyme into a protein with rudimentary antifreeze activity. 

This proof-of-principle experiment explored the extent to which we understand how AFPs 

bind ice.

 5.1 Steric mutations

The disruption of the relatively flat IBS of an AFP by introduction of a bulky side 

chain is a commonly used way of determining what surface is responsible for binding (71, 
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144, 199). By introducing a large side chain, ice binding by the AFP becomes more 

difficult and may require an imperfection in the ice surface compatible with the bulky 

group. In light of the anchored clathrate waters hypothesis, disruption of the flat surface 

may impact formation of the ordered surface waters. We envisage the IBS would less 

frequently have in place the quorum of ice-like waters needed to freeze the AFP to ice. 

Indeed, point mutations rarely eliminate TH fully and more typically result in a 

significant reduction in ice binding. 

 5.2 Role of waters on the IBS of LpAFP

The two LpAFP molecules in the crystal structure packed into the crystal with 

their 'b' sides together, which left their 'a' sides (the IBS) exposed to solution. As outlined 

in Chapter 3, ordered water molecules were observed in two troughs on the IBS. Their 

spacing, while irregular, still approximates the spacing of oxygen atoms on the primary 

prism (4.5 Å) and basal (7.35 Å) planes of ice. The uneven spacing of waters on the IBS 

of LpAFP is a consequence of both the irregular amino-acid composition and the multiple 

side-chain conformations observed on the IBS. No second layer of ordered waters was 

observed next to the IBS, even though this surface is exposed to solution in the crystal. 

This is in contrast to the crystal structure of MpAFP, which had an extensive network of 

ordered water molecules on its solvent-exposed IBS that extended to two layers (57). 

Nevertheless, the water molecules observed on the IBS of LpAFP are likely involved in 

the protein's binding to ice.

In order to see if the waters located in the troughs of LpAFP are crystallographic 
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artifacts, a 10 ns molecular dynamics (MD) computer simulation was performed at 273 K 

using one chain of LpAFP. The MD simulation was performed with the program Gromacs 

v.4.5.3 using the OPLS-aa forcefield (200) and TIP5P waters (201), which more 

accurately represent H2O. The water molecules within 10 Å of LpAFP were extracted 

over the course of the simulation and crystallographic structure factors were determined 

using Sfall and Fourier transformed using FFT (156). An average electron density map 

was generated of the waters and they were modelled in Coot v.0.7-pre (160). A similar 

MD simulation accurately predicted the location of ordered water molecules on MpAFP 

(105). The simulation using LpAFP predicted the location (within 1.5 Å) of 6/11 of the 

waters on the IBS and 5/6 on the non-IBS ('b' side). It is interesting that the ordered 

waters on the non-IBS can also be reproduced accurately in silico. Furthermore, if both 

LpAFP molecules in the asymmetric unit are aligned, the waters on both the IBS and the 

non-IBS occupy almost identical positions.

 5.3 Why are waters ordered on the non-IBS?

The mutagenesis work presented in Chapter 2 shows that the 'a' side of LpAFP is 

responsible for binding ice and providing TH, while the 'b' side is not directly involved. 

Nevertheless, the observation of ordered waters on the 'b' side in both the crystal structure 

and the MD simulation suggests that they may play a role in the function of the AFP. An 

analysis of the IRI activity of the wild type vs. Tyr mutants of LpAFP was performed in 

our lab in 2010 (36). The presence of a Tyr on the 'a' side resulted in very little IRI being 

detected, in agreement with the reduction of TH activity. However, mutants where Tyr 
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was introduced on either the 'b' side or an adjacent non-ice-binding surface of LpAFP 

resulted in the protein showing a ~ 90% reduction in its IRI activity while only losing ~ 

25% of its TH. These results seem to indicate that surfaces besides the IBS of LpAFP are 

involved in IRI activity. Could the 'b' side be involved in the IRI activity of LpAFP as was 

proposed after production of the computer generated model (124)? Further analysis of the 

IRI activity of LpAFP and its mutants (using both the capillary and splat assay) would 

help answer this question.

 5.4 Full-length LpAFP

The sequence of LpAFP published by Sidebottom et al. in 2000 is the C-terminal 

domain of a larger protein (115). In 2008, the sequences of five cDNAs isolated from L. 

perenne encoding isoforms of LpAFP were published (142). One of these sequences 

appeared to encode a protein whose C-terminal domain has 100% identity with LpAFP 

