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Abstract 

This thesis describes the discovery and characterization of the first antifreeze protein (AFP) isolated from 

a fly. The starting point of my research was the observation that when midges emerge from Lake Ontario 

as adults in early spring they have low levels of antifreeze activity. Here I have isolated, characterized, 

and modeled the structure of their main AFP. This 79-residue mature midge AFP has a novel sequence of 

ten-residue tandem repeats, xxCxGxYCxG, which I modeled as is a left-handed disulfide-braced 

solenoid, with each 10-residue repeat corresponding to one coil of the helix. The fold is similar to a beta-

helix, but secondary structure and circular dichroism analyses indicate that this solenoid is too tightly 

coiled to have beta-structure. The model shows an outward pointing seven-residue stacked Tyr-ladder, 

which has been confirmed by mutagenesis to serve as its ice-binding site. This is the first example of 

tyrosines used for ice binding. I have determined that the midge AFP activity is intermediate to the 

moderately active and hyperactive AFPs typically found in fish and overwintering insects, respectively. 

The proposed explanation for intermediate activity is that the midge AFP binds to a pyramidal surface 

midway between the basal and prism planes. The modest sub-zero temperatures that the adult flies 

encounter has likely driven the evolution of this intermediate activity AFP. I predict that other organisms 

facing freezing threats of a similar magnitude will also produce AFPs with intermediate activity. I have 

also contributed to the literature on experimental methods used to assess ice-binding properties of AFPs 

by publishing a step-by-step protocol for the fluorescence-based ice-plane affinity assay with an 

instructional video. This technique can be used, as it was here, to determine which planes of ice are bound 

by fluorescently-labelled AFPs. A second chapter on techniques describes the ab initio and homology-

based techniques our lab has used to reliably predict novel ice-binding protein folds.  
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Chapter 1 

Introduction 

1.1 General introduction 

An environment can be thought of as a series of biological ecosystems that interact with their 

physical and chemical surroundings (1). Organisms will adjust and make lifestyle changes such 

that their environment is optimum for their well-being. If the balance of properties in that 

environment change, organisms may become unhealthy, migrate, die, or become invasive, 

resulting in further, possibly adverse, changes to that environment. Understanding the biology of 

organisms in an environment and how they may adapt to changes in their surroundings could lead 

to early detection of environmental damage.  

  

Monitoring biodiversity on Earth is now an international task organized by the Intergovernmental 

Platform on Biodiversity and Ecosystems Services (IPBES). This organization was established in 

2012 and is open to members of the United Nations. One of their major tasks is to perform 

regular assessments of knowledge on biodiversity. Scientists contributing to this research have 

assessed biodiversity of eukaryotic species and their extinction rates. From their study, they 

predict that the rate of extinction has increased 1000 times since the year 1900 and this increase 

correlates with human action (2). Understanding the biology of the species becoming extinct 

could lead to determining which human processes are most damaging to the environment. 

 

It has been shown that human activities, especially the emission of greenhouse gases, are the 

major contributors to global warming (3). Excess energy on Earth is increasing the surface 

temperature at a rate of ~0.2 °C per decade (4). Apart from the measurable changes in 

temperature, drastic changes in localized biodiversity can be noted such as local extinction of 



 

2 

 

tropical species and invasion of sub-tropical species into environments which were previously too 

cold for them to inhabit (5). An example demonstrating this comes from the analysis of fishery 

catch data from 1970 to 2006 of 990 species of fish in 52 marine ecosystems distributed globally. 

It was observed that there was an increase in warm-water species catches at higher latitudes over 

time(6). Also, the study supported the hypothesis that the tropics are becoming uninhabitable to 

some fish species because the water temperature is too warm. These observations were directly 

proportional to the change in surface sea temperature in the different areas.  

 

The example above shows how observation of changes in species populations can be used as 

biodetectors of environmental damage. Understanding the biology of biodetectors can give more 

insight to the underlying cause of the population changes and solutions can be tailored more 

effectively. This thesis is a study of an organism and review of some other organisms that have 

adapted to survive sub-zero temperatures. The group of organisms examined produce ice-binding 

proteins (IBPs), which are proteins expressed in organism living in ice-laden environments. The 

IBPs may help organisms, resist freezing, become tolerant to freezing, or cope with other ice-

related environmental obstacles. As the global temperature changes, monitoring the population 

and genetic changes of these IBP-producing species could be used as biomarkers for local and 

global climate changes. 

 

1.2 Discovery of antifreeze proteins 

A simple question: ‘When arctic fishes swim about in ice water at -1.7 to -1.8 C, why don’t they 

freeze’ was posed by a group of curious scientists in the 1950s (7). This question led to Arctic 

expeditions to observe fish in this environment and measure the melting point and 

osmoconcentration of fish blood. It was noted that some fish species were located in shallow 

water, just below the ice layer, which was laden with small ice crystals, and some fish stayed in 
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the deep water. Experimenting with relocating the deep water fishes to shallow water and shallow 

water fishes to deep water, they found that the deep water fishes died after relocation but the 

shallow water fishes survived. So, how were the shallow water fish surviving in the ice-laden 

environment? They concluded that the fish in shallow water adapted by increasing their blood 

solute concentration in order to depress their freezing point. However, this explanation did not fit 

all of their observations, such as why the blood solute concentration of the shallow water fishes 

accounted for only about half of the freezing point depression.  

 

An increase in blood osmoconcentration turned out to be only part of the cryoprotective 

adaptations of the shallow icy-water fishes. In the 1960s, another team of scientists, DeVries and 

Wohlschlag, re-evaluated the same question in Antarctic fish (8). They found that in Antarctic 

fish, only slightly more than half of the freezing point depression could be accounted for by 

colligative cryoprotectants, such as salts. DeVries separated components of the serum using 

chromatography techniques and discovered that the remainder of the freezing-point depression 

was a result of the presence of a glycoprotein. Digestion with a protease and quantification of the 

protein and carbohydrate concentrations confirmed that the isolated compound was indeed a 

glycoprotein. Acid hydrolysis and amino acid analysis indicated that the glycoprotein was rich in 

Ala and Thr residues. These proteins were named antifreeze glycoproteins (AFGPs) (9). 

Following their discovery, antifreeze proteins (AFPs), have been found to have similar 

cryoprotective properties without the requirement of glycosylation (10). It is now known that 

some of the Arctic fishes studied in the 1950 experiments also produce AFPs and their presence 

likely explains the discrepancy between the blood osmoconcentration and blood freezing point 

(11, 12). 
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In the 1960s, freezing-point depression of hemolymph from Tenebrio molitor overwintering 

beetles was observed, but never fully explained (13). In 1977, the discovery of AFPs in darkling 

beetles, Meracantha contracta, was made (14). Though this AFP was never fully characterized, 

the AFP from related beetles, Tenebrio molitor and Dendroides canadensis, were examined in 

detail (15-17). Since the discovery of AFPs in beetles, non-homologous AFPs have been 

discovered in other arthropods (18). Discovery of AFP-producing organisms was not limited to 

animals but extended also to plants, fungi, bacteria and diatoms(19).  

 

1.3 Functions of ice-binding proteins 

To date, four different functions of IBPs have been identified (Figure 1.1)(19). The first 

discovered function of IBPs was in animals that could not tolerate freezing, as described above. 

These proteins were referred to as having antifreeze activity since they prevented freezing of 

organisms by stopping ice growth. In such organisms, AFPs are expressed in or translocated to 

tissues that may come in contact with ice, such as their gut, plasma, skin, gills, hemolymph, and 

epithelial cells under cuticles (20, 21).  
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Figure 1.1. Functions of ice-binding proteins. A) Antifreeze proteins (red dots) in the lumen 

of a capillary binding to a seed ice crystal to prevent its growth and causing convex 

curvature on the surface between bound locations. B) Ice-recrystallization inhibition 

proteins (red dots) between ice grains to prevent movement of water and changes in grain 

size. C) Secreted ice-binding proteins (red dots) from an algal cell structuring surrounding 

ice. D) Ice-adhesin with ice-binding domain (red oval, domain IV) extending out of the 

bacterial outer membrane to bind ice. The extender region (domain II) is rigidified by Ca
2+

 

ions. 

 

  



 

6 

 

When IBPs were discovered in historically freeze-tolerant insects it was proposed that the AFPs 

in these organisms may play a role in assisting the organisms in freezing without tissue damage 

rather that preventing the organisms from freezing (22). Later the same mechanism was explored 

in perennial ryegrass, Lolium perenne, which goes through a full frozen state in the winter (23). 

IBPs prevent ice recrystallization, which is the growth of ice crystals over time in the frozen state. 

While small ice crystals are not harmful to the freeze tolerant organisms, larger ones can rupture 

cells and cause tissue damage. The movement of water in lightly frozen tissue can also lead to 

dehydration of cells (19). Therefore, the IBPs in freeze-tolerant organisms function through ice-

recrystallization inhibition (IRI) activity.  

 

Recently, marine microorganisms in ice-laden environments, such as some algae and diatoms, 

were found to export IBPs to their extracellular environment. Though the examples and evidence 

of these are not as well documented as the previously described functions, it is thought that IBPs 

from these microorganisms can structure channels in the ice so that the cells have access to a 

fresh flow of water and other nutrients (24, 25). 

 

A fourth function of IBPs was recently discovered while studying an Antarctic Gram-negative 

bacterium, Marinomonas primoryensis. This bacterium produces a 1.5 kDa IBP that acts as an ice 

adhesin (26). The IBP is localized to the bacterial outer membrane and protrudes away from the 

membrane into the extracellular space using a long extender domain with calcium-induced 

rigidity (27). The N-terminal end is a transmembrane domain (Dr. S. Guo, unpublished) and a 

domain near the C-terminal end has the ability to bind ice (28). These bacteria use the ice adhesin 

to localize to the top an ice-covered lake – the phototrophic zone, which is relatively rich in 

nutrients and dissolved oxygen. The adhesin also appears to be involved in cell-to-cell 

interactions which may be functional in recruiting other bacterial cells to form a micro-colony, or 
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biofilm, on the ice surface. Examples of other organisms with ice adhesins have not yet been 

found. 

 

1.4 Ice-nucleating protein 

Proteins with opposite function to AFPs were found in plant pathogenic bacteria, Pseudomonas 

syringae (29). These proteins, called ice-nucleating proteins (INPs), are thought to provide a 

surface ideal for water molecules to arrange and nucleate ice growth (30). The plant pathogens 

use this function to grow ice, damaging the host tissues to gaining access to the host nutrients. 

Some IRI-producing freeze-tolerant plants and insects produced INPs in order to initiate freezing 

with minimal supercooling (18). With INPs and IRI proteins, freeze-tolerant organisms regulate 

both the freezing point and the rate of freezing. 

 

1.5 Thermal hysteresis 

To assess an IBP’s activity, appropriate measurements should be selected based on the function to 

be analyzed. If the antifreeze activity, or ability to stop ice growth, is being measured then it is 

appropriate to measure thermal hysteresis (TH). Using this measurement, the freezing point 

depression an AFP solution in the presence of a single ice crystal is quantified (31). The more 

active an AFP sample, the higher is its TH, which is the difference between the freezing point (Tf) 

and the melting point (Tm) (Figure 1.2). TH activity is specific to the AFP, its protein 

concentration, the size of the single seed ice crystal, incubation time at the melting temperature, 

rate of cooling, and sometimes solution buffer compositions. It is therefore critical to be 

consistent in keeping all parameters, except the one being assessed, equal from reading to 

reading. All these parameters need to be defined in Methods in order to make the technique 

reproducible from one lab to another. 
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Figure 1.2. Thermal hysteresis. Without antifreeze proteins (AFPs) (left) a solution freezing 

point (FP) is equal to its melting point (MP) and ice shrinks and grows in a disk shape 

above and below this point, respectively. With AFPs (red dots) (right) in a solution, the FP 

is depressed bellow the melting point. AFPs bind ices which give it faceted shapes between 

in the thermal hysteresis gap. When a solution temperature is lowered to the FP, the ice 

grows rapidly, or ‘bursts’ parallel or perpendicular the c-axis for moderately active or 

hyperactive AFPs, respectively. 
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In this technique, a microscopic single ice crystal of 10 – 20 µm in diameter is formed by freezing 

and thawing in an AFP solution in a cooling stage observed under a microscope and the 

temperature of the solution is controlled using a nano-liter osmometer (32). To achieve this 

starting point the liquid sample is cooled to –40 °C to snap freeze it into a multi-crystalline mass. 

The sample is then warmed slowly until only a single ice crystal remains. The temperature at 

which the ice crystal can be held without shrinking further is noted as the Tm. For a specified 

period of time, usually one min, the sample is equilibrated at Tm and then gradually cooled at a 

constant rate. The ice crystal is monitored visually within that period. If the sample has TH 

activity, its Tf will be depressed below its Tm and the ice crystal will not grow as the sample is 

cooled. When Tf is reached, the AFP can no longer hold back the crystal boundaries and the ice 

will grow. For some AFPs, growth is very fast and appears explosive and for others the growth is 

more gradual. 

 

1.6 Ice-recrystallization inhibition 

To assess ice-recrystallization inhibition (IRI), several assays have been developed. The original 

one is referred to as the ‘splat’ assay, micro-liter volumes of serial dilutions of a sample are 

dropped from a height of ~1.5 m onto individual glass disks which are precooled to ~-80 °C (33). 

When the samples hit the disks, they snap freeze into a single layer of multi-crystalline ice. The 

disk is transferred into a bath of clear organic solvent, such as 2,2,4-trimethylpentane, set to -6 °C 

and visually monitored at 40 X magnification through polarized lenses over 20 h (34). A sample 

with high IRI activity will suppress ice grain growth over a 20-h period or longer. It is difficult to 

quantify this assay and often serial dilutions are performed to determine the lower concentration 

limit for suppressing recrystallization. The sucrose sandwich assay is similar in concept, but 

instead of dropping the sample to form a disk, the sample is prepared with 30% sucrose and 

squashed between two circular cover slips (35). The sandwich is frozen by dropping into -80 °C 
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heptane then transfered to same -6 °C organic solvent setup for viewing as described for the splat 

assay. 

 

Another form of this IRI assay, referred to as the capillary method, but instead of assaying the 

samples as single layers of ice, the samples are loaded into thin glass capillaries, the ends of 

which are sealed with grease (36). The sample-filled capillary tubes are incubated identically to 

the splat assay samples. Though the capillary method sample preparation is much easier than the 

splat assay, it has been criticized by some in the IBP research community for not taking into 

account possible distortion of ice after freezing in the capillary. For this reason the splat assay is 

the more common method for testing IRI activity. 

 

1.7 Industrial and medicinal applications 

IBPs were identified approximately 50 years ago and have found application as IR inhibitors in 

the frozen food industry (Figure 1.3). Ice-cream producers, such as Unilever, add AFPs to some 

of their commercially available low-fat ice creams, like Breyer’s (37). The AFPs reduce ice-

recrystallization and keep the texture of the frozen dessert smooth and creamy over a longer 

period of time, and at higher storage temperatures. Similar applications are in the experimental 

stages with other frozen foods, such as meat and dough, to reduce freezer burn and increase the 

storage life (38, 39). As a proof of principle, transgenic fish (40) and plants (41-43) have been 

engineered to express IBPs with potential for year-round aquaculture and for the development of 

frost-resistant crops.  
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Figure 1.3. Applications of ice-binding proteins. Some applications for which ice-binding 

proteins (IBPs) prevent freezing (left) and control freezing (right) are summarized. 
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Other exciting applications of IBPs and INPs for medicinal applications are also being 

investigated. Currently, several groups are researching the possibilities of using IBPs to help store 

organs, cells, tissues, and embryos at sub-zero without ice damage by either preventing ice 

formation with AFPs or inhibiting IR with IRI proteins (44-48). Cryosurgery is another 

experimental application of AFPs which takes advantage of the explosive ice growth of IBP-

bound ice at Tf to rupture tumour cells (49, 50). 

 

There are some commercial applications of INPs already in use. One such application is the 

formation of snow using freeze-dried Pseudomonas syringae cells, which have membrane bound 

INPs(51). Snowmax, which is the commercial name of the dried cells, is mixed with water then 

sprayed under pressure into sub-zero air conditions. Droplets containing INPs will have a much 

higher probability of freezing than INP free droplets before they hit the ground. The Snowmax 

system has been used on ski hills since the late 1980s to build up the snow base and extend the 

skiing season. INPs are also used to give freeze indications, in which the INPs increase the 

homogeneous freezing point of the indicator solution to -2 °C (52). The indicator solution 

undergoes a permanent change in opacity at -2 °C or below for a certain period of time. These 

indicators are used on packages of vaccines, which must be kept cold but not frozen. Freezing and 

thawing could cause aggregation and precipitation of the antigen in the vaccine, such that 

immunization without dose control would be a ‘hit-or-miss’ process. 

 

There are many reasons to explain the delay between IBP discovery and their use in industrial 

applications. One reason is that though researchers had documented the effects of IBPs on a 

solution’s freezing point and on ice growth, the mechanism of ice-binding of an IBP to ice was 

not understood until recently (53, 54) and therefore protein engineering of the IBPs could not be 

effectively conducted. Additionally, since most IBPs are produced in organisms seasonally during 
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cold periods of the year, many unfold and aggregate at warmer temperatures (55-57). Industrial 

scale productions of proteins are typically recombinantly prepared though the use of bacteria or 

yeast fermentation (58, 59). Several steps of these protocols are conducted at room temperature or 

above which would cause the thermolabile IBPs to unfold and become inactive. Additionally, 

other IBPs are rich in disulfide bonds. While disulfide-bond make proteins much more stable, 

they are notoriously difficult to produce recombinantly (60). Due to these reasons there is an 

ongoing search for new IBPs with more suitable properties for industrial-scale production.  

 

 

1.8 Adsorption-inhibition mechanism 

The mechanism of growth retardation of ice caused by AFPs was first described in 1977 by 

Raymond and DeVries (61). In this mechanism, AFPs adsorb to an ice surface. Further growth of 

ice occurs to increasingly convex curved surfaces between bound AFP molecules resulting in an 

increase in the surface area of the ice. Surface area is proportional to surface tension which is 

related to the equilibrium freezing point of water through the Kelvin equation. Surface tension is 

indirectly proportional to the freezing point of a solution and therefore AFP-bound ice will 

decrease the freezing point of water surrounding the ice crystal through the Kelvin effect.  

 

Similarly, it has been observed that ice crystals can be superheated above the equilibrium melting 

point when in an AFP solution (62, 63). In this case the ice will melt in concave curved surfaces 

between the AFP bound areas, slightly increasing the melting temperature of the ice. 

 



 

14 

 

1.9 How do AFPs bind to ice? 

The first AFP sequenced was type I from winter flounder and was a simple 37-residue protein 

predicted to fold as an alpha-helix. The mechanism of AFP-to-ice binding was hypothesized to 

occur through hydrogen bonding of the side chain hydroxyl and carboxyl groups that align on one 

side of the helix directly to the water molecules of ice (64). However, later it was discovered that 

the ice-binding site (IBS) of the winter flounder AFP and other similar AFPs was composed 

primarily of hydrophobic residues (65, 66), and the hydrogen bonding theory was dismissed. IBSs 

were hypothesized to bind ice through the hydrophobic effect where water molecules constrained 

on the IBS would be released into the bulk fluid when the IBS docked to ice, making it 

thermodynamically favorable for AFPs to bind ice (19). However molecular dynamics 

simulations suggested yet another theory (53). It suggested that IBSs could constrain water 

molecules into an ice-like lattice resembling a quasi-liquid layer of water molecules at the ice-

water interface. The preconfigured solvation shell could easily merge and freeze to the ice at sub-

zero temperatures, resulting in AFP-bound ice. When the crystal structure of MpAFP was solved 

an extensive ice-like lattice of water molecules on its IBS was observed (54). Water molecules 

formed clathrates around the methyl groups of the IBS-Thr side chains, and these clathrates were 

‘anchored’ to IBS by hydrogen bonds to main-chain amide groups, side-chain hydroxyls of the 

IBS-Thr, and side-chain oxygens of the IBS-Asx. 

 

AFP binding to ice had been argued to be irreversible simply because it is possible to hold an ice 

crystal indefinitely without growth or melting in the thermal hysteresis gap (Figure 1.2) between 

the freezing point (Tf) and the melting point (Tm) (67). Once the AFP is bound to the ice, it will 

not release or exchange with AFPs in solution. One of the most convincing experiments was the 

photobleaching of green fluorescence protein (GFP)-tagged AFPs on ice held in a microfluidic 

system. The photo-bleached ice was held at a temperature in the TH gap over 20 h and the crystal 
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remained in its original size and shape and no fluorescence was recovered on the bleached area. 

This indicated no exchange of the ice-bound fusion protein with the bulk fluid over time. Another 

proof enabled by microfluidics was the ability to remove free IBPs from IBP-bound ice crystals 

without them being destabilized (68).  

 

1.10 Ice: The AFP ligand 

Ice is a lattice arrangement of water molecules with a particular geometry (69). The most 

common formation of ice on Earth is Ih ice. Other forms of ice exist, but most will form only 

under non-atmospheric pressures. The structure of Ih ice was experimentally determined through 

analysis of X-ray diffraction patterns. In the lattice, the oxygen atoms are in a tetrahedral 

coordination resulting in hexagonal symmetry in the structure. The c-axis is denoted as the axis 

perpendicular to the basal plane, and when observing the lattice down the c-axis, the hexagonal 

arrangements of the oxygen atoms are apparent. Normal to the c-axis, three a-axes (a1, a2, a3) 

intersect the vertices of the hexagonal arrangement (Figure 1.4).  
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Figure 1.4. Structure of Ih ice. The ice lattice oriented with A) the primary prism plane and 

B) the basal plane facing forward. C-G) Schematic representations of five ice planes with 

corresponding distances along unit cell axes used to determine the Miller-Bravais indices 

(green). Planes are C) basal plane [0, 0, 0, 1], D) primary prism plane [1,  ̅, 0, 0], E) 

secondary prism plane [1, 1,  ̅, 0], F) pyramidal plane [1,  ̅, 0, 1], G) pyramidal plane [1,  ̅, 

0, 2]. Axes a1, a2, a3, and c are indicated in every schematic. 
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The planes of ice are denoted with Miller-Bravais indices (69). In this nomenclature, a plane is 

defined by the reciprocal of the distances from the centre of the unit cell to where they intersect 

each axes, a1, a2, a3, and c. A line above the distance indicates that it in the negative direction. 

Since the three a-axes define the hexagonal plane, there is redundancy and the expression 

a1+a2=-a3 will always hold true. For example, the basal plane intersects each a-axis infinitely 

and the c-axis at 1. The reciprocal of infinity is 0, and the reciprocal of 1 is 1, therefore the 

Miller-Bravais index for the basal plane is (0, 0, 0, 1) (Figure 1.4C). Prism planes are 

perpendicular to the basal plane, therefore the prism planes intersect the c-axis at infinity. 

Primary-prism planes are parallel to one side of the hexagon unit cell and have indexes such as (1, 

 ̅, 0, 0) (Figure 1.4D). The secondary-prism planes are perpendicular to the a-axes have indices 

such as (1, 1,  ̅, 0) (Figure 1.4E). Pyramidal planes cut the unit cell on angles and can have 

indices such as (1,  ̅, 0, 1) and (1,  ̅, 0, 2) where the latter will be closer to the basal plane, or 

more shallow, since the last position is the reciprocal of the distance in the c direction (Figure 

1.4F&G). 

 

1.11 Hyperactive vs. moderately active AFPs 

As new AFPs were discovered and characterized, it was observed that they could be categorized 

into two groups based on their TH activities (70). They were either moderately active, such as the 

most of the fish AFPs, or hyperactive, such as the insect AFPs. Hyperactive AFPs are 10 times 

more active at physiological concentrations than moderately active AFPs. All insects AFPs (70, 

71), some microorganism AFPs (72, 73) and one fish AFP are classified as hyperactive (55). The 

much higher activity of the hyperactive AFPs can be attributed to their ability to bind more than 

one plane of ice, one of which is always the basal plane. Hyperactive AFPs therefore prevent ice 

growth from both a- and c- directions when solution temperatures are in the TH gap. Explosive 

growth from the a-axes of ice occurs when the hyperactive AFP solution temperatures fall below 
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the Tf. Moderately active AFPs bind to pyramidal and prism planes but leave the basal plane 

unbound. This results in growth along the c-axis of ice when solution temperatures are below the 

freezing point. When observing a single ice crystal in a solution of AFP in the TH gap, ice 

crystals will grow into a hexagonal bipyramid shape in a solution of moderately active AFPs (74). 

Ice crystals formed in a hyperactive AFPs solution have less defined shapes and do not change in 

size or shape in the TH gap.  

 

Most insects with characterized AFPs produce them while overwintering on land. Insects may 

face extreme sub-zero temperatures such as -20 to -30 °C. AFPs with high activity would be 

beneficial in these organisms in order to cope with the extreme cold. However fish that produce 

AFPs live in seawater and will never face temperatures below -1.9 °C, since this is the seawater 

freezing point, therefore moderately active AFPs should provide adequate protection for the fish 

to survive in seawater conditions. The research for this thesis has resulted in the discovery on an 

AFP with a mixture of the moderately active and hyperactive AFP properties, and we have 

classified it as having intermediate activity. Details of the intermediate AFP classification are 

given in Chapter 4. 

 

1.12 Identifying ice planes bound by AFPs 

In 1991, Dr. Charles Knight described a method to identify planes of ice bound by AFP (75). He 

found that the type I AFP from the winter flounder bound to a specific pyramidal plane [2, 0,  ̅, 

1]. He first grew macroscopic single ice crystals on a brass cold finger, determined the orientation 

of the a- and c- axes through optical and etching techniques, then formed the crystal into a 

hemisphere. Every point on the hemisphere can be mapped onto the hexagonal unit cell of ice. A 

fresh layer of ice just a few mm thick was grown onto the hemisphere from an AFP solution. In 

this process AFP bound to the ice and became overgrown by microlayers of ice, with this process 
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repeated many times to build up the extra accumulation. At this point the hemisphere was allowed 

to sublime at -20 °C for a few h to so that a protein residue where AFPs had bound would be 

visible as patches on the ice. Those patches could then be related to the Miller-Bravais indices to 

determine the planes of ice bound by the AFP. 

 

This method was modified to include the labelling of AFPs with fluorescent dyes or tags (76, 77). 

The modified technique was named fluorescence-based ice plane affinity (FIPA) and has greatly 

improved the ability to visualize the AFP-bound patches. The tags can be excited specifically and 

emission filters can be used to visualize the light from the fluorescing protein. The technique 

allows for visualization of multiple differentially-tagged AFPs on a single hemisphere. FIPA is 

described in more detail in Chapter 2 of this thesis. 

 

1.13 Diversity of IBP structures 

IBPs form a diverse class of proteins that share the ability to bind ice but are otherwise highly 

varied in sequence and structure(19) (Figure 1.5, Table 1.1). The type I, II and III AFPs are all 

moderately active AFPs found in fish. Type I AFP is a short 3-kDa alanine-rich alpha-helix. Both 

type II and III are non-homologous globular AFPs. Insect AFPs and plant AFPs are also 

remarkably diverse but with many of them being single beta- solenoids. The spacing of outward 

pointing side chains of straight, untwisted beta-helices match well to water molecules in the Ih ice 

lattice(78). This is likely why several AFPs have independently evolved to be beta-helices. The 

AFP discovered in snow fleas is a bundle of glycine-rich poly-proline type II helices, presenting 

yet another structure suitable for ice binding(79, 80). In microorganisms, there is a widely 

dispersed AFP fold (DUF3494) that has been spread by horizontal gene transfer. This fold has a 

bi-partite beta-helix flanked by an alpha-helix (81). Though AFP structures are diverse, most are 

small in size, ranging from approximately 3 to33 kDa (Table 1.1). The exception to this general 



 

20 

 

observation is the 1.5 MDa Marinomonas primoryensis AFP, which functions as an ice-adhesin 

(26). Though there is extreme variation in the sequences and structures of the AFPs, all of these 

proteins have the ability to bind ice in order to aid organisms in surviving ice-laden environments 

which is a remarkable example of convergent evolution. 

 

 

Figure 1.5. Crystal structures of ice-binding proteins. Secondary structures are coloured 

with α-helixes in red, β-strands in green, coils in grey, poly-proline type II helices in blue. 

