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Preface

Bacterial surface or secreted polysaccharides are molecules that can func-
tion as barriers to protect bacterial cells against environmental stresses, as
well as act as adhesins or recognition molecules. In some cases, these
molecules are immunodominant antigens eliciting a vigorous immune re-
sponse, while in other cases, the expression of polysaccharides camouflages
the bacteria from the immune system. In a historical sense, investigations
of bacterial polysaccharides have paved the way for the advent of modern
molecular genetics: examination of the expression of Streptococcus pneumno-
niage capsules early in this century identified bacterial gene transfer and
recognized DNA as the genetic material for this transfer.

Bacterial polysaccharides can be considered tertiary gene products. The
pathways for biosynthesis of bacterial polysaccharides involve multiple
enzymatic steps for the synthesis of precursor molecules, the assembly of
these molecules, and their subsequent transport to the cell surface. These
processes may be highly regulated, including at the transcriptional level,
where specific environmental stimuli may induce signal transduction
events leading to the selective expression of genes for the synthesis of
polysaccharides. Until recently, most studies on the enzymatic steps and
regulation of these molecules were performed on the enteric Gram-negative
bacteria, Escherichia coli and Salmonella typhimurium.

With the advent of modern bacterial genetics, techniques such as con-
struction and characterization of polysaccharide mutants, cloning of genes
and complementation of these mutations, and expression of polysaccha-
rides in heterologous bacterial hosts have prompted investigations into the
roles and functions of these molecules for many different bacteria. Nucle-
otide and inferred amino acid sequence analysis of these various polysac-
charide loci in conjunction with polysaccharide structural comparisons has
helped to define functions for polysaccharide genes and their products and
has increased the body of knowledge related to the synthesis and regulation
of these complicated structures. In addition, the biochemical analysis of
protein products encoded by genes from many different bacterial genera
involved in polysaccharide expression has advanced the characterization
of enzymes and regulatory molecules involved in the synthesis of these
complex molecules. Here, we present the genetic analysis of polysaccha-
rides from a number of bacteria pathogenic to humans and one symbiotic



with plants in hopes that similarities in the experimental approaches as
well as findings from such investigations may lead to a general under-
standing of polysaccharide synthesis and regulation in various bacteria.

Joanna B. Goldberg
Charlottesville, Virginia
January 1999
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Introduction

Bacterial polysaccharides were in at the beginning of bacterial genetics. A
1928 paper by Griffith! on capsules of the Pneumococcus (now Streptococcus
pneumoniae) is often seen as the first paper on bacterial genetics, though
there was prior literature on bacterial variation and it was only later that
the paper was seen as being on bacterial genetics. It describes transforma-
tion, later shown to be due to DNA: it was the first in a chain of events
that led to the study of genetics at the molecular level. The capsules of
S. pneumoniae occur in a variety of forms detected first by their antigenic
specificity, but now also by their underlying chemical differences. The first
transformation experiments showed that the ability to make capsules could
be restored by transformation and also that the newly smooth (encapsu-
lated) organism could have capsule specificity of the donor. Work on cap-
sule genetics was pursued strongly in the 1950s and 1960s. With the nature
of transformation now understood as transfer of genes, it became clear that
observations made in the 1928 paper and confirmed in other situations,
that transformation could confer the ability to make a capsule of the donor
strain type, meant that the genes for capsule synthesis must be clustered.
This has turned out to be a very general phenomenon.

This book includes discussion of the genetics of those same
S. pneumoniae capsules, but for the genetics of the day S. pneumoniae was
not the easiest organism to work with. Escherichia coli, Salmonella enterica,
and Bacillus subtilis became the major foci for bacterial genetics, and
S. enterica in particular for study of the genetics of polysaccharide synthe-
sis, with the underlying form of the genetics of its lipopolysaccharide (LPS)
resolved in the 1960s. This era is well documented in a 1969 review by
Maikelda and Stocker,? which summarizes the situation at that time for
biochemistry and genetics of both S. pneumoniae capsules and S. enterica
lipopolysaccharide. The pattern of separate gene clusters for O antigen and
lipid A/core of LPS had been established by that time, together with the
recognition that such clusters include genes for nucleotide sugar synthesis
pathways and sugar transferases. Crosses between strains showed that the
genes for the O antigens were located at the same locus in strains of
different serogroups. These characteristics have been found to be quite
general with several species shown to have a locus for O antigen genes,
with variation in the chemical nature of the O antigen reflected in variation



in the genes of the cluster. In the case of LPS, there is a separate locus for
genes of the lipid A/core, and by 1969 there were 8 lipid A/core genes
recognized in one cluster and 10 genes concerned with synthesis of the O
antigen in another gene cluster. The contrast with the level of understand-
ing at that time of the genetics of S. pneumoniae capsules is striking because
for these capsules there is no list of individual genes, although the gene
for UDP-glucose dehydrogenase is defined. This difference did not reflect
the number or ability of the people working on the two species so much
as the genetic tools available for this area of work.

The discrepancy continues to the present day, but the gap is narrowing.
The genes for O antigens and lipid A/core for E. coli K-12 and S. enterica
LT2 are now in general known, although in some cases in one species only.
There are still significant gaps in the case of lipid A. There has also been
extensive work on the genetics of variation in O antigens in the two species.
The complete sequences are known for 9 O antigen gene clusters of
S. enterica and 7 of the closely related E. coli (if one includes Shigella strains
as one should). In several cases the function of all genes is also known,
whereas for most other species at most 2 or 3 sequences are known and
rarely is there much information on gene function, although there are some
striking exceptions of very detailed studies. The work on E. coli, S. enterica,
and close relatives is reviewed quite frequently (for example, see Refer-
ences 3 and 4), often under a more general heading but with the two related
species getting most of the coverage.

However the development of cloning, sequencing, and PCR means that
one no longer needs a well-developed genetic manipulation system for a
species in order to do genetics of specific gene clusters and, in this more
democratic world, there is a resurgence of interest in polysaccharides of
many species, including the capsules of S. pneumoniae. The editor of this
book has chosen to focus on the excellent work on these other species. It
is timely to do this because there is now a large body of knowledge that
begins to address the enormous diversity of bacterial polysaccharides. This
book celebrates the growing interest in a wide variety of bacterial polysac-
charides.

The emphasis on genetics is justified because this is the area of most
obvious advance, with complete sequences for many gene clusters. We
must not forget, however, the need for reliable structures, because it is the
combination of good sequence and good structural data that enables us to
study the genetics of biosynthesis and assembly of the polysaccharides.

The enormous diversity of bacterial polysaccharides is impressive.
There are 90 known capsule structures for S. pneumoniae® and 80 for E. coli,*
with three separate loci involved in E. coli. There are approximately 187
and 50 O antigens found in E. coli and S. enterica, respectively. (The 187 in
E. coli includes the Shigella O antigens, as Shigella and E. coli are clearly
one species.) Of these, only three are common to both species. Many other
species have a large repertoire of O antigens and capsules. These numbers
make the ABO blood group polymorphism look puny, and even more so



if one remembers that blood groups A and B differ chemically at only one
sugar residue of an oligosaccharide, the residue being either N-acetylga-
lactosamine or galactose for blood groups A and B, respectively. This major
polymorphism is due to relatively minor differences in the allelic sugar
transferase genes, which differ at only a few bases that affect only four
amino acid residues.” The bacterial polymorphisms commonly involve
presence or absence of several genes.

There is not only variation in the structures but also in the mechanisms
for assembly and processing of the polysaccharides. The lipid A/core
component of LPS is synthesized by sequential addition of sugars and fatty
acids, and this also applies to the complete structures of some of the rather
larger lipooligosaccharides. However, most O antigens are synthesized as
a small repeat unit on the inner surface of the cytoplasmic membrane,
flipped to the periplasmic face, and then polymerized — but then some,
like the O9 antigen of E. coli and some of those of Klebsiella pneumoniae, are
synthesized by sequential addition of individual sugars to make a complete
polysaccharide, which is then exported by a quite different mechanism.
(Neither is well understood, but the genes involved encode quite different
proteins.)

I now refer to problems that arise for nomenclature with such a rich
diversity of structures and genes. Nomenclature of the structures them-
selves is not too bad. Chemistry has very well-defined nomenclature for
the description of individual structures, and the trivial names of different
forms have generally followed fairly consistent rules, which nonetheless
differ a little from case to case.

The major problem has arisen in naming genes. The Demerec system
of genetic nomenclature® is widely used and provides for four-letter gene
names. The system was set up to handle nomenclature when genetic anal-
ysis was focused on mutations: the first 3 letters together with an allele
number are sufficient to define a mutation. The fourth letter is capitalized
and differentiates genes of a given pathway or other group.

For instance, his-1 defines a mutation in the his group of genes for
histidine biosynthesis. The mutation can be named hisAl or hisB1, if one
knows which his gene is involved in the mutation. There have been a few
cases where the number of genes in a pathway exceeded 26, and special
steps were taken (e.g., use of fla* and flb* etc.) for flagella genes of E. coli
and S. enterica. The Demerec system continues to work well in most cases,
but because of their extreme diversity it gives major problems when
applied to genes for bacterial polysaccharides.

If we look just at O antigen genes, the first gene cluster described was
that for S. enterica strain LT2, which we now know has 16 genes. They were
named 1fbA, 1fbB, etc. The number of genes in O antigen gene clusters
varies from about 6 to 19, but because each O antigen form has its own set
of genes, the total number for species like S. enterica will be many times
26, and the grand total for all species will be very large indeed. This is
important because, although genetic nomenclature has grown up indepen-



dently for each species, there is now a strong incentive to use common
nomenclatures as we try to compare genomes for many species.

This problem was discussed recently and a proposal put forward to
adopt a new nomenclature which allows a very large number of gene
names. The proposal, described in detail in the original paper by Reeves
etal’ and on a web site (http://www.angis.su.oz.au/BacPolGenes/wel-
come/ html) has been adopted by several groups in addition to the original
authors. I will illustrate the bacterial polysaccharide gene nomenclature
(BPGN) scheme by reference to the O antigen gene cluster of E. coli Dys-
enteria (nee Bacterium dysenteriae and commonly known as Shigella dysen-
teriae), chosen because it is short, sequenced, and all its genes have a known
function based either on direct experiment or homology.1°

rmlA, rmIB, rmIC, and rmID are the four genes of the TDP-L-thamnose
pathway and represent the first class of polysaccharide synthesis genes.
Under the BPGN scheme each nucleotide sugar pathway has its own name,
as for other biosynthetic pathways, and the name gets used wherever that
pathway occurs. The four rml genes were previously known as rfbA,B,C,D,
but these names were also used in other gene clusters, not only for TDP-
rhamnose pathway genes but also for genes of quite unrelated function.

The second class of genes are those for transferases. wbbR and wbbQ
are the two rhamnose transferase genes of Dysenteriae. Transferase genes
are specific for the linkage and tend to be specific to the cluster so there
are going to be many different rhamnose transferase genes. All such genes
in a cluster get a w*** name, and those in a given cluster in general get the
same first three letters, wbb in this case. There are 26> w*** names, so they
should last a while.

Note that in some less well-documented gene clusters, presumptive
sugar pathway genes have been given w*** names as a temporary measure
until function is established. This is likely to be a short-term problem
because in general one can identify pathway genes by homology once one
example of that gene has been characterized. The time is not far off when
almost all pathway genes in a newly sequenced cluster will be identifiable
from the sequence. However, the same is not true for the transferases,
which can be extremely difficult to identify with certainty without exper-
imental evidence for each.

The third class of genes are those for export and processing, which
often occur in many clusters with different specificity. The Dysenteriae
cluster has wzx and wzy, best known for their occurrence in gene clusters
for O antigens which have the LT2 type O antigen export and assembly
system. They are named wzx and wzy in all cases, although they will often
have different specificities, particularly in the case of wzy. There are similar
suggestions for genes of other export and processing genes which have
been given wz* names as a subset of the w*** names.

There is not the space to give much detail on nomenclature, but there
are examples in the presentations in this book and a database of bacterial
polysaccharide genes is available at the BPGD web site given above. We



worked longer than I like to remember to develop such a simple system,
and those involved hope it serves you well.

It is a pleasure to launch this book on developments in bacterial
polysaccharide genetics.

Peter R. Reeves
University of Sydney
Sydney, Australia
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2 Genetics of bacterial polysaccharides

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that is ubiquitous in
the environment and is capable of infecting patients whose health is com-
promised; in most cases these infections begin with some breakdown of
normal host defenses. The fourth most common nosocomial pathogen,
P. aeruginosa is the most frequent cause of pneumonia in hospitalized
patients. As people with human immunodeficiency virus (HIV) disease are
living longer, bacterial pneumonia is becoming more common, and
P. aeruginosa is being isolated with increasing frequency. In addition, this
bacterial species is a common cause of urinary tract infections and a fre-
quent isolate in surgical infections. Patients with burns are particularly
susceptible to P. aeruginosa infections. Septicemia caused by P. aeruginosa is
difficult to treat because of the inherent resistance of this bacterium to
many antibiotic regimens. P. aeruginosa is the most common cause of bac-
terial corneal ulcers or keratitis, infections that usually begin after injury
to the eye. P. aeruginosa is also responsible for most of the mortality in
patients with cystic fibrosis (CF) who die as a consequence of chronic lung
infections with this bacterium.!

P. aeruginosa polysaccharides

P. aeruginosa produces at least two polysaccharides, lipopolysaccharide (LPS)
and alginate.? The general structure of P. aeruginosa LPS is similar to that of
other Gram-negative bacteria: an O-polysaccharide side chain, an LPS core,
and lipid A. Common antigen is a polymer composed of rhamnose that is
also attached to the LPS core. Alginate is a high-molecular-weight, capsule-
like exopolysaccharide. The structures of these polysaccharides are shown
in Figure 1.1.

P. aeruginosa strains isolated from various clinical sources differ with
respect to the polysaccharides they produce. Isolates from acute infections
and those from the environment express a smooth LPS with many long O
side chains that protects the organism from complement-mediated killing.
These strains typically have a nonmucoid phenotype due to low-level pro-
duction of alginate.

Strains that initially infect the lungs of CF patients have the same phe-
notype with respect to polysaccharide expression as strains in the environ-
ment and from acute infections. However, as the clinical course in the CF
patient progresses, chronic P. aeruginosa isolates colonizing the respiratory
tract express a rough LPS with few or no long O-polysaccharide side chains.
This characteristic renders the bacteria nontypable (unable to agglutinate
with O-antigen typing serum) or polyagglutinable (reacting with more than
one serum) and sensitive to killing by normal human serum.?> In addition,
these strains are often mucoid, producing large amounts of alginate,® which
surrounds the bacterium as a loosely associated capsule.
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Figure 1.1 P. aeruginosa polysaccharides. (A) Lipopolysaccharide (LPS) includes O
polysaccharide (also called O antigen, O side chain, or B band), composed of trisac-
charide or tetrasaccharide repeating units, is attached to the LPS core, which has an
inner core region, composed of ketodeoxyoctonate (KDO) and heptose, and an outer
core region composed of hexoses. The LPS core is attached to lipid A inserted into
the outer membrane. The hexagons represent monosaccharides; the * represent phos-
phates; and “n” indicates an O-antigen repeating unit. There are 20 different sero-
groups of P. aeruginosa that differ in their monosaccharide components and linkages.
(B) Common antigen (also called A band) is a regular homopolymer p-rhamnose that
is also attached to the LPS core. (C) The exopolysaccharide alginate is a long, linear,
nonrepeating polymer composed of b-mannuronic acid and r-guluronic acid.

Alginate

Alginate (also known as mucoid exopolysaccharide or MEP) is a high-molec-
ular-weight, linear, O-acetylated polymer composed of b-mannuronic acid
and its C5-epimer, L-guluronic acid (Figure 1.1). The block structure and
degree of acetylation give alginate its physicochemical properties of flexibil-
ity and water-binding capacity. Overexpression of this polysaccharide gives
P. aeruginosa a mucoid appearance when grown on solid medium in the
laboratory. In liquid growth conditions, alginate is not attached to the bac-
terium but is released into the extracellular medium, where it can accumulate
to levels as high as 2 g/L. Overproduction of alginate can also be detected
in expectorated sputum from CF patients with P. aeruginosa lung infections.”
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Genes encoding alginate biosynthetic enzymes

The biosynthesis of alginate (Figure 1.2) begins with fructose 6-phosphate
from central metabolism, which is further converted into GDP-mannose and
then into GDP-mannuronic acid. This last step, directed by the enzyme GDP-
mannose dehydrogenase, is considered the first committed step in alginate
production. This nucleotide sugar is a precursor in alginate polymerization,
epimerization, and transport.

The genes encoding the enzymes for alginate biosynthesis have been
identified and cloned; the products of many of these genes have been
expressed and their enzymatic activities demonstrated®® (Figure 1.2). Most
of the alginate biosynthetic genes map to 34 min on the P. aeruginosa chro-
mosome and form an operon. The exception is the algC gene, which maps
at 10 min (Figure 1.3).

Alginate genes encoding requlatory functions

The pathway for the biosynthesis of alginate is highly regulated; a large
number of genes form a complex regulatory network. Some of these genes
have been detected by their ability either to repress alginate production in
mucoid strains or to promote alginate production in nonmucoid strains.!%
These genes map in the 67- to 69-min region of the chromosome (Figure 1.3);
nucleotide sequence analysis has revealed their function. algT (algU) encodes
a functional homolog of the extreme heat-shock sigma factor of Escherichia
coli. Downstream of algT is mucA (encoding an anti-sigma factor), mucB
(encoding a negative regulator), mucC (encoding a putative regulator), and
mucD (encoding a serine protease homolog). A distinct mucD homolog, algWV,
has also been detected in this region of the chromosome. Each of these genes
has a putative role in regulating AlgT.!2

Another locus contains additional regulatory genes at 9 to 10 min
(Figure 1.3): algR (algR1) encodes a response regulatory protein, algQ (algR2)
encodes a regulator of NDP-kinase, and algP (algR3) encodes a histone-like
product.!? A sensor-like gene, fimS, has recently been identified upstream of
algR.3 Yu et al. also identified this gene and found that it has a negative
impact on alginate production.*

Like AlgT, AlgR is thought to control algD synthesis directly. Additional
regulatory gene products that affect algD expression are AlgB, which is a
response regulator, and KinB, which is the AlgB-kinase; both map to the
13-min region of the P. aeruginosa chromosome (Figure 1.4). Unlike many
other two-component regulatory systems, the transcriptional activation of
alginate genes by AlgB and AlgR is not mediated by conventional phos-
phorylation.’> Another product involved in alginate production, AlgZ, is
an AlgT-dependent DNA-binding protein; the algZ gene has not yet been
identified.1®
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Figure 1.2 Biosynthesis of P. aeruginosa alginate. The pathway for alginate biosyn-
thesis and the genes encoding the enzymes for each step are shown.
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Figure 1.3 Physical map of P.aeruginosa strain PAO1 showing genes involved in the
production of polysaccharides. Physical map of the P. aeruginosa chromosome is derived
from a combination of genetic linkage and pulsed-field gel electrophoresis data.”
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Additional genes and gene products that are not specific to alginate
production but that influence its expression have also been identified: CRP,Y”
IHE® glpM," ndk,* algH,* fumC,?? and sodA.?? Finding that these genes and
products play a role in the regulation of alginate synthesis suggests that
production of this polysaccharide is integral to the physiology of
P. aeruginosa.

Role of alginate

A number of potential functions have been proposed for the overproduction
of alginate by strains of P. aeruginosa in the CF lung, including adherence,
resistance to antibiotics, scavenging of nutrients, and protection from dehy-
dration. In addition, the capsule-like coat can inhibit phagocytosis and pos-
sibly suppress an effective immune response to P. aeruginosa. The relevant
biological conditions of the CF lung that induce the mucoid phenotype are
still unknown; however, the involvement of a stress-related alternate sigma
factor (AlgT) in control of alginate production suggests that the environment
in the CF lung may be harsh for P. aeruginosa and may select for this phenotype.

O antigen

The O-antigen polysaccharide (also known as the B-band) portion of LPS is
the immunodominant antigen on P. aeruginosa and is responsible for sero-
group specificity. The O-antigen repeating units differ among P. aeruginosa
serogroups in their monosaccharide composition and structural organiza-
tion. O side chains are usually composed of neutral and amino sugars in
trisaccharide or tetrasaccharide repeating units. Currently, 20 serogroups of
P. aeruginosa are recognized on the basis of variation in O-antigen structure.
O-antigen serogroups can be grouped into families on the basis of serological
cross-reactivity and further subdivided into subtypes that contain subtle
structural variations.? It is interesting that only 10 of the 20 identified O-anti-
gen serogroups account for the majority of P. aeruginosa strains isolated from
infections.?* The O repeating units extend into the environment and confer
upon LPS-smooth strains the ability to resist the bactericidal effects of normal
human serum in vitro at concentrations of >10%.

Genes for O-antigen synthesis

Much of our understanding of the genetics of LPS O-antigen biosynthesis
derives from studies of the enteric bacteria E. coli and Salmonella typhimu-
rium.?>% Studies on the O-antigen portion of LPS in these enteric organisms
have defined a genetic region responsible for its synthesis. In E. coli and S.
typhimurium, the genes of the O antigen locus encode enzymes for the syn-
thesis of nucleotide sugar precursors, for the transfer of sugars to build the
O units, and to carry out the specific assembly steps to convert a single O
antigen unit onto the LPS. These loci are usually long, contiguous regions
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of DNA; typically, 20 to 30 kb of DNA are required to encode the O-antigen
biosynthesis genes. The functions of the O antigen genes from strains of
various serogroups have been deduced on the basis of similarities in nucle-
otide sequence, in the inferred amino acid sequence, in the organization of
genes, and in the structures of the O antigens encoded by these genes.?

To isolate the genes required for P. aeruginosa LPS production, the LPS-
rough phenotype of isolates from lung infections in CF patients was
exploited.?” These LPS-rough strains, which arise from LPS-smooth isolates
found in the environment,® are sensitive to normal human serum.* The
serum-sensitive phenotype of three CF isolates of P. aeruginosa was comple-
mented with DNA from a cosmid gene bank from the LPS smooth serogroup
O11 P. aeruginosa strain PA103, on a plasmid called pLPS2.% Serogroup O11
has a relatively simple O-antigen structure consisting of the sugars N-acetyl-
L-fucosamine, N-acetyl-D-fucosamine, and D-glucose.®! It is the serogroup
most commonly found among strains isolated from the environment and
from clinical infections.®

The recombinant plasmid pLPS2 led to the expression of a second sero-
group antigen in two of the three CF isolates tested. This expression repre-
sents the restoration of the recipient strain’s capacity to synthesize its original
O side chain, an ability that presumably is repressed or undergoes mutation
during infection of CF patients.?? Subcloning has revealed that different
regions of pLPS2 overcome the mutations in these various CF isolates.®
Sequence analysis of these genes suggests that they encode enzymes
involved in the biosynthesis of LPS sugars rather than regulatory proteins.
pLPS2 contains all the genes necessary for synthesis of the serogroup O11
antigen, as evidenced by its ability to elicit expression of this antigen by E.
coli and Salmonella.?>3*

Nucleotide sequence analysis of pLPS2 has revealed 11 open reading
frames (ORFs) with similarities to genes involved in polysaccharide synthe-
sis (Figure 1.4). Use of pLPS2 DNA as a probe to Southern blots of pulsed-
field gels revealed that the O antigen region maps at 39 to 40 min on the
physical linkage map of the P. aeruginosa chromosome (Figure 1.3).3%

Lightfoot and Lam isolated and mapped a similar O antigen gene locus
from the common laboratory strain PAO1 (serogroup O5).% Plasmid pFV100,
obtained by complementation of an LPS-defective transposon-insertion
mutant of PAO1, induced expression of P. aeruginosa serogroup O5 LPS upon
transformation into E. coli strain HB101.3¢ This plasmid also complemented
the core-plus-one O-repeat unit phenotype in the PAO1-derived semirough
mutant AK1401, indicating that the wzy gene, previously called rfc (see the
Introduction of this book and Reference 37), encoding O-antigen polymerase
was also contained on pFV100.%

We also identified wzy from strain PAO1 by complementing the serum-
sensitive phenotype of AK1401.% The wzy gene sequence has an aberrantly
low G+C content (44.6%), which is particularly apparent against the high-
G+C background of P. aeruginosa DNA (65.2 to 67.2%).4041 The discordantly
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high A+T content of O antigen genes, and in particular of the wzy gene, has
been cited as evidence of external acquisition for these genes.?® While the
P. aeruginosa PAO1 wzy gene has similarities to other presumed wzy genes,
including rare codon usage and a highly hydrophobic inferred amino acid
sequence, the O antigen polymerase function can only be determined by mak-
ing specific nonpolar insertions and observing the diagnostic “core-plus-one”
phenotype. O-antigen-polymerase genes from differing organisms cannot com-
plement one another, and no wzy genes isolated from serogroups belonging to
different families show any obvious similarity to each other.***3 Thus, it is not
surprising that the wzy gene from P. aeruginosa serogroup O11 has no homology
to the wzy gene of serogroup 05.34

Dasgupta and Lam identified a second LPS gene, rfbA, now referred to
as wbpL, on pFV100.%¢ Recently, Rocchetta et al. noted that this gene can partially
complement the wecA (previously called rfe) mutation in E. coli.** WecA cata-
lyzes the transfer of N-acetylglucosamine to a lipid carrier undecaprenol phos-
phate. A comparable gene was found in the O antigen gene cluster of
P. aeruginosa serogroup O11.34

Burrows et al.5 reported the complete nucleotide sequence of pFV100,
recognized 16 ORFs (Figure 1.4) thought to be involved in O5-antigen bio-
synthesis, and have proposed a tentative pathway for the synthesis of this
polysaccharide.#+4 A comparison of the ORFs encoding O antigen genes
from P. aeruginosa serogroups O11 and O5 is shown in Figure 1.4.

Role of the O antigen

The long O side chains on P. aeruginosa LPS help the organism avoid com-
plement-dependent host defense mechanisms. The P. aeruginosa LPS O side
chains are also the immunodominant epitopes, and antibodies to these vari-
ant structures are protective.## In contrast to that of many other Gram-
negative organisms, the LPS core of P. aeruginosa is relatively exposed in LPS-
smooth strains: less than 20% of the LPS-core oligosaccharides contain
attached O antigenic side chains.**° Thus, much of the LPS of P. aeruginosa
may be considered similar to the lipooligosaccharide (LOS) of oral-pharyn-
geal pathogens such as Neisseria spp., Haemophilus influenzae, and Bordetella
pertussis, which completely lack O antigen;! this LOS-like structure may give
P. aeruginosa a selective advantage.

LPS core

The LPS core of P. aeruginosa has a structure similar to that found in other
Gram-negative bacterial LPSs. It is composed of ketodeoxyoctonate (KDO),
heptose, hexosamine, and hexoses. The structure of the LPS core has been
determined for four strains of P. aeruginosa from different serogroups, and
all these structures are distinct.»
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de Kievit and Lam isolated monoclonal antibodies specific for the outer-
core region of 9 of 20 strains (each representing a different serogroup) as
well as monoclonal antibodies that reacted with the inner-core region of each
of the 20 strains.® The reactivity of these monoclonal antibodies suggests
that more structural diversity exists in the outer-core region of P. aeruginosa
LPS than in the inner-core region. Other immunological studies indicate that
the heterogeneity of the LPS core region co-varies with the O side chain-
defined serogroup structures.’*> However, it is not known whether all
strains of a particular serogroup have the same LPS core structure or whether
additional variability exists.

LPS core genes

A cluster of genes distinct from those encoding the O antigen, known as the
waa locus (previously known as the rfa locus; see the Introduction of this
book and Reference 37), is responsible for LPS core synthesis. In order to
characterize the waa genes of P. aeruginosa, a strategy was used based on the
structural similarity of the P. aeruginosa? LPS core to that of S. typhimurium.>
S. typhimurium waaC mutant SA1377 is defective in heptosyltransferase I,
which is required for the transfer of the first heptose onto the KDO in the
LPS core; as a consequence, SA1377 is sensitive to hydrophobic antibiotics
such as novobiocin. Novobiocin-resistant transformants were selected after
transfer of a gene bank of P. aeruginosa DNA from the serogroup O6 strain
PAK. Sequence analysis of the insert DNA showed that the recombinant
plasmid contained not only the waaC gene but also the waaF gene (encoding
heptosyltransferase II, for the addition of the second linked heptose onto the
LPS backbone of the inner core) upstream of waaC. Downstream of waaC
were waaG (required for the transfer of the first hexose residue onto the
heptose in the LPS core) and waaP (which modifies the LPS core, perhaps
by the addition of phosphates). The four waa genes were homologous (>50
to 53% identical) to the corresponding genes from E. coli and S. typhimurium,
which indicated that, as in E. coli and S. typhimurium, the P. aeruginosa waa
genes were clustered on the chromosome. Downstream of waaP was another
gene with homology to waaP. The translational start site for each gene over-
lapped with the stop site of the upstream gene, an indication that these genes
are likely part of a single operon. As with other P. aeruginosa genes, the G+C
content of the cloned DNA was approximately 68%. Southern blot hybrid-
ization using DNA from this region as a probe revealed that strains of various
serogroups contain homologous DNA on similar-sized restriction fragments,
an observation suggesting conservation of this region across serogroups.>?
de Kievit and Lam identified the P. aeruginosa waaF and waaC genes from the
serogroup O5 strain PAO1 using a similar approach and mapped these genes
to 0.9 to 6.6 min on the P. aeruginosa chromosome® (Figure 1.3).
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Role for the LPS core

P. aeruginosa reportedly is ingested by corneal cells during experimental eye
infection.’* This ingestion is mediated by the outer-core portion of the
LPS. Bacterial entry into corneal cells may contribute to eye pathology and
may partially explain why this infection is often difficult to treat and why
antibiotic therapy is not always effective.

In contrast to the wounded eye, where the epithelial cells ingesting
P. aeruginosa are buried within the cornea, a mucosal surface may clear bac-
teria by shedding epithelial cells that have ingested bacteria. This hypothesis
comes from studies with derivatives of a transformed airway epithelial cell
line originating from a CF patient who was homozygous for the most com-
mon mutation in the CF transmembrane conductance regulator (CFTR) gene,
AF508. These cells were deficient in uptake of P. aeruginosa compared with
the same cell line expressing wild-type CFTR following transfection;
P. aeruginosa was the only respiratory bacterial pathogen ingested by airway
epithelial cells with wild-type CFTR. Thus, the deficiency in P. aeruginosa
uptake by the epithelial cells in the airways of CF patients may underlie the
hypersusceptibility of these individuals to P.aeruginosa infection. In these
studies, the P. aeruginosa LPS core was found to be the bacterial ligand for
this ingestion.®® Subsequent experiments have identified CFIR as the epi-
thelial cell receptor for P. aeruginosa.®?

Common antigen

P. aeruginosa LPS contains an additional polysaccharide antigen (also known
as A band) common to many serogroups. This antigen is a polymer com-
posed principally of b-rhamnose. There is some disagreement as to whether
the common antigen is attached to the same LPS core as the O antigen or to
a distinct core and lipid A component.®® The differential migration of b-rham-
nan-containing LPS and O antigen-containing LPS upon gel filtration chro-
matography has suggested to Rivera etal. the presence of two distinct
LPSs.%+% However, using delipidated O side chains that would not aggre-
gate, and monoclonal and polyclonal antibodies specific for either the O
antigens or b-rhamnan antigen, Hatano et al. showed that these two struc-
tures could coprecipitate. This finding indicates that P. aeruginosa synthesizes
only a single lipid A/core substituted by O antigens and/or the b-rhamnan
polymer.5

Common antigen genes

Lightfoot and Lam identified a clone containing common antigen genes on
the basis of its ability to complement a common antigen-deficient mutant of
PAOL1. They mapped this region to 11 to 13 min on the P. aeruginosa chromo-
some in a locus distinct from the O antigen gene cluster®” (Figure 1.3). They
identified a gene gmd (previously referred to as gca), whose product converts
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GDP-mannose to GDP-rhamnose.* Southern blot analysis and polymerase
chain reaction (PCR) amplification revealed that gmd is conserved across all
serogroups of P. aeruginosa and within some other Pseudomonas species.®®
Further analysis revealed a total of 8 genes involved in common antigen
synthesis: two genes (wzm and wzt) with inferred amino acid sequences
similar to an ATP-binding cassette transport system and three other genes
(wbpX, wbpY, and wbpZ) with inferred amino acid similarity to rhamnosyl-
transferases.*® It is interesting that these authors showed that one of the
genes in the O antigen cluster, wbpL, is required for the initiation of common
antigen synthesis as well as O antigen synthesis.* Thus, this gene may link
both of these antigens to the LPS core.

Role of the common antigen

The function of the common antigen in P. aeruginosa is unknown; however,
it may contribute to the surface hydrophobicity of this bacterium.”® Unlike
the O antigen, the expression of the common antigen does not promote
resistance to normal human serum,” and its expression remains unchanged
in serial isolates from the lungs of CF patients’ as well as under various
growth conditions.”?”* This invariable expression during all stages of infec-
tion may suggest that antibodies to this antigen would be protective against
infection; however, either long O-side-chain antigens (found on acute and
environmental isolates) or alginate (found on chronic isolates from the CF
lung) can block the efficacy of such antibodies.”

Lipid A

The lipid A (endotoxin) portion of P.aeruginosa LPS differs from lipid A
from E. coli and S. typhimurium in that the lipid substituents acylating the
glucosamine disaccharide backbone from P. aeruginosa are shorter, and the
phosphate groups are attached in a different manner.”® These differences in
structure result in P. aeruginosa lipid A being significantly less toxic than
that of E. coli or S. typhimurium. In general, the interaction of lipid A with
macrophages results in cellular activation and the release of cytokines,
chemokines, and inflammatory mediators such as tumor necrosis factor o
and interleukin-1f3. In most cases, activation leads to an innate immune
response to eliminate the Gram-negative bacteria. However, dysregulation
of this response can result in Gram-negative septic shock.

Genes for lipid A synthesis

The P. aeruginosa gene IpxA encoding UDP-N-acetylglucosamine-3-O-acyl-
transferase has been cloned and expressed.”” This enzyme catalyzes the first
step in lipid A biosynthesis. The gene IpxC encoding UDP-3-O-acyl-glu-
cosamine deacetylase has also been cloned, expressed,” and mapped to the
P. aeruginosa chromosome to about 70 to 74 min” (Figure 1.3). This enzyme
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is the second in the pathway and catalyzes the first irreversible reaction, the
likely site of regulation, in the synthesis of lipid A.8

Role of the lipid A

Lipid A is apparently critical for the integrity of the bacterial cell surface: in
E. coli only conditional mutants defective in lipid A synthesis genes have
been isolated. The essential role of lipid A for Gram-negative bacteria makes
the enzymes required for the synthesis of lipid A attractive targets for the
development of antimicrobial agents.®* Some of these inhibitors are active
against P. aeruginosa enzymes, but have no effect against P. aeruginosa cells,
which suggests that these particular inhibitors cannot penetrate into or are
extruded from these bacteria.®! It is likely that additional lipid A synthesis
inhibitors that do not have these problems will be developed.

Link between alginate and LPS synthesis

Studies of the algC gene have linked the synthesis of the polysaccharide
alginate and that of LPS. This gene restored complete LPS synthesis to an
LPS mutant of strain PAO1, which is O side chain- and common antigen-
deficient because of a lack of glucose residues on the LPS core.82# The algC
gene, previously identified in the pathway for alginate biosynthesis, encodes
phosphomannomutase, which interconverts mannose 6-phosphate and man-
nose 1-phosphate.® The algC gene product also has phosphoglucomutase
activity that interconverts glucose 6-phosphate and glucose 1-phosphate; this
activity was confirmed by successful complementation of an E. coli pgm
mutation with the P. aeruginosa algC gene.®® Further studies have shown that
phosphoglucomutase activity is required for the synthesis of a complete LPS
and phosphomannomutase activity for the biosynthesis of alginate. Ye et al.?
have confirmed the bifunctional nature of the purified P. aeruginosa algC gene
product and its involvement in the synthesis of both alginate and LPS.

Role for the LPS-rough, mucoid phenotype associated with CF isolates

Strains of P. aeruginosa isolated from patients with CF typically have an LPS-
rough phenotype that is rarely observed in isolates from other sources. When
tested in animal models of acute infection, the LPS-rough isolates from the
lungs of CF patients are less virulent than LPS-smooth strains.® This finding
suggests that in the environment of the CF lung, long LPS O side chains —
and thus serum resistance — are not crucial for the virulence of these bacteria.

The various rationales proposed for the appearance of P.aeruginosa
strains with an LPS-rough phenotype in the CF lung environment have
included resistance to host defense and environmental regulation. Results
with CFTR airway epithelial cells indicate that the emergence of strains
expressing an incomplete LPS during chronic infection of CF patients may
enhance the ability of these bacteria to avoid epithelial cell uptake and
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therefore may contribute to bacterial survival in the mucous secretions in
the bronchial lumen.®! Production of alginate by P. aeruginosa and entangle-
ment of bacteria in the mucus of CF patients further protect these bacteria
from other host defenses, such as phagocytosis by polymorphonuclear leu-
kocytes and by alveolar macrophages. Thus, the loss of the LPS O side chain
(resulting in a rough LPS) and the overproduction of alginate (resulting in
mucoidy) may be adaptive changes necessary for the establishment of
chronic infection in the lung and may provide P. aeruginosa with a means of
escaping host immune responses.

Conclusions

P. aeruginosa polysaccharides play an important role in the pathogenesis of
this organism. Many genes involved in the biosynthesis and regulation of
alginate have been identified; some of them have additional functions in
central metabolism. Genetic studies of the production of LPS have thus far
revealed only biosynthetic genes, which suggests that the production of LPS
is constitutive and less responsive to environmental or genetic regulation.
The P. aeruginosa algC gene represents an overlap in the synthesis of these
polysaccharides. Further identification of genes involved in polysaccharide
production should emerge with the completion of the genomic sequence of
P. aeruginosa strain PAOL.
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Foreword

The studies carried out on molecular genetics of Yersinia lipopolysaccharide
(LPS) serve two major goals: (1) to understand the biology, biochemistry, and
genetics of this bacterial surface macromolecule and (2) to provide a basis for
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future vaccine development, preventive treatments, and virulence experiments.
Most information on molecular genetics has been achieved with
Y. enterocolitica serotype O:3 LPS. Detailed analysis of the gene clusters
directing the biosynthesis of the outer core oligosaccharide and of the
O-antigen of that organism is available. The O-antigen gene clusters of
Y. enterocolitica serotype O:8 and Y. pseudotuberculosis serotypes O:2a and
O:5a have been cloned and partially characterized. The biosynthesis of LPS
in these Yersinia species includes examples of the two major variations rec-
ognized in the biosynthesis of this macromolecule: (1) the homopolymeric,
or O-antigen polymerase independent biosynthesis and (2) the heteropoly-
meric, or O-antigen polymerase dependent biosynthesis.

The chemical structure of O-antigens of a number of Yersinia strains are
known, but the lipid A or core structures have been studied in only a couple
of cases. The structures were reviewed recently,! and here I will only discuss
those for which the genetics is worked out.

Genus Yersinia

The genus Yersinia, which is a member of family Enterobacteriaceae of the y-
purple bacteria,> now comprises 11 species, three of which contain human
pathogenic strains: Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica. Y. pestis
is the causative agent of the feared bubonic plague that spreads from infected
rodents to humans via a flea vector. Pathogenic types of Y. pseudotuberculosis
and Y. enterocolitica cause yersiniosis, which is usually a mild diarrheal dis-
ease, and the infection usually takes place by ingestion of contaminated
foodstuffs. Y. pseudotuberculosis and Y. enterocolitica and related species
(Y. aldovae, Y. bercovieri, Y. frederikseni, Y. intermedia, Y. kristenseni, Y. mollareti,
Y. rohdei) have several bio- and serovariants, whereas Y. pestis has three bio-
variants but is serologically of a single type. Five serotypes have been
described for Y. riickeri that causes the enteric red mouth disease of fish.?

Characteristic for Yersinia, expression of many factors is temperature
regulated. These factors include O-antigen, flagella, virulence factors, and
some biochemical reactions. With respect to the optimal expression temper-
ature, the factors fall into two categories: (1) those that are optimally
expressed below 28°C and (2) those that are optimally expressed at 37°C.
Expression of the O-antigen falls into the first category.

Serotypes of Y. enterocolitica and related species

In Y. enterocolitica and related species there are over 70 serotypes, which are
mainly determined by the variability of O-antigen.* Human and animal
pathogenic strains of Y. enterocolitica that carry the virulence plasmid, pYV’,
belong to certain serotypes: in Scandinavia and Europe, Canada, Japan, and
South Africa, to O:3 and O:9; and in the United States, to O:8. Less frequently

" pYV, 70-75 kb virulence plasmid of Yersinia
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encountered pathogenic serotypes are 0:4,32. O:5,27, O:13a,18, and O:21.
pYV is not present in certain serotypes, and these are usually called nonpatho-
genic or environmental serotypes. However, strains belonging to these sero-
types are often isolated from stool samples of healthy humans. The virulence
of different pathogenic serotypes varies, i.e., serotype O:8 is more virulent than
O:3 or O:9. This is most evident as mouse lethality. O:8 strains kill mice, while
the others do not unless iron is made available to bacteria by pretreatment of
mice with desferroxamine or iron.> On the other hand, O:3 strains cause fre-
quently reactive arthritis in humans, while O:8 does that extremely rarely. It is
not clear if O-antigen has any role in determining the differences in the viru-
lence between the serotypes or whether that is due to other factors.

