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Abstract 

Lolium perenne (Lp), the perennial ryegrass, produces an antifreeze protein (AFP) when 

seasonal temperatures and levels of available sunlight drop in the autumn. This protein, along 

with other low-temperature induced stress proteins with distinct functions, allows the plant to 

survive sub-zero temperatures.  LpAFP adsorbs to developing ice crystals, marginally lowering 

the freezing point of solutions but shows a more impressive capacity to prevent ice 

recrystallization. Its ability to inhibit ice recrystallization has resulted in interest in industrial 

applications of LpAFP, from its use as a frozen food additive and as a potential useful sequence 

for transgenic crop enhancement and even as a model to understand the inhibition of gas 

hydrates, which have a crystal structure distinct from ice. This thesis shows that the wild type 

LpAFP sequence when placed in a suitable expression vector can be displayed on the bacterial 

membrane and increased the incorporation of the host bacterium into polycrystalline ice. 

Extensive in vitro mutagenesis has also allowed the investigation of the relative importance of 

particular amino acids in LpAFP for adsorption to both ice and a model gas hydrate, 

tetrahydrofuran hydrate. Notably, certain steric mutations that disrupted ice affinity retained 

appreciable hydrate binding. These experiments have generated a greater understanding of 

LpAFP through the selective characterization of its recombinant mutants and wild-type states, 

and have prompted some suggestions and strategies to work towards the development of gas 

hydrate inhibitors modeled on this protein.  
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Chapter 1:  General Introduction and Literature Review 

 
1. Antifreeze Proteins 
!
1.1 General Description  
!

Since temperatures that are below the freezing point of water are common over much of 

the earth, microorganisms, plants and animals have evolved several mechanisms to survive the 

physiological damage that may occur as a result of freezing. Mammals, as well as other 

endothermic animals rely on internal homeostatic processes, like fat burning, to create a buffer 

against the cold. Freeze-intolerant but mobile exothermic creatures physically distance 

themselves from the cold, while those organisms which are unable to relocate must necessarily 

evolve strategies to protect themselves from the risks associated with freezing. Those risks 

include both intracellular and extracellular freezing. Intracellular freezing disrupts not only the 

structure of the plasma membrane and any functionally-similar barriers, but also any subcellular 

compartmentalization. Notably, extracellular freezing will result in uncontrolled growth of ice 

crystals. These ice crystals have the potential to result in cell death as the sharp shards can 

puncture the cell, which may not only result in cell lysis but also death as a result of cellular 

dehydration (Levitt, 1980). To avoid death, some organisms, including certain fish and insects, 

are able to avoid freezing by inhibiting ice nucleation, which results in a supercooled state 

(Raymond and DeVries, 1977). Some plants may also display a modest supercooling 

phenomenon (Wisniewski et al., 1991; Gross et al., 1988), while other plants survive sub-zero 

conditions by going to seed prior to winter or by the passive protection of snow and soil (Burke et 

al., 1976).   

To increase the tolerance to low temperatures, many organisms accumulate organic 
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solutes such as sugar, proteins and organic acids (Goldstein and Nobel, 1994; Hughes and 

Dunn, 1996). In some organisms, the accumulation of solutes either suppresses the freezing 

point sufficiently to avoid freezing entirely, or acts as a cryoprotectant if freezing does occur. 

An example of one such solute group is the widely diverse collection of antifreeze proteins 

(AFP). AFPs, also known as ice structuring proteins, thermal hysteresis proteins (THPs), or 

ice-binding proteins (IBPs), are encoded by certain organisms that allow their endurance and 

continued existence in subzero surroundings. TH activity was initially noted in beetles, but the 

cause was not appreciated as an AFP until comparable proteins were identified in the blood 

plasma of polar fish (DeVries and Wohlschlag, 1969). Since that time AFPs have been found 

in a wide variety of species. Examples of organisms with AFPs include fish, insects, plants and 

bacteria. The wide array of organisms with AFPs tend to share a common trait in that their 

geographic locations bring them into proximity with ice and subzero temperatures. As indicated, 

there is great structural diversity among the various AFPs, which is in keeping with the current 

view of recent and/or multiple evolutionary origins. 

!
1.2 Structure of Ice 
!

To better understand how AFPs and ice interact, it is important to consider the structure 

and properties of ice that is formed under normal, terrestrial conditions. Ice is comprised of 

water molecules, where two hydrogen atoms are covalently bound to one oxygen atom. The 

crystalline lattice of ice arises due to the hydrogen bonds that form between hydrogen and 

oxygen atoms of adjacent water molecules. Nevertheless, according to Petrenko and Whitworth 

(1999), there are at least 13 distinct crystalline phases of ice, depending upon both pressure and 

temperature. Of these 13 phases, hexagonal ice (Ih) is the most prevalent type on earth and it is 

the only one which forms under conditions relevant to the consideration of AFPs. Ih is a specific 
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arrangement of water molecules with oxygen that is tetrahedrally held together by hydrogen 

bonds. Ih is considered to have a ‘Wurzite structure’, meaning that there are two hexagonal 

plates (basal planes) which are surrounded by six prism planes. It is to the prism planes that 

water molecules most readily adsorb, rather than the basal planes. From this, it might be inferred 

that AFPs should tend to interact preferentially with the prism planes, since when some AFPs 

such as those from certain fish adsorb to ice, instead of sheets of ice, long columnar spicules are 

formed like those depicted in Figure 1.1 (Scotter et al., 2006). 

!
!
1.3 AFP Activity 
!

Not all AFPs are ‘created equal’. That is, while all AFPs that have been examined in 

detail appear to have an exposed active ice binding site (IBS) or surface that adsorbs to either the 

prism plane or the pyramidal plane, and as well, sometimes the basal plane, the manner in which 

they confer protection from the damaging effects of ice formation seems to depend on the 

freezing strategy of the host organism (Middleton et at., 2012).  As such, the best method to 

measure AFP activity must also differ depending upon the protein. Several different methods of 

assessing AFP activity are described below. 

!
1.3.1 Thermal Hysteresis (TH) 
!

In a solution of pure water, the freezing and melting point transitions occur at the same 

temperature, 0 °C. However, the addition of solutes lowers the equilibrium freezing point of 

water. This depression occurs due to the presence of colligative agents such as salt, which 

allows temperature transitions to follow the same pattern but at temperatures below that of pure 

water. This colligative effect represents the property of a solution that relies on the molar 

concentration of the solute rather than on their nature. AFPs, on the other hand, operate in a 
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non-colligative manner. Therefore, AFPs lower the freezing point beyond that of regular 

solutes with only minor effects on the melting point, thereby creating a gap between the new 

freezing point and the colligative melting point. This gap is known as the thermal hysteresis 

(TH) gap. At temperatures in this gap, ice growth is inhibited, and ice crystal morphology is 

characteristic of the binding specificity of the AFP studied. The TH measure of AFP activity is 

taken as the difference between the temperature at which an ice crystal begins to grow again in 

the presence of an AFP, compared to the melting point of the same solution after being frozen. 

Typically TH is assessed using a commercial nanolitre osmometer. 

As indicated, the TH gap arises from the effect of the bound AFPs on the ice surface 

(Figure 1.2) and the extent of this freezing point depression is dependent on the type of AFP. 

Bound AFPs are proposed to prevent ice from overgrowing and advancing as a straight front, 

forcing ice to grow as a curved front. As these fronts increase the surface area of ice to water, 

the process becomes less energetically favorable, thereby reducing the growth of ice. This 

process is also known as the Kelvin effect (Knight et al., 1991).  Organisms with a high degree 

of TH such as certain insects and some fish are hosts that employ a freeze-avoidance strategy. 

The production of AFPs essentially allows the animal serum or hemolymph to supercool, in the 

presence of ice, thereby lowering the freezing point and preventing the tissues from freezing at low 

temperatures that would have otherwise have resulted in death. 

!
1.3.2 Ice Recrystallization Inhibition (IRI) 
!

While insects and fish must avoid freezing, perennial plants in polar or temperate climates 

are subjected to many cycles of freeze and thaw over the cooler seasons. As such, plants must 

employ a strategy that allows them to tolerate freezing. Although only certain perennials appear to 

have evolved AFPs, these proteins confer the capacity to withstand extracellular ice formation 
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and avoid intracellular ice formation, thereby minimizing tissue damage. Since the formation of 

ice crystals is inevitable in these perennials, AFPs with high IRI activity are able to prevent the 

uncontrolled crystal growth by adsorbing to the microscopic ice and rendering further growth 

thermodynamically unfavorable. IRI is assessed using a semi-quantitative procedure whereby 

the size of ice crystals is compared after flash freezing at temperatures at or below -50 °C and 

again after annealing for several hours at temperatures close to the melting point. 

!
1.3.3 Ice Shaping 
!

A third method of observing AFP activity is the visualization of ice crystal shape.  In the 

absence of AFP, when a drop of water or any other non-reactive solution is frozen it will form 

a round disk when viewed under the microscope, which is conveniently done in a nanoliter 

osmometer. In contrast, when the aqueous solution contains an AFP, the shape of the ice crystal 

will reflect the preferential surface for AFP adsorption. For example, if the AFP binds 

preferentially to the ice prism planes as in Type I AFP from the winter flounder, the crystal 

will appear as a diamond shape (Figure 1.1B). If the AFP also binds to the basal plane of ice as 

in the AFPs from several insects, the crystal will appear hexagonal or even lemon shaped, 

depending upon the AFP concentration. While this method provides no truly quantifiable 

measure, it may be used as proof of ice binding when the AFP in question is at a low 

concentration or has very low TH activity. 

   

  1.3.4 Ice Affinity  

Since when ice grows slowly it excludes solutes and proteins, which do not adsorb to 

ice, this principle can be used to effectively purify AFPs from non-AFP contaminants (Kuiper 

et al., 2001). Typically, about 50% of an AFP in a suitable buffer can be adsorbed to a 
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polycrystalline ice ‘popsicle’, although this can vary depending upon the AFP. For example, 

ice-affinity purification (IAP) has proved successful for the purification of milligrams of 

recombinantly-produced perennial ryegrass AFP for structural analysis (Middleton et al., 

2012). Curiously, however, IAP is not as effective for the purification of native, presumably 

post-translationally modified, AFP produced in planta. The relative ice affinity of a particular 

AFP can be semi-quantified by determining the concentration associated with the ice 

component compared to that of excluded solution to give an ice purification coefficient (IPC).  

 
   1.4 AFP Diversity 

 
The study of AFPs is more than fifty years old. Their discovery in fish stemmed from the 

observations of a Canadian scientist, P.F. Scholander (1962) on Arctic species. His interest in 

the survival of fish in subzero water temperatures spawned a whole new field of study which 

was soon taken up by other scientists including DeVries and colleagues (1969), the first group 

to officially discover and categorize AFPs. Generations later, AFPs have been isolated not only 

in fish, but plants, insects and other arthropods, molds, bacteria and other groups. While all 

these proteins act to retard the growth of ice, many of these AFPs have varying activities and are 

also frequently distinctly structurally different from each other. 

!
!
!

   1.4.1 Fish AFPs 
!
Fish AFPs are perhaps the most studied type of AFP, but even among fish AFPs the 

diversity is great. Antifreeze glycoproteins (AFGP) were named by DeVries and Wohlshlag 

(1969) when they discovered that Trematomus borchgrevinki, a type of Antarctic notothenoid 

fish, possessed a heat-stable glycoprotein that was responsible for lowering the freezing point 

of serum to below that of the surrounding water. Further study revealed that there were 8 



! +!

isoforms of the AFGP ranging in molecular weight from 2.6 – 34 kDa (Morris et al., 1978). 

When comparing the AFGP from another fish (Notothenia coriceps neglecta), there was a high 

degree of conservation with  the AFGPs consisting almost exclusively of a repeating tripeptide, 

Thr-Ala-Ala, with !-d-galactosyl-(1"3)- #-N-acetyl-d-galactosamine bound to the Thr 

residue (Harding et al., 2003). In both species there was evidence for multiple copies (4 - 55) 

of slightly varying proteins or isoforms. !

In contrast to the AFGPs, Type I AFP from the winter flounder (Pseudopleuronectes 

americanus) is a 37-amino-acid peptide, consisting mainly of Ala with Thr spaced 11 resides 

apart (DeVries and Lin, 1977) and with no associated carbohydrates. Unlike AFGPs, Type I 

AFP is not produced all year round. Instead, serum levels of the AFP fluctuate with levels 

rising during the fall and winter and lowering in the spring (Fletcher et al., 1978). Type I AFP 

has been characterized as a single # helix at 3.3 kDa and with a maximum TH of <1 ˚C at 20 

mg/mL (Chapsky and Rubinski, 1997). In addition to the 3.3 kDa isoform, the winter flounder 

has a larger (17 kDa) AFP, dubbed ‘Maxi,’ which has a much higher TH activity of 1.1 °C at 

0.1 mg/mL, a value not surpassed as yet by any other known fish AFP. This larger isoform 

helps to explain how the winter flounder survives temperatures as low as -1.9 °C (Marshall et 

al., 2004). The two molecular sizes of AFP may have spatial preferences, since Gong et al. 

