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Abstract 

The discovery of antifreeze proteins [AFPs) and antifreeze glycoproteins 

(AFGPs) has sparked the interest of researchers due to its potential commercial, 

industrial and medicinal applications. AF(G)Ps are unique as they have the ability to 

suppress the growth of ice. Two physical properties associated with these 

antifreeze compounds are thermal hysteresis (TH) and ice crystallization inhibition 

(IRI). It was previously believed that TH and IRI worked hand-in-hand, however, 

the discovery of an AFP from rye grass possessing only IRI suggested otherwise. It 

was thus believed that the presence of AFPs possessing only IRI played a vital role in 

cryoprotection as they allow organisms to survive in the presence of small ice 

crystals. As such, the synthesis of novel AF(G]Ps possessing only IRI are sought 

after. Herein, we describe the synthesis of a fluorinated threonine, T(F), and its 

incorporation in peptides for the synthesis of AFP mimetics ([T(F)AA]4 and 

[T(F)GG]4). As the putative binding site of AFP type I is debated, as well as its mode 

of action, the introduction of a fluorinated threonine may provide insight as it may 

be used as a tool to investigate the factors influencing antifreeze activity. 

Furthermore, fluorine amino acids have proven to be beneficial in the production of 

biologically active agents, thus highlighting the importance of the use of fluorines. 

The synthetic route to [T(F)AA]4 and [T(F)GG]4 is described within this thesis, and 

the results obtained from the TH and IRI assays performed. 

The synthetic route to the building block T(F) was performed over 13 steps 

in 15 % yield. The incorporation of T(F) in peptides to build AFP mimetics was 

done via SPPS. MALDI-TOF spectroscopy revealed a mass peak for the polyalanine 

AFP analog but was not apparent for [T(F)GG]4. Nuclear magnetic resoncance 

experiments (19F) revealed a single fluorine resonance for both [T(F)AA]4 and 

[T[F)GG]4 suggesting the presence of a fluorinated compound. The repeating nature 

of these polymers may account for the single resonance observed. The TH assay did 

not reveal dynamic ice shaping (DIS] or a thermal hysteric gap. The IRI results were 



unfortunately contradictory but did reveal that the introduction of fluorine into 

AFPs do not alter the recrystallization inhibition activity as in the case of [T(F)AA]4 

and [TAAJ4. The outcome of these results may be due to the solubility issues 

encountered, which affected the concentration and purity of the sample solutions 

tested. Despite the solubility issues and misrepresentative results, additional 

experiments ought to be performed to determine the effects of fluorine on 

antifreeze activity. 
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Chapter 1: Introduction to Biological Antifreezes 

Among all the macromolecules [carbohydrates, nucleic acids and lipids), 

proteins are the most structurally diverse with refined functionality. Their shape, 

structure and varied amino acid content often dictate their route and role in which 

they partake. Although there are many factors required for a living system to 

survive, peptides and proteins have proven to be a crucial element for many 

processes as they have diverse roles in organisms. Listed in Table 1 are various 

proteins, the organism by which the protein is isolated from, their structure and 

role. 

Table 1. Various proteins found in nature, their structure and role. 

Protein 

Hemoglobin1 

Keratin2 

Kinesin3 

Insulin4 

Isomerase 
i.e. Peptidyl-prolyl cis-
trans, PPIase]5 

Organism 

Mammals 

Mammals 

Eukaryotes 

Mammals 

Mammals 

Role 

Transport Metalloprotein 
Transports oxygen from lungs to tissues 
and cells 
Structural protein 
Essential for normal tissue structure and 
function 

Motor protein 
Organelle transport and chromosome 
segregation 
Hormonal Protein 
Regulate glucose homeostasis 
Enzyme 
Catalyze chemical reactions. PPIase 
catalyzes cis-trans isomerization of 
proline peptide bonds of oligopeptides 

1 



As tabulated above, a protein is capable of many things such as transporting 

molecules from one location to another or serving as a structural protein for cell 

maintenance and tissue integrity. It may also participate in the movement of 

organelles and catalyze reactions essential for cell survival, proliferation and 

differentiation. All of these functions together allow for an organism to live and 

survive and are essential for biological processes.1_s 

Glycoproteins also have diverse roles and functions but differ greatly in 

structure. A Glycoprotein is typically composed of a sugar residue [mono-, di, or 

oligosaccharide] covalently bonded to a peptide moiety. For example, transferrin, a 

blood plasma transport glycoprotein found in humans, is responsible for 

transporting iron ions to cell tissue,6 while collagen [types 1-5], the most abundant 

protein in humans, is a structural glycoprotein found in bones, tendons, ligaments 

and connective tissue mostly involved for protection.7 It is obvious that the diverse 

roles of both proteins and glycoproteins play a crucial role for organisms to 

maintain biological processes and survive. 

The focus of this chapter is to introduce the concept of biological antifreezes 

(protein and glycoprotein], their function, mechanism of action and studies that 

have been done to elucidate their role on a microscopic level. 
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1.1 Biological Antifreezes: Structure. Properties and Mode 
of Action 

As early as 1953, there were reports8 by Scholander and co-workers of Arctic 

fish blood serum having an unusually low freezing point due to non-colligative 

solutes. It has been long known that fish residing in the deep waters of the Arctic 

and Antarctic oceans are able to survive due to the warmer temperatures. However, 

when these fish are placed in a colder environment surrounded by ice seeds, they 

die due to freezing. This observation then lead to the question of how some fish 

residing in shallow waters among ice are able to endure the colder temperatures.9 

In 1970, DeVries, Feeney and co-workers published a series of papers10"12 

addressing this question. These authors report that this survival mechanism is due 

to a glycoprotein in the blood sera of Antarctic fish (Trematomus borchgrevinki and 

Dissostichus mawsoni). These fish had blood with a freezing point of -2.0 to -2.1°C 

allowing them to sustain subzero temperatures where the freezing point of 

seawater could be as low as -1.9°C. It is known that colligative salts (NaCl) are able 

to depress the freezing point of a solution, but for the Antarctic fish these solutes 

only reduce the freezing point by approximately 50%. Therefore, the presence of 

these glycoproteins further enhances the freezing point depression of blood sera. In 

fact, thirty percent of this depression is due to non-dialyzable solutes (i.e. 

glycoproteins) while the remaining 70% is due to colligative salts.10 

Since the discovery of these biological antifreezes, many others have been 

found among various species like plants,13 insects,14 moths,15 snow fleas,16 and 
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bacteria.17 Even though these compounds are known to be present in various 

organisms, they all share the ability to suppress the growth of ice crystals at subzero 

temperatures and can be categorized in two groups: antifreeze proteins (AFP] and 

antifreeze glycoproteins (AFGP]. Although these compounds differ structurally 

(section 1.1.1], they do share the same physical properties (discussed in section 1.2] 

1.1.1 Structure of Antifreeze Proteins and Glycoproteins 

There are many types of AFPs found in nature and they are classified in five 

categories (I to V) based on their respective structure. These AFPs are unique as 

they are all isolated from various organisms (fish, insect, plants] and vary in 

primary, secondary and tertiary structure. With respect to AFGPs, eight isoforms 

have been isolated (AFGP1-8] and vary slightly from one another in terms of 

molecular weight.10 Below is a detailed explanation of each. 

l.l.l.i. Type I AFP fAFP II 

DeVries and Duman were the first to report the existence of type I AFPs as 

they successfully isolated and characterized these proteins in 1975.18 Type I AFPs 

were extracted from the Winter Flounder (Pseudopleuronectes Americanus) residing 

in the Atlantic ocean and are the most extensively studied due to their simple 

structure and known peptide sequence. Their primary structure consists of 37 

amino acids in which there are 11 repeating amino acid residues with the general 

sequence TxxNxxxxxxxx, where T, N and X are threonine, asparagine or threonine, 

4 



and alanine, respectively.19 As seen from the primary structure, AFP I is mostly 

made of alanine residues (more than 60 mol%) resulting in a highly helical 

secondary structure (~85%) having a "rod-like" shape (Table 2).20 X-ray diffraction 

data collected by Yang and co-workers revealed two facets to type 1 AFPs; a binding 

site containing four polar residues (threonine) among alanine residues and a non-

binding site containing alanine residues. 21 The effect of these surfaces will be 

further discussed in sections 1.3.1. 

l.l.l.ii. Type II AFP fAFP III 

Type II AFPs are unique in that they are found in a wide array of organisms. 

Not only are they present in fish (sea raven, smelt and herring)22 they have also 

been isolated from insects (larvae of beetle)23 and the spruce budworm.24 These 

proteins are characteristic for their high cysteine content and their ability to form 

disulfide bridges. The secondary structure has not been studied in great detail 

compared to AFP I but it has been reported that the structure of this protein isolated 

from the sea raven is 18% helices, 38% (5-sheets and 44% random coil. Although 

there has not been a substantial amount of research done regarding this AFP, some 

experiments indicate that the removal of these bridges is detrimental to antifreeze 

activity.23 Sonnichsen et al. have further reiterated the importance of cysteine. They 

suggest that the disulfide bridges determine the structure of AFP II and results in a 

primary chain bearing hydrophilic residues to be exposed to the aqueous media 

5 



allowing for protein-ice interactions and hence antifreeze activity to take place.22 

Their structure and properties are listed in Table 2. 

l.l.l.iii. Type III AFP fAFP IIP 

Type III AFPs are isolated from the ocean pout, wolfish and eelpout25 and are 

not as extensively studied as AFP I. They comprise of 62-66 amino acids and are not 

particularly abundant in any amino acid.22 Unlike AFP I, there are no sequence 

repeats and the protein has a globular tertiary structure.26 NMR studies conducted 

by Sonnichsen et al. further revealed an extensive network of P-sheets that are 

packed orthogonally into a P-sandwich.27 Refer to Table 2 for a summary of these 

details. 

l.l.l.iv. Type IV AFP fAFP IV1 

Type IV AFPs were identified from the longhorn sculpin. As it is a relative to 

the sculpin [comprising of type I AFPs in its sera) it was assumed that it too would 

contain AFP I.28 However, further analysis by circular dichroism revealed an AFP 

completely unrelated. The isolated type IV protein revealed a primary sequence of 

108 amino acid residues highly abundant in glutamine (17%). Furthermore, this 

antifreeze protein is highly helical and has four cc-helices bundled together.28 

6 



l.l.l.v. Hyperactive AFPs from Insects (AFP V) 

As early as 1968 there were reports in which Tenebrio larvae (of beetles) had 

antifreeze activity but it was not until 1997 when the antifreeze protein was 

successfully isolated and purified without loss of activity.14 These proteins are 

termed as "hyperactive" due to their enhanced activity (lOOx) compared to fish and 

have 12 amino acid repeats highly concentrated in cysteine and threonine. 

Hyperactive AFPs have a relative molecular mass of 8,400 Da. Their physical 

properties will be further discussed and compared to fish AFPs in section 1.1.2.) 

Table 2. Summary of antifreeze proteins found in nature. The organism from 
which they are isolated, their size, structure and key features are also 
tabulated. 

Species 

Mass 
(kDa) 

Key 
Properties 

Structure 

AFP I 
Right-eye 
flounder, 
Sculpin 
3.3-4.5 

Alanine 
rich 

4 

AFP II 
Sea raven, 

smelt, 
herring 
11-24 

Disulfide 
bridges, 
Cysteine 
Rich 

m 

AFP III 
Ocean pout, 
wolfish, eel 

pout 
6.5 

P-
sandwich; 
flat globular 

33l 

AFP IV 
Longhorn 

sculpin 

12 

Alanine 
rich; oc-
helical 
bundle 

AFPV 
Beetle 
larvae 

8.3-12.5 

Cysteine 
rich 



l.l.l.vi. Antifreeze Glycoproteins (AFGPs) 

In 1971, DeVries and co-workers extracted the serum of Antarctic fish from 

which they isolated antifreeze glycoproteins with differing molecular weights. Gel 

electrophoresis revealed eight different glycopeptides later identified to contain 

alanine, threonine, galactose and N-acetylgalactoseamine.10 Each antifreeze 

glycopeptides (1 through 8) have the same sugar moiety, but differ in the length of 

their peptide backbone. As seen in Figure 1, the carbohydrate component is a 

disaccharide (3-0-(/3-D-galactosyl)-D-,/V-acetylgalactosamine) with a P-1,3 linkage29 

while the peptide backbone is a repeating tripeptide unit (Ala-Ala-Thr) where 

threonine's secondary hydroxyl group is glycosylated to the disaccharide. The 

difference in length is what classifies each AFGP into its own category (Table 3]. 

AFGP 1 is the largest with 55 repeating tripeptide units and a molecular weight of 

32 kDa while AFGP 8 is the smallest, with four tripeptide units and a molecular 

weight of 2.7 kDa. These AFGPs are numbered based on the decreasing molecular 

weights. 10 '30-31 The AFGPs with small molecular weights (AFGP 7-8) sometimes 

have alanine residues replaced by proline and threonine replaced by arginine.32 

Typically, the larger the antifreeze glycoprotein (in terms of molecular weight) the 

better it is at exhibiting its antifreeze effects. 
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OH >OH 

oty O H / 

HO _ _ 

OH NHAcI 

n = 4-55 

Figure 1. General structure of antifreeze glycoproteins. The Thr-Ala-Ala repeating tripeptide unit 
differs in length for each AFGP. The smallest AFGP 8 has 4 reapeating units while the largest (AFGP I) 
has 55.33 

Table 3. AFGP sub-groups and their respective sizes in kDa. The larger the AFGP, 
the more effective and potent they are for antifreeze activity.10-30-31 

AFGP Molecular Weight (kDa) 
AFGP1 33.7 
AFGP 2 28.8 
AFGP 3 21.5 
AFGP 4 17.0 
AFGP 5 10.5 
AFGP 6 5.0 
AFGP 7 3.5 
AFGP 8 2.6 

1.1.2. Properties Associated with Antifreeze Activity 

The biological antifreezes described in the previous sections are non­

homologous and structurally dissimilar and although they share discrete similarities 

(i.e. high alanine composition), their diverse structural and amino acid contents are 

problematic for the determination of the exact mechanism of antifreeze activity 

Furthermore, the fact the AFPs are strictly composed of peptides and AFGPs contain 

carbohydrates suggests that they may bind to ice differently. Nevertheless, these 
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antifreeze molecules share the same properties which define their antifreeze 

activity; Namely, thermal hysteresis (TH] and ice recrystallization inhibition (IRI). 

1.1.2.i. Thermal Hysteresis and Dynamic Ice Shaping (PIS) 

As we know, the transition of liquid water to ice is dependant on 

temperature. At warmer temperatures (T > 0°C ) water exists in its liquid state, but 

as it depresses past its freezing point (0°C), it transforms into a highly ordered 

crystal lattice forming ice. As the melting point and freezing point of water is the 

same, the conversion of liquid water to solid is dynamic in that the size of the ice 

crystal grows as temperature decreases beyond its freezing point, and shrinks as 

temperature approaches its melting point. 

When electrolytes (i.e. NaCl] are present in water they have the ability of 

decreasing the freezing and melting point of water to the same extent (i.e. m.p. = f.p.) 

as they disturb water molecules from interacting with one another while trying to 

form the crystal ice lattice. 

Likewise, antifreeze compounds have the ability to alter the freezing point of 

a solution. In the presence of AF(G)Ps, the freezing point depresses while the 

melting point remains unchanged and this difference between melting and freezing 

point temperatures is known as the thermal hysteric gap.9 The three scenarios 

described above may be illustrated as in Figure 2. 
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Figure 2. Diagram depicting thermal hysteresis. The black line (A) shows the melting and freezing 
point of water. The blue line demonstrates the colligative effects on water in the presence of NaCl 
and the red line represents the non-colligative effects of antifreeze compounds. The dashed red lines 
represent the difference between the melting and freezing point known as the thermal hysteric gap. 