Y. pseudotuberculosis serotypes

The current Y. pseudotuberculosis antigenic scheme lists 14 O-serogroups;® the
first five contain O-subgroups. The division into different groups is based
on different O-factors. Differences in the first seven serogroups are mainly
determined by the presence of different DDHs" in the O-antigen. Because of
DDHs many Y. pseudotuberculosis serotypes share O-antigenic structures with
Salmonella and E. coli.”8 Y. pseudotuberculosis serotypes O:1a, O:1b, O:3 O-anti-
gens contain Par’, serotypes O:2a, O:2b, O:2¢, Abe, serotypes O:4a and O:4b,
Tyv, serotype O:5a, Asc and serotypes O:6 and O:7, Col.>1? Serotype O:5b
contains 6-d-Altft.1%13 Epidemiologically there are some differences in prev-
alence of the serotypes in human isolates. In Europe, most often the isolates
belong to serotypes O:1 to O:3,' while in Japan to serotypes O:4b, O:3, O:5a,
and O:5b.1

Y. pestis

Y. pestis isolates are divided into three biovariants. Serologically, Y. pestis
strains are very homogeneous because their LPS is rough, i.e., lacking O-anti-
gen.'® The biovariants are mediaevalis, orientalis, and antiqua, based on differ-
ences in fermentation of glycerol (+, —, +) and ability to reduce nitrate to
nitrite (-, +, +), respectively.'”® Variety orientalis is endemic in India, south-
west Asia, South America, and western North America; antiqua is present in
southeast and northern Asia (China and Russia), and Africa; and mediaevalis
is limited to Turkey and Iran.!8

An overview of LPS biosynthesis

The genes directing the biosynthesis of the three structural components of
LPS are chromosomally located in most Gram-negative bacteria, and com-

* DDH, 3,6-dideoxyhexose
t Par, paratose; Abe, abequose; Tyv, tyvelose; Asc, ascarylose; Col, colitose
 6d-Altf, 6-deoxy-L-altrofuranose
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Table 2.1 The Present and Former Names of Yersinia LPS Genes

Y. pseudotuberculosis

O-antigen clusters
Y. enterocolitica O:3 Y. enterocolitica O:3 Y. enterocolitica O:8 Acc.no. L01777,
Outer core cluster ~O-antigen cluster O-antigen cluster U13685, U29692,

Acc.no Z47767 Acc.no. 218920 Acc.no. U46859 U29691
Present Old Present Old Present Old Present Old
wzx trsA wbbS rfbA  ddhA rfbF ddhD rfbl
wbcK trsB wbbT 1ftB ddhB fbG ddhA rfbF
wbcL trsC wbbU rfoC  whcA orf4.0 ddhB fbG
wbcM trsD wzm rfbD  wbcB orf4.5 ddhC rfboH
wbeN trsE wzt rfbE wbcC orf5.6 abe rfb]
wbcO trsF wbbV rfoF  wzx rfbX whbyA orf8.7
wbcP trsG wbbW rfbG  wbcD  orf7.8 wzz cld
wbcQ trsH wbbX rfoH  wbcE 0rf8.9 prt 1fbS
QulE QulE wbcF 0rf9.9 tyv rfbE

wbcG orf10.9 wzx rfbX
wbcH  orfll.8

wbcl rfbP

gmd orfl3.7

fel orfl14.8, whbc]

manC  rfbM

manB  rfbK

galE galE

wzy rfc

monly the genes for each component form clusters that map to different
parts of the chromosome. In a few cases, some LPS genes are located on
plasmids or encoded within temperate bacteriophage genomes. In Yersinia,
all the LPS genes identified thus far are located in the chromosome. A new
nomenclature for bacterial surface polysaccharide genes, including those for
LPS, was introduced recently.!” The new nomenclature will be followed here,
and the Yersinia gene names are listed in Table 2.1. Due to the chemical nature
of LPS, most of the LPS genes encode enzymes that act on sugar structures.
Based on function, the genes can be classified as shown in Table 2.2.

LPS biosynthesis starts by the activation of sugar-1-P’, such as Glc-1-P
or Fru-1-P, by reaction with NTP to form NDP*-activated sugars. Different
nucleotides are used for activation in pathways leading to different sugars,
e.g., GTP for Man and p-Rha, CTP for Abe and Par, UTP for Gal, and dTTP
for L-Rha; the reason for the choice of a specific nucleotide for a given sugar
is unclear. The activation reactions take place in the cytoplasm, catalyzed by
soluble enzymes. Different NDP-sugars are then synthesized in several enzy-
matic steps, including function of epimerases, reductases, etc. Some NDP-
sugars are present in bacteria as intermediates of general metabolism, but

* P, phosphate; Glc, p-glucose; Fru, b-fructose; Man, b-mannose; Rha, rhamnose; Gal, p-galactose
* NTP, nucleoside triphosphate; NDP, nucleoside diphosphate
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Table 2.2 Classification of LPS Gene Products

Class  Gene products Function or role in LPS biosynthesis
I Acyltransferases Lipid A biosynthesis: Transfer of acyl groups to
UDP-GIcNAc-residues
II Biosynthetic enzymes  Involved in the biosynthesis of NDP-activated
like epimerases, sugar precursors starting from sugar-
hydratases, etc. 1-phosphates
I Glycosyltransferases Transfer of sugar residues from NDP-activated

sugar precursors to nonreducing end of growing
oligosaccharide chain or to Und-P

v Kinases, O- or Decorating enzymes, adding to the
N-acetylases, oligosaccharides small prosthetic groups or
deacetylases modifying them

\% Translocases Proteins that function in the oligosaccharide

translocation apparatus

VI O-antigen polymerase  Transfers O-units into growing O-unit chains to

form O-antigen

VI O-antigen ligase Transfers full length O-antigen to lipid A core

VIII Regulatory factors O-antigen chain length determinator,

transcription regulators, etc.

more often they are synthesized specifically for LPS biosynthesis by class II
enzymes (Table 2.2).

Biosynthesis of LPS proceeds via two pathways; the lipid A-core and
the O-antigen pathways that merge into one pathway after both components
are fully completed. In these pathways, the biosynthesis flows so that the
product of one step functions as a substrate for the next. Lipid A and core
syntheses are coupled; lipid A is assembled first on the cytoplasmic face of
IM, and the core oligosaccharide is built on it by sequential transfer of sugar
residues from NDP-activated sugar precursors. NDP-sugars are linked to
the growing core by specific glycosyltransferases, the class III enzymes that
are specific both to the sugar precursor and to the acceptor structure, and
generate a specific linkage between the sugar and the acceptor. The com-
pleted lipid A core structure is translocated to the periplasmic face of IM to
wait for eventual ligation of O-antigen and translocation to OM.

O-antigen biosynthesis similarly takes place in the cytoplasmic face of
IM. Depending on the nature of O-antigen, two main synthesis modes are
recognized. I call them hetero- and homopolymeric or O-antigen polymerase
(Wzy)-dependent and -independent. In the heteropolymeric (Wzy-depen-
dent) pathway, each identical repeat unit is first assembled on a carrier lipid,
Und-P;" by dedicated glycosyltransferases that use NDP-activated sugar pre-
cursors (class III). The initiation reaction, transfer of the first sugar-1-P to Und-
P is in strains that have GIcNAc in the O-antigen structure, and in many
homopolymeric pathways (see below) accomplished by WecA (formerly

" Und-P, undecaprenol phosphate, a 55-carbon isoprenoid carrier lipid
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known as Rfe), a GIcNAc-1-P transferase, the gene of which is located in the
enterobacterial common antigen (ECA) gene cluster. In other strains, a ded-
icated transferase, such as a Gal-1-P transferase, is used for initiation. Com-
pleted O-unit is translocated by a class V protein, “flippase,” Wzx, to the
periplasmic side of IM where the O-antigen polymerase, Wzy (class VI),
polymerizes the O-units into long chains, and the length of the chains is
regulated by Wzz, the chain length determinant (class VIII). The full-length
chains are translocated from Und-P to the preformed lipid A core structure
by O-antigen ligase, WaaL (class VII).

In the homopolymer (Wzy-independent) pathway, the O-antigen poly-
mer is synthesized on Und-P and completely elongated to full length in the
cytoplasmic side of IM by sequential transfer of sugar residues to the non-
reducing end of the growing polysaccharide chain. The completed O-antigen
is translocated to the periplasmic side by an ATP-driven transporter system,
composed of Wzt and Wzm, that belongs to the ATP-binding cassette (ABC)
transporter family (class V).2! O-antigen ligase, WaalL, transfers and ligates
also the homopolymeric O-antigen onto lipid A core. Finally, the completed
LPS molecule is routed in both O-antigen synthesis modes to OM by an
unknown mechanism.

Bacteria and bacteriophages used in LPS genetic studies
of Yersinia

Bacteriophages have long been utilized as tools in bacterial genetics and
systematics. Indeed, the first suspicions that the genus Yersinia belongs to
the Enterobacteriacene was made on the basis of common sensitivities to
phages.!® Phages have also been used in epidemiological characterization
and other studies on Y. enterocolitica strains.?>?* Many phages use different
parts of the LPS as receptors, and can be used to select mutants missing
respective parts of the molecule. Much of the genetic work in my laboratory
was made possible by the use of Yersinia LPS-specific bacteriophages isolated
by us. Our bacteriophages have all been isolated from raw incoming sewage
samples obtained from the Turku city sewage treatment plant.?*%” Yersinia-
specific bacteriophages in the sewage were enriched and isolated as
described by Baker and Farmer.?? By using different host strains for enrich-
ment, phages with different specificities were obtained (Table 2.3). Thus,
0YeO3-12 was obtained after enrichment using a smooth Y. enterocolitica O:3
strain 6471/76-c, and it was shown later to use Y. enterocolitica O:3 O-antigen
as receptor.?* ¢YeO3-12 was used to select rough Y. enterocolitica O:3 mutants
YeO3-R1 and YeO3-R2;% ¢R1-37, an outer core specific phage, was in turn
obtained after enriching the sewage phages using YeO3-R1.”” Similarly,
phages ¢80-18 and ¢WA-1 were obtained after enrichment with
Y. enterocolitica O:8 strains 8081 and WA, respectively. Bacteriophages ¢80-18
and ¢WA-1 infect several different serotype O:8 strains. Purified O:8 LPS
preparation inhibits both phages, indicating that LPS is the phage receptor.
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$80-18 was used to isolate a rough O:8 strain 8081-R2 that was used in
virulence experiments.?® Both ¢680-18 and ¢YeO3-12 are able to infect E. coli
strains expressing O-antigens of cloned O-antigen gene clusters of
Y. enterocolitica serotypes O:8 and O:3, respectively.22

Y. enterocolitica serotype O:3 LPS

The lipid A structure of Y. enterocolitica O:3 has not been studied, but the
inner core structure is known.” (See also Reference 1 and the preliminary
report of the structure of the outer core hexasaccharide composed of FucNAc,
2 x GalNAc, Gal and 2 x Gle." ) (Figure 2.1) (Shashkov et al., Abstract B017,
8th European Carbohydrate Symposium, Sevilla, Spain, 1995.)* Our molec-
ular genetic studies indicate that the outer core hexasaccharide of O:3 is an
ancestral heteropolymeric O-unit. The structure of the Y. enterocolitica O:3
LPS, furthermore, is unique because the present O-antigen which is a
homopolymer of 6-deoxy-L-altrose (6d-Alt),* is not attached to the outermost
tip of the outer core but instead to the inner core.?”

Serotype O:3 outer core

Biosynthesis of outer core

The biosynthesis of the hexasaccharide outer core (or a single ancestral
O-unit) needs (1) enzymes (class II) for the biosynthesis of NDP-sugar pre-
cursors, (2) at least six glycosyltransferases (class III), and (3) a flippase (class
V). Because there is only a single oligosaccharide unit in the outer core, the
O-antigen polymerase Wzy is not needed. The conceivable biosynthetic steps
for building the hexasaccharide unit on the cytoplasmic face of IM are
depicted in Figure 2.1, which also illustrates the biosynthetic steps of an
oligosaccharide unit in general. The biosynthesis starts with the transfer of
FucNAc-1-P from UDP-FucNAc to the carrier lipid Und-P (step 1). The rest
of the hexasaccharide is then sequentially completed on Und-P-P-FucNAc
(steps 2 to 6), where the coming sugar residues are transferred to the non-
reducing end of the growing oligosaccharide. In step 7 carbon 4 of the FucNAc
residue is decorated with a phosphate group. After completion, the Und-P-P-
hexasaccharide unit is flipped to the periplasmic face of the IM, where the
hexasaccharide is transferred (ligated) onto a lipid A core structure.

The gene cluster directing the biosynthesis of the outer core was recently
characterized (Table 2.4).2” Bacteriophage ¢R1-37 (Table 2.3) was used to iso-
late phage-resistant mutants from a transposon library of O:3, with the
original idea to isolate O-antigen temperature-regulation mutants.?” Some of
the obtained mutants, e.g., YeO3-RfbR12 (Table 2.3), turned out to have the
phage 0R1-37 receptor eliminated and to be defective in the outer core
biosynthesis.?”

" GalNAc, N-acetyl-p-galactosamine; FucNAc, N-acetyl-D-fucosamine
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The outer core gene cluster

The affected gene cluster was cloned and characterized by deletion and
complementation analysis, and about 13.6 kb of DNA was sequenced.?” In
total, 12 genes were identified (Figure 2.1), of which nine are involved in the
outer core biosynthesis. The sequence analysis revealed that the transposon
is inserted in the first gene, wzx (old name trsA), of the outer core operon
encoding for the flippase. Upstream of wzx is a noncoding region of 400 bp,
preceded by two genes highly homologous to the adk and hemH genes of E.
coli and other bacteria. Downstream of wzx are six genes, wbcK, wbcL, wbcM,
wbcN, wbcO, and wbcQ (old names frsB to trsF, and trsH, Table 2.1) the
products of which all show similarities to glycosyltransferases. Based on the
similarities it is likely that WbcK and WbcL are Glc-transferases, WbcM a
Gal-transferase, and WbcN and WbcQ, GalNAc-transferases, and WbcO, an
FucNAc-transferase (Figure 2.1). The wbcP (trsG) gene encodes a product
that, based on similarities to enzymes of other bacteria, is apparently
involved in UDP-FucNAc biosynthesis. Downstream of wbcQ, two genes
highly homologous to galE and gsk were found. In the noncoding 400 bp
region between hemH and wzx, the 39 bp nucleotide sequence characteristic
for the JUMPstart sequence was recognized.?!

Since UDP-Glc and UDP-Gal are products of general metabolism, the
biosynthesis of the UDP-GalNAc and UDP-FucNAc residues remains to be
taken care of by the outer core genes. Two putative biosynthetic genes were
identified, a galE homolog and wbcP. UDP-glucose-4-epimerase (GalE) cata-
lyzes the epimerization of UDP-Glc to UDP-Gal. Based on our own unpub-
lished experiments and on those of D. Pierson,* the galE homolog probably
encodes the UDP-GIcNAc-4-epimerase, thus producing UDP-GalNAc for the
outer core biosynthesis. WbcP is involved in FucNAc biosynthesis, but its
function is not known. Since FucNAc is a 6-deoxy derivative of GalNAc
WhbcP may be catalyzing this conversion. WbcP has local similarities to GalE
supporting this hypothesis.?”

Outer core is an ancestral O-unit
What then is the basis for claiming that the outer core of O:3 is an ancestral
O-antigen relic? The outer core operon has a number of analogies with
O-antigen gene clusters of other Enterobacteriaceae. The flippase gene, wzx,
is present in all known heteropolymeric O-antigen clusters but nowhere
else. 19203335 In two other members of Yersinia, Y. pseudotuberculosis and
Y. enterocolitica serotype O:8, the O-antigen gene clusters are located at the
same location in the chromosome as the outer core gene cluster, i.e., between
the hemH and gsk genes.3% The serotype O:3 homopolymeric O-antigen has
a capsule-like structure, and it is strangely linked to the inner core.” In the
O-antigen cluster of O:8, the O-antigen polymerase gene (wzy) is located
between the galE and gsk genes,?* but in the O:3 outer core cluster there
are no genes. It is feasible that the O-antigen region of Y. enterocolitica O:3
directing the biosynthesis of the homopolymeric capsule-like O-antigen has
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taken over the O-antigen expressing role from the ancestral outer core
operon. The preservation of the outer core biosynthesis in Y. enterocolitica O:3
indicates that it is indispensable, and, indeed, we have results that outer core
mutants are avirulent, supporting this conclusion.3”

Serotype O:3 O-antigen

Cloning of the O-antigen gene cluster of Y.enterocolitica O:3 was the beginning
of the molecular genetic studies of LPS in my laboratory. A genomic library
of strain 6471/76-c (Table 2.3) was constructed in pBR322, and O-antigen
expressing E. coli clones were screened using Mab A6, specific for the Y.
enterocolitica O:3 O-antigen.®® Two O:3 O-antigen expressing clones were
obtained carrying 12-13 kb overlapping inserts.?* The cloned gene cluster
has been analyzed by the classical molecular genetic methods such as dele-
tion analysis, transposon mutagenesis, transcomplementation experiments,
and finally by determination of the complete nucleotide sequence
(Table 2.4).24%% The genetic organization has further been resolved by iden-
tification of the transcriptional start points and functional promoters by
primer extension experiments and promoter clonings.* The gene cluster is
presented in Figure 2.2.

Biosynthesis of the O:3 O-antigen

To direct the synthesis of the homopolymeric Y. enterocolitica O:3 O-antigen
composed of 6d-Alt, the O-antigen gene cluster must contain genes for (1)
the biosynthesis of the NDP-activated sugar precursor, (2) at least two gly-
cosyltransferases (one to initiate the O-antigen synthesis and the other to
extend the homopolymer), and (3) a transporter system. Since 6d-Alt is a
carbon-3 epimer of L-Rha, the biosynthetic pathways of both sugars are likely
to be similar, and dTDP-4-keto-6-deoxy-D-Glc is probably an intermediate
also in the dTDP-6d-Alt pathway (Figure 2.2). Biosynthesis of dTDP-L-Rha
takes place in four steps, and the same is expected for 6d-Alt. However,
details of the dTDP-6d-Alt biosynthesis are not yet known and need to be
elucidated in the future.

The genetic organization of the O:3 O-antigen gene cluster is shown in
Figure 2.2. Ten ORFs were recognized from the sequence; the first two are
not involved in the O-antigen synthesis, as shown by transposon mutagen-
esis. For these two ORFs, there are no similar sequences in GenBank; thus,
the chromosomal location of the O-antigen gene cluster is not known. The
remaining eight ORFs form two operons. The first operon contains three
genes that are designated wbbS, wbbT and wbbU. The second operon con-
tains five genes: wzt, wzm, wbbV, wbbW, and wbbX. Both operons are essential
for O-antigen synthesis, as shown by transposon mutagenesis, deletion anal-
ysis, and transcomplementation experiments.?#%% In the noncoding 1.5 kb
region upstream of wbbS, two structures were identified: relics of the rmiB
gene and a highly conserved JUMPstart sequence. Transposon insertions in
the rmIB gene relics did not affect the O:3 O-antigen synthesis, indicating
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that these relics do not have any function.* However, they indicate that
evolution of the O-antigen cluster included a phase where the biosynthetic
genes of dTDP-1-Rha served as a starting point for the biosynthetic genes of
dTDP-6d-Alt, and that the rmIB gene was not useful for that purpose and
could then accumulate mutations, resulting in several frame shifts. On the
contrary, similarity searches revealed that WbbS, WbbV, and WbbW show
significant similarity to RmIC, RmID, and RmlA, respectively, the enzymes
involved in the dTDP-L-Rha biosynthesis. The steps where WbbS, WbbV,
and WbbW function in dTDP-6d-Alt biosynthesis are indicated in Figure 2.2.

The initiation of the O-antigen biosynthesis is WecA (Rfe) dependent
We recently obtained results showing that Y. enterocolitica O:3 O-antigen
biosynthesis is dependent on GIcNAc transferase* (L. Zhang and M.
Skurnik, unpublished). Thus O:3 O-antigen biosynthesis most likely utilizes
an initiation step where a single GlcNAc residue is transferred to Und-
P. After this, a specific transferase transfers the first 6d-Alt residue to
GlcNAc-Und-PP, upon which the homopolymer is then sequentially built
up (Figure 2.2). Apparently, the transferase that transfers the first 6d-Alt
residue to GlcNAc-Und-PP needs to be different from the transferase that
uses 6dAlt-GlcNAc-Und-PP as an acceptor. Both WbbT and WbbU share con-
served local motifs with a number of glycosyltransferases,”#! and fulfill the
need for two glycosyltransferases. Here also, the exact roles need further study.
It should be noted that transposon insertions into wbbT and wbbU totally block
O-antigen expression, and this is in agreement with their putative roles.

Transport

Wzt and Wzm show significant similarity to a number of ATP-driven
polysaccharide transporter systems in a number of bacteria.”*° In addition,
Wzt has a potential ATP-binding sequence which is characteristic of the ATP-
binding components of periplasmic binding protein-dependent transport
systems. In line with the transporter role for Wzt and Wzm, transposon
insertions into wzt and wzm genes resulted in accumulation of cytoplasmic
O-antigen.?® Y. enterocolitica O:3 was the first organism in which an ATP-
driven polysaccharide transport system was recognized in an O-antigen gene
cluster; since then, similar transporters have been reported from a number
of other organisms.?!

The O-antigen gene cluster promoters
Both strands of the nucleotide sequence were searched for promoter motifs
using the promoter search algorithm of GENEUS.#243 The search revealed
promoter-like sequence motifs 1.2 kb upstream of wbbS, and between wbbU
and wzm. The functional promoters were identified using promoter clonings
combined with sequencing and primer extension analysis. Both regions were
shown to contain tandem promoters (see Figure 2.2). In addition, the pro-
moter clonings revealed two antisense promoter activities; one activity
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located in the first operon, and the other, downstream of the second operon.
These activities have not yet been characterized in further detail. The many
functional promoters and the two-operon organization indicate that the
O-antigen expression has a complex regulation.

Serotype O:3 related serotypes
6d-Alt is the major component of Y. enterocolitica O:1,2a,3 and O:2a,2b,3
O-antigens. The genetic organization of the O-antigen gene clusters of these
organisms is not known. However, when the O:3 O-antigen cluster DNA is
used as a probe, it hybridized strongly with DNA from these organisms,
indicating that similar clusters are also present in them.

Kawaoka etal. studied the LPS of Y. enterocolitica O:15 strains* and
found that the O:15 LPS is rough, indicating that the original strain used to
characterize serotype O:15 was possibly a spontaneous rough mutant. The
serotype O:15 type strain IP614 is a biotype 4 strain (G. Wauters, personal
communication), and since biotype 4 includes only serotype O:3 strains, it
is likely that IP614 is a rough mutant of serotype O:3. The phage sensitivity
of IP614 (obtained from G. Wauters) was studied and was found to be
resistant to ¢YeO3-12 and sensitive to ¢R1-37 (Table 2.3, M. Skurnik, unpub-
lished). These results and the LPS profile analysis suggest that IP614 is
identical to YeO3-R1, i.e., it is a rough strain missing the homopolymeric
O-antigen but expressing the complete core.

Y. enterocolitica serotype O:8 LPS
O-antigen gene cluster of Y. enterocolitica O:8

Structure and biosynthesis of O:8 O-antigen
The structure of the O-antigen repeat unit of Y. enterocolitica O:8 is shown in
Figure 2.3; it is a branched pentasaccharide of GalNAc, Gal, Man, Fuc, and

Figure 2.3 (opposite) Biosynthesis and genetics of the LPS O-antigen of
Y. enterocolitica O:8. The organization of the O-antigen gene cluster is shown in the
box at the top. The genes are drawn to scale and a total of 26.9 kb of the chromosomal
region is shown. The upstream genes adk and hemH and the genes downstream of
gsk are not O-antigen cluster genes. The nomenclature used by Pierson to the galE
gene homologue and the wzy gene is given below the genes. The lower part of the
figure shows the biosynthetic steps of the O-unit synthesis and the gene products
that catalyze the reactions. Note that most of these assignments are based on sequence
similarity data and that these may be subject to change later. The manA and “true”
galE genes (see text) are not located in the O-antigen cluster. The structure of the O:8
O-unit is shown in the lower middle. The configurations of the glycosidic bonds (o
or 3) between the residues are not known, except for the Gal-GalNAc bond (0.1-3).
The dashed vertical lines mark the borders of the O repeat unit and cross the glyco-
sidic bonds, GalNAc-(1-4)-Man.



39

sulwesoon|5-g-K1eoe-N-dan

Bu|wesoweres-a-Kisae-N-dan

Wy HO
‘
. HN - e
dan nz%z o dan-wo, T e
o — HO
o les1= 30l o —fio
HO HO
@s0on)B-4an ssojoeeb-dan
HO HO
AN~ HO Jumkl® 4dn=o,
HO — HO
\ol% 3] \owo
HO Ho

£z 28y

oujwesojoeieB-g-jAieoe-N

*HD
esoon)

0=9 "o
o HN o
© o
[
1 4 o o o
HO
] asoefeb-q

o o

Ho < esouuew-g

7 loam

4
[9oam] J ) (o]

3SOUUBW-O-ddD

da9~HO 0
©  HO,
[
OH
“u:.:_q

8509N}-73-daD 2S0UBLL-(-AX03P-9-01M-P-JAD
+HO
€«----- 4a9-HO HO ¢ da9-Ho
[Hoam] 0 5o w HO <]
° [40am 20 30aMm o
pue rogm] HO
[pwol *
2S0UUELHQ-daD
° 4a9-HO
0 HO
o
L]
wgr_n-v.wé.?gv.w as0jnB-(-Ax03p-g-dad
HO HO
PR da0-Ho
[aoaml o—(}
5
HO o

[goam pue éuq

28000I6-0-440B-9-014 ¥-d0D

dd2-Ho,
HO =0
o

*HO

[aupal %

Molecular genetics of Yersinia lipopolysaccharide

ajeydsoyd-g- asojony ajeydsoyd-g- esouureyy apeydsoyd- | -asouuen 2500n6-0-dd0 1= 9s0onin
o
Ho HO 0 o-4—0o o HO o WO
— -9 - ] =
:ol@ o Tvuen] M 7 H JHIH' -° o = e HO — O roc
n 0-d-_0 BN oH ° Ivuea) o o
0.%!10 IW HO HO
.0
Ja)sn[o auab uabnue-Q 8:0 BIIN0I0IANUS A Pie
W o1 Bs] 194
.H 3 Ao‘ AoM . C R T 3 JC X (&=
S & o o o &9 a% S T L P S S RN R L a; &
3 & g ¢ SR A A A A A AR S S e
=
Q



40 Genetics of bacterial polysaccharides

6d-Gul".*> The adjacent repeat units are joined together by a 1,4 glycosidic
bond between GalNAc and Man residues. Interestingly, the O-antigen of
serotypes O:7,8 and 0:19,8 is almost identical to that of O:8,% with the
exception that the GalNAc linkage to Man is 1,2, and that the Man residue
is substituted with another 6d-Gul with a 1,4 linkage (see Figure 2.3). The
gene cluster for biosynthesis of the O:8 O-antigen structure should contain
(1) biosynthetic genes for each individual NDP-sugar (except for UDP-Gal,
the biosynthesis of which belongs to general metabolism), (2) genes for five
glycosyltransferases, one for each residue, (3) a gene for flippase needed in
heteropolymeric O-antigen transport, and (4) a gene for O-antigen poly-
merase, Wzy, and possibly also a gene for the chain length determining
protein, Wzz.

Cloning of O:8 O-antigen gene cluster

Transposon mutagenesis is one of the most efficient approaches in identifi-
cation of gene clusters of interest. When we started to study the O-antigen
genetics in Y. enterocolitica O:8,%° our first intention was to isolate rough
mutants using an in vivo chromosomal transposon mutagenesis. A transpo-
son insertion library in strain 8081-res was screened for phage $80-18 resis-
tant mutants based on the fact that the bacteria expressing wild-type LPS
on the cell surface should be sensitive to the phage and be lysed; only phage-
receptor deficient mutants, i.e., LPS mutants having transposon insertion in
the LPS genes, should be able to grow.2® A number of mutants were obtained
and analyzed for LPS patterns by SDS-PAGE analysis. All the mutants were
shown to be devoid of O-antigen, and only expressed LPS molecules con-
taining lipid A and a core oligosaccharide which at that time, based on the
estimated size, were erroneously regarded as truncated. Thus we did not
continue studying the obtained mutants; instead we isolated the gene cluster
by cosmid cloning.3¢ The clones expressing the O:8 O-antigen were screened
using specific Mab. The isolated cosmids were characterized by deletion
analysis and transposon mutagenesis to localize the O-antigen coding
region,® and finally, the nucleotide sequence of the entire O-antigen region
and flanking DNA on both sides were determined (Table 2.4). The gene
cluster is shown in Figure 2.3. In summary, the Y. enterocolitica O:8 O-antigen
gene cluster contains 18 genes, spanning about 19 kb of chromosomal DNA.
Genes encoding enzymes for the biosynthesis of UDP-GalNAc, GDP-Man,
GDP-Fuc, and CDP-6d-Gul are present in the cluster, and the remaining
genes encode for glycosyltransferases, flippase, and O-antigen polymerase.
The 3’ end of the O:8 gene cluster was also cloned and characterized by D.
Pierson and co-workers.*>#” They identified the locus because a transposon
insertion in the /se gene (Figure 2.3) increased the Ail-mediated invasion into
tissue culture cells.

" Fuc, L-fucose; 6d-Gul, 6-deoxy-p-gulose
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Figure 2.4 The genetic organization of the O-antigen gene cluster of
Y. pseudotuberculosis O:2a. The exact size of the cluster in not known because the
region between wbyA and wzz has not been sequenced. Based on the size of a fragment
amplified in long-range PCR using primers specific for hemH and gsk, the size is close
to 20 kb (E. Erveld and M. Skurnik, unpublished).

The O:8 O-antigen biosynthetic genes

At least nine genes are needed for synthesis of NDP-sugar precursors
(Figure 2.3). The first four genes of the gene cluster are highly similar to
genes in the DDH biosynthetic pathway of Salmonella and
Y. pseudotuberculosis. Transposon mutagenesis and chemical structure analy-
sis indicate that these genes are for CDP-6d-Gul biosynthesis.?® The genes
involved in the synthesis of GDP-Man are manC and manB. The gmd and
fcl(wbc]) genes, and perhaps wbcE or wbcF, are involved in the GDP-Fuc
biosynthesis. We also identified a galE gene homolog which, however, based
on the results of Pierson and Carlson,* who named it Ise (Figure 2.3), is most
likely involved in UDP-GalNAc biosynthesis. The authors presented evi-
dence that in Y. enterocolitica the “true” galE gene is located in the gal operon
elsewhere in the chromosome. It is interesting to notice that both O:3 outer
core and O:8 O-antigen gene clusters contain the galE gene homologue that
are 84% identical. The galE gene homologue is absent from the
Y. pseudotuberculosis gene cluster (Figure 2.4). It may be significant for the
assignment of the function for the Y. enterocolitica galE homologue that
Y. pseudotuberculosis O:2a O-antigen contains Gal but not GaINAc, while both
are present in the outer core of Y. enterocolitica O:3 and in the O-antigen of
O:8. Thus, in both O:3 and O:8 it might be plausible that the galE homolog
encodes for UDP-GIcNAc-4-epimerase to yield UDP-GalNAc. This in turn
would suggest that there may be a “true” galE gene located outside the LPS
clusters of these organisms. Future work will answer this question.

The only genes whose products do not show similarities to any known
proteins in database are wbcE and wbcF. These may also be biosynthetic genes
as mentioned above.

Glycosyltransferases and transporter
Similarity to protein sequences in databases reveal several candidates for
sugar transferases (Figure 2.3). A good candidate for the 6d-Gul transferase,
according to similarity searches, would be WbcC that is highly similar (40%
identity) to the Salmonells WbaV (Abe transferase). However, at the 5" end
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of the wbcC gene, compared to the wbaV gene, the ATG codon has changed
to ATA, and there is no apparent ribosomal binding site present where the
first ATG codon is encountered; therefore it is uncertain whether WbcC is
expressed at all. Based on the local similarity of WbcD to WbaV of Salmonella,
we assume that WbcD is the 6d-Gul transferase. WbcH is similar to Fuc-
transferases, even to eukaryotic ones, and Wbcl to Gal-transferases. The most
likely candidate for the Man transferase is WbcG, which shows local simi-
larity to a number of bacterial glycosyltransferases.

The O:8 O-antigen cluster also contains the wzx gene encoding for the
O-unit flippase, Wzx. This assignment was based on the hydropathy profile
indicating the presence of about 12 transmembrane segments and on the
sequence similarity to other known Wzx proteins,® including that of the
Y. enterocolitica O:3 outer core cluster (Figure 2.1).

The O-antigen polymerase or the chain length determining protein?
Downstream of the galE (Ise) gene homologue is located a gene the function
of which is still controversial. Deletion analysis and transcomplementation
experiments indicated that this gene is the last gene in the O-antigen gene
cluster.3® The LPS phenotype of and the chemical analysis of the LPS isolated
from the E. coli clone expressing the O-antigen gene cluster missing this gene
indicated clearly that the gene product would be Wzy, the O-antigen poly-
merase.®® The amino acid sequence of the gene product, however, shows
significant similarity (36% identity) to a putative Wzz (the old name for Wzz
was Rol or Cld") chain length determinor of Y. pseudotuberculosis O:2a.%%
Furthermore, the role of the gene product as Wzz (Rol) was suggested by
Pierson and Carlson.* They have a Y. enterocolitica O:8 mutant carrying a
polar transposon insertion in the Ise gene such that the downstream gene
should not be expressed. LPS of this strain contains only lipid A and core.
Complementation of the mutant with an intact Ise gene allows the strain to
produce O-units but results in ladder-like LPS that is lacking the modal
distribution of the O-antigen chain lengths, instead a majority of the O-anti-
gens have less than 4 to 5 repeat units.3? This pattern is closely reminiscent
of that seen in wzz (rol) mutants,3”4® especially with that of
Y. pseudotuberculosis O:2a° and therefore the gene was named rol
(Figure 2.3).32 In E. coli where the chain length determination has been most
thoroughly studied, however, the LPS pattern of wzz mutants is somewhat
different. Instead of the accumulation of very short O chains, the O-antigen
chain lengths are evenly distributed to a very broad range from one unit to
tens of units per O-antigen.?”# There is no reason why a similar phenotype
would not be seen in Yersinia. One could therefore speculate that the LPS
pattern seen in the complemented Y. enterocolitica O:8 Ise mutant® could as
well indicate very low Wzy activity. The final assignment of the function for
the Y. enterocolitica O:8 wzy (rol) gene needs future genetic and biochemical
experimentation.
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Temperature regulation of O:8 O-antigen biosynthesis

The expression of Y. enterocolitica O:8 O-antigen is regulated by temperature
such that more abundant O-antigen is expressed on the cell surface at 25°C
than at 37°C. The regulation mechanism is unknown, but it involves repres-
sion of the O-antigen cluster transcription at 37°C. We noticed that the
locus downstream of the O-antigen cluster, between the gsk and ushA genes
(Figure 2.3), mediates temperature regulated expression of O:8 O-antigen
in the E. coli clones** (L. Zhang and M. Skurnik, unpublished). The longest
cosmid clone obtained, pLZ5005, carries a 30-kb chromosomal fragment
and includes all the genes shown in Figure 2.3. When residing in E. coli,
PLZ5005 expresses the O-antigen with temperature regulation similar to
that of Y. enterocolitica O:8. The shorter cosmids pLZ5010 and pLZ6020
carrying only the O-antigen gene cluster did not. Subcloning and trancom-
plementation experiments located the regulatory locus in the rosAB genes
(for regulation of O-antigen synthesis)* (L. Zhang and M. Skurnik, unpub-
lished).

rosA encodes a polypeptide similar to members involved in a drug efflux
system. RosA shares highest similarity (70% identity) with Fsr (fosmidomy-
cin resistance protein) encoded by the fsr gene adjacent to ushA gene in E.
coli. rosB encodes a polypeptide highly similar (about 73% identity) to the
hypothetical protein YbaL of E. coli, the gene of which is between the fsr and
gsk genes. The E. coli similarities suggest that homologous genes are located
at the same chromosomal location in these organisms; however, apart from
the fsr gene, the role of the E. coli genes is not studied.

Interestingly, the cloned rosAB operon is able to complement tempera-
ture regulation in E. coli C600/pLZ5010 but not in C600/pLZ6020. Compared
to pLZ5010, pLZ6020 is missing the gsk gene and the C-terminus of the Wzy
protein is truncated by about 57 aa. This suggests that Wzy and other O-anti-
gen proteins may participate directly or indirectly in the O-antigen regula-
tion, and perhaps even form a membrane-associated complex*’ (L. Zhang
and M. Skurnik, unpublished).

RosAB operon has a clear role in temperature regulation of O-antigen
expression when the gene cluster is cloned in E. coli. However, in
Y. enterocolitica O:8 a chromosomal rosAB knock-out mutation does not affect
the temperature regulation of the O-antigen expression* (L. Zhang and M.
Skurnik, unpublished). This means that there may be backup systems in
Y. enterocolitica to compensate the rosAB defect and that the O-antigen expres-
sion belongs to a regulatory network.

O-antigen gene clusters of Y. pseudotuberculosis

The O-antigen structures of a number of Y. pseudotuberculosis serotypes are
known.! O-antigen gene clusters of Y. pseudotuberculosis serotypes O:1a, O:2a,
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0:4a, and O:5a have been studied in the laboratories of P. Reeves and H. Liu.
The known genetic organization of the O-antigen cluster of O:2a is shown
in Figure 2.4. The main emphasis in both laboratories has been on the DDH
pathway. The DDH biosynthesis genes, named ddhDABC, are present at least
in serogroups O:la, O:1b, O:2, O:2b, O:2¢, O:3, O:4a, O:4b, O:5a, and O:6,
and are highly homologous to those of Salmonella.l% In addition to the
ddhDABC block, the DDH-pathway of each serogroup possesses one or two
additional genes that determine the serogroup specificity, e.g., abe in sero-
groups O:2a, O:2b, and O:2c (see Figure 2.4); prt and tyv in serogroups O:4a
and O:4b; prt in serogroups O:1a and O:1b; and ascEF in serotype O:5a. ascEF
genes are not present in Salmonella and are therefore Y. pseudotuberculosis
O:5a specific.5%* The chromosomal location of the O-antigen gene cluster in
Y. pseudotuberculosis is the same location as that of Y. enterocolitica O:3 outer
core and O:8 O-antigen gene clusters, i.e., between the hemH and gsk genes.?”
In addition to the DDH pathway genes, the O-antigen cluster contains the
flippase gene, wzx, (Figure 2.4), and must possess genes coding for the bio-
synthetic enzymes of the other sugar components, for the respective glyco-
syltransferases, and for the O-antigen polymerase. At present there is very
little information available on them. Comparative analysis of a number of
Y. pseudotuberculosis O-antigen gene clusters downstream of the DDH bio-
synthetic genes revealed interesting features relating to the evolution of the
clusters, including footprints of homologous recombination events and relics
of insertion sequence IS630 also observed in Shigella sonnei.>

DDHs are formed via a complex biosynthetic pathway beginning with
CDP-p-hexoses. Biosynthesis of CDP-Asc, one of the naturally occurring
DDHs, consists of five enzymatic steps, with CDP-6-deoxy-A-3,4-glucoseen
reductase (E3), a homogeneous enzyme composed of a single polypeptide
with a molecular weight of 39,000, participating as the key enzyme in this
catalysis.”® The corresponding gene (ascD = ddhD) is located in the ascarylose
biosynthetic cluster. E3 is an NADH-dependent’ enzyme which catalyzes the
key reduction of the C-3 deoxygenation step during the formation of CDP-
Asc. One flavine-adenine dinucleotide (FAD) and one plant ferredoxin type
iron-sulfur center were found to be associated with each molecule of E3.5
E3 employs a short electron transport chain composed of both FAD and the
iron-sulfur center to shuttle electrons from NADH to its acceptor. Cys-75
and Cys-296 may be important for electron transfer between NADH, FAD,
and the iron—sulfur center.”

JUMPstart and ops sequences

The gene clusters for Y. enterocolitica O:3 outer core and O-antigen,
Y. enterocolitica O:8 O-antigen, and Y. pseudotuberculosis O:2a O-antigen carry
a characteristic sequence called the JUMPstart sequence. The sequence is
located, at least in the case of O:3, downstream of the functional promoters

" NADH, hydrogenated (reduced) nicotinamide-adenine dinucleotide
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of the O-antigen gene cluster. The JUMPstart sequence has been identified
in all surface polysaccharide biosynthesis gene clusters and also for sex-pilus
assembly and hemolysin production.’*® Nieto et al.®® reported that a short
8 bp sequence within the JUMPstart sequence plays a role in gene regulation,
and this element was named ops (operon polarity suppressor). ops was shown
to function as a cis-acting element that together with RfaH, a transcriptional
regulator, allows efficient transcription of long operons, especially of the distal
genes.” It is postulated that ops provides the specificity for RfaH for the subset
of operons it is regulating. The role of ops and RfaH in regulation of Yersinia
LPS operons has not yet been studied, but they are very likely to be involved.