Ca 
2+

 ions are shown as gold spheres. Fish IBPs are A) Maxi, B) type I AFP, B) type II AFP, 

D) type III AFP. Plant antifreeze proteins E) Lolium perenne AFP. Insect AFPs are from F) 

spruce budworm, G) Tenebrio molitor, H) Rhagium inquisitor I) snow flea. Microorganisms 

AFPs are from J) Typhula ishikariensis, and Marinomonas primoryensis. 
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Table 1.1 Structural properties of IBPs with crystal structures 

 

 

1.14 About the ice-binding site 

Ice-binding sites (IBS) of IBPs are similar to each despite being present on diverse protein 

structures. The IBPs are all relatively flat, extensive, and hydrophobic (19). The anchored 

clathrate hypothesis of IBP-ice binding suggests that water molecules are organized as an ice-like 

layer on the IBS (54). As such, the IBS should be complementary to one or more planes of ice in 

the ice lattice. Beta-helical AFPs are very well suited for this purpose because of the spacing 

between outward pointing side chains in adjacent coils and on the same coil of a beta sheet are 

~4.7 Å and ~7.0 Å, respectively (82) (Figure 1.6B). These distances make very close matches to 

the spacing of water molecules in the basal plane (4.5 Å and 7.8 Å) and primary prism planes (4.5 

Å and 7.3 Å) of ice. 

 

Typically the ice-binding surfaces have been identified by site-directed mutagenesis (19, 28, 65, 

83, 84). Residues on and off the predicted IBS are mutated to residues that are structurally very 
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different. Changes on the IBS presumably disturb the water molecule organization of the IBS and 

knockdown IBP’s activity but changes away from IBS result in little or no change in activity.  

 

The Rhagium inquisitor AFP (RiAFP) is one of the most potent AFPs discovered and has the 

largest IBS surface area, of ~ 420 Å(85) (Figure 1.6A). On this AFP, four rows of threonine 

residues make up the IBS. Other beta-helical AFPs also have threonine-rich IBSs, such as the 

Tenebrio molitor AFP (TmAFP) (82) (Figure 1.6D), spruce budworm AFP (sbwAFP) (78) 

(Figure 1.6E), and the modeled inchworm AFP (iwAFP)(57) which have two, two, and five rows 

of threonine residues on their IBS, respectively. Other non-beta helical AFPs also have Thr-rich 

IBSs, like the type I AFP(65) and snow flea AFP(79). Thr residues, having both a hydrophobic 

methyl group for water-clathrate formation and hydroxyl group for anchoring the clathrate to the 

IBS through hydrogen bonds, appear to be an ideal IBS residue. Marinomonas primoryensis AFP 

(MpAFP) has one row of Thr and a row of Asn residues (54) (Figure 1.6C). 
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Figure 1.6. Regular ice-binding sites of β-solenoid ice-binding proteins. A) Rhagium 

inquisitor AFP, C) Marinomonas primoryensis IBP, D) Tenebrio molitor AFP, E) spruce 

budworm AFP. B) A magnification of four side chains of the Rhagium inquisitor AFP (A) 

with distances between α carbons shown. IBP side chains are shown as sticks. Thr are 

green, Asn are magenta, Asp are gold, Val are cyan, Ile is light pink. Oxygen atoms are red 

and nitrogen atoms are blue. C and N termini are indicated in light grey. 
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Analysis of the RiAFP IBS presented a confounding result(85). The wide IBS did not fit well to 

any plane of ice. Two rows of Thr did match well with the primary-prism plane and basal plane 

of ice, but the additional third and fourth rows were out of register with the ice-lattice. So, what 

was the purpose of the wide IBS? We hypothesize that the potency of RiAFP is due to having 

several ranks of Thr giving RiAFP more than one opportunity to recruit a quorum of ice-like 

water that can match the Ih ice lattice. The theory corroborates the experiment previously 

conducted where the TmAFP beta helix was shortened and lengthened by units of one helix 

loop(86). When the IBS was shortened, the AFP activity was decreased and when lengthened the 

AFP activity was increased. 

 

1.15 Evolution of IBPs 

IBP evolution has been most well-studied in fish AFPs. Fish AFPs can be categorized into five 

types: the antifreeze glycoprotein (AFGP) (9), type I AFP which is a short alpha-helix (87), type 

II AFP which is globular and homologous to C-type lectins (88), type III AFP which is globular 

and homologous to the beta-clip C-terminal domain of sialic acid synthase (89), and the 

hyperactive type I AFP, a four-helix bundle, which is also referred to as Maxi(55) (Figure 1.5A). 

Interestingly, the mechanisms of proliferation of each of these genes in different fish species have 

resulted in unique stories. A few examples are given below. 

 

The AFGP in Dissostichus mawsoni, an Antarctic notothenoid fish, has evolved from a 

trypsinogen gene (90, 91). Analysis of the gene architecture of the AFP and the trypsinogen genes 

indicated that they had very similar 5’ and 3’ regions. This led to the hypothesis that the AFGP 

gene was formed by the recruitment of the 5’ and 3’ regions of the trypsinogen gene along with 

internal repetition of a nona-nucleotide coding for Thr-Ala-Ala, which is the tripeptide repeating 

backbone of the AFGP. The percentage divergence of the AFGP gene and trypsinogen gene 
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indicated that these two genes diverged approximately 5-15 million years ago (mya), which is 

consistent with the freezing of the Antarctic Ocean 10-14 mya and divergence of the AFGP-

bearing notothenoid families 7-15 mya. It is also logical that trypsinogen, which is localized to 

the pancreas, was selected as the AFGP precursor since Antarctic fish inevitably ingest ice 

crystals through their food and seawater. AFGPs secreted from the pancreas in the same manner 

as trypsin could then reach the digestive tract to prevent intestinal fluids from freezing. What is 

surprising is the recovery of AFGPs from the digestive tract into the blood stream that then 

provides systemic protection against ice growth throughout the body (92). 

 

Three very similar type II AFPs were first proposed to have arisen in distantly related species 

(herring, smelt and sea raven) by normal descent of an ancestral C-type lectins with 5 disulfide 

bonds followed by loss of the ancestral gene in all other branches(93). However, a detailed 

examination of the type II AFP genes, which are extraordinarily similar to each other, led to the 

suggestion that the genes had been spread by lateral gene transfer (94). The resemblance of the 

gene sequences extends to intron sequences that are 97% identical. Analysis of conservation 

patterns of the AFPs compared to the 16S rRNAs of the three species were totally inconsistent 

with the evolutionary distance of these three fish. This, along with other pieces of evidence, 

debunked the normal decent/gene loss hypothesis and described the first discovery of lateral gene 

transfer in vertebrates. Later, it was found that the smelt was likely the recipient of the gene from 

the herring as the smelt contained only one copy of the AFP gene whereas the herring encoded 

the AFP with multiple genes (95). 

 

Seemingly homologous AFGPs arose in Antarctic notothenoids and northern cods on separate 

occasions from different progenitor genes (96). Antifreeze proteins have arisen by convergent 

evolution in several different species (96). Two beetle AFPs from Tenebrio molitor and 
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Dendroides canadensis are homologous (17). They are considered isofunctional homologues, 

rather than orthologues or paralogues, since their evolutionary history is not yet known (97). 

Other insect AFPs are all non-homologous, though some are very similar to each other, like the 

inchworm moth and inquisitor beetles AFPs (57). Since these insects are distantly related, it is 

most likely that the similar AFPs have arisen through convergent evolution. 

 

1.16 Methods of discovering new IBPs 

Different strategies for discovering new IBPs have proven to be successful. Each strategy starts 

by first testing biological fluids or extracts of the surveyed organism for thermal hysteresis. This 

assay is critical for assessing the activity of the IBP to decide if it is active enough to be worth 

pursuing. During the assay much can be learned about the IBP from the way it shapes the ice 

crystal and directs its ‘burst’ at the end of thermal hysteresis.  

 

The next step is to isolate the IBP from the organism in sufficient quantities for characterization. 

Fifty years ago these quantities would have been measured in mgs. Now, µg are sufficient thanks 

to the advent of sensitive techniques like tandem mass spectrometry. Methods by which the AFPs 

are purified vary, and can be adjusted to the equipment available and properties of the AFP. Some 

examples are given below. 

 

For the original purification of type I AFP from winter flounder, the flounder serum was dialyzed 

first into distilled water and then buffer. The soluble fraction components were separated by ion-

exchange chromatography and high-voltage paper electrophoresis resulting in milligram 

quantities of purified proteins (98). One of the AFP isoforms was sequenced by Edman 

degradation after trypsin digestion. The methodology outlined here was successful due to the 

abundance of AFP in the flounder serum and short length of the AFP sequence. The AFP is only 
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37 residues long and conveniently has a Lys located near the middle of the sequence, resulting in 

tryptic digestion fragments ideally sized for Edman degradation. For less abundant AFPs with 

longer tryptic digestion fragments sequences, this strategy would likely fail.  

 

Microgram quantities of the Tenebrio molitor AFP were successfully purified from diluted insect 

hemolymph by size-exclusion chromatography followed by reversed-phase HPLC (99). This 

combination of chromatographies has worked well for many IBPs because they tend to be much 

smaller than typical serum or hemolymph proteins (Table 1.1) and easily separated from them by 

size-exclusion. Also, the IBPs are often a mixture of similar sized isoforms that can be separated 

by the high resolving power of HPLC. Since the major isoforms of TmAFP were blocked at the 

N-terminal end, an internal fragment from an endoproteinase Lys-C digestion was sequenced. 

The entire sequence of the AFP was determined by screening a cDNA library with degenerate 

primers of the known sequence. Four TmAFP isoforms were determined in this manner. 

 

In 2003 a technique to purify IBPs by incorporation into ice was developed (100). The process of 

ice-affinity purification (IAP) by ice-finger requires a hollow metal rod, with circulating sub-zero 

Celsius coolant, to be submerged into a solution containing IBPs. As ice slowly grows onto the 

rod, IBPs are incorporated into the growing ice fraction and other solutes are excluded in the 

liquid fraction. IAP does not require any information about the IBP properties to be known and 

therefore has become a convenient method to purify new IBPs from any total soluble fractions. 

This method was used to purify both the inchworm AFP (iwAFP) and the snow flea AFP 

(sfAFP).  

 

The sfAFP was further purified by HPLC into two isoforms. When their amino acid compositions 

were determined it was discovered that this AFP was extremely glycine-rich, and therefore a 



 

28 

 

snow flea cDNA library was mined for glycine-rich sequences(56). The method was successful 

and the mRNA of the sfAFP was determined. The same technique was attempted to determine the 

sequence of the iwAFP, but a cDNA fragment with the corresponding iwAFP amino-acid 

composition could not be found (57). Therefore, tandem mass spectrometry was conducted on the 

purified AFP sample to determine small fragments of the AFP sequence. Those sequences were 

used to screen the cDNA library in order to determine the mRNA sequence of the AFP. It was 

discovered that the mature iwAFP is only a small cleavage product of a much larger precursor 

protein which is why screening the cDNA library for the iwAFP amino acid composition failed. 

 

1.17 Strategies arthropods use to survive sub-zero temperatures 

Arthropods that survive in sub-zero temperatures have several strategies in place to help them 

avoid or tolerate freezing (18). Most will increase the concentration of colligative antifreeze 

agents such as glucose, glycerol, and other polyols in their hemolymph by increasing the 

production of these agents and by dehydration (101). However, very high concentrations of non-

colligative agents are required to lower the equilibrium freezing points to temperatures that they 

face. Insects will often stop feeding when the temperature falls below zero to eliminate gut ice-

nucleating agents, such as bacteria that produce INPs in order to increase their ability to supercool 

(102). In addition to these strategies, some insects produce AFPs to decrease the freezing 

temperature of their hemolymph in a non-colligative manner. A summary of known insect AFP 

structures is given below. 

 

1.18 Insect and other hexapoda AFPs structures 

The first insect AFP structure solved was that of the mealworm beetle, Tenebrio molitor. The 

sequence of the TmAFP has tandem repeating amino acid sequence of the 12-residue motif 
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CTxSxxCxxAxT (17). When the structure was solved, it was observed that one repeat 

corresponded to one loop a right-handed beta-solenoid (82) (Figure 1.5G, Figure 1.6D). The two 

Cys per repeat formed a disulfide bridge through the core of the structure. The sequence diverges 

from the tandem repeats at both N and C termini which correspond to capping structures of the 

solenoid fold. The ice-binding residues are the two adjacent outward pointing Thr of the 

conserved TCT. These Thr form two rows of Thr along one sides of the protein, forming the flat, 

regular, and relatively hydrophobic IBS. The fire-colored beetles, Dendroides canadensis (Dc), 

produced homologous AFPs but with the occasional insertion of a 13
th
 residue in some coils 

(103). 

 

Longhorn beetles, Raghium mordax and Rhagium inquisitor, produce homologous AFPs, but are 

unrelated to the TmAFP and DcAFP (71). The structure of the RiAFP was solved by X-ray 

crystallography (85). This AFP is also a beta-solenoid but it is much wider and flatter than the 

previously described TmAFP structure (Figure 1.5H). The RiAFP IBS is made of four rows of 

outward point Thr residues (Figure 1.6A) and the core of the structure is made of interdigitating 

small hydrophobic residues. 

 

An AFP similar , but non-homologous, to the longhorn beetle AFPs was discovered earlier in an 

inchworm, pale beauty geometer moth, Campaea perlata (57). A model of the structure predicted 

that it folded in a similar manner to the RiAFP structure, before the structure of RiAFP was 

solved. The iwAFP is thermolabile, and difficult to produce recombinantly therefore experimental 

structural information has not yet been obtained. However, the similarity of the solved RiAFP 

structure and the iwAFP model provides convincing evidence that the iwAFP model is correct. 
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An AFP was discovered in spruce budworm, Choristoneura fumiferana (104, 105). SbwAFP is 

non-homogous to iwAFP, the other moth AFP described above from inchworm. The structure of 

the sbwAFP was solved first by NMR(106) and then by X-ray crystallography(78). This AFP is a 

three-sided beta-solenoid (Figure 1.5F). One face of the triangular solenoid has two rows of 

outward-pointing Thr residues that make up its IBS (Figure 1.6E). Though most isoforms of the 

sbwAFP are ~ 9 kDa, some have an additional 30 residue insertion in their sequences (107). The 

crystal structure revealed that the larger isoform has two additional solenoid loops and analysis of 

its activity showed that the larger isoform is 3 times more active than the smaller isoform. 

 

A snow flea, Hypogastrura harveyi, produces two isoforms of a glycine-rich AFPs (56). The 

small one is 6.5 kDa and the other is 15.7 kDa in size. The small isoform is more abundant but 

less active than the larger isoform (108). Analysis of the sequence revealed a 3-residue repeating 

motif of G-x1-x2 and periodic interruptions of the pattern, typically by Pro residues, resulting in 

six segments. The sfAFP structure was modeled as a bundle of poly-Pro type II helices(79). This 

model was later confirmed to be correct when the structure was solved(80) (Figure 1.5I). The IBS 

of the sfAFP is comprised mainly of Ala and Val residues. 

 

AFP activity has been discovered in other snow fleas like Gressittacantha terranova from 

Antarctica (109). The antifreeze protein was isolated from the G. terranova by ice-affinity 

purification then further purified by HPCL before analysis by MALDI. The AFP is also present as 

a family of isoforms which range in size from 5.9 to 8.6 kDa. Discovery of another AFP from a 

different Antarctic snow flea, Gomphiocephalus hodgsoni, was described in 2014 (110). MALDI 

analysis of the AFP purified by IAP from the springtails indicated that this organism produces a 

single AFP isoform of 9.0 kDa in size. Amino acid analysis of the purified protein indicates it is 
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rich in Cys, Gly, and His and therefore non- homologous to the characterized springtail AFP from 

H. harveyi.  

 

1.19 Chironomids 

The focus of this thesis is the discovery and characterization of an AFP from chironomids found 

in Kingston, near Lake Ontario. Chironomids are a small, two-winged flies distributed 

globally(111), including the Arctic(112) and Antarctic(113). Their habitats are aquatic or semi-

aquatic environments. Several thousand chironomid species exist, but they are difficult to 

differentiate due to similarities of their physical features, consequently biodiversity of 

chironomids may go unnoticed (111). 

 

Most chironomid species have a one-year lifecycle (111), though up to seven years have been 

reported for some high-latitude species (114). The lifecycle typically starts with the aquatic egg, 

then hatches into the larval stage which is also aquatic (111). The larval stage is the longest stage 

of the cycle and can have 4 to 5 have instars. Then follows the pupal stage, during which time the 

insects trap air so that they can ascend to the top of the water surface. Finally, the adult stage is 

reached as the insect emerges from the water as a two winged fly, leaving behind its pupal 

exoskeleton. During the adult stage, which lasts a few weeks, most midges do not feed, though 

some examples of feeding of midge adults have been reported (111). The adults swarm forming 

what appear to be black clouds. The swarms, which include both males and females, are a mating 

hotspot for the insects. Males can be distinguished from females by their fuzzy antennas used to 

detect the scent of females. The female insects lay their eggs on the water surface. The eggs sink 

to the bottom and the life cycle repeats. 
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Chironomid in all stages are an important biomass of their environment. In the egg, larval, and 

pupal stage they are a food source for fish and aquatic insects. During their adult stage, they are 

an important food source for birds and other insects and arthropods, such as spiders. As such, 

chironomids can be used as an indicator of water quality and overall health of the environment. 

The larval stage and pupal exoskeleton of midges have been used to study the toxic effects of 

chemicals on populations’ mortality, species diversity, physical deformations, and genetics to 

assess water quality and links to changes in biodiversity (115-117). Adjustments to midge 

populations due to climate change are also being studied (118).  
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1.20 Thesis outline 

The main focus of my thesis is the discovery and characterization of a novel AFP found in Lake 

Ontario midges. An initial report on this work has been published in the Proceedings of the 

National Academy of Sciences and is presented in Chapter 3 of my thesis. The midge AFP is the 

first to be characterized from a fly and has several interesting features including a repetitive 

sequence, a tight disulfide-braced solenoid structure, a Tyr-rich IBS surface, and an activity 

intermediate between the moderately active and hyperactive IBPs. Chapter 4, which was 

published in FEBS J, describes the characterization of recombinant midge AFP. An explanation 

for its intermediate activity is provided in Chapter 4. A critical experiment for this rationalization 

was the identification of the ice plane bound by the midge AFP, which was determined by 

fluorescence-based ice-planed affinity (FIPA). Therefore, I have also included my step-by-step 

guide to performing FIPA which was published in the Journal of Visualized Experiments and is 

presented in Chapter 2 my thesis. Our lab has had considerable success modeling the structures of 

proteins with repetitive sequences. I used the methods developed in our lab to model the structure 

of the midge AFP. I am the first author of a review published in Protein Science that describes 

these methods, which is also included in Chapter 5 of my thesis. Chapter 6 is a general discussion 

of the research presented in the published chapters and expands on many ideas that have not yet 

been published.  
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Chapter 2 

Determining the ice-binding planes of antifreeze proteins by 

fluorescence-based ice plane affinity 

2.1 Abstract 

Antifreeze proteins (AFPs) are expressed in a variety of cold-hardy organisms to prevent or slow 

internal ice growth. AFPs bind to specific planes of ice through their ice-binding surfaces. 

Fluorescence-based ice plane affinity (FIPA) analysis is a modified technique used to determine 

the ice planes to which the AFPs bind. FIPA is based on the original ice-etching method for 

determining AFP-bound ice-planes. It produces clearer images in a shortened experimental time. 

In FIPA analysis, AFPs are fluorescently labelled with a chimeric tag or a covalent dye then 

slowly incorporated into a macroscopic single ice crystal, which has been pre-formed into a 

hemisphere and oriented to determine the a- and c-axes. The AFP-bound ice hemisphere is 

imaged under UV light to visualize AFP-bound planes using filters to block out non-specific 

light. Fluorescent labelling of the AFPs allows real-time monitoring of AFP adsorption into ice. 

The labels have been found not to influence the planes to which AFPs bind. FIPA analysis also 

introduces the option to bind more than one differently tagged AFP on the same single ice crystal 

to help differentiate their binding planes. These applications of FIPA are helping to advance our 

understanding of how AFPs bind to ice to halt its growth and why many AFP-producing 

organisms express multiple AFP isoforms.  

 

2.2 Introduction 

The production of antifreeze proteins (AFPs) is an important survival mechanism of some 

organisms that live in ice-laden environments. Until recently, it was thought that the sole function 
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of AFPs was to prevent or slow the growth of internal ice crystals that would block circulation, 

cause tissue damage, and osmotic stress. Organisms that cannot tolerate any degree of freezing, 

such as fish, express AFPs to completely inhibit ice crystal growth(119). Others, such as grass, 

are freeze tolerant and express AFPs to inhibit ice recrystallization which reduces the formation 

of large ice crystals in their tissues(23) . Stabilization of membranes in low temperature is yet 

another function that was suggested for the AFPs(120). Recently, a novel role was suggested for 

the AFP of an Antarctic bacterium, Marinomonas primoryensis, from ice-covered brackish 

lakes(72). This AFP is part of a much larger adhesin protein(54) that is thought to attach the 

bacterium to ice for better access to oxygen and nutrients(26). Other microbes are known to 

secrete AFPs, which might alter the structure of the ice in which they live(121).  

 

AFPs have been found in some fish, insects, plants, algae, bacteria, diatoms, and fungi. They have 

remarkably divergent sequences and structures consistent with their evolution from different 

progenitors on various occasions; and yet they all bind to ice and inhibit its growth by the 

adsorption-inhibition mechanism(122). The AFPs each have a specific surface that acts as its ice-

binding site (IBS). These have typically been identified by site-directed mutagenesis of surface 

residues(65, 76, 83). The IBS is hypothesized to arrange water molecules in an ice-like pattern 

that matches specific planes of ice. Thus the AFP forms its ligand before binding to it(53, 54). Ice 

planes can be defined by their Miller indices, and different AFPs can bind to different planes. 

Thus, type I AFP from winter flounder binds to the 20-21 pyramidal planes(75), type III AFP 

binds both primary prism and pyramidal planes using a compound ice-binding surface(76, 123), 

while the spruce budworm AFP, a hyperactive AFP, binds simultaneously to both the primary and 

basal planes (106, 124). Other hyperactive AFPs, such as MpAFP, bind to multiple ice planes as 

shown by their complete coverage of single ice crystal hemispheres(54, 125). It is hypothesized, 

that the ability of hyperactive AFPs to bind the basal plane, as well as other planes, may account 
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for their 10-fold higher activity over moderately active AFPs(70). Though the efficiency of 

hyperactive AFPs is well documented, their ability to bind to multiple ice planes is still not 

understood. 

 

The original method for determining the AFP-bound ice planes was developed by Charles 

Knight(75, 126). In this method, a macroscopic single ice crystal is mounted onto a hollow metal 

rod (cold finger) and formed into a hemisphere by submerging it into a hemispherical cup filled 

with degassed water. Then, the hemisphere is submerged into a dilute solution of AFPs and a 

layer of ice is grown from the AFP solution onto the ice crystal hemisphere over several hours 

controlled by the temperature of the ethylene glycol circulating through the cold finger. The ice 

crystal is removed from the solution, detached from the cold finger, and placed in a -10 to -15 °C 

freezer room. The surface is scraped with a sharp blade to remove the frozen surface film of 

antifreeze protein solution and the ice crystal is allowed to sublimate for at least 3 h. After 

sublimation, the ice planes bound by AFPs can be seen as white etched patterns derived from 

residual protein. The ice hemisphere can be oriented to its c-axis and a-axes, to locate the basal 

and prism planes of ice, and determine the Miller indices of the etched patches. 

 

Here we describe a modification of the original method for determining AFP-bound planes of ice, 

a method we refer to as fluorescence-based ice plane affinity (FIPA)(76). The AFPs are 

fluorescently labelled with either a chimeric tag, such as green fluorescent protein (GFP)(76, 85, 

124, 125), or with a fluorescent dye covalently bound to the AFP(54, 127). The fluorescently 

labelled AFPs are adsorbed to a single ice crystal and overgrown using the same experimental 

procedure as the original ice-etching experiments. The extent of AFP binding to the growing ice 

hemisphere can be monitored throughout the experiment using an ultraviolet (UV) lamp. After 

the experiment is complete, the hemisphere can be directly taken off of the cold finger and 
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imaged, without sublimation. However, if desired, the hemisphere can be left to sublimate to 

visualize a traditional ice etch. Modifications introduced to the FIPA methodology shorten the 

traditional ice-etching protocol by several hours. Additionally, there is the potential for 

simultaneously imaging several AFPs, each with a different fluorescent label, to visualize the 

overlapping patterns of AFP-bound ice planes. 

 

2.3 Protocol text 

2.3.1 Growing single ice crystals 

1.1) Take a clean metal pan (15 cm diameter, 4.5 cm high) that fits into, and can float on, an 

ethylene glycol cooling bath (Thermo NESLAB RTE7).  

 

1.2) Prepare polyvinyl chloride (PVC) cylindrical molds, (4.5 cm diameter, 3 to 4 cm high, 4 mm 

thick), by sawing sections from a pipe.  

1.2.1) Cut a notch, (1 mm wide, 2 mm high) on one side (Figure 2.1A).  

1.2.2) Prepare as many molds that can fit comfortably into the pan (Figure 2.1B).  

 

Note: A study showed that polyvinyl alcohol (PVA) can affect ice nucleation(128). However, in 

our open mold PVC system we have not encountered problems of atypical ice formation.  
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Figure 2.1. Equipment for growing and mounting single ice crystals. A) PVC molds. B) Pan 

in ethylene glycol bath with PVC molds. C) Cold finger with flow of ethylene glycol shown 

by the white arrow. The white dashed line indicates the inner wall of the cold finger. D) 

Diagram of crossed polaroids for orienting a single ice crystal. The light source is yellow, 

crossed polaroids are grey and the single ice crystal is white. The orientation of the 

polaroids (gray arrows) and ice crystal orientation (red arrows) are indicated. From left to 

right the ice crystal is oriented such that the c-axis is perpendicular to the bottom polaroid, 

45° to the bottom polaroid, and parallel to the incident light. The light passing though the 

crossed polaroids and ice will appear dark, light, or faintly multicolored through the top 

polaroid depending on the orientation of the ice crystal. 

 

1.3) Apply a light film of vacuum grease to the bottom surface ring of each mold, which is the 

surface with the notch cut out. Seal this greased, notched surface onto a metal pan with the 

notches oriented away from the center of the pan. Be careful not to fill or obstruct the notches 

with grease.  

 

1.4) Add 0.22 μm-filtered and degassed/deionized water to the center of pan, but outside of the 

molds, and allow the water to slowly enter into the molds through the notches. Be careful not to 

introduce any bubbles. The water layer should be approximately 5 mm deep. 
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1.5) Place the pan into a temperature-controlled ethylene glycol bath cooled to -0.5 °C. The pan 

should be perfectly level. Add ballast weights to the sides of the pan if necessary.  

 

1.6) After the pan and water have reached -0.5 °C, add a small piece of ice to the middle of the 

pan, outside of the molds.  

1.6.1) This will nucleate ice growth in the supercooled water across the pan and into the 

molds. The small notch at the bottom of each mold allows only one ice crystal to propagate 

through, resulting in a single ice crystal in each mold.  

1.6.2) Incubate overnight to form a layer of ice. 

 

1.7) Over the next three days add 13 ml of 4 °C degassed/deionized water to each mold once a 

day and drop the temperature of the ethylene glycol bath after each addition to -0.8 °C on day 

one, to -1.1 °C on day two, and to -1.5 °C on day three.  

1.7.1) Incubate at those temperatures overnight.  

1.7.2) By day four, the molds should be completely filled with ice. 

 

1.8) Pull the molds off the pan, push the ice crystals out of the molds, and store on a clean 

surface, such as a weighing boat, in a -20 °C freezer for approximately 1 h before handling. 

 

1.9) Rather than preparing many small single ice crystals, a large single ice crystal several liters 

in volume can be prepared in a constant temperature incubator as described by Knight(129). The 

large ice crystal can be stored for a year or more if kept covered in a -15 to -20 °C freezer. 

Portions of single crystal can be cut from the ice block with a saw as required. 
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2.3.2 Determining singularity and orientation of the ice crystals 

2.1) Determine if the ice expelled from the mold is a single crystal by observing in a freezer 

room, between two crossed polaroids (Figure 2.1D).  

2.1.1) If the ice crystal is single, then no cracks or discontinuities should be seen, and the 

light direction should not change within the ice crystal.  

 

Note: If a freezer room is not available, a cold room can be used instead in all required steps, 

being cautious to work quickly and handle the ice sparingly. 

 

2.2) At the same time the orientation of the c-axis can be determined due to the ice birefringence.  

2.2.1) When the c-axis is exactly parallel to the incident light, in theory, no light will pass 

through the crossed polaroids. If the incident light is titled slightly from parallel with the c-

axis, a uniform multicolor spectrum of light is transmitted through the crystal when it is 

rotated between the crossed polaroids. This uniform transmittance arises from the optical 

inactivity of ice Ih along its c-axis(69). The basal plane of the ice crystal is normal to the c-

axis.  

2.2.2) When the c-axis is further from parallel to the incident light and the ice crystal is 

rotated between the crossed polaroids, the transmitted light will alternate between zero and 

100% transmittance with every 90° of rotation of the crystal.  

2.2.3) Most commonly, the c-axis will be normal to the circular plane of the cylindrical ice 

crystal. 