Thermal hysteresis [TH) values are a function of AF[G)P concentration.34 At 

low concentrations the relationship is linear and as the concentration increases and 

becomes saturated, a plateau is reached. For fish AFPs, the TH value is typically 

above 1°C (Figure 3). As expected, these values vary from one organism to 

another.34 Note that the hyperactive AFPs discussed in section 1.1.1. have a very 

large thermal hysteric gap of approximately 5.5°C which is four times greater than 

fish AFP.14 

Figure 3. AF(G)P thermal hysteresis (°C) as a function of concentration (mM). At saturated 
concentrations, TH valued for most fish AF[G]Ps reach a plateau which is just over 1°C .34 
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Within this TH gap, the ice crystal with bound AF(G)Ps remains static in size 

and acquire a hexagonal bipyramidal morphology.35 However, as the temperature 

decreases beyond the freezing point, the size of the crystal grows rapidly and 

expands into sharp needle-like crystals34- 36 This shape is a result of AF(G)Ps 

preferential binding to the prism face, hindering the addition of water molecules 

and inhibiting its growth along the a-axis. As a result, water molecules are forced to 

add on to the basal plane, expanding in the direction of the c-axis (Figure 4).34-37 

(A) IB) 

basal plane 

prism face 

Figure 4. (A) Representation of a hexagonal ice crystal. The vertical arrow represents the direction 
in which ice grows. The AF(G)Ps preferentially bind to the prism face thus blocking its growth in the 
direction of the a-axis (horizontal lines). Additional water molecules add on the basal plane resulting 
in a hexagonal bipyramidal ice growth.34 (B) Ice growth along the c-axis. AF(G)Ps (blue circles) bound 
to the prism face force water molecules to add on the basal plane and grow into sharp needle-like 
crystals. 

This unique growth is associated with thermal hysteresis and is referred as 

dynamic ice shaping. Figure 5 illustrates the different morphologies taken by ice in 

the absence (A) and presence (B) of AFPs. As for the hyperactive AFPs produced by 
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insects, their shape is slightly different. Fish AFPs have a distinct hexagonal 

bipyramidal structure with flat well-defined facets, while insect AFPs have curved 

ends (Figure 5D). The difference in shape was attributed to hyperactive AFPs 

binding and recognizing various ice surfaces thereby increasing the frequency of 

binding and resulting in a distinguished crystal Furthermore, the remarkable TH 

gap could also be due to closer spacing of the AFP onto the ice surface.14 

(A) (B) (C) (D) 

Figure 5. Ice morphology in the presence and absence of antifreeze proteins. (A) In the absence of 
AFP, ice crystal grown has a round/hexagonal shape as it grows along the a-axis. (B) In the presence 
of AFP, the crystal grown has a hexagonal bipyramidal shape due to the growth along the c-axis. [C) 
At elevated AFP concentrations, a sharp needle-like crystal is grown34. (D) Unusual morphology of ice 
in the presence of hyperactive AFPs.14 

1.1.2.ii. Ice RecrystaUization Inhibition fIRI) 

In addition to its TH properties, AF(G]Ps are also capable of inhibiting ice 

recrystaUization. In the absence of these antifreeze compounds, ice is capable of 

recrystallizing and growing into large crystals by combination of smaller ones. 

However, when AF(G)Ps are present, this process of recrystaUization is inhibited. 

Figure 6 shows ice crystals at the same magnification.31 Image A illustrates crystals 

grown in the presence of an AFGP8 solution (10 mg/ml] and image B shows crystals 

of a phosphate-buffered saline solution. 
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Figure 6. Ice crystal images of an AFGP [A) and phosphate buffer saline (B) solution The 
magnification of each image is the same. The small size of AFGP8 crystals in comparison to PBS 
indicates its ice recrystalhzation ability. 

It is obvious from these images that the relative size of these crystals are 

quite dramatic and that the presence of antifreeze compounds greatly influences the 

size of the crystals. It had been previously believed that all antifreeze compounds in 

nature must possess both TH and IRI.38 However, it is now evident that some 

biological antifreezes are capable of suppressing ice growth while exhibiting no TH 

activity.13 Sidebottom et al. were the first to report such an AFP extracted from grass 

[Lolium perenne). They noted that their grass AFP had a significantly higher IRI 

activity than usual, as it was able to inhibit ice crystal growth at low concentrations 

(10|xg/mD, which is 200 times less than type III AFP from the ocean pout. While this 

AFP had enhanced IRI, it showed no significant TH. The thermal hysteric gap that 

was measured was approximately 0.1°C which is considerably less than fish (1.0-

1.5°C) and insect (5-6°C). What this may suggest, as others have as well,39 is that ice 

recrystallization inhibition is likely to be the key property for cryoprotection. Since 

TH is associated with DIS, the hexagonal bipyramidal crystals formed could cause 

cell damage and be detrimental for cryoprotection.40 Therefore, it is believed that 

14 



these AFPs are present to protect some insects from intracellular ice formation at 

extreme cold temperatures by allowing them to tolerate the formation of small ice 

crystals.39 

1.2 Antifreeze Mechanism of Action 

The way in which AF(G)Ps exhibit their TH activity is generally regarded as a 

absorption-inhibition mechanism.30- 31- 37- 41- 42 It is believed that these biological 

antifreezes bind irreversibly to ice and prevent its growth and recrystallization. As 

mentioned earlier, AF[G]Ps differ greatly from one another structurally and the 

differences between these two classes of antifreeze compounds make it difficult to 

propose a joint mode of action. As AFGPs differ slightly in structure from one 

another and AFP I is easily synthesized, the structure of these two have been greatly 

studied and characterized. To this end, the exact mechanism of action is unknown 

but as AFP I and AFGPs share some similarities in terms of their mode of action, the 

explanation of how AF[G]Ps function is generally from the point of view of AFGP. 

From a macroscopic point of view, these biological antifreezes are believed to 

attach irreversibly on the prism face of an ice crystal preventing the addition of 

water molecules.33- 42 Once the AF(G)P is bound, additional water molecules may 

only be added between each antifreeze compound [Figure 7] which would 

eventually form a curved ice front to which more water molecules may be added. 

However, the accumulation of water molecules on the convex surface requires a lot 

of energy, making the addition of extra water molecules unfavourable. 
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Consequently, the freezing point depresses while the melting point remains 

unchanged giving rise to thermal hysteresis. This entire process is referred to as the 

Kelvin Effect, which can be illustrated [Figure 7) in one of two ways; the mattress 

model or the step pinning model.31-43 

water _ JJI—gfr 'W wa£®f 
T zt fi f* 

ice 
T5S^ 

J T lea growth • => AFGP or AFP J l Ice growth 

T < 0 ° C 

water 

Mattress Model Step Pinning Modal 

Figure 7. The matress (2D) and step pinning model (3D) depicting the Kelvin Effect. Both models 
illustrate the high degree of curvature formed between AF(G)P molecules. The curved ice front 
causes a freezing point depression while keeping the melting point unchanged thus giving rise to 
thermal hysteresis.31 

Recent studies in fact indicate that these proteins bind irreversibly and that 

the binding site for AF(G]Ps is usually hydrophobic and topologically flat.44 

The exact manner in which these antifreeze molecules bind is still unknown 

and since the ice-water interface is not well defined31 researchers are delayed from 

determining the exact mode of action. In addition, the fact that each AFP is of a 

different structure suggests that they may each bind in a different manner.30 For 

example, structurally related AFP type I proteins from the winter flounder and the 

sculpin both bind to the prism face but are more specifically located on different 

facets.37 Nevertheless, structure-activity studies have been performed to elucidate 

certain aspects pertaining to the mechanism of action on a microscopic level. 
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1.3 Structure Activity Relationship Studies of AFPs & 
AFGPs 

Most of the SAR studies performed has been to elucidate antifreeze activity in 

terms of TH. Since it was previously believed that TH and IRI are properties that 

work hand-in-hand, most of the focus had been on TH while IRI remained 

unexplored. Having said this, the next couple of sections cover SAR studies done to 

shed light on antifreeze activity based on TH and IRI. 

1.3.1. SAR of Antifreeze Protein Type I 

The research concerning AFPs has been based on AFP I due to its small size 

and simple construction via solid-phase peptide synthesis (SPPS). Many argue that 

the protein-ice adhesion is due to a hydrophilic effect [via hydrogen bonds) while 

others debate that it is related to a hydrophobic effect.45 

Since AFP I of the Winter Flounder contains four threonine residues 

protruding from the same face of the a-helix, researchers believe that the secondary 

hydroxyl groups of these threonine residues are important for hydrogen bonding 

with the ice surface allowing for protein-ice adhesion [Figure 8).44 This was also 

thought to be true since the calculated distance between each hydroxyl group 

participating in hydrogen bonding was 16.5 ± 0.5 A matching well with the spacing 

of the oxygen atoms of water molecules on the surface of ice.46- 47 Therefore, the 

surface containing these four threonine residues is referred to the "binding site". 
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Figure 8. AFP binding to ice via hydrogen bonding. (A) Solid lines indicate hydrogen bonding 
from threonine and dashed lines are possible hydrogen bonds from aspartic acid or 
asparagine residues to oxygen atoms of water molecules.44 (B) Closer view of threonine's 
hydrogen bonding capabilities to ice. (C) Site directed mutagenesis at positions 12 and 23 for 
AFP type I where threonine (native system), serine and valine were the amino acids of choice. 
These point mutations were performed to elucidate antifreeze activity. 

To test this hydrophilic effect, the two middle threonine residues (T12 and 

T23) were replaced by serine which resulted in a mutant AFPI that had nearly lost 

all of its activity.45 This was an unexpected result due the assumption that serine's 

primary alcohol could hydrogen bond in a similar fashion to threonine. Although 

the replacement of two threonine residues with serine abolished TH, the presence of 

two threonine amino acids (T2, T35) on the hydrophilic face along with Asx 

(aspartic acid or asparagine] does not rule out the effects of hydrogen bonding on 

antifreeze activity. Instead, what is generally accepted is that hydrogen bonding 

may work hand in hand with non-polar interactions to prevent ice growth.47 

Interestingly, when threonine was replaced by valine (to conserve the (3-methyl 

group), comparable activity was observed to the native winter flounder AFPI. What 
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this suggests is that the methyl groups of threonine may be contributing to ice 

binding.44 

These results then gave rise to a whole new argument on how AFP type I 

binds to ice, being the hydrophobic effect. Since the hydrophilic surface of AFP type 

I isoforms has variable residues and the hydrophobic surface is highly conserved of 

alanine, it was believed that the conserved residues are of greater importance with 

respect to ice binding.44 To test this hypothesis, the first experiment conducted had 

certain alanine residues replaced by leucine. It was believed that some of these 

substitutions (on the hydrophobic face) would hinder AFPI from contacting the ice 

surface due to leucine's longer side chain. When these analogues were tested for 

TH, it was found that the alanines residing on the hydrophilic surface, which were 

replaced with leucine [A19L and A20L), had little loss in activity and produced a 

wild-type crystal, while those replaced on the hydrophobic surface [A17 and A21) 

were completely inactive. Therefore, this suggests that antifreeze activity is 

reflective of a hydrophobic effect. Some speculate that the secondary hydroxyl 

groups are not enough and that they merely work with the hydrophobic residues to 

promote ice adhesion.45- 47 The conclusions that were drawn from the above 

experiment were that the conserved alanine residues on the hydrophobic surface 

are essential for ice binding and although the alanine residues are among 

threonines, they are not extended to neighbouring hydrophilic asparagines, thus 

suggesting that the P-methyl group of threonine is of greater importance than its 

adjacent hydroxyl.44 
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Table 4. Series 1 and 2 AFP I Winter Flounder Mutant Peptides. Highlighted in red 
are the important mutations at positions 2, 13, 24 and 35 where threonines are 
usually found and highlighted in blue are the incorporated salt bridges. 

Series 1 

Series 2 

Code Name 

TTTT 

SSSS 

TSST 

TTTT2KE 

SSSS2KE 

VVW2KE 

AAAA2KE 

GGGG2KE 

Sequence 

D TASDAAAAAAL TAANAKAAAEL TAANAAAAAAA TAR-CONH2 

D SASDAAAAAAL SAANAKAAAEL SAANAAAAAAA SAR-CONH2 

D TASDAAAAAAL SAANAKAAAEL SAANAAAAAAA TAR-CONHz 

D TASDAKAAAEL TAANAKAAAEL TAANAKAAAEA TAR-CONHz 

D SASDAKAAAEL SAANAKAAAEL SAANAKAAAEA SAR-CONH2 

D VASDAKAAAEL VAANAKAAAEL FAANAKAAAEA ¥AR-CONH2 

D AASDAKAAAEL AAANAKAAAEL AAANAKAAAEA AAR-CONH2 

D GASDAKAAAEL GAANAKAAAEL GAANAKAAAEA GAR-CONH2 

Other researchers like Harding and Haymet have also taken interest in the 

hydrophobic effect. Their research involved the synthesis of mutant AFP I 

polypeptides classified in two categories - series 1 and 2 [Table 4, above). 

The mutants within these series differ from the above experiment in that 

most have all four threonines (positions 2,13, 24 and 35) on the hydrophilic binding 

site replaced by either glycine, alanine, valine or serine. The goal for these 

experiments was to reassess the role and importance of the threonine residues.48 As 

seen in Table 4, series 1 peptides have all or two threonines replaced with serine 
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while series 2 peptides have all four threonines replaced by various residues and 

have two additional salt bridges (K7, E l l and K29 and E33). 

The general trend observed was that the mutants with non-polar valine 

(VWV2KE) and alanine (AAAA2KE) residues exhibited antifreeze activity [i.e. 

thermal hysteresis) comparable to the native system (TTTT), while mutants with 

polar residues such as serine (SSSS2KE) and glycine (GGGG2KE) showed loss of 

hysteresis.48 The published data to show this trend is seen in Figure 9. As 

mentioned, hexagonal bipyrimidal crystals are characteristic of AFPs and AFGPs. 

Thus, video microscopy was carried out to see how series 2 mutants influence this 

property. As seen in Figure 10, images a to d represent the ice shaping of TTTT, 

TTTT2KE, VVW2KE, and AAAA2KE, respectively. The shape of each crystal (a-d) is 

similar to the native system (TTTT) indicating that mutant AFPs are bound the ice 

surface in a similar fashion to the native system and are influencing the direction in 

which ice grows. 
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Figure 9. Measured thermal hysteresis of series 2 mutants at concentrations of 0 to 6 mg/mL. 
Solutions of TTTT (sqaures), TTTT2KE [diamonds), VVW2KE (circles), AAAA2KE [triangles) were 
tested using a nanoliter osmometer. Note: No thermal hysteresis was observed for any serine or 
glycine substituted analogs. As the peptide concentration increases, so does the thermal hysteresis 
gap.48 

Although the exact mechanism of action to inhibit ice growth is not known, 

the experiments described on the previous page also suggest the hydrophobic 

residues [i.e. p-methyl of Thr) are of greater importance than the hydroxyl group 

(which was believe to hydrogen bond to ice). 
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Figure 10. Ice shaping images of series 1 and 2 mutants. Hexagonal Bipyrimidal crystal of: (a) TTTT, 
native AFP I [~5mg/mL), (b) TTTT2KE [4 mg/mL), (c) VWV2KE [10 mg/mL) and (d) AAAA2KE (5 
mg/mL). (e) to [g) are still images taken at intervals over a period of 1 minute of: [e) GGGG2KE (10 
mg/mL), (f) TTTT2KE (4 mg/mL) and (g) WW2KE [10 mg/mL). Note that GGGG2KE mutant has no 
TH activity and could not produce a hexagonal bipyramidal shaped crystal.48 
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1.3.2. SAR of AFGPs 

Antifreeze glycoproteins have been explored in a variety of ways to 

determine the importance of their functional groups for TH and IRI. Earlier studies 

focused on the effects for TH only and not IRI. The revelation that TH and IRI are 

independent of one another has thus intrigued researchers to probe into its effects 

for ice recrystallization inhibition. 

