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ABSTRACT

Antifreeze glycoproteins (AFGPs) are a subclass of biological antifreezes isolated from
Atlantic and Antarctic Telost fish. At subzero temperature environments, these compounds have
the ability to inhibit ice crystal growth and protect these organisms from cryoinjury and death.
The native AFGPs show considerable promise as novel cryoprotectants, however, their limited
bioavailability, cytotoxicity and inherent chemical and biological instability have precluded their
widespread use. Consequently, rationally designed, non-toxic and stable AFGP analogues
became an attractive synthetic challenge. While structural modifications made in previously
synthesized C-linked AFGP analogues addressed these issues, further SAR studies were required
to elucidate the key structural features necessary for potent inhibitors of ice recrystallization. The
SAR studies described in this dissertation verify that hydration is related to ice recrystallization
inhibition of the C-linked AFGP analogues.

The role of hydration in modulating solution conformation, molecular recognition and
biological activity of oligosaccharides, proteins and nucleotides is widely recognized but is often
neglected when investigating many biological processes such as the mechanism by which
biological antifreezes inhibit the growth of ice. In chapter 3, we have investigated the
relationship between carbohydrate configuration and recrystallization-inhibition (RI) activity of
functional C-linked AFGP mimetics. The presented results suggest that the configuration of the
carbohydrate moiety in C-linked AFGP analogues is extremely important and modulates
recrystallization-inhibition activity. It seems likely that differences in hydration for each C-

linked pyranose alter the compatibility of the carbohydrate moiety with the three-dimensional



hydrogen-bonded network of supercooled bulk water. Consequently, the energy associated with
transferring a water molecule to the ice lattice changes and can result in inhibition of ice growth.

The study of hydration has been extended and in chapter 4 the first synthesis of C-linked
AFGP analogues containing disaccharides has been presented. A method for estimating
hydration indices for the glycopeptides was developed and used to rationalize re:;‘ystallization
inhibition activity trends. The results signify that the relative hydration of the C-linked AFGP
analogues directly correlates to the degree of their recrystallization-inhibition activity. Moreover,
it was demonstrated that hydration of the AFGP mimetics can be estimated prior to their
synthesis. This indicates that superior inhibitors of recrystallization may be engineered based on
their predicted hydration.

The hydration model developed in chapter 4 was applied to explain RI results presented
in chapter 5. It has been established that C-2 N-acetyl moiety of the carbohydrate and the L-
alanine residues of the polypeptide backbone improve the RI activity of the C-linked AFGP
analogues. Incorporating B-D-Gal-(1-->3)-D-GalNAc into our C-linked AFGP mimetics
demonstrated that challenging custom synthesis of carbohydrates is not necessary to obtain a
potent recrystallization inhibitor. Analogue containing B-D-Glc-(1-->3)-D-GalNAc proved that
stereochemistry of the terminal carbohydrate is very important for RI activity and is optimal
when it matches that of galactose. The C-2 N-acetyl moiety of the carbohydrate was shown to

influence conformation, thus hydration and consequently recrystallization inhibition property of

the C-linked AFGP analogues.
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1.1. Glycoproteins

CHAPTER 1

Introduction

Glycoproteins, a subclass of glycoconjugates, are proteins containing oligosaccharides

covalently linked to selected amino acid residues.” They are important in many biological

functions that include cell adhesion, cell differentiation, signal transduction, host-pathogen

interactions, and immune response as well as their use as therapeutic agents (Table 1. 1).>3

Table 1.1. Examples of glycoproteins and their function.’

Function Glycoproteins
Structural molecule Collagens
Lubricant and protective agent Mucins

Transport molecule

Transferrin, ceruloplasmin

Immunologic molecule

Immunoglobins, histocompatibility antigens

Hormone Chorionoic gonadotropin, thyroid-stimulating hormone
(TSH)
Enzyme Various (e.g. alkaline phosphatase)

Cell attachment-recognition site

Various proteins involved in cell-cell (e.g. sperm-oocyte),
virus-cell, bacterium-cell, and hormone cell interactions

Antifreeze

Certain plasma proteins of coldwater fish

Interact with specific
carbohydrates

Lectins, selectins (cell adhesion lectins), antibodies

Receptor

Various proteins involved in hormone and drug action

Affect folding of certain proteins

Calnexin, calreticulin

Regulation of development

Notch and its analogs, key proteins in development

Hemostasis (and thrombosis)

Specific glycoproteins on the surface membranes of
platelets




Within any polypeptide there are only a few types of amino acids suitable for the
attachment of a carbohydrate residue.* The amino acids must contain a reactive side chain such
as amine, amide, thiol or hydroxyl group in order to be glycosylated. The most common of these
amino acids are: aspargine, cystine, hydroxylysine, hydroxyproline, serine and threonine. The
name of a particular class of glycoproteins, just like terminology of the glycosylation reaction,
comes from the atom linking the amino acid and the saccharide (for example: nitrogen; N-linked
glycoproteins, N-glycosylation). Hence, there are four classes of glycoproteins: N-linked, O-
linked, S-linked and C-linked.”® C-linked glycoproteins are the most stable of the glycoproteins,
as they are resistant towards acidic, basic and enzymatic degradation. In biological systems their
abundance is low due to the difficulty of carbon-carbon bond formation.’

In cells N-glycosylation takes place in the endoplasmic reticulum while further
carbohydrate modification and oxygen-, sulfur- and carbon-linked glycosylations are usually
performed in the Golgi apparatus (Figure 1.1).5 * The linkages between amino acids and
saccharides are assembled by glycosyltransferases, enzymes that act as catalysts in the transfer of
a monosaccharide from an activated sugar phosphate to an acceptor molecule.® Since
glycosylation is one of the most ubiquitous forms of posttranslational modification, the
compartment where it occurs may vary depending on certain cellular condition and subsequently

the localized enzyme concentration.’



specific receptor

Cell surface g,"%
glycoconjugates

"buliding blocks" @

Glycoconjugate assembly
c),tpsc; in the secretory compartments

Figure 1.1. Glycoconjugate biosynthesis and cell surface recognition.4a

There is a wide range of structural modifications of glycoproteins which leads to a broad
spectrum of molecules with an array of physiological properties. The variations in the peptide
backbone are achieved by changes in length and/or changes in the amino acid sequence.
Branching is also a possible source of diversity but it is limited due to the two directional nature
of the peptide chain growth, either at the N- or the C- terminus. These structural modifications
can alter flexibility, folding and consequently conformation of the glycoproteins. Nevertheless,

the majority of glycoproteins complexity arises from the broad range of carbohydrate



modifications ' ® Therefore, with respect to structural diversity, glycoproteins have the capacity
to far exceed proteins and nucleic acids.

A variety of sugars ranging from monosaccharides to dendrimers and polysaccharides
(also known as glycans) can be attached to a polypeptide. The most common for glycoproteins
are oligosaccharides which are comprised of two to ten monosaccharide units. The most well-
known monosaccharides are: D-galactose, D-glucose (and their amino and N-acetyl versions), D-
mannose, D-talose and L-fucose. Each one of them exists in equilibrium between their open
chain, furanose (5-membered ring) and pyranose (6-membered ring) forms (Figure 1.2).8 The
equilibrium population, although different for each sugar, is strongly biased towards the most
stable form, the pyranose. Furanoses and pyranoses exist as diastereomers, called o and f
anomers, that vary only in their configuration at the anomeric center (C1). The ratio of the o/f
anomers differs for each sugar and is governed by the number of axial and equatorial hydroxyls
as well as the strength of the anomeric effect. Anomeric effect is the tendency of the
heteroatomic substituent at C1 of the carbohydrate to reside in the (axial) a position. This effect
is attributed to the antiperiplanar donation of the electrons from the oxygen of the pyranose ring
to the o* antibonding orbital of the C1-substitutent (exocyclic) bond resulting in stereoelectronic
stabilization (Figure 1.2).° Since configuration at the anomeric center can vary, a and § N-linked,
O-linked, S-linked, and C-linked glycosidic bonds can be formed between C1 of a given sugar
and an amino acid or another carbohydrate. Consequently, combinations of natural hexoses and
their ability to form complex networks strongly influence the structural diversity of the
glycoproteins and their broad range of functions.> * '° Their unique combinations make up
libraries of biological recognition sites, yet their simplest forms play key roles vital to human

life. 1!
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Figure 1.2. Illustration of anomeric effect and equilibrium mixture of cyclic and acyclic forms of

D-galactose.

Sucrose is the most common sugar in plants and animal nutrition. It consists of a-D-
glucopyranosyl-(1-->2)-p-D-fructofuranoside which under strong acidic conditions, or by an
enzyme called glycoside hydrolase, is converted to its subunits glucose and fructose.
Carbohydrates are one of the most important energy sources for mammals. They are easily
converted to CO,, H,O and energy which is stored in a form of ATP or NADH. D-Glucose for
example is broken down into two three-carbon pyruvate molecules yielding two ATP molecules

and two high energy NADH molecules (Figure 1.3).



o O-_OH Os_OH
4+ 2NAD* + 2 ADP + 2 Phosphates ———= 2 I + 2NADH + 2H* + 2 ATP + 2H,0
HO “OH o

OH
D-Glucose Pyruvate

Figure 1.3. Overall reaction of glycolysis."!

Therefore, most glycoproteins can be considered as biodegradable polymers that can be recycled
and also used as a source of energy. Lactose, 3-D-galactopyranosyl-(1-->4)-D-glucopyranose, is
a disaccharide found in milk and makes up 2-8% of its weight composition. It is broken down to
D-galactose and D-glucose by an enzyme called lactase. Dairy farmers produce hundreds of
million tons of milk yearly that impact many countries economic growth.

Another example of a biologically important disaccharide is B-D-galactopyranosyl-
(1-->3)-2-acetamido-2-deoxy-D-galactopyranose  (B-D-Gal-(1-->3)-D-GalNAc), a major
constituent of blood group antigens.” '? It is an essential feature the glycopeptide’s core that is
attached to the ABO(H) antigenic determinants (Figure 1.4). Subunit B-D-Gal-(1-->3)-D-
GalNAc 0-O-linked to serine or threonine is called T- or Thomsen-Friedenreich antigen, while
the monosaccharidic N-acetyl-D-galactosamine version is termed Tn-antigen. The secreted
human glycoproteins contain the T-antigens and the disaccharide entities that span the glycan
foundation. The blood group active structure is in a form of glycolipids that are incorporated in
the human erythrocyte membrane. T and Tn antigens are also known as cancer markers. Both
are over-expressed in cancer cells and cause the metastatic behavior of tumors due to the
antiadhesive shielding effects responsible for the lack of cell-cell or cell-matrix contacts. Thus,

B-D-Gal-(1-->3)-D-GalNAc is an important disaccharide in many biological processes and is a



key building block of various glycan residues. Furthermore, it is an essential component of

antifreeze glycoproteins (AFGPs); a focus of this dissertation.'®

gal B1>3 glcNAG B R gal B=3glcNAc B1-R

t4) % (4}
. , fucat
Ingclhive precursor (Bombay) H-substance

gulNAcal+3gal p1 *3gleNACBI~R galat-»3gatPi+3gleNAc Bl «R

3 {4} 2 a4
fucot fucat
A-substance B-substance
i m‘%ﬁ
R= 3 Q-’il' ft+3 gleNAcBi+3gal f1=3gal NAcat - Ser
e , % Thr
T golB=dglecNacHt
gal B1»3glcNAch

Figure 1.4. Secreted human glycoproteins with ABO(H) antigenic determinants.’

1.2. Biological Antifreezes

Biological antifreezes are peptide based compounds found in organisms such as fish,
invertebrates and plants that inhabit subzero environments. They protect these organisms from
cryoinjury, and sustain their survival. They were first isolated from Antarctic fish Trematomus
bernacchil and Trematomus borchgrevinki by Devries and Wohlschlang in late 1960s and early
1970s."> * The isolated compounds that showed potent antifreeze activity were antifreeze
glycoproteins (AFGPs). Their structure was not fully understood at that time but was later

confirmed to be a peptide with 20% of D-galactosamine content. Since then a number of

7



antifreeze compounds were isolated, characterized and studied.” However, the most thoroughly
studied compounds were that of teleost fish populating Antarctic and Arctic regions.

The freezing point of seawater occupied by teleost fish is approximately -1.9°C.' This is
a result of freezing point depression induced by the dissolved solutes. The osmolytes (sodium
chloride, urea, and amino acids) present in fish allow for approximately -0.9°C freezing point
depression. Extremely active biological antifreezes enable an additional freezing point
depression bringing teleost fish freezing point to approximately -2.0°C. Their concentration is
about 30 mg/mL, thus their mode of action is strictly non-colligative."” The term applies to a
physical activity of a substance that depends on its identity and does not depend only on the ratio
of the number of particles of solute and solvent in the solution. The colligative effect of this
concentration would only result in 0.002°C freezing point depression despite the high molecular
weight (2.6-33.0 kDa) of the glycopeptide. The potency of biological antifreezes is their ability
to bind to ice crystals and alter their growth by creating a localized freezing point depression.
The details of the effect will be discussed in subsequent section on physical properties of
biological antifreezes.

Figure 1.5 compares the freezing point temperatures of a protein (lysozyme), galactose,
sodium chloride, AFGP and AFGP with sodium chloride.'® ' As with the salt, a classical
colligative effect is observed with the protein and galactose which are used to approximate the
effect of AFGP. However, AFGP exhibits a non-colligative effect much greater than that of the
protein and the carbohydrate. It is approximately 500 times more active then sodium chloride
when compared on molar basis.!*® This verifies AFGPs high potency as a biological antifreeze.

The additive effect of freezing point depression is observed when AFGP is combined with



sodium chloride, which implies that there is no interaction between them. This solution is similar

to internal fluids of the fish which contain salts and the biological antifreezes.

AFGP + 0.05 M NaCl
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Figure 1.5. Freezing temperatures of colligative (Iysozyme, galactose and sodium chloride) and

non-colligative (AFGP) substances."** '>"

In vivo biological antifreezes are localized mainly in blood plasma, however they are also
present in other tissues.'® AFGPs were found to be secreted into the intestinal and ocular fluids at
very low concentrations. Recent studies have shown that biological antifreezes are not only
present in the extra cellular media but can also be internalized.'™ The role of internalization is
still unknown but possibly it is an important aspect of cryoprotection. Biological antifreezes are

produced in the liver and distributed throughout the fluid compartments of an organism. Valerio



et al. have also isolated them from epithelium cells demonstrating that their synthesis can also be
accomplished by other cell types.'

There are two classes of biological antifreezes: antifreeze proteins (AFPs) and antifreeze
glycoproteins (AFGPs).”® AFPs differ from one another in their primary, secondary and tertiary
structures, while AFGPs possess low structural diversity and differ from one another mainly in

their molecular weight. Both classes of compounds show similar physical properties.

1.2.1. Antifreeze Proteins (AFPs)
Antifreeze proteins are small proteins ranging from 3 to 24 kDa able to elicit antifreeze
activity. All of them vary from one another in their amino acid composition, their folding and

thus their primary, secondary and tertiary structures. Due to their diversity they were divided into

four main groups: Type I, II, Il and IV AFPs (Table 1.2).'%

Table 1.2. Classification and key structural features between AFPs.!
Characteristie Type I AFP Type 1L AFP Type III AFP | Type IV AFP
Mass (Da) 33004500 11000 - 24000 6500 12000
. rtles Alanine-rich Disulfide bonded B-sandwich Alanine rich;
Key Propert oi-helix helical bundle
Representative
Structure
Right-eyed Sea raven; smelt; Oceanpout;  Longhom sculpin
Natural flounders; herring wolfish; eel pout
Source e ermng. 3 &gl pou
sculpins
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Type I AFPs were first reported by Duman and Devries, and Hew.”! They are L-alanine
rich proteins with mainly o helical structure which predominance increases to 85% as the
temperature is decreased to 0°C.* Their molecular mass is in the range of 3 to 5 kDa. The L-
alanine residues align on one side of the helix, while the other side is occupied by L-threonine
hydroxyls. This unique structure gives type I AFPs an amphiphilic structure.”

Type II AFPs are also composed of mainly L-alanines, however they exhibits a
significant number of L-cystine residues. L-cystine disulfide bonds formed force hydrophilic
residues of L-threonine to one side of this 11-24 kDa globular protein giving them their unique
structure.” Its secondary structure consists of o helices, p sheets and random coils.

Type III AFPs have no dominant amino acid residue. They are globular proteins with a
molecular mass of approximately 6.5 kDa. Their B sheet structures are orthogonally arranged
giving them a p sandwich structure.? They have only been isolated from Arctic and Antarctic
pout.”®

Type IV AFPs have been isolated in the late 1990s from Longhorn scuplin.26 They are L-
alanine and L-glutamine rich peptides and possess a helical bundle structure.' Their molecular
mass is about 12 kDa.

In recent years other types of AFPs have been isolated from moths, beetles and snow

2e. 156 27 These antifreeze proteins are 10 to 30 times more potent than those of the fish.

fleas.
Organisms which live on land battle temperatures approaching -30°C, thus their body needs

more effective antifreezes. Owing to the large population of insect a number of novel AFPs will

arise over the next few decades.
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1.2.2. Antifreeze Glycoproteins (AFGPs)

Antifreeze glycoproteins are tripeptide repeating units of L-threonine-I-alanine-L-
alanine o-O-linked to a disaccharide, p-D-Gal-(1-->3)-D-GalNAc. Unlike AFPs they have a lot
of homology and mainly differ from one another in their length. They are grouped into eights
fractions according to their molecular weight: AFGP1-8.® AFGP1 is the longest one with
molecular mass of 33.7 kDa while AFGPS is the shortest with molecular mass of 2.6 kDa. Based
on molar concentrations, AFGP1 is more effective at lowering the freezing point of a solution
then AFGP8. The advantage of using AFGP8 is their ease of chemical synthesis, as isolation of
the compound is very labor intensive and expensive. Consequently, AFGPs are excellent
candidates for chemical modification and analogue synthesis.

Structural variations within the AFGP family have been reported (Figure 1.6).° Some
AFGPs have shown changes of the carbohydrate from N-acetyl-D-galactosamine to N-acetyl-D-
glucosamine.30 In low molecular weight AFGP6-8 substitution of L-threonine by L-arginine and
L-alanine by L-proline has been observed.*' Amino acid variations are rare but do occur. Several
isoforms, different peptide sequences, of AFGP have been found in AFGP6 isolated from rock
cod (Gadus ogac).15h This shows that the specific type of the AFGP contains a mixture of
glycopeptides with a defined molecular mass. The three-dimensional structure of AFGPs is
similar to that of type I AFP. The hydrophilic disaccharide units align on one side of the left
handed helix while the hydrophobic methyls of the L-alanines and methyl groups of the N-
acetyl-D-galactosamine on the other.** This arrangement gives AFGPs an amphiphilic structure,
however some evidence shows that the conformation of the AGFPs in solution is made up of

random coil and unfolded structure.'*® 33
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Figure 1.6. Structural variations of AFGP; A: most common AFGP, B: L-alanine replaced by L-

proline, and C: L-threonine replaced by L-arginine.?

1.3. Physical Properties of Biological Antifreezes

General mechanism of action of biological antifreezes is based on an adsorption
inhibition process.>* The detailed mechanism of action is not fully understood however several
hypothesis have been suggested. Raymond and Devries were the first to propose the idea that
antifreeze molecules tightly bind to the surface of the growing ice.'** Consequently, the
molecules of water can only be added to the ice lattice where the antifreeze molecules are not
present. This results in a bulging ice front which growth is now thermodynamically unfavorable

(Figure 1.7). The localized freezing point depression created is also known as the Kelvin effect.®
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- T = 0°C

lce

Figure 1.7. Ice crystal lattice with adsorbed antifreeze molecules at (A) T=0°C and (B) T<0°C

illustrating bulging ice front (Kelvin effect).®

Knight and Devries proposed that the binding of the biological antifreezes to the surface
of the ice is irreversible.’** The suggestion was based on the assumption that since there are a
multiple number of hydrogen bonds formed between the antifreeze molecule and the ice, the
probability of them being broken simultaneously is low.*® Studies by Hew and Wen contradict
the irreversible binding hypothesis.37 Alternative mechanism proposed was based on the
hydrophobic interaction of the antifreeze molecules and the ice though the van der Walls forces.

The binding mechanism was used to rationalize thermal hysteresis which is one of the
two main physical properties of the biological antifreezes. The role of binding on the second
physical property, recrystallization inhibition, is still a matter of debate. Nonetheless, studies
associated both properties give important insights to further understanding of the mechanism of

action of biological antifreezes.
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1.3.1. Thermal Hysteresis (TH)
Thermal hysteresis is a freezing point depression and has very little effect on the melting
point. It has been used to assess the antifreeze activity by measuring the freezing point

depression temperature, a temperature at which ice starts to grow from a seed ice crystal.*®

colligativé non-colligative
effect effect

A: Hzo

B: H,O + NaCl

C: H,0O + AFGP
° |

Thermal Hysteretic Gap

Temperature (°C)

Figure 1.8. Quantitative diagram of thermal hysteresis.

Figure 1.8 is a quantitative diagram of thermal hysteresis. Melting and the freezing temperature
of pure water occur at 0°C. When solutes such as sodium chloride are added to water, freezing
and melting points are equally depressed due to the colligative effect. AFGPs in water have a
different effect, the melting temperature stays approximately constant (it slightly drops due to the
colligative effect of AFGPs) while freezing temperature drops significantly. The freezing point

drop varies and it strictly depends on the type of the biological antifreeze. The difference
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between the freezing and the melting point is referréd to as thermal hysteretic gap. The biggest
thermal hysteresis has been found in AFPs isolated from insects and possesses the gap of
approximately 6°C.”” The thermal hysteretic gap of AFGPs isolated from fish is approximately
2°C. The TH activity is a non-colligative effect unique to biological antifreezes due to their

ability to bind to ice crystal lattice and temporarily stop its growth.

1.3.2. Dynamic Ice-Shaping

Dynamic Ice-Shaping is defined as a modulation of ice crystal morphology into different
shapes.39 As the ice crystal seed within the thermal hysteretic gap grows it may form different
shapes. The shapes depend on the identity of the biological antifreeze, AFGPs for example form

hexagonal bipyramidal structures (Figure 1.9).

basal plane 3
AY

prism plane

A B

Figure 1.9. Dynamic ice shaping in the presence of AFGP; A: seeded ice crystal within the TH

gap, B: hexagonal bipyramidal ice crystal.
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As pure water freezes the ice grows along the a-axis, which is parallel to its basal plane, forming
a disk-like structure. The dynamics of ice growth in presence of biological antifreezes are
altered. As ice grows any solutes present are excluded from the solid formed. This effect is
exactly the same as when purifying a substance by a process of re-crystallization: as crystals
grow the impurities are excluded from the uniformly formed matrix. Antifreeze molecules have
the ability to adsorb and integrate into the ice crystal lattice. This was studied by Knight and co-
workers using etching technique and proved that antifreeze molecules bind to the planes (ai, ay,
az and c) of the nucleating ice crystals thus block their growth. Different antifreeze molecules
adsorb to different planes of the ice crystal.’®** The unique binding depends on their folding and
thus matching their binding moieties with the surface of the ice. This results in a specific ice
crystal morphology that is halted while the temperature keeps dropping and forming the thermal
hysteretic gap. As the temperature approaches the critical freezing point, the molecules of the
antifreeze still inhibit the ice growth along the a-axis but not the c-axis which is now overgrown
by the new layer of water molecules.*® The growth on the basal plane (c-axis) continues forming
hexagonal bipyramidal ice crystals. As the temperature decreases further these crystals burst into

. . . 4
needle like 1ce-sp1cules.1 &

1.3.3. Recrystallization Inhibition (RI)

Recrystallization is defined as the formation of larger crystals at the expense of smaller )
ones, and its mechanism has been dealt with extensively in the metallurgical literature.* With
respect to ice, larger crystals are formed by the addition of bulk water molecules to a transitional
domain between the ice/water interface known as the quasi-liquid layer (QLL) and subsequently

from the QLL into the ice lattice.**> The effect occurs to minimize the grain boundary energy by
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increasing the surface area of the ice crystals. Biological antifreezes have the ability to inhibit
this process, thus they possess recrystallization inhibition activity.

When a solution of a biological antifreeze is flash frozen at -78°C the ice crystals that are
formed are relatively small (Figure 2.0).*” This process of crystallization excludes the solute out
of the crystal lattice creating highly concentrated boundary solution between the ice crystals. The
antifreeze molecules present between the ice crystals bind to the ice grain boundaries, prevent
their reorganization and consequently formation of large ice crystals.** It has been reported that

concentrations as low as 102 M show effective recrystallization inhibition activity.*** **

Figure 1.10. Photographs depicting the relative size of ice crystals in (A) a solution of AFGP 8
(10 mg/mL concentration) and (B) in the PBS control using the RI assay. The magnification is

the same in both images.43

Another way to induce recrystallization inhibition is to decrease the diffusion of water
between the ice boundaries.** Knight et al. have shown that some peptides which possess no

thermal hysteretic activity have the ability to inhibit ice recrystallization.*® The recrystallization
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inhibition activity was only observed in water when no other solutes were present. The presence
of inorganic salts forced the antifreeze molecules into the bulk water thus excluding them from
the QLL layer and as a result diminishing the effect. Their activity was dependent on and
proportional to their concentrations, and is known as non-specific RI effect. This and other
studies have demonstrated that thermal hysteresis and recrystallization inhibition act via two

different mechanisms and therefore the two effects are not coupled.*>*’

1.4. Structure Activity Relationship (SAR) Studies

To date antifreeze activity in structure activity studies was determined by measuring
thermal hysteresis.?® 1 3% *8 This unique property was of main interest to the researchers due to
its striking effect of selectively lowering the freezing point temperature. Studies have shown that
some biological antifreezes which possess thermal hysteresis can cause ice crystal nucleation and
hypothermic cell damage.16’ * Thus, in the past decade recrystallization inhibition and its
potential applications have received more attention. The effect can be induced at very low
antifreeze concentrations and shows promising results in cryopreservation of cells and tissues.

The importance of the hydrophobic and hydrophilic interactions is not fully understood,
however the amphiphilic nature of the biological antifreeze molecules gives a lot of insight into
the mechanism of action and the antifreeze activity.” ** The molecular conformation of a
particular AF(G)P has to be considered in order to postulate a rational binding interaction. It has
been found that different types of antifreeze molecules bind to different planes of the ice
lattice.’™ * °° Due to their diversity, AFPs adopt different conformations which suggest that
their mode of binding to ice varies. The result is observed in formation of specific crystal shapes

and patterns. The ability of biological antifreezes to bind to different planes of the ice lattice
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relies on the matching of their topology to that of a particular plane of the ice.””® Thus,
hydrophobic and hydrophilic interactions may be responsible for the two different mechanisms
of TH and RI. ***>*!

Type I AFP is the most studied of the AFPs due to their relatively simple a-helical
structure.” This structure is very similar to that of AFGP and this suggests that hydrophilic
moieties are aligned on one side of it while the hydrophobic on the other. The frequency of the
residues of the o-helix turn matches different planes of the ice lattice.”> Type I AFP was
considered to bind to ice though hydrogen bonding of the L-threonine residues.”®> On the
contrary, further studies indicated that hydrophobic interactions are responsible for the ice
binding.”® *'® Structure activity relationship studies were performed on type I AFP isolated from
Winter flounder and the results show that $-methyl groups in L-threonine residues are necessary
for antifreeze activity. This was proven by Hayment et al who used site-directed mutagenesis and
changed the L-threonine amino acid to L-serine.”® This had no effect on the overall conformation
as well as the hydrogen bonding but it resulted in diminished thermal hysteresis and no
interaction with ice lattice as indicated by ice hemisphere test. They also replaced L-threonine
with L-valine and observed no effect on the antifreeze activity. Thus, these SAR studies proved
that B-methyl groups play a more important role, then the hydroxyls, in binding to ice.
Consequently, this suggests that the hydrophobic sites of the protein are the ones responsible for
adsorption and interaction with the ice lattice.

Type III AFPs were studied by Yang et al.”> The group was successful in determining the
structure of type III AFP isolated from Ocean pout by high resolution X-ray crystallography.
The planarity of the surface was analyzed and is composed of 67% of non-polar area. The flat

hydrophobic region is thought to bind to ice lattice though the van der Waals interactions. Due to
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the limited understanding of the AFP type Il and IV structure, no details regarding their
mechanism of action has been reported.

Structure activity relationship studies of AFGPs were performed to point out important
features necessary for achieving thermal hysteresis. AFGPs vary mainly in length and it has
been shown that AFGPs with molecular weight higher then 13kDa had approximateiy three
times the thermal hysteresis then the shorter ones. The longer the glycoprotein is, the better the
thermal hysteretic activity. 14b, 144, 28, 480

The disaccharide moiety of the AFGP was modified and studied by Feeney and co-
workers.!*” Removal of the disaccharide and the hydroxyl group of the L-threonine via P
elimination resulted in complete loss of thermal hysteresis. Peracetylation of the carbohydrate or
its oxidation also resulted in loss of the TH activity. The oxidation of the C6 hydroxyl groups to
aldehydes had no influence on TH, thus implying they are not important structural features.
However, their substitution by negatively charged groups such as carboxylates or sulphates
showed a diminished activity.

In 2004, the importance of the disaccharide and the hydrophobic interactions between ice
and AFGPs were further addressed in a structure activity study by Nishimura and coworkers.*>
The group has synthesized several different analogues and analyzed them for antifreeze activity.
The linkage between the L-threonine and the sugar was changed from a to  resulting in no TH
activity. The same effect was observed when the N-acetyl moiety of the N-acetyl-D-
galactosamine was changed to a hydroxyl, forming a B-D-Gal-(1-->3)-D-Gal disaccharide.
Coupling a sialic acid to the C3 hydroxyl of the galactose showed no thermal hysteresis. The loss

of TH activity may be due to a possible conformational change of the carbohydrate and

impairment of AFGPs ice binding ability, as described by Nishimura. Analogues containing N-
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acetyl-D-galactosamine and N-acetyl-D-lactosamine exhibited a weak TH. This implies that N-
acetyl-D-galactosamine is a crucial component necessary for antifreeze activity. As in previous
studies, 3 methyl group of the L-threonine, when changed to hydrogen, proved to be an essential
feature for TH activity. It is possibly related to retaining a specific conformation of the
hydrophilic residue, the disaccharide. When a monomer of the AFGP (B-D-Gal-(1-->3)-0-D-
GalNAc-[Thr-Ala-Ala]) was tested, it only exhibited some dynamic ice shaping. As type I AFPs,
AFGPs also form a simple amphiphilic o helix. Hence, it is believed that the hydrophobic methyl
groups of the L-alanines are also necessary for the antifreeze activity. Hydrophobic and
hydrophilic interactions therefore account for the effective antifreeze activity of the AFGPs. A
detailed mechanism of action is still unknown; speculations were only made whether the

hydrophilic or hydrophobic residues bind to the surface of the ice. 23> 365!

1.5. Applications

Biological antifreezes show a vast potential of applications in different areas. Their
benefits lie in their ability to: (1) disrupt the ice crystal growth within the TH gap, (2) inhibit the
growth of ice crystals under prolonged period of time, and (3) stabilize cell membranes against
osmotic shock caused by extracellular ice growth.55 Their disadvantage in cryoprotection is the
dynamic ice shaping associated with TH. The formation of needle shaped ice crystals and their
burst at subfreezing temperature causes mechanical cell damage. However, even this property
has found its application in the area of cryosurgery. Another disadvantage discovered by Ben et

al. is cytotoxicity of the ARGP8 toward mammalian cell lines (Figure 2.1).” 6
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Figure 1.11. AFGP8 cytotoxicity MTT assay in Human cells. The MTT is reduced in
mitochondria to formazan by healthy cells. The result is observed by a color change from yellow

to purple, and is measured by optical density of the solution.™

1.5.1. Cryosurgery

Cryosurgery is a technique that employs extreme cold to destroy abnormal or diseased
tissue. It has been used for treatment of a number of skin diseases ranging from moles to skin
cancers.”’ The destructive force of freezing temperatures is caused by ice crystal formation that
ruptures the tissue of interest. The technique however is not 100% effective as reoccurrence of
the symptoms does exist. Rubinsky at el recently applied cryosurgery to tumor destruction. In
vivo tumors were injected with type I AFP which exhibits strong dynamic ice shaping.”® The

researchers observed an increased efficiency of cryosurgery with mortality close to 100%. The
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burst of the ice spicules caused by the antifreeze protein showed an amplified effect of

mechanical damage of the tumor cells.

1.5.2. Cryopreservation
Cryopreservation is defined as a technique used to preserve cells, tissues or organs at sub-

58 59 Their viability or biological function is always reduced by

zero temperatures.
cryopreservation process due to physical cell rupture, necrosis or cold induced apoptosis. Owing
to the stress induced by the extracellular and intracellular ice formation as well as the fluctuating
cell volumes, the most common cell death associated with cryosurgery is mechanical damage to
the external cell membrane by the ice crystals and/or osmotic stress.'®

Ice can be formed intracellularly and extracellularly.'® * Intracellular ice formation is
always lethal to cells and no studies have shown that the damage caused can be prevented.
Extracellular ice formation leads to: (1) dehydration of cells caused by the osmotic pressure
gradient across the cell membrane, and (2) physical injury induced by the pressure of large ice
crystals on the cell membrane.

As the temperature is lowered, the dynamic lipid bilayer forms two phases: liquid and
crystal phase. During this thermotropic phase transition, the mismatch in the packing of the lipids
is created and leads to the leakage of the intracellualar content and ultimately cell death.®° When
the temperature reaches the freezing point, extracellular ice formation occurs first. This results in
an increase in solute concentration and therefore pressure outside of the cell. The cell
compensates for the osmotic pressure increase by regulating the flow of water though the lipid

bilayer. The rate of the osmotic flux is directly proportional to the supercooling and when the

rate of the extracellular ice growth is fast, the cell may rupture due to the hypertonic stress and
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water depletion. In addition to the aforementioned effects, physical stress induced by the growth
of the ice crystals also disrupts the lipid bilayer membrane. As the temperature is lowered even
further the whole sample freezes. During sample storage or thawing, recrystallization occurs
resulting in formation of large crystals that also apply mechanical stress on the cell membrane.
Biological antifreezes have the ability to protect cells at hypothermic and cryogenic temperatures
and minimize the abovementioned effects of ice growth though TH and RI activity. Two
hypotheses were made regarding cell integrity and membrane stabilization to reduce the damage
caused by hypothermia. They state that biological antifreezes can: (1) block the potassium and
calcium ion channels, and (2) stabilize cell membrane during the thermotropic transition phase.61

The effects of biological antifreezes and their cryoprotective effects vary based on type of
cells being preserved, type and concentration of the antifreeze used, cooling rates and storage
temperature:s.60c Cell death has been observed due to the DIS and the advantage of the effect has
been explored by cryosurgery. Cell toxicity has been induced by some of the biological

antifreezes, therefore a proper match has to be made between cryoprotectant and a cell line of

interest.

