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Abstract 

 

Antifreeze proteins (AFPs) help cold-adapted organisms survive below 0 ◦C by 

binding to and inhibiting the growth of ice crystals.  In this way, AFPs depress the 

freezing point of aqueous fluids below the melting point of ice (thermal hysteresis; TH).   

They also have the ability to inhibit ice recrystallization in the frozen state (ice 

recrystallization inhibition; IRI).  Some AFPs show an order of magnitude higher TH 

activity than others, and are termed ‘hyperactive’.  One of the objectives of this thesis 

was to see if IRI activities of the hyperactive AFPs are also an order of magnitude higher 

than the moderately active AFPs.  Using a capillary-based assay for IRI, the activities of 

three hyperactive and three moderately active AFPs were determined.  There was no 

apparent correlation between hyperactivity in TH and high IRI activity.  However, 

mutations of residues on the ice-binding face (IBF) of both types of AFP reduced IRI and 

TH activities to a similar extent.  In this way, the use of IBF mutant AFPs showed that the 

IBF responsible for an AFP’s TH activity is also responsible for its IRI activity.   

Analysis of the diverse AFP structures solved to date indicate that their IBFs are 

relatively flat, occupy a significant proportion of the protein’s surface area and are more 

hydrophobic than other surfaces of the protein.  The IBFs also often have repeating 

sequence motifs and tend to be rich in alanine and/or, threonine.  The de novo design of 

an ice-binding protein was undertaken using these features to verify the underlying 

physicochemical requirements necessary for a protein’s interaction with ice.  Using site-

directed mutagenesis, a total of sixteen threonine substitutions were made on one of 
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the four faces of a cyanobacterial protein with no endogenous TH activity.  The inclusion 

of eight paired threonines on one face of this quadrilateral helix gave the engineered 

protein low levels of TH activity, but at the cost of destabilizing the structure to some 

extent.  The results of this study have validated some of the properties needed for the 

ice-binding activity of AFPs.   
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CHAPTER 1  GENERAL INTRODUCTION 

 

 

1.1 ANTIFREEZE PROTEINS 

 

Antifreeze proteins (AFPs) are proteins that have affinity for ice.  Since the initial 

discovery of AFPs in the blood plasma of Antarctic Nototheniidae four decades ago (1), it 

was established that these proteins are essential to the survival of marine teleosts 

inhabiting ice-laden seawater.  This discovery quickly sparked the interests of many 

researchers into the function and mechanism of AFPs in preventing or reducing the 

damage caused by freezing in living organisms.  As a result, it was soon determined that 

AFPs are also present in some arthropods, plants and bacteria (2-4).   

The fact that AFPs have affinity for ice, the solid phase of the solvent in which 

they are dissolved, makes them unique among proteins.  AFPs adsorb to ice and restrict 

the growth of the ice front to regions between the bound protein molecules (5) (Figure 

1.1).  The local curvatures present in these regions make it thermodynamically 

unfavourable for water molecules to add to the ice lattice (6).  As a result, the freezing 

point of the solution is lowered in a non-colligative manner.  AFPs are found in many fish 

species and can be grouped into five distinct classes (types I to IV and a fifth class known 

as antifreeze glycoproteins [AFGP]) based on sequence and structural characteristics.  

The rapidity with which new AFPs have been discovered in arthropods, plants and
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Figure 1.1 

 

 

 

 

 

 

 

Figure 1.1  A schematic diagram showing the adsorption-inhibition model.  Steps i-iv 

illustrate the mechanism by which AFPs restrict ice growth.  Arrows indicate growth of 

an ice front.  (i) Prior to AFP binding, ice grows as a disc.  (ii) Ice growth is retarded at 

the crystal face to which AFPs adsorb causing more of the AFP binding plane to be 

formed.  (iii) As additional AFP molecules adsorb to this ice surface, ice is forced to grow 

between the AFP molecules, increasing the local micro-curvature and halting the overall 

expansion of the ice front.  (iv) The ice front is stabilized by AFP molecules.  This 

produces the characteristic facets seen when AFPs shape ice crystal.   

Source: Modified from a diagram provided by Dr. R.L. Campbell.  
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microorganisms has given pause to the classification scheme until it can be arranged 

more systematically.  Meanwhile, AFPs are being designated after their species or 

common names.  TmAFP and DcAFP are from the two beetles Tenebrio molitor and 

Dendroides canadensis, respectively, and are clearly homologous. Whereas CfAFP (also 

referred to as sbwAFP), which is from the spruce budworm Choristoneura fumiferana, 

and SfAFP from the snow flea Hypogastrura harveyi are obviously distinct.  MpAFP is 

found in the bacterium Marinomonas primoryensis and LpAFP is from the ryegrass 

Lolium perenne.  Clearly, AFPs are present in a wide range of life forms that encounter, 

or are at risk of coming across, freezing conditions.  By providing either freeze-tolerance 

or freeze-avoidance strategies to these organisms, AFPs increase the diversity of species 

at these subzero temperatures (7).   

The study of these proteins is an interdisciplinary subject that has sparked the 

interest of numerous research fields, from ice physics to biochemistry, and from 

evolutionary biology to biotechnology.  Since the initial discovery of AFPs, many 

questions have been asked regarding the unique properties of this class of protein.  Why 

do some proteins bind to ice and not others?  How do AFPs bind to ice?  Is their binding 

to ice irreversible?  Have AFPs originated by convergent evolution?  The answers to 

these intriguing questions may open up new opportunities to understand how AFPs 

function and how they can be put to commercial use.    
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1.2 POTENTIAL APPLICATIONS OF AFPS 

 

As potent inhibitors of ice growth and recrystallization, AFPs are interesting 

candidates for use in a number of areas, including the food industry, cryopreservation, 

cryosurgery and more.  There is great promise for using AFPs in frozen food products to 

preserve their quality and texture.  Ice recrystallization is the growth of large ice crystals 

in the expense of the smaller ones.  This process occurs when a frozen material is stored 

at subzero temperatures.  In fact, ice recrystallization is one major cause of loss of 

nutrients and smooth texture in frozen food.  Since AFPs are highly effective in inhibiting 

ice recrystallization, it has been suggested and shown that AFPs provide a means to 

reduce the spoilage of frozen food (8-10).  In fact, Unilever, the largest producer of ice-

cream and frozen novelties in the United States (U.S.), already sells products containing 

the ocean pout  type III AFP (HPLC-12 isoform) in the United States (U.S.), Australia and 

New Zealand since 2006 (11).  Unilever claims that the addition of AFP allows the 

reduction of fat and calories in ice cream products by around 30 to 50 percent, in 

addition to a higher fruit content (12).  In this regard, the added fish AFP provides the 

ice creams with a “creamier” texture that would otherwise have been lost on lowering 

the fat content, and at the same time slows the melting.  Recently, Unilever was granted 

novel foods approval from The European Food Safety Authority for the use of this AFP 

ingredient in ice creams and expects to produce AFP-containing dairy products in 2010 

in the European market (11). 
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A number of experiments demonstrated that AFPs can also help preserve cells, 

tissues and organs at low temperatures.  In one study, researchers set out to determine 

whether AFGP can improve the survival of human blood platelets (13).  Presently, the 

shelf life of blood platelets is limited to 5 days at 22 ˚C, after which the platelets are at 

risk of bacterial contamination.  One solution to the contamination problem is to store 

the platelets at low temperature.  However, low temperature causes cold activation of 

these platelets which leads to release of their contents and eventually, loss of platelet 

function.  Researchers found that AFGP can provide a protective effect on these 

platelets cooled to 4 ˚C and held at this temperature for 21 days (13).  It was suggested 

that AFGP might inhibit content leakage from platelets, thus, drastically increase their 

shelf life.    

More recently, a study indicated that AFPs could be used for enhanced long-

term storage of tissues for organ transplantation and reproductive technologies (14).  

Bagis et al. (2008) set out to determine the protective effect of AFP on transgenic mouse 

ovaries and the fertility of the recipient mice after transplantation of cryopreserved 

mouse ovaries into the sites where the original ovaries were removed (orthotopic 

transplantation) (14).  It was reported that type III AFP from the ocean pout, when 

expressed in the ovaries of transgenic mice, can protect ovarian tissue during 

vitrification at -196 ˚C and result in continuing fertility after orthotopic transplantation.  

It was shown that unprotected vitrified ovaries in non-transgenic mice displayed oocytes 

of irregular shapes whereas vitrified ovaries from AFP-transgenic mice showed 

morphologies comparable to those of freshly transplanted mice.  Moreover, although 
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pups derived from non-transgenic transplanted mice were still fertile, litter sizes from 

these transplants were significantly smaller from the freshly transplanted group.  On the 

other hand, the AFP-transgenic group gave rise to litter sizes similar to those of the 

freshly transplanted group.   

Besides improving low-temperature preservation of cells and tissues, AFPs have 

also been shown to enhance the effectiveness of cryosurgery.  Cryosurgery is a 

procedure that uses probes at extremely cold temperature to freeze and destroy 

abnormal or diseased tissues.  Recently, technological advances have allowed this 

surgical method to become more commonly used to treat prostate cancer, renal cell 

carcinoma, liver cancer, skin cancer and more (15-17).  Cryosurgery is emerging as a 

preferred method for treating cancers and tumours because it is minimally invasive (18).  

However, the effectiveness of this method varies and depends on a number of thermal 

factors used in the surgery (10).  In one study, researchers studied the effects of AFP on 

human primary prostatic adenocarcinoma cells (ND-1) after freezing (19).  A survival 

rate of 87% of these cancer cells was observed after freezing in the absence of the type I 

AFP.  However, in the presence of 10 mg/mL type I AFP all the tumour cells were killed.  

It was suggested that the ability of this AFP to shape ice crystals into a needle-like 

morphology helped ‘injure’ and destroy the tumour cells.    

These studies have illustrated a number of appealing potential applications of 

AFPs.  However, our lack of detailed knowledge of how AFPs interact with ice, cells and 

tissues has been a stumbling block to the application of AFPs in these situations (18).  

With further understanding of the interactions between AFPs and ice, it will perhaps be 
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possible to tailor AFPs for specific applications and even to design novel AFPs with 

certain applications in mind.   

 

1.3 ICE AS A CRYSTAL: PLANES AND CRYSTALLOGRAPHIC AXES IN 
RELATION TO AFPS 

 

Ice has hexagonal crystal symmetry as illustrated by the six-fold symmetry of 

snowflakes.  Ice crystals, like protein crystals, can be described using crystallographic 

axes; ice has one c-axis and three a-axes (Figure 1.2C).  The growth of ice is restricted 

when AFP molecules adsorb to their preferential ice binding planes.  For example, type I 

AFP from the winter flounder binds to a specific pyramidal plane (20).  The reason why 

the type I AFP produces ice crystals that are 12-sided hexagonal bipyramids is simply 

because the hexagonal symmetry of ice generates 12 equivalent pyramidal planes that 

are stabilized by AFP binding (Figures 1.2A and Bi).  CfAFP from spruce budworm shows 

affinity for both basal and primary prism planes (21).  Therefore, this AFP tends to form 

ice crystals that resemble hexagonal prisms.  When the AFPs can no longer stop the 

growth of the ice, the crystals will grow very rapidly either along the c-axis or the a-axes 

depending on the type of AFP.  For instance, ice crystals from the type I AFP “burst” at 

the tips of the hexagonal bipyramids parallel to the c-axis (Figures 1.2Bi and Bii)
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Figure 1.2  Crystallographic axes of ice, and ice crystal morphology produced by fish 

and insect AFPs.  (A) Facets develop on ice where the AFP molecules bind and halt ice 

growth.  Certain AFPs, particularly those from fish, bind to pyramidal planes, which 

shape the ice crystal into a hexagonal bipyramid.  (B) i: Hexagonal bipyramidal ice crystal 

formed in the presence of type I AFP from winter flounder.  ii: Ice crystals ‘burst’ along 

the c-axis when they escape containment by the AFP.  (C) The ice crystallographic axes 

are shown as dotted lines.  Insect AFPs, such as CfAFP, bind to both prism and basal 

planes, and produce hexagonal prism ice crystals.  (D) i: ‘Lemon’-shaped ice crystal 

morphology produced by TmAFP.  ii and iii: These ice crystals grow explosively along the 

a-axes, normal to the c-axis.   
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Figure 1.2 
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whereas those from TmAFP grow explosively along the a-axes (Figures 1.2Di-iii).

 

1.4 THERMAL HYSTERESIS ACTIVITY AND ASSAYS 

 

The function of AFPs in cold-adapted organisms is to help them avoid or reduce 

damage to the organism caused by freezing.  Thermal hysteresis (TH) activity is the 

activity of AFPs that allows these organisms to lower the freezing point of their body 

fluids to escape freezing.  In the absence of AFPs, water molecules will add to an ice 

lattice in an undercooled solution resulting in ice crystal growth (Figure 1.3, top).  

However, in the presence of AFPs, adsorption of AFPs to the ice surface makes it 

thermodynamically unfavourable for water molecules to add to the ice lattice.  This 

results in non-colligative lowering of the freezing temperature of the solution below the 

melting point (Figure 1.3, bottom).  The difference in temperature between the melting 

point of the solution and the non-equilibrium freezing point is referred to as thermal 

hysteresis (22).  Within the TH gap, the crystals remain the same size for hours or days.  

TH activity varies for different AFPs; it is typically as low as 0.2-0.5 C˚ at millimolar 

concentrations for the plant AFPs (23, 24), to as high as 4-6 C˚ for the insect AFPs at sub-

millimolar concentrations (25, 26).  Once the temperature drops below the non-

equilibrium freezing point, AFPs can no longer restrict the growth of the ice crystal, 

which will increase in size.   
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Figure 1.3 

 

 

 

 

 

 

 

 

 

Figure 1.3  Thermal hysteresis activity of AFPs.  A schematic diagram illustrating the 

difference in ice crystal growth in the absence and presence of AFPs.  (Top): Without 

AFPs, a slight undercooling of the temperature of the solution below the melting point 

will lead to growth of the ice crystal as a thin disc.  (Bottom): The growth of ice crystals 

is inhibited in a solution containing AFPs once it is fully faceted.  These ice crystals in the 

undercooled solution will remain the same size until the temperature drops below the 

non-equilibrium freezing point, at which point the crystals will grow uncontrollably.  

