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Chapter 1- Introduction
1.1 Introduction
Sialic acid is a general name given to more than 30 different

derivatives of neuraminic acid which is an acidic amino sugar

comprised of nine carbons (fig. 1.1).

1-1aR = CH3
1-1b R = CH,0H

Figure 1.1- NeuSAc and NeudGc structure

They are found extensively in nature, ranging from protozoa to
man and have been comprehensively reviewed (Schauer, 1982). Due
to the nature of this thesis, discussion will be limited to two types of
sialic acid- namely N-acetylneuraminic acid (1-1a) and N-
glycolylneuraminic acid (1-1b), and their relevance to mammalian
species and in particular man.

N-Acetylneuraminic acid or 5-acetamido-3,5-dideoxy-D-
glycero-D-galacto-2-nonulopyranosonic acid (1-a) commonly known
as NeuSAc is the most ubiquitous form of sialic acid. N-
Glycolylneuraminic acid or 3,5-dideoxy-5-hydroxyacetamido-D-

glycero-p-galacto-2-nonulopyranosonic acid (1-b) referred to as



NeuSGe is the second most prevalent sialic acid which is not
normally found in humans (Schauer, 1982). These two sialic acids are
present in generally one of two forms: (1) as part of complex
oligosaccharides of glycoproteins and glycolipids, usually occupying
the terminal or penultimate positions (Kitazume er al., 1992) or (2) as

internally polymerized forms.

1.2 _ Sialyloli harides
Besides free sialyloligosaccharides found in urine or milk,
sialyloligosaccharides are components of one of two general
categories: (1) sialylglycoproteins and (2) sialylglycolipids. Indeed, no
mammalian species has been found devoid of sialic acid. As
glycoproteins, they can be found in serum, mucins, membranes, and
brain tissues, while the sialylglycolipids are usually found as cell wall
components, termed gangliosides, generally in nervous tissues
(Schauer, 1982). The vast majority of sialic acid found in
sialyloligosaccharides occurs in the monomeric form, always o-
linked, and in terminal positions. There are some notable exceptions
such as gangliosides with terminal disialyl residues, or brain and cell
surface sialylglycoproteins (N-CAMs) both containing homopolymers
of sialic acid. It is not surprising due to the widespread distribution
and occurrence of sialic acid in terminal positions, that they are
involved in a variety of biochemical and immunochemical events.
Sialic acid oligosaccharides have been implicated in a number of
biclogical roles such as (1) cell and tissue protection apainst invasive
pathogens (Kitazume, 1992), (2) modulation of hormonal activity

(Amano, 1989), (3) ion exchangers {Schauer, 1982), (4) plays a part



in cell differentiation (Feizi, 1985) and development (Hanai et al,
1988: Goto et al.,, 1982), and (5) plays a major role in nerve
transmission (Schauer, 1982). Most of these processes are thought to
be mediated by the negative charge of sialic acid and its density on
cell-surfaces (Kitazume, 1992). The presence of sialyloligosaccharides
is not always beneficial since they also act as cell surface receptor
determinants for a number of pathogens such as human influenza
virus (Paulson, 1985), mycoplasma pneumoniae (Loomes er al.,
1984), bacterial toxins (Schauer, 1982b) and lectins (Ravindranath c:
al., 1985). They are also the immunodominant epitopes in certain
forms of cancer (Higashi, 1990; Hakomori, 1984; 1985),
Waldenstrom's macroglobulinemia (Tsai er al., 1977) and act as
human erythrocyte autoantigens resulting in chronic lymphocytic
leukemia (Roelke, 1984). As such, they represent a much studied and
important category of cell markers, particularly as tumour cell
markers.

Two sialic acids relevant to this thesis are the Hanganutziu-
Deicher (HD) antigen, in which a terminal o-linked NeuSGc residue
(1-1b) represents the immunodominant epitope (Higashi et al.,
1977), and an a-(2—8) linked disaccharide of NeuSAc, which is found
in a number of tumour related gangliosides (Pauison er al., 1982;
Hakomori, 1984).

Sincc the isolation of abundant quantities of pure sialylated
gangliosides is next to impossible, synthetic versions provide the
only means by which to study their participation in immunochemical
processes. An array of monosialylated gangliosides have been

prepared synthetically using a combination of classical and



enzymatic techniques (Sabesan & Paulson, 1986). From a survey of
the synthetic gangliosides known to date, it is readily apparent that
those gangliosides containing an a-(2—8) linked NeuSAc disaccharide
are still lacking. This is due primarily to the synthetically difficult
linkage required. In fact, apart from the o-(2—8) linked Neu5SAc
disaccharide synthesized by Goto (Okamoto et al., 1986, 1988), other
synthetic attempts are still lacking. The disialyl NeuSAc gangliosides
(for a partial list see table 1-1) are extremely important since they
are known tumour markers for certain forms of cancer. Monoclonal
antibodies raised against these epitopes would be very useful for
cancer diagnosis and treatment. Suitable macromolecular forms of
these disialylated epitopes may also constitute potential anti-cancer
vaccines. The HD antigen has recently been reviewed (Higashi, 1990)
and its importance as a cancer determinant is clearly seen since it 18
not normally expressed in humans. The presence of
glycolylneuraminic acid containing gangliosides in various human
tissues and cells correlates with a number of cancers including colon
cancer, melanoma, retinoblastoma, malignant lymphoma, seminoma,
chondrosarcoma, and ovarian cancer. Neu3Gc containing
glycoproteins have recently been implicated in a number of cancers
such as gastric (Fukui et al., 1989), and liver and breast cancers

(Higashi, 1990), although work in this area is preliminary.
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Little work has been done on gangliosides containing an o-(2-38)
linked NeuSGc disaccharide due to a lack of the naturally occurring
gangliosides, however it has been suggested (Higashi, 1990) that a
melanoma expresses a GD3 type ganglioside (see table 1-1)
containing this diglycolyl residue. It is probably inevitable as our
technology progresses and our abilities to detect specific sugars amid
a large population of sugars, that this diglycolyl epitope will be found

as a component of other cancerous tissues.

L3 Polysiali .

Polysialic acid is a term representing polymerized forms of
sialic acid composed of either NeuSAc (1-1a) or Neu5Gec (1-1b).
Sialylpolymers are exclusively o-linked but can be found as «-(2-8),
a-(2—9), or aiternating «-(2—»8) and o-(2-9) ketosidic linkages
(table 1-2). Degrees of polymerization (DP) of the sialic acid residues
can range from two (as described above) to well over 200 residues.
Polysialic acids are major components of bacterial capsules, fish egg
glycoproteins, neuronal glycoproteins in mammals, and are present
as glycoproteins on some tumour cells (table 1-3) (Troy, 1992).
They, like their sialyloligosaccharide counterparts, play in important
biological processes as outlined in table 1-4. Among the more
prominent roles of polysialic acid that is pertinent to this thesis, is its
ability to render certain bacteria more resistant to immune processes

allowing them to colonize and become disease causing.

The material presented in this thesis touches on the various

aspects outlined above for both oligo- and polysialic acids, however



the main emphasis is directed towards the ongoing study of the
interaction of the immune system with polysialic acid derived from

the capsule of Neisseria meningitidis serogroup B.

3 (2> i - i id
Neisseria meningitidis is a gram negative bacteria which
causes meningitis in humans. Pathogenic strains are invariably
encapsulated which helps the bacteria evade normal bodily defences
by masking important surface epitopes with their polyanionic shield.
Serogrouping of the bacteria is based on the composition of the
capsular polysaccharide which forms an integral part of the capsule.
Two serogroups of N. meningitidis , namely serogroup B and C, are
both homopolymers of sialic acid (see fig. 1-2). Structural analysis of
these homopolymers revealed that both were composed of NeudAc
as repeating unit with the residues linked a-(2—-9) in serogroup C
and linked o-(2->8) in serogroup B (Bhattacharjee et al., 1975). The
capsular polysaccharide of Escherichia coli K1 (known as colominic
acid), also a leading cause of meningitis in humans, was found to be
structurally (Liu et al., 1971) and immunochemically identical
(Kasper et al., 1973) to the group B capsular polysaccharide of N.
meningitidis (GBMP). The two differ only in their molecular weight
and the presence of 1,2- diacylglycerophosphate glycosidically linked
to the reducing residue. of GBMP (Gotschlich et al., 1981). These two
organisms are responsible for the majority of bacterial meningitis
which remains both in endemic and epidemic proportions throughout

the world (Jennings, 1990).
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Figure 1.2- Structures of the most common forms of

polysialic acid.

The poor immunogenicity of GBMP or colominic acid is cited as the
main reason why there does not exist a suitable vaccine against these
two organisms. Strangely enough, group C meningococcal capsular
polysaccharide (GCMP) consisting of the homopolymer of a-(2--9)
linked NeuSAc, is strongly immunogenic in persons over 5 years of
age (Artenstein et al,, 1970). The demand for an effective vaccine

against group B meningitidis and E. coli K1 has prompted a
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tremendous amount of research into understanding the poor
immunogenicity of the two polysaccharides. Some notable
contributions from these studies include the recognition that an
unusually large epitope of the polysaccharide (~10 residues) is
required to bind to antibodies directed against the capsular
polysaccharide of GBM (Jennings et al., 1985; Finne & Makela, 1985).
This contradicts the generally accepted value of 5-6 carbohydrate
residues as being the maximum size that an antibody binding site
can accommodate (Kabat, 1960). These findings have led to the
proposal that the required epitope must be conformational in nature
(Jennings et al., 1984; Finne & Makela, 1985). Various attempts have
been made to relate these immunological properties to the three-
dimensional structure of the antigen. Lindon and co-workers (1984)
observed by 1H NMR studies that the B polysaccharide tumbles as a
rigid species with internal rotation only at C-9 of the exocyclic side
chain, compared to GCMP which shows segmental motion in the C-7
to C-9 side chains. Following this, it was found by high resolution
NMR (Michon et al., 1987), that oligosaccharides of GBMP show large
linkage heterogeneity and that a pentasaccharide is the minimum
required before a linkage conformation is generated which is similar
to the conformation found in GBMP. They speculate that at least two
residues are needed on either side of the actual epitope in order to
stabilize the conformation of the internal residues. Providing a
decasaccharide is the minimum size required for binding, elimination
of the two exterior residues on both the reducing and non-reducing
termini, leaves a conformational epitope composed of six residues

consistent with Kabat's (1960) findings. A number of studies have



implicated the possibility that the conformation of the polysaccharide
adopts helices in solution which is consistent for both the large
epitope requirement and helps to explain the poor immunogenicity
of the polysaccharide. A human monoclonal IgM (IgMNOV) was found
which exhibits cross reactive binding to both GBMP, polynucleotides
and denatured DNA (Kabat er al,, 1986). Since the only common
feature between the two polymers is the polyanionic charge
distribution, this led the investigators to propose the possible
existence of GBMP as a helix. Recent NMR and molecular modelling
studies (Yamasaki & Bacon, 1991; Brisson et al., 1992) have both
suggested that the GBMP can adopt several helices some of which
mimic the conformation of DNA.

The poor immunogenicity of the Group B polysaccharide can
also be attributable to the findings that poly NeuSAc has been found
as constituents of developing human brain tissue (i.e. N-CAM
sialylglycoproteins) (Finne & Makela, 1985) and expressed on
developing rat kidney, heart and muscle tissue (Saukkonen et al.,
1986; Finne et al., 1987; Hayrinen et al., 1989). This has led to the
concept of “antigen mimicry” where the bacteria have evolved
capsules that are immunochemically identical to structures present
on human tissues thus invoking immunological tolerance (the
inability to produce antibodies that would react with one’s own
tissues). This generally accepted theory has led to controversy
regarding the outcome of a vaccine that is based on the capsular
polysaccharide due to its potential pathological repercussions
(Rougon et al., 1986). Advocates of a polyNeuSAc specific vaccine

claim that brain tissue is not accessible to circulating antibodies

11



(Moreno et al., 1985; Lifely er al,, 1986) and extraneous polysialic
acid is present only during the fetal stage. 1f however, polyNeuSAc
expression is found in extraneural tissues in humans as

demonstrated in the rat, then the potential deleterious effects must
be carefully considered. It is worthwhile noting that convalescent
patients from Neisseria meningitidis serogroup B infection have high
levels of anti-GBMP antibodies but do not show any ill effects (Lifely
et al., 1987)

1.4 Immunology of polysaccharides

The end goal of this thesis is to gain a better knowledge of the
interaction of oligo-/polysialic acid with the immune system and its
machinery, and ultimately, to use this understanding to generate
useful vaccines or immunotherapies against invasive bacteria,
viruses, or cancers. In order to devise new strategies and to develop
new concepts, a sound immunological background is a prerequisite in
order to critically evaluate these ideas, hence a brief overview of the
immunology of polysaccharides is warranted.

