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Abstract 

Antifreeze proteins (AFPs) protect organisms from freezing damage at subzero 

temperatures. They do this by adsorbing to the surface of nascent ice crystals to block further ice 

growth. The key property of AFPs is to be soluble in liquid water but bind irreversibly to water in 

the solid state. Hypotheses for the mechanism by which AFPs recognize and bind ice have gone 

through several radical revisions without a consensus emerging. The remarkable diversity of 

independently evolved AFP structures, the multiple ice planes bound by AFPs, and uncertainty 

about the location of the ice-binding site(s) have all added to the difficulty of deducing a unified 

mechanism of AFP action. The central thesis of my research is that the characterization of 

additional AFPs will elucidate rather than obfuscate the mechanism of action.  

To this end I have advanced knowledge about three hyperactive AFPs. A reliable 

protocol to express and purify a sufficient quantity of type I hyperactive AFP was developed for 

further characterization studies. Initial crystallization trials using the recombinant material have 

produced consistent crystals for diffraction and resolution. A model of the recently discovered 

snow flea AFP was generated via de novo methods. The folding scheme is polyproline type II 

helices stacked into anti-parallel sheets, which was to our knowledge previously unobserved in 

monomeric proteins. The model was subsequently confirmed to be within 1 Å  accuracy by X-ray 

crystallography performed by another group. I have also screened several insects for antifreeze 

activity. By using mass-spectrometry sequencing and a cDNA library, novel AFPs (3 kDa and 

8kDa) were discovered from overwintering inchworms. The translated proteins were 

subsequently de novo modelled.  

After a thorough analysis of the literature, I reason that conflicting results from various 

AFP studies can be resolved. The hydrogen-bond ice-binding hypothesis was re-introduced to 
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work coherently with elements of the hydrophobic ice-binding theory. We have proposed a 

unifying mechanism termed “anchored clathrate water,” which is supported by the water bonding 

on ice-binding surfaces reported both in in silico and in NMR studies. The new data I have 

obtained have further reinforced and expanded the hypothesis.  
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Chapter 1 

General Introduction 

1.1 Antifreeze protein discovery 

Organisms found in different habitats have to cope with different environmental stresses. 

For example, animals living in a subzero environment have to guard against freeze damage (1). 

At freezing temperatures, ice crystals may form and grow in size inside an organism, and 

eventually gain enough volume to block or rupture fluid vessels and physically impact 

surrounding cells. This can lead to dehydration stresses, cell rupture and further translate to tissue 

damage and ultimately the animal‟s death. Therefore, an organism has to be able to either tolerate 

or avoid being frozen. Suffice to say, life is found everywhere on earth, even in the polar biome 

and snow-capped mountains. Successful organisms have adapted in several ways, one of which is 

the use of antifreeze proteins (AFPs). AFPs have two main ways to protect an organism from 

freeze damage. In one of them, AFPs depress the freezing temperature lower than the melting 

temperature, a phenomenon called thermal hysteresis (TH). Ice crystals within the TH gap neither 

melt nor grow in size and therefore do not damage the organism. In the other, AFPs keep ice 

crystals in the frozen state from growing bigger. 

AFP research first started with the study of fish physiologists. Teleosts living near the 

surface of the ocean at high latitudes encounter subzero temperatures and ice crystals in the water 

that could nucleate freezing in a fish through contact with its body. Fish plasma has a salinity that 

would cause it to freeze at a temperature of -0.7 °C (2), whereas the surrounding seawater can be 

as cold as -1.9 °C before it freezes. Thus these fish are at risk of forming ice in their bodies in 

water that is colder than their freezing temperature (3). In 1969, DeVries et al. reported the 

presence of a glycoprotein antifreeze (AFGP) in fishes of the Antarctic (4), which provided the 

missing cryoprotection. The TH provided by the AFGPs depresses the freezing temperature of the 
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fish to below that of seawater. As result, the ice crystals do not reach a size large enough to 

threaten the organism. Since then, four other distinctly different AFPs have been discovered in 

fishes of the Northern and Southern polar and sub-polar waters (5).  

 

1.1.1 Thermal hysteresis 

It is a fundamental principle of biochemistry that proteins perform their function by 

binding to their substrate or ligand. The majority of opinion in this field is that AFPs are capable 

of binding to the ice lattice. With this in mind, AFPs are thought to achieve TH through a 

mechanism called adsorption-inhibition (6). Upon binding, AFPs block water molecules from 

accessing the ice surface at the bound location (7). The ice front becomes convex towards the 

solution, which is energetically unfavourable for ice growth, by the Gibbs-Thomson-Herring 

effect (Figure 1.1) (8).The ice crystal continues to grow on surfaces where there is no bound AFP 

and eventually stabilizes with a specific morphology such as a bipyramid. As indicated, this shape 

remains stable within the TH gap (Figure 1.2) and the ice crystals neither grow nor melt. Only 

when the temperature drops below the TH gap would the bipyramidal crystal “burst” (grow 

rapidly), typically along the c-axis of the crystal (9). 

 

1.1.2 Insect antifreeze protein 

Fish are clearly not the only organisms that face the threat of freezing. Terrestrial 

organisms face much colder environments without the ocean to mediate the surrounding 

temperature. Thermal hysteresis was in fact originally reported in terrestrial insects (10), but for 

various reasons it took longer to track down the source of this activity (11). Typically, insect 

AFPs are hyperactive in TH compared to their fish counterparts. Three non-homologous insect 

AFPs have been described at the level of their 3-D structure (12-14). Others are under 

investigation, and still only a small percentage of freeze-resisting insects have been screened.   
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Figure 1.1 Ice-water interface. Upon AFP binding, ice will continue to grow in areas where 

there is no AFP coverage. The ice surface eventually grows as a series of interconnected 

convex surfaces that has been likened to a mattress surface pinned down by buttons (AFPs). 

The blue ovals represent AFPs and the hatched line the ice-water interface. 
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Figure 1.2 Ice crystal morphology in the absence A) and presence B) of AFPs above and below the melting point of ice. Modified by J. 

Chou from a diagram by C. Marshall (15).
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1.1.3 Hyperactivity 

The term „hyperactivity‟ was introduced into the insect AFP literature in response to the 

observations that these antifreeze proteins were typically an order of magnitude better at TH than 

those from fishes (16). The difference in TH activity is particularly noticeable at low AFP 

concentrations (17). At high concentrations, insect AFPs approach TH plateau values of ~6 Cº 

whereas those of fish AFPs do not exceed 1.5 Cº. The ice morphology is also different in the 

presence of the hyperactive AFPs. The crystals are less obviously faceted and have more curved 

surfaces that have been described as lemon-, spindle-, or rice grain- shaped (9,18,19). The 

bursting pattern also significantly differs than that seen in the presence of fish AFPs. The crystal 

bursts out of the a-axes creating snowflake-like growth (9), suggesting that the normal outlet for 

growth along the c-axis is blocked by the AFPs. These differences have led to speculation that 

TH hyperactivity arises from the basal plane being bound in addition to prism or pyramidal 

planes  (9). Subsequently, hyperactive AFPs have been identified from a range of organisms in 

addition to insects that include fish and bacteria (17,18,20).  

 

1.2 Antifreeze protein functions 

Depending on an organism‟s physical activity, available energy source, frequency of 

freeze-thaw cycles and the magnitude of surrounding temperature variation, they have evolved 

either freeze-avoidance or freeze-tolerance strategies to survive. Some may even be able to switch 

back and forth between the two strategies (21,22) 

 

1.2.1 Antifreeze proteins in freeze avoidance 

Organisms dwelling in freezing environments do not all produce AFPs. They may use 

polyols and sugars to colligatively suppress the freezing temperature (23,24).For example, the 

woolly bear moth Pyrrharctia isabella increases its osmolality by producing antifreezes such as 
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glycerol to suppress its hemolymph freezing temperature during cold acclimation (25). The 

exhibited freeze temperature depression caused by polyol and sugar concentrations varies system 

by system (23,26,27). For organisms that do not produce sufficient low molecular weight 

antifreezes, they express AFPs to inhibit ice crystals from growing through non-colligative means 

(4). For instance, snow fleas produce AFP and are able to forage at temperatures well below their 

unprotected freezing point (28).These non-colligative antifreezes are not all proteins; some may 

be saccharide-based macromolecules such as AFGP from fish and xylomannan antifreeze factor 

from a beetle species (29,30). 

 

1.2.2 Antifreeze proteins in freeze tolerance 

When an organism is freeze-tolerant, the organism freezes without suffering lethal 

damage. Examples are a ryegrass, Lolium perenne, and several frog species (31). This non-lethal 

freezing may be initiated by certain ice nucleating proteins (INPs) to prevent the organism from 

entering a supercooled state, in which ice crystals once nucleated would grow rapidly and 

uncontrollably (32). After the organism has been frozen, recrystallization becomes especially 

prevalent during freeze-thaw cycles as large crystals grow at the expense of small ones. Freeze-

tolerant organisms often have AFPs to help them tolerate this change of state by providing ice 

recrystallization inhibition (33,34), which controls ice crystal size and protects the organism from 

structural damage and dehydration stress (33,35). 

 

1.2.3 Antifreeze protein nomenclature 

The word „antifreeze‟ clearly implies AFPs should protect against freezing. Based on the 

above freeze-tolerance examples, not all AFPs directly provide antifreeze protection. The term 

AFP is no longer sufficient to describe the functions of these proteins and several new terms such 

as ice-active protein (36) and ice-shaping protein (37) have been suggested. Unilever (in the food 
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industry) has championed the term ice-structuring protein (ISP) to avoid using the word 

„antifreeze‟ on any list of ingredients because antifreeze is associated with poisonous car 

antifreeze (38). We favour the term „ice-binding protein (IBPs)‟ because it describes the 

fundamental property that these proteins must possess for both TH activity and to serve as ice 

recrystallization inhibition proteins. Also it could allow the inclusion of INPs if, as it appears, 

these are mechanistically related to AFPs. 

 

1.3 Ice structure 

Under the conditions found on the earth‟s surface, ice crystals are built from a specific 

basic unit: hexagonal ice (Ih). The hexagon is composed of 12 water molecules hydrogen-bonded 

to each of their nearest partners in a tetrahedral-like arrangement (Figure 1.3A). A single crystal 

of ice is built from this basic unit with all the basic units aligned in the exact same orientation, 

creating a large uniform structure. By slicing this single crystalline ice at different angles, one 

will expose in two dimensions different ice surfaces that represent different planes of ice. Knight 

et al. have developed a method called ice etching to reveal an AFP‟s plane of binding (39). An ice 

hemisphere (diameter 4~5 cm) formed from a single ice crystal is grown in the presence of AFPs 

for several hours more and is then allowed to sublime. Sublimation of the outer layers of ice 

causes the bound and overgrown AFP to concentrate as a freeze-dried powder on the surfaces to 

which the AFP bound. These binding surfaces can then be oriented to the axes of the crystal 

hemisphere to determine which planes they are (Figure 1.3B). Our lab has improved the ice 

etching technique by using fluorescently tagged AFPs, and refers to this modification as 

fluorescence-based ice-plane affinity (FIPA) analysis (40). Through the application of 

fluorescence, we have effectively removed the sublimation step by providing an easier-to-observe 

marking in contrast to the residual protein powder on the hemisphere. However, this method 

allows for the formation of a traditional etch by simply allowing the hemisphere to sublime.



 8 

 

Figure 1.3 The Ih ice unit. A) A water molecule is hydrogen bonding to four other water molecules in Ih ice. B) The ice hexagon. The 

primary c and a axes are indicated by solid and dashed arrows respectively. Basal and primary prism planes are indicated with a double-

headed arrow. An example of a pyramidal plane is illustrated by the lighter lined pattern.
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1.4 Antifreeze protein structures 

Much effort has been put into discovering new AFPs, and as a result many different 

structures have been solved (Figure 1.4). Surprisingly, they represent a wide range of protein 

folds (many of them novel), despite the fact that these AFPs share the same function. Since the 

first report of AFGPs forty years ago in southern polar fish (4), around a dozen structurally 

different AFPs have been discovered. Because all AFPs interact with ice and resulting in a TH 

gap, there is the potential to find common characteristics in these proteins through structural 

approaches that will help us understand how they function. 

Two insect AFPs were determined to be tightly packed beta-rolls that are extensively  

disulfide bonded (12,13). Despite having very similar ice-binding surfaces, their beta-helical 

structures are distinct and, ten years later, are still without homologues in the database. A 

bacterial AFP that has been very recently characterized in our lab (41) is a Ca
2+

-stabilized beta-

roll that markedly deviates from a homologous RTX beta-roll structure (42). The latter has two 

internal rows of stabilizing Ca
2+

 ions, whereas the AFP has just one. A novel structure was found 

for the snow flea AFP (sfAFP) where polyproline type II coils fold into amphipathic parallel 

sheets (43). In addition to the solved structures, AFP sequences have encouraged de novo and low 

resolution modeling of other IBPs, such as type IV AFP, grass AFP and inchworm AFP (44,45). 

The richness in structural folds (Figure 1.4) found in AFPs represents an exceptional example of 

radically different proteins serving the same function through convergent evolution. 

 

1.4.1 Antifreeze glycoproteins 

AFGPs from several related species of Antarctic fishes were the first type of AFPs 

discovered (4,29). At high plasma concentrations of 20-30 mg/mL they provide just enough TH 

activity to protect the fish year round in the frigid, ice-laden Antarctic Ocean. The protein 
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Figure 1.4 Examples of solved AFP structures. Top row shows three moderately active AFPs.  AFPs on the bottom row are hyperactive. 

A) AFP I 1WFA (46) B) Sea raven AFP II 2AFP (47) C) Eel pout AFP III 1UCS (48) D) Spruce budworm AFP 1L0S (49) E) Tenebrio 

molitor AFP 1EZG (13) F) Snow flea AFP 3BIO (14) Residues are coloured as follows: hydrophobic residues (white); neutral hydrophilic 

residues (light blue); positively charged residues (blue); negatively charged residues (red); prolines (green) and cysteines (yellow).



 11 

sequence consists of tandem Thr-Ala-Ala repeats of various lengths. The hydroxyl group of the 

Thr is glycosylated with a disaccharide: galactosyl-N-acetyl-galactosamine (50). The peptide 

backbone and the N-acetyl-galactosaminyl group (1
st
 connecting sugar) are required for TH 

activity (51,52). Unfortunately, no X-ray or high precision NMR structures have yet been solved. 

Although CD analysis of the AFGP suggests the protein forms a random coil, a low precision 

structure deduced by NMR showed a polyproline type II fold (51). This might be consistent with 

AFGP‟s CD spectrum that suggests a random coil, because random coil and polyproline type II 

helices both give a similar CD spectrum (53). A recent report suggests this protein takes dimeric 

and even multimeric forms at a concentration higher than 20 mM (54). However, since these 

AFGP concentrations are much higher than those observed in fish blood, the significance of this 

report is unknown. Based on the structural evidence above, the AFGP ice-binding face is likely 

composed of at least the 1
st
 sugar group, peptide backbone; however, the exact ice-binding face 

remains undetermined. 

 

1.4.2 Type I 

Type I AFP (AFP I) has been intensively studied. It is a small alanine-rich (60%) peptide 

with a length between 30 and 50 residues (55). The sequence has an 11-residue repetitive element 

TAA[N or D]AAAAAAA. The protein is entirely alpha-helical at its working temperature of -1 

◦C. Its helicity is supported by its 60% Ala content, capping structures and salt bridge (56) 

(Figure 1.4A). 

Knight et al. have used their ice-etching technique to show that AFP I binds to a 

pyramidal plane (20-21) (39). Since this plane and the AFP I both have hydroxyl groups 16.5 Å  

apart, it was suggested that this distance perfectly matched the distance between exposed O atom 

repeats on the determined pyramidal plane of ice. Our lab and others attempted to confirm the 

importance of the hydroxyl group of Thr by replacing the Thr with Val. According to Knight‟s 
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theory, the replacement would remove the 16.5 Å  hydroxyl groups on AFP I and therefore 

remove the binding to the specific plane. Thr were replaced by various other residues. In general, 

the change from Thr to Val was well tolerated but a change to Ser resulted in complete loss of 

activity (57,58). Other studies where strategic Ala were replaced by Leu showed the ice-binding 

site is the Ala-rich face that is adjacent to the Thr and Asx residues (59). The observation that the 

ice-binding face is composed of mainly Ala, reinforced the notion, first expressed for type III 

AFP (48), that AFPs might bind to ice through hydrophobic interactions (57,59). 

 

1.4.3 Type I hyperactive 

Type I hyperactive AFP (AFP Ih) represents an interesting case of protein discovery (18). 

Researchers have suggested about the potentially insufficient protection provided by AFP I in 

winter flounder. Circulating plasma concentrations of this AFP are ~10 mg/mL in the winter 

months. This translates into a freezing point depression of ~0.6 ºC, well below the 1.1 ºC needed 

to escape freezing in the coldest conditions these flounder would encounter. This indirectly led to 

the realization that there was another AFP present.  A possible reason why this had been missed 

by several labs for ~30 years is that AFP Ih is thermolabile; the protein denatures at room 

temperature and may have done so during sample collection and purification. Furthermore, the 

denatured protein does not refold. In contrast, the type I AFP loses ~50% of its alpha-helicity at 

room temperature but regains its full structure when cooled again. 

Unlike other fish AFP types, AFP Ih is the only known fish AFP that is hyperactive (1.0 

Cº TH at 0.1 mg / mL (18)) whereas other fish AFPs exhibits weak TH (0.5 ºC TH at 5 mg / mL 

(60)). AFP Ih is homologous to AFP I and both are completely alpha-helical. The differences 

between the AFP I and Ih lie in the much elongated length of the latter and its homodimerization. 

While AFP I contains 3~5 repeating units (~30 to 50 residues long), the AFP Ih monomer is 195 

residues long. In terms of the tertiary structure, our model suggests that two monomers anneal 
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together in an anti-parallel fashion to provide a long flat protein surface (61).The actual 

dimerization face is unknown, but it is postulated to involve Ile, a residue not commonly found in 

AFP I. Since this model lacks a strong annealing interaction (which is consistent with the AFP‟s 

thermolability), the nature of the dimerization content is of considerable interest. Unlike AFP I, 

the Thr residues in AFP Ih are not evenly distributed along the helix. Therefore (regardless of the 

accuracy of our model), multiple spatial arrangements of Thr are possible. For this reason, 

Graham et al. (2008) (61) have further postulated that AFP Ih has multiple ice-binding sites that 

might bind to more than one ice plane.  

 

1.4.4 Type II 

Type II AFP (AFP II) was discovered in sea raven and was shown to be extensively 

disulfide bonded (62). Orthologs were later identified in two very distantly related species: 

herring and smelt (63). This AFP is homologous to C-type lectins (64). Indeed, the first structure 

of a type II AFP was done by homology modeling sea raven AFP based on rat mannose-binding 

protein(65). The NMR structure is globular (47) and agrees completely with the modeled 

structure that had earlier corrected the disulfide bonding partners  (Figure 1.4B). Since then, 

crystal structures have been solved for a Ca
2+

-independent form of type II AFP (66) and for a 

Ca
2+

-dependent variant (67). An interesting observation about AFP II is that the Ca
2+

-dependent 

and -independent variants do not necessarily share the same ice-binding face (68). This stems 

from the fact that Ca
2+

 ions are intimately involved in binding to ice, but are missing, along with 

its coordinating residues from the Ca
2+

-independent AFP II. 

 

1.4.5 Type III 

Type III AFP (AFP III) is a globular 7-kDa protein with a beta-sandwich fold, sometimes 

referred to as a beta-clip fold (Figure 1.4C) (69). It is a homolog of the C-terminal domain of 
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sialic acid synthetase (70). The ice binding face was shown to be on a flat conserved patch of the 

protein surface (48,71). An ice-etch published by Antson et al. (2001) suggested the AFP III 

binds to both the primary prism and a pyramidal plane (20-21) (72).  

The AFP is expressed from a multigene family that encodes two main isoform types with 

different isoelectric points. On ion-exchange chromatography they could be split into QAE and 

SP Sephadex-binding types (73). The QAE isoforms exhibit full TH activity, whereas the SP 

isoforms only exhibit TH activity when a QAE isoform is also present (74). Although this clearly 

suggests a cooperative relationship, the mechanism of this cooperation is unknown. FIPA analysis 

showed the SP isoform binds to a pyramidal plane regardless of its lack of solo TH activity (40). 

This is clear-cut evidence that binding to ice does not necessarily translate to antifreeze activity. It 

also suggests that the plane of binding by AFPs can affect the thermodynamic barriers to ice 

growth on a different plane of ice. This supports our recent hypothesis regarding the mechanism 

of AFP hyperactivity where basal plane binding might be the necessary step to affect other 

barriers to ice growth (9,75). Site-directed mutagenesis and FIPA analysis have also showed the 

QAE isoforms use two adjacent but distinct ice-binding surfaces to bind to two distinct planes of 

ice (40), serving as a pioneering example for the compound ice-binding face theory (61). 

 

1.4.6 Type IV 

Type IV AFP (AFP IV) is a 12-kDa Gln-rich protein initially discovered in longhorn 

sculpin (44).The AFP binds to a pyramidal plane and shapes an ice crystal into a hexagonal bi-

pyramid where the two pyramids are rotated relative to each other. This protein showed a 

remarkable resemblance to the apolipoprotein E sequence from several different species, such as 

winter flounder, tobacco horn worm (76) and pig. Based on this sequence homology to 

apolipoprotein E, it was postulated to be a four-helix bundle. This model was supported by CD 

analysis and thermolysin digestion studies (77). AFP IV also represents an interesting case in 
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terms of both evolution and TH activity. Our studies showed AFP IV is not expressed at a 

sufficient level to protect the fish from freezing damage (78). At the DNA level, ESTs 

corresponding to AFP IV are found in many other fishes that live in freshwater (carp and 

zebrafish) or do not dwell in a subzero environment (puffer fish) or already expresses other types 

of AFP that provide sufficient antifreeze protection (winter flounder and shorthorn sculpin).  Each 

of these circumstances negates the need for AFP IV. Our current hypothesis suggests that AFP IV 

is an apolipoprotein with serendipitous TH activity. The potential for this protein to evolve into 

the main antifreeze defence has not been enacted because it has either not been required or other 

AFPs have filled the need. 

 

1.4.7 Insect antifreeze proteins 

Several insect AFPs have been identified and characterized.  They show a much higher 

TH activity for a given AFP concentration than the fish AFPs that were described prior to the 

discovery of AFP Ih. The difference is ~ten-fold in favour of the insect AFPs over a range of 

concentrations, which is the original reason why they were termed „hyperactive‟. Three distinct 

insect AFP structures have been solved. 

The AFPs from the beetles, Tenebrio molitor (TmAFP) (13) (Figure 1.4D) and 

Dendroides canadensis AFP (DcAFP) (79) are orthologs and have almost identical beta-helical 

structures. These beetle AFPs have 12 or 13 residues per loop, effectively forming a rectangular 

cylindrical structure with three residues per side. The core is braced by multiple disulfide bonds, 

with at least one per beta-helical loop. The ice-binding face consists of two parallel rows of Thr 

forming a tandemly repeated TxT motif. One significant difference between the two beetle AFPs 

is that DcAFP isoforms often contain Arg residues at the +1 position to the TxT motif. John 

Duman‟s group claim these Arg work with micromolecular enhancers like glycerol to enhance 
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the TH activity (79). They have also reported a thaumatin-like protein, which significantly 

enhances DcAFP TH activity (80). 

Spruce budworm (Choristoneura fumiferana), a moth species, overwinters as a larva and 

produces AFPs to endure at temperatures of -30 ºC or lower without freezing (81). Spruce 

budworm AFP (sbwAFP) is similar to the beetle AFP in terms of the shared TxT motif. Its beta-

helical fold is triangular in cross-section with loops containing 15~18 residues (82) (Figure 1.4E). 

While the ice-binding face is remarkably similar to that of TmAFP (12,13), the distance between 

the hydroxyl groups on Thr on the same loop is 6.5 Å  instead of the 7.5 Å  found on TmAFP 

according to the X-ray structures (12,13). Furthermore, a traditional ice etching study showed the 

protein binds to at least the basal and primary prism planes of ice (12). 

Snow flea AFP (sfAFP) is a more recent discovery (19). Two isoforms, 15.7 and 6.5 kDa, 

were identified in Hypogastrura harveyi. Both contain disulfide bonds (Figure 1.4F). SfAFP is 

also a hyperactive AFP; both isoforms had 2 ºC TH at micromolar concentrations. The protein 

has an unusual amino acid composition that is Gly-rich (45.7%) and Ala-rich (13.6%)(19). In 

contrast the hyperactive AFP TmAFP is Thr-rich at 20.2% and Cys-rich at 19.0% (83). We 

recently found an overwintering inchworm species (the larva of a geometer moth) that exhibits 

strong TH activity in its hemolymph. This is the fourth arthropod AFP to be well characterized 

and is the subject of Ch 4 of my thesis. 

 

1.4.8 Plant antifreeze proteins 

Plants are immobile and intimately connected to water-containing environments. For 

these reasons they have little opportunity to avoid freezing and typically use AFPs to inhibit the 

recrystallization of ice (35,84). Several different AFPs have been discovered in plants. However, 

no structures have been solved to date although two have been modeled: the AFPs from L. 

perenne (perennial ryegrass) (45) and Daucus carota (wild carrot) (85). In both cases, the AFPs 
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were modeled as beta-rolls. For LpAFP, the ice-binding face was also identified by site-directed 

mutagenesis (86), and is composed of imperfect parallel rows of Thr and Ser, creating a TxS 

motif (Figure 1.5A). The carrot AFP model contains an ice-binding face consensus (based on 

mutagenesis (85)) consisting of two parallel rows: a row of weakly conserved Ser/Thr and a row 

of weakly conserved Asx/Glx (Figure 1.5B). In both cases, the putative ice-binding face presents 

two rows of ice-binding residues pointing outwards and the middle hydrophobic residues pointing 

inwards to the hydrophobic core.  

 

1.4.9 Microbial ice-binding proteins 

Several microbial IBPs have been identified from bacteria, algae and fungi (87,88). Some 

of them have been shown to be moderately active AFPs (87,89-91). Despite the diversity of the 

microbial IBPs discovered to date, this potentially rich source of new AFPs has not been 

extensively investigated. In general, microbial IBPs have been partially characterized with limited 

structural information available. One hyperactive AFP was found in Marinomonas primoryensis 

(92). The M. primoryensis IBP domain IV (referred as MpAFP) has a beta-roll fold modelled 

after the RTX family fold. In an RTX beta-roll, each repeating loop contains two tight turns that 

each chelates a Ca
2+

 ion (42). Unlike a typical RTX protein, MpAFP has one Ca
2+

-binding beta-

turn sequence, which deviates from a RTX turn sequence. The deviation removes the Ca
2+

-

binding ability at the other end of the loop and results in a novel RTX fold with only one row of 

Ca
2+

 along the beta-roll. The MpAFP structure presents a TxN motif on a convex Ca
2+

-binding 

turn, which is different than the TxT motif on a flat surface found on TmAFP and sbwAFP 

(12,13). 
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Figure 1.5 LpAFP and carrot AFP putative ice-binding faces. A) LpAFP model. B) 

Middle portion of carrot AFP. The ice-binding residues are indicated in boxes. Residues are 

coloured as follows: hydrophobic residues (white); neutral hydrophilic residues (light blue); 

positively charged residues (blue); negatively charged residues (red) and prolines (green). 
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1.4.10 Ice-nucleating proteins 

Some bacteria produce INPs (93,94), which seed ice growth and introduce freeze damage 

to plants (95). There is an interesting connection between INPs and AFPs. It has been reported 

that shortening an INP can convert it into an AFP (96). By the same token it has been argued that 

lengthening an AFP might cause it to flip from being an inhibitor of ice growth to an initiator of 

ice formation. Although no INP structure has been solved to date, several models have been 

made. The INP from Pseudomonas syringae (PsINP) was modelled as a beta-roll and has a TxT 

motif similar to the insect beta-roll AFPs (97). An INP from Pseudomonas borealis has the TxT 

motif and is also homologous to this RTX-variant fold (98) suggesting the fold would be a close 

match to that of the MpAFP. 