Source: Courtesy of Dr. C.B. Marshall 
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TH activity is readily measured in vitro using of a nanoliter osmometer.  A sub-

microlitre volume of the protein solution is injected into an oil droplet set on a cooling 

stage.  The temperature of the sample is regulated by a Peltier device that uses 

milliOsmols (mOsms) as measuring units where 1000 mOsms is equivalent to 1.86 C˚.  

Ice crystal morphology is observed and growth during TH is monitored using a 

microscope.   

 

1.5 ICE RECRYSTALLIZATION INHIBITION ACTIVITY AND ASSAYS 

 

Ice recrystallization inhibition (IRI) activity is another property of all known AFPs. 

It helps organisms tolerate freezing (27).  As briefly mentioned above, ice 

recrystallization is a process where large crystals grow as the small crystals shrink to 

minimize total ice grain surface area at high subzero temperatures (Figure 1.4).  Ice 

recrystallization commonly occurs in overwintering plants where they might undergo 

freeze-thaw cycles on a daily basis at certain times of the year (23, 24, 28, 29).  The 

growth of large ice crystals is detrimental to the survival of these plants since the ice 

crystals will damage the organisms’ tissues.  Hence, it is beneficial for organisms that 

freeze to produce AFPs to limit the growth of ice crystals.  It is not certain how AFPs 

inhibit ice recrystallization.  The most likely explanation is that AFPs bind to the ice grain 

boundaries and inhibit the gain (and loss) of water much as occurs during TH where a 
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Figure 1.4 

 

 

 

 

 

 

 

 

 

Figure 1.4  The process of ice recrystallization examined using the ‘splat cooling’ 

method.  A frozen film of dilute type III AFP was warmed to -8 ˚C and observed under a 

microscope using cross polarized light to study changes in the multicrystalline ice 

pattern over time. (i) Multicrystalline ice of time zero.  (ii-iv) Growth of large ice crystals 

at the expense of the smaller ones is observed over time. 

Source: Courtesy of Dr. M.J. Kuiper. 
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single ice crystal is bathed in solvent.  During IRI the amount of free water is presumably 

limiting since the rate of recrystallization decreases with decreasing temperature.  The 

growth of ice crystals in IRI is not measured as easily as TH.  The IRI activity of AFPs was 

first demonstrated using the “splat cooling” method (30).  This technique involves 

expelling a 10-μL droplet of AFP solution from 2.6 m above a polished aluminum plate 

that is cooled by dry ice to -78 ˚C.  The droplet immediately freezes as it contacts the 

metal surface, and the disk of frozen solution is transferred from the plate to a 

microscope stage at high sub-zero temperatures where ice recrystallization is observed 

over time.  Although this method was able to show that IRI activity is lost below a 

certain AFP concentration, the fact that only one sample can be tested at a time made 

direct comparison of results difficult.  In an effort to improve on the “splat” assay, a 

semi-quantitative method was developed by Tomczak et al. (2003). In the capillary 

method, a 2-fold serial dilution of the AFP of interest is prepared and loaded into 10 μL 

glass capillaries (31).  Sealed capillaries containing the samples are snap-frozen in 95% 

ethanol cooled to approximately -60 ˚C by dry ice.  After snap freezing, the samples are 

incubated at -6 ˚C overnight.  Using the type III AFP as an example, an irregular chevron 

pattern of multicrystalline ice can be observed in all samples immediately after snap 

freezing (Figure 1.5i).  After incubation at -6 ˚C for approximately 16 h, the chevron 

pattern disappears in capillaries with lower AFP concentrations (Figure 1.5ii-iv, 

capillaries C and 11 to 15).  Individual ice crystals are apparent in these capillaries, 

indicating no significant inhibition of ice recrystallization.  The endpoint of IRI is the 
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Figure 1.5  Ice recrystallization inhibition assay for the type III AFP by the capillary 

method.  Capillaries 1-15 contain serial dilutions of type III AFP representing 

concentrations of 0.2 mM, 0.1 mM, 50 μM, 25 μM, 12.5 μM, 6.2 μM, 3.1 μM, 1.6 μM, 

780 nM, 390 nM, 200 nM, 100 nM, 50 nM , 25 nM and 12.5 nM, respectively.  C, 

contains the control buffer TBS [150 mM NaCL, 10 mM Tris-HCl (pH 7.5) and 10 μg/mL 

bovine serum albumin].  (i) Multicrystalline ice pattern observed immediately after snap 

freezing with 90˚ polarization.  (ii-iv) Ice pattern observed after 16 h of incubation at -6 

˚C with 90˚, 0˚ and 45˚ polarization.   

Source: Figure taken from Tomczak et al. (2003) (31). 
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lowest AFP concentration at which the ice crystals show no observable changes before 

and after incubation.  In the case of the type III AFP illustrated here, it has an endpoint 

of 200 nM (Figure 1.5ii-iv, capillary 10).   

Although TH activity is considered the defining property of AFPs, it should be 

acknowledged that all known AFPs can inhibit both ice growth and recrystallization.  

Until now, no correlation has been established between the two activities of AFPs.  For 

example, it is unclear whether TH and IRI use the same ice-binding mechanism and how 

the potency of the two activities compares for a certain AFP.  Experiments that clear up 

these uncertainties will significantly add to our understanding of the basis of AFP 

activity. 

 

1.6 DIVERSITY OF AFPS 

 

Given that all AFPs have the ability to bind to ice, it is reasonable to assume that 

they share certain structural and/ or, sequence similarities.  However, as more three-

dimensional structures of these AFPs are solved, it seems this group of proteins is 

revealing increasing diversity (Figure 1.6).  For example, type I AFP from the winter 

flounder is an alanine-rich, 37-amino acid, single alpha-helix (32, 33).   Types II and III 

AFPs are both globular in nature; the former from sea raven has a Ca2+-dependent C- 

type lectin fold of mixed alpha, beta and loop structure (34) and the latter from the 
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Figure 1.6  Diversity of AFPs.  Ribbon representations of some AFP structures. Helix, 

sheet, and loops are represented in red, yellow, and green, respectively.  (A) Type I 

winter flounder AFP (HPLC-6 isoform) (PDB reference 1WFA).  (B) Type II AFP from sea 

raven (PDB reference 2AFP).  (C) Type III AFP from ocean pout (HPLC-12 isoform) (PDB 

reference 1HG7).  (D) The short isoform of the snow flea AFP (PDB reference 3BOI).  (E) 

Spruce budworm AFP (501 isoform) (PDB reference 1Z2F).  (F) Yellow meal worm AFP (4-

9 isoform) (PDB reference 1EZG). 
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ocean pout contains short beta-strands and has a beta-clip fold but lacks repeating 

elements (35-37).  The 6.5 kDa AFP from snow flea, SfAFP, is organized into a bundle of 

six tightly packed polyproline type II helical coils (38, 39).  Both the insect TmAFP and 

CfAFP are beta-helices but with opposite handedness and very different cross-sections 

(21, 40).  As a consequence, this makes comparison and analysis of the different AFPs 

extremely difficult.  This is one reason why the underlying molecular basis of their ice-

binding mechanism has been hard to pin down. 

One explanation for the observed AFP diversity is that there are numerous 

possible ice planes available for binding (41).  Despite the fact that ice is composed of 

only oxygen and hydrogen atoms, the spacing between these atoms and surface 

topography they present can be quite different on different planes.  Ice grows most 

rapidly by addition of water to prism planes and binding to any non-basal planes might 

be adequate to halt ice growth.  In a sense, ice can behave as many different ligands 

allowing ice-binding proteins to evolve different binding surfaces to inhibit ice growth. 

 

1.7 PROPOSED ICE-BINDING MECHANISMS OF AFPS 

 

Attempts have been made throughout the last four decades to address the 

binding mechanism of AFPs; however, there is still some uncertainty about what 

physicochemical properties distinguish AFPs from the vast majority of proteins that 

show no observable affinity for ice.  Early proposals, including the ‘lattice matching’ 

model suggested by DeVries and Lin (42) and the ‘lattice occupancy’ model by Knight et 
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al. (1993) (43), both invoke a hydrogen bonding interaction between the AFP and ice 

lattice.  The former proposes that AFPs bind to the ice surface through hydrogen 

bonding.  This model suggested that the helical type I AFP binds to ice through its 

regularly spaced Thr and Asx residues that are separated by 4.5 Å, a repeat distance that 

also separates adjacent oxygen atoms parallel to the a-axes of the ice lattice (Figure 

1.7A).  However, the idea that hydrogen bonding is the major force for AFP-ice binding 

is questionable since it fails to explain why AFPs would have higher affinity for ice than 

the surrounding water, which could better act as a hydrogen bonding partner (44).  

Moreover, Chao et al. (1997) cast doubt on the matching model by showing that 

hydroxyl groups of Thr in the winter flounder type I AFP are dispensable whereas their 

methyl groups contribute significantly to the TH activity (45).  Furthermore, others 

argued that the hydrogen bonds are rather temporary, thus, they cannot account for 

the irreversible binding of AFP to ice (43).  On the other hand, the ‘lattice occupancy’ 

model suggests penetration of the hydrogen bonding side chains into the ice lattice is 

required for a strong AFP-ice interaction (Figure 1.7B).  In this model, hydroxyl groups of 

AFGP were pictured as residing in the ice surface to form three hydrogen bonds with the 

ice.  The ‘occupancy model’ is different from the ‘matching model’ in that three 

hydrogen bonds are involved in the binding of each threonyl residue rather than just 

one, therefore, giving it the permanence needed for irreversible binding of AFP to ice.  

However, both of these hydrogen bonding models lost support when it was 
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Figure 1.7  Representations of the ice-lattice matching and ice-lattice occupancy 

models for AFP-ice binding.  (A) Diagram showing the original lattice matching model 

which suggests that the repeat distance on the AFP (in this case, winter flounder type I 

AFP) matches the oxygen atoms on the ice lattice.  (B) Modification of the ice-lattice 

matching model by Wen and Lausen after the discovery of the ice plane bound by winter 

flounder AFP (43).  (C) Hydroxyl groups from amino acid side chains have the potential to 

occupy the top layer of the ice-lattice to share the hydrogen bonds with ice as proposed 

by the lattice occupancy model.   

Source: Figure taken from Davies et al. (2002) (41) 



19a 

Figure 1.7 

 

.

A B 

C 



20 

demonstrated that Asx and Thr residues, which could provide hydrogen bonding were 

experimentally confirmed to be dispensable for AFP-ice binding (45-48).  Another 

hypothesis for antifreeze action has been summarized by Jia and Davies (2002) based on 

comparison of the ice-binding sites of several unrelated AFPs.  Sönnichsen et al. (1996) 

originally proposed that the major force involved in ice binding might be the 

hydrophobic effect (49).  The ice binding site of type III AFP was observed to be 

hydrophobic relative to the rest of the molecule.  By burying this surface on ice, any 

constrained water molecules would be released into the solvent for a net gain of 

entropy.  This ‘hydrophobic model’ proposes that all AFPs use a large surface area 

(relative to the total surface area of the protein) for interaction with ice (7).  In addition, 

it was suggested that the ice-binding sites appear to be relatively planar and lack 

discontinuous and/or, protrusive surfaces.  Moreover, these ice-binding sites tend to be 

the most hydrophobic surface on the AFP.  In this model, the major forces that 

contribute to AFP adsorption to ice are van der Waals and hydrophobic interactions 

where they are thought to allow close contact between the two entities.  In contrast, 

hydrogen bonds may supplement the binding, particularly if they can be shielded from 

the solvent.   

Recently, evidence from modelling supports the idea that hydrophobic effect is 

involved in the initial recognition and binding of AFP to ice (50).  This ‘pre-ordering-

binding’ model proposes that the hydrophobic surface (IBF) organizes water molecules 

to be ice-like, where it matches with the ordered zone at the ice-water interface.  Then, 

the ice-water interface and protein-ordered water interface merge and later freeze 
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together.  This pre-ordering of water molecules into ice-like by the IBF is thought to 

reduce the barrier of ice formation, thus, decrease the free energy of the system.  

Further studies are needed in order to verify these hypotheses and identify the 

underlying physicochemical requirements necessary for binding to ice.   

 

1.8 PROGRESS IN THE DEVELOPMENT OF TOOLS TO UNCOVER THE 
ICE-BINDING MECHANISM OF AFPS 

 

Site-directed mutagenesis has been the method of choice to identify the ice-

binding surface of an AFP.  Mutations that introduce bulkier amino acids, such as Leu, 

Lys and Tyr around the AFP have been particularly useful in determining the ice-binding 

surface.  These mutations create steric hindrance to the AFP-ice interacting surface but 

are well tolerated elsewhere on the protein.  This method has successfully identified the 

ice-binding surfaces of numerous AFPs, including type I AFPs from winter flounder and 

shorthorn sculpin (51, 52), type III AFP from eel pout (36, 53), TmAFP (54), CfAFP (21), 

MpAFP (55) and LpAFP (56).  The three-dimensional structures of most of these AFPs 

have been solved using nuclear magnetic resonance (NMR) and/or X-ray crystallography 

to give an accurate surface representation of the ice-binding sites (see Figure 1.6).  

However, with all this information, it is still not possible to look directly at the molecular 

interaction between AFP and ice.  The reason for this is that presently no tools or 

methods are available to visualize the AFP-ice interface due to the highly dynamic and 

unstable nature of ice.   
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1.9 IDENTIFYING THE RELATIONSHIP BETWEEN THE TWO KEY 
ACTIVITIES OF AFPS 

 

As long as the ice-binding mechanism for AFPs remains poorly understood, there 

exists a need to develop new approaches and methodologies to determine the 

underlying ice-binding action of AFPs.  Protein engineering is an effective means, not 

only to test the current ice-binding model, but also for gaining insight into the 

physicochemical features that are necessary for potent antifreeze activity, while a 

comparison of the two natural activities of AFPs represents a tool for determining the 

behaviour of AFPs under different ice conditions. 