The Yersinia O-antigen gene clusters are located
between hemH and gsk

As a common feature, the chromosomal location of the Yersinia O-antigen
gene clusters lies between the hemH and gsk genes. The two genes recognized
upstream of the sequenced O-antigen gene clusters are the adk and hemH
genes. Downstream of the cluster there is the gsk gene followed by the rosAB
and ushA" genes (the latter only determined so far in serotype O:8), which
are not needed for O-antigen synthesis. This location is different from that
found in E. coli and S. enterica where the O-antigen region is closely linked
to the gnd' locus, which is upstream of the his operon at 45 min on the
chromosomal map of E. coli K-12, and at centisome 45 on the S. enterica LT2
map.®%® In E. coli and Salmonella, the adk, hemH, gsk, and ushA genes are
located at approximately 11 min on the chromosome.®6!

It will be interesting to study what is located at this chromosomal loca-
tion (hemH-gsk) in other Y. enterocolitica serotypes and in other Yersinia in
general. We addressed this question indirectly by screening our Yersinia
collection for phage ¢R1-37 sensitive strains.?”” The results showed that the
phage receptor was present not only in Y. enterocolitica serotype O:3 strains,
but also in serotype O:1, O:2, O:5, O:5,27, O:6, 0:6,31, O:9, O:21, O:25,26,44,
0:41(27)43, O:41,43, and O:50 strains, and in Y. intermedia O:52,54 strain.
Furthermore, we generated phage-resistant variants from some of these
strains, and all of them had lost the outer core, as revealed by DOC-PAGE
analysis of LPS (E. Erveld and M. Skurnik, unpublished). Thus, it is plausible
that, at least in these strains, the chromosomal location is occupied by a gene
cluster closely related to the outer core gene cluster of serotype O:3. Some
of these clusters may even be real O-antigen clusters possessing the O-anti-
gen polymerase gene wzy. We have also used long-range PCR to amplify the
region between the hemH-gsk genes from various Yersinia strains, including
that of Y. pestis, and seen that all these strains have 12 to 20 kb of DNA
between these genes (E. Erveld and M. Skurnik, unpublished). It will be

" adk, adenylate kinase gene; hemH, ferrochelatase gene; gsk, inosine-guanosine kinase gene;
ushA, UDP-sugar hydrolase
* gnd, 6-phosphogluconate dehydrogenase gene, his, the histidine biosynthesis operon
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interesting to analyze the Y. pestis region because it is very likely that Y. pestis,
being rough, has an inactivated O-antigen cluster present in this location.
Comparison of the Y. pestis cluster to those of different Y. pseudotuberculosis
serotypes should clarify the relationship between these two species. Relevant
to this line of research is that the Sanger Centre (Trust Genome Campus,
Cambridge, UK) is sequencing the genome of Y. pestis, strain CO-92, biovar
Orientalis, a fully virulent strain. The sequence was almost completely deter-
mined at the time this was written and is available on the Internet at
http:/ /www.sanger.ac.uk/Projects/Y_pestis/.

Yersinia LPS and virulence

An insertion mutant in the outer core operon of a wild type Y. enterocolitica
O:3 strain was constructed by site-directed mutagenesis;” this mutant,
YeO3-trs11 (Table 2.3) expresses no outer core. A rough mutant 8081-R2
was isolated from Y. enterocolitica 8081-R-M* by resistance to lysis by bac-
teriophage $80-18.22 A rough mutant of Y. enterocolitica O:3, YeO3-R2, was
isolated analogously; the phage used was ¢YeO3-12.%

The LD;, values for the Y. enterocolitica LPS mutants were determined
using intragastrically infected DBA/2 mice. All three mutants were less
virulent than the wild-type strain; the LD5, values were about 50 to 100 times
higher for the rough mutants;®?® the outer core mutant was completely
avirulent.?” The outer core seems to be indispensable by giving the bacteria
resistance to cationic bactericidal peptides. Apart from the endotoxic activity,
the role of Yersinia LPS in bacterial pathogenesis has received very little atten-
tion, thus its biological role is far from known. There are indications that O-anti-
gen may play a role in resistance to complement-mediated killing,%2 however,
LPS may also have roles in adhesion to and invasion of the host tissues, and
in the pathogenesis of reactive arthritis.

For Y. enterocolitica, we now have information that O-antigen and the
outer core play a role in virulence, but there is no clear understanding what
that role is. Studies that include characterized LPS mutants tested in relevant
experimental animal and in vitro models need to be carried out.

Future prospects

During the past 7 to 10 years molecular genetic research of Yersinia LPS has
produced a wealth of basic information which, when combined with the
information obtained from other Gram-negative organisms, has made it
possible to write this review. In future, more information is needed on the
exact biological roles different parts of LPS have, and in this respect the roles
of the specific structures of O-antigens should be studied using substitution
mutants, for example, expressing Y. enterocolitica O:3 O-antigen in rough O:8
strain. Another important research field will be the regulation of the LPS
biosynthesis and its networking with the biosynthesis of the bacterial cell wall
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and that of OM especially. Finally, for applications such as vaccine and antimi-
crobial drug development, this new information may open new prospects.
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Introduction

The members of the family Rhizobiaceae (this family of bacteria includes
Rhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, and Sinorhizobium?
and will be collectively referred to as rhizobia) are Gram-negative eubacteria.
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Rhizobia are soil bacteria which form a symbiosis with legume plants resulting
in nitrogen-fixing root nodules. Characterizing the molecular basis for Rhizo-
bium-legume symbiosis will lead to a greater understanding (1) of cell—cell
recognition between a prokaryotic and eukaryotic cell, (2) of the plant
defense mechanism and how it is regulated to permit symbiotic infection,
and (3) of both bacterial and plant differentiation processes (bacteroid and
nodule development, respectively).

Rhizobial-legume symbiosis involves an exchange of signal molecules
which results in a highly coordinated regulation of gene expression on the
part of both the rhizobial symbiont and the host legume. The end result of
this process is a root nodule which contains nitrogen-fixing bacteria called
bacteroids. A successful nitrogen-fixing relationship is characterized by sev-
eral observable phenomena.”

1. There is host-symbiont specificity, e.g., R. leguminosarum infects peas
but not alfalfa, while S. meliloti infects alfalfa but not peas.

2. Rhizobia attach to the emerging root hairs of the host legume.

3. Invagination of the root hair membrane occurs, which extends down
the root hair to the inner cortex cells of the root. This invagination is
called the infection thread, and bacteria travel down this infection
thread and reach the newly formed meristem in the cortex of the root.

4. The cortex cells are stimulated to divide and de-differentiate, forming
a nodule on the root.

5. The infection thread penetrates the cortical cells of the root nodule,
and the bacteria, surrounded by infection thread membrane (now
called the peribacteroid membrane), are released into the cell cytoplasm.

6. The bacteria differentiate into bacteroids, which are altered in size
and shape when compared to free-living bacteria, and produce nitro-
genase, the enzyme that reduces di-nitrogen to ammonia.

A legume host can form one of two types of nodules, determinate or
indeterminate. The formation of indeterminate nodules (e.g., on pea, alfalfa,
vetch, etc.) takes place by the initiation of cortical cell division in the inner
cortex and by the formation of an apical meristem which continues to divide
in mature nodules. Cell division in indeterminate nodules is mediated by
infection threads, and infected cells do not divide. The formation of deter-
minate nodules (e.g., on bean, soybean, etc.) is initiated by cortical cell
division in the outer cortex, and by development of a spherical meristem
which ceases to divide when nodules mature. Cell invasion in determinate
nodules is mediated by infection threads and the dividing meristematic cells
(which continue to divide after rhizobial infection).

The outer surface of Gram-negative bacteria, including rhizobia, consists
of a complex array of different molecules which include lipopolysaccharides
(LPSs), capsular polysaccharides (CPSs), extracellular polysaccharides
(EPSs), porins, fimbriae, and flagella. Rhizobia are also known to produce
additional molecules, including cyclic glucans and, in response to the host
legume, lipo-chitin-oligosaccharides (LCOs). The bacterial surface is the first



Chapter three:  Rhizobial cell surface carbohydrates 55

line of defense against antimicrobial molecules, and against stress caused by
changes in the environment surrounding the bacterium. In the case of plant-
and animal-microbe interactions, many of these bacterial surface molecules
are important virulence determinants. Thus, in order to understand the
molecular basis of symbiosis, it is important to characterize the molecular
architecture of the rhizobial cell surface and determine how the bacterium
modifies this architecture in response to its different environments, including
its in planta environment.

This chapter will concentrate on rhizobial LPSs and CPSs. Only brief
summaries of the work on EPSs, cyclic glucans, and LCOs will be given.
There have been a number of relatively recent and extensive reviews on
these molecules.

Rhizobial extracellular polysaccharides

The EPSs are released into the growth media and, therefore, can be purified
from the cell-free culture supernatant following centrifugation. They consist
of polymerized repeating oligosaccharides which differ in size and structure.
They have been most extensively examined from strains of R. leguminosarum,
R. etli, S. meliloti, B. japonicum, and B. elkanii. Examples of various EPS
structures are given in Table 3.1. Certain mutants of S. meliloti that are unable
to synthesize the predominant EPS (EPS I), a succinylated B-3-linked glucan,
synthesize the second EPS (EPS II).1%2% For some rhizobia, it has been found
that a second EPS can be produced which is not synthesized under normal
laboratory culture conditions. Some strains of B. japonicum produce a soybean
nodule-specific EPS (NPS) which does not have the same structure as that
observed for the EPS from cultures grown under laboratory conditions.>8
The precise role of EPSs in symbiotic infection is not known. However,
rhizobia that are unable to synthesize EPS are normally defective at infecting
indeterminate nodules.?7072100.10L156,168 These mutants still attach to their
legume hosts, form infection threads, and induce nodules. One possibility
for the function of the EPS is that it acts as a passive barrier to antimicrobial
compounds produced as part of the host legume’s defense response. How-
ever, other evidence suggests that EPS may have a more active role in
infection. When the legume host is inoculated with the mutant together with
added amounts of purified EPS, the symbiotic defect is complemented and
nitrogen-fixing nodules are formed.#>%%” It was found, in the case of S. meliloti,
that a tetramer of the EPS I octasaccharide repeating unit is the optimum
size for this complementation.® More recently, it was found that a hexa-
decamer of the EPS II disaccharide repeating unit is the optimum size which
can also complement this symbiotic defect.” In both cases, the optimum
number of sugar residues for complementation is around 32. Furthermore,
only picomolar concentrations, in the case of EPS II, are required,*” suggest-
ing that, rather than acting as a passive protector from the host defense
mechanism, EPS is acting as a type of signal molecule required for infection.
It has been hypothesized that this “signal” may act by suppressing the host
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defense response since examination of symbiotically defective nodules
induced by EPS- mutants indicate the induction of a general plant defense
response.'?#12? Further work is in progress to characterize the role of EPS in
symbiotic infection.

The biosynthetic pathway has been determined for one rhizobial EPS,
the EPS I from S. meliloti. The biosynthesis of this EPS has been extensively
studied in the laboratories of Graham Walker at the Massachusetts Institute
of Technology,6566.68.105152,157 Alfred Puhler at the University of
Bielefeld,’ 143694127 and John Leigh at the University of Washington.39%:135203204
The complete biosynthetic pathway was summarized in a series of articles
by Glucksmann et al.,%% and by Reuber and Walker.!*” The general biosyn-
thetic scheme for EPS I, as described in those reports, is as shown in
Figure 3.1. The succinoglycan eight-sugar repeat unit is prepared on bacto-
prenyl phosphate by a series of glycosyl transferases, polymerized, and then
exported in what is thought to be an energy-dependent manner. The poly-
merization and/or transport are thought to be functions of the products
encoded by exoP, exoQ, and exoT.®5%!5 More recently, a gene, exsA, was
discovered in the EPS I exo cluster, which has homology to ATP-binding
cassette (ABC) transport proteins'® and may be involved in EPS I export. As
with other Gram-negative bacteria, the regulation of S. meliloti EPS synthesis
is complex and involves both positive (e.g., mucR*) and negative regulatory
elements (e.g., exsB, exoR, and ex0S'®). Both positive and negative regulatory
elements have also been reported for EPS synthesis in R. leguminosa-
rum 5222398125126 This general biosynthetic mechanism for S. meliloti EPS is
analogous to that for the synthesis of other types of bacterial EPSs (for a
review see Reference 194), and it is likely that it also applies to the synthesis
of other rhizobial EPSs.

Readers are referred to a number of reviews in which the structures and
functions of rhizobial EPSs have been described in much more detail 707299101

Cyclic glucans

Cyclic B-linked glucans are cyclic oligosaccharides comprised entirely of
glucose. They have been found in all rhizobia examined. These molecules
can be excreted from the bacterium, however, they are primarily found in
the periplasmic space. In Rhizobium and Sinorhizobium, as well as in Agrobac-
terium species, these glucans are B-2-linked cyclic molecules,”?>52119202 while
in Bradyrhizobium they are cyclic molecules that contain both B-3- and
B-6-linkages.® 117119141169 The cyclic glucans from rhizobia have a minimum
size of about 17 glucose units, and have also been found to contain phos-
phorylated substituents,??11812L140 e o phosphoglycerol.

The structures, biosynthesis, and function of rhizobial cyclic glucans
have been extensively reviewed during the past few years, and for further
details readers are referred to References 25, 120, and 122.
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Figure 3.1 The biosynthetic pathway for the synthesis of S. meliloti EPS. (From
Reuber, T. L. and G. C. Walker. Biosynthesis of succinoglycan, a symbiotically impor-
tant exopolysaccharide of Rhizobium meliloti. Cell 74:269-280, 1993. With permission.)

Rhizobial lipo-chitin-oligosaccharide (LCO) signal molecules

The rhizobial LCO signal molecules have been the subject of numerous recent
reviews.#254556097.102182 Many LCO structures have been published during the
past seven years. They all consist of an acylated chitin oligosaccharide back-
bone which can be modified in numerous ways depending on the rhizobial
species from which the LCO is isolated. The LCOs are very active molecules
causing root hair curing and inducing division of root cortical cells and
nodule formation at nano- to picomolar concentrations. This biological
activity can be quite specific in that certain structures are required for
activity on certain legume hosts. Thus, LCOs are signal molecules produced
by a specific rhizobial species and recognized by a specific legume host.
The readers are referred to the recent reviews mentioned above for further
information on the structures, biosynthesis, and functions of these very
interesting molecules.
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Rhizobial K-antigens

Acidic CPSs, including K-antigens, are tightly associated with the bacterial
cells, do not impart a mucoid colony morphology, and are common compo-
nents of many well-studied bacteria.””® These polysaccharides are often
essential for pathogenic virulence and are believed to protect the bacteria
from host defense responses. The acidic capsular antigens of E. coli were
named K-antigens (from “Kapselantigene”) because they proved to be bac-
terial cell surface antigens that were distinct from the O-antigens. During
the past several years, CPSs that are analogous to the group II K-antigens
of E. coli have been found in rhizobia.

The structures of the K-antigens from rhizobia and other plant-
associated bacteria

Rhizobial K-antigens were first found in the water layer of hot phenol/water
extracts during the purification of LPSs from S. fredii strains and were initially
identified as being derived from LPS* due to the fact that one of their major
glycosyl components is p-manno-3-deoxy-2-octulosonic acid (Kdo), a com-
ponent characteristic of LPSs. Subsequently, it was found that these K-anti-
gens were not LPS, but were distinct rhizobial surface antigens.'® Thus far,
the structures of three K-antigens from strains of S. fredii have been deter-
mined.®?! Each is comprised of a disaccharide repeating unit consisting of
one Kdo and one hexosyl residue. This general structure is analogous to
those of the E. coli group II K-antigens.®2% The major K-antigen polysaccha-
ride from S. fredii USDA205 is [—)-a-D-Galp-(1—5)-B-p-Kdop (2—],,.'* This
strain produces a second minor polysaccharide that consists of a [—2)-
O-methyl-Man-(1—7?)-Kdo-2—],, disaccharide repeating unit, which has not
been completely characterized. Sinorhizobium fredii USDA257 also produces
two distinct K-antigens®?: [—)3-B-p-Manp-(1—5)-3-p-Kdop-(2—], being the
major polysaccharide, and [—)3-B-p-2-O-MeManp-(1—5)-B-p-Kdop-(2—],
the minor polysaccharide. Similar polysaccharides have also been isolated
from an exoB- mutant of S. meliloti Rm41 (named strain AK631). Since exoB
encodes for a UDP-Gal 4-epimerase, AK631 does not synthesize either EPS
I or II. Present data (unpublished) indicate that the major K-antigen from
AK631 has a disaccharide repeating unit consisting of 2-keto-3,5,7,9-tet-
radeoxy-5,7-diaminononulosonic acid (a variant of Kdo) and an aminohex-
uronosyl residue. There also may be a second minor K-antigen as was
observed for S. fredii. Unlike the S. fredii polysaccharides, those of S. meliloti
AK631 are substituted with acetate and B-hydroxybutyrate.!3%1% In summary,
the rhizobial K-antigen varies in structure from strain to strain within a single
species, and also from species to species. However, within this variability
there appears to be a conserved structural motif; namely:

R, R,
NN

[>Kdx—>Sug—],
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where Kdx is a 1-carboxy-2-keto-3-deoxy sugar (i.e., Kdo or a variant), Sug
is any possible second glycosyl residue, and R, and R, can be protons or
substituents such as acetyl or B-hydroxybutryl groups.

A systematic evaluation of many plant-associated Gram-negative bacte-
ria was undertaken to determine if the presence of these K-antigens is a
common feature of these bacteria. This study included examples of many
well-studied plant pathogens in addition to rhizobia: Agrobacterium tumefa-
ciens, Erwinia amylovora, E. carotovora, E. stewartii, Pseudomonas solanacearum,
P. syringae, and Xanthomonas campestris.'! The results showed that cell-asso-
ciated, acidic polysaccharides are, in fact, common components of these
bacterial cell extracts.!

The genetics of K-antigen expression in rhizobia

Genetic investigations have shown that capsule expression in S. meliloti
AK631 involves at least three separate capsule-specific gene regions®!¥
(Peter Putnoky, personal communication), comprising a minimum of 15
genes, but most likely many more. First, it was shown that expression of the
plasmid-borne rkpZ gene lowers the size range of the exported polysaccha-
ride.'® It is the low-molecular-weight form of the K-antigen that is required
for infection by the EPS mutants (discussed below). The activity of RkpZ is
nonspecific with regard to the K-antigen structure because introduction of
rkpZ from S. meliloti AK631 into S. fredii USDA257 resulted in a reduction in
the size range of the USDA257 K-antigen, even though it is structurally
distinct from that of S. meliloti AK631.162

The rhizobial K-antigen locus known as the fix-23 gene region consists
of several complementation units.!®4 One complementation unit of fix-23,
which comprises six ORFs (termed rkpABCDEF), appears to encode for prod-
ucts required for the synthesis of a lipid that may be involved in the biosyn-
thesis and export of the capsule'1¢2 since both the gene arrangement in the
cistron and the individual ORF sequences were similar to those for the fatty
acid biosynthesis genes in rats. The last three complementation units harbor
four genes (rkpGHIJ) which encode products that may modify the lipid
carrier or the polymerization process. Two mutants in rkpGHIJ retained
sensitivity to a phage which binds K-antigen. These mutants were shown
by ELISA and immunoblot assays to partially export K-antigen.”® However,
most mutations in the fix-23 region result in the intracellular accumulation
of incompletely polymerized K polysaccharide.”® The fact that an rkpABC-
DEF-like cluster of genes has never been reported in E. coli, and the fact that
there is no evidence of a specific lipid carrier for capsule synthesis in E. coli
indicates that the mechanism for K-antigen expression in these soil bacteria
is fundamentally different from that in E. coli. On the other hand, RkpZ
shows significant similarity to KpsC®¢ of E. coli, a protein which affects the
size of the E. coli K-antigen. Additionally, the predicted amino acid sequence
of Rkp] shows significant homology to KpsS of E. coli, another protein
involved in polymerization and export of the group II K-antigens.321%
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The data gathered thus far from studies of S. meliloti and S. fredii suggest
a model for K-antigen expression in these rhizobia:

1. The disaccharide repeating units are produced by gene products en-
coded by as yet uncharacterized gene regions, and an initial polymer-
ization of the repeating units may take place on a lipid carrier yielding
polysaccharide subunits of ~5000 to 7000 daltons (8 to 15 repeating
units).

2. Exportable polysaccharides may then be assembled on a capsule-
specific lipid carrier, determined by the fix23 region, resulting in high-
molecular-weight polymers formed from the above subunits.

3. The polymerization process would be modified by RkpZ, which pro-
motes the export of the smaller polysaccharides. Interestingly, in en-
teric bacteria both K-antigen and LPS O-chain sizes are reported to
be regulated by a chain length determining gene (known as cld or
wzz),%5763184 and it may be that RkpZ functions by interacting, in some
manner, with a rhizobial “cld-like” gene product.

4. Upon termination of the polymerization process, the K-antigens
would be exported to the cell surface, and during this transport the
lipid carrier may be removed and recycled. In the case of E. coli
K-antigens, KpsD may be a possible candidate for removal of the lipid
during transport to the surface, since this protein has homology to
PgpB, a phosphatidylglycerophosphase.”8 It is possible that a similar
protein may be involved in the export of the rhizobial K-antigen.

A gene region that controls host range in S. fredii-soybean interactions
has also been shown to affect the expression of the K-antigen.**> Mutations
in the nolWXBTUV genes of S. fredii USDA257 result in extending the host
range of this strain to include cultivars of soybeans that are not normally
infected by this strain. These extended host-range mutants are significantly
altered in their surface chemistry, with clear changes in both the LPS and
K-antigens (Reuhs, unpublished). The exact mechanism by which the nol
gene products produce these changes is unclear at this time. However, the
functions of the nol gene products appear to be secondary to the more general
aspects of K-antigen expression because the nolWXBTUV operon is specific
to S. fredii and has not been reported in S. meliloti. Interestingly, several of
the genes in the nolWXBTUV region are homologous to the hrp genes of
Xanthomonas and Pseudomonas. !

The biology of Rhizobium K-antigens

Mutants of S. meliloti SU47, which are unable to produce either EPS I or EPS
II, are defective in invading the root nodule cells of their host, alfalfa. An
example is a mutant in the exoB gene which encodes UDP-Gal 4-epimerase.
Since galactose is a component in both EPS I and II, such a mutant can
produce neither of the these polysaccharides. However, strain S. meliloti
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AK631 (Rm41 exoB::Tn5) is a mutant that produces neither EPS I nor EPS 11,
yet is Fix* on all hosts tested,'¥1*8 indicating that another surface component
can functionally substitute for EPS I or EPS II. A mutation in either the rkpZ
gene or the rkpABCDEFGHI] gene region of strain AK631 results in a Fix
phenotype.1471951% Initially, it was assumed that the Fix~ phenotypes of the
AK631 rkp mutants were related to a modified expression of the LPS.147:1951%
These reports correlated the Fix~ phenotypes of these mutants with the
altered chromatographic profiles of the extracted polysaccharides. The pres-
ence of TBA-positive material (i.e., Kdo) and LPS-specific fatty acids in the
eluted material was taken as an indication that it was the LPS that had been
affected by the mutation. However, it was subsequently shown that the S.
meliloti AK631 preparation contained an abundance of K-antigen,'> and that
the rkp mutations affected the production of the K-antigen, not the LPS.139162
Thus, for S. meliloti strains carrying rkpZ, it was established that the K-anti-
gen, in the absence of EPS, could promote the infection of alfalfa.

Arecent study addressed the effects of purified K-antigens on the expres-
sion of certain plant genes involved in the host defense response. Whole
cells of S. meliloti Rm41, AK631, and three capsule mutants (rkpA-, rkpH-,
and rkpJ-), as well as purified K-antigen from strain AK631, were employed
in this study.’®> The infusion of the whole cells of AK631 or the purified
K-antigen into the leaves of alfalfa seedlings resulted in a significant accu-
mulation of chalcone synthase (CHS) mRNA, an enzyme involved in the
synthesis of flavonoids, which are intermediates in phytoalexin (i.e., a plant
defense anti-microbial molecule) biosynthesis. This suggested a signal-based
response of the host plant to this bacterial product. In contrast, there was no
response to whole cells of the rkp mutants which lack the K-antigen capsule,!®
indicating that the CHS mRNA induction was due (at least in part) to the
K-antigen. Importantly, the kinetics of this CHS induction were different
from those observed from the infusion of plant pathogens,!® indicating that
the response to S. meliloti AK631 cells is different from the typical defense
response to a potential pathogen. Additionally, live cells of S. meliloti AK631
elicited a two-phase induction of the CHS mRNA, whereas dead cells or the
purified K-antigen elicited only the first phase. This indicated that some
component not normally expressed may be responsible for the second phase
of induction. It is possible that the host plant, in response to the K-antigen,
produces a signal molecule affecting a further modification of, and resulting
in, the production of the second-phase elicitor. In fact, the expression of
K-antigens has been shown to be affected by host plant-derived compounds:
The addition of apigenin, a plant-derived flavonoid which induces the bac-
terium to produce the LCO signal molecules, to the growth media of S. fredii
USDA205 was shown to increase the minor to major K-antigen ratio.!®® Also,
host root extract was shown to greatly increase the expression of the K-anti-
gen by S. meliloti AK631.1%2 These effects may be important in the infection
process.
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Rhizobial lipopolysaccharides

As with other Gram-negative bacteria, the rhizobial LPSs comprise the
outer leaflet of the outer membrane and consist of three structural regions:
An O-chain polysaccharide that consists of a repeating oligosaccharide, a
core oligosaccharide, and a lipid known as the lipid-A. Structurally, the
O-chain is linked to the core oligosaccharide which, in turn, is linked to
the lipid-A through the mild acid labile bond of a Kdo residue. The lipid-
Ais an acylated carbohydrate that anchors the LPS in the outer membrane.
Early work suggested that LPSs might play an important role in the specific
recognition process that occurs between a rhizobial symbiont and its
legume host. There was a precedence for such function in the infection of
animal host cells by enteric bacterial pathogens, and for the interaction of
bacteria with bacteriophages. In addition, LPSs constitute one of the major
components of the outer membrane and, therefore, were likely candidates
for playing a determining role in such cell-cell recognition processes. These
early reports were centered around the idea that there was a specific
attachment of the symbiont Rhizobium to the legume host root which was
thought to be mediated by host plant lectins and the rhizobial LPSs.91.931%
Subsequent reports (discussed further below) showed that the LPS is
important in later infection events.

While LPSs have been shown to be crucial for symbiotic infec-
tion, #048:53,133,138146183 the function of the LPS during this process is not known.
Mutants which lack the O-chain polysaccharide portion of their LPSs are
defective in symbiosis in that infection threads abort, or invasion of the host
cell is disrupted. The complete loss of the O-chain polysaccharide of the LPS
is a rather large change in the rhizobial cell surface. Thus, it was not known
whether the symbiotic defect was a direct or indirect result of this rather
large alteration in the rhizobial cell wall. However, subsequent work, using
monoclonal antibodies specific to the LPS of bacteria or bacteroids, showed
that changes in LPS structure occur during symbiosis, and that these struc-
tural changes likely reside in the O-chain polysaccharide portion of the
LPS.878990130.132,180,188199 These results suggested that the LPS O-chain may
have a more direct role during the symbiotic process.

The structures of rhizobial lipopolysaccharides

Rhizobial LPSs, as with enteric bacterial LPSs, are complex molecules and
a single LPS preparation contains a heterogeneous mixture of molecules.
This mixture usually consists of molecules that contain various lengths of
the O-chain polysaccharide, and also of molecules that lack the O-chain
polysaccharide. The structures of a number of rhizobial LPSs are quite
different from those of enteric bacteria. The structures, biosynthesis, and
importance of these molecules in Rhizobium—legume interactions are dis-
cussed in this section.
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Table 3.2 Glycosyl Components of the Lipid-A
from Bacteria Belonging to the Rhizobiaceae

Group Species GlcN DAG Man GalA GlcN-onate Phosphate Reference
I S. meliloti + - - - - + 190

S. fredii + - - - - n.d. 21

R. leg. bv. trifolii ~ + - - + + - 21
I R. leg. bv. viciae ~ + - - + + - 21

R. etli + - - + + - 20,21
I B. japonicum - + - - - - 113

B. lupini - + - - - - 113
v B. elkanii - + + - - n.d. unpub.
\% M. loti - + - - - + 174

GIcN, glucosamine; DAG, 2,3-diaminoglucose; Man, mannose; GalA, galacturonic acid; GlcN-onate,
2-aminogluconate; n.d. not determined.

Source: Kannenberg, E.L., Reuhs, G.L., Forsberg, L.S., and Carlson, R.W., Lipopolysaccharides and
K-antigens: Their structures, biosynthesis, and functions, in The Rhizobiaceae, Molecular Biology of
Model Plant-Associated Bacteria, Spaink, H.P., Kondorosi, A., and Hooykaas, PJ.J., Kluwer Academic
Publishers, Dordrecht, 1998, 119-154.

The rhizobial lipid-A

The lipid-A regions of rhizobial LPSs vary in structure among the different
rhizobial species. The glycosyl residues of the various lipid-A regions are
summarized in Table 3.2. Sinorhizobium meliloti lipid-A is reported!* to consist
of an acylated bis-phosphorylated glucosamine disaccharide similar to that
found in numerous enteric bacteria. Bradyrhizobium japonicum, B. elkanii, B.
lupini, and M. loti lipid-As all contain 2,3-diaminoglucose.!>7 The one B.
elkanii lipid-A examined also contains mannose (Carlson, unpublished), and
the M. Ioti lipid-A is phosphorylated.””* The types of fatty acids found in
various rhizobial lipid-A molecules can be quite variable among the different
species 2113172174 However, the major fatty acids usually include various B-
hydroxy fatty acids and, in some cases, smaller amounts of various saturated
and mono-unsaturated fatty acids. Some lipid-As also contain small amounts
of oxo-fatty acids.'”

The lipid-A from R. leguminosarum and R. etli is unusual compared to
that from enteric bacteria since (a) it is totally devoid of phosphate, (b) it
does not contain the typical acyloxyacyl substituents found in enteric lipid-
As, (c) it contains only hydroxy fatty acids including the very long chain
27-hydroxyoctacosanoic acid (27-OHC28:0), (d) it contains a galacturonosyl
(GalA) residue at the 4’-position instead of phosphate, and (e) it contains
2-aminogluconate (GlcNonate) in place of GlcN-1-phosphate. In addition,
unlike enteric lipid-A in which the N-acyl substituents are exclusively B-
hydroxymyristate, this lipid-A contains GlcN which is heterogeneously N-
acylated with either B-hydroxymyristate, B-hydroxypalmitate, or B-hydrox-
ystearate.?%?! The structure of this lipid-A is shown in Figure 3.2. The bio-
synthesis of this unusual lipid-A is discussed further below.

Structural details of the lipid-A of LPSs have been used to recognize
phylogenetic relationships of Gram-negative bacteria.!*!12114115128 The rela-
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Figure 3.2 The structure of R. etli lipid-A. In this structure “n” can vary, being 6, 8,
or 10. The “R” designates substitution by 3-hydroxylbutyric acid. In addition, the
27-ORC28:0 fatty acyl moiety is ester linked, but its location is not certain at this time.

tionships determined by 16S or 55 rRNA analyses have been successively
correlated with lipid-A structures.'*128 Therefore, it is of interest to compare
LPS structures with the known phylogenetic relationships among the Rhizo-
biaceae. One of the earliest novelties concerning rhizobial lipid-A was the
discovery that R. leguminosarum biovar trifolii lipid-A contained, in addition
to other fatty acyl residues, the very long chain fatty acid, 27-OHC28:0.7
This fatty acid was subsequently found in the lipid-A from all members of
the Rhizobiaceae examined, with the one exception being Azorhizobium cauli-
nodans.? (This exception needs to be re-examined.) Since it had been deter-
mined from 165 rRNA homology studies'” that the Rhizobiaceae family
belongs to the alpha-2 subgroup of Proteobacteria, the lipid-As from a num-
ber of other species in this group, which include phototrophic, nitrifying,
nodulating, and intracellular bacteria, including both plant and animal
pathogens, were examined. Other lipid-As which contained 27-OHC28:0
were those from Rhodopseudomonas viridis, R. palustris, Nitrobacter winograd-
skyi, N. hamburgensis, Oligotropha carboxydovorans, Brucella abortus, Afipia felis,
Agrobacterium tumefaciens, A. radiobacter, A. rhizogenes, and Thiobacillus spp.'
While not all of the alpha-2 subgroup species contain lipid-A with
27-OHC28:0, when this fatty acid was present, the species was found to
belong to this phylogenetic group.!’” Examination of the glycosyl residues
found in the various rhizobial lipid-As revealed variations in glycosyl com-
ponents which differed in accordance with known phylogenetic relation-
ships (Table 3.2). Based on these lipid-A compositions, the Rhizobiaceae
species examined could be divided into five clusters:

L. S. meliloti and S. fredii
II. R. leguminosarum bv. trifolii, R. leguminosarum bv. viciae, R. legumi-
nosarum bv. phaseoli, and R. etli
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II. B. japonicum and B. spp. (Lupinus)
IV. B. elkanii
V. M. loti.

Thus, the various designated clusters based on lipid-A compositions were
similar to those based on other phylogenetic studies.?1102%0201 The one exception
is the relatively recent reclassification of the R. leguminosarum bv. phaseoli strain
used in this study (CE3) as belonging to a newly designated species, R. etli.l”

The rhizobial LPS core oligosaccharides
The core regions of rhizobial LPSs have only been examined in some detail
for the LPSs from R. leguminosarum and R. etli,'738397677.206 and B. elkanii.*! In
the case of R. leguminosarum and R. etli, two core region oligosaccharides,
isolated by gel filtration after mild acid hydrolysis of the LPSs, have been
characterized:

o - D -Galp-(1-6)- a - D -Manp-(1—5)-Kdo
4)
T
a-D-GalpA-(1
and
o-D-GalpA-(1->5)-Kdo .
4)
T
o-D-GalpA-(1

The arrangement of these core oligosaccharides and the point of attach-
ment of the O-chain in the LPS was established by the analysis of LPSs from
R. etli CE3 mutants, which either completely lacked the O-chain or contained
severely truncated forms of the O-chain*® (Figure 3.3). The position at which
the core oligosaccharide was attached to the lipid-A could be determined,
since the ketosidic bond involved in this linkage is labile to mild acid. Thus,
comparing the lipid-A glucosamine linkages before, with those after, mild
acid hydrolysis revealed the point of Kdo attachment as being to O-6 of the
lipid-A glucosaminosyl residue. That is, methylation analysis prior to mild
acid hydrolysis revealed a glucosaminosyl residue with a component at O-6,
while afterwards this was a terminal residue.*® Similarly, the attachment of
the O-chain to the core region was established to be at the O-6 position of
the tetrasaccharide galactosyl residue by methylation analysis of a mutant
LPS before and after mild acid hydrolysis; before hydrolysis this galactosyl
residue contained a component at O-6, and afterwards it was terminal. This
result showed that a mild acid labile bond (i.e., the Kdo residue at the
reducing end of the O-chain) was attached to this galactosyl residue at O-6.
The presence of a third Kdo that is external to the inner Kdo residues is a
novel structural feature that has not been reported for any other LPSs.
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Figure 3.3 The structure of the R. etli LPS core region. The arrowheads mark the
location of the acid-labile Kdo ketosidic bonds.

Further characterization was accomplished by ESI-MS analysis of the
LPSs after removing the ester linked fatty acyl residues (i.e., after de-
O-acylation). The removal of the ester linked fatty acyl residues is necessary
to facilitate LPS analysis by ESI-MS. The ester linked fatty acyl residues
were removed by methanolic sodium methoxide,?® or by mild hydrazinol-
ysis,”111142 and the resulting de-O-acylated LPS analyzed by ESI-MS. The
results showed that the R. etli LPS consists of the lipid-A and a core region
that is comprised of the core trisaccharide attached to the tetrasaccharide
(see above structure).®! Furthermore, methylation analysis showed that
Kdo was present in only two forms: as a terminal residue and as a residue
with substituents at both O-4 and O-5. The terminal Kdo is the external
residue that is linked to O-6 of the galactosyl tetrasaccharide core compo-
nent. The remaining Kdo residues containing substituents at both O-4 and
O-5 are due to the fact that the Kdo of the trisaccharide is bonded to O-4
of the tetrasaccharide Kdo residue. Thus, the complete structure of the core
region is as shown in Figure 3.3. Current evidence indicates that this struc-
ture is common among R. etli and R. leguminosarum strains (discussed
further below). One reported exception to this common core structure is
that for the LPS from R. leguminosarum bv. trifolii 2S, which reportedly
lacks the tetrasaccharide portion of the core region.>! That report also states
that the O-chain polysaccharide is attached to a diacylglycerol moiety
rather than to the lipid-A.
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The structures of the core oligosaccharides released by mild acid hydrol-
ysis of a B. elkanii LPS have also been determined. In the case of B. elkanii
61A101c, the core region consists of two oligosaccharides: an o-4-O-MeMan-
(1-5)-Kdo disaccharide, and an o-Man-(1—4)-o-Glc-(1—4)-Kdo trisaccha-
ride. These oligosaccharides were released by mild acid hydrolysis of LPS
isolated from a mutant that lacks the O-chain polysaccharide.** Mild acid
hydrolysis of the parent LPS released only the trisaccharide and the O-chain,
which contained the 4-O-methylmannosyl residue from the core region.
Therefore, it is likely that the O-chain polysaccharide is attached to the
4-O-methylmannosyl residue of the core region. Unlike the LPSs from R.
leguminosarum, the B. elkanii LPS core region does not contain any acidic
sugars except Kdo.

The smooth and rough LPSs from a strain S. fredii have been separated
from one another, and analysis of the rough LPS showed that the core region
consists of Kdo, Glc, Gal, GalA, and GIcA.1® The linkage positions and
sequence of these glycosyl residues have not been reported. The high per-
formance anion exchange chromatography (HPAEC) profiles of core oli-
gosaccharides from rough and smooth LPSs are identical to one another,!®
indicating that these two LPS forms have identical core structures. Further-
more, HPAEC analyses indicate that the core regions from different strains
of S. fredii all have a common set of oligosaccharides and a second set of
oligosaccharides which varies among the different strains (comparison of
the rhizobial LPS core regions is discussed further below).

Sinorhizobium meliloti and Rhizobium spp. NGR234 LPSs have core
regions that are closely related to those of S. fredii. One report also indicates
that the LPS from S. meliloti has a core region which contains the unusual
sugar, 3-deoxy-2-heptulosaric acid (DHA);!”173 a sugar that is normally part
of a plant cell wall component called rhamnogalacturononan II (RG II).} It
has also been reported that S. meliloti LPSs are sulfated.® This result may
explain why there are several sets of sulfation genes in S. meliloti, in addition
to those (nodP, nodQ, and nodH) responsible for the sulfation of the lipo-
chitin-oligosaccharide Nod factors.!”

As with the lipid-A composition data, phylogenetic relationships can
also be determined by comparison of the various LPS core oligosaccharides.
A comparison of the various core regions can be made by high performance
anion exchange chromatography (HPAEC) of the LPS mild acid hydrolysate.
The HPAEC profile normally shows only the core oligosaccharides, because
the O-chain polysaccharide elutes in the void volume, or, if acidic, at much
later retention times than the core oligosaccharides. Figure 3.4 compares the
HPAEC core profiles of R. etli CE3, R. lequminosarum bv. viciae 3841, and R.
leguminosarum bv. trifolii ANU843, showing that they are essentially identical.
For these R. lequminosarum profiles the structure of each HPAEC peak has
been determined.® Thus far, all R. lequminosarum and R. etli strains examined
contain an LPS core region that consists of the tetra- and
trisaccharides'”*7778206 described in the previous section, and most likely
arranged as shown in Figure 3.3 for the LPS from R. et/i CE3. Figure 3.4 also
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Figure 3.4 The HPAEC core profiles of the LPS from (A) R. leguminosarum bv.
viciae, R. lequminosarum bv. trifolii, and R. etli, and (B) S. fredii, S. meliloti, and
Rhizobium sp. NGR234. In panel A, the structures of the numbered peaks have been
determined as follows: 1 = Kdo, 2 = GalA, 3 = the Gal-Man[GalA]-Kdo tetrasaccha-
ride, 4 (and the peak just prior to 4) = anhydro-Kdo versions of the tetrasaccharide,
and 5 = the GalA-Kdo[GalA] trisaccharide. (From Kannenberg, E.L., Reuhs, G.L., Fors-
berg, L.S., and Carlson, R.-W., Lipopolysaccharides and K-antigens: Their structures, biosyn-
thesis, and functions, in The Rhizobiaceae, Molecular Biology of Model Plant-Associated Bacteria,
Spaink, H.P., Kondorosi, A., and Hooykaas, PJ.J., Kluwer Academic Publishers, Dordrecht,
1998, 119-154.)

compares the HPAEC profiles of strains S. fredii USDA205, S. meliloti Rm1021,
and R. spp. NGR234. The HPAEC profiles are very different from those for
R. leguminosarum LPSs, but are similar to one another in that there are a
number of oligosaccharides that are common to all three species, and other
oligosaccharides which vary. The presence of oligosaccharides that are com-
mon among all three species supports previous work19201 which shows
the close phylogenetic relatedness of these species. The strains of these three
closely related species can be divided into several groups based on the
variable oligosaccharides, and based on LPS immunochemical properties
(discussed in the next paragraph).
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The structural relatedness of the LPS core regions among various rhizo-
bia can also be examined by polyacrylamide gel electrophoresis and immu-
noblotting. Using this technique, a series of monoclonal antibodies were
found that were specific to the core region of R. leguminosarum bv. viciae LPS.
All of these core MAbs were able to bind to LPSs from every strain of R.
lequminosarum tested, as well as to the LPS from R. etli CE3.851%8 These data
confirmed the structural identity of the core region among R. etli and R.
lequminosarum LPSs. In the case of S. fredii, S. meliloti, and R. spp. NGR234,
polyclonal antiserum against any one strain reacts strongly against the rough
form of its LPS (LPS II). Using polyclonal antiserum prepared against S. fredii
USDA205 or against S. meliloti Rm41, the strains of these species could be
divided into four groups based on the reactivity of their rough LPSs with
either USDA205 or Rm41 antiserum. These results would predict that future
16S rRNA studies using a wide range of S. fredii and S. meliloti will show
that strains of these species can be divided into at least four different, but
closely related, phylogenetic groups. Further work is in progress to deter-
mine if the HPAEC “fingerprinting” of the LPSs from other species, e.g.,
Bradyrhizobium japonicum, B. elkanii, R. tropici, M. loti, etc., also reflects the
known phylogenetic relationships.