1.5.3. Food preservation

The quality of frozen food is lost due to the adverse effect of ice formation and ice crystal
growth at subfreezing temperatures.le’ 62 Texture and nutrition loss of frozen meats during
multiple freezing/thawing cycles are caused by the large ice crystals formed during
recrystallization process.63 Dehydration and water holding capability are also affected by the ice
growth. Stabilization of cell membranes and recrystallization inhibition ability of biological

antifreezes makes them excellent candidates for cryopreservation of frozen food. Their use is
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limited by their difficulty of availability. AFPs and AFGPs can be extracted or synthesized only
in small amounts, thus their utility strictly depends on their cost-benefit. Although successful
results have been observed in the effect of biological antifreezes on frozen foods, biomedical

applications such as cryopreservation are the most profitable of the applications.
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CHAPTER 2

Goals and Objectives

2.1. Previous Precedent for Rational Design of AFGP Analogues

AFGPs show considerable promise as novel cryoprotectants as they are able to inhibit the
recrystallization of ice.! Recent reports also suggest that they may stabilize cell membranes®
during thermotropic phase transitions associated with freezing/thawing. Unfortunately several
problems have precluded the widespread use of these compounds. Firstly, the native AFGP are
O-linked glycoproteins and hence the anomeric carbon-oxygen bond is sensitive to cleavage
under a variety of biological and chemical conditions.® For instance, under acidic conditions the
glycosidic bond is readily cleaved forming an oxocarbenium ion which can be further converted
to its corresponding disaccharide by reacting with water, while under basic conditions the O-
linked threonine can be cleaved via B-elimination (Figure 2.1). Secondly, Ben et al. have shown
that native AFGP8 exhibits significant cytotoxicity in human embryonic liver cell lines at
physiological and cryogenic temperatures.® Thirdly, quantities of AFGPs are limited as they must
be isolated from biological sources.” Thus, to address the abovementioned issues, series of
synthetic AFGP analogues needs to be synthesized. The analogues should: (1) possess a potent
RI and lack TH activity, (2) be structurally stable, (3) be non-cytotoxic, and (4) be easily

accessible via conventional chemical routes.
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Acid catalyzed hydrolysis of AFGPs
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Figure 2.1. Acidic and basic hydrolysis of AFGPs.*®

Several structurally significant features of native AFGPs have been identified as essential
for antifreeze protein-specific activity.6 These include: (1) carbohydrate (a-O-liniked B-D-Gal-
(1-->3)-D-GalNAc residue), (2) B-methyl group of the threonine residue, and (3) the Thr-Ala-
Ala tripeptide backbone (Figure 2.2). In order to determine which of these structural features are
dominant contributors to RI activity, structure-activity-relationships (SARs) need to be

performed.
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Figure 2.2. Three major modification constituents of AFGPs.

Prior SAR work has demonstrated that carbohydrate stereochemistry is important for TH
activity,G’ 7 however, the influence in RI activity is not known. This work verified that the
relative stereochemistry at C3 and C4 of the terminal galactose residue was important as well as
the N-acetyl group of the GalNAc residue.

Given that the synthesis of O-linked carbohydrates can be quite challenging, much effort
has been devoted to the preparation of glycoprotein mimetics.® Typically, carbon-linked (C-
linked) or sulfur-linked (S-linked) derivatives are commonly employed as both analogues have
been shown to exhibit physical and biological properties comparable to that of the O-linked
oligosaccharides. In our laboratory, we have chosen to utilize a C-linked glycoconjugate instead
of an O-linked glycoconjugate. This will greatly facilitate synthesis and impart additional
chemical and biological stability in these analogues. Furthemore, it is expected that these
analogues will greatly contribute to the current understanding of how a potent inhibitor of ice
recrystallization functions. Consequently, a number of C-AFGP analogues will be prepared in

which the carbohydrate and primary amino acid sequence will be structurally modified.
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2.1.1. Investigating the Importance of the Carbohydrate in the O-linked AFGP Analogues
To date, the Ben laboratory have synthesized and assessed approximately 50 different O-
linked and C-linked AFGP analogues composed of only four repeating tripeptide sequences.* °
This is the minimum length required to observe TH activity.9 In one particular series of
compounds, the carbohydrate component was modified using: D-galactose, D-glucose, D-
mannose and N-acetyl-D-galactosamine monosaccharides as an alternative to the native
disaccharide.®® (Figure 2.3). These analogues were subsequently assessed for both TH and RI

activity and these results are detailed below.

TH Activity of O-linked AFGP analogues:

Unfortunately, no TH activity was observed for any of the analogues, however, DIS was
observed only for analogues [T(Gal)AA]4G and [T(Man)AA]4G. These findings suggest that the
terminal galactose is essential interacting with the ice lattice. We hypothesize that the loss of TH
maybe due to the lower number of hydroxyl groups present on the molecule which prevents a

strong interaction with the ice lattice.’

RI Results

Approximately 66% of RI activity of analogue [T(GalNAc)AA]4G was lost compared to
AFGP8. This finding verifies that D-galactose plays a significant role in RI activity. At
glycopeptide concentration of 5.54x10°° M, an increase in RI was observed from D-glucose
(MGLS=0.0087+0.0002) being the worst, following D-mannose (MGLS=0.0070+0.0002), D-
galactose (MGLS=0.0056+0.0002) and N-acetyl-D-galactosamine (MGLS=0.0049+0.0002).

Analogue [T(GalNAc)AA]4G exhibited the most potent RI of the analogues, comparable to that
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of AFGP8 (0.0016+0.0001). In this study it is interesting to note that while the level of RI
activity is much lower than the native system containing a disaccharide, significant RI can be

achieved with a monosaccharide.
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Figure 2.3. A library of synthesized O-linked [Thr(monosaccharide)-Ala-Ala]sGly analogues.”
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In summary, this class of analogues demonstrates that O-linked monosaccharide AFGP
analogues bearing a galactose residue exhibit weak interactions with the ice lattice and also

possess moderate RI activity.

2.1.2. Design of the C-linked AFGP Analogues
2.1.2.1. The Side Chain

The Ben laboratory has also studied many different C-linked AFGP analogues during the
last eight years. In these analogues, the C-linked pyranose was attached to the polypeptide
backbone via an amide bond with a lysine or ornithine residue. This structural modification
originated from the fact that in low molecular mass AFGPs threonine residues are occasionally
replaced by arginine.'® Substitution of the amino acids has no significant loss of the antifreeze

activity. The guanidine structure of the arginine side chain was simulated by the amide bond

(Figure 2.4).M

Native AFGP C-linked AFGP analogues

Omithine: m=1

Lysine: m=2
HN NH O
Glycine: R=H
HN HN
)m Alanine: R=CH
O O B
H H
N N
J[H VLHJY} 1[H Ywﬂ)ﬂ
(0] - (0] n O R (0] n

Figure 2.4. Rational design of AFGP analogues: mimicking the arginine residue of the native

AFGPs with an amide bond synthesized from ornithine or lysine.
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In addition, C-linked AFGP analogues that are structurally similar to a C-linked serine
derivative have also been prepared and studied (Figure 2.5).* * In this series of analogues, the
number of methylenes was varied from 2 to 4. The B-methyl group of the L-theronine residue
has been reported to be an important feature for the TH activity in native AFGP.° However, the
lack of this -methyl group gives the analogues more freedom of rotation as compared to AFGP8
and our previously designed C-linked series which include the rigid amide bond. These two
general classes of analogues form the platform for subsequent modifications of the carbohydrate

and polypeptide backbone of all the C-linked AFGP analogues prepared in our laboratory.

Native AFGP C-linked AFGP analogues

@ m=1 (Ser)
2 (Ser+1C)
3 (Ser+2C)
° o ) 0
H m H
J[NIWNYMNJY% B
H o = H ol H o Hool,

Figure 2.5. Rational design of AFGP analogues: mimicking the threonine residue of the native

AFGPs with a C-linked serine series.* 1

2.1.2.2. The Carbohydrate

The RI results generated from the O-linked AFGP analogue library (Figure 2.3) verified
that the disaccharide can be replaced by monosaccharides without significant loss of activity.” It
was therefore reasonable to implement the same changes in our C-linked AFGP analogue series.
Consequently, N-acetyl-D-galactosamine, D-galactose, D-glucose and D-mannose were chosen

as the monosaccharides in our C-linked AFGP mimetics.*® "1
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In addition, a divalent derivative (Figure 2.6) was also prepared to investigate the effect
of carbohydrate concentration on antifreeze protein-specific activity.”® This analogue possesses a

total of eight carbohydrate residues with two per L-lysine.

HO\E;QfZSE/A\N
OH

H ¢ o §
H{N N\V/H\N’A\W}N\V/HWDH
H ool

Figure 2.6. Divalent C-linked analogue [Lys(Gal,)-Gly-GlylsGly.”

2.1.2.3. The Peptide Backbone

The final component to be altered in our C-linked AFGP analogues was the peptide
backbone. L-Alanine residues were a logical choice as they are readily present in the structure of
the native AFGPs. Furthermore, methyl groups of the alanines were proved to be important in
hydrophobic interactions and binding to ice crystal lattice. Secondly, L-proline was incorporated
into the polypeptide of the C-linked AFGP analogues. In the structure of the native AFGPs, it has
been found that the first L-alanine after the L-threonine was occasionally replaced by L-
proline.14

In addition to altering the amino acids, glycoproteins with varied peptide length were
designed in order to determine their effect on antifreeze activity.” © It is well known that the

higher molecular weight AFGPs possess a more potent antifreeze activity.6 The antifreeze
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activity is defined in terms of RI as well as TH and the mechanisms by which they act are
thought to be uncoupled,'” therefore the varying glycopeptide length may have different effect on
the two properties. Ultimately, optimal glycopeptide length will be determined for potent

recrystalliation inhibitors.

2.1.3. Insight into the SAR of C-linked AFGP Analogues

The following paragraphs in this section will discuss trends and results of the synthesized
C-linked AFGP analogues summarized in Table 2.1. %% -3

The first subset of C-linked AFGP analogues synthesized incorporated two L-glycine

residues and one L-lysine residue bound to a C-linked galactose (Entries 1-3, Table 2.1) The
resulting glycopolymers, [Lys(Gal)-Gly-Glyl,Gly, varied in length from n=3 to n=9 units. To

rule out any non-specific effects on their activity the carbohydrate concentration was kept
constant. Although [Lys(Gal)-Gly-Gly]oGly was tested with peptide concentration three times
lower then [Lys(Gal)-Gly-Gly]sGly it still exhibited higher RI activity. The results verify that a
direct correlation between molecular weight and RI activity exists.

To further investigate the importance of the carbohydrate concentration, a divalent
analogue (Entry 4) was synthesized and tested for antifreeze activity. As indicated in Table 2.1,
the divalent analogue [Lys(Gal,)-Gly-Glyl4Gly had RI activity comparable to that of [Lys(Gal)-
Gly-Gly]sGly suggesting that the carbohydrate concentration with respect to the peptide
backbone is very important for RI activity. In essence, doubling the carbohydrate concentration,

results in a two-fold increase in RI activity.
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Table 2.1. Dynamic Ice Shaping, Thermal Hysteresis and Recrystallization Inhibition of C-linked

AFGP analogues previously synthesized by Ben et al. + > "3

Entry Analogues n DIS TH RI®
1 [Lys(Gal)-Gly-Gly],Gly 3 None - insignificant
2 [Lys(Gal)-Gly-Gly],Gly 6 Hexagon 0.06°C ok
3 [Lys(Gal)-Gly-Gly],Gly 9 Hexagon 0.06°C ok
4 [Lys(Gal,)-Gly-Gly],Gly 4 None - ok
5 [Lys(Gal)-Gly-Gly],Gly 4 Hexagon _ *
6 [Lys(Glc)-Gly-Gly], Gly 4 None _ *
7 [Lys(Man)-Gly-Gly],Gly 4 None - *
8 [Lys(Gal)-Ala-Ala],Gly 4 None - insignificant
9 [Lys(Gal)-Pro-Gly],Gly 4 None ~ ok ok
10 [Lys(Glc)-Pro-Gly],Gly 4 None - *
11 [Lys(Man)-Pro-Gly],Gly 4 None - *
12 [Orn(Gal)-Gly-Gly],Gly 4 Hexagon — ok ok
13 [Orn(Glc)-Gly-Gly],Gly 4 None — 5k
14 [Orn(Man)-Gly-Gly],Gly 4 None _ *
15 [Orn(GalNAc)-Ala-Ala],Gly 4 None _ Tk
16 [Ser(GalNAc)-Gly-Gly],Gly 4 None - ok
17 [Ser(Gal)-Gly-Gly],Gly 4 None — AR,
18 [(Ser+1C)(Gal)-Gly-Glyl,Gly 4 None - o
19 [(Ser+2C)(Gal)-Gly-Gly],Gly 4 Hexagonal - *k

a: * - least potent RI (MGLS=0.010-0.014mm?), ***** - most potent RI (MGLS=0.000-0.004),
for **, **%* gpd **** jncrements of 0.002mm? MGLS were used to verify RI potency.
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It is interesting to note that TH activity also correlates to glycopeptides length. For
instance, [Lys(Gal)-Gly-Gly],Gly, where n=6 and 9 (Entries 2 and 3), displayed TH, while

[Lys(Galy)-Gly-GlylsGly (Entry 4) did not, suggesting that there is a minimum length of the
glycopolymer necessary to observe TH activity. To examine the length at which no TH will be
observed yet the analogue will possess RI activity, [Lys(Gal)-Gly-Gly]4,Gly was synthesized
(Entry 5). The number of tripeptide units was between that of 3 which showed no TH activity
and that of 6 which exhibited TH. [Lys(Gal)-Gly-Gly]4Gly possessed weak RI while TH was not
detected, however hexagonal DIS was observed. Since the analogue’s length was the same as
that of AFGPS, a length of 4 units seemed reasonable for the design of subsequent C-linked
AFGP analogues.

To improve RI of [Lys(monnosaccharide)-Gly-Glyl4Gly analogues and elucidate the
importance of the hydroxyl group stereochemistry, a series of analogues with different
carbohydrates was synthesized (Entries 6-8). None of the two analogues showed any significant
improvement in RI activity, yet both had no TH or DIS. Modifying the peptide backbone so it
more resembles the native system and synthesizing [Lys(Gal)-Ala-Ala]4Gly did not bring any
further success.

Subsequent to this, other modifications were made to the polypeptide backbone and L-
proline residues were incorporated to furnish C-linked AFGP analogues [Lys(Gal)-Pro-Gly]4Gly,
[Lys(Glc)-Pro-GlylsGly, [Lys(Man)-Pro-Glyl4Gly (Entries 9-11). It was expected that
conformational changes in the solution conformation of these analogues might result, and that
this may affect antifreeze activity. However, no significant changes were observed in [Lys(Glc)-
Pro-Gly]4Gly and [Lys(Man)-Pro-GlylsGly. Conversely, [Lys(Gal)-Pro-Gly]4Gly exhibited a

significant increase in RI with no evidence of DIS or TH. The most significant result for this
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subset of analogues was that the relative stereochemistry of the carbohydrate moiety was a
significant factor in activity and that galactose appeared to be the “best” carbohydrate.

To fully investigate this relationship, C-linked AFGP analogues possessing different
carbohydrate moieties with the same backbone (Entries 12-14) were prepared. As expected,
[Orn(Gal)-Gly-GlylsGly exhibited potent RI activity, comparable to that of the natural AFGPs.
The analogue showed hexagonal DIS however no TH was observed. RI for [Orn(Glc)-Gly-
Gly]4Gly was moderate, while for [Orn(Man)-Gly-Glyl4Gly it was weak, with no TH activity
detected for both analogues.

The study of the influence of N-acetyl-D-galactosamine on RI activity is still incomplete

but [Orn(GalNAc)-Ala-Ala],Gly (Entry 15) shows promising results and suggesting that the C2

N-acetyl group may be important. Using the second C-serine based platform for our C-AFGP
analogues, a series of compounds were prepared to further investigate the importance of the C2
NHAc group (Entries 16-19). The number of carbon-carbon bonds of the “serine” was varied
from 3 to 5, and the monosaccharides used were D-galactose and N-acetyl-D-galactosamine. The
galactose analogue, [Ser(Gal)-Gly-GlylsGly, showed superior RI activity compared to any
previously synthesized C-AFGP analogues. The results suggest that incorporation of the N-acetyl
moiety does not result in improved Rl in this series of analogues.

In summary, simple C-linked AFGP analogues were designed by modifying the
carbohydrate component, side chain, and the peptide backbone. The synthesized mimetics were
tested for antifreeze activity and the best analogues, C-linked [Orn(Gal)-Gly-Gly]4Gly and
[Ser(Gal)-Gly-GlylsGly, exhibited no TH and RI activity comparable to that of the native
AFGP8. Moreover, the C-linked AFGP analogues showed superior stability with custom-

tailored physical antifreeze activity. This is an important result as it suggests the rational design

44



of novel AFGP molecules suitable for medical, commercial and industrial applications is

feasible. However, before this goal can be realized, additional SAR work must be performed.

2.2. Research Goals and Objectives

Previously developed AFGP analogues gave important insights into the future design of
novel cryoprotecting agents. Their selective ability to inhibit ice recrystallization without strong
interaction with ice lattice (no TH) makes them excellent candidates for protection of cells at
subzero temperatures. It is well known that native AFGPs form ice spicules at temperatures
below the TH gap.s’ " The sharp ice crystals can damage the cells leading to their death, making
TH activity an undesirable property for a cryoprotectamt.16 Thus one of the goals of our research
program is to inhibit ice crystal growth with suitable and non-toxic recrystallization inhibitors.

The structural modifications made in previously synthesized C-linked AFGP analogues
addressed the importance of the side chain, polypeptide backbone but especially the
carbohydrate. The RI activity was shown to be sensitive to changes in the stereochemistry of the
monosaccharides of the C-linked AFGP mimetics. While analogues containing D-galactose were
determined to be the most potent inhibitors of ice recrystallization, to date no model has been
proposed that can explain this effect. Consequently, the objective of this dissertation is to design
a new generation of C-linked analogues to further probe SAR trends, and help to better
understand how carbohydrate stereochemistry relates to RI activity. Perhaps these SAR studies
will further elucidate the key structural features necessary for potent inhibitors of ice

recrystallization. The goals of my research are:
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Goal (1) — To investigate the influence of carbohydrate stereochemistry on Rl activity and

determine whether it is related to hydration of the carbohydrate moiety.

It is well accepted that hydration of proteins plays an important role in modulating
protein function.!” Similarly, hydration or solvation of carbohydrates and oligosaccharides
tempers their biological activity.'® Subsequently, Galema et al. studied the hydration of many
commercially available hexoses and correlated it to carbohydrate stereochemistry.19 To test
whether the hydration has an effect on RI activity and it can be related to carbohydrate
configuration, the C-linked [Orn(carbohydrate)-Gly-Gly]sGly series will be expanded to
incorporate D-talose, D-lactose and D-melibiose (Figure 2.7). If there is a true relationship
between hydration and RI, it will allow one to predict the influence of the carbohydrate on RI

activity and revolutionize the future design of AFGP analogues.

R
Rj 1R5
Rz O
HO
R o
HN
H @ H @
HfH N\/”\NA”,}NQKOH
o) H o'y

[Orn(Tal)-Gly-Gly]4Gly: R{=OH, Ry=H, R3=0OH, R4=H, Rs=OH
[Orn(Lactose)-Gly-Gly]4Gly: R1=OH, Ry=p-D-galactopyranosy!-(1-4)-, R3=H, R4=OH, Rg=H
[Orn(Melibiose)-Gly-Gly],Gly: Ry=a-~D-galctopyranosyl-(1-6)-, R,=OH, R3=H, R4=OH, Rs=H

Figure 2.7. Target C-linked [Orm(Tal)Gly-GlylsGly, [Orn(Lactose)-Gly-GlylsGly and

[Orn(Melibiose)-Gly-Gly],Gly analogues.
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Goal (2) — To assess the importance of the C-2 N-acetyl moiety on RI activity and its potential

effect on solution conformation.

While the role of the C-2 acetamide group has been already addressed, more studies need
to be devoted to understand its function in more detail. Studies by Nishimura suggested that the
methyls of the C-2 acetamide are important in forming the hydrophobic portion of the AFGPs.®
In addition, NMR studies indicate that the nitrogen proton of the amide forms hydrogen bonds
with the carbonyl residues of the peptide backbone.’®?! This hydrogen bonding is strong enough
to influence the conformation of the glycopeptide. The C-2 N-acetyl group has proven to be an
important motif for TH.® however, no reports have been found regarding its effect on RI. In our
C-linked [Ser(monosaccharide)-Gly-Glyl4Gly analogues N-acetyl-D-galactosamie showed a
decrease in RI over its counterpart containing D-galactose. On the contrary, [Orn(GalNAc)-
Ala-Ala],Gly analogue exhibited a fairly potent RI activity.

In order to complete the investigation of the effect of C-2 acetamide group on RI,
[Om(GalNAc)-Gly-Gly]4Gly and [Orn(Gal)-Ala-Ala]4Gly were designed (Figure 2.8). Both
analogues will be synthesized and their antifreeze activities will be compared to that of

[Orn(GalNAc)-Ala-Ala]4Gly and [Orn(Gal)-Gly-Glyl4Gly.
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[Orn(GalNAc)-Gly-Gly)l4Gly: R4=NHAc, Ro=H
[Orn(Gal)-Ala-Ala],Gly: R{=0OH, R,=CHj3

Figure 2.8. Target C-linked [Orn(GalNAc)Gly-Gly]4Gly and [Orn(Gal)-Ala-Ala]4Gly analogues.

Goal (3) — To examine the effect of the C-linked AFGP disaccharide derivatives on hydration

and RI activity.

One of the major structural changes implemented in the synthesis of the C-linked AFGP
analogues was the change of the disaccharide to the monosaccharide. As evident in a series of
our O-linked analogues and the native AFGPS, the B-D-Gal-(1-->3)-D-GalNAc plays a key role
in TH activity.G' % The disaccharide mode of action is still unknown and only speculations have
been made that (a) its configuration is important for TH and (b) that it plays a specific role in
setting up the conformation of the glycopeptide essential for ice binding and as a result TH
activity. AFGP8 also exhibits a very potent RI activity which seems to be also attributed to the
disaccharide as implied by the data from our O-linked series. Since no disaccharide bearing C-
linked analogues have been synthesized, the above hypothesis has not been verified. However, it

can be suggested that if RI is concentration dependent, as observed by comparing the C-linked
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[Lys(Gal,)-Gly-Glyl4Gly and [Lys(Gal)-Gly-Gly]4Gly, then AFGP8 RI strength relies on the
presence of the B-D-Gal-(1-->3)-D-GalNAc disaccharide. In order to address the importance of
the disaccharide on antifreeze activity C-linked [Orn(disaccharide)-Gly-Glyl4Gly series have

been designed (Figure 2.9).

R,OH.  HOOH

Ry
Mo 02
Rs Rl o
HN
Ho S H @
Htﬁ N\/U\N/\W}N\)J\OH
0] (0]

[Orn(Gal-GalNAc)-Gly-Gly],Gly: R4=H, R;=OH, R3=OH, R,=H, Rs=NHAc
[Orn(Glc-GalNAC)-Gly-Gly]4Gly: Ry=OH, Ry=H, R3=OH, R,=H, Rs=NHAC
[Orn(Man-GalNAc)-Gly-Gly]4Gly: Ry=OH, R,=H, Rs=H, R;=OH, Rs=NHAc
[Orn(Gal-Gal)-Gly-Gly],Gly: R{=H, R,=OH, R3=OH, Ry=H, Rs=OH

Figure 2.9. Target C-linked [Orn(Gal-GalNAc)Gly-Gly]4Gly, [Orn(Glc-GalNAc)-Gly-Glyl,Gly,

[Orn(Man-GalNAc)-Gly-Gly]4Gly and [Orn(Gal-Gal)Gly-Gly]sGly analogues.
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CHAPTER 3
Elucidating the Relationship between Carbohydrate Stereochemistry,

Hydration and Recrystallization Inhibition

3.1. Introduction

The importance of hydration or solvation of proteins, peptides, oligosaccharides and
various glycoconjugates has been well recognized.! However, determining the degree of
hydration of a particular molecule is not a trivial matter. While recent advances in nuclear
magnetic resonance (NMR) and other spectroscopic techniques aid in quantifying hydration,
hydration effects are still overlooked when examining the fundamental nature of many biological
processes.>>

Antifreeze glycoproteins (AFGPs) are found in many species of deep sea Teleost fish
inhabiting sub-zero environments. They protect organisms from cryo-injury and death by
inhibiting the growth of seeded ice crystals in vivo.* These compounds have attracted a great deal
of interest both fundamentally and commercially over the last forty years and have been
shrouded in controversy. For instance, the mechanism of action by which protection is conferred
is regarded as an adsorption-inhibition process where the binding of AFGP to the ice surface
results in a localized freezing point depression according to the Kelvin (Gibbs-Thompson)
relation.’ The binding event has been thought to be irreversible, but recent results have
questioned this.% ” Local energy transfer (or energy coupling) has complimented the irreversible
nature of antifreeze binding to ice and has begun to link the mechanism of action of AFPs to
AFGPs.> ® The sf[ructural moieties responsible for binding to ice remain unknown but current

hypotheses either invoke hydrophilic® or hydrophobic interactions.'® Further controversy arises
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from the fact that AFGPs display two modes of antifreeze activity: thermal hysteresis (TH) and
recrystallization-inhibition (RI). While the mechanism of TH is reasonably well-understood,* !!
the manner in which AFGPs function as potent inhibitors of recrystallization is not.

The relevance of AFGP hydration and its importance at the ice-protein interface has not
been directly addressed. However, hydration has been implicated as an important factor
preventing the ’dimerization of individual AFP molecules, thereby ensuring that molecules
function independently at the ice protein interface.’ Similarly, previous conformational analyses
of AFGP8 and AFGP1-5® have suggested these molecules are highly hydrated. In contrast,
AFGPS8 (the lowest molecular mass fraction of AFGP) has been shown to form higher order
aggregates in solution,'? but the issue of solvation was not examined despite the fact that this
aggregation results in increased thermal hysteresis (TH) activity and likely has important
implications in vivo as AFGPS is the only AFGP to be found in tissues outside the bloodstream.
AFGP8 has also been shown to function cooperatively as an inhibitor of recrystallization® but
again, the question of solvation was not addressed.

As part of our on-going studies into the rational design of C-linked antifreeze
glycoprotein analogues possessing custom-tailored antifreeze activity, we postulate that
carbohydrate hydration might be an important factor in the activity of our analogues. To
investigate this hypothesis, we prepared a series of C-linked AFGP analogues incorporating D-
galactose, D-mannose, D-glucose and D-talose hexoses. The structure of these analogues was
based upon C-linked AFGP analogues synthesized previously in our laboratory that

demonstrated significant RI activity with little or no TH activity.'* *
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3.2. Glycopeptide Synthesis

The synthesis of glycoconjugates has received a lot of attention in the past decades due to
the advances made in the field of glycobiology.15 Many synthetic methods were developed to
overcome the challenges associated with the glycopeptide synthesis and to maximize its
efficiency and precision.16 While the search for more reliable and facile protocols is still
underway the main two methods utilized up to date are: solution phase peptide synthesis, and
more common solid phase peptide synthesis (SPPS).'*** Solution phase synthesis is based on
protection of the amino acids’ carboxyl terminus with either acid and/or base resistant protecting
group. The N-terminus is then selectively deprotected and coupled to the free carboxylic group
of the subsequent amino acid. The cycle of deprotecting/coupling continues until the desired
sequence and length of the peptide is achieved. The main disadvantages associated with this
method are its low efficiency, and lengthy work-up as well as purification procedures. In longer
peptide syntheses the repetition of isolation and purification of the peptide intermediates can
become labor intensive. This protocol has thus evolved and solid phase peptide synthesis has
been developed. The method employs solid phase support on which the chemical transformations
such as amide bond ligation, post-synthetic modifications, work-up and purification are
performed. The method was first developed and pioneered by Bruce Merrifield in synthesis of
polypeptides and earned him a Nobel Prize in 1984.1

The widely used SPPS utilizes either of the two common protocols: Boc (tert-
butyloxocarbonyl) or Fmoc (9-fluorenyl-methoxycarbonyl) chemistry.”a’ ® In the Boc
procedure, to remove the tert-butyloxocarbonyl protecting group and obtain a free amine ready
for the next coupling, strong acids such as trifluoroacetic acid (TFA) have to be used. Moreover,

to cleave the peptide from the resin at the end of the synthesis, the beads have to be incubated in
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a highly dangerous hydrofluoric acid. Since HF cleavage has to be performed using specialized
equipment, this method is generally disfavored. In the Fmoc strategy, the 9-fluorenyl-
methoxycarbonyl protecting group on the N-terminus can be cleaved using a mild base (usually
20% piperidine in DMF). The end product is detached from the solid resin using TFA. The Fmoc
protocol being safer and less problematic became the most routine technique used. For the
aforementioned reasons, Fmoc protocol will be used in the synthesis of our antifreeze analogues.

The AFGP analogues can be synthesized using two synthetic strategies.13 First one is the
convergent synthesis in which the peptide backbone is first synthesized (Figure 3.1).
Consequently, the glycosylation sites are deprotected and the carbohydrate moieties are coupled.
The glycopeptide is then cleaved from the beads, fully deprotected and purified. The second
strategy is the linear synthesis in which the amino acids are assembled stepwise (Figure 3.2). The
amino acid bearing the carbohydrates or the building block unit is prepared first and
subsequently employed in the SPPS sequence. After cleavage from the beads, the glycopeptide is
fully deprotected and purified. Since the linear synthesis in our laboratory proved to be more

efficient, this is the method of choice for the target analogues in this dissertation.
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Figure 3.1. Convergent synthesis of the C-linked AFGP analogues."
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Figure 3.2. Linear synthesis of the C-linked AFGP analogues.13

3.3. Retrosynthetic Analysis of the C-linked [Orn(Tal)-Gly-GlylsGly Analogue

Preparation of the C-linked ornithine-talose analogue is important as we anticipate that it
will exhibit no RI activity and verify the link between carbohydrate stereochemistry, hydration
and RI activity. This building block can be synthesized by coupling a TFA salt of ornithine and
a carboxylic acid derivative of talose (Scheme 3.1). The C-linked oxidized talose derivative can
be obtained via: inversion of the C-2 hydroxyl of galactose, following deprotection of the acid
labile protecting groups, subsequent acetylation of the free hydroxyls and oxidation of the allyl
moie:ty.19 The corresponding galactose derivative can be prepared by protecting group

manipulation from allyl 2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside.
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Scheme 3.1. Retrosynthetic analysis of the C-linked talose-ornithine building block.

3.4. Synthesis of the C-linked AFGP Analogues 19-22

The four C-linked AFGP analogues, 19-22, were prepared in a linear manner whereby the
C-linked pyranose was coupled to an orthogonally protected amino acid residue and assembled
into the desired glycopolymer using automated solid phase synthesis as outlined previously. The
D-glucose, D-galactose and D-mannnose series were prepared by Ben et al. as outlined in
Scheme 3.2 and Scheme 3.4, however, several of these compounds were resynthesized for this

study. 14, 20, 21
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Scheme 3.2. Synthesis of the carbohydrate component of the C-linked AFGP analogues 19-22.

Commercially available peracetylated pyranoses 1a-c were converted to glycosyl bromides 2a-c
(89-94% yield) by treatment with hydrogen bromide in glacial acetic acid. Photochemical-
mediated allylation furnished C-allylated pyranose derivatives 3a-c possessing the o-
configuration.”? These derivatives were oxidized to produce the desired carboxylic acids 4a-c in
76-85% yield.

The C-allylated D-talose derivative was prepared from C-linked D-galactose derivative
3c. As illustrated in Scheme 3.3, the acetate protecting groups were removed using sodium in
methanol solution. The C3 and C4 hydroxyl groups were selectively protected as a dimethyl

acetal (70% yield) and the C6 hydroxyl group was protected as a TBS-ether (>95% yield).
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Inversion of configuration at C2 was accomplished by a Swern Oxidation and subsequent
reduction of the ketone with NaBH, to produce 7 in 75% vyield (two steps).'® Deprotection and
acetylation followed by ozonolysis resulted in 8b (75% yield, three steps), which was further

oxidized to give 9 (82% yield).

aco QA OH o OTBS
0 >< o) o)
AcO
Ao 67% HO >95% Ho|
3c 6
d| 75%
OAc OTBS
AcO (¢ OAc L9 AcO OAc 0 OH
5 BN ><
AcO e 75%
o) >
9 OH 8a X=CH, 7
8b X=0

Conditions: (a) NaOMe, MeOH; (b) (CH3),C(OCH,),, p-TsOH, CH,CN; (c) TBDMSCI, DMAP, py:
(d) (CO);Clz, DMSO, EtsN, then NaBH,, CH3OH; (e) 80% HOAc-H,0, then Ac,0, py-CH,Cly;
(f) O3, PPh;, CH,Cl,, -78°C; (g) NaClO,, KH,PO,, 2-methyl-2-butene, tBUOH-PrOH-H,0.

Scheme 3.3. Synthesis of the C-linked talose derivative 9.

Compounds 4a-c 9 were then coupled to orthogonally protected ornithine derivative 10"
using  O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) and
Hiinig’s base to afford benzyl protected building blocks 11-14 in 87-93% yields. The benzyl
esters were carefully removed by chemoselective hydrogenolysis to furnish the requisite

glycoconjugate building blocks 15-18 for preparation of the polymers (Scheme 3.4). The C-

61



linked AFGP analogues were prepared in an automated manner using an APEX 396 and standard
Fmoc-based chemistry.23 The glycopolymers were removed from the Wang resin by treatment
with a 50% TFA solution in dicholormethane following ether precipitation. The acetate
protecting groups on the carbohydrates were removed using Na/methanol solution. Purification
by C-18 reversed-phase HPLC furnished the desired C-linked AFGP analogues 19-22 in yields

ranging from 40-62%.
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Scheme 3.4. Synthesis of glycopolymers 19-22.
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3.5. Results: Assessment of Antifreeze Activity and Conformational Analysis of C-linked

AFGP Analogues 19-22

Thermal Hysteresis (TH):

C-Linked AFGP analogues 19-22 did not show any TH activity. However, analogue 19
did exhibit weak dynamic ice shaping indicating that this compound had the ability to interact
with the ice lattice. This result was consistent with previous results obtained and outlined in

Chapter 2.

Recrystallization-Inhibition (RI:

Analogues 19-22 were assessed for their ability to function as inhibitors of ice
recrystallization (Graph 3.1). All samples were compared to a solution of phosphate buffered
saline (PBS) which was used as a negative control and a solution of AFGP 8 isolated from
Gagus ogac (generously provided by AquaBounty Farms). Each solution was tested at three
different concentrations in order to rule out any non-specific RI effects.”* ?* The size of ice
crystals was analyzed using mean elliptical method. The Y-axis in Graph 3.1 represents the mean
largest grain size (MLGS) where small bars are representative of potent recrystallization-
inhibition activity. The D-talose and D-mannose analogues (22 and 21) did not show any RI
activity and had MLGS values consistent with PBS, the negative control. D-Glucose analogue 20
exhibited only very moderate RI activity while D-galactose analogue 19 was the most potent

analogue with the largest ML.GS value of 0.00354 mm? at 5.54 x 105 M.
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Graph 3.1. RI activity of C-Linked AFGP Analogues 19-22.