IRI is thought to lessen the damage of freezing while TH helps organisms to avoid 

freezing.  It is assumed that IRI, like TH, requires AFP binding to ice.  However, it remains 

unknown whether an AFP that is effective at TH, is also good at IRI.  By investigating the 

relationship between the two key activities of AFPs, it would provide a better 

understanding of how AFPs may bind to ice crystal surfaces in undercooled (TH) and 

freezing (IRI) conditions. 

The first part of this thesis is therefore focused on establishing the connection 

between TH and IRI activities.  The two key activities of an AFP have almost always been 

evaluated separately although all known AFPs exhibit both properties.  Since the TH 

activity curves of most of the known AFPs are readily available, they were consequently 

used to compare with the IRI activities of these AFPs as determined by the capillary 

method.  Analysis of the TH and IRI activities of the two groups of AFPs – those that 

possess extremely high TH activity and the others with moderate activity, revealed that 
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potency in TH does not necessarily correspond to efficiency in IRI.  However, steric 

mutants of some of these AFPs displayed IRI activities that correlated with their TH 

activities.  The results of this comparison, along with explanations for these observations 

are presented in chapter 2.   

 

1.10 DESIGNING AN ANTIFREEZE PROTEIN TO VERIFY THE PROPERTIES 
NEEDED FOR ICE BINDING 

 

As long as the structure-function relationship of AFPs remains uncertain, there 

exists a need to take new approaches to gain insight into the mechanism of action of 

these diverse proteins.  Although numerous models have been proposed for the ice-

binding mechanism of AFPs, some were disproved by experimentation while others have 

not been adequately tested.  As a consequence, the actions of this group of proteins and 

the development of potent AFPs for medical and biotechnological applications have 

remained a major challenge.   

Hence, the second part of this thesis is focused on designing an ice-binding 

protein to test the structural requirements needed for antifreeze activity.  These studies 

are designed to better understand what surface features are required for an AFP to 

adsorb to ice with a future goal of developing a more potent ice-binding protein.  

Although the ‘hydrophobic’ model seems to address the issues of hydrogen bonding and 

irreversibility of AFP binding presented in the previous proposals, this new hypothesis 

has never been verified experimentally.  Thus, a protein engineering approach was taken 
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to test this model.  Since the insect AFPs that exhibit hyperactive TH activities are 

structured as beta-helices (21, 57), a number of beta-helical protein templates were 

considered.  Of the candidates, one which contains large, flat surfaces was chosen for 

conversion into an ice-binding protein.  Using multi site-directed mutagenesis, a number 

of Thr-X-Thr motifs that are present in the IBFs of the insect AFPs, were engineered onto 

the surface of this protein candidate.  The engineered construct was purified and shown 

to exhibit weak TH activity.  Consequently, for the first time, the ‘hydrophobic’ 

hypothesis was supported by experimentation.  A complete description of the ice crystal 

morphologies and TH activities of the various constructs, along with a discussion of the 

significance of this finding can be found in chapter 3.    
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CHAPTER 2  ICE RECRYSTALLIZATION INHIBITION ACTIVITIES 
IN ANTIFREEZE PROTEINS WITH DISTINCT DIFFERENCES IN 
THERMAL HYSTERESIS 

 

Preface: 

This chapter has been submitted for publication in the journal Cryobiology: Sally O. Yu, 

Alan Brown, Adam J. Middleton, Melanie M. Tomczak, Virginia K. Walker and Peter L. 

Davies.  Ice recrystallization inhibition activities in antifreeze proteins with distinct 

differences in thermal hysteresis. 

Sally Yu performed the ice recrystallization inhibition assays and data collection 

shown here, following up on preliminary observations made by Alan Brown and 

Dr.  Melanie M. Tomczak.  Adam J. Middleton provided samples of LpAFP and its 

mutants for assays. Data analysis was performed by Sally Yu under the guidance and 

supervision of Dr. Peter L. Davies.  The manuscript was principally written by Sally Yu 

with editorial input from Dr. Peter L. Davies, Dr. Virginia K. Walker, Dr. Melanie M. 

Tomczak and Adam J. Middleton.   
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2.1 ABSTRACT 

 

Antifreeze proteins (AFPs) share two related properties: the ability to depress the 

freezing temperature below the melting point of ice (thermal hysteresis; TH); and the 

ability to inhibit the recrystallization of ice.  Since the ‘hyperactive’ AFPs, which have 

been more recently discovered, show an order of magnitude more TH than previously 

characterized AFPs, we have now determined their activities in ice recrystallization 

inhibition (IRI) assays. IRI activities of three TH-hyperactive AFPs and three less TH-active 

AFPs varied over an 8-fold range. There was no obvious correlation between high TH 

activity and high IRI activity.  However, the use of mutant AFPs demonstrated that 

severe disruption of ice-binding residues diminished both TH and IRI similarly, revealing 

that the same ice-binding residues are crucial for both activities.  In addition, 

6bicarbonate ions, which are known to enhance the TH activity of AFPs, also enhanced 

their IRI activity. We suggest that these seemingly contradictory observations can be 

partially explained by subtle differences in the binding of TH-hyperactive and non-

hyperactive AFPs to ice, and by differences in the stability of AFP-bound ice under 

supercooled and recrystallization conditions.  
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2.2 INTRODUCTION 

 

Antifreeze proteins (AFPs) are found in certain fishes, insects, plants and 

microorganisms that live at sub-zero temperatures where uncontrolled ice growth can 

be lethal.  AFPs are used as part of a freeze-avoidance strategy in some fish and insects 

(2, 58), or to enhance freeze tolerance in some plants, bacteria and other insects (3).  

This apparent incongruity is explained by the two properties that all AFPs possess: 

thermal hysteresis (TH) activity and ice recrystallization inhibition (IRI).  TH, or non-

colligative freezing point depression, enables polar fish and some insects to lower the 

freezing temperature of body fluids (blood plasma or hemolymph) and thus help protect 

against inoculative freezing (2, 4, 58).  Ice recrystallization is a process that occurs in 

frozen solutions at high sub-zero temperatures, in which the growth of larger ice crystals 

at the expense of smaller ones is thermodynamically favourable (27). Thus, IRI activity in 

freeze-tolerant organisms that produce AFPs is thought to reduce freezing-related tissue 

damage. 

A working definition of AFPs is that they are ice-binding proteins with TH activity.  

Since proteins with TH activity all appear to also have IRI activity, this supports the 

hypothesis that both TH and IRI activities derive from a single underlying property of 

AFPs: their ability to act at the ice-water interface to halt or modify the growth of ice 

crystals.  AFPs are structurally diverse (7, 39) and differ considerably in their TH levels.  

As more AFPs are discovered, it has become clear that they can be placed in at least two 

categories.  Those from polar fishes, where the serum freezing point need only be 
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lowered to just below that of sea water, typically have TH activities of 1-2 C at 

millimolar concentrations.  These can be classified as moderately active AFPs and 

include AFP types I, II and III, and the antifreeze glycoproteins (59).  Plant AFPs such as 

that from the perennial ryegrass, Lolium perenne (23), have TH activities at the low end 

of this range (~0.5 C at half millimolar concentrations).  In contrast, AFPs from 

arthropods, such as CfAFP from the spruce budworm moth (Choristoneura fumiferana), 

TmAFP from the yellow mealworm beetle (Tenebrio molitor), DcAFP from the fire-

coloured beetle (Dendroides canadensis) and sfAFP from the snow flea have TH activities 

of 4-6 C at sub-millimolar concentrations (25, 26, 60-62).  Based on their much higher 

TH activity at lower protein concentrations, these AFPs were termed “hyperactive” (26).  

Hyperactive AFPs have since been found in bacteria and fish, specifically MpAFP from 

the Antarctic bacterium (Marinomonas primoryensis) and hyperactive type I AFP from 

the winter flounder (Pseudopleuronectes americanus) (61, 62).  

A distinguishing feature between the moderate and hyperactive AFPs, aside from 

the order of magnitude difference in their TH activities, is the way in which they direct 

ice crystal growth when TH is exceeded.  At freezing temperatures, surface-adsorbed 

AFPs are no longer able to prevent ice growth, which occurs explosively due to 

supercooling.  Moderately active AFPs show spicular ice growth along the c-axis, 

whereas all hyperactive AFPs appear to direct growth along the a-axes (63). The 

dependence of TH activity on concentration is well established, both for moderately 

active and hyperactive AFPs.  However, little is known regarding the relationship 
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between TH and IRI for a given AFP.  Here we investigate if the elevated TH activity of 

hyperactive AFPs is accompanied by superior IRI activity.  

Considerable progress has been made towards defining some of the physical 

features required for the adsorption of AFPs to ice.  Despite their extreme structural 

diversity, AFPs all have an ice-binding site that is relatively flat and hydrophobic, that 

occupies a large proportion of the AFP’s surface area, and that makes a ‘snug’ fit to the 

plane(s) of ice to which they bind (41, 64).  These principles have been established by 

disturbing the ice-binding face (IBF) by mutations.  It is therefore reasonable to suggest 

that the ice-binding site that gives an AFP its TH activity is also responsible for IRI.  If so, 

mutations that reduce TH activity should also reduce IRI activity.   

One of the challenges for comparing TH and IRI activities of the different AFPs 

has been the qualitative nature of IRI activity assays (30).  To improve the measurement 

of IRI activity, we previously developed a capillary method that gives reproducible values 

for the endpoint obtained by serial dilutions (31).  The IRI endpoint is defined in this 

method as the lowest AFP concentration that is still able to suppress ice recrystallization 

under defined conditions.  This assay has allowed us to compare the IRI and TH activities 

of AFPs from fish, insects, plants and bacteria to determine if TH hyperactivity correlates 

with increased IRI activity, and if genetically engineered decreases and increases in TH 

activity are mirrored by changes in IRI activity.  
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2.3 MATERIALS AND METHODS 

 

2.3.1 ANTIFREEZE PROTEINS 

 

Wild-type recombinant sea raven type II AFP, ocean pout type III AFP (QAE 

isoform HPLC-12), CfAFP (isoform 337) and TmAFP (isoform 4-9) were prepared as 

previously described (63).  Recombinant bacterial MpAFP was expressed in Escherichia 

coli (55).  Recombinant AFP of the perennial ryegrass, Lolium perenne, (LpAFP) and four 

mutants (V45Y, T53Y, T62Y and T67Y) were produced as previously described (56). Type I 

AFP (winter flounder isoform HPLC-6) and all four Ala to Leu variants (A17L, A19L, A20L 

and A21L) were made by solid-phase peptide synthesis (51).   

 

2.3.2 PREPARATION OF AFP SOLUTIONS 

 
 Stock solutions of most AFPs were prepared in 0.1 M ammonium bicarbonate 

(pH 7.9), and also in TBS (Tris-buffered saline; 150 mM NaCl and 10 mM Tris-HCl pH 7.5).  

The calcium-dependent MpAFP was dissolved in 5 mM Tris-HCl (pH 8.0) containing 2 mM 

CaCl2, and LpAFP and its mutants were made up in 100 mM NaCl, 50 mM Tris-HCl (pH 

7.6), 1 mM EDTA.  In each case, serial two-fold dilutions of the AFP stocks were prepared 

in the appropriate buffer/saline solutions from 0.4 mM stock solutions over the range 

0.2 mM to 0.4 nM.  The concentrations of stock solutions were determined 

spectrophotometrically in relation to extinction coefficients determined from amino acid 

analyses (Advanced Protein Technology Centre, Hospital for Sick Children, Toronto, ON, 
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Canada).  In addition, protein concentrations of both the wild-type type I and LpAFP and 

their mutants were verified by TH measurements in comparison with the previously 

released TH activity curves (51, 56). 

 

2.3.3 CAPILLARY METHOD FOR IRI ASSAY 

 
IRI activity was determined by the capillary method (31).  IRI endpoints were 

measured on at least four separate dilution series for each protein.  Samples were 

loaded into 10 L glass capillaries (51 mm in length, 1 mm outer diameter; Drummond 

Scientific, Broomall, PA, USA) by capillary action.  A set of capillaries containing an AFP 

dilution series and buffer/saline controls were sealed at both ends using high vacuum 

grease (Dow Corning, Midland, MI, USA), aligned and placed in a locally-fabricated 

sample holder.  The set of samples was snap frozen in 95% ethanol cooled to 

approximately –60 ˚C with dry ice.  After snap freezing, the samples were immersed in a 

jacketed beaker (Allen Glass Scientific, Boulder, CO, USA) filled with 50% clear ethylene 

glycol (BioShop Canada, Burlington, ON, Canada) at –6 C, and maintained at this 

temperature by circulating 50% clear ethylene glycol through the apparatus from a 

refrigerated bath (model RTE-7, NESLAB, Portsmouth, NH, USA).   Samples were 

incubated at –6 C overnight (approximately 16 h).  Microscopy and image capture were 

done as previously described (31).   

Type III AFP at a concentration of 1.6 μM was used as a positive control in each 

IRI assay because this AFP is well-characterized, and it is well above its IRI endpoint at 
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this concentration (31).  Since 0.1 M ammonium bicarbonate was used for the 2-fold 

serial dilution for five of the six samples, this salt solution was used as a negative 

control.  The exception was MpAFP; due to its Ca2+ requirement for activity, it was 

prepared in 5 mM Tris-HCl (pH 7.5) containing 2 mM CaCl2 to prevent the loss of Ca2+ 

through the formation of insoluble calcium carbonate. Samples were routinely taken 

from new stock solution aliquots to avoid possible loss of activity resulting from the 

repeated freezing and thawing of stock AFP solutions.  

