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ABSTRACT

Vibrio anguillarum is an important pathogen that causes the disease vibriosis in feral and
cultured fish. To date 23 serotypes of V. anguillarum have been identified. Strains from
the O1 and O2 serotypes are the most frequent serotypes isolated from disease outbreaks.
The pathogenesis of V. anguillarum is not well understood nor are the virulence
determinants involved in the process of infection. The best characterised virulence
determinant is the iron transport system located on the large plasmid, pJM1. More recent
studies have focussed on characterising other factors involved in the pathogenic process
including: the haemolysin, MOMP and flagella. LPS is an important virulence factor in
numerous pathogenic bacteria and has been found to contribute to the virulence of V.
anguillarum. However at present the genes involved in the biosynthesis of this virulence
determinant have not been isolated, it was the objective of this thesis to characterise the
genes required for the synthesis of O-antigen in V. anguillarum and to gain a better
understanding of the mechanisms involved in the rearrangements of O-antigen biosynthesis
gene clusters in Vibrio species.

Two different antisera, one raised against V. anguillarum O1 and the other against
the O4 serotype were generated in this study to aid in the investigation of virulence
determinants. The anti V. anguillarum O4 serum reacted only to a major outer membrane
protein (MOMP) of ~36 kDa. MOMP varied in size between the 10 serotypes (01-010)
tested. Purified MOMP from V. anguillarum O1 was N-terminal sequenced and found to
be homologous to an immunogenic, highly variable protein P2, in Haemophilus influenzae
and H. sommus. The V. anguillarum O1 serum contained antibodies to both the MOMP

and LPS as determined by Western blotting. Affinity purification was used to obtain LPS



specific antibodies to further investigate by immunogold electron microscopy and
immunofluorescence, LPS expression in V. anguillarum O1.

IS1358, a recently characterised insertion sequence, has been shown to be linked to
the O-antigen biosynthesis regions in numerous V. cholerae serotypes. 1S1358 was found
to be widely distributed in a number of V. anguillarum serotypes including O1 and O2.
IS1358 was found to be present in multiple copies in serotypes 02, O7 and O9 suggesting
that this element is a site for recombination, gene duplication or that it may be capable of
transposition. The IS1358 elements from the different serotypes were cloned and
sequenced. Analysis of the sequence revealed either the presence of a complete ORF in
serotypes containing multiple copies of the element or three small ORFs in those strains
that possess only one IS1358 element. It was found by T7 promoter/polymerase expression
assays that serotypes O2, O7 and O9 produce a protein of 42 kDa which corresponds to the
predicted molecular weight.

IS1358 was found to be associated with polysaccharide biosynthesis genes in V.
anguillarum O1 and O2. In V. anguillarum O2, PCR was used to amplify DNA between
copies of IS1358. These PCR products were cloned and sequenced. Analysis of the
sequence indicated the presence of genes homologous to polysaccharide biosynthesis and
regulation genes. A chromosomal map was generated showing the organisation of the
amplified DNA with respect to the adjacent IS1358 elements. Inverse PCR and cosmid
cloning were used to further map and sequence this region.

In V. anguillarum O1, cosmid cloning was used to isolate the DNA flanking the
single copy of IS1358. Cosmid clones were screened with a DIG-labelled IS/358 probe,
allowing the regions adjacent to be partially cloned and sequenced. Characterisation of the
O-antigen biosynthesis region in V. anguillarum O1, designated wbh has resulted in

construction of a physical chromosomal map with 24 open reading frames (ORFs) being



identified. Most ORFs showed significant homology to other polysaccharide biosynthesis
genes from numerous other bacteria. Genes involved in the biosynthesis of rhamnose were
identified in the wbh region of V. anguillarum O1 based on homology. In addition genes
homologous to nucleotide sugar transferases and components of homopolymer O-antigen
transport systems were also detected. Transposon insertions using Tn5phoA (Cm®) in the
wbh region were characterised and shown to result in different O-antigen phenotypes as
observed by silver staining of SDS-PAGE. The differences observed in the O-antigen
profile of these mutants was dependent on the location of the mutation. Analysis of a
mutant with an insertion outside of the sequenced wbh region in conjunction with
sequencing and subcloning of cosmids downstream of the characterised wbh region
suggests that additional genes may be required for expression of LPS in V. anguillarum O1.
However these additional genes were not directly linked to the wbh region and Southern
mapi)ing indicated that it was located within 40 kb.

Sugar analysis of the LPS from the V. anguillarum O1 wildtype and transposon
mutants indicates the presence of glucose, rhamnose and glucosamine in varying amounts.
Genes present in the wbh region account for the rhamnose component of the LPS.

In this study the whh region responsible for O-antigen biosynthesis was isolated and
partially characterised. The operon appears to be made up of genes that were acquired
from other bacteria. The presence of IS1358 indicates that it may have played a role in the
acquisition or rearrangement of the polysaccharide biosynthesis genes in V. anguillarum

Ol.
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Chapter One

Introduction

1.1 Introduction

Vibrio anguillarum, a Gram-negative bacterium, belongs to the genus Vibrionaceae
and is closely related to the human pathogen V. cholerae (Dorsch et al., 1992; Stroeher et
al., 1994). V. anguillarum is the aetiological agent of vibriosis, a terminal haemorrhagic
septicaemia in salmonid and marine fish species. Disease outbreaks have been recorded in
both feral and cultured fish populations (Sgrenson and Larson, 1986). A significant
increase in bacterial infections due to the expansion of the aquaculture industry, coupled

with overstocking and poor water quality, has resulted in economic loss.

1.1.1 Serotypes of Vibrio anguillarum

Sgrenson and Larson (1986) developed a serotyping scheme for V. anguillarum
based on heat stable somatic O-antigens. It was from this study that V. anguillarum was
classified into 10 distinct serotypes. Serotypes O1, O2 and O3 cause the majority of
infections in fish (Kitao et al., 1983; Sgrenson and Larson., 1986; Austin et al.,1995).
Interestingly all three of the serotypes are found in the environment and are associated with
disease outbreaks in cultured salmonids. However, the majority of isolates found in
cultured salmonids belong to the O1 serotype while the O2 serotype predominates in
diseased feral seawater fish (Sgrenson and Larson, 1986). Vibrio anguillarum O2 has been

subdivided into two serotypes designated O2a and O2b based on specific antigenic epitopes



found in the lipopolysaccharide (LPS) (Rassmussen, 1987 a,b). The O3 serotype shows
heterogeneity within the type strains and has therefore also been subdivided into two
subclasses designated O3A and O3B (Santos et al., 1995). Vibriosis has also been reported
in freshwater fish (Mutharia et al., 1993; Ohnishi and Muroga, 1977; Smith, 1988),
juvenile molluscs and crustaceans (Bowser et al., 1981; Disalvo et al., 1978; Tubiash ez al.,
1990). In Japan, V. anguillarum is the most frequent and serious bacterial infection of the
freshwater cultured fish, the ayu (Plecoglossus altivelis) (Aoki et al., 1981; Hirono et al.,
1996).

Importantly all 10 serotypes have been associated with disease outbreaks the
severity of which is dependent upon the serotype involved. Serotypes O8, O9 and O10,
although first isolated from diseased fish, have not been involved subsequently in any
reported infection and are found only in the environment. These serotypes have been
described as true environmental isolates that have low pathogenicity (Sgrenson and Larson,
1986). The most common environmental strains belong to serotypes O3, 04, OS5 and 06
with serotypes O1 and O2 being the least frequent serotypes isolated. Serotype O7 has not
been isolated from the environment and has to date only been isolated from diseased fish
(Sprenson and Larson, 1986). Together these data suggest serotypes O1, O2 and O7 have
pathogenic potential.

In recent years the serotyping scheme for V. anguillarum has been refined, resulting
in additional O-serotypes being identified and characterised on the basis of LPS profiles
and serological reactions (Grisez and Ollevier, 1995; Pederson et al., 1999). These
schemes have increased the known serotypes of V. anguillarum from 10 to 23. The
additional serotypes have all been isolated from diseased fish (Pederson et al., 1999). It is

also evident from these studies that some of the strains isolated did not react with available



antisera suggesting the presence of additional O-serotypes for V. anguillarum (Pederson et

al., 1999).

1.1.2 Vaccines

It has been known that inoculation of fish with vaccines consisting of heat-
inactivated, Formalin-treated or phenol-water extracts of V. anguillarum LPS protects
against subsequent infection (Harrell, 1978; Itami and Kusuda, 1980; Evelyn, 1984,
Mutharia et al., 1993). The protection provided is serotype specific. Vaccines of this type
have long been used in the aquaculture industry, however the vaccine preparation needs to
be injected intraperitoneally for effective protection and therefore the vaccination process is
time consuming, costly and requires the fish to be sedated (Horne et al., 1982, QOlsson et
al., 1992). In addition the protection offered is serotype specific and the geographic origin

of the vaccine strain needs to be considered when administering to fish stocks.

1.1.3 Pathogenesis of V. anguillarum

Vibriosis induced by V. anguillarum was first described in an outbreak of disease in
cels from the Baltic Sea in 1909. The disease was characterised by the appearance of
bloody lesions in the musculature of the infected fish (Chen and Hanna, 1992). Vibriosis
also causes the intestine and rectum to be swollen with a clear viscous fluid (Olsson et al.,
1992; Hastein and Holt, 1972).

To date the detail of the pathogenesis of V. anguillarum is superficial. It is not
known how the pathogen gains entry, although the gastrointestinal tract is thought to be the
site of colonisation (Horne and Baxendale, 1983; Olsson e? al., 1992). For a pathogen to

induce a successful systemic infection it must have properties (ie virulence factors) that



allow it to establish in host tissues and have mechanisms to either avoid or suppress host
immune responses (Trust et al., 1981). As yet specific factors that allow V. anguillarum to
invade the fish epithelial layer have not been characterised although the flagellum has been
suggested to play a role in this process (McGee et al., 1996; Milton et al., 1996; O’Toole et
al., 1996). Comparisons have been made to Vibrio cholerae which requires adherence to
intestine mucosal cells to induce disease even though it is a non-invasive human pathogen
(Pierce et al., 1985). Attachment assays have shown that V. anguillarum serotypes O1, O2,
04 and O8 adhere to rainbow trout (Oncorhynchus mykiss) fish cells in vitro. It was shown
that serotypes O1 and O2 have greatest attachment potential which is not surprising since
these serotypes are considered to be the most virulent (Chen and Hanna, 1992). It has been
proposed that infection requires adherence/attachment and penetration of the epithelial cell
layers as invasion is implied because the disease involves haemorrhagic septicaemia (Chen
and Hanna, 1994). Recently, Wang and colleagues (1998) demonstrated in vitro that some
strains of V. anguillarum were capable of entering and surviving as intracellular parasites
in epithelial cell lines which would provide a mechanism for the bacteria to enter deeper

tissues and cause the characteristic bloody lesions in the musculature of the fish host.

1.1.4 Experimental fish model

To investigate the potential virulence of isolates and manipulated laboratory strains,
a experimental fish model has been established (Norgvist et al., 1989). The animal used in
this model is one of the natural hosts, rainbow trout (Oncorhynchus mykiss). The model
allows the investigation of at least two steps in the proposed infection process of V.
anguillarum. When fish are inoculated by the immersion method (bath vaccination), the -

bacteria require mechanisms to gain entry to the host and to invade the epithelial cell layer.



Intraperitoneal vaccinations (by injection) allow the study of the later stages of the

infection, after invasion has occurred.

1.2 Chromosomal loci associated with virulence

Although the virulence determinants of V. anguillarum are not well characterised,
numerous secreted and surface expressed factors are thought to contribute to the
pathogenicity of this bacteria based on comparisons with similar pathogens. V.
anguillarum produces several toxins including: haemolysin (Hirono et al., 1996; Munn,
1978, 1980), cytotoxin (Toranzo et al., 1983), proteases including a zinc metalloprotease
(Milton et al., 1992; Norqvist et al., 1990), haemagglutinin (Toranzo et al., 1983; Trust et

al., 1981), and adhesion factors required for attachment (Chen and Hanna, 1992).

1.2.1 Haemolysin

Bacterial haemolysins cause haemorrhagic septicaemia and diarrhoea, and have
been associated with virulence in numerous species of Vibrionaceae including: V. cholerae
(Alm et al., 1988, 1991; Radar and Murphy, 1988) V. parahaemolyticus (Nishibuchi and
Kaper, 1985), V. mimicus (Terai et al., 1990), V. vulnificus (Yamamoto et al., 1990),
Aeromonas salmonicida (Hirono and Aoki, 1993) and A. hydrophila (Aoki and Hirono,
1991). The haemolysins from these species have been cloned and are well characterised.
Surprisingly, the structures of these haemolysins are quite different from each other with
the exception of V. cholerae, V. vulnificus and the aeromonads (Hirono and Aoki, 1991;
Hirono and Aoki, 1993; Hirono et al., 1996) Recently, the haemolysin gene from V.
anguillarum was cloned and sequenced (Hirono et al., 1996). The haemolysin gene

isolated was found to be most homologous to the V. cholerae O1 El Tor haemolysin



(57.3%), A. hydrophilia AHH1 haemolysin (46.2%) and A. salmonicida ASH4 haemolysin
(43.0%) (Hirono et al., 1996). Haemolytic assays have shown the haemolysin of V.
anguillarum to have broad spectrum activity although fish erythrocytes were more sensitive
than mammalian erythrocytes. Hybridisation data indicated that the haemolysin gene was
widely distributed throughout the V. anguillarum serotypes.

Earlier studies on the haemolysin showed that the protein was a thermolabile toxin
as haemolytic activity was abolished if the haemolysin was heated to 50°C-100°C (Munn,
1978). This not an unusual property of haemolysins as other thermolabile haemolysins
have been reported in V. parahaemolyticus (Sakurai et al., 1974). Due to the nature of the
V. anguillarum-mediated vibriosis, characterised by terminal haemorrhagic septicaemia, it
should be expected that the haemolysin would play an important role in the disease process
(Hirono et al., 1996). However, numerous studies on the haemolysin of V. anguillarum
have yet to display a clear link between its presence and virulence (Munn, 1978, 1980). It
has been shown that both pathogenic and non-pathogenic strains produce a haemolysin
(Toranzo et al., 1983). Thus, itis possible that the haemolysin is only one of several toxins

that determine virulence.

1.2.2 Zinc metalloprotease

Proteases have been implicated as important virulence factors in numerous
pathogen systems including: V. cholerae (Finkelstein et al., 1992; Ogierman ef al., 1997,
Ingole et al., 1998) Pseudomonas aeruginosa (Pavlovskis et al., 1985), V. vulinificus
(Kothary et al., 1985) and Legionella pneumophila (Keen and Hoffman, 1989). These
proteases are often associated with entry (ie. initial stages of the infection) although the
actual role of these proteins in the virulence processes of these bacteria is not well

understood.



A gene encoding a zinc metalloprotease from V. anguillarum has been cloned and
sequenced (Milton et al., 1992). Initial studies using a rifampicin resistant mutant
indicated that the protease had a role in promoting invasion as the mutant displayed a
decrease in virulence when immersion infections were used as compared to intraperitoneal
infections (Norgvist et al., 1990). However, subsequent mutational analysis using a
defined chromosomal mutant showed that virulence in the fish experimental model was not.
significantly effected, suggesting that the metalloprotease does not have a role in entry
(Milton et al., 1992). When the defined mutant was analysed on SDS-PAGE, the protease
was no longer present but two new proteases of 75 and 30kDa were detected in the mutant
strain that could not be found in the wild type. This suggests that these proteases may
compensate for the loss of the zinc metalloprotease and hence V. anguillarum may have a
multiplicity of proteases (Milton et al., 1992). Multiple proteases have been implicated in
virulence in other bacterial systems including: Pseudomonas aeruginosa, V. vulnificus and
A. salmonicida (Howe and Iglewski, 1984; Smith and Merkel, 1982; Sheeran et al., 1983).

The zinc metalloprotease open reading frame (ORF) encodes a 611 amino acid
polypeptide which is considerably larger than the protein seen on SDS-PAGE gels where
the protein is approximately 330 amino acids. Therefore the 611 amino acid polypeptide
may be an unprocessed pre-protein (Milton et al., 1992), which has also been described for
other bacterial zinc metalloproteases (Kothary et al., 1987; Hise and Finkelstein, 1991;
David et al., 1992).

The protein sequence was compared to other homologous proteases. Proteases of
this type show good homology in the zinc binding sites, active site and the substrate
binding site. The most variable site is the substrate binding site which is not that
surprisingly as different bacterial species may have specific substrate requirements. The V.

anguillarum  zinc  metalloprotease is very similar to the V. cholerae



haemagglutinin/protease as the amino acids in the substrate binding site are identical
suggesting that evolution has conserved the protein between these species (Milton et al.,
1992).

The HA/protease of V. cholerae has been postulated to have an indirect role in
virulence, if any role at all (Finkelstein et al., 1992). Mutants in HA/protease do not effect
virulence in the infant rabbit model and therefore this protein has been suggested to be a
‘detachase’ which allows V. cholerae to detach from host epithelium to facilitate spread to
another host (Finkelstein et al., 1992). This is postulated to occur by the digestion of
several putative receptors for V. cholerae adhesins by the HA/protease (Finkelstein et al.,
1992).

To date there is no conclusive evidence for the role the zinc metalloprotease may

have in the virulence of V. anguillarum.

1.2.3virC

virC is located on the chromosome and was originally isolated by transposon
mutagenesis and screening for the loss of virulence (Norqvist and Wolf-Watz, 1993). The
transposon mutant isolated had two insertions and did not express lipopolysaccharide
(LPS). Plasmid insertion mutants were constructed at each locus effected by a transposon.
One mutant (virC) had a 10%-fold increase in LDso and the second mutant showed a wild
type phenotype. Both mutants expressed LPS suggesting either a double mutation was
required to lose LPS expression or the presence of additional transposon insertions in the
original mutant. virC is located within a potential transcriptional unit consisting of three
putative ORFs. The first ORF shows 30% identity to the Escherichia coli and Salmonella
cysG gene, with the size of the encoded protein being 34.8 kDa. The second and third

genes do not show any significant homology to any proteins lodged in GenBank. The



second gene, virC, which was found to be defective in virulence assays is essential for

virulence, however its function is unknown (Milton et al., 1995).

1.2.4 Quorum sensing

In recent years it has been discovered that certain Gram-negative pathogens control
virulence gene expression via cell to cell communication through small diffusible signal
molecules termed autoinducers. This type of communication is called quorum sensing.

V. anguillarum is another pathogen that has genes required for this type of
communication. Milton et al (1997) discovered the autoinducer of V. anguillarum to be N-
(3-oxodecanoyl)-L-homoserine lactone (ODHL) and the gene responsible for its synthesis
(vanl). vanl was cloned and sequenced, and its product was found to be homologous to the
Lux] family of putative N-acyl homoserine lactone (AHL) autoinducers. A second gene,
vanR is located further upstream of vanl and it product is 38% identical to the LuxR family
of positive transcriptional activators. Between vanl and vanR is a lux box-like sequence
that is required in these regulatory circuits (Milton et al., 1997). The lux box is a 20 bp
region of dyad symmetry that binds LuxR (Devineet al., 1989).

As it was apparent that V. anguillarum used AHLs as a mechanism for gene
expression, Milton et al (1997) searched for virulence genes that may have a lux-like box
for regulation by vanR. The zinc metalloprotease gene, empA, that has been implicated in
virulence was found to contain this sequence upstream of the translational start codon.
However, mutations in both van/ and vanR that abolish ODHL synthesis did not effect the
production of the metalloprotease nor was virulence affected in the experimental fish
model (Milton et al., 1997). Therefore further investigation of other virulence
determinants and their mechanisms of regulation is required to determine if the vanl/vanR

system is involved in the pathogenicity and/or expression of virulence factors.
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1.2.5 Adhesins and flagella

Bacterial adhesion to the host tissues is of importance during the initial stages of
infection (Beachey, 1981; Krovacek et al., 1987). The mechanisms that are involved in
adhesion of V. anguillarum have not been extensively studied. It has been shown that V.
anguillarum adhere to cultured fish cells (Krovacek et al., 1987; Chen and Hanna, 1992).

Haemagglutinating activity of bacteria has been correlated with their adherence and
is thought to play a role in virulence. Toranzo et al. (1983) showed a correlation between
the production of haemagglutinin and pathogenicity in strains from the North Atlantic.
However, this contradicted an earlier study by Trust et al. (1981) who were unable to show
a correlation between strain virulence and the ability to agglutinate fish erythrocytes.

The haemagglutinins produced by some strains of V. anguillarum were found to be
inhibited by D-mannose suggesting this sugar maybe apart of the erythrocyte receptor
(Toranzo et al., 1983). Further work is required to determine the precise role of the
haemagglutinin in the pathogenesis of V. anguillarum, and as yet the gene encoding this
protein has not been cloned.

Flagellae have been recognised as potential virulence factors, either as a motility
organelle or as a factor involved in adhesion (McGee et al., 1996). The flagellum is the
motility organelle of many bacteria. It comprises a complex membrane-associated
structure that consists of a basal body, an external hook, helical filament and a filament
cap. The flagellum enables the bacterium to move by a utilising the membrane associated-
flagellar motor that results in propulsion of the bacteria (Macnab., 1992). The flagellae of
E. coli and Salmonella are the best characterised and are composed of multiple copies of a
single flagellin subunit (Nei, 1987). Numerous other bacteria have been found to have a

more complicated flagellum which is composed of more than one flagellin protein. These
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flagella are associated with the bacteria; Campylobacter jejuni (Guerry et al., 1991; Guerry
et al., 1992; Yao et al., 1994), Helicobacter (Kostrzynska et al., 1991), Aeromonas
salmonicida (Umelo and Trust, 1997) and V. anguillarum (McGee et al., 1996).

V. anguillarum possesses a single polar flagellum that is sheathed with LPS
(Norqvist and Wolf-Watz, 1993; O’Toole et al., 1996). The flagella structure is complex
and believed to consist of four flagellin proteins (Milton et al., 1996). These flagellin
proteins are encoded by the genes flaA (Milton et al., 1996), flaB,C and D (McGee et al.,
1996). Studies involving the analysis of the role of the flagellum in pathogenesis have
indicated that chemotactic motility is required for V. anguillarum to invade fish (rainbow
trout) when they are immersed in infected sea water but not required for virulence once the
epithelial cell layer is crossed (McGee et al., 1996; O’Toole et al., 1996).

Mutations of the structural genes of the flagellum have indicated that only flaA is
esse'ntial for virulence (Milton et al., 1996). Mutations in flaB, C and D result in only a
slight decrease in motility and do not effect invasion of the host (McGeeat al., 1996).

FlaA is thought to have two roles in the pathogenesis of V. anguillarum. Firstly, it
appears that motility is essential for efficient initial invasion of the host. FlaA may also
have a function once the fish integument is crossed as a FlaA mutant with partial motility
was avirulent by intraperitioneal injection. It is not known how FlaA is involved at this
stage of the infection process but McGee et al (1996) have suggested it may involve
suppression of other virulence determinants due to the inability of C-terminal deleted FlaA

mutants to secrete the truncated proteins out of the cytoplasm (Milton et al., 1996).

1.2.6 Outer membrane porins

The outer membrane of Gram-negative bacteria contain numerous pore-forming

proteins (or porins) that act as channels, which either facilitate the transport of specific or



12

non-specific molecules. Porin expression can depend on the culture conditions and
environmental factors.

The outer membrane profile of V. anguillarum has been examined in numerous
studies (Buckley et al., 1981; Pazos et al., 1993) with the best characterised outer
membrane proteins being those involved in iron uptake (Actis et al., 1995; Tolmasky et al.,
1995).

The porins which have been analysed in V. anguillarum are the 40 kDa major outer
membrane protein (MOMP) of the O1 strains (Simon et al., 1996) and a 35 kDa porin-like
protein, Omp35La (Suzuki et al., 1996). It is not known whether these proteins are similar
proteins or if in fact they constitute a single porin (Davey et al., 1998).

The MOMP is common to all 10 serotypes of V. anguillarum with the size of the
protein varying between 35 to 42 kDa. Immunological studies have shown cross-reactivity
between MOMPs of all the serotypes (Suzuki et al., 1994; Simon et al., 1996).

The MOMP from V. anguillarum O1 has been isolated and the two dimensional
structure determined by electron microscopy and image processing. The structure
determined was consistent with that of other bacterial porins. The MOMP can be
characterised as a general diffusion porin with weak cation selectivity and moderate surface
charge. MOMP is similar to OmpF from E. coli (Simon et al., 1996). The gene which
expresses this MOMP has not been cloned.

Further analysis of the 40 kDa MOMP of V. anguillarum O2 has indicated the
amount of the protein expressed is influenced by osmolarity, salt concentrations and the
chelator EDTA in growth media (Davey et al., 1998). OmpF of E. coli is also regulated by
these culture conditions (Mizano and Mizushima, 1990). In addition when V. anguillarum
02 was grown at elevated temperatures (37°C) and in EDTA-containing media, novel

proteins of 60 and 19 kDa, respectively, were observed in cell lysates (Daveyet al., 1998).
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It is unclear how the porins of V. anguillarum are regulated and further studies at
the molecular level are necessary for a better understanding of both regulation and the
potential role of the porin in either pathogenicity or survival of the bacteria in the marine

environment.

1.3 Tron sequestering system associated with a large
plasmid, pJM1

Bacteria require iron for growth as it is an essential nutrient that is involved in
numerous biological processes including electron transport chains and as cofactor of
enzymes of intermediatory metabolism (Neilands, 1981).

Bacteria and other organisms have systems that enable them to obtain iron from
mammalian storage systems (transferrin, lactoferrin and ferritin). In addition, bacteria have
speéialised iron transport systems that enable then to scavenge iron in limiting conditions
imposed by either the host or environment (Bullen, 1981; Crosa, 1984; Griffiths, 1987 a, b;
Sussman, 1974; Crosa, 1989).

Pathogenic strains of V. anguillarum possess a 65 kb plasmid pJM1 that encodes an
iron transport system which is composed of the siderophore anguibactin and an energy-
dependent transport system (Crosa et al., 1977, Actis et al., 1988; Crosa, 1989). This
plasmid-mediated iron-uptake system is an important component of the pathogenic
processes of these bacteria (Crosa, 1980; Crosa et al., 1980). The iron-uptake system is
located on a 25 kb segment of the plasmid pJM1 (Tolmasky and Crosa, 1984; Tolmasky et
al., 1988). Chromosome-mediated regulation, essential for repression of the iron transport
genes, (Waldbeser et al., 1993; Tolmasky et al., 1994; Waldbeser et al., 1995) is mediated

by the Fur repressor protein (Chen and Crosa, 1996).
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The genes fatDCB and A, involved in iron transport are transcribed as a
polycistronic nRNA (Waldbeser ef al., 1993; Actis et al., 1995). FatA is the receptor for
ferric anguibactin complexes (Actis et al., 1985), FatB is a membrane located lipoprotein
(Actis et al., 1985), and Fat C and FatD are cytoplasmic integral membrane proteins
(Koster et al., 1991) (Fig. 1.1). These genes as well as the genes required for anguibactin
are expressed under iron-limiting conditions. Anguibactin and the positive transcriptional
activators, AngR and TAF (transacting factor) are essential for synthesis of the siderophore
and regulation of the iron transport genes. The action of AngR depends on the presence of
TAF which is encoded by pJM1 in a region non-contiguous to the other genes involved in
iron transport (Chen et al., 1996) (Fig. 1.1).

The AngR protein is 110 kDa in size and possess typical features of a DNA binding
protein including two helix-turn-helix motifs, one at the N-terminus and the other at the C-
terminus (Chen et al., 1996). The two helix-turn-helix domains are also proceeded by a
leucine zipper motif (Tolmasky et al., 1993) which in other systems has been demonstrated
to be involved in protein-protein and DNA-protein interactions (Agre et al., 1989; Tumer
and Tjian, 1989; Vinson et al., 1989; Pu and Struhl, 1991; Chen e? al., 1996).

The structure and composition of the anguibactin has been determined (Actis et al.,
1986; Jalal et al., 1989). It has a molecular weight of 348 and belongs to the phenolate
family of siderophores, although its structure is unique when compared to other known
bacterial iron chelators (Fig. 1.2). Anguibactin has been identified as -N-hydroxy-o-[[2’-
(2”,3"-dihydroxyphenyl)thiazolin—4’-yl}-carboxy]histamine by crystal X-ray diffraction
studies, nuclear magnetic resonance spectroscopy, fast atom bombardment, mass
spectroscopy and chemical degradation (Jalal et al., 1989). These analyses revealed a 1:1

complex of iron to anguibactin (Jalal et al., 1989).



Figure 1.1: The iron sequestering system of V. anguillarum

Organisation of the pJM1 iron uptake region. FatDCBA are transcribed on a single
mRNA. Fat A is the receptor for ferric anguibactin complexes; FatB is the membrane
located lipoprotein; FatC and FatD are cytoplasmic membrane proteins. In low iron
conditions AngR and Taf act synergistically to positively regulate (+ve) FatB, FatA and
anguibactin biosynthesis gene expression. In high iron conditions the iron transport and
anguibactin biosynthesis genes are down regulated by the pJM1-derived antisense RNAo

and chromsomally encoded Fur repressor protein. Diagram adapted from Crosa (1989).
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Figure 1.2: Iron chelator molecules

The structures of siderophores anguibactin, enterobactin, pyochelin and aerobactin.

Diagram from Crosa, (1989).
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The plasmid pJM1 also contains a negative regulator known as RNAo. RNAa is a
650 nucleotide RNA which is encoded by the farB gene in the complimentary strand and is
expressed during iron-rich conditions. RNAa. reduces the expression of FatA and FatB as it
binds to the polycistronic mRNA which encodes these genes causing a change in the
secondary structure and prevents translation of the message (Waldbeser et al., 1993;
Waldbeser et al., 1995). The Fur repressor protein is required for expression of RNA«Q

(Chen and Crosa, 1996) (Fig. 1.1).

1.4 V. anguillarum Lipopolysaccharide

LPS is a known virulence factor in many Gram negative pathogens and has been
shown to be important in the pathogenicity of V. anguillarum. Mutants in LPS
biosynthesis genes render the bacteria avirulent (Norgvist and Wolf-Watz, 1993) and a
recent study showed the importance of LPS (in particular the O-antigen) to the resistance of
complement-mediated killing (Boesen et al., 1999).

Although the importance of LPS in V. anguillarum as a virulence determinant has
been established, little is known about the genetics, composition and biosynthesis of thi_s

surface molecule.

1.4.1 Lipopolysaccharide biosynthesis in V. anguillarum
01

V. anguillarum O1 is the most significant serotype in disease outbreaks. To date
little is known about the genetics or exact composition of the LPS molecule in this
serotype.

Two genes virA and virB were isolated by insertional mutagenesis and subsequent

screening for avirulence in a fish experimental model. Originally these genes were thought
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to be involved in the production of a flagellar sheath antigen (Norqvist and Wolf-Watz,
1993), however subsequent analysis of these genes showed that the antigen was in fact LPS
and that it was expressed over the entire surface of the bacteria (Milton et al., 1996). These
findings suggest the genes, virA and virB are involved in the biosynthesis of the O-antigen
and that LPS is essential for the virulence of V. anguillarum O1.

The virA and virB genes were cloned and sequenced (Norqvist and Wolf-Watz,
1993). The sequences were analysed with the programs TFASTA and FASTA, however no

significant homologues to any sequences in the database were found at the time.

1.4.2 Heterogeneity of lipopolysaccharide in V.
anguillarum O2

V. anguillarum O2 is the most prominent serotype involved in disease outbreaks of
vibriosis in feral fish stocks (Amor and Mutharia, 1995; Sgrenson and Larsen, 1986). In
the past there has been some confusion in typing strains belonging to the O2 serotype due
to cross-reactive and specific epitopes found on the LPS molecule as determined by
monoclonal antibodies (Mutharia and Amor, 1994). The confusion has been increased due
to the presence of a closely related fish pathogen, V. ordalii, which is indistinguishable
from V. anguillarum O2 by Western immunoblotting (Chart and Trust, 1984; Mutharia et
al., 1993). However, it is now widely accepted that V. ordalii is in fact V. anguillarum O2
(Sgrenson and Larsen, 1986; Mutharia et al., 1993; Amor and Mutharia, 1995) but it
expresses serotype specific epitopes (Salati and Kusuda, 1986). Interestingly, when fish
are vaccinated with V. ordalii and challenged with V. anguillarum O2, the fish are
susceptible to infection which suggests that the specific epitopes expressed are important
for an effective infection (Mutharia et al., 1993). Due to these antigenic differences,

Rasmussen (1987a, b) subdivided V. anguillarum O2 into O2a and O2b based on



17

immunoelectrophoretic patterns of heat-stable polysaccharide antigens obtained with rabbit
polyclonal serum. An alternative subdivision was also described by Bolinches et al. (1990)
where the O2 serotype was subdivided on the basis of the reactions of rabbit polyclonal
antiserum raised against bacterial antigens. The subdivisions were reported as O2c and
O2B. V. ordalii was not included in these subdivisions. All these data leads one to suspect
that there is heterogeneity in LPS (in particular O-antigen) within the O2 serotype and that

further classification is required to distinguish the strains within this group.

1.4.2.1 Structure of the O-antigen and capsule from V.
anguillarum O2

Tt has been discovered that when V. anguillarum O2a is grown in the presence of
rainbow trout blood, an acidic capsule is produced (Amor and Mutharia, 1995). This is the
onlyl serotype that has been reported to have a capsule. Interestingly, this capsule is
antigenically identical to the O-antigen as monoclonal antibodies specific for the O-
polysaccharide recognise the capsule material (Sadovskaya et al., 1996; Amor and
Mutharia., 1995). This observation is not uncommon in Vibrio species. The recent
epidemic strain of V. cholerae designated O139 also expresses a capsule that is
antigenically identical to the O-antigen of the LPS (Waldor e al., 1994). This has also
been observed in E. coli strains with group I capsules. The K-antigen expressed by these
bacteria can either be linked to lipid A-core oligosaccharide as O-antigen or be exported as
high molecular weight capsular K antigen (MacLachlan et al., 1993; Whitfield and
Roberts, 1999).

The O-antigen and capsule of V. anguillarum O2 are composed of linear
tetrasaccharide repeat units of diamino uronic acid and a N-L-alanylformamido group

(Sadovskaya et al., 1996; Amor and Mutharia, 1995) (Fig. 1.3). This is an unusual



Figure 1.3: Comparison of the capsule and O-antigen polysaccharides
from V. anguillarum O2 and V. ordalii O2.

A) The structural formulae of the capsule/O-antigen molecules of V. anguillarum O2 (a)

and V. ordalii (b).

B) Structure of the repeating unit of the O-specific and capsule polysaccharides of V.

ordallii.

Diagram was adapted from Sadovskaya et al., (1998).
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composition and has not been identified previously in bacterial polysaccharides. The
composition of V. ordalii polysaccharide (O-antigen and capsule) has also been determined
and shares two monosaccharides (2,3-di-acetoamide-2,3-dideoxy-ot—L—ga1acturonic acid
and 2-aceto-3-(N-formyl-L—alanyl)-amino-2,3-dideoxy-B-D-glucuronamide) with the O-
antigen/capsule of V .anguillarum O2a (Sadovskaya et al., 1998) (Fig. 1.3). The cross-
reactivity observed between V. ordalii and V. anguillarum O2 can be explained by these |
similarities in polysaccharide structure. Specific epitopes on the O-antigen, as previously
determined by monoclonal antibodies is probably conferred by the presence of different
sugars at the end of the repeat unit (Sadovskaya et al., 1998) (Fig 1.3). To date, the
composition of the O-antigen and capsule of V. anguillarum 0O2b are unknown (Amor and
Mutharia., 1995).

Genetic studies of V. anguillarum O2 LPS biosynthesis is limited. Amor and
Mutharia (1995) cloned and expressed the genes involved in O-antigen (and capsule?)
biosynthesis of a type strain (ATCC 19264) of V. anguillarum 02. The region has yet to be
sequenced and so the genes responsible for the synthesis of the polysaccharide are not yet

identified.

1.42.1 Chemical structures and composition of O-
antigen in V. anguillarum O3

Although analysis of V. anguillarum O-antigens is limited for the O1 serotype and
only recently characterised in the O2 serotype, a number of studies have been conducted
with the strain V-123 which belongs to the O3 serotype. The structure and composition of
the O-antigen repeating unit of this serotype was determined by acid hydrolysis and NMR.
The O-polysaccharide repeating unit consists of —3)-a-GalNAcA(amido)-(1—4)-0-

GalNFoA—(l—->3)-0L—QuiNAc-(1-—>3)—B-VioNAcy1—(1—-) where the N-Acyl group is 2.4,-
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dihydroxy-3,3,4-trimethy1proglutamic acid, Qui is D-quinovosamine, Vio is D-viosamine,
and Fo is formyl (Eguchi et al., 1992). The presence of the N-formyl group is rare in O-
polysaccharides although 2-deoxy-2-formamido-D-galacturonic  acid, 4,6-dideoxy-4-
formamido-L-mannose and 1,3 linked 4 formamido-4,6-dideoxy-D-mannose have been
found in O-antigens of Pseudomonas aeruginosa (Yokota et al., 1986; Knirel et al., 1985),
Yersinia enterocolitica O9 (Caroff et al., 1984) and Brucella abortus (Aragon et al., 1996),

respectively.

1.5 Lipopolysaccharide

1.5.1 General Introduction

Lipopolysaccharide (LPS) is the most abundant molecule on the surface of Gram-
negative bacteria and acts as a protective barrier to hydrophobic agents such as dyes,
detergents and other lethal agents (Osborm., 1979).

LPS consists of three components: lipid A, the core oligosaccharide and the O-
antigen (Fig. 1.4). Lipid A is situated in the lipid bilayer of the outer membrane with the
core oligosaccharide attached to the lipid A via keto-3-deoxy-D-mannose-octulosonic acid
(KDO) (Schmidt et al., 1969). The O-antigen which consists of either polysaccharide or
monosaccharide polymer of variable length is linked to the core oligosaccharide and
constitutes the outer most region of the LPS molecule. O-antigen is the O-serotype
determinant in Gram-negative bacteria (Liideritz et al., 1971; Jann and Westphal, 1975)
and in some bacteria is an important virulence determinant that prevents complement-
mediated serum killing (Whitfield, 1995). The diversity of O-antigen structures present in

Gram-negative bacteria is due to variations in sugar composition, the linkages between



Figure 1.4: Schematic structure of lipopolysaccharide (LPS).

The lipid A, core oligosaccharide and the O-specific chain are indicated on the left side of
the figure. Individual O-repeats are indicated, n represents the number of repeating units.
The polysaccharide and lipid component of the molecule are shown in brackets on the right
side of the figure. Abbreviations: Kdo, 3-deoxy-D-manno-octulonic acid. Diagram

adapted from Lindberg et al. (1991).
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sugar molecules and the numerous sugar and non-sugar substitutions found on the O-
antigen (Whitfield, 1995).

The best characterised “LPS” systems are those that have been described for
Escherichia coli, Salmonella enterica and Shigella flexneri. The structures of these LPS
molecules has aided in the understanding of LPS biosynthesis. With this knowledge
numerous similarities have emerged between these genera which is perhaps not that
surprising given their close phylogenetic relationships. The biosynthesis pathways
involved in the production of the LPS molecules have been comprehensively studied
although there are still many questions that remain unanswered.

Biosynthesis and assembly of LPS involves a set of complex reactions. In general
biosynthesis of LPS occurs via a number of defined steps:

1) lipid A is synthesised at the surface of the cytoplasmic membrane,

2) the core oligosaccharide is synthesised on lipid A,

3) the O-antigen units are synthesised on a lipid carrier (undecaprenol phosphate or
bactoprenol),

4) the O-antigen units are polymerised into appropriate length chains, and

5) the O-antigen chain is ligated to the lipid A/core subunit (Fig. 1.5).

The location of the synthesis of the LPS molecule has not been totally elucidated. It
is thought that the core is assembled directly onto the lipid A and that the O-antigen units
are synthesised on the lipid carrier at the cytoplasmic face of the inner membrane. This is
probably due to the energy requirements of the reactions during O-antigen biosynthesis. It
has been shown that S. enterica sv Typhimurium requires energy for O-antigen assembly
on the lipid carrier (Marino et al., 1991).

Once the individual components are synthesised, the core and the O-antigen units

are translocated across the cytoplasmic membrane where the lipid-linked O-units are



Figure 1.5: Model of LPS biosynthesis and assembly.

The biosynthesis and assembly of lipopolysaccharide occurs via a number of steps:

Lipid A/Kdo/Core are synthesised at the surface of the cytoplasmic membrane and
translocated to the periplasmic side (2). O-antigen units are synthesised on the lipid carrier
and transported to the periplasm (1), and are then polymerised by rfc. The polymerised
polymer is ligated to lipid A-core by rfaL. Subsequently, the finished LPS molecule is

exported to the cell surface (3 and 4). Diagram from Raetz (1996).
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polymerised into correct length chains (McGrath and Osborn, 1991). Two potential
pathways have been proposed for the synthesis of LPS O-polysaccharides. Both pathways
are initiated by similar reactions and they involve common precursors and intermediates
(Whitfield, 1995). The differences lie in the cellular location of the polymerisation
reactions and the direction of polymer growth (Whitfield, 1995). Both of these pathways
are discussed to some depth later in this chapter. The pre-formed lipid A/core and the
newly polymerised chains are then ligated together at the periplasmic face of the plasma
membrane (Mikeld and Stocker, 1984). Little is known about the ligation reaction
although the ligase, encoded by rfaL/waal has been identified in S. enterica sv
Typhimurium (MacLachlan et al., 1991), E. coli (Roncero and Casadaban, 1992) and S.
flexneri (Hong and Payne, 1997). After ligation the completed LPS molecule is
translocated to the cell surface by unknown mechanisms (Fig. 1.5).