(1996) discovered that there were two distinct locations for AFP in the flounder: the liver and 

the skin-type cells. Knight et al. (1991) revealed that Type I AFP bound to a pyramidal plane 

of ice. They also discovered that the binding was done in an orientation in which adjacent Thr 

repeats were spaced 16.5 Å apart, closely matching the spacing of water molecules in the ice 

lattice (16.7 Å). This suggested a mechanism whereby the AFP may interact with ice through 

hydrogen bonding between the Thr hydroxyl groups and the oxygen atoms in the ice lattice. 
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This theory was bolstered when computer modeling of the Type I AFPs showed that a ‘flat’ 

ice-binding domain containing regularly spaced Thr/Asp and Thr/Asn (Barret, 2001). 

Other ocean fish that live in close proximity to ice have different AFPs. A cysteine-rich 

Type II AFP, which ranges in size from 14 – 24 kDa, was first identified in the sea raven 

(Hemitripterus americanus) (Ng et al., 1986).  Unlike AFGP and Type I AFP, the primary 

sequence of Type II AFP is non-repetitive. It possesses a complex secondary structure resulting 

in a disulfide-bonded, globular protein. Type II AFPs have lower TH values compared to other 

fish AFPs; maximal values reach only 0.78 °C at 14 mg/mL (Scotter et al., 2006). Type II 

AFPs are produced by certain other fish as well, including smelts. 

Like Type II AFP, the AFP from the ocean pout (Macrozoarces americanus) is a non-

repetitive protein with no significant similarity to previously identified AFPs. Instead, this 

Type III AFP consists of a small family of proteins with molecular weights in the range of 6 - 

7 kDa (Li et al., 1985). These AFPs are globular in structure with a TH of 1.4 °C at 20 mg/mL 

(Antson et al., 2001). The crystal structure revealed a remarkably flat surface, suggesting the 

formation of hydrogen bonds with the prism planes of ice (Jia et al., 1996). Adsorption to ice 

appears to be aided by the side chains of Glu9, Asn14, Thr15, Thr18 as well as Glu44 which 

form a flat and amphipathic ice-associating motif (Graether et al., 1999). Further studies with 

a crystal of slightly high resolution, along with ice-etching studies, have suggested that Type 

III AFP may be able to bind to multiple prism and pyramidal ice planes (Antson et al., 2001). 

More recently still, the importance of the hydrophobic residues surrounding the ice binding 

pocket have been highlighted by mutagenesis studies; the substitution of one or more of those 

residues for amino acids with smaller side chains resulted in a significant loss in TH activity. 

These experiments suggested that the role of the hydrophobic residues may be to exclude 
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water from the ice-binding pocket (Baardsnes and Davies, 2002). 

 

  1.4.2 AFPs in Insects and Other Classes  

Temperatures encountered by polar fish are reasonably predictable, and are bound at the 

lower end of the range by the freezing point of sea water (~ - 1.9°C). In contrast, insects that 

overwinter at high latitudes (often in a larval stage) are exposed to temperatures that are both 

more unpredictable and severe. Therefore, it is not surprising to learn that the AFPs found in 

insects appear to be hyperactive in that they have high TH values. Expression of a fish-type 

AFP with a maximal TH of ~1°C is therefore not sufficient as a freeze-avoidance strategy for 

such insects. Consequently, the AFPs that have been identified in insects are much more active 

than those of fish, with upper estimates of TH activity in the range of 10 C° (Tyshenko et al., 

1997).  

More recently, AFPs have been examined in a number of other arthropods including 

snow fleas (Graham and Davies, 2005), in addition to a wide variety of species including snow 

molds, bacteria, diatoms amongst others, many with unique structures (Davies, 2014).   

 
 
 
 
 

  1.4.3 Plant AFPs 

AFPs were first reported in some perennial plants more than 25 years ago (Urrutia et al., 

1992; Griffith et al., 1992). Such plants from polar, temperate or high altitudes may not be able 

to avoid freezing over the winter.  In cases where supercooling does occur, it is often limited to 

specific tissues. For example, the proto-buds of forsythia and peach are able to supercool 

during the winter months, but become susceptible to frost damage once the xylem enters the 

buds in the early spring (Pearce, 1999).  AFPs have been reported in a variety of overwintering 



! %.!

plants such as ferns, gymnosperms, monocotyledons and dicotyledonous angiosperms. Unlike 

the case in some insects, AFPs do not seem to be constitutively expressed, nor are they found in 

plants exposed to fairly constant conditions, such as house plants. AFPs have been reported 

after certain plants have been exposed to low temperatures and in those that tolerate the 

presence of ice in their tissues. Additionally, AFP activity has been observed in different plant 

tissues, depending on the species, including seeds, stems, bark, branches, leaf blades, flowers, 

berries, etc. (Doucet et al., 2000). Low temperatures are not the only cue that the plant needs to 

produce AFPs. Marentes (1993) was able to show that certain grasses accumulated more 

apoplastic proteins when sunlight conditions were reduced from 16 to 8 h. The combination of 

lower temperatures and shorter photoperiods allow plants to slowly acclimate to colder 

conditions, which in turn lowers the temperature at which 50% die (LD50) thus allowing more 

plants to survive at lower temperatures. As indicated, not all plants produce AFPs, but such 

conditions result in a variety of adaptations including the production of cold shock proteins, 

late embryogenesis abundant proteins, and dehydrins, which together serve to protect against 

low temperature as well as desiccation and osmotic shock (Hughes and Dunn, 1996).  

To date and without exception, plant AFPs have poor TH activity, on the order of 0.1 °C 

and certainly not enough to protect the organism from freezing from all but the mildest of 

subzero weather (Doucet et al., 2000). Unlike insects and fish, plants are immobile and must 

weather whatever conditions they are grounded in and therefore appear to have evolved a 

mechanism which aids their strategy of freeze tolerance by way of IRI. By preventing formed 

ice crystals from growing larger, they are able to circumvent mechanical damage that could 

disrupt tissues and cells. Part of the reason that perennials, including grasses, do not supercool 

is that they are colonized by ice nucleating bacteria, which nucleate ice at high subzero 
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temperatures (Hirano and Upper, 2000). Some overwintering organisms purge their guts and 

bladders of nucleators prior to winter (Packard and Packard, 2004), but plants do not rid 

themselves of associating epiphytes and endophytes, and thus their extracellular fluids must 

necessarily freeze close to 0 °C, making it critical to prevent recrystallization.  

Although plant AFPs are very diverse, here I focus in on the AFP from the perennial 

ryegrass Lolium perenne (LpAFP). Used all over the world because of its hardy nature, this 

grass can be found on golf courses and other commercial lawns. Mature LpAFP has 118 

residues that form a left-handed beta solenoid or roll. This roll is made of up 8 loops of 14 to 15 

residues (Middleton et al., 2012). The IBS is formed by a flat beta-sheet on one surface of the 

roll. This flat sheet is made up of a seven residue repeating motif (XXNXVXG). Consistent 

with other plant AFPs, LpAFP has low TH activity and high IRI activity (Kuiper et al., 2001). 

At that time it had been postulated that because two relatively-flat sides are located on either 

side of the roll, LpAFP might possess two IBFs, thereby showing high IRI (Figure 1.3). This 

suggestion has since been disproven by in vitro mutagenesis studies (Middleton et al., 2009), 

and it is now generally agreed that LpAFP has only one ice binding face. LpAFP not only binds 

to ice, but it binds to the ice-like crystalline structure of gas hydrates as well as model hydrates 

(Gordienko et al., 2010). 

 
 

1.5 Clathrate Hydrates 
 
Clathrate gas hydrates are ice-like crystalline solids that are formed when water 

molecules enclathrate, forming a cage around a small guest molecule. First identified by Sir 

Humphrey Davy in 1810 and the composition elucidated by Faraday in 1823, it has been known for a 

long time that appropriate pressures and low, but not necessarily freezing temperatures, will allow gas 
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hydrate formation. Today, gas hydrates are studied for their promise as well as their safety 

concerns. Gas hydrates, specifically methane hydrates are located all over the world in 

permafrost, ocean trenches and continental margins. International petroleum companies are 

looking for safe methods to mine and subsequently decompose these crystals in order to safely 

release the caged methane gas. Gas hydrates represent a potentially excellent energy source as 

1 m3 of gas hydrate may contain the equivalent of 156 m3 of methane under standard 

conditions. If released safely, this gas in the form of hydrate is estimated to be greater than the 

combined researches of fossil fuels. However, while they may present themselves as an 

alternative energy source, gas hydrates are also a major hindrance for today’s oil industry. 

Undersea mining surroundings present the ideal conditions (low temperature, high pressure) 

for gas hydrate formation, which in turn lead to large solid chunks of hydrate that form within 

the gas pipelines, thereby creating a blockage. This blockage then causes pressure to build 

within the pipe which eventually can lead to an explosion reminiscent of the Piper Alpha 

tragedy of 1988 or hinder explosion clean-up efforts like that during the British Petroleum oil 

spill of 2010 in the Gulf of Mexico. 

 

  1.6 Hydrate Inhibition 

To prevent the formation of gas hydrates there are three different classes of inhibitors. 

The most widely used are thermodynamic inhibitors which act in a colligative manner to shift 

the phase equilibrium to the left. This shift increases the driving force of hydrate formation 

which subsequently requires a lower temperature and higher pressure to form hydrates. 

Examples of thermodynamic inhibitors are methanol, glycols and salt. Currently, methanol is 

the most widely used inhibitor, however, for it to be effective, it must be used at high volumes 
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up to 60 wt%. These high volumes are not only expensive but they must also be processed out 

at a later downstream point, which increases not only cost but time to get to the final product. 

A second class of inhibitors are the kinetic hydrate inhibitors (KIs). These inhibitors work in a 

non-colligative manner and either delay hydrate formation by hindering nucleation time or by 

impeding hydrate growth. In contrast to thermodynamic inhibitors, only a small amount of KIs 

(less than 2 wt%) are needed to effectively inhibit gas hydrates. Due to the small amount of 

inhibitor used, no additional purification processes need to be applied downstream to filter out 

the KI from the crude product. While these factors may make KIs an attractive option, they are 

driving-force limited with a maximum subcooling of less 12 °C (Kelland, 2006). This means 

that not all KIs can be used in the same manner. Each instance of KI usage must be optimized 

for flow rate, subcooling temperature, pipe size etc., to see if these products can even be 

considered an option. So while KIs such as polyvinylpyrroidone (PVP) are attractive options in 

theory, in practice optimization may take additional research.  A third class of inhibitors are the 

anti-agglomerants. Anti-agglomerants are surface active, low-dosage inhibitors that act by 

preventing small amounts of nucleating hydrates to bind together to form an ice-like substance 

and instead keep them at a slurry-like consistency. According to Patel et al. (2010) anti-

agglomerants cause the surface of the nucleating hydrate particles to become hydrophobic 

which in turn forces the particles out of the water phase and into the oil phase. This in turn 

reduces the amount of water molecules available to form hydrates (Patel et al., 2010). The 

final class of inhibitors are biological – specifically AFPs. Several AFPs have been shown to be 

effective inhibitors under different conditions. For example, Type III AFP changed the 

morphology of a model hydrate crystal (Gordienko et al., 2010), and as well inhibited gas 

hydrate formation, which in turn suggests that the protein is able to bind to the surface of the 
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crystal and inhibit its growth in some manner. 

 

1.7 Thesis Objectives: 

It has been a long-standing goal of our laboratory to eventually demonstrate the 

potential for yet another class of gas hydrate inhibitor: that of bacteria bearing surface-born 

hydrate inhibitor proteins based on AFPs, which have shown potential for hydrate adsorption. 

This thesis represents a step towards this objective, with my efforts to identify residues 

important for hydrate binding in LpAFP and includes my experiments to display the wild type 

sequence on a non-freeze tolerant bacterium and examine the recombinant’s capacity for 

polycrystalline ice adsorption.  
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Figure 1.1 Structure of ice crystals (A) The hexagonal structure of the ice 

crystal Ih. (B) A change in shape of the crystal reflecting the adhesion of 

AFPs to the prism plane of the crystal. Note that the specific shape of the 

crystal may reflect the type of AFP examined (figure taken from Scotter et 

al., 2006).  
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Figure 1.2 Schematic representation of antifreeze proteins (red ovals) 

binding to ice. (A) As ice forms, a horizontal front forms creates a 

surface upon which the AFPs will adsorb. (B) Upon binding of the 

AFPs to the surface of the ice, the Kelvin effect will cause water 

molecules to be added in energetically unfavorable curved fronts, 

thereby impeding the rapid growth of ice. 
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Figure 1.3 A model of a section across LpAFP showing the 

hypothetical placement of conserved amino acids and the two flat 

putative ice binding surfaces (IBS). Repeating motifs are shown as a - g 

and a$- g$. Also shown are the Gly residues on the turns and the 

hydrophobic core. Ultimately, only one IBS was shown using in vitro 

mutagenesis, however, the intuitive model shown was not dissimilar to 

the model derived after the protein structure was analyzed using X-ray 

crystallography. (figure from Kuiper et al., 2001). 
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Chapter 2:  Mutations in a Grass Antifreeze Protein and Insights into Ice and 
Tetrahydrofuran Hydrate Adsorption  
 
 
2.1 Abstract 
 
  Antifreeze proteins (AFP) are found in a variety of organisms and with other adaptations 

help to confer a freeze-tolerant or a freeze-avoidant phenotype. Here we have used in vitro 

mutagenesis experiments on an AFP from the perennial ryegrass Lolium perenne (LpAFP) to 

better understand how the protein adsorbs to polycrystalline ice-like surfaces. Ice 

recrystallization inhibition appears to be an AFP activity distinct from that of ice adsorption as 

evidenced by the behaviour of a mutant protein bearing two bulky tyrosine substitutions on the 

ice binding site. Adsorption of the mutant proteins to the model gas hydrate, tetrahydrofuran 

hydrate, has additionally shown that the requirements for AFP-ice adsorption are not completely 

shared for AFP-hydrate adsorption. We suggest that overall, hydrate adsorption may be less 

demanding than ice binding; fewer residues appear critical but the overall three-dimensional 

shape of the entire protein is important for adsorption and eventual incorporation into 

polycrystalline clathrate hydrates.   