 

2.4 RESULTS 

 

2.4.1 WILD-TYPE AFPS SHOW AN IMPERFECT CORRELATION BETWEEN TH AND 
IRI ACTIVITIES 

 

To assess if the superior TH activity of a hyperactive AFP is accompanied by 

superior IRI activity, an initial study was performed in which the IRI activities of type III 

AFP and TmAFP were compared.  These two proteins represent typical, well-

characterized examples of a moderately active and a hyperactive AFP, respectively. 

Capillary assays revealed that TmAFP, which had 10 times more TH activity than type III 

AFP, was in fact less active in IRI activity (Figure 2.1).  After annealing for 16 h at –6 ˚C, 

capillaries 9 to 13 containing 100 nM or less type III AFP had ice grain sizes similar to the 
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Figure 2.1  IRI assays of type III AFP and TmAFP by the capillary method.  (A) Serial 

dilutions 1-13 of type III AFP and (B) TmAFP correspond to concentrations of 25 μM, 

12.5 μM, 6.2 μM, 3.1 μM, 1.6 μM, 780 nM, 390 nM, 200 nM, 100 nM, 50 nM, 25 nM, 

12.5 nM and 6.3 nM, respectively.  Negative control (-C), 0.1 M ammonium 

bicarbonate); positive control (+C), 1.6 μM type III AFP in 0.1 M ammonium bicarbonate.  

Multicrystalline ice patterns were viewed under 90˚ polarization at 0 h immediately 

after snap freezing and after 16 h of incubation at -6 ˚C.  Arrows indicate the endpoint of 

IRI activity of the AFP.   

 



33a 

Figure 2.1 
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negative control (-C) and were scored as having no IRI activity (Figure 2.1A).  Thus, the 

endpoint for this AFP was determined as the next highest concentration, 200 nM in 

capillary 8.  Analogously, the IRI endpoint for TmAFP was 780 nM in capillary 6 (Figure 

2.1B) and therefore TmAFP showed 4-fold lower IRI activity in this experiment than the 

non-hyperactive type III AFP, despite its considerably higher TH activity.   

In Figure 2.2A, previously determined specific TH activities of three hyperactive 

and three non-hyperactive AFPs are compiled on the same plot.  The three hyperactive 

AFPs (MpAFP, TmAFP and CfAFP) have specific TH activities of approximately 2 C˚ at 0.1 

mM.  At the same protein concentration, the non-hyperactive AFPs (types I, II, and III) 

depress the freezing point by ~0.2 C˚.  When these six wild-type AFPs were assayed for 

IRI activity, a range of IRI endpoints was observed, with lower endpoint concentrations 

signifying higher IRI activities (Table 2.1).  In order to scale IRI and TH activities in the 

same direction, the IRI activities were expressed as the reciprocal of the endpoint 

concentrations in μM-1.  The IRI activities of MpAFP and TmAFP were at least 2-fold 

lower than those observed for all the non-hyperactive AFPs (Figure 2.2B).  The IRI 

activity seen with CfAFP was seven times greater than those of the other two 

hyperactive AFPs but was matched by that of type II AFP.  In general, IRI activity seemed 

to vary with AFP type more than did TH activity.  As a group, the hyperactive AFPs were 

no more active than the non-hyperactive group, and the superior TH activity of 

hyperactive AFPs was not reflected in their IRI activity.   
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Figure 2.2  Comparison of TH and IRI activities of hyperactive and non-hyperactive 

AFPs.  (A) Comparison of the specific TH activities produced by each of the six AFPs 

listed at a concentration of 0.1 mM.  (B) Histogram of IRI activities expressed as the 

reciprocal of the average IRI endpoint of each AFP.  Each data point represents the 

average of at least four determinations. 
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Table 2.1 Effect of Solutes on IRI Endpoints of Various AFPs. 

 

AFP 
IRI Endpoint (nM) 

0.1 M NH4HCO3 (pH 7.9) TBS (pH 7.5) 

winter flounder type I 195 
195 
195 
391 

1560 
1560 
3130 
3130 

sea raven type II 49 
49 
81 
98 

162 
391 
391 
391 

ocean pout type III 98 
98 

195 
391 

780 
780 
780 
780 

MpAFP  391 
391 
391 
780 

TmAFP 195 
391 
780 
780 
780 

1600 
1850 
1850 
1950 

CfAFP 49 
49 
98 
98 

195 
391 
780 
780 
780 

1190 

*Note: Between four to six measurements were taken for each AFP.  Activity was 

determined for two buffers except for MpAFP, which was prepared in 5 mM Tris-HCl (pH 

8.0) containing 2 mM CaCl2. 
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2.4.2 TYPE I AFP MUTATIONS AND TH AND IRI ACTIVITIES  

 

TH activity of an AFP can be reduced by surface mutations that spoil the snug fit 

between the AFP and ice.  Indeed, this has been the method of choice for determining 

the ice-binding surface of the AFP.  It is a reasonable assumption that the ice-binding 

site of an AFP is responsible for both TH and the inhibition of ice recrystallization.  

However, this has not been shown experimentally.  Also, in light of the fact that 

moderately active and hyperactive AFPs have similar IRI activities, it was of interest to 

see if AFPs with lower TH activity due to mutation would have proportionally lower IRI 

activities.  

Previously, a series of four Ala to Leu substitutions were made at various points 

around the alpha-helical type I AFP (Figure 2.3A) to assess their TH activity and thereby 

identify the IBF of the AFP (51).  Variant A17L completely disrupted the TH activity of the 

AFP and variant A21L was nearly inactive (Figure 2.3B). When tested for IRI, both these 

mutations showed large reductions in IRI activity (Figure 2.3C).  In contrast, IRI was seen 

in A20L and A19L mutants, which have levels of TH activity that were more similar to 

wild-type. 

A mutant series derived from LpAFP, was also studied.  A series of substitutions 

to bulky Tyr at multiple sites around LpAFP were previously used to map the protein’s 

IBF (56).  Two of these steric mutations, T53Y and T67Y, on one side (‘a-side’) of the 

protein, almost eliminated TH activity (< 10% of wild type), and similarly showed < 5% 
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Figure 2.3  Comparison of TH and IRI activities produced by wild-type winter flounder 

type I AFP and its site-specific variants.  (A) End-on view of the type I helix showing the 

locations of the four Ala to Leu substitutions. The proposed IBF is denoted by the dotted 

line  (B) Comparison of the specific TH activities of the wild-type type I AFP and variants 

all tested  at 6 mg/mL.  (C) Comparison of the IRI activities expressed as the reciprocal of 

the average IRI endpoint of each variant.  Each data point represents the average of at 

least four determinations.   
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and < 1% of wild-type IRI values, respectively (Figure 2.4).  Mutations V45Y and T62Y, 

which are located on the opposite non IBF (‘b-side’) and edge of the parallel beta-

strands, respectively (Figure 2.4A), have TH activities that were approximately two-

thirds that of the wild-type value.  These two mutants had IRI activities that were 

intermediate between the ‘a-side’ mutants and wild-type LpAFP. 

 

2.4.3 IRI ACTIVITY IS AFFECTED BY THE NATURE OF THE COUNTER IONS USED 

 

Although IRI endpoint concentrations require subjective decisions based on 

visual assessment of ice crystals under the microscope, most values were within one or 

two 2-fold dilutions of the mean.  To standardize conditions for the IRI assay, the AFPs 

were dissolved in the same buffer (0.1 M ammonium bicarbonate), with the exception 

of MpAFP which requires millimolar Ca2+ for activity.  Since this ion is incompatible with 

the standard buffer, it was assayed in Tris-HCl buffer and the other five AFPs were also 

tested in TBS (150 mM NaCl and 10 mM Tris-HCl pH 7.5) so that comparisons could be 

made (Table 2.1).  CfAFP had an IRI endpoint of 780 nM in Tris-HCl buffer (Figure 2.5, 

capillary 9) and an endpoint of 100 nM in 0.1 M ammonium bicarbonate (capillary 12).  

Based on the Table 2.1 values, some AFPs showed ~10-fold enhancement in IRI activities 

in the ammonium bicarbonate buffer, with the other AFPs showing a modest 

enhancement, including TmAFP with a 4-fold increase (Figure 2.6).  Despite the overall 

increases in activities, the relative IRI endpoints among the five AFPs were similar 

indicating that ammonium bicarbonate had a general effect on all AFPs.  As a result, it is 
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Figure 2.4  Comparision of TH and IRI activities of wild-type LpAFP and its mutants.  (A) 

Structural model of LpAFP with the IBF ‘a-side’ on top.  The steric mutations are 

illustrated by stick representations.  (B) Comparison of the specific TH activities of the 

wild-type LpAFP and mutants assayed at 4 mg/mL.  (C) Comparison of the IRI activities 

expressed as the reciprocal of the average IRI endpoint of each variant.  Each data point 

represents the average of at least four determinations.   
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Figure 2.5  The effect of solute on the IRI activity of CfAFP.  Serial dilutions 1-18 

correspond to CfAFP concentrations of 0.2 mM, 0.1 mM, 50 μM, 25 μM, 12.5 μM, 6.2 

μM, 3.1 μM, 1.6 μM, 780 nM, 390 nM, 200 nM, 100 nM, 50 nM, 25 nM, 12.5 nM, 6.3 

nM, 3.1 nM and 1.5 nM, respectively. Negative control (-C). (A) Two-fold serial dilutions 

of the AFP prepared in TBS (pH 7.5).  Images taken with 90˚ polarization at 0 h 

immediately after snap freezing samples and after 16 h incubation at -6 ˚C.  (B) Two-fold 

serial dilutions of the AFP prepared in 0.1 M ammonium bicarbonate.  Ice pattern 

viewed at 90˚ polarization.  Arrows indicate the endpoint of IRI activity of the AFP.   
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Figure 2.6

 

AFP 

Figure 2.6  The enhancement of recrystallization inhibition activity by ammonium 

bicarbonate.  IRI activity in 0.1 M ammonium bicarbonate (black) and TBS (gray) 

expressed as the reciprocal of average IRI endpoints for the three non-hyperactive and 

two hyperactive AFPs listed.  Numbers (in brackets) indicate the fold increase in IRI 

activity compared to the measurement performed in TBS. 

(3.5) 

(3.0) 

(1.8) 

(1.2) 

(2.6) 
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important to prepare the two-fold dilutions of these AFPs in the same buffer/saline 

solution for IRI activity comparison.   

 

2.5 DISCUSSION 

 

Enhancement of TH activity by low molecular weight solutes has been previously 

reported (65, 66).  For example, 0.5 M ammonium bicarbonate increased TH activity of 

the beetle D. canadensis AFP (DAFP-4) ~3-fold.  However, at concentrations below 0.5 M 

there was no dramatic increase in TH. Others have also shown that salt solutions, such 

as NaCl, can result in enhanced TH activity for type I and type III AFPs as well as 

antifreeze glycoprotein (67).  These authors suggested that dissolved ions recruit water 

molecules around themselves and thereby reduce the amount of “freezable” water 

molecules that can join the ice crystal.  This effectively depresses the freezing point of 

the solution. Here we demonstrate that 0.1 M ammonium bicarbonate increased IRI 

activities of various AFPs, ranging from 4- to 10-fold.  When the AFP solutions are snap-

frozen, most of the water is incorporated into ice, while a small volume of liquid 

containing a high solute concentration remains between the ice grains, similarly 

increasing the effective solute concentration.  

The most surprising result of this study is that hyperactive AFPs are, on average, 

no more active at IRI than are the moderately active AFPs.  And yet, significant reduction 

in TH activity due to mutations at the ice-binding site is accompanied by a similar 

reduction in IRI activity.  How can AFPs with TH activities that differ by more than 10-
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fold have so similar IRI activities?  Although TH and IRI both depend on the interaction 

of AFPs and ice, we speculate that the limit or endpoint of TH most likely occurs because 

of some small defect in the coverage of the AFP-bound ice surface that is surrounded by 

supercooled water.  The overgrowth of just one surface-bound AFP out of millions could 

theoretically trigger uncontrolled ice crystal growth.  The crystal is metastable and the 

loss of containment is a stochastic event.  In contrast, IRI is a bulk phenomenon where 

movement of melt water takes place over a huge surface area (the combined surface 

area of all the smaller ice crystals).  A small gap in the coverage of the ice surface by 

AFPs will not accelerate IRI to a perceptible degree.   

This rationalization is in line with our observations on the TH activity of 

hyperactive and moderately active AFPs (63).  Since even moderately active AFPs bind 

irreversibly to ice, the explanation for hyperactivity lies not with the strength of binding 

to ice (68) but the difference in the ice coverage.  Ice growth from the basal planes 

parallel to the c-axis after 1-2 C˚ of undercooling is characteristic of moderately active 

AFPs and is evidenced by the “burst” at the tips of hexagonal bipyramidal ice crystals.  

Fluorescent tagging confirmed that the high TH activity of CfAFP is due to its affinity to 

the basal plane, whereas the moderately active type III AFP showed no affinity for this 

ice-binding plane (69).  Clearly, hyperactive AFPs give better protection from ice growth 

by providing a more complete ice surface coverage than the non-hyperactive AFPs and, 

therefore, they allow much higher TH activity. 

Under recrystallization conditions where temperatures are close to melting, 

rapid movement of water between grain boundaries is inhibited by AFPs (27).  Ice grains 
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are considerably more stable than single, supercooled ice crystals within the TH gap.  

The overgrowth of an AFP by water molecules at any site on the ice surface will not 

destabilize ice grains.  The lack of correlation between IRI and TH activities for wild-type 

AFPs is reminiscent of partitioning experiments of wild-type fish and insect AFPs into ice 

(70), which illustrated that both hyperactive and non-hyperactive AFPs were bound and 

included into ice to similar extents (70).  Therefore, the superior TH of hyperactive AFPs 

does not reflect a difference in their affinity for ice but rather better coverage of the 

growth susceptible surfaces on the ice crystal.  As long as the ice grains have been 

stabilized at recrystallization temperatures, no systematic difference in IRI should be 

expected among the various AFPs.   