The following sections describe aspects of the different components of LPS
molecules. The examples given relate to the most extensively studied organisms although
reference is also made to the human pathogen Vibrio cholerae as it is related to V.

anguillarum, the focus of the research in this thesis.

1.5.2 Lipid A

The lipid A component of LPS has been previously described as endotoxin and has
been associated with septic shock (Morrison and Ryan, 1987). The biosynthesis of lipid A
involves synthesis of sugars and fatty acids. The lipid A of E. coli and Salmonella consists
of a B-1-6 linked disaccharide of glucosamine that is phosphorylated and acylated with R-
3-hydroxymyristate which is further substituted with fatty acids (Raetz, 1993; Takayama,
1983) (Fig. 1.6). The genes required for lipid A synthesis in E. coli have been cloned and

sequenced (Raetz, 1996). The isolation of lipid A mutants in E. coli has allowed the



Figure 1.6: Lipid A structure.
The chemical structure for the lipid A component of lipopolysaccharide from E. coli K-12.

Abbreviation: Kdo, 3-deoxy-D-manno-octulonic acid. Diagram from Raetz (1996).
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complex biosynthetic pathway to be constructed (Nishijima and Raetz, 1979; Takayama et
al., 1983; Anderson et al., 1985). The lipid A subunit and core oligosaccharide of the LPS
molecule are linked via 3-deoxy-D-manno—octulosonic acid (KDO) (Strain et al., 1983a, b).
In E. coli the minimal LPS molecule for cell viability consists of lipid A and KDO
disaccharide (Boman and Monner, 1975; Rietschel, 1983). The importance of lipid A in S.
typhimurium has been further elucidated recently with the discovery that substitutions on
the lipid A moiety are vital for virulence (Guo et al., 1997; Khan et al., 1998). A mutation
in the rfaN/waaN gene which is responsible for the production of an enzyme that catalyses
one of two secondary acylation reactions to complete lipid A biosynthesis results in a strain
that is essentially identical to wildtype except that it is less lethal (Khan et al., 1998). The
mutant produces O-antigen that has altered O-chain length suggesting a relationship
between the different components of LPS biosynthesis. O-antigen chain length is regulated
by the Rol/Wzz protein which is discussed later in this chapter (see Section 1.5.4.1.4). It
has also been shown that differences in lipid A substitutions have an affect on O-antigen
chain length in S. typhimurium (Baker et al., 1999). The RfaN/WaaN mutant is not as
virulent as the wild type, providing direct evidence for the role of lipid A in mouse typhoid
infections (Khan et al., 1998). Guo et al. (1997) have reported that responses to
environmental changes via the phoP/phoQ regulatory system in Salmonella typhimurium
result in altered fatty acid substitutions of lipid A which correlates to decreased expression
of cytokines within host tissues. These environmentally induced differences may be a
mechanism for bacteria to gain an advantage within the host.

The lipid A of V. cholerae is very similar to other Gram-negative lipid A moieties.
The lipid A consists of B-1,6-linked D-glucosamine oligosaccharide which is ester-linked
and substituted with pyrophosphorylethanolamine. The oligosaccharide is further

substituted with a number of fatty acids including tetradecanoic, hexadecanoic and 3-D
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hydroxydecanoic acid (Raziuddin, 1977; Broady et al., 1981). The lipid A of V. cholerae
is also linked to the core via KDO but there has been some controversy as to whether one

or two KDO residues are present (Brade, 1985).

1.5.3 Core oligosaccharide

The composition of the core oligosaccharide is highly variable and is specific to the
genus/species although similar sugars are found in different core regions. In E. coli and
Salmonella the core region can be divided into the inner core which consists of three
heptose units (Coleman and Lieve, 1979; Coleman, 1983) and the outer core containing
varying amounts of N-acetylglucosamine, glucose and galactose sugars. At present five
core types have been identified for E. coli (K-12, R1-R4) (Fig. 1.7). The core types are
classified according to the substitutions found on the core backbone which may include
phosphates, phosphorylethanolamine and other sugars (Heinrichs et al., 1998). In V.
cholerae the core oligosaccharide is composed of glucose, heptose, fructose, ethanolamine
and N-acetyl glucosamine (Kondo et al., 1988; Hisatsune et al., 1989). The structure of the
core oligosaccharide is represented in Figure 1.8 (Vinogradov et al., 1995).

The genes responsible for the biosynthesis of the core oligosaccharide are located in
the rfa/waa locus. The rfa/waa genes have been cloned from Salmonella and E. coli
(Austin ef al., 1990) and the loci are highly conserved which reflects the high homology
between the core structures of these organisms. The differences observed between the
rfafwaa loci of these organisms is reflected in the chemical composition of their respective
core oligosaccharides (Schnaitman and Klena, 1993). The genes involved in core
biosynthesis in E. coli can be divided into three groups and are found clustered together in
distinct operons around the chromosome (Roncero and Casadaban, 1992; Clementz, 1992).

The groups are:



Figure 1.7: The core-oligosaccharide types of E. coli.

The structural formulae of the core oligosaccharide types, K-12, R1-R4 are represented.
The genes responsible for each linkage are indicated. Abbreviations: Glc, glucose; Hep, L~
glyero-D-manno-heptose; Gal, galactose; GIcNAc, N-acetyl glucosamine. Diagram

adapted from Heinrichs et al. (1998).
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Figure 1.8: The core-oligosaccharide types of V. cholerae O1.
The chemical formula of the core-oligosaccharide from V. cholerae O1. Abbreviations:
Glc, glucose; Hep, L-glyero-D-manno-heptose; Fru, fructose; Kdo, 3-deoxy-D-manno-

octulonic acid; PEtn, phosphocthanolamine. Diagram from Knirel et al. (1997)
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1. genes involved in sugar biosynthesis,
2. genes encoding transferases,
3. regulatory genes.

Mutations within the rfa/waa locus render the bacteria rough (ie no core or O-
antigen, R-LPS) and have allowed for extensive study. R-LPS mutants may have varying
lengths of core which has led to numerous chemotypes of R-LPS being described (Fig. 1.9)
(Lindberg, 1977).

The most studied gene involved in core biosynthesis is rfaD/gmhD. RfaD/gmhD
encodes a ADP-1-glycero-D-mannoheptose-6-epimerase, which is involved in heptose
biosynthesis and converts ADP-D-glycero-D-mannoheptose to ADP-L-glycero-D-
mannoheptose (Coleman, 1983; Peques et al., 1990). Analysis of this gene in E. coli has
shown it to be a 37 kDa protein which has a paf fold at the N-terminus (Peques ef al.,
1990) consistent with an ADP-binding domain (Rossman et al., 1974; Wierenga et al.,
1986). In E. coli rfaD/gmhD is found in an operon along with rfaF/waaF and rfaC/waaC,
which are also involved in heptose biosynthesis, and rfal/waaL, the putative ligase thought
to ligate the O-antigen chains to the core oligosaccharide (Peques ez al., 1990; Schnaitman
et al., 1991; Roncero and Casadaban, 1992; Sirisena et al., 1992, 1994).

A rfaD/gmhD homologue was identified in V. cholerae and shows a high homology
to the E. coli rfaD/gmhD gene (Stroeher et al.,1995b). In V. cholerae rfaD/gmhD is closely

linked to the O-antigen biosynthesis locus and is not a part of an rfa/waa locus.

1.5.4 O-antigen

The O-antigen component of the LPS exposed on the surface of the cell and is often
the most abundant component. O-antigen is highly variable both within and between

bacterial species. The sugars present and their linkage form the basis for variation. The



Figure 1.9: Core oligosaccharide chemotypes of E. coli

A schematic representation of the LPS molecule from E. coli K-12. The proposed
chemotypes of the core oligosaccharide are indicated on the left hand side of the figure to
allow comparison. n corresponds to the number of O-repeats. Abbreviations: GIcN, D-
glucosamine; Kdo, 3-deoxy-D-manno-octulonic acid; Hep, L-glyero-D-manno-heptose;
Glc, glucose; Gal, galactose; GlcNAc, N-acetyl glucosamine; Rha, L-rhamnose; Galf, D-
galactofuranose; P, phosphate; Ac, acetate. Diagram adapted from Lindberg ez al. (1991)

and Raetz (1996).
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antigenic properties of O-antigen has been long known, with the variation being the basis
of serotyping. In Salmonella enterica there are 60 known forms of O-antigen and 160 in E.
coli (Reeves, 1993).

The genetics of O-antigen biosynthesis is best characterised in Salmonella enterica
sv Typhimurium although with recent advances in molecular biology there is a growing
understanding of O-antigen genetics and biosynthesis in a wider variety of species. The
genes involved in O-antigen biosynthesis are usually clustered together in a single locus.
Recently, an updated nomenclature system for genes involved in polysaccharide
biosynthesis was devised by Reeves et al., 1996. In this thesis, the new nomenclature
system will be employed, however for clarity the old gene names will also be indicated.
The new system allows: 1) genes with the same function to have the same name, 2) genes
involved in O-antigen or capsular biosynthesis to be identified by the form used, and 3)
genes involved in synthesis of sugars will be identified by the biosynthetic pathway. The
new nomenclature can be identified by the form w*** with O-antigen genes being given

the symbols of wb*, with the * being a specific letter that represents a particular species.

1.5.4.1 Salmonella enterica sv Typhimurium (group B)

The O-polysaccharide of group B Salmonella consists of a repeat unit of four
hexoses (abequose, mannose, thamnose and galactose). The O-unit is assembled from four
nucleotide sugars (CDP-abequose, GDP-mannose, dDTP-rhamnose and UDP-galactose) on
the lipid carrier, undecaprenol phosphate. The genes required to synthesise these sugars are
located in the O-antigen biosynthesis loci at 42 min on the genetic map in strain LT2
(Sanderson and Roth, 1988). The operon consists of 16 genes (Fig. 1.10) including those

involved directly with nucleotide sugar biosynthesis. Numerous other genes are also



Figure 1.10: The rfb/wba region of S. enterica, group B.

The rfb/wba region of S. enterica (group B) consists of 16 genes and is located at 42 min
on the chromosome. The letters below the operon are the original names, those above the
operon represent the present nomenclature as designated by Reeves er al. (1996). The

diagram was adapted from Reeves et al, (1996).
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required for correct assembly of the O-antigen which includes the sugar transferases
(rfbN/wbaN, rfbUlwbaU, rfbViwbaV, rfbP/wbaP).

Within Salmonella, the O-antigen is highly polymorphic. This variation is thought
to be important in the pathogenesis of these bacteria (Reeves, 1993). Not all forms of O-
antigen are associated with pathogenicity, with Salmonella groups A, B and D being the
most pathogenic. These groups possess similar O-antigen structures (Roantree, 1967) and
the O-antigen biosynthesis regions are genetically related (Jianget al., 1991).

Salmonella groups A (sv Paratyphi), B (sv Typhimurium) and D (Typhi) have
paratose, abequose and tyvelose respectively, as the side chain sugar in their O-antigen
which are otherwise identical (Fig. 1.11). To these differences there are unique genes
involved in the biosynthesis of these nucleotide sugars. The gene rfbl/abe from group B
encodes an abequose synthetase (Wyk and Reeves, 1989), rfbS/prt is a paratose synthetase
found in the group A biosynthesis region, and rfbE/tyv from group D encodes a CDP-
tyvelose epimerase which converts CDP-paratose to CDP-tyvelose (Verma and Reeves,

1989; Liu et al., 1991).

1.5.4.1.1 Biosynthesis of nucleotide sugars

The genes involved in the biosynthesis of the nucleotide sugars, with the exception
of UDP-galactose, are located within the O-antigen biosynthesis region The dGDP-
mannose pathway requires a gene that is also located outside of the O-antigen biosynthesis
operon. This gene (pmi) is responsible for the initiation of the mannose biosynthetic
pathway and converts fructose-1-phosphate to mannose-6-phosphate (Sanderson and Roth,
1988). The remainder of the genes required for mannose biosynthesis, rfbK/manB and

rfbM/manC are located in the biosynthesis region (Reeves, 1993).



Figure 1.11: Structures of the repeat units of S. enterica groups B, A, D,
El, C2, C1.

The chemical formulae for the repeat units of the individual groups of S. enterica.
Abequose (Abe) is present in group B and C2, paratose (Par) in group A and tyvelose (Tyv)
in group D. Other sugars are represented by the following: Gal, galactose; GIcNAc, N-

acetyl glucosamine; Man, mannose; Rha, rhamnose. Diagram from Reeves, (1993).
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dTDP-thamnose is synthesised from glucose-1-phosphate. The first two enzymes
involved in the dTDP-rhamnose biosynthetic pathway are encoded by rfbA/rmlA and
rfbB/rmiB. RfbA/RmlA is a glucose-1-phosphate thymidyltransferase and RfbB/RmIB is
the enzyme dTDP-glucose-4,6-dehydratase. It is possible to distinguish between these
enzymes using established enzyme assays (Jiang et al., 1991).

The third and fourth enzymes involved in the biosynthesis of rhamnose are dTDP-
4-keto-L-rhamnose-3,5-epimerase (rfbC/rmlC)  and dTDP-L-rhamnose  synthetase
(rfbD/rmiD) (Jiang et al., 1991). Figure 1.12 shows the rhamnose biosynthetic pathway.
The four genes involved in dTDP-rhamnose biosynthesis are highly conserved between S.
enterica, Shigella dysenteriae 1 and E. coli K-12 (Jiang et al., 1991).

The major side chain sugars of groups A, B and D share a common biosynthetic
pathway (Fig. 1.13). The five genes involved in dCTP-abequose biosynthesis, rfbFl/ddhA,
rfbGlddhB, rfbH/ddhC, rfbllddhD and rfbllabe, are located in sv Typhimurium. In sv
Paratyphi and sv Typhi, the rfbJ gene is replaced with rfbS/prt. rfbJ and 1fbS have similar
functions and are homologous, but have diverged to be only 26% identical at the amino
acid level (Verma and Reeves., 1989). In addition both have rfbE/tyv which is involved in
the conversion of CDP-paratose to CDP-tyvelose. However, the rfbE gene in sv Paratyphi
has a frameshift mutation and is therefore non-functional preventing the conversion of

paratose to tyvelose (Verma and Reeves, 1989).

1.5.4.1.2 O-antigen assembly and biosynthesis

O-antigen oligosaccharide is synthesised on the lipid carrier (undecaprenol
phosphate or bactoprenol) before the oligosaccharide is polymerised into O-antigen chains.

The polymerised chains are then translocated to lipid A/core.



Figure 1.12: The biosynthetic pathway for the production of rhamnose.

The biosynthetic pathway of rhamnose is represented and the genes responsible for each
step are indicated. The new nomenclature for the genes are listed below as described by
Reeves et al, (1996). rfbA=rmiA; rfbB=rmIB; rfbC=rmiC; rfbD=rmiD. Diagram from

Raetz, 1996.
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Figure 1.13: The biosynthetic pathway for the production of the CDP-3,6
dideoxyhexose sugars.

The biosynthetic pathway for the synthesis of the sugars CDP-abequose, CDP-paratose,
CDP-tyvelose is represented and the genes involved at each step are indicated. The new
nomenclature for the genes are listed below as described by Reeves et al. (1996).
rfobF=ddhA, rfbG=ddhB, rfbH=ddhC, rfbl=ddhD, rfbS=prt, rfoE=tyv, rfbJ=abe. Diagram

from Raetz, (1996).
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The initial reactions involved in the biosynthesis of heteropolysaccharide O-
antigens are essentially identical within the Salmonella enterica serogroups. The initial
reaction which is reversible and involves rfbP/wbaP (galactosyltransferase) catalyses the
transfer of galactose to undecaprenal phosphate. The remaining sugars, TDP-rhamnose
and GDP-mannose are then sequentially transferred to the undecaprenol diphosphate-
galactose intermediate. Each reaction is catalysed by a specific transferase encoded in the
O-antigen biosynthesis operon.

It is important to note that not all O-antigens contain galactose and therefore
another initiating enzyme is required for O-antigen biosynthesis. The other known
initiating enzyme is rfe/wecA, an N-acetyl-glucosamine-l-phosphatetransferase (Meier-
Dieter et al., 1992; Whitfield, 1995). Rfe/WecA transfers N-acetyl-glucosamine
(GlcpNAc) found in heteropolysaccharide O-units of numerous E. coli serotypes
(Alexander and Valvano, 1994), Shigella dysenteriae type 1 (Klena and Schnaitman, 1993)
and Shigella flexneri (Yao and Valvano, 1994; Whitfield, 1995). Interestingly rfe/wecA
has also been found associated with the synthesis of homopolysaccharide O-antigens in E.
coli (Liu and Reeves, 1994: Jann et al., 1982; Rick et al., 1994), Klebsiella pneumoniae
(Clarke and Whitfield, 1992) even though they do not contain GlepNAc (Whitfield, 1995),
the TI antigen of Salmonella (Mikela and Stocker, 1984), and the enterobacterial common
antigen (ECA) (Meier-Dieter et al., 1990).

Rfe/WecA and RfbP/WbaP are thought to be structural and functional homologues
in O-antigen initiation based on similar hydropathy profiles (Klena and Schanitman, 1993)
even though Rfe/WecA is associated with synthesis of other surface polysaccharides, while

RfbP is only associated with O-antigen biosynthesis (W hitfield, 1995).
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1.5.4.1.3 Polymerisation of O-antigen repeat units: at the
reducing terminus

O-antigens from S. enterica Serogroups AB.,D and E are elongated by the addition
of O-repeat units to the reducing end of the growing polymer. For polymerisation in a
blockwise fashion to occur complete O-units are required. The repeat units are
polymerised into long chains while attached to the lipid carrier (Weiner et al., 1965;
Robbins et al., 1966) (Fig. 1.14) (W hitfield., 1995). This reaction requires rfc/wzy, which
maps outside the O-antigen biosynthesis region in S. enterica sv Typhimurium (Naide et
al., 1965; Stocker and Mikeld, 1971; Collins and Hackett, 1991). This is unusual as other
rfc-like genes in numerous other bacteria have been reported to be inside or adjacent the O-
antigen biosynthesis locus (Brown et al., 1992; Reeves, 1993; Xiang et al., 1994; Morona
et al., 1994). Mutations that result in a rfc/wzy defect produce the semi-rough LPS
phenotype (ie core oligosaccharide with a single O-antigen unit, SR-LPS) (Morona et al.,
1994).

The rfc/wzy of S. typhimurium and S. flexneri have been cloned and sequenced
(Collins and Hackett, 1991; Morona et al., 1994). Rfc/Wzy homologues are predicted to
be hydrophobic integral membrane proteins with 11-13 transmembrane segments and show
little primary sequence homology (Morona et al., 1994; Whitfield, 1995). Recently it was
shown that the rfc/wzy of S. flexneri contains 12 transmembrane segments with two large
periplasmic domains and the carboxy-terminal of the protein is located at the cytoplasmic

face of the inner membrane (Daniels et al., 1998).

1.5.4.1.4. rol/cld/wzz

It has been observed that rfc-mediated polymerisation involves the control of the

distribution of O-antigen chain length to give a modal chain length distribution. Chain



Figure 1.14: Polymerisation of O-antigen from the reducing terminus.

The reversible initiating step (reaction 1) involves the addition of a sugar-1-phosphate
residue from the nucleotide diphosphate (NDP) molecule to undecaprenol phosphate (und-
P) the lipid carrier. Reaction 2 and 3 demonstrate the formation of an O-antigen with
trisaccharide repeat unit by sequential transfer of each sugar to form und-P-P-linked O-
unit. und-P-P linked O-units are the substrates for polymerisation. Polymerisation
involves the addition of nascent O-polymer of one und-P-P carrier to the non-reducing
terminus of a newly synthesised single O-unit attached to the second und-P-P carrier
(reaction 4 and 5). The solid shaded sugars of the O-units indicate those units added most

recently. Diagram adapted from Whitfield, (1995).
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length is regulated by proteins known as Rol (regulator of chain length) or Cld (chain
length determinant). These proteins are also referred to as Wzz. The mechanism of action
of Rol/Wzz is not understood.

The Rol/Wzz protein has been hypothesised to function as a molecular clock that
interacts with the Wzy polymerase, so that modal distribution of chain length is determined
by a fixed time during which the polymerase can extend the O-side chain, before transfer to
the ligase, so that it can covalently link the O-antigen to lipid A-core (Bastin et al., 1993).
An alternative mechanism for how Rol/Wzz may function was described by Morona et al
(1995) in which Rol/Wzz acts as a molecular chaperone which interacts with either the O-
antigen ligase (Rfal/WaaL)) or Rfc/Wzy allowing a fixed ration of Rfal/WaaL to Rfc/Wzy
proteins resulting in a non-random O-antigen chain length. Rol mutants in S. flexneri result
in random distribution of O-antigen chain length and the bacteria are avirulent (Van Den
Bosch et al., 1997).

Recently, numerous Rol/Wzz functional homologues have been described which all
show a conservation in primary sequence as well as structure (Schnaitman and Klena,
1993; Morona et al., 1995a). The proteins are characterised by two highly conserved
potential transmembrane domains in the N- and C-terminal regions (Whitfield ez al., 1997).
This leads one to suspect that rol/wzz proteins share a common mechanism.

It has been shown that heterologous complementation can occur with Rol/Wzz
proteins. However the LPS pattern observed is Rol/Wzz specific (Bastin et al., 1993;
Batchelor et al., 1991; Burrows et al., 1997). This suggests that Rol doesn’t recognise
specific O-antigen sugars but rather interacts with other components of the O-antigen or

LPS biosynthesis machinery.
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1.5.4.1.5 rfaL/waaL

The putative O-antigen ligase encoded by rfaL/waalL is responsible for ligating the
completed O-antigen chain to the lipid A-core. Rfal/WaaL. is an adaptable enzyme that is
capable of ligating high or low molecular weight polymers to the lipid A-core (Whitfield et
al., 1997). It is known that Rfal/W aal. requires completed lipid A-core molecules to.
function (Schnaitman and Klena, 1993). Tf incomplete lipid A-core molecules are
produced, they are unable to accept the O-antigen chains which remain attached to the lipid
carrier as O-antigen haptens are located in the perisplasm (Beckman ez al., 1964; Lindberg
et al., 1972). It has been postulated that for ligation to occur, Rfal/Waal. must recognise
specific sites on both the core and lipid-carrier linked O-antigen. This is supported by
experiments that show complementation of heterologous ligase activities is not possible,
and that rfal/waaL appears to require an additional gene product RfaK (WaaK) to function
correctly (Whitfield et al., 1997). This suggests that Rfal/Waal either recognises species-
specific LPS-core molecules modified by RfaK/WaaK or a protein:protein interaction is
required between RfaK/W 2aK and Rfal/Waal. Despite what is known about the

Rfal./Waal protein, little is understood about the actual mechanism of ligation.

1.5.5 Polymerisation of O-antigen repeat units: at the
non-reducing terminus

Another pathway exists for the synthesis of some O-antigens. This pathway does
1ot involve either the Rol/Wzz or Rfc/Wzy proteins. This alternative pathway involves the
synthesis of simple O-antigens, usually those that consist of linear homopolymers. Little is
known about the details of this pathway which has been studied in E. coli O8 and 09, and
K. pneumoniae O1 (Whitfield, 1995). To date, no heteropolysaccharide O-antigens have

been identified using this pathway.
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Initiation of O-antigen synthesis involves the transfer of a non-O-antigen residue to
the lipid carrier that can then act as the acceptor for the monomers which will become the
O-antigen chain. Rfe/WecA is the only known initiating enzyme that has thus far been
identified for this pathway. Monomers are added to the acceptor intermediate at the non-
reducing terminus, one residue at a time, in a progressive manner (Fig. 1.15) (Weisgerber
and Jann, 1982).

O-antigen assembly in this Rol/Rfc independent pathway is different to the Rol/Rfc
dependent pathway in the following three areas:

1) the cellular location of the polymerisation reactions,

2) the direction of chain growth during polymerisation, and

3) the requirement for Rfc/Wzy, Rol/Wzz and RfbX/Wzx (the flippase) in one pathway and
ABC-2 transporter in the other.

In the Rol/Rfc-dependent pathway, polymerisation of the O-antigen occurs at the
reducing terminus at the periplasmic face of the cytoplasmic membrane. In contrast, the
Rol/Rfc-independent pathway initiates polymerisation at the non-reducing terminus in the
cytoplasm. The polymerised O-antigen chains are then transported across the membrane
by an ATP-binding cassette “ABC-2” transporter. In the Rol/Rfc-dependent pathway, the
O-antigen units are transported across the plasma membrane by RfbX/Wzx (also known as
the flippase) where the O-units are polymerised into O-antigen chains on the periplasmic

face of the membrane (Whitfield, 1995).

1.5.5.1 ABC-transporter family

The ABC integral membrane proteins fall into two distinct classes depending on the
system in which they are found. Hence, the proteins are either involved in the export of

LPS or capsule. The ABC transport systems of capsules require auxiliary proteins to aid in



Figure 1.15: Polymerisation of O-antigen from the non-reducing
terminus.

Reaction 1 shows the initiation of polymerisation by the addition of a sugar-1-phosphate to
the und-P carrier, in the synthesis of O-antigen with a disaccharide repeating unit.
Polymerisation involves the sequential processive transfer of sugars to the non-reducing
terminus of the nascent polymer (reaction 2 and 3). There is no block-wise polymerisation
as seen in Fig. 1.14, and the polymer is elongated by the processive transfer enzymes
(reactions 4 and 5). Sugars are transferred to the growing polymer directly from NDP-
sugar precursors. Growth of the polymer occurs at the end of the polymer furthest from the

und-P-P carrier (represented by solid circles). Diagram adapted from Whitfield (1995).
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the transport of these high molecular weight molecules while the equivalent proteins in the
O-antigen transport do not require these extra proteins as the molecule is smaller in size
(Paulsen et al., 1997). Phylogenic relationships of the integral membrane protein
component of ABC transporters from both capsule and O-antigen systems have been
examined and not surprisingly the proteins from each were found to be clustered together
according to similar function, regardless of the organism of origin. Hence capsule proteins
were clustered, as were the O-antigen representatives (Paulsen et al., 1997). The LPS
export proteins are from species such as: Yersinia enterocolitica O:3 (Zhang et al., 1993),
Klebsiella pneumoniae O1 (Bronner et al., 1994; Whitfield, 1995) and V. cholerae O1
(Manning et al., 1995), whereas capsule exporters are found in the group II-type capsule
polysaccharides of E. coli, Haemophilus influenzae and Neisseria meningitidis (Pavelka et
al., 1989; Smith et al., 1990; Kroll et al., 1990; Frosch et al., 1991).

In K. pneumoniae Ol two genes rfbA/wzm and rfbB/wzt are involved in the
transport of the O-chain polymer of this organism which consists of the sugar D-Galactan.
Figure 1.16 demonstrates how the O-antigen may be polymerised and transported across
the membrane for ligation. The transporter is a member of the ABC transporter family and
specifically is of the ABC-2 subfamily (Whitfield, 1995). ABC-2 transporters contain an
integral membrane protein with multiple spanning domains containing six transmembrane
helices and a hydrophilic protein containing the consensus ATP-binding motif (Walker

box) (Ames et al., 1992; Higgins., 1992).

1.5.6 A third O-antigen biosynthetic pathway

Recently, a third pathway of O-antigen biosynthesis has been discovered and
partially characterised. This pathway is involved in the assembly of the poly-N-

acetylmannosamine O-antigen (factor 54) of S. enterica sv Borreze (Keenleyside and



Figure 1.16: Model for the transport of O-antigens elongated from the
non reducing terminus.

a) Rfe/WecA (black integral membrane protein) initiates polymerisation of the O-antigen
polymer,

b) The polymerisation of the polymer involves numerous enzymes. The und-P-P linked
polymer is completed in the cytoplasm,

c) Translocation of the polymer across the inner membrane requires the presence of a
ATP-binding transporter (ABC-2; Wzm/Wzt).

d) Ligation of the O-antigen to the lipid A-core on the periplasmic face of the inner
membrane.

Diagram from Whitfield (1995).
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Whitfield, 1996; Whitfield et al., 1997). This O-antigen is the first homopolymer
described in Salmonella (Knirel and Kochetkov, 1994). This pathway is similar to other
homopolymer systems and requires Rfe/WecA to initiate O-unit synthesis, is Rfc/Wzy-
independent, and hence similar to the Rfc/Wzy-independent pathway described above. The
O-antigen in this organism is not transported with either an ABC-2 transporter or
RfbX/Wzx. Therefore, O:54 synthesis represents a new pathway for O-antigen assembly
involving a different mechanism for delivering O-polysaccharide to the LPS O-antigen
ligase (Keenleyside and Whitfield, 1996). To date, no export mechanism has been
elucidated for this O-antigen pathway. However, Keenleyside and Whitfield (1996)
suggested that the O-antigen synthase (WbbF/RfbB) protein of O54 may have a dual

function, and therefore may also act as the O-antigen transporter for this system.

1.5.7 LPS export

Although many mechanisms involved in LPS biosynthesis are slowly being
determined with better techniques and technology an exception is LPS export or the surface
expression of complete LPS molecule, as not much is known about this process. It is
known that once the complete LPS molecule is surface expressed it can not be removed
from the outer membrane back into the cell proper (Osborn et al., 1972a, b; Jones and
Osborn, 1977). There have been a number of models proposed for the export of the LPS
molecule across the outer membrane including:

1) the flip-flop of O-antigen, core-lipid A or complete LPS across the membrane

2) budding of vesicles containing LPS and

3) the continuity between the inner and outer membranes involving a filter of LPS (Bayer’s
Junction, zones of adhesion). To date there is little evidence to support any of these

systems.
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The only proteins that have been extensively studied which may play a role a in the
export of LPS are htrB and msbA (Polissi and Georgopoulos, 1996; Zhau et al., 1998). Itis
thought that these genes are at the very least involved in the transport of nascent lipid A-
core molecules to the outer membrane. Mutations in both of these genes results in the
accumulation of N-acetyl [3H]-glucosamine (a LPS precursor in E. coli) in the inner
membrane. It has been proposed that msbA and/or htrB are involved in the export of |
completed LPS molecules (lipid A- core- O-antigen) to the surface of the cell even though
there is no direct evidence for this function (Polissi and Georgopoulos, 1996).

Recently, further evidence for export of capsules in E. coli has shown that
translocation of group I and II capsules occurs at specific sites where the plasma and outer
membrane appear to come in close when examined by electron microscopy (Whitfield and
Roberts, 1999). These sites have been previously described as “Bayer’s Junctions” and has
been subject to some controversy (Whitfield and Valvano, 1993). It now seems from most
recent evidence from mutations in the different components of the transport system that
translocation involves periplasmic scaffolds comprising transient translocation machinery

that exports molecules to the outer membrane (Whitfield and Roberts, 1999).

1.5.8 V. cholerae O-antigen

1.5.8.1 Genetics of V. cholerae O1 O-antigen biosynthesis

V. cholerae O1 can be divided into two biotypes, classical and El Tor. These
biotypes can be further divided into three serotypes, (Inaba, Ogawa and Hikojima) which
are based on determinants found on the O-antigen of the LPS. The three serotypes share a
common antigenic determinant referred to as the A-antigen. Two specific antigens B and

C are found in varying amounts on the different serotypes; Inaba expresses only C, while
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Ogawa strains express B and reduced levels of C (Burrows et al., 1946a, b; Sakazaki and
Tamura, 1971; Redmond et al., 1973; Redmond, 1979). The third serotype, Hikojima is
very unstable and is now thought to belong to the Ogawa serotype (Stroeher et al., 1998).

The genes responsible for O-antigen biosynthesis are encoded at the rfb/wbe locus
which is located on a 20 kilobase (kb) Sacl fragment (Fig. 1.17, Table 1.1). This region
has been cloned and expressed in E. coli K-12 (Manning et al., 1986; Ward et al., 1987).
Recently, three additional genes designated wbeU,V, and W have been described and found
to be important in O-antigen biosynthesis in V. cholerae O1 (Fig. 1.17) (Fallarino et al.,
1997).

The genetic organisation of the operon is essentially identical between the Inaba
and Ogawa serotypes with the sequence diverging less than 0.1% (Stroeher et al., 1992).
The rfb/wbe operon can be divided into five functional regions:

1). perosamine biosynthesis,

2). O-antigen transport,

3). tetronate biosynthesis,

4). O-antigen modification, and

5). additional genes required for O-antigen expression in V. cholerae.
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-glcero-tetronic acid (tetronate)
(Kenne et al., 1979, 1982; Redmond, 1979) (Fig. 1.18). The first four genes rfbA (manC),
rfbB (manB), rfoD (gmd) and rfbE (wbeE) are involved in perosamine biosynthesis
(Stroeher et al., 1995c). Some of the genes responsible for perosamine synthesis are
homologous to those required for alginate synthesis in Pseudomonas aeruginosa (Stroeher

et al., 1998). Figure 1.19 shows the proposed pathway for perosamine biosynthesis.



Figure 1.17: The rfb/wbe region of V. cholerae O1.

A schematic representation of the genetic organisation of the O-antigen biosynthesis region
of V. cholerae O1, contained almost entirely on a 20 kb Sacl fragment. The gene
designations are based on the scheme proposed by Reeves et al. (1996) for the
nomenclature of Gram-negative lipopolysaccharide and capsule genes. The genes are
represented by boxes. Groups of boxes shaded the same indicate those genes proposed to
be involved in specific pathways. The direction of transcription is indicated by arrows.

Diagram adapted from Stroeher et al. (1998).
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Table 1.1: Possible functions of V. cholerae O1 rfb genes

old New Putative function
ORF/element ORF/element
designation designation
RfaD GmhD core biosynthesis
RfbA ManC PMIU/GMP activity
RfbB ManB PMM activity
RfbD Gmd/WbeD oxidoreductase
RfbE WbeE pyridoxal binding protein
RfbG WbeG unknown
RfbH Wzm O-antigen transport
(channel?)
Rfbl Wzt O-antigen transport
(energizer?)

RfbK WbeK acyl carrier protein
RfbL WbeL fatty acid ligase
RfoM WbeM alcohol dehydrogenase
RfbN WhbeN fatty acid reductase
RfbO WbeO acetyl Co-A transferase
RfbP WhbeP unknown

RBQ.R,S I1S1358d1 Insertion sequence
RfbT WbeT Ogawa determination
RfbU WhbeU mannosyl transferase
RfbV WbeV LPS (core) biosynthesis

ORF35.7 ORF35.7 dTDP-glucose dehydratase
RfbW WbeW galactosyl transferase




Figure 1.18: The O-antigen structure of V. cholerae Ol.

A) The chemical structure of perosamine, the main constituent of the O-antigen of V.
cholerae O1.

B) A schematic representation of the LPS molecule of V. cholerae O1 showing that the O-
antigen consists of a homopolymer of perosamine which is substituted by tetronic acid.

C) The chemical structure of the repeating unit of O-antigen.
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Figure 1.19: The biosynthesis pathway for the production of perosamine.
The proposed pathway for the biosynthesis of perosamine in V. cholerae O1. The pathway
is based solely on the homology for each gene (Table 1.1) indicated on the figure between

the substrate and product. Figure adapted from Stroeher et al. (1998).
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The genes required for tetronate biosynthesis are encoded by whe/rfb K.L.M,N and
O. Figure 1.20 shows the proposed tetronate biosynthetic pathway (Moronaet al., 1995b).

The LPS also contains another sugar, quivosamine, that is thought to cap either the
O-antigen or core oligosaccharide. Evidence to date suggests that the genes for this sugar
may be encoded in the O1 rfb/wbe region because when the region is expressed in E. coli
the quivosamine is present in the LPS (Hisatsune et al., 1996). Although it is possible that
the quivosamine genes were present in the E. coli strain used and that the transferase gene
is present in the V. cholerae O1 region.

V. cholerae O1 O-antigen consists of a homopolymer and as such has the
appropriate transport mechanism (Wzm/Wzt). The genes involved in transporting the
homopolymer of V. cholerae belong to the ABC-2 family of transporters. 7fbH/wzm is
likely to encode the integral membrane protein that forms the channel for O-antigen export.
The other protein involved is encoded by rfbIiwzt which is likely to be the energiser as it
contains an ATP-binding motif (Manning et al., 1994, 1995).

The O-antigen modification gene, rfbT/wbeT responsible for expression of the B
antigen in the Ogawa serotype is also located within the rfb/wbe cluster although it is not
apart of the transcriptional unit preceding (manC to wbeO) (Stroeher et al., 1992;

Hisatsune et al., 1993).

1.5.8.2 Genetics of surface polysaccharide synthesis in
Vibrio cholerae 0139

V. cholerae 0139 was the first reported non-O1 epidemic strain to cause the
cholera.  Studies in a number of laboratories were undertaken to discover the major
differences between this new disease causing strain, designated 0139 and the traditional

epidemic strains of V. cholerae O1 (Ramamurthy et al., 1993; Johnson et al., 1994,



Figure 1.20: The biosynthetic pathway for the production of tetronate.

The proposed pathway for the biosynthesis of tetronate is shown, although it was devised
solely from homologies described for the genes involved (Table 1.1). The starting
substrate is malate (i) which is converted to an aldehyde by WbeN (ii) and then di-hydroxy
carboxylic acid by WbeM (iii). This intermediate is activated to a Co-A form by the action
of WbeL (iv). The substrate 3-deoxy-I-glycero-tetronyl Co-A is activated to the acyl carrier
protein (ACP) by an unknown enzyme. This ACP activated precursor can be condensed
with a molecule of GDP-perosamine to give the complete O-antigen subunit (vi). Diagram

from Stroeher et al. (1998).
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Karaolis et al., 1994; Manning et al., 1994). The major difference to be reported was the
O-antigens of these two serotypes were immunologically different and that V. cholerae
0139 also expressed a capsule (Manning et al., 1994; Waldor et al., 1994). Extensive
research has revealed that in V. cholerae 0139 there has been precise excision of the
original V. cholerae Ol rfb genes and replacement with new rfb genes (Manning et al.,
1994:; Comstock et al., 1995; Bik et al., 1995; Stroeher et al., 1997, Stroéher and Manning,
1997). The new rfb genes of 0139 have been cloned and sequenced (Bik et al., 1995,
1996; Comstock et al., 1995, 1996; Stroeher et al., 1995a, 1997; Stroeher and Manning,
1997).

The sugars found in the LPS of O139 are: colitose, glucose, heptose, fructose,
glucosamine and quinovosamine (Preston e? al., 1995; Knirel et al., 1995). The capsule
that has been reported for this serotype is also made up of these sugars. It has been shown
that the O-antigen and capsule material are immunologically identical (Waldor et al., 1994)

The region involved in the biosynthesis of the SR-LPS (which constitutes the O-
antigen) and capsule is complex and involves numerous sets of genes in independent
transcriptional units. Mutational analysis has clearly shown that some genes are involved
in both capsule and O-antigen synthesis, and other genes are specific for a particular
pathway (Bik et al., 1996; Stroeher et al., 1995a, 1997). Figure 1.21 is a representation of
the V. cholerae 0139 O-antigen/capsule biosynthesis operon. There are numerous
similarities between the polysaccharide regions of V. cholerae O1 and 0139. In 0139, like
O1, the first gene is rfaD/gmhD which is involved in core biosynthesis. However, unlike
V. cholerae O1, the rfb region of 0139 is not defined in discreet biosynthetic regions and
there are clearly genes that are redundant (Stroeher et al.,1998). Several genes in the locus
have yet to be designated functions including the wbfD-H, whfK-N and wbfX-Y (Table 1.2).

The genes responsible for the biosynthesis of colitose are encoded by whfH, wbfT and wbfJ



Figure 1.21: The rfb/wbf region of V. cholerae 0139.

A schematic representation of the genetic organisation of the O-antigen biosynthesis region
of V. cholerae O139. The gene designations are based on the scheme proposed by Reeves
et al. (1996) for the nomenclature of Gram-negative lipopolysaccharide and capsule genes.
The genes are represented by boxes. Groups of boxes shaded the same indicate those genes
proposed to be involved in specific pathways. The direction of transcription is indicated by

arrows. Diagram adapted from Stroeher et al. (1998).
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Table 1.2: Possible functions of V. cholerae 0139 rfb/capsule genes

OldORF/element New ORF/element Putative function
designation designation
RfaD GmhD core biosynthesis
OtnH WbfA unknown
OtnG WbfB unknown
OtnF WbfC unknown
OtnE WbiD unknown
OtnD WbHiE unknown
OtnA Wzm O-antigen export
OtnB Wzz O-antigen chain length
regulation
IS1358 1S1358 Insertion sequence
ORF41.9/RfbD Gmd oxidoreductase
ORF34.6 WbfH colitose biosynthesis
ORF43.9 Whil colitose biosynthesis
ORF18.8 WhbfJ colitose biosynthesis
ORF54.4 WbfK unknown
ORF40.0 WbiL unknown
ORF40.1 WbfM unknown
ORF56.2 WbIN unknown
ORF39.2 WbfO galactosyl transferase
ORF35.9 WbfP galactosyl transferase
ORF41.8/0ORF1 WbQ (Wzy) Rfc like (O-antigen polynerase)
ORF71.9/0RF2 WbfR asparagine bisynthesis
ORF41.3/0ORF3 WhbfS galactosyl transferase
ORF50.8/0ORF4 ManC PMI/GMP activity
ORF5 ManB PMM activity
ORF6 WbtT UDP-galactose 4-epimerase
ORFK7 WbfU galactosyl transferase
ORF8 WbtV nucleotide sugar dehydrogenase
ORF9 WbfwW nucleotide sugar epimerase
ORF10 WbHfX unknown

ORF11 WbfY unknown




39

based on homology to the colitose biosynthesis genes of E. coli O111 (Stroeher et al.,
1997). A surprising feature of the 0139 region is that there are genes homologous to wzz
(rol) and wzy (rfc). Mutations in wzz appear to effect capsule biosynthesis and not SR-LPS
biosynthesis (Bik et al., 1996). The presence of the wzy gene is unnecessary in SR-LPS
biosynthesis, and therefore Wzy probably acts to polymerise the capsule. Recent studies
have shown that the wzy gene is involved in capsule biosynthesis and not O-antigen/SR-
LPS (U.H. Stroeher, personal communication). Transport of the polysaccharide (O-
antigen/SR-LPS and capsule) appears to also utilise the ABC-2 family of transporters
although only one (wzm) of the two genes required in this system has so far been identified

(Bik et al., 1995).