 

1.5 Applications of Antifreeze Proteins 

Research in the AFP field has the potential to bring many benefits to society. Freeze 

damage is a concern in agriculture, the food industry, and to the medical field. The ability to 

reduce freeze damage has several applications. 

AFPs can be applied to food to prevent flavour loss and textural damage during 

prolonged preservation. For example, ice recrystallization inhibiting proteins reduce ice 

recrystallization in ice cream and maintain its smoothness during storage (99). There are 

applications in genetically modified organisms that could help alleviate the global food crisis. 

Some crops can withstand low temperature environments, but they cannot tolerate freezing. 

Genetically introduced AFPs could potentially increase their survival rate in colder environments 

or extend the growing season. Similarly, introducing AFP into saltwater fishes could provide 

them with freeze resistance and therefore expand the range, both in term of latitude and oceanic 

depth, of aquaculture (100). In an attempt to test the viability of an AFP-transgenic organism, 

Tyshenko and Walker created a Drosophila melanogaster expressing sbwAFP (101). The 
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resulting transgenic line exhibited 0.8 ºC TH in its hemolymph. Unfortunately, the organism 

remained cold-sensitive even at 0 ºC, suggesting cold stress not freeze damage was the cause of 

death at low temperatures. In order to engineer freeze-resistant or freeze-tolerant transgenic 

organisms, it is essential to use cold-resistant species like salmon or winter wheat. 

A major challenge in preserving organs is to keep them as cold as possible without 

incurring freezing damage. Since the lower the temperature the slower an organ will degrade, it is 

advantageous to cool them below 0 °C (102). However, if the temperature reaches too far below 

the freezing point such that ice forms, the preserved organ will suffer freezing damage. Perfusion 

of the organ with AFP allows the preservation temperature to drop lower than the current settings 

without causing any freeze damage and thus preserve the organ longer (103). For example, 

researchers have used different AFPs to preserve rat organs, which were later transplanted into 

rats; however, results can vary from cryoprotection with AFP III to enhanced freeze damage with 

AFGP (104,105). Since the results vary so significantly, the use of AFPs in organ preservation 

requires further study. 

Recently, the petroleum industry has taken an interest in AFPs. Since deep sea pipes 

transporting natural gas are constantly under low but not freezing temperatures and high pressure, 

gas hydrates can form and cause blockage in the pipe (106). A blockage would lead to a build-up 

of pressure and eventually cause the pipe to explode (107). For this reason, Virginia Walker‟s 

group has pursued the potential of AFP binding to hydrates as a way of inhibiting hydrate growth. 

Because the distance between water molecules in a gas hydrate is rigid and fixed, some 

similarities can be found between the hydrates and ice. Fluorescently-tagged AFP III and LpAFP 

were shown to bind to gas hydrates but growth inhibition was not observed (108). However, 

differential scanning calorimetry showed delayed onset of hydrate formation in the presence of 

AFPs, suggesting AFPs may act as a thermodynamic inhibitor in the hydrate nucleating process 

(109). 
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1.6 Thesis research objectives 

Researchers initially proposed that AFP binds to ice by hydrogen bonding (39) but the 

mechanism later changed to a hydrophobic interaction hypothesis (57). However, the detailed 

mechanism of action of AFPs remains debatable. AFPs with highly divergent structures and 

different TH activities all bind to ice to stop its growth; therefore, we postulate that the different 

AFPs must have a similar mechanism of action (75). In order to elucidate the mechanism through 

a structural approach, more AFPs need to be discovered and their structures solved. Hence, my 

research proposal includes several projects all working toward a similar goal: to expand AFP 

structures to aid our understanding of how AFPs function.  

While expanding the repertoire of AFP structures is important, the potential information 

from each structure could be very different. More beta-helical AFP structures with a TxT motif 

would contribute limited information in terms of understanding how AFPs work as a couple of 

these structures are already available and well-characterized (12,13). Therefore, we targeted 

structurally-unsolved AFPs that have different amino acid compositions from other AFPs, which 

would give us a better chance of obtaining a novel AFP structure. 

My first target was the AFP Ih from winter flounder (18). The protein sequence was 

available at the time I joined the laboratory. The anticipated structure will provide the first 

example of an alpha-helical hyperactive AFP, a very different structure from the earlier 

characterized beta-helical hyperactive AFPs. Working with this protein proved to be problematic; 

the protein is not easily obtained from the wild and is difficult to handle due to its thermolability 

(110). Therefore, it was necessary to develop a method to obtain well-folded and pure protein for 

further characterization studies. Meanwhile, I studied its protein sequence for potential modeling 

opportunities, which led into the compound ice-binding face hypothesis (61). 

Secondly, I took on the study of a recently discovered sfAFP (19), which has no homolog 

based on BLAST searches The richness in Gly was the unusual feature of this AFP. The 
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putatively novel AFP fold was expected to yield much information in terms of how hyperactive 

AFPs work. Unfortunately, the protein availability was limited and attempts at bacterial 

expression were unproductive. With the protein sequence at my disposal, I decided to de novo 

model the structure directly from the protein sequence. Since the protein was novel, a successful 

modelling of sfAFP would provide a new structure to the AFP community. Furthermore, success 

in de novo modelling would demonstrate the feasibility to model AFP‟s repetitive sequence and 

our understanding of how AFPs work in relation to their structurally-repetitive nature. 

My third project was to discover new AFPs. Previous screening had shown that an 

inchworm species, Campaea perlata, produces a potent AFP with at least 5 Cº of freezing point 

depression. Unlike the two other projects, the gene and protein sequences were unknown. 

Previously, our lab had discovered the sfAFP sequence by screening a small partition of a cDNA 

library (19). Based on this success, we hypothesized it was possible to develop a systematic way 

to efficiently discover an AFP. The inchworm AFP would be purified by IAP (111) and analyzed 

by tandem mass spectrometry sequencing. A cDNA library would be probed for the gene of 

interest through a bioinformatic approach instead of using traditional methods such as degenerate 

primer amplification. I attempted to characterize and express this AFP. Meanwhile, I modelled 

the AFP to identify the putative ice-binding sites. Lastly, based on already available structures 

and the ones I would provide, there was an opportunity to identify common characteristics to 

understand how AFPs work.  
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Chapter 2 

Thermolabile antifreeze protein produced in Escherichia coli for 

structural analysis  
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2.1 Abstract 

The only hyperactive antifreeze protein (AFP) found in fishes is an extreme variant of the 

3-kDa, alpha-helical, alanine-rich type I AFP.  Purification of the 33-kDa homodimeric AFP Ih 

from a natural source was hampered by its low levels in fish plasma; by the need to remove the 

more abundant smaller isoforms; and by its extreme thermolability.  Moreover, ice affinity as a 

purification tool was spoiled by the tendency of fish IgM antibodies to bind to ice in the presence 

of AFPs.  In order to produce enough AFP Ih for protein crystallography we expressed it as a 

recombinant protein in the Arctic Express strain of Escherichia coli at 12 ºC, just below the 

thermal denaturation temperature of 16-18 ºC.  His-tags compromised the activity and yield of 

AFP Ih. We were able to recover 10-mg quantities of the tagless version of the antifreeze protein 

recombinantly using two cycles of ice affinity purification followed by anion exchange 

chromatography to remove contaminating chaperones.  The purified recombinant AFP Ih showed 

dimeric configuration and has yielded diffraction-quality crystals with an extremely asymmetrical 

unit cell. 
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2.2 Introduction 

Antifreeze proteins (AFPs) are used by some fish to counteract freezing in sub-zero 

seawater temperatures (100,112). The AFPs bind to ice crystals and prevent their growth (113). 

Of the five different types of AFP found in fishes (114), type I is the smallest and simplest (113). 

It is a 3-kDa protein that is two-thirds alanine and forms a single amphipathic alpha-helix (56). It 

is present in a number of fishes, including some righteye flounders like the winter flounder, 

Pseudopleuronectes americanus, where its appearance in the plasma at levels of up to 10 mg/mL 

is seasonally regulated (115).  

The type I AFP in flounder is a mixture of similar isoforms, but it also has an extreme 

variant (Ih) that is hyperactive. A hyperactive antifreeze protein is one that is an order of 

magnitude more active on a molar basis than the majority of fish AFPs (18). This enhanced 

activity correlates with the protein‟s ability to inhibit ice growth along the c-axis of ice (9), which 

we hypothesize is due to its ability to bind to the basal plane of ice in addition to other ice planes.  

Hyperactive AFPs are typically found in insects, and type Ih is the only one found to date 

in fishes. Discovered in 2004 (18), its presence in winter flounder plasma was missed for 30 years 

probably because it is much less abundant than the small type I AFPs, and because it is extremely 

thermolabile, losing almost all activity above ~18 ºC. Type Ih AFP is a 33-kDa, homodimer that 

shares strong sequence homology to the much smaller moderately active type I AFP isoforms that 

only bind a pyramidal plane of ice (39). From its sequence and biophysical analysis each 195-aa 

monomer appears to be a continuum of the shorter type I AFP sequences with some variation and 

at least one discontinuity (61). The dimer of this long alpha-helical protein is highly asymmetrical 

but it is not known how the monomers associate, or even how they are aligned: staggered or 

flush, parallel or anti-parallel (110). These essential physical properties of AFP type Ih and the 

basis for its superior antifreeze activity and multiple ice plane binding may be amenable to 

structural analysis.  
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Small quantities of type Ih AFP were prepared for biochemical analysis from the blood 

plasma of winter flounder (110) and American plaice (116). In the former preparation it was 

necessary to remove the smaller type I AFP isoforms by size-exclusion chromatography; the bulk 

of the plasma proteins by ice-affinity purification; and contaminating IgM antibodies by ion-

exchange chromatography. Here, with access to litre-quantities of winter flounder plasma we 

revisited the possibility of producing 10-mg amounts of winter flounder type Ih AFP (wfAFP Ih) 

for structural studies. Given the persistent difficulties of this purification we have developed 

instead a method for producing recombinant type Ih AFP from a cold-adapted strain of 

Escherichia coli (Arctic Express® ). This process also has the advantage that no other isoforms of 

the AFP are present that need to be removed during the purification. It has yielded type Ih AFP of 

sufficient yield and purity to initiate crystallization studies that have produced diffraction quality 

crystals.  

 

 

2.3 Materials and Methods 

2.3.1 Improvements to the purification of type Ih from flounder plasma 

Blood plasma was harvested from winter flounder caught in the winter months from 

inshore Newfoundland waters. The plasma was immediately frozen after collection to avoid 

thermal denaturation of the AFP and was stored at -60 ºC until used. Thawed flounder plasma (50 

mL) was centrifuged at 18,000 rpm for 20 min in a JA 25.5 rotor in a Beckman J2-21M 

centrifuge to remove debris. The supernatant was filtered through glass wool to remove lipid 

droplets and loaded onto a Sephadex G-75 size-exclusion column (bed volume 1.8 L) at a flow 

rate of 1.2 mL/min. The column was elated with 100 mM ammonium bicarbonate (pH 7.9) 

running buffer containing 0.02% sodium azide. Type Ih AFP eluted just after the void volume 

(18), and AFP-active fractions were pooled and mixed with 1 M HEPES (pH 7.0) and water to 
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give a  total volume of 250 mL at a final concentration of 25 mM HEPES (pH 7.0). This size-

selected sample was subjected to IAP (111) with a cooling gradient from -1 to -4 °C over 48 h, or 

for shorter periods as indicated. The ice fraction (~200 mL) was melted without warming above 

16 °C and subjected to additional rounds of IAP before being passed through a DEAE-Sephacel 

column (bed volume 25 mL). The flow-through was used as the purified material. 

 

2.3.2 Construction of tagless winter flounder type Ih AFP clone 

The DNA coding for full-length type Ih AFP (61) was amplified with sense primer (5'-

GATCCATATGAACATCGACCCCGCA-3') and antisense primer (5'-

CAGTCTCGAGTTATGGGGCAGCGGC-3'). The PCR product was double-digested with NdeI 

and XhoI and cloned into pET-24a vector (Qiagen). This created a tagless construct of the gene 

with a Met residue at the N terminus of the protein. 

 

2.3.3 Construction of N-terminally His6-tagged winter flounder type Ih AFP clone 

The DNA coding for full-length type Ih AFP was amplified with sense primer (5'-

TTGATTTCCAGGGCAACATCGACCCCGCA-3') and antisense primer (5'-

CAAGCTTCGTCATCATGGGGCAGCGGCGAA-3'). The PCR product was cloned into pET-

MHL vector (Structural Genomics Consortium, Toronto) using the Infusion Cloning Kit 

(Clontech). This insert coded for a construct with a His6 tag followed by a tobacco etch virus 

(TEV) protease cleavage site linker at the N terminus of the protein. 

 

2.3.4 Construction of N-terminally GST-tagged winter flounder type Ih AFP clone 

The DNA coding for full-length type Ih AFP was amplified with sense primer (5'-

ATCTGGAATTCTTATGGGGCAG-3') and antisense primer (5'-
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ATCTGCTCGAGTTATGGGGCAG-3'). The PCR product was double-digested with EcoRI and 

XhoI and further ligated into pGEX 4T-3 vector (GE Healthcare). This created a construct of the 

AFP with a GST tag followed by a thrombin cleavage site linker at the N terminus of the protein. 

 

2.3.5 Expression of type Ih 

Constructs were expressed in Arctic Express®  cell line, which is a derivative of 

Escherichia coli BL21. The tagless construct was also expressed in the BL21 cell line. Cells were 

grown in 1L Luria broth at 37 °C with kanamycin (to maintain pET24a) and gentamycin (to 

maintain Arctic Express vector). When the OD600 reached 0.8 the culture was then cooled to 10 

°C using a cold water bath, induced with 0.4 mM IPTG, and incubated at 10 °C for 72 h. Cells 

were recovered by centrifugation and resuspended in 50 mM HEPES (pH 6.5) containing 3 mM 

EDTA, 0.1 mM PMSF, and 100 mM NaCl (25 mL). The resuspended cells were lysed by 

sonication for short intervals with cooling to maintain a temperature of <4 °C that avoids thermal 

denaturation of type Ih AFP. The lysate was centrifuged at 16,000 rpm in a Beckman JA25.5 

rotor for 45 min and the supernatant was collected for purification.  

 

2.3.6 Purification of tagless type Ih 

The harvested supernatant was subject to two rounds of IAP following the procedure 

described for the natural product. The re-purified ice fraction was concentrated to 5 mL using an 

Amicon concentrator and passed through a DEAE-Sephacel column (5 mL bed volume). The 

column was washed with two 5-mL aliquots of 50 mM HEPES (pH 6.5). The flow-through and 

the washes, which contained only AFP Ih, were pooled. To avoid freeze-thaw damage the sample 

was stored at 4 °C in 0.02% sodium azide. 
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2.3.7 Purification of His6-tagged type Ih 

The twice-purified ice fraction prepared as described above was passed through a nickel 

agarose (Qiagen) column (5 mL bed volume). After passing wash buffer (2 x 5 mL) through the 

column, the bound AFP was eluted with three 5-mL aliquots of 350 mM imidazole buffer (pH 

8.0). The fractions that contained AFP were pooled and digested overnight with 0.4 mL of 1 

mg/mL (1:40) TEV, obtained as previously described (117), at 4 °C. The digested sample was 

then passed through the nickel agarose column to remove the cleaved His6-tag, undigested tagged 

AFP and the His-tagged TEV protease. 

 

2.3.8 Analytical ultracentrifugation of purified tagless AFP Ih 

The oligomeric state of recombinant wfAFPIh was evaluated by sedimentation velocity 

analysis, performed at 14 
o
C in a Beckman Optima XL-I analytical ultracentrifuge. Samples to be 

analyzed by AUC were first dialyzed extensively against 50 mM HEPES buffer (pH 6.5) and 

dialysis buffer was saved to be used in the reference sector of each sample cell. Samples of 150 

µM and 25 µM AFP (400 μL), were loaded into sample cells containing 2-sector Epon-charcoal 

centerpieces with 12 mm optical paths, and housed in an An-60 Ti rotor. Sedimentation behaviour 

resulting from a rotor speed of 50,000 rpm was observed using 250 concentration gradient scans 

recorded at 90 s intervals by the XL-I interference optics. The 250 scans obtained from each cell 

were fitted according to the continuous c(S) Lamm equation model in the SEDFIT software 

package (version 9.4) (118) in order to obtain the relative prevalence of each oligomeric species.  
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2.3.9 Antifreeze Assays 

TH was measured as previously described (119). Ice crystal images were digitally collected by a 

Nikon CoolPix 4500 camera mounted on a Leitzdialux 22 microscope with a LeitzWetzlar 160/- 

EF 10/0.25 objective (Oberkochen, Germany). 

 

2.3.10 Mass Spectrometry 

The purified tagless AFP type Ih was analyzed by matrix-assisted-laser-desorption-

ionization (MALDI) mass spectrometry using the Voyager DE-Pro (Applied Biosystems) in 

linear mode. Mass spectrometry was performed by the Protein Function Discovery Facility at 

Queen`s University, Kingston, Canada. 

 

2.3.11 Amino Acid Analysis 

Purified protein samples were sent on ice to the Advanced Protein Technology Centre at 

the Hospital for Sick Children, Toronto, ON.  

 

2.3.12 Crystallization Trials 

Both 24-well hanging drop and 72-well microbatch plates (Hampton) are used for the 

crystallization trials. The condition is screened with the following: Qiagen Classic Lite, JCSG+ 

Suite, PEGs Suite 1, 2, Hampton Crystal Screen 1 and 2. The screening conditions were also 

expended by additive screening kits including Hampton Detergent Screen 1, 2, 3 and Additive 

Screen. The resulting crystals were screened on a home source Rigaku MicroMax 007 X-ray 

diffractometer equipped with a Mar-345 image plate, an Oxford cryogenic system and a Bruker 

Proteum system with CCD detector. The diffracting crystals were then brought to the X6A 
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beamline at the National Light Source Laboratory, Brookhaven National Laboratory in Long 

Island, New York for data collection. 

 

 

2.4 Results 

2.4.1 Revisiting the purification of AFP Ih from flounder plasma: slowing IAP 

IAP is the only isolation technique that is universal and specific for AFPs irrespective of 

their physical properties.  The problem in applying it to the purification of AFPs from fish plasma 

has been the tendency for fish IgM antibodies to stick to ice in the presence of the AFPs. IAP 

relies on the exclusion of impurities while AFPs are bound, trapped and included into the growing 

ice.  To see if growing the ice mass more slowly would better exclude the contaminating IgMs, 

we took aliquots of the size-fractionated plasma from which the low molecular weight AFPs had 

been removed and subjected them to IAP at different cooling rates. Lane 2 of Figure 2.1 shows 

the starting material prior to IAP where the main protein bands correspond to the IgM light 

(27kDa) and heavy (70kDa) chains. AFP type Ih is a minor protein that is barely discernable in 

this sample at ~16k.  After freezing most of the solution over 12 h, a clear band of AFP type Ih is 

seen enriched in the ice fraction (lane 3) and depleted in the excluded fraction. This is the only 

protein that preferably partitioned into the ice. However, almost all of the bands that are present 

in the starting material and excluded fraction are also present in the ice fraction as major 

contaminants (lane 4). When the rate of cooling of the ice was reduced from 12 h to 24 h, 36 h 

and 48 h, the efficiency of extraction of the AFP into the ice fraction improved to the point where 

none was detected in the excluded fraction in lane 10.  However, the slower cooling failed to 

exclude more of the contaminants (lanes 5, 7 and 9). 
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Figure 2.1 SDS-PAGE analysis of IAP done at different rates. Size-fractionated winter 

flounder plasma (lane 2) was submitted to IAP done at four different rates. After the fastest 

rate of -1 ºC to -4 ºC over 12 h, aliquots (10 μL) of the ice and liquid fractions were run in 

lanes 3 and 4, respectively. Lanes 5, 7 and 9 received ice fractions from samples that had 

been cooled to the same extent over 24, 36 and 48 h, respectively. Lanes 6, 8 and 10 received 

the liquid fractions from the same series. Molecular weight markers were electrophoresed 

in lane 1. The migration positions of the IgM heavy chain (hc) and light chain (lc) are 

indicated along with wfAFP Ih. 
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2.4.2 Serial repetition of Ice-affinity purification 

The next strategy tried was to repeat the IAP several times in series (Figure 2.2). 

Although, this should have led to incremental improvements in the purity of the AFP by 

excluding a similar percentage of impurities at each cycle, it proved not possible to remove all the  

plasma protein contamination. It appeared that any exclusion of impurities was offset by a 

gradual loss of AFP Ih due to poor recoveries of active AFP at each repeat of the IAP. (An 

explanation for these losses is provided in the Discussion).  In the final stage of the purification 

the removal of plasma protein contaminants by anion-exchange chromatography was highly 

variable from one preparation to another. A typical result is presented in Figure 2.2 where the 

major band in the flow-through from the anion exchange column is AFP type Ih, and yet there are 

IgM chains still present at 70 kDa and 27 kDa (lane 6, and concentrated in lane 7). Material 

retained by the column had a much higher percentage of IgM and other plasma proteins but also 

showed that appreciable amounts of AFP were lost from the preparation (lane 8). Overall, the 

yields of type Ih AFP from 50 mL aliquots of plasma through this five-step procedure were 

highly variable, ranging from 0.1 mg to 8 mg, with significant amounts of plasma protein 

impurities still present in the final product. 

 

2.4.3 Active type Ih antifreeze protein can be made in bacteria 

Production of a recombinant type Ih AFP was undertaken to avoid the systemic problem of 

plasma proteins sticking to ice during IAP. The main constraint in this approach was that the 

dimeric AFP would need to be produced and assembled in sufficient quantities at temperatures 

below 16 ºC, above which thermal denaturation would occur. Initially, the tagless construct was 

expressed in E. coli BL21 at 10 °C. Bacterial growth was very slow and took at least 5 days to 

reach an OD600 of 1.5 from a starting OD600 of 0.8. Switching to the E. coli Arctic Express cell  
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Figure 2.2 Purification of wfAFP Ih from its natural source. Flowchart of purification steps 

is provided as thick arrows above the SDS gel. Gel lane 1) molecular weight markers: 2) G-

75 high molecular weight fraction; 3) ice fraction from first IAP; 4) liquid fraction from 

first IAP; 5) material that did not bind to the DEAE column; 6) DEAE column eluate; 7) 

Concentrated DEAE column eluate; 8) Purified product from a different fish plasma 

sample. Putative IgM heavy chain, light chain and wfAFP Ih are labelled. Equal volumes 

(10 μL) of samples were loaded in each lane. 
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line as host shortened the growth period at this temperature to 3 days. Furthermore, the TH 

activity in the lysate supernatant was significantly higher with the Arctic Express strain (1.8 Cº) 

compared to the BL21 cells (0.9 Cº). The two chaperones in the Arctic Express cell line were 

grossly over-expressed and appeared as bands at 60 kDa and 9 kDa (Figure 2.3, lane 2).  AFP Ih 

stains poorly with Coomassie blue and was not observable in the supernatant or pellet from the 

crude lysate despite the high TH value (Figure 2.3, lanes 2 and 3, respectively).  

Another advantage of the recombinant expression system was the absence of the smaller 

AFP isoforms, which meant that a size-exclusion chromatography step was not needed. 

Consequently, two rounds of IAP resulted in substantial purification of the AFP (Figure 

2.3).There was an incremental improvement in the purity of the AFP on going from the first ice 

fraction (lane 4) to the second ice fraction (lane 6). However, in this case the Arctic express 

chaperones were not fully excluded by the ice growth and can be seen as significant contaminants 

at 60 kDa and 9 kDa (lane 6). The chaperones were effectively removed by retention on the 

DEAE anion exchange column while the recombinant AFP appeared in the flow-through (lane 9). 

This expression and purification procedure routinely yielded 15 mg/L. Mass spectrometry showed 

the recombinant protein had the expected monomeric mass of 16,815.85 Da  with the N-terminal 

Met (residue mass = 131.2 Da) present. The difference, 16,684.65 is consistent with the 

previously determined mass of the natural protein lacking Met (16,683.04 Da) (110). 

 

2.4.4 Characterization of purified recombinant AFP type Ih 

The purified recombinant sample was diluted and analyzed for its tertiary structure using 

analytical ultracentrifugation at concentrations of 25 µM and 150 µM. The outcome of 

sedimentation experiments was not affected by the shape of the protein. As expected, the dimeric 

form is the predominant species comprising 90% and 99% of the sample at 25 µM and   
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Figure 2.3 Purification of recombinant wfAFP Ih produced in Arctic Express. Flowchart of 

purification steps is provided as thick arrows above the SDS gel. Gel lane 1) molecular 

weight markers; 2) lysate supernatant; 3) lysate pellet; 4) ice fraction from first IAP; 5) 

liquid fraction from first IAP; 6) ice fraction from second IAP; 7) liquid fraction from 

second IAP; 8) concentrated 2nd ice fraction 9) DEAE column eluate. A. oleispira 

chaperones and wfAFP Ih are labelled. An equal volume (15 μL) of each sample was loaded 

per lane except for the supernatant and pellet fractions where 3 μL was used. 
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 150 µM, respectively. The monomeric form makes up the remainder. 

 

2.4.5 Affinity tags prove detrimental 

The N-terminally His-tagged construct was made to reduce the steps of purification. The 

construct was transformed into the Arctic Express cell line. After induction under the same 

conditions the lysate supernatant showed a significantly lower TH activity (~0.7 C°) than that of 

the tagless construct in the same cell line (1.8 C°). Another difference was that staining of the 

His-tagged construct was more apparent due to the presence of the tag. The tagged AFP type Ih 

was clearly visible in the cell lysate as a thick band around 19k on SDS gels (Figure 2.4, lane 2), 

and in the ice fraction after one round of IAP (lane 3). Here, the AFP was noticeably enriched 

after IAP, but again the larger 60 kDa chaperone was not well excluded from the ice. Nickel 

agarose column chromatography after one round of IAP effectively purified the AFP. The 

material that bound and eluted from the column was nearly all AFP (Figure 2.4, lane 5), while 

that which passed through the column contained the chaperone and other contaminating proteins 

as well as an appreciable amount of AFP that did not stick to the column (lane 4).  

In the preparation of the His-tagged AFP Ih chaperones were effectively removed from 

the AFP by nickel agarose column chromatography (Figure 2.4, lane 5). After TEV digestion of 

the His-tagged AFP the staining intensity of the AFP band recovered in the nickel column flow-

through (lane 6) was fainter in comparison to the pre-digestion sample (lane 5) (Figure 2.4). This 

is largely because the His-tagged AFP stains much better than the tagless construct. The 

concentrated tag-less sample at 2 mg/mL only had 0.75 Cº of TH activity, which is much less 

than the expected TH of >1.8 Cº. The yield of the His-tagged AFP was only 1 mg from a 1-litre 

culture, which is significantly lower than that for the tagless method. 

