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ABSTRACT

This dissertation describes the study of native and synthetic antifreeze glycoproteins
(AFGPs). Antifreeze glycoproteins (AFGPs) are biological antifreezes found in several
species of Atlantic and Antarctic teleost fishes. These compounds have the ability to inhibit
the growth of ice and protect organisms from cryoinjury and death. They exhibit two main
physical properties associated with antifreeze activity. First, they possess the ability to create
a non-colligative depression of the freezing point below that of the melting point; this
phenomenon is referred to as thermal hysteresis (TH). Second, they possess the ability to
inhibit the growth of ice, referred to as recrystallization inhibition (RI). Consequently the
rational design and de novo synthesis of chemically and biologically stable AFGP analogues
have become an attractive challenge. These properties have made AFGPs of great interest
for medical, industrial and commercial applications.

AFGPs molecules have been thoroughly studied in order to understand their
molecular mechanism of action. It is believed that conformation of these compounds plays
an essential function during the ice adsorption process which is required for antifreeze
activity. While several conformation studies of AFGP8 molecules have been published
using different spectroscopic methods, an accepted conformation has failed to emerge and its
role on antifreeze activity needs to be addressed. Chapter 3 examines the solution
aggregation of AFGP8 using dynamic light scattering (DLS) and investigates if this
phenomenon have any influence on the conformations of AFGP8 using circular dichroism
(CD).

Although structure activity relationship (SAR) studies seem to be one of the most
appropriate tools to understand the molecular mechanism of action of AFGPs, only few
syntheses of AFGPs analogues, have been reported in the literature. Amongst these
publications, even fewer have tested their analogues for thermal hysteresis activity and none
have tested them for recrystallization inhibition. Recrystallization inhibition might be
considered as the most relevant activity for cell storage at sub-zero temperatures, when
dynamic ice shaping (DIS) and thermal hysteresis (TH) potentially damage cell membranes.
Recently, it has been demonstrated that there is no correlation between these two activities.

However, the required structural features of AFGPs for RI, TH and DIS activities are still to
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be elucidated. Using O-linked glycopeptide analogues, the required structural feature for TH
and RI activity are investigated in Chapter 4.

Although AFPGS displays attractive RI activity, it also exhibits undesired properties
for cryopreservation. For instance, it favours the formation of needle shape ice crystals
below the TH gap. Furthermore, AFGPs molecules are not truly stable under basic, acid or
enzymatic conditions due to their exocyclic oxygen. Consequently, chapter 5 describes the
synthesis and study of stable C-linked analogues in order to obtain better cryoprotectants

with potent RI activity and no DIS activity.
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1 INTRODUCTION

Millions of years of evolution have allowed organisms to adapt to most of the
biotopes present on earth. Adaptations that permit organisms to survive subzero
environments' ™ are amongst the most impressive. Such adaptations are often accomplished
through the biosynthesis of molecules that have the ability to reduce the freezing point of
their resident tissues thus confirming protection from cryoinjuries, cell damage and

death.’

1.1 Biological Antifreezes

The freezing temperature of the extracellular media is approximately -0.86°C due to
colligatively active substances, while the approximated temperature of polar Antarctic sea
water is -1.86°C.6 Hence there is a 1°C critical difference between the temperature of the
fish and that of water. This difference is enough to kill any species unadapted to the

Antarctic or Arctic water temperatures (Graph 1).

Temperature

o L

0.5 1
NaCl Concentration (M)

Graph 1: Freezing point dependence on NaCl concentration: this 1°C different in freezing
temperature is critical to the survival of the organisms



In order for Arctic and Antarctic teleost fish to survive this environmental challenge,
biological antifreezes [antifreeze proteins (AFPs) or antifreeze glycoproteins (AFGPs)] are
present in small quantities in the blood serum and enable the fish to survive in cold oceanic
temperatures. These molecules possess the ability to depress the freezing point of the blood
serum below the melting point in a non-colligative manner. The potency of these molecules
predicted by the colligative effect is 500 times less than the potency that is actually
observed.” Graph 2 represents the freezing point depression of biological antifreezes
(AFGPs). In this graph chicken lysozyme and galactose are used to approximate the
colligative effect of AFGP. Given that AFGPs are glycoproteins, their colligative effect on
the freezing point depression should be approximated by measuring the colligative effect of a
protein (chicken lysozyme) and that of a glycoside (galactose). As observed in Graph 2,
AFGPs exhibit a much higher activity than expected based upon colligative effects.

