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Abstract

The O-antigen is an important component of the outer membrane of Gram-negative bacteria. It is a repeat unit polysaccharide
and consists of a number of repeats of an oligosaccharide, the O-unit, which generally has between two and six sugar residues. O-
Antigens are extremely variable, the variation lying in the nature, order and linkage of the different sugars within the polysaccharide.
The genes involved in O-antigen biosynthesis are generally found on the chromosome as an O-antigen gene cluster, and the
structural variation of O-antigens is mirrored by genetic variation seen in these clusters. The genes within the cluster fall into three
major groups. The first group is involved in nucleotide sugar biosynthesis. These genes are often found together in the cluster and
have a high level of identity. The genes coding for a significant number of nucleotide sugar biosynthesis pathways have been
identified and these pathways seem to be conserved in different O-antigen clusters and across a wide range of species. The second
group, the glycosyl transferases, is involved in sugar transfer. They are often dispersed throughout the cluster and have low levels of
similarity. The third group is the O-antigen processing genes. This review is a summary of the current knowledge on these three
groups of genes that comprise the O-antigen gene clusters, focusing on the most extensively studied E. coli and S. enterica gene
clusters.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Bacterial repeat-unit polysaccharides (RUPs) are extre-
mely diverse and occur in multiple forms, with sub-
stantial variation within a species. They include
capsules, exopolysaccharides and O-antigens. This re-
view will focus on the O-antigens of a few species, but
we will also include comments on some other RUPs.
The O-antigen is an important component of the
outer membrane of Gram-negative bacteria. It acts as a
receptor for bacteriophages and is also important in the
host immune response. Like all RUPs, it consists of a
number of repeats of an oligosaccharide, in this case the
O unit, which generally has between two and six sugar
residues.! The O-antigen is extremely variable, the
variation lying in the nature, order and linkage of the
different sugars within the polysaccharide. Indeed, there
are 186 and 54 O-antigens documented in the Escher-

ichia coli (including Shigella) and Salmonella enterica
typing schemes, respectively,” * and only three of these
have identical O-antigen structures in the two species,
namely E. coli O111/S. enterica O35,” E. coli O55/S.
enterica 050,>° and E. coli O157/S. enterica 030.”
There are also 193 different serogroups of Vibrio
cholerae, each expressing a distinct O-antigen, and 20
different Pseudomonas aeruginosa O-antigen structures
have been recognised.® Several other species that have
been studied have 40 or more serogroups defined by O-
antigens, with examples given by Jansson (1999),°
clearly demonstrating the enormous diversity of O-
antigens in Gram-negative bacteria. Nearly all E. coli
and S. enterica O-antigens are heteropolymers. Excep-
tions include E. coli 08,'° E. coli 09,"' E. coli O9a'?
and S. enterica O54."% In contrast, almost all Klebsiella
pneumoniae O-antigens are homopolymers. V. cholerae
O-antigens can be either hetero- or homopolymers, and
all P. aeruginosa O-antigens are heteropolymers.
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In this review, we will focus on E. coli and S. enterica
O-antigen gene clusters as they are the most extensively
studied, with some comparisons to those from, for
example, V. cholerae and P. aeruginosa. Further, the
organisation of gene clusters is essentially the same in all
RUPs, and much of what we say about O-antigens also
applies to capsules, secreted RUPs, and also the poly-
saccharide components of S-layer glycoprotein, and
where necessary we will use non-O-antigen examples.

2. O-Antigen gene clusters

The genes involved in O-antigen biosynthesis are gen-
erally found on the chromosome as an O-antigen gene
cluster. In E. coli and S. enterica, these gene clusters
generally lie between the galF and gnd genes.'* In P.
aeruginosa, the O-antigen gene cluster is situated
between himD and tyrB.® in V. cholerae between
gmhD and rjg,"> and in Yersinia spp. between hemH
and gsk.'®!7 There are some exceptions to these ‘rules’.
For example the E. coli O8, O9 and O9%a gene clusters
are between gnd and the his operon. The E. coli O8 and
09 O-antigens are identical to the K. pneumoniae OS5
and O3 O-antigens, respectively,'® and the correspond-
ing O-antigen gene clusters are also between gnd and the
his operon, as are other O-antigen gene clusters in K.
pneumoniae. The atypical chromosomal position of the
E. coli O8 and O9 O-antigen gene clusters suggests that
they may have arisen by lateral transfer from the
respective K. pneumoniae O-antigen clusters.'”” It is
interesting that whereas most E. coli O-antigens are
heteropolymers, many K. pneumoniae O-antigens are
homopolymers, including those shared with E. coli. A
similar situation is seen in Yersinia enterocolitica O3.
The Y. enterocolitica O3 O-antigen is also a homo-
polymer whose corresponding O-antigen gene cluster
maps to a locus different to where the O-antigen gene
clusters corresponding to the heteropolymer O-antigens
are found.?® In this case, there is a short oligosaccharide
whose synthesis genes are located independently of the
gene cluster between hemH and gsk.>' Although this
oligosaccharide is treated as an outer core component, it
maps between hemH and gsk and is equivalent to a
single O-unit of a typical Y. enterocolitica O-antigen.
In general O-antigen genes are very close to each
other, often overlapping in their reading frames, and are
thought to be transcribed as a unit. A 39 bp JUMPStart
sequence is present just upstream of a number of O-
antigen gene clusters, and within this sequence are two
smaller sub-sequences named opsl and ops2. Although
the promoter can normally initiate transcription alone,*
opsl and ops2 have been demonstrated to be involved in
the recruitment of elongation factors.”> %> Overall, O-
antigen gene clusters will typically have a GC content
lower than the genome average. This atypical GC

content seen in so many O-antigen gene clusters
provides strong evidence that the clusters have been
recently transferred, by inter-species lateral transfer,
from a different bacterial species. This switching of O-
antigen genes between different bacterial species ex-
plains, at least in part, how the diversity of O-antigen
structures arose in Gram-negative bacteria.

To date, E. coli O-antigen gene clusters that have
been sequenced (excluding Shigella) include O113,
Ol111, 0104, 0157, 055, 075, 091, 026, O7, O8 and
O9a. It is now known that the previously identified
species of Shigella; S. dysenteriae, S. boydii, S. sonnei
and S. flexneri are in fact clones of E. coli*® and, in total,
seven Shigella O-antigen gene clusters have been
sequenced. These include Flexneri 2a, Sonnei, Dysenter-
iae O1 and Boydii O4, O5, O6 and 09. O-Antigens of S.
enterica A, B, C2, D1, D2, D3 and E1 have related
structures and most genes in their O-antigen gene
clusters have also been identified*’ * (see for example
Fig. 1), as has the O-antigen cluster of S. enterica 054.”!
In addition, all 20 P. aeruginosa O-antigen clusters and
four V. cholerae O-antigen gene clusters have been
sequenced, as well as a number of clusters from other
Gram-negative bacteria, such as Vibrio anguillarum O1
and K pneumoniae O1, O5 and O3 O-antigen gene
clusters.

