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ABSTRACT 

To l e m  more about how antifieeze proteins (AFP) bind to ice, structural and 

mutagenic studies were carried out on two different fish AFPs: Types I and II. The 

Type 1 AFP is a long, single a-helix protein. Type II AFP is an extensively disulfide- 

bonded, globular protein. 

In order to understand structurdfunction relationships in Type II AFP, an 

expression system was developed, using the yeast Pichia pastorfs as a host, to produce 

the sea raven AFP (rSRAFP). Gross yields of rSRAFP in flask culture were 3mg/L, 

which was improved 10-fold by the use of fermentation techniques. This protein was 

used for NMR and crystallographic structural sîudies, and as a basis for analysis by site- 

directed mutagenesis. Mutations to probe the structure-function relationships in SRAFP 

were based on an earlier computer generated 3D-mode1 of the protein. Single site 

changes, insertions, and a peptide loop swap were made to assess the ice-binding site 

(IBS I) ,  proposed in the model. IBS l corresponds to the region that comprises the Ca2'- 

binding site on the carbohydrate-binding domain of C-type lectins, which are struchiral 

homologs of the AFP. An inability to completely elhinate activity in this region, 

prompted a search for a second ice binding site on the rnolecule. Ultimately another 

putative ice-binding surface (IBS2) on a different face, adjacent to IBSl, was identified 

and its role was confmed by mutapenesis. OveraU this study provides the fwst evidence 

for the presence of more than one ice-binding site on a single AFP. 

In the second study, the roles of individual amino acids in the putative ice-binding 

motif (LTAAN) of Type 1 AFP were probed. Variations of this motif are repeated 4 



tirnes along the length of the helical protein. Variants were made by solid-phase 

synthesis to have identical changes to the inner two identical ice-binding motifs. 

Substitution of Thr with either Ser or Val caused 90% and 10% losses of activity 

respectively, indicating a significantly diminished role for hydrogen-bonds and an 

augmented role for van der Waals contacts in the ice-AFP interaction. This is contrary 

to al1 previous models. Replacements of Leu suggests that it plays a role in maintaining 

solubility. Replacement of Asn with Thr caused a signifcant increase in thermal 

hysteresis activity (120%) and slightly altered ice crystal rnorphology. Minimization of 

the peptide from 37 residues to 15, with conversion of the sait bridge into a lactam 

bridge demonstrated that only two of the four ice binding motifs are required for surface- 

specific bhding and that full-length AFP might bind to ice in stages rather than al1 at 

once. 

Overall this work has provided a number of significant fmdings about AFP 

structure/function relationships, that have altered views on some of the very basic 

concepts in this field. 
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CHAPTER 1 

INTRODUCTION 

Antifreeze proteins (AFPs) have been isolated from a nurnber of organisms 

including fish, insects, plants and bacteria (1)(2)(3)(4). These macromolecular 

antifreezes serve to depress the freezing point of fluids within the organism in order to 

protect the organism from freezing to death during periods of sub zero OC temperatures. 

The viability of freeze tolerant organisms is presumably helped by the ability of AFPs 

to inhibit ice-recrystallization (5). Dissimilarity in amino acid composition and protein 

structure have been observed between AFPs from different organisms. Despite this 

dissimilarity, al1 AFPs characterized to date, act in a non-colligative manner to depress 

the fieezing point of solutions, some by as much as five to six O C  (6)(7) (Figure 1). The 

rnelting point is lowered only by the colligative property of the AFP, which is a trivial 

change because the molar concentration of macromolecules is almost negligible (8)(9) 

(10). The resulting difference between the melting and freezing points is texmed thermal 

hysteresis, and is a function of AFP concentration. 

Another characteristic of these proteins is that they alter ice crystal morphology 

in specific ways. Nomal ice growth at mild under-cooling, occurs 100 times faster 

along the a-axis (prism face) than the c-axis (unordered basal plane), producing a circular 



Fig. 1 The effects of sait and AFP on freePng and melting points. The 
equilibriurn rnelting and freezing point of pure water is 0°C. Salt causes 
a colligative depression of the equilibrium melting/freezing point. AFP 
causes a depression of the non-equilibrium freezing point below the 
equilibrium melting point. The difference is termed thermal hysteresis 
(TH). 





disk-like ice crystal morphology (11)(12)(13)(14). Fish AFPs alter the shape of this 

growing ice crystal from the circular plate to one of a number of distinct hexagonal 

bipyramidd forms, depending on the type and concentration of AFP involved 

(15)(16)(Figure 2). This is indicative of AFP binding to a derivative of the prism plane, 

inhibithg the energetically favourable a-axis growth, aliowing only the energetically 

unfavourable growth dong the c-axis of the crystal (17). 

FISH ANTEREEZE PROTEINS 

Antifreeze glycoproteins 

The antifreeze glycoproteins (AFGPs) were the fust identified macromolecular 

antifreeze. They were isolated from the senim of notothenüd fishes in the Antarctic 

Ocean (1 8). These glycoproteins are polymers of tripeptide repeating units (Na-Ala- 

Th). to which the disaccharide beta-D-galactosyl(1-3)-alpha-N-acetyl-D galactosamine 

is linked via the hydroxyl group of the threonyl residue of each repeat (19). Gel 

electrophoresis has resolved as many as eight distinct components, ranging in mass from 

2600 to 34000 Daltons (Da). AFGPs 1-5 represent the Five largest AFGPs ranging from 

50 repeats (AFGP 1) to 17 repeats (AFGPS) (20). AFGPs 6-8 are the three shorter, less 

active components (4-7 repeats), in which Pro occasionally substitutes for Ala on the C- 

terminai side of Thr (21). 

A gene for AFGP has been cloned and sequenced. It contains 46 tandemly 

repeated segments each encoding one AFGP peptide plus a 3-amino-acid-long spacer 



Fig. 2 Ice crystals formed in the absence and presence of AFPs. Example of 
the disk-like ice crystal morphology produced in pure water. Examples of 
the hexagonal bipyramidal ice crystal morphology, and variations thereof, 
produced by AFPs ffom fish (Type 1, 11 and III). 
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(22). This polypeptide is post-translationally processed by proteolysis and glycosylation 

to produce active AFGPs. Recently, cornparison of the gene structure of the notothenioid 

AFGPs, indicates up to 96 % homology in the signal peptide and 3 ' untranslated region 

with the notothenioid pancreatic trypsinogen gene (23). This suggests ûypsinogen is the 

likely ancestral gene precunor of this particular AFGP. It is hypothesized that the de 

novo amplification of a nine nucleotide Thr-Ala-Na element from the trypsinogen 

produced the backbone of the AFGP. Other AFGPs from cod do not maintain this 

homology to trypsinogen, even though their AFGP structures are very similar. 

A polyproline type II helix has been the most widely accepted conformation for 

AFGP, as determined by NMR (24)(25). However, recent studies using Raman and 

infra-red spectrometry, combined with molecular modelling, now suggest a y-nini motif 

as the most plausible conformation for active AFGPs (26) (Figure 3). This pIaces al1 of 

the disaccharides on the same side of the molecule spaced 9.0A apart, twice the distance 

of the 4.5À spacing of alternate oxygens on the prism face of the ice crystal to which 

AFGP has been shown to bind by ice etching studies (27)(28). 

Type I Antifreeze Protein 

Type 1 AFPs are long a-helical, Ala-rich ( > 6ûmoll) peptides found in nghteye 

flounders (g. Pleuronectes) and some sculpins (g. Mya.ocephalus) (1). Many different 

isoforms, varying in sequence and length have been isolated (MW 3300-5000). At one 

extreme are the shorthom sculpin senun AFP (29)(30) and the winter flounder 

(Pleuronectes americanus) skin isoform (31), which are both amphipathic, non 



Fig. 3 AFGP structures. top: Four Ala-Th-Ala repeats showing the y-turn 
motif proposed as the most likely AFGP conformation. Thr hydroxyls are 
at the points of the huns, disaccharides are not shown. 2.92 refers to the 
hydrogen bond distance (À) accross the tum. Van der Waals radii of four 
methyl hydrogens groups are shown with dots. bottom: Four Ala-Thr-Ala 
repeats showing the previously porposed polyproline II conformation. Al1 
Thr are pointing up. Figure taken from Drewes and Rowlen 1993 (26). 





repetitious, and contain a relatively large proportion of Lys. In contrat, the winter 

flounder serum peptides are typified by the most abundant isoform, HPLC-6 

(32)(33)(34). It is 37 amino acids long, contains three complete Il-amino-acid repeats 

of T-X,-Asx-X,, where X is generally al*, and ends with the start of a fourth repeat 

(33)(34) (Figure 4). Other flounder senun isoforms with amino acid substitutions or 

different repeat lengths have been isolated (34)(35)(36). Winter flounder Type 1 AFP 

genes belong to a large multigene family with 3040 rnernbers (37), of which haif encode 

the abundant HPLC-6 component (3 8). 

The HPLC-6 high resolution X-ray crystal structure (39)(40) conf i ied  the 

predicted helical structure (41) and regular spacing of the T and NID residues along the 

sarne helix surface (Figure 5). The sequence LTAAN (repeated twice along the peptide) 

and DTASD at the N-terminus, were designateci by Sichen and Yang (40) as ice binding 

motifs (IBM). A fourth motif near the C-terminus is incomplete. The spacing of the 

hydrophilic residues makiog up the IBM matches the spacing of oxygen atoms on the 

(20-21) plane of ice in the < 10-12 > direction to which flounder Type 1 AFPs have been 

shown to bind by ice etching studies (42)(43). 

The X-ray structure also con.fjùmed the existence of intricately, internaily 

hydrogen-bonded N- and C-terminal cap structures, which are b o w n  to increase helicity 

of a-helical peptides (44). These combined with the ma-helical hydrogen-bonds, the 

salt bridge (KWE22) and the dipole interactions between the helix dipole and the N- and 

C-terminal charged amino acids, al1 contribute towards stabilizing the exceptionally long 

helical peptide (45). Circular dichroism studies indicated the helicity is sensitive to 



Fig. 4 HPLC-6 sequence. The sequence of the most abundant winter flounder 
s e m  Type 1 AFP isofom, HPLC-6, is shown with its regular spaced 
threonines indicated by a dot. One of the three Il-amino-acid repeats is 
defined by a bar. A salt bridge between K18 and E22 is indicated by a 
hatched line. The IBMs designated by Yang and Sicheri (40) are 
underlined. 



Il aa repeat Salt Bridge 
t----l r""""""'. 

a a . i 8 a 
DTASDAAAAAALTAANA~AAELTAANAAAAAAATAR 
IBM IBM fBM 



Fig. 5 X-ray crystai structure of HPLC-6. A: bal1 and stick side view of the 
helix with the salt bridge and four D M  regions identified. Colour scheme: 
carbon in black, nitrogen in blue, oxygen in red and hydrogen in white. 
B: bal1 and stick view down the helix fiom the C-terminal end. The 
colour scheme is the same as for A. The relative positions of the nir, 
Asn and Leu residues of the IBMs on the side of the helbc are indicated 
(40). Brookhaven protein data base identifier lwfa. 2" structure was 
assigned using STRIDE (47). Diagrams were produced using Molscript 
(48) and Raster3D (49) on a Silicon Graphics terminal, printed on an 
OptraC LexMark colour laser printer . 





temperature. The peptide was close to 100 % 0-belix near O°C, but was only 50 % helical 

at 25OC, and resembled a random coi1 at 70°C (46). Helicity was also reduced by pH at 

values lower than 4.0 and greater than 9.0 (45). One attempt was made to increase the 

helicity of HPLC-6 by incorporation of two additional salt bridges (Am-A11E and 

A29KA33E) on the same helical surface as the original salt bridge (K18-E22). Although 

a more helical peptide was produced, the author found no increase in thermal hysteresis 

activity, but did see a reduction in ice crystal growth rates along the a- and c-axes 

compared to wiid-type values (45). 

Type II Antifreeze Protein 

Type II antifreeze protein is a globular protein of MW 14,000, that has been 

isolated from three very distantly related fish: sea raven (Hemitnpterus amencanus) (50), 

hen-ing (Clupeu harengus harengus) (51) and smelt (Osmerus mordax) (52) Type II 

AFPs show no homology to other AFPs, but are up to 30% identical to the carbohydrate- 

recognition domain (CRD) of Ca2+dependent (C-Type) lectins, as well as to the 

pancreatic stone protein (PSP) (53)(52) (Figure 6). CRDs are known to bind to 

carbohydrate residues in a Ca2+-dependent (54) manner while PSPs bind to the surface 

of calcium-carbonate (CaC03) crystals and inhibit their growth (55). The amino acids 

that are conserved are principally those residues that defiw the tertiary structure of the 

CRD including: C35, C100, Cl 17 and C 125 Uivolved in disulfide bridges; G65, G8 1 and 

P93 that make turns between loops; and W28, W63, W88 and W112, that help fom the 

hydrophobic core (sea raven numbering). This suggests Type II may adopt a similar fold 



Fig. O Primary amino acid sequence alignment of Type II AFPs and 
homologues. The sequences displayed are: three Type II AFPs, rat MBP, 
rat proteoglycan core protein (Proteoglycans), rat hepatic lectin (Type II 
receptors), lymphocyte horning receptor (Selectins) and PSP. 
Shaded regions represent sequences that are always consistently aligned. 
Gaps indicate deletions or insertions. Dashed boxes indicate regions 
defuied as smicturally conserved by the model. 
Conservation x = aliphatic or aromatic, y = aromatic, z = aliphatic, 
1 =ligands for Ca2+ site 1,  2 =ligand for CaZ+ binding site 2. 2* structure 
from the SEQSEE program (58). B =P-sheet, H=a-helix. Figure taken 
from Sonnichsen et al., 1995 (53). 
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to the CRD (52)(56). This homology is also significant because the herring and smelt 

AFPs (83 % identical to each other) conserve al1 of the five Ca2'-binding residues of the 

CRDs (D 120, E105, 498, D lûû merring numbering))(S 1). and show metal ion- (Mn2+, 

BaZC, Zn2' and Ca2+) dependent structure and activity (57). Sea raven AFP (SIWFP) 

is oniy 40% identical to the herrbg and smelt isoforms (51), conserves only two of the 

five CRD Ca2+-binding residues (D94, Dl 14 (sea raven numbering)) and does not require 

Ca2' for activity (52). 

The gene for sea raven AFP is present in 12-15 copies in the sea raven genome. 

A representative copy was sequenced and found to be split into six exons spanning 

2.2kbp. DNA and protein sequence analysis indicated that the cDNA encodes a 

precunor protein of 163 amino acids (59). This included a 34-amino-acid-long N- 

terminal precursor sequence of which the fmt 17 residues comprise the signal peptide, 

and the second 17 the prosequence, which are both removed to produce a mature 129- 

amino-acid-long AFP (60). Both pro and mature forms of the protein have been isolated 

from sea raven semm (61). The pro form was also secreted by the natural fish signal 

peptide, when fdl  army worm cells were infected with a baculovims expression vector 

containing the entire sea raven AFP cDNA (60). 

X-ray crystal structures of a number of CRDs, including maonose-binding protein 

(MBP) (56)(62) and E-selectin (63) have been solved. The lectin 3D structure is 

comprised of two antiparallel fl-sheets, each made of 8-strands 1 and 5, or 2, 3 and 4 

respectively. 82 divides the entire molecule into two halves. The lower half contains 

the fust 0-sheet (1 +5) and the only two helices in the structure, sandwichhg the 8-sheet. 



The upper haif contains /3-strands 3 and 4 of the second 8-sheet, as well as four large 

loops. The upper region including loops 3 and 4, and 8-strands 3 and 4 contain ail the 

residues requûed for binding of Ca2+ and carbohydrate to the iectin (56)(62). A sirnilar 

fold is described for lithostathùie, the human PSP (64). 

The mature 129-amino-acid-long SRAFP includes ten cysteines which form five 

disulfide bridges (65). Four of these cysteines are conserved in the CRD and PSP, one 

pair linking the N- and C-termini (C35-C125). the other pair linking P-strands 3 and 4 

(C101-Cl l7)(62)(53). As well, the two cysteines, C7 and C18, are conserved in some 

CRD and PSP sequences to form a third bridge. Originally, peptide mapping was used 

to determine the disulfde bonding pmem in SRAFP (66). This map Iinked C 1 17 to 

C89, and the adjacent cysteines Cl01 and Cl00 to either C69 or Cl 11. This pattern 

maintains only the C35-Cl25 and C7-Cl8 bridges in common with the CRD X-ray 

structures (56)(62). Computational modelling on SRAFP (53) proposed an alternative 

rnap that maintains al1 three conserved disulfides in addition to C69-Cl00 and C89-cl Il. 

AFP activity can be largely inactivated by sulfhydryl reagents, indicating an important 

role for these disulfide bridges (50). 

3D models of both sea raven (53) and hening (57) AFPs have been computed 

based on the X-ray crystal structure of the CRD of rat MBP (Figure 7). Both herring 

and sea raven models, despite sharing only 40% identity to each other, and no more than 

30% identity with the CRDs, maintain a very similar fold to that descnbed for the 

Iectins. They maintain al1 five P-strands, the two a-helices, the four loops, and the two 

conserved disulfide bonds. The only significant variation from the lectin structure occurs 



Fig. 7 3D mode1 of sea raven AFP. a-heiices (Hl and H2), P-strands (BI-5) 
and loops (LI-4) are identified. The putative ice binding surface is located 
at the top of the molecule, involving residues of L3, LA, B3 and B4. 
Structure file courtesy of F. Sonnichsen. 2 O  structure assigned using 
STRIDE (47). Diagrams produced using Molscnpt (48) and Raster3D (49) 
on a Silicon Graphics terniinal, printed on an OptraC LexMark colour 
laser printer. 





in the conformation of loop 4, which makes up part of the Ca2+ binding surface 

(53)(56)(62). A putative ice binding site has been proposed for the AFPs on this same 

surface (53). The observed conservation in herring of al1 five residues involved in 

binding Ca2+ to lectin (52) prompted an interesthg study on the effect of divalent metal 

cations on herring AFP activity (57). It indicated that binding of the cation causes a 

conformational change in the protein which is required for activiv. Different divalent 

cations produced different levels of thermal hysteresis and had markedly different effects 

on ice cry stal morphology . The wild-type spicular hexagonal bip y ramid ice cry stal 

formed in the presence of Ca2+ and Mn2+ changed to a rectangular form in the presence 

of M$*, Ba2+ and Zn2+. Whüe the same surface was proposed for the ice-binding face 

of SRAFP, it conserves only two of the five residues for binding Ca2+ and shows no 

ca2+-dependent activity. The SRAFP wild-type ice crystal also differs significady fkom 

that of the heriing AFP. It produces a very rounded hexagonal bipyramidal ice crystal, 

with no distinct crystal planes in evidence (Figure 2). The putative ice-binding site of 

SRAFP has a large number of hydrophilic, surface-accessible, residues, oriented on a 

relatively planar surface. Cheng and DeVries (27) have reported that SRAFP binds to 

the {Il-21) plane of ice. However, to date no spatial match has been made between 

SRAFP surface residues and water molecules on the (11-21) plane of ice. 

Type iII Antifreeze Protein 

Type III AFPs, isolated from zoarcid fishes such as the ocean pout (Macrmarces 

americanus) and wolffish (Anarhichus lupus) are 7kDa proteins , with no pronounced 



amino acid irnbalances. Many i sofom of Type III have been isolated to date (1). They 

can be divided into two homology groups: QAE and SP (67)(68). The QAE components 

have pIs just below neutraiity and show 75% sequence identity. The SP components 

have basic PIS, show 85 % identity to each other, and are 50 % identical to the QAE 

components. In the ocean pout, these different isoforms are the product of 150 linked, 

but irregularly spaced, genes (69). 

A synthetic gene for Type III AFP was designed and over-expressed in 

Escherichia coli (70). AFP was punfied from both the soluble fraction and the indusion 

bodies , the latter after refolding into an active conformation. This system has provided 

ample protein for structurai and functional analyses. Both the solution (NMR) and 

crystal (X-ray) structures of recombinant QAE Type III AFP have been detennined 

(71)(72)(73) (Figure 8). This AFP is a compact angular protein, in which the overall 

fold comprises numerous short and imperfect B-strands, and one tum of a-helk (73). 

Extensive mutagenic studies have also been c h e d  out using this over-expression system 

to snidy the ice-binding site of the globular protein (74)(16), which, together with the 

structural work, has provided a detailed mode1 for Type III AFP binding to the prism 

plane of ice (73). 

Type N Antifkeeze Protein 

A new AFP (Type N) has recently been purified from the serum of longhom 

sculpin (Myoxocephalus octodecimspinosis) (75). Type IV AFP is 108 amino acids in 

length and contains 17 % Gln. Circula dichroism studies and conformational analysis 



X-ray crystal structure of Type IlI AFP. The ice bùiding surface is 
comprised of the C-terminal @-sheet on the left side of the molecule (73). 
Structure file courtesy of C. DeLuca. 2" structure assigned using STRIDE 
(47). Diagrams produced using Molscript (48) and Raster3D (49) on a 
Silicon Graphics terminai, printed on an OptraC LexMark colour laser 
printer. 





indicates a high content of helix. Sequence analysis indicates the protein has no 

homology to the ohelical Type 1 AFP, but that it is related to the low-density-lipoprotein 

receptor-binding domain of human apolipoprotein E, for which the crystal structure is 

known to be a four helix-bundle (75)(76). 

INSECT, PLANT AND BACTERIAL ANTIFREEZE PROTETNS 

Many insects have been reported to produce antifieeze proteins (4)(7)(77-82). In 

our laboratory the active components have been isoIated and characterized from spmce 

budworrn (Chorisroneura furniferam) and beetle (Tenebrio rnolitor) (Tyshenko et al,. 

unpubl., Graham et al., unpubl. ). Characterization of recombinant spruce budworm AFP 

(9kDa) indicates it has up to 10-30-fold greater thermal hysteresis activity than fish AFPs 

on a molar basis. The ice crystals shaped by spruce budworm are rounded-hexagonal 

bipyramids somewhat similar to those observed with SRAFP. Tenebrio AFP (8.4kDa) 

also produces a very rounded hexagonal bipyramid-like ice crystal, more closely 

approximating the shape of an Amencan football and dilutional analysis indicates it too 

has exceptionally high activity (L. Graham and S. Gauthier personal communications). 

Both proteins are nch in Thr, Ser and Cys, are inactivated by reducing agents, and have 

an underlying repeat structure that is most obvious in the Tenebrio AFP. Nevertheless, 

there is no obvious homology between the two insect AFI?s and the spacing of the 

disulfide-bonded Cys residues is completely different. 

Both the bittersweet nightshade (Solonum dukamra) and cold-acclimated winter 



rye (Secale cerenle L. ) plants produce AFPs (83)(3)(84). In the latter, active proteins 

range from 19-36kDa, whereas the nightshade AFP is significantly larger at 67kDa. On 

a molar basis, the nightshade AFP is significantly less active than even the Ieast active 

fish AFP on a molar basis (83). Thermal hysteresis activity of the winter rye AFPs has 

not been quantified, but they give nse to hexagonal bipyramidal-shaped ice crystals, 

similar to those produced in the presence of fish AFPs (85). The winter rye AFPs have 

also been identified as homologues of the plant pathogenesis-related proteins, 

endochitinases , endo-& 1,3-glucanases and thaumatin. The pathogenesis-related proteins 

themselves do not show thennal hy steresis activity (85). 