(AFP3 in Fig. 5.1). In this sequence, a di-basic Arg-Arg sequence immediately precedes 

the C-terminal domain. Indeed, three of the five published isoforms (AFP 1-3) of LpAFP 

have dibasic sequences in similar locations. Convertase enzymes are known to cut these 

sequences, with cleavage happening on the C-terminal side (202). Homologues of 

convertases have been found in plants (203). Therefore, the C-terminal domain of LpAFP 

may be the fully processed version of the protein, which explains why only the sequence 

for this region was isolated by Sidebottom et al. in 2000 (115). Since AFPs function well 

as part of larger fusion proteins it is not clear if cleavage by a convertase is an obligate 

processing step or simply a consequence of exposure to the enzyme. 
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Figure 5.1 Alignment of translated coding sequences encoding isoforms of LpAFP. 
Amino acid identity is indicated by an asterisk, strong and weak similarity shown by a 
colon or period, respectively. The bold region indicates the C-terminal AFP domain. 
Dashes indicate gaps introduced to optimize alignment. Underlined sequence is 100% 
identical to LpAFP. Highlighted in yellow are the putative convertase cleavage sites 
preceding the C-terminal domain; highlighted in green is the Lys in place of Asn as the 
last member of the Asn ladder. GenBank accession numbers for the sequences are shown 
in italic. 
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AFP3_EU680850      MAKCLMLLLSFAFLLSAAGTATATPCHRDDLRALRGFAENLGGGGALSLRAAWSGASCCD 60
AFP1_EU680848      MG---LLLLFLGFLLPAACAATSS-CHPDDLRALRGFAKNVGGGGVL-LRTAWSGTSCCV 55
AFP1_FJ663045      MEKSWFLLLFLAFLLPAAS--VAVSCHPDDLLALRGFAGNLSNGGVL-LHAKWPDNPCCS 57
AFP4_EU680851      MAKCWQLLLFLALLLPAAS---AASCHPDDLYALRDFAGNLRGGGVL-LRAALPGASCCG 56
AFP2_EU680849      ------------------------------------------------------------
                                                                                 

AFP3_EU680850      WEGVGCDGASGRVTALWLPRSGLTG-------------------------PIPSWICQLH 95
AFP1_EU680848      WEGVGCNGASGRITSLWLPRRGLAGTITGASLAGLAGLESLNLANNRLVGTIPSWIGELD 115
AFP1_FJ663045      WEGVGCDGGSGRVTTLWLPGHGLAGHIPTASLAGLARLESLNLANNKLVGTIPSWIGVLD 117
AFP4_EU680851      WEGVGCDGASG------------------------------------------------- 67
AFP2_EU680849      ------------------------------------------------------------
                                                                                 

AFP3_EU680850      HLRYLDLSGNALVGEVPKNLQVQLKGIT-----------NMPLHVMRNRRSLDEQPNTIS 144
AFP1_EU680848      HLLYLDLSHNSLVGELPNRLRIRLKGLTTTGHLLGMTFTNMPLDVKHNRRTLAIQPNTIS 175
AFP1_FJ663045      HLCYLDLSNNSLVGEIPKNLQIRLRCLNIVGRSLGMASTNMTLQVKHNQIALSGQPNTIT 177
AFP4_EU680851      ---------------CVKSFQILLKGLTAAGRSLGKAFTHMPLHVKPSQGTLDEDHNTIT 112
AFP2_EU680849      ----------------------------------------MPLHVKRSQGTLDEDHNTIT 20
                                                            *.*.*  .: :*  : ***:

AFP3_EU680850      GSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHVVSGTNHIVTD 204
AFP1_EU680848      GTNNLVLSGRNNVVSGNDNTVISGNNNTVSGSFNTVVTGSDNILTGSNHVVSGRSHIVTD 235
AFP1_FJ663045      GTNNYVRSGVNNVVSGNHNTVTSGNNN--------VVSGNHNTVSGTNHVVTGNNHVVTR 229
AFP4_EU680851      GINNTVRSGSNNVVSGNDNTVISGNNNVVSGSHNTVVFGGDNFISGSYHVVSGNHHVVTD 172
AFP2_EU680849      GSHNTVRSGSNNVVSGNDNTVISGNNNVMSGSHNTVIFGGDNFVSGSYHVVSGNHHVVTD 80
                   * :* * ** :**::**.*** **:**        *: *..* ::*: ***:*  *:** 

AFP3_EU680850      NNNNVSGNDNNVSGSFHTVSG-------GHNTVSGSNNTVSG--------------SNHV 243
AFP1_EU680848      NNNSVSGDDNNVSGSFHKVSG-------SHNTVSGSNNTVSG--------------RNHV 274
AFP1_FJ663045      NQNTVSGSHHKVSGGHNTVSG-------SHNTVSGSHNTVSG--------------SNHI 268
AFP4_EU680851      NKNAVSGDHNTVSGSQNTVSGNHQIVSGSHSTVSGNHNTVSGRNNSVYGNNNIVSGSNHV 232
AFP2_EU680849      NKNAVSGDHNTVSGTQNTVSGNHQIVSGSHGTVSGNHNTVSGRNNSVYGNKNIVSGSNHV 140
                   *:* ***..:.***  :.***       .*.****.:*****               **:

AFP3_EU680850      VSGSN  K  VVTDA   254
AFP1_EU680848      VSGSNKVVTGG 285
AFP1_FJ663045      VHGNNKVVTGG 279
AFP4_EU680851      VYGNNKVVTGG 243
AFP2_EU680849      VYGNNKVVTGG 151

                   * *.*****.. 