As one would expect, the structural variation of O-
antigens is mirrored by genetic variation in the O-
antigen gene clusters. The genes encode proteins that
mostly fall into three major groups.' The first set of
proteins are involved in the biosynthesis of the nucleo-
tide sugar precursors of the O-antigen. The second
group, the glycosyl transferase proteins, then sequen-
tially transfer the various precursor sugars to form an
oligosaccharide on a carrier lipid, undecaprenyl phos-
phate (UndP), which is situated in the inner membrane
facing the cytoplasmic side.'* The proteins of the third
group, the O-antigen processing proteins, are involved
in translocation across the membrane, and polymerisa-
tion (Fig. 2). For most O-antigens of E. coli and S.
enterica, once completed, the O-unit on UndPP is
translocated (flipped) across the membrane to be
exposed on the periplasmic face where it is polymerised
to form a long chain O-antigen. However, the scenario is
slightly different for the homopolymer V. cholerae Ol,
K. pneumoniae O3 and O5, and E. coli O8, O9 and O9%a
homopolymers. These O-antigens are synthesised di-
rectly as a polymer within the cytoplasm before a
different set of proteins transport the polysaccharide
across the membrane.*> Some O-antigens include non-
sugar components, and genes related to their synthesis
or transfer may also be present in the O-antigen gene
cluster. In addition, remnant genes, insertion sequences
(IS) and H-repeats have been identified in some gene
clusters.
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3. Gene nomenclature

The nomenclature for RUP genes distinguishes between
the three major groups discussed above. For the genes of
a specific sugar pathway, the three letter component of
the Demerec name is used, followed by a 4" letter,
which is given in order of function in the pathway. For
example, rmlA, rmIB, rmIC and rmID for the four gene
dTDP-L.-Rha pathway. Such genes are quite common
and once the biochemistry and genetics of a pathway is
determined, the genes can usually be identified by
sequence alone. For other genes, names beginning with
‘W’ have been used. These are mostly sugar transferase
genes, genes for repeat unit processing, or genes of
unknown function. Repeat unit processing genes are
often conserved across a wide range of gene clusters and
have been given names beginning with ‘wz’, for example
‘wzy’ being used for all O-antigen polymerase genes.
This system of bacterial polysaccharide gene nomencla-
ture (BPGN) was introduced in 1996,! but other systems
of nomenclature are still in use and there are genes with
two (or more) names. We refer those interested to our
web site: http://www.angis.usyd.edu.au/BacPolGenes/
welcome.html for further information on genes, includ-
ing synonyms, gene clusters and biosynthetic pathways.
We maintain a database of gene names allocated and it
is most helpful if those planning to apply the system ask
us (BPGDadministration@microbio.usyd.edu.au) to re-
serve names that are then held until the work is released.

4. Nucleotide sugar biosynthesis pathways

By far the majority of the components of O-antigens are
sugars or sugar derivatives, and most are transferred
from nucleotide sugar precursors. The precursors of
several of the sugars commonly found in RUPs are part
of other generally present pathways. These include
UDP-Glc, UDP-Gal, and UDP-GIcNAc. The genes
involved in the synthesis of these nucleotide sugars,
and the genes involved in the early steps of a pathway
that has a housekeeping function, are not usually
duplicated in the O-antigen gene cluster.'* Other sugars
are found only in RUPs and as a given form is present in
only some strains, the genes for synthesis of its precursor
are only required by such strains. These genes are
generally found in the O-antigen or another RUP gene
cluster. Each O-antigen gene cluster is thus expected to
have nucleotide sugar biosynthesis pathway genes cor-
responding to each of the non-housekeeping sugars
present in their respective O-antigens. The nucleotide
sugar biosynthesis pathways seem to be conserved in
different RUP gene clusters across a wide range of
species. The genes for each such pathway are typically
found as a block within the cluster. Many of the
pathways include a nucleotide-diphospho-6-deoxy-4-

hexulose intermediate, which acts as a substrate for
various epimerases and reductases prior to reduction of
the 4-keto group to give a nucleotide-diphospho-6-
deoxy-sugar.

In the following sections, we will look at the pathways
for 30 nucleotide sugars that are present in various O-
antigen structures. We will consider such pathways,
grouping them according to which NDP is present in the
NDP-precursor sugar. Our focus is on O-antigens but
the NDP-sugars are also donors for transfer of sugars to
other substrates, and as the pathways are the same we
will take examples from non-O-antigen contexts if that
is where the work has been done.

4.1. dTDP-Sugar biosynthesis pathways

Several 6-deoxyhexose sugars are synthesised from
glucose-1-phosphate as dTDP-sugars. These include L-
Rha, L-Tal, VioNAc, p-Fuc, p-Fuc4NAc and p-Fuc3-
NAc.

The first dTDP pathway to be described was that for
dTDP-L-Rha and the four genes were named rm/ABCD
in the BPGN system. Genes rmlA and rmlB encode a
glucose-1-phosphate thymidyl-transferase and a dTDP-
D-glucose-4,6-dehydratase, respectively, that act to con-
vert glucose-1-phosphate into the dTDP-6-deoxy-D-
xylo-4-hexulose intermediate which is the branch point
for most of the pathways that follow. There are known
structures for both enzymes as well as functional
data. B3¢

4.1.1. L-Rhamnose. 1-Rha is widely distributed not only
in E. coli and S. enterica O-antigens, but also in those of
other species, and other RUPs. As stated above,
synthesis of L-Rha requires RmIC and RmID in addition
to RmIAB. RmIC and RmID have been well charac-
terised both genetically and biochemically,>’>® and
encode a TDP-6-deoxy-D-glucose-3,5-epimerase and
dTDP-6-deoxy-L-mannose dehydrogenase, respectively,
which act sequentially on dTDP-6-deoxy-D-xylo-4-hex-
ulose to give dTDP-L-Rha. All four L-Rha biosynthesis
genes have been reported for many E. coli and S.
enterica O-antigen gene clusters. They have also been
identified in, for example, the V. anguillarum O1 O-
antigen gene cluster and the Burkholderia mallei O-
antigen gene cluster. In E. coli and S. enterica, except
for E. coli Boydii 9 where four extra genes are situated
between rmid and rmlIC,* the rmlIABCD genes are
found together at the 5" end of the O-antigen gene
cluster, in the order rm/BDAC. They are generally
clustered in other species but the order can vary, being
for example rmlBADC in Actinobacillus actinomycetem-
comitans.*

4.1.2. 6-Deoxy-L-talose (also known as L-pneumose).
This sugar has been reported in E. coli and P.
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Fig. 1. Representative E. coli and S. enterica O-antigen gene clusters and their corresponding O-antigen structures. The gene
clusters reside between the housekeeping genes galF and gnd (purple). Genes involved in synthesising UDP-sugar precursors are
shown in turquoise. Genes involved in synthesising CDP-sugar precursors are shown in yellow. Genes involved in synthesising
dTDP-sugar precursors are shown in orange. Genes involved in synthesising GDP-sugar precursors are shown in pink (for GDP-p-
Man synthesis) or green (for synthesis of other GDP-sugars). Remnant wzy gene in S. enterica B and D1 shown as dotted box.
Transferase genes and O-antigen processing genes are not coloured. Transferase genes are indicated by a single letter. See
abbreviation list for complete sugar names. Not to scale.

pathway, one can expect dTDP-VioN to be the substrate
for transfer of VioN in such cases.

