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ABSTRACT

The research presented in this thesis forms part of an on-going collaborative programme concerned

with the determination of the chemical structures of the surface antigens of bacteria belonging to

genera within the family Enterobacteriaceae. Bacteria of this family are opportunistic pathogens

and are frequently responsible for serious infections in animals and man. Surface antigens

produced by virulent strains are largely polysaccharides and occur as lipopolysaccharides {the

O-antigens) and capsular polysaccharides (the K-antigens) respectively. The extracellular

polysaccharide antigens expressed by strains of the species E£scherichia coli are of considerable

.interest due to their effect on immunological processes and the relationship which exists between
their chemical structure and virulence. To date, sorﬁe seventy-four K-antigens have been
distinguished serologically within the species E. co/i and structures have been determined for most

of these. The K-antigens of £. coli are structurally diverse and exhibit serological cross-reactivity

with other pathogenic bacteria.

The structures of five previously unstudied £. co/i K-antigens, viz. those produced by serotypes
020:K101:H, 08:K45:H9, 08:K50:H, 0101:K103:H", and 08:K43:H11, are presented - in this
thesis. A variety of chemical techniques has been employed in the structural analysis, and these
are discussed. Two-dimensional NMR spectroscopic techniques proved invaluable for the structural
elucidation of these complex carbohydrates, and high-field NMR spectroscopy alone was used in
the analysis of the K43 antigen. Structural analysis of the K103 antigen was facilitated by specific
enzymatic degradation, using a bacteriophage-borne endoglycanase. The K45 antigen was found
to contain the unusual sugar 3-acetamido-3,8-dideoxygalactopyranose, while the K50 and K103
antigens join a minority group of polysaccharides which contain pyruvate as their only acidic

component.



CHAPTER ONE: INTRODUCTION

1.1 BACTERIAL POLYSACCHARIDES — AN OVERVIEW

Bacterial polysaccharides comprise a large ngub of polymers which exhibit almt;st unlimited
structural variation, and include several which are commercially important. Xanthan gum, obtained
from Xanthamonas campestris, is used in the petroleum oil, food, pharmaceutical, textile, and
printing industries due to its unique rheological properties in solution'3, while dextrans are utilized
extensively in the pharmaceutical and fine-chemicals industries*. A large number of bacterial
polysaccharides are of considerable medical importance since they are immunogenic and are
responsible for the pathogenicity and disease specificity of the organism in which they occur.
‘Some have been used to develop bacterial vaccines effective against a number of diseases,
.including pneumococcal pneumonia and meningococcal meningitis>®7. In addition, the dextrans

from Leuconostoc mesenteroides are used medically as blood plasma substitutes®2.

Many types of polysaccharide occur in bacteria. The majority exhibit a high degree of
immunological specificity and are produced by only one bacterial type, species or group. Specific
polysaccharides are usually heteropolysaccharides comprising repeating units of between two and
six monosaccharides. Specific polysaccharides containing significant non-carbohydrateﬁortions
are commonly encountered, in addition to such non-specific homopolysaccharides as glycogen,

cellulose, glucans, fructans and mannans’.

The systematic study of bacterial polysaccharides is complicated by the ongoing reclassification
of bacteria, but broadly speaking bacteria belonging to the Kingdom Procaryotae can be divided into
three main groups, viz. Gram-positive bacteria (Division Firmicutes), Gram-negative bacteria
{Division Gracilicutes) and bacteria which lack rigid cell walls (Division Tenericutes), although a
recent phylogenetic classification of bacteria places this third group with the Gram-positive
bacteria®. Bacteria belonging to the Kingdom Archaebacteria possess unusual cell walls, although
little is known about their composition. The specific polysaccharides produced by Gram-positive

and Gram-negative bacteria are discussed in the following sections.



1.1.1 POLYSACCHARIDES PRODUCED BY GRAM-POSITIVE BACTERIA

1.1.1.1 The peptidoglycan layer

The peptidoglycan layer confers rigidity on the cell and comprises approximately 50% of the cell
wall in Gram-positive bacteria®®. The basic structure of this layer is consistent for all bacteria and
is .composed of linear polysaccharide chains, each of approximately 200 disaccharide repeating
units. The repeating unit comprises alternating 1-»4 B-linked units of NV-acetyl-glucosamine and
N-acetylmuramic acid, the latter being a derivative of N-acetylglucosamine which is unique to
peptidoglycan®3. Tetrapeptide side-chains are linked to each N-acetylmuramic acid residue via a
.peptide link at the carboxyl group, and the amino acids are cross-linked at various points to build
'up the structured peptidoglycan lattice. The degree of cross-linking varies from as little as 20%
in Micrococcus Juteus to as much as 90% in organisms such as Staphylococcus aureus®*>'°. Figure

1.1 shows two disaccharide units with cross-linking between the peptide chains.
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Figure 1.1 Disaccharide unit of peptidoglycan showing cross-linking to an adjacent chain?
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The peptidoglycan layers of different bacterial species may vary with regard to the nature of the
amino acids comprising the tetrapeptide chainsL the type and position of cross-linking between
them and the presence of substituents on the A-acetylmuramic acid residue. In Staphylococcus
aureus approximately half of the N-acetylmuramic acid residues bear an acetyl group at position
6'"'2, A high degree of O-acetylation in Lactobacillus acidophilus causes thé peptidoglycan to be
resistant to lysozyme'®, This resistance is also observed in Bacillus cereus and is ascribed to the

presence of free amino groups in the polymer™,

1.1.1.2 Teichoic and Teichuronic Acids

-These two polymer types, along with protein constituents, comprise the remaining 50% of the
.Gram-positive cell wall2, Teichoic acids are polymers combrising repeating units of sugars such as
glycerol phosphate and ribitol phosphate which are joined through phosphodiester linkages’-'°.
Other sugar residues may also be incorporated into the repeating unit. In addition to the sugar
residues there may be D-alanyl groups present, attached by an ester linkage to a free hydroxyl
group on one of the sugar residues. These alanyl ester groups are extremely labile and their
concentration is critically dependent on pH2. The teichoic acid molecule is covalently linked to the
peptidoglycan layer via a phosphodiester linkage unit which couples one end of the chain to
position 8 of a muramic acid residue on the peptidoglycan'®'®, Teichoic acids are exclusive to

Gram-positive bacteria and are found in nearly all species belonging to this Division'®, A typical cell

wall teichoic acid is shown in Figure 1.2,

i GHa
CHg-O—}]’—O—CHg-Cﬂz—I;l*—CHa
o] CHs

Figure 1.2 The repeating unit of the wall teichoic acid of Streptococcus pneumoniae®
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In many Gram-positive bacteria which are grown in phosphate-deprived conditions, wall teichoic
acids disappear and are replaced by teichur_gn_ii: acids, which have similar properties' %",
Teichuronic acids are linear polysaccharides containing uronic acids and are covalently linked to the

peptidoglycan layer. A phosphodiester linkage unit has been proposed'-'®, In contrast to the

teichoic acids, this is the only phosphate group found in the polysaccharide”  ~

Teichoic acids are believed to mediate access of divalent cations, particularly Mg?*, to the cell’®%,
and to play a role in controlling autolytic enzymes within the cell’>. Some wall teichoic acids are

also antigenic and are therefore responsible for the immunological properties of the bacteria®’.

1.1.1.3 Lipoteichoic acids

Gram-positive bacteria which have cell-wall teichoic acids also produce polyglycerolphosphate
teichoic acids which are covalently linked to glycolipid, which serves to anchor the molecule to the
cell membrane?2. The glycerol units of the molecule are linked in a 1,3 manner by phosphodiesters,
as shown in Figure 1.3. The carbohydrate portion of the molecule protrudes through the wall to

the outer surface of the cell and is antigenic in nature®.

O—CH, CH:OR
H~" |AlaO——H v OH 0 ,0-CH
P W
cho— o OH &N
OH on
- — 28 OH

Ala = Alanyl R = long chain fatty acid

Figure 1.3 The structure of the lipoteichoic acid of Staphylococcus aureus®



1.1.1.4 Neutral polysaccharides

The cell walls of some Gram-positive bacteria con:tqi‘n neutral polysaccharides which are covalently
linked to the peptidoglycan. There is evidence to suggest that this linkage is again via a
phosphodiester group?*, and like the lipoteichoic acids these polysaccharides are antigenic.

The antigens from Streptococcus pneumoniae, some of which are teichoic acids and soms of which
are neutral wall polymers, have been studied extensively. The species has been divided into 83
different types based on the type-specific antigen produced by each strain?®. A number of neutral
cell wall polysaccharides have been identified in strains of Eubacterium saburreum. The antigen
of strain 49 (Figure 1.4) contains an unusual sugar occurring in the furanose form which was
“tentatively identified as 6-deoxy-D-a/tro-heptose?®,

Neutral antigenic polysaccharides from several species of Bifidobacterium have also been

studied?’-28,

Figure 1.4 The structure of the antigen of Eubacterium saburreum strain 49°°

1.1.1.b Capsular polysaccharides

Some Gram-positive bacteria produce capsular polysaccharides which are not covalently attached
to the peptidoglycan layer but are loosely associated with it. Over 85 immunologically distinct
capsular polysaccharides have been identified in the species Streptococcus pneumoniae and are
used as a basis for typing of strains?. Structures have been determined for many of these capsular
types. Other Gram-positive organisms, for example some strains of Staphylococcus aureus, also
possess capsular polysaccharides but relatively few structures have been established. Most Gram-

positive capsules are heteropolysaccharides composed of repeating units, but a few
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homopolysaccharide capsules also occur. Examples are the dextrans produced by Leuconostoc
mesenteroides and Streptococcus mutans, which aid adherence of the organism to teeth with the

resulting production of cavities.

1.1.2 POLYSACCHARIDES PRODUCED BY GRAM-NEGATIVE BACTERIA

1.1.2.1 The peptidoglycan layer

The peptidoglycan layer of the Gram-negative bacteria has the same basic structure as that found
in Gram-positive bacteria, but the degree of crosslinking is much lower, commonly dropping to as
little as 20% in Escherichia coli*'°. The type of cross-linking is also simpler, with fewer peptide
chains being present'®. The peptidoglycan layer comprisés a much lower percentage of the total
cell wall than in Gram-positive bacteria, resulting in a3 less rigid structure. A major difference
between Gram-positive and Gram-negative bacteria, as shown in Figure 1.5, is the presence in the
latter of an outer membrane which encloses the cell wall. The components of this membrane are
of more relevance to the interaction of the Gram-negative bacterium with its environment, and

hence its pathogenicity, than the wall itself, and will be considered in greater detail.

""=—"‘g'1| i

<~ !
Capsule ... 0 F/ Capsule

o w Outer Membrane

Cytoplasmic membrane

GRAM POSITIVE GRAM NEGATIVE

Figure 1.5 Diagrammatic representation of the cell surface of Gram-positive and Gram-negative
bacteria®
1.1.2.2 Lipopolysaccharides

Although the term lipopolysaccharide indicates any molecule containing both carbohydrate and lipid

in significant amounts, in bacteriology it denotes the specific endotoxic O-antigens obtained from
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"smooth” Gram-negative bacteria and the corresponding products from "rough” mutant strains.
All Gram-negative bacteria contain lipopolysaccharides (LPS) in this restricted sense. Such

molecules consist of three parts, viz., Lipid A, the core and the O-specific side-chain {Figure 1.6).

]
P
OH
AANANNANG
& E oot
W ° '.z'. o
Bons 5 I8 i
~ ANANAANAANANNA
NMANAANAO §h KDO [H{XDO Hep -{riep
1 1
OH 1 1
P ! n
1 1
] 1
i |
Lipid A 1 Core 1 O side chain
Figure 1.6 Generalised structure of bacterial lipopolysaccharide?

._ Lipid A is the most conserved part of the molecule, with the main conserved entity being a
disaccharide of glucosamine, to which fatty acids are linked2. The terminal residue of lipid A is
linked to the core region by 3-deoxy-D-manno-octulosonic acid {(KDO). The core region is a complex
oligosaccharide which contains a KDO dimer as an indispensable part of the structure’2. The core
regions of different species and families have the same general structure, and most have a terminal
glucose residue. In smooth wild strains of bacteria, the core region of the LPS is linked to an

O-specific side-chain, which is the immunologically dominant part of the molecule and is usually
referred to as the O-antigen. The O-antigen is composed of oligosaccharide repeating 'u~nits, often
containing rare sugars. The variations in sugar composition, linkage positions, configuration of
glycosidic linkage, branching of oligosaccharide chains, and the presence of various non-
carbohydrate substituents accounts for the large number of O-serotypes in Gram-negative bacteria.

Up to one hundred different serotypes have been described in Sa/monella alone? and structures of

a large number of the O-antigens of Saimonella and Escherichia coli have been determined.

1.1.2.3 Enterobacterial Common Antigen
Enterobacterial common antigen (ECA) is a component found in most strains of Enterobacteriaceae.
It is thought to be located in the exterior leaflet of the outer membrane?, and occurs in two forms,

viz. an immunogenic form present in R-mutants where it is believed to be linked to the
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lipopolysaccharide, and a hapten form present in wild-type strains which is linked to an unidentified
carrier molecule?®. The immunodeterminant poqiqhs of the two forms are identical, Early work
performed on ECA isolated from various Sa/monefla species indicated that the antigen was
composed of oligosaccharide repeating units and also appeared to contain palmitic and acetic
acids?®. More recent studies performed on ECA isolated from Shigeila Sonne/ permitted
identification of the repeating unit of the carbohydrate portion of the antigen®%2', The antigen was
shown to be a cyclic polysaccharide containing four, five or six trisaccharide repeating units, this
being the first example of a cyclic heteropolysaccharide®’. It was found that the small amount of
fatty acid present was not chemically linked to the antigen. ECA isolated from other sources has
been shown to have the same structure as that from Shigella sonnei {Figure 1.7), with the
‘modification that in some cases the N-acetylglucosamine is not acetylated at position 6%, The

function of ECA is unknown.

L

]

-4)-[R-D-ManpNACcA-{1-4)-g-D-GicpNAc-{1-»3)-a-D-Fucp4NAc) -{1-»
6
$
OAc n=450r86

Figure 1.7 The structure of ECA isolated from Shigella sonnei*®

1.1.2.4 Capsular polysaccharides

Most Gram-negative bacteria produce capsular polysaccharides which are usually acidic. Their
function is the same as that of Gram-positive capsules, viz. they protect the organism against
phagocytes by masking the highly immunogenic O-antigens. Capsular polysaccharides are poorly
immunogenic and do not elicit an immediate response from the immune system of the host, thus
allowing the organism to establish itself firmly in the host. Many capsules suppress the specific
immune response to a large degree since they are similar to or identical with host structures®®.
The structures of many Gram-negative capsular polysaccharides have been determined, revealing
a high degree of structural diversity. A few homopolysaccharide structures have been studied,
including capsules of strains of Escherichia coli K1 and Neisseria meningitidis B and C, which are

sialic acids’#%, The majority of Gram-negative capsules are heteropolysaccharides made up of
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oligosaccharide repeating units comprising between two and seven sugar residues, although a
seventeen-residue repeating unit has been propq_sed recently for the capsular polysaccharide from
Agrobacterium radiobacter”. The capsular polysaccharides of Escherichia coli, being particularly

relevant to this thesis, are discussed in greater detail in Section 1.2.

11.2.5 Other exopolysaccharides

All bacteria belonging to the family Enterobacteriaceae, when grown at low temperature and high
salt concentration, produce a mucous polysaccharide known as the M-antigen. M-antigens from
different bacterial strains have the same carbohydrate backbone, shown in Figure 1.8. The group
-acetalically linked either at 0-3 and 0-4 or 0-4 and O-6 of the terminal R-D-galactose residue may

be pyruvic acid, acetaldehyde or formaldehyde®®-.

-3)-B-L-Fuc-({1-4)-g-L-Fuc-{1-3)-B-D-Glc-{1-

4 2or3
3 )
1 OAc
R-D-Gal
3
?
1
R-D-GicA-{4-1)-B-D-Gal .
\
R

R = 3,4-O-carboxyethylidene, 3,4-0O-ethylidene, or 4,6-0-carboxyethylidene

Figure 1.8 The carbohydrate backbone of M-antigen®®®

A strain of Pseudomonas fragi, responsible for the rotting of meat, has recently been found to
exude an exopolysaccharide in the form of a glycocalyx, enabling it to adhere to the surface of the

meat*. The structure of this polysaccharide is shown in Figure 1.9.

-4)-3-0-[{R)-1-carboxyethyl]-a-D-Glcp-{1->3)-B-D-ManpNAc-(1-4)-B-D-Gicp-{1—»

Figure 1.9 The structure of the glycocalyx from Pseudomonas fragi ATCC 4973%°
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Heteropolysaccharides lacking regular repeating units have been obtained from Pseudomonas

4

aeruginosa®’ and Azotobacter vinelandii***3. These polysaccharides resemble those produced by

marine algae. Their production is variable, the quantity depending on the conditions under which

the organisms are grown?,
1.2 THE CHEMISTRY OF THE K-ANTIGENS OF ESCHERICHIA COLI

The bacterial species E£scherichia coli forms part of the natural colonic flora in man and a number
of strains are consequently harmless. However, many strains are opportunistic pathogens and are
-able to cause a wide variety of urinary tract infections and colonic conditions**. More virulent
.strains may cause septicaemia, appendicitic peritonitis,r meningitis and pyelonephritis*®., The
majority of £. co/i strains are encapsulated, and 103 different capsular antigens {K-antigens) were
originally identified*®, These K-antigens were subdivided into categories A, B and L on the basis
of their O-antiserum agglutinability and thermolability®*. Difficulties were encountered in
distinguishing between L and B antigens, since the basis for distinction did not reflect any
differences in chemical composition. Two of the antigens, viz. K88 and K99, were subsequently
found to be proteinaceous and were reclassified as F-antigens, while others were not shown to be
independent of the O-antigens and were therefore removed from the list*4. At present, seventy-
four polysaccharide K-antigens are recognised and structures have been determined for most of

these. Recent reviews by Dutton and Parolis*’ and De Bruin®® list most of the known structures.

The K-antigens are characteristically acidic heteropolysaccharides comprised of oligosaccharide
repeating units of two to six sugar residues, with the exception of K1 and K92,- which are
homopolymers of NeubAc®®4®, Neutral hexoses are most common, but uronic acids,
6-deoxyhexoses, deoxyaminohexoses and pentoses are also commonly encountered. A number
of rare or unusual sugars have been found, eg. D-ManpNAc in K84%° and K50 (this thesis),
D-ManNACcA in K78, L-FucpNAc in K87%2, KDOfin K95%3, b-Fucp3NAc in K45 {this thesis), 4-deoxy-

2-hexulosonic acid in K3%, and the new diamino sugar L-Rhap2,3diNAc in K48%%, Table 1.1 lists
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monosaccharides found in £. co/i K-antigens.

Table 1.1 Monosaccharides present in the capsular polysaccharides of £. coli

MONOSACCHARIDE CAPSULAR ANTIGEN(S)
D-Glcp Common M
D-Galp Common
D-Galf K2, K53, K93
D-Manp Common
L-Fucp K27, K28, K33, K42, K87
t-Rhap Frequent, eg. K3, K103”
D-Fruf K4, K52, K11

{ D-Ribf Frequent, eg. K6
D-GlcpA Common
D-GalpA Common
D-GlcpNAC Common
D-GalpNAc Frequent, eg. K9, K101°
D-ManpNAc K84, K50°
L-FucpNAC K87
D-ManpNACcA K7
KDOp Frequent, eg. K6 S
KDOf K95
NeupbAc K1, K9, K82
D-Fucp3NAc K45®
L-Rhap2,3-diNAc K48
4-deoxy-2-hexulosonic acid K3

'This thesis

Non-carbohydrate substituents may also be present. Phosphate is found as the acidic component
of a large number of K-antigens and O-acetyl groups are common. The latter are significant as they
affect the antigenicity and immunological specificity of the capsule®®. Pyruvate, acetalically Iinked
at positions 0-2 and 0-3, positions O-3 and 0-4, or, most commonly, positions 0-4 and 0-6, has

also been found in a number of capsules and is the sole acidic component of K37%7, K47°%%, K50
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{this thesis) and K103 (this thesis). O-propionate is present in non-stoichiometric amounts in the
K14%° and K52% antigens. The amino acids L-serine and L-threonine have been found amidically

linked to uronic acids in K40°7, K49%2 and K54%,

Now that more extensive information pertaining to the chemical composition of the polysaccharide
antigens is available it is possible to divide them into two groups based on chemical, physical and

microbiological criteria®®-54-58,

Group | polysaccharides are co-expressed with O-groups 08, 09, 020, and 0101. They have high
-molecular masses and low charge densities, and may be substituted at the reducing end with core-
'Iipid A. The acidic component in this group of polysacchérides is usually GIcA, GalA or, in a few
cases, pyruvate. Group | polysaccharides can be further divided into those containing amino sugars
and those without. The latter closely resemble the K-antigens of K/ebsiella and in fact are related

to them at a supra-generic level, eg. £. co/i Kb5 has the same structure as Klebsiella K5°,

Group 1l polysaccharides are not restricted to distinct O groups, generally have low molecular
masses and high charge densities, and some are substituted at the reducing end with phosphatidic
acid. The group can be further subdivided according to the nature of the acidic component®®,

Many group |l polysaccharides contain phosphate. Of these the K18, K22 and K100 antigens are
polyribosyl ribitol phosphates®®® and are closely related to the capsular polysaccharide of
Haemophilus influenzae b%®. Other polysaccharides in this sub-group show structural similarities
to capsular polysaccharides of Neisseria meningitidis b. A number of the group 1l polysaccharides
contain KDO or a related sugar, 4-deoxy-2-hexulosonic acid, which is present in the Ké antigen®*,
Nine out of thirteen KDO-containing polysaccharides also contain ribose®®. Only three K-antigens
have been reported to contain NeubAc, viz. K135, K9°% and K92*%, while ManNAcA has been found

only in K7%'.

These groupings are summarised in Table 1.2, adapted from Jann et &/.%°.



13

Table 1.2 Grouping of capsular polysaccharides of E. coli
PROPERTY CAPSULAR POLYSACCHARIDE GROUP
] 11
Acidic component GlcA, GalA, pyruvate GlcA, NeubAc, KDO,
ManNﬁc@, phosphate
Expressed below 20°C Yes No W
Coexpression with 08, 09, 020, 0101 Many O antigens
Lipid at reducing end Core Lipid A’ Phosphatidic acid
Removal of lipid at pH 5-6/100°C No Yes
Molecular mass > 100 kd < 50 kd
Amino sugars present Yes No
Chromosomal determination at {close to)  rfbfhis), rfcftrp) kpsAfserA)
CMP-KDO synthetase activity elevated No 7 Yes
Intergeneric relationship Klebsiella H. influenzae,
N. meningitidis

* This substitution has been verified with only a few polysaccharides

There is evidence for the existence of a third group of capsular polysaccharides, provisionaily
termed Group 1/17°. Expression of these capsules is not temperature-regulated, as for Group |, but
the polysaccharides, like Group 1], are substituted with phospholipid at the reducing end’’. The
capsular antigens of £. co/i K98 and Kb4, which have identical structures except that the K54

polysaccharide is substituted with threonine and serine, belong to this intermediate group’2.



CHAPTER TWO: ISOLATION AND PURIFICATION OF BACTERIAL POLYSACCHARIDES

2.1 ISOLATION PROCEDURES

It is a prerequisite of all natural products chemistry that the material to be examined be obtained
in as high a yield and as pure a form as possible, since structural studies performed on impure
material or a mixture of compounds are difficult to interpret. It is also _irﬁportant that the
techniques employed for isolation and purification are sufficiently mild to preclude the loss of labile
substituents and degradation of the compound itself. To achieve both aims requires careful
formulation of methodologies, and it is often necessary to perform the isolation procedure more

than once if sensitive linkages are later discovered to be present in the compound.

.ln the case of bacterial polysaccharides, the isolation techﬁique employed is dependent on whether
the bacterial cuiture is grown on solid medium or in liquid culture, and on the type of
polysaccharide to be studied. Westphal and Jann have described the isolation °f, capsular
polysaccharide directly from a liquid culture’®. Isolation of polysaccharides from bacterial cultures
grown on solid medium essentially involves solubilisation of the required polymer with subsequent
separation from other cellular components. The isolation of exopolysaccharides such as capsular
antigens, gum exudates and slime polysaccharides may proceed under relatively mild conditions
since these compounds are not strongly attached to the cell; however, in order to solubilize
polysaccharides which are linked to the cell wall or membranes, such as lipopolysaccharides,
harsher conditions are often necessary. A wide range of isolation techniques have been established
for the different types of bacterial polysaccharides and these have been reviewed’*”. The method
employed in this laboratory for the isolation of capsular polysaccharides is a modificatjon of that

described by Okutani and Dutton’®,

Serologically homogenous encapsulated bacteria are propagated on an appropriate sterile nutrient
agar medium at 37°C until actively growing colonies are present. In this laboratory either Mueller-
Hinton or Luria-Bertani medium is used for Escherichia coli {Appendix 1). Single colonies are

removed and transferred to sterile tubes containing sterile nutrient broth and, following an
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incubation period of approximately 8 hours, are poured onto sterile stainless steel trays containing
the appropriate nutrient agar. The trays are then'ir)i:ubated at 37°C, which is considered to be the
optimal temperature for capsule production. érskov et al. have reported that the growth
temperature may have a profound effect on the expression of the capsule in £, coli’®. The bacteria
are harvested after approximately 18-24 hours by scraping the culture off the“agar surface, and
are then suspended in a solution of 1% phenol which kills the cells without lysis. Longer periods
of incubation result in desiccation of the medium and, in some cases, the production of a non-
specific galactan in addition to the usual capsular antigen®®. The cell suspension is stirred at 4°C
to allow dissolution of the capsular polysaccharide, and subsequent uiltracentrifugation removes
_cellular matter. The dissolved polysaccharide is usually recovered at this stage by precipitation into
‘ethanol. However, many strains of £. coli produce thin, 'tight capsules and the concentration of
capsular polysaccharide in the supernatant is often very low. In such cases, we have found that
the vyield of polysaccharide may be increased by as much as five-fold if the supernatant is first
dialysed against running tap water to remove the ph‘enol, freeze-dried, and the resulting solid then
reconstituted in a minimum quantity of distilled water. The acidic capsular polysaccharide may be
isolated at this stage from this more concentrated solution by precipitation with a 5% solution of
cetyltrimethylammonium bromide (CTAB), which effectively separates it from other. soluble
products such as neutral O-antigen. The polysaccharide-CTAB complex is collected by
centrifugation, dissociated by dissolution in agueous 3 M NaCl and precipitated into ethanol. The
precipitate is redissolved in water, dialysed exhaustively against tap water 10 remove salt and
residual CTAB, ultracentrifuged to remove residual cellular debris and freeze-dried to yield the

K-antigen as the sodium salt.

A problem sometimes encountered with K-antigens of £. co/i is the substitution of the polymer with
lipid. This interferes with the CTAB complexation process and it is often beneficial to treat the
crude isolate with 1% acetic acid followed by centrifugation to remove precipitated lipid before the

addition of CTAB.
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2.2 PURIFICATION PROCEDURES

Fractionation procedures, such as the CTAB-comp'lAexation described above, do not always result
in pure polysaccharide material and further purification is often necessary. Sometimes the
polysaccharide may be sufficiently purified by a repetition of the fractionation process’. A number
of complexation agents are available besides CTAB, although the latter séems to be the most
widely used’*®. Neutral polysaccharides may also be purified by fractionation as their borate

complexes®’.

Depending on the nutrient medium used for growth of the bacterial culture and on the isolation
-method used, a polysaccharide sample may be contaminated with nucleic acids and protein. The
isolated material may be treated with proteases and nucleases {trypsin, RNAse or DNAse) to effect
purification. Chromatographic methods provide a useful alternative to these chemical procedures,
with the added advantage that information concerning the nature of the polysaccharide may be

obtained at the same time as purification is achieved.