1.6 Insertion Sequences

Analysis of the O-antigen biosynthesis loci of V. cholerae O1 and 0139 identified
the presence of an IS element designated IS1358. In V. cholerae O1, the element is
degenerate (IS1358d1) while in the 0139 serotype the element and corresponding putative
transposase are intact. V. cholerae 0139 was found to be very closely related to the El Tor
strains of V. cholerae O1. The main difference between these serotypes are the genes
located in their respective O-antigen biosynthesis loci. It was postulated that V. cholerae
0139 may have arisen from rearrangements in V. cholerae O1 and acquisition of new
polysaccharide biosynthesis genes from other sources possibly from either non-O1 V.
cholerae or other Vibrio species.

IS elements have been shown to be involved in the acquisition of different types of
genes, in particular antibiotic resistance genes. ISs are also used in bacterial systems to
acquire other genes that may be advantageous to the host, and indeed have been associated

with virulence genes in various animal pathogens such as Clostridium (Brynestad et al.,
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1994; Cornillot et al., 1995), Escherichia (So et al., 1979; Hu and Lee, 1988; Collins and
Gutman, 1992; Garcia et al., 1994), Neisseria (Hammerschmidt et al., 1996), Yersinia
(Fetherston and Perry, 1994) and Vibrio (Stroeher et al., 19952a). Another function of ISs
are that they are involved in genetic rearrangements leading to differential gene expression

(Mahillon and Chandler, 1993).

1.6.1 ISAs1 family of Insertion Sequences

In general IS elements have common structural features which allows them to be
classified into different families. The ISAs] family is a relatively small cluster of 12
members of which 6 are isoforms restricted at present to Gram-negative bacteria (Mahillon
and Chandler, 1998). One of the interesting observations of this family of insertion
sequences is that a number of the elements have been associated with cell surface
biosynthetic genes. The ISs in this family are between 1207 bp (ISPgl1) to 1326 bp
(IS1358) long and have terminal inverted repeats of 14 to 22 bp although not all inverted
repeats have been defined (Fig. 1.22). The transposase is encoded by a single ORF (of
between 294 and 376 amino acids) and constitutes most of the length of the element.
Identity between the elements of this family is between 26% and 50%. Figure 1.22 shows
a dendrogram based on the transposase alignments of some of the elements in this family.
The transposases of IS1358 and ISAs] have been visualised using protein overexpression
systems (Stroeher et al., 1995; Gustafson et al., 1994).

This family of ISs also includes the elements known as “H-repeats”. The H-repeat
is not a separate entity but rather is a part of a larger element called the RHS
(Rearrangement Hot Spot) element (Zhao et al., 1993; Hill et al., 1994). These elements
are found in E. coli K-12 with five different elements (RhsA to RhsE) being identified

throughout the chromosome. These elements are quite large with sizes between 3.7 and 9.6



Figure 1.22: Relationships between the ISAsl family of insertion
sequences.

A) Dendogram of some of the members of the ISAs] family of insertion sequences. The
dedogram was based on Tpase alignments.

B) The terminal inverted repeats (IRs) of some of the members of the ISAs1 family. Not
all IRs have been determined.

Diagram from Mahillon and Chandler (1998).
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ISAs{ CTGCAGGGCGGGATCGCACTTITG
CAGTAGGCCAGGGCGGGAGCACA
{SSef CAGGGAAAAACACATAAGATTGT
AAGGCATGATTACGCCCCCCCGT
IS1358 CAGGGAAACCGCATGAAGGTCGT
CACGGAAACCGCATGAACATTAC
ISEc! CAGGGAAAGATCATCAAAAGTTC
CAGGGCAAGATTACGAAAGCCCG
ISPg2 CAGGGCTGACGCATTAAAAACAG
CAGGGGTGACGCATTAAAATTGT
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kb. The Rhs element is made up of a number of different components with the biggest
segment (core-open reading frame) encoding a possible cell wall, surface ligand binding
protein. Every element also contains a H-repeat which displays normal insertion sequence
features including inverted repeats. To date however no transposition activity has been

detected for this component of the Rhs element.

1.6.2 ISAsI

The tetragonal paracrystalline surface protein array (A layer) of the fish pathogen
Aeromonas salmonicida is a virulence factor which is essential for the bacterium’s ability
to kill fish (Ishiguro et al., 1981). It has been demonstrated that the production of the A-
layer in A. salmonicida involves endogenous IS elements, ISAs] and ISAs2. These
elements are capable of transposing/inserting into either the promoter region or structural
gene of the A-layer subunit protein resulting in either reduced levels, truncated forms or
complete loss of the protein. ISAs2 does not belong to the ISAs] family of insertion
sequences (Mahillon and Chandler, 1998). ISAsl appears to be a typical insertion
sequence element with inverted repeats at either end of the transposase and the production
of direct repeats (8 bp) of the target sequence after transposition.

ISAs] does not specifically insert into the gene for the A-layer protein and is
capable of inserting into other sites on the chromosome although insertion frequency and
selection for A-layer mutants showed that this element preferentially inserted into the
structural gene (vapA) (Gustafson et al., 1994). The ‘mobile nature of ISAs/ was until
recently the only known mobile element in the ISAsl family of insertion sequences

(Mahillon and Chandler, 1998).
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1.6.3 IS1358

As previously mentioned 1S1358 was first discovered in the V. cholerae O1 O-
antigen biosynthesis locus it was found to be defective due to point mutations effecting the
ORF of the putative transposase. This element consisted of three ORFs which were
originally designated rfbQ, rfbR and rfbS before subsequently being renamed IS1358d1
(Stroeher et al., 1995).

IS1358 is the second element in the ISAs] family of insertion sequences that has
been shown to function and hence produce an active transposase. Recently, Dumontier e?
al (1998) demonstrated transposition of one IS] 358 element from V. cholerae 022. This
suggests that 11358 elements with a single ORF are functional and are able to undergo
transposition, at least under laboratory conditions.

IS1358 due to its apparent linkage to polysaccharide synthesis genes has been
implicated in genetic rearrangements of these regions. The fact that IS1358 is capable of
transposition supports a possible role for this element in rearrangements of polysaccharide

biosynthesis genes.

1.6.4 H-repeats of Salmonella enterica and their role in
genetic rearrangements

The structures of the O-units of the S. enterica serogroups A, B, D1, D2 and E are
very similar as they all have a mannosyl-thamnosyl-galactose backbone. The O-antigen
biosynthesis regions that encode the O-antigens of the§e serogroups are similar and have
similar genes and genetic arrangements. Xiang et al (1994) examined a number of S.
enterica serogroups for the presence of particular biosynthesis genes and showed that the

organisation of the D2 region was very similar to the D1 O-antigen biosynthesis region

(Fig. 1.23).



Figure 1.23: The rfb/wba regions of S. enterica groups D1, D2 and E1.

A comparison of the O-antigen biosynthesis loci of S. enterica groups D1, D2 and E1. The
new nomenclature for these regions as proposed by Reeves et al. (1996) are indicated
above the genes. The old ORF designation of these genes can be found in the text. The
ORF representing the H-repeat element located in D2 is an arrow with stripes. Diagram

adapted from Xiang et al. (1994).
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The major differences between the D1 and D2 serogroups are the configuration of
the mannose used in the sugar backbone (Fig. 1.24) (Xiang et al., 1994). In D1 o-mannose
is used while B-mannose is utilised in the D2 and E serogroups. The E serogroup is also
similar to the D serogroup except it does not have the tyvelose side chain sugar (Fig. 1.24).
In addition the linkages used to form the O-chains (ie linkage between galactosyl and
mannose) during polymerisation are different with D1 having 0(1,2) and D2 and El using
o(1,6) linkages. It was from this information that Xiang ef al (1994) proposed the
suggestion that the O-antigen biosynthesis region of the D2 serogroup was a hybrid of both
the D1 and E groups. This suggestion was further supported by immunological studies
which showed cross-reactivity of specific groups antigens within these serogroups
(Liideritz et al., 1966).

The proposed mechanism for the generation of the D2 rfb/wba tegion involves
recombination of the D1 rfb/wba region with the rfb/wha region from the E serogroup by
intraspecific recombination. Xiang et al (1994) propose that a segment of DNA containing
the E1 genes (rfc/wzy and rfbO/wbaQ) possibly located on a plasmid replaced rfbUwbalU
in the chromosome of the D1 strain (Fig 1.25). This process would facilitate the changes
seen in the configuration of the mannosyl residue and the formation of the c(1,6) linkages.
Figure 1.25 demonstrates the possible role of the H-repeat in the exchange of DNA to form
the new rfb/wba region. The H-repeat lies in the junction of the El and D1 homologous
genes of the D2 rfb/wba locus which suggests it did play a role in this recombination event.
Xiang et al (1994) suggest that the recombination event mediated by the H-repeat can be
explained by an attempted H-repeat transposition in which the cointergate is not resolved

by site-specific recombination but rather by homologous recombination of the adjacent

DNA (Fig. 1.25).



Figure 1.24: Structures of the O-units from S. enterica groups D1, D2
and E1.

The chemical structures of the O-units from S. enterica groups D1 and D2 and El are
presented for comparison. Abbreviations: Gal, galactose; Man, mannose; Rha, thamnose;

Tyv, tyvelose; Glc, glucose, Oac, acetate. Diagram from Xiang et al. (1994).



Tyv Glc-20Ac

o l1,3 .al1,4

o o
D1 —[Man — Rha — Gal |-
2 1’4 1,3

Tk

Tyv
(v l1,3

| B o o
D2 —[Man —> Rha — Gal |—>
o [wtan’ 2 Pa 3 1

OAc

!

B o o
E1 —|Man — Rha — Gal }——»
6 [ 1,4 1,3 1




Figure 1.25: Proposed mechanism for the involvement of H-repeats in
genetic rearrangements.

The formation of a cointegrate between a chromosome carrying the D1 rfb region and a
plasmid carrying an E1 rfb region form as a result of H-repeat transposition. The dotted
lines indicate the sites of two recombination events; the transposition of the H-repeat into
rfc* and a second mediated by homologous recombination which resolves the cointegrate.
The new D2 chromosome proposed to have been generated by this mechanism is shown.

Diagram from Xiang et al. (1994).
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1.7 Aims of this thesis

Vibrio anguillarum is an important fish pathogen that causes mortality in
commercial aquaculture. In recent years research has provided some insight into the
mechanisms that may be involved in the pathogenesis of this organism. However, little is
known about the virulence determinants of this pathogen or how they contribute to the
disease process. LPS has been shown to be essential for virulence. To date little is known
about the genetics of the biosynthesis region.

Therefore the aims of this thesis are :

1) to identify virulence determinants important in the pathogenesis of this bacteria

2) to examine the relationship between V. cholerae and V. anguillarum in relation to the
previously described insertion sequence, 1S1358 and

3) to isolate, clone, sequence and characterise the O-antigen biosynthesis regions of V.

anguillarum O1 and O2.
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Chapter Two

Materials and Methods

2.1 Bacterial strains and plasmids

The Vibrio anguillarum and Vibrio cholerae strains used in this study are listed in
Table 2.1. Table 2.2 lists the Escherichia coli strains used in this study. The plasmids

constructed and the cloning vectors used during this study are described in Table 2.3.

.2 Maintenance of bacterial strains

Strains in routine use were stored as a suspension of freshly grown bacteria in
glycerol (32% VIv) and peptone (0.6% w/v) at -70°C. Fresh cultures were prepared from
glycerols by streaking the glycerol suspension onto a nutrient agar plate (with or without
antibiotic, as appropriate) followed by incubation overnight just prior to use.

For long term storage, all strains were maintained as lyophilised cultures stored in
vacuo in sealed glass ampoules at 4°C. When strains were required the glass ampoule was
opened and its contents resuspended in 100 pl of appropriate sterile broth. Half of the
contents were then used to inoculate a 10 ml bottle of nutrient broth and incubated with
aeration overnight at the appropriate temperature. The remaining half was streaked for
single colonies onto a nutrient plate. If the colony morphology was uniform, single
colonies were then selected and used in subsequent experiments. Antibiotics were used

when appropriate.



Table 2.1: List of Vibrio strains used in this study

Strain: Serotype/Characterisctics Source
Vibrio anguillarum

ATCC43305 01 P. Hanna®
ATCC43306 02 P. Hanna
ATCC43307 03 P. Hanna
ATCC43308 04 P. Hanna
ATCC43309 05 P. Hanna
ATCC43310 06 P. Hanna
ATCCA43311 07 P. Hanna
ATCC43312 08 P. Hanna
ATCC43313 09 P. Hanna
ATCC43314 010 P. Hanna
86/3674 01 J. Carson”
85/3954-1 01 J. Carson
85/3954-2 01 J. Carson
89/3748 not typed J. Carson
NB10 01 D. Milton®
KMm2 NB10, TnSphoA D. Milton
KM16 NB10, TnSphoA D. Milton
KM97 NB10, Tn5phoA D. Milton
KM110 NB10, Tn5phoA D. Milton
Vibrio cholerae

Type strain collection O1to 0154 M. J. Albert
017 01 M. J Albert
Hi 01 M. J Albert
CA401 01 M. J Albert
717561 01 M. J Albert

Vibrio parahaemolyticus

NCTC 10884
AA-3853
X-4844
Y-17233

Vibrio mimicus
V800

M-33

M-35

N-4459

Vibrio fluvialis

AL-1577
AL-14413

IMVS, Australia

M. J. Albert
M. 1. Albert
M. J. Albert

Lab strain

M. J. Albert
M. 1. Albert
M. J. Albert

. Albert
. Albert

2%

a Deakin University, Australia
b Fish Health Unit, Launceston, Tasmania, Australia
¢ Ume# University, Sweden



Table 2.2: List of Escherichia coli strains used in this study

Strain Characteristics Source/Reference
Escherichia coli
E. coli K-12
DHS5 F,recAl,endAl,hsdR17 Bethesda Research
(re,my"), supE, 44, X Laboratories
Jthil,gyrA,relAl
DH5o F,80d,lacZAM15A Bethesda Research
(lacZYAlargF), U169 Laboratories
recAl endAl,hsdR17
(ne,my"), supE, 44\, thil,
gyrA,relAl
E2096 DH5 + pGP1-2 Laboratory Collection
§17-1 RP4 2-Tc::Mu-Km::Tn7, U Priefer
Pro, res”. Mod®, recA” Tp,
Sm®
SM10 Apir, thi, thr, leu, tonA, lacY, Taylor et al., 1989
supE, recA::RP4-2Tc: Mu
E1196 SMlOKplr pRT733, Amp*, Taylor et al., 1989
Km®
Shigella flexneri
2457T S. flexneri 2a Formal et al., 1958
RMA696 2457T rollwzz: Km" Van Den Bosch et al., 1997
PE638 S. flexneri Y rpoB nfR Morona et al., 1994
RMA3361 C. Daniels

RMA903

S. flexneri rfbD: Km®
S. flexneri 2a bgt: Km"

Mavris et al., 1997




Table 2.3: List of plasmids or cloning vectors

Plasmid Characteristics Source/Reference

pRT733 TnphoA, Km®, Amp® Taylor et al., 1989

pGP1-2 T7 RNA polymerase Kan®  Tabor and Richardson, 1985

pGEM5Z+ AmpR Promega

pGEM-T Amp® Promega

pBluescript KS* Amp® Stratagene

pBC-KS* Cml® Stratagene

pSUP202 Tet?, Amp®, Cml® Simon et al., 1983

pTB023 TetR, Cml®, cosmid cloning T. Barnett
vector

pPM2101 Tet®, AmpR, cosmid cloning  Manning et al., 1985
vector

pPM4901 virB/wbhL in pGEM-T This study (Section 4.2.12)

pPM4905 cosmid clone, IS1358 to This study (Section 4.2.12)
wbhN in pPM2101

pPM4910 cosmid clone in pPM2101 This study (Section 5.2.1)

pPM4917 cosmid clone, IS1358 to This study (Section 4.2.12)
wbhN in pPM2101

pPM4918 cosmid clone, IS1358 to This study (Section 4.2.12)
wbhN in pPM2101

pPM4931 0.36 kb HindIII fragment This study (Section 5.2.2)
from pPM4905 in pBC-KS”

pPM4934 0.40 kb HindIIl fragment This study (Section 5.2.2)
from pPM2101 in pBC-KS"

pPM4940 1.2 kb HindIll fragment from  This study (Section 5.2.2)
pPM4905 in pBC-KS*

pPM4941 PstI-EcoRI fragment from This study (Section 5.2.2)
pPM4905 in pBC-KS™

pPM4943 1.2 kb HindIII fragment from  This study (Section 5.2.2)
pPM4905 in pBC-KS*

pPM4944 1.5 kb HindIlI fragment from  This study (Section 5.2.2)
pPM4905 in pBC-KS*

pPMA4947 1S1358 from ATCC43305in  This study (Section 4.2.3)
pGEM-T

pPM4948 IS1358 from 86/3748 in This study (Section 4.2.3)
pGEM-T

pPM4949 1S1358 from ATCC43307 in  This study (Section 42.3)
pGEM-T

pPM4950 1S358 from ATCC43311in  This study (Section 4.2.3)
pGEM-T

pPM4951 1S1358 from ATCC43313in  This study (Section 4.2.3)
pGEM-T

pPM4952 1S1358 from ATCC43306in  This study (Section 4.2.3)

pGEM-T




Table 2.3 continued..

pPM4953
pPM4954
pPM4955
pPM4958
pPM4966
pPM4967
pPM4968
pPM4983
pPM4990
pPM4991
pPM4993
pPM4995
pPM4998
pPM5501
pPM5502
pPM5503
pPM5504
pPM5510
pPM5512
pPM5513
pPM5514

pPM5515

1S1358 from 85-3954-1in
pGEM-T

IS1358 from 85-3954-2 in
pGEM-T

1.4 kb Xbal fragment from
pPM4910 in pBC-KS*
IS1358 from ATCC43313 in
pGEM-T

1.8 kb fragment from
ATCC43306 in pGEM-T
2.2 kb fragment from
ATCC43306 in pGEM-T
0.72 kb fragment from
ATCC43306 in pPGEM-T
Pst1-Clal fragment from
pPM4905 in pBC-KS*
EcoRV-Pstl fragment from
pPM4910 in pBC-KS*
Pstl-EcoRV fragment from
pPM4910 in pBC-KS*

Xbal fragment from pPM4905

in pBC-KS”*

EcoRV-Pst] fragment from
pPM4905 in pBC-KS*

4.5 kb Bg/Il fragment from
pPM4905 in pBC-KS*
HincII-Pst1 fragment from
pPM5502 inpBluescript-KS*
PCR product amplified from

85-3954-2, cloned in pPGEM-T

Hincll fragment from
pPM5502 in pBluescript-KS*
Hincll fragment from
pPM5502 in pBluescript-KS”
Ndel Inverse PCR product

from ATCC43306 in pPGEM-T
Cosmid clone from 85-3954-2

in pTB023

Cosmid clone from
ATCC43306 in pPM2101
Cosmid clone from
ATCC43306 in pPM2101

4.8 kb HindIII fragment from
pPM5512 in pBluescript-KS*

This study (Section 4.2.3)
This study (Section 4.2.3)
This study (Section 5.2.2)
This study (Section 4.2.3)
This study (Section 4.2.6)
This study (Section 4.2.6)
This study (Section 4.2.6)
This study (Section 5.2.2)
This study (Section 5.2.4)
This study (Section 5.2.2)
This study (Section 5.2.2)
This study (Section 5.2.2)
This study (Section 5.2.3)
This study (Section 5.2.4)
This study (Section 5.2.4)
This stud (Section 5.2.4)

This study (Section 5.2.4)
This study (Section 4.2.7)
This study (Section 5.2.1)
This study (Section 4.2.8)
This study (Section 4.2.8)

This study (Section 5.2.5)
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Strains for long term storage were prepared by suspending several loopfuls of
bacteria in a small volume of sterile skim milk. Small aliquots of this suspension are
aliquoted into sterile 0.25 x 4 inch freeze drying ampoules and the end of the ampoule
plugged with sterile cotton wool. The samples were then lyophilised in a freeze drier.
After the sample was completely dried and the vacuum released the cotton wool plug was
pushed into the ampoule and the neck of the container is constricted just above the plug.
The ampoules are evacuated to a partial pressure of 30 microns and then sealed at the
constriction without releasing the vacuum. The ampoules are then labelled and stored at

4°C.

2.3 Growth media

For routine bacterial cultivation of V. cholerae and E. coli strains the following
nutrient media were used. Nutrient broth (NB) which consisted of Lab Lemco (oxoid) (10
g/l), Bactopeptone (oxoid) (10 g/) and sodium chloride (NaCl) (5 g/) or Luria-Bertani
broth (LB) which is composed of Bacto-tryptone (10 g/l) (Difco), Bacto-yeast S gh
(Difco) and NaCl (5 g/l as described by Miller (1972). For cultivation of V. anguillarum
strains Tryptic Soy Broth (TSB) (Difco) supplemented with 1.5% (w/v) NaCl was used.
Solid media used in this study consisted of nutrient agar (NA) which is composed of the
same ingredients as NB except 1.5% (w/v) Oxoid-Bacto Agar has been added. TSA was
TSB (Difco) 1.5% (w/v) NaCl and 1.5% (w/v) Oxoid-Bacto Agar. Methionine assay
medium (Difco) was reconstituted according to manufacturers instructions, unless
otherwise specified.

Antibiotics were added when required to broth and solid media at the following
final concentrations: ampicillin (Ap), 50 pg/ml; kanamycin (Km), 50 pg/ml; rifampicin

(Rif), 200 pg/ml ; chloramphenicol (Cm), 25 pg/ml; tetracycline (Tet), 4-8 pg/ml



47

depending on the strain used. Colour indicator plates contained X-gal (5-Bromo-4-chloro-
3-indolyl-B-D-Galactopyranoside) (Boehringer Mannheim) dissolved in dimethyl
formamide at a final concentration of 40 pg/ml and IPTG (Isoropyl-B-D-

thiogalactopyranoside) (Boehringer Mannheim) at 24 pg/ml.
Cultures of V. cholerae and E. coli were incubated at 37°C unless otherwise

specified. V. anguillarum was grown at 25°C to 30°C. Liquid cultures were normally
grown in 20 ml narrow neck McCartney bottles. Optical densities (OD) were measured at

600 nm using a spectrophotometer (Pharmacia LKB, Sweden).

9 4 Chemicals and Reagents

Chemicals were Analar grade. Phenol, sodium dodecyl sulphate (SDS), ethanol,
methanol, propan-2-ol, hydrochloric acid, glycerol, ammonium acetate and sucrose Were
from BDH Chemicals. Tris (Trisma base), herring sperm DNA, Tween 20 and ethidium
bromide were from Sigma (St. Louis, MO). Ethylene-diamine-tetra—acetic-acid, disodium
salt (EDTA), caesium chloride, citric acid, calcium chloride, magnesium chloride and
sodium hydroxide were obtained from Ajax Chemicals, NSW, Australia.

Antibiotics were purchased from Sigma (ampicillin, kanamycin sulphate,
rifampicin). and Calbiochem (tetracycline, chloramphenicol). Al other anti-microbial
agents (dyes, detergents) were purchased from Sigma Chemical Co., BDH Chemicals td,,
Glaxo, or Calbiochem.

The following eleg:trophoresis grade reagents were obtained from the sources
indicated: acrylamide and ammonium persulphate (Bio-Rad), ultra pure N,N’-methylene
bis-acrylamide and urea (BRL). N,N,N’,N’-Tetramethyl-ethylenediamine (TEMED) was

purchased from (Sigma).
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The four deoxyribonucleotide triphosphates (dATP, dCTP, dGTP and dTTP), X-gal
(5-Bromo-4-chloro-3-indolyl-b-D-galacto-pyranoside) and PTG (isopropyl-B-D-
thiogalacto-pyranoside) were obtained from Boehringer-Mannheim.

Sequencing kits using either dye-labelled primer or dye-labelled terminators were
purchased from Perkin Elmer Applied Biosystems (Foster City, California). [35S]-
methionine (1,270 Ci/mmole) was purchased from Amersham. Digoxigenin (DIG)

labelling and detection kits were purchased from Boehringer-Mannheim.

2.5 Enzymes

Lysozyme was obtained from Sigma, while pronase and proteinase K were obtained
from Boehringer-Mannheim.  All restriction endonucleases were purchased from
Boehringer-Mannheim, New England Biolabs or Progen, and used according to the
suppliers instructions. Other DNA modifying enzymes were purchased from the following
suppliers: Progen (T4 DNA ligase, calf intestinal phosphatase) and Boehringer-Mannheim
(molecular grade alkaline phosphatase). Taq polymerase (Ampli Taq) was purchased from
Perkin Elmer Cetus Corp. Long range PCR kits were purchased from Boehringer-
Mannheim and were used according to manufacturers instructions. The pGEM-T cloning
system was supplied by Promega.

Horseradish peroxidase-conjugated goat anti-rabbit IgG was obtained from
Kirkegaard and Perry Laboratories Inc. Anti-digoxigenin-AP (Fab fragments) were from

Boehrir_lger-Mannheim.

2.6 Synthesis of oligonucleotides

Oligonucleotides were synthesised on an Applied Biosystems 381A DNA

synthesizer in the trityl-off mode and butanol extracted prior to use. Reagents were



Table 2.4: Oligonucleotide primers used in this study

OIigonucleotide# Sequence: 5°-3° Location/Description
773 CA(G/C)GGAAACCGCATGAA 1S1358, inverted repeats
1065 TTCATGCGGTTTCC(C/G)TG 1S1358, inverted repeats
1088 TTTACTCCTATGCACTTG virB, (nt 25691-25709)
1089 GAGATAGTACTGCTAGAA virB, (nt 26850-26832)
2091 GATGAATCCGGCAGCGTT 1S1358, (nt 10214-10231)
2092 GCTACAGCCGATTCTTGG 1S1358, (nt 10792-10775)
2177 TCTTCCCCATCGGTGATG pPM2101, Tet® gene
2178 TTTAGGTACGCCTTCTCG whhK, (nt 24916-24898)
2181 TCAGCACATCCTTTACTG ddhB, (nt 15176-15194)
2182 GTGAGTTAATGGCCTATG ddhA, (nt 14581-14599)
2193 GCTGGGATGGCATTATCG 1S1358, (nt 10102-10120)
2194 TCTCTGTTGCTACAGCCG 1S1358, (nt 10800-10782)
2218 CCACAGTATCAGTTTTGG omF
2219 AAACGCAATGCAGCACGC otnG
2220 TTCACGGGTTGTACGTCG otnG
2221 GAACAACGCTTTCTCCTC ddhC, (nt 15888-15870)
2222 GCTAACCTATTAGCACTG ddhC, (nt 16049-16067)
2223 TTCAGGTTCTGTTGTACC 3¢ end (nt 30057-30039)
2225 TGTCTCTTGGCATAAAGC ddhB, (nt15685-15703)
2226 GAGTGGCATACATGCACC 1.8 kb fragment between IS1358 in V. anguillarum 02
2227 CTCTGGGCTATAACCAGC 1.8 kb fragment between IS1358 in V. anguillarum O2
2278 GGGCGAGTAAGGATTTAC 1.8 kb fragment between IS1358 in V. anguillarum O2
2280 GGGGTATGATTATGGATC wbhG, (nt 21612-21630)
2281 GGTATGAGCTCTGGTGGA wbhG, (nt 21390-21372)
2282 TGGGCAACCAATGGATAC ddhA, (nt 14613-14631)
2283 ACCCATAAATCTCTGGCG wbhE, (nt 20429-20411)
2284 TGCTCCAAGAACTTTACC ddhC, (nt 15913-15896)
2285 AACCGAGAGTGGGTTTGG ddhB, (nt 15110-15128)
2286 AGATGCATTCACACCCGC ddhD, (nt 13877-13895)
2287 CTCACGCGACAATACTAA ddhD, (nt 13706-13691)




Table 2.4 continued..

2288 TCGAAAGCCTTATCGGGCGGT reading out of IS7358, (nt 11083-11099)

2298 AGGTGGCATTAAACGCAAACGGATGAACTG IS1358, (nt 11021-11051)
2301 GTGAATGCATCTGAGAAAAATGCATCGTTCGGG  ddhC, (nt 13890-13857)
2303 TTCTTACATGCGAGATAG wbhH, (nt 22054-22072)
2304 AATGTTATGGGTACGGTC ddhB, (nt 15018-15036)
2305 CATATTGGCTGGATGGCC wbhE, (nt 19937-19919)
2332 GGGGTAGAGAATACTTTC wbhB, (nt 12632-12649)
2333 CAACTATCAATGATACCG wbhB, (nt 12086-12068)
2334 TCTCGAGAGATATTCTCG wbhB, (nt 11494-11512)
2335 TTTATAATCGAGTTTCCAAGTTCGAGTATCCAG  wbhN, (nt 28254-28287)
2339 TGGTTGGTACCATTGGTG ddhC, (nt 16387-16405)
2340 CACAGAGCCAGCACCAAC wbhlJ, (nt 24427-24409)
2356 GTCAACCATATTTTGAGC ddhC, (nt 16932-16950)
2357 AATACCAGCAGTACACAG wbhl, (nt 23946-23928)
2360 TTCACTCAGATGTTCGAC wbhK, (nt 25412-25394)
2361 TTACTATAAGATTGCGCC wbhL, (nt 25811-25793)
2362 TGGAGAGTTCCTGTCCAC wbhN, (nt 28544-28562)
2363 AAGTTATGGGTAGCAATG wbhM, (nt 27651-27669)
2365 CACGCAATACATCGGCAA 1.8 kb fragment between IS1358 in V. anguillarum O2
2366 CACTGTCCGACCGCTTTG BamHI site in pPM2101
2372 TTGCAGACTGTTGGCTGG wbhC, (nt 17368-17386)
2373 GTAAAGGTCACTGAAGCG intergenic region between wbhH/wbhl, (nt 23523-23505)
2393 GCTTTTCCGTCACTGCAC 1.8 kb fragment between IS1358 in V. anguillarum O2
2398 CTGACACTCCAATAACAAC wbhH, (nt 23165-23147)
2399 CCAAAATTGTCGCGGCTC 3¢ end, (nt 30413-30395)
2400 TGATCGTGCAGCCCACTC 3‘ end, (nt 29024-29042)
2405 ATCAACTTACCGAGTGGG wbhE, (nt 20561-20543)
2405 GAGAAACTAGATGCTTATTT wbhG, (nt 21178-21160)
2408 TAATGATTTAAAGCAACCAG wbhH, (nt 22492-22510)
2438 AAGCAAATCAGTGGCCTG rfe

2440 CGCTAGGTATTCCCACATG wbhC, (nt 17815-17833)
2473 GCATATAGATTTAGCCCG wbhC, (nt 18204-18222)
2474 GATAAACGCCAGAGATTT wbhE, (nt 20423-20405)
2486 GAGAAGCATATGGTATIG wbhC, (nt 18623-18641)




3034 GTACGaATtcAAAAATGCTTCGTACG wbhB, (nt 12902-12877)

3035 AAAAgAatTCGGTAAAGACTATATC wbhE,(nt 19438-19463)
3036 ATTGaAtTcTAGATAGAATGTATG wbhE, (nt 20688-20665)
3038 TAGACCTAAGGGCGGTAG rmlB, (nt 2865-2883)
3039 ACCCGCTAAGATAATGCC rmiB, (nt 4035-4018)
3040 AACCTATGCTTAAGAATGAC rmlD, (nt 4827-4847)
3041 ATTTTGACATCAGGAATGTC rmiD, (nt 5815-5795)

nt denotes nucleotide position and corresponds to the sequence of the whh region (Appendix 1). Lower case letters indicate base
substitution to insert restriction sites. Cleavage sites for the restriction endonucleases EcoRI (GAATTC) and PstI (CTGCAG) are
bolded.
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purchased from Applied Biosystems or Ajax Chemicals. Some oligonucleotides were
purchased from Bresatec or Sequencing Laboratory, IMVS, Adelaide, which were
lyophilised and then resuspended in sterile milli-Q water to optimal OD. The

oligonucleotides used in this study are listed in Table 2.4.

2.7 Transformation Procedure

Transformation was performed essentially according to the method described by
Brown et al. (1979). E. coli DH50 strains were made competent for transformation with

plasmid DNA as follows: an overnight shaken culture (in NB) was diluted 1:20 into NB
and incubated with aeration until the culture reached an Ay, OD of 0.6 (4 x 108 cells/ml).

The cells were chilled on ice for 20 min, and pelleted in a bench centrifuge (5, 000 rpm,

IEC centrifuge) before resuspending in half volume of cold 100 mM MgCly, centrifuged
again and resuspended in a tenth volume of cold 100 mM CaCly. The cells were allowed

to stand for 60 min on ice before addition of DNA. Competent cells (0.2 ml) were then

mixed with 1 pl (100 ng) DNA and left on ice for a further 30 min. The cel/DNA mixture
was heated at 37°C for 3 min and left on ice for at least 15 mins. Depending on selection

cells were either plated directly or left shaking at 37°C for 45 to 90 min before plating onto

selective media. Cells without DNA were included as controls.

2.7.1 Super competent cells

A 10 ml overnight culture in LB was diluted 1:20 into LB and incubated with
aeration until an Aggo OD of 4 x 108 cells/ml was reached. The cells were chilled on ice for

5 min, pelleted at 4°C in a bench centrifuge (5, 000 rpm, IEC centrifuge) and resuspended
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in 10 ml of solution A (30 mM KAc, 100 mM KCl, 10 mM CaCl,, 50 mM MnCl,, 15%
glycerol). The suspension was pelleted for 10 minutes at 4°C as above and resuspended in
1 ml of solution B (10 mM MOPS, 75 mM CaCl,, 10 mM KCl, 15% glycerol) and left on
ice for 1-2 hours before use. Alternatively the bacterial suspension in solution B waé

aliquoted into 100 pl lots and stored at -70°C.

2.7.2 Electroporation of Shigella

Electrocompetent S. flexneri cells were freshly prepared according to the Bio-Rad
protocol. An overnight broth of S. flexneri (500 pl) was used to inoculate 10 ml Luria
broth and incubated at 37°C with aeration until the cells reached an ODggy 0.5-0.8. The
cells were centrifuged (5, 000 rpm, IEC centrifuge) for 10 min at 5000 rpm and the
supernatant discarded. The cells were subsequently resuspended in 5 ml of ice-cold sterile
10% (v/v) glycerol and then centrifuged again for 5 min at 5000 rpm. Finally, the cell

pellet was resuspended in 1 ml of ice-cold 10% (v/v) glycerol and kept on ice. The cells

were either stored at -70°C or used immediately.

In a sterile microfuge tube on ice, plasmid DNA (in TE or sterile Milli-Q water) as
mixed with 100 pl of electrocompetent S. flexneri and then transferred to an ice-cold sterile
E. coli Pulser ™ cuvette (0.2 cm electrode gap, Bio-Rad). The gene pulser (Bio-Rad) was
set at 25 UF with the pulse controller at 200 Q. The S. flexneri cells were pulsed at 2.5 kV
with time constants of 4.6 - 4.8 msec. Immediately after electroporation, 1 ml of LB was
added to the cuvette, the contents mixed and transferred to a sterile microfuge tube, and
then incubated at 37°C for 60-90 min. After centrifugation at 15,000 rpm (Hereus Biofuge
15) for 1 min, the supernatant was discarded and the cells gently resuspended in 200 pl of

sterile LB and plated onto NA containing appropriate antibiotic.
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2.8 Bacterial Conjugation

2.8.1 Method 1

Broth cultures grown in either NB or LB for 18 h were diluted 1:20 and grown to
early exponential phase with slow agitation for 4 h. Donor and recipient bacteria were
mixed at a ratio of 1:10 and the cells pelleted by centrifugation (5000 rpm, 5 min, [EC
centrifuge). The pellet was gently resuspended in 200 pl of broth and spread onto a

cellulose acetate membrane filter (0.45 mm, type HA, Millipore Corp.) on a NA plate.

Plates were then incubated for 3 h at 37°C. The cells were washed off the filter in 10 ml

NB and harvested by centrifugation as above. The cells were subsequently plated onto

selective agar and incubated overnight at 37°C.

2.8.2 Method 2

Both the donor and recipient bacterial cells are grown in 10 ml broths for 18 h. The
bacteria are then sub-cultured (1/20) and allowed to grow until late log phase (O.D.¢o0 =
1.0). In an 1.5 ml microfuge tube, 0.5 ml of each culture was centrifuged (1 min, 15k,
Heraeus Biofuge 15) and the supernatant removed. To the bacterial pellet 50 pl of fresh
broth (no antibiotics) was added and the pellet was resuspended. The resuspended pellets
were mixed gently and the mixed bacterial suspensions were then spotted directly onto a
TSA plate containing no antibiotics and incubated at 30°C for 16 h. After incubation, the
spotted suspension was scrapped off the plate with a sterile loop and resuspended in 2 ml
of fresh broth with no antibiotic. The mixture was vortexed to achieve a bacterial
suspension and then 25-100 pl of diluted suspension is plated (10%-10%) onto the

appropriate selective media. The selection used for V. anguillarum was either TCBS
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Vibrio media (Oxoid) or VAM (sorbitol, 15g (Sigma); yeast extract, 4g; bile salts (Oxoid),
5g; NaCl, 35g; ampicillin, 10mg; cresol red (Sigma), 40mg; bromothymol blue (Sigma),

40mg; agar, 15g dissolved in distilled water, 1000ml) as. described by Alsina et al., 1994,

2.9 DNA extraction procedures
2.9.1 Plasmid DNA extraction procedures

2.9.1.1 Method 1

Plasmid DNA was isolated by small scale plasmid purification. The three step
alkali lysis method used was a modification of Garger et al. (1983). Overnight bacterial
cultures (1.5 ml) were transferred to a microfuge tube, harvested by centrifugation (1 min,
15k rpm Heraeus Biofuge 15), and resuspended in 100 pl of solution I (50 mM glucose, 25
mM Tris-HCl, pH 8.0, 10 mM EDTA). The subsequent addition of 200 pl of solution I
(0.2 M NaOH, 1% (w/v) SDS) followed by a 5 min incubation on ice resulted in cell lysis.
After the addition of 150 pl of solution III (60 ml of 5 M KAc, pH 4.8, 11.5 ml of glacial

acetic acid and 28.5 ml of HpO) and a further 5 min incubation on ice, protein,

chromosomal DNA and high molecular weight RNA were collected by centrifugation (8
min, 15k rpm Heraeus Biofuge 15). The supernatant was transferred to a fresh tube and
extracted once with TE-equilibrated phenol. Plasmid DNA was precipitated by the addition
of 2 volumes of 100% ethanol and a 5 min incubation on ice. The DNA was collected by
centrifugation (15 min, 15k rpm Heraeus Biofuge 15), washed with 70% (v/v) ethanol and

dried in vacuo. The pellet was resuspended in 40 pul of 1x TE.
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2.9.1.2 Method 2

Alternatively small scale plasmid preparations were also done essentially as above
except after the removal of protein, chromosomal DNA and high molecular weight RNA,
the supernatent was transferred to fresh tube and 250 pl of 7.5 M Ammonium acetate pH
7 8 added. This was incubated on ice for a further 15 min and centrifuged for 15 min at
15k rpm (Heraeus Biofuge 15). The resultant supernatant was transferred to a fresh tube
and the plasmid DNA precipitated by the addition of 0.8 ml propan-2-ol and incubation on
ice for 15 min. The DNA was collected by centrifugation (15 min, 15k rpm Heraeus
Biofuge 15), washed with 70% (v/v) ethanol and dried in vacuo. The pellet was then

resuspended in 50 pl 1 x TE or MQ.

2.9.2 Cosmid preparation

Cosmid DNA was collected by using Triton X-100 cleared lysates from 10 ml
overnight cultures by a modification of the procedure described by Kahn et al. (1979).
Cells were resuspended in 0.4 ml 25% (w/v) sucrose in 50 mM Tris-HCl, pH 8.0.
Lysozyme (50 pl, 10 mg/ml freshly prepared in H,0) and 50 ul of 0.25 M EDTA, pH 8.0
were then added to cells in microfuge tubes and left to stand on ice for 15 min. 0.5 ml TET
buffer (50 mM Tris-HCl, 66 mM EDTA, pH 8.0, 0.4% (v/v) Triton X-100) was added and
the suspension mixed by inversion of the tubes. The chromosomal DNA was pelleted by
centrifugation (20 min, 4°C, Eppendorf) and the supernatant was extracted twice with TE
saturated phenol (pH 7.5) and twice with diethyl-ether.J Plasmid DNA was precipitated by
the addition of 0.6 volumes of propan-2-ol and allowed to stand at 270°C for 30 min. The

precipitate was collected (15 min, 15k rpm Heraeus Biofuge 15), washed once with 1 ml

70% (v/v) ethanol, dried in vacuo and resuspended in S0 ul 1 X TE buffer.
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2.9.3 Preparation of genomic DNA

Genomic DNA from either V. cholerae or V. anguillarum was prepared according
to Manning et al. (1986). Cells from a 10 ml shaken overnight culture were pelleted in a
bench centrifuge (IEC centrifuge) for 10 min at 4k rpm and resuspended in 2 ml of 25%
(w/v) sucrose. Subsequently 1 ml '50 mM Tris-HC], pH 8.0. with lysozyme (10 mg/ml in
0.25 mM EDTA, pH 8.0) was added and the mixture incubated on ice for 20 min. TE
buffer (0.75 ml) and 0.25 ml of lysis solution (5% (w/v) Sarkosyl, 50 mM Tris-HCl, pH

8.0, 0.25 mM EDTA, pH 8.0) were added, together with 2 mg solid pronase. The mixture

was gently vortexed, and incubated at 60°C for 60 min. This was followed by three
extractions with TE-saturated phenol and one extraction with diethyl-ether. The genomic
DNA was precipitated with 9 mls of ice cold 100% ethanol, spooled onto a Pasteur pipette,

washed in 70% (v/v) ethanol, and resuspended in 1 ml of MQ water.