 

2.3) Determine the orientation of the a-axes by ice pitting(130) which is done by wrapping the ice 

crystal tightly in aluminum foil, poking a small hole with a needle through the foil into the ice on 

the basal plane (normal to the c-axis), and placing it under vacuum for 20 min.  
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2.3.1) This treatment will produce an etch with hexagonal symmetry on the basal plane, 

where the a-axes run through the vertices of the six-sided star (Figure 2.2A).  

2.3.2) If desired, the ice crystal can be cut with a saw either parallel or perpendicular to one 

side of the hexagon to mount it with a primary or secondary prism plane perpendicular to 

the cold finger respectively (Figure 2.3).  

 

 

 

 

Figure 2.2. Preparing ice crystal for FIPA. A) Determining axes orientations by ice etch 

with hexagonal symmetry. The basal plane of the crystal is parallel to the plane of the page. 

B) Mounting the single ice crystal onto the cold finger. C) Ice after forming into 

hemisphere. D) Ice hemisphere submerged in hemispherical cup filled with protein solution. 
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Figure 2.3. Mounting ice crystal based on orientation. A) Diagram of mounting ice with (i) 

the basal plane, (ii) a primary prism plane, and (iii) a secondary prism plane perpendicular 

to the cold finger. For orientations (ii) and (iii) the ice crystal must be cut in half, as shown 

in the figure. B) FIPA results of Pacific blue-labelled type III nfeAFP8 after mounting ice 

crystals with (i) the basal plane and (ii) a primary prism plane perpendicular to the cold 

finger. 
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2.3.3 Adsorption of fluorescently labelled antifreeze protein to a single ice crystal 

3.1) Mount a single ice crystal onto the cold finger (Figure 2.1C) by first boring a cavity into the 

top of the crystal. To do this, alternate melting the ice with a two aluminum rods of slightly 

different diameter, but similar to the diameter of the cold finger, to form the cavity into which the 

cold finger can fit. 

 

3.2) Cool the cold finger to -0.5 °C, place in the ice cavity, and hold the ice crystal in place until 

it freezes to the metal (Figure 2.2B). Avoid air bubbles when attaching the crystal to the finger as 

they hinder efficient transfer of heat from the finger to the rod.  

 

3.3) Fill a hemispherical cup that is approximately twice the diameter of the ice crystal with 

filtered deionized water or buffer, cooled to approximately 4 °C. Submerge the cold finger-bound 

ice crystal into the cup and remove excess water or buffer such that the top of the ice crystal is 

approximately level with the liquid layer and the ice is not touching the cup walls.  

3.3.1) Cover the cup with insulation and lower the temperature to -5 °C.  

3.3.2) Wait approximately 1 h for the ice crystal to form into a hemisphere, checking its 

status approximately every 20 min (Figure 2.2C).  

3.3.3) The ice will take the shape of the hemispherical cup by melting and growing the ice 

crystal, but it should never overgrow to touch the cup walls. There should be at least a 1 cm 

gap between the wall and hemisphere and the cold finger should not protrude from the ice. 

 

3.4) Remove the cup from the ice crystal and add the fluorescent protein solution to a final 

volume of 25-30 ml and desired analysis concentration, being careful to keep the total liquid 

volume in the cup unchanged. A typical AFP concentration is 0.1 mg/ml.  
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3.4.1) Re-submerge the ice crystal into the cup so that the top of the ice crystal is at level 

with the liquid and the ice crystal is not touching the cup walls (Figure 2.2D).  

3.4.2) Drop the cold finger temperature to -8 °C and let the protein solution freeze into the 

ice crystal for 2 to 3 h, stirring the solution often. The ice formed from the protein solution 

should be at least 5 mm before stopping ice growth. 

 

3.5) Remove the ice crystal from the cup while still attached to the cold finger. Detach the ice 

from the latter by warming the coolant through the cold finger to just above 0 °C and wait until 

the ice crystal melts off. 

 

3.6) Place the crystal flat side down onto a clean surface, such as a weighing dish, being careful 

not to touch the newly form ice and store at -20 °C for at least 20 min before handing. 

 

 

2.3.4 Visualization of antifreeze-protein-bound planes of ice 

4.1) Visualization of fluorescence is done in a darkened freezer or cold room, by placing the ice 

crystal flat side down under lamps with wavelength specific excitation filters to excite the 

fluorescent label and camera emission filters to block out any other non-specific light. Based on 

the pattern, the ice planes that are bound by AFPs can be estimated (Figure 2.4). 

  

4.2) If wavelength specific lights are not available a UV light box can be used instead.  

 

4.3) Traditional ice etches can also be performed simply by allowing the ice hemisphere to 

sublimate at -20 °C for at least 3 h, after which residual protein powder may become visible on 

the ice surface (Figure 2.5).  
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4.4) Step 2.3 can be repeated in order to determine the orientation of the a-axes of the completed 

ice hemisphere. 

 

Figure 2.4. Interpreting AFP-bound planes from FIPA analysis results. A) Representation 

of the bound planes of Ih ice; and B) the corresponding FIPA analysis result when the single 

ice crystal is mounted with a primary prism plane perpendicular to the cold finger. Panels 

represent (i) basal plane, (ii) primary prism plane, (iii) secondary prism plane, (iv) 

pyramidal plane aligned with the a-axes, and (v) pyramidal plane offset to the a-axes. C) 

Morphology of a single ice crystal when grown in solution of AFPs that bind pyramidal 

planes i) aligned to the a-axes and ii) offset from the a-axes. 
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Figure 2.5. Comparison of traditional ice etches versus FIPA. A) (i) The traditional etch of 

type I AFP (HPLC6 isoform) produced by the winter flounder (Pseudopleuronectes 

americanus) is shown as originally produced by Knight et al., (1991). (ii) The corresponding 

FIPA analysis of the same protein labelled with TRITC. B) (i) Traditional etch of a 

quadruple IBS mutant (V9Q/V19L/G20V/I41V) of type III nfeAFP11 (from the Japanese 

eel pout Zoarces elongatus kner) (127). (ii) The corresponding FIPA analysis of the same 

protein labelled with TRITC. 

 

2.4 Representative results 

Preparation and mounting of the single ice crystal are the two steps of the FIPA procedure where 

errors are most commonly made. Determining if the prepared ice crystal is single is done by 

examining it through crossed polaroids (Figure 2.1D), as outlined in step 2.1 of the protocol 

section. If a multi-crystalline ice crystal is used for the FIPA analysis, the result will be 

discontinuous binding of the AFPs on the hemisphere without a coherent binding pattern (Figure 

2.6B). If the ice crystal interfaces are located around the ice planes to which the AFP binds the 

final result may not be interpretable. For this reason, the ice crystal should be carefully checked 

for singularity before moving onto the next steps. To increase the probability of having single ice 

crystals for the FIPA analysis several should be made at the same time. 
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Another common error is incorrectly aligning the crystal faces with the cold finger during 

mounting. To mount the primary or secondary prism faces perpendicular to the cold finger, the 

single ice crystal must first be oriented by ice pitting, then cut based on the orientation of the star-

shaped etch (Figure 2.2A & 3), as outlined in step 2.3 of the protocol section. If the ice crystal is 

mounted misaligned the final result will produce a hemisphere where the equator of the 

hemisphere does not align with the symmetry of the ice planes (Figure 2.6C). Although this is an 

interpretable result, it will be less informative than a correctly aligned ice crystal since the largest 

circumference of the hemisphere is at the equator (Figure 2.4). 

 

 

 

 

Figure 2.6. Hemispheres resulting from common FIPA analysis errors. Analyses were 

conducted on GFP-tagged type III HPLC12-A16H. A) An optimal FIPA result for 

comparison. The ice crystal was mounted with its primary prism plane perpendicular to the 

cold finger. B) FIPA analysis that was inadvertently conducted using an ice hemisphere 

composed of more than one crystal. B) FIPA analysis that was conducted on a misaligned 

single ice crystal. The secondary prism plane was not mounted exactly perpendicular to the 

cold finger. 



 

48 

 

2.5 Discussion 

Development of the ice-etching method by Charles Knight for determination of AFP-bound ice 

planes greatly advanced studies on the mechanism of ice binding by AFPs. Whereas structures of 

AFPs could be solved by X-ray-crystallography(131, 132) there was no obvious method for 

deducing the complementary surface on ice to which the AFP bound. When type I AFP from 

winter flounder was initially characterized, it was hypothesized to bind to the primary prism 

planes of ice(64). However, Knight’s groundbreaking ice-etching experiments of type I AFP 

showed that they bind to pyramidal planes of ice(75). This result stimulated the AFP research 

community to re-think the mechanism of AFP ice binding and more accurately determine the ice-

binding face of AFPs(65). Knight’s original ice-etching experiments were done using native 

AFPs purified from the AFP-producing organisms. With the development of recombinant AFPs 

and the increasing use of GFP tags, there was an opportunity to expand these studies to many 

other AFPs(133). 

 

 The idea of incorporating covalent fluorescent protein dyes, such as tetramethylrhodamine-5- 

(and6)-isothiocyanate (TRITC), into the analysis came only after the success of the GFP-fused 

AFP FIPA analyses(76). The chimeric fluorescent protein tags and the chemical modifications by 

covalent dyes have been observed not to affect the ice-binding patterns of the AFPs (Figure 2.5). 

With the former, GFP is fused to either the N- or C- terminal ends of the AFPs, which are often 

well removed from the IBS. Also, a flexible linker can be inserted between the GFP and AFP 

allowing the tag to be pushed away from the ice surface. With the latter labelling strategy, the 

charged side chains that react with the covalent dyes are usually on surfaces away from the IBS. 

If the strategies presented here for fluorescently labelling AFPs do not work, introduction of a 

cysteine away from the IBS for reaction with thiol-reactive dyes is another option(134). By taking 

measures to ensure the fluorescent labels do not affect AFP ice binding, as judged by thermal 
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hysteresis activity and ice crystal morphology, we are confident that the FIPA analysis shows true 

representation of AFP ice-binding patterns, as it did in the original ice-etching method. 

 

There are several benefits to fluorescently labelling the AFPs for the FIPA analysis. Less time is 

required for the procedure since the sublimation of ice for visualization of AFP-bound planes is 

not needed. The incorporation of labelled protein into the hemisphere can be monitored during 

the growth of the ice to assess experimental completion and the AFP-binding pattern can be 

recorded at any point. This prevents unnecessarily long experiments, or premature completion of 

ice growth. The fluorescent labelling allows clearer AFP-binding pattern visualization than 

previously possible with etching, as is seen in the comparison of results from both methods 

applied to type I and type III AFPs (Figure 2.5). However, a post-FIPA ice-etch can be easily 

conducted by placing the hemisphere in a freezer for several hours, meaning that both analyses 

can be done on the same sample since similar AFP concentrations are needed for both methods. A 

valuable advantage of FIPA is the ability to visualize more than one differently-labelled AFP on 

the same ice hemisphere (Figure 2.7). This is useful for illustrating differences in AFP ice-

binding planes seen with different AFP types, isoforms, and activity mutants. 
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Figure 2.7. Using FIPA analysis to compare ice-binding patterns of different AFPs. Pacific 

blue-labelled type III nfeAFP8 was combined with TRITC-labelled type I AFP and a single 

FIPA analysis was conducted. A) Visualization of type III nfeAFP8 only. B) Visualization of 

type I AFP only. C) Visualization of type III nfeAFP8 and type I AFP together. 
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FIPA analysis has already been used in several AFP studies. It has been used to support the 

hypothesis that basal plane binding is unique to hyperactive AFPs and necessary for their high 

activity(70). Moderately active AFPs were found not to bind the basal plane (Figure 2.8) but 

many hyperactive AFPs completely cover the ice hemisphere, including the basal plane of ice 

(Figure 2.8)(54, 85, 108). FIPA analysis has also been used to study the function of specific ice-

binding residues. For example, FIPA analysis was conducted on several type III isoforms and 

mutants, some of which prevent ice growth, and some of which have been found to only shape 

ice(76, 127, 135). From the studies, it was found that particular residues are important in 

incorporation of the AFPs into ice and others are important in ice plane specificity (Figure 2.9). 
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Figure 2.8. FIPA of moderately active and hyperactive AFPs. A) FIPA analysis of three 

different moderately active fish AFPs; (i) TRITC-labelled type I AFP (HPLC6 isoform, 

Pseudopleuronectes americanus), (ii) TRITC-labelled type II AFP (Ca
2+

-independent 

isoform, Longsnout poacher), (iii) Pacific-blue-labelled type III AFP (nfeAFP8 isoform, 

Zoarces elongatus kner). B) FIPA analysis of three different hyperactive AFPs; (i) GFP-

tagged MpAFP_RIV (Marinomonas primoryensis), (ii) TRITC-labelled sbwAFP 

(Choristoneura fumiferana), (iii) GFP-tagged TmAFP (Tenebrio molitor). In all images, the -

c-axis is perpendicular to the plane of the page. 
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Figure 2.9. Relation of fluorescent pattern produced by FIPA analysis to ice-crystal 

morphology of different type III AFP isoforms and mutants(76, 127). A) (i) FIPA analysis of 

GFP-tagged QAE-A16H. (ii) Ice crystal morphology produced by QAE-A16H. B) (i) FIPA 

analysis of TRITC-labelled nfeAFP11-V9Q. (ii) Ice crystal morphology produced by 

nfeAFP11-V9Q. C) (i) FIPA analysis of TRITC-labelled wild-type nfeAFP11. (ii) Ice-crystal 

morphology produced by wild-type nfeAFP11. D) (i) FIPA analysis of TRITC-labelled wild-

type nfeAFP6. (ii) Ice-crystal morphology produced by wild-type nfeAFP6. C-axis 

orientations and scale bars are as indicated. 
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Other methods for studying AFP-binding patterns on single ice crystals include direct observation 

by fluorescence microscopy(74, 124) and microfluidics(136). These methods have the advantage 

of sensitivity to the dynamic of the attachment of the AFP to ice and monitoring of ice shaping 

simultaneity with the affinity of the AFP to the ice, but are less robust compare to the FIPA 

method in determining the affinity to the ice planes. Molecular dynamics is also being used to 

predict the ice-plane binding specificity of AFPs(30, 53, 85, 127, 134). Using FIPA analysis, 

along with the other available techniques, we are learning the ice-plane binding patterns of each 

AFPs, the importance of the composition of the IBS in selecting ice planes, and how binding of 

specific planes is related to AFP activity. 
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Chapter 3 

Flies expand the repertoire of protein structures that bind ice 

 

3.1 Abstract 

A novel antifreeze protein (AFP) has been identified in Lake Ontario midges (Chironomidae). 

The midge AFP is expressed as a family of isoforms at low levels in adults, which emerge from 

fresh water in spring before the threat of freezing temperatures has passed. The 9.1-kDa major 

isoform derived from a preproprotein precursor is glycosylated and has a ten-residue tandem 

repeating sequence xxCxGxYCxG, with regularly-spaced cysteines, glycines, and tyrosines 

comprising half its 79 residues. Modeling and molecular dynamics predict a tightly wound left-

handed solenoid fold in which the cysteines form a disulfide core to brace each of the eight 10-

residue coils. The solenoid is reinforced by intrachain hydrogen bonds, side chain salt bridges and 

a row of seven stacked tyrosines on the hydrophobic side that forms the putative ice-binding site. 

A disulfide core is also a feature of the similar-sized beetle AFP that is a β-helix with seven 12-

residue coils and a comparable circular dichroism spectrum. The midge and beetle AFPs are not 

homologous and their ice-binding sites are radically different, with the latter comprising two 

parallel arrays of outward-pointing threonines. However, their structural similarities is an 

amazing example of convergent evolution in different orders of insects to cope with change to a 

colder climate and provide confirmation about the physical features needed for a protein to bind 

ice. 
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3.2 Introduction 

Species that adapt to survive freezing temperatures may have access to environmental resources 

with less competition and predation from freeze-susceptible organisms. An example of this 

environmental bonanza is illustrated by the sudden proliferation and radiation of notothenioid 

fishes into the ice-laden Antarctic Ocean during the Cenozoic ice ages(137) after they acquired 

antifreeze glycoproteins(96). AFPs bind to ice and prevent seed ice crystals from growing and 

damaging the host organism(9). In the absence of AFPs, the melting and freezing temperature of 

an aqueous medium is the same. However, when AFPs are present, they adsorb to the ice surface 

and lower the freezing temperature below the melting point(61). This temperature difference is 

referred to as thermal hysteresis (TH) and is the definitive measure of antifreeze activity. 

 

AFPs are soluble at mM concentrations in aqueous solution. The mechanism by which these 

freely soluble AFPs leave the liquid state of water to irreversibly adsorb to the surface of ice has 

been a puzzle for many years. Computational studies have suggested that the ice-binding site of 

an AFP might organize water into an ice-like clathrate pattern with low translational energy(53, 

138, 139). When these protein-bound waters contact the quasi-liquid layer at the interface with 

ice, the two ice-like water arrangements could fuse together and then turn to ice at temperatures 

in the thermal hysteresis range. Structure-function analyses have shown that AFPs collectively 

have a variety of different surfaces (ice-binding sites) that can organize water molecules into a 

clathrate(54, 140).  

 

The crystal structures of four arthropod AFPs have been solved(78, 80, 82, 85), and two more 

structures have been modeled with confidence(57, 141). The five arthropod AFPs are not 

homologous to each other. This diversity in AFP sequence and structure suggests that AFPs arose 

fairly recently and independently from different progenitors to have the same function through 
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convergent evolution. It is expected that discovery and characterization of other insect AFPs will 

reveal additional novel AFPs that will help identify structural features needed for binding ice, and 

provide clues about when insect AFPs arose. Also, it is notable that all of the arthropod AFPs 

above have high TH activity and other properties associated with hyperactive AFPs(70). This is 

fitting because these insects are terrestrial, and encounter temperatures down to -20 to -30°C. In 

contrast, marine fishes produce antifreeze proteins for the purpose of freeze resistance in a 

narrower thermal range of about 1 °C.  

 

In this study, we have obtained the sequence and derived a structural model for an AFP from a 

midge. Non-biting midges belong to the family Chironomidae and are distributed globally(111, 

142). An AFP from a dipteran (two-winged fly) has been reported in the gall midge 

(Thecodiplosis japonesis) but was only characterized to the level of AFP activity and apparent 

molecular weight(143). The lifecycle of the midge we collected in Southern Ontario, is one year 

long (Figure 3.1A) and the majority of that time is spent in the larval form(142). They pupate in 

spring and float to the surface of the lake to emerge as adults (Figure 3.1B), which live for a 

~two-week period during which time they swarm to mate. Eggs are laid on the water surface to 

continue the annual cycle. We predicted that midges might produce AFPs as a precautionary 

measure in the event of freezing temperature during their short, but very important, adult stage in 

the spring. Here we have purified the AFP as a family of isoforms that have a novel sequence, 

and have determined its solenoid fold by molecular modeling. The putative ice-binding site is a 

flat region of stacked tyrosines on one side of the molecule that has the potential to organize ice-

like clathrate waters. 
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Figure 3.1. Midge life cycle and AFP purification by ice affinity purification. A) Schematic 

of the one-year midge life cycle. B) Adult. C) A beaker containing 50 g of frozen midges. D) 

The soluble fraction obtained by centrifugation of the insect homogenate. E) The ice 

fraction after one round of ice affinity purification. F) The ice fraction after three rounds of 

ice affinity purification.  
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3.3 Material and methods 

Midge AFP was purified from the soluble fraction of adult midge homogenates by sequential ice 

affinity purification(100). Antifreeze activity (TH) and ice crystal morphology were monitored 

using a nanoliter osmometer(32). Protein masses and the number of disulfide bonds were 

determined by matrix assisted desorption/ionization (MALDI). Trypsin digestion and tandem 

mass spectrometry was used for protein sequencing. A repeating sequence motif (C-X-G-X-X) 

was used to find AFP transcripts from an Illumina paired-end sequencing library made from adult 

midge mRNA(144-146). The entire coding region of the midge AFP gene was deduced and its 

accuracy was confirmed by RT-PCR. Circular dichroism was used to measure secondary 

structure for comparison with other repetitive AFPs. The mature AFP was modeled as right- and 

left-handed solenoids using the Tenebrio molitor AFP (TmAFP) structure (PDB ID: 1EZG) as a 

template, and the stability of each model was tested by molecular dynamics. Detailed 

experimental procedures are given in the supplementary information. 

 

3.4 Results 

3.4.1 The midge species is unassigned  

The midges used in this study were overwhelmingly from one species based on sequence of the 

5´-region of the mitochondrial cytochrome C oxidase subunit 1 (COI) gene(147). Transcriptome 

analysis showed but a single nucleotide polymorphism (SNP)(148) in the population (GenBank 

accession # KM102730). A search for the COI gene in the Barcode of Life Database resulted in 

matches of 99.38 to 99.84% identities to 386 Chironomidae sequences, obtained mostly from 

insects collected around Southern Ontario. None of the matches come from an assigned genus or 

species; therefore, we are referring to the insect as the Lake Ontario midge. 
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3.4.2 Midge AFP purified solely by affinity for ice 

Aqueous extracts from freshly caught homogenized adult midges (Figure 3.1B) shaped ice 

crystals into a rounded hexagonal bipyramid and depressed the freezing point by 0.25°C below 

the melting temperature of the ice, both of which are conclusive signs of the presence of an AFP. 

To scale up AFP isolation, midges (50 g) were blended in buffer (Figure 3.1C&D) and subjected 

to three rounds of ice affinity purification. The first ice mass grown from the homogenate 

supernatant in figure 1D was a translucent tan color with distinct faceting on the surface (Figure 

3.1E). After this fraction was re-extracted two times by ice affinity purification, the new ice mass 

was colorless, completely clear, and still showed faceting (Figure 3.1F). The total protein yield 

was approximately 50 µg. 

 

3.4.3 Midges produce a family of AFP isoforms with multiple pairs of cysteines and some 

glycosylation 

When analysed by MALDI, the ice affinity purified AFPs had masses ranging from 5.7 to 10.4 

kDa, with a 9074-Da species as the most prominent peak (Figure 3.2A). This pattern was highly 

reproducible over multiple extractions. After reduction and alkylation by iodoacetamide, the main 

AFP peak had a mass of 10,005 Da (Figure 3.2B). Because the combination of these two 

modifications reduces disulfide bonds and adds a 58-Da group to every cysteine, the mass 

increase in the major isoform is consistent with the opening of eight disulfide bonds. Other 

isoforms in the mass range of 7.3 to 10.0 kDa also appeared to have 16 cysteine residues while 

only 12 are found in the 6146-Da isoform.  

 

Although some isoform diversity likely resides at the gene level, another possible source is post-

translational modification. The major isoform at 9074 Da (+/- 6) is 860 Da heavier than the 8214 

Da (+/- 6) isoform in the much smaller adjacent peak (Figure 3.2A). This mass difference 
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corresponds exactly to the molecular weight of the N-linked glycan GlcNAc2Man1Fuc2, which 

has been found to modify another insect AFP (TmAFP)(17).  

 

 

Figure 3.2. Midge antifreeze protein (AFP) is expressed as a family of hyperactive isoforms 

with multiple cysteines and shapes ice in a manner similar to hyperactive AFPs. A) MALDI 

mass analysis of the third ice affinity purification fraction containing AFPs purified from 

adult midges. The difference in mass between the 9074-Da and 8214-Da species corresponds 

to a single GlcNAc2Man1Fuc2 modification. B) MALDI mass analysis following reduction 

and alkylation of cysteine residues. The mass differences divided by 58 give the number of 

Cys in each of the major isoforms. C) Morphology of a single ice crystal in a solution of 

midge AFP. D) Explosive growth of the ice crystal when the temperature is lowered below 

the freezing temperature. The c-axis and scale bar are indicated in C and D. E) Midge 

antifreeze protein sequence (GenBank accession # KM102729). The signal peptide, pro 

sequence and mature protein regions of the midge AFP are labelled. The consensus 

sequence motif is presented below, with X
*
 representing an acidic or basic residue, and X 

representing any residue. Glycosylation sites are highlighted in grey. The strict cysteine and 

glycine repetitions are highlighted in bold. 
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3.4.4 The midge AFP shapes ice similarly to hyperactive AFPs but has intermediate TH 

activity 

The morphology of a single ice crystal in purified midge AFP solution was that of a hexagonal 

bipyramid with rounded vertices, like the shape of a lemon (Figure 3.2C). This is typical of 

hyperactive AFPs and most similar to the shape observed with TmAFP. At the freezing point, the 

ice crystal ‘bursts’ perpendicular to the c-axis (Figure 3.2D), which is characteristic of 

hyperactive AFPs(70) and typically reflects AFP binding to the basal plane. 

 

At a concentration of 0.08 mM, the antifreeze-active sample from the adult midges had a thermal 

hysteresis (TH) activity of 1.2 °C (+/- 0.04) (Figure 3.3). Hyperactive insect AFPs have TH 

values of ~5.2 °C (spruce budworm AFP isoform 501) and ~3.2 °C (TmAFP) at the same 

concentration(70). In contrast, the moderately active fish AFPs show ~0.25 °C (type I), and ~0.35 

°C (type II and III AFPs) of TH activity, again at 0.1 mM concentration. Thus the antifreeze-

active components from the midges has a TH activity well above that of AFPs from fishes and 

plants but less than that shown by most hyperactive AFPs.  
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Figure 3.3. Thermal hysteresis activity (°C) of the midge AFP as a function of protein 

concentration (mM). Readings were done in triplicate and the error bars represent the 

standard deviation of each measurement set. The concentration is an estimation based on 

the assumption that the major midge AFP isoform is the major component in the sample. 

The concentration was determined by absorbance at 280 nm, as described in the 

Experimental Procedures section (3.6.4). The protein concentration readings can be convert 

to mg/ml by multiplying each value by 8.197. 

3.4.5 Tandem mass spectrometry reveals a repeating C-X-G-X-X sequence in the midge 

AFP 

Two peptides, CTGASCNGNYCTGR and DNNCVGAYC (L or I)GNNCR, from the reduced, 

alkylated and trypsin-treated AFP were sequenced by tandem mass spectrometry. The sequence 

C-X-G-X-X, where X is any residue, appears three times in tandem in the deduced sequences, 

with the last repeat being truncated by trypsin cleavage.  

 

3.4.6 The major AFP isoform comprises tandem 10-residue repeats 

Total RNA extracted from frozen adult insects using the Trizol method showed no sign of 

degradation. However, a brown contaminant, which was likely melanin, co-purified with the 
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RNA, and was largely removed by a previously published method developed for mosquito 

RNA(145). Illumina paired-end sequencing on the bridge-amplified mRNA yielded ~110 million 

reads. The pentapeptide repeating motif was used as a query to search for RNA fragments 

corresponding to AFP gene transcripts. Using Seedtop+, 491 reads from the entire RNA-seq 

database were found to encode a [CXGXX]4C series, but 65 of these were discarded as they 

contained stop codons and were likely spurious matches. Using random Seedtop+ hits as seed 

sequences, the AFP transcript was built by de novo assembly in an iterative approach (with 

sequential extraction of additional overlapping fragments from the database) and a single 

transcript was built with confidence using 90 reads that spanned from start to stop codons. Of 

these 90 reads, 56 were found in the set of 426 Seedtop+ hits. Many of the other matches likely 

correspond to transcripts encoding other AFP isoforms.  

 

The assembled AFP transcript codes for 117 residues (Figure 3.2E). It begins with an 18-residue 

N-terminal signal peptide for export of the AFP out of the cell. The signal peptide is followed by 

a 20-residue pro sequence, which is not part of the mature protein since its molecular weight is 

not accounted for in any of the MALDI peaks (Figure 3.2A). The mature protein is 79 residues 

long and has a theoretical mass of 8197 Da when all 16 cysteines are disulfide-bonded, which is 

17 Da less than the mass (8214 Da +/- 6) of the major isoform (Figure 3.2A). The difference 

likely corresponds to a post translation modification such as methylation or hydroxylation (149). 

The C-X-G-X-X repeat found in the sequences determined by tandem mass spectrometry is 

duplicated in a 10-residue repeat of X*-X-C-X-G-X-Y-C-X-G, where X* are typically acidic or 

basic residues. This 10-residue repeat occurs eight times and contains two Cys and Gly residues 

each spaced at five-residue intervals and one Tyr at ten-residue intervals. The only exceptions are 

in the first repeat, which is one residue shorter, where Asp substitutes for Tyr, and in the last 

repeat where the C-terminal residue is Asp instead of Gly. Elsewhere, the sequence is highly 
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biased toward small polar (Asn, Thr Ser) or charged (Lys, Arg, Asp, Glu) residues with only two 

aliphatic residues (Val and Ile) present. Two possible N-linked glycosylation sites are highlighted 

in grey (Figure 3.2E). 