2.2.1 Gel permeation chromatography

Gel permeation chromatography (GPC) is a technique which is routinely used for the purification
and analysis of biological compounds and has been reviewed extensively®#®%, The technique
involves a column packed with a stationary phase of swollen, porous gel beads which is eluted
using an appropriate solvent. To achieve a reasonable flow rate in a large column the solvent may
be pumped through the stationary phase. Separation of compounds is based on the principle of
molecular exclusion. The gel beads of the stationary phase have a fixed pore-size'into which
molecules below this size are able to penetrate, but larger molecules are not. The larger molecules
thus pass through the column by moving through the spaces between the gel beads and are eluted
sooner than the smaller molecules, which diffuse into the pores and thus spend more time
associated with the stationary phase. The shape of the molecule also plays a role in the separation
process, since a small but bulky molecule will also not be able to penetrate the gel pores and will

be eluted sooner than a less bulky molecule. The type of gel bead used depends on the required
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molecular exclusion range, the type of solvent to be used and the required flow rate. For
carbohydrates the solvent is usually pure water or ;queous buffer. A range of gels is available for
separation of compounds up to a molecular mass of 20 x 10°. As well as effecting purification of
a polysaccharide or oligosaccharide sample, GPC is also useful for molecular mass determinations,
since the elution volume {V,) of a particular compound can be compared ta_el’Ution volumes of

standard polysaccharides {such as dextrans®?),

The column eluent is usually monitored continuously by being allowed to flow through a detector
such as a differential refractometer, and the readings are traced out by a chart recorder to provide
‘an elution trace. A wide range of specific colorimetric detection techniques is also available®*,
.although these are not now routinely used except in cases where, for example, the use of a buffer

gradient precludes the use of differential refractometry.

2.2.2 lon-exchange chromatography
This technique involves the use of a stationary phase gel or resin in which charged sites have been
covalently bonded to the gel structure. Each charged site is associated with a counter ion which

can be exchanged for a charged molecule. The charged sites may be anionic or cationic;

Tap water, used in dialysis of polysaccharide preparations, frequently contains ions, particular
sodium ions, which associate with acidic groups on the molecule, such as the carboxylic acid
functionality of a uronic acid residue. The sodium form of a polysaccharide frequently has different
physical properties from its corresponding free acid form, which can be regenerated by passing a
solution of the polysaccharide through a cation exchange resin such as Amberlite™ or Dowex™.
This process also serves to separate the acidic capsular polysaccharide from neutral contaminants

such as O-antigen. Inorganic salts may also be removed in this way.

If charged sites are incorporated into a molecular exclusion gel, improved sample resolution can be

achieved. For carbohydrates, anionic exchange gels are more useful. A range of such gels with
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diethylaminoethyl {DEAE), aminoethyl (AE) and gquaternaryaminoethyl {QAE) groups is available.
Separation is achieved by first adsorbing the polysapcharide onto the gel and eluting with buffer
to remove uncharged components. The sample’is then eluted from the column usihg gradient
elution. In these cases colorimetric analysis of the fractions is essential, the phenol-sulphuric acid

method being a convenient one for routine use®®. Excellent separation of bacterial polysaccharides

- -

and their degradation products containing uronic acids is achieved on DEAE-Sepharose™ CL-6B,

as shown in Figure 2.1.
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Figure 2.1 Elution diagram of the capsular polysaccharide of £. co/i K50 on
DEAE-Sepharose CL-6B



CHAPTER THREE: STRUCTURAL ANALYSIS OF COMPLEX POLYSACCHARIDES

Once a sufficient quantity of pure polysaccharide is available, structural studies may commence.
Structural elucidation techniques have been re\;olutionised since the development of analytical
techniques such as gas-liquid chromatography (GLC), high-performance liquid chromatography
{HPLC), mass spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy, which
require very small amounts of material to obtain definitive results. NMR spectroscopy has the
added advantages of being non-destructive and requiring no chemical modification of the material
to be studied. The traditional techniques involving chemical degradation are now used to provide
complementary evidence for structural features, and in some cases to provide oligosaccharide
-fragments suitable for further study. Several techniques have been developed’®®® and it is not

possible to discuss all of these in this review. Rather, a few of the more important techniques will

be discussed and emphasis placed on those used in our laboratories.

Structural elucidation of bacterial polysaccharides is simplified in so far as most of 'thé specific
polysaccharides are composed of regular repeating units, whereas plant and algal polysaccharides
are often long chains of monosaccharides with no apparent regularity in structure®. Complete
structural elucidation of such a polysaccharide thus requires determination of the monosaccharide
composition, conformation, and configuration, the linkage position and type, and the presence and
position of non-carbohydrate substituents. The chemical repeat unit may not be the same as the
biological repeat unit', and it has been shown that Escherichia coli and Salmonella enterica strains
have characteristic preferred O-antigen chain lengths®”. Since one of the primary motivations for
studying bacterial polysaccharides is an attempt to correlate structure with activity, complete
structural elucidation will also include chain-length determination, which can be abhieved by
determining the average molecular mass of the polymer. The conformation of the polymer in

solution is thus also of interest.
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3.1 DETERMINATION OF MONOSACCHARIDE COMPOSITION

3.1.1 Total hydrolysis

The classical approach to compositional analysis of a polysaccharide involves degradation to the
constituent monosaccharides which may then be identified by a variety of analytical techniques’®.
The degradation procedure must hydrolyse the polysaccharide completely to its constituent sugars
in order to obtain an accurate total sugar ratio {TSR), but must not be so harsh that the
monosaccharides obtained are themselves degraded to any significant extent. Various acids have
been used to effect total hydrolysis, including hydrochloric acid, sulphuric acid, formic acid, nitric
.acid, oxalic acid®®, trifluoroacetic acid {TFA)®®, and liquid hydrogen fluoride (HF)*°. In general, TFA
‘and sulphuric acid are preferred as they have been found to cause least degradation®’, although
Manna et al. recently found that even TFA hydrolysis produces degradation products such as
anhydro sugars®2. TFA has the added advantage that it can be removed from the reaction mixture
under reduced pressure and therefore does not have to be neutralized®®. Although HF» hydrolysis
usually proceeds with minimum degradation and excellent release of components, it is not generally
used because of its corrosiveness and toxicity. However, Sanger and Lamport have developed an
apparatus which allows for comparatively safe handling of the reagent®. In our laboratories, we
have found that treatment with 4 M TFA at 120°C for 1 h is sufficient to effect total hydrolysis

with minimal degradation for most applications®3.

Polysaccharides containing uronic acids or 2-amino-2-deoxyhexoses are resistant to hydrolysis®®,
When uronic acids are present total hydrolysis without accompanying decomposition is rarely
possible, and in these cases it is preferable to reduce the carboxyl function prior to hydrolysis SO
as to obtain the corresponding neutral hexose. This also prevents lactonisation of the uronic acids,
which can cause problems in analysis®. Reduction may be effected by first treating the polymer
with anhydrous 3% methanolic HCI {methanolysis)®® with subsequent reduction of the carboxylic
acid methyl ester with sodium borohydride. Alernatively, the method proposed by Taylor and

Conrad®®, which involves activation of the carboxyl groups with aqueous carbodiimide followed by
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reduction with sodium borohydride, can be used. Reagents such as lithium aluminium hydride® or
lithium triethy! borohydride®® in THF can be used to effect reduction of hydrophobic pplymers, eg.

methylated polymers.

Acid hydrolysis of polysaccharides containing amino sugars results in A-deacetylation, and the
protonated free amino group thus formed stabilises the glycosidic linkage. Polystyrene sulphonic
acid has been used to effect hydrolysis of polymers containing amino sugars®. A number of mixed
reagent systems which preserve the N-acetyl group have also been developed, including a mixture
of acetic acid, water and TFA {5:75:20)°°, hydrogen chloride in ethanethiol {(mercaptolysis)'®?, and
-acetic anhydride, acetic acid and sulphuric acid {acetolysis)'®, Liquid HF is also a useful reagent,
since it does not in fact cleave N-acetyl groups and achieves quantitative hydrolysis with minimal

degradation’®3,

Less severe hydrolysis conditions are appropriate for more labile residues, eg. 6-deoxy sugars,
2-deoxy sugars, and furanosidically-linked sugars, and for polymers which decompose easily.
Methanolysis®® and enzymic hydrolysis'®* are effective techniques in such cases.

Once total hydrolysis has been achieved, the monosaccharide constituents must be identified. The
commonly-occurring monosaccharides may be identified easily by analytical techniques such as

GLC or HPLC, providing standards are available.

3.1.2 Gas-liquid chromatography

Since its introduction in 1952 by James and Martin'®® GLC has become one of the most 'extensively
used analytical technigues in scientific research and industry. Separation of compounds is based
on partition between an immobilized liquid phase and a mobile gaseous phase. The original packed
GLC columns have been superseded by the more efficient capillary columns for routine analytical
work'°%1%7 - Capillary columns have an internal diameter of 0.2-0.5 mm and are up to 30 m in

length. The stationary phase may be coated on the inner wall of the column itself, as in a wall-
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coated open tubular {(WCOT) column, on a solid support, as in a support-coated open tubular
{SCOT)'® column, or on a crystalline porous layer {PLOT). The column itself is usually composed
of fused silica which has greater flexibility and |s "thus more durable than a glass column. Wide-
bore capillary columns, with an internal diameter of 0.53 mm, were developed in 1983 for larger
sample sizes and allow interfacing of the gas chromatography with a Fourier t;ansform infra-red
spectrometer {GLC-FTIR)'®. Although the resolution obtained with capillary columns is far superior
to that obtained with the traditional packed columns, problems relating to column bleed at higher
temperatures are still encountered’’®. Non-volatile components also become adsorbed onto the
solid support and stationary phase, and the resolution capabilities of the column gradually
_deteriorate as a result. Bonded-phase columns have the stationary phase chemically bonded to the
fused silica wall. These columns therefore have much greater thermal stability and may be flushed

with solvent to remove the build-up of non-volatile compounds''®.

Many stationary phases are available in capillary columns and a variety have been empldyéd in the
separation of carbohydrates’'’. In this laboratory bonded-phase columns with stationary phases of
intermediate polarity such as DB-1, DB-17 and DB-225 are used for routine monosaccharide
analysis, while the polar DB-WAX column is used to separate derivatised amino sugars. The

compositions and applications of a few stationary phases are listed in Table 3.1.

One of the advantages of open tubular capillary columns is that their higher specific permeability
allows a much lower flow rate, reducing the cost of the carrier gas and allowing a smaller sample
volume. A split injection system allows the majority of the sample to be voided, thus preventing
column overload. For efficient analysis of the nanogram quantities of material which actually reach
the column, extremely sensitive detection systems are needed. Flame ionization, thermal
conductivity and electron capture detectors are routinely used''2, Eluting compounds are recorded
as peaks on a chromatogram by a chart recorder or recording integrator and are usually identified
by comparison with standard compounds. Quantitative estimations are made by comparing the

areas under the appropriate peaks. The response of the detector may vary with different classes
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of cofnpounds, and this becomes important when analyéing polysaccharides which do not contain
repeating units. However, when dealing withr polygéccharides composed of regular repeating units
exact quantitation is not essential as the ratio o;‘ the sugars to each other provides sufficient
information. In these cases the molar response factor, which is estimated by assuming that each
type of carbon atom contributes to the flame response to the same extent in all compounds’’?,

gives satisfactory results. In our laboratory we assume that response factors are equal on an equal

weight basis.
Table 3.1 Compositions and applications of some stationary phases’"*
| stationary Phase  Composition . Applications
DB-1 100% Methyl silicone, gum  Acetylated and trimethylsilylated
oligosaccharides, disaccharide acetates
DB-17 50% Methyl silicone Partially methylated alditol acetates and
50% Phenyl silicone acetylated methyl glycosides,
peracetylated alditols,
pertrimethylsilylated alditols, trnmethylsnlyl
ethers, derivatised amino sugars,
pertrimethylsilylated ketoximes of
NeubAc and NeuGlyc, peracetylated
ketoximes
DB-225 25% Cyanopropy! silicone partially methylated aiditol acetates,
25% Phenyl silicone peracetylated alditols,
50% Methyl silicone pertrimethylisilylated alditols,
trimethylsilylated O-methyloximes
DB-WAX Polyethylene glycol Derivatised amino sugars, methyl ethers,
acetals, acetates

The monosaccharide products of total hydrolysis are not sufficiently volatile to allow direct analysis
by GLC and require derivatisation. In addition, the hydroxyl, carboxyl and amino groups present
in the compound may cause adsorption onto the column surface, causing tailing and impairing
resolution’'®. A variety of derivatives are available for analyzing carbohydrates'""'®'"'8, Such
derivatives as acetylated and trifluoroacetylated methyl glycosides''’, methyl ethers''®, and
pertrimethylsilyl ethers’'® are conveniently prepared and provide good resolution. However since
the anomeric centre and the ring are conserved in their preparation, each compound gives rise to

at least four peaks in the chromatogram due to the formation of anomers in the pyranose and
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furanose forms. The occurrence of multiple peaks in the chromatogram leads to reduced resolution
and complicates the analysis. The sugars may be converted into oximes prior to

trimethylsilylation’'? but both syn and ant/ derivatives are formed, so that each compound still gives

rise to two peaks in the chromatogram.

Acyclic derivatives are preferable since they generally give only one peak per compound. Alditol
acetates'?, peracetylated aldononitriles'?’ (PAANs), pertrimethyisilylated alditols'?,
diethyldithioacetals'?®, and trimethyisilylated or acetylated deoxy{methoxyamino) alditols'?* have
been used, with alditol acetates and PAANs being the most popular. Alditol acetates are usually
~ prepared by reduction with sodium borohydride followed by acetyiation catalysed by pyridine'?® or
" sodium acetate®. These derivatives have been used successfully for the analysis of aldoses and
Figure 3.1 shows the separation of a mixture of monosaccharide alditol acetates. However,
different sugars {eg. arabinose and lyxose) may give the same alditols when reduced, resulting in
incorrect identification of components. This problem may be overcome by marking”C-‘l with a
chromatographically distinct group, such as a nitrile group, prior to acetylation, as in the case of
peracetylated aldononitriles {PAANs). Furneaux reported that significant amounts of by-products
were formed using the traditional method of preparation’?®, but an improved procedure developed
by Chen and McGinnis occurs without by-product formation'?’. Ketoses may be analyzed by the

preparation of a related derivative type, the peracetylated ketoximes'?®,
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Figure 3.1 The GLC analysis of a mixture of monosaccharide alditol acetates on a DB-17

column. A. Rhamnose; B. Fucose; C. Mannose; D. Glucose; E. Galactose
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The analysis of hexosamines can be problematic, since their alditol acetates and aldononitriles have
excessively long retention times. A DB-17 col}:r_rin may be used for the analysis of the alditol
acetates but the peaks are broadened and sensitivi;y is lower. O-methyl oximes'?® provide a useful
alternative to aldito| acetates since they have much shorter retention times and give a single peak
in the chromatogram. More recently, acetylated deoxy{methoxyamino) alditols have been used'®.
GLC can also be applied to the analysis of methylated sugars and in the determination of

monosaccharide configuration. These applications will be discussed in the relevant sections.

.3.1.3 High performance liquid chromatography

'High performance liquid chromatography (HPLC) is a fofm of column chromatography in which
compounds are partitioned between a stationary phase composed of a monodisperse particu\late
solid and a mobile liquid phase which is pumped through the column at high pressure’. The
column is constructed from stainless steel to withstand the high operating pressures of 1to

30 MPa. The principle of separation may be based on molecular exclusion, ion exchange, ligand
exchange, adsorption chromatography, or simply partitioning between the two phases'®’. The high
operating pressure allows separation to be achieved in a relatively short time {15-60 minutes) which
offers a distinct advantage over gravity-feed and low pressure column chromatography. The
technique is versatile since it does not require high operating temperatures, and the wide range of
available stationary phases allows analysis of a much wider range of compounds than is possible
with GLC. Derivatisation is unnecessary and little or no pretreatment of the sample, beyond
degassing and filtration, is thus required'®2, If proteins or high concentrations of salts are present
these must be removed as they may cause damage to the column’®2, Many HPLC syétems have
a short "guard column” preceding the HPLC column to remove any such damaging substances and

thus prolong the useful life of the column.

Stationary phases of several types are available. Those most useful for carbohydrate analysis

include chemically bonded silica gels (normal and reverse-phase), amine-modified silica gels, and
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both cation and anion exchange resins'®®, Reverse phase silica gels such as octyldimethyisilyl and
octadecyldimethylisilyl columns are popular dug' to their stability, and since they can be used with
aqueous mobile phases are suitable for routine analysis of carbohydrates. Resin-based columns are
also generally used for the analysis of underivatised carbohydrates'®?. HPLC resins may contain
cationic or anionic sites and compounds are separated by a combination”of molecular size
exclusion, ligand exchange, and hydrophilic adsorption. These columns zre stable over a wide pH

range and do not dissolve in aqueous media. Figure 3.2 shows the separation of a mixture of

carbohydrates on the Supelcogel™ C6-11 ion-exchange column,
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Figure 3.2 The HPLC separation of a carbohydrate mixture on column Supelcogel C6-11.
1. Raffinose 2. Maltose 3. Glucose 4. Galactose 5. Mannose 6. Fructose

Eluent 10* m aqueous NaOH
Until recently, HPLC anion-exchange chromatography has been little used, since the silica and
polystyrene-based resins available were not suitable for the analysis of underivatised neutral sugars,
which could be separated only as their borate complexes with post column derivatisation for the
purposes of fluorometric detection'®. The technique requires long analysis times, is relatively
insensitive, and resolution is poor. Recent advances in chromatographic technology have produced
new high pH anion-exchange {HPAE) supports providing high-resolution separation of carbohydrate

components’®®, Neutral, acidic, and amino sugars may be analyzed since the high pH of the mobile
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phase converts neutral sugars into anions which are subsequently eluted using a sodium acetate

gradient’®,

Gel filtration columns are used for the analytical or semi-preparative separation of oligosaccharide
mixtures. Separation is based on molecular exclusion principles. The gel Eiatfonary phases are
mbore fragile and less densely packed than are conventional stationary phases and operating flow
rates and pressures are consequently much lower. In this laboratory, Progel™-TSK G3000 PWXL
is employed for the analysis of both neutral and ionic samples and Progel™ G-oligo-PW for the
analysis of non-ionic oligosaccharides. The mobile phase used for the latter column is usually water
-or 10* M NaOH, while the former employs a buffer system such as 0.1 M sodium acetate or

0.1 M sodium sulphate.

HPLC is not as sensitive a technique for carbohydrate analysis as is GLC due to the less sensitive
detection systems employed’®? and for this reason is used as a complementary technique rather
than a replacement. The most popular detector is the differential refractometer, despite its relative
insensitivity. However, it is sensitive to changes in the temperature and composition of the
mobile phase, thus necessitating a thermostatic control unit and making gradient elution impossible.
The UV detector is insensitive to changes in the solvent composition providing the solvent has no
chromophore and is not sensitive to temperature changes; however, its sensitivity towards
carbohydrates is low since these compounds have low UV activity. Both detectors are adequate
for analytical work; however for quantitative purposes it is preferable to derivatise the sample to
produce a chromophore or fluorophore which allows more reliable and sensitive deteqtion by UV

or fluorometric techniques'®.

The recent development of pulsed-amperometric detection {PAD) has revolutionized HPLC detection
systems. This detection system involves surface-catalysed oxidations of various functional groups
{eg. the hydroxyl, carboxyl, and amino groups in carbohydrates) at noble metal electrodes,

generating an electrochemical response which can be measured'®. Other electrochemical
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technigues involving constant applied potentials usually result in fouling of the electrode surface,
which results in poor sensitivity. This problem i_spvercome by PAD since the potential is pulsed
rather than constant. The technique is extremely 'sensitive and quantification is better than

100 pmoli'3®, PAD coupled with high-pH anion exchange chromatography (HPAE-PAD) has become
the method of choice for the determination of carbohydrates in a variety of samples and several

studies have recently appeared in the literature'35%%,

3.1.4 Paper Chromatography

Before the advent of GLC and HPLC, paper chromatography was used for the routine qualitative
-and guantitative analysis of carbohydrate samples. As an analytical technique it has been
'superseded by GLC and HPLC, but it is still used for the preparative separation of hydrolysed
samples in order to isolate new or rare monosaccharides which cannot be identified by the more
routine techniques due to the non-availability of standards. Paper chromatography was used
successfully to isolate Fuc3NAc from the capsular antigen of £, co/i K45 {See Section 4.2) in order

to determine its absolute configuration.

Compounds are partitioned between the stationary phase, viz. the hydrated paper fibres,. and the
mobile phase which is a water miscible solvent or mixture of solvents'*®, Chromatography may be
conducted in the ascending or descending mode and the resulting chromatogram must be
chemically developed to visualize the components. An excellent survey of most of the materials,
solvents, and detection methods used in paper chromatography has been presented by Churms®,
and Sherma has surveyed more recent developments in and uses of the technique™’'. The
technique has the advantages of being suitable for the separation of all classes of monoéaccharides
{including uronic acids and amino sugars) and small oligosaccharides, derivatisation of the sugars
is unnecessary, and excellent sample recovery is achieved. Unfortunately the technigque is slow
in comparison to GLC and HPLC, the average time required to obtain results being between 16 and

24 hours.
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3.1.5 The role of NMR in the determination of monosaccharide composition
Developments in the field of NMR spectroscopy over the last two decades have completely altered
the approach towards the structural elucidation ;>f complex polysaccharides. The applications of
the technique in this field are numerous, and a more detailed discussion of various experiments and
the information they afford appears in section 3.6; however it is appropriate at this point to
mention that monosaccharide composition may be determined directly by NMR spectroscopy
without recourse to chemical degradation. The basic configuration of each sugar residue may be
determined from the characteristic proton coupling pattern it displays. The value of the spin-spin
coupling constant, J, depends on the size of the dihedral angle between the vicinal protons in the
_molecule’¥?, The coupling constant is large {5-8 Hz) when the protons are transdiaxial, and small
(1-3.5 Hz) when they are gauche. Values for the first four vicinal coupling constants (H-1 to H-4)
are sufficient to establish the basic configuration of the sugar’®®. Table 3.2 lists these
characteristic J-coupling patterns. Once the basic configuration of each monosaccharide has been
established and the signals in both the 'H and *C NMR spectra have been assigned tb >trhe atoms
of the constituent monosaccharides, identification of the residues is possible by comparison of this

44 This approach is invaluable in cases where chemical

information with published data
degradation does not achieve complete release of constituent sugars. The capsular polysaccharide
produced by E. coli K48 contains a novel trideoxy sugar which could not be released by chemical

means and was characterised entirely by NMR spectroscopy®®.
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CORRELATION OF ALL VICINAL COUPLING CONSTANT PATTERNS WITH THE
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STEREOCHEMISTRY OF ALDOPYRANOSYL SUGAR RESIDUES'*’

Aldopyranose residue stereochemistry®

Vicinal coupling constants® Examples

g Jas Jaa Jas Configuration Conformation

L L L L B-gluco iC, R-D-Gic, B-D-GlcNAc

L L L s a-ido C, {6-D-Idose)°

L L S L Not possible

L L S S B-galacto ‘C, R-D-Gal, B-L-Fuc
a-altro 'C, {a-D-Altrose)

L s L L Not possible

L S L S Not possible

L S S L B-alio iC, [R-D-Aliose)

L S S S B-gulo ‘C, {B-D-Gulose)

S L L L a-gluco "C, g-D-Glc, a-D-Qui

S L L 3 B-ido 'c, {R-D-ldose)

s L S L Not possible

S L S 3 a-galacto iC, a-D-Gal, a-L-Fuc

S S L L o-manno o o-D-Man, a-L-Rha
B-manno *C, B-D-Man, R-D-ManNAc

S L S a-gulo C, {a-D-Gulose)

[ (3 L a- or B-altro ‘C, {a- or R-D-Altrose)
a-allo o {a-D-Allose)

S S S S g- or B-ido ‘C, (o- or B-D-ldose) -
a-gulo o {a-D-Gulose)
o- or B-talo *C, {a- or R-D-Talose)

*The symbols L and S represent large (> 5 Hz) and small (< 5 Hz) vicinal proton coupling constants,
respectively.

The absolute stereochemistry of a residue cannot usually be established by NMR. Stereochemical
designations apply to the D as well as to the L form.

*Residues shown in parentheses are theoretically possible, but have not yet been encountered in Nature.
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3.2 DETERMINATION OF MONOSACCHARIDE CONFIGURATION
Sugars occur in both the D and L forms in nature- a'nd the glycosidic linkage may have either the ¢
or B configuration. Several methods have been developed for the determination of these

configurations, and include both chemical and spectroscopic methods. o
3.2.1 Absolute Configuration

The enantiomeric D and L forms of a monosaccharide may be distinguished by measurement of the
specific optical rotation’®. In the case of a polysaccharide, this method necessitates hydrolysis
-10 constituent monosaccharides and isolation of the pure components in sufficient quantity for the
'analysis. Hudson evaluated the contribution of various porﬁons of an oligosaccharide to the overall
optical rotation of the compound in solution. His rules of isorotation’*® may be extended to the
determination of monosaccharide configurations in oligosaccharides and polysaccharides, provided
that the monosaccharide composition, order and positions of linkage, and ring sizes hé?e already
been established™®. Sugar configuration may also be determined by means of circular dichroism
{c.d.) measurements performed on the derived alditol acetates'®’. Each sugar has a characteristic
c.d. band at 213 nm and sugars can be identified by comparison of the determined value with
published values. This method has the advantage that accurate measurements can be obtained
on milligram quantities of material. Although it is not applicable to meso-alditols, these can be

converted to chiral derivatives.

Enzymatic methods may also be used. Several enzymes react exclusively with recognized
molecules. For example, specific D-glucose or D-galactose oxidases oxidize only D-Glc of D-Gal type
sugars respectively'*®, The polysaccharide is hydrolysed prior to treatment with the specific
enzyme, and the hydrolysate is then analyzed for the absence of the corresponding sugars by
chromatographic methods. A major disadvantage of enzymatic methods is that specific enzymes

are expensive and not always easily available.
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All the above methods require hydrolysis of the polysaccharide and isolation of the constituent
monosaccharides to provide definitive results, gl;hough this is necessary when new or unusual
sugars are encountered, most commonly occurring monosaccharides can be analyzed by means of
GC or HPLC without the need for laborious preparative chromatography. In order to distinguish
between the enantiomeric forms of each monosaccharide, either the enhantiomers must be
converted into diastereomers which are chromatographically distinct, or a chiral stationary phase
must be employed. The use of chiral alcohols to form diastereomeric derivatives is well
established#®'®° and the method described by Leontein et a/.'*® is used routinely in our laboratory.
Monosaccharide enantiomers are identified by comparison of retention times with those of
-authentic standards. The particular advantage of this method is that it is possible to obtain the
-chromatograms expected for both forms of a sugar whenr only one form is available, since the
reaction of the D-form of a monosaccharide with a (-)-alcohol will give the same products as those
obtained from the reaction of the L-form with the corresponding { + )-alcoho!'®. This is particularly
useful in the case of the amino sugars, since D-forms are readily available but L-forhs are not.
Unfortunately, each enantiomer will give rise to four peaks, i.e. two furanosides and two
pyranosides, resulting in crowded chromatograms particularly if the repeating unit of the
polysaccharide is large. This problem can be overcome by the preparation of acyclic diastereomeric
derivatives which give only one or two peaks per enantiomer, eg. acetylated or trimethyisilylated
diastereomeric dithioacetals'®, {-)-menthyloxime pertrifluroacetates’®®, and 1-(N-acetyl-o-

methylbenzylamino)-1-deoxy-alditol acetates's®.

