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ABSTRACT

Antifreeze Glycoproteins (AFGPs) are peptide-based compounds present in the
blood serum of arctic and antarctic fish. These compounds inhibit the growth of ice and
are key to their survival in icy cold water. The mechanism by which they inhibit the ice
growth is regarded as an adsorption-inhibition process at the macromolecular level.
However, the mechanism of action at the molecular level is still under debate among
researchers. Our laboratory has been designing C-Linked AFGP analogues possessing
enhanced chemical and biological stability for the purpose of structure-activity
relationship studies. Towards this end, a series of AFGP analogues containing a f-amino
acid in the polypeptide backbone have been synthesized. The requisite glycosylated /-
amino acids in the building blocks were synthesized via a modified Arndt-Eistert
homologation. These building blocks were then assembled into antifreeze analogues
using standard solid phase synthesis protocols.

These analogues were evaluated for antifreeze-specific activity that is, for
recrystallization inhibition (RI) and thermal hysterisis (TH). The analogues demonstrated
a significant degree of TH, dynamic ice shaping and genuine RI activity attributed to
biological antifreezes. Solution conformation of new analogues was performed using
circular dichroism (CD) spectroscopy. Results showed that the overall conformation is
mainly random coil.

In vitro cytotoxicity studies of these analogues at both physiological and
cryogenic temperatures were performed on a human embryonic liver cell line. Except
analogue 74, the other analogues were found to be cytotoxic and cryotoxic at high

analogue concentrations.
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1.0 General Introduction

Darwinism explains that among the “organic beings” only those that can adapt to
their changing environment survive. In the Earth’s geological past when sea level
glaciation occurred, a special protective mechanism evolved in various species of fish to
prevent death due to the freezing temperatures.”” > This mechanism utilizes antifreeze
proteins and antifreeze glycoproteins. These fish proteins are one example of adaptation

in the process of evolution.

1.1 Biological Antifreezes

One problem in biology is the survival of organisms at subzero conditions. Various
studies suggest that the main causes of cell damage in living systems due to inter- or
intra-cellular fluid freezing are 1) by the physical abnormality of the cell membrane
caused by contact with ice crystals and ii) by dehydration of the cell, which results in
protein denaturation or electrolytic imbalance in the intracellular fluid. However, some
cold-blooded organisms, including some species of fish that cannot increase their body
temperature as warm-blooded animals can, can still survive in the polar Arctic and
Antarctic sea, where the water temperature may drop down to approximately -1.9 °C.?
The key to their survival in these conditions is their ability to lower the freezing point of
their blood to -2.0 °C to -2.1 °C.* Scholander and co-workers (1953)>° were the first to
discover the abnormally low freezing temperature of blood serum from bullhead fish
(Pagahenia borchgrevinki) and Antarctic cold icefish (Dissostichus mawsoni). This is
not due to the presence of any colligatively acting substances present in the blood. A

colligative effect depends on the number of moles of solute present in the solution rather



than on their chemical nature. It was found that the concentrations of colligative
substances in the fish fluids are very low, such that they contribute to the freezing point
depression only up to -0.86 °C. This 1 °C difference in temperature is attributed to the
antifreeze glycoproteins (AFGPs) which are found in the sera of these fish.” 89 Relative
to colligative salts, AFGP is found to be 200-500 times more effective, on a molar basis,
in lowering the freezing point of the intracellular fluid of a cell without increasing the
osmotic pressure.'® This is illustrated by comparing the freezing points of AFGPs,
galactose, chicken lysozyme (a protein) and sodium chloride solution (Figure 1.1)."" It
has been shown that at low concentration, AFGPs are slightly more active than sodium
chloride in lowering the freezing point of water but it is hundred times greater on a molar
basis. The study suggested that the unique structural feature associated with AFGPs is
attributed to their potent freezing point depression property rather than their high
molecular weight. Neither the carbohydrate nor protein components are effective alone.
As the concentration is increased, AFGPs show a point where its maximum activity is
reached. This implies a non-linear relationship between activity and concentrations. In
addition, the presence of NaCl in AFGP solution has been demonstrated to increase the
observed freezing point depression. This suggests that colligative substances do not

interact with the AFGPs, but rather, they show an additive effect.
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Figure 1.1: Hllustration of freezing temperatures of chicken lysozyme, galactose, sodium chloride,
AFGPs and AFGPs plus sodium chloride."’

1.1.1 “Antifreeze” Properties

1.1.1.1 Thermal Hysteresis (TH)

While they depress the freezing point, biological antifreezes exert a minimal
effect on the melting point. This difference between the melting point and freezing point
is termed thermal hysteresis (TH) and is a characteristic property of antifreezes.'” Graph
1.1 illustrates that the melting temperature (Ty,) is greater than the freezing temperature
(T in biological antifreezes whereas the melting and freezing temperatures of water are
both equal to 0 °C.!? The colligatively acting substances such as sodium chloride in water
also depress the freezing point below 0 °C but the melting temperature (Ty,) is equal to
freezing temperature (Tf). The size of the TH gap induced by biological antifreezes is
dependent upon the type and concentrations of biological antifreeze present. For

instance, at physiological concentration, the TH gap of insect and fish antifreezes are ~5-



6 °C and ~2 °C, respectively, whereas plants have comparatively poor TH activity of only
0.1 t0 0.5 °C."> ™ The narrow TH gap in fish is enough to protect them from cryoinjury

and death. The TH gap is used to detect and quantify antifreeze activity.
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Graph 1.1: Qualitative illustration of thermal hysteresis (TH, )”

1.1.1.2 Dynamic Ice Shaping

Within the TH gap ice crystal growth is inhibited. This occurs due to the
adsorption of antifreeze onto specific faces of an ice crystal. This adsorption results in
different polymorphic forms of the ice crystal."> This phenomenon is known as “dynamic
ice shaping.” Biological antifreezes are found to adsorb preferentially onto the prism
faces of ice crystal (Figure 1.2b). Figure 1.2a, is an illustration of the basal faces (‘c’

axis) and prism faces (‘a’ axis) in an ice crystal.



Basal Plane

Prism Face

®)

Figure 1.2: a) Hexagonal ice crystal showing basal (‘c’axis) and prism faces (‘a’ axis)
b) Dynamic ice shaping due to the adsorption of AFGPs on the prism faces resulting in the
formation of bipyramidal ice crystal
Adsorption of antifreeze molecules onto the normal ice growth plane restricts its
growth along the ‘a’ axis (i.e prism faces) which eventually forces the addition of water
molecules on the ‘c’ axis (i.e. basal faces) resulting in the formation of hexagonal

bipyramidal ice crystals (Figure 1.2b).'®'" 18

1.1.1.3 Recrystallization Inhibition (RI)
Another significant property of biological antifreezes is their ability to inhibit ice

recrystallization. When a solution initially freezes, small crystals are formed, but during



the rewarming process ice crystals grow larger at the expense of smaller crystals.”” In
fact, this migration of ice boundaries occurs to minimize the overall energy of the system
by decreasing the surface area in an enthalpically driven process. Antifreezes bind to the
ice crystals at the ice-water interface and prevent ice boundary migration and
consequently inhibit ice 1recrystallization.20 This can be seen experimentally when a
solution of antifreeze glycoprotein fraction 8 (AFGP 8) is compared with a PBS control
solution (Figure 1.3).2' Image A shows indistinguishable ice crystals in the presence of
AFGP 8 solution whereas Image B Illustrates comparatively larger ice crystals in PBS
control solution at the same magnification. This inhibitory property of antifreezes
protects organisms against mechanical cell damage during ice grain boundary migration.
RI is distinct from TH since it operates at much lower concentrations of biological

antifreezes (100-500 times less) than the concentration required for TH activity.”

Image A: AFGP8  Image B: PBS

Figure 1.3: Relative size of ice crystals in a solution of (A) AFGP 8 (B) PBS control

at -6 °C after 30 minutes of annealing time*!



1.1.1.4 Cell Membrane Stabilization
In addition to these physical properties (TH, RI, and dynamic ice shaping),
biological antifreezes possess an interesting biological property which helps to protect

23, 24

cell membranes from the effect of cold temperature (non-freezing). It has been

reported that cold-induced cell damage occurs during the lipid membrane thermotropic

phase transition.”> 2

During this transition, the liquid-crystalline phase is converted into
a gel phase, and membrane permeability increases. This results in the leakage of cellular
contents. It has been hypothesized by Wu and Fletcher that biological antifreezes bind to

the lipid membrane during the cooling/rewarming process and thereby prevent leakage of

the lipid membrane.?’

1.2 Structures of Biological Antifreezes

Biological antifreezes are a diverse class of proteins found in species of fish
inhabiting polar regions, as well as amphibians, trees, plants and insects.”® In all
organisms antifreezes are thought to be localized in vivo in the extracellular space. In the
case of polar fish, biological antifreezes are synthesized in the liver, and are secreted into
the blood and circulated to all fluid compartments except secreted fluids and brain.?’
Conversely, antifreezes in insects are located in the epidermal layer.3° Plant antifreezes
are secreted into the xylem, cell walls, and intracellular spaces in tissues.’! Despite their
different tissue locations in different species as well as the diverse structures, antifreezes
share similar properties among the different groups. Biological antifreezes are classified

mainly into two groups based on their structures. They are 1) Antifreeze Proteins (AFPs)

and 2) Antifreeze Glycoproteins (AFGPs)



1.2.1 Antifreeze Proteins (AFPs)

Antifreeze proteins are further subdivided into four different types (I to IV). Each
of these types possesses different primary, secondary and tertiary structures. It is
hypothesized that the different types found among the different species and even within

the same family are a result of independent evolution of AFPs

1.2.1.1 Type I

Duman and DeVries®® and Hew and Yip** were the first to report type I AFP in
the winter flounder (Pseudopleuronectus americanus). Since these AFPs are rich in
alanine (approximately 65 %), the secondary structure is predominantly a-helix (Figure

1.4). The molecular weight ranges from 3.3 to 4.5 kDa.

ARAARZARR)

Figure 1.4: Hlustration of a-helix in type I AF P’

1.2.1.2 Type 11

Natural sources of type II AFPs are the Sea Raven, the Smelt and the Atlantic
herring.36 The molecular weight of this type of protein ranges from 11 to 24 kDa, and
these are rich in cysteine (8.3 mol % for Sea Rraven and 9.1 mol % for Atlantic
herring).37 They display greater TH compared to type I AFP (but it is still lower based on
molecular weight). The presence of disulfide a bond is important for its activity. The
type II is a globular protein and the secondary structure is a mixtures of a-helix, f-sheet

and random coil*® (Figure 1.5).



Figure 1.5: Hlustration of a mixture of a-helix, p-sheets and random coil in type Il AF P’

1.2.1.3 Type 111
Type III AFP is found in the Ocean Pout (Macrozoarces americanus) and is
composed of globular proteins.3’9 It has a molecular weight of 6.5 kDa. The secondary

structure is S-sandwich (Figure 1.6).

e

Figure 1.6: Illustration of f-sandwich in type I11 AFPP®

1.2.14 Type IV
Type IV AFP is found in Longhorn Sculpin (Myox ocephalus
octodecimsponosis)® and is composed of alanine rich helical bundles (Figure 1.7). The

molecular weight is approximately 12 kDa.

Figure 1.7: lllustration of helical bundles in type IV AFP”

10



1.2.2 Antifreeze Glycoproteins (AFGPs)

AFGPs constitute a major fraction of protein in the blood serum of Arctic cod and
Antarctic notothenioid.'? In contrast to AFPs, AFGPs show less variation in structure.
The first structural evidence of AFGP was reported by DeVries in 1960.*' A typical
structure of AFGP is composed of an (L-alanine-L-alanine-L-threonine) tripeptide repeat
unit in which the secondary hydroxyl group of the L-threonine residue is attached to the
disaccharide S-D-galactosyl-(1,3)-a-D-N-acetylgalactosamine (Figure 1.8).® AFGPs can

consist of 4 to 55 glycosylated tripeptide repeat units.

HO OH HOo ,OH

HO&/ Oé%
HO AcHN
OO O
S
® H H
H;N N\:/lLN N\:)LNJ\V(O
O = H O n = H O

[Ala Ala Thr] Ala  Ala
n

Figure 1.8: A typical structure of AFGP where n =4 - 55

On the basis of the relative rate of electrophoretic mobility (which depends on the
relative molecular weight), eight different fractions of AFGPs have been isolated.” The

corresponding molecular weight ranges from 33 kDa to 2.6 kDa (Table 1.1).*

AFGP 1-2 33.7-28.8 kDa
AFGP 3-5 21.5-10.5 kDa
AFGP 6-7 5-3.8 kDa
AFGP 8 2.6 kDa

Table 1.1: Classification of AFGPs on the basis of molecular weight

11



AFGP 8 is the smallest fraction of AFGPs and is the working model for structure-
function relationship studies performed in our laboratory. In some low molecular weight
AFGPs, it has been found that L-alanine can be substituted by L-proline (Figure 1.9a) and

L-threonine can be substituted by L-arginine (Figure 1.9b).%

disaccharide
[Ala Ala Thr] Pro Ala Thr Ala Ala
n

(a)
o OH Ho O
0
O o
AcHN.

{Lwl ]Q{ SPES RS
: o i H & =
L

NH
®
H,N NH,
Ala  Ala  Thr Ala Ala Arg Ala Ala

(b)

Figure 1.9: (a) AFGPs with L-proline that replaces L-alanine after L-threonine
(b) AFGPs with L-arginine that replaces L-threonine
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Regardless of the modification on the peptide backbone, each AFGP contains

both hydrophilic disaccharide unit and hydrophobic L-alanine residues (almost 67 %).

1.3 Structure-Activity Relationships

Early structure-activity relationship studies have been performed on native AFGP
via enzymatic and chemical modifications (Figure 1.10).® These early studies provided
some valuable information about the importance of the carbohydrate moeity on antifreeze
activity.”® ** ¥ Antifreeze activity was found to be lost when AFGP was treated with
0.5N NaOH, due to S-elimination of the disaccharide component. Acetylation of the
hydroxyl groups on the disaccharide as well as periodate oxidation to give aldehyde
derivative both resulted in loss of TH activity. This implies that the hydroxyl groups in
the disaccharide moiety are important for TH activity. Oxidation of the C-6 hydroxyl
groups to produce the bis-aldehyde did not give any change in TH activity, suggesting
that the C-6 hydroxyl groups do not play a role in TH activity. However, further
oxidation to give the carboxylate derivative or conversion into a sulfite derivative
removed all activity. This indicates that a negative charge on the disaccharide component
is not favourable for TH activity. Further, information about the carbohydrate moiety
was observed when borate derivates of disaccharide was formed by metal complexation
at the C-3 and C-4 or C-4 and C-5 positions of the terminal galactose moiety. This result

suggested that the cis-3,4 hydroxyl groups in carbohydrate are required for TH activity.

13



AcO OAc AcO OAc

O OH HO OH
QN "
AcO (o} 0 o R
ACHN | cl) ACHN
R .
(o)

o]
OH
Ho&/ HO HO OH
O g ;o
AcHN
AcHN
O\
R

R = (Thr-Ala-Ala) tripeptide unit

Figure 1.10: Structure- activity relationship studies on native AF GP"’

However, these studies left some additional unanswered questions which were
addressed by Nishimura.*® They synthesized a series of AFGP analogues using a
diphenylphosphorylazide (DPPA)-promoted polymerization. All of these analogues were
tested for TH activity and laid out the findings as follows:

1. a-configuration of the O-glycosidic linkage is required for TH activity.

2. N-acetyl group at the C-2 position of the reducing sugar are essential for TH

activity.

3. f-methyl group of the threonine residue also plays a role in TH activity.

14



Thus, in addition to the hydrophilic carbohydrate, the hydrophobic amino acid
side chain likely also plays a role in determining antifreeze specific-activity of AFGPs.*!
However, the influence of the amino acid backbone on TH activity has yet to be fully

explored.

1.4 Mechanism of Action

The current generally accepted working hypothesis for mechanistic studies was
put forth by Raymond and DeVries in 1977. According to this hypothesis, the antifreeze
molecules adsorb onto the surface of the growing ice front.*’ This event restricts the
growth of ice in between the adsorbed AFGP molecules. As the temperature continues to
decrease, these ice fronts grow with a large radius of curvature (Figure 1.11). Further
addition of water molecules to this convex surface is thermodynamically unfavorable.

This results in a non-equilibrium freezing point depression known as the Kelvin effect.*®

water
- (o]
——@ oo o '°0FC
ice
ﬂ crystal growth ® = AFGP or AFP
water
ice

Figure 1.11: Schematic representation of the adsorption- inhibition mechanism

Given the hypothesis that the ice-water interface is static, the adsorption of

AFGPs and AFPs onto the ice surface is thought to be irreversible. The irreversible

15



binding concept is supported by 3D models proposed by Knight* and Wilson.”
However, Kuroda®' doubted the irreversible binding of ice and put forth a reversible
binding concept. Still another hypothesis is proposed by Hall and Lips.”> Their
hypothesis depends on the ability of AFGPs and AFPs to lower the energy of the system
by lowering the nucleation temperature. Thus, there is continued controversy over the
mode of ice-binding.

The adsorption-inhibition mechanism explains the ice binding affinity of AFGPs
on a macromolecular level; however, the mechanism at the molecular level remains under
debate.”® Researchers are divided in support of either a hydrophilic or hydrophobic

interaction to explain AFGP-ice binding,>* **

1.4.1 The Proposed Role of Hydrophilic Interactions in Binding to Ice

It has been proposed that hydrogen bonding between the hydroxyl groups of the
carbohydrate and the ice surface is responsible for ice binding. However, studies have
shown that the number of potential hydrogen bonds contributed by AFGPs is insufficient
for adequate binding with the ice lattice.’® Previous studies revealed that only two
hydroxyl groups in a disaccharide are in a suitable position to form hydrogen bonds with
the ice surface. As shown in Figure 1.12A, if one hydroxyl group is presumed to form
only one hydrogen bond and as AFGP 8 is composed of four glycosylated amino acid
tripeptide repeat units then there can only be eight hydrogen bonds with the ice surface
per molecule of AFGP 82 The above mentioned theory of hydrophilic interaction

between the hydroxyl group of the disaccharide unit and the water molecule on the ice
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surface was revised by Knight and co-workers. They proposed that the hydroxyl groups

of the disaccharide are in fact incorporated into the ice lattice as shown in Figure 1.12B.