2.10 Analysis and manipulation of DNA

2.10.1 DNA quantitation

The concentration of DNA in solutions was determined by measurement of

absorption at 260 nm and assuming an A, of 1.0 is equal to 50 mg dsDNA/ml (Miller,

1972).

2.10.2 Restriction endonucleases digestion of DNA

Most cleavage reactions were performed using the restriction enzyme buffer
recommended by the manufacturers. 0.1-0.5 pg of DNA or purified restriction fragments

were incubated at 37°C, for 1-2 h with 2 units of each restriction enzyme in a final volume
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of 20 pl. Chromosomal digests (1-5 pg) were incubated overnight at 37°C with 4 units of

restriction enzyme. The reactions were terminated by heating at 65°C for 10 min (or for
restriction enzymes which can not be heat inactivated, the reaction mix was extracted with
1 volume of Tris equilibrated phenol followed by ethanol precipitation). Prior to loading
onto a gel, a one tenth volume of tracking dye (15% (w/v) Ficoll, 0.1% (w/v) bromophenol

blue, 0.1 mg/ml RNase A) was added.

2.10.3 Calculation of restriction fragment size

The sizes of restriction enzyme fragments were calculated by comparing their
relative mobility with that of EcoRI digested Bacillus subtilis bacteriophage SPP1 DNA.
The sizes were: 8.50; 7.35; 6.10; 4.84; 3.59; 2.81; 1.95; 1.86; 1.51; 1.39; .1.16; 0.98; 0.72;

0.48; 0.36; (Franzon and Manning, 1986).

2.10.4 Analytical and preparative separation of
restriction fragments

Electrophoresis of digested DNA was carried out at room temperature on
horizontal, 0.8% or 1% (w/v) agarose gels (Seakem HGT). Gels were electrophorised at
100V for 1-3 h in either 1x TBE buffer (67 mM Tris base, 79 mM boric acid and 2 mM
EDTA, final pH 8.8), or 1x TAE buffer (40 mM Tris acetate and 2 mM EDTA). After
electrophoresis the gels were stained in distilled water containing 2 mg/ml ethidium
bromide. DNA bands were visualized by trans-illumination with UV light and
photographed using either Polaroid 667 positive film, 665 negative film or thermal paper

(K65HM) for Mitsubishi Video Copy Processor.
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For preparative gels Sea Plaque (Seakem) low-gelling-temperature agarose at a

concentration of 0.6% (w/v) was used for separation of restriction fragments, which were

recovered by the following methods:

Method 1:

Method 2:

Method 3:

DNA bands were excised and the agarose melted at 65°C. Five volumes of
20 mM Tris-HCl, 1 mM EDTA, pH 8.0 buffer were added and the agarose
extracted with phenol:water (1:1) and then phenol:chloroform (1:1).
Residual phenol was removed with chloroform and the DNA precipitated

with two volumes of ethanol and one tenth volume of 3 M sodium acetate,

pH 5.0. DNA was collected by centrifugation (4°C, 15 min, 15k rpm,
Heraeus) washed once with 70% (v/v) ethanol and dried in vacuo before
being resuspended in 1 x TE buffer.

After electrophoresis, the required DNA bands were excised and then placed
inside dialysis tubing. This was then positioned in an electrophoretic tank
filled with 0.5 x TAE buffer. A current (100V, 1 h) was applied to
electrophorese the DNA out of the gel and into the buffer. The DNA was
then extracted with an equal volume of TE saturated phenol and precipitated
with two volumes of ethanol and one tenth volume of 3 M sodium acetate,
pH 5.0.

The Qiagen gel extraction kit was used according to the instructions

provided by the manufacturer (Qiagen, Germany).

2.10.5 Dephoshorylation of DNA

Restriction enzyme digested DNA was treated with alkaline phosphatase by the

following method. 0.1-0.5 pg of digested plasmid DNA was incubated with 1 unit of
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alkaline phosphatase (Calf intestinal: CIP) for 30 min at 37°C. The reaction was

terminated by the addition of EDTA, pH 8.0 to a final concentration of 3 mM followed by
heating at 65°C for 10 min. The reaction mix was then extracted twice with TE saturated

phenol and twice with diethyl ether. DNA was precipitated overnight at -20°C with two

volumes of ethanol and 1/10 volume of 3 M sodium acetate pH 8.0. The precipitate was

collected by centrifugation (4°C, 15 min, 15k rpm Eppendorf), washed once with 1 ml 70%

(v/v) ethanol, dried in vacuo and dissolved in 1x TE buffer.

2.10.6 Ligation of DNA/in vitro cloning

DNA to be subcloned (200 ng) was cleaved by either single or double restriction
enzyme digests. The restriction digest of the insert was combined with 20 ng of similarly
cleaved vector DNA. Ligation reactions with T4 DNA ligase were performed in 1 x ligase
buffer (20 mM Tris-HCl, 10 mM MgCl,, 0.6 mM ATP, 10 mM DTT and BSA (100
mg/ml)) for cohesive ends, and incubated at 10°C for 16 h. Restriction enzymes were heat
inactivated at 65°C prior to ligation.

The ligated DNA was then used directly for transformation of E. coli strains.
Transformants were screened for insertional inactivation of the appropriate drug resistance

gene (eg. Ap or Tc), wherever possible, prior to plasmid DNA isolation.

2.10.6.1 Cosmid Cloning

High molecular weight genomic DNA prepared from strain 85-2954-2 and ATCC
44306 were partially digested with Sau3A. Samples were taken at specific time intervals
and aliquots were electrophoresed on a 1.0% (w/v) agarose gel in TAE buffer. DNA

fragments of approximately 35-45 kb were excised from the gel, electroeluted and
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extracted using TE-saturated phenol/chloroform. The purified DNA was ligated to
pPM2101 which had previously been completely digested with BamHI and
dephosphorylated with CIAP. Ligation was allowed to proceed overnight at 4°C. The
ligation mix was subsequently packaged onto bacteriophage A (Collins and Hohn, 1978)
using an in vitro packaging system (Packagene System, Promega) and then transduced into

the E. coli K-12 strain S17-1.

2.10.6.2 pGEM-T cloning

For efficient ligation a molar ratio of 1:3 of pGEM-T vector to PCR product was
required. Unpurified PCR product was added to a mix containing T4 DNA ligase (1 pl),
pGEM-T vector (1 ul), T4 DNA ligase 10x buffer(1 pl) and dH,0 to 10 pl. This mixture
was left overnight at room temperature.

The mixture was then transformed into DHS5a. and plated onto NA/ampicillin/ X-gal
(5-Bromo-4-chloro-3-indolyl-b-D—galacto-pyranoside)/ IPTG (isopropyl-B-D-thiogalacto-

pyranoside) plates to select for vector with insert.

2.10.7 Random primer labelling
Purified DNA fragments were labelled with DIG-11-UTP (Boehringer Mannheim)
or with the described protocol. 5 pl of plasmid or PCR product was heated for 10 min at

100°C before snap freezing on dry ice/ethanol. To the DNA, 2 pl of hexanucleotide mix

(Boehringer Mannheim), 2 pl of dNTP labelling mix, 10 yl MQ water and 1 pl Klenow

Enzyme were added and incubated overnight at 37°C. The reaction was stopped by the

addition of 0.2 M EDTA pH 8.0 (2 ul). The DNA was precipitated with 2 ul 4 M LiCl and

60 pl of cold ethanol and either left at -70 °C for 30 min or 2h at -20°C. Labelled DNA
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probes were collected by centrifugation and washed with 70% (v/v) ethanol, dried in vacuo

and resuspended in 50 pul TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0)

2.10.8 Southern transfer and hybridisation

Unidirectional transfer of DNA from agarose gels to Hybond-N+ nylon transfer
membrane (Amersham) were performed as described by Southern (1975) and modified by
Maniatis et al. (1982).

Digested chromosomal DNA samples and markers were electrophoresed overnight
on 0.8% (w/v) agarose gel, stained with EtBr and photographed. The gel was then
denatured by soaking in several volumes of 1.5 M NaCl and 0.5 M NaOH solution for 1 h
with slow agitation. The gel was subsequently neutralized with several volumes of 1 M
Tris pH 8.0, 1.5 M NaCl for one hour with slow agitation. Transfer of the DNA to
nitrocellulose (Schleicher and Schuell) or nylon (Amersham) was performed overnight at
room temperature using 10 X SSC as the transfer buffer as described by Maniatis et al
(1982). After transfer the filter was cither fixed for 20 min with 0.4 M NaOH or baked for
1 h at 80°C.

Prior to hybridization filters were incubated for 2 h in pre-hybridization solution
(50% (v/v) formamide, 1% (W/v) skim milk, 7% (w/v) SDS, 250 pg/ml single stranded
herring sperm DNA (Sigma), 5 X SSPE (Maniatis et al., 1982)). The pre-hybridization
solution was removed and denatured DIG-labelled probe in pre-hybridisation was added
after pre-heating at 65°C for 10 min (freshly prepared probes were boiled for 10 min and
then added to pre-hybridization solution). The probe was left on the filter for 18 h at 42°C.
After hybridization, the filters were washed at room temperature twice for 5 min with 2 X
SSC containing 0.1% (w/v) SDS followed by 2 x 15 min washes with 0.2xSSC containing

(w/v) 0.1% SDS at 65°C.
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To detect the bound probe, filters were washed briefly in Buffer 1 (0.1 M Tris-HCl,
0.15 M NaCl pH 7.5) and incubated for at least 1 h in 5% (w/v) skim milk (in Buffer 1) at
room temperature (RT) with gentle agitation. After a brief rinse in Buffer 1, antibody
conjugate (anti-DIG AP; alkaline phosphatase coupled to anti-DIG Fab fragments) diluted
1/5000 in Buffer 1 was added to the filter and left to incubate for 30 min at RT with gentle
agitation. Unbound antibody conjugate was removed after incubation by washing twice for
15 min in Buffer 1. This was followed by a 2 min wash with Buffer 3 (100 mM Tris-HCl
pH 9.5, 100 mM NaCl, 50 mM MgCl,). The bound alkaline phosphatase conjugate was
detected by the addition of 45 pl of nitroblue-toluidine (NBT) (75 mg/ml) (Boehringer
Mannheim) and 35 pl of the substrate bromochloroindolyl phosphate (BCIP) (50 mg/ml)
(Boehringer Mannheim) in Buffer 3. The filter was allow to develop in the dark without
agitation. To stop the reaction the above solution was removed and 100 mls of 1 x TE

added.

2.10.9 Colony blots using labelled DNA probes

Individual colonies are grown in 100 pl of appropriate broth with antibiotics in 96
well microtitre trays (Falcon) at the appropriate temperature without agitation for 16 h.
After incubation, 5 pl of the individual cultures were spotted onto H" bond nylon
(Amersham) and allowed to air dry. The filter is then treated with 0.5 M NaOH for 5 min
followed by soaking of the filter in 0.1 M NaOH, 1.5 M NaCl for a further 5 min. The
nylon membrane is then treated twice with 1 M Tris-HCI pH 7.5 for 5 min. The filter are
subsequently soaked for 5 min in 0.5 M Tris-HCI pH 7.5, 1.5 M NaCl. Each of the above
steps was performed by laying the filter membrane onto Whatmann 3MM soaked with the
appropriate solution. The filter was then air dried for 35-40 min before the treated colonies

were fixed to the membrane by treating the filter with 0.4 M NaOH for 20 min, followed
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by a brief wash in 5 X SSC. The filter was then incubated at 420C for 1-2 h with agitiation
in prewashing solution (50 mM Tris-HCl pH 8.0, 1 M NaCl, 1 mM EDTA pH 8.0, 0.1%
(w/v) SDS). The filter was subsequently treated as for Southern hybridisation beginning

with prehybridisation solution (section 2.10.9).

2.11 Polymerase Chain Reaction (PCR) Protocol

2.11.1 Standard PCR Reaction

The procedure used was a modification of Saiki and Gelfand (1984). PCR
amplifications were performed in reaction tubes (0.5 ml, Perkin Elmer) in a volume of 50

ul containing PCR buffer (1.5 mM MgCly, 10 mM Tris pH8.4, 50 mM KCl), 2U of Taq

polymerase (Cetus), 100 pmol of each oligonuncleotide primer and 100 ng of chromosomal
or plasmid DNA. The dNTPs (deoxynucleoside triphosphate, Boehringer-Mannheim) were
used at a final concentration of 2 mM. The reaction was overlaid with a drop of light
mineral oil (Nujol, Perkin Elmer). The thermocycler (Perkin Elmer Cetus ) was
programmed with the following cycle; initial incubation at 95°C for 5 min followed by 25
amplification cycles consisting of 95°C for 30 sec, 50°C for 30 sec, 72°C for 3 min and a
final extension at 72°C for 5 min. 10 pl of this reaction product was analysed on a 0.8%
agarose gel, the remaining product was purified using a PCR purification kit (Qiagen) and

used for cloning.

2.11.2 Inverse PCR

The method used was described by Ochman et al. (1988) with modifications -

outlined below. Chromosomal DNA was digested with appropriate restriction enzymes as
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described above (section 2.10.2). Digested DNA was purified as described by ethanol
precipitation with 0.5 volumes of 3 M sodium acetate plus 2.5 volumes of 95% ethanol
and incubated at -20°C for 10 min. The DNA was collected by centrifugation at 15,000
rpm for 15 min (Heraeus Biofuge 15), washed with 70% ethanol, dried in vacuo and
resuspended in 20 pl of sterile water. The DNA was recircularised by the addition of T4
DNA ligase and 1 X ligase buffer (as described in 2.10.6) followed by a 18 h incubation at
4°C. The ligated DNA was precipitated and resuspended in 15 pl of sterile MQ. PCR
amplification was performed as described for standard conditions, with an elongation time

ranging from 2 to 5 minutes.

2.11.3 Long Range PCR

The ExpandTM Long Template PCR System (Boehringer Mannheim, Germany) was
used for long range PCR (according to the manufacturer’s instructions). The PCR program
used consisted of 25 cycles, after an initial incubation at 92°C for 2 min to allow complete
denaturation of the DNA template. The first 10 cycles consisted of denaturation at 94°C
for 10 sec, annealing at 65°C for 30 sec, and elongation at 68°C for 5-10 min. Cycles 11-
75 consisted of denaturation at 94°C for 10 sec, annealing at 65°C for 30 sec, and

elongation at 68°C for 5-10, increasing by 1 min per cycle to cycle 25.

2.11.4 PCR DIG-labelled DNA probes

The protocol used for DIG-labelled PCR is essentially that described in Section
2.10.7. The PCR reaction was performed in 0.5 ml reaction tubes in a 50 pl volume
containing supplied Taq buffer, 200 uM each of deoxynucleoside triphosphate dATP,

dCTP and dGTP, 190 uM of dTTP and 10 pM of DIG-11-dUTP, 200 ng of plasmid
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template or genomic DNA and 2.5 U of Taq polymerase (Perkin Elmer). The reaction was
overlaid with a drop of light mineral oil and subjected to the cycle detailed in Section

2.11.1.

2.12 DNA sequencing procedures

2.12.1 Sequencing using dye labelled primers

Sequencing reactions were carried out on 1 pg of double stranded plasmid DNA
using the protocol provided by Applied Biosystems. In dye-labelled primer sequencing the
DNA was divided into four tubes, tubes A and C containing 160 ng and tubes G and T
containing 320 ng of DNA respectively. To each tube Ready reaction mix and DNA

template were added as follows:

Reagent A C G T
Ready Reaction Mix 4l 4ui 8ul sl
DNA Template Tl 1ul 2ul 2ul
Total Vol. 5ul Sul 10ul 10pl

Each reaction was overlayed with 20 i of light mineral oil and centrifuged briefly.

The samples were then cycle sequenced using the following conditions: 15 cycles (96°C 10
sec; 55°C 5 sec; 70°C for 60 sec), followed by 15 cycles (96°C 10 sec; 70°C 60 sec; 15
cycles total), and were then held at 4°C. Reactions were subsequently combined in 80 pl of
95% (v/v) ethanol with 3 pl of 3 M sodium acetate and precipitated on ice. DNA was
harvested at 13,000 rpm for 15 min (Hereaus Biofugel5). Samples were dried in vacuo

and stored at -20°C.



2.12.2 Sequencing using dye labelled terminators

Plasmid DNA was purified by ethanol precipitation prior to dye terminator
sequencing with kits supplied by Applied Biosystems. 0.5 ml thin walled tubes (Gene
Amp, Perkin Elmer) containing 1-2 pg of template DNA and 3.2 pmol primer, made up to
a final volume of 20 pl with 9.5 pl of pre-mix (Applied Biosystems) and sterile water. The -
reaction were overlaid with mineral oil (Nujol, Perkin Elmer) and subjected to 25 cycles
(96°C 30 sec; 50°C 15 sec; 60°C 4 min) before adding 2 pl of 3 M sodium acetate and 50 1
of ice cold 100% ethanol and precipitating for 2 h at -20°C. The DNA was washed with

70% (v/v) ethanol and drying in vacuo.

2.12.3 Electrophoresis of sequence reaction and analysis
of DNA sequences

The dried DNA pellets for sequencing were stored at -20°C until required. Prior to
loading for sequencing, the reactions were resuspended in 4.5 ul loading buffer (83%
deionised formamide, 8.3 mM EDTA pH 8.0) and heated to 95°C for 2 min. Samples were
subsequently electrophoresed on a 6% polyacrylamide-8M urea gel in an Applied
Biosystems 373A or 377 DNA sequencer. Raw sequencing data from the 373A or 377
automated sequencer were analysed using the Applied Biosystems Seq Ed program version
6.0. The elecrophoresis was carried out by Sequencing Laboratory, IMVS, Adelaide.
Sequencing data were analysed using the LKB DNA and protein analysis programs,

DNASIS and PROSIS (Hitachi Software).
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2.13 Protein Analysis

2.13.1 SDS-Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on either 15-
20% polyacrylamide gels for proteins or lipopolysaccharides using a modification of the
procedure of Lugtenberg et al. (1975) as described previously by Achtman et al. (1978).
Samples were heated at 100°C for 3 min in 1 X SDS sample buffer (25 mM Tris-HClI pH
6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (viv) B-mercaptoethanol, 15% (wlv)
bromophenol blue) prior to loading. Gels were generally electrophoresed at 180 V for 2.5
h (15-20% gels) or 13 mA constant current for 16 h (15% PAGE gels). Proteins were
stained with gentle agitation overnight at RT in 0.06% (w/v) Coomassie Brilliant Blue
G250 (dissolved in 5% (v/v) perchloric acid). Destaining was accomplished with several
changes of 5% (v/v) acetic acid, with gentle agitation for 6-24 h. Size markers (Pharmacia)
were phosphorylase B (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa) and a-Lactalbumin (14.4

kDa). Gels for LPS were not stained by the above method (see 2.15.2).

2.13.2 Protein overexpression using the T7 RNA
Polymerase Expression System

The method employed is essential that described by Tabor and Richardson (1985).

The plasmid pGP1-2 carries the T7 RNA polymerase under the control of the lambda P,

promoter (Tabor and Richardson 1985). The plasmid pGP1-2 was transformed into E. coli
strains containing a plasmid with the specific gene of interest under control of the T7 RNA

polymerase promoter. 10 ml of LB broth with Amp (50 pg/ml) and Km (50 pg/ml) was
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inoculated with a single colony and grown with aeration at 30°C for 16 h. The culture was
subcultured 1:10 and incubated with constant aeration at 30°C. When an A, OD. of 0.6

was reached, the cells were pelleted (15 k rpm, 10 min, IEC centrifuge) and washed in M9

media supplemented with 0.2 mg/ml MgS04, 0.5% (W/V) glucose and 50 mg/ml thiamine
HCI before incubation at 30°C for 1 h. The cells were pelleted again, resuspended in

Methionine Assay Media (Difco) and the temperature was shifted to 42°C to induce the

pGP1-2 Py, promoter by the inactivation of the repressor cls. This allows the expression

of the T7 RNA polymerase from the 1L promoter. Subsequently, rifampicin was addedto a

final concentration of 200 pg/ml to inactivate the E. coli host RNA polymerase, and
incubation was continued at 42°C for a further 10 minutes. The culture was then left for at

least 2 h shaking at 37°C to allow expression of the gene under the control of the T7
promoter. 1 ml of culture was transferred to microfuge tubes, centrifuged (15k rpm, 2 min
Heraeus Biofugel5) to pellet the cells and resuspended in 100 pl of 1 X SDS sample
buffer. 10 pl of sample was boiled for 2 min and loaded onto SDS-PAGE gels for analysis.
Gels were subsequently stained with Coomassie G250. For radioactive labelling the

procedure is the same except the samples were pulsed for 5 min at 30°C with 5 uCi L—PS

S]-methionine after expression at 37°C.

2.13.3 Autoradiography

SDS-PAGE gels were dried on Whatman 3MM chromatography paper at 60°C for

2 h on a Bio-Rad gel drier. L-[35S]-methionine labeled gels were subjected to
autoradiography which was performed at room temperature for 1-7 days without

intensifying screens using Kodak XR-100 film.
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2.13.4 Colony Blotting and Western Transfer

The procedure used was a modification of that described by Towbin et al. (1979).
Samples were subjected to SDS-PAGE and transferred to nitrocellulose (Schleicher and
Schuell) at a transfer current of 200 mA for 2 h in a Trans-Blot Cell (Biorad). The transfer
buffer used was 25 mM Tris-HCl pH 8.3, 192 mM glycine and 5% (v/v) methanol. For
LPS transfer the buffer contained 20% (v/v) methanol and the transfer time was 1 h at 500
mA at 4°C. After transfer, the nitrocellulose sheet was incubated for 30 min in 5% (W/v)
skim milk powder in TTBS (0.05% (v/v) Tween 20, 20 mM Tris-HC1 pH 8.0, 0.9% (w/v)
NaCl) to block non-specific protein binding sites. The primary antiserum was diluted
1/1000 to 1/5000 in TTBS with 0.02%(w/v) skim milk powder and incubated with gentle
agitation at RT overnight. The unbound antibody was removed by washing the filter three
times for 10 min in TTBS with agitation. Bound antibody were detected by incubating the
filter for 2 h (gentle agitation) with goat anti-rabbit IgG coupled with horseradish
peroxidase (Nordic »TImmunology) at a dilution of 1/5,000 in TTBS. The filter was then
washed twice for 5 min with TTBS, followed by three 5 min washes in TBS (20 mM Tris-
HCI pH 8.0, 0.9% (w/v) NaCl). The antigen-antibody complexes were then visualized

using peroxidase substrate (9.9 mg 4-chloro-1-napthol dissolved in 3.3 ml cold methanol (-

20°C) added to 16.5 ml TBS containing 15 pl hydrogen peroxide) and allowed to incubate

for 10-15 min with shaking, as described by Hawkes et al. (1982).

2.13.5 Purification of Proteins by Electroelution

Whole cell samples were electrophoresed on polyacrylamide gels as described in
Section 2.13.1. The gel was stained and destained as described above. Proteins can be

electroeluted from gel slices by the method described by Leppard et al. (1993). After
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destaining the gel the corresponding protein band cut out of the gel ensuring that no other
proteins were also excised. The gel slice was placed into small length dialysis tubing
containing 1 ml of 0.2 M Tris acetate (pH 7.4), 1.0 % SDS and 100 mM dithiothreitol
(DDT) per 0.1 g of wet polyacrylamide gel. The tubing was then placed in a horizontal
electrophoresis tank and submerged in running buffer ( 50 mM Tris acetate (pH 7.4), 0.1%
SDS and 0.5 mM sodium thioglycolate) and allowed to electrophorese for 3 h at 100V.
The gel slices were removed from the tubing and stained with Coomassie blue to check that
the protein had been electroeluted. The solution containing the protein of interest was
dialysed against distilled water. The 100 pi of purified protein was then electrophoresed on
a 15 % SDS polyacrylamide gel in preparation for N-terminal sequencing (2.13.5). The

purified protein was stored at -20°C.

7.13.5.1 Cell fractionation

The cell fractionation procedure was a modification of that described by Osborn et
al., (1972). Cells were grown in LB to mid-exponential phase at 37°C (50 ml, ODggo of
0.6). Cells were pelleted in a Beckman SS-34 rotor, (7,000 rpm, 10 min, 4°C) and
resuspended in 1 ml of 20% (w/v) sucrose, 30 mM Tris-HC] pH 8.1, transferred to SM-24
tubes and chilled on ice. Cells were converted to sphaeroplasts with 0.1 ml of 1 mg/ml
lysozyme in 0.1 M EDTA pH 7.3 for 30 min on ice. Cells were centrifuged as above and
the supernatant collected (periplasmic fraction). The cell pellet was frozen in an ethanol
dry ice bath for 30 min, thawed and dispersed vigorously in 3 ml 3 mM EDTA, pH 7.3.
Cells were lysed with a Branson Ultrsonifier (50% cycle, intermittent), by successive
freeze- thawing. Unlysed cells and inclusion bodies were removed by slow speed
centrifugation (7,000 rpm, 10 min, 4°C). The supernatant containing the membranes and

the cytoplasm was centrifuged at 35, 000 rpm using 2 50Ti or 80Ti rotor for 90 min at 20°C
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in a Beckman L8-80 ultracentrifuge. The supernatant (cytoplasmic fraction) was collected
and the whole membrane pellet was resuspended in 1 ml H,O. Five hundred microlitres of
Triton solution (4% Triton X-100, 2 mM MgCl,, 50 mM Tris pH 7.5) was added to an
equal volume of the whole membrane sample which was vortexed intermittently for 30 min
at RT. The inner (soluble) membrane fraction was separated from the outer (insoluble)
membrane fraction by centrifugation at 35,000 rpm for 90 min in a 50Ti or 80Ti rotor

(Beckman L8-80) at 20°C. The outer membrane fraction was resuspended in Milli Q H,O

2.13.6 Transfer of proteins for N-terminal sequencing

Samples were run in SDS on 15 % polyacrylamide gels, stained with Coomassie
blue G250 and destained with 5 % (V/v) acetic acid. The samples were subsequently
transfered to polyvinylidene difluoride (PVDF) (BioRad) at a transfer current of 200 mA
for 2 hr in a Trans-Blot Cell (Biorad). The transfer buffer used was 25 mM Tris-HCl pH
8.3, 192 mM glycine and 10 % (v/v) methanol. Proteins were stained for 10 min in 0.025
% (w/v) Coomassie blue R-250 in 40 % (v/v) methanol and then air dried. The membrane
was sent to Dr A. Gooley (Macquarie University, Sydney) to be analysed on a 470A

Applied Biosystems Protein Sequencer.

2.14 Preparation of rabbit antisera

Adult rabbits were obtained from the Central Animal House of the University of
Adelaide. Heat killed bacteria were used to immunize the rabbit. 50 ml of NB was
inoculated with V.anguillarum and left shaking at 37°C overnight. The cells were pelleted
(10 min, 5,000 rpm, IEC centrifuge), washed in saline, recentifuged as previously described

and resuspended in saline. The bacterial saline suspension were then boiled (100°C) for 1-2
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h. Bacterial concentration was determined by plating serial dilutions of pre-boiled bacteria
onto NA. The following immunization protocol was used;

Day 1- 1 ml of 107 bacteria was mixed with 4% Na Alginate with 250 ! injected
subcutaneously. This is repeated 3 more times on consecutive days.

Day 3- 500 pl of 1x107 bacteria injected intravenously (i/V)

Day 4- 500 il of 5x10” bacteria injected i/v

Day 9- 500 wl of 1x10° bacteria injected i/v

Day 14- 500 pl of 5x10° bactria injected i/v

Day 18- 500 pl of 1x10” bacteia injected i/v

Two weeks after the last immunization the rabbit is bled out (aortic puncture). The titre of
the antiserum is determined by testing different dilution’s of antiserum by Western

blotting.

2.14.1 Affinity Purification of antisera

Crude antiserum against the O1 serotype of V. anguillarum was purified by
immunoaffinity chromatography as described by Salamitou et al. (1994). Whole cell
samples of the strain 85-3954-2 (V. anguillarum O1) were electrophoresed on a 15%
polyacrylamide SDS gel and transfered to nitrocellulose filter (2.13.4). The filter was
incubated with 2% Ponceau S (Sigma) for 5 min and the protein bands stained. The filter
was cut such that only LPS bound to the nitrocellulose was further treated. The membrane
strip was incubated at RT for 1 h in Tris-buffered saline (TBS) containing 0.1% Tween 20
(Sigma) (TTBS) and 5 9% skim milk powder to block non-specific sites. The filter was then
incubated at RT for 16 h with 4 mls of unpurified antiserum. The unbound portion of

antiserum was then removed and the membrane washed 3 times with TTBS followed by a
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single wash in TBS. The membrane was then cut into small pieces and the specific LPS
antibodies were eluted by treatment with 1050 pi 0.2 M HCl-glycine buffer pH 2.2 at RT
for 15 min. The eluate was neutralised by the addition of 450 ul 1 M K,HPO, and dialysed
against PBS at 4°C for 16 h. After dialysis, the purified antibodies were stored at -20°C.

The antibody solution was subsequently used at dilutions of 1/500 to 1/1000.

2.14.2 Absorption

Antiserum was absorbed with either live or heat killed bacteria. Overnight culture
(100 ml) was centrifuged at 7, 000 rpm for 10 min, (IEC Bench centrifuge) and
resuspended in saline, and boiled for 1-2 h. The suspension was centrifuged at 4,500 rpm
for 10 min and resuspended in 1 ml of saline (heat killed bacteria).

2-Loopfuls of live bacteria were isolated from freshly streaked TSA plates or 100 pl
aliquots of heat killed bacteria were resuspended in 1 ml aliquots of antisera. Suspensions
of antisera were left at 4°C for 16 h. The suspensions were centrifuged to pellet the
bacteria (Hereaus Biofuge 15, 13, 000 rpm, 2 min) and the serum was collected. The
procedure was repeated each day for 7 to 14 days before testing absobed serum by Western

blotting.

2.15 Lipopolysaccharide procedures

2.15.1 Isolation of LPS: Method 1

Whole cell lysates (WCL) were prepared by the method of Hitchcock and Brown
(1983). Cells were grown overnight in NB and 1.5 ml of bacterial suspension were
collected by centrifugation in a microfuge (5 min, 15k rpm Heraeus Biofuge 15). The

pellets were solubilized in 50 pl of lysing buffer containing 2% (w/v) SDS, 4% (v/v) B-
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mercaptoethanol, 10% (v/v) glycerol, 1 M Tris-HCI pH 6.8, and 0.1% (w/v) bromophenol
blue. Lysates were heated at 100°C for 10 min. 2.5 pg of Proteinase K in 10 pl of lysing
buffer was added to each sample and incubated at 60°C for 4 h. Samples were stored at -

20°C.

2.15.2 LPS isolation: Method 2

Ultra pure LPS was isolated from the method described by Darveau and Hancock,
(1983). V. anguillarum cells were grown in 1 litre of TSA supplemented with 1.5% NaCl
to an O.Deoonm Of 0.6-0.8. The bacterial cells were harvested at 7, 000 rpm (Beckmann J2-
M1, JA-10 rotor) for 15 min. The pellets were resuspended in 15 ml of 10 mM Tris-HCIl,
pH 8.0, 2 mM MgCl,, 100 pg of DNase and 25 pg RNase per ml. The cell suspension was
then passed twice through a French pressure cell at 15, 000 psi to ensure complete cell
breakage. The cell lysate was sonicated (Branson Ultrasonifer) for two 30 sec bursts at a
probe intensity of 75. To ensure efficient nucleic acid digestion, DNase and RNase were
added again to final concentrations of 200 and 50 pg/ml, respectively. The suspension was
incubated at 37°C for 2 h. After the incubation, 5 ml of 0.5 M EDTA/10 mM Tris-HCI, pH
8.0: 2.5 ml of 20% (w/v) SDS/10 mM Tris, pH 8.0 and 2.5 ml of 10 mM Tris-HCI, pH 8.0
was added to give a final volume of sample of 25 ml. The sample was vortexed to ensure
solubilisation of the components and was then subjected to centrifugation at 20,000 rpm
(Beckmann, J2-M1, JA-20 rotor) for 30 min at 20°C to remove peptidoglycan. The
supernatent was decanted, and Pronase was added to give a final concentration of 200
pg/ml. The sample was then incubated at 37°C with constant shaking for 16 h. After this
incubation, two volumes of 0.375 M MgCl; in 95% ethanol were added, mixed and cooled

to 0°C by placing the samples in a dry ice ethanol-water bath or -20°C freezer. After the
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sample had cooled to 0°C, it was centrifuged (Beckmann J 2-M1, JA-20 rotor) at 10, 000
rpm for 15 min at 0-4°C. The pellet obtained was resuspended in 25 ml of 2% (w/v) SDS,
0.1 M EDTA/10 mM Tris-HCI, pH 8.0 and sonicated as described above. The solution
was then incubated at 85°C for 10 to 30 min to ensure removal of SDS-resistant proteins
and then cooled to RT. Once at RT the pH was increased to 9.5 by the addition of 4 M
NaOH. Pronase was then added to 25 pg/ml and the sample incubated at 37°C with.
constant shaking for 16 h. After the incubation, the LPS was precipitated with 2 volumes
of 0.375 M MgCl, in 95% ethanol at 0°C as describ_ed above. The sample was then
centrifuged at 10, 000 rpm for 15 min at 0°C (Beckmann J2-M1, JA-20 rotor). The pellet
was resuspended in 15 ml of 10 mM Tris-HCI, pH 8.0, sonicated as previously described
and centrifuged at 1, 000 rpm (IEC Centra-4X Bench centrifuge) for 5 min to remove
insoluble Mg/EDTA complexes. The supernatant was then centrifuged at 45,000 rpm for 2
h (Beckmann L8-88, 50Ti/80Ti rotor). The pellet which contained the LPS was

resuspended in distilled water.

2.15.3 LPS silver staining

Silver staining of LPS in polyacrylamide gels was performed using a modified
method of Tsai and Frasch (1982). Distilled, deionized water which had been passed
through a series of Millipore filters and had a conductivity of not more than 18 Mega
ohms/cm was used to rinse all glassware and in the preparation of solutions. All reagents
were analytical grade.

The following procedure was used:

i) fixation for 2 h in 40% (v/v) ethanol, 10% (v/v) acetic acid;
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ii) oxidation for 5 min with 0.7% (w/v) periodic acid in 40% (v/v) ethanol, 10% (v/v)
acetic acid;

iii) 3 washes with (MQ) water at 15 min each;

iv) staining for 10 min, in a solution containing 28 ml 0.1 N NaOH, 2 ml concentrated
NH4OH and 5 ml 20% (W/V) AgNO3 in a total volume of 150 ml;

v) 3 washes with MQ water for 10 min each;

vi) developing in a solution of 50 mg citric acid and 0.5 m! formaldehyde in 1 litre. The
citric acid was dissolved in MQ and heated to 37°C prior to the addition of
formaldehyde which was added just before use. The reaction was stopped by the
addition of 980 m! of MQ and 20 ml of acetic acid for 20 min. The developed gel

is stored in the dark, submerged in MQ.

2.16 Microscopy studies

2.16.1 Immunogold electronmicroscopy

Immuno-gold electron microscopy was performed using an adaption of the method
from Levine et al. (1984). The protein-A-gold particles were purchased from Amersham
and were 10-20 pm in size. Colloidin-coated copper grids (300 mesh, TAAB) were placed
coat down in 20 pl of washed bacterial suspension (PBS with 1 mM MgCl,) for 5 min.
Excess liquid was removed and then the grid was placed face down in 20 ul of antiserum
(diluted 1:50) for 15 min. After two washes in PBS (pH 7.2) with 1 % (w/v) BSA, the
grids were placed on 10 pl of Protein-A-gold (diluted 1:20) for a further 15 min. The grids
were washed 2 X in PBS/BSA and once in distilled water and left at RT to dry. The grids
were examined with a Phillips TM-100 electron microscope at an acceleration voltage of

80 kV and a magnification mage of x27, 500 to 29, 000 was used.
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2.16.2 Indirect Immunofluorescence

The technique is a minor modification of a published method by Klauser et al.,
1990. Round glass cover slips were boiled for 1 min in O.1 M HCI before storage in 95%
ethanol prior to air-drying for use. Poly-L-lysine (100 pl, 0.1 mg/ml) was pipetted onto
cover slips placed in a 24 well flat bottomed tissue culture tray (Costar) and incubated at
RT for 5 min before being washed with PBS. Cells were formalin killed by treating 10 ml
of pelleted culture (IEC bench centrifuge, 5000 rpm, 10 min) with 1 ml 2%
paraformaldehyde, 0.1% gluteraldehyde (Sigma) for 20 min. The cells were washed 2 x
PBS and resuspended in a final volume of 1 ml PBS. 100 pl of of the cell suspension was
pipetted gently over the cover slip and 400 pl of sterile PBS added before centrifugation at
800 rpm (Heraeus Labofuge 400R) for 10 mins. The wells were aspirated dry and washed
3 times with PBS. The primary antibody (1:100) in 10% foetal calf serum (FCS) in PBS
was added and incubated at 37°C for 90 min. After 3 washes with PBS the secondary
antibody (1:80) (FITC conjugated goat anti-rabbit) (Sigma) in 10% FCS in PBS was added
and left at 37 C for 30 mins followed by a further two PBS washes. The cover slips were
gently aspirated dry and mounted upside down on a clean glass microscope slide with 3 [11
of Moviol 4-88 and sealed with clear acrylic nail polish. Bacteria were photographed with

Kodak TMAX400 film using an Olympus fluorescence microscope.
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Chapter Three

General characterisation of
Vibrio anguillarum serotypes 01-010

3.1 Introduction

Vibrio anguillarum is a pathogen of feral and cultured fish. The disease process is
not very well understood although some virulence factors have been partially characterised.
The best characterised virulence factor in V. anguillarum is the iron-sequestering system
that has been shown to be essential for virulence (Crosa, 1980; Crosa et al., 1980). V.
anguillarum is closely related to the human pathogen V. cholerae, which is the aetiological
agent for cholera, as shown by the similarities of their recA genes (Strocher et al., 1994).
This close relationship has lead some researchers to suggest that V. anguillarum may
follow a similar infectious process as V. cholerae (Pierce et al., 1985).

Since the first description of V. anguillarum infections, there have been numerous
studies that have examined the composition and function of its outer membrane. These
studies have focussed mainly on the use of lipopolysaccharides (LPSs) in serotyping
(Sorenson and Larson, 1986) and on their role in virulence (Norqvist and Wolf-Watz,
1993). To date little is understood about the genetics of LPS (O-antigen) biosynthesis in V.
anguillarum despite the role LPS plays in the disease process. Recently, there has been
renewed interest in the role outer membrane proteins play in the pathogenicity of V.
anguillarum, in particular that of a major outer membrane protein (MOMP) whose

apparent molecular weight varies between 30 to 40 kDa in different strains (Suzuki et al.,

1994; Simon et al., 1996).
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In this chapter the focus is on characterising the V. anguillarum strains used in this
study. Antisera were generated against V. anguillarum O1 and O4 and were found to react
with LPS-related material and cross-reactive proteins. One protein of approximately 36
kDa was further investigated by N-terminal sequencing and localised via immunogold
electron microscopy. The LPS profiles of the different V. anguillarum serotypes were
examined by SDS-PAGE and silver staining. Finally, the distribution of the insertion
sequence I1S1358 in V. anguillarum was investigated as this element is clearly associated

with polysaccharide biosynthesis genes (ie. LPS).

3.2 Results

3.2.1 Generation of an antiserum to V. anguillarum O1
strain 85-3954-2

As the most predominant strains in disease outbreaks in cultured fish belong to V.
anguillarum serotype Ol, an antiserum was produced to enable further analysis, and
screening of both a transposon mutant library and a cosmid bank. The antiserum was
generated against heat killed bacteria of V. anguillarum O1 strain 85-3954-2 using the
protocol described in the Materials and Methods (Section 2.14).

A Western immunoblot was performed to characterise the antiserum. The
antiserum was found to react only with two proteins (one strong and one weak band)
common to all the serotypes tested, and with material that could be the LPS of the Ol
serotype due to the banding pattern observed (Fig. 3.1). Little cross-reaction was observed
with E. coli K-12 or V. cholerae 0139. Cross-reacting antibodies could be removed by
absorption with the latter strains (data not shown).

The cross reacting antibodies to the smaller molecular weight protein (~18 kDa)

were easily removed by absorbing the antiserum with whole cells of the O2 serotype (strain



Figure 3.1 Western immunoblot analysis of V. anguillarum serotypes O1-
010 using anti-O1 serum.

Whole cell lysates (equivalent to 1 x 10® cells) of V.anguillarum serotypes O1-O10 were
electrophoresed on a SDS 15% polyacrylamide gel and transferred to nitrocellulose.
Proteins were detected using polyclonal anti-V. anguillarum O1 serum. The strains and
corresponding serotype are indicated at the top of the figure. The cross-reactive proteins of
36 kDa and 18 kDa are indicated by a * at the left side of the figure with relative size
markers. The material with a LPS-like banding pattern is indicated by the abbreviation

LPS on the right side of the figure.
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ATCC 43306)(data not shown). Antibodies against the larger protein (~36 kDa), which
varies in size between the different serotypes, were not removed by absorption with either
whole cells or outer membrane preparations of the O2 serotype (data not shown).

As the antiserum was generated with heat-killed bacteria, the reactions observed
against the two proteins indicate either that these proteins are heat stable or that particularly
immunogenic epitopes are recognised despite the denaturing of the protein during
immunogen preparation.