AFGP +0.05 M NaC\I

-0.744

-0.558 J:FGP

-0.372

Freezing temperature (°C)

-0.186 galactose

p chicken lysozyme
et ety ® )
0 4 8 12 16

Solution (mg/ mL)

Graph 2: Diagram illustrating the changes in freezing point of solutions that contain colligatively acting
substances and AFGPs’

This non-colligative effect is unique to biological antifreezes and is known as thermal
hysteresis (TH) (Graph 3).2 The size of the TH gap, which is the difference between the
freezing and melting points, is dependent on the type of AF(G)Ps. Biological antifreezes



found in insects are more potent and possess a TH gap of 6.5°C,” whereas antifreezes

isolated from fish are not as potent and can only depress the freezing point by 2°C.

Temperature (°C) \ \ \
n°c rar.

-8.7°C

H,0
HoC + NaCl
H,O + AFGP

Graph 3: Qualitative Diagram of Thermal Hysteresis

Although Schélander and coworkers first reported and investigated antifreeze activity

10-13
h,

in marine fis it took 16 years for the molecule responsible for this process to be isolated

and partially characterized. It was only between 1969 and 1971 that Devries and

T8 where they described a glycoprotein

Wohlschlag published a series of articles,
isolated from the cold-adapted Antarctic fish Trematomus bernacchil and Trematomus
borchgrevinki that depressed the freezing point temperature of the blood serum without
increasing the osmotic pressure.'>'”'®!® The isolated glycoprotein was only composed of
alanine and threonine amino acids. At that point the exact structure and activity of the
glycoprotein was not assessed; however, its mass was confirmed to be approximately 25 kDa
with 20% of which being composed of D-galactosamine. Since then antifreeze glycoproteins
(AFGPs)*"** and proteins (AFPs)*>>! have been extensively studied. Today, eight antifreeze

glycoproteins and five antifreeze proteins families have been identified and described.



1.2 Structure of Biological Antifreezes

There are two types of known biological antifreezes, antifreeze proteins (AFPs) and
antifreezes glycoproteins (AFGPs). Even though antifreeze proteins (AFPs) share similar
physical properties, their primary, secondary and tertiary structures drastically differ from
one species to another. Conversely antifreeze glycoproteins possess very low structural

diversity and mainly differ by their molecular weight.

1.2.1 AFGP ™%

The first structurally characterized AFGP was isolated from fish blood serum and it
was found to consist of glycopeptide repeats. The peptide backbone was composed of
alanine-alanine-threonine (Ala-Ala-Thr) repeating tripeptide units with minor sequence
variation, while the glycoside moiety was a disaccharide unit S-D-galactosyl-(1,3)-D-N-
acetylgalactosamine) linked 1-3 to the threonine residue (Figure 1). AFGPs bave been
isolated and characterized into eight different fractions based on their molecular weight
ranging from 32 kDa for AFGP1 to 2.6 kDa for AFGP8 (Table 1). This classification was
made on the basis of the relative rates of electrophoretic migration for the different
fractions.>® In some species it has been observed that in the low molecular weight AFGP7-8

34,35,36

the glycosylated threonine can be substituted by arginine and that the alanine residues

can be substituted by proline.3 7.38

Table 1: Molecular Weight of the different fractions of AFGPs

AFGP1-2 33.7-28.8 kDa

AFGP3-5 21.5-10.5 kDa

AFGP6-7 5-3.8 kDa
AFGPS 2.6 kDa

Figure 1 shows the most common AFGP structures. Some novel AFGPs recently

isolated from Antartic fish (Pleuragramma antarcticum) have been shown to contain N-



acetyl-glucosamine instead of N-acetylgalactosamine as well as amino acids such as Asn,
Gln, Gly, Ala, Val, Thr and Leu.”

A) AFGP
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Figure 1: Examples of naturally occurring AFGP alterations™

A)  -AFGP: most common structural motif with n = 4-50

B) -AFGP-Pro in which Pro replaces Ala*

C) -AFGP-Arg in which Arg replaces Thr*.

*AFGP-Pro and AFGP-Arg constitute less than 5% of the naturally occurring
glycoproteins. It is unknown whether the arginine is glycosylated.



It has also been shown that AFGP6 from the rock cod Gadus ogac is comprised of 14
different isoforms (different peptide sequences).’® All of these 14 characterized AFGPs have
been isolated and range in size from 6026 kDa to 9784 kDa, thus the abbreviations AFGPx
(x = 1-8) do not refer to a single compound, but a mixture of glycopeptides in a designated
approximate mass range.