aeruginosa, but the pathway has only been described
and the genes identified in 4. actinomycetemcomitans.*'
dTDP-L-Tal synthesis requires rmlABC and ¢ll. TIl
encodes a C-4 reductase that, like RmlID, acts on the

product of rmIC, giving dTDP-1-6dTal, the epimer of 4.1.4. p-Fucoese. dTDP-p-Fuc synthesis was charac-

terised in A. actinomycetemcomitans and involves the

dTDP-1L-Rha.
reduction of dTDP-6-deoxy-D-xylo-4-hexulose by
Fed.®

4.1.3. Viosamine and N-acetylviosamine. The E. coli O7

structure contains VioNAc and, in addition to rm/A4 and 4.1.5. 4-Acetamido-4,6-dideoxy-p-galactose (N-

rmlIB, the E. coli O7 O-antigen gene cluster contains
vioA and vioB. VioA is presumed to carry out the
transamination of dTDP-6-deoxy-p-xylo-4-hexulose to
dTDP-4-amino-4,6-dideoxy-D-glucose  (VioN), and
VioB is thought to subsequently N-acetylate VioN to
dTDP-VioNAc.** VioN also exists in O-antigens and, as
dTDP-VioN is an intermediate in the dTDP-VioNAc

acetylthomosamine). This sugar is found in the enter-
obacterial common antigen (ECA) where its synthesis
pathway has been elucidated. It involves two enzymes
encoded by fdfA and fdfB, that respectively aminate
dTDP-6-deoxy-D-xylo-4-hexulose to give dTDP-4-ami-
no-4,6-dideoxy-p-galactose, and acetylate the product
to dTDP-4- acetamido-4,6-dideoxy-D-galactose.
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4.1.6. 3-Acetamido-3,6-dideoxy-D-galactose 3-
acetamidofucose). This sugar is found in the glycan
component of the Aneurinibacillus thermoaerophilus S-
layer glycoprotein, where its synthesis pathway has been
elucidated. It involves three enzymes encoded by fdrA,
fdtB and fdtC, that respectively isomerise dTDP-6-
deoxy-D-xylo-4-hexulose to dTDP-3-keto-6-deoxyglu-
cose, aminate this product to give dTDP-3-amino-3,6-
dideoxy-D-galactose, and finally acetylate it to give the
precursor to 3-acetamidofucose (dTDP-3-acetamido-
3,6-dideoxy-D-galactose).**

4.2. CDP-Sugar biosynthesis pathways

4.2.1. The (dideoxyhexose) ddh genes. The sugars
synthesised from glucose-1-phosphate as CDP-sugars
are all rare, but those known thus far are all present in
Yersinia pseudotuberculosis, with some also found in
other species. The pathway has been characterised for
3,6-dideoxyhexose sugars. The first two genes are known
as ddhA and ddhB. These genes encode proteins that
catalyse the conversion of glucose-1-phosphate to CDP-
6-deoxy-D-xylo-4-hexulose, a pathway that parallels the
rmlA and rmlB dependent synthesis of dTDP-6-deoxy-
D-xylo-4-hexulose. Similar to dTDP-6-deoxy-D-xylo-4-
hexulose, CDP-6-deoxy-D-xylo-4-hexulose also acts as a

branch point, however so far, besides 3,6-dideoxy-
hexoses, CDP-6-deoxy-D-gulose is the only sugar known
to be synthesised by this pathway. In addition to ddhAB,
3,6-dideoxyhexoses also require ddhC and ddhD for
their synthesis. DdhC is a pyridoxamine 5’-phosphate
dependent Fe-S protein while DdhD is an Fe-S flavo-
protein. DAhC and DdhD interact to carry out the C-3
deoxygenation, converting CDP-6-deoxy-D-xylo-4-hex-
ulose to CDP-3,6-dideoxyhexoses. ddhABCD genes
have been identified in S. enterica A, B, C2, D1, D2
and D3, which contain paratose, abequose or tyvelose.
In addition, they are found in most O-antigen gene
clusters of Y. pseudotuberculosis and in V. anguillarum
Ol1. All four enzymes have been studied over several
years by Liu and colleagues, with their work recently
reviewed.*> Note that colitose, another 3,6-dideoxyhex-
ose, is synthesised as GDP-colitose, as discussed below.

4.2.2. 3,6-Dideoxy-Dp-ribo-hexose (paratose), 3,6-
dideoxy-D-xylo-hexose  (abequose),  3,6-dideoxy-D-
arabino-hexose (tyvelose), and 3,6-dideoxy-L-arabino-
hexose (ascarylose). 3,6-Dideoxyhexose synthesis path-
ways diverge after DdhD. CDP-abequose synthase and
CDP-paratose synthase reduce the keto group at C-4 to
give either the galactose stereochemistry for CDP-Abe,
or the glucose stereochemistry for CDP-Par. Both
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synthases are homologues of GalE and the CDP-
paratose synthase has recently been characterised.*
CDP-Par 2-epimerase is responsible for the synthesis
of CDP-Tyv and is also a GalE homologue.*” Its
structure has recently been determined, and predictions
made on its reaction mechanism.*® Formation of CDP-
Asc requires epimerisation at C-5 by AscE followed by
reduction of the keto group at C-4 by AscF.*

4.2.3. 6-Deoxy-p-gulose (antiariose). The pathway for 6-
deoxy-p-gulose is based on genetic data for Yersinia
enterocolitica 08.°%>' The ddhAB genes and two genes,
named cdgA and cdgB, are present in the Y. enteroco-
litica O8 gene cluster. CdgA and CdgB have 55% and
52% identity to AscE and AscF, which function as an
epimerase and C-4 reductase, respectively. Indeed,
CdgA and CdgB are presumed to carry out parallel
reactions to AscE and AscF, differing only in the use of
a 6-deoxy substrate instead of the 3,6-dideoxy inter-
mediate. The genes are immediately downstream of the
ddh genes, similar to the additional genes of the 3,6-
dideoxyhexose pathways in Y. pseudotuberculosis and S.
enterica that were discussed above.

4.3. GDP-Sugar biosynthesis pathways

4.3.1. p-Mannose and GDP-6-deoxy-D-Iyxo-4-hexulose.
The GDP set of pathways starts with a 3-step conversion
of fructose-6-phosphate to p-Man, a hexose sugar that
is frequently found in O-antigens of E. coli, S. enterica
and other Gram-negative bacteria. The conversion
involves a type I phosphomannose isomerase (PMI), a
phosphomannomutase and a GDP-mannose pyropho-
sphorylase (GMP), encoded by manA , manB and manC,
respectively. The PMI function is required both for
mannose metabolism and biosynthesis of GDP-p-Man.
In the Enterobacteriaceae the manA gene is generally
present as part of the mannose metabolism pathway, but
is absent in other groups that do not metabolise
mannose. The manB and manC genes are specific to
GDP-p-Man synthesis and found in gene clusters for
mannose-containing RUPs. In some instances, for
example the alginate gene cluster of P. aeruginosa,
ManC is bifunctional, having both PMI and GMP
functions.

The monofunctional and bifunctional forms of ManC
are of similar size, and the similarity extends throughout
their length. As yet, there is no means of distinguishing
them by sequence and as most are identified by
homology one can only speculate that ManC is gen-
erally monofunctional in species that also have a man4
gene. Helicobacter pylori has a bifunctional ManC and
it has been shown that GDP-p-Man, the end product of
the pathway, inhibits the PMI activity of this enzyme,
probably by binding to the active site of the GMP
domain. This provides an explanation for the presence

of a bifunctional protein with activity for both the first
and last steps of the pathway.’> The presence of
bifunctional and monofunctional ManC enzymes has
delayed full adoption of the ManC name, but we think it
preferable to retain one name for both forms if only for
the pragmatic reason that in most cases the enzyme has
not been examined for PMI activity. ManC seems an
appropriate name as the common function is GMP
activity.

