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ABSTRACT

This review summarises the recently elucidated structures of the carbo-
hydrate O-antigens, and where present, the K-antigens from the gram-
negative Enterobacteriaceae Escherichia coli, Klebsiella, Salmonella and
Shigella.

INTRODUCTION

The continued prevalence of serious bacterial infections, despite the
development of antimicrobial agents, has led to a renewed interest in
the structure and immunogenicity of bacterial polysaccharides. The
number of structurally determined bacterial polysaccharides has
increased dramatically in recent years. This review (in two parts)
summarises the recently elucidated structures of type-specific poly-
saccharides as such information is central to the development of an
understanding of the relationship between structure, conformation and
the immunological properties of these carbohydrates. This first part of
the review deals with the gram-negative Enterobacteriaceae. The second
part (appearing in the next issue of Carbohydrate Polymers) will cover
other pathogenic gram-negative bacteria and pathogenic gram-positive
bacteria.

$Work carried out in association with the National Institute for Biological Standards and
Control, South Mimms, Hertfordshire EN6 3QG, UK.
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A number of earlier reviews of bacterial polysaccharides exist (Stacey
& Barker, 1960; Jann & Westphal, 1975; Jennings, 1983; Kenne &
Lindberg, 1983) and additional information on less recently reported
structures can be obtained from these sources.

GRAM-NEGATIVE BACTERIA

The cell envelope of a gram-negative bacterium is made up of an inner
cytoplasmic membrane, the periplasm, the peptido-glycan layer and a
lipopolysaccharide-containing outer membrane. The lipopolysaccharide
consists of three parts: lipid A, a ‘core’ region and the O-chain (O-
antigen). Lipid A is highly conserved and has a similar structure in many
bacteria. Some variation exists within the core region, but most variabil-
ity 1s within the O-antigen. For example, only one Lipid A moiety and
five oligosaccharide core structures are expressed in Escherichia coli.
This contrasts with over 150 O-specific polysaccharides. Additionally,
there may be a polysaccharide capsule (K-antigen) surrounding the bac-
terium.

The surface location of the O- and K-antigens means that they are
important agents in bacterial pathogenesis. When a polysaccharide
capsule is present, covering the cell wall antigens, the dominant
immunological properties are those of the capsular polysaccharide. In
bacteria where a polysaccharide capsule is not usually produced (i.e.
most types of Salmonella) the O-chain of the lipopolysaccharide covers
the cell surface and assumes a similar function. Some pathogenic
bacteria which are covered by polysaccharide capsules, such as Neisseria
meningitidis and Haemophilus influenzae, are devoid of O-chains
(Nikaido, 1988).

ENTEROBACTERIACEAE
Escherichia coli

E. Coli strains make up part of the normal adult intestinal flora. They
can also be important pathogens causing urinary tract infections,
diarrhoea and neonatal septicaemia and meningitis. Diarrhoea, caused
by toxin-producing E. coli, is a major cause of infant mortality in the
third world. The non-toxic nature of the K-antigens makes them an
attractive target for vaccine development. However, a large number of E.
coli cannot be typed with respect to a capsular antigen. A further



Type-specific carbohydrate antigens — Part | 243

problem is that the K1 and K5 antigens, which are expressed by one-
quarter of K-typeable isolates, are poorly immunogenic in man; this is
thought to be due to the structural similarity they show to mammalian
glycosaminoglycans (Cryz, 1987). Although many O-antigens are
expressed by E. coli, the majority of O-typeable strains responsible for
serious infections are represented by 11 serotypes. These are O1, O2,
04, 06, 07, 08,015,016, 018, 025 and O75 (McCabe et al., 1978;
Cross et al., 1984a). Conjugation of the O-antigens of these serotypes
with carrier proteins is being attempted (Cryz, 1987).

O-Antigens (Table 1)

Approximately 90% of bacteraemic E. coli isolates can be O-serotyped
(Cryz, 1987). E. coli can lose O-specificity in a mutation from smooth (s)
to rough (r) form. Smooth forms express all three components of a
lipopolysaccharide whereas R mutants express lipid A and core oligo-
saccharide only and show an R specificity (Jann & Jann, 1987).