The other tagged construct made had GST attached to the N-terminal end in order to 

enhance the solubility of the protein while providing another chromatography option. The   
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Figure 2.4 Nickel-agarose affinity purification of His–tagged wfAFP Ih. SDS-PAGE 

analysis: lane 1) E. coli Arctic Express cell lysate supernatant; 2) Ice fraction from a 48 h 

IAP of lysate supernatant; 3). Nickel agarose column flow-through; 4) Elution fraction 

using 350 mM imidazole; 6) Flow-through of TEV –digested elution fraction (lane 5) from 

the nickel agarose column; 7) Wash of the TEV-digested elution (lane 5) fraction from the 

nickel agarose column. A. oleispira chaperones and both digested and undigested wfAFP Ih 

are labelled. An equal volume (10 μL) of each sample was loaded per lane except 

supernatant where 3 μL was used. 
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resulting GST-tagged wfAFP Ih was indeed partitioned to the supernatant as expected; however, 

it had absolutely no ice shaping ability and no TH activity (not shown). 

 

2.4.6 Irreversible precipitation 

Type Ih AFP is prone to irreversibly precipitate under a variety of conditions. For 

example, we were not able to completely dissolve lyophilized recombinant wfAFP Ih, and for this 

reason switched to concentrating the AFP by ultrafiltration. Over-concentrating the sample led to 

precipitation once the concentration passed 15 mg/mL. This precipitant could not be re-dissolved 

by adding more buffer solution. Furthermore, some precipitation was observed when the purified 

sample was frozen and thawed, even when snap-frozen at -80 ºC.  

 

2.4.7 Ice crystal shaping and burst 

During TH assays the purified tagless wfAFP Ih produced a lemon-shaped ice crystal 

(Figure 2.5A) similar to those made by natural wfAFP Ih (9,110). At a concentration of 1 mg/mL, 

natural wfAFP Ih directed crystals to „burst‟ along the a-axes (Figure 2.5B). At 1 mg/mL, 

solutions of recombinant wfAFP Ih seemed capable of directing growth along both the c- and a-

axes (Figure 2.5A). Mostly importantly, the recombinant wfAFP Ih clearly does not exhibit the c-

axial-only bursting pattern found in wfAFP I (Figure 2.5C adapted from (9)). 

 

2.4.8 Thermal Hysteresis activity 

The natural and tagless recombinant samples were assayed for their TH activity in 

comparison to previously reported data (Figure 2.6). Both samples showed similar TH curves as a 

function of AFP concentration, which were sigmoidal in shape.  At very low [AFP] (below 0.01 
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Figure 2.5 The „bursting‟ pattern of ice crystals in different wfAFP samples. Row A) Time 

lapse sequence of a crystal in recombinant wfAFP Ih at 1 mg/mL. Row B) Time lapse 

sequence of a crystal in natural wfAFP Ih at 1 mg /mL. Row C) Time lapse sequence of a 

crystal in natural wfAFP I at 0.5 mg/mL. C is adapted from Scotter et al. (2006) (9). 
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Figure 2.6 TH activity curves of natural and recombinant wfAFP Ih as a function of AFP 

concentration. Filled-squares (solid line) represent values for natural wfAFP Ih obtained by 

Marshall et al. (110). Crosses (dashed) represent the sample purified from natural resource 

reported here. Triangles (dotted) represent recombinant wfAFP Ih. Each data point is 

based on three separate TH readings. The error bars represent the plus/minus standard 

deviation. 
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mg/mL) there was no detectable TH activity. At higher AFP concentrations there was a dramatic 

increase in TH activity, which reached a plateau value of 2.7 Cº at ~2 mg/mL. 

 

2.4.9 X-ray crystallography 

Using the purified recombinant wfAFP Ih we have initiated protein crystallization trials. 

In one condition the protein consistently crystallizes at 13 mg/mL in 225 mM sodium 

thiocyanate, 50 mM HEPES (pH 6.5), 17.5% PEG 3350 at 4 ºC using the microbatch method. A 

similar condition, but with 175 mM sodium thiocynate and 15% PEG, produced the same crystal 

type by the vapour diffusion method. The crystals were plate-shaped and grew to a size of 200 

µm x 50 µm x 20 µm (Figure 2.7A). Similar crystals were produced under these conditions with 

purified natural protein. These crystals showed some diffraction to a resolution of 2.7 Å  when 

examined at the X6A synchrotron beam line (Figure 2.7B). However, the diffraction pattern tends 

to be blurred or diffuse into two sets of dots when examined at wider angles with respect to the 

surface of the plate. 

 

 

2.5 Discussion 

2.5.1 Purifying antifreeze protein type Ih from the natural source 

According to Marshall et al.(110) winter flounder contains ~0.2 mg/mL wfAFP Ih in its 

plasma. A winter flounder‟s blood volume is ~ 3% of its body weight. After considering 

hematocrit and extraction losses, one can obtain roughly 1 mL of plasma per kg of winter 

flounder (G. Fletcher, pers comm.). This translates to a theoretical yield of 10 mg per 50 mL of 

plasma derived from 50 kg of fish. Our best preparations came close (8 mg) to this figure, but 

often fell short, even down to less than 1 mg. We suspect that losses from denaturation of the 
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Figure 2.7 AFP type Ih crystallography. A) Crystal morphology of the recombinant wfAFP Ih. B) Diffraction with 2.7 Å  resolution. The 

200µm x 50µm x 20µm crystal was obtained using the following condition: 13 mg/mL in 225 mM sodium thiocyanate, 50 mM HEPES (pH 

6.5) and 17.5% PEG 3350 at 4 ºC. The frame was collected at X6A beamline at the National Light Source Laboratory, Brookhaven 

National Laboratory. The square box emphasizes a diffused pattern. 
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AFP dimer during repeated IAP cycles were partially responsible for the reduced yields. We have 

observed some tendency of the protein to denature and precipitate during a freeze-thaw cycle and 

there are three opportunities for this to occur in the described protocol. We have also observed the 

propensity for IAP to disrupt a dimeric protein where one subunit has an AFP tag (120).  It is as if 

the noncovalent bonds between subunits are not always strong enough to hold together during 

strain caused during overgrowth by ice. Even if the IgM contamination problem could be 

overcome, purification of AFP type Ih from its natural source would require an unreasonable 

number of winter flounder, and it would not be ethically or environmentally sound to tackle X-ray 

crystallography trials on this basis. 

The major set-back with purifying AFP type Ih from fish plasma was the inability to 

remove all the IgM and some other blood proteins by IAP. Two rounds of IAP without any other 

enrichment steps were sufficient to purify novel AFPs from crude extracts of snow fleas (19) and 

inchworm AFP (chapter 4 of this thesis).  It is not clear why the same efficiency is not achieved 

with fish plasma and this has been the subject of a separate investigation. Suffice to say that the 

failure to separate IgMs from AFPs extends to other species that produce structurally unrelated 

AFPs, and we have not been able to use IAP to completely purify a fish AFP from its natural 

source.  

 

2.5.2 Recombinant expression 

Producing AFP Ih recombinantly had two obvious advantages. One was that the size-

exclusion chromatography step could be omitted because the bacterial lysate does not contain any 

other AFP I isoforms, whereas in flounder plasma the 3-kDa isoforms are extremely abundant, 

reaching levels of 10 mg/mL, which is 50-times that of type Ih. The other major advantage was in 

being rid of the IgM antibodies and other serum proteins that partition into ice in the presence of 

fish AFPs.  
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However, producing this protein at temperatures under 18 °C is not optimal for E. coli 

growth. Attempts to express AFP type Ih at 10°C with E. coli BL21 cell line were only partially 

successful. The low temperature extended the growth period to more than 5 days and the yield 

was poor. One of the explanations for the slow growth and poor yield in that the E. coli 

GroEL/ES chaperonin complex is significantly less active at temperatures lower than its optimum 

30 °C (121). At low temperatures, the folding of both E. coli proteins and foreign recombinant 

protein is likely to be affected. For this reason we switched to expression in the E. coli Arctic 

Express®  cell line. This host produces Cpn1 and Cpn60 from the psychrophilic bacterium 

Oleipsira antarctica, which allows the bacteria to have a functional folding system at 4 to 12°C 

(121). As expected, the incubation period was shortened and a satisfactory TH activity (1.8 Cº) 

was obtained in the crude extract. The grossly over-expressed chaperones had a tendency to 

partition with the AFPs during IAP. However, the anion-exchange chromatography used to 

remove IgM from AFP in the flounder plasma preparations easily separated these contaminants. 

The resulting product was well-folded and pure as suggested by analytical ultracentrifugation, 

TH, and SDS-PAGE. 

Thermolability is not unusual for AFPs, which have evolved to be produced and function 

at low to sub-zero temperatures. Such is the case with sfAFP (19). The large isoform of the snow 

flea AFP was produced in E. coli BL21 at 16 °C and showed a yield of 10 mg/L (122). However, 

the yield might have been significantly higher using the Arctic Express cell line. One other 

recently discovered thermolabile antifreeze that might benefit from this approach is the Thr- and 

Ala-rich iwAFP from inchworms (Lin et al. submitted). Low temperature expression using Arctic 

Express has promising potential in the AFP field to produce the large quantities of well-folded 

recombinant AFPs needed for structural studies. 
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2.5.3 Consequences of misfolding 

We hypothesize that some of the difficulty in expressing wfAFP Ih comes from its unique 

fold. Based on previously reported AUC results and a structural model (61,110), the AFP Ih 

monomer is a continuous alpha-helix that dimerizes into a rod shape in an anti-parallel fashion. 

Because of its extended nature, partial misfolding of one helix would predispose the 

complementary patch of the other helix to unfold, or at least expose the helix to solvent. The 

exposed surfaces are likely to be strongly hydrophobic because the putative dimerizing residues 

are mostly Ala and Ile. This might predispose the AFP to misfolding and aggregation due to non-

specific hydrophobic interactions and make it susceptible to proteolysis.  

To complicate this issue further, the repetitive nature of type Ih AFP means that a 

hydrophobic patch may be similar to another patch down the whole helix. With these look-alike 

hydrophobic surfaces present along the 195-residue helix, it might be unlikely for all monomers 

to find the specific dimerization fit that fully occupies all binding surfaces. Clearly, annealing to 

the wrong hydrophobic patch would result in misfolding at the quaternary level. The potential 

difficulty in folding this protein might explain why the chaperones of Arctic Express had such a 

beneficial effect on protein yield and quality. 

 

2.5.4 Problems with affinity tags 

One of the issues with any modification to the ends of alpha-helical AFP I is maintaining 

the integrity of the alpha helix. Alpha-helices benefit in stability from having N-and C-terminal 

capping structures to initiate the i,i + 4 hydrogen bonding pattern and occupy otherwise unpaired 

hydrogen bonds. Type Ih seems to tolerate the retention of the N-terminal Met that is needed to 

initiate translation in E. coli, without any obvious loss of TH activity or increase in instability. 

The Met is not present in the flounder because this protein is made with a signal sequence that is 
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post-translationally removed during export from the cell. It is not clear what effect the attachment 

of longer sequences like a His-tag would have on the helix-cap.  

Another issue with tags is the possibility that they might sterically interfere with binding 

of the helix to ice. This is particularly relevant to type I AFP because the ice-binding site of the 

protein lies along the entire length of the helix (123). The attachment of more than a few amino 

acids is quite likely to be an impediment to ice binding unless the structure angles away in the 

right direction or is flexible enough to be pushed away during ice binding. However, for type Ih 

there is the added complication that the two helices anneal together along their entire length. Thus 

a tag is in double jeopardy of „spoiling‟ dimerization and ice binding. Thus it is not surprising that 

the His-tag caused some loss of yield that could not be compensated for by the tag-specific 

purification method, and that the GST-tagged construct was completely inactive.   

 

2.5.5 A step towards the structure 

While the folding of this protein has led to many difficulties in its expression and 

purification, the fold is what makes wfAFP Ih so interesting. Although we have a proposed model 

for the structure, the model does not provide sufficient insight to understand how this protein 

folds and functions. For example, the structural integrity of the extended alpha-helices is clearly 

maintained by dimerization. According to our proposed model for the general folding scheme 

(Figure 2.8A), the dimerization interface is rich in Ala and Ile (Figure 2.8B) (61), but there is no 

indication of how these two surfaces anneal and whether they do so with a stagger that might 

expose some unsupported helix at either end (Figure 2.8C). The annealing should also not 

sterically hinder the ice binding capability of the AFP. Does each helix expose its own 

independently active ice-binding site(s), or do they act in concert or form a combined ice-binding 

site that needs components from both helices? The questions can only be answered with a 

structure. 
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Figure 2.8 Model of AFP type Ih A) A previously proposed folding scheme of wfAFP Ih. The protein is presented in stick format and 

coloured: green-backbone, red-oxygen, blue-nitrogen and orange-Thr residue. B). Helical wheel representation of the folding scheme. The 

conserved residues at specific positions are indicated. The dashed arrows indicate directionality of the N- to C-terminus progression. C) A 

schematic presentation of two different possible staggerings between two alpha-helices, shown as cylinders. 
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Some preliminary X-ray diffraction data were obtained using the recombinant protein 

(Figure 2.7B). However, because of the diffusion of the diffracted dots, these data did not provide 

an electron density map. The diffuse pattern only appeared when the beam was oriented through 

the plate-like crystal from the side of the plate. For this reason, the crystal may be twinned. In 

other words, two thin plate crystals are stacked together. However, the stacking is not perfect and 

there is a small angle between the two plates, which results in two highly overlapped diffraction 

patterns. These results are encouraging and reassuring that the recombinant type Ih AFP is of 

sufficient quality and folding integrity to crystallize. 
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Chapter 3 

Structural Modeling of Snow Flea Antifreeze Protein 
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3.1 Abstract 

The glycine-rich antifreeze protein recently discovered in snow fleas exhibits strong 

freezing point depression activity without significantly changing the melting point of its solution 

(thermal hysteresis). BLAST searches did not detect any protein with significant similarity in 

current databases. Based on its CD spectrum, discontinuities in its tripeptide repeat pattern, and 

intramolecular disulfide bonding, a detailed theoretical model is proposed for the 6.5-kDa 

isoform.  In the model, the 81-residue protein is organized into a bundle of six short polyproline 

type II helices connected (with one exception) by proline-containing turns. This structure forms 

two sheets of three parallel helices, oriented antiparallel to each other.  The central helices are 

particularly rich in glycines that facilitate backbone carbonyl-amide hydrogen bonding to four 

neighbouring helices. The modelled structure has similarities to polyglycine II proposed by Crick 

and Rich in 1955 and is a close match to the polyproline type II antiparallel sheet structure 

determined by Traub in 1969 for (Pro-Gly-Gly)n.  Whereas the latter two structures are formed by 

intermolecular interactions, the snow flea antifreeze is stabilized by intramolecular interactions 

between the helices facilitated by the regularly spaced turns and disulfide bonds.  Like several 

other antifreeze proteins, this modeled structure exhibits amphipathic character with one surface 

hydrophobic and the opposite side hydrophilic. 
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3.2 Introduction 

A newly discovered antifreeze protein (AFP) from the snow flea, Hypogastrura harveyi 

Folsom, is thought to help these primitive arthropods to survive freezing temperatures by 

inhibiting the growth of ice (124). At sub-zero temperatures, uncontrolled ice growth can lead to 

the dehydration or rupture of cells, loss of tissue functions and, ultimately, the organism‟s death.  

Antifreeze proteins, also known as thermal hysteresis proteins (124) bind to a growing ice crystal 

surface (125) by an adsorption-inhibition mechanism (126) creating microcurvature of the ice 

front that makes it less favourable for water molecules to add to the crystal due to the Kelvin 

effect (127). In this way, AFP increases the energy requirement for ice growth and the resulting 

inhibition of growth prevents freezing damage. Although surface adsorption of AFPs to ice is 

generally accepted, the details of the antifreeze mechanism are uncertain. See the recent review 

by Prabhu and Sharp (128) for a discussion of some of the outstanding issues. 

Two antifreeze isoforms were isolated from the snow flea, which differ in mass (15.7 

kDa and 6.5 kDa). Both of these proteins had potent thermal hysteresis activities of > 2 Cº at 

micromolar concentrations (129). They have very similar amino acid compositions. The short 

isoform (6.5 kDa) of snow flea AFP (sfAFP) contains 81 residues organized into a prominent 

repeat of Gly-x1-x2 where x1 is often a glycine, and x2 varies between a charged/hydrophilic 

residue and a small, hydrophobic residue (alanine/valine).  This protein contains 37 glycines 

(45.7%) and the second most abundant residue is alanine (13.6%).  The protein also contains four 

cysteines, which were found to form two disulfide bonds based on the mass difference after 

reduction and alkylation (129), although the bonding pattern is not known. Interestingly, the 

larger isoform has only two cysteines, and these are also disulfide bonded. 

The amount of sfAFP that can be readily purified from natural sources is too little for 

conventional structure determination. It has proven difficult to collect even gram amounts of this 

organism (5-10,000 individuals/g) from which µg quantities of AFP can be purified. Moreover, it 
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is not easy to produce the AFP as a well-folded recombinant protein because of its unusual 

properties and thermal instability (L.A. Graham, unpublished).  In the interim, we set out to 

model the protein structure ab initio.   

 

 

3.3 Methods 

 

3.3.1 Model Building 

Progress towards the model was an intuitive, iterative process. It began with recognition 

of a tripeptide repeating pattern throughout the protein that was highly suggestive of a three-fold 

helical repeat. It continued with the identification of regularly spaced discontinuities in the repeat 

pattern that might correspond to bends or turns in the chains, splitting it into six roughly equal 

segments. Since the AFP is monomeric, a major constraint to be satisfied was the introduction of 

two intramolecular disulfide bonds. Lastly, an additional aspect of the tripeptide repeat, the 

irregular distribution of Gly-Gly, was taken into consideration.  

A physical model was constructed using the HGS Biochemistry Molecular Model from 

Hinomoto Plastics Co., Ltd, Tokyo, Japan. 

 

3.3.2 Molecular Dynamics 

A virtual model was built using PyMOL 0.98 (130).  The model was solvated in a 5.1nm 

x 3.6nm x 3.4nm box of water containing 1776 waters and had a net single positive charge.  In 

order to neutralize the charge of the system and to provide an effective concentration of 0.1M 

NaCl, nine molecules of water were replaced by 4 Na+ and 5 Cl- ions. The system was subjected 

to energy minimization by steepest descents, position restrained molecular dynamics to relax the 

solvent, followed by full molecular dynamics.  All molecular mechanics calculations were done 
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with GROMACS 3.3 (131). Gromacs uses a triclinic unit cell for its periodic boundary 

conditions. For calculating short-range non-bonded interactions, only the nearest image is 

considered (131). Long range electrostatics are treated with the particle-mesh Ewald method. The 

simulations were done under isothermal conditions using Berendsen temperature coupling. The 

GROMOS96 43a1 forcefield was chosen. The simulations were done independently at 4 °C and 

25 °C using a timestep of 2 fs for a total duration of 10 ns at each temperature.   

 

 

3.4 Results and Discussion 

3.4.1 Model Prediction 

The most prominent features of this protein are its glycine-rich composition and its 

organization into Gly-x1-x2 tripeptide repeats as shown in Figure 3.1a. It is notable that the sfAFP 

sequence is periodically interrupted by prolines that accompany a minor change in the tripeptide 

repeat pattern. For example, the tripeptide repeats around Pro41 (Gly-Asn-Pro and Gly-Cys-Ala) 

break a long series of Gly-Gly-x2 repeats. Based on the distribution of prolines, the AFP sequence 

can be split into five segments: four of approximately equal length and one segment that is twice 

the length of the others.  The longer segment contains an irregularity starting at Ser54 that 

disrupts the tripeptide repeat pattern at the middle of the sequence between Pro41 and Pro71, 

shown in Figure 3.1a, c.  Thus the repetitive sfAFP sequence is interrupted five times and can be 

broken down into six segments, each comprised of three to five Gly-x1-x2 repeats (Figure 3.1b). 

In our model, each G-x1-x2 repeat makes a helical turn consisting of exactly three 

residues with the hydrogen-bonding groups of the peptide bonds facing outward from the helical 

axis.  This is graphically represented in Figure 3.2. It is proposed that the six segments form 

individual polyproline type II (PPII) regions and make backbone-backbone hydrogen bonding  
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a 
  3   15    30   45    60     79 

NH2  GGGGGGGGGGGGGGGGGG GGGGGGG 

\ 1|||||||||||||||||| ||||||| 

CAAVCTASGCGGGNCGGGGGGGGTAAA 

||||||||||||||||||||||||||| 

KDHNPAAVPDHNNPAVAATVRKSPDPP 

14  26   41   |      |  \ 

     S      K   COOH 

 

b 
     Seg1  Seg2  Seg3  Seg4  Seg5  Seg6 

 

NH2  CK   GTA   GCD   GCA    GV   GAD 

GAD   GAA   GGH   GGV   GGR   GAP 

GAH   GSV   GGN   GGA   GGK   GAP 

GVN   GGP   GGN   GGAS  GGS      \COOH 

GCP         GNP   GGT   GTPK 

  14    26    41     57     71 

 

c 
          Segment 1  Goi 

          Segment 2  Goo 

          Segment 3  GGi 

          Segment 4  GGo 

          Segment 5  GGi 

          Segment 6  GAP 

 

Figure 3.1 (a) Amino acid sequence of the 81-residue isoform of sfAFP.  Red background 

indicates residues predicted to disrupt the PPII helix.  Yellow background denotes cysteine 

residues.  Grey background marks small residues including alanine, valine, serine, and 

threonine.  Blue letters are charged or hydrophilic residues including arginine, lysine, 

aspartic acid, asparagines, serine, threonine and histidine.  (b)  Segments arranged in 

columns. (c) Consensus repeat in each of the six segments. The symbol o represents small 

residues. The symbol i represents hydrophilic, large residues and some prolines. 
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Figure 3.2 PPII-like fold of sfAFP. (a) Top view, with hydrogen bonding pattern shown as 

dotted lines. The segments are numbered 1-6 and divided in to thirds to represent the 

stacking of amino acids. G represents glycine stacks. Hydrophobic residue stacks are 

shaded grey and hydrophilic residue stacks are shaded blue.  (b) Side view with disulfides 

drawn as yellow lines and arrows to illustrate the alternating direction of the segments. 

Loops connecting segments are coloured red.   
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interactions with each other (Figure 3.2a). Segments 1, 3, and 5 are parallel (forming one face of 

the protein) and antiparallel to segments 2, 4, and 6 (which form the other face) (Figure 3.2b). 

The consecutive segments are connected by loops that change the direction of the polypeptide 

chain. This arrangement brings two pairs of Cys close enough for disulfide bonding. These are 

Cys1 and Cys29, which link the N-terminal end of segment 1 to the loop between segments 2 and 

3, and Cys13 and Cys 44, which link the loops between segments 1 and 2, and segments 3 and 4. 

Although the core sequences of each segment contain G-x1-x2 repeats, there are 

noticeable preferences for the x residues within each segment that differ from one to another.  

Segments 3, 4, and 5 have Gly in the second position (x1), whereas, the other segments typically 

have Ala (Figure 3.1b). Central segments 3 and 4 are in contact with four other strands and it is 

critical for the fold that they contain two glycine-rich faces.  Having Gly in the second position 

(x1) ensures that there is no steric barrier to making hydrogen bonds to the neighbouring PPII 

polypeptide segments that abut two thirds of their surface area (Figure 3.2a).  Glycine-rich 

surfaces are buried in the core of the bundle and are not exposed to the solvent. 

The third position (x2) is generally occupied by hydrophilic residues in segments 1, 3, and 

5 and by small hydrophobic residues in segments 2, 4, and 6 (Figure 3.2bc). This arrangement of 

hydrophilic and hydrophobic residues in the third position of the repeat causes the face formed by 

the even-numbered segments to be relatively hydrophobic whereas the odd-numbered segments 

form a relatively hydrophilic surface (Figure 3.2a). 
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3.4.2 CD spectrum analysis 

The only biophysical evidence we have for this model (given the tiny amount of natural 

protein available) is its CD spectrum (Figure 3.3). Deconvolution of this CD spectrum suggested 

a significant amount of random coil (129).  However, Sreerama and Woody (2004) (132) have 

pointed out the difficulties of deconvoluting CD spectra of PPII-containing structures and in 

particular of distinguishing random coil or unstructured protein from polyproline II helix 

structure. Interestingly, there is increasing evidence that what has traditionally been considered as 

random coil may instead contain a significant amount of PPII structure (133). The sfAFP CD 

spectrum is similar to those of other PPII-type (Figure 3.3), especially since different peptides 

that contain PPII structure display a variety of minima and maxima in their CD spectra.  

Therefore, while we cannot conclude from the CD spectrum that sfAFP is predominantly formed 

of PPII helices, we can say the CD spectrum is consistent with such a structure. 

 

3.4.3 Similarity of the sfAFP model to synthetic glycine-rich protein structures 

The glycine-rich composition of sfAFP means that this natural protein has considerable 

sequence identity to both poly-(ProGlyGly) and poly-glycine, two synthetic polymers.  The 

polyglycine II structure, which was first proposed in 1955 by Crick and Rich (134) is made up of 

parallel polyglycine chains that have a 3-fold screw axis with a vertical repeat (pitch) of 9.3Å . 

The lack of side chains allows the main chains to be packed into a hexagonal array with each 

chain hydrogen-bonded to six neighbours through backbone amide groups (C=O and N-H) that 

project normal to the helical axis. The lack of chirality around the Cα atom means that an 

antiparallel chain could fit into the bundle and still make the same hydrogen bonding connections 

to its neighbours. In contrast, the poly-(ProGlyGly) structure has more constraints due to the 

presence of Pro in every third position (135).  It has characteristics of both the polyglycine II  
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Figure 3.3 CD spectra of proteins proposed to have a polyproline type II fold. Data were 

compiled for the small isoform of sfAFP at 4 °C (19) – filled squares on a solid line; AFGP-

8, which is the smallest of the naturally occurring antifreeze glycoproteins with four tandem 

repeats of the glycotripeptide unit (51) – filled triangles on a solid line; collagen CB2-MG, 

which is a type I collagen trimer modified to form a homogenous solution when dissolved 

(136) – open circles on a dashed line; polyproline (137) - open triangles on a solid line; 

GAGG-repeat at 0 °C (138) filled circles on a dashed line. The amplitude of the published 

spectrum for AFGP-8 was reduced by a factor of three to be consistent with mean residue 

ellipticity.   
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structure and the polyproline type II structure, which is a left-handed helix with 3.0 residues per 

turn. Poly-(ProGlyGly) is also a left-handed helix with 3.0 residues per turn. It differs from 

polyglycine II in being only able to form two backbone-backbone NH…O hydrogen bonds per 

tripeptide to neighbouring helical chains. This constrains the structure into double-layered sheets 

where the polarity of the strands in each sheet is the same but antiparallel to the other sheet. The 

crucial difference between the poly-(ProGlyGly) fold and that of the sfAFP model is that the 

former is held together by intermolecular interactions and the latter‟s interactions are 

intramolecular, including two pairs of disulfide bonds.  