Gmd catalyses the conversion of GDP-p-Man into
GDP-6-deoxy-D-Iyxo-4-hexulose, which then functions
as a precursor for other 6-deoxyhexose GDP-sugar
nucleotides such as GDP-L-Fuc, GDP-perosamine
(GDP-p-Rha4N), GDP-p-Rha, and the 3,6 dideoxyhex-
ose nucleotide sugar GDP-colitose. The gmd gene was
identified in 1996, and Gmd was later well charac-
terised.>*>>

4.3.2. L-Fucose and 4,6-dideoxy-p-mannose
(perosamine). The fc/ gene for conversion of 6-deoxy-
D-lyxo-4-hexulose to GDP-L-Fuc was identified in the
colanic acid (CA) gene cluster,’® and Fcl, a 3,5-
epimerase/4-reductase has since been well charac-
terised.”>>” The per gene was identified as the only
gene present, together with manAB and gmd, in gene
clusters for RUPs containing perosamine and again has
now been characterised biochemically.’® Both fc/ and
per are present in E. coli 0157,%° V. cholerae 01 and
Brucella melitensis.°'

4.3.3. 3,6-Dideoxy-L-xylo-hexose (colitose). In the case
of the colitose containing S. enterica O35/E. coli O111
O-antigens and E. coli OS55, the corresponding O-
antigen clusters contain the colitose synthesis genes,
coll and col2, which convert 6-deoxy-D-lyxo-4-hexulose
to GDP-colitose.**% Gene assignment is based on
occurrence of the genes in E. coli, as above, Y.
pseudotuberculosis 06, and V. cholerae 0139, all with
colitose-containing O-antigens. Colitose has long been
known to be synthesised as the GDP derivative,** but
the enzymology has still not been reported. The gene
names, col/l and col2 are temporary, and when the
functional order of the enzymes has been determined,
the genes will be designated colAB. Interestingly, in E.
coli O55 the coll and col2 genes are found outside of the
main O-antigen gene cluster, downstream of gnd.* in a
region that can be thought of as an extension of the O-
antigen gene cluster. This arrangement may reflect a
relatively recent assembly of the genes for colitose
synthesis in this case.

4.3.4. p-Rhamnose. D-Rha is widely present in O-anti-
gens including the P. aeruginosa A-band O-antigen,
which contains a repeat unit of three p-Rha residues.
GDP-p-Rha is synthesised by reduction of GDP-6-
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deoxy-D-lyxo-4-hexulose. The enzyme responsible,
Rmd, has been studied in several labs.>*®

4.3.5. 6-Deoxy-p-talose. 6-Deoxy-D-Tal is rare and as
yet not reported in O-antigens but is found in a surface
polysaccharide of Actinobacillus actinomycetemcomi-
tans, for which the pathway has been described. GDP-
D-6dTal is synthesised by reduction of GDP-6-deoxy-D-
lyxo-4-hexulose. The enzyme responsible, Tld, has been
studied in two laboratories.®®-¢”

4.3.6. GDP-p-Mannose mannosyl hydrolase. The E. coli
and S. enterica gene clusters that include gmd generally
also have a gmm gene, which encodes a GDP-pD-Man
mannosyl hydrolase. This hydrolase removes GDP-D-
Man from the sugar biosynthesis pathway and is
thought to regulate the GDP-sugar pathways past
GDP-p-Man.®> An exception to this is found in E.
coli O55. However, the E. coli O55 O-antigen gene
cluster does have a remnant gmm gene, and Gmm has
57% amino acid identity to Gmm of 0157.%

4.4. UDP-Glucose based pathways

UDP-Glc has a housekeeping role, and also acts as a
precursor for RUP specific sugar pathways

4.4.1. Glucuronic acid and galacturonic acid. UDP-Glc
acts as a precursor for UDP-GIcA. The dehydrogenase
gene ugd, for this reaction, is a housekeeping gene in E.
coli and S. enterica as it is involved in CA synthesis.™ It
is located downstream of gnd near the O-antigen gene
cluster. The E. coli Boydii O4, O5, O6 and O9 O-
antigens, which all contain GIcA, do not have an
additional copy of ugd, but RUP gene clusters in species
that lack CA do have the ugd gene, identified examples
being in the V. cholerae O139 gene cluster and
Streptococcus pneumoniae capsule clusters.®® UDP-
GIcA is itself a precursor for UDP-GalA. The gene
involved encodes an epimerase, and was first identified
in the S. pneumoniae type I capsule gene cluster.®” We
propose that this gene be named gla. Homologues of
this gene have since been identified in the E. coli O113
and the V. cholerae O139 O-antigen gene clusters. As
both the E. coli O113 and the V. cholerae O139 O-
antigen contain GalA, these genes are presumed to be
gla genes.

4.4.2. Galactose. We can also mention here the well-
studied C-4 epimerase, GalE, which converts UDP-Glc
into UDP-Gal, found in many O-antigen structures.
UDP-Gal is used for synthesis of essential structures
such as LPS core, and in some species GalE also acts (in
the reverse direction) in catabolism of Gal. Thus, ga/E is
not found in the O-antigen gene cluster but, for example

in E. coli, galE is in an operon of genes involved in Gal
uptake and catabolism.

4.5. UDP-N-Acetylglucosamine based pathways

Similar to UDP-Glc, UDP-GIcNAc also has a house-
keeping role, as well as acting as a precursor for RUP
specific sugar pathways.

4.5.1. N-Acetylgalactosamine. Until quite recently it
was assumed that GalE, discussed above, was able to
use UDP-GIcNAc as well as UDP-Glc as a substrate,
but it has now been shown that in some cases at least a
separate UDP-GIcNAc epimerase is required for synth-
esis of UDP-GalNAc. The gene was identified for E. coli
01137 and named gne, the name first used for a UDP-
GIcNAc epimerase involved in teichoic acid synthesis.”’
gne genes were then identified for P. aeruginosa 06,”* E.
coli 055,% Y. enterolitica O8> and Plesiomonas shigel-
loides.™

The Y. enterolitica O8 Gne enzyme was particularly
well characterised, and compared with GalE enzymes.
Gne could carry out epimerisation of both UDP-
GIcNAc and UDP-Glc, although the conversion of
UDP-Glc to UDP-Gal was less efficient.”® E. coli
GalE, however, can only perform the UDP-Glc epimer-
isation.”> Molecular modelling revealed the reason for
this. The active sites of the proteins differ in having
Tyr136 and Tyr299 in GalE compared to Leul36 and
Cys297 in Gne. The former residues are much bulkier
than the latter and a model of the Gne structure based
on the known GalE structure indicated that these
residues would hinder access to the site for the bulkier
UDP-GIcNAc.”? This was supported by mutational
studies.

An analysis of the two amino acid residues at
positions 136 and 297 in a number of published GalE
proteins has revealed a possible mis-designation of
function, whereby several of these are likely to be Gne
proteins.”® However, Gne and GalE are very similar and
it is difficult to designate a particular gene as gne or
galE based on sequence alone, even if particular
attention is made to the two amino acid residues
discussed above. For example, in Y. pseudotuberculosis
a gne gene was identified by its presence only in
serotypes that had GalNAc in the O-antigen” as it
does not fully fit the pattern set by the Y. enterolitica O8
gne gene.