Trifluoroacetylated carbohydrate enantiomers can be analyzed conveniently on the recently
developed pentylated cyclomaltohexaose stationary phase’®®. Each monosaccharide still gives rise
to more than one peak and the problem of multiple-peak chromatograms still applies.
Monosaccharides are again identified by comparison of retention times with those of authentic
standards. It is therefore necessary that standards are prepared for all possible enantiomers, thus
limiting this method to the analysis of those monosaccharides for which standards are easily

available.
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It is not possible to distinguish between the two enantiomeric forms of an isolated monosaccharide
by means of NMR spectroscopy. However, ’j(?chemical shifts can be affected. not only by
inductive effects but also by spatial proton-proton interactions, so that the relative
stereochemistries of two linked monosaccharides can be determined from '3C NMR data’s®.
Shashkov et al. have developed a method whereby the absolute stereochemistry of one sugar
constituent of a disaccharide may be assigned on the basis of '3C chemical shift differences,
providing that the absolute stereochemistry of the second monosaccharide is known'®®, This is
especially useful for the analysis of polysaccharides which are resistant to hydrolysis. For example,
the absolute stereochemistry of the new diacetamido sugar present in the capsular polysaccharide
of E. coli K48 was assigned by NMR spectroscopy since it could not be released by hydrolysis®®.
‘Other workers have found that the absolute stereochémistry of constituent monosaccharide
residues in oligo- or poly- saccharides can be determined by a combination of NMR data and
potential energy calculations, providing that the absolute stereochemistry of the adjace_nt- sugar is

known®8,

3.2.2 Anomeric Configuration
The anomeric configurations of the monosaccharide constituents in a polysaccharide- may be

determined chemically or enzymatically, although these methods often produce inconclusive results.

Acetylated oligo- and poly- saccharides may be oxidised with chromium trioxide in acetic acid.
Pyranosidic sugar residues in which the aglycone occupies an equatorial position, i.e. B-residues,
are oxidised to 5-hexulosonate residues and surviving sugars can thus be assigned the

g-configuration’®. However, a-D-hexose residues which adopt the 'C, configuration also have an

anomeric bond in the equatorial position and results can thus be inconclusive’®®,

Enzymatic determination is based on the cleavage of glycosidic bonds by hydrolases which are
specific for a particular anomeric configuration. A wide variety of such enzymes is available and

their application to the structural analysis of polysaccharides has been reviewed'®®'%°, This
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approach is not widely used due to the cost of the specific enzymes required, although it has been
used with success in determining the anomeric _cohfiguraﬁons of various residues in the capsular

polysaccharides of K/ebsiella K29'®' and Klebsiella K152,

Anomeric configurations of all the constituent monosaccharides can be established readily from a
one-dimensional "H NMR spectrum of the native polysaccharide. The anomeric protons resonate
downfield from the remaining ring protons and their respective configurations may be determined
from chemical shift, spin-spin coupling data or spin-lattice relaxation time'%2. This will be discussed

in greater detail in Section 3.6.
3.3 LINKAGE ANALYSIS

Methylation analysis is the traditional method of determining the linkage positions of the g:pnstituent
sugars of a polysaccharide. Although this information can be provided non-destructively and less
tediously by NMR spectroscopy, methylation analysis is still used to provide confirmatory evidence
for the polysaccharide structure and the technique has been reviewed extensively®8-184.185,

The principle of methylation analysis is simple. The free hydroxyl groups in the polymer are
etherified {methylated) and the polymer is hydrolysed to its constituent partially methylated
monosaccharides which are identified by GLC-MS. Hydroxyl groups which are not etherified mark

the positions at which the residues were substituted in the original polysaccharide.

Before the advent of NMR spectroscopy, methylation analysis was considered to be the most
important technique available for linkage analysis, and as such has been the subject of considerable
research. Many methods are available for effecting methylation of the polysaccharide substrate,
most of which are based on ionization of the free hydroxy! groups to form nucleophilic alkoxides
which may then attack the electrophilic methylating agent®®. The success of the reaction is

dependent on achieving a sufficient degree of ionization, and on the solubility of the polysaccharide
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in a suitable solvent. The most widely used method until recently was that originally developed
by Hakomori'®® and modified by Sandford and anr'éd"”, which employs the methylsulphinyl anion
{dimsyl anion) as the base and methyl iodide as the alkylating agent. The dimsyl anion was
originally generated by the reaction of sodium hydride with dimethylsulphoxide {(DMSO), which is
also used as the solvent for the reaction. This procedure is tedious and the dimsyl anion is
susceptible to the presence of moisture which may inactivate the reagent. Commercial sodium
hydride also contains impurities which interfere with GLC analysis of the reaction products’®®,
Modified procedures which afford improvements with regard to ease of preparation and purity of
product include the use of potassium tert-butoxide'®, potassium hydride’®®, and butyl lithium'?°,
-Due to its polarity, DMSO is an ideal solvent for most polysaccharides, and complete methylation
is usually achieved in a single step. Undermethylation is usually due to the insolubility of a
particular polysaccharide in DMSO, which has been attributed to intra- and inter-molecular
hydrogen bonding restricting the reactivity of the free hydroxyl groups'’'. This probl»em can be
overcome by the use of 1,1,3,3-tetramethyl urea which relaxes the hydrogen‘ bonding'”’,
Alternatively, mixtures of DMSO and /-methylmorpholine N-oxide (MMNO) may be used to dissolve
polysaccharides which are insoluble in DMSO alone'’?, although Harris et a/. observed lower

methylation yields with this method'’3, .

Despite the popularity of the Hakomori procedure, it has certain limitations. Apart from the
difficulties encountered with the preparation of the dimsyl anion, the procedure also results in the
esterification of the carboxyl groups of uronic acid residues, which may then undergo R-elimination
under the strongly basic reaction conditions'’¢. In addition, Zahringer and Rietschel have reported
C-methylation at N-methylacetamido groups, the proportion of these additional products being
dependent on the reagent used for the preparation of the dimsyl anion'’®. More recently Ciucanu
and Kerek have proposed a new methylation procedure which involves the use of hydrides and
hydroxides as bases in preference to the dimsyl anion, claiming higher methylation yields with

178

cleaner resulting gas chromatograms'’®. They claim that undermethylation is due to the reaction

of the dimsyl anion with methyl iodide and present an intensive study of alternative basic reagents,
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showing that the best yields are obtained in the shortest reaction times using NaOH or KOH in
DMSO0'78, Ciucanu and Luca also investigated ppt'imal conditions for keeping R-elimination with
subsegquent degradation to a minimum during the methylation of polysaccharides containing uronic
acid residues'’®. This method is more convenient due to reagent availability and ease of
preparation, however York et a/. have reported significant oxidative degraddtion under these
conditions'”?. A subsequent study performed by Needs and Selvendran showed that this could be
overcome by treating the polysaccharide with sodium hydroxide before the addition of methyl
iodide in a sequential manner'’®, and it seems that this more convenient, rapid procedure is now

the method of choice for polysaccharide methylation.

‘Neither the Hakomori procedure nor the procedure of Ciubanu and Kerek lends itself to repetitive
methylation steps, since exposure of a partially methylated polymer to the strongly basic conditions
employed in both methods will result in B-elimination®®. Methylation may be completed by treating
the partially methylated material with methyl iodide and silver oxide in DMF, according to the
method developed by Kuhn et a/.'’°., The absence of the O-H stretching vibrations in the IR
spectrum of the methylated polymer indicates complete methylation.

A particular disadvantage of methylation procedures which employ strongly basic conditions is the
loss or migration of base-labile substituents such as O-acetyl groups, resulting in loss of structural
information. A recent method proposed by Prehm, using methyl triflate in trimethyl phosphate in
the presence of the weak base 2,B6-di-{tert-butyl)pyridine, provides a mild acid-catalyzed
methylation procedure which achieves complete methylation in a single step with retention of acyl
groups'®. The presence and location of O-acetyl groups can also be readily determinéd by NMR

spectroscopy.

Once the polysaccharide has been exhaustively methylated, it is hydrolysed to its constituent
partially methylated monosaccharides which may be derivatized and identified by GLC-MS. Alditol

acetates are the preferred derivatives and a large data bank of information pertaining to retention
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times and mass spectra is available'®'3, One of the problems encountered in the analysis of small
samples is the loss of material due to repeate_q _fransfers between reaction vessels during the
various stages of the reaction and due to volatilization of methylated components during
concentration of solutions under reduced pressure'’®. In order to minimize such losses, Harris et
al. developed a one-tube procedure which is especially suited to the analysis of’small samples’’3,
A-recent assessment of this widely-used method by Needs and Selvendran showed that the acid-

catalysed acetylation method employed in the Harris procedure results in the underestimation of
terminal units in branched polysaccharides due to oxidative degradation'®®. In addition, highly
methylated alditols, aldoses and alditol acetates are prone to loss from evaporation and stored GLC
~samples decompose within two months due to the excess acetic acid present's*. Despite the

‘advantages of the Harris method, it seems that the more traditional base-catalysed acetylation

procedure affords more accurate information.

Traditional methylation analysis has two important drawbacks. Apart from the laborious work-up
procedure, the technique is unable to distinguish between permethylated 4-linked aldohexo-
pyranoses and 5-linked aldohexofuranoses, which give the same product (viz. a 2,3,6-tri-O-
methylhexose) after hydrolysis of the glycosidic linkage'®®. The same problem is encountered with
4- and b-linked aldopentoses and 5- and B-linked ketohexose residues. Gray and co-workers have
developed an alternative to traditional methylation analysis, which involves reductive cleavage of
the methylated polysaccharide with triethylsilane in the presence of either boron trifluoride etherate
{BF;.Et,0) or trimethylsilyltrifluoromethanesulphonate {TMSOT)'88, This results in regiospecific
reductive cleavage at the anomeric carbon atom to afford the corresponding cyclic anhydroalditols
{see Figure 3.3), which can be analyzed by GLC-MS as their acetylated derivatives. 'I"his method
allows determination of linkage positions and ring forms simultaneously. Problems were
encountered with the analysis of carbohydrates containing 2-acetamido-2-deoxyhexopyranosyl
residues, since these formed water-soluble derivatives which could not be accurately gquantitated'®.
D’Ambra and Gray recently modified the reductive cleavage method to allow simultaneous analysis

of these residues'®’, and used the modified method successfully in the linkage analysis of the
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O-antigen of Pseudomonas aeruginosa ATCC 33358788,

—
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‘Figure 3.3 Reaction scheme for reductive cleavage of a glycosidic linkage showing the

presumed intermediate cyclic oxocarbenium ion

3.4 ANALYSIS OF NON-CARBOHYDRATE SUBSTITUENTS

Many bacterial polysaccharides contain non-carbohydrate substituents which significantly influence
their physicochemical and biological properties. O-acetyl groups affect the immunospecific
character of the polysaccharide®, while pyruvate substituents have been found tc'~ act as
determinants in the symbiotic association between certain microorganisms and their host plants,
besides having a significant effect on the conformation and solubility of the polysaccharide'®®. To

obtain a complete understanding of the immunogenic character of a specific polysaccharide it is

therefore necessary to identify and accurately locate such substituents.

O-acetyl groups are common and are the most difficult to locate due to their lability and tendency
to migrate to other hydroxyl groups in the polysaccharide'®. Their analysis may also be
complicated if they are present in non-stoichiometric amounts. As was mentioned previously, the
basic conditions of the Hakomori and the Ciucanu-Kerek methylation procedures cleave O-acetyl
groups, and the milder Prehm'®® methylation procedure is necessary to locate their position in the

polymer. Alternatively, the free hydroxyl groups in the polymer may be protected by conversion
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to acetal'® or phenylcarbamoyl'®? derivatives, after which the sites of the O-acetyl groups may be
methylated selectively. More recently, Stanikow§kf and Zeller located the O-acetyl group in welan,
a commercial polysaccharide produced by Alcaligenes ATCC 31555, using a reductive cleavage

technique’®3,

NMR spectroscopy provides more accurate information in less time and is the method of choice for
the analysis of non-carbohydrate substituents. The presence of an acetyl group in the
polysaccharide is indicated by a singlet at § 2.0-2.3 in the '"H NMR spectrum, and a peak at 20-25
ppm in the '3C NMR spectrum. O-acetyl groups may be distinguished from N-acetyl groups by the
_characteristic C-N peak at 47-58 ppm in the '3C spectrum. The substituent may be located from
‘chemical shift data, since the methine proton of an acy! sﬁbstituted carbon will be deshielded and
the corresponding signal in the 'H spectrum will occur downfield from other ring protons. Acylation
also causes significant deshielding of the a-carbon (0.6-3.5 ppm) and shielding of the adjacent

R-carbons, supplying reliable information as to the position of the substituent'®*. Long range two-
and three-bond heteronuclear correlations obtained from a 2D-Heteronuclear Multiple Bond

Coherence {(HMBC) experiment can locate an O-acetyl substituent unambiguously'®®,

NMR spectroscopy is also the most widely-used method for the analysis and location of other non-
carbohydrate substituents. Table 3.3 lists some commonly encountered substituents and their

NMR data.

Pyruvate is usually acetalically linked at positions 0-2 and 0-3, positions 0-3 and 0-4 or, more
commonly, at positions 0-4 and 0-6. The acetal linkages are base stable and the positions of
substitution can therefore be established by conventional methylation analysis. Reductive cleavage
of methylated pyruvate-containing polysaccharides using Me,Si0OSO,Me-BF;.Et,0, BF,-Et,0 or
Me;SiOSO,CF; as catalyst results in the formation of partially methylated anhydroalditol derivatives
which can be analyzed by GLC-MS to establish the positions of substitution of the pyruvate

196,197

group . Unfortunately, this technique also results in isomerisation at the acetal carbon and
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therefore cannot be used to establish the absolute configuration at this chiral centre. In addition,
pyruvate groups occurring as 2,3- or 3,4-linked agce'fals are more labile than the 4,6-linked form and
may not be stable during chemical analysis, particularly if the polysaccharide is in its acidic form,
Both the position of the pyruvate substituent and the absolute configuration of its acetalic carbon
can be determined using NMR spectroscopy. Garegg et a/. illustrated that ft was possible to
determine the absolute configuration of the acetalic carbon of a 4,6-linked pyruvate substituent
from 'H and '*C NMR data, due to the difference between the 'H and '3C chemical shift data of
axial and equatorial CH; groups'®®. Assignment of configuration to pyruvate substituents which
are 2,3- or 3,4-linked is more difficult using this method because the chemical shift differences are
_smaller than in the 6-membered ring. It is also possible to assign absolute stereochemistry from
'NOE data as the pyruvate methyl protons may show NOE’s to specific ring protons, depending on
the acetalic configuration, as shown in Figure 3.4, This approach has been used successfully
to establish pyruvate stereochemistry in the capsular polysaccharides of £. coli K47° and K103
(this thesis) and K/ebsiella K30%°°, Miertus et a/. have noted that 4,8-linked pyruvate substituents
prefer the S configuration when linked to D-glucopyranosyl or D-mannopyranosyl residues and the
R configuration when linked to D-galactopyranosyl residues, and have correlated this preference

with conformational stability by means of molecular dynamics studies’®®. e

(;\H
OH
3
H H RO H
CH3

Figure 3.4 NOEs observed between specific ring protons and pyruvate methyl protons may
permit assignment of the configuration of the guaternary acetalic carbon™®
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Table 3.3 Non-carbohydrate substituents present in £. coli capsular polysaccharides
Substituent Structure “ *H and *C NMR Data {ppm)
-C=0 -CH, -CH,p- -CH- -C- -COOH
N/O-acetyl —NO-G—-CHs  H 2.0-2.3
o C 170-180 20-25
O-propionyl —0-G-CHyGHy  H 1013 2.9-2.2 T
o c 170-180 1012 26-28
Pyruvate -‘°><°°°" H 1.4-2.1
—0” “chy c 17-26 107-109, 173-175
100-103°
Lactyl —O—CH—COOH H 1.3-1.5 4.0-45
c 19-21 77-79 178-184
Serine H 2.8-3.2> ~5.0
—g‘”’mﬂ* cC 170-180 59-63 56-59 175-178
Threonine H 1.0-2.0 ’ 4.1-4.5°
1 —ﬁ—u»-ﬁ%:« C  170-180  20-22 58-62, 175-178
68-719

*For 5- and 8-membered acetal rings respectively; M, and H, usually close together
°g and B protons close together or may overlap; “H, and Hj respectively

The amino acids L-serine and L-threonine have been found amidically linked to the carboxyl group

of uronic acid residues®'®,

These substituents can be identified and their linkage positions
determined by NMR spectroscopy, since they show characteristic chemical shift and coupling
constant patterns®*. Strongly acidic conditions {eg. 4 MHCI, 100°C, 18 h, under N,) are-required
to effect cleavage of the amino acids from the polysaccharide. The absolute stereochemistry may

then be determined by GLC analysis of diastereomeric derivatives, or by measuring optical rotations

after isolation and purification.

Phosphorus in the form of glycero, ribitol, or sugar phosphates is also a common component of

E. coli capsular antigens. The phosphate content of the polysaccharide may be determined by
means of colorimetric assays?°%?°® following cleavage of the substituent from the polysaccharide.
Total hydrolysis of phosphate-containing polysaccharides may be effected using 38% aqueous HF
at elevated temperatures (65°C, 1 h), followed by extended TFA hydrolysis'®®, while cold aqueous
48% HF may be used for dephosphorylation of the polysaccharide®®. The position of phosphate

linkage may be determined by '*C NMR spectroscopy, since phospho-substituted carbon atoms
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show characteristic deshielding and their corresponding signals are frequently split due to carbon-

phosphorus coupling?°®,

3.5 SELECTIVE DEGRADATION OF POLYSACCHARIDES

Or;ce the linkage positions of the constituent monosaccharides have bezn established, the
sequence of the monosaccharides in the repeating unit must be determined. It is possible to
determine the monosaccharide sequence unambiguously by means of various NMR experiments,
and these will be discussed in Section 3.6. The classical method of sequence determination
- involves degradation of the polysaccharide by chemical or enzymatic means to produce a specific
'oligosaccharide or mixture of overlapping oligosaccharides which can be isolated and characterised.
NMR spectra of oligosaccharides are better defined and thus easier to interpret than those of
polysaccharides, and in cases where the size of the repeat unit results in considerable sjg_na‘l overlap
in the spectra of the native polysaccharide, the generation of a suitable oligosaccharide fragment
greatly aids structure determination. Degradative procedures require a large amount of material
since the vyield of the desired product is usually low, and are therefore no longer used as part of

routine structural analysis.

A wide variety of degradative technigues which take advantage of specific structural features
within the polysaccharide have been established, and several comprehensive reviews have been
published’#%2°6, Only those techniques used in this thesis or in which new developments have

been reported will be discussed.

3.5.1 Partial acid hydrolysis

Different glycosidic linkages are hydrolysed at different rates under acidic conditions. For example,
furanosides are hydrolysed faster than the corresponding pyranosides by factors of 10-102%, while
glycosiduronic acids and 2-amino-2-deoxyglycosides are extremely resistant to acid hydrolysis®®.

It is therefore often possible to perform graded hydrolysis of the polysaccharide, employing the
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same reagents used for total hydrolysis but under milder conditions, and to isolate the resulting
oligosaccharide fragments by chromatographic_ }e_éhniques. This approach was used with great
success in structural studies of the £. coli K37 polysaccharide®’, as shown in Figure 3.5.

Partial acid hydrolysis also permits the isolation of labile monosaccharide residues without the
degradation which usually accompanies total hydrolysis. This approach was pafticularly useful in

the isolation of Fuc3NAc from the £. col/i K45 capsular polysaccharide {see Section 4.2).

Non-aqueous acidic conditions such as those employed in acetolysis, trifluoroacetolysis,
mercaptolysis and methanolysis may also be useful. In particular, acetolysis is frequently used in
-conjunction with partial aqueous acid hydrolysis to provide complementary data, since the relative

Trates of cleavage of the glycosidic linkages are often very different®®,

-3)-B-D-Glcp-{1-3)-0-D-Galp-{1-»
4
?
1
o-D-Galp
4,6
1
Pyr

{0.5 M TFA, 100°C, 1.5 h)

1 l l

B-D-Glcp-{1-3)-D-Galp-OH D-Galp-OH B-p-Glcp-{1-3)-pD-Galp-OH
4 4,6
3 A
1 Pyr
a-D-Galp
4,8
\%
Pyr

Figure 3.5 Products of partial acid hydrolysis of the £. coli K37 polysaccharide
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3.5.2 Anhydrous HF solvolysis
The use of liquid anhydrous HF as a medium to ef.-fe,t;t total hydrolysis of polysaccharides has been
mentioned in Section 3.1.1. Despite its ability to cleave linkages normally resistant to acid
hydrolysis, anhydrous HF may also be used as a highly selective reagent for partial degradation.
Anhydrous HF solvolysis was first used in this capacity in structural sftjdi;s performed on
polysaccharides isolated from Rhizobium japonicum®’2°®, and has since become a valuable

technique for the selective solvolysis of polysaccharides.

A recent comprehensive review by Knirel et a/. describes the mechanism of the technique and its
-application in the structural analysis of various polysaccharides'®®. Polysaccharides are dissolved
due to the formation of hydrogen bonds between the HF and the polysaccharide, followed by
cleavage of the glycosidic linkage to form glycosyl fluoride intermediates with very little
accompanying decomposition. /N-acyl substituents are preserved and O-acyl and pyruvate groups
may be retained depending on the reaction conditions. Different glycosidic linkages exhibit
different reactivities towards the reagent, and the solvolysis procedure may be controlled very
selectively by the choice of reaction temperature. Table 3.4 lists the relative labilities of different

glycosidic linkages®3,

The high selectivity of this reagent allows it to be used with equal efficacy for the analysis of
sensitive polysaccharides containing labile linkages and those containing residues resistant to
hydrolysis, such as amino sugars and uronic acids. For example, the technique was applied to the
partial degradation of the hydrolysis-resistant capsular polysaccharide from £. co/i K48 to generate

oligosaccharides suitable for analysis by NMR spectroscopy, as shown in Figure 3.6°5,

Unfortunately, not even HF solvolysis could achieve release of the new diamino sugar

2,3-diacetamido-2,3, 8-trideoxy-R-L-mannopyranose to allow its complete characterisation®®.
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—)-B-D-GlcpNAC-{1-4)-B-D-GlcpNAc-(1-4)-B-D-GlcpA-(1->

3.
K
oy
R-L-Sugp
- B-D-GlcpNAc-{1-»4)-B-D-GlcpNAc B-L-Sugp-{1->3)-D-GicNAc
3
)
1
B-L-Sugp

where Sug is 2,3-diacetamido-2,3,8-trideoxy-B-mannopyranose

-Figure 3.6 Partial degradation of the £. coli K48 capsular polysaccharide with anhydrous HF®®

Table 3.4 Expected labilities of the glycosidic linkages of various sugar residues'®®
Temperature of hydrogen fluoride {°C) ..
Sugar Residue < -70 -40 -23 to -20 0 20 to 25
Pentofuranose + + + + +
Pentopyranose + + + + +
6-Deoxyhexose - + + + +
a-Hexose - ES + + T+
B-Hexose - + + + +
2-Amino-2,6-dideoxyhexose _ - _ + +
3-Amino-3,8-dideoxyhexose + + +
4-Amino-4,6-dideoxyhexose + + +
2,4-Diamino-2,4,6-trideoxyhexose +
2-Amino-2-deoxyhexose - - - + +
Uronic acid - - - * +
Galactosaminuronic acid - - - - +
Mannosaminuronic acid - - - +
2,3-Diamino-2,3-dideoxyalduronic acids - - - - -
5,7-Diamino-3,5,7,9-tetradeoxynonulosonic acid - - - - -

Key: {+) cleavage; {-) stable; {+) depends on structural peculiarities.
The labilities indicated are generalizations as limited data are available.
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3.5.3 Reductive cleavage

The reductive cleavage method was originally_zdeIeloped by Rolf and Gray as an alternative to
traditional methylation analysis'®®, as discussed in Section 3.3. Reductive cleavage of the
glycosidic bond relies on successful hydride transfer from the silicon hydride catalyst to the
activated anomeric carbon centre?®®, A number of catalysts have been Used, including boron
trifluoride etherate (BF,.Et,0), a mixture of BF,.Et,0 and TFA2°, and trimethylsilyltrifluoromethane
sulphonate {TMSOTf)?'°. Both BF;.Et,0 and BF,.Et,0-TFA have been found to catalyse selective

glycosidic cleavage, allowing the generation of oligosaccharides?°®-21°,

-Selective reductive cleavage was used to generate specific oligosaccharides in structural studies
.performed on branched mannans from strains of Saccha}omyces cerevisiae®'° and on the glucan
pullulan?'’, In the latter study the catalyst BF;.Et,0 showed selectivity for a-(1->4) linkages while
all o-{1-6) linkages remained intact. In 1987 Jun and Gray developed a new catalyst fqr reductive
cleavage, viz. a mixture of trimethylsilyl methanesulphonate {Me,Si0OS0,Me) and BF;.Et,0, which

was found to be highly selective?'2, Fewer side reactions were reported using this catalyst.

Bennek et a/. investigated the behaviour of amino sugars under reductive cleavage conditions, and
found that R-linked GlcNAc was selectively hydrolysed when using TMSOTF as catalyst?’®. The
same study showed that o-linked GIcNAc and GalNAc are completely resistant to reductive
cleavage, offering scope for the generation of specific oligosaccharides from polymers containing
these residues. Vodonik and Gray found that 4-linked GIcA was cleaved rapidly under reductive
cleavage conditions via an acyclic oxonium ion to form an isomeric furanosyl anhydroalditol,
although other pyranuronic acids are cleaved at a lower rate than neutral sugars2'®, This selectivity
was exploited in structural studies performed on capsular polysaccharides isolated from £. cofi

K572'® and £. coli K382'5,

Zeller and Gray have shown that ester-linked non-carbohydrate substituents and pyruvic acid

acetals are stable under reductive cleavage conditions, making it possible to determine their linkage
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positions'®®, Using a selective catalyst, it is therefore possible to generate oligosaccharides which

contain such substituents, thus aiding structure elucidation.

3.5.4 Degradation by Lithium in Ethylenediamine

Lithium metal dissolved in ethylenediamine was introduced as a reagent for the partial degradation
of Polysaccharides by Mort and Bauer®®’. A subsequent study by Albersheim et a/. proved it to be
a powerful reducing agent which selectively cleaves polysaccharides at the sites of uronic acid
residues, regardless of the substitution position of the uronic acid or the anomeric configuration of
the linkage point?"’. The proposed mechanism of this reaction involves the cleavage of the bond
between the ring oxygen and C-5 of the uronic acid residue to form an intermediate radical anion
with the oxy-anion located at C-1. The oxy-anion then initiates a-elimination with concomitant

loss of the aglycone oxygen?'’.

This degradation reaction has been used in the structural elucidation of several polysaccharides,
including several recent studies on capsular polysaccharides from Klebsiella K432'® and E. coli
serotypes K262'%, K312%°, K39?2', and K1022?2, Figure 3.7 shows the lithium degradation of the

capsular polysaccharide of Klebsiella K43%'8,

-3)-a-D-Manp-{1-2)-0-D-Manp-{1-3)-a-D-Galp-{1—»>
2
?
1
R-D-Manp-{1-4)-R-D-GlcpA

-3)-a-D-Manp-{1-2)-o-D-Manp-{1-3)-a-D-Galp-{1—>

Figure 3.7 Polymeric product of the lithium/ethylenediamine degradation of the Klebsiella K43
polysaccharide?'®.
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More recently, Whittaker has explored the application of this degradative technique to

polysaccharides containing amino sugars??®

. A modified procedure involving desalting on a Bio-
Gel™ P2 column rather than a cation-exchangeqre"sin to remove lithium was develo;;éd using the
capsular polysaccharide of £. coli K38, and was then extended to degradation of the £. co/i K84
capsular polysaccharide. The reaction proceeded successfully but was found to require the addition

of a much larger quantity of lithium wire and product yields were low.