 
 
2.2 Introduction 
 
 

Antifreeze proteins (AFPs) are found in certain poikilothermic organisms that would 

be at risk of damage from ice at sub-zero temperatures, ranging from bacteria to fish, insects 

and plants. Some of these AFPs, such as those from fish that inhabit polar coastal waters, contribute to a 

freeze-avoidance strategy. In contrast, AFPs from perennial plants such as the rye grass Lolium perenne, 

appear to be involved in a freeze-tolerant overwintering approach. The activity of AFPs can be 

assessed using thermal hysteresis (TH) measurements. Here AFPs, in the presence of ice, depress 
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the solution freezing point relative to the melting point with the extent of the temperature gap 

being proportional to activity.  For example, AFPs from ocean fish depress the freezing point 

of their serum so that survival at sea temperatures which approach -2 °C is achieved. AFPs also 

reduce the mobility of water molecules in ice so that flash-frozen grains do not recrystallize 

into large, easily-visualized crystals after being annealed at temperatures close to melting. A 

semi-quantitative AFP activity assessment based on this principle is ice recrystallization 

inhibition (IRI). The incorporation of AFPs into slowly growing polycrystalline ice has been used as a 

method of purification (Kuiper et al., 2001), but can also be used to qualitatively, or semi-quantitatively, 

assay ice affinity.  

Although L. perenne AFP (LpAFP) has measurable activity using these three assessments, the 

different assays are not always consistent: the ice crystal morphology resembles a ‘hyperactive’ AFP, 

the TH activity is low, the IRI activity is reportedly higher than that of AFPs from other organisms, and 

the ice partition coefficient varies depending upon the source of the protein (Sidebottom et al., 2000; 

Kuiper et al., 2001; Lauersen et al., 2011). These phenotypes can be presumably explained due to the 

evolution of an AFP in plants that allows for freezing at high sub-zero temperatures, and at the same 

time efficiently inhibits the growth of ice crystals in the apoplasm, in order to prevent cellular 

damage but without being easily incorporated into those crystals. IRI activity is particularly 

important in temperate or polar perennial plants since they may experience many cycles of 

freeze-thaw in the colder seasons. !

As well as adsorbing to ice, it has been reported that AFPs also adsorb to other 

crystalline compounds including gas hydrates (Zeng, 2003; Zeng, 2006; Ohno, 2010; Walker, 

2015).  Clathrate gas hydrates are ice-like crystalline solids that are formed when water 

molecules enclatherate, forming a cage around a small (4 - 8 Å) guest molecules. First 



! &'!

identified by Sir Humphrey Davy in 1810 and the composition elucidated by Faraday in 1823, it has 

been known for a long time that appropriate pressures and low, but not necessarily freezing 

temperatures, will allow gas hydrate formation. This poses safety problems in the pipeline transport of 

hydrocarbons since their blockages cause blowouts and ruptures (Sloan, 2003). Several 

thermodynamic hydrate inhibitors such as methanol or ethylene glycol, which colligatively lower the 

hydrate crystallization temperature, have been used. However, these are expensive and there are safety 

concerns stemming from the use of large volumes of toxic alcohols (up to 60 wt%), particularly in 

environmentally sensitive regions such as the off-shore continental shelves. Therefore, there is a push 

for petroleum chemists to develop non-toxic kinetic hydrate inhibitors (Lederhos et al., 1996), which 

can be used in small amounts (less than 2 wt%) and interfere either with the nucleation or the crystal 

growth of hydrate. The development of new hydrate inhibitors has been challenging since their 

inhibition mechanism is not well understood. By exploring the use of AFPs as hydrate inhibitors, it is 

hoped that rational design concepts can be applied to this challenge.  !

AFPs with high TH values have been shown to be effective hydrate inhibitors, but less 

work has been done with AFPs characterized by a low TH and high IRI (Gordienko et al., 

2010). Of particular interest is LpAFP since active protein can be readily produced by 

recombinant bacteria. It is noteworthy that the understanding of the ice-adsorption 

mechanism by LpAFP was facilitated by in vitro mutagenesis (Middleton et al., 2009). The 

118 residue protein folds as a left-handed beta-roll containing 8 – 15-residue coils with two 

relatively ‘flat’ sides, which could act as ice-binding sites (Kuiper et al., 2001). By 

substituting steric mutations on each of these faces in turn, it was revealed that only one 

protein surface (dubbed the ‘a face’ or the ice-binding face, IBF) was responsible for ice 

adsorption (Middleton et al., 2009). Here we have introduced an extensive series of 
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mutations along the IBF as well as the non-ice binding face (nIBF) to determine if these 

mutations perturb the adsorption of the protein to ice, and as well to a model hydrate made by 

substituting tetrahydrofuran hydrate (THF) for a guest gas. By attempting to elucidate the 

residues important for crystal adsorption, we hope to provide information that could be used for 

the rational design of future kinetic hydrate inhibitors.  

!
!
2.3 Methods and Materials 
!
2.3.1 Mutagenesis and recombinant plasmid construction 
!

Mutagenesis was performed on the mature LpAFP sequence (Genbank AJ277399) 

containing an N-terminal 6-His which had been previously inserted into a pET24a cloning 

vector (Novogen), using a QuickChange Lightning Multi Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA, USA#210515). Different constructs (7) were made, each 

containing 2 - 4 individual mutations. A sequence encoding the enhanced green florescent 

protein (GFP) was introduced to the 3’ end of the LpAFP sequence via the Nde site of the 

pET vector. The recombinant plasmid was then transformed into chemically-competent 

BL21 E. coli cells by administering a heat shock (42 ˚C). All mutations and recombinant 

plasmids were verified via DNA sequencing (Centre de Recherche, University of Laval, Ste. 

Foi, Canada). Structural models were constructed using PyMOL v. 1.5.0.4 in order to better 

visualize the impact of the mutations on LpAFP (PDP entry B5T007). The mutant proteins and 

the various point mutations associated with each mutation are shown in Figure 2.1. 

!
2.3.2 Expression and Purification of Mutant LpAFPs 

!
!

Mutant and wild-type bacteria were cultured in a bioreactor (BioFlo110 Fermentor and 

Bioreactor, New Brunswick Scientific) using guidelines provided by the manufacturer. Briefly, 
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Luria broth (LB), which had been supplemented with 75 %g mL-1 of kanamycin (5 L), was 

inoculated with an overnight bacterial culture (25 mL). Additionally, 26.8 g yeast extract, 33.5 

g K2HPO4, 24.6 g Na2HPO4, 2.6 g MgSO4, 32.2 g glucose, 0.12 g CaCl2 and 10.6 g NH4Cl 

were added to ensure robust growth. Fermentation was carried out at 37 ˚C, pH 7, with aeration 

at 15 L min-1 and agitation at 550 rpm. Antifoam (Sigma A8311) was added prior to agitation. 

When the dissolved oxygen level dropped to 20% saturation, the temperature and agitation 

were reduced (20 ˚C and 250 rpm, respectively) and recombinant expression was induced with 

2 mM isopropyl !-D-1-thiogalactopyranoside (IPTG) (Fermentas). Upon induction, additional 

sterilized yeast extract (9.2 g) and sterilized glucose (4.5 g) were also added. 

After 12 - 18 h, cells were harvested by centrifugation at 8 000 xg for 12 min. Cell 

pellets were then resuspended in ~120 mL of lysis buffer (50 mM Tris-HCl, 500 mM NaCl, 1% 

[v/v] glycerol, and two Roche complete mini EDTA-free protease inhibitor cocktail tablets, pH 

7.8), prior to cell disruption using a French Press. The lysate was clarified by centrifugation at 

20 000 xg for 35 min and the resulting supernatant was diluted two-fold with lysis buffer. 

Proteins were purified using affinity chromatography by passing the lysate through a cobalt 

column (TALON®, Clontech) with a bed volume of 10 mL. The column was washed twice 

with 40 mL of lysis buffer before washing with 30 - 40 mL of elution buffer (250 mM 

imidazole, 50 mM Tris-HCl, 500 mM NaCl). Eluted proteins were dialyzed overnight at 4 ˚C 

into dialysis buffer (50 mM Tris-HCl, pH 7.8, and 100 mM NaCl). The purity of the protein 

preparation was assessed by electrophoresis of samples in 12% SDS-PAGE gels and 

subsequently stained with Coomassie Brilliant Blue R-250. Protein concentration was 

determined using a Pierce™ BCA protein assay kit (Thermo Scientific, #23225). 

!
!
2.3.3 Ice Recrystallization Inhibition Assay 
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!
Assays were conducted on proteins purified as described above or on lysates as described 

here. Briefly, bacterial culture (50 mL) was grown in shaker flasks to an OD600 = 0.8 before 

being induced with 0.01 mM of IPTG. To lyse the cells easily, a commercial lysis buffer 

(BugBuster®, EMD Millipore) was used. Individual lysates (10 %L) were dropped through a 1 

m length polyvinylchlorine pipe onto a glass cover slip resting on top of an aluminum plate 

supercooled to below -80 ˚C with dry ice. The cover slip was quickly transferred to a pre-

chilled, insulated hexane bath set to -4 ˚C. As soon as possible after the transfer, an image of 

the ice surface was obtained with a camera (Nikon, Coolpix S10) attached to a microscope set at 

35-fold magnification.  The ice film was allowed to anneal at -4 ˚C for 12 - 16 h and a second 

image was captured as described. !

 
2.3.4 Ice and Hydrate Crystals 
!

A polycrystalline ice crystal was grown on a hollow brass tube with a sealed end (brass 

finger), attached to a temperature programmable circulating bath filled with 3:1 [v/v] of water 

and ethylene glycol (Kuiper et al., 2003). Ice was nucleated on the brass with chips of ice floating 

on cold distilled water contained in a clean beaker. Once a thin film of ice had enveloped the 

finger, the beaker was removed and replaced with a second chilled beaker containing a solution of 

purified protein (either LpAFP wild type or mutants or GFP controls) and ice buffer (50 mM 

NaCl, 25 mM Tris-HCl) above a magnetic stirrer. The temperature was lowered in a linear 

fashion from -0.8 °C to -2.4 °C over 24 h, while continuously stirring with a magnetic stir bar. 

Upon removal of the polycrystal from the brass finger, when about half of the solution was 

frozen, it was washed with cold distilled water to remove any extraneous protein on the surface 

of the ice. Photos of the crystal under UV light (midpoint wavelength = 302 nm) and as well as 
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white light were captured, and the volumes and concentrations of the ice fraction and the 

remaining liquid fraction were recorded and measured using a spectrophotometer (wavelength = 

260 nm). Experiments were done at least three times. To compare the amount of protein 

adsorbed by the polycrystalline ice during growth, an ice partition coefficient (IPC) was obtained 

using the following formula: 

!
!

 
!
!

Polycrystalline tetrahydrofuran (THF) hydrate crystals were grown on the apparatus 

used for polycrystalline ice, and in a similar fashion (Gordienko et al., 2010). Briefly, crystals 

were nucleated with a frozen seed hydrate mixture, consisting of 1:3.34 [v/v] cold hydrate 

buffer (20 mM NaCl, 10 mM Tris-HCl) and THF (&99.5% Sigma-Aldrich, St. Louis, USA). 

Once a thin layer of hydrate formed on the outside of the brass finger, the seed liquid was 

removed and a 1:3.34 [v/v] solution of protein (either LpAFP wild type or the LpAFP mutants 

or GFP controls) in cold hydrate buffer and THF was added to the beaker. The temperature was 

lowered again in a linear manner from 4 °C to approximately -4.0 °C, over 24 h. At the 

conclusion of growth (when ~ 50% of the solution was frozen), the removal of the THF hydrate 

crystal was facilitated by increasing the temperature of the circulating bath to 5 °C. Upon removal, 

the crystal was briefly rinsed with cold distilled water and photographs were captured as 

previously described. The protein concentration of in both the liquid and hydrate fractions was 

obtained with a Pierce™ BCA protein assay kit as previously noted. Experiments were repeated 

at least three times. To calculate the THF hydrate partition coefficient (HPC), the following 

formula was used: 

!
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!
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!
!
2.3.5 Circular Dichroism (CD) 
!