4.5.2. N-Acetylgalactosaminuronic acid. A P. aerugi-
nosa O6 gene encodes an enzyme that catalyses the
conversion of UDP-GalNAc to UDP-GalNAcA.”® A
mutation in this gene could be complemented by a gene
in the S. enterica Vi gene cluster, thought to perform the
same function, and both are now given the name gna.
Interestingly the P. aeruginosa enzyme could also use
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UDP-GIcNAc as a substrate, although both the K, and
K., values indicated that UDP-GalNACc is the preferred
substrate.

4.5.3. N-Acetyl-L-fucosamine and N-acetyl-L-
quinovosamine. UDP-L-FucNAc¢ and UDP-L-QuiNAc
are derived from UDP-GIcNAc in overlapping path-
ways. UDP-L-FucNAc is a 2-acetamido-2,6-dideoxy-
hexose epimerase. The three genes involved in its
biosynthesis, fnld, fnlB and fulC, were identified in
both the E. coli 026 O-antigen gene cluster’’ and the P.
aeruginosa O11 O-antigen gene cluster,’® but the func-
tions were only recently determined for P. aeruginosa
011 and a Staphylococcus aureus capsule gene cluster.”’
FnlA, FnlB and FnlC catalyse a 5-step reaction cascade
encoding, respectively, a trifunctional 4,6-dehydratase/
S-ep7i9merase/3-epimerase, a reductase and a C-2 epimer-
ase.

UDP-L-QuiNACc, also a 2-acetamido-2,6-dideoxyhex-
ose epimerase, is present in the V. cholerae O37 O-
antigen where the genes were identified.®® The pathway
is initiated by FnlA, and QnlA and QnlIB then carry out
reactions similar to those of FnlB and FnlC. FnlB and
QnlA reduce the 4-keto group to give either UDP-L-
PneNAc or UDP-L-RhaNAc, respectively. FnlC and
QniB are C-2 epimerases that act on the respective
products to give either UDP-L-Fuc2NAc or UDP-L-
Qui2NAc, respectively. The specificity lies in the reduc-
tion step as QnlB is capable of carrying out C-2
epimerisation of either substrate, although FnlC can
act only on UDP-L-PneNAc. Note, however, that only
one example of each has been studied.

4.5.4. N-Acetyl-D-quinovosamine and  /V-acetyl-D-
fucosamine. D-QuiNAc is present in P. aeruginosa O6
and 010, and p-FucNAc in P. aeruginosa O5 and O11.
The OS5 and O6 gene clusters have been sequenced and
studied in considerable detail.®' ®> The two sugars are
clearly synthesised as UDP-sugars from UDP-GIcNAc
in a combined pathway. WbpM initiates the pathway
and WbpK is also involved in the synthesis of UDP- p-
FucNAc. P. aeruginosa O11, which also contains D-
FucNAc has, as expected, a homologue of whpK
However, while much has been resolved in a very
interesting pathway, it is perhaps premature to allocate
gene names until all functions are determined, and
consequently gene names have not been included in
Fig. 3.

4.5.5. N-Acetyl-D-mannosamine and N-acetyl-D-
mannosaminuronic acid. UDP-ManNAc is synthesised
by C-2 epimerisation of UDP-GIcNAc, and UDP-p-
ManNACcA is synthesised from UDP-p-ManNAc by
UDP-pD-ManNAc dehydrogenase. The pathway was
first established for the ECA but the genes identified
as being involved are present in other gene clusters

where expected, and we now call them mnaA and mnaB.
The mnaA gene has been found in a range of bacterial
gene clusters including that for the S. enterica 054 O-
antigen gene cluster. There have been several enzymatic
studies and the structure has recently been described.®®
The mnaA and mnaB genes are both present in gene
clusters for RUPs that contain ManNAcA, including
the E. coli ECA gene cluster, the S. enterica Vi gene
cluster and S. aureus capsule gene clusters. S. aureus
MnaB has recently been biochemically characterised.®’

4.5.6. 2,3-Diacetamido-2,3-dideoxy-pD-mannuronic acid.
The P. aeruginosa OS5 O-antigen gene cluster has
homologues of mnaA and mnaB, that are presumed to
be involved in synthesis of the Man(2NAc3N)A, which
is found in the O-antigen. One might have expected
them to be mnaAd and mnaB genes, with the pathway
proceeding via UDP-pD-ManNAcA. However the simi-
larity is low and the genes do not complement®®
suggesting that the UDP-D-GIcNAc precursor may be
N-diacetylated before further modification.®®

4.6. Other nucleotide sugar synthesis genes

4.6.1. N-Acetylneuraminic acid (NeuSAc, sialic acid).
The E. coli O104 O-antigen is one of the few E. coli
O-antigen structures that contains Neu5Ac.® The
synthesis of Neu5Ac is unusual in that, unlike the
nucleotide-sugar biosynthesis pathways discussed above,
the CMP nucleotide is not added to the sugar until the
final step of NeuSAc synthesis. Both Neisseria meningi-
tidis and E. coli group II capsules also contain NeuSAc.
In both cases three genes are required for the synthesis
of CMP-Neu5Ac from GIcNA®"*! and the three homo-
logous genes in the E. coli 0104 O-antigen gene cluster
are assumed to carry out the same reactions. Three sets
of names have been used in the past and, to meet the aim
of having pathway genes named in pathway order, a
new 3-letter base is now employed. The genes encode a
putative N-acetylmannosamine synthetase (nnad), a
NeuNAc synthetase (nnaB) and a CMP-NeuNAc
synthetase (nnaC),’” all of which are likely to function
in NeuSAc synthesis. Another gene present in the E. coli
0104 O-antigen gene cluster, nnaD, is also homologous
to a gene in N. meningitidis, the gene product of which
was recently shown to interact with the respective
NeuS5Ac synthetase. Therefore, in E. coli O104, NnaD
is likely to interact with NnaB."?

4.6.2. LD-manno-Heptose and DD-manno-heptose.
ADP-L-glycero-p-manno-heptose (LD-man-Hep) and
GDP-p-glycero-pD-manno-heptose (DD-man-Hep) are
synthesised in parallel interacting pathways, in which
the nucleotide component is again atypically added late.
LD-man-Hep is present in the LPS inner core of many
species of Gram-negative bacteria, while DD-man-Hep
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is less common but found, for example, in an S-layer
glycoprotein of Aneurinibacillus thermoaerophilus. The
pathways for ADP-LD-man-Hep and GDP-DD-man-
Hep were determined recently and have been sum-
marised by Valvano et al. > They are shown in Fig. 3
The hld and hdd genes are specific to the ADP-LD-man-
Hep and GDP-DD-man-Hep pathways, respectively,
while the gmh genes are common to both pathways.
This is an unusual occurrence with some interesting
features. The common enzyme GmhA converts D-
sedoheptulose 7-P to racemic D-glycero-o,B-D-manno-
heptose 7-P. HddA and HIdA are C-1 kinases that
phosphorylate the o anomer or B anomer, respectively.
This distinction between the two pathways is retained
through to formation of DD-man-Hep or LD-man-Hep.
The next two steps convert these 1,7 diphosphate
intermediates to GDP-D-glycero-a-D-manno-heptose or
ADP-D-glycero-B-p-manno -heptose, respectively. In E.
coli and many other species, this is achieved by the
activity of the bifunctional HIdE enzyme, which com-
bines the functions of HIdA and HIdC. The LD-man-
Hep pathway has a final step carried out by HIdD,
converting ADP-p-glycero-B-D-manno-heptose to ADP-
L-glycero-B-D-manno -heptose.