3.5.6 Bacteriophage-mediated enzymatic degradation

Bacteriophages are bacteria-infecting viruses. Since their discovery in 19152?%, bacteriophages
.have been studied extensively and have been found to be highly substrate, and therefore host,
‘specific??®. Studies performed on the infective processes of bacteriophages revealed that
penetration of the host cell was facilitated by degradation of the cell wall. This is achieved by
means of enzymes believed to be secreted within the bacteriophage tail spikes®?®, Apart from
lysozyme, which degrades the cell wall murein, bacteriophages may produce capsUIédegrading
enzymes, including deacetylases, lyases, and glycanases??’. Most of these bacteriophages make
use of endoglycanases which catalyse the hydrolysis of the glycosidic bonds in the capsular
polysaccharide, thus producing the repeating unit and/or multiples thereof. Several inst~a.nces of
lyase {eliminase) activity have also been reported??®?*®, and endo-R-glucuronidase activity has been
reported by Altman et al., this being the only instance in which the resulting oligosaccharide has

231

a terminal reducing uronic acid residue?®'. A study performed by Rieger-Hug and Stirm??? on the

activity of K/ebsiella bacteriophages established the following:

{i) Most cleavages occur on either side of a negatively charged sugar unit, but reducing uronic
acid residues are not usually produced,

{iil  The reducing sugar is often substituted at position 3,

{iii) R-linkages are the more frequently hydrolysed glycosidic bond, and

{iv) Cleavage at sterically hindered sugar residues is favoured, especially for enzymes having

lyase activity.



49

Bacteriophage-mediated enzymatic degradation thus provides a convenient and selective technique
for the generation of oligosaccharides which supply all the necessary structural information about
the polymer. The structures of numerous Klebsié;lé and £. coli capsular polysaccharides have been
elucidated utilising bacteriophage-borne enzymes??’. A particular advantage of such enzymic
hydrolysis is that all labile substituents are preserved and bacteriophage degradation may thus be
the only means of obtaining an oligosaccharide with such substituents intact. This approach was
used in the structural elucidation of the capsular polysaccharides of Kiebsiella K32%°2 and £. coli

K103 {this thesis), both of which contain extremely labile pyruvate substituents.

[+3)-0-D-Galp-{1->2)-a-L.-Rhap-{1-3)-B-L.-Rhap-{1-4)-a-Rhap-{1-],
3.4
\'
Pyr

a-D-Galp-{1-»2)-g-L-Rhap-(1-3)-B-L.-Rhap-{1-4)-L-Rha ~ OH
3.4
1
Pyr

Figure 3.8. Bacteriophage degradation of the Klebsiella K32%32 capsular polysaccharide

Until recently the degradation of capsular polysaccharides by virally coded enzymes required
rigorous purification of the bacteriophage particles using, for example, polyethylene glycol
sedimentation followed by isopycnic centrifugation®®®., However, for the purposes of
polysaccharide depolymerisation less rigorous purification is necessary and the simplified
procedures proposed by Dutton et a/. are preferred®**. These will be described in greater detail in

the experimental section {see Section 4.4).
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3.6 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Developments in nuclear magnetic resonance (Nﬁﬂﬁ) spectroscopy over the last few aécades have
revolutionized the study of natural products. It is now possible, by the judicious choice of one- and
two- dimensional experiments, to determine completely the structures of complex molecules using
onJy NMR techniques. NMR spectroscopy is a non-destructive technique and structural

determinations may be carried out on less than 1 mg of sample.

Polysaccharides which are composed of regular repeating units, such as most bacterial
_polysaccharides, lend themselves readily to analysis by NMR spectroscopy. A spectrum of such
‘a compound is essentially that of a single repeating unit, regardless of the degree of polymerization
of the compound, although increasing molecular mass results in line broadening due to increased
viscosity of the polysaccharide sample. Sample viscosity can be lowered in order to reduce \Iine
broadening by increasing the temperature of the probe; however care must be taken that labile
substituents are not lost at elevated temperatures. NMR experiments are usually performed on a
solution of the polysaccharide in high grade D,0, the deuterium of which replaces exchangeable
protons in the compound so as to simplify the spectrum. Acetone {chemical shift positiqn§ 6' 2.23
for 'H and 31.07 ppm for '3C, relative to TMS) is usually included as an internal reference as

tetramethylsilane {TMS]) is insoluble in D,0.

A discussion of the theory behind modern NMR techniques and of the sophisticated instrumentation
used is beyond the scope of this thesis. The literature available on the subject is vast, and several
excellent reviews have been published®*®>%*®, Some of the experifments commonly used in the

structural elucidation of complex polysaccharides will be discussed.
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3.6.1 One-dimensional techniques
Modern pulsed NMR involves the application of a sequence of radio frequency {rf) pulses to the
sample in order to effect excitation of the nucleu; (;r nuclei of interest. The resultant free induction
decay (FID) signals in the time domain are added by a time-averaging computer and the data Fourier
transformed to give the desired frequency domain spectrum?®, In one-dimensional experiments
ex_ci-tation is restricted to a single type of nucleus, 'H and "3C being those most frequently observed
in organic chemistry. *'P NMR spectroscopy has also been developed due to the presence of
phosphate in a large number of biological molecules. The positions of the signals in the one-
dimensional spectrum are dependent on the chemical environment of the corresponding nucleus,
-and characteristic chemical shift values allow identification of molecular fragments. Characteristic
‘coupling patterns which arise due to spin-spin coupling between neighbouring nuclei also provide

a useful basis of identification.

3.6.1.1 One-dimensional 'H NMR techniques

A typical 1D '"H NMR spectrum of a bacterial polysaccharide is fairly complex, due to the degree
of overlap of signals arising from the ring protons. A further complication is the presence of a
water-derived HOD signal which may obscure other signals in the spectrum. Careful_ sample
preparation with deuterium exchange is therefore necessary to ensure that the water peak is as
small as possible. The position of the HOD signal is temperature dependent and it may be possible
to place the signal in a region of the spectrum where no other peaks occur by altering the
temperature of the probe®®®. Elevated temperatures are not always desirable since they may result
in the loss of labile substituents, and it may be preferable to make use of specific pulse sequences

which effect peak suppression239:24°,

Despite the complexity of the '"H NMR spectrum a great deal of preliminary information concerning
the polysaccharide can be obtained from it. The spectrum can be divided into three broad regions '
(see Figure 3.9), viz. the anomeric region (6 4.5-5.5), the ring proton region {§ 3.2-4.5) and the

methyl group region {6 1.2-2.3)%%,
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Figure 3.9 The 'H NMR spectrum {400 MHz) of the £. co/i K101 capsular polysaccharide,
showing the three spectral regions
The anomeric protons of the constituent monosaccharides are significantly deshielded due to their
proximity to the ring oxygen and consequently resonate downfield from the rest of the protons in
the compound. The anomeric region yields information concerning the size of the repeat unit, the
possible identity of the constituent monosaccharides and their anomeric configurations. The area
under each anomeric signal is proportional to the number of protons represented, revealing the size
of the repeat unit. The anomeric protons of o-linked g/uco or galacto pyranose sugars resonate in
the region é 5.0-5.5, while B-anomeric protons resonate at 6 4.5-5.0. The value of the spin-spin
coupling constant J depends on the size of the dihedral angle between the vicinal protons’2. The
coupling constant is large {5-8 Hz) when the protons are transdiaxial and small {1-3.5 Hz) when
they are gauche. The a-anomeric protons of g/uco or galacto pyranose sugars have relatively small
3Ju.1..2 values whereas the B-anomeric protons have large °J,, .., values. Chemical shift values and
coupling constants thus provide information concerning anomeric configuration and permit
identification of the basic configuration of the monosaccharide. Residues having the manno-
configuration pose a problem as the signal for the anomeric proton may resonate close to § 5.0 and

the coupling constants are small for both o- and R-linked sugars. In such cases the anomeric
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configuration can be assigned from Jc., ., values or from NOE data. The anomeric protons of
furanose sugar residues resonate further downfield than their pyranose counterparts, and are

therefore easily identified®*’.

In certain cases non-anomeric signals may also be found in the region ¢ -4.5-5.5, leading to
misinterpretation of the data. In particular, H-5 of o-GalA, H-2 of ManNAc, and the g-protons of
O-acylated carbon atoms may resonate in this region. Reducing sugars give rise to two signals in
the anomeric region representing the o and R forms of the sugar and other signals may also be
"twinned” as a result of the proximity of their representative protons to the reducing end of the
-oligosaccharide. In such a case, the areas under the reducing ¢ and R-anomeric signals represent

the ratio of anomers present in solution and should together add up to unity.

The ring proton region of the spectrum {6 3.2-4.5) yields little direct information due to signal
overlap. The methyl proton region {§ 1.2-2.3) reveals the presence of the methyl grohrps of
B-deoxy sugars, O- and N-acetyl substituents and pyruvate or lactyl groups. The analysis of non-
carbohydrate substituents by NMR was discussed in Section 3.4.

More information can be obtained from a 1D 'H NMR spectrum if selective excitation techniques
are employed. A variety of such techniques is available, one of the most useful for carbohydrate
analysis being the 1D version of the 2D Homonuclear Hartmann Hahn {HOHAHA) experiment®32,
The 1D HOHAHA experiment involves the use of a 180° shaped pulse to selectively invert a single
isolated resonance, with subsequent magnetization transfer within the coupled spin system by the
HOHAHA mechanism. 1D subspectra are generated which show the individual spin syétems of the
protons directly or indirectly scalar coupled to the inverted resonance. For this technique to be
effective the resonance selected for inversion must be well separated from other signals in the
spectrum, a prerequisite fulfilled by the anomeric protons of the monosaccharide constituents. The
subspectra obtained permit identification of the signals belonging to individual monosaccharides

as well as the measurement of coupling constants from the ring proton region, which is excessively
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overlapped in the normal 1D 'H NMR spectrum. This approach was used to good effect in the
study of the bacteriophage degraded product of the capsular polysaccharide from Kiebsiella K15
(Figure 3.10)22, Most of the other commonly used 2D NMR experiments can be cébverted into
1D subspectra by means of similar shaped pulse sequences. 1D versions of the COSY2%,

NOESY?*¢, and ROESY#*® experiments have been developed.

Subspectrum 2: GicA
H5

Subspectrum 1: —33)-Gal H4

H1
H3 H2

- +
Y T T T T LI SR T

50 a8 “s a4 42 a0 a8 38 34 32

Figure 3.10  Subspectra of some individual spin systems of the reduced hexasaccharide
produced by bacteriophage degradation of the KXlebsiella K15 capsular
polysaccharide®®,

*Denotes well resolved resonances selected for inversion to produce subspectra.
3.6.1.2 One-dimensional '*C NMR techniques

Due to the low natural abundance of 3C (1.1%), NMR experiments involving excitation of this

nucleus require a greater number of scans to obtain a useful spectrum than are necessary in 'H

NMR spectroscopy. Although the development of modern Fourier transform techniques permits

the routine acquisition of '*C spectra using only the natural '*C abundance of the compound under

investigation, several techniques which effect sensitivity enhancement are also available. The

removal of *C-'H coupling simplifies the '>C spectrum and also improves the sensitivity of the
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nucleus through Nuclear Overhauser Enhancement INOE)?®%24°, The intensity of each signal is
increased in proportion to the 'H splitting eliminated. 'H-decoupled '*C spectra are usually obtained
with broad band or WALTZ 'H-decoupling®*®, éensitivity enhancement techniques involving
polarization transfer such as selective population inversion {SP1)?*’ or the non-selective INEPT
{Insensitive Nuclei Enhancement by Polarization Transfer)?*® pulse sequence, for example, may also
be used. In some instances coupled or partially coupled spectra are useful. These may be acquired
by gated decoupling?*®, which preserves most of the NOE enhancement, or off-resonance coherent

decoupling®®. Such spectra are useful for the measurement of J., values, which permit the

anomeric configurations of manno-type residues to be established®®’.

The information obtainable from the 1D '*C NMR spectrum of a polysaccharide complements that
from the 'H NMR spectrum. The '3C spectrum gives better signal separation due to the wider range
of chemical shifts involved and the lack of spectral complexity permits ease of interpretati_on. The
3C NMR spectrum may be divided into a number of regions which yield structural iﬁformation

[Figure 3.11).
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Figure 3.11 One-dimensional '*C NMR spectrum of the E. co/i K101 capsular polysaccharide
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Carbonyl carbons resonate in the region 167-200 ppm and indicate the presence of uronic acids
and acetyl or other carbonyl-containing substitqe[{ts. The anomeric carbons resonate downfield
from the rest of the ring carbons due to deshielding effects and can be found in the region 90-110
ppm. Again, the number of signals in this region is an indication of the size of the repeat unit.
Carbon atoms which are linked to other sugars or non-carbohydrate substifuents resonate in the
region 75-85 ppm and this region affords an indication of the degree of branching in the polymer,
as well as identifying positions of substitution. The remaining ring carbon resonances occur
between 48 and 75 ppm, and include the methine resonances of 2-amino-2-deoxy sugars {48-58
ppm), the hydroxymethylene resonances for 6-linked {66-70 ppm) and unlinked hexoses {60-65
_ppm), and ring carbons {67-75 ppm). Signals resonating between 17 and 24 ppm arise from
‘methyl carbons and indicate the presence of deoxy-hexoses and pyruvate and acetate groups. It
is possible to identify the monosaccharide constituents of a polysaccharide by comparison of '°C
chemical shift data, once assigned to the individual carbon atoms in the molecule, with published

values, and a number of studies have been published44-246.282-254,

The *C NMR spectrum also provides information pertaining to the anomeric configuration of the
glycosidic bonds, since resonances of the anomeric carbons having the aglycon equatorial are
generally downfield to those having an axial substituent®®2, Once again, the method cannot be
extended to residues with the manno-configuration since the values of C-1, and C-1; are often
indistinguishable. In addition, ambiguities may arise because glycosylation tends to shift the

a-carbon downfield and the B-carbon upfield**®. Measurement of the J., ., coupling constants,

already mentioned, provide a more reliable method of determination.

In addition to conventional one-dimensional '*C NMR spectroscopy, a number of multiple pulse
experiments which enable distinction between quaternary, methine, methylene and methyl carbons
have been developed. Such techniques facilitate structural elucidation of complex molecules whose
spectra contain areas of overlap. Of the many such experiments now available, those most

frequently used are the APT {Attached Proton Test)?®®, DEPT (Disortionless Enhancement by
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Polarisation Transfer)?*® and INADEQUATE {Incredible Natural Abundance Double Quantum Transfer
Experiment)?®” pulse sequences. The DEPT seque_n‘ce relies on one-bond proton-carbon couplings
to distinguish between the different types of p;oton-bearing carbon atoms. Quaternary carbon
atoms, which have no bonded protons, are therefore not observed. The INADEQUATE pulse

sequence relies on the creation of double quantum coherence between coupled °C nuclei and

results in a spectrum free from uncoupled carbon signals.

3.6.2 Two-dimensional techniques

One-dimensional NMR methods vyield limited information for the determination of the structure and
_stereochemistry of polyséccharides. Although the use of selective excitation to produce subspectra
‘permits the identification of separate spin systems withih the molecule, two-dimensional spectra
are more efficient for the simultaneous determination of a large number of spin correlations.
Developments over the last two decades have been numerous and there is now a wide variety of

2D experiments to choose from.

All 2D experiments involve the use of a multiple pulse sequence containing a variable delay ¢,
between pulses in which free induction decays Sit,) are measured for an evenly spaced series of
values of t, to build up a matrix of data Sit,,t,). This matrix describes the signal as a function of
both the time after excitation {t,} and the delay of the bulse‘ sequence {t,). Fourier transforming
the matrix twice produces a matrix Sif,,f,) which is a spectrum in two independent frequency
dimensions®®*®. There are two basic types of 2D spectra?®®. J-resolved spectra have coupling
constant information on one frequency axis and chemical shift data on the other, while correlated
spectra have chemical shift data on both axes. J-resolved spectroscopy is not mﬁch used in
carbohydrate chemistry because the overlapping of mutually coupled signals causes distortions of
the multiplet patterns and interferes with the unambiguous measurement of coupling constants.
Furthermore, coupling constant data alone does not lead to unambiguous identification of the
monosaccharide constituents. Correlation spectroscopy relies on scalar coupling {homonuclear and

heteronuclear), which involves coherent transfer of transverse magnetisation, or on dipolar
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coupling, which is based on incoherent transfer of magnetisation. The 2D experiments most

frequently used in structural studies on polysacc‘:hfa‘rides will be discussed briefly.

3.6.2.1 Homonuclear correlated techniques

The most commonly used 2D experiment is the 'H-'H homonuclear shift-correlated {COSY)
experiment?®®, The basic pulse sequence involves the application of a 90° pulse to the sample,
followed by a delay period {t,), during which the spin system svolves as it would in normal free
induction decay. A second 90° pulse, the mixing pulse, interrupts this evolution, foliowed by a
second time period ¢,, which allows evolution of the spin system to give a free induction decay
signal which is detected and recorded. Double Fourier transform results in two 1D spectra which
‘can be plotted at right angles to each other to give a COSY contour plot?®®, The diagonal of this
plot represents the 1D spectrum. Scalar coupled protons will also show characteristic off-diagonal
peaks (cross-peaks), depending on the size of their coupling constants. It is therefore possible to
trace a spin system starting from, for example, the anomeric proton of a monosaécharide, by
means of these cross-peaks. This is illustrated in Figure 3.12. The pulse angle may be altered
from the basic 90° angle and the COSY45 is also frequently used?®®,

One disadvantage of the COSY experiment is that cross-peaks can only be observed if the coupling
constants between scalar-coupled protons are large enough. In particular, the connectivity pattern
for R-galactose residues can usually only be traced as far as H-4 since J, 5 is less than 1 Hz.
Similarly, the very small J, , value for mannose residues results in a very small cross-peak between
H-1 and H-2. The COSY experiment may be maximized for the detection of small coupling
constants by employing an acquisition time which is much greater than the transverée relaxation
time, and introducing fixed delays into the pulse sequence?®. A further problem is encountered
if a number of similar sugar residues are present, in which case there will be considerable overlap
of cross-peaks, leading to ambiguous assignment of signals. The homonuclear relayed shift-
correlated {(RELAY-COSY) experiment?®® involves a second coherence transfer step, achieved by

introducing a second mixing pulse into the pulse sequence, and shows correlation between non-
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adjacent protons through a mutually coupled neighbouring proton (Figure 3.13). This is particularly
useful for obtaining information about the chemical shifts of the non-anomeric proto_ns because it
resolves overlapping signals. The experiment '-ce;n also be extended to enable correlations to
indirectly coupled protons further along the chain by adding extra coherence transfer steps, eg.

from H-1 to H-4 or H-5 in a two- or, three-step RELAY-COSY experiment. -- -
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Figure 3.12 COSY spectrum of the E. co/iK101 capsular polysaccharide {region § 3.30 - 4.95).
The *H resonances of the J-coupled spin systems are labelled a - d
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Figure 3.13 Diagrammatic representation of a COSY {A) and a RELAY-COSY (B) experiment
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A number of phase-sensitive variations of the basic COSY experiment have been developed, and
include phase-sensitive correlation spectroscogy"(PS-COSY) and quantum filtered correlation
spectroscopy {QF-COSY). The latter is particularly useful since it removes resonances that do not
participate in coupling, such as residual solvent peaks®’. The phase-sensitive COSY experiment
is also very useful for the accurate measurement of chemical shifts and coupling constants from
cross-peaks arising from a heavily overlapped 1D spectrum?®, Such experiments usually take
longer to perform because of the higher degree of resolution required to make the best use of phase

information.

-The 2D homonuclear Hartmann Hahn {HOHAHA) experiment, developed by Davis and Bax3%',
.provides a very effective means of separating out individuai spin-systems. The experiment involves
the transmission of magnetization throughout a scalar-coupled proton spin system by a polarisation
transfer mechanism?%2, A complete spin system can thus be identified if there is at_ rleast one
resonance in the spin system, such as the anomeric proton, ‘which is weli isolated and which has
a reasonably large coupling to its neighbouring proton. This experiment does not suffer from the
signal decay which occurs as a result of successive coherence transfer steps in the RELAY-COSY
experiment, and is therefore frequently used to assign the signals in the 'H NMR spectrum. Asin
the RELAY-COSY, magnetization transfer is dependent on the magnitude of the coupling constants,
and if one of the couplings is small it will block the flow of magnetization. Inagaki et a/. have
recently described a relayed version of the HOHAHA experiment which overcomes this limitation
to a large degree by including an additional conventional relay step in the pulse sequence?#2,

The graphical representation of the 2D HOHAHA experiment is similar to that of a multiple-step

RELAY-COSY.

Correlation spectroscopy experiments involving incoherent magnetization transfer by means of
dipolar coupling between protons which lie in close proximity to each other are also possible. The
2D nuclear Overhauser (NOESY)?%3 experiment makes use of this mechanism to detect NOEs

between nearby protons (3 A or closer) in the molecule. This is particularly useful in the study of
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polysaccharides, since intra-residue NOEs provide information pertaining to the configuration of the
monosaccharide, while inter-residue NOEs are_:plri}'narily used for sequencing the residues and
determination of linkage positions?*®, Information from the NOESY spectrum thus complements
that obtained from other experiments. A NOESY experiment was used to establish the linkage
sequence of the residues in the polysaccharide isolated from £. coli K43 (see Section 4.5.3). Figure

3.114 shows the expected intra- and inter-residue NOE contacts for a disaccharide.

Figure 3.14 Expected intra- and inter-residue NOE contacts for the disaccharide
-4)-R-Manp-{1-+3)-R-Galp-{ 1+

The NOESY experiment is not without its problems. The observance of an NOE peak is critically
dependent on the mixing time chosen for the experiment. An expected peak may be abéz;nt either
because the mixing time is too short, and the NOE has not had sufficient time to build up, or
because the mixing time is too long, and the NOE has already dissipated®®’. Due care must
therefore be taken when choosing the parameters for the experiment, and when interpreting the
results. In addition, NOE effects are dependent on molecular tumbling rate and vary with molecular
size. NOE peaks are frequently not observed for rapidly tumbling molecules of intermediate size,
such as small oligosaccharides, when using the conventional NOESY experiment. This problem can
be overcome by performing the NOE experiment in the rotating frame (ROESY), using an
appropriate pulse sequence?®®. Both experiments still have the disadvantage that crosspeaks arising
from scalar coupling may be present. This may be overcome by recording the spectrum in the

phase-sensitive mode®¥,
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3.6.2.2 Heteronuclear correlated techniques

In the heteronuclear anaiogue of the COSY ex!)gfiment, the two frequency axes represent the
chemical shifts of different nuclei, typically 'H and '*C. The typical heteronuclear correlated
experiment relies on transferring proton spin polarization through one-bond couplings, but uses a
variable delay t, to make the magnitude and phase of the transferred signal Bép’énd on the proton
chemical shift?*®, Since the magnetization originates as 'H signals but is detected as '3C signals,
there is no diagonal peak equivalent to that observed in the COSY contour plot. This basic
3C-detected heteronuclear correlation experiment, known as the HETCOR experiment, suffers from
the disadvantage of low sensitivity due to the low natural abundance of '3C. Extended experiment
_times are therefore required and sample sizes of more than 15 mg are necessary to obtain a useful

‘spectrum.

The development of inverse-detected 2D NMR techniques have afforded a more sensitive
alternative, in which heteronuclear chemical shift correlation is achieved via proton detection of
heteronuclear multiple quantum coherence (HMQC)?%¢, All variants of this experiment utilize the
creation and manipulation of heteronuclear multiple quantum coherence followed by reconversion
to detectable single quantum proton coherence. This HMQC pulse sequence requires smaller
sample sizes and shorter experiment times and is preferred to its '*C-detected counterpart in most
cases. Both HETCOR and HMQC experiments result in a two-dimensional data matrix, the contour
plot of which shows correlations between carbon and protons which are linked, providing a means
of identifying proton resonances from their linked carbons and vice versa. Once all proton and
carbon resonances have been assigned, it is possible to identify the sugar residues and to determine

their linkage positions by comparing the chemical shift data obtained with published data’#*.

Several relayed heteronuclear correlation experiments are available, using both '3C- and

'H-detected techniques. The latter are preferred because of their enhanced sensitivity. One of the
most useful experiments of this type is the 2D HMQC-TOCSY (Figure 3.15) which utilizes an
isotropic mixing interval after restoration of single quantum coherence to permit propagation of

287

magnetization further through the system®®’, This experiment is valuable in instances where
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chemical shifts cannot be assigned unambiguously from an HMQC spectrum. The 'H-detected
HMBC (heteronuclear multiple bond correlation) experiment'®® makes use of extensive phase-cycling
to allow evolution of the magnetization compd;méms that lead to long-range multi'ple quantum
coherence?®®. The contour plot of the 2D data matrix obtained shows two- and three- bond
correlations between protons and carbons, and is an invaluable aid to detgyrr;ining the linkage
positions of the monosaccharide constituents since magnetization is relayed across hetero-atoms

such as oxygen and thus across the glycosidic linkage.
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3.7 MASS SPECTROMETRY

Mass spectrometry {MS) is a versatile analytical technique which is used extensively in the
structural elucidation of organic compounds. Although not as definitive a technique as NMR
spectroscopy, it has the advantage that microgram quantities of material can be"analyzed, and the
information yielded complements structural data obtained by other means. In addition the mass
spectrometer may be interfaced with the gas chromatograph or the HPLC system?®, permitting the
analysis of mixtures of compounds. The sample is volatilized in the inlet of the mass spectrometer
{(150-180°C), after which the vapours are ionized by a stream of high velocity particles. This
-results in the formation of a molecular ion, which is usually unstable and fragments to give smalier
'charged species. These fragments are separated via an électric or magnetic field based on their
mass to charge ratios?®®. Most organic compounds exhibit predictable fragmentation patterns,.and
the fragment ions produced therefore provide information on the basic structural skeleton of the
parent molecule. Unfortunately it is not possible to distinguish between stereoisomers since they

fragment to give similar mass spectra.

Since polysaccharides are not volatile, it is necessary that they be degraded to their constituent
monosaccharides, or at least to smaller oligosaccharides, for analysis by mass spectrometry?®®,
Even oligo- and mono-saccharides are thermally unstable and require derivatisation to improve their
volatility. The fragmentation patterns of various derivatives have been studied and the use of MS

in carbohydrate structural analysis has been reviewed?%%271,

3.7.1 Electron-impact mass spectrometry

The most common method of sample ionization is by impact with high-velocity electrons. This
usually results in the elimination of an electron from the sample molecule and the unstable
positively-charged molecular ion thus produced fragments to form smaller charged ions. A
molecular jon peak is seldom observed but the molecular mass may be determined by the addition

of pairs of fragments. EIMS, in tandem with GLC, is a useful technique for the analysis of
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monosaccharides. Distinctive fragmentation patterns permit distinction between pyranose and
furanose sugar forms, between aldoses and ketgsgs, and between hexoses and pentoses, as well
as enabling the positions of various substituents to be determined. The fragmentation pathways
of a number of different derivatives have been studied?*®2’°, but the mass spectra of alditol
acetates and partially methylated alditol acetates {PMAAs) are of particular interest because these

derivatives are used most frequently in GLC analysis of carbohydrates.

Primary fragmentation of the PMAA occurs via fission of the alditol carbon chain. Cleavage occurs
most readily between adjacent methoxyl functions, followed by cleavage between acetylated and
-methoxylated carbons, with cleavage between two acetylated carbon atoms being the least
favoured'®"?’2, Secondary fragments are formed by singie or consecutive losses of acetic acid
(60, m.u.), methanol (32 m.u.), ketene (42 m.u.) or formaldehyde (30 m.u.). Typical

fragmentations are shown in Figure 3.186.