E. coli expresses both neutral and acidic O-antigens, in contrast to
Salmonella and Klebsiella, which produce only neutral O-antigens. The
acidic components are generally hexuronic acids. The antigen 0149
contains a pyruvic acid acetal as its acidic component. Antigens O58 and
0124 contain lactyl-substituted residues which resemble muramic acid
(O-lactyl-N-acetyl glucosamine) which is found in cell wall peptido-
glycan. The similarity of E. coli to other genera is evident in the
structural identity that exists between some O-antigens for E. coli and
those from, for example, Klebsiella and Shigella dysenteriae. Some of the
known structures of E. coli O-antigens are shown in Table 1.

K-Antigens (Tables 2, 3, 4)

K-antigens are expressed by many strains of E. coli, particularly the
invasive strains (Jann & Jann, 1987). However, only ~60% of bacter-
aemic isolates can be typed with respect to these antigens (Cryz, 1987).
They can be divided into two groups (Jann & Jann, 1983, 1987) (Table
2). Group I polysaccharides (Table 3) resemble the capsular antigens of
Klebsiella and group II (Table 4) those of Neisseria meningitidis and
Haemophilus influenzae. In some instances a polysaccharide may occur
as a group I K-antigen (co-expressed with the neutral O8 or O9 antigen)
or as the sole acidic O-antigen (e.g. O32 and K87). KDO (3-deoxy-p-
manno-2-octulosonic acid) is a major constituent of the group II
antigens. It exists most frequently in the pyranose form, 8 configuration,
and linked at O-5 (K12, K14 and K15) or O-7 (K6, K13, K20 and K23).
In the K95 antigen the KDO is in the S-configuration and furanose form
(Dengler et al., 1988).
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TABLE 2
General Properties of the Two Types of K-Antigens Produced by Escherichia coli®
Properties 1 11
Molecular weight >100K <50K
Acidic component HexA, pyruvate  GlcA, phosphate, KDO, NeuNAc
Stability at pH6, 100°C All stable Most labile
O-Antigens co-expressed with 8,9, 20, 101 Many
Chromosomal determination His SerA
Expressed at 17-20°C Yes No

“From Jann and Jann (1987) and Parolis ez al. (1988a).

The six most commonly isolated K-antigens are K1, K2, KS§, K12,
K52 and K95 (Cross et al., 1984a). The K1 antigen (colominic acid) is
the most frequently isolated bacterial antigen from the blood of patients
with E. coli infections. Systemic infection of neonates with K1-encapsu-
lated organisms results in a high mortality rate (Cross ez al., 1984b). The
antigen can occur both with and without O-acetylation, the O-acetyl
groups being randomly distributed between the 7 and 9 positions
(McGuire & Binkley, 1964; Orskov et al., 1979).

Klebsiella

Klebsiellae are opportunistic gram-negative pathogens that are frequently
involved in outbreaks of nosocomial infections. They are one of the most
common causes of primary bacteraemia. Serious Klebsiella infections,
such as bacteraemia and pneumonia, have associated mortality rates
which can exceed 50%. Klebsiellae are also often the cause of urinary
tract, wound, soft-tissue and respiratory tract infections (Cryz et al.,
1985).

Klebsiellae characteristically produce well-defined polysaccharide
capsules and immunity to experimental Klebsiella infections are
mediated by serospecific anticapsular antibodies (Cryz, 1987). Vaccine
development has therefore concentrated on K-antigen-containing
preparations. Six and 24 valent vaccines containing the K-antigens most
commonly found in Klebsiella bacteraemic isolates (2, 3, 10, 21, 30, 55
and additionally 5, 9, 15, 16, 17, 18, 22, 25, 28, 35, 43, 52, 53, 60, 61,
62, 63, 64 in the latter) have undergone clinical studies (Cryz et al,
1986, 1988; Lee, 1987).