The plant growth-promoting rhizobactenum, Pseudomonas put ih  GR1 2-2, was 

found to syntheske and secrete a protein with AFP activity. This protein has yet to be 

purified and characterized (2). 

THE MECHANISM OF ACTION 

Frorn the very fust few studies describing their isolation and characterization (18) 

(20) scientists have been proposing mechanisms and models of how AFPs function in 

lowering the freezing point. Original observations suggested that depression of the 

freezing point by AFGP was not in accord with the number of particles in solution (ie. 

it was not a colligative effect) (20). Instead the first mechanisms assumed that large 

volumes of water were affected. It was proposed that AFGPs might be sequestering and 

immobilizing water molecules, thereby depressing the apparent concentration of water 



and subsequently depressing the freezing point (20)(86). This mechanism of sequestering 

water had previously been shown to lower freezing points with synthetic flexible 

polymers (87). 

However, later studies, including meamernent of AFP concentrations in ice and 

scanning electron micrographs of freeze-dried AFP solutions, indicated that the AFPs 

were incorporated into the ice (88). Further observations indicated AFPs had a 

signifiant effect on the crystal habit of ice growing in their presence (88). Based on this 

evidence, it was proposed that ice and not liquid water is the primary AFP ligand. Other 

studies, including surface-second-harmonic generation and ice etching (89)(27) provided 

direct evidence that ice is the AFP Ligand. 

Ice: The Antifreeze Protein Ligand 

Ice is the solid state of water. Water molecules are cornprised of one oxygen 

atom and two hydrogen atoms, arranged with the oxygen at the centre of a regular 

tetrahedron (90). The four vertices are occupied by the two Ione pairs of electrons from 

the oxygen and the two hydrogen atoms, enabling the molecule to have both proton 

acceptor and proton donor sites. In liquid water the oxygen is coordinated to four other 

oxygens atoms through hydrogen-bonds (91). These interactions are weak and the 

overall network is unstable allowing diffusion of water molecules and distortion of the 

network (91). Hexagonal ice (13 has the same tetrahedral structure as liquid water, but 

with more stable H-bonds, as the rate of hydrogen bond exchange decreases with the 

depression of temperature and corresponding transition from liquid to solid (91). 



The 1, ice lattice consists of puckered layers of water, perpendicular to the c- 

crystal axis (Figure 9). The oxygen atorns are ordered into hexagonal rings in the 

"chair" conformation, producing "shah " ninning both perpendicular and parallel to the 

c-axis. These s h a h  account for the lower density of ice compared to water (92). 

Supercooling occurs when water does not fieeze below 0°C (91). Ice nucleators 

must be present in order for supercooled liquid to freeze (91). One source of ice 

nucleation is the spontaneous generation of ice embryos, or clusters of water molecules 

that randomly take on an ice-like configuration. If the seed crystal is large enough, 

crystallization will occur. The probability of producing these nuclei increases with the 

degree of supercooling (93). At minus 4Q°C the probability of a suitable nucleator 

occurring approaches unity and hornogeneous nucleation occurs (91)(94). A second 

source of ice nucleators is the presence of foreign materials that can act as initiators for 

water organization (9 1)(95). This is known as heterogeneous nucleation. 

The growth of ice crystals is cornplex. Different axes have different growth rates, 

which affects crystal morphology. The linear growth rate in the a-axial direction is 

greater than along the c-axial direction under supercooling (1 1 - 14) (Figure 10). The ratio 

of the two rates is not constant. This variation is the result of different growth 

rnechanisms in the two directions. Growth along the a-axis, requires addition of water 

molecules to the prism faces. Pnsm faces have rough surfaces which allows easy 

addition of water molecules as the lattice already contains dislocations (95). Growdi 

along the c-axis requires addition of water molecules to the relatively flat basal plane. 

A few nucleating molecules must attach to the fiat surface, and then additional molecules 



Fig. 9 Structure of 4. top: Arrangement of oxygen atoms in 1,. Note the chair 
conformation of the hexagonal rings. bottom: Van der Waals rad2 of the 
oxygen atoms of 1,. View is d o m  the c-axis to illustrate the shafts that 
occur in this structure. Figure taken from Eisenberg and Kauzman 1969 
(92)) 





Fig. 10 The a and c axes of 1,. A hexagonal ice crystal with prism faces and 
basal planes identified. The c-axis extends up and down from the basal 
planes. The a-axes (a, ,a,,a,)extend out from the prism faces. 
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can joui by networking with the original molecules, for laterd propagation to produce 

a new ice layer. This is known as two dimensional nucleation (95)(13). The screw 

dislocation process (spiral propagation) in the a-axis direction can generate new ice layers 

faster than the two dimensional nucleation process on the basal plane (96). 

Adsorption/Inhibition 

Observation of aitered ice crystal growth habits and morphology in the presence 

of AFPs indicates predominant inhibition of the energetically favourable growth dong 

the a-âxis, allowing ody the unfavourable c-axis growth (88)(17). Based on these 

observations, as well as the ice etching and surface-second-harmonic generation results, 

it was concluded AFPs bind to ice and an adsorption-inhibition mechanism for AFP 

action was proposed (88). According to this mechanism, AFPs adsorb to the surface of 

ice, but ice growth c m  still occur between bound AFPs. This allows a raised curvature 

on the surface of the ice between bound AFPs, which increases the surface free energy 

and therefore inhibits further water addition (Kelvin effect) and crystal growth, producing 

the freezing hysteresis (32) (Figure 11). In this model, adsorbed AWs stop the growth 

of the ice crystal when the average spacing between adsorbed proteins is equal or smaller 

than twice the critical radius of curvature. The critical radius refers to the srnaIlest 

curvature on the ice surface between bound AFPs that still leads to ice growth. Shi lar  

theones for inhibition of other types of crystal growth have been developed (97)(98). 

An interpretation of the Gibbs-Thompson (Kelvin) effect (described above) 

allowed this "step" adsorption-inhibition model to be fitted to the AFP data reasonably 



Fig. 11 Adsorptionllnhibition. a: An early mode1 of "step growth" 
adsorptionlinhibition (88). In this model AFPs bind to ice steps and inhibit 
growth by increasing the radius of curvature of the ice surface between 
bound AFPs. b: The original model was extended from "step growth" 
inhibition to inhibition "normal to the expressed surface", to reflect the 
fact that ice does not grow in discrete steps. Figure Taken fiom Knight et 
al., 1991 (42). 
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well (32). However, later observations, with the introduction of ice etching techniques, 

indicated that inhibition (bhding) from any face. not just the step surface was required 

(42)(99). The proposal that bound Type 1 AFPs produced a "felted" or "mattress" type 

of ice surface aiiowed Wilson (100) to fit the " felted surface" adsorption-inhibition mode1 

to the AFP data with better success, based again on the Kelvin effect. 

Ice Etching 

Ice etching is a novel technique that revotutionized the study of AFPs. Developed 

by Charles Knight and Arthur DeVries (101) it allows determination of the ice crystal 

plane bound by AFPs in very dilute solutions. Initially an oriented crystal is allowed to 

grow as a hemisphere in a very dilute solution of AFP. The concentration of AFP must 

be dilute in order to allow ice growth. This crystal is then "etched" by evaporation or 

sublimation, until the ice surface is mirror smooth except where the AFP bas been 

incorporated into the crystal (27)(42). From the etching pattern and the orientation of 

the ice crystal, the adsorption plane is derived. 

This technique provides direct evidence of the AFP-ice interaction and also allows 

a unique method for characterization of AFPs. Analysis of AFGPs and Type 1, II and 

III AFPs indicate these struchirally diverse AFPs bind different planes of ice (Figure 12). 

A mixture of AFGPs 1-5 from Dissustichus m s o n i  binds to a very high index plane 

(72-go), very close to the {IO-IO} and equivalent primary prism planes. Sculpin Type 

I AFP binds to the 12-1-10) plane, while flounder and plaice Type 1 AFPs bind to the 

(20-2 1) plane of ice. Sea raven Type II AFP binds the (1 1-2 1) plane and Type III AFP 



Fig. 12 AF(G)P planes of adsorption to ice. a: Type III AFP from Antarctic 
eel pou& binding to the (10-10) pnsm plane of ice. A mixture of AFGPs 
1-5 from notothenid fishes of the Antarctic Ocean bind (72-go}, a high 
index plane very close to the pnsm plane. b: sculpin Type 1 AFP binds 
the (2-1-10) plane. c: winter flounder Type 1 AFP binds to the (20-21) 
plane of ice. d: sea raven Type II AFP binds the (1 1-21} plane. Al1 
planes detennined by ice etching techniques. Figure taken from Cheng 
and DeVries, 1991 (27). 
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from eel pout binds to the (10-10) prism planes (27). The binding of different planes 

of ice produces hexagonal bipyramidal ice crystals with different c to a axis ratios. The 

winter flounder Type 1 AFP produces ice crystals with a ratio of 3.3 to 1, referred to as 

simply "3.3". 

Due to the asymmetric nature of the flounder Type 1 AFPs, it was possible to 

deduce a direction, < 01-12 > , to which the AFP binds on the (20-21) plane. Further 

ice etching experimentation with winter flounder A F P s  indicated that the D-enantiomer 

binds the &or image direction, < -1 102 > , as predicted, compared to the naturai L- 

enantiomer which binds the < 0 1-12 > direction (lO2)(lO3). 

MECHANISMS OF ADSORPTION TO ICE 

Type 1 Antifreeze Protein Models 

As the smallest and simplest AFP, Type 1 has been the most extensively studied 

AFP to date. The amino acid sequence of a Type 1 AFP isoform was originally 

identified in 1977 (32). Circular dichroism studies showed that most of the peptide is 

in an a helical form (46)(41). In a regular a-helix the Thr and Asx residues were 

predicted to be placed on the same side of the helix, 4.5À apart (DeVries and Lin 1977). 

This spacing matches a repeat distance of 4 . 5 ~ 4  between oxygens in the ice lattice on 

the ice prism planes (32)(95). This match was the fust suggestion that binding of 

antifreeze peptides to ice occurs through hydrogen bonds between the hydroxyl and 

carboxyl groups on the hydrophilic side c h a h  and the water molecules in the ice lanice 



(32). A sirnilar model for AFGP binding has been proposed whereby the hydroxyl 

groups of the dissacharide moieties, oriented by a poly-proline II helix structure, make 

a hydrogen bonding match to the lanice (32). These models both expose hydrophobie 

surfaces of the AF(G)Ps to the water, which was proposed to further inhibit water 

binding to ice and therefore help inhibit crystal growth. 

Initial X-ray crystallographic studies resolved the 3D structure of Type 1 AFP to 

2.5À resolution (39). This confïrmed the helical structure of the peptide. Unfominately , 

at this resolution side chah atoms were not visibIe and the side chains were thought to 

be flexible in their location. A model for ice-binding was suggested by these authors in 

which the helix dipole moment was proposed to dictate the preferential alignmeat of the 

peptide to the (c-mis) prism plane of the ice nuclei by interaction with the ice dipole. 

Torsional freedom of the side c h a h  was in this case proposed to facilitate hydrogen- 

bonding to the prism face in different directions dependent on AFP concentration (39). 

Ice etching techniques later demonstrated that neither flounder, plaice nor sculpin 

Type 1 AFPs bind the pnsm faces of ice (27)(42). Focussing on the flounder AFPs, 

which bind the {20-2 1 ) pyramidal planes of ice in the < 01-12 > direction, a third model 

was proposed (42). This again was based on a hydrophilic residue match to the ice 

lattice. The Il-arnino-acid repeat, of the flounder AFPs which places Thr residues 

equally spaced along the same surface of the helix every 16.5A, matches the 16.7A 

repeat spacing between ridges of water molecules along the < 01-12 > direction of the 

(20-21) plane of ice. Adsorption was proposed to occur via hydrogen bonding between 

the Thr residues and water molecules on the ice Iattice (42). This model was further 



refmed by a stnicturelhinction shidy that confîrmed the importance to ice binding, of not 

only the Thr residues, but also the regularly spaced Asx and Leu residues present in the 

winter flounder HPLC-6 isoform of Type 1 AFP (104). The topological ridge and vailey 

repeat distance of 16.7A matches not oniy the 16.5À repeat distance between Thr (42), 

but also the same distance between repeated Asx and Leu residues along the helix (43). 

Computational modelling of the binding of HPLC-6 to ice supported Thr hydrogen- 

bonding to the 16.7A spaced oxygens and also proposed a role for Asx as possibly 

making 2 hydrogen bonds to water molecules of a different rank than those bound by the 

Thr for a total of 13 hydrogen-bonds (43) (Figure 13). Leu was proposed to contribute 

binding energy through the formation of van der Waals contacts with the ice surface (43). 

A second sirnilar model proposed a slightiy different role for Asn as simply penetrating 

into the ice lattice (105), reducing the potential number of hydrogen-bonds to eight or 

nine. Two other cornputarional docking models further corroborate the 16SA spacing 

match between Thr residues and the ice lanice. The mode1 by Chou (106) presents a 

mechanism in which the Thr share a common rotamer and allow the peptide to "zipper" 

ont0 the ice surface. However, no attempt was made to ascribe roles to Asx or Leu 

residues in either of these latter two models (106)(107). 

A common concem with these models is that there are Uisufficient hydrogen 

bonds (a maximum of 13) to irreversibly bind AFPs to ice. Through an extension to the 

adsorption-inhibition mechanism, a model was proposed in which CO-operativity between 

neighbouring AFPs provides the energy required for binding to ice (43)(102)(108). 

According to this model, folIowing initial AFP adsorption along < 01-12 > on the (20- 



Fig. 13 Computationai mode1 of HPLC-6 docked to ice. HPLC-6 is depicted 
bound to the (20-21) plane of ice in the <-1102> direction. Asn and 
Thr are each predicted to make two hydrogen bonds to ice and Asp one 
bond. Leu side chains are suggested to make van der Waals contacts to 
ice in the valley of the " ridge and valley " topology of the ice plane. Figure 
taken from Wen and Laursen, 2992 (43). 
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21) plane, more AFP molecules are directed to bind immediateiy adjacent to the first by 

hydrophobic interpeptide interactions and hydrogen bonding to ice (43) (Figure 14). The 

staggered alignment of the N-termini of the helices matches the < -1-126 > direction of 

the edge of the bipyramidal crystal. According to this mode1 permanent binding of AFPs 

to ice occurs when they form a patch, but not when they bind individually. This mode1 

was tested with only rnoderate success. Mutation of an Ala (A17 to Leu), on the side 

of the helix that would be making the hydrophobic contacts with other peptides, resuIted 

in complete loss of activity (108) as predicted by the cooperativity model. However 

mutation of another Ala (A8), resulted in only a very minor loss of activity despite also 

being situated on a side of the helix proposed to make contacts with adjacent peptides 

(108). A second test of cooperativity, in which both D- and L-enantiomeric forms of 

HPLC-6 were synthesized and characterized, produced an equivocal result. It was 

predicted and Iater proven (102)(103) that the D-enantiomeric form bound to the mirrot 

image direction of < 01-12 > . It was hypothesized that binding of a mixture of the D- 

and L- forms in the two diRerent directions would interfere with cooperative binding in 

both directions and result in decreased activity. However no loss of activity was 

obsewed (102). This was not interpreted as evidence against cooperativity, but was 

explained by the formation of homogeneous patches of all L- or al1 D-enantiomers as a 

result of cooperative-binding (102). 

A study , camed out in our laboratory , tested cooperativity by looking at the effect 

of mixing different types of AFPs together, on thermal hysteresis and ice crystal 

morphology (15). The mixtures of Type 1, II and III AFPs produced ice crystals of 



Fig. 14 Proposed mode1 of cooperativity. top: Schematic view from above the 
(20-21) plane of ice. Filled circles represent surface oxygen atoms 
(largest are the highest). Open circles represent oxygens in the virtual ice 
layer above the ice surface. Those marked with T are Thr binding site, and 
those marked with N are Asx binding sites. The AFP van der Waals 
footprint is out!ked. The potential cooperative packing arrangement of 
the AFPs is depicted produchg the 1-1-1261 crystal edge alignment. 
boaom: complete coverage of the {20-21} plane of ice by cooperative 
AFP binding to ice. Figures taken from Wen and Laursen, 1992 (43). 





hybrid shapes and dimensions. The thermal hysteresis activity of the mixtures was found 

to be independent of the proportions of the different proteins present, each of equal 

specific activity. This indicated that the AFPs did not act to either activate or inhibit 

each others activity and suggested that protein-protein interactions are not required for 

ice binding. 

Without invoking cooperativity, a second model attempted to explain "tight" AFP 

binding with few hydrogen-bonding groups. by modeiiing of the hydrophilic residues of 

the Type 1 AFP and the hydroxyl groups of AFGP disaccharides "withio" the ice layer 

(Figure 15). This signifcantiy increased the number of hydrogen-bonds between protein 

and the ice lattice by increasing the number of hydrogen bonds produced by each active 

group (eg. Thr would make three hydrogen-bonds instead of just two). This provided 

a second possible explanation for permanent binding of the AFP and subsequent inhibited 

of crystal growth (28). 

However, in order for the functional groups of the side c h a h  to occupy lattice 

oxygen positions as described in the last model (28), the side chahs would have to be 

exceptionally well exposed. In their recent publication of the HPLC-6 high resolution 

X-ray structure where the side-chahs were visable, Sicheri and Yang (40) showed that 

the surface containhg Thr, Leu and Asx residues was very flat, and that the Thr 

hydroxyl groups did not protrude far enough to integrate into the ice lattice. In this 

structure al1 four Thr residues were observed to adopt a rigid side chab conformation 

with a ~1 rotation of -60". This is the least accessible rotamer for external hydrogen- 

bonding. In this conformation the Thr residues are better positioned to form intra-helk 



Fig. 15 Side chah burial model. a: A single hydrogen bond is made from the 
Am hydroxyl group above the icelwater interface to the ice lattice below. 
b: The hydroxyl oxygen of the AFP is viewed as taking the position of 
one of the water oxygens within the ice Iattice. Two addition hydrogen- 
bonds are made in this situation. c: A similar situation is described for 
the nitrogen of an amide group on an AFP, where the nitrogen takes the 
place of a water oxygen withh the ice lattice. Figure taken from Knight 
et al, 1993 (28). 
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bonds. The Asx residues were proposed to hydrogen-bond to the same rank of water 

molecules as the Thr residues, constrained through steric interactions with the i+4 side 

c h a h  In this model, Leu interacts with Asx to help stabilize the ice binding motif. 

Overall the ngidity and common orientation of these side chains are postulated to be 

cntical features for ice binding (Figure 16). In contrast to this, solution NMR studies 

near the fieezing point indicated that the ice-binding side chains of Type 1 AFP were free 

to adopt other conformations (109). The two central Thr (Tl3 and T24) were observed 

to have a 55% preference for the same -60" rotamer observed in the X-ray structure. 

However al1 four Thr sampled many rotameric States in this study. This solution study 

also provided evidence for a minor interaction between Leu and Asx, but not to the 

extent that they are fixed in a rigid confomation in solution (109) as proposed in the 

crystal structure (40). 

Overall a number of different models for binding of Type 1 AFP to ice have been 

proposed. These models have gradually progressed over the decades, becoming more 

specific and refmed with each new discovery about Type 1 AFP. The onginal Lin and 

DeVries mode1 (32) was proposed prior io any information on ice-binding sites or 

modelling. Ice etching studies (27)(42) provided data cntical to resolving the complete 

mechanism by providing a specific ligand for the AFPs. This allowed the computational 

modelling and docking of AFPs to ice (43)(105-107). However it was not until the most 

recent X-ray and NMR studies were completed (40)(109) that the AFP side chains were 

actually visualized. Al1 these models are based on the asçumption that the AFP is 

interacting with ice prùnarily through hydrogen-bonds between the hydrophilic side 



Fig. 16 KPLCd space f i i g  structures. Three views are shown, each rotated 
approximately 20" around the helix axis, with respect to each other. 
Motion of the rotation c m  be followed in the diagrams from the relative 
positionhg of the salt bridge on the right hand side of the molecule. A: 
View of the maximal extension of the Thr residues on the ice binding 
surface. B: View of the ice-binding surface on the left hand side of the 
molecule. C: View of the maximal extension of the Leu and Asn residues 
projecthg fiom the helix. Structural Brookhaven fde identifier Iwfa. 2" 
structure was assigned using STRIDE (47). Diagrams were produced 
using Molscript (48) and Raster3D (49) on a Silicon Graphics terminal, 
printed on an OptraC kxMark colour laser printer. 





chahs and the ice lattice water molecules. Very little has in fact been proven with 

respect to the precise role of the Thr, Asx and Leu residues in mediating the interaction. 

Type III Antifieeze Protein Models 

The preceding Type 1 models (and similar AFGP models) are d l  based on an ice 

lattice match to the regular repetitive structure of the antifkeeze. Sequence repetition is 

not a characteristic of either Type II or III AFPs, and therefore is not available to suggest 

a way in which these globular AFPs bind to ice. The low precision solution structure 

of the QAE isoform of Type III AFP was originally solved by NMR analysis, which 

suggested a sandwich-type fold in which six out of eight f i  strands forrned two sheets 

of three antiparallel strands (71). Two hydrophilic surfaces were identified, one on each 

of the triple sheets, which exposed six to seven hydrophilic residues, that were potentially 

important for making hydrogen-bonds to the ice surface. The protein for the structural 

study was produced in a recombinant E. coli over-expression system using a synthetic 

gene with optimal E. coli codon usage (1 10) and added unique restriction sites (70). This 

expression system allowed easy mutagenic analysis for studies on the mechanism of 

protein action. 

The cluster of hydrophilic, surface accessible residues near the C-temiinal triple- 

stranded sheet were noted to be conserved in Type III isoforms (74). Several residues 

(N 14, T18, 444 and N46) were targeted for mutagenesis. Mutations that changed the 

position of the putative hydrogen-bonding group (eg. amide and hydroxyl exchanges) 

caused significant decreases in activity. Other changes (eg. amide to carboxylic acid) 



produced AFPs that were completely active, even at pH values on either side of the pKa 

value (74). Of the targeted residues, Q44, NI4 and Tl8 were shown to be essential for 

activity. A triple mutant (Q44T, N14S7 T18N) combining alterations at al1 three sites 

was completely inactive, but retained its 3D fold (74). 

This identified surface of Type III AFP was funher probed by a study in which 

A16, situated centrally to the three active residues, was systematicaiiy replaced by amino 

acids with larger side c h a h  (16). The relationship between the size of the intruding side 

chah and AFP activiq was cornplex. Branched and cyclic residues were more 

deleterious to the thermal hysteresis activity than straight chah residues (eg. Met). 