An antigen (Ag) by definition is a species that reacts
specifically with the combining site (the recognition portion) of an
antibody (Ab). An immunogen (Im) however, is a species capable of
eliciting an antibody response which will generate specific antibodies
to the Im. It is important to understand that all Ag’s are not
necessarily immunogenic but all Im’s are by definition also antigenic.
An epitope is that part of an Ag that is specifically recognized by an
antibody combining site. An Ag can have one or many hundreds of

epitopes. In this work, we will be studying primarily antigenic



relationships while attempting to create new Im’s in the process.
Some polysaccharides are intrinsically immunogenic (i.e. Group C
meningococcal polysaccharide) and are capable of generating an Ab
response. These polysaccharides elicit for the most part pentameric

IgM Ab’s, which are considered as “ first line” Ab’s (fig. 1.3).

Figure 1.3- Pentameric IgM antibody. Diagram shows the 10
binding sites of the IgM antibody.

Ideally, a good vaccine is one that elicits a secondary response
which generates a more effective IgG type Ab and produces a
concomitant memory process. In other words, upon encountering the
same stimuli, the immune response is quick to generate protective
Ab's before that stimuli can do any damage. Polysaccharides do not
produce IgG or secondary responses and are known as
T-independent antigens (Kasper, 1986). Vaccines composed of

polysaccharides are generally effective in adults since the IgM Ab’s
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produced can often be long lived (~5 years). They are not effective in
children under the age of 2 due to an immature immune system and
this is the principal reason why meningococcal meningitis is such a
serious disease among children. Polysaccharides can be made into T-
dependent Ag's (i.e. they are capable of raising IgG’s and creating a
memory response) by covalently coupling them to protein carriers.
The protein acts like the trigger in the immune response and a wide
spectrum of Ab’s are produced against the polysaccharide and
protein carrier alike. This process will be discussed in more detail in
chapter 4. The B polysaccharide as we have seen, is weakly
immunogenic even when coupled to a protein carrier producing
primarily IgM type Ab (Skevakis et al., 1984) for the various reasons
already discussed. Interestingly, a modified GBMP- protein conjugate
vaccine (Jennings & Roy, 1985) in which an additional methylene
group has been added to the N-acyl sidechain (i.e. N-propionyl rather
than N-acetyl), has succeeded in “tricking” the immune system.
Antibodies generated are of the IgG isotype and have been found to
be protective against Neisseria meningitidis serogroup B (Jennings et

al., 1989) and is currently in phase 1 clinical studies.

1.5 Thesi biecti
Ultimately, the objective of this thesis is to develop a semi-
synthetic vaccine that would prove effective against the pathogens,
Neisseria meningitidis serogroup B and Escherichia coli type KI. In
work directed -to this end goal, procedures will be worked out for the
isolation of sialyloligosaccharides from natural sources, the synthesis

of a bifunctional spacer and various structural analogs of the group B



meningococcal capsular polysaccharide, and novel methods of
conjugation of oligo-/ polysialic acid to macromolecules such as
proteins. Various studies will be conducted in order to gain a better
understanding of the interaction of polysialic acid and the immune
system including preliminary mapping of an antibody binding site of
an antibody specific to Niesseria meningitidis serogroup B capsular
polysaccharide and the determination of the fine specificities in

structural requirements for this antibody.
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Chapt 2 P t [ Polysialic Acid _Antigens

2,1 Intreduction

The principal goal of this research project is to better
understand the nature of the interaction between sialic acid or
polysialic acid and the immune system and, with this greater
comprehension, perhaps be able to manipulate these biological
processes. The first step in trying to understand these complex and
diverse processes is through a study of the immune system’s army-
namely the antibody molecule (Ab). Much information can be gained
from studying the Ab combining site of an antibody directed against
sialic or polysialic acid.

The group of Jennings and co-workers (1985) and Kabat and
co-workers (1988) have both studied the common relationship
between the number of sialic acid residues (DP) needed for
maximum binding to two different Ab’s specific to the capsular
polysaccharide of group B meningococcus (GBMP). In both cases, it
was found that the number of sialic acid residues was far greater
than the expected 5-6 residues which was thought to be the limit to
which the Ab binding site could accommodate (Kabat, 1960). This
work has led to the valid conclusion that the epitope must be
conformational in nature and is even presumed to be helical
(Yamasaki & Bacon, 1991; Brisson et al., 1992). Despite thesc
conclusions, two important factors became evident. Both studies were
carried out on pentameric (10 binding sites) horse IgM antibodies
H.46 (Sarff er al., 1975) and on z human monoclonal IgMNOV
antibody specific to GBMP (Kabat er al., 1986). Results on the size
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requirement for binding were achieved through competitive
inhibition with discrete oligosaccharides in an ELISA assay. The
significance of this can be seen when one compares the affinity vs.
the avidity. Affinity is an intrinsic phenomena described by Ka=

[L’tl;"&;] where {Ab] is the concentration of a single binding site

and [Ag] is the concentration of a single Ag epitope. Avidity on the
other hand, describes the overall binding phenomena and is not an

intrinsic value.

¢ P {@@ §
) -"antibodi;..: "”‘ . Fab || gG E—,_lgﬁ% gfa.lgflyl f‘-‘é

effective antibody valance 1 1 2 upto 10
antigen valence 1 1 n n
equilibrium constant {L/M) 104 104 107 1on
advantage of multivalence - - 103-fold 107-fold
definition of binding affinity || affinity || avidity avidity

intrinsic affinity functional affinity

Fig.2-1 Affinity and avidity. Multivalent binding between

antibody and antigen (avidity or functional affinity) results ina
considerable increase in stability as measured by the

equilibrium constant, compared to simple monovaient

binding {affinity orintrinsic affinity, here arbitrarily assigned a

value of 10 L/M). This is sometimes referred to as the ‘bonus

effect’ of multivalency. Thus there may be a 10°-fold increase |
in the binding energy of IgG when both valencies (combining L
sites) are utilized, and a 107-fold increase when IgM binds

antigen in a multivalent manner.

With a pentameric IgM (10 binding sites; cf. section 1.3.2) bound to a

multivalent (many epitopes) polysaccharide antigen (as in the
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competitive inhibition assay), avidity effects may dominate and

dictate the behaviour of binding (fig. 2.1). Simply said, the possibility
exists that a much larger oligosaccharide is needed in order to inhibit
50% binding to the native polysaccharide due to the nced to offset
the avidity effects.

In order to investigate further the relationship between the DP
of NeuSAc and H.46 IgM antibody, a study was initiated to elucidate
as a first approximation, the direct binding of NeudAc
oligosaccharides to the Ab, and eventually, to elucidate relative
binding constants of the H.46 Ab to the oligosaccharides of increasing
size. In order to achieve these ends, two criteria must be fulfiiled-

' (1) The need for a reasonable quantity of NeuSAc
oligosaccharides ranging from DP 1-135.

(2) The need for multivalent forms of the individual

oligosaccharides.

Multivalent forms of the oligosaccharides are necessary for
certain direct binding assays and can be achieved through the
formation of protein glycoconjugates or acrylamide copolymers and
will be discussed in a later section (c.f. chapter 4). A ready supply of
pure oligosaccharides will allow entry into the determination of
binding constants through classical techniques such as equilibrium
dialysis (cf. chap.5), microcalorimetry (Sigurskold et al, 1991),
fluorescence studies (Glaudemans, 1991) or NMR techniques such as
labelling experiments (Berman et al, 1985; Kronis & Carver, 1985).

It has previously been mentioned that sialic acid
oligosaccharides, in particular N-acetylneuraminic acid (Neu5Ac) and

N-glycolylneuraminic acid (Neu5Gc) oligosaccharides, are biclogically
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very important. They have been implicated in various forms of
cancer, regulatory roles, as oncofetal and as tumour cell antigens, and
in recognition phenomena. It is therefore also in our interest to
obtain oligosaccharides of both NeuSAc and Neu5Gc which will allow
entry into the synthesis of complex gangliosides and neo-
glycoproteins. These substrates have importance in serodiagnosis,
modulation of cell-cell interactions, and as potential cancer vaccines.

The second step towards our study of the immunology of
polysialic acid is by mapping the Ab combining site of an antibody
specific to poly o-(2—8) NeuSAc. Most of the work studying the
interaction of poly a-(2—8) NeuSAc with Ab over the last 20 years
has been restricted to principally three different Ab’s- a fact in itself
which indicates the peculiar nature of poly «-(2->8) Neu5Ac. The
best known of the three Ab’s is the H.46 horse IgM (Sarff et al.,

1975) specific to the capsular polysaccharide of Neisseria
meningitidis serogroup B, although recently most of the research has
been focused on the first and only monoclonal Ab of the IgG isotype
specific to GBMP (Frosch et al., 1985). The third Ab is a human
monoclonal IgM Ab isolated from serum which is also specific to
GBMP and oddly enough, to polynucleotides (Kabat er al., 1986). The
common feature with all three Ab’s is that the polyanionic nature of
the GBMP is essential for binding. Limited modifications of the N-acyl
group are tolerated by either IgM but not by the IgG monoclonal (F.
Michon, personal communication). Whether the carboxyl
functionality is part of the Ab combining site or whether it functions
to maintain the polysaccharide in a necessary spatial relationship, is

still not completely clear (Michon et al., 1987; Yamasaki & Bacon,



1991; Brisson et al., 1992). Ongoing research such as X-ray
crystallography of the Ab-Ag complex (D. Bundle, personal
communication), or solution transferred NOE studies (J.Brisson,
personal communication) are trying to gain a better insight into the
conformational aspects of binding. It is thus our intention to
synthesize a series of analogs of the GBMP in order to probe the fine
specificity of the equine IgM Ab (H.46). We hope to gain valuable
insight into the structural requirements of the Ab combining site and
at the same time, it will afford us with a source of de novo

substrates to create new and potentially useful artificial

immunogens.



»2 Results and Disoussi

»21 Part A-Sialylol harides

2.2.1.1 Thin laver chromatography of sialyloligesaccharides
Due to the acid lability of the glycosidic linkage of polysialic

acid, mild acid hydrolysis was employed to generate oligosaccharides
of both colominic acid (poly a-(2—8) NeuSAc) (2-1) and glycolyl
colominic acid (poly a-(2->8) Neu5Gc) (2-2) (fig. 2.2). Classical
methods employ hydrolysis in 0.1IM H2864 or HC1 at 80 °C for 60-90
min. (Schauer & Corfield, 1982), however substantial amounts of
higher oligosaccharides (DP>5) are not abundant. We deemed it
worthwhile to undertake a comprehensive study to optimize
hydrolytic conditions that will enable us to maximize the yield of any
desired oligosaccharide (DP 1-20). Preliminary conditions used were
those of Jennings et al. (1985) where colominic acid was hydrolyzed
at pH 2 with HCI at 80 °C for 1 hr. It was in our interest to also set up
TLC conditions that would enable us to visualize the individual
oligosaccharides and to estimate the extent of hydrolysis. Various
TLC conditions were tried ( such as propanol:H20 (Schauer & Granger,
1982) or butanol:propanol:0.1M HCl (Svennerholm, 1958), however
the solvent system of propanol:H20:25% NH4OH in the ratio of 6:2:0.5

was found to give the best resolution.
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Figure 2.2- Important sialic acid mono and disaccharides.

Double elution of 20 cm plates and visualization with either
resorcinol or phosphomolybdate spray, allowed detection of

oligosaccharides up to DP 16 (fig.2.3).
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Figure 2.3- TLC of hydrolyzed colominic acid doubly
eluted in n-propanol:H20:25% NH40H (6:2:0.5) and

visualized with resorcinol reagent.

Spraying of the plates with water and preferential drying of the
oligosaccharides allowed an estimate of the amount of each
oligosaccharide relative to one another. It was realized after
obtaining these results, that a TLC- direct binding study may be
viable. In order to carry out a direct binding study, some manner of
immobilizing the oligosa;:charides to the silica plate must be
performed. Successful examples employ the use of amino bonded

silica gel HPTLC plates (Tang et al., 1985), where the resolved



oligosaccharides were reductively aminated to the plate, followed by
an overlay of an enzyme linked specific Ab. Alternatively, resolved
oligosaccharides have been converted to neo-glycolipids (Stoll er al.,
1988) and due to their hydrophobic properties, are effectively
immobilized onto silica gel during subsequent treatment with Ab’s.
Since we would like to see how many NeuSAc residues are required
to bind with H.46 IgM antibody, a TLC method such as those

described may prove useful and warrants further investigation.