O-Antigens (Table 5)
Nine chemically distinct O-antigens have been identified (O1, O3, O4,
05, 07, 08, 09, 010 and O12). Strains classified as Klebsiella sero-
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group O2 have the same O-antigen as either O8 or O9. Serogroups 1
and 6 have identical O-antigens, as do serogroups 4 and 11.

K-Antigens (Table 6)

There are more than 80 types of Klebsiella K-antigens and the structures
of the majority of these have been determined. All are acidic and, in
most, the acidity is attributable to the presence of glucuronic or
galacturonic acid residues. Pyruvic acid acetals (e.g. K3, K14, K36 and
K68) and some less-common acidic sugars (e.g. K22 and K66) also
occur. There are no amino sugars or phosphate esters. Some of the
recently reported or revised structures are summarised in Table 6.

Salmonella

Salmonellae cause enteritis (inflammation of the small intestine) and
septicaemia. These conditions can occur either together or independ-
ently of each other. Certain species cause specific types of septicaemia.
Typhoid fever is caused by Salmonella typhi and paratyphoid fever by
Salmonella paratyphi (A, B and C) and Salmonella cholerae suis. The
most frequent agents of enteritis are Salmonella typhimurium (group B),
Salmonella enteritidis (group D), Salmonella newport (group C,),
Salmonella heidelberg (group B) and Salmonella infantis (group C,).
Transmission occurs mainly through infected foodstuffs and occurs most
frequently during the summer months. Differentiation of types on the
basis of O-antigens, flagellar (H)-antigens and capsular (Vi)-antigens
(where present) has lead to over 1400 serotypes being identified

(Graevenitz, 1987). Types with similar O-antigens are sero-grouped (A
to Z).

O-Antigens (Table 7)

The serogroups most injurious to humans are A, B, C, and D. The O-
antigens from groups A, B and D are closely related, each containing a
different 3,6-dideoxy-a-p-hexopyranosyl residue, in otherwise identical
repeating units.

Salmonella madelia produces three different homogeneous O-
antigens which share the same tetrasaccharide repeating unit backbone
but which differ through the substitution of a-p-glucopyranosyl residues.
Similarly, Salmonella boecker and Salmonella thompson each produce
two O-antigens, which differ from each other through the presence or
absence of an a-D-glucopyranosyl substitutent.



274 A. J. Griffiths, D. B. Davies

The O-antigens from Salmonella greenside (group Z) and Salmonella
adelaide (Group O) are identical to those from E. coli OS5 and E. coli
O111, respectively.

Shigella

Shigellae cause the enteric disease bacterial dysentry. The primary site of
infection is the small intestine, although some may subsequently invade
other body tissues. The four recognised species (Shigella boydii, Shigella
dysenteriae, Shigella flexneri and Shigella sonnei) are distinguished on the
basis of their O-antigens. Sh. sonnei and Sh. flexneri occur most
frequently in Western Europe and the USA, the other species being
found in tropical and subtropical regions.

O-Antigens (Tables 8,9, 10)

The O-antigens of Sh. flexneri (Table 8) have, with the exceptions of 06
and NPS (new provisional serotype), the same basic tetrasaccharide
repeating unit. Variation exists in the presence of an additional a-p-
glucopyranosyl residue and/or O-acetyl groups.

Partial or complete structures have been determined for all of the 10
serotypes of Sh. dysenteriae. A number of unusual component sugars exist
as part of the lipopolysaccharide repeating units. These included lactic
acid derivatives (types 3 and 5) and an unknown acidic component in
type 6.

Sh. boydii (Table 10) has been divided into 15 serogroups. Several of
these have uronic acids (usually glucuronic acid) as the acidic function of
their O-antigen. Sh. sonnei lipopolysaccharide (Table 10) contains the
unusual sugars 2-acetamido-2-deoxy-L-altruronic acid and 2-acetamido-
4-amino-2,4,4-trideoxy-D-galactose.
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