Rhizobial LPS O-chain polysaccharides

Glycosyl composition analysis has shown that the O-chains of Rhizobium and
Bradyrhizobium strains are highly variable in structure even from strain to strain
for a single species. They are consistently enriched with various deoxy and
methylated deoxyglycosyl residues and can contain uronic acid residues, as
well as, in some cases, heptosyl residues.¥40444547.149.1% [n the case of both Rhizo-
bium and Bradyrhizobium, the O-chain polysaccharide is the dominant antigenic
component since antisera to the bacteria react strongly with those forms of LPS
that carry the O-chain.*454” An interesting feature of R. lequminosarum O-chains
is that they have a Kdo residue (i.e., the third external Kdo described above) at
their reducing ends,# a feature that is not true of enteric LPSs.

Thus far, the structures of only two Rhizobium O-chain repeating units
have been published, those from R. leguminosarum bv. trifolii 45,'® and R.
tropici CIAT899.% Their respective structures are:

o- D-ManNAc
(1
y
2)
—3)-a-L-Rha-(1—3)-a- L -Rha~(1—-4)-- D -GlcNAc-(1—>3)-a- L -Rha-(1—>

and

—4)-B- D-Glc-(1-3)-6-deoxy-a- D-Tal-(1—>3)-a- L-Fuc-(1—>.
2
T
OAc
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The O-chains of S. fredii, S. meliloti, and R. sp. NGR234 appear to be quite
different from those of Rhizobium or Bradyrhizobium. Composition analysis
indicates that they can be homopolymers, e.g., a glucan.!® In addition, in
these species the core oligosaccharide is, together with the K-antigen, a
dominant antigenic region of the LPS,1¥13162j e, antiserum to these bacterial
species reacts strongly with the rough LPS. These results indicate that the
O-chains of these species are not very antigenic. Another possible reason for
the immunodominance of the LPS core oligosaccharides is that these species
produce relatively large amounts of rough LPS compared to smooth LPS (as
indicated by PAGE analysis). Thus, the abundance of rough LPS on the cell
surface of S. meliloti, S. fredii, and NGR234 makes it the dominant LPS antigen
in these species. Rhizobium galegae is another species in which the rough LPS
is the abundant form of LPS, making it the dominant antigen.!® Recently,
16S RNA sequence analysis determined that this species was most closely
related to the Agrobacterium genus, while 23S sequence analysis places it near
the Rhizobium genus.'®

In spite of the large variability of rhizobial O-chain structures (even
within a species), the presence of the O-chain polysaccharide is essential for
normal interaction with the legume host.

The biosynthesis of R. etli and R. leguminosarum lipid-A

Biosynthesis of the lipid-A portion of LPS is crucial for viability of
E. coli 130151181 Tt js also known that this portion of the LPS from enteric
bacteria is responsible for its toxic properties, which result from an over-
stimulation of the host’s immune system, e.g., causing the production of
lethal amounts of tumor necrosis factor and other cytokines.106107,163,167.175,187
Structural features of the lipid-A that are essential for this toxicity include
the presence of a glucosamine disaccharide backbone, phosphate groups,
and certain fatty acyl residues.

Due to the unique structure of the R. leguminosarum lipid-A and to the
requirement of lipid-A for the viability of the Gram-negative bacterial cell,
it was of interest to examine its biosynthetic pathway. In E. coli, the details
of the lipid-A biosynthetic pathway have been worked out by Raetz and co-
workers.'®15! Using the various E. coli lipid-A precursors, it was found that
R. leguminosarum contained the same enzyme activities as those found in E.
coli that synthesize Kdo,lipid-IV, from UDP-GlcNAc,'* (Figure 3.5). In E.
coli, the steps leading to the synthesis of Kdo,lipid-IV, are crucial for cell
viability,!°0151181 and the presence of the 4’-phosphate is required'** for the
transfer of the two Kdo residues to lipid-IV, from CMP-Kdo, a reaction
catalyzed by Kdo transferase (KdtA). After the synthesis of Kdo,lipid-1V,,
further processing occurs, i.e., the addition of the acyloxyacyl fatty acids, to
form the mature E. coli lipid-A. These results showed that R. leguminosarum
likely makes a very close structural analog of Kdo,lipid-IV,, and they indi-
cate that the biosynthetic steps leading to Kdo,lipid-IV, are probably crucial
for the cell viability of a very wide range of Gram-negative bacteria.
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The above results also suggested that R. lequminosarum possesses unique
enzymes which convert its Kdo,lipid-1V, precursor analog into the mature
rhizobial lipid-A structure. Therefore, these results predict that R. lequmi-
nosarum:

1. Should not possess usual (i.e., similar to those in E. coli) acylating
enzymes for the formation of acyloxyacyl substituents

2. Should have 4’- and 1-phosphatases

3. Should have an oxidation system capable of converting the reducing-
end glucosamine to 2-aminogluconate

4. Should have a UDP-GalA transferase which transfers a galacturonosyl
residue to the 4’-position

5. Should have a unique acyl transferase system for the incorporation
of 27-OHC28:0.

Thus far, at least four of these predictions have proven true. First, a 4’-
phosphatase activity was reported!# in R. lequminosarum. This enzyme was
found in R. etli CE3, and in several strains (i.e., found in all strains examined)
of R. leguminosarum (but not in E. coli) it prefers the presence of Kdo in that
Kdo,lipid-1V, is an efficient substrate (but not lipid-IV,) and it is a membrane
protein. Second, evidence has been reported for the presence of a 1-phos-
phatase activity.3® Third, neither R. leguminosarum nor R. etli has any detect-
able acylating activity for the formation of the usual acyloxyacyl groups
found in E. coli lipid-A."* Fourth, a recent report described a unique ACP
from R. leguminosarum that is required for the transfer of 27-OHC28:0 to
Kdo,lipid-1V,.* The sequence of this unique ACP revealed that it is encoded
by open reading frame (orf*), an Ips gene earlier identified and partially
characterized.'” Further work is in progress regarding the biosynthesis of
R. leguminosarum lipid-A. The genes which encode for these unique R. legu-
minosarum and R. etli lipid-A biosynthetic enzymes have not yet been located.

The genetics of Rhizobium LPS synthesis

The genetics of LPS biosynthesis has been most extensively studied in R.
lequminosarum and R. etli. A number of Ips regions (e.g., -, B-, and y-regions)
have been identified in strain R. etli CE3.%#° One region, the B-region, is on
a plasmid (not the symbiotic plasmid),'7?144 while the other regions are
located on the chromosome. The o-region encodes proteins involved in both
core oligosaccharide and O-chain polysaccharide synthesis,**!# and consists
of nine different complementation groups (A to I) on a 17-kb region of
DNA 4188 Mutations in complementation groups A through F affect O-chain
synthesis in that these mutants most frequently contain complete core
regions but truncated O-chains, while mutations in G through I affect core
oligosaccharide synthesis.** Two core mutants were found;** one lacks the
galacturonosyl residue that is attached to O-4 of the core mannosyl residue,
and the second mutant lacks the terminal Kdo residue that is attached to
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O-6 of the galactosyl residue. Both the - and y-regions are likely required
for core oligosaccharide synthesis, since mutations in these regions result in
an LPS with an altered core region and lacking an O-chain.!731484° [n enteric
bacteria, e.g., E. coli or Salmonella, the genes for core synthesis are clustered
on a region of the chromosome known as the rfa region, and those for O-chain
polysaccharide synthesis on another chromosomal region called #fb.17¢ Thus,
as stated by Noel et al.,*’ the arrangement of the Ips genes in R. etli CE3 is
quite different from that in Salmonella or E. coli.

Chromosomal regions responsible for the presence of O-chain polysac-
charides have also been identified in other strains of R. lequminosarum,
R. leguminosarum bv. viciae, 14 and R. lequminosarum bv. trifolii.®® An
R. lequminosarum bv. trifolii mutant of ANUS843 was reported to be comple-
mented by the a-region from R. etli CE3, resulting in an LPS which contained
the CE3 O-chain and not the ANU843 O-chain.®® This result supports the
above structural data showing that the core regions for R. etli, R. lequminosa-
rum bv. viciae, and R. lequminosarum bv. trifolii, i.e., the acceptors for O-chain
transfer, must have identical structures. In addition to the o-, B-, and
y-regions, another region has been identified that is required for smooth LPS
synthesis; i.e., mutations in this region result in mutants that have only rough
LPS.1143 This Ips region is clustered with genes involved in dicarboxylic acid
transport (dct genes).** One such mutant appears to lack the terminal Kdo
residue that is attached to O-6 of the core galactosyl residue.!

Itis apparent from the above studies that the genetics of R. lequminosarum
LPS synthesis is an area that still needs considerable work. Of particular
interest are those genes that convert the Kdo,lipid-IV, precursor into the
unique R. leguminosarum lipid-A. These genes may not be required for cell
viability, and, therefore, it should be possible to obtain mutants in which the
LPS contains lipid-A that is phosphorylated, that does not contain the
27-OHC28:0 fatty acid (e.g., an orf* mutant), or does not contain the galac-
turonosyl residue at the 4’-position. Given the importance of the bacterial
membrane in symbiosis, the effect of such mutations on core biosynthesis,
on the presence or absence of an O-chain, and on infection of the host legume
would be of great interest.

Rhizobial LPS structural variation during symbiotic
nodule development

Detailed biochemical investigations of LPS expression in free-living rhizobia
and in nodule bacteria have been employed to investigate whether or not
the LPS undergoes structural modifications during symbiosis. Because the
plant challenges the bacteria with a series of very different micro-environ-
ments, surface adaptations are to be expected. LPS structural modifications
and adaptations in rhizobia are, therefore, areas that are currently being
investigated in some detail.

Biochemical investigations with monoclonal antibodies have revealed
changes in LPS epitope expression during symbiosis. Thus far, these LPS
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structural changes have been located in the O-chain portion of the LPS.
Differential expression of LPS epitopes has been observed in rhizobia from
free-living cultures that had been subjected to different growth conditions,
and in nodule-derived bacteria. These observations have led to our current
understanding that different types of LPSs can be expressed in rhizobia and
that this expression depends on their environment.?*2986890,134180,188, 191,199 T¢y
date, LPS epitope expression has been investigated most thoroughly in
strains of R. lequminosarum and R. etli. LPS epitopes are expressed either
constitutively, or their expression is regulated. Among regulated epitopes,
expression, or lack of expression, has been observed as a consequence of
environmental changes (e.g., lower pH or O, concentration). From these
investigations, LPS epitopes have been grouped into different classes. One
class of regulated epitopes is predominantly expressed on the LPSs from
free-living bacteria, while another class is normally found only on the LPS
of nodule bacteria 890180188191

Several lines of evidence have shed some light on the underlying causes
of LPS epitope expression and LPS structural adaptation. A number of phys-
iological factors have been identified that are important for LPS epitope
expression. In R. leguminosarum strain 3841, LPS epitope expression has been
studied in relation to growth at acidic pH or under low O, concentrations.
Both conditions induced the expression of certain epitopes and suppressed
others.88990180 In another investigation, LPSs in bacteroids from strain R. etli
CES3 reacted weakly with two monoclonal antibodies. The same low reactiv-
ity was observed in LPSs isolated from bacteria cultured under a range of
regimes: acidic pH, high temperature, low phosphate, or low oxygen con-
centrations.!®® In strain R. leguminosarum 3841, investigators found that bac-
teria cultured at reduced oxygen concentrations and at a near-neutral pH
express LPSs that largely resemble those of the corresponding bacteroids.”

Recently it has been shown that plant factors play a role in LPS epitope
expression. Reuhs et al.1®* have shown that S. fredii LPS changes in response
to the presence of host root extract in the growth medium. Also, an R. etli
LPS epitope is suppressed by adding bean seed exudate to the growth
medium.’®? The active compound has recently been characterized as an
anthocyanin.!3! These findings indicate that LPS expression and molecular
adaptation may be generated through mechanisms employing both physio-
logical conditions and plant-specific molecular signals.

The structural basis for LPS adaptation in response to physiological
factors is not yet adequately characterized. Investigators have achieved
only limited insight into the LPS structural alterations that occur during
symbiosis. Bhat and Carlson!® have shown that the O-chain of the LPS from
R. etli strain CE3 (a derivative of CFN42) grown at pH 4.8 has an altered
methylation pattern. These changes correlate with the weak binding of two
monoclonal antibodies to the LPS from bacteria cultured at low pH (4.8)
compared with the strong binding when bacteria are cultured at neutral
pH. This switch in the methylation pattern of LPS was also observed in
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the LPS from nodule bacteria.!® The LPSs from free-living and pea nodule
bacteria of strain R. leguminosarum 3841 have also been isolated by hot
phenol-water extraction and partially characterized. The LPSs from free-
living bacteria extracted predominantly into the water phase, while those
from nodule bacteria were more evenly distributed between the two
phases. These findings suggest that LPSs expressed in pea nodules are
considerably more hydrophobic in character than those obtained from free-
living bacteria. Partial chemical characterization indicated that this increase
in hydrophobicity in nodule bacterial LPS may be due to changes in the
carbohydrate part of the molecule, and to a higher proportion of long-chain
fatty acids.®

Three classes of LPS mutants complete the current picture of what is
known about LPS structures necessary for symbiotic functioning. One class
comprises LPS mutant derivatives with severely truncated O-chains but
which still retain a certain amount of O-chain. In nodulation assays with
bean and pea, these mutants had the same phenotypes as those which
completely lack the O-chain.®85%%013 This class of mutants shows that a
single, or even a very few, O-chain repeating units are not sufficient to restore
full symbiotic competence. A second class of mutants has been described
that produces an LPS-I structure but at approximately one third the normal
level.*® This mutant is as deficient in infection ability as mutants that entirely
lack an LPS-I. A third class of mutants has been described that expresses
distinctly different or modified O-chain polysaccharides than does the parent
strain.3®® This class of mutants was as fully effective in symbiosis as was
the parent, suggesting that the specific structure of the O-chain is not essen-
tial for LPS function. However, it is possible that the LPS O-chain serves as
a rather nonspecific scaffold for more specific structural decorations; e.g.,
acetyl or methyl groups, or a branching sugar; that are important in symbi-
otic infection.

During tissue invasion the infection threads induced by class I or II LPS
mutants in hosts which form either determinate or indeterminate nodules
showed severe distortions.513313146183 These distortions have been claimed
to constitute a host defense reaction,'® indicating that a complete LPS is
important for repressing such a reaction. Generally, in hosts forming deter-
minate nodules, the tissue invasion process by LPS mutants seems more
severely affected compared with that in hosts forming indeterminate nod-
ules, and observations of necrosis and cell death indicate that host defenses
are elicited in these nodules.’318 The reasons for the differences in the
phenotypes of LPS mutants between determinate and indeterminate nodule-
forming hosts are unclear. Brewin? has argued that the difference in pheno-
types may reflect their different modes of infection.

Infection of nodule cells occurs when bacteria are released from the tips
of the infection threads when they meet a newly formed meristematic host
cell. At this point, the tip of the infection thread is no longer sheeted by a
cell wall (in some legume hosts the tip expands at this point to form a
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ballooning structure, known as an infection droplet), and the rhizobia are
engulfed by the “naked” cytoplasmic membrane to form symbiosomes.25170
The mechanism seems to resemble endocytosis. However, mechanistically it
is not clear if endocytosis or phagocytosis is taking place and if it is receptor-
or integrin-mediated.!*? In any case, close contact of plant cytoplasmic mem-
brane with the rhizobial surface may be critical; however, the molecules
involved in that step are unknown. A model in which LPSs play a role in
attachment to the cytoplasmic membrane during infection has some prece-
dence in animal systems where the involvement of LPSs in cell adherence
and invasion is under discussion (for a recent review see Reference 81). The
fact that the LPS from nodule bacteria, or from bacteria grown under nodule-
like conditions, is more hydrophobic may imply that it has a role in a
membrane-membrane contact between the bacterium and the host cell that
may be essential for symbiotic infection.
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Introduction

Haemophilus influenzae is a Gram-negative bacterium that is a commensal of
the human nasopharynx. On occasion, the balance between colonization and
asymptomatic carriage breaks down and disease occurs.’! Disease caused by
H. influenzae is significantly affected by the capsulation state of the organism
(see below). Both nontypable H. influenzae, which does not express a capsule,
and H. influenzae type b are a significant cause of upper respiratory tract
infections.81# Systemic disease caused by H. influenzae, the most serious
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manifestation of which involves crossing the blood-brain barrier leading to
meningitis, is caused predominantly by type b organisms,® and occurs pri-
marily in neonates and infants during the time after maternal antibody
protection is lost and before the developing immune system is capable of
protecting the infant.!3 Recently, implementation of vaccines effective against
type b H. influenzae has dramatically reduced the number of invasive disease
episodes in vaccinated populations.4751%877.78

Haemophilus influenzae is capable of expressing two major surface
polysaccharides. These are capsule and lipooligosaccharide (LOS). Capsule
is a polymeric carbohydrate structure that forms the outermost layer of the
bacterium. LOS contains both lipid and carbohydrate and is the major com-
ponent of the outer leaflet of the outer membrane of H. influenzae. Both
capsule and LOS have been shown to be important contributors to
H. influenzae’s ability to colonize and infect the human host. In this chapter
we attempt to highlight the impact that genetic research into the biosynthesis
of these two structures has made on understanding the pathogenesis of
H. influenzae.

Capsule

A capsule is a polyanionic, well-hydrated structure that provides a physical
defense barrier around the bacterium and may also determine access of
molecules and ions to the bacterial cell outer membrane.*® H. influenzae can
synthesize one of six capsules that confer serotype a to f specificity.®#¢2 Type
a and b capsules both contain the five-carbon sugar ribitol, type a consisting
of a polymer of glucose ribitol phosphate, while type b consists of poly-
ribose-ribitol-phosphate.>® Type c and f capsules contain O-acetylated 2-ace-
timido-2-deoxyhexose, and type d and e capsules contain 2-acetimido-
2-deoxy-D-mannose uronic acid.%107980

Although all capsular types share similarities in structure, over 95% of
invasive H. influenzae disease cases are caused by type b strains, suggesting
that this capsule confers an increased invasive capability, or that type b
capsule is a marker for strains with an increased invasive capability. Para-
doxically, type b capsule appears to inhibit interaction of H. influenzae with
epithelial cells and thus perhaps inhibit colonization of the nasophar-
ynx.%7273 However, type b capsule does increase serum resistance, enhancing
survival of the bacterium in the bloodstream.3*#° This may be due to the
charged, hydrophilic capsule inhibiting interaction with phagocytic cells and
inhibiting deposition of complement. However, isogenic transformants of
each capsular type demonstrated that capsular type a and e organisms were
as resistant to the action of complement as type b transformants,” so this
alone does not explain the increased disease-causing ability of type b
H. influenzae. A possible explanation for this may be provided by analysis of
the genetics of capsule production (Figure 4.1).
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Genetics of capsule production

The genes for capsule production are contained within a single locus of
approximately 18Kb" (Figure 4.1). The locus is described as comprising three
regions.’?8? Regions 1 and 3 are common to all capsular types: region 1
encoding the “common” functions of capsule export, while region 3 probably
encodes control functions. Region 2 differs between the different capsule
types and encodes functions of synthesis of the particular capsule.’? This
modular arrangement is also found in Escherichia coli K1 and Neisseria men-
ingitidis serogroup B, which along with H. influenzae type b are the predom-
inant serotypes associated with sepsis and meningitis in infants. The com-
mon biochemical properties of these capsules and genetic organization of
their production has led to their classification as type II capsules.!*

For type b H. influenzae, the capsule gene arrangement has important
consequences. The type b capsule locus is often found as a duplication,
creating a direct repeat of the 18Kb locus.” However, it is not a true tandem
repeat because a deletion has occurred at one end, removing 1.2Kb of the 3’
end of region 1 (Figure 4.1). Thus the duplicated locus contains two repeats
of approximately 17Kb, which are separated by a 1.2Kb bridge region con-
taining the remaining copy of the 3" end of region 1. This 1.2Kb region
contains the gene bexA, which is the fourth gene in the bex operon of region
1, encoding an ABC-type transporter responsible for capsule export.?

The duplicated arrangement is unstable. It has long been observed that
H. influenzae type b capsulation is unstable; capsulated strains give rise to
noncapsulated variants at high frequency in vitro.!? Analysis of noncapsu-
lated variants of type b strain Eagan revealed that they had reduced to a
single copy of the capsule locus.! This event deletes the bridge region con-
taining the only copy of bexA, and thus these organisms are capsule-export
deficient and noncapsulated. The capsule export deficiency leads to accu-
mulation of intracellular capsule material, a deleterious event which pro-
duces small colonies in vitro. This situation is often relieved by secondary
mutations in the capsule locus that abrogates capsule synthesis and produces
large, smooth, noniridescent class II noncapsulated mutant colonies.*

Amplification of the capsule locus

An insertion element-like sequence, 1S1016, is associated with the type b
capsule locus; a single copy is located at each end.?’ Recombination between
this repeated element leads to amplification of the capsule locus beyond the
duplicated state; up to five copies of the locus have been observed.” Inter-
estingly, a survey revealed that approximately 35% of clinical isolates had
amplified capsule loci.” Amplification also produces a gene dosage effect in
that a strain with five copies of the locus synthesized approximately five
times the level of capsule as a strain with the duplicated locus.” The biological
significance of this increased capsule production is unclear, but it is possible
the apparent protective effects of capsule are increased accordingly. In support
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of this theory, an isogenic set of bacteria which contained 2, 3, or 4 copies of
the capsule locus were found to differ in their resistance to complement-
mediated bacteriolysis, with 4 copies of the capsule locus providing greater
resistance than 3 copies, which in turn provided greater protection than did
2 copies.>® The amplified arrangement is unstable in vitro. A reduction in
copy number is observed readily after few laboratory passages, and thus
there may be a selective pressure that maintains the amplified state in vivo.”
The increased resistance to complement-mediated killing conferred by cap-
sulation may contribute to such a selective pressure.

Population biology of capsulated H. influenzae

Capsulated H. influenzae belongs to one of twelve major lineages, designated
A-L, each of which belongs to one of two primary divisions. Division one
contains all serotype ¢ and d isolates studied: one lineage of serotype a
isolates and 95% of type b electrophoretic types. Division II contains all
serotype f isolates studied, a second lineage of a isolates, and a second group
of serotype b isolates. A serotype belongs to only one or a few lineages, and
these lineages are not shared between serotypes.®

There is an interesting distinction between the capsule locus of division
I and division II type b isolates. In division I isolates, the IS1016 element is
associated with the capsule locus. In division II isolates, the element is
present, but not associated with the capsule locus. 151016 is also found at
either end of the capsule locus of type a—d strains which belong to division
I, although these capsule loci are present as a single copy.?’ Division II type
b strains also contain a single copy cap locus. These strains are less virulent
in an infant rat model of pathogenesis and are rarely responsible for invasive
disease cases.®® Thus, it appears that the 1.2Kb deletion of the bridge region
is an ancestral mutation that causes a selective pressure for maintenance of
the duplicated capsule locus state.?! Reduction to a single copy state in these
strains deletes the only copy of the export gene bexA, and thus renders the
organism capsule deficient and poorly able to survive in vivo compared to
capsule-proficient organisms. This requirement for a duplicated locus state has
the consequence of maintaining organisms that produce more capsule and
probably contributes to the increased virulence of these strains, which is sug-
gested by their occurrence as the prime invasive disease causing strains.

H. influenzae LOS

Lipopolysaccharide (LPS) is the major component of the outer membrane of
Gram-negative bacteria and is a major distinguishing feature between Gram-
negative and Gram-positive bacteria. LPS is a glycolipid in which an acylated
diglucosamine backbone (Lipid A) forms a membrane anchor and is linked
through 2-keto-3-deoxyoctulosonic acid (KDO) to an oligosaccharide.® LPS,
particularly the lipid A component, is attributed to mitogenicity, pyrogenic-
ity, platelet aggregation, and cytokine activation, and is thus responsible for
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much of the inflammation and toxicity associated with Gram-negative bac-
terial infections.!>% H. influenzae, along with other bacteria that inhabit
human mucosal surfaces, including members of the genera Neisseria, Borde-
tella, and Branhamella, express shorter, more branched LPS structures than
the LPS of enteric bacteria. Also these structures do not contain the repetitive
O-antigen side chains of enteric bacteria. To highlight this distinction, these
structures are termed lipooligosaccharides (LOSs), although this term is not
universally used.

It is now evident that LOS is of fundamental importance to H. influenzae
for survival and its ability to inhabit and infect the human host. These data
are reviewed extensively elsewhere.®

H. influenzae LOS structure

The structure of LOS from H. influenzae strain A2 is shown in Figure 4.2 All
H. influenzae LOSs share this common structure in terms of an oligosaccharide,
consisting mainly of heptose, glucose, and galactose, linked through KDO to
lipid A. Sialic acid is also often present, as a terminal component linked to
galactose.®® The oligosaccharide chains display variability between strains.
Some structures observed in H. influenzae LOS are depicted in Table 4.1.

The LOS is highly variable. A single strain simultaneously synthesizes
multiple structures.*>>-%! These structures are often present in unequal
amounts such that a majority of LOS structures reported represent the major
LOS structure of that strain. The structures of the full repertoire of LOS
molecules of which a strain is capable of producing is unknown but may
include truncated versions of the full-length molecule as well as alternative
full-length structures.

A feature of H. influenzae LOS is phase variation of LOS structures, that
is the reversible loss or gain of LOS structures, often described in terms of
loss/gain of anti-LOS monoclonal antibody epitopes.?”” Phase variation
occurs at high frequency (often 10 per bacterium per generation) and
undoubtedly contributes to the heterogeneity of LOS. The role of phase
variation in the biology of H. influenzae infection is unclear. It is possible that
high frequency switching of exposed structures, and generation of a reper-
toire of structures is a way of avoiding host defense mechanisms.

Understanding of H. influenzae LOS biosynthesis has increased dramat-
ically over the last decade, and recent completion of the whole-genome
sequencing of H. influenzae strain Rd theoretically allows identification of all
the genetic loci responsible for LOS biosynthesis in this organism.! Research
has now reached the stage, accelerated by advances such as the whole-
genome sequencing, at which many of the genes involved in H. influenzae
LOS biosynthesis have been identified. However, it is evident that simply
identifying these genes does not produce a complete understanding of the
LOS structures nor, in particular, how the observed variation in these struc-
tures is achieved. Research is shifting to understanding the genetic regulation
of LOS genes in order to answer these questions.
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An extensive review has appeared recently covering the LOSs of Gram-
negative bacteria in general.®® Here, we shall attempt to highlight some of
the recent advances made pertaining to H. influenzae.

Genes of LOS biosynthesis

Genes that are involved in LOS biosynthesis are listed in Table 4.2. Some of
these genes were identified through mutagenesis, with a mutant producing an
altered LOS phenotype on SDS-PAGE analysis and/or in reactivity to anti-LOS
monoclonal antibodies. Other genes were cloned through complementation of
enteric LPS mutants, and recently a large number of putative LOS genes were
identified through analysis of amino acid sequences of ORFs from the whole
genome sequence, thus identifying ORFs homologous to previously identified
LPS/LOS functions.®® The list in Table 4.2 clearly demonstrates that a large
number of genes are involved in LOS biosynthesis. This is not unexpected
because LOS is a multicomponent molecule, the synthesis and assembly of
which obviously requires numerous functions. However, H. influenzae contains
several putative LOS genes for which there is no obvious function. Examples
are genes 1fbB, 1fbP, cld, and OrfO, whose products are homologous to proteins
involved in O-antigen biosynthesis in enteric bacteria.”’ H. influenzae does not
produce O-antigen. It is possible that in enteric bacteria these genes have func-
tions in addition to O-antigen biosynthesis and that these additional functions
are required by H. influenzae. It is also possible that the terminal sugars of
H. influenzae LOS are assembled in a fashion similar to O-antigen. Bordetella
pertussis LOS contains a terminal trisaccharide which has been proposed as a
single O-antigen unit-like structure and is probably assembled on an acyl-
carrier component as is enteric O-antigen.? Finally, it is also possible that these
genes are nonfunctional in H. influenzae, at least under the conditions under
which they have been studied. Interestingly, Neisseria contain several rfb
homologs for which no function can be ascribed.®

Differences in LOS biosynthesis between closely related strains is also
evident. Mutations in several genes of type b strain RM7004 did not produce
any detectable change in LOS phenotype, whereas in the type b strain
RM153, mutation of these genes did alter LOS as judged by reactivity to
anti-LOS monoclonal antibodies.? This suggests a high level of heterogeneity
of LOS between H. influenzae strains even when monoclonal antibody data
suggests the presence of the same epitopes. Furthermore, some LOS genes
may be strain specific, because the lex2 locus identified in type b strains is
not present in the Rd strain from which the whole genome was sequenced.?

Recent studies have begun to further define the genes of lipid A biosyn-
thesis. The Ipx genes responsible for biosynthesis of the diglucosamine back-
bone of E. coli lipid A were identified some time ago,®® however, it is only
now that genes involved in the acylation of the backbone have been char-
acterized. These studies are providing valuable information on the role of
the acyl chains of LPS/LOS in pathogenesis, particularly regarding the toxic
effects of lipid A.
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Table 4.2 Genes of H. influenzae LOS Biosynthesis

Gene/Locus Function Reference
IpxA Transfer of B-hydroxymyristic acid from ACP to 11
UDP-GIcNAc
IpxB Condensation of UDP-2,3-dihydroxymyristoyl- 11
glucosamine with lipid X to form lipid IV,
IpxC (envA) Deacetylation of UDP-3-hydroxymyristoyl- 11
GlcNAc
IpxD (fir) UDP-2,3-dihydroxymyristoyl-glucosamine 11
formation
kdsA KDO-8-P biosynthesis 11
kdsB CMP-KDO biosynthesis 11
kdtA KDO transferase 11
kdtB KDO transferase 11
msbB Acyltransferase of lipid A biosynthesis 11/71
htrB Acyltransferase of lipid A biosynthesis 35
isn/gmhA Phosphoheptose isomerase 64/3
rfaD ADP-L-glycero-D-mannoheptose epimerase 54
rfaE ADP-L-glycero-D-mannoheptose synthetase 36
rfaF Heptosyltransferase II 54
Isg Expression of 6E4 epitope 1
licl Expression of 12D9 and 6A2 epitopes 85
lic2 Expression of 4C4 epitope 18
lic3 Contains galE 41
lex2 Expression of 5G8 epitope 22
IgtC Putative glycosyltransferase 21
opsX Heptosyltransferase 20
pgmA-C Phosphoglucose mutase 20
IpsA Glycosyltransferase 20
IgtA Glycosyltransferase 20
nusG (rfaH) Transcriptional terminator 20
OrfH Heptosyltransferase 20
siaB CMP-NANA synthetase 11
basR/S Putative regulator of LOS microheterogeneity 1
OrfM, OrfZ, OrfY, =~ Homologs of previously identified LOS/LPS 20
OrfE, OrfO, OrfE, genes from other organisms
rfbB, rfe, kfiC, Isg1,

xyIR, cld, rfbP

Downstream of rfaE in H. influenzae is an analogue of E. coli htrB.% HtrB
in E. coli had been mistakenly identified as a heat shock protein as it is
required for growth at 37°C. Several phenotypes were observed in an E. coli
htrB mutant, including a change in color of the LPS on silver staining,
following SDS-PAGE, from black to reddish brown.?*? H. influenzae htrB
mutants have some phenotypes which are similar to those of the E. coli htrB
mutant, including temperature sensitivity as well as the LOS color modifi-
cation mentioned above. In addition, induction of suppressors of the muta-
tion occurs in H. influenzae in a fashion analogous to E. coli. Studies have
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shown H. influenzae htrB to be a KDO-dependent acyltransferase. htrB
mutants have a lipid A structure which contains predominantly tetraacyl
species, compared to wild-type, which has a hexaacyl structure, and enzy-
matic studies indicate that HtrB is responsible for the 3’ substitution of
hydroxymyristic acid in H. influenzae lipid A by myristic acid.?3

The predominant tetraacyl lipid A structure of the H. influenzae htrB
mutant is identical to lipid IV,. This form of lipid A binds to the LPS receptor,
CD14, but does not initiate the signaling which leads to a cytokine response
from macrophages and also is nontoxic in animal models. This suggests that
the htrB lipid A might have reduced toxicity in animal systems and in vitro
models. Studies of an H. influenzae type b strain A2 htrB mutant indicate that
nasal infectivity in the neonatal rat model is ablated (0 of 30 animals devel-
oped bacteremia compared to 8 of 30 of animals infected with the wild type).
In addition, limulus amebocyte lysate coagulability and human macrophage
TNFo release are reduced by one log when exposed to LOS isolated from
the htrB mutant when compared to release induced by wild-type LOS.

Genetic organization

The genes of H. influenzae LOS biosynthesis are dispersed around the chro-
mosome. Outside of two clusters, the Isg locus'** and a cluster of O-antigen
related genes (see above), these genes are not found as part of large contig-
uous gene clusters. Although the consequence of the dispersed nature of the
LOS genes is unknown, it is in contrast to the situation in enteric bacteria in
which most of the genes for biosynthesis of the oligosaccharide component
of LPS are contained in two clusters, rfa (core biosynthesis) and rfb (O-antigen
biosynthesis),*® and may reflect a complexity of regulation in H. influenzae
that prohibits clustering of genes under the control of common promoters.
Very little is known of transcriptional organization of H. influenzae LOS
genes.

Genetic regulation of LOS biosynthesis

Phase variation
A striking feature of several LOS biosynthesis genes is the presence of tan-
dem repeats of a tetranucleotide DNA motif in the 5’ region of the predicted
coding region of the gene. Association of tandem repeats with LOS biosyn-
thetic genes was made several years ago with identification of the three /ic
loci. licl contains four ORFs, A-D. Initial observations were that lic1C and
lic1D were involved in expression of the epitopes recognized by MAbs 12D9
and 6A2.3% Recently, the function of the licI locus has been identified as
decoration of the LPS with phosphorylcholine. While phosphorylcholine is
the major phospholipid of the eukaryotic cell membrane, it has rarely been
observed in prokaryotes. H. influenzae takes up choline from the growth
medium, and lic] is proposed as a locus involved in its uptake, phosphory-
lation, and transfer to the LPS. lic1A is a putative choline kinase and contains
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multiple tandem repeats of 5-CAAT-3". Mutation of lic1A reduces expression
of the 6A2 epitope and also results in the absence of phosphorylcholine from
the LPS.# [ic2 contains a single gene involved in expression of the 4C4 and
5G8 epitopes and also contains 5-CAAT-3" repeats in its 5" region.!8%” This
gene probably encodes a glycosyltransferase that adds a sugar to LOS. lic3
was also identified as a locus containing CAAT repeats and contains four
ORFs.¥ lic3A contains the repeats and, although its relation to LOS biosyn-
thesis is unknown, lic3B encodes GalE, a metabolic enzyme crucial to bal-
ancing levels of the LOS precursors UDP-glucose and UDP-galactose.*! The
association of tandem tetrameric DNA repeat motifs and LOS biosynthesis
has been strengthened by the recent identification of other LOS biosynthetic
loci containing tetrameric repeats, namely lex2 (containing 5-GCAA-3')*? and
IgtC (containing 5-GACA-3"),?! both of which are probably glycosyltrans-
ferases.

The repeat motifs are responsible for phase variation of LOS structures.
The number of repeats varies due to addition or deletion of single repeat
units through slip-strand mispairing during replication.?” Variation in repeat
number moves the coding reading frame downstream of the repeats in or
out of frame with the 5 region. A repeat number which leads to an out-of-
frame situation prevents synthesis of the affected protein and thus leads to
an absence of that LOS biosynthetic function.* The repeats are found in
glycosyltransferase genes (although the function of the genes containing the
repeats in lic1 and lic3 is unknown), and thus phase variation probably occurs
through switching on and off synthesis of enzymes that directly add com-
ponents to the oligosaccharide of LOS.

A clear association between repeat number (and thus the corresponding
in- or out-of-frame situation) and switching on or off expression of LOS
epitopes has been shown for lic1, lic2, and lex2.182286

Phase variation through slip-strand mispairing of repetitive DNA ele-
ments appears to be a common mechanism of variation of surface compo-
nents of Gram-negative bacteria, homopolymeric tracts are found in the 5’
region of glycosyltransferase genes in pathogenic Neisseria, ' although the
occurrence of tetrameric repeats has thus far only been identified in
H. influenzae. Analysis of the whole genome sequence of strain Rd identified
twelve open reading frames containing tetrameric repeats, of which four
were in obvious LOS biosynthetic loci (the three lic loci and IgtC).2! Thus,
this strain has multiple loci at which phase variation can alter LOS structure.
This highlights the complexity of the LOS biosynthetic process and goes
some way to explaining the high-level variability in LOS structures that is
observed in a single strain.

Other mechanisms of regqulation
Phase variation through alteration of tetrameric repeats is unlikely to be the
only mechanism of genetic regulation of LOS biosynthesis. In lic2, where 16
tetrameric repeats are associated with strong expression of the 4C4 epitope,
16 repeats are also found in organisms that do not express the epitope.’®
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Also, phase variation in lic3 occurred even after deletion of the repeats,
suggesting that other mechanisms may be operating.”

LOS contains multiple sugar residues that are also central molecules of
the bacterium’s metabolism. It is possible that LOS biosynthesis is under the
control of factors that regulate central metabolism, such as signaling through
cAMP/CRP. It is known that LOS phenotype changes depending on growth
culture conditions, although the exact nature of these changes and the mech-
anisms by which they occur are unknown 333

It is also possible that LOS is affected by specific environmental condi-
tions. PmrA/B is a two-component system in Salmonella typhimurium, and
BasR/S is an analogous system in Escherichia coli.>*%” These systems regulate
the pattern of phosphorylation of the LPS in these organisms.!”"” Although
the environmental signal to which these systems react is unknown, mutation
of the systems affects resistance to antimicrobial peptides, and for S. typh-
imurium mutation also affects survival within macrophages.” A system with
considerable homology to these two enteric systems has been identified in
H. influenzae.'* Thus it is possible that H. influenzae LOS substitutions are
subject to regulation through a two-component system in response to an
environmental signal.

Summary

Capsule and LOS are two surface polysaccharides that are critical to the
infectious capability of H. influenzae. Understanding the production of these
polysaccharides is important to understanding how H. influenzae is able to
colonize and invade its human host. This understanding has also been of
great value to research of surface polysaccharides in other pathogenic bac-
teria. A significant contribution to this work has been the elucidation of the
genetics of capsule and LOS biosynthesis. We are now reaching a stage of
full knowledge of the identity of genes of these processes. Future research
is likely to concentrate on the expression of these genes, in particular regu-
lation of the gene expression, because simply knowing the genes involved
is insufficient to fully understanding the role of surface polysaccharides in
the biology of H. influenzae.
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Introduction

Gonococci (GC) and meningococci (MC), like typical Gram-negative bacte-
ria, contain lipopolysaccharide (LPS) in their outer membranes. Unlike enter-
obacterial LPS, GC and MC LPS is modest in molecular size and therefore
has been referred to as lipooligosaccharide (LOS). Yet work over the past 15
years has shown that within the constraints of the small size lurks a surpris-
ing degree of antigenic complexity and size heterogeneity. The technological
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Figure 5.1 The generic structure of neisserial LOS. The LOS of MC and GC has a
triantennary structure. This contrasts with the structure of enterobacterial LPS which
is substituted only at the 3 position of heptose 2.

breakthroughs needed for this understanding were the ability to characterize
LOS by SDS-PAGE visualized with a highly sensitive silver stain,! the ability
to relate the bands seen on SDS-PAGE with reactivity of a panoply of mon-
oclonal antibodies (MAb) by Western blots,>* and detailed structures of the
LOS of a number of GC and MC strains. It is only recently that full structures
of several GC LOS have become available.* It was found that they resembled
the structure of MC LOS that had been determined earlier.>® The structural
chemistry of MC LOS has been reviewed extensively by others!® and is
presented here only to provide a context for the genetic studies.