Prepared proteins were dialyzed against a dialysis buffer (20 mM Tris-HCl and 100 

mMNaF, pH 7.6) and concentrated to ~500 %g mL-1 using an Amicon® Ultra 15 mL 

centrifugation filter (Millipore). Samples were examined with an Olis Rapid Scanning 

Monochromator 1000 Spectrometer (Olis Inc., Bogart, GA) with the cuvette temperature 

maintained at 4 ˚C. A minimum of three scans were averaged with dialysis buffer as the 

adsorption control. 

!
!
!
2.4 Results 
!
2.4.1 Mutagenesis and AFP Assays 
!

Mutations were made in LpAFP by substituting the smaller threonine, serine and 

asparagine residues found in the wild type protein (Mr = 101, 87 and 114, respectively) with 

the bulky amino acid tyrosine (Mr =181). All of the mutant sequences were verified by 

sequencing and all the recombinant strains harboring the mutants reported here were viable 

and the recombinant proteins could be produced (Fig. 2.2), albeit some more easily than 

others (not shown).  

Since even wild-type LpAFP has low TH activity, the assessment of activity for the 7 

LpAFP mutants was determined using IRI assays. All mutants except mutant 3 (T53Y T67Y) 

retained somewhat smaller crystals than buffer controls after 20 h (Fig. 2.3). Mutants 4 (T93Y 

T95Y) and 7 (N72Y T43Y) had high IRI activity that was indistinguishable from that shown 
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by wild type. Mutants 1 (T53Y T43Y) and 6 (T93Y S95Y N72Y T43Y) appeared to have low 

activity since the annealed ice crystals were smaller than the negative control, and mutants 2 

(T53Y T43Y T67Y) and 5 (T93Y S95Y N72Y) had large crystals only just smaller than 

mutant 3 (Fig. 2.3).  

Consistent with the IRI results, mutant 1 with an amino acid substitution on the IBS 

(T53Y), showed low affinity toward polycrystalline ice (Fig. 2.4). Similarly, mutant 2 and 3 

with two mutations in the middle of the IBS (T53Y and T67Y) showed no appreciable 

affinity for ice. Mutants 4 and 5 were designed to investigate the effect of any steric 

hindrance close to the C- terminal end of the protein (at positions 93 and 95), and again there 

was no appreciable polycrystalline ice binding. Although the mean IPC values (Fig 2.5A) 

varied somewhat for mutants 2-5 and the GFP controls, all these proteins were significantly 

less incorporated into ice when compared to wild type (two tailed, two sample equal variance 

t-test; p & 0.05). Those mutants with two mutations on the IBS also showed lower (but not 

significantly so) IPC values than mutant 1 with a single IBS mutation. Puzzlingly, mutant 7 

with two substitutions on the nIBS (at positions 72 and 43) had a low affinity for ice (Figs 

2.4 and 2.5A). Mutant 6, with four amino acid mutations, two on the IBS (T93Y S95Y) and 

two at the same nIBS site as mutant 7, showed low affinity for ice with a corresponding IPC 

value, which was similar to mutant 1 (Figs. 2.4 and 2.5A), with the ice finger even showing 

a low fluorescent green appearance.   

 
2.4.2 THF Hydrate Crystal Affinity 
!
!

To determine the effect of the putative steric mutations on the LpAFP IBS and the nIBS 

faces on polycrystalline THF hydrate crystals, the model hydrate was grown in the presence of 

the wild type or mutant proteins. Strikingly, most of the mutants showed some modest affinity 
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towards hydrates (Fig. 2.4). Mutant 2, with two mutations on the IBS, and mutants 4 and 5, with 

mutations on the IBS close to the C-terminal end of the protein also showed low THF hydrate 

binding. Mutant 7 with two mutations on the nIBS showed modest binding to the crystals, as did 

mutation 6 with these mutations in addition to those found on mutant 4. Therefore, all of the mutant 

LpAFPs showed some affinity towards polycrystalline hydrate, albeit for the most part at low levels. 

Calculated HPC values distinguished the mutations into two groups: mutants 2, 4, 5, 6 and 7, as 

well as the GFP control all displayed a significantly lower affinity for the THF hydrate 

compared to LpAFP wild type controls (Fig. 2.5B). In contrast, mutant 1 with a mutation on each 

respective side, and mutant 3 with two substitutions on the IBS had a greater affinity for 

polycrystalline THF hydrate than even the wild-type protein. These two mutant proteins showed 

more crystal incorporated protein mL-1 than all other mutations (Fig. 2.6) given similar starting 

protein concentrations.  

!
2.4.3 CD Analysis!

!
!

To investigate if changes in ice or THF hydrate binding affinity were a result of steric 

hindrance of the mutations or due to an overall improperly-folded protein, CD analysis was 

undertaken. Mutant 7, which had two mutations on the nIBS appeared to have no discernable 

change in structure from the wild-type protein (Fig. 2.7). Conversely, mutant 4 with 

substitutions at the C-terminal, appeared to have the greatest amount of structural perturbation 

showing a left shift and a lower peak, with an overall increase at 11% of unstructured protein 

when compared to wild type. Mutants 5 and 6 with the same substitutions at the C-terminal 

showed similar spectral shifts. Notably, mutant 3, which also had two mutations in the IBS 

showed only minor structural changes as revealed by CD (Fig. 2.7).  

!
2.5 Discussion 
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2.5.1 Ice affinity of LpAFP 

LpAFP is an unusual AFP in that it has a low TH activity but modifies the ice crystal 

morphology in the TH gap so that it resembles a hyperactive TH AFP, as well as having high 

IRI activity (Sidebottom et al., 2000; Kuiper et al., 2001; Lauersen et al., 2011). Previous in 

vitro mutagenesis experiments identified the LpAFP IBF on the ‘a face’ (Middleton et al., 2009), 

and the predicted beta-solenoid structure was confirmed by X-ray crystallography (Middleton et 

al., 2012). Residues on the IBF which interact with ice form a XVX motif, where X is an 

amino acid with a methyl side-chain exposed to the IBS. By replacing these amino acids with 

tyrosines with their bulky side chain, Middleton et al. (2012) demonstrated that the TH activity 

decreased. Here we have utilized this model to further characterize the crystal lattice binding 

capabilities of LpAFP with respect to ice as well as THF hydrate. 

When considering the relationship between IRI, and ice affinity with both assessments 

based on the adsorption to polycrystalline ice, it is curious that the same mutation can result in 

apparently disparate AFP activities. For example, mutant 4 consisted of two substitutions to 

tyrosine on the IBF of the 7th C-terminal loop of the !-sheet. In previous work (Middleton et 

al., 2009), the introduction of a ‘bulky’ amino acid tyrosine in the place of threonine on the 

IBF resulted in a decrease in the AFP’s ability to adsorb to ice. Based on this principle, the 

introduction of a bulky amino acid in not one, but two positions should have interfered perhaps 

to a greater degree in the interaction of the IBS with the flat ice surface and would be predicted 

to result in a mutant AFP that would be unable to adsorb to ice. Indeed, ice affinity was 

significantly poorer than in the wild-type protein (Fig. 2.5A), and as well this mutant showed 

perturbation in its structure, as assessed by CD (Fig. 2.7). However, it is puzzling that mutant 4 also 

showed IRI activity that was not very different from the wild-type protein. This retention of some 
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IRI activity despite the loss of an estimated 11% of its structure, possibly again underscores the 

evolution of an AFP in plants that functions for the protection of cells from large ice crystal 

destruction that would result from numerous freeze-thaw cycles (Kumble et al. 2008). In 

contrast, incorporation into ice crystals may not be very adaptive and indeed, the protein 

produced in planta cannot be purified on the ice finger. 

Mutant 3 is similar to mutant 4, in that two mutations were made on the IBF, however, 

in this instance they were located on the 4th and 5th loops. As predicted, this mutant presents 

with poor ice binding capabilities, including a low IPC and no IRI activity (Table 2.1). 

Previously, mutations bearing a single mutation at one of the residues, 53, resulted in the near 

abolishment of TH activity (Middleton et al. 2009). Similarly, mutants 1 and 2, which share the 

residue 53 substitution, also have low IRI activity. Nonetheless, mutant 1 showed some low 

ice affinity but no IRI. Thus, while this study examines the effects of mutations on the ice 

adsorption, we speculate that this particular location, 53, in the middle of the IBF plays a role 

of importance in both the IRI and the TH of this protein, but perhaps has a lesser role in ice 

affinity as assessed by the IPC.  

The ability of an AFP to adsorb to ice is dependent on the IBS and the ability of this IBS 

to gather and order water molecules into an ice-like clathrate structure which then binds to the 

ice (Nutt and Smith, 2008; Garnham et al., 2011). By introducing mutations along the IBS we 

predicted that we would abolish all the ice binding capabilities of the AFP since the smooth flat 

surface needed to gather these water molecules would be interrupted. While this was generally 

true (Fig. 2.5A), as discussed, not all mutations behaved as expected. While mutant 4 and 6 both 

contain the same two mutations along the IBF (T93Y and S95Y), they differ in that mutant 6 

also contains 2 mutations along the nIBF (N72Y and T43Y). The additional 2 mutations 

resulted in a decrease in IRI activity but an unexpected improvement in ice affinity and a better 
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structure. This suggests that a high IPC may be more demanding in that the protein is enveloped by growing 

ice, but that IRI requires specific residues including an important T53 to adsorb to crystals in order to prevent 

grain boundary movement. This suggestion is consistent with the high IRI activity and low IPC values for the 

double mutation in the IBS of mutant 4 as discussed above. !

 

2.5.2 THF Hydrate affinity of LpAFP 

It has been theorized that the mechanism of AFP binding to gas hydrates is similar to that 

of AFP and ice in that the AFPs initially form clathrates from the surrounding water molecules 

that then interact with the hydrate (Gordienko et al., 2010). If this principle is extended, it is 

possible then that the IBS could also play an important role in hydrate-AFP adsorption. 

Preliminary work by Myron (2010) showed that contrary to this expectation, mutations in the 

IBS did not affect the ability of the AFP to adsorb to the THF hydrate (Table 2.1). These 

preliminary observations have now been confirmed here most dramatically by the observation 

that mutant 3 with two mutations in the IBS (T53Y T67Y) and no IRI or ice incorporation, 

displayed a greater affinity for polycrystalline THF hydrate than the wild type LpAFP. 

Additionally, mutant 1 with substitutions on the IBS and the nIBS also showed superior HPC. 

These results indicate that steric mutations on the IBS do not necessarily interfere with hydrate 

binding. Conversely, mutants 5, 6 and 7 all shared a common mutation: N72. These mutants all 

displayed lower hydrate binding when compared to the wild type, which leads to the tentative 

conclusion that residue N72 on the nIBF may contribute to THF hydrate binding. Perhaps 

significantly, all of the mutations with high HPC were structurally similar to the wild type 

protein, suggesting that the beta solenoid architecture itself may also be crucial for this activity. 

In contrast, mutant 4 with two IBS mutations (T93Y T95Y) showed a perturbed structure and 
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very low HPC.  !

    Previous work has shown that AFPs act as kinetic hydrate inhibitors (Jensen et al., 2010; 

Ohno et al., 2010; Zeng et al., 2006). Although the exact mechanics of how AFPs are able to 

adsorb to hydrates have yet to be fully elucidated, evidence, in the form of a changed hydrate 

morphology, has suggested that AFPs are able to adsorb to the surface of the growing hydrate 

thereby impeding its growth (Gordienko et al., 2010). Here we have shown that unlike ice 

adsorption, a flat surface is not required for this binding. This can perhaps be attributed to the 

less rigidly structured surface of the hydrate. Where ice is shaped into a strict crystal lattice, the 

hydrate is made of clathrate cages bound together by hydrogen bonds. The regular but alternating 

shape of the cages at each of the symmetrical planes may afford some flexibility in the active 

binding site. It is worth noting that previously, Gordienko et al. (2010) found that the !-roll 

LpAFP displayed superior hydrate adsorption when compared with the globular shape of type III 

AFP from the ocean pout (Zoarces americanus). Additionally, Zeng and colleagues (2006) 

determined that the #-helix from the fish Type I AFP and the !-helical AFP from the spruce 

budworm (Choristoneura fumiferana) were also able to adsorb to the hydrate, and that a A17L 

Type I mutant, with no AFP activity retained its activity against clathrate hydrates. This leads to 

the implication that perhaps all that is necessary for adsorption to gas hydrates is a protein with a 

regularly-repeated structure like an #-helix or !-roll and key residues such as the aforementioned 

N72. It would be of interest to conduct future studies on other !-helical proteins.  

 

2.5.3 Conclusions 

 In conclusion, we have evidence to suggest that ice affinity and IRI may not measure 

identical properties of AFPs. We hypothesize that because of the importance of IRI activity in 
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plants, minor structural protein changes may not impede the protein’s ability to prevent grain 

migration, however, a key residue T53 is important for this activity. As well, even though it is 

thought that ice affinity and hydrate affinity may be a result of related adsorption-inhibition 

mechanisms, here we show that the specificity is not the same.  To increase our understanding of 

the construction of new kinetic hydrate inhibitors, it may be worth investigating the importance 

of residue N72. Ultimately it is our hope to be able to work with petroleum chemists to develop 

‘green’ kinetic hydrate inhibitors. 