22.1.2_Colominic Acid- Hydrolysis Study
It was decided that the best approach to study the rate of
hydrolysis of colominic acid was through a colourimetric comparison
of the total to reducing sialic acid ratio. Although a number of
colourimetric assays exist for the determination of total sialic acids
(Schauer & Corfield, 1982), the method of choice is the resorcinol/
Cu2+ assay (Svennerholm, 1957) due to its simplicity, selectivity, and
reasonable sensitivity. The mechanism for the chromophore
production is complex and is still not well understood. The strong
acid conditions promotes glycosidic cleavage, de-N-acetylation, and
decarboxylation followed by rearrangements to yield a species
capable of condensing with resorcinol (Aronson & Peters, 1976).
Complexation with Cul+ gives rise to a coloured chromophore (blue)
with an absorption maximum at 580 nm. The assay is linear over a
broad range and is sensitive to a limit of ~10 ug (32 nmol) NeuSAc.
Reducing analysis is based on the reducing potential of the
terminal ketal where Fe3+ is reduced to Fe2* according to the method

of Park and Johnson (1949). Complexation of FeZ+ with ferric

24



25
ammonium sulfate yields a chromophore (green) with a maximum
absorption at 690 nm. The method is sensitive (5-30 ug or 16-100
nmol), however it is prone to variability and it is recommended that
results be obtained in quadruplicate in order to get a reliable value.

The total/ reducing assay was applied successfully in the
determination of the average molecular weight of two different
sources of colominic acid. Colominic acid from Sigma Chemicals was
found to have an average of 25 Neu5Ac residues per chain of
polysaccharide or an average molecular weight of 8300 g/mol while
colominic acid from Nacalai Tesque was significantly larger with an
average molecular weight of 11500 g/mol or 35 NeuSAc/ chain of
polysaccharide. This result is significant when trying to optimize
conditions for higher oligosaccharides. The total/ reducing ratio can
also be used to verify the degree of polymerization of various
oligosaccharides especially those where NMR techniques are
unreliable (i.e. DP> 10).

Colominic acid ( av. molecular weight 11.5 Kd) (2-1) was
subjected to various hydrolytic conditions in which pH and
temperature were varied. At various time intervals, aliquots were
taken and subjected to an average chain length determination as
described above. From this information, we were able to set up
hydrolytic conditions optimized for any desired oligosaccharide from

DP 1-25 (figure 2.4).
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Figure 2.4-Rate of acid hydrolysis of colominic acid at: pH
7.0, 100 °C (+); pH 3, 50 °C (o); pH 3.0, 70 °C (a);
pH 2.0, 80 °C (°)

A direct application of this study was the production of
appreciable amounts of the a-(2—8) NeuSAc disaccharide (2-3b)
from an optimized hydrolysis (pH 3.0/ HCI, T=70 °C, T=3 hr) of the
parent NeuSAc homopolymer (colominic acid). The conditions were
such that the disaccharide was isolated in 28% recovered yield after
purification by gel permeation chromatography on a Biogel P-10
column in 0.03M NH4HCOj (fig. 2.5).
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Figure 2.5-Fractionation of acid hydrozylate (pH 3, 70 °C, 3h)
of colominic acid by size exclusion
chromatography on a Biogel P-10 column in

0.03M NH4HCO3,

All spectroscopic analyses (FAB-MS, {a]p, TLC) proved unambiguously
the presence of the pure NeuSAc disaccharide (2-3) as demonstrated
by the high resolution !H- and 13C-NMR spectrums (fig.2.6 and tables
2-1 and 2-2).
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1H NMR and 13C NMR spectra of (Neu5Ac)2

Figure 2.6-
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Banial_lH_JiMB“__gngmj_ga]_snins__nLlieuiA&_and_N&uiﬁc
% disaccharides in D20 100K

8 . referenced to HOD at 4.756 ppm

b . 500 MHz NMR shifts

[}

(-9

:+ 300 MHz NMR shifts

: geminal protons

NeuSAct non- |reducing] NeuSGc | monomer| non-¢ |reducing
roton |reducingl residue roton a reducing] residue
H-35x 1.728 1.728 H-35x 1.852 1.697 1.697

(m) 1H | (m) 1H (dd) 1H| (m) 1H | (m) 1H

H-3¢uq 2.222 | 2.770 H-3¢eq 2.233 | 2.720 | 2.210
(dd) 1H | (dd) 1H (dd) 1H | (dd) 1H ] (dd) 1H

CHj3 2.068 | 2.035 CH20H 4.143 | 4.057 | 4.0984d
(s) 3H | (s) 3H (s) 2H | (s) 2H | (s) 1H

4.090¢




Table 2-2
13C NMR (754 MHz) chemical shifts* of NeuSAc and NeuSGe
% disaccharides in D20 300 K

30

NeuSAc non- |reducing] Neu5Gc | monomer| non- |reducing
carbon |reducing| residue| carbon reducing| residue
C-1 173.6 | 177.1 C-1 177.5 173.3 | 177.5
C-2 102.9 97.3 C-2 97.2 102.6 97.4
C-3 41.9 40.1 C-3 40.2 41.9 40.1
C-4 69.3 67.8 C-4 67.8 71.0 67.8
C-5 52.7 53.3 C-5 52.8 52.2 52.9
C-6 73.8 71.2 C-6 70.8 73.3 70.9
C-7 68.9 68.4 C-7 69.3 68.7 68.0
C-8 73.0 76.0 C-8 71.2 72.9 76.2
C-9 63.6 61.9 C-9 64.1 63.3 61.8
=0 175.8» |175.5% C=0 176.3 | 176.3b | 176.2b
CHj3 23.1 23.1 CH20H 61.8 61.8 61.8

b

: Tentative assignments.

: In ppm from internal acetone (31.07 ppm)




Having a ready supply of this disaccharide is particularly relevant
since the a-(2—8) linkage is extremely difficult to obtain
synthetically. Apart from the elegant synthesis of Goto (Okamoto et
al. ,1986, 1988), the a-(2—8) NeuSAc disaccharide remains
synthetically elusive. Recently, it was demonstrated that the Neu3SAc
disaccharide obtained in this manner, could be efficiently
transformed into a useful glycosy! donor (Abbas et al., 1990) leading
toward the synthesis of complex gangliosides (Diakur and Roy, 1991)
and neo-glycoproteins. These may find potential applications in
cancer diagnosis and treatment as either immunotherapeutics or de
novo vaccines.

Besides N-acetylneuraminic acid (NeuSAc), N-
glycolylneuraminic acid (Neu5Gc) is the most ubiquitous of the sialic
acids. Commercial natural sources of the very important
monosaccharide are quite expensive (10 mg/ US$ 100.00) and the a-
(2—8) linked disaccharide was not available at the time of this work.
Both of these substrates are biologically very important as
previously outlined in the introductory comments. We were able to
take advantage of the a-(2—8) linkage of colominic acid (2-1) in the
_role of a blocked glycoside to convert it to the homopolymer of a-
(2—8) Neu5Ge (2-2) (vide infra for a more complete discussion).
Hydrolysis of the Neu5Gc homopolymer (N-giycolyl colominic acid)
under the same conditions set forth for the optimized disaccharide
hydrolysis of colominic acid met with a similar success. Purification
of the oligosaccharides by gel filtration on a Biogel P-10 column in
0.03 M NH4HCO3 afforded the monosaccharide in 38% and the

disaccharide in 32% overall yield.
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Physical data for the monosaccharide (NeuSGc) (2-4) were in
complete agreement with a commercial sample (Sigma Chemicals)
based on TLC, FAB-MS [a]p, !H- and 13C NMR (Schauer, 1982). FAB-
MS, and !H- and 13C NMR data were also consistent for the isolation
of the pure Neu5Gc dimer (2-5) and the purity of each
oligosaccharide is demonstrated by their high field NMR spectrums
(fig. 2.7 and 2.8 and tables 2-1 and 2-2). An alternate method of
producing the monosaccharide from N-glycolyl colominic acid was
developed (Roy & Boratynski, 1990) in which the polysaccharide was
enzymatically hydrolyzed by an exo-neuraminidase in a membrane
enclosed enzymatic catalysis (MEEC) system. The enzyme, which acts
solely on the terminal non-reducing end, produces the dialyzable
product which is isolated in pure form. The overall cost of producing
Neu5Gc monosaccharide from either of the above two methods is
approximately 50-100 times less than isolation from natural sources
whereas the disaccharide’s value is undefined due to its extreme
rarity in mg amounts.

Isolation of sialic acid oligosaccharides was achieved in two
general ways:

(1) Anion exchange chromatography

(2) Gel permeation chromatography
The degree of polymerization or size of the oligosaccharides needed
dictated which method was to be employed. For oligosaccharides
with DP> 5 anion exchange was the only possibility while gel

permeation chromatography was the method of choice for smaller
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oligosaccharides due to the ease of use and shorter column times
required.

Mixtures of sialyloligosaccharides could be separated into
individual components on a DEAE-Sephadex anion exchange (Cl-)
column according to the method of Nomonto ez al., (1982), with
applications to polyNeuSAc by Jennings and co-workers (1985).
Elution of the column with an increasing NaCl gradient afforded

oligosaccharides up to a DP of 16 (fig. 2-9).

1.6 1-mer

1.4+

] ” 3
1.2

. o
1.0
O.B-.

0.6 4

Absorbance (580 nm)
[+
b |
[+ -]

0.4

. LJL"
0.0 1 T T

20 30 40 50 60 70 80 90 100 110 120 130 140 150
Fraction number
Figure 2.9- Acid hydrolysis (pH 2, 80 °C, 1hr) profile of
colominic acid on a DEAE Sephadex A-25 column

using a Tris(HCI)-NaCl gradient system.

The separation is time consuming- 3 days for the column elution

followed by individual desalting and lyophilization of the
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oligosaccharide fractions (~2 weeks overall). The advantages are the
good resolution and reproducible results. The purification of
sialyloligosaccharides could be improved by using a gradient of
pyridinium acetate buffer as opposed to the Tris(HCI1)-NaCl buffer
system previously used (Jennings et al.,, 1985). It was found that
elution of the oligosaccharides with a linear gradient of 0.05M-
1.85M pyridinium acetate (pH 5.4) yielded a resolution similar to the
Tris(HCI)-NaCl method with the added advantage that the tedious
desalting stage of the oligosaccharide fractions is omitted due to the

volatility of the buffer (fig. 2.10).
0.16 -
0.14 =
1 5
0.12 - . 6
0.10 n
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.
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Figure 2.10- Acid hydrolysis (pH 7, 100 °C, 2hr) profile of
colominic acid on a DEAE Sephadex A-25 column

using a pyridinium acetate gradient system.
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For long term storage of the oligosaccharides, it is advisable to
change the counter ion to sodium by titration with NaOH since the
pyridine salt tends to decompose over time leaving behind the acid
form. Since the oligosaccharides elute sequentially, it is only
necessary to verify the identity of one oligosaccharide in order to
assign the others. This can be done either by 'TH NMR analysis of the
N-ucetyl heterogeneity at 2.07 ppm or integration of the reducing H-
3 proton (2.22 ppm) to the remaining H-3 protons (2.6-2.8 ppm) or
by colourimetric determination of the total sialic acid / reducing
sialic acid ratio as previously described. The latter method enables
the identification of oligosaccharides that are not readily determined
by !H NMR spectroscopy.

For separation of a large amount of smaller
sialyloligosaccharides (Dp< 5), the method of choice is gel extrusion
chromatography. Three different matrices were tried each with a
different molecular weight cutoff. It was found that overall
resolution up to DP § was best achieved on a Biogel P-10 column
(mol. wt. cutoff 100 KD) (fig.2.5). Again the use of 2 volatile buffer
removes the need for a desalting stage and simplifies the
purification. Interestingly, when one compares the molecular weights
of the fractionated oligosaccharides, it is found that the apparent
weight is much larger than that predicted by either neutral
oligosaccharides or globular proteins. Indeed this is a general
phenomenon encountered repetitively with pore diffusion techniques
(dialysis, SDS-PAGE, etc.) and will be discussed in more detail (vide

infra ).
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222 Part B- Anal { colomini id

As mentioned previously, the capsular polysaccharide of
Neisseria meningitidis serogroup B (GBMP) and Echerichia coli Kl
(colorainic acid) are structurally (Bhattacharjee et al., 1975; Liu er al.,
1971) and serologically (Grados & Ewing, 1970; Kasper er al., 1973)
identical both being homopolymers of a-(2—8) NeuSAc residues.
Since colominic acid is commercially available, it is a convenient and
appropriate starting material in which to make derivatives that
represent analogs of GBMP.