Observation of ice crystal morphology indicated that mutations with poorer thermal 

hysteresis activity formed ice crystals with longer c to a axis ratios, ranging fiorn 2 in 

wild type to 10 in the least active mutant (A16H)(16). An increase in the ratio was also 

observed on dilution of the wild-type antifieeze. This differs from the behaviour of ice 

crystals in the presence of mutant (104) or dilute solutions of Type 1 AFP (16), which 

retained a c to a ratio of 3.3. This difference, in combination with the ice etching 

studies that indicate Type III binds principally to the pnsm plane and not a pyramidal 

plane (27), requires an explanation for the shaping of the ice into a bipyramid. This 

prompted development of the first model for binding of a globular AFP to ice (1 6). The 

model was based on a variation of the "step-growth-inhibition" mechanism. In th is  

model the Type IJI AFP binds to the prism plane while covering the basal plane. 

Dissociation or overgrowth of the AFP allowed "filling in" of occupied niches at the 

pnsm surface, causing the ice crystal to form with a larger c to a axial ratio (16). 



A third snidy on Type III was carried out to test the cooperativity mode1 for 

antifreeze action (43)(102)(108). In this study, large domains were attached by cassette 

mutagenesis to the N-terminal end of Type III AFP. Two domains of different sizes 

were tested: maltose-binding protein at 42 kDa and thioredoxin at 12 ma. The 

hypothesis was that large domains would sterically inhibit any cooperative effect between 

AFPs and should cause a decrease in AFP activity. In fact, the larger the domain, the 

more active was the AFP. This refutes the cooperativity mode1 and also suggests that 

size is important for AFP activity (111). It was proposed that the larger the AFP 

diameter, the greater the potential increase in ice curvature between A m s ,  at equivalent 

ice coverage, which according to the Kelvin effect will increase the surface fiee energy 

and depress the freezing point further (1 11)(100). 

FinalIy , when the X-ray crystai structure of Type III AFP (QAE isoform) was 

resolved to 1 . X Â  (73), the structure revealed a rernarkably flat , amphipathic ice binding 

surface (Figure 17). This degree of planarity had not been obvious from the low 

precision NMR solution structure (71). Five hydrogen bonding atoms were modeled to 

match two ranks of oxygens spaced 4.5A apart on the prism face, consistent with high 

ice binding a f f i t y  and specificity. It was noted that NI4 was not in the same ice 

binding plane; rather it was at the transition point between prisrn and basal planes. A 

proposa1 was made that initial binding through this one residue could slow the lateral 

spread of a single ice layer over the basal plane such that a second layer of ice could 

catch up to the fust, making contact with the second ice-binding residue, 444. At these 

early stages the AFP is predicted to have a significant off-rate. Growth of subsequent 



Fig. 17 Mode1 of Type III AFP docking to ice. 1 : Type III AFP makes the fint 
hydrogen bond to an expanding ice Iayer via N14. 2: This slows the 
growth of the ice layer such that a second layer catches up to the fxst and 
makes a second interaction with Q44 on the AFP. 3-6: This continues 
until al1 ice binding residues are bound to the prism face of the ice crystal 
and growth is inhibited. Figure courtesy of C. DeLuca. 





ice Iayers continues to catch up to the AFP making more and more contacts with it, until 

al1 binding sites on the AFP are fiiled and the ice growth is compietely inhibited (73) 

(Figure 17). In this mode1 the AFP is to a certain extent inducing formation of its own 

binding site. Aithough the prism plane is a n a W y  expressed ice crystal plane, binding 

solely of this plane would not cause the tapering of the ice crystal that is aiways observed 

with this AFP. 

W E A R C H  GOALS 

The overall goal of this research was to l e m  more about the general mechanisms 

involved in mediating AFP activity . In working towards that goal, mechanistic Rnalyses 

on two structurdy disparate fish AFPs have been carried out. For reasons of simplicity, 

the remaining chapters of this text have been divided into parts A and B. Part A deais 

with the structurelfunction analysis of sea raven Type II AFP, while part B reports on 

the mechanistic andysis of winter fiounder Type 1 AFP, isoform HPLC-6. 

PART A Objectives 

Type II AFP is one of a number of globular proteins known to exhibit antifreeze 

activity. A recent homology modelled structure for Type II AFP indicates it shares no 

structural similarity to either the more extensively studied Type I and AFGP proteins, 

both of which have a very regular repetitive structure (l), or to the globular Type III 

AFP (53). Recent models for the mechanism of action of Type III and Type 1 AFPs 

indicate these proteins are likely to function though somewhat different ice binding 



geornetries (73)(43). Type II SRAFP does not bind to the same ice crystal surface as 

either of these AFPs (27), and it maintains a distinct, rounded hexagonal bipyramidal 

shaped ice crystai (15) not observed with either Type 1 or Type III or any of their 

mutants. This evidence strongly suggests yet another smicfural fit between AFP and the 

ice lattice. 

SRAFP was specifically targeted for this study because it is the most active of the 

Type II AFP isoforrns and the oniy one to show Ca2+-independent activity (51)(52). As 

well, at the start of this particular project, it was the oniy Type 11 AFP for which 

genomic and cDNA sequences were known (65)(59). Goals for the Type II AFP 

stnicture/function study are outlined below . 

1. Elucidation of the 3D structure of Type 11 AFP fiom sea raven. The solution 

structure and crystal structure of the protein are being attempted for cornparison to the 

existing 3D models of SRAFP and herring AFP, as well as to the CCRD and PSP 

structures. Studies on both the Type 1 and Type III AFPs indicate that significantly 

different, yet equally useh1 information can be derived about a protein from the 

application of both of these different techniques (73)(72)(4O)(lO9). The solution structure 

is being solved in coIIaboration with Drs. Frank Sonnichsen', Bnan Sykes2, and Wolfram 

Gronwald2, at 'Case Western Reserve University and the 'University of Alberta. The 

crystal structure is being attempted in collaboration with Dr. Zongchao Jia at Queen's 

University. Protein for both structural studies was provided though the development of 

a high Ievel rxomblliant expression system, using the yeast Pichia pastons (P. pasloris) 

as host. In collaboration with Dr. Andrew Daugulis in the Department of Chernical 



Engineering at Queen's University, sophisticated fermentation techniques were employed 

to achieve levels of AFP production sufîicient for crystallization (> 100mg) and for 

metabolic labelling of the protein for NMR studies. 

2. Determination of the mode of binding of Type LI AFP to ice. Mutagenic 

structurelfunction studies were carried out on Type II SRAFP to detemiine the 

importance of various hydrophilic residues to AFP activity. Single site changes, 

insertions and a domain swap were made to assess the putative ice binding site (IBS1) 

proposed in the SRAFP 3D mode1 (53). Cornputer modeiling was used to study the 

localized binding surfaces of SRAFP, CRD and PSP models to further analyze the 

specific spatial arrangements of residues, to better determine what features are important 

for binding. The computationai analysis lead to the identification of a potential second 

binding site on the Type II molecule, which was M e r  probed by more extensive 

mutagenesis. The P. pastoris recombinant expression system was used for production 

of mutant AFPs. 

PART B Objectives 

Type 1 AFP, specifically the HPLC-6 isoform €rom winter flounder, has been 

extensively studied. However at this time, specific roles for the ice binding residues 

have yet to be determined. It has simply been assumed for the Iast two decades tbat 

proteinlice interactions are predorninantly, if not exclusively, mediated through hydrogen- 

bonds between hydrophilic amino acid side chains and water molecules of the ice lattice. 

One goal of this study was to determine more precisely the roles canied out by each 



individual member of the IBM. 

HPLC-6 was made by solid-phase peptide synthesis. Subsequently a number of 

variants were made in which the inner two identical IBMs were changed with the same 

substitution. The role of the Thr residue was probed by specific replacement with Ser 

and Val residues that maintain either the hydroxyl or the methyl group. Matching 

replacements at the Leu and Asn positions were dso canied out. Other experiments 

were done to shorten the helix and determine the minimum size of the AFP for ice 

binding. And fuially, a domain addition experiment was made to m e r  test the 

cooperativity theory and to work towards making an effective synthetic AFP. 



CELWïER 2 

MATERIALS AND METHODS 

PART A 

Bacterial and Yeast Strains 

The methy lotmphic strain of P. partons, GS 1 lS(his4) (Invitrogen, San Diego, 

CA)(112) was used for expression of recombinant Type II AFP. E. coii JM83 was used 

for al1 plasmid constructions and propagations. E. coli CJ236 was used for production 

of uracilcontaining single-stranded DNA for mutagenic experiments. 

Media Compositions 

i) E. d i :  

E. coli was grown in Luria Bertani (LB) (Difco) broth or on LB aga. plates, 

containhg 10g/L tryptone, 5glL yeast extract and 10gIL sodium chloride. Ampicillin 

(75pg/rnL) was added to media for selection of ampicillin-resistant plasmid-containing 

clones. 

ii) Yeast: 

Buffered Minimal Glycerol-complex medium (BMGY) contained the following 

(per litre) : yeast extract (log), meat peptone (20g)(Sigma), yeast nitrogen base without 



amino acids (1 3.4g) (Difco), biotin (400pg)(Sigma), glycerol(l0ml) in 1ûûm.M potassium 

phosphate buffer (pH 6.0). Buffered Minimal Methanol-complex medium (BMMY) 

contained the same components as BMGY except that glycerol was replaced by methanol 

(SmWL). Minimal Methanol medium (MM) contained the foiiowing (per litre): yeast 

nitrogen base without amino acids (1 3.4g), biotin (NOpg), methanol (5mL). Minimal 

Glycerol media (MG) contained the same as MM media except rnethanol was replaced 

by glycerol (10mWL). Minimal Dextrose medium (MD) contained the same as MM 

medium except methanol was replaced with dextrose (lOg/L). Agar plates of these media 

were made with the addition of 12-15g/L aga. Fermentation media contained the 

following (per litre): glycerol (SOg), ammonium sulfate (20g), KH,PO, (12g), MgS04- 

7H20 (4.7g), CaC1,-2H20 (0.36g), plus trace elements as follows: CaS04-SH,O 0.2pM, 

KI 1.25pM, MnS0,-4H20 4.5pM, Na,Mo04-2H20 2. OpM, &BO3 0.75pM, ZnS04-7H20 

17.5pM. FeCI,-6H20 44.5pM. The pH was adjusted to 5.5 using 5M KOH. 

Plasmid Isolation fkom E. coli 

Plasmid DNA was prepared fiom lûmL LB ampicillin overnight cultures by 

alkaline lysis followed by two equal volume phenoI/chloroform (1 : 1) extractions and two 

equal volume chloroforrn extractions and then precipitated with an equal volume of 

isopropanol(113). Plasmid DNA for sequencing and yeast transformations was prepared 

using the Wizardm rniniprep DNA purification system (Promega) . 



Gel Purification of DNA Fragments for Clonhg 

Restriction enzyme-digested DNA fragments were separated by gel 

electrophoresis. Fragments longer than 800 base pairs (bp) were isolated by the Prep-a- 

GeneTM (Biorad) DNA purification kit. Fragments shorter than 800bp were eluted from 

1 .O% agarose gels using DEAE paper Na 45 (Schleicher & Schuell) (1 14). 

Double-Stranded DNA Sequencing 

DNA sequencing was performed using the Sequenase@ Version 2.0 DNA 

sequencing kit (USB)(llS). Sequencing primers are listed in Table 1. Sequencing 

reactions were separated on a 47% wlv urea, 8% polyacrylamide gel (1500V, 25-35mA) 

and visualized by autoradiography (Kodac XAR) after futing (10% rnethanol and 10% 

acetic acid) and drying. 

Plasmid Construction 

i) pPIC9-Sb-CTHT: 

The vector pPIC9 (Figure 18), which contains the HIS4 gene for selection in the 

KIS4- strain, GS 1 15(his4), and the ampicillin-resistance gene for selection in E. coli 

(1 12), was used to express the mature sea raven cDNA in P. p m s .  The 5 '-end 

primer, SR1 (5 ' -GAA'ITCGAATTCC AGAGAGCCCCACC A-3 ' ) , which introduced 

tandem EcoFU sites (underlined) immediately upstream of the Gln codon at the N- 

terminus of mature SRAFP ( 5 9 ,  and the 3' primer, SR2 (5'-ATACGTA 



Table 1. Sequencing Primen 

Narne Vector - (5'-3'1 - 

5 ' -antisense strand sequencing primers 

T7 promoter TTTAATACGGACTCACTATA pETlpTi-7f 

a-mating TATTGCCAGCATTGCTGC pPIC9 

Pichia GACTGGTTCCAATTGACAAGC pHIL-S 1 

3 ' -sense strand sequencing primers 

T7 tenninator GCTAGTTATTGCTCAGCGG pETIpT7-7f 

sea raven 3' ACTAAAGTG'M'TGTGTG pETIpT7-7f/pPIC9/pHIL,-S I 

3'AOX GCAAATGGCATTCTGACATCC pPIC9/pHLL-S 1 



Fig. 18 pPIC9 and pHILSl vector diagrams. top: pHIL-S1-SRm-NTHT fiaal 
construct. The XhoI of the multiple cloning site is deleted in the f i  
construct by incorporation of the N-temiinal His-tag. bottom: pPIC9- 
SRm-CTHTfmlconsûuct. B=BstEII, Ba=BamHI, E=EcoRI, N=NmI. 
Vector diagrams are from Invitrogen P. p-s system manual (1 17). 
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AGCGGCCGCCAAACACCCACTAAAGTG-3 ' ) , which introduced a Nor1 site 

(underiined) 47 bp downstream of the stop codon, were used to ampli@ the mature AFP 

cDNA by the polymerase chah reaction (PCR) from the clone pT7-7F-SRm (Figure 19). 

pT7-7F-SRm is a derivative of the E. coli expression vector pT7-7 (1 16), in which the 

mature cDNA of Type II AFP was cloned into the NdeIIEcoRI sites of pl7-7F. The 

pT7-7F vector contains an onF site for production of single-stranded (ss) DNA as 

previously described (1 14). A 492 bp PCR product was obtained by DNA amplification 

and was cloned into the EcoRI and NotI sites of the pPIC9 vector, 24 bases (8 amino 

acids) downstream from the cr-mating factor signal peptide cleavage site, to give pPIC9- 

SRm. Subsequently, the vector pT7-7F-SRm was mutated using a primer-directed 

mutagenic method (1 19) with primer CTHTl (5'-pTGCGCCATGACATT 

CCACCACCACCACCACCACTAAGCGGCCG(XGAGCTAACACAGAGG-3 ')which 

introduced a 6-histidine-long His-tag (underlined) at the C-terminal end of the cDNA, 

immediately pnor to the stop codon (bold) to allow simplifed protein purification by 

a f f i t y  chromatography on a nickel-agarose column (Novogen). The primer also adds 

a NotI site (italics) b e d i a t e l y  following the stop codon. A fkagment, that included the 

His-tag , was excised using the NotI site and a unique BstEII site farther upstream within 

the cDNA. This was cloned into the corresponding sites within the pPIC9-SRm vector 

to produce the f m l  expression construct, pPIC9-SRm-CTHT, which differed fiom 

pPIC9-SRm by the presence of the C-tenninally coded His-tag. 



Fig. 19 pT7-7f and pET20b+ vector diagrams. top: pT7-7f-SRm f d  
construct. Vector diagram is from Tabor et al., 1985 (1 16) bottom: 
pET2Ob+-SRm f d  constmct (Vector diagram is from Novogen PET 
expression system manual (1 18). Nd = NdeI, B = BstEII, E = EcoRI , 
Ba=BmWI. 
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ii) PHIL-S 1-Sb-NTHT: 

The vector pHIL-S1 (Figure 18) was aiso used to express mature sea raven cDNA 

in P. pastoris. The vector pT7-7F-SRm was mutagenized using primer directed 

mutagenesis with primer pHILl(5 '-pGGAGATATACATGCTCGAGCCCCACCAA-3 ' ) , 

which incorporated a XhoI site (underlined) at the S'end of the mature cDNA, while 

deleting the fast glutamine at the N-terminal end of the protein. A XhollBamHI 

fragment was cut from this mutagenized pT7-7F-SRm vector and subsequently cloned 

into the pHIL-SI vector at the corresponding XhoI and BamHI sites, producing the vector 

pHIL-SI-SRm. An N-temllnal His-tag (underlined) was subsequently added to this 

constnict by insertion of the NTHT-linker (5'-pTCGAATTCACCACCACCACCAC 

CACGG-3 ' ) complimentas, to (5 ' -pTCGACCGTGGTGGTGGTGGTGGTGAAT-3 ' ) - 

which contains EcoRl and XhoI overhangs for cloning immediately 5 ' to the AFP cDNA 

insert. This inserted the coding sequence for a His-tag at the N-terminal end of the 

protein, producing pHn-SI-Sb-NTHT. 

Transformation of DNA 

i) E. coli: 

Plasmids were introduced into E. coii by the calcium chloride rnethod of 

transformation (120). Cells were grown to log phase and chilled on ice. These were 

centrifbged and resuspended in 115th volume of chilled 0.1M CaCl, and incubated on ice 

for 15min. Cells were centnfuged again and resuspened in 1115th volume of 0.1M 

CaC1, and incubated on ice for 30min. An aliquot (50pL) of ce11 solution was added to 



10-40ng DNA and incubated on ice for 30min. The DNNcell solution was then 

incubated at 42°C for 90sec and LI3 broth was added to 200pL volume and incubated at 

37°C for a m e r  6Omin. Cells were plated on LB medium with appropriate antibiotic 

for plasmid selection. 

ii) Yeast 

Vector DNA (10pg) produced in E. coli was linearized and transfomed into 

GS1 lS(his4). Vector linearized by B g m  was integrated by homologous recombination 

into the AOXl gene site producing clones with a His+, "methanol utilization slow" 

(Mut') phenotype. Vector linearized at the San site was integrated into the HIS4 gene 

site of the GSllS(his4) genome, without disruption of the MS4 plasmid gene, gave a 

His', Mut' phenotype. The linearized vector was introduced into P. partoris using 

either the spheroplast transformation procedure essentially as described by Cregg et al., 

1985, (1 12) or by electroporation as described in Scorer et al., l994,(l2 1) and then plated 

on MD plates for selection of HISCcontaining clones 

Selection of Positive Yeast Transformants 

Mur clones were selected fust by piating of yeast transformation reactions on MD 

(no His) plates which allowed for selection of clones containing the HIS4 gene. Clones 

were picked off these plates and replica-plated ont0 MD and MM plates for selection of 

MuP phenotypes. Colonies that grew well on MD (dextrose as carbon source) but slowly 

on MM (methanol as carbon source) were selected and tested for AFP production. In 



the case of Mut* selection, clones that grew well on both MM and MD were selected 

and tested for production of recombinant SRAFP (rSRAFP). 

Induction of Yeast Alcohol Oxidase Promoter for AFP Expression 

Transformant cultures of volume lûmL or 5ûmL were grown in 50mL conical 

tubes (with loosened tops) or shake flasks (250m.L Erlenmeyers), respectively, at 30°C 

for 48h in BMGY which contained glycerol and therefore inhibited the alcohol oxidase 

promoter. Cells were harvested by cenûifugation and resuspended in the same volume 

of BMMY, which contained methanol for induction of the alcohol oxidase promoter, and 

agaio incubated for 48h at 30°C with shaking. Cells were removed by centrifugation, 

leaving rSRAFP to be purïfied fiom the medium. 

Fermentation 

Inoculum cultures (600mL) were grown in MG medium for 48h at 30°C, in 2L 

Erlenmeyer flasks, at 250rpm. This 10% inoculum was used to inoculate a 10L Chemap 

bioreactor (Mode1 FZ-3000), containing 6L of fermentation medium. Ce11 culture 

conditions were set at 30°C, 800rpm and 2.3 L-air/L-culture volume/min. The pH was 

maintained at 5.5 by the automatic addition of SM KOH. The level of dissolved oxygen 

was measured using an Ingold galvanic electrode . Antifoarn 204 organic (ZmL)(S igma) 

was added pnor to inoculation, and as required throughout the fermentation. Methanol 

and glycerol levels were monitored by HPLC (Waters) on a Sugar-Pac (Waters) column 

using the Maxima 800 data acquisition system for peak integration. The different 



fermentation strategies used are described in the Results section. 

Production of "N-Labelled rSRAFP 

The clone GS115 pPIC9-SRm-CTHT Mue was grown in lOmL BMMY in a 

50mL conical tube at 30°C with shaking for 24h. This was used to inoculate a lûûrnL 

culture (in a 250mL Erlenmeyer) of MG media containing 3.6gfL yeast nitrogen base 

(Difco) without amino acids or ammonhm sulfate, and 10g/L "N-labelled ammonium 

sulfate (CIL). This culture was grown at 30°C, with shaking at 250rpm for 48h and then 

used to inoculate a 1.5L New Brunswick Scientific Bioflow Fermentor (Mode1 C-30), 

containing IL of fermentation medium with lSN ammonium sulfate as the sole niaogen 

source. Ce11 culture conditions were set as described for the 10L Chemap Bioreactor and 

pH was again maintained at 5.5 by the addition of SM KOH. The mixed-feed 

fermentation strategy described in the Results section was used to induce expression and 

secretion of the uniformiy "N-labelled rSRAFP. 

Analysis of Type I? Antifreeze protein 

i) SDS-PAGE and Westem Blotting 

Sarnples were analyzed by electrophoresis on 17% polyacrylamide-SDS gels, 

containing 0.1M sodium phosphate and 4M urea at pH6.8. These gels were either 

stained with Coomassie blue (0.25%) and amido black (0.1 %) and then destained (10% 

methanol, 10% ethanol), or were Westem blotted onto a nylon membrane (PVDF, 

NEN). The membrane was incubated with rabbit anti-SRAFP antisenun and &en 



horseradish peroxidase-linked goat anti-rabbit IgG (Promega). Detection was carried out 

using enhanced cherniluminescence (Amersham). 

ii) Protein Mass Spect rome~ and Quantitation 

Mass spectrometric analysis was carried out on a Kompact MALDI III 

spectrometer by matrix assisted laser desorption/ionization time of flight mass 

spectrorneûy in 0.1 % TFA. AFP was quantified by estimation from Western blot 

analysis, by visual inspection and cornparison of band intensities generated by h o w n  

quantities of SRAFP. Dry weight, A2,, (using the predetemiined standard for Type 11 

AFP 4.5mg/mL= IO,,) and Bradford protein detection (122) were also used to quanti@ 

purified AFP. 

iii) Antifreeze Activity Measurements and Photomicroscopy 

Themai hysteresis was used as a quantitative measure of AFP activity. It is 

defined as the temperature difference ("C) between the melting point and the non- 

equilibrium freezing point of a solution. This thermal hysteresis activity is primarily the 

result of inhibition of crystal growth by the AFP (88). Thermal hysteresis c m  be 

measured by placing nanolitre volumes (1-lOpL) of an AFP solution on a cooling stage 

beneath a microscope for observation of ice crystals. The temperature of the stage is 

controlled by a nanolitre osmorneter (Clifton Technical Physics, Hartford, New York) 

(10smoI= 1.86OC) (45). The growth of a single ice crystal in the presence of AFP can 

then be observed as the temperature is dropped from the melting point (where ice and 



its melt are at equiiibrium) to the freezing point (rapid ice growth) . Al1 measurements 

were made in 1ûûm.M mHCO, ,  except for the Type II pH and D'M' studies. Ice 

crystai morphology was observed through a Leitz Dialux 22 microscope and recorded by 

a Panasonic CCTV camera linked to a JVC Super VHS video recorder. Still images 

were ob tained from a Silicon Graphics INDY terminal ushg IRIS Capture Version 1 .2 

and printed on an HP Lase jet4. For ice growth rate analysis, samples were held at a 

f i e d  degree of undercooling and images were captured at Omin and lOmio tirne points. 

iv) NMR Characterization 

1D and 2D-NOESY NMR spectra of purified recombinant, lSN-labelled 

recombinant and some mutant SRAFPs were collected and analyzed by Drs. Frank 

Sonnichsen and Wolfram Gronwald at the University of Alberta, Edmonton, to compare 

their overall fold to that of wild-type SRAFP isolated from sea raven s e m .  