_T_
| |
solution H solution c{
___________ :._.--———..‘. __.______._;-_.___-A___,
Ice - Ice -O-
(o] B AN
H
W o | H~g
/ H \
H L H
W N
H
A B

Figure 1.12: Hydrophilic interaction between ice surface and AFGP 8:
A) Hydrogen bonding interaction on the ice surface

B) Hydrogen bonding interaction within the ice lattice

Thus, each hydroxyl group forms three hydrogen bonds inside the ice lattice and
this therefore makes a total of twenty-four hydrogen bonds per molecule of AFGP 8.
This model supports the hydrogen-bonding hypothesis which has dominated the
discussion among researchers.

The hydrogen bond hypothesis was studied for AFP I primarily by DeVries’’
(Figure 1.13a) and was later revised by Wen & Laursen (Figure 1.13b).® According to
DeVries original model the hydroxyl group of the threonine and the carboxyl group of the
aspartates form hydrogen bonds to oxygen atoms on the prism faces of ice crystals as
illustrated in Figure 1.13a. The revised model by Wen and Laursen shows that the polar
groups are within the hydrogen bonding range of the oxygen atoms in the ice lattice and

bind to the pyramidal plane of prism faces on the ice as illustrates in Figure 1.13b.
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Figure 1.13: a) Original model for hydrogen bonding hypothesis for AFP I Proposed by DeVries,

b) Revised model proposed by Wen & Laursen

The latter hypothesis is supported by the molecular modeling studies done by
Madura and co-workers.”® Their model suggests that polar groups of the amino acid side

chains of Type I AFP are embedded into the ice lattice (Figure 1.14).

Figure 1.14: Molecular modeling of type I AFP
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1.4.2 The Proposed Role of Hydrophobic Interactions in Binding to Ice

Structure-function studies performed on AFP I by the substitution of L-threonine
residues with L-serine and L-valine residues indicate that hydrogen bonding may not be
the key to ice binding.’* ®*®' These studies showed that when L-threonine residues were
replaced with L-serine residues the TH activity of AFP I was lost. This was surprising
since serine can form hydrogen bonds with the same affinity for ice binding as L-
threonine can. However, replacement of L-threonine with L-valine showed only a small
loss in activity. This indicated that the methyl group in L-threonine is important for ice
binding. The recent studies done on AFGP by Nishimura and co-workers*® have shown
that the same hypothesis as for AFPs can hold true for the hydrophobic interaction
between the AFGP molecules and the ice surface. They replaced L-threonine residues
with L-serine residues to construct an (L-ala-L-ser-L-ala) AFGP analogue. When it was
tested for TH, this analogue was found to be completely inactive. This demonstrated the
importance of methyl group for the TH activity.

Despite these findings, a unified molecular mechanism that explains hydrophobic
or hydrophilic interaction for the adsorption process between the protein and ice surface

has not been postulated.?®

1.5 Conformational Studies

One of the most important aspects for understanding the molecular mechanism of
ice-binding is the conformational analysis of these complex polymers. Conformational
analyses of AFGPs have focused mainly on the secondary structure. The conformation of

AFGPs in solution may have a significant role in the interaction between the different
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AFGP functional groups and the ice surface. Two main techniques are used to determine
the AFGP conformation in solution; they are Circular Dichroism (CD) spectroscopy and
Nuclear Magnetic Resonance (NMR).

Previous CD studies on AFGP demonstrated that random coil is the main

62, 63, 64 .
+63-6% However, Franks and Morris® later reported an

contributor to secondary structure.
ordered three-fold left-handed helical conformation based on CD studies. The authors
suggested that in such a conformation, disaccharide residues are aligned on only one side
of the helix. Bush and co-workers®® later proposed a three-fold left-handed helical
conformation of the peptide backbone, and also showed that the carbohydrate component
has negligible contribution to the CD measurements. Rao and Bush®’ also suggested that
the three-fold left-handed helix is a low energy conformation based on coupling constant
data (from NOE experiments) and semi-empirical molecular modeling calculations.
Their calculation concluded that the length of the glycopolymer is important for
antifreeze activity. This is in agreement with the kinetic model of antifreeze action that
states the coefficient of adsorption increases with increasing molecular weight.®® The
larger AFGP 4 shows 25 times more activity compared to the smaller AFGP 8.

Variable temperature dependent NMR studies by Bush and Feeney® showed that
low molecular weight AFGPs adopt a rod-shaped conformation similar to that of a three-
fold polyproline type II helix at lower temperatures. However, the conformation of low
molecular weight AFGPs changes to a flexible coil at higher temperatures. Solution
conformations of AFGP 8 performed at various temperatures by Bouvet and Ben”° using
CD spectroscopy, showed interesting results. They showed that at room temperature,

random coil is the main form of the glycopeptide conformations along with the other
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conformations such as a-helix, S-sheet and S-turns. These results suggested that the
solution conformation of the glycoprotein is flexible and can adopt different structures at
various times. Similarly, temperatures as low as -5 °C, did not have any obvious impact

on the conformations.

1.6 Applications

Unique cryoprotective properties make antifreeze proteins and antifreeze
glycoproteins potentially important in everyday use. Their potential uses range from
medical to commercial applications. Some of these important applications are outlined

following.

1.6.1 Biological Antifreezes in Medicine

Amidst the large quantity of research being done in the medical field to improve
the quality of life, the long term storage of human cells and organs has been a challenging
one. Due to the lack of suitable preservation techniques, hypothermic storage of these
human organs is limited to 12-20 hours (depending on the organ). As the temperature is
lowered, cell death occurs due to inter- and intra-cellular ice formation.”' This causes
cell damage both through mechanical stress and osmotic imbalance. Some practical
cryoprotectants such as DMSO and glycerol can keep the cells in a super-cooled state, but
they cannot block extra cellular ice formation.” To overcome this problem, vitrification
has been used for cryopreservation of biological systems.” Vitrification is a rapid
cooling technique in which a highly concentrated solution of cryoprotectants is used and

the samples are converted into a “glassy” state to avoid ice formation. The high
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concentration of cryoprotectant in turn is associated with toxicity. Another limitation of
vitrification is that it is only suitable for small sample volumes, since the cooling rate is
not uniform for large volumes and therefore recrystallization will still occur during
warming.74 On the other hand, antifreeze glycoproteins stabilize the membrane during
cooling, inhibit ice growth during freezing, and inhibit ice recrystallization during
warming. These unique properties make it an attractive alternative to conventional
cyoprotectants.75

Rubinsky and co-workers’' have suggested that upon vitrification of pig oocytes
(two-cell-stage embryos) with 40 mg/mL AFGPs, cell integrity is retained. However,
freezing of red blood cells in the presence of 40 pg/mL of AFGPs reduced cell survival.
Cell damage is thought to occur due to the formation of needle-shaped ice crystals

(Figure 1.15) when the temperature is lowered below the TH gap.

Figure 1.15: AFGP 8, ice spiculate below the TH gap

This destructive behaviour of biological antifreezes was utilized by Rubinsky for
cryosurgery. Cryosurgery is a technique generally employed in oncology to destroy and
prevent the undesired tissue by the help of freezing. A series of recent papers on
cryosurgery76’ " have suggested that in vivo testing of AFP I solution to destroy tumor

cell gave encouraging results as the mortality rate of cancer cells was found to be almost
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100 %. This is the dual nature of antifreezes, they act as both cryoprotectants as well as

chemical adjuvants in cryosurgery.

1.6.2 Antifreeze in Commerce

Another important potential application of biological antifreeze is its use in
genetic engineering. Atlantic salmon does not possess biological antifreezes and is under
constant threat of cryoinjury. This species could be protected by transferring the AFP
gene responsible for antifreeze.”® The AFP gene also imparts resistance to “White Pox”
(a common disease for Salmon) as well as, it helps them to grow larger, up to four times
their normal size, and this at a much faster rate. This is useful for salmon farming.
Similarly, AFP genes were successfully introduced into potato leaves and other plants’
to improve their resistance to frost damage. Crop damage from frost is a serious problem
around the world.
1.6.3 Antifreeze in Industry

Antifreeze could be used in the food industry as an additive to improve quality
and palatability of food by maintaining the smooth texture and taste (after freezing)

through inhibition of recrystallization.”

1.7 Previous Syntheses of AFGPs and AFGP Analogues

Despite the enormous number of potential applications of AFGPs, these
applications have not been fully realized due to the difficulty in accessing these
compounds from their natural reservoirs. The chemical synthesis of AFGPs and their

analogues could be viable alternative. Some of these endeavours are presented here.
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1.7.1 Anderson’s Synthesis of an Analogue for the Core Repeating AFGP Unit

The first approach to the synthesis of the structural core of an AFGP analogue
was carried out by Anderson and co-workers.*® As shown in Scheme 1.1, the S-D-
galactosyl-(1,3)-a-D-N-acetylgalactosamine moiety of the native system was replaced
with S-D-galactosyl-(1,3)-a-D-galactose. This convergent approach consisted of separate

syntheses of the disaccharide and the tripeptide units.
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Scheme 1.1: Anderson’s synthesis of AFGP analogues core unit
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The two components were coupled together to afford the requisite glycosylated building
block. The key step is the selective crotylation of compound 1 at the C-3 hydroxyl group
to give compound 2. The remaining hydroxyl groups were then benzylated to afford
compound 3. Selective removal of the crotyl functionality gave the free hydroxyl group
at the C-3 position. Coupling of 3 with 4 afforded the disaccharide 5. The glycosyl
chloride 6 was prepared by treating 5 with Vilsmeier reagent. The desired building block
8 for the AFGP analogue was synthesized by coupling 6 with the tripeptide unit 7 and

after removal of the protecting groups.

1.7.2 Filira’s Continuous Solid Phase Synthesis of AFGP Analogues

The first AFGP analogue synthesized using a solid phase protocol was reported
by Filira.®*' This is an example of a linear approach in which the AFGP analogue is
synthesized in a stepwise manner (Scheme 1.2). The analogues prepared maintain the
same sequence of amino acid in the tripeptide backbone as for native AFGP and the
modification was made in the disaccharide component. The a-linked disaccharide was
replaced with the monosaccharide f-linked galactose. This structural modification was
made to mimic the p-1,3 linkage between the terminal galactose and GalNAc
(galactosamine) in the native AFGP. The building block 12 was prepared by reaction of
D-galactose pentaacetate 9 with both C- and N-termini protected L-threonine 10 in the
presence of boron trifluoride diethyl etherate. This was followed by C-terminus
deprotection and switching of protecting group at the N-terminus with Fmoc succinimide
(Fmoc-OSu). Stepwise addition of the desired amino acids or building block afforded the

polymer 13 composed of 2 to 7 tripeptide repeat units.
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Scheme 1.2: Filira’s synthesis of AFGP analogues

1.7.3 Meldal’s Solid Phase Synthesis of AFGP Analogues

Meldal and Jensen reported a similar approach to Filira’s for the solid phase
synthesis of AFGP analogues (Scheme 1.3).*> As with Filira’s approach, they utilize the
truncated version of the disaccharide but the L-threonine of native AFGP was replaced by
L-serine. The use of pentafluorophenyl (Pfp) ester of fluoren-9-yl-methoxycarbonyl
serine 15 to couple with the benzylated galactose bromide 14 greatly reduced the required
steps for the building block synthesis. Building block 16 was ready for solid phase
synthesis without further functional group manipulation due to the presence of the highly
activated Pfp ester. The polypeptide 17 was prepared with 1 to 3 (L-serine-L-alanine-L-

alanine) tripeptide repeat units with a continuous flow solid phase synthesis protocol.83
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Scheme 1.3: Meldal’s synthesis of serine AFGP analogues

1.7.4 Ben’s Solid Phase Approach of C-linked AFGP Analogues

A new approach to synthesize AFGP analogues was reported by Ben and
Eniade.* In this approach the labile carbon-oxygen linkage between the carbohydrate
and the peptide backbone was replaced with a stable amide bond. Their approach utilized
a commercially available monosaccharide unit instead of the native disaccharide system
and the amino acid L-threonine was replaced by L-lysine (Scheme 1.4). The C-linked
monosaccharide 18 was glycosylated with tripeptide 19 (L-lysine-L-glycine-L-glycine)
by CDI mediated coupling. The amino acid L-lysine was chosen because the amide bond
motif is structurally similar to the guanidinyl group in the L-arginine residue that is

sometimes substituted for L-threonine in native AFGP.® In addition, in previous studies
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AFP I analogues where L-lysine replaced L-threonine has exhibited antifreeze-specific

activity.
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Scheme 1.4: Ben’s solid phase synthesis of C-linked AFGP analogues

The glycosylated building block 20 afforded glycopeptide 22 via stepwise solid

phase synthesis followed by cleavage from the resin and functional group deprotection.

1.7.5 Nishimura’s Solution Phase Synthesis of Native AFGP

The first synthesis of native AFGP was reported by Nishimura and co-worker®’ in

1996 (Scheme 1.5). The disaccharide 25 was obtained by reaction of galactosyl
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Scheme 1.5: Nishimura’s solution phase synthesis of native AFGP 8

trichloroimidate 23 with 24 in the presence of trimethylsilyl trifluoromethanesulfonate
(TMSOTY). To favour the formation of a-glycosidic linkage in 27, coupling of the
disaccharide ~ with tripeptide 26 was performed in the presence of
cyclopentadienylzirconium dichloride and silver perchlorate. The C-2 azide group was
converted into the acetamido group by reduction of 27 with nickel chloride in sodium

borohydride followed by acetylation to produce 28. Polymer 30 with a tripeptide
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(threonine-alanine-alanine) chain length of 10 to 12 was accomplished with diphenyl

phosphoryl azide (DPPA) and triethyl amine from fully deprotected monomer 29.

1.7.6 Chen’s Solid Phase Synthesis of Native AFGP

Chen and co-workers®® later reported the synthesis of native AFGP via the
standard solid phase synthesis protocol (Schemel.6). Their approach was based on the
coupling of a-phenylselenyl glycoside 36 with the L-threonine residue 35 in the presence
of silver triflate and tetramethyl urea to afford the mono glycosylated derivative 33.
Coupling of 33 with the glycoside donor 34 afforded disaccharide derivative 32. The C-2
azide was converted into acetamide, which was then assembled into polymer 31 using

solid support.
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o - Q
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/'\N/< \)I\ ﬁ \/\é /‘\ " et
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36 35 34 33

Scheme 1.6: Chen’s approach to AFGP assembly
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All of these strategies afforded viable routes for the synthesis of AFGPs and
AFGP analogues. However, only a few of these methods especially those involving solid
phase synthesis, have been used to prepare compounds for structure-activity relationship

studies.
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2.0 PROGRESS TOWARDS C-LINKED AFGP ANALOGUES

2.1 Previous Syntheses of C-linked AFGP Analogues ...........ccccocoviiviiniininnncniinnnnnnne.

2.2 Research Goals and Objectives

...................................................................................
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2.0 Progress towards C-linked AFGP Analogues

2.1 Previous Syntheses of C-linked AFGP Analogues

Protein glycosylation has received considerable attention from the scientific
community due to its role in various cellular recognization processes such as viral
adhesion, infections, cancer metathesis, etc.' In general, glycosylation in natural
glycoconjugates is through a nitrogen linkage between asparagine and the carbohydrate
moiety, or an oxygen linkage between a serine or threonine and a sugar.2 In native
AFGPs, the latter type of linkage, termed “O-linked” is present. The O-linked
glycopeptide is typically unstable and presents a challenge in synthesis due to the

sensitive nature of the glycosidic linkage to both acidic and basic medium’ (Figure 2.1).
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Figure 2.1: Cleavage of glycosidic bond in acidic and basic media
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In acidic medium the glycocidic bond is readily hydrolyzed to form an
oxocarbenium ion whereas in basic medium the polypeptide backbone is cleaved from
the carbohydrate components due to the S-elimination. Another limitation of O-linked
glycopeptides is their tendency to undergo enzymatic degradation in vivo.* However,
organic chemists have the ability to create compounds that do not exist in nature. One
example is the preparation of carbon linked or “C-linked” glycosides that mimic native
O-linked glycosides. The C-linked glycosides have the advantage over O-linked
glycosides in that they are stable under certain chemical (acidic or basic) and enzymatic

conditions.” ©

Furthermore, C-linked glycosides adopt similar conformations as the
native system, irrespective of the slight changes in bond length, bond angle and dihedral
angle caused by substitution with a methylene group.’

Antifreeze glycoproteins are glycopeptides where the secondary hydroxyl group
of the L-threonine residue is glycosylated with the disaccharide f-D-galactosyl-(1,3)-a-D-
N-acetylgalactosamine.® Since they are present only in arctic and antarctic fish in small
quantities of complex glycoprotein mixtures, a synthetic alternative is the only viable way
to access these important compounds for the potential applications ranging from medical
to commercial as well as for the purpose of structure-function relationship studies. This
prompted the synthesis of our first generation of C-linked AFGP analogues (Figure 2.2).°

There are three differences between native AFGP and our first generation
analogues. These are the replacement of the L-threonine side chain with the L-lysine, the

replacement of the disaccharide with a single galactose moiety and the substitution of the

L-alanine in the peptide backbone for L-glycine residues.
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Figure 2.2: First generation C-linked AFGP analogues

L-lysine was an appropriate substitution since the L-lysine residue is structurally
similarly to the L-arginine which is sometimes found as a substitute for the L-threonine in
native AFGP 8. The amide linkage between the carbohydrate and the amino acid
backbone mimic the guanidinyl motif of arginine (Figure 2.3). In addition, studies

performed on type I AFP where the L-threonine residues were replaced with

Carbohydrate

NH mimic

FmocHN
0
A B

Figure 2.3: A) Amide bond in first generation C-linked analogues

B) Guanidinyl group in L-arginine of native AFGP
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L-lysine showed thermal hysteresis activity.'' Modifications to the carbohydrate moiety
were based on the early structure-function relationship studies that showed the
importance of the terminal galactose residue for antifreeze activity.'> The replacement of
the disaccharide in the native AFGP with a monosaccharide also simplifies the synthetic
route. The final modification, the replacement of the L-alanine residues of the native
system with L-glycine residues was done to avoid potential problem of racemization
during solid phase synthesis. However, it was latter found that the solid phase synthesis
of these analogues can be carried out without any unwanted racemization.

Three polymer lengths of first generation analogues were synthesized (Figure
2.2). Polymers with three tripeptide repeat units (3-mer) 37, six tripeptide repeate units
(6-mer) 38, and nine tripeptide repeat units (9-mer) 39 were synthesized. This system
was prepared as a proof of concept for the preparation of low molecular weight AFGP
analogues.® However, when tested for activity (TH and RI), analogues 38 and 39
behaved only as weak antifreezes, whereas analogue 37 did not display any antifreeze-
specific activity. By comparison, the potent native antifreeze AFGP 8 is a 4-mer. This
study showed that there is a correlation between the length of the glycopolymer and
antifreeze activity, with the suggestion that the minimum length requirement for activity
might be a 4-tripeptide repeat unit (4-mer).