The reactive material with LPS-like banding pattern was confirmed to be LPS by
treating whole cells of the Ol serotype with proteinase K, and subsequent Western
immunoblotting showed that the material was still detected. The absence of the reactive
material in samples from other O-serotypes, and its proteinase K resistance strongly
suggested that the reactive material is most likely to be LPS of V. anguillarum O1 (Fig.

3.2).

3.2.2 Characterisation of the 36 kDa protein

The outer membrane profile of V. anguillarum has been examined in numerous
studies (Buckley et al., 1981; Pazos et al., 1993). A major outer membrane protein
(MOMP) of approximately 36 kDa has previously been reported, however it was described
as a weak immunogen (Chart and Trust, 1984). In addition, a 40 kDa protein was
described by Simon et al (1996). This protein was found to be common to all 10 serotypes
of V. anguillarum and varied in size. Antibodies generated against one protein were found
to be cross-reactive to the equivalent protein in other serotypes. This protein was found to
be a general diffusion porin.

In this study, the antiserum generated against heat killed bacteria of the O1 serotype

reacted strongly to a predominant protein of ~ 36 kDa (and above) in whole cell (Fig. 3.1)



Figure 3.2 Western immunoblot analysis of proteinase K treated whole
cell lysates of V. anguillarum.

Whole cell lysates of V.anguillarum strains were either treated with proteinase K (B) or not
treated (A), electrophoresed on a SDS 15% polyacrylamide gel and transferred to
nitrocellulose. The blot was incubated with polyclonal rabbit anti-V. anguillarum O1
~ serum used at a 1:1000 dilution. The strains and corresponding serotype are indicated at
the top of the figure. The cross-reactive proteins of 36 kDa and 18 kDa are indicated by an
arrow at the left side of the figure with relative size markers. The LPS-like material is
indicated by the abbreviation LPS on the right side of the figure. Samples equivalent to 1 x

108 cells
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and outer membrane samples (Section 2.13.5.1), of all serotypes tested (data not shown).
Coomassie Brilliant Blue staining and SDS-PAGE showed that the protein was produced at
high levels (in comparison to other proteins) in all the serotypes and that the protein varied
in size between the serotypes with the smallest being ~36 kDa in ATCC 43312 (08) and
the largest at ~40 kDa in ATCC 43310 (06) (Fig. 3.3). The size of the protein observed on
the Coomassie Brilliant Blue stained gel matched the size of the protein bands previously
observed by Western blotting (Fig. 3.1). The variation in the size of this protein appeared
to be the main difference in the protein profile of the different serotypes (Fig. 3.3). The
only strain that did not appear to produce this predominant protein was G20. G20 was
isolated from goldfish and classified as V. anguillarum based on phenotypes (J. Carson,
personal communication). In this thesis I have consistently found G20 to display different
characteristics to the V. anguillarum type strains (data not shown) and therefore suggest

that this strain does not belong with this species.

3.2.3 Lipopolysaccharide (LPS) profile of V. anguillarum
serotypes 01-0O10

The LPS profiles of the O1 and O2 serotypes have previously been reported (Chért
and Trust, 1984; Amor and Mutharia, 1995; Tiainen et al., 1997; Santos et al., 1995)
however little data has been reported for the remaining serotypes. Figure 3.4 shows the
LPS profiles of the type V. anguillarum strains as determined by silver staining of LPS
separated on a SDS 15% polyacrylamide gel. Each serotype has a unique LPS profile
which would be reflected in the genes located within each O-antigen biosynthesis locus.
Serotype O1 and O2 demonstrate profiles similar to those that have previously been
reported (Fig. 3.4) (Chart and Trust, 1984; Santos et al., 1995). Serotype O1 has a S-LPS

(smooth LPS) with a very tight O-antigen modal length distribution which is in contrast to



Figure 3.3 Analysis of V. anguillarum 01-010 proteins by SDS-PAGE.

Whole cell lysates (equivalent to 1 x 10® cells) of V.anguillarum serotypes 01-010 were
electrophoresed on a SDS 15% polyacrylamide gel and stained with Coomassie Brilliant
Blue. The strains and corresponding serotype are indicated at the top of the figure. The
MOMP is indicated with a * in each lane. Migration positions of the molecular mass
standards (Pharmacia) are indicated on the left side of the figure (in kDa): soybean trypsin
inhibitor (20.1), carbonic anhydrase (30), ovalbumin (43), bovine serum albumin (67) and

phosphorylase b (94).
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Figure 3.4 Analysis of LPS from V. anguillarum 01-010.

This shows a silver-stained 15% SDS polyarylamide gel with lipopolysaccharides prepared
from the indicated strains as described in Materials and Methods (Section 2.15.1).

The smooth LPS (S-LPS) consisting of lipid A-core and O-antigen, and the semi-rough
LPS (SR-LPS) are indicated on the right side of the figure. Medium and high molecular
weight material (MMW, HMW, respectively) and lipid A-core oligosaccharide (R-LPS) are

indicated on the left side of the figure. Samples represent ~1 x 108,
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02 which has a ladder of S-LPS, and also a predominant semi-rough LPS species (SR-
LPS) (Fig. 3.4). The Ol serotype also possesses high and medium molecular weight
material which is thought to be S-LPS with longer O-antigen chains (Boesen er al., 1999).
It has been reported that strains within serotype O2 display heterogeneity of their LPS
molecules and hence have been subdivided into two groups (Rassmussen, 1987). The type
strain (ATCC 43306) used in this study to represent the O2 serotype belongs to the
subgroup O2A.

Serotypes O3 to O10 display different LPS profiles and with the exception of
serotypes O8 and 09 do not show a typical Vibrio LPS profile (ie S-LPS with a tight
distribution of O-antigen chains) (Manning et al., 1986; Alekseeva et al., 1998). Serotype
04 has a single O-antigen unit on the lipid A/core and its LPS can therefore be described as
being semi-rough (SR-LPS). Serotype O7 also appears to have only one or two O-antigen
units attached to the lipid A/core and hence its LPS could also be described as SR-LPS.
Serotypes 03, O5, 06 and O10 have a S-LPS phenotype in which a ladder pattern is

observed.

3.2.4 Generation of an antiserum against the 36 kDa
protein

A specific antiserum was produced against the 36 kDa protein so that it could be
further investigated and characterised. Analysis of the LPS of V. anguillarum strain
ATCC43308 showed that its LPS lacked O-antigen repeat units (Fig. 3.4; Section 3.2.3). It
was therefore used to produce a comparable antiserum to that produced for the O1 serotype
strain (Section 3.2.1). ATCC 43308 was heat killed and used to immunise a rabbit to raise
an antiserum specific to the 36 kDa protein as described in Materials and Methods (Section

2.14). Western immunoblotting with this antiserum showed that it recognised a single



81

protein in all the serotypes tested (Fig. 3.5). The antiserum was used at a dilution of
1:1000, which was equivalent to the antiserum generated against serotype O1, however, in

this case no reaction was observed either to any other proteins or to LPS (Fig. 3.5).

3.2.5 Immunoelectron microscopy using polyclonal
antiserum |

To demonstrate that the 36 kDa protein was expressed on the cell surface,
immunogold electron-microscopy was performed using the antisera generated against V.
anguillarum O4 described above. When samples were labelled with the antiserum
generated against O4, gold particles were only observed on the surface of V. anguillarum
04 (Fig. 3.6). Most of the binding was concentrated on the flagella, although some binding
was observed on the body of the bacteria. When this antiserum was used in immunogold
electron microscopy against the V. anguillarum O1 and O2 serotypes no gold particles
were found to bind to the bacteria (Fig. 3.6). Binding of the gold particles observed on the
body (and flagella) of the serotype O4 bacteria is likely to be due to antibodies recognising
the 36 kDa protein. The absence of gold particle binding on bacteria of the O1 and O2
serotypes suggests that the 36 kDa protein, although present in these strains, is masked by

the LPS O-antigen chains produced by these bacteria (Fig. 3.4).

3.2.6 N-terminal sequencing of the major outer

membrane protein from V. anguillarum serotype
Ol.

To further analyse the 36 kDa protein of V. anguillarum, the protein from an outer

membrane fraction of an Ol strain (85-3954-2) was partially purified by electroelution



Figure 3.5: Western immunoblot analysis of V. anguillarum serotypes
01-010 using strain ATCC43308 (serotype O4) serum.

Whole cell lysates (equivalent to 1 x 10® cells) of V.anguillarum serotypes O1-O10 were
electrophoresed on a SDS 15% polyacrylamide gel and transferred to nitrocellulose.
Proteins were detected using polyclonal anti-V. anguillarum O4 serum (1:1000 dilution).
The strains and corresponding serotype are indicated at the top of the figure. The protein

band in each lane has a molecular weight of approximately 36-40 kDa.
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Figure 3.6: Immunogold Electronmicroscopy using anti-V. anguillarum
04 serum.

Electronmicrographs showing binding of polyclonal antibodies generated against V.
anguillarum O1 (85-3954-2) to V. anguillarum O1 (85-3954-2), 02 (ATCC43306) and O4
(ATCC43308).

The antiserum was used at 1:50 dilution, the gold particles were 10 nm in diameter and the

magnification used ranged from 28.5K-29.5K.

A: 85-3954-2 (O1)
B: ATCC43306 (02)

C: ATCC43308 (04)
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from SDS-15% polyacrylamide gel (Materials and Methods, Section 2.13.6) (Fig. 3.7).
The purified protein was transferred to PVDF (Polyvinylidene Difluoride) membrane and
its N-terminal sequence was determined (Materials and Methods, Section 2.13.6). The N-
terminal sequence obtained (Fig. 3.8) was analysed using the BlastP and the Genbank,
SWISS PROT, PIR databases. The 36 kDa protein was not homologous to any previously
reported V. anguillarum protein in the databases. However, the sequence shown in Figure
3.9 was 94% identical (as determined by PROSIS) to the published N-terminal sequence of
the MOMP reported by Suzuki et al. (1994, 1996) and Simon e? al. (1996), which has not
been lodged in the databases. The sequence of the 36 kDa protein and the MOMP differed
by only one amino acid (Valine/Tyrosine at position 4, Fig. 3.8) suggesting that they are the
same protein. The MOMP was also 38% identical to an outer membrane protein (P2) from
Haemophilias influenzae (Munson et al., 1989a, b; Forbes et al., 1992; Chong et al., 1993;
Bell et al., 1994) (Fig. 3.8). The P2 protein has been shown to be immunologically
important in H. Influenzae, and also shows size variation between serotypes as observed in

the serotypes of V. anguillarum described herein.

327 Cloning the outer membrane protein of V.
anguillarum O1

Using a cosmid bank constructed from the V. anguillarum O1 strain 85-3954-2, an
attempt was made to isolate the gene responsible for the production of the major outer
membrane protein (MOMP). Approximately 1000 cosmid clones were constructed
(Materials and Methods, Section 2.9.2) and screened for the production of the serotype Ol
MOMP by colony immunoblotting of lysed and unlysed cells with antiserum generated

against serotype O4 (ATCC 43308). Although numerous positive clones were detected,



Figure 3.7:Analysis of a ~36 kDa protein (MOMP) purified from V.
anguillarum O1

A) The MOMP of V. anguillarum O1 from strain 85-3954-2 was purified by electroelution
(Section 2.13.5) and 10 pg was electrophoresed on a SDS 15% polyacrylamide gel which
was then stained with Coomassie Brilliant Blue.

B) Purified MOMP (10 pg) and a whole cell sample (representing 1 x 10® cells) of V.
anguillarum O1 were analysed by Western immunoblotting using the serum generated
against V. anguillarum O4 (1:1000 dilution). Migration positions of the molecular mass
standards (Pharmacia) are indicated on the left side of the figure (in kDa): soybean trypsin
inhibitor (20.1), carbonic anhydrase (30), ovalbumin (43), bovine serum albumin (67) and

phosphorylase b (94).
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Figure 3.8: N-terminal alignment of major outer membrane protein (MOMP)

V. ang” G EL V NQ D GT S L E M G G R
V. ang” c EL Y NQDGTSDLEMGG R
H. inf A vV V Y NNZEGTNYV E L G G R
H. som r T VvV Y N @ N ¢ T K V D v @ G R

* * * * * *

V. ang”, to V. anguillarum 01 major outer membrane protein (this study)

V. ang”, to V. anguillarum 01 major outer membrane protein (Suzuki et al., 1996)

H. inf, to Haemophilus influenzae outer membranc protein, P2 (GB, U08205) (Bell et al., 1994)
H. som, to H. sommus outer membrane protein (PIR, A49226)

(*) corresponds to identical amino acid residues

(.) corresponds to similar amino acid residues

The shaded residues are those that are identical in all of the aligned proteins. The accession number/database
or reference for each protein is provided. GB, Genbank.
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further analysis by Western immunoblotting showed that the clones did not express the

protein (data not shown). Hence no gene for the MOMP was obtained.

3.2.8 IS1358 in V. anguillarum

V. cholerae and V. anguillarum are the most closely related species within the
genus Vibrionaceae (Dorsch ef al., 1992). Several elements are common between these
species including the novel genetic element called VCR (C.A Clark, personal
communication). Therefore it was possible that the recently described insertion sequence
IS1358 (Fig. 3.9) would be found in V. anguillarum. 1 was interested in defining the
distribution of 1S1358 in V. anguillarum with the view to obtaining data on the O-antigen
biosynthesis genes given the previous association with polysaccharide loci in V. cholerae
01, 069 and 0139 (Strocher et al., 1995; Bik et al., 1996).

Using a DIG-PCR labelled probe of the entire 1S1358 element (1326 bp) from V.
cholerae 0139 (generated using oligonucleotide #773, Table 2.4) (Section 2.11.4), the
strains which represented the ten serotypes of V. anguillarum were initially screened by
colony hybridisation for the presence of the element (data not shown). Based upon the
colony hybridisation data which showed that some of the serotypes contained the element,
Southern hybridisation of HindIIl digested chromosomal DNA was performed to confirm
the above data and to determine the copy number of IS1358-like elements in each of the
positive serotypes (Fig. 3.10a). HindI is known to cut IS1358 elements at nt 440
(Stroeher et al., 1995) (Fig. 3.9). Hence two fragments constitute one IS1358 element
assuming this restriction site is present in all IS1358 elements. The Southern hybridisation
data confirmed the colony blot data which had indicated that the IS1358 elements are not
present in the type strains representing serotypes O5, 06, O8 and O10 (Fig. 3.10a, Table

3.1). Of the other strains tested, serotypes O1, O3, 04 and the non-typed strain (89-3748)



Figure 3.9: Schematice diagram of the IS1358 elements from V. cholerae
O1 and 0139.

Representation of the genetic organisation of the IS1358 elements found in V. cholerae O1
and 0139. The position of oligonucleotide #2194 is indicated, as is the conserved HindIIl
restriction site. Vertical lines represent the stop codons of the truncated ORFs of V.

cholerae O1. The inverted repeats are indicated by arrows.
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Figure 3.10: Detection of IS1358 in V. anguillarum.

Chromosomal DNA from the various V. anguillarum strains were digested with the
restriction enzyme HindIIl. Strain used are indicated on the figure.

Initially, the number of copies were determined by Southern hybridisation with a PCR-DIG
labelled probe of ISI358 (generated with oligonucleotide #773) (Table 2.4). The
assumption was that every IS/358 element contains a conserved HindIIl restriction site,
and therefore two bands correspond to a single IS1358 element (A). The use of a DIG-
labelled oligonucleotide probe (#2194) (Table 2.4) in Southern hybridisation confirmed the
copy number determined by the initial southern (B). Oligonucleotide #2194 binds to the

second HindIII fragment of IS/358 as shown in Fig. 3.10.
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all have a single copy of IS1358. Three serotypes were found to contain more than one
copy of IS1358. Serotype O7 (strain ATCC 43311) contained 2 copies while the remaining
two serotypes, O2 (strain ATCC 43306) and O9 (strain ATCC 43313), were found to have
multiple copies of (greater than 6) 1S1358 elements (Fig. 3.10a). The serotypes that
contain an IS7358 element show restriction fragment length polymorphism (RFLP) of the
HindII fragments which is not surprising as the DNA flanking the element is likely to be
unique to each serotype. Importantly however, there is homogeneity between strains in the
Ol serotype which were tested in this study even though they are from different
geographical locations. In the 01 serotype, IS1358 hybridises to conserved HindIll
fragments of approximately 4.8 kb and 1.8 kb. The other fragment sizes from the various
strains and serotypes are listed in Table 3.1.

Southern hybridisation using an internal oligonucleotide probe (#2194) (Fig. 3.9;
Table 2.4) to IS1358 showed that the O2 serotype contained 10-11 copies and the O9
serotype possessed 10 copies of IS] 358 (Fig. 3.10b). Serotype 07 was found to contain one
complete IS1358 element and a partial element. Further Southern hybridisations using
different restriction enzymes with both the complete V. cholerae 0139 1S1358 and
oligonucleotide probe (#2194) confirmed the number of IS1358 elements determined here

to be accurate (data not shown).

3.3 Summary and Discussion

This chapter described the production and characterisation of two anti- V.
anguillarum sera. One antiserum contained antibodies to both the LPS and the MOMP of
V. anguillarum O1. The second antiserum was generated specifically for studying the
MOMP and was used in Western immunoblot analysis and immunogold electron

microscopy which showed that the MOMP was most likely masked by the O-antigen



Table 3.1: Distribution of IS1358 in Vibrio anguillarum

Strain Serotype Presence by number HindIII
colony blot/PCR | of copies | fragments (kb)
ATCC43305 01 +H+ 1 4.8/1.8
ATCC43306 02 +H+ 9 #
ATCC43307 03 +/+ 1 3.4/2.6
ATCC43308 04 +/- 1 2.8/1.0
ATCC43309 05 -/- 0 n/a
ATCC43310 06 -/- 0 n/a
- ATCC43311 o7 +/+ 2 4.7/1.9/1.0
ATCC43312 08 -/- 0 n/a
ATCC43313 09 +/+ 10 #
ATCC43314 010 -/- 0 n/a
86/3674 01 +/+ 1 4.8/1.8
85/3954-1 0)| +/+ | 4.8/1.8
85/3954-2 01 +/+ | 4.8/1.8
89/3748 non-typed +/- 1 3.6/1.2

+ - IS1358 could be detected,- : no copy of 181358 could be detected
# - numerous bands of different sizes
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component of LPS. Masking of outer membrane proteins by S-LPS has been reported
previously for Escherichia coli by van der Ley et al. (1986).

The LPS profiles of the strains used in this study were examined by SDS-PAGE
and silver staining. The LPS pattern of each serotype was different. Most of the serotypes
possessed smooth LPS (S-LPS) with the exception of O4 and O7 which appeared to have
semi-rough LPS (SR-LPS). The LPS of V. anguillarum O1 possesses high molecular
weight O-antigen which is thought to play a role in serum resistance and hence survival in
the fish host (Boesen et al., 1999).

During the course of this study the outer membrane protein described in this chapter
was isolated and its two dimensional structure was determined (Simon et al., 1996). These
data confirmed the protein to be an outer membrane porin with characteristics of a general
diffusion porin which is similar to OmpF from E. coli (Benz and Bauer, 1988). The gene
for the MOMP, despite the attempt in this study, has yet to be cloned. It is not clear why
the cloning attempt failed, however, it is possible that either expression of the MOMP in E.
coli caused outer membrane instability or the protein was unable to insert into the outer
membrane, therefore not allowing the gene to be isolated using the method described in
this chapter. Further investigation is required to determine a potential role in pathogenicity
given the homology to the immunogenic P2 protein of H. influenzae as reported in this
chapter.

Finally, this chapter also determined that the recently characterised insertion
sequence IS1358 was widely distributed in V. anguillarum with serotypes O1, 02, O3, O4,
07, 09, and the non-typed strain (89/3748), all containing at least one copy of the element.
Further characterisation of the DNA sequences adjacent to IS1358 in V. anguillarum is

described in the next chapter.
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Chapter Four

Identification and characterisation of
IS1358 in V. anguillarum and its linkage to
polysaccharide biosynthesis related genes

4.1 Introduction

IS1358 contains a putative transposase (fnpA) which shows homology to an open
reading frame (ORF) found in RHS (Rearrangement Hot Spot) elements of E. coli called
H-repeats (Stroeher et al., 1995). These RHS elements are involved in chromosomal
rearrangements (Lin et al., 1984: Zhao et al., 1993). 1S1358 has 17 bp inverted repeats at
either end, with another smaller 12 bp inverted repeat covering the ribosome binding site of
mpA (Stroeher et al., 1995). This genetic arrangement is observed in other IS elements
such as IS10 and IS50, and is thought to be involved in the regulation of expression of the
transposase (Davis et al., 1985; Schulz & Reznikoff, 1991). Most recently, a H-repeat
homologue has been found located in the type 3 capsule locus of Streptococcus
pneumoniae and is the first example of this type of element in a Gram-positive pathogen
(Yother et al., 1997). 1S1358 also shows strong homology to ISAs], a known mobile
genetic element which is associated with the expression of a paracrystalline surface protein
array (A-layer) in Aeromonas salmonicida (Gustafson et al., 1994).

This chapter describes the distribution, sequence and location of IS/358 elements in
different Vibrio spp and shows that these elements are associated with polysaccharide

biosynthesis-related genes in V. anguillarum.
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4.2 Results

4.2.1 Distribution of IS1358 in Vibrio species

The presence of IS1358 has already been reported in V. cholerae O1 and 0139
(Stroeher et al., 1992; Stroeher et al., 1995). The presence of IS1358 in a number of V.
cholerae serotypes has been reported for 02, 037, 045, 056, 060, 069 (Bik et al 1995)
and 022, 0155 (Dumontier et al., 1998). In this study it was decided to further investigate
the distribution of IS1358 in all of the 155 V. cholerae serotypes. Table 4.1 summarises
the findings of dot-blot DNA-hybridisations (Fig. 4.1) using a PCR DIG-labelled probe of
the whole IS1358 element generated from V. cholerae 0139 (AI-1837) against all the
Vibrionaceae tested. The only non-O1 V. cholerae serotype not tested in this study was
020 which was not available. Of the 154 V. cholerae strains tested in this study (including
those serotypes previously reported to possess a 1S1358 element), 65 proved to be positive
for IS1358. Interestingly the DNA hybridisation (Fig. 4.1) performed in this study did not
indicate the presence of an IS1358 element in V. cholerae serotypes 037 and 060, which
may be explained either by the use of different strains or hybridisation methods. These
serotypes were previously reported by Bik et al (1995) to possess IS1358. Recent
experiments have shown that some of the non-O1 V. cholerae serotypes found to contain
the IS1358 element in this study also have it in multiple copies (U.H. Stroeher, personal
communication; Dumontier et al., 1998).

To determine if ISI1358 was more widespread, a number of non-V. cholerae
Vibrionaceae were tested for the presence of the element using either dot-blot DNA
hybridisation or Southern hybridisation (probed with the complete V. cholerae O139
IS1358 element, Fig. 4.1). The strains that were tested belonged to species of V.

anguillarum, V. fluvialis, V. mimicus and V. parahaemolyticus. The only strains that were



Figure 4.1: DNA hybridisation of Vibrio spp. using DIG-labelled IS1358.

Cultures were grown in microtitre trays to an ODgg equivalent to 0.6. 10 pl samples were
spotted onto nylon membrane and treated as described in Materials and Methods (Section
2.10.9). The probe used to determine the presence of IS1358 in the V. cholerae serotypes
was a PCR-DIG-labelled IS71358 element generated from chromosomal DNA from V.
cholerae 0139 using oligonucleotide #773 (Table 2.4). DNA hybridisation was performed
as described in Materials and Methods (Section 2.10.10)

The serotype/strain probed are indicated on the figure and are listed in Table 2.1. +ve, V.

cholerae O1; -ve, E. coli DH5a..
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Table 4.1: Presence of IS1358 in Vibrionaceae

Serogroup |1S1358 | Serogroup 1S1358 |Serogroup [1S1358| Serogroup |[IS1358 Serogroup |IS1338
01 + 041 + 081 - 0121 - ATCC43306 +
02 + 042 + 082 + 0122 - ATCC43307 +
03 - 043 - 083 + 0123 - ATCC43308 +
04 - 044 + 084 - 0124 + ATCC43309 -
05 - 045 + 085 + 0125 - | ATCC433010 -
06 - 046 + 086 + 0126 + ATCC43311 +
07 - 047 - 087 - 0127 + ATCC43312 -
08 - 048 + 088 - 0128 - ATCC43313 +
09 + 049 - 089 - 0129 + ATCC43314 -

010 - 050 + 090 - 0130 - 89/3748 +
011 + 051 + 091 - 0131 - V. para

012 - 052 + 092 - 0132 + 10884 -
013 + 053 - 093 - 0133 + AA-3853 -
014 - 054 - 094 + 0134 + X-4844 -
015 - 055 - 095 + 0135 - Y-17233 -
016 + 056 + 096 + 0136 - V. fluy

017 + 057 - 097 - 0137 - AA-15385 -
018 - 058 B 098 + 0138 - AL-1577 -
019 - 059 - 099 - 0139 + AL-14413 -
020 Nd 060 - 0100 - 0140 + V.mim

021 + 061 + 0101 - 0141 - V800 -
022 + 062 - 0102 - 0142 + M-33 -
023 + 063 - 0103 - 0143 - M-35 -
024 + 064 + 0104 + 0144 + N-4459 -
025 - 065 + 0105 - 0145 +

026 + 066 + 0106 - 0146 -

027 + 067 - 0107 + 0147 +

028 - 068 + 0108 - 0148 -

029 + 069 + 0109 - 0149 -

030 - 070 + 0110 - 0150 +

031 + 071 - O111 - 0151 +

032 - 072 - 0112 + 0152 +

033 - 073 . o113 - 0153 -

034 - 074 - 0114 - 0154 -

035 - 075 + 0115 - 0155

036 - 076 - ol16 - V. ang.

037 - 077 - o117 - 85-3954-2 +

038 - 078 + O118 + 85-3954-1 +

039 - 079 - 0O119 - 86/3674 +

040 + 080 + 0120 - |ATCC43305] +

All strains belong to the species V. cholerae unless otherwise stated.
V.ang: V. anguillarum

V. para: V. parahaemolyticus

V. fluv:V.fluvialis

V.mim:V.mimicus

+: present; -: absent

Nd: not done
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found to be positive were those that belonged to some serotypes of V. anguillarum
(Chapter 3, Section 3.2.8). This may indicate that IS1358 is either specific to V. cholerae
and V. anguillarum or that more strains in these other species need to be tested to
determine the true distribution of this element. However, it should be noted that amongst
the Vibrionaceae, V. cholerae and V. anguillarum are the most closely related at the DNA

level based on analysis of the recA gene (Stroeher et al., 1994).

4.2.2 PCR Amplification of IS1358

The Southern and dot-blot hybridisation probing of various serotypes of V.
anguillarum with 181358 (Fig. 3.10a, b) indicated that 10 out of the 14 strains tested
contained an IS1358 element. Using an oligonucleotide (#773) that recognises the 17 bp
inverted repeats at the 5’ and 3’ ends of previously sequenced IS1358 elements (Stroeher et
al., 1995), I attempted to PCR-amplify the equivalent elements from the V. anguillarum
strains. Using chromosomal DNA from each strain as a template, the elements were
successfully amplified from 8 out of the 10 strains that were positive by Southern
hybridisation. The elements could not be amplified from strains ATCC43308 (O4) and
89/3748 (non-typed). This suggests that the inverted repeat sequence which is used in the
oligonucleotides to amplify the element was either missing or divergent in these particular
IS1358-related sequences. Alternatively, the IS1358 elements in these strains may only be
partial copies which has been observed previously with one of the IS1358 copies in V.
cholerae 0139 (Stroeher et al., 1995), and with H-repeats in E. coli (Hill et al., 1994: Lin
et al., 1984). Using an internal IS1358 oligonucleotide probe (#2194) (Table 2.4), serotype
04 (ATCC43308) and strain 89/3748 were shown to contain partial copies of IS1358 (Fig.

3.10b, Chapter 3), explaining why these elements could not be PCR amplified.
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4.2.3 Cloning, sequencing and analysis of different
IS1358 elements

The PCR-amplified DNA corresponding to IS1358 elements from the different V.
anguillarum serotypes were purified and cloned into pGEM-T. The cloned 1S1358
elements (pPM4947 to pPM4954, pPM4958) were sequenced using -21 M13 (forward) and
M13 (reverse) primers, and the sequence of each element was then completed using
internal oligonucleotide primers (#2091, #2092, #2193, #2194) (Table 2.4; Fig. 4.4).
Multiple clones of each element were sequenced to reduce the likelihood of sequencing
PCR errors and regions of ambiguity were clarified by re-sequencing. Figure 4.2 and Table
4.2 summarise the similarity between the cloned IS1358 elements of V. anguillarum from
this study and V. cholerae (Stroeher et al., 1995; U.H. Stroeher, personal communication).
The ISI1358 sequences can be accessed from Genbank using the accession numbers
U93587 to U93597. The sequence of the ISI1358 elements from the different V.
anguillarum serotypes were virtually identical with the only differences being single base-
pair substitutions and deletions (Fig. 4.2). The elements from the different strains within
the V. anguillarum O1 serotype were identical with the exception of the element from the
strain 86/3674 which was slightly divergent (99.8%) (Table 4.2).

Analysis of the completed nucleotide sequences of the IS1358 elements from V.
anguillarum revealed that some serotypes contained elements with one uninterrupted ORF
whilst others encoded elements with three small ORFs. Serotypes O1 and O3 contained
single elements that consist of three small ORFs, a similar organisation to that observed in
V. cholerae O1 (Stroeher et al., 1992). Elements cloned from serotypes 02, O7 and O9,
which all contain multiple copies of IS1358, were shown to encode single uninterrupted
ORFs of 1133 bp, 1109 bp and 1133 bp respectively (Fig. 4.4). The size of these ORFs

correspond to a predicted protein of approximately 42 kDa. V. cholerae 0139 also encodes



Figure 4.2: Alignment of IS1358 elements sequences from V. anguillarum

DNA sequence alignment of the of the sequenced IS1358 elements from V. anguillarum.
The letters represent A, ATTC 43305 (O1); B, 86/3674 (O1); C, ATCC 43307 (O3); D,
ATCC 43311 (O7); E, ATCC 43313 (09); F, ATCC 43306 (02); G, 85-3954-1 (O1); H,

85-3954-2 (O1). * represents identical nucleotide bases.



IS1358A
IS1358B
IS1358C
IS1358D
IS1358E
IS1358F
I81358G
IS1358H

IS1358A
IS1358B
IS1358C
IS1358D
IS1358E
IS1358F
I81358G6
IS1358H

IS1358A
IS1358B
IS1358C
I81358D
IS1358E
IS1358F
I51358G
IS1358H

IS1358A
IS1358B
IS1358C
IS1358D
IS1358E
IS1358F
I81358G
IS1358H

IS1358A
IS1358B
IS1358C
IS1358D
IS1358E
IS1358F
IS1358G
IS1358E

IS1358A
IS1358B
IS1358C
IS1358D
IS1358E
IS1358F
IS1358G
IS1358H

IS1358A
IS1358B
IsS1358C
I81358D
IS1358E
IS1358F
IS1358G
IS1358H

CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT
CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT
CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT
CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT
CAGGGAAACCGCATGAAAGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGATTCCGCT
CAGGGAAACCGCATGAAAGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGATTCCGCT
CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT
CAGGGAAACCGCATGAAGGTCGTTGATATATAAGGGCTGCAAAGATGCTAAGAATCCGCT

T YRR E L LA SR *'k********************************* * % koK kN

TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTAAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTAAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG
TTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTG

* % *********************************************************

TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATGTCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG
TAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATAGGAGCCTAAATATGAGCG

************************* *********************************

AGTTAACCAACCCATTTATGCATTTCCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGTTAACCAACCCATTTATGCATTTCCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGTTAACCAACCCATTTATGCATTTTCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGCTAACCAACCCATTTATGCATTTCCAAATCATTAAAGACTACCGACAAGAAAGCAAAG
AGTTAACCAACCCATTTATGCACTTTCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGTTAACCAACCCATTTATGCACTTTCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGTTAACCAACCCATTTATGCATTTCCAAATCATTAAAGATTATCGACAGGAAAATAAAA
AGTTAACCAACCCATTTATGCATTTCCAAATCATTAAAGATTATCGACAGGAAAATAAAA

*h KkkkkkkhkkrkrAhhkkhkkk Xk khkkRkkkhkkdhkkkh Fk Fhkkkk * % kk * kR

TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGCGGCGTCCTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGCGGCGTCCTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGTGGCGTCTTGTCGGGTCATG
TAGATCACAAATTATCAGATATTATTTTGCTGACAATTTGCGGCGTCCTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGTGGCGTCTTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGTGGCGTCTTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGCGGCGTCCTGTCGGGTCATG
TAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGCGGCGTCCTGTCGGGTCATG

* Kk *k T2 XL 8L L 201 Ak kkhhhhhhhhkkrhhhkrdx Kkkkdhw dhkhhkkhkkhrkk

—AAGGCTGGGATGGCATTATCGATTTTTGGGCAATGCTCGCTTAGATTTCCTCAAACGAT
-ATGGCTGGGATGGCATTATCGATTTT—-GGCAATGCTCGCTTAGATTTCCTCAAACGAT
GACGGTTGGGATGGCATTATTGACTTT-—GGCAATGCTCGCTTAGATTTCCTAAAACGAT
—ATGGCTGGGATGGCATTATCGATTTT—-GGCAATGCTCGCTTAGATTTCCTCAAACGAT
-ACGGT-GGGATGGCATTAT—GACTTT——GGCAATGCTCGCTTAGATTTCCTAAAACGAT
—ACGGTTGGGATGGCATTATTGACTTT-—GGCAATGCTCGCTTAGATTTCCTAAAACGAT
—ATGGCTGGGATGGCATTATCGATTTT—-GGCAATGCTCGCTTAGATTTCCTCAAACGAT
-ATGGCTGGGATGGCATTATCGATTTT——GGCAATGCTCGCTTAGATTTCCTCAAACGAT

* kK khkkhkkhkkhkrhrhk *k KAk I 222222 LR R 2 L LI A A G A

ATGGGTCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG
ATGG—TCATTTTGAGGCAGGCATTCCATCGGCAGATACTTTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGATATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG
ATGG—TCATTTTGAGGCAGGCATTCCATCGGCAGATACTTTGTCTCGTGTGATGGGCCTG
ATGG-TCATTTTGAGGCAGGCATTCCATCGGCAGATACTTTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG

kkdk Hk*k khkkkk *k & kkkhdk Kk ANk hkkKk khkkhAkR kN krhhhkkkdhk *k
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ATGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGG&TGAAGGACTGCCATACACTG
ATGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGGATGAAGGACTGCCATACACTG
ATTAATCCGGCAGGGTTGCAAAAAAGCTTTATATCTTGGATGAAGGACTGCCATACACTG
ATTAATCCGGCAGCGTTGCAAAGAAGCTTTATGGCTTGGATGAAGGACTGCCATACACTG
RTGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGGATGAAGGACTGCCATRCACTG
ATGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGGATGAAGGACTGCCATACACTG
ATGAATCCGGCAGCGTTGCAABGAAGCTTTATAGCTTGGATGBAGGACTGCCATACACTG
ATGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGGATGAAGGACTGCCATACACTG

Ak khkkkIIkkkAr WAKKHF NN wkhkkhhkhkk **************************

ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG
ACGGGTGGAGAATTCATCGCTATCGACGGTAAAACATTACGTGGTTCTTATGATCGCTCT
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCCCTTATGACCGCTCG
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG
ACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCTCTTATGACCGCTCG

khhkk FHhkkkhkk ******************************* khkhhhkk Kkkrkk

AAGGGTAAAGGAACAATTCACATGGTG—AATGCTCTTGCTACTGCAAACGGAATGAGTAT
AAGGGTAAAGGAACAATTCACATGGTG-ABTGCTCTTGCTACTGCAAACGGAATGAGTAT
AAGGGTAAkGGAACGATTCACATGGTG-AATGCTTTTGCTACTGCAAACAGAATGATTAT
AAGGGTAAAGGAACGATTCACATGGTG-AATGCTTTTGCTACTGCAAACGGAATGAGTAT
AAGGGTAAAGGAACGATTCACATGGTG-AATGCTTTTGCTACTGCAAACGGAATGAGTAT
AAGGGTAAAGGAACGATTCACRTGGTGCAATGCTTTTGCTACTGCAAACGGBATGAGTAT
AAGGGTAAAGGAACAATTCACATGGTG—AATGCTCTTGCTACTGCAAACGGAATGAGTAT
AAGGGTAAAGGAACAATTCAC&TGGTG—AATGCTCTTGCTACTGCAAACGGAATGAGTAT
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CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCCATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
CGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCCCCAAGCTACTTGA
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CTTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGBTCCGAAAAGAAAAT
CTTGCTATAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGCTCGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGATCGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAAT
CTTGCTAGAGGTAAAAGGCTGCTTGGTTRCGATTGATGCAATGGGATGCCAAAAGAAAAT
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AGCGCAAGAAATTCTCGATAAAGAAGCGGATTATTTGTTAGCAGTGAAAGGGAhTTAGGG
AGCGCAAGAAATTCTCGATAA&GAAGCGGATTATTTGTTAGCAGTGAAAGGGAATTAGGG
AGCGCAAAAAATTCTCGATAAAGAAGCGGATTATTTGTTAGCAGTGAAAGGTAATCAGGG
AGCGCEBAAAATTCTCGATAAAGAAGCGGRTTATTTGTTAGCAGTGAAAGGTRATCAGGG
AGCGCAAAAAATTCTCGATARAGAAGCGGATTATTTGTTAGCAGTGAAAGGTAATCAGGG
AGCGCAAAAAATTCTCGATAAAGAAGCGG&TTRTTTGTTAGCAGTGAAAGGTAATCAGGG
AGCGCAAGAAATTCTCGATAAAGAAGCGGATTATTTGTTAGCAGTGAAAGGGAATTAGGG
AGCGCAAGAAATTCTCGATAAAGAAGCGGATTATTTGTTAGCAGTGAAAGGGAATTAGGG
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AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
AATGCTTGACCAACCTTTTGATGATTATTTTGGAATGAACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTCCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGG
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CAGTTCTTACAGTACTCAAGAAAAAAGTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTAACAGAATTCAAGAAAAAATTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTACTCAAGAAAAAAGTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTACTCAAGAAAAAAGTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTATACAAGAAAAAAGTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTACACAAGAAAAAAGTCACGGAAGALCGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTRCTCAAGAAAAAAGTCACGGAAGAACGGAAACGAGAGTGGCTTTAGT
CAGTTCTTACAGTACTCBAGAAAAAAGTCACGGRAGAACGGAAACGAGAGTGGCTTTAGT
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GAGCCGTGATTTGTCGGTTTTAGGTTGATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GACLLuiuﬁTwTuxuuurx11AGGT-GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GAACCGTGRTTTGTCGGTTTTAGGT—GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GAACCGTGATTTGTCGGTTTTAGGT—GATATTGAGCATGAATGGCCCGAGCTAAAACCAT
GAACCGTGATTTGTCGGTTTTAGGT—GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GAACCGTGATTTGTCG—TTTTABGT-GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GAGCCGTGATTTGTCGGTTTTAGGT-GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
GBGCCGTGATTTGTCGGTTTTAGGT-GATATTGAGCATGAATGGCCCGAGCTAAAATCAA
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TGGECATCGTC-GCTTCGATTCCGCCAAGAAATCCGGCTGTTGCCAACAGAGCAAGATGT
TGGGCATCGTC—GCTTCGATTCGCC—AAGAA—-TCGGCTGTAGC—AACAGAGCAAGATGT
TGG—CATCGTCCGCTTCGATTCGCC—AAGAA——TCGGCTGTAGC—AACAGRGCA—GATGT
GGGCCATCGTC-GCTTCGATACGCC—CAGAA——TCGGCTGTAGC-AACAGAGCAAGATGT
TGGGCATCGTC—GCTTCGATTCGCC—AAGAA——TCGGCTGTAGC—AACAGAGCAAGATGT
TGGGCATCGTC-GCTTCGATTCGCC -ARGAA~~TCGGCTGTAGC-AACAGAGCAAGATGT
TGG—CATCGTC—GCTTCGATTCGCCCAAGAA—"TCGGCTGTAGC—AACAGAGCAAGATGT
TGGGCATCGTC~GCTTCGATTCGCC—AAGAA"—TCGGCTGTAGC-AACAGAGCAAGATGT
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GAGTATTCGTTACTATATTTGTTCTAAAGAATAAGAAGCCCAAACTCTGCTTGAAGCGAC
GAGTATTCGTTACTATATTTGTTCTAAAGAATAAGAAGCCCAAACTCTGCTTGAAGCGAC
GAGTATTCGTTATTATATATGTTCTAAAGAATTAGAAGCCCAAACGCTGCTTGAAGCGAC
GAGTATTCGTTACTATATATGTTCTAAAGAATTAGAAGCCCAAACGCTGCTTGAAGCGAC
GAGTATTCGTTACTATATCTGTTCTAAAGAATTAGAAGCCCAAACGCTGCTTGAAGCGAC
GAGTATTCGTTACTATATCTGTTCTABAGAATTAGAAGCCCAAACGCTGCTTGAAGCGAC
GAGTATTCGTTACTATATTTGTTCTAAAGAATAAGAAGCCCAAACTCTGCTTGAAGCGAC
GAGTATTCGTTACTATATTTGTTCTAAAGAATAAGAAGCCCAAACTCTGCTTGAAGCGAC

Wk ok hkkk ek hkkhk EhkER Kok kodkoroh Wk ook khkhhkhhhhkdkhkhh FrErkEhhkkhukwhdk

GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGGCCTAGAGGCCATGCATTGGTCTCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTGGTGAGGA
GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGCCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
GCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTAGTGAGGA
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CAACTCTCGTATTAGAGCCGA?GATCGCGCAGAGGCTTTRGCAAGGATCAGGCGGATGTG
CAACTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
CAATTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
CAATTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATTAGGCAGATGTG
CAACTCTCGTATTAGAGCCGATGATCGTGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
CAACTCTCGTATTAGAGCCGATGATCGTGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
CAACTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
CBACTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATCAGGCAGATGTG
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TTTGAACCTATTAAAGAGTGAAAC—ACCTTTAAAGGTGGCATTAAACGCAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGCAAACGG&TGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGTAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAhACGTAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAAC—ACCTTTAAAGGTGGCATTAAACGCAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGCAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGCAAACGGATGAA
TTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGCAAACGGATGAA
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CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTATCGGGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTATCGGGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTACCATGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCTTTACAGGGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTACCGGGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGARAGCCTTACCGGGCGGTGATG
CTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTATCGGGCGGTGATG
CTGCGCAATGGACGAARACTACCTAAGTAAGGTTCTCGARAGCCTTATCGGGCGGTGATG
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Table 4.2: Sequence similarity of IS1358 in different strains from V. anguillarum and V. cholerae

0139 017 H1 CA401 Z17561 A (O1) B(1) C(03) D7) E©9 F(@2 G(O1) H(OD
0139 100 96 96 954 95 88.2 88.2 87.7 88.8 87.7 87.9 88.3 88.3
(] (52) (53) (61) (65) (155) as7n (162) (147) (164) (161) (155) (155)
017 100 99.8 99.2 98.9 87.6 87.6 86.9 88 87 87.2 87.7 87.7
® (2) (10) (15 (163) (164) (173) (158) (162) (159 (163) (163)
H1 100 99.1 98.9 87.6 87.6 86.9 88 87 87.2 87.7 87.7
(V)] (12) (15 (163) (165) 173 (156) (172) (170) (163) (163)
CA401 100 99.5 87 87 86.3 874 86.4 86.6 87.1 87.1
(] N a7 (173) (181) (166) (182) (178) am (171)
Z17561 100 86.7 86.7 86.1 87.2 86.2 86.4 86.8 86.8
0 a7s amn (184) (169) (183) (181 (175) a7s
A(OD 100 99.8 96.8 97.6 97.3 974 100 100
® (2) (42) (32) 35 33 0 (1)}
B (OD) 100 96.6 974 974 97.4 99.8 99.8
(1) a9 (39 (35) (35) (2) (2)
C (03 100 96.4 98 98.1 96.8 96.8
0) 48) (26) (24) (42) (42)
D (07 100 96.3 96.5 97.5 97.5
(] (48) 4n (32) (32)
E (09) 100 99.8 97.4 974
® (2) (35) (35)
F (02) 100 97.5 97.5
0 33 (33)
G (01) 100 100
(0} (1)
H (01) 100
0)

% similarity between different IS/358 sequenced from various V. cholerae (U.H. Stroeher, personal communication) and V. anguillarum serogroups.
The table shows the % similarity and the number of base pair differences (presented in brackets () between the IS/358 elements for comparison. The
Jetters in the table represent the following strains: A, ATCC 43305 (O1); B, 86/3674 (O1); C, ATCC 43307 (03); D, ATCC 43311 (O7); E, ATCC
43313 (09); F, ATCC 43306 (02); G, 85-3954-1 (O1); H, 85-3954-2 (O1).
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an IS1358 element with a single ORF (1127 bp), and it has been proposed that the single
ORF encodes a functional transposase (~42 kDa) and hence may be a mobile genetic

element (Stroeher et al., 1995).