Purification of Type II AFP 

The yeast media (BMMY) containing SRAFP was loaded directly onto a nickel- 

agarose column (lOx50mm)(Novogen). The loaded column was washed extensively with 

Buffer N (20rnM Tris-HCI (pH 7.6), 0.5M NaCl, 2 % glycerol, 5mM imidazole) prior 

to elution of rSRAFP by an imidazole gradient (5mM - 125mM) in 75min at a flow rate 

of 1 .SmL/min. Fractions containing rSRAFP were pooled and dialyzed (using 6,000- 

8,000 MW cut off dialysis membrane (Fisherbrand)) against exchange buffer (25mM Tris- 

HC1 (pH9 .O)) and subsequently chrornatographed on an FPLC (Pharmacia) anion 



exchange column (Q-Sepharose 161 10 (1 6xlOOmm); Pharmacia) preequilibrated in 

exchange buffer. Bound AFP was eluted by a h e a r  0.2-0.4 NaCl gradient in exchange 

buffer at a flow rate of 2.5 mllmin. Fractions containing AFP were pooled and dialyzed 

into lOOmM NH,HCO, and lyophilized. 

Samples of the FPLC-pure rSRAFP were applied ont0 a Cl8 reversed-phase 

andytical HPLC column (3.9X250mm)(Vydac). The colwnn was equilibrated in 8 % 

acetonitrile and 92% H,O containhg 0.1 % TFA. The AFP was eluted by a gradient of 

the organic phase to 80% acetonitrile, at a flow rate of ImWmin. 

Large-scale purification of rSRAFP fiom the 10L bioreactor medium included a 

preliminary step in which the medium was concentrated 10-fold using an Amicon Spiral 

Carîridge (Model SlY3) 2L concentrator (Model CHZPRS). The resulting solution was 

saturated with EDTA (20mL of 0.5M EDTA (pH9.0), in 1OOm.L of media). The pH was 

increased to pH 8.0-8.5 with the addition of 1M Tris base. Residual EDTA was then 

saturated by the addition of excess MgCI, (20mL of 2M MgCI, in iOOmL of media) and 

additional 1M Tris base to maintain the pH. The resulting solution was centrifuged at 

10000 rpm for 20 minutes at 4°C and any residual precipitate removed. The f d  

solution was treated as described above. 

Recombinant SRAFP Cry stallization 

Recombinant SRAFP was eluted off the FPLC Q-Sepharose column and dialyzed 

into 1Om.M Tris-HCl (pH9.0). This was concentrated, using Millipore Ultrafree Biomax- 

5K (15rnL) centrifuga1 concentrators, to llmglmL as determined by 04,. A srna11 



fraction of this stock solution was further concentrated to 22mgfmL. Al1 solutions were 

filtered using a 0.2pm syringe fdter (millipore). These protein solutions were used in 

hanging drop crystallization trials. An aliquot (2pL) of protein solution was added to an 

equal volume of crystallization solution on a siliconized cover slip and sealed upside 

d o m  in a chamber equilibrated with cry stallization solution. Hampton Research Cry stal 

Screens 1 and II were used in tests, as weii as three grid screens outlined in the Results 

section. 

pH Dependence Smdy 

The antifreeze activity of a 0.8 rng1m.L solution of wild-type SRAFP isolated from 

çea raven s e m  (a gracious gift from Dr. Choy Hew, Hospital for Sick Children, 

Toronto) (50) was measured at pH values ranging from 1 to 13. An aliquot (20pL) of 

a pH-adjusted bufler mixture of 93.75mM sodium borate, 93.75m.M sodium phosphate 

and 93.75mM sodium citrate was added to an aliquot (5pL) of SRAFP (dissolved in H,O 

at 4.Omg/mL) for pHs 2-1 1. The fml concentrations were 0.8mg/mL SRAFP and 75mM 

buffer. Activity at pH 1 was measured in a IOOmM HCV75mM NaCl solution at 0.8 

mglrnL AFP. Similarly at pH 13, activity was measured in lOOrnM NaOH/75mMNaC1. 

DTT Dependence Smdy 

The antifieeze activity of a 1rngfrn.L solution of wild-type SRAFP isolated from 

sea raven was measured at a variety of temperatures in the presence of 1ûm.M DTT. The 

AFP was dissolved in lOOmM Tris-HCl (pH 8. O), to approximately 1.0 mg/mL. To this 



was added DTT (from a 1M stock solution) to lm7 or an equivalent volume of buffer. 

Sarnples (10pL) of this solution were incubated for timed intervais at 0°C7 22°C and 

37°C. 

Primer-Directed Mutagenesis 

Mutants were ali made by primer-directed mutagenesis (Kunkel et al., 1987). 

Single-stranded uracil-containhg template of either pT7-7F-SRm or pET2Ob +-SRm 

vectors (Figure 19), was produced using the helper phage M13K07 and was recovered 

by standard procedures (l23)(124) and further purified on a hydroxy lapatite column 

(124). Al1 mutagenic primers were designed to have DNA lengths on either side of the 

miss-match, with Tms of at least 40°C. Mutagenic primer (10pmol) and single-stranded 

DNA (ssDNA) template (lpg) were combined in 20pL of annealkg buffer: 20mM Tris- 

HCI (pH 7.5), 50mM NaCl and 2mM MgCI,. The mixture was placed in a 95°C water 

bath and cooled to 22OC over 2h. Following the addition of lOmM dNTPs (2.5pL each), 

lOmM ATP (5pL) ,  synthesis buffer: lOmM Tris-HCI (pH 8. O), 50mM MgC12, 20mM 

DTT (5pL) and water (4pL). The mixture was left on ice for Smin. At the end of this 

incubation gene 32 protein (3pg)(Pharmacia), T4 DNA polymerase (6.4U)(NEB) and T4 

DNA Iigase (4.0U)(NEB) were added sequentially. The mixture was incubated on ice 

for a further Smin and then at 23OC for Smin and then at 37OC for 2h. An aliquot (20pL) 

of this incubation mixture was used to transform E. coli JM83. Primers used in 

mutagenic reactions are described in Table 2. Positive clones, detected by dideoxy 

sequencing (1 15) were digested with BstEII and NotI and subcloned in the PHIL-S 1-SRm 



Title - - 
h o p  4 Swap 

INSERTS 

1191120 

107/108 

94/95 

8 1/82 

INSERT LINKER 

INSERT A 

INSERT 3 

Table 2. Antisense Mutagenic Primers 

Semence (5' -3 ' 2 

pCGTïCCTGGTGTTCTGACCAACCTAACGATCACGG 

TTCCGGTGAATGCTGTATGCAGATG (Sense Primer) 

pCAAGTCATCCCAGGCTTGGTCAGCTGC 

p AGGTTTGGTAGAAGCCCAGGAACGAAA 

p ATCATCAGGTTïGGTAGCACACCAGGAACGAAA 

pGGACAAGGCAAGTCAGCCCAGCATTGGTC 

pGGTCAGCTGCAGCAGCCATAGCCATACAGCACGCG 

pACGAAATTCATAGGAGCACCAGCAGACCAGGTCCA 

p A A C A C C A G C A T T C A A A G C A G C A A T G C T C  

pCTGAATGAAACTATGAGCCTCCTGAGCGTGGATGGATGCAAG 

pGCCAGAGCCCAAGCCATCGCATTATTCTCATAATAGATAGATACAGC 

pGCAGACTGATTTGTGATGTGCCGGACAAGGCAA 

pCAAGTCATCGCTGTATGCTCATAATAGATACAG 

pCCCAAGTCATCGCATGTGTCTCATAATAGATAGATA 



NTHT or pPIC9-SRm-CTHT vectors for expression. 

Double Mutagenesis 

Mutants that included two single site changes at different positions dong the 

cDNA were mutated by the addition of two mutagenic primers to the same mutagenic 

reaction. Other double mutants, made up of single site changes plus the Loop 4 mutant, 

were produced using ssDNA of the pETt20b +-Sb-CTHT-bop4 mutant. Al1 mutants 

were subcloned and screened as described above. 

Linker Insertions 

The insertion-linkers primers A and B (Table 2) were resuspended to 

lOpmoles/pL and lOpL of each of these primers was added to annealing buffer (5pL) 

(500mM Tris-HCL (pH 8.0), 0.1M MgCl9 plus 25pL H,O to 50pL total volume. This 

solution was heated to 95°C for 3min and cooled slowly over 2.5h to 22OC. An aliquot 

(5pL) of this annealed primer solution was added to pPIC9-SRm-CTHT insertion mutants 

(either 94195 or 1071108) vectors digested with Q n I  and previously dephosphorylated 

using alkaline phosphatase. This mixture was ligated overnight with T4 DNA Iigase and 

buffer (NEB) at 14°C. The resulting &hue was transformed into JM83 E. coli and 

plated on LBarnp plates 



PART B 

Type 1 Peptide Synthesis, Purification, Quantitation, Circular Dichroism and 

Sedimentation 

Peptide synthesis and purification, CD studies and sedimentation experiments were 

perfomed at the University of Aiberta, Edmonton, by Dr. Heman Chao. Dr. Michael 

Houston (Univers@ of Aiberta, Edmonton) was responsible for production of lactam 

bridged samples as well as their conjugation to bovine s e m  albumin @SA). 

Antif'reeze Activity Measurements and Photomicroscopy 

Thermal hysteresis rneasurements and photomicroscopy were carried out as 

descnbed in Part A. Ice crystal c to a axis ratios were determined by measurement and 

averaging of between 11 and 16 different ice crystals for each variant. 

NMR Spectroscopy 

2D-NOESY NMR experiments were perfomed at the University of Alberta, 

Edmonton, by Dr. Wolfram Gronwald and Dr. Frank Sonnichsen. 



PART A 

Expression of Type II rSRAFP 

In order to test the mode1 of the 129-amino-acid-long SRAFP, a structure-function 

study was carried out. An efficient expression system was required to produce the 

protein for both the structural and the mutagenic studies. Initial attempts at expressing 

Type II AFP using both baculovims-infected insect cells and E. coli produced very low 

yields of soluble recombinant protein; ody 0.8mg rSRAFP/L of media accumulated in 

the baculovims system (60) and less than 2.OmglL was obtained in the E. coli system 

(not shown). Significant difficulties were encountered during purification of the soluble 

E. coli rSRAFP product, and the insoluble fraction could not be refolded info an active 

conformation, rendering the system virtually useless (unpublished data). However, by 

using the yeast a-mating factor signal peptide for secretion, soluble, active rSRAFP was 

successfully obtained from P. partons at Ievels up to 3.0mglL in shake flask cultures. 

Yeast Expression Vectors and Transfomed Strains 

Two P. pmtoris expression vectors containing different signal peptides, were 

tested for secretion of rSRAFP. These included the yeast a-mating factor signal peptide 



in the pPIC9 vector and the yeast alkaline phosphatase signai peptide sequence in the 

pHIL-SI vector. Both vectors contained the DNA sequence coding for the 129-amino- 

acid mature SRAFP, situated downstream of the P. pastoris AOXl (alcohol oxidase) 

promoter (112). As well, these constructs included a sequence encoding a histidine tract, 

six histidines in length. In pPIC9 the His-tag was inserted by mutagenesis at the 3'end 

of the cDNA immediately upstream of the stop codon; in pHIL-S1, cassette mutagenesis 

was used to introduce the His-tag at the S'end of the cDNA. The latter manipulation 

resulted in a cloning artifact in which the N-terminai glutamine codon was replaced by 

a glycine codon. The N- and C-terminal insertions of the His-tag were carried out to 

allow cornparison of the effects of the different insertions on expression levels. These 

vectors also contained the P. pasroris HIS4 gene for positive selection in the HIS4- strain, 

CS1 15(his4), and the ampicillin resistance gene for positive selection in E. coli (1 12). 

Following production of the vectors in E. coli, they were linearized and transformed into 

CS1 lS(his4). Vector linearized by B g m  and integrated by homologous recombination 

into the AOXl gene site produced clones widi a His*, Mue phenotype. The vector 

linearized at the Sali site integrated into the HIS4 gene site of the GS 1 15 (his4) genome, 

without disruption of the vector HIS4 gene, and gave a His+, Mut' phenotype. Positive 

transformants were selected and tested for rSRAFP production by measurement of 

thermal hysteresis activity and Western blot analysis of the spent medium. 

Shake Flask Expression of rSRAFP. 

Recombinant SRAFP produced and secreted by GS115-pPIC9-SRm-CTHT in 



shake flasks, was detected in the medium by Western analysis at a level of only 3.0 

mg/L. The recombinant protein, which included the eight N-terminal additional amino 

acids and six C-terminal histidines, had a calculated MW of 15777 (Figure 20). It gave 

rise to a single band on a Western blot that ran with approximately the same mobiliry as 

the native SRAFP mature standard (calculated MW 13999) (Figure 21A, lanes 2 and 3). 

The bell-shaped band in lane two is the result of overloading. A thermal hysteresis 

reading of approximately 50 rnOs (O.l°C) was detected in the medium from the pPIC9- 

SRrn-CTHT culture (grown to a final OD, of 10-15 in glycerol-containing media and 

subsequently induced with methmol for 48 hours) indicating that the rSRAFP was active. 

Ice crystals produced in the presence of rSRAFP had a slightiy rounded hexagonal 

bipyramidal morphology characteristic of SRAFP (15) (Figure 22). Expression levels 

from the Mut+ clone containing pPIC9-SRm-CTHT (Figure 21A, lane S) ,  were simiiar 

to those €rom the corresponding Mur clone (Figure 21A, Iane 3). When Muf pPIC9- 

SRrn-CTHT was switched to growth on a minimal medium in order to label rSRAFP 

with "N for NMR structural studies, the yield of AFP decreased by at least half as 

detected by Western blotting (Figure 21A, lane 6). 

rSRAFP produced by GS 1 15-pHIL-S 1 SRm-NTHT was detected near the expected 

15kDa size (calculated MW 15020) (Figure 21A, very faint band lane 7), at a level of 

less than 1 .Omg/L. A thennal hysteresis value of approximately lOmOs (0.02T) was 

detected in the medium from the pHIL-SI-SRm-NTHT culture, confiming the lower 

yield. These results suggest that the or-mating factor signal sequence in the pPIC9 vector 

is more effective in directing the expression and secretion of rSRAFP from yeast. These 



Fig. 20 Primary amino acid sequence of rSRAFP. The predicted sequence of 
the r S W P  product secreted from P. pastoris by the a-rnating factor 
signal peptide from the pPIC9-SRrn-CTHT constnict is shown. The eight 
addition amino acids are underlined (solid) at the N-terminal end. The C- 
terrnioal His-tag is marked with a dotted h e .  The residues are numbered 
according to the mature N-terminus = 1. 





Fig. 21 Western BIot and SDS-PAGE of rSRAFP. A) Western blot, lane 1: low 
molecular weight prestained markers (kDa)(GIBCO/BRL), lane 2: 
approximately 150ng SRAFP from sea raven se-, lane 3: pPIC9-SRm- 
CTHT (Mur), lane 4: pPIC9-SRm (Mur), lane 5: pPIC9-Sb-CTHT 
(Mut'), lane 6: pPIC9-SRm-CTHT (Mue) from defmed medium (flask), 
lane 7: pHIL-S 1 -SRm-NTHT (Muf ) , lane 8: pHIL-S 1 -SRm (Mue), lane 
9:GSll5 media (BMMY) after growth. Equivalent volumes of media 
(20pl) were Ioaded in each lane (3-9) following growth,induction and 
removal of cells by centrifugation. Culture volumes were identical 
therefore band intensities represent relative [AFP] secreted in each case. 
This Western blot represents only one of a number of blots that were 
analyzed for estimation of rSRAFP quantities in each case. B) SDS- 
PAGE, lane 1: low molecular weight prestained markers kDa) 
(GIBCOIBRL) , lane 2 : purified rSRAFP (from pPIC9-Sb-CTHT (Mut?)) 
after nickel-agarose column and ion-exchange purification steps. 





Fig. 22 rSRAFP ice crystal morphology. The rounded hexagonal bipyramidal 
ice cry stal produced by purified rSRAFP (Recombinant) is compared 
to that produced by SRAFP (Wild-Type) purified from sea raven s e m  
(concentrations unknown) . 





results could also reflect the C- versus N-terminal orientation of the His-tag in the two 

dBerent constructs. However, yields from GS 115 pHIL-S 1-SRm (Mue) and GSll5 

pPIC9-SRm (Mut?), which both lacked the His-tag, reflected the difference seen with the 

His-tagged proteins (Figure 21A. lanes 4 and 8). This indicates that the N- or C- 

orientation of the His-tag has little effect on expression levels compared to the nature of 

the signal sequence. 

Purification of rSRAFP 

Recombinant SRAFP produced from pPIC9-SRm-CTHT (MutC or Mur), was not 

significantiy larger (143 amino acids) than many of the components in the complex 

BMMY medium. This, combined with the high salt and complex nature of the yeast 

medium, made most of the traditional chromatographie purification techniques 

ineffective. Using a nickel-agarose column to affinity puri@ the His-tagged rSRAFl? 

from the medium provided a simple alternative step for the isolation of this protein, as 

the medium could be loaded directly through the column with no prior dilution or 

dialysis. The His-tagged rSRAFP was retained on the column during extensive washing 

to eliminate al1 residual medium, but was easily eluted with 60 rnM imidazole (pH 9.0) 

(Figure 23). In the subsequent ion-exchange chromatography, SRAFP was the main 

protein peak in die elution profile at 0.27M NaCl, although a number of minor impurities 

were removed in this step (Figure 24). The analytical HPLC profüe (Figure 25), as well 

as a Coomassie blue-stained SDS-gel, of the FPLC product, indicated that the protein 

was essentiaily pure afier the ion-exchange step (Figure 21B, lane 2). Recovery fiom 



Fig. 23 Nickel-agarose affuiity elution profde for purification of rSRAFP. Up 
to 500ml of BMMY media containing rSRAFP was loaded onto a nickel- 
agarose column (1Ox50mm). The c o l m  was washed with a gradient of 
imidazole (O to 125mM). 5ml fractions were coUected at a flow rate of 
ImLlmin. Themal hysteresis activity was measured directly from the 
fractions. 





Fig. 24 FPLC Q-Sepharose ion-exchange elution profde for purifilcation of 
rSRAFP. 2.5mg of rSRAFP eluted in 150ml fiom the nickel column, was 
loaded ont0 a Q-Sepharose ion-exchange co1umn.The bed volurnne of the 
column is 16x10ûm.m. 2.5mL fractions were collected at a flow rate of 2.5 
mL/min. 





Fig. 25 HPLC C18-reversed-phase elution profile for purifikation of rSRQFP. 
A small sample (1ûûpg) of rSRAFP eluted from the ion-exchange column 
was loaded onto an HPLC C 18-reversed-phase column. A single peak was 
eluted at approximately 36 % acetonitrile fiom an elution gradient of 0.8 46 
acetonitrile/min. 





the nickel-agarose column was approximately 2.5 mg/L of medium (8346 recovery of 

total rSRAFP loaded) as determined by thermal hysteresis and Western bloaing analyses 

(Table 3). Recovery of rSRAFP off the subsequent ion exchange column provided a 

f m l  yield of 2 mg purified rSRAFP per litre of complex flask produced media for a Final 

total recovery yield of 66% (Table 3). 

Characterization of Funfied rSRAFP 

The antifieeze activity of purified rSRAFP was cornpared to that of the natural 

SRAFP, from sea raven serum, by assessing its thermal hysteresis values over a range 

of concentrations. The activity profùe for the rSRAFP was indistinguishable From that 

of the SRAFP (125) (Figure 26). This indicates that neither the eight-amino-acid-long 

N- nor the sut-amino-acid long-C-terminal addition to this rSRAFP interfered with its 

activity. As well, purified rSRAFP altered ice crystal morphology to the rounded 

hexagonal bipyramidal form characteristic of SRAFP (15) (Figure 22). The fold of 

rSRAFP, as indicated by ID and 2D-NOESY NMR spectra, matched that o f  SRAFP 

purified from sea raven serum (see Appendix A for NMR data). 

Fermentation 

In order to improve the yield of rSRAFP, a shift to fermentation techniques was 

made to allow for better control of environmental conditions such as pH and dissolved 

oxygen. Four difTerent strategies were tested at the 10L scale. The fust was to improve 

the yield of rSRAFP in the defmed fermentation medium, simply by control of pH and 



TabIe 3. Purification Yields fiom 1 Litre Yeast Media 

Sam~1e [AFP1 (mg AFP) % Recovew O \ n i r a n w  

Media 3.0 - 100 

Nickel Column Eluate 2.5 83 83 

FPLC Column Eluate 2. O 80 66 



Fig. 26 Thermal hysteresis activity of rSRAFP. Thermal hysteresis values for 
SRAFP (Wild-Type) pwified from sea raven s e m  was compared to 
rSRAFP values (Recombinant) punfied fiom P. partorlr, at various 
concentrations. Each point represents the mean of at least three 
detenninations. Standard deviations are shown as vertical bars. 



Wild Type, 



dissolved oxygen (DO) levels (Figure 27). The pH was maintained at 5.5 and the DO 

at non-limiting (> 10% saturation) values. The fermentation began with a batch growth 

phase, with 50glL glycerol as a carbon source and excess (20g/L) ammonium sulfate in 

minimal medium. Twenty five hours after inoculation the cells had consumed al1 the 

glycerol and had reached 22 g/L ce11 dry weight (CDW). After depletion of the glycerol, 

induction with methanol was initiated. Methanol was fed at a rate of 1 .Og/L per hour 

for a subsequent period of 95h. Due to the Muf phenotype, cells grow poorly on 

methanol, and the CDW increased only slightly up to 35glL by the end of the fed batch 

phase. rSRAFP accumulated in the medium gradually over time, s*uting at 24h after 

the start of the methanol feed, to a f m l  Ievel of Z.Omg/L at 120h, as estimated by 

Western blotting (described in Methods and Materials). This was a slight improvement 

over shake flask minimal medium yields, but was still too low for cost effective labelling 

with 15N and for production of protein for X-ray crystallographic studies. 