In the process of designing low molecular weight AFGP analogues, second
generation analogues were synthesized possessing all the features of the first generation
compounds, with the exception that the peptide backbone had only 4 tripeptide repeat
units (Figure 2.4). Analogues 40 and 41, both of which contained L-lysine residues in the

side chain did not show any observable activities. In analogue 42 L-lysine was replaced
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by an L-ornithine residue. Analogue 42 proved to be a potent recrystallization inhibitor

(Figure 2.4)."
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Figure 2.4: Structurally diverse Second generation analogues

The amino acid L-ornithine which had only one carbon less than L-lysine in its
side chain, displayed much more RI activity. This result suggests that there exists a
correlation between side chain length and RI activity. However, recent results from C-
serine analogue 43 (Figure 2.4), which had only two carbons between the D-galactose
moiety and peptide backbone, exhibited comparable RI activity to the L-ornithine

analogue 42 which had a six atom linkage between the carbohydrate and the peptide
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backbone.'"* The C-serine analogue 43 is a new generation analogue that has an all
carbon linker (the amide bond has been removed altogether) in the side chain between the
carbohydrate and the peptide backbone. This led us to hypothesize that the optimal side
chain length is not the only requirement for enhanced RI activity. Further investigations

into structure-function relationships are needed to explore this question.

2.2 Research Goals and Objectives

Our main research goal is to understand what properties of AFGPs allow them to
bind to the surface of ice and inhibit the growth of ice crystals. Towards this end,
structure-function relationship studies of AFGPs are needed. For these studies AFGP
analogues possessing different structural features must be synthesized. This study should
allow us to tailor the TH and RI activity of AFGP analogues, making them useful for
different applications.

Based upon the interesting results described in the previous section we decided to
investigate the importance of the polypeptide backbone for antifreeze activity. The
peptide backbone was modified by the replacement of glycosylated a-amino acids with
the corresponding S-amino acids. Replacement of a natural a-amino acid with an
unnatural f-amino acid in AFGP analogues has not previously been explored. None of
the biological AFPs or AFGPs known to date possesses f-amino acids in their peptide
sequences. However, a number of other naturally occurring peptides are found to contain
p-amino acids. For instance, it is reported that the dipeptide carnosine which contains /-

glycine-histidine, is a naturally occurring mammalian peptide present in muscles and
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other excitable tissues. It possesses strong and specific antioxidant properties.'> It has
been found that the cleavage of this S-glycine containing dipeptide is significantly slower
than the cleavage of a-amino acid containing dipeptides.'® Recently, a number of
peptidomimetics containing f-amino acids have begun to emerge. Studies have shown
that these f-peptides not only exhibit an increased metabolic resistance and potent
biological activity, but are also able to form well-defined novel secondary structures
similar to those found in nature; For instance, helices, turns, tubes and sheets.'’

Based on these studies we hoped that the incorporation of f-amino acids in our
new AFGP analogues would change the conformation of the peptide backbone such that
it might have an impact on antifreeze-specific activity. We also hoped that the study of
these unusual analogues would open up a new area into the molecular understanding of
the mechanism of action. Taking advantage of the previous studies done in our lab we

modeled our new analogues as shown in Figure 2.5.
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Figure 2.5: Model for new AFGP analogues containing p-amino acids
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According to this model, we designed our new analogues to have a fi-amino acid
in the building block. As mentioned, the side chain of L-ornithine is one carbon shorter
than that of L-lysine. Both of these amino acids were included in different peptides of the
new analogues. Since the effect of the side chain length on activity has already been
observed in the second generation analogues, this study will help us to understand the
relationship between side chain length and peptide backbone variation for activity. Based
upon the prpvious SAR studies on AFGPs'® galactose was chosen as the carbohydrate
component. We wanted to vary the other amino acids in the backbone to investigate the
role of hydrophobic interactions and its impact on antifreeze activity. The amino acid L-
alanine and L-glycine were chosen for this study.

To accomplish this goal, our first objective was to develop a synthetic strategy for
the synthesis of building blocks containing f-amino acids. While a number of synthetic
methodologies exist for the synthesis of S-amino acids none of them have described the
synthesis of glycosylated f-amino acids. One of the most efficient methods for the
synthesis of f-amino acids is via the Arndt-Eistert one carbon homologation.'” The main
attraction of this method is that the Wolff rearrangement of the diazoketone intermediate
proceeds with retention of configuration, which forms the basis for the synthesis of

optically active homologous carboxylic acids.? !

Based on this principle a method for
the homologation of glycosylated a-amino acids to fB-amino acids was established
(Scheme 2.1). The precursor for glycosylated S-amino acids, that is, the glycosylated a-
amino acids was prepared in a convergent fashion starting from commercially available

p-D-Galactose and an orthogonally protected (Fmoc at a-terminus and #-Boc at e-

terminus) commercially available a-amino acids. Previous studies suggested that the use
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of fluoren-9-ylmethoxycarbonyl (Fmoc) for the protection of the a-amino group and
acetyl protecting groups for the hydroxyl groups of the carbohydrate can work smoothly
for preparation of the building block precursor. Further, selective deprotection of the
Fmoc group can be achieved during solid phase synthesis without any harm to the

carbohydrate component.

OAc OAc

AcO AcO OAc
o o AcO
AcO AcO %
AcO o AcO o AcO
AcO 0
steps Arndt-Eistert
48 OH = HN
. ) n homologation HN )
BocHN "
n OH 0
FmocHN
FmocHN OH
OH 0
FmocHN

n=1,49 O n=1,58 T
2 52 n=2,57 n=2, 65

Scheme 2.1: Synthesis of glycosylated f-amino acids

An intermediate in the Arndt-Eistert homologation reaction was the diazoketone
derivative of glycosylated a-amino acid. To ensure that the Fmoc protecting group
remained intact during decomposition of diazoketone, base-free conditions were chosen.
Thermal Wolff rearrangement with catalytic silver benzoate in dioxane and water was
one choice for the purpose. The building blocks 70 and 65 (Scheme 2.1) were then
assembled into the desired AFGP analogues 72, 74, and 76 (Figure 2.6) via a step-wise
solid phase synthesis protocol. Analogue 72 incorporated L-alanine residues in the

backbone whereas analogues 74 and 76 had L-glycine residues in the backbone. The

47



amino acid L-alanine can induce an a-helix conformation and this analogue can therefore
be used to study the conformational effect on activity by comparison with the native
system, since native AFGP 8 is composed of a high percentage of L-alanine residues.

Conformational studies were done using circular dichroism (CD) spectroscopy.
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Figure 2.6: Structure of the new AFGP analogues

All of these analogues were tested for antifreeze-specific activity (TH and RI).
Nanolitre osmometry was used to determine the TH activity. The measurement was
conducted on a single ice crystal, making it possible to observe the change in ice crystal

morphology within the TH gap. The RI assay provides a direct measurement of actual
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ice crystal sizes. This assay demonstrates the ability of a compound to inhibit the ice
growth during recrystallization below the TH gap, which is important for the
cryopreservation of cells and tissues. In order to determine the potential cryoprotective
properties for human applications, these analogues were tested for cytotoxicity and
cryotoxicity in human embryonic liver cell line.

In summary, my research goal was to investigate the effect on antifreeze activity
of integrating f-amino acids into the peptide backbone of AFGP 8 analogues. To achieve
this goal, the followings objectives were laid out:

1. Synthesis of glycosylated L-lysine and L-ornithine building blocks containing

[-amino acids;

2. Synthesis of new AFGP 8 analogues having f-amino acid building blocks and
possessing the amino acids L-alanine and L-glycine in different peptide
backbones;

3. Assessment of these analogues using thermal hysteresis (TH) assay,
recrystallization inhibition (RI) assay and conformational analysis via circular
dichroism (CD) spectroscopy;

4. Evaluation of cytotoxicity and cryotoxicity of these analogues using a human

embryonic liver cell line.
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3.0 Synthesis of C-linked AFGP Analogues Containing f-Amino Acids

Modification of the peptide backbone of AFGP analogues by replacement of a-
amino acids with f-amino acids has not previously appeared in the literature. Towards
this end, a new generation of C-linked AFGP analogues containing f-amino acids has
been prepared. The requisite building blocks for solid phase synthesis were prepared in a
convergent manner. The carbohydrate 48 and the amino acids 54 and 51 were coupled
together to give the corresponding glycosylated a-amino acids which were then converted
into the desired f-amino acids via Arndt-Eistert homologation to afford the building

blocks 70 and 65. The polypeptides 72, 74, 76 were then assembled (Figure 3.1).

OH OA OAc
HO AcO ¢ AcO
0 o o]
HO AcO AcO
HO o AcO o AcO o
HN : HN — 48 OH
) ) ® *+0
o R y o 0 H3NCF3COO
N P n
H—{NH N/\n/ N™ “CoH FmocHN OH
0 R 4 OBn
FmocHN
R= CH;,n=2,72
R=H, n=2,74 n=1, 70 =1,54 O
R=H, n=1,76 n=2, 65 n=2, 51

Figure 3.1: Retrosynthetic analysis of targeted analogues

3.1 Preparation of the Carbohydrate Component

SAR studies completed in our laboratory had suggested that D-galactose is the best
monosaccharide for antifreeze activity.! Hence, we have decided to keep D-galactose for

the carbohydrate component.
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3.1.1 Preparation of C-linked Carboxylic Acid derivative from f-D-Galactose
Pentaacetate.
The C-linked monosaccharide unit (i.e. C-linked allylated-galactose tetraacetate)
46 was prepared starting from commercially available -D-galactose pentaacetate 44 as

outlined in Scheme 3.1.

A OAc OAc
AcO OAc AcO (nBu)gSny AcO
0 HBYHOAc O S0k 0
Acoéwom —— A T » A
AcO 33 % solution AcO Benzene, hv AcO _
98 % Br 87 %
44 45 46

Scheme 3.1: Allylation of B-D-galactose pentaacetate

Reaction of 44 with hydrogen bromide in 33 % acetic acid solution produced a-
bromo-D-galactose tetraacetate 45 in 98 % yield. This selectivity can be explained as
illustrated in Scheme 3.2. The deacetylation at the anomeric position is assisted by a lone
pair of electrons from the ring oxygen to form the intermediate oxocarbenium ion. The
oxocarbenium ion is then attacked by bromine nucleophile either via either path “a” to
produce the a-anomer, or it will follow route “b” to produce the f-anomer. Attack via
path “b” is lower in energy but the a-product has added stabilization due to the anomeric
effect’ and is therefore lower in energy than the S-product; the a-anomer is the
thermodynamic product. Since the reaction is reversible, the thermodynamically more
stable product a-anomer is formed. Complicating the mechanism neighboring group
participation from the acetate group at the C2 position is also occurred (not shown in the

Scheme 3.2).3

54



OAc

OAc
AcO o Aﬂ@ AcO .
0 —— oy ®
AcO O\I//OO —~—— AcO /O\‘ -
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Scheme 3.2: Mechanism of a-bromopyranose synthesis

a-C-allyl-D-galactose tetraacetate 46 was synthesized from a-bromo-D-galactose
tetraacetate 45 using a protocol developed by Magnusson and co-workers.* The
photochemically mediated allylation required (1.4 equivalents of bis-tributyl tin, 3
equivalents of allyl-phenyl-sulfone, 55 equivalents of distilled benzene) and 12 hours
exposure to a 450W mercury lamp. The longer reaction time (compared to the one stated
in the literature), produced an improved yield of 87 % over the 71 % yield reported by
Magnusson. The C-allylated-D-galactose derivative 46 was then oxidized via ozonolysis
to the corresponding aldehyde derivative 47 in 95 % yield. Compound 47 was further
oxidized to the carboxylic acid derivative 48 in 90 % yield via the Pinnick oxidation. 2-
methyl-2-butene was used in excess as a scavenger. This high yielding reaction was

previously implemented in the Ben lab (Scheme 3.3).
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AcO 1.05, CH,Cl, AcO 2-methyl-2-butene  AcO
- >
AcO - 2.PPhy AcO O t-BuOH AcO 0
95 % 90 %
46 47 H 48 OH

Scheme 3.3: Oxidation of C-allylated D-galactose

3.2 Preparation of the Amino Acid Components

Results from previous C-linked AFGP analogues studies suggested that a
polypeptide with L-ornithine rather than L-lysine linking the carbohydrate to the peptide
backbone have better RI activity. To study the effects of the side chain length on activity
in the new analogues synthesized, the amino acids L-lysine and L-ornithine were coupled
to the monosaccharide to prepare the building blocks for solid phase synthesis of new

AFGP analogues

3.2.1 Preparation of Fmoc-L-Lysine-OBn

Commercial Fmoc-L-lysine(Boc)-OH 49 was activated in situ with 1,1-carbonyl
diimidazole (CDI), and was subsequently reacted with benzyl alcohol to afford the fully
protected benzyl ester of lysine 50 in 90 % yield. Selective deprotection of the acid-
labile tertiary butoxycarbonyl (-Boc) group was accomplished under acidic condition
using 50% trifluoroacetic acid (TFA) in dichloromethane. The amino ester 51 with a free

€-amino terminus was recovered in 100 % yield as the TFA salt (Scheme 3.4).
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NHBoc NHBoc NH;CF;COO
CDI, BnOH TFA/DCM
—————————-
OH DCM, Ar/RT OBn 1:1 OBn
FmocHN 82 9 FmocHN 100 % FmocHN
O (0] (0]
49 50 51

Scheme 3.4: Synthesis of Fmoc-L-lysine-OBn

3.2.2. Preparation of Fmoc-L-Orn-OBn

Utilizing the same procedure as described in 3.2.1, commercial Fmoc-L-orm(Boc)-
OH 52 was first benzylated to give the corresponding benzyl ester 53 in 90 % yield.
Selective deprotection of the acid-labile -Boc protecting group from the side chain amino

acid was accomplished to afford 54 in 100 % yield (Scheme 3.5).

@ ©
NH;CF;COO
BocHN BocHN
CDI, BnOH TFA/DCM
———-
oH DCM,ArRT OBn 1:1 OBn
FmocHN FmocHN FmocHN
90 % 100 %
o 0 (6]
52 53 54

Scheme 3.5: Synthesis of Fmoc-L-orn-OBn

3.3 Preparation of the Glycosylated Building Blocks

With both the carbohydrate and amino acid components in hand, coupling

reactions were performed to prepare the glycosylated a-amino acids.

57



3.3.1 Synthesis of Glycosylated a-Amino Acids

The carbohydrate derivative 48 was directly coupled with the free e-amino
terminus of the amino acid L-lysine or L-ornithine (51 or 54) in the presence of the
activating agent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and diisopropyl ethylamine (DIPEA). After 12 hours
reaction time, compound 55 was obtained in 83 % yield and compound 56 was obtained

in 76 % yield (Scheme 3.6).

OAc
AcO AcO OAc
(0] (0}
AcO AcO
AcO
C o AcO o
4% on HN
® o HBTU, DIPEA - ) n
H3;NCF;CO0 CH,Cl,, 12 hrs, RT
n OBn
FmocHN
OBn (6]
FmocHN
n=1,54 0O n=1,55 83 %
n=2, 51 n=2,56 76%

Scheme 3.6: Coupling of ornithine or lysine with the galactose derivative

The debenzylation of compound 55 and 56 was performed in the presence of 10%
palladium on activated charcoal. With the use of methanol as the solvent, the undesirable
cleavage of the Fmoc protecting group was detected for 56. However, this side-product
was greatly reduced when ethanol was used and 57 was obtained in 85 % yield.
Compound 55 was found to have limited solubility in ethanol which resulted in a very

poor yield of 10 % of 58. To alleviate the problems of solubility in selective
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hydrogenolysis for 55, the solvent system was switched to 1:1 ethanol/ethylacetate, which

produced compound 58 in 84 % yield (Scheme 3.7).

OAc OAc
AcO AcO
0 0
AcO AcO
AcO o AcO o
Pd/C, H, N
HN EtOH, 12 hrs HN
) n ) n
OBn OH
FmocHN FmocHN
0 0
n=1,55 83 % n=1,58 84 %
n=2,56 76 % n=2,57 859,

Scheme 3.7: Hydrogenolysis of glycosylated benzyl ester building blocks

3.3.2 Synthesis of f-Amino Acid Building Blocks via Arndt-Eistert Homologation
There was no precedent in the literature for the synthesis of glycosylated f-amino
acids. However, given the significance of f-amino acids, numerous methodologies have
emerged for the synthesis of optically pure f-amino acids.” Liguori and co-workers have
reported the homologation of N-Fmoc protected a-amino acids to its corresponding /-
amino acids in quantitative yields with the retention of configuration via the Arndt-Eistert
reaction. The overall transformation is illustrated in Scheme 3.8.° 1t is based on the
formation of N-Fmoc-aminoacyldiazoketone via the corresponding acyl chloride
intermediate. The diazoketones formed in this reaction may be used in the rearrangement

step without any purification. To ensure that the base-labile Fmoc protecting group
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remained intact during decomposition of the diazoketone, base-free conditions (catalytic

silver benzoate in dioxane and water at 70 °C) were used.

R H R H R H

~ N D
OH socl, 2 _Cl  CH,N, __CHN,
FmocHN —_— FmocHN —_— FmocHN
0 CH,Cl, 0 CH,Cl, o
59 60 61
PhCO,Ag

1,4-dioxane/H,O

R= CH3, (CH3)2CH, (CH3)2CHCH2

CH;CH,(CH;)CH, PhCH, o

FmocHN OH

62

Scheme 3.8: Homologation of a-amino acids®

This approach was applied first to prepare diazoketone derivative 64 (Scheme
3.9). The intermediate acyl chloride derivative 63 was prepared using an excess of
thionyl chloride, however, this product was not isolated because of its tendency to
hydrolyze back to the starting material. The acid chloride formation was confirmed by IR
spectroscopy. The corresponding diazoketone 64 was prepared after many failed
attempts, by dropwise addition of acyl chloride 63 to an excess of a cold (0 °C) and dry
solution of diazomethane in dichloromethane. Modification to the literature work-up
procedure, afforded 64 as a yellow solid in 30 % yield. However, purification was
tedious due to the formation of other products of close Rf values and the yield was not

satisfactory.
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N,, 2 hrs 30 %
OH Cl
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(6} 0
57 — 63 - 64

Scheme 3.9: Synthesis of diazoketone derivative of a-lysine

In an attempt to improve the synthesis of diazoketone derivative 64 from 57,
oxalyl chloride (COCIl), in the presence of catalytic dimethyl formamide (DMF) was
employed. While the formation of acid chloride was confirmed by IR spectroscopy, the
corresponding diazoketone was not detected.