Although all wild-type AFPs may adsorb to ice with similar affinities, the 

introduction of steric mutations to the ice-binding site appears to “spoil” this 

interaction.  For example, substitutions such as the type I A17L and A21L mutations and 

the LpAFP T53L and T67Y mutations drastically disrupted TH and IRI activities (Figures 

2.3 and 2.4).  The most likely explanation for the lower activity of these steric mutants is 

that they reduce the complementarity between the ice surface and the AFP and it takes 

longer to find a match to ice.  Once bound, however, adsorption seems to be 

irreversible, which may explain why ice crystals that do form with mutant AFPs are 

stable in the smaller TH gap, that is, at an elevated temperature.  Indeed, ice 

partitioning experiments also showed that steric mutations on the ice-binding surface 

reduce the ability of the AFP to partition into ice (70).  Importantly, the correlation 
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between TH and IRI activities of these steric mutants indicates that the ice-binding sites 

responsible for freezing point depression are also responsible for IRI activities.   
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CHAPTER 3  DE NOVO  DESIGN OF AN ICE-BINDING PROTEIN 
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3.1 ABSTRACT 

 

Numerous models have been proposed for the ice-binding mechanism of 

antifreeze proteins (AFPs).  Some previous proposals, such as the ‘lattice matching’ and 

‘lattice occupancy’ models were disproved by experimentation.  One of the working 

hypotheses, the ‘hydrophobic’ model, suggests the ice-binding surface is relatively flat 

and hydrophobic, occupies a significant percentage of the AFP’s surface area, and 

presents extensive van der Waals or hydrophobic contacts that fit to the ice surface.  To 

test this model, a regular array of sixteen threonine residues in two ranks were 

engineered onto one of the four planar sides of Np275/6, a quadrilateral beta-helical 

protein from the cyanobacteria Nostoc punctiforme.  This mutant of Np275/6, 

designated as ‘eight TXT mutant’, was expressed, purified and confirmed to exhibit a 

low level of thermal hysteresis (TH) activity.  Although the TH activity of the mutant 

protein was relatively low compared to the natural AFPs, it helped establish the validity 

of the ‘hydrophobic’ hypothesis.  Furthermore, the insight gained from this study will aid 

in the design of more potent AFPs that will be useful for applications in medicine and 

biotechnology.    
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3.2 INTRODUCTION 

 

Antifreeze proteins (AFPs) are biological antifreezes found in numerous freeze-

tolerant organisms such as fish, arthropods, plants, bacteria and fungi, to protect 

against or reduce the damage caused by freezing (58).  In addition to the protective 

effect this group of proteins provides to these organisms, their potential roles in 

extending storage time of cells, tissues, organs and blood, as well as enhancing tumour 

cell destruction during cryosurgery, has sparked the interests of many research 

disciplines.  However, all these applications seem to be undertaken without an answer 

to the basic question: How do AFPs bind to ice?  Despite the acquisition of a number of 

AFP three-dimensional structures and the identification of their ice-binding sites by 

mutagenesis, the basis of AFP adsorption to ice is still something of an enigma.  With the 

information we have gathered from structures and mutagenesis experiments, we 

reasoned that it might be possible to convert an unrelated protein to an AFP for gain of 

function analysis.  Using this approach, one can be more confident about the type of 

surface features required for AFP adsorption to ice.  In this paper, the contribution of 

flatness in conjunction with orderly-spaced Thr residues to ice-binding and antifreeze 

activity were investigated.    

   AFPs help organisms survive below 0˚C by binding to the surface of ice crystals 

and inhibiting their growth.  Although there are techniques available to identify both the 

ice-binding face (IBF) on the AFP and the plane of ice to which it binds, there are 

currently no reliable methods of studying this interaction other than molecular 

modeling.  For example, it is not possible to co-crystallize an AFP (receptor) bound to ice 
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(ligand) because of the highly dynamic nature of the latter (7).  Hence, the molecular 

mechanism of binding is still unclear.  One of the unanticipated difficulties in studying 

the AFP-ice interaction lies with the remarkable diversity in the sequences and 

structures of the different AFPs, making the search for a common structural motif or 

theme difficult.  Although efforts have been made to understand how these proteins 

bind to ice, both the ‘lattice matching’ model (42) and the ‘lattice occupancy’ model (43) 

described in chapter 1, suggested that hydrogen bonding is mainly responsible for the 

AFP-ice interaction.  However, these proposals are limited in explaining AFPs’ higher 

affinity for ice than the surrounding water.  Indeed, thermodynamic considerations 

argue that hydrogen bonding to the disordered water molecules would be preferred 

over that to ice.  Reliance on hydrogen bonding partners such as Asx residues and Thr 

hydroxyl groups suggested by these models also became problematic when it was 

shown that Asx (48) and Thr residues were non-essential for AFP-ice binding (45-47).   

The demise of the hydrogen bonding hypothesis for the interaction between AFP 

and ice has refocused attention on the need to compare the IBFs of several dissimilar 

AFPs to provide some insights about the AFP-ice binding mechanism.  A comparison of 

the IBFs of a number of AFPs revealed that most of them devote a substantially large 

proportion of the protein’s surface area to ice-binding (14 – 26% of total surface area; 

unpublished data).  Also, the IBFs appear to be relatively hydrophobic and flat, meaning 

that they are devoid of projections, cavities or discontinuities (7).  Additional analyses 

revealed that these IBFs tend to be Thr- and/ or, Ala-rich.  In this ‘hydrophobic’ model, a 
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relatively large, hydrophobic, planar surface appears to form the basis of the AFP-ice 

interaction.  

 

3.3 PRELIMINARY RESULTS FROM PROTEIN MODELING 

 

3.3.1 ENGINEERING A NEW AFP 

 

In order to validate the ‘hydrophobic’ model, the objective was to engineer a 

new AFP out of an unrelated protein.  A number of proteins showed promise as 

candidates for conversion into AFPs.   Among these structures, Np275/6, a protein 

found in the nitrogen-fixing cyanobacteria, Nostoc punctiforme, appeared to contain 

some of the properties suggested in the model.  Np275/6 is a member of the 

pentapeptide repeat protein family.  Amino acid sequences of members from this family 

are composed of tandemly encoded repeats with the consensus sequence 

[S,T,A,V][D,N][L,F][S,T,R][G] (71, 72).  The function of Np275/6 has not yet been 

identified; however, the X-ray structure of the protein was solved up to 1.5 Å resolution 

and revealed a highly symmetric right-handed quadrilateral beta-helix (RHQBH) (Figure 

3.1).  This RHQBH structure is similar to that of the mycobacterial protein, MfpA, which 

has a role in fluoroquinolone resistance and DNA gyrase inhibition (73).  Np275/6 had 

potential for conversion into a new AFP because it has a beta-helical structure which is 

also found in two insect AFPs (21, 40), two plant AFPs (74, 75), and one bacterial AFP (55).
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Figure 3.1  Ribbon representations and amino acid sequence of Np275/6 from Nostoc 

punctiforme.  Np275/6 forms a right-handed quadrilateral beta-helix with a rectangular 

prism shape.  (A) Side-view of Np275/6 showing the capping structure present only at 

the N-terminal end.  Np275/6 consists of 7.75 coils.  (B)  Head-on view at the N terminus 

of the protein indicating the four relatively flat faces of the quadrilateral beta-helix.  (C)  

Amino acid sequence based on the four-sided structure of the protein.  The protein has 

four faces with each coil around the β-helix comprised of five residues per side as 

illustrated in B.  The middle i residue is hydrophobic and projects inward, and is almost 

always a Leu.  The i-2 residue is found at the corner of the beta-helix and tends to be a 

small hydrophobic residue (mostly Ala) that has its side chain projecting into the core of 

the β-helix.  The external facing i+2 residue is located at the turn and is typically Gly.  The 

i-1 and i+1 residues have their side chains facing outward.   

Source: Figure 3.1C adapted from Vetting et al. (2007) (73) 

.   
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Also, the protein represented a good candidate because it has four relatively flat faces, 

and planarity is a common property of most IBFs.  Moreover, if only one of the four 

faces was engineered into an IBF, the protein would have close to 25% of its total 

surface area for potential ice-binding and fall within the range of most of the known 

IBFs, which devote 14 – 26% for interaction with ice.   

The next step was to decide which one of the four faces was most suitable for 

conversion into an ice-binding surface.  The two different insect AFPs both use a regular 

array of Thr-X-Thr (TXT, where X represents any inward projecting amino acid) motifs on 

a flat beta-sheet to bind to ice (21, 40).  Since Np275/6 is a flat beta-helix (Figure 3.2), it 

was reasonable to place a number of TXT motifs on one of its four faces.  Dr. A. J. 

Scotter in our lab had previously modeled the TXT motifs onto each face of Np275/6 

using the mutagenesis tool in PyMol (76).  He modeled the i-1 and i+1 residues (see 

Figure 3.1C) on each face to Thr residues, creating two straight rows of Thr as observed 

in the insect AFPs.  The modeling revealed that some of these side chain replacements 

generated structural irregularities on faces 1 and 2, resulting in a relatively less ordered 

surface (Figure 3.3).  Nevertheless, face 3 showed a continuous TXT surface covering 

eight coils while face 4 also had a good surface but covering only seven coils.  Thus, face 

3 seemed to be the best candidate for conversion into an IBF.  As well, an initial 

hydrophobicity analysis was performed on all four faces since the ‘hydrophobic’ model 

proposed that the IBF is the most hydrophobic surface on the AFP (Figure 3.4).  Prior to 

mutagenesis, all four faces showed approximately the same degree of hydrophobicity.  

Remarkably, modeling eight TXT motifs onto face 3 of Np275/6 would make this face 
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Figure 3.2  Similarity between structures of insect AFPs and Np275/6 protein.  Helix, 

sheet and loop are represented in red, yellow and green, respectively.  All three 

structures are beta helices, containing at least one flat face.  (A). Right-handed beta-

helix from Tenebrio molitor AFP.  (PDB reference 1EZG) (B)  The left-handed beta-helix 

of Choristoneura fumiferana AFP takes the shape of a triangular prism.  (PDB reference 

1Z2F) (C)  Nostoc punctiforme Np275/6 with a right-handed quadrilateral beta-helix fold 

(PDB reference 2J8K). 
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Figure 3.3  TXT motifs modeled onto each face of Np275/6.  (Top):  Surface 

representations of the quadrilateral beta-helix showing the regularity of each face.  

Carbon, nitrogen and oxygen atoms are highlighted in green, blue and red, respectively.  

Threonine residues are coloured in white.  (Bottom): Stick representations of the 

threonine residues on each face. 

Courtesy of Dr. A.J. Scotter. 
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Figure 3.4 

 

 

 

                 

  

       

      Face 1  Face 2       Face 3           Face 4          TXT-modeled  

             Face 3 
 

Figure 3.4  Hydrophobicity analysis of the four faces of the Np275/6 protein.  Surface 

representations of Np275/6 showing the hydrophobic (white), acidic (red) and basic 

(blue) residues.  Far right: Sixteen threonine residues are modeled onto face 3 of 

Np275/6. 
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the most hydrophobic surface on the protein.   

 

3.3.2 ANALYSIS OF FACE 3 OF NP275/6 

 

Comparison of the IBF of TmAFP from Tenebrio molitor and the TXT modeled-

face 3 of Np275/6 revealed some similarity in structure (Figure 3.5).  The IBF of TmAFP 

contains a total of ten Thr residues including four TXT motifs (where the X residue is 

always Cys).  TmAFP has a sterically unhindered surface for ice-binding and a highly 

regular beta-helical structure.  A total of sixteen mutations would be needed to model 

all the i-1 and i+1 residues on face 3 of Np275/6 to Thr residues, giving a total of eight TXT 

motifs.  The mutated face 3 appears to be highly similar to TmAFP in terms of flatness 

and regularity.  However, the two structures are significantly different in terms of the 

distances between the Thr side chains.  In TmAFP, the vertical, horizontal and diagonal 

distances between the hydroxyls from the Thr residues on the IBF are always constant 

(Figure 3.6A).  The strikingly regular structure of the IBF is thought to facilitate AFP 

binding to ice by matching distances between the Thr residues to those between O 

atoms on various planes of ice, most notably the primary prism and basal planes.  On 

the other hand, the distances between the hydroxyl groups on the mutated surface of 

face 3 show more variation and are different from those found on the TmAFP (Figure 

3.6B).  Moreover, Thr residues that belong to the same coil are positioned 180˚ from 

each other in TmAFP, whereas the residues are angled at 135˚ from each other in 

Np275/6 (green, Figure 3.6).  This finding suggested that the engineered protein, if 
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Figure 3.5 
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Figure 3.5  Comparison of surface features of TmAFP and face 3 of Np275/6.  (Top): 

The ice-binding face (arrow) of TmAFP with ten threonine residues shows high degree of 

planarity and regularity.  (Bottom):  TXT-modeled face 3 of Np275/6 with sixteen 

threonine residues.  The potential ice-binding face is indicated by an arrow.   