The activity of analogue 19 is significantly greater than C-linked AFGP analogue
containing L-lysine which has been previously reported by our laboratory.'* This is despite the
fact that the lysine analogue is comprised of six repeating tripepide units and not four.
Interestingly, analogue 19 is not as active as the C-serine AFGP analogue previously reported by

our laboratory.” Overall, analogue 19 possesses approximately one half the RI activity as native

AFGPS.
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Conformational Analysis:

The solution conformation of C-linked AFGP analogues 19-22 was examined by circular
dichroism (CD) spectroscopy.'? Deconvolution of the raw spectral data was accomplished using

CD Pro with Selcon III and I-Basis 4 as a representative database.”®® The CD specta is

presented in Figure 3.3.
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Figure 3.3. Circular dichroism spectra of analogues 19-22.
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Overall, the solution conformations of analogues 19-22 is consistent with a large percentage of
random coil structure with varying degrees of other more ordered secondary structures (Table
3.1). These data correlate well with earlier conformational analyses of AFGP8 using CD

spectroscopy. 12,29

Table 3.1. CD deconvolution data of AFGP analogues 19-22 and AFGP8 using CD Pro with

Selcon IIT and IBASIS 4.
Compound Regul.ar Distorfed Regular | Distorted Turn Rant%om Sum
a helix a helix | Pstrand | P strand coil

[O(Gal)GG]4G (19) -0.011 0.160 0.031 0.092 0.256 0.504 1.032
[O(Glc)GGL4G (20) -0.012 0.172 -0.004 0.073 0.232 0.568 1.029
[O(Man)GG1sG (21) | 0.010 0.164 0.008 0.007 0.225 0.540 | 0.954
[O(Tal)GG]14G (22) 0.020 0.049 0.084 0.101 0.248 0.529 1.031
AFGP8 0.049 0.114 0.164 0.094 0.237 0.378 1.036

3.6. Discussion: Interpretation of Antifreeze Activity and Conformational Analysis of
Analogues 19-22

Graph 3.1 depicts an interesting result where the stereochemical relationship of the
pyranose ring is clearly important for recrystallation-inhibition (RI) activity. The relative
orientation between the OH groups at C2 and C4 appears to be crucial. For instance, when the
C4-OH group is axial and the C2-OH group is equatorial (as in the galactose analogue 19) the

largest amount of RI activity is observed.

67




This result compliments previous structure-function studies which suggested that the cis-
3,4 hydroxyl group in the terminal D-galactose residue’ is essential for thermal hysteresis
activity. Recent studies by Corzana et al.,*! have suggested a correlation between the surrounding
water shells of glycosylated serine and threonine residues with TH activity, however,
identification of any structural features of AFGP8 for RI activity has yet to be elucidated.

Given the stereochemical sensitivity of the carbohydrate moiety to RI activity and the
Corzona precedent,z’1 we hypothesized that an explanation for the increased RI activity of
analogue 19 relative to analogues 20, 21 and 22 might lie in the hydration of these individual
carbohydrate residues. An understanding of the structural characteristics essential to a potent
inhibitor of recrystallization would greatly facilitate the rational design of novel cryoprotectants
with custom-tailored activity. Such an approach is attractive as cell damage due to
recrystallization is the single major cause of cell death during cryopreservation.”’ 33

The hydration of carbohydrates has been studied extensively over the last three decades.'
Various hypotheses have been proposed to rationalize hydration characteristics of carbohydrates
and protein and the subsequent influence of hydration on bulk water. The “hydration layer”
refers to water that encompasses the carbohydrate and/or protein and is often bound very tightly.

In contrast, the region outside of this layer is very dynamic, consequently less ordered, and is

referred to as “bulk water”.** Hypotheses that rationalize hydration characteristics include:

35-38 40, 41

hydration number, anomeric effect,” ratio of axial versus equatorial hydroxyl groups,
hydrophobic index, " hydrophilic volume® and compatibility with bulk water based upon the
position of the next-nearest-neighbour hydroxyl groups.** ** Galema et al. have studied the

hydration of various monosaccharides using molecular dynamics simulations, kinetic

experiments, as well as density and ultrasound measurements.*® ¢/ Consequently, the partial
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molar volumes and isentropic partial molar compressibilities of many commercially available
hexoses have been determined. In general, these values relate to the volume of space occupied by
a molecule upon solvation by water. This data reveals that the “compatibility” of a carbohydrate
with the three-dimensional hydrogen-bonded network of water is governed by carbohydrate
stereochemistry. Monosaccharide pyranoses with variable hydroxyl stereochemistry at C2 and
C4 showed a relatively wide range of isentropic partial molar compressibilities. In other words,
the ‘fit’ of monosaccharide pyranoses into the three-dimensional hydrogen bonded network is
highly variable and dependent upon the C2 and C4 relative stereochemistry. The molar
compressibilities of D-talose, D-mannose, D-glucose and D-galactose aré shown in Figure 3.4
where hexoses with low molar compressibilitity values exhibit the poorest fit with the three-

dimensional hydrogen-bonded network of water.*®
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Figure 3.4. Isentropic partial Molar Compressibilities of Monosaccharides in Aqueous Solution
at 298 K (K;°(s) x 104, cm® mol?! bar‘l).46’ 4T Values are given for dominant conformer in

solution.

A comparison of Graph 3.1 to Figure 3.4 reveals a strong correlation between ice
recrystallization inhibition activity and molar compressibility of the monosaccharide hexoses.
The fact that the AFGP analogues are C-linked deserves special comment. Recent studies have
shown that C-linked carbohydrate derivatives can adopt many more conformations than their O-
linked analoguf:s.48 However, much precedent exists to indicate that C-linked carbohydrates are
able to adopt key conformations in vitro ensuring they are just as active or in some instances
more active than their O-linked counterparts.*>' Furthermore, conformational analyses of C-
linked and O-linked oligosaccharides suggest that the conformations between these two

substrates are identical as intramolecular hydrogen bonds play a significant role in dictating
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conformation.”” * Intramolecular hydrogen bonding cooperativity also has an effect on the

33 This study indicated

structuring of water, and has been studied extensively by Dashnau et al
that the stereochemistry of the C4 OH is crucial in forming intramolecular hydrogen bonds. In
addition, the stereochemistry at C4 and C2 serves to modulate the magnitude of the response for
hydration.47’ 53 The stereochemistry at anomeric and C3 position has been shown to not affect the
hydration® and thus, the hydration characteristics between an O-linked pyranose and a C-linked
pyranose should not differ.

Our data (Graph 3.1.) indicates that the compatibility of a hexose is inversely
proportional to recrystallization-inhibition activity. For example, talose-containing AFGP
analogue 19 exhibits no RI activity (Graph 3.1.), however, based upon the fact that D-talose
would have the best ‘fit’ into the three-dimensional hydrogen-bonded network of water
compared to the other hexoses, this analogue would demand the least re-organization of bulk
water and thus require the least amount of energy for solvation. The D-mannose (21) and D-
glucose (20) analogues exhibit only slight RI activity and the molar compressibility values
correlate nicely with these results. In contrast, D-galactose analogue 19 has the lowest molar
compressibility value and hence, would exhibit the poorest fit into the three-dimensional
hydrogen-bonded network of water. Consequently, the energetic cost to incorporate this
analogue into the three-dimensional hydrogen-bonded network of water would be the largest.

Due to this apparent correlation between carbohydrate stereochemistry and hydration, we
believe that recrystallization-inhibitors such as biological antifreezes or our C-linked AFGP
analogues may function by disturbing the highly ordered structure of supercooled water. This in

turn would increase the energy associated with a water molecule transferring from bulk water to

the pre-ordered water layer or “quasi-liquid layer” (QLL), and subsequently from the QLL to the
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ice lattice. The QLL is a transitional domain existing at the ice/water interface.*® 3* While the
thickness of the QLL has been shown to be temperature dependant, the characteristics of this
region more closely resemble that of the ice lattice (i.e. less dynamic and more ordered than bulk
water) at temperatures less than -1 "C.** The net result of disrupting the ordered structure of
supercooled water would be an inhibitory effect on ice growth.

The mechanism of recrystallization has been dealt with extensively in the metallurgical
literature.”> There are two generally accepted theories describing the mechanism of
recrystallization: Ostwald ripening and agglomeration. Ice recrystallization is defined as the
formation of larger crystals at the expense of smaller ones, and likely occurs when the QLLs of
two crystals are in contact with each other (via agglomeration mechanism). 5%¢ 4 The non-
uniform crystal shapes from our RI experiments suggest that recrystallization is occurring
predominately via agglomeration.>* According to IR studies by Sadtchenko, the thickness of the
QLL is inversely proportional to temperature, and at -6 'C, the thickness of the quasi-liquid layer
is ~1 nm, which equates to about only three monolayers of water.>* The consequence of such a
thin layer means that a carbohydrate residue with low molar compressibility will have a more
pronounced effect on the ordering of the bulk water/QLL interface and ultimately ice growth.

The conformation of our analogues (19-22) was examined by CD to ensure that the
substitution of carbohydrates did not drastically affect the secondary structure of the
glycopeptide (Figure 3.3, Table 3.1). All of these glycoconjugates possess a large percentage of
random coil structure (> 50 percent) and B-turn (~25%), with varying degrees of other secondary
structure. These conformational characteristics are consistent with previous analyses of AFGP
8'>% and indicate that the absence of RI activity for analogues 21 and 22 is not due to a change

in secondary structure. It is feasible that a high degree of flexibility in the polypeptide may be an
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important factor for RI activity allowing the glycoprotein to move easily through the
concentrated solution of solute during the freezing process. Further studies to investigate this

hypothesis are necessary.

3.7. Conclusion

In summary, it was demonstrated that the stereochemistry of the carbohydrate moiety in
C-linked AFGP analogues is an extremely important factor for recrystallization-inhibition
activity. Furthermore, the molar compressibility of the C-linked pyranose in the glycoconjugate
is inversely proportional to the degree of recrystallization-inhibition activity. The relative
stereochemistry of the hydroxyl groups at C2 and C4 plays an important role in determining the
compatibility of the carbohydrate component with the three-dimensional hydrogen-bonded
network of bulk water at the ice-protein interface. These results suggest that potent inhibitors of
recrystallization may ultimately function by disrupting the ordering of bulk water present at the
QLL-bulk water interface, thus making addition of a water molecule from supercooled bulk
water to the QLL unfavorable. This will result in inhibition of ice growth. Moreover, CD
analysis of the C-linked AFGP analogues used in this study indicates that all of the glycoproteins
contain a large amount of random coil structure in solution and that the decreased RI activity
associated with analogues 19-22 is not due to a change in secondary structure. These results
emphasize the importance of additional studies to further elucidate the role of hydration in
carbohydrates, peptides and proteins and its subsequent effects on conformation, recognition and
activity in biological systems. In the next chapter 4, the effect of carbohydrates hydration on RI

will be further explored using C-linked AFGP analogues containing disaccharide residues.
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CHAPTER 4

Towards Engineering RI Activity of the C-linked AFGP Analogues

4.1. Introduction

In the previous chapter, [O(monosaccharide)GG]4G AFGP analogues 19-22 were
synthesized and assessed for RI activity.1 It was discovered that the fit of the carbohydrate of the
glycopeptide into the three-dimensional hydrogen-bonded network of water is inversely
proportional to RI activity. Furthermore, structural changes in this series of analogues confirmed
that stereochemistry of the carbohydrate hydroxyl groups at C2 and C4 have a significant effect
on hydration and consequently recrystallization inhibition. While the effect on RI of many
hexose sugars have been extensively studied in our laboratory, this chapter will examine the
influence of disaccharide C-linked AFGP analogues.

Lactose and melibiose are commercially available disaccharides for which the hydration
parameters have been determined.? From the list of carbohydrates studied by Galema et al., these
are the only disaccharides comprised of two hexoses. Consequently we sought to prepare lactose
(B-D-Gal-(1-->4)-D-Glc) and melibiose (o-D-Gal-(1-->6)-D-Glc) C-linked AFGP analogues
possessing the [O(carbohydrate)GG]4G backbone. The antifreeze activity of these analogues and
will determine whether there is a need for generation of additional analogues containing various
di- and oligo-saccharides. To date no C-linked AFGP analogue containing a more complex
carbohydrate than a monosaccharide has been synthesized.

In chapter 3, partial molar compressibility (PMC) values were used to describe the
hydration however, recent work in our laboratory has led to the concept of a hydration index.’

We have calculated hydration indices for several monosaccharides and disaccharides studied by
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Galema, and correlated these to RI activity. Subsequently, it is hypothesized that RI activity of
the C-linked AFGP analogues may also be related to hydration indices of their carbohydrates. To
test this theory, RI activity of [Orn(Lac)-Gly-Gly]4Gly and [Orn(Meli)-Gly-Gly]4Gly analogues
and those described previously [Orn(Gal)-Gly-GlylsGly (19), [Orn(Glc)-Gly-GlylsGly (20),
[Orn(Man)-Gly-Gly]4Gly (21), and [Orn(Tal)-Gly-Gly]4Gly (22), will be correlated to partial
molar compressibility values and hydration indices of carbohydrates. This will allow us to
examine how these two parameters compare in predicting recrystallization inhibition. Moreover,
the results in this chapter will reveal how by estimating hydration indices of glycopeptides we

might be able to engineer AFGP analogues with superior RI activity.

4.2. Retrosynthetic Analysis of C-linked [Orn(Lac)-Gly-Gly]ls and [Orn(Meli)-Gly-Glyl4
Analogues

Melibiose and lactose ornithine building blocks can be obtained by assembly of the
amide linkage between the TFA salt of ornithine and carboxylic acid derivative of the desired
disaccharide (Scheme 4.1.). Melibiose and lactose carboxylic acids can be prepared by

bromination of their acetylated derivatives, following allylation and subsequent oxidation.
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Scheme 4.1. Retrosynthetic analysis of the C-linked melibiose-ornithine and lactose-ornithine

building blocks.

4.3. Synthesis of the C-linked AFGP Analogues 31-32

The lactose and melibiose disaccharide series were prepared as outlined in Scheme 4.2.
The disaccharides 23a, b were acetylated using acetic anhydride, pyridine and catalytic DMAP
in CH,Cl,. Without further purification, peracetylated disaccharides were diluted in CH,Cl, and
converted to glycosyl bromides 24a, b (>95% yield) by treatment with hydrogen bromide in
glacial acetic acid. Photochemically-mediated allylation furnished C-allylated disaccharide

derivatives 25a, b.* The o/P ratio of the anomers for melibiose was 4/1 and for lactose 3/1,
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however only the desirable o-configuration was isolated and characterized. These derivatives

were then oxidized® to produce the desired carboxylic acids 26a, b in ~65% yield.

R4

R, 0
HO
HO "OH

23a: Lactose: Ry,=B-D-galactopyranosyl-(1-4)-
23b: Melibiose: R=a-D-galctopyranosyl-(1-6)-

OH
26a: Lac 65%
26b: Meli 67%

Conditions: (a) Ac,0, py, cat. DMAP, CH,Cl,; (b) HBr/HOAc, CH,Cls; (c) (nBu)gSn,,

R1

R, 0
AcO
AcO Br

24a: Lac >95%
24b: Meli >95%

c
R1
R, Q
AcO
AcO

Y

25a: Lac 56%
25hb: Meli 70%

allylphenylsulfone, benzene, hv; (d) RuClyH,0, NalO,4, CCl,/CH3CN/H,0O

Scheme 4.2. Synthesis of the C-linked melibiose and lactose derivatives 26a, b.

Compounds 26a, b were then coupled to orthogonally protected ornithine derivative 10
using HBTU and DIPEA to afford benzyl protected building blocks 27 and 28 in >90% yield.
The benzyl esters were carefully removed by treatment with palladium-on-carbon and hydrogen
gas to provide the essential glycoconjugate building blocks 29-30 (Scheme 4.3.). Subsequently,
the C-linked AFGP analogues were prepared via automated SPPS using an APEX 396 and

standard Fmoc-based chemistry.6 The glycopolymers were removed from the Wang resin by
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treatment with a 50% TFA solution in dichloromethane following ether precipitation. The acetate
protecting groups on the carbohydrates were removed using Na/methanol solution. Purification
by C-18 reversed-phase HPLC furnished the desired C-linked AFGP analogues 31-32 in 65 and

62% yield respectively.

OR, OR,
R1O 0 0
Aco R1Aoc:O
BocHN ACO 4 AcO|
a X, b c
FmocHN™ "CO,Bn
10 X = 26a or 26b FmocHN™ "CO,Bn FmocHN™ "CO,H

27: Lac: >90%
28: Meli: >90%

29: Lac: 87%
30: Meli: 88%

Automated ll
SPPS l
OR,
R{0 o
HOA—
0
HN
o 0
H H
HLy N\/KN N\/KOH
H o H o 4

31: [O(Lac)GG],G: Ri=B-D-galactopyranosyl-(1-4), Rg=H: 65%
32: [O(Meli)GG]4G: R¢=H, Rg=a-D-galactopyranosyl-(1-6): 62%

Conditions: (a) TFA/CH,Cly; (b) HBTU, DIPEA, CH,Cly; (c) 10% Pd-C, H,, EtOH-EtOAc.

Scheme 4.3. Synthesis of the C-linked AFGP analogues 31 and 32.
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4.4. Results: Assessment of Antifreeze Activity and Conformational Analysis of C-linked

AFGP Analogues 31 and 32

Thermal Hysteresis (TH):
C-Linked AFGP analogues 31 and 32 did not show any TH activity or DIS. This result is

consistent with other C-lined AFGP analogues previously synthesized in our laboratory which

possess custom tailored antifreeze activity (i.e. no TH, but potent RI activity).

Recrystallization-Inhibition (RI):

Analogues 31 and 32 were assessed for their ability to inhibit ice recrystallization (Graph
4.1.). All samples were compared to a solution of phosphate buffered saline (PBS) which was
used as a negative control and a solution of AFGP8 isolated from Gagus ogac (generously
provided by AquaBounty Farms). Ice crystals size was analyzed using domain recognition
software (DRS) program.7 The Y-axis in Graph 4.1 represents the mean grain size (MGS) that
was normalized to MLGS where small bars are representative of potent recrystallization-
inhibition activity. The X-axis represents concentration of 5.54 X 10" M at which significant RI

activity was previously observed.
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Graph 4.1. RI activity of C-Linked AFGP analogues 19%, 31 and 32.

As expected, RI activity of melibiose analogue 32 was better than that of lactose
analogue 31, but surprisingly the RI activity of these two analogues did not exceed that of
[O(Gal)GGL4G analogue 19. Further, the data point for analogue 19 was measured via mean
elliptical method, while the MGS for analogues 31 and 32 was evaluated using DRS program

which has been reported to give more accurate results.” Thus, in order to have a directly
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comparable data point for analogue 19 the raw data was reanalyzed using the DRS program
(Graph 4.2, (a) [O(Gal)GG]4G). The RI activity of 19 was determined to be ~10% lower than
when analyzed via mean elliptical method (Graph 4.1). Subsequently, to verify the RI results a
more recently synthesized batch of analogue 19 was tested twice and analyzed using the DRS
program (Graph 4.2, (b) [O(Gal)GG]4G), and its MGS value was determined to be 0.0081 +
0.0004 mm? Suprisingly, the difference in RI activity between the two samples of
[O(Gal)GG]4G analogue (Graph 4.2, (a) [O(Gal)GG]sG and (b) [O(Gal)GG]4G) was now
approximately 50%. There are many factors that might account for this discrepancy and hence it
will be it will be necessary to synthesize, test and analyze other samples of analogue 19 to
validate this data point. Nevertheless, data point ‘(b) [O(Gal)GG]4G’ presented in Graph 4.2 will
be used to compare the activity of analogue 19 to subsequent series that are described in this
thesis because it better matches trends in RI predicted via the hydration index model which will
be discussed imminently.

The data presented in Graph 4.2 shows that lactose analogue 31 exhibited slightly better
RI activity when compared to analogue 19, and melibiose analogue 32 was the most potent of

these analogues with MGS value of 0.0058 + 0.0003 mm®.
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Conformational Analysis:

The solution conformation of C-linked AFGP analogues 31 and 32 was examined by

circular dichroism (CD) spectroscopy.’ Deconvolution of the raw spectral data was accomplished
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using CD Pro with Selcon III and I-Basis 4 as well as I-Basis 5 as representative databases.'”

The CD spectrum is presented in Figure 4.1.
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Figure 4.1. Circular Dichroism spectra of C-Linked AFGP analogues 31 and 32.

In general, the solution conformations of analogues 31 and 32 are consistent with a large
percentage of random coil structure with varying degrees of more ordered secondary structure
(Table 4.1. and 4.2.). While the distribution of secondary structures varies depending on the
IBASIS used, the data correlates well with earlier conformational analyses of AFGP8 using CD

spectroscopy.” !
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Table 4.1. CD deconvolution data of AFGP analogues 31, 32 and AFGPS8 using CD Pro with

Selcon III and IBASIS 4.
C und Regular | Distorted | Regular | Distorted Tarn Random S
ompo a helix a helix | pstrand | P strand r coil um
[O(L*E‘;)SG]“G 0017 | 0039 0023 | 0100 | 0263 | 0.647 | 1.008
[O(M‘Zg;()}G]“G 0014 | -0027 | 0302 0198 | 0234 | 0160 | 0.853
AFGPS 0.049 0.114 0.164 0094 | 0237 | 0378 | 1.036

Table 4.2. CD deconvolution data of AFGP analogues 31, 32 and AFGP8 using CD Pro with

Selcon III and IBASIS 5.

Compound ahelix | Pstrand =P turn PPII Rac“o‘:;’m Sum
[O(L‘Z‘;)SG]“G 0.033 0.113 0.083 0.077 0.704 1.008
[O(M‘zg;?(}]‘ﬁ -0.089 0.353 0.102 0.109 0373 0.853

AFGP8 0.129 0.159 0.156 0.136 0.445 1.025

4.5. Discussion: Interpretation of Antifreeze Activity and Conformational Analysis of
Analogues 31 and 32

Partial molar volumes (PMVs), isentropic partial molar compressibilities and hydration
numbers (HNs) of ten disaccharides were determined by Galema et al.? In order to synthesize
[O(disaccharide)GG]4G analogues and subsequently compare their RI activity with our
[O(monosaccharide)GG]4G series, the list of these hydration parameters was examined to pick

out disaccharides which do not possess 1-->1 glycosidic bonds and only contain hexoses. The
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lactose and melibiose were the only two that satisfied these criteria and also have the lowest

isentropic partial molar compressibilites (Figure 4.2). These disaccharides can be easily modified

and incorporated into our C-linked AFGP design, and their hydration and antifreeze activity can

be directly compared to analogues 19-22 that consist of hexoses.
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Figure 4.2. Isentropic partial molar compressibilities of carbohydrates relevant to the synthesized

analogues 19-22, 31 and 322

In chapter 3, [O(Gal)GG4G 19 exibited a drastic improvement in RI activity in

comparison to the [O(Tal)GGl4G analogue 22." Also, as deduced from Graph 4.2 the partial

molar compressibility increase from D-talose to D-galactose is ~10 units. This increase in PMVs
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is similar when comparing D-galactose to melibiose. Thus, we speculated that a significant
improvement in RI activity can be achieved with [O(Meli)GG],G analogue.

The RI activity of previously synthesized divalent analogue, [K(Gal,)GGl4sG, was
comparable to that of [K(Gal)GG]yG and it was more than doubled when compared to
[K(Gal)GG]4G (Table 2.1.).% % 13 Hence, it was proposed that the carbohydrate concentration
with respect to the peptide backbone is very important for potent recrystallization inhibition.
Since the concentration of hexoses is doubled between analogue 19 and analogues 31 and 32, we
expected RI activity of the disaccharide analogues to be significantly greater than that of the
monosaccharide analogues. However, the amount by which RI activity of
[O(disaccharide)GG]4G  analogues  increases will depend on  the  structure
(regiochemistry/stereochemistry) and thus hydration of the disaccharide.” 2

Recently Ben et al. quantified RI activity of various monosaccharides and disaccharides
(Graph 4.3.) and correlated these to hydration.’> The trend in RI activity for each class of
carbohydrates (monosaccharides and disaccharides, Graph 4.3.) correlated positively with
isentropic molar compressibility values (Figure 4.2.).> However, predicted increase in RI activity
for the disaccharides relative to monosaccharides was not observed. For instance, the large
difference in hydration numbers between galactose (hydration number = 8.7) and melibiose
(15.5) did not result in a corresponding increase in RI activity. More surprisingly, the difference
in hydration numbers between galactose (8.7) and sucrose (13.9) resulted in a decrease in RI
activity for the latter. Ben et al. proposed that this is due to the difference in steric volume
between monosaccharides and disaccharides and have corrected for it by dividing hydration
numbers by partial molar volumes. This resulted in the number of tightly bound water molecules

per molar volume of carbohydrate and was termed a hydration index. Consequently, it has been
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determined that while the absolute number of water molecules surrounding a solute is important
for predicting RI activity, the number of water molecules per unit volume of solute is also
important. This was the first study on RI activity of disaccharides and forms the basis for the

work presented in this chapter.

0,014
+ 100 _é
0,012 =
& o
£ O
£ 0,010 ?
(7] o
N
B 0008 e
c o
'S 0,006 Z
3}
o o
S 0,004 14
L] )
4 1G]
0,002 =
;Q
0,000

Galactose
Glucose
Mannose
Melibiose
Lactose
Trehalose
Maltose
Sucrose

0.022 M Solution of Carbohydrate

Graph 4.3. RI activity of various monosaccharides and disaccharides at 0.022 M in PBS

solution.’
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As depicted in Graph 4.1., [O(Lac)GG]4G analogue 31 (MGS=0.0077+0.0004 mm?)
possesses RI activity 5% more potent as compared to [O(Gal)GG]4G analogue 19
(MGS=0.008010.0004mm2) while [O(Meli)GG],G analogue 32 shows to be the best
recrystallization inhibitor with MGS value of 0.0058+0.0003 mm?®. This contradicts the results
obtained when testing carbohydrates for RI activity.3 Within error, both carbohydrates, melibiose
and D-galactose had the same MGS values. The trend observed between glycopeptides 31 and 32
(Graph 4.2) conforms to the tabulated data for isentropic partial molar compressibilities (Figure
4.2). While the isentropic partial molar compressibilities values cannot be directly correlated to
the values of MGS, in chapter 3 it was demonstrated that they can be used as indicators for
prediction of RI activity. However, hydration index defined by Ben et al describes a more precise
way for estimating hydration of a solute, as it takes into account the concentration of hydrated
water molecules around a particular solute. Consequently, we set out to estimate hydration
indices for glycopeptides and examine their relationship with RI activity.

In order to calculate hydration index of glycopeptides, partial molar volume and
hydration number of a particular glycopeptide had to be determined. If recrystallization
inhibition reported in Graph 4.1 was solely based hydration of the carbohydrate then comparable
results between carbohydrates and glycopeptides should have been obtained. However, it is
obvious that hydrophobic peptide backbone of AFGP plays an important role in inducing RI
activity. Hence, PMVs and hydration numbers of saccharides and peptides were utilized to
estimate total hydration of a glycopeptide.

The partial molar volumes of carbohydrates reported by Galema were determined

experimentally as described by Hoiland.> ' However, PMVs of the peptide component had to be
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calculated. Two common methods were found to perform this computation: Kharakozs method"
and McGowans method'®,

Kharakoz method employs ‘group additivity’ approach similar to that used by Igbal and
Verrall'’, where PMVs of peptides and proteins are calculated by sequentially adding PMVs
from amino acid residue contributions (side chains, terminal groups, and ionization effects).
Although, PMVs of amino acid residue contributions have been well studied,ls’ 19 the reported
data is inconsistent because the methods used to determine them are different. For instance, some
of these methods do not account for the zwitterionic nature of the amino acids, the overlap of
hydration co-spheres of the side chain and the adjacent charged terminal groups, and
intramolecular folding of the peptides.”® Thus, Kharakoz's method was not favored.

McGowan was able to construct a table of characteristic atomic volumes that can be
employed to estimate partial molar volumes of any organic solute by trivial arithmetic.'® To test
how reliable McGowans method was PMVs of carbohydrates studied by Galema et al. were
calculated. As illustrated in Table 4.3, PMVs reported by Galema for each class of carbohydrates
are the same within 5% error. While partial molar volumes estimated using McGowans method
are the same for each class of carbohydrates, they compare to Galemas values within 10% error.
This suggested that McGowans method constituted a valid approach to estimate PMV of the

peptide component of our glycoconjugates (Table 4.3).
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Table 4.3. Partial molar volumes reported by Galema compared to PMVs calculated using

McGowans method.

Compound PMYVs reported by Galema Pﬁfégﬁ:ﬁlsafsgtnglg

Galactose 111.0, 110.2° 120
Glucose 111.7%, 120
Mannose 111.3* 120
Talose 112.5 120
Melibiose 210.7, 204.0° 216
Lactose 208.5, 209.1° 216
[OGG1.G - 912

2 Reference 21, ° Reference 22

Subsequently, an estimated PMV of the glycopeptide was obtained by adding the PMV of
the peptide and the carbohydrates. However, to obtain more accurate results, PMV of each
carbohydrate was corrected to account for the loss of the anomeric hydroxyl group of the
carbohydrate upon coupling to the ornithine amino acid. Consequently, PMVs of analogues 19-

22, 31 and 32 were estimated from the following equation:

F>MV(Gchopeptide) =4 X (PMV(Carbohydrate)a - F)MV(OH)b) + I:)Mv(polypeptide backbone)b

where values with superscript ‘a’ were obtained from reference 2 and those with superscript ‘b’

were calculated according to method published in reference 16.
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Hydration numbers for monosaccharides and disaccharides were also determined by
Galema using previously established methods.”> ** While hydration of some naturally occurring
amino acids in various solutions has been studied extensively,'® little precedent was found on
estimating hydration of peptides.25 » % The first of two options would be to sum up hydration
numbers of amino acids*’ within a particular polypeptide. This method would likely overestimate
total hydration because hydration numbers determined for each amino acid take into account
solvation of their ionic and polar termini. Furthermore, hydration numbers of amino acids largely
vary and depend on the experimental method used to determine them.”> ?*?7 The general order is
as follows: conductometry < ultrasonic interferometry < infrared spetrophotometry, where with
conductometry the lowest hydration numbers are obtained. The maximum hydration was
obtained using the IR method which shows fair agreement with recent NMR and light scattering
results on similar compounds.24 Hence, in order to add the hydration values of the carbohydrates
to that of the polypeptide, the technique used to determine both sets of hydration numbers should
be the same. Since ultrasonic interferometry was used to determine hydration of carbohydrates,’
hydration values of amino acids determined via this technique were sought however, to date such
data was not reported. Thus, we turned our attention to another option.

The second alternative was to use a prediction method developed by Kuntz and recently

2% 26 Kuntz was able to assign hydration number to

improved by Peirotti, Piaggio and Deiber.
each of the naturally occurring amino acids via NMR method.” The tabulated set of numbers
was used to determine hydration of polypeptides via group additivity approach. Peirotti, Piaggio
and Deiber refined this method by accounting for the ionic terminal groups and side chains of the

amino acids.”® Consequently, hydration number for [OGGJ4G was calculated using glutamine

values in place of the non-natural ornithine.

95



Total hydration number (HN) of the glycopeptide was estimated according to the

following arithmetic:

a b
HN(Glycopeptide) =4 X HN(Carbohydrate) + HN(ponpeptide backbone)

where values with superscript ‘a’ were obtained from reference 2 and those with superscript ‘b’
were estimated according to method published in reference 26. The calculated values are only an
estimate and their error depends on the variance of their individual components. Moreover, it
was discovered that small changes in the magnitude of the hydration numbers of the
carbohydrates and/or the polypeptide have a large effect on the hydration index of the
glycopeptide. Unfortunately, no other method exists to quantify hydration in such a trivial
manner.

Consequently, having successfully estimated PMVs and hydration numbers of the
glycopeptides, their hydration indices were calculated. Since it was already established that RI
activity is directly proportional to hydration,]’ 3 and the potency of Rl is inversely correlated to
MGS values, then 1/HI was plotted for each analogue (Graph 4.4). The trend in Graph 4.4
correlates well with those of MGS values in Graph 4.2 and Graph 3.1. This confirms that
hydration index, in comparison with PMC values or hydration numbers, is indeed a more proper

and precise indicator for predicting RI activity.
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Graph 4.4. The hydration index inverse of analogues 19-22, 31 and 32.

Collectively, the work described in this chapter is an extremely significant contribution
for the future design of AFGP analogues because it implies that RI activity of AFGP analogues
may be predicted prior to their synthesis by estimating their hydration indices. To the best of our
knowledge, this is a first example of engineering RI activity. Further studies are required to

ascertain if this protocol is truly applicable and can be routinely used.
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Similarly to [O(monosaccharide)GG]4G series, analogues 31 and 32 did not possess TH
activity or DIS. This indicates there is no binding between [O(carbohydrate)GG]4G analogues
and the surface of the nucleated ice crystal. Hence, all the synthesized analogues possess custom
tailored antifreeze properties; potent RI and no TH activity.

The conformation of our analogues 31 and 32 was examined by CD to determine if
substitution of the carbohydrate did not alter the secondary structure of the glycopeptide (Figure
4.1., Table 4.1. and 4.2.). [O(Lac)GG]4G analogue possesses a large percentage of random coil
structure (>50%) and B-turn (>25%). [O(Meli)GG]4G analogue also exhibits a large percentage
of random coil (>30%) but possesses predominant proportion of B-strand (>30%). Nonetheless,
both analogues show varying degrees of all secondary structures. These conformational

9, 11
8

characteristics are consistent with previous analyses of AFGP and verify that the observed

RI activity for 31 and 32 is a function of their hydration.

4.6. Conclusion

In summary, this is the first synthesis of C-linked AFGP analogues containing a more
complex carbohydrate then a monosaccharide. Recrystallization inhibition of analogue 32 was
superior to that of analogue 19. The MGS trend determined for glycopeptides did not conform to
the one observed for carbohydrates. The glycopeptides were treated as a two component system,
carbohydrates and polypeptide, for which PMVs and hydration numbers were estimated.
Subsequently, PMVs and hydration numbers for analogues 19-22, 31 and 32 were calculated and
their hydration indices were determined by trivial arithmetic. It was demonstrated that 1/HI
clearly correlates to the RI trend which signifies that the relative hydration of the C-linked AFGP

is directly proportional to the degree of recrystallization-inhibition activity. This methodology
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provides a tool necessary to engineer AFGP analogues with predicted RI activity based on their
hydration.

While many factors may affect hydration, conformation is one of the contributors. CD
analysis of the C-linked glycoproteins 31 and 32 in solution indicates that the analogues contain
a large amount of random coil structure with varying degrees of other secondary structures.
Therefore, the improved RI activity associated with analogues 31 and 32 is not due to a change
in their secondary structures. Collectively, the results described in this chapter have important
implications in the rational design of biological antifreezes with custom-tailored antifreeze

activity for cryomedical applications.
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CHAPTER 5
Investigating Other Structural Features Necessary for Potent RI Activity

of a C-linked AFGP Analogue

5.1. Introduction

Previously reported structure activity relationship (SAR) studies of antifreeze proteins
and glycoproteins have been based exclusively on thermal hysteresis activity." > * 4 Early SAR
studies of AFGP were carried out by Feeney and DeVries,! and the results of these studies were
re-visited by Nishimura and colleagues® in 2004. Based upon these results, it was concluded that
the observed TH activity is dependent upon: 1) conformation, 2) N-acetyl group of the
disaccharide, 3) configuration of the O-glycosidic linkages between sugars and peptide chain,
and 4) the B-methyl group of the threonyl residue. Unfortunately, RI activity was not assessed in
either of these studies and consequently the key structural features necessary for RI activity are
unknown.