The structure of the repeat unit of colominic acid logically leads
to two areas that are well suited for derivatization (fig. 2-11):

| (1 modifications at the carboxyl functionality.

(2) modifications of the N-acetamido functionality.

1| 2l

Figure 2.11- Derivatization points of sialic acid.

Modifications of the N-acetamido functionality
Analogs of the N-acetamido functionality were designed to
satisfy two criteria:
(1) the effect of hydrophobic vs.

hydrophilic substituents.



(2) the effect of increasing substituent size.
With these goals in mind, the fully de-N-acetylated colominic acid
(2-6) was considered as a useful pfec.ursor which would yield, in a

divergent manner, an array of analogs (fig. 2-12).
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Figure 2.12- N-Acyl analogs of colominic acid.
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2.2.2.1 De-N-acetylated colominic _acid (2-6)

The low molecular weight colominic acid (2-1) (11 KD) was
treated with 2M NaOH/ NaBHg at 110 °C for 7 hr in a sealed tube
according to the procedure of Jennings & Roy (1985) for the GBM
polysaccharide. The rate of hydrolysis of the N-acetyl group was
followed as a function of time (fig. 2-13) and behaved in a similar

manner to GBMP (Jennings er al., 1986).
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Figure 2.13- Rate of de-N-acetylation of colominic acid in

2M NaOH at 110 °C.

The rate of hydrolysis (de-N-acetylation) was determined by !'H
NMR spectroscopy (300 MHz, D20) upon integration of residual N-

48



acetamido protons (2.08 ppm) vs. either H-3ax (1.76 ppm) or H-3¢q
(2.64 ppm). As de-N-acetylation proceeded, the !H NMR spectrum
(table 2-3) revealed the increasing appearance of an overlapping
doublet of doublets at 2.98 ppm which is attributable to H-5 of (2-6)
and represents an upfield shift of 0.84 ppm. Integration of this new
peak vs. either of the H-3 protons provided a further check on the
rate of hydrolysis vs. time. The product (2-6) after 7 hr showed
complete disappearance of the N-acetamido protons and a new peak
at 2.98 ppm integrating 1:1 with either H-3 proton. Complete de-N-
acetylation was further characterized by the disappearance of both
carbon resonances of the acetamido group in !3C NMR (50.3 MHz;
D,0) (table 2-4). The C-5 chemical shift in (2-6) is shifted downfield
(1.0 ppm) relative to (2-1) with an accompanying upfield shift of 1.5
ppm for C-4. This large upfield shift is not seen in C-6 and hence may
represent a possible hydrogen bond between the acetamido carbonyl
and the C-4 hydroxyl of (2-1)- not unlike a situation found in the
monosaccharide (Czarnieki & Thornton, 1977). The poly amino
derivative (2-6) was isolated in 82% yield! and represents an analog
of GBMP that exhibits increased hydrophilicity as well as introduces
a positively charged region into the molecule when protonated. We
were now in a position to synthesize an array of N-acyl derivatives
generally formed by reacting (2-6) with the desired acid chloride or

acid anhydride.

t . yiclds are calculated based on the molecular weights of the monomeric

repeating  unit,
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2.2.2.2 N-Formyl colominic acid_(2-7)

The de-N-acetylated polysaccharide (2-6) was reacted with a

mixed anhydride of formic acid and acetic acid thereby taking
advantage of the more electrophilic formyl carbonyl to give the pure
poly N-formyl colominic acid (2-7) in 88% yield. The 1H NMR
spectrum of 2-7 (300 MHz; D,0, table 2-3) revealed the
characteristic formy! resonances at 8.03 and 8.26 ppm (Hirano &
Yazi, 1980) in a 2:8 ratio integrating for 1 proton, reflecting the syn
and anti conformation of the formyl proton. The H-5 proton of 2-7
shifted downfield by ~0.9 ppm with the concomitant disappearance
of ninhydrin positive material, suggested the complete derivatization
of 2-6. This derivative is interesting since it possesses the carbonyl
but does not have a hydrophilic or hydrophobic extension and
binding studies will yield significant information on the importance
of the carbonyl alone relative to the N-acetylated polysaccharide (2-
1).

2.2.2.3 N-Isobutanoyl colominic acid_(2-8)

The title compound (2-8) was synthesized in a straight-
forward manner by treating (2-6) with an excess of isobutyric
anhydride at 0 °C in an aqueous alkaline medium (NaOH). The extent
of the reaction was estimated through the disappearance of
ninhydrin positive material. The product was isolated in 85% yield
(based on the monomer), and by 1§ NMR (300 MHz; D70) and 13C
NMR (50.3 MHz; D20) spectroscopy (table 2-3 and 2-4) proved
unambiguously the formation of 2-8. The methine proton at 2.35

ppm (broad quartet ) and the two methyl groups at 1.1 ppm (broad
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doublet) were indicative of the isobutanoyl group. These protons
integrated in the proper proportions to either the H-3¢q (2.66 ppm)
or H-33x (1.75 ppm) protons denoting 100% derivatization. The 13C
NMR (50.3 MHz; D20) spectrum corroborated the formation of (2-8)
with peaks at 36.2 and 19.8 ppm for the methine and methyl
carbons respectively. Interestingly, the isobutanoyl carbonyl as well
as several ring or cxocyclic carbons show modest shift differences
rclative to the parent polysaccharide (2-1). It is postulated that the
bulky group has steric interactions with the carbonyl group (C-1)
and/ or the hydroxy! group at C-9 (Baumann er al., unpublished
results). In this respect, the synthesis of (2-8) well represents an

analog of (2-1) that is sterically hindered in the N-acyl region.

2.2,2.4 _Halogenated Anmalogs (2-9) & (2-10)

A scries of halogenated derivatives were thought to present an
intcresting angle relevant to the antibody binding study. Acylation of
the primary amine of (2-6) with trifluoroacetic anhydride in
aqucous conditions was met with limited success due to the rapid
decomposition of the anhydride to it’s homologous acid. Much more
success came from acylation of the amine with chloroacetyl chloride
or bromoacctyl bromide which yielded derivatives (2-9) and (2-10)
respectively where one acctamido proton is replaced by either a
large chlorinc or an even larger bromine atom. The acylation
reactions proved to be tricky since elevated pH's led to
heterogencous products- resulting precumably from a substitution of
the halogen by the hydroxide ions present. Evidence for this came

from trecutment of 2-bromoacetyl colominic acid (2-10) with either



NaOH or NH4OH with the subsequent formation of two distinct
products apart from the starting materials. The NaOH treated
material gave a product whose !3C NMR chemical shifts matched
those of poly N-glycolyl colominic acid (2-15) (see below) albeit the
product was heterogeneous. Treatment of 2-10 with NH40H yielded
a product whose IH NMR spectrum (table 2-3) showed a new singlet
at 3.27 ppm consistent for a O=C-CH2-NH2 group. It is also interesting
to note that when employing an acetate buffer to maintain a given
pH, treatment of 2-6 with either bromoacetyl bromide or
chloroacetyl chloride produced mixed bromoacetyl/ acetyl (65:35) or
chloroacetyl/ acetyl (55:45) derivatives. This result is obviously due
to the formation of the mixed anhydride and the % N-acetylation
reflects the reactivity of each acid halide. So under mild pH
conditions (pH~ 8-8.5), the amino polysaccharide (2-6) was
effectively acylated with either chloroacetyl chloride or bromoacetyl
bromide to give the N-chloroacety! derivative (2-9) in 84% yield or
the N-bromoacetyl derivative (2-10) in 66% yield. The 1H NMR
spectrum: (200 MHZ, D30) of 2-9 (table 2-3) was characterized by the
appearance of a broad singlet at 4.23 ppm integrating for two
protons relative to either H-3 protons. This is consistent for a
methylene group located between an amide and a chlorine atom
(Silverstein et al., 1974). Similarly, 13C NMR analysis of 2-9 (table 2-
4) allowed the assignment of the resonance at 43.4 ppm to the
methylene carbon o to the chlorine atom. Further evidence came
from a 13C-ADEPT spectrum analysis that showed conclusively that
this peak was indeed a methylene. The IH NMR spectrum (200 MHz;

D,0) of the bromo derivative (2-10) was not very informative since



the new methylene resonance is expected to appear amongst the ring
protons. Integration of the ring and exocyclic peaks relative to the H-
3 protons did show however the presence of two additional protons
due to the bromomethylene group. 13C NMR and ADEPT analysis of
2-10 (table 2-4) was much more conclusive with the somewhat odd
yet characteristic appearance of the methylene carbon o to a
bromine at 29.3 ppm. This heavy halogen upfield shift is due to the
“softness” or polarizabilty of the halogen and is most pronounced
with Br relative to Cl (Abraham & Loftus, 1981). It is worth noting
that comparison of the carbon resonances of 2-9 & 2-10 with the
isobutanoy! derivative (2-8), shows some similar trends which may

reflect once again the steric bulk at this position.

2.2.2.5 N-Acryloyl lomini id_ (2-11)
The acryloyl derivative (2-11) proved to be one of the key
analogs synthesized due to its ability to act as as precursor for a
number of other analogs, its ability to be easily radiolabelled for use
in radioimmuncassays (RIA) or 3H NMR binding studies, or its
intrinsic reactivity allowing for novel methods of synthesizing
glycoconjugates (c.f. chap. 4). The derivative (2-11) was prepared by
treating 2-6 with a slight excess of a dioxane solution of acryloyl
chloride at 0 °C while maintaining the pH between 10-11 with NaOH.
The extent of the reaction was monitored in the usual way through
the disappearance of residual amine (ninhydrin). It was deemed
necessary to let the reaction mixture sit at a high pH (~11) for a short
period of time (30 min.) in order to remove Q-esters that were

detected with non- treated material ( !H NMR- heterogeneity of the
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olefinic region and new peaks in the 4.5-5 ppm region). After
workup by dialysis, lyophilization produced the desired product (2-
11) in 94% yield. It was found convenient to combine the de-N-
acetylation/ re-N-acryloylation steps in a one pot reaction sequence
without the concomitant isolation of the intermediate (2-6). IH- and
13C NMR (tables 2-3 and 2-4) were completely consistent for the
formation of the title product (2-11). The 13C NMR spectrum showed
the characteristic signals of N-acryloyl residues. The carbonyl carbon
was shifted upfield by ~5 ppm to 170 ppm consistent with the
formation of an «,p unsaturated system, and the olefinic methine and
methylene carbons at 130.6 and 129.0 respectively. 1H NMR analysis
showed resonances centered at 6.08 (broad multiplet; 2H’s) and 5.62
ppm (broad doublet; 1H) consistent with the olefinic methylene and
methine protons respectively. Integration of the olefinic protons vs.
the H-3 ring protons clearly showed that the derivatization was

complete.

2.2.2.6 _N-Propiony! lomini id (2-12)
The preparation of N-propionyl colominic acid (2-12) has been
accomplished via acylation of the de-N-acetylated polysaccharide (2-
6) with propionic anhydride (Jennings & Roy, 1985) and has been
the subject of extensive studies (Kabat et al., 1988, Jennings et al.,
1989; Lifely & Esdaile, 1991; Baumann et al., unpublished results)
due to its improved immunogenicity vs. the native colominic acid. In
our hands, N-propionyl colominic acid (2-12) was prepared in
quantitative yield via reduction of the double bond under

atmospheric hydrogen over 10% palladium on charcoal as catalyst.
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The 'H- and 13C NMR spectroscopic data (tables 2-3 and 2-4) were
completely consistent with the literature values (Jennings et al.,

1986; Baumann et al, unpublished results) and were characterized

by the loss of the olefinic carbons (130.6 and 129.0 ppm) and olefinic
protons (5.62- 6.08 ppm) with the appearance of two upfield carbon
shifts at 30.1 and 10.2 ppm corresponding to the new methylene and
methyl protons respectively. The synthesis of 2.12 in this way,

represents a roundabout route relative to the direct acylation of 2-6,
however it demonstrates the applicability of introducing a radiolabel

(i.e. 3H2) at this position in high yields.