Source: Courtesy of Dr. A.J. Scotter. 
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Figure 3.6  Comparison of the distances between the hydroxyls of threonine residues 

from both the TmAFP’s IBF and the TXT-modeled face 3 of Np275/6.  (A,B). The 

horizontal distance (purple) between the two ranks of threonines are closer in face 3 

compared to TmAFP.  The diagonal distances (blue and red) are highly variable in face 3, 

in contrast to the constant distance of 8.8 Å in TmAFP.  Although the vertical distance 

(black) between threonine residues on face 3 varies between 4.7 Å and 5.4 Å, it is a 

close match to the TmAFP.  (C)  The threonine residues become slightly disordered after 

the molecular dynamics simulation but the threonines from each row apparently 

become directly adjacent to each other similar to the insect AFP (green).  The horizontal 

and diagonal distances are also more similar to the insect AFP than before the 

simulation.   
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functional, would likely bind to a different plane(s) of ice than the insect AFPs.  A 

molecular dynamics simulation was performed on this protein model in order to 

determine the stability of the mutant protein.  Interestingly, the simulation caused each 

of the four faces of the protein to flatten out and created a bulge at each corner (Figure 

3.7).  The Thr residues were placed with the same rotameric configuration prior to 

simulation.  After simulation, the vertical distances between neighbouring strands on 

the sheet are approximately the same as before, and the horizontal and diagonal 

distances become more similar to those of TmAFP (Figure 3.6C).  It was found that the 

Thr residues on the left took on different rotameric configurations.  As a result, they 

form a less linear row and the vertical distances between these residues are also more 

variable.  In contrast, the Thr residues on the right form a much more linear row and the 

vertical distances are much less variable.  More importantly, the two parallel rows of Thr 

residues are now aligned with each other such that a line joining adjacent Thr from the 

two rows is at 90˚ to each row.  The horizontal distances are between 6.1 Å and 8.7 Å 

which are relatively close to the equivalent TmAFP distance of 7.3 Å.  In terms of 

diagonal distances, instead of having significantly smaller or larger values between the 

Thr residues as shown in the model prior to simulation, now the new distances appear 

to be much closer to the insect AFP values.  The simulation had made a number of 

predictions; first, it suggested that the mutant protein should remain relatively stable 

after the sixteen mutations since the model did not become unstructured during the 

simulation; secondly, the mutant may have a reasonable chance of adsorbing to the ice 

surface because face 3 became more planar after the mutations.  On the other hand, 
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Figure 3.7  Pre- and post-molecular dynamics simulations of face 3 of Np275/6 mutant 

protein.  Threonyl residues are shown in stick representation. (A)  There are significant 

curves observed on this face of the protein as viewed from the N terminus prior to 

simulation.  (B)  During the simulation, each of the four faces of the protein flattens and 

the two rows of threonine residues move farther away from each other, creating bulges 

at the corners.  (C)  The images are overlapped to show the structural differences before 

and after simulation. 
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the bulges created at the corners may potentially block the Thr residues from 

interacting with the ice surface (Figure 3.7B).   

 

3.3.3 HYPOTHESIS AND SPECIFIC AIMS 

 

After performing these theoretical analyses, attempts were made to engineer 

eight adjacent TXT motifs onto face 3 of Np275/6.  Specifically, Thr residues were 

introduced into the i-1 and i+1 positions of face 3 of Np275/6 quadrilateral helix using 

multi site-directed mutagenesis (Figure 3.8).  The wild-type (WT) Np275/6 protein was 

expressed, purified and crystallized according to the previously described methods (73), 

in order to have a basis for comparison and ensure problems encountered in 

subsequent experiments were due to the mutations alone.  The effect of the WT protein 

on ice was tested to make certain there is no intrinsic antifreeze or thermal hysteresis 

(TH) activity.  The same methods were applied to the mutant protein and TH activity 

was tested following its production and purification.  One hypothesis was that Thr 

residues are key attributes to AFP adsorption to ice, in addition to a large, planar 

surface.  The WT protein was not expected to have any antifreeze activity since it has 

neither a Thr- nor an Ala-rich surface.  On the other hand, if the mutant with all sixteen 

mutations had TH activity, it would illustrate that a regularly-spaced, Thr-rich surface 

could provide a platform for docking onto the ice surface and bring about the inhibition 

of ice growth.   
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Figure 3.8 

                

 

 

Figure 3.8  Sequence and structural representations of TXT-modeled Np275/6 protein.  

(A)  Amino acid sequence based on the quadrilateral structure of the protein showing 

the positions where the residues are mutated to threonines (red).  (B)  Threonine arrays 

of the Np275/6 model.  Yellow: carbons; red: oxygens 

Source: Figure 3.8A adapted from Vetting et al. (2007)(73). 
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3.4 EXPERIMENTAL PROCEDURES 

 

3.4.1 PROTEIN EXPRESSION AND PURIFICATION 

 

The WT Np275/6 construct was obtained from Dr. John S. Blanchard (Albert 

Einstein College of Medicine, New York, USA) and contains an N-terminal His-tag.  The 

WT construct was recombinantly expressed, purified and crystallized as previously 

described (73).   

 The triple-mutants were expressed and purified using the same method 

described for the WT protein except 8M urea was added to the cell lysate to improve 

purification on the Ni-agarose column.  The eluted protein fractions were subsequently 

pooled and dialyzed against 15 mM Tris-HCl (pH 8.0) and 100 mM NaCl.   

 The eight TXT mutant protein of Np275/6 was expressed using a similar method 

as the WT protein.  Initially, nickel affinity purification was used, followed by Q-

Sepharose anion-exchange chromatography.  Subsequently, fractions containing the 

mutant were pooled and further purified by ice affinity purification as previously 

described (Figure 3.9) (70, 77).    
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Figure 3.9 

 

 

 

Figure 3.9  Apparatus for ice affinity purification.  The temperature of the “cold finger” 

(hollow metal rod) is controlled by a computer which cools it from temperature A to 

temperature B over a chosen time period.  The cold finger is initially seeded with a thin 

sheet of multicrystalline ice by submerging the cold finger in water.  Subsequently, the 

seeded cold finger is placed in a dilute solution of AFP which enables the protein to bind 

to the slowly growing ice hemisphere. 
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3.4.2 MULTI SITE-DIRECTED MUTAGENESIS 

 

Mutagenesis was performed using the QuikChange Multi Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA, USA).  All DNA fragments were amplified by 

PCR with the WT construct as template.  Primers for coils 1-8 (C1-8) were as follows: 

C1, 5 ̕-ACTTGAGGGGTGCAACCTTGACAAACATCAATCTCAG-3 ̕ 
C2, 5 ̕-TGCTAGATGAAGCAACGTTGACACAGGCAAATCTCAG-3 ̕ 
C3, 5 ̕-ACGCTCAATGGTGCAACGTTAACAGGGGCTAATTTAAG-3 ̕ 
C4, 5 ̕-TTCTTGACAATGCAACGTTAACAGGTGCAATTCTTGA-3 ̕ 
C5, 5 ̕-AATCTCAAAGCTGCTACCCTGACGCAGGCGATTCTTAG-3 ̕ 
C6, 5 ̕-GATTTGAGTGAAGCTACTTTGACGGCCGCAGATTTGAGCGG-3 ̕ 
C7, 5 ̕-ATTTGCATCAGGCAACGTTGACCCAAGCTGCATTAGA-3 ̕ 
C8, 5 ̕-TAATCTAGAAGATGCAACGTTAACGGGGACTATTTTAGA-3 ̕ 
 

The underlined nucleotides are the codons targeted for mutagenesis.  Mutations were 

confirmed by DNA sequencing (Cortec, Kingston, ON, Canada; or Robarts Research Inst., 

London, ON, Canada). The first round of mutagenesis was performed with primers 

targeted to the first four coils from the N terminus.  The mutant plasmid DNA was 

sequenced and clones were obtained where three of the four primers had created 

mutations (in coils 1-3 and 1, 3, 4).  Subsequently, these triple-mutants were subjected 

to another round of mutagenesis, which resulted in a mutant with five TXT motifs found 

in coils 1, 3-5 and 7.  A third round of mutagenesis included all the desired mutations.   

3.4.3 MEASUREMENT OF TH AND ICE CRYSTAL MORPHOLOGY 

 

TH activity assays and ice crystal morphology studies were done as previously 

described (62) with minor modifications: the temperature was lowered continuously at 

a rate of 10 mOsm per min (1 Osm = 1.86 Celsius degree) until the depressed freezing 

temperature was reached, at which point the crystal grew rapidly.    
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3.5 RESULTS 

 

The WT protein had no TH activity at a concentration of 10 mg/mL as indicated 

by the inability of the protein to inhibit ice crystal growth with decreasing temperature.  

In addition, the ice crystals grew as a circular disc as in the absence of AFPs.  This 

established that the WT Np275/6 protein did not have intrinsic ice-binding activity. 

The triple-mutants were not fully recovered using nickel affinity purification 

under non-denaturing conditions when using the previously described method (73).  It 

was suspected that the inability of the proteins to bind to the nickel column was due to 

misfolding of the proteins caused by the mutations, which potentially masked the HIS-

tags.  Thus, 8M urea was added to the cell lysate and the denatured mutant proteins 

successfully bound to the column (Figure 3.10).  The same purification methods as the 

WT protein (Ni-agarose purification and ammonium sulfate precipitation) were 

subsequently performed but only one of the triple-mutant proteins was recovered 

through all of the chromatography steps.  Similar to the WT protein, there were no signs 

of ice crystal growth inhibition associated with this triple-mutant protein and the ice 

crystals grew as a circular disc, which is indicative of absence of TH activity.   

Next, the mutant protein with all eight TXT motifs engineered (‘eight TXT 

mutant’) was expressed.  The mutant protein was selected using nickel affinity 

purification under non-denaturing conditions.  The elution fraction was found to be 

significantly impure using 10% SDS-PAGE (Figure 3.11).  The impurities were possibly 

caused by the exposure of the highly hydrophobic core of the mutant protein to the 
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Figure 3.10  Nickel affinity-purified fractions of triple mutants separated on a 10% Tris-

Tricine SDS-PAGE.  Red arrow indicates the Np275/6 eight TXT mutant protein.  (A) 

Triple-mutant #1 with mutations in coils 1,2 and 3.  (B) Triple-mutant #2 with mutations 

in coils 1, 3 and 4.  MW, molecular weight; FT, flow-through. 
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Figure 3.10 
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Figure 3.11 

 

 

 

 

 

Figure 3.11  Nickel affinity-purified fractions of eight TXT mutant separated on a 10% 

Tris-Tricine SDS-PAGE using non-denaturing condition.  Red arrow indicates the 

Np275/6 eight TXT mutant protein.  FT, flow-through. 
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surface, thus making the protein “sticky”.  In other words, the misfolded mutant protein 

probably bound to other proteins in the cell lysate as a result of the hydrophobic effect, 

to avoid exposure of their hydrophobic patches.  Therefore, the elution fraction was 

further purified using Q-Sepharose anion-exchange chromatography, since the 

theoretical pI of the mutant protein is 4.94, followed by ice affinity purification as 

previously described (70, 77).  The latter technique is dependent on the affinity of AFP 

to ice; it involves growing a hemisphere of ice in the presence of a dilute solution of the 

AFP during which AFPs bind to the ice and are overgrown and captured into the ice.  The 

advantage of this method is two-fold: first, it could test the affinity of the mutant 

protein for ice and second, it would help exclude contaminating proteins.  Interestingly, 

there were distinct ridges found on the surface of the ice hemisphere that are indicative 

of protein binding to ice (Figure 3.12).  This pattern has been observed previously with 

known AFPs such as the snow flea AFP (inset, Figure 3.12) (78).  Both the ice and liquid 

fractions were electrophoresed on 10% Tris-Tricine SDS-PAGE to compare the 

partitioning of the protein between ice and liquid (Figure 3.13).  Remarkably, the only 

major protein that was able to partition into the ice fraction was the eight TXT mutant 

protein whereas contaminating proteins were excluded, strongly indicating that this 

protein had affinity for ice.  More convincingly, TH activity of the eight TXT mutant was 

assayed at a concentration of approximately 0.115 mg/mL and inhibition of ice crystal 

growth was observed.  It was found that the mutant protein was capable of producing 

small, hexagonal bipyramidal ice crystals without apices (Figure 3.14A).  The ice crystal 

morphology of the mutant protein suggested that the binding planes were pyramidal 
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Figure 3.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12  Ice affinity purification of Np275/6 eight TXT mutant protein.  Ice 

hemisphere of Np275/6 eight TXT mutant.  The cold finger was cooled from -1 ˚C to -3.1 

˚C over ~41 h.  The image was taken at the completion of the program.  Note the ridges 

on the ice hemisphere, which is indicative of protein binding to the ice surface.  Inset: 

ice hemisphere grown from snow flea homogenate.  

Source: Figure adapted from Graham and Davies (2005) (78). 
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Figure 3.13 
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Figure 3.13  Fractionation of proteins enriched by ice affinity purification separated on 

a 10% Tris-Tricine SDS-PAGE.  Lanes 1-4: 5, 10, 20 and 1 µL of liquid fraction, 

respectively.  Lanes 5-8: 1, 5, 10 and 20 µL of ice fraction, respectively.  Red arrow 

indicates the Np275/6 eight TXT mutant protein. 
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Figure 3.14  Ice crystal morphology of the Np275/6 eight TXT mutant.  (A)  Ice crystals 

formed in the presence of 0.115 mg/mL of protein in 0.1 M ammonium bicarbonate 

(NH4HCO3).  Left to right: the ice is melted to a single crystal and shaped into a hexagon.  

The crystal is held for 1 min with no growth.  The temperature is lowered by 10 mOsms 

per min.  At slight undercooling, water joins the ice lattice and the ice crystal is shaped 

into a hexagonal bipyramid.  As the temperature is further lowered, the hexagonal 

bipyramid is even more elongated.  Finally, the crystal loses the ability to retard the 

expansion of new ice sheets and grows after the temperature was lowered by 0.17 C˚ 

overall (equivalent to 90 mOsms).  The schematic diagram illustrates the shape of the 

ice crystals as a hexagonal bipyramid without the apices.  P = pyramidal planes; F = flat 

region (B)  The experiment was repeated.  Ice crystals are formed in the presence of 

0.224 mg/mL of protein in 0.1 M NH4HCO3.  The single crystal is viewed normal to the c-

axis which clearly demonstrates the interior angle between the pyramidal faces and the 

flat region is > 90˚ (blue).  (C)  In the absence of the mutant protein, no inhibition of 

crystal growth is observed and the ice crystal grows as a rounded disc. (D)  In the 

presence of 10 mg/mL of WT Np275/6, the ice crystal grows as a circular disc and 

inhibition of growth is not observed.  (E)  The triple mutant (0.658 mg/ mL) is unable to 

inhibit the growth of the ice crystal which has the shape of a rounded disc.    
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Figure 3.14 
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since the interior angle between the flat region and the pyramidal planes is larger than 

90˚.  The ice crystals did not grow appreciably until the stage temperature was lowered 

by an average of 90 mOsms, which is equivalent to TH activity of 0.17 C˚.  When the 

experiment was repeated, the second preparation showed a slightly lower activity (0.06 

C˚) which could be resulted from incomplete refolding of the protein (Figure 3.14B).   