1.3.2.i. SAR studies of AFGPs for TH Activity 

The activity and binding of AFGP to ice has been proposed to be a result of 

the hydroxyl groups of the saccharide moiety. This hypothesis was thus explored in 

the early 1970s via SAR experiments performed by DeVries et al. (Figure 11). One 

of the earliest SAR studies was the enzymatic treatment of AFGP with D-galactose 

oxidase to oxidize the C6 hydroxyls to aldehydehes. The analogue produced had 

retained TH activity, implying that the C6 hydroxyl was not crucial for TH.49 On the 

other hand, when the C3 and C4 hydroxyls were investigated, the opposite was seen. 

These hydroxyls appeared to be crucial as the formation of a borate complex 

resulted in diminished activity.50 Similarly, the oxidative cleavage of the terminal 

galactose using sodium periodate afforded two aldehydes at C3 and C4 forming an 

analogue with abolished TH.11 Acetylation of all hydroxyl groups further confirmed 

their importance as it abolished TH while deacetylation reinstated antifreeze 

activity.49 Apart from these studies, the disaccharide moiety is also important for TH 
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as the exposure of AFGP to basic conditions (NaOH} at elevated temperatures 

cleaves the carbon-oxygen bond at the anomeric position thereby eliminating 

antifreeze activity. 

NoTH 

NaOH, A 

OH 

O H / O H / 

OH AcNH 0 H 

+ 

O H / O H / 
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NoTH 
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Figure 11. Early SAR studies to determine the importance of the hydroxyl groups ofAFGPs. Antifreeze 
activity for these studies was defined by TH activity. 

Recent studies performed by Nishimura et al. further elucidates the 

structural motifs that are important for ice binding, and TH.51 His research group 

reported 16 AFGP analogues differing in chain length, conformation and 

oligosaccharides which were all tested and imaged for TH and DIS. These analogues 

have led to the following conclusions: antifreeze activity is dependent on the chain 

length of the polypeptide backbone, where an increase in length results in greater 
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activity. Nishimura's results also implicate that the presence of a NHAc at C2, an a 

glycosidic linkage, and a p-methyl group provided by threonine are all essential to 

antifreeze activity. 

1.3.2.ii. SAR studies of AFGPs for IRI Activity 

Since TH was better understood than IRI, researchers in the past have been 

trying to determine the factors affecting it rather than focusing on IRI. Thus, the 

experiments described above were done based on TH activity alone. Nearly a 

decade ago, the discovery of an AFP (from ryegrass) possessing only IRI changed the 

view where TH and IRI are correlated to one another,13 leading researchers to 

believe that IRI may be the more important property for cryoprotection. 

The factors affecting IRI have been studied and much like TH studies, SAR 

was done to determine the key features influencing ice recrystallization. AFGP 

analogues explored had many structural variations in comparison to the native 

system and are illustrated below in Figure 12. 
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Figure 12. Structural variations explored relative to the native AFGP and tested for IRI. 

Such variations include the stereochemistry of the hydroxyl at C4, the linker 

atom at the anomeric position (Figure 12, X = 0 or C], the removal of the P-methyl 

group, the length of the polypetide chain, and the use of a monosaccharide rather 

than a disaccharide. 

It was observed that the stereochemistry at C4 was crucial for IRI as an 

inverted stereochemistry would result in a loss of activity. More specifically, OGG 

Gal (Figure 13, compound 1) showed very good IRI activity in comparison to OGG 

Glc (2) indicating a necessity for a C4 hydroxyl in the axial position.52 
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Figure 13. IRI results of C-linked analogs (1-4). These analogs are compared to AFGP8 and PBS, the 
negative control. The smaller the value for the mean grain size (mm2) the greater the activity 

In addition to the importance of C4 for activity, the length of the chain 

between the carbohydrate and peptide moiety has also been noted to be an 

important factor. For the C-linked amide analogs, either an ornithine (Figure 14, 

compound 5] or lysine (6) linker established the length of the chain. The mean 

grain size of these analogues revealed that an increase in chain length (lysine linker, 

compound 6 in figure 14] in fact diminished IRI activity. 

Other C-linked analogs have also been synthesized and assayed. C-linked 

alkyl derivatives (also referred to as C-serine) with varying chain length (n = 1,2,3) 

have given positive results in terms of preventing the growth of ice. When n = 1 

(compound 3, Figure 14) good ice recrystallization inhibition was observed, but as 

the chain length grew, the mean grain size of the crystal increased thereby resulting 

in reduced IRI activity (Figure 14).53 
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Figure 14. C-serine analogs synthesized and tested for recrystallization inhibiton. All analogs are 
compared to AFGP8 (positive control) and PBS (negative control). Antifreeze activity diminished as 
the chain length increases. C-Serine analog 3 (n = 1) has comparable activity to AFGP8.53 

1.4 Hydration 

Many biological processes involve water and as it is ubiquitous it is not 

surprising that it may play a key role in antifreeze activity. The "hydration layer" 

has been defined as water molecules, which tightly surround a macromolecule 

[protein, carbohydrate, nucleic acid).4054 To understand hydration of AF(G)Ps, it is 

important to have a general understanding of protein and carbohydrate hydration. 

1.4.1. Hydration of Proteins 

As early as the 1960's, water was recognized as a key aspect for protein 

stability.55 Although protein-water interactions are not well understood, it is known 
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that the absence of water causes a protein to lose its three-dimensional structure 

thereby abolishing its specific activity.54-56_58 This detrimental outcome arises as 

water or an aqueous environment provides a protein its conformational flexibility 

allowing for mobility and movement. Apart from providing structural stability, 

water occurs in hydrogen bonding networks and screens for electrostatic 

interactions, which also may account for a protein or enzyme's activity.56 

Furthermore, the hydrogen bond structure around the protein is quite delicate and 

any disruption in this layer will equally affect the conduct of a protein (discussed in 

1.3.3. for antifreeze activity). Although not much is known of protein-water 

interactions, what is apparent is the dynamic nature of surrounding water 

molecules and how it plays a vital role for protein function. 

1.4.2. Hydration of Carbohydrates 

Just as protein hydration is important for mediating biological functions, 

hydration of carbohydrates has also been recognized as a significant entity for 

molecular recognition, solution conformation and biological activity.52 Assessing the 

hydration of carbohydrates has been proven to be difficult, but over the last few 

decades various experimental studies have been employed to better understand this 

property. Galema and co-workers have studied the hydration of commercially 

available monosaccharides and have determined their partial molar volumes and 

isentropic partial molar compressibility by use of MD simulations, kinetic 

29 



experiments and density and ultrasound measurements.59 The results of these 

studies shed light on hydrated carbohydrates and how they occupy space and are 

compatible with the three-dimensional hydrogen-bonding network of bulk water. 

The results obtained indicate what has been known before, that hydration is 

influenced by the stereochemistry of the hydroxyl groups and that the preferred 

conformation is equatorial rather than axial.60 D-mannose, D-talose, D-glucose and 

D-galactose were the sugars studied by Galema, and their partial molar 

compressibilities are shown in Figure 15. The main difference between each sugar 

is the stereochemistry at C2 and C4. A low molar compressibility indicates poor 

hydration as the sugar is not compatible with water and disrupts the hydrogen-

bonding network. D-Talose had the highest value, indicating that it is well hydrated 

and fits well with the 3D structure of water, while D-galactose proved to be the to be 

the opposite. 

OH 

H O ' W - ' 0 i 
HO-\-—^»VOH 

OH 

Glucose 
-17.6 

-20 -16 
i I i I 
I I I I 

-20.8 -16.0 
Galactose Mannose 

L ^ O H O H 

H9 I I OH 

H o X - ^ \ - O H H H O ^ - i - A 
OH I 

HO-\«—,l*A 

OH 
Talose 
-11.9 
-12 

i I w 
I | ^ 

K2°(s)x104, cm3 mol-1 bar"1 

OH 

Figure IS. Partial molar compressibilities of monosaccharides in aqueous solution at 25 °C. These 
monosaccharides differ in stereochemistry at C2 and C4 giving a wide range of values. The larger 
values represent monosaccharides which fit well with water. 
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1.4.3. Hydration and Antifreeze Activity 

Hydration has been extensively studied in recent years as it may explain 

biological processes and how proteins and carbohydrates behave. In terms of 

antifreeze activity, water molecules surrounding AFGPs analogs have been seen to 

orientate the carbohydrate moiety differently for oc-D-GalNac-Ser and cc-D-GalNac-

Thr. It was originally believed that hydrogen bonds between the peptide and sugar 

moieties dictate conformation, however recent studies imply that this is no longer 

true and that surrounding water molecules are likely the dominating factor. This 

will further be discussed in section 2.2. 

Hydration of carbohydrates is also believed to play a role in IRI. Recall in the 

previous section, the value of molar compressibility of galactose (-20.8) is small, 

which implies a poor fit with the three-dimensional hydrogen-bonding network of 

water. It is believed that this poor compatibility disrupts water molecules to 

interact and form a stable ice lattice thereby inhibiting ice growth. 

Furthermore, a recent publication by Nutt and Smith recognize the influence 

of the hydration layer around AFPs for ice binding.42 Atomistic molecular dynamics 

simulations have shown that when AFP is in aqueous solution, the solvation shell is 

more structured and less dynamic around the ice-binding face while unorganized 

around the non-binding sites. The highly ordered region is suggested to overlap 
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well with the ordered ice surface (between bulk ice and bulk water) thereby 

incorporating the ordered solvation shell to ice and having the AFP bound. In 

addition, the hydration of AFPs has been suggested to protect AFPs from engulfment 

during ice growth. As the first hydration shell is organized, the second and third 

shells have been observed to have faster dynamics. This suggests that the dynamic 

and disrupted hydration shells would fail to form hydrogen bonds with surrounding 

water molecules thereby preventing its addition and ice growth.42 Figure 16 

illustrates this "pre-ordering-binding" mechanism. 

(A) (B) (C) 

* M 
ICE ICE ICE 

Figure 16. Hydration and ice-binding. [A] The turquoise region represents highly ordered ice-water 
and protein-water interfaces while the light blue region represents unordered and disrupted water. 
It is believed that the surface of the ordered ice is brought to the protein rather than the protein 
binding to the ice. (B) The highly ordered regions are incorporated together allowing for protein-ice 
binding. (C) Once bound, the surrounding water molecules are mobile and have fast dynamic 
protecting the protein from being overgrown by ice.42 

Antifreeze compounds are of great interest due to their varied applications. 

Commercially, such compounds may be used as preservatives for frozen foods in 

order to improve their quality and texture during freezing and thawing.61 As for 
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medical purposes, it had been confirmed that certain antifreeze compounds and 

concentrations may either protect or injure cells and tissue. As such, these 

compounds have been use as cryoprotectants and preservatives for cells or for non­

invasive cryosurgical techniques to treat cancer.62'64 For these diverse reasons, the 

synthesis of an antifreeze compounds possessing only IRI has gained a large degree 

of interest. This thesis will therefore enclose the synthesis of a potentially active 

fluorinated antifreeze protein and the results obtained from assaying each AFP for 

TH and IRI. 
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Chapter 2: Research Goals and Objectives 

There are several non-homologous biological antifreezes that exist in nature 

which share the same unique property of binding to ice and inhibiting its growth 

and recrystallization. This distinct property has sparked the interest of many in the 

medical, biotechnological, commercial and industrial fields as these types of 

compounds can be used for cryopreservation, cryosurgery and food storage.1-2 As 

previously mentioned, biological antifreezes can be isolated from plants3 and 

insects,4 but the most extensively studied AFGP and AFP are of the teleost fish and 

the winter flounder, respectively. Unfortunately, the cost and time associated with 

the isolation and purification of these biological antifreezes is a constraint and a 

new method such as chemical synthesis is required for producing these antifreeze 

compounds. 

While AFPs differ greatly in their primary sequences and three-dimensional 

structures, the chemical synthesis of various analogues allows one to determine 

which factors contribute to the prevention of ice growth and how these properties 

can be optimized. With respect to AFGPs, various analogues have also been studied 

which shed light on their mode of action. These analogues and their properties will 

be discussed in the next section [2.1). 

The scope of my research, as will be discussed in greater detail, involves the 

synthesis of fluorinated AFPs and AFGPs, and determining their respective 

antifreeze activities with respect to thermal hysteresis (TH) and ice 

recrystallization inhibition (IRI) in an effort to understand the mechanism of action 
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of these processes. In order to do this, the synthesis of a trifluorinated threonine 

building block (denoted as T(F)) was necessary to allow for solid-phase peptide 

synthesis (Scheme 1). The importance of the methyl group of threonine in AF(G)Ps 

(section 1.2.1 and 2.1) and the chemical properties of fluorine have greatly 

influenced the direction of this research which will be discussed within this chapter. 

NHFmoc 

Y V 
O OH 

NHFmoc 

T(F) 

V 

Solid-Phase Peptide Synthesis (SPPS) 
for fluorinated AFP synthesis J 

Y V 
OH OMe 

Glycosylation for 
fluorinated AFGPs J 

Scheme 1. Synthesis ofT(F) building blocks for the construction of fluorinated AF(G)Ps. 

2.1 The Importance of the Threonine Methyl Group in the 
AFGP Mechanism of Action 

As mentioned in section 1.2.1, threonine's methyl group plays an important 

role in type I AFPs for the prevention of ice growth in biological systems (i.e. due to 

hydrophobic interactions). Recent molecular dynamic simulation studies of N-

acetyl galactose-peptide model systems 10 and 11 (Scheme 2) by Corzana and co­

workers5 show that the methyl group of the threonine has a large influence on the 

conformation of the glycosidic linkage of the glycopeptide. It is well precedented 
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that the three-dimensional orientation of the carbohydrate moiety differs among 

glycopeptides that have different linkers [i.e. threonine or serine).6-8 Also, it has 

been understood that when threonine is the linker, the presence of the methyl 

group restricts rotation around the glycosidic bond and alters the torsion angle in 

comparison to the serine analogue; the torsion angle for ct-D-GalNHAc-Thr is 120° 

and for oc-D-GalNHAc-Ser it is 180°.5 It was previously believed that glycopeptides 

had their respective conformations due to intramolecular hydrogen bonds between 

the carbohydrate and peptide moiety.9 Mimura and co-workers were the first to 

propose this and suggest that a hydrogen bond between the amide hydrogen of the 

C2-NHAc group with the carbonyl of the 0-linked threonine occurs [Scheme 3). 

Although hydrogen bonding was observed for analogue 11, it was never detected 

for the serine analogue 10.10 In addition to these results, Corzana and co-workers 

were not able to detect NOEs between the N-acetyl group of GalNHAc and the 

methyl group of threonine 11. Thus, they concluded that although there may be 

hydrogen bonding, it is too weak to promote conformational changes and that other 

factors must be responsible.10 

OH 
OH/ 

l\-q H O « \ ^ - p A 
AcHN 1 

A C K N - ^ 0 

NHMe 

a-D-GalNHAc-Ser 
10 

OH 
O H / 

U^c. H O - ^ - i - A 
AcHN 1 

A c H N - ^ V * 0 

NHMe 

a-D-GalNHAc-Thr 
11 

Scheme 2. Glycopeptides used for conformational studies by Corzana et al.5 
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H H N 

> - . *CH3 
O' 

Scheme 3. The suggested hydrogen bonding between the carbohydrate and peptide moiety ofa-O-D-
GalNHAc-Ser.' 