2.2.2.7 Michael-type adducts of N-acryloy! colominic acid
The presence of the conjugated double bond of the acryloyl
derivative (2-11) led to the investigation of its use as a Michael-
type acceptor. Two different nucleophiles of varying strength-
namely the thio methoxide ion and a less powerful methylamine,
were added to an aqueous alkaline solution of 2-11 (pH 9.5) and
allowed to react overnight. Following dialysis and lyophilization, the
3-thiomethyl propionyl (2-13) and the 3-aminomethyl propionyl
(2-14) derivatives of colominic acid were produced in 70% and 80%
yield respectively. Addition in both cases took place exclusively at
the B carbon, as judged by the appearance in the IH NMR spectrum of
2-13 (table 2-3) of two new peaks at 3.7 and 2.6 ppm integrating
for two methylene protons each. These correspond to the methylene
protons o to the carbonyl and the methylene protons o to the S-
methyl group respectively resulting from the conjugate addition.

Complete disappearance of the olefinic protons also substantiated the



conjugate addition. Integration of the S-methyl peak at 2.05 or either
of the two new methylene groups vs. the H-3 protons clearly showed
100% modification of the N-acryloy! starting material. The 13C NMR
spectrum (table 2-4) corroborated the interpretation of the IH NMR
spectrum with the appearance of two new methylene carbons from
an ADEPT analysis at 36.4 and 30.0 ppm. The spectrum was also
characterized by the S-methyl carbon appearing at 15.1 ppm. The
pattern and interpretation of the NMR analysis for (2-14) paralleled
that found for (2-13) with the two new methylene peaks appearing
at 3.27 (2H) and 2.80 (2H) ppm and the N-methyl peak at 2.05 (3H)
ppm. The good reactivity of the acryloy! functionality towards the
strong sulfur nucleophile is not unexpected however, the
quantitative addition of the weaker nitrogen nucleophile is pleasing
since it allows entry into novel glycoconjugates of polysialic acid
through the abundant e-amine groups of the lysine residues in

proteins (cf. chap.4).

2228 N-Glycolyl lomini id_(2-15)
The most prevalent form of polysialic acid is the N-
acetylneuraminic acid (Neu5Ac) homopolymer with either the a-
(2->8) (GBMP; colominic acid) (2-1) or a-(2-9) (Group C
meningococcal polysaccharide- GCMP) (1-5) linkages. The
biologically relevant N-glycolylneuraminic acid (Neu5Ge) (1-1b) has
until recently been found as a monomeric constituent of complex
oligosaccharides usually in the terminal position (Higashi, 1990).
Recently however, glycoproteins composed primarily of poly Neu5Gc

(2-2) have been found in a number of Salmonidae fish eggs (Troy,
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1992; Iwasaki et al., 1990; Inoue er al., 1986). The degree of
polymerization of the poly Neu5Gc chains of these novel
glycoproteins range from 4-25 residues. Although poly NeuSGe has
not as yet been found in human tissues, it is commonly known that
the presence of NeuS5Gc monosaccharides is generally related to
cancerous tissues. A synthetic version of poly Neu5Gc (2-15) would
be useful not only as an analog for binding studies, but would also
provide a ready source of the potentially relevant polysaccharide
from which a large supply of the biologically important
oligosaccharides could be obtained. The synthesis of poly Neu5Gc
(glycolyl colominic acid) (2-15) from colominic acid (2-1) was
accomplished in two different manners of which the first method
was dictated by the lack of suitable glycolylating reagents such as
1,3-dioxoan-2,4-dione or glycolic acid anhydride. Advantage was
taken of the N-acryloyl colominic acid substrate (2-11), since
reductive ozonolysis of the double bond should yield the desired
product. The feasibility of this synthetic route in an aqueous medium
was checked using a synthetic model compound, 1,6-di-N-acryloyl
hexanediamine (2-16) (fig. 2-14).
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Figure 2.14- Model compound for reductive ozonolysis

study.

Indeed from !H NMR, 13C NMR and FAB mass specirometry, the
desired product (2-17) was obtained in a straight forward manner
and in high yield. Following the successful results obtained with the
model compound (2-16), a water-methanol mixture (2:1, -20 °C) of
the N-acryloylated polysaccharide (2-11) was treated with ozone for
20 minutes. The usual blue tinge indicating excess O3 normally seen
in methanol or other organic solvents, was not apparent in the
water:MeOH mixture. The O3 treatment time was estimated by trial
and error by determining any residual N-acryloyl groups present
after complete workup (\H NMR spectroscopy). The ozonide formed
was immediately reduced in situ with excess NaBH4 and after
suitable reaction time and purification, gave poly N-glycolyl
colominic acid (2-15) in 78% yield. 1H- and 13C NMR spectroscopic
features are identical to those described below in the alternate

synthesis of 2-15.



During the course of this study, the commercial availability of
the reagent acetoxyacetyl chloride (Aldrich) allowed for a second and
more direct approach to the synthesis of 2-15, although the latter
method was more flexible in that a radiolabel could be easily
introduced (i.e. NaB3Hg4 reduction). Thus de-N-acetylated colominic
acid (2-6) was treated under pH controlled conditions with an
aqueous dioxane solution of acetoxyacetyl chloride (~50 eq) at 0 °C.
The extent of reaction was estimated through the disappearance of
amine positive material in the usual manner (ninhydrin).

Maintaining the pH at 7-7.5 with N';OH ‘at 0 °C and careful workup of
the solution, yielded the C-2’ O-acetylated glycolyl colominic acid (2-.
18) in 67% yield. This was characterized in its lH NMR spectrum
(table 2-3) by the appearance of the O-acetyl signal at 2.15 ppm and
the downfield appearance of a new peak at 471 ppm (2H’s)
corresponding to the C-2’ methylene protons. The structure of 2-18
was further verified by 13C NMR spectroscopy and ADEPT analysis,
with the appearance of resonances arising from the new carbonyl
carbon (C-4’, 177.1 ppm), a new methylene carbon (C-2°, 63.8 ppm)
and the acetoxy methyl carbon (C-5’°, 21.0 ppm).

The N-glycolyl colominic acid derivative (2-15) was obtained
by treatment of 2-18 either in situ or after purification with NaOH
at a pH of ~12 for 2 hr in order to hydrolyze all the ester linkages.
The derivative (2-15) was isolated in 89% overall yield from 2-6
after dialysis and lyophilization. Strong evidence for the successful
synthesis of this biologically important polysaccharide is found in the
IH NMR and 13C NMR spectra of the polysaccharide (fig. 2.15). The 1H
NMR spectrum of 2-15 differed from that of 2-18 by the
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disappearance of the peaks at 4.71 and 2.15 ppm consistent with the
loss of the O-acetyl group. The 13C NMR spectrum also showed the
loss of the O-acetyl signal as judged by the disappearance of a
carbonyl peak at 177.1 ppm and the acetoxy methyl carbon at 21.0
ppm. Coincidentally, the new hydroxymethyl carbon (C-27) appears at
the same shift as the C-9 hydroxymethyl carbon at 62.1 ppm.
Further structural proof for 2-15 came from its degradation into
oligosaccharides and their subsequent characterizations (cf. section

2.2.1).
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Figure 2.16- Analogs of carboxyl modified colominic acid.




Modifications of the carboxyl functionality
The carboxyl terminus of the GBMP and the E. coli K1 antigen

(colominic acid) have been the subject of much research (Brisson et
al., 1992; Yamasaki et al., 1991; Lifely & Esdaile, 1991; Kabat et al.,
1988; Michon et al., 1987). From this work, the unique properties of
the GBM or E. coli K1 capsular polysaccharides have all been
attributed to the carboxyl functionality although the interpretations
vary somewhat. It was in our interest to modify the carboxyl group
of colominic acid in order to ascertain how pertinent its effect is upon
binding with the horse IGM (H.46) antibody. The various carboxyl
modified derivatives were all synthesized via activation of the
carboxy! terminus (2-19) with the water soluble carbodiimide EDC
(fig.2.16). The active ester intermediate was formed by titrating the
polysaccharide at its pKa (4.75) in the presence of the carbodiimide.
Complete carboxyl activation was ascertained by a levelling off of the
rising pH. Another phenomenon encountered was the precipitation of
the activated colominic acid upon treatment with EDC. This can be
accounted for by the formation of an internal lactone (2-20)

between the C-9 hydroxyl and the carboxyl group of the adjacent
sialic acid residue (fig. 2.i7). The resulting lactone is insocluble in
water and its properties have been extensively studied (Lifely et al.,
1981; 1984).
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Figure 2.17- Colominic acid lactone.

2,2,2 r ini id__(2-21)

The carboxylate groups of colominic acid werc reduced into

priﬁlary alcohols according to the method of Conrad & Taylor (1972)
by reducing the EDC active ester (2-19) with NaBH4. In order for
complete reduction to occur it was found that a sccond treaunent of
the polysaccharide was generally necessary. The yicid of the reduced
material (2-21) was 85% based on the monomeric units. The reduced
polymer was characterized primarily by the appcarance of a ncw
peak at 60.9 ppm consistent with a primary hydroxy methylene
group. A study directed at elucidating the conformation of the
reduced derivative (2-21) in relation to the native polysaccharide
has allowed the complete assignment of the high ficld !H- and 13C
NMR spectrum (table 2-3 & 2-4) {(Baumann et al., unpublished
results). The C-1 hydroxy methylene protons werc found amongst
the ring protons at 3.81 ppm. Preliminary evidence from this study
has indicated that the reduced polymer lacks much of the ordered
conformations of the native polysaccharide due to the removal of the

charge.
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2,2.2.10 Colominic acid hvdrazide_ (2-22)

To compliment the synthesis of the neutral polysaccharide (2-

21) described above, it was in our interest to synthesize other
carboxyi modified analogs with varying properties. The synthesis of
colominic acid hydrazide (2-22) was accomplished by treating the
active ester of colominic acid (2-19) with hydrazine. Subsequent
work-up furnished the hydrazide (2-22) in 73% yield. In the 1H
NMR spectrum (table 2-3), the H-3;x proton was shifted downfield
by 0.2 ppm to 1.93, and likewise the H-3¢q proton was shifted
downfield by 0.14 ppm to 2.81 relative to the native polysaccharide.
This shift is presumably due to an inductive effect of the hydrazide.
A small broad peak at 2.90 ppm integrating for ~0.3 protons was
tentatively assigned to the «-NH proton of the hydrazide group. The
13C NMR spectrum (table 2-4) revealed a 6.5 ppm upfield shift of the
C-1 carbony! which is consistent for the formation of a hydrazide
(Johnson & Jankowski, 1972). There were also large differences in
the C-7, C-8, and C-9 shifts relative to colominic acid. These may be
accounted for by a change in the conformation of the hydrazide
derivative relative to the native colominic acid due perhaps to the
partial positive charge that exists at physiological pH’s (pKa~7).
Further evidence for the complete derivatization of (2-1) was the
colourimetric determination of 0.93 moles of hydrazide (TNBS
assay)/ mole of sialic acid (resorcinol assay).
2.2.2.11 Hyd . id of colomini id (2:23)
Treatment of (2-19) with hydroxylamine at pH 9.5 yielded the
hydroxamic acid of colominic acid (2-23) in 46% yield. Complete

derivatization was ascertained by the disappearance of the C-1



carboxyl carbonyl at 173.9 ppm in the 13C NMR spectrum (table 2-4)
with the concomitant appearance of a lower field (166.6 ppm)
resonance corresponding to the hydroxamic acid carbonyl. Much of
the same shift differznces seen in the hydrazide derivative (2-22)
were also seen in the hydroxamic acid derivative leading to the
assumption that both polysaccharides should behave identically in
serological testing. In the IH NMR, again the H-3ax (1.92 ppm) and H-
3eq (2.75 ppm) were shifted downfield by 0.2 and 0.1 ppm
respectively relative to the native colominic acid.

Interestingly, a number of other derivatives of the carboxyl
terminus were attempted such as the treatment of the active ester
(2-19) with NH4OH, HaN-CH3, HN-(CH3)2 to give the primary,
secondary, and tertiary amide respectively. In all cases, the results
were little if any derivatizations.. A possible explanation is that the
lactone (2-20) (fig. 2-17) is preferably formed and is reasonably
difficult to derivatize. Only strong nucleophiles such hydrazine and
hydroxylamine were able to open the lactone resulting in the
hydrazide and hydroxamic acid respectively.

2.3 Summary

In summary, methods were established in which relatively
large quantities of sialic acid oligosaccharides, whether NeuSAc (1-
1a) or Neu5Gc (1-1b), were obtained from natural sources or from a
chemically modified natural source. These oligosaccharides will be
used in mapping the size requirement of an antibody binding site
(H.46 1gM) (c.f. chapter 5) as well as to provide a source for potential
glycosyl donors which may be used in the synthesis of complex

gangliosides and glycoproteins. These sialylated macromolecules may
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find applications in potential cancer diagnosis and treatment as
either vaccines or immunotherapies.