 

3.6 DISCUSSION 

 

The ice-binding model mentioned previously proposed that the surface of the IBF 

is relatively large, flat, hydrophobic, and tends to be Thr- and/ or Ala-rich.  The WT 

Np275/6 protein contains four relatively large and flat surfaces but was confirmed to 

have no TH activity.  In order to establish the importance of these attributes for ice 

binding, eight TXT motifs were engineered onto one of the four faces of the WT protein 

using multi site-directed mutagenesis.  The mutant with only three TXT motifs had no TH 

activity but excitingly, the mutant with eight TXT motifs showed inhibition of ice growth.  

This finding demonstrated the significance of the Thr residues, but also the importance 

of the flatness, hydrophobicity and regularity of these residues on ice-binding and TH 

activity.  Although this study is, by itself, unable to identify the exact role(s) the Thr 

residues play in the ice-binding mechanism, it may support the suggestion that the Thr 

gamma-methyl group participates in hydrophobic interaction with the ice surface 

through the hydrophobic effect and provides the force for initial binding and stability 

(47).  Moreover, the hydroxyls from Thr may be involved in hydrogen bonding which 
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helps binding specificity and stability.  In this role, they might be screened from contact 

with the solvent water by the adjacent methyl groups. 

 Indeed, we have taken a large stride forward to advance our understanding of 

the AFP-ice binding interaction by converting an unrelated protein into an AFP.  The 

biggest barrier at this point is our inability to obtain sufficient folded protein for various 

types of structural analyses such as circular dichroism and X-ray crystallography.  Since 

the introduction of sixteen mutations to a protein caused some instability of the 

structure, a possibility in the future is to enrich recovery of the folded mutant protein 

from the cell lysate by optimizing various parameters such as temperature of growth 

and protein induction, and cell lysis conditions to encourage better protein folding.  A 

GST (glutathione-S-transferase)-tag could be fused to the C terminus of the mutant 

which may help refold the protein and increase protein solubility.  Furthermore, 

chaperones could be used to assist protein folding in vivo.  In addition, methods of 

protein purification should be adjusted and optimized to obtain significantly purer 

preparation of the full mutant for structure determination.  Once the protein structure 

is determined, based on the structure, it might be possible to make additional mutations 

to adjust the planarity of the IBF or the positioning of the putative ice-binding residues.  

Furthermore, the plane of ice to which the de novo-designed AFP binds will also need to 

be determined.  This can be done by a modification of the ice etching method (20) in 

which green fluorescent protein is linked to the engineered AFP by a flexible linker.  The 

relative contribution of hydrophobicity could be investigated by mutating some surface 

hydrophilic residues to hydrophobic residues on face 3 of the WT and mutant proteins.  
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Continuing with this theme, one could try to convert other proteins into an AFP, as this 

will allow us to further investigate the relationship between structure and TH activity.   

AFPs are a highly diverse group of proteins that share no sequence or structural 

homology, but serve a common function.  Some details of individual proteins, such as 

the ice-binding sites and structures, have been determined for almost all known AFPs; 

however, the general AFP ice-binding mechanism has long remained a mystery.  Part of 

the solution will be revealed as we continue to engineer more active AFPs out of 

unrelated proteins to test the new ice-binding model.  The results from this experiment 

further lend support to the suggestion that a beta-helix provides an ideal platform for 

binding to the ice lattice (40).  Even so, a considerable number of questions remain to be 

answered before the mechanism of the AFP-ice interaction can be solved.  If the beta-

helical AFPs provide the ideal scaffold to produce the required rigidity of the ice-binding 

site, why were they never evolved in fish?  Also, the roles of Thr and Ala side chains in 

ice binding need to be investigated.  Some answers may come from determination and 

modification of the structures of the mutants as suggested previously.   
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CHAPTER 4  GENERAL DISCUSSION 

 

The previous chapters share one objective: to better understand the ice-binding 

mechanism of AFPs.  In chapter 2, the comparison of IRI and TH activities of wild-type 

AFPs from fish, insects and bacteria revealed that TH hyperactivity is not mirrored by 

increased IRI activity, but that decreases in TH activities due to mutation of an AFP’s IBF 

are reflected in their IRI activities.  These findings provided the experimental evidence 

that IRI and TH use the same protein surface for ice binding. They also gave rise to a new 

hypothesis for explaining the difference in the two activities in terms of the stability of 

ice crystals above and below the equilibrium freezing point.  Chapter 3 described the 

process of engineering an ice-binding protein from an unrelated protein that has four 

large, planar surfaces.  Although the important findings from these studies were 

described in the previous chapters, there still exists many opportunities to further 

discuss, investigate and improve on the experimental designs of both the IRI and the 

AFP engineering experiments.  Hence, the following discussion will focus on: i) designing 

an experiment to visualize IRI; ii) comparing the TH and IRI activities of the engineered 

protein with the natural AFPs; and iii) evaluating other potential protein candidates for 

AFP engineering.    
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4.1 POSSIBLE DETERMINANTS OF IRI HYPERACTIVITY 

 
Having determined that the two natural activities of AFPs, TH and IRI, do not 

correlate in wild-type AFPs, one of the questions that follows is what physiochemical 

feature(s) give these AFPs their varying IRI activities.  This study showed that the fish 

type II AFP and CfAFP had considerably greater IRI activity, at least 4-fold higher, than 

MpAFP and TmAFP.  One of the explanations for why some AFPs have higher TH than 

others is that they are larger (79) or more importantly, their IBFs are larger in area (80, 

81).  Could the size of the AFP be proportional to its IRI activity?  A reason for this might 

be that under recrystallization conditions, where the temperatures are close to melting, 

AFPs inhibit recrystallization by preventing rapid movement of water between the grain 

boundaries (27).  Presumably, an AFP with a larger IBF would be better at inhibiting 

water movement between grain boundaries.  If this is the case, MpAFP, which has the 

largest molecular weight in this group at 34 k, and potentially the largest IBF, should 

have the highest IRI activity, followed by type II AFP, CfAFP, TmAFP, type III AFP and 

lastly, type I AFP.  However, our IRI study presented in Chapter 2 indicated that type II 

AFP and CfAFP had the highest, while MpAFP had the lowest IRI activities among the 

group.  Table 4.1 presents the molecular weights of these AFPs and their corresponding 

IRI activities, illustrating IRI activity of an AFP is independent of its size.   

 Another possibility is that charged and/or hydrophilic residues on the non-IBF 

may play a role in determining the IRI activity of the AFP.  AFPs are largely mobile in 

solution; for example, within the TH gap, they can freely orient themselves to find a 
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Table 4.1 AFP Molecular weights and IRI activities. 

 

AFP Molecular Weight 
(x103) 

Reciprocal of Average  
IRI Activity (µM-1) 

Winter Flounder Type I 3.3 4.5 

Sea Raven Type II 17.0 15.8 

Ocean Pout Type III 6.9 7.0 

MpAFP 34.4 2.2 

TmAFP 4-9 8.4 2.3 

CfAFP 337 9.0 15.3 
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structural match with the ice surface (27).  On the other hand, AFPs within 

multicrystalline ice are much less mobile, as in the case of recrystallization.  Due to the 

fact that the non-IBFs of the AFP are also surrounded by a semi-frozen mixture in ice 

recrystallization, it is reasonable to assume that the charged and/ or hydrophilic 

residues on the non-IBF of an AFP may also be involved in interacting with water 

molecules at the ice-water interface.  Currently, there is no evidence supporting the 

possible roles of these charged and/ or hydrophilic groups in IRI.  In the future, one 

could substitute these surface residues on the non-IBFs to determine if they play any 

roles in inhibiting ice recrystallization.   

All known AFPs have only a single IBF.  However, it seems increasingly likely that 

these IBFs generally engage more than one plane of ice.  It is not clear if this is because 

the IBF has the plasticity to fit more than one plane of ice as suspected for the IBFs of 

CfAFP and TmAFP (21).  Another possibility is that the IBF is a compound site evolved to 

bind more than one plane (82).  It will be interesting to find out if these AFPs adsorb to 

the ice surface using multiple ice-binding sites under recrystallization conditions.  LpAFP 

from a perennial ryegrass provides a good example of how multiple ice-binding sites 

might theoretically be used in IRI.  This AFP has one of the lowest TH activities of all the 

characterized AFPs, but showed the highest IRI activity among the AFPs tested in 

chapter 2.  This high IRI activity agrees qualitatively with previous results (23).  LpAFP 

was originally modeled as a beta-roll with two extensive flat beta-sheets on opposite 

sides of the protein, named ‘a-side’ and ‘b-side’ (75).  Although both the ‘a-side’ and ‘b-

side’ have some of the structural features characteristic of an ice-binding surface, such 



80 

as planarity, hydrophobicity and modest structural regularity, the ‘a-side’ was 

experimentally determined as the surface responsible for LpAFP’s TH activity (56).  

Interestingly, our study found that both the ‘a’ and ‘b’ side mutants suffered a 

significant decrease (< 5% and < 10%, respectively) in IRI activities from the wild-type 

level.  The significance of this finding is two-fold: first, more than one ice-binding surface 

might function in IRI; second, superior IRI activity might originate from the AFP’s ability 

to simultaneously use two ice-binding surfaces.  A “double-sided sticky tape model” was 

originally suggested by Kuiper et al., (2001) (75) whereby the LpAFP could use IBFs on 

opposite sides to bind between two ice grains to slow their recrystallization. With this 

being said, LpAFP is the only AFP from a freeze-tolerant organism that was examined in 

the IRI study, there is a possibility that this AFP acts differently from the other AFPs from 

freeze-avoidant organisms.  In order to confirm this “double ice-binding surface” 

hypothesis for IRI, further experimentations with other AFPs from freeze-avoidant 

organisms will be necessary.   

 

4.2 VISUALIZATION OF AFP BINDING TO ICE GRAINS USING 

FLUORESCENTLY TAGGED PROTEINS 

 

The capillary assay is described here as a method to measure the endpoint of IRI 

activity for any AFP.  This method is successful in that it allows one to observe the 

growth of larger ice grains at the expense of smaller ones over time to derive a 

quantitative measure of the IRI activity of the AFP in terms of the lowest protein 
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concentration that still blocks recrystallization.  If one could directly visualize the binding 

of these AFPs to the multicrystalline ice, it would provide us with valuable information 

regarding their specific binding behaviour on the ice grains that can only be surmised 

right now.  Tagging AFPs with GFP has made it possible to study TH in more depth.  In a 

recent study, Pertaya et al. (2008) fluorescently tagged CfAFP to directly observe its 

binding on the surface of ice crystals using fluorescent microscopy (Figure 4.1) (69).  This 

study supported the hypothesis that the hyperactivity of CfAFP in TH originated from its 

ability to bind to the basal planes in addition to prism planes.  In an earlier study (68), 

GFP-tagged type III AFP was used with photo-bleaching to demonstrate the permanence 

of wild-type AFP binding to ice.  GFP tagging could potentially also be applied to IRI to 

observe the binding of AFPs on the multicrystalline ice.  Not only would using 

fluorescently tagged AFPs in IRI assays help us understand the mechanisms by which 

these diverse proteins inhibit ice recrystallization, but will also help determine whether 

AFPs with differential activities bind similarly to the ice grains.  This information could 

shed light on the dynamics of AFP adsorption to the surface of the ice grains.   

 

4.3 COMPARISON OF TH ACTIVITIES OF THE NP275/6 EIGHT TXT 

MUTANT WITH NATURAL AFPS 

 

The focus of chapter 3 of this thesis has been the construction, purification and 

activity testing of the Np275/6 eight TXT mutant protein.  Excitingly, this engineered 
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Figure 4.1  Direct visualization of GFP-tagged CfAFP binding to basal and prism planes 

of ice crystals using fluorescent microscopy.  (A)  Hexagonal ice crystals with six-fold 

symmetry formed in the presence of GFP-tagged CfAFP.  Arrows indicate the basal 

planes of the ice crystal.  A 488 nm filter was used on a confocal microscope to visualize 

the GFP when the image was taken.  (B)  A schematic diagram showing the crystal axes 

and major facets of a hexagonal prism crystal in the presence of CfAFP. 

Source: Figure adapted from Pertaya et al. (2008) (69). 
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protein was observed to have TH activity, strongly suggesting that if the properties of 

flatness, large surface area, hydrophobicity and surface regularity can be incorporated 

into a protein it will potentially bind to ice.   Nonetheless, how does its activity compare 

with the natural AFPs?  A comparison of the TH activities of the AFPs from fish, insects 

and a bacterium reveals that the engineered protein is able to depress the freezing 

point to a similar degree as the fish types I to III AFPs (Table 4.2).  However, the eight 

TXT mutant is about 10-fold weaker than the insect CfAFP, TmAFP and bacterium 

MpAFP.   

In theory, the engineered protein is highly similar to the insect AFPs – a large, 

hydrophobic surface with two regular rows of threonine residues.  What properties are 

responsible then for the significantly weaker TH activity of the engineered AFP?  One 

explanation is that the spacing of the threonine residues on the engineered IBF does not 

match the basal plane of ice.  Since basal plane binding seems to be a common attribute 

of hyperactive AFPs, this deficiency could explain why the AFP never attains 

hyperactivity.  Another complication may arise from the apparent instability of the 

protein.  Under some conditions, the protein had little or no activity as though it was 

incompletely refolded or denatured.  Since a total of sixteen mutations were introduced 

onto one face of the protein, it is possible that this degree of change destabilized the 

mutant protein.  Additional experiments will be needed to confirm this explanation.  It is 

possible that the substitution of some threonines by other amino acids, such as 

asparagine and alanine, might improve ice-binding.  Since the known AFPs do not show 

any sequence similarities, the role of these amino acids in ice binding is still undefined.
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Table 4.2 Comparison of TH and IRI activities of various AFPs and 
Np275/6 eight TXT mutant. 