Optimization of Fermentation 

Following the marginal success of the fust fermentation profde, attempts were 

made to increase yields of rSRAFP through optimYation of the fermentation conditions. 

The second experiment included a mixed-feed protocol. This strategy of feeding both 

glycerol and methanol during the induction phase involved providing a readily usable 

carbon source (glycerol) for the MuP cells for biosynthesis, while at the sarne time 

providing an inducer (MeOH) for the AOXl promoter. Care had to be taken in 

determining the proportion and arnounts of each substrate to be fed, since any glycerol 



Fig. 27 Fermentation profie of Mut"lMe0H feed strategy. In this strategy, a 
batch growth using glycerol as the carbon source was followed by a 
MeOH-feed to 120 hours from the t h e  of innoculation. 





accumulation would repress the AOXl promoter. As well, although methanol had to be 

present, levels could not reach uihibitory concentrations (> 1-2%), because deletion of 

the AOX gene during the homologous recombination event allows only very slow 

metabolisrn of MeOH by these Mur' cells. Overall, this mixed-feed approach was 

designed to allow the cells to propagate, thereby increasing the ce11 mass and maintainkg 

an active culture which might encourage protein expression. The fermentation began 

with batch growth on 50glL glycerol which gave 22glL CDW (Figure 28). The pH was 

again rnaintained at 5.5 and DO at non-limiting values. At this t h e  a methanol feed of 

l.Og/L per h was started for 24h, to ensure the alcohol oxidase promoter was induced. 

After this methano1 feeding period, the feed was switched to the mixed substrate of 

glycerol/rnethanoI ( 5 2  volume basis). The feeding rate was staned as 1 .Og/L per h 

methanol and 4.0g/L per h glycerol. The rate of feeding was gradually increased to the 

maximum value permitted without residual glycerol accumulation, and without methanol 

rising above the 0.5% used in the shake flask cultures. The latter precaution was to 

avoid methanol toxiciq, as noted above. This maximum rate was approximately 2.6glL 

per h for methanol and 10.4glL per h for glycerol. Fermentation proceeded for 156h 

From the time of inoculation. At this point the CDW was approxirnately 70glL and the 

rSRAFP, which accumulated gradually over the induction penod staaing within 20h of 

the methanol feed, reached 30mglL by 156h. This represents a 15-fo1d increase of 

rSRAFP over the original fermentation. By the end of 156h, a total of 185glL glycerol 

had been consumed. Based on a yield coefficient of 0.42 (estimated fmm the batch 

growth phase) this would indicate an expected CDW of 76.8glL very close to Our 



Fig. 28 Fermentation prof'iiie of the Mufimixed-feed strategy. In this strategy, 
a batch growth using glycerol as the carbon source, was followed by a 
mixed-feed of MeOH and glycerol in a ratio of 5:2 (volume basis) to 210 
hours. 





observed value of approxirnately 70glL. 

This mYred-feed protocol was repeated to include the addition of peptone as a 

complex amino acid source (Figure 29). This technique was previously observed to 

dramatically increase yields of an extracellular protein from Bacih.s brevis 47 (126). 

As well, the expression of rSRAFP from P. pastons in complex medium in flasks was 

shown to produce much higher yields than in minimai medium. The fermentation was 

supplemented with peptone (Gibco BRL) at 48h (5g/L), 70 h (5g/L), 90 h (10g/L), and 

a f m l  addition at 120 h (5gIL). for a total of 25gIL peptone. The pH was again 

maintained at 5.5 with DO at non-limiting values. At the end of 160h the ce11 mass had 

reached 74 g/L CDW and rSRAFP had again accumulated uniformly over the induction 

period, to 35mg/L, only marginally better than in the previous fermentation. 

The f m l  optimization strategy shified back to the onginai methanol feeding 

profile, using the Mut' clone, which is capable of rnetabolizing methanol as a carbon 

source (Figure 30). This f a  strategy eliminated the possibility of any inhibition of the 

AOXl promoter by residual glycerol in the mixed-feed profües, even though no glycerol 

accumulation had been detected by HPLC. The initial conditions were identical to those 

outlined for the original Mue fermentation: a batch growth to 22glL CDW on glycerol, 

followed by a methanol feed starting at a rate of l.Og/L per h. This rate was increased 

to 2.6glL per h without the accumulation of methanol above 0.5%. Higher rates of 

methanol feeding (up to 3.3g/L per h) led to accumulation of 1.646 methanol in the 

medium (as shown by the peak at about lOOh (Figure 30)) which temporarily depressed 

ce11 growth and rSRAFP production. Upon decreasing the feeding rate, the cells 



Fig. 29 Fermentation profie of the Mut"/mixed-feedlpeptone strategy. In this 
suategy, the mixed-feeding protocal (Figure 28) was repeated with the 
addition of peptone, as a complex amino acid source, throughout the 
mixed-feed phase. 



I 

Tt-  

\ *, . ' \ 



Fig. 30 Fermentation profile of the MutCMeOH-feed strategy. In this strategy, 
a Mut* GS 1 15-pPIC9-SRm-CTHT clone was used in the original MeOH- 
feed strategy (Figure 27). The Mut+ phenotype grows well using MeOH 
as a carbon source. 





resumed growth with no apparent il1 effects. Again pH and DO were maintained as 

described previously. At 160h the cells reached 7 1 g L  CDW and the rSRAFP had 

gradually accurnulated to 37mg/L. Therefore, no significant increase in AFP yield was 

obtained using Mut' over Mur. By the end of the fermentation 58.7glL of glycerol were 

consumed to theoreticaily produce 24.6glL CDW at a yield coefficient of 0.42. 

309.6glL methanol were consumed to theoretically produce 46.3 glL CDW (yield 

coefficient 0.15 for methanol (127)). This total theoretical ce11 mass of 70.9glL CDW 

closely matches the observed value of 71g/L. The use of oxygen was much greater in 

the Mut+ profie, and was reflected in Iowered DO levels. This is consistent with the 

more reduced state of methanol compared to glycerol. 

Purification of rSRAFP from Bioreactor Preparations 

The fermentation culture volume increased from 6L to over 8L due to the 

continuous feeding over the 150h growth and induction phases. When this culîure was 

centrifuged, up to 1.5L of ce11 pellet was collected, reducing the f d  media volume tu 

6 +  litres. To make this large volume manageable for biochemicai procedures it was 

concentrated approximately 10-fold to give a f W  rSRAFP concentration of 

approximately 300mglL and a fuial volume of 600-800mL. The pH of this solution was 

raised from 5.5 to 8.5 to facilitate nickel column a f f i n i ~  chromatography, which 

functions optirnally at pHs between 8 and 9. Unfortunately raising the pH by simple 

addition of base or even concentrated buffer Ied to significant precipitation, which caused 

a substantial loss of rSRAFP. The precipitate was very fme rather than flocculant and 



occurred between pHs 7 and 8. It snick to the sides of glassware and was only removed 

by the use of a calcium-lime remover (CLR Jamie Industries). This suggested the 

precipitate was possibly Ca2+ based. Another possibilty was that other metal ions (eg. 

Fe3+) fonned hydroxides at the aikaline pH and trapped some of the rSRAFP in the 

precipitate. To counter these possibilties excess EDTA was added to chelate al1 divalent 

ions pnor to the pH change. Subsequent addition of Tris base to pH 8.5 resulted in no 

precipitation, indicating ions were the primary source of the problem. Since excess 

EDTA might strip the Ni2+ from the nickel-agarose column it was saturated by the 

addition of excess MgCl, prior to chromatography. Any residual precipitate was 

removed by centrifugation before loading ont0 the nickel-agarose column. The rSRAFP 

that eluted from the nickel-agarose column was loaded onto an FPLC ion exchange Q- 

Sepharose column. Elution with a salt gradient gave rise to a single peak at 

approximately 0.25M NaCl. An aliquot (200pg rSRAFP) of this was loaded ont0 an 

HPLC C 1 8-reversed-phase column and eluted w ith an exceedingly shallow gradient 

(increase O. 1 Zacetonitrilelrnin), from which a number of closely spaced, overlapping 

peaks were resolved (Figure 31). MALDI mass spectromemc analysis of the fractions 

compnsing these peaks showed that peak 1 contaùied only low rnolecular weight material 

(614 and 799). Peaks 2,3,4 and 5 contained at leasr three species of MW 14,785, 14,753 

and 14,817 (Table 4). Peak 1 overlaps significantly with peak 2 such that it is 

impossible to separate it. As well signifiant iosses have been noted because recoveries 

of rSRAFP off the reversed-phase column are only 50% or less. For these reasons, the 

HPLC purification step was omitted. Of the four large-scale fermentations descnbed 



Fig. 31 BPLC Cl8-reversed-phase elution profde of purified rSRAFP. 
rSRAFP from the MutC fermentation profile previously, eluted from nickel 
and Q-Sepharose columns was loaded onto a C18-reversed-phase column. 
The acetonitriie elution gradient was run 8 times slower (0.1% 
acetonitrile/min) than in the original profde (Figure 25). 





Table 4. Molecular Weights of HPLC Reverse Phase Peaks 

Fraction Number 

34 

35 

36 

40 

41 

43 

46 

47 

Peak Number 



above, the Mut' preparation was used entirely for purification of rSRAFP for 

crystallization trials and other studies. The yield after ion-exchange chromatography was 

106mg rSRAFP. lSN-labelled rSRAFP was also produced in a 1.5L bioreactor and was 

prepared as described above except for the initial concentration step which was not 

required. 

X-ray Crystallographic and NMR Structural Studies 

rSRAFP purified from the Mutf fermentation was used in extensive 

crystallographic trials. A stock solution of rSRAFP was made by dialysis of the ion- 

exchange purified product into lOmM Tris-HCl (pH 9.0). This was concentrated to 

Ilmg/rnL. A small aliquot was further concentrated to 22mg/mL as determined by 

OD,,,. Crystal Screens 1 and II (Hampton Research) were tested at room temperature 

and at 4'C. As well, three grid screens including : [ammonium sulfate] (0.8 to 3.2M) 

versus pH (4-9), [polyethylene glycol 60001 (5-30 %) versus pH (4-9) and [2-methyl-2,4- 

pentanediol] (10-65%) versus pH (4-9), were tested. Al1 trials were set up using the 

"hanging drop" vapour diffusion crystallization technique with the 1 lmg/mL stock 

rSRAFP solution. No crystals were produced for at Ieast three months after the trials 

were set up. Precipitation was variable, with no significant trends evident. Very little 

heavy precipitation was observed and therfore the effect of increasing AFP concentration 

was tested. The use of a 22mglrnL stock rSRAFP solution produced approximately twice 

the amount of precipitation. Future efforts will lie in using higher concentrations of 

rSRAFP and precipitants, lower or higher pH, and different temperatures. 



Almost 12mg of 15N-label~ed rSRAFP has been produced from two 1.SL 

bioreactor preparations. The cost of production was over 470$/mg of labelled rSRAFP 

for label alone. NMR analysis of the protein from the f m t  batch indicated it was 

viaually identical in fold to the natural SRAFP (see Appendix A for NMR data) and 

dlowed up to 70-80% assignment of residues by 2D and NOESY NMR. Cornparison 

of the second batch tu the first indicated that it also maintained an identical fold, and 

could safely be pooled with the f i t  batch to double the working concentration. This 

significantly improved the resolution of the spectral data. A complete 3D structure is 

expected to be available in the near future (personal communications with W. Gronwald). 

Effect of pH on SRAFP activity 

Characterization of recombinant Type III AFP indicated very little pH dependence 

to its activity (74). This AFP was fully active from pH 2 to pH 12, suggesting that 

charged residues were not important for the activity and stability of the protein. In order 

to better assess whether this is a general phenomenon, the pH activity profüe (Figure 32) 

of SRAFP was determined. The profile showed a gradua1 Uicrease in activity between 

pHs 3.0 and 11.0, with 100% activity at pH 11.0 and 50% at pH 3.0. Activity was 0% 

at pH 1 .O and began dropping at pH 12.0, declining to 43 % of the maximum at pH 13.0. 

Deviations in measurements were larger at the alkaiine pH values. Ice crystal 

morphology showed no change from the stubby rounded hexagonal bipyramid at pHs 8.0 

through 13 .O. At lower pHs (pH 1 .O-2.0) the crystal lost its rounded shaped and was 

significantly face ted and more elongated. 



Fig. 32 The effect of pH on SRAFP activity. Thermal hysteresis activity of ("C) 
SRAFP purified from sea raven serum (0.8 mg/mL) was measured at pH 
values ranging from 1 to 13 at intervals of 1 or 2 pH units. Each data 
point represents the mean of at l e s t  three determinations. Standard 
deviations are shown as vertical bars. 





Studies on the Role of DisuIfide Bridges in SRAFP 

Two different maps have been proposed for the disulfide bonding pattern of the 

five bridges in SRAFP; one based on a protein chemical analysis by Ng and Hew (66), 

and the second based on modeiiing from the CRD structures (53). To check this 

discrepancy, and better assess the role of disulfides in structure and function, plans were 

made to delete the bridges one at a time by site-directed mutagenesis. Neither the lectin 

nor the PSP conserve C69-Cl00 and C89-Cl11 suggesting their removai from SRAFP 

might not completely disrupt the stability of the fold. Initially C89 and Cl11 were 

mutated to Ala. In the case where the chemical map was correct, the double mutation 

would disrupt two disulfide bridges, Cl l7-C89 and C l  1 l to either Cl00 or C101, and 

potentially cause more significant destabilization of the protein. This is in contrast to the 

modelled rnap where only one bridge would be deleted (C89-Clll). Analysis of the 

overall stability of the native SRAFP compared to these and other disulfide mutants 

would provide insight into the correct disulfide pattern. Unfominately, no disulfide 

mutant protein was ever recovered using the P. pasions host. 

In a second study of the disulfide bridges, the reducing agent dithiothreitol ( D m  

was used to assess the contribution of the disulfides to protein stability. Previous studies 

showed that DTT only partially inactivated Type II AFP at 37OC (50). We expanded on 

this observation to study the t h e  course of inactivation (Figure 33). A ImglmL solution 

of SRAFP lost 100% activity in under 30 minutes when treated with lûmM DTT at 

37°C. No loss of activity was observed at this temperature in the absence of DTT 

(Figure 33, open box). This loss of activity was temperature dependent. At 22OC, only 



Fig. 33 The effeet of DTT on SRAFP activity. The activity of SRAFP, purified 
from sea raven serum (l.OrnglmL), was assessed over time, in the 
presence of lOmM D'IT following incubation at O°C, 22°C 37OC and in the 
absence of DTT at 37OC. Thermal hysteresis readings were ca.rried out 
near freezing temperatures as described in the methods and materials. 
Each data point represents only one detennination. 
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60% of the activity was lost after 110 minutes and no activity was lost at O°C (Figure 

33). These results indicate a signifcant stnicniral role for the five disulfide bridges and 

the possible presence of a very resistant core that is not reduced unless heat is added. 

Ice Binding Mutations 

At 129 amino acids, SRAFP is the largest of the four fish AFPs. The model of 

SRAFP proposes a putative ice binding site (IBS1) on the same surface as the Ca2+ 

binding site of the MBP (Figure 34). The surface is comprised of loops 3 and 4 and P- 

strands 3 and 4. It is hydrophilic compared to the rest of the protein surface (which is 

overall65 % hydrophobic) and contains a large number of hydrogen-bonding amino acids 

(53) 

i) Specific Mutations at Putative IBSl 

To test this putative IBS1, two double site mutants were made, T105NQ103A 

and S90A/D 1 13A (Figure 34A). These residues were chosen based on their surface 

accessibility, hydrogen-bonding potential and their proxirnity to the putative ice binding 

surface outlined in the model. Alanine was chosen as a non radical substitute that would 

eliminate hydrogen-bonding potential. Alanine replacement had previously been used to 

identifj ice-binding residues in Type III AFP (T 18A and T l5A) (73)(111). Surprisingly , 

thermal hysteresis values in the double mutants were virnially identical to those of 

rSRAFP (Figure 35). Only T105NQ103A showed a slightiy altered crystal morphology, 



Fig. 34 Sites of mutation on SRAIP. A) Residues of the putative IBSl 
surface are shown in one view of the SRAFP model. B) A second view 
identifies residues subsequently tested in the search for a second ice 
binding surface relative to the onginal surface shown in A. In both views 
red = oxygen, blue =nitrogen, black=carbon. Structure fde courtesy of F. 
Sonnichsen. Diagram was produced as descibed in Figure 7. 





Fig. 35 Thermal hysteresis activity of IBSl double site mutations. 
Thermal hysteresis values for rSRAFP and mutants at various 
concentrations were compared. Each data point represents the mean of 
three detenninations. Standard deviations are shown as vertical bars. 
rSRAFP (O), Q103lT105 (a), S90AID113A (0). 





Fig. 36 Ice crystal morphology of IBSl double site rSRAFP mutants. Ice 
crystais were formed in the presence of approximately Img/mL protein at 
O.l°C cooling. Images were made at O and lûrnin time points to evaluate 
shapes and growth of ice crystals over tirne. 
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with the crystal being more faceted, with somewhat defied, angular edges, compared 

to rSRAFP or S90AlD113A (Figure 36). Neither mutant diowed any ice crystal growth 

over time. These results indicated that whiie Tl05 and 4103 might play some role in 

mediating AFP-ice interactions, the overall binding surface couid be somewhat more 

extensive than that described in the SRAFP model. 

ii) Insertion Mutations at IBSl 

Due to the lack of effect the double mutations had on activity, more intrusive 

mutations were designed that involved peptide insertions. Two mutants, an insertion at 

position 94/95 (94/95) and a second at lO7/ 108 (1071108) (Table 5)( Figure 34A), were 

produced based on the hypothesis that a peptide insertion, near the ice-binding site might 

stencally inhibit interactions with ice, without interferhg with AFP structure. The 

insertion sequence was GGYQGG. The Gly were chosen to dlow a flexible lïnk between 

the protein and the insert. Tyr and Gln were chosen for their bullllness and hydrophilic 

nature, the latter to minimize solubility problems. As well, codons for Tyr and Gln 

produced a useful restriction site ( O n l )  for future insertion of longer peptides. The 

exact sites of insertion on the AFP molecule were chosen based on their proximity to the 

putative ice binding site and their likelihood of structuraily accepting an insertion (Figure 

34). Initially four sites were tested: 8 1/82 in loop 2, 94195 in loop 4, 1071108 between 

P-strands 3 and 4 and 119/120 between beta-strands 4 and 5. Mutations at positions 

81/82 and 1191120 did not yield protein in the yeast system. Insertions 94/95 and 

1071108, which most closely test the putative ice binding site produced mutant proteins 



at reasonable levels. The 94/95 mutant Iost 25 5% of wild-type rSRAFP thermal hysteresis 



Table 5 .  Amino Acid Insertion Sequences 

Insertion Insertion Insertion 
Site - Length (AA) Seauence MA) 

94/95 6 GGYQGG 

94/95 17 GGYLPDARPAKPLYQGG 

94/95 17 GGYSGLAGLASGKYQGG 

94/95 28 GGWDARPAKPLYLPDARPAKPLYQGG 

94/95 28 GGY SGLAGLASGKY SGIAGLASGKYQGG 

94/95 61 GGYSGLAGLASGKYLPDARPAKPLYLPDARPA 

KPLYLPDARPWLYSGUGLASGKYQGG 

GGYQGG 

GGYLPDARPAKPLYQGG 

GGYLPDARPAKPLYLPDARPAKPLYQGG 

GGYSGLAGLASGKYSGLAGLASGKYQGG 



activity (Figure 37) and its ice crystal morphology showed more sharply defmed facets 

on a crystal which grew siowiy over rime (Figure 38). The 107/108 insertion, placed 

the extra domain on the same surface as the 94/95 insert, but at the opposite end of the 

putative ice-binding surface. This mutant had slightly better thermal hysteresis activity 

than 94/95 (ie. only a 15% loss) (Figure 37). The ice crystals formed in the presence 

of 107/108 were somewhat larger than wild-type, but maintained the more rounded shape 

and grew less over t h e  than 94/95 (Figure 38). These results suggested that while 

107/108 is close to the ice binding site, 94/95 is likely to be closer. 

Attempts were made to insert a linker, coding for 11 additional amino acids, into 

the KpnI site of the previous insertion mutants. This strategy provided a variety of 

different sequences and insert lengths, summarized in Table 5 .  The variety was achieved 

due to the incorporation of the Iinker into the single KpnI site. This provided no 

directional control and gave rise to nvo possible amino acid sequence inserts depending 

on the insertion orientation (Table 5), as well as multiple insertion events. Unfortunately 

these larger insertions appeared to destabilize the overall fold of the AFP to such an 

extent that these mutant proteins did not accumulate in the yeast medium. 

iii) Loop-4 Swap Mutation at IBS 1 

The SRAFP mode1 deviates from the X-ray structure of the MBP CRD on its 

putative ice-binding surface. Loop 4 of the MBP structure is flipped up such that it 

produces a pocket in which the Ca2+ binds. Loop 4 of the AFP is thought to be flipped 

down such that the surface is relatively planar, and potentially ideal for ice interactions 



Fig. 37 Thermal hysteresis activity of rSRAFP with IBSl insertion and swap 
mutations. Thermal hysteresis values for rSRAFP and mutants at 
various concentrations were compared. Each data point represents the 
mean of three detenninations. Standard deviations are shown as 
vertical bars. rSRAFP (O), 1071 108 (m), h o p 4  (a), 94/95 (0). 





Fig. 38 Ice crystal morphologies of IBSl insertion and swap mutants. Ice 
crystals were formed in the presence of approxirnately 1mglmL protein at 
0.l0C cooling. Images were made at O and 10 min tirne points to evaluate 
shapes and growth of ice crystals over the. 
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(53). This conformation is similar to that described for the E-seIectin CRD (128)(63) as 

well as the PSP (64)(129). The loop 4 swap mutation (Loop4) was designed to take 

advantage of this proposed stmctural deviation. It is a domain swap of the nine amino 

acids (91-TKPDDVLAA-99) making up Ioop 4 of the SRAFP model (Figure 34A), with 

the corresponding ten residues in the MBP (DEPNDHGSGE). This swap potentially 

eliminates the ice-binding site, by deleting ice binding residues and causing a change of 

conformation (loop 4 flip up) that might block access to the ice-binding surface. Unlike 

the peptide insertion mutations where the structural changes were unpredictable, the h o p  

4 mutation involves the replacement of a stnicturally homologous region. Yield from 

shake Bask expression improved to Srng/L of yeast medium, compared to 3mg/L 

rSRAFP. 1D NMR of this mutant protein indicated no extensive alteration in protein 

fold compared to rSRAFP (see Appendix A for NMR data). However, a 25% decrease 

in thermal hysteresis activity was observed (Figure 37). Ice crystal morphology shows 

an even more dramatic change over that of 94/95, with complete loss of the characteristic 

small, rounded hexagonal bipyramid, to a much more elongated, faceted crystal. that 

grew more rapidly over time (Figure 38). Despite the re-introduction of four of the five 

Ca2' MBP binding residues there was no change in activity , or 1D NMR spectra in the 

presence or absence of Ca2+ (see Appendk A for NMR data). 