Seebach and co-workers’ have reported a modified version of the Arndt-Eistert
reaction for use with N-Fmoc-protected a-amino acids to make the corresponding /-
amino acids for solid phase synthesis applications. Their approach relies on the in situ
formation of a mixed anhydride by the use of isobutyl chloroformate ({(BuOCOCI) and N-
methylmorpholine (NMM). The highly activated acid derivative was then converted into
the corresponding diazoketone. This procedure was utilized to make diazoketone 64
(Scheme 3.10). The use of 1.05 equivalent of each of isobutyl chloroformate and N-

methyl morpholine (NMM)) at low temperature (-20 °C) avoided the formation of

unwanted side products. In addition, cleavage of base-labile Fmoc protecting group was
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also not detected. 1-methyl-N-nitro-N-nirtoso-guanidine or N-methyl-N-nitrosourea was
used as a precursor for the generation of diazomethane gas in diethyl ether. The reaction
was started with 40 % aqueous potassium hydroxide. To ensure complete drying, the

concentrated solution of diazomethane gas (0.7M) was stored over potassium hydroxide

pellets overnight.
AcO
AcO
AcO o AcO 0
1. i BuOCOCI/NMM PhCOOAg (cat.)
NH THF -20°C, 1 hr - NH 1,4-Dioxane:H,0 (2:1)
2. CHyNy/ EtyO 70 °C, reflux, N, (4-6) hrs
-5°C to RT, (2-3) hrs 14 %
85 %
FmocHN FmocHN FmocHN
57 65

Scheme 3.10: Mixed anhydride- based approach for the synthesis of diazoketone

derivative and synthesis of glycosylated B-lysine

The etheral solution of dry diazomethane was added at -5 °C to the reaction mixture
containing the mixed anhydride until a rich yellow colour persisted. The reaction mixture
was then allowed to warm up to room temperature until the reaction was complete by
TLC (2-3 hours). Any excess diazomethane in the reaction mixture was removed by
adding 5 % acetic acid. Aqueous work-up and evaporation of solvent at room
temperature afforded the yellow solid of diazoketone 64 in 85 % yield after flash column

chromatography through silica gel neutralized with triethylamine. Therefore, the mixed

62



anhydride-based procedure proved to be higher yielding and more efficient for our

substrate as compared to the acyl chloride intermediate-based procedure described above.

Based on literature protocol,” compound 64 was allowed to undergo the Wolff

rearrangement in the presence of catalytic silver benzoate in dioxane and water to afford

65 in 74 % vyield (Scheme 3.10).

obtained for compounds 64 and 65 are summarized in table 3.1.

Different reaction conditions used and the yields

Entry | SM Products Reagents Temperatures Time Yield (%)
1 57 64 1. SOCL,/CH,Cl, 50°C 2 hrs 30
2. CHoN»/Et,O 0°CtoRT 4 to 5 hrs
1. (COCl),/CH,Cl o
5 57 64 %MF 2/CHClL  500C 2 hrs 0
0°Cto RT 4to 5 hrs
2. CH,N,/CH,Cl,
1.i BUOCOCI/NMM -20°C 1 hrs
3 64
57 2. CHy;N»/Et,O _59C/RT 2 to 3 hrs 85
41 o4 65 Cat. PhCOOAg, 70°C 4t05hrs 74

dioxane/H,O (2:1)

Table3.1: Summary of the different reaction conditions used and yields obtained

The above mentioned conditions for Arndt-Eistert homologation were optimized

and applied to the synthesis of S-ornithine containing building block 70 to obtain a good

yield (80 %) (Scheme 3.11). The building blocks containing f-amino acids were purified

by HPLC before assembly into AFGP analogues via solid phase synthesis.
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OH
FmocHN FmocHN N, FmocHN OH
e} 0
58 69 70

Scheme 3.11: Homologation of glycosylated a-ornithine

In summary, we have synthesized the glycosylated building blocks containing /-
amino acids via standard and modified Armndt-Eistert homologation. The mixed
anhydride-based modified Arndt-Eistert method proved to be high yielding and more
efficient for the preparation of our desired glycosylated f-amino acid building blocks for

solid phase assembly of our new AFGP analogues.

3.4 Solid Phase Synthesis

Solid phase chemistry began over forty years ago in 1963 with the elegant work
of Merrifield.® Since then, the solid phase approach has been used in numerous areas for
the synthesis of biopolymers,” polypeptides,'® polysaccharides'' and glycopolymers.'
The main attraction of solid phase synthesis is its high yielding coupling steps and case of
purification which only involves washing of reagents with conventional solvents such as

DMF, DCM, MeOH. Once the excess reagents are removed, the beads are ready for the
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next coupling. The beads used are insoluble and provide a solid support for peptide

synthesis.

3.4.1 General Strategy for Solid Phase Synthesis

The success of solid phase synthesis begins with the selection of a suitable solid
support. Commercially available Fmoc-glycine pre-loaded Wang resin is used for the
synthesis of glycopeptides. Wang resin (Figure 3.2) is made out of cross-linked
polystyrene matrix and is functionalized with a p-benzyloxy benzylalcohol linker which
facilitates the loading of the first amino acid by the C-terminus via an acid-labile ester

bond.

HO | - Q-

polystyrene matrix

Figure 3.2: p-benzyloxy benzylalcohol (Wang) resin

In addition, the bead has a good swelling capacity. The resin is activated by soaking the
resin in dry DMF for one hour. The glycopeptides are assembled using an Fmoc
strategy.” The Fmoc strategy involves removal of the Fmoc protecting group at the a-
terminus of the amino acid with a base such as piperidine to provide a free site for
coupling to the next activated and Fmoc protected amino acid. The amino acid activation
is done in situ using 1.1 to 3 equivalents of each of the activating agent 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate (HBTU) and
diisopropylethylamine (DIPEA) with respect to the amino acid that in turn is calculated in

terms of resin loading. Resin loading varies in different batches from 0.6 to 0.65 g/mol.
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The first amide bond is formed between the activated amino acid and the resin bound
amino acid in basic media. The coupling of amino acids requires 24 to 48 hours
depending on the type of amino acid. Excess reagents are washed off with N,N-dimethyl
formamide (DMF) for 15 minutes, three times (3 x 10 mL), after each Fmoc deprotection
and amino acid coupling step. The growth of the polymer chain is accomplished by the
sequential Fmoc deprotection and coupling of new amino acids until the desired length of
peptide is synthesized. After deprotection of the last Fmoc protecting group, the polymer
is cleaved from the resin and remains in solution. It is subsequently precipitated out from
diethyl ether as a solid product. Deacetylation is achieved in basic conditions and the
product is neutralized with acid exchange resin (amberlite IR-120). The final AFGP
analogues are obtained after lyophilization and purification by reverse phase HPLC. The
presence or absence of free primary amine during Fmoc deprotection and amino acid
coupling is tested primarily by visual colorimetric Kaiser'* and TNBS" tests. In the
Kaiser test, beads change colour from light yellow to blue for the positive test, which
indicates the presence of free primary amine, whereas in the TNBS test, the orange/red
colour of the beads is an indication of a positive test. The negative test in both cases is

confirmed by the original colour of the beads.

A Summary for the general solid phase synthesis protocol is outlined in Scheme

3.12.
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Scheme 3.12: General strategy for solid phase synthesis
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3.4.2 Solid Phase Assembly of New Analogues

All of the new AFGP analogues were assembled via manual solid phase synthesis
protocols. In previous studies, it was found that four tripeptide repeat units is the
minimum peptide length requirement for antifreeze activity.'® Given this finding, and to
allow for a comparative study with the second generation analogues, we decided to

prepare polymers with four tripeptide repeat units.

3.4.2.1 Synthesis of [#-Lysine (D-Galactose)-Alanine-Alanine]s Glycine

The Fmoc-glycine pre-loaded Wang resin with a loading capacity of 0.6 mmol/g
was activated by swelling with dry DMF for 1 hour. The resin bound amino acid Fmoc
deprotection was accomplished by treatment with 20 % piperidine in dry DMF. Gent1¢
shaking for 2 hours was done in a spinner to ensure minimum mechanical damage to the
resin. Excess reagents were washed off with DMF and Fmoc deprotection was confirmed
with positive Kaiser (ninhydrin) and 2,4,6-trinitrobenzenensulfonic acid (TNBS) tests.
The first amino acid coupling with free amine bound to the resin was performed with
commercial alanine (3 equivalents) pre-activated with HBTU (3 equivalents) in DMF in
the presence of DIPEA (3 equivalents). The solution was allowed to shake for 24 hours
in a manual solid phase synthesizer. Excess reagents were washed off with DMF.
Completion of reaction was ensured with negative Kaiser and TNBS tests. The whole
process was repeated for the second amino acid coupling with commercial alanine. The
third coupling was performed with building block 65 to complete the tripeptide. Building
block coupling was done with 1.2 equivalents of each of the reagents. The entire

sequence of tripeptide formation was repeated three more times to get four tripeptide
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repeat units. The progress of the building block coupling was monitored every 24 hours.
In contrast to commercial amino acids, the f-amino acid containing building block
required longer coupling times (48 hours). Another important issue concerning f-amino
acid building block is that the Kaiser ninhydrine test for the Fmoc deprotection failed.
That is, beads did not change colour with the ninhydrin reagents despite the reaction
having reached completion. Similar results have been reported by Seebach and co-
workers® in the synthesis of S-peptides. Therefore, the completion of the reaction was
monitored by TNBS tests only. After the final deprotection of the Fmoc protecting
group, the resin was washed successively with DMF, DCM and MeOH to allow for the
maximum swelling and contraction of the resin pockets. The resin was dried over KOH
pellets for 6 hours under high vacuum. The desired product was cleaved from the resin
by treatment with 50 % TFA in DCM. Evaporation and precipitation with diethyl ether
afforded 90 % yield (on the basis of resin loading) of the brown sticky solid 71 (Scheme

3.13).

OAc
AcO

AcO
AcO

2. Fmoc-Ala-OH or 65
Y HBTU, DIPEA, DMF/,
\n/\ NHFmoc -
fo) 3. 20 % piperidine/DMF 0 = H O
4.50 % TFA/CH,CI, u /\n/ N o~

1.20 % piperidine/DMF>

HN N N~ ~Co,H

halile s

)

Scheme 3.13: Solid phase assembly of [p-lys (D-gal)-ala-ala], gly
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Deacetylation of 71 was performed in basic conditions in the presence of sodium
methoxide (pH 10 to 11). The reaction mixture was neutralized with acidic Amberlite
IR-120 resin, filtered, concentrated, lyophilized and purified by reverse phase HPLC
using standard glycoprotein purification protocol with acetonitrile and water (0.1 % TFA

in water and acetonitrile) to afford analogue 72 in quantative yield (Scheme 3.14).

OAc OH
AcO HO
(@) (@)
AcO HO
AcO 0 HO 0
NaOMe

NH —_— N
IR-120H

ZT

H
o = 0 100 % o = 0
: I H
N
H+HN N/\n/ N~ >COH  HAHN N/\n/ N~ > COo,H
H H H H
9] 4
72

7 4

Scheme 3.14: Deacetylation of polymer obtained from solid phase synthesis

3.4.2.2 Synthesis of [f-Lysine (D-Galactose)-Glycine-Glycine]4s Glycine
A similar protocol (as mentioned in 3.4.2.1) was used for the synthesis of 73,
although commercial L-alanine was substituted with commercial L-glycine and analogue

74 was isolated in 90 % yield after HPLC purification (Scheme 3.15).
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Scheme 3.15: Analogue [B-lys (gal)-gly-gly], gly, synthesized via solid phase

3.4.2.3 Synthesis of [#-Ornithine (D-Galactose)-Glycine-Glycine]4 Glycine

For the purpose of comparative study with the most RI active second generation
analogue 42, we prepared the corresponding analogue 76 containing f-ornithine. The
above mentioned optimized manual solid phase synthesis protocol was applied to prepare
the desired protected AFGP analogue 75 in 93 % yield. Deacetylation of 75 afforded a

white solid of 76 in quantitative yield after purification by reverse phase HPLC (Scheme

3.16).
OA
AcO /¢ o
o o)
AcO HO
AcO 0 HO o
HN NaOMe > HN
IR-120H
o) 0 o
H 100% 0 H 0
A~ N
H+HN N/\”/ N" COM  HrhN H/ﬁ( H/\COzH
(o] 4 o 4
75 76

Scheme 3.16: Analogue [p-orn(gal)-gly-gly], gly synthesized via solid phase
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The results from solid phase synthesis were

spectrometry and are summarized in Table 3.2.

confirmed with MALDI

New AFGP Analogues containing f-Amino Acids Yield
[f-lysine(D-galactose)-alanine-alanine]s glycine 72 90 %
[B-lysine(D-galacose)-glycine-glycine]s glycine 74 90 %
[S-omithine(D-galactose)-glycine-glycine]s glycine 76 93 %

Table 3.2: Summary of new AFGP analogues prepared via solid phase synthesis

In conclusion, we have successfully synthesized all of the three targeted AFGP
analogues containing glycosylated f-amino acid via manual solid phase synthesis
protocol. The use of solid phase synthesis has been shown to be an efficient method to

synthesize AFGP analogues containing f-amino acids. The syntheses were reproducible,

high yielding and required only very little purification.
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4.0 Antifreeze Activity and Solution Conformation of New AFGP

Analogues

The antifreeze specific activity of both natural and synthetic analogues has been
assessed by utilizing their unique properties: thermal hysteresis (TH), recrystallization
inhibition (RI) and dynamic ice shaping.1 Circular dichroism (CD) has been widely used

to study the solution conformation of glycoproteins.

4.1 Assessing Thermal Hysteresis (TH) Activity and Dynamic Ice

Shaping of Analogues 72, 74 and 76.

The test was performed by using nanoliter osmometer (Figure 4.1). This
technique is regarded as the “golden standard” for antifreeze-specific activity assessment.
This is one of the most important tests to quantify antifreeze-specific activity of

biological antifreezes.

A B

Figure 4.1: A) Sample holder B) Clifton technical physics nanoliter osmometer:

Instrument ranges 0 to 5,000 milliOsmos (1.0 Osmo = - 1.86 °C)
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This technique not only allows the measurement of the TH gap, but it is also used
to observe changes in the ice crystal morphology. These changes are known as “dynamic
ice shaping.” Dynamic ice shaping is the result of adsorption of antifreeze molecules
onto the specific faces of ice crystals, which produces different polymorphic forms.> To
perform the assay, the sample was prepared by dissolving 10 mg/mL of the analogues in
double distilled water. A sample holder containing nanoholes was loaded with paraffin-
oil. A nanoliter droplet of analyte was then submerged in the pre-cooled oil in the sample
holder and flash-frozen at -40 °C. The temperature was then gradually increased until the
sample was melted back to a single ice crystal. The melting point was then determined.
The freezing point was determined by gradually decreasing the temperature. A degree of
thermal hysteresis was determined by lowering 10 mOsmos (0.0186 °C) units of
temperature every 15 seconds. The thermal hysteresis gap is the difference between
freezing point and melting point.

Biological antifreezes have the unique ability to bind to the surface of an ice
crystal and change the ice crystal morphology and the rate of growth within the TH gap.
This can be visualized using nanolitre osmometry. AFGP 8 produces hexagonal
bipyramidal ice crystals (Figure 4.2A) within the TH gap. The crystals grow explosively
and burst (spiculate) when the temperature is lowered below the freezing point (Figure

4.2B).
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A B

Figure 4.2: A) Ice crystal in the presence of AFGP 8 B) Ice spicule formation below TH gap

The ice spiculation effect is unique to biological antifreezes. In the absence of

biological antifreezes, ice crystals are round and have no edges and facets (Figure 4.3).

Figure 4.3: Ice crystal of distilled water (round shape)

Nanolitre osmometry assay results of all of our new AFGP analogues are
presented in table 4.1. Interestingly, all of the analogues tested showed a significant
degree of thermal hysteresis as well as dynamic ice shaping. The TH gap shown by these
analogues were even higher than the TH gap reported for the synthetic AFGP 8 prepared
by Nishimura and co-workers® at equimolar concentrations. Nishimura’s synthetic AFGP
8 contains all the structural features of native AFGP 8 including the disaccharide moiety

possessing the acetamide (-NHCOCH3) group at the C-2 position of the reducing sugar as
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well as the threonine residue in the peptide backbone. To identify the structural motif
essential for the antifreeze activity they synthesized a series of AFGP analogues and

tested for TH activity.

Compounds Ice shaping | TH (°C)
HO OH
o]
HO
HO
° -0.17+0.002
NH
%\i Pw g Hexagonal
N
“[”N N Ei/\cc’?” 72 bipyramidal
HO OH
o]
HO
HO
? -0.12:+0.002
NH
HIHN N N u/\cozH 74 Hexagon
0 4
HO OH
o]
HO
HO
° -0.100.002
HN
HIHN u/\“/ N u/\COzH 76 Hexagon
o 4
HO OH po OH -
HO&&, égg ’
HO oAcHN “ -0.12
o o ' (Fletcher)
H
{\,\X(N\_)LNJ\% AFGP 8 Hexagonal
H o = H g, bipyramidal

Table 4.1: Results from nanoliter osmometry: New analogues and AFGP 8
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The findings from their work suggested that C-2 acetamide group is crucial for the TH
activity.3 However, our results showed that C-2 acetamide group is not a key functional
group required for TH activity in our C-linked AFGP analogues since all of our new
analogues (72, 74 and 76) replaced the disaccharide with a single galactose moiety and no
acetamide group at the C-2 position, and still displayed increased TH activity.

Among the three analogues, compound 72, which contained S-(L-lysine)-L-
alanine-L-alanine in the peptide backbone, displayed the largest TH gap of 0.17 °C at
concentration 10 mg/mL. This TH gap is higher than the native AFGP 8 reported by
Fletcher and co-workers* at the same concentrations (table 4.1). As mentioned, analogue
72 replaced disaccharide in native AFGP 8 with a single galactose moiety and L-
threonine with the f-amino acid analogue of L-lysine. It is likely that despite the
dramatic structural changes compared to the native AFGP 8, analogue 72 must contain a
structural motif that is favourable for ice binding and for freezing point depression similar
to that of native AFGP 8. Notably, the second generation analogue 41 that contained a a-
(L-lysine)-L-alanine-L-alanine (Figure 4.4) backbone showed neither thermal hysteresis

nor dynamic ice shaping.