Recognition of functionalities such as N-acetyl groups of amino sugars, carboxyl groups of uronic
acids, and deoxy sugars is possible due to the presence of characteristic fragments in their spectra,
and the position of such substituents can also be determined’® 82, A wide range of
monosaccharides can thus be identified on the basis of their mass spectra, providing that these can
be compared with the mass spectra of authentic samples. Collections of reference spectra of

PMAAs have been published by Jansson et a/.’®' and by Stellner et a/.'%2,

EIMS is not used routinely for the study of oligosaccharides as these compounds usually fragment
to produce extremely complex spectra. EIMS of permethylated oligosaccharides t;an provide
sequence information®2%® but the results are generally unreliable because of the low relative
abundance of structurally informative high-mass fragments and molecular ions. EIMS spectra of

oligosaccharides containing more than four sugar residues are generally too complex to be useful.
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3.7.2 Chemical ionization mass spectrometry
The high energies used for ionization in EIMS»frgduently cause excessive fragmentation of the
sample, resulting in complex spectra which are dominated by small fragment ions. EIMS spectra
give little indication of molecular mass and structural detail at high mass is lost, complicating
compound identification. Chemical ionization mass spectrometry {CIMS) is & "soft” ionization
technique which results in the formation of larger ion fragments with consequently less complex
spectra?’®. The essential feature of chemical ionization is the electron ionization of a reagent gas
to generate an ion plasma, which is then able to ionize the sample?’*. The reagent gases employed
most frequently are methane, isobutane, or ammonia which produce the corresponding reacting
-species CH;*, C,H,*, and NH,*. lonization of the sample occurs via charge or proton transfer, or
the formation of collision-stabilized adduct ions to produf:e positively charged, high mass ions?’4,
Characteristic fragmentation of these ions produces the Cl mass spectrum, which is far simpler
than the El mass spectrum, and in most cases an intact molecular ion enabies determinaﬁon of the
molecular mass. The information obtained from CIMS is thus complementary to that obtained from
EIMS and the two techniques are often used together in structural elucidation.
The prevalence of high mass ions and the simplicity of the spectra obtained make CIMS a useful
technigue for the investigation of higher molecular mass compounds such as oligosaccharides. For
example, CIMS was used to determine the linkage sequence of residues in the capsular
polysaccharide isolated from £. coli K382'® {Figure 3.17). As oligosaccharides often undergo
undesirable pyrolysis in conventional CIMS, it may be advantageous to use a modification of the
basic ClI technique. Direct chemical ionization {DCI) involves the placement of the sample directly
within the ionization chamber where heat induced desorption occurs from an extended probe
directly into the ion plasma®*. Samples analyzed by this direct method frequently provide mass
spectra with enhanced high mass fragments. DCI-MS of oligosaccharides, using ammonia as the
reagent gas, has been shown to preferentially cleave glycosidic linkages, resulting in the production
of high molecular mass fragments from which the monosaccharide sequence can be determined?’*.
This approach was used successfully in studies on a tetrasaccharide isolated by means of

bacteriophage degradation of the £. coli K44 polysaccharide {Figure 3.18)?7°,
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Figure 3.18 Methylated tetrasaccharide P1 derived by bacteriophage degradation of the £. coli

K44 polysaccharide showing its fragmentation on DCI-MS?7¢,
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3.7.3 Fast atom bombardment mass spectrometry

Fast atom bombardment mass spectrometry (FAg-MS) is another "soft" ionization technique which
provides valuable information concerning the molecular masses of large oligosaccharides and small
polysaccharides?’'. The sample is ionized directly from solution in a matrix {usually glycerol) by
bombardment with accelerated atoms or ions, such as xenon or argon. Since gfas-phase jons are
generated without prior volatilization of the sample, the technique results in less fragmentation than
other MS techniques, and is thus ideal for the investigation of polar, non-volatile, higher molecular

mass compounds.

-Bombardment of the sample with accelerated atoms results in the formation of both positive and
.negative ions, and these spectra are recorded separately.r The addition of certain salts, eg. NaCl,
to the sample stabilizes the molecular species formed as the cationic capture ion, resulting in the
appearance of a pseudo-molecular ion peak in the positive-mode spectrum. A peak re_presenting

the molecular anion is also readily visible in the negative-mode spectrum.

As in the case of DCI-MS, oligosaccharide fragmentation under FAB-MS conditions usually involves
cleavage at the glycosidic linkages, providing a means of determining monosaccharide sequence
as well as permitting identification of monosaccharide constituents. As with other MS techniques,
the method does not distinguish between stereoisomers and the anomeric configuration of

monosaccharides cannot be determined.

FAB-MS can also be applied to the structural study of both native and derivatized carbohydrates®’?
and has been used to determine the composition and sequences of bacterial polysaccharides?'%28,
Pappas et al. have shown that it is possible to analyze mixtures of related oligosaccharides by FAB-
MS, since each structure gives rise to a definitive molecular ion (Figure 3.19)%’%, This is particularly

useful in partial degradation studies where the derived oligosaccharides are difficult to separate.
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Figure 3.19 FAB-MS spectrum of derivatives of nigeran tetrasaccharide and a related

trisaccharide resulting from Smith degradation®’s.

FAB-MSis alsd an ideal technique for analyzing polar substances containing labile functional groups
because derivatisation and/or volatilization of the sample, which may result in the ioss of such
substituents, are not required. The analysis of polysaccharides containing O-acetyl groups may be
problematic due to the tendency of these substituents to migrate to other hydroxyl groups in the
polysaccharide®. Although this problem can be overcome by the use of NMR spectroscopy, the
NMR spectrum is complicated if the O-acetyl groups are present in non-stoichiometric amounts, as
is often the case. The data obtained in a FAB-MS experiment provides precise molecular mass
information, so that it is possible to define which substituent groups are present as well as their
exact number?’”’. FAB-MS has been used to locate many different types of labile substituents,

including pyruvate, formyl, propionyl, and acetyl groups?’7-2’8,
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The coupling of the HPLC system to the FAB mass spectrometer is particular advantageous for the
analysis of biological compounds which are seqsiﬁve to elevated temperatures and to pH. Itis
frequently not possible to subject such compounds to derivatisation procedures or rigorous
purification, particularly if labile substituents are present in the molecule. Separation by HPLC
followed by analysis by FAB-MS is the analytical method of choice in such cases. Santikarn et al.
made use of tandem HPLC-FAB-MS in structural studies on oligosaccharides and reported enhanced

sensitivity using a moving belt interface?®.

More recently, Lam et a/. have reported the use of laser desorption ionization Fourier transform ion
-cyclotron resonance mass spectrometry?® for the analysis of bacterial oligosaccharides®®282, This
‘hybrid technique provides sequencing information and pérmits identification of linkage positions.

Spectra obtained in the negative-ion mode can be used to distinguish the anomeric configuration
of the constituent monosaccharides and the presence and position of labile substituen;s-can also

be confirmed?®2,



CHAPTER FOUR: STRUCTURAL STUDIES ON SOME Escherichia coli CAPSULAR ANTIGENS
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4.1 STRUCTURAL ELUCIDATION OF THE CAPSULAR POLYSACCHARIDE OF

Escherichia coli SEROTYPE 020;!(jb1 H

4.1.1 Abstract
The primary structure of the acidic capsular antigen of £scherichia coli 020?!(161 :H" was shown
by glycose analysis, methylation analysis, and one- and two-dimensional 'H and 'C NMR
spectroscopy to be composed of repeating branched tetrasaccharide units having the structure:
-3)-B-D-GalpNAc-(1-24)-R-D-GlcpA-{1-+3)-B-D-Galp-{1->
'
1
B-D-GlcpNAC

4.1.2 Introduction
The investigation of the structure of the Escherichia coli K101 capsular polysaccharidg forms part
of a continuing program of structural studies on £. co/i exopolysaccharides. These studies have

been undertaken in an attempt to relate chemical structure to antigenic character. Structures have

been reported for sixty of the seventy-four known E. co/j capsular antigens.

The great majority of the capsular (K) antigens of E. co/i are acidic polysaccharides and have been
subdivided into two groups on the basis of their physical, chemical and microbiological
characteristics®. Group | polysaccharides are usually co-expressed with O groups 8,9,20, and
101. They are high molecular mass, acidic polysaccharides, are heat stable at pH 5-8, and may
contain amino sugars. The capsular polysaccharide of £. c0/i 020:K101:H" belongs to the subgroup

of | whose capsules do contain amino sugars.

The bacterial strain 020:K101:H" {culture number 1473) has been found to cause diarrhoeal disease

in new-born, colostrum-deprived piglets and may cause enterotoxigenic diarrhoea in humans?®,
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4.1.3 Results and Discussion
Isolation, composition and 1D NMB‘spectra of the polysaccharide.— E. coli K101
bacteria were grown on Mueller-Hinton agar, and the acidic capsular polysaccharide {PS) was
isolated and purified by precipitation with cetyltrimethylammonium bromide {CTAB), followed by
delipidation with agueous 1% acetic acid. The released lipid was removed k;y u;tracentrifugation.
A’small sample was further purified for NMR spectroscopy by gel-permeation chromatography
{GPC) on Sephacryl™ S500. The PS showed a broad distribution of molecular masses with an
average M, at 1.5 x 10°, Hydrolysis of the PS followed by GLC-MS analysis of the derived alditol
acetates showed that Gal, GalN, GlcN, and Glc were present. Methanolysis and reduction of the
-PS with NaBH,, followed by hydrolysis, reduction, and acetylation, revealed no additional
'monosaccharides, but the proportion of Glc present increased, indicating the presence of GIcA.
A further hydrolysis of the polysaccharide was performed, followed by reduction with NaBD,, and
the derived alditol acetates were examined by GLC-MS. The Glc component exhibited mass
fragments one and two mass units higher than the corresponding Gal component, indicating that
the Glc was in fact all derived from the reduction of GicA and that there was no unsubstituted Glc
present in the polysaccharide. Partial reduction of GlcA to Glc occurs via the formation of the
glucurono-3,6-lactone during hydrolysis®*. The constituent sugars were shown to have the D

configuration by GLC analysis of the derived acetylated (-)-2-octy] glycosides™®,

The 'H NMR spectrum of the PS {Figure 4.1) in D,O contained H-1 signals at ¢ 4.85 (°J, , 8.2 Hz),
4.75 (°J, , 6.1 Hz), 4.57 {3J, , 8.0 Hz), and 4.52 {broad doublet), and two signals for the methyl
protons of two NAc groups at 6§ 2.03 and 2.08 {3H each). The chemical shifts of the H-1 signals
indicated that all linkages were 8. The 3C NMR data complemented the 'H NMR results and
confirmed the tetrasaccharide repeating unit for the PS, with signals for C-1 at 104.77, 103.17,
102.69, and 102.16 ppm, and signals for carbonyl carbons at 175.53, 175.25, and 172.07 ppm.
Signals at 56.92 and 51.86 ppm indicated the presence of two C-N bonds, and confirmed the
presence of two NAc groups. In addition, C-6 resonances were observed at 62.01, 61.92, and

61.88 ppm, indicating that none of the residues were 6-linked.
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Figure 4.1 'H NMR spectrum of the K101 PS {400 MHz, 340K)

Methylation analysis.— The PS was methylated by the modified Hakomori
procedure of Phillips and Fraser'®® using potassium dimsy! and methyl iodide. GLC and GLC-MS
analysis of the derived partially methylated alditol acetates {with carboxyl reduction) showed the
presence of 2,4,6-tri-O-methylgalactose, 2-deoxy-2-methylacetamido-4,6-di-O-methylglucose,
2-deoxy-2-methylacetamido-3,4,8-tri-O-methylglucose, and 2,6-di-O-methylglucose. These results
accord with a branched tetrasaccharide repeating unit with GilcA as the branch point and GlcNAc¢

as the side chain.

2D NMR studies of the E. coli K107 polysaccharide.— The sequence of the
residues in the repeating unit was established by 2D NMR experiments, which also confirmed the
glycosylation sites in the polysaccharide. The residues in the repeating unit were labelled a - d in
order of decreasing chemical shift of their anomeric protons {Figure 4.1). Most of the proton
resonances were established from COSY?%2, one- and two-step relay COSY?2%°, and 2D Homonuclear
Hartmann Hahn (HOHAHA)?®' experiments. The two-step relay COSY and HOHAHA contour plots

are shown in Figures 4.2 and 4.3 respectively, and the 'H assignments are presented in Table 4.1.
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Figure 4.2 Two-step RELAY COSY contour plot of the PS for the region 6 3.30 - 5.05: a1,2
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Figure 4.3 HOHAHA contour plot of the PS for the region ¢ 3.00-5.05: a1,2 connotes the

cross-peak between H-1 and H-2 of residue a, etc.
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Residue a [R-D-GlcpNAc]: The "H resonances for residue a were traced readily via their cross-peaks
in the COSY and RELAY COSY spectra. Magnetism was relayed very efficiently thropgh the spin
system due to the large vicinal coupling constant; r:md all cross-peaks were clearly visible. The '3C
resonances for residue a were assigned by comparing the 'H assignments with the 'H-'3C
correlation data obtained from an HMQC?%® experiment {Figure 4.4 and Table 4.1).
Residue b [-+3,4)-R-D-GlcpAl: The assignment of the 'H resonances for this residue was
complicated by the amount of signal overlap in the H-2 region of the COSY spectrum. The
HOHAHA spectrum (Figure 4.3) showed that the signals for H-2, H-3, and H-5 were largely
-overlapped. As a result, it was not possible to distinguish between the C-2 and C-3 resonances
.in the HMQC spectrum (Figure 4.4). Assignment of these carbon resonances was only possible
using an HMQC-TOCSY?%? experiment, which clearly showed correlations between the H-1 and C-1,

H-1 and C-2, and H-1 and C-3 resonances of this residue {Figure 4.5).

Residue ¢ [+3)-R-D-GalpNAc]: The 'H resonances for H-1 to H-b of residue ¢ were assigned via
their cross-peaks in the COSY and RELAY-COSY spectra. The '3C resonances for the
corresponding C atoms were assigned by correlation from the HMQC spectrum. The C-6 signal
was identified from the H-5/C-6 cross-peak in the HMQC-TOCSY spectrum (Figure 4.5) and the H-6

signal was then confirmed from the 'H-'3C correlation data.

Residue d [-»3)-R-D-Galpl: The 'H resonances for H-1 to H-4 were assigned from the COSY and
RELAY-COSY spectra. No further information couid be obtained from the HOHAHA spectrum due
to signal overlap and poor relay of magnetism in this spin system due to the smalil 3.)4,5 value'®®,
The corresponding '*C signals were assigned by comparison with the correlation data from the
HMQC spectrum. The two remaining unassigned pairs of 'H-'3C resonances from the 'H-'3C
correlation data could be assigned, by inspection, to H-5/C-5 and H-6/C-6 of residue d. The
connectivity between these two pairs of resonances was confirmed from the HMQC-TOCSY

spectrum.
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Comparison of the chemical shift data for residues a - d with those reported for methyi
glycosides'4%284.285 jdentified the residues as indicated in Table 4.1. The significant deshielding
displayed by C-3 and C-4 of residue b, C-3 of re;id;ue ¢, and C-3 of residue d identified the linkage
positions. The shift positions of the C-2 signals of residues a and ¢ confirmed the position of the
N-acetyl groups in these residues. These data are in agreement with the results of the methylation

analysis for the PS.

Table 4.1 NMR data® for E. coli K101 polysaccharide
7 Residue Proton or carbon
1 2 3 4 5 6 &’

B-D-GlcpNAc {a) 4.85 3.68 3.59 3.39 3.48 3.74 3.94
102.69 586.92° 74.62 71.21 77.06 62.01
4.75 3.66 3.67 3.83 3.72 N
103.17 75.36 81.35 80.47 75.58 172.07
4.57 4.02 3.88 4.18 3.73 3.82 3.82
102.16 51.86 80.85 68.69 75.74 61.92
4.52 3.69 3.71 4.11 3.64 3.73 3.73

104.77 70.49 8459 68.69 75.58 61.88

-3,4)-R-D-GlcpA (b)

-3)-R-D-GalpNAc (¢)

-3)-R-D-Galp (d)

OIOIOIOX

*Chemical shifts in ppm with acetone as internal standard, ¢ 2.23 and 31.07 ppm for H éhd 3C,
respectively

Sequencing of the residues.— The sequence of the residues a - d in the repeating
unit was established by a heteronuclear multiple bond correlation {HMBC) experiment’®®.
Correlations between H-1 of GlcNAc and C-3 of GicA, between H-1 of GicA and C-3 of Gal,
between H-1 of GalNAc and C-4 of GicA, and between H-1 of Gal and C-3 of GalNAc were clearly
visible, thus establishing the sequence of the residues in the repeating unit. Correlations between
the carbonyl resonances at 175.53 and 175.25 ppm and the H-2 signals of GalNAc and GicNAc
respectively permitted assignment of these carbons to the two amino sugars. The remaining
carbonyl resonance at 172.07 ppm could then be assigned to GicA. Other intra-residue

connectivities served to confirm the assignments made for the residues as listed in Table 4.2.
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Table 4.2 Two- and three-bond 'H-**C correlations for £. coli K101 PS

Residue Proton Correlation to

R-D-GicpNAc (a) H-1 56.92 {a, C-2), 81.35 (b, C-3)
H-2 102.69 {a, C-1), 74.62 {a, C-3), 175.25 {a, C=0)
H-3 b6.92 {a, C-2), 71.21 (a, C-4} - ~
H-4 74.62 {a, C-3), 77.06 la, C-b), 61.88 {a, C-6)

- H-6 71.21 {a, C-4), 77.06 (a, C-5)

-3,4)-R-p-GlcpA {b) H-1 84.59 (d, C-3)
H-2 103.17 (b, C-1), 81.35 (b, C-3), 75.58 {b, C-5)
H-4 81.35 {h, C-3), 75.58 (b, C-5)

->3)-B-D-GalpNAc {(c) H-1 80.47 (b, C-4)
H-2 102.16 (e, C-1), 80.85 {c, C-3), 175.63 (b, C=0)
H-3 51.86 (¢, C-2)
H-4 51.86 (c, C-2), 80.85 (¢, C-3)
H-5 68.69 {c, C-4), 61.88 (¢, C-6)

-3)-R-D-Galp (d) H-1 80.85 (¢, C-3)
H-2 104.77 (d, C-1), 84.59 {d, C-3)
H-4 70.48 (d, C-2), 84.59 (¢, C-3)
H-5 68.69 (d, C-4), 61.88 (d, C-6)

4.1.4 Conclusion

The combined chemical and NMR data permit the structure of the tetrasaccharide repeati_ng unit

of the K101 capsular polysaccharide to be written as:

c

b d

-3)-B-D-GalpNAc-{1-4)-B-D-GlcpA-{1-3)-RB-D-Galp-({1-»

3
3
1

R-D-GlcpNACc

The K101 capsular polysaccharide is the first of the £, co// series found to contain a terminal

D-GIcNAc residue and joins a group of thirteen other K-antigens whose constituent

monosaccharides are all R-linked. The "3 + 17 structure of the branched tetrasaccharide repeating

unit is shared by five other capsular antigens of the £. co/i series, viz. £. coli K27, K28, K33, K38,

and K48%-58  The occurrence of lipid on this and other capsular antigens of the £. coli series is
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noteworthy, and the nature of the lipid at the reducing end of the polysaccharide chain is one of
the criteria for sub-group classification®®. Although the lipid present in the K101 antigen was not

examined, it is probably core lipid A, in accordance with a few other Group | polysaccharides®®.

4.1.5 Experimental -

- General methods.— Unless otherwise stated, solutions were concentrated under
reduced pressure at temperatures not exceeding 40°C {water bath). Analytical GLC was performed
on a Hewiett-Packard B890A gas chromatograph, fitted with flame-ionization detectors and a
3392A recording integrator, with helium as carrier gas. A J&W Scientific fused-silica DB-17
‘bonded-phase capillary column {30 m x 0.25 mm; film thickness 0.25 um) was used for separating
‘partially methylated alditol acetates {programme 1), alditol acetates {programme l1), and acetylated
octyl glycosides (programme Il). A J&W Scientific fused-silica DB-Wax bonded-phase capillary
column {30 m x 0.25 mm; film thickness 0.15 um) was used for separating aldito] acetates of
ManNAc, GIicNAc, and GalNAc (240°C isothermal). A J&W Scientific DB-225 bdn-ded-phase
capillary column {30 m x 0.25 mm; film thickness 0.25 wm) was also used for separating
acetylated octyl glycosides {240°C isothermal). The temperature programmes used were: |, 180°C
for 2 min, then 3°Cmin™ to 240°C; 11, 180°C for 2 min, then 2°Cmin™ to 240°C. The.identities
of all derivatives were determined by comparison with authentic standards and confirmed by GLC-
MS on a Hewlett-Packard 5988A instrument, using the appropriate column. Mass spectra were

recorded at 70 eV and an ion-source temperature of 200°C.

Isofation and purification of the K101 polysaccharide.—~ An authentic stab culture
of £ co/i K101, obtained from Dr | @rskov {Copenhagen), was plated on Mueller-Hinto'n agar and
incubated at 37°C overnight. A single actively growing colony was selected and replated to ensure
strain purity. Single colonies were then transferred to each of 9 sterile cuiture tubes containing 10
mL of sterile nutrient broth and shaken at 37°C for 8 h. The contents of the tubes were used to
inoculate 9 sterile stainless steel trays (60 cm x 40 cm) containing Mueller-Hinton agar {1.2 L) and

the glass-covered trays were incubated for 18 h at 37°C. The bacterial slime was harvested,
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diluted with an equal volume of 2% phenol solution, and gently stirred at 4°C overnight to dissolve
the capsular material. Cell debris and other undissolved material was removed by
ultracentrifugation (35 000 rpm on a Beckman l;‘8:M ultracentrifuge, rotor type 70 Ti, 3 h) and the
supernatant was precipitated into ethanol (5 vols). The precipitate was isolated using low-speed
centrifugation {3000 rpm, 10 min) and was redissolved in a minimum quantity of water {ca. 200
mL). Cetyltrimethylammonium bromide {CTAB, 5% w/v in water; ca. 10 mL) was added dropwise
and the resulting precipitate was isolated by low-speed centrifugation as above. The acidic
polysaccharide-CTAB complex was dissolved in 3 M NaCl {150 mL) and was precipitated into
ethanol (b vols). The precipitate was collected by centrifugation, redissolved in water {150 mL)
-and dialysed exhaustively {12-14 000 mw cut-off) against tap-water. The solution was freeze-dried
to yield 1.28 g of the acidic polysaccharide. This crude isolate gave an opaque solution when
dissolved in water and was thus treated to remove lipid. -Crude capsular polysaccharide (600 mg)
was dissolved in 1% acetic acid {100 mL) and heated at 100°C for 1 h. The solution was cooled,
ultracentrifuged {25 000 rpm on a Beckman L8-M ultracentrifuge, rotor type SW 28; 1‘ h), dialysed
overnight and freeze-dried to vield lipid-free K-antigen (385 mg), which was used for chemical
analysis without further purification. A small sample {30 mg) was purified by GPC on a dextran-
calibrated column (1.6 m x 65 cm) of Sephacryl™ S500, using 0.1 M sodium acetate buffer {pH

5.00) as eluent. Material was detected by refractive index.

Glycose analysis.— A small portion (1 mg) of the PS was hydrolysed with
4 M trifluoroacetic acid {1 mL, 125°C, 1 h). The reaction product was concentrated under reduced
pressure after which it was co-concentrated several times with aliquot portions of water to ensure
that all_the acid had evaporated. Alditol acetates were prepared by reduction of th'e liberated
sugars in aqueous solution with NaBH, for 1 h followed by acetylation with 2:1 Ac,O-pyridine
(1.5 mL) for 1 h at 100°C. The resulting alditol acetates were recovered by extraction into CHCI,
and analyzed by GLC. The identity of the uronic acid was revealed by methanolysis of the PS
{5 mg) using 3% methanolic HCI {80°C, 16 h). The acid was neutralized with Ag,CO,, followed

by treatment with NaBH, in anhydrous CH;OH to effect carboxyl reduction. Glycose analysis of the
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modified PS was carried out as detailed above.
A second sample of native PS was hydrolysed, followed by reduction with NaBD, and subsequent

preparation of alditol acetates to investigate the formation of 3,6-glucuronolactone.

Absolute configuration of the monosaccharides.— The abso)qtg configuration of
the_ constituent monosaccharides were determined by GLC analysis of their acetylated
{-)-2-octylglycosides’®. The native polysaccharide {10 mg) was methanolysed {3% methanolic HC],
80°C, 16 h), reduced {NaBH, in dry CH,0H, overnight), and hydrolysed with 4m TFA {125°C,

1 h). The hydrolysate was dissolved in 5 mL water containing 0.5 mL methanol and was

‘re-N-acetylated by treatment with Ac,0 {2 mL) for 2h at room temperature®®®. After concentration
‘of the solution, the residue in water {2 mL) was treated with aqueous 25% NH,OH {0.5 mL) and
then freeze-dried in an ampoule. To the dried material was added 1 drop of concentrated TFA, 0.5
mL {-}-2-octanol and a small magnetic stirrer bar. The ampoule was sealed and ultrasonicated to
solubilize the material, after which it was heated, with stirring, in an oilbath at 130°C'f§r 16 h.
The reaction mixture was then concentrated to dryness (55°C, vacuum pump attached to the
rotary evaporator) and acetylated with 2:1 Ac,0-pyridine {1.5 mL) at 100°C for 1 h. The derived

acetylated octyl glycosides were recovered by extraction into CHCl; and analyzed by GLC.

Methylation of the PS.— Permethylation of the PS was achieved by a modified
Hakomori procedure'®®, A dried sample of acidic PS {15 mg) was dissolved in dry DMSO ({2 mL),
methylsulphinyl {dimsyl) anion {1 mL) added under N,, and the reaction mixture stirred at room
temperature for 1 h. The solution was cooled in an ice-water bath and Mel {0.5 mL) was added
dropwise with stirring. The reaction mixture was allowed to warm to room temperature and was
stirred for 4 h, after which it was dialysed overnight against running water {12-14 000 mw cut-off)
and freeze-dried. A sample of the permethylated product (5 mg) was hydrolysed {4m TFA, 1 mL,
125°C, 1 h), reduced {NaBH, in agueous solution) and the resulting partially methylated alditols
were acetylated with 2:1 Ac,0-pyridine (1.5 mL, 100°C, 1 h). The partially methylated alditol

acetates were analyzed by GLC-MS.



86
A second sample of dried permethylated PS {10 mg) was methanolysed {3% methanolic HCI, 80°C,
16 h), reduced {NaBH, in dry CH;OH, overnight),- hydrolysed {4 M TFA, 125°C, 1 h) and the

partially methylated monosaccharides converted into their alditol acetates as before.

NMR spectroscopy.— Samples were deuterium-exchanged, with D,0 by freeze-
drs_ling several times from D,0 and then examined as solutions in 99.99% D,0 containing a trace
of acetone as internal standard {6 2.23 for 'H and 31.07 ppm for '3C). Spectra were recorded at
67°C on a Bruker AMX-400 spectrometer equipped with an X32 computer. The parameters used
for 2D experiments were as follows: COSY, two-step RELAY COSY, and HOHAHA [256 x 2048
_data matrix, zero-filled to 1024 data points in ¢t;; 96 or 128 scans per t, value; spectral width
1362.4 Hz; recycle delay 1.0 s; fixed delay of 0.036 s {RELAY COSY); unshifted sine-bell filtering
in ¢, and t, {COSY and RELAY COSY); and shifted sine-squared filtering in ¢, and £, {(HOHAHA)).
HMQC and HMQC-TOCSY [512 x 4096 data matrix, zero-filled to 1024 data points in t,; spec\tral
width 14 022 Hz in ¢, and 1362.4 Hz in t,; 52 and 48 scans, respectively, per t, valué; recycle
delay 1.0 s; fixed delay 3.45 ms; shifted sine-squared filter]. HMBC [256 x 2048 data matrix,
zero-filled to 1024 data points in ¢,; spectral width 20 733 Hz in ¢, and 1362.4 Hz in t,; 96 scans

per ¢, value; recycle delay 1.0 s; fixed delay 3.45 ms; shifted sine-squared filter].
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4.2 Escherichia coli SEROTYPE K45 CAPSULAR ANTIGEN: A GLYCAN CONTAINING

3-ACETAMIDO-3,6-DIDEOXYGALACTOPYRANOSE.