An interesting difference between oc-D-GalNHAc-Ser and a-D-GalNHAc-Thr, 

is the presence of water pockets in the surrounding environment; while the serine 

analogue [10] can accommodate water pockets around the GalNHAc and carbonyl 

region of the serine, the threonine (11) derivative could not, suggesting a more 

efficient hydrogen-bonding network around 10.5 This difference in water pocket 

patterns can also infer the ability of a-D-GalNHAc-Thr to irreversibly bind to the ice 

lattice via hydrogen bond networks, which could explain the loss of antifreeze 

activity of a-D-GalNHAc-Ser (10).5 To further determine the factors involved in the 

difference of orientations of the carbohydrate moiety, DFT studies were conducted. 

It was determined that the difference in conformation for 11 is predominantly due 

to the steric interactions between the carbohydrate moiety (endocyclic oxygen) and 

the p-methyl group which results in an eclipsed conformation for a-D-GalNHAc-Thr 

and a torsion angle of 120° (Scheme 4).5 
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R2C2^„ ^ O R i " ^ Endocyclic Oxygen 
V1 

Endocyclic Oxygen 

Scheme 4. Newman Projections of model glycopeptides. Looking at the |3C-0 bond, the serine (top] 
model has an anti arrangement while the threonine (bottom] model has an eclipsed arrangement 
The difference in carbohydrate conformation is believed to be a result of water pockets between the 
peptide and sugar and steric repulsions between the methyl (at |J carbon] and the sugar endocyclic 
oxygen. (B] The steric interactions between the carbohydrate moiety (endocyclic oxygen] and the IB-
methyl group. The eclipsed conformation is preferred for a-D-GalNHAc-Thr resulting in a torsion 
angle of 120°. 

2.2 Properties and Reactivity of Fluorine 

Fluorinated compounds have been known to have interesting properties and 

reactivities due to many distinguished characteristics of the fluorine atom. Firstly, 

fluorine has the largest electronegativity [3.98] of all elements from the periodic 

table and as such has a considerable influence inductively on a molecule. Secondly, 

it is capable of forming very strong bonds with carbon, and lastly, fluorine has a 

large Van der Waals radius (1.47 A], contributing to the steric effects of a molecule. 
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Although they are the least abundant natural organohalides, fluorinated 

compounds have proven to be very influential in chemistry [i.e. synthesis, drug 

design, peptide therapeutics, etc.)11"13 

2.2.1 Electronic Effects with Fluorine 

[fl Acidity and Basicity of Fluorinated Compounds 

Many factors affect the acidity and basicity of a compound including 

resonance, the size of an atom and electronegativity. Therefore, the presence of one 

or more fluorine atoms will undoubtedly affect the pKa of a compound due to its 

powerful electron withdrawing effects. In fact, increasing the fluorine content 

lowers the pKa depending on where the fluorine is located, and this trend is 

observed with acidic compounds such as acetic acid and alcohol derivatives [Table 

1). 

In general, the introduction of a trifluoromethyl [CF3) group adjacent to a 

carboxylic acid or alcohol increases the acidity by 3.5-4.0 pKa units, and the farther 

away the fluorine atom [or fluorine substituent group) is, then the less it is expected 

to affect the acidity. As seen in table 1, an increase in fluorine atoms at the alpha 

position of acetic acid [entries 1-4) results in a stronger inductive effect [CH2F < 

CHF2 < CF3) due to an increase in electronegative atoms. As a result, the oxygen-

hydrogen bond of the acid is weakened causing the proton to be more susceptible to 

dissociation. This same trend is observed for alcohols [entries 5-8) bearing halogen 
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Table 1. 
systems. 
Entry 

pKa of saturated (acetic acid and alcohol derivatives) and unsaturated 
14-16 

Acid X 
H20 

pKa 

DMSO 

1 
2 

3 

4 

O 
CH3 

CH2F 

CHF2 

CF3 

4.76 
2.59 

1.34 

0.5 

12.3 

5 

6 

7 

8 

9 

10 

11 

CX3CH2OH 

(CX)3COH 

X b 

X^^NJH 

CH3 

CF3 

H 

F 

H 

CI 

F 

15.9 

12.5 

19.20 

5.10 

4.25 

1.21 

1.80 

23.5 

-

atoms; As electronegativity of a halogen increases (F > CI > Br > I), so does the 

inductive effect resulting in a substantial decrease in pKa compared to its non-

halogenated form (Table 1). 

While fluorine has a very pronounced effect on saturated compounds, they 

have different effects in unsaturated systems. As mentioned, the electronegativity 

of atoms greatly enhances acidity. Comparing fluorine with chlorine, it is expected 

that the pKa of an acid bearing a fluorine will be lower than one having chlorine (i.e. 

CCI3CH2OH vs. CF3CH2OH) due to its larger electronegativity. However, in the 

presence of an unsaturation, the opposite is actually observed. It appears (Table 1, 

entries 9-11) that the vinyl fluorides slightly increases the pKa. This is due to the 

unique nature of fluorine in that not only does it withdraw electrons away, but it 

44 



can also donate a pair of electrons. This phenomena is thought to occur as one of 

the lone pairs of electrons (from the p-orbital) of fluorine may donate into the p 

orbital of an adjacent unsaturated carbon due to the similarity in size of these two 

orbitals, thereby forming a conjugated system. As a result, electrons are donated 

into this Tt system, increasing electron density and thus decreasing acidity for 

unsaturated/fluorinated compounds.13 An illustration of this electron donating 

effect of fluorine is seen in Scheme 5B. 

fin Electronic Effects of "F" vs. "CF?" Substituent 

As mentioned in the previous section, fluorines are strongly electron 

withdrawing but at the same time, can be electron donating through their lone pair 

of p-electrons. Whether fluorine withdraws or donates electrons is highly 

dependent on the type of fluorinated substituent and if it is next to a a or n system. 

If the substituent group is simply a fluorine atom then it can either 

inductively withdraw electrons away from the reaction centre of a a system or 

donate them through a K system by conjugation. For example, the nitration of 

fluorobenzene (Scheme 5A) is deactivated due to the presence of fluorine, yet it is 

ortho and para directing for the addition of the nitro group. The ability of fluorine 

to donate electrons through conjugation explains the latter result of the reaction. 

As fluorine has three lone pairs of electrons and its 2p orbitals (Scheme 5B) are at 

the proper size for Tt-orbital overlap, electron donation into the aromatic ring is 
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possible causing an increase in electron density at the ortho and para positions 

[Scheme 5C] promoting electrophilic additions at these sites. 

(A) 
FY ĵ HN0,H2S04)t F ^ ^ + F 

NO, 

m 0 <C 

0 0 
"O —10 - * 0 

Scheme 5. The effects of fluorine in unsaturated systems. (A) The nitration of fluorobenzene results in 
ortho- and para- products. [B] This is due to electron donation from the fluorine atom into the n 
system. 

f Reaction "̂  f Sigma ^ ^ 
^ Centre J \^ System J F: 

Inductive Effect 

( Reaction ^ C, 
Centre J \^ Pi System J • F ! 

Inductive Effect 

(A) 

C Reaction A f Sigma A 
I C e n S r e J ^ System J •^CF, 

Inductive Effect 

Csr Hpisystemh^cF2 

e 
F 

Inductive Effect 
Hyperconjugation 

(B) 

Figure 1. The effects of fluorines on both n and a systems. [A] Fluorine substituents are electron 
withdrawing in pi and sigma systems but are only electron donating in pi systems. (B) CF3 groups, 
similarly to fluorine alone, are electron withdrawing by inductive effect but cannot donate electrons 
in pi and sigma systems but can promote negative hyperconjugation in pi systems. 

On the other hand, if the substituent is a CF3 group then it behaves 

completely differently than a single fluorine atom [Figure IB). Having a 

trifluoromethyl group adjacent to a TT-system affects the entire compound by 
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inductively withdrawing electrons but will not promote electron donation. 

Furthermore, if the CF3 group is adjacent to a 71-system, then a phenomenon known 

as negative hyperconjugation may take place through an electron withdrawing 

resonance effect and this will promote nucleophilic additions [Scheme 6]. This 

phenomenon occurs as the C-F bond is elongated by the electron donating effects of 

the it-system thus allowing for nuclophilic attack. 

a 
t & 

Nu 
Scheme 6. Negative Hyperconjugation. 

(iii) Steric Effects of Fluorine 

Fluorine is often used as a substitution for hydrogen in structure activity 

relationship (SAR) studies for many reasons with the intention of improving the 

reactivity or stability of its hydrogen counterpart. Firstly, fluorine substitutions are 

an alternative to hydrogen since it forms stronger bonds with carbon, making this 

an attractive feature for metabolic stability in drug design. This was in fact 

observed with the synthesis of ezetimibe, a lipid-adsorption inhibitor drug with low 

bioavailability (Scheme 7A-B]. Secondly, while fluorine is larger than hydrogen, its 

size does not disturb the overall geometry of certain molecule and therefore acts as 

a decent mimic for its equivalent hydrogen compound.16 Thirdly, the presence of 

fluorine enhances hydrophobicity of organic compounds, which in turn increases 
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the activity of a variety of fluorinated drugs by ameliorating membrane 

permeability and stability within a hydrophobic pocket of an enzyme. Such an 

example is rosuvastatin (an HMGR inhibitors) that inhibit the production of 

cholesterol (Scheme 7C). It was observed through X-ray structure analysis that the 

flurophenyl group of this statin was bound to the hydrophobic pocket of HMGR 

thereby increasing the potency of the drug by inhibiting the substrate HMG-CoA to 

bind to the hydrophobic pocket and catalyze cholesterol synthesis.17 While these 

are all good reasons for substituting hydrogen for fluorine, the fact remains that 

they are not isosteric. The Van der Waals radii for hydrogen and fluorine are 1.2 A 

and 1.47 A, respectively, and their bond lengths are quite different in that a C-F 

bond is much longer (1.38 A) than a C-H bond (1.09 A). These values all indicate 

that fluorine is sterically demanding compared to hydrogen, which could potentially 

be problematic in organic synthesis and drug design. In fact, comparing the Van der 

Waals volumes of CF3 (42.6 A ) to a CH3 (16.8 A) further reiterates this steric 

demand. Overall, the use of fluorine has influenced various aspects of chemistry, 

drug design and synthesis. 
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(A)SCH48461 (B) Ezetimibe (C) Rovustatin 

Scheme 7. The influence of fluorine on drug synthesis. (A) Structure of a potent lipid-absorption 
inhibitor drug with low bioavailability (SCH 48461). (B) Via SAR studies, ezetimibe is synthesized by 
the addition of fluorine atoms to improve bioavailability and enhance metabolic instability of SCH 
48461. (C) Rosuvastatin, a mimic of HMG-CoA, which binds to the hydrophobic pocket of HMGR and 
prevents the biosynthesis of cholesterol. 

(iv) Destabilization of Carbonyl Functional Groups 

Carbonyl functional groups (ketones and aldehydes) vary in stability 

depending on the adjacent substituent groups. A carbonyl's carbon atom is quite 

electron deficient, therefore the addition of neighbouring electron donating groups 

(alkyl or alkoxy] will stabilize the carbonyl to a greater extent, thus decreasing its 

electrophilicity. On the other hand, if a carbonyl is surrounded by electron 

withdrawing groups (i.e. halogens and trifluoromethyl), destabilization occurs 

rendering them more reactive. A good example of this is shown in Scheme 8, where 

a Diels-Alder reaction occurs between cyclopentadiene and a 1:1 mixture of a, p-

unsaturated ketones 12a and 12b.15 
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12a: X = H 
12b: X = F 

o 
CH2CI2 

or 

COCK COCH3 

Conditions Product Formed 

BF3OEt, -78°C 
No Lewis acid 

14 
13 

Scheme 8. Diels-Alder [4+2] cycloaddition. In the presence of BF3-0Et the non-fluorinated 
cycloadduct [14] is produced while in the absence of BF3 OEt, the fluorinated cycloadduct (13) is the 
major product. 

In the absence of a Lewis acid, the predominant final product is the 

fluorinated cycloadduct 13 due to the fact that enone 12b is less electron rich 

allowing it to undergo a rapid [4+2] with cyclopentadiene. However, if BF3-OEt is 

added at -78°C, only compound 14 is formed. These results are not very surprising 

due to the fact that the trifluoromethyl group inductively withdraws electrons away 

from the carbonyl making the oxygen less basic thus. As a result, association 

between the Lewis acid and the carbonyl of 12b does not occur, and an increase in 

reaction rate does not occur. However, the carbonyl of compound 12a is more 

basic, thus allowing for chelation to the Lewis acid, and hence an increase in its 

reactivity; it is apparent that Lewis acid catalysis for 12a strongly out-competes 

that of 12b, and therefore, a [4+2] cycloaddition between 12a and cyclopentadiene 

is favoured to give compound 14. 

From a medicinal chemistry perspective, drugs with trifluoromethyl groups 

alpha to a carbonyl have been advantageous as in the case of serine protease 
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inhibitors [Figure 2), a class of peptide-based drugs used for the treatment of a 

variety of conditions [blood clotting, inflammation and the immune system). The 

presence of the trifluoromethyl group enhances the electrophilicity of the adjacent 

carbonyl group and reaction with the serine alcohol in the active site of the enzyme. 

Figure 2. Serine protease inhibition. The presence of a peptide-based drug in the active site of the 
protease can trap serine's hydroxyl group by covalently bonding to the trifluoro acetyl group. The 
catalytic triad (serine, histidine and asparagine) facilitates this bond formation. 

2.2.2. Hydrogen Bonding Capabilities of Fluorine 

In 1994 interesting results were published by Eric Kool, which questioned 

the leading hydrogen bond theory regarding base pair fidelity in DNA replication. 

Kool's research group synthesized non-polar nuceloside isosteres and revealed that 

DNA replication is likely influenced by steric effects rather than hydrogen bonds as 

been thought for so many decades. Naturally, this "change" in paradigm caused a 

great deal of discussion and debate within the chemistry and biochemistry 

community questioning fluorine's ability to hydrogen bond.18 
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This new theory arose due to the design and synthesis of the nonpolar 

nucleoside dF, a mimic of the thymidine [dT) [Scheme 9). The purpose of 

synthesizing this analog was to test for base pair fidelity with nucleosides that 

mimic steric requirements but cannot form hydrogen bonds. The results obtained 

were important since it was the first set of experiments that have ever been 

conducted to test hydrogen bonding and steric effects of nucleosides separately. 

Bearing this in mind, isostere dF was synthesized since it retained structural 

similarities to the natural nucleoside thymidine but could not hydrogen bond. The 

design of dF was based on two structural differences of thymine. Firstly, the 

oxygens were switched for its isostere [fluorine) as C-0 and C-F bonds are close in 

length and secondly, the N-H bonds were changed to C-H as they are similar in bond 

length as well.18-19 

dT 

Scheme 9. Difluorotoluene nucleoside (dF) as a mimic of natural thymidine (dT). 

Shortly after the synthesis of dF, its properties were examined by X-ray 

crystal structure analysis which revealed its structural similarity to thymidine and 
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its inability to form hydrogen bonds unlike the carbonyl and N-H bonds of native 

thymine.20 These results therefore gave rise to the new hypothesis that base pair 

fidelity depends on steric effects alone. 

If hydrogen bonding rather than steric effects are the predominant factors 

required for base pairing, then the incorporation of dFTP (nucleoside triphosphate 

of dF) into the elongated primer will not occur. Furthermore, if this hypothesis 

holds true, then the incorporation of dA opposite to dF (on the template sequence) 

will not occur as well (Figure 3). As a matter of fact, when dF was included in a 

DNA template strand in place of dT, the DNA polymerase of E. coli accepted this 

compound and was able to efficiently insert adenine opposite to the 

difluorotoluene.21 Again, as dF is incapable of hydrogen bonding, DNA polymerase 

was still able to recognize it and treat it as though it was thymidine suggesting the 

importance of steric effects over H-Bonds (Scheme 8).21 

(A) (B) 

3" — 

y- Jt ,' ^ •} 'r f Template Strand 

A T P ' 

3' -
HO-g? 