3.4.7 Unusual circular dichroism (CD) spectrum 

The CD spectrum of midge AFP has a maximum molar ellipticity at 185 nm and a minimum at 

205 nm, after which there is a gradual return to zero from 205 nm to 260 nm with an inflection 

point at 224 nm (Figure 3.4A). The spectrum is unusual, and its deconvolution using the 

structural database does not correlate with the common secondary structures of alpha-helix, beta-

strand, beta-turn or random coil. It is instructive, however, to compare it to the CD spectrum of 

the tightly coiled TmAFP (Figure 3.4B)(150). A trough at 205 nm is seen in both midge AFP and 

TmAFP spectra, while the inflection point in the midge spectrum at 224 nm deepens to a trough in 

the TmAFP spectrum, which shows a small amount of β-structure. Other coiled AFPs like 

Marinomonas primoryensis AFP (MpAFP) and Rhagium inquisitor AFP (RiAFP), with larger 

average coils of 19 and 21 residues, respectively, both have appreciable β-content that shows in 

their CD profiles (Figure 3.4C&D) (28, 151). 
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Figure 3.4. Unusual circular dichroism spectrum of the midge AFP and comparison with 

other repetitive AFPs. A) Midge AFP [molar ellipticity (deg x cm
2
 x dmol

-1
 x 10

-3
)]. B) 

TmAFP [mean residue molar ellipticity (deg x cm
2
 x dmol

-1
 x 10

-4
)]. C) MpAFP [ellipticity 

(millidegrees)]. D) RiAFP [mean residue ellipticity (deg x cm
2
 x dmol

-1
 x 10

-3
)]. Inserts are 

cross-sections of the helical AFPs showing beta-structure as green arrows. Data for B, C, 

and D were re-plotted from Liou, et al. (2000), Garnham, et al. (2008), and Hakim, et al. 

(2012) respectively. 
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3.4.8 Midge AFP has a solenoid fold braced by disulfide cross-bridges 

The 10-residue tandem repeats of the midge AFP, with cysteines at every fifth position, are 

reminiscent of the beetle AFP (TmAFP) sequence(99). TmAFP comprises 12-residue tandem 

repeats with disulfide-bonded cysteines present at 6-residue intervals. Its crystal structure (PDB 

ID: 1EZG) is a right-handed β-solenoid(152) with 12-residue coils that are bisected and stabilized 

by internal disulfide bridges (Figure 3.54A) (82). A single parallel β-sheet runs the length of the 

solenoid and comprises the ice-binding site formed from two parallel ranks of outward facing Thr 

derived from the TCT ice-binding motifs. On one side of the disulfide ladder there is a row of 

inward pointing Ala and waters. The other side of the divided core has a row of internal Ser. The 

other eight residues face outward. Although the coils in TmAFP are already incredibly tightly 

wound, we reasoned that a smaller cross section could be obtained with a 10-residue repeat if the 

disulfide-bonding pattern was maintained but the internal pointing Ala and Ser were replaced by 

Gly (Figure 3.54B). The smaller and more flexible Gly residues could potentially accommodate 

the strain of making a 10- rather than a 12-residue disulfide-bonded loop. Based on this 

reasoning, midge AFP was modeled on the TmAFP structure as both right-handed and left-handed 

solenoids. Only the left-handed model (Figure 3.54C) was stable during 20 ns of molecular 

dynamics simulations at 25 °C (Figure 3.5D). The stability of the model was qualitatively 

assessed by observing visual changes in the fold and quantitatively by the root-mean-square 

deviation (rmsd) of the model from the first frame over the length of the simulation. The right-

handed model changed drastically in the first 2 ns of MD corresponding to a sudden increase in 

rmsd of 1.8 Å. Over the remainder of the simulation, the model slowly unravelled and the rmsd 

gradually increased to 5 Å. The left-handed model moved very little throughout the simulation 

and the rmsd remained nearly constant, averaging 0.7 Å (+/- 0.1), indicating that the left-handed 

model is stable.  
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Figure 3.5. Midge AFP structural model. A, B) One coil of the A) TmAFP and B) left-

handed midge AFP repeating structure. Only internal-helix side chains are shown in A and 

B. C) Left-handed midge AFP model. D) rmsd of right-handed (cyan) and left-handed 

(black) midge AFP models during molecular dynamics simulation. E) Ramachandran plot 

of the left-handed midge AFP model showing all non-glycyl residues as squares and all 

glycyl residues as triangles. Most favored regions are in red, additionally allowed regions 

are in yellow, generously allowed regions are in peach, and disallowed regions are in white. 
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The Ramachandran plot of the left-handed model shows that all residues have allowed backbone 

conformations (Figure 3.5E). Although several of the residues are in the β region of the 

Ramachandran plot, and the midge AFP structure was modeled using a β-solenoid fold, there is 

no β structure in the resulting model based on DSSP calculations(153, 154). This is likely due to 

the tightness of the coils preventing extended backbone conformations of adjacent residues. The 

model is therefore referred to simply as a solenoid. In the final model, the 10-residue repeat 

makes up one coil of the solenoid (Figure 3.5B). Replacement of the internal Ala and Ser relative 

to TmAFP with Gly eliminates any core other than the disulfide bridges and these are aligned 

without twist, even following molecular dynamics. The model is stabilized along one side by pi 

stacking of seven Tyr and on the opposite side by salt bridging of adjacent acidic and basic 

residues on neighboring loops. Ice-binding faces are usually the most regular, flattest and most 

hydrophobic surfaces on AFPs. The Tyr-rich surface meets all these criteria (Figure 3.6A, C) and 

therefore, it likely forms the ice-binding surface. The opposite surface has several bulky and 

charged side chains, making the surface much more polar and uneven (Figure 3.65C). 
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Figure 3.6. The midge AFP has novel ice-binding residues. A) Predicted IBS of midge AFP. 

B) IBS of TmAFP. The C-terminal ends are to the front in A and B. C) Surface 

representation of the midge AFP model showing the putative flat ice-binding surface (left) 

and the opposing charged, uneven surface (right). The N and C termini are indicated in 

grey. 
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3.5 Discussion 

We have had considerable success modeling the folds of novel AFPs that have repetitive 

sequences and no homologs in the database. The AFP from snow fleas (sfAFP) was modeled as a 

set of tightly packed type-II polyproline helices stabilized by backbone to backbone hydrogen 

bonding and two disulfide bridges(79). The crystal structure of sfAFP solved a year later showed 

that the packed coil region had an rmsd of ~1 Å from the model(80). The plant AFP, Lolium 

perenne AFP (LpAFP), was modeled as a β-solenoid with internal asparagine ladders and a small 

hydrophobic core of apposed valines(155). All these crucial structural features were validated by 

the crystal structure done more than 10 years later, albeit the modeled solenoid was of the 

opposite handedness(125). The bacterial ice adhesion domain of MpAFP was correctly modeled 

as a β-solenoid based on the RTX repeats of an alkaline protease, which predicted that one of the 

two rows of internal Ca
2+

 ions was absent and replaced by hydrophobic packing(28, 54). Another 

AFP structure predicted de novo is that of the inquisitor beetle (RiAFP), which along with 

inchworm AFP (iwAFP), was modeled as a flat, silk-like β-solenoid(57). Although the iwAFP 

structure has not yet been experimentally determined, the recently-solved structure of the similar 

RiAFP confirms the accuracy of the modeled structure(85). In all these examples, and in the 

modeling of the midge AFP here, sequence repetition in the protein allows for the prediction of 

the fold of a unit motif, such as the coil of a solenoid, which can be replicated to form the entirety 

of the molecule. Molecular dynamics used to assess stability in a simulated environment offers 

evidence of either the accuracy of the modeled structure or the need to revise the model. A good 

example of this is the handedness of the β-solenoids. With some helices like LpAFP, there is little 

to distinguish the stability of a right- versus a left-handed coil. However, here there is clear 

evidence from molecular dynamics that the midge AFP structure is only stable as a left-handed 

structure. Using some features from a non-homologous AFP with a similar CD spectrum, 

intuition, and molecular dynamics, we have modeled the Lake Ontario midge AFP structure with 



 

72 

 

confidence as a 10-residue repeating solenoid, the novelty of which is the lack of any β-structure 

within an incredibly tight amphipathic coil and a row of stacked, surface-exposed Tyr. 

 

Although the midge AFP model was inspired by the crystal structure of TmAFP, similarities in 

their structures do not arise from homology but are the result of convergent evolution to a similar 

fold(156). TmAFP, which is a β-solenoid with seven 12-residue loops, 6 disulfide bonds through 

the core, and 2 disulfide bonds involved in a capping structure, was remarkable for being the 

tightest experimentally observed β-helix(157). Midge AFP, which has 10-residue loops in our 

model, is even more tightly coiled than TmAFP. The sequence of the two proteins cannot be 

aligned unless two gaps are inserted per loop in the midge AFP to force alignment of the Cys, 

resulting in less than 20% of the non-Cys residues matching in any register. Unlike the TmAFP 

fold, secondary structure analyses of midge AFP do not find any β-strand content in the model, 

and therefore the latter should not be classified as a β-solenoid. It can, however, be described as a 

solenoid due to the regularity of the protein backbone dihedral angles at each position of the ten-

residue motif. The model was validated by the Ramachandran plot and by the midge AFP’s CD 

profile which looks like that of TmAFP but without any β-structure. The tight and stable fold 

would result in an extremely rigid structure, reduced freedom of motion of side chains, and an 

increased potential for water molecule ordering on the protein surface, which seems to be a 

requirement for ice binding. 

 

Distances between adjacent loops are approximately 4.8 Å, which is typical for a solenoid fold. 

Indeed, it is this distance, seen in the β-helical AFPs, which closely matches the 4.5 Å critical 

repeating distance of oxygen atoms on both the primary prism and basal planes of ice (106). 

Binding to both these planes can explain hyperactivity(70, 124). We predict that the Tyr ladder 

will play a role in ice binding through formation of clathrate waters around the phenyl groups 
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with ‘anchoring’ to the Tyr hydroxyls and backbone peptide groups. The Tyr-rich ice-binding site 

is unlike those of other solenoid AFPs which are typically rich in Thr (Figure 3.6B). 

 

The data collected by sequencing of the Lake Ontario midge transcriptome confirmed that the 

complexity of the AFP species in the midge was not only due to post translational modifications, 

but also resulted from multiple isoforms of the protein. The major isoform has an N-terminal 

signal peptide and pro sequence, which are cleaved from the mature AFP. Cleavage of this pro 

sequence from the mature AFP occurs at the C-terminal side of an arginine, which is a known 

cleavage site for trypsin-like proteases that are present in fly hemolymph(158). Pro sequences are 

present in the winter flounder type I AFP, sea raven type II AFP and iwAFP but their functions 

are unknown(57, 159, 160). They may assist in proper protein folding and then become cleaved 

during or after export from the cell.  

 

AFPs are typically expressed by terrestrial insects in their overwintering form, when they may 

face temperatures as low as -30 °C for weeks at a time(161). Because fresh water freezes at 0 °C, 

it is not surprising that there is no sign of antifreeze activity in the over-wintering bloodworm 

stage of the Lake Ontario midges, which would have a lower freezing point due to salts and other 

solutes within their tissues. Instead, the antifreeze-producing stage of the midges is the adult fly, 

which emerges from fresh water in the spring. Spring temperatures are on average above freezing, 

but there are occasional night frosts. Therefore, unlike other insect AFPs, which must be both 

highly expressed and extremely potent in order for the insect to survive overwintering, the Lake 

Ontario midges produce a small quantity of antifreeze proteins to counter short sub-zero periods, 

consistent with the µg-quantities of AFPs purified from 50 g of midges by ice affinity 

purification. It will be interesting to examine midge populations from colder regions to see if the 

amount of AFP they produce is higher. This study has provided the tools to do this analysis.  
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The Lake Ontario midge is the fifth insect and sixth arthropod to yield a novel AFP. We 

hypothesize that characterization of other insect AFPs will be fruitful for the discovery of 

additional novel AFP folds. 

 

3.6 Experimental procedures 

3.6.1 Collection and storage of insects  

Adult midges were collected en masse from our building air intake filters in late April and early 

May. Most of the insects were alive when collected and were stored at -80 °C in 200-g aliquots 

until use. 

 

3.6.2 Purification of insect total RNA 

 Total RNA was extracted from adult midges using the Trizol method, as described for 

Drosophila(144) with a slight modification; the insects were pulverized under liquid nitrogen in a 

pre-chilled ceramic mortar and pestle. A brown contaminant, which purified along with the RNA, 

was removed by two rounds of polyacrylamide bead purification (Bio-Rad, BioGel P-60) as 

described previously(145), and one round of silica-gel-based membrane filtration (Qiagen, 

RNeasy Midi Kit). The amount of RNA was quantified by nano-spectrophotometry (Thermo 

Scientific – NanoDrop 2000) and the quality was assessed by agarose gel electrophoresis in the 

presence of ethidium bromide. 

 

3.6.3 Species analysis 

PCR was used to amplify the 5´-region of the mitochondrial cytochrome C oxidase (COI) subunit 

1 gene to determine the most abundant species of midge in the collection. Because of the high 



 

75 

 

copy number of mitochondrial DNA (mtDNA) per animal cell, and small size of the mtDNA 

genome, it is likely that some mtDNA was present in the total RNA preparation and, therefore, 

the total RNA preparation sufficed as the mtDNA source. COI primer pair (5′-

TTTCTACAAATCATAAAGATATTGG-3′) and (5′-

TAAACTTCAGGGTGACCAAAAAATCA-3′)(147) were used for PCR in a total volume of 50 

µl with final concentrations of 47 ng/µL RNA preparation, 1 X Taq buffer (Thermoscientific, + 

(NH4)SO4, -MgCl2), 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 µM of each primer, and 0.05 

units/µL of Taq polymerase (Thermoscientific). The PCR thermocycling program consisted of 95 

°C for 5 min, then 30 cycles at 95 °C for 1 min, 50 °C for 1 min and 72 °C for 2 min, followed by 

a 10 min 72 °C incubation for TA cloning.. PCR products were cloned into the pCR 2.1-TOPO 

vector using the TOPO TA cloning kit (Invitrogen), and transformed into One Shot Top10, 

chemically competent E. coli (Invitrogen). Plasmids from fifteen colonies were purified by the 

GeneJet Plasmid Miniprep Kit and sequenced using the T7 promoter at the Robarts – London 

Regional Genomic Centre (London, ON, Canada). The RNAseq library was searched with 

BLASTn with the partial PCR amplified COI as the query and all reads were aligned onto the 

COI using Trinity. Presence of polymorphisms in the COI was assessed using Integrated Genome 

Viewer. 

 

3.6.4 Purification of midge antifreeze protein 

Frozen adult midges (50 g) were homogenized at 4 °C in a blender (Sunbeam – Osterizer 8) with 

150 mL of 50 mM ammonium bicarbonate (pH 7.9), 2 mM phenylthiocarbamide into which 3 

cOmplete protease inhibitor cocktail tablets (Roche) were dissolved. The homogenate was 

centrifuged for 1 h at 20,000 RPM in a JA-25.5 rotor. The supernatant was saved and the pellet 

was re-homogenized in the blender with 80 mL of 50 mM ammonium bicarbonate and re-

centrifuged under the same conditions. The supernatants were pooled, filtered through glass wool 
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to remove lipids, and brought to 500 mL with 50 mM ammonium bicarbonate (pH 7.9) in 

preparation for ice affinity purification. Ice affinity purification was performed as described 

previously(100) at a cooling rate of 1 °C per day from a starting temperature of -0.7 °C and was 

stopped when at least 50 % of the solution was incorporated into the ice fraction (approximately 4 

days). Ice affinity purification was conducted three times, with the second and third rounds being 

performed on the preceding ice fraction. After each round, the ice fraction was melted slowly 

while 1 M ammonium bicarbonate (pH 7.9) was added stepwise to replenished the lost buffer and 

maintain a concentration of ~ 50 mM. The volume was again increased to 500 mL before 

subsequence rounds of ice affinity purification. The last melted ice fraction was concentrated by 

lyophilization or by using a centrifugal concentrator (Millipore) with a 3-kDa molecular weight 

cut-off. Protein concentration was determined by absorbance measurements at 280 nm and an 

extinction factor of 12920 M
-1

cm
-1

 predicted from the sequence of the major mature AFP 

sequence using the Expasy ProtParam tool (http://web.expasy.org/protparam). 

 

3.6.5 Reduction and alkylation of the AFP sample 

To 4 µL of 0.05 mg/mL AFP in 50 mM ammonium bicarbonate (pH 7.9), 2.5 µl 4% RapiGest SF 

detergent (Waters) also in 50 mM ammonium bicarbonate (pH 7.9) and 1 µL of 100 mM DTT 

were added. The mixture was incubated for 30 min at 67 °C, cooled to room temperature, and 

then 1 µL of 1 M iodoacetamide and 1.5 µL of water were added. This mixture was incubated in 

the dark at room temperature for 30 min. 

 

3.6.6 Matrix-Assisted Laser Desorption/Ionization 

The masses of the purified proteins, both unmodified and modified by alkylation, were 

determined by MALDI mass-spectrometry using an alpha-cyano-4-hydroxycinnamic acid matrix 
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and the dried droplet method. The instrument used was a SCIEX Voyager DE Pro in Linear 

mode/delayed extraction and data were processed using Applied Biosystems Data Explorer 

(version 4.0). 

 

3.6.7 Thermal hysteresis measurements 

Thermal hysteresis measurements to assess AFP activity were performed as described 

previously(32). All measurements were done with a 1-min hold at the melting temperature, and a 

cooling rate of 0.01 °C every 4 sec. 

 

 

3.6.8 MS/MS protein sequencing 

Reduced and alkylated samples were digested overnight at a 100:1 ratio of protein to Promega 

trypsin V5111. Tandem mass spectrometry was conducted using Waters QTOF Global with a 

Waters CapLC XE chromatography system (LC Packings C18 PepMap100 3 µm, 100 Å column) 

in data-dependent acquisition electrospray ionization, positive, mode. Waters MassLynx v 4.0 

was used for data acquisition and analysis, and the raw data were processed using Waters Protein 

Lynx v 2.1.5. 

 

3.6.9 Transcriptome analysis 

Midge total RNA was sent to The Centre for Applied Genomics (Hospital for Sick Children, 

Toronto, ON, Canada) for Illumina paired-end sequencing of the mRNA. A total of 112 million 

reads, of length 101 bp each, were obtained. The raw data were translated in all six reading 

frames and searched using the BLAST Seedtop+ function, which looks for a specified pattern. 

The seedtop query was (C-X-G-X-X)4 -C, where C is a cysteine, X is any amino acid, G is 
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glycine, and 4 is the number of contiguous repetitions of the pattern searched. Seedtop+ hits were 

manually curated to remove all spurious hits. Spurious hits included reads with stop codons 

within the repeating pattern and 3 or more adjacent cysteine codons, which was not expected for 

the AFP. The raw data were also converted to a BLAST database that was searchable with the 

BLASTn command using the Seedtop+ hits as queries. Read hits and their mates were assembled 

at the nucleotide level using the de novo assembly software, Trinity(146). The quality of the read 

alignments to the contig was assessed visually using Integrated Genome Viewer (IGV)(148). 

Portions of the contigs with good quality alignments (high read coverage and few discrepancies 

between read sequences) were used as BLASTn queries for the next round of assembly. Contigs 

with good quality alignments were assembled together and using this iterative process the major 

isoform of the midge AFP transcript was built from the start codon to the stop codon.  

 

3.6.10 Confirmation of AFP transcript 

A midge cDNA pool was made using the Invitrogen Thermeoscript RT-PCR System, oligo (dT)20 

primers, and total midge RNA. AFP primer pair (5’-GCAGTCGAAGTTATCAGAATC-3’) and 

(5’-GCATTAAAGATGGGTTCGAG-3’) were used for PCR using the Roche, Expand High 

Fidelity PCR System. The PCR thermocycling program consisted of 30 cycles at 95 °C for 1 min, 

53 °C for 1 min and 72 °C for 2 min, followed by a 10 min 72 °C incubation for TA cloning. PCR 

products were TA cloned and sequenced exactly like the COI subunit 1 gene above. 

 

3.6.11 Secondary structure estimation 

Circular dichroism (CD) was performed at 4 °C using a Chirascan spectrophotometer (Applied 

Photophysics, UK). The sample was prepared in 10 mM sodium phosphate (pH 8) at a protein 

concentration of 12 µM. The condition was scanned six times and corrected for the buffer scan. 
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Proviewer Software (Applied Photophysics, UK) was used for preliminary data processing and 

OLIS Spectralworks (On-line Instruments Inc., USA) was used for deconvolution. 

 

3.6.12 Model building and molecular dynamics 

The sequence of the midge AFP has short tandem repeats containing regularly spaced cysteine 

residues similar to TmAFP and therefore its structure was modeled based on the TmAFP crystal 

structure(82). TmAFP is a right handed beta-helix with a disulfide core. The repeating sequence 

in TmAFP is 12 residues long and makes up one loop of the solenoid. The repeating sequence of 

the midge AFP is 10 residues long. Therefore, using PyMOL (http://www.pymol.org), two 

outward pointing residues were deleted per loop from the TmAFP structure, the inward pointing 

Ala and Ser were changed to Gly and the remaining residues were mutated to the midge AFP 

sequence. The model was energy minimized using GROMACS. The minimized model was 

refined to ensure all peptide bonds were in trans confirmation using the PyMOL sculpt function 

and that the phi and psi angles of the peptide backbone were favourable when evaluated on a 

Ramachandran plot using COOT. Using GROMACS, the refined model was solvated in a box of 

water and energy minimized, followed by constant volume and constant pressure position 

restrained molecular dynamics runs, each 0.1 ns in duration. The position restrained dynamics 

runs were followed by 20 ns of unrestrained molecular dynamics simulation. The temperature 

variable for all GROMACS dynamics runs was set to 298 K. The temperature and pressure were 

maintained with the v-rescale and Parrinello-Rahman protocols, respectively. To make the left-

handed model of the midge AFP, PyMOL was used to turn four loops of the TmAFP structure 

into a left-handed solenoid by breaking two peptide bonds per loop (Figure 3.7A), re-building the 

bonds in adjacent loops (Figure 3.7B) then renumbering the residues so the numbering followsthe 

new left-handed turn (Figure 3.7C). GROMACS was used to energy minimize the left-handed 

partial-TmAFP (Figure 3.7D) and it was then used as a template to build the left-handed midge 
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AFP model, as was done for the right-handed model. Model refinement, energy minimization, 

position restrained dynamics, and molecular dynamics of the left-handed model were conducted 

exactly as described for the right-handed model. The root-mean-square deviation (rmsd) of the 

model during the simulation was calculated by the GROMACS g_rms function on the main chain 

including hydrogen atoms. 

 

 

Figure 3.7. Converting four coils of the TmAFP structure (PDB ID 1EZG) from a right-

handed helix to a left-handed helix. Main chain coils are alternatively colored in green and 

magenta and N and C termini are labelled in each panel in grey. A) The bonds that were 

broken are circled. B) The bonds that were built are indicated by dotted lines. C) Left-

handed structure after renumbering. D) Left-handed structure after energy minimization. 
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Chapter 4 

Intermediate activity of midge antifreeze protein is due to a tyrosine-

rich ice-binding site and atypical ice plane affinity 

4.1 Abstract 

An antifreeze protein from a midge (Chironomidae) was recently discovered and modelled as a 

tightly wound disulfide-braced solenoid with a surface-exposed rank of stacked tyrosines. New 

isoforms of the midge AFP have been identified from reverse transcriptase PCR and are fully 

consistent with the model. Although they differ in the number of 10-residue coils, the row of 

tyrosines that form the putative ice-binding site is conserved. Recombinant midge AFP has been 

produced, and the properly-folded form purified by ice affinity. This monomeric AFP has a 

distinct circular dichroism spectrum, a melting temperature between 35 and 50 °C and is fully 

renaturable on cooling. Mutagenesis of the middle tyrosine in the rank of seven eliminates 

antifreeze activity, whereas mutation of a tyrosine off this predicted ice-binding face had no such 

effect. This AFP has unusual properties compared to other known AFPs. First, its freezing point 

depression activity is intermediate, between that of the hyperactive and moderately active AFPs. 

As with hyperactive AFPs, when midge AFP-bound ice crystals exceed their freezing point 

depression, ice grows explosively perpendicular to the c-axis. However, midge AFP does not bind 

to the basal plane of ice as do hyperactive AFPs, but rather to a pyramidal plane that is at a 

shallower angle relative to the basal plane than binding planes of moderate AFPs. These 

properties distinguish midge AFP from all other ice-binding proteins and the intermediate activity 

level fits well to the modest challenge of protecting newly-emerged adult insects from late spring 

frosts. 
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4.2 Introduction 

Antifreeze proteins (AFPs) are a structurally diverse group of proteins with the shared function of 

binding to ice to stop its growth (19). To date, over a dozen distinct antifreeze protein structures 

have been identified or predicted. Although AFPs have a variety of folds, they have at least one 

surface that is relatively flat, extensive, and somewhat hydrophobic, which binds to ice. This ice-

binding site (IBS) is thought to organize surface water molecules into an ice-like arrangement, 

which merges with the quasi-liquid layer covering the ice lattice. On cooling, the merged waters 

freeze the AFP to the ice (53, 54). This is the adsorption phase of the adsorption-inhibition 

mechanism of AFP action (61). The inhibition phase comes from ice being forced to grow with a 

thermodynamically unfavourable surface curvature between adsorbed AFPs, which lowers the 

freezing point (67, 162). Ice crystals are stabilized and cease to grow while the temperature 

remains within the thermal-hysteresis gap between the melting point and lowered freezing point. 

 

The ice present in the biosphere has a hexagonal growth habit (ice Ih), with three a-axes at 60° 

angles and a c-axis perpendicular to the plane defined by these three (69). Growth tends to be 

slowest in the direction of the c-axis and the two slower-growing planes perpendicular to this axis 

are called the basal planes. The six faces perpendicular to the plane defined by the a-axes are 

called prism planes, while faces at any angle between the basal and prism planes are called 

pyramidal planes. The IBSs of AFPs bind to one or more ice planes. If they bind to a single 

pyramidal plane, ice crystals grow into a hexagonal bipyramid in the presence of the AFP. 

 

IBS flatness is maintained by a notable lack of surface projections. Indeed, many of the early 

mutagenesis experiments that defined the location and extent of IBSs were designed to spoil their 

flatness by the introduction of bulky or small side chains (19, 163). In retrospect, the disruption of 

ordered surface waters by the mutations may have been a major cause for a decrease in antifreeze 
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activity. IBSs tend to be rich in residues like Thr, Ala, and Asn. The hydrophobic (methyl) group 

of Thr and Ala can force surface water molecules into a clathrate pattern. The hydroxyl group of 

Thr and the carboxamide-oxygen of Asn can hydrogen bond with some of these water molecules 

to ‘anchor’ the water cages. In effect, it is the surface waters on the protein, organized by these 

side chains that bind to particular ice planes. AFPs with repetitive structures typically have IBSs 

composed of repeating motifs, in which the distance between side chains matches the water 

molecule spacing on various ice planes (164). An ideal fold for this purpose is a straight beta-

solenoid because distances between side chains of adjacent outward pointing residues on the 

same coil and in adjacent coils are 7.4 Å and 4.6 Å respectively(165). These distances are 

remarkably close to the spacing of the water molecules in the primary prism and basal planes 

plane of Ih ice (82). Not surprisingly, of the eleven distinct AFP crystal structures solved to 

date(19), five are regular (contiguous) beta-solenoids (54, 78, 82, 85, 125) and another is a 

bipartite beta-solenoid in which two distinct sections of beta-helix join end to end to form a 

seamless solenoid (166). 