 

!
!
! !
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WT DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHVV-
SGTNHIVTDNNNNV-SGNDNNVSGSFHTV-SGGHNTVSGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT1 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNYVVSGNDNTVYGSNHVV-
SGTNHIVTDNNNNV-SGNDNNVSGSFHTV-SGGHNTVSGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT2 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNYVVSGNDNTVYGSNHVV-
SGTNHIVYDNNNNV-SGNDNNVSGSFHTV-SGGHNTVSGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT3 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNYVTGSNHVV-
SGTNHIVYDNNNNV-SGNDNNVSGSFHTV-SGGHNTVSGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT4 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHVV-
SGTNHIVTDNNNNV-SGNDNNVSGSFHTV-SGGHNYVYGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT5 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHVV-
SGTNHIVTDNNNYV-SGNDNNVSGSFHTV-SGGHNYVYGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT6 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNYVVSGNDNTVTGSNHVV-
SGTNHIVTDNNNYV-SGNDNNVSGSFHTV-SGGHNYVYGSNNTV-SGSNHVVSGSNKVVTDA 

 

MT7 DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNYVVSGNDNTVTGSNHVV-
SGTNHIVTDNNNYV-SGNDNNVSGSFHTV-SGGHNTVSGSNNTV-SGSNHVVSGSNKVVTDA 

 

Figure 2.1  A comparison of the wild-type LpAFP and the various mutant isoforms. The lighter 

grey region represents those 7 amino acids that are on the ice binding face, while the non-

highlighted region represents those amino acids on the non-ice binding face. Together these two 

regions make up one coil of the !-sheet. The darker grey 3 amino acid region represents the 

active ice binding site on the ice binding face. In red are the residues that were replaced with a 

tyrosine. 
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Figure 2.2  A representative gel showing the recombinant purified protein obtained using the 

purification procedure. Shown is a SDS-polyacrylamide gel stained with Coomasie Blue 

showing the cobolt-affinity purification of the recombinant His-tagged protein Mut1 (T43Y 

T43Y LpAFP). Gel lanes shown were loaded with the molecular mass marker (M), proteins 

obtained after washing the column with 50 mL of wash buffer (1), after a second 50 mL wash 

(2), after elution with 250 mM imidazole (3), and a secondary elution with 250 mM imidazole 

(4), and finally after elution with 500 mM imidazole (5). The arrow indicates the location of the 

purified protein that typically migrates in the gel at a position near the ~25 kDa marker, higher 

than its calculated mass. Typically, all three elution steps, representing those samples shown in 

lanes 3-5, were pooled and subsequently used for ice and model hydrate assays. 

!  
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Figure 2.3 Representative ice recrystallization inhibition assays of control (BugBuster® , buffer 

and LpGFP protein preparations) along with the 7 mutant LpAFP proteins as listed in Table 1. 

All assays were done at -4 ! for 20 h and in triplicate. 

 



! "#!

 

 

Figure 2.4  LpAFP models and experimental ice and hydrate binding. Mutations of various residues to tyrosine are shown on the 

fushia moels in cyan, illustrating the position of the mutation and its potential to disrupt the flat faces of the ice binding site or non-

ice binding face (upper row). All structural models were constructed using PyMOL v. 1.5.0.4. Polycrystalline ice crystals (middle 

wrow) and hydrate crystals (lower row) grown in the presence of LpAFP-GFP were removed from the brass finger and washed in 

cold sterile water before being imaged under UV light by a camera (Nikon) with the UV filter enabled. 

Mut1 Mut2 Mut3 Mut4 Mut5 Mut6 Mut7 
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Figure 2.5 Graphical representation of partition coefficients representing ice and 

hydrate affinity. (A) Mean ice partition coefficients of 7 mutants and two controls.  

(B) Mean hydrate partition coefficients of the 7 mutants and two controls. In both 

graphs, starred bars represent those that are significant from the wild type. Error bars 

are standard deviation and all assays were done in triplicate.  
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Figure 2.6  Protein concentrations of the starting protein-buffer mixture (original) for the 

polycrystalline THF hydrate affinity assays as well as the concentrations in the melted crystal 

fraction (hydrate) and the liquid fraction. All assays were done in triplicate, with error bars 

indicating standard deviation.  
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Figure 2.7 Circular dichroism analysis of the wild type LpAFP as well as the other seven 
mutations as indicated. The curves represent averaged profiles from at least three readings. 
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Table 2.1 The investigated mutants and their respective antifreeze protein activities as assessed 

by ice recrystallization inhibition (IRI), ice affinity and hydrate affinity.  
!

Name Description1 IRI2 Ice  
Affinity2 Hydrate 

 Affinity2 
Mutant 1 T53Y, T43Y +/- ? ++ 
Mutant 2 T53Y, T43Y, T67Y + - +/- 
Mutant 3 T53Y, T67Y - - ++ 
Mutant 4 T93Y, S95Y + - +/- 
Mutant 5 T93Y, S95Y, N72Y +/- - +/- 
Mutant 6 T93Y, S95Y, N72Y, T43Y +/- + +/- 

Mutant 7 N72Y, T43Y + - +/- 
T53Y T53Y +/- - + 
T43Y T43Y + + + 

Wildtype  no mutation + + + 
GFP non AFP - - - 

buffer various - na na 
!

1A list of the LpAFP double, triple or quadruple mutants made by in vitro mutagenesis of the wild 

type sequence, with each mutant showing the position of the tyrosine substitution with bolded font 

indicating residues on the IBF. T53Y and T43Y data (Myron, D. 2010 or personal 

communication). Wild-type LpAFP was used as a positive control while GFP and buffer are 

used as negative controls.  
2All assays were done in triplicate. Positive activity is indicated by +, negative activity indicated 

by -, very weakly positive activity by +/-, and if not consistent by a question mark (see 

individual assays). Observations that were repeatedly higher than the positive controls are 

indicated with ++. If the assay was not applicable, it is indicated by na.  

!
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Chapter 3 Expression and Localization of an Ice Nucleating Protein from a Soil 

Bacterium, Pseudomonas borealis 
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3.1 Abstract  

An ice nucleating protein (INP) coding region with 66% sequence identity to the 

INP of Pseudomonas syringae was previously cloned from P. borealis, a plant 

beneficial soil bacterium. Ice nucleating activity (INA) in the P. borealis DL7 strain 

was highest after transfer of cultures to temperatures just above freezing. The 

corresponding INP coding sequence (inaPb or ina) was used to construct 

recombinant plasmids, with recombinant expression visualized using a green 

fluorescent protein marker (gfp encoding GFP). Although the P. borealis strain was 

originally isolated by ice-affinity, bacterial cultures with membrane-associated INP-

GFP did not adsorb to pre-formed ice. Employment of a shuttle vector allowed 

expression of ina-gfp in both E. coli and Pseudomonas cells. At 27 °C, diffuse 
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fluorescence appeared throughout the cells and was associated with low INA. 

However, after transfer of cultures to 4 °C, the protein localized to the poles 

coincident with high INA. Transformants with truncated INP sequences ligated to 

either gfp, or an antifreeze protein-gfp fusion showed that the repetitive ice-

nucleation domain was not necessary for localization. Such localization is consistent 

with the flanking residues of the INP associating with a temperature-dependent 

secretion apparatus. A polar location would facilitate INP-INP interactions resulting 

in the formation of larger aggregates, serving to increase INA. Expression of INPs by 

P. borealis could function as an efficient atmospheric dispersal mechanism for these 

soil bacteria, which are less likely to use these proteins for nutrient procurement, as 

has been suggested for P. syringae. 

 

3.2 Introduction: 

Ice nucleating proteins (INPs) are produced by certain strains of a few plant-

associating bacterial species, particularly members of the genera Pseudomonas, 

Panteola (Erwinia), and Xanthomonas [37,1,32,33,21,49,22,44]. Despite the 

evolutionary divergence of these bacteria, INPs are so similar that, in all likelihood, 

the genes have been laterally transferred [71,10]. As a result, INPs have a relatively 

conserved central domain consisting of about 50-80 tandemly-reiterated 16-residue 

ice-nucleating repeats, depending upon the species. This domain is flanked by a more 

divergent, hydrophobic amino-terminal region that likely encodes a signal sequence 

for secretion [30] and a short hydrophilic carboxyl-terminal region [66]. INPs 

prevent supercooling and allow heterogeneous ice nucleation at temperatures that 
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approach 0 °C. They do so by the formation of an ice nucleus which rapidly becomes 

a template for ice growth [70]. Only ice itself is a superior ice nucleator. Bacteria 

with ice nucleating activities (Ina+) are often identified as plant pathogens and it has 

been assumed that this phenotype allows access to plant nutrients subsequent to INP-

mediated frost damage [32]. Indeed, it has been estimated that this protein is 

responsible for millions of dollars in annual crop losses [16]. 

INPs act extracellularly and are either attached to the bacterial outer membrane 

likely with a glycosylphosphatidylinositol anchor [24], or else are released into the 

environment as extracellular ice nucleators (ECINs). Although signal sequences have 

not been positively identified, the utility of the INP gene sequence for cell-surface 

expression is well known. Various fusions have shown that the amino-terminal 

region is required for membrane transport and display, at least in model microbes 

including E. coli [27,29,30]. Inevitably, however, expression in this domesticated 

bacterial host yields lower ice nucleating activity (INA) than found with the native 

bacteria, probably due to smaller aggregates of appropriately-assembled INP 

conformations [34,4,24,41,65,15]. Activity is also influenced by other abiotic and 

biotic factors including temperature, culture state, strain, expression conditions, post-

translational modification and protein localization (review: [15]).  

A divergent INP with 66% amino acid identity to the well-characterized INP gene 

sequence from P. syringae has been reported in P. borealis DL7 [73]. The species 

has been characterized as beneficial for plants with some strains producing 

antibiotics and others fixing nitrogen [2,50,42]. The isolate under study was obtained 

from tundra soil enrichments using ice affinity [72]. The INP coding region (inaPb, 
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or ina) shows a substitution in one of the “conserved” residues in the octapeptide 

repeat that makes up the 16-residue ice-nucleating region, but nevertheless, these 

bacteria have highly active (type I) INA. Structural models have suggested that like 

other INPs, this protein should be found on the outer membrane [73,13]. 

Nevertheless, the presence of the Ina+ phenotype, which is often associated with 

pathogenicity, in a beneficial soil microbe was a conundrum. We therefore initiated a 

fuller characterization of this protein to determine its localization and expression. 

The natural host species, as well as E. coli, were used to investigate the ice 

nucleation phenotype with fluorescent tags allowing the visualization of these 

membrane proteins. The use of a model bacterium with no native INPs ensured that 

any INA was conferred by the transferred Pseudomonas sequences. 

 

3.3 Methods 

3.3.1 Strains and culture conditions 

The isolation and culture of P. borealis DL-7 has been previously described [72,73]. 

Escherichia coli Top10™ (Promega, Madison, USA), E. coli BL21(DE3), E. coli 

Arctic Express™ (Stratagene Agilent Technologies, Mississauga, Canada), and Ina- 

P. syringae cit7del [31] were used for specific experiments. Bacterial identity was 

routinely confirmed by polymerase chain reaction (PCR) with 16S rRNA gene 

primers or plasmid-specific primers and with INA assays. Unless indicated, culture 

of E. coli and Pseudomonas strains was at 37 °C and 27 °C, respectively. All 

experiments were conducted three or more times after independent inoculation of 

Luria-Burtani (LB) broth with single colonies from LB agar and grown, with 
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shaking, until an optical density (OD600) of 0.6 was achieved. E. coli or 

Pseudomonas cells harboring pMEKm12 and its derivative constructs were 

maintained by selection with kanamycin sulfate (50 mg mL-1). ‘Cold conditioned’ 

cultures were transferred during late logarithmic growth stages to 4 °C for 12 h. 

3.3.2 Characterization of the INP from P. borealis  

 The optimal growth temperature of P. borealis was monitored by OD600 and INA 

assays in cultures grown at 4 °C, 15 °C, 20 °C, and 27 °C in LB broth, either 

followed by cold conditioning or kept at culture temperature. To determine the 

presence of ECINs, cultures were centrifuged (10 000 x g, 20 min) to reduce cell 

number in order to expedite filtration. The resulting supernatant was then filtered 

through 0.45 um membranes (MSI, Westboro, USA) to remove all bacterial cells and 

with success evaluated by plating on LB agar [28]. The whole culture, supernatant 

and filtered supernatant were all assayed for INA. Assays were performed in 

triplicate and 2-tailed paired t-tests were used to evaluate significance levels 

(p<0.05). 