4.2.4 Protein expression from the IS1358 elements of
V. anguillarum

To confirm the sequence data obtained for the different IS/358 elements, the T7
RNA polymerase expression system (Tabor and Richardson, 1985) in E. coli DHS was
employed using the plasmids pPM4947 to pPPM4954, and pPM4958, containing the cloned
IS1358 related sequences from the various V. anguillarum serotypes. A protein
corresponding to the predicted molecular weight of ~42 kDa could be detected in tracks C,
D, E and F which represent IS1358 from V. anguillarum O3, O7, 09, and O2 respectively
(Fig. 4.3). The sequenced IS/358 gene from serotype O3 did not have an ORF, but closer
inspection of the sequence identified an amber stop codon (UAG) at base number 663,
which was different to the other interrupted IS/358 elements (Fig. 4.4). The significance
of this stop codon is that the E. coli strain (DHS) used in the over-expression has a supE
mutation which results in the stop codon being misread and an amino acid (glutamine)
being added, thereby resulting in a product from the IS/358 element cloned from V.
anguillarum O3. Proteins produced by IS/358 elements with the smaller ORFs were not
detected in this system indicating that these small proteins are either rapidly degraded or
are not translated. A similar situation has been seen in V. cholerae O1 (Stroeher et al.,
1995). The expression data showed that proteins corresponding to the predicted molecular
weight (42 kDa) can be synthesised which suggests that the uninterrupted ORFs of IS/358

in V. anguillarum 02, O7 and O9 may potentially be functional.



Figure 4.3: Detection of IS1358 encoded proteins by T7 RNA polymerase
overexpression.

The proteins were overexpressed by using the T7 promoter/RNA polymerase system
(Tabor & Richardson, 1985). Proteins were labelled with L—[3SS] methionine,
electrophoresed on a SDS-15% polyacrylamide gel. The gel was dried and proteins
detected by autoradiography. Each lane contains E2096 with a PGEM-T clone of the
IS1358 element from the indicated V. anguillarum strain. Molecular size markers
(Pharmacia-LKB) are indicated as follows: 94kDa (phosphorylase b), 67kDa (bovine serum

albumin), 43kDa (ovalbumin), 30kDa (carbonic anhydrase).
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Figure 4.4: Genetic organisation of the IS1358 elements found in V.,
cholerae O1, 0139 and V. anguillarum 01, 02 and O3.

The sequence above the triangle represents the inverted repeat flanking IS1358. The large
triangle below the V. cholerae 0139 IS1385 is the sequence of the 31bp repeat which
occurs twice, and the underlined portion represents the same sequence as the inverted
flanking repeats. The position of oligonucleotides #773, #1065 and #2194 are indicated as
is the conserved HindIll site. The amber stop codon is shown in the V. anguillarum O3

IS1358 element. Vertical lines represent the stop codons of the various truncated ORFs.
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4.2.5 PCR amplification of DNA between the multiple
copies of IS1358 in V. anguillarum serotypes O2
and 09

The presence of multiple copies of IS1358 in serotypes O2 and O9, and the siﬁgle
uninterrupted ORFs noted for the elements sequenced from these strains, suggest that
IS1358 may be mobile. During the course of this study, IS1358 from V. cholerae was
shown to possess transposition activity (Dumontier et al., 1998) which further suggests that
the elements found in V. anguillarum may also be able to transpose.

To determine if there was any relationship in the O2 and O9 serotypes of V.
anguillarum between 1S1358 and rfb/polysaccharide genes, the ORFs located between
some of the elements were investigated. PCR was used with an oligonucleotide
complementary (#1065) to the inverted repeats of IS1358, allowing DNA between the
elements to be amplified. PCR reactions were performed using standard conditions but
with extension times ranging from 2 to 8 min. Chromosomal DNA from strains ATCC
43306 (02) and ATCC 43313 (0O9) which contained multiple copies of the complete
IS1358 element were used in the PCR reactions. While it was possible to amplify three
bands of 2.2 kb, 1.8 kb and 0.72 kb from the O2 serotype, no products were generated

using O9 DNA (data not shown).

4.2.6 rfb-like genes are located between IS1358 elements
in V. anguillarum O2

The amplified DNA products from strain ATCC43306 were cloned into pGEM-T
yielding pPM4966, pPM4967, and pPM4968 which were then sequenced using -21 M13

forward and M13 reverse primers. The initial sequence indicated that only the 1.8 kb PCR
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product (pPM4966) had any significant homology to any genes currently in the database.
Oligonucleotides (#2226, #2227, #2278, #2365, #2393) were designed from the sequence
data and this enabled the sequence of the 1.8 kb fragment to be completed (Fig. 4.5) The
completed sequence was analysed using BlastX and similarities to capsule and O-antigen
biosynthesis proteins were detected. Two ORFs were identified: one (ORF1) showed
homology to bplA/wipA from the LPS biosynthesis operon of Bordetella pertussis (64%
identical at DNA and amino acid level; Fig. 4.6) (Allen & Maskell, 1996) and the other
(ORF2) was homologous to a Vi polysaccharide biosynthesis protein, VipA from
Salmonella typhi (66% identical at the DNA level and 62.5% identical at the amino acid
level; Fig. 4.7) (Hashimoto et al., 1993: Waxin et al., 1993). Table 4.3 shows the proteins
to which ORF2 is most homologous. The homologues of ORF 1 and 2 are both thought to
be dehydrogenase enzymes involved in polysaccharide biosynthesis. ORF 1 which shows
significant homology to bplA is a complete ORF (954 bp) predicted to encode a protein of
35 kDa, whereas ORF 2 (710 bp) is interrupted by the 1S1358 element (Fig. 4.8).

Southern hybridisation was performed to determine which ISI358 elements
correlated with the 1.8 kb fragment. HindIll digested DNA of ATCC43306 (02) and 85-
3954-2 (O1) was used with either PCR DIG-labelled IS1358 (generated from chromosomat
DNA of 85-3954-2 and oligonucleotide # 773 (Table 2.4)), or pPM4966 (the 1.8 kb
fragment cloned into pGEM-T) was DIG-labelled using the primers -21M13 (Forward) and
M13 (Reverse)) as probes. Figure 4.9 clearly shows that the 1.8 kb fragment is located on
two HindIll fragments of 4.8 and 2.6 kb. Two fragments are detected as there is a HindIIl
restriction site at nt 1415 (Fig. 4.5) which lies within ORF 2. This data also indicates that
the IS1358 element adjacent ORF 2 does not contain a HindIll site which was found to be
conserved between all IS7358 elements sequenced (Section 4.2.3, U.H. Stroeher, personal

communication). The Southern blot hybridised with the IS/358 probe showed the multiple



Figure 4.5: The nucleotide and deduced amino acid sequence of the DNA
between 1IS1358 elements in V. anguillarum O2 (ATTC
43306)

The nucleotide sequence is numbered in accordance with the Genbank accession number
AF156256 and is shown from nt 1 tont 1830. The amino acid translation of each ORF is
represented by single letter code below the first nt of each codon. Possible ribosome
binding sites are bolded. The oligonucleotides used to sequence the region are underlined

and indicated by corresponding number as in Table 2.4.
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130 140 150 160 170 180
ATTTTGGCTCAATTGAGCAGCTTGATTCAGAATATGAGCTGGTCGCGGTGTGCGATAACA
F 6 S I E ¢ L D S EY EL V A YV C DN N

190 200 210 220 230 240
ACCCAGAAGTGTTAGAGCTGCATTCAAATAAATACGGCGTTCCGGGTTATCACTCGATAG
P E VL E L HS NI K Y GV P G Y H S I D

250 260 270 280 290 300

# 2226
ATGATCTGCTCGCTTCACAAACACTTGATATCGTCACCTTGTGTACCCC GAGTGGCATAC
D L LA SQTULDTIUVTTULT CTUPS G I H

310 320 330 340 350 360
ATGCACCACAAACTATTAAAGCTGCGAAAGCCGGTGTACATGTGATTACCGAAAAACCGA
A P Q T I K A A KA G V HV I TE K P M

370 380 390 400 410 420
TGGCGACCAAGTGGGAAGATGGACTAGCAATGGTTAAAGCGTGTGATGACGCTGGGGTGC
A T K W ED G L A MV KA CD DA G V R

430 440 450 460 470 480

# 2393
GTTTATTTCTGGTTAAACAAAACCGCCGTAATTCAACATTGCAATTACTTAAGCGTGCAG
L F V V X ¢ N R RN S T™UL Q L L K R A YV

490 500 510 520 530 540
TGACGGAAAAGCGTTTTGGTAAAATCCATATGGTGCATTTAAATGTGTTTTGGACCAGAC
T E K R F 6 K I H M V HL NV F W TR P

550 560 570 580 590 600
CTCAAGAGTATTACGACCGCGCTGCTTGGTCTGGTACTTGGCACATGGATGGTGGTGCTT
Q E Y Y DR AAW S G T WHMDG G A F

610 620 630 640 650 660
TTATGAATCAGGCGACTCATTATGTCGATCTTCTCCATTGGCTAGTGGGGCCTATTGAAA
M N 9 A T H Y VDL L HWULV G P I ET

670 680 690 700 710 720
CCATCCATGCTATGACCTCCACTCATCGTGATATTGAAGTTGAAGATACTGGTGTGGTGA
I H A M T S TH RDTIEV EDTGV V N

730 740 750 760 770 780
ACATCAAATGGCGTAATGGCGCGTTAGGCTCAATGGCGGTCACTATGTGTACTTATCCCA
I X W R NG AL G S M A V TMCT Y P N

790 800 810 820 830 840
ATAATTTAGAGGCTTCAATCACTATTTTTGGGGAAAAAGGGACAGTGCGTGTTGGTGGCG
N L E 6 8§ I T I F G E XK G TV RV G GV

850 860 870 880 890 900
TGGCGGTTAATGAAATCCAAGAATGGAATTTTGCAGAATCAARAGATTACGATCAGCAAA
AV N E I Q EW NP F A E S KD Y D Q Q I

910 920 930 940 950 960
TTGAACAAGCCAACTACCAAACCACTTCAGTCTATGGATTTGGTCATCCACCTTACTTTA
E QO AN Y Q TT S VY G F G H P-P Y F K
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970 980 990 1000 1010 1020
# 2365
AAAACGTTGCCGATGTATTCCGTGGCGAGGCAGAGCCAGAAACCGACGGCCTGTAGGGTT
N v A DV F R GEAZEPETUDGTUL *

1030 1040 1050 1060 1070 1080
TAAAATCACTTGAGCTATTGATCAGCATTTATCGCTCAGCTCGCGATCATAAAGAAATTG

1090 1100 1110 1120 1130 1140
GTTTGCCATTGAATCTGTAATTACGAGTARRGAAAAATGAAGTTAGAAAATGTAAAGATT
orf2 M K L E N V K I

1160 1170 1180 1190 1200
GGCATTATTGGTTTAGGCTATGTTGGCTTACCGCTTGCGGTTGAGTTTGGTAAGAAGTTT
¢ I I ¢ L ¢ Y Vv L PL AV EVFGZ K K F

1210 1220 1230 1240 1250 1260
# 2278
AGCACGGTAGGTTTTGATATTAACCAGAARAGGGTCGCTGAATTACACTCT GGCATTGAT
S T v G F DI N Q K RV AETULHS G I D

1270 1280 1290 1300 1310 1320
TTAACCTTGGAATGTTCCGAAGAGGAACTGCGTAGTGCTCCATTGCTGAGTTACACTCAC
L T L EC S E EEL R S AUPUL L S Y T H

1330 1340 1350 1360 1370 1380
CAATTGGAAGAGATTAAAGACTGTAATTTTTATATCGTTACCGTGCCTACACCAATCACA
Q L E EI K DCNV FYTI VTV PTU?PTIT

1390 1400 1410 1420 1430 1440
GATGAAAAAACACCGGATCTTAACCCACTAAAAAAAGCTTCTGAAGCTCTTGCGAAAGTG
D E K TP DL N P L K KA S EA AL A KV

1450 1460 1470 1480 1490 1500
GTCTCCCACGGTGATATTGTCGTTTTCGAATCAACAGTTTATCCCGGTGCAACGGAAGAA
v $S H G D I V V F E S TV Y P G A T E E

1510 1520 1530 1540 1550 1560
GTGTGCCTTCCTATCATCGAGAAARATTCAGGTTTAGTGTTTAATCGCGATTTCTTT GCT
v ¢ L p I I E KN S G UL V F NRDTF F A

1570 1580 1590 1600 1610 1620
# 2227
GGTTATAGCCCAGAGCGTATCAATCCAGGAGATAAAGTGAATCGTTTAACTACGATCATG
G Y S P ER I NP GDI KV NRUL T TTIM

1630 1640 1650 1660 1670 1680
AAAATAACTTCTGGCTCTACGCCTGAAGTGGCTGATTTTGTTGATCAAGTATACTCTTCG
K I T s G 8§ T™ P E V A D F V D Q V Y s S

1690 1700 1710 1720 1730 1740
ATAGTCACTGCTGGTACCCATAAAGCGCCATCAATCAAGGTGGCAGAAGCCGCTAAAGTT
I v T A G T H K A P S I K V A E A A K V

1750 1760 1770 1780 1790 1800
ATTGAAAATACCCAGCGTGATCTAAATATTGCTGTAATCAATGAGTTTGCCAAAATTTTT
I EN T Q R DL NI AV I NETVFAI KTITF

1810 1820 1830
AATCGACTAGGTATCAGGGAAACCGCATGAA 3’

N R L G I R E T A Isl358>



Figure 4.6: Alignment of ORF 1 with homologous proteins

Alignment of the amino acid sequence of ORF 1 from V. anguillarum O2 with WipA/BplA
from Bordetella pertussis (gbX90711), as determined using the default settings of the
program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; e, similar residues.

Abbreviations: gb, Genbank.
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Figure 4.7: Alignment of ORF2 with homologous proteins

Alignment of the amino acid sequence of ORF2 (VaOrf2), Salmonella typhi VipA
(StVipA) (spQ04972), Shigella sonnei ORF1 (SsOrf1) (gbU34305), E. coli ORF7 (EcOrf7)
(Z21706) and Staphylococcus aureus CapL (SaCapL) (spP39861), as determined using the
default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical

residues; e, similar residues. Abbreviations: sp, SWISS PROT; gb, Genbank.
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Table 4.3: Homology table for ORF 2

%identity"

VaOrf2 StVipA SsOrf1 EcOrf7  SaCapL
VaOrf2 100 62.5 64.2 65.2 59.0
(235) (229) (201) (227)
StVipA 100 59.7 82.4 52.6
(412 (205) (416)
SsOrf1 100 58.6 58.1
(198) (389)
EcOrf7 100 54.5
(198)
SaCaplL 100

a Percentage of identical amino acids determined with FASTA as implemented
in PROSIS. Numbers in brackets indicate the number of amino acids over
which the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaOrf2: V. anguillarum ORF2

StVipA: Salmonella typhi VipA (spQ04972),
SsOrfl: Shigella sonnei ORF1 (gbU34305),
EcOrf7: E. coli ORF7 (gbZ21706)

SaCapL: Staphylococcus aureus CapL. (spP39861)



Figure 4.8: The genetic organisation of the 1.8 kb fragment located
between IS1358 elements in V. anguillarum O2.

A schematic representation of pPM4966 which contains the 1.8 kb PCR product generated
using the oligonucleotide #1065. Restriction sites are indicated on the figure for reference.

The arrows indicate the location and direction of the oligonucleotides used.
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Figure 4.9: Southern hybridisation analysis of the 1.8 kb PCR product

Southern blots of HindIIl restricted DNA of ATCC 43306 (O2) and 85-3954-2 (O1) were
probed with PCR DIG-labelled IS1358 (labelled using oligonucleotide #773, Table 2.4)(A)
and pPM4966 (labelled using -21M13 and M13 primers) (B) probes. The appropriate size
markers are indicated on the left side of the figure. The smaller molecular weight band in
panel B (labelled *) appears to be darker than the higher molecular weight band in the same
lane. This is because the HindlIll restriction site is located near the end of the 1.8 kb

fragment, and therefore a greater proportion of the probe hybridises to the smaller band

(labelled *).
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bands characteristic of the O2 serotype. However there are two IS/358 bands (Fig. 4.9
(A)) that correspond to the size of the fragments (4.8 and 2.6 kb) observed with the
pPM4966 probe (Fig. 4.9 (B)) suggesting that these elements flank the region. In addition,
the 1.8 kb fragment does not hybridise to any fragments in the O1 serotype strain 85-3954-

2 (see also Section 4.2.12), and hence ORF 1 and ORF 2 are not present in this strain.

4.2.7 Inverse PCR

Inverse PCR was used to further characterise the DNA flanking these closely linked
IS1358 elements. PCR using oligonucleotide #1065 (complementary to the inverted
repeats of I1S1358) (Fig. 4.8) was performed on ligated chromosomal DNA that had
previously been digested with Ndel. Ndel was used as it cuts inside the 1.8 kb fragment but
not within IS1358 (Fig. 4.8). Southern hybridisation using ORF 1 as a probe indicated a
fragment of approximately 3.0 kb should be generated by PCR if Ndel was used to digest
the chromosome (data not shown). PCR amplified a single product corresponding to the
expected size (3.0 kb). The product was cloned into pGEM-T and the resulting plasmid,
pPM5510, was partially sequenced using forward, reverse and specific primers (Fig. 4.10)
(Table 2.4). Subsequent BlastX searches revealed the presence of ORF1 (bplA/wipA) at
one end of the cloned sequence, and at the other end another ORF with homology to wzz
(cld or rol) genes from E. coli (Bastin et al., 1993; Morona et al., 1995) and other
pathogenic bacteria (Fig. 4.11). Wzz has been shown to regulate the chain length of O-
antigen in these bacteria (Chapter 1, Section 1.5.4.1.4).

Another partial ORF (ORF 4) was detected adjacent to the wzz homologue (ORF 3);
this gene was transcribed in the opposite direction to ORF 3 and has homology to
rfaD/gmhD from V. cholerae O1 (60% identical at amino acid level) (Fig. 4.11). The

RfaD/GmhD protein of V. cholerae is involved in LPS core sugar biosynthesis.



Figure 4.10: The nucleotide and deduced amino acid sequence of a Wzz
homologue from V. anguillarum 02 (ATCC 43306).

The nucleotide sequence is numbered in accordance with the Genbank accession number
AF156257 and is shown from nt 1 to nt 1415. The amino acid translation of Wzz is
represented by single letter code below the first nt of each codon. The potential initiation

codons are bolded. The beginning of rfaD/gmhD is indicated at nt 283.



10 20 30 40 50 60
5 ' PAGCGGCTTAGATAGTGGCTGTAAACACAAAAGCTCGCTTTTCTCATTGAACGTCTAGCC

70 80 90 100 110 120
TTGAAAAGGGTTTTGCTTTAAACTTCGGCACGCAAGGTGGCAAGGTGGCAAGGTGGCAAG
130 140 150 160 170 180
GTGGCAAGGTGGCAAGGTGGCTCGAARATTGACAAATTCGATAAAGCTTGTACAACAATTT
190 200 210 220 230 240
AAACAGTCAGCCTTTAGGAGCGGATACCTAAGGGCGGTAGCGTGCCTAAAAACCAATGAT
& rfaD/gmhD
250 260 270 280 290 300

AGGATCAACAGTGTGAATCAATCCCCTTTTTCGCACTCTTCATACCCACCAGTGCCTTCT
wZz — v P S

310 320 330 340 350 360
TACTATCAGCAAAGCAATAATGATGAAATTGACCTGCGTGAGTTGTTTAGT GTGCTATGG
Y Y Q 9 $ N N DEI DL REULVF S V L W

370 380 390 400 410 420
CAAGGGAAATTGACCATAGTGCTGTGCACTGTTTTGTTTGCTGTGATGGCGGTGGTATAT
9 G K L T I VL CTVL FAVMAUYV VY

430 440 450 460 470 480
GCATTGACGGCGCAGCAGTGGTGGAGCGCTAAAGCAACCGTTACCCAGCCTGAATTAAGC
A L T A Q Q W W S A KOATV T Q P E L S

490 500 510 520 530 540
CAAGTTGTAACCTTCCTGCAACAGGTGAAGCAGTATCAGCCATTGTTTGATCTCTACCAA
Q v v T F L Q Q VX QY Q P L F DUL Y Q

550 560 570 580 590 600
GAAGATGGCACCATTATTGTGAGTAAAGAGCTTGATGGCTTAATTAACCCAGCCACTATT
E D G T I I VvV S K EUL D GUL I NU?PATTI

610 620 630 640 650 660
TPCCAGCGTTTTGTGCGTCGCATTTAATACTAATGACAATAAAAAGCGCTTTATGCAAAGT
F Q R F VR AF NTDNUDNI K K RFMQ S

670 680 690 700 710 720
AACCCTACTTTTTTAGCCATTGAGCAGCAACAGCTTAAAGTGAATGAAAATAACGAAACT
N P T F L A I EQ Q QL KV NENNET

730 740 750 760 770 780
GATGATGTGGCGCGCTTTTATCAAAGTTGGTATGGCAAAATTACGGCTCAAGAAGTGGGT
D DV A RV F Y Q S WY G K I TAUZQEV G

790 800 810 820 830 840
AAGACACAAGCGGGTGATTTTTATCTCAGCTTTCAGTCAATTGATAAAGCCAGCAGTTTA
K T Q A G D F Y L S F Q S I D KA S S L

850 860 870 880 890 900
GTGTTGCTTAACGCCTATATCGACTTTATTAACCAACAACTGAACCAGCAGCTAACCAAT
vV L L N A Y I DFIDNUOOQULNUOQUOUL TN

910 920 930 940 950 960
GACCTTACCAGTAAATTGACGGTAAAACATAACCAACTTAGCCAGCAATACAGTAGTTTG
DL T S K L TV K HNQUL S ©Q Q Y S s L

970 980 990 1000 1010 1020
CAGCAGCAAACCCAATTGCGCCTGCAGGTGGAATTGGCGCGAGTGCAGAATGCATTGGCA
Q 0 0 T @ L R L Q VEILA ATRVYVQNATL A

1030 1040 1050 1060 1070 1080
ATTGCAAAAGCGGCCAATATTAATGAGCCTGTACAAAATCTGAATGAAGAGAAGCTGTTT
I A K A A NI N E PV Q NL N E E XK L F



1090 1100 1110 1120 1130 1140
GCCATTAGTATTGGTAGTARAGCATTGCAAGCCAAAGTCGATGCATTAAAAAGTATAACG
A I S I 6 S K A L Q A KV DAULIK S I T

1150 1160 1170 1180 1190 1200
AATTTAAGTGTGTTTGAACCACGCTTAGCGCTGCTGCAAGCCCAAGTTCAGCAGGTTGAG
N L §S v F E P R L A L L Q A Q V QO Q V E

1210 1220 1230 1240 1250 1260
CTATTAGGTAAAGTAAAACCAGCGCAAGTGCAAGGTTACGCTTACTTAGAGCAACCAGAA
L L G KV XK P AOQV QG Y A YL E Q B E

1270 1280 1290 1300 1310 1320
GCGCCGATTAGCCGTGATGAGCCCAAACGAGCATTGATAGCGGTGCTTGGAACCTTACTG
A P I S R DEUZ P2 KRALTIAVILGTUL L

1330 1340 1350 1360 1370 1380
GGCGGCATGCTTGGCGTTGCGATTGTGCTGGTGAGGTTTGCGTTTAGAAAAGAAGAAGAA
¢ 6 M L ¢ VA I VLV R FATFURIKE E E

1390 1400 1410
AAAGCTTAGACCAGGCAGCAGGGAAACCGCATGAA 3’

K A ~* IS1358 =
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Additionally, a putative JUMPstart sequence (5° TAGGAGCGGATACCTAAGGGCG
GTAGCGTGC 3°) (Fig. 4.11), often found at the beginning of rfb operons (Hobbs and
Reeves, 1994; Marolda and Valvano, 1998), was identified between the divergently

transcribed ORFs 3 and 4.

4.2.8 Further characterisation

In an attempt to clone the DNA further downstream of ORF 2-IS1358 (Fig. 4.8;
Fig. 4.11), a Sau3A cosmid bank library of ATCC43306 was constructed using the cosmid
vector pPM2101 (Table 2.3) as described in Materials and Methods (Section 2.10.6.1).
Cosmids clones were initially screened using a DIG-labelled IS1358 probe in colony dot
blot hybridisations. Out of 500 clones, 12 hybridising to the IS1358 probe were found.
These clones were screened with a DIG-labelled 800 bp Dral fragment of ORF2 probe (Fig
4.8). Two clones, pPM5513 and pPM5514 were found to hybridise to this fragment,
however pPM5514 was later found to contain only 200 bp of ORF2 (data not shown) and
was no longer used to characterise this region. To further map the region around ORF2-
1S1358, pPM5513 and chromosomal DNA (ATTC43306) were digested with Hindlll, Ndel
and EcoRV, and used in Southern hybridisation with the ORF2 probe described above.
The bands that hybridised were the same size in both pPM5513 and the chromosome (Fig.
4.12). The size of the bands were: HindIIl, 4.8 and 2.6 kb; Ndel, 7.3 kb and EcoRV, ~8.5
kb (Fig. 4.12). The Ndel digest appears slightly different between pPM5513 and
chromosome as the cosmid DNA had not cut to completion (Fig. 4.12). The restriction

sites were mapped onto the physical map of the region (Fig. 4.11).



Figure 4.11: The genetic organsiation of the putative polysaccharide
synthesis region of V. anguillarum O2 (ATCC 43306).

A map representing the DNA located around two IS1358 elements of V. anguillarum O2.
The map was derived using Southern hybridisation, inverse PCR and sequencing data
obtained from various subclones. The genes within this region are indicated on the map.
ORF1 corresponds to the gene homologue, bplA, and ORF2’ corresponds to the gene
homologue, vipA. ORF2’ is not a complete open reading frame and is truncated due to the
adjacent IS/358 element. The wzz (ORF 3) and rfaD/gmhD (ORF 4) homologues are also
represented. The arrows indicate the direction of transcription. The putative JUMPstart
sequence is represented by the sequence above the large triangle above the figure. The
bolded nucleotides indicate an identical match to the JUMPstart consensus sequence. The
underlined nucleotides show homology to some JUMPstart sequences and that these bases
show variation. The location of the 800 bp Dral fragment described in the text as the ORF

2 probe is indicated for reference.
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Figure 4.12: Southern hybridisation analysis of V. anguillarum 02
(ATCC 43306) chromosomal DNA and cosmid DNA from
pPMS5513.

Southern blots of HindIll, Ndel, EcoRV restricted DNA of ATCC 43306 (0O2) and
pPM5513 were probed with DIG-labelled probe of ORF2 (Dral fragment, nt 1020 - nt
1830, Fig. 4.5; Fig. 11) (Section 4.2.8). The approximate size of bands are shown in
kilobases (kb). The analysis was performed to further map the region in V. anguillarum 02
downstream of the second putative ISI358 element. The order of loading and the

restriction enzyme used are indicated at the top of the figure.
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4.2.9 Comparison of V. anguillarum O2 O-antigen
biosynthesis regions

During the course of this study the 7fb locus responsible for O-antigen biosynthesis
in V. anguillarum O2 from the strain ATCC19264 were cloned and expressed in E. coli
(Amor and Mutharia, 1995). A physical map of the region indicating Sall, Acc65I and
Nael and Xhol restriction sites was reported. Using the restriction enzymes Sall and Xhol,
Southern hybridisation was performed using the 1.8 kb fragment (pPM4966, Section 4.2.6)
as a probe to determine if the region sequenced in this study (using the strain ATCC43306)
was the same as the region previously published. Figure 4.13 shows that the sizes of the
bands for the Sall (<8.5 kb) and Xhol (8.5 kb and 3.6 kb) digests do not correlate precisely
with the restriction fragments reported by Amor and Mutharia (1995). The reported map
indicates the presence of five Xhol fragments (5.3, 4.5, 2.5, 2.0, and 1.3 kb) and four Sall
fragments (10.2, 2 x 4.0 and 2.5 kb). It is possible that the different strains used in the
independent studies accounts for the restriction fragment length polymorphism observed.
It is also possible that the region obtained in this study is adjacent the previously mapped
locus and therefore the probe used in this study would not hybridise to common bands.
Further characterisation of cosmid pPMS5513 will allow the region(s) to be more

extensively compared.

4.2.10 Analysis of the Rol/Wzz protein from V.
anguillarum O2

The wzz homologue (ORF 3) adjacent to IS/358 contains the highly conserved
proline/glycine rich domain at the carboxy terminal end of the protein which is thought to

be important for Wzz function (Bastin et al., 1993; Becker et al., 1995) (Fig. 4.10). The



Figure 4.13: Southern hybridisation analysis of V. anguillarum 02
(ATCC 43306)

Southern blots of Sall and Xhol restricted DNA of ATCC 43306 (O2) was probed with
DIG-labelled pPM4966. The approximate size of bands are shown in kilobases (kb). The
order of loading and the restriction enzyme used are indicated at the top of the figure. The
analysis was performed to compare the published V. anguillarum O2 O-antigen

biosynthesis locus restriction map with the region sequenced in this study.
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predicted wzz gene product of 365 amino acids also shows homology to omB from V.
cholerae 0139. OtnB has been shown to be involved with capsule biosynthesis and has
some similarity to other known Wzz proteins (Bik et al., 1996). Figure 4.14 shows a
CLUSTAL alignment of the Wzz protein from V. anguillarum O2 in comparison to other
Wzz proteins from E. coli and S. enterica sv Typhimurium. Table 4.4 summarises the
homology between Wzzy, and related Wzz proteins.

Wzz proteins have a highly conserved structure with the N and C terminal ends
being transmembrane domains, with the remaining portion of the protein being located in
the periplasm (Morona et al., 1995). Figure 4.15 demonstrates that the Wzz protein from
V. anguillarum O2 has an identical hydropathy plot to other Wzz proteins. The sequence
of the wzz gene in V. anguillarum indicates the presence of five potential initiation codons
at nucleotide #292 (GTG), # 352 (GTG), # 379 (GTG), #403 (GTG) and # 406 (ATG)
which are indicated on the sequence in bold letters (Fig. 4.10). Surprisingly none of the
potential starts have a ribosome binding site which resembles the consensus sequence
(AGGAGGT). The computer program TMpredict (Hofmann and Stoffel, 1993) indicates
that the initiation codon at nucleotide #292 (GTG) as the likely initiation codon as this
provides the Wzz protein with an appropriate length N terminal transmembrane domain of
~20 amino acids (Morona et al., 1995) in the correct location. This start also provides the
best homology at the N-terminal end in comparison to other Wzz proteins (Fig. 4.15).

To determine if Wzzy, protein had activity, the plasmid containing ORF3,
pPM5510, was electroporated into a Shigella flexneri wzz mutant (RMA696) (Van den
Bosch et al., 1997) to determine if the V. anguillarum wzz homologue was capable of
complementing this defect. Analysis of LPS by SDS-PAGE and silver staining showed
that the V. anguillarum wzz homologue was capable of low level complementation (10-

15%) compared to the S. flexneri wildtype strain (Fig. 4.16). It is possible that the reason



Figure 4.14: Clustal alignment of Wzzy, with other Wzz related proteins

Alignment of the amino acid sequence of Wzzy, (VaWzz), E. coli Wzzb2 (EcWzb2)
(spQ05032), E. coli Wzzb8 (EcWzb8) (pirS33670), E. coli Wzzg. (EcWzz) (gbD90840), S.
typhimurium Wzzb (StWzzb) (spQ04866), E. coli Cld (EcCld) (spQ05033) and V. cholerae
OtnB (VcOtnB) (pirS54287), as determined using the default settings of the program
CLUSTAL (Higgins and Sharp, 1988). *, identical residues; e, similar residues.

Abbreviations: gb, Genbank; sp, SWISS PROT.
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Table 4.4: Homology Table for Wzzy,

StWzzb EcCld VcOtnB

%identity®
VaWzz EcWzzb2 EcWzzb8 EcWzz
VaWzz 100 26.2 27.7 27.7
EcWzzb2 100 64.9 64.9
EcWzzb8 100 100
EcWzz 100
StWzzb
EcCld
VcOtnB

28.5 26.2 32.1
64.7 99.7 19.9
70.5 64.6 18.6
70.5 64.6 18.6
100 64.4 20.3
100 19.9

100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Identity is over
the entire length of the protein. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaWzz: V. anguillarum Wzzy,

EcWzzb2: E. coli Wzzb2 (spQ05032)
EcWzzb8: E. coli Wzzb8 (pirS33670),
EcWzz: E. coli Wzzg, (gbD90840),
StWzzb: S. typhimurium Wzzb (spQ04866),
EcCld: E. coli Cid (spQ05033)

VcOtnB: V. cholerae OtnB (pirS54287)



Figure 4.15: Hydropathy plot of Wzz proteins

The hydropathy plots were generated by the method of Kyte and Doolittle (1982) and
aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-
axis indicate hydrophobic regions. The position of every 10™ amino acid is marked on
each X-axis. VAWZZ, V. anguillarum Wzzy9; WZB2, E. coli Wzzb2 (spQ05032);
WZB8, E. coli Wzzb8 (pirS33670); ECWZZ, E. coli Wzz (gbD90840), and OTNB, V.

cholerae OtnB (pirS54287). Abbreviations: gb, Genbank; sp, SWISS PROT.
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Figure 4.16: Complementation analysis of Wzzy,

This shows a silver-stained 15% SDS-polyacrylamide gel with lipopolysaccharide prepared
from the indicated strains by proteinase K treatment (Materials and Methods, 2.15.1). The
first lane contains the S. flexneri 2a wildtype strain (2457T). The remaining lanes contain
RMAG696 (S. flexneri wzz mutant), RMA696 [pGEMS5zf"], RMA696 [pPM5510] and the
wildtype strain of V. anguillarum O2 (ATCC 43306). The lipid A-core oligosaccharide (R-
LPS) and the number of O-antigen repreat units are indicated on the left side of the figure.
The LPS O-antigen modal length due to Wzz is shown on the right side of the figure.

Samples represent ~1 X 10® cells.
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for the low level of complementation is due to poor expression as the Wzzy, gene lacks a

RBS.

4.2.11 Presence of ORF 1 and ORF 2 in other V.
anguillarum and V. cholerae serotypes

Due to the presence of IS1358 in many different strains of Both V. cholerae and V.
anguillarum, it was of interest to determine if either ORF 1 or ORF2 were present in any of
these strains representing the different serotypes of these species. This was investigated in
an attempt to provide indirect evidence for the possible transfer of these genes to V.
anguillarum O2. Initial studies using dot-blot DNA hybridisation indicated the presence of
both these ORFs in a number of non-O1 V. cholerae serotypes. Table 4.5 shows the non-
O1 V. cholerae serotypes that contain ORF 1 and ORF 2 by dot blot using PCR DIG-
labelled probes for either ORF 1 or ORF 2. The presence of ORF 1 and/or ORF 2 could
not be detected by Southern hybridisation in any of the other V. anguillarum serotypes. The
presence of IS1358 is also indicated in Table 4.5. Interestingly, some of the strains that
contain these ORFs also contain at least one copy of IS/358, including one V. cholerae
serotype (094) which contained all three: ORF1, ORF2 and IS1358. ORF 2 is also present

in strains lacking IS1358 (08, O10).

4.2.12 1S1358 and virBA

Due to the prevalence of IS1358 in the V. anguillarum strains tested in this study,
and the location of these elements in the chromosome of V. anguillarum O2 in relation to
rfb/ polysaccharide biosynthesis genes, it was decided to further investigate the association
of IS1358 with polysaccharide biosynthesis-related genes in another V. anguillarum

serotype. Initially, a Sau3A cosmid gene library was constructed using the cosmid vector



Table 4.5: Presence of ORF 1 and ORF 2 in V. cholerae

Serotype ORF1 | ORF 2 | Presence
of IS1358
V. anguillarum
02 Y Y Y
V.cholerae

08 N Y N
010 N Y N
027 Y N Y
030 Y N N
038 Y N N
072 Y N N
088 Y N N
094 Y Y Y
098 Y N Y
0110 Y N N
0111 Y N N
0128 Y N N
0132 Y N Y

The table summarises data obtained from Southern hybridisation and dot blots of V. cholerae and V.
anguillarum (Section 4.2.12). The DIG-labelled probes used: ORF1 corresponds to nucleotide #290 to
#985 (Fig. 4.5), ORF2 corresponds to nucleotide #1020 to #1830 (Fig. 4.5; Fig. 4.11), IS1358 generated
from V. anguillarum O1 using oligonucleotide #773 (Table 2.4).

Y: the probe hybridised

N: not detected
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pPM2101 (Table 2.3) and chromosomal DNA of V. anguillarum O1 serotype (strain 85-
3954-2) which was then transfected into an E. coli (S17-1) background

Colony dot-blot hybridisation was performed using a DNA probe of IS/358 in an
attempt to isolate cosmid clones that contained IS/358 and surrounding DNA.
Approximately 1000 cosmid clones were screened, with 5 hybridising to the IS/358 probe
(data not shown). To determine if the complete IS/358 element was contained on the
cosmid clones (pPM4905, pPM4906, pPM4914, pPM4917, pPM4918), PCR amplification
was performed using oligonucleotide #773 derived from the inverted repeat sequences.
Three of the clones (pPM4905, pPM4917, pPM4918) contained the complete element (data
not shown). The cosmids were then investigated for linkage of IS1358 to two previously
described genes, virA and virB, that have been shown to be involved in LPS biosynthesis in
V. anguillarum O1 (Norqvist & Wolf-Watz, 1993). Oligonucleotides #1088 and #1089
(Table 2.4) were designed based on the published sequence (accession number: L08012) to
allow amplification of virB. PCR reactions with all 5 cosmid clones resulted in
amplification of a 1.1 kb fragment consistent with the size of virB from pPM4905,
pPM4917 and pPM4918. The PCR products were cloned into pPGEM-T yielding pPM4901
(from pPM4905) and pPM4902 (from pPM4917), and confirmed to be virB by sequencing
(data not shown). This result suggests that IS/358 and virB are located in the same region
of the chromosome. A putative function for the virB gene product was not reported
(Norgvist and Wolf-Watz, 1993). However, when a BlastX search was performed on the
sequence, an ORF with significant homology (43% identity, 70 % similarity at the amino
acid level) to glycosyl transferase genes from Haemophilus influenzae and Neisseria
gonorrhoea was identified. This suggests virB (and virA) may function as transferases in

the LPS O-antigen biosynthetic pathway. This is consistent with the observation that
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mutations in virBA cause a loss of LPS O-antigen in V. anguillarum O1 (Norqvist & Wolf-
Watz, 1993).