Recently Hsiao et al.*! have succeeded in sequencing the genetic code of an AFGP
from an Antartic nototheniid. Sequence comparisons of the genes encoding AFGPs have
shown that the regions encoding the glycoproteins have evolved by repeated duplication and
rearrangement of small fragments of other genes. The gene that the fragments were
transcribed from varies between the species of fish, with no similarity in coding function.
This suggests that different AFGPs were formed in independent evolutionary events, thus
explaining the variations in structure observed in characterized AFGPs. AFGPs of various
lengths most likely arise from micro-adaptations, where the activity that is being selected for
is present in a small piece of DNA, which can be repeatedly duplicated to progressively yield

longer and more potent biological antifreezes (i.e. AFGP1).*

1.2.2 AFP

There are five main subtypes of AFPs (I-IV; and unrelated AFPs) with massive
variability at all structural levels. They range in size from 3 to 24 kDa and are usually found
in the extra-cellular space. Some of the secondary and tertiary structural motifs are illustrated
in Table 2. The diversity associated with their narrow distribution has led to the hypothesis
that AFPs have evolved recently and independently, probably due to selective pressure such

as glaciations.



Table 2: Overview of antifreeze protein characteristics®

Protein Species Structural type Protein homology Ice binding site
Fish type I AFP righteye flounders, single a-helix, many undetected Thr and
residues
sculpins with sequence repeat associated with
Fish type II sea raven, rainbow smelt globular; smelt and galactose-binding; it correspond
Atlantic herring herring are Ca®* C-type lectins in to Ca”" binding
dependent herring site residues on
Fish type 111 eel pouts such as ocean globular with one undetected and flanking
flat
pout (Macrozoarces flattened surface surface
americanus)
Fish type IV longhom sculpin antiparallel helix low-density lipoprotein unknown
(Myoxocephalus octo- bundle receptor-binding domain
decimspinosis) of apolipoprotein E3
Unrelated AFP
Chitinase AFP  winter rye endochitinase endochitinase unknown
Glucanase AFP  winter rye endoglucanase endoglucanase unknown
Thaumatin AFP  winter rye thaumatin-like thaumatin unknown
Budworm AFP  spruce budworm (Chor- Thr- and Cys-rich undetected unknown
istoneura fumiferana) (non-repeating)
Beetle AFP Dendroides canadensis, Thr- and Cys-rich undetected unknown
mealworm beetle with repeating structure
Snow Flea ATP___Hypogastrura harveyi unknown unknown unknown
1.2.2.1 Typel AFP
43,44

The existence of these proteins was first reported by Duman and Devries,

and

Hew." The most studied protein in this family has been the AFP extracted from the winter
flounder Pseudopleuronectus americanus. The secondary structure (Figure 2) of this protein
was determined using circular dichroism (CD) and it was shown to be mainly a-helical.
When the temperature is decreased to 0°C, the percentage of secondary structure that exists
as an o-helix increased to 85%. X-ray diffraction data also shows that the residues
implicated in ice binding are localized on one face, while the non-polar residues (such as

alanine) are mainly on the other face.

1.2.2.2 Type Il AFP

Type 11 AFPs*>* have been isolated from sea raven, insects, spruce budworm and
smelt. This family of antifreezes (Figure 2) is relatively rich in cysteine (=9 mol %) and

alanine (=14 mol %). Even though they exhibit a comparable Thermal Hysteresis activity



(TH), their efficiency by unit weight is significantly lower than for AFP type I. The
secondary structure of this AFP mainly consists of random coils, where the disulfide bonds
created by the cysteines expose the hydrophilic residues (threonine) to the aqueous

environment.

1.2.2.3 Type Il AFP

Little is known about type 111 AFPs.“*® Indeed, they have only been isolated from
Arctic and Antarctic Ocean pout. These short proteins (62-66 amino acids) are not
dominated by any particular amino acid and possess some unusual folding (Figure 2). They
are composed of S-sheet structures that are orthogonally arranged resulting in a globular -
sandwich. Due to their high hydrophobicity factors, their adsorption process on ice is

probably different from the previous AFPs.

1.2.2.4 TypelV AFP

Type IV AFPs**° have only been isolated from longhorn sculpin (Myoxocephalus
octodecimsponosis) and possess a rich alanine and glutamine content (Figure 2).>° This
protein contains four a-helical bundles and is approximately 12 kDa in molecular weight.
The amino acid sequence and the structure are similar to the lipoprotein receptor-binding

domain of apolipoproteins.