 Transcripts encoding INPs were estimated in P. borealis (OD600 = 0.6), with or 

without cold conditioning, after RNA extraction following the manufacturer’s 

procedure (RNA-Easy kit; Qiagen, Toronto, Canada). DNA was digested using a 

DNase I- RNase free enzyme (Invitrogen, Burlington, Canada). Purified total RNA 

was quantified using a NanoDrop1000 spectrophotometer (Thermo Fisher Scientific, 

Burlington, Canada). Reverse transcriptase PCR (RT-PCR) was performed using 100 

ng of total RNA and SuperScript II reverse transcriptase (Invitrogen) in a thermal 

cycler (GeneAmp 2400 system; Perkin Elmer, Foster, USA). The resulting cDNAs (2 
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uL) were used as templates for conventional PCR as follows: 5.0 !l 10x Taq buffer 

with KCl (100 mM Tris-HCl, pH 8.8, 500 mM KCl, 0.8% Nonidet P40) was used 

with 3.0 !l 25 mM MgCl2, 1.0 !l 10 mM dNTP mixture, 20.0 pM each primer, and 

2.5 U Taq polymerase (Fermentas, Burlington, Canada), to a total of 50 !L. The 

cDNA templates were amplified using rRNA gene primers [26] for control reactions, 

or with a pair of primers corresponding to ina coding regions in order to amplify 

sequence corresponding either to the P. borealis amino-terminal region (5' 

GGGAATTCCATATGAACGATGACAAAG and 5' 

TAGGATCCCTCGAGCTTTCGGGTG) or the carboxyl terminal region (5' 

TTAGATCTACGCTGACGGGCGGCGAGAACT and 5' 

GCGGATCCTTCCCCGGATTTATTCACGAT). PCR was accomplished using one 

cycle of 95 °C for 5 min, 33 cycles of 94 °C for 30 sec, 50 °C for 45 sec, 72 °C for 

45 sec, and followed by incubation at 72 °C for 10 min. Amplified DNA fragments 

were routinely sized and inspected on 2% agarose gels containing DNA markers 

(GeneRuler™, 1 kb DNA Ladder Plus; Fermentas).  

3.3.3 Plasmid Constructions and Expression  

Briefly, gene fusions between the inaPb coding region and a sequence encoding 

green fluorescent protein (GFP), or gfp, were obtained by assembling four plasmids 

into one construct including the P. borealis 5" terminus of the INP sequence, the 

repetitive core sequence region of INP, the 3" terminus of the INP gene and finally 

the GFP coding region. Steps to obtain the full ina coding sequence in the pGEM-T 

vector (Promega) in order to generate pGEMeip have been previously described [73]. 

To obtain the GFP fusion, the gfp fragment was recovered from pEGFP (Clontech, 
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Mountain View, USA), and inserted into the parent pGEMeip plasmid at the BglII 

and NcoI sites to obtain pGEMinpgfp. All constructs were confirmed by restriction 

enzyme digests and sequencing through the fusions. To express the INP-GFP fusion 

protein under control of the T7 promoter in E. coli, pGEMinpgfp was subcloned into 

the pET-24a(+) vector (Clontech), analogously to the steps described for the 

expression of recombinant INP without the marker [73], so that the fusion encoding 

INP-GFP was directly cloned into the ATG start codon downstream of the T7 

promoter. The resulting plasmid (pEINPGFP) was used to transform E. coli Top10™ 

cells and E. coli BL21(DE3) cells using the CaCl2 method [54].  

In order to express INP-GFP in Pseudomonas cells, the pMEKm12 vector [36] was 

substituted for pET-24(+). A Pfu polymerase (Fermentas)-amplified fragment 

encoding INP was ligated into the EcoR1-digested pMEKm12 expression vector 

using DNA ligase (Fermentas) to generate pMEKm12ina (Fig. 1). As described [64], 

this plasmid was subsequently digested to allow for the insertion of the GFP-

encoding fragment from pEGFP, in order to generate pMEKm12ina-gfp (Fig. 1) 

under the control of an inducible tac promoter [36]. A control plasmid, 

pMEKm12gfp, was cloned by digesting pMEKm12 with EcoRI and HindIII to allow 

for the introduction of gfp, as described. P. syringae with no INP activity (Ina- P. 

syringae cit7del strain; [31]) and P. borealis DL-7 were transformed by 

electroporation as previously described [5]. After isolation of the plasmid DNA with 

a commercial mini-preparation kit (Qiagen), transformants were confirmed by 

restriction analysis as well as by PCR-screening using the appropriate primer sets 

(inaPb: 5´ AAAGAATTCATGAACGATGACAAAGTTTTGG and 5´ 
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AAAGGATCCCTTCCCCGGATTTATTCAC and gfp: 5´ 

AAAGGATCCGTGAGCAAGGGCGAGG and 5´ 

TTTAAGCTTTTACTTGTACAGCTCGTCCATG).  

Additional control strains were made by utilizing a truncated INP (tina) coding 

region. These were created by deleting the sequence corresponding to the repetitive 

region of the INP from P. syringae, by the fusion of the sequence encoding the 

amino and carboxyl ends of the protein, resulting in a 936 bp sequence as described 

[20]. EcoRI and SalI restriction enzyme sites were introduced via PCR with the 

following primers: 5´-GAATTCATGACTCTGGATAAA and 5´-

CAGCTGCTCGAGTTTCACCTCGATCCA for the 5´ and 3´ ends, respectively. 

The fragment was then used to clone this sequence (tina) into pET24b at the EcoRI 

and SalI sites. A sequence encoding GFP was then introduced to the vector at the 

SalI and NdeI site, to obtain tina-gfp (Fig. 1). Again, subsequent sequencing ensured 

correct orientation and fidelity before the resultant vector was transformed into 

Arctic ExpressTM cells. Additionally, a sequence encoding a plant antifreeze protein, 

Lolium perenne (LpAFP; [39]), tagged with GFP was obtained analogously. This 

construct, tina-gfp-LpAFP (Fig. 1) was again transformed into Arctic ExpressTM 

cells. 

For the expression of recombinant protein in the various transformed E. coli host 

strains, P. syringae cit7del and P. borealis DL-7 cultures, single colonies were used 

to inoculate LB broth containing the appropriate antibiotics. After reaching an optical 

density (OD600) of 0.6, the cells were induced with isopropyl-#-D-

thiogalactopyranoside (IPTG) to a final concentration of 0.5-1 mM (E. coli cultures) 
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or 5 mM (Pseudomonas cultures) and shaken for 18-24 h. Since pMEKm12 is 

suitable for both E. coli and Pseudomonas cells, E. coli Top10™ and Arctic 

Express™ cells were also used as hosts for these constructs. Following induction, the 

E. coli Top10™ cells and BL21(DE3) cultures were moved to 22 °C for 4 h, and the 

Pseudomonas and Arctic Express™ cultures were shifted to 18 °C for 4 h and 18-24 

h, respectively. Expression of recombinant proteins in all the transformed lines was 

confirmed by separating crude protein extracts by denaturing polyacrylamide gel 

electrophoresis (PAGE) and staining with Coomassie Blue G250 as previously 

described [73], as well as activity assays, as indicated below. 

3.3.4 Ice Nucleation Activity Assays 

INA assays were performed on all wild-type and transformed strains using whole 

cell culture in LB broth. A commercially-available lysate derived from P. syringae 

for artificial snow production (Ward’s Natural Science, Rochester, USA) was also 

used as a control. The freezing points of samples were determined as previously 

described [63] with some modifications. Briefly, freezing was monitored visually 

using a fibre optic light source directed through crossed polarized filters as the 

temperature was lowered from -1 °C to -15 °C (at 0.2 °C min$1) and expressed as the 

logarithm of the number of ice nuclei per cell (log10 of bacterial cell number per ice 

nucleus at a specified temperature; [43]). For routine screening purposes, the 

temperature at which 90% of the samples froze (T90) was considered the nucleation 

point, while samples with freezing points below -9 °C were not considered to have 

significant INA.  

  Reported assays were performed minimally in triplicate on all transformed cell 
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types following induction with IPTG to test activity under different incubation 

conditions, with or without cold conditioning. INA assays were also used for the 

testing of P. borealis cultures for the presence of ECINs as previously described [28]. 

3.3.5 Visualization of INP-GFP Protein in Cell Cultures 

 Cells were visualized using fluorescent light (543 nm light source and AxioVision 

software) and by differential interference contrast (DIC) on an inverted microscope 

(Zeiss Axiovert 200M, Carl Zeiss, Toronto, Canada) and captured using a Zeiss 

Imager Z1 equipped with a camera (ORCA-ER CCD, Hamamatsu Corporation, 

Middlesex, USA). IPTG-induced cell cultures were either examined after incubation 

at 22 °C or after cold conditioning at 4 °C for 12 h, as indicated for the INA assays. 

Routinely, independent triplicate samples of test cultures (~4 µL) were placed onto a 

cleaned microscope slide and covered with a glass cover slip and viewed (100x 

objective). A thermal microscope stage (Physiotemp Inc., Clifton, USA) set to 0 °C 

was used to examine cold-conditioned cultures incubated at 4 °C. 

3.3.6 Ice Affinity Selection  

 To determine if the various Ina+ or control bacteria could adsorb to growing 

polycrystalline ice, bacterial cultures as well as a commercial P. syringae INP 

preparation at 1 mg mL-1 , were subjected to ice affinity selection as previously 

described [72]. The temperature of a hollow but sealed brass tube was cooled to -1 

°C using a circulating bath filled with 50% (v/v) ethylene glycol and water. The tube 

was then submerged in a beaker of sterile water to establish a thin shell of ice. 

Immediately, the beaker was replaced with another containing the samples of interest 

(104– 106 colony forming units (CFU) mL-1 or 1 mg mL-1 INP preparation) in diluted 
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LB broth (10-4 x) at 1 °C. The beaker temperature was then slowly lowered in a 

linear fashion from -0.95 °C to -2.6 °C (at 0.2 °C h-1). After approximately 24 h, 

~50% of the liquid fraction was frozen. The polycrystalline ice tubes were routinely 

rinsed in sterile water, melted and then cell number was determined. For assay of 

cells bearing pina-gfp or ptina-gfp-LpAFP microscopic analysis was conducted (as 

described).  

 

3.4 Results 

3.4.1 Characterization of Ina Expression in P. borealis DL-7 

INA in cultured P. borealis appeared to be independent of growth phase, similar to 

that reported for P. fluorescens [7], and as previously shown, INA was affected by 

culture temperature [73]. Generally, the highest nucleation temperatures were 

achieved after culture at temperatures < 27° C. No matter the growth temperature, 

however, all cells cultured at 15 °C- 27 °C and then cold conditioned at 4 °C for 12 h 

showed a significant increase in INA (p < 0.05) compared to non-conditioned 

cultures (Fig. 3.2; Table 3. 1, and not shown). For example, when cells grown at 27° 

C were then moved to 4 °C, nucleation temperature increased approximately 2 °C. 

Regardless of culture or subsequent cold-conditioning, no INA was detected in 

filtrates showing no CFUs (Fig.3. 2), indicating that the Ina+ phenotype was 

associated with whole cells and not ECINs. 

To determine if transcript levels changed after cold conditioning, RT-PCR was 

performed on late log phase P. borealis DL7 cultures with and without transfer to 4 

°C. When RNA abundance was estimated in PCR experiments using primers for 
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either the 5´ or 3´end of the INP coding region, as well as 16S rRNA genes (used as 

an internal control for the quality and quantity of RNA), ina transcripts appeared to 

be similarly abundant in cultures with and without cold conditioning (Fig. 3.3).  

 3.4.2 Ice Nucleation Mediated by ina and ina-gfp-Encoded Fusion Proteins 

 E coli BL21(DE3) and Top10™ recombinant cells bearing pEINPGFP were 

resistant to kanamycin and were verified by restriction enzyme digestion and partial 

sequencing. Extracts from transformed E. coli Top10™ cells analyzed by PAGE 

showed a faint band larger than the 200 kDa marker band and as predicted from the 

INP-GFP sequence, which was not present in cells containing the pET-24a(+) vector 

alone (not shown). INA in the pEINPGFP cells averaged -7 °C whereas cells 

containing only the plasmid vector had no detectable INA (< 10 °C; Table 1). 

Similarly, E. coli cells bearing plasmids without the repetitive ice-nucleating repeats 

(tina-gfp-LpAFP and tina-gfp) showed no INA (< 10 °C; Table 1). In contrast, 

commercial P. syringae preparations showed consistent INA at -2.2 °C (Fig. 3.2 and 

3.4). 

After exchange of the host plasmid for the dual Pseudomonas and E coli vector, 

pMEKm12, cells including Arctic Express™ E. coli and Ina- P. syringae cit7del 

were then transformed with this plasmid alone, pMEKm12ina, pMEKm12gfp, and 

pMEKm12ina-gfp (Fig. 3.1). Recombinant cells were initially identified by their 

drug resistance phenotype and subsequently confirmed by PCR and gel analysis of 

restriction digests. For example, the products of the EcoRI and HindIII digest of 

pMEKm12ina-gfp yielded two fragments (10 kb and the 4.5 kb ina-gfp insert). The 

constructs were further verified by sequencing through the fusion regions.   
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Transformed E. coli cells, no matter the strain or the culture conditions and carrying 

the pMEKm12 vector alone, never nucleated ice above -10 °C, and therefore showed 

no INA (Table 3.1; Fig. 3.4). In contrast, all cells bearing pMEKm12-ina or ina-gfp 

exhibited INA after IPTG induction. E. coli Top10™ cells with these plasmids had 

low activity (<-8 °C) similar to cells transformed with pEINPGFP [73]. Arctic 

Express™ cells, which contained cold-adapted chaperones to facilitate heterologous 

protein expression at 4 – 12 ºC, as well as P. syringae transformed lines showed 

more activity.   Both lines transformed with either of the ina-containing plasmids 

nucleated ice above -7.5 °C (Fig. 3.4A; Table 3.1). After cold conditioning, all lines, 

with the exception of control cells with no INP sequences, nucleated ice at or above -

7 °C, and many showed more INA (-6 °C to -2 °C; Fig. 3.4B; Table 3.1). Cells 

harboring pMEKm12ina showed modestly higher nucleation temperatures than 

pMEKm12ina-gfp. Indeed, after cold conditioning, the INA of the Ina- P. syringae 

strain bearing pMEKm12ina averaged -2 °C; approximately the same as commercial 

INP preparations (Table 3.1; Fig. 3.4B). Together, these experiments showed that the 

ice nucleation phenotype could be transferred to different E. coli strains with varying 

activities depending on the host strain, but that nevertheless, the highest activity was 

found in Pseudomonas cells.  