 

3.4.4 sfAFP do not adopt a collagen-like structure 

The skewed amino acid composition of sfAFP means that it also has considerable 

sequence similarity to collagen (139).  Indeed, the circular dichroism spectra of sfAFP and 

collagen are alike, although the AFP spectrum is blue-shifted (Figure 3.3). The spectral 

similarities likely reflect similar backbone conformations. As in collagen, our model makes a left-

handed helix with 3.0 residues per turn and hydrogen bonds to neighbouring helices. However, in 

collagen three identical chains are coiled around each other with a common axis to form the 

collagen triple-helix.  The contacting surface of the three collagen monomers is comprised of 

glycine from the G-x-P repeat. This allows a compact structure to form between coils due to low 

steric hindrance.   

We considered the theoretical possibility that sfAFP adopts a collagen-like triple-helix 

fold. However, coiling three sfAFP around each other to form the triple helix would obviously 

position the cysteines too far apart for intrachain disulfide bonding. Mass spectrometry clearly 

shows that sfAFP makes two intrachain disulfide bonds, with no hint of interchain Cys-Cys 

connections (19). 
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To investigate the possibility that sfAFP forms an intramolecular triple-helix, the protein 

was subdivided into three segments, 1+2, 3+4 and 5+6. Three-segment collagen folding would 

require the middle segment to run antiparallel to the other two whereas natural collagen 

monomers polymerize in a parallel fashion.  While this possibility is worth considering because 

an antiparallel collagen strand can still hydrogen bond to the other two strands, the higher glycine 

content in sfAFP would expose the backbone to solvent, and a protein with an exposed backbone 

would easily unfold.  Lastly, this model would not be compatible with disulfide bond formation.  

The spacing between the cysteines does not allow any combination of disulfide bonding to form 

in a three-segmented sequence. Similarly, a scenario where the six segments form two 

independent collagen-like folds seems unlikely for similar reasons.  We conclude from this 

analysis that sfAFP does not adopt a collagen-like fold. 

 

3.4.5 Comparison to antifreeze glycoprotein 

Another naturally occurring protein with which sfAFP can be usefully compared is 

antifreeze glycoprotein (AFGP).  AFGPs exist as multiple isoforms of varying lengths of tandem 

repeats of the consensus sequence AlaAlaThr with the threonine glycosylated by a disaccharide 

moiety (Galb1-3GalNAca1-).  Although the sequence itself is not similar to that of sfAFP, it does 

contain a tripeptide repeat.  In the NMR structure analysis of synthetic AFGPs by Nishimura‟s lab 

(51), this simple tripeptide repeat assumes a PPII-like fold with the glycosylated threonine side 

chain extending out on one side and the two alanines on the opposite side of the PPII barrel (51). 

This structure generates an amphipathic molecule where the alanine side chains form the 

hydrophobic face and the disaccharides make a more hydrophilic surface. AFGPs exhibit CD 

spectra resembling those of collagen and sfAFP, albeit with a much greater amplitude in the 190 

to 210 nm range (Figure 3.3). 
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3.4.6 Details of the sfAFP model 

The conceptual model was built into a physical model to determine 3D coordinates. The 

final minimized structure is represented in stereo in Figure 3.4 and in space-filling mode in Figure 

3.5. The modeled polypeptide fold closely matches the fold proposed by Traub (1969) (135) for 

poly-(ProGlyGly) but is limited to the six internally hydrogen-bonded PPII helices. In the model, 

an extensive regular pattern of hydrogen bonding can be observed between helices as shown in 

Figure 3.4.  As indicated earlier, helices 3 and 4 each make hydrogen bonds to four neighbouring 

helices, due to their high glycine content. Throughout molecular dynamics simulations, especially 

at 4 °C, Lys2 is predominantly in close proximity to Asp5, and Lys72 is in close proximity to 

Asp75. This suggests the potential for salt links between these pairs of residues with an i, i + 3 

relationship, corresponding to one turn down the PPII helices. All potential salt links are located 

on the hydrophilic side of the AFP.  During simulations, the loops connecting the PPII helices are 

flexible relative to the helices themselves, but their movements do not distort the flat surfaces 

formed by the core of the structure. 

 

3.4.7 Predicted ice binding site 

When viewed in space-filling mode, the energy-minimized structure displays a relatively 

flat, hydrophobic surface on one side (segments 1, 3, and 5), and a hydrophilic surface on the 

other (segments 2, 4, and 6) (Figure 3.4). These features were maintained throughout the 

molecular dynamics simulation at 4 °C. The putative hydrophobic face contains a regular pattern 

of three equally spaced ridges formed by the hydrophobic side chains of segments 2, 4, and 6. 

These attributes of the hydrophobic surface of sfAFP make it quite likely to be the ice binding 

site. Flatness is common to all AFP ice binding sites that have been defined in detail beginning 

with type III AFP (140,141), and extending to the alpha-helical type I AFPs of winter flounder 

(59) and shorthorn sculpin (142), and the insect beta-helical AFPs (12,13). As first pointed out by 
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Figure 3.4 Overall structure of sfAFP shown as stereo views. (a), (b): Representation of the 

structure as a tube backbone with side chains.  Positively and negatively charged residues 

are coloured blue and red, respectively.  Uncharged polar residues are cyan, prolines are 

green, cysteines are yellow, hydrophobic residues are white and glycines are tan. The N and 

C termini are indicated by N and C, respectively. (c), (d): Stick representation of the highly 

repetitive backbone in stereo.  Intra-segment hydrogen bonds are shown as dotted lines. 

Segments are numbered 1-6. Red atoms are oxygens, blue atoms are nitrogens. (Note that 

only helices are represented, the loops have been left out). 
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Sonnichsen et al. (48), the ice binding site is the most hydrophobic face of the protein, and is in 

some cases is very hydrophobic, like the alanine-rich ice-binding surface of winter flounder and 

shorthorn sculpin type I AFPs (142). For the structurally repetitive AFPs, regularly spaced 

surface features on the ice binding site have been modeled to make snug fits to complementary 

surface features on the planes of ice to which the AFPs bind (13,49,75).  

 

3.4.8 Molecular Dynamics: 25 ºC Simulation 

During the 10 ns molecular dynamic simulation of the model at 25 °C, the loop between 

segments 4 and 5 gradually breaks away from the hydrogen-bonded core. In addition, because the 

hydrogen bonding between internal glycines becomes more irregular than in the 4 °C structure, 

the pattern of ridges of hydrophobic residues becomes blurred (Figure 3.5). This result is 

consistent with the sfAFP‟s lack of stability at room temperature (L.A. Graham, personal 

communication).  In spite of the increased flexibility of the backbone fold in the 25 °C model, salt 

links suggested by the 4 °C simulation appear to be maintained. 

Based on the simulations, the total energy of each system was plotted and hydrogen 

bonding between peptide backbones was plotted in Figure 3.6.  Despite the fact that the total 

energy of the system and hydrogen bonding within the backbone chain remained constant 

throughout the simulations, significant differences can be observed between the structures at 4 °C 

and 25 °C.  We suggest that the conformation(s) adopted at 25 °C results in loss of ice surface 

complementarity at the ice-binding face.  Moreover, the abundance of hydrogen bonding at 25 °C 

makes it likely that this conformation will remain stable (locked in place) at lower temperatures, 

and it might account for some irreversible loss in thermal hysteresis after the protein is heated to 

25 °C. 
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Figure 3.5 Surface representation of sfAFP before and after molecular dynamics at 4 ºC 

and 25 ºC.  The left-hand panels present a side view facing segments 5 and 6, and the right-

hand panels display the hydrophobic (putative ice-binding) surface (of segments 2, 4 and 6) 

to the front. The top panels are the modelled structure prior to molecular dynamics. The 

middle and bottom panels show the modelled structure after molecular dynamics at 4 ºC 

and 25 ºC, respectively. Residues are coloured as described in the legend to Figure 3.4. Asp5 

and Lys72 are marked for orientation. N and C termini are indicated by N and C, 

respectively.  
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Figure 3.6 Analysis of the molecular dynamics simulations showing (a) total energy, (b) 

number of hydrogen bonds formed at each time-step. Filled squares indicate the model 

during 25 °C simulation and open squares during the 4 °C simulation.  
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3.4.9 Ramachandran plot analysis 

A Ramachandran plot of the energy minimized model was compared to that of synthetic 

collagen model (Figure 3.7). The majority of phi and psi angles for the model are distributed in 

the most favoured region of the upper left quadrant, which is where those of the optimized 

collagen monomer cluster.  The tight clustering of the collagen data points reflects the extreme 

regularity of this polymer.  Predicted points for sfAFP were more scattered and differ slightly 

from the synthetic collagen peptides.  The bottom left quadrant residues include some glycines 

that are located close to the end of the helical segments.  In less favoured regions of the two right 

quadrants are residues that are present in the loops of the predicted structure. The flexibility of 

these loops at both 4 °C and 25 °C is illustrated in Figure 3.8 by a plot of root mean square 

fluctuation for each residue in the sequence.  Fluctuation is greatest for residues in the loops and 

least for residues in the middle of the coiled segments.  As mentioned earlier, the loop between 

segments 4 and 5 is particularly unstable, and shows the greatest root mean square fluctuation of 

all the loops.   

 

3.4.10 Summary of the sfAFP mode 

The 81-residue glycine-rich AFP from snow fleas has been modeled as a novel fold in 

which six short segments of polyproline type II helix alternate direction to form two anti-parallel 

sheets (Figure 3.4). The 180° change in direction of the polypeptide chain is facilitated at four out 

of the five turns by prolines (Figure 3.1, Figure 3.4, Figure 3.5). The putative structure is held 

together by hydrogen bonding between backbone peptide amides. These bonds are normal to the 

axis of the helix and are of the appropriate length because the internal-facing residues are 

glycines that permit the individual helical segments to pack closely. In the model, the structure is 

reinforced by i) 2 disulfide bonds that link the N-terminal end of segment 1 to the turn between  
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Figure 3.7 Ramachandran plots. (a) Plot of energy minimized sfAFP model. Solid triangles 

represent glycines. (b) plot of synthetic collagen model (143).   
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Figure 3.8 Root mean squared fluctuation of each atom of sfAFP model during 4 °C and 25 

°C simulations. Filled squares represent the model during 4 °C simulation and open squares 

the model during 25 °C simulation. In the bar diagram below the plot, blank regions 

correspond to sequences predicted to be in the PPII fold. Shaded regions represent the 

locations of predicted loops.  
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segments 2 and3, and the turn between segments 1 and 2 to the turn between segments 3 and 4, 

and  ii) by potential salt bridges on the hydrophilic side of the protein. 

The modeled protein has dimensions 47 Å  x 17 Å  x 13 Å  and has distinct amphipathic 

character. As an antifreeze protein, the hydrophilic surface formed by the outer residues of 

segments 1, 3, and 5, is most likely to present to the solvent, and the hydrophobic surface formed 

by the outer residues of segments 2, 4, and 6 will bind to ice. On this hydrophobic surface, there 

are projections with regular spacing that offer the potential to interact with a crystalline surface 

with complementary spacing.  
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Supplementary Table 3.1 Dihedral angles of each residue in sfAFP model 

RESIDUE # A.A. PHI PSI # A.A. PHI PSI # A.A. PHI PSI 

1 CYS  180 28 CYS -155.2 147.9 55 GLY 74.6 81.5 

2 LYS -147.7 144.8 29 ASP -98.6 138.9 56 GLY 132.5 -122.4 

3 GLY -40.4 123 30 GLY -79.4 -161.5 57 THR -133.3 139.6 

4 ALA -121.9 99.9 31 GLY -116.5 -166.4 58 GLY 177.4 -143.7 

5 ASP -92.4 131 32 HIS -110.8 140.9 59 VAL -128.4 92.4 

6 GLY -65.3 -175.5 33 GLY -65.8 160.1 60 GLY -73.3 103.5 

7 ALA -106.9 145.3 34 GLY -90.6 141 61 GLY -61.1 147.2 

8 HIS -101.8 155.6 35 ASN -83.9 142.4 62 ARG -61.1 154.1 

9 GLY -111.7 151.1 36 GLY -78.2 -111.2 63 GLY -102.5 -171.6 

10 VAL -104 153.7 37 GLY 155.8 -107.9 64 GLY -102.3 -177 

11 ASN -111.7 132.5 38 ASN -126.3 97.9 65 LYS -111.8 156.5 

12 GLY -131.8 -105.1 39 GLY -105.1 107.8 66 GLY -69.9 -103.5 

13 CYS -109.7 -60.6 40 ASN -78.5 155.2 67 GLY 141.9 -117.2 

14 PRO -88.9 75.2 41 PRO -50.8 -27 68 SER -112 165.5 

15 GLY 64.4 -120 42 GLY -54.5 -41.5 69 GLY 89.1 135.2 

16 THR -69.9 158.5 43 CYS -121 -78.2 70 THR -117.6 28.1 

17 ALA -117 158.5 44 ALA -164 155 71 PRO -57.1 107.1 

18 GLY -58.8 154.4 45 GLY -63 164.3 72 LYS -64.9 114.9 

19 ALA -112.1 157 46 GLY -85.5 88.1 73 GLY -69.5 123.8 

20 ALA -93.2 131 47 VAL -78.1 105.4 74 ALA -90.6 107.7 

21 GLY -72.9 171.6 48 GLY -67.5 140.1 75 ASP -84 139.4 

22 SER -83.2 139.7 49 GLY -71.7 145.8 76 GLY -55.7 168 

23 VAL -70.2 150.6 50 ALA -88.9 136 77 ALA -113.5 -4.6 

24 GLY -92.4 -73.3 51 GLY -64.5 156.9 78 PRO -59.1 172.4 

25 GLY 80.3 143.2 52 GLY -66.4 131.2 79 GLY 103.3 120.8 

26 PRO -46.3 112.3 53 ALA -98.4 163.7 80 ALA -138.8 52.2 

27 GLY -119.4 118.9 54 SER -121.3 -59.6 81 PRO 180  
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Chapter 4 

Thr- and Ala-rich hyperactive antifreeze protein from inchworm folds 

as a flat silk-like beta-helix 
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4.1 Abstract 

Inchworm larvae of the pale beauty geometer moth, Campaea perlata, exhibit strong (6.4 

°C) freezing point depression activity indicating the presence of hyperactive antifreeze proteins 

(AFPs). We have purified two novel Thr- and Ala-rich AFPs from the larvae as small (~3.5 kDa) 

and large (~8.3 kDa) variants, and have cloned the cDNA sequences encoding both. They have no 

homology to known sequences in current BLAST databases. However, these proteins and the 

newly characterized AFP from the Rhagium inquisitor beetle both contain stretches rich in 

alternating Thr-Ala residues. Based on these repeats, as well as the discontinuities between them, 

a detailed structural model is proposed for the 8.3-kDa variant. This 88-residue protein is 

organized into an extended parallel-stranded beta-helix with seven strands connected by classic 

beta-turns. The alternating beta-strands form two beta-sheets with a thin core composed of 

interdigitating Ala and Ser residues, similar to the thin hydrophobic core proposed for some silks. 

The putative ice-binding face of the protein has a 4 x 5 regular array of Thr residues and is 

remarkably flat. In this regard, it resembles the non-homologous Thr-rich AFPs from other moths 

and some beetles, which contain two longer rows of Thr in contrast to the five shorter rows in the 

inchworm protein. Like some other hyperactive AFPs, the spacing between these ice-binding Thr 

residues is a close match to the spacing of oxygen atoms on several planes of ice. 
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4.2 Introduction 

The ability of a protein to freely dissolve in aqueous solutions and bind irreversibly to 

water in its solid state is the defining physical property of an antifreeze protein (AFP) (144). This 

unusual property has been illustrated, and exploited, with the development of ice affinity 

purification (IAP) (36,111). By slowly growing a mass of ice in a protein mixture, AFPs are 

successively bound and overgrown (39), whereas non-AFPs (the vast majority of proteins) are 

excluded and concentrated in the liquid fraction. When using IAP to purify a recombinant AFP 

from Escherichia coli lysates, the fact that all endogenous E. coli proteins are excluded shows 

that the vast majority of proteins do not have an affinity for ice (111). This and other variations of 

IAP have been used to purify recombinant AFP from plants, bacteria and arthropods 

(19,145,146).  

AFPs are used by some animals (principally fish and insects) to avoid freezing (5,147). 

Here the ability of the AFP to irreversibly adsorb to the surface of ice causes a non-equilibrium 

depression of the freezing temperature and a slight increase in the melting temperature (148) 

through the Gibbs-Thomson-Herring effect (39). When the freezing temperature of the organism 

is depressed below that of the ambient temperature, the organism can resist freezing. In other 

organisms (principally plants and microorganisms), the AFPs help their host to tolerate freezing 

by suppressing the recrystallization of ice (33). Since AFP is a misnomer in this situation where 

bulk freezing is not prevented, an alternative is to refer to them as ice-binding proteins (IBPs) 

(149).  

The first IBP was described just over 40 years ago (150). Since then at least a dozen 

remarkably different types have been described. Some are globular proteins with a mixture of 

secondary structures; others are repetitive proteins that are alpha-helical, beta-helical or have 

polyproline type II helical structures (12,14,56). Judging by the variety of IBPs and their scattered 

distribution in phyla, IBPs have independently evolved on numerous occasions, presumably as a 
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mechanism by which their host could expand into a new niche or adapt to climate change 

(151,152).  

The mechanism by which IBPs bind irreversibly to ice has undergone several twists turns 

and reversals over the years and is still not well defined. The original hydrogen-bonding 

hypothesis (113) was largely disproved in favour of a mechanism that incorporated the 

hydrophobic effect (48,57,123). The idea that constrained water is released on IBP binding to ice 

for a gain in entropy has been challenged by the idea that a hydrophobic ice-binding surface can 

organize surface bound water into an ice-like (clathrate) pattern that will fuse to ice (153). 

Although this is an attractive hypothesis, the residence time of surface-bound water on the ice-

binding site cannot be overly long, and might be only marginally longer than that on other 

surfaces (154).  

The search for a unifying binding mechanism has been complicated by the variety of IBP 

structures and the many different ice planes they recognize (75). Nevertheless, some common 

features and patterns are emerging. Ice-binding sites tend to be flat, relatively hydrophobic and 

occupy a large proportion of the protein‟s surface area. There is a need to discover and 

characterize more IBP structures for a clearer pattern to emerge.  

The application of IAP in combination with protein sequencing by tandem mass 

spectrometry (MS/MS) has greatly helped the search for new AFPs. A classic example of this 

approach is the discovery of the AFP in snow fleas (sfAFP). Two rounds of IAP applied to gram 

quantities of snow fleas produced pure sfAFP (19). An amino acid composition and mass were 

sufficient to identify the sequence of the abundant variant represented by four of 57 ESTs 

sequenced. Here we have applied a similar approach using the larvae of the pale beauty moth and 

have discovered and sequenced a novel AFP produced by this inchworm (iwAFP).  

Some of the newly discovered AFPs are proving difficult to produce in sufficient 

quantities for structure determination. This is especially true of those like sfAFP (19), AFP type 
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Ih (110), and the iwAFP reported here, that are thermolabile or difficult to fold. Therefore, we 

have invested considerable effort in deducing the structures of repetitive AFPs by an intuition-

guided approach. To date we have published three models of unique AFP folds: the IBP from 

perennial ryegrass, LpAFP (45); the AFP from snow fleas, sfAFP (43), and the AFP from an 

Antarctic bacterium, MpAFP (42). Structures for sfAFP (14) and MpAFP (41) are now available 

and have proven the models to be correct. Here, we have modeled the newly discovered iwAFP 

as a novel beta-helical fold that has some of the attributes of silk fibroin and have tentatively 

identified its ice-binding site as an unusually wide array of outward-pointing threonines on one 

face of the protein.  

 

 

4.3 Material and Methods 

 

4.3.1 Insect collection 

Inchworms (Figure 4.1a) were collected by hand during the month of March from 2003 

through 2008 from snow-covered ground in various mixed deciduous woodlots within a 40 km 

radius of Kingston, Ontario. The larvae were stored on ice, sorted using a dissecting microscope, 

then frozen in liquid nitrogen and stored at -80 °C. 

 

4.3.2 Ice affinity purification 

Larvae (2.5 g) were homogenized in 12 ml of ice-cold buffer (50 mM Tris-HCl pH 7.9, 

150 mM NaCl, 2 mM phenylthiocarbamide, 1 mM PMSF, 5 mM EDTA and a 2X concentration 

of complete, EDTA-free Protease Inhibitor Cocktail (Roche)). Following a 30 min centrifugation 

at 12,000 x g, the pellet was re-homogenized in another 12 ml of buffer and centrifuged again.  

  



 77 

 

Figure 4.1 Purification of AFPs from inchworms. a) A lab-reared Campaea perlata 

inchworm that was harvested in March. The inchworm shown here is approximately twice 

as long as those used directly from the field because it was reared to its final instar in the 

lab.. b) Fractions following one round of ice affinity purification (IAP). Fractions 1 to 4 are: 

1) the original diluted homogenate (pre); 2) material rinsed from the surface of the ice (rin); 

3) the melted ice fraction (ice) and 4) the excluded liquid fraction (liq). c) Faceted ice 

fraction following the first round of IAP. d) Comparison of MALDI spectra of first and 

second round IAP fractions. For clarity, the first IAP spectrum is shifted left by 500 m/z 

and the second is shifted up 20%. e) Morphology of a single ice crystal formed in the 

presence of dilute iwAFP. f) “Burst” of this crystal immediately after the initiation of 

freezing. The a-axes lie within the plane of the image.  



 78 

The two supernates were pooled and filtered through glass wool to remove lipid droplets (Figure 

4.1b). The volume was increased to ~100 mL using 50 mM NH4HCO3 (pH 8). Half the volume 

was gradually frozen around a cold finger cooled from -0.8 to -2.4 °C over 36 h, (Figure 4.1c). 

The surface of the ice was rinsed using several mL of ddH2O to remove surface liquid. This ice 

fraction was then melted, and concentrated NH4HCO3 was added to 50 mM before a second 

round of IAP was performed in which half of the sample was frozen by cooling from -0.8 to -2.4 

°C over 43 h. Following rinsing and lyophilization of the ice mass, the dried residue was 

resuspended in 0.5 mL of 50 mM NH4HCO3. Amino acid compositional analysis was performed 

at the Advanced Protein Technology Centre, The Hospital for Sick Children, Toronto, Canada. 

Thermal hysteresis (TH), used as a measure of antifreeze activity, was assayed using a nanoliter 

osmometer (119). 

 

4.3.3 Mass spectrometry 

Portions of the first and second ice fraction were subjected to matrix-assisted-laser-

desorption-ionization (MALDI) mass spectrometry (MS) with sinapinic acid using the Voyager 

DE-Pro (Applied Biosystems) in linear mode. The same instrument was used in reflectron mode 

to obtain higher resolution data on the lower mass peptides. A portion of the second ice fraction 

was digested with porcine trypsin and subjected to tandem mass spectrometry (MS/MS) using a 

Waters qTOF ULTIMA GLOBAL mass spectrometer in electrospray mode. The spectrometer 

was equipped with a CapLC XE chromatography system using a Dionex C18 PepMap 100 3μm 

100Å  column. The mobile phase gradient was from 5% to 40% acetonitrile over 40 min. Data 

were processed using Water's MassLynx 4.0. Peaks were smoothed using the Savitzky Golay 

method with 3 channels and 2 smooths. The peaks were centroided using the top 80% of the peak 

height. +2 and +3 charge state peaks were deisotoped with a 1% noise threshold. These 
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procedures were performed by the Protein Function Discovery Facility at Queen‟s University, 

Kingston, Canada. All MS/MS spectra were interpreted manually. 

 

4.3.4 Circular dichroism 

Ice fraction 2 was dialyzed against 10 mM sodium phosphate buffer (pH 8) and CD 

spectra were acquired using an OLIS DSM1000 CD spectrophotometer and processed using the 

OLIS Globalworks software. Ten replicates of the raw CD spectra were collected for both the 

protein sample and the buffer alone, using the variable time per datum mode. The average 

spectrum for the protein sample was background corrected using the corresponding spectrum for 

the sample buffer, and the corrected spectrum was converted to molar ellipticity units using the 

mean residue molecular weight of 98 Da and protein concentration of 24 µg/mL, determined by 

amino acid analysis (above).  

 

4.3.5 cDNA library construction and EST sequencing 

Messenger RNA was extracted from 116 mg of inchworms (~20 individuals) by using the 

RNeasy Midi Kit followed by the Oligotex mRNA Midi Kit (Qiagen), yielding 2 μg of mRNA. A 

cDNA library (primary titre of 1.8 x 10
4
 plaque forming units (pfu)) was constructed in -Zap II 

(Stratagene, which is now Agilent Technologies). Variable amounts (1-10 μL) of the amplified 

library (>10
4
 pfu/μL) were mass excised, then XL1-Blue MRF  ́rather than SOLR cells were 

infected with aliquots of this phagemid stock. Following the addition of glycerol to 15%, the cell 

suspensions were frozen and shipped to Génome Québec Innovation Centre, McGill University 

(Montrèal, Canada) where individual colonies were robotically selected from plates and subjected 

to high-throughput EST sequencing. All procedures were done according to manufacturer‟s 

instructions except as otherwise mentioned. 
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4.3.6 AFP gene identification and sequence analysis 

EST sequences were trimmed using a Phred quality score of 40 and individual bases with 

scores below 15 were masked and vector sequences were removed. All accession numbers refer 

to the GenBank DNA sequence database. The NCBI BLAST program v2.2.18 was run (155), in 

house, with the EST sequences as the database. pBluescript (X52330) and lambda (J02459) 

sequences were used to detect contaminants. The sequences of two complete moth mitochondrial 

genomes, Bombyx mori (NC_002355) and the more closely-related geometer moth, Phthonandria 

atrilineata (NC_010522) were used to detect mitochondrial inserts. The identity of the 

inchworms was determined by searching the Barcode of Life Data System (BOLD) database with 

EST sequences corresponding to the cytochrome c oxidase subunit I gene (156). AFP sequences 

in the EST database were initially identified using the TBLASTN program with the MS/MS 

sequences as the query. Individual EST sequences were then used to detect multiple occurrences 

of sequences of interest using BLASTN. Online BLAST searches at the NCBI website were 

applied for most other searches. Sequence manipulations and comparisons were primarily done 

using DNAman version 6 (Lynnon Corp., Pointe-Claire, Canada). ESTs are named according to 

plate number and position. 

 

4.3.7 PCR amplification and cloning of AFP sequences 

The following primers were designed to amplify the 5′ region of the cDNAs for both 

variants by anchor PCR, 5′-AACAGGATATCTGCACTCGCTCTC-3′ (8-kDa variant) and 

5′-GTTGCTATCTTCTGTCAGCTTCACG-3′ (3-kDa variant). These were used in combination 

with the T3 promoter PCR primer, 5′-CCCTCACTAAAGGGAACAAAAGCTG-3′ in which 10 

μL of a 1/1000 dilution of the cDNA library stock mentioned above was used as the template in 

50 μL reactions. The same reaction conditions were employed for all PCR reactions unless 

otherwise mentioned. Taq DNA polymerase with 1.5 mM MgCl2 and buffer with (NH4)2SO4 
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(Fermentas) was used with the following cycling parameters; 5 min at 95 °C, 30 cycles of 1 min 

at 60 °C, 1 min at 72 °C, 1 min at 95 °C, final extension of 20 min at 72 °C. Products were cloned 

using the TOPO TA Cloning Kit (Invitrogen) and sequenced. Two new primers were designed, 

5′-CCAAGTTGTGAACATGTGGGCAC-3′ (8-kDa variant) and 

5′-CGAGGCTGAGTGATAGTTATGTGGA-3′ (3-kDa variant), which were used with the T7 

promoter PCR primer 5′-ACGACTCACTATAGGGCGAATTGG-3′ to amplify the entire coding 

sequences. These were cloned as above and sequenced. Sequences obtained by PCR are labelled 

FL (for full length) and numbered. 