[Fj 

i 

Rf 
Uk 

5'triphosphate 

3' 5' 

z\m ffl ffliih Pi 
% k *t ^ !*' 1 Tampiate Strand 

Figure 3. DNA replication studies by Kool et al. (A] the inclusion of dF (denoted as F) in the DNA 
template did not affect the base pairing with dATP. DNA polymerase recognized the nonpolar 
isostere and inserted dATP opposite to it. (B) the presence of dFTP was analogous to dTTP. This 
triphosphate nucleoside was efficiently attached to the 3' end of the primer similarity to thymidine 
triphospate. 
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Unsurprisingly, these published results became of great interest and many 

other researchers became involved in this topic. While some accepted these results, 

many refuted and suggested that the experiments were in error and that 

difluorotoluene was actually polar and could participate in hydrogen bonding 

which would explain its indistinguishable activity to thymidine. To date, there are 

no conclusive results to determine whether or not fluorine can hydrogen bond, but 

the major consensus is that if these interactions do exist then they are so weak that 

they are immeasurable.18 The following points are the results that support this 

conclusion. Firstly, the nucleoside dF was tested for hydrophobicity via the 

partition coefficient [logP) and from these calculations it was apparent that it was 

strongly non polar, diminishing its affinity for water and thereby suggesting its 

unlikeliness to form hydrogen bonds with water molecules. Also, it is known that 

fluorocarbons are generally less polar than its hydrocarbon analog and this is 

effectively seen with the calculated logP of difluorotoluene [0.78) compared to 

regular toluene [0.71). Secondly, the atomic charges of fluorine and hydrogen of 

difluorotoluene were calculated, and comparing these values to its hydrocarbon 

analog, they were much smaller. As hydrogen bonding depends on these charges, 

the results published would suggest that hydrogen bonding must be relatively weak 

in the fluorinated version. Furthermore, X-ray crystal structure analysis of 

compounds having C-F bonds shows little or no indication of hydrogen bonding. 

Lastly, it was observed through various experiments that when dF was 

incorporated into DNA, it was strongly destabilizing when opposite to adenine. The 
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fact that there is destabilization would suggest that there is steric repulsion 

between the two bases rather than attractive hydrogen bond forces.18 

Together, these results do not completely dismiss the hydrogen bonding 

theory but simply imply that steric effects are of greater importance for base 

pairing fidelity in DNA replication. To date, some researchers believe fluorine is 

capable of hydrogen bonding while others have opposing views, and a definitive 

conclusion is yet to be determined. 

2.3 Research Goals 

Fluorine's hydrophobic nature and use in peptide synthesis has been very 

important in the medical field and has been used for diverse applications.11'22-23 

The research conducted herein is based on these aspects and involves the synthesis 

of a non-polar AFP mimic. As mentioned in the previous chapter, type I AFPs have 

antifreeze activity (TH) which were initially believed to be a consequence of 

threonine binding to ice via hydrogen bonds.8 However, recent site directed 

mutagenesis revealed that the hydroxyl groups of threonine believed to take part in 

ice binding may not be as important as previously hypothesized.4 Rather, these 

latter findings suggested that when hydrophobic amino acids (such as valine] 

replaced threonine, TH activity is retained, thus implying a greater importance of 

hydrophobic functional groups (i.e. methyls) in ice binding. Keeping this in mind, 

we have followed a modified synthetic route22-23 to a trifluorinated threonine, T(F), 
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(scheme 10] and have used this synthetic building block for the preparation of non-

polar fluorinated AFPs via for solid-phase peptide synthesis. The targets were two 

peptides, each 13 amino acids in length with a general structure [T(F)XX]4. The two 

peptide sequences built were a trifluorinated threonine-alanine-alanine tripeptide 

repeated four times ([T(F)AA]4] and a trifluorinated threonine-glycine-glycine 

tripeptide ([T(F)GG]4). 

These fluorinated AFPs were thus tested for TH and IRI to determine their 

antifreeze activities. If non-polar functional groups (such as methyl groups of 

threonine or alanine] are the putative binding sites to ice, then one would expect for 

an increase in antifreeze activity in the presence of a very non-polar fluorinated 

threonine due to the hydrophobic nature of the trifluoromethyl group. Conversely, 

if the binding sites are in fact the hydroxyls of threonine, as previously 

hypothesized, then antifreeze activity is expected to be comparable to, or 

diminished relative to native AFP I. The synthesis and antifreeze assays of AFP 

derivatives [T(F]AA]4 and [T(F]GG]4 will be discussed in detail in Chapter 3. 

The synthesis of T(F) was also of interest for glycosylation to further 

investigate the role of the methyl group with respect to antifreeze activity. In 

section 2.1, the methyl group of a-D-GalNHAc-Thr was discussed as a possible 

factor involved in the prevention of ice growth, due to its different conformation 

compared to the inactive a-D-GalNHAc-Ser.4 More importantly, it was observed that 

the water pocket patterns surrounding each glycopeptide differed from one another 

and hydrated the carbohydrate (and hence the glycoconjugate] differently. As such, 
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it was proposed that the solvation shell surrounding oc-D-GalNHAc-Thr was 

favourable for disruption of bulk water thus preventing the growth of ice. However, 

while these recent studies do not provide a conclusive explanation for the mode of 

action of AFGPs, it does suggest that hydration may be a factor. Since it is 

precedented that the presence of fluorine atoms alters its surrounding hydration,24_ 

27 and hydration influences protein function,24_27 the glycosylation of a fluorinated 

threonine could be used as a tool to better understand the factors influencing 

antifreeze activity. The attempted glycosylations will also be of focus in Chapter 3. 

OP 

NHFmoc NHFmoc l ( „ „ * * . « 
r T UvA^-0 P = P r o t e c t m 9 Group 

OAllyl OH OH OCH3 O ^ ^ C F 3 

T(F) 15 ^ L ^ O C H 3 

FmocHN^ > T 

O 
16 

Scheme 10. Targets for AFP and AFGP synthesis. T(F) is the building block synthesized for 
automated peptide synthesis and compound 15 was synthesized for various glycosylation reactions. 
Gycoconjugate 16 is the general structure desired upon glycosylation. 
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Chapter 3: Discussion and Results 

Within the last few decades, fluorinated amino acids have been of great 

interest. As mentioned in chapter 2, the introduction of fluorine atoms greatly 

enhances physical properties, metabolic stability and has influenced the world of 

pharmaceuticals. 

Fluorinated amino acids have been of great interest as they have been used 

to probe biochemical reactions, inhibit certain enzymes and act as antitumour and 

antibacterial agents.1 The synthesis of trifluoroleucine and trifluorovaline have 

demonstrated the importance of fluorinated amino acids as they have both thermal 

and chemical stability. The synthesis of a trifluorothreonine has been of interest as 

it could play an important role in pharmaceuticals but may also be a suitable chiral 

building block for other synthetic pathways as it has three functionalities (hydroxyl, 

amino and carboxylic acid groups). 

Over 50 years ago, Walborsky and Baum published the first synthetic route2 

to a fluorinated threonine and since then various others have been reported.3-5 The 

predominant drawback, however, was the difficulty in obtaining enantiopure 

products. Devising a stereselective route was therefore of great importance and had 

been the main synthetic challenge until a recent publication by Qing et al. described 

the synthesis of an enantiopure fluorinated threonine.1 A few years later, Xiao and 

Jiang published a modified route, which was also stated to be efficient.4 
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Within the last two years, we have attempted to follow a synthetic route 

originally devised by Xiao and Jiang, and while it was a successful approach, many 

changes were required to afford the final fluorinated threonine in good yield 

[approximately 15 % for 13 steps). This newly revised route combines some of the 

synthetic steps used by Qing but various protecting groups were interchanged. 

Schemes 1 to 3 on the following pages illustrates all steps taken to produce T(F). 

3.1 Synthesis of T(F)—The building block for Solid-Phase 
Peptide Synthesis (SPPS) 

Similarly to the Jiang route, commercially available 4,4,4-trifluorocrotonate 

(17) was the substrate of choice to initiate the synthesis (Scheme 1). To begin, ethyl 

ester 17 was reduced with lithium aluminium hydride in the presence of AICI3. 

Upon formation of the primary alcohol, the crude product was treated with 

triethylamine and benzoyl chloride to give 18, a benzoyl protected intermediate in 

70 % yield over two steps. The next step performed was the key transformation for 

installing the stereocentres at the a and (3 positions. To do so, the Jiang group 

performed an asymmetric Sharpless dihydroxylation across the olefin of 18 using 

AD-mix a. This transformation was done in quantitative yield. AD-mix a was used 

to ensure the proper stereochemistry at the a position. Although the 

stereochemistry at the P position is opposite to the native structure, the 

stereocentre at the a carbon is of greater importance. The stereochemistry at the P 
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position is of less importance as precedented by Laursen et al. who revealed that the 

stereochemistry of threonine does not affect the antifreeze activity of AFP I and that 

the D-enantiomer possesses similar activity to the natural L-enantiomer.6 

F a C ^ ^ v J 

1)LiAIH4, AICI3, Et20, 0°C 
0 K 2) BzCI, Pyr, CH2CI2, 0°C 

17 

OH 

F ' C Y^N/ O B Z 

70% 

1)SOCI2, NEt3, CH2CI2, 0°C 
2) RuCI3, Nal04, 

CH3CN, CH2CI2, H2Q, 0°C^ 

80% 

* . r3' F3CS 

OH 

19 

18 

,OBz 

V 
o o 

20 

(DHQ)2PHAL, K2C03, 
K3Fe(CN)6, K2Os02(OH)4 

'BuOH/H2Q, 0°C 

98% 

Scheme 1. Initial synthesis to a trifluorinated threonine, T(F). The first few steps establish the 

stereocentre at the p carbon. 

The next key step [Scheme 2) is to introduce a nitrogen atom at the a 

position to establish the amino functionality of the amino acid. To do this, diol 19 

was treated with SOCb and triethylamine to afford an unstable cyclic sulfite 

intermediate, which was readily oxidized to its cyclic sulfate (20) by ruthenium 

chloride and sodium periodate. The overall yield for these two transformations was 

80 %. To introduce the nitrogen atom, the cyclic sulfate 20 was reacted with 

sodium azide. In situ, the azide nucleophile attacks the a carbon in an SN2 fashion 

and inverts the stereochemistry to mimic that of native threonine. Once the azide 

intermediate (21) was obtained (85 % yield), the subsequent step was to convert it 

to an amino group. A one-pot synthesis was carried out, similar to Qing's method, 
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by reacting intermediate 21 with Pd/C and di-tert-butyl dicarbonate under 

hydrogen gas. By doing so, the azide was reduced to a secondary amine and 

immediately protected with a tert-butyloxycarbonyl (Boc) group to give compound 

22 in 92% yield. 

V° N3 fB 0 C 

Q / \ Q NaN3, DMF, r t ^ p C = — DH/r H_ tw-.n -mc n FS<X > ^ ^OBz 

F3C«i,.\ /.rtrtH 85 % 

H 

20 

3 i? QBz P d / C ' H2 ' Boc2°. THF, r t l " 3 ° N s ^ ' V ^ ^ « -

jf 92 % I 
I OH OH 

OBz OH 

21 22 

Scheme 2. The Synthetic steps towards intermediate 22. These steps incorporate a nitrogen atom at 
the a position in order to convert it to an amine and create the amino functional group of T[F). 

The subsequent steps performed involved modification of the protecting 

groups necessary to install the carboxylic acid at the a position (Scheme 3). The 

goal was to install protecting groups at the amine and secondary hydroxyl that are 

inert to the conditions of a Jones Oxidation to form the building block required for 

solid-phase peptide synthesis. 
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F 3 c > s ^ \ x ^ O H 

27 
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Acetone, 0 °C 
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NHFmoc 

O. OH 

T(F) \ 

Scheme 3. Protecting group manipulations done to produce T(F). These protecting groups were used 
to convert 23 into a stable substrate for a Jones oxidation. 

Firstly, the benzoyl group of 22 was removed by treatment with sodium 

methoxide to afford the primary alcohol 23 in 92 % yield. Upon removal of the 

benzoyl group, the primary alcohol was re-protected with TIPSCI and imidizole (65 

%). This protecting group was chosen to selectively protect the primary alcohol in 

order for the secondary alcohol to be protected with a neutral group such as an allyl 

group. Once compound 24 was formed, it was carefully reacted with allyl bromide 

and NaH to exclusively protect the secondary hydroxyl, as allylation of the nitrogen 

was also possible in the presence of excess NaH. This gave intermediate 25 (80 % 

yield), which was treated with TBAF to selectively remove the TIPS group on the 
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primary alcohol, to afford substrate 26 [90 %). While 26 could have been oxidized 

via Jones oxidation to provide the necessary building block for automated SPPS for 

fluorinated peptides [T(F]AA]4 and [T[F)GG]4, two important limitations prevented 

this step. Firstly, the acid labile nature of the Boc protecting group to the Jones 

oxidation conditions [FhSCH/CrCb) severely lowered the yield. Secondly, Boc 

protecting groups for automated peptide syntheses have become less popular while 

9H-fluoren-9-ylmethoxycarbonyl [Fmoc] chemistry has become widely accepted 

and a better alternative as the latter uses milder and safer conditions.7 Thus, 

converting the Boc protecting group to an Fmoc appeared as a viable option. This 

was easily achieved by reacting compound 26 with TFA followed by N-{9-

fluorenylmethoxycarbonyloxy)-succinimide and sodium bicarbonate in dioxane. 

This gave adduct 27 in 90 % yield which was readily converted to carboxylic acid 28 

via Jones oxidation. This was easily achieved in 80 % yield to give the resulting 

building block which was submitted on the automated peptide synthesizer [APEX) 

which simultaneously built [T[F)AA]4 and [T[F)GG]4 [Scheme 4). 

™YSV^"V 
HCT CF, 

H V^Vs\B 
H 

HO CF3 

J 4 

U(F)AA]4 U(F)GG]4 

Scheme 4. Target antifreeze peptides synthesized via SPPS. 
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Compound 21 was also subjected to a one-pot reaction using Pd/C, H2 and 

Fmoc-succinimide instead of tert-butyl dicarbonate as previously described in an 

attempt to directly synthesize compound 28 [Scheme 5). Unfortunately, low yields 

(10 %) were obtained, as it was likely that competing hydrogenolysis was occurring 

for compound 28. 

F3C«^ > N ^ ^OBz Pd/C, H2, THF, r t Y^^ 70% 
OH 

NH2 

F a C V s > ^ ^ O B z 

OH 

NHFmoc 

F 3 C S j A ^ 0 B z 

OH 

21 28 
21' 10 % 

Scheme 5. The one-pot reaction of compound 21 to form an Fmoc protected analog. 

3.2 Synthesis of AFP analogues [T(F)AA]* and [T(F)GG]4 via 
SPPS 

The target AFPs synthesized were prepared via solid-phase peptide synthesis 

(SPPS) by means of pre-loaded Fmoc-Wang resins. Depending on the AFP to build, 

either Fmoc-Ala-Wang or Fmoc-Gly-Wang resins were used. To remain consistent, 

Wang resins preloaded with alanine were used for [T(F]AA]4 while those pre-loaded 

with glycine were employed for [T(F)GG]4. The loading capacity for the Fmoc-Ala-

Wang and Fmoc-Gly-Wang are 0.60 mmole/g and 0.61 mmole/g, respectively. The 

synthesis of standards [TAA]4 and [TGG]4 were also carried out at the same time. 
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During peptide synthesis, chain elongation proceeded from the C to N-

terminus. To enhance coupling yields and reaction times HCTU (an activating 

reagent) was used and double couplings were done for commercially available 

amino acids. Once the first coupling reaction was complete, treating the resins with 

20% piperidine (in DMF) afforded a deprotected amine of the newly attached amino 

acid thus allowing for a second coupling reaction to occur with another amino acid. 