Type Classification Size(kDa) Repeat

Fish

1 Ala rich a helix 3-5 11 aa(-3 turn of
helix)

II C-type lectin fold of mixed o, f and loop 14-24 None

structure

i Globular protein contains short § strands 7 None

1w Helix-bundle 12 22 aa

Insects Unrelated AFPs

Tm and Dc | Right handed f helix 8-9 12-13 aa (containing
Thr-Cys-Thr)

cf Left handed f helix 9-12 15 aa (containing
Thr-Xaa-Thr)




Figure 2: Representative structures of four types of fish (a,b,e-f) and insect (c,d) antifreeze proteins”
(a) Type I AFP from winter flounder. (b) Spruce budworm Type Il AFP. (c) Tenebrio molitorTypre III
AFP. (d) Type IV AFP modeled as a helix bundle. (ef) Non-repetitive AFPs. (e) Type Il AFP from sea
raven (2AFP). (f) Type IIl AFP from ocean pout. Structures were generated using Molscript

1.2.2.5 Other AFPs

Recently other types of AFPs, which are not members of any of the previous groups,
have been isolated. For instance, two unrelated threonine-rich AFPs of moths*? and beetles®
as well as glycine-rich AFPs of snow fleas’ have been discovered in the past 5 years (Figure
2). These recent discoveries indicate that AFPs may have evolved in arthropods after
speciation, and it is anticipated that other unrelated AFPs will be found in insects, and other

arthropods.

1.2.3 In-Vivo localization of AF(G)Ps

AF(G)Ps are usually isolated from the blood plasma or serum; however, they are also
present in other tissues. Biological antifreezes are produced in the liver of the vertebrate
over the winter, and are circulated to all fluid compartments except the brain.’"¥ It has also

been speculated that the synthesis of AF(G)Ps does also occur in other tissues. This theory

10



has been recently confirmed by Valerio,>** who has isolated AF(G)Ps from epithelium cells,
demonstrating that they also had the ability to synthesize these molecules.

More specifically AFGP6, 7 and 8 are usually secreted into the intestinal fluids and are
present in ocular fluids at very low concentrations. It was thought that the localization and
the activity of these antifreeze glycoproteins were limited to the extra-cellular media,
however, recent studies have shown that this was not the case and that AF(G)Ps could be
internalized.*> The role of this internalization is not yet clear, but the importance of their

intracellular properties could be significant for the survival at subzero temperatures.

1.3 AF(G)Ps interaction with ice and cell membrane

In order to fully understand the advantages of using biological antifreezes for
cryopreservation, we will describe their different physical and biological properties as well
as how they interact with the ice lattice. First, they possess the ability to depress the freezing
point of water, while the observed melting point remains close to 0°C. The difference in
temperature between the freezing point and the melting point is known as the thermal
hysteresis (TH) gap. This property is non-colligative and a saturation effect is observed at
higher concentrations.

Along with thermal hysteresis, a second property is observed. Biological antifreezes
have the ability to affect the rate of the growth of the ice crystals, as well as their
morphology, at a supercooled temperature. This phenomenon is called dynamic ice shaping
(DIS) and results in the formation of needle-shaped ice crystals.

The final physical property associated with AFGP and ice interaction is
recrystallization inhibition (RI) activity. RI activity is probably one of the most interesting
properties of biological antifreezes. While crystals are formed, the antifreeze molecules have
the ability to inhibit thermodynamic boundary migration that leads to the formation of larger
ice crystals. This results in stabilization of small crystals, and limits cell damage during
cooling and thawing processes in cryopreservation. In addition to all these physical
properties, it has been demonstrated that AFGPs possess the ability to stabilize the cellular

membrane during the thermotropic transition phase.

11



1.3.1 Thermal hysteresis (TH) and dynamic ice shaping (DIS)

On the macromolecular level, the most accepted theory of the mechanism of action of
the antifreeze molecules is an irreversible adsorption inhibition process.'* However, several
other interesting theories have been explored. For instance, these molecules could be

333657 and their adsorption onto the ice crystals could be reversible.’®

inhibitors of nucleation

Kuroda®® was the first one to suggest that the adsorption might not be totally
irreversible. Using Langmuir equation, he showed that if the adsorption inhibition was
irreversible, the melting point should increase. This phenomenon was reported afterward by
Knight and Devries; however, the range is slightly different than the calculations predicted.
Along these lines, a fairly recent NMR study suggests that the adsorption would be
reversible, but here again these results are highly debated.