 

4.3.8 Recombinant expression 

The DNA sequence encoding the mature 8275 Da AFP was codon-optimized and 

synthesized by GeneArt (Regensburg, Germany). This synthetic DNA was inserted into the pET 

28a vector to form a His-tagged construct that was expressed in E. coli BL21 (DE3) cells at 16 

ºC. Pelleted cells from a 1-L expression were resuspended in 150 mM NaCl, 3 mM EDTA, 1 mM 

PMSF, 50 mM Tris-HCl (pH 7.4) prior to sonication. After centrifugation, the cleared supernate 

was subjected to nickel affinity chromatography. The eluant was concentrated to 50 µL and tested 

for TH. 

 

4.3.9 Molecular dynamics 

The model for iwAFP was manually built using PyMOL 1.2r1 (157). The model was 

solvated in a 4.2 nm x 3.4 nm x 2.3 nm box containing 3202 water molecules. Eight sodium ions 

and seven chloride ions were added to neutralize the system charge and achieve a salt 

concentration of 0.1 M. The system was then subjected to energy minimization, position 

restrained molecular dynamics to settle the water molecules and followed by unrestrained 

molecular dynamics simulations using GROMACS 4.04 (158). The simulations were performed 
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at 4 °C using a timestep of 2 fs for a total duration of 10 ns. The program uses a triclinic unit cell 

for its periodic boundary conditions. For calculating short-range non-bonded interactions, only 

the nearest image was considered. Long-range electrostatics was treated with the particle mesh 

Ewald method. The simulations were done under isothermal conditions using V-rescale 

temperature coupling. The GROMOS96 43a1 force field was employed. 

 

 

4.4 Results 

 

4.4.1 Protein purification and activity 

A homogenate of inchworms (Figure 4.1a) at a 1:1 w/v ratio showed 6.4 °C of TH activity 

(freezing point depression). A diluted homogenate of 2.5 g of larvae was subjected to two rounds 

of ice-affinity purification. After just a single round, the ice fraction (IAP1) was visibly clear 

(Tube 3) and the bulk of the starting material was concentrated in the liquid fraction (Tube 4) 

(Figure 4.1b). The growing ice was heavily faceted (Figure 4.1c). After this single round of IAP, 

there was already significant enrichment for 3-4 kDa (small) and 8.3 kDa (large) components 

(Figure 4.1d, lower tracing, which is shifted 500 m/z to the left for clarity). After the second 

round (upper tracing, which is shifted 20% upwards for clarity), the background in the mass 

spectrograph was significantly decreased and only one large and several small components 

remained.  

When the second ice fraction (IAP2) was concentrated, it showed 6.4 °C of TH activity at a 

concentration of 24 μg/mL. The ice crystals obtained during melting of such high activity 

samples are very small and the burst (onset of freezing) is extremely rapid, so a sample with 

lower activity (2.55 °C) was imaged. The ice crystals were shaped like hexagonal plates with 

slightly outward curving surfaces and this form was attained during melting (Figure 4.1e). The 
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shape did not change during cooling within the thermal hysteresis gap (not shown). Once the non-

equilibrium freezing point was exceeded, dendritic growth occurred in the general direction of the 

a-axes (Figure 4.1f), which is asymmetric in this image as it was initiated from the top left 

quadrant of the crystal (not shown). This activity was completely lost after 2 h at room 

temperature (22 °C), indicating that the AFPs are thermolabile. 

The amino acid composition of the IAP2 fraction (Table 4.1) was highly biased toward 

small side chain amino acids, particularly Ala and Thr at 18 and 21%, respectively. Because the 

amount of sample was limited and it did not react positively with Bradford reagent, gel 

electrophoresis was not attempted. Instead, MALDI MS was used to determine the purity and 

complexity of the ice-binding components. 

 

4.4.2 EST library 

Since the mRNAs encoding AFPs are typically abundant during winter, a cDNA library was 

constructed from inchworms gathered in March. An EST sequencing approach was undertaken in 

an attempt to identify the AFP(s). A total of 2356 ESTs were sequenced. Of these, 10% failed or 

produced poor quality sequence, 14% did not contain an insert, 2% encoded mitochondrial 

transcripts and a few contained cloning artefacts. It is difficult to identify geometer moths at the 

larval stage. But six ESTs encoding the mitochondrial cox I protein were recovered and used to 

search the BOLD database (156). These ESTs were exact or > 99% matches to the barcode 

sequences of C. perlata specimens, allowing a conclusive identification of the species. Multiple 

copies of individual sequences were present among the remaining 1724 sequences, but none 

matched the mass or composition determined above. 
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Table 4.1 Comparison of the amino acid composition (mol%) of the second ice affinity 

purified fraction (IAP2) with several variants deduced from cDNA sequences (Figure 

4.2Figure 4.3).  

Amino 

Acid 

IAP2 Small(#1) Large 

(FL#2) 

Large 

(FL#5) 

Large 

(P06_O24) 

Large 

(P01_F03) 

Asx 6.7 5.9 4.6 4.6 5.7 4.5 

Glx 7.4 0 1.1 1.1 2.3 2.3 

Ser 9.7 5.9 12.5 11.4 11.4 11.4 

Gly 10.4 2.9 2.3 2.3 2.3 2.3 

His 1.0 2.9 0 0 0 0 

Arg 3.8 8.8 2.3 2.3 0 3.4 

Thr 20.5 38.2 38.6 38.6 34.1 36.4 

Ala 17.8 26.5 22.7 23.9 27.3 25 

Pro 2.0 0 2.3 2.3 2.3 1.1 

Tyr 0.6 0* 0 0 1.1 1.1 

Val 7.9 2.9 9.1 9.1 8 6.8 

Met 4.3 0 0 0 1.1 0 

Cys 0.4 0 1.1 1.1 0 0 

Ile 2.7 0 2.3 2.3 2.3 1.1 

Leu 3.2 2.9 1.1 1.1 2.3 3.4 

Phe 1.0 0 0 0 0 1.1 

Lys 0.5 2.9 0 0 0 0 

Total 100.0 99.8 100.0 100.1 100.2 99.9 

* The three residues absent in the two variants are found in some of the other large 

isoforms. 
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4.4.3 Mass spectrometry and sequence characterization 

To obtain more information about the AFPs, the IAP2 fraction was digested by trypsin 

and subjected to MS/MS. A variety of peptide sequences were obtained which were rich in Thr 

and Ala residues, some with stretches where these residues alternated (Figure 4.2 and Figure 4.3). 

This was consistent with the biased amino acid composition (Table 4.1). Matching sequences 

were found within the EST sequences, but surprisingly, they were all located near the C-terminal 

end of two sequences predicted to encode ~40 kDa proteins (Supplementary Figure 4.1). Of the 

1724 ESTs presumed to originate from nuclear transcripts, twelve encoded large (~8 kDa) AFPs 

and five encoded the small (3-4 kDa) AFP. This corresponds to 0.7 and 0.3% of the transcripts, 

respectively. Anchor PCR, using a combination of vector and AFP specific primers, generated a 

full-length coding sequence for the small AFP and additional sequences encoding large isoforms.  

The complete cDNA sequences encode proteins predicted to begin with an 18-residue 

secretory signal peptide which is highly conserved (15/18 identical residues) between the small 

and large AFPs (Supplementary Figure 4.2). This is followed by a region of unknown function 

that is 28 to 36 kDa, non-repetitive, of fairly average amino acid composition and which has no  

similarity to known sequences. Despite the presence of many basic residues in these regions that 

would yield fragment sizes suitable for MS/MS sequencing, no such fragments were observed in 

the IAP2 fraction. This N-terminal region is longer in the sequence encoding the small AFP and 

shows 47% identity with the large AFP across the overlapping region. 

As mentioned above, the MS/MS sequences and tryptic fragment masses that were 

observed corresponded to the C-terminal portions of the coding sequences. In the case of the 

small AFP, the four sequences obtained encode identical mature AFPs (data not shown). The 

mass variability observed in the 3-4 kDa range (Figure 4.1d) appears to be caused primarily by 

variable processing of the mature protein at both the N and C termini (Figure 4.3). The most  
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Figure 4.2 Alignment of five mature large AFP isoforms deduced from cDNA sequences. Differences between sequences are highlighted in 

yellow, dark yellow or pink (Arg residues). The number of residues and the predicted masses of the isoforms (Da) are indicated at their C 

termini. The corresponding masses observed by MALDI MS are in italics. Tryptic fragments that were partially sequenced by MS/MS are 

underlined; conclusively determined residues are coloured blue (or green in the case of adjacent fragments) in bold face. Italics indicate 

residue pairs consistent with either the mass of the observed b2 ions or the abundant ion generated by cleavage on the N-terminal side of 

Pro. Fragments shown in lowercase are identical to those in another isoform. Double underlining indicates fragments that were not 

sequenced but for which a consistent mass was observed in the whole digest ion spectrum. The sequence and mass of two tryptic 

fragments (MS/MS#1 and #2) that contain polymorphisms relative to the known sequences are also shown. cDNA clones obtained by PCR 

are numbered and denoted FL (for full-length) whereas sequences obtained by sequencing of ESTs are named by plate number and 

position. Conserved residues are indicated with asterisks and conservative substitutions by periods. Sequences have been deposited in 

Genbank with the following accession numbers; FL#2=JF436943, FL#5=JF436944, P06_O24=JF436940, P01_F03=JF436941, P08_D05= 

JF436942.  

FL#2        LDPTQTTTVVVTATVTDTATAVARANAIVTATSTATATAPATSIATSSSTAGTTCTSTAR 

FL#5        ldptqtttvvvtatvtdtatavarANAIVTATSTATATAPATSIATASSTAGTTCTSTAR 

P06_O24     LEPTQTITVVVTATNTDTANAVASANAIVTATSTATATAPATSYATSSAMAGTTTTSTAL 

P01_F03     LEVTQTTTVLVTATNTDTARAVARANAIVTATSTATATAPATSYATASSTAGTTTTSTSL 

P08_D05     LEVTQTTTVVVTATNTDTARavarANARVTATSTATATAPAVSVATSSATAGT------- 

MS/MS#1     LEPTQTTTVVVTATNTDTAR 2119.09 

            *. *** **.**** **** *** *** ************* * **.*  ***             

 

FL#2        ATAGVTSTADSTSTATTTSTSTATATVT- 88 8275.08 8277 ± 9 

FL#5        atagvtstadststatttststatatvt- 88 8259.08 8265 ± 9 

P06_O24     ATAGVASTADSTATATTTSTSTATATVA- 88 8203.01 

P01_F03     ATAGFTSTADSTATARTTSTSTATATVA- 88 8437.20 

P08_D05     -----------------TSTATATATVNG 65 6182.17 

MS/MS#2     ATAGVASTADSTATAR 1450.71 

                             ***.******   
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Figure 4.3 Sequence of the single small AFP deduced from cDNA. The four different isoforms #1-4 were generated by variable processing 

of the precursor (Genbank JF436945) at the two termini. Arg and Lys residues are highlighted in pink and the number of residues and 

the predicted masses (Da) are indicated at the end of each sequence. The corresponding mass observed by MALDI MS is in italics. Tryptic 

fragments that were partially or wholly sequenced by MS/MS are underlined with conclusively determined residues in blue (or green in 

the case of adjacent fragments) and in bold face. Non-underlined residues were determined by MS/MS of the undigested AFP. Italics 

indicate residue pairs consistent with either the mass of the observed b2 or y2 ions.   

#4 ISTTLVDHKTAGRATATATATADTTRTATATATSSR  36 3578.83 3584 ± 6 

#1   TTLVDHKTAGRATATATATADTTRTATATATSSR  34 3378.72 3378.6 ± 0.3 

#3   TTLVDHKTAGRATATATATADTTRTATATATSSRK 35 3506.82 3506.8 ± 0.3 

#2   TTLVDHKTAGRATATATATADTTRTATATATSS   33 3222.61 3222.3 ± 0.3 
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Small AFP isoform, FL#2 

MWIQAAILLC SSLHIGYAEK GYLTINDVQV PMTEVQTESK SGKDDYNTLG YYHYYDGERV   60 
RIACPKGSDL SDSSELTFVN GAESHRCFKP NYEADDLSTR NFYVKLTEDS NGAYAECTVK  120 

GPWEHLRSRV YFLLQNLPTE GALYFSVNGV AIPPVTGQEG EELHTHYDLE YGYDSQEPLE  180 
IASIKDSNEY GPMECVLSGE NIPSELNDLK SKSRKDNVHF LATLQDQHVS LDCSVEVKST  240 
LVRHNRMITI SLALKPFNSY FAVRDLVIES ASTKDILFYE NCGGSFLNDH KITYEYKENR  300 
NVSMKFSLKG HQNKEYSSEF PFTGAISAFS GDKVAIISTT LVDHKTAGRA TATATATADT  360 
TRTATATATS SRKALTTARL ALVQGKTRLF FNALW                             395 
  

Large AFP isoform, FL#2 

MWAQAAILLC LSIHIGYAVT GHVTINDEQV LTDSTTGRDY GAVGYHHYYA GERVQISCSK   60 
DSTTSLSPEL IYGKGHERHA CKKADDEGSD ASPSLSVTLT EASDRAYAEC VTDAPAPEGA  120 
SERSLRSRVY FVRKQLPHAG ALYFRVNGVP LIPAPGRDGD APRTHHGLEF GYYTGEQLDV  180 
TSFKDADTYG PMECVLTGED IPSELDDLKI PRVLDRVNFV ARLQKQRVSL DCRVQVKTAD  240 
ARPRRNIHIS LYLKPLGDFV NVKELPYSCR IPTFFLDPTQ TTTVVVTATV TDTATAVARA  300 
NAIVTATSTA TATAPATSIA TSSSTAGTTC TSTARATAGV TSTADSTSTA TTTSTSTATA  360 
TVT                                                                363 

Supplementary Figure 4.1 Complete sequence of the small and large AFP isoforms deduced from the cDNA sequences. Predicted signal 

peptides are in light blue italics whereas the most abundant mature AFP sequences are in green and bolded.  
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Supplementary Figure 4.2 Alignment of the pre- and pro- sequences from supplementary figure 1. Dark- and light-gray highlighting 

represent identical and similar residues respectively. The predicted signal peptide is in italics. A secondary structure prediction based on 

Jpred 3 (159) is shown with extended (E) and helical (H) regions.
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abundant isoform (3379 Da) begins with two Thr residues and ends with an Arg residue. The 

3584 Da isoform includes two additional residues at the N terminus, Ile and Ser, which is well 

supported by the mass and MS/MS sequence of a tryptic fragment. The 3223 Da isoform is 

consistent with loss of the C-terminal Arg and is also well supported by MS/MS data. The third 

isoform (3507 Da) is predicted by whole mass alone to contain an additional C-terminal Lys 

residue beyond the penultimate Arg. A C-terminal 22-23 amino acid portion that is also removed 

to generate the AFP has an amino acid bias different from the mature sequence, including several 

aromatic residues (Supplementary Figure 4.1). 

Unlike the small AFP, the large AFP is not processed at the C-terminal end and sequence 

polymorphisms, rather than processing differences, were observed. A single cleavage site was 

observed at the N terminus, immediately following two Phe residues (Supplementary Figure 4.1). 

The C-terminal tryptic fragment lacked a basic residue and was not sequenced by MS/MS, but 

fragments matching the expected masses based on isoform FL#2 and P01_F03 (Figure 4.2) were 

observed. A total of five unique mature AFP sequences (Figure 4.2) were encoded by 11 cDNA 

sequences (not shown). Whole masses and MS/MS sequence corresponding to two (FL#2 and 

FL#5) were observed. Isoform P06_O24 would not generate any fragments as it is devoid of basic 

residues. Two additional MS/MS sequences were obtained that differed from a known sequence 

at a single position. One sequence encoded an isoform containing a deletion of 24 amino acids 

but a corresponding mass was not observed by MALDI MS. 

 

4.4.4 Expression of the large AFP 

To conclusively demonstrate that the sequences characterized and cloned were responsible 

for thermal hysteresis activity in the inchworm, the AFP-encoding portion of the most abundant 

large isoform (FL#2) was codon optimized and expressed in E. coli. Both the soluble and 

insoluble fractions were analyzed by SDS-PAGE following sonication of the cell pellet, but a 
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new protein band was not seen, which was not unexpected given the biased amino acid 

composition of this protein. Following nickel-affinity chromatography, the partially-purified 

fraction showed 0.48 °C of TH activity. Such low activity was not unexpected given to the 

thermolability of iwAFP and its low yield. 

 

4.4.5 Sequence characteristics and circular dichroism 

The AFP domains of the large and small variants cannot be aligned with any certainty 

due to their differing lengths and repetitive nature. Nevertheless, the two AFPs are clearly 

homologous given the sequence identity (47%) between their cleaved N-terminal domains, as 

mentioned above. The two mature AFP sequences do share a similar amino acid composition and 

patterning, however. If they are simply broken into amino acid pairs, a distinct dipeptide bias is 

observed (Table 4.2). Thr is the predominant residue at the first position whereas Ala is 

predominant at the second. The other residues prevalent at the second position tend to be small 

and neutral, such as Ser and Val in the large AFP. Therefore, both variants are likely to adopt 

similar secondary structures. 

A likely secondary structure adopted by a protein with a dipeptide repeat pattern would be 

beta-strand. To test this hypothesis, the CD spectrum of the IAP2 fraction, which contains both 

the large and small AFPs, was obtained (Figure 4.4). It is similar to the spectra of beta-strand-rich 

proteins with a single minimum at 217 nm and a maximum at 196 nm and is qualitatively similar 

to the spectra of two non-homologous AFPs with beta-helical structures (42,160).  
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Table 4.2 Bias in amino acid content by position in the large and small iwAFP. 

 

* Each AFP was divided into sequential dipeptides, with the first residue in each 

dipeptide denoted as position 1. The percent abundance of each amino acid at each 

position was calculated. The register of the dipeptides was different between the two 

isoforms, beginning with the first residue of the small isoform and with the second 

residue of the large isoform. Zeros are omitted for simplicity. 
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Figure 4.4 Circular dichroism spectrum of the second IAP fraction. The spectrum at 4 °C of 

iwAFP after exclusion of other proteins and solutes by two rounds of IAP (solid line) is 

compared to those from two other beta-helical AFPs: sbwAFP (dashed line), and region IV 

of MpAFP (dotted line) (42,160). All spectra showed high beta-strand content with minima 

close to 220 nm. 
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4.4.6 Modelling the structure of the large iwAFP variant 

In addition to the dipeptide pattern and CD spectrum mentioned above, the sequence of 

the large AFP provided additional clues that facilitated the development of a structural model. 

Firstly, other Thr-rich AFPs display rows of Thr on the outer surface of beta strands (12,13), 

forming a Thr-X-Thr motif. A similar motif, where X is usually Ala, Ser or Val, is observed in 

iwAFP (Figure 4.2). However, here it is extended to have as many as five Thr in a row (Thr-X-

Thr-X-Thr-X-Thr-X-Thr), rather than occurring just once at regular intervals, as seen with the 12- 

or 13- amino-acid spacing found in the beetle AFP from Tenebrio molitor (TmAFP) and 

Dendroides canadensis (83,161-163). Secondly, this sequential pattern showed six periodic 

deviations at 12-amino-acid intervals throughout the length of the protein (Figure 4.5), allowing 

the sequence to be divided into seven segments. These deviations that break up the Thr-X-Thr-X-

Thr-X-Thr-X-Thr tracts are two a.a. long and three of them contain either Pro or Gly, which 

would be expected to disrupt secondary structure. Thirdly, the shortest sequence (P08_D05) 

contains an internal deletion of 24 residues, which would precisely remove two segments. 

Therefore, we concluded that the protein is likely composed of seven beta-strands connected by 

turns, with outfacing Thr clustered on one face of the protein as ice-binding residues. Beta-strands 

often contain alternating hydrophilic and hydrophobic residues, with the hydrophobic residues 

facing inward. In this case, the first position, occupied by the putative ice-binding Thr residues, is 

more hydrophilic than the second position, which taken by Ala, Ser and Val. Also, all of the 

larger residues found within the seven segments, such as Asn, Ile and especially Arg, are found at 

the first (exterior) position. Only small residues, including a single Cys and Thr in addition to 

Ala, Ser and Val, are found at the second (interior) position. Additionally, although both positions 

have eight polymorphic sites (Figure 4.5), Ser/Ala changes are found at five of these in the 

second position while the most drastic change is a Thr to Ile substitution in strand one.
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Figure 4.5 Sequence of the large iwAFP isoform, FL#2. The sequence is arranged as beta- strand segments based on the dipeptide repeat 

pattern Thr-Ala/Ser. Outward-pointing residues are highlighted gray. The putative ice-binding face, which is dominated by outward 

facing Thr residues, and hydrophilic face are labeled as such. Regions in which this Thr-Ala/Ser pattern is disrupted, often by Pro or Gly, 

are shown to the right. Polymorphisms present in other isoforms are shown in smaller font above the variable residue.
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The changes in the first position of the dipeptide repeat are more extreme in character, including 

Thr to Met or Arg, Arg to Ser, and Ile to Tyr. These observations support the notion that the 

residues at the second position face inwards as they are more hydrophobic and, because of their 

more uniform size, are less likely to disrupt packing of the core. 

To form a stable beta-stranded structure with position 2 facing inward, at least two beta-

sheets would be required. Since there are only seven strands, multi-layer stacking is not likely. 

Also, since the seven segments are quite regular and repetitive, and the regions with the 

deviations are short, the segments likely fold into a simple, double-layered, parallel or antiparallel 

arrangement.  

We argue that in inchworm AFP, the fold should be parallel for a number of reasons. Firstly, 

once the seven strands were constructed, we noticed that the Thr residues on the four odd-

numbered segments showed were better conserved. Only two positions show variation, with a Val 

in the first segment and Arg in the fifth. The three even-numbered segments contained six 

variations. Therefore, the odd-numbered segments should be on one side of the protein whereas 

the even should be on the other side, which can only be done with a parallel beta-stranded fold 

(Figure 4.6ab). Secondly, when the polymorphisms were examined (Figure 4.2, Figure 4.3), six 

were observed on the outward facing residues of the even-numbered strands and only two on the 

odd-numbered strands. Thirdly, the parallel beta helix is a common tertiary structure for AFPs 

that is adopted by four mutually non-homologous repetitive beta-rich proteins, TmAFP, MpAFP, 

sbwAFP and LpAFP (12,13,42,45). Fourthly, the very regular spacing of water molecules on the 

ice surface would be best matched by a regular spacing of ice-binding residues. 
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Figure 4.6 The predicted iwAFP fold. The backbone is represented in cartoon format with colour changing from blue to orange from N 

terminus to C terminus. a) Folding scheme looking down at the putative ice-binding face. b) Folding scheme with the N-terminal end 

forward, looking down the axis of the beta-helix with the ice-binding face pointing downward and the hydrophilic face pointing upward. 

c) View into the core with the model rotated 90° clockwise in the horizontal plane relative to b). The rightward tilt of beta carbons of the 

interdigitating core residues can be seen from this angle. d) Same view as b) showing the interdigitation of the core residues rotated 90° 

relative to c). The side chains of the residues on the hydrophilic (top) and ice-binding (bottom) surfaces are also shown.
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The last parameter to be addressed is the handedness of the structure. A right-handed 

model was constructed because the inward facing Val residues on the first strand appear to pack 

best in this orientation. The methyl groups do not appear to pack favourably if they are oriented 

towards the core. When they are oriented towards the solvent, they are less exposed in the right-

handed model as the beta carbon is angled towards the core (Figure 4.6c). If this conjecture is 

incorrect, it has very little bearing on the salient features of the model as the core would be little 

changed and the surfaces of the sheets would essentially be mirror images of one another. 

 

4.4.7 Molecular Dynamics 

The credibility of the 8 kDa variant model was tested by subjecting it to a molecular 

dynamics simulation. Because iwAFP functions at low temperatures and we know the protein is 

thermolabile, the simulation was performed at 4 °C. Since it is unlikely that the phi-psi angles of 

a manually constructed model equate to those of the actual structure, the initial stage of the 

simulation give the model a chance to adjust these to more realistic values. Subsequently, the 

model should stabilize if the overall architecture is sound. This was indeed the case as indicated 

by the overall fluctuation over 10 ns which is represented by the root mean squared deviation 

(RMSD) of all backbone atoms from the initial structure (Figure 4.7a). Using the initial frame as 

a reference, the RMSD increased rapidly up to 0.3 nm in the first ns. RMSD dropped gradually to 

0.22 nm, and stabilized by 5 ns. As well, the number of intramolecular hydrogen bonds is 

expected to be large because it is one of the driving forces of a beta-helical fold. Therefore, it was 

necessary to examine the hydrogen bonding within the model. Two groups of hydrogen 

donors/receptors were selected for this analysis: the peptide backbone and Ser residues within the 

core. The number of hydrogen bonds between backbone atoms fluctuated somewhat but did not 

change significantly, suggesting that the beta-helix integrity was well maintained 



 

99 

 

 

Figure 4.7 Stability of the iwAFP model. a) In this molecular dynamics analysis the RMSD 

of the backbone atoms is plotted as a function of time. b) Hydrogen bond count as a 

function of time during the molecular dynamics simulation. Intramolecular hydrogen bonds 

were assigned during model building then counted during the course of the simulation. The 

solid line represents the hydrogen bonds formed between backbone atoms. The dashed line 

also includes hydrogen bonds formed to the core Ser side chains. Data was smoothed using 

a moving average across five data points spanning 0.1 ns. 

.   
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through the course of simulation (Figure 4.7b). When the Ser residues were also considered, the 

total number of hydrogen bonds remained consistently higher than the previous value, suggesting 

that these core Ser residues also help maintain the structure by forming hydrogen bonds with 

main-chain atoms. The overall structure remained largely unchanged during the simulation with 

only minor fluctuations in the turns (Supplementary Figure 4.3). The only exception was the N-

terminal sequence, LDP, which appeared very flexible. 

 

4.4.8 Characteristics of the modelled 8 kDa AFP structure 

The core of the structural model (Figure 4.6cd) is formed by interdigitation of the 

infacing Ala/Ser residues, giving a rather close distance between the backbone atoms of the two 

sheets (6.5 Å ). Unlike models of the type II (crystalline) silk from Bombyx mori (164), the sheets 

are formed by parallel rather than antiparallel strands, forming a beta-helix. The AFP is shaped 

like a rectangular prism with the two larger surfaces formed by the opposing beta sheets having 

dimensions of approximately 18 Å  x 45 Å  and with a thickness of approximately 13 Å  (Figure 

4.8). The larger face (Figure 4.8a), composed of the four odd-numbered strands, displays a four 

by five array of side chains consisting almost entirely of Thr, which, because of its flatness and 

Thr content, is presumed to be the ice-binding face. Of the two residues that are not Thr, Val10 is 

similar in size to Thr. Arg60, is a much larger residue, which is substituted by Leu in two 

isoforms, but it is located near one corner of the ice-binding face where its flexibility may allow it 

to angle away to avoid steric interference with ice binding. The smaller face (Figure 4.8b) 

consists of the three even-numbered strands, on which 8 of 14 the outward facing residues are 

also Thr. However, this surface is more hydrophilic and noticeably less flat due to the presence of 

residues with charged and/or longer side-chains, such as Arg, Asp and Ile. 