Additional SAR studies have been conducted in our laboratory where a library of C-
linked AFGP analogues was synthesized and tested for TH, DIS and RI activity.s’ 5 Some of
these analogues possessed custom tailored antifreeze activity (no TH and potent RI activity).
From these studies structural moieties responsible for RI activity were identified to be: 1) a
galactose residue (monosaccharide), 2) a glycosylated C-linked ornithine or C-linked serine side
chain, and 3) glycine residues in the polypeptide backbone (i.e. a highly flexible peptide
backbone).

In the past few decades many efforts have been dedicated to elucidate the secondary

structure of AFGP8." 7 ® ° Nuclear magnetic resonance (NMR) and circular dichroism (CD)
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spectroscopy have been employed in the conformation study of AFGP8. The NMR studies imply
that random unordered conformations predominate in AFGP8.® In the supercooled state, the
amount of ordered structure increases especially that of P-turns. In the presence of ice,
percentage of the B-turns further increases indicating a high degree of molecular order. This
dynamic flexibility of AFGPS in various states of water is thought to be essential for maximizing
ice binding."® More recent NMR and CD studies suggest that AFGPs adopt a left handed
polyproline type II (PP-II) helix.* It is believed that the amphiphilic nature of AFGP in PP-II
conformation is important for antifreeze activity. Moreover, CD spectrum of a random coil
conformation is very similar to that of PP-II and the two solution structures of AFGP cannot be

M As a consequence it is apparent that the short

easily distinguished from one another.
glycopeptide adopts a variety of secondary structures in solution.

In order to further probe the structure activity relationship between RI and our C-linked
AFGP analogues, several other analogues were prepared. These include: [Orn(Gal)-Ala-
Alal,Gly, [Orn(GalNAc)Gly-Glyl4Gly, [Orn(Gal-GalNAc)Gly-GlylsGly, and [Orn(Glc-
GalNAc)-Gly-GlylsGly. The SAR studies of these glycopeptides will assess the importance of L-
alanine residues, C-2 N-acetyl moiety of the carbohydrate as well as B-D-Gal-(1-->3)-D-GalNAc
and B-D-Glc-(1-->3)-D-GalNAc disaccharide motifs on RI activity, hydration, and

conformation.

5.2. Retrosynthethic Analysis of C-linked [Orn(Gal)-Ala-Ala];Gly and [Orn(GalNAc)-Gly-
Glyl4Gly Analogues
The [Orn(Gal)-Ala-Ala]4Gly analogue was designed to examine the effect of L-alanine

residues on antifreeze activity. The antifreeze activity results of this analogue will be compared
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to that of the previously synthesized [Orn(Gal)-Gly-Gly]sGly, the most potent of the
monosaccharide analogues. It has been speculated that the hydrophobic L-alanine residues are
important for potent antifreeze activity.* Moreover, changing the peptidic backbone from
predominantly glycines to alanines modifies our C-linked analogues towards the native AFGP
composition.

To investigate the effect of C-2 N-acetyl moiety of the carbohydrate on TH and RI
activity, [Orn(GalNAc)-Gly-Gly]4Gly analogue was designed, and its antifreeze activity results
will also be compared to that of [Orn(Gal)-Gly-Gly]4Gly. It is known that the conformation and
hydration of the glycopeptide can be altered by hydrogen bonding between the nitrogen of the
amide bond at C-2 and the polypeptide backbone.'?

Consequently, to verify the effect of L-alanine residues on antifreeze activity, the activity
of [Orn(GalNAc)-Gly-Gly]4Gly analogue will be compared to that of the previously synthesized
[Orn(GalNAc)-Ala-Ala]4Gly. The antifreeze activity results of [Orn(GalNAc)-Ala-Ala],Gly will
also be compared to that of [Orn(Gal)-Ala-Ala]4Gly to re-evaluate the effect of C-2 N-acetyl
moiety of the carbohydrate on antifreeze activity of our C-linked AFGP analogues.

The Gal-ornithine and GalNAc-ornithine building blocks will be assembled by coupling
of the ornithine derivative with the corresponding carboxylic acid of galactose or N-acetyl
galactose (Scheme 5.1. and 5.2.).5% © The N-acetyl galactose carboxylic acid will be prepared
from the allylated N-acetyl galactosamine derivative following C-3 hydroxyl acetylation and
consequent oxidation. The allylated N-acetyl galactosamine derivative will be obtained from 2-
acetamido-2-deoxy-3,4,6-tri-O-acetyl-o-D-glucopyranosyl chloride by heat induced radical
allylation, following protecting group manipulation and intramolecular inversion of the C-4

hydroxyl.> 3
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Scheme 5.1. Retrosynthetic analysis of the C-linked Gal-ornithine building block.
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Scheme 5.2. Retrosynthetic analysis of the C-linked GalNAc-ornithine building block.

5.3. Retrosynthetic Analysis of C-linked [Orn(Gal-GalNAc)-Gly-GlylsGly, [Orn(Glc-
GalNAc¢)-Gly-Gly]4Gly and [Orn(Gal-Gal)-Gly-Glyl4sGly Analogues

The Gal-GalNAc disaccharide, which is key structural feature of the native AFGP8,4’ 14
will be incorporated into the [Orn(carbohydrate)-Gly-Gly]4Gly scaffold to compare its antifreeze

activity to that of the native AFGP8. These results will assess the vitality of the disaccharide
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motif in: (a) binding with the ice lattice hence inducing TH, and (b) RI activity of the synthetic
analogues. The Glc-GalNAc disaccharide was included to confirm the importance of the terminal
carbohydrate residue in the native disaccharide, on RI activity. Finally, the [Orn(Gal-Gal)-Gly-
Gly]s analogue is of interest because it can be directly compared to [Orn(Gal)-Gly-Gly]s to
determine the effect of the disaccharide versus monosaccharide, and to further verify if an
increase in overall carbohydrate concentration is proportional to the increase in RI. This concept
can be further strengthened by comparing data between the [Orn(Gal-Gal)-Gly-Gly]s4 analogue
containing the disaccharide and the divalent analogue [Lys(Galy)-Gly-Glyls (Figure 2.6.).°
Lastly, the function of the N-acetyl group at C-2 will be again investigated by comparing the
antifreeze activities of [Orn(Gal-Gal)-Gly-Gly]s and [Orn(Gal-GalNAc)-Gly-Glyls.

The preparation of Gal-GalNAc-ornithine and Glc-GalNAc-ornithine building blocks is

a,C,dand

outlined in (Scheme 5.3.). The amide bond can be constructed as described previously5
several approaches toward glycosidic bond formation can be considered. Of the simpler synthetic
methods is Koenigs-Knorr which requires a glycosyl acceptor and glycosyl bromide. In the
presence of the acceptor, activation of the donor affords the new glycosidic linkage.'” Another
synthetic method often used involves trichloroacetimidates (TCAs) as developed by Schmidt.'
In this approach, activation of a TCA donor with a reactive Lewis acid results in formation of the
oxocarbenium ion and subsequent glycosidic bond formation. The requisite glycosyl acceptor
(allylated GalNAc) can be prepared from 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-a-D-

glucopyranosyl chloride as outlined in the retrosynthetic analysis of the GalNAc-ornithine

building block.
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Scheme 5.3. Retrosynthetic analysis of the C-linked Gal-GalNAc-ornithine and Glc-GalNAc-

ornithine ornithine building blocks.

Synthesis of the Gal-Gal building block requires preparation of the Gal-Gal carboxylic
acid (Scheme 5.4.). The building block synthesis and glycosidic bond formation can be
accomplished though the abovementioned methods.'> 16 The acceptor in this case can be
prepared via protecting group manipulation from the corresponding allylated galactose

tetraacetate.
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Scheme 5.4. Retrosynthetic analysis of the C-linked Gal-Gal-ornithine building block.

FmocHN

5.4. Synthesis of the C-linked AFGP Analogues 63-66

The C-linked AFGP analogues 63-66 were prepared in a linear manner whereby a
particular building block was assembled into the desired glycopolymer using automated solid
phase synthesis (Section 3.2.). In order to obtain these analogues, their key building blocks had
to be prepared by coupling of the C-linked carbohydrate with an orthogonally protected
ornithine. Since the general focus of this thesis is the modification of the carbohydrate
component of C-linked AFGP analogues, the synthesis of the necessary C-linked carbohydrates

was the major challenge in obtaining the designed glycoconjugates.

5.4.1. Synthesis of the C-linked Building Blocks 16 and 43
Synthesis of the C-linked galactose-ornithine building block 16 was already described in
Chapter 3 (Section 3.5). Thus, we turn our attention towards the next target, C-linked N-acetyl

galactosamine-ornithine building block. Many methods have been developed to synthesize C-
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linked N-acetyl galactosamine derivatives however most of them are still lengthy and

inefficient.'” The azido nitration chemistry developed by Canadian chemist Raymond Urgel

19, c

Lemieux,18 and its variations such as azido cholorination!®® or azido selenation are often

utilized in a synthetic approach. The resulting derivatives include acetylenic,”® allylic,®

0b

allenic,®® cyano®™ and other groups C-lined to the anomeric carbon of the N-acetyl

galactosamine. Nevertheless, the desired C-linked N-acetyl galactosamine can also be prepared

via direct Keck allylation®!

of the bromo- or chloro-N-acetyl-galactosamine. However, poor
yields accompanied by side products shift our focus towards clever synthetic approach developed

by Ben et al.'* The novel synthetic route consists of Keck allylation of N-acetyl glucosamine

derivative following inversion of the stereochemistry at C-4 of the pyranose (Scheme 5.5.).
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Scheme 5.5. Synthesis of the C-linked building block 43.

Commercially available D-glucosamine was converted to 2-acetamido-3,4,6-tri-O-acetyl-

2-deoxy-a-D-glucopyranosyl chloride (55% yield) via treatment with acetyl chloride saturated
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with HCl gas.22 Keck allylation of compound 34 produced 35 in 84% yield as 12:1 o/p mixture
of diastereomers.”! No major side products were detected and the yield of this reaction was
excellent when compared to the same reaction with 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-

1.5% The acetate protecting groups were removed

galactopyranosyl chloride as starting materia
(>95% yield) using sodium methoxide solution.” Using 6 equivalents of pivaloyl chloride, C-6
and C-3 hydroxyls of 36 were selectively protected to produce 37 in 77% yield.sa’ B Triflic
anhydride was used to convert the hydroxyl at C-4 to a leaving group which was easily displaced
by the carbonyl of the pivaloyl group at C-3 to afford dioxolenium ion intermediate. The
intermediate was then hydrolyzed to afford 38 in overall 81% yield. The C-3 hydroxyl group was
protected using pyridine and acetic anhydride to furnish 39 in quantitative yield. This derivative
was then oxidized to produce the desired carboxylic acid 40 (75% yield). Fully protected
ornithine was activated for the next step by cleaving its acid labile tert-butoxycarbonyl (t-Boc)
group (>90% yield). The generated trifluoroacetate-ornithine salt 41°* © = f was coupled with 40

using HBTU and DIPEA. Following hydrogenolysis using hydrogen gas and palladium on

carbon, C-linked N-acetyl galactosamine-ornithine building block 43 was obtained in 75% yield.

5.4.2. Glycosidic Bond Formation

The glycosidic bond formation dates back to over a century ago when carbohydrates were
reacted together in a presence of acid.”* General reaction occurs between glycosyl donor and
glycosyl acceptor in the presence of a promoter. While to this date it is very difficult to predict
the reactivity of the glycosyl species, the reactivity is known to depend on the stereochemistry

and substituents, particularly protecting groups, of the carbohydrate.”
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In 1980s, Paulsen was the first to report that by changing protecting groups from benzyl
ethers to benzyl esters reactivity of glycosyl donors increased several folds.”® In fact, he has
shown that carbohydrates with electronically passive protecting groups favor formation of a
positive charge at the anomeric position and are therefore “armed”. The “disarmed” sugars
possess electron withdrawing protecting groups that disfavor formation of the positive charge at
the anomeric position and consequently exhibit lower reactivity as glycosyl donors. This concept
was utilized in synthesis of many polysaccharides however reactivity of carbohydrates is yet to
be fully clarified.

Stereoselectivity of the glycosylation can be influenced by many factors (Figure 5.1.).7
The intermediate that is generated after activation of a glycosyl donor is known as oxocarbenium
ion and it is common to all coupling methods. The anion of the oxocarbenium ion-pair may
shield one face of the complex that may then react in a stereoselective manner with a glycosyl
acceptor. In addition, similar effect can be attained in a presence of a solvent with high dielectric
constant or basic lone pair of electrons that can efficiently stabilize a positive charge. Another
method of controlling stereoselectivity of glycosylation reaction is though neighbouring group
participation, also termed anchimeric effect. The effect arises when the anomeric center of the
oxocarbenium ion is stabilized by a neighbouring group at C-2. For instance, carbonyl of an ester
can easily stabilize the oxocarbenium ion by forming a cyclic dioxolenium ion intermediate. This
intermediate can either undergo stereoselective reaction to give the f anomer or an orthoester.
Since the reaction is in equilibrium and it is reversible, steric and electronic effects will dictate
its outcome. Without the anchimeric effect, anomeric effect dominates and the glycosylation
reaction gives the o anomer as a major product. The stereoselectivity outcome also depends on

the type of coupling reaction.
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Figure 5.1. Various features of a glycosylation reaction.

To date, many glycosylation methods have been developed®® and their preference is
generally based on the overall synthetic plan of a target molecule. Frequently, the desired
stereoselectivity, reaction conditions, compatibility of protecting groups with those conditions
and reaction efficiency determine the choice of the glycosylation method. In addition, one of the
most important factors affecting its preference is the experience of the researcher with a

particular technique. Some of the common glycosyl donors and their activators are presented in

Table 5.1
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Table 5.1. Common glycosyl donors and their activators.

Glycosyl Donor
: Developed
>/O Activator by
L=OH Acid Fisher®
L=Br Ag,COs, Et;NBr, Hg(CN),, HgBr»,
AgOTf, Ag-silicate Koenigs-Knorr®
L=Cl Hg(CN),, HgBr,, AgOTf
_E SnCl,-AgClO,, AgOTi-HfCp.Cl,, Mukaiyama®®*®,
= AgOTf-SnCl,, Tf,O-HfCp,Cl,, Tf,O Nicolaou®*
L=OAc BF3OEt,, SnCl,, TMSOTf -
L=TCA BF3*OEt,, TMSOTf, TESOTf Sinay®’, Schmidt'®
L—SR l,, DMTST, TfOH or AgOT#-NIS, Garegg®™?, van Boom®™,
- IDCP, MeOTf Fraser-Reid *'°
L=SOR Tf,0 Kahne®
_ I, DMTST, TfOH or AgOTI-NIS, e
L=SeR, TeR IDCP, MeOTf Pinto

L=O(CH2)3CH=CH2

IDCP, TfOH-NIS, AgOTf-NIS,
TESOTI-NIS

Fraser Reid*

glycal epoxides

ZnCl,, other Lewis acids

Danishefsky®

L=OP(OR),

TMSOTHT, other Lewis acids

Schmidt®®®®, Wong®®
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One of the oldest coupling procedures was discovered and reported in 1901 by Wilhelm
Koenigs and Edward Knorr."* In the original work, 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl
bromide was reacted with alcohols in the presence of silver carbonate to generate a glycosidic
linkage. Over the century, a number of improvements have been reported. For instance,
alternative promoters such as mercuric bromide/mercuric oxide, mercuric cyanide, silver triflate
are now used in this reaction. Silver impregnated silica is also utilized as a promoter to impair
the reaction of silver with bromide that drives the reaction forward.>’ As a consequence, the
heterogeneous catalyst only weakens the carbon-bromide bond creating a partial positive charge
at the anomeric position. Nucleophilic addition of a glycosyl acceptor to the anomeric center
expels silver-bromide complex. Since glycosyl halides in the Koenigs-Knorr reaction possess o
stereochemistry, this SN2-like reaction results in a B glycosidic bond. Nevertheless, other factors
such as anchimeric effect and choice of solvent affect this reaction.

Another widely used glycosidation method is the trichloroacetimidate (TCA) method
which was first used by Sinay” and further developed by Schmidt'®. The technique involves
synthesis of glycosyl TCAs that are used as glycosyl donors. Anomerically pure glycosyl TCAs
can be obtained by treatment of 1-hydroxy-glycoside with a base in a presence of
trichloroacetonitrile. Stronger bases such as NaH or DBU and longer reaction times favour
formation of the thermodynamic product, the a anomer. The stronger base is able to deprotonate
the imine resulting in a reversible reaction that ‘funnels’ towards the most stable product (Figure

5.2). The B anomer can be obtained with weaker bases such as Na,COjs via kinetic process.
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Figure 5.2. Formation of the thermodynamic TCA product with DBU.*®

In trichloroacetimidate glycosylation reactions, glycosyl TCA donors which contain non-
participating group at C-2 when treated with a mild Lewis acids such as BF3;*OEt;, react in SN2-
like fashion with glycosyl acceptors. When stronger Lewis acids, like TMS-OTT, are used the
reaction proceeds via oxocarbenium ion and its selectivity can then be controlled via solvent
choice. In CH,Cl, or ether a-glycosidic linkage is generated. In CH3CN at low temperature -
glycosidic linkage is obtained.’® When glycosyl TCA donors with a participating group at C-2

are used, anchimeric effect determines stereochemistry of the product.

5.4.3. Synthesis of the C-linked Building Blocks 49 and 53
From among many coupling methods, well established TCA chemistry was chosen to be

explored in the synthesis of Gal-GalNAc building block 49 (Scheme 5.6.). Peracetylated
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galactose was selectively deprotected (87% yield) at the anomeric center using 1.1 equivalent of
hydrazine.40 Next, compound 44 was reacted with tricholoroacetonitrile in a presence of a strong
base DBU to generate o-TCA-glycoside in >90% yield.*! To a solution of glycosyl donor 45 and
glycosyl acceptor 38 in CH,Cl,, mild Lewis acid (BF;*OEt;) was added dropwise to generate the
desired disaccharide.*” ** However, due to the poor reaction yields even at low temperatures this
coupling method was abandoned. Before changing glycosylation reactions, sequence of reactants
addition was revised. In 1991 Schmidt published that the TCA donors in a prolonged presence of
Lewis acids readily decompose. Thus, glycosyl acceptor should not be added to a solution of
glycosyl donor and an activator. Inverse addition was discovered in which glycosyl acceptor was
premixed with a promoter and then glycosyl donor was added.'®® This addition resulted in
improved yields and minimized side reactions. Thus, we hypothesized that if 38 is a weak
nucleophile and does not promptly react with 45, accumulation of BF;*OEt, will lead to
destruction of 45 and no desired product will be detected. Consequently, inverse addition was
implemented into our synthesis and disaccharide 46 was obtained in 45% yield after intensive
purification procedures. Stereoselectivity was well controlled due to the SN2 like reaction and
the anchimeric effect of the C-2 acetate. The 1,2-trans glysoside (B anomer) was obtained as a
major diasteromer whereas the o anomer was not isolated. Ruthenium catalyzed oxidation
yielded 47 in 70%.* This derivative was then coupled to activated ornithine 41 and subsequent

hydrogenolysis gave our desired Gal-GalNAc building block 49 in 80% yield.
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Scheme 5.6. Synthesis of building block 49.

The low yields in the TCA glycosidation reaction caused us to re-think the approach for

the Glc-GalNAc moiety and a Koeings Knorr reaction was employed (Scheme 57).5 Glycosyl
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acceptor 38 was reacted with 2a using silver triflate as the promoter that was added to the
reaction mixture portionwise as a solid. The 2,6-lutidine was used as a proton sponge and the
reaction condition were kept anhydrous with 4A MS. The desired disaccharide 50 with B
glycosidic linkage was obtained in 74% yield after rigorous purifications. The o anomer was not
isolated. Compound 50 was oxidized with RuQy, generated in situ with RuCl; and NalOy, to
carboxylic acid derivative 51 (65% yield).* Following 51 was coupled with ornithine 41 using
our standard reaction conditions. Hydrogenolysis of the benzyl ester furnished Glc-GalNAc

building block 53 in 84% yield over two reactions.

OAc OAc
AcO 0 a AcO 0
AcO >05% C '
AcO OAc AcOL. OAc PivO OPiv
b
1 2 AcO o] o]
: 7+ . XcO 0]
74% AcO AcHN|_
PivO OPiv 50
o}
HO
AcHN | c
OAc PivO OPiv 38 65%
AcO o} 0 _
o) +
Aeo AcO AcHN | o q TFA_NH;, OAc Pivo OPiv
— + Af\oO Q o 0
0 C
NH >95% EmocHN OBn AcO AcHN 0
O OH

e 52.R=Bn  EmocHN
88% o
53: R=H

Conditions: (a) HBr/HOAc; (b) AgOTf, 2,6-Lutidine, 4A MS, CH,Cl,; (c) RuCly H,0, NalOy,,
CCI4/CH3CN/H,0 (2:2:3); (d) HBTU, DIPEA, CH,Cly; (e) Ho/Pd-C, EtOAC/EtOH (4:1).

Scheme 5.7. Synthesis of building block 53.
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In order to synthesize the Gal-Gal building block, galactosyl acceptor had to be prepared
(Scheme 5.8.). Protecting group manipulation on C-linked-allyl-galactose 3¢ was performed to
arrive with the desired compound. The C-2 hydroxyl group of derivative 7, synthesized as
described for C-linked talose AFGP analogue 22 (Chapter 3, Scheme 3.4), was acetylated in
quantitative yield. Acid labile protecting groups were cleaved off with 80% aqueous acetic acid*
and benzylidene acetal was installed* between C-4 and C-6 hydroxyls in overall 75% yield.
Efficiently synthesized galactosyl acceptor 56 and galactosyl bromide 2¢ were subjected to
Koenigs-Knorr coupling conditions."”> However, even after meticulous scan of the reaction

conditions no product formation was detected.
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p-benzaldehyde dimethyl acetal, CH3CN/DMF (g) AgOTf, 2,6- Lutidine, 4A MS, CH20I2

Scheme 5.8. Attempted synthesis of C-linked Gal-Gal disaccharide.

The new product formed was a diasteromeric mixture of disaccharide 57 isolated in total
37% yield. Its structure was proposed by rationalizing the reaction mechanism (Scheme 5.9.). It
was suggested that in presence of a Lewis acid benzylidine acetal opens exposing C-6 hydroxyl

group.*® The more reactive, primary hydroxyl group at C-6 of intermediate formed will now
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react with the galactosyl donor. The secondary hydroxyl at C-3 will then close on to the activated

benzaldehyde without any stereoselective preference resulting in the observed products.
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Scheme 5.9. Proposed reaction mechanism for formation of disaccharide 57.

AcO

For both diastereomers, stereochemistry of the 3,4-benzylidene acetal was verified via
NOESY NMR experiments (Figure 5.3. and 5.4). As apparent from the NOESY spectrum in
Figure 5.3, phenyl group protons clearly couple to hydrogens at C-3 and C-4. The methine
proton of the benzylidine acetal detects C-1 and C-2 hydrogens of the pyranose. Thus, deduced

from this data is a structure in which the methyne proton is situated above the C-linked pyranose
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while the phenyl group is oriented away from the pyranose ring. Consequently, stereochemistry
of the benzylidine acetal is assigned ‘S’ and designated structure is depicted in Figure 5.3. The
NOSEY spectrum in Figure 5.4 shows benzylidine acetal of the other diastereoisomer with its
‘R’ stereochemistry. The protons of the aromatic group couple to hydrogens at C-1 and C-2, and
although signal of the methyne proton overlaps with hydrogen of -CH,-CH=CH,, it detects

hydrogens of C-3 and C-4.

Ph PhCH(OR),

=
3

B ——

=

‘ T T T T T ¥ L L T k] T T L] T l ¥ L] T T !
7 6 5 4 3 F2 Ippm}

Figure 5.3. NOSEY spectrum of disaccharide 57a.
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Figure 5.4. NOSEY spectrum of disaccharide 57b.

In order to successfully synthesize the C-linked Gal-Gal building block and deviate from
the acquired problems associated with opening of the acetal, galactosyl acceptor was further
modified (Scheme 5.10). The C-3 hydroxyl group was protected with chloroacetate in 87%
yield.47 In subsequent step benzylidene acetal was cleaved under acidic condition** and using
acetic anhydride, pyridine and catalytic amount of DMAP hydroxyls at C-4 and C-6 were
successfully protected in 89% yield. Nevertheless all that could be isolated was an inseparable

mixture of acetylated products. TLC analysis showed only one spot while in 'H NMR spectrum
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all signals overlapped. In the BC NMR spectrum each carbon signal was accompanied by
another one next to it indicating presence of two compounds with very similar structures. Since
the compounds could not be separated, resolution of the mixture was attempted after next step of
the synthesis. Thus, chloroacetate was selectively cleaved using thiourea and 2,6-lutidine.47
Following rigorous purification via flash column chromatography, again TLC showed one spot
however this time '"H NMR analysis revealed more than two compounds. Other methods of
deprotecting chloroacetate also resulted in an inseparable mixture of more than two
compounds.48 The obtained mixture of products was rationalized by migration of the protecting
groups. Chloroacetates, acetates and other ester-like protecting groups are known for their
migration under basic conditions.” We observed that as the exposure of the compound to basic
conditions increased, the number of regioisomers also increased. Consequently, this approach

was not suitable for synthesis of the C-linked galactosyl acceptor.
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Scheme 5.10. Attempted synthesis of C-linked galactosyl acceptor.

In another attempt to synthesize the desired C-linked Gal-Gal-ornithine building block

(Scheme 5.11), the Gal-Gal disaccharide was to be synthesized first, then functionalized with the

C-linkage using chemistry developed in chapter 4, and subsequently coupled to orthogonally

protected ornithine. The synthesis started with protecting C-4 and C-6 hydroxyls of D-galactose

with benzylidine acetal to furnish 59 in 45% yield.*> * Further, dimethyl acetal was formed

between C-1 and C-2 hydroxyls using dimethoxy propane and catalytic acid, and only the major
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B anomer of 60 was isolated in 74% yield and characterized.”! The efficiently obtained galactosyl
acceptor 60 was then coupled with galactosyl bromide using silver triflate and 2,6-lutidine.
Under these reaction conditions 1:1 o/f mixture of the desired product was obtained in total 70%
yield. Due to the time constrains, only a small amount of 61a was converted to peracetylated
Gal-Gal disaccharide in 88% yield. The ease of preparation of the galactosyl acceptor makes this
synthetic route the most promising one. Nonetheless, the glycosylation method has to be altered

to obtain better coupling selectivity.

Ph Ph

HO OH 0? %0 AcO OAc
Hog& ° HO&&H . HO&&O * Acog%
HO 'OH 45% HO OH 74% 0\7/__ ACOBI‘
59 ‘ 3c
70%
Ph Ph

AcO OAc AcO OAc ) AcO OAc %O 00
o) 0
Acogg/o -— Acogg/o%o AcOo O 0/9&0&0
AcO Ach "OAC  88% AcO 0~ a0 ¢ o~
62 | 61a AcO 61b
v

AcO JOAc AcO OAc AcO JOAc AcO DOAc

o QLo ------- -
Acogg/o& ------------- - Aco&/o R
AcO AcOg, AcO AO(_ 4
OH

Conditions: (a) p-TSA, p-benzaldehyde dimethyl acetal, DMF; (b) Me,C(OMe),, cat. p-TSA,
(anhydrous) Acetone; (c) AgOTf, 2,6-Lutidine, CH,Cl,; (d) 80% aque. AcOH, 85°C, 24h;
(e) Ac,0, py, cat. DMAP, CH,Cls.

Scheme 5.11. Towards the synthesis of C-linked Gal-Gal disaccharide.
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5.4.4. Synthesis of the Glycopeptides

Building blocks 16, 43, 49, and 53 were assembled to the desired glycopeptides in an
automated matter using APEX 396 and standard Fmoc-based chemistry (Scheme 5.12.). The
glycopolymers were cleaved from the Wang resing by treatment with 50% TFA solution in
dichloromethane following ether precipitation. Ester protecting groups on the carbohydrates
were removed using wet NaOMe/MeOH solution.?? Optimal basicity used to remove acetates
and pivaloyls without affecting glycosidic linkage was pH=10. PurificationAby C-18 reversed-

phase HPLC furnished the desired C-linked AFGP analogues 63-66 in yields ranging from 68-

75%.
OR
R;0 4
R3O OR4 3 o
0] R,0O
R20 Automated R
R o SPPS 0o
- HN
HN -
O R o]
H 5 [H
H{N N AL AN
FmocHN~ "CO,H H g és H g .
16: Gal 63: [O(Gal)AA]LG: R4=0H, R,=H, R3=H, R4=H, Rs=CH3;: 75%
43: GalNAc 64: [O(GalNAc)GG)4G: R1=NHAc, Ry=H, R3=H, Rs=H, Rs=H: 68%
49: GalGalNAc 65: [O(GalGalNAc)GG,G: R{=NHAc, R,= B-D-galactopyranosyi-(1-3),
53: GlcGalNAc

R3=H, R4=H, R5=H: 72%
66: [O(GlcGaINAC)GG]4G: Ri=NHAc, Ry=B-D-glucopyranosyi-(1-3),
R3=H, R4=H:R5=H: 70%

Scheme 5.12. Synthesis of C-linked AFGP Analogues 63-66.
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5.5. Results: Assessment of Antifreeze Activity and Conformational Analysis of C-linked

AFGP analogues 63-66

Thermal Hysteresis (TH):

The C-linked analogues 63-66 did not show any TH or DIS. This was surprising since
Gal-GalNAc of the native AFGP was a key structural motif necessary for TH activity.
Nevertheless, these results are consistent with those of the previously synthesized C-linked

AFGP analogues.

Recrystallization-Inhibition (RI):

The C-linked AFGP analogues 63-66 were assessed for recrystallization inhibition
activity (Graph 5.1.). All samples were compared to a solution of phosphate buffered saline
(PBS) and a solution of AFGP 8 isolated from Gagus ogac which was used as a positive control.
Analogues 63-66 were also compared to analogue 19 [O(Gal)GG]4G which was used as a
standard (a second positive control) for all the previously synthesized AFGP mimetics. Ice
crystals size was analyzed using domain recognition software (DRS) program.52 The Y-axis in
Graph 5.1 represents the mean grain size (MGS) that was normalized to MLLGS where small bars
are representative of potent recrystallization-inhibition activity. The X-axis represents

concentration of 5.54 X 10® M at which significant RI activity was previously observed.
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Graph 5.1. RI activity of the C-linked AFGP analogues 63-66.

Analogue 63 varies from 19 only in its polypeptide composition (where glycines were
exchanged for alanines) and shows a notable increase in RI activity. Similarly, analogue 64 also
shows an increase in activity when compared to 19 and the only difference between them is their
carbohydrate component. The RI activity of analogue [O(GalNAc)AA]4G is better than that of

64, thus these results indicate that an increase in RI can be achieved by incorporating L-alanine
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residues into the glycopepetide backbone. Since RI activity of [O(GalNAc)AALG also exceeds
that of analogue 63, it is evident that C-2 N-acetyl group of the carbohydrate also increases RI
activity of the C-linked AFGP analogues.

The disaccharide analogue 66, which contains an additional glucose residue when
compared to 64, showed no improvement in RI activity. However, disaccharide analogue 65
bearing terminal galactose instead of glucose exhibited improved RI activity and exceeded that
of monosaccharide analogues 19 and 64 but it did not match that of the native AFGPS.
Nevertheless, these results indicate that a proper stereochemistry of the terminal carbohydrate is

crucial in obtaining a potent recrystallization inhibitor.

Conformational Analysis:

The solution conformation of C-linked AFGP analogues 63-66 were examined by
circular dichroism (CD) spectroscopy (Figure 5.5). Deconvolution of the raw spectral data was
accomplished using CD Pro with Selcon III and I-Basis 4 as well as I-Basis 5 as representative
databases (Table 5.2 and 5.3.). The molar ellipticity of analogue 63 (Figure 5.5.) is the only one
that closely resembles that of the native AFGP8 (Figure 3.3.). Indeed, deconvoluted data using
IBASIS 4 indicates that secondary structure of analogue 63 is comparable to that of the AFGPS,
which possesses a large percentage of random coil. Surprisingly, solution coni;ormation of
analogue 64 is consistent with large percentage of o helix, and analogues 66 and 65 exhibit a
large percentage of B strand. IBASIS 5 gave similar results, except the percentage of random coil
significantly increased for all the analogues, and analogue 64 showed a larger percentage of B

strand instead of o helix.
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Figure 5.5. CD specta of the C-linked AFGP analogues 63-66.

Table 5.2. CD deconvolution data of AFGP analogues 63-66 and AFGP8 using CD Pro with

Selcon III and IBASIS 4.

Compound Regular Distorted | Regular | Distorted Turn Random Sum
P o helix o helix p strand | P strand coil

[O(Gi‘gg‘““c’ 0.025 0.057 0.195 0.112 0237 | 0470 | 1.047
OGANEME 0504 0.148 0.173 0014 | -0.001| 0175 & 1.033
(OCAGRENIGCE T 0010 | 0008 | 0433 0.164 | 0145 0260  0.984
[O(GIC‘GE(‘E‘;‘)“)GG]“G -0.024 0.013 0.511 0.164 | 0.093 0255 | 1.013
AFGPS 0.049 0.114 0.164 0.094 | 0237 0378  1.036
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Table 5.3. CD deconvolution data of AFGP analogues 63-66 and AFGP8 using CD Pro with

Selcon IIT and IBASIS 5.

Compound a helix p strand P turn PPII Ra;:)c};) m Sum
OGRS AHC 0.034 0.070 0.162 0.212 0.557 1.036
[0<Ga”‘(‘a°))GG]4G 0.104 0.402 0.087 0.055 0.348 0.996
[O(Gal-GaEg;\C)GGhG -0.022 0.379 0.077 0.109 0.452 0.996
[O(Glc-szgz;WGGhG -0.016 0.367 0.046 0.107 0.508 1.012
AFGPS 0.129 0.159 0.156 0.136 0.445 1.025

5.6. Discussion: Interpretation of Antifreeze Activity and Conformational Analysis of
Analogues 19, 63, 64, 65, 66 and [O(GalNAc)AALG

By changing the peptide backbone from glycines (analogue 19) to alanines (analogue 63),
RI activity improved ~25%, suggesting that L-alanines are important structural features for the
activity (graph 5.1). This also supports the idea that the hydrophobic methyl groups of the L-
alanines are necessary for the antifreeze activity, yet to date there had been no SAR studies
performed to verify this for RI activity. These SAR results show that this simple modification to
the polypeptide backbone of the C-linked AFGP analogues drastically improves RI activity and
should be implemented into future analogues.

Another important feature studied was the N-acetyl moiety at the C-2 position of the
carbohydrate. This was done by comparing the RI activity of analogue 64 [O(GalNAc)GG]4G to
analogue 19 [O(Gal)GG]4G. Our data shows that the presence of the N-acetyl moiety in this

series improves the RI activity by ~10%. This trend was also observed for the O-linked
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[T(galNAc/gal)AA]4G].Sa Yet, in the previously synthesized (Table 2.1) C-linked
[S(galNAc/gal)GG]4G] series the opposite was true, whereby the absence of the C-2 N-acetyl
moiety improved RI activity.”™ ® This demonstrates that the presence of the C-2 N-acetyl moiety
can have a positive or negative effect on RI activity which depends on the individual series.
Further, by incorporating both the N-acetyl moiety and the alanine residues into the C-
linked AFGP mimetics, the [O(GalNAc)AA]4.G analogueSa showed MGS of ice crystals ~45%
relative to that of a PBS control, making it a better recrystallization inhibitor then the previously
discussed analogues 19, 63 and 64. A rational explanation for the aforementioned results is
anticipated to be via the hydration model developed in chapter 4, where the hydration index (HI)
of the AFGP analogues was proven to be directly proportional to RI activity. Unfortunately, this
model predicts that RI activity of 63 [O(Gal)AA]4G will be equal to that of [O(Man)GG]1,G
(Graph 5.2 and 4.3), but this was not observed experimentally.. Hence, predicted data for
hydration does not correctly fit that of the RI activity. This was the first discrepancy encountered
which suggests that our method for estimating hydration indices of glycopeptides needs to be
further refined. Nonetheless, this is the first and only method which correlates hydration of

AFGP analogues to their RI activity.
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Graph 5.2. The hydration index inverse of analogues 63-66.