4.6.3. 6-Deoxy-pD-manno-heptose.  6-Deoxy-D-manno-
heptose (D-man-6dHep) is found in the Y. pseudotuber-
culosis la, 2a and 4b O-antigens and also as a
homopolymer in a Burkholderia mallei capsule. All
gene clusters include the genes for synthesis of GDP-
DD-man-Hep as well as two additional genes that have
been named dmhA and dmhB. Based on homology,
dmhA is assumed to encode a GDP-DD-man-Hep 4,6-
dehydratase, which converts GDP-DD-man-Hep into
GDP-6-deoxy-D-lyxo-4-hexulo-DD-man-Hep. This in-
termediate is then assumed to be reduced by DmhB, a
C-4 reductase, to GDP-p-man-6dHep.'°

4.7. Overview of biosynthetic pathway genes

We can summarise the state of knowledge of biosyn-
thetic pathways by saying that of the 69 sugars listed as
components of RUPs by Knirel and Kochetkov in
1994,°* the biosynthesis of about half is now under-
stood, such that one can give function based names for
the pathway genes. About five sugars, including the very
widespread Glc and Gal, are found as NDP sugars in
housekeeping functions. The genes for biosynthesis of
these NDP sugars are housekeeping genes and not in the
O-antigen gene clusters. They have been named in the
usual manner for genes in major metabolic pathways,
such that in general the same name is used across all
bacteria. There are also an additional 30 nucleotide
sugars for which pathway genes have been identified in
RUP gene clusters and have now been given pathway
names (Fig. 3). The 30 nucleotide sugars include several

acetamido sugars. Those acetamido sugars that have the
N-acetyl group at C-2 are generally synthesised from
UDP-GIcNACc, and the corresponding amino sugars are
very rare or not reported in O-antigens. Other acetam-
ido sugars are synthesised by N-acetylation of the
corresponding amino sugar. Those included in this
review are dTDP-Fuc4NAc, dTDP-Fuc3NAc and
dTDP-VioNAc; GDP-PerNAc is also thought to be
synthesised in a similar way.>® This method of synthesis
would imply that the respective amino sugar is also
available for incorporation into the O-antigen. Indeed,
there are several examples of C-3 and C-4 amino sugars
in major reviews of O-antigen structures.”*

In general, once specific pathway genes have been
identified, they can be recognised with reasonable
certainty from sequence alone. However, this approach
is far from ideal because although we now have many
cases where there is sequence data, there is little or no
biochemistry. As for whole genome sequences, it is
necessary both to infer what one can from such data and
to use names that help us comprehend the inferences.
There may be ongoing difficulty in identifying genes
from sequence in cases like gne, which are closely related
to a more common gene, in this case ga/E, and there
appears to be an independent change of function in
different groups of RUPs or species.

5. Glycosyl transferases and O-unit formation

Glycosyl transferases sequentially add the sugars to the
growing sugar chain, until the O-unit/O-antigen has
been synthesised.! The extensive range of sugars found
in O-antigens allows for numerous combinations of
donor sugar, acceptor sugar and acceptor carbon atom
for the glycosidic linkages. In turn, this provides for a
very large number of linkage specificities and hence of
glycosyl transferase specificities. It is therefore not
surprising that the analysis of O-antigen clusters has
led to the identification of an enormous number of
different glycosyl transferase genes. The diverse function
of the transferases is reflected in the heterogeneity of
their DNA sequences. It thus becomes challenging,
when analysing individual O-antigen clusters, to identify
the specificities of each transferase. Further, only a small
proportion of the putative transferases have been
studied biochemically, and there are only a few cases
where all the transferases in a particular O-antigen
cluster have been identified.

The glycosyl transferase genes are commonly found
dispersed throughout the O-antigen cluster. In several
O-antigen clusters, whose transferase genes have been
assigned specific functions, for example in the O-antigen
clusters S. enterica A, B, C2, D1, D2 and E1.,>> E. coli
0104,”> E. coli Dysenteriae 1°® and P. aeruginosa 05,
06% and O11,7% it has been observed that the order of
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transferase genes within the cluster corresponds to the
inverse order of the reaction sequence of the products.
Whether or not this represents an important factor in O-
antigen biosynthesis is still unknown.

5.1. Classification of glycosyl transferases

Much effort has been placed into creating a classifica-
tion system for glycosyl transferases. This work initially
involved grouping glycosyl transferases depending on
their function. They can, for example, be grouped on the
basis of the stereochemistry of reaction substrates and
products: they either retain or invert the stereochemistry
of the glycosyl donor during linkage formation.”” They
were also grouped according to the specific substrate
that they transferred.”® When sequence data became
available, it was thought that it too could be used to
classify glycosyl transferases, but as discussed above, the
sequence similarity of glycosyl transferases is often very
low, making this a challenging task.””'°° Recently,
however, hydrophobic cluster analysis (HCA)'*!10?
has been used to develop a comprehensive classification
of nucleotide-diphospho-sugar glycosyl transferases.'®
Twenty six families were recognised initially and this has
now risen to 65 (http://afmb.cnrs-mrs.fr/CAZY/in-
dex.html) with just over half including prokaryote
examples. Enzymes within a family may have different
substrates and transfer different sugars, but are consis-
tent in being either all inverting or all retaining.

5.2. Sugar phosphate transferase genes

O-Unit synthesis is initiated by the transfer of a sugar
phosphate to UndP, and only a limited number of sugar
phosphates are known to function in this step. The
initial transferases catalysing these reactions are distinct
in that they have several predicted transmembrane
segments, which are uncommon in the simple sugar
transferases.””!** They correspond to one of two protein
families, the polyisoprenyl-phosphate N-acetylhexosa-
mine-1-phosphate transferase (PNPT) family or the
polyisoprenyl-phosphate hexose-1-phosphate transfer-
ase (PHPT) family.'” Both families have many mem-
bers but most have not been characterised.

Members of the PHPT family are only found in
bacteria, and include WhbaP, first identified in S.
enterica where it acts as a galactose-1-P initial transfer-
ase.'? whaP is situated at the 3’ end of the S. enterica
A, B, C2, DI, D2, D3 and El O-antigen gene clusters.*’
The E. coli K30 capsule has galactose as its first sugar
and whaP has also been identified in the E. coli K30
capsule cluster. Other initial transferases in the PHPT
family are WbgY, a putative 4N-D-Fuc2NAc-P trans-
ferase for P. shigelloides and E. coli Sonnei O-anti-
gens, % and WbIG of Bordetella pertussis.'’” Wcal, a

glucose-P transferase for CA of E. coli,>® is also in this
family.