Taken together these mutants indicated that the putative-IBS1 does in fact play 

some role in mediating protein-ice interactions. However, it is remarkable that despite 

these rather drastic mutations at IBS 1, the rSR4FP still maintained at least 75 % of wild- 

type ac tivi ty . 



iv) Second Site Mutations 

The inability to completely knock out activity by mutation at lBSl is one indicator 

that a second ice-binding surface might exist on the SRAFP molecule. Other evidence 

includes: a) the rounded hexagonal bipyramidal ice crystals charactenstically produced 

in the presence of SRAFP (15) (Figure 22), which could be interpreted as a cornpetition 

for two or more different ice bindiog planes on the ice crystal; b) the recently proposed 

calcium-carbonate (CaCO,) binding surface on the PSP (lithostathine) molecule (64) 

which differs in position from that of the CRD's. Based on these considerations, a 

search was initiated for a second ice-binding surface on SRAFP. 

Initially , surface accessible, hydrophiiic residues conserved between the sea raven, 

herring and smelt AFPs were targeted for mutagenesis (Figure 6). These mutants 

included three double mutants: D79NT81A situated in loop 2 of the SRAFP model, 

Q55NT56A in helix 2 and S47AE50A at the very N-terminus of helix 2 (Figure 34B). 

Of these mutants, only Q55AIT56A produced protein in the P. partons system. When 

it was purified and characterized, Q5SAiT56A maintained identical activity compared to 

wild-type, both in terms of thermal hysteresis and ice crystal morphology (Figure 39A 

and 40). 

A second set of mutants was then tested based on the genomic alignment, which 

indicated that SRAFP is more closely related to PSP than CRDs (see Discussion and 

Figure 50). l0 and 3" structure cornparisons of SRAFP to lithostathine suggested a 

nurnber of interesting and previously overlooked sites to be tested based on the putative 

CaC03 binding site of the PSP. As well, recent modelling of a proteoglycan tandem 



Fig. 39 Thermal hysteresis activity of rSRAFP with mutations probing for 
IBSZ. Thermal hysteresis values for rSRAFP and mutants at various 
concentrations were compared. Each data point represents the mean of 
three detefminations. Standard deviations are shown as vertical bars. A) 
rSRAFP(O), Q55AIT56A(.), T23H and S120H(a). B) rSRAFP(.), 
Loop4(0), T23H +Loop4(.), S 120H + LoopqU). 





Fig. 40 Ice crystal morphologies of rSRAFP with second site mutations. Ice 
crystals were formed in the presence of approximately lmg/mL protein at 
0.l0C cooling. Images were made at O and 10 min tune points to evaluate 
shapes and growth of ice crystals over time. The activity of 
S 12OH +hop4 was so low that even at 6rng/mL, O.l°C cooling was not 
achieved, and O and 10 min tirne points were not obtained. The presented 
S120H+Loo4 crystals show the shape of the ice crystal before and after 
the burst in a 6mgImL solution during a regular thermal hysteresis assay. 
The burst occured at O.OS0C undercooling. 





repeat (PTR) domain, known to bind to hyaluronate in Link protein (130), demonstrated 

a fold similar to that of the CRD of C-Type lectins. In this PTR domain model a 

putative binding surface was proposed that included residues from both the CRD binding 

region, as well as the PSP putative binding region (130). Residues postulated to be part 

of the PSP CaCO, binding surface included E30, D31, E33, D37, D72, 073, El33 and 

D 134 (PSP numbering)(64). E30 and D3 1 correspond to residues T23 and T24 in the 

SRAFP model (Figure 6), situated immediately pnor to helix 1 and in close proximity 

to T27 within helk 1. Lithostathine El33 and Dl34 are in a loop region connecting the 

two final 0 strands to one another. SI20 in SRAFP is also localized to this linker region. 

Together these residues (T23, T24, T27, S120) could potentially form part of a second 

ice-binding surface (IBS2), or at least in the case of S120, signifcantly extend the 

original binding surface (Figure 34B). Three mutants were initiaily made at these sites 

within the loop 4 swap (Loop4) mutant background: S120H+Loop4, 

T23N/T24N/T27A +Loo@, and S120H/T23N/T24N/T27N +Loop4. Histidine was 

chosen for substitution at the S120 site because it is a large residue that might cause 

steric hinderance between the AFP and ice. Asn was chosen for replacement of T23 and 

T24 for the sarne reasons and because it maintains the hydrophilic nature of the residues. 

Ala was used to replace T27 because it is in an a-helix and Ala is the best residue for 

promoting the formation of or-helical structure (131)(132). Of these mutants, only 

S 120H +hop4 was successfully expressed by P. paston's. Characterization of punfied 

S 12OH +hop4  indicated it maintained only 10% of wild-type activity by the critenon 

of thermal hysteresis (Figure 39B). Ice crystal monitoring indicated simcant growth 



over tirne and loss of the rounded character for a more angular crystal similar to that 

fomed by the h o p 4  mutant (Figure 40). 

Subsequent mutations including S120H in the wiId-type background, as well as 

T23H, T Z H  + Loop4 and T24H + h o p 4  were produced and characterized. 

T24H + b o p 4  did nor express in the P. pasturis system. S120H maintained only 50% 

of wild-type activity (Figure 39A) and demonstrated an ice crystal morphology that grew 

significantly over time with a c to a axis ratio somewhat lower (stubbier) than that of the 

Loop4 or the S120H+Loop4 mutants (Figure 40). T23H had virtually no effect on 

either thermal hysteresis or ice crystal morphology (Figure 39A an 40), but 

T23H+Loop4 did exhibit a depressed level of thermal hysteresis activity compared to 

the h o p 4  (Figure 39B) as well as a significantly greater rate of ice crystal growth 

(Figure 40). 

PART B 

THE ROLES OF THR, ASN, AND LEU IN HPLC-6 

The complexiry due to the large size and globular nature of Type II AFP made 

studying the AFP-ice interaction very problematic. This was further compounded by the 

many mutants that did not produce protein in the yeast expression system. During the 

course of this work a second systern of AFP-ice interaction was snidied, this one using 

Type 1 AFP, a significantly srnaller protein (37 amino acids), with a regular repetitive 

or-helical structure (Figures 4 and 5 ) .  This structure places putative ice-binding residues 



Thr, Asx and Leu in ice binding motifs, at regular intervals every 16SÂ dong the sarne 

surface of the helix (Figure 16)(40). In contrast to the Type 11 study, the production of 

Type 1 AFP variants was possible by solid-phase synthesis, which avoided the vagaries 

of biosynthesis, and the amho acid replacements were designed on the basis of a well 

characterized and highly predictable protein structure. 

Design of Type 1 htifreeze Protein Variants 

A systematic replacement of Thr, Asn and Leu residues within the two central 

ice-binding motifs (LTAAN) alIowed the same substitution to be made twice, thereby 

magniSing the effect of the change, without disrupting the internally hydrogen-bonded 

N- and C- terminal helix-cap structures (Figure 41). 

Specifically, Thr was mutated to Ser (LSAAN). This deleted the methyl group 

on the side chah, to assess its contribution to ice binding. Similarly Thr was mutated 

to Val (LVAAN). This maintained the methyl group and changed the hydroxyl group 

to another methyl group. This change elirninates any possible hydrogen bond formation, 

while still maintaining the same basic size and shape of the side c h a h  

Three mutations to test the role of Asn and Leu were made: LTAAA, ATAAN 

and ATAAA (Figure 41). Interestingly this third variant, in which both residues were 

replaced by Ala, has been naturally selected for in yellowtail flounder (Limanda 

fermgineu) Type 1 AFP (133). Another nanirally selected ice binding motif (ATAAT) 

in the l e s  abundant AFP-9 isoform in winter flounder serum (35) was tested. AFP-9 has 

higher activity than H m - 6  on a molar basis. Whether this is due to the presence of 



Fig. 41 Type 1 AFP mutant primary sequences. The two central BMs (aii D3M 
are overlined) received the same alteration. 
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an additional 1 1-amino-acid-repeat, or the alternative ice-binding motif is not known. 

By inserting this motif into the HPLC-6 peptides the contribution of this motif can be 

compared in a three repeat Type 1 AFP (Figure 41). One fuial variant was designed 

based on this ATAAT motif, in which the Leu was reintroduced (Figure 41). based on 

the observation by Wen and Laursen (104) that replacement of L12 and L23 by N a  

caused a 33% l o s  of activity. 

Antifreeze Activity 

The themal hysteresis activity of synthetic wild-type HPLC-6 was 

indistinguishable fiom that of the natural protein from tlounder semm (109). However, 

LSAAN exhibited a surprising loss of AFP activity, being completely unable to halt ice 

growth below a concentration of 2mglmL. Above 2mglmL LSAAN showed weak 

thermal hysteresis (up to O.l°C) within which the ice crystal was held as a hexagonal 

bipyramid with an average c to a axis ratio of 3.2 (Figure 42 and 43). This cry stal was 

indistinguishable Born that obtained with wild-type synthetic AFP. In contrast, the 

variant LVAAN was extremely active. It maintained up to 80-9046 of the activity of 

wild-type AFP (Figure 42) over the entire concentration range tested. The ice crystal 

formed in the presence of lmg/mL LVAAN also had an average c to a axis ratio of 3.2 

(Figure 43). This crystal grew imperceptibly both during the thermal hysteresis readings 

as the temperature was lowered in stages, and when held at 0. I0C below the melting 

point for 10 min. In both cases growth was only observed by tirne lapse video 

microscopy. The crystal obtained in lmg/rnL LTAAN did not grow under either 



Fig. 42 Thermal hysteresis activity of Type I AFP Ser and Val mutants. Tl3 
and T24 were mutated to either Ser (LSAAN) or Val (LVAAN) and their 
thermal hysteresis values compared at various concentrations to wild-type 
HPLC-6 (LTAAN). Each data point represents the mean of at least three 
deteminations and standard deviations are shown as vertical bars. 





Fig. 43 Ice crystal morphologies of Type 1 AFP mutants. Ice crystals 
were fonned in the presence of approximately lmglmL protein at O.l°C 
cooling. Images were made at O and 10 min time points to evaluate shapes 
and growth of ice crystals over time. LSMW (the least active mutant) 
was assayed using a 16mg/mL protein solution to achieve the O.l°C 
cooling. 
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circumstance. 

At a concentration of ImgfmL, ATAAN maintained 70% of the activity of the 

wild-type AFP, compared to 6 1 % observed for LTAAA and 80 % for ATAAA (Figure 

44). Al1 ice crystals formed in the presence of these variants over a range of 

concentrations, maintained average c to a ratios close to the 3.2 value observed for wild- 

type synthetic AFP. Ody the LTAAA crystal grew imperceptibly to the naked eye when 

held at O.l°C below the melting point for 10 minutes (Figure 43). Al1 three variant ice 

crystals grew imperceptibly during thermal hysteresis readings as the temperature was 

lowered in stages. 

Over the concentration range tested, ATAAT maintained virtually identicai 

thermal hysteresis activity to that of the wild-type AFP, at Ievels below 2mglmL (Figure 

45). At higher concentrations (to 4mglmL) an increase in activity was observed to 20% 

over LTAAN. The incorporation of Leu into this motif caused a decrease in activity 

compared to ATAAT (Figure 45). Activity for LTAAT was virtually identical to wild- 

type at levels below 3mg/mL, but demonstrated a 20% increase compared to LTAAN 

at 7mg/mL. The ice crystais of these two variants had average c to a ratios of 2.7 and 

2.9 respectively, that were significantly shorter than the 3 -2 ratio obtained with wild-type 

HPLC-6 (Figure 43). Both variants produced ice crystals that grew imperceptibly during 

thermal hysteresis readings as the temperature was dropped, but only the more active 

LTAAT variant grew when held at O. 1°C below the melting point for 10 minutes. In al1 

cases, growth was ody observed by time-lapse video-microscopy, and c to a ratios were 

determined by statistical analysis of between 10 and 16 crystals for each variant. 



Fig. 44 Thermal hysteresis activity of Type I AFP with Leu, Asn and LeuIAsn 
mutations. Thermal hy steresis of w ild-type HPLC-6 &TAAN)( O ) was 
compared at various concentrations to Leu (ATAAN)(a), Asn 
(LTAAA)(O) and the double LeulAsn (ATAAA)(.) mutants at various 
concentrations. Each data point represents the mean of at least three 
de terminations . Standard deviations are shown as vertical bars. 
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Fig. 45 Thermal hysteresis activity of Type 1 AFP variants LTAAT and 
ATAAT. Thermal hysteresis values of wild-type HPLC-6 (LTAAN) (O) 
was compared to the double Thr (ATAAT) (a) and the Leufdouble Thr 
(LTAAT)( O) mutants at various concentrations. Each data point 
represents the mean of at least three detenninations. Standard deviations 
are shown as vertical bars. 





CD, Sedimentation and NMR Analysis 

Circular dichroism studies on LTAAN (41)(45)(131), LSAAN and LVAAN 

indicated that the two variants were slightly more helical than wild type, which is in 

accordance with the helix propensities of Ser and Val compared to Thr (131)(132). 

Sedimentation analyses showed that both variants remained monomeric in solution up to 

concentrations of at least 6.5rng/mL. NMR showed that there was no significant change 

in the overall structure of the helical variants and also demonstrated that the Val in the 

LVAAN variant had a 70% preference for the XI-60' rotamer. This is the same rotamer 

preferred up to 55% by Thr at the same position. These biophysical analyses were 

carried out by Drs. Heman Chao, Wolfram Gronwaid and Frank Sonnichsen. A more 

detailed s m q  of these results is described in Appendix B. 

As predicted, none of the mutations at Leu and Asn had any signif~cant impact 

on helicity compared to wild-type AFP. Again detailed CD results for these variants are 

available in Appendix B. Significant solubility/aggregation problems were encountered 

when certain variants, primarily those containhg Leu to Ala changes, were redissolved 

at high concentration for CD and activity analysis. Self association or aggregation of the 

peptide in solution could account for the observed depressions in activity levels. To 

investigate this, attempts at determining molecular weights of al1 the remaining variants 

were carried out by sedimentation equilibrium analysis. MW were not obtained for any 

variant containhg a Leu to Ala Change. AU these variants undenvent a slow and 

irreversible aggregation during dialysis prior to the sedimentation. A MW of 3,886 was 

obtained for the LTAAA variant although higher order species were present in the 



solution as well. LTAAT was completely soluble. This data suggested that loss of 

activity at higher concentrations is likely due to aggregation in solution and suggests a 

role for Leu, and to a lesser extent Asn, in increasing solubility of these Ala-rich helices. 

Design of the MUiimized Antifieeze Peptides 

Type I AFP is an ideal protein for mhimhtion because there are few structural 

restraints to making it smaller by simply shortening the helix. This is not possible with 

the globular AFPs, where the entire molecule is required to make the overall 3D fold. 

The initial minimized AFP structure (15KE) was formed by simply rernoving the two 

central 11 amino acid repeats (residues 13 to 34 inclusively) while maintabkg the 

intemal sait bridge on the non-ice binding face of the helix (Figure 46). The remodelling 

maintained the critical 16SÀ spacing between the remaining two Th assuming the 

peptide retained its helicity. Helicity was the primary concern in designing the 

minimjzation. By shortening the protein from the center, the helix stabilizing N- and C- 

terminal cap structures were not disturbed. 

Three separate adjustments were made to this basic design in an effort to improve 

helicity . In one peptide the amino terminus was acetylated (Ac- 15KE). Previous work 

reported that the unfavourable effect of protonation at the N-terminus is approximately 

O. Skcallmol and that acetylation of the free amino group cm improve helix stability (44). 

In a second synthesis, the order of the ion pair residues K7 and E l  1 was reversed to E7 



Fig. 46 Design of minimized Type 1 AFP peptides. The primary sequences of 
four minMized peptides are shown, each shortened from 37 amino acids 
to 15. A Iactam bridge was introduced in the EK-lac peptide, replacing 
the salt link with a covalent bond. 15EK had the orientation of the salt 
bridge switched with respect to the wild type. Ac-15KE included an acetyl 
group at the N-temiinus and 15KE is the basic unmodified minimized 
peptide. 
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and K11 (15EK), in order to orient them more favourably to the helix macrodipole 

(134)(135). A third peptide was designed using the 15EK as a basis in which the salt 

bridge was made into a covalently bound lactam bridge (Lac-15EK). The EK peptide 

was chosen, as the E7/Kll order simplifes production of the lactam bond. Lactam 

bridges have been previously shown to significantly increase the helicity of a-helical 

peptides (1 36) (Figure 46). 

Antifreeze Activities 

None of the 15mer peptides were abie to depress the freezing point below the 

melting point at concentrations of 50-100mg/mL (approx. 50mM). Even the slightest 

undercooling caused seed ice crystals to grow steadily (Figure 47). 15KE and 15EK 

produced ice crystals with the typicai rounded disk-like shape observed in pure water. 

Ac-15KE produced crystals with very slight shaping into a hexagonal disk. The Lac- 

15EK peptide produced ice crystals with significantly altered morphologies (Figure 47). 

They were shaped into incomplete hexagonal bipyramids which generally lacked both 

apices. By extrapolation, the c to a axial ratio of these imperfect hexagonal bipyramids 

averaged about 3 -3 ,  which is identical to that observed in previous studies with the native 

full-length HPLC-6 peptide (104)(16). This value was maintained even as the ice crystal 

grew over a thne course of 1 to l0min. indicating a persistent influence of the peptide 

over the ice surfaces expressed. 



Fig. 47 Ice crystal morphologies of the minimized peptides. Ice crystals were 
produced in the presence of between 50 and 1OOmglmL peptide. A variety 
of examples of the EK-lac crystals are given in the bonom three quarters 
of the figure, including three time courses identified with the 1 min, 5 min 
and 10 min tirne point labels to illustrate the growth over tirne. The c and 
a axes depicted in the bottom right band crystal provides an example of 
how c and a axis ratios were determined. 



EK- lac 



CD of the Minimized Peptides 

CD studies indicated that the 15KE and the 15EK peptides had significant 

instability in their helical structures. The Ac-15KE peptide had even lower helical values 

while the Lac-1SEK peptide maintained the highest helicity (90 % compared to the 100 % 

theoretical value for a 15 residue a-helix (137). CD studies were carried out by Dr. 

Heman Chao at the University of Alberta. Detailed CD results are described in 

Appendix C. 

CONJUGATION OF A MIMMIZED PEPTIDE TO BSA 

Design of the Peptide and Conjugation to BSA 

Results of Type III AFP domain addition experiments indicated that large adducts 

cm increase AFP activity (1 11). This observation was applied to the minimized lactam- 

bridged sarnple. A slightly modified sequence was used, that replaced A8 with a Ser 

residue (SLac-1 Sm). This was done because polar residues in the vicinity of the bridge 

residues can simplim formation of the lactam link (personal communication, M. 

Houston). The overall sequence was DTASTAESAAKLTAR-amide, with a lactam 

bridge between E7 and K11. This peptide was conjugated to BSA with a f d  average 

ratio of five peptides bound to every BSA molecule. BSA was chosen as the additional 

domain due to its large size (67kDa), its availability at relatively low cost, and its 

familiarity as a serum protein. 



Antifreeze Activity 

At a concentration of 66.7m.M the SLac-1SM peptide showed no thermal 

hysteresis and no alteration of ice crystal morphology. This is in contrast to the original 

Lac-15EK (without the A8S change) that did signifcantly alter ice cystal morphology 

at 50mM concentration (Figure 47). At 0.2mM, BSA showed no thermal hysteresis 

activity nor any alteration of ice crystal morphology. The 5:l conjugated product 

dissolved at 0.5mM BSA and an apparent peptide concentration of 2.7mM, had up to 

0.06OC thermal hysteresis activity and produced hexagonal bipyramidal ice crystals that 

grew slowly over time (Figure 48). 



Fig. 48 Ice crystal morphologies of the conjugated BSA-peptide construct. Ice 
crystals were produced in the presence of 100mglm.L BSA-peptide (15) 
conjugate . 



W a t e r  



DISCUSSION 

PART A 

Optimization of Antifreeze Protein Expression in P. pasroris 

A number of different methods were tested to optimize the expression of rSRAFP 

from the yeast P.pasturis. While both the aikaline phosphatase signal peptide and the a- 

mating factor signal peptide are intrinsic to yeast, the latter was found to be significantly 

more effective at increasing rSRAFP yields irrespective of whether or not the AFP had 

an N-terminal His-tag. This observation was belatedly confirmed by the manufacturer 

(Invitrogen) based on experience with expression of a variety of other proteins. The 

addition of the His-tag did not affect the activity of the rSRAFP in any manner. This 

was not unexpected because the potential ice binding site (IBS1) is located at the other 

end of the molecule from either the N- or C-termini according to the mode1 of 

Sonnichsen et al., 1995 (53). The His-tag provided a very effective fust purification step 

from the peptide-rich, rSRAFP-dilute yeast media. A similar comment could have been 

made for the N-temiinal extension, except that mass spectrometry results strongly suggest 

that this peptide sequence was removed by post-translational processing. 

A nurnber of different fermentation strategies were tested to optimize the 

expression of rSRAFP from P. pasrons. The goal was to reach levels of rSR- that 



would provide quantities (> 100mg) of purified protein sufficient for research and 

development applications and X-ray crystallography. NMR structural studies, while not 

requiring large quantities of protein, are facilitated by labelling the protein with "N. In 

order to produce labelled protellis, the host system must be grown in a minimal media 

with lSN as the sole nitrogen source. It was demonstrated that at the shake flask level, 

yields dropped signifcantiy (at least two-fold) in minimal media. However shifting to 

fermentation with a defmed minimal medium and a mixed-feed strategy, improved yields 

10-fold, up to 35mglL. This appears to be due largely to an increase in ce11 mass and 

not to any increased productivity of the yeast. The levelling off of cell growth towards 

the end of the cultivation period is likely due to nitrogen depletion. It was anticipated 

that the addition of peptone during the induction phase of the fermentation might increase 

yields drarnaticaily, as was obsemed in B. brevis 47 (126). In the bacterial situation the 

expression of extracellular protein was increased five-fold from 3glL to 15glL. 

Unfortunately, peptone did not have the same effect on foreign protein expression from 

P. pastoris. Similarly, the MutC fermentation, with the continuous methanol feed 

protocol showed no significant increase in rSRAFP yields over the Mur mixed feed. 

Due to the large amount of methanol consumed by Mut* to grow to a CDW of 70glL 

(because of its low yield coefficient of 0.15 compared to 0.42 for glycerol) it is 

preferable to use the Mur with the mixed-feed fermentation profile. 

These results suggest that varying medium formulations, feeding strategies and 

cultivation conditions are largely ineffective in improving individual cell performance in 

expressing the rSRAFP protein; however these techniques are able to generate much 



higher final protein levels due to the substantially increased ce11 concentrations obtained. 