A number of well defined colominic acid analogs were also
prepared with modifications taking place at two different regions of
the sialic acid molecule. These analogs will be used to probe the
binding specificity of an antibody directed against the capsular
polysaccharide of Neisseria meningitidis serogroup B (c.f. chapter 3).
From these studies, it is hoped to gain valuable information in the
design of effective vaccines against both this and the E. coli Kl

pathogen which are responsible for the majority of infant meningitis.
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2.4 Experimental

General Methods

All solvents used were reagent grade and used without prior
treatment. Distilled water was used in all cases cxcept in selected
dialysis purification steps. All reagents and chemicals unless
otherwise noted, were purchased from Aldrich Chemical Co.
(Milwaukee, WI, USA) and used without prior purification. Colominic
acid was purchased from either Sigma Chemical Co. (St. Louis, MO.) or
Nacalai Tesque Inc. (Kyoto, Japan) and allyl Neu5Ac was obtained
from Dr. R. Roy (Roy et al., 1987). All buffer salts were reagent grade
and used without any prior treatment. Tetanus toxoid was a gift of
Dr. P. Rousseau (IAF, Laval, Canada), purified porcine 1gG antibody
was kindly donated by Dr. J. Boratynski of our lab, while bovine and
chicken serum albumin (BSA and CSA) were purchased from Sigma
Chemical Co. (St. Louis, MO.). The equine antibody H.46 was kindly
donated by Dr J. Robbins (FDA, Bethesda, MD.) and the plant lectin
WGA (Triticum vulgaris ) was purchased from Sigma Chemical Co. (St.
Louis, MO.). Peroxidase conjugated goat anti-horse IgM antibody,
rabbit anti-pig 1gG and IgM antibody, goat anti-bovine serum
albumin antibody and tetramethyl benzidine (TMB) peroxidase
substrate were obtained from Kirkegaard and Perry laboratories
(Gaithersburg, MD.). Dialysis was performed with cellulose acetate
tubing (Sigma Chemical Co., St. Louis, MO.) with molecular weight
cutoff of 10 KD. UV analysis was performed using a Corning UV/Vis
spectrophotometer (Fisher, Canada) and ELISA optical densities were

read at 450 nm using a Titertek Multiscan M.C. (Flow Laboratories,



6%
Meckenheim, F.R.G.) All melting points were recorded on a
Gallenkamp apparatus and are uncorrected. Optical rotations were
measured on a Perkin Elmer 241 polarimeter and were run at room
temperature. Elemental analyses were conducted by Guelph Chemical
Lab Ltd. (Guelph, Ont.).

SDS-polyacrylamide gel electrophoresis and
immunoelectrophoresis were carried out on homemade systems
operating between 160 and 200 V and 20-40 mA.

A variety of chromatographic methods were employed
throughout this work. Column chromatography was performed in
water or buffered solution as described, using the following matrices:
Biogel P-2, Biogel P-6DG, Biogel A.5 (Bio-Rad, Richmond, CA.) and
Sephadcx G-10 and Sephadex G-100 (Pharmacia Fine Chemicals,
Montreal, Canada). Peaks were detected using a Waters Associates
R403 differential refractometer (Millford, MA, USA). High
performance liquid chromatography ( Superose-12, Pharmacia) was
conducted on a Pharmacia (Montreal, Canada) dual pump (2148)
system with UV detection using phosphate buffered saline (PBS) as
eluent. Routine analytical thin layer chromatography (TLC) was
performed using Merck pre-coated silica gel plates (60 F-254) and
developed in the following solvent systems:

Solvent A: n-propanol: water 7:3

Solvent B: CH3aCN: 10% acetic acid 8:2

Solvent C: n-propanol: water 9:1 with 0.5% triethylamine
Solvent D: n-propanol: water: 25% NH40H 7:3:1

Solvent E: CHCl3: methanol 1:1

Solvent F: n-propanol: water: 25% NH4OH 6:2:0.5



The TLC plates were visualized using a molybdate reagent (2.5%
wt/v ammonium molybdate/ 1% w/v ceric sulfate in 10% H2804)
phosphomolybdate reagent (5% phosphomolybdic acid in EtOH),
resorcinol reagent (appendix-A), KMnOgy, I2, or UV.

Chemical ionization mass spectrometry was carried out on a VG
7070-E mass spectrometer using methane as the ionizing gas. FAB
mass spectrometry in both the positive and negative mode was
performed also on the VG 7070-E machine using glycerol as the
matrix.

NMR data was collected on a number of machines. Routine 'H
NMR spectra were recorded on a Varian Gemini 200 (200 MHz), a
Varian XL-300 (300 MHz) and high resolution 1H NMR spectra, were
recorded using a Bruker AMX-500 (500 MHZ) instrument. The same
instruments were used to acquire respectively the 50.3 MHz, 75.4
MHz, and 125.7 MHz 13C NMR spectra. DEPT analyses were performed
either on the Gemini 200 or XL-300 instruments. NMR spectra were
obtained at 25 °C or 300 K in either DMSO-dg or D20 using as
references either acetone (IH NMR (5=2.225 ppm); 13C NMR (8=31.07
ppm)), dioxane (13C NMR (8=67.4 ppm), or the HOD shift at 300 K (IH
NMR (5=4.756 ppm)). The following designations are used: s=singlet,

d= doublet, t= triplet, = quartet, bd= broad, ov= overlapping, and m=

multiplet.
\cid Hydrolysis Of Pol _(25 8. N- : inic_ Acid
(Colominic Acid) (2-1

The following is a typical example of the hydrolysis of

colominic acid (2-1):
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Colominic acid (100 mg; 0.32 meq) was dissolved in 10 ml of
distilled water (10 mg\ml) and the pH was lowered to 2 with 0.1M
HCl. The solution was heated in an oil bath at 80 °C for 60 minutes.
The solution was immediately cooled to room temperature and the
pH was raised to between 7-8 with 0.1M NaOH. Lyophilization
yielded the oligosaccharide mixture as their sodium salt which were
either used as is or desalted on a Sephadex G-10 column (100 x 1.6
cm) equilibrated in distilled water and eluted by gravity at a flow
rate of 30 mi\hr. Recovery of the oligosaccharides were typically
>90% in terms of original polysaccharide amounts.

The extent of depolymerization could be visualized on TLC by
double elution of a 20 x 5 cm plate in a n-propancl:H20:25% NH4O0H
(6:2:0.5) solvent system with detection by molybdate,

phosphomolybdate, or resorcinol.

S . Of Hydrolyzed Pol _(2-58)  N-Acetyl _—
\cid I s Ol harides
Anion__exchange

(A) The above mixture of oligosaccharides was dissolved in 0.01M
Tris(EICl) buffer (pH 7.6) and applied to a 1.5 X 50 cm column
of DEAE Sephadex A-25 (Cl) equilibrated in the same buffer.
The column was eluted with a linear gradient (2L) of 0.6M NaCl
in 0.01M Tris(HCI) (pH 7.6) at a flow rate of 18 ml\ur
maintained by a peristaltic pump. Fractions (7 ml) were
collected over 3 days and the individual tube were screened
for sialic acid by the resorcinol method (appendix A). Tubes

corresponding to discrete oligosaccharides were pooled,



(B)

concentrated to dryness, and desalted on a Sephadex G-10
column (100 X 1.6 cm) equilibrated in water. The pure
oligosaccharide- sodium salt was obtained from lyophilization

of the desalted fraction.

In a similar manner, an oligosaccharide mixture was applied to
a DEAE Sephadex A-25 ( OAc-) column equilibrated in 50 mM
pyridine acetate (pH 5.0). The column was eluted with an
increasing linear gradient (2L) of 1.85M pyridine acetate at a
flow rate of 17 mi\hr. Fractions were collected over a three day
period and the individual tubes were screened for sialic acid by
the resorcinol method (appendix A). Tubes corresponding to
pure oligosaccharides were pooled, lyophilized, redissolved in
water, and relyophilized to produce the oligosaccharide-
pyridinium salt. For long term storage, the pure
oligosaccharides were titrated to pH 7.5 with NaOH and

relyophilized.

Gel_filtrati

©

The mixture of oligosaccharides [(Neu5Ac)y or (Neu5Gc)n] was
dissolved in a smail volume of a NH4HCO3 solution (0.03M;
pH=7.6) and applied to a Biogel P-10 column (100x 1.6 cm)
equilibrated in the same buffer. The column was eluted (18
ml/hr) and the column effluent was monitored by refractive
index. In this manner, pure oligosaccharides (DP 1—35) were

obtained after lyophilization as their ammonium salts.



N-Acetyl monomer (2-3a): recovered yield- 29%, FAB-MS for

N-Acetyl dimer (2-3b):

Ci1H1909N: m/z 308 (M-1), [a]p =
-32.4° (H20, c=1 mg/ml), see tables
2-1 & 2-2 for NMR data

recovered yield- 28%, FAB-MS for
CyH36017N2: m/z 599 (M-1), [a]p =-
11.2° (H20, c=5 mg/ml), see tables 2-
1 & 2-2 for NMR data

N-Glycolyl monomer (2-4): recovered yield- 38%, FAB-MS for

N-Glycoly! dimer (2-5):

C11H19010N: m/z 324 (M-1), [a]Dp =
-21.8° (H20, ¢=5 mg/ml), see tables
2-1 & 2-2 for NMR data

recovered yield- 32%, FAB-MS for
C22H36019N2: mfz 631 (M-1), see
tables 2-1 & 2-2 for NMR data

Colominic acid (2-1) (100 mg; 0.32 meq) in 4 ml 2M NaOH
containing 10 mg NaBH4 was treated at 110 °C in a sealed tube for 7

hours. The slightly yellow sclution was exhaustively dialyzed against
0.0lM NH4HCO3 (pH=7.5) and lyophilized to give 70.5 mg (82%) of

product as its ammonium salt.

The rate of de-N-acetylation was studied with 10 samples of

colominic acid treated as above for various time periods (see fig. 2.13

for a typical run). After workup, lIHNMR integration analysis

revealed the extent of N-acetyl hydrolysis.
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1H NMR (300 MHz, D>0): see table 2-3

13C NMR (75.4 MHz, D;0): see table 2-4

Poly o-(2— 8)-N-Formvl Neuraminic Acid (N-Formyl
lomini id) (2-7

De-N-Ac colominic acid (2-6) (10 mg; 0.39 meq) was dissolved
in a 5:1 solution of formic acid/ acetic anhydride (500 ul} at O °C. The
solution was allowed to warm to r.t. and left to sit for 24 hr. The
mixture was poured cautiously into a saturated sodium bicarbonate
solution containing ice, followed by dialysis against running water
and lyophilization to afford 10.3 mg (88%; Na salt) of the title
product.

1H NMR (300 MHz, D20): see table 2-3

l . = . l] :Z.B: :

To a cooled solution (5 ml; 0 °C) of de-N-Ac colominic acid (2-
6) (40 mg; 0.15 meq) was added isobutyric anhydride (5x 20 ul)
over a 60 min period while maintaining the pH between 8.5 and 11
with NaOH (0.5M). At the end of' this period, the mixture tested
negative by ninhydrin. The solution was chromatographed directly
on a Biogel P6DG column (1.6X 100) in water and the void peak was
collected and lyophilized to 42.6 mg (84.7%) of product (2-8) as its
sodium salt.

1H NMR (200 MHz, D;0): see table 2-3

13C NMR (50.3 MHz, D70): see table 2-4



Pol -(2-5 8)-N-(B DN . A cid
B vl lomini id)  (2-10)

A solution (7 ml) of de-N-Ac colominic acid (2-6) (40 mg; 0.15
meq) was cooled to 0 °C and the pH was adjusted to 7.5. While
maintaining the pH between 6-8.5 with NaOH (0.5M), neat
bromoacetyl chloride (6X 50 ul) was added over 60 minutes. The
reaction was monitored by ninhydrin for residual amine, however
the results were not reliable due to the formation of coloured by-
products.. The pH was raised to 8.5 and the solution was allowed to
stand for 30 minutes, followed by exhaustive dialysis against water
and lyophilization to yield 38 mg of product (66%; Na salt) (2-10).

IH NMR (300 MHz, D20): see table 2-3

13C NMR (50.3 MHz, D;0): see table 2-4

Poly o=(2-5 8)-N-(Ch] W N inic _ Acid
Chl | colemini i) (2-9)

De-N-Ac colominic acid (2-6) (40 mg; 0.15 meq) was treated in
a similar manner as described above (2-10) using chloroacetyl
chloride yielding 44 mg (84%*) of the title product (2-9).