As the ice front grows, solutes are excluded from the ice lattice, therefore
concentrating the intercrystal solution. Using etching technique,” antifreeze molecules have
been observed to adsorb and integrate onto the ice crystal lattice. This ads01'ption60'64
prevents ice growth within the TH gap.*® However, Devries work demonstrated that ice
crystals have the ability to resume growth outside of this TH gap. The morphology and the
dynamics of the growth are entirely different from a pure ice-water system, and form

6667 These needle

spicules of ice that grow perpendicular to the basal plane (Picture 1).
shaped ice crystals “burst” when they are formed (Picture 2). This ability to form needle
shaped ice crystals” is detrimental for cryopreservation, but can be extremely useful for
cryosurgery.

It has been demonstrated that AF(G)Ps affect the direction of growth because of the

adsorption-inhibition along certain prism faces. Knight et af.®*%’

showed that the adsorption
of AF(G)Ps were preferentially on the a-axis of the ice crystal during the growth (outside the

TH gap), resulting on the formation of a hexagonal bipyramidal ice crystal (Figure 3).

12



Picture 1: Dynamic Ice shaping of AFGP8

Picture A shows the dynamic ice shaping of AFGPS8 within the TH gap. (top view of a hexagonal

bipyramidal crystal).

Picture B is the same ice crystal when the temperature reaches the limit of the TH gap (hexagonal

bipyramidal crystal).
Picture C is the same crystal outside the TH gap (needle shaped crystal).

within the TH gap 001°Chelow the the THgap = 0.5s

0.01°C below the the THgap +=0.7s 001°Chelow the the THzap 1= 1s

Picture 2: Needle shape ice crystals formation in AFGP8 solution
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Figure 3: Dynamic ice shaping

Within the TH gap, the AF(G)Ps adsorb onto all planes of the ice crystal and stop the
growth along all these planes, resulting in a hexagonal crystal. Below the TH gap the growth
of the ice crystal is still inhibited along the a;-a;-a; axis where the adsorption is higher68
(shown by ellipsometry measurement on AFGP7 and AFGPS), but not anymore along the c-
axis; leading to the formation of a new prism whose growth will be more inhibited along the
a-axis than the c-axis, ultimately leading to the formation of an hexagonal bipyramidal ice
crystal.

Collectively, these experiments (i.e. ice etching, ice hemisphere) confirm that in order
to inhibit the growth of ice crystals, AFGPs have to adsorb on the surface of growing ice
crystals. However, understanding how the adsorption can depress the freezing point is still

in progress. Raymond and Devries'"

were the first to mention that if a molecule of AF(G)P
lodges onto the crystalline surface, the distortion created at that point will slow the growth of

the ice crystal by creating a high radius of curvature where the addition of a new molecule
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will be thermodynamically unfavourable. This results in a non-equilibrium freezing point
depression known as the Kelvin Effect (Figure 4).%  Several models have proposed to

rationalize the ice growth inhibition.

Ice

Figure 4: Diagram of the adsorption-inhibition effect’®”

There are two models that rationalize ice growth inhibition based on a 2D or 3D

1% and step pinning model.”” In the mattress

Kelvin Effect. These are the mattress mode
model (Figure 5), the adsorbed molecules prevent ice growth perpendicular to the ice
surface, while in the step pinning model the molecules block the growth of a step. Both

models assume irreversible adsorption of AF(G)Ps onto the ice surface.

water
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e ]
ice
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ﬂ crystal growth ® = AFGP or AFP ﬂ crystal growth
water
ice water

Mattress Model

Step Pinning Model

Figure 5: Adsorption inhibition mechanism®
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It has been shown by ellipsometry®® that the adsorption of AF(G)Ps onto ice crystals
is not concentration dependant (contrary to the TH). However, neither model can explain
why high levels of adsorption are not observed at low concentrations. Consequently,
alternate mechanisms have been proposed. For instance, Lips’' attributes the role of the
antifreeze to lowering the step energy associated with the formation of nuclei and reducing
the nucleation temperature.

Presently, the scientific community has an overall acceptable macromolecular
mechanism of action. Nevertheless at the molecular level, an understanding of how these
molecules inhibit ice crystal growth and how they are able to match the ice-water interface
remains a source of intense debate. Interactions between biological antifreezes and the ice
surface have been postulated to be hydrogen bond-based. However, modeling experiments
have demonstrated that the number of hydrogen bonds formed between the antifreeze
molecule and the ice surface appears to be insufficient to explain the observed tight binding

of the antifreeze to ice®’ even if the hydroxyl groups of the glycoproteins are imbedded in the

ice lattice (Figure 6).
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Figure 6: Theoretical hydrophilic ice binding of AF(G)Ps

A: First theory explaining the adsorption of AFGPs on the ice lattice. Two hydroxyls of the
disaccharide unit can form hydrogen bonds with the ice crystal. Therefore, in this first model eight
hydrogen bonds could be formed for AFGPS.