4.2.1 Abstract
The primary structure of the acidic capsular antigen of Escherichia coli 08:K45:H9 was shown by
glycose analysis, methylation analysis and one- and two-dimensional 'H and '*C NMR spectroscopy
to be composed of repeating branched tetrasaccharide units having the structure:
-8)-0-D-GlcpNAc-{1-4)-B-D-GalpA-{1->3)-R-D-GlcpNAc-{1-

3

$

1

R-D-Fucp3NAC

The polysaccharide contains the uncommon amino sugar 3-acetamido-3,6-dideoxy-D-

galactopyranose, which has not been previously identified in a capsular antigen.

4.2.2 Introduction

The capsular (K} antigen of £. co/i 08:K45:H9 belongs to the group | polysaccharides of this
species® and as such is a high-molecular mass, acidic polysaccharide which contains amino sugars.
The polysaccharide is unusual in that it contains the amino sugar 3-acetamido-3,6-dideoxy-D-
galactopyranose {D-Fuc3NAc) which has previously been shown to be present in
lipopolysaccharides and cell-wall antigens of £. coli 2, Pseudomonas maitophilla®®®, Eubacterium
saburreum®®, Proteus penneri 2®° and Xanthomonas campestris®®'. This is the first reported
occurrence of this amino sugar in a capsular polysaccharide. The capsular antigen of £, coli K45
has been reported to exhibit serological cross-reactivity with the £. coli 074 O-antigen,'suggesting
that these compounds may contain similar antigenic determinants®#4%, The structure of the 074

antigen has, to our knowledge, not yet been published.
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4.2.3 Results and Discussion

Isolation, composition and 1D NMR spectra of the capsular antigen.— E. coli K45
bacteria were grown on Mueller-Hinton agar and' the acidic capsular polysaccharide {PS) was
isolated and purified by precipitation with cetyltrimethylammonium bromide, followed by
delipidation with aqueous 1% acetic acid. The average molecular mass of PS was found to be M,
1.5 % 10° on a dextran-calibrated column of Sephacryl™ $500. Hydrolysis of PS followed by GLC-
MS examination of the derived alditol acetates showed the presence of GicN and a 3-amino-3,6-
dideoxyhexose in the ratio 2:1. Methanolysis of the PS followed by reduction of the
methoxycarbonyl groups, hydrolysis, and GLC analysis of the derived alditol acetates, revealed the
-additional presence of Gal. These results indicate that the PS comprises a tetrasaccharide repeating
.unit consisting of GIcNAc, GalA and 3-amino-3,6-dideoxyhexose in the approximate molar ratio

2:1:1,

GIlcNAc was shown to have the D configuration by GLC analysis of the derived acetyla¥ed

{-)-2-octyl glycoside'*®. A sample of the PS was partially hydrolysed with 0.5 M trifluoroacetic acid
and, after re-N-acetylation of the sample, both GalA and the 3-acetamido-3, 6-dideoxyhexose were
isolated from the hydrolysate by paper chromatography. The 3-acetamido-3,6-dideoxyhexose was
further purified by semi-preparative HPLC and identified as 3-acetamido-3,6-dideoxygalactose on
the basis of its '"H NMR spectrum. The [0], was determined to be +89° {water), indicating that
the sugar had the D configuration?®2, The separated GalA fraction was also shown to hav_e the D

configuration by GLC analysis of the acetylated (-)-2-octyl glycoside'® of the derived Gal.

The 'H NMR spectrum of the PS in D,0 {Figure 4.6) contained signals for H-1 of an a-liﬁked sugar
at ¢ 4.94 (%J, , 3.6 Hz) and for H-1 of B-linked sugars at 4.62 (*/, , 7.4 Hz), 4.55 (°J, , 7.9 Hz) and
4.48 {3, , 7.8 Hz). Two signals for the methyl protons of NAc groups at 6 2.06 {6H) and 2.02
{3H) respectively were also present. A doublet centred at 6 1.26 (°J; , 6.3 Hz; 3H) indicated the
presence of a 6-deoxy sugar. The 'H-decoupled *C NMR spectrum (Figure 4.7} confirmed a

tetrasaccharide repeating unit with signals for C-1 at 104.55, 104.34, 102.28 and 99.40 ppm and
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signals for carbonyl carbons at 175.15, 175.06 and 171.23 ppm. Three signals, at 55.63, 565.43

and 53.07 ppm, indicated the presence of three C-N bonds, and confirmed the presence of three

NAc groups. A signal at 16.22 ppm confirmed the presence of a 6-deoxy sugar.
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Figure 4.6 'H NMR spectrum of the £. coli capsular polysaccharide (400 MHz; 300K)
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Figure 4.7 3C NMR spectrum of the £. coli K45 capsular antigen {338K)
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Methylation analysis.— Methylation of the polysaccharide followed by GLC and
GLC-MS analysis of the permethylated alditol acetates derived from the products of an acid
hydrolysate gave 3,6-dideoxy-3-methylacetarﬁ;ds-z,4-di-0—methylgalactose, 2-deoxy-2-methyl-
acetamido-4-0O-methylglucose, 2-deoxy-2-methylacetamido-4,6-di-O-methylglucose and
2,3-di-O-methylgalactose {after carboxyl reduction). These results indicate .the.presence of
3,6-linked GIcNAc, 4-linked GalA, 3-linked GIcNAc, and terminal Fuc3NAc in a branched

tetrasaccharide repeating unit with GIcNAc as the branch point.

2D NMR studies of the E. coli K45 capsular polysaccharide.— The identities and
_sequence of the residues in the repeating unit were established by 2D NMR experiments, which
also confirmed the glycosylation sites in the polysaccharide. The residues in the repeating unit
were labelled a - d in order of decreasing chemical shift of their anomeric protons {Figure 4.6). The
chemical shifts of the proton resonances of residue a - d were established from COSY?*® {Figure
4.8) and 2D Homonuclear Hartmann-Hahn (HOHAHA)?®' {Figure 4.9) experiments. NMR data are

given in Table 4.3.

Residue a [3,6)-0-D-GlcoNAc): The 'H resonances for residue a were readily traced via their
crosspeaks in the COSY spectrum as far as H-3. The H-3/4 cross-peak overlapped with several
other signals, but its position could easily be identified with the help of the HOHAHA spectrum.
The chemical shifts of the remaining 'H resonances were then assigned using both the HOHAHA
and COSY spectra. As expected for a gluco-type residue, magnetism relayed well through the spin
system. The '3C resonances for residue a were assigned by comparing the 'H assignments with

the 'H-'3C correlation data from an HMQC?®® experiment {Figure 4.10).

Residue b [»3)-R-D-GlcoNAc]: The 'H resonances for residue b were traced as far as H-3 via the
crosspeaks in the COSY spectrum. The H-3/4 crosspeak overlapped with that for residue a and
the H-4 resonance had therefore to be assigned from the HOHAHA spectrum. Magnetism also

relayed well through this spin system and the remaining 'H resonances for this residue were readily



assigned from the HOHAHA spectrum and confirmed from the COSY spectrum.

resonances were then assigned from the HMQC spectrum as before.
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Figure 4.8

COSY contour plot of the region ¢ 3.42 - 5.02 of the £. co/i K45 capsular antigen.
The proton resonances of the sugar residues are labelled a - d. a1 connotes H-1
of residue a and a1,2 connotes the cross-peak between H-1 and H-2 of residue a,
etc.
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Figure 4.9 HOHAHA contour plot of the region 6 3.42 - 5.02 of the PS. a1l connotes H-1 of
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Residue ¢ [=4)-R-D-GalpAl: In the COSY spectrum the H-2/3 crosspeak for residue ¢ overlapped
with the H-3/4 crosspeaks for residues aand b, lj_oys}ever the H-3 resonance could be assigned from
the HOHAHA spectrum. The magnetism in this spin system did not relay beyond H-4, as expected
for a galacto-type residue and the chemical shift of the H-5 resonance was assigned from the small
H-4/5 crosspeak in the COSY spectrum. Carbon resonances were assighed from the HMQC
spectrum, except for C-6, which was assigned with the help of the HMBC spectrum {See Table

4.4),

Residue d [R-D-Fucp3NAc]l: Beginning with the H-1/2 crosspeak in the COSY spectrum, the 'H
-resonances for residue d were traced as far as H-4. The magnetism in this spin system did not
.appear to relay beyond H-4 so that no further informatioﬁ could be obtained from the HOHAHA
spectrum. The remaining 'H resonances were assigned by working back from the H-6 signal at

¢ 1.28 in the COSY spectrum, which allowed the resonance for H-5 to be assigned ar_'nd-showed
that the H-3 and H-5 resonances in fact overlapped, with resulting overlap of the H-3/4 and H-4/5
crosspeaks. The '°C resonances were assigned by comparing the 'H assignments with the 'H-'*C
correlation data. The carbon resonance at 55.63 ppm could have been assigned to C-3 or C-5, due
to the overlap of these two proton signals. However, GLC-MS analysis of the hydrolysed
polysaccharide and identification of this sugar component as described earlier pinpointed the
position of the acetamido function at C-3, allowing chemical shifts to be assigned for C-3 and C-5
respectively. The fragmentation pathway and mass spectrum of the Fuc3NAc component are

shown in Figure 4.11,

Comparison of the chemical shift data for residues a - d with those reported for methyl
glycosides'#4254.284 nermitted identification of residue a as 3,6-linked a-GlcpNAc, residue b as

3-linked B-GicpNACc, residue ¢ as 4-linked R-GalpA and residue d as terminal R-Fucp3NAc.

Sequencing of the residues.— The sequence of the residues a - d in the repeating

unit was established by a Heteronuclear Multiple Bond Correlation {HMBC) experiment'®5,
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Fuc3NAc
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Correlations between H-1 of a-GlcNAc and C-4 of B-GalA, between H-1 of B-GalA and C-3 of

R-GlcNAc, between H-1 of B-GicNAc and C-6 of o-GicNAc, and between H-1 of B-Fuc3NAc and

C-3 of a-GlcNAc were clearly observed (Table 4.4 and Figure 4.12).

Table 4.3 NMR data® for the £. co/i K45 polysaccharide o
Residue Proton or carbon
1 2 3 4 b 6 &’

-3,8)-0-D-GicoNAc lay H 494 4,02 3.85 357 432 3.82 4.12
C 99.40 53.07 81.32 69.14 71.43 69.23
-3)-R-D-GlcoNAcfb) H 4.62 3.88 3.85 3.62 352 3.8 3.96
' C 102.28 55.43 84.68 69.88 76.32 61.77

H 455 362 3.83 438 4.44

C 104.34 70.87 72.39 78.07 73.69 171.23

H 448 352 393 3.74 391 1.25

C

104.55 69.06 55.63 70.63 72.85 16.22

1-4)-R-D-GalpA (c)

R-D-Fucp3NAc (d)

aChemical shifts in ppm with acetone as internal standard, § 2.23 and 31.07 ppm for 'H and '3C,
respectively

Table 4.4 Two- and three bond 'H-'*C correlations for PS

Correlation to

W
-
[#]
-
[=]
=2

Residue

-3,86)-a-D-GlcNAc (a)

81.32 (a, C-3), 71.43 (a, C-b), 78.07 (¢, C-4)
104.55 {d, C-1)

102.28 (b, C-1),

69.23 (a, C-6)

102.28 {b, C-1), 55.43 (b, C-2)

55.43 (b, C-2), 104.34 {(c, C-1)

84.68 (b, C-3), 61.77 (b, C-6)

84.68 (b, C-3), 70.87 (c, C-2)

104.34 (c, C-1)

104.34 (¢, C-1), 78.07 (c, C-4)

73.69 (¢, C-5), 99.40 (a, C-1), 171.23 (¢, C-6)
81.32 (a, C-3)

104.55 (d, C-1)

69.06 {d, C-2)

55.63 (d, C-3), 70.63 (d, C-4)

-3)-R-D-GIlcNAc (b)

-4)-B-D-GalA (c)

R-D-Fuc3NAc (d)
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4.2.4 Conclusion
The combined chemical and NMR data permit the structure of the tetrasaccharide rgpeating unit

of the £, coli K45 capsular polysaccharide to be written as:

a c b -
-B8)-0-D-GlcpNAc-{1-4)-R-D-GalpA-({1->3)-B-D-GlcpNAc-{1->
- 3
?

B—D-Fu1cp3NAc
d
The capsular polysaccharide of £. co/i K45 joins a group of six other capsular antigens among the
_E. coli series whose repeating units have the "3 + 1" structure, and which include K101 (see
Section 4.1.4), K27, K28, K33, K386, and K48%. Although B-linked sugar residues are not
uncommon among the capsular antigens of £. cofi, this is only the second instance of a 6-linked
GicNAc, the other being found in the capsular antigen of £. co/i K40%'. In common with many
other Group | polysaccharides, the K45 polysaccharide has GalA as its acidic component and
contains GlcNAc*®%%. The occurrence of Fuc3NAc is, however, unusual. Although Fuc3NAc has

287 and is therefore not new

been isolated from lipopolysaccharides and cell-wall antigens of £. co/j
to the genus, this is the first occurrence of this uncommon sugar in a capsular antigen. ' I:t 'is also
worth noting that in previously reported occurrences of this sugar, it has been a-linked in all cases
but one?®7-2°' and that the R-linked Fuc3N reported in Proteus penneri contained an N-butyramido

group rather than a NAc group?®®. This is therefore, to the best of our knowiedge, the first B-linked

Fuc3NAc to be reported.
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4.2.5 Experimental
General methods.— Instrumentgti_én used was as described for £. co/i K101. A J
& W Scientific fused-silica DB-17 bonded-phase capillary column {30 m x 0.25 mm, film thickness
0.25 um) was used for separating partially methylated alditol acetates {programme I}, alditol
acetates (programme Ii) and acetylated octy! glycosides {240° isothermal, pressure 140 kPa). The
temperature programmes used were: 1, 180° for 2 min, then 3°min' to 240°, 100 kPa; 1, 180°
for 2 min, then 2°min’' to 240°, 100 kPa. The identities of all derivatives except Fuc3NAc were
determined by comparison with authentic standards and confirmed by GLC-MS. GPC of the K45
polysaccharide was performed on a dextran-calibrated column {1.6 x 85 cm) of Sephacryl™ S500
-using 0.1 M sodium acetate buffer (pH 5.00) as eluent. HPLC was carried out on a Supelcogel™
'C-811 column {30 cm x 7.8 mm) using 10* MNaOH as elﬁent. Material was detected by refractive
index. Optical rotation measurements were performed on a Perkin-Elmer model 141 polarimeter,

using a 1 cm cell at 23°C {+ 2°C).

Isolation and purification of K45 polysaccharide.— An authentic stab culture of
£. coli 08:K45:H9 was obtained from Dr. |. @rskov {Copenhagen) and propagated on Mueller-
Hinton agar. The capsular polysaccharide was isolated as described for the K101 polysaccharide,
and the crude isolate {450 mg) was treated with 1% aqueous acetic acid {100 mi, 100°C, 1 h)
to remove lipid. The solution was ultracentrifuged {25 000 rpm, 1 h) and freeze-dried to yield 300

mg polysaccharide.

Glycose analysis.— A small sample of dried acidic polysaccharide {1 mg) was
stirred in liquid anhydrous HF {introduced under vacuum using the apparatus described by Sanger
and Lamport®™) for 3 h at 25°C. Excess HF was removed under a stream of N, after which 50%
aqueous AcOH (2 mL) was added and the mixture stirred for 1 h in order to hydrolyse the resultant
glycosyl fluorides. The acetic acid was removed under reduced pressure and the residue
reconstituted in water (0.5 mL) and alditol acetates were prepared as described for the K101

polysaccharide. Methanolysis was carried out as described for the K101 polysaccharide, followed
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by hydrolysis in HF and preparation of alditol acetates as before. Alditol acetates were analyzed

by GLC.

Partial hydrolysis.— K45 polysaccharide {200 mg) was hydrolysed with 0.5 m
trifluoroacetic acid {100 mi, 100°C, 1 h) and the hydrolysate in water {5 mL) containing methanol
{0.5 mL) was re-N-acetylated by treatment with acetic anhydride {2 mt) for 2 h at room
temperature?®®, After concentration of the solution, the residue in water {2 mL) was treated with
aqueous 25% NH,OH {0.5 mL) before being subjected to descending mode paper chromatography
on Whatman No 1 paper using ethyl acetate : acetic acid : pyridine : water {5:1:5:3) as eluent.

-The components> were visualised with basic silver nitrate®®® and ninhydrin®®* and extracted from the
'paper with distilled water. The fraction containing FucéNAc {26.7 mg) was further purified by
semi-preparative HPLC (yield 3.20 mg). The identity of the compound was confirmed by NMR
spectroscopy and had [al,+ 89 {H,0; c 0.32), indicating that its absolute configurationr was D?%2,
The '"H NMR data {400 MHz, 303 K) for Fuc3NAc were as follows: a-anomer; H-1 5.‘19 °/,,3.3
Hz), H-2 3.80, H-3 3.98, H-4 3.82, H-5 4.12, H-6 1.33 {°J; ; 6.88); B-anomer; H-1 4.47 (°J, ,7.80
Hz), H-2 3.52, H-3 3.84, H-4 3.72, H-5 3.90, H-6 1.25 {°/,, 6.32 Hz).

Absolute configuration of the monosaccharides.— The absolute configurations of
the GlcNAc and GalA residues in the repeating unit were established by GLC analysis of their
derived acetyiated (-)-2-octyl glycosides. A sample of polysaccharide {10 mg) was hydrolysed
with 4 M TFA {125°C, 1 h). The reaction mixture was concentrated under vacuum, reconstituted
in water {1 mt) containing methanol {0.3 mL), and re-N-acetylated as described above. The
solution was evaporated to dryness, dissolved in water {1 mL) containing a few drops’of aqueous
25% NH,OH and freeze-dried in an ampoule. Acetylated (-)-2-octyl glycosides were prepared as
described for the K101 polysaccharide and analyzed by GLC. The GalA isolated by paper
chromatography of the partially hydrolysed polysaccharide (15 mg) was methanolysed (3%
methanolic HCIl, 80°C, 24 hj), reduced {NaBH, in dry CH,OH) and the product converted to its

acetylated (-}-2-octyl glycoside as for the K101 polysaccharide.
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Methylation of the PS.— Permethylation of the PS was achieved by successive
treatment according to a modified Hakomori proc;ed,l;ure"1 followed by Kuhn methylation'”®, A dried
sample of acidic polysaccharide {20 mg) was dissolved in a mixture of dry DMSO {1 mL) and
1,1,1,1-tetramethylurea {1 mL) and methylsulphinyl {dimsyl) anion {2 mL) was added under N,. The
mixture was stirred at room temperature for 2 h, The reaction mixture was (;60fed in an ice-water
bath and Mel {1 mL) was added dropwise with stirring. After 4 h this mixture was dialysed
overnight against running water {12-14 000 mw cut-off) and freeze-dried. To the dried product
was added DMF (2 mL), Mel (0.5 mL) and a small portion of Ag,0. The reaction flask was covered
with aluminium foil to exclude light and stirred at room temperature for 72 h, with aliquot portions

-of Mel and Ag,0O being added every 6 hours. The solutiqn was centrifuged {2000 rpm, 10 min),
the supernatant decanted and evaporated 10 dryness to produce a yellow o0il. A portion of this
permethylated polysaccharide {b mg) was hydrolysed with liquid anhydrous HF, reduced and
acetylated as described above. A second portion of permethylated polysaccharide {10 mg) was
methanolysed {3% methanolic HCl, 80°C, 16 h), reduced {NaBH, in dry CH,0H), hydrolysed,
reduced and acetylated as described above. The resulting partially methylated alditol acetates were

analyzed by GLC-MS,

NMR spectroscopy.— Samples were prepared as previously described and spectra
were recorded at 85°C on a Bruker AMX-400 spectrometer equipped with an X32 computer. The
parameters used for 2D experiments were as follows: COSY, HOHAHA [512 x 2048 data matrix,
zero-filled to 1024 data points in t,; 64 or 72 scans per ¢, value; spectral width 1805 Hz; recycle
delay 1.0 s; unshifted sine-bell filtering in ¢, and t, (COSY) and shifted sine-squared filtering in t,
and ¢, (HOHAHA)]. HMQC [512 x 4096 data matrix, zero-filled to 1024 data points in t,; spectral
width 11 067 Hz in ¢, and 1805 Hz in t,; 64 scans per ¢, value; recycle delay 1.0 s; fixed delay
3.46 ms; shifted sine-squared filter). HMBC [256 x 4096 data matrix, zero-filled to 1024 in t,;
spectral width 20 826 Hz in t, and 1805 Hz in t,; 72 scans per t, value; recycle delay 1.0 s; fixed

delay 3.46 ms; shifted sine-squared filter].
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4.3 STRUCTURE OF THE CAPSULAR ANTIGEN OF Escherichia coli 08:K50:H

4.3.1 Abstract
The primary structure of the acidic capsular antigen of Escherichia coli 08:K50:H" was shown by
glycose analysis, methylation analysis and one- and two-dimensional 'H and '*C NMR spectroscopy
to be composed of repeating linear tetrasaccharide units having the strucrure:
-3)-R-L-Rhap-{1->4)-0-D-GlcpNAc-{1-2)-R-D-Manp-{1-3)-a-D-ManpNAc-{1-»
4,6

v
Pyr (S)

4.3.2 Introduction

The £. coli K50 capsular antigen is co-expressed with O group 8% and contains amino sugars,
thereby placing it in the Group | polysaccharides®. E. coli K50 has been implicated in appendicital
peritonitis®®. It is interesting to note that the polysaccharide has no uronic acid, its only acidic
function being pyruvate. To date only two other polysaccharides of this type have been isolated,

from E. coli K37% and K47°5,

The pyruvic acid ketal is often part of the immunological determinant, and pyruvate substituents
have been found to act as determinants in the symbiotic association between certain
microorganisms and their host plants'®®. The immunological specificity is affected by the
configuration of the monosaccharide to which the pyruvate is linked, the positions of the two
hydroxyl groups that are bridged by the ketal, and the configuration of the methyl and carboxyl

groups at the asymmetric ketal carbon atom?%¢,

4.3.3 Results and Discussion
Isolation, composition, and 1D NMR spectra of the capsular antigen.— E. colf
08:K50:H" bacteria were grown on Mueller-Hinton agar and the acidic capsular polysaccharide (PS)

was isolated and purified by precipitation with cetyltrimethylammonium bromide. The
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polysaccharide was further purified by ion-exchange chromatography on DEAE-Sepharose™ CL-6B.
The average molecular mass of the PS was fo,un'& to be M, 2.63 x 10° on a dextran-calibrated
column of Sephacryl™ S-500. Hydrolysis of the PS followed by GLC-MS examination of the
derived alditol acetates showed that Rha, Man, GIcN, and ManN were present in equimolar
quantities. Methanolysis of the PS, treatment of the products with NaB}r{, fo effect carboxyl
reduction, followed by hydrolysis, and GLC-MS examination of the derived alditol acetates gave
the same result as before, indicating the absence of a uronic acid in the polymer. GLC analysis of
the derived acetylated {-)-2-octyl glycosides*® of the PS showed the configuration of Rha to be L

and that of the other constituent sugars to be D.

.The "H NMR spectrum of the PS {Figure 4.13) in D,0 contéined H-1 signals at 6 5.12 {°J, , 3.7 Hz),
5.05, and 4.89 {2H), signals for the methyl protons for two NAc groups at § 2.08 and 2.07, a
signal for H-6 of a deoxy sugar at 6 1.33 {°*J; 5 5.4 Hz), and a signal for the methyl protons of
pyruvate at § 1.56. The '3C NMR data complemented the '"H NMR results and confirmed a
pyruvylated tetrasaccharide repeating unit for the PS, with signals at 101.57, 100.76, 99.43,
97.86, and 96.18 ppm in the anomeric region {95 - 105 ppm), one being that of the acetal carbon
of the pyruvate. Signals for carbonyl carbons occurred at 175.46, 174.89, and 174.07 ppm, while
signals at 54.96 and 49.79 ppm indicated the presence of two C-N bonds. The origin of the
additional minor signals in the '3C spectrum, indicating heterogeneity, were not investigated further.
The 'H and "3C NMR spectra are shown in Figures 4.13 and 4.14 respectively and NMR data for

the polysaccharide are listed in Table 4.5.
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Figure 4.13 'H NMR spectrum of the £. coli K50 capsular polysaccharide (400 MHz, 323K)

Figure 4.14 3C NMR spectrum of the E. coli K50 capsular polysaccharide
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Methylation analysis.— Methylation of the polysaccharide followed by GLC and
GLC-MS analysis of the permethylated alditolv;acétates derived from the products of an acid
hydrolysate showed the presence of 2-deoxy-2-methylacetamido-3, 6-di-O-methyiglucose, 2-deoxy-
2-methylacetamido-4,8-di-O-methylmannose, 2,4-di-O-methylrhamnose, and 3-O-methylmannose.
These results indicated the presence of 4-substituted GIcNAc, 3-substituted l\nra»nr\')iAc, 3-substituted
Rha, and 3,4,B-substituted Man in a linear tetrasaccharide repeating unit with the pyruvate

substituent attached to the Man residue.

2D NMR studies of the E. coli K50 polysaccharide.— The sequence of the residues

-in the repeating unit of the PS was established by 2D NMR experiments, which also confirmed the
.glycosylation sites in the polysaccharide. Carbon and proton resonances were established from
COSY?°, 2D Homonuclear Hartmann-Hahn (H_OHAHA)”’, HMQC?®3, and HMQC-TOCSY?*’

experiments. The residues in the repeating unit were labelled a - d in order of decreasing chemical

shift of their anomeric protons (Figure 4.15).

Residue a [-4)-D-GlcpNAc]l: The H-1/H-2 cross-peak was the only one clearly identifiable for this
residue in the COSY spectrum (Figure 4.15). The resonances for C-1 and C-2 of this residue could
be established from the H-1/C-1 and H-1/C-2 crosspeaks respectively in the HMQC-TOCSY
experiment (Figure 4.17). The signal for H-2 could then be identified by correlation with the C-2
resonance from the HMQC spectrum (Figure 4.16), allowing assignment of the H-2/H-3 cross-peak
in the COSY spectrum. The remaining proton resonances could then be assigned from the COSY
and HOHAHA spectra. The remaining carbon resonances were assigned by comparing the 'H

assignments with the "H-'3C correlation data from the HMQC experiment.

Residue b [+3)-D-ManpNAc): The 'H resonances for residue b were traced readily via their cross-
peaks in the COSY and HOHAHA spectra. Magnetism relayed well through this spin system in the
HOHAHA experiment despite the small °J, , value, and all cross-peaks were clearly visible. The "*C

resonances were assigned from the HMQC spectrum as for residue a.
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Figure 4.15 COSY contour plot of the region 6 3.30 - 5.25 of the K50 capsular polysaccharide.
The 1D spectrum is projected along the f, axis. a1 connotes H-1 of residue a and
al,2 connotes the cross-peak between H-1 and H-2 of residue a, etc.
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Residue ¢ [=3)-L-Rhap]: Since the H-1 resonances of residues ¢ and d exactly coincide {(Table 4.5),
the H-B resonance at 6 1.33 was used as the starting point for tracing the 'H resonances for
residue ¢ in the COSY and HOHAHA spectra. Th;a 1""(’: resonances for residue ¢, with the exception
of C-1, were then assigned from the 'H-'3C correlation data obtained in the HMQC experiment.
Residue d [-2,4,6)-D-Manp]: The 'H resonances for residue d were traced via their cross-peaks in
the COSY spectrum. The connectivities were confirmed from the H-3 track in the HMQC-TOCSY
spectrum, which showed relays to all the carbon signals for the residue, with the exception of C-1,

and from the C-3 track which showed relays to H-2/6. The '3C resonances thus obtained were

_confirmed from the HMQC spectrum.