  



 

101 

 

 

Supplementary Figure 4.3 Root Mean Squared Fluctuation (RMSF) of the iwAFP model. 

The fluctuation in space of all backbone atoms plus the beta carbons during the course of 

the simulation was calculated. The atom number represents each individual atom counting 

from the N terminus to the C terminus. In the bar diagram above the plot, blank regions 

correspond to sequences predicted to be in the beta-strand fold. Shaded regions represent 

the locations of predicted turns. 
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Figure 4.8 Surface representation of the iwAFP model. Atoms are coloured pink 

(uncharged oxygen), red (negatively charged oxygen), light blue (uncharged nitrogen), blue 

(charged nitrogen) and white (other). The N and C termini are indicated by N- and C-, 

respectively. a) Putative ice-binding face. b) non-ice-binding face.  

  



 

103 

 

The first five residues (LDPTQ) were modeled to fold over the N-terminal end of the 

beta-helix to form a cap. However, at about 8 ns into the molecular dynamics simulation the LDP 

portion moved away from this position to form hydrophobic contacts with the two residues (I and 

V) in the turn linking strands 2 and 3, which contributed to a high root mean squared fluctuation 

value (Supplementary Figure 4.3). The C-terminal end of the beta-helix is stabilized by the 

inward-pointing residues of segment 6 and 7, which are a mixture of Ala and Ser. The hydroxyl 

groups of these Ser residues are in close enough proximity to form hydrogen bonds with the 

neighbouring backbone or other Ser. These extra hydrogen bonds from Ser, in combination with 

the backbone hydrogen bonds, lock the C-terminal backbone in place. 

 

 

4.5 Discussion 

 

4.5.1 Discovery of new antifreeze proteins 

Ice binding proteins (IBPs) are probably the most structurally diverse group of proteins that 

share a common function - that of adsorbing to ice. One of the objectives in discovering new IBPs 

is to find common attributes within this diversity that will elucidate the mechanism by which they 

bind to ice. The identification of new IBPs has become much easier since the introduction of ice 

affinity purification (IAP). This is a particularly important methodology for organisms caught in 

the wild, such as these inchworms, which were not plentiful, and the tiny snow fleas in a previous 

study (19). We were able to start with just gram quantities of animals and obtain a fraction highly 

enriched for AFPs after only two rounds of IAP which, considering the starting material was a 

crude whole-body homogenate, is a graphic demonstration of the ability of IAP to separate 

proteins that bind to ice from those that do not.  
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A second property of IBPs that we intended to exploit is that their mRNAs are often present 

at very high levels in the cold (165). We reasoned that the sequences would be well represented in 

a cDNA library and so undertook a limited EST sequencing project. In the snow flea example, the 

sequence of the small AFP was identified simply by matching a mass and amino acid 

composition to the most abundant transcript that represented 7% of the ESTs. However, this 

straightforward approach was unsuccessful with iwAFP for two reasons. First, although the 

sequences contained a secretory signal peptide as expected, they also contained a large, 

unrecognizable region (>80% of the coding sequence) of unknown function that is absent from 

the mature AFP. Therefore, none of the predicted sequences matched the observed mass or 

composition of the processed AFP. Second, the transcripts were less abundant than expected, 

representing <1% of the complete EST library, and comparable in abundance to many other 

sequences. Therefore, MS/MS sequencing was essential to identify the correct ESTs, while 

providing additional information such as the variable processing observed in the small variant. 

As secreted proteins, IBPs are subject to at least some post-translational modification such 

as removal of the signal peptide and disulfide bond formation. Two fish AFPs, type II from sea 

raven (62) and type I from winter flounder (166), also contain removable pro-sequences. The 

convergently evolved antifreeze glycoproteins of northern cod (149) and Antarctic cod (167) are 

synthesized as polyproteins that are cleaved at different amino acid spacer sequences of four and 

three residues, respectively. The proteolytic mechanism behind processing of the iwAFP is not 

apparent given the variable cleavage sites (FF|LD, VA|IS|TT, SS|R|K|AL) but the cleavage may 

be occurring in an exposed linker between pro- and mature domains. It is also not clear why the 

pro-region needs to be removed. Additional domains are not an impediment to ice-binding as 

shown by fusion IBPs (AFP-GFP and AFP-calpain) being efficiently recovered by IAP (120,168). 
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They even increase the TH activity of the fusion protein (169), unless of course the other domain 

occludes the ice-binding site.  

An additional benefit of sequencing a moderate number of ESTs is that most AFPs are 

members of multigene families (151). In some cases homologous AFP variants of different sizes 

lack sufficient sequence similarity for their cDNAs to cross-hybridize (19,61). This was also the 

case with inchworm, and by sequencing ~2000 ESTs, we recovered 15 sequences encoding the 

two variants. An additional benefit was that the isoforms of the large variant provided important 

clues to assist in the modeling of its structure. 

Conclusive proof that the AFP was correctly identified was obtained when the portion of the 

cDNA encoding a mature large isoform was expressed in E. coli. Ice shaping and 0.48 °C of 

antifreeze activity were observed, sufficient to demonstrate that the sequence encodes an AFP. 

Not unexpectedly, the recombinant protein was not observed on SDS-PAGE, probably due to the 

lack of Coomassie blue-binding residues. A similar problem was encountered with TmAFP, 

another Thr-rich AFP with a bias towards smaller residues (170). However, the poor activity 

suggested that the protein either did not express well in E. coli or that it was not well folded, even 

when expressed at 16 °C, due to its thermolability. This did not afford us sufficient material with 

which to pursue structural studies.  

 

4.5.2 Modelling 

The repetitive nature of the sequence and the information provided by the different 

isoforms facilitated modeling the structure of the large iwAFP variant. Both the dipeptide repeat 

pattern and CD data suggested that the predominant secondary structure was beta-strand. Thr-

Ala/Ser repeats were not observed in the structural database, but over 70% of the 391 kDa B. 

mori silk fibroin heavy chain is composed of Gly-Ala/Ser repeats, most commonly Gly-Ala-Gly-
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Ala-Gly-Ser (171). When this protein transitions to the crystalline form (hereafter called silk), it 

adopts a beta-sheet structure with a rectangular unit cell recently refined to be 9.38, 6.98 and 9.49 

Å  by X-ray fibre diffraction (172). The first value is thought to represent twice the spacing 

between adjacent strands and the second the repeat distance along a strand (the distance 

separating every second residue). The third is the sum of the distances across pairs of stacked 

strands. To achieve this spacing, opposing strands are thought to be staggered in two dimensions. 

Residues are not opposite one another but are offset by half a residue and the strands are also 

staggered rather than directly opposite one another. This allows the core Ala/Ser side chains to 

interdigitate, fitting into the empty space between the side chains on the opposing strands. One 

model of this structure is available (Supplementary Figure 4.4a) (173). We have adopted a similar 

arrangement for the Ala-rich core of the iwAFP, (Figure 4.6cd; Supplementary Figure 4.4b), 

which is tightly packed and very regular due to the complete absence of larger residues within the 

central strands.  

The nature of the sequence of iwAFP suggests that a parallel beta-roll is the likeliest 

arrangement. Although silk is generally thought to be antiparallel, based, in part, on fiber 

diffraction studies of crystallized synthetic peptides (174), recent experiments using synthetic 

poly-Ala (175), fiber diffraction and modelling (172) and closer examination of the sequence 

(171) have questioned the original model. If silk is parallel, then the distances measured are even 

more likely to be relevant to iwAFP and will be discussed in more detail later. 
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Supplementary Figure 4.4 Side view of parallel alignments of two silk-type sequences. Oxygen atoms are coloured pink and nitrogen 

atoms are coloured light blue. a) A silk model 2SLK consisting of two anti-parallel Gly-Ala-repeating beta-sheets. b) The iwAFP model 

consisting of two parallel Thr-Ala/Ser-repeating beta-sheets. 

. 
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The beta-helix appears to be a recurring tertiary structure adopted by a number of mutually 

non-homologous AFPs. RiAFP, the recently discovered beetle AFP, has also been suggested to 

form a beta-helix (176). Both TmAFP and sbwAFP (12,13), as well as the model of LpAFP (45) 

are tightly-wound parallel beta-helices with between 12-15 residues per loop (Supplementary 

Figure 4.5). At 24 residues, the loops in iwAFP are significantly longer. The identified ice-

binding faces of the TmAFP and sbwAFPs are found on a narrow parallel beta-sheet that occupies 

one side of the protein (Figure 4.9, Figure 4.10). The bacterial AFP, MpAFP, is a beta-helix with 

a loop of intermediate length, typically containing 19 residues (42). Its ice-binding face is located 

on the Ca
2+

-stabilized turns of the protein that produce parallel rows of Thr and Asn/Asp residues. 

In each of these four published examples, the tight winding of the helical coil or the position of 

the ice-binding face is such that its width is limited to two outward-pointing residues (typically 

Thr) on either side of one inward-pointing residue. Increases in activity can be derived from 

adding additional loops (177,178), which lengthen the ice-binding face without increasing its 

width.  

With iwAFP, the longer loops facilitate the formation of a much wider ice-binding face 

(Figure 4.9, Figure 4.10), containing a total of five ice-binding residues (again, typically Thr). 

Not surprisingly, the length of this surface is shorter, with only four loops versus from five to ten 

for the other beta-helical AFPs. In this regard, the ice-binding surface of iwAFP is more similar to 

that of the sfAFP, which is also a parallel helical protein but with polyproline type II helical 

elements rather than beta-strands. These coils in iwAFP are also wide enough to accommodate at 

least five ice-binding residues. An Arg (Leu in some isoforms) is present at one corner of the 

putative ice-binding face. This location and the flexibility of the Arg side chain may allow it to 

fold away from the ice-binding site to prevent steric hindrance. Bulkier residues are sometimes  
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Supplementary Figure 4.5 Cross-sectional view of different beta-helical AFP structures and models. Only the backbone of one loop within 

a beta helix is shown. Oxygens are coloured red and nitrogens are coloured blue. a) iwAFP (24 residues per loop). b) sbwAFP (17 residues 

per loop). c) TmAFP (12 residues per loop). d) LpAFP model (14 residues per loop).
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Figure 4.9 Distribution of residues on the Thr-rich ice-binding surfaces of beta-helical 

AFPs. Three different beta-helical AFP structures are presented in ribbon format with key 

side chains on the ice-binding face displayed in stick format. Oxygen atoms are coloured red 

to indicate the rotamer configuration. The ice-binding face is oriented such that the 

directionality of beta-sheet elements goes from right to left. 1) TmAFP (1EZG). 2) sbwAFP 

(1M8N). 3) Inchworm AFP 8k model. The precise orientation of the long side chain of the 

Arg residue   
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Figure 4.10 The same structures from Figure 4.9 in the same orientation are represented in 

space-filled format. Atoms are coloured as indicated in the legend to figure 8. 
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tolerated on the ice-binding surfaces of other AFPs, such as the Ile on the highly active sbwAFP 

(Figure 4.10) (177). The modeled structure of iwAFP suggests two options for increasing its 

antifreeze activity by protein engineering. One is to add more coils; the other is to further extend 

the width of each coil by adding TA/S dipeptide repeats. 

 

4.5.3 Other characteristics of the ice-binding face 

Two of the common features of AFPs are that they tend to be amphipathic and have flat ice-

binding sites. The ice-binding faces are typically rich in Thr and/or Ala. The other sides of the 

protein are often much more variable, containing both large and charged residues as seen with 

TmAFP, DcAFP and sbwAFP (13,162,177). A similar pattern is seen with iwAFP as the odd-

numbered strands, which make up the putative ice-binding face, contain primarily outward facing 

Thr residues (18/20) whereas the even-numbered strands, although still rich in Thr (9/15), contain 

a greater variety of residues (Arg, Asp, Asn, Val, Ile and Ser). 

 

4.5.4 Rhagium inquisitor Antifreeze Protein 

The recently reported novel AFP from R. inquisitor has an important bearing on the for the 

consideration of AFP evolution (176). RiAFP is the second distinct AFP type found in beetles 

(17,30), which means that not all beetles have the TmAFP-type structure seen in Tenebrio and 

Dendroides. As was argued for AFP evolution in fishes (151), insects appear to have undergone 

their radiation and divergence before the appearance of AFPs. A second example of unrelated 

AFPs appearing in one branch of insects is iwAFP, the second AFP discovered in the Lepidoptera 

(butterfly and moth) after the spruce budworm AFP (20). Again, these two AFPs clearly indicate 
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that adaptation to an environmental stress drove the two moth species to evolve different AFPs 

after they had differentiated from a common ancestor species. 

Although RiAFP (beetle) and iwAFP sequences are not homologous, both share a similar 

dipeptidic pattern. The Thr-Ala/Ser repeats in iwAFP are nearly continuous through the whole 

sequence, resulting in numerous Thr on both the putative ice-binding face and the hydrophilic 

face (Figure 4.5). In contrast, RiAFP shows a clearer clustering of Thr-Ala repeats on one side of 

the beta-helix than does iwAFP, which made it easier to recognize the segments of its structure 

(Figure 4.11). Short sequences composed of Gly and Pro are also present in RiAFP and break the 

dipeptidic repeats as they do in iwAFP. There are a several other differences between the two 

AFPs. RiAFP segments tend to have four Thr per strand (176) instead of the five found in iwAFP. 

Alanines in RiAFP are often replaced by Gly or Gln in addition to Ser found in iwAFP; however, 

it could still possess a silk-like core (174) similar to iwAFP. Interestingly, RiAFP is predicted to 

make an N-terminal disulfide bond if it follows the iwAFP folding scheme. Based on the 

aforementioned findings (Figure 4.11), the two AFPs may be structural analogs and provide 

another striking example of convergent evolution. 

 

4.5.5 Hyperactivity 

Based on the recent hypothesis by Scotter et al. (9), the burst pattern at the end of the 

thermal hysteresis gap suggests that the higher activity of certain (hyperactive) AFPs is dependent 

on binding to the basal plane as well as to a second plane, such as the prism plane. IwAFP is 

clearly hyperactive as it shows >6 °C of activity, and its burst pattern, showing a-axial dendritic 

growth rather than spicular growth from the basal plane, is consistent with dual plane binding. It 

is also possible to predict to which planes of ice the 8 kDa iwAFP binds based on the model. 
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Figure 4.11 Predicted segmentation pattern for RiAFP. The RiAFP sequence is segmented based on the iwAFP folding scheme. The 

sequence is arranged as beta-strand segments based on the dipeptide repeat pattern Thr-Ala/Ser. The putative ice-binding face and 

hydrophilic face are categorized and labelled. Shorter regions in which this pattern is disrupted, often by Pro or Gly, are shown to the 

right of the putative strands. Outward-pointing residues are highlighted gray.
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Because of the similarity in Thr-richness, iwAFP is expected to share a similar ice-binding 

mechanism with TmAFP and sbwAFP (12,13). The TxTxTxTxT motif is a longer version of the 

TxT motif found on sbw and Tm AFPs and the proposed TxTxTxT motif found on the 

hyperactive RiAFP (176). The distance between every second residue along a strand in silk is 

thought to be 6.98 Å  (172) intermediate between the 6.7 and 7.4 Å  spacing observed in the crystal 

structures of sbwAFP and TmAFP respectively (12,13); our model has a distance of 6.6 Å , similar 

to that of sbwAFP. The spacing between Thr residues on adjacent strands is close to 4.5 Å  for all 

three insect AFPs. Therefore, dual plane binding would be expected, as clearly demonstrated for 

sbwAFP (12). 

 

 

4.6 Conclusion 

Winter-collected larvae of the pale beauty moth, Campaea perlata were shown to have 

freezing point depression activity exceeding 6 °C. Two AFP variants (~3 kDa and ~8 kDa) that 

contribute to this activity were purified by IAP and their corresponding cDNA sequences cloned. 

Both sequences encode larger ~40 kDa proteins from which the bulk of the sequence is cleaved, 

leaving the highly-repetitive mature AFPs. Both variants are dominated by Thr-Ala dipeptide 

repeats and CD suggests that the predominant secondary structure is beta-strand. The larger 

variant was modeled as a parallel beta-helix using an intuitive approach based upon the repetitive 

nature of the sequence, breaks within the dipeptide pattern, as well as the polymorphisms found 

in the different isoforms. The resulting seven-stranded beta-helix is stabilized by a core consisting 

primarily of interdigitating Ala and Ser residues, similar to that proposed for silk. Although both 

outward facing surfaces are rich in Thr residues, the side containing the four odd-numbered 
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strands is proposed to be the ice-binding surface as it is much flatter and more regular. All but 

two of the residues are Thr, forming a surface reminiscent of the ice-binding surfaces of the AFPs 

from spruce budworm (sbwAFP) and beetles (TmAFP). These latter AFPs contain a double row 

of Thr on the beta-sheet that serves as the ice-binding site, whereas iwAFP contains five ice-

binding residues per beta-strand.  
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Chapter 5 

General Discussion 

Preface: 

Previous chapters have described the work I have done to expand the repertoire of 

available AFP structures and structural models. Chapter 2 advanced the work done on a 

particularly valuable AFP for which we have only a very crude model of its highly asymmetrical 

α-helix dimer (18). By developing a reliable method for producing recombinant type Ih AFP in 

sufficient quantities for crystallography and by demonstrating the feasibility of crystallizing this 

very thermolabile protein, I have paved the way for solving its structure and revealing its ice-

binding sites. Chapter 3 proposed a later-proven model of sfAFP (43). This success demonstrated 

our current level of understanding of AFP structure-function relationships and the feasibility of 

modeling small, repetitive AFPs and other proteins. Furthermore, simulations have shown the 

model to behave realistically in terms of thermal denaturation between 4 and 25 °C.  Lastly, my 

inchworm work in Chapter 4 has led to the discovery of a novel AFP with a novel fold model that 

might apply to one other recently identified insect AFP. The discovery process was improved 

from the previous methodology used to find sfAFP and suggests that future AFPs may be reliably 

identified using a similar approach. 

With these new insights, and a thorough analysis of the literature, I argue that some 

previously advanced AFP mechanisms do not necessarily conflict with each other. Here, I 

propose a simple mechanism in which AFP‟s ice-binding surface recognizes planes of ice by 

matching their hydrogen bonding pattern. I suggest AFPs can take advantage of this 

complementarity and organize water molecules in an ice-like lattice. A key difference between 

this proposal and that of Nutt and colleagues (153) is that the clathrate-like water on the ice-
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binding surface is anchored to the protein by hydrogen bonds. This water clathrate would then 

recognize additional planes of ice in addition to the AFP‟s ice-binding surface. In the following 

discussion, I will re-examine past literature and interpret it in light of our anchored clathrate water 

hypothesis. 
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5.1 The Proposed Ice-binding Mechanism 

The basis for TH is thought to be the GTH effect, which requires the irreversible binding 

of AFPs to ice. Initially, researchers attempted to explain the ice-binding mechanism using the 

hydrogen bonding hypothesis, which proposed a direct hydrogen bonding of side chains to the O 

atoms of the ice lattice (3). Later, when it was realized that the ice binding site was more 

hydrophobic than the rest of the AFP, it was suggested that release of constrained water 

molecules from the ice surface might drive binding through a gain in entropy (48,57,113). 

However, neither hypothesis could account for the specificity and strength of binding required for 

TH. In attempt to resolve these issues, I have formulated or helped formulate two new 

hypotheses: perfect surface complementarity (PSC) and anchored clathrate water (ACW). As 

indicated below these hypotheses can be regarded as extreme versions of each other that bracket 

the range of possible ice-AFP interactions in the new model, with the actual mechanism lying 

somewhere in between. Indeed, the variation in AFP structures will fit better into this „sliding 

scale‟ of possible interactions. 

In PSC, an ice-binding face provides hydrogen bonding donors and acceptors in the exact 

configuration to match the target plane of binding on ice. Where this differs from the original 

hydrogen bonding hypothesis is that the rest of the ice-binding face has to be hydrophobic or at 

least deficient in hydrogen bonding potential in order to avoid unwanted solvation at the ice-

binding face. Unwanted solvation would obstruct the ice-binding face from contacting and 

binding to the ice lattice, and would thermodynamically be like interacting with the solvent. 

In the case of ACW, an ice-binding face does not necessarily have to match a particular 

plane of ice in terms of hydrogen bonding coordinates. But it accumulates bound waters that will 

help it join to an ice lattice. In essence, the ACW model is similar to the hydration body proposed 

by Nutt (153). According to Nutt‟s hypothesis, the ice-binding face coordinates a layer of water 
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„clathrate‟ around the hydrophobic groups on the ice-binding site and this water clathrate mimics 

the target binding plane. Upon contacting the plane of binding, the clathrate then merges with the 

ice. Nutt‟s hypothesis does not go into detail about how AFPs remain incorporated on the ice, as 

well as how the clathrate is maintained on the AFP‟s IBS. Our ACW model attempts to take this 

step further to define how the clathrate is stabilized. The principle is the same: water forms a 

clathrate structure on the ice-binding face while remaining mobile along the other protein 

surfaces. Key backbone (rigid) residues, and oriented side chains such as Asn and Thr, would 

then hydrogen bond with the clathrate which helps anchor the clathrate on the ice-binding face. 

This might in theory be achieved without the need of a hydrophobic patch if all hydrogen bonding 

residues on the ice-binding face are rigid and correctly positioned. In order to form an ice-like 

clathrate, the ice-binding face has to provide a surface that matches the ice lattice. For this reason, 

ACW is likely to require an ice-binding face somewhat similar to a PSC ice-binding face. The 

key difference between the ACW and PSC models is that the former includes a water layer step; 

thus, the two models are not mutually exclusive. I will now go through some of the past literature 

to explain how the above hypotheses provide a better explanation for the mechanism of ice 

binding by AFPs. 

 

5.2 Evolution of the ice-binding hypothesis 

In order to understand how AFPs exert TH activity, one must appreciate all the studies 

done on the representative AFP, type I, that help shape the current ice-binding hypotheses. Since 

hydrogen bonds are what bond water together in ice, it was intuitive that hydrogen bonding 

residues like Thr and Asx on AFP I might have a role in recognizing and absorbing the AFP to 

the ice lattice as suggested by DeVries (113). Knight et al. (1991) then developed the ice etching 
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technique (39) and showed that the winter flounder and American plaice AFP I bind to the 202
-
1 

pyramidal plane of ice and shorthorn sculpin AFP I binds to the 21
-
1

-
0 pyramidal plane. This 

plane of ice has a repeating pattern of water molecules (O atoms) that are 16.5 Å  apart, which 

closely matches the 16.7 Å  distance between the hydroxyl groups of the four Thr on the repeating 

sequence of AFP I, providing strong support for the hydrogen-bonding hypothesis of DeVries 

(113). 

To investigate the necessity of the hydroxyl group, Chao et al. (1997) replaced two of the 

four regularly spaced Thr with Val and observed 80% retention in activity (57). After boosting 

the solubility of the AFP I with the addition of two extra salt bridges Haymet et al. (1998) was 

able to replace all the four Thr with Val and reported a 50% reduction in TH (123). However, if 

this polypeptide bound ice through the hydroxyl groups, one should see a complete loss of TH 

activity. In a previous study, where the central two Thr were replaced by Ser, that retain the 

hydroxyl group, there was the almost complete loss of TH (57) (Table 5.1). Due to the results of 

these and other similar studies, it was suggested that the hydroxyl group of Thr was not essential 

for TH activity. This provoked a re-evaluation of where the ice-binding site was located. The Ala-

to-Leu replacement study by Baardsnes et al. (1999) concluded that the ice-binding face involved 

the Ala immediately adjacent to the Thr along the helix circumference together with the methyl 

group of the Thr (59). Since Ala is considered to be a hydrophobic residue, it was hypothesized 

that AFPs bind to ice largely through hydrophobic interactions, an idea first advanced in 1996 for 

type III AFP (48). As more AFPs were discovered, this hydrophobic theory became questionable. 

For example, the MpAFP and carrot AFP ice-binding faces also contain a lot of hydrophilic 

asparagine residues in addition to threonines (42,85). To resolve these conflicting observations, I 

propose a different view on how AFPs exert TH activity, and suggest that the hydrophobic and 

the hydrogen bonding hypotheses are not necessarily contradictory.  
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Table 5.1 Protein sequence of HPLC-6 AFP I and representative mutagenesis results 

(57,58). 

TASDAAAAAALTAANAKAAAELTAANAAAAAAATAR 

Mutation TH at 4 mg/mL (°C) TH at 8mg/mL (°C) Tm (°C) 

TTTT 0.50 0.65 21 

TVVT* 0.45 0.55 25 

VVVV Zhang 0.10 0.30 N/A 

TSST 0.05 0.075 24 

TSST Zhang 0.05 0.075 N/A 

*Crystal growth was observed over time-lapse video. Zhang refers to results published by Zhang 

et al. (1998).  



 

 

 

123 

5.3 Advancing the current hypotheses 

 

5.3.1 Ice-binding residues 

Some residues frequently appear on ice-binding sites. Thr is the most abundant, and in 

some isoforms, the only residue on the ice-binding face of beetle and sbwAFPs (12,179). The 

novel AFP from inchworms has a putative ice-binding face largely made of Thr. LpAFP consists 

of both Thr and Ser and occasionally Val (86). The Ser and Val are thought to be responsible for 

lowering the TH of LpAFP so that grasses freeze easily at small sub-zero temperatures. Ala is 

abundant on the IBS of AFP I (59) and the recently discovered sfAFP (43,122). AFGP is rich in 

Ala but its ice-binding site remains unsolved. The least common residue is Asn found on the IBSs 

of MpAFP and carrot AFP (42,85). 

 

5.3.2 Hydrogen bond necessity 

While the involvement of Ala in AFP I is undeniable (59), the role of Thr in the AFP I 

repeating units remains unsolved. For this reason, researchers have conducted studies replacing 

Thr with Val. The results suggested that the retained hydrophobicity and/or enhanced α-helicity 

only reduced TH activity weakly, adding evidence to the necessity of hydrophobic interactions 

(57,58). Because Val side chain of the variant takes the same rotamer configuration as the Thr in 

the wild type, the reduced TH activity may be related to the hydroxyl group. Zhang and Laursen 

(1998) created allo-Thr mutants, which is capable of presenting either the hydroxyl or the methyl 

group of Thr but not at the same time. While the allo-Thr (all Thr replaced) variant showed 

similar TH activity as the Val mutant, the allo-Thr mutant differs from Val mutant by being able 

to arrest ice growth completely. In combination of the Val and allo-Thr mutant results, the lack of 
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either the methyl or the hydroxyl group led to the reduced TH, suggesting both groups play 

important roles in the TH mechanism.  