IH NMR (300 MHz, D;0): see table 2-3

13C NMR (50.3 MHz, D70): see table 2-4

Poly a-(2— 8)-N-Acrylovl N inic  Acid (N-Acryloyl
lomini i) (2-11

The following is an example of a one pot, preparative scale

reaction:
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Colominic acid (2-1) (100 mg; 0.32 meq, 5 mg/ml) was de-N-

acetylated as above followed by direct N-acryloylation in the
following manner. The solution was diluted ten fold and the pH
lowered to 10 with 1M HCIl. A 1:1 solution of acryloyl chloride in
dioxane was added in increments to the ice cold solution until
complete amine derivatization occurred based on a negative
ninhydrin test. The pH was maintained between 9 and 11 with
periodic additions of NaOH (2M). The reaction was allowed to stand
for an additional hour at pH 11 to ensure the complete hydrolysis of
possible esters formed. The solution after dialysis (running water)

was lyophilized to give 2-11 as a white powder (82.0 mg; 79%; Na

salt).
IH NMR (300 MHz, D20): see table 2-3
13C NMR (75.4 MHz, D20): see table 2-4
Pol .(2—s 8)-N-Propionyl N .. \cid _(N-Propiony!
lomini i) (2-12)

N-Acryloyl colominic acid (2-11) (50 mg; 0.15 meq) was
dissolved in 20 ml water containing 10% Pd on charcoal (10 mg).
Hydrogen gas was bubbled through the solution at room temperature
for 24 hrs. The PA\C was removed by filtration through celite and
the material was lyophilized to give pure 2-12 (48.4 mg ,96%) as a
fluffy off-white powder.

1H NMR (300 MHz, D20): see table 2-3

13C NMR (75.4 MHz, D20): see table 2-4



Poly ¢.-(2—8)-N-(3-S-Methyl-Propionyl) Neuraminic Acid
(S-Methyl propionyl colominic acid) (2-13)

Sodium thiomethoxide (50 mg; 0.71 mmol) was dissolved in an

aqueous solution (3 ml) containing N-acryloyl colominic acid (2-11)
(20 mg; ca. 0.062 meq). The pH was adjusted to 9.5 with NaOH (0.1M)
and the solution was allowed to sit at r.t. overnight, followed by
exhaustive dialysis against water and lyophilization to afford 16.1
mg (70%) of the title product (2-13) as its sodium salt.

IH NMR (200 MHz, D;0): see table 2-3

13C NMR (50.3 MHz, D;0): see table 2-4

Poly o-(2-28) Ne(3-N:-Methyl-Propionyl) N i Acid
N-Methy! onyl colominic acid) (2-14)

N-Acryloyl colominic acid (2-11) (15 mg; 0.046 meq) was
dissolved in 2M methylamine hydrochloride (2 ml) previously
adjusted to pH 9.5 with NaOH (0.1M). The solution was left to sit at
r.t. for 24 hr, dialyzed once against PBS, followed by exhaustive
dialysis against water and lyophilization to give 13 mg (80%) of
product as its sodium salt.

1H NMR (200 MHz, D;0): see table 2-3

To an ice cold solution of de-N-Ac colominic acid (2-6) (100
mg; 0.37 meq) in 10 ml water at pH 7.5, was added single drop
aliquots (~50ul) of a dioxane solution of acetoxyacetyl chloride (1:1).

The pH was maintained below 8 at all times with NaOH (2M). The



acid chloride was added until complete disappearance of the amine
function as determined by a negative ninhydrin test. The solution
was applied to a Bio-Gel P6DG column (1.6x100) in water where the
higher molecular weight fraction was collected and lyophilized to
yield 91.2 mg (67%) of 2-18 as a white powder (sodium salt).

IH NMR (200 MHz, D,0): see table 2-3

13C NMR (50.3 MHz, D20): see table 2-4

1.6-Di-N-A oyl H liami (2-16)

1,6-Hexanediamine (500 mg, 4.3 mmol) was dissolved in a 1:1
solution of methanol:water (10 ml). With vigorous stirring, a dioxane
solution (1:1) of acryloyl chloride (1 ml, 1.5 eq) was added all at
once. The pH immediately dropped from ~10 to ~2 due to the
formation of HCL. The pH of the solution was brought hack up to 10
with NaOH (4M) and the solution was treated a second time in the
same manner with a further 1.5 eq of acid chloride. Cation resin
(Amberlite IR-120 Na form) was added to the solution to remove any
residual starting material, and the solution was filtered. TLC at this
point revealed a UV positive product that was able to decolourize
permanganate at a Rf of 0.66 (solvent B). Concentration of the
solution by rotary evaporation under reduced pressure, followed by
desalting on a 100 x 1.6 cm column of Sephadex G-10 in water, and
lyophilization, yielded the pure title product 2-16 in 86% yield.

TLC (solvent B)- single spot (Rf= 0.66, UV paositive,

decolourizes KMnO4)}
CI-MS for C12H2002N2: 225 m/z (M+1)
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1H NMR(300 MHz; DMSO-ds): §: 1.28 (overlapping t, 4H,
RNH-CH,-CH2-CH3), 1.43 (apparent t, 4H,
RNH-CH7-CH3-CH3), 3.11 (doublet of t,
4H, RNH-CH2-CH;-CH3), 5.58 (dd, 2H,
H,), 6.06 (dd, 4H, Hyp), 6.21 (dd, 4H, H¢),
8.07 (t, 2H, RNH-CH>-R)
13C NMR(75.4 MHz; DMSO-dg): 8: 26.3 (RNH-CH2-CH2-CHa),
29.1 (RNH-CH,-CH>-CH>), 38.6 (RNH-
CH2-CH3-CH?), 124.9 (R-CH=CH3), 131.7
(R-CH=CH3), 164.5 (R-CONR)
L.6-Di-N-Glycolyl H iami 2-17)
1,6-Di-N-acryloyl hexanediamine (2-16) (50 mg) was
dissolved in a 1:1 solution of methanol-water (10 ml) and cooled to O
°C. ozone was passed through the solution for 5 minutes without any
observed indication of excess ozone present (i.e. without any blue
colour formation). Solid NaBHy (200 mg) was added carefully to the
ozonolyzed solution in order to minimize bubbling. The solution was
allowed to warm to room temperature and sit for 1 hr. Cation resin
(Amberlite IR-120 H* form was added until the pH dropped to ~2.
The resin was filtered and the solvent was removed under reduced
pressure. The solid residue was redissolved in MeOH and
concentrated to dryness a number of times in order to remove
methyl borate byproducts. TLC on ibe recuperated material (49.1 mg,
94.7% vyield) revealed complete disappearance of the starting 2-16
and the presence of a single product 2-17 with Rf= 0.21 (solvent B).
TLC: (solvent B): single product (Rf=0.21, does not
decolourize KMnO4)



CI-MS for C1gH20N204 : 232 m/z (M+1)

14 NMR (300 MHz, DMSO-dg): 5: 1.23 (overlapping t, 4H,
RNH-CH2-CH2-CH3), 1.38 (overlapping t,
4H, RNH-CH3-CH2-CH3), 3.07 (doublet of
t, 44, RNH-CH2-CH2-CH3), 5.43 (s, 4H,
CONH-CH3-OH), 7.69 (t, 2H, RNH-CH3-
CH»-CHy).

13C NMR (75.4 MHz, DMSO-de): 5: 26.2 (RNH-CH3-CH3-CHb2),
29.4 (RNH-CH3-CH>-CH3), 38.1 (RNH-
CH;-CH,-CHz), 40.2 (CON-CH2-0H), 171.5
(CON-CH20H).

Pol .(2— 8)-N-Glycolyl N inic Acid (N-Glvcolyl
lomini i) (2-15)
(A) De-O-Acetylation of poly a-(2-8) N-(acetoxy-acetyl)

b)

neuraminic acid (2-18) : The pH of a solution of O-acetoxy-N-
glycolyl colominic acid (2-18) (50 meg; 0.13 meq) in water, was
raised to 12-13 with NaOH (2M) and was maintained in this
range for a period of 2 hours at room temperature. The solution
was neutralized with 1M HCIl, dialyzed against running water,
and then lyophilized to yield 39.5 mg (89%) of title product as
its sodium salt (2-15).

1H NMR (500 MHz, D20): see table 2-3

13C NMR (125.7 MHz, D30): see table 2-4

Reductive Ozonolysis of Poly a-(2—8) N-Acryloyl Neuraminic
Acid (2-11): N-Acryloyl colominic acid (2-11) (100 mg; 0.31
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meq) was dissolved in a 2:1 water-methanol mixture and was
cooled to -20'C. Ozone was bubbled through the solution for 23
minutes, residual ozone was removed with nitrogen, and an
excess of sodium borohydride (~20 mg) was immediately
added. The solution was allowed to sit at room temperature for
2 hours, dialyzed against running water, and lyophilized to give
the title product (2-11) (95.6 mg; 94%; Na salt).

1H NMR (500 MHz, D;0): see table 2-3

13C NMR (125.7 MHz, D20): see table 2-4

Poly ¢-(2- 8)-N-Acety] Neuraminic Acid- EDC Active Ester
(Colomini id-EDC*) (2-19)

The following is a general method for the preparation in situ of

carboxy-activated polysialic acid with 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC): Colominic acid (2-1}350 mg;
0.16 meq) was dissolved in 10 ml of water and the pH was adjusted
to 4.75 with HCl (0.1M). In small increments, EDC (250 mg; 1.3 mmol)
was added to the solution while keeping the pH at 475 with HCI
(0.1M). The addition was done over a period of 2-3 hr until the pH

stabilized. The solution was treated in manners described below.

- -N- ini ed
lomini i) (2-21)
To S0 mg of the colominic acid-EDC* (2-19) active ester was
added sodium borohydride (200 mg) portionwise in order to limit
bubbling. The pH was monitored and kept at ~8.5 with 0.5M HCl. The

solution was allowed to sit overnight followed by exhaustive dialysis



against water and lyophilization to give the reduced product (2-21)
in 85% yield (38 mg).

IH NMR (500 MHz, D20): see table 2-3

13C NMR (50.3 MHz, D20): see table 2-4

Poly o-(2-—8) N-Acetyl Negraminic Acid Hvdrazide

(Colomini id hydrazide) (2-22)
To 50 mg (0.16 mmol) of the colominic acid-EDC* (2-19) was

added all at once 400 ul of NH2-NH2-H20 (8.0 mmol) at room
temperature. The solution was allowed to sit for 12 hr followed by
dialysis against distilled water at 4 °C and lyophilization to provide
2.22 in 73% yield (38.2 mg).

1H NMR (500 MHz, D20): see table 2-3

13C NMR (125.3 MHz, D20): see table 2-4

bty a.(228) NoAcctsl Neuraminic Acid Hedroxsl Amine
Colominic_acid hydrosyl _amine) (2:29

The preformed EDC active ester of colominic acid (2-19) was
treated in the same manner as above with a 1M solution of
hydroxylamine-HCl (8.0 ml; 8.1 mmol) previously adjusted to pH 10
with NaOH. Workup in the above manner yielded the title product
(2-23) in 43% yield (22.8 mg).

1H NMR (300 MHz, D20): see table 2-3

13C NMR (50.3 MHz, D20): see table 2-4
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Chapter 3- Heterobifunctional _Spacer

3.' In“:g;dngtmn

It is a well known phenomenon that extension of protein
coupled small molecules (haptens) away from the protein by means
of a spacer arm, can sometimes play a crucial role in terms of
immunogenic responses to the haptens (Kimura ef al., 1990;
Boullanger et al, 1985). Although probably more complex, a
simplified explanation is that the hapten is extended away from
protein residues that may block or mask relevant immune cell
processes required for expression of anti-hapten antibodies.
Similarly in terms of antigenicity, the spacer arm extends the hapten
so that it is able to reach the antibody binding pockets situated not
on the surface but within the protein (cavity-type binding pockets)
(Roy and Tropper, 1988a) as depicted schematically in figure 3-la.
In order to elicit optimal T and B cell response, the spatial
requirements between hapten and its carrier support have been
reported to be in the range of 7-70 A (Porro, 1987; Alkan et al.,
1972). A serious limitation of using spacer technology is the possible
production of neo-immunodominant determinants ‘within either the
hapten-spacer or the spacer-carrier linkage regions (Roy and
Laferriere, 1988; Porro, 1987). Since haptens by definition, are small
molecules containing only one epitope, the immunogenic potential of
the linkage region is greater relative to a polysaccharide-spacer
conjugate where there are many carbohydrate epitopes to one
linkage region. Consequently, the need for a spacer in polysaccharide
conjugates is generally dictated by the method of conjugation rather

than any spatial requirements.
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model 3-1a

Protein

backbone
| : @)
model 3-1b
O

Figure 3.1-Schematic representation of the function of
spacer molecules. Model 3.la demonstrates
binding of the antibody to the hapten due to its
extension away from the protein. Model 3.1b
shows the inability of the antibody combining site

to reach the hapten due to steric interactions.
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With these general principles in mind, our goal was to

synthesize a spacer incorporating the following characteristics:

i) Heterobifunctionality -Incorporation of two functional
groups which allows selective coupling
to either the protein or carbohydrate
moiety.

ii) Unobtrusive -As ‘natural-like’ as possible in order to
minimize immunodominance.

iii) Chemistry -Functional groups must be reactive so
that coupling is fast and proceeds in a
defined and predictable manner.

iv) Toxicity _Should be devoid of potential toxic
groups upon breakdown. Toxic reagents
used in coupling should be minimized.

v) Versatility _Should be non-limiting and able to be
used in a variety of ways.

vi) Geometry _Should be of optimal length.

vii) Hydrophilic -should minimize hydrophobic
interactions and be completely water
soluble.