The configurations of the glycosidic linkages were assigned by measuring the %/, ,., values
obtained from a proton-coupled HMQC experiment. The values obtained were 175.7 Hz for residue
a, 173.3 Hz for residue b, 163.6 Hz for residue ¢ and 162.8 Hz for residue d, 'indicating a

configurations for residues a and b and B configurations for residues ¢ and d®®’.

The signal at 100.76 ppm in the "*C spectrum which was absent from the HMQC spectrum, since
it has no proton associated with it, could now be assigned to the acetal carbon of the pyruvate
substituent. Comparison of the chemical shift data for residues a - d in Table 4.5 with those
reported for methyl glycosides'#*254284 permitted identification of residue a as 4-substituted

o-D-GicNAc, residue b as 3-substituted a-D-ManNAc, residue ¢ as 3-substituted B-p-Rha and residue

d as 2,4,6-substituted B-D-Man. These data are in agreement with the methylation results for PS.

The sequence of the residues in the repeating unit was established by a Heteronuclear Multiple
Bond Correlation (HMBC) experiment'®®, The first easily identifiable correlation was between C-1
of GlcNAc and H-2 of Man. A second correlation was visible between H-4 of GlcNAc and C-1 of
either residue ¢ or d. Since a link between GicNAc and Man (residue d) had already been

established, it was clear that this carbon signal belonged to residue ¢, thus enabling assignment



110
of the C-1 resonances for residues ¢ and d. Other relevant correlations identified were: H-1 of
ManNAc to C-3 of Rha, H-1 of Man to C-3 of ManNAc, C-1 of Man to H-3 of ManNAc, and H-6
and H-4 of Man to the acetalic carbon of the py;u;rate moiety. It was also possible to assign the
carbonyl! signals to appropriate residues, since correlations were visible from H-2 of GicNAc to the
carbonyl resonance at 175.46 ppm, from H-2 of ManNAc to the carbonyl resonance at 174.89
ppm, and from the methyl protons of the pyruvate group to the carbonyl signal at 174.07 ppm.

HMBC correlations are listed in Table 4.6.

The chiral carbon of the pyruvate moiety was assigned the S configuration based on the 'H and
.3C chemical shifts of its methyl group®®. This assignment accords with the recent finding of
Miertus et al. that pyruvate acetals 4,6-linked to D-Gli:p and D-Manp residues prefer the S

configuration*®®, This preference is believed to be related to conformational stability.

4.3.4 Conclusion
The combined chemical and NMR data permit the structure of the tetrasaccharide repeating unit

of the £. col/i Kb0 capsular polysaccharide to be written as:

c a d b
-3)-B-L-Rhap-{1-4)-a-D-GlcpNAc-{1-2)-R-D-Manp-{1-»3)-a-D-ManpNAc-{1-
4,6
\'%
Pyr {S)

This is only the third £. cofi capsular polysaccharide found to contain a pyruvate moiety as its sole
acidic function®”-°®, Four capsular polysaccharides having phosphate groups as their sole acidic
function have also been reported®®7:2°7:2%8  |n common with three of the six other £. cbli capsular
antigens which contain a pyruvate substituent, the pyruvate acetal in the K50 capsular
polysaccharide is 4,6-linked®®. In addition, it is only the second capsular polysaccharide in the

E. coli series to date found to contain a ManNAc residue, the other being £. co/i K84, which

contains 3-linked R-D-ManNACc®°,



Table 4.5 NMR data® for the E. coli KS0 polysaccharide

Residue Proton or Carbon
1 2 3 4 5 6 6 NAc  NAc Pyr  Pyr Pyr
CH, C=0 CH; COOH C(C-2
a
-4)-a-D-GlcpNAc H b56.12 3.87 3.97 3.76 4.14 4.03 3.72 2.07
C 99.43 54.96 71.17 78.16 70.97 61.30 22.84° 175.46
b
-3)-a-D-ManpNACc H b5.05 4.61 4,21 3.61 3.95 3.84 3.84 2.08
C 96.18 49.79 75.89 65.55 73.22 61.00 22.99° 174.89
c
-3)-B-p-Rhap H 4.89 4.29 3.67 3.47 3.45 1.33
C101.57 67,52 77.60 70.97 73.02 17.61
d
-2}-B-b-Manp H 4.89 3.93 3.96 3.78 3.52 4.15 3.80
4,6
v C 97.86 78.16 71.69 75.34 67.50 65.32
Pyr
Pyr H 1.56

C 25.55 174.07 100.76

1

*Chemical shifts in ppm with acetone as internal standard, 6 2.23 and 31.07 ppm for 'H and '3C respectively. ®These values are interchangeable.

LLL
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Table 4.6 Two- and three bond 'H-'C correlations for the PS
Residue Proton Correlation to
a -4)-a-D-GlcpNAc H-1 78.16{d;C-2), 71.17{a;C-3), 70.97(a;C-5{ .
H-2 99.43(a;C-1), 175.46(C=0) .
- H-3 54.96(a;C-2)
H-4 101.57ic;C-1}, 70.97(a;C-b)
b -3)-a-D-ManpNAc H-1 77.80(c;C-3), 75.89{b;C-3), 73.22(b;C-5)
H-2 96.18(b;C-1), 75.89(b;C-3), 65.55(b;C-4}), 174.89{C=0)
H-3 97.86(d;C-1), 65.55(b;C-4)
{e -3)-B-b-Rhap H-1 78.16{a;C-4), 77.60i¢;C-3), 67.52{c;C-2)
H-2 77.60i(c;C-3), 70.97{c;C-4)
H-4 73.02{¢c;C-b)
d —2)-B-D-Manp H-1 75.89(b;C-3), 71.69(d;C-3), 67.50(d;C-5)
4,6 H-2 99.43(a;C-1), 71.69(d;C-3), 75.34(d;C-4)
v H-4 100.76{Pyr;C-2), 78.186{d;C-2)
Pyr H-8 100.76(Pyr;C-2)
Pyr CH, 174.07(Pyr;C=0)
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4.3.5 Experimental
General methods.,— lnstrumentitiph used was as described for £. co/i K101,

A J & W Scientific fused-silica DB-17 bonded-phase capillary column {30 m x 0.256 mm, film
thickness 0.25 ym) was used for separating partially methylated alditol acetates (programme I),
and alditol acetates and acetylated octyl glycosides {programme 1l). A J & W Sciéntific fused-silica
DB-Wax bonded-phase capillary column {30 m x 0.25 mm, film thickness 0.15 um) was used for
separating alditol acetates of ManNAc, GlcNAc and GalNAc {130 kPa, 240°C isothermal). A J &
W Scientific DB-225 bonded-phase capillary column {30 m x 0.25 mm, film thickness 0.25 um)
was also used for separating acetylated octyl glycosides {130 kPa, 240°C isothermal). The
-temperature programmes used were: |, 180°C for 2 min, then 3°C.min"' to 240°C, 100 kPa; Ii,
180°C for 2 min, then 2°C.min" to 240°C, 100 kPa.r The identities of all derivatives were
determined by comparison with authentic standards and confirmed by GLC-MS. GPC was
performed on a dextran-calibrated column {1.6 x 65 cm) of Sephacryl™ S500 using 0.1 M NaOAc

buffer {pH 5.00) as eluent. Material was detected by refractive index.

Isolation and purification of the K50 polysaccharide.— An authentic culture of
E. co/i 08:K50:H was obtained from Dr |. @rskov {Copenhagen) and propagated on Mueller-Hinton
agar as described for £, co/f K101. The capsular polysaccharide was extracted with aqueous 1%
phenol and separated from cellular debris by ultracentrifugation {35 000 rpm, 3 h). The
supernatant was dialysed overnight against running water (12-14 000 mw cut-off) and freeze-dried.
The buff-coloured powder obtained was reconstituted in a minimum quantity of water {100 mt) and
the K-antigen isolated by precipitation with cetyltrimethylammonium bromide. Purification was
achieved by gel permeation-ion exchange chromatography on a DEAE-Sepharose™ CL-vSB column
{2.8 x 27 cm) using gradient elution with 0 - 1 M NaCl in 0.01 m Tris-HCI {pH 8.50) as eluent.
Fractions were assayed for carbohydrate using the phenol-H,S0, reagent®®. The vyield of capsular

polysaccharide was 470 mg.
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Monosaccharide composition, absolute configuration, and methylation analysis.—

Glycose analysis and methylation analysis were_g)gfformed as for the £. coli K101 polysaccharide.
Absolute configurations were determined by GLC analysis of the derived {-)-2-octy] glycosides.
Since there was no uronic acid present in the polysaccharide, the carboxyl reduction step was
omitted. The purified polysaccharide {10 mg) was hydrolysed with 4 M TFA (125°C, 1 h) and re-N-
acetylated as described for the K45 polysaccharide. Acetylated {-)-2-octyl glycosides were then

prepared as described for the K101 polysaccharide.

NMR Spectroscopy.— Samples were prepared as described previously. Spectra
-were recorded at 50°C on a Bruker AMX-400 spectrometer equipped with an X32 computer. The
'parameters used for 2D experiments were as follows: COSY [256 x 2048 data matrix, zero-filled
to 1024 data points in ¢,; 80 scans per t, value; spectral width 2007.9 Hz; recycle delay 1.0 s;
unshifted sine-bell filtering in ¢, and 7,]. HOHAHA [256 x 4096 data matrix, zero-filled to 1024
data points in t,; 96 scans per t, value; spectral width 2007.9 Hz; recycle delay 1.0 s;‘ mixing time
89 ms; shifted sine-squared filtering in ¢, and ¢,). HMQC, HMQC-TOCSY, HMBC [512 x 4096 data
matrix, zero-filled to 1024 data points in t,; 52, 56 or 64 scans per ¢, value; recycle delay 1.0 s;
fixed delay 3.45 ms; mixing time 89 ms (HMQC-TOCSY); spectral width in ¢, 11 068 Hz (HMQC
and HMQC-TOCSY), 20 828 Hz {HMBC) and in t, 2008.0 Hz {HMQC and HMQC-TOCSY) and

2016.13 Hz (HMBC); shifted sine-squared filtering in ¢, and t,].



115
4.4 STRUCTURAL INVESTIGATION OF THE CAPSULAR POLYSACCHARIDE OF

Escherichia coli 0101:K103:H" US}NG BACTERIOPHAGE DEGRADATION AND

NMR SPECTROSCOPY

4.4.1 Abstract T

NMR spectroscopy was performed on the depyruvylated capsular antigen of £, co// K103 and on
the oligosaccharide obtained by depolymerisation of the native polysaccharide with a viral-borne
endoglycanase. This capsular polysaccharide is the only one to be co-expressed with O group 101
and joins a small group of unusual capsular polysaccharides which possess pyruvic acid as the only

-acidic function. The primary structure was shown to be composed of the repeating unit:

-3)-0-D-Galp-{1-4)-a-D-Galp-{1-3}-0-.-Rhap-{1—»

2,3

\'

Pyr (S)
4.4.2 Introduction
Escherichia coli 0101:K103:H" is unique in that it is the only member of the 0101 series which
produces a capsular polysaccharide. The capsular antigen K99, also co-expressed with 01 01 , has
been found to be proteinaceous**. E. coli capsular antigens have been subdivided into two groups
based on their physical, chemical, and microbial characteristics**. Co-expression with O-antigen
101 places the K103 capsular antigen among the Group | polysaccharides*®. Unlike the other
polysaccharides of this group it has a low molecular mass. It is, however, acidic and its structure
is Klebsiella-like, both characteristics of Group | polysaccharides. This capsular polysaccharide is
thus a candidate for possible inclusion in the intermediate Group 1/ll proposed by Finké et a/.’°.
E. coli 0101:K103 has been implicated in human appendicitis and enterotoxigenic diarrhoea, and

causes septicaemia in cattle**8,
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4.4.3 Resuits and Discussion

Isolation, composition, and 1D NMH spectra of the capsular antigen.— E. col/i K103
bacteria were grown on Mueller-Hinton agar and the acidic capsular polysaccharide {PS) was
isolated by extraction of the cells using aqueous 1% phenol, and was purified by precipitation with
cetyltrimethylammonium bromide. Gel permeation chromatography {GPC) of the PS on Sephacryl™
S500 showed that it was polydisperse, with the two main fractions having average molecular
masses M, 1.32 x 107 and M, 3.63 x 10* (Figure 4.18). Sugar analysis showed the two fractions
to be identically constituted. Polydispersity has been reported for other E. co/i capsular
polysaccharides and has been ascribed to the formation of large micellar aggregates by these lipid-
-bound polysaccharides’”?*®, When the polysaccharides are treated with dilute acid the labile
.phosphodiester bridges linking the polysaccharide chainsr to lipid are hydrolysed, the micelles are
broken down and much lower molecular masses are observed on GPC [see formation of
depyruvylated polysaccharide DPS later; Figure 4.19). Hydrolysis of the PS followed by-GLC-MS
examination of the derived alditol acetates showed that Gal and Rha were present in thé molar ratio
2:1. Methanolysis of the PS followed by reduction of the methoxycarbonyl groups, hydrolysis, and
GLC examination of the derived alditol acetates showed no alteration of the sugar ratio, indicating
the absence of uronic acid. Reaction of the products of methanolysis of the PS with triflueroacetic
anhydride, followed by GLC analysis on a chiral FS-Lipodex™ A column’®® established the

configuration of both Gal residues as being D and that of Rha as L.

The 'H NMR spectrum of the sodium salt of the PS in D,0O {Figure 4.20a) contained H-1 signals at
¢ 5.61, 5.09, and 5.02, a signal for the methyl protons of pyruvate at 6 1.59, and a signal for H-6
of a deoxy sugar at § 1.33. The acid sensitivity of the pyruvate substituent, particularly at
elevated temperatures, precluded the NMR spectroscopic examination of the PS in its acidic form.
Interpretation of the NMR spectra of the sodium form of the PS proved difficult due to a significant
degree of line broadening caused by the high viscosity of the sample. The PS was therefore
depyruvylated by treatment with 1% aqueous acetic acid at 100°C for 1 h, followed by purification

ITM

by GPC on Sephacryl™ S400, All subsequent analyses and 2D NMR spectroscopic studies were
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carried out on the depyruvylated polysaccharide {DPS) thus obtained. The DPS was found by GPC

on Sephacryl™ S400 to have a M, of 2.2 x 10* {Figure 4.19). The 'H NMR spectrum of the DPS
{Fig. 4.20b) confirmed the presence of three monosaccharides in the repeating unit, one being a
6-deoxy sugar. The '*C NMR spectrum complemented the '"H NMR data with signals for C-1 at

102.83, 101.23, and 96.67 ppm, and a signal for C-6 of a deoxy sugar at-17.60 ppm.

RI Detector Response

0 50 100 150 200 250
Elution Volume (ml)
Figure 4.18 Gel-permeation chromatogram {Sephacryl™ S500) of the PS

Rl Detector Response

|
0 50 100 150 200 250
Elution Volume (ml)

Figure 4.19 Gel-permeation chromatogram (Sephacryl™ S400) of the DPS
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Figure 4.20 'H NMR spectra of a, K103 polysaccharide PS; b, depyruvylated K103
polysaccharide DPS; ¢, phage degradation product P2 {400 MHz, 303K).
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Methylation analysis.— Methylation analysis of the DPS showed the presence of
2,4-di-O-methylrhamnose, 2,4,6-tri-0—methylga!'f1qfose, and 2,3, 6-tri-O-methylgalactose, indicating
that the DPS contained 3-linked Rha, 3-linked Gal, and 4-linked Gal. The DPS was incompletely
methylated by the Hakomori procedure’®® and the partially methylated polysaccharide was therefore

-

remethylated by the method of Kuhn'?®. -

2D NMR studies of the E. coli K103 DPS.— The sequence of the residues in the
repeating unit was established by 2D NMR experiments, which also confirmed the identity of the
constituent residues and the glycosylation sites in the polysaccharide. The residues in the
-repeating unit were labelled a - ¢ in order of decreasing chemical shift of their anomeric protons,
‘as shown in Figure 4.20b. The 'H resonances of all thrée residues were readily traced via their
cross-peaks in the COSY?*® and 2D Homonuclear Hartmann-Hahn (HOHAHA)?®' spectra, while the
3C resonances were assigned by comparing the 'H assignments with the 'H-'3C correlation data
obtained from an HMQC?®*® experiment. These data are shown in Table 4.7. Compé?ison of the
chemical shift data for residues a - ¢ with those reported for methyl glycosides’#*2% permitted
identification of residue a as 4-linked Gal, residue b as 3-linked Rha, and residue ¢ as 3-linked Gal.
The sequence of the residues in the repeating unit was established by an HMBC'®® experiment.
Correlations between H-1 of a and C-3 of b, between H-1 of b and C-3 of ¢, and between H-1 of

c and C-4 of a were clearly visible. The structure of the repeating unit of the DPS is thus:

a b c
-4)-g-D-Galp-{1-3)-0-L.-Rhap-{1-3)-a-D-Galp{1—>

The position of the pyruvate acetal in the repeating unit of the PS and the configuration of its chiral
carbon atom were established from a study of the hexasaccharide isolated from the bacteriophage

depolymerisation the PS.
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Table 4.7 NMR data® for E. coli K103 DPS

Residue Proton or carbon

1 2 3 4 5 6 6’
-4)-g-D-Gal (a) 5.20 3.95 4.05 4.15 4.28 3.85 3.85

H
C 96.67 69.31 69.89 79.57 71.81 60.98
~3)-g-L-Rha (b) H 510 4.28 3.96 3.58 3.87 1.32
C 102.63 67.71 76.49 71.20 70.03 17.60
-3)-a-D-Gal (c) H 505 397 398 413 436 3.72 3.72
C

101.23 68.78 77.85 £9.70 71.81 61.33

*Chemical shifts in ppm with acetone as internal standard, 6 2.23 and 31.07 ppm for 'H and '3C,
respectively.

Bacteriophage-mediated degradation of the PS.— A bacteriophage isolated from
sewage water and propagated on the K103 bacteria was used to depolymerise the PS. The
hexasaccharide (P2) obtained, representing two repeating units of the polysaccharide, Wés purified
by GPC on Sephacryl™ S$200 and Bio-Gel™ P4. The 'H NMR spectrum of P2 (Figure 4.20c)
contained five H-1 signals each integrating for one proton, and two fractional H-1 signals in the
ratio of 1:3 integrating for one proton. These fractional signals at § 5.25 and 4.63, relatiqg_ to the
o and B forms of the reducing end of P2, were further identified as Gal by their %/, , values of 3.1
and 7.4 Hz'%*2%%, The anomeric signals were labelled, in order of decreasing chemical shift, as a,
a’, ¢, b, b’, ¢, and ¢, in order to relate them to the anomeric resonances of the residues already
identified in the DPS. Figure 4.20 shows the '"H NMR spectra of the PS, the DPS, and P2
respectively. The H-1 signal for b showed slight broadening, as did the H-6 signal for this residue,
due to its proximity to the reducing end of the oligosaccharide. A signal for the methyi protons of
pyruvate occurred at § 1.59 {2 x CH,)} and signals for H-6 of the deoxy sugars occurred at 6 1.33
and 1.32 respectively. The '3C spectrum of P2 contained C-1 signals at 102.57, 102.49, 100.48,
96.89 {fractional), 94.14, 93.92, and 92.90 (fractional) ppm as well as two signals for the pyruvic
acetalic carbons at 108.72 and 108.60 ppm. Methyl signals for deoxy sugars occurred at 17.42

and 17.36 ppm, and for pyruvate at 23.37 and 23.17 ppm. Carbonyl signals for pyruvate occured
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at 177.18 ppm and 176.45 ppm. Due to the acid lability of the pyruvate substituent, no

methylation analysis was carried out on P2.

2D NMR studies of P2.— The sequence of the residues in the P2 unit was
established by 2D NMR experiments in the same way as for the DPS, using COSY, HOHAHA,
DEPT-HMQC?3% {acquired with a read pulse angle of 60° to show CH, peaks negative and CH and
CH; peaks positive), HETCOR®*', HMQC-TOCSY?*’, and HMBC'® experiments. The COSY,
HETCOR, and HMQC-TOCSY spectra are shown in Figures 4.21, 4.22, and 4.23 respectively.

NMR data for P2 are listed in Table 4.8.

Residues a [-2,3,4)-0-D-Gal] and a’ [2,3-0-D-Gall: The 'H resonances for both of these residues
were easily traced via their crosspeaks in the COSY and HOHAHA spectra. The H-4/5 crosspeaks
were small, as expected for Gal residues, due to small %/, 5 values. Carbon resonances were
assigned by comparing the 'H assignments with the 'H-"3C correlation data obtained from both the
HMQC and HETCOR experiments. It was necessary to use both of these correlation experiments
due to the amount of signal overlap occurring in various regions of both spectra. The only marked
difference in the chemical shift values for the two residues was in those for the C-4 resonance.
Residue a is linked at this position and the carbon resonance is accordingly at a much lower field

than that for residue a’.

Residues b and b’ [+3)-a-L.-Rhap): The 'H and '3C resonances for these two residues were very
similar. The "H anomeric signal for residue b showed slight broadening due to its proximity to the
reducing end of P2. All 'H resonances were assigned readily from the COSY spectrum aespite the
partial overlap from the H-3/4 crosspeak onwards, and the carbon resonances were assigned as

for residues a and a’.
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Residue ¢’ and ¢, [-+3)-0-D-Galp] and [+3)-a-D-GalpOH]: The COSY and HOHAHA coupling patterns
for these two residues were very similar. 'H re§oﬁances for both residues could be traced as far
as H-4 from the crosspeaks in the COSY spectrum, and H-5 and H-6 for ¢’ could be identified from
the HOHAHA spectrum as a small H-4/5 crosspeak was present. However, no H-4/5 crosspeak
was visible for ¢,. Since ¢, is present in smaller quantity than the other residués, the 'H and '*C
peaks for this residue are significantly smaller than those for the other residues. Once all other '3C
signals had been assigned, it was possible to identify C-5 and C-6 signals for ¢, from the '3C
spectrum using their comparative heights for confirmation, the corresponding 'H resonances being
assigned from the HETCOR spectrum by correlation. Other '*C resonances were also assigned by

-correlation using both the HETCOR and HMQC spectra.

Residue ¢, [-3)-B-D-GalpOH]: The COSY and HOHAHA coupling patterns for this residue differ
markedly from those for residues a, a’, ¢’ and ¢, due to the B-anomeric configuration. 'H
resonances could be identified as far as H-4 from both the COSY and HOHAHA spectra and '3C
resonances were assigned from the HMQC and HETCOR data by correlation. The C-5 and C-6
resonances were assigned by difference, permitting the H-5 and H-6 signals to be identified from
the 'H-'3C correlation data. A further distinction between residue ¢, and the other Gal residues
occurred in the shift position for C-5, which occurs downfield relative to the C-b signals for the

o-Gal residues, as expected?®*,

The sequence of the residues in P2 was determined using an HMBC experiment. Clear correlations
could be seen between H-1 of a and C-3 of b, between H-1 of a’ and C-3 of b’, between H-1 of
b and C-3 of both ¢, and ¢, between H-1 of b’ and C-3 of ¢’, between H-1 of ¢’ and C-;l of a, and
between C-1 of ¢’ and H-4 of a, indicating a linkage pattern as shown in the structure below.

Other two- and three-bond correlations are listed in Table 4.9.

The pyruvate substituent: The two 4-linked Gal residues, a and a’ in P2, were shown to be

substituted at O-2 and 0O-3 by the downfield shifts of their C-2 and C-3 resonances as compared
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to those of residue a in the DPS. 0-2 and 0-3 must therefore be the location of the pyruvate
substituent in a and a’.  Unfortunately no cqr(élations between the acetalic carbons of the
pyruvate substituents and H-2 and H-3 of residue's a and a’were visible in the HMBC spectrum.
For this reason, and because the 'H resonances for the methyl protons of the pyruvic moieties were
identical, it was not possible to distinguish between the two pyruvate substituents. The absolute
configuration of the acetalic carbon was established from a ROESY?®* experiment performed on P2,
NOEs were clearly visible between the H-3 signals of both a and a’ and the methyl protons of the
pyruvic acetals, indicating that the pyruvic acid had the S configuration’®®. Additional NOEs, listed

in Table 4.10, served to confirm the linkages assigned from the HMBC data.

4.4.4 Conclusion

The structure of P2 can thus be written as:

a’ b’ ¢’ a b Cag
o-D-Galp-{1-3)-0-L-Rhap-{1->3)-a-D-Galp-{1->4)-0-D-Galp-(1-3)-a-L-Rhap-{1-+3)-a,3-D-GalOH
2,3 2,3
\ \'
Pyr{S) Pyr(S)

and the structure of the repeating unit of the £. co/i K103 polysaccharide is therefore as shown in

the Abstract.