Generic structure of neisserial LOS

Abbreviations used in the text and figures are: Glc = glucose; Gal = galactose;
GlcNAc = N-acetyl glucosamine; GalNAc = N-acetyl galactosamine; KDO =
2-keto-3-deoxy-manno-octulosonic acid; Hep = heptose; NANA = N-acetyl
neuraminic acid. The inner core region is quite similar to enterobacterial LPS
and is illustrated in Figure 5.1. It consists of lipid A moiety which is linked
to 2 KDO units and these in turn to two heptose residues. At this point the
neisserial structure diverges substantially from enterobacterial LPS in that
three positions on the Hep residues may be substituted, and these have been
referred to as the o, B, and y chains. In GC the y-chain is always present and
consists of GIcNAc. The B-chain in MC may be phosphoryl ethanolamine
(PE) (L1, L3, L9), Glc (L5), or absent L2, L4, L6. It should be noted that L2,
L4 and L6 carry PE residues on C6 or C7 or both, on the Hep2 residue. In
GC the B-chain in strains 15253 and FA1090 is a lactosyl group.!'? It is not
present in strains F62, MS11 or 1291.41314 There is evidence that suggests that
certain MADb, such as 2C7 and 3G9, may recognize the lactosyl group as part
of their specificity.!! If this is correct then the majority of GC strains carry
this substitution.!s
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Figure 5.2  Structure and genetics of the o-chain of GC LOS. The LOS structure in
the lower portion of the figure has been reported for strain F62¢ and for strain MS11.13
It consists of lacto-N-neotetraose with a GalNAc at the reducing end. The glycosyl
transferases responsible for each addition are indicated next to the sugar residue they
add. The Igt genes underlined are those that contain poly-G tracts and are susceptible
to high-frequency variation. A sialic acid unit will replace the GalNAc if IgfA is in
frame, IgtD is out of frame, and the organism is grown in the presence of
CMP-NANA. The alternative o-chain shown in the upper part of the figure is pro-
duced when IgtA is out of frame and IgtC is in frame.

The a-chain is the most complex and variable and is shown in the lower
half of Figure 5.2. In some strains, such as F62, the a-chain consists of a
GalNAcB1-3Galp1-4GlcNAcB1-3GalB1-4Glc pentasaccharide,* which is iden-
tical to the pentasaccharide found on the human red cell X, antigen.!* How-
ever, in many strains the terminal GalNAc is not added, and the resultant
tetrasaccharide is then identical to lacto-N-neotetraose, a human glycolipid
which is the core structure of the blood group substances.!” In other strains
the o-chain is limited to a disaccharide lactosyl unit and is then identical to
lactosylceramide. Occasionally, an alternative structure (Galo1-4Galp1-4Glc)
is produced where the lactosyl unit bears an additional o-linked Gal.!* This
structure, referred to below as the alternative o-chain, is identical to that
found on the p* blood group antigen globotriglycosyl ceramide!” and is
shown in the upper part of Figure 5.2. In MC the substitution with a terminal
GalNAc has not been reported; however, the lacto-N-neotetraose structure
is found in the L2, L3, L4, L7 immunotypes, L1 carries the globotriose
structure, and L8 contains a lactosyl residue.

Genetics of core biosynthesis

A number of genes involved in the biosynthesis of the core region have
recently been identified, and these findings are summarized in Table 5.1.
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Table 5.1 Biosynthesis Genes of the GC LOS-Core Region

Gene Biochemical Activity Reference
rfaC ADP-heptosyl transferase to KDO1 18
rfaD (Isi-6)  ADP-L-glycero-D-mannoheptose epimerase 22
rfakE (Isi-7)  ADP-heptose synthase 22
rfaF (Isi1) ~ ADP-heptosyl transferase to Hepl 19-21
rfak UDP-GIcNACc transferase to Hep2 24
IgtF UDP-Glc transferase to Hepl 25

These genes have been found either by analysis of pyocin-selected mutants
with defective core biosynthesis, or by taking advantage of the similarity of
the core LPS structures of Neisseria and Salmonella and complementing
known Salmonella mutations with cloned neisserial DNA. Zhou et al. by
complementation of an rfaC Salmonella mutant cloned the GC homologue of
the rfaC (heptosyl 1 transferase) gene.!® The rfaF gene was identified by
analysis of cloned GC DNA able to complement another pyocin-mutant GC
strain FA5100, and this locus was first named Isil1.” Subsequently it was
shown that Isi is a homologue of rfaF, both genes able to complement the
Salmonella mutation; the deduced proteins have very convincing homology
to the enterobacterial rfaF.?*?! Levin and Stein,” by complementing a trans-
formable derivative of pyocin-mutant W51, identified GC homologues of
rfaE and rfaD, demonstrated by complementation in Salmonella mutants that
these did complement known mutations, and showed that rfaD-rfaE form a
single transcriptional unit. In the case of MC, analysis of Tn916 mutants has
proved very informative. A mutant producing a truncated LOS molecule
was found to have the Tn916 insertion in a gene with a deduced amino acid
sequence clearly similar to Salmonella rfaK, and the chemistry of the mutant's
LPS lacks GlcNAc on Hep2.2* Immediately upstream of the MC rfaK gene,
Kahler et al. found another gene which they named IgtF and demonstrated
that it catalyzes the addition of Glc to Hepl.%

Genetics of a-chain biosynthesis

The genes responsible for the biosynthesis of the o-chain of GC have been
identified and are summarized in Figure 5.2, which shows the structure of
the o-chain reported for F62* and for MS11 variant C.»* The most recently
identified gene has been named IgtF and is the glycosyl transferase respon-
sible for the addition of the Glc to the Hep1.?> This gene has been identified
in MC? and GC?? and is immediately upstream of the rfaK gene. The two
genes are co-transcribed and this operon has been named ice, (inner core
extension).” The [gtA-E genes are located in a single cluster that is not
adjacent to other LOS synthesis genes. This gene cluster was first identified
by serendipity and was carefully analyzed when it was noted that two of
its genes, IgtB and IgtE, are homologous to a Haemophilus influenzae gene
(called lex-1% or lic2A%) that is known to be involved in LPS synthesis of
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Figure 5.3  Structure of the Igt locus. The gene organization has been observed in
the majority of GC strains. The sequence is almost identical to that of FA1090, except
that in FA1090 the poly-G regions are, respectively, 11, 14, 14; (Gonococcal Genome
Sequencing Project, and B.A. Roe, S. Clifton and D.W. Dyer; this project is supported
by USPHS/NIH grant #AI38399). This is in accord with the known structure of
FA1090 LOS with lacto-N-neotetraose structure without a GalNAc substitution. In
strain 15253 an internal recombination has occurred between the homologous por-
tions of IgtB and IgtE, thereby excising IgtC and IgtD.'?

that species. Subsequently, Danaher et al.?® cloned a portion of this locus
based on its ability to alter expression of the a-chain. Four of the genes are
the glycosyl transferases responsible for the synthesis of the a-chain from
the Glc residue outward. The fifth gene is the a-galactosyl transferase respon-
sible for the alternative a-chain.?? The structure of the locus is shown in
Figure 5.3. Following the glyS gene, there are five closely spaced open read-
ing frames (orf). A sequence typical of a p-independent termination signal
is located 46 bp downstream of the termination codon of the last orf. Sub-
sequently, there is an area of approximately 100 bp that has striking homol-
ogy to the IS1106 neisserial insertion sequence.* Searches for internal homol-
ogy within this locus indicated that the DNA coding for the first two genes
(IgtA, IgtB) is homologous to the fourth and fifth genes (IgtD, IgtE) and that
interposed is an additional open reading frame, IgtC. The homologous genes
encode proteins that are nearly identical at the N-termini and increasingly
divergent toward the COOH-termini. The IgtC sequence interposed between
the repeated portions of the locus is not repeated within the locus nor
elsewhere in the Neisseria gonorrhoeae genome. It is homologous to E. coli rfal
or rfa] genes, which are two very closely related genes encoding, respectively,
a galactosyl and a glucosyl transferase in core LPS biosynthesis.®! GC IgtC
is also homologous to the subsequently discovered IgtC gene of Haemophilus
influenzae, which is one of the phase variable genes of the latter species by
virtue of a tract of repeating (GACA), in its coding frame.*?

The function of the Igt genes was defined by introducing into the GC
genome insertions or deletions of the Igf locus and determining the effect on
the LOS purified from each of the mutants. The size of the LOS by SDS-PAGE
together with the reactivity with MAbs and the chemical data allowed
assignment of the function of each of the coding frames (Figure 5.2). More
recently the chemical activities of the enzymes encoded by IgtA, IgtB, and
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IgtE with synthetic acceptors have been determined.® It is noteworthy that
IgtB and IgtE, which are structurally very closely related, also perform a very
similar biosynthetic task, i.e., the addition of Galfl—4 to GlcNAc or Glc,
respectively. Similarly, the strongly homologous IgtA and IgtD add GlcNAc
or GalNAcB1—3 to a Gal residue, respectively. IgtC, which is unrelated to
the other genes in the locus, is responsible for the addition of a Gal o1—4.%

We have studied the genomic organization of five additional strains of
GC that were isolated at very different times and places: R10, MS11, FA1090,
M94, and 15253. Southern blots with probes derived from IgtA, IgtB, and
IgtC were performed with genomic DNA digested with BsaBI and, with one
exception, two signals were obtained with the first two probes (IgtA and IgtB
probes also detect IgtD and [gtE, respectively) and a single signal with the
IgtC probe. The exception proved to be strain 15253 where only a single
signal was seen with IgtA and IgtB and none with [gtC. Sequence analysis
of the Igt locus cloned from this strain indicated that it had undergone an
internal recombination within the Igt locus in an N-terminal conserved por-
tion of IgtB and IgtE, leaving a functional IgtE gene and excising the C-
terminal portion of [gtB as well as the intervening IgtC and IgtD genes.!? This
is in accord with the published structure of the LOS of this strain showing
that its o-chain is limited to a lactosyl group.!! The study of the genetics of
LOS synthesis by MC has shown that it has great similarities to that described
for GC. Jennings et al. characterized the Igt locus of MC strain MC58 and
found that it contains only three genes, IgtA, IgtB, and IgtE.3334 In the case
of strain M1080, it was found that IgtC was also part of the Igt locus.!?

Genetics of high-frequency variation

Studies with MAb have revealed the remarkable ability of GC to alter at
high frequency the structure of their LOS. Thus far, most of the changes
observed have been in the o-chain, but there is recent evidence of variation
of the expression of the B-chain.?® Regarding the o-chain, Schneider et al.
demonstrated by a colony immunoblot technique that the expression of the
lacto-N-neotetraose epitope (recognized by MAb 3F11) is lost/regained in
vitro at a frequency of 10~ per generation.3® In vivo selection of the 3F11
epitope was seen when volunteers were challenged with strain MS11,_, vari-
ant A, which produces an LOS with only a lactosyl o-chain. Some of the
clones recovered from the urine of the infected individuals produced a
complete LOS with a pentasaccharide o-chain; a representative clone was
named variant C.13%. van Putten has reported a high frequency variation
of the reaction with MAb 1-1-M, reflecting the addition of the terminal
GalNAc.

When the Igt locus was sequenced, it was found that three of the genes
(underlined in Figure 5.2) contain runs of guanosines coding for stretches of
glycines. In strain F62, these poly-G regions are found in IgtA (17 bp), IgtC
(10 bp), and IgtD (11 bp). In each case, the number of G residues is one that
maintains an intact reading frame coding for glycines, and in each of the
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three genes a change of one or two G bases would cause premature termi-
nation of translation (see Figure 5.3). Thus, these poly-G tracts provide a
mechanism for high-frequency variation of expression of these genes.?’ Slip-
page in such poly-G tracts is well documented to control the expression of
the GC pilC genes, for example, with resultant effects on pilus adhesiveness
to human epithelial cells.* Three aspects of LOS a-chain biosynthesis are
subject to high frequency variation. The first is the addition of the terminal
GalNAc (IgtD), causing an alteration of reactivity with monoclonal antibody
1-1-M; this phase variation has been reported by van Putten.3® Second, a
phase change in IgtA prevents the addition of GlcNAc to the growing chain
and truncates the LOS at the B-lactosyl level. This is a very common form
of LOS in GC, seen on SDS-PAGE as a 3.6 kD band* and in MC as immu-
notype L8. Finally, the variable addition of Galol—4 to the B-lactosyl (p*-
like globo-triose) is under the control of the expression of IgtC.

That high frequency antigenic variation is in fact due to shifts in these
poly-G regions has been documented by a number of investigators. Yang
and Gotschlich subjected an F62 IgtAA mutant (F62A1) to colony blotting
with MAb 17-1-L1, which recognizes the globotriose structure, and three
independent L1minus variants were selected. SDS-PAGE indicated that the
LOS of the variants was smaller. The poly-G region in IgtC of F62 Al and of
the three variants was sequenced. It was found that F62 Al (like F62 wt) has
10 Gs, which is in frame. The three variants have 11, 17, and 17 poly-G tracts,
which are out of frame. Thus the variable expression of the Gala1-4Galp1-
4Glc-R epitope is dependent on shifts in IgtC.#! To document the role of IgtA
in variation, we obtained from Dr. H. Schneider strain MS11,,, variant A
(LOS with only a lactosyl o-chain) and variant C (complete a-chain) recov-
ered from a volunteer infected with variant A.%” The IgtA and the IgtC regions
were sequenced, and it was found that /gtC contains eight Gs in both strains
(off) and that the [gtA region changed from 12 Gs (off) in variant A to 11 Gs
(on) in variant C. In variant A, in which both IgtC and IgtA are off, the LOS
o-chain is limited to the lactosyl group. Thus, the loss of a single G residue
in [gtA of variant C accounts for the regained ability to synthesize the full
LOS.4 The effect of alterations in poly-G in the IgtA gene on antigenic shifts
in strain 1291 was documented by Danaher et al.?® Furthermore, Burch et al.
recently reported that GC strain FA19 produces a mixture of LOS with a
lacto-N-neotetraose and a lactosyl a-chain and reacts with two MAbs that
recognize these epitopes. They demonstrated that this occurs when Isi2 (iden-
tical to IgtA) has a poly-G tract frame-shifted 2+ and ascribed the low level
Isi2 transferase activity to either transcriptional or translational frame-shift-
ing.4? Interestingly, in Schneider's challenge experiment (described above)
another MS11 variant was frequently reisolated from the urine of infected
volunteers and, like FA19, expresses an LOS with both lacto-N-neotetraose
and lactosyl epitopes.?” This clone, named MSI11 variant B, was sequenced
in our laboratory and had a 2+ frame-shifted IgtA poly-G tract of 13 Gs
(unpublished results), supporting the observation of Burch et al. A shift in
the poly-G region of IgtA from 15 (off) to 14 (on) was also documented in
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strain 15253 which, as described above, is deleted in [gtB-D. In this strain,
the activation of IgtA causes a shift from the expression of a lactosyl group
to the expression of a very unusual o-chain, i.e., GIcNAcB1-3Galf1-4Glc.'
It is significant that this type of a-chain is also seen in MC of the L6 immu-
notype, suggesting that these strains may have undergone a similar internal
recombination in their Igt loci eliminating IgtB. In addition, Jennings et al.
have demonstrated that changes in MC IgtA accounts for shifts between
expression of the lacto-N-neotetraose or lactosyl a-chain.3

Sialylation of LOS

The correlation of LOS structure with function is still in it early stages. It is
known that LOS greatly influences the bacteriolytic effects of normal human
serum (NHS) on GC. It has been shown that a large proportion of human
bactericidal antibodies are directed to LOS epitopes. GC strains grown in
vitro vary widely in their ability to resist the bacteriolytic effect of NHS. At
one pole are strains that resist the bactericidal activity of most normal human
sera. These are referred to as Ser® and are commonly found among isolates
from patients with disseminated GC infection (DGI).*3 The convalescent sera
of these patients may develop antibodies that are lethal to these strains. At
the other pole are GC strains that are sensitive to most NHS when grown
on ordinary media. The structural basis for the difference between Ser® and
Ser® has recently been ascribed to the ability of a conserved exposed sequence
present on PorA protein to bind factor H.* It has been proposed that the
LOS with the terminal GalNAc added is a particularly good bacteriolytic
target.®® It has also been reported that GC that carry only a lactosyl a-chain
tend to resist killing by NHS.#° In addition, GC strains lacking the a-chain
(e.g., 1291 d/e; phosphoglucomutase defective) and strains with mutations
in the inner core region become highly serum sensitive.*

Among GC Ser® strains there are a large number that become serum-
resistant when incubated for a period of three hours or more in the presence
of CMP-NANA. GC possess a sialyl transferase that is capable of using exog-
enous cytidine-5-monophospho-N-acetyl-neuraminic acid (CMP-NANA) to
sialylate its LOS.% The concentrations of CMP-NANA found in vivo are
sufficient to support this reaction,”” which was discovered when the effect
of in vivo growth in subcutaneous chambers on the ability of GC to resist
the bactericidal action of serum was studied. However, the reaction depends
on the LOS being a competent acceptor; it is well established that the GC
lacto-N-neotetraose chain is the main substrate for sialylation.®® The o2, 3-
sialyltransferase (Ist gene) has recently been cloned from both MC and GC.#
It was accomplished by testing a large number of plasmid clones of MC
DNA by an exquisitely sensitive assay for sialyltransferase activity. This
membrane-bound enzyme, which can use o- as well as B-linked Gal residues
as acceptors,® has a clear preference for sialylating N-acetyl lactosamine in
comparison to lactose or galactose.* There is a correlation between the
expression of free lacto-N-neotetraose on MC LOS and the inhibition of
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serum bactericidal activity. The mechanism by which sialylation renders
the organisms phenotypically Ser® has been attributed to a general defect of
effective complement deposition®>® or an inability of antibodies to bind to
the modified LOS.>* Researchers have found that factor H binds to sialic acid
on sialylated GC, increasing the conversion of C3b to iC3b and thus blocking
complement pathway activation;*® data suggest a similar mechanism in
MC.%

Genetics of B-chain biosynthesis

The a1-3Glc transferase that catalyzes the first step in the addition of the -
chain, a reaction chemically analogous to that performed by Salmonella rfaG,
has been cloned.® In addition, Erwin et al.2 made an observation that bears
upon the next biosynthetic step, the addition of the Gal residue. Among the
strains studied, 15253 and FA1090 LOS react with MAb 2C7. Deleton of IgtA
through IgtD (A5) of FA1090 results in production of an LOS with mobility
very similar to that of 15253, and this LOS retains 2C7 reactivity. However,
deletion of IgtE in GC strains that are reactive with MAb 2C7 abrogates this
activity. This observation suggests that IgfEA has an effect on B-chain syn-
thesis. The sugar composition of the LOS of GC 15253 and 15253(IgtEA) was
determined. In the parent strain, Glc:Gal:GlcNAc was found to be approxi-
mately in the expected ratio of 2:2:1. In the IgtEA mutant, galactose is entirely
absent; the same is true for strain FA1090. Thus, the deletion of IgtE not only
has the expected effect on the addition of Gal to the o-chain, but also prevents
addition of Gal to the B-chain. Recent data suggest that the IgtE product is
in fact bifunctional, attaching Gal to the initial glucose of the B-chain as well
as the a-chain (Stein, D.C., personal communication). It is known that certain
steps in LOS synthesis occur in a specific order. Apparently, addition of the
o-chain requires the presence of heptose 2 and its substituent y-chain, since
the o-chain is absent from the LOS of an MC rfaK mutant (lacking the y-
chain)* and a GC rfaF mutant (lacking heptose 2).2! Furthermore, the addi-
tion of the first glucose of the B-chain by IgtG possibly requires the presence
of the first glucose of the a-chain, because MC strain NMB (B-chain positive
in the wild type) disrupted in IgtF lacks glucose on Hepll as well as Hepl.?

Genes with secondary effects on LOS biosynthesis

The genes pgm and galE, which act indirectly upon LOS biosynthesis, are of
considerable interest because mutants of these genes existed before the gly-
cosyl transferase genes were identified; these mutants were used in very
informative functional studies that are summarized below. Sandlin et al.””
studied a set of pyocin mutants which previously had been derived from
GC strain 1291 and structurally characterized.!* They cloned a DNA frag-
ment that repairs the defect of 1291d and 1291e% and subsequently demon-
strated that the defect is a mutated phosphoglucomutase (pgm), which pre-
vents the synthesis of UDP-glucose and hence the addition of the Glc
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residue.® The pgm gene of MC was identified by determining the gene
affected in a Tn916 transposon mutant with a truncated LOS.* Robertson et
al.%®% cloned and inactivated the galE (UDP-galactose-4-epimerase) gene of
GC thus generating a mutant expressing Glcf1—4Hep, which is a severely
truncated o-chain.®® Similarly, Jennings et al.®! identified this gene in MC and
showed that its deletion affects LOS biosynthesis.

Biosynthetic genes not yet identified

Neisserial LOS shows considerable microheterogeneity. It is well established
that SDS-PAGE analysis of a given strain's LOS can yield multiple unchar-
acterized bands. Some of these, such as the L1 (globotriose) LOS, possibly
represent alternative structures that are not direct precursors of the larger
and predominant LOS forms. Lee et al. have used mass spectrometry to
demonstrate the presence of repetitive hexoses in certain LOS forms of MC
strain NMB. They have also found LOS structures with similar repeats in a
Tn916-generated NMB galE mutant. The hexoses are probably glucose resi-
dues, since the mutant is unable to synthesize UDP-galactose.®* The glyco-
syltransferases responsible for this alternative polymerization are still
unknown. Other unidentified genes include those responsible for additional
LOS modifications such as acetylation and ethanolamine substitutions. Fur-
thermore, the complete structures of the L10 and L11 immunotypes of Group
A MC have not yet been determined. Doubtless, these remain areas for
further investigation.

Selective advantage of LOS in pathogenesis

GC possess surface structures that are relevant to inter-gonococcal adhesion,
adherence to eukaryotic cells, invasion of host mucosa, and immune evasion.
These surface structures include pili, opacity (Opa) proteins, and LOS, and
share the property of being subject to antigenic variation. We next focus
briefly on pili and opacity proteins to provide context for a consideration of
the physiological relevance of LOS variation.

Pili

GC pili are associated with virulence, ®* mediate inter-gonococcal adhesion,*
and are necessary for transformation® (and reviewed in Reference 67). Pili
also mediate attachment of GC and MC to host epithelial and endothelial
cells via the pilus-tip adhesion PilC.¥%70 However, there is some evidence
that pili may be inhibitory to the invasion step, in vitro.”7? Pilin, the subunit
protein of the GC pilus, is usually encoded by one complete expression locus
termed pilE1. The genome also contains several promoter-less (silent) pilin
sequences, designated pilS1, pilS2, etc. These sequences are homologous to

pilE. A given strain of GC can express many different sizes of pilin subunits.”
Pilus phase transition occurs at a frequency of ~10-3; 737 pilin antigenic variation
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occurs at frequencies of 102 to 10 7 and is generally recA-dependent.” Studies
on this variation have shown that a combination of mechanisms may be
responsible. These include transformation-mediated recombination between
pilS sequences released by GC autolyzed in culture and pilE genes in live
GC,”778 intragenomic reciprocal recombination between pilE and pilS,”” and
gene conversion.” The end result is the rearrangement of the variable cas-
settes of the pilin expression locus and expression of antigenically distinct
pili. In contrast, pilC varies at high frequency due to a slipped-strand mech-
anism involving a stretch of guanine residues early in the coding frame.88!
Pilus variation contributes to GC evasion of host immune defenses and could
possibly mediate tissue tropism.

Note that the pgm and galE genes (mentioned above as they relate to
LOS biosynthesis) are most likely involved in other housekeeping functions,
including the modification of pili by glycosylation. An early study revealed
the presence of galactose and glucose residues on GC pili by qualitative gas
chromatography.8? More recently the presence of carbohydrate groups on
the MC pilus has been established. Indeed, o1,3-galactosyl antibodies can
bind to MC pili, blocking complement-dependent lysis.®® Virji et al. demon-
strated that the glycosylation status of MC pili accounts for the differential
mobility of pilin on SDS-PAGE, and variation in the putative N-glycosylation
motifs of PilE modulates MC adherence to host cells.#* Furthermore, Stimson
et al. have shown that the MC galE mutation results in the simultaneous
decrease of pilin and LOS M, as analyzed by SDS-PAGE.® Thus, future stud-
ies —particularly clinical trials—of the specific role of LOS structure in natural
infection, should be done using mutants of the specific glycosyl transferases.

Opacity proteins

Both GC and MC Opa proteins have been clearly implicated in adherence
and epithelial cell invasion. The GC Opa protein repertoire consists of up to
11 opacity loci, each constitutively transcribed.88” GC expressing certain Opa
proteins assume an opaque and ground-glass appearance on translucent,
solid media.® Opacity protein variation, which occurs at a frequency of ~10-3%
is recA-independent and, due to slipped-strand mispairing of pentameric
(CTCTT) coding, repeats within the opacity genes.” Accordingly, control of
Opa protein expression is at the level of translation.” Phase variation (on/off
switching) results in the expression of zero, one, or more Opa proteins by a
single GC. Antigenic variation thus occurs due to the random expression of
a particular locus or loci.#”

Opacity proteins mediate GC adherence to and invasion of host cells
and may target the bacteria to specific cell types such as epithelium”!*% or
PMNs.%%% The 30 kD OpaA mediates invasion of GC strain MS11 into
Chang conjunctiva cells”*** by binding to heparan sulfate proteoglycans on
the eukaryotic cell surface;***?” there is evidence that this interaction also
contributes to serum resistance.”® Interestingly, vitronectin has been found
to promote the OpaA-heparin interaction in Chinese hamster ovary cells®
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and HeLa cells.'® Furthermore, recent studies show that several of the GC
and MC Opa proteins bind to various members of the carcinoembryonic
antigen (CEA) family that are expressed on both phagocytic and epithelial
cells, 015 indicating that Opa antigenic variation leads to changes in tissue
tropism.

LOS and the mucosal infection

Much interest centers on the role of LOS in GC infection of its obligate human
host. LOS varies independently of other GC surface structures, such as Opa
proteins and pili, at a frequency of ~10- in the absence of selective pres-
sures.?¢1% There is evidence that the specific structure of LOS affects GC
invasiveness. It has been shown that LOS is stably expressed during adher-
ence, invasion, and internal processing of the GC by epithelial cells.!?
Indeed, data suggest that LOS interacts with eukaryotic cell membranes!?”
and can bind to human epithelial glycosphingolipids (reviewed in Reference
17). The effect of sialylation in the local infection is under study by a number
of groups. van Putten has shown that sialylation of LOS has a marked
inhibitory effect on epithelial cell invasion, without greatly altering adhe-
sion.®® Variants that incorporate low amounts of sialic acid show high rates
of invasion into human mucosal epithelial cells and are susceptible to killing
by complement and anti-LOS monoclonal antibodies. By contrast, when
incubated with CMP-NANA, GC bearing highly sialylated LOS are equally
adhesive, but less invasive and more serum resistant. In the absence of
sialylation, there is no significant difference in invasion between the LOS
variants.®® van Putten's studies suggest that in the mucosal infection, o-chain
structures that cannot be sialylated may be important for efficient cell inva-
sion. This finding has been supported by the demonstration that GC with
sialylated LOS are less able to cause infection in human volunteers.!%

The galE mutant of Robertson et al. exhibits wild-type levels of adhesion
to and invasion of epithelial cells, as well as unaltered inter-gonococcal adhe-
sion.®? Likewise, the results of van Putten's experiments, as well as our own
measurements of the invasion rates of OpaA* MS11 Igt mutants,? suggest that
the terminal GaINAcB1—-3GalB1—4GIlcNAcB1—3Gal residue may not be nec-
essary for invasion. However, the proximal glucose residue and the heptosyl
core is more likely essential. Schwan et al. have shown that a disruption of the
GC Isi-1/rfaF gene leads to production of LOS that is truncated in the inner-core
region, abolishing GC invasion of Chang conjunctiva cells despite expression
of OpaA in these mutants.?! This is the first instance where a clear defect in
interaction with epithelial cells is linked to an LOS mutation, and it is remark-
able that it is dominant over the OpaA phenotype. The MC IgtF gene, which
encodes the glucosyl transferase of the a-chain, has recently been identified.”
Cloning and inactivation of the GC homologue and the generation of GC IgtF
mutants was subsequently done in our laboratory.?* Interestingly, we found a
GC MS11 [gtF mutant to be unaffected in adherence but significantly impaired
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in the invasion of Chang conjunctiva cells despite expression of OpaA %2 sug-
gesting the importance of the o-chain's proximal glucose residue.

There is evidence of a possible interaction between Opa proteins and
LOS which may be important in the association with host cells. For instance,
E. coli expressing recombinant OpaA adhere to but do not invade Chang
conjunctiva cells, demonstrating that this particular Opa—protein interaction
is insufficient to mediate invasion;'®!° this contrasts with findings that
expression of Opal is sufficient for internalization of E. coli by HeLa cells
expressing the CEA antigen CGM1a.!! In addition, investigators have
reported the direct binding of GC lacto-N-neotetraose LOS to the asialogly-
coprotein receptor in HepG2 cells,!! to a 70 kD HepG2 protein which is
recognized by an anti-Opa monoclonal immunoglobulin,? and to GC Opa
proteins themselves.!!3114 Doubtless, the specific contribution of LOS to inva-
sion, either alone or via a possible interaction or synergism with Opa, needs
to be dissected in future studies.

Conclusion

In sum, GC possess an elegant genetic system for varying the structure of
their LOS. The fact that each of the various o-chain structures produced by
GC is a mimic of a host sugar structure has raised the question of what the
role of this mimicry may be. Immune evasion is one possibility but is ren-
dered less credible by the observation that the majority of bactericidal anti-
bodies in human serum are directed to LOS.!'> The host uses a very large
number of ligand binding proteins, recognizing the rich array of carbohy-
drate structures on glycolipids and glycoproteins for its own homeostatic
purposes. Among these, the C-lectins, the galectins, and the sialoadhesins
may be particularly significant because their binding specificities would
include structures found on LOS. Thus, it is possible that mimics of these
host structures on the GC would also be recognized and may contribute in
important ways to the mucosal infection. Haemophilus influenzae, an organism
that produces chemically similar LOS, also has frame-shift mechanisms for
varying LOS structures?” and sialylates its LOS.!® The existence of this
genetic capability argues that the process is biologically important, and that
organisms with phase-variable LOS have a selective advantage. It strongly
suggests that specific LOS structures afford an advantage in one biological
niche but a disadvantage in another host environment, and that the organism
negotiates this dilemma by phase variation.
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Introduction

Cholera is characterized by massive diarrhea due to the secretion of electro-
lytes and fluids (often up to 12 liters a day) into the stool. This sudden loss of
fluid can cause shock and lead to death due to organ failure. Since the beginning
of the 19th century there have been seven recorded cholera pandemics across
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the globe. The most recent of these began in 1961 in the Philippines. Vibrio
cholerae comprises over 150 serogroups based upon the antigenicity of the
surface polysaccharides, and until the recent identification of the 0139 sero-
group, only the O1 strains were associated with epidemic cholera. In O1
strains the major surface polysaccharide is the lipopolysaccharide, and the
O-antigen component has been shown to extend over the cell surface and
the flagellum.! V. cholerae O1 can be divided into two biotypes: classical
strains, which are thought to have been responsible for the first six recorded
cholera pandemics, and the El Tor biotype, thought to have been responsible
for the seventh. It has been assumed that only the V. cholerae O1 serogroup
could give rise to pandemic cholera,? but in 1992 the picture changed con-
siderably. In the region around the Bay of Bengal a new serogroup termed
0139, with pandemic potential, was isolated.>*>% This novel O-serogroup
began to replace traditional cholera strains in Bangladesh and the Indian
subcontinent, and it may have arisen by selection because although there
was significant immunity to V. cholerae of the O1 serogroup in the population,
it was naive to the O139 strains. The O-antigen of the LPS also appears to
be the major protective antigen, and consequently a change in the O-antigen,
and thus the serogroup of the organism, can potentially lead to strains with
new pandemic capabilities. Interestingly, a nonpathogenic V. cholerae sero-
group O139 strain has also arisen in Argentina, but its origin appears to be
very different from that of the O139 Bengal strains.5

In this chapter we will review the genetics of biosynthesis of both the
V. cholerae O1 and O139 lipopolysaccharides using the nomenclature
described in the original publications. However, in Tables 6.1 and 6.2 we also
present the new uniform nomenclature according to the system of Reeves
et al.” as recently reported.?

Vibrio cholerae O1 O-antigen

V. cholerae O1 strains of both biotypes have been further subdivided into three
serotypes, depending on the presence and amount of particular antigens on
the O-antigen of the lipopolysaccharide. The three serotypes are designated
Inaba, Ogawa, and Hikojima, which all share a common antigen referred to
as the A antigen. There are two specific antigens, B and C, which are present
in varying amounts on the different serotypes. Inaba strains express only C
and A, while Ogawa strains express all three antigens A, B, and C, although
C is present in much reduced amounts compared to Inaba.’! The third
serotype, termed Hikojima, is extremely rare and unstable and expresses
elevated levels of all three antigens.'>!? It would appear to be just an Ogawa
variant in which the level of expression of the enzyme (RfbT) responsible for
the B antigen synthesis is altered.

The O-antigen of V. cholerae O1 consists of a homopolymer of 4-amino-
4,6-dideoxy-mannose (perosamine) which is substituted with 3-deoxy-L-gly-
cero-tetronic acid (tetronate)'415 (Figure 6.1). This basic structure is repeated
18 times on average and is joined to lipid A via a linker core oligosaccharide
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Figure 6.1 The structure of the A, B, and C antigens on the O-antigen subunit is
shown. The B-antigen is formed essentially by the addition of the methyl group on
the number-two carbon in the perosamine sugar. The C-antigen is the linkage be-
tween the perosamine and the tetronate, whereas the A-antigen corresponds to the
tetronate. (Based on Hisatsune, K., S. Kondo, T. Iguchi, T. Ito, and K. Hiramatsu.
Lipopolysaccharide of Escherichia coli K-12 strains that express cloned genes for the
Ogawa and Inaba antigens of Vibrio cholerae O1; Identification of O-antigenic factors,
in The Thirty-Second Joint Conference U.S.—Japan Cooperative Medical Science Program
Cholera and Related Diarrheal Diseases Panel, 1996. U.S.-Japan Cooperative Medical
Science Program.)

region. The exact chemical nature of the A antigen has not yet been eluci-
dated, but it is likely to be the tetronate substitution on the perosamine
backbone.’ The gene (1/bT) responsible for the chemical modification leading
to the B antigen has been determined.'”!® The modified repeat unit is
2-O-methyl-pD-perosamine. It is thought that the C antigen is the linkage
between the perosamine backbone and the tetronate substitution and that
in Ogawa strains this antigen is partially sterically masked by the presence
of the B antigen'® (Figure 6.1). The O-antigen also contains another sugar
known as quinovosamine. This sugar is found in a ratio of approximately 1
to 20 compared to perosamine, but it is not known whether quinovosamine
either caps the distal end of the O-antigen or the core at its site of attachment
to the O-antigen. The sugar quinovosamine is a 4-amino-2,6-dideoxy-glucose
and may be derived from a perosamine precursor.

Genetics of Vibrio cholerae O1 O-antigen

Several years ago Manning et al.’? cloned and expressed the genes for both
the Inaba and Ogawa serotype of the V. cholerae O-antigen in Escherichia coli
K-12. From heteroduplex analysis and independent cosmid clones, this
region was initially thought to be approximately 18 to 20 kb in size, was
referred to as the rfb region,®* and corresponds to the oag locus first
described by Bhaskaran and Gorrill in 1957. The rfb operon of V. cholerae O1
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can be split into five major regions: (1) perosamine biosynthesis, (2) O-anti-
gen transport, (3) tetronate biosynthesis, (4) O-antigen modification, and (5)
accessory tfb genes (Figure 6.2). This region also contains a defective form
of the putative insertion sequence designated 151358d1, and downstream of
rfbT lies a recently described region containing the accessory rfb genes
involved in O-antigen biosynthesis in V. cholerae but not required for expres-
sion in a heterologous host such as E. coli K-12.2

Upstream of the perosamine biosynthetic genes lies rfaD, which is
involved in core biosynthesis: RfaD converts ADP-p-glycero-D-mannohep-
tose to ADP-L-glycero-D-mannoheptose.?* In E. coli and Salmonella enterica
(serovar Typhimurium) the rfaD gene is found as part of the rfa gene clus-
ter,>2¢ but this does not appear to be the case for V. cholerae (see Figure 6.2).
The proximity of the rfb operon and rfaD with divergent promoters is sug-
gestive of some form of common regulation. Just upstream of the start of
the rfb operon lies a short sequence of approximately 40 base pairs which
corresponds to the JUMPstart sequence? that has also been described as a
654-dependent promoter-like sequence.?® This sequence is found in many
polysaccharide operons and is thought to be involved in the initiation and
stabilization of the transcription complex mediated by RfaH homologs.?’

The genetic organization of the rfb region of V. cholerae O1 suggests that
the genes are translationally coupled, because in most cases there are only
a few bases separating the genes. The exception to this is the gap of approx-
imately 70 bp between rfbN and rfbO. Extensive sequence analysis has found
neither a promoter region nor any errors in the sequence that could close
this gap. Since rfbO is the last of the true rfb genes in this region and it is
thought to condense the tetronate and GDP-perosamine into the O-antigen
subunit (see below), it could have ancestrally been associated with #fbA to
rfbE in the perosamine pathway. Thus, rfbA through rfbO forms the major
rfb operon of V. cholerae O1. As mentioned, the DNA downstream from this
operon, including 151358d1, #fbT, and the recently described rfb genes, are
separate transcriptional units.®!72

GDP—perosamine biosynthesis in V. cholerae O1

The perosamine biosynthetic genes in V. cholerae O1 are thought to comprise
rfbA, 1fbB, 1fbD, and rfbE,* and their corresponding protein products all show
homology to proteins involved in polysaccharide biosynthesis from a num-
ber of other bacterial species (Table 6.1). The biosynthesis of perosamine
parallels that of alginate in Pseudomonas aeruginosa.* The first enzyme in
the pathway is RfbA, which is thought to be bifunctional, having both
phosphomannose isomerase (PMI) and guanosine pyrophosphorylase activ-
ity (GMP).* Based on studies with AlgA, RfbA contains all the regions and
residues critical for PMI-GMP function.®® The RfbA protein is predicted to
catalyze the first and third step in the biosynthesis of perosamine3
(Figure 6.3). The second enzyme in the pathway requires RfbB, which is
thought to be a phospho-manno-mutase (PMM) that converts mannose-
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6-phosphate to mannose-1-phosphate (Figure 6.3) but also shows homology
to a number of phospho-gluco-mutases (PGM).* It is not known whether
both activities are seen in V. cholerae O1 RfbB. The fourth enzymatic step is
likely to be carried out by RfbD, which is an oxidoreductase/dehydratase. In
V. cholerae O1 GDP-mannose is predicted to be converted to GDP-4-keto-
6-deoxymannose by the action of RfbD* (Figure 6.3). The final step is the
conversion of GDP-4-keto-6-deoxymannose to GDP-4-amino-4,6-dideoxym-
annose (GDP-perosamine)® (Figure 6.3), which is proposed to be performed
by RfbE that shows homology to a number of pyridoxal-binding proteins
from a wide range of organisms. Based on these data, it is likely that RfbE is
the amino-transferase or perosamine synthetase.*® As yet we have not iden-
tified an O-antigen polymerase or perosamine transferase. However, since no
function has yet been attributed to RfbG, which appears to have no homology
to any known proteins, this could in fact be the perosamine transferase, but
it could equally well be involved in the biosynthesis of quinovosamine. Alter-
natively, as mentioned quinovosamine is a 4-amino-2,6-dideoxy-glucose and
may be derived from a perosamine precursor by the function of #fbU, which
is the last complete gene found in the minimal Sacl region. A combination of
genetics and chemical studies are needed to resolve this. Analysis of non-O1
V. cholerae strains has shown that the perosamine pathway is also present in
0140.% This serogroup has an O-antigen which is also a homopolymer of
perosamine but substituted with N-acetyl instead of tetronate.®

O-antigen transport in Vibrio cholerae O1

A variety of molecules that are synthesized in the bacterial cell are exported
to other locations. However, whereas the export of proteins from the cell
often involves N-terminal signal sequences and a variety of accessory pro-
teins required in the secretion process, the export of polysaccharides is less
well understood. Much is known about the biosynthesis of molecules, such
as lipopolysaccharides and capsular polysaccharides, but details of the topol-
ogy and export of these molecules are far from complete. The lipid carrier,
bactoprenol or undecaprenol-phosphate, is critical in the export of all
polysaccharides such as LPS, peptidoglycan, and capsule and has been pro-
posed to function by flipping the newly synthesized polysaccharide across
the cytoplasmic membrane via a flippase complex.® With the cloning and
sequencing of rfb regions, it has been possible to make generalizations about
polysaccharide export. The mechanism appears to involve a pair of proteins.
One is an integral membrane protein with a number of membrane spanning
domains, and the other has an ATP-binding motif and is thought to be the
energizing partner.® In V. cholerae O1 these correspond to RfbH and Rfbl,
respectively**4! (Table 6.1).