The full-length LpAFP has an N-terminal secretion sequence followed by a 

leucine-rich repeat (LRR) region. LRR-containing proteins are abundant in nature (204) 

and have a variety of functions, including being involved in peptide-peptide recognition 

(205). When comparing the LRR domain of isoforms and homologues of LpAFP, the 

amino acid conservation is low, suggesting a low level of selective constraints. One 

possible role for this LRR domain is to act as an N-terminal capping structure for the C-

terminal AFP domain (169). 

The apparent lack of a C-terminal cap on LpAFP is in contrast to most other beta-

solenoid structures (163, 169). Most homologues of LpAFP analyzed have a Lys or Arg in 

the last tandem repeat in place of an Asn in the Asn ladder (Fig. 5.1). In the structure of 

LpAFP, the side chain of the Lys in the last coil is predicted to make hydrogen bonds to 

main-chain atoms in the preceding coil, similar to other Asn side chains in the ladder. This 

basic residue could prevent end-to-end dimerization by charge repulsion. This is not an 

optimal C-terminal cap and may explain why LpAFP tends to aggregate at higher 

concentrations (> 10 mg/mL; personal observation).

 5.5 Engineering of LpAFP to have more or less AFP activity

The AFP domain of each of the homologues of LpAFP analyzed consists of the 

same repeat motif of XXNXVX-G with a variable number of iterations. Note that 

gaps/insertions in the five Lolium AFP isoforms are 7 or 14 residues long (Fig. 5.1). This 

flexibility suggests that the protein fold is compatible with addition or removal of repeats. 

Research performed with the beta-helical TmAFP where additional coils were added or 
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removed resulted in an increase or decrease of TH, respectively (206). By extension, 

more tandem repeats in LpAFP should result in higher TH activity and fewer repeats 

might lower activity. Another route for increasing the TH activity of LpAFP might be to 

make the IBS more regular. Mimicking the IBS of hyperactive AFPs by mutating the ice-

binding residues to Thr is one route our lab is currently exploring. Interestingly, the Ser 

residues located on the IBS are highly conserved in homologous proteins, which suggest 

this side chain plays an important role in the protein's function. The Ser residues may act 

to anchor the clathrate waters via hydrogen bonds to the IBS as does Thr. However, 

without the methyl group that Thr possesses, Ser cannot contribute to the clathrate. Ser is 

not seen in such abundance on the IBS of AFPs used for freeze avoidance but it is seen on 

the IBS of two fungal AFPs that are, like LpAFP, thought to be IRI proteins (199, 207). 

These IBSs are flat and relatively hydrophobic but seem to have residues that spoil 

regularity (and the clathrate) to quite an extent. Is this the key to IRI?

 5.6 Thermal hysteresis in the presence of LpAFP

LpAFP has TH activity on par with what is shown by moderately active AFPs 

isolated from fish, but with one interesting difference. In the presence of most wild-type 

AFPs, when the temperature is dropped below the non-equilibrium freezing point, ice 

crystal growth initiates suddenly, continues quickly and rapidly encompasses the 

surrounding water. This rate of freezing would presumably cause extensive tissue damage 

in vivo. In contrast, when TH is exceeded in the presence of LpAFP, the ice crystal 

‘bursts’ slowly as if growth is ‘cushioned’ by the protein. Additionally, the rate of ice 
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growth appears to be concentration dependent and happens faster at lower vs. higher 

LpAFP concentrations. Indeed, slow stepped growth of ice can be observed at higher 

concentrations (~ 10 mg/mL). Thus LpAFP continues to influence the rate growth of ice 

after the non-equilibrium freezing point has been exceeded. Whereas, the AFPs associated 

with freeze avoidance seem to have no control of the rate but only the direction of ice 

growth in this situation. Slow growth of ice might act in concert with the heightened IRI 

activity shown by LpAFP to help the grass tolerate freezing. 

Slow rates of ice crystal growth when TH is exceeded can be observed in the 

presence of extensively diluted AFPs (82). However, in this situation the TH of these 

highly-diluted AFPs is much lower than that seen with LpAFP. Our interpretation of this 

situation is that the AFPs bind irreversibly but sparsely to the ice surface and are easily 

overgrown. 