OH

OH
HO HO
o}
o}
HO " HO
H
(o} o o
NH NH
ST ;
N N CO,H HQ&
~~ 2 N N_ _CO,H
H‘[HN H/ﬁ% H{HN : ” ~_-C02
© g o - a,
40 41

Figure 4.4: Structure of the second generation analogues
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The only difference between the two compounds is one carbon atom per building block
that is four per peptide. Thus, it seems likely that the f-amino acid in the peptide
backbone is resulting in the increased TH activity. These results suggest that the
modification of the polypeptide backbone may change the conformation of AFGP
analogue to one that is favourable for ice lattice matching ultimately resulting an
enhanced TH activity. In addition analogue 72, displayed hexagonal bipyramidal ice
shaping (Table 4.1), indicating that the analogue interacts with the ice surface.
Interestingly, unlike AFGP 8 which forms ice spicules when the temperature is lowered
below the freezing point, the analogue caused the ice to change shape from hexagonal
bipyramidal to a hexagon until all the solution was frozen. The significance of different
ice crystal morphologies has not been explained in the antifreeze literature.

Analogue 74 replaced L-alanine residues in the peptide backbone of analogue 72
with L-glycine residues to give S-(L-lysine)-L-glycine-L-glycine. The TH gap exhibited
by analogue 74 was somewhat lower than the TH gap produced by analogue 72 (Table
4.1). The only difference between analogues 72 and 74 is the amino acid residues (L-
alanine and L-glycine respectively) in the peptide backbone. From this series of
experiments it is likely that L-alanine residues play some part in the TH activity.® In
addition, the mode of ice interaction of analogue 74 seems to be different than analogue
72 as it produced a hexagonal ice crystal (table 4.1) that remained below the TH gap
(Figure 4.5). It is reported that hexagonal ice shaping results from the binding of
biological antifreczes to both the prism and basal planes.® However, the second
generation analogue 40 containing the glycosylated a-(L-lysine)-L-glycine-L-glycine

peptide backbone (Figure 4.4), did not display any of these antifreeze-specific activities.
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Figure 4.5: Ice growth below freezing point in a solution of 74

This again suggests the possibility of favourable conformational change attributed to the
B-amino acid incorporated polypeptide backbone for TH activity.

Analogue 76 showed comparable TH activity and hexagonal ice shaping (Table
4.1) to that of analogue 74. This analogue incorporated f-(L-ornithine)-L-glycine-L-
glycine in the peptide backbone. Therefore, the replacement of L-lysine with L-ornithine
does not enhance the thermal hysteresis activity and thus indicates that the change in
length of the side chain by one methylene group apparently has minimal effect on TH
activity. The o-L-ornithine containing analogue 42 (Figure 4.6), on the other hand, did
not display any observable TH activity but did show ice binding as demonstrated by the
hexagonal shape of the ice crystal.” These results suggest that the modification of the

peptide backbone by incorporating -amino acid is important for the TH activity.

OH
HO

(o]
HO

HO o

HN
o)
H-HN N N2
H
o 4
2

Figure 4.6: Structure of ornithine containing second generation analogue
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In summary, all three of the new analogues, despite being drastically different in
structures from native AFGP 8, displayed comparable thermal hysteresis activity as well
as dynamic ice shaping. Analogue 72, which contained L-alanine resides in the peptide
backbone, showed the highest TH activity, suggesting that L-alanine residues are
important for increased TH activity. On the other hand, a change in side chain length
between the carbohydrate and the peptide backbone has minimal effect on antifreeze
activity as shown by the comparable TH gaps of analogues 74 and 76. The only
structural difference between the new analogues (72, 74 and 76) and the corresponding
second generation analogues (41, 40 and 42) is the presence of an extra methylene groups
at every third amino acid in the peptide backbone. Hence, incorporation of f-amino acid
seems to enhance TH activity of our peptides. This could be due to the dramatic
conformational change attributed to the f-amino acids incorporated polypeptide backbone
which might adopt the conformation that is favourable for the ice lattice matching and
hence strong interaction to the ice surface. This results in an enhanced TH activity and
lowering of freezing point. The study also suggests that C-2 acetamide group is not the

key functional group for TH activity in our C-linked AFGP analogues.
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4.2 Assessing Recrystallization Inhibition (RI) Activity of Analogues 72,
74 and 76.

Another technique to quantify antifreeze specific activity of biological antifreezes
is the recrystallization inhibition (RI) assay.® This technique can detect antifreeze activity
at very low sample concentrations compared to that required for observable TH activity.’
Further, it also allows actual measurement of ice crystal sizes. To perform the RI assay, a
stock solution at a concentration of 5.54 x 10" M was prepared by dissolving the
analogue in a phosphate-buffered saline (PBS) solution at pH 7.4, followed by further
dilution to various concentrations. A 10 pl droplet of the solution was dropped from a
height of three meters onto a pre-cooled aluminum block at -78 °C. The droplet instantly
freezes as a very thin wafer which was then immediately transferred to a microscope
stage where the temperature was maintained at -6 °C. The wafer was then allowed to
anneal for 30 minutes to facilitate the recrystallization process. Photographs were taken
at three different areas of the wafer for each concentration and were analyzed.

The surface area of individual crystal was calculated via elliptical area using, A=
nab, where ‘A’ is the area, and ‘a’ and ‘b’ are the radii of the ellipse. After determination
of the actual size of each grain, the mean largest grain sizes (MLGS) from 30 different
largest grains were calculated for the particular sample. Figure 4.7 provides an example
of the photograph taken from the particular area of a wafer and a table of average area
calculated for the four largest crystals (1, 2, 3 and 4) selected directly from the
photographs. Sides A and B represent the length and width of the ellipse of a crystal

respectively. The average area for these largest grain sizes was calculated using
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computer software “Photoshop.” The value from “Photoshop” was then converted into

millimeter square units from the known value of PBS control.

Photograph: Illustration of ten largest grains selected for MLGS calculation

(Magnification 20 x)
Ice Side | Diameter | Radius | Area | Average Average Area
crystal area(MLGS) | (MLGS) in mm?

1 A 45.6 22.80 | 1167.54 1108.52 0.01

B 32.6 16.30
2 A 41.6 20.80 | 967.11

B 29.6 14.80
3 A 38.7 19.35 | 1012.15

B 33.3 16.65
4 A 41.6 =C.20 11287.30

B 39.4 19.70 |

Figure 4.7: Mean Largest Grain Size (MLGS) calculated from photograph

In actual calculation the ten largest grains from each particular area of a wafer
were selected and it was done on triplicate. The error in calculation was propagated in

terms of standard error of mean (SEM).!® The mean largest grain size was then plotted
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against the different concentrations of analogue in PBS solution serving as the negative
control.

Graph 4.1 is a representation of the recrystallization inhibition assay performed on
AFGP 8 at various concentrations ranging from 5.54 x 10° M t0 5.54 x 107> M. Various
concentrations were used to rule out the non-specific RI effect produced by antifreeze
glycoprotein.11 The MLGS at the highest concentration of 5.54 x 10° M was 1.56 x 107
mm? and at the lowest concentration 5.54 x 10> M was 1.24 x 10? mm’. The
relationship between concentration of the sample and MLGS is inverse. In other words,
the average grain size increases with the decreasing sample concentrations. However, the
relationship is not linear. This implies that AFGP 8 shows non-colligative behaviour of

RI activity. From a previous study of the Ben lab'? it was seen that colligatively-acting
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Graph 4.1: Recrystallization inhibition assay of AFGP 8
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substances like sodium chloride and proteins (bovine serum albumen) had no effect on
recrystallization inhibition and MLGS calculated were found to be comparable to those of
PBS control (data not shown). The above graph shows that the AFGP 8 is a potent
recrystallization inhibitor compared to the PBS control.

All of the new AFGP analogues (72, 74, and 76) were assayed for RI activity and
compared with a PBS solution as a negative control. The results are presented in Graph
4.2. Results showed that the RI activity of these analogues were not as great as it was
anticipated. Among the three new compounds (72, 74, and 76), compound 76 was the
most active recrystallization inhibitor as the average mean largest grain size of the ice
crystals observed with the most concentrated solution was smaller compared to

compounds 72 and 74.
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[B-L(ga)AA}4 [B-L(gal)GG]4 [B-O(galGGl4 PBS

Graph 4.2: Recrystallization inhibition assay of new AFGP analogues
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The MLGS value for ice crystals observed with compound 76 at a concentration
of 5.54 x 10° M was 7.50 x 10% + 3.3 x 10 mm®. This value was 40 % smaller in grain
size compared to the PBS solution (1.26 x 102 mm?). Previous findings in our lab
suggested that the analogue containing a-L-ornithine in the peptide backbone had greater
RI activity compared to the analogue that contained an a-L-lysine side chain.’ This was
the same for analogues containing f-amino acids. Graph 4.2 showed that compound 76
with S-(L-omithine)-L-glycine-L-glycine peptide backbone was more active than both
compounds 74 S-(L-lysine)-L-glycine-L-glycine and 72 f-(L-lysine)-L-alanine-L-alanine.
This suggests that there is a relationship between side chain length and RI activity.
Graph 4.2 also showed the non-linear relationship between various concentrations
ranging from 5.54 x 10° M to 5.54 x 10'" M for all the analogues. This suggests that the
RI activity was not due to colligative effects, but rather it is a non-colligative RI effect
which is the property of biological antifreezes.

Among the compounds that contained L-lysine in the side chain, compound 72
containing L-alanine residue in the backbone had greater RI activity. It showed an 11 %
decrease in the size of ice crystals compared to that of compound 74 containing L-glycine
in the peptide backbone, at a concentration of 5.54 x 10® M. This result allows us to
hypothesize that the presence of L-alanine residues in the polypeptide backbone could be
important for RI activity.

The MLGS values of all the new analogues 72, 74 and 76 containing with j-
amino acids were compared with the corresponding a-analogues 41, 40 and 42
respectively. This is shown in Graph 4.3. Results showed that MLGS for the second

generation analogues 41 was 0.01325 mm? at a concentration of 5.54 x 10° M. It did not
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have observable RI activity since this value was within the range of SEM error for PBS
control (1.2 x 107 + 6.33 x 10™ mm?). The corresponding $-analogue 72 had a MLGS
value of 8.84 x 10 mm.? This value represents a 33 % decrease in crystal size indicating

that 72 showed a genuine RI activity.
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Graph 4.3: Comparative RI study of new p-analogues and corresponding second generation

a-analogues

Similarly, the MLGS observed for second generation a-analogue 40 was 1.22 x
102 mm? which was within the error limit of PBS control and therefore, it had no RI
activity. Analogue 74 on the other hand, showed observable RI activity (1.0 x 10" mm?).
However, this activity was limited compared to native AFGP 8. It implies the minimal
influence of B-amino acid in the peptide backbone for RI activity in the L-lysine series.
However, this trend does not hold for the L-ornithine containing compounds. Compound

76 containing S-L-ornithine had 3.4 times less RI activity than the corresponding second
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generation compound 42 containing a-L-ornithine. This result was not expected since
compound 42 showed no observable TH gap whereas 76 had an appreciable degree of TH
activity and dynamic ice shaping indicating that there is a strong interaction between
analogue 76 and ice lattice. This result allows us to hypothesize that peptide backbone
modification with f-amino acid is important for increased TH activity but has minimal
effect on RI activity. This result is in accordance with the literature'® report that TH and

RI are two independent phenomenon and are related qualitatively not quantitatively.

In conclusion, results from RI activity for new analogues are not as encouraging
as it was anticipated. We can hypothesize that modification of the peptide backbone by
incorporating f-amino acids may allow the polymer to adopt a conformation which is
favourable only for TH activity but has minimal effect on RI activity. Even though these
analogues are far less potent inhibitors of ice recrystallization compared to native AFGP
8 (Graph 4.3), they possess genuine RI activity. These are the only analogues
synthesized so far in our lab which exhibited all the properties of native AFGP i.e. TH, RI
and “dynamic ice shaping” despite having only four tripeptide repeat units (i.e.4-mer) in
the polymer chain. These analogues demonstrated significant degree of TH and dynamic
ice shaping but had limited RI activity. This study suggests that different structural
motifs may have different influence on TH, RI and dynamic ice shaping activity. In
addition, by imparting small variations in structure, it seems to be possible to develop
antifreeze glycoprotein analogues with tailored antifreeze-specific activities such as RI,

TH and dynamic ice shaping with required degree of potency for different applications.
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4.3 Conformational Analysis of Analogues 72, 74 and 76.

The solution conformation of AFGP has always been an issue among the
chemical community (refer section 1.5). However, it has become important in biological
antifreeze research because of its importance in understanding the molecular mechanism
of ice binding. Different techniques have been applied by different researchers to
understand the solution conformation of AFGP. Circular dichroism (CD) spectroscopy
data published by Franks and co-workers'* and Bush and co-workers" is in favour of
random coil solution conformation for AFGPs. This result supports the data recently
published by Bouvet and Ben.'® The studies performed at various temperatures and
concentrations have shown that at higher concentrations appreciable amount of f-sheet
and a-helix character is observed whereas random coil is the main conformation at lower
concentrations. This suggests that AFGP is flexibile in solution. The vacuum ultraviolet
CD study done by Bush and Feeney suggests a three-fold left-handed helix
conformation.'” On the other hand, Raman spectroscopy emphasizes a random coil
conformation.'® Bush and co-workers'® have reported that the carbohydrate moiety has
negligible contribution to the conformation of glycoprotein.

Towards this end, an analysis of the solution conformation of the new analogues
containing f-amino acids has been performed. Circular dichroism (CD) spectroscopy
was used to measure the conformations of these analogues. It is one of the most reliable
techniques widely used to determine the secondary structures of proteins and
glycoproteins.'”  Secondary structures like o-helix, S-sheet, f-turn and random coil
produce distinctive CD signatures when circularly polarized light passes through

optically active molecules in far-UV regions.*
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Our new analogues and AFGP 8 were examined using Jasco Model J-810
automatic spectrophotometer interfaced with Acer Computer. A molar concentration of
43 uM of the analogue in double distilled water was used. All measurements were done
at 22 °C. Data obtained from CD spectroscopy was converted into molar elipticity (deg.
cm® dmol ™) and was plotted against wavelength number (nm). Graph 4.4 depicts the CD

spectrum of AFGP 8 and Graph 4.5 depicts the CD spectrum of analogues 72, 74 and 76.
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Graph 4.4: CD spectrum of AFGP8
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Graph 4.5: CD spectrum of new analogues
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The data for the most prominent negative and positive band observed in the CD

spectra are summarized in the in Table 4.2.

Compounds [0] deg. cm” dmol ™’ A(nm) [0] deg. cm’” dmol! A(nm)
Positive Band Negative band
-2.86.84 x 10" 197
72 1.16 x 10* 216
-6.84 x 10* 244
74 3.25x 10* 206 9.67 x 10* 231
76 2.0x 10* 204 -4.75x 10° 231
AFGP 8 1.12x 10° 220 -1.51 x 10° 198

Table 4.2: CD spectroscopy data for new analogues and AFGP 8

The secondary structures were estimated using the web-based program, CDPro.”!

Spectral data were deconvoluted using a self-consistent program (SELCON 3) prepare by

Sreerama and Woody.””> This method utilizes a known set of data base protein for

comparison. Therefore, IBASISS was chosen as a set of 37 different reference proteins

containing secondary structures like a-helix, S-sheet, S-turn, polyproline type II and

unordered structures. The results are presented in the Table 4.3.
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Compounds | g-helix | f-Sheet | B-Turn | PPII | Random | Sum

Coil
72 0.102 |0.133 0.116 0.098 | 0.513 0.962
74 -0.055 [ 0.116 0.071 0.113 | 0.710 0.954
76 -0.047 | 0.252 0.071 0.094 | 0.444 0.814

AFGP 8 0.134 | 0.201 0.146 | 0.115 | 0.404 0.999

Table 4.3: CD deconvolution results for new analogues and AFGP §

The CD spectrum of AFGP 8 (Graph 4.4), showed a strong negative band at 198
nm and a positive band at 220 nm. The strong negative band at 198 nm is typical of a
random coil structure whereas the positive band at 220 is that of a polyproline type II
helix. However, the positive band at 220 nm was not as pronounced as would be
expected for helical structure. In addition, CD deconvolution results (Table 4.3) showed
that AFGP 8 in solution exhibited 40 % of random coil conformation and only ~11 % of
the polyproline type II structure. This data is consistent with the recent findings from

Bouvet and Ben.'®

The CD spectrum data for analogue 72 exhibited a strong negative band at 197
nm with the molar elipticity [6] = -2.8684 x 10*, which was similar to the negative band
shown by AFGP 8 at 198 nm. In addition, it showed a less intense negative band at 244
nm. Similarly, a positive band appeared at 216 nm which is more typical of a random
coil structure rather than polyproline type II. The CD deconvolution result (Table 4.3)

showed that the solution conformation of analogue 72 was 51 % random coil structure
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and 10 % a-helix. Among the other secondary structures B-sheet 13 %, f-turn 11 % and
polyproline type II ~10 % were the next most significant contributors. It seems that this
analogue existed as a flexible coil with different conformations in aqueous solution at
room temperature and concentrations as low as 43 uM. An interesting correlation exists
between compound 72 and AFGP 8. There was a similar ratio of a-helix and f-turn
structures present in the solution, irrespective of other conformations. Interestingly,
compound 72 contained a similar percentage of alanine residues in the peptide backbone
as that of native AFGP 8.

The CD spectrum of analogue 74, where L-alanine residues in the peptide
backbone of compound 72 were replaced with L-glycines displayed a unique curve with a
positive band at 206 nm. It is 2.8 orders of magnitude more intense than that exhibited by
72. In contrast to 72, a very weak negative band was observed around ~231 nm for this
analogue. This suggests that no helical conformation was contributing to the overall
structure of the polymer. This is not surprising, since L-glycine residues make up
approximately 67 % of the analogue and these do not impart any conformational rigidity.
The CD deconvolution result showed that the main fractional weight was composed of
71% unstructured random coil conformation, and S-sheet and polyproline type II were the
second higher contributors (~11 %). In solution a small percentage of S-turn (~7 %) was
also present.

The analogue 76, in which L-lysine in analogue 74 was replaced with L-ornithine,
also showed a similar pattern in the CD spectrum. A single positive band was seen at 204
nm but was 1.6 order of magnitude less intense in molar elipticity (8 = 2.0 x 10*) than 74

(8 = 3.25 x 10*). However, CD deconvolution result showed that the main fractional
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weight was composed of 44 % random coil conformation. This is 37 % less than that of
lysine side chain containing glycopolymer 74. A small percentage of polyproline type II
(~9 %) and S-turn (~7 %) was also present in the solution conformation along with the 25
% pf-sheet structure. Notably, the a-L-ornithine containing analogue 42, had only ~1 %
B-sheet structure’ in the solution which is negligible compared to the corresponding f-
analogue 76 (25 %). Analogue 42 had potent RI activity but had no TH activity. On the
other hand, analogue 76 had a significant degree of TH activity and had a minimal RI
activity. This result suggests that difference in activity may be due to the difference in

conformations between the compounds.