In order to estimate hydration indices for 64 and [O(GalNAc)AA]4G, we had to search
for hydration numbers of the N-acetylated galactosamine throughout the literature. The
previously reported data by Galema™ did not include hydration numbers for any N-acetylated
carbohydrates. The only data reported on hydration of these derivatives was by Uedaira et al,
who determined hydration numbers of monosaccharides from accessible surface area (ASA) of

the solute molecules.” Uedaira et al found that the hydration number of D-galactose was
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approximately three times the value reported by Galema.. Therefore, in order to determine
hydration index of analogue 64 [O(GalNAc)GG]4G, Uedairas hydration number for GaINAc had
to be converted to that of Galemas. Thus, hydration number of galactose determined by Galema
was multiplied by the ratio of hydration numbers of N-acetyl galactosamine/D-galactose reported
by Uedaira. The calculated hydration value of N-acetyl galactosamine (10.5) was then applied to
the method for computing hydration index formulated in chapter 4, and hydration indices for 64
and [O(GalNAc)AA]4G were calculated (Graph 5.2). Notably, the precision of Uedaira’s
method is limited in comparison to that of Galema’s since hydration numbers for galactose and
glucose are the same. It is also apparent that this method only provides a rough estimation of the
hydration value of N-acetyl galactosamine.

Nonetheless, the inverse of the hydration indicies were calculated and it was found that
the value of [O(GalNAc)GG]4G was lower than that of [O(Gal)GG]4G, which matches the
pattern of experimental MGS values (Graph 5.1). The same trend was observed for analogues 63
(gal oaa) and [O(GalNAc)AA]4G, whereby the C-2 N-acetyl group improved the RI activity.
However the calculated 1/HI values of the [O(Gal/GalNAc)GG]4G series were not lower than
those of the [O(Gal/GalNAC)AA]4G series as was observed experimentally. This suggests that
the model of predicting hydration is still preliminary and other factors affecting hydration were
not taken into account.

Consequently, we speculate that other effects such as intramolecular hydrogen bonding

12,55 are likely to influence

within a peptide, water pockets and hydrophobic interactions
hydration of the AFGP analogues and subsequently alter their antifreeze activity. The N-acetyl

group is known to form hydrogen bonds with amide residues of the polypeptide backbone, and

depending on its location and strength the degree of hydration is tempered. Moreover, the C-2
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acetamide group may also hydrogen bond with the residues of a polypeptide through water
molecule bridges, which occurs in a similar fashion as with molecules that contain both cationic
and anionic groups and form intramolecular ionic bonds or salt bridges.’> *® Thus, water pockets,
including one or more H,O molecules, have been commonly found in proteins as well as
glycoproteins.56 Consequently, it is plausible that this effect of trapping water molecules will
increase hydration of the glycopeptide and subsequently perturb its antifreeze activity.
Furthermore, it is possible that hydrophobic methyl group of the N-acetyl moiety functions by
interacting with the hydrophobic layers between the ice crystals, as was proposed for alanine
residues. These abovementioned factors are likely to affect both glycopeptides hydration and its
overall conformation.

In light of further enhancement of RI activity N-acetyl carbohydrate series was expanded
towards disaccharides. Two analogues were designed: [O(Gal-GalNAc)GG]4G (65) and [O(Glc-
GalNAc)GGJ4G (66). The choice of the carbohydrate was based on the native AFGPs which
possess Gal-GalNAc disaccharide, and work done by Fletcher and Nishimura who determined
that any chemical modifications to the Gal-GalNAc disaccharide would either diminish or
eliminate AFGP function.* In addition, Ben et al. showed that by doubling the carbohydrate
concentration with respect to polypeptide backbone (Figure 2.6.), the RI activity would be more
than doubled (Table 2.1).° Furthermore, as described in chapter 4, the analogues which
contained dissacharides, [O(Lac)GG]4G and [O(Meli)GG]4G, exhibited improved RI activity in
comparison to analogue 19, with [OMeli)\GGl4G showing the best RI of the
[O(carbohydrate)GG]4G series.

As expected, the RI activity of 65 [O(Gal-GalNAc)GG]4G was improved over that of

analogue 19 [O(Gal)GG]4G and 64 [O(GalNAc)GG]4G (Graph 5.1). But the activity of 65 only
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increased ~5%, when compared to analogue 64, even though carbohydrate concentration was
doubled with respect to the glycopeptides backbone. Moreover, analogue 65 did not exceed the
superior antifreeze activity of the native AFGPS, indicating that Gal-GalNAc does not play a
vital role in RI activity of our analogues. However, in order to fully validate these results more
Gal-GalNAc containing analogues would have to be synthesized and compared to other
analogues of its series. For example, an obvious target would be the C-linked [S(Gal-
GalNACc)GG]4G.

To explore the significance of the terminal carbohydrate of the disaccharide, analogue 66
was tested, and was found to possess RI activity inferior to that of analogue 65. This was not
surprising as it was demonstrated previously that glucose is less hydrated then galactose, and RI
activity is directly proportional to the hydration of the carbohydrate.® 3* 37 Furthermore, [O(Glc-
GalNAc)GG]4G exhibits a lower RI activity then [O(GalNAc)GG]4G, even though it contains a
double concentration of carbohydrates. This result further supports our suggestion that a
disaccharide does not play an essential role in inducing potent RI activity of our C-linked AFGP
mimetics. However, this data signifies that a proper choice of terminal carbohydrate is crucial in
obtaining an enhanced recrystallization inhibition. As discussed in chapter 3, this choice should
consider ideal stereochemistry, and therefore the most hydrated carbohydrate, which is D-
galactose. *>* > This is demonstrated in the experimental data whereby analogues 19, 64 and 65
are better recrystallization inhibitors then analogue 66.

As per previous results the hydration indicies of 65 and 66 should demonstrate that the
latter should contain better RI activity. However, it is difficult to calculate HI for these analogues
because no hydration numbers of either Gal-GalNAc or Glc-GalNAc have been reported. A

vague estimate of these values could be based on sum of the hydration numbers of the individual
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monosaccharides. Thus, estimated hydration number for Gal-GalNAc is 19.2 (8.7Ga+10.5GanAc)
and for Glc-GalNAc it is 18.9 (8.4Gi+10.5canac). These values are overestimated because
hydration spheres of the monosaccharides comprising the disaccharides are overlapping.
Nevertheless, hydration indices were calculated using McGowans method®® for estimating molar
volumes and Peirottis equation59 for determining hydration numbers of polypeptides. The 1/HI
value of analogue 65 [O(Gal-GalNAc)GG]sG was calculated to be lower than that of analogue
66 [O(Glc-GalNAC)GG]4G (Graph 5.2). This data clearly matches the RI pattern of the two
analogues (Graph 5.1.).

To determine whether specific change of conformation affected RI activity, analogues 63,
64, 65 and 66 were analyzed by circular dichroism spectroscopy (Figure 5.5, Table 5.2 and 5.3).
It has been demonstrated that solution conformation of analogues 19 and 63, which consists
mainly of random coil with various degrees of other secondary structures, is alike that of
AFGP8. Hence, the increased RI activity of 63 over 19 is due to the inherent property of alanine
residues and not its conformation. Conversely, analogue 64 [O(GaINAc)GG14G exhibits solution
conformation significantly different than that of AFGPS8, 19 and 63, where a predominant
percent of its conformation consists of o-helix and/or B-sheet. Moreover, analogues 65 and 66
display a large percentage of random coil but they also possess notably greater amount of -
strand similar to analogue 64. The formation of these more rigid structures, a-helix and B-sheet,
could be caused by interaction of the N-acetyl moiety with the polypeptide backbone. However,
this is difficult to conclude as the conformation of previously prepared [O(GalNAc)AALG
resembles more that of AFGP8 and not 64. Nevertheless, we postulate that the observed
conformational change of [O(N-acetyl-carbohydrate)GG14G series is due to the C-2 N-acetyl

moiety of the saccharide which also affects hydration and RI activity. Consequently, synthesis
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and conformational analysis of other C-linked AFGP analogues, such as [O(GalGal)GG]4G,
would definitely contribute to validation of this hypothesis. Computational modeling studies of
the analogues prepared in this chapter would also provide more insight to the function of the

carbohydrates C-2 acetamide group.

5.7. Conclusion

Collectively, it has been presented that C-2 N-acetyl moiety of the carbohydrate, and the
L-alanine residues of the polypeptide backbone and carbohydrates stereochemistry influence RI
activity of the C-linked AFGP analogues (Graph 5.1). The RI activity of [O(GalNAc)AA]4G
analogue was superior to that of analogues 19, 63 and 64, which suggests that C-2 N-acetyl
moiety and L-alanine residues have a positive effect on recrysallization inhibition. Analogue 65
showed RI activity only equivalent to that of [O(GalNAc)AA]4G, implying that custom synthesis
of labour intensive discharide is not necessary for potent recrystallization inhibition. The effect
of the terminal carbohydrate of the disaccharide was explored by synthesizing analogue 66,
which showed RI activity lower than analogue 64 and 65. This proved that stereochemistry of the
terminal carbohydrate is very important for RI activity and is optimal when it matches that of
galactose.

In order to explain RI activity of our analogues, in chapter 4 we were able to develop a
method for estimating hydration numbers, partial molar volumes of glycopeptides, and
subsequently hydration indices. While hydration index was determined to be proportional to RI
activity, predictions in Graph 5.2 do not accurately match the results in Graph 5.1, because of
error associated with calculating hydration indices. In chapter 4, it has been demonstrated that

small changes in the magnitude of hydration numbers have a significant effect on the value of
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hydration index. Thus, if we change the total calculated hydration number of the peptide
component of [O(carbohydrate)AA]4G series only by +5%, then 1/HI trend for analogues 19, 63,
64 and [O(GalNAc)AA]4G exactly matches their trend for MGS values. Also, if the
overestimated hydration numbers for Gal-GalNAc and Glc-GalNAc were corrected by
accounting for overlapping hydration spheres of their individual monosaccharides, then the
newly determined values for 1/HI would closer resemble the RI trend in Graph 5.1. Nevertheless,
it is clear that we need better thermodynamic hydration values in order to determine the extent to
which hydration allows us to predict RI activity. Therefore, it is necessary to experimentally
determine hydration numbers and partial molar volumes of our C-linked AFGP analogues and

their components.
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CHAPTER 6

Experimental Procedures

6.1. General Procedures

Unless otherwise stated 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 (ceric

ammonium molybdate, potassium permanganate, or phosphomolybdate stain solution).

6.2. Solvents

All solvents used for anhydrous reactions were distilled. Tetrahydrofuran (THF) and
diethyl ether were distilled from sodium/benzophenone under nitrogen atmosphere.
Dichloromethane, acetonitrile, triethylamine, benzene and diisopropylethylamine (DIPEA) were
distilled from calcium hydride. Methanol was distilled from calcium sulfate. N,N-
dimethylformamide (DMF) and acetone were stored over activated 4A molecular sieves under
argon atmosphere.

All deuterated solvents (CDCl;, CD;0OD and D,0) were obtained from Cambridge

Isotope Laboratories Ltd. and CDCl; was stored over Linde 4A molecular sieves.
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6.3. Instrumentation

H (300, 360, 400, or 500 MHz) and >C NMR (75, 90, 100 or 125 MHz) spectra were
recorded at ambient temperature on a Bruker Avance 300, Bruker AM 360, Bruker Avance 400
or Bruker Avance 500 spectrometer. Chemical shifts are reported in ppm downfield from TMS
and corrected using the solvent residual peak or TMS as an internal standard. 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 20pL/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/H,0 as the MALDI matrix. High resolution mass spectrometry (HRMS) data
was acquired on Applied Biosystems/Sciex QStar (Concord, ON). Samples in CH,Cl,/MeOH 1:1
were mixed with Agilent ES tuning mix for internal calibration, and infused into the mass
spectrometer at 5 ul/min. Infrared absorption spectra (IR) were recorded on a Shimadzu FTIR-
8400S spectrometer as a neat film from 4000 cm’ to 650 cm™. Analytical and preparatory scale
RP-HPLC were carried out with C-18 columns on a Varian Dynomax HPLC system equipped
with a variable wavelength detector (ProStar 330 PDA) or a Waters Delta 600E HPLC system
equipped with a variable wavelength detector. Automated solid phase peptide synthesis (SPPS)
was performed on APEX 396 (Advanced ChemTech) equipped with a 40 well reaction vessel.
Circular Dichroism was performed on JASCO Model J-810 automatic spectrophotometer
interfaced with Acer computer. Spectral data were obtained with the following parameters: Inm
bandwidth; four scans at a scan speed of 50nm/min; 190-350nm wavelength range. Samples
were measured at 22 °C in a quartz cell (Hellma QS) with a 1 cm path length. A molar

concentration of 43 pM was used for each sample, diluted in doubly distilled water. Data
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obtained from CD spectroscopy was converted into molar ellipticity (deg cm?® dmol™).
Glycopeptide secondary structures were estimated using the deconvolution software CD Pro

(SELCON 3 program and IBASIS 4 protein dataset).

6.4. Synthetic Procedures A
6.4.1. General protocol for bromination of a D-pyranose pentaacetate’

To commercially available D-pyranose pentaacetate (5 g, 12.81 mmol), 30 mL of HBr in
AcOH (33% solution) was added at room temperature. The reaction was stirred for 40 mins and
then diluted with CH,Cl, (50 mL). The solution was transferred to a separatory funnel containing
ice water and the organic layer was washed with water until neutral pH. The organic extract was
dried over MgSOQy, filtered and concentrated in vacuo to afford product in ~90% yield. The crude

product was crystallized from diethyl ether to form a white powder.

6.4.1.1. 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (2a)
Reaction yield: 94%.

OAc

AcO Q
AcO
AcO

Br

'H NMR (300 MHz, CDCls) & 6.16 (1H, d, J=1.3 Hz), 5.53 (1H, dd, J=3.6, 7.8 Hz), 5.27 (2H,
m), 4.15 (1H, dd, J=9.6, 18 Hz), 4.07 (1H, m), 3.98 (1H, dd, J=2.1, 12 Hz), 2.01, (3H, s), 1.98
(3H, s), 1.91 (3H, s), 1.84 (3H, s); >*C NMR (75 MHz, CDCl3) 8 170.28, 169.51, 169.39, 169.35,
83.20, 72.71, 71.90, 67.78, 65.05, 61.27, 20.60, 20.49, 20.41; LRMS (ESI): Calcd for
C14H3BrINOg [M+NH,4]" 429.2, found 429.9.
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6.4.1.2. 2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl bromide (2b)

Reaction yield: 92%.

OAc

OAc
AcO Q
AcO

Br

'"H NMR (360 MHz, CDCl3) § 6.45 (1H, d, J=3.9 Hz), 5.39 (1H, dd, J=9.6, 10 Hz), 5.01 (1H,
dd, J/=9.6, 9.9Hz), 4.67, (1H, ddd, J=1.5, 3.9, 5.4Hz), 4.16 (2H, m), 3.95 (1H, d, /=12.0 Hz),
1.92 (3H, s), 1.91 (3H, s), 1.91 (3H, s), 1.90 (3H, s); C NMR (90 MHz, CDCls) § 169.98,
169.70, 169.64, 169.42, 88.19, 70.94, 76.73, 67.57, 66.78, 60.67, 20.47, 20.37, 20.31; LRMS

(ESI): Calcd for C14H3BINOg [M+NH,]* 429.2, found 429.9.

6.4.1.3. 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide (2c)
Reaction yield: 89%.

OAc

A
o)
AcO
AcO

Br

'H NMR (360 MHz, CDCl3) & 6.56 (1H, d, J=3.9 Hz), 5.39 (1H, m), 5.22 (1H, dd, J=4.2, 8.2
Hz), 4.85 (1H, d, J=4.3 Hz), 4.82 (1H, d, J=4.2 Hz), 4.25 (1H, m), 3.97 (1H, m), 1.98 (3H, s),
1.98 (3H, s), 1.87 (3H, s), 1.82 (3H, s); *C NMR (90 MHz, CDCls) § 169.98, 169.70, 169.64,
169.42, 88.19, 70.94, 67.73, 67.51, 66.78, 60.67, 20.47, 20.37, 20.31; LRMS (ESI): Calcd for

C14H3BrNOg [M+NH,4]" 429.2, found 429.9.
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6.4.2. General protocol for photochemical allylation of a pyranosyl bromide?

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-pyranosyl bromide (1.24 g, 3.01 mmol) in
benzene (15 mL), allyl phenyl sulfone (1.418 mL, 7.52 mmol) and bis-tributyl tin (2.19 mL, 4.21
mmol) were added. The solution was degassed and sonicated for 30 mins under argon
atmosphere. The sealed flask was then irradiated for 9 hrs under a 450W mercury arc lamp and
the reaction was monitored using TLC at time intervals of 2, 6, 8, 10 and 12 hrs. The reaction
mixture was loaded directly onto a silica gel column packed with hexanes. The organostannanes
were flushed with 3 void volumes of hexanes, after which the solvent system was changed to 5:1
hexanes/EtOAc to remove the unreacted allyl phenyl sulfone. The product was eluted with 3:1
hexanes/EtOAc and concentrated in vacuo to afford the allylated derivative as colorless oil

(~80% yield).

6.4.2.1. 2,3,4,6-tetra-O-acetyl-1-deoxy-C-allyl-a-D-glucopyranoside (3a)

OAc

AcO
AcO

AcO _

The product was co-eluted with starting material using 3:1 hexanes/EtOAc and
concentrated under reduced pressure. The residue was re-dissolved in a 1:1 mixture of acetone
and water, to which silver carbonate was added. The reaction mixture was allowed to stir for 30
mins, after which it was filtered. The product was extracted with CH,Cl,, washed with water,
brine, dried over MgSO4 and concentrated in vacuo. The colorless oil was purified by flash
column chromatography using 3:1 hexanes/EtOAc, and afforded 7b as a colorless oil in ~70%

yield over two steps.
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'H NMR (360 MHz, CDCl3) & 5.76 (1H, dddd, J=6.6, 6.6, 8.0, 16.0 Hz), 5.41 (1H, dd, J=6.8,
13.2 Hz), 5.18 (2H, m), 5.01 (1H, dd, J=6.5, 12.1 Hz), 4.35 (1H, m), 4.23 (1H, dd, J=5.9, 12.8
Hz), 4.10 (1H, dd, J=3.0, 13.2 Hz), 3.89 (1H, m), 2.59 (1H, m), 2.38 (1H, m), 2.19 (3H, s), 2.01
(3H, s), 1.95 (3H, s), 1.91 (3H, s); °C NMR (90 MHz, CDCl3) § 177.3, 174.5, 170.6, 169.6,
169.4, 168.7, 163.7, 140.1, 115.3, 77.0, 76.6, 69.3, 68.8, 67.7, 67.47, 32.8, 26.6, 20.5, 20.5, 20.4,

20.2, 20.1, 20.1, 19.9; HRMS (ESI): Calcd for C17H2s09 [M+H]" 373.1498, found 373.1461.

6.4.2.2. 2,3,4,6-tetra-O-acetyl-1-deoxy-C-allyl-a-D-mannopyranoside (3b)
Reaction yield: 82%.

OAc
OAc

AcO
=

"H NMR (360 MHz, CDCls) § 5.77 (1H, dddd, J=6.8, 6.8, 10.0, 10.4 Hz), 5.23 (1H, dd, J=3.2,
6.8 Hz), 5.15 (1H, m), 5.07 (1H, m), 4.29 (1H, dd, J=6.4, 12.2 Hz), 4.06 (1H, dd, ]=2.9, 8.2 Hz),
4.03 (1H, m), 3.86 (1H, ddd, J=2.9, 6.8, 8.6 Hz), 2.52 (1H, m), 2.29 (1H, m), 2.07 (3H, s), 2.02
(3H, s), 1.99 (3H, s), 1.94 (3H, s); *C NMR (90 MHz, CDCl3) § 170.6, 170.1, 169.9, 169.6,
132.4, 118.2, 74.0, 70.5, 69.9, 68.7, 66.8, 62.3, 33.4, 20.8, 20.7, 20.6; LRMS (ESI): Calcd for

C17H2509 [M+H]" 373 4, found 373.1.
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6.4.2.3. 2,3,4,6-tetra-0O-acetyl-1-deoxy-C-allyl-a-D-galactopyranoside (3c)
Reaction yield: 88%.

AcO OAc
0]

AcO

AcO
/

'H NMR (360 MHz, CDCl3) § 5.76 (1H, dddd, J=6.5, 7.1, 10.0, 16.6 Hz), 5.42 (1H, dd, J=2.4,
3.1 Hz), 5.28 (1H, dd, J=4.8, 9.3 Hz), 5.22 (1H, dd, J=3.1, 9.3 Hz), 5.13 (1H, ddd, J=1.6, 3.0,
16.6 Hz), 5.12 (1H, ddd, J=1.4, 3.0, 10.0 Hz), 4.30 (1H, ddd, J=4.7, 5.2, 10.3 Hz), 4.21 (1H, dd,
J=8.9, 12.5 Hz), 4.09 (2H, m), 2.46 (1H, m), 2.29 (1H, m), 2.12 (3H, s), 2.07 (3H, s), 2.04 (3H,
s), 2.03 (3H, s); *C NMR (90 MHz, CDCl3) § 170.5, 170.1, 169.9, 169.8, 133.3, 117.6, 71.4,
68.2, 67.9, 61.4, 30.9, 20.8, 20.7, 20.6; LRMS (ESI): Calcd for Ci7Hy509 [M+H]" 373.4, found

373.1.

6.4.3. General protocol for oxidation of allylated pyranose’

Allylated pyranose tetraacetate (0.83 g, 2.23 mmol) was dissolved in 14 mL of 2:2:3
acetonitrile/carbon tetrachloride/water mixture, followed by the addition of sodium periodate
(1.90 g. 8.92 mmol). A catalytic amount of ruthenium trichloride trihydrate was then added, and
the reaction was allowed to stir at room temperature for 2-3 hrs. The solution was filtered
through celite and transferred to a separatory funnel with dichlroromethane. The organic layer
was washed successively with saturated ammonium chloride solution, saturated brine solution,
dried over MgSQ,, filtered and concentrated in vacuo. Flash column chromatography (0-10%

methanol/CH,Cl,) afforded the carboxylic acid derivative in >75 % yield.
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6.4.3.1. 2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-ethanoic acid (4a)

Reaction yield: 76%.

OAc
AcO 0
AcO
AcO 0
OH

'H NMR (300 MHz, CDCls) & 9.50-7.20 (1H, brs), 5.24 (1H, dd, J=8.5, 8.9 Hz), 5.14 (1H, dd,
J=5.6, 9.1 Hz), 4.98 (1H, dd, J=8.5, 9.1 Hz), 4.69-4.62 (1H, m), 4.22 (1H, dd, J=5.1, 12.3 Hz),
4.09 (1H, dd, J=2.8, 12.3 Hz), 3.96-3.89 (1H, m), 2.78 (1H. dd, J=9.3, 15.5 Hz), 2.67 (1H, dd,
J=5.4, 15.5 Hz), 2.05 (3H, s), 2.02 (6H, s), 2.01 (3H, s); '*C NMR (75 MHz, CDCl3) § 175.1,
170.7, 170.0, 169.5, 169.4, 70.0, 69.9, 69.4, 69.1, 68.2, 61.9, 32.8, 20.6, 20.6, 20.5; HRMS

(ESI): Calcd for CisHp30y; [M+H]* 391.1240, found 391.1216.

6.4.3.2. 2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)-ethanoic acid (4b)

Reaction yield: 82%.

AcO

OH

'H NMR (300 MHz, CDCls) § 9.50-7.50 (1H, brs), 5.23 (1H, dd, J=3.3, 7.2 Hz), 5.13, (1H, dd,
J=3.3, 5.3 Hz), 5.08 (1H, dd, J=6.4, 6.8 Hz), 4.45-4.37 (2H, m), 4.13 (1H, dd, J=3.8, 12.1 Hz),
4.00-3.94 (1H, m), 2.71 (1H, dd, J=9.4, 15.5 Hz), 2.64 (1H, dd, J=4.5, 15.5 Hz), 2.07 (3H, s),

2.06 (3H, s), 2.05 (3H, s), 2.04 (3H, s); °C NMR (75 MHz, CDCl3) § 174.7, 170.8, 169.9,
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169.7, 169.6, 71.9, 69.3, 69.1, 67.9, 67.2, 61.4, 35.3, 20.7, 20.6, 20.6; IR (thin film): 3300-2350,

1750 cm™; HRMS (ESI): Calcd for CigH,301; [M+H]* 391.1240, found 391.1228.

6.4.3.3. 2-(deoxy-2,3,4,6-tetra-Q-acetyl-a-D-galactopyranosyl)-ethanoic acid (4¢)

Reaction yield: 91%.

AcO OAc
AcO <
AcO 0
OH

'H NMR (400 MHz, CDCl3) & 5.43 (1H, t, J=2.8 Hz), 5.33 (1H, dd, J=8.9, 5.0 Hz,), 5.17 (1H,
dd, J =8.9, 3.3 Hz), 4.70 (1H, ddd, J=9.3, 8.3, 5.3 Hz), 4.30-4.08 (3H, m), 2.73 (1H, dd, J=15.6,
8.7 Hz), 2.63 (1H, dd, J=15.6, 5.7 Hz), 2.13 (3H, s), 2.07 (3H, s), 2.04 (6H, s); *C NMR (90
MHz, CDCl3) &: 175.5, 170.8, 170.1, 170.0, 169.7, 69.4, 68.9, 67.8, 67.6, 67.1, 61.2, 33.15, 20.7;

IR (thin film): 3706-2355, 1748 cm™.

6.4.4. Talose Synthesis'* >*
6.4.4.1. Deoxy-C-allyl-3,4-O-isopropylidene-a-D-galactopyranoside (5)
OH
X o
(0]

HO
=

To a solution of allylgalactoside (0.81 g, 3.97 mmol) and dimethoxypropane (2.44 mL,
19.85 mmol) in dry acetonitrile (15 mL), p-TsOH (40 mg) was added and the reaction mixture

was stirred for 2 hrs. Water (3 mL) was then added and after 30 mins the reaction was
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neutralized with triethylamine and evaporated. Flash column chromatography (10%

CH,CI,/EtOAc) afforded 5 (0.69 g, 70%) as white crystalline solid.

'H NMR (400 MHz, CDCl;) 8 5.86 (1H, dddd, J=7.1, 7.1, 10.2, 17.2 Hz), 5.15 (1H, dd, J=1.8,
17.2 Hz), 5.09 (1H, dd, J=1.5, 17.2 Hz), 4.33-4.25 (2H, m), 4.08-4.02 (2H, m), 3.87-3.77 (2H,
m), 2.45-2.30 (2H, m), 2.20 (1H, dd, J=3.2, 9.3 Hz), 2.00 (1H, d, J=4.5 Hz), 1.47 (3H, s), 1.32
(3H, s); *C NMR (100 MHz, CDCls) § 134.3, 117.7, 109.7, 74.8, 73.1, 70.6, 69.6, 69.1, 63.6,

34.9, 26.8, 24.6; HRMS (ESI): Calcd for C;,H,;05 [M+H]" 245.1388, found 245.1377.

6.4.4.2. Deoxy-C-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-

galactopyranoside (6)

o OTBS
NS
HO
=

To a solution of diol 9 (0.30 g, 1.21 mmol) in dry pyridine/CH,Cl, (5:5 mL), tert-
butyldimethylsilyl chloride (0.22 g, 1.45 mmol) and DMAP (7 mg) were added sequentially. The
reaction mixture was stirred overnight, diluted with CH,Cl, (10 mL) and washed successively
with 0.5 N HCl, water and brine. The organic extract was dried over MgSO, and concentrated in
vacuo. Flash column chromatography (25% EtOAc/hexanes) gave the product in quantitative

yield (0.43 g, >95%).

'H NMR (400 MHz, CDCl;) & 5.82 (1H, dddd, J=7.0, 7.0, 10.2, 17.1 Hz), 5.16-5.10 (1H, m),
5.08-5.04 (1H, m), 4.34 (1H, dd, J=1.8, 7.1 Hz), 4.17 (1H, dd, J=3.4, 7.1 Hz), 3.99-3.93 (2H, m),

3.76-3.64 (3H, m), 2.45 (1H, br s), 2.35-2.28 (2H, m), 1.43 (3H, s), 1.28 (3H, s), 0.84 (94, s),
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0.02 (3H, s), 0.02 (3H, s); >°C NMR (100 MHz, CDCls) § 134.4, 117.5, 109.0, 74.6, 71.7, 70.5,
70.0, 69.7, 62.6, 35.0, 27.0, 25.9, 24.5, -5.3 ,-5.4; HRMS (ESI): Calcd for C;3H3505Si [M+H]"

359.2253, found 359.2257.

6.4.4.3. Deoxy-C-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-talopyranoside

Q)

To a solution of oxalyl chloride (0.13 mL, 1.51 mmol) in CH;Cl, (10 mL) at
-78 °C, DMSO (0.23 mL, 3.31 mmol) was added dropwise and the reaction mixture was stirred
for 30 mins. Then, 6 (0.27 g, 0.75 mmol) in CH,Cl, (10 mL) was added over 10 mins. After an
additional 30 mins of stirring, triethylamine (0.73 mL, 5.27 mmol) was added at -60 °C and the
reaction mixture was brought to room temperature. After 1 hr, the reaction mixture was diluted
with CH,Cl, (10 mL) and water was added. The layers were separated and the organic extract
was washed with water, brine, dried over MgSQy, and concentrated under reduced pressure. The
crude product was immediately dissolved in MeOH (20 mL) and NaBH,4 (0.06 g, 1.51 mmol)
was added. After stirring for 30 mins, the reaction mixture was quenched with acetic acid and the
solvent was evaporated. The residue was taken up in CH,Cl, (30 mL), washed with water, brine
and then dried over MgSOy. The organic phase was concentrated in vacuo and after flash column

chromatography (25% EtOAc/hexanes), compound 7 was obtained as an oil (0.41 g, 75%).

'H NMR (400 MHz, CDCls) § 5.93 (1H, dddd, J=6.7, 7.4, 10.2, 17.1 Hz), 5.19-5.07 (2H, m),

4.50 (1H, dd, J=3.6, 8.0 Hz), 4.42 (1H, dd, J=1.5, 8.0 Hz), 3.77 (1H, ddd, J=4.24, 6.50, 9.65 Hz),
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3.74-3.57 (4H, m), 2.52-2.27 (2H, m), 1.99 (1H, br s), 1.51 (3H, s), 1.36 (3H, s), 0.89 (9H, s),
0.06 (3H, s), 0.06 (3H,s); °C NMR (100 MHz, CDCl;) § 134.4, 117.6, 109.8, 73.4, 73.1, 72.5,
70.5, 68.2, 62.3, 369, 26.2, 25.9, 24.7, -5.3, -5.5; HRMS (ESI): Calcd for C;3H3sNOsSi

[M+NH,]* 376.2519, found 376.2508.

6.4.4.4. 2,3,4,6-tetra-O-acetyl-1-deoxy-C-allyl-a-D-talopyranoside (8a)
AcO U

AcO
Z

A solution of acetal 7 (0.22 g, 0.61 mmol) in 80% acetic acid (20 mL) was heated for 1 hr
at 80 °C. The reaction mixture was cooled and the solvent was evaporated. The residue was
taken up in pyridine (20 mL), followed by addition of acetic anhydride (10 mL) and DMAP (10
mg). The reaction mixture was stirred overnight, then diluted with CH,Cl, (30 mL) and washed
successively with saturated CuSOy solution, water and brine. The organic extract was dried over
MgSO4 and concentrated in vacuo. Flash column chromatography afforded compound 8a as a

white crystalline solid (0.17 g, 75%).

'H NMR (500 MHz, CDCl3) 8 5.77 (1H, dddd, J=6.9, 6.9, 10.7, 16.6 Hz), 5.44 (1H, t, J=3.2 Hz),
5.18 (1H, dd, J=3.2, 5.1 Hz), 5.11-5.08 (1H, m), 5.08-5.06 (1H, m), 4.83 (1H, dd, J=3.2, 7.3 Hz),
4.62 (1H, dd, J=8.9, 12.1 Hz), 4.18 (1H, ddd, J=3.8, 4.8, 8.8 Hz), 4.09 (1H, dd, J=3.6, 12.2 Hz),
4.01 (1H, ddd, J=4.8, 7.5, 7.5 Hz), 2.39-2.23 (2H, m), 2.08 (3H, s), 2.05 (3H, s), 2.04 (3H, s),
2.02 (3H, 5); °C NMR (125 MHz, CDCls) & 170.6, 169.6, 169.4, 169.3, 132.8, 117.7, 70.5, 69.2,
68.7, 67.1, 66.4, 60.3, 34.6, 20.7, 20.6, 20.5; HRMS (ESI): Caled for C1;HsNOy [M+NH,]"

390.1764, found 390.1777.
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6.4.4.5. 2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-talopyranosyl) ethanal (8b)
OAc
AcO OAc

AcO
.0

Ozone gas was bubbled through a solution of 8a (0.86 g, 2.33 mmol) in 20 mL of dry
CH,Cl, at -78 °C until the solution turned blue in color. Nitrogen was then bubbled through the
solution until it turned colorless. Triphenylphosphine (1.5 g, 5.7 mmol) was then added, the
solution was allowed to warm up to room temperature and it was stirred overnight.
Dichloromethane was removed under reduced pressure and the residue was purified by flash

column chromatography (toluene/acetone 4:1) to afford 8b in 85% yield.

'H NMR (500 MHz, CDCl3) & 9.70 (1H, t, J=2.1 Hz), 5.56 (1H, t, J=3.0 Hz), 5.18 (1H, dd,
J=3.0, 6.3 Hz), 4.90 (1H, dd, J=9.8, 12.6 Hz), 4.77 (1H, dd, J=3.0, 9.3 Hz), 4.53 (1H, ddd, J=5.2,
74, 9.2 Hz), 4.23 (1H, ddd, J=2.7, 6.3, 9.6 Hz), 4.07 (1H, dd, /=2.8, 12.7 Hz), 2.57-2.54 (2H,
m), 2.15 (3H, s), 2.07 3H, s), 2.05 (3H, s), 2.00 (3H, s); '*C NMR (125 MHz, CDCl3) & 199.1,
171.0, 169.6, 169.3, 169.1, 71.8, 69.1, 67.4, 66.5, 63.3, 59.5, 44.9, 20.8, 20.8, 20.6, 20.5; HRMS

(ESD): Calcd for Ci6Ha6NO;o [M+NH,4]™ 392.1556, found 392.1568.