The integral membrane proteins fall into two distinct classes: those for
LPS export and those for capsular polysaccharide export. The LPS export
proteins are from organisms such as Yersinia enterocolitica*> and Salmonella
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Figure 6.3 Proposed pathway for the biosynthesis of perosamine. The pathway is
based solely on the homologies described. The pathway commences with fructose-
6-phosphate (i) which is converted to mannose-6-phosphate by RfbA (ii). This is
subsequently converted to mannose-1-phosphate by the action of RfbB (iii), which
is then made into GDP-mannose by RfbA (iv). GDP-mannose is then further con-
verted by the action of RfbD to GDP-4-keto-6-deoxymannose (v). This substrate is
then thought to be converted by RfbE to perosoamine (vi). The substrates for the
various enzymes are shown.
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enterica (serovar Typhi),*> whereas the capsular exporters are found in Neis-
seria meningitidis** and E. coli.*>* The RfbH protein from V. cholerae is likely
to be the integral membrane protein, since its hydropathy profile suggests
six a-helical transmembrane domains.®%4 Like KpsM of E. coli*® and BexB of
H. influenzae,*” RfbH is thought to act as a carrier or pore. Rfbl shows homology
to export proteins from the same systems as are seen for RfbH. These proteins
all contain an adenine nucleotide binding fold.#® Since these systems usually
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require two membrane proteins and two ATP-binding domains, it is likely that
RfbH and Rfbl may be present as homodimers in the export complex.* There
are other export systems involving proteins, which show no homology to either
RfbH or Rfbl, such as in Shigella flexneri, where the protein designated RfbX is
thought to form a pore in the cytoplasmic membrane to allow LPS export.#4%

Tetronate biosynthesis in Vibrio cholerae O1

As already mentioned, the perosamine backbone of the Vibrio cholerae O1
O-antigen is substituted with 3-deoxy-L-glycero-tetronic acid (tetronate).!1415
Within the 7fb cluster, there are several genes (1fbK, rfbL, rfbM, rfbN, and rfbO)
whose products are predicted to be involved in tetronate biosynthesis. All
of these proteins have homologs in other bacterial polysaccharide systems,
and their putative functions are based on these homologies (Table 6.1).

The initial step in tetronate biosynthesis is thought to start with the Krebs
cycle intermediate malate, which is a 4-C dicarboxylic acid. The first step in
the biosynthesis of tetronate is thought to be undertaken by RfbN. RfbN
would appear to have evolved by gene fusion since it has homology to LuxE
at the N-terminus and to LuxC at the C-terminus.®® LuxC is the fatty acid
reductase, and LuxE is the acyl-protein synthetase. Because of its similarity
to both LuxC and LuxE, RfbN presumably has both enzymatic activities.
Thus, RfbN is thought to act on a dicarboxylic acid to produce an aldehyde
(Figure 6.4). The next enzymatic step is likely to be performed by RfbM,
which is predicted to be an iron-containing alcohol dehydrogenase. RftbM
has a number of conserved motifs that appear essential for this class of
enzyme.®% RfbM may then act on the aldehyde to convert it to the di-
hydroxy carboxylic acid (Figure 6.4). The action of RfbL is most likely that
of an acetyl-CoA synthetase due to its homology to adenylate-forming
enzymes. RfbL contains a highly conserved motif which is thought to cor-
respond with the AMP-binding motif of adenylate-forming enzymes. This
group of enzymes works by adenylation of the substrates, which are carbox-
ylic acids (either aliphatic or aromatic). Thus, RfbL. would act on the dihy-
droxy carboxylic acid to activate it to a CoA form (Figure 6.4).*° This substrate
is 3-deoxy-L-glycero-tetronyl:CoA which must now be activated to an acyl
carrier protein (ACP) form by an enzyme such as acetyl-CoA transacylase.
This is likely to be a housekeeping enzyme from the general metabolic pool.
RfbK is the ACP and it has all the conserved features of a number of ACPs
from different bacterial species (Table 6.1). All ACPs have a common amino
acid motif of Asp, Ser, Lys in which the serine is the site of covalent modi-
fication with phosphopantetheine.>* The activated precursor could then be
condensed with a molecule of GDP-perosamine via its free amino group, by
a transferase proposed to be RfbO (Figure 6.4), which shows good homology
to acetyl-CoA transferases.*

The three components described above, namely perosamine biosynthe-
sis, transport, and tetronate biosynthesis, are capable of synthesizing a com-
plete O-antigen unit. This basic O-antigen unit can subsequently be modified
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Figure 6.4 Proposed pathway for the biosynthesis of tetronate. The pathway is based
solely on the homologies described. The starting substrate is thought to be malate
(i) from the Krebs cycle, which is converted first to an aldehyde by the action of RfbN
(ii) and then to a di-hydroxy carboxylic acid by RfbM (iii). This is subsequently
activated to a Co-A form by the action of RfbL (iv), this substrate is 3-deoxy-L-glycero-
tetronyl: CoA. This is then likely to be activated to the acyl carrier protein (ACP)
form (v) by an as yet unidentified enzyme. This ACP-activated precursor can be
condensed with a molecule of perosamine to give rise to a complete O-antigen
subunit (vi). The proposed substrates for the various enzymes are shown.

by the addition of the methyl group in the case of Ogawa serotype!® however,
it is not known whether this modification is added co- or post-synthetically
(see below).

Ogawa—Inaba serotype switching

As mentioned above V. cholerae O1 is now recognized as two distinct sero-
types designated Inaba and Ogawa, depending on the antigens expressed
on their O-antigen. V. cholerae strains are not fixed in their serotype but can
undergo serotype conversion. The switching from Ogawa to Inaba occurs at
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a frequency of approximately 105,922 whereas the reverse event is much
rarer. The mechanism for serotype switching has been elucidated!” and may
be one that allows the organism to evade the host immune system and
therefore persist longer.'?

The introduction of the #fb region from either Inaba or Ogawa strains
leads to the expression of the respective serotype in E. coli K-12,* implying
that the gene or genes responsible for the serotype specificity must lie within
this region (Figure 6.2). Introduction of distal regions of the 7fb operon from
the Ogawa serotype into Inaba indicated that the serotype specific gene(s)
must lie there.® Complete sequencing of the rfb operons from Inaba and
Ogawa strains revealed a single base pair deletion in the rfbT gene
(Figure 6.2); further analysis of #fbT genes from a number of Inaba and
Ogawa strains indicated that Inaba strains all appear to have a mutated rfbT.
The introduction of #fbT alone from an Ogawa strain into an Inaba allows
the serotype conversion to Ogawa, and the construction of defined mutations
in rfbT of an Ogawa strain results in the Inaba serotype.l” This mechanism
explains why the conversion from Ogawa occurs at such a high frequency,
because this requires only a mutation in the 7fbT gene, but the switch from
Inaba to Ogawa is extremely rare because it requires a precise reversion of
the rfbT mutation. This appears to have occurred in the switching of the
epidemic Inaba strain to the Ogawa form in the 1991 South American cholera
epidemic.””

The precise modification giving rise to the B antigen has now been
determined to be the incorporation of a methyl group into the perosamine
backbone of the O-antigen.!*® However, the mechanism by which this occurs
has not been elucidated. RfbT does not appear to show similarity to any
known methylase, and it is unclear if RfbT itself interacts with the O-antigen
to methylate it. However, in the absence of a functional RfbT the Ogawa-
specific B epitope is not added to the O-antigen, and therefore the C antigen
is found in high levels.

The rfbT gene, although involved in modifying the O-antigen, is not vital
for O-antigen expression in V. cholerae and exists as a separate transcriptional
unit. It is interesting to note that rfbT is preceded by a defective insertion
element first identified as three small open reading frames designated RfbQ),
RfbR and RfbS but now known as IS1358d1. An apparently active form of
this element has also been found linked to the #fb regions in V. cholerae O139
(see below)® and Vibrio anguillarum O1 and O2.5® It would appear that
IS1358d1 defines the end of the actual 7fb operon and that 7fbT and the newly
described rfb genes? are quite separate from the rest of the rfb operon.

rfa genes linked to the rfb operon in Vibrio cholerae O1

The linkage of rfaD to the rfb operon in V. cholerae has already been men-
tioned. This gene is found upstream of and divergently transcribed to rfbA
and is probably involved in heptose biosynthesis for the V. cholerae O1 (and
probably O139) core oligosaccharide. To date, it has not been possible to
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make mutations in this gene, suggesting that a deep rough core may be
lethal.?* Interestingly, faD is conserved in V. cholerae 0139, whereas the rest
of the V. cholerae O1 rfb region has been lost.** Furthermore, this homology
between O1 and O139 may well have provided a point of recombination
between the various polysaccharide gene clusters (see below). As yet no
other rfa genes have been reported for V. cholerae. The core structure of V.
cholerae has not been unequivocally determined, possibly due to a lack of
(deep) rough mutants which could simplify sugar analyses. It is, however,
known that the V. cholerae O1 core contains 2-keto-deoxyoctonic acid (KDO)
and other sugars such as fructose, heptose, ethanolamine, and N-acetyl glu-
cosamine.”

Virulence of V. cholerae O1 and O139 O-antigen (rtb) mutants

The LPS represents the most important protective antigen in a number of
Gram-negative organisms, including V. cholerae O1 and 0139.194060 A variety
of rfb mutants have been studied in both V. cholerae O1 and O139. In V.
cholerae O1 perturbation of the outer membrane occurs in rfb mutants, lead-
ing to a change in the composition of the major outer membrane proteins,
reduced motility possibly due to an effect on the sheathed flagellum, and
trapping in the periplasmic space of the major subunit of an important
adhesin known as the toxin coregulated pilus (TCP).6262 It is thought that it
is these effects that lead to rfb strains being avirulent. Similarly, mutants
lacking the O-antigen in V. cholerae O139 also show reduced virulence.%6*
Interestingly, unlike V. cholerae O1, which is nonencapsulated, in V. cholerae
0139 two distinct types of surface polysaccharide mutants have been iso-
lated: mutants lacking only the capsule and those lacking both the capsular
and the O-antigen polysaccharides. Both of these mutant types show
increased serum sensitivity and reduced virulence in the infant mouse chol-
era model %364

Insertion sequences associated with the rfb region in Vibrio cholerae

An element designated IS1358 was identified as being associated with the
rfb region of V. cholerae O1 and O139 as well as the rfb region of V. anguillarum
01.5% Furthermore, this element is widespread in non-O1 V. cholerae strains.
Screening of V. cholerae serogroups O1 to O155 has revealed that approxi-
mately 30% of all strains contain this or a closely-related element, and
although it has been found in the related V. anguillarum, it has not been found
in the more distantly related species, such as V. parahaemolyticus and V.
fluvialis. Upon screening V. cholerae O139 it was found that rfaD (see above)
and a region homologous to 151358d1 was present.64’ IS1358 has several
features common to insertion sequences and is similar to IS10 and IS50. It
has inverted repeats at its ends (17 bp in length), a small inverted repeat
spanning the ribosome binding site, and an intact transposase gene
(tnpA).55% Furthermore, IS1358 shows homology to the H-repeat of the RHS
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element in E. coli®”%8 and an insertion sequence ISAS1 in Aeromonas salmo-
nicida.® Interestingly, an H-repeat element has been found associated with
Salmonella enterica rfb region, and it has been proposed to play a role in
recombination between different #fb operons.” The H-repeat present as part
of the RHS element in E. coli has also been proposed to play a role in large
chromosomal rearrangements.®”% Initial investigations have shown that
IS1358 and 1S1358d1 are flanked by a 17-bp inverted repeat. Furthermore,
sequencing out of the ends of I1S1358 in V. cholerae 0139 has shown that the
right-hand inverted repeat is part of two 31-bp repeats. The role of these
direct 31-bp repeats and an additional 8-bp repeat following the two 31-bp
repeats has not yet been elucidated, but perhaps these repeats are remnants
of transposition and imprecise recombination events which occurred during
the formation of V. cholerae O139 rfb region.”t”?

Although, the 151358 element found in V. cholerae O139 appears to be
intact and have all the features of a functional IS element, it has not yet been
possible to demonstrate transposition. However, the widespread nature of
this element and the multiple copies in some strains would suggest that
these elements are genetically mobile.® Further studies of these elements
may provide insights into horizontal gene transfer and genetic evolution of
O-antigen specificities in Gram-negative bacteria.

Surface polysaccharides of Vibrio cholerae O139

From the first appearance of the V. cholerae O139 Bengal serogroup, numerous
studies have attempted to identify the differences between the O1 and 0139
serogroups.*40737 V. cholerae O139 Bengal strains appear to closely resemble
V. cholerae O1 El Tor strains in most characteristics.®37>77 However, without
a doubt the most dramatic difference, possibly selected for by immune
pressure in the population, was the acquisition of the ability to synthesize a
new O-antigen and capsule and the associated novel sugars.**”® The addi-
tional ability to synthesize a capsule has been linked with increased serum
resistance.”® Detailed sequence analyses have now revealed that in 0139
strains there appears to have been a relatively precise replacement of the
original V. cholerae O1 rfb region with novel DNA 4071728081

V. cholerae O139 strains produce two colonial morphologies, either
opaque or translucent. This phenotype correlates with the capsule status of
V. cholerae O139: opaque colonies are encapsulated, whereas translucent col-
onies are nonencapsulated.” Using silver stain analysis after SDS-PAGE, the
LPS of O139 V. cholerae is markedly different from that of O1 and can best
be described as semi-rough®® (Figure 6.5). Whereas the V. cholerae O1 LPS is
smooth with long O-antigen chains attached to the lipid A-core, V. cholerae
0139 appears to have only a single sugar repeat on a more completely
substituted core.’> Furthermore, V. cholerae O139 has been reported to have
other electrophoretic forms of the surface polysaccharide.”® There appears to
be a rapid migrating form corresponding to the O-antigen/lipid A-core, and
a medium migrating form and slow migrating forms which are thought to
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be capsular material since these forms are not seen in translucent colonies
using western blot analysis.”® This marked change in the LPS suggested the
possibility that V. cholerae O139 had lost the original LPS genes from O1 and
acquired a new set.? Probing with the regions for perosamine, tetronate
biosynthesis, and O-antigen transport from V. cholerae O1 (see above) showed
that these genes were missing from V. cholerae 0139.54 Work in a number
of laboratories has now led to the characterization of the novel O139
DNA 8071728081838 However, the O139 LPS/capsular region still has rfaD
linked to it which is identical to the V. cholerae O1 rfaD gene and has an intact
IS1358 (see above).

1 2 3 4 5

O-antigen + i‘
lipidA + core &

O-antigen +
lipidA + core

lipidA + core . . . .

Figure 6.5 Detection of LPS in V. cholerae O1 and O139. LPS samples were prepared
by treatment of whole-cell lysates with proteinases K, subjected to SDS-PAGE on a
20% polyacrylamide gel, and silver stained. Lanes 1 to 5 correspond to: 1: V. cholerae
O1 strain O17, 2: V. cholerae O1 strain O17 rfb rough mutant, 3: V. cholerae 0139 strain
AI-1837, 4: V. cholerae O139 strain AI-1837 rfb (rough) mutant, 5: V. cholerae strain Al-
1837 rfb/rfa (rough) mutant. The second type of rfb mutant in AI-1837 appears to be
a deep rough strain and may be an rfa mutant. The position of the lipid A core and
the O-antigen linked to the lipid A core are indicated.
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The sugars found in the LPS of V. cholerae serogroup O139 are primarily
colitose, glucose, heptose, fructose, glucosamine, and quinovosamine.8¢-8
Some of these sugars are found not only in the O-antigen but also in the
core. It would appear that the O-antigen and the capsular material are
essentially the same except that the single O-antigen is attached to the lipid
A-core.” The presence of quinovosamine in O139 suggests that it may cap
the core, making its synthesis essentially an rfa function, and so the same
may hold true for O1 (see above). However, quinovosamine synthesis would
appear to be encoded in the O1 rfb region since it is present in the LPS of E.
coli K-12 harboring the cloned O1 rfb region.'¢ It would thus seem likely that
the minimal 20kb Sacl region contains all the genes required for the expres-
sion of the complete O-antigen in E. coli K-12. Colitose is 3,6 dideoxy-L-
galactose and has not previously been reported in V. cholerae, although it is
found in the LPS of a number of other enteric bacterial species, such as
Salmonella enterica and E. coli O111.7084

Genetics of Vibrio cholerae O139 capsule and O-antigen biosynthesis

The region involved in the biosynthesis of the V. cholerae O139 surface
polysaccharide is complex and composed of several independent transcrip-
tional units (Figure 6.2). Mutational analysis of this region has clearly shown
that some genes are involved in both capsule and O-antigen biosynthesis as
well as genes specific for either capsule or O-antigen 6647172788085 The first
described region contained two ORFs designated OtnA and OtnB.8! The
OtnA protein shows homology to proteins for O-antigen chain length regu-
lation (Cld or Rol) from a number of bacteria, whereas OtnB is homologous
to KspD1 involved in capsule transport in E. coli (Table 6.2).5! Mutations in
both otnA and otnB appear to affect capsule but not O-antigen biosynthesis.®
The remaining region between 151358 and rfaD has been reported to contain
otnD, otnE, otnF, otnG, and otnH, none of which show any homology to
polysaccharide biosynthesis genes, and their roles, if any, are unknown
(Figure 6.2; Table 6.2).83 The rfaD gene of V. cholerae O139 Bengal, which lies
at the end of the otn region, is 99.7% identical to that of V. cholerae O1, which
is not surprising since 0139 and O1 appear to have an identical core.’> The
region downstream of rfaD also appears to be identical between the two
serogroups, indicating that rfaD defines one end of novel 0139 DNA.6%
However, in the O139 Argentinian isolate® there are not only differences
within rfaD but also downstream.®’1”2 Furthermore, the exact point of fusion
between 0139 DNA and rfaD is also different. This variation probably reflects
the alternate parentage of the 0139 Argentinian isolate, while the different
fusion point could indicate an independent genesis for the two O139
strains.®’! Bik and co-workers® also reported an ORF downstream from
IS1358 which shows a high degree of homology to RfbD, the oxidoreductase
from V. cholerae O1, clearly indicating polysaccharide genes on both sides of
[S1358 in V. cholerae O139 (Table 6.2). Comstock et al.® have also identified
a number of other ORFs which show homology to polysaccharide biosyn-
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thetic proteins, as well as defining the other end point of novel O139 V.
cholerae DNA. Interestingly, the differences between O1 and O139 mean that
precisely all of the V. cholerae O1 rfb region has been deleted, including the
additional recently described rfb genes, with the end point directly after
RfbW? (Figure 6.2). This suggests the precise nature of the recombination
events occurring at the extremities of this region, or alternatively it could
indicate an incompatibility between the incoming 0139 capsule/O-antigen
genes and those which were already present in V. cholerae O1.40

Unlike the V. cholerae O1 rfb operon, the O139 region does not appear to
be made up of clearly defined regions corresponding to specific biosynthetic
pathways (Figure 6.2; Table 6.2). The V. cholerae O139 polysaccharide biosyn-
thetic cluster clearly has a number of redundancies in that there are at least
two possible galactosyl transferases of differing classes and a number of
UDP-galactose 4-epimerases involved in the synthesis of UDP-galactose
(Table 6.2). The revised V. cholerae O1 rfb region described by Fallarino et al.®
contains a galactosyl transferase which shows 68% identity to ORF7 of V.
cholerae O139. A mutation in this gene in V. cholerae O1 affects O-antigen
synthesis?® and this may well be the case in O139. Thus, together with the
ORFs thought to be homologous to GalE (ORF6 and ORF9) in V. cholerae
0139, it is possible that the UDP-galactose produced by these enzymes is
picked up by one of the putative galactosyl transferases (ORF3 and ORF?7)
and transferred to the lipid carrier, bactoprenol.

The region encompassing ORF36.6, ORF43.9, and ORF18.8 is most likely
involved in colitose biosynthesis since these ORFs show good homology to
three genes in the E. coli O111 rfb region”*° to which no function has been
defined as yet. Another region to which a function can be assigned is ORF4
(ORF50.8) and ORF5. These proteins are involved in the synthesis of GDP-
mannose from fructose-6-phosphate similar to that described for V. cholerae
O1 RfbA and RfbB (see above). ORF4 is likely to have PMI and GMP activity,
whereas ORF5 is the PMM.% GDP-mannose is required for the biosynthesis
of not only perosamine in V. cholerae O1 but also colitose in V. cholerae
0139.307

Interestingly, V. cholerae O139 has an rfc homolog (ORF41.8/ORF1). The
Rfc protein is involved in O-antigen polymerization and is not usually found
in bacterial strains which have a homopolymer as their O-antigen, such as
V. cholerae O1.307! Furthermore, in V. cholerae O139 there would not appear
to be a need for an Rfc if only a single O-antigen subunit sugar is substituted
on the core. Thus, the rfc found in V. cholerae O139 is either nonfunctional
or is involved in the polymerization of the capsule which is thought to be
composed of material identical to the O-antigen but not linked to lipid A-
core.”® This may be possible since an Rol/Cld homolog is also found in 0139
(otnB) which probably interacts with the rfc product. This is similar to the
situation seen with the group I capsular K antigens in E. coli O8 and O9.™

The 7fb region of V. cholerae O139 contains only one partner of the two-
component polysaccharide export system. Unlike V. cholerae O1, which has
rfbH and rfbl (described above), O139 contains only the transmembrane
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protein®! (otnA) but no energizing partner. Mutations in otnA eliminate cap-
sule production indicating that otnA is an essential gene in V. cholerae 0139
capsule biosynthesis.8! It is thus likely that one of the yet unidentified ORFs
in this region acts as the energized partner or that it lies somewhere else on
the chromosome.

The V. cholerae O139 capsule/rfb region is not only more complex than
that of V. cholerae O1 #fb but also appears to be less well organized into
defined biosynthetic regions. This suggests that the evolution of this region
may have occurred via the acquisition of genes from a number of different
ancestors to generate the new serogroup.

Evolution of V. cholerae O139 polysaccharide genes

A number of studies have shown that the V. cholerae O139 Bengal strains are
closely related to V. cholerae O1 El Tor. Furthermore, all of the O-antigen
biosynthetic genes of the O1 serotype have been lost and replaced with novel
0139 surface polysaccharide genes. Bik and colleagues®254°! have shown that
at least some of the DNA associated with O139 surface polysaccharide bio-
synthesis is also found in non-O1 V. cholerae serogroups. In addition, work
carried out by Comstock et al.®® has shown that some of the regions down-
stream of IS1358 are found in non-O1 and non-cholera Vibrios.

The otn region is found in part in V. cholerae O69 and O141. Furthermore,
the otnAB region was found associated with IS1358 in serogroup O69 but
not O141.818 Sequence analysis of the otn regions of V. cholerae O69 and 0141
has shown that the 0139 DNA has not been directly acquired from these
serogroups.®® Perhaps the O139 Bengal isolate arose from the strain isolated
in Argentina, since the evidence is strong that at least the otn region is from
a Vibrio source.>8! It has been shown that the exact end point in the vicinity
of rfaD is different in the two O139 isolates, but this does not rule out the
possibility that the Argentinian strain was the ancestor of at least the 0139
Bengal surface polysaccharide genes, as opposed to being an example of
convergent evolution.

The region downstream of IS1358 contains an ORF (ORF41.9) which is
approximately 80% identical to the 7fbD gene of V. cholerae O17% (Table 6.2).
Southern hybridization with a probe to ORFs 9 to 10 described by Comstock
etal® has shown that homologous DNA is present in not only a wide
number of non-O1 strains but is also found in a variety of non-cholera-
Vibrios. A probe to ORF71x8 only hybridizes to Vibrio damsela but not to any
non-O1 V. cholerae strains. Interestingly, insertions in both of these ORFs
causes the loss of O-antigen.®

Thus, it would appear that the V. cholerae O139 surface polysaccharide
genes have their origin within the Vibrionaceae, but the exact mechanism by
which these genes are transferred is unknown. The loss of the recipient rfb
region can be more readily explained by reciprocal recombination rather
than incompatibility between resident and incoming genes. However, the



152 Genetics of bacterial polysaccharides

mode of transfer of DNA is completely unknown, but it has been specu-
lated that the DNA transfers via conjugation since many Bengal isolates
carry a large conjugative plasmid.” Alternatively, one of the many phages
found in V. cholerae could have transduced the specific regions, which then
became incorporated. The insertion of the donor DNA is likely to involve
homologous recombination at conserved sites such as rfaD, IS1358 and the
region found downstream of rfbW in V. cholerae O1. An alternative possi-
bility is that the insertion is mediated by IS1358, since an element similar
to IS1358 has been shown to transpose in Aeromonas salmonicida.®® There is
now evidence in V. anguillarum that IS1358 exists as multiple copies, per-
haps as many as 20 per chromosome, which would strongly indicate a
mobile nature for this element.®® No matter what the actual events prove
to be, it is clear that there is tremendous potential for the reassortment of
genes involved in the synthesis of surface polysaccharides to generate new
serogroup specificities.

Conclusion

Many years of research have gone into the elucidation of the V. cholerae O1
lipopolysaccharide and, although the structure has been determined and the
mechanism of Inaba—Ogawa serotype switching solved, there are still many
unanswered questions. Much is known about the genes in the 7fb operon of
the O1 and O139 serogroups and their organization, but little or nothing is
known about how the various Rfb proteins interact and how the LPS is
exported to the cell surface. With the emergence of the V. cholerae serogroup
0139, still more questions arise as to how new serogroups evolve, and what
the role of IS1358 is in this process, and whether some of the other serogroups
have arisen by a similar mechanism to V. cholerae O139. It is worth noting
that new cholera-related non-O1, non-O139 serotypes continue to be isolated.
Thus the question arises: are the various known serogroups simply the result
of recombination events from a large pool which have successfully recom-
bined to give a new functional set of O-antigen/polysaccharide genes? Only
a wider and more detailed analysis will provide clues.
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The significance of streptococcal capsules

The streptococci represent a diverse group of Gram-positive bacteria that
includes both medically and industrially important members. Many species
elaborate capsular polysaccharides, while others may produce extracellular
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polysaccharides that do not form distinct capsules. Studies of capsular
polysaccharides of the streptococci have been central to the advancement of
genetics, pathogenesis, and immunology. Griffith’s 1928 description of the
transformation of pneumococcal capsular polysaccharides in the mouse was
the first observation of a mechanism of bacterial gene transfer.! Attempts to
define the “transforming principle” ultimately led Avery, MacLeod, and
McCarty to identify DNA as the hereditary material.? Other classic studies
with S. pneumoniae demonstrated the essential nature of the capsule in vir-
ulence, antiphagocytosis, and immunity.3 Its significance is further reflected
in the fact that virulence properties of the organism, including infectivity in
animals and the ability to resist phagocytosis, are related in part to the
specific capsular polysaccharide that is produced (see Kelly et al.
[Reference 7] and references therein). Likewise, invasive neonatal infections
due to Streptococcus agalactiae (group B streptococci) are predominantly
caused by strains representing a single capsular serotype (III),? and encap-
sulated strains of Streptococcus pyogenes (group A streptococci) occur more
frequently among isolates obtained from invasive and acute rheumatic fever
infections than from uncomplicated pharyngitis.’ In the industrially impor-
tant Streptococcus thermophilus and Lactococcus lactis, synthesis of an
exopolysaccharide is critical for enhancing the texture of fermented milk
products.

Recent years have seen an explosion in information concerning the
genetic basis of capsule expression in the streptococci. Since the first molec-
ular characterization of the S. agalactiae serotype III capsule locus in 1987,1°
the capsule loci of S. pyogenes and of multiple S. pneumoniae serotypes have
been characterized, as have the related exopolysaccharide loci in S. thermo-
philus and L. lactis. All are chromosomally encoded, except in L. lactis where
the genes are located on a mobilizable plasmid."! Many common features
have emerged from these studies, and it is from this perspective that the
recent findings in this field are reviewed. The foundations for the current
work were laid in classic genetic studies, and much of the credit for our
present knowledge must go to earlier workers who envisioned many of the
basic concepts that have now been proven with the aid of modern molecular
biology. The recent advances will be considered first, and will then be placed
in context with the earlier work.

Capsular polysaccharide structures and basic genetics

The capsules of the pathogenic streptococci — S. pyogenes, S. agalactiae, and
S. pneumoniae — have both structural and genetic similarities (Figure 7.1 and
7.2). S. pyogenes produces a hyaluronic acid capsule that is structurally similar
to the type 3 capsule of S. pneumoniae. As will be described in detail below,
the genetic loci and the general mechanisms associated with synthesis of
these two polysaccharides are also closely related. The two organisms rep-
resent the extremes, however, in terms of diversity of capsular polysaccha-
rides. Whereas hyaluronic acid (HA) is the only capsular structure known
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to be produced by S. pyogenes, 90 serologically distinct capsular polysaccha-
rides have been identified among S. pneumoniae isolates.!? The structures of
approximately half of these polysaccharides have been determined, and they
can be as simple as two sugars in a linear repeating structure (type 3, for
example), or as complex as multiple sugars, linkages, and side chains (type
12, for example).’® In S. agalactiae, nine capsular serotypes have been recog-
nized.* Each of these structures is linear, with short side chains. Most contain
Gal, Glc, and GlcNACc, and all have a terminal sialic acid residue in the side
chain. In addition, the S. agalactiae type III polysaccharide is identical to that
of the type 14 S. pneumoniae, except for the lack of sialic acid residues in the
latter. Genetic studies have revealed similarity between the loci, and in fact
the type 14 S. pneumoniae genes were first identified by hybridization with
the cloned S. agalactine sequences.!®> The capsular polysaccharides and cap-
sule loci of other streptococci also show similarity to those just described,
and indeed many common sequences have been found among the capsule
genes in each of the streptococci (Figure 7.2).

Common genes and functions among the streptococcal capsule loci

Characterization of the S. pneumoniae type 3 locus revealed sequences that
were present only in type 3 strains, as well as sequences that were present
in strains of apparently all types.161” The “common” sequence located down-
stream of the “type 3-specific” genes proved to be plpA (also referred to as
aliA), a previously identified oligopeptide permease.’® plpA has been identi-
fied through hybridization, linkage, and/or sequence analysis in strains of
all serotypes examined.!®2 It is not apparent that it has any role in capsule
synthesis, as mutations have not been found to alter capsule production.?
Although it has been suggested that plpA represents a truncated version of
aliA,* these two genes are identical, and it is only in the unusual case of the
type 3 locus that plpA is known to be truncated.!81?

Garcia et al. identified common sequences located upstream of the S.
pneumoniae type 3-specific genes,'” and Guidolin et al. characterized these in
the sequence analysis of the type 19F locus.?* They found that these
sequences share homology with genes associated with the S. agalactiae type
III capsule locus and are also present in other S. prneumoniae serotypes. Since
that time, sequence analyses have confirmed the presence of these common
genes upstream of multiple S. pneumoniae capsule loci, as well as those of
other streptococci, lactococci, and with a lesser degree of homology, the
staphylococci (Figure 7.2). For most, the organization of the genes is the
same. In L. lactis, however, their order is variant.!! For all, putative functions
are thus far based strictly on sequence homologies and have not yet been
experimentally confirmed. The homology comparisons have been described
in detail by Guidolin et al.,* and subsequently by others.!'*% They are
briefly presented here, using the S. pneumoniae designations that have been
adopted for many of the loci. All of the streptococcal sequences have levels
of homology similar to those indicated here for S. pneumoniae. They share
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Figure 7.1 Capsule and exopolysaccharide structures. AAT, 2-acetamido-4-amino-
2,4,6-trideoxy-p-Gal; Gal, galactose; GalA, galacturonic acid; GalNAc, N-acetylgalac-
tosamine; Glc, glucose; GlcA, glucuronic acid; GIcNAc, N-acetylglucosamine; ManNAc,
N-acetylmannosamine; NeuNAc, N-acetylneuraminic acid (sialic acid); Rha, rthamnose.
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approximately 40 to 60% homology with each other, except for L. lactis,
where approximately 25 to 45% homology occurs. At the DNA level, iden-
tity is approximately 60% among the streptococcal sequences, except with
L. lactis, where it is 40%. CpsA has homology (28% identity) with LytR, a
transcriptional regulator of autolysin expression in Bacillus subtilis. The
only known homology of CpsB is to similar genes in the capsule loci of
other Gram-positive bacteria. CpsC is homologous to the N-terminal third
of ExoP from Rhizobium meliloti (23% identity), whereas CpsD is homolo-
gous to the C-terminal third of this same protein (30% identity). In ExoP,
the N-terminal domain functions in polysaccharide chain length determi-
nation, and the C-terminal domain may have a regulatory role in polysac-
charide polymerization.?#* Based on hydropathy profiles and similarity to
other proteins, both CpsA and CpsC may be membrane associated.

The cpsA and cpsB sequences have been identified in virtually all S.
pneumoniae serotypes examined, whereas cpsC and cpsD do not always
occur.223! In S. pneumoniae, the dexB sequence (homologous to a glucan
1,6-a-glucosidase of S. mutans) has been found upstream of the cpsABCD
region in all serotypes for which sequence data have been reported, and it
has been detected by hybridization analyses in all other serotypes exam-
ined. 22224253233 The S. pneumoniae type 3 locus presents a somewhat unusual
case, in that the common upstream sequences are present, but, like the
downstream plpA, the cpsA, B, and D homologs are mutated and appear not
to encode functional proteins.!?3 In addition, the type 3 locus contains an
additional truncated open reading frame (ORF5) that is located between the
last common gene and the first type 3-specific biosynthetic gene. An appar-
ently intact copy of this sequence is present in other serotypes, but it is not
linked to the capsule locus. The unlinked copy is also present in type 3
strains.181

Transcription and mutation analyses

In most cases, it appears that transcription of the upstream common
sequences initiates at a promoter located upstream of cpsA and its respective
homologs, as depicted in Figure 7.2. Near consensus ¢”’-like promoter
sequences have been identified 30 to 50 bp upstream of the CpsA (or
homolog) translation start in the sequences for S. pneumoniae types 1, 14, and
19F, S. thermophilus, S. agalactiae type 1III, and further upstream in L. lac-
tis. 11222429523536 Transcription start sites have been confirmed in S. pneumoniae
type 1, S. thermophilus, S. agalactiae type III, and L. lactis.1?223 The only
potential transcription termination sequences identified lie 3’ to the biosyn-
thetic genes, and other potential promoters have not been identified in the
tightly clustered type-specific biosynthetic sequences, except in the case of
S. thermophilus.?*>% These observations suggest that the upstream common
genes and the biosynthetic genes may be transcribed as a unit in these
capsule loci. Northern analyses have confirmed this expectation for the L.
lactis locus.!
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Figure 7.2 Capsule and exopolysaccharide loci. The shaded upstream common se-
quences (ABCD, in most cases) are virtually identical, both at the DNA and protein
levels, in the S. pneumoniae serotypes, as is plpA. In the other loci, the predicted
proteins of the upstream sequences are 25 to 60% homologous to those of S. pneu-
moniae. Other sequences indicated by the same pattern are homologous but not
necessarily identical, as noted in the text. Their homology is with the sequence with
which they are aligned, unless otherwise indicated. Genes below the L. lactis map
indicate the type 19F homologs, except as indicated. Sequences in parentheses are
mutated when compared to their respective homologs. Arrows indicate the direction
and length of known or anticipated transcriptional units. R, 115 bp repetitive element.
The overall GC contents of the capsule/exopolysaccharide loci (28 to 36%) are gen-
erally lower than that of the streptococcal chromosomes (38 to 40%). Maps are based
on References 11, 19, 21, 22, 25, 28, 29, 32, 34, 52, and others cited in the text.

Insertion mutations in the cpsABCD region result in loss of capsule
production in S. pneumoniae types 14?732 and 19F? and in S. agalactiae.3¢38 As
most of these mutations may affect expression of downstream genes, defin-
itive proof of a requirement for each of these sequences awaits the construc-
tion of nonpolar mutations. Insertion mutations in cpsD of S. pneumoniae
types 14 and 19F eliminate capsule production but do not result in loss of
the enzymatic activity encoded by the next gene downstream, indicating a
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role for cpsD itself.2?” Mutations in the regions upstream of the cpsABCD
sequences do not alter capsule production.

In contrast to the loci just described, the biosynthetic genes of the S.
pneumoniae type 3 and S. pyogenes capsule loci are transcribed independent
of flanking upstream sequences (see below for further details). In S. pneu-
moniae type 3, Northern analyses have provided no evidence for transcription
in the region between dexB and cps3D, the first type 3-specific biosynthetic
gene,® but data from cat fusions suggests there may be a low level of tran-
scription.!” Mutations in this region do not affect capsule production.!®192

Insertion elements, repetitive sequences, and cryptic genes

Insertion elements represent another commonly observed feature of the
streptococcal capsule loci, although there is little relation between the ele-
ments identified. IS861, a 1.4 kb sequence containing two open reading
frames, one with homology to the transposases of IS150 and IS3, was
identified upstream of some S. agalactiae type III loci.¥”*4° Different type
III isolates were found to have either nine copies of the IS element in a
highly conserved pattern, to have one or two copies that were always
located in the same EcoRI restriction fragments, or to have no copies. Exam-
ination of other serotypes revealed only a single hybridizing restriction
fragment in a type II isolate. Similarly, a 1.2 kb sequence related to 151239
(IS1239’) is located approximately 50 to 140 nt upstream of the hasA pro-
moter in some strains of S. pyogenes.*** Its presence does not appear to
affect capsule production, as many strains lack the element, others have
only a 12 to 100 bp insert that is related to 151239,% and it can be deleted
without obvious effect.*® In L. lactis, a homolog of 15982 lies upstream of
the capsule locus.!

The S. pneumoniae capsule loci abound with insertion elements, repetitive
sequences, and genes with no apparent function in capsule production. In
type 19F, 151202 is located 87 bp upstream of cpsA but appears to have no
role in capsule production, as insertion mutations are without effect in this
regard.®® Although this IS element is not present in the type 3 locus, its
putative recognition sequence has been identified in a similar location.?® The
type 3 locus contains two other sequences suggestive of IS elements.!%* The
first, tnpA, is inserted between cps3M, the last type 3-specific gene, and plpA,
the first downstream common sequence. All three of these sequences are
truncated genes: tnpA represents only an internal fragment, cps3M is 3’
deleted, and plpA is 5 deleted. tnpA shares homology with a number of
putative transposases from other IS elements, and has about 50% homology
with the IS1167 sequence that is found in multiple copies in the S. prneumoniae
chromosome. Hybridization analyses suggest that tnpA may also be located
near the type 2 and 6B capsule loci.? Just upstream of cps3D, the first type
3-specific gene, is another internal gene fragment with homology to the IS-
like H-rpt sequences of Escherichia coli, Salmonella enterica, and Vibrio cholerae.
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These sequences have been found in association with polysaccharide bio-
synthetic loci that exhibit numerous truncations, rearrangements, and other
mutations in close proximity to the element.3* As already noted, eight genes
in the type 3 locus are mutated when compared to their respective homologs.
In addition, a remnant of cpsE, a biosynthetic gene found in types 14, 19E,
S. agalactiae type I, S. thermophilus, and L. lactis, is also present.!” In the type
1 locus, copies of IS1167 are located both upstream of the common sequences
and downstream of the last type 1 biosynthetic gene. Interestingly, four genes
nearly identical to the type 19F biosynthetic genes cps19fLMNO were iden-
tified between 1S1167 and pIpA.%2 In type 19F, these genes encode products
involved in the biosynthesis of rhamnose,* a sugar found in the type 19F
but not the type 1 capsule. In the type 1 locus, cpsO is mutated, and mutations
in the other genes do not alter type 1 production.?? A partial copy of 1S1167
is located downstream of the type 14 biosynthetic genes, where it interrupts
a sequence with homology to teichoic acid synthesis enzymes. This ORF
appears to have no role in either capsule or teichoic acid synthesis. Another
truncated sequence with homology to putative transposases found in IS
elements from Synechocytis and Rhizobium meliloti is located downstream of
dexB in the type 14 locus.* In addition to these various IS-like elements, a
highly conserved 115 bp sequence is located upstream of cpsA in the type 1,
3,14, and 19F loci. This same sequence is found upstream of the S. pneumoniae
genes encoding penicillin binding protein 3, neuraminidases A and B, and
hyaluronidase. It is unrelated to the pneumococcal box element, and its
significance is unknown.??®? The presence of IS elements and genes that are
apparently vestigial in nature suggests the possibility that many of the S.
pneumoniae capsule loci may have arisen as a result of aberrant transforma-
tion and transposition events. Such events may have resulted in remnants
of genes remaining in these loci, and may have played a role in the generation
of new capsule types.!8192234

The S. pyogenes hyaluronic acid and
S. pneumoniae type 3 capsule loci

These two capsules are considered together because of their similarity at
both the genetic and structural levels. Three genes comprise the hyaluronic
acid (HA) capsule locus. hasA encodes the hyaluronan synthase (HAS), nec-
essary for synthesis of the (GlcA-GIcNAc), polysaccharide; hasB encodes a
UDP-Glc dehydrogenase, which converts UDP-Glc to UDP-GIcA, one of the
precursors of the polysaccharide; and hasC encodes a Glc-1-P uridylyltrans-
ferase (UDP-Glc pyrophosphorylase), which converts Glc-1-P to UDP-Glc
(Figure 7.3). HasA shares homology with polysaccharide synthases from a
number of organisms, including NodC from Rhizobium, the S. pneumoniae
type 3 synthase (Cps3S), chitin synthase, and a family of eukaryotic hyalu-
ronan synthases.!#44 HasB has homology with the GDP-mannose dehydro-
genase from Pseudomonas aeruginosa (AlgD) and the S. pneumoniae type 3
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(Cps3D) and bovine UDP-Glc dehydrogenases.!3484° The uridylyltransferase,
HasC, shares homology with enzymes from a number of bacteria, including
S. pneumoniae type 3 (Cps3U), Bacillus subtilis (GtaB), and E. coli (GalU).>°
Expression of the cloned hasB and hasC genes in E. coli has been used to
confirm the enzymatic activities expected from the sequence homolo-
gies. #4950 DeAngelis and Weigel have shown that expression of hasA and
hasB in either E. coli or Enterococcus faecalis is sufficient to direct HA synthesis,
and to form capsules in the latter. In E. coli strains containing endogenous
UDP-Glc dehydrogenase activity, the expression of hasA alone results in HA
production.**?! No genes expected to be involved in the synthesis of UDP-
GlcNAC, the other necessary precursor nucleotide sugar, have been identified
in the has locus. Because GlcNAc is also a component of peptidoglycan,
synthesis of the polysaccharide presumably utilizes cellular pools of the
precursor nucleotide sugar in both streptococci and E. coli. UDP-Glc pools
in E. coli likewise provide the source for this precursor, and the lack of hasC
in some encapsulated group A streptococci indicates that the same situation
can occur here.#52

The hyaluronan synthase appears to possess the glycosyltransferase
activities necessary to make both the GlcA-B-(1>3)-GlcNAc and the GlcNAc-
B-(1>4)-GlcA linkages. As noted above, the expression of hasA alone is suf-
ficient to synthesize polysaccharide in E. coli. In E. coli strains that do not
make UDP-Glc dehydrogenase, the synthase is produced from the cloned
hasA, but no polysaccharide is made. Isolated membranes from these cells
can, however, direct HA synthesis when provided with the precursor mol-
ecules.’®* Unlike more complex polysaccharides, hyaluronic acid synthesis
does not initiate on or involve lipid intermediates.> In S. pyogenes, the
polysaccharide is apparently translocated out of the cell as it is synthesized,
suggesting that the synthase also serves as the transporter molecule.***” No
other putative transporters have been identified in sequence or mutation
analyses. Based on observations with the eukaryotic hyaluronan synthase,
the mechanism of polysaccharide synthesis has been postulated to involve
growth at the reducing end of the molecule.%* This hypothesis has not been
confirmed, and other evidence from studies with the S. pyogenes enzyme
suggests that growth occurs at the nonreducing end.””