 

AFP Thermal hysteresis (C◦) 
0.1 mg/mL 

Reciprocal of Average  
IRI Activity (µM-1) 

Winter Flounder Type I 0.14 (51) 4.5 

Sea Raven Type II 0.14 (34) 15.8 

Ocean Pout Type III 0.10 (83) 7.0 

MpAFP 1.80 (55) 2.2 

TmAFP 4-9 1.10 (80) 2.3 

CfAFP 337 0.60 (84) 15.3 

Np275/6 Eight TXT mutant 0.12 0.0 
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For example, alanines were identified to be important for ice-binding in addition to 

threonine residues in the winter flounder type I AFP (51).  Furthermore, MpAFP uses a 

row of threonine and a row of asparagine residues for ice-binding (55).  It is possible 

that substitution of one row of threonines by a row of asparagines or alanines might 

generate a better fit of this engineered surface on the Np275/6 protein to the ice lattice, 

including the basal plane.  

 

4.4 COMPARISON OF IRI ACTIVITIES OF THE NP275/6 EIGHT TXT 

MUTANT WITH NATURAL AFPS – AND THE NEXT STEPS 

 

Considering that the engineered protein acquired ice-binding activity to inhibit 

ice crystal growth, the next question that follows is does it also have IRI activity?  

Unfortunately, the engineered protein was not observed to have IRI activity.  This was a 

surprising result because all proteins with TH activity have previously been found to 

have IRI activity.  Given the large number of mutations introduced on one face and the 

variability of activity observed under different conditions, it is possible that the snap-

freezing of the protein solution might be too “harsh” for this protein.  It would be 

interesting to see if protein stability could be improved if one of the ranks of threonines 

was replaced by Asn, Asp or Ala.  Another option for stabilizing the protein would be to 

introduce pairs of Cys in locations where they could form disulfide bonds to reinforce 

the fold.  This is seen in CfAFP where some disulfide bonds stabilize the corners of the 

beta helix. 
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The findings obtained here are encouraging, nevertheless, they are insufficient 

for one to make hypotheses or conclusions regarding the structural stability and 

potential action of this engineered protein without obtaining a structure.  To better 

understand the reason for the low TH activity of the engineered protein, structural 

analyses, including circular dichroism, NMR and X-ray crystallography, should be 

undertaken.  To date, one of the barriers to doing this is the low recovery of the 

engineered protein produced in E. coli and the difficulty we have had in obtaining 

solutions of it at the high concentrations needed for NMR and crystallography.   

 

4.5 IDENTIFYING OTHER POTENTIAL ENGINEERING CANDIDATES 

USING A COMPUTER ALGORITHM 

 

Chapter 3 described one particular attempt to engineer an AFP by incorporating 

what we perceive to be key properties onto a non-AFP scaffold.  One of the ways around 

some of the experimental difficulties encountered with this trial would be to use a 

variety of other scaffolds.  Doxey et al., (2006) have developed a computational 

approach that could identify potential AFPs (64).  The logic of the algorithm, and more 

importantly, the identification of other potential candidates for AFP engineering using a 

modified version of the algorithm will be discussed.   

Due to the computational expense involved, Doxey et al. (2006) simplified the 

search to formulate the ordered surface carbons (OSCs) algorithm.  The basis of the 

OSCs algorithm is that surfaces having spatially regular atoms could be complementary 
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to, and hence, likely to bind to an ordered surface such as ice.  It is expected that the 

ice-binding sites of the AFPs have a significantly higher probability of encompassing a 

highly ordered surface than other faces of the proteins.  According to this model, the 

algorithm will identify ice-binding surfaces on a protein.  Spatial regularity is computed 

by drawing vectors between selected atoms (vector comparison method) and 

identifying neighboring atoms that form a repetitive pattern (Figure 4.2).   

It would be too computationally intensive to assess all the atoms in the structure 

for spatial regularity.  Thus, several restrictions were incorporated into the algorithm 

that allows only the favourable atoms to be included in the scoring process.  Firstly, the 

algorithm excluded all, but solvent-accessible apolar carbons when assessing spatial 

regularity.  Furthermore, the reason that carbon atoms were selected was that previous 

computational analyses suggested that carbon atoms (from methyl groups) penetrate 

into the grooves of the ice lattice, forming surface complementarity with ice through 

van der Waals interactions (51, 85).  Secondly, carbon atoms from aromatic and charged 

amino acids were excluded since aromatic residues often form projections and, or 

discontinuities on the protein surface which were shown to disrupt TH activity 

significantly (21, 54, 83, 86).  Also, charged residues would in general interact more 

favourably with liquid water than ice (87).  Lastly, since AFPs function at the ice-water 

interface, it is necessary to have certain polar atoms on the IBFs to keep them soluble.  

Therefore, only solvent-accessible carbons positioned near (within 4 Å; default 

parameter) polar atoms were assessed for spatial regularity.  Carbon atoms that meet 

all three criteria as stated above are called “ordered surface carbons” or OSCs.
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Figure 4.2  Determination of spatial regularity using vector comparison algorithm.  If 

any two carbon pairs have a minimum distance between 𝑲𝑳𝑶𝑾 and 𝑲𝑯𝑰𝑮𝑯, then they 

are scored for regularity.   Atoms are considered ordered if the distance between two 

vectors (VDev) are less than 𝑲𝑫𝑬𝑽 , where 𝑲𝑫𝑬𝑽  indicates the maximum deviation 

allowed for two vectors to be considered equivalent.  (Left) Selected atoms on the 

protein surface are labelled as X,Y,A,B,C,D.  Polar atoms are labelled as P.  (Right) Atoms 

{A,B,C,D} are scored for regularity because the carbon pair {A,B} is in close proximity to 

the carbon pair {C,D}.  These atoms are spatially ordered because the distance between 

𝑨𝑩        and 𝑪𝑫        < 𝑲𝑫𝑬𝑽.  Although {X,Y} and {A,B} are close in proximity, they are spatially 

disordered since the distance between 𝑿𝒀       and 𝑨𝑩        > 𝑲𝑫𝑬𝑽.   

Source: Figure adapted from Doxey et al. (2006) (64). 
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The overall spatial regularity assessment process is summarized in Figure 4.3.  Using this 

approach, the algorithm recognized highly ordered and planar surfaces regardless of ice-

plane specificity and binding orientation.  The algorithm could successfully distinguish 

AFPs from almost all 3,165 non-AFP structures examined and recognize potential ice-

binding residues.  This OSCs model of particular significance to the AFP-ice binding 

mechanism since it emphasizes the importance of solvent-accessible, spatially regular 

atoms in AFP-ice interaction, in addition to hydrophobicity and surface planarity that 

seem to be prerequisites for antifreeze activity (7).    

Significantly, our collaborative effort with members of the McConkey laboratory 

(University of Waterloo, Ontario) led to a modified OSCs algorithm, which allows the 

identification of structures with the potential to be engineered into AFPs.  Two of the 

top-scoring candidates were identified, such as endopolygalacturonase II from 

Aspergillus niger (A. niger) (PDB ID 1CZF) and the collagen-binding domain of Yersinia 

adhesion YadA from Yersinia enterocolitica (Y. enterocolitica) (PDB ID 1P9H).  The 

advantages and disadvantages of these two candidates will be discussed in the next 

section.   
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Figure 4.3  The scoring process of the ordered surface carbons algorithm.  The input of 

this algorithm is simply a PDB file of the protein structure of interest.  There are a total 

of seven parameters that can be adjusted, including accessible surface area (ASA) 

threshold for surface carbons (15.1 Å2), maximum length of allowed vectors (7.66 Å), 

minimum length of allowed vectors (4.5 Å), vector matching cut-off (1.09 Å), distance 

threshold for clustering OSCs (7.65 Å), polar atom distance cut-off (4 Å) and ASA 

threshold for polar atoms (0 Å2).  Values in brackets indicate the default setting.  Only 

solvent-accessible, apolar, non-aromatic and uncharged carbons that are in close 

proximity (within 4 Å) to polar atoms, were assessed for spatial regularity.  The output 

of the algorithm lists the predicted ice-binding residues, number of OSCs used in the 

assessment, total accessible surface area (TASA) and fraction accessible surface area 

(FASA).   
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4.6 EVALUATION OF POTENTIAL AFP ENGINEERING CANDIDATES 

 

Pectin is one of the major carbohydrates found in the plant cell wall (88).  In 

order for microorganisms to completely break down these complex carbohydrates, they 

require a set of highly specialized pectinases, including endopolygalacturonase.  The X-

ray structure of endopolygalacturonase II from A. niger, a fungus that is ubiquitous in 

the soil (89), indicates it has a right-handed parallel beta-helical structure comprising of 

10 complete turns (Figure 4.4) (88).  The most prominent feature on this structure is a 

large planar surface formed by two of the four beta-sheets, PB2a and PB2b (Figure 

4.4A).  In order to more closely simulate the end product of engineering, eight residues 

(pre-determined by the algorithm) from these two beta-sheets were replaced by 

threonines using the PyMol mutagenesis tool (Figure 4.4B) (76).  At first glance, this 

structure presents a large, flat surface which meets the minimum requirement for ice 

binding.  Also, the distances between the threonine residues look quite promising since 

they are similar to those of TmAFP (vertical and horizontal distances are 4.8 Å and 7.4 Å, 

respectively).  For example, the vertical distances fall between 4.1 to 5.0 Å and the 

horizontal distances also sit between 7.4 to 7.7 Å.  However, one concern is that His96 

and Ser136 appear to be bulging out from the planar surface, which may create steric 

hindrance to the potential IBF unless they can be mutated to amino acids with smaller 

side chains (Figure 4.4C).  The other issue is that only four Thr-X-Thr motifs were taken 

account in the algorithm, it is uncertain whether eight threonine residues will be 

sufficient for ice-binding or if additional motifs would be necessary. 



92 

 

 

 

 

 

 

Figure 4.4 Three-dimensional structure of endogalacturonase II from Aspergillus niger.  

(A)  Ribbon representation of the side-view of endogalacturonase II, a 362-amino acid 

protein, with the flat surface shown on top.  (PDB ID 1CZF)  (B)  View along the planar 

surface of endogalacturonase II with eight threonine substitutions as shown in blue.  

Horizontal (purple) and vertical (dark blue) distances between hydroxyl groups of the 

threonine residues were measured.  (C) Zoomed-in, side-view of the protein.  Residues 

His96 and Ser136 shown as pink sticks are bulging out from the planar surface of the 

PB2a beta-sheet. 
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Another top-scoring candidate was the collagen-binding domain of Yersinia 

adhesin YadA from Y. enterocolitica, a  gram-negative bacterium  (90).  Biologically, YadA 

is a homotrimeric, collagen-binding protein that is anchored to the outer membrane of 

the bacterium to mediate adherence to the host (90, 91).   YadA can be divided into 

three domains: a globular head, a rigid stalk and a C-terminal membrane anchor.  The 

globular head domain appears to be responsible for collagen-binding and is a tight 

trimer.  Each of the three 226-amino-acid monomers is comprised of mostly beta-

strands, forming a left-handed parallel beta-roll with nine coils (Figure 4.5A).  Together, 

these beta-strands form a large surface area that is highly twisted.  The twisting of each 

monomer is particularly noticeable when the monomers are put together as a trimer in 

the assumed biological orientation (Figure 4.5B).  This twisting is one of the main 

concerns with this structure because it may not allow complementarity to the ice 

surface.  However, the fact that this potential IBF has mostly valine on it is quite 

encouraging since valine has a similar shape to threonine; thereby, will less likely to 

disrupt the protein fold.  On the other hand, it is not known if mutating such a 

hydrophobic surface to a hydrophilic one will destabilize the protein.  Similarly, eight 

residues from this potential IBF were substituted for threonines (Figure 4.5C).  

The horizontal distances (6.4 - 6.8 Å) are slightly smaller than the ideal separation of 7.4 

Å while the vertical distances vary from 4.5 to 5.6 Å.   

Considerations should be given to other candidates, which might be better 

suited than the two structures presented here.  One major improvement that should be 

made is to include a minimum of five TXT motifs in the modified algorithm while 
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Figure 4.5  Three-dimensional structure of the collagen-binding domain of YadA from 

Yersinia enterocolitica.  (A) Ribbon representation of the asymmetric unit (monomer) of 

the head region of YadA.  (PDB ID 1P9H)  (B) The assumed biological assembly of the 

head region of YadA as a homotrimeric protein viewed down the N termini.  (C)  View 

along the planar surface of the head domain with eight threonine substitutions as 

shown in blue.  Horizontal (purple) and vertical (dark blue) distances between hydroxyl 

groups of the threonine residues were measured.   

Source: Figure 4.5 adapted from Hoiczyk et al. (2000) (91).   
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searching for candidates.  In addition, the distances between the residues on the 

potential IBF should be more stringent. 

Consequently, only structures with matching or close to the ideal horizontal and 

vertical distances will result in the search.  Presumably, with further fine-tuning of the 

algorithm, this computational approach will be valuable in designing an AFP with 

optimal TH activity.   

 

4.7 CONCLUSIONS AND CONTRIBUTIONS TO ANTIFREEZE PROTEIN 

RESEARCH 

 

1. The TH and IRI activities of wild-type AFPs from fish, insects and bacteria were 

compared with the result that hyperactivity in TH did not correlate with 

increased IRI activity.   

2. AFP variants with steric mutations on the ice-binding sites had disrupted TH 

activity.  These substitutions were also observed to reduce the IRI activity in the 

variants.  The correlation between TH and IRI in these steric mutants confirmed 

that the same ice-binding sites are responsible for both freezing point depression 

and inhibition of ice recrystallization. 

3. An ice-binding protein with TH activity was engineered using multi site-directed 

mutagenesis of a quadrilateral beta-helical protein found in cyanobacteria that 

has no endogenous antifreeze activity.  However, due to the low recovery of 

active protein or a tendency to denature during purification, the TH activity was 
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only comparable to the moderately active AFPs and was at least 4-fold lower 

than that of the insect AFPs.   
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