This is the fourth £. co/i capsular polysaccharide, including K50 {this thesis), found to contain
pyruvate as its sole acidic function®”®%, Although pyruvate is a common component of bacterial
polysaccharides?®®, this is only the second 2,3-linked pyruvate to be reported in the £.-cofi series,
the other being found in £. co/i K33%°2, |In this case the pyruvate is 2,3-linked to a R-GlcpA
residue. The K103 capsular polysaccharide is one of nine £. co/f capsular polysaccharides which

have a linear trisaccharide repeating unit®2,
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Table 4.8 NMR data® for P2
Residue Proton or Carbon
1 2 3 4 5 6 6’
a - -
-4)-g-D-Galp H 5.62 4,09 4.24 4.48 4.17 3.86 3.86
2,3 3jb 3.4 3.6
N v C 94.14 73.49 73.60 75.20 72.77 60.44
Pyr
o’
a-D-Galp H b5.56 4.01 4.19 4.42 4.10 3.75 3.75
2,3 3Jb 3.9 9.6 2.6
v C 93.92 7273 74.83 67.89 72.33 61.41
Pyr
b
{-3)-a-L-Rhap H B5.10 4.36 4.05 3.64 3.89 1.32 -
3jb 1.8 3.4
C 102.57 67.06 75.84 70.80 69.83 17.36
b’
—3)-a-L.-Rhap H b5.08 4.33 4.03 3.62 3.88 1.33 -
3/ 1.9 2.6
C 102.49 67.03 75.62 70.87 69.83 17.42
&
—+3)-a-D-Galp H 5.02 3.91 3.83 4.07 4.24 3.68 3.66
3J* 4.0
C 100.48 68.45 78.21 69.59 71.44 62.10
cﬂ
-3)-a-D-GalpOH H 5.28 3.93 3.90 4.06 4.10 3.70 3.70
3J% 3.1
C 92.90 68.20 77.89 69.82 71.11 61.65
Cg
-3)-R-D-GalpOH H 4.63 3.60 3.72 4.02 3.73 3.76 3.76
Ut 7.4
C 96.89 71.79 81.22 69.14 75.69 61.48

*Chemical shifts in ppm with acetone as internal standard, § 2.23 and 31.07 ppm respectively for 'H and "*C.
> 14-'"H Coupling constants in Ha.
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Table 4.9 Two and three-bond 'H-"°C correlations (HMBC) for P2
Residue Proton Correlation to
a H-1 75.84(b;C-3), 73.60({a;C-3), 72.77(a;C-b)
H-2 73.60(a;C-3) oo
H-3 73.49(a;C-2), 75.20(a;C-4)
b H-4 100.48(c’;C-1), 73.49(a;C-2), 73.60{a;C-3)
H-5 75.20(a;C-4), 60.44{a;C-6)
a’ H-1 75.62(b’;C-3), 74.83{a’;C-3), 72.33(a’;C-b)
H-2 74.83(a’;C-3)
H-4 72.73(a’;C-2), 74.83(a’;C-3)
b H-1 77.89(c,;C-3), 81.22(c,;C-3), 67.06(b;C-2), 75.84(b;C-3),
69.83(b;C-5)
H-2 75.84(b;C-3), 70.80(b;C-4)
H-3 94.14(a;C-1), 70.80(b;C-4)
b’ H-1 78.21{¢’;C-3), 67.03(b’;C-2), 75.62(b";C-3), 69.83(b’;C-b)
H-3 93.92(a";C-1)
¢’ H-1 75.20(a;C-4), 78.21(c’;C-3), 71.44(c’;C-b)
H-2 78.21(c’;C-3)
H-3 102.49(b’;C-1), 69.59(c’;C-4)
C, H-1 77.89(c,;C-3), 71.11(c,,C-b)
H-3 102.57{b;C-1)
Cs H-1 75.69(¢,;C-5)
H-3 102.57(b;C-1)
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Table 4.10 NOE data for P2

Residue Proton NOE to

a H-1 4.36(b;H-2), 4.05(b;H-3), 4.09(a;H-2), 4.24(a;H-3)
H-3 5.62(a;H-1), 4.48(a;H-4), 3.86(a;H-6), 1.5%(pyr} - -
H-4 5.02{c";H-1), 4.17{a;H-5), 3.86(a;H-6)

a’ H-1 4.33(b’;H-2), 4.03(b’;H-3), 4.01(a";H-2), 4.19(a’;H-3)
H-3 b.56(a’;H-1), 4.42(a’;H-4), 1.5%{pyr)

. H-4 4.10{a’;H-b), 3.75{a’;H-6)

b H-1 3.93(c,;H-2), 3.90ic,;H-3), 4.06(c,;H-4), 3.60i(cy;H-2), 3.72(c.:H-3),

4.02{(cg;H-4), 4.36(b;H-2)

H-2 5.62{a;H-1), 5.10(b;H-1), 4.05(b;H-3)
H-6 4.05(b;H-3), 3.64(b;H-4), 3.87(b;H-5)

b’ H-1 3.91(c’;H-2), 3.83(c’;H-3), 4.07(c’;H-4), 4.33(b";H-2)
H-2 5.56(a’-H-1), 5.08(b’;H-1), 4.03(b’-H-3)
H-6 4.03(b’;H-3), 3.62(b’;H-4), 3.87(b’;H-5)

c’ H-1 4.48(a;H-4), 3.91 (¢’;H-2), 3.83(c”;H-3)
H-5 3.83(c’-H-3), 4.07i(c";H-4)

c, H-1 3.93(c,;H-2), 3.90(c,;H-3)
H-4 5.10(b;H-1), 3.93 {c;H-2), 3.90(c,;H-3)

C; H-1 3.60(cg;H-2), 3.73(cg;H-3)
H-4 5.10{b;H-1), 3.60(cy;H-2), 3.72(cy;H-3)
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4.4.5, Experimental
General methods.— Instrumenta:tic__)h was essentially as described in Section 4.1.4.
A J & W Scientific fused-silica DB-17 bonded-phase capillary column {30 m x 0.25 mm, film
thickness 0.25 um) was used for separating alditol acetates {100 kPa, temperature programme:
180°C for 2 min, then 2°C.min" to 240°C). A J & W Scientific fused-silica DB-225 bonded-phase
capillary column (30 m x 0.25 mm, film thickness 0.25 um) was used for separating partially
methylated alditol acetates {100 kPa, 205°C, isothermal). A Machery-Nagel fused-silica
FS-Lipodex™ A capillary column {50 m x 0.25 mm, film thickness 0.25 um) was used for
separating trifluoroacetates of methyl glycosides (150 kPa, temperature programme: 80°C for 1
-min, then 2°C.min to 150°C). The identities of all derivatives were determined by comparison
.with authentic standards and confirmed by GLC-MS. G?C was performed on dextran-calibrated
columns {1.6 x 85 cm) of Sephacryl™ S500 and Sephacryl™ $400 using 0.1 M sodium acetate

buffer (pH 5.00) as eluent. Compounds were detected by refractive index.

Isolation and purification of the K103 polysaccharide.— An authentic culture of
E. cofi 0101:K103:H was obtained from Dr |. @rskov (Copenhagen) and propagated on Mueller-
Hinton agar. The capsular polysaccharide was isolated as described for £. co/i K50 and the vyield
obtained from a single growing was 270 mg. The growth and isolation procedure was therefore
repeated twice to ensure sufficient material for analysis. Depyruvylation of the polysaccharide was
carried out by treatment of the material with aqueous 1% acetic acid {100°C, 1 h) with
subsequent dialysis against running water {overnight, 12-14 000 mw cut-off), centrifugation

{25 000 rpm, 1 h) and freeze-drying.

Glycose and methylation analysis.— Glycose analysis was carried out as described
for the K101 polysaccharide. The depyruvylated polysaccharide (DPS) was methylated as
described for the K45 polysaccharide, except that the 1,1,1,1-tetramethyl urea was omitted. The

permethylated product was analyzed as described for the K101 polysaccharide.
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Absolute configuration.— For determination of absolute configuration of the

constituent monosaccharides, a sample of the_{D'PS {10 mg) was methanolysed for 24 h, the

product was dissolved in THF {0.5 mL} and two 600 ut additions of trifluoroacetic anhydride were

made at 10 min intervals with stirring®°®. The excess reagent was evaporated off under a stream
of N, and the derived trifluoroacetates were analysed by GLC as described.”  ~

Bacteriophage isolation and purification.—— A bacteriophage that could be

propagated on £. co/i K103 bacteria was isolated by incubating a mixture of Grahamstown sewage

water {25 mi) and a 6 h culture {5 mL) of the host bacterium at 37°C for 12 h. Bacterial growth

.was terminated by the addition of CHCI; {15 mL), the cellular material was removed by low-speed

‘centrifugation {2000 rpm, 20 min) and the clear supernafant was retained. The resulting impure

bacteriophage suspension was assayed using the "lawn assay technique” 22 and the titre found to

be 1 x 10® PFU/mL. The bacteriophage was purified and the titre increased for the purposes of

depolymerisation as follows:

A single plague was picked from one of the agar plates and added to nutrient broth {5 mL) which
had been freshly inoculated with host bacteria. This was incubated with shaking at 37°C for 6 h
after which the bacterial cells were lysed by the addition of a few drops of CHCI; and removed by
centrifugation as described above. This process was repeated to ensure a pure bacteriophage. The
titre and volume of the pure bacteriophage suspension was increased by a series of tube lyses.
Nine sterile culture tubes containing b mL sterile nutrient broth were inoculated with 0.5 mL of
bacterial culture and bacteriophage solution (0.1 mL) was successively added to the tubes at 15
minute intervals. The tubes were incubated at 37°C for 6 h, after which the ﬁﬁh tube was
assayed as described above and the titre found to be 9.6 x 10° PFU/mL. To increase the titre to
the desired level?®*, the process was repeated on a larger scale, using the bactriophage suspension
from the fifth tube as the inoculant. 50 mL of bacteriophage solution containing 4 x 10'* PFU was
prepared and purified exhaustively by dialysis against tap water {12-14 000 mw cut-off}). The

solution was assayed by the "lawn-technique"” before and after dialysis and the titre was unaltered.
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Bacteriophage-mediated depolymerization of PS.— A sample of K103 PS {sodium
salt, 300 mg) was dissolved in the bacteriophage‘sqiution {50 mL) and was gently agitated at 37°C
in the presence of CHCI, {1 mL) to prevent bacterial growth. After 3 days, the solution was shaken
with CHCI, to effect cell lysis and centrifuged {2000 rpm, 15 min) to remove cellular debris. The
aqueous supernatant was removed and freeze-dried, and the resulting solid was redissolved in
witer and dialysed (mw cut-off < 3500) against 8 x 30 mL distilled water fractions for 24 h
periods. The combined diffusate was freeze-dried, redissolved in water and subjected to
successive chromatographic separations on Sephacryl™ S$200 using NaOAc buffer {0.1 M, pH 5.00)
as eluent and on Bio-Gel™ P4 {both columns 2.6 cm x 100 cm) using distilled water as eluent.

-Material was detected by refractive index. 28 mg of P2 was obtained.

NMR spectroscopy.— Samples were prepared as described previously. Spectra
were recorded at 30°C on a Bruker AMX-400 spectrometer equipped with an X32 computer. The
parameters used for ZD'experiments were as follows: COSY and HOHAHA [512 x 2048 data
matrix, zero-filled to 1024 data points in t,; 48 or b6 scans per t, value; spectral width 2008 Hz;
recycle delay 1.2 s {COSY) or 1.0 s (HOHAHA), mixing time 89 ms (HOHAHA); unshifted sine-bell
filtering in t, and ¢, (COSY); shifted sine-squared filtering in ¢, and t, ([HOHAHA)]. ROESY-[256 x
4096 data matrix, zero-filled to 1024 data points in t,; 104 scans per ¢, value; spectral width 3846
Hz; recycle delay 2.0 s; shifted sine-squared filtering in t, and t,; carrier frequency placed at far left
hand side of spectrum to minimize COSY and HOHAHA cross-peaks®**], DEPT-HMQC and HMQC-
TOCSY [256 x 4096 data matrix, zero-filled to 1024 data points in t,; 84 or 76 scans per ¢, value;
recycle delay 1.0 s; fixed delay 3.45 ms; mixing delay 89 ms {HMQC-TOCSY); spectral width in
t, 14 086 Hz and in t, 2016 Hz; shifted sine-squared filtering in ¢, and t,; read pulse angle 60°],
HETCOR [128 x 4096 data matrix, zero-filled to 1024 data points in t,; 1500 scans per ¢, value;
recycle delay 1.0 s; fixed delay 3.45 ms; spectral width 2200 Hz in t, and in t, 10 638 Hz; shifted
sine-squared filtering in ¢, and t,]. HMBC [512 x 4096 data matrix, zero-filled to 1024 data points
in t,; 64 scans per t, value; recycle delay 1.0 s; fixed delay 3.45 ms; spectral width 20 828 Hz in

t, and 2024 in t,; shifted sine-squared filtering in ¢, and ¢,].
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4.5 STRUCTURAL INVESTIGATION OF THE CAPSULAR POLYSACCHARIDE OF

Escherichia coli 08:K43:H11 US_]NG HIGH RESOLUTION NMR SPECTROSCOPY

4.5.1 Abstract
The primary structure of the acidic capsular antigen of Escherichia coli 08:K4§:H11 was shown
by monosaccharide analysis, methylation analysis, B-elimination, and by 1D and 2D *H and '*C
NMR spectroscopy to be composed of branched pentasaccharide repeating units with the structure:
-4)-0-D-GlepA-{1->3)-R-D-Manp-{1->4)-B-D-Manp-{1-3)-R-D-GlcpNAc-{1—>
'
1
R-D-GlcpNAC
4.5.2 Introduction
More than 40% of the known capsular (K) polysaccharide antigens of £. colf occur

in association with only two O antigens viz. 08 and 09%. The structures of the repeating
oligosaccharide units of all sixteen of the K antigens associated with O9 and all but two (K41 and
K43) of the sixteen K antigens associated with O8 have been determined. The capsular antigen
of £. co/i 08:K43:H11 may be classified as a Group | polysaccharide since it is a high-molecular

mass acidic polysaccharide which contains amino sugars®,

4.5.3 Results and Discussion

Isolation, purification, and composition of the capsular polysaccharide.— E, coli
08:K43:H11 bacteria were grown on Mueller-Hinton agar, the harvested bacterial slimg was diluted
with aqueous 2% phenol, and ultracentrifuged to remove the cells. The acidic capsular
polysaccharide was precipitated from the supernatant solution as the cetyltrimethylammonium
complex. The recovered capsular polysaccharide was found to be lipid-bound and was released
by treatment with hot aqueous 1% acetic acid. After removal of the lipid by ultracentrifugation
the capsular polysaccharide was purified by chromatography on a DEAE-Sepharose™ column. GLC

examination of the alditol acetates derived from an acid hydrolysate of the purified polysaccharide
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{PS) showed the presence of Man and GicN. Prior methanolysis of the PS, reduction of the

methoxylcarbonyl groups formed, and GLC examination of the derived alditol acetates revealed the

presence of Glc in addition to Man and GicN, thereby establishing GlcA as the acidic component

of the repeating unit. The b configuration was established for all the constituent monosaccharides

by GLC examihation of the derived acetylated {-)-2-octylglycosides’®. -- -

1D NMR studies of the PS.— The 'H NMR spectrum of the PS (Figure 4.23)

contained discrete H-1 signals at § 5.352 {*J, , 4.2 Hz) and 4.689 (°J, , 8.2 Hz) foran o and a

R-linked residue respectively, and three overlapping H-1 signals between ¢ 4.735 and 4.718. In

addition signals for the methyl protons of two NAc groups at 6 2.070 and 2.055 were present.

The '3C NMR spectrum (Figure 4.24) of the PS had C-1 signals at 102.05, 102.00, 101.64,

101.50, and 100.42 ppm, signals at 23.33 and 23.19 ppm for the methyl carbons of NAc groups,

signals at 55.65 and 56.55 ppm for acetamido substituted carbons, signals for the carbonyi

carbons of NAc groups at 175.13 and 174.92 ppm, and a signal at 173.95 ppm for the carbon of

a carboxyl group. The combined results thus far indicated that the repeating unit of the PS

consisted of pentasaccharide repeating units composed of GicNAc:Man:GIcA in the ratios 2:2:1.

L

NAc
Acetone

HOD

Qoo

e T

-

Figure 4.23

L L L L T e e e L
4.0 30 ppm
'H NMR spectrum of the £. coli K43 polysaccharide {600 MHz, 316K)
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Figure 4.24 3C NMR spectrum of £. coli K43 polysaccharide

Methylation and 8-elimination analyses.— Methylation of the PS by a modified
Hakomori procedure'® followed by Kuhn methylation'’® and GLC-MS analysis of the partially
methylated alditol acetates derived from an acid hydrolysate of the methylated PS showed the
presence of 4,6-di-O-methyl-mannose, 2,3,6-tri-O-methylmannose, 2,3-di-O-methyiglucose (after
carboxyl reduction), 2-deoxy-2-methylacetamido-4,6-di-O-methylglucose and 2-deoxy-2-
methylacetamido-3,4,6-tri-O-methylglucose.  Treatment of the methylated PS with sodium
methylsulphinylmethanide followed by remethylation of the product and GLC examination of the
derived partially methylated alditol acetates showed the presence of 3,4,6-tri -O-methylmannose
and a great reduction in the ratio of 4,6-di-O-methylmannose. These resuits indicated that the
repeating unit of the PS is a branched pentasaccharide with the following partial structure:

-4)-D-GIcA-{1-»3)-D-Man-{1-»

2
?

The full sequence of the residues in the repeating unit of the PS was established by 2D-NMR

experiments.
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2D NMR studies of the PS.— The identity of the residues in the repeating unit, the

configurations of the glycosidic linkages, and the Aglvcosylation sites were established by 'H-'H
correlation spectroscopy (COSY3®%®, HOHAHA®®, and NOESY®*®’) and by 'H-'*C correlation
spectroscopy {(HMQC)?%3, The COSY experiment was run in the phase-sensitiveb mode in order to
eliminate dispersion peaks and so allow accurate measurement of couplifig constants®®®, The
residues in the repeating unit were denoted a - e in order of decreasing chemical shift of the H-1
resonances. The 'H and '3C chemical shifts are listed in Table 4.11 and the COSY, HOHAHA,

NOESY, and HMOC spectra are shown in Figures 4.26 to 4.33.

Table 4.11 NMR data® for E. coli K43 polysaccharide

Residue Proton or carbon
1 2 3 4 5 6 6’

5.352 3.642 3.917 3.778 4.274
100.42 72.06 72.14 82.03 72.06 173.95

4,735 4.332 3.823 3.704 3.479 3.628 3.961
102.00° 76.73 77.48 68.09 77.36 62.40

4.726 3.943 3.836 3.723 3.583 3.887 3.758

-4)-g-D-GlcpA (a) H
c
H
Cc
H
C 102.05° 70.94 72,52 79.25 75.73 61.58°
H
C
H
c

-2,3)-R-bD-Man (b)

-4)-R-D-Man {c)
4,724 3,701 3.671 3.549 3.351 3.804 3.940

101.64 56.65 74.22 70.65 76.861 61.40

4.689 3.870 3.787 3.608 3.548 3.789 3.959
101.50 55.50 84.38 69.33 76.46 61.56"

B-D-GIcNAc (d)

-3)-R-D-GlecNAc (e)

*Chemical shifts in ppm with acetone as internal standard, ¢ 2.23 and 31.07 ppm for 'H and '3C,
respectively,

®Values may have to be exchanged.

Residue a [-4)-0-D-GicpAl: Since the signal for the anomeric proton of residue a is well separated
from the H-1 signals of the other residues it was possible to assign all the chemical shifts for this
residue from the COSY (Figures 4.26 and 4.27) and HOHAHA {Figures 4.28 and 4.29) spectra.

Magnetism relayed well through the spin system, as expected for a gluco-type residue, and none

of the crosspeaks were overlapped to any significant degree. The 'C resonances were assigned
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by comparison of the 'H assignments with 'H-'*C correlation data obtained from the HMQC
experiment {Figure 4.33). The downfield shift cl)fjhe C-4 carbon signal indicated that it was the
linkage position for this residue. The anomeric Iin'kage of residue a was established as g from its
H-1 and C-1 chemical shifts, its 3/, , value, and from the intramolecular H-1/H-2 NOE observed in
the NOESY spectrum. -

Residue b [-»2,3)-B-D-Manp]: Due to the partial overlap of the anomeric signals of residues b, ¢,
and d, some difficulty was encountered in assigning the resonances for these residues. No H-1/H-2
cross-peak was observed in the COSY and HOHAHA spectra for residue b, due to the small 3J, ,
“value typical of a manno-type residue. The chemical shifts for these resonances were obtained
‘from the H-1/H-2 NOE observed in the NOESY spectrum {Figures 4.30 to 4.32), and the remaining
resonances could then be traced in the COSY and HOHAHA spectra. Carbon resonances were
again assigned from the HMQC spectrum. The intramolecular NOEs observed between H-1 and H-3
and between H-1 and H-b, together with the chemical shift of the C-5 resonance, estab-lrished that

the anomeric linkage of residue b had the B configuration.

Residue ¢ [+4)-B-D-Manp): As for residue b, no H-1/H-2 cross-peak could be observed for this
residue in either the COSY or the HOHAHA spectrum and resonances for these protons were
established from the H-1/H-2 NOE observed in the NOESY spectrum. The chemical shifts for H-3
and H-5 of residue ¢ were established from the H-1/H-5 and H-3/H-5 NOEs present in the NOESY
spectrum. The 'H chemical shifts for the remaining resonances were traced in the COSY and
HOHAHA spectra and carbon resonances were assigned from the HMQC spectrum, with the
exception of the C-5 resonance as the HMQC spectrum showed no H-5/C-5 cross-peék. Once all
other carbon resonances had been assigned, the one remaining resonance was identified as
belonging to C-5 of residue ¢. The chemical shift of the C-5 resonance together with the
intramolecular NOEs observed between H-1 and H-5 of residue c¢ established its anomeric

configuration as B.
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Figure 4.26  COSY contour plot of the region ¢ 3.20 - 5.50 for the K43 PS. a1,2 connotes the
cross-peak between H-1 and H-2 of residue a, etc.



139

i . ‘ . — ppm

Figure 4.27 Expanded view of the COSY contour plot for the K43 PS showing the spectral
region & 3.30 - 4.05.
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Figure 4.28 HOHAHA contour plot of the region 6 3.30 - 5.40 for the K43 PS. a1,2 connotes
the cross-peak between H-1 and H-2 of residue a, etc.
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Figure 4.30  Two-dimensional NOESY spectrum for the K43 PS, showing the spectral region
d 3.30 - 5.50. a1,2 connotes the cross-peak between H-1 and H-2 of a, etc.



143

AN ppm
41,5 i
— 3.5
— 3.7
— 3.9
’—
c1,2
|
— 4.1
b1,2 d1,b2 4.3
(EDXS), |
l i 3 ¥ T 1 T T 1 1 ] T H I 1 ] l 1 1 1 ] I 1 i } ]' ) 1 Y T I U 4 ] 1 ]
5.0 4.9 4.8 4.7 ppm

Figure 4.31 Expanded view of the 2D NOESY spectrum for the PS, showing the spectral regions
63.35-4.35inf,and § 4.65 -5.01in f,
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Residues d [R-D-GlcpNAc] and e [-»3)-B-D-GlcpNAc): The 'H chemical shifts for these two residues
were established from the COSY and HOHAHA spectra, since magnetism relayed we[l»through the
gluco-type spin systems and all cross-peaks we;e .easily visible. The anomeric configurations for
residues d and e were established as B from their H-1 chemical shift values, their intramolecular
H-1/H-3 and H-1/H-5 NOEs, and their 3/, , values. oo
Comparison of the 'H and 'C chemical shifts for residues a - e with literature values for methyl
glycosides*4284.2%5 jdentified the residues in the repeating unit as indicated in Table 4.11. In
agreement with the methylation results for the glycosylation sites were established as C-4 for a,
-C-2 and C-3 for b, C-4 for ¢, and C-3 for e by the significant deshielding experienced by these

carbons.

The sequence of the residues in the repeating unit was established from the NOESY experiment.
The NOEs observed are listed in Table 4.12. Assignment of the NOEs was greatly faéflitated by
the PRONTO software program®® which permits simultaneous viewing and interrogation of NMR
spectra. Intermolecular NOEs were observed between H-1 of a and H-3 of b, between H-1 of b and
H-4 of ¢, between H-1 of c and H-3 of e, between H-1 of d and H-2 of b, and between H-1 of e

and H-4 of a.

4.5.4 Conclusion

The combined chemical and NMR results support the following structure for the repeating unit of

the capsular polysaccharide of £. coli K43:

a b c e
-4)-g-p-GlcpA-{1-3)-B-D-Manp-{1-»4}-B-D-Manp-{1-»3)-R-DGlcpNAc-{1-»
2
4
1
R-D-GlcpNAC

d
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The branched pentasaccharide repeating unit has a "4 + 1" structure, which is shared by only two
other capsular polysaccharides of the £. cofi seri‘es_,‘ viz. K39%2' and K873'°. This is only the fourth
E. coli capsular polysaccharide found to contain two GicNAc residues, the others being K408!,

K853, and K45 (Section 4.2).

Table 4.12 NOE data for the PS

Residue Proton Correlation to

-4)-a-D-GicpA (a) H-1 3.823 (b, H-3), 3.642 (a, H-2)
H-3 4.274 {a, H-b)

V. -2,3)-B-D-Man (b) H-1 3.723 (¢, H-4), 4.332 (b, H-2), 3.823 (b, H-3), 3.479 (b, H-5)
H-2 4.274 (a, H-b), 3.823 (b, H-3)
H-5 3.823 (b, H-3)
H-6 3.961 (b, H-6")

-4)-R-p-Man {c) H-1 3.787 (e, H-3), 3.943 (¢, H-2), 3.583 (c, H-5)
H-5 3.836 (c, H-3)
H-6 3.758 (c, H-6")

B-D-GlcNAc {d) H-1 4.332 (b, H-2), 3.571 {d, H-3), 3.351 {d, H-b)
H-3 3.351 (d, H-b)
H-6 3.940 (d, H-6")

-3)-B-D-GlcNAc (e)  H-1 3.778 (a, H-4), 3.787 (e, H-3), 3.548 (e, H-b)
H-6 3.959 (e, H-6')
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4.5.5 Experimental

General methods.— lvgs;tArumentation was essentially as described in
Section 4.1.4. A J & W Scientific fused-silica DB-17 bonded-phase capillary column (30 m x 0.25
mm, film thickness 0.25 um) was used for separating partially methylated alditol acetates
{programme 1), and alditol acetates and acetylated octyl glycosides {progifamme ll). A J & W
Scientific DB-225 bonded-phase capillary column {30 m x 0.25 mm, film thickness 0.25 ym) was
also used for separating acetylated octyl glycosides {130 kPa, 240°C isothermal}. The temperature
programmes used were: |, 180°C for 2 min, then 3°C.min™ to 240°C, 100 kPa; I, 180°C for 2
min, then 2°C.min? to 240°C, 100 kPa. The identities of all derivatives were determined by
_comparison with authentic standards and confirmed by GLC-MS on a Hewlett-Packard 5988A

‘instrument, using the appropriate column.

Isolation and purification of the K43 polysaccharide.— An authe_ntic culture
of £. co/i 08:K43:H11 was obtained from Dr I. @rskov {Copenhagen) and propagated on Mueller-
Hinton agar. The capsular polysaccharide was isolated as described for £. co/i K50 {Section 4.3.5)
460 mg of capsular polysaccharide was obtained. The polysaccharide was then delipidated by
treatment with aqueous 1% acetic acid {100°C, 1 h) after which it was converted to the acid form
by passage down a column of Amberlite IR 120 [H*] and purified by GPC-ion exchange
chromatography on a column {2.8 x 27 cm) of DEAE-Sepharose™ CL-6B using gradient elution with
0 - 1 m NaCl in 0.01 M Tris-HCI {pH 8.50). Fractions were assayed for carbohydrate using the

phenol-H,S0, reagent®.

Monosaccharide composition, absolute configuration, and methylation
analysis.— Glycose analysis was carried out as described for the K101 polysaccharide.
Methyiation analysis was performed as described for the K50 polysaccharide, the modified
Hakomori method’®® being followed by a 72 h Kuhn methylation'’®, The absolute configurations
of the monosaccharides were determined by GLC analysis of the derived acetylated (-)-2-octyl

glycosides, as described for the K101 polysaccharide.
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NMR spectroscopy.— Samples were prepared as described previously.

Spectra were recorded at 43°C on a Bruker AMX ASOO spectrometer. The 2D pulse programmes
used were as follows: a) Phase-sensitive COSY using time proportional phase increments {TPPI)®'2
to preserve phase information with double quantum filter and presaturation during relaxation
delay®°5; b) phase-sensitive NOESY using the method of States et a/. witr; pr;saturation during
relaxation delay®°®; ¢) HOHAHA using the method of States et a/. with presaturation during
relaxation delay and employing the DIPSI-2 sequence for mixing®®?; d) HMQC using the States-TPP]
method with presaturation during the relaxation delay and the BIRD pulse delay®'® {to remove
proton signals associated with '2C) and using GARP1 decoupling during acquisition. The
-parameters for the 2D experiments were as follows: COSY, NOESY, HOHAHA [1024 x 4096 data
‘matrix, zero-filled to 2048 data points in t,; 16, 24, or 32 scans per ¢, value; spectral width 7.574
ppm; mixing time 200 ms (NOESY) and 62.6 ms (HOHAHA); shifted sine-squared window function
applied prior to fourier transformation]. HMQC [512 x 4096 data matrix, zero-filled to.1024 data

points in t,; spectral width 110 ppm in ¢, and 7.547 ppm in ¢,; 32 scans per ¢, value; sine-squared

{t,) and sine (t,) window functions were applied prior to fourier transformation].
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CHAPTER FIVE: APPENDIX |

Formulae for Nutrient Media

Mueller-Hinton Agar {g/L) in water

Meat Infusion 5.0
Casein hydrolysate 17.5
Starch 1.5
Agar 14.0

pH = 7.4 (£ 0.2)

‘Luria-Bertani Broth {g/L in water)

Bacto-tryptone 10.0
Yeast extract 5.0
NaCl 10.0
Maitose 2.0

Nutrient Broth {g/L in water)

Meat extract 1.0
Peptone 5.0
Yeast extract ’ 2.0

NaCl 8.0

Mueller-Hinton Broth {g/L in water)

Meat infusion -~ 2 2.0
Casein hydrolysate 17.5
Starch 1.5

pH = 7.4 {+ 0.2) at 25°C

Lurié Bertani Agar {g/L in water)

Bacto-tryptone 10.0
Yeast extract 5.0
NaCl 10.0
Maitose 2.0
Agar 15.0
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