Southern hybridisation was performed to determine the proximity of ISI358 to
virB. Southern blot analysis using ISI358 and virB probes on EcoRI digested
chromosomal of 85-3954-2 and cosmid DNA of pPM4905, respectively, showed that the
genes were located on the same large (~20 kb) EcoRI fragment (Fig. 4.17). Thus, the genes
are in close proximity, and as in V. cholerae O1 and O139 (Stroeher et al., 1995, 1998),

IS1358 is again associated with a potential 7fb/O-antigen biosynthesis gene locus.

4.3 Summary and Discussion

In this chapter, the distribution of the insertion sequence, IS1358 was described for
V. anguillarum and V. cholerae. The IS1358 element was found to be widely distributed in
these species as it was found in 7 out of 11 serotypes in V. anguillarum, and 65 out of 154
serotypes in V. cholerae. The elements in V. anguillarum were further characterised by
cloning, sequencing, and T7 overexpression. Interestingly, IS/358 has again been found to
be located either near or within gene clusters involved in polysaccharide biosynthesis. This
was the case for both V. anguillarum serotypes Ol and O2. The rfb gene cluster of V.
anguillarum O1 is further characterised and discussed in the following chapter.

During the course of this study the 7zfb locus from the O2 serotype of V.
anguillarum was cloned and expressed in E. coli by Amor and Mutharia (1996). The
published chromosomal restriction enzyme map of this region (Chapter 1) was used to
determine if the V. anguillarum O2 genes sequenced in this study were located in the
described rfb locus. However, a number of discrepancies with our Southern hybridisation
data in comparison to the published restriction enzyme map made it difficult to determine

if the two sets of genes were located in this region. This may explained by the use of



Figure 4.17: Southern hybridisation analysis of V. anguillarum O1 (85-
3954-2) chromosomal and pPM4905 DNA

Southern blots of EcoRI restricted DNA of 85-3954-2 (O1) and pPM4905 were probed
with DIG-labelled probes of IS1358 (generated using oligonucleotide #773) (A) and virB
(nt 25700 - nt 26788, Appendix 1) (B). The approximate size of the bands are shown in
kilobases (kb). This analysis was performed to demonstrate that IS/358 and virB were

located on the same fragment on the chromosome and cosmid.
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different strains in the two independent studies, use of an inappropriate probe or it may also
suggest the presence of other rfb-like genes in the O2 chromosome that may contribute to
LPS (O-antigen) expression. Alternatively, the genes identified may either be involved in
capsule/core oligosaccharide synthesis, or perhaps they are redundant and not expressed in
Vivo.

Recently Dumontier et al. (1998) demonstrated that the IS1358 element from V.
cholerae 022, which has an intact ORF and multiple copies of the element in the
chromosome, was capable of transposition. This suggests that IS1358 elements that
contain a single ORF are capable of transposition. Indirect evidence that IS1358 may be
mobile in V. anguillarum stems from the region characterised in the O2 serotype. The
presence of two ORFs, one intact (ORF 1) and the other interrupted (ORF 2), suggests that
the IS1358 element adjacent ORF 2 may have either transposed into this gene, or complex
recombination events occurred resulting in the interruption to ORF 2 and the possible
introduction of ORF 1. It is conceivable the introduction of a new gene of similar function

(and disruption of the old gene) could alter the antigenic properties of the O-antigen.



Chapter Five

Cloning, sequencing and analysis of thel :
wbh operon of V. anguillarum O1

5.1 Introduction

Gene clusters or operons determining expression of the O-antigen component of
LPS have been well characterised in a number of Gram negative bacteria. Analysis of the
genes located within these clusters have played a vital role in understanding the molecular
basis of O-antigen expression and composition.

The gene cluster responsible for O-antigen biosynthesis in V. anguillarum O1 has
yet to be identified. However two genes, virBA have been isolated and shown to be
associated with virulence. Mutations in these genes result in the loss of O-antigen
production (Norqvist and Wolf-Watz, 1993) and therefore it is possible that these genes are
part of the gene cluster responsible for the biosynthesis of this component of LPS.

In this chapter the isolation and characterisation of the O-antigen biosynthesis
operon of V. anguillarum O1 is described. Using the new nomenclature for polysaccharide

synthesis genes, the operon has been designated the name wbh.

5.2 Results

5.2.1 Isolation and expression of the O-antigen
biosynthesis gene cluster using cosmid cloning

The cosmid clones isolated in the section 4.2.12 (Chapter 4) were used to initiate
the cloning and characterisation of the O-antigen biosynthesis locus. E. coli K-12 strain

S17-1 harbouring the cosmids pPM4905, pPM4917, and pPM4918 were tested by colony
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and Western immunoblotting for expression of V. anguillarum O1 O-antigen. The
antiserum used was raised against the strain 85-3954-2 (O1 serotype) and affinity purified
such that the serum only contained antibodies to the V. anguillarum O1 LPS (Section
2.14.1). None of the E. coli strains containing the cosmid clones tested were positive with
the antiserum. This suggested that either more genes were required for expression or the
O-antigen was not able to be expressed in an E. coli K-12 background for an unknown
reason(s). Subsequent dye-terminator sequencing of the ends of the DNA insert in the
cosmid clones using oligonucleotides #2177 and #2366 (Table 2.4) showed that all three
cosmids clones were essentially identical (siblings) and that the same rfb-like genes were
truncated at both the 5’ and 3’ end (Fig. 5.1). This suggested, in addition to the negative
expression of LPS by the cosmid clones, that additional genes may be required for
expression.

In order to locate and isolate the additional genes, the original cosmid library was
re-screened using DIG-labelled probes generated from fragments of the cosmid pPM4905.
This resulted in an additional cosmid, (pPM4910) being isolated which spanned the region
at the virB end of the DNA insert in pPM4905 (Fig. 5.1). Random subcloning of cosmid
pPM4910 and subsequent sequencing showed more regions of homology
rfblpolysaccharide synthesis-like genes which differ from those detected in sequences
derived from pPM4905 (data not shown).

A cosmid clone spanning the region upstream of IS1358 was required to ensure that
the entire O-antigen biosynthesis region of V. anguillarum O1 was obtained. Additional
cosmid libraries were constructed according to the method described in section 2.10.6.1.
These libraries were constructed using cosmid cloning vectors pOU61cos (AmpR) (Knott et
al., 1988) and pTB023 (T. Barnett, personal communication) which confers

chlorampenicol resistance but is otherwise identical to pPM2101 (Table 2.3). DIG labelled



Figure 5.1: Map indicating relative positions of cosmids pPM4905,
pPM4910, pPM4917, pPM4918 and pPM5512.

Schematic representation of the Sau3A-derived cosmid clones (pPM4905, pPM4910,
pPM4917, pPM4918, and pPM5512) isolated by colony hybridisation using either DIG-
labelled probes of IS1358 (generated using oligonucleotide #773, Table 2.4) or virB (nt 25700-
nt 26788, Appendix 1). Cosmids were sequenced with oligonucleotides #2177 and #2366 to
determine the points of insertion relative to the wbh region. // represents undefined distance.
IS1358 and virB are marked on the map for reference. Restriction sites were determined by

Souther hybridisation and sequencing (Section 5.2.6).
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IS1358 was used as a probe in colony hybridisation to screen 500 cosmid clones. One
cosmid clone (pPM5512) was isolated from the bank made with the pTB023. pPM5512
was sequenced using the oligonucleotides #2177 and #2366 (Table 2.4). pPM5512 was
found to overlap with pPM4905, pPM4917, and pPM4918 but also contained novel DNA

not previously identified on other cosmid clones (Fig. 5.1).

5.2.2 Random subcloning of cosmids pPM4905 and
pPM4910

The sequence between and adjacent ISI358 and virB was likely to be the putative
wbh/O-antigen biosynthesis region of V. anguillarum O1 and therefore this region was
sequenced using the cosmid clones obtained. Three different cloning techniques were
used. Cosmids pPM4905 and pPM4910 were digested in single or double digests using
combinations of six different restriction enzymes. The resulting fragments were ligated
into like-wise digested pBC-KS*. The clones obtained with this approach are shown in
Figure 5.2. The clones were sequenced using -21M13 and MI13 primers and
oligonucleotide primers designed from initial sequence obtained (Table 2.4). Analysis of
the sequence allowed overlapping clones to be joined, and contiguous DNA sequence of
this part of the region was created. To ensure no errors occurred during both the generation
of the cosmids and subcloning, the subclones were DIG-labelled and used in Southern
hybridisation (Fig. 5.3). Figure 5.3 demonstrates, as an example that the DIG labelled
probes (pPM4953, pPM4955, virB) derived from pPM4905 are located on identical
restriction fragments in the chromosome and cosmids. pPM4910 (Fig. 5.3(c)) does not
hybridise with the pPM4943 probe as the cosmid does not span this region (Fig. 5.2). The
Southern blots also served the purpose of allowing the region surrounding the subclones to

be mapped (Fig. 5.2) with respect to the restriction sites in the cosmid cloning vector,



Figure 5.2: Map indicating relative positions of sub-clones of pPM4905 and
pPM4910.

Schematic representation of the subclones obtained from random sub-cloning of the cosmids
pPM4905 and pPM4910, digested with the restriction enzymes listed below. The shaded box
indicates the vector, pPM2101. Gap A, B, and C are regions where no sub-clones were
obtained using shot-gun cloning and are marked for reference. The capital letters above the end
of the cloned region indicates the restriction enzymes used to generate the subclones: X, Xbal;
E, EcoRV; P, Pstl; C, Clal; H, HindIllI; Ec, EcoRl. 1S1358 and virB are marked on the map for

reference.
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Figure 5.3: Southern hybridisation analysis of V. anguillarum O1 (85-3954-
2) chromosomal DNA and cosmid DNA from pPM4905 and
pPM4910.

Southern blots of Hindlll/Clal restricted DNA of 85-3954-2, pPM4905 and pPM4910 were
probed with PCR DIG-labelled probes of pPM4943 (A), pPM4955 (B) and virB (nt 25700- nt
27688, Appendix 1) (C). This analysis was performed to demonstrate that arrangement of

chromosomal DNA and the cloned genes on the cosmids were identical.
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Table 5.1:Sizes of restricted fragments which hybridise to various sublcones of the wbh region of V. anguillarum Ol.

Sizes® of restricted fragments which hybridise to :

Restriction 1SI358  pPM4940 pPM4990 pPM4991 pPM4993 pPMS5535 pPM4943  pPMA4995 pPM4983 pPM4955 virB
enzyme
EcoRI 18 18 13 13 NA NA NA NA NA 18 18
HindIII 48 48 NA NA NA NA 1.1 NA NA 37 40
18 09 09
Clal >105.2 NA 25 NA 52 NA 16 52 52 10 NA
40 02 40 02
02 02
Psid >1035 NA 13 13 25 8.5 25 25 24 NA 9.0
42 25
Bghl >100.4 NA 1.6 NA NA >10 >10 >10 NA 5.0 NA
45 45
EcoRV NA NA NA NA NA 38 NA NA NA NA NA
Xbal NA NA NA NA 62 NA >15 NA NA 1.4 1.5
52 14
Hincll NA NA NA NA NA NA 48 NA NA 38 NA
EcoRI/Pstl NA NA 1.0 03 NA NA NA NA NA NA NA
Clal/Pstl >1035 NA 1.0 33 NA 16 17 1.6 NA NA
17 02 06 02
08 02
06
02
Bgll/Clal 52 NA NA NA NA NA NA 52 NA NA NA
04 40
02 02
EcoRV/PstI NA NA NA NA NA 11 NA NA NA NA NA
HindlI/Clal NA NA NA NA NA NA 1.1 NA NA 37 NA
09
HindIIl/Xbal NA NA NA NA NA NA NA NA NA 10 1514
03
Bg/l/HincIl NA NA NA NA NA NA NA NA NA 25 NA
13
Bglll/Xbal NA NA NA NA NA NA NA NA NA 1.0 NA
0.4

* size is approximate and is in kilobases (kb)

PCR DIG labelled probes specific to subclones or DNA fragments: IS1358 (at.
24832-26226), pPM4983 (nt 13668-15531), , pPM4990 (nt. 29305-30324), pPM4991

nt. corresponds to the nucleotide numbers in Appendix 1.
NA: not analysed by Southern hybridisation

9801-11139), virB (nt. 25700-26788), pPM4940 (nt. 9506-10239), pPM4943 (nt. 14289-15442), pPM4955 (nt.
(nt. 30324-30623)pPM4993 (nt. 14416-20628), pPM4995 (nt. 14895-16139), pPM5535 (nt. 20329-21426).
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pPM2101. The data obtained from the numerous Southern hybridisation blots performed

are summarised in Table 5.1.

5.2.3 Generation of specific subclones

Random cloning in conjunction with Southern hybridisation allowed the generation
of a physical chromosomal map that highlighted gaps in the contiguous sequence. Clones
were required to obtain sequence between pPM4940 and pPM4983 near IS1358 (Gap A)
and between pPM5535 and pPM4955 (Gap B) towards the 3¢ end of the region (Fig. 5.2).
Hence the second strategy used to complete the sequencing of this region involved the
generation of defined clones.

Southern hybridisation was used to determine the fragments that were needed to be
cloned to sequence the gap (B) between pPM4955 and pPMS5535. DNA from
chromosomal and cosmid (pPM4905) preparations were digested with Bg/Il and probed
with DIG-labelled pPM4955 and pPM5535. The Southern hybridisation data indicated that
both pPM4955 and pPM5535 hybridised to a DNA fragment of 4.5 kb (Table 5.1). The
cosmid pPM4905 was digested with BglIl, electrophoresed on a 0.8% agarose gel and the
DNA band of 4.5 kb was excised and ligated into BamHI digested pBC-KS*. The clone
obtained designated pPM4998 (Fig. 5.4) was subsequently sequenced. The data obtained

allowed generation of a larger contiguous sequence of the locus (Gap B; Fig. 5.4).

5.2.4 PCR generated subclones

PCR was also employed to obtain specific clones which were required to close gaps
in the sequence. It was evident from the data generated that there was a small fragment

(<100 bp) missing near the 3 end between pPM4931 and pPM4990 of the initial map (Gap



Figure 5.4: Schematic representation of specific subclones generated to
completely sequence Gap A, Gap B and Gap C.

The cloned PCR products inserts of pPM5502 (#2298/#2301) and pPM5536 (#1088/#2223)
were generated by using standard PCR conditions. Oligonucleotides used in the reactions are
indicated by arrows. pPPMS5502 subclones are indicated on the map with the capital letters
representing the restriction enzyme used to clone the fragment into pBC KS*. pPM4998
contains the 4.5 kb Bg/II fragment from pPM4905. The bold line marked 3.3 kb represents the
previously published virBA sequence (Norqvist and Wolf-Watz, 1993) (Accession number,
L08012. Restriction sites are as follows; B, Bglll; E, EcoRV; H, Hincll; P, Psfl; X, Xbal.

IS1358 and virB are indicated for reference.
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C; Fig. 5.2). Utilising the previously published sequence of virB (on a 3.3 kb Kpnl
fragment) (Norqvist and Wolf-Watz, 1993) and sequence obtained from subclone
pPM4990 (Fig. 5.2), PCR was performed using oligonucleotide #1088 (virB) and #2223
(pPM4990) (Fig. 5.4; Table 2.4). This resulted in a PCR product of 3.6 kb which was
cloned into pGEM-T (pPM5536) and sequenced. The sequence data obtained from
pPM5536 was used to complete the sequence between virB and the end of the DNA insert
in pPM4905 (Fig.5.2). The sequence was also used to check the junctions between the
subclones, pPM4955, pPM4944, pPM4931, and pPM4990 (Fig. 5.2; Fig. 5.4) ensuring the
region was correctly sequenced and no small restriction enzyme fragment had been
omitted.

PCR was also used to generate a clone that connected pPM4940 to pPM4993 (Gap
A; Fig. 5.2). Southern hybridisation using DIG-labelled IS1358 and numerous DIG-
labelled subclones (Table 5.1) indicated that approximately 2.8 kb of DNA from this region
had to be cloned and sequenced. Using oligonucleotide primers #2298 (IS] 358), and
#2301 (pPM4943) (Fig. 5.4; Table 2.4), a PCR was performed on DNA isolated from both
the chromosome (85-3954-2) and pPM4905 which resulted in a product of approximately
2.8 kb (data not shown). The PCR product was cloned into pGEM-T (pPM5502)
subcloned and sequenced (Fig. 5.4). The generation of this PCR product allowed closure

of the gap (A) between I1S7358 and the rest of the sequenced region.

5.2.5 Cloning of the 5’ end of the wbh region

To obtain sequence preceding 1S1358, which was thought to contain the beginning
of the wbh operon, DNA from the cosmid pPM5512 (Fig. 5.1) was digested with the
restriction enzyme HindIIl. HindIIl was used as Southern hybridisations using IS1358 as

the DIG-labelled probe on HindIlI-digested pPM5512 and 85-3954-2 chromosomal DNA
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had indicated the presence of two fragments one of 4.8kb and another of 1.8kb (data not
shown). The 1.8 kb fragment was previously sequenced from pPM4905 and included in
the completed region (Section 5.2.4), and hence it could be concluded that the 4.8 kb
fragment was located in the unsequenced region towards the 5° end of the operon. The
HindIII digested pPM5512 was electrophoresed on a 0.6% agarose gel and the DNA bands
of around 4.8 kb were isolated and cloned into pBluescript KS*. During this band isolation
an additional fragment of 3.4 kb HindIIl fragment (pPPM5516) was also cloned (Fig. 5.5).
The clones, pPM5515 (4.8 kb fragment) and pPM5516 were sequenced using -21M13 and
M13 primers and with specific oligonucleotides (Table 2.4). Analysis of the sequence
from pPM5516 revealed the beginning of the operon by the presence of sequences
homologous to non-polysaccharide biosynthesis genes. However the two clones, pPM5515
and pPM5516 did not have overlapping sequences, indicating the presence of additional
DNA between (Fig. 5.5). Analysis of the genes present on the plasmids pPM55 15 and
pPM5516 indicated that approximately 2 kb of sequence was missing, based on the size of
homologous genes present. Oligonucleotide primers were designed to the 3‘ end of
pPM5516 (# 2751) and the 5¢ end of pPM5515 in the complementary strand (#2752) to
obtain the connecting DNA. A PCR product of 1.8 kb was generated (Fig. 5.5) which was

subsequently cloned into pGEM-T (pPM5517) and sequenced.

5.2.6 Construction of a physical map of the wbh cluster
of V. anguillarum O1

Figure 5.6 shows the physical restriction map of the putative wbh cluster of V.
anguillarum O1 generated from the data obtained from subcloning, PCR, Southern
hybridisation and DNA sequencing. Restriction sites were mapped with respect to known

sites in the vector pPM2101 and from the sequence data obtained. The wbh region



Figure 5.5: Cloning of the 5¢ end of the wbh locus.

Schematic representation of the subclones generated from pPM5512. A HindIll digest was
performed on DNA from cosmid pPMS5512. pPM5515 and pPM5516 were obtained as
HindII-HindII (H) subclones in pBluescript SK*of pPM5517. To complete the sequence,
PCR was performed to amplify the 1.8 kb fragment indicated using oligonucleotides #2751 and
#2752 (marked with arrows). //, indicates an undefined distance. IS1358 and virB are

indicated for reference. Some HindIIl restriction sites are marked for reference.
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Figure 5.6: Physical chromosomal map of the wbh locus of V. anguillarum
O1- putative O-antigen biosynthesis operon.

Schematic representation of the entire 30,627 bp sequenced from cosmids pPM4905,
pPM4910, and pPM5512. The ORFs have been designated names based on the nomenclature
scheme for polysaccharide genes proposed by Reeves et al., (1996). Analysis of the sequence
indicates that there are 24 ORFs, with three potential ORFs transcribed in the opposite
direction. Arrows on the diagram indicate the direction of transcription. Restriction sites were

mapped by Southern hybridisation and from analysis of the sequence.
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presented in Figure 5.6 is contained on the cosmid clones pPM4905, pPM4910 and

pPMS5512.

5.2.7 Identification of Open Reading Frames

Sequencing of the putative whbh region of V. anguillarum Ol shows that it consists
of at least 30627 bp (Appendix 1). Evidence from this study and others (D. Milton,
affiliation, personal communication, Umea University, Sweden) suggests that additional
genes further downstream (RHS of Fig. 5.6) may also contribute to O-antigen biosynthesis
(Section 6.2.10) and hence the contiguous DNA reported here may not represent the entire
wbh region. The sequence of the ORFs are accessible through Genbank using the
accession number AF025396.

Analysis of the nucleotide sequence of the 30627 bp revealed 24 ORFs, some of
which demonstrate strong homology to polysaccharide biosynthesis genes from other
bacterial species including: Salmonella enterica, Yersinia enterocolitica O3 and Bordetella
pertussis. The location and several properties including %G+C content of each of the
ORFs designated rmIBADC, wzm, wzt, ddhDABC and wbhA-O are summarised in Table
5.2. Significant similarities with other known proteins, revealed by comparison with
sequence databases (eg BLASTX), are described below. Identity to DNA sequences (as
determined by FASTA and BLASTN) are also described for those wbh genes which

demonstrated significant homology to other genes with known function.

5.2.7.1 rmIBADC

The genes rmIBADC encode for the enzymes involved in dTDP-rhamnose
biosynthesis (Jiang et al., 1991; Reeves, 1993; Zhang et al., 1993) and are present between

nt 2920 and nt 6323. The rml genes are most homologous to the dTDP-rhamnose



Table 5.2 Summary of the ORFs in the wbh region.

ORF G+C content’ Location in Predicted Molecular #amino Hydrophobicity
Sequence Weight (kDa)" acids index”
rfaD/gmhD 43.7 2606-1667 35 313 -0.32
rmiB 43.3 2928-3993 40 354 -0.16
rmlA 45.8 4016-4894 32 292 -0.37
rmiD 48.2 4891-5778 32 294 -0.16
rmlC 40.5 5781-6326 21 181 -0.53
wan 35.7 6483-7287 K] | 268 +0.88
wzt 33.9 7304-8642 50 446 -0.19
wbhA 31.7 8670-9785 44 3711 -0.70
wbhB 30.2 11141-12790 64 549 +0.46
ddhD 33.9 12930-13901 37 324 -0.15
ddhA 38.3 13927-14700 32 264 -0.31
ddhB 41.1 14703-15785 41 360 -0.50
ddhC 384 15785-17098 49 438 -0.11
wbhC 36.4 17115-18812 60 567 -0.08
wbhD 325 18903-19532 24 204 -0.27
wbhE 39 19522-20631 40 365 -0.05
wbhF 194 20689-21075 15 130 +0.97
wbhG 323 21072-22008 36 312 +0.07
wbhH 324 22062-23408 51 447 -0.02
wbhl 36.3 23622-24020 15 133 -0.38
wbh]J 36.6 24038-24493 16 153 +0.16
wbhK 37.8 24490-25605 41 369 -0.06
wbhL 31.2 25700-26788 42 363 -0.38
wbhM 30.9 26798-27712 36 303 -0.33
wbhN 375 27880-28763 34 294 -0.01

a. Percent guanine plus cytosine (G+C) of coding region.
b. According to Kyte and Doolittle (1982), as implemented in PROSIS.
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biosynthesis genes from Actinobacillus actinomycemcomitans (Nakano et al., 1998)
although there is also similarity to the dTDP-rhamnose biosynthesis genes of Shigella
flexneri (Macpherson et al., 1994). These genes are discussed further in section 6.2.
Immediately upstream of the start of rmiD (ie the beginning of the wbh region in V.
anguillarum O1 is a putative JUMPstart sequence with the sequence
5 TAGCCGCTTGTAGGAGTTAGACCTAAGGGCGTAGCATA 3’(Hobbs and Reeves,

o
1994; Bailey et al., 1997; Marold6 and Valvano, 1998) (Appendix 1).

5.2.7.2 wzm and wzt

Following the dTDP-thamnose biosynthesis genes from nt 6483- nt 7287 and nt
7304- nt 8642 are two genes designated wzm and wzt which are thought to be involved in
homopolymer O-antigen export. Wzm and Wzt show significant homology to the ABC-
transport family. Wzm is homologous to the rfbA/wzm gene product from Klebsiella
pneumoniae O1 which is the integral membrane protein component. Wzt is the second
component of the system and demonstrates homology to the hydrophilic protein that acts as
an energiser for the transport system as it has an ATP binding domain. Wzm and Wzt are

discussed further in Chapter 6 (see section 6.2).

5.2.7.3 The CDP-3,6-dideoxyhexose pathway

After IS1358, between nt 12930 to nt 17098, are the genes which demonstrate
homology to the first four genes involved in the CDP-dideoxyhexose biosynthetic pathway,
ddhDAB, C which synthesise the sugars abequose, paratose and tyvelose. Figure 5.7 shows
the biosynthetic pathway in which these genes are involved in S. enterica (Jiang et al.,

1991). The first gene, ddhDvy, was found to be homologous to AscD/DdhDy., a CDP-6-



Figure 5.7 : The CDP-3,6-dideoxyhexoase biosynthesis pathway.

Biosynthetic pathway for abequose, paratos and tyvelose which indicates at which points the
various Salmonella enterica gene products act and the intermediates produced by these
enzymes. The old nomenclature is inidated however the genes correspond to the following:
rfbF = ddhA, rfbG = ddhB, rfbH = ddhC, rfbl = ddhD, rfbJ = abe, rfbS = prt, rfbE = tyv. (The

figure was reproduced from Reeves et al., 1993).
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deoxy-delta-3,4-glucoseen reductase from Yersinia pseudotuberculosis (Thorson et al.,
1994). DdhD also showed significant homology to Rfbl/DdhDs,, which has the same
function as AscD/DdhDysy, from S. enterica sv Typhimurium (Fig. 5.8; Table 5.3). Identity
at the DNA level was also significant with ddhDy, demonstrating 60% identity to
ascD/ddhDvp.  The identity between ddhDv, and rfbl/ddhDs; was considerably less
(<40%). This suggests that ddhDy, is more closely related to ascD/ddhDyp than to
rfbl/ddhDs;.

DdhA demonstrates most similarity to the equivalent protein RfbF/DdhA in S.
enterica sv Typhimurium (79.4% identity at the amino acid level, 71% identity at the DNA
level) and to AscA/DdhAy, from Y. pseudotuberculosis (716.3% identity at the amino acid
level, 69% identity at the DNA level) (Thornson et al., 1994) (Fig. 5.9; Table 5.4) and is
the first enzyme in the biosynthetic pathway. DdhA converts glucose-1-phosphate to CDP-
D-glucose (Fig. 5.7).

The second enzyme in the pathway is encoded by ddhB. DdhB converts CDP-D-
glucose to CDP-4-keto-6-deoxy-D-glucose. The DdhB protein from V. anguillarum O1
shows most similarity to an equivalent protein in Y. pseudotuberculosis AscB/DdhBy,
(71.1% identity at the amino acid level, 66% identity at the DNA level) (Thornson et al.,
1994). Homology at a significant level (70.1% identity at the amino acid level, 67%
identity at the DNA level) was also observed to the RfbG/DdhBsg; protein of S. typhimurium
(Fig. 5.10; Table 5.5). DdhB is an enzyme that requires NAD" to function. The NAD*
binding domain (GXXGXX) was found in the amino terminal end of the protein sequence
which is consistent with its proposed function (Thornson et al., 1994).

The last gene, ddhC is most homologous to the equivalent gene product in Y.
pseudotuberculosis AscC/DdhCy; (82.2% identity at the amino acid level, 73% identity at

the DNA level). DdhCy, also showed similarity to RfbH/DdhC from S. typhimurium



Figure 5.8: Alignment of DdhD with homologous proteins

VaDdhD MEFKVIVKPSGVEYQSG--RNILDDAFASSISLEHSCKTGDCGVCCAEVISGLVENEN-- 56

YpAscD MSLNVKLHPSGIIFTSDGTSTILDAALDSNIHIEYSCKDGTCGSCKAILISGEVDSAENT 60

StRfbI MSHIIKIFPSNIEFSGREDESILDAALSAGIHLEHSCKAGDCGICESDLLAGEVVDSKG— 59
B . *hkKk Kk .* ********..'**

vaDdhD - —-~GELVTQGHILTCQSKAKSDVVLKANYYPELVDIKQQTISCKVASFEFVTKDIVSIRF 113

YpAscD FLTEEDVAKGAILTCCSKAKSDIELDVNYYPELSHIQKKTYPCKLDSIEFIGEDIAILSL 120

StREbI —--NIFGQGDKILTCCCKPKTALELNAHFFPELAGQTKKIVPCKVNSAVLVSGDVMTLKL 116

*kk Kk *** *

vaDdhD RFSPKTIFNYLPGQYVDLSFRGVKRSYSIANAKSKSNELELHIRKVPNGEMSELLFEHLK 173

YpAscD RLPPTAKIQYLAGQYIDLIINGQRRSYSIANAPGGNGNIELHVRKVVNGVFSNIIFNELK 180

StREfbI RTPPTAKIGFLPGQYINLHYKGVTRSYSIANSDESNG- IELHVRNVPNGQMSSLIFGELQ 175
* * . * *** * * ******* N *** * * Kk * .

VaDdhD ENQLMRIEGPKGTFFVRDNIKPLIFIATGTGIAPIKAIVEELIAKEDKRNVYIYWGMRYK 233

YpAscD LOQLLRIEGPQGTFFVREDNLPIVFLAGGTGFAPVKSMVEALINKNDQRQVHIYWGMPAG 240

StRfbI ENTLMRIEGPCGTFFIRESDRPIIFLAGGTGFAPVKSMVEHLIQGKCRREIYIYWGMQYS 235

* ***** **** * *. * * * k% ** * ** ** . * % %k kK

VaDdhD NEIYCDELSLLAAENQNIFFNLVLSREFEVSPDYKKGYVQDAVIRDFNSLKDIEVYACGS 293
YpAscD HNFYSDIANEWAIKHPNIHYVPVVSGD-DSTWIGATGFVHQAVLEDIPDLSLFNVYACGS 299

StRfbI KDFYSALPQQWSEQHDNVHYIPVVSGD DAEWGGRKGFVHHAVMDDFDSLEFFDIYACGS 294
*'k * *****
vVaDdhD SKMIECAKALLLQHQLPNDAFFSDAFTPAK-~--=-- 323
YpAscD LAMITAARNDFINHGLAENKFFSDAFVPSK--—-~=-= 329
StREfbI PVMIDASKKDFMMKNLSVEHFYSDAFTASNNIEDNL 330

** P *  kkokk

Alignment of the amino acid sequences of DdhD (VaDdhD), Y. pseudotuberculosis AscD (YpAscD) (spP37911), and S.
typhimurium Rfbl (StRibI) (spP26395), as determined using the default settings of the program CLUSTAL (Higgins and
Sharp, 1988). *, identical residues; e, similar residues. Abbreviations: sp, SWISS PROT.



Table 5.3 Homology Table for DdhD

%identity”
VaDdhD StRibl YpAscD
VaDdhD 100 45.2 42.3
(330) (326)
StRfbl 100 50.8
(257) (329)
YpAscD 100

a Percentage of identical amino acids determined with
FASTA as implemented in PROSIS. Numbers in the
brackets indicate the number of amino acids over which
the % identity occurs.Abbreviations: sp, SWISS PROT.

VaDdhD V. anguillarum DdhD
YpAscD Y. pseudotuberculosis AscD (spP37911)
StRfbl S. typhimurium Rfbl (spP26395)



Figure 5.9: Alignment of DdhA with homologous proteins

VaDdhA - ——-MKVVILAGGLGTRLSEETSVKPKPMVEIGG-PILWHIMKQYSAHGINDFIICCGYK 56
StREDbF - - --MKAVILAGGLGTRLSEETIVKPKPMVEIGGKPILWHIMKMYSVHGIKDFIICCGYK 56
YeDdha MECKVKAVILAGGLGTRLSEETVIKPKPMVEIGGMPILWHIMKLYSSYGINDFIICCGYK 60
YpDdhA MEIQVKAVILAGGLGTRLSEETVVKPKPMVEIGGKPILWHIMKLYSSYGINDFVICCGYK 60
YpAscA - ~~-MKAVILAGGLGTRLSEETVVKPKPMVEIGGKPILWHIMKLYSSYGINDFVICCGYK 56

LR T ES X R LS LESERES] .********** kkwkkxhkhkh k& *k kk hhkhkkK

VaDdhA GYIIKEYFANYFLHMSDVTFDMKENKMEVHHKRAEPWTVTLVDTGDNSMTGGRLARVADY 116
StREbF GYVIKEYFANYFLHMSDVTFHMAENRMEVHHKRVEPWNVTLVDTGDSSMTGGRLKRVAEY 116
YeDdhA GYVIKEYFANYFMHMSDITFSMRDNEMKVHQKRVEPWNVTLVDTGEHSMTGGRLKRVKDY 120
YpDdhA GYVIKEYFANYFMHMSDITFCMRDNEMIVHQKRVEPWNVTLVDTGEDSMTGGRLRRVKDY 120
YpAscA GYVIKEYFANYFMHMSDITFCMRDNEMVVHQKRVEPWNVTLVDTGEDSMTGGRLRRVKDY 116

¥k Khhkkkkhhk hhkhk *k * * *k k* *kk kkk kAkkkrk khkdkkrhk Ik *

VaDdhA VKDEEAFCFTYGDGVSDIDITKSIEFHQAHGKQATLTATFPPGRFGALDITSGKVDNFKE 176
StREbF VKDDEAFLFTYGDGVADLDIKATIDFHKAHGKKATLTATFPPGRFGALDIRAGQVRSFQE 176
YeDdhA VKDDDAFCFTYGDGVSDINISELINFHKSHGKKATLTATYPPGRFGALDIENKQVRSFKE 180
YpDdhA VKDDEAFCFTYGDGVSDVNIAELIEFHKSHGKQATLTATYPPGRFGALDIKDKQVRSFKE 180
YpAscA VKDDEAFCFTYGDGVSDVNIAELIAFHKSHGKQATLTATYPPGRFGALDIKDKQVRSFKE 176

* %k * *h kkhkkhkkhk % * * okk o kkok hAxkkhkk Fhkkdkdkkhk * * *

VaDdhA KPRGDGAMINGGFFVLSPRVLQLIDSDSCIWEQYPLNRLADDGELMAYEHNGFWQPMDTL 236
StREbF KPKGDGAMINGGFFVLNPSVIDLIDNDATTWEQEPLMTLAQQGELMAFEHPGFWOPMDTL 236
YeDdhA KPKGDGALINGGYFVLSPKVIDLIDGDKSIWEQEPLMILADNGELMAYEHTGFWQPMDTL 240
YpDdhA KPKGDGALINGGYFVLSPKVIDLIDGDKSTWEQEPLMTLAAQGELMAFEHAGFWOPMDTL 240
YpAscA KPKGDGALINGGYFVLSPKVIDLIDGDKSTWEQEPLMTLAAQGELMAFEHAGFWQPMDTL 236

Hh_kkkd_KkkE® khh ko kKKK K KKK Kk KK KERKK Kk RkkEKAKHK
vaDdha RDKLYLDELWQAGKAPWKIWE 257
StREbF RDKVYLEGLWEKGKAPWKTWE 257
YeDdhAa RDKIYLQQLWEEGQAPWKVWE 261
YpDdhAa RDKIYLHELWEEGRAPWKVWE 261
YpAscA RDKIYLHELWEEGRAPWKVWE 257

*hk *k ¥ % * hhkhk kh

Alignment of the amino acid sequences of DdbA (VaDdhA), S. typhimurium RfbF (StRIbF) (spP26395), . enterocolitica
DdhA (YeDdhA) (gbU46859), Y. pseudotuberculosis DdhA (YpDdhA) (pirC47070), Y. pseudotuberculosis AscA (YpAscA)
(gbL27130) as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; », similar residues. Abbreviations: gb, Genbank; sp, SWISS PROT.



Table 5.4 Homology Table for DdhA

Y%identity®

VaDdhA StRfbF YeDdhA  YpDdhA  YpAscA
VaDdhA 100 79.4 76.3 76.3 76.3
(257) (257) (257) (257)
StRfbF 100 79 80.5 80.9
(257) (257) (257) (257)
YeDdhA 100 90.4 90.4
(261) (257)
YpDdhA 100 98.8
(257)
YpAscA 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaDdhA
StRfbF

DdhAYe
DdhAYp
YpAscA

V. anguillarum DdhA

S. typhimurium RfbF (spP26395)

Y. enterocolitica DdhA (gbU46859)

Y. pseudotuberculosis DdhA (pirC47070)
Y. pseudotuberculosis (gbL27130)



Figure 5.10: Alignment of DdhB with homologous proteins

VaDdhB ~MNPTFWHGKKVF I TGHTGFRGGWLSLWLOEMGATIVKGY SLPAPTTPSLFEQGKVWAGMR 59

YpYepA MINNSFWQGKRVFVTGHTGFKGGWLSLWLOTMGATVKGY SLTAPTVPSLFETARVADGMQ 60

YpAscB MINNSFWQGKRVFVTGHTGFEGGWLSLWLQTMGATVKGYSLTAPTVPSLFETARVADGMQ 60

YpDdhB MINNSFWQGKRVEFVTGHTGFRKGGWLSLWLOTMGATVKGY SLAPPTVPSLFETARVADGMOQ 60

StrfbG MIDKNFWQGKRVEVTGHTGFRKGSWLSLWLTEMGAIVKGYALDAPTVPSLFEIVRLNDLME 60

YeDdhB MINEKFWQDKRVF ITGHIGFKGSWLSLWLONMGAKVKGYALDAPTKPSLFEAANVADGMI 60
*

* % W khk kkIkAIKKkKk khkwkkd dhh khkkk * *k *kkkk

vaDdhB TEEGDIRDFTHMRQSMYEFKPEIVFHMAAQPLVRLSYHEPIETYSTNVMGTVYLLEAVKQ 119
YpYepA SEIGDIRDQNKLLESIREFQPEIVFHMAAQPLVRLSYSEPVETYSTNVMGTVYLLEATRH 120
YpAscB SEIGDIRDONKLLESIREFQPEIVFHMAAQPLVRLSYSEPVETYSTNVMGTVYLLEAIRH 120
YpDdhB SEIGDIRDONKLLEAIREFQPEIVFHMAAQPLVRLSYSEPVETYSTNVMGTVYLLEATIRH 120
StREbG SHIGDIRDFEKLRNSIAEFKPEIVFHMAAQPLVRLSYEQPIETYSTNVMGTVHLLETVKQ 120

YeDdhB SEVGDIRNYAQLLKSINDFKPEIVFHMAAQSLVRLSYLEPVETYSTNVMGTVYLLEALRH 120

hk kK k F*hkhhkhkhkrhk Kkrkkhkhx * kkkkhhkAIhk *kh

VaDdhB VGGVKAVVNITSDKCYENREWVWGYREDEPMGGYDPYSNSKGCAELVASSYRQSFFNKEN 179
YpYepA VGGVKAVVNITSDKCYDNKEWIWGYRENEAMGGYDPYSNSKGCAELVTSSYRNSFFNPAN 180
YpAscB VGGVKAVVNITSDKCYDNKEWIWGYRENEAMGGYDPYSNSKGCAELVTSSYRNSFFNPAN 180
YpDdhB VGGVKAVVNITSDKCYDNKEWIWGYRENEAMGGYDPY SNSKGCAELVTSSYRNSFFNPAN 180
StREfbG VGNIKAVVNITSDKCYDNREWVWGYRENEPMGGYDPYSNSKGCAELVASAFRNSFFNPAN 180
YeDdhB VGGAKAIVNVTSDKCYENKEWVWGYREDESMGGYDPYSNSKGCAELVTSSYRNSFFNPVK 180

** kh kk Khkhkhkhk k Khk Khkhkrk Kk KhkwhkAkkkkhkkkkhkhkk Kk * kkkk

vaDdhB YHQHRCALASVRAGNVIGGGDWAEDRLIPDMLKAFSNNQTVEIRS*PHAIRPWQHVLEPL 238
YpYepA YGQHGTAVATVRAGNVIGGGDWALDRIVPDILRAFEQSQPVIIRN—PHAIRPWQHVLEPL 239
YpAscB YGQHGTAVATVRAGNY IGGGDWALDRIVPDILRAFEQSQPVIIRN-PHATRPWOHVLEPL 238
YpDdhB YGQHGTAVATVRAGNVIGGGDWALDRIVPDILRAFEQSQPVIIRN-PHATRPWQHVLEFL 239
StREbG YEQHGVGLASVRAGNVIGGGDWAKDRLIPDILRSFENNQQVIIRN—PYSIRPWQHVLEPL 239
YeDdhB YEQHGTALATQRAGNVIGGGDWALDRVVPDMLRAFENSEPVIIHNNPYAIRPWQHVLEPL 240

* Kk * dkkkkh ok k ok kN ii.‘**_* * . . % * & * 't**\k*******

vaDdhB SGYLTIAEKLYTVGPGFAEGWNFGPRDEDAKPVDWIVNRLTELWGGGARWSLCDGEHPHE 298
YpYepA SGYLLLAQKLYTDGAEYAEGWNFGPNDADATPVKNIVEQMVKYWGEGASWQLDGNAHPHE 299
YpAscB SGYLLLAQKLYTDGAEYAEGWNFGPNDADATPVKNIVEQNVKYWGEGASWQLDGNAHPHE 299
YpDdhB SGYLLLAQKLYTDGAEYAEGWNFGPNDADATPVKNIVEQMVKYWGEGASWQLDGNAHPHE 299
StREDLG SGYIVVAQRLYTEGAKFSEGWNFGPRDEDAKTVEFIVDKMVTLWGDDASWLLDGENHPHE 299
YeDdhB SGYLLLAQRLYIDGIKYAEGWNFGPDDTDSSQVQSIVDKMVKYWGGDACWQLDDHEHPHE 300
***' .*"** * ..******* * *. * ¥k . * * * % K * Kk kK
vVaDdhB AHYLKLDCSKAKMRLDWQPVWDVDTTLEKIVSWHKAWLAKQDMHQYTINEIKQYMTARAG 358
YpYepA AHYLKLDCSKAKMQOLGWHPRWNLNTTLEY IVGWHKNWLSGTDMHEY SITEINNYMNTK - - 357
YpAscB AHYLKLDCSKAKMQLGWHPRWNLNTTLEYIVGWHKNWLSGTDMHEYSITEINNYMNTK—- 357
YpDdhB AHYLKLDCSKAKMQLGWHPRWTLNTTLEYIVGWHKNWLSGTDMHEYSITEINNYMNTK—— 357
StREbLG AHYLKLDCSKANMQLGWHPRWGLTETLGRIVKWHKAWIRGEDMLICSKREISDYMSATTR 359
YeDdhB ANYLKLDCSKAKVLLGWQSRWNLDCTLEY IVAWHKAWLRGVNMHEY SIVEINKYMASK-- 358
*_********* R w *' * N * * *k Khh*k *' * . * * % .
VaDdhB KE 360
YpYepA == 357
YpAscB - 357
YpDdhB - 357
StRELG - 359
YeDdhB - 358

Alignment of the amino acid sequences of DdhB (VaDdhB), Y. pseudotuberculosis YepA (YpYepA) (gbL33181), Y.
pseudotuberculosis AscB (YpAscB) (spS72887), Y. pseudotuberculosis DdhB (YpDdhB) (gbD47070), S. typhimurium RfbG
(StRBG) (spP26395), Y. enterocolitica DdhB (YeDdhB) (gbU46859), as determined using the default settings of the
program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; °, similar residues. The shaded residues represent the
NAD+ binding site required for enzymatic function (Thornson et al., 1994). Abbreviations: gb, Genbank; sp, SWISS PROT.