The genes of the has locus are transcribed as a single operon from a
promoter located immediately upstream of hasA. The observation that inser-
tions in hasA resulted in loss of capsule production, HA synthase activity,
and UDP-Glc dehydrogenase activity first suggested the operon arrange-
ment.*® Further studies identified the transcription start site 43 bp upstream
of the apparent GTG translational start codon.® A putative transcription
terminator was identified downstream of 1asC, and a single 4.1 kb transcript
containing hasABC was found in Northern analyses.*®® Regions further
upstream of hasA appear not to be necessary for expression of the has genes,
as many strains have insertion sequences located within 140 bp of the trans-
lational start.®>*3 Using cat fusions to assess promoter activity, Alberti et al.
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Figure 7.3 Biosynthetic pathways. Functions have been experimentally demonstrat-
ed, except where the gene product is enclosed in parentheses. Additional proteins
are necessary to polymerize and export the type 14 and 19F polysaccharides. Path-
ways are based on References 18, 21, 32, and others cited in the text.

showed that clones containing only 12 bp of the region upstream of the hasA
-35 site exhibited the same level of activity in both group A streptococci and
E. coli as did clones containing more than 500 bp of the upstream sequence.
The complete -35/-10 region was, however, necessary for maximum levels
of transcription.*®

In an arrangement very similar to that just described, the S. pneumoniae
type 3 locus is comprised of four genes: cps3D, a UDP-Glc dehydrogenase;
cps3S, the type 3 synthase; cps3U, a Glc-1-P uridylyltransferase; and cps3M,
a phosphomutase homolog predicted to convert Glc-6-P to Glc-1-P.161819 (The
first three genes have also been referred to as capA, capB, and capC, respec-
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tively.>) The homologies of the UDP-Glc dehydrogenase, the type 3 synthase,
and the uridylyltransferase with the S. pyogenes enzymes and other proteins
have been noted above. Mutant analyses in S. pneumonise and enzymatic
activities of the cloned products expressed in E. coli have been used to
confirm the functions of the UDP-Glc dehydrogenase, synthase, and uridy-
lyltransferase.1618254859.60 Expression of the type 3 synthase in E. coli resulted
in production of type 3 polysaccharide, indicating that it, like the hyaluronan
synthase, is capable of synthesizing the polysaccharide in the absence of
other pneumococcal proteins. Introduction of the cloned synthase into pneu-
mococcal strains of other serotypes which synthesize GlcA resulted in binary
encapsulated strains that produced both the recipient and type 3 polysac-
charides.®® Like the hyaluronan synthase, the type 3 synthase is processive,
and current evidence indicates that growth is at the nonreducing end of the
molecule.®! The only type 3 gene for which the expected biochemical function
remains unproven is cps3M. The amino acid sequence predicted from this
gene is C-terminal truncated with respect to other phosphomutases, but the
putative substrate-binding, Mg2*-binding, and active sites of these enzymes
are retained in Cps3M." Phosphomutase activity has not been observed with
the cloned product expressed in E. coli,®> but other data suggest that the
protein is functional (see below).

Like the has operon, the genes of the type 3 locus are transcribed as a
unit. Mutation analyses initially demonstrated that insertions located
between cps3D and cps3S that did not disrupt either open reading frame
resulted in the loss of capsule production and synthase activity. In contrast,
point mutations in cps3D eliminated capsule production and UDP-Glc dehy-
drogenase activity, but had no effect on synthase activity.!® That cps3D and
cps3S form part of an operon was confirmed in Northern analyses, and the
transcription start site was shown to lie in the predicted promoter region 58 bp
upstream of the Cps3D translation start.?® Insertion mutations located approx-
imately 300 bp upstream of the cps3D promoter have no effect on capsule
production, indicating that regions further upstream do not act in cis to affect
capsule gene expression under the conditions examined.’® The transcript that
contains cps3D and cps3S is, in fact, comprised of cps3DSUM-tnpA-plpA.° Muta-
tions between cps3S and cps3U, or anywhere in the cps3UM-tnpA-plpA region,
have no apparent effect on capsule production.’181

For the synthesis of both the hyaluronic acid and type 3 capsules, the
only genes absolutely required are those encoding the dehydrogenase (hasB
or cps3D) and the synthase (hasA or cps3S). No requirements for the uridy-
lyltransferase (hasC or cps3U) or for the phosphomutase homolog (cps3M)
in capsule production have been demonstrated. It has been postulated that
these genes are unnecessary because the functions they encode duplicate
those necessary for normal cellular functions. Our recent data show, how-
ever, that insertions in cps3U or cps3M reduce mouse virulence and result in
growth defects that are manifest on certain media as growth predominantly
as streptococci rather than diplococci, and the frequent occurrence of abnor-
mal cellular shapes.®® Similar effects are not seen with insertions that merely
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separate the cps3UM-tnpA-plpAregion from the promoter upstream of cps3D,
suggesting that other promoters are active. In addition, the Cps3U and
Cps3M mutants do not produce reduced amounts of capsule.!” These obser-
vations may result from the fact that UDP-Glc, the product of Glc-1-P uridy-
lyltransferase (Cps3U) activity, is also an essential component of teichoic
acids and, in some systems, may serve as an intracellular signal that influ-
ences gene expression.** Under specific environmental conditions, reduced
levels of UDP-glucose in the mutants could result in altered levels of teichoic
acids or other necessary cellular components, resulting in apparent growth
defects. A similar effect in the animal environment could be the cause of the
reduction in virulence. Thus, the presence of cps3U in the S. pneumoniae type
3 locus, and possibly of hasC in the hyaluronic acid locus, may reflect the
need to maintain adequate levels of UDP-glucose for essential cellular func-
tions, under specific environmental conditions.

Group B type 111, S. pneumoniae types 14 and
19F, S. thermophilus, and L. lactis capsules

The genetic loci for these capsular polysaccharides share not only common
upstream sequences but also some biosynthetic genes and a basic mechanism
of capsule synthesis (Figure 7.3). As noted earlier, the S. pneumoniae type 14
and S. agalactiae type Il polysaccharides are identical, except for the presence
of a sialic acid on the side chain of the latter. In addition, all of these
polysaccharides share some similarities in their sugar content (Figure 7.1).
A CpsE homolog (CpsD in S. agalactiae and L. lactis) is found in all of the
loci, and is a glycosyltransferase. In S. agalactize, membranes from CpsD
mutants were reduced in the ability to incorporate *C from UDP-Gal into a
lipid intermediate, suggesting a galactosyltransferase activity.®® Similar
experiments with membranes from the corresponding CpsE mutants of type
14 S. pneumoniae, or from the cloned Cpsl14E E. coli product, demonstrated
that Glc rather than Gal was transferred in this system.!>?” The S. pneumoniae
and S. agalactiae sequences share only partial identity, possibly accounting
for differences in specificity. Alternatively, an epimerase activity in S. pneu-
moniae converts UDP-Gal to UDP-Glc, which can then be transferred to the
lipid carrier. A similar activity in S. agalactiae could account for the apparent
incorporation of Gal.#” The S. pneumoniae type 19F CpsE is virtually identical
to that of type 14 and appears to have the same activity,”** as does the
corresponding protein from L. lactis.!! In both S. pneumoniae serotypes, the
transfer of Glc to a lipid carrier is the first step in polysaccharide biosynthesis,
and type 14 mutants specifically lacking CpsE accumulate no intermediate
products.?” The initiation of polysaccharide synthesis by transfer of a sugar
to a lipid intermediate is common to each of the systems mentioned here,
but contrasts with that just described for hyaluronic acid synthesis in S.
pyogenes and type 3 synthesis in S. pneumoniae,® where lipid intermediates
are not involved. As was noted above, a remnant of cpsE remains in the S.
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pneumoniae type 3 locus. In numerous other S. pneumoniae serotypes in which
Glc is part of the capsular polysaccharide structure, homologs of cpsE have
been detected, and a glycosyltransferase activity that initiates synthesis by
transfer of Glc to a lipid carrier has been observed.3!

Using membranes from S. pneumonise mutants and E. coli strains con-
taining the cloned genes, Kolkman et al. have characterized the products
necessary for synthesis of the remainder of the type 14 repeating tetrasac-
charide unit (Figure 7.3). The second step, the addition of Gal to lipid-linked
Glc, is mediated by a -1,4-galactosyltransferase encoded by cps14G. Mem-
branes from S. pneumoniae mutants containing insertions in either cps14F or
cps14G incorporated Glc but not Gal, and deletion analyses with the cloned
genes in E. coli demonstrated that Cps14G was responsible for the activity.
The cps14F deletion mutants were reduced in galactosyltransferase activity,
possibly suggesting an enhancing role for Cps14F.?” Membranes from E. coli
strains containing both cpsI14EFG and cps14l incorporated GlcNAc in the
presence of UDP-Glc and UDP-Gal, and characterization of the product
confirmed that Cps14l is an N-acetylglucosaminyltransferase that adds the
third sugar to the saccharide.®? The addition of Gal, the fourth sugar, requires
a GlcNAc acceptor and is mediated by the product of cps14/.32 Functions for
the other genes in the type 14 locus have not been experimentally demon-
strated, but, based on sequence homologies, their products may be involved
in polymerization (Cps14H) and transport (Cps14L) of the polysaccharide.
The function of cps14K is unknown, but mutants express reduced amounts
of capsule on the cell surface.?*2

In S. agalactiae type 111, cpsF encodes the enzyme necessary for activation
of N-acetylneuraminic acid (NeuNAg, sialic acid) to CMP-NeuNAc. S. aga-
lactiae cpsF mutants synthesize an asialo capsular polysaccharide, lack CMP-
NeuNAc synthase activity, accumulate intracellular NeuNAc, and react with
antiserum against the S. pneumoniae type 14 polysaccharide.®>% Enzymatic
activity was demonstrated from the cloned gene in E. coli, and expression
of cpsF restored capsule production in an E. coli mutant lacking CMP-Neu-
NAc synthase activity.” This same enzymatic activity has been demonstrated
in S. agalactiae strains representing types la, Ib, and I1. From sequence
analyses, other genes in the type III locus may encode enzymes involved in
acetylation (cpsE) and N-acetylglucosaminyltransferase activity (cpsG).2 A
30 kb region containing the capsule locus is highly conserved among strains
of types Ia, Ib, Ic, 11, and II1.1037

Evidence for enzymatic activities for gene products of the S. pneumoniae
type 19F locus comes from complementation of specific E. coli mutants with
the cloned genes. Cps19fK has homology to a UDP-GIcNAc-2-epimerase
(RffE) of E. coli that is involved in the synthesis of UDP-ManNAc, a compo-
nent of the enterobacterial common antigen. RffE mutants are resistant to
phage N4 infection, but complementation with Cps19{K restores sensitivity.?!
The predicted cps19/LMNO products are homologous to proteins (RfbBDAC)
involved in O-antigen-related rhamnose biosynthesis in Shigella flexneri.
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Expression of cps19fLMNO in an E. coli strain containing an #fb locus that
lacks rfbBDAC resulted in production of the O-antigen. The proteins are thus
expected to be a Glc-1-P thymidylyltransferase (Cps19fL), a dTDP-4-keto-
6-deoxyglucose-3,5-epimerase (Cps19fM), a dTDP-Glc-4,6-dehydratase
(Cps19fN), and a dTDP-L-Rha-synthase (Cps19fO).%! Putative functions for
the other gene products are based on homology and suggest a UDP-N-acetyl-
D-mannosamine transferase (Cps19fF), a rhamnosyltransferase (Cps19fH), a
polysaccharide polymerase (Cps19fl), and a trisaccharide transporter
(Cps191]). A possible function for Cps19fG is not apparent, but it has homol-
ogy with a lipopolysaccharide-associated gene (licD) of Haemophilus influen-
zae.??* The type 19B polysaccharide is immunologically cross-reactive with
the type 19F but its structure is more complex.’® In the type 19B genetic
locus, 5 genes replace the centrally located cps19f] and cps19f].*> Homologies
with other proteins suggest roles in polymerization of the polysaccharide
(Cps19bl), addition of rhamnose in the side chain (CpsbQ), and transport of
the polysaccharide repeat unit (Cps19bJ).

Genes encoding enzymes necessary for the synthesis of many of the
precursor sugars are frequently not found in the capsule loci. These sugars
have other cellular functions and are expected to be provided from other
pathways. For example, 2-acetamido-4-amino-2,4,6-trideoxy-p-Gal (AAT,
type 1 capsule) is a component of the S. pneumoniae teichoic acids, and UDP-
Glc (types 14, 19, and S. thermophilus), UDP-Gal, and UDP-GIcNAc (type 14
and S. thermophilus) have various cellular functions, including roles in
teichoic acid and/or cell wall metabolism.2:222932

Regulation

In S. pyogenes, HA synthase activity (HasA) and capsule are lost during
stationary phase.®” Northern and primer extension analyses showed that the
has locus is not transcribed during this time.*! Transcripts from both mid-
and late-exponential phases of growth had a similar half-life (approximately
one minute), indicating that the level of control is most likely transcrip-
tional.*> As noted in the section describing the has locus, optimum transcrip-
tion during exponential phase does not require sequences more than 12 bp
upstream of the hasA promoter. Taken together, the results suggest that repres-
sion of capsule expression may occur during stationary phase. Among clinical
isolates, which can produce greatly differing amounts of capsule, the has locus
is conserved.*”? It is not, however, transcribed in nonencapsulated strains.*!
Although a number of mechanisms may be responsible for this observation,
transcription analyses of two strains producing either low or high amounts of
capsule identified a stronger promoter in the latter. Sequence differences were
found in the promoter regions and were consistent among different strains of
the same M-type (M18, high capsule; M3, low capsule). Hybrid promoters
exhibited altered strengths. Whether the increased promoter strength was
directly responsible for the difference in capsule production was not deter-
mined. Recently, mutations in mga (multi-gene activator) of an M1 isolate were
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found to cause loss of capsule production and has transcription, indicating that
activation of capsule expression may occur in some strains. Deletion of mga did
not, however, affect capsule expression in an M49 isolate.”

Among the other streptococci, less is known regarding the genetic basis
for regulation of capsule expression. Like clinical isolates of S. pyogenes, those
of type 3 S. pneumoniae produce widely variant amounts of capsular polysac-
charide. Comparisons of the type 3 loci from multiple S. pneumoniae isolates
using RFLP, PCR, and sequence analyses have found them to be virtually
identical. All retain cps3U and cps3M, as well as the truncated sequences that
surround the locus.!® The basis for the difference in capsule production has
not been determined. Transcription of the type 3 capsule genes ceases during
late exponential phase, but complete loss of capsule does not occur.” In S.
agalactiae type IlI, the amount of capsular polysaccharide is reduced by late
exponential phase, and longer doubling times (11 vs. <2 h) result in more
than tenfold less polysaccharide.”

Virulence

The capsules of S. pneumoniae, S. pyogenes, and S. agalactine have long been
known or suspected to be important in virulence. With knowledge of the
genetic basis of capsule expression has come the ability to generate defined,
isogenic mutants for the purpose of further defining the roles of these cap-
sules in virulence. In S. pyogenes, mutations in the has locus result in loss of
capsule and corresponding alterations in a number of virulence phenotypes.
It has been noted that such mutants are more efficiently phagocytized, do
not grow in blood, and have reduced virulence in several mouse models of
infection, including intraperitoneal challenge, intranasal colonization, and
pneumonia following intratracheal infection.”%”*”> Enhanced phagocytosis of
the mutants is not due to increased deposition of complement but may rather
be due to increased exposure of bound C3b to phagocytic receptors, a situ-
ation analogous to that observed in the staphylococci.”® Capsule mutants
and stationary phase cells, which would not be expressing capsule, are more
readily internalized by keratinocytes and epithelial cells.” 7”7 Whether these
latter observations are reflective of decreased virulence, or whether they
instead suggest that the ability to regulate capsule expression is an important
factor in the various stages of infection, has not been resolved.

Mutants of S. agalactiae type III that either express no capsule (cpsD) or
that fail to add sialic acid to the side chain (cpsF) are avirulent in a neonatal
rat model of infection, are readily phagocytized, and invade lung endothelial
cells more effectively than the encapsulated parent.103865667°-81 [n contrast to
S. pyogenes, the lack of capsule results in increased accumulation of C3, and
the effect is also seen in mutants lacking only the sialic acid moiety.®?

In S. pneumoniae, nonencapsulated mutants derived by transposon
mutagenesis were significantly reduced in virulence. The insertion itself was
not responsible for the loss of capsule production, however, as co-transforma-
tion experiments showed it to be only 36% linked to the acapsular phenotype.®
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The insertion has subsequently been mapped to a site distant to where the
known capsule genes are located,® and other possible alterations in these
mutants are not known. Specific mutations in cps3D and cps3S, which result
in loss of capsule production, do result in avirulence in mice.®> As described
above, mutations in cps3U and cps3M reduce virulence, but perhaps not as
a result of decreases in capsule production. The construction of isogenic
strains expressing different capsular polysaccharides was used to determine
whether the type of capsule produced is the determining factor in S. pneu-
moniae virulence.” Perhaps not unexpectedly, the effect of the type 3 capsule
varied with the genetic background in which it was expressed: a highly
virulent type 5 recipient became avirulent, a relatively avirulent type 6B
recipient was enhanced in virulence, and a virulent type 2 recipient was
unchanged.

The special case of S. pneumoniae: genetic exchange
and capsule diversity

Although recent work has revealed the underlying molecular basis for cap-
sule expression in the streptococci, the groundwork for these studies was
laid decades ago. (See Reference 85 for a more extensive review of the earlier
work in S. pneumoniae.) In particular, the demonstration of a common genetic
organization of the capsule loci that is shared among all S. prneumoniae strains
is confirmation of a classic and elegant series of genetic experiments that
began in 1928 with Griffith’s demonstration of transformation of capsule
types during infection in the mouse. Later studies demonstrated transfor-
mation under laboratory culture conditions and suggested that a wide vari-
ety of donor and recipient combinations were possible.®5” In 1951, Ephrussi-
Taylor postulated, and Austrian et al. later elaborated on the idea, that cap-
sule genes for different serotypes might occupy identical sites in the chro-
mosome, and that transformation of capsule type would result from replace-
ment of the entire set of recipient capsule genes with those of the donor.
DNA homology outside the multigenic type-specific region would provide
the recombination sites necessary for the exchange.?% Biochemical evidence
for a replacement mechanism came from studies using strains that either
lacked or contained uronic acids in their capsules. Type 14 and 18 capsules
do not contain uronic acids, and accordingly do not possess UDP-Glc dehy-
drogenase or UDP-GIcA. In contrast, types 1 and 2 have these components,
but they are lost upon transformation to type 14 or 18 encapsulation.®® Each
of these experiments supported the concept of capsule genes existing as
exchangeable units, and clearly implied linkage of the genes encoding the
biosynthetic enzymes. Recombination experiments confirmed these linkages
and provided the first genetic maps of the capsule loci.”*?! Further studies
characterized the mechanisms and pathways for biosynthesis of the type 3
and other polysaccharides, and also identified some of the genes involved,
including that encoding the type 3 UDP-Glc dehydrogenase.”>%
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As described above, modern molecular genetic studies have borne out
the hypothesized “cassette-like”?*% organization of the S. pneumoniae capsule
loci, and have shown that the sequences upstream and downstream of the
type-specific biosynthetic genes are homologous in apparently all pneumo-
coccal capsular types. Molecular confirmation of the replacement of one
capsule cassette by another has been provided through hybridization and
mapping studies of isolates transformed to heterologous capsule types.!® In
these studies, type 2 recipients transformed to type 3 encapsulation were
shown to contain the type 3-specific biosynthetic genes, whereas type 3
recipients transformed to type 2 encapsulation had lost the type 3-specific
genes. Because of the truncations of many of the sequences in the type 3
locus, it was possible to demonstrate the presence of the type 3 downstream
flanking region in the transformed type 2 recipients. Characterization of
clinical isolates has also clearly shown that capsule loci are transferred in
the environment, and that both the immediate common flanking sequences
and more distant regions can participate in the recombination events.””*8

Austrian and Bernheimer described binary encapsulated strains of S.
pneumoniae that, as a result of integration of a second set of capsule genes,
expressed two different capsular polysaccharides.®* These isolates were
most often observed when a nonencapsulated mutant lacking UDP-Glc
dehydrogenase activity was transformed with DNA of a heterologous type
that also contained GlcA in its capsule. Complementation of the defect per-
mitted expression of both polysaccharides. In general, the genes encoding
the UDP-Glc dehydrogenases did not recombine, and recent studies have
confirmed that only a low level of homology exists between these genes.!¢2?
Stable binary strains resulted when integration of the second set of capsule
genes occurred at a site unlinked to the recipient capsule locus, whereas
integration at a closely linked site resulted in unstable binaries.”” A mecha-
nism involving a transposition-like event, where identical sequences flank-
ing a capsule locus permit resolution and subsequent integration at homol-
ogous sites in a recipient chromosome, has been proposed as one mechanism
for the generation of binary strains.!® The finding of numerous transposase-
like sequences in the capsule loci, and repetitive sequences that occur
throughout the chromosome, has provided some support for this idea. In
type 1, the capsule genes are flanked by copies of 1S1167,> and multiple
copies of this element are present in most strains of S. pneumoniae. tnpA in
the type 3 locus shares about 50% homology with 1S1167.° Strains of these
two capsule types were frequently involved in the binary reaction. Munoz
et al. have recently shown that plasmids containing cap1HIJKIS1167 from the
type 1 locus can integrate into nonencapsulated type 3 strains at sites distant
to the type 3 genes, apparently via homologous recombination with other
IS1167 sequences. UDP-Glc dehydrogenase expression from caplK comple-
mented the defect of the type 3 strain, resulting in production of type 3
capsule.”? Whether similar integration events occur when chromosomal
DNA from type 1 strains is used as the donor has not been determined, but
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the possibility of generating not only binary encapsulated strains but poten-
tially new capsular polysaccharides as a result of transposition events is an
intriguing one.

Future directions

The streptococcal capsular polysaccharides have provided an area of fruitful
discovery for over a century. Studies from the last decade have brought forth
molecular explanations for many of the earlier genetic and biochemical
observations, and they have revealed an underlying genetic similarity
among the capsule loci of many of the streptococci and related organisms.
From those studies, we can begin to address many of the remaining unan-
swered questions. For example, the origin of diversity of the S. pneumoniae
polysaccharides may lie, in part, in the ability of the organism to undergo
natural transformation, but other mechanisms, such as recombination, muta-
tion, transposition, and genetic rearrangements, are likely to play a major
role. The similarities between the streptococcal capsule loci suggest a com-
mon ancestral origin for many of the genes and loci, and imply that a
mechanism of genetic exchange is operational in all. The significance of the
genetic exchange of capsule genes in S. pneumoniae is only beginning to be
appreciated as molecular analyses of natural isolates are pursued. It is clear
that the genetic switching of capsule types may have a significant impact on
virulence and on vaccine considerations, because immunity to one capsular
polysaccharide is likely to enrich for isolates which have acquired the ability
to produce another.

The mechanisms of polysaccharide biosynthesis are also just beginning
to be fully explored, as are the underlying genetic aspects of their expression
and regulation. It is apparent that, for many of the polysaccharides, there
are basic similarities in the pathways leading to synthesis of their repeating
units. Examination of the role of the upstream sequences, which are found
in almost all of the loci, is likely to reveal a common mechanism of polysac-
charide export and genetic regulation. The regulation of capsule expression
in the natural environment is expected to be complex. As studies described
herein have revealed, there is likely to be an intimate relationship between
capsule production and basic cellular metabolism. A full appreciation of the
streptococcal capsular polysaccharides will thus involve a better understand-
ing of their biochemistry, genetics, and their niche in overall cellular pro-
cesses.
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Introduction

Staphylococcus aureus is a Gram-positive coccus that is recognized worldwide
as an important opportunistic bacterial pathogen. The organism asymptom-
atically colonizes the anterior nares of about 35% of normal healthy individ-
uals. In addition, S. aureus can colonize the intestinal and vaginal mucosa,
and it may reside transiently on the skin surface (primarily colonized by
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coagulase-negative staphylococci). If mucosal barriers are breached or host
immune defenses are impaired, S. aureus may produce a diverse array of
human and animal diseases. These range from rather mild skin infections,
such as impetigo, folliculitis and furuncles, to more invasive diseases, such
as infections originating from prosthetic devices, wound infections, osteo-
myelitis, and bacteremia with metastatic complications. Toxin-mediated dis-
eases caused by S. aureus include food poisoning, toxic shock syndrome, and
scalded skin syndrome. The bacterial components and secreted products that
affect the pathogenesis of S. aureus infections are numerous and include
surface-associated adhesins, exoenzymes, exotoxins, and capsular polysac-
charide.

Capsule production by the staphylococcus was first described in 1931
by Gilbert.! Because capsule detection methods were crude (India ink neg-
ative staining, colony morphology on agar plates and in serum-soft agar,
and lack of cell-associated clumping factor), only a few strains of S. aureus
were recognized as capsule positive. These highly encapsulated strains, typ-
ified by strains M and Smith diffuse, resisted phagocytosis and were virulent
in mice.?* ].C. Lee et al.’® showed that the capsule was responsible for the
enhanced virulence of a mucoid strain by creating isogenic, transposon-
induced mutants and demonstrating that the nonmucoid mutants were less
virulent in mice than the mucoid parental strain. Lin et al.® confirmed these
results in a lethality study in which mice were challenged with strain M or
a mutant with capsule genes deleted.

With more sensitive serologic methods, capsular polysaccharides can
now be detected on ~90% of S. aureus strains. Although 11 capsular serotypes
have been described, most clinical isolates of S. aureus belong to capsular
types 5 or 8.7% Because these strains produce small amounts of capsular
polysaccharide that cannot be visualized on the cells by negative staining,
serotype 5 and 8 strains are called microencapsulated, as suggested by
Wilkinson.? This term distinguishes them from the heavily encapsulated S.
aureus strains belonging to serotypes 1 and 2, which are rarely isolated. The
role that the type 5 and 8 capsules play in the pathogenesis of staphylococcal
infections is dependent on the bacterial growth conditions and on the animal
model of infection tested.

Composition of the S. aureus capsular polysaccharides

Capsules or microcapsules from at least 18 S. aureus strains have been char-
acterized to some extent,* but polysaccharides purified from only four of the
eleven capsule types have been biochemically characterized (Figure 8.1).
Strain M expresses a type 1 capsule composed of taurine, 2-acetamido-
2-deoxy-D-fucose, and 2-acetamido-2-deoxy-D-galacturonic acid in the molar
ratios of 1:2:4.101 Two other strains, Dp” and SA1 mucoid,? produce capsules
that are serologically and biochemically similar to that produced by strain
M. The Smith diffuse capsule (serotype 2) consists of equimolar amounts of
2-acetamido-2-deoxy-D-glucuronic acid and 2-acetamido-2-deoxy-L-alanyl
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Type 1: (-->4)-a-D-GalNAcA-(1 --> 4)-0- D-GalNAcA-(1 -->3)-a-D-FucNAc -(1-->)n
(A taurine residue is amide-linked to every fourth D-GalNAcA residue)
Type 2: (-->4)-8-D-GlcNAcA- (1-->4)-3-D-GlcNAcA-(L-alanyl)-(1-->)n
Type 5: (—->4)-3-0O-Ac-B-D-ManNAcA-~(1-->4)-o-L-FucNAc- (1-->3)-8-D-FucNAc-(1-->)p

Type 8: (-->3)-4-O-Ac-8-D-ManNAcA-(1-->3)-0-L-FucNAc-(1-->3)-f-D-FucNAc-(1-->)p

Figure 8.1 Repeating unit structures of the S. aureus capsular polysaccharides. Only
polysaccharides from serotypes 1, 2, 5, and 8 have been chemically characterized,
although 11 serotypes have been described. (From Lee, J. C., Xu, S. L., Albus, A., and
Livolsi, P. ]J., Genetic analysis of type 5 capsular polysaccharide expression by Sta-
phylococcus aureus, J. Bacteriol., 176, 4883, 1994.)

D-glucuronic acid with B-(1—4) linkages.’® Type 5 and 8 microcapsular
polysaccharides are structurally very similar to each other and to the capsule
made by strain T, described by Wu and Park.!* They are trisaccharide repeat-
ing units comprising 2-acetamido-2-deoxy-p-mannuronic acid linked to two
2-acetamido-2-deoxy-fucose residues.’>!” The serotype 5 and 8 polysaccha-
rides differ only in the linkages between the sugars and in the sites of
O-acetylation of the mannosaminuronic acids, yet they are serologically
distinct. The biosynthetic pathway leading to production of the S. aureus
capsular polysaccharide has not been elucidated.

The serotype 1 gene cluster

The mucoid colony morphology associated with the expression of serotype
1 capsular polysaccharide (CP1) by S. aureus strain M is unstable, as dem-
onstrated by a spontaneous rate of capsule loss of 0.01% when the bacterium
was cultivated at 37°C.!® The frequency of capsule loss increased to a range
of 1 to 38% of the total bacterial cells when they were cultivated at 43°C.
This instability suggests that the capsule genes might be phage- or plasmid-
encoded. However, when strain M was cured of a prophage or its 19-kb
plasmid, it remained mucoid, suggesting that the genes for capsule produc-
tion were, in fact, chromosomal. In a later study, loss of mucoidy was found
to be due to random mutations within the genes in the capl locus, rather
than a result of gene rearrangement.!

To clone the S. aureus serotype 1 capsule gene cluster, C.Y. Lee!8 prepared
a collection of nonmucoid mutants that were derived from strain M by
cultivation at 43°C or by mutagenesis with ethyl methane-sulphonate. One
nonencapsulated mutant was transduced with a phage lysate of S. aureus
RN4220 carrying a genomic library from strain M. The isolation of several
transductants with a mucoid colony morphology suggested that the recom-
binant plasmids carried chromosomal fragments that complemented the
capsule defect in the nonencapsulated mutant strain. One of these DNA
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fragments was used as a probe against a strain M genomic library con-
structed in Escherichia coli. Several cosmids hybridized with the probe, and
subclones from these cosmids were able to complement various CP1-nega-
tive mutants. An extensive series of complementation experiments localized
the capl genes to a 14.6-kb region of the strain M chromosome.®

Sequence analysis of capl

Sequence analysis of the capl gene cluster (Figure 8.2) revealed 13 closely
linked open reading frames (ORFs) that were transcribed in one orientation
(GenBank accession number U10927).° The results of complementation tests
and site-specific mutation studies indicated that all 13 genes were essential
for CP1 expression. The deduced amino acid sequences of CaplA to CaplM
were compared with sequences in the databanks. The authors reported a
high homology between CapL and VipA, moderate homology between Capl
and VipB, and limited homology between CapM and VipC. VipA, VipB, and
VipC are the structural genes specific for Salmonella typhi Vi capsular antigen,
a homopolymer of GalNAcA. Because CP1 also contains GalNAcA, it is
likely that Cap1L, Capll, and Cap1M are involved in the biosynthesis of this
sugar. CaplG showed homology to the NodL-LacA-CysE family of acetyl-
transferases. Although the site of O-acetylation of CP1 is unknown,!? by
analogy with the chemical structure of other S. aureus capsules, it is probably
the GalNACA residue.

Transcriptional analysis of capl

C.Y. Lee’s laboratory performed a detailed transcriptional analysis of the
capl genes.”® Plasmids carrying segments of the 14.6-kb CP1 gene region
were used to complement chemical mutants with lesions mapped to each of
the 13 capl genes. These genetic complementation tests indicated that there
were six promoters within the capl gene cluster located upstream of caplA,
caplE, caplF, caplG, caplH, and cap1]. Northern hybridization analyses using
the 14.6-kb DNA fragment as a probe revealed several hybridizing bands,
ranging from 14 to 0.3 kb in size. If the RNA was hybridized with internal
fragments of individual genes as probes, the 14-kb band was detected by all
the probes tested, thereby suggesting that the 13 capl genes were cotrans-
cribed into a single polycistronic message. When Ouyang and Lee deleted
the promoter region upstream of caplA, neither the 14-kb transcript nor the
smaller bands could be detected, thus suggesting that the smaller bands
were probably the degraded or processed products of the major transcript.

Since the genetic complementation tests indicated the presence of six
internal promoters within the capl cluster, Ouyang and Lee hypothesized
that the amount of messenger RNA transcribed from the internal promoters
was too little to be detected by Northern blotting.?® As an alternative
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approach, they tested the promoter activities of the capl genes by creating
fusions to a promoterless reporter gene, xy/E from Pseudomonas putida. DNA
fragments containing the upstream regions and 5’ sequences of cap1A, cap1C,
caplE, caplF, caplG, caplH, and capll were fused with promoterless xy/E in
a plasmid (Figure 8.2). The resultant plasmids were transferred into a
CPl-negative mutant strain, and the activity of catechol 2,3-dioxygenase
encoded by the xy/E gene was measured spectrophotometrically. Promoter
activities were detected from all of the fusions except for the cap1C fusion.
The fusion of the DNA fragment upstream of the caplA gene yielded the
maximum XylE activity, at a level 45- to 198-fold higher than the other
fusions. The results of the gene fusion experiments were consistent with the
results of the Northern blot analyses, indicating that the promoter upstream
of caplA is the primary promoter for the capl gene cluster and that the
internal promoters are much weaker. Ouyang and Lee proved that the inter-
nal promoters were sufficiently active for CP1 expression by creating a
CPl-negative mutant strain in which the promoter upstream of caplA was
deleted.?® CP1 expression was restored to the mutant by integrating a single
copy of a DNA fragment comprising the promoter upstream of caplA
together with caplA through caplE at the phage L54a attB site in the chro-
mosome (remote from the capl locus). This construct physically separated
the primary promoter together with the first five genes from the downstream
capl genes. The recombinant strain was mucoid and produced a level of CP1
similar to that of the wild-type strain, indicating that transcription of the
downstream capl genes by internal promoters was sufficient for capsule
synthesis. The authors postulated that the capl genes are transcribed as a
single polycistronic message that may be unstable. Hence, the internal pro-
moters may function to ensure that the promoter-distal genes are adequately
expressed.

S1 nuclease mapping identified the transcription initiation site for the
14.6-kb transcript.?’ Transcription appeared to have several start sites as
evidenced by a multibanding pattern on the sequencing gel. However, there
was a prominent band corresponding to the A residue 26 nucleotides
upstream from the ATG start codon of the caplA gene. A sequence of 5'-
TATAAT-3" matching the consensus —10 promoter sequence of Bacillus and
E. coli was found 5 nucleotides upstream of the start site. A sequence (5-
TTGCAA-3") with two mismatches to the consensus —35 region was also
found 18 nucleotides upstream from the —10 region. When Ouyang and Lee?
constructed serial deletions upstream of the transcriptional start site contain-
ing the promoter region, deletion up to the nucleotide just outside the pre-
dicted -35 region did not affect the XylE reporter activity. However, deleting
the —35 region reduced promoter activity ~30-fold, and deleting the —10
region abolished promoter activity completely. The start sites for the tran-
scripts arising from the internal promoters could not be experimentally
determined due to their weak activities.
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The capl element

C.Y. Lee proposed that the CP1 gene cluster is associated with a discrete
genetic element.?! He made the observation that a 21.8-kb DNA fragment
encompassing the capl genes and ~7 kb of flanking DNA failed to hybridize
to chromosomal DNA preparations from 14 S. aureus strains that did not
elaborate CP1. Further characterization of a 53-kb region around the capl
genes revealed that at least 18 kb of DNA flanking the gene cluster were
absent in the other staphylococcal strains tested. The “capl element” was
found to be 33.3 to 35.8 kb in size, extending from approximately 11 kb
upstream of caplA to about 7.5 kb downstream from capIM. The capl element
is unlikely to be a compound transposon since repeat sequences were located
on only one end of the genetic element. Other possibilities are that the capl
genes are located on a defective phage or on an integrated plasmid. The capl
locus mapped to the Smal-G fragment on the physical map of NCTC 8325,
but at a different site on this fragment than the allelic cap5 and cap8 loci
(described below).

One of the most interesting results revealed by the studies from
C.Y. Lee’s group was that strain M contained two cap gene clusters.”® Sau
and Lee created a cap]l mutant strain with the entire cap1 gene cluster deleted
from the bacterial chromosome. Genomic DNA from this mutant was
digested with restriction enzymes and probed with a DNA fragment carry-
ing the cloned cap8 genes. The positive signal obtained from the capl mutant
strain led the investigators to believe that strain M carried a second capsule
gene cluster distinct from the capl genes. They screened a cosmid library
prepared from strain M with a cap8 gene probe. The restriction map of one
of the positive clones was similar, but not identical, to that of the cap8 locus.
These results suggest that strain M can synthesize two different capsular
polysaccharides, and that the genes involved in their biosynthetic pathways
are distinct but related.

The serotype 5 and 8 gene clusters

A genetic analysis of the capsule type 5 (CP5) genes was reported in 1991
when Albus etal.* described transposon mutagenesis experiments that
resulted in the isolation of mutants altered in CP5 expression. Tn918, carry-
ing the tetM gene, was introduced into strain Reynolds by filter mating, and
a capsule-deficient transconjugate was recovered. Mutant JL236 produced
levels of CP5 that were ~10% of the level expressed by the parental strain.
The CP5-deficient mutant carried a single Tn918 insert, and the transposon
insertion was shown to be responsible for the capsule-deficient phenotype
by transformation of the chromosomal mutation back into the parental strain,
reconstituting the CP5-deficient phenotype.

The mutated region of the JL236 chromosome was targeted by selecting
a DNA fragment from a chromosomal library of mutant JL236 that conferred
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tetracycline resistance on E. coli.? An ~27-kb EcoRI fragment containing the
transposon insertion was cloned into a cosmid vector. In the absence of
tetracycline selection, Tn918 was spontaneously excised, thereby resulting
in a plasmid containing 9.6 kb of S. aureus DNA flanking the Tn918 insertion
site. The 9.6-kb DNA fragment was used to screen a cosmid library prepared
from the wild-type strain Reynolds. Positive colonies were identified by
colony hybridization, and one cosmid clone (pJCL19) was mapped with
restriction enzymes. Subclones of pJCL19 were able to complement EMS-
derived, capsule-negative mutant strains in trans. By probing genomic DNA
digests from a variety of S. aureus strains with DNA fragments from pJCL19,
J. C. Lee’s laboratory identified segments of the cosmid clone that were
common among strains, segments that showed restriction fragment length
polymorphism, and segments in the central region that hybridized only to
DNA from strains of serotypes 2, 4, and 5.

Sau and C.Y. Lee? attempted to target the type 8 capsule (CP8) genes
by their homology to the capl genes. DNA from the serotype 8 strain Becker
did not hybridize with the cap1 genes under high-stringency, but did hybrid-
ize under low-stringency conditions. On the basis of this moderate level of
homology, the investigators isolated a clone carrying the cap8 genes from a
chromosomal library made from strain Becker. Recombinant plasmids car-
rying strain Becker DNA were mapped with restriction enzymes and char-
acterized for their ability to complement CP8-negative mutants derived by
EMS treatment. The results of the complementation experiments showed
that 18 CP8-negative mutants could be mapped to six complementation
groups within an ~20.5-kb region of strain Becker chromosomal DNA. These
results indicated that, like the capl genes, the cap8 genes were clustered
together on the bacterial chromosome. Sau and Lee used different regions
of the cap8 gene cluster as probes in Southern analyses.?> Whereas probes
made from the ends of the gene cluster hybridized to DNA from all nine S.
aureus strains tested, a centrally located DNA fragment hybridized to only
four of nine strains tested.