A paper published in 2008 reported the results of extensive mutagenesis on the 

IBS of TmAFP (171). In this study, when four Thr residues located in central TXT repeats 

on the IBS of TmAFP were mutated to Val (becoming VXV), the protein showed 

substantially less antifreeze activity than wild type and the ice crystal grew slowly in the 

TH assay. This mutant was reported to have TH in the same range as shown by wild-type 

LpAFP, but it could only slow and not halt ice growth. An interesting project would be 

mutating the ice-binding residues of TmAFP to approximate the side-chains that 

constitute the IBS of LpAFP and measure TH and IRI. Would the ice crystal burst as 

slowly as in the presence of LpAFP? Would it have strong or enhanced IRI activity?
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 5.7 Other IRI proteins found in grasses

Antifreeze activity was discovered in the apoplast of cold-acclimated winter rye 

(Secale cereale) in 1992 (117). Subsequent isolation and separation (118) of the cold-

induced apoplastic proteins identified them as predominantly pathogenesis-related 

proteins (PRPs) (119). Certain PRPs are secreted from plant cells in response to 

pathogenic infections and can act to degrade fungal and bacterial cell walls (208). Griffith 

et al. extensively studied these extracellular cold-induced PRPs and determined that these 

apoplastic proteins could shape ice (118). Additionally, recombinant expression of at least 

five of these cold-induced proteins, including two chinitinase-like (209) and three 

glucanase-like AFPs (210), showed that they all shaped ice. Conversely, a study published 

in 2008 reported that a recombinant chitinase-like AFP derived from the cold-hardy 

bromegrass (Bromus inermis) showed no ice binding (211). The B. inermis chitinase was 

highly similar to one of the putative chitinase AFPs isolated from winter rye. 

Winter rye, S. cereale, is in the subfamily Pooideae and BLAST searches show 

that it possesses the gene for at least one isoform of LpAFP. Assuming this gene is 

functional, S. cereale would produce at least one type of IRI protein to help protect the 

grass from freeze damage. Production of more than one AFP type in a species has not 

been seen before. Once an AFP has evolved, what typically happens is the gene for it 

undergoes rapid amplification to ensure that adequate amounts of protein are produced 

(142, 190, 212-214). This amplification is a more reliable pathway than evolving by 

chance additional AFPs. I suggest that the activity seen in the apoplastic extracts of S.  

cereale is largely due to the presence of isoforms of LpAFP. Although recombinant 
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production of winter rye PRPs confirms that they bind ice, this rudimentary ice-binding 

activity is similar to that seen in some eelpout SAS's that proved to be progenitors of type 

III AFP ((132), Chapter 4). Perhaps an even better example is the antifreeze activity 

possessed by a serum apolipoprotein homologue in longhorn sculpin (Myoxocephalus 

octodecimspinosis) that was named type IV AFP (192, 193). This fish has an abundant 

supply of type I AFP in its skin and other peripheral tissues that might be adequate for 

freeze protection (194). Certainly, the amount of type IV “AFP” in longhorn sculpin 

plasma is insufficient to protect the fish from freezing in icy seawater. We would say that 

this lipoprotein homologue, which is widely distributed in teleosts, has the potential to be 

an AFP, but this potential is unrealized and is likely to remain so in species that already 

possesses a functional AFP. 

 5.8 Molecular modelling of S. cereale putative AFPs

Yaish et al. built a molecular model of each of the recombinantly produced 

glucanase AFPs in an attempt to identify their putative IBSs (210). The template for the 

models was an X-ray structure of a barley β-1,3-glucanase (215). Using a representative 

glucanase model, they matched one relatively flat surface to the secondary prism plane of 

ice ({2-1-10}) (210). This putative IBS has charged and polar side chains, including those 

of Gly, Asn, Lys and Arg, and very few hydrophobic amino acids. This makes the surface 

very different from known IBSs of AFPs.
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 5.9 IRI proteins vs. TH proteins

The structure presented in Chapter 3 is the first one reported of an AFP whose 

likely role in vivo is to assist its host with freeze tolerance via IRI. Subsequently, an X-ray 

structure of an AFP from an Antarctic yeast, Leucosporidium sp. (LeAFP) was published 

(207). This protein is a homologue of another fungal AFP isolated from the snow mold 

(Typhula ishikariensis, TiAFP). The X-ray structure of the snow mold AFP was solved at 

least five years ago but has only just been published (199). These homologues are 

secreted proteins (20, 216) and likely are not present to provide the fungus with freeze 

avoidance. Their biological role may be to modify the growth of surrounding ice or to act 

as IRI proteins (19). These fungal AFP structures both comprise a triangular beta-helical 

fold with an alpha-helix that packs against one face of the solenoid. The IBSs of LeAFP 

and TiAFP are irregular, consisting largely of small side chains, including Thr, Ser, Ala 

and Val. The IBS of TiAFP has three charged Lys, Glu and Asp residues as well as polar 

Asn and Gln side chains (199). LeAFP's IBS includes eight charged residues as well as a 

Phe (207). While the IBS of LpAFP has less amino acid variability than these two 

proteins (38), it has a similar level of irregularity. These three structures of IRI proteins 

appear to follow a trend: they all have flat but irregular IBSs. 