In conclusion, the overall solution conformations of these analogues are mainly
random coil. The CD deconvolution results show that among the three analogues,
compound 72 has comparable amounts of a-helix (~10 %) and S-turn (~11 %) structures
in the solution to that of AFGP 8 (~13 % & ~14 % respectively). Similarly, the CD
spectrum shows a similar curve and negative band in compound 72 and AFGP 8.
Interestingly, compound 72 is the one which had higher TH activity among the three
compounds. In addition, compounds 74 and 76 had comparable TH activity. Further,
both have equal amounts of f-turn (~0.07 %) and negligible a-helix structures.
Compared to AFGP 8, these ratios (f-turn and a-helix) are almost half. Compound 76
has high percentage of -sheet (25%) structure which is comparable to the native AFGP 8
(~20 %). Similarly, compound 74 has equal amount of PP II (~11 %) structure with that

of native AFGP 8 (~11 %). Based on the findings of CD spectroscopy and CD
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deconvolution results, it is likely that small change in conformations might have a

significant impact on antifreeze-specific activity.
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5.0 InVitro Cytotoxicity Assessment of New AFGP Analogues
5.1 Background

Biological antifreezes evolved as a cryo-adaptive strategy in organisms inhabiting
subzero temperature environment. These compounds have the ability to inhibit ice
crystal growth and thereby protect the organisms from cryoinjury and death.' This is an
attractive property of biological antifreezes for medical applications such as organ
transplantation that requires hypothermic storage of cells and tissues. In general, in the
hypothermic storage of cells, cell damage occurs due to ice recrystallization during the
freezing and thawing cycles.z’ 3 Before biological and synthetic antifreezes can be used
as additives for low temperature preservation, their effects on cells and tissues should be
examined. The cryo-additives are generally applied to the samples before cooling and
after thawing. It is therefore necessary to examine the cytotoxicity at physiological
temperatures. On the other hand, the surrounding environment of the organisms that
utilize biological antifreezes can be below 0 °C. In addition, cryopreservation requires
low temperature applications of the biological antifreezes. Consequently, cryotoxicity
tests of biological as well as synthetic analogues are required.

The cytotoxicity and cryotoxicity testing was performed using human embryonic
liver cells [WRL 68, ATCC] in conjunction with the MTT (Methylthiazolyldiphenyl-
tetrazolium bromide) assay. The MTT assay was developed by Mosmann.* The MTT
assay is a convenient and reliable measure for cytotoxicity and is a colorimetric test based
on the colour change of yellow tetrazolium salt MTT into blue formazan. The
tetrazolium ring present in the MTT is cleaved by the mitochondrial enzyme succinate-

dehydrogenase’ thereby giving the reduced product formazan, as shown in Figure 5.1.
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This enzyme is active only in living cells and as a result, the amount of formazan
produced is directly proportional to the number of viable cells, since cell viability is
directly related to mitochondrial activity. Cell viability is quantified by measuring the

optical density (OD) of viable cells at the UV-visible wavelength of 570 nm.

MTT (ycliow)

Figure 5.1: Reduction of MTT into formazan
The in vitro cytotoxicity and cryotoxicity studies were previously performed with
native AFGP 8 on human embryonic liver cells.® The cytotoxicity data (Graph 5.1)
showed that AFGP 8 was cytotoxic at the higher concentrations of 2 mg/mL and 4

mg/mL, whereas at lower concentrations 0.25, 0.5 and 1.0 mg/mL, AFGP 8 did not

display any cytotoxicity.6

Optical Dansity [570nm)
g

4.00 2.00 1.00 050 0.3
Concant ration AFGPS (mg/mL)

Graph 5.1: Cytotoxicity of AFGP 8 to human embryonic liver cells (WRL 68) at 37 °ct
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These results show that AFGP 8 could still have potential for human applications if low
concentrations of AFGP 8 are used.

Various studies performed on plant and mammalian cells have shown that
biological antifreezes (AFPs and AFGPs) were not cryoprotective to cells at temperatures
below the freezing point.” ® The cryotoxicity of biological antifreezes is thought to be
due to mechanical stress facilitated by ice spicule formation below the TH gap which
results in intra-cellular ice formation caused by cell membrane rupture by ice spicule.” '
This destructive property has been utilized by Rubinsky in cryosurgery to destroy the
unwanted cells.!" On the other hand, recrystallization-inhibition activity of biological
antifreezes protect cells and their membranes at subzero temperatures. This is the dual
nature of biological antifreezes. Therefore, an analogue of biological antifreeze could be
developed as an effective cryoprotectant for human applications by tailoring these
properties TH, RI and dynamic ice shaping. Cryotoxicity tests of AFGP 8 were

performed in the Ben laboratory to understand the potential cryoprotective applications

for human use, utilizing human embryonic liver cell line at —20 °C (Graph 5.2).°
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Graph 5.2: Cryotoxicity of AFGP 8 to human embryonic liver cells (WRL 68) at —20 °ct

102



Graph 5.2 shows that AFGP 8 was cryotoxic even at concentration as low as 0.01 mg/mL
at —20 °C. This will limit its potential use as a cryoprotectant for human applications.
Our new analogues (72, 74 and 76), despite being radically different in structures from
native AFGP 8, displayed a significant degree of thermal hysteresis, dynamic ice shaping
and genuine recrystallization inhibition activity. These analogues changed ice crystal
morphology within the TH gap but unlike AFGP 8§, they did not form ice spicules below
the freezing point. It was of interest to test our new analogues for their cytotoxic as well
as cryotoxic effects to human cell lines. These analogues will not prove to be good
cryoprotectants but will serve as a nice control to study the relationship between
cryotoxicity, TH activity and dynamic ice shaping in C-linked AFGP analogues. A C-
linked analogue (C-Serine) tested before in our laboratory had shown promise as a good
cryoprotectant.® This analogue had potent RI activity and had no TH as well as dynamic

ice shaping properties.

5.2 In Vitro Cytotoxicity Assessment of Analogues 72, 74, and 76 at

Physiological Temperature.

The in vitro cytotoxicity of compounds 72, 74 and 76 was performed in human
embryonic liver cells (WRL 68) at a physiological temperature. Human embryonic liver
cells were incubated with different concentrations of compounds 72, 74 and 76 at 37 °C
for a period of 18 hours. The MTT assay was performed with the standard MTT
protocol.12 The results from the MTT assay for compounds 72, 74 and 76 are plotted in

Graph 5.3, Graph 5.4 and Graph 5.5 respectively.
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Graph 5.3: Cytotoxicity of analogue 72 to human embryonic liver cells at 37 °C.

The data was analyzed using Student’s f-test. Data analysis showed that there
was a significant difference (P<0.05) in cell viability between the control cells and cells
treated with 5 mg/mL of compound 72. At this concentration (5 mg/mL), the compound
was apparently toxic to the cells, as cell viability was reduced to 80 %. However, at
lower concentrations of 2.5 mg/mL, 1.25 mg/mL and 0.625 mg/mL there was no
significant difference (P>0.05) in cell viability. Therefore, this compound is less toxic to
this cell line than AFGP 8.

A similar analysis showed that there was no significant difference in cell viability
when cells were incubated with compound 74 even at high concentrations of 5 mg/mL
(Graph 5.4). Compound 74 is therefore not cytotoxic to the human liver cells at

physiological temperature.
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Graph 5.4: Cytotoxicity of analogue 74 to human embryonic liver cells at 37 °C.

In contrast, our data showed that there was a significant difference (P<0.05) in
cell viability at higher concentrations of 5 mg/mL and 2.5 mg/mL of analogue 76. As
seen from the data, cell viability was reduced to 66 % at concentration of 5 mg/mL of
compound 76 (Graph 5.5). However, at the lower concentrations of 1.25 mg/mL and

0.625 mg/mL this compound did not display any cytotoxic effects (P>0.05).
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Graph 5.5: Cytotoxicity of analogue 76 to human embryonic liver cells at 37 °C
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Despite the dramatic structural differences from native AFGP 8, compounds 72
and 76 showed similar cytotoxicity trends (with the analogue concentrations) towards
human liver cell lines at physiological temperature as AFGP 8. However, compound 74
did not display any cytotoxicity to the human liver cells at physiological temperature. In
order to gain an insight in the mode of cytotoxicity, further in vitro investigations such as

internalization assay, caspase activity etc. of these analogues are required.

5.3 InVitro Cryotoxicity Assessment of Analogues 72,74, and 76

In order to examine the potential cyotoxicity of our new analogues at subzero
temperatures, we performed a cryotoxicity assay using human liver cells at -25 °C.° In
this assay, cells were submerged in a cryobath containing absolute ethanol at -25 °C for
18 hours. The MTT assay was then performed. The results are presented in Graph 5.6,
Graph 5.7 and Graph 5.8 for compounds 72, 74 and 76 respectively. Cells at 4 % DMSO
were used as a positive control since it is a common cryopreservative.

Similar to the results at 37 °C, a significant difference (P<0.05) in cell viability
was seen for compound 72 at -25 °C for cells treated with 5 mg/mL of the analogue.
Graph 5.6 showed that cell viability was reduced to 61 % at this concentration (5 mg/mL)
relative to the control cells. However, no significant difference (P>0.05) in cell viability
was seen at the lower concentrations of 2.25, 1.25 and 0.625 mg/mL. This result was
encouraging, however, relative to the positive control (4 % DMSO treated cells) this
analogue was not cryoprotective. Therefore, compound 72 was cryotoxic to human liver

cells only at higher concentrations at cryogenic temperatures (-25 °C).
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Graph 5.6: Cryotoxicity of analogue 72 to human embryonic liver cell line at -25 °C

Analogue 74 (Graph 5.7) showed that the cell viability was reduced to 89 % at the
concentration of 5 mg/mL relative to control cells (untreated cells). At lower
concentrations (2.25, 1.25, 0.625 mg/mL) analogue 74 did not display any significant
difference in cell viability. However, this analogue was not cryoprotective relative to 4
% DMSO. Compared to analogue 72 (Graph 5.6) cell viability was high with analogue
74. This result was expected because compound 72 had greater TH activity of 0.17 °C
and hexagonal bipyramidal ice shaping whereas analogue 74 had TH activity of 0.12 °C

and hexagonal ice shaping.
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Graph 5.7: Cryotoxicity of analogue 74 to human embryonic liver cells at -25 °C

Analogue 76 showed greater cryotoxicity. Only 55 % cells were viable at 5
mg/mL (Graph 5.8). With compound 76, a significant difference (P<0.05) in cell
viability was seen at concentration of 2.25 mg/mL, however, at lower concentrations

(1.25 and 0.625 mg/mL) there was no significant difference (P>0.05) in cell viability.
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Graph 5.8: Cryotoxicity of analogue 76 to human embryonic liver cells at -25 °C
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This result was not expected as this compound had the highest RI and the lowest
TH activity (0.10 °C) amongst the three compounds (72, 74 and 76). This compound also

shaped the ice to hexagon that remained until the entire solution was frozen.

In conclusion, from these series of experiments it is likely that cytotoxicity and
cryotoxicity are two different phenomenon. All of these analogues demonstrated
cryotoxicity at high concentrations. Analogue 74 was not cytotoxic at physiological
temperature but it was found to be cryotoxic at high analogue concentration. This result
allows us to hypothesize that cryotoxicity of these analogues is a result of dynamic ice
shaping associated with TH activity. The interesting discoveries from these analogues
were that even though the dynamic ice shaping associated with TH activity was thought
to be a cause of cryotoxicity, the amount of cryotoxicity does not correlate with the
degree of TH gap and shape of the ice crystals. Analogue 76 had the lowest TH activity
of 0.10 °C amongst the three (72, 74 and 76) analogues and showed the highest level of
cryotoxicity. Similarly, compound 72 had the highest TH activity of 0.17 °C and
displayed medium cryotoxicity amongst the three compounds. In addition, analogue 74
had medium TH activity of 0.12 °C amongst the three compounds and showed the lowest
cryotoxicity to the human liver cells. Thus, it seems that the amounts of cryotoxicity
induced by each of these analogues were specific to the individual compounds. However,
these analogues were not detrimental to the human liver cell lines both at physiological as

well as cryogenic temperatures when applied at lower analogue concentrations.
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6.0 Experimental: Materials and Methods
General

Infrared (IR) spectra were recorded using a FTIR-8400 S, Furier Transform Infra
Red Spectrophotometer (Simadzu) and Arid Zone™ MB Series ABB Bomen interfaced
with a Dell computer. 'H and Bc NMR experiments were performed using a Bruker
Avance 300 MHz, Bruker Avance 400 MHz, Bruker Avance 500 MHz or INOVA 500
MHz spectrometers. Deuterated chloroform was used for NMR experiments, unless
otherwise stated. Chemical shifts are reported in ppm and were corrected using the
chloroform trace as a reference. 'H NMR signal patterns are abbreviated as follows: s-
singlet, d-doublet, t-triplet, q-quartet, m-multiplet, br s-broad singlet, dd-doublet of
doublet. Mass spectra were recorded using Matrix Assisted Laser Desorption Ionization
spectrometers (MALDI-TOF) and Electrospray mass spectrometer.

Dichloromethane was distilled over calcium hydride and tetrahydrofuran, and
benzene were distilled over sodium-benzophenone immediately before use. N,N-
dimethylformamide (DMF) was dried with activated molecular sieves and stored under
argon atmosphere. All solution phase reactions were performed under an argon
atmosphere unless otherwise stated. Solution phase reactions were monitored by thin
layer chromatography (TLC), and visualized with UV lamp (254 nm) and stained with i)
ceric ammonium molybdate (CAM), and ii) dinitrophenyl hydrazone (DNPH). Flash
chromatography was performed using silica gel (Natland Organic) of mesh size 200-400.
All reverse phase HPLC purifications were done by using Varian (model 330) HPLC
system equipped with a variable wavelength UV detector. C-18 analytical and

preparatory columns were used for reverse phase HPLC purifications.
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Solid phase syntheses were performed using Wang Fmoc-glycine resin (Nova
Biochem) and reactions were monitored with Kaiser and TNBS tests in the following
manner.

Kaiser test: Two drops from each of the following solutions was added to a
sample of a few dry resin beads in a vial:

1) 5g of ninhydrin in 100 mL of ethanol

2) 80 g of phenol in 20 mL of ethanol

3) 2 mL of .001M aqueous solution of potassium cyanide in 98 mL of pyridine
The vial was put in the oven at 120 °C for 5 minutes. A positive test was indicated by the
dark blue color of the solution and beads.

TNBS test: One drop from each of the following solutions was added to a sample
of a few dry resin beads in a vial.

1) 10 % DIPEA in DMF

2) 1% TNBS in DMF
The vial was shaken and left standing at room temp for 5 minutes. The solution was
diluted with ImL of DMF. A positive test was indicated by the dark orange color of the

beads.
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6.1 Preparation of the Carbohydrate Components

Protocol for the Preparation of 2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl

bromide (45)
OAc
AcO
0
AcO
AcO Br
45

Commercial f-D-galactose-pentaacetate (5 g, 12.79 mmol) was stirred for one
hour in a solution of 30 % HBr in AcOH (25 mL). The solution was diluted with 40 mL
of dichloromethane and poured into a separatory funnel containing crushed ice. The
organic layer was washed repeatedly with water until the aqueous phase was no longer
acidic. The organic layer was dried over MgSO, and concentrated under reduced
pressure. The title compound 45 was obtained as a white powder (4.71 g, 90 %) after
recrystallization from diethyl ether.
"H NMR (300 MHz, CDCl3), 8: 6.69 (1H, d, J = 3.9 Hz), 5.51 (1H, d, J = 2.4 Hz), 5.38
(1H, dd, J = 3.3, 10.8 Hz), 5.03 (1H, dd, J = 3.9, 10.5 Hz), 4.50-4.46 (1H, m), 4.21-4.07
(2H, m), 2.14 (3H, s), 2.11 ( 3H, s), 2.05 (3H, s), 2.00 (3H, s);
BC NMR (300 MHz, CDCly), 8: 170.1, 169.8, 169.6, 169.5, 87.9, 70.8, 67.7, 67.5, 66.7,
60.6, 20.5, 20.4, 20.4, 20.3;

MS (ESIL, MeCN) calcd. for C14HoBrOg, m/z: (M") 410.02, found 429.9 [(M + NHy4)']
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Protocol for the Preparation of 2,3,4,6-Tetra-0-acetyl-1-allyl-a-D-galactopyranoside

6)'
OAc
AcO
0]
AcO
AcO
P
46

To a solution of 2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl bromide 45 (1.27 g,
3.04 mmol) in distilled benzene (15.4 mL, 172.64 mmol) were added Allyl-phenyl-
sulfone (1.418 mL, 7.79 mmol), bis-tri-n-butyl-tin (2.16 mL, 4.32 mmol) and the solution
was sonicated with argon bubbling through. After 30 minutes the flask was sealed and
irradiated with 450W mercury lamp for 12 hours. The progress of reaction was
monitored by TLC every 3 hours. The reaction mixture was then loaded directly onto a
silica gel column packed with hexanes. The organo tin was removed by elution with
hexanes. A solution of 5:1 hexane/ethylacetate was used to elute unreacted sulfone.
Further elution with a solution of 3:1 hexane/ethylacetate followed by concentration
under reduced pressure, furnished allylated derivative 46 (1 g, 2.69 mmol) as a clear
colourless viscous oil in 87 % yield.
"H NMR (300 MHz, CDCl3), 8: 5.74-5.65 (1H, m), 5.40 (1H, t, J = 2.7), 5.22-5.15 ( 2H,
m), 5.12-5.09 (2H, m), 4.30-4.02 (4H, m), 2.49-2.38 (1H, m), 2.26-2.21 (1H, m), 2.08,
(3H, s), 2.03 (3H, s), 2.00 (3H, s), 1.99 (3H, s);
BC NMR (300 MHz CDCl3) 8: 170.4, 169.9, 169.8, 169.7, 133.2, 117.5, 71.3, 68.0, 67.7,
67.4,61.3,30.7,20.7, 20.6, 20.5;

MS (ESI, MeCN) calcd. for C7H2400, m/z: (M") 372.14, found 395 [(M + Na)']

! Magnusson, G., Ponte’n, F. J. Org. Chem. 1996, 61, 7463-7466.
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Protocol for the Preparation of 2,3,4,6-Tetra-O-acetyl-1-acetaldehyde-a-D-

galactopyranoside (47).2

OAc
AcO
(6]
AcO
AcO 0
H
47

Ozone gas was bubbled through a solution of 2,3,4,6-Tetra-O-acetyl-1-allyl-a-D-
galactopyranoside 46 (2.04 g, 5.48 mmol) in dry dichloromethane (20 mL) at -78 °C until
the colour of the solution turned blue. Nitrogen gas was bubbled through the solution
until the solution became colourless and triphenylphospine (3.59 g, 13.71 mmol) was
subsequently added to the solution. The solution was allowed to warm up to room
temperature and stirred overnight under nitrogen. The reaction mixture was concentrated
and purified by flash column chromatography (4:1 toluene/acetone) to give the title
compound 47 (1.98 g, 97 %).