 

All the IBSs of regular beta-solenoid AFPs discovered to date are rich in outward pointing Thr 

residues(167). There are two parallel rows in mealworm beetle (Tenebrio molitor) AFP (TmAFP) 

and moth (spruce budworm) AFP (sbwAFP) (78, 82), and four in longhorned beetle AFPs 

(Rhagium inquisitor) AFP (RiAFP) and its (Rhagium mordax) AFP (RmAFP) orthologue (71, 

85). The ice-binding domain of a bacterial (Marinomonas primoryensis) AFP (MpAFP) is a little 

different in that only one of its two rows of ice-binding residues is populated by Thr residues. The 

second row contains a mixture of Asn and Asp (28). The weakly active grass (Lolium perenne) 

AFP (LpIBP) has two rows where only about a third of the residues are Thr(83). The rest are 

primarily small neutral residues (Ser, Val and Ala). This suggests that a lower Thr content on the 

IBS leads to reduced freezing point depression. 
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Recently, a new AFP was discovered from a Lake Ontario midge (Chironomidae) (168). This 79-

aa AFP is extremely repetitive with almost eight 10-residue tandem repeats of CxGxYCxGxx, 

where x can be any residue. The only exception to the pattern is an Asp for Tyr substitution in 

repeat 1. The regularly spaced cysteine residues are reminiscent of TmAFP and therefore the 

structure of the midge AFP was modeled using it as a template (Figure 4.1A). The AFP was 

modeled as both right- and left-handed, but only the left handed model was stable during 

molecular dynamics and therefore valid(168). Each 10-residue repeat makes up one coil of a left-

handed solenoid. Each coil is stabilized by a disulfide bond, as are the coils in TmAFP, but the 

repeats are two residues shorter. Pi-stacked Tyr and alternating acid and base residues on adjacent 

coils provide further stability to the structure. The conserved Gly residues are not found in 

TmAFP and are necessary to allow this tighter coil. In fact, the solenoid is so tightly wound that 

beta-strands are not predicted within the structure. Nevertheless, the previously described 4.5 Å 

spacing between coils that matches the ice lattice is retained. Unlike the other beta-helix AFPs 

described above, the midge AFP does not have regularly spaced Thr residues that could constitute 

an IBS. The only regular, flat, semi-hydrophobic surface is a row of seven outward pointing Tyr 

residues. Therefore, these were predicted to form the IBS. 
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Figure 4.1. Model of midge AFP and fusion protein expression construct. A) Model of the 

midge AFP in stick representation showing side chains. Tyr are in green, Cys are in yellow, 

Gly are in cyan, basic residues are in dark blue, acidic residues are in magenta, predicted 

glycosylation sites are in orange with an asterisk. Side chain O atoms are red, N atoms are 

blue, and S atoms are gold. B) The MBP-midge AFP construct for production of 

recombinant AFP. MBP is represented as a grey bar from residues 1 to 368. The linker 

from residue 369 to 384 is composed of a three-alanine linker, His-tag and TEV recognition 

sequence. The red dotted line is the TEV cleavage site. Residues 384 to 462 are the midge 

AFP. The gold lines connect cysteine residues modelled to form disulfide bonds. 
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Another interesting feature of the midge AFP is that its activity is intermediate between that of 

the moderate and hyperactive AFPs (168). The moderate AFPs are typically found in fish, plants 

and fungi whereas most insect AFPs (plus one fish and one bacterial AFP) are classified as 

hyperactive as they are 10-100 times more active than the moderately active AFPs at low, 

physiological concentrations (70). The main difference between these two groups is that 

hyperactive AFPs are able to bind the basal plane of ice in addition to one or more other planes. 

We hypothesized that hyperactive AFPs binding to the basal plane enables them to block ice 

growth along the c-axis, which accounts for their high activity. Whereas, moderate AFPs do not 

bind to the ice basal plane and so AFPs are less effective at blocking growth along the c-axis. The 

midge AFP’s intermediate activity has encouraged us to revisit this relationship. 

 

Here we have set out to test the midge AFP structural model by sequencing additional isoforms 

and producing a recombinant form in mg quantities for biophysical studies. Recombinant midge 

AFP has enabled us to test the putative IBS by site-directed mutagenesis and determine the plane 

of ice to which it binds. 

 

4.3 Results 

4.3.1 New isoforms of the midge AFP support the predicted model of its structure 

By rtPCR, four new isoforms (1B, 2, 3 and 4) of the midge AFP were identified (Figure 4.2). 

Isoform 1A was discovered previously by RNAseq (168). All the sequences have a 16 or 18 

residue signal peptide as predicted by SignalP 4.1 (169). This is followed by a short pro-peptide 

region (22 or 31 aa) of unknown function. The mature AFPs of isoforms 1A and 1B are identical 

as they only differ at two positions within the signal peptide. The mature isoform 2 is also 

identical except that it has one fewer 10-residue repeat. The other regions show a total of three 

substitutions. 
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Figure 4.2. Protein sequence alignment of midge AFP isoforms. The signal peptide, pro 

region, and mature AFP regions are indicated. An alternate signal peptide cleavage in 

isoforms 1A, 1B, 2, and 3 is present between positions -19 and -20, two residues C-terminal 

to the indicated site. Cysteines (green), glycines (orange) and tyrosine (purple) of the 

repeating motif are bolded. Potential glycosylation sites (black) are also in bold. Grey 

highlighted residues match the isoform 1A sequence. The gold lines above the consensus 

sequences connect cysteine residues modelled to form disulfide bonds and X
*
 represents the 

frequent occurrence of an acidic or basic residue that might be involved in salt-bridging 

between neighbouring coils of the solenoid structure. Mature AFP of isoform 1A was 

expressed in E. coli as a fusion protein with MBP (Fig. 1B).  
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Isoforms 3 and 4 proved to be quite divergent compared to the first three sequences and are more 

robust tests of the model. The pro-peptide of isoform 4 is 9 aa longer and shows very little 

sequence similarity to those of the other isoforms, plus its signal peptide is more divergent, 

suggesting that this isoform arose from an earlier gene duplication than the others. Isoform 3 has 

the same number of repeats (eight) as isoforms 1A and 1B but its mature AFP is only 71% 

identical. However, when compared to the 10 aa repeat consensus, CxGxYCxGxx, 100% of the 

Gly, Cys and Tyr residues within this motif are conserved. In contrast, only 42% of the residues 

denoted by x are conserved between isoforms. The mature AFP of isoform 4 is three repeats 

shorter than isoforms 1A and 1B. Like isoform 3, the consensus is 100% conserved whereas the 

other residues of the mature AFP are only 39% conserved. These observations support the model 

as all of the residues within the repeat that are predicted to be critical for proper folding, stability, 

and AFP activity to remain unchanged, whereas those that face outward and do not form part of 

the IBS are not. What is most striking about the shorter isoforms (2 and 4) is that they are shorter 

by exact multiples of the 10-residue repeat, providing further evidence that each 10-residue repeat 

is one unit, i.e. a loop, of the AFP structure.  

 

4.3.2 Properly folded midge AFP was purified by ice affinity  

During preparation of the recombinant AFP according to the flow chart in Figure 4.3A, the 

MBP_3Ala_HisTag_TEV-site_MidgeAFP protein construct selected by Ni-NTA chromatography 

was digested with TEV protease to free the AFP from the MBP tag. The residual undigested 

fusion protein, His-tagged MBP, and TEV protease not removed by Ni-NTA chromatography 

were removed from the free AFP (peak centered at 86.9 mL) by size-exclusion chromatography 

(Figure 4.1B). The AFP elution peak was clear of any other contaminants (Figure 4.3C, lane 3), 

but there was a shoulder at 83 mL (Figure 4.3B), indicating the possibility of multiple folded 

states of the protein. Therefore, ice affinity purification (IAP) was used as the final purification 
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step to separate properly folded AFP by sequestering it into the ice fraction (Figure 4.3D) while 

excluding misfolded AFP in the liquid fraction. Subsequent Sephadex G75 chromatography 

profiles showed that the AFP in the liquid and ice fractions eluted at 83.4 mL and 89.9 mL, 

respectively (Figure 4.3B), which is consistent with the misfolded AFP having a higher Stokes 

radius and the well-folded material being more compact. Material in the ice fraction had a TH 

activity only slightly lower than the natural protein, whereas, the TH activity of the liquid fraction 

was just 30% of that of the ice fraction at equal protein concentrations. This residual activity 

could represent partial activity from misfolded AFP, but as active AFP does not usually fully 

partition into the ice fraction during IAP (100), this is the more likely cause. The mass of the IAP 

purified AFP was 8197 Da (± 8 Da) (Figure 4.3E), which matches 8196.7 Da, the predicted mass 

of the unglycosylated midge AFP if all 16 cysteine residues formed disulfide bonds. 
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Figure 4.3. Purification of recombinant midge AFP. A) Flow chart of steps for the 

production of recombinant midge AFP. B) Sephadex G75 size-exclusion chromatography 

profile of three samples from the AFP purification. Solid black line is sample after the 

second Ni-column chromatography. Dashed red and blue lines are the liquid and ice 

samples after ice-affinity purification, respectively. Elution volumes in mL are indicated 

above each major peak. C) SDS-PAGE of fractions from the purification. The protein 

marker is in lane M and some molecular weights are indicated on the left. Lane 1 contains a 

sample from the eluate from the first Ni-column chromatography. Lane 2 contains a sample 

after TEV digestion. Lane 3 has a sample of the pooled free AFP after size-exclusion 

chromatography. Note that the apparent molecular weight of the midge AFP on the gel is 

much higher than expected. The midge AFP binds SDS poorly due to its unusual amino acid 

composition resulting in decreased mobility during SDS-PAGE. D) The ice fraction 

enriched with properly folded AFP from ice-affinity purification. E) MALDI mass 

spectrometry analysis of purified midge AFP. 
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4.3.3 Midge AFP is a monomer in solution and refolds after heating  

The midge AFP was modelled as a monomer (Figure 4.1A) (168). To test this assumption, 

analytical ultracentrifugation (AUC) was performed on the recombinant protein. The results 

showed only a single peak (Figure 4.4) at exactly the sedimentation coefficient predicted for an 

8.2 kDa protein. No other sedimentation species were observed up to the MDa range.  

 

 

 

 

Figure 4.4. Analytical ultracentrifugation profile of pure recombinant midge AFP. 
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Circular dichroism (CD) was performed to assess the folding and heat stability of the protein. The 

CD spectrum of the recombinant protein at 4 °C (Figure 4.5A) is almost identical to that reported 

for the native AFP (168), suggesting that the recombinant protein has achieved the native fold. 

This spectrum had a maximum at 184 nm and a minimum at 208 nm. The curve gradually 

increased to 0 millidegrees from 208 to 260 nm with a slight inflection at 224 nm. As the 

temperature was increased from 4 °C to 65 °C in 6 to 15 degree increments, the only drastic 

change occurred between 35 °C and 50 °C. The ellipticity at 184 nm decreased by two thirds and 

the minimum shifted to 200 nm, indicating that the protein was becoming unstructured. When this 

sample was cooled back down to 4 °C, the spectrum was almost indistinguishable from that 

observed at the start indicating that the unfolding was reversible (Figure 4.5B). This is not 

surprising given that each of the eight loops is constrained by a disulfide bond, for a total of eight. 

TH measurements before heating and after cooling were 0.84 °C (± 0.16 °C) and 0.85 °C (± 0.09 

°C), respectively, indicating the antifreeze activity was not affected by the refolding. 
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Figure 4.5. CD spectra of recombinant midge AFP during heating and cooling. Midge AFP 

was heated from 4 °C to 65 °C then cooled to 4 °C. A) Red, blue, black, yellow, green, and 

purple lines in the order from top to bottom at 180 nm are spectra at 4, 10, 20 and 35, 50 

and 65 °C, respectively, during heating. B) Red and dashed black lines are the samples at 4 

°C before heating and after cooling, respectively. 
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Midge AFP is intermediate between hyperactive and moderate in its TH activity and but 

does not bind to the basal plane of ice 

Recombinant midge AFP has lower thermal hysteresis activity than the native AFP. At 0.08 mM, 

the activity of the native AFP was 1.2 °C whereas the activity of the recombinant AFP was 

approximately 0.6 °C (Figure 4.6A). This decreased activity could be due to the lack of 

glycosylation of the recombinant AFP. The predicted glycosylation sites are off of the IBS 

(Figure 4.1A), and therefore would not impede its ability to bind ice, but glycosylation may be 

improve the protein stability. Additionally, glycosylation may increase the hydrophilicity of the 

non-IBS whilst increasing relative hydrophobicity of the IBS – a property important for ice-

binding. As well, the native AFP preparation contained a mixture of isoforms and such mixtures 

have been shown in other insects to be more potent than individual isoforms (170).  

 

An ice crystal equilibrated in a solution of recombinant midge AFP formed a squat hexagonal 

bipyramid with sharp tips (Figure 4.6Bi,iii) with a length to width ratio of 1.2:1. With native AFP 

present the single ice crystal was more like the shape of a lemon with rounded tips, albeit with a 

similar short length to width ratio (168). The 'burst’ patterns of both the recombinant and native 

midge AFPs were typical of a hyperactive AFP, with explosive growth parallel to the a-axes of 

the ice crystal (Figure 4.6Bii) once the non-equilibrium freezing point was exceeded. However, 

the native midge AFP was not classified as a hyperactive AFP, partly due to its intermediate TH 

activity (168). At 0.08 mM, moderately active and hyperactive AFPs have TH activities in the 

range of 0.2-0.6°C and 3-5°C, respectively (70). Recombinant midge AFP activity at 0.8 °C -1.0 

°C was intermediate relative to the moderate and hyperactive activities (Figure 4.6A). The ice-

shaping and ‘burst’ patterns of the midge AFP do not radically change with concentration. 

  



 

95 

 

 

Figure 4.6. Antifreeze activity of midge AFP. A) Thermal hysteresis standard curve of 

recombinant midge AFP (filled circles) and native midge AFP (empty squares). Average 

thermal hysteresis measurements of hyperactive (empty triangles) and moderately active 

(empty diamonds) AFPs are also presented. B-C) Single ice crystal in B) midge AFP and C) 

type I (HPLC6 isoform, Pseudopleuronectes americanus) solution during thermal hysteresis 

reading. C-axis and scale bar are indicated. i) Ice crystal in the thermal hysteresis gap. C-

axis and scare bar are indicated. ii) ‘Burst’ at the freezing temperature. iii) Schematic of 

pyramidal planes bound with 1.2-1 and 3.3:1 height to width ratio for midge AFP and type I 

AFP, respectively. 
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Fluorescence-based ice plane affinity (FIPA) was performed to determine the planes of ice bound 

by the recombinant AFP. Single macroscopic ice crystals were mounted on the cold finger in two 

orientations. In the first orientation (Figure 4.7A), the c-axis was parallel to the cold finger. In the 

second (Figure 4.7B), the c-axis was perpendicular to the cold finger. In the first orientation, six 

patches of fluorescence were observed after AFP incorporation. The perpendicular view in Figure 

4.7B shows that these patches do not lie along the plane defined by the a-axes. Rather, they center 

at a position approximately half way up the curve of the hemisphere. This indicates that the AFP 

does not bind to a prism plane but rather to a pyramidal plane intermediate between the prism and 

basal planes. Inhibition of growth on these planes would be expected to produce crystals in which 

the ratio of the length to the width would be close to unity, as was observed. In contrast, type I 

AFP binds to a pyramidal plane that is closer to the prism plane (Figure 4.7C-D) and the 

corresponding ice crystals have a length to width ratio of 3.3 to 1. There is a total lack of 

fluorescence on the basal plane, which is found at the top of the hemisphere in Figure 4.7A. The 

faint green circle surrounding this position actually lies on the lower portion of the hemisphere 

and is an artifact arising from the hole left by the metal rod used to hold and cool the ice. The 

basal plane, which is typically bound by hyperactive AFPs (77), was left unbound by the midge 

AFP.  
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Figure 4.7. Fluorescence ice-plane affinity results of A,B) FITC-labelled midge AFP and 

C,D) TRITC-labelled Type I AFP (HPLC6 isoform, Pseudopleuronectes americanus). The c-

axis in A,C) is perpendicular to the plane of the figure, and in B,D)it is vertical to the image 

as indicated by the arrow. 
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4.3.4 Mutations of Tyr on the putative IBS knock down AFP activity 

The putative IBS residues are a row of seven pi-stacked, outward-facing Tyr residues (Figure 

4.8Ai). One other Tyr residue, also outward facing, is present on the opposite side of the model 

(Figure 4.8Aii), which is predicted not to be involved in ice binding. To test this hypothesis, the 

middle Tyr of the 7-Tyr ladder was mutated to both Asp and Arg to make the Y46D and Y46R 

mutants, respectively (Figure 4.8Bi). These substitutions were selected to disrupt the ability of the 

IBS to order water molecules, by introducing charge, and to make the surface IBS less flat by 

either increasing or decreasing the size of the residue. At a concentration of 0.12 mM, the wild-

type midge AFP had a TH activity of 0.75 °C, whereas the Y46D and Y46R mutants both had 

minimal activity of ~ 0.05 °C. When the Tyr residue located off the putative IBS was mutated to 

an Ala residue (Figure 4.8Bii), this mutant showed no loss of TH activity compared to the wild-

type protein.  

 

  



 

99 

 

 

Figure 4.8. Midge AFP tyrosine mutations. A) Wild-type midge AFP model shown with Tyr 

side chains coloured green and red. Disulfide bonds are in gold. Labelled residues were 

targeted for mutagenesis. i) The putative ice-binding surface side of the molecule. ii) The 

side of the molecule opposite to the IBS. B) Models of the midge AFP mutants: i) Y46D 

(orange), and other mutation Y46R (blue); ii) Y33A (magenta). 
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4.4 Discussion 

Adult midges are only available during the spring and it is difficult to purify more than μg 

quantities of AFP, which consists of a mixture of isoforms and glycoforms (168). To characterize 

this novel AFP further, it was necessary to produce a single recombinant form in mg quantities. 

We anticipated difficulties in producing the protein due to its eight disulfide bonds and tightly 

wound solenoid structure. For this reason we adopted methods that had been used to produce the 

structurally similar TmAFP (171), which also has eight disulfide bonds and a solenoid fold. Even 

with the use of the specialized Origami cell line designed for expression and folding of disulfide-

bonded proteins, a proportion of the AFP always appeared to be improperly folded. Long dialysis 

steps were incorporated into the protocol to allow for slow oxidation of disulfide bonds and 

proper folding. Omitting or shortening these steps resulted in a higher proportion of misfolded 

protein.  

 

The structural model of the midge AFP was developed using an intuition-guided approach (168). 

The only experimental data corroborating the model were comparative circular dichroism results 

suggesting some similarity to TmAFP. From mass spectrometry data of the purified native AFP 

and analysis of the RNAseq data used to identify the first midge AFP gene, it was clear that other 

isoforms were present in the adult midges and that these could help test the validity of the model. 

Sequence features conserved between the isoforms would indicate their importance for the AFP’s 

fold and function(163). Indeed, all the new isoforms identified in this study were comprised of 

the same 10-residue tandemly repeating motif (CxGxYCxGxx) found in the initially identified 

gene, thereby validating the importance of the regularly spaced Gly, Cys, Tyr. Charged residues 

with potential for salt bridging were also well conserved, for example R20 to D30 in isoforms 1 

to 3, and K20 to E30 in isoform 4 (Figure 4.1, Figure 4.2). Also, it was noted that length of two 
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isoforms differed, being shorter by 1 or 3 multiples of the 10-residue repeat, indicating that one 

repeat is indeed the structural unit, or one loop, of the solenoid (Figure 4.1).  

 

Despite the similarity of the midge AFP model to the TmAFP structure, it has radical differences. 

It lacks the regularly spaced ranks of Thr residues that constitute the IBS in the beetle AFP and 

several other solenoid AFPs. Neither does it have regularly spaced Ala or Asn residues as found 

in some other IBSs, suggesting that it has an atypical IBS. The only flat surface corresponds to 

the one regular array of outward facing residues, consisting of regularly spaced Tyr residues, 

which form a stacked ladder in the model. These are also conserved in the newly identified 

isoforms, indicating their importance to the protein’s fold or, more likely, its function. There are 

enough common characteristics between ranks of Thr and Tyr to suggest that the latter might be 

an IBS. Both residues have a hydrophobic group (methyl, phenyl) around which clathrate water 

cages can form and a hydroxyl group to ‘anchor’ these waters. Mutagenesis experiments 

confirmed this hypothesis. When a Tyr residue off the predicted IBS was mutated to an Ala there 

was no change in TH activity compared to the wild-type protein. However, when the central Tyr 

on the predicted IBS was mutated to Asp or Arg there was a severe knockdown of TH activity, 

which is consistent with the IBS being the Tyr-rich surface.  

 

Another potential ice-binding protein, the ice-nucleating protein (INP) from Pseudomonas 

syringae, was also modelled with an outward-pointing Tyr ladder (30). In this case, the Tyr ladder 

was predicted to be a dimerization or multimerization interface on the molecule, not its IBS. It 

was suggested that multimerization would result in a wider and longer IBS to increase the ice-

nucleating ability of the INPs. Although this dimerization hypothesis has not yet been proven, we 

performed AUC to see if there was any tendency for the midge AFP to dimerize. The AUC data 

showed clearly that midge AFP is a monomer in solution, consistent with the Tyr ladder being the 
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IBS. Given this, it is important to determine whether the outward pointing Tyr ladder in INP is 

used for dimerization rather than water molecule organization. To date, the INP has been 

notoriously difficult to produce recombinantly, therefore the functional and structural features of 

the INP have not yet been elucidated. 

 

The atypical IBS of the midge AFP is complemented by its atypical activity. The midge AFP, 

both native and recombinant, has activity intermediate to that of the moderately active and 

hyperactive AFPs. This lower activity compared to other insect AFPs may mirror the less severe 

conditions that the midges face when they emerge from lakes in spring, compared to insects that 

spend the entire winter in the terrestrial environment(18).  

 

The intermediate TH activity of the midge AFP prompted further characterization of its ice-

binding properties. Moderately active fish AFPs do not bind the basal plane, as seen by ice 

etching and FIPA analysis. A single ice crystal formed in their presence grows into a hexagonal 

bipyramid (74) and ‘bursts’ along the c-axis, which is normal to the basal plane, since the basal 

plane is left unbound (70). Similarly, the midge AFP binds to a pyramidal plane, forming 

hexagonal bipyramidal ice crystals and leaving the basal plane unbound. However, when the 

midge AFP-bound crystal ‘bursts’ it does so along the a-axes the same way ice crystals do when 

bound by hyperactive AFPs. So, why does the crystal also not burst along the c-axis if the basal 

plane is not bound? The FIPA results provide a possible answer as they show that the midge AFP 

binds to a shallow (low index) pyramidal plane angled nearer the basal plane than the steep 

pyramidal binding planes favoured by moderate AFPs. The steeper the angle between these two 

planes, the greater the opportunity for growth to occur along the c-axis once the non-equilibrium 

freezing point is reached. The smaller angle obtained with the midge AFP makes this less likely. 

A trade-off might be that the angle between the prism plane and the pyramidal planes is now 
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larger, increasing the probability of growth being initiated along the a-axes. The short length of 

the midge AFP-bound single ice crystal compared to those of moderately active AFPs agrees with 

the FIPA observations and supports this hypothesis. The length to width ratio of a single ice 

crystal in the presence of midge AFP is 1.2:1 (Figure 4.6Bi,iii), whereas with Type I AFP, it is 

3.3:1 (Figure 4.6Ci,iii). Further support is afforded by the recent microfluidics experiments in 

which physically blocking the tips (c-axis) of a hexagonal bipyramidal single ice crystal formed 

using moderately active AFP resulted in both growth out of the a-axes and enhanced activity 

(172). This showed that moderately active AFPs will begin to behave more like hyperactive AFPs 

if ice growth along the c-axis is prevented.  

 

Midge AFP is the first of what may be an intermediate class of AFPs that bind to an ice plane 

approximately half-way between the basal and prism planes. As such, it shows some properties 

consistent with intermediate activity AFP and others more consistent with the hyperactive forms. 

It has also expanded the repertoire of amino acids used to form IBS, as it is the first to employ a 

tyrosine ladder in this capacity. 

  

We hypothesize that other naturally occurring AFPs with intermediate activity will be identified 

in terrestrial organisms that use AFPs for modest freeze avoidance in high sub-zero climates. 

 

4.5 Materials and Methods 

4.5.1 Cloning of new AFP sequences  

Total RNA was isolated and melanin contamination was removed as described previously (168). 

Three cDNA pools were made by reverse transcription (Thermoscript RT-PCR kit, Life 

Technologies) using instructions for Oligo (dT)20 primers. Each pool used a different oligo-dT 
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primer that differed only at the 3’base (A, C or G) to ensure that the primer would anneal at the 5′ 

end of the poly-A tail. The primer also contained a 5′ adapter sequence used in later PCR 

amplifications. The three primers were 5’-

GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTX-3’, where X is A, G, or C.  

 

To selectively amplify cDNAs encoding the AFP, a forward primer specific to the 5’ end of the 

known midge AFP transcript (5’-GCAGTCGAAGTTATCAGAATG-3’) was used along with a 

reverse primer specific for the cDNA adaptor (5’-GACTCGAGTCGACATCGAT-3’). Each 

cDNA pool was amplified separately for 30 cycles of 1 min at 95 °C, 1 min at 55 °C, and 2 at 72 

°C, followed by a 10-min final extension step at 72 °C. Fragments were T/A cloned using the 

Thermoscript TOPO-TA Cloning kit (Life Technologies) and sequenced (Robarts Institute, 

London, ON). 

 

4.5.2 Gene synthesis and recombinant protein expression 

The midge AFP construct and purification protocol were based on the procedure developed for 

the efficient production of the similarly disulfide-bonded recombinant TmAFP (171). Briefly, the 

midge AFP gene with an N-terminal His-tag followed by a TEV cleavage site was codon 

optimized for E. coli expression and synthesized by GeneArt
TM

 (Thermo Fisher Scientific). The 

gene was inserted into the pMal vector(173) so that the final construct encoded Maltose-binding 

protein (MBP)_3Ala-Linker_6His-Tag_TEV cleavage-site_MidgeAFP (Figure 4.1B). This 

construct was transformed into the Origami pLysS E. coli expression cell line (Novagen).  

 

An overnight culture was grown in 15 mL of LB broth with 100 μg/mL ampicillin, 15 μg/mL 

kanamycin, 12.5 μg/mL tetracycline, and 34 μg/mL chloramphenicol. This was used to inoculate 

a 1-L LB broth with the same antibiotic concentrations, which was grown at 37 °C with shaking 
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at 220 RPM until an optical density of 0.5 at 600 nm was reached. The temperature was lowered 

to 18 °C, whereupon protein expression was induced with 1 mM IPTG for 40 h. 

 

4.5.3 Expression and purification of TEV protease 

TEV protease was purified as previously described (174). After purification, TEV protease was 

diluted with 100 % glycerol to a final glycerol concentration of 40 % and then stored at – 20 °C. 

 

4.5.4 Purification of recombinant AFP and removal of the MBP tag 

Cells were harvested by centrifugation (4 °C, 30 min, 2500 x g) and resuspended in 25 mL N-

Buffer [0.5 M NaCl, 50 mM Tris-HCl (pH 7.6), 2% glycerol, 5 mM imidazole] with 0.1 mM 

PMSF. Following sonication, the lysate was centrifuged (4 °C, 45 min, 21000 x g) and the 

supernatant was incubated with Ni-NTA agarose resin (Qiagen) for 30 min. Following a 30-mL 

wash with N-Buffer, protein was eluted with N-buffer containing 250 mM imidazole. The 

fractions containing fusion protein were dialyzed into Working Buffer [50 mM Tris-HCl (pH 

7.9), 100 mM NaCl] overnight at 4 °C. TEV digestion was done for 24 h at 4 °C on a rocker with 

a ratio of 1:100 enzyme to protein concentration and a mixture of reduced and oxidised 

glutathione at final concentrations of 3 mM and 0.3 mM, respectively. Precipitate was removed 

by centrifugation and the sample was dialyzed overnight into Working Buffer at 4 °C. Ni-NTA 

chromatography was repeated as above to trap the MBP, undigested fusion protein and TEV 

protease, with the cleaved AFP eluting in flow-through and wash fractions. The AFP sample was 

concentrated using a Centricon filter with a 3-kDa cut-off (Millipore) and further purified by size-

exclusion chromatography using Sephadex G75. Purification yields ~ 1-2 mg of midge AFP per 

liter of E. coli culture. 
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4.5.5 Separation of properly folded and misfolded AFP 

Free midge AFP eluted from the Sephadex G75 column in two peaks, one of which was thought 

to be improperly folded. These peaks were pooled and diluted to ~ 100 mL with Working Buffer. 

Ice–affinity purification (IAP) was used to recover the properly folded AFP into the ice fraction 

(100). IAP was performed as previous described (100, 168) and repeated on the liquid fraction to 

capture the majority of the properly folded AFP. The ice fractions were melted and concentrated 

using a 3 kDa Centricon (Millipore) and an aliquot was sent to the SPARC BioCentre, Hospital 

for Sick Children (Toronto, Canada) for amino acid analysis (AAA) for protein quantification. 

AAA data were used to determine a molar extinction coefficient at 280 nm of 13.22 (L g
-1

cm
-1

) 

for a 10 mg/mL solution and that was used to quantify subsequent preparations by 

spectrophotometry. 

 

4.5.6 Analytical ultracentrifugation (AUC) 

A Beckman Optima XL-I Analytical ultracentrifuge (Beckman Coulter) was used for 

sedimentation velocity measurements at 40,000 RPM at 20 °C with 0.85 mg/mL AFP in 10 mM 

sodium phosphate (pH 7.9). Double sector charcoal-Epon cells equipped with quartz windows 

were used and with concentration distributions were determined using absorbance optics. 

Sedimentation coefficient distributions were determined as described previously (175). 

 

4.5.7 Mutagenesis 

Mutagenesis of midge AFP was performed using the QuikChange Lightning
TM

 Multi-Site-

Directed Mutagenesis Kit as described by the manufacturer (Agilent Technologies) and verified 

by DNA sequencing (Robarts Institute, London, ON). Mutants were expressed and purified in the 
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same way as the wild-type protein, again with IAP being used to purify the properly folded 

material. 

 

4.5.8 Matrix-assisted laser desorption/ionization (MALDI), thermal hysteresis (TH), and 

circular dichroism (CD)  

MALDI mass spectrometry, TH measurements, and CD analysis were performed as described 

previously(168). For CD analysis, 50 µm AFP in 10 mM sodium phosphate (pH 7.9) was slowly 

heated from 4 °C to 65 °C over approximately 1.5 h and then allowed to cool from 65 °C to 4 °C 

over 1.5 h without removing the sample from the cuvette.  