6.4.4.6. 2-(2,3,4,6-tetra-O-acetyl-a-D-talopyranosyl) ethanoic acid (9)

AcO Y
0

AcO

OH
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To a solution of 8b (2.0 g, 5.4 mmol) in 1:1 (v:v) mixture of fert-butyl alcohol and 2-
methyl-2-butene (20 mL), an aqueous solution of potassium dihydrogen phosphate (3.7 g, 27.2
mmol) and sodium chlorite (2.4 g, 26.5 mmol) in 10 mL distilled water was added. The mixture
was stirred vigorously at O °C for 6 hrs. The product was extracted with EtOAc and washed with
100 mL water and 50 mL brine solution. The organic layer was then dried over MgSO4 and

concentrated in vacuo to afford 9 in 96% yield.

'H NMR (400 MHz, CDCl3) § 5.57 (1H, t, J=3.0 Hz), 5.20 (1H, dd, J=3.1, 6.2 Hz), 4.83 (1H, dd,
J=3.0, 9.2 Hz), 4.76 (1H, dd, J=9.5,12.5 Hz), 4.38 (1H, ddd, J=3.7, 8.9, 8.9 Hz), 4.29 (1H, ddd,
J=3.0, 6.2, 9.3 Hz), 4.17 (1H, dd, J=3.0, 12.6 Hz), 2.62 (1H, dd, J=3.7, 15.8 Hz), 2.53 (1H, dd,
J=8.8, 15.8 Hz), 2.16 (3H, s), 2.08 (3H, s), 2.07 (3H, s), 2.03 (3H, s); *C NMR (100 MHz,
CDCl3) 6 173.9, 171.0, 169.7, 169.3, 169.2, 71.6, 68.9, 67.4, 66.5, 65.0, 59.8, 36.1, 20.9, 20.7,
20.6, 20.6; LRMS (ESI): Calcd for C16H3011 [M+H]" 391.3, found 391.4; HRMS (ESI): Caled

for C1gHxNO1; [M+NH,]* 408.1505, found 408.1512.

6.4.5. General protocol for amide coupling of C-linked glycoconjugate'

To a solution of fully protected amino acid derivative 10 (0.21 g, 0.38 mmol) in 10 mL of
CH,Cl,, 2 mL of TFA was added. The reaction was stirred for 40 mins and then concentrated
under reduced pressure. The syrup was re-dissolved in a 1:1 mixture of toluene and CH,Cly,
concentrated, then re-dissolved in diethyl ether and concentrated in vacuo to afford a white solid.
To a solution of carboxylic acid carbohydrate derivative (0.15 g, 0.38 mmol) in 15 mL of
CH,Cl,, HBTU (0.17 g, 0.46 mmol) and 0.20 mL of DIPEA (0.15 g, 1.14 mmol) were added.

The reaction was allowed to stir for 20 mins and then the activated amino acid derivative was
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added. After stirring overnight, the reaction mixture was transferred to a separatory funnel and
washed successively with saturated ammonium chloride, water, brine, dried over MgSO4 and
concentrated in vacuo. The product was purified by flash column chromatography in 50:1

CH,Cl1,/MeOH to afford a C-linked glycosyl amide building block in ~80% yield.

6.4.5.1. Benzyl Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
galactopyranoside)acetyl]-L-ornithine (11)

Reaction yield: >95%.

AcO ,OAc
Q
AcO
AcO 0
HN
FmocHN OBn
0]

'"H NMR (300 MHz, CDCls) § 7.76 (2H, d, J=7.5 Hz), 7.59 (2H, d, J=7.21 Hz), 7.42-7.28 (9H,
m), 6.12 (1H, br s), 5.55 (1H, d, J/=8.4 Hz), 5.4 (1H, t, J/=3.3 Hz), 5.29-5.23 (1H, m), 5.17-5.12
(3H, m), 4.67-4.61 (1H, m), 4.46-4.34 (3H, m), 4.25-4.19 (2H, m), 4.15-4.09 (2H, m), 3.29-3.23
(2H, m), 2.57-2.47 (1H, m), 2.41-2.34 (1H, m), 2.10 (3H, s), 2.05 (3H, s), 2.04 (3H, s), 2.00 (3H,
s), 1.93-1.82 (1H, m), 1.73-1.47 (3H, m); C NMR (75 MHz, CDCl3) & 171.9, 170.5, 169.9,
169.7, 169.5, 169.2, 156.0, 143.6, 141.2, 135.0, 128.6, 128.5, 127.7, 127.0, 125.0, 119.9, 69.4,
63.7, 67.8, 67.7, 67.2, 67.0, 66.8, 61.0, 53.5, 47.0, 38.6, 34.4, 30.0, 25.3, 20.7, 20.6; LRMS

(ESD Calcd for C43H49N2014 [M+H]+ 8178, found 817.4.
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6.4.5.2. Benzyl Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
glucopyranoside)acetyl]-L-ornithine (12)

Reaction yield: >95%.

OAc
AcO Q
AcO
AcO 0
HN
FmocHN OBn
0]

'"H NMR (300 MHz, CDCls) § 7.76 (2H, d, J=7.4 Hz), 7.60 (2H, d, J=7.1 Hz), 7.45-7.25 (9H,
m), 6.17 (1H, br s), 5.64 (1H, d, J=7.9 Hz), 5.23 (1H, t, J=8.4 Hz), 5.20-5.04 (3H, m), 4.97 (1H,
t, J/=8.3 Hz), 4.25-4.12 (3H, m), 3.97-3.90 (1H, m), 3.35-3.17 (2H, m), 2.60 (1H, dd, J=9.6, 12.4
Hz), 2.45 (1H, dd, J=4.4, 15.4 Hz), 2.07-1.98 (12H, m), 1.95-1.77 (1H, m), 1.76-1.60 (1H, m),
1.60-1.46 (2H, m); *C NMR (75 MHz, CDCl3) & 171.9, 170.6, 169.9, 169.4, 169.0, 156.0,
143.8, 143.6, 141.2, 135.1, 128.6, 128.5, 128.5, 128.3, 127.7, 127.0, 125.0, 119.9, 69.9, 69.7,
69.4, 69.3, 68.2, 67.3, 67.0, 62.0, 53.5, 47.1, 38.9, 38.6, 34.2, 30.0, 25.3, 20.7, 20.6, 20.6; HRMS

(ESI): Calcd for C43Hy9N,O14 [M+H]" 817.3183, found 817.3192.

163



6.4.5.3. Benzyl Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-o-D-
mannopyranoside)acetyl]-L-ornithine (13)

Reaction yield: >95%.

OAc
OAc
AcO Q
AcO
0
HN
FmocHN™ Ny OB
o)

'"H NMR (300 MHz, CDCl,) & 7.76 (2H, d, J=7.4 Hz), 7.60 (2H, d, J=7.1 Hz), 7.44-7.25 (9H,
m), 6.18 (1H, br s), 5.71 (1H, d, J=8.1 Hz), 5.25 (1H, dd, J=3.2, 7.2 Hz), 5.20-5.07 (3H, m),
4.47-4.30 (SH, m), 4.25-4.15 (2H, m), 4.02-3.94 (1H, m), 3.40-3.20 (2H, m), 2.52 (2H, d, J=6.87
Hz), 2.10-2.06 (12H, m), 2.00-1.82 (1H, m), 1.80-1.65 (1H, m), 1.64-1.50 (2H, m); *C NMR (75
MHz, CDCl;) 8 172.0, 170.6, 169.9, 169.8, 169.5, 168.8, 156.1, 143.8, 143.6, 141.2, 135.1,
128.6, 128.6, 128.5, 128.5, 128.3, 127.7, 127.6, 127.0, 126.9. 125.0, 119.9, 72.0, 69.9, 69.1,
68.0, 67.3, 67.2, 67.0, 65.2, 61.7, 53.6, 47.1, 38.9, 38.6, 37.3, 29.9, 25.5, 20.7, 20.7, 20.6; HRMS

(ESI): Calcd for C43Ha9N,014 [M+H]" 817.3183, found 817.3198.
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6.4.54. Benzyl Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
talopyranoside)acetyl]-L-ornithine (14)

Reaction yield: >95%.

OAc
AcO QAc
AcO
O
HN
FmocHN” >y OB

0
'H NMR (500 MHz, CDCl3) § 7.69 (2H, d, J=7.3 Hz), 7.52 (2H, d, J=7.8 Hz), 7.35-7.17 (9H,
m), 6.18-6.11 (1H, m), 5.54 (1H, d, J=7.6 Hz), 5.46 (1H, t, J=3.3 Hz), 5.14-5.05 (3H, m), 4.70
(1H, dd, J=2.6, 9.0 Hz), 4.55 (1H, dd, J=9.8, 12.6 Hz), 4.40-4.00 (7H, m), 3.23-3.10 (2H, m),
2.37 (1H, dd, J=2.7, 15.1 Hz), 2.23 (1H, dd, J=9.0, 14.8 Hz), 2.06 (3H, s), 1.99 (3H, s), 1.96
(3H, s), 1.93 (3H, s), 1.87-1.77 (1H, m), 1.67-1.57 (1H, m), 1.53-1.42 (2H, m); '*C NMR (125
MHz, CDCl;) § 172.0, 170.7, 169.6, 169.4, 169.2, 169.2, 156.0, 143.8, 143.6, 141.2, 135.1,
128.6, 128.5, 128.2, 127.6, 127.0, 125.0, 125.0, 119.9, 71.7, 69.0, 67.4, 67.2, 67.0, 66.4, 65.6,
60.1, 53.6, 47.0, 38.9, 38.5, 38.2, 29.9, 25.4, 20.8, 20.8, 20.6; HRMS (ESI): Calcd for

C43H4oN-0O14 [M+H]+ 817.3183, found 817.3149.

6.4.6. General protocol for debenzylation of a C-linked glycoconjugate’

To a solution of benzyl ester in 1:1 ethanol/ethyl acetate, a catalytic amount (8% w/w) of
palladium on charcoal (10% w/w) was added. The reaction mixture was stirred under H,
atmosphere and monitored via TLC. After the reaction was completed, the catalyst was gravity

filtered through Whatman No.2 filter paper. The combined filtrates were concentrated in vacuo
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and the compound was purified by column chromatography (5% MeOH/CH,Cl,) to afford a

crystalline solid in >80% yield.

6.4.6.1. Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
galactopyranoside)acetyl]-L-ornithine (15)

Reaction yield: 84%.

ACO OAC
Q
AcO
AcO o
HN
FmocHN OH
o

'H NMR (300 MHz, CDCls) 8 7.76 (2H, d, J=7.2 Hz), 7.60 (2H, d, J=6 Hz), 7.42-7.37 (2H, m),
7.33-7.28 (2H, m) 6.25 (1H, br s), 5.6 (1H, d, J=7.5 Hz), 5.39 (1H, t, J=3.3 Hz), 5.27-5.23 (1H,
m), 5.16-5.12 (1H, m), 4.68-4.63 (1H, m), 4.39 (2H, d, J=6.6), 4.33-4.05 (5H, m), 3.37-3.25 (2H,
m), 2.60 (1H, dd, J=15.5, 9.8 Hz), 2.44 (1H, dd, J=15.5, 4.2 Hz), 2.11 3H, s), 2.05 3H, s), 2.04
(3H, s), 2.02 (3H, s), 1.98-1.86 (1H, m), 1.82-1.69 (1H, m), 1.70-1.54 (2H, m); *C NMR (100
MHz, CDCly) & 174.4, 172.4, 170.9, 170.4, 170.0, 169.8, 156.1, 143.6, 141.2, 127.7, 127.0,
125.0, 119.9, 69.1, 68.9, 67.8, 67.7, 66.9, 61.2, 53.4, 50.6, 47.0, 39.1, 34.1, 31.7, 28.6, 22.1,
20.7; IR (thin film): 3367, 1748 cm™'; LRMS (ESI): Calcd for C36H43N,014 [M+H]* 726.3, found

727.0.

166



6.4.6.2. Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-o-D-
glucopyranoside)acetyl]-L-ornithine (16)

Reaction yield: 85%.

OAc
AcO 0
AcO
AcO o
HN
FmocHN OH

0
'H NMR (300 MHz, CDCl3) § 7.75 (2H, d, J=7.6 Hz), 7.63-7.55 (2H, m), 7.38 (2H, t, J=7.4 Hz),
7.33-7.25 (2H, m), 6.64-6.53 (1H, m), 5.83 (1H, d, J=7.4 Hz), 5.24 (1H, t, J=8.3 Hz), 5.07 (1H,
dd, J=5.2, 8.6 Hz), 4.98 (1H, t, J=8.3 Hz), 4.70-4.60 (1H, m), 4.45-4.30 (3H, m), 4.25-4.12 (2H,
m), 4.05-3.90 (3H, m), 3.40-3.20 (2H, m), 2.66 (2H, dd, J=9.9, 15.2 Hz), 2.49 (2H, dd, J=4.3,
15.3 Hz), 2.05 (3H, s), 2.03 (3H, s), 2.02 (3H, s), 2.01 3H, s), 1.97-1.82 (1H, m), 1.81-1.67
(1H, m), 1.67-1.51 (2H, m); *C NMR (75 MHz, CDCls) § 171.0, 170.0, 169.6, 169.5, 156.3,
143.8, 143.7, 141.3, 127.7, 127.1, 125.1, 120.0, 77.2, 69.9, 69.7, 69.5, 69.4, 68.2, 67.1, 62.1,
53.5, 47.1, 39.1, 34.2, 29.8, 25.2, 20.7, 20.7, 20.6, 20.6; HRMS (ESI): Calcd for C3sHyN,O1s

[M+H]* 727.2714, found 727.2739.
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6.4.6.3. Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
mannopyranoside)acetyl]-L-ornithine (17)

Reaction yield: 93%.

OAc
AcO Q
AcO
O
HN
FmocHN OH

o)
'H NMR (300 MHz, CDCls) § 7.74 (2H, d, J=7.4 Hz), 7.58 (2H, dd, J=4.8, 7.1 Hz), 7.37 (2H,
dd, 7.2, 7.9 Hz), 7.27 (2H, dt, J=1.1, 7.7, 7.8 Hz), 6.72 (1H, br m), 5.94 (1H, d, J=7.5 Hz), 5.24
(1H, dd, J=3.1, 7.4 Hz), 5.15-5.08 (2H, m), 4.45-4.30 (4H, m), 4.22-4.12 (2H, m), 4.02-3.92 (1H,
m), 3.38-3.20 (2H, m), 2.65-2.45 (2H, m), 2.05 (3H, s), 2.04 3H, s), 2.03 (6H, s), 1.97-1.82 (1H,
m), 1.80-1.65 (1H, m), 1.65-1.52 (2H, m); >C NMR (75 MHz, CDCls) § 174.5, 170.9, 170.2,
169.9, 169.8, 169.5, 156.3, 143.7, 143.6, 141.2, 127.7, 127.0, 125.0, 119.9, 77.2, 71.7, 70.1,
69.3, 68.0, 67.2, 67.0, 61.8, 53.4, 47.0, 39.1, 36.9, 29.6, 25.2, 20.7, 20.7, 20.7, 20.6; HRMS

(ESI): Calcd for C3sH43N2014 [M+H]* 727.2714, found 727.2715.
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6.4.6.4. Fluorenylmethoxycarbonyl-[2-(deoxy-2,3,4,6-tetra-O-acetyl-a-D-
talopyranoside)acetyl]-L-ornithine (18)

Reaction yield: 93%.

AcO QAc
A
.OC

AcO
O
HN
FmocHN OH
O

'H NMR (400 MHz, CDCl3) 8 9.3-8.2 (1H, br s), 7.74 (2H, d, J=7.4 Hz), 7.59 (2H, d, J=6.9 Hz),
7.33 (4H, dt, J=7.1, 28.6 Hz), 6.73 (1H, br s), 5.99 (1H, br d, J=5.6 Hz), 5.52 (1H, br s), 5.16
(1H, br dd, J=3.0, 5.2), 4.80 (1H, br dd, /=2.2, 8.3 Hz), 4.62 (1H, br dd, J=9.8, 12.6 Hz), 4.50-
4.11 (6H, m), 3.4-3.15 (2H, br m), 2.58-2.30 (2H, br m), 2.12 3H, s), 2.06 (3H, s), 2.03 3H, s),
2.00 (3H, s), 1.96-1.83 (1H, m), 1.80-1.66 (1H, m), 1.66-1.52 (2H, m); '*C NMR (100 MHz,
CDCl3) § 171.0, 170.2, 169.7, 169.5, 156.3, 143.8, 143.6, 141.2, 127.7, 127.0, 125.1, 120.0,
71.5, 68.9, 67.3, 66.9, 66.4, 66.0, 60.3, 47.0, 39.0, 37.9, 29.7, 25.3, 20.8, 20.8, 20.6; HRMS

(ESI): Calcd for C36H43N,014 [M+H]™ 727.2714, found 727.2701.

6.4.7. General protocol for automated and manual solid phase synthesis of C-linked
analogues5

Automated solid phase peptide synthesis (SPPS) was performed on APEX 396 equipped
with a 40 well reaction vessel. Manual SPPS was carried out in SPS flask with a 3 way valve

(drain, argon, and outlet). All polypeptides were prepared by linear solid-phase synthesis using

standard Fmoc chemistry.
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A typical procedure started from Fmoc-glycine Wang resin with loading capacities of
~0.066 mmol/g. The resin was swollen in DMF for 30 mins. The solvent was then drained and
20% piperidine solution in DMF was added. The solution was allowed to stir for 1 hr, then it was
drained, and the resin was washed with three aliquots of DMF. Kaiser and TNBS tests for free
amine were then performed. In a separate flask, building block (1.5 eq) was premixed with 1.5
eq of HBTU and 1.5 eq of DIPEA in DMF. The reaction mixture was stirred for 30 mins,
transferred to the SPS flask and stirred for 24 hrs. The flask was drained and the resin was rinsed
three times with DMF. Kaiser and TNBS tests were performed to verify that coupling had
reached completion (negative test results). The resin was treated with 20% piperdine in DMF
solution for 1 hr, 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 (positive test results). In a
separate flask, 5 eq of the successive building block (commercially available amino acid) were
premixed with 5 eq of HBTU and 5 eq of DIPEA in DMF for 20 mins. The reaction solution was
then transferred to the SPS flask with the resin, and the reaction mixture was allowed to stir for 4
hrs. The Fmoc deprotection and coupling steps were repeated until twelve amino acid residues
(four repeating tripeptides) were coupled to the resin. To cleave the glycopeptide from the resin,
the resin was successively rinsed with DMF, MeOH, and CH,Cl,, and stirred for 2 hrs in 1:1
(v:v) trifluoroacetic acid/CH,Cl,. The resin was filtered off, the solution was concentrated under
reduced pressure, and the product was crystallized from diethyl ether to produce a white powder.
The glycopolymer was dissolved in a sodium methoxide (pH=10) solution (4:1 sodium
methoxide/ water) and stirred overnight. The solution was neutralized with Dowex® 50WX8 ion
exchange resin, filtered and concentrated in vacuo to remove MeOH. Purification via HPLC
using reverse phase chromatography (C-18 column, liquid phase: 0.1% TFA in

acetonitrile/water) was performed to obtain the desired glyopeptide. Acetonitrile, water and 0.1%
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TFA were evaporated under a flow of air. The residue was then dissolved in water which was

lyophilized to give the product as white, fluffy solid.

6.4.7.1. [L-Ornithine(galactose)-glycine-glycine]4-glycine (19)

Reaction yield: 78%.

'H NMR (300 MHz, D,0) & 4.42-4.32 (4H, m), 4.28-4.18 (4H, m), 4.00-3.80 (29H, m), 3.75-
3.67 (4H, m), 3.67-3.47 (14H, m), 3.20-3.05 (8H, m), 2.62-2.42 (8H, m), 1.85-1.70 (5H, m),
1.70-1.57 (4H, m), 1.57-1.37 (9H, m); >*C NMR (75 MHz, D,0) & 175.0, 174.9, 174.1, 173.9,
173.6, 172.3, 172.3, 172.2, 172.0, 171.9, 171.8, 170.7, 163.6, 163.1, 73.3, 72.8, 70.0, 69.1, 67.9,
61.2, 54.1, 53.2, 42.9, 42.7, 41.5, 41.4, 39.1, 32.7, 28.4, 25.2; LRMS (MALDI-TOF): Calcd for

C70H117N17O3g [NI+I‘I]+ 18058, found 1805.3.

6.4.7.2. [L-Ornithine(glucose)-glycine-glycinel4-glycine (20)

Reaction yield: 76%.

'H NMR (360 MHz, D,0) & 4.47 (32H, s), 4.08 (2H, br s), 3.73 (6H, m), 3.32 (10H, m), 3.01
(6H, m), 2.45 (2H, m), 2.19 (18H, s), 1.98 (8H, s), 1.68 (8H, m), 1.30 (4H, m), 0.87 (2H, m); **C
NMR (90 MHz, D,0) & 187.76, 186.77, 185.19, 184.83, 184.24, 180.00, 159.30, 143.77, 142.41,
142.34, 139.011, 138.55, 97.19, 86.21, 85.68, 82.81, 81.66, 80.76, 80.63, 74.08, 71.31, 66.13,
60.96, 55.79, 55.60, 51.98, 45.61, 45.43, 38.05, 36.468, 19.55; LRMS (ESD: Calcd‘ for

C70H117N17038 [M+H]+ 18058, found 1805.2
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6.4.7.3. [L-Ornithine(mannose)-glycine-glycine]s-glycine (21)

Reaction yield: 79%.

"H NMR (500 MHz, D,0) § 4.83 (32H, m), 4.45 (4H, m), 4.07 (6H, m), 3.93 (8H, m), 3.65 (4H,
m), 3.46 (4H, m), 3.21 (3H, m), 2.98 (1H, m), 2.80 (4H, m), 2.68 (1H, m), 2.58 (1H, m), 2.25
(4H, m), 2.07 (16H, m), 1.79 (4H, m), 1.60 (8H, m), 1.33 (8H, m), 1.06 (4H, m); >*C NMR (125
MHz, D,0) $ 181.01, 170.59, 117.47, 117.05, 74.60, 74.33, 74.07, 70.34, 70.06, 66.70, 62.04,
60.51, 42.73, 42.07, 41.95, 38.29, 35.01, 34.79, 29.77, 27.69, 24.29, 22.81; LRMS (ESI): Calcd

for C70H117N 17033 [NI+H]+ 18058, found 1804.1.

6.4.7.4. [L-Ornithine(2,3,4,6-peracetylated talose)-glycine-glycine]s-glycine

Reaction yield: 81%.

'H NMR (300 MHz, MeOD) & 5.51 (1H, br s), 5.21 (1H, br s), 4.65-4.53 (1H, m), 4.46-3.82
(10H, m), 3.24 (3H, m), 2.60-2.45 (2H, m), 2.11 (3H, s), 2.08 (3H, s), 2.06 (6H, s), 1.97-1.83
(1H, m), 1.83-1.72 (1H, m), 1.72-1.52 (2H, m); *C NMR (75 MHz, MeOD) § 174.3, 174.0,
171.9, 171.5, 1714, 171.1, 170.8, 170.5, 170.5, 170.4, 71.1, 69.4, 68.1, 67.5, 67.0, 60.9, 53.9,
53.9,53.2,42.7, 409, 39.2, 38.9, 37.6, 29.8, 28.7, 25.9, 25.0, 24.9, 22.8, 20.0, 19.8, 19.7, 19.7;

LRMS (MALDI-TOF): Calcd for CyooH149N;170s4 [M+H]* 2478.4, found 2476.8.
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6.4.7.5. [L-Ornithine(talose)-glycine-glycine]4-glycine (22)

Reaction yield: 86%.

'H NMR (500 MHz, D,0) 8 4.27-4.17 (SH, m), 3.92-3.72 (20H, m), 3.67-3.55 (7H, m), 3.45-
3.40 (1H, m), 3.14-3.07 (6H, m), 2.54-2.40 (6H, m), 1.80-1.70 (2H, m), 1.70-1.55 (3H, m), 1.55-
1.37 (6H, m); *C NMR (125 MHz, D,0) & 174.4, 172.6, 171.8, 171.5, 170.9, 99.9, 73.9, 72.9,
72.8, 70.6, 68.8, 66.8, 60.0, 53.8, 53.5, 43.0, 42.4, 42.3, 42.2, 38.8, 38.6, 36.0, 28.0, 24.7, 24.6,

24.4; LRMS (MALDI-TOF): Caled for C7oH;17N17035 [M+H]" 1805.8, found 1804.8.

6.5. Synthetic Procedures B
6.5.1. General protocol for bromination of a disaccharide

To a solution of peracetylated disaccharide in CH,Cl, at 0 °C, an equal volume of HBr in
AcOH (33% solution) was added. The ice bath was removed and the reaction was allowed to
stirr at room temerature. The progress of reaction was monitored via TLC. After completion, the
reaction was diluted with CH,Cl,, poured over ice and transferred to a separatory funnel. The
organic layer was washed with water until neutral pH. The organic extract was dried over
MgSO;, filtered and concentrated in vacuo to afford product in >95% yield. The crude product

was crystallized from diethyl ether to form a white powder.
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6.5.1.1. 2,3,4,6-tetra-O-acetyl-g-D-galactopyranosyl-(1-->4)-2,3,6-tri-O-acetyl-a-D-

glucopyranosyl bromide (24a)

Reaction yield: >95%.

Q
AcO &6&%
AcO
AcOBr

'H NMR (500 MHz, CDCl3) § 6.47 (1H, d, J=4.0 Hz), 5.49 (1H, t, J=9.6 Hz), 5.29 (1H, dd,
J=0.9, 3.5 Hz), 5.06 (1H, dd, J=7.9, 10.4 Hz), 4.9 (1H, d, J=10.4, 3.5 Hz), 4.70 (1H, dd, J=4.0,
10.0 Hz), 4.48-4.42 (2H, m), 4.14-4.06 (3H, m), 4.02 (1H, dd, J=7.2, 11.2 Hz), 3.87-3.78 (2H,
m), 2.10 (3H, s), 2.07 (3H, s), 2.03 (3H, 5), 2.01 (3H, s), 2.00 (3H, s), 1.99 (3H, 5), 1.91 (3H, s);
3C NMR (125 MHz, CDCls) § 170.2, 170.0, 170.0, 169.9, 169.8, 169.1, 168.8, 100.6, 86.3,
74.8, 72.8, 70.8, 70.7, 70.6, 69.4, 68.9, 66.5, 60.9, 60.7, 20.7, 20.6, 20.5, 20.3; LRMS (ESI):

Calcd for CogH39BrNOy; [M+NH4]" 717.4, found 1418.2, 1416.3, 718.4, 716.5.

6.5.1.2. 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl-(1-->6)-2,3,4-tri-O-acetyl-a-D-
glucopyranosyl bromide (24b)

Reaction yield: >95%.

AcO OAc
@]

AcO
AcO
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'H NMR (300 MHz, CDCl3) & 5.90 (1H, d, J=4.0 Hz), 5.60-5.50 (1H, m), 5.48-5.44 (1H, m),
5.33 (1H, dd, J=3.3, 10.8), 5.22-5.12 (2H, m), 5.08 (1H, dd, J=3.7, 10.8 Hz), 4.79 (1H, dd,
J=4.0, 10.0 Hz), 4.28-4.13 (2H, m), 4.10-4.03 (1H, m), 3.77 (1H, dd, J=4.4, 12.0 Hz), 3.63 (1H,
dd, J=2.2, 12.0 Hz), 2.13 (3H, s), 2.12 (3H, s), 2.10 (3H, s), 2.07 (3H, s), 2.05 (3H, s), 2.04 3H,
s), 1.99 (3H, s); *C NMR (75 MHz, CDCl3) § 170.9, 170.8, 170.6, 170.4, 170.3, 170.2, 169.8,
96.6, 86.9, 73.3, 71.0, 70.6, 68.4, 68.3, 68.0, 67.8, 66.8, 65.8, 62.0, 21.2, 21.1, 21.1, 21.0, 21.0;

LRMS (ESI): Calcd for CysH3gBrNO;; [M+NH,]* 717.4, found 1418.1, 1416.2, 718.3, 716.3.

6.5.2. 2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl-(1-->4)-2,3,6-tri-O-acetyl-1-deoxy-C-

allyl-a-D-glucopyranoside (25a)
For procedure please refer to Section 6.4.2.

Reaction yield: 78%.

Ac@::/ OAc
AcO Acg 25 - 2
cOl__~
'H NMR (300 MHz, CDCly) & 5.74 (1H, dddd, J=6.9, 6.9, 9.9, 17.5 Hz), 5.40-5.32 (2H, m),
5.20-5.07 (3H, m), 5.02-4.94 (2H, m), 4.52 (1H, d, J=4.5 Hz), 4.35 (1H, dd, J=11.7, 2.6 Hz),
4.23-4.07 (4H, m), 3.94-3.86 (1H, m), 3.85-3.77 (1H, m), 3.70-3.62 (1H, m), 2.60-2.46 (1H, m),
2.38-2.26 (1H, m), 2.15 (3H, s), 2.10 (3H, s), 2.08-2.06 (9H, m), 1.97 (3H, s); °C NMR (75
MHz, CDCl3) § 170.9, 170.8, 170.6, 170.5, 170.4, 170.0, 169.6, 133.5, 118.2, 101.7, 77.7, 71.9,
714, 71.1, 70.4, 70.2, 69.5, 67.1, 62.7, 61.3, 31.4, 21.3, 21.3, 21.2, 21.1, 21.1, 20.9; HRMS

(ESI): Calcd for C;o0H44NO;7 [M+NH4]* 678.2594, found 678.2609.
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6.5.3. 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl-(1-->6)-2,3,4-tri-O-acetyl-1-deoxy-C-
allyl-a-D-glucopyranoside (25b)

For procedure please refer to Section 6.4.2.

Q
AcO
AcO
AcO
AcO

Reaction yield: 84%.

AcO =

'H NMR (300 MHz, CDCls) § 5.85-5.66 (1H, m), 5.47-5.41 (1H, m), 5.38-5.27 (2H, m), 5.25-
5.19 (1H, m), 5.17-5.07 (3H, m), 5.02 (1H, dd, J=5.8, 9.3 Hz), 4.97-4.87 (1H, m), 4.35-4.27 (1H,
m), 4.27-4.18 (1H, m), 4.13 (1H, dd, J=6.1, 11.2 Hz), 4.00 (1H, dd, J=7.0, 11.2 Hz), 3.90-3.82
(1H, m), 3.68 (1H, dd, J=6.2, 10.8 Hz), 3.51 (1H, dd, J=2.6, 10.8 Hz), 2.65-2.47 (1H, m), 2.37-
2.25 (1H, m), 2.13 (3H, s), 2.10 (3H, s), 2.08-2.01 (12H, m), 1.98 (3H, s); >°C NMR (75 MHz,
CDCl3) & 170.9, 170.8, 170.6, 170.6, 170.3, 170.1, 170.0, 133.3, 118.6, 96.3, 77.7, 72.2, 70.8,
70.8, 70.0, 69.8, 68.6, 68.4, 67.8, 67.0, 66.8, 62.2, 30.8, 21.2, 21.1, 21.1, 21.1; HRMS (ESI):

Calcd for CooHysNOy7 [M+NH,]* 678.2597, found 678.2609.
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6.5.4. 2-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl-(1-->4)-deoxy-2,3,6-tri-O-acetyl-a-D-

glucopyranosyl)-ethanoic acid (26a)
For procedure please refer to Section 6.4.3.

Reaction yield: 80%.

Ac@g/ OAc
Q
AcO 25

AcO AcO o

OH

'H NMR (300 MHz, CDCl5) 8 5.39-5.29 (2H, m), 5.13 (1H, dd, J=7.9, 10.4 Hz), 5.04 (1H, dd,
J=5.1,79 Hz), 4.98 (1H, dd, J=3.4, 10.4 Hz), 4.64-4.55 (1H, m), 4.53 (1H, d, J=4.5 Hz), 4.37
(1H, dd, J=2.9, 11.9 Hz), 4.22-4.08 (3H, m), 3.95-3.85 (2H, m), 2.79 (1H, dd, J=9.0, 15.7 Hz),
2.65 (1H, dd, J=5.2, 15.7 Hz), 2.16 (3H, s), 2.11 (3H, s), 2.09 (3H, s), 2.08-2.05 (9H, m), 1.98
(3H, s); *C NMR (75 MHz, CDCly) § 175.6, 171.0, 170.9, 170.6, 170.5, 170.2, 170.0, 169.6,
101.7,77.7,76.2,71.7, 71.4, 71.2, 69.6, 69.4, 69.3, 69.1, 67.2, 62.3, 61.3, 33.7, 21.3, 21.2, 21.1,

21.1, 20.9; HRMS (ESI): Calcd for Cp3sH4aNOj9 [M+NH,]" 696.2343, found 696.2351.
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6.5.5. 2-(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl-(1-->6)-deoxy-2,3,4-tri-O-acetyl-a-D-

glucopyranosyl)-ethanoic acid (26b)
For procedure please refer to Section 6.4.3.

Reaction yield: 82%.

AcO OAc
0
AcO
AcO
AcO Q
AcO
AcO @)

OH
'H NMR (300 MHz, CDCls) & 5.47-5.37 (2H, m), 5.32 (1H, dd, J=8.9, 9.5 Hz), 5.23-5.06 (3H,
m), 4.82 (1H, dd, J=8.8, 9.6 Hz), 4.78-4.66 (1H, m), 4.52-4.44 (1H, m), 4.17-4.00 (3H, m), 3.71
(1H, dd, J=8.9, 9.8 Hz), 3.45 (1H, dd, J=1.8, 9.9 Hz), 2.95 (1H, dd, J=12.4, 15.2 Hz), 2.61 (1H,
dd, J=4.0, 15.3 Hz), 2.16 (3H, s), 2.10 (3H, s), 2.09 (3H, ), 2.08 (3H, s), 2.08 (3H, 5), 2.06 (3H,
5), 2.05 (3H, s); 1*C NMR (75 MHz, CDCLy) & 172.2, 171.4, 170.9, 170.7, 170.4, 170.1, 169.8,
95.2,77.6, 70.8, 70.7, 70.1, 69.9, 69.7 ,69.0, 68.7, 68.5, 66.7, 65.5, 62.0, 32.5, 32.1, 31.9, 21 4,

21.3,21.2, 21.1; HRMS (ESI): Caled for CpsH4oNO;o [M+NH,]* 696.2316, found 696.2351.
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6.5.6. Benzyl Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-g-D-galactopyranosyl-

(1-->4)-deoxy-2,3,6-tri-O-acetyl-a-D-glucopyranosyl)acetyl]-L-ornithine (27)
For procedure please refer to Section 6.4.5.

Reaction yield: >90%.