The PNPT family is found in both Eucaryotes and
Procaryotes and includes WecA, which transfers either
GalNAc-P or GlcNAc-P to UndP.'%*'% In Enterobac-
teriaceae, wecA is situated outside of the O-antigen gene
cluster and is part of the ECA gene cluster:'®*''? it acts
as the initial transferase for both ECA and those O-
antigens that are initiated with either GIcNAc or
GalNAc. WbpL also belongs to the PNPT of initial
transferases, and has been shown to be required for
synthesis of the P. aeruginosa OS5, O6 and Ol1 O-
antigens,®! where it is thought to transfer p-FucNAc-P
to UndP.** For a more in depth review of initial
transferases, we refer the reader to Valvano (2003).'%°

5.3. Overview of transferase genes

All O-antigens and other surface polysaccharides appear
to be synthesised on UndPP, and as we have seen, there
is a clear distinction between the initiating sugar
phosphate transferases and the transferases that add
the remaining sugars. There secems to be a limited
number of specificities among the former group, and
one can predict that, as for WecA and WbpA, once
characterised in one case, the genes will be relatively
easily identified in other gene clusters. In contrast, the
simple sugar transferases, which are responsible for
most of the variation in the structures, are much more
heterogeneous and, as we noted, in general the proteins
can be identified in the generic sense as sugar trans-
ferases and put into specific HCA families, but one still
cannot infer the specific function with confidence from
sequence alone. Further, although each transferase can
now be placed into a specific HCA family, most of the
transferases incorporated in this scheme are from
genome sequences and of unknown function. As more
transferases are characterised biochemically, and we
learn the range of specificities found in each family,
we can hope that a combination of gene cluster
sequence, HCA family allocation for each putative
transferase, and O-antigen structure, may enable identi-
fication of most of the transferase genes.

There are already examples of specific transferases
being identified in unrelated gene clusters. The wbaP
and wbaZ genes of the E. coli K30 capsule gene cluster
were named by homology to the characterised wbhaP and
wbaZ genes of the S. enterica C2 gene cluster. Both
clusters have Gal and a-(1 — 3)-linked b-Man as the first
and second sugars, respectively, and given the levels of
similarity the genes were considered to have the same
function in both. A second example is the p-Gal a-(1 —»
3) GlcNAc linkage which is present in several O-antigen
structures. The transferase catalysing this linkage was
initially identified in E. coli Dysenteriac Ol and named
WbHbP. In each case where we find other p-Gal a-(1 — 3)
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GIcNAc linkages, we also find a wbbP homolog. With
such a circumstance, we can be reasonably confident on
identification of these genes as the expected D-Gal o-
(1 ->3) transferase. There are other examples but as yet
they are few, and the rarity of these cases may reflect the
considerable number of specific linkages in RUPs, such
that we do not have enough examples to be confident of
specific identifications. It is important to identify many
more transferase genes as only then can we move more
widely to identification by homology.

6. O-Antigen processing genes

There are essentially two major methods of O-antigen
processing that have been described, those requiring the
wzx, wzy and (sometimes) wzz genes, and those requir-
ing the wzm and wzt genes. Typical E. coli and S.
enterica heteropolymer O-antigens require the functions
of Wzx, Wzy and Wzz for normal O-antigen assembly.
For a more detailed look at the biochemical mechanisms
of the O-antigen processing proteins, we refer you to a
recent review by Valvano.'?

6.1. Wzx-flippase

Once the UndPP-linked O-unit is completed, it is
thought to be ‘flipped’ across the inner membrane by
a flippase encoded by the wzx gene,'!! although the
evidence is indirect. Wzx proteins are highly hydropho-
bic membrane proteins generally having 12 transmem-
brane (TM) segments. They reveal very little sequence
conservation, however groups of Wzx proteins do share
similar motifs and wzx genes that are not identified by
similarity to known wzx genes can generally be identi-
fied using a few Wzx sequences and programs which
look for conserved blocks in a group of two or more
unaligned protein sequences, for example by using the
Block  Maker program  (www.blocks.there.org/
blockmkr/make_blocks.html).68

Complementation experiments have shown that E.
coli O7, O16 and S. enterica B O-antigen clusters can
complement a wzx gene defect in E. coli 016 or O7.'"?
Each Wzx protein acts as a flippase for a specific
UndPP-linked oligosaccharide, yet these results demon-
strate that Wzx action is not highly specific. How Wzx
functions, and the reason for its high level of variation,
is not known.

6.2. Wzy-polymerase

Once the UndPP-linked O-unit has been translocated
across the membrane, Wzy, the O-antigen polymerase,
functions to link the O-units via a glycosidic linkage,
polymerising them into a long chain O-antigen. As each
O-unit varies, Wzy proteins will generally differ in

specificity. Thus, although these proteins all share a
common name, one would not expect a particular wzy
to complement mutations in other wzy genes. The
specificity of wzy genes is nicely illustrated in S.
agalactiae where capsule types la and 3 differ only in
their wzy genes. Each Wzy polymerises a common
oligosaccharide to form either a 3-sugar main chain
with 2-sugar side branch or a 2-sugar main chain with 3-
sugar side branch.'!?

Very little in vitro work on Wzy has been carried out
due to experimental difficulties, and consequently Wzy
has not been well characterised. Sequence analysis
shows that Wzy is highly hydrophobic with 8-12 TM
segments. A cytoplasmic loop of approximately 30
amino residues is also a characteristic of the protein
structure.''* As there is often little similarity in either the
TM regions or the cytoplasmic loop of different Wzy
proteins, identification based on sequence alone is often
difficult, but use of the program Block Maker (see
above) is usually more successful. If not, then advantage
can be taken of the fact that most gene clusters
containing a wzx gene have only one other gene
encoding a highly hydrophobic protein that has the
appropriate topology.

6.3. Wzz—chain length determinant

The third O-antigen processing protein, Wzz, is the O-
antigen chain length determinant. Wzz is situated in the
inner membrane and the protein probably functions, via
an interaction with Wzy, to control the chain length of
the O-antigen,''>!''® although how it carries out its role
is still unknown. Wzz is characterised by two TM
segments, located in the amino and carboxyl ends,
with a large periplasmic hydrophilic domain."'” Unlike
Wzx and Wzy, Wzz is not excessively variable and easily
identified by sequence. In E. coli and S. enterica, wzz is
not normally found within the O-antigen gene cluster,
but is situated just downstream, between gnd and the his
operon.!'®!"® In other O-antigen gene clusters, wzz is
found within the major gene cluster, being at the 5" end
of the in P. aeruginosa,® and at the 3’ end of the gene
cluster in Y. pseudotuberculosis.”

6.4. The Wzm/Wzt export system

The Wzx/Wzy assembly and export pathway predomi-
nates among the better-studied O-antigens, but many
RUPs have the Wzm/Wzt system. For E. coli and S.
enterica O-antigens, it is only recorded for homopoly-
mers, but it is more common in other species as well as
in E. coli and S. enterica capsules. RUPs with the Wzm/
Wzt assembly and export pathway are synthesised
entirely within the cytoplasm, before being transported
across the membrane by an ABC transporter.''”'?° The
genes encoding this ABC transporter are wzm and wzt
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and they have been identified in E. coli O8, O9 and O9a
O-antigen gene clusters.'?® This system of O-antigen
processing can also be seen in V. cholerae O1, 022 and
0139, and V. anguillarum O1 O-antigens.