Table 5.5: Homology table for DdhB

%identity®
vaDdhB YpYepA YpAscB YpDdhB StRfbG YeDdhB

VaDdhB 100 711 714 70.5 70.1 68.3
(356) (356) (356) (355) (357)

YpYepA 100 98.6 98.9 733 78.2
(357) (357) (356) (358)

YpAscB 100 98.6 73 77.9
(357) (356) (356)

YpDdhB 100 72.8 77.4
(356) (358)

StRfbG 100 69.5
(357)

YeDdhB 100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS.
Numbers in the brackets indicate the number of amino acids over which the % identity occurs.
Abbreviations: gb, Genbank; sp, SWISS PROT.

VaDdhB V. anguillarum DdhB

YpYepA Y. pseudotuberculosis YepA (gbL33181)
YpAscB Y. pseudotuberculosis AscB (pirS72887)
DdhBYp Y. pseudotuberculosis DdhB (gbD47070)
StRfbG S. typhimurium RfbG (spP26395)

DdhBYe Y. enterocolitica DdhB (gbU46859)
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(80.8% identical at the amino acid level and 72% at the DNA level) (Fig. 5.11; Table 5.6).
The final enzymatic step in the production of abequose, paratose and tyvelose is encoded
by the genes rfbJ (abe), rfbS (prt) and rfbE (tyv) (Jiang et al., 1991), however no DNA or
amino acid sequence homologous to these genes could be detected in V. anguillarum O1.
Interestingly, some of the ORFs following ddhC, including wbhC which directly follows,
have homology to synthetase enzymes from E. coli. One of these may function as the |

enzyme in last step of the pathway producing an alternative (3,6 dideoxy) sugar.

5.2.7.4 wbhC, wbhD and wbhE

wbhC and wbhE show homology to synthetase genes from E. coli and other
bacteria. wbhC (nt 17115- nt 18812) has similarity to ilvG from E. coli (33.1% identity at
the amino acid level) (Fig. 5.12). ilvG encodes the enzyme acetolactate synthetase which is
involved in the biosynthesis of the amino acids valine, isoleucine and leucine (Haughn et
al., 1985; Coppala et al., 1991). Based on the homologues found, the role of wbhC in
polysaccharide biosynthesis in the V. anguillarum O1 wbh operon is unclear.

The next gene in the operon is wbhD. The gene product of wbhD does not show
any significant similarity to any sequences currently in the databases. The initiation codon
of the next ORF wbhE (nt 19522- nt 20631) overlaps with the termination codon of the
preceding ORF (wbhD) which indicates that wbhD and wbhE are translationally coupled.
The wbhE gene product is most homologous to the perosamine synthetase of
Methanbacterium thermoautotrophicum. WDbhE also demonstrates homology to probable
perosamine synthetase genes E. coli and V. cholerae O1 (wbeE/rfbE), LpsC, which is
involved in the production of S-LPS in Caulobacter crescentus, and SpsC involved in
spore coat polysaccharide synthesis in Synechocystis sp (Fig. 5.13; Table 5.7). At the DNA

level wbhE shows 55% identity to a rfbE gene (perosamine synthetase) from E. coli O157.



Figure 5.11: Alignment of DdhC with homologous proteins

VaDdhC MSKEQLRSQIAELVAQYAVIEYAPKMFIGGESVVPPSGKVLGAKELQLMVDASLDGWLTT 60
YpDdhC MSQEELRQQIAELVAQYAETAMAPKPFEAGKSVVPPSGKVIGTKELQLMVEASLDGWLTT 60
YpAscC MSQEELRQQIAELVAQYAETAMAPKPFEAGKSVVPPSGKVIGTKELQLMVEASLDGWLTT 60
StREbH MTANNLREQISQLVAQYANEALSPKPFVAGTSVVPPSGKVIGAKELQLMVEASLDGWLTT 60

Amorfé6 MVDSARSDLLTQVRDYHDAQSPGPAPFIPGQTPILSSGAVLDAADREALVAAALDLRIAS 60
* * % * * * **

VaDdhC GRFNDAFEKRLGEYLGVPFVLTTTSGSSANLLALTTLTSPKLGDRQLKPGDEVITVAAGF 120

YpDdhC GRFNDAFEKKLGEYLGVPYVLTTTSGSSANLLALTALTSPKLGVRALKPGDEVITVAAGF 120

YpAscC GRFNDAFEKKLGEYLGVPYVLTTTSGSSANLLALTALTSPKLGVRALKPGDEVITVAAGF 120

StRfbH GRFNDAFEKKLGEF IGVPHVLTTTSGSSANLLALTALTSPKLGERALKPGDEVITVAAGF 120

Amorf6 GTIATKFESSFARKLKRRKAVLTNSGSSANLLALSTLTSPTLGDEQLKPGDEVVTIVAAGF 120
* * Kk . = *‘**********'_**** * * *******.******

VabDdhC PTTVNPTIONGLIPVFVDVDIPTYQIKPEMIEAAVSEKTKAIMVAHTLGNTFDLTEARRV 180

YpDdhC PTTVNPTIQONGLIPVFVDVDIPTYNVNASLIEAAVSDKTKAIMIAHTLGNLFDLAEVRRV 180

YpAscC PTTVNPTIQNGLIPVFVDVDIPTYNVNASLIEAAVSDKTKAIMIAHTLGNLFDLAEVRRV 180

StRfbH PTTVNPAIONGLIPVFVDVDIPTYNIDASLIEAAVTEKSKATMIAHTLGNAFNLSEVRRI 180

Amorfé6 PTTVNPILQNGMIPVFVDIELGTYNTTAERVEAAISPRTRAIMIAHTLGNPFPVAEIAEI 180
Wkkkkk  HKH KkkEKEK KK KK L Rk KR KKKE Kk

VabDdhC ADKYNLWLIEDCCDALGSTYNGKMVGTIGDIATVSFYPAHHITMGEGGAVFTKDKELRKL 240

YpDdhC ADKYNLWLIEDCCDALGSTYDGKMAGTFGDIGTVSFYPAHHITMGEGGAVFTQSAELKST 240

YpAscC ADKYNLWLIEDCCDALGSTYDGKMAGTFGDIGTVSFYPAHHITMGEGGAVFTQSAELKSI 240
StRfbH ADKYNLWLIEDCCDALGTTYEGOMVGTFGDIGTVSFYPAHHITMGEGGAVFTKSGELKKI 240

Amorfé AQRHGCHLIEDNCDAVGSTYQGQLTGTFGRFSTVSFYPAHHLTMGEGGMLLSSDIKLAKL 240
L kRAR kkk Kk wk K kK & KkkAKRAXE KEHK KK .

vVaDdhC IESFRDWGRDCYCAPGCDNTCGKRFDQQLGSLPQGYDHKYTY SHLGYNLKITDMQAACGL 300

YpDdhC IESFRDWGRDCYCAPGCDNTCKKRFGQOLGSLPFGYDHKYTYSHLGYNLKITDMQAACGL 300

YpAscC IESFRDWGRDCYCAPGCDNTCKKRFGQQLGSLPFGYDHKYTYSHLGYNLKITDMQAACGL 300

StRfbH IESFRDWGRDCYCAPGCDNTCGKRFGQQLGSLPQGYDHKYTY SHLGYNLKITDMQAACGL 300

Amorfé AKSFRDWGRDCWCEPGEDDRCLKRFDLHLGTLPEAYDHKYVFSEVGYNLKSTDIHAALGL 300
kkkkhkhEK K KKk Kk kkk Kk KKk KNkKK ok GkkAk KKk kK kK

VaDdhC AQMDRVEEFVQARKENFAYLKNGLASCEEFIILPEATENSEPSWFGFPITIKDDSGISRV 360

YpDdhC AQLERIEEFVEKRKANFKYLKDALQSCADFLELPEATENSDPSWFGFPITLKEDSGVSRI 360

YpAscC AQLEPIEEFVEKRKANFKYLKDALQSCADFIELPEATENSDPSWFGFPITLKEDSGVSRI 360
StREfbH AQLERVEEFVEQRKANFSYLKQGLQSCTEFLELPEATEKSDPSWFGFPITLKETSGVNRV 360

Amorfé6 SQLAKLPDFVDARKRNWRQLREGLDG LPGLILPEATPGSDPSWFGFIITVKPDAGFDVP 360
[T I 2 L KkkkKR K NKkKkkkK kK k|
vaDdhC DLLKFMDOHK IGTRLLFAGNLTRQPYFEHVKYRVVGELTNTDLIMNNTFWIGVYPGLTLA 420
YpDdhC DLVKFLDEAKVGTRLLFAGNLTRQPYFHDVKYRVVGELTNTDRIMNQTFWIGIYPGLTHD 420
YpAscC DLVKFLDEAKVGTRLLFAGNLTRQPYFHDVKYRVVGELTNTDRIMNQTFWIGIYPGLTHD 420
StRfbH ELVKFLDEAKIGTRLLFAGNLIRQPYFANVKYRVVGELTNTDRIMNQTFWIGIYPGLTTE 420
Amorfé EVVEYLEARNIRTRRLFAGNLTRHPAYIGKPQRIAGPLTNSDIVTERTFWIGVYPGITTE 420
s z kk Khkhhkhkx * * = 5 * *** * a *kk Ak **'k *
VabDdhC HLDFVLEKFEEFFGVNF 437
YpDdhC HLDYVVSKFEEFFGLNF 437
YpAscC HLDYVVSKFEEFFGLNF 437
StRfbH HLDYVVSKFEEFFGLNF 437
Amorfé MIEYVIGTLKEFVATH- 436
* * *

Alignment of the amino acid sequences of DdhC (VaDdhC), Y. pseudotuberculosis DdhC (YpDdhC) (gbE47070), Y.
pseudotuberculosis AscC (YpAscC) (gbL33181), S. ryphimurium RfbH (StRfbH) (spP26395), and Amycolatopsis
mediterranei orf6 (Amorf6) (gbAF040570) as determined using the default settings of the program CLUSTAL (Higgins and
Sharp, 1988). *, identical residues; ¢, similar residues. Abbreviations: gb, Genbank; sp, SWISS PROT.



Table 5.6: Homology table for DdhC

%identity®

VaDdhC YpDdhC YpAscC StRfbH Am orf6
VaDdhC 100 82.2 822 80.8 51.3
(437) (437) (437) (431)
YpDdhC 100 99.5 87.4 50.2
(437) (437) (430)
YpAscC 100 87 50.2
(437) (430)
StRfbH 100 50.2
(432)
Am orfé 100

a Percentage of identical amino acids determined with FASTA as implemented
in PROSIS. Numbers in the brackets indicate the number of amino acids over
which the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaDdhB V. anguillarum DdhA

YpDdhC Y. pseudotuberculosis DdhC (gbE47070)
YpAscC Y. pseudotuberculosis AscC (gbL33181)
StRfbH S. typhimurium RfbH (spP26395)

Amorf6 Amycolatopsis mediterranei orf6 (gbAF040570)



Figure 5.12: Alignment of WbhC with IIvG

vawbhC MKSSDAIAHLLSLNNVTVGFELIGGMITHLVDSINELGKTKLISLHHEQAARFAAGGVAR 60
ecilvG MNGAQWVVHALRAQGVNTVFGYPGGAIMPVYDALYDGGVEHLLCR HEQGAAMAAIGYAR 60

) .. *k o* kL Lk KKK K%k Kk k k¥
vawbhC ATNNEQVGLALGTSGPGATNLITGIADCWLDSYPCIFITGQVNTYELKDKRPIRQQOGFQE 120
ecilvG ATG—-KTGVCIATSGPGATNLITGLADALLDSIPVVAITGQVSAPFIG —————— TDAFQE 112
. L, RRRAKKKEKKKK kk KKK k| KRKAK * %
vawbhC LDIVSLVDSITKYSIQVKTVEQLLIEIQKAISIARSGRPGPVLIDIPMDLQRK--ELDIT 178
ecilvG VDVLGLSLACTKHSFLVQSLEELPRIMAEAFDVACSGRPGPVLVDIPKDIQLASGDLEPW 172
R L S S Lk KkKKAKEK kkk K _* .
vawbhC FDDIA-RLVVPSAEEEMNSGFFSVDNALKEAQKPLFIIGGGACAEVQFSAWQKKISSLGI 237
ecilvG FTTVENEVTFPHAEVEQAR ------ QMLAKAQKPMLYVGGGVGMAQAVPALREFLAATKM 226
* hx * *  kkEK Kkx L.
vawbhC PHVSSLKGS-ERTSNYPEYLGMIGAYGTRAANYAVONADIITVLGSRLDIRQTGANVADF 296
ecilvG PATCTLKGLGAVEADYPYYLGMLGMHGTKAANFAVQECDLLIAVGARFDDRVTG-KLNTS 285

* ok ok *kk Kkkk * *kk khkk Khkk * * * * *x *k K%

vawbhC ARNAKKIIQIDVDKGQIDNRITTHLNIVSKCNSYFEHFLSEDYIINCSLWREKLKETFRK 356
ecilvG APHAS-VIHMDIDPAEMNKLRQAHVALQGDLNALLPALQQPLNQYDWQOHCAQLRDEHSW 344
* * * * % * * *

vawbhC KFIDEYEAYRFSPFKIMQTLSEKFSGKIVHYIPDVGNHOMWLAHSLF IEPQOKIHHSGGL 416

ecilvG RYDHPGDAI YAPLLLKQLSDRKPADCVVT——TDVGQHQMWAAQHIAHTRPENFITSSGL 401
- . * LR T * Kk

vawbhC GAMGFSLPTAIGVRVVTGN-YVVSISGDGGFOLNIQELDVINRDKIPILIIILNNKSLGM 475

ecilvG GTMGFGLPAAVGAQVARPNDTVVCISGDGSFMMNVQELGTVKRKQLPLKIVLLDNQRLGM 461
* kKR KK Kk Kk Kk KkkNA Ak Ak T

vawbhC VKNFODMYFNGRNKPTYWGGYSCSFSQVGEAYGIESHLIKNDLEFSALVESYVKNARPLL 535
ecilvG VRQWQQLFFQERYSETTLTD NPDFLMLASAFGIHGQHITRKDQVEAALDTMLNSDGPYL 520

LI * *

vawbhC IEVSLEDVTVCKPRLVYGKSIDEQYPFDEQ 565
ecilvG LHVSIDELENVWPLVPPGASNSEMLEKLS~ 549

* % * * X *

Alignment of the amino acid sequences of WbhC (VaWbhC), and E.coli IlvG (EcIlvG) (spP00892) as determined using the
default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; e, similar residues.
Abbreviations: sp, SWISS PROT.



Figure 5.13: Alignment of WbhE with homologous proteins

VawbhE —MINEMILTAGPSITEKEISYVTDAVKNGWNNNWNNYLLKFEKSLADYVGVKHSLSTSSA 59
ME 00 === MIPILEPSIGNEELENVLEALKSGWISSRGEFITKFEEKFARYHGMGFGISTSNG 55
SspSpsC~ --——-———---———-=-- MKLSVLTVAFSVSALFET--—----~— TIFAEFCGTKYAVAVSSG 36
EcRfbE ~—-MKYIPVYQPSLTGKEKEYVNECLDSTWISSKGNYIQKFENKFAEQNHVQYATTVSNG 57
VcREfbE =~ ----- MIPVYEPSLDGNERKYLNDCIDSGWVSSRGKYIDRFETEFAEFLKVKHATTVSNG 55
CclpsC MSDLPRISVAAPRLDGNERDYVLECMDTTWISSVGRFIVEFEKAFADYCGVKHAIACNNG 60
*
VaWbhE TGALHLSMLACGIGPGDEVIVPEISWVASASAVAYVGATPVFCDIDPVSWCLDIESAARL 119
Mt TTALHLALKSVGIKKGDEVIVPSLTFAATANAVIYCNAKPVLVDSHPDYWCIDPSRIEEK 115
SspSpsC TAATLHLALLALNIGAGDEVIVPTLSFIATANAVTYTGAKPIFVDSEWETWNINPDLIEAA 96
EcREbE TVALHLALLALGISEGDEVIVPTLTYIASVNAIKYTGATPIFVDSDNETWOMSVSDIEQK 117
VcREbE TVALHLAMSALGITQGDEVIVPTFTYVASVNTIVQCGALPVFAEIEGESLQVSVEDVKRK 115
* ****._ . .* kkhkkhkkk N *_ .. _* *. . .
VawbhE LTPKTKATLPVHIYGHPANMPATMEFARANNILIIEDAAPSIGAEVDGKKTGSFGDAAAF 179
Mt INKNTRAT I PVHLYGHPCDMGWIGDIADEHGLIIIEDAAEAHGAEYRGKKIGTFGDVSCF 175
SspSpsC ITPRTKAIMPVHLYGHPAKMDKILDIAQRYHLAVIEDAAEAHGATYQGKTVGSLGDLGIF 156
EcRfbE ITNKTKAIMCVHLYGHPCDMEQIVELAKSRNLFVIEDCAEAFGSKYKGKYVGTFGDISTF 177
VcREbE INKKTKAVMAVHIYGQACDIQSLRDLCDEHGLYLIEDCAEATIGTAVNGKKVGTFGDVSTF 175
CcLpsC ITPRTKAIMPVHLYGQICDMDPILEVARRHNLLVIEDAAEAVGATYRGKKSGSLGDCATF 180
_~ *.*._ **.**. . . . . . . .***_* . *_ * %k *' *k *
VaWbhE SFQGAKILSTGEGGMFVSNNDEIFNRVKSLNDHGRDPSQPFASVEVGYKYKMSNLQAAMG 239
Mt SFYGNKI ITTGEGGMCLTNDEELAERMAVLRDHGMRPEKRYWHEEVGFNYRMTNLQAAVG 235
SspSpsC SFYGNKIVTTGEGGMIVTDDEELAQKIRILKDHGMSKKQRYWHPILGYNYRITNIQAALG 216
EcRfbE SFFGNKTITTGEGGMVVTNDKTLYDRCLHFKGQGLAVHRQYWHDVIGYNYRMTNICAARIG 237
VcREbE SFFGNKTITSGEGGMVVSNSDIIIDKCLRLKNQGVVAGKRYWHDLVAYNYRMTNLCAAIG 235
CcLpsC SFFGNK I ITTGEGGMITTNDDDLAAKMRLLRGQGMDPNRRYWFPIVGFNYRMTNIQAATIG 240
*k Kk * * %k Kk k L * * *k Kk

VaWbhE LAQIERVEELVNKKREINSIYQELLKDCT———AVKVTTELPDCKSIHWMTSVELLGFDYD 296

Mt VAQLEKIDGFINRKREIAEIYNRGLAELHENEELMLHPEMLWARSVYWVYSIVLKKR~—— 292
SspSpsC VAQMERINKIPEAKRRIAQLYEQELLQIQG---LTLPPRQPWAESVFWLYTILINQDKLE 273
EcRfbE LAQLEQADDFISRKREIADIYKKNINSL-==~=~ VQVHKESKDVFHTYWMVSILTRTAEE- 291

VcREbE VAQLERVDKIIKAKRDIAEIYRSELAGLP—-—-MQVHKESNGTFHSYWLTSIILDQEFEV 291
CcLpsC LAQLERVDEHLAARERVVGWY EQKLARLGN-~RVTKPHVALTGRHVFWMYTVRLGEG-LS 297
* *

*k #

VaWbhE -KRQRFMGKLRENLVDSRPVFSPLSSLPMFEPRVKN---PVALRIGQSAINLPSGHNLIL 352
Mt ~XKNMDLIRYLNSCGVDTRPFFYPLNLMPPYKDDSS---YPVAENLSYGGLSLPSSVEIGD 348
SspSpsC LNRDQLMSRLQEKGIETRPLFIPTHRQPIYNTHQS--~-LPVAESLSKNGLSLPSFVTLSN 330
EcRfbE - -REELRNHLADKLIETRPVFYPVHTMPMYSEKYQK--HPIAEDLGWRGINLPSFPSLSN 347
VcREbE —HRDGLMTFLENNDIESRPFFYPAHTLPMYEHLAEKTAFPLSNSYSHRGINLPSWPGLCD 348
CcLpsC TTRDQVIKDLDALGIESRPVFHPMHIMPPYAHLATDD-LKIAEACGVDGLNLPTHAGLTE 356
* *k kK * * ok
VaWbhE EQLEHVATTIKKTRIAI 369
Mt EATIEYVVDRVREFFE-- 363
SspSpsC ENLYQIIDSIKKVIS-- 345
EcRfbE EQVIYICESINEFYSDK 364
VcREIbE DQVKEICNCIKNYFNCI 365

CcLpsC ADIDRVIAALDQVLV-- 371

Alignment of the amino acid sequences of WbhE (VaWbhE), Methanobacterium thermoautotrophicum perosamine
synthetase (Mt) (gbAE000818), Synechocystis sp SpsC (SspSpsC) (gbD90911), E. coli 0157 RfbE (EcR{bE) (pirS83460), V.
cholerae RIbE (VCRIbE) (pirS28471) and, Caulobacter crescentus (CcLpsC) (gbAF062345) as determined using the default
settings of the program CLUSTAL (Higgins and Sharp, 1988). ¥, identical residues; », similar residues. Abbreviations: gb,
Genbank; sp, SWISS PROT.



Table 5.7: Homology table for WbhE

%identity

WbhEVa Mt SpsCSsp RfbEEc RfbEVc CclpsC
WbhEVa 100 39.5 38.2 38.4 36.8 38.1
(362) (327) (354) (364) (365)
Mt 100 50.2 46.3 415 45.6
(329) (363) (369) (366)
SpsCSsp 100 48.0 41.2 45.6
(327) (330) (366)
RfbEEc 100 54.7 46.4
(364) (362)
RfbEVe 100 43.1
(357)
CclLpsC 100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS.
Numbers in the brackets indicate the number of amino acids over which the % identity occurs.
Abbreviations: gb, Genbank.

VaWbhE V. anguillarum WbhE

Mt Methanobacterium thermoautotrophicum, (bAE000818),
SspSpsC Synechocystis sp SpsC (gbD90911),

EcRfbE E. coli 0157 RfbE (pirS83460)

VcRfbE V. cholerae O1 RfbE (pirS28471)

CcLpsC Caulobacter crescentus (gbAF062345)
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The putative perosamine synthetase in V. cholerae O1 (wbeE/rfbE) is the last
enzyme in the biosynthetic pathway of perosamine and is thought to convert GDP-4-keto-
6-deoxymannose to GDP-4-amino-4,6 dideoxymannose (GDP-perosamine) (Fig. 5.14)

(Stroeher et al., 1995). The role of wbhE in V. anguillarum O1 is not known.

5.2.7.5 wbhG

wbhG lies between nt 21072 to nt 22008 (Appendix 1) and WbhG showed the best
similarity to proteins in Bacillus subtilis (CshB), E. coli (0306), and S. flexneri (Bgt) (Fig.
5.15; Table 5.8). The function of these proteins is to transfer UDP-glucose to the
bactoprenol carrier during polysaccharide synthesis and glucosylation of O-antigen (Mavris
et al., 1997). These related proteins also demonstrate structural and sequence similarity to
a number of dolichol mannosyltransferase enzymes including Dpm1 of Saccharomyces
cereviceae, a well characterised dolichol phosphate mannose synthetase which catalyses
the formation of dolichol-phosphate mannose from dolichol-phosphate and GDP-mannose
(Orlean et al., 1988).

For correct functioning, proteins of this family (glycosyl transferases) require an
amino terminal motif with the sequence DXSXD and DXD (Saxena et al., 1995;
Keenleyside and Whitfield, 1996). The motif sequence is bolded in Figure 5.1.5.
Interestingly WbhG does not have the exact consensus sequence, suggesting it may not be
functional. In addition, analysis of the sequence preceding wbhG indicates that it does not
possess a potential RBS (Appendix 1). An attempt to show functionality of WbhG in a S.
flexneri bgt TnphoA mutant (RMA903) (Mavris et al., 1997) proved to be unsuccessful
(data not shown) which further indicates that this protein is either not functional or possibly

that its substrate specificity is different to that described for bgt (Mavris et al., 1997).



Figure 5.14: The pathway for the biosynthesis of perosamine in V. cholerae.

This figure describes the putative perosamine biosynthesis pathway in V. cholerae O1 which is
based entirely on the homology to other enzymes that have been biochemically assayed. The
pathway commences with fructose-1-phosphate which is converted to mannose-6-phosphate by
ManC. This intermediate is converted to mannose-1-phosphate by ManB which is then made
into GDP-mannose by ManC. GDP-mannose is converted to GDP-4-keto-6-deoxymannose by
WbeD/Gmb, before the final step mediated by WbeE which produces GDP-perosamine.

(Figure was reproduced from Stroeher et al., 1998).
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Figure 5.15: Alignment of WbhG to homologous proteins
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Alignment of the amino acid sequences of WbhG (VaWbhG), Synechocystis sp Dpml (SspDpml) (spP14020), B. subtilis
(BsCsbB) (spQ45539), E. coli 0306 (Eco306) (spP77293) and, S. flexneri bacteriophage SfIl (SfBgt) (gbAF021347) as
determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; °, similar
residues. The shaded amino acids represent the functional motif DXDXD and DXD described for this family of proteins
involved in the transfer of glucose to bactoprenol (Saxena et al., 1995; Keenleyside and Whitfield, 1995; Mavris et al.,
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1997). Abbreviations: gb, Genbark; sp, SWISS PROT.

43
58
42
39
39

103
118
102
99
99

162
178
161l
159
159

222
238
221
219
219

282
298
280
278
278

312
331
329
307
308



Table 5.8: Homology table for WbhG

%identity
VaWbhG BsCsbB Eco306 SfBgt SspDpm1 ScDpm1

VaWbhG 100 32.2 32.0 31.4 28.0 271
(307) (303 (303) (307) (258)

BsCsbB 100 38.5 39.8 38.0 26.5
(301) (304) (303) (147)

Eco306 100 89.9 411 16.0
(306) (299) (75)

SfBgt 100 43.7 16.0
(299) (75)

SSpDpm1 100 30.2
(258)

ScDpm1 100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS.
Numbers in the brackets indicate the number of amino acids over which the % identity occurs.
Abbreviations: gb, Genbank; sp, SWISS PROT.

VaWbhG V. anguillarum WbhG

SspDpm1 Synechocystis sp Dpm1 (spP14020),
BsCsbB B. subtilis (spQ45539),

Eco306 E. coli 0306 (spP77293)

SfBgt S. flexneri bacteriophage SfIl (gbAF021347)

ScDpml Saccharomyces cerevivae Dpm1 (spJ04184)
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The protein WbhG from V. anguillarum was found to be hydrophilic at its amino
end with two potential transmembrane (hydrophobic) domains being located near its
carboxy terminal (Fig. 5.16). Proteins of this type all contain this structural organisation, a

comparison of which is shown in Fig. 5.16.

5.2.7.6 Modification and chain elongation enzymes

Towards the end of the sequenced region lie numerous ORFs that show homology
to transferase genes from various different bacterial species. The ORFs are designated
wbhJ, wbhK, wbhL, wbhM and wbhN. Enzymes involved in the transfer of sugars or other
residues associated with O-antigens are often found located at the end of the O-antigen
biosynthesis operon. This genetic arrangement is observed in S. enterica (Jiang et al.,

1991), S. flexneri (Morona et al., 1994, 1995) and B. pertussis (Allen and Maskell, 1996).

5.2.7.6.1 wbhJ

WhbhJ is similar to numerous proteins in the databases. The ORF that encodes
WbhJ lies between nt 24038-nt 24493, and is most homologous to BlpB (41.1% identity in
151 amino acid overlap) from the Bordetella pertussis rfb region (Fig. 5.17). BlpB was
assigned the role of an acetyl transferase, responsible for the transfer of an acetyl group to
sugars groups, in the synthesis of B. pertussis O-antigen. BlpB and WbhJ are among a set
of proteins that can be divided into two families. The first, acyltransferases encoded by
IxpA and IxpD are enzymes involved in the transfer of fatty acyl chains from acyl carrier
protein to glucosamine in the biosynthesis of lipid A (Raetz, 1993; Allen and Maskell,
1996). The second family are enzymes involved with the transfer of acetyl groups (ie

acetyl transferases) encoded by cysE. This gene transfers acetyl groups from acetyl Co-A



Figure 5.16: Hydropathy plot of WbhG and related proteins.

The hydropathy plots were generated by the method of Kyte and Doolittle (1982) and
aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-
axis indicate hydrophobic regions. The position of every 10™ amino acid is marked on each
X-axis. Abbreviations: gb, Genbank; sp, SWISS PROT. VaWbhG, V. anguillarum WbhG;
SspDpml, Synechocystis sp Dpml (spP14020); BsCsbB, B. subtilis CsbB (spQ45539);
Eco306, E. coli 0306 (spP77293); SfBgt, S. flexneri SfIl Bgt (gbAF021347); ScDpml,

Saccharomyces cerevicae Dpm1 (spJ04184)
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Figure 5.17: Alignment of WbhJ with BpIB

VaWbhJ MTFIHELADVQOS-SNIGINTKIWQFSVVLPNAIIGKNCNICSHTFIENDVTIGNNVTIKC 59
BpBplB MTTIHPTAIVDEGARIGANSRIWHWVHICGGAEIGAGCSLGQNVFVGNRVRIGDRVKIQN 60

*k  wk * * LA S A P * ok kK * ok

VawbhJ GVQIWDGILIGNNVFIGPNATFTNDMYPRSKQ-YPDEFMKTVVCDNASIGANTTILPGVT 118
BpBplB NVSVYDNVFLEDDVFCGPSMVFTNVYNPRAAIERKNEYRDTLVRQGATLGANCTIVCGAT 120

ok kK * kK L S L S U S

VawbhJ IGEGALVGAGSVVTKDVKPFTIVAGNPAREIEK-~-—---——-———-—===-=————————— 151
BpBplB VGRYAFVGAGAVVNKDVPDFALVVGVPARQIGWMSRHGEQLDLPLAGNGQARCPHTGDLY 180

* * %*khkk hk kk*k * * ¥ *kk *

S A— 151
BpBprlB ILENGVCRLGE 191

Alignment of the amino acid sequences of WbhJ (VaWbhI) and B. pertussis BplB (BsBplB) (pirS70673) as determined using
the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; *, similar residues.
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to serine in the biosynthesis of cysteine (Wigley et al., 1990; Gagnon et al., 1994; Lai and
Baumann, 1992). WbhJ (and BpIB) display similarity to proteins from both these families
which ranges from 20-25 % identity.

It is possible that Wbh] is involved in acetyl group transfer for the V. anguillarum
O1 O-antigen similar to that of BlpB for B. pertussis. It is unlikely that WbhJ is involved
in lipid A synthesis as lipid A genes are usually found in complex operons with other lipid

A biosynthesis genes (Raetz, 1993).

5.2.7.6.2 wbhK

Immediately following wbhJ is the gene designated wbhK. The initiation codon of
wbhK overlaps with the termination codon of wbhJ at nt 24490. WbhK shows significant
homology to numerous proteins in the database involved in the synthesis of sugar
containing antibiotics. It is most homologous to a transaminase enzyme (DesV) in the
biosynthetic pathway responsible for production of macrolide antibiotics from
Streptomyces venezuelae (Xue et al., 1998), EryC from Saccharopolyspora erythraea, an
enzyme involved in the synthesis of dTDP-D-desosamine in the erythromycin biosynthesis
pathway (Dhillon et al., 1989; Salah-Bey et al., 1998), and DegT from Bacilius
stearothermophilus (Takagi et al., 1990) (Fig. 5.18; Table 5.9). Further similarities are to
polysaccharide biosynthesis-related proteins involved in the transfer of amino groups to
form amino sugars. These include BIpC from B. pertussis (Allen and Maskell, 1996),
WbpE from Pseudomans aeruginosa (Burrows et al., 1996) and the putative perosamine
synthetase enzyme, RfbE/WbeE from V. cholerae (Manning et al., 1994; Stroeher et al.,
1995c¢) (Fig. 5.18). WbhK was also similar to WbhE, a perosamine synthetase homologue
from V. anguillarum O1 (27.4% over 354 amino acid overlap) (this study). Interestingly

WbhK also has similarity to DdhC from Salmonella typhimurium, Yersinia



Figure 5.18: Alignment of WbhK with homologous proteins

VaWbhK
SeEryC
BsDegT
BpBplC
PaWbpE
SvDesV
VcREDbE
StRfbH
vaDdhC
YpDdhC

VaWbhK
SeEryC
BsDegT
BpBplC
PaWbpE
SvDesV
VcREbE
StREbH
VaDdhC
YpDdhC

vVaWbhK
SeEryC
BsDegT
BpBplC
PaWbpE
SvDesV
VcREDbE
StRfbH
vaDdhC
YpDdhC

VaWbhK
SeEryC
BsDegT
BpBplcC
PaWbpE
SvDesV
VcREDbE
StRfbH
vabDdhC
¥YpDdhC

VaWbhK
SeEryC
BsDegT
BpBplC
PaWbpE
SvDhesV
VcREDE
StRfbH
VaDdhC
YpDdhC

VaWbhK
SeEryC
BsDegT
BpBplC
PaWbpE
SvDesV
VcREbE
StRfbH
vabdhC
YpDdhC

———————— MISFLDLKKLNAQYEQELKDACTRVIDS--~--=-=--—==-====---—-GWYIL
——————— MDVPFLDLQAAYLELRSDIDQACRRVLGS----=-=-=-=~======----GWYLH
------- MNVPMLDLSEQYEQLKPEIMRVLDEVMRS--—-=~========~----SRFIL
————————— MQF IDLKTQYQALRDTINPRIQAVLDH---~=-=====-=---—---GQFIM
-------- MIEFIDLKNQQARIKDKIDAGIQRVLRH----—---=====~--——-GQYIL
MSSRAETPRVPFLDLKAAYEELRAETDAAIARVLDS-—--——-—=====—===== GRYLL
-------- MIPVYEPSLDGNERKYLNDCIDSGWVSS—-=-=-—--=--——-=-----——-RGKY

MTANNLREQISQLVAQYANEALSPKPFVAGTSVVPPSGKVIGAKELQLMVEASLDGWLTT
MSKEQLRSQIAELVAQYAVIEYAPKMFIGGESVVPPSGKVLGAKELQLMVDASLDGWLTT
MSQEELRQQIAELVAQYAETAMAPKPFEAGKSVVPPSGKVIGTKELQLMVEASLDGWLTT

GNEVSEFEKEFAAYCNVEHCLGVANGLDALILILRAYIELGVMS----KGDEVIVPSNTY
GPENEAFEAEFAAYCENAHCVTVGSGCDALELSLVA---LGVG----~ QGDEVIVPSHTF
GDYVKKLEADIAAYSRAKHGIGCGNGSDAIHIALQA~---AGVG----- PGDEVITTAFTF
GPEVKELEAALCAYTGAKHCITVASGTEALLISLMA---LGVK-—--- AGDEVITTSFTF
GPEVTELEDRLADFVGAKYCISCANGTDALQIVQOMA---LGVG-—--- PGDEVITPGFTY
GPELEGFEAEFAAYCETDHAVGVNSGMDALQLALRG---LGIG----- PGDEVIVPSHTY
IDR---FETEFAEFLKVKHATTVSNGTVALHLAMSA---LGIT----- QGDEVIVPTFTY

GRFNDAFEKKLGEFIGVPHVLTTTSGSSANLLALTALTSPKLGERALKPGDEVITVAAGF

GRFNDAFEKRLGEYLGVPFVLTTTSGSSANLLALTTLTSPKLGDRQLKPGDEVITVAAGF

GRFNDAFEKKLGEYLGVPYVLTTTSGSSANLLALTALTSPKLGVRALKPGDEVITVAAGF
* *

* %* kK hh

IASILAISEAGLVPVLVEPCEVTFNLDPNLIELAVTTRTKAILTVHLYGQVSGMDQIQKI
IATWLGVP-VGAVPVPVEPEGVSHTLDPALVEQAITPRTAAILPVHLYGHPADLDALRAT
FATAGSTARAGAKPVFVDIDPVTFNIDPAQVEAAVTEKTKAIIPVHLYGOMADMEAIAAT
VATAEVIALLGAKPVFVDVEPDTCNIKVSEIEAKITPRTKAIIPVSLYGQCGDMDEVNAV
VATAETVALLGAKPVYVDIDPRTYNLDPQLLEAAITPRTKAIIPVSLYGQCADFDAINAT
IASWLAVSATGATPVPVEPHEDHPTLDPLLVEKAITPRTRALLPVHLYGHPADMDALREL
VASVNTIVQCGALPVFAEIEGESLQVSVEDVKRKINKKTKAVMAVHIYGQACDIQSLRDL
PTTVNPAIONGLIPVFVDVDIPTYNIDASLIEAAVTEKSKAIMIAHTLGNAFNLSEVRRI
PTTVNPTIQONGLIPVFVDVDIPTYQIKPEMIEAAVSEKTKAIMVAHTLGNTFDLTEARRV
PTTVNPTIONGLIPVFVDVDIPTYNVNASLIEAAVSDKTKAIMIAHTLGNLFDLAEVRRV
* % * *

*

ARKHNLKVIEDCAQAHGALYDSKEGIKKVGSIGDAAGF SFYPGKNLGALGDAGAVTTNDP
ADRHGLALVEDVAQAVGARHRGH- - - -RVGAGSNAAAF SFYPGKNLGALGDGGAVVTTDP
AKRHGLVVIEDAAQAIGAKYNGK----CVGELGTAATYSFFPTKNLGAYGDGGMIITNDD
AARHGLPVIEDAAQSFGATYKGR----KSCNLSTIGCTSFFPSKPLGCYGDGGALFTNDD
ASKYGIPVIEDAAQSFGASYKGK----RSCNLSTVACTSFFPSKPLGCYGDGGAIFTNDD
ADRHGLHIVEDAAQAHGARYRGR----RIGAGSSVAAFSFYPGKNLGCFGDGGAVVTGDP
CDEHGLYLIEDCAEAIGTAVNGK----KVGTFGDVSTFSFFG-NKTITSGEGGMVVSNSD
ADKYNLWLIEDCCDALGTTYEGQ----MVGTFGDIGTVSFYP-ABHITMGEGGAVFTKSG
ADKYNLWLIEDCCDALGSTYNGK----MVGTIGDIATVSFYP-AHHITMGEGGAVFTKDK
ADKYNLWLIEDCCDALGSTYDGK-~--MAGTFGDIGTVSFYP-AHHITMGEGGAVFTQSA
* *

* % * k *

ELASTISALRNYGS-——==========-—===-====——=x HEKYRNIFKGLNSRLDEIQ
ALAERIRLLRNYGS-==-=-==--=====——=—-—m=———- KQKYVHEVRGTNARLDELQ
ELAEKCRVIRVHGS---—=============———————=== KPKYYHHVLGYNSRLDEMQ
ELAQAMREIRVHGQ-—--=-============———======= SGRYYHARIGVGGRMDTLQ
ELATAIRQIARHGQ-~==—====—=======-===——===== DRRYHHIRVGVNSRLDTLQ
ELAERLRMLRNYGS--========-======———=—=——=== RQKYSHETKGTNSRLDEMQ
ITIDKCLRLKNQGVVA--—=========————————————= GKRYWHDLVAYNYRMTNLC

ELKKIIESFRDWGRDCYCAPGCDNTCGKRFGQQLGSLPQGYDHKYTYSHLGYNLKITDMQ

ELRKLIESFRDWGRDCYCAPGCDNTCGKRFDQQLGSLPQGYDHKYTYSHLGYNLKITDMQ

ELKSIIESFRDWGRDCYCAPGCDNTCKKRFGQQLGSLPFGYDHKYTYSHLGYNLKITDMQ
* *

AAMLRVKLRYLDDEISLRRKVASRYLNEVR-NPLIKVPLVE--DDNAHVWHLFVVVVE--
AAVLRVKLRHLDDWNARRTTLAQHYQTELKDVPGITLPETH--PWADSAWHLFVLRCE--
AATLSVKFPHLDRWIEQRRKHAATYTRLLEEAVGDLVVTPKEVDGRYHVFHQYTIRAP--
CAVVLGKLERFDWEIAQRIKIGARYQQLLADLPGGACTVTVRPD~-RDSVWAQFTVMVP--
AAILLPKLEIFEEEIALRQKVAAEY-