B: After different AFM experiments as well as modeling calculations, it has been shown that eight
hydrogen bonds were highly insufficient to explain how tight the ice adsorption was. Consequently
Devries®” hypothesized that the hydroxyls of the disaccharide could be imbedded in the ice lattice
affording three hydrogen bonds by hydroxyl. Even though 24 hydrogen bonds could be formed using
this model for AFGPS8, the 192 Kcal/mol involved in this adsorption process seems to be insufficient.

More recently, researchers have been divided over the importance of hydrogen

bonding and its role in the mechanism of action of biological antifreezes. While it has been
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proposed that the hydrophilic interactions between polar residues and the water molecules on
the ice surface are extremely important, other researchers have invoked the idea that entropic

72-76

and enthalpic contributions from hydrophobic residues are essential for adsorption onto

the ice surface. In order to bind to ice, biological antifreezes have to match the topology of

66,77,78
sy and

the ice-water interface. Several experiments performed on type 1 AFPs
extrapolated to AFGPs suggest that an a-helix structure where the hydrophilic group would
be on the side exposed to the ice lattice and the hydrophobic would be exposed to the to
water front, would be significant. The frequency of the a-helix turn would match different
planes of the ice (Figure 7).2 Despite the fact that significant entropic contributions are
likely to be gained upon exclusion of water from the protein and ice surfaces, a detailed
molecular mechanism invoking hydrophobic and/or hydrophilic interactions with emphasis
on the role they play in adsorption of the antifreeze to the ice surface has failed to emerge
using a static ice water interface and an irreversible adsorption process. Figure 7 shows the
profile of the (2021) surface viewed from the a-axis. The turn of the a-helix allows an
optimized position for hydrogen bonding between AFPI and the ice lattice. Indeed the Thr-
Asn intervals (which afford the hydrogen bondings) are 16.7A and the oxygen atoms at the
ice facet are also separated by 16.7A.

NII; of Asn or
OH of Thr

{0001)

. c-axis
Tce Iattice

Figure 7: Helix conformation favouring hydrophilic interactions between AF(G)Ps and the ice lattice”

Most of the theories described previously make two assumptions. The first is that the

adsorption of the AF(G)Ps molecules on ice lattice is irreversible and the second is that the
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ice-water interface is an abrupt transition and this interface is static. In order to solve the
puzzling problem of the molecular mechanism of action other concepts have been explored.
Indeed, to elucidate the molecular mechanism of action for AF(G)Ps it is essential for
the ice-water interface to be well characterized. This is unfortunately not the case yet but
several improvements have been made. Between the highly ordered ice lattice and the liquid
water is a semi ordered dynamic ice layer spanning 10A.7% Most of the calculation studies
made to investigate the adsorption inhibition process used a static model and therefore are
highly inaccurate. Even though static models and docking techniques are useful to
investigate specific binding interactions as well as the enzyme binding site, this model is
oversimplified for these interactions. Despite the limitations due to the amount of
calculations required by the iterative relaxation methods in order to calculate the quasi
plastic water ice dynamic, recently 10 ps of this interface have been modeled.®! These
results are promising and further progress have been achieved to improve the ice-water
model,¥ however, structure activity relationship studies seem to be the more adequate

technique to obtain a better understanding of the ice-water-antifreeze interactions.

1.3.2 Recrystallization Inhibition (RI) Activities of AFGP’s

When a frozen sample of water is left standing at sub-melting temperature or is
warmed up above the melting point, the grains of ice will change in shape and size. Smaller
grains with negative curvature are swallowed by larger, positive curvatured grains, to give a
sample with larger average grain size (Figure 8).8>3% This migration of the grain boundary
occurs to minimize the overall grain boundary energy by increasing the surface area. There
are two ways to inhibit the recrystallization;®” altering the interface energy or decreasing the
diffusion of the water. When a solution is flash frozen at -80°C, a sample of relatively small
crystals is created. This process of crystallization extrudes all of the solute out of the ice
crystal, creating highly concentrated boundary solutions. It has been shown that low
concentrations of AFGP molecules have the ability to drastically inhibit the boundary
migration of ice crystals (Figure 8). It has been argued that due to the small amount of water
present at the interface, AFGPs can migrate and adsorb to the required binding site on the ice
surface and therefore alter the interface energy. Knight er al®® demonstrated that some

peptides that do not have antifreeze activity can also inhibit ice recrystallization by
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decreasing the diffusion of water. When the solute concentration between the ice boundaries
increases, these peptides will decrease water mobility; therefore affecting the reorganisation
of the ice crystals and inhibiting recrystallization. Unlike these peptides, the RI activity of
AFPGs is significant even at low concentrations.