7. Origins and maintenance of O-antigen gene clusters

Most O-antigen gene clusters contain those genes that
are necessary for O-antigen synthesis, namely, biosyn-
thetic pathway genes, transferase genes and genes
involved in export and assembly. Lawrence'*! has
proposed that bacterial operons arose because having
the genes clustered facilitated lateral gene transfer. This
applies very strongly to O-antigen and other RUP gene
clusters. There are many cases of substitution of one O-
antigen form by another by replacement of the gene
cluster, well known examples being the gain of the O157
gene cluster by an O55:H7 strain to generate the
infamous O157:H7 clone of E. coli, and the replacement
of the O1 O-antigen by the O139 O-antigen in 7™
pandemic V. cholerae. Transfer between species also
occurs and the O-antigen complement of a species
changes over time such that E. coli and S. enterica
have only three forms in common. These events are only
possible if the genes are clustered. We have discussed the
population and evolutionary issues more fully else-
where 26:122.123

7.1. Diversity of O-antigen gene clusters is extended by
genetic exchange

The study of gene clusters often gives us clues as to their
evolutionary origins. There are many instances where
several O-antigens of a species have related structures.
For example most Y. pseudotuberculsis O-antigens have
related structures and gene clusters.'®’> These gene
clusters include near identical genes for common com-
ponents and quite different genes for the components
that differentiate the O-antigens. In some cases one can
see how one gene cluster could be derived from another
by recombination between two others, such as Y.
pseudotuberculosis 1a through reassortment by recom-
bination of the genes in the 1b and 4b gene clusters.'®”
Another example is of the probable origin of S. enterica
D2 from D1 and E1 clusters'?* with a mutant H-repeat
transposable element at the putative recombination site
(Fig. 2).

In the above cases, the new gene clusters are typical in
containing all the genes for the new structure. However
some gene clusters have non-functional remnants of
genes. A well-documented example of a remnant gene
involves the S. enterica A, D1 and B O-antigens, in
which wzy, which is responsible for an o-(1 — 6)-linkage
between O-units, is usually far from the main gene
cluster. However some group B strains with an a-(1 —2)

linkage between O-units have an a-(1 —2)-specific wzy
gene within the gene cluster, and there is good evidence
for this being the ancestral situation. Those B strains,
including the well documented strain LT2, with the
distant a-(1 — 6)- wzy gene, have recently been shown to
have a remnant o-(1 —2)-specific wzy gene between
wbaV and wbaU,'* and several stages in reduction of
this remnant were observed. A remnant of the a-(1 —2)-
specific wzy gene is also found in the S. enterica D1 gene
cluster between wbal’ and whaO. This suggests that the
a-(1 — 6)-linkage replaced the a-(1 — 2)-linkage, and that
this newly acquired o-(1—-6) wzy gene has not yet
migrated into the main cluster.

Non-housekeeping genes essential for the O-antigen
synthesis may also be found outside of the gene cluster.
For example in the E. coli O55 O-antigen gene cluster
the colitose synthesis genes, col/l and col2, are found just
downstream of the O-antigen gene cluster.®® The manB,
manC and gmd genes that precede coll and col2 in
function are in the main cluster, and presumably were
involved in synthesis of a different GDP-sugar until the
two col genes were gained, after which there was a
subsequent loss of the other pathway. Although coll
and col2 are close enough to the major gene cluster for
co-transfer, this is perhaps an intermediate stage, and
one can predict that selection pressure will eventually
bring them within the cluster for easier lateral transfer of
all of the genes.

7.2. Late modification of the O-unit

Several acetyl transferase and glucosyl transferase genes
involved in O-antigen synthesis are also found outside of
the gene clusters for a different reason. These include
transferase genes whose products modify O-antigens
after polymerisation. For example, the S. enterica B O-
antigen can be modified by addition of glucose to the
galactose residue. This is either via a (1 —4) linkage,
determined by chromosomal genes, or a (1 —6) linkage,
determined by the gene on the P22 lysogenic
phage.'?¢"12® The glycosyl transfer occurs after the O-
unit has been translocated to the periplasmic face of the
CM. The transfer is from Und-P-Glc, which is synthe-
sised and translocated by GtrB and GtrA respectively,
common to all such pathways. Note that these are not in
function order but these order names are now well
established. The third gene encodes the transferase and
is variable, as is to be expected as it determines linkage
specificity. We suggest each should have a specific four-
letter name although this has not always been done. O-
Acetyl transferases may also be important in the
synthesis and modification of particular O-antigens.
The genes encoding these enzymes can sometimes be
found outside the O-antigen cluster, for example oafA4
of S. enterica that encodes an O-acetyl transferase that
modifies the group B antigen by acetylation of the Abe
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residue,'® and grrd, gtrB and wgtJ in the Y. pseudo-
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Fig. 3. Nucleotide-sugar biosynthetic pathways. The nucleo-
tide-sugar biosynthetic pathways can be grouped on the basis
of their sugar-linked nucleotide: either CDP, UDP, dTDP or
GDP. For each nucleotide pathway the initial nucleotide-sugar
precursor is shown on the left hand of the diagram. The
NeuSAc and heptose pathways are exceptions in that the
nucleotide is added to the sugar precursor at a late stage of the
pathway. Names in parentheses (hldB, hddB) were not applied
to the genes found, but held for single pathway enzymes
should they occur in other gene clusters. The genes involved in
each reaction step of the pathways are shown above the
arrows. See abbreviation list for complete sugar names.

tuberculosis O7 gene cluster.”

Such modifications are found in most well-studied
systems so are probably very widespread. A remarkable
case is found in E. coli Flexneri, recently reviewed by
Allison and Verma'?® in which 12 distinct antigenic
forms have the same main chain but vary in the presence
of phage encoded O-acetyl and glucose side-branches.

8. Concluding remarks

O-Antigens are an important component of the outer
membrane of Gram-negative bacteria. They are highly
variable and occur in multiple forms, with substantial
variation within and between different species. The
genes involved in O-antigen biosynthesis are generally
found on the chromosome as an O-antigen gene cluster
and the structural variation of O-antigens is mirrored by
genetic variation seen in these clusters. In this review, we
have summarised the current knowledge on O-antigen
gene clusters, focusing our attention on the most
extensively studied E. coli and S. enterica clusters.

The genes in the O-antigen cluster can typically be
categorised into three groups. These include the nucleo-
tide sugar pathway genes, sugar glycosyl transferase
genes and O-antigen processing genes. Nucleotide sugar
biosynthesis genes are often found together in the cluster
for a given pathway. A significant number of nucleotide
sugar biosynthesis pathways have now been identified
and these pathways seem to be conserved in different O-
antigen clusters and across a wide range of species such
that, in general, once a particular sugar pathway has
been identified in one case, it can be identified in other
cases with a confidence level comparable to that for
other genes identified by sequence in ‘genome’ studies.

An analysis of the O-antigen processing genes reveals
that, although different wzx and wzy genes have little
sequence conservation, they are also normally identifi-
able in the O-antigen gene cluster, as is the more
conserved wzz. On the other hand, the glycosyl trans-
ferase genes are often dispersed throughout the O-
antigen gene cluster, and have only low levels of
similarity to other glycosyl transferases. This is sufficient
for them to be identified as glycosyl transferases by
homology but not to be allocated a specific function.
Indeed, the specific function of only a small proportion
of putative glycosyl transferases has been eclucidated.
Their characterisation will prove the most challenging in
the future. As additional data is collected, further trends
both within and between the different O-antigen clusters
from distinct bacterial species will be identified with the
aim of discovering the genetic and evolutionary basis for
bacteria expressing so many forms of O-antigen on their
cell surface.
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