 

4.5.9 Purification of type I AFP 

Type I AFP was purified from winter flounder serum as described previously (176).  

 

4.5.10 Determination of ice binding planes by fluorescence based ice-plane affinity (FIPA) 

analysis 

Midge AFP was labelled with fluorescein isothiocyanate (FITC) as described previously for 

labelling with tetramethylrhodamine isothiocyanate (TRITC) (76). FIPA analysis was performed 

using 1.5 mg of midge AFP in 30 ml of Working Buffer as previously described (77).  
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Chapter 5 

Modeling repetitive, non-globular proteins 

5.1 Abstract 

While ab initio modeling of protein structures is not routine, certain types of proteins are more 

straightforward to model than others. Proteins with short repetitive sequences typically exhibit 

repetitive structures. These repetitive sequences can be more amenable to modeling if some 

information is known about the predominant secondary structure or other key features of the 

protein sequence. We have successfully built models of a number of repetitive structures with 

novel folds using knowledge of the consensus sequence within the sequence repeat and an 

understanding of the likely secondary structures that these may adopt. Our methods for achieving 

this success are reviewed here. 

 

5.2 Introduction to repetitive protein structures 

In order to relate structure to function it is preferable to determine atomic-resolution structures by 

experimental means (X-ray crystallography or NMR), but in the event that these methods are not 

successful, and there are no structures available for homology modeling, it is possible to conduct 

ab initio modeling. Then those predicted structures can be used as a guide for site-directed 

mutagenesis experiments to confirm the protein fold and reveal information about those amino 

acids that are essential for function. One focus of our work has been to understand the structure 

and function of ice-binding proteins (IBPs)(19). Our ability to model structures in silico has been 

aided by the repetitive nature of many of the IBPs, which is consistent with their binding to a 

crystalline lattice. 

 



 

110 

 

IBPs are produced in many organisms that survive in icy environments. They protect the 

organism from freezing damage by binding to ice(19). Their adsorption to the ice surface makes it 

more difficult for water to join the ice crystal. In organisms that cannot survive freezing they 

function as antifreeze proteins (AFPs) to depress the freezing point of a solution and prevent the 

ice from growing further. In organisms that can tolerate freezing their role is to stop the 

recrystallization of ice into bigger more damaging crystals. IBPs have one contiguous surface that 

binds to ice, referred to as the ice-binding site (IBS). Our current view of an IBS is that it 

organizes surface waters into an ice like pattern in order to bind particular planes of ice. IBSs are 

typically flat, hydrophobic, regular and extensive compared to the other surfaces of the molecule. 

Often they are rich in small hydrophobic residues such as Thr and Ala. 

 

The overall structures of IBPs are remarkably different, as might be expected for proteins that 

have independently evolved from different progenitor genes(19). Although these proteins have 

convergently evolved to serve the same function of binding to ice, even their IBSs can vary as 

befits proteins that bind to different planes of ice with somewhat different surface structures. But 

they can also be remarkably similar like the two parallel ranks of Thr seen on the IBSs of 

beetle(82) and moth(78) AFPs.  

 

Many of the IBPs with known structures have been determined experimentally to have sequences 

that are composed of multiple short repeats (3 to 19 residues in length) that in turn form repeating 

structural motifs. These structural motifs include α-helices and polyproline type II helices, but the 

majority of repetitive IBPs form a β-solenoid structure(19). In a repetitive β-solenoid each 

sequence repeat forms a coil that consists of one or more β-strands connected by loops. These 

coils then form a solenoid structure in which the equivalent β-strands of each coil form hydrogen-
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bonds to the neighbouring strands to form β-sheets. Single β-solenoid structures have been 

observed with one to four β-sheets(165).  

 

Examples of three repetitive ice-binding protein structures and their sequence patterns are shown 

in Figure 5.1. Type I AFP is a simple, alanine-rich, short α-helical AFP found in some 

fishes(177). This AFP has an 11-amino-acid repeating motif that forms three helical turns with a 

slightly different periodicity (3.7 residues/turn) from the classic α-helix (3.6 residues/turn). The 

best conserved positions are a Thr and two Ala (coloured red and blue, respectively, in Figure 

5.1A). These residues are presented in the structure adjacent to each other on the same side of the 

helix to form the ice-binding surface(65).  

 

Figure 5.1. Sequences and structures of some repetitive ice-binding proteins. Antifreeze 

proteins from A) Pseudopleuronectes americanus (type I AFP), B) Tenebrio molitor, and, C) 
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Rhagium inquisitor. Key repetitive amino acids are coloured: Thr (red), Ala (cyan), Cys 

(yellow), Ser (green). The N and C termini are labelled on the structures by N and C, 

respectively. 

The AFP from the mealworm beetle, Tenebrio molitor (TmAFP) has a 12-residue repeating motif 

of TCTxSxxCxxAx (Figure 5.1B). The structure is a very tightly wound β-solenoid that is 

stabilized by disulfide bonds connecting opposite sides in each coil of the solenoid. The other 

residues that point into the solenoid core are regularly spaced Ser and Ala on either side of the 

disulfide ladder, which both have short side-chains that fill the respective halves of the divided 

core. The regularly spaced Thr of the TXT motifs are the ice-binding residues and point outward 

from the solenoid on the same surface making up a narrow, untwisted β-sheet that is the IBS. The 

sequence diverges from the regular pattern at the N and C termini to allow for helix-capping. 

 

An unrelated AFP was identified in the inquisitor beetle (RiAFP)(178). Its sequence is not as 

regular as the two presented previously, but careful analysis of the sequence allowed for trends to 

be observed and successful modeling of the structure(57). The motif can be separated into four 

parts (Figure 5.1C). The first part is the most regular. It has alternating polar and non-polar 

residues indicative of β-sheets, and polar residues, which point outward, that are mostly Thr and 

make up the AFP’s IBS. The second and fourth parts of the motif have several Gly, Ser, and Pro 

that are often involved in turns. The third part of the motif has again alternating polar and non-

polar residues indicative of another β-sheet, of a similar length to the first but less regular. The 

structure, as predicted by modeling, is a flat β-solenoid with two β-sheets stabilized by 

interdigitating small hydrophobic residues in its extremely narrow core(85). 
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5.3 Introduction to modeling 

When modeling a protein structure from its sequence, the most common method is homology 

modeling, in which the sequence of the unknown structure is aligned with sequences of proteins 

of known structure(179). The known structures are used as templates to which the sequence of the 

target is restrained. This requires sufficient sequence similarity to identify the homologous 

structures. A recent advance in homology modeling is the use of Hidden Markov Models (HMM) 

to find more distant relatives of a target sequence(180). Despite the added sensitivity of detecting 

distant homologs that this method provides, the evolution of ice-binding proteins has occurred 

relatively recently so it is rare to find true homologs in any databases(19). In the case of the 

repetitive IBPs, their sequences have likely evolved through duplication events. The only 

repetitive AFP whose evolution has been explained to date is that of the antifreeze glycoprotein 

(AFGP), which arose from multiple duplication events of a small region within the trypsinogen 

gene(90). 

 

In the absence of a homologous structure, we perform “intuition-guided” modeling. We make use 

of predicted secondary structure and similarity to other known structures, along with any 

information that might be known about functionally important residues. For example, when the 

targets are ice-binding proteins, we would expect there to be a flat, relatively hydrophobic face to 

serve as the IBS. A common structural feature that allows the generation of such a surface is a flat 

β-sheet and indeed, repeats that contain β-strands are very common in ice-binding proteins. 

Furthermore, a common feature among several AFPs is a TXT sequence motif in which the two 

Thr residues are pointing outward and the “X” residue is a hydrophobic residue or a disulfide 

bonded Cys that point inward to form part of the hydrophobic core of the protein. In this case the 

TXT motif is likely to be part of a β-strand. Another common feature that aids in the modeling is 

that the tandem repeats found in ice-binding proteins are typically short sequences that together 
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fold into a single domain, rather than longer sequences that each fold into a domain that is then 

repeated.  

 

5.4 General outline of the building process 

5.4.1 Identifying the repeating sequence 

The first step in modeling a repetitive protein is identifying the repeating sequence motif. Given 

the short repeats that are commonly observed in IBPs (3-19 residues) and their tandem 

arrangement the repeats can usually be observed through visual inspection of the sequence. They 

may also be detected using repeat detection algorithms such as T-REKS, XSTREAM and 

REPTITIA(181-183), and by dot-matrix plots(184). Examples of dot-matrix plots of the ice-

nucleating protein from Pseudomonas borealis (PbINP), of Tenebrio molitor AFP (TmAFP), and 

Marinomonas primoryensis IBP (MpAFP region IV) show extensive repetition in these sequences 

(Figure 5.2). Dot-matrix analysis shows that PbINP has a 16-residue repeating motif that 

continues for ~800 residues in the central section flanked by N- and C-terminal regions devoid of 

repeats (Figure 5.2A). A higher order 48-residue repeat is visible in the expansion of the red 

boxed area (Figure 5.2B). Dot-matrix analyses of TmAFP and MpAFP indicate their 12- and 19-

residue repeating motifs, respectively (Figure 5.2C&D). The lack of repetition in the very N-

terminal regions (and to a lesser extent the C-terminal regions is due to formation of capping 

structures essential for the stability of β-solenoids(185). 

  



 

115 

 

 

Figure 5.2. Dot-matrix analyses of repetitive proteins. A) and B) Pseudomonas borealis ice-

nucleating protein, C) Tenebrio molitor antifreeze protein, and D) Marinomonas 

primoryensis ice-binding protein (region IV). B is an enlargement of the red box in A. 

Residue numbers in the sequence are indicated on the vertical and horizontal axes. Bottom 

right corners of A, C, and D indicate dot-matrix analysis parameters (matches per window 

size). Black horizontal markers in B, C, and D indicate sequence length between matched 

segments. 
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We also typically run secondary structure predictions. The repeating sequence pattern is 

examined to look for trends, such as alternating hydrophobic and hydrophilic residues that may 

indicate the presence of a β-strand and the presence of Gly or Pro residues that may indicate the 

locations of tight turns. For the shorter repeat lengths these may not result in any observed 

secondary structure pattern. Positions within the repeat that are not well conserved from one 

repeat to another may also be present in the connecting loops or they may indicate the regions of 

the molecule that are not functionally important. The natural isoform variation of the sequences 

within a family of ice-binding proteins can also aid in the identification of the residues that make 

up a sequence repeat as well as of functionally important residues. For examples, variants of type 

I AFP are known that differ by exactly 11 residues corresponding to one repeat (Figure 

5.1A)(186). Spruce budworm AFP (SbwAFP) has a well-characterized isoform (501) that is 30 

residues longer than most, with the extra sequence making exactly two 15-residue repeats that 

each makes a coil of the β-solenoid structure(107). 

 

While detection of repeats is often not especially difficult, finding the correct “frame” of the 

repeats is important for establishing the repeating structure, or coil. Frequently the repeats near 

the amino- and carboxy-termini of the domain are less like those in the middle of the domain, so 

definition of the actual repeat boundaries can be more difficult than the initial identification of a 

repeating sequence. The N- and C-terminal repeats may show less identity to the central repeats 

due to fewer steric restrictions and also because they may have a role in capping the repeat 

structure as mentioned earlier. Use of a regular expression to describe the repeat pattern can be 

useful for establishing the limits of the domains. Capping is often necessary to satisfy the 

hydrogen-bonding requirements of the backbone and prevent end-to-end associations that would 

lead to amyloid formation and deposition. In the case of β-helical structures, the cap is often 

observed to be amphipathic in order to bury the hydrophobic core(187), while particular residues 
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are frequently found near the N- (often Asn and Pro) and C-termini (often Gly) of α-helices(188). 

 

5.4.2 Building the initial model 

While there may be no known homologs to a repetitive ice-binding protein sequence we often 

observe that portions of the repeat sequence show similarity to known structures or motifs. 

Combining that information with patterns of hydrophobicity and hydrophilicity as well as 

secondary structure predictions can help define a conformation for a single repeat or coil. We 

describe specific examples of how this is achieved below.  

 

Once an initial conformation for a single repeat (coil) has been built as described in specific 

examples below, that repeat is then “copied and pasted” in a graphics program such as 

PyMOL(189) (Figure 5.3). The copy of the first coil is translated such that it can make favorable 

interactions with the initial coil such as backbone-to-backbone hydrogen bonding, side chain salt 

bridging and aromatic group stacking. The process is then repeated for subsequent coils. The 

conformations of the terminal residues of each coil are altered to allow connection of each coil to 

its neighbors. While performing this process for β-solenoid structures we typically make models 

for both left- or right-handed versions of the solenoid. In the case of α-helical IBPs, one may need 

to adjust the phi and psi angles away from the standard α-helical angles in order to achieve the 

correct helical repeat. While building the complete structure, one must correct the sequence of 

each coil to match the sequence of the protein and be aware that repeats often have additional 

residues in them that form bulges or loops that can be accommodated into the model.  
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Figure 5.3. General overview of the method used for structural modeling of proteins with 

repetitive sequences. A-F are residues that show repeating patterns. X signifies non-

repetitive residues. 

 

5.4.3 Testing of models 

Once a model has been constructed, it must be tested for stability and its ability to predict the 

functional features of the IBP. Typically a model in explicit solvent would be subjected to energy 
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minimization and then a molecular dynamics (MD) simulation of at least 20 ns duration. This 

length of simulation is usually sufficient to determine if the structure is in a stable conformation. 

Here, we are defining stability as the maintenance of structural conformation from the starting 

model over the simulation time. The resulting trajectory can be analyzed visually using a program 

such as VMD(190) or PyMOL(189) as well as by plotting various calculated quantities, such as 

the root-mean-square deviation (RMSD) from the starting structure and the root-mean-square 

fluctuation (RMSF). The RMSD plot will always show an early jump as the initial structure 

relaxes, but if it quickly levels off to a nearly constant RMSD value this indicates a stable 

structure (Figure 5.4). If instead it shows a steady rise in RMSD, or at a later time point shows a 

large jump in RMSD, this indicates that the initial structure contained significant strain. Simple 

energy minimization is not likely to reveal this situation.  

 

 

Figure 5.4. Assessing model stability by molecular dynamics. Root-mean-square deviation 

(RMSD) is plotted as a function of time during 20 ns molecular dynamics simulations of A) 

Lolium perenne ice-binding protein at 4 °C and B) midge antifreeze protein at 23 °C. 

RMSDs for right- and left-handed models are shown in grey and black, respectively. 
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Initial analysis of LpAFP models suggested that both right- and left-handed LpAFP models had 

similar stability(155). An analysis performed more recently suggested slightly more stability for 

the left-handed form (Figure 5.4A), which agrees with the crystal structure(125). MD analysis of 

the midge AFP model clearly showed that the left-handed solenoid was much more stable than 

the right handed version (Figure 5.4B). The RMSD of the left handed model increased slightly at 

the beginning of the simulation then remained unchanged through the simulation. The right 

handed model increased drastically at the start of the simulation indicating strain in the model 

then continuously increased over the 20 ns simulation indicating that model was unstable.  

 

An RMSF plot will indicate those areas of the structure that fluctuate the most and while it 

usually shows that the termini fluctuate, it can help to identify areas that may have been built in a 

strained conformation. Using the time of that transition one can use VMD to identify what 

structural transition occurred at the same time and then rebuild the structure of the coils to match 

the energetically more favorable conformation. 

 

In the event that the MD simulation indicates an unstable structure, due to a steadily rising RMSD 

plot, the initial structure can be compared with one late in the simulation to see if a more stable 

conformation can be used for further modeling. For example, in the case of a β-solenoid structure, 

there may be some peptide bonds that were initially built in the wrong conformation and need to 

be flipped for every coil to arrive at a lower energy structure while still maintaining the overall 

coil shape. 

 

Once a stable structure of an IBP has been obtained it can be assessed for its ability to predict the 

ice-binding site. Within VMD, the volmap function can be used to calculate the water density. It 
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has been observed that the ice-binding site will tend to order the bound waters into an ice-like 

array(54). In addition, the model can be used to design mutagenesis experiments to test the role of 

specific amino acid side chains on the function of the IBP. If there are multiple sequences 

available (isoforms or orthologs) then the pattern of sequence conservation or variation can be 

mapped onto the model. 

 

These basic principles are illustrated here by following a number of case histories where new IBP 

structures and even new folds have been determined by modeling from repetitive IBP sequences.  

 

5.5 MpAFP and its ice-binding domain RIV 

The AFP domain (RIV) in the giant ice adhesin of Marinomonas primoryensis (MpAFP) is a 

good example where a model was predicted well ahead of solving the structure and with 

sufficient accuracy to guide mutagenesis experiments that both validated the model and identified 

the AFP’s ice-binding site(28). The antifreeze activity of this Gram-negative Antarctic bacterium 

(MpAFP) was found to be calcium-dependent(72). Sequencing of tryptic peptides from ice-

affinity and gel-purified MpAFP produced some matches to the repeating regions of RTX 

proteins(28). Since the RTX repeats require calcium for folding into a β-solenoid structure, these 

two features drew our attention to this small region that comprises only ~2% of the 1.5-MDa 

bacterial protein. Several AFPs were known to be β-solenoids(17, 106) and an RTX-type 

structure would fit with calcium dependency. Initial expression of constructs from this region of 

MpAFP in E. coli confirmed that RIV had antifreeze activity, although the constructs showed a 

tendency to aggregate and were not amenable to crystallization. 
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5.5.1 Initial modeling of MpAFP_RIV using RTX proteins as the template 

The central region of MpAFP_RIV contains eleven tandem repeats of a 19-aa sequence (Figure 

5.5C); each beginning with the consensus xGTGNDxUx where x can be any residue and U is 

typically a large hydrophobic residue, and with two repeats extended by two residues. This 

consensus sequence is similar to the 9-aa Ca
2+

-binding sequence repeats GGxGxDxUx from the 

repeats-in-toxin (RTX) proteins (Figure 5.5A), which are a family of secreted proteins with a 

wide range of biological functions produced by Gram-negative bacteria. Each RTX repeat binds 

one Ca
2+

 as it curls around the ion and coordinates it with an inward pointing Asp and backbone 

carbonyl groups. The 9-aa RTX repeats typically appear in tandem pairs, forming symmetrical 

18-aa coils that bind two Ca
2+

 ions inside both bends of the β-roll that are shared with 

neighbouring coils (Figure 5.5B).  
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Figure 5.5. Modeling the Marinomonas primoryensis ice-binding protein (region IV) 

(MpAFP_RIV). A) Sequence and B) crystal structure of the repetitive β-roll domain of 

Pseudomonas aeruginosa alkaline protease. C) Sequence and D) modeled structure of the 

repetitive domain of the MpAFP_RIV. E) Peptide backbone (sticks) and calcium ion 

(spheres) alignment of MpAFP_RIV crystal structure (grey) and model (rainbow). F) 

MpAFP_RIV crystal structure. For A and C red letters indicate most repetitive residues. 

For B, D, and F, acidic residues are in red, basic residues are in blue, polar residues are in 

light cyan, aromatic residues are in light pink, and Gly are green, all other non-polar 

residues are in grey. Calcium ions are gold spheres. 

The alkaline protease RTX protein produced by the Gram-negative bacterium Pseudomonas 
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aeruginosa (Figure 5.5A), had a known crystal structure (Figure 5.5B), which we used as the 

template to model MpAFP_RIV. Each of the 19-aa repeats of MpAFP_RIV was initially modeled 

as one coil of a right-handed β-solenoid with Ca
2+

 bound internally down both sides of the 

structure. However, MpAFP_RIV only contains one canonical RTX repeat (xGTGNDxUx) in 

each of the 19-aa repeats followed by the 10-aa sequence of UGGxUxGxUx. In contrast, each β-

helical loop of alkaline protease is comprised of two tandem RTX repeats (18 residues). When 

this initial model of MpAFP_RIV was subjected to molecular-dynamics, it became apparent that 

the structure was not able to support the second row of Ca
2+

 binding down the solenoid. The 

canonical RTX repeat (xGTGNDxUx) in each of the 19-aa coils held its Ca
2+

 but the following 

10-aa repeat (UGGxUxGxUx) did not retain the second Ca
2+

 (Figure 5.5D). This 10-residue 

segment has a large hydrophobic residue in place of a canonical glycine residue, and the aspartate 

residue that is essential for binding a Ca
2+

 is replaced by a glycine. Thus the backbone 

conformation was adjusted such that this non-Ca
2+

-binding side of the β-helix was stabilized by a 

conserved hydrophobic core (Figure 5.5D). 

 

5.5.2 Final model of the MpAFP_RIV 

The 322-aa MpAFP_RIV model folds as a right-handed β-helix containing 11 Ca
2+

-binding loops 

(Figure 5.5D). In contrast to the symmetrical cross-section of alkaline protease with Ca
2+

 bound 

at both ends, MpAFP_RIV has a more triangular cross-section with Ca
2+

 ions aligned down one 

side. Circular dichroism analyses confirmed that these Ca
2+

 are needed for the proper folding of 

the protein(28). MpAFP_RIV is also stabilized on the opposite side of the loops by a conserved 

hydrophobic core throughout the length of the model.  

The final model of MpAFP_RIV revealed a new potential IBS comprised of two parallel rows of 

outward pointing Thr and Asn/Asp residues. To validate the model and the putative IBS, 



 

125 

 

numerous mutations were made at positions around the coils and one towards the middle of the 

AFP. As expected, the insertion of an Arg into the core in place of a Val spoiled the fold of the 

protein and knocked out its antifreeze activity(28). When Thr and Asn/Asp on the IBS were 

replaced by Tyr, to disrupt the IBS due to steric hindrance and/or a disturbance in the anchored 

clathrate water pattern their activities were at least 50% lower than those of the wild type. CD 

analyses showed that all the IBS mutants folded identically to the wild type in the presence of 

Ca
2+

. In contrast, the tyrosine mutants on other surfaces of MpAFP had negligible effects on the 

protein’s antifreeze activity. 

 

5.5.3 Comparison of the MpAFP_RIV’s model and its crystal structure 

The 1.7-Å crystal structure of MpAFP_RIV was solved several years later once the solenoid 

capping sequences were in place. The structure has a very similar overall fold to the model and is 

also a right-handed helix (Figure 5.5E&F). It forms a β-solenoid with 13 Ca
2+

 bound down one 

side of the structure, and it produced an RMSD of 1.64 Å compared to the initial model. The 

structure confirmed that the IBS of MpAFP_RIV was correctly modeled; displaying two parallel 

rows of Thr and Asp/Asn residues that are key to ice binding. The crystal structure also revealed 

distinct capping structures for the β-helix that were not modeled. At its N terminus, MpAFP_RIV 

is stabilized by several large hydrophobic residues such as Phe and Tyr, whereas the C terminus 

is capped by a short α-helix. These features and an internal loop were not included in the original 

model due to a lack of sequence similarity to the template structure. 

 

5.6 Modeling the ryegrass antifreeze protein  

The 118-residue sequence of the Lolium perenne antifreeze protein (LpAFP), has a 7-residue 
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repeating motif of xxNxVxG with the occasional insertion between x and G to give an 8-residue 

repeat (Figure 5.6A)(23). Fourier transform infrared spectrophotometry results indicated a high 

content of solvent-exposed β-sheet. The repetitive nature of the sequence and evidence of β-

structure content guided the modeling of LpAFP to a β-solenoid design. 

 

 

Figure 5.6. Modeling Lolium perenne antifreeze protein (LpAFP). A) Sequence and B) 

modeled structure of LpAFP. C) Peptide backbone alignment of LpAFP crystal structure 

(grey) and model (rainbow). D) LpAFP crystal structure. Sequence and structures are 

coloured the same as in Fig. 5. 
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5.6.1 Initial modeling of LpAFP 

The first β-helical model was built with a triangular cross section where a 7-residue repeat made 

up each side of the triangle(155). The conserved Val of the repeat pointed inside the helix. 

However, their small side chains did not fill the core to form strong hydrophobic interactions that 

would stabilize the protein fold. LpAFP was remodeled with two repeating motifs making up one 

loop of the solenoid, a structure loosely based on the β-roll domain of the alkaline protease from 

Pseudomonas aeruginosa(191). Again, the conserved Val pointed inwards but the new 

arrangement brought apposing Val side chains into a Val-stacked ladder that built a much 

stronger hydrophobic core (Figure 5.6B). In this new model, the conserved Asn residues were 

located at the turns connecting the β-strands and pointed internally to form two Asn ladders. 

These reinforced the fold by forming hydrogen bonds to the neighbouring coil while contributing 

the β-C atoms' methylene group to the hydrophobic core. On one side of the helix (b-side), three 

additional Ser residues on consecutive loops resulted in a bulge while the opposing side was 

flatter (a-side). Both a- and b- sides were considered potential ice-binding surfaces. The model 

was built as both a right- and left-handed helix, however only the right-handed model was 

deposited into the protein data bank (PDB 1I3B). 

 

5.6.2 Testing the LpAFP model 

Mutations of predicted outward-pointing residues supported the LpAFP model. As predicted by 

the model, none of these mutations disrupted the LpAFP fold or caused solubility problems. 

When these mutants were assayed for antifreeze activity, only those with changes on the a-side 

resulted in decreased antifreeze activiry. This series of experiments identified the a-side as the 

IBS and eliminated the b-side from contention(83). Based on the model, putative internal residues 

were selected for substitution by Met for seleno-methionine labelling. Although this strategy was 
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not used for solving the phase problem with native LpAFP crystals, the Met substitutions were 

well tolerated and did little to alter the antifreeze activity of the protein, thus confirming the basic 

fold. 

 

5.6.3 Comparison of the LpAFP model with the crystal structure 

The accuracy of the model was established by the crystal structure solved 11 years later 

(Middleton et al., 2012). Although the LpAFP solenoid proved to be a left-handed helix, there 

was little difference in the energetics of coiling in either direction (Figure 5.4A). In all other 

details the model was spot on (Figure 5.6C). It predicted the 14-15 residue coils, internal Asn 

ladders, which occasional substitutions by His, apposed Val hydrophobic core and a flat a-side β-

sheet (Figure 5.6D). Access to the LpAFP model allowed us to identify the ice-binding site long 

before the structure was solved and accelerate analysis of what constitutes an IBS.  

 

5.7 Modeling the midge antifreeze protein 

A new antifreeze protein has recently been discovered in the midge(168). The AFP is 79 residues 

in length and has a 10-residue repeating motif (xxCxGxYCxG), which in turn contains two 5-

residue motifs (xxCxG) (Figure 5.7A). This sequence pattern was reminiscent of the Tenebrio 

molitor antifreeze protein (TmAFP) sequence, which has a 12-residue repeating motif each of 

which contains the common TXT motif and Cys residues at every 6 positions(17). The 12-residue 

repeat of TmAFP forms one coil of its helix(82). The structure is stabilized by disulfide bonds 

that bridge together opposing sides of the helix and internal water molecules that form hydrogen 

bonds with the main chain backbone.  
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Figure 5.7. Modeling the midge antifreeze protein. A) Sequence and B) modeled structure of 

midge antifreeze protein. Sequence and structure are coloured the same as in Fig. 5. 

Additionally, Cys are yellow in B. 

 

 

5.7.1 Modeling of the midge AFP using TmAFP as a template 

The midge AFP model was built with the TmAFP structure as a template by aligning the Cys 

residues of the midge AFP's 10-residue repeat with the Cys residues of the TmAFP 12-residue 

repeat. Two residues per coil of the TmAFP were deleted (one on either side of the internal 

disulfide bridge) and the remaining residues were changed to the midge AFP sequence. The final 

model was a helix with eight 10-residue coils(168). The helix was built in both right- and left-

handed orientations, but during molecular dynamics, only the left-handed helix was stable (Figure 

5.4B). 

  

5.7.2 Testing the midge AFP model 

The midge AFP is the tightest disulfide-bridged solenoid that we are aware of. Secondary 

structure analysis of the resulting model structure does not find any β-content in the helix, likely 
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due to the tight winding of the coil and so it cannot be referred to as a β-helix. The tight solenoid 

has several stabilizing features besides the disulfide core. Down one side of the helix there is a 

row of 7 external pi-stacked tyrosine residues, and several acid and base residues in adjacent 

loops have the potential to form salt bridges. Circular dichroism (CD) analysis has provided 

experimental evidence in favour of the proposed model(168). Additionally, other midge AFP 

isoforms have been discovered by reverse transcription PCR that are shorter by exactly 10-

residue sections providing further evidence that the one-loop unit of the helix is 10 residues long 

(192).  

 

The pi-stacked tyrosine side chains make a flat, relatively hydrophobic surface that fits all the 

requirements for an ice-binding surface. It is the predicted ice-binding surface, and if this 

prediction turns out to be true, it will be the first tyrosine-rich ice-binding surface to be 

discovered. The model has provided a tool for intelligent design to confirm the proposed ice-

binding surface by mutagenesis of residues on and off the ice-binding surface. The model can 

also be used in molecular dynamics to study the potential for water molecule ordering by the 

predicted ice-binding surface.  