Ac@g’/ OAc
0
AcO AcO

AcO AcO 0
NH
FmocHN OBn
0]

'"H NMR (300 MHz, CDCl3) § 7.81-7.75 (2H, m), 7.66-7.58 (2H, m), 7.45-7.30 (9H, m), 6.16-
6.06 (1H, m), 5.65 (1H, d, J=8.1 Hz), 5.40-5.30 (2H, m), 5.25-5.10 (3H, m), 5.05-4.93 (2H, m),
4.61-4.52 (2H, m), 4.50-4.35 (3H, m), 4.27-4.18 (1H, m), 4.16-4.09 (3H, m), 3.97-3.82 (2H, m),
3.72-3.65 (1H, m), 3.35-3.20 (1H, m), 2.58 (1H, dd, J=9.6, 15.3 Hz), 2.39 (1H, dd, J=4.1, 15.3
Hz), 2.14 (3H, s), 2.11-2.03 (15H, m), 1.99 (3H, s), 1.95-1.82 (1H, m), 1.79-1.64 (1H, m), 1.63-
1.49 (2H, m); *C NMR (75 MHz, CDCl) & 172.5, 170.9, 170.5, 170.4, 170.1, 169.9, 169.8,
169.6, 166.1, 156.5, 144.3, 144.1, 141.7, 135.6, 129.1, 128.9, 128.7, 128.1, 127.5, 125.5, 120.4,
102.0,77.8,76.4,71.9,71.3, 71.2, 69.6, 69.5, 69.4, 69.1, 67.6, 67.4, 67.2, 62.4, 61.4, 54.1, 47.5,
39.3, 39.0, 35.6, 30.3, 30.1, 25.9, 21.3, 21.2, 21.1, 21.0, 21.0, 21.0; HRMS (ESI): Calcd for

CssHgaN2O5, [M+H]™ 1105.3950, found 1105.4028.

179



6.5.7. Benzyl Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl-

(1-->6)-deoxy-2,3,4-tri-O-acetyl-a-D-glucopyranosyl)acetyl]-L-ornithine (28)
For procedure please refer to Section 6.4.5.
Reaction yield: >90%.

Ac OAc

AcO
AcO

AcO Q
AcO
AcO /o)

NH

OBn
(0]

FmocHN

'"H NMR (300 MHz, CDCls) § 7.79-7.73 (2H, m), 7.65-7.57 (2H, m), 7.45-7.27 (9H, m), 6.28-
6.19 (1H, m), 5.83 (1H, d, J=8.2 Hz), 5.47-5.44 (1H, m), 5.32 (1H, dd, J=3.3, 10.7 Hz), 5.27-
5.20 (1H, m), 5.20-5.12 (ZH, m), 5.10 (1H, dd, J=3.6, 10.7 Hz), 5.02 (1H, dd, J=5.0, 8.2 Hz),
4.99-4.91 (1H, m), 4.65-4.55 (1H, m), 4.47-4.31 (3H, m), 4.27-4.17 (2H, m), 4.12-4.04 (2H, m),
3.98-3.90 (1H, m), 3.76 (1H, dd, J=5.7, 11.0 Hz), 3.6 (1H, dd, /=4.0, 11.0 Hz), 3.40-3.12 (2H,
m), 2.58 (1H, dd, J=9.0, 15.5 Hz), 2.46 (1H, dd, J=4.6, 15.4 Hz), 2.12 (3H, s), 2.09 (3H, s), 2.07-
2.01 (12H, m), 1.97 (3H, s), 1.94-1.80 (1H, m), 1.76-1.65 (1H, m), 1.65-1.47 (2H, m); °C NMR
(75 MHz, CDCls) 6 172.5, 171.0, 170.6, 170.5, 170.2, 169.9, 169.8, 169.4, 166.1, 156.6, 144.3,
144.1, 141.7, 135.7, 129.1, 1289, 128.7, 128.1, 127.5, 125.6, 125.5, 1204, 96.8, 77.7, 71.5,

69.8, 69.6, 69.5, 68.9, 68.5, 68.4, 67.9, 67.6, 67.5, 67.1, 66.7, 62.1, 54.1, 47.5, 39.4, 39.0, 35.1,
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30.2, 26.0, 21.1, 21.1, 21.0; HRMS (ESI): Calcd for CssHggN3O2 [M+NH4]" 1122.4154, found

1122.4294.

6.5.8. Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl-(1-->4)-
deoxy-2,3,6-tri-O-acetyl-a-D-glucopyranosyl)acetyl]-L-ornithine (29)
For procedure please refer to Section 6.4.6.

Reaction yield: 87%.

AcO ,OAc OAc
0
AcO ,900 Q
AcO ACO o)
NH
FmocHN OH
0

'H NMR (300 MHz, CDCls) § 7.78-7.72 (2H, m), 7.64-7.56 (2H, m), 7.42-7.35 (2H, m), 7.32-
7.26 (2H, m), 6.56-6.48 (1H, m), 5.81 (1H, d, J=7.7 Hz), 5.37-5.30 (2H, m), 5.11 (1H, dd, J=7.9,
10.4 Hz), 4.98 (1H, dd, J=3.4, 10.4 Hz), 4.93 (1H, dd, J=4.5, 7.0 Hz), 4.59-4.52 (2H, m), 4.44-
4.34 (3H, m), 4.24-4.17 (1H,m), 4.16-4.07 (3H, m), 3.96-3.87 (2H, m), 3.70-3.64 (1H, m), 3.39-
3.25 (2H, m), 2.62 (1H, dd, J=8.9, 16.0 Hz), 2.42 (1H, dd, J=3.8, 15.2 Hz), 2.11 (3H, s), 2.07
(3H, s), 2.06 (3H, s), 2.05 (3H, s), 2.04 (3H, s), 2.03 (3H, s), 1.96 (3H, s), 1.95-1.85 (1H, m),
1.80-1.68 (1H, m), 1.67-1.52 (2H, m); 3C NMR (75 MHz, CDCls) § 170.7, 170.5, 170.2,
170.0, 169.8, 169.6, 169.5, 156.3, 143.9, 143.7, 141.3, 127.7, 127.1, 125.1, 120.0, 101.6, 77.2,

75.8,71.6,70.9, 70.8, 69.1, 69.1, 68.8, 68.4, 67.0, 66.8, 61.9, 60.9, 47.1, 39.0, 35.3, 29.7, 25.3,
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20.8, 20.8, 20.7, 20.6, 20.6, 20.6, 20.5; HRMS (ESD): Calcd for CuHgN3Op [M+NH,]Y

1032.3824, found 1032.3841.

6.5.9. Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl-(1-->6)-

deoxy-2,3,4-tri-O-acetyl-a-D-glucopyranosyl)acetyl]-L-ornithine (30)

For procedure please refer to Section 6.4.6.
Reaction yield: 88%.
AcC OAc

AcO
AcO

AcO Q
AcO
AcO 0O

NH

OH
O

FmocHN

'"H NMR (300 MHz, CDCl3) § 7.78-7.72 (2H, m), 7.64-7.56 (2H, m), 7.42-7.35 (2H, m), 7.30
(2H, ddd, J=1.0, 7.4, 7.4 Hz), 6.50-6.41 (1H, m), 5.89 (1H, d, J/=7.7 Hz), 5.46-5.41 (1H, m), 5.32
(1H, dd, J=3.3, 10.8 Hz), 5.22 (1H, dd, J=7.8, 7.8 Hz), 5.15 (1H, d, J=3.6 Hz), 5.07 (1H, dd,
J=3.7, 10.8 Hz), 5.00 (1H, dd, J=4.9, 8.1 Hz), 4.93 (1H, dd, J=7.7, 7.7 Hz), 4.64-4.55 (1H, m),
4.41-4.31 (2H, m), 4.28-4.18 (2H, m), 4.15-4.03 (2H, m), 3.99-3.91 (2H, m), 3.75 (1H, dd,
J=5.6, 11.1 Hz), 3.59 (1H, dd, J=4.0, 11.1 Hz), 3.45-3.30 (1H, m), 3.30-3.15 (1H, m), 2.60 (1H,
dd, J=9.4, 15.2 Hz), 2.49 (1H, dd, J=4.3, 15.2 Hz), 2.12 (3H, s), 2.09 (3H, m), 2.05 (3H, m), 2.04

(3H, s), 2.03 (6H, s), 1.98 (3H, s), 1.96-1.86 (1H, m), 1.80-1.67 (1H, m), 1.67-1.53 (2H, m); *C
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NMR (75 MHz, CDCl3) 6 174.3, 171.0, 170.7, 170.3, 170.3, 169.8, 169.6, 169.5, 156.3, 143.8,
143.7, 141.2, 127.7, 127.1, 125.1, 120.0, 96.3, 77.2, 76.3, 71.1, 69.4, 69.2, 69.0, 68.4, 68.2, 68.1,
67.5, 67.0, 66.5, 66.3, 61.7, 53.5, 47.1, 39.1, 34.8, 29.6, 25.3, 20.7, 20.7, 20.7, 20.7, 20.6; HRMS

(ESI): Calcd for C4gHgN30,2 [M+NH,4]™ 1032.3824, found 1032.3842.

6.5.10. [L-Ornithine(lactose)-glycine-glycine]s-glycine (31)

For procedure please refer to Section 6.4.7.

Reaction yield: 65%.

'H NMR (500 MHz, D,0) § 4.47-4.39 (2H, m), 4.38-4.28 (1H, m), 4.10-3.83 (5H, m), 3.82-3.57
(7H, m), 3.56-3.48 (1H, m), 3.28-3.15 (2H, m), 2.72-2.56 (2H, m), 1.95-1.77 (1H, m), 1.77-1.66
(1H, m), 1.66-1.45 (2H, m); >*C NMR (125 MHz, D,0) & 102.8, 99.9, 78.5, 75.2, 72.8, 72.4,
72.0, 71.5, 70.8, 70.0, 68.4, 60.9, 59.9, 53.7, 42.2, 38.6, 32.5, 27.9; LRMS (MALDI-TOF):

Calcd for C94H157N17058 [M+Na]+ 24763, found 2476.5.

6.5.11. [L-Ornithine(peracetylated melibiose)-glycine-glycine]s-glycine

For procedure please refer to Section 6.4.7.

Reaction yield: 77%.

'"H NMR (300 MHz, MeOD) § 5.47-5.40 (1H, m), 5.38-5.25 (2H, m), 5.20-4.98 (4H, m), 4.70-
4.55 (1H, m), 4.40-4.15 (2H, m), 4.18-3.73 (11H, m), 3.68-3.50 (2H, m), 3.14-2.88 (2H, m),
2.83-2.48 (2H, m), 2.18-1.95 (21H, m), 1.95-1.82 (1H, m), 1.82-1.69 (1H, m), 1.69-1.48 (2H,
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m); *C NMR (75 MHz, MeOD) § 172.2, 172.1, 171.7, 171.3, 163.2, 162.8, 120.2, 116.3, 112.4,
97.7,72.1,72.1, 71.6, 71.3, 71.1, 70.1, 69.5, 69.1, 67.6, 67.2, 62.9, 44.0, 40.3, 40.0, 34.9, 29.7,
27.0, 20.9, 20.7, 20.6; LRMS (MALDI-TOF): Calcd for C;50H213N170g6 [M+Na]* 3653.36,

found 3652.9.

6.5.12. [L-Ornithine(melibiose)-glycine-glycine]s-glycine (32)

For procedure please refer to Section 6.4.7.

Reaction yield: 80%.

'H NMR (500 MHz, D,0) § 4.49-4.41 (1H, m), 4.40-4.27 (1H, m), 4.02-3.86 (6H, m), 3.82-3.66
(4H, m), 3.64-3.52 (2H, m), 3.51-3.45 (1H, m), 3.37-3.20 (2H, m), 3.07-2.85 (1H, m), 2.70-2.56
(2H, m), 1.95-1.79 (1H, m), 1.78-1.66 (1H, m), 1.66-1.45 (2H, m); °C NMR (125 MHz, D,0) &
173.4, 100.2, 98.4, 74.0, 73.5, 72.2, 71.2, 70.6, 70.0, 69.8, 69.4, 68.7, 66.2, 61.3, 53.9, 42.6,
39.0, 32.7, 25.1, 25.1, 62.9, 44.0, 40.3, 40.0, 34.9, 29.7, 27.0, 20.9, 20.7, 20.6; LRMS (MALDI-

TOF) Calcd for C94H157N17O58 [M+Na]+ 24763, found 2475.9.

6.6. Synthetic Procedures C

6.6.1. 1,2-dideoxy-2-acetamido-1-C-allyl-4,6-di-O-pivaloyl-a-D-galactopyranoside (38)%7

PivO OPiv
0
HO
AcHN

G

To a solution of allyl 2-acetamido-2-deoxy-6,3-dipivaloyl-a-D-glucopyranoside (3.60 g,

8.71 mmol) in 2:1 pyridine/CH,Cl, (60 mL) at 0 °C, triflic anhydride (6.14 g, 21.76 mmol) was
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added dwopwise. Conversion of allyl 2-acetoamido-2-deoxy-6,3-dipivaloyl-a-D-
glucopyranoside to dioxolenium ion was monitored via TLC. Following complete conversion,
H,0 (5 mL) was added and the reaction was allowed to warm to room temperature and it was
stirred overnight. The reaction mixture was diluted with CH,Cl, (60 mL), transferred to
separatory funnel and the organic extract was washed with 5% aqueous HCI, water, dried over
. MgSO; and concentrated in vacuo. Flash column chromatography afforded (25%

EtOAc/hexanes) 38 (2.92 g, 7.06 mmol) as a yellow oil in 81% yield.

"H NMR (400 MHz, CDCl3) § 5.92 (1H, d, J=7.7 Hz), 5.77 (1H, dddd, J=6.8, 6.8, 10.2, 17.0
Hz), 5.17-5.03 (3H, m), 4.70-4.55 (1H, m), 4.38 (1H, ddd, J=3.6, 5.2, 9.0 Hz), 4.25-4.10 (2H,
m), 4.08-3.97 (2H, m), 3.20 (1H, d, J=4.2 Hz), 2.42-2.25 (1H, m), 2.25-2.13 (1H, m), 2.00 (3H,
s), 1.24 (9H, s), 1.19 (9H, s); *C NMR (100 MHz, CDCl;) § 178.2, 178.1, 170.8, 133.9, 117.5,
70.6, 70.4, 68.5, 67.8, 60.7, 52.0, 33.1, 27.1, 23.2; LRMS (ESI): Calcd for CyH3sNO; [M+H]"

414.2, found 414 4.

6.6.2. 1,2-dideoxy-2-acetamido-1-C-allyl-3-O-acetyl-4,6-di-O-pivaloyl-a-D-
galactopyranoside (39)’
PivO OPiv

AcO
AcHN _

To a solution of 38 (0.30 g, 0.73 mmol) in CH,Cl, (10 mL), pyridine (1 mL), acetic
anhydride (2 mL), and catalytic DMAP were added respectively. The reaction mixture was
stirred overnight at ambient temperature. It was then diluted with CH,Cl, (10 mL) transferred to

a separatory funnel and washed successively with saturated CuSO, solution, water and brine.
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The organic extract was dried over MgSO4 and concentrated in vacuo. Flash column
chromatography (0-25% EtOAc/hexanes) afforded product 39 (0.32 g, 0.70 mmol) in >95%

yield.

'H NMR (300 MHz, CDCls) & 6.02 (1H, d, J=8.1 Hz), 5.73 (1H, dddd, J=6.7, 6.7, 10.2, 17.9
Hz), 5.29 (1H, dd, J=2.8, 3.5 Hz), 5.20-5.00 (3H, m), 4.49-4.36 (1H, m), 4.39-4.18 (2H, m),
4.12-4.01 (1H, m), 3.96 (1H, dd, J=5.2, 11.2 Hz), 2.47-2.30 (1H, m), 2.30-2.15 (1H, m), 1.9
(3H, s), 1.93 (3H, s), 1.19 (9H, s), 1.14 (9H, s); '*C NMR (75 MHz, CDCL;) & 178.0, 177.4,
170.6, 170.0, 133.5, 117.5, 71.3, 68.7, 68.2, 66.4, 61.1, 48.9, 31.3, 27.0, 23.2, 20.8; HRMS

(ESI): Calcd for C,3H3;NOg [M+H]" 456.2597, found 456.2576.

6.6.3. 2-(1,2-dideoxy-2-acetamido-3-O-acetyl-4,6-di-O-pivaloyl-a-D-galactopyranoside)-

ethanoic acid (40)’
For procedure please refer to Section 6.4.3.

Reaction yield: 75%.

PivO OPiv
@]
AcO
AcHN 0
OH

'H NMR (400 MHz, CDCl;) & 8.89 (1H, br s), 6.42 (1H, dd, J=8.0 Hz), 5.38-5.30 (1H, m), 5.16
(1H, dd, J=3.0, 9.3 Hz), 4.78 (1H, dd, J=6.7, 11.8 Hz), 4.57-4.45 (1H, m), 4.37-4.21 (1H, m),
4.21-4.11 (1H, m), 4.02 (1H, dd, J=5.5, 11.0 Hz), 2.73-2.55 (2H, m), 2.03 (3H, s), 1.97 (3H, s),
1.22 (9H, s), 1.16 (9H, s); °C NMR (100 MHz, CDCl3) & 178.2, 177.4, 174.0, 171.3, 170.6,
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69.6, 68.1, 66.0, 60.7, 48.5, 33.7, 27.1, 27.0, 22.9, 20.8; HRMS (ESI): Calcd for C,H3sNOqo

[M+H]" 474.2339, found 474.2326.

6.6.4. Benzyl Fluorenylmethoxycarbonyl-[2-(1,2-dideoxy-2-acetamido-3-O-acetyl-4,6-di-O-
pivaloyl-a-D-galactopyranoside)acetyl]-L-ornithine 42y’

For procedure please refer to Section 6.4.5.

Reaction yield: >90%.

PivO OPiv

o]
AcO

AcHN 0

NH

OBn
0

FmocHN

'"H NMR (400 MHz, CDCls) & 7.73 (2H, d, J=7.5 Hz), 7.62-7.58 (2H, m), 7.41-7.22 (9H, m),
6.97 (1H, d, J=7.9 Hz), 6.87-6.78 (1H, m), 5.99 (1H, d, J=8.2 Hz), 5.38-5.32 (1H, m), 5.19-5.08
(3H, m), 4.78-4.68 (1H, m), 4.57-4.46 (1H, m), 4.45-4.12 (7H, m), 4.01 (1H, dd, J=6.1, 10.6 Hz),
3.35-3.10 (2H, m), 2.60 (1H, dd, J=9.2, 14.6 Hz), 2.46 (1H, dd, J=4.6, 14.8 Hz), 1.97 (3H, s),
1.93 (3H, s), 1.92-1.80 (1H, m), 1.78-1.62 (1H, m), 1.62-1.45 (2H, m), 1.22 (9H, s), 1.13 (9H, s);
3C NMR (100 MHz, CDCly) § 177.9, 177.4, 172.1, 171.4, 170.8, 170.4, 170.0, 156.2, 143.8,
143.6, 141.1, 135.1, 128.5, 128.3, 128.1, 127.6, 126.9, 125.0, 119.8, 68.1, 67.1, 67.0, 65.9, 60.8,
53.8, 48.1, 47.0, 38.9, 34.6, 29.7, 29.2, 27.0, 26.9, 25.5, 22.9, 20.6; HRMS (ESI): Calcd for

C4sHe1N3013 [M+H]" 900.4282, found 900.4229.
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6.6.5. Fluorenylmethoxycarbonyl-[2-(1,2-dideoxy-2-acetamido-3-O-acetyl-4,6-di-O-
pivaloyl-a-D-galactopyranoside)acetyl]-L-ornithine (43)’

For procedure please refer to Section 6.4.6.
Reaction yield: 83%

pivO OPiv

0)
AcO

AcHN| 4

NH

OH
O

FmocHN

'"H NMR (400 MHz, CDCls) § 7.72 (2H, d, J=7.72 Hz), 7.63-7.50 (2H, m), 7.42-7.31 (2H, m),
7.31-7.20 (2H, m), 6.13-5.97 (1H, m), 5.43-5.30 (1H, m), 5.20-5.06 (1H, m), 4.83-4.67 (1H, m),
4.55-4.10 (7H, m), 4.07-3.92 (1H, m), 3.40-3.10 (2H, m), 2.73-2.45 (2H, m), 1.96 (3H, m), 1.94
(3H, m), 2.00-1.82 (1H, m), 1.82-1.66 (1H, m), 1.66-1.45 (2H, m), 1.21 (9H, s), 1.13 (9H, s); Bc
NMR (100 MHz, CDCl3) 6 178.1, 177.4, 174.9, 171.9, 170.9, 170.6, 156.4, 143.8, 143.6, 141.2,
127.7, 127.0, 125.1, 119.9, 99.9, 68.0, 67.0, 66.0, 66.0, 61.0, 53.7, 48.2, 47.0, 39.3, 29.9, 27.1,

27.0, 22.8, 20.7; HRMS (ESI): Calcd for C4,Hs6N30;3 [M+H]" 810.3813, found 810.3791.
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6.6.6. 2,3,4,6-tetra-O-acetyl-g-D-galactopyranosyl-(1-->3)-1,2-dideoxy-2-acetamido-1-C-
allyl-4,6-di-O-pivaloyl-a-D-galactopyranoside (46)
AcO OAc PivO OPiv
Q 0]

AcO o
AcO AcHN >

To a solution of 38 (0.20 g, 0.48 mmol) and BF3¢Et,0 (0.13 g, 0.92 mmol) in CH,Cl, (15
mL) at 0 °C, hexanes were added until 38 started to precipitate out. Following a solution of
trichloroacetimidate 2,3,4,6—tetra—O—a(:etyl—cnt-D-gal:«,lctopyra\noside8 (0.31 g, 0.63 mmol) in
CH,Cl, (5 mL) was added dropwise and the reaction mixture was brought to RT.® ° After
stirring for 2 hrs, solid NaHCO; was added and after 15 mins the reaction mixture was diluted
with CH,Cl, (15 mL) and water was added. The solution was transferred to a separatory funnel
and the organic extract was washed with water, brine, dried over MgSOy, and concentrated in
vacuo. Flash column chromatography (0-15% acetone/toluene), following preparatory TLC
purification (7 elutions, 3-4% MeOH/CH,Cl,) gave the product (0.16 g, 0.22 mmol) in 45%

yield.

'H NMR (500 MHz, CDCl5) § 5.79 (1H, d, J=8.5 Hz), 5.69 (1H, dddd, J=7.0, 7.0, 10.2, 17.8
Hz), 5.34 (1H, dd, J=0.8, 3.4 Hz), 5.21 (1H, dd, J=7.5, 10.5 Hz), 5.10-4.97 (4H, m), 4.84 (1H,
dd, J=10.8, 12.8 Hz), 4.61 (1H, d, J=8.0 Hz), 4.15-3.98 (7TH, m), 3.91-3.86 (1H, m), 2.26-2.17
(1H, m), 2.15-2.04 (7H, m), 2.01 (3H, s), 2.00 (3H, s), 1.95 (3H, s), 1.19 (9H, s), 1.17 (9H, s);
3C NMR (125 MHz, CDCl3) § 177.6, 177.3, 170.2, 170.0, 169.8, 169.8, 169.3, 133.2, 117.7,
98.9, 72.7, 72.4, 70.7, 70.6, 68.8, 66.8, 65.5, 65.3, 60.8, 58.9, 49.3, 38.7, 38.5, 34.9, 29.5, 27.0,
26.9, 23.1, 20.6, 20.5, 20.4, 20.4; HRMS (ESI): Calcd for C3sHs3NO; [M+H]" 744.3442, found

744.3504.
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6.6.7. 2-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl-(1-->3)-1,2-dideoxy-2-acetamido-4,6-

di-O-pivaloyl-a-D-galactopyranoside)-ethanoic acid (47)
For procedure please refer to Section 6.4.3.

Reaction yield: 70%.

Ac&jivo OPiv
Q Q
Ao AcO ? AcHN
)
OH
'H NMR (500 MHz, CDCls) § 6.60-6.38 (1H, m), 5.35-5.31 (1H, m), 5.21-5.13 (1H, m), 5.09-
4.99 (2H, m), 4.80-4.63 (2H, m), 4.55-4.45 (1H, m), 4.24-4.21 (1H, m), 4.15-3.90 (6H, m), 2.48
(1H, dd, J=6.8, 16.0 Hz), 2.37 (1H, dd, J=6.6, 15.9 Hz), 2.09 (6H, s), 2.01 (3H, s), 1.98 (3H, s),
1.93 (3H, s), 1.18 (9H, s), 1.12 (9H, s); °C NMR (125 MHz, CDCls) & 178.0, 177.2, 174.0,
171.1, 170.3, 170.0, 169.9, 98.6, 72.7, 71.9, 70.6, 70.4, 68.8, 66.8, 65.5, 60.8, 59.5, 49.0, 38.7,

38.5, 35.8, 27.0, 26.8, 23.0, 20.5, 20.5, 20.4; HRMS (ESI): Calcd for C3Hs5;NO;g [M+H]"

762.3148, found 762.3162.
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6.6.8. Benzyl Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl-
(1-->3)-1,2-dideoxy-2-acetamido-4,6-di-O-pivaloyl-a-D-galactopyranoside)acetyl]-L-
ornithine (48)

For procedure please refer to Section 6.4.5.
Reaction yield: >95%.

AcO OAc pivO JOPiv

NEUARS
AcO o

ACO  AcHN|_ 4

NH

FmocHN OBn

0o
'H NMR (400 MHz, CDCl3) § 7.76-7.70 (2H, m), 7.61-7.55 (2H, m), 7.40-7.22 (9H, m), 6.41
(1H, d, J=8.1 Hz), 6.15-6.09 (1H, m), 5.97 (1H, d, J=8.0 Hz), 5.34 (1H, d, J=3.1 Hz), 5.23-5.12
(3H, m), 5.07 (1H, dd, J=3.4, 10.4 Hz), 5.02 (1H, dd, J=3.3, 6.4 Hz), 4.70-4.60 (2H, m),
4.45.4.25 (4H, m), 4.23-4.13 (3H, m), 4.10-4.00 (3H, m), 3.93-3.82 (2H, m), 3.42-3.25 (1H, m),
3.18-3.08 (1H, m), 2.36 (1H, dd, J=6.5, 14.7 Hz), 2.22 (1H, dd, J=6.3, 14.6 Hz), 2.13 (3H, s),
2.09 (3H, s), 1.99 (3H, s), 1.93 (3H, s), 1.91 (3H, s), 1.20 (9H, s), 1.14 (9H, s); *C NMR (100
MHz, CDCl3) 6 178.1, 177.4, 172.4, 170.7, 170.3, 170.2, 170.0, 170.0, 169.2, 156.3, 144.0,
143.7, 141.3, 141.3, 135.3, 128.7, 128.6, 128.5, 128.2, 127.8, 127.6, 127.1, 127.0, 125.2, 125.1,
120.0, 120.0, 99.0, 73.4, 72.3, 70.8, 70.7, 68.9, 67.3, 67.0, 66.9, 65.4, 65.3, 64.2, 60.9, 59.8,
53.9,50.1,47.2, 38.9, 38.9, 38.7, 38.3, 29.9, 27.2, 27.0, 25.9, 23.3, 20.7, 20.6, 20.6, 20.5; HRMS

(ESI): Calcd for C¢1H77N30; [M+H]" 1188.5127, found 1188.5109.
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6.6.9. Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl-(1-->3)-

1,2-dideoxy-2-acetamido-4,6-di-O-pivaloyl-a-D-galactopyranoside)acetyl]-L-ornithine (49)
For procedure please refer to Section 6.4.6.

Reaction yield: 83%.
AcO ,OAc PivO0 OPiv
g ot
AcO O
AcO AcHN 0

NH

FmocHN OH

O
'"H NMR (300 MHz, MeOD) § 7.82-7.77 (2H, m), 7.70-7.65 (2H, m), 7.42-7.36 (2H, m), 7.33-
7.27 (2H, m), 5.39-5.36 (1H, m), 5.33-5.28 (1H, m), 5.15-5.07 (2H, m), 4.84 (1H, d, J=7.1 Hz),
4.58-4.52 (1H, m), 4.40-4.32 (3H, m), 4.25-4.00 (8H, m), 3.32-3.25 (1H, m), 3.15-3.07 (1H, m),
2.53 (1H, dd, J=8.8, 14.2 Hz), 2.38 (1H, dd, J=5.2, 14.4 Hz), 2.14 (3H, s), 2.12 (3H, s), 2.02
(3H, s), 2.00 (3H, s), 1.95 (3H, s), 1.92-1.81 (1H, m), 1.75-1.63 (1H, m), 1.63-1.52 (2H, m), 1.25
(9H, s), 1.19 (9H, s); *C NMR (75 MHz, MeOD) § 178.1, 177.9, 177.0, 172.0, 170.6, 170.5,
170.4, 170.0, 170.0, 157.0, 143.9, 143.7, 141.1, 127.3, 126.7, 124.8, 119.5, 99.3, 72.6, 70.8,
70.2, 68.7, 67.2, 66.4, 60.9, 60.6, 55.1, 48.8, 48.4, 46.9, 38.7, 38.5, 38.3, 35.3, 29.4, 26.2, 26.1,
25.4,21.3, 19.5, 19.1, 19.0, 19.0; HRMS (ESI): Calcd for CsqH7sN4Oy [M+NH,]" 1115.4923,

found 1115.4872.
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6.6.10. 2,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl-(1-->3)-1,2-dideoxy-2-acetamido-1-C-

allyl-4,6-di-O-pivaloyl-a-D-galactopyranoside (50)

OAc pivO JOPiv

AcO 0 Q
Acaéﬁ/o

AcO AcHN >

To a solution of 38 (0.15 g, 0.36 mmol), 2a (0.21 g, 0.51 mmol) and 2,6-lutidine (0.08 g,
0.73 mmol) in CH,Cl, (20 mL) with 4A MS at 0 °C, solid AgOTf (0.14 g, 0.54 mmol) was
added in 3 equal portions over 15 mins.!® The reaction mixture was brought to RT and after
stirring for 2 hrs, solid NaHCO; was added. After 15 mins the reaction mixture was diluted with
CH,CI, (20 mL), transferred to a separatory funnel and the organic extract was washed with
water, brine, dried over MgSQO,, and concentrated in vacuo. Flash column chromatography (0-
15% acetone/toluene), following preparatory TLC purification (7 elutions, 3-4% MeOH/CH,Cl,)

gave the product (0.20 g, 0.27 mmol) in 74% yield.

'H NMR (400 MHz, CDCl3) 8 5.94 (1H, d, J=7.4 Hz), 5.70 (1H, dddd, J=6.7, 6.7, 9.9, 17.7 Hz),
5.25-5.00 (6H, m), 4.95-4.82 (1H, m), 4.69 (1H, d, J=8.0 Hz), 4.24 (1H, dd, J/=4.0, 12.4 Hz),
4.17-3.83 (6H, m), 3.75-3.66 (1H, m), 2.30-2.17 (1H, m), 2.14-2.04 (2H, m), 2.05 (3H, s) 2.04
(3H, s), 2.01 (3H, s), 1.99 (3H, s), 1.19 (9H, s), 1.18 (9H, s); >C NMR (100 MHz, CDCls) &
177.7, 171.5, 170.6, 170.1, 170.1, 170.0, 169.5, 133.3, 118.0, 98.5, 72.8, 72.6, 71.9, 71.1, 68.0,
65.7, 65.5, 65.5, 61.6, 58.8, 49.3, 38.9, 38.7, 35.1, 27.2, 27.0, 23.3, 20.7, 20.6, 20.6; HRMS

(ESI): Calcd for C35sHs3sNO;6 [M+H]" 744.3442, found 744.3396.
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6.6.11. 2-(2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl-(1-->3)-1,2-dideoxy-2-acetamido-4,6-

di-O-pivaloyl-a-D-glucopyranoside)-ethanoic acid (51)
For procedure please refer to Section 6.4.3.
Reaction yield: 65%.

OAc pPivO OPiv

AcO Q Q
ACBéS/O

AcO AcHN o)

OH
'H NMR (300 MHz, CDCls) § 6.40 (1H, d, J=8.4 Hz), 5.33-5.21 (1H, m), 5.17-5.01 (2H, m),
4.86-4.71 (2H, m), 4.60-4.51 (1H, m), 4.34-4.23 (2H, m), 4.13-3.97 (4H, m), 3.80-3.71 (1H, m),
2.53 (1H, dd, J=6.8, 15.8 Hz), 2.42 (1H, dd, J=6.9, 15.9 Hz), 2.14 (3H, s), 2.07 (6H, s), 2.03
(3H, s), 2.01 (3H, s), 1.21 (9H, s), 1.17 (9H, s); *C NMR (75 MHz, CDCl3) § 178.5, 177.9,
174.2 , 171.4, 171.0, 170.7, 170.4, 169.9, 98.8, 77.7, 73.4, 73.2, 72.7, 72.2, 71.5, 68.4, 65.9,
64.4, 62.0, 59.7, 53.9, 49.5, 39.3, 39.1, 36.2, 27.5, 27.4, 23.6, 21.1, 21.0, 20.9; HRMS (ES):

Calcd for C34Hs1NOg [M+H]" 762.3148, found 762.3158.
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6.6.12. Benzyl Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-$-D-glucopyranosyl-(1-
->3)-1,2-dideoxy-2-acetamido-4,6-di-O-pivaloyl-a-D-galactopyranoside)acetyl]-L-ornithine
(52)

For procedure please refer to Section 6.4.5.
Reaction yield: >95%.

OAc PivO OPiv

AcO Q Q
Ac/OéS/O

AcO  AcHN[ g

NH

OBn
0]

FmocHN

"H NMR (500 MHz, CDCls) § 7.79-7.73 (2H, m), 7.63-7.56 (2H, m), 7.44-7.26 (9H, m), 6.49-
6.37 (1H, m), 6.15-6.05 (1H, m), 5.90 (1H, d, J=8.0 Hz), 5.30-5.00 (6H, m), 4.77-4.61 (2H, m),
4.48-4.32 (4H, m), 4.28-3.95 (8H, m), 3.80-3.71 (1H, m), 3.40-3.10 (3H, m), 2.47-2.33 (1H, m),
2.32-2.21 (1H, m), 2.14 (3H, s), 2.04 (3H, s), 2.02 (3H, s), 1.98 (3H, s), 1.96 (3H, s), 1.93-1.83
(1H, m), 1.77-1.66 (1H, m), 1.64-1.46 (2H, m), 1.21 (9H, s), 1.16 (9H, s); °C NMR (125 MHz,
CDCl) 6 178.0, 177.4, 172.3 , 170.7, 170.5, 170.0, 169.9, 169.4, 169.2, 156.2, 143.9, 143.7,
141.3, 135.2, 128.6, 128.5, 128.3, 127.7, 127.0, 125.1, 125.1, 120.0, 120.0, 98.6, 73.3, 72.7,
72.4,71.7,71.1, 68.0, 67.3, 67.0, 65.3, 64.1, 61.6, 59.6, 50.1, 47.1, 38.9, 38.8, 38.7, 38.2, 30.0,
27.1,27.0, 25.7, 23.3, 20.6, 20.5, 20.5; HRMS (ESI): Calcd for Cg;H77N302; [M+H]" 1188.5127,

found 1188.5113.
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6.6.13. Fluorenylmethoxycarbonyl-[2-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-(1-->3)-
1,2-dideoxy-2-acetamido-4,6-di-O-pivaloyl-a-D-galactopyranoside)acetyl]-L-ornithine (53)

For procedure please refer to Section 6.4.6.

Reaction yield: 88%.