3.4.3 Visualization of Cells Bearing ina-gfp Fusions 

 Fluorescence microscopy of the transformed E. coli cultures containing the INP-

GFP-producing constructs grown at 27 °C showed diffuse fluorescence throughout 

the cells and were similar to cultures containing pMEKm12gfp (Fig 3.5A). 

Following cold conditioning, fluorescence was apparent at the cell poles, as seen in 
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Top10™ E. coli lines containing pEINPGFP and transferred to 4 °C (Fig. 3.5B, C). 

Arctic Express™ E. coli and Ina- P. syringae transformed with pMEKm12ina-gfp 

showed diffuse and polar fluorescence after culture and transfer to 4 °C for 12 h (Fig 

3.5D, E), but only diffuse fluorescence prior to cold conditioning (e.g. Fig 3.5E, 

upper image). After cold conditioning, fluorescence in the Ina- P. syringae 

recombinant cells appeared to be mostly concentrated at the poles but in a subset of 

the cells a few scattered “patches” were also observed (Fig 3.5F). Cells expressing 

truncated INP coding sequences showed morphologies similar to the recombinant E. 

coli: Arctic Express™ cells bearing ptina-gfp or ptina-gfp-LpAFP that had been cold 

conditioned also showed fluorescence at the poles (Fig. 3.6). These observations 

further support previous work [30] suggesting that only a portion of the INP, and not 

the repeats, was necessary for polar localization.  

 Ice that formed around the brass tube, in the presence of cells bearing INPs 

including Ina- P. syringae harboring pMEMm12-gfp, showed low cell incorporation 

that was not different from cells bearing pMEKm12ina-gfp (unpaired 2 tailed T test, 

p>0.05; not shown).This apparent lack of affinity for pre-formed ice by the latter 

cells was no different from cold-conditioned Arctic Express™ E. coli cells 

expressing ptina-gfp (Fig. 3.6). There was also no incorporation of a commercial 

preparation of P. syringae INP into ice since no protein could be detected in the 

melted ice fraction. Taken together, these experiments indicate that neither a 

truncated INP nor full length INP can confer adsorption to polycrystalline ice. 

However, when control E. coli cells transformed with ptina-LpAFP were subjected to 

ice affinity, overall there was an  average three-fold increase in the proportion of 
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fluorescent cells recovered from the ice fraction compared to the ice fractions 

obtained from ptina-gfp expressing cultures. This verified that the ice binding 

procedure was carried out appropriately since AFPs are known to adsorb to pre-

formed ice. Additionally, these experiments indicated that the remaining residues in 

the truncated INP fusion did not eliminate AFP adsorption to ice. 

 

3.5 Discussion 

It has been appreciated for some time that INA is determined by the size of the ice 

nucleating structures. Although large as judged by recombinant protein measures, the 

~150 kDa bacterial INPs by themselves are insufficient to nucleate ice above about -

12 ºC [12,14]. Multiple INPs are required to aggregate in order to form large ice 

templates that will initiate ice growth at temperatures within a few degrees of 0 °C 

[45,52,60,34,53]. At least in P. borealis, activity does not appear to be mediated by 

growth stage or related to increased transcript abundance (Fig. 3.3), but it is 

somehow facilitated by the transfer of cultures to lower temperatures. This same 

phenomenon was seen when ina fusion plasmids were expressed in E. coli strains. 

Thus our results are consistent with previous observations for the necessity for active 

ice nuclei to accumulate on the cell membrane [70,67] and at low temperatures.  

In order to localize the proteins and to understand the effect of temperature, ina-

gfp-containing plasmids were transformed into different host cells. None of the hosts 

by themselves showed INA; E. coli does not contain an INP-encoding sequence and 

the Ina- P. syringae strain bears an inactivating mutation in the INP gene. The use of 

these hosts ensured that ice-nucleation activity was conferred by the transferred 
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constructs. Prior to cold conditioning, E. coli and Ina- P. syringae transformed with 

ina-gfp fusions showed diffuse green fluorescence throughout the cells, and 

coincidently low INA. However, after transfer to 4 °C, fluorescence was more 

apparent at the poles of the rod-shaped cells and they showed higher INA. Bipolar 

fluorescence was more frequently seen in slightly elongated cells, suggesting that 

these cells could have been preparing to divide. Only in the transformed P. syringae 

strains that showed IN activity that was as high as commercial preparations did we 

also see fluorescent clusters over the centre of some of the cells, in addition to the 

polar localization (Fig. 3.5F). It is not known if these clusters reflect the situation 

under natural conditions or if ‘overexpression’ in the transformed Pseudomonas 

hosts was responsible. This phenotype was not seen in any of recombinant E. coli 

strains. 

Our experiments show that the 936 bp sequence encoding the amino and carboxyl 

ends of the INP is sufficient and necessary for polar localization since E. coli cells 

with a truncated INP fusion sequence, tina-gfp, also showed the same fluorescent 

polar phenotype (Fig. 3.6). Therefore although E. coli does not encode native INPs, 

this sequence was nevertheless recognized for display. Polarized structures such as 

flagella and pili are common in bacteria. The poles contain certain proteins involved 

in DNA replication, the 90-200 kDa autotransporter secreted proteins, Type II and 

Type IV secretion systems, the T-pili for plant cell attachment and the chemotaxis 

receptor protein, and in addition, the pole region is the site of polysaccharide export 

[55,57,40,18,19,38,62,17,3,48]. In the case of the polar localization of chemotaxis 

proteins, it is thought that these sites facilitate the clustering necessary for the proper 
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functioning of the signal response [48]. Similarly, marker expression associated with 

other INPs has also shown polar clustering [8,41,30]. Once directed to the poles, 

protein mobility is restricted due to a relatively stable peptidoglycan [9]. As a result, 

it has been suggested [17] that polar regions may provide a more stable scaffold for 

the translocation and folding of large proteins. It should be recalled, too, that in some 

bacteria, including E. coli, the fluidity of the entire membrane is decreased at low 

temperatures [46], and thus there could be a tendency for such proteins to remain at 

the site of transport.  

High ice nucleation activity was seen after cold conditioning, and it is possible that 

the structure of INPs, like several helical AFPs [39,57] may be more stable at lower 

temperatures. However, in addition, we hypothesize that INPs are transported by a 

polar secretion apparatus, which may not be stably assembled at elevated 

temperatures. Indeed, the type IV secretion apparatus in the pathogenic soil 

bacterium, Agrobacterium, is unstable at routine culture temperatures of 28 °C, but is 

stable at 20 °C [19]. Since we observed that INP transcript levels did not increase at 

lower temperatures (Fig. 3.3), it is reasonable to assume that increased INA may be 

due to more efficient protein display as evidenced by the fluorescent cell phenotype. 

We speculate that the density of the proteins produced in one location would then 

promote INP-INP interactions along the tyrosine ladders. This assembly, in turn, 

would facilitate the formation of even larger aggregates, effectively stabilizing ice 

templates [60,73,13]. The low fluidity of the E. coli membrane at 4 °C would prevent 

the migration of these anchored assemblies across the outer membrane, likely 

resulting in lowered INA relative to that found in the natural host. In this regard it is 
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notable that no dispersed patches of fluorescence were seen on E. coli membranes. In 

contrast, the P. syringae membrane is reported to maintain a “homeoviscous state” at 

lower temperatures [51] due to increased amounts of hydroxylated fatty acids in the 

membranes [25]. Elevated fluidity of the membranes at low temperatures may also 

allow for the migration of glycoproteins to the INP aggregate to build the ice 

nucleation complex [24].  

Cells expressing pMEKm12ina without the GFP tag, generally showed higher 

nucleation temperatures than those with the gfp sequences, and in fact, the Ina- P. 

syringae ina transformants had INA that was as high as commercial INP preparations 

(Table 1, Fig. 3.4). Certain AFPs also show decreased activity when tagged with 

GFP [39]. In the case of INPs, however, the addition of the marker to the carboxyl-

terminal presumably does not preclude the formation of extracellular aggregates, but 

their assembly into a scaffold for ice formation may not as be as efficient, similar to 

the effect of mutations in the carboxyl-terminal INP domain [68].  

P. borealis DL7 was isolated by ice affinity and it was also reported to inhibit ice 

recrystallization [72,73]. Both these properties can be conferred by AFPs, as has 

been visually demonstrated by the adsorption and irreversible incorporation of these 

proteins into growing ice crystals [46]. We had initially assumed that it was the Ina+ 

phenotype of the P. borealis strain that explained the original isolate’s recovery on 

the ice finger. However, transformed cells expressing ina did not show any more 

affinity for ice than did non-full length INP control cells (Fig. 3.6). Similarly, there 

was no detectable adsorption of P. syringae lysates to ice. Perhaps the isolation of P. 

borealis DL7 by ice affinity suggests another ice-associating property? Indeed, the 
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full sequence of P. syringae B728a shows not only the INP sequence but a sequence 

annotated as an AFP that is homologous to P. putida AFP [11]. 

It is curious that cells expressing INPs did not appear to adsorb to preformed ice in 

our experiments when those expressing AFP showed some affinity (Fig. 3.6). 

Previously, recombinantly-expressed, short portions of the INP repetitive region have 

shown affinity for ice [23]. Nonetheless, that result may simply underscore the 

similarity of individual INP repeat motifs to some AFPs, and not for the function of 

INP as a whole. Thus, although full length INP complexes form a scaffold for the 

assembly of sufficient water molecules for ice formation at high sub-zero 

temperatures, they do not appear to adsorb to polycrystalline ice. This suggests that 

although they may share structural features with some AFPs, they are nonetheless, 

distinct. Their ability to form ice would give native bacteria with this phenotype an 

ecological advantage. Lochhead [35] likely was the first to report bacteria in snow 

more than 70 years ago. Since then others have also implicated bacteria as a source 

of ice nucleators in the atmosphere [55,59, 60,61,6]. Thus, INPs facilitate ice 

formation but may not adsorb to preformed ice. Indeed, cellular incorporation into 

formed, bulk ice would surely not contribute to evolutionary fitness? We suggest that 

it would hardly be adaptive for INP-expressing bacteria to remain bound and 

eventually trapped to preformed ice on the ground. However, polar clusters of 

membrane-bound and overlapping INPs could allow for efficient ice formation when 

these bacteria are blown up into the atmosphere, facilitating an effective and rapid 

dispersal mechanism over the landscape for these Ina+ cells.  

.  
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Table 3.1. Ice nucleation activity (INA) observed in various host strains transformed with the P. 

borealis ice nucleation protein coding region (ina), truncated INP coding  regions (tina), green 

fluorescent coding sequences (gfp) or combinations of these as indicated, and subsequently 

assayed either at culture temperature conditions or after ‘cold conditioning’ for 12 h. 