It is very likely that the nature of the heterologous protein itself is an important factor 

in the levels of gene product expressed by P. pastoris. Expression levels can be one or 

more orders of magnitude different depending on which protein is produced, not 

withstanding the use of similar expression vectors, strains and cultivation conditions 

(138). 

Future optirnization should focus on the development of more productive genetic 

variants. This will include the isolation of clones with multitopy insertions of the 

rSRAm expression cassette into the yeast genome. A second possibility is the 

production of fusion proteins, where the cDNA of the SRAFP is fused to the gene of a 

protein known to be expressed at high levels in the P. pastoris system (138). 

Cornparison of Expression Systems 

A cornparison of cystine-rich SRAFP expression in three different biosynthetic 

systems (Table 6) has led to the development of an effective expression/purification 

scheme. Originally a baculovirus-infected insect ce11 system was tested based on its 

ability to duplicate many post-hançlational modifications, including signal peptide 

cleavage and disulfide bond formation (60). This system met with only modest success, 

producing up to 0.8mglL (S. Gauthier unpublished results) of glycosylated, yet active. 

pro-Type II AFP secreted into the medium (60). Subsequent attempts at expression in 

E. coli, using both the pT7lpGP1-2 heat-inducible system (1 16) (M. Loewen unpublished 

results) and the PET-IPTG inducible system (Novogen), produced 



Host Svstem 

Table 6. Summary of Expression Yields 

Medium - Yield 

P. pmoris 

Flask: Mut6,pPICg-SRm CTHT BMMY 

Defmed 

Fermentation: 

Mur MeOH feed Defined 

Mur Mixed feed Defmed 

Mue Peptone Defmed 

Mut* MeOH feed Defmed 

Baculovirus* Complex 

3rng/L 

Undetectable 

* ProType II AFP was secreted ftom fa11 anny w o m  Sf2l cells by transfected pBlueBac- 

srAFP vector as previously described (60). 

+* Mature Type II AFP was produced intracellularly in E. coli SM83 cells by isopropyl 

6-D-thiogalactopyranoside induction of the T7 promoter on the pet20b+ (Novogen, 

Madison WI) expression vector, containing the mature SRAFP cDNA inserted into the 

Ndel and BamHI sites by PCR clonuig (unpublished results). 



yields of up to 4.0mgIL of rSRAFP unpurified (M. Loewen unpublished results). At 

least 50% of this was present in inclusion bodies, and was not inclined to refold into 

active AFP following solubilization. In contrast. expression of the he&g Type II AFP 

(40 % identical to SRAFP) in a similar E. coli system, yielded greater than 2OmglL in 

the insoluble fraction which was successfdly refolded and pwified (V. Ewart, personal 

communication). Cornparison of herring and sea raven AFP expression levels 

demonstrates the variability in expression levels that can exist between even closely 

related proteins. This observation suggests that there exists some intriasic characteristics 

to each individual protein which play a role in detennining expression levels. Expression 

strategies for proteins should therefore be developed on a case-by-case basis. Expression 

of rSRAFP in the yeast, P. partons, as described here, met with the best success, 

achieving levels of up to 5mglL in shake flask, which were improved 7-fold through the 

use of fermentation, even with switching to defuied media. 

A Putative Ice Binding Site @SI) 

The 3D model for SRAFP led to a proposal for an ice-binding surface (IBS1) for 

ice/protein interactions (53). The surface is made up of loops 3 and 4 and B-strands 3 

and 4 of the SRAFP model (Figures 7 and 34). The surface is highly hydrophilic, 

contains a large number of hydrogen-bonding amino acids, both charged and polar, and 

is relatively planar. These traits reflect the traditional view of ice-binding surfaces as 

judged frorn AFP Types 1 (40) and III (74). IBS 1 also corresponds to the Ca2+ binding 

site on the CRD structure (53). 



h o p 4  and the two insertion mutants were produced to probe IBSl in a very 

general manner. Both the h o p 4  and 94/95 mutants conclusively demonstrate that the 

loop 4 region of the putative ice binding site is important for mediating ice-binding 

interactions. For Loo@ at Ieast, NMR analyses suggest that the swap caused only local 

changes to the structure. The 107/108 mutant suggests that the opposite end of that 

surface is also important, although not to the same degree as the loop 4 region. We c m  

deduce little about the exact residues involved in hydrogen bonding based on these 

mutations. It is possible that T91, K92 or D94 might play a role, but this will have to 

be further tested by site-specific mutagenesis. One of the double site-specific mutants 

implicated Tl05 and 4103 in mediating ice binding interactions. S90 and Dl 13 were 

shown to play a minimal d e ,  if any. Overall this work indicates that IBSl is involved 

in the ice-AFP interaction. 

The recently published X-ray crystal structure for a PSP, lithostathine, has an 

o v e d l  fold similar to that of the CRD and the AFP mode1 (64). However, the PSP bas 

a proposed CaC0,-binding site on a surface other than that corresponding to the Ca2+- 

binding surface of the CRD. Based on the organization of genomic sequences SRAFP 

is most closely related to PSP. This, together with the observed lack of Ca2'- dependent 

activity, suggests that potential SRAFP ice-binding sites are not necessarily limited to the 

original IBS1. 

Sea Raven Versus Herring and Smelt Antifreeze Proteins 

It is interesthg that of al1 the implicated IBSl residues, only QI03 is conserved 



between herring, smelt and sea raven AFPs. S90 and Tg1 are Ala in herring and smelt, 

K92 is Gln, D94 is Thr or Phe and Tl05 is Asn. Other differences include the recentiy 

published observation that herring AFP bas metal ion-dependent conformation and 

activity, implicating the Ca2+ binding surface in its activity (51). SRAFP does not have 

any requirement for metal ions. Finally, cornparison of ice crystal morphologies 

produced by herring and sea raven AFPs, indicate that the herring AFP ice crystal is 

very elongated and strongly faceted (57) while the SRAFP crystal is very snibby and 

round. As well, the herring ice crystals took on significantly different shapes in the 

presence of alternative divalent metal ions, ranging fiom the hexagonal bipyramid to 

basic rectangular forms. This observation is fixther evidence that the Ca2+ site is 

involved in the ice-AFP interaction (57). The significance of these observations is that 

SRAFP may possibly have a different binding site(s) and ice-binding residues than the 

herring and smelt AFPs even on the same face of the protein. This concept of different 

binding sites to carry out the same function in related proteins would not be unique to 

this group of AFPs. Sculpin and tlounder have related AFPs of the Ala-rich a-helical 

type, but they contain different hydrophilic residues and have been shown to bind 

different ice planes (27). As well, a study on three hydrophobie-molecule-binding 

proteins, that show up to 90% identity to each other, demonstrated a vimially identical 

fold for each (139). Despite this, the three proteins have very different ligand 

specificities and their binding sites are in very different regions of the molecules. 



A Second Ice Binding Site? IBS2 

Severd attempts to disrupt IBSl by mutagenesis involving insertions, a sequence 

swap and amino acid replacement caused at the most a 25% loss of antifreeze activity. 

A total of seven hydrophilic residues in the IBSl region including al1 the Thr and Ser 

residues and one of the two Gln and two of the four Asp were mutated in these 

experiments. This is in contrast to Type III AFP, where mutagenesis of only one binding 

residue (T18N) resulted in a loss of 90% of activiq and other single mutations saw losses 

of 75% (N14S) and 50% (Q44T) (73)(74). It is possible that the few unchanged 

hydrophilic residues of the IBSl are important to ice binding, but the mode1 indicates that 

they are not positioned in a surface accessible manner (53). Another possibility is that 

elimination of al1 of the implicated residues (T105, Q103,T91,K92 and D94) at once or 

in a particular combination would result in greater loss of activity. However this seems 

inherently unlikely in view of the drastic activity losses seen with AFP Types 1 and III 

when only one or two residues are aitered (74)(104)(111). Thus the minimal loss of 

activity observed to date suggests that even as a group, the hydrophilic residues of the 

IBSl do not represent al1 the binding residues. Therefore, a more plausible explmation, 

in light of these mutagenic results and cornparisons of SRAFP to PSP and to hening and 

smelt AFPs, is that there are at least two binding sites which interact with ice 

independently of each other, of which IBSl is only one. 

This notion that there exists at least two distinct IBSs on the SRAFP is M e r  

supported by the AFP's unique ice crystal morphology. Type 1, III and herring AFPs 

have very cnsp, clearly faceted crystals with well defined edges. The wild-type SRAFP 



ice crystal is very round in shape with no single facet in evidence. This distinct 

characteristic might be explained if there were two separate IBSs, with comparable 

affinities for ice, competing for two different ice planes. The result could conceivably 

be a rounding of the crystal. The loss of the rounded characteristic during mutagenesis 

might be the result of eliminating one of the two cornpethg IBSs, leaving oniy the second 

intact. The ice etching studies which identified oniy a single binding plane for SRAFP 

(27), might be the result of the low concentration of AFP required to carry out the 

experiment. Only one of the ice-binding surfaces might bind preferentially at Iow 

SRAFP concentration. 

Searching for IBS2 

Two strategies were used to search for a second ice-binding site. In the fust 

strategy, surface accessible residues conserved between sea raven, h e m g  and smelt 

were targeted. Unfominately, out of several mutants only the double mutation 

Q55A/T56A in helix 2 resulted in r S W  production and it showed no alteration of 

antifreeze activity. In the second strategy, residues identified in the PSP putative CaC0,- 

binding surface that maintain surface accessibüity and hydrophilicity in the SRAJT 

model, were targeted (Figure 49). These mutants were made in the h o p 4  background, 

so that IBSl would be at least partially inactivated. Again, a low success rate was 

encountered in attempts to produce this set of mutants. Only S12OH+Loop4 was 

expressed and purified to a level that permitted characterization. The low level of 

activity observed for this mutant was the first positive indication of a second, or at least 



Fig. 49 Stmctural diagrams of LBSl and BS2. Two views of the SRAFP mode1 
are shown. top: Space fdling van der Waals structure showing the relative 
surface topology and orientation of IBSl and IBS2. bottom: View from 
the side to illustrate that residues comprising IBS2 are located on a 
different face than those of IBS1. In both views red=oxygen, 
blue = nitrogen, black =carbon yellow = sulfur. Structure file courtesy of 
F. Sonnichsen. 0 t h  details are descnbed in the legend to Figure 7. 





a significantly extended IBS. Unfortunately, Sl2O is situated in a hinge position (similar 

to N14 in Type III AFP), that rnight dlow it to bind to ice in conjunction with either 

IBSl or the putative PSP-like ice-binding site (LBS2). Subsequent mutants made in the 

IBS2 binding region, including S120H in wild type background, T23H in h o @ ,  and 

T23H in wild-type, indicate that SI20 is a pivotal side chah, as it is the only residue 

where a single site mutation resulted in a significant loss of activity. Whiie T23H by 

itself gives no indication of being involved in ice binding, the T23H/Loop4 mutant, 

which allows visualization of the effect of T23H over the background activity of IBS 1, 

indicates that T23 is required for activity. It is possible that if the original double site 

mutations in IBSl were made in a T23H background, their effect would be more easily 

identified. TZ3 is positioned around the corner on a different plane fiom lBS1, and 

could not physically interact with the same plane of ice as IBS1. This result provides 

strong evidence for the presence of a second ice-binding plane. The significant role of 

S120 is likely to reflect its position with respect to both IBSl and ES2 and its ability to 

contribute to the binding energy of either IBS. Mutation of SI20 therefore results in a 

loss of activity on both planes at the same time. Additional mutants knocking out one 

or the other IBS, in combination with ice etching studies, could help determine if these 

two sites do in fact bind ice independentiy or if they bind simultaneously in some sort 

of corner between two ice planes, to produce the observed (11-21) plane of ice (27). 

Overall, we conclude that there exist two ice-binding sites on the SRAFP 

molecule. Work to determine the full extent of the binding surfaces and the roles the 

different residues play in mediating the ice/AFP interaction must now be canied out. 



The difficulties experienced in expressing various mutants to levels sufficient for 

purification and characterization wili be a signifcant challenge in working towards this 

future goal. The application of fermentation techniques might be of some value in 

overcoming the low expression levels. Determination of the complete, high resolution 

3D-structure by NMR or X-ray crystdlography would be a valuable adjunct to this snidy. 

The Role of Charged and Disulfide-Bonded Residues in AFP Activity 

The effect of pH on SRAFP activity and ice crystal morphology suggests some 

role for charged residues in activity . A large drop in activity was observed at low pH 

(2.0 through 4.0). This region of the pH profile is just below the isoelectric point of the 

protein (at approximately 5.5). Although the observed changes might be the result of 

deprotonation andfor aggregation, no precipitate was detected d m g  the experiment. 

This range also corresponds closely to the pKa (3.86) of the side chai.  of Asp. There 

are four Asp (94,95,113,114) on the putative IBS1 and others spread out over the rest 

of the surface. Their protonation from the ionized state may cause the loss of observed 

activity and the change in ice crystal morphology. Unfortunately, the role negatively 

charged residues might play in the ice-protein interaction remains unknown. The change 

from ionized state would not be expected to drastically alter hydrogen-bonding, for while 

the ionized form of Asp can act only as a hydrogen acceptor, the protonated form can 

act as both hydrogen donor and acceptor. Moreover, alteration of N14 to Asp in Type 

III AFP was not accompanied by any change in activity even at pH values of 2-5. A 

second possibility might include salt bridges being critical to the 3D structure of the 



protein. A salt bridge would be lost upon protonation, but could be partially 

compensated for by hydrogen-bond interactions. However, the modelled structure does 

not indicate any likely salt bridge interactions, although confimation of this awaits better 

resolution of the 3D structure. One f d  possibility is that charge repulsion might cause 

some perturbation of the stmcture at the low pH causing decreased activity, aithough 

aggregation might be expected in this case. 

The five disulfide bridges of SRAFP are conserved in both herring and smelt 

AFPs. Only two of these are conserved in a11 the PSPs and CRDs (53). In the case of 

SRAFP, some of these disulfide links might serve to replace Ca2+-binding in the 

stabilization of loop regions, although no proof of this exists. As these disulfides have 

been selectively conserved in al1 three Type II AFP isoforms, a more plausible role for 

the disulfides might be stabilization of the protein against coid denaturation. An initial 

attempt to delete a pair of cysteines by mutagenesis were unsuccessful, because these 

mutants would not express in the P. pastons system. This may have been due to 

hnproper folding, leading to degradation of the recombinant product. Reducing agent 

was previously s h o w  to lower SRAFP activity ( 1 W  D m  at 50°C for 4h caused a 

67% decrease in activiv of a lmg/mL AFP solution) (50). In the experiments reported 

here, the SRAFP appeared to be more sensitive to lOmM DTT because al1 activity was 

lost at 37°C after 3Omin. The DTT effect was also found to be temperature dependent, 

with no loss of activity at 0°C. This temperature dependence suggests a more compact 

structure at lower temperatures, which corresponds to the working environment of the 

protein in the fish. This might indicate some value in checking the X-ray and NMR 



structures at temperatures close to O°C. However, no signifcant change in structure has 

been observed for the globular Type III AFP when crystaliized at 4"C versus 22°C (E. 

Leinalar, personal communication). 

The Evolution of Type II AFPs 

The iotron-exon boundaries in the SRAFP gene were previously determined from 

a cornparison of cDNA and genomic sequences (59). From an alignment of this 

structure with the genome structures of related proteins and domains (Figure 50), it 

becomes evident that this family of homologous proteins can be separated into three 

evolutionary groups: Group A) cornprised of PSP and SRAFP with 4 exons each, 

Group B) compnsed of Groups 1 and 2 C-type l e c h  with 3 exons each and Group C) 

compnsed of Groups 3 and 4 C-type lectins containhg 1 exon each. Based on a similar 

alignment carried out in the absence of SRAFP, PSP was identified as belonging to a 

new group of lectins which had evolved from the same CRD ancestral precursor, along 

a separate branch of the family tree (140). Our alignment of genomic structures and the 

sirnilar loss of Ca2+-binding residues, suggests that the SRAFP is in fact more closely 

related to the PSP than the CRD. 

Unfortunately, the genome structures of the herring and smelt AFPs are unknown 

at this t h e .  It would be interesting to know where they might fit into this ancestral tree. 

There is a definite subdivision between SRAFP and the herring and smelt forms, based 

on the Ca2'-dependence. This rnight suggest the SRAFP has evolved independently with 

the PSP, while henlng and smelt AFPs evotved from the CRD. However the Type II 



Fig. 50 Cornparison of genome structures for SRAFP and homologues. The 
amino acid sequences of SRAFP, PSP and CRDs were aligned using the 
tetrapeptide WIGL as reference. SRAFP (59), PAP: rat pancreatitis- 
associated protein (140), CCCP: core protein of chicken cartilage 
proteoglycan (14 1) , CHL: chicken hepatic lectin ( 142) , IgER: lymphocyte 
IgE Fc receptor (PU), MBP: human mannose binding protein (lU), SPA: 
puhonary surfactant apoprotein (M), HLAM: human lymphocyte homing 
receptor (I46), GMP- MO: platlet granule protein (147). The triangles 
indicate intron positions. Gaps in the gene line represent gaps in the 
sequence alignment. 
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fish AFPs al1 conserve five disulfide bridges, while the PSP and CRDs have only two 

or three. Because loss of disulfides is more likely than gain, the three A F P s  probably 

shared some ancestral precursor in common with PSP and lectins, that contained five (or 

more) disulfdes. The split in Ca2+-dependency likely occurred prior to the loss of the 

disulfides. Following this split, the PSPs and CRDs lost the less stnicturally important 

disulfides, while for some reason, possibly to avoid cold denaturation, the AFPs were 

independently selected to maintain dl the disulfides. This hypothetical tree maintains the 

independent evolution of the Type II AFPs, which would dlow for the different 

properties of each. 

AFGPs in both norihem cod and notothenioid fishes are believed to have evolved 

independently of each other as well (23)(148). The notothenioid AFGP gene evolved 

from a pancreatic trypsinogen precursor. They maintain up to 96% homology in the 

signal peptide and 3 'untranslated regions (2 1). The cod AFGP gene shows no identity 

to the trypsinogen gene indicating that it evolved from a different precursor. Therefore 

in contrast to the Type II AFPs, the AFGPs have evolved independently by convergent 

evolution, rather than by divergent evolution (141). Finally, a similar division arnong 

homologous AFPs is also observed between the very distantly related flounder and 

sculpin Type 1 AFPs (1). Although no specific precursor has been identified, one 

exphnation in this case might be that an ancestral sculpin-AFP-like a-helix was present 

intracellularly in al1 fish (31). A liver specific isofom arose in flounders to becorne the 

major serum form by picking up a signal sequence. 



PART B 

Roles for Thr in Binding Type 1 AFP to Ice. 

Since the introduction of the adsorption-inhibition mechanism in 1977, it has been 

assumed that the four regularly spaced Th. on winter flounder Type 1 AFP are key 

residues for ice binding. The spacing of Thr dong the helix suggested some form of 

lanice matching mechanism (32)(149). Although, the precise mechanism of attachrnent 

to ice has not been defmed, it was assumed for the last two decades that the Tbr 

hydroxyl makes hydrogen bonds with water molecules on the ice surface, providing the 

necessary energy of binding (42). However, as descnbed in the Introduction, there are 

a number of inconsistencies with the theory. The AFP makes an insuffcient number of 

hydrogen-bond contacts to account for the irreversible binding to ice (lO2)(108)(28). As 

well the preferred rotameric conformation of Thr orients the hydroxyl group such that 

it preferentially makes contacts with the helix and not the ice (40)(109). The Thr 

replacement study described in the Results section was camed out to gain further insight 

into the roles of both the hydroxyl and rnethyl groups of Thr. 

Thr Hydroxyl vs Methyl Groups in Ice Binding 

Substitution of Thr by Ser, which has similar hydrogen-bonding potential through 

its hydroxyl, is not detected in any natural helical antifreeze (40)(35). This suggests 

there may be more to the role of Thr than just hydrogen-bonding. The replacement of 

Thr by Ser in the HPLC-6 variant LSAAN resulted in a catastrophic loss of activity. 



Pnor to this study only the introduction of proline (a helix breaker) into the helix ied to 

such a complete loss of activity by a single or double residue change (104). Any trivial 

explanation for the loss of LSAAN activity was eliminated when the peptide appeared to 

be very soluble, monorneric and completely helical as judged by CD, sedimentation 

analysis and NMR. 

Over the concentration range tested, LSAAN was observed to bind to ice and 

produce hexagonal bipyramidal crystals identical to those produced by much lower 

concentrations of the wild-type peptide. This indicates that the mutant antifreeze binds 

to the same pyramidal plane and likely in the sarne direction. The activity loss must then 

be considered the result of a decrease in a f f i t y  for the ice site, since increases in AFP 

concentration compensated for the decreased affiniity. The chief difference between Thr 

and Ser lies in the loss of the y-methyl groups, suggesting the methyl groups play an 

important role in mediating the a f f i ty .  The NMR data clearly indicates that while Ser 

loses al1 conformational constraint, the Thr was only partially constrained to begin with, 

suggesting the loss of conformational constraint on the hydroxyl group by deletion of the 

methyl group is not likely to be the primary source of decreased activity. 

To further probe the relative importance of the methyl and hydroxyl groups, Thr 

was changed to Val, which restored 80-90% of wild-type activity compared to Ser. Val 

is a very close match to Thr in shape and size of the side chah, except Val replaces the 

hydroxyl with a second methyl group. The NMR data indicated that Val had an even 

greater rotamenc preference for the same conformation preferred by Thr. Overall these 

resul ts demonstrate that restoration of the methy 1 group restores activity , indicating a 



very significant role for the Th. methyl group in binding to ice. These results aïs0 

demonstrate that elimination of the hydroxyl (replacement by methyl) does not cause 

sisnif~cant loss of activity, in a molecule already proposed to form too few hydrogen- 

bonds to bind irreversibly to ice. This study of Thr clearly indicates that the overall 

hydrogen-bonding hypothesis is not based on solid experimental demonstration of 

hy drogen-bonding . 

A New Role for Thr 

These observations shift the assumed binding mec hanism from hy drogen-bonding 

to one of van der Waals contacts between surfaces that conforrnationally match one 

another. Val is a very good space filling match for Thr, and NMR indicates it has a 

similar rotameric preference, which would provide a similar overall surface presentation 

for comparable van der WaaIs interactions with the ice. This role is in line with a recent 

suggestion that places an increased emphasis on the importance of van der Waals 

interactions in mediating AFP binding to ice (72), as well as the earlier proposa1 that Leu 

might contribute binding energy through van der Waals contacts in the (20-21) valleys 

(43) 

Another contributing factor might be the entropic contributions of burying protein 

surfaces on the ice surface. Entropically, the burial of hydrophobic residues and surfaces 

is a favourable event. The Thr to Val change reduces the hydrophilicity of the helix 

surface, increasing its hydrophobicity, and would therefore increase the entropy gain in 

the event of the LVAAN surface being buried between helbc and ice. In the case of the 



Thr to Ser, and even the Leu to Ala changes, the hydrophobicity of the surface is 

decreased such that there would be less entropy gain upon binding of AFP to ice. As 

well, the smaller side chains in these latter cases might lead to a loss of cornplementarity 

or shielding of the interface, producing an overd decrease in the totzl buried surface 

area and a subsequent comparative decrease in entropy gain on bhding. 