To further examine the significance of hydrogen bonds, AFGP and sfAFP should be 

considered. AFGP and sfAFP share the Ala-richness but not the structures with AFP I. Based on 

both NMR study and CD spectrometry AFGP has been suggested to take up an amphipathic 

polyproline type II helix fold (51,180). AFGP‟s hydrophilic face is composed of the glycosylated 

Thr, while the hydrophobic face contains two Ala and a solvent-exposed peptide backbone. This 

is very different from AFP I because the peptide bonds are exposed to solvent. Many 

modifications to AFGP affect TH activity, and nearly all of these have implicated the 

disaccharide moieties (51,181). Furthermore, Knight et al. (1993) has suggested that AFGP bind 

to ice permanently by hydrogen bonding through the disaccharide moieties (182). In this model, 

each disaccharide group provides two hydroxyl groups, each hydrogen bonding to three water 

molecules on the prism face. However, there has not been a rigorous structure-function analysis 

of this antifreeze that would discriminate between modifications that directly affect ice-binding 

and those that act indirectly by spoiling the fold of the protein. Based on what is known about 

AFP I and sfAFP one should not dismiss the hydrophobic Ala-rich surface of AFGP as being the 

potential ice binding site. 

The sfAFP structure is made up of polyproline type II helices (14,43) secured by 

disulfide bonds (19). Since the backbone is exposed to solvent in polyproline type II helices, the 

ice-binding face is made primarily of peptide bonds and Ala side chains (43,122). Unlike AFGP, 

the ice-binding face of sfAFP is made up of several polyproline type II helices instead of one. But 

aside from that, sfAFP‟s ice-binding face might be very similar to the Ala-rich face of AFGP in 

terms of the arrangements of hydrogen bonding groups and methyl groups. This leads to my 

speculation that AFGP‟s ice-binding face may involve the backbone and Ala side chains in 
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addition to the disaccharide moiety. While methyl groups are present on the sfAFP (and 

potentially on the AFGP) ice-binding face, the fact that there is a much larger number of 

hydrogen bonding groups, suggests the necessity of hydrogen bonding. The mechanism of the 

hydrogen bonds is to be discussed later.  

 

5.3.3 An unlikely cooperation 

The necessity of both a hydrophobic surface and hydrogen bonding elements might seem 

counterintuitive. Rather than considering a mixture of hydrophobic and hydrophilic surfaces, the 

two interacting forces should be considered separately. Having a hydrophobic patch alone does 

not guarantee TH; else, any protein with a surface hydrophobic patch would cause TH. It is more 

energetically favourable for a hydrophilic patch to be solvated by water than to be bound to an ice 

crystal. The other factor to consider is van der Waals interaction. In other words, surface 

complementarity to ice. All identified ice-binding faces have been shown to be relatively flat, 

including AFP III which contains two flat surfaces adjacent to each other at a 120° angle (40). 

The flatness feature is the basis of Doxey‟s AFP prediction algorithm (183), which screens 

protein structures for ordered flat surfaces and predicts whether the protein can bind to ice or not. 

However, many proteins have flat hydrophobic surfaces and thus this algorithm resulted in many 

false positives, far more than the number of identified AFPs, and surprisingly a false negative 

from AFP II. The fact that most AFPs were identified by this algorithm indicates that surface 

planarity is essential for ice-binding. More importantly, the high number of false positives 

indicates that a protein requires more than just a flat surface in order to exhibit TH activity. 

Unlike Columbic attraction, hydrogen bonding has phenomenal strength based on the 

sharing of a proton between two hydrogen receptors, effectively forming a weak linear covalent 
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bond (184-186). Due to this linearity, a hydrogen bond may co-exist with hydrophobic 

interactions (Figure 5.1). 

 

5.3.4 Counter a counterargument 

With some confirmation from results obtained with Doxey‟s algorithm (183), we can say 

that a relatively planar surface is required for ice-binding. In addition to the hydrophobic surfaces, 

I have suggested that hydrogen bonding capacity is required; however, this is still not enough to 

explain the ice-binding mechanism of all AFPs. For instance, the Ser variants of AFP I deviate 

minimally from the structure of the wild type and yet exhibit no TH. It has been proposed that Ser 

variants have an imperfect complementarity to the ice surface (57). If so, then what causes the 

(admittedly smaller) TH difference between the wild type and the Thr-to-Val AFP I variants? 

Presumably, the methyl group on Val is not sufficient to replace the Thr hydroxyl group. 

Furthermore, since the Val variant takes the same rotamer configuration as the wild type (57), the 

hydroxyl group on Thr might not be critical for positioning the methyl group of Thr on ice-

binding face. According to Gronwald et al. (1996), the hydroxyl group of the Thr hydrogen bonds 

to the backbone up to 55% of the time (187), which results in two weaker bifurcated hydrogen 

bonds (188) between the backbone carbonyl group and the Thr hydroxyl group. The Val variant 

provides the same ice-binding face as the wild type, except for the lack of the two bifurcated 

hydrogen bonding sites. Therefore, the 50% reduction in TH could be attributed to the loss of 

hydrogen bonds. Because the proximity of the bifurcated hydrogen bonding sites to the identified 

hydrophobic ice-binding face (59), the sites may help binding AFP to ice permanently by 

hydrogen bonding. The lack of the bifurcated hydrogen bonding sites was confirmed with a 

higher melting temperature by 4 °C (stronger helix integrity due to normal hydrogen bonds) in the 

Val variant (57).  
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Figure 5.1 Directionality of hydrogen bonding. The situation is hypothetical: TmAFP ice-

binding face and the seemly coordinated water (orange sphere) from 1EZG are manually 

lined up against the basal plane of ice. The grey patch portrays the expected interface 

between the ice and the hydrophobic residues on an ice-binding face. The blue arrow 

indicates where the ice lattice would form hydrogen bonds to the IBS. 
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As explained by Chao et al. (1997), the Thr-to-Ser variant did not take any favourable 

rotamer configuration among the three possible rotamers. In other words, the chance of a Ser 

residue taking the same rotamer configuration as the Thr in the wild type (55% of the time) is at 

most one third (a tetrahedral configuration has three main rotamers). If a Ser variant was able to 

exhibit TH activity with the same rotamer configuration, it would only take twice the 

concentration to achieve the equivalent of wild type. However, no TH activity of Ser variant was 

not compensated higher concentrations. A closer look at the data (Table 5.1) showed that the Ser 

variant has a similar absorbance at 222 nm and melting temperature (24 ºC) as the Val variant (25 

ºC), but deviates from the wild type (21 ºC). (Intuitively, a higher melting temperature means a 

more stable protein; however, a more stable AFP does not translate to a functional AFP as it may 

have lost necessary elements.) The melting temperatures indicate the Ser and Val do not make a 

hydrogen bond to the backbone; hence, the Ser variant loses not only the methyl group, but also 

the bifurcated hydrogen bonding elements. This may lead to changes in match to the ice-lattice 

surface or solvation pattern around the ice-binding face as suggested by in silico study (189). 

In summary, both Ser and Val versions of AFP I have a lowered TH activity due to the 

lack of bifurcated hydrogen bonding elements and the additional methyl group in the Ser case. 

Therefore, the hydrophobic residues may be necessary as described in the original publication. 

Furthermore, my interpretation of these studies suggests the hydrogen bonding groups remain 

involved in the ice-binding mechanism.  
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5.4 A „simple‟ explanation 

If binding to ice were solely reliant on hydrophobic interactions, it is unclear why an AFP 

would not get excluded like other impurities upon ice growth. On the other hand, hydrophilic 

groups have a natural tendency to be solvated by the aqueous medium. The explanation must lie 

in a special spatial relationship that positions fixed hydrogen bonding groups on an otherwise 

hydrophobic surface into an ice-binding face that matches the ice lattice. Since hydrogen bonds 

are directional, the placement of hydrogen bonding residues on the ice-binding surface must be 

rigid and match the ice lattice. Other areas of the ice-binding face that do not hydrogen bond with 

the ice lattice should not contain hydrophilic residues. They would attract unwanted solvation and 

disturb the AFP‟s complementarity to ice. Therefore, hydrophobic residues are preferred at these 

non-hydrogen-bonding patches. The term “perfect surface complementarity” (PSC) is designated 

for ice-binding faces of an AFP binding directly to ice through a matching hydrogen bonding 

pattern and van der Waals interactions. 

 

 

5.5 Fight fire with fire 

Before we conclude that AFPs can bind to ice through hydrogen bonding and surface 

complementarity, another possibility must be considered. What is more complementary to an ice 

lattice than an ice lattice itself? A clathrate is an ordered and interconnected water network that 

covers hydrophobic surfaces, but it does not necessarily match the ice lattice. A semi-

hydrophobic surface that is a typical ice-binding face (153) is likely to form a clathrate. Based on 

several in silico reports (153,190-192) and our in-house analyses, resident water molecules are 

indeed observed on the AFP ice-binding surface during molecular dynamic simulations. If a 

hydrophilic element on the AFP hydrogen bonds to this clathrate, then this clathrate would now 
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be anchored. In other words, hydrogen bonding residues on the ice-binding face may anchor and 

help shape the clathrate into an ice-like lattice, which is an elaboration of Nutt‟s hypothesis (153) 

and also suggested by infrared spectroscopy (193). An AFP in this case would then bind to ice 

indirectly through the clathrate water that is complementary to the ice plane of binding. This 

hypothesis is referred as the “anchored clathrate water” (ACW). 

There is some evidence for the existence of fixed waters on the IBS of AFPs for which 

we have crystal structures. TmAFP, sbwAFP and sfAFP showed aligned water molecules co-

crystallized with the IBS of these AFPs (12-14). The structure of TmAFP showed a clear row of 

water molecules between the two ranks of Thr residues. However, this row of waters may be 

influenced by the tight placement of AFP molecules and the juxtaposition of the IBSs together in 

the unit cell. According to my own observation, another row of water molecules can be seen 

between the first row of Thr and the row of weakly conserved Asx at the -1 position relative to 

the TxT motif (13). A similar row of water molecules between the two ranks of Thr is also 

observed in the sbwAFP structure (49). In the sfAFP structure, there are two water molecules 

hydrogen bonded to the two Gly along every GGA repeat on the ice-binding face (14) (Figure 

5.2). The resident waters in the sfAFP are clearly not a crystal packing artefact, adding strength to 

this argument. While these water molecules suggest the existence of ACW, they must be 

interpreted with caution in case they are X-ray crystallography artifacts. Nevertheless, we have 

observed mobile water in similar coordination in silico ((194), pers. comm., Michael Kuiper) 

(Figure 5.2). Simulations can also help explain the loss of TH activity with the AFP I Thr-to-Ser 

replacements, since molecular dynamics showed that the Ser mutation resulted in the protein 

being solvated by mobile water instead of the less mobile clathrate (189). Although molecular 

dynamic simulations are not as good as in vivo measurements, they provide different evidence by 

showing the ACW in a dynamic environment. There have been little publications on using NMR   
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Figure 5.2 Comparison of anchored clathrate water between the crystal structure and an in 

silico model. Top is the sfAFP structure 3BOI. Light-blue balls represent the position of 

water molecules. Bottom. The simulated protein is shown as space-filling model. Blue 

spheres represent the location of maximum likelihood to find a water molecule during a 10 

ns simulation (Image courtesy of Michael Kuiper). 

  



 

 

 

132 

to pinpoint the coordinates of ACW. However, hydrophobic solvation at the ice-binding face has 

been suggested (195).  

Evolution may have provided a different perspective on the existence of ACW. INPs are 

large proteins that have some similarities to AFP in terms of their amino acid composition and 

predicted structures (34,98,196). For instance, Pseudomonas borealis produces an INP that shares 

very strong sequence similarity to MpAFP (98), meaning that INP is likely to take a similar fold 

to MpAFP but over much a much larger area (42,97). In order for water molecules to nucleate 

into an ice crystal, they must be positioned closely for some length of time, which allows them to 

form an ice nucleus under freezing temperatures. Although our understanding of INPs is limited, 

INPs likely function by organizing a sufficient amount of water to nucleate ice formation. If so, 

INPs can be considered as oversized AFPs, and provide suggestive evidence of ACW. 

One important factor that should be clarified is the ability of the AFP‟s ice-binding 

surface to coordinate water molecules. The two hypotheses above, PSC and ACW, differ in the 

following way; in PSC the AFP is complementary to ice without additional elements being 

involved while ACW makes an AFP complementary to ice through the involvement of the water. 

The two hypotheses are not mutually exclusive to each other because ice complementarity is 

achieved in both cases. 

In the hydrophobic hypothesis, it was suggested that it would be energetically more 

favourable for an AFP‟s ice-binding site to be solvated by ice than by water (48). The water 

would be released upon binding to allow entropy gain, which forms the driving force for AFP 

binding to ice. However, this suggestion is in disagreement with our ACW hypothesis as our 

theory defines that this clathrate water remains upon ice-binding. The authors argued that an ice-

binding face, being hydrophobic, would encourage clathrate water to form on it; however, the 

clathrate water observed in the AFP III structure was not ice-like and its mobility when the AFP 
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was in solution would render this clathrate unable to stabilize as an ice-like lattice. First of all, the 

failure to observe clathrate water in the X-ray structure could be a result of crystal packing (140). 

Secondly, ice-like clathrate water molecules are indeed observed in the three aforementioned 

hyperactive AFP structures. (I would also like to point out that hyperactive AFPs are more likely 

to fit the ACW hypothesis and moderately-active AFPs to fit the PSC hypothesis. Reasons will be 

discussed later.) In contrary to their argument, we suggest water mobility should not be of 

concern because the clathrate water would be anchored to pre-existing hydrogen bonding groups 

on the ice-binding face. Last, if ACW is an ice-like lattice as suggested, little entropy can be 

gained from the removal of ACW. This is because ice would have the same lattice and similar 

bonds as the putative AWC; thus, the two would have a similar energy level. 

 

 

5.6 Thermal hysteresis and elaboration of anchored clathrate water 

Researchers have been classifying AFPs by their structures and species of origin 

(reviewed in (114,197)). In combination with the TH plane dependency hypothesis proposed (9), 

we have suggested adding another level of categorization based on an AFP‟s TH activity. 

 

5.6.1 Structural repetitiveness and mechanism 

Due to the nature of the ligand, it is difficult to directly visualize the interaction between 

AFPs and ice. To overcome this issue, many have attempted to define this interaction through in 

silico or mathematical methods (124,153,190). Here, we took a structural consensus approach. 

The benefit of a structural approach is that, rather than providing a computational model that 
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lacks a physical explanation, a structural approach draws on similarities that directly reflect on 

the binding mechanism and TH activity. 

For AFPs that lack a solved structure, a model was constructed. To date, definitive AFP 

structures are available for fish AFP types I, II, and III (47,56,69). In addition structures are now 

known for sfAFP, MpAFP, TmAFP, and sbwAFP (12-14,42,43). Kuiper et al. (2001) has 

modelled LpAFP (45) and Zhang et al. (2004) provided carrot AFP model (85). In addition to 

these seven structures, I have de novo modelled both small and large isoforms of sfAFP (43,122), 

an inchworm AFP. Although de novo modelling is often regarded as a subjective process, our 

prediction on sfAFP has very closely matched the crystal structure and identified the ice-binding 

face (14,42,43,122), and the same is true for MpAFP ((42), Garnham et al. unpublished). 

Given the availability of numerous structures and models, it is apparent that repetitive folds are 

common within the beta-helical hyperactive AFPs as well as sfAFP and AFP Ih (14,43,61,122). 

Not all the AFPs of repetitive nature are hyperactive; for example, AFP I, LpAFP, carrot AFP and 

perhaps the algal AFP (appendix 2) have moderate TH activity (22,35,88,112). Rigidity is also 

one of the common features shared by the available AFP structures. This rigidity characteristic is 

not surprising given that most ice-binding residues have limited side chain flexibility (one 

connecting carbon): Thr, Val, Asn, and Ala. The repetitive nature of the beta-roll AFPs also 

makes it likely that the sidechains of ice-binding residues on the adjacent helix loops will be in 

the same rotamer configuration. The resulting tandemly-repeating ice-binding face, that is also 

rigid, should help in coordinating water or binding to the ice lattice, which itself is also a tandem 

repeat.  
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5.6.2 Thermal hysteresis 

Thermal hysteresis is the hallmark of an AFP. Many agree that AFPs function through an 

adsorption-inhibition mechanism (6). For the same reason, it is tempting to relate ice-binding to 

TH activity, an easy misconception to make. For example, the AFP III SP isoform binds to ice but 

it does not exhibit any TH activity under normal assay conditions (73). To explain this 

phenomenon, TH activity will be, and can only be, understood as a multi-step mechanism. 

 

5.6.3 Gibbs-Thomson-Herring effect 

Although there has not been any direct evidence, it is widely accepted that TH is driven  

by the Gibbs-Thomson-Herring (GTH) effect (also known as the Gibbs-Thomson effect or the 

Kelvin effect) (39). When an ice crystal adsorbs AFPs, areas bound by these AFPs cannot grow. 

The uncovered ice surfaces will continue to grow until these areas form a convex ice front, like 

stones on a pillow, which is energetically unfavourable for further growth. As the temperature 

drops lower there comes a point where the convex surface might seed ice growth. Further ice 

growth might also come from planes unbound of AFPs, which are unaffected by the GTH effect. 

 

5.6.4 Reversible or not reversible? 

TH requires a permanent or prolonged binding of an AFP, because surrounding water 

would compete with temporarily bound AFPs at the ice-water interface and remove the convexity 

needed for the GTH effect. In agreement with the permanent binding postulation, Pertaya et al. 

(2008) used a photo-bleaching technique to show that the GFP-tagged, ice-bound sbwAFP were 

not displaced during 24 h within the TH gap (168). In addition, NMR studies have suggested 
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direct incorporation of AFP III into ice by illustrating the lack of solvation at the protein-ice 

interface (198). 

 

5.6.5 Maximum Thermal Hysteresis activity 

Efficacy in pharmacological terms stands for maximum activity achieved with a saturated 

dosage. AFPs also exhibit a similar property; a plateau in TH activity can be observed at high 

concentrations (18,42,122). On the other hand, planes of ice are suggested to have different 

growth rates (199,200). Based on this, it is possible that the TH activity is in part dependent on 

the surface the AFP binds. 

We have shown that ice crystals burst differently depending on the activity of the AFP 

(9). Hyperactive AFPs direct ice crystals to „burst‟ along the a-axes whereas crystals in the 

presence of the moderately active AFPs „burst‟ along the c-axis. This observation led to the basal-

binding hyperactivity hypothesis (9). In the FIPA analysis, sfAFP large isoform (122) and wfAFP 

Ih (unpublished) appear to bind everywhere on a single crystalline hemisphere. Similarly, basal 

binding by sbwAFP was also confirmed using traditional ice etching (12) and fluorescent 

microscopy (201). However, if the TH activity of hyperactive AFPs is solely dependent on their 

ability to also bind the basal plane, then all hyperactive AFPs should have a relatively similar 

maximum TH. This is not the case; wfAFP Ih (18) and MpAFP have maximal TH activities that 

are weak in comparison to the maximum activity of insect hyperactive AFPs (178). From this, we 

can deduce that there are other factors affecting the „strength‟ of even a hyperactive AFP. 
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5.6.6 Ability to bind 

The basal plane-binding hyperactivity hypothesis needs to be carefully stated: We 

propose that all hyperactive AFPs bind the basal plane of ice in addition to other planes; but that 

not all AFPs that bind the basal plane have high TH values. LpAFP has only modest TH activity 

but has been shown by ice etching to bind to the basal plane of ice (22). A comparison of the ice-

etching pattern of sbwAFP (12) to that of LpAFP (22) clearly showed a wider ice patch being 

bound by sbwAFP. The coverage area might be expected to be similar because both AFPs have a 

narrow beta-sheet ice-binding face with a comparable ice-binding surface area. However, the 

broader coverage by sbwAFP could be explained by sbwAFP binding to additional planes of ice 

that lie between the primary prism and basal planes.  

My Ph.D. supervisor, P. L. Davies (pers. comm.), is of the opinion that the numerous 

occurrences of Ser, Val and other residues in place of Thr on the IBS make it harder for LpAFP to 

bind to ice. In effect these are IBS mutations that are similar to those made on many different 

AFP for the express purpose of mapping the IBS. Activity mutations have a lower TH activity at 

the same AFP concentration as the wild type. Mild activity mutations can be compensated for by 

increasing the AFP concentration. More severe mutations fall outside of this range. 

 

5.6.7 Ability to block 

Now that we have proposed a hypothesis that the potential TH is determined both by the 

plane of binding and the fit of the AFP to that (or those) plane(s), we move to how the actual TH 

is realized. It is safe to assume that a large ice surface with few AFPs bound would continue to 

grow. Since the degree of convexity would be dependent on the distance between the bound 

AFPs, AFPs must bind an ice plane with sufficient coverage in order to block that plane from 
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growing. The coverage of ice may be increased by higher concentrations of AFP and the length of 

incubation that allows for „annealing‟ of AFP to ice (202). 

To extend this point into the three-dimensional scale, the molecular volume of an AFP 

may have a role in this energy barrier to prevent ice expansion from overgrowing the bound AFP. 

Since ice must grow a convex front large enough to seed ice growth horizontally, the thickness of 

a bound AFP would determine how large the convex front has to be to seed the overlay. Support 

for this idea comes from the tagging experiments of DeLuca et al. (1998) where a positive 

correlation was observed between the size of the antifreeze-fusion protein and the resulting TH 

activity (169) (Figure 5.). DcAFP represents another example.  Duman‟s group reported several 

TH-enhancing factors, both high and low molecular weight molecules, which do not exhibit TH 

when present with ice alone: (79,80). The high molecular weight TH-enhancer is a thaumatin-like 

protein (TLP). TLP binds to DcAFP as shown by co-immunoprecipitation and yeast-2-hybrid 

experiments (80). The TLP does not significantly increase the plateau TH activity of DcAFP but 

it reduces the AFP concentration required to exhibit a particular TH value. For example, the 

DcAFP-TLP complex would be significantly bigger than the DcAFP alone. It may be much 

harder for ice to overgrow the AFP due to the steric hindrance, thereby exhibiting a stronger TH 

at lower concentration. The plateau is not affected because the complex is not expected to gain 

additional planes of binding.  

There are other ways in which AFPs can make an ice front energetically unfavourable for 

further growth. A kinetic explanation is at the heart of the “vapour pressure hypothesis” proposed 

by Kristiansen and Zachariassen (124), which was suggested again by Nutt (153). Hypothetically, 

if an AFP structure is rich in charged and flexible residues next to the ice-binding face or on the 

hydrophilic face, the AFP should exert a slightly higher TH than an AFP does not contain the 

same residues.  
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Figure 5.3. Size of AFP determines convexity at ice front. Assuming the same plane of 

binding, bigger AFP would results in a larger coverage of ice and increases the convexity. 

Figure adapted from DeLuca et al. (1998) (169). 
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5.7 Compound or promiscuous ice-binding face 

The concept of a compound ice-binding face was proposed in the wfAFP Ih study (61). 

What is meant by this term is more than one IBS existing on the same AFP. An example was later 

documented in AFP III using site-directed mutagenesis and FIPA analysis (40). Yet, a compound 

ice-binding face might be insufficient to explain the multiple-plane-binding phenomenon found in 

sbwAFP and sfAFP.  These AFPs seemingly only have one ice-binding face (12,122). 

 

5.7.1 Case study of beta-helical AFPs 

In order to gain more insights about these issues, I have compared three relatively similar 

AFPs: LpAFP, TmAFP, and sbwAFP. All three are beta-helical proteins and have two ranks of 

Thr as their ice-binding residues. The ranks of Thr of the three AFPs can be well aligned due to 

their beta-helical fold (Figure 5.3). In contrast, they differ by either the level of TH activity or the 

plane of binding (12,13,22). LpAFP is the only AFP in the group with moderate activity. This 

difference gives an opportunity to relate the ice-binding face to TH. The apparent difference 

between two is that LpAFP misses one row of methyl groups in its TxS motif in comparison to 

the TxT motif on sbwAFP. The additional TH may be attributed to the row of methyl groups (or 

sbwAFP has an unidentified ice-binding face).  

 

5.7.2 Is wider better? 

The discrepancy between the beta-roll AFPs leads me to postulate the relationship 

between planes of binding and the width of an ice-binding face. For example, LpAFP may be one 

methyl group shorter in width than that of sbwAFP because one row of Thr is incompletely 

replaced by Ser in LpAFP. As a result, LpAFP may exhibit a lower TH, despite the fact that the  
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Figure 5.3 Alignment of TmAFP, sbwAFP and LpAFP based on their Thr. Left is looking down the beta helices. Right is looking at the ice-

binding faces. The proteins are represented in line format: TmAFP 2-14 1EZG (green), sbwAFP 501 1M8N (blue) and LpAFP model 1I3B 

(magenta). Two ranks of ice-binding residues are emphasized with stick format and residue notations.
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two AFPs share a similar ice-binding face. Our recently discovered iwAFP has a very wide but 

shorter putative ice-binding face when compared to that of LpAFP, TmAFP and sbwAFP. 

Although the surface area is somewhat similar between the iwAFP and the beta-helical AFPs, the 

width and length of iwAFP is significantly different than the other beta-helical AFPs. The 

dimensions are not interchangeable because the tandem repeats along each dimension are 

different. For example, the distance of repeating oxygen along the „length‟ is 4.5 Å and roughly 7 

Å  along the width. Surprisingly, the difference dimensions allowed the iwAFP to exhibit stronger 

TH activity than other beta-helical AFPs (Table 5.2). Because the iwAFP is the first example of 

this TxT motif with extended width, the seemly raised TH activity led me to speculation the 

possible connection between „width,‟ TH activity and plane of binding. 

It is clear that the hyperactive wfAFP Ih is homologous to the moderate AFP I, which 

only binds to one specific pyramidal plane (61). However, the hyperactivity and FIPA analysis 

(unpublished) suggest that wfAFP Ih binds to additional planes. We have suggested that this is 

due to it having a series (four or five) of type I-like binding sites along the helix and being a 

homodimer, which would widen the ice-binding face. Another example can be found with the 

sfAFP and AFGP. It is thought that both proteins adopt a polyproline type II fold (43,51). If we 

make the assumption that AFGP‟s ice-binding face involves the solvent exposed peptide 

backbone with adjacent Ala methyl groups then it is structurally the same as that of sfAFP. 

However, since sfAFP contains multiple helices, sfAFP presents a wider ice-binding face and is 

hyperactive (43,122). Within the case of sfAFP isoforms, it was also suggested that the large 

isoform with double of the surface area of the small isoform (Table 5.2) contributes more 

antifreeze protection than the small isoforms does (19). 
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Table 5.2 Summary TH and dimensions of the ice-binding face of hyperactive AFPs. 
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The extra width of large sfAFP over small sfAFP (and possibly AFGP) resulted in higher TH 

activity. The width of wfAFP Ih over AFP I correlates with hyperactivity and at least one 

additional plane of binding, it is necessary for our hypotheses to be able to explain this 

phenomenon. The ACW is liquid. This creates the opportunity to cut a section through this fluid 

layer at several different angles to create different ice-like planes (Figure 5.4). Because ice can 

merge into the ACW, these sections through ACW would represent various recognition faces to 

the different ice planes. Yet, an ACW is not able to recognize all planes of ice. Both the width 

and the height of this ice-binding face can affect the number of water molecules in the clathrate. 

The number of water molecules would determine the thickness of ACW, which then governs the 

number of possible slices or sections. Thus, the wider the ice-binding face, the more water that 

can be bound, and hence the more planes of binding that are possible (Figure 5.4). 