OAc pPivO OPiv

AcO 0 0
AcO o

AcO  AcHN[{_ g

NH

OH
o

FmocHN

'H NMR (300 MHz, CDCls) § 7.75 (2H, d, J=7.5 Hz), 7.66 (2H, dd, J=7.5, 12.9 Hz), 7.39 (2H,
dd, J=7.4, 7.4 Hz), 7.33-7.24 (2H, m), 6.62 (1H, d, J/=8.2 Hz), 6.48 (1H, d, J/=8.4 Hz), 6.03-5.97
(1H, m), 5.68 (1H, dd, J=9.6, 9.6 Hz), 5.12 (1H, dd, J=9.8, 9.8 Hz), 5.06-4.96 (2H, m), 4.73-4.61
(2H, m), 4.52-4.30 (4H, m), 4.29-4.17 (3H, m), 4.17-4.03 (4H, m), 3.93-3.83 (1H, m), 3.83-3.73
(1H, m), 3.73-3.55 (1H, m), 3.06-2.91 (1H, m), 2.45 (1H, dd, J=4.3, 13.3 Hz), 2.27-2.17 (1H, m),
2.21 (3H, s), 2.10 (3H, s), 2.05-1.95 (1H, m), 2.02 (6H, s), 1.97 (3H, s), 1.82-1.45 (3H, m), 1.20
(9H, s), 1.18 (9H, s); °C NMR (75 MHz, CDCl;) & 178.1, 177.6, 174.3, 171.7, 170.9, 170.5,
170.2, 169.4, 168.9, 156.8, 144.1, 143.7, 141.2, 127.7, 127.0, 126.9, 125.2, 125.2, 120.0, 98.6,
77.2,73.2,73.0,72.8, 71.4, 71.1, 67.5, 66.9, 65.3, 64.5, 61.5, 59.2, 53.4, 49.2, 47.2, 38.8, 38.7,
38.5,29.7,27.1, 26.9, 23.3, 20.7, 20.6, 20.6, 20.4; HRMS (ESI): Calcd for Cs4H72N30,; [M+H]"

1098.4658, found 1098.4666.
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6.6.14. 2-O-acetyl-1-deoxy-C-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (54)
0

O

AcO _

To a solution of 6 (0.70 g, 1.95 mmol) in CH,Cl, (10 mL), pyridine (1 mL), acetic
anhydride (2 mL) and catalytic DMAP were added respectively. The reaction mixture was stirred
overnight, then diluted with CH,Cl; (10 mL) and washed successively with saturated CuSOq4
solution, water and brine. The organic extract was dried over MgSO, and concentrated in vacuo.
Flash column chromatography (25% EtOAc/hexanes) afforded compound 54 (0.78 g, 1.95

mmol) as in quantitative yield.

'H NMR (300 MHz, CDCls) § 5.74 (1H, dddd, J=7.0, 7.0, 10.5, 17.1 Hz), 5.05 (1H, dd, J=1.6,
7.2 Hz), 5.00 (1H, br s), 4.90 (1H, dd, J=2.8, 2.8 Hz), 4.36 (1H, dd, J=1.4, 7.2 Hz), 4.19 (1H, dd,
J=3.0, 7.2 Hz), 4.09 (1H, ddd, J=2.5, 7.5, 7.5 Hz), 3.91 (1H, ddd, J=1.4, 5.9, 7.6 Hz), 3.80-3.66
(2H, m), 2.36-2.23 (1H, m), 2.20-2.07 (1H, m), 2.08 (3H, s), 1.46 (3H, s), 1.29 (3H, s), 0.87 (9H,
s), 0.05 (6H, s); >C NMR (75 MHz, CDCl3) § 169.7, 133.6, 117.4, 109.4, 72.0, 71.4, 70.3, 69.9,
69.3, 62.4, 35.3, 26.7, 25.8, 24.3, 20.9, 18.3, -5.4, -5.5; HRMS (ESI): Calcd for CyH3;06Si

[M+H]" 401.2359, found 401.2353.
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6.6.15. 2-O-acetyl-1-deoxy-C-allyl-4,6-O-benzylidene-a-D-galactopyranoside (56)

A solution of acetal 54 (0.78 g, 1.95 mmol) in 80% acetic acid (30 mL) was heated for 1
hr at 80 °C. The reaction mixture was then cooled and the solvent was co-evaporated with
toluene. The residue was taken up in CH3CN/DMF (9:1) (20 mL), followed by addition of
benzaldehyde dimethyl acetal (0.44 g, 2.92 mmol) and catalytic amount of p-TsOH. After
stirring for 2 hrs, the reaction mixture was neutralized with triethylamine and concentrated in
vacuo. Flash column chromatography (25% EtOAc/hexanes) afforded 56 (0.49 g, 1.46 mmol) in

overall 75% yield.

'H NMR (300 MHz, CDCls) 8 7.55-7.47 (2H, m), 7.42-7.33 (3H, m), 5.81 (1H, dddd, J=6.3, 7.0,
10.2, 16.5 Hz), 5.55 (1H, s), 5.32 (1H, dd, J=6.0, 10.1 Hz), 5.19-5.06 (2H, m), 4.38 (1H, ddd,
J=4.6, 5.7, 10.6 Hz), 4.29 (1H, dd, J=1.1, 3.8 Hz), 4.24 (1H, dd, J=1.5, 12.5 Hz), 4.04 (1H, dd,
J=1.8, 12.5 Hz), 3.93 (1H, dd, J=3.7, 10.1 Hz), 3.58 (1H, dd, J/=1.9, 2.9 Hz), 2.60-2.28 (3H, m),
2.10 (3H, s); *C NMR (75 MHz, CDCls) § 170.7, 137.3, 134.0, 129.2, 128.2, 126.3, 117.1,
101.4, 76.0, 73.2, 71.2, 69.6, 68.1, 63.0, 29.8, 21.0; HRMS (ESI): Calcd for C1sH306 [M+H]"

335.1494, found 335.1498.
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6.6.16. 2,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl-(1-->6)-2-O-acetyl-1-deoxy-C-allyl-3,4-O-
isopropylidene-a-D-galactopyranoside (57)

OAc
AcQ OAc

(@)
AcO

Ph (@]
H k Q
O
0]
AcO _

To a solution of 56 (20 mg, 0.06 mmol), 2a (40 mg, 0.10 mmol) and 2,6-lutidine (12 mg,
0.12 mmol) in CH,Cl, (5 mL) with 4A MS at -30 °C, solid AgOTf (40 mg, 0.16 mmol) was
added. The reaction mixture was brought to 5 °C over 2 hrs of stirring, then solid NaHCO3; was
added. After 15 mins the reaction mixture was diluted with CH,Cl, (10 mL), transferred to a
separatory funnel and the organic extract was washed with water, brine, dried over MgSQOs, and
concentrated in vacuo. Preparatory TLC purification (3 elutions, 10% acetone/toluene) gave the

two diasteriomers (15 mg, 0.02 mmol) in total 37% yield.

OAc
AcQ OAc

O

AcO
H O
ok
0]
O
AcO _

'H NMR (500 MHz, CDCls) & 7.55-7.47 (2H, m), 7.44-7.37 (3H, m), 5.86-5.68 (1H, m), 5.78
(1H, s), 5.39 (1H, dd, J=1.0, 3.3 Hz), 5.23 (1H, dd, J=7.9, 10.4 Hz), 5.14 (1H, dd, J=2.8, 2.8 Hz),
5.13-5.05 (2H, m), 5.01 (1H, dd, J=3.4, 10.5 Hz), 4.62 (1H, d, /=8.0 Hz), 4.35 (1H, dd, J=2.8,

7.7 Hz), 4.33-4.23 (2H, m), 4.18-4.03 (4H, m), 3.89 (1H, ddd, J=1.0, 6.6, 6.7 Hz), 3.78 (1H, dd,
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J=7.1, 10.1 Hz), 2.43-2.28 (1H, m), 2.28-2.15 (1H, m), 2.15 (3H, s), 2.12 (3H, s), 2.07 (3H, s),
2.01 (3H, s), 1.99 (3H, s); >C NMR (100 MHz, CDCls) § 170.4, 170.2, 170.2, 169.7, 169.4,
138.2, 133.5, 129.2, 128.5, 126.1, 117.8, 104.5, 101.5, 73.3, 72.8, 71.1, 70.9, 70.7, 70.0, 69.8,
68.9, 68.8, 67.1, 61.2, 57.3, 34.4, 29.7, 20.9, 20.8, 20.7, 20.7, 20.6; LRMS (ESI): Calcd for

C32H40015 [M+Na]+ 687.7, found 687.2.

OAc
OAc

0
AcO

Ph (0]
H/k Q
0]
(@]
AcO >

'H NMR (500 MHz, CDCl;) § 7.45-7.32 (5H, m), 5.90-5.71 (1H, m), 5.39 (1H, dd, J=0.9, 3.5

AcO

Hz), 5.27-5.18 (2H, m), 5.17-5.07 (2H, m), 5.01 (1H, dd, J=3.4, 10.4 Hz), 4.63 (1H, d, J=7.9
Hz), 4.42 (1H, dd, J=4.3, 7.1 Hz), 4.30-4.20 (2H, m), 4.18-4.03 (4H, m), 3.90 (1H, ddd, J=1.0,
6.7, 6.7 Hz), 3.82 (1H, dd, J=8.6, 12.0 Hz), 2.45-2.30 (1H, m), 2.30-2.16 (1H, m), 2.15 (3H, s),
2.11 (3H, s), 2.04 (6H, s), 1.99 (3H, s); *C NMR (100 MHz, CDCl3) & 170.4, 170.2, 170.1,
169.5, 169.5, 135.8, 133.5, 129.8, 128.5, 126.9, 117.6, 104.4, 101.7, 73.7, 72.6, 70.9, 70.7, 70.2,
69.8, 69.4, 69.2, 68.9, 67.1, 61.2, 35.5, 29.7, 20.9, 20.8, 20.7, 20.6, 20.6; LRMS (ESI): Calcd for

C32H40015 [M+Na]+ 687.7, found 687.3.
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6.6.17. 2-0O-acetyl-1-deoxy-C-allyl-4,6-O-benzylidene-3-O-chloroacetyl-o-D-
galactopyranoside (58)
Ph

5o

CIAcO

AcO y

To a solution of 56 (20 mg, 0.06 mmol) in 1:9 pyridine/CH,Cl, (5 mL) at 0 °C,
chloroacetic anhydride (15 mg, 0.09 mmol) was added and the reaction mixture was stirred for 2
hrs at this temperature.11 The reaction mixture was diluted with CH,Cl, (10 mL), transferred to
separatory funnel and washed with water, CuSOy, brine, and dried over MgSO,. The organic

residue was coevaporated with toluene to give pure 58 (21 mg, 0.05 mmol) in 87% yield.

'H NMR (300 MHz, CDCl3) § 7.55-7.43 (2H, m), 7.42-7.33 (3H, m), 5.80 (1H, dddd, J=6.2, 7.0,
10.2, 16.3 Hz), 5.57 (1H, dd, J=5.9, 10.4 Hz), 5.50 (1H, s), 5.23 (1H, dd, J=3.6, 10.4 Hz), 5.19-
5.07 (2H, m), 4.59-4.46 (2H, m), 4.24 (1H, dd, J=1.5, 12.5 Hz), 4.09 (2H, s), 4.03 (1H, dd,
J=1.7, 12.5 Hz), 3.62 (1H, dd, J=1.5, 2.8 Hz), 2.59-2.42 (1H, m), 2.42-2.25 (1H, m), 2.05 (3H,

s); LRMS (ESI): Calcd for CyH»40;C1 [M+H]* 411.9, found 411.1.
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6.6.18. 4,6-O-benzylidene-1,2-O-isopropylidene-f-D-galactopyranoside (60)
Ph
0©
-

To a solution of D-galactose'.(S.O g, 27.75 mmol) in DMF (100 mL), benzaldehyde
dimethyl acetal (4.2 g, 27.75) and catalytic p-TsOH (0.1 g) were added.'? The reaction mixture
was stirred vigorously overnight and then concentrated under reduced pressure. The intermediate
was crystallized from CH,Cl,, filtered and dried in vacuo in the presence of P,0s. 4,6-O-
benzylidene-D-galactopyranoside (0.16 g, 0.60 mmol) was then suspended in anhydrous acetone
(30 mL) and freshly distilled dimethoxy propane (0.08 g, 0.78 mmol) and catalytic p-TsOH were
(0.01 g) added.” The reaction mixture was stirred overnight at room temperature, then
neutralized with saturated NaHCOs; solution and concentrated under reduced pressure. The
residue was taken up in CH,Cl, (10 mL), washed with water, dried over MgSO, and

concentrated in vacuo. Flash column chromatography (5-20% EtOAc/hexanes) afforded 60 (0.14

g, 0.44 mmol) as a colourless syrup in 74% yield.

'H NMR (300 MHz, CDCL3) § 7.49-7.44 (2H, m), 7.40-7.33 (3H, m), 5.85 (1H, d, J=4.3 Hz),
5.54 (1H, s), 4.35 (1H, dd, J=1.4, 12.7 Hz), 4.28 (1H, dd, J=2.4, 4.0 Hz), 4.15 (1H, dd, J=4.3, 5.5
Hz), 4.08 (1H, dd, J=2.2, 12.7 Hz), 4.03-3.98 (1H, m), 3.82 (1H, dd, J=2.1, 3.6 Hz), 2.88 (1H, d,
J=7.5 Hz), 1.54 3H, ), 1.39 (3H, s); '*C NMR (75 MHz, CDCls) § 137.3, 129.2, 128.3, 126.1,
109.4, 100.8, 77.6, 73.6, 70.6, 70.5, 64.4, 27.8, 26.5; HRMS (ESI): Calcd for C;¢HpNOg

[M+NH,]* 326.1603, found 326.1600.
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6.6.19. 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-(1-->3)-4,6-O-benzylidene-1,2-O-
isopropylidene-p-D-galactopyranoside (61a)

Ph

AcO OAc
AcO &S/

To a solution of 60 (50 mg, 0.17 mmol), AgOTf (62 mg, 0.24 mmol) and 2,6-lutidine (21
mg, 0.29 mmol) in CH,Cl, (10 mL) with 4A MS, solid 2a (93 mg, 0.23 mmol) was added in 3
equal portions over 30 mins.'® After stirring for 1.5 hr, solid NaHCO; was added. After 15 mins
the reaction mixture was diluted with CH,Cl, (10 mL), transferred to a separatory funnel and the
organic extract was washed with water, brine, dried over MgSQOy, and concentrated in vacuo.

Flash column chromatography (25% ethyl acetate/hexanes) afforded a mixture of o/f§ product

(76 mg, 0.12 mmol) in 70% yield (only 30 mg of pure § product was isolated and characterized).

'H NMR (500 MHz, CDCls) § 7.54-7.50 (2H, m), 7.42-7.37 (3H, m), 5.74 (1H, s), 5.61 (1H, d,
J=5.0 Hz), 5.38 (1H, dd, J=1.0, 3.4 Hz), 5.22 (1H, dd, J=8.0, 10.5 Hz), 5.02 (1H, dd, J=3.5, 10.2
Hz), 4.64 (1H, dd, J=2.4, 8.3 Hz), 4.58 (1H, d, J=8.0 Hz), 4.42 (1H, dd, J=2.4, 5.0 Hz), 4.27
(1H, dd, J=1.8, 8.3 Hz), 4.15-4.08 (3H, m), 4.07-4.03 (1H, m), 3.88 (1H, ddd, J=1.0, 6.7, 6.7
Hz), 3.74 (1H, dd, J=7.4, 11.3 Hz), 2.13 (3H, s), 2.09 (3H, s), 1.99 (3H, s), 1.98 (3H, s), 1.55

(3H, s), 1.34 (3H, s); HRMS (ESI): Calcd for C30H4oNO;s [M+NH,4]" 656.2527, found 656.2536.
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6.6.20. 2,3,4,6-tetra-0O-acetyl-f-D-glucopyranosyl-(1-->3)-1,2,4,6-tetra-O-acetyl-D-
glucopyranosyl (62)

AcO LOAc AcO OAc

0
Acogg/ogg‘
OAc

AcO AcO

A solution of acetal 61a (30 mg, 0.05 mmol) in 80% acetic acid (10 mL) was heated
overnight at 85 °C.* The reaction mixture was then cooled and the solvent was evaporated. The
residue was taken up in CH,Cl, (5 mL), followed by addition of pyridine (0.1 mL), acetic
anhydride (0.2 mL) and catalytic DMAP. After overnight stirring the reaction mixture was
diluted with CH,Cl, and washed successively with saturated CuSQO, solution, water and brine.
The organic extract was dried over MgSO, and concentrated in vacuo. Flash column
chromatography (25% EtOAc/hexanes) afforded compound 62 (30 mg, 0.04 mmol) in overall

88% yield.

"H NMR (300 MHz, CDCls) & 6.36 (1H, br s), 5.68 (1H, d, J=8.3 Hz), 5.48 (1H, br 5), 5.41 (1H,
d, J=3.1 Hz), 5.39-5.27 (5H, m), 5.20-5.11 (2H, m), 5.06 (1H, dd, J=3.2, 10.4 Hz), 5.02-4.94
(2H, m), 4.50 (1H, d, J=7.9 Hz), 4.46 (1H, d, J=7.9 Hz),4.27 (1H, dd, J=6.1 Hz), 4.20-4.06 (4H,
m), 3.99 (1H, dd, J=6.2, 6.2 Hz), 3.88 (1H, dd, J=6.2, 11.9 Hz), 3.84-3.75 (3H, m), 3.63 (1H, dd,
J=7.0, 10.6 Hz), 2.18 (3H, s), 2.17-2.13 (12H, m), 2.12 (3H, s), 2.07-2.03 (15H, m), 2.02 (3H, s),
2.00-1.95 (12H, m); *C NMR (75 MHz, CDCl3) § 170.4, 170.3, 170.2, 170.2, 170.1, 170.1,
170.0, 169.9, 169.9, 169.5, 1694, 169.1, 168.9, 101.0, 100.4, 92.2, 89.6, 72.9, 71.0, 70.9, 70.8,
70.8, 70.7, 70.0, 68.4, 68.3, 67.9, 67.9, 67.5, 67.1, 67.1, 67.0, 66.9, 66.5, 65.6, 61.3, 61.1, 20.9,
20.8, 20.7, 20.7, 20.7, 20.7, 20.6, 20.6, 20.6; HRMS (ESI): Calcd for CsHsNOj9 [M+NH4]*

696.2351, found 696.2341.
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6.6.21. [L-Ornithine(1,2-dideoxy-2-acetamido-3-O-acetyl-4,6-di-O-pivaloyl-a-D-
galactopyranoside)-glycine-glycine]4-glycine
For procedure please refer to Section 6.4.7.

Reaction yield: 78%.

'H NMR (300 MHz, MeOD) § 5.40 (1H, br s), 5.08 (1H, d, J=10.2 Hz), 4.69-4.56 (1H, m), 4.56-
4.43 (1H, m), 4.35-4.15 (2H, m), 4.14-3.70 (7H, m), 2.78-2.57 (1H, m), 2.48-2.28 (1H, m), 2.10-
1.40 (10H, m), 1.20 (9H, s), 1.11 (9H, s); °C NMR (75 MHz, MeOD) & 180.1, 180.0, 179.7,
179.7, 174.4, 173.4, 173.4, 172.6, 164.6, 164.5, 164.0, 163.6, 163.6, 121.0, 117.1, 74.0, 73.9,
70.3, 70.1, 68.5, 62.9, 62.6, 44.7, 41.0, 40.8, 40.6, 35.4, 30.5, 28.4, 27.8, 23.5, 21.6; LRMS

(MALDI—TOF) Calcd for C126H201N2105o [M+Na]+ 28330, found 2832.7.

6.6.22. [L-Ornithine(galactose)-alanine-alanine]4-glycine (63)

For procedure please refer to Section 6.4.7.

Reaction yield: 75%.

'"H NMR (500 MHz, D,0) § 4.51-4.42 (1H, m), 4.37-4.18 (3H, m), 4.00 (1H, dd, J=6.1, 9.8 Hz),
3.98-3.94 (1H, m), 3.83-3.77 (1H, m), 3.75-3.69 (2H, m), 3.69-3.63 (2H, m), 3.28-3.13 (2H, m),
2.65 (1H, dd, J=10.7, 14.9 Hz), 2.57 (1H, dd, J=3.8, 15.0 Hz), 1.90-1.75 (1H, m), 1.75-1.64 (1H,
m), 1.64-1.47 (3H, m), 1.42-1.27 (7H, m); >C NMR (125 MHz, D,0) § 176.1, 174.3, 174.2,
173.4, 173.3, 117.3, 115.0, 99.9, 72.8, 72.4, 69.5, 68.6, 67.4, 60.7, 53.3, 49.4, 43.7, 43.1, 38.6,
32.3,28.2, 24.6, 16.4; LRMS (MALDI-TOF): Calcd for C73H33N17033 [M+Na]* 1940.0, found

1939.1.
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6.6.23. [L-Ornithine(N-acetyl-galactosamine)-glycine-glycine]s-glycine (64)

For procedure please refer to Section 6.4.7.

Reaction yield: 87%.

'"H NMR (500 MHz, D,0) & 4.59-4.51 (1H, m), 4.39-4.27 (2H, m), 4.21 (1H, dd, J=5.9, 10.8
Hz), 4.10-3.90 (5H, m), 3.84 (1H, dd, J=2.8, 11.0 Hz), 3.80 (1H, dd, J=5.5, 6.4 Hz), 3.73-3.63
(2H, m), 3.28-3.12 (2H, m), 2.66 (1H, dd, J=10.8, 14.5 Hz), 2.44 (1H, dd, J=4.0, 14.8 Hz), 1.99
(3H, s), 1.93-1.78 (1H, m), 1.78-1.65 (1H, m), 1.65-1.46 (2H, m); °*C NMR (125 MHz, D,0) &
174.5, 172.9, 172.7, 171.8, 171.5, 170.2, 162.7, 99.9, 72.4, 70.9, 68.0, 67.0, 60.8, 53.6, 52.7,
49.2, 46.5, 42.4, 42.2, 38.6, 38.4, 33.0, 28.0, 24.7, 21.8, 8.1; LRMS (MALDI-TOF): Calcd for

C73H129N2103g [M+Na]+ 1992.0, found 1991.1.

6.6.24. [L-Ornithine(f-D-Gal-(1-->3)-D-GalNAc)-glycine-glycine]s-glycine (65)

For procedure please refer to Section 6.4.7.

Reaction yield: 72%.

'H NMR (500 MHz, D,0) & 4.58-4.47 (2H, m), 4.40-4.27 (2H, m), 4.24-4.19 (1H, m), 4.04-3.82
(13H, m), 3.81-3.59 (6H, m), 3.56-3.48 (1H, m), 3.25-3.14 (2H, m), 2.67 (1H, dd, J=11.1, 14.0
Hz), 2.45 (1H, dd, J=3.3, 15.0 Hz), 2.06-2.01 (2H, m), 1.99 (2H, br s), 1.93-1.78 (1H, m), 1.78-
1.65 (1H, m), 1.65-1.45 (2H, m); >*C NMR (125 MHz, D,0) § 175.0, 174.8, 174.8, 174.4, 173.9,

172.5, 171.8, 171.6, 171.5, 103.8, 99.9, 76.3, 74.9, 72.7, 72.4, 70.5, 68.4, 67.5, 60.9, 60.2, 53.6,
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53.2,48.1,42.5,42.3,42.2,41.5, 38.7, 33.6, 29.5, 27.9, 24.6, 21.8, 21.6, 21.5, 17.6, 16.1; LRMS

(MALDI-TOF): Calcd for Cy0H;690N2;Osg [M+Na]™ 2640.5, found 2640.2.

6.6.25. [L-Ornithine(2,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl-(1-->3)-1,2-dideoxy-2-
acetamido-4,6-di-O-pivaloyl-a-D-galactopyranoside)-glycine-glycine]s-glycine

For procedure please refer to Section 2.4.7.

Reaction yield: 77%.

'H NMR (300 MHz, MeOD) § 5.37-5.22 (2H, m), 5.07-4.99 (1H, m), 4.56-4.47 (1H, m), 4.47-
4.21 (4H, m), 4.21-4.01 (5H, m), 4.01-3.75 (7H, m), 3.17-3.03 (1H, m), 2.60-2.45 (1H, m), 2.43-
2.31 (1H, m), 2.10 (3H, br s), 2.06 (3H, s), 2.03 (3H, s), 2.01 (3H, s), 1.97 (3H, s), 1.94-1.80
(1H, m), 1.80-1.66 (1H, s), 1.66-1.45 (2H, s), 1.23 (9H, s), 1.18 (9H, s); °C NMR (75 MHz,
MeOD) & 179.5, 178.6, 173.4, 172.4, 172.3, 172.2, 171.6, 171.3, 163.2, 162.9, 119.4, 117.1,
100.7, 100.6, 100.6, 79.3, 74.3, 74.3, 74.2, 72.9, 72.6, 69.7, 68.8, 63.0, 61.9, 61.9, 55.1, 50.2,
44.0, 44.0, 40.0, 39.8; LRMS (MALDI-TOF): Calcd for C74HassN1Ogo [M+Na]* 3986.1, found

3985.6.

6.6.26. [L-Ornithine(p-D-Glc-(1-->3)-D-GalNA ¢)-glycine-glycine]4-glycine (66)

For procedure please refer to Section 2.4.7.

Reaction yield: 91%.
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'H NMR (500 MHz, D,0) & 4.60-4.51 (2H, m), 4.42-4.28 (2H, m), 4.26-4.20 (1H, m), 4.05-3.83
(7H, m), 3.82-3.62 (3H, m), 3.52-3.36 (3H, m), 3.35-3.27 (1H, m), 3.25-3.15 (2H, m), 2.75-2.62
(1H, m), 2.52-2.41 (1H, m), 1.95-1.80 (1H, m), 1.80-1.66 (1H, m), 1.66-1.46 (2H, m); >C NMR
(125 MHz, D,0) 6 1744, 172.5, 103.3, 99.9, 76.7, 76.6, 75.6, 75.4, 75.4, 72.8, 72.5, 69.4, 69.4,
69.3, 67.4, 60.4, 53.6, 48.1, 48.0, 42.4, 42.2, 38.7, 33.5, 28.0, 27.9, 24.6, 21.8; LRMS (MALDI-

TOF)Z Calcd for C102H169N21O53 [M+Na]+ 2640.5, found 2640.2.

6.7. Assessing Antifreeze Activity
6.7.1. Recrystallization Inhibition (RI)

Recrystallization-inhibition (RI) activity was assessed using the splat cooling technique
previously described by Knight and co-workers.’* Briefly, the latter technique involves
generating a frozen wafer from the analyte which is dissolved in phosphate buffered saline (PBS)
solution; a 10 uL drop of this solution is then dropped from a pipette through a two metre high
plastic tube (10 cm in diameter) onto a block of polished aluminum pre-cooled to approximately
-80 °C. The droplet freezes instantly on the polished aluminum block and is approximately 1 cm
in diameter and 20 pm thick. This wafer is then carefully removed from the surface of the block
and transferred to a cryostage (refrigerated microscope stage) held at -6.4 °C. The wafer is left to
anneal at this temperature for a period of 30 mins and then photographed between crossed
polarizing filters using a digital camera (Nikon CoolPix 5000) fitted to the microscrope. During
flash freezing, ice crystals spontaneously nucleated from the super-cooled solution. These initial
crystals were relatively homogenous in size and quite small. During the annealing cycle

recrystallization occurred, resulting in a dramatic increase in ice crystal size. A quantitative
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measure of the difference in recrystallization inhibition of two compounds X and Y is the

difference in the dynamics of the ice crystal size distribution.

RI analysis via mean elliptical method:

A total of six different images are taken from each wafer; three from the middle and three from
the edge. The images are then analyzed using the mean elliptical method. In this method, the ten
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.15 The two
dimensional surface area of each of these ten crystals was then calculated via approximation of
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 = mab, 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). T-tests were

performed to a 95% confidence level.

Analysis via domain recognition software program:

For each sample including PBS, three drops were performed and three images were taken from
the middle of each wafer. Image analysis of the ice wafers was performed using a novel domain
recognition software (DRS) program that was developed at the Steacie Institute for Molecular
Sciences (SIMS) of the National Research Council of Canada (NRCC).!® The software was

written in C using Microsoft Visual Studio 6.0 on a Pentium class personal computer running
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Microsoft Windows 2000 or XP. This processing employed the Microsoft Windows Graphical
User Interface to allow a user to visually demarcate and store the vertices of ice crystal domains
in a digital micrograph. These data were then used to calculate the domain areas. To eliminate
the need to fully process each micrograph, an algorithm was developed to randomly display a
number of x/y locations. The algorithm made use of a built-in pseudo random number generator
[rand(x)] and was written so that no two locations were closer than 1/10th the field of view of the
micrograph. The formula for the area of a polygon that is not self-intersecting and contains no

holes is then given by:
1 N-1
A :EZO:('xt yi+1—xi+l y,)

where N is the number of vertices, and %Yo to **'Yv1 are the vertices circumventing the

polygon in a clockwise direction. The point ¥ Ysis assumed to be equivalent to the point *¥ Iu,
In the FOV of each image, twelve locations (ice crystal domains) were randomly chosen and

analyzed. All data was compiled, further analyzed and plotted using Microsoft Excel.

6.7.2. Thermal Hysterisis (TH)

Nanoliter osmometry was performed using a nanoliter osmometer (Clifton Technical
Physics, Hartford, NY) as described by Chakrabartty and Hew.!” All measurements were made
in doubly distilled water. Ice crystal morphology was observed through a Leitz compound

microscope equipped with an Olympus 20X (infinity corrected) objective, Leitz Periplan 32X
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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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Claims to Original Research

The successful syntheses of novel C-linked AFGP analogues 22 [O(Tal)GG.G -
Chapter 3, 31 [O(Lac)GG]4G and 32 [O(Meli)GG]4G — Chapter 4, 63 [O(Gal)AAL4G, 64
[O(GaINAc)GG4G, 65 [O(Gle-GalNAc)GGsG and 66 [O(Gal-GalNAc)GG]4G — Chapter 5,
were presented. Analogues 31, 32, 65 and 66 were the first analogues that contained a
disaccharide moiety. None of the analogues demonstrated any detectable thermal hysteresis (TH)
or dynamic ice shaping (DIS) however, analogues 32, 63 and 66 possessed potent ice
recrystallization inhibition (RI) activity.

The recrystallization inhibition activities of analogues 19 [O(Gal)GG.G, 20
[O(Glc)GGL4G, 21 [O(Man)GGJ4G and 22 [O(Tal)GG]sG were evaluated and correlated to the
partial molar compressibility (PMC) values of their carbohydrate residues. Analogue 19 showed
the most potent RI activity following 20, 21 and 22 respectively. This work demonstrated that
partial molar compressibility of the carbohydrates (which describes the fit of a carbohydrate into
the three-dimensional hydrogen-bonded network of water) is inversely proportional to RI
activity. Collectively, the relative stereochemistry of the carbohydrate moiety plays an important
role in determining the potency of recrystallization inhibition and is optimal when it matches that
of galactose. This work was described in the following publication: Czechura, P., Tam, R. Y.,
Dimitrijevic, E., Murphy, A. V., Ben, R. N., J. Am. Chem. Soc. 2008, 130, 2928.

The RI activities of analogues 31 [O(Lac)GG]sG and 32 [O(Meli)GG]4G were also
assessed, and compared to the PMC values of their corresponding carbohydrate units. Analogue
32 showed superior RI activity to that of the most potent monosaccharide analogue 19. Yet, the

RI activity of analogue 31 was equal to that of 19 (within experimental error). This was
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unexpected as the PMC values of lactose and melibiose were nearly doubled in comparison to D-
galactose. Nonetheless this indicated that not only does the stereochemistry of the individual
carbohydrates influence RI activity but also the concentration of carbohydrate units and the
regiochemistry of the disaccharides. Since the PMC values did not correlate well with RI data,
the hydration index (HI) values of carbohydrates (which predict RI more accurately then PMC or
hydration numbers) were used in attempt to explain the observed results. This work was
described in the following publication: Tam, R. Y., Ferreira, S. S., Czechura, P., Chaytor, J. L.,
Ben, R. N., J. Am. Chem. Soc. 2008, 130, 17494. Unfortunately, hydration indices of the
carbohydrates also failed to correlate with trends in RI activity of the glycopeptides. As a result,
the first method for estimating HI of glycopeptides was developed. The predicted HI values of
the AFGP analogues 19-22, 31 and 32 were inversely proportional to their RI activities. This
demonstrated that the model for estimating the hydration indices of glycopeptides is even more
accurate in predicting RI then HI of the carbohydrates alone. Consequently, it is feasible that this
model could be utilized as a tool to engineer predetermine RI of future AFGP analogues.

Other structural features of C-linked AFGP analogues were studied with analogues 19,
63, 64, 65, 66 and previously synthesized [O(GalNAc)AA]4G. Firstly, it was noted that the C-2
N-acetyl groups of the carbohydrate moiety and the L-alanines both have a positive effect on RI
activity and should therefore be incorporated into the future design of the AFGP analogues.
Secondly, it was deemed that the labour intensive synthesis of complex disaccharides is not
necessary to obtain potent recrystallization inhibitors. Thirdly, it has been identified that
stereochemistry of the terminal carbohydrate is important for effective RI activity and is the best
when it matches that of galactose. Finally, our model for estimating hydration indices predicted

correct trends for RI activity of 19, 63, 64, 65, 66 and [O(GaINAc)AA]4G but its accuracy was
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limited. This indicates that our method for estimating RI activity needs further attention and has
to be refined or substituted with an advanced computational method.

Collectively, the abovementioned data suggests that optimal structure of the C-linked
AFGP analogue should include: L-alanines as a choice of the amino acids, L-ornithine as the
amino acid linking the peptide to the carbohydrate, and carbohydrate(s) with C-2 N-acetyl
moiety and stereochemistry of its terminal sugar matching that of galactose.

The solution conformation of analogues 22, 31, 32, 63, 64, 65 and 66 was evaluated using
Circular Dichroism. Analogues 22, 31, 32, and 63 exhibit secondary structures similar to that of
the native AFGPS; a large percentage of random coil structure with varying degrees of other
more ordered secondary structures. While analogues 64, 65 and 66 also show a large percentage
of random coil, the deconvolution results also imply that they possess a significant percent of
more ordered structure. The more defined conformation of these analogues is clearly due to the

presence of the C-2 N-acetyl moiety of the carbohydrate.
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FUTURE WORK

The structure-function studies described in this dissertation verify that hydration is
related to ice RI activity of the C-linked AFGP analogues. Also, we identified several key
structural features that affect hydration of the glycoproteins and their RI activity. Thus, to
improve the design and consequently the activity of our AFGP analogues, following future work

should be realized:

1. To determine whether RI activity of analogue [O(Meli)GG]4G can be improved following

analogues should be synthesized: C-linked [O(Meli)AA 4G, [S(Meli)GG]4G and [S(Meli)AA]4G.

2. To complete investigating the importance of the C-2 N-acetyl group of the carbohydrate in the
C-linked AFGP analogues, synthesis of [O(GalGal)GG]4G should be completed and its
antifreeze activity should be compared to [O(GalGalNAc)GG]J4G. Moreover, the methyl group of
the C-2 N-acetyl moiety of [O(GalNAc)GG]4G and [O(GalNAc)AA]4G should be modified to
include: isopropyl group (to determine whether by increasing the number of methyls in the
analogue the RI activity can be improved), -CF; (to evaluate the effect of the electron
withdrawing groups on the function of the amide bond) and —-Bn/Ph (to examine the effect of the

aromatic groups on RI activity).

3. To improve the method for predicting hydration and subsequently RI activity of the AFGP

analogues following steps should be undertaken:
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a. RI activity of amino acids should be assessed and compared to their hydration values
presented in the literature

b. PMVs and hydration numbers of the most active analogues and of the key components of
our analogues should be determined experimentally and compared to the estimated values

c. computational modeling with respect to hydration and conformation of our analogues

should be routinely performed and compared to the RI activity.
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APPENDIX

Selected "H and >C NMR Spectra
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