 

5.8 Modeling the snow flea antifreeze protein 

Compared to the AFPs found in other organisms, the AFP that was discovered in the snow flea, 

Hypogastrura harveyi Folsom exhibits a unique amino acid composition and sequence(56). The 

6.5-kDa isoform, whose structure was ultimately determined by crystallography(80), contains 

more than 45% glycine residues. The sequence contained a Gly-X-Y repeat in which X was also 

often Gly and it contained just four Cys that were distributed throughout the sequence. While the 

3-residue repeat was reminiscent of the 3-residue repeat in collagen, the snow flea AFP only 
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contained 5 proline residues, which periodically interrupted the Gly-X-Y repeats. Examination of 

the sequence showed that there was an underlying pattern that divided the sequence up into six 

segments of about 12 to 15 residues (Figure 5.8A). Those six segments could be described as 

having patterns Goi, Goo, GGi, GGo, GGi and GAP, respectively, where “o” represents a small 

residue and “i” represents a large, hydrophilic residue.  
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Figure 5.8. Modeling the snow flea antifreeze protein (sfAFP). A) SfAFP sequence separated 

into six segments. Green letters are residues with small non-polar side chains (Ala, Val). 

Red letters are charged or hydrophilic residues (Arg, Lys, Asp, Asn, Ser, Thr, His). Dark 

blue letters are Gly. Cyan letters are the residues that disturb the PPII helix. Yellow 

backgrounds are Cys. B) Top view of PPII helices showing hydrogen bonding pattern 

between coils. Segment numbers are labelled 1-6. Hydrogen bonds are shown as dotted 

lines. Residue positions are coloured the same as in A. C) Side view of PPII bundles showing 

direction of each segment and disulfide bonding positions (yellow connections). D) Top view 

and E) side view of crystal structure of SfAFP. Structures in D and E are coloured the same 

as in Fig. 5. Additionally Cys are yellow and Pro are orange. Residues labelled with red 

letters are on the ice-binding site. 

5.8.1 Modeling of the SfAFP as a bundle of polyproline-II helices 
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Given that the 3-residue repeat was suggestive of the polyproline-II helix, we expected that the 

structure must be held together by backbone-backbone hydrogen bonds similar to that seen in the 

collagen triple helix. The interspersed prolines (and a break in the 3-residue repeat between 

segments 4 and 5) suggested that the structure might be composed of six segments of polyproline 

type II helix. Loops at the breaks in the repeat pattern would allow those helices to fold back on 

one another to form a globular structure. 

 

The resulting model was one in which the segments 1, 3 and 5 formed one face of the molecule 

and segments 2, 4 and 6 formed the other and were antiparallel to the helices of the first face(79) 

(Figure 5.8B). Those segments with the Gly-Gly-Y repeat were less solvent exposed and were 

hydrogen-bonded to three or four neighboring helices, while those with only one Gly within the 

Gly-X-Y repeat were more solvent exposed and hydrogen-bonded to two or three neighbors. The 

model also resulted in one face of the molecule being formed of mostly small hydrophobic side 

chains (mostly Ala and Val) while the other face contained large hydrophilic side chains). In 

addition, the four cysteine residues were positioned to form disulfide bonds between the N-

terminal ends of segments 1 and 3 and between the C-termini of segments 1 and 3 (Figure 5.8C). 

 

Subsequent to our modeling of the snowflea AFP, Pentelute et al.(80) determined the crystal 

structure of the protein. They were able to crystallize a racemic mixture of a chemically 

synthesized version of the protein (Figure 5.8D&E). The RMSD for fitting our model to the 

crystal structure is 1.85 Å for 69 of the 81 α-carbons. 
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5.9 Modeling the Pseudomonas borealis ice nucleation protein 

The bacterial ice nucleation protein (INP) from Pseudomonas borealis is distinct from the 

proteins described above because, as its name suggests, it promotes the formation of ice crystals 

rather than inhibiting their growth. Like many AFPs, the INP contains a highly repetitive 

sequence with a series of tandem repeats of 16 amino acids in length (Figure 5.2A, Figure 5.9C). 

What distinguishes it from AFPs is its size. While AFPs are generally small (molecular weights 

of 3 kDa to 35 kDa), the PbINP has a molecular weight of 123 kDa. The sequence can be divided 

up into three regions: an N-terminal region of about 163 residues, a C-terminal region of 41 

residues and a central region containing 64 of the 16-residue repeats(193).  

 

 

Figure 5.9. Modeling Pseudomonas borealis ice-nucleating protein (PbINP). A) Sequence 

and B) modeled structure of PbINP. Sequence and structure are coloured the same as in 

Fig. 5. 
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5.9.1 Modeling the centre region of the PbINP 

Examination of the central repeats showed that each could be broken down into 4-residue 

segments(30). Two of those segments contained at least one Thr residue (consensus sequences 

TQTA and SLTA) and were predicted to form short β-strands with the sidechains of the Thr and 

Ser residues pointing outwards and those of the Gln, Leu and Ala residues pointing inwards 

(Figure 5.9B). The other two segments are rich in Gly and Ser and are expected to form turns that 

connect the two β-strands.  

The similarity of this architecture to the RTX proteins again led us to use the alkaline protease 

(PDB 1KAP) (191) as a template structure for building PbINP (Figure 5.9A&9B). The Ca
2+

-

binding loops were replaced by the 4-residue Gly- and Ser-rich sequences, which were manually 

built to connect the two β-strands. The resulting β-solenoid structure contained a hydrophobic 

core made up of the two Ala residues and one Leu residue per repeat but also contained inward 

pointing Ser and Gln residues that are able to form a hydrogen-bonded ladder. The Ser side 

chains form hydrogen bonds to neighboring backbone amides, while the Gln side chains form 

hydrogen bonds to each other. In the sequence repeat pattern, every third Gln is typically replaced 

by a Gly resulting in a 48 amino acid repeating motif (Figure 5.2B). This appears to provide some 

space in the interior that may be occupied by an internal water, but may also help the β-solenoid 

to maintain a flat surface. 

 

5.9.2 Modeling suggests PbINP multimerizes through the Tyr ladder 

Analysis of the ice-nucleation ability of several bacterial species has suggested that ice nucleation 

at elevated temperatures (-2 °C) would require a nucleation site much larger than a single protein 

molecule (194). Thus it is expected that INPs function as multimers. The row of stacked Tyr side 
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chains of PbINP was suggestive of other structures in which Tyr ladders promote dimerization 

(195). Two molecules of the β-solenoid model of PbINP were therefore placed in a parallel 

arrangement with the two Tyr ladders adjacent to each other. A molecular dynamics simulation 

showed that this resulted in a close interaction of the two monomers with the Tyr side chains of 

each monomer forming a hydrogen-bonded network with the Ser side chains of the opposing 

monomer and with the exclusion of water molecules. The resulting dimer was stable over 10-ns 

simulations even at temperatures as high as 310 K (30), while simulations of the monomer 

resulted in unravelling of the C terminus of the β-solenoid structure. 

 

5.10 Conclusions 

We are not yet at a point where the structures of proteins can be reliably modeled ab initio using 

only the knowledge of their sequences. The use of additional information, such as the discovery 

of repetitive sequences and predicted secondary structure, can allow the successful model 

building. These models can then serve as a guide for further biochemical experiments to test their 

validity. In the event that a predicted model is sufficiently close to the true structure and X-ray 

diffraction data of native crystals are available, that model could potentially allow the 

determination of reasonable phases by the molecular replacement method.  

 

In 2009, the application of a search algorithm specifically developed to locate proteins with 

tandemly-repeating sequences in the Swiss-Prot database found that 9.5% of total proteins were 

repetitive (181). Assuming the proportion of tandem repeating proteins in the Swiss-Prot database 

has not changed, their number today would be >50,000. This is equivalent to half the number of 

protein structures in the Protein Databank. Thus, applications of the methods outlined in this 

review could substantially add to the wealth of structural information in the database. 
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Chapter 6 

General Discussion 

6.1 Step-by-step protocol for the fluorescence-based ice-plane affinity analysis  

Fluorescence-based ice-plane affinity (FIPA) analysis is a major improvement of the ice-etching 

technique developed by Dr. Charles Knight to determine which planes of ice are bound by ice-

binding proteins (IBPs)(75). The main difference between his and our procedures is the 

fluorescent labeling of IBPs in FIPA to more clearly locate their binding sites on ice. Although 

practical applications of FIPA analysis have been previously reported (76, 85, 125, 134), a step-

by-step guide was missing from the literature. There are several procedures in the FIPA protocol 

that are better described by a video than by images and text, which is the precept on which The 

Journal of Visualized Experiments (JoVE) is based. For examples, orientations of the molds in 

the pan for single crystal growth, slowly filling the water pan with water from outside of the 

molds, then allowing the water to enter the molds through the notches are steps that are much 

easier to demonstrate in a video than write about. FIPA analysis requires a few specialized pieces 

of equipment that are most easily set up with proper instruction. Various tips and tricks were 

included in the JoVE article and video to help ensure successful, reproducible results. One such 

trick is preventing an air bubble from forming between the ice and metal when mounting the 

crystal on the cold finger. Air, which is a good insulator, disrupts the temperature gradient from 

the cold finger to the crystal and results in non-uniform ice growth. We hope that other 

laboratories studying IBPs will be able to use the JoVE publication as a guide to incorporate 

FIPA analysis into their repertoire of techniques for characterizing these proteins. 

 



 

139 

 

6.2 Searching for new IBPs 

Our continual search for organisms with IBP activity was the starting point for the midge AFP 

work presented in this thesis. When my project began, there were ~10 unique IBP folds 

identified, several of which were novel per se. For a family of proteins with similar functions, this 

diversity is remarkable and reflects two features. One is that the history of Earth’s climate and 

dispersal of continents via plate tectonics has challenged diverse organisms with the need to 

prevent or control ice growth on many separate occasions. The other is that the ligand of IBPs is 

unusual but relatively simple. Thus, many protein folds have adapted to bind this repetitive 

surface. We expect that there are yet more protein folds to be discovered that serve as IBPs. IBPs 

provide at least one flat surface that is complementary to ice. This is different from most other 

proteins, where cavities or clefts serve as binding sites to recognize proteins, lipids, 

carbohydrates, and nucleic acids (196).  

 

6.3 Selecting the Lake Ontario Midge for AFP analysis 

Lake Ontario midges were an interesting target to study for IBP activity because, unlike the other 

known IBP-producing arthropods, they do not overwinter on land. Previously, IBPs have been 

characterized from arthropods that experience extremely low sub-zero Celsius temperatures, 

which is likely why their hosts have evolved to express hyperactive AFPs (70). The midges I 

studied in the Kingston area live in the lake from egg to pupal stage, and then emerge from the 

water as adults in spring. The freshwater of the lake never dips below 0 °C, and even spring air 

temperatures when the flies emerge have rarely fallen below 0 °C in recent decades. As a result, 

we were somewhat surprised to see AFP activity in midges and excited to characterize the first 

AFP from a fly.  
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6.4 Discovery of a novel antifreeze protein from midges 

Learning from our past experience with inchworms and snow fleas, the key step to purifying 

midge AFP was ice-affinity purification. Adult midges are tiny, ~0.5 cm in length; therefore 

whole flies were used for AFP purification without any attempt at dissection. Three rounds of ice-

affinity extraction consistently purified the same family of AFP isoforms from different 

preparations.  

 

I tried separating the midge AFP isoforms for sequencing by high-performance liquid 

chromatography (HPLC), since this method had been successful in fractionating the isoforms of 

the Tenebrio molitor AFP and snow flea AFP (56, 99). However, I was unable to adjust gradient 

parameters for an effective separation, and the HPLC peaks were heterogeneous mixtures of 

isoforms, as indicated by MALDI analysis. Size-exclusion chromatography (SEC) was not 

attempted since the midge AFP isoforms were too close in size to be resolved by available SEC 

matrices. In the end, we were not able to separate the isoforms using available techniques and 

opted to obtain sequence information on the whole midge AFP isoform population by tandem 

mass spectrometry of the mixture of components. This strategy had previously worked for the 

inchworm AFP (57). 

 

In theory, tandem mass spectrometry of the mixture of AFPs should have been simple. This 

technique is routinely used for large proteomics projects (197). The first step in the protocol is 

digestion with a protease, such as trypsin, so that the peptide fragments are of an appropriate size 

with most having a C-terminal positive charge. Tryptic digestion of the midge AFP isoforms gave 

extremely variable results. Though the pre-digestion profiles were similar, after every midge AFP 

purification the post-digestion MS results were never alike. It appeared that trypsin was not able 

to effectively digest the midge AFP isoforms. We hypothesized the failure of proteolysis may 
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have been due to the midge AFP being tightly folded with disulfide bonds, thereby reducing the 

ability of trypsin to access its cleavage sites. Therefore, I treated the sample with dithiothreitol 

(DTT) and iodoacetamide to break open disulfide bonds and modify the Cys such that the 

proteins would remain unfolded. The resulting MALDI profile was definitive in explaining our 

troubles with trypsin digestion. Every isoform increased by the molecular weight of 12 to 16 Cys-

modifications indicating 6 to 8 disulfide bonds in each that would make the core inaccessible to 

proteolysis. Following Cys-modification, trypsin digestions were complete and reproducible. 

  

Seeing that the midge AFP isoforms had 6-8 disulfide bonds, we were concerned that they might 

be homologous to the previously characterized Tenebrio molitor AFP and provide no new insight 

into IBP structures. TmAFP has 16 Cys and is produced in mealworm beetles as a family of 

similarly-sized isoforms to the midge AFP. Partial sequence information was obtained by tandem 

mass spectrometry on just two fragments of the midge AFP. These minimal results were 

attributed to the heterogeneous mixture of very similar sequences from the multiple isoforms and 

differential partial modification of Cys by iodoacetamide. Nevertheless, the partial sequencing 

confirmed that the TmAFP and midge AFP were not homologous. The two midge fragments had 

a 5-residue tandem repeating sequence of CxGxx which was not present in other known IBPs. 

 

This limited sequence information was not enough to design degenerative primers for reverse-

transcriptase PCR, as was done for the TmAFP (99). We decided that screening an RNAseq 

library for the tandem repeat should be the next step. The library was made from mRNA isolated 

from 60 mg of frozen adult midges. The RNA quality was good considering no special 

precautions were taken to preserve the nucleic acids of frozen insects. Searches for the 5-residue 

motif in tandem were successful and RNAseq reads containing the repeating motif were 

assembled using the de novo assembly software, Trinity, in an iterative approach, as explained in 
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Chapter 3. The midge AFP isoform with the best coverage in the RNAseq library was assembled 

by this approach. It was assigned as the major isoform, and later other isoforms were sequenced 

by reverse-transcriptase PCR. 

 

6.5 Modeling the midge AFP structure 

The major midge AFP isoform is 79 residues long and contains the 5-residue repeating motif 

throughout the entirety of its sequence. The 5-residue repeat is part of a greater 10-residue motif 

of X
*
xCxGxYCxG, where X

*
 is often an acidic or basic amino acid. The pattern diverges only at 

residues 6 and 79, where Asp replaces both Tyr and Gly, respectively. Regularity of the midge 

AFP sequence made it a good candidate for structural modeling. The Davies lab has had success 

in modeling several short repetitive proteins. A review of the strategies used is presented in 

Chapter 5.  

 

Phyre 2 homology modeling for the midge AFP sequence was not successful. This was likely 

because there are no homologous proteins with known structures in the protein databank. 

However, by noticing similarities between the TmAFP and midge AFP sequences, we were able 

to begin modeling the structure of the later using an intuition-guided approach. The TmAFP 

central region and midge AFP sequences have regular Cys at every 6th and 5th positions, 

respectively. Other aspects of the sequences are not alike. But using the TmAFP central region 

structure as a template, and rationalizing the purpose of the other conserved residues of the midge 

AFP 10-residue repeating motif, we were able to develop reliable models. The models were right- 

and left-handed 10-residue disulfide-braced solenoids. Only the left-handed model was stable in 

molecule dynamics and was therefore considered the most probable candidate for the fold.  
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Allowing the protein backbone and side chains to move freely in the molecular dynamics resulted 

in non-manual refinement of the model. Specifically, the side chains of the conserved Tyr 

residues all flipped to a common rotamer that had not been built in the original model. In a 

second round of MD, using the last frame of the first MD run as the input, the Tyr side chains 

remained in the new rotamer conformation, indicating that it was a more stable structure than the 

initially inputted conformation. A similar phenomenon occurred when modeling the 

Marinomonas primoryensis AFP, region IV (MpAFP) (28). Its model was initially built as an 

RTX repeat beta-roll with two canonical rows of calcium ions in its core. During molecular 

dynamics, it became apparent that the structure could not support two rows of calcium ions, as 

one row was almost immediately ejected. Later, the MpAFP crystal structure confirmed this 

finding (198). If a midge AFP crystal structure confirms the Tyr-rotamer position in the final 

model is correct, we will have another example of successful non-manual refinement of a model 

by molecular dynamics. 

 

6.6 Secondary structure of the midge AFP 

When analyzing the secondary structure of a protein, a Ramachandran plot can be used. Regions 

of the plot, which correspond to ranges of Phi and Psi angles of the peptide backbone, are 

typically associated with specific secondary structures. For examples, the amino acid residues in 

beta-conformations typically fall in the range of -120° (± 40°), +130° (± 40°), Phi and Psi 

respectively (199). A Ramachanran plot of the midge AFP model was used to validate that all 

backbone angles were in the allowed regions, however, the plot can also be analyzed to assess its 

secondary structure. It is informative to compare the midge AFP secondary structure to that of the 

TmAFP, since it is the most similar protein with a known structure. Since both proteins are 

repetitive, their Ramachanran plots can be simplified by averaging the Phi and Psi angles of 
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amino acids at equivalent positions of the repeating motif. For example, the midge AFP loop has 

10 positions (Figure 6.1B). The average Phi and Psi for every position can be calculated and 

plotted with their corresponding standard error. 

 

I have done this for the central repetitive-region of TmAFP and for the midge AFP (Figure 6.1). 

Each loop of TmAFP has one short three-residue beta strand, which when together, form a 

parallel-beta sheet on one side of the solenoid. Three residues are required to define a beta-strand, 

because without the third position one cannot distinguish between the conformation of a strand or 

turn. The short beta-strand of the TmAFP is the TCT motif that forms its ice-binding surface. 

Studying the Ramachanran plot of these three positions, 3-5 of Figure 6.1A, we see that these 

three consecutive residues are in the beta-region, consistent with the beta-strand secondary 

structure. This is different from the midge AFP, where no three consecutive positions are in the 

beta- region Figure 6.1B. The midge AFP loops, which are two residues fewer than the TmAFP 

loops, are likely too short to accommodate a three-residue beta-strand along with the inter-loop 

disulfide bond.  
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Figure 6.1. Simplified Ramachandran plots of disulfide-braced solenoid AFPs, TmAFP and 

midge AFP. A) The central repetitive region of TmAFP. B) The midge AFP. The averaged 

Phi angle is plotted against the average Psi angle of each position on the repeating loop, and 

the corresponding standard deviations (horizontal and vertical bars) are shown. Numbers 

on the plot match to positions on the repeating loop of each molecule, shown at the bottom 

right of each plot.  

 

Secondary structure analysis of the midge AFP, which takes into account hydrogen bonding 

potential between backbone atoms in addition to Phi and Psi angles, also found no beta-content in 

the midge AFP model. The unique circular dichroism (CD) spectrum of the midge AFP may also 

be an indication of this, however, more examples of proteins with similar folds and their 

corresponding CD spectra would be required in order to link the spectrum to specific secondary 

structures. 

 

6.7 Midge AFP ice-binding site 

Typical IBS residues, Thr, Ala, and Asn, are not present in the midge AFP in a regular pattern. 

The most regular residues are those of the motif X
*
xCxGxYCxG. The Cys, Gly, and X

*
 (acidic 

and basic residues) positions are predicted to be important for the fold. The conserved Y position 
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was modeled as an outward-pointing Tyr ladder and determined to be the midge AFP IBS by site-

directed mutagenesis. The middle Tyr was mutated to Arg or Asp, which abolished thermal 

hysteresis activity of the midge AFP, but did retain some ability to shape ice. Addition of a 

charged residue can be thought of as cutting the IBS in two. Each half IBS would consist of three 

ice-binding Tyr residues. These small IBSs may still have the potential of ordering water 

molecules in an arrangement to bind ice, but with a much lower probability than the full 7-Tyr 

ladder. Decreased affinity for ice would result in a much lower fraction of bound IBPs, resulting 

in ice shaping without growth retardation. Similar results were observed when the TmAFP IBS 

was shortened (86). Reducing the 7-TXT IBS to 6 of these motifs drastically decreased the AFP 

activity. The relationship between IBS size to the probability of water molecule ordering was also 

discussed with the Rhagium inquisitor AFP (151) 

 

The possibility of other outward-pointing midge AFP residues participating in ice-binding should 

be investigated. The model has a partial row of adjacent outward-pointing Thr residues on the 

first four N-terminal coils. Since Thr residues have been identified on the IBSs of many other 

IBPs, the regular midge AFP Thr could also be examined for ice binding by mutagenesis. 

 

6.8 How do the Tyr residues order water? 

The purpose of the methyl group and hydroxyl group of the Thr side chain in ice binding were 

examined by mutagenesis experiments of type I AFP. Mutating the Thr to Val or Ser resulted in 

80-90 % and 20 % of the TH original activity, respectively (200). It appeared that both methyl 

group and hydroxyl group contribute to the TH activity, but the former was more critical. When 

the structure of Marinomonas primoryensis AFP was solved, crystallographic waters were present 

in an ice-like arrangement around the IBS-Thr methyls. These were partially held in place by 
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hydrogen bonding with the IBS-Thr-hydroxyls (54). Hence, a role for both the hydrophobic and 

polar groups of the Thr side chain for ice-binding was assigned. 

 

Like the Thr side chain, Tyr also has a hydroxyl group and a hydrophobic group. Based on the 

observations with Thr ice-binding residues, we predict that the Tyr-aromatic ring and hydroxyl 

group organizes and partially retains water molecules on the midge IBS, respectively. Tyr to Phe 

mutation of the IBS-Tyr residues would quantify the contribution of the hydroxyl to the midge 

AFP’s TH while preserving the aromatic ring contribution to its fold through pi-stacking and 

activity through water molecule organization. It is likely that the Tyr-to-Phe mutant would still 

have some ability to retain waters due to the hydrogen bonding capacity of the peptide backbone 

amides, which would be readily accessed due to the tight winding of the midge AFP solenoid. To 

quantify the difference in activities of Thr, Asn, and Tyr as IBSs residues, one could mutate the 

midge AFP IBS-Tyr residues to Thr or Asn and assess the mutants activities. However, this may 

result in an unstable protein, since the pi-stacking of the aromatic residues would no longer be 

present. 

 

If a crystal structure of the midge AFP is solved, it may be possible to observe organized waters 

around the IBP-Tyr residues. However, typically IBPs have crystalized with their IBSs facing 

together (82, 85, 132), therefore it difficult to judge if bound water molecules are representative 

of surface waters or if they are crystallographic artifacts. It has been suggested and demonstrated 

that IBPs can be crystallized as fusion proteins to increase the probability of crystalizing IBPs 

with solvent accessible IBSs (201). However, attempts to crystalize two isoforms of the midge 

AFP fused to maltose binding protein (MBP) were unsuccessful. This failure was likely due to 

incomplete separation of folded and misfolded material by ice-affinity purification. Other 

strategies, such as the introduction of a surface metal-binding site into the IBP could be attempted 
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(202). For this strategy, predicted adjacent surface residues are mutated to a metal coordinating 

site and corresponding metal ions are included in all crystallization conditions. Metal ion 

coordination sites often serve as crystallographic contacts. Therefore, if the coordination site is 

placed away from the IBS the probability of crystallizing the IBP with an unobstructed IBS 

would be increased using the method. 

 

6.9 Intermediate activity of midge AFP 

Initial analysis of native midge AFP indicated that it was likely hyperactive like all other insects 

AFPs discovered to date. This conclusion was made from its effect on ice shaping. Ice crystals 

bound by midge AFP were squat hexagonal bipyramids with rounded corners, which is similar to 

the morphology seen with TmAFP and other hyperactive AFPs (99, 176). The burst at the 

freezing point was perpendicular to the c-axis of the crystal, which was previously only observed 

with hyperactive AFPs (70). Although the ice-shaping by the midge AFP was consistent with that 

of a hyperactive AFP, TH higher than ~1.5 °C was never seen.  

 

The recombinant version of the major midge AFP isoform had similar properties to the mixture of 

native AFP isoforms but with some differences. The squat-hexagonal bipyramid ice crystal 

formed in a solution of the recombinant AFP had sharper corners and edges. However, the burst 

was still clearly perpendicular to the c-axis. By measuring TH at various concentrations and 

comparing values with those of other AFPs, it was observed that the midge AFP activity fell 

between the hyperactive and moderately active ranges.  

 

Using the fluorescence-based ice plane affinity (FIPA) assay to determine which planes of ice 

were bound by the recombinant midge AFP has provided an explanation for the intermediate 

activity. The midge AFP binds to a pyramidal plane and leaves the basal plane unbound. All 
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hyperactive AFPs bind to multiple planes of ice, one of which is the basal plane. Binding of the 

basal plane is hypothesized to contribute greatly to the high activity of hyperactive AFPs by 

stopping ice growth along the c- axis. This also results in the characteristic burst perpendicular to 

the c-axis. The pyramidal plane bound by the midge AFP is very shallow, ie. close to the basal 

plane, which appears to be enough to stop growth in the c-axis direction. Like at least one 

moderately active AFPs, only a single plane of ice is bound by midge AFP. These mixed features 

between moderately active and hyperactive AFPs are in line with the intermediate activity of the 

midge AFP. 

 

6.10 Identifying the pyramidal plane bound 

It has not yet been determined which pyramidal plane is bound by the midge AFP. This could be 

calculated by careful analysis of FIPA results, since the technique is similar to the ice-etching 

procedure. The latter technique was used to determine the Miller-Bravais indices of the pyramidal 

plane bound by type I AFP (75). Molecular dynamics (MD) simulations could be used to 

determine locations where water molecules have highest retention around the midge AFP surface. 

This should be on the IBS and the pattern of waters ought to match the ice plane to which the 

midge binds. Water modeling simulations have not been conducted since it seems more 

worthwhile to perform them once a crystal structure has been solved. However, if both FIPA and 

MD ice-bound plane determinations agreed, it would be another piece of evidence confirming the 

model. 

 

Distances between the hydroxyl groups of the midge AFP IBS-Tyr residues is on average ~4.8 Å. 

This is the same distance between the Thr-hydroxyl side chains on adjacent coils of other beta-

solenoid IBSs. Perhaps the 4.8 Å distance is important for binding to a specific pyramidal plane, 

but the additional 7.4 Å distance between adjacent Thr-hydroxyls on the same coil, which is 
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present on IBSs with multiple rows of Thr, provides the capacity to bind multiple planes of ice. 

An experiment to test this hypothesis might be engineering a beta-solenoid IBP with only one 

row of Thr on its IBS. A good candidate for this experiment is the TmAFP. It naturally has two 

rows of Thr residues on its IBS, one of which could be mutated to non-ice binding residues. 

TmAFP is a very stable protein due to its disulfide-braced core, so mutations to outward-pointing 

residues should not be detrimental to its fold. Additionally, one row of Thr residues of the 

TmAFP IBS could be mutated to Tyr residues to assess if their side chains promote pyramidal 

plane ice binding of other solenoids IBPs. An exercise like this would provide a greater 

understanding of motif-to-ice-plane specificity and would be beneficial for future IBP protein 

engineering projects.  

 

6.11 Sequences in the database with similar repeating motifs 

BLASTp search of the midge AFP major isoform in the NCBI non-redundant database finds no 

homologous proteins, however several sequences with similar, but not exact, tandem repeating 

motifs are found. The closest matched sequence is a predicted sperm acrosomal protein from 

Atlantic salmon (NCBI accession: XP_013998907). This protein is 307 residues long, in which 

residues 37-232 consists entirely of the 5-residue tandem repeat EHC (K/G) (K/G). There are few 

variations in the sequence motif, making it much more repetitive that the midge AFP. What is 

striking is the similarity between the 5-residue motif of the salmon sperm protein to that of the 

midge AFP, XXCXG. The analogous motifs indicate that proteins with similar sequences to the 

midge AFP are naturally-occurring. It is likely that the salmon sperm protein also folds as a 

disulfide-braced solenoid since it has the conserved Cys and Gly predicted to be important for 

tight turns. 
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Another interesting finding from the BLASTp search is the ten keratin-associated or predicted 

keratin-associated proteins (KAPs) hits. All the KAPs hits have at least one section of the 

sequence with a Cys-containing 5-residue repeating motif. KAPs are involved in intermediate 

filament formation of keratin heterodimers. They are grouped into three categories, high sulfur 

(HS) which have less than 30 mol % Cys, ultra-high sulfur (UHS) which have more than 30 mol 

% Cys, and high glycine-tyrosine (HGT) which have 35 to 60 mol % glycine or tyrosine (203). 