Why are these proteins with irregular IBSs more effective in their IRI activity than 

TH? It has been shown that LpAFP has a lower ice-partitioning coefficient than other 

wild-type AFPs (170, 217). The ice-partitioning coefficient is a comparison of the amount 

of AFP present in the ice vs. liquid fraction quantified after ice-affinity purification. This 

coefficient allows one to gauge the rate of AFP binding to ice. The lower ratio for binding 
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into ice observed with LpAFP means that when tissue is freezing in vivo, the protein is 

more likely to be excluded from the ice than other wild-type AFPs. This exclusion could 

concentrate LpAFP around the grain boundaries of ice where it would be able to inhibit 

ice recrystallization. A similar phenomenon could be true for the other IRI proteins 

discussed. As indicated earlier in reference to the TmAFP mutant study of Bar et al. (171), 

one way to test this hypothesis would be to disrupt the regular array of residues that make 

up the IBS of a hyperactive AFP by making it less regular and perhaps more hydrophilic. 

Would this mutated protein show heightened IRI? Additionally, like LpAFP, both the 

snow mold and Leucosporidium AFPs can bind the basal plane of ice, which means they 

have a higher possible coverage of ice than other moderately active AFPs. This basal-

plane affinity may give them heightened IRI activity. If the basal-plane affinity of one of 

these proteins was disrupted without substantially reducing its TH activity, the protein 

might have less IRI activity.

If IRI proteins tend to get excluded from ice, they would become more 

concentrated in the boundaries between grains than more active AFPs. Thus, their 

heightened IRI activity at low concentrations would not necessarily be due to the proteins 

being more effective at preventing growth of ice; instead this would be due to higher 

boundary concentration of the IRI proteins. This kind of concentration gradient is difficult 

to measure, but by performing IRI assays with fluorescently-tagged AFPs differences in 

overgrown vs. excluded protein based on AFP type may be detectable.
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 5.10 Quantifying IRI activity

A novel technique for quantifying IRI activity was proposed in 2003 that allows 

determination of the minimal AFP concentration at which ice recrystallization is inhibited 

(34). In this method serial dilutions (usually 1:2) of AFPs were analyzed for IRI activity. 

Typically there would come a point after which any further dilutions resulted in crystal 

sizes comparable with the negative control. Usually the serial dilutions gave a clear and 

reproducible end point that was characteristic of a particular AFP. The latter observation 

was the basis for a follow-up publication that suggested hyperactive AFPs were no better 

at IRI than the moderately active fish AFPs (36). At the peer review stage one of the 

referees felt that the method of freezing AFP dilutions in glass capillaries produced only a 

few highly-strained ice crystals, as opposed to thousands of ice grains. The strained ice 

crystals would undergo reorganization of their structures causing nucleation of new grains 

simultaneous with boundary migration. This referee argued that what we were observing 

was not purely grain boundary migration that occurs in IRI. Consequently, we referred to 

the changes we observed as ice reorganization inhibition. To further address this issue, I 

re-instituted into our lab the splat assay, which measures only grain boundary migration. 

The splat assay has no clear end point after incubation, but instead produces gradations of 

ice crystal size as a result of different AFP concentrations and the time of 

recrystallization. As the AFP concentration decreases, the size of the ice grains 

approaches the dimensions seen in the negative control. By performing both of these 

assays side-by-side a better approximation of IRI activity can be obtained. Indeed, using 

the same AFP, the results from the splat assay did approximate the end point observed 
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with the capillary assay. IRI activity is difficult to quantify, which is why we primarily 

measure AFP activity based on TH.

 5.11 The phase problem: heavy atom soaking

 Because LpAFP does not have any Met, solving the phase problem using 

selenomethionine (SeMet) replacement was not a direct option. Also, we were not 

confident that the computer-generated model would be suitable for molecular replacement 

(MR). Thus, the first strategy tried for solving the phase problem relied on heavy atom 

soaks. Halide atoms can be bound to ordered solvent sites around protein molecules 

packed into crystals (218). Regular placement of these ions is sufficient to provide 

anomalous dispersion of X-ray radiation at appropriate wavelengths. This binding is 

accomplished by briefly soaking (30 s – 5 min) native crystals in highly-concentrated (0.5 

- 1.0 M) halogen salt solutions containing cryoprotectant. After incubation, the crystals 

are immediately frozen in liquid N2. Commonly used halide salts include NaBr, NaI, KI, 

RbCl, and CsCl. The timing of the incubation and the concentration of the salts used are 

dependent on crystal damage; if crystal cracking while soaking or reduction in the 

resolution or power of diffraction is observed, the incubation time or the salt 

concentration should be reduced. Either single or multiple wavelength anomalous 

dispersion (SAD or MAD) datasets can be collected at the appropriate X-ray 

wavelength(s).