Plasmid  Host strain INA after 
culture2 

INA after transfer 
to 4 °C2 

pGEMinpgfp Arctic ExpressTM  N/A3 -6.6 °C to -4.7 °C 
ptina-gfp Arctic ExpressTM <-10 °C <-10 °C 
ptina-gfp-LpAFP Arctic ExpressTM <-10 °C <-10 °C 
pMEKm12gfp Arctic ExpressTM <-10 °C <-10 °C 

Ina- P. syringae <-10 °C <-10 °C 
pMEKm12ina Top 10TM <-7.5 °C < -7.5 °C 

Arctic ExpressTM <-7.5 °C -6.0 °C- 
Ina-P. syringae -3.4 °C -2.2 °C 

pMEKm12ina-gfp Top 10TM <-7.5 °C < -7.5 °C 
Arctic ExpressTM -6.9 °C to -7.5 °C -6.0 °C 
Ina- P. syringae -5.4 -3.9 °C 

pMEKm12 Ina- P. syringae N/A <-10 °C 
None or pGEM or ptina  E. coli (various host 

strains) 
<-10 °C <-10 °C 

- P. syringae lysate  N/A -2.2 °C 
- P. borealis DL7 -3.9 °C to-5.8 °C -1.7 °C to -2.2 °C 
 

1 Host cells included E. coli Top 10TM and Arctic ExpressTM strains as well as P. syringae cells 

with a mutation in the INP gene (Ina-). See Materials and Methods for details.2 Ranges in INA 

reflect mean differences at different culture temperatures (15 °C to 20 °C for the data shown 

here; see Results). No INA is indicated by average temperatures <-10 °C. INA indicated as <-7.5 

°C consistently showed low INA activity at > -10 °C and as high as -7.8 °C. All INAs were 

determined at least in triplicate. 3 Not available; the indicated experiments were not done in 

triplicate. 
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Fig. 3.1: Diagrams of the plasmid constructs used in the experiments. A parent 

plasmid, pGEMinpgfp, was used as the basis for the construction of pMEKm12ina 

and pMEKm12ina-gfp; all three constructs contain the entire P. borealis INP coding 

region (ina). The plasmids ptina-gfp and ptina-gfp-LpAFP have a truncated INP 

coding region (tina) with sequences encoding the amino and carboxyl ends of the 

protein with the repetitive, ice-associating region deleted. Visualization of some of 

the constructs was achieved by including sequences encoding green fluorescent 

protein (gfp). Another ice-associating sequence made by the fusion of a sequence 

encoding a plant antifreeze protein (LpAFP) to gfp was used a control in ice affinity 

experiments. Promoter identities are given in the large arrow, and other sequences 

just downstream of the promoters in certain constructs such as lacZ% (wavy lined 

boxes), lacO (dashed horizontal lined boxes) and malB (solid grey boxes) are also 

indicated.  
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Fig. 3.2: Ice nucleation activity shown as the logarithm of the cumulative number of ice 

nuclei mL-1 in P. borealis cultures (see Methods). Cells were cultured at 27 °C (red solid 

triangles) or cold conditioned by transfer to 4 °C for 12 h (grey solid triangles). Cultures 

were centrifuged to reduce cell numbers (red or grey empty squares for 27 °C or cold 

conditioned, respectively) and then filtered to remove all cells in cultures at 27 °C (red 

circles) or after cold conditioning (grey circles). The figure is representative of three or 

more replicate assays.  
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Fig. 3.3: Estimates of ice nucleation protein transcript abundance in P. borealis 

cultures, either under culture temperatures (27 °C) or after cold conditioning (4 °C 

for 12 h), using RT-PCR followed by gel analysis. RNA template quality and 

quantity was controlled by using the 1.5 kb 16s rRNA gene fragment (A), in the cold 

conditioned (lane 2) and unconditioned sample (lane 3). The < 200 nt ina transcript 

fragments corresponding to the amino-terminal end (B; lanes 5, 6) or carboxyl-

terminal end (B; lanes 7, 8) of the P. borealis INP gene sequence (inaPb or ina) were 

amplified from cells subjected to cold conditioning (lanes 5, 7) or directly from 

culture (lanes 6, 8). Ladders for fragment sizing (1 kb-plus and 100 bp-plus 

molecular weight markers) are shown in A and B as lanes 1 and 4, respectively. The 

gel shown is a representative replicate of all (> triplicate) reactions.  
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Fig. 3.4: Ice nucleation activity shown as the logarithm of the cumulative number of 

ice nuclei mL-1 of transformed cells expressing ina or ina-gfp following induction 

with IPTG and culture at 27 °C (A) and after cold conditioning at 4 °C for 12 h (B). 

Controls included a commercial INP preparation from P. syringae (blue diamonds), 

E. coli Top 10™ cells transformed with the pMEKM12 vector (lowest temperature: 

solid orange circles), and P. borealis cultures (black open triangles). Ina- P. syringae 

bearing pMEKm12ina (blue crosses) or pMEKm12ina-gfp (blue squares), as well as 

E. coli, either Arctic ExpressTM cultures (orange crosses) or Top 10™ cultures 

(orange open circles) expressing pMEKm12ina-gfp. The figure shows a 

representative experiment of triplicate assays.   
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Fig. 3.5: Representative images of transformed cells expressing GFP-encoding constructs viewed 

with bright light (top grey images) and fluorescence (bottom images) microscopy. (A) Control cells 

including Arctic Express™ E. coli transformed with either pMEKm12gfp and subsequently cold 

conditioned (upper image of pair), or pMEKm12ina-gfp without cold conditioning (lower image of 

pair). (B) Control E. coli Top 10™ cells bearing pEINPGFP, induced but without cold conditioning 

(C) Top 10™ cells bearing pEINPGFP and cold conditioned (D) Arctic Express™ transformed with 

pMEKm12ina-gfp and cold conditioned (E) Ina- P. syringae transformed with pMEKm12ina-gfp 

and either not cold conditioned (upper image of pair) or cold conditioned (lower image of pair) (F) 

Ina- P. syringae transformed with pMEKm12ina-gfp after cold conditioning, showing the 

magnified appearance of a subset of the bacterial cells. Note that the scale bar in panels A-F (middle 

image) is the same but the magnified image (F lower image) has its own scale bar. In some cases 
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images from the same slide have been trimmed to reduce the overall figure size. A composite image 

is shown in F (upper and middle images), with a middle image cell shown again in the lower 

picture.   
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Fig. 3.6: Representative images of transformed cells expressing GFP-encoding constructs 

tested for their affinity for growing polycrystalline ice viewed with bright light (top grey 

images) or fluorescence (bottom images) microscopy. Ice was grown in the presence of 

cold conditioned cultures (initial). When 50% of the water was incorporated into ice, the 

remaining culture was examined (unincorporated). Subsequently, the ice was melted and 

examined (ice fraction). (A) Arctic Express™ E. coli transformed with ptina-gfp (B) 

Arctic Express™ transformed ptina-gfp-LpAFP.  For clarity, the inserts show several 

cells at a higher magnification. 
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Chapter 4: General Discussion 

4.1 Overview:  

 Our laboratory has been involved in experiments to test AFPs as potential ‘green inhibitors’ for 

gas hydrate growth for more than a decade (review: Walker et al., 2015). Having previously 

identified that LpAFP was effective towards gas hydrates and the model THF hydrate 

(Gordienko et al., 2010), it was timely to characterize the protein further with respect to hydrate 

binding and to work toward the display of hydrate inhibitor proteins on the surface of 

recombinant bacteria. As indicated in Chapters 2 and 3 of this thesis, progress has been made 

toward both these objectives.    

       Comprised of proteins like INPs, that nucleate ice growth, as well as AFPs that inhibit and 

retard ice growth, our understanding of proteins that associate with ice is fast expanding. AFPs, 

in particular have played an important role in more than one field of research. As well as their 

potential application to the gas and oil industry, in agriculture, the introduction of AFPs may 

offer crops without native AFPs, a measure of protection from frost (Duman and Wisniewski, 

2014). This protection would afford the grower a longer growing season in addition to 

potentially increasing the crop’s geographical region (Duman and Wisniewski, 2014). 

Important food crops such as wheat can be threatened by frost damage leading to large yield 

reductions (Aggarwall et al., 2006). In this instance, AFPs have been shown to significantly 

protect wheat against temperatures as low as -7°C (Khanna and Daggard, 2006). Proposed 

practical uses of AFPs also include the cryopreservation of tissues, organs or other materials 

that may be of biomedical interest (Lee et al., 2012; Kang and Raymond, 2004). In this regard, 

there has been some investigation on the use of AFPs in the cryopreservation of fish embryos, 
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including turbot and seabream, as well as in media containing bull sperm. These AFPs would 

theoretically allow these cells to become more cold tolerant by stabilizing cell membranes and 

protecting cellular structures (Robles et al., 2006; Robles et al., 2007; Prathalingam et al., 

2006). In addition, the food industry has shown interest in AFPs for the treatment of freeze 

damage in meats such as beef and lamb, as well as to improve taste and texture in dairy 

products like ice cream (Payne et al., 1994; Payne and Young, 1995; Warren et al., 1992). With 

all of the above practical applications in mind, and particularly for safety and security in 

hydrocarbon recovery, it is therefore imperative that we have a greater understanding of AFPs.  

4.1 LpAFP Binding to Ice 

Chapter 2 explored the ability of LpAFP to adsorb to ice and a model hydrate after in 

vitro mutagenesis-mediated substitutions involving several residues. With many of the practical 

applications of AFPs involved in conferring either freeze avoidance or freeze tolerant strategies, 

it was particularly interesting to note that the mechanisms behind IRI and ice adsorption 

appeared to differ. Mutant 4 with its two substituted residues on the ice binding face resulted in 

two different phenotypes with respect to AFP activity (IRI and no appreciable polycrystalline ice 

affinity). These mutations were located close to the C-terminus and also resulted in change to the 

overall structure of the protein. This change in structure negatively affected the ability of the 

protein to adsorb and be covered by ice, but it caused no change to IRI activity. In contrast, 

mutant 3 which also had two mutant residues on the ice binding face including to residue 53 

showed an expected low ice binding and no IRI. Previous data (Middleton et al., 2009) as well as 

my own has shown that altering T53 not only abolishes IRI but TH as well. It is not known why 

T53 appears to play such a pivotal role in AFP activity, but I can only agree with the speculation 

that because T53 is right in the middle of the ice binding site, by replacing the threonine with the 
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tyrosine, we have interrupted the relatively flat bed of methyl groups with an aromatic ring. 

Perhaps this disruption in the middle of the IBS also explains the absence of the AFP in grown 

polycrystalline ice since it does not bind tightly enough and thus is unable to slow down the 

growth of ice and be incorporated. Mutant 4’s ability to retain IRI activity despite having a 

double mutation off to one side of the IBF lends a shadow of credence to this theory and again 

demonstrates the potential importance of residue 53 for ice activity.  Chapter 3 showed that the 

wild-type LpAFP with its T53 was associated with the recovery on polycrystalline ice even when 

the protein was surface displayed on a freeze-susceptible host E. coli, with no known native AFP 

activity. 

!
4.2 Hydrate Inhibition by AFPs 
!

As mentioned briefly in Chapter 1, AFPs are thought to act in a similar manner to kinetic 

hydrate inhibitors. KIs are thought to act by binding to the surface of a hydrate and interfering 

with the hydrate’s ability to form a clathrate around the guest molecule (Lederhos et al., 1996). 

As such, it is critical that we are able to elucidate why certain AFPs are able to bind to hydrates 

with a greater effectiveness than others. Previous work by Gordienko et al. (2010) showed that 

LpAFP was able to adsorb to hydrates better than the globular fish Type III AFP. As mentioned 

in Chapter 2, it is interesting that the adsorption-inhibition mechanism between ice and AFPs is 

not as yet known to be shared with hydrates and AFPs. It may be harder to demonstrate this since 

when hydrates form, individual clathrates or cages are bound to one another to form a lattice. 

Because these clusters have ‘cage-like’ shapes with the waters surrounding a guest molecule, the 

binding plane is not as ‘flat’ as that seen with ice. As such, there may be more leeway in the way 

the AFP is able to interact with the surrounding cages. In Chapter 2, I theorized that the three-

dimensional structure of the LpAFP may be important for hydrate adsorption, as it also is for ice 
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adsorption. Here, I used a #-helical LpAFP to adsorb to hydrates. Previously, Zeng and 

colleagues (2006) showed that the %-helical fish AFPs also adsorb to hydrates and Perfeldt et al. 

(2014) successfully showed that the #-helical AFP from a beetle (Rhagium mordax) (Kristiansen, 

et al., 2012) also bound to hydrates. Although the overall shape of the protein is important, my 

results also showed a tentative relationship between residue N72 and hydrate affinity. Those 

recombinant proteins that shared a common N72 mutation all displayed subpar HPC when 

compared to the wild type. Further analysis will have to be done with regards to this residue and 

its effect on hydrate adsorption.  

4.3 Hydrate Inhibitors: Future Directions 

Although I used the model gas hydrate, THF hydrate at modest temperatures (starting at 4 

°C) and atmospheric pressure, the hydrates of interest to the petroleum industry are those in oil 

and gas pipelines in the ocean as well as in polar or boreal regions. As such it is imperative that 

we find a cost and time efficient method of introducing those hydrates to AFPs. As shown in 

Chapter 3, an E. coli cell can, using an encoded truncated inp gene as a signal, mediate the 

display of LpAFP to its outer surface. By utilizing the bacteria to not only produce that AFP but 

display it on its outer surface would remove the need for an intermediary purification step in the 

practical application of ‘green’ hydrate inhibitors. As I have shown, these recombinantly 

expressed and displayed AFPs are active and able to bind to ice. Extrapolating, one can say with 

some degree of confidence that these AFPs should also adsorb to hydrates. These were 

experiments that I had hoped to do. However, THF hydrate is toxic to bacteria. As well, it is not 

just a matter of growing, inducing and introducing the decorated bacteria to gas hydrates. Deep 

undersea conditions involve both high pressures as well as temperatures that are just above 0 °C. 

Bacteria such as E. coli are unaccustomed to low temperatures and pressures and therefore their 
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membranes would become rigid, which would in turn affect membrane permeability (D’amico et 

al., 2006). Under these circumstances I do not know if the proteins would be properly localized. 

One day it is hoped that our lab may achieve the ultimate goal of producing and display hydrate 

–inhibiting AFPs on pressure resistant petroleum reservoir bacteria such as Desulfovibrio 

species.  

  

4.4  Conclusions and Recommendations 

 In conclusion, the various mutant that I have made have allowed us to further understand 

how LpAFP binds not only to ice, but to model gas hydrates. It is my hope that future 

experiments are conducted on T53 as well as surrounding residues to see what kind of impact it 

will have on the IRI of the protein. Here, I have explored what impact mutations along the 

middle and the C’ terminus end have on the protein’s activity and structure. Future mutations on 

the N’ terminus end could also reveal new potential information. LpAFP displayed on the surface 

of E. coli is the first step on a path that may have tremendous potential for the future of gas 

hydrate inhibition. Further tests on a natural gas hydrate, like methane or propane hydrate could 

yield new possibilities for future endeavors.  
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