Until recently, it was thought that both thermal hysteresis and recrystallization
inhibition were due to the same process of adsorption on the ice crystal because they are both
thought to be a direct consequence of immobilization of solid-liquid interfaces in partially
frozen samples.”” However, recent research published by Sidebottom,®” as well as results

from some of our AFGP analogues, suggests that these two properties are uncoupled.

After flash freezing
-78°C

After 30 min
annealing at -6°C

Nad

Image A, Image B,
(AFGP 8) (PBS Control)

Figure 8: Example of Recrystallization-Inhibition

1.3.3 Membrane stabilization

Not only do AFGPs possess RI and TH activities, they also exhibit interesting
biological properties which enhance cell survival at subzero temperatures. Rubinsky and
coworkers®®®® observed that AFGPs and AFPs possess the ability to enhance external cell

90

membrane integrity during cooling, and protect it against rupture.” When bovine and

porcine oocytes were cooled and re-warmed in the presence of AF(G)Ps, the cell membrane
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retained its membrane potential. Schmitt et al. suggested that membrane integrity was
enhanced because AFGP blocked the potassium and calcium ion fluxes across the
membrane. Thus, it was inferred that biological antifreezes might be directly interacting with
membrane-bound ion channels. This suggestion has met with some controversy.” > This
controversy has been amplified by the fact that AF(G)Ps have failed to enhance the
preservation of rat hearts as well as to stabilize ram spermatozoa when chilled and re-
warmed.

Several years later, in an effort to understand the apparent improvement in cell

1.2 confirmed that

survival induced by the presence of AF(G)Ps, a study by Hayes er a
AF(G)Ps enhance membrane integrity during cooling. This work was performed using
liposomes prepared from four different types of phospholipids (all phosphatidylcholine
derived) that contained carboxyfluorescein (CF) probes. In these experiments it was
observed that liposomes leaked up to 50% of the trapped marker as they were cooled through
the thermotropic phase transition in the absence of AF(G)Ps. During this transition state
(typically between 12°C and 41°C), both crystalline and liquid states of the lipid membrane
coexisted.”*®> This phenomenon provoked a mismatch of the hydrocarbon chains and

ultimately facilitated leakage of the lipid membrane at the connection between the crystalline

and the liquid state (Figure 9).
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Figure 9: Modeling of a lipid bilayer membrane at different temperatures”®
A: Lipid bilayer membrane in a liquid state at 30°C, B: Same lipid bilayer membrane in a crystalline
state at 8°C. At optimum physiological conditions the membrane is in the liquid state.
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In the presence of less than 1 mg/mL of AFGP, no leakage was observed during
cooling or warming through the thermotropic phase transition. This suggested an alternate
mechanism consistent with a nonspecific interaction with the liposome membrane.

In 2000, Wu and Fletcher’” expanded the study by Hayes ef al. and examined
interactions of AFP type 1-3, AFGPS8, and albumin interactions with liposomes as model cell
membranes. Because most cell membranes are more complex than a phosphatidylcholine
(PC) liposome, they prepared liposomes derived from dielaidoylphosphatidylethanolamine
and dielaidoylphosphatidylglycerol. AFGPs were found to be extremely effective at
preventing leakage from the liposomes as each was cooled through its respective
thermotropic phase transition. It was concluded that AFGPs may interact with the lipid
bilayer in one of two ways. NMR studies have suggested that AFGP adopts a threefold left
handed helical conformation, with the carbohydrate moieties lining up on one side of the
helix and the hydrophobic alanine residues lining up on the other.”®% Given this
arrangement, the hydrophilic carbohydrate moieties might interact with the polar head
groups of the lipid bilayer (Figure 10). Alternatively, they hypothesized that the
hydrophobic backbone of AFGP may partially immerse in the lipid bilayer and that this may
be sufficient to prevent disruption of the bilayer. These studies were instrumental in
demonstrating that most proteins interact with DEPC membranes and actually prevent
leakage upon binding. However, the ability of a protein to bind to the lipid bilayer and
prevent leakage is a direct function of the nature of the polar groups of the lipids. Indeed the
composition of the lipid bilayer seems to control whether or not the AF(G)Ps will insert and

stabilize the membrane.
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Figure 10: Membrane stabilization by antifreeze glycoproteins”
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1.4 Applications

Any organic compound with the ability to inhibit the growth of ice has many
potential medical, industrial and commercial applications. AFGPs have potential uses in all
of these areas, and can also be used for cryopreservation using their membrane stabilization

properties and their propensity to facilitate the vitrification process.