This cycle was continued until a desired length (12 amino acids) was reached. 

Once the peptide synthesis was complete, the allyl protecting groups of the 

trifluorinated threonine's secondary hydroxyl remained to be cleaved. The most 

efficient manner to proceed was to deprotect the allyl groups while the peptide was 

still supported on the bead. Although there has not been any precedence for this 

type of allyl deprotection, a similar protocol was published by Arya in which 

allyloxycarbonyl (alloc) groups were cleaved from amino acid residues while still 

bound to resins. 8 Thus, test reactions were carried out to determine the proper 

conditions for allyl removal, which led to the use of an iridium catalyst (1 eq. to 

peptide). These deprotections required 24 hours to ensure a complete 

isomerization of the allyl to which the resulting beads were treated with a cleavage 

cocktail (TFA:triisopropylsilane:DCM, 95:2.5:2.5) to cleave the enol ether at the 

secondary hydroxyl and release the peptide from the resin. 

The resulting peptides were then submitted for mass spectral analysis using 

MALDI-TOF and LC-MS. While no mass peak was observed for [T(F)GG]4, MALDI 

analysis of [T(F)AA]4 furnished a molecular ion using the DHB (2,5-
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dihydroxybenzoic acid) matrix. However, the insoluble nature of [T(F)AA]4 was 

problematic as it prevented subsequent purification. As a result, structural 

characterization by NMR spectroscopy proved to be difficult. The proton NMR 

revealed the presence of alanine methyl groups however, impurities complicated 

analysis of the spectrum. In addition, the low solubility (Table 1) also affected the 

quality of the carbon-13 NMR. As the concentration of the sample was low, and 

relaxation times of highly substituted carbons are slow many carbon signals were 

not detected. In order to see these carbon resonances HMBC's were taken. 

Unfortunately, not all of the signals were detected making the characterization of 

this compound difficult by NMR spectroscopy. Although proton and carbon NMR 

analysis could not fully characterize the [T(F)AA]4 polymer, fluorine NMR proved to 

be useful as the occurrence of a single fluorine resonance confirmed the presence of 

a fluorinated compound. Since MALDI-TOF revealed a mass peak for the 

polyalanine AFP, and fluorine NMR revealed the presence of fluorine, it was 

assumed that the repeating nature of the peptide resulted in a single fluorine 

resonance when measured by the NMR spectrometer. Based upon the MALDI-TOF 

analysis and 19F NMR, [T[F]AA]4 was successfully synthesized via SPPS. 

Similar to [T[F)AA]4, the polyglycine AFP was highly insoluble in organic 

solvents precluding full spectral analysis of the crude compound. Unfortunately, the 

MALDI-TOF spectra of [T(F)GG]4 did not produce a molecular ion and the 

fragmentation pattern observed from the spectra revealed a glycine polymer but 

could not confirm the presence of the desired fluorinated AFP. In addition, a 

fluorine NMR was taken which also confirmed the presence of a fluorinated 
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glycopolymer. Although a mass peak was not observed, the 19F NMR results 

obtained from [T(F)GG]4 are encouraging as they are similar to the fluorine NMR of 

[T[F)AA]4, thereby suggesting that the glycopolymer was synthesized. 

Table 1. Solvent systems used in attempt to dissolve both [T(F)GG]4 and [T[F)AA]4. 

Solvent System Composition Result 
CH3CN 100% Poorly Soluble 

1:9 Poorly Soluble 
CH3CN:H20 2:8 Poorly Soluble 

1:1 Poorly Soluble 
H20 100% Insoluble 

CF3CH2OH 100% Poorly Soluble 
TFA 100% Soluble 

In order to test for TH and IRI, purification was necessary. Unfortunately, the 

fluorinated AFPs were insoluble in nearly all solvents, hindering the use of HPLC 

and recrystallization as purification techniques. Table 1 outlines the solvents used 

and their respective composition. As the use of organic solvents was not feasible for 

TH and IRI assays, this posed as a limitation as only water and PBS are used for TH 

and IRI, respectively. Furthermore all IRI assays are standardized to be performed 

in aqueous solvents and are very susceptible to solvent additives.9 Neverthless, 

various mixtures of acetonitrile and water were attempted in addition to a 

fluorinated solvent such as trifluoroethanol (Table 1]. These AFP peptides were 

insoluble in nearly all organic solvents and poorly soluble in water and acetonitrile 

as observed during the transferring of solutions for MALDI samples. The only 

solvent that completely dissolved the fluorinated peptides was TFA. And even so, 
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the peptides would precipitate from TFA upon addition of small amounts of water. 

As time would not permit for further investigation, the crude peptides were 

dissolved by sonication and tested for TH and IRI. The samples tested for TH were 

sonicated in doubly distilled water, while those tested for IRI were dissolved in 

phosphate-buffered saline [PBS) solution. 

3.3 Assay for Antifreeze Activity 

3.3.1 TH Results 

To measure TH, nanolitre osmometry was performed using a Clifton 

nanoliter osmometer similar to the one employed by Chakrabarrty and Hew.10 This 

procedure requires the insertion of a solution [approximately 10 nL of a 10 mg/mL 

solution) into an oil droplet located within the pores of thin metal plate placed on a 

cooled Peletier unit, which regulates temperature. The purpose of using mineral oil 

is for the sample to remain intact and untouched from surrounding wall of the wells 

and to prevent evaporation. The oil droplet containing the solution to test is then 

flash frozen [-30°C) and then slowly thawed until one stable ice crystal remained. 

The temperature at which this single crystal grows and shrinks is referred to as the 

melting and freezing point, respectively. If an antifreeze additive [possessing TH) is 

present, then a single hexagonal bipyramidal shaped crystal will form and will 

remain static in size until the freezing point of the solution is exceeded, resulting in 

rapid crystal growth. 
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Figure 1 illustrates the images captured during TH testing of sample 

solutions (10 mg/mL] of [T(F)AA]4 and [T(F)GG]4. It is obvious from these images 

that there is no TH activity as the shape of both crystals is completely spherical. As 

dynamic ice shaping causes crystals to have a hexagonal bipyramial shape, the 

spherically-shaped ice crystals suggest that these synthetic AFPs do not exhibit DIS 

implying that they are unable to bind to ice. Furthermore, it was observed 

experimentally that when the temperature decreased by increments of 0.1°C, the 

size of the crystal was not uniform and was continuously expanding. Together, 

these observations clearly indicate the absence of TH. 

Figure 1. Images of ice crystals grown from solutions of (A) [T(F)AA]4 (10 mg/mL) and (B) 
[T(F)GG]4 (10 mg/mL). All samples were dissolved in doubly distilled water. 

As the hydrophobic effect was investigated for antifreeze activity (in terms of 

TH), it appears that the presence of fluorine atoms does not influence its adsorption 

to ice. A possible explanation for these results may be the solubility issues 

encountered during testing. As TH is reported to be a function of concentration, the 

low solubility of the fluorinated peptides would give an AFP solution with a 

sufficiently low concentration.11 If the concentration of AFP in solution is too low, 
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then the likelihood of AFPs inhibiting ice growth is diminished, as there may not be 

enough molecules to bind to ice. 

To overcome this solubility issue, a mixture of TFA, acetonitrile and water 

(9:4:7) was used. This solvent system appeared to be the best combination of 

solvents containining a minimal amount of non-polar additives. Unfortunately 

during the assay procedure, the injection of the sample solution into the mineral oil 

was not successful because the organic additives prevented the proper suspension 

of the aqueous droplet into the oil. 

3.3.2 IRI Results 

Nearly ten years ago, a plant AFP was isolated possessing only IRI and 

lacking TH.12 This was surprising as it had always been assumed that these two 

properties worked hand-in-hand. As TH is associated with dynamic ice shaping, the 

production of needle-shaped crystals is detrimental to biological systems as it may 

cause damage to cells and tissue.13 Therefore, it is generally accepted that IRI is of 

greater importance for cryoprotection, highlighting its importance over TH. Having 

said this, our research group is interested in the production of antifreeze 

compounds possessing only IRI due to its applications as a cryoprotectant for the 

preservation of cells, tissues and organs.14-1S 
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To determine IRI activity for [T(F)GG]4 and [T[F)AA]4, the "splat cooling" 

method devised by Knight and co-workers was implemented.16 It has been 

experimentally observed that IRI activity is greatly dependant on concentration. 

For example, at exceedingly high concentrations, a false positive may result while at 

lower concentrations, IRI activity may not be observed. It has been previously 

shown that the optimal concentration within the dynamic range is 5.5 uM.14-17 As 

such, AFP sample solutions with this concentration were prepared for testing by 

dissolving each peptide in PBS solution and sonicating for 2-4 hours. To begin the 

assay, 10 u.1 of solution was dropped above a pre-cooled aluminum plate [placed on 

dry ice) thereby freezing instantaneously upon contact. A thin wafer [50 um) about 

5 mm in radius is produced which is carefully scraped off the plate and transferred 

onto a pre-cooled cover slip and positioned onto a Pelletier unit cooled to -6.4°C. 

Once placed within the Peletier unit, the wafer was left to anneal for 30 minutes and 

then photographed under a microscope to determine the mean grain size of the 

crystals. To ensure consistent results, each sample was dropped three times and 

photographed multiple times. In addition to the AFP samples, two standards 

[[TAA]4 and [TGG]4) samples and PBS were assayed. 

The IRI results for each AFP solution [5.5 jxM) are summarized in Figure 2. A 

phosphate buffered saline [PBS) solution was used as the negative control to which 

all samples are compared. Bars shorter than PBS are suggestive of ice 

recrystallization inhibition activity. Although the bars representing AFPs are 

slightly shorter than PBS, they indicate very weak activity. The percent mean grain 
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size (MGS) relative to PBS for [T[F]AA]4, [T(F)GG]4, [TAA]4 and [TGG]4is 84%, 90%, 

84% and 95%, respectively. It appears that the introduction of fluorine for [TAA]4 

has no effect on IRI activity and that for [TGG]4 increases activity slightly. 

A major concern regarding these results is the purity of the each peptide. As 

mentioned, the solubility of both fluorinated peptides in various solvents was 

difficult to achieve, thus preventing their purification via HPLC or recrystallization. 

Even though misrepresentative results were likely to be attained, testing was 

carried out to verify for antifreeze activity. While it is difficult to draw definitive 

conclusions related to activity based on the crude, it appears that peptides primarily 

made of alanine inhibit ice recrystalliation slightly better than glycine. 

0.01400 

iT- 0.01200 
E 
J . 0.01000 
a> 
jjjj 0.00800 
c 
"jo 0.00600 
(9 
£ 0.00400 
TO 

= 0.00200 

0.00000 

100.000 
CO 
0 . 
o 
a> 

60.000 s 

8. 
tn 
o 

80.000 

40.000 

i 
20.000 

* 0.000 

[TAA]4 [T(F)AA]4 [TGG]4 [T(F]GG]4 

5.5xlO-6M 

PBS 

Figure 2. Mean grain size of fluorinated AFPs QTfF)AA]4 and [TfF)GG]4), standards ([TAA]4 and 
[TGGJ4), and PBS solution annealed for 30 minutes at -6.4°C. The concentration of each AFP solution 
is 5.5 x 10-6 M. 
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The only viable trend observed in Figure 2 is the fact that peptides containing 

alanine residues have better IRI activity than glycine. Table 2 summarizes the 

literature values for partial molar volume (PMV), partial molar compressibility 

(PMC), hydration number and hydration index (HI) of alanine and glycine.18 

Previous work has shown that these parameters are correlated to IRI activity in 

carbohydrates.19 For example, an decrease in PMC or an increase in the hydration 

index results in an increased IRI activity. 

Table 2. The physical properties of alanine and glycine likely to be correlated to IRI 
activity. Below are the partial molar compressibility (PMC) (cm3/molbar), partial 
molar volumes (PMV) (cm3/mol), hydration number and hydration index values 
(mol/cm3) of Ala and Gly. 

Amino Acid 

Alanine 
Glycine 

PMC 
(cm3/molbar) 

-25.56 
-27.00 

PMV 
(cm3/mol) 

60.47 
43.19 

Hydration 
Number 

6.2 
5.5 

Hydration 
Index 

0.102 
0.127 

The values listed in Table 2 are contradictory to what is observed in Figure 2. 

Table 2 shows that glycine is expected to be a better amino acid for ice 

recrystallization inhibition as it has the lowest value for partial molar 

compressibility, suggesting a poor fit with the hydrogen-bonding network of water 

thereby resulting in the disruption of bulk water. Furthermore, the calculated HI 

values are contradictory to the IRI results, in that a larger value (i.e. 0.127 for 

glycine) would represent better IRI activity, which it does not when compared to 

[TAA]4 and [T(F)AA]4. This poor correlation between IRI activity and hydration 

parameters may be due to the fact that peptide hydration is more complicated than 

simple carbohydrates due to the possibility of various peptide secondary structures 

75 



which can affect overall hydration. The ability of polyglycine AFPs to inhibit the 

growth of ice better than polyalanine AFPs could be to due to the flexible nature of 

the former (as it lacks a methyl), thus allowing for interaction with multiple ice 

crystals which subsequently hinders the amalgamation of smaller ice crystals into 

larger ones. 

These results are likely a consequence of impurities present within the AFP 

samples. It is known that the IRI assay employed is sensitive to impurities as it may 

prevent some of the water from freezing during annealing temperature.16 

3.4 Glycosylation of 4.4.4-trifluorothreonine 

In addition to AFPs, antifreeze activity has also been observed among 

glycopeptides. As such, the glycosylation of 4,4,4-trifluorothreonine at its secondary 

hydroxyl was of interest. Shown in Scheme 7 are three attempts for the formation of 

an oc-O-linked fluorinated glycoconjugate. 

Before performing glycosylation reactions, building block T(F) that was 

initially synthesized for SPPS required proper protecting group manipulations to 

produce 31, the fluorinated threonine to be glycosylated. Scheme 6 illustrates the 

necessary steps taken. The first transformation involved the protection of the 

carboxylic acid, in which T(F) was methylated by treatment with thionyl chloride 

and methanol [70 %). Next, the allyl group was cleaved using an iridium catalyst 
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[[l,5-Cyclooctadiene)bis[methyldiphenylphosphine)iridium(I]-hexafluoro-

phosphate] to isomerize the terminal double bond into its corresponding enol ether, 

followed by its cleavage by the addition of excess h and water to afford the 

secondary hydroxyl. Once the desired fluorinated threonine 30 was attained [60 

%), it was exposed to typical glycosylation conditions (Scheme 7). 
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Scheme 6. Protecting group modifications to produce compound 30, the fluorinated threonine 
required for glycosylation. 
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Scheme 7. Various glycosides and conditions used to glycosylate the secondary hydroxyl of 30. 
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The first glycosylation involved the addition a (i-D-thioglycoside [31] to 

threonine 30 followed by the addition of AModosuccinimide (NIS) and then 

trimethylsilyl trifluoromethansulfonate (TMSOTf) to activate the carbohydrate 

donor. The addition order of reagents is important, as this limits unwanted 

byproducts. Analysis by TLC indicated that the thioglycoside appeared to be 

consumed while compound 30 still remained present in the reaction mixture. Even 

though the reaction was left to stir overnight for several days, analysis by 

electrospray ionization (ESI) and nuclear magnetic resonance (NMR) spectroscopy 

did not reveal a desired mass peak and formation of a glyconjugate was not 

apparent. As such, it was concluded that no reaction occurred between 30 and 31, 

and that the carbohydrate was likely consumed by iodination of the thiophenol 

group, which would eventually become hydrolyzed if any moisture were present. 