It is hoped that with a spacer of this nature, that oligo-/
polysaccharide conjugates to either protein or water soluble
acrylamide polymers will allow exploration of the interaction
between antibodies and polysialic acids from both an immunogenic

and antigenic point of view.
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3.2 Results

3,21 N-Acryloyl olvcine_ (3-2)
Starting from glycine ethyl ester hydrochloride (3-1) (fig. 3.2), the

free acid (as its sodium sait} was generated in situ through
saponification of the ester with NaOH (25% w/v). Complete hydrolysis
was judged by TLC with the formation of a single product of lower R
and disappearance of starting material. In a Schotten-Baumann type
reaction (March, 1977), the amino group was acylated smoothly with
neat acryloyl chloride while maintaining the pH of the solution at ~9
with solid NaOH. Complete derivatization of the amine was verified
through a negative ninhydrin test as well as a new single product
(Rg=0.24) which decolourized KMnOgs and was UV positive. It was
found that extracticn of the acidic solution was best accomplished
with multiple extractions of warm EtOAc since solubility of the
product was low in other organic solvents such as CHCl3, Et20, or even
cold EtOAc. The product crystallized readily from EtOAc in 77% yield.
The yield could be improved by exhaustive extraction of the acidic
solution since residual product remained as judged by TLC. Melting
point analysis of the crystalline product showed decomposition at
128.1 °C which was reasonable when compared to literature values
which ranged from 110- 138 °C (Smith et al., 1958; Kaczmar et al.,
1976; Heilmann and Smith, 1979). 1H- 13C NMR (300 MHz; DMSO-ds)
are consistent for the desired product with the appearance of the
well characterized olefinic AMX spin system (Roy and Laferriere,
1990b; Kallin et al., 1989). Integration of the olefinic protons vs. the

glycine methylene protons gives the expected 3:2 ratio.



OCH,CH;  (3-1)

O
1. NaOH

2. /\gm

0O
ENO

HaN A\~ CCHCHs (3-3)
0

H
0 1 O
N
\/J\l\'l/\r/ \/U\OCHZCH:; (3-4)
H @]
NaOH
0 E 0
v 0
NH,-NH,.H,0/ EDC

0 H 9
\/\w/\n/N\/‘\NHNHZ (3-6)
H o)

Figure 3.2-Synthetic scheme for the production of a

heterobifunctional spacer.
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322 N-Acryloyl glycylglycine ethyl ester (3-4)
Preparation of the acryloylated dipeptide (3-4) was

accomplished in a manner similar to Smith and Unruh (1957) using
EDC to activate the carboxylate of acryloylated giycine (3-2) and
displacement of the active ester with glycine ethyl ester (3-3). EDC
was used rather than DCC due to the easier removal of the urca by-
product of EDC. The high solubility of the EDC urea in EtOH combined
with the low solubility of the product 3-4 was advantagcous since
simple filtration afforded the pure product. The yield of the product
could be increased by concentrating the supernatant, recharging the
acid (3-2) with additional EDC, and collection of the precipitate.
Overall the acryloylated glycylglycine ester (3-4) was recovered in
96% yield as a single product by TLC (R=0.80, solvent E). 1H NMR
(300 MHz; DMSO-dg) (appearance of an additional methylenc at 3.83
ppm integrating 2:3 to the olefinic protons), 13C NMR (3 carbonyl
signals attributable to C1, C4, C'1 at 171.8, 171.7, and 168.2 ppm
respectively as well as a new methylene carbon at 42.9 ppm), and
CI-MS (M+1=215 m/z for CoH1404N?7) of the filtered product werc
identical to a crystallized ( m.p. 148.9-149.1 °C, EtOH) sample and in
subsequent reactions used as such. The literature melting point of
148-150 °C (Smith and Unrnh, 1957) agreed well to the valuc found.
3.2.3 N-Acryloyl glycylglycine (3:-5)

At this point in the synthesis, it was hoped that trcatment of

the ester (3-4) with hydrazine hydrate would afford the hydrazide
(3-6) (fig. 3.3).
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Figure 3.3- Bis addition of hydrazine.

However, under all reaction conditions tried, hydrazinolysis of the
ester produced either no significant reaction or a crystalline product
whose structure is tentatively assigned to (3-6B) based on TLC and
1H NMR evidence. The material had a low Rf (baseline, solvent E),
decolourized KMnQ4, stained positive for hydrazide (TNBS assay-
appendix A), but was UV negative which led to the suspicion that it
was not 3-6. Subsequent !H NMR (300 MHz; DMSO-dg) analysis
revealed complete disappearance of the olefinic protons. The
appearance of four N-H signals downfield and two triplets at 2.4 (H-
3') and 2.79 (H-2') ppm integrating for 2 protons each, led to the
proposed structure (3-6B). It was evident that the Michael adduct
was formed first when a sample taken after a short period revealed
the olefinic protons had disappeared but ~ 30% of the ethyl ester was
still present. From these results, it was clear that the reactivity of the

ethyl ester was not sufficient relative to the reactivity of the acryloyl
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functionality. In order to increase the reactivity at this center, the

ester (3-4) was saponified in alcoholic NaOH. That complete ester
hydrolysis had occurred was determined by TLC (single spot at
R¢=0.13, solvent E). After acidification with cation resin (H*), simple
filtration and solvent removal gave the pure N-acryloyl glycylglycine
(3-5) in quantitative yield. The product was crystallized from hot
EtOH (m.p. 133.1-134.3 °C) where all spectroscopic data (1H NMR, 13C
NMR, and CI-MS) were consistent with the formation of 3-5.
Comparison of the non-crystalline product with the crystalilized
material showed no appreciable differences and was used as such in
subsequent reactions.

3.2.4 N-Acryloyl glycylglycine hydrazide (3-6)

This step of the synthesis was by far the most difficult owing to the
finicky solubility of both the product and the by-products. The
strategy was again to activate the carboxylate with an active ester,
followed by quantitative displacement with 1 eq. of NH2-NH2:H20.
Reagents tried were EDC, DCC, and ethyl chloroformate. Each of the
coupling reagents succeeded in that a new polar, hydrazide +'ve
(TNBS), KMnOy4, and UV positive spot was seen by TLC (R=0.39,
solvent E). The difficulty lay in the purification of the newly formed
product. Extraction of 3-6 into organic solvents was also not
successful, Removal of excess DCC urea (Rg=0.9, solvent E) would be
expected to be a simple extraction into organic solvents leaving the
product 3-6 behind. Residual DCC urea however, was always found
in the water layer. While the breakdown products of ethyl
chloroformate are simply CO2zand EtOH, the problem arose due to the

need for anhydrous conditions (Chen et al., 1987) combined with the
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low solubility of the starting acid (3-5) in dry THF at relatively low

temperatures (0-20 °C). Although this latter method gave reasonable
yields, the DCC coupling procedure was opted for despite the
pernicious solubility of the urea by-product. Reaction of the starting
acid (3-5) with DCC and 1 equivalent of NHz-NH2-H20 in t-butyl
alcohol was followed by the subsequent co-precipitation of the
suspected product 3-6 and DCC urea. After filtration, the bulk of the
urea could be removed by extracting the solid with water. The water
layer containing the suspected product was lyophilized to a fluffy
product. In order to purify the produét from residual urea, the
product was absorbed onto 1-2 gm of silica gel in MeOH. Following
removal of the solvent, a CHCl3 slurry of the gel was applied to the
top of a 25 ml flash chromatography column and was eluted with a
3:1 CHCl3:MeOH solvent system. Interestingly, the urea came off with
the void volume and could visibly be seen since it immediately
crystallized in the tubes. Subsequent pooling and evaporation of the
solvent yielded the product in 65% overall yield from the starting
acid (3-5). Crystallization of the hydrazide (3-6) from EtOH afforded
needles with a decomposition point of 172.9 °C. Spectroscopic and
elemental evidence is strong for the successful isolation of 3-6. The
proton NMR spectrum (500 MHz; DMSO0-dg) (fig. 3.4) was
characterized by the downfield appearance of a broad singlet at 8.9
ppm due to the a-hydrazide proton (0O=C-NH-NH2) and the 0.1 ppm
upfield shift of the H-2 methylene protons (3.65 ppm). A broad,
barely discernible peak integrating for 0.2 protons at 422 ppm was
due to the NHz protons of the hydrazide. CI-MS, calculated for
C7H12N403, showed the expected M+1 peak at 201 m/z.
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Figure 3.5- Methacrylamide copolymers.

3.2.5 Methacryvlamide . copolymers

Carbohydrate structures exposed on the cell surface as either
glycolipids or glycoproteins serve as recognition structures in many
biological processes (Paulson, 1985; Feizi, 1985, and Hakomori, 1984).
In order to investigate these processes at both a molecular and
cellular level, it is often fundamental that macromolecular
multivalent forms of these surface oligosaccharides be available.
Protein glycoconjugates are well documented versions of these

macromolecular conjugates and will be discussed in a later chapter.
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Soluble oligosaccharide-acrylamide copolymers offer an alternative

to their protein counterparts and have recently been used to study a
variety of immunochemical processes (Roy et al., 1991; Roy and
Laferriere, 1990a; Kallin et al., 1989; Roy and Tropper, 1988a,b).
There exists distinct advantages of these neo-glycopolymers
compared to their protein counterparts such as being weakly
immunoreactive in immunoassays. A direct application of this
property is their use as screening antigens in monoclonal antibody
production since only antibodies directed to the carbohydrate portion
will be selected. Glycoprotein antigens are often short lived in terms
of stability due primarily to the inherent instability of most proteins
in terms of denaturation. Neo-glycopolymers on the other hand, are
not prone to denaturation and provide very hardy and long lived
sources of multivalent carbohydrate antigens. It is our goal to make
use of the synthetic spacer with a terminal acryloyl group that is
suitable for copolymerization with methacrylamide, to generate
multivalent sialyloligosaccharide copolymers. As a first approach to
the synthesis of these sialyloligosaccharide-methacrylamide
copolymers, a water soluble copolymer composed of a
methacrylamide backbone with pendant spacer hydrazides will be
synthesized. The pendant hydrazides will then be amenable to attach
suitable sialyloligosaccharides in the various manners outlined and
discussed in chapter 4.

Copolymers of glycylglycine ethyl ester (3-4) and of
glycylglycine (3-5) were prepared via radical copolymerization with
methacrylamide in aqueous solutions under previously described

conditions (Roy and Laferriere, 1988; Roy and Tropper, 19884,b) (see
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fig. 3.5). Polymerization was heat initiated at 100 °C in the presence

of ammonium persulfate to give linear copolymers of broad
molecular weight distributions. Typically, a 5:1 molar ratio of
methacrylamide to the acryloyl substrate was used. From the !H
NMR spectrum (300 MHz; D2Q) the integration of the methacrylamide
CH3 group to the ethoxy methylene protons of 3-8 indicated a 1:6
molar ratio of glycylglycine ester (3-4) to methacrylamide. Similarly,
integration of the glycylglycine methylenes of 3-6 to the CHj3
methacrylamide protons in the copolymer 3-7, led to a 1:8 molar
ratic of glycylglycine (3-5) to methacrylamide. The spacer ester-
methacrylamide copolymer (3-8) was converted to the spacer
hydrazide-methacrylamide copolymer (3-9) by hydrazinolysis of the
ester fu