Overall, the residual ice crystal growth with LVAAN and the slightly higher 

activity of LTAAN indicate that the hydrogen bonds likely conaibute to the binding 

energy. However these results suggest that other energetic contributions through non- 

polar interactions of at least equal magnitude m u t  exist in the protein-ice-water system. 

Recent studies on a number of sugar-binding proteins have lent support to the concept 

of greater roles for van der Waals contacts in mediating protein interactions. In the CRD 

of rat MBP (related to Type II AFP), the protein-sugar interaction is comprised of 

hydrogen-bonds to the hydroxyls of the sugar as well as a number of critical van der 

Waals contacts. Some of these include, interactions between P-carbons of the side chains 

and carbons of the sugar ring, as well as between imidazole rings of His and hydroxyl 

groups (150). A third type of non-polar interaction in this case involves an interaction 

between the B face of galactose and a tryptophan ring, discovered in an experiment to 

convert the specificity of MBP from mannose binding to galactose (15 1). In the case of 

celluIases binding to cellulose, extensive studies indicated that in ail cases, hydrogen- 

bonding, together with van der Waals interactions provide the major dnving force for the 

binding event (152). The structure of these cellulose-binding domains is significantiy 

different ftom the helical type 1 AFPs, being comprised of jelly-roll /3-sandwiches, rhat 



contain a strip of hydrophobie side c h a h  flanked by polar residues (153). The non- 

polar residues (Tyr and Trp) were believed to make van der Waals stacking contacts with 

the sugar rings (152)(153)(154). Finally in the case of antibodies binding to sugar 

epitopes (eg . Ab SE 155-4 binding to a Salmonella trisaccharide (155)) " complernentarity " 

or the overall shape and fit of the surface is considered cntical for molecuiar recognition. 

This f d  example is particularly remhiscent of the recognition of the ice surface by 

AFPs. Non-polar interactions, and not cooperativity or hydroxyl group burial in ice, 

likely account for AFP Ureversibly binding in the absence of sufficient hydrogen-bonding 

groups. 

Roles for Asn, Asp and Leu in Binding AFP to Ice 

It was onginally assumed (149) that the Asn and Asp residues would hydrogen- 

bond with ice in a sirnilar fashion to Thr, potentially m a h g  even more hydrogen- 

bonding contacts than Thr. However, despite their organization in a simiiar arrangement 

and spacing along the AFP as the Thr residues, later studies often Ieft Asn and Asp out 

of the mode1 building (42)(lO6)(lO7). The result is that the roles of Asn and Asp are 

much less well appreciated at this time. In the case of Leu, a mutagenic study (104) 

indicated that replacement of the two central Leu with Ala resulted in a Ioss of 33% 

antifieeze activity, with no perturbation of the he1ica.I structure. Two suggested roles for 

Leu included providing additional binding energy through van der Waals contacts with 

ice (43)(105), or for maintainhg Asn in an optimal binding configuration (40). 

Analysis of ATAAA and ATAAN indicate 20% and 30% loses of activity 



respectiveiy . LTAAA lost 39 % of its activity . The ATAAN result closely matches the 

33 % value previously observed for the same variant (104). Overall these results might 

irnply roles for Leu and Asn residues in mediation of the AFP-ice interaction, in the form 

of van der Waals contacts or hydrogen bonds to ice. As weil the observed higher 

activity for ATAAA compared to ATAAN or LTAAA lends support to the proposed 

interation between Leu and Asn. It is proposed that in the single change variants, the 

remaining side chah is less constrained and therefore occupies a Iess ided conformation 

for binding. Removal of the second side chah then results in improved activity. This 

hypothesis is M e r  supported by the fact that the ATAAA ice-binding-motif is present 

in the natural AFP of the yellowtail flounder (133). This naturd AFP, which contains 

an additional Il-amino-acid repeat and IBM. is just as active as wild-type HPLC-6 on 

a molar basis (35). 

A Role For Asn and Leu in Solubility 

Observation. by equilibrium sedimentation analysis, indicated that al1 variants with 

the Leu to Ala change, and to a lesser extent those with a Asn to Ala change, had a 

tendency to aggregate slowly over t h e .  Thus the observed decreases in activity for 

these variants is likely due to aggregation. No specific ice-AFP interaction c a .  be 

proposed for Leu or Asn at this tirne; rather this implies a role for these residues, in 

prevention of aggregation. The high aianine content of HPLC-6 and the other Type 1 

AFPs, is in itself conducive to aggregation by coil-coil interactions. Studies have shown 

the existence of helical bundles, known as "Alacoils", comprked of antiparallel coiled- 



coils of a-helices, with Ala in every seventh position (156). The structure allows a very 

close spacing between helices (7.5-8.5A between helix axes) over four or five helical 

turns. It is reminiscent of leucine zippers and fibrous-protein coiled-coüs, except that 

the Alacoils are antiparaliel as opposed to the paralle1 leucine zippers and the Alacoils 

are more closely packed (156). Analysis of the parameters for Alacoii formation suggest 

even wild-type HPLC-6 should have a propensiq to form these bundles. The Leu and 

Asn replacement results indicate that with the removal of these side chains the propensity 

becomes a probability. This raises an interesting issue about wether multimers retain 

thermal hysteresis activity, or maybe even show higher activity due to increased size, 

which off sets the loss of AFP concentration. It is interesting, in this context, to note 

that Type N AFP appears to be a four-helix bundle (75). 

A Better Ice Binding Motif 

AFP-9 is a minor isofonn in winter flounder senun, which has an ATAAT IBM. 

This isoform has decisively higher activity on a molar basis that HPLC-6 (35), but again 

it includes an additional Il-amino-acid repeat and IBM. To determine the extent to 

which the modified IBM contributes to the higher activity, we incorporated it into the 

HPLC-6 molecule as the ATAAT variant. This variant, lacking Leu, acnially had 20% 

higher activity compared to wild-type at 4mglmL. In light of the solubility data, this is 

remarkable. The higher activiq was likely observed prior to any aggregation because 

this particular peptide was assayed for thermal hysteresis activity Wediately foilowing 

resuspension. The aggregation occurs slowly over a number of days and the assay was 



performed in a matter of three hours. This is the ody peptide that was treated in this 

manner; ail other variants were assayed three to four days after resuspension. Overall 

this ATAAT variant indicates that replacement of Asn with Thr provides additional 

binding energy, that cornpensates for the loss of Leu. In the native AFP-9, while one 

of the IBMs is ATAAT, the peptide in fact maintains other IBMs that contain Leu and 

Asn residues that are likely sufficient to confer decent solubility to the peptide (35). 

The re-introduction of Leu into this motif (LTAAT) resulted in a decrease in 

activity compared to ATAAT, but cornpletely eliminated any tendency to aggregate. 

This fuaher supports the role Leu plays in solubility. 

Le-Binding Specificity 

nie ice crystal morphology of LTAAT and ATAAT showed interesthg features. 

The ATAAT variant had a decidedly stubbier crystal with a c to a ratio of 2.7 (+/- 0.1) 

compared to wild-type at 3.2 (+/- 0.1). This is suggestive of AFP binding to an 

alternative or additional surface. When the Leu residue was present, the ratio shifted 

back to 2.9 ( +1- O S ) ,  closer to the wild-type value. The Leu residue also caused the 

ratio to become highly variable with a standard deviation of +/- 0.5. This variability 

might be indicative of a competition for two different ice binding planes: a second plane 

peculiar to ATAAT binding and the (20-21) plane to which LTAAN binds. The 

depressed activity of LTAAT compared to ATAAT suggested that this competition does 

not confer maximal antifreeze action. 

Overall these observations indicate a significant role for Leu and Asn in the 



specificity of ice binding. Very Iittle is acaiaiiy known about how ice plane specificity 

is achieved. One suggestion has k e n  that Thr and Asn residues bind by hydrogen 

bonding to distinct sites on the {20-21) plane, providing a means for selection 

(104)(157). It was M e r  suggested that a contour fit to the ice surface might be 

important for proteinfice interactions (105). From X-ray studies (40), an alternative view 

was that the Type 1 AFP is flat, with only partially accessible Thr hydroxyl groups fmed 

in space. The fixed geometry specifies the binding direction, although the authors 

conclude that the geometric match is so poor, that there should be no specificity for one 

or the other direction dong < 01-12 > , which contradicts ice etching studies (42). 

Based on these observations, as well as the LSAAN and LVAAN results, we 

propose that ice-binding specificity is directed primarily by the contour fit of the 

molecule with the ice plane. Leu and Asn might contribute to specificity by the specific 

shape of their side chains, which when eliminated (Leu to Ala) and/or modified (Asn to 

Thr) cause a significant change in ice crystal rnorphology, indicative of different ice 

binding specificity . Thr and Asn may contribute further to the specificity through 

hydrogen bond matches to water molecules on the given plane. 

Minimization of HPLC-6 

Wild-type HPLC-6 has an uncommon structure in that it is one long helix. The 

natural development of an Ala-rich peptide (Ala is the best helix promoting residue 

(13 l)), the intricate N- and C- terminal cap structures, and the internal salt bridge are 

al1 geared toward maintenance of helicity, and suggest that helicity is critical for 



mediating AFP activity . Studies have indicated that the helical structure is required to 

maintain the regular spacing between the repeated Thr, Asx and Leu residues, for 

matching to the ice lattice (43)(45)(104). When HPLC-6 was redesigned into a 15mer 

peptide it had a signifcantly lower mol% of Ala (potentially decreasing helicity) but 

maintained the cap structures, two appropriately spaced Thr residues and the salt bridge. 

Overall this design resuIted in a significant loss of helical structure, primarily due to the 

ends of the helk "breathing". This is consistent with an NMR study carried out on a 

l7mer a-helical peptide, that was even more helical than the 15mers designed here (158). 

This study indicated that in a population of small helical peptides, a significant population 

of non-helical conformers exist (158). In the case of the Iactam bridged 15mer, the 

helical conformer is locked in place, This is reflected in its very high helical content. 

This higher helical content results in significant binding to ice. Likely this represents a 

lowering of the conformational entropy between peptides bound to ice and those in 

solution. In the salt-bridged sarnples, the free energy of binding to ice does not 

compensate for the loss of conformational entropy upon immobilization of the peptide 

into a helix. 

Induced Fit 

The prirnary paradox in the mechanism of HPLC-6 binding to ice is that the facets 

of ice that are bound by the AFP are not macroscopically expressed on the growing 

crystal; nor is the Type 1 AFP always optimally configured (Thr X' =-60°) to bind to ice. 

This minimization study suggested that in a helical peptide, only two of the four nir are 



actually required for initial binding to ice, although this binding may well be reversible, 

as demonstrated by the inability of the AFP to stop growth. This m e m  ihat initially 

only two of the four Thr need be in the correct conformation for binding, and that a 

significantly smaller surface of the growing ice crystal is required to randody produce 

the (20-21) plane. This random event of exposing the (20-21) plane is potentially going 

to occur as water molecules are added in an irregular manner to the non basal surfaces 

of ice. If two Thr (or one 1 1 -amino-acid repeat) fud and bind this small section it rnight 

potentially remain bound long enough for the ice front to grow in and make additional 

contacts. Altematively the AFP rnight detach and reattach quickly enough to modifj the 

growth of ice such that the (20-21) plane is extended. At this thne a third and possibly 

even the fourth Thr (second and third 1 1-amino-acid repeats) might fa11 into the correct 

rotamenc conformation and bind to the plane. Ultimately the outcome is irreversible 

binding of wild-type AFP to ice. Irreversibility c m  be envisioned because, unlike 

binding to a dynamic ice surface, detachment of a fully bound AFP would require the 

simultaneous loss of al1 binding forces, which is unlikely to occur. 

This describes an "induced fit" mechanism for HPLC-6 binding to ice (Figure 

5 1). The AFP is inducing the formation of its {20-21) plane ligand and the ice is 

selecting the rotameric conformation of the four Thr into positions that optimize bbding 

to ice. This is a dynamic and synergistic process which improves binding sites and leads 

to a more efficient binding, which further improves the binding site. 

This mode1 is çupported by the LTAAN NMR data that indicates al1 four Thr are 

free to occupy different rotameric States in solution, although the two middle Thr do have 



Fig. 51 Induced fit binding of Type 1 AFP to ice. A) Type 1 AFP represented 
in green, with four i,i+ 11 threonyl sidechains is shown situated near the 
pnsm surface of a seed ice crystal. B) Water is added to the ice lanice 
creating a {20-21} plane (red oxygen atoms) large enough to bind one 
repeat of helix (Tl3 to T24). C) Reversible binding of two Thr (shown 
in B) leads to further shaping of the (20-21) plane as demonstrated by EK- 
lac. Wild-type AFP will gain more contacts as the ice continues to grow 
in the a-direction leading ultirnately to irreversible binding. 





a 55% preference for the -60' rotamer (109). The preferential orientation of the two 

central Thr might "nucleate" binding of AFP to ice for subsequent induction of a beîîer 

fit, as they are more likely to represent the smallest possible unit that could defme the 

specific plane and direction of binding. In the minimized peptide it is the two terminal 

Thr (which presurnably have no rotameric preference) and not the two intemal Thr that 

are conserved. But as such, these Thr are still sufficient for initiating binding to ice, 

M e r  supporting the idea of rotameric selection by the ice. 

Conjugation to BSA 

The conjugation of a lactam-bridged peptide to BSA significantly increased 

activity of the peptides on a molar basis. This result fiirther refutes the cooperativity 

mode1 for Type 1 action at the ice surface. The relatively large size of the globular BSA 

(67kDa) attached directly to the small peptide sterically prevents any possible helix-helix 

interaction that might promote cooperative packing on the ice surface. In fact the short 

lactam-bridged peptide used in this particular study contained a single site mutation 

(AS), which facilitated the bridge formation, but eliminated the ice shaping activity 

observed for the wild-type EK-lac sample. The reason for this loss of activity is 

unlcnown as S8 is on a side of the helix that theoreticdy does not contact ice. Overall 

the increased size of the conjugated product cornpensated for the decreased aff i ty .  

According to the Kelvin effect (100)(42), the cnticd radius of curvanire of the ice 

surface between bound AFPs (above which ice growth can occur), is proportional to the 

radius of the bound particle. Thus if the particle is very small, the critical radius of 



curvature will be small and easily overcome upon undercoolhg of the solution. If the 

size of the particle is large, the critical radius of curvature wili be significantly greater, 

which causes depression of the freezing point. Obviously the 67kDa BSA is a very large 

molecule that not only covers more of the surface of ice, but also rises high above the 

surface, funher inhibithg the ice growth by preventing the fusion of curved ice surfaces. 

This theory is supported by the Type ID AFP additional domain snidy (111) which 

indicates that the larger the added domain the greater the increase in AFP activity. 

OVERALL CONCLUSIONS 

Overall, this work on AFP Types 1 and II introduced a number of new and very 

significant fmdings, that have altered Our views on how AFPs function; 1) the potentiai 

existence of more than one binding plane on a single antifreeze molecule, 2) the shift 

from hydrogen-bonding to non-polar interactions as being the primary mechanism of ice 

binding, 3) demonstration that better AFPs, both in terms of improved IBMs and overall 

more active AFPs cm be designed, 4) the "induced fit" model, solving the paradox of 

how an AFP that does not mainiain an optimal binding site in solution cm bind to a 

crystal that does not naiurally present the required ligand plane. However, as with al1 

good scientific research, answers often lead to even more questions. If van der Waals 

forces contribute significantly tu the binding of Type I AFP to ice, what role do these 

forces play in binding of the globular AFPs? If the primary role of Thr is not hydrogen- 

bonding, what is the primary role of Asn and Asp? C a .  Leu and Asn have roles in 



binding to ice, solubility and specificity? If so how will these aspects be separated and 

dernonstrated? What is so special about the conformation of Thr with respect to the 

general surface of ice that makes it a primary choice for AFP binding sites, considering 

many other residues can make hydrogen-bonds and have unique conformations? 1s a 

generai confonnational fit between Type II AFP and the (1 1-21) plane of ice the primary 

factor conmbuting to binding energy? How can this possibility be efficiently tested? 

How will the complete Type II AFP binding surface be properly mapped in this scenarîo? 

If larger AFPs are more active, why has nature selectively chosen small peptides as 

antifreezes? These and other questions c m  only be resolved by continued long term 

smdy of the AFPs and their diverse mechanisms of action. Future work combining 

mutagenesis with ice etching analysis will be critical. 
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APPENDFX A 

RESULTS 

PART A 

Type II AFP NMR Data 

Samples of SRAFP purifed from sea raven senun (Figure Al and AS), rSRAm 

purified from yeast media (Figure A l  and A5), h o p 4  rSRAFP mutant (Figure A2), two 

individual samples of 15N-labelled samples of rSRAFP (Figure A3 and A6), the pooled 

sarnple of 15N-1abelled rSRAFP (Figure A4), and S12OH+Loop4 r S M  mutant were 

analyzed by 1D 'H-NMR and 2D-NOESY NMR to compare folds and ensure that the 

mutants were correctIy foided. The Sl2OH +Laop 4 mutant was the most highiy mutated 

and least active mutant produced. NMR indicates its fold is stilI v h a i l y  identicai to 

rSRAFP as were dl other samples tested. A Ca2' titration experiment was carried out 

on the hop4 mutant (Figure A2), which has four of the five lectin Ca2+ binding 

residues, to test for Ca2+ binding and any conformational change upon binding. A few 

minor peak shifts were observed in the amide region, but no significant conformational 

changes were seen that would suggest ca2+-binding occured. 



Fig. A l  ~D-~H-NMR spectra of SRAFP and rSRAFP. top: nSRAFP purifed 
fiom sea raven senim. The presence of the A68 methyl group peak at - 
0.77ppm is a unique shift resulting from orientation of the side chah of 
A68, 3 SA over the centre of the aromatic rings of W75. This causes an 
unusual up-field shift of 2.lppm for the A68 rnethyl, due to the strong 
anisotropic effect of the W rings. This and the amide region from 10- 
6ppm are useful for comparing the overall folds. bottom: rSRAFP 
purified from yeast media. This specmim maintains the -0.77ppm A68 
methyl peak and the amide region is virnially identical to that of nSRAFP. 
A few additionai and shifted peaks in the a-proton region (from 6-3ppm) 
are likely due to the additional N- and C terminal regions. Some of the 
addition peaks were attributed to a very rninor impurity. 





Fig. A2 1D 'H-NMR spectra of the h o p 4  rSRAFP mutant and its ca2+ 
titration. left: Cornparison of the b o p 4  mutant to rSRAFP. The 
presence of the peak at -0.77ppm in hop4  indicated the A68-W75 
interaction is maintained. Amide region cornparison indicated that the 
mutant maintains the same basic fold as rSRAFP. 





Fig. A3 1D 'A-NMR spectra of two individual 15N-labelled rSRAFP samples. 
top: The first 15N-labelled rSRAFP sample. bonom: The second lSN- 
labelled rSRAFP sample. Both specûa maintain the shifted A68 methyl 
peak at -0.77ppm and cornparison of the amide region to spectra in Figure 
Al  indicate an identical fold in both cases. These two samples were 
pooled. 





Fig. A4 ID-'H-NMR spectra of the pooled lSN-IabeIled rSRAFP and the 
S12OH + Loop4 rSRAFP mutant samptes. top: The pooled L5N-labelled 
rSRAFP sample. bottom: The S 12OH +Loo@ rSRAFP mutant. Both 
samples maintakd the shifted A68 methyl peak at -0.77ppm and 
cornparison of the amide regions indicates and identical fold to unlabelled 
wild-type samples (Figure Al). 





Fig. A5 2D-NOESY NMR spectra of SRAFP and rSRAFP. top: SRAFP 
purified from sea raven senun. bottom: rSRAFP purified from yeast 
media. The shifted A68 methyl peaks (with NOEs to the protons on W75) 
were present. Peaks missing from the amide region of the rSRAFP are 
due to a signifcantly lower concentration of AFP in the recombinant 
experiment. 





Fig. A6 NMR solution structure of "N-labelled rSRAFP at low resolution. An 
overlay of four independent solution structures of rSRAFP is shown. 
Structures were aligned usbg helix 2 as a staaing point. The protein 
retains al1 the basic features of the model, including the 2 helices and the 
5 fi-sheets. A high resolution structure wiIl be available in the near future. 
Structure files courtesy of W. Gronwald. 





APPENDIX B 

RESUtTS 

PART B 

Table BI. Helicity of Type 1 AFP Variants 

Sam~le 

LTAAN 

LSAAN 

LVAAN 

ATAAN 

LTAAA 

ATAAA 

ATAAT 

LTAAT 

1. The observed molar elipticity at 1°C. 
[e] values for ATAAN, LTAAA and ATAAA are slightly less than 100% helical 
Shultz et al 1991) due to aggregation in solution. 

2. Apparent Tm was calculated assuming the observed elipticity at 1°C was 
essentiaily 100% (expected theoretical value is near 38,ûOû deg.cm2.dmol-') Shultz 
et al 1991) and the observed elipticity value at 60°C was taken as the 
approximation for random coi1 . 
The unusually high Tm for LTAAA migh reflect the presence of stable multimenc 
complexes rather than loose aggrgate. 



Table B2. Molecular Weight Determination by 
Sedimentation Equilibrium Ultrcenuifugation 

Sam~le Molecular Weieht (Exvt) Molecular Weight (Theor) 

LTAAN 
LSAAN 
LVAAN 
ATAAN 
LTAAA 
ATAAA 
ATAAT 
LTAAT 

* NMR and X-ray analyses indicate LTAAN exists as a monomer in solution 

** Peptide precipitated slowly and irreversibly during a three day dyalysis at 4OC prior 
to the centrifbgation. 

*** Sample contained higher order species but an average molecular weight for 
0.7mglmL to 3.1 mglmL was obtained. 



Fig. B1 Type 1 AFP variant NMR data. 2D-NOESY-NMR specm of wild-type 
(LTAAN) ('109) and variants LSAAN, LVAAN. In LSAAN Tl3 and T24 
peaks are replaced with S13 and S24 peaks. In LVAAN Tl3 and T24 
peaks disappear and V13 and V24 aliphatic peaks appear at a different 
position on the spectnim. Most other points in the spectnim reamined 
constant indicating the overall structure of the variants is identical to wild- 
type. 



* 
LTAAN LSAAN 

LVAAN LVAAN 



APPENDIX C 

RESULTS 

PART B 

Fig. Cl Circular dichroism spectra of the minimized peptides. WT refers to 
the 37-amino-acid AFP (See Table BI (LTAAN)). The spectnim from 
1 SM-lac indicates a high proportion of helical structure. The three salt- 
bridged rninirnized peptides al1 demonstrated simcantly less helicity than 
the 15EK-lac sample. 
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