'H NMR (300 MHz, CDCls) &: 9.71 (1H, dd, J = 1.5, J = 2.4 Hz), 5.415 (1H, t, J = 3.3
Hz), 5.28 (1H, dd, J = 4.8, 8.7 Hz), 5.18-5.16 (1H, m), 4.89-4.83 (1H, m), 4.35-4.28 (1H,
m), 4.12-4.04 (2H, m), 2.73-2.68 (2H, m), 2.34 (1H, s), 2.11 (3H, s), 2.06 (3H, s), 2.04 (
6H, s);

BC NMR (300 MHz, CDCls) 8: 198.7, 171.0, 170.2, 170.1, 170.0, 70.0, 68.1, 68.0, 67.2,

67.0,61.2,42.2,21.0, 21.0, 21.0;

2 Ben, R., Eniade, A., Murphy, A. V., Landreau, G.Bioconjugate Chem. 2001, 12, 817-

823.
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MS (ESI, MeCN) calcd. for Ci¢H»O19, m/z: (M) 374.12, found 392.1 [(M + NH,)']

Protocol for the Preparation of 1-(2,3,4,6-Tetra-0O-acetyl-a-D-galactopyranosyl)-

acetic acid (48).

OAc
AcO
(0]
AcO
AcO o
48 OH

To a solution of 2,3,4,6-Tetra-O-acetyl-1-acetaldehyde-a-D-galactopyranoside 47
(1.5 g, 4.01mmol) in a mixture of fert-butyl alcohol (5.7 mL, 60.16 mmol) and 2-methyl-
2-butene (5.5 mL, 52.13 mmol) at 0 °C were added a sonicated aqueous solution of
potassium dihydrogen phosphate (5.45 g, 40.10 mmol) and sodium chlorite, (3.62 g,
40.10 mmol) in distilled water (10 mL). The mixture was stirred vigorously at 0 °C for 7
hours, and was extracted with ethyl acetate (50 mL). The organic phase was washed with
water (100 mL), brine (50 mL), dried and concentrated to afford the title compound 48
(1.53 g, 98 %).
'H NMR (300 MHz, CDCly) &: 5.38 (1H, t, J = 2.7 Hz), 5.377-5.370 (1H, m), 5.17 (1H,
dd, J=3.3, 8.7 Hz), 4.66-4.64 (1H, m), 4.18-4.08 (3H, m), 2.71-2.61 (2H, m), 2.07 (3H,
s), 2.01 (3H, s), 1.99 (6H, br s);
BC NMR (300 MHz, CDCl3) 8: 175.5, 170.7, 170.1, 169.9, 169.6, 69.4, 68.8, 67.8, 67.5,
67.1,61.1, 33.1, 20.7, 20.7;
IR (CH:Cly) ecm™: 3600-3400, 1750;

MS (ESI, MeCN) calcd. for C ¢Hy01,, m/z: (M) 390.12, found 408.0 [(M + NH,)']
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6.2 Preparation of the Peptide Components

Protocol for the Preparation of Benzyl Fluorenylmethoxycarbonyl-L-lysine(zert-

butyloxycarbonyl) (50).

NHBoc

OBn
FmocHN

0

50
To a solution of commercial Fmoc-Lys(Boc)-OH (2.5 g, 5.33 mmol) in 45 mL
DCM was added CDI (0.95 g, 5.86 mmol), and stirred at room temperature for 40
minutes. The benzyl alcohol (0.6 mL, 5.33 mmol) was added and allowed to stir at room
temperature for overnight. The product was extracted with DCM and washed
successively with a saturated ammonium chloride solution (100 mL), water (100 mL) and
brine (100 mL). The organic phase was dried and concentrated. Flash column
chromatography (50:1, DCM/methanol), afforded the title compound 50 (2.43 g, 82 %).
'"H NMR (300 MHz, CDCl3) &: 7.76 (2H, d, J = 7.5 Hz), 7.6 (2H, d, J = 7.5 Hz), 7.42-
7.28 (9H, m), 5.41 (1H, d, J = 7.8 Hz), 5.23-5.13 (2H, m), 4.45-4.33 (4H, m), 4.23-4.19 (
1H, m), 3.06 (2H, br s), 1.92-1.81 (1H, m), 1.76-1.64 (1H, m), 1.43 (10H, s), 1.38-1.22
(3H, m).
BC NMR (300 MHz, CDCl) 8: 172.2, 156.0, 143.8, 143.6, 141.2, 135.1, 128.6, 128.3,
127.6, 127.0, 125.0, 119.9, 79.1, 66.9, 53.7, 47.1, 40.0, 32.1, 29.5, 28.3, 22.2;

MS (ESI, MeCN) caled. for C33HagN,Og, m/z: (M') 558.27, found 559.1 [(M + H)"]

118



Protocol for the Preparation of Benzyl Fluorenylmethoxycarbonyl-L-ornithine-(zer-
butyloxycarbonyl) (53):

BocHN

OBn
FmocHN

(¢}

53
A solution of Fmoc-Orn(Boc)-OH (2.5 g, 5.5 mmol) and CDI (0.98 g, 0.061
mmol) in dry DCM (45 mL) was stirred at room temperature for 40 minutes. The rest of
the procedure was the same as for compound 50 to afford the title compound 53 (2.69 g,
90 %s).
"H NMR (300 MHz, CDCl;), &: 7.67 (2H, d, J= 7.5 Hz), 7.51 (2H, d, J = 7.2 Hz), 7.43-
7.26 (9H, m), 5.58 (1H, d, J = 7.5 Hz), 5.22-5.13 (2H, m), 4.41-4.39 (3H, m), 4.23-4.18
(1H, m), 3.08 (2H, br s), 1.94-1.82 (1H, m), 1.74-1.61 (1H, m), 1.35 (12H, br s);
3C NMR (300 MHz, CDCls), 3: 172.0, 155.9, 143.8, 143.6, 141.2, 140.8, 135.1, 128.5,
128.4, 128.2, 127.6, 127.4, 126.9, 126.8, 125.0, 119.8, 79.2, 67.1, 66.8, 65.1, 53.6, 47.0,
39.8, 29.6, 28.3, 25.9;

MS (ESI, MeCN) calcd. for C3;H3¢N,Og, m/z: (M') 544.26, found 545.1 [(M + H)']

Protocol for the Preparation of Benzyl Fluorenylmethoxycarbonyl-L-lysine (51):

@ ©
NH;CF,C00

OBn
FmocHN

51
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Compound 50 (1.845 g, 4.028 mmol) was dissolved in a solution of DCM and
TFA (1:1) and was allowed to stir at room temperature for 40 minutes. Solvent was
removed under reduced pressure to yield the title compound 51 (1.84 g; 100 %), which

was used directly in the next step.

Protocol for the Preparation of Benzyl Fluorenylmethoxycarbonyl-L-ornithine (54):

@ o
NH;CF;C00

OBn
FmocHN

o

54
A solution of 53 (0.55 g, 1.01 mmol) was treated in a similar manner as for
compound 50 to afford 54 (0.44 g, 100 %). This intermediate was used directly for the

next coupling step.

6.3 General Protocol for the Preparation of Building Blocks

a) Preparation of Benzyl Fluorenylmethoxycarbonyl-L-lysine-1-(2,3,4,6-tetra-O-
acetyl-a-D-galactopyranoside) (56).

b) Preparation of Benzyl Fluorenylmethoxycarbonyl-L-ornithine-1-(2,3,4,6-tetra-O-

acetyl-a-D-galactopyranoside) (55).
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OAc

OAc AcO
AcO o
O AcO
AcO AcO 0
AcO
€ 0
NH
HN
OBn
FmocHN OBn FmocHN
0O (0]
55 56

Compound 1-(2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl)-acetic acid 48 (1.29
g, 3.307 mmol) was activated with HBTU (1.18 g, 2.97 mmol) in dry DCM (20 mL) at
room temperature for 20 minutes. A solution of 51 (1.514 g, 3.30 mmol) or 54 (1.47 g,
3.30 mmol) in dry dichloromethane (20 mL) was then transferred into the activated
carboxylic acid 48, followed by the addition of diisopropylethylamine (0.6 mL, 3.3
mmol). The reaction mixture was allowed to stir overnight and was extracted with DCM
(50 mL), washed successively with saturated ammonium chloride, water and brine. The
organic layer was dried and concentrated. The crude product was purified with silica gel
flash chromatography (50:1, DCM/methanol) to afford the title compound 56 and 55
(2.08 g, 76 % and 2.23 g, 83 %) respectively. However, we observed a peak for urea
derivative (tetramethyl urea) in the NMR along with these compounds and were able to
completely purify in the following step.
a) Compound (56):
'"H NMR (300 MHz, CDCl3) 8: 7.75 (2H, d, J = 7.5Hz), 7.57 (2H, d, J = 7.2 Hz), 7.42-
7.26 (9H, m), 6.12 (1H, t, J = 5.4Hz), 5.49 (1H, d, J = 7.8 Hz), 5.37 (1H, s), 5.27-5.23
(14, m), 5.18-5.10 (3H, m), 4.67-4.61 (1H, m), 4.43-4.32 (3H, m), 4.23-4.19 (2H, m),

4.10 (2H, s), 3.26-3.12 (2H, m), 2.56-2.46 (1H, m), 2.39-2.33 (1H, m), 2.09 ( 3H, s), 2.02
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(6H, s), 2.0 (3H, s), 1.92-1.81 (1H, m), 1.72-1.66 (1H, m), 1.53-1.43 (2H, m), 1.32-1.24 (
2H, m);

3C NMR ( 300 MHz, CDCl3) 8: 172.1, 170.4, 169.8, 169.7, 169.4, 169.1, 155.9, 143.7,
141.1, 135.1, 128.5, 127.6, 126.9, 124.9, 124.9, 119.9, 69.1, 68.8, 67.7, 67.6, 67.0, 66.8,
61.1, 53.5,46.9, 38.4, 34.2, 32.0, 28.8, 22.3, 20.6, 20.5;

IR (CH,CL,) em™: 3313, 1749, 1649];

MS (ESI, MeCN) calcd. for CasHsoN,O1a, m/z: (M) 830.33, found 831.1 [(M + H)']

b) Compound (55):

'H NMR (300 MHz, CDCl;) 8: 7.76 (2H, d, J = 7.5 Hz), 7.59 (2H, d, J = 7.21 Hz), 7.42-
7.28 (9H, m), 6.12 (1H, br s), 5.55 (1H, d, J = 8.40), 5.40 (1H, t, J = 3.3 Hz), 5.29-5.23
(1H, m), 5.17-5.12 (3H, m), 4.67-4.61 (1H, m), 4.46-4.34 (3H, m), 4.25-4.19 (2H, m),
4.15-4.09 (2H, m), 3.29-3.23 (2H, m), 2.57-2.47 (1H, m), 2.41-2.34 (1H, m), 2.10 (3H, s),
2.05 (3H, s), 2.04 (3H, s), 2.0 (3H, s), 1.93-1.82 (1H, m), 1.73-1.47 (3H,m);

BC NMR (300 MHz, CDCl3), &: 171.9, 170.5, 169.9, 169.7, 169.5, 169.2, 156.0, 14.6,
141.2, 135.0, 128.6, 128.5, 128.3, 127.7, 127.0, 125.0, 119.9, 69.4, 68.7, 67.8, 67.7, 67.2,
67.0, 66.8, 61.0, 53.5, 47.0, 38.6, 34.4, 30.0, 25.3, 20.7, 20.6;

MS (ESI, MeCN) calcd. for C43HygN2Oyg, m/z: (M') 816.31, found 817.0 [(M + H)'],

840.1 [(M+Na)"]
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Protocol for the Preparation of Fluorenylmethoxycarbonyl-L-lysine-1-(2,3,4,6-tetra-
O-acetyl-a-D-galactopyranoside) (57).

OAc
AcO

(0]
AcO

AcO

OH
FmocHN

[0)
57

Compound 56 (1.3 g, 1.56 mmol) was dissolved in ethanol (20 mL) and catalytic
palladium on charcoal (10 % w/w) was added. The reaction mixture was stirred under
hydrogen atmosphere for 24 hours. The catalyst was filtered through a celite pad and
washed with methanol. Excess solvent was removed and the crude product was purified
through flash chromatography in 50:1, DCM/methanol and 10:1, DCM/methanol
successively to furnish the title compound 57 (0.98 g, 85 %).

'H NMR (300 MHz, CDCl;) 8: 7.76 (2H, d, J = 7.2 Hz), 7.60 (2H, d, J = 6Hz), 7.42-7.37
(2H, m), 7.33-7.28 (2H, m), 6.25 (1H, br s), 5.6 (1H, d, J= 7.5 Hz), 5.39 (1H, t, J = 3.3),
5.27-5.23 (1H, m), 5.16-5.12 (1H, m), 4.68-4.63 (1H, m), 4.39 (2H, d, J = 6.6 Hz), 4.33-
4.27 (1H, m), 4.24-4.19 (1H, m), 4.1 (2H, m ), 3.28 (2H, m), 2.58-2.38 (2H, m), 2.11
(3H, brs), 2.04 (9H, br s), 1.85 (2H, m), 1.56 (2H, m), 1.42 (3H, m);

3C NMR (300 MHz CDCls) 8: 174.4, 172.4, 170.9, 170.4, 170.0, 169.8, 156.1, 143.6,
141.2,127.7,127.0, 125.0, 119.9, 69.1, 68.9, 67.8, 67.7, 66.9, 61.2, 53.4, 50.6, 47.0, 39.1,
34.1,31.7, 28.6, 22.1, 20.7,

IR (CH,Cl,) cm™: 3367, 1748;
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MS (ESI, MeCN) calcd. for C37HysN,Oy4, m/z: (M") 740.28, found 741.1 [(M + H)'],

763.1[(M + Na)']

Protocol for the Preparation of Fluorenylmethoxycarbonyl-L-ornithine-1-(2,3,4,6-
tetra-O-acetyl-a-D-galactopyranoside) (58).

The compound 55 (1.3 g, 1.59 mmol) was dissolved in 1:1ethanol/ethylacetate to
yield the title compound 58 (0.96 g, 84 %) using the same procedure as for compound 57.

OAc
AcO

o)
AcO

AcO

HN

OH
FmocHN

6]
58

"H NMR (300 MHz, CDCl3), 8: 7.75 (2H, d, J = 7.5 Hz), 7.6 (2H, m), 7.41-7.36 (2H, m),
7.32-7.27 2H, m), 6.57 (1H, br s), 5.76 (1H, d, J = 7.8), 5.40 (1H, t, J = 3 Hz), 5.27-5.22
(1H, m), 5.18-5.14 (1H, m), 4.69-4.63 (1H, m), 4.45-4.38 (3H, m), 4.31-4.08 (3H, m),
3.36-3.27 (2H, m), 2.64-2.55 (1H, m), 2.47-2.41 (1H, m), 2.11 (3H, s), 2.05 (3H, s), 2.04
(3H, ), 2.02 (3H, s), 1.76-1.61 (4H, m);

3C NMR (300 MHz, CDCly), 8: 174.0, 170.9, 170.4, 170.1, 169.9, 169.7, 156.1, 143.6,
141.2, 127.7, 127.0, 125.0, 120.0, 69.4, 67.9, 67.7, 67.0, 66.8, 66.8, 61.2, 53.1, 47.0, 39.0,
34.4,31.0,29.7, 25.2, 20.7, 20.7, 20.6;

MS (ESI, MeCN) calcd. for C3HaaN2O\4, m/z: (M) 726.26, found 727 [(M + H)*], 749.0

[(M + Nay']
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Protocol for the Preparation of Fluorenylmethoxycarbonyl-L-lysine-1-[(2,3,4,6-
tetra-0-acetyl-a-D-galactopyranosyl)] diazoketone (64).

OAc
AcO

[0}
AcO

AcO

FmocHN N,
(o]
64

Method A: To a solution of 57 (0.2 g, 0.27 mmol) in DCM (5mL) was added
freshly distilled thionyl chloride (0.2 mL, 0.27 mmol) and the solution was refluxed
under nitrogen at 70 °C for 2 hours. Excess thionyl chloride was removed under reduced
pressure. The acid chloride was then dissolved in dry dichloromethane (10 mL) and
transferred dropwise to a stirred solution of 0.7M dry diazomethane in dichloromethane
under argon at 0 °C. The reaction mixture was allowed to warm up to room temperature
for 4 hours and was quenched with 5 % aqueous acetic acid solution. The solution was
diluted with dichloromethane and washed successively with a saturated solution of
sodium bicarbonate, IN HCl and brine. The organic phase was dried, filtered, and
concentrated under reduced pressure at room temperature. The crude product was
purified through silica gel neutralized with 2 % triethylamine (60:1, DCM/methanol) to

afford 64 as a yellow solid (0.065 g, 30 %).

Method B: To a solution of 57 (0.99 g, 1.33 mmol) in dry THF (15 mL) at -20 °C,

added isobutyl chloroformate (0.18 mL, 1.39 mmol) followed by N-methyl morpholine

(0.15 mL, 1.39 mmol) and stirred for 30 minutes. The resulting solution was allowed to
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warm to -5 °C and a solution of dry diazomethane (0.7M) in diethyl ether was added until
a rich yellow colour was persisted. The solution was allowed to warm to room
temperature and stirred for 2 hours. Excess diazomethane was destroyed by dropwise
addition of 5 % acetic acid solution. The product was extracted with diethylether and
washed successively with a solution of saturated sodium bicarbonate, IN HCI and brine.
The organic layer was dried over magnesium sulfate, filtered and concentrated under
reduced pressure to produce clear yellow oil. The crude product was purified by flash
chromatography with silica gel (neutralized with 2% triethylamine) packed on
dichloromethane (25:1, DCM/methanol) to afford the title compound 64 as a yellow solid
(85 %, 0.86 g).