Sequence analysis of cap5 and cap8

In a collaborative effort, the nucleotide sequences of the cap5 and cap8 gene
clusters (GenBank accession numbers U81973 and U73374, respectively)
were recently determined.?® C.Y. Lee’s laboratory sequenced the cap8 gene
cluster from strain Becker and identified 16 ORFs within a 17.5-kb region
(Figure 8.3). The genes, designated cap8A through cap8P, are tightly clustered
and transcribed in one orientation. T.]. Foster’s laboratory sequenced a
7.1-kb DNA segment of the cap5 gene cluster from strain Newman, and J. C.
Lee’s laboratory sequenced a 12.6-kb DNA segment of the cap5 gene cluster
from strain Reynolds. The region of overlapping sequence between the two
serotype 5 strains was 1.55 kb in length and included most of cap5F and half
of cap5G. Six nucleotide differences between the two strains were found in
the overlapping segment, but only one of these resulted in a change in the
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amino acid sequence of the deduced protein. Amino acid 196 of Cap5G was
shown to be serine in strain Reynolds and proline in strain Newman. At the
equivalent position in Cap8G, the deduced amino acid was proline. Sequence
analysis of the combined 18.1-kb region from the two CP5 strains revealed
16 contiguous ORFs that were transcribed in the same orientation and were
named cap5A through cap5P.

Comparative analysis of the nucleotide sequences of the cap5 and cap8
loci revealed that each of the gene clusters could be divided into three regions
(Figure 8.3). Region 1, comprising the predicted gene products of cap5A
through cap5G and cap8A through cap8G, was essentially identical between
the serotype 5 and 8 strains (97.3 to 99.7% identical at the amino acid level).
Likewise, region 3, comprising cap5L through cap5P, was shown to be essen-
tially identical to cap8L through cap8P (98 to 99.2% amino acid identity). In
contrast, the centrally located region 2 (comprising cap5(8)H, cap5(8)1,
cap5(8)], and cap5(8)K) showed little homology between the two gene clus-
ters. The cap5 and cap8 loci were allelic and mapped to the Smal-G fragment
on the physical map of S. aureus NCTC 8325.%7

A comparison of the amino acid sequences of the putative cap5 and cap8
gene products with sequences found in the databases allowed us to predict
functions for 15 of the 16 ORFs.2® As shown in Table 8.1, the majority of the
capsule genes appear to be involved in amino sugar synthesis. The remainder
are likely involved in sugar transfer, capsule chain length regulation, trans-
port, and polymerization. cap5(8)A, cap5(8)B, cap5(8)C, and cap5(8)D share a
high degree of homology (60 to 72% identity at the amino acid level) and
the same organization as cap1A, cap1B, cap1C, and cap1D, respectively. Based
on amino acid homologies and structural comparisons of the polysaccha-
rides, these genes are probably involved in functions common to CP1, CP5,
and CP8 biosynthesis, such as chain length regulation and synthesis of
FucNAc (Table 8.1). The function of CapC cannot be predicted because it is
homologous to streptococcal proteins with unknown functions (Table 8.1).

Sau et al. showed by complementation of chemical mutants and by gene-
specific mutagenesis that 11 of the 16 cap8§ ORFs were necessary for CP8
expression by S. aureus strain Becker.”® In contrast, chromosomal mutations
in five of the genes (cap8A, cap8B, cap8C, cap8], and cap8P) had no effect on
the level of CP8 expression. The cap8A mutation, made by a five-codon in-
frame insertion, may have resulted in a silent mutation that did not affect
CP8 expression. The cap8B mutant was positive for CP8 production, but the
expressed polysaccharide exhibited a lower molecular mass than that made
by the wild-type strain Becker. Cap8B could be a regulator of CP8 chain
length, consistent with its homology with the conserved nucleotide-binding
motif of the C-terminal half of Rhizobium meliloti ExoP.?* The N-terminal half
of ExoP has been implicated in chain-length determination of succinoglycan
synthesis, whereas the C-terminal half seems to exert a regulatory function
following nucleotide binding.
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A mutant constructed with a 226-bp deletion within cap8C also expressed
wild-type levels of CP8. The putative gene product of cap8C has a moderate
degree of homology to EpsB of Streptococcus thermophilus and to Cps19fB of
S. pneumoniae, neither of which has been functionally characterized. There-
fore, neither a phenotype for the capC mutation nor a putative function for
the gene product can be assigned at this time.

A cap8] mutant was also CP8 positive, but it did not react with a mon-
oclonal antibody specific to O-acetylated CP8.? Cap8] shows homology to
the C-terminal region of numerous bacterial acetyltransferases, including
limited homology with CaplG and Cap5H. Recent studies have revealed
that a strain Reynolds cap5H mutant produced wild-type levels of O-deacety-
lated CP5 (discussed below).* By analogy, it is quite likely that a mutation
in cap8] would not affect levels of CP8 production by strain Becker.

A mutant with a 69-bp deletion in cap8P still expressed CP8.28 Likewise,
a cap5P knockout mutant remained CP5-positive.3! As discussed below, it is
quite likely that another gene exists on the S. aureus chromosome that has a
function similar to that of Cap5(8)P.

Transcriptional analysis of cap8

Sau et al. used Northern hybridizations to study the transcription of the cap8
genes in strain Becker.?® If a 17.2-kb DNA fragment containing almost the
entire cap8 gene cluster was used as a probe, a somewhat smeared ~17-kb
transcript was detected. The Northern blot pattern was essentially the same
if individual genes (cap8A, cap8D, cap8l, or cap8P) were used as probes. These
results suggest that the 16 cap8 genes are cotranscribed as a single polycis-
tronic message from a promoter upstream of cap8A and that the smearing
may be caused by degradation of the large transcript. However, the genetic
complementation experiments performed in C.Y. Lee’s laboratory indicated
that there were numerous internal promoters within the cap8 locus that might
initiate transcription of the internal genes. They hypothesized that the
amount of messenger RNA transcribed from the cap8 internal promoters was
too little to be detected by Northern blotting. Therefore, they fused several
of the DNA fragments containing the potential promoter regions within cap8
to the promoterless xyIE reporter gene. The plasmid constructs were trans-
ferred to S. aureus Becker, and the xylE activities of the strains were measured
spectrophotometrically. The experimental results indicated that a fusion con-
taining the upstream region of cap8A was 10- to 25-fold more active than
strains containing other fusions. These results confirm that cap8 genes are
transcribed primarily from the promoter upstream of cap8A and that the
internal promoters are all weak.

Because C.Y. Lee’s laboratory performed transcriptional analyses using
Northern blots and xylE reporter gene fusions for both the capl and cap8
gene clusters, some comparisons can be made between the two systems.?8
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Both capsule gene regions appeared to be transcribed from a primary pro-
moter located at the beginning of the operon. However, the promoter activity
of the primary capl promoter was ~60-fold stronger than that of the primary
cap8 promoter. Likewise, the internal promoters of the capl gene cluster were
10- to 50-fold stronger than those within the cap8 gene cluster. Of note was
the observation that the internal promoters of the capl locus showed about
the same activity as the cap8 primary promoter.2>?® These findings are con-
sistent with a report indicating that S. aureus CP1 production exceeded CP8
production by a factor of ~60.32 Promoter mapping experiments have
revealed that, unlike the capl promoter, the cap8 promoter lacks a consensus
-35 sequence. This difference may explain why CP1 production by S. aureus
greatly exceeds CP8 production.

Functional analysis of cap5H

The predicted amino acid sequence of cap5H encodes a protein of ~26 kDa
with a high degree of homology to a family of bacterial O-acetyltransferase
genes. A mutant of S. aureus strain Reynolds containing a Tn918 insertion
within cap5H produced wild-type levels of O-deacetylated CP5.%° When pro-
vided in trans, capbH complemented the gene defect in the O-deacetylated
mutant. Southern blot analysis showed that genes similar to cap5bH were
present only in strains of S. aureus belonging to capsular serotypes 2, 4, and
5. The biological significance of CP5 O-acetylation was examined in an in
vitro opsonophagocytic assay.*® Both the parental and mutant strains were
opsonized for phagocytic killing by CP5 antibodies and complement. How-
ever, the mutant was significantly more susceptible than the parent strain to
opsonophagocytosis in the presence of teichoic acid antibodies and comple-
ment, teichoic acid antibodies alone, or complement alone. These differences
may reflect greater exposure of the teichoic acid polymer on the bacterial
surface in the absence of the O-acetyl substituents on the CP5 backbone. The
biological differences between the two strains were further explored in a
mouse model of staphylococcal infection.®® The bacteria were inoculated
intraperitoneally, and virulence was measured by the ability of the organ-
isms to access the bloodstream and avoid immune clearance mechanisms.
The parental strain Reynolds achieved higher concentrations in the blood-
stream and was more efficient in provoking metastatic infection of the
kidneys than the cap5H mutant. When capbH was provided to the mutant
in trans, it fully restored CP5 O-acetylation. The virulence of the comple-
mented mutant strain closely approximated that of the parental strain. The
data from both the in vitro and in vivo experiments suggest that the O-acety-
lated CP5 may be more proficient than the O-deacetylated polysaccharide
in protecting the Staphylococcus from immune clearance. Whether the pres-
ence of O-acetyl groups on the polysaccharide affects the activation and
deposition of complement components on the bacterial surface has not yet
been explored.
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Functional analysis of cap50

The cap50 gene codes for a putative protein of 420 amino acids.? Cap50
shows homology to putative UDP-ManNAc dehydrogenases from Methano-
coccus jannaschii and Burkholderia (Pseudomonas) solanacearum and to RffD of
E. coli (Table 8.1). The 420-amino acid RffD is a UDP-ManNAc dehydroge-
nase that oxidizes UDP-ManNAc to produce UDP-ManNAcA.* In direct
sequence comparison, Cap50 is 68% similar and 45% identical to RffD across
399 amino acid residues. The E. coli rffD gene is involved in the biosynthesis
of enterobacterial common antigen (ECA), a surface-associated glycolipid
common to members of the Enterobacteriaceae family.* ECA has a trisac-
charide repeating structure composed of GIcNAc, Fuc4NAc, and ManNAcA.
The last sugar is also a component of S. aureus CP5 and CP8 (Figure 8.1). To
determine whether the S. aureus cap50 gene could complement an 7ffD muta-
tion in E. coli, Kiser and J.C. Lee subcloned the S. aureus cap50 gene into
pUC19.% The recombinant plasmid was transformed into E. coli strain 21546,
an ECA-negative mutant that has a Tn10 insertion in 7ffD and is deficient in
UDP-ManNAc dehydrogenase activity.®® By Western blot analysis with an
ECA-specific monoclonal antibody, the S. aureus cap50 gene complemented
the 7ffD mutation in strain 21546, thereby restoring ECA synthesis. The
mutant strain transformed with the pUC19 vector alone or carrying cap5P
or cap5G remained ECA negative. This experiment suggests that cap50 codes
for a UDP-ManNAc dehydrogenase that oxidizes UDP-ManNAc to UDP-
ManNACcA, a precursor molecule for CP5 biosynthesis. A nonpolar deletion
in cap50% or a chemically-induced mutation in cap8O?® both resulted in an
acapsular S. aureus phenotype.

Functional analysis of cap5G and cap5P

The cap5G and cap5P genes code for putative proteins of 374 and 391 amino
acids, respectively,?® and they show 29% overall identity. In direct sequence
comparison, Cap5P shows substantial homology (68% similarity and 50%
identity over 368 amino acids) with the E.coli #ffE gene. The E. coli rffE gene
encodes a UDP-GIcNAc 2-epimerase, an enzyme that catalyzes the conver-
sion of UDP-GIcNAc to UDP-ManNAc during the biosynthesis of ECA in
E. coli. Cap5G also shows homology, albeit less than that of Cap5P, to RffE
(50% similarity and 30% identity over a 365-amino acid length). To determine
whether S. aureus cap5G, cap5P, or both could complement an rffE mutation
in E. coli, the genes were subcloned, alone or in tandem with cap50, into
pUC19.3 The recombinant plasmids were introduced into E. coli strain 21566,
an ECA-negative mutant that contains a Tn10 insertion in 7ffD, as well as an
additional DNA insertion in rffE. Mutant 21566 is defective in both UDP-
GlcNAc 2-epimerase and UDP-ManNAcA dehydrogenase activities and dis-
plays an ECA-negative phenotype.** The cap5P gene, but not cap5G, provided
in trans, partially restored ECA synthesis to mutant 21566. When cap50 and
cap5P were provided in tandem to strain 21566, ECA synthesis was restored
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fully. In contrast, a construct that included both cap50 and cap5G failed to
restore ECA synthesis to mutant 21566. These experiments indicate that
cap5P, but not cap5G, codes for a UDP-GIcNAc-2-epimerase. Recently, Bhasin
etal. purified the cap5P gene product from E. coli and demonstrated its
enzymatic function in vitro.3® Because UDP-GIcNAc-2-epimerase catalyzes
an early and critical step in the predicted CP5 biosynthetic pathway, inacti-
vation of cap5P was expected to eliminate UDP-ManNAc synthesis, hence
abrogating CP5 expression. However, both cap5P and capS8P mutants still
express CP5 and CP8, respectively.?®*! The linkage unit between ribitol
teichoic acid and peptidoglycan in the cell wall of S. aureus contains Man-
NAc.¥ Thus, it is likely that S. aureus has another enzyme(s) encoded outside
of the capsule gene cluster that mediates synthesis of UDP-ManNAc; iden-
tification of such a gene will be facilitated by the completion of the S. aureus
genome project.

The function of the cap5G gene product in CP5 biosynthesis is uncertain.
It is possible that Cap5G and Cap5P are both epimerases but with different
substrates. We hypothesize that Cap5G serves as a 3-epimerase in the bio-
synthesis of UDP-L-FucNAc, the putative donor of FucNAc residues in CP5
and CP8 (see Figure 8.4). Nonetheless, the possibility remains that Cap5G
has UDP-GIcNAc-2-epimerase activity in S. aureus.

Cap5G, Cap50, and Cap5P lie in the common, flanking regions of the
cap5 gene cluster, and they are virtually identical to Cap8G, Cap80, and
Cap8P. These putative proteins are probably involved in the synthesis of
ManNacA and FucNAc nucleotide precursors that are common to both CP5
and CP8. In contrast, cap5H lies in the central, serotype-specific region of the
cap5 cluster. This is consistent with its putative role as an O-acetyltransferase
specific for the third carbon of ManNAcA. The corresponding gene in the
cap8 cluster is cap8J, which encodes a putative enzyme that O-acetylates the
fourth carbon on CP8 ManNACcA. A likely biosynthetic pathway for CP5 is
depicted in Figure 8.4. This pathway is consistent with the predicted func-
tions of 15 of the 16 cap5 genes and with the known structure of CP5.

Regulation of capsule expression

S. aureus capsule production is influenced by environmental and bacterial
growth conditions, such as culture medium and the bacterial growth phase
of the organism.®4 CP5 production is inhibited by high levels of yeast
extract, alkaline growth conditions, CO,, and anaerobiasis**-*? but enhanced
by growth of the bacterium in milk.#3 Growth of S. aureus under iron limi-
tation and on solid medium both augmented the production of CP8.%2

The expression of extracellular and cell-bound proteins by S. aureus is
controlled by a regulatory locus called the accessory gene regulator (agr).
The effect of an agr mutation on expression of CP5 by S. aureus Newman
was investigated in different complex and synthetic media.** Compared with
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the wild-type strain, CP5 expression by the agr mutant was strongly reduced
in some media and slightly reduced in others. The overall conclusion of the
study was that CP5 production is positively controlled by agr. Another reg-
ulatory locus (sar) that interacts with agr has been described in S. aureus,*
but its effect on capsule expression by the staphylococcus has not yet been
reported.

As mentioned above, deletions upstream of the —35 region of the capl
promoter had no effects on its activity as measured by an xyIE reporter gene.?
The fact that the capl promoter apparently requires no upstream cis-acting
element for activity suggests that the serotype 1 capsule is expressed consti-
tutively. In contrast, an analysis of the cap§ gene cluster revealed several
inverted and direct repeats upstream of the primary promoter. A 10-bp
inverted repeat located 14 bp upstream of the cap8 promoter is apparently
required for promoter activity, since a chromosomal mutation within this
repeat abrogated CP8 expression.*® A DNA fragment containing the inverted
repeat served as a protein binding site in a gel mobility shift experiment.
These results suggest that a positive regulator binding to the inverted repeat
is necessary for CP8 expression. A positive regulatory protein with a molec-
ular mass of ~80 kDa has been identified, and N-terminal sequencing sug-
gests that it is a novel protein.*® Future studies will determine whether certain
environmental effects of CP8 expression are mediated though the putative
regulatory protein.

Future directions

The genetic analysis of S. aureus capsule expression is still in its infancy.
Although considerable progress has been made in the last few years, we
have assembled only a few pieces of the puzzle. We have proposed a bio-
synthetic pathway for CP5 (Figure 8.4), but experimental evidence to support
most of the steps is lacking. Mechanisms of capsule transport and assembly
at the cell surface remain to be elucidated, as do the regulatory processes
involved. We do not even know whether the lipid carrier is undecaprenol
phosphate, although it seems a likely candidate because of its involvement
in both peptidoglycan and teichoic acid assembly. Continued research efforts
in these directions should yield a greater understanding of S. aureus capsule
expression. In addition, the biological functions of the type 5 and 8 capsular
polysaccharides merit continued study, as well as the role of the capsule in
the pathogenesis of staphylococcal infections.
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Introduction to mycobacteria

The genus Mycobacterium contains three important bacterial pathogens,
Mycobacterium tuberculosis, M. leprae, and M. avium, and an important fast-
growing nonpathogenic research species, M. smegmatis. Mycobacteria,
although strictly speaking Gram-positive, are readily distinguished from
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other bacteria by their unique cell wall, which conforms neither to the clas-
sical Gram-positive nor Gram-negative wall but includes features of both.!
The cell wall core refers to the covalently attached core of the cell wall; the
cell envelope includes not only the cell wall core but also noncovalently
associated molecules found at the mycobacterial surface.

Mycobacterial cell wall core

The mycobacterial cell wall core is present in essentially the same form in
all mycobacterial species. It consists of three interconnected “macromole-
cules.” The outermost of these are mycolic acids, unique 70- to 90-carbon
branched fatty acids which form an outer lipid layer similar to, but differing
from, the classical outer membrane of Gram-negative bacteria.? The mycolic
acids are esterified to the middle component, “arabinogalactan” (AG), a
polymer composed primarily of p-galactofuranosyl and p-arabinofuranosyl
residues. AG is connected, via a linker disaccharide phosphate, to the 6
position of a muramic acid residue of the peptidoglycan. The peptidoglycan
is the innermost of the three cell wall core macromolecules.

AG is an important polysaccharide in that it plays a key role in holding
the lipid layer to the peptidoglycan layer in the cell wall core. Hence, AG is
necessary for mycobacterial viability. For example, ethambutol inhibits bio-
synthesis of the arabinan component®** of AG and as a result is an effective
therapeutic.

Mycobacterial cell envelope carbohydrates

Carbohydrates in addition to AG are associated with the cell wall core. The
phosphatidyl-based glycolipids include phosphatidyl inositol mannosides
(PIMs),>* mannosyl extended PIMs known as lipomannan (LM),” and finally,
arabinosylated LM, lipoarabinomannan (LAM).”!! Although these carbohy-
drates are thought to be found primarily anchored in the plasma membrane
via their phosphatidyl inositol reducing ends, it is possible that they are also
found anchored to the mycolic acid layer of the cell wall core. LAM, LM,
and PIMs are found in all mycobacterial species, although their structures
vary somewhat depending on the species.

In addition, other glycolipids are anchored to the mycolic acids at the
outer regions of the cell wall core, via fatty acid association. All species of
mycobacteria have trehalose mycolates (trehalose acylated with one or two
mycolic acids) and may also contain, depending on the mycobacterial spe-
cies, lipooligosaccharides (LOS) based on additional glycosylation of acy-
lated trehalose, phenolic glycolipids (PGL) based on glycosylation of an
acylated derivative of phenol, and glycopeptidolipids (GPL) based on gly-
cosylation of a complex lipopeptide. The structures of these glycolipids is
well reviewed.'>!% Finally, on the exterior of the cell are found the capsular
polysaccharides, which include an o-1,4 glucan, an arabinomannan, and a
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mannan.'#1¢ Because of the structural similarities between LAM and LM to
capsular arabinomannan and mannan,'*1¢ it is tempting to suggest that the
extracellular arabinomannan and mannan are made by cleavage of the phos-
phatidyl inositol anchor unit from LAM and LM, respectively; however, this
has not been demonstrated.

Drug development is a major rationale for studying mycobacterial cell
surface carbohydrate biosynthesis

A major impetus for the study of the cell wall core molecule AG arises from
the need for new drugs against M. tuberculosis and M. avium.'-¥ Two fun-
damental reasons to target AG are: (1) the fact that it appears to be essential
for viability,® and (2) that three of the four sugars of which it is composed,
D-Araf, D-Galf, and L-Rhap, are not found in humans. Thus, any of a score
or more of enzymes involved in the formation of sugar donors and their
polymerization are potential drug targets. The isolation and expression of
the genes for these enzymes is a high research priority. Inhibitors of the
resultant enzymes can be obtained by using “high throughput” screens and
by enzyme characterization (ultimately X-ray analysis) and the subsequent
design of “rational” inhibitors.

The PIMs may be necessary for viability as essential membrane compo-
nents; in support of this PIM minus mutants of mycobacteria are not known.
In addition, molecules such as LAM and GPL may be virulence factors. Thus,
LAM is a potent down-regulator of functions involved in host cell mediated
immunity,?">® and evokes a large array of cytokines.?*? Therefore, inhibition
of LAM and other phosphatidyl inositol-based compounds may result in
bacterial death by the host immune system and/or an amelioration of patho-
genesis. The situation is less clear-cut with the cell wall envelope glycolipids,
but GPLs which are found in M. avium may be virulence factors.?>-3?

The genome of M. tuberculosis has been sequenced

The genome of M. tuberculosis strain H37Rv has been sequenced and anno-
tated by the Sanger Centre, and the sequence and BLAST searches are readily
accessed from: http://www.sanger.ac.uk/Projects/M_tuberculosis/.

In addition, the clinical isolate M. tuberculosis CSU 93 is also nearly
sequenced by The Institute for Genomic Research, and current information
can be found at http://www.tigr.org/tigr_home/tdb/mdb/mdb.html.

Scope of the present review article

In this review, the structure, biosynthetic pathway, and genetics of the cell
wall core polysaccharide, AG, will be described. The biosynthesis of LAM
is now actively being studied,* but these studies are in the early stages and
will not be presented here. For the most part, the biosynthesis of the remain-
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ing cell envelope glycoconjugates has not been studied, with the exception
of the glycopeptidolipids for which some important genetic studies have
been performed.3323435

Structure, biosynthesis, and genetics of AG
Structure

The structure of AG!%% is summarized in Figure 9.1. The polymer is readily
divided into three structural regions. The first of these is a specialized linker
region® located at the reducing end of the polymer and consists of —4)-o-
L-Rhap-(1—3)-0-D-GlcNAc-(1—-phosphate) where the phosphate is in turn
attached to the peptidoglycan. Attached to this linker is a galactofuran®
consisting of [—6)-B-p-Galf-(1—-5)-B-p-Galf] ,,. Attached to the galactofuran
are two or three chains of a p-arabinofuran®-# containing variously linked
arabinofuranosyl residues arranged as illustrated in Figure 9.1. The mycolic
acids are esterified to the 5 hydroxyl group of the terminal and penultimate
arabinosyl residues.?

Ovwerall biosynthesis of AG

The biosynthetic pathway of AG formation (Figure 9.2) is largely worked
out, -4 although several key questions remain. The sugar donors of GIcNAc-
1-phosphate and Rha are UDP-GIcNAc and dTDP-Rha, respectively; these
are those commonly used by bacteria.” The galactofuranosyl residues are
donated by UDP-Galf*® which is made by a ring contraction from UDP-Galp
in a fashion similar to that recently shown for Galf residues in E. coli.**3°
Interestingly the donor of p-araf residues is decaprenylphosphate-p-arabi-
nose (DPA);*1435 no role for a sugar nucleotide of p-ara has been established.
DPA is made by a unique pathway starting with phosphoribosyl pyrophos-
phate.#

It is well established that the linker unit and galactofuran are synthesized
on a lipid carrier as shown in Figure 9.2.42 However, the order of some of
the later events in AG synthesis is not yet clear. Thus it is not known if the
arabinan is built up stepwise on the lipid linked galactan or whether the
arabinan is formed on its own lipid carrier and transferred as a block to the
galactan. Also, it is not known when the mycolic acids are added to the
arabinan and when the transfer from the lipid carrier to peptidoglycan
occurs.

Sugar donor biosynthesis and genetics

Generally speaking, the genes for the enzymes involved in sugar nucleotide
formation have been identified; those involved in decaprenyl phosphate
arabinose biosynthesis remain to be elucidated.



Chapter nine:  Arabinogalactan in mycobacteria 211
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Figure 9.1 The structure of the mycobacterial cell wall arabinogalactan. The arabi-
nan, galactofuran, and linker regions are indicated, as well as where the mycolic
acids are attached and where the linker is attached to peptidoglycan. Although the
22 nonreducing structure of the arabinan is correct, it should be noted that the interior
regions of the arabinan are not understood and that this 22 arabinosyl unit may be
attached to additional arabinosyl residues rather than directly to the galactofuran
chain as shown. Also it is expected that two or three complete arabinan chains are
attached to the galactofuran rather than the single arabinan chain illustrated. Finally,
the exact galactofuranosyl residues to which the arabinans are linked are unknown.
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Figure 9.2 The pathway of cell wall arabinogalactan biogenesis. As noted in the text,
the order of some of the later events has not been clarified.

dTDP-Rha

The genes for the four enzymes which convert glucose-1-phosphate to dTDP-
Rha, rmlA, rmIB, rmIC, rmID (previously known as rfb A-D*?) are found
clustered together in Gram-negative bacteria, usually in the order BDAC,
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where they are present for the synthesis of rhamnosyl residues found in
O-antigen.>® However, in mycobacteria these genes occur in three areas of
the genome as discussed below.

A gene with homology to rmlA, which encodes for the first enzyme in
the pathway for dTDP-Rha formation, o-D-glucose-1-phosphate thymidylyl-
transferase, has been cloned and found to be separate from the other genes
involved in dTDP-Rha formation.* This gene has been shown to encode for
the expected enzyme, o-p-glucose-1-phosphate thymidylyltransferase (see
Figure 9.2) by enzymatic assay.* In the Sanger genome sequence, this gene
is Rv0334. Three open reading frames occur upstream that could possibly
be linked to rmlA (stop codons are separated from the next start codons by
about 25 nucleotides). These open reading frames (Rv0331, 0332, and 0333)
are of unknown function, except RV0331 which shows homology to sulfide
dehydrogenase and sulfide quinone reductase. In addition to Rv0034,
another gene, Rv3264c, which encodes for a protein with a sequence homol-
ogous to RmlA of other bacteria (notated rmlA2 at the present time in the
Sanger sequence) is present in the M. tuberculosis genome. The Rv3264c gene
is clustered with two other genes involved in rhamnose biosynthesis as
discussed below. However, Rv3264c also shows homology to a-D-mannose-
1-phosphate guanylyltransferase (manB), and experiments just conducted in
the author’s laboratory showed that the protein product of Rv4364c shows
this GDP-mannose synthesis activity and not o-D-glucose-1-phosphate
thymidylyltransferase activity. Why a gene involved in mannose biosynthe-
sis is clustered with two genes involved in rhamnose biosynthesis is not
known.

Dr. Tae-Yon Lee et al.,* in the midst of epidemiological studies, discov-
ered rmlIB and rmlIC, by sequence homology, directly linked to each other in
the order BC, but no other rhamnosyl genes were on either side of these.
These genes are notated rmiB and rmIC in the Sanger sequence and are open
reading frames Rv3465 and Rv3466, respectively. Both of these genes have
recently been cloned in the author’s laboratory® and shown, using enzyme
assays, to encode for the expected enzymes, dTDP-pD-glucose 4,6-dehydratase
and dTDP-4-keto-6-deoxy-D-glucose 3,5 epimerase, respectively (Figure 9.2).
The genome sequence also reveals several other genes with sequence homol-
ogy to rmlB of other organisms. These genes are open reading frames Rv3468,
Rv3634, and Rv3784, notated at present rmlB3, rmIB2, and epiB, respectively.
Evidence is presented below that Rv3634 (now notated rmlB2) encodes for
UDP-galactose epimerase (GalE); GalE and RmlIB proteins do have substan-
tial homology. The homology of the other two open reading frames with
rmlB is significantly lower than that of Rv3465, and initial experiments in
the author’s laboratory have suggested that neither of these genes encodes
for dTDP-p-glucose 4,6-dehydratase. Thus, tentatively, only one copy of rmlB
is present in the genome (Rv3465).

A gene with strong homology to rmID (Rv3266¢, notated rmID in the
Sanger sequence), the final gene involved in dTDP-Rha biosynthesis, has
been cloned in the author’s laboratory. Recent enzyme assay of the expressed
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protein has shown that this gene does code for dTDP-rhamnose synthetase
(RmlD, Figure 9.2). This gene is clustered with the aforementioned Rv3264c,
manB, and with the rhamnosyl transferase gene (Rv3265c, wbbL described
below) in the order rmlID, wbbL, manB.

Thus, the rhamnose biosynthetic genes are located in three different
regions in the TB genome. There are two cluster regions [rm[B, RmIC in one
cluster, and rmID, wbbL, (and manB) in the second cluster] and rmlA separate
from any other dTDP-Rha synthetic genes. None of these regions is near to
the others. There also appears to be only one copy of each of the four genes,
but this needs to be confirmed in the case of rmiB.

UDP-Galf

The galactofuranosyl donor, UDP-Galf, and the enzyme which forms it from
UDP-Galp, UDP-galactopyranose mutase, have been studied in some detail
in E. coli** and Klebsiella pneumoniae.® This enzyme is encoded for by the
gene glf;* in E. coli the function of the product of this gene was elegantly
predicted by Reeves et al.®> The enzymes have been purified and studied
from both organisms. The E. coli enzyme has been shown to contain a bound
FAD molecule,* and the K. pneumoniae enzyme is yellow, so it also is likely
to contain a bound FAD.% In addition, the K. pneumoniae enzyme, as purified,
requires either NADH or NADPH for activity.> Since the conversion of UDP-
Galp to UDP-Galf does not require a net oxidation or reduction and since
there is no obvious reason for an oxidation followed by reduction to accom-
plish the conversion, the role of these cofactors is unclear. It is also interesting
to note that the equilibrium value of the UDP-Galf to UDP-Galp ratio, cata-
lyzed by these enzymes, appears to be approximately 0.07.

The M. tuberculosis version of glf has been sequenced in the author’s
laboratory* and appears in the Sanger genome sequence (Rv3809). The gene
has been expressed and shown to produce active enzyme.* Although not
noted in the original publication,* this enzyme also requires NAD(P)H for
optimal activity, and its sequence suggests that it also binds FAD.*

The early part of the pathway involves the formation of UDP-Galp from
UDP-Glc by UDP-galactopyranose epimerase (GalE); this enzyme from M.
smegmatis was purified and N-terminally sequenced.®® The resulting amino
acid sequence allowed for tentative identification of the corresponding M.
tuberculosis gene*® (Rv3634, notated rmIB2 as of this writing), which has an
identical 24 amino acid N-terminal protein except for one amino acid change.
It should be noted that there are three other genes in the genome with
homology to galE; these are Rv0501 (notated galE1), Rv0536 (notated galE2),
and Rv3784 (notated epiB).

The galactose salvage pathway begins with the conversion of galactose
to galactose-1-phosphate® by the enzyme galactokinase (galK), which is
present in M. tuberculosis as Rv0620 (Sanger sequence). The galactose-1-phos-
phate is converted to UDP-Galp via the enzyme UDP glucose-galactose-
1-phosphate uridylyltransferase (GalT); this activity has been shown to be
present in M. smegmatis.*® Interestingly, in the Sanger genome sequence
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(Sanger Rv 0618 and Rv 0619) of M. tuberculosis H37Rv and also in the TIGR
sequence of M. tuberculosis CSU 93, there appears to be a frame shift mutation
in galT. These mutations imply that in M. tuberculosis GalT enzyme cannot
be produced and thus that M. tuberculosis could not be grown on media with
galactose as the sole carbon source and suggests that galactose may be toxic
to M. tuberculosis due to the buildup of galactopyranose-1-phosphate.

Decaprenylphosphate arabinose

The donor of arabinosyl residues, decaprenylphosphate arabinose (DPA),
was first suspected by the characterization of this compound® in mycobac-
teria and subsequently confirmed by forming radioactive arabinan from "C-
DPA#4 in cell-free experiments. Polyprenylphosphate sugars are generally
biosynthesized by transfer of a glycosyl residue from a sugar nucleotide to
the phosphate moiety of a polyprenylphosphate.*” Thus, in mycobacteria,
decaprenylphosphate mannose is formed by GDP-Man reacting with a deca-
prenylphosphate to form decaprenylphosphate mannose plus GDP.5%% How-
ever, no clearly characterized sugar nucleotide of arabinose has been found
in mycobacteria. One report® suggested the possibility of GDP-Ara, and a
second has suggested the possibility of UDP-Ara,*! but the existence of either
of these arabinofuranosyl donors has not yet been clearly established. In
addition, DPA fails to react with nucleotide diphosphates to form a sugar
nucleotide of arabinose® in contrast to the known reverse reaction of deca-
prenylphosphate mannose with GDP to form GDP-Man.* Thus a novel
pathway for the formation of DPA was searched for.

The arabinose carbon skeleton in DPA was first shown to arise from the
pentose shunt.* This result led to the incubation of phospho['*C]ribosyl
pyrophosphate (pRpp) with crude membranes prepared from M. smegmatis,*
which yielded both DPA and decaprenylphosphate ribose (DPR). The path-
way to DPR formation was readily deciphered and shown to occur by trans-
fer of ribose-5-phosphate to decaprenyl phosphate to form decaprenylphos-
phate-5-phosphoribose (DP-5PR). DP-5PR is then dephosphorylated at the
5 position®® to form mature DPR. The isolation of decaprenylphosphate-
5-phosphoarabinose suggests that DPA is formed by a very similar path-
way.® Clearly in the formation of DPA an epimerization must take place,
and although it is expected that this occurs by epimerization of phosphori-
bosyl pyrophosphate to form 5-phosphoarabinosyl pyrophosphate, this has
not yet been demonstrated. None of the genes encoding for the enzymes
involved in the formation of DPA have been identified at this time, and such
genes will be difficult to find merely by homology as p-Araf is rarely found
in nature.

Biochemistry and genetics of the glycosyl transferases

0-D-GIcNAc-1-phosphate transferase

The transferase that attaches a GlcNAc-phosphate to the decaprenyl phos-
phate is analogous to the product of the wecA (formerly rfe) gene in E. coli.
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The biochemical evidence for an enzyme encoded for by a gene analogous
to wecA in M. smegmatis is quite strong,**? including the susceptibility of
this transferase to tunicamycin.* Thus not surprisingly, a gene with homol-
ogy to E. coli wecA was found in the Sanger genome sequence, Rv 1302
notated rfe.

Rhammnosyl transferase

The rhamnosyl transferase of M. tuberculosis was identified using an E.
coli thamnosyl transferase gene sequence. By coincidence, E. coli K12 O-anti-
gen biosynthesis® requires dTDP-Rha:a-D-GlcNAc-pyrophosphate polypre-
nol o-3-L-thamnosyl transferase (notated wbbL*?) which forms the same
product from the same substrates as the rhamnosyl transferase needed for
mycobacterial AG production (Figure 9.242). Thus, when an M. tuberculosis
gene with sequence homologous to E. coli wbbL was found in the TB genome®?
(Sanger sequence, TIGR sequence), it was of interest to determine if this gene
encoded for the mycobacterial version of wbbL. An E. coli with an insertion
mutation in wbbL, and thus unable to form O-antigen,> was complemented
by a plasmid containing the M. tuberculosis wbbL gene candidate (Rv 3265c),
resulting in restoration of O-antigen formation.®* This experiment demon-
strated that the TB gene did, in fact, encode for the rhamnosyl transferase.
The TB wbbL is linked with rmlID and manB as described above.

Galactofuranosyl transferases

As shown in Figure 9.2, four galactofuranosyl transferases are expected to
be present in M. tuberculosis and other mycobacteria. Galactofuranosyl trans-
ferase I attaches a B-p-Galf residue to the 4 position of the rhamnosyl residue;
galactofuranosyl transferase II attaches a B-pD-Galf residue to the 5 position
of the terminal B-p-Galf residue attached to the rhamnosyl residue; galacto-
furanosyl transferase III attaches a 3-p-Galf residue to the 6 position of any
B-D-Galf residue, which is itself attached to the 5 position of the penultimate
Galf; and galactofuranosyl transferase IV attaches a 3-p-Galf residue to posi-
tion 5 of any B-p-Galf residue, which is itself attached to the 6 position of
the penultimate Galf. Galactofuranosyl transferase activity can be readily
detected® in M. smegmatis cell-free extracts. Whether the genes coding for
these enzymes can be identified by homology with galactofuranosyl trans-
ferases, which form rather different end products such as those found in E.
coli and Klebsiella, is unknown, but given both the different galactofuranosyl
acceptors and products it is unlikely that a simple homology search will
reveal these enzymes.

Arabinosyl transferases
Given the structural complexity of the p-arabinofuran present in AG
(Figure 9.1), many different arabinosyl transferases must be involved in its
formation. Arabinosyl transferase activity in a mixture of membranes and
cell walls has been conclusively demonstrated,*'** and the product is of the
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size expected for mature arabinan.®* Hence, this cell-free system probably
contains many different active arabinosyl transferases. To assay for particular
arabinosyl transferases, simple di- and trisaccharide hydrophobic acceptors
have been synthesized and utilized successfully.40%

Two genes, embA and embB, have been cloned from M. avium which are
believed to code for arabinosyl transferases.®” These genes confer resistance
to ethambutol, a drug which inhibits arabinan formation.>*% This inhibition
is observed when the genes are overexpressed in M. smegmatis using a
multicopy plasmid vector. Cells containing this vector are not only resistant
to ethambutol,®” but, importantly, the ability of ethambutol to inhibit arabi-
nosyl transferase assays in cell-free extracts prepared from these bacteria is
diminished. The two gene products EmbA and EmbB are very similar to
each other (45% identity) and not to any other nonmycobacterial protein
sequences present in the databank. Analysis of the predicated amino acid
sequences suggests the presence of 8 to 10 potential membrane-spanning
domains in the proteins. The exact reaction catalyzed by either putative
arabinosyl transferase has yet to be determined. In M. tuberculosis H37Rv
genome, three genes homologous to embA and embB are found and in the
order embC (Rv 3793), embA (Rv 3794), and embB (Rv 3795).

Moycolyl transferase

After synthesis from acetate, mycolic acids are present on a “carrier lipid”
in the form of the mycolic acid being attached to the 6 position of the
mannose in octahydroheptaprenylphosphate mannose.® The mycolic acids
are then transferred to the terminal arabinosyl residues of AG either directly
or via another glycolipid, trehalose monomycolate.*’ An interesting enzyme
in this regard has recently been identified. The protein has long been known
as a dominant antigen, the antigen 85 complex. This enzyme is assayed by
its ability to catalyze the exchange of mycolic acids from trehalose mono-
mycolate to free [“C]trehalose.”” The exact biologically relevant reaction
catalyzed by the enzyme is unknown, and thus it is not yet clear if it is
involved in the mycolation of cell walls for sure. The mycolyltransferase
exists in three closely related forms (antigen 85A, B, and C) which all show
mycolyl transferase activity. The genes are not linked but are located at three
different places on the M. tuberculosis genome.

Conclusion

The structure of AG is largely worked out (Figure 9.1), although the structure
of the interior regions of the arabinan remain unknown. With respect to
biosynthesis, the donors of both the usual and unusual sugars have been
identified, and the basic pathways of polymerization are largely known,
although some details remain to be elucidated. With both standard tools,
and the genome sequencing efforts, most genes that share homology with
known genes in other bacteria have been identified. Thus, all the genes
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involved in rhamnose biosynthesis, and in UDP-Galf formation are known.
Two important endeavors are now apparent. The first is to identify the
remaining glycosyl transferase and DPA formation genes where no homol-
ogy to genes identified in other bacteria exists. Important methods in this
regard involve sophisticated homology techniques that might characterize,
for example, Galf binding homologies and thus allow gene candidates to be
identified. However, it can be expected that in many cases such homologies
may prove elusive. Perhaps more important will be affinity labeling tech-
niques at the protein level, which might allow sufficient protein purification
(perhaps merely by 2-dimension electrophoresis) for N-terminal sequence
and recognition of the gene in the genome sequence.

A second endeavor is to determine which polysaccharide biosynthetic
gene products are essential for bacterial growth. It is to be expected that any
gene product required for AG biosynthesis will be essential unless another
protein can catalyze the same reaction, but this needs to be experimentally
demonstrated. Although gene replacement methods are available for M.
smegmatis”’? and even in slow-growing mycobacteria,” such approaches are
made even more difficult by the expectation of the genes being essential.
Another approach involves the isolation and characterization of TS mutants,
but it is difficult to target a specific gene in such an approach. Perhaps the
most promising technique will be the use of conditional anti-sense mutagen-
esis using systems such as the one recently demonstrated by Parish and
Stoker.” In this scenario, a plasmid with a regulated anti-sense orientation
of the gene of interest can be introduced, the bacteria allowed to grow with
the transcription of the anti-sense message turned off, and then bacterial
growth monitored when the anti-sense message is induced.
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