The second glycosylation utilized an anomeric mixture of a perbenzylated 

galactopyranoside (32) treated with a Lewis acid such as BF3-OEt2. During this 

glycosylation, boron trifluoride was expected to complex to the carbonyl of the 

anomeric acetate in order to activate the formation of its corresponding 

oxocarbenium, thereby allowing nucleophilic attack by 30. Unfortunately, ESI did 

not reveal a mass peak, and proton NMR did not show a glycoconjugate. Instead, 

threonine 30 remained unreacted as observed by TLC. After these two failed 

attempts, it was clear that the fluorinated threonine 30 was inert in these reaction 

mixtures. Possible explanations for this could be steric hindrance of the 

trifluoromethyl group and poor nucleophilicity of the secondary alcohol. As 

fluorines are large atoms, a CF3 group adjacent to the secondary hydroxyl would 
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render the reaction site bulky and as fluorines are very electronegative and electron 

withdrawing, the nucleophilicity of the hydroxyl is expected to decrease. These two 

factors would cause the fluorinated threonine to become unreactive during 

glycosylation reactions. 

In an attempt to increase the nucleophilicity of 30, a modified Koenig-Knorr 

glycosylation was carried out (Scheme 7C) similar to the one reported by Green et 

al.20 Green and co-workers modified the procedure by including a base (lutidine] in 

order to increase the nucleophilicity of p-nitrophenol during a reaction with an a-D-

glucopyranosyl bromide. The incorporation of a base in the reaction mixture is 

expected to increase nucleophilicity by deprotonating the hydroxyl and forming a 

reactive anion. Similarily, lutidine was used for the glyocsylation of 30, to 

deprotonate the secondary hydroxyl. For the glycosylation shown in Scheme 7C, the 

first step taken was to dissolve threonine 30, lutidine and Ag2C03 (in anhydrous 

dichloromethane) followed by the addition of the P-D-bromoglycoside 33. As the 

previous glycosylations failed to form a glycoconjugate at cold temperatures, the 

reagents were added at room temperature and stirred overnight. Similarly to the 

previous two trials, no glycosylation was observed. Rather, NMR spectroscopy 

revealed a dimer of the carbohydrate 33. Unfortunately, time did not permit for 

further investigation into conditions to promote a glycosylation, and formation an 

0-linked glycoconjugate was not attained. Nevertheless, many other glycosylations 

conditions may be attempted. For example, the glycosylation of threonine may be 

achieved by using a donor such as a 2-nitroglycal in the presence of potassium tert-
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butoxide. It is known that these conditions almost exclusively give an a-glycosidic 

linkage thus making this pathway worth investigating. While there are many 

glycosyl donors to explore (i.e. glycals, glycosyl fluorides, sulphenyl glycosides or 0-

glycosyl trichloroacetimidates) we may also probe in the use of a base to increase 

the nucleophilicity of the secondary hydroxyl of threonine by its deprotonation. A 

variety of bases (i.e. pyridines, trialkylamines] may be used, however, it is important 

to note that the protecting group chosen for the amine of threonine 30 must not be 

sensitive to strong bases and must be converted to protecting group that withstands 

conditions at a high pH (i.e. Boc).21 

Although the building block T(F) was successfully synthesized in decent 

yield (overall 15 %), the synthesis of fluorinated antifreeze proteins incorporating 

T(F) in the peptide sequence proved to be challenging. The results obtained 

indicate no thermal hysteresis but very weak IRI activity as the mean grain size of 

[T(F)GG]4 and [T(F)AA]4 are 90% and 84%, respectively. Although solubility was 

the primary issue, testing was still carried out. Unfortunately, the results obtained 

were contradictory to what was expected. The polyglycine AFP was expected to 

exhibit better IRI activity than [T(F]AA]4 as it is more flexible (due to the absence of 

methyl groups) thus allowing for better interaction with multiple ice crystals. 

However, the presence of impurities in these samples could have greatly affected 

the outcome of these results as they could have interacted with water during 

annealing. Furthermore, despite not knowing the exact purity of [TAA]4 and 

[T(F)AA]4, the mean grain size (MGS) of these two AFPs are very close in value 

suggesting that hydrophobic interactions are not important for IRI. Although these 
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results are based on crude samples, additional studies are required in order to 

definitively determine the effects of hydrophobic residues. 

To overcome the issues associated of solubility, we may try to incorporate 

polar residues (i.e. lysine, arginine, serine or threonine) to the beginning and end of 

the fluorinated peptides to increase solubility in aqueous media without affecting 

the secondary structure of the peptide or its putative binding sites to ice. 

Alternatively, a series of fluorinated AFPs which contain an increasing number of 

fluorinated threonine residues may be synthesized. Since four fluorinated threonine 

residues ([T(F)GG]4 and [T(F)AA]4) cause solubility issues, then peptide sequences 

with fewer fluorinated amino acids should be investigated. As such, the synthesis of 

a peptide sequence with a general structure of [T(F)XX]n (X = Gly or Ala) should be 

explored with varying length (n = 1, 2 or 3) in order to accurately determine the 

effects of fluorinated residues on solubility. 
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Supporting Information 

(a) General Experimental1 

All anhydrous reactions were performed in flame-dried or oven-dried glassware under a 
positive pressure of dry argon or nitrogen. Air or moisture-sensitive reagents and 
anhydrous solvents were transferred with oven-dried syringes or cannulae. All flash 
chromatography was performed with E. Merck silica gel 60 (230-400 mesh). All 
solution phase reactions were monitored using analytical thin layer chromatography 
(TLC) with 0.2 mm pre-coated silica gel aluminum plates 60 F254 (E. Merck). 
Components were visualized by illumination with a short-wavelength (254 nm) ultra­
violet light and/or staining ( potassium permanganate, phosphomolybdate or ninhyrin 
stain solution). All solvents used for anhydrous reactions were 
distilled. Tetrahydrofuran (THF) and diethyl ether were distilled from 
sodium/benzophenone under nitrogen. Dichloromethane, acetonitrile, and triethylamine 
were distilled from calcium hydride. A^-ZV-Dimethylformamide (DMF) was stored 
over activated 4A molecular sieves under argon. 

All spectra ('H, 13C and 19F) were acquired at room temperature. Samples were dissolved 
in either deuterated chloroform (CDCI3), methanol (MeOD) or water (D2O). Proton 
spectra were obtained by either a Bruker Avance 300, 400 or 500 MHz or INOVA 500 
MHz. 13C NMR data were recorded from an INOVA 500 MHz spectrometer and fluorine 
19 NMRs were all taken on the Bruker Avance 400 MHz. Splitting patterns are 
designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet and br, 
broad. Low resolution mass spectrometry (LRMS) was performed on a Micromass 
Quatro-LC Electrospray spectrometer with a pump rate of 20 uL/min using electrospray 
ionization (ESI) or a Voyager DE-Pro matrix-assisted desorption ionization-time of flight 
(MALDI-TOF), (Applied Biosystem, Foster City, CA) mass spectrometer operated in the 
reflectron/positive-ion mode with DHB in 20% EtOH/H20 as the MALDI matrix. 
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(b) General Procedure for Synthesis of T(F) 

(i) (E)-l-Benzyloxy-4,4,4-trifluoro-2-butene (18)2 

To a flame-dried flask under argon, UAIH4 [13.6 g, 0.350 mol) was dissolved in 
diethyl ether [250 mL) at 0°C to which a solution (40 mL) of AICI3 (16.7 g, 0.125 
mol) was added. The reaction mixture was left to stir at 0°C for 15 minutes to which 
4,4,4-trifluorocrotonate (17, 25 g, 0.15 mol) was added. The reaction mixture was 
left to stir for 4 hours until completion. Once the reaction was complete, water (13 
mL), 10% NaOH (29 mL) and a second portion of water (43 mL) was added 
dropwise at 0°C. The resulting reaction mixture was filtered and the solvent was 
evaporated by distillation. The crude product was then dissolved in anhydrous 
methylene chloride (50 mL) and pyridine (26 mL, 0.37 mol) and benzoyl chloride 
(43 mL, 0.37 mol) were added at 0°C and left to stir overnight at room temperature. 
Once the benzoylation was complete, the reaction mixture was neutralized (10 % 
HCl) and the organic layer was collected while the aqueous layer was extracted with 
diethyl ether (3 x 20 mL). The combined organic phases were washed with a 
saturated solution of NazC03 (20 mL) followed by brine (20 mL) and then dried over 
Na2S04 and concentrated in vacuo. The crude product was purified multiple times 
by column chromatography (100 % toluene) to give a clear, colourless oil in 70 % 
yield. NMR data obtained matched that of literature.2 

m NMR (500 MHz, CDCb): 5 8.07-7.45 (m, 5H), 6.57-6.51 (m, 1H), 6.00-5.93 (m, 1H), 
4.96-4.94 (m, 2H). 
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Cii) (25,3«)-l-Benzoyl-4,4,4-trifluoro-2,3-butanediol (19)2 

To a 1:1 mixture of tert-butanol [30 mL) and water (30 mL), AD-mix a (8.5 g) was 
added. Once the AD-mix a was completely dissolved, olefin 18 (1.6 g, 6.9 mmol) 
was added and the reaction mixture was left to stir overnight at room temperature. 
Then Na2S03 was added to the orange coloured solution and was stirred for an 
additional 30 minutes. The resulting clean brown solution was extracted with ethyl 
acetate (3x15 mL). The combined organic layers were washed with brine, dried 
with Na2S04 and concentrated by rotary evaporation. The crude product was 
purified by column chromatography (5:1 petroleum ethenethyl acetate) to give diol 
19, a white solid, in 100 % yield. NMR data obtained matched that of literature.2 

*H NMR (500 MHz, CDCb): 8 8.03-7.44 (m, 5H), 4.50-4.43 (m, 2H), 4.36-4.33 (m, 1H), 
4.04-3.99 (m, 1H), 3.16 ( d j = 8.7 Hz), 2.73 (d,/ = 4.9 Hz). 

V° 
o o 
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(iii) [3R, 45)-3-benzoyl-4,4,4-trifluoromethyl-2,2-dioxo-l,3,2-dioxathiolane (20)z 

To a flask containing diol 19 (2.14 g, 8.11 mmol), anhydrous methylene chloride (40 
mL) and triethylamine (4.5 mL, 33 mmol) were added and cooled to 0°C. Then 
SOCh (1.2 mL, 16 mmol) was added dropwise and the reaction mixture turned into 
a dark brown solution. The reaction was left to stir at 0°C until completion (1 hour) 
and then diluted with diethyl ether (20 mL) and water (20 mL). The organic layer 
was separated and the aqueous layer was extracted with diethyl ether (3 x 15 mL). 
The combined organic layers were washed with brine, dried over Na2SCh, filtered 
and evaporated. The resulting cyclic sulfite (2.59 g) was dissolved in water (20 mL), 
DCM (15 mL) and CH3CN (15 mL) and NaI04 (2.1 g, 9.9 mmol) was added followed 
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by RuCb [5 mg). The reaction mixture was left to stir for 6 hours until the oxidation 
was complete and saturdated Na2CC>3 [20 mL) and diethyl ether [20 mL) were 
added. The resulting reaction mixture was filtered through a pad of celite and the 
organic layer was collected while the aqueous layer was extracted with diethyl ether 
[3x15 mL). The combined organic phases were dried over Na2S04, filtered and 
concentrated in vacuo. The brown crude oil was purified by column 
chromatography [petroleum ethenethyl acetate 10:1) to give a white solid [80 %). 
NMR data obtained matched that of literature.2 

!H NMR [400 MHz, CDCb): 6 8.06-7.46 [m, 5H), 5.29-5.25 [m, IH), 5.10 [m, IH), 4.79 
[ddji = 13.1,/2 = 3.76 Hz), 4.65 (dd,/i = 13.1,4.32 Hz). 

N3 

OH 

(iv) (2/?,3K)-l-Benzoyl-2-azido-4,4,4-trifluorobiitan-3-ol (21)2 

A solution of cyclic sulfate 20 [1.74 g, 5.61 mmol) and NaN3 [730 mg, 11.2 mmol) in 
DMF [23 mL) was stirred for 4 hours at room temperature. Once the reaction was 
complete, the solvent was removed by distillation under pressure and the resulting 
crude product was dilutd with THF [20 mL) and water [1 mL) and 75 % sulfuric acid 
[0.5 mL) and stirred for a half hour. Then NaHSCh [excess) was added and the 
reaction was left to stir for an additional hour. The crude product was filtered 
through a pad of silica and the filtrate was evaporated in vacuo. The crude was 
puridied by column chromatography [petroleum ethenethyl acetate 8:1) to give a 
white solid in 85 % yield. NMR data obtained matched that of literature.2 

*H NMR [500 MHz, CDCb): 8 8.04-7.44 [m, 5H), 4.72 (ddji = 11.9,/2 = 3.1 Hz, IH), 
4.64 [ddji = 11.9J2 = 6.85 Hz, IH), 4.14 [m, IH), 3.96 [tdji = 6.8J2 = 3.2 Hz, IH), 
3.42 [br d, IH). IR [film) vmax = 2111.91 
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NHBoc 

F,C^ J^ ^OBz 

OH 

(v) (2J^3fl)-l-Benzoyl-2-(tert-butoxycarbonyl)amino-4,4,4-trifluorobutan-3-ol 
(22)3 
A one-pot reaction to reduce the azide and protect the primary amine produced was 
performed by dissolving intermediate 21 [1.07 g, 3.71 mmol) in THF [8 mL) and 
adding Pd/C and di-tert-butyl-dicarbonate [1.2 g, 5.6 mmol]. The resulting mixture 
was degassed and H2 gas was added. The reaction was left to stir overnight at 
ambient temperature. Once the reaction was complete, the solution was filtered 
through a pad of celite and the filtrate was evaporate in vacuo. The final product, a 
white solid, was obtained in 92 % yield. For greater purity, column chromatography 
was performed [petroleum ethenethyl acetate 9:1). NMR data obtained matched 
that of literature.2 

*H NMR [300 MHz, CDCh): 5 8.08-7.46 [m, 5H), 5.08 [ d j = 8.1 Hz, 1H], 4.70 [dd,/i 
=11.6,]2 = 6.9 Hz, 1H), 4.48 [dd,/i =11.8,]2 = 4.1 Hz, 1H), 4.35 [m, 1H), 4.24 [m, 1H), 
4.04 [d,/i = 6.5 Hz, 1H], 1.45 [s, 9H). 

NHBoc 

F,C^ J^ ^OH 

OH 

(vi)(2/?,3«)-2-(tert-Butoxycarbonyl)amino-4,4,4-trifluoro-l,3-butandiol(23)3 

To a solution of compound 22 [1.64 g, 4.52 mmol) in methanol [8 mL), NaOMe [1M, 
13.5 mL, 13.5 mmol) was added at ambient temperature and stirred for 1 hour. 
Then acidic resins were added to neutralize the reaction mixture and the filtrate 
was collected and evaporated in vacuo. The crude product was purified from methyl 
benzoate by column chromatography [7:3 petroleum ethenethyl acetate), to give a 
white solid [92 %). NMR data obtained matched that of literature.3 

!H NMR [300 MHz, MeOD): 5 4.03-3.96 [m, 1H), 3.81-3.65 [m, 3H), 1.41 [s, 9H). 
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NHBoc 

F,C^ J^ JDTIPS 

OH 

(vii) (2R,3i?)-l-Triisoprpylsilyl-2-(tert-Butoxycarbonyl)amino-4,4,4-trifluoro-
3-butanol (24) 
To a solution of intermediate 23 [700 mg, 2.70 mmol) in anhydrous methylene 
chloride [14 mL), imidazaole [370 mg, 5.44 mmol) and TIPSC1 (700 jxL, 3.30 mmol) 
was added at 0°C. The reaction mixture was left to stir overnight at ambient 
temperature. Then 10% HC1 was used to neutralize the reaction mixture and the 
organic layer was collected and the aqueous layer was extracted with diethyl ether 
(3x5 mL). The combined organic layer was dried over Na2S04, filtered and 
evaporated in vacuo. The crude product was purified by column chromatography 
(95:5 petroleum ethenethyl acetate). 
*H NMR (500 MHz, CDC13): 8 5.34 (d,/ =8.8 Hz, 1H), 4.63 (d,/ = 9.2 Hz), 4.17-4.10 
(m, 2H), 3.94-3.91 (m, 2H), 1.42 (s, 9H), 1.14-1.07 (m, 21H). 13C NMR (126 MHz, 
CDCI3): 8 155.25,124.38 (q,/ = 283.24), 80.22, 73.33 ( q j = 120 Hz), 64.63, 49.41, 
28.24,17.70,11.55.19F NMR (100 MHz, CDCI3): 8 -76.5. LRMS calcd for (M+H)+ 

415.236, (M+Na)+ 438.226, found 438.4. 