Given that the midge AFP is rich in Cys, Gly, and Tyr, it is not surprising that several BLASTp 

hits were KAPs or predicted KAPs. Although most characterization of KAPs has been in 

mammalian systems, it is likely that homologous proteins exist in invertebrates. Interestingly, 

some AFP isoforms from the Dendroides canadensis beetle have been found to localize to the 

insect’s cuticles (204), which would also be a location of KAP activity. Cuticle localization of 

DcAFP has been hypothesized to be important for reducing inoculative freezing from surrounding 

environmental ice (204). It may be that a midge KAP is the evolutionary precursor to the midge 

AFP and that it has retained its ability to localize to cuticles for protection against inoculative 

freezing. If true, this would be a similar progression to antifreeze glycoprotein in Antarctic 

notothenioid fish which evolved from trypsinogen. Trypsinogen localizes to the fish digestive 

system, which is a site where ingested ice accumulates (90). 

 

6.12 Which other organisms might have intermediate activity AFPs? 

Intermediate activity AFPs are likely to be produced in organisms other than the Lake Ontario 

midges. Organisms that face moderate sub-zero temperatures on land, like midges, are the best 

candidates for this search. These include other midge species and other arthropods that are active 

in early spring or late fall in temperate or subpolar regions.  
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A Cys-rich AFP from a Korean pine needle gal midge (Thecodiplosis japonesis) has been 

discovered (143), although no protein sequence information was reported. These gall midges have 

a different life cycle than the Lake Ontario midges, in that they do not overwinter aquatically but 

rather at the soil surface in the third instar larval stage. AFPs from the gall midge were purified 

from the overwintering larval stage and appear to be produced at much higher concentrations in 

than in the adult Lake Ontario midges. The gall midge AFP isoforms were reported to be 34.9 and 

37.8 kDa, however, these sizes were determined from the SDS-PAGE analysis and therefore may 

not be accurate if their amino acid compositions are atypical, like many other IBPs. For example, 

the Cys-rich Lake Ontario midge AFP appears ~4 times larger by SDS-PAGE analysis than its 

actual size. Thermal hysteresis activity of the gall midge AFP at 50 mg/ml was greater than 10 

°C. This was a very high concentration to measure AFP activity, since it is likely much higher 

than the physiological values. It will be interesting to determine if the gall midge AFP is 

homologous to the Lake Ontario midge AFP and to compare their activities at equivalent 

concentrations. Since the gall midge overwinters on land, unlike the Lake Ontario midge, I expect 

that their AFP potencies will greatly differ.  

 

TH activity was also observed in two chironomids from glacial streams in the Italian Alps, though 

the AFP sequences or amino acid compositions have not been reported (205). Wingless 

chironomids endemic to Antarctica, Belgica antarctica, has a two-year life cycle and over winters 

in its larval stage (206). The larvae are freeze-tolerant and have been found to survive while 

encases in ice (207). Their survival strategies against freezing include extreme dehydration, but 

AFP production in these insects has not yet been reported. 

 

Other non-midge insects with a similar life cycle to the Lake Ontario midges could be studied, 

such as blackflies. Female black fly adults lay eggs on running water, which hatch into aquatic 
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larvae (208). The blackfly larvae, unlike the midge larvae, attach to immobile objects, such as 

rocks and feed on passing debris using fan-like mouth parts. Like midges, they pupate underwater 

and float to the surface at which time they emerge from the body of water as adults. Emergence 

of adult black flies is generally one to two weeks later than midges, therefore, they are at lower 

risk of facing sub-zero temperatures.  

 

Spring active insects with very different life cycles to midges, like aphids, could be examined. 

Females of these sap-sucking plant pathogens undergo asexual reproduction while feeding on 

their host in the spring. In autumn, the insects switch to sexual reproduction. The action of both 

asexual and sexual reproduction leads to overwintering eggs and larvae underground and on plant 

bark. Cold-hardiness of some aphid species has been examined (209), although AFP production 

has not yet been reported. 

 

6.13 Strategies developed while working with the midge AFP 

In the Introduction section of this thesis, several applications of IBPs in industry and medicine 

were outlined. One of the major challenges of recruiting IBPs to these applications is the inherent 

difficulty in recombinantly producing the IBPs. Many IBPs are thermolabile or disulfide-bond 

rich. Unfortunately, the midge AFP falls in the latter category; therefore, it will likely not be a top 

choice for mass production for industrial applications. However, the purification, sequencing, and 

characterization strategies presented in this thesis could be used to continue the search for new 

IBPs. A successful strategy developed for this work was the use of pattern searches in the 

RNAseq library coupled with iterative de novo assembly to determine the sequence of the major 

midge isoform. Very little protein sequence information is required for this strategy.  
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Since many IBPs have repeating tandem motifs, as discussed in Chapter 5, one could search an 

RNAseq library of an IBP-producing organism for predicted tandem motifs. Some information, 

such as amino acid composition, would help with the search. A candidate to test this approach is 

the Gomphiocephalus hodgsoni AFP, for which the amino acid composition is known but the 

sequence has not yet been reported (110). From the GhAFP amino acid composition, it appears 

that it will have a repetitive motif with regular Cys, His, and Gly. Translated RNAseq databases 

can be searched for [Y (X)n]m, where Y is Cys, His, or Gly, X any amino acid, and the n and m 

are number of X and YXn, respectively. The resulting hits can be refined to include reads that are 

near the experimentally-determined amino acid composition followed by the iterative de novo 

assembly outlined in Chapter 3. 

 

Another procedure tested with the midge AFP was ice-shell affinity purification (C. Marshall, K. 

Basu, P.L. Davies, submitted (2016)). In this method, ice is formed inside a round-bottom flask 

that rotates in a sub-zero bath. An IBP-containing solution is added inside into the flask and as the 

ice grows over ~1 h the IBP selectively enter the growing ice phase. The technique takes 1/10
th
 of 

the time of the original ice-finger IAP method. Although this method was not developed with the 

midge AFP in mind, separating the misfolded recombinant AFP from the well-folded product was 

the first practical use of this technique. Development of the ice-shell IAP technique has 

drastically decreased the time taken to purify the midge AFP, which has greatly facilitated 

attempts to crystallize it, and is an efficient method to purify any IBP.  

 

Since the midge AFP is 20 mol % Cys with every one of these residues forming disulfide bonds, 

careful consideration of each step in the purification protocol was needed to ensure maximum 

yield of properly folded protein. Strategies developed for production of recombinant TmAFP 

were tested for the midge AFP production. Replicating the TmAFP production protocol, the 
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midge AFP was produced as a fusion protein with a removable MBP tag to increase the solubility 

of the Cys-rich protein before its disulfide bonds are fully formed (171). The Origami 

Escherichia coli cell line was used, which was also used for TmAFP production. This cell line has 

two mutated reductases to make the bacterial cytoplasm less of a reducing environment than in a 

typical E. coli (210). Even with these two strategies, a large fraction of the midge AFP was not 

properly folded. We found that including several day-long dialysis steps to the protocol increased 

the yield of properly folded protein. Slow oxidation was implemented for folding the TmAFP 

before the Origami E. coli cell line was developed (150). The addition of IAP as a final 

purification is critical for separating the properly folded protein from the misfolded protein. 

 

6.14 Using midge AFP as a biomarker for climate change 

Though the focus of this thesis was the biochemistry of a specific protein, the work also has 

provided insight into the biology of Lake Ontario chironomids. It is apparent that these midges 

have adapted to resist freezing through the production of an AFP during the spring-active adult 

stage, albeit with a low risk of freezing under present climate conditions. Adult midges from a 

later hatch in the spring have very little to no AFP activity (personal communication, Drs. C. 

Marshall and P.L. Davies (2015)). Historically, Southern Ontario has had colder winters and 

springs than those presently experienced (211). Will the midge population in Kingston keep 

producing AFPs if the risk of freezing continues to decrease? Will the midge population here 

invade higher latitude environments, which may now be the appropriate temperature for the 

intermediate activity AFP-producing insects? One could examine the AFP-producing midges on a 

decade-to-decade basis to study the effects of climate change on AFP expression and population 

localization. The larvae of midges are already used as an important bioindicator of water quality 

(115-117). Perhaps the adult midge populations could be used as an indicator of climate change-

related evolution and biomass distribution. 
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6.15 Future directions 

The midge AFP is certainly an interesting molecule based on its amino acid composition, 

repeating motif, and atypical IBP activities. This thesis has focused on characterizing these 

aspects, though some questions remain unanswered. Following here are some ideas that could be 

examined. 

 

Many pieces of evidence indicate that the midge AFP structural model presented in this work is 

correct, though solving its crystal structure will prove this with certainty. Progress towards a 

crystal structure has been made (Appendix A), and I predict that if this work is pursued, it could 

be attained in a matter of months. Once the structure is solved, studying the water molecule 

arrangement on the IBS by analysis of the crystal structure and by molecule dynamics simulation 

will provide insight into how the Tyr-ladder organizes waters for ice-binding. Additionally, the 

crystal structure would provide the exact secondary structure resulting in the unique CD spectrum 

observed with the midge AFP. 

 

It is possible that residues apart from the Tyr ladder of the midge AFP are involved in ice 

binding, like the four regular Thr in the first four 10-residue repeating motifs of the major 

isoform. These, and other residues, could be tested for ice-binding contribution by site-directed 

mutagenesis. The contribution of the hydroxyls of the IBS-Tyr could also be quantified by Tyr-

to-Phe mutations. Other midge AFP isoforms could also be recombinanlty produced and 

characterized to examine differences in their activity and ice-plane specificity.  

 

Other spring-active terrestrial organisms likely to produce intermediate activity AFPs could be 

collected and analyzed. If they too produce intermediate activity AFPs, it provides further proof 
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that moderate sub-zero temperatures is the driving force for the evolution of the mid-potency 

AFPs. 

 

From the analysis of the midge AFP, we have determined that Tyr-ladders have the potential of 

ordering waters for ice binding. It would be worthwhile to revisit and reinterpret the Tyr-ladder of 

the PbINP as a potential ice-nucleating site rather than the hypothesized dimerization interface. 

PbINP is a very large molecule and it would not be practical to produce in its entirety. 

Recombinant production and characterization of a small section and of the repetitive protein will 

likely be enough to confirm or refute the PbINP Tyr-ladder ice-nucleating surface hypothesis.  

 

If sufficient Gomphiocephalus hodgsoni snow fleas are obtained from Antarctica, an RNAseq 

library can be made by Illumina pair-end sequencing. A pattern-specific searches outlined in 6.13 

could be conducted followed by iterative de novo assembly of the IBP mRNA outlined in Chapter 

3. If this strategy works, then the GhAFP will be yet another IBP with a repeating sequence and a 

good candidate for our method of structural modeling of protein with repetitive sequences 

outlined in Chapter 5. 

 

More long-term directions include quantification of year-to-year variations of midge AFP mRNA 

and protein abundance in local and global populations. The purpose of this would be to determine 

if there is a correlation between changes in AFP expression and climate change. Another 

evolutionary aspect to study is determining if a keratin-associated protein is indeed the progenitor 

of the midge AFP.  
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6.16 Conclusions and contributions 

1. A novel AFP was discovered in a Lake Ontario midge population. Several challenges 

were faced during sequence determination, which were overcome by previously-

established techniques and some newly-developed methods. Pattern-specific search in an 

RNAseq library followed by iterative de novo assembly is a powerful method for 

determining the complete sequence of predicted repetitive proteins with limited sequence 

information. 

2. The midge AFP is predicted to be the tightest disulfide-braced solenoid. The modeled 

fold is a left-handed solenoid with 10-residue repeats per coil. Its stability in molecular 

dynamics, unique CD, conservation of positions predicted to be important for its fold in 

different isoforms, and 10-residue segment variations of isoforms all confirm the 

predicted fold.  

3. The midge AFP Tyr-ladder has been identified as its IBS by site-directed mutagenesis. 

This is the first identification of a Tyr-rich IBS. This new information has reopened the 

discussion on the purpose of the Tyr-ladder in the PbINP. 

4. Characterization of the midge AFP activity, ice-shaping ability, and ice-plane binding has 

led to its classification as an intermediate-activity AFP. I predict that some other 

organisms living in similar conditions as the Lake Ontario midges produce AFPs with 

similar intermediate-activity properties. 

5. A protocol to recombinantly produce the Cys-rich midge AFP was established by 

combining techniques used for TmAFP production and ice-affinity purification. This 

protocol has been refined to reliably purify only the well-folded protein. 
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6. A step-by-step protocol for conducting fluorescence-based ice-plane affinity assays was 

published in the Journal of Visualized Experiments with an accompanying instructive 

video. This is a valuable resource for other groups studying IBP ice-plane binding.  

7. A comprehensive review of modeling proteins with repetitive sequences was published in 

Protein Science. The review is a summary of the success that the Davies Lab has had in 

predicting repetitive IBPs structures and also provides instructions on building and 

verifying such models. 



 

160 

 

Appendix A 

Crystallizing the midge AFP 

 

A.1 Abstract 

The midge AFP is a 79-residue repetitive Cys-rich protein. Its structure has been modeled as a 

left-handed disulfide-braced solenoid with 10-residues per loops. This AFP has an outward 

pointing Tyr ladder that serves as its ice-binding surface. We have successfully crystalized the 

midge AFP using the microbatch method in conditions containing 65-70% 2-methyl-2,4-

pentanediol (MPD) and buffers ranging from pH from 5 to 8. This report is a summary of the 

crystallization trials and preliminary X-ray diffraction data collection on crystals of this protein.  

 

A.2 Introduction 

The 79-residue major isoform of the Lake Ontario midge antifreeze protein (AFP) sequence 

consists entirely of the tandem 10-residue repeating motif, X
*
xCxGxYCxG, where X

*
 is typically 

an acidic or basic amino acid, and x is an outward-pointing residue (168). Its structure has been 

reliably modeled as a left-handed disulfide-braced solenoid, where each 10-residue repeat is one 

coil of the helix. Opposite sides of the solenoid are connected in every loop by a disulfide bond, 

making an internal brace through the entire core of the helix. The disulfide brace provides 

stability to the tight turns. Outward pointing alternating acid and base residues at the X
*
 position 

and a Tyr ladder at the Y position also have the potential of providing stability through salt 

bridging and pi-stacking, respectively. Repetitive Gly residues at the G positions allows for 

bending of the backbone to form the tight turns. Evidence corroborating the fold includes circular 

dichroism (CD) data, which indicate that the structure is similar to the disulfide-braced solenoid 

of the Tenebrio molitor AFP (TmAFP), which as a 12-residues repeat. The CD data indicate that 
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the midge AFP has less beta-sheet content than the TmAFP, which is exactly what was predicted 

when comparing the secondary structure of the two folds. Additional isoforms of the midge AFP 

vary in number of 10-residues motifs, supporting the hypothesis that one repeat is one structural 

unit, or coil, of the solenoid.  

 

From the midge AFP model, we predicted that the Tyr-ladder would serve as its ice-binding site 

(IBS) (168). Site-directed mutagenesis supports this hypothesis. Mutations to Tyr residues on and 

off the ladder knocked out and did not affect the AFP activity, respectively (192). This was the 

first report of a Tyr-rich IBS. Typically repetitive ice-binding proteins (IBPs) have Thr-rich IBSs. 

Analyzing the structure of Marinomonas primoryensis AFP (MpAFP) indicated that the ice-

binding Thr-methyl groups organize waters into clathrates that are complementary to ice and Thr-

hydroxyl groups help hold these waters in place through hydrogen bonding (198). These results 

provided evidence for the anchored clathrate water ice-binding hypothesis. It proposes that waters 

are organized on an IBS into an ice-like arrangement that can bind and merge with the quasi-

liquid layer on specific ice planes (53). We predict that the aromatic rings of the Tyr residues will 

serve the same purpose as the methyl group of the Thr residues in organizing water molecules on 

the midge IBS. Tyr residues, like Thr residues, have hydroxyls, which have the potential of 

anchoring the ice-like water molecules on the IBS through hydrogen bonding. The midge AFP 

binds only to a single pyramidal plane midway between the basal and primary prism planes, as 

observed from fluorescence-based ice-plane affinity (192). Through crystal structure 

determination, we have an opportunity to observe water molecules on the midge AFP Tyr-rich 

IBS and assess their complementarity to particular planes of ice. 

 

A few options were available for crystallization targets of the midge AFP. The native AFP was 

not an option since it is produced by the insects as a family of differentially glycosylated isoforms 
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which we have not been able to separate. The AFP is minimally produced in the insect, which 

does not make it suitable for the high protein concentrations required for crystallography. Another 

option is to crystallize the target protein fused to a carrier protein tag with a known structure, such 

as maltose binding protein (MBP). This would potentially assist in solving the phase problem 

during structural determination and has the added benefit of increasing the probably of 

crystalizing the AFP with its IBS unobstructed (201). The latter would allow for observation of 

crystallographic waters on the IBS. However, attempts to produce well folded midge AFP fused 

to MBP, thioredoxin, GB1 domain of Protein G, or lysozyme were unsuccessful. For the MBP 

and thioredoxin constructs the failures were due to our inability to separate the well-folded and 

misfolded AFP by ice-affinity purification. For the GB1 and lysozyme constructs failures were 

due to poor protein expression. The last option was to crystallize the recombinant midge AFP free 

of any tags. We have established a method to consistently produce and purify well folded midge 

AFP (192) and we recently have had success in crystallizing this target. 

  

A.3 Material and methods 

A.3.1 Expression and purification of midge AFP 

Recombinant midge AFP was produced, expressed, and purified as described previously (192). 

Briefly, the AFP gene was cloned into the pMAL vector to produce a fusion protein with a 

cleavable maltose-binding protein. The protein was expressed in Origami pLys S Escherichia 

coli. Cells were harvested by centrifugation, resuspended into lysis buffer, and lysed by 

sonication. The fusion protein was enriched by a Ni-NTA chromatography then the MBP domain 

was removed by TEV protease treatment. The free AFP was partially purified by collecting the 

flow-through material from a second round of Ni-NTA chromatography. Finally the free AFP 

was separated from all other components by G75 size-exclusion chromatography. Well-folded 
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and misfolded AFPs were separated by ice-affinity purification. Long dialysis steps were 

incorporated throughout the procedure to allow for slow oxidation and proper folding of the 

disulfide-rich AFP. 

 

A.3.2 Initial screening 

Crystals were initially obtained using microbatch methods in a 4 °C cold room. Midge AFP was 

buffer exchanged into 50 mM Tris-HCl (pH 7.6) and 100 mM NaCl and concentrated to 5 mg/ml 

using centrifugal filters (Millipore) with a 3.5-kDa cut off. Equal volumes (1 µl) of protein 

solution and commercial crystallization solution (Qiagen) were mixed than equilibrated under a 

layer of 100 % Paraffin Oil (Hampton Research). Four conditions containing 65% (v/v) 2-methyl-

2,4-pentanediol (MPD) and 0.1 M buffer [1) sodium acetate (pH 5.0), 2) MES (pH 6.0), 3) 

HEPES (pH 7.0), and 4) Tris-HCl (pH 8.0)] and one condition containing 70% MPD and 0.1 M 

HEPES (pH 7.5) yielded single crystals and/or clusters after ~ 6 months at 4 °C. 

 

A.3.3 Seeding 

To reduce the amount of time taken to nucleate and grow crystals, seeding techniques were 

attempted. Crystals from the initial screening were used for streak seeding into microbatch drops 

set up exactly as described above. Seed crystals were streaked into the new drops with a natural 

fiber (Hampton Research streak seeding tool). To produce crystals suitable for data collection, 

crystals from the initial screening were used for macro seeding into fresh microbatch drops. 

Drops were setup as described above and equilibrated for at least 1 h before seed crystals were 

introduced. Macro seeds were incubated at 4 °C for at least one month before freezing in liquid 

nitrogen. Cryo solution was not required due to the high MPD concentrations in every condition. 
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A.3.4 Data collection and processing 

Frozen crystals were sent to the Canadian Light Source (Saskatoon, Canada) for collection on the 

08ID-1 beamline. Beamline energy was set to either 7 or 12.658 keV. Data were indexed and 

integrated with XDS (212). Molecular replacement was attempted with CCP4-Phaser (213) using 

the midge AFP right- and left-handed models and with type III AFP as a negative control. 

 

A.4 Results 

A.4.1 Midge AFP crystals form in high MPD concentrations at pH 5-8 

Crystals obtained from initial screening with the high MPD percentage conditions were all thin 

plates and often in clusters. Each condition differed primarily in the buffer component. Apart 

from the buffer, the only other component in the conditions was MPD at 65 or 70%. Crystals 

formed in 0.1 M sodium acetate (pH 5.0, 65% MPD) were oval shaped plates, ~25-100 µm in 

length, and often clusters (Figure A.1A). Crystals formed in 0.1 M MES (pH 6.0, 65% MPD) 

were rectangular plates, ~100-150 µm in length, and a mixture of single crystals and clusters 

(Figure A.1B). Crystals formed in 0.1 M HEPES (pH 7.0 and 7.5, 65% and 70% MPD, 

respectively) yielded rectangular plates, 150-200 µm long, with a mixture of single crystals and 

clusters (Figure A.1C&E). Crystals formed in 0.1 M Tris-HCl (pH 8.0, 65% MPD) yielded 

crystals with rigid, imperfect shapes, in clusters (Figure A.1D). 
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Figure A.1. Initial crystal hits of the midge AFP. Midge AFP crystals were grown using the 

microbatch method at 4 °C with 1µl of protein solution and 1 µl of crystallization solution. 

The protein solution contained 5 mg/ml midge AFP, 50 mM Tris-HCl (pH 7.6), and 100 mM 

NaCl. The 0.1 M buffers used in the different crystallization conditions were A) Sodium 

acetate (pH 5.0), B) MES (pH 6.0), C) HEPES (pH 7.0), D) Tris-HCl (pH 8.0), and E) 

HEPES (pH 7.5). A-D) contained 65% MPD (v/v) and E) contained 70% MPD (v/v). Scale 

bars represent 200 µm. 

 

A.4.2 Seeding decreased nucleation time and promoted crystal growth 

Streak seeding with crystals from 0.1 M MES (pH 6.0, 65% MPD), 0.1 M HEPES (pH 7.0 and 

7.5, 65% and 70% MPD, respectively), and 0.1 M Tris-HCl (pH 8.0, 65% MPD) into the same 

conditions resulted in new crystal growth within one month of streaking. An example of new sites 

of nucleation due to streak seeding is shown in Figure A.2A&B. Drops set up without seeding did 
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not have visible nucleation sites over the same incubation time. Steak seeing resulted in visible 

nucleation sites appearing ~3 times faster than spontaneous nucleation without seeding. The oval-

shaped crystals formed in 0.1 M sodium acetate (pH 5.0, 65% MPD) were not reproducible, as 

the condition consistently resulted in protein precipitation. 

 

 

 

 

 

Figure A.2. Seeding midge AFP crystals. A) and B) Streak seeding with seeds from HEPES 

(pH 7.5, 70 % MPD) into the same condition. C) Macro seeding with crystals grown in MES 

(pH 6.0, 65 % MPD) into the same condition. D) Macro seeding crystal grown in HEPES 

(pH 7.5, 70 % MPD) into the same condition. A) Drop 3 days after seeding. B-C) Drops ~1 

month after seeding. Scale bars represent 100 µm. 
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Macroseeding with original crystals into the same condition successfully increased the size of the 

crystals. Over a one-month incubation period crystals grew by ~10-20%. Examples of macro seed 

crystals after incubation are shown in Figure A.2C&D. Over time, small crystals often appeared 

around the introduced macro seed (Figure A.2D), therefore, crystals were washed in crystal-free 

drops before freezing prior to harvesting. 

 

A.4.3 Preliminary native X-ray diffraction data sets suggest crystals are proteinaceous and 

the structure may be solvable by molecular replacement with the midge AFP model 

Several X-ray diffraction data sets were collected for 0.1 M MES (pH 6.0, 65% MPD) and 0.1 M 

HEPES (pH 7.5, 70% MPD) crystals. Both crystals diffracted to give multiple spots in regular 

patterns (Figure A.3), indicating that the crystals were a lattice of macromolecules. The midge 

AFP was the only macromolecule component in the crystallization drops, therefore, the target 

protein has been crystalized. Spots from both crystals were often smeared and faint at some 

angles. Processing with XDS was attempted for data sets of both crystals, however, only those 

from the 0.1 M HEPES (pH 7.5, 70% MPD) (Figure A.2D) successfully processed. Processing 

indicated that its space groups is P2 (1)2 (1)2. The resolution of the data sets ranged from 1.63 – 

2.00 Å, I/sigma (I) and CC½ were 1.86-3.48 and 98-99, indicating good quality data, however, the 

R-meas was 41.3-95.2, which is much higher than desired (214). Other statistics are summarized 

in Table A.1. Attempts at single-wavelength anomalous dispersion (SAD) with Cys-sulfurs did 

not succeed since no anomalous signal was detected from 7 keV X-ray scattering. 
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Figure A.3. Midge AFP crystal X-ray diffraction. Diffraction images from X-ray scattering 

of midge AFP crystal grown in A) MES (pH 6, 65 % MPD) and B) HEPES (pH 7.5, 70 % 

MPD). Beam energy was 12. 658 keV. Resolution rings are indicated in red. 
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Table A.1. Diffraction data collection statistics of the midge AFP crystals formed in HEPES 

(pH 7.5, 70 % MPD) 

Statistic Data set 1 Data set 2 Data set 3 

Wavelength (Å) 1.7712 1.7712 0.97949 

Energy (keV) 7 7 12.658 

Space Group P2 (1)2 (1)2 P2 (1)2 (1)2 P2 (1)2 (1)2 

Unit Cell (Å) 

 

a=46.75, b= 60.1,  

c= 86.28 

a=46.67, b=60.33,  

c=86.19 

a=46.48, b=60.10,  

c=85.96 

Resolution (Å) 2 1.98 1.63 

All Reflections 258274 261432 320934 

Unique Reflections 36694 37783 62652 

Multiplicity 7 6.9 5.1 

Completeness 98.90% 98.80% 84.10% 

Mosaicity 0.325 0.395 0.328 

I/Sigma (I) 1.86 2.22 3.48 

R-meas 95.2 84.5 41.3 

CC½ 98.1 98 99 
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Molecular replacement with the XDS-processed data with right- and left-handed models was 

attempted. For both models, solutions were found, however only a maximum of two components 

from the predicted 4 were placed into the unit cell. The type III AFP structure was also used as a 

molecular replacement model but no solution was found, providing evidence that the solutions 

with the midge AFP models were not artificial.  

 

A.5 Discussion 

We have successfully crystallized the midge AFP in 65-70% percentage MPD with buffers 

ranging in pH from 5-8. These crystals take several months to appear and grow, however streak 

seeding and macro seeding can be used to speed up each process, respectively. Crystals grown in 

0.1 M MES (pH 6.0) and 65% MPD appear to produce the highest ratio of single crystals to 

cluster. All the crystals are thin plates, which make them very difficult to centre for X-ray 

scattering and results in limited data when the beam hits the crystals at certain angles. Longer 

incubation times for macro seeding should be conducted in order to obtain larger crystals, which 

will likely increase the quality of the data obtained by X-ray diffraction. Expansions of the 

crystallization conditions, by varying component concentrations and buffer pH, should be 

conducted to attempt to find a condition that produces a higher ratio of single crystals to clusters. 

In particular, decreasing the concentration of MPD, which is a precipitant, in order to reduce 

nucleation and clustering may be beneficial. This may potentially decrease the number and 

increase the size of crystals in a drop.  

 

An X-ray beam better suited for anomalous signal detection from sulfurs should also be used for 

data collection. The X-ray beam used for the results shown here has a lower energy limit of 7.0 

keV. The K X-ray absorption edge for sulfur is below ~3 keV (215), therefore, an X-ray beam 

with energy closer to 3 keV would better detect anomalous signals from the multiple Cys-sulfurs 
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in the midge AFP. However, the success in obtaining partial solutions with molecular 

replacement with the midge AFP models is an exciting prospect and it may be enough to solve 

the phase problem without anomalous signals if a better quality data set can be obtained. 

 

This is the closest we have come to obtaining structural information to confirm the midge AFP 

model by crystallography. The interesting features predicted by the midge AFP model, including 

the tight turns of the solenoid and Tyr-ladder ice-binding surface, make it a valuable target for 

crystal structure determination. Continuation of the leads described here will likely result in 

solving the midge AFP crystal structure. As such this would be an interesting sequel to Chapter 5 

that features the success of molecular modeling of repetitive proteins. We hope that the Tyr 

ladder will be exposed enough to solvent channels in the crystal to see how water is organized on 

this surface and if this fits in with the anchored clathrate water hypothesis for binding to ice.  
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