Another option is to soak native crystals in solutions containing heavy metals (e.g. 

salts of mercury, platinum, lead, and gold) at lower concentrations than the halide salts for 
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longer periods of time. Online guides can be used to allow selection of heavy metals more 

likely to bind based on the pH and chemical composition of the crystal conditions (e.g. 

http://hatodas.harima.riken.go.jp/). Typically after soaking in a heavy metal containing 

solution, the crystal is back-soaked in a cryoprotectant and flash frozen.

I performed numerous halide ion soaks using 0.5 - 1 M NaBr, NaI, KI, RbCl and 

CsCl. Additionally I incubated native crystals in saturated K2PtCl4, K2PtCl6,10 and 1 mM 

K2Pt(CN)4 and 10 mM Pb(NO3)2. Incubation times in the heavy metal solutions were 

longer than with the halides and ranged from 1 to 24 h before the crystals were back-

soaked in cryoprotectant and frozen. Data were collected on soaked crystals and initial 

analysis of these data did not indicate that phase information had been provided. 

Therefore other phasing methods were attempted.

 5.12 The phase problem: molecular replacement

In the absence of an obvious heavy-atom derivative, I attempted MR using the 

model generated by Dr. M. Kuiper (124). Additionally, an unpublished left-handed model 

generated by Dr. Kuiper was used in MR trials. Neither of the full-length models resulted 

in a solution, so attempts were made using fragments of the protein (including half of the 

model, the central coils, a single coil, and the ice-binding XVX repeats) to solve the 

structure. The lack of success using MR could be due to the repetitive structure of LpAFP, 

which complicates the translation and rotation functions of MR software. Additionally, 

the minor flaws in the molecular model, such as the lack of the bulge in the first three 

coils, may have been enough to render the program ineffective at this task. A main-chain 
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alignment of the left-handed computer model and the solved structure of LpAFP has an 

RMSD of 1.8 Å, which was enough of a difference to make MR unsuccessful.

Solving the structure of LpAFP using protein NMR, with the additional objective 

of using the model in MR was also attempted. NMR data were collected using 15N- and 

13C-labelled wild-type LpAFP. Backbone assignment was attempted using these data 

(HNCA, CBCACONH, HNCO, and HNCACO) but the highly-repetitive nature of 

LpAFP made this a challenging procedure. Additional problems with the lower pH 

required for NMR, protein aggregation and dynamics made this strategy a difficult option 

for phasing. 

 5.13 The phase problem: iodination

Another method of achieving anomalous dispersion is to covalently iodinate 

tyrosyl side chains. While LpAFP has no native Tyr, this residue was previously 

introduced to locate the protein's IBS (Chapter 2, (154)). Iodination of a Tyr residue using 

N-iodosuccinimide was successfully used to phase two other AFP datasets, from TmAFP 

(219) and CfAFP (220). Iodination occurs at either one or both ortho-positions with 

respect to the side-chain hydroxyl of Tyr. After reacting purified mutant LpAFP (V45Y) 

in 50 mM sodium acetate (pH 3.7) and 10 mM N-iodosuccinimide for 2 h, the sample was 

analyzed by MALDI-TOF, which indicated that a range of iodinated species had formed 

in the reaction, one of which corresponded with the expected mass of di-iodinated LpAFP 

(Fig. 5.2A). The larger iodide adducts could be due to iodination of His residues. Further 

attempts at iodination either achieved similar multiple peaks or the protein appeared to 
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Figure 5.2. MALDI-TOF spectra of iodinated LpAFP mutant. Both spectra were 
collected after 2-h incubation with 10 mM N-iodosuccinimide. A) The peak with 
maximum intensity (13777 Da) correlates with an unknown species of LpAFP. Mono-
iodinated LpAFP has a predicted molecular mass of 13679 Da. The peak whose mass is 
shown in red correlates with the di-iodinated species. Many adducts shown on this 
spectrum show a shift of approximately 126 Da from lower molecular mass peaks, which 
is the expected mass-shift as a result of replacement of a hydrogen atom with an iodide 
atom. B) Degradation products as a result of a reaction performed similarly to that shown 
in panel A). No mass corresponding to full-length LpAFP can be seen. Both matrices used 
for MALDI-TOF were sinapinic acid.
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degrade (Fig. 5.2B). N-bromosuccinimide and N-iodosuccinimide are known to cleave 

tyrosyl peptide bonds at excess concentrations of reactant (221) but recognizable cleavage 

products were not seen on the mass spectrometry profiles of degraded LpAFP. Therefore 

the iodination protocol was repeated several times at lower N-iodosuccinimide 

concentrations and using a different tyrosine mutant (T67Y) but LpAFP was not 

successfully labelled by this technique.