NHBoc 

F,C^ J^ ^OTIPS 

OAllyl 

(viii) (2/?,3/?)-l-Triisoprpylsilyl-2-(tert-Butoxycarbonyl)amino-3-allyI-4,4,4-
trifluoro-butane (25) 
To a solution of intermediate 24 (1.07 g, 2.58 mmol) in DMF (30 mL), allyl bromide 
(440 jxL, 5.13 mmol) was added. Then in 5 mg portions, NaH was added over period 
of 1 hour at 0°C, and the reaction mixture was left to stir overnight at room 
temperature. The DMF was then removed in vacuo, and the crude product was 
purified by column chromatography (98.5:1.5 petroleum ethenethyl acetate) to give 
intrmediate 25, a clear and colourless oil (80 %). *H NMR (500 MHz, CDCI3): 8 5.90-
5.79 (m, 2H), 5.28-5.01 (m, 4H), 4.28-4.19 (m, 2H), 4.02-3.76 (m, 5H), 1.40 (s, 9H), 
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1.04 (m, 21H). 13C NMR [126 MHz, CDC13): 8 155.08,133.39,125.2 (q,/= 285.33), 
79.68, 75.47, 61.68, 51.42, 28.29,17.95,11.89.19F NMR [400 MHz, CDCI3): 8 -72.9. 

NHBoc 

OAllyl 

(ix) (ZR.S^-Z-Ctert-ButoxycarbonylJamino-S-allyl^^^-trifluoro-l-butanolCZe) 
For TIPS cleavage, TBAF [235 mg, 0.90 mmol) was added to a solution of 24 [340 
mg, 0.747 rarao) in anhydrous THF [5 mL) under argon. The raction was left to stir 
overnight at room temperature. Then 10 % HC1 was added and the organic layer 
was collected and the aqueous layer was extracted with ethyl acetate [3 x 10 mL). 
The combined organic layers were washed with saturaded sodium bicarbonate, 
washed with brine, dried over Na2S04, filtered and concentrated by rotary 
evaporation under pressure. The crude product was purified by column 
chromatography [petroleum ethenethyl acetate 4:1) to give a white solid in 90 % 
yield. *H NMR (500 MHz, CDCI3): 8 5.90-5.82 (m, IH), 5.31-5.25 [m, 3H), 4.33 (dd,/i 
= 12.4,]2 = 5.7 Hz, IH), 4.14-4.03 [m, 3H), 3.82 (m, IH), 3.67 [br d,/ = 10.1 Hz, IH), 
1.44 (s, 9H). 13C NMR (126 MHz, CDCI3): 8 155.44,132.73,125.74,123.47,119.64, 
80.17, 74.57, 61.82, 50.40, 28.28.19F NMR (400 MHz, CDCI3): 8 -73.3. LRMS calcd for 
(M+H)+ 299.134, (M+Na)+ 322.124, found 322.128. 

NHFmoc 

F3C^ J^ ^OH 

OAllyl 

(x) (2/?,3i?)-2-(9H-fluoren-9-ylmethoxycarbonyl)amino-3-allyl-4>4,4-trifluoro-
1-butanol (27) 
To a flask containing 26 (383 mg, 1.28 mmol) a 1:1 mixture of DCM and TFA (g mL), 
was added and the reaction was stirred for 1 hour at ambient temperature. Then, 
the solvent was evaporated and a 1:1 mixture of dioxane and 10% sodium 
bicarbonate was added (8 mL) followed by Fmoc-OSucc (540 mg, 1.99 mmol). The 
resulting mixture was left to stir overnight at ambient temperature. Ethyl acetate 
was then added and the organic layer was collected while the aqueous layer was 
extracted with ethyl acetate (3 x 10 mL). The combined organic layers were was 
with brine, dried over Na2S04, filtered and evaporated in vacuo. The resulting 
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yellow crude product was purified by column chromatography [petroleum 
ether:ethyl acetate 4:1) to give a white solid, in 90 % yield. *H NMR [500 MHz, 
CDCh): 8 7.76-7.29 (m, 8H), 5.86-5.80 [m, IH), 5.55 (br d,] = 7.6 Hz, IH), 5.27 (d,/ 
=17.4 Hz, IH), 5.21 [ d j = 10.3 Hz, IH), 4.45-4.43 [m, 2H), 4.33-4.29 (dd,/ = 12.5, 
IH), 4.22-4.19 [ t j = 6.55 Hz, IH), 4.07-4.00 [m, 3H), 3.92-3.89 (m, IH), 3.71-3.67 
[m, IH), 2.30 {dd, Ji = 8.9 Hz,/2= 2.8 Hz, IH). 13C NMR [126 MHz, CDC13): 5 155.86, 
143.74,143.61,141.33,132.62,127.76,127.05,124.92,120.03,119.69, 74.70, 
66.86, 61.52, 50.75, 47.18.19F NMR [400 MHz, CDCI3): 8 -73.3. LRMS calcd for 
[M+H)+ 421.150, (M+Na)+ 444.139, found 444.156. 

NHFmoc 

FaC, YY 
OAllyl OH 

(xi) (2ft3K)-2-(9H-fluoren-9-ylmethoxycarbonyl)amino-3-allyl-4,4,4-
trifluoro-butanoic acid (T(F)) 
To a solution of 26 [260 mg, 0.62 mmol) in acetone [15 mL), Jones' reagent [0.9 M, 
3.7 mL, 3.3 mmol) was added at 0°C and the reaction was left to stir overnight at 
ambient temperature. Then isopropanol was added until the solution turned blue. 
The solvent was then evaporated by a rotary evaporator and the crude product was 
diluted in water [10 mL) and ethyl acetate [10 mL). The organic layer was 
separated and the aqueous phase was extracted with ethyl acetate [3 x 10 mL). The 
combined organic layers were washed with brine, dried over Na2S04, filtered and 
evaporated. The crude product was then purified by column chromatography 
[petroleum ethenethyl acetate 2:3). For greater purity, recrystallization was 
performed [acetone/petroleum ether) to give T(F) as a white solid in 80 % yield. 
*H NMR [500 MHz, MeOD): 8 7.79-7.28 [m, 8H), 5.93-5.85 [m, IH), 5.30 [d,/ = 17.4 
Hz, IH), 5.16 (d/ = 10.3 Hz, IH), 4.59 (d,/ = 6.4 Hz, IH), 4.38-4.35 [m, IH), 4.30-4.27 
[m, 2H), 4.23 [m, 3H). 13C NMR (126 MHz, MeOD): 8 143.77,141.11,133.48,127.34, 
126.74,124.88,124.83,119.45,116.95, 76.28, 73.06, 66.86 .19F NMR (400 MHz, 
MeOD): 8 - 74.5. LRMS calcd for (M+H)+ 435.129, (M+Na)+ 458.119, found 458.166. 
IR (film) vmax = 1697.24 
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NHFmoc 

OAllyl OCH3 

(xii) (2/?,3W)-2-(9H-fluoren-9-ylmethoxycarbonyl)amino-3-allyl-4,4,4-
trifluoro-methylbutanoate (15) 
To a solution of T[F) [95 mg, 0.218 mmol) in methanol (3 mL), SOCh [30 ui, 0.412 
mmol) was added at ambient temperature and stirred for 2 hours. Then the solvent 
was removed by rotary evaporation and the crude product was purified by column 
chromatography [petroleum ethenethyl acetate 97:3) to give 15 as a white solid in 
70 % yield. *H NMR [500 MHz, CDCI3): 8 7.76-7.29 (m, 8H), 5.89-5.81 [m, 1H), 5.49 
[d,/ = 8.9 Hz), 5.31 [d,/ = 17.2 Hz, 1H), 5.24 [ d j = 10.3 Hz, 1H), 4.85-4.83 [m, 1H), 
4.43-4.27 [m, 2H), 4.26-4.13 [m, 4H), 3.78 [s, 3H).13C NMR [500 MHz, CDCb): 8 
168.59,155.64,143.6,141.27,132.59,127.76,127.09,125.06,125.04,120.01, 
119.56, 76.11, 73.46, 67.47, 52.93, 46.99.19F NMR [400 MHz, CDCb): 8 - 72.8. LRMS 
calcd for [M+H)+ 449.145, (M+Na)+ 472.135, found. 

NHFmoc 

FaC, YY 
OH OCH3 

(xiii) (2/?,3/?)-2-(9H-fluoren-9-ylmethoxycarbonyl)amino-3-hydroxy-4,4,4-
trifluoro-methylbutanoate (15) 
To a flame-dried flask, a solution of (l,5-Cyclooctadiene)bis-
(methyldiphenylphosphine)iridum(I)-hexafluorophosphate (10 mg, 0.012 mmol) in 
anhydrous THF (2 mL) was stirred under H2 gas. Once the red solution turned into 
a clear yellow colour, argon was passed through the flask to remove any remaining 
H2 gas. The iridium catalyst solution was then transferred to a flask containing a 
solution of 15 in THF (2 mL) under argon and the resulting solution was stirred for 
one hour. Then excess I2 and a few drops of H2O were added and stirred for an 
addition 15 minutes. The resulting mixture was then transferred to a separatory 
funnel and a saturated solution of sodium thiosulphate (10 mL) was added. The 
organic phase was collected and the aqueous layer was extracted with ethyl acetate 
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[3 x 10 mL), dried over Na2S04, filtered and concentrated in vacuo. The crude 
product was then purified by column chromatography (petroleum ethenethyl 
acetate 4:1) to give 15, a white solid in 60 % yield. *H NMR [500 MHz, CDC13): 8 
7.77-7.29 (m, 8H), 5.86 (d,/ = 5.45 Hz, 1H), 4.97 ( d j = 9.05 Hz, 1H), 4.73 fbr d,/ = 
3.75 Hz, 1H), 4.54-4.49 (m, 2H), 4.39-4.36 (m, 1H), 4.22 (t,/ = 6.85 Hz, 1H), 3.83 (s, 
3H). 13C NMR [126 MHz, CDCI3): 8 168.02,157.55,143.24,141.22,127.79,127.07, 
124.87,120.00, 71.84, 67.99, 55.16, 53.51, 46.85.19F NMR (400 MHz, CDCI3): 8 -75.3. 
LRMS calcd for (M+H)+ 409.113, (M+Na)+ 432.103, found 432.071. 

(c) General Procedure for Solid-Phase Synthesis of [T(F)AA]4 and 
[T(F)GG]4 

All peptides were synthesized using conventional Fmoc solid-phase synthesis 
on an APEX 396 using acid labile Wang resin. A typical procedure started from 
Fmoc-glycine Wang resin (or Fmoc-alanine) with loading capacities of ~0.066 
mmol/g. The resin was swollen in DMF for 30 minutes in the reaction vessel. The 
solvent was then drained and 20% piperidine solution in DMF was added. The 
solution was allowed to stir for 1 hour, drained, and the resin was then washed with 
three aliquots of DMF. Kaiser and TNBS tests for free amine were then performed. 
The next successive building block (5 equivalents) to be coupled (commercially 
available amino acid) was premixed with 5 equivalents of HBTU and 10 equivalents 
of DIPEA in DMF for 20 minutes. The reaction solution was then transferred to the 
resin, and the reaction mixture was allowed to stir for 4 hours. Kaiser and TNBS 
tests were performed to verify the coupling had reached completion (negative test 
outcome). The reaction vessel was drained and the resin was rinsed three times 
with DMF. The resin was treated with 20% piperdine in DMF solution for 1 hour, the 
flask was drained and the resin was washed thoroughly with DMF. Kaiser and TNBS 
tests were performed to ensure the presence of free amine. The fluorinated 
threonine (T(F)) building block (1.5 equivalents) was premixed with 1.6 
equivalents of HBTU in DMF, followed by the addition of 3.0 equivalents of DIPEA in 
DMF. The reaction was stirred for 30 minutes, transferred to the reaction vessel and 
stirred for 36 hours. The Fmoc deprotection and coupling steps were repeated until 
twelve amino acid residues were coupled to the resin. To cleave the allyl groups, 
anhydrous THF was added to the beads followed by a solution of iridium catalyst 
((l,5-Cyclooctadiene)bis-(methyldiphenylphosphine)iridum(I)-
hexafluorophosphate, 1.0 equiv.) that was gassed with H2 then argon. The beads 
were gently stirred with the use of a stir bar overnight at ambient temperature. The 
enol ether formed by the isomerization of the allyl group was cleaved when the 
peptide was cleaved from the resin. This was done by successively rinsing the beads 
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with DMF, MeOH, and CH2CI2, and stirred for 2 hours in 1:1 [v:v) trifluoroacetic acid 
and CH2CI2. The solution was then filtered and concentrated. 

^ H V Y ^ V " 
HO' 

(xiv) Spectral data for crude [TAA]4 

*H NMR [500 MHz, CDCI3): 8 4.20-3.97 [m, 4H), 1.24-1.03 [m, 9H). LRMS calcd for 
(M+H)+ 1047.519, [M+Na)+ 1071.5094, found 1048.471,1071.476. 

0 ° H C T ^ 

(xv) Spectral data for crude [TGG]4 

!H NMR [500 MHz, CDCh): 5 4.22-4.12 [m, 2H), 3.99-3.69 [m, 6H), 1.04-1.02 [m, 3H). 
LRMS calcd for [M+H)+ 935.395, [M+Na)+ 958.284, found 958.306, 935.396. 

(d) General Procedure for IRI Assay1 

Samples were assayed for recrystallization-inhibition [RI) activity using the 
"splat cooling" method as described previously.4 A total of three images of the 
resulting ice wafer were photographed through a Leitz compound microscope 
equipped with an Olympus 20X [infinity corrected) objective with a Nikon CoolPix 
digital camera. Sample analysis for ice crystal sizes were analyzed using the mean 
elliptical method. In this method, the twelve largest ice crystals were chosen from 
the field of view [FOV) in each image. Selection of these crystals was arbitrary in 
that they were chosen after a visual inspection of the image. The two dimensional 
surface area of each of these ten crystals was then calculated via approximation of 
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the crystal as an elliptical area. The major and minor elliptical axes were defined by 
the two largest orthogonal dimensions across the ice grain surface. The surface area 
of each ice grain was then calculated based on the formula: A = 7iab, in which A 
represented area; a and b represented the length of the major and minor elliptical 
axes. Totalling all individual measurements for each FOV produces a value for the 
average grain surface area referred to as the mean largest grain size (MLGS). Error 
was calculated using standard error of the mean (SEM). 

(e) General Procedure for TH Assay1 

Nanoliter osmometry was performed using a Clifton nanoliter osmometer 
(Clifton Technical Physics, Hartford, NY] as described by Chakrabartty and Hew.5 

All measurements were made in double distilled water. Ice crystal morphology was 
observed through a Leitz compound microscope equipped with an Olympus 2OX 
(infinity corrected) objective, Leitz Periplan 32X photo eyepiece and a Hitachi KP-
M2U CCD camera connected to a Toshiba MV13K1 TV/VCR system. Still images 
were captured directly using a Nikon CoolPix digital camera. 
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