1.4.1 Frozen food preservation.

One promising field is certainly the different applications for food preservation. 100.101
Due to their propensity to preserve cell integrity, AF(G)Ps can diminish the manufacturing
costs, preserve more homogeneous products, lower extensive heat processing, and improve
the quality of food preservation. However, the availability of AF(G)Ps by extraction or
synthesis is low. Therefore different patents have been deposited for DNA recombination
technology by direct engineering of micro-organisms which do not need purification prior to
their addition to a food product. Consequently, many foodstuffs which are sensitive to low
temperature like fruits or vegetables, can be frozen without any depreciation of quality. This
may make them ideal for addition to food either by direct addition or by gene transfer,
however, the type of AF(G)P will have to be carefully chosen. First, the AF(G)Ps would
have to be sufficiently stable to survive the processing temperatures. Secondly depending on
the product to be preserved, the choice of AF(G)P as well as its concentration would have to

be optimized.

1.4.2 Cryopreservation (slow freezing rate)

Cryopreservation applications include improved protection of blood platelets and
human organs at low temperatures.102 However, there are many complex processes that
occur when the ambient temperature of a cell is lowered close to or below that of the
freezing point. Presently, three distinct modes of cell death are known to occur upon
freezing. These are physical cell rupture, necrosis, and cold induced apoptosis.103 Although

all three processes are significant, the most common form of cell death associated with
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cryopreservationl04'108 is cell rupture owing to fluctuating cell volumes and intracellular ice

formation.
1.4.2.1 Invivo physiological mechanisms during chilling

The first phenomenon which occurs upon chilling is the transition between a
relatively dynamic lipid bilayer membrane and the crystal state of this same membrane
(Figure 9). During this thermotropic transition phase, the membrane is composed of both
liquid state and crystal states. At the interconnection of these two states, some mismatch

19 These mismatches result in

between the phospholipids in the membrane can occur.
leakage of the membrane and exclusion of the intracellular content, which ultimately leads to
the cellular death. This transition state usually occurs between 40°C and 12°C depending on
the composition of the membrane.

All cells are regarded as compartmentalized systems and the probability of ice
nucleation is directly proportional to the degree of supercooling and volume. Consequently,
as the temperature is lowered, ice nucleation is more likely to occur outside of the cell since
the volume is greater and the concentration of colligatively acting substances (salts, proteins,
and so forth) is lower than inside the cell. After nucleation occurs, extracellular ice growth
results in an increase in solute concentration in the diminishing extracellular volume. As the
concentration of these solutes increases, extracellular osmotic pressure increases.

The rate at which the extracellular osmotic pressure increases is directly proportional
to the rate of supercooling, and the cell compensates for this osmotic flux by regulating the
flow of water through the semi-permeable cell membrane. When the rate of extracellular ice
growth is fast, the cell membrane is likely to be fractured due to water depletion or
disruption of the cell membrane. This is caused either by the osmotic flux or by the large
mechanical stress applied by the ice crystals on the cell membrane. Once this fracturing
occurs, intracellular ice formation occurs and ultimately the cell is destroyed. Researchers
have debated whether the ice or elevated salt concentration is responsible for damage during
the progressive freezing of cells. Work by Mazur et al'® demonstrated the effect of the
cooling rate on water transport during progressive cooling, and they correlated this with cell

survival. Ultimately, this leads to the “two factor hypothesis,” which states that solute
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damage occurs at low-cooling rates where extracellular ice formation is innocuous to the
cells. Conversely, intracellular ice formation at high cooling rates is generally lethal because
the membrane permeability of each cell type can vary dramatically; this means that each
cryoprotectant is associated with an optimum cooling rate and a type of cell.

If the temperature is decreased further, ice crystals will nucleate in the intracellular
media, disrupt all physiological processes, and trigger cellular death. Finally, once the
sample is entirely frozen, upon storage or thawing