 5.14 The phase problem: Ser to Cys

LpAFP does not have any Cys residues, which makes modification by mercury 

difficult. Thus, four variants of LpAFP were produced that each had a single Ser-to-Cys 

mutation (Figure 5.3, Table 5.1). The mutations were designed so that each Ser-to-Cys 

was located on a different face of the beta-helix. One mutant, S19C, crystallized in 

identical conditions as the wild-type protein. After diffraction-quality crystals of this Cys 

mutant were grown, they were soaked in low-millimolar concentrations of five mercury-

based compounds: para-chloromercuribenzoic acid, thimerosal, mercuric acetate, mercury 

chloride, and para-chloromercuribenzene sulphonate. After soaking, some crystals were 

dissolved in water and analyzed by MALDI-TOF, which showed successful derivatization 

by each compound. When placed in the X-ray beam at X6A the labile sulphur:mercury 

bond suffered from radiation-induced damage (222). This damage results in rapid 

cleavage of the sulphur-mercury bond leading to diffusion of the Hg2+-containing 

compound away from the protein. One way of circumventing this problem might have 
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1        10        20        30        40        50 
MDEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHV
60        70        80        90        100       110      
V  S  GTNHIVTDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNNTVSGSNHVVSGSNKVVTDA

Figure 5.3. Amino acid sequence of LpAFP. Highlighted in grey is the ice-binding face 
('a' side) of LpAFP and underlining indicates the 'b' side. Highlighted in yellow are the Ser 
residues mutated to Cys, and green highlights residues mutated to Met.
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Table 5.1
Summary of Ser-to-Cys mutations performed on wild-type LpAFP

Name Location Crystals

S19Ca sideb Yes

S61C 'b'-side No

S98C side No

S110C 'a'-side No
a Location of Ser in amino acid sequence of LpAFP as shown in Figure 5.2.
b Surface between the 'a' and 'b' side beta-sheets.
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been to collect data using higher energy X-ray radiation (30+ KeV). Repeated attempts 

were made to solve the structure of LpAFP using radiation-damage-induced phasing with 

anomalous scattering, but without success. This technique splits the dataset into two parts, 

where the mercury-labelled and damaged data are used as the derivative and native 

datasets, respectively.

 5.15 The phase problem: mutations to Met

With options for solving the phase problem running out I also tried a strategy 

where Met was mutated into LpAFP in place of hydrophobic residues in order to use 

SeMet labelling. The targeted residues for replacement by Met were the two inward-

pointing Leu and Ile and three solvent-exposed residues (Phe, Val and Ile). A total of six 

variants were produced (Figure 5.3, Table 5.2), each with one to three residues mutated to 

Met. These proteins were recombinantly produced, labelled with SeMet, and purified. 

Because they did not crystallize in native conditions, crystal screening was performed. 

Small crystals were obtained using three of the eight mutants and the conditions were 

extensively expanded. No datasets were collected because the crystals were too small for 

suitable diffraction.

 5.16 Solving the phase problem in hindsight

The structure of LpAFP was solved using data collected from a protein crystal that 

was rapidly soaked in 1M NaI. Initially, we thought the data were insufficient to solve the 

phase problem. Subsequently, in collaboration with Dr. Frédérick Faucher, application of 
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Table 5.2
Summary of Met mutations performed on wild-type LpAFP

Name I8Ma

(coreb)

L23M

(core)

V59M 

('b' side)

I66M 

('a' side)

F85M 

(side)

Crystals

LM1 - X - X X Yes

LM3 - X X - X No

LM4 - X X - - No

LM6 - X - - X Yes

ILM1 X X - - X Yes

LM2 - X - - - No
a Location of Met in amino acid sequence of LpAFP as shown in Figure 5.2.
b Location of Met with respect to tertiary structure of LpAFP.

125



different software (XDS (155) to integrate and scale the data and SHARP/autoSHARP 

(157) to find heavy atoms) allowed us to solve the structure.

There is no universal method for solving the phase problem. However, if MR is 

not an option, and there are insufficient Met present to guarantee the SeMet replacement 

approach will work, then halogen soaks are emerging as the next best solution. Iodide 

binding has become an increasingly popular and effective way of phasing X-ray data. 

Because iodide has high anomalous scattering factors at the in-house Cu Kα radiation, 

phasing using SAD can be performed without a trip to a synchrotron. The Seattle 

Structural Genomics Center for Infectious Disease solved sixteen structures in one year 

using rapid soaking in iodine salts followed by data collection using at-home X-ray

sources (223). In order to ensure sufficient redundancy, 360° of data should be collected 

on a crystal after iodine soaks. Additionally, cutting the resolution at lower limits can 

enhance the anomalous dispersion signal. Another challenge is predicting the number of 

iodide sites for the software to locate. Abendroth et al. suggest one iodide ion per twenty 

residues as a good starting point. However, they state that all of the steps, from soaking 

crystals to data collection to software manipulation, are iterative processes. Indeed, 

phasing native datasets is itself an iterative process and attempting all available options is 

sometimes necessary for solving an X-ray structure.