'"H NMR (400 MHz CDCl3) 8: 7.76 (2H, d, J = 8 Hz), 7.60-7.58 (2H, m), 7.42-7.37 (2H,
m), 7.33-7.28 (2H, m), 6.18 (1H, s), 5.62 (1H, d, J = 7.8 Hz), 5.38 (2H, br s), 5.28-5.22
(1H, m), 5.14-5.10 (1H, m), 4.68-4.62 (1H, m), 4.51-4.36 (2H, m), 4.25-4.18 (3H, m),
4.14-4.07 (2H, m), 3.27-3.19 (2H, m), 2.57-2.34 (1H, m), 2.3-2.0 (1H, m), 2.09 (3H, s),
2.02 (9H, brs), 1.18 (1H, m), 1.52 (3H, m), 1.35 ( 2H, m);

BC NMR (400 MHz, CDCl3) 8: 193.5, 170.6, 170.0, 169.8, 169.6, 169.4, 156.1, 143.8,
141.4, 127.8, 127.1, 125.1, 125.0, 120.1, 69.4, 67.9, 67.8, 67.0, 66.8, 61.2, 57.6, 54.1,
47.3,39.0, 34.5, 31.8, 29.0, 22.4, 20.8, 20.8, 20.7, 20.7;

IR (CH,Cly) em™: 3362, 2109, 1749, 1649;

MS (ESI, MeCN) calcd. for C33HasN4Oy3, m/z: (M') 765.3, found 765.3. M™; 787.3 [(M +

Na)']
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Protocol for the Preparation of Fluorenylmethoxycarbonyl-L-ornithine-1-{(2,3,4,6-
tetra-0O-acetyl-a-D-galactopyranosyl)] diazoketone (69).

OAc
AcO

(o}
AcO

AcO

HN

FmocHN N,
¢}
69

A solution of 58 (0.99 g, 1.36 mmol) in dry THF (15 mL) was used. The rest of
the procedure was similar as method B for compound 64. The title compound 69 was
isolated as a yellow solid (0.90 g, 89 %).

'H NMR (300 MHz, CDCl3) 8: 7.75 (2H, d, J = 7.2 Hz), 7.5 (2H, m), 7.41-7.36 (2H, m),
7.32-7.27 (2H, m), 6.31 (1H, br s), 5.79 (1H, d, J = 7.8 Hz), 5.44 (1H, s), 5.39 (1H, br s),
5.24 (2H, m), 5.16-5.12 (1H, m), 4.69-4.63 (1H, m), 4.50-4.36 (2H, m), 4.27-4.08 (4H,
m), 3.27 (2H, br s), 2.59-2.51 (1H, m), 2.42-2.35 (1H, m), 2.10 (3H, s), 2.04 (3H, s), 2.03
(3H, s), 2.00 (3H, s), 1.81 (1H, m), 1.54 (3H, br s);

BC NMR (300 MHz CDCl;) 8: 193.3, 170.5, 169.9, 169.7, 169.6, 169.4, 156.1, 143.6,
141.2, 127.6, 127.0, 125.0, 124.9, 119.9, 69.3, 68.7, 67.8, 67.6, 66.7, 66.6, 61.0, 57.2,
54.0,53.4,47.1, 38.8, 34.4, 29.6, 25.5, 20.6, 20.6; |

IR (CH,Cl,) cm™: 3339, 2109, 1751, 1655;

MS (ESL, MeCN) caled. for C37HoN4Oys, m/z: (MY) 751.28, found 773.0 [(M + Na)']
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Protocol for the Preparation of Fluorenylmethoxycarbonyl-#-L-lysine-1-[(2,3,4,6-
tetra-0O-acetyl-a-D-galactopyranoside)] (65).

OAc
AcO

O,
AcO

AcO

FmocHN OH

65

To a solution of diazoketone 64 (0.631 g, 0.827 mmol) in 2:1 dioxane/water (15
mL) was added a catalytic amount of silver benzoate. The solution was refluxed under
nitrogen at 70 °C for 6 hours. The catalyst was removed by filtration through a celite pad
and the bulk of the filtrate was concentrated under reduced pressure. The residue was
diluted with saturated sodium bicarbonate solution and stirred for 10 minutes. The
mixture was then extracted with diethyl ether (3 x 20 ml). The aqueous phase was
acidified with 1IN HCI to pH 2 and was extracted with ethyl acetate (3 x 15 mL). The
organic phase was dried over sodium sulfate, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography with silica gel column
packed with dichloromethane (eluted in 50:1, DCM/methanol to flush the unreacted
diazoketone) and (10:1, DCM/methanol) to collect the title compound 65 as a white solid
(0.53 g, 85 %).
'"H NMR (300 MHz CDCly), &: 7.75 (2H, d, J = 6 Hz), 7.5 (2H, d, J = 7.2), 7.41-7.36
(2H, m), 7.36-7.27 (2H, m), 6.37 (1H, br, s), 5.49 (1H, d, J = 8.7 Hz), 5.37 (1H, br s),

5.28-5.23 (2H, m), 5.16-5.12 (1H, m), 4.69-4.63 (1H, m), 4.38-4.36 (2H, m), 4.25-3.96 (
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4H, m), 3.23 (2H, br s), 2.58-2.50 (3H, m), 2.43-2.37 (1H, m), 2.09 (3H, s), 2.02 (9H, br
s), 1.57-1.50 (4H, m), 1.38 (2H, m);

13C NMR (300 MHz, CDCly), 8: 174.6, 170.7, 169.9, 179.0, 169.9, 169.7, 169.7, 156.1,
143.7, 141.2, 127.7, 127.0, 125.0, 119.9, 69.1, 67.7, 66.9, 66.6, 61.3, 47.1, 39.0, 34.1,
33.5,28.6, 23.0, 20.7, 20.7, 20.6;

IR (CH,Cly) cm™: 3386-3299, 1739, 1643, 1217;

MS (ESI, MeCN) calcd. for C3gHagN>O\a, m/z: (M') 754.29, found 755.2 [(M + H)']

Protocol for the Preparation of Fluorenylmethoxycarbonyl-f-L-ornithine-1-[

(2,3,4,6-tetra-0O-acetyl-a-D-galactopyranoside)] (70).

OAc
AcO

0
AcO

AcO o

HN

i/i\
FmocHN

70

OH

A protocol analogous to the preparation of 65 was followed to obtain the title
compound 70 as a white solid (0.48 g, 80 %) from 69 (0.613 g, 0.817 mmol).
'H NMR (300 MHz, CDCL), 8: 7.75 2H, d, J = 7.2 Hz), 7.58 (2H, d, J = 7.2 Hz), 7.41-
7.36 (2H, m), 7.32 -7.26 (2H, m), 6.48 (1H, br s), 5.53 (1H, d, J = 9 Hz)), 5.39 (1H, s),
5.27-5.24 (2H, m), 5.18-5.14 (1H, m), 4.70-4.64 (1H, m), 4.39 (2H, d, J = 6.6 Hz), 4.29-
4.05 (4H, m), 3.99 (1H, m), 3.28 (2H, br s), 2.61-2.53 (3H, m), 2.47-2.40 (1H, m), 2.10

(3H, s), 2.04 (3H, s), 2.03 (3H, s), 2.01 (3H, ), 1.57 (4H, br s);
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13C NMR (300 MHz, CDCly), 8: 174.2, 170.6, 169.8, 169.7, 169.6, 169.5, 156.0, 143.6,
141.0, 127.4, 126.8, 124.8, 119.7, 68.9, 68.7, 68.7, 67.5, 66.7, 66.4, 60.9, 53.2, 46.9, 38.9,
38.8, 38.7, 38.7, 34.0, 31.3, 25.6, 20.5, 20.4;

IR (CH,Cl,) cm™: 3357, 1739, 1643;

MS (ESL MeCN) calcd. for C37H44N2O 14, m/z: (M) 740.28, found 741.4 [(M + H)']

6.4 Solid Phase Synthesis of AFGP Analogues

General Protocol for the Preparation of [f-Lysine (Galactose)-Glycine-Glycine]4

Glycine-Acetate (73).

OAc
AcO

o]
AcO

AcO o

NH
o) 0
N
H-+HN N/\n/ N cosH
Hoo U H
73 4

Wang resin preloaded with Fmoc-glycine (0.1 g, 0.06 mmol active site) was
swollen in dry DMF (10 mL) in a manual solid phase peptide synthesizer for 1 hour. The
solvent was drained and 10 mL of 20 % piperidine in DMF was added to the resin. The
solution was allowed to stir for 2 hours. Positive Kaiser and TNBS test were found. The
resin was washed with dry DMF three times. Commercial Fmoc-glycine-OH (53.5 mg,
0.18 mmol) was pre activated with HBTU (68 mg, 0.18 mmol) and DIPEA (0.032 ml,
0.18 mmol) in 5 mL dry DMF for 40 minutes and transferred into the solid phase

synthesizer containing resin bound amino acid. Dry DMF (5 mL) was added and the
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resin was allowed to stir for 24 hours. After 24 hours the beads were tested for negative
Kaiser and TNBS test. The resin was washed with dry DMF three times and the same
loading sequence was followed for the second commercial Fmoc-glycine-OH. The third
coupling was done with building block 65 (58 mg, 0.078 mmol). After 48 hours
coupling, the entire reaction sequence was repeated three times. After the final coupling
of the building block was completed, a solution of 20 % piperidine in DMF was added
and the solution was stirred for 2 hours. The resin was washed successively with DMF,
DCM and methnol and dried over potassium hydroxide pellets under vacuum for 6 hours.
The resin was treated with a 1:1 mixture of DCM/TFA for 1 hour. The solution was
drained and the resin was washed successively with DCM and TFA. The filtrate was
concentrated and diethyl ether was added to precipitate yellow glycopolymer 73 (0.139 g,
90 %).

"H NMR (500 MHz, MeOH D4), §: 5.31 (2H, m), 5.15 (5H, m), 4.58 (1H, m), 4.16-4.02
(12H, m), 3.85-3.76 (18H, m), 3.21 (6H, m), 3.10 (8H, m), 2.60 (3H, m), 2.40 (8H, m),
2.02 (12H, s), 1.95, 1.92, 1.90 (3H each, s, 36 total), 1.61 (2H, m), 1.47 (17H, m), 1.28
(7H, m);

BC NMR (500 MHz, MeOH, D4), 172.9, 170.7, 170.6, 170.3, 170.0, 169.9, 157.6, 175.2,
115.6, 113.3, 69.8, 68.5, 67.8, 67.5, 65.3, 61.0, 60.8, 44.3, 43.8, 43.4, 42.7, 37.7, 37.0,
35.2,34.9,34.9, 33.4, 30.2, 30.0, 24.3, 23.6, 20.8, 20.7, 20.6, 20.6;

MS (MALDI, MeOH, negative ion) calcd. for Cy10H165N 17054, m/z: (M") 2588.07, found

2586.88 [(M - H)'];
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Protocol for the Preparation of [f#-Lysine(Galactose)-Glycine-Glycine]4 Glycine (74):

OH
HO

o}
HO

HO o

NH
o o
N
H-HN N/\n/ N” > CogH
H H
o 4
74

Compound 73 (33.4 mg, 0.012 mmol) was dissolved in 10 mL methanol with a
catalytic amount of sodium metal at pH 10-11. 2 mL water was added to the reaction
mixture and was allowed to stir for overnight. The reaction mixture was neutralized with
acidic amberlite IR-120 resin and filtered. A bulk of the solvent was removed under
vacuum and, water was added, lyophilized and purified by reversed phase HPLC using
0.1% TFA water/acetonitrile and lyophilized to afford the title glycopolymer 74 as a
white solid (22.9 mg, 100 %).

'H NMR (500 MHz, D,0), 5 4.35 (1H, s), 4.06 (1H, s), 3.86-3.55 (7H, m), 3.05 (2H, s),
2.66-2.33 (3H, m), 1.58-1.20 (4H, m);

BC NMR (500 MHz, D,0), 8: 174.2, 173.3, 173.2, 171.8, 171.6, 170.6, 163.0, 72.8, 72.3,
69.5, 68.6, 67.4, 60.7, 60.6, 48.5, 47.1, 42.6, 42.5,42.3, 42.1, 41.1, 40.9, 39.1, 38.8, 36.5,
33.0,32.2,31.4,27.8,27.8,22.4,21.6;

IR (neat) cm™": 3307-3261, 1635;

MS (MALDI, H,O, positive ion) calcd. for C;3H 33N 17038, m/z: (M%) 1915.90, found

1917.0 [(M + H)'], 1938.53 [(M + Na)'], 1950.57 [(M + K)']
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General Protocol for the Preparation of [(#-Lysine(Galactose)-Alanine-Alanine)]s
Glycine-Acetate (71):

OAc
AcO

0
AcO

A
cO o

NH
(0] = (o]
HHN N/\n/ N Cco,H
Hool H
7 4

A protocol analogous to the preparation of 73 was followed to furnish a yellow
solid 71 (146 mg, 90 %).
'"H NMR (500 MHz, MeOH D), 8: 5.30 (2H, s), 5.14 (7H, s), 4.57 (4H, s), 4.14-3.82
(26H, m), 3.82 (2H, m), 3.57-3.45 (5H, m), 3.20 (7H, s), 3.06 (9H, m), 2.59 (5H, m), 2.42
(6H, m), 2.31 (5H, m), 2.01, 1.94, 1.91, 1.89 (12H, each, 48 total), 1.60-1.29 (S1H, m);
3C NMR (500 MHz, MeOH, Dy), &: 173.3, 170.6, 170.3, 169.9, 169.8, 159.3, 116.0,
114.2,71.9,69.7, 68.5, 67.8, 67.5, 60.7, 60.0, 38.9, 33.3, 28.5, 22.9, 19.1, 16.2;
MS (MALDI, MeOH, positive ion) calcd. for C;sH;31N170s4, m/z: (M)+ 2701.0, found

2701.0 (M)"
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Protocol for the Preparation of [f-Lysine(Galactose)-Alanine-Alanine)]; Glycine
(72):

OH
HO

0
HO

HO )

NH
(o] = [o]
HAHN N/\n/ N~ Co,H
H H
o 4
72

A protocol analogous to the preparation of 74 was followed to furnish the title
compound 72 as a white solid in 100 % yield.
'"H NMR (500 MHz, D,0), 8: 7.97-7.9 (1H, m), 7.75-7.72 (1H, m), 4.31 (1H, m), 4.19-
3.96 (2H, m), 3.87-3.81 (1H, m), 3.65-3.62 (1H, m), 3.58-3.52 (1H, m), 3.52-3.51 (1H,
m), 2.99 (1H, m), 2.49-2.21 (4H, m), 1.50-1.10 (8H, m);
BC NMR (500 MHz, D,0), 8: 174.7, 174.3, 173.5, 172.7, 171.9, 163.3, 146.8, 138.7,
130.2, 129.2, 125.9, 73.1, 72.5, 69.8, 68.9, 67.7, 60.9, 53.0, 49.9, 49.6, 48.8, 47.2, 41.2,
39.4,33.5,32.4,31.7,28.1, 26.6, 22.6, 21.9, 16.7;
IR (neat) cm™: 3330, 1637;
MS (MALDI, H,O, positive ion) calcd. for CseHi149N 17033, m/z: (M%) 2028.0, found

2051.10 [(M + Na)']
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Protocol for the Preparation of [#-Ornithine(Galactose)-Glycine-Glycine]4 Glycine-
Acetate (75):

OA
AcO ¢

AcO

AcO 0

HN
) )
Y
H+HN N/\ﬂ/ N >coH
H H
0 4
75

A protocol analogous to the preparation of 73 was followed to furnish the title
compound 75 a yellow solid (141 mg, 93 %).
"H NMR (500 MHz, MeOH, Dy), &: 5.19 (4H, s), 5.02 (9H, m), 4.45 (3H, s), 4.03-3.91
(17H, m), 3.73-3.63 (22H, m), 3.0-2.97 (13H, m), 2.47 (6H, m), 2.27 (12H, m), 1.89,
1.83, 1.80, 1.78 (12H each, s 48 total), 1.35 (17H, br s);
BC NMR (500 MHz, MeOH, Dy), §: 172.1, 172.0, 171.9, 171.7, 171.6, 171.2, 171.2,
71.0, 69.7, 69.0, 68.7, 62.2, 54.9, 54.5, 43.5, 41.6, 39.8, 34.6, 32.6, 26.7, 26.1, 20.5, 20.5,
20.4, 20.3;
MS (MALDI, MeOH, negative ion) calcd. for Cyo¢H 57N 7054, m/z: (M+) 2533.41, found

2532.0 [(M - H)"]
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Protocol for the Preparation of [f-Ornithine(Galactose)-Glycine-Glycine]4 Glycine
(76):

OH
HO

o}
HO

HO o

HN

o) o)
N
HHN N/W N” >CoH
H H
0 4

76

A protocol analogous to the preparation of 74 was followed to furnish a white
solid 76 in 100 % yield.
'H NMR (500 MHz, D,0), 8: 4.16 (1H, br s), 3.99-3.84 (6H, m), 3.77 (1H, m), 3.71-3.63
(3H, m), 3.20-3.14 (2H, m), 2.66-2.59 (4H, m), 2.55-2.49 (2H, m), 2.42 (1H, m), 1.66
(1H, m), 1.56 (1H, m), 1.45 (2H, m);
3C NMR (500 MHz, D,0), 8: 176.5, 175.8, 174.3, 173.1, 165.6, 165.4, 128.0, 117.6,
75.3,74.8,71.9,71.1, 69.8, 63.2, 49.5, 44.9, 44.8, 43.3, 41.3, 41.1, 36.8, 34.7, 33.3, 27.3;
IR: (neat) cm™: 3315-3265, 1635;
MS (MALDI, H,O, positive ion) calcd. for C74H 25N 17033, m/z: (M+) 1859.87, found

1882.94 [(M + Na)']
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CLAIMS TO ORIGINAL RESEARCH

1.

4.

Glycosylated building blocks containing f-amino acids were synthesized via
modified Arndt-Eistert homologation. These building blocks were then used to
assemble a series of new C-linked AFGP analogues containing f-amino acids.

Antifreeze-specific activity was assessed using a thermal hysteresis (TH) assay
and recrystallization inhibition (RI) assay. All of the new analogues displayed a
significant degree of TH activity, dynamic ice shaping as well as genuine RI

activity.

. The solution conformation of these new analogues was analyzed using circular

dichroism (CD) spectroscopy. The overall conformation was mainly random coil
accompanied by some f-turns, a-helix and f-sheets secondary structures.

In vitro cytotoxicity studies of these analogues were performed on human
embryonic liver cell lines. The analogue 74 was not found to be cytotoxic at a
physiological temperature, whereas analogues 72 and 76 were found to be
cytotoxic only at high concentrations. However, all of these analogues were
found to be cryotoxic at high concentrations and none of them were found to be

cytotoxic or cryotoxic at lower analogue concentrations.
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APPENDIX:

'H and C NMR Spectra
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