 

5.7.3 Taller is better 

Marshall et al. (2004) conducted an experiment on how variable lengths have an effect on 

TH on TmAFP (178). The length of the beta-helix was varied increasing or decreasing the number 

of loops in the beta-helix. The -1 construct lost most of its TH; +1 showed an increase in 

maximum TH. The +2 construct showed the highest maximum TH, while the +3 and +4 

constructs only showed the same maximum TH as the +1 construct. One should be cautious in 

interpreting these results because the only structure available in that of the starting molecule with 

7 loops. It is quite likely that addition of several loops could cause structural perturbations that 

would spoil the linearity of the IBS. Nevertheless, the correlation of higher TH with a longer AFP 

might fit with the idea of the ACW being able to engage additional ice planes. The previous 

explanation offered was that the larger „footprint‟ of the AFP bound to ice decreases the area 

between bound AFPs and increases the ice curvature and hence the GTH effect (Figure 5.4)   
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Figure 5.4 A arbitrary depiction of AWC on an AFP. Left view is side on and the right view 

is top-down; both have the ice-binding face facing down. The red circles represent the 

hypothetical ACW. Black lines are arbitrary slices across the AWC to illustrate the 

possibility of multi-place-recognition. The orientation is further represented by miniature 

legend: AFP (blue cylinder) and AWC (red pyramid). 
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5.8 Conclusion 

All three of the AFPs I have intensively studied in my thesis are hyperactive. However, 

the concept of a hyperactive AFP is still new to the field. If moderately active AFPs bind 

irreversibly to ice and work through the GTH effect, how can an AFP be 10 times more active? 

After all, it cannot bind any tighter than irreversibly. Now there is increasing evidence that 

hyperactivity stems from the ability of some AFPs to bind to the basal plane of ice in addition to 

other planes. However, the structural basis for multi-plane binding by diverse AFP structures 

remains unsolved. My work has helped reinstate the hydrogen bonding hypothesis in the ice-

binding process and marry it to an aspect of the hydrophobic effect to help put forward the ACW 

hypothesis. The proposed mechanism involves the relatively hydrophobic IBS organizing a 

clathrate of ice-like water molecules that are anchored to the AFP by hydrogen bonding. These 

anchored clathrate waters then recognize and adsorb to planes of ice.  

My method of producing recombinant wfAFP Ih opens up the possibility of solving its 

protein structure and deriving more support for the ACW hypothesis. The discovery of iwAFP 

and the modeling of it and sfAFP have introduced novel AFP structures both in terms of their 

protein fold and ice-binding sites. Although based on completely different structural elements, 

sfAFP unexpectedly generates a similar hydrogen bonding pattern to that found in TmAFP and 

sbwAFP. The iwAFP model is the first AFP structure with an elongated TxT element. These 

undoubtedly represent opportunities to extend our understanding of AFPs, in particular 

hyperactive AFPs. As such, I have also reasoned how an IBS may recognize multiple planes of 

ice through ACW. With more and more AFP structures available especially the ones I have 

provided, engineering artificial AFPs may be a feasible option to test the new hypotheses and 

potentially advance certain industrial applications. 
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Appendix A 

Screening for new AFPs 

During my doctoral program, I screened for TH activity the hemolymph of several insects 

that had been collected at various locations using the following protocol. 

 

Materials and Methods 

Hemolymph extraction. Insects were homogenized with a mini-grinder, which has the same shape 

and volume at the 200 µL space in a 1.5 mL Eppendorf ultracentrifugation tube, in an equal 

weight of pre-cooled buffer on ice by pressing the specimen repetitively. The buffer contained 

100 mM ammonium bicarbonate pH 8, EDTA-free protease inhibitor cocktail, and 3 mM 

phenylthiourea (to prevent melanization (203)). The homogenate was centrifuged at 15,000 rpm 

using a JA25.50 rotor at 4 °C. The supernatant was collected and diluted to 200 mL using 100 

mM ammonium bicarbonate pH 8 buffer. 

 

Ice-affinity purification. This purification step was done as previously reported (111), except that 

the period of ice growth was extended to 48 h instead of 12 h. The insect extract was subjected to 

two rounds of IAP. The liquid fraction from 2
nd

 IAP was combined with the liquid fraction from 

1
st
 IAP and put through a 3

rd
 IAP in order to achieve maximum recovery without a significant 

reduction in purity. 

 

Mass spectrometry. The purified sample was subjected to matrix-assisted-laser-desorption-

ionization (MALDI) mass spectrometry with sinapinic acid using the Voyager DE-Pro (Applied 

Biosystems) in linear mode. The same instrument was used in reflectron mode to obtain higher 
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resolution data on the lower mass peptides. The analysis was done at the Protein Function 

Discovery facility, Queen‟s University. 

Thermal Hysteresis. Measurements were done in triplicate using a nanoliter osmometer as 

previously reported (119). 

 

Estimate of cysteine content. An aliquot (20 µL) of ice-affinity purified sample was reduced in 10 

mM DTT and 100 mM ammonium bicarbonate for 1 h at 4 °C.  1 M iodoacetamide was added to 

a final concentration of 0.1 M and the sample was incubated for 1 h at 4° C for alkylation to 

occur.  Further incubation often resulted in precipitation. Following dialysis against deionized 

water (a crucial step), the masses of the unmodified and modified species were determined by 

MALDI-mass spectrometry. The mass difference divided by 57 Da gave the number of Cys 

residues. 

 

Summary 

Mountain pine beetles (Dendroctonus ponderosae) 

The beetles were a gift from Dr. Virginia Walker at Queen‟s University (.1a). The 

specimens were collected from forests in British Columbia, Canada and are known to withstand 

prolonged exposure at -25 ºC (Canadian Forestry Service). An outbreak of these beetles is killing 

vast regions of the forest in western North America. By learning how they resist freeze damage, 

we may better understand their physiology and may help the fight against these pests. 

Several beetle species are known to produce AFPs. From the superfamily Tenebrionidea 

(Appendix Figure 1.1), Tenebrio molitor (12), Dendroides canadensis (162), Blaps kashgarensis 
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Appendix Figure 1.1 A. Mountain pine beetle (USDA Forest Service). B. The unknown moth and its hemolymph ice crystal morphology.  
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Appendix Figure 1.2 Beetle species that are known to produce AFPs are listed in this phylogeny tree, categorized by its family. 

Tenebrionoidae and Pyrochroidae both belong to Tenebrionoidea superfamily. 
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(ABY55151), Microdera dzhungarica punctipennis (204) and Anatolica polita (205) produce 

orthologs of TmAFP (13). Upis ceramboides is the only species from this superfamily that 

produces a different antifreeze, which is a polysaccharide-based antifreeze factor (30). From a 

different superfamily Chrysomeloidea, Kristiansen et al. (2005) showed TH activity in the 

hemolymph of Rhagium inquisitorbeetle (206). From this observation, we deduced that novel 

AFPs are more likely to be found in a different superfamily than in more closely related species 

in the same superfamily. Mountain pine beetles come from the Curculionoidea superfamily, 

which is different than the two aforementioned superfamilies. 

The pine beetles, both adult and larval forms, were received frozen in a large cube of ice. 

Extracts were prepared separately from adults and larvae. Neither of these extracts showed TH, or 

indeed any sign of ice shaping. 

 

Unknown overwintering moth species 

Overwintering moth specimens (adult) of an unknown species were a gift from Dr. 

Virginia Walker at Queen‟s University (Appendix Figure 1.1b). The insects were collected from 

maple trees in Kingston, Ontario during early spring. The moths were de-winged before grinding. 

The buffer extract had 40 mOsm of TH and consistently shaped hexagonal ice crystals. This 

activity was deemed to be too low to justify a full-scale investigation. 

 

Antarctic spring tail (Cryptopygus antarcticus) 

The Antarctic springtails were obtained from Dr. Melody Clark at the British Antarctic 

Survey in the United Kingdom. We anticipated that these arthropods might have a glycine-rich 

AFP similar to the one (sfAFP) found in the distantly related snow fleas found locally (19). Our 

interest would be piqued if the amino acid compositions were significantly different. The TH 
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activity of a springtail extract was 300 mOsm (at 1 to 1 weight to buffer volume extraction). 

Further concentration (1.5-fold) was able to increase TH to 500 mOsm. Ice crystal morphology 

was hard to discern. The „burst‟ obtained beyond the TH gap showed dendritic growth with the 

buffer extract, indicative of a-axial bursting. However, the highly concentrated sample burst in 

both a- and c- axes, a phenomenon also observed in the recombinant wfAFP Ih. 

The IAP-purified material was not observable on SDS-PAGE, suggesting the antifreeze is 

not stained by Coomassie blue. Mass spectrometry showed one peak at 8431 Da, suggesting there 

is only one size variant of the AFP and essentially no detectable impurities. After iodoacetamide 

modification (57 Da adduct), the mass increased to 8716 Da. The mass difference of 285 Da is 

consistent with the presence of five cysteines (5 x 57 Da = 289 Da) in the AFP. Amino acid 

analysis showed a high percentage of Gly (22%). An estimated concentration based on several 

amino acids was between 15 ~ 23 µM. At this concentration, TH was not detected. 

The amino acid composition (Appendix Table 1.1) suggests that the Antarctic springtail 

AFP is similar to sfAFP and might have the same fold  (43). We have suspended work on this 

project in anticipation of receiving cDNA library results from Dr. Melody Clark that will readily 

identify the AFP sequence based on the mass, composition and Cys-content that we have 

determined.  
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Appendix Table 1.1. A comparison of amino acid composition between sfAFP isoforms 

(actual) and Antarctic springtail AFP (estimate) 

 

sfAFP 

6.5 kDa 

sfAFP 

15.7 kDa 

stAFP 

8429 Da 

Ala 11 32 5 

Arg 1 3 2 

Asx 7 15 7 

Glx 0 5 9 

Cys 4 2 5 

Gly 37 102 16 

His 2 1 1 

Lys 3 5 2 

Pro 6 8 2 

Ser 3 10 6 

Thr 3 7 3 

Val 4 5 3 

Ile 0 4 2 

Leu 0 3 5 

Other 0 1 4 

Total 81 203 72 

Calculated mass 8444 Da 
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Appendix B 

Algal AFP 

A novel ice-binding protein (IBP) was recently identified in a psychrophilic 

Chlamydomonadaceae Antarctic alga, from the Chlorophyceae green alga class (88). The alga 

was collected from inter-tidal saltwater in Antarctica. The protein has a secretory signal 

indicating it functions outside the algal cell membrane (207). Preliminary tests by Raymond et al. 

suggest the AFP has a weak TH activity and a strong IRI activity as shown from spent (5 times) 

medium (not exact concentration was measured). 

The IBP sequence was interesting because of its strongly conserved TFT repeat. TxT 

motifs are commonly found on hyperactive AFPs such as TmAFP and sbwAFP (12,16). Our 

recent discovery of the hyperactive iwAFP also revealed a TxTxTxTxT putative ice-binding 

motif, where modeling showed that these extended TxT motifs all aligned on one side of the 

protein. We set to create a low-resolution model that would provide some structural information 

of the ice-binding face. We hypothesized that the TFT repeats would congregate on one side of 

the protein. We have also attempted to express the algal AFP in E. coli and Baculovirus 

expression systems.  

 

Materials and Methods 

Modelling. A physical model was constructed using the HGS Biochemistry Molecular Model 

from Hinomoto Plastics Co., Ltd, Tokyo, Japan. 

 

Molecular dynamics. Based on the physical model a molecular graphics model was built using 

PyMOL 1.2r1 (157). The model was solvated in a box of water molecules with a dimension of 6.5 
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nm x 3.5 nm x 5.1 nm. The system was then subjected to energy minimization, followed by 

molecular dynamics simulations with GROMACS 4.04 (158). The simulations were performed at 

4 °C using a timestep of 2 fs for a total duration of 10 ns. The program uses a triclinic unit cell for 

its periodic boundary conditions. For calculating short-range non-bonded interactions, only the 

nearest image was considered. Long-range electrostatics was treated with the particle mesh Ewald 

method. The simulations were done under isothermal conditions using V-rescale temperature 

coupling. The GROMOS96 43a1 force field was employed. 

 

Cloning.A polymerase chain reaction was performed to obtain the genes of interest from the 

cDNA library provided by Dr. Raymond. For E. coli expression, 5‟-

ATCGCATATGGCGGCCATCGTTGAGTGCAAGA-3‟ was used as the sense primer and 5‟-

ATCGCTCGAGGTAGCACTCCCTGGGCCCTTC-3‟ as the antisense primer. For Baculovirus 

expression, the algal signal sequence was used as well as the signal sequence from the honey bee 

melitin protein. 

 

Expression. For expression in E. coli, both BL21 and Arctic Express cell lines were used at 37 ºC 

and 10 ºC respectively. Baculovirus-mediated expression was performed using the Bac-to-Bac 

Baculovirus expression system (Invitrogen). 

 

Results and Discussion 

De novo modelling was done using the same strategies employed on the sfAFP and 

iwAFP models where observable tandem repeats from the primary sequence were organized into 

segments. The intramolecular interactions between repeating segments are often well conserved. 

In combination with the segmentation, the repeats were mapped into a tertiary structure based on 
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predicted intramolecular interactions. In contrast to iwAFP, sfAFP, and MpAFP (42,43), the 

segments of algal AFP less obvious and more variable in lengths. The segments are not internally 

conserved and when analyzed by secondary structure programs are predicted to be mostly random 

coils with few beta-sheet elements (Appendix Figure 2.1). For these reasons, it was difficult to 

map intramolecular interaction between the segments; therefore, we were not able to build a high 

resolution model. 

The first segment is a long sequence starting from the signal sequence to the first 

repeating loop (Appendix Figure 2.1) and there is no predictable structural element (159). This 

segment is likely to form an N-terminal capping structure. The protein has 15 Cys that are 

clustered at the two ends of the protein. Since the Cys clustered and there is a lack of Cys within 

the conserved sequences, the Cys residues do not provide any clue of how the protein would fold 

– the way they do in TmAFP. 

Based on the repeating TFT motif, the rest of the sequence can be divided into seven 

segments (Appendix Figure 2.1). The number of residues per segment varies considerably from 

25 to 42 residues but some degree of conservation is still observed. Starting from the TFT 

sequence, an ST sequence often follows immediately after. Furthermore, there is a GG or P 

peptide two to five residues after the ST sequence. This GG/P peptide typically forms a beta-turn, 

a commonly observed motif in beta-rolls. The sequences following the beta-turn have a weak 

dipeptide repeat alternating between hydrophilic and hydrophobic residues. This alternation 

continues until the sequence reaches two residues before the next TFT motif. The two residues 

before the TFT motif are typically Thr, Ser, Gly or Asp and likely form a 90º turn as they do in 

TmAFP (13). 

After dividing the sequence into segments, the next step was to analyze the secondary 

structure of individual loops. Using Jpred 3 algorithm (159), the TFT sequences as well as the   
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Appendix Figure 2.1 The isoform 1 sequence is presented in a segmented fashion. The grey 

highlighted sequence is the signal peptide for secretion. Cys residues are coloured yellow. 

The conserved TFT motif is coloured red. The sequences predicted to be beta-sheets by 

Jpred 3 server are highlighted green. Yellow highlighted lines are the estimated 

conservation consensus to the loops ahead of it. Underlined sequences represent the 

postulated N-terminal and C-terminal capping. 
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bipeptic repeats were commonly predicted to be beta-sheets, while most of the remaining 

sequence appeared as random coil. Although the ice-binding face has not been experimentally 

identified, an AFP‟s ice-binding face has always been found on the internally conserved 

sequences. In the case of algal AFP, the only conserved sequence is the TFT motif. The weakly 

bipeptic sequence will likely form beta-strands on the opposite side of the protein where the 

alternating hydrophobic residues point towards the core and the hydrophilic residues angle 

towards the solvent. This hydrophilic face cannot be modeled accurately because the sequence 

conservation is too weak.  

While it was not feasible to model the whole structure, the putative ice-binding face can 

be modelled with some confidence. These sequences showed strong conservation of the 

consensus T-S-T-F-T-S-T. The TFT is the most conserved residues as reported. We started the 

modelling with the assumption that TFT forms a beta-sheet structure and this would continue into 

the S-T residues because most known beta-roll ice-binding faces have been flat. The beta-sheet 

would then make a beta-turn at the GG residues. After the turn there appears to be some random 

coil sequence before beta-strands form on the opposite side to the TFT strands (159). When the 

sequence reaches the T-S residues, the peptide makes another turn allowing the model to continue 

into the TFT sequence. This process creates a beta-roll model of the AFP. The final result was a 

beta-roll with a flat surface containing three rows of Thr and one row of Ala based on a semi-

conserved sequence TSTFTST (Appendix Figure 2.2A). The two N-terminal rows of Thr are 

based on the TFT motif; the two C-terminal two rows are less conserved (Appendix Figure 2.2B). 

In order to test this model, we created a digital version of it using PyMol (157) 

(Appendix Figure 2.2). The ice-binding face is composed of the TSTFTST sequence which is 

held in place by stacking of aromatic rings (Phe) and two Ser ladders. The Ser ladder is a weak   
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Appendix Figure 2.2 Algal AFP model. The model is oriented such that it is point into the 

image from N-terminus to the C-terminus of the beta-helix A) The digital version of the 

algal AFP model from a top-down view. B) The conserved TSTFTST motif shows four rows 

of Thr. Two rows of Ser and one row of Phe can be found in the core 
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interacting motif because of the discontinuous hydrogen bonding along the ladder. However, it is 

not uncommon. For example, TmAFP has a Ser ladder in its core (16). 

The model was then subjected to molecular dynamics to test if this structure would 

unfold itself. Not unexpectedly the model unfolded from the N-terminal end where the capping 

structure was not established. However, the simulation also showed very high RMSF values, 

which never stabilized over the course of simulation. A look at the RMSD values (not shown) 

revealed the sequences near the ST sequence (immediately after the TFT motif) are the most 

flexible. This suggests errors at those regions. The visualized dynamics also showed the ST has a 

tendency to make a turn structure instead of the modelled beta-sheet (Appendix Figure 2.3).This 

suggests our assumption of a flat surface at the TSTFTST sequence (Appendix Figure 2.4A) 

might be invalid. If the beta turn starts at the TFT, then the ST would be on the turn itself, 

effectively removing the S and T off the ice-binding moiety. In result, only the TxT remains on 

the ice-binding face. The residues flanking the TxT motif would be two Ser (Appendix Figure 

2.4B). Unlike the typical TxT motif, this corrected model would replacethe weakly conserved 

Asx residue, at the +1 position to the TxT in TmAFP and sbwAFP, with Ser. If Asx is a part of 

the ice-binding face of the insect AFPs, then the algal ice-binding face might be narrower or more 

flexible. The new width would be closer to that of LpAFP. According to the AWC theory, I 

suspect algal AFP would function like the LpAFP by binding imperfectly to basal and prism 

planes (22). 

While we have provided one reason why the algal AFP might not be hyperactive, we still 

need experimental evidence to support our hypothesis. The protein does not express well in E. 

coli BL21 and Arctic Express cell lines. We are at the stage of expressing the protein using 

Baculovirus sf21 cell lines. In the past this latter system has done better at expressing and folding 

the disulfide-bond-rich type II AFP than did E. coli. 
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Appendix Figure 2.3 Twisting of the beta-helix model. The backbone of algal AFP model is 

presented in cartoon. Internal loops made a turn immediately or during the TFT sequence 

as indicated by the red box. 
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Appendix Figure 2.4 Figure 4. The simplified version of the ice-binding face of the model. 

A) the original model. B) Model after considering the turning phenomenon observed in the 

simulation. Turns occurred at the Ser residues. 
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Appendix C 

Thaumatin-like proteins 

Micro and macro enhancers of AFP have been reported to enhance the TH activity of 

Dendroides canadensis AFP (79,80). Based on immunoprecipitation and yeast-2-hybrid studies, 

the macro enhancer, a thaumatin-like protein (TLP), has been shown to directly bind to DcAFP . 

Another TH-enhancing phenomenon due to a tagging protein was previously reported in AFP III 

studies (169). In this instance, increasing the size of the AFP using a fusion protein strategy 

increased TH in proportion to the size of the fusion protein covalently linked to the AFP. The 

mechanism for the TH enhancement has not been elucidated but it has been speculated that 

increasing the size of the AFP might make it harder for the AFP to be overgrown. TH 

enhancement by micromolecules has been suggested to be due to the Hofmeister effect (208). 

However; it does not explain why the modification of an Arg near the N terminus would negate 

the enhancement (79). In the modification study, the Arg is reacted with cyclohexanedione to 

create a neutral bulky adduct at the Arg sidechain. The modification rendered the DcAFP-1 

insensitive to small molecular enhancers suggesting the Arg was interacting with the reported 

micro enhancers. Unfortunately, the number of TH comparisons reported was insufficient for me 

to draw any further understanding of the way micro enhancers work. Therefore, I took interest in 

TLP instead. 

I suggest two possible mechanisms by which TLPs might enhance TH. The first one is by 

steric hindrance of ice growth. The steric hindrance creates a greater degree of convexity and 

therefore a stronger TH. This size-dependent phenomenon was previously observed using affinity 

tags and antibodies (169,209). However, further confirmation of the association between TLP and 

AFP is needed at the molecular level. The other explanation is enhancement of binding such as 
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increases the plane of binding. This enhanced TH caused by cooperative binding to multiple ice 

planes was proposed for AFP III (74) and has been proven using FIPA analysis (40). Because the 

plane of binding has not been determined for TLP-DcAFP complexes, it is unknown if TLP 

changes or increases the planes of binding. An homology model of TLP was made using 3D-

JIGSAW server and is shown in Appendix Figure 3.1 (210) to provide clues to the possible 

surfaces used to interact with the AFP or which ice itself. The TLP model has an RMS value of 

0.868 nm based on alpha carbon alignment to its homologous structure. The model can also be 

interrogated  by Doxey‟s algorithm (183) to calculate potential ice-binding faces.
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Appendix Figure 3.1 Homology modeling of TLP-1. A) Thaumatin structure from miracle fruit Thaumatococcus daniellii (2VU6). B) 

Homology model of TLP-1 (Dlp-1) using 3D-JIGSAW server. Two protein sequences shared strong similarity and same protein length for 

most parts of the protein. The C-terminal sequence of TLP-1 is longer and predicted to form a small helical structure. Identification by 

eyes was not able to find any flat surface. RMS value is 0.868 based on alpha carbon alignment. 
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Appendix D 

De novo Modelling: snow flea antifreeze protein 

Available data 

While there were no homologous structures available for homology modeling of sfAFP, 

there were several sequence characteristics that could be exploited to de novo model this AFP. As 

reported (19), the sequence has a very clear tripeptic repeating pattern with the 1
st
 residue within 

the repeat being always Gly. 

In addition to the tripeptic pattern, the CD spectrum was also available in the original 

report. Although the CD spectrum was based on a mixture of sfAFP isoforms, I predicted the 

isoforms are likely to have similar structural elements. In other words, the summation spectrum 

could still be used as an indicator of the basic structure of sfAFP. However, the fact that the CD 

sample was a mixture meant the data should not be used for the deconvolution algorithm. 

 

Deduction 

The clearest hint in this sequence was the tripeptic pattern. All secondary structures can 

be classified from the five major groups: alpha-helix, beta-strand, polyproline type II, turn, and 

random coil. Only PP II (134), turn, and random coil can potentially be tripeptic. It is unlikely to 

have a protein fold completely composed of turn elements. In addition, Gly is a strong alpha-helix 

breaker as well as a strong beta-strand breaker. In summation, it is safe to deduce that the 

dominating secondary structure of this protein is either PP II or random coil. The possibility of PP 

II conflicts with the random coil prediction by the maximum at 210 nm and minimum at 190 nm 

in CD observation. However, there has been an on-going discussion that PP II and random coil 

(relaxed or extended) are similar or the same structure (139,211). For this reason, it was assumed 

that the basic element of sfAFP would be PP II. The change in CD spectra with temperature 
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favoured an organized structure. But in addition, opting for a random coil structure would have 

terminated any further de novo modeling. 

The PP II element was first recognized from the structure of collagen, which is 

dominated by a Gly-Pro-Pro tripeptic repeat with the Gly being replaceable by other small 

residues like Ala or Ser. However, recent attempts in the literature to connect PP II and random 

coil led to the intuitive thought that Gly-rich sequences, often considered as random coils, may be 

considered as PP II elements instead (133,212).  

With the basic structural element assumed, the next step was division of the sequence 

into linked building blocks. The segmentation was suggested by the regular spacing of Pro as 

described in Chapter 3 and resulted in six building blocks. The fact that the blocks are linked 

makes de novo modeling possible. The links constrains the movement of these blocks in relation 

to one another. Therefore, they allowed the deduction of a block‟s 3D position by mapping 

hydrogen bonds and salt bridges to neighboring blocks. 

Before attempting to assemble the blocks, the starting point remained to be determined. 

Because PP II elements are assembled through a backbone hydrogen bond network, residues that 

do not provide backbone hydrogen bonding (any non-Gly) should be exposed to solvent in the 

unfinished hypothetical model. Because the backbone hydrogen receivers and donors are rotated 

60° relative to each other looking down the helix, a PP II helix on a PP II sheet has to be rotated 

60° with respect to a neighbouring helix on a neighbouring PP II sheet (Figure 3.2). To keep both 

the non-Gly residues exposed and have a 60°rotation between helices criteria, only one 3D 

arrangement was possible. Other arrangements would often expose Gly residues to the solvent 

(Figure 3.2). 

Based on the proposed arrangement, the detailed assembly of this model came without 

difficulty. Five out of the six predicted segments have four turns in each PPII helix. The 6
th
 

segment takes the GAPGAP-COOH sequences and forms the necessary cover to prevent Gly 

residues of neighbouring PP II helices from being exposed to solvent. The resulting detailed 
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model ended as a near-perfect rectangular cube. In contrast to this regularity of coil length, 

difficulty was encountered with the variable length between helices in the case of the long 

isoform sfAFP. 

 

 

Confirmation 

The model puts Cys1 close to Cys29 and Cys13 to Cys44 (Figure 3.1), that is within 

disulfide bond distance. While the disulfide bond was not known from previous reports, the 

proximity between the two sets of Cys indicated the feasibility of this model. Furthermore, the 

resulting model placed many small hydrophobic residues, primarily Ala, on one face of the 

rectangular cube. In contrast, the opposite face was rich in hydrophilic residues. The model 

reflects the commonly observed amphipathic nature in many other AFPs such as TmAFP and 

sbwAFP (12,13). 

 

Comparison to X-ray structure 

My modeling work suggested the protein has a novel fold based on the stacking of 

polyproline type II helices (43). This model was later confirmed by an X-ray structure (14). My 

model and the structure had a 0.98 Å  RMSD (alpha carbon) for all regions excluding the turns. 

The putative ice binding face consists of a solvent-exposed backbone of predominantly Ala 

residues and was confirmed using site-directed mutagenesis of the large isoform (122).  

The source of deviation between the sfAFP model and structure comes from side chain 

positioning and the turn sequences. These two features are not possible to model with perfection 

due to the nature of computational limits. Furthermore, discrepancies can come from that fact that 

an X-ray structure is rigid and immobile. A protein in solution would remain somewhat flexible 
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and sidechains are expected to wobble. In summary, the modeling work was very successful and 

the accuracy was sufficient to provide information on a par with that of a solved structure. 
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