 5.17 Overcoming AFP contamination

In Chapter 4 I report the engineering of a bacterial non-AFP enzyme into a protein 

with rudimentary ice-binding ability. At one point in this project we began to suspect that 
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some of the weak activity seen in the engineered protein might be due to traces of a wild-

type AFP (or active mutants) that we work with in the lab. This or these might have 

leached off columns in general use for chromatography. It is essential to ensure that the 

ice-binding activity we measured is due to the engineered protein and not contaminating 

AFPs. Even barely detectable levels of AFP contamination are enough to result in the low 

levels of ice shaping observed with some engineered proteins. In order to circumvent this 

problem, purification of mutants of NmSAS was later performed using fresh nickel-NTA 

beads as well as ion-exchange columns that had never been used to purify AFPs. This 

eliminated the two purification columns as potential sources of contamination. When 

concentrating NmSAS mutants, new spin-columns with a molecular weight cutoff of 30 

kDa were used to ensure that potential contaminating AFPs (which are typically small 

proteins) would not be retained. Furthermore, each time ice binding was detected in the 

presence of a NmSAS mutant, buffer controls were measured for TH to ensure that the 

AFP activity was not due to residual protein left on the apparatus. Finally, samples of 

purified NmSAS that showed ice binding or TH were analyzed by MALDI-TOF to see if 

smaller putative AFPs could be identified based on their mass. These checks are 

necessary to be confident that we have engineered a novel AFP. Indeed, at the end of a 

purification of one NmSAS mutant, a peak corresponding to the molecular mass of 

LpAFP was observed on a MALDI-TOF spectrum. Thus, the NmSAS mutant was further 

purified using nickel-affinity chromatography, which eliminated the contamination.
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 5.18 Evolution of type III from SAS

In order for SAS to become an AFP, the protein would first need to be secreted 

from the cell. Therefore one flaw in the 'escape from adaptive conflict' hypothesis 

proposed by Deng et al. (132) is their implication that AFP activity evolved while SAS 

was still in the cytoplasm. Instead, I hypothesize that duplication of the C-terminal 

domain and its fusion with a secretion sequence happened before any significant 

development of the AFP. Indeed it is unlikely that the ability to stop ice growth could 

have occurred at all in the intact SAS protein because the prism plane ice binding site is 

occluded by the N-terminal domain. Also, given the issues we encountered with 

contamination by wild-type AFPs from chromatography columns, can one be sure that the 

tiny amount of TH seen with the fish SAS is not due to trace amounts of AFP? The 

germinal ice-binding ability detected in both L. dearborni and M. americanus full-length 

SAS would remain in the truncated protein and once secreted the shortened protein would 

be able to develop better ice-binding abilities. This would allow the fish to move into 

colder waters. While we could not recombinantly produce properly folded C-terminal 

domain, when the duplication event happened, this domain may have been more stable. 

My work outlined in Chapter 4 shows how difficult it is to engineer a protein to gain a 

new function. Expanding the mutations to areas outside the IBS with the objective of 

giving the protein more stability may result in development of improved TH.

 5.19 QAE vs. SP isoforms

Fish that produce type III AFP do so as a mixture of both 'defective' SP and TH-
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active QAE isoforms. SP isoforms are 'defective' because they are incapable of halting 

growth, although they can slow it down by binding to a pyramidal plane of ice. The 

crystal structure of NmSAS indicates that the potential pyramidal plane binding surface is 

solvent exposed, while its neighbouring primary prism plane surface is largely occluded 

in the enzyme dimer. Thus, the rudimentary ice-binding capabilities demonstrated by SAS 

produced in M. americanus and L. dearborni (132) are likely only due to pyramidal plane 

binding. It is not clear to what extent evolution of the pyramidal plane-binding surface 

preceded development of the primary prism plane-binding surface. The latter could not 

have begun until gene rearrangement split the C-terminal exon off for independent 

expression (132). Pyramidal ice plane binding in the incipient type III AFP ancestor may 

have been advantageous in slowing ice growth in the fish before development of the 

primary prism plane binding region – a ‘buying time strategy’ perhaps. This might 

explain why there are so many SP isoforms and so many copies of this ‘defective’ gene in 

present day zoarcids like the ocean pout and wolfish (77, 78, 181, 224). Yet primary prism 

plane binding appears to be critical for modern type III AFP to be able to depress the 

freezing point of solution in vitro. This is puzzling because the major isoforms of type I 

AFP can halt ice crystal growth by binding only a specific pyramidal plane (65). Why are 

the SP isoforms of type III AFP not capable of TH? After the primordial type III AFP gene 

duplicated and diverged into exons encoding proteins that could bind both planes of ice, 

selection for pyramidal plane binding capable of halting ice growth may have been lost. 

Indeed, spiking a solution of SP isoform with a small amount of QAE isoform is 

sufficient to halt ice growth (88). Thus, production of 'defective' SP isoforms is 

maintained as long as their activity is enhanced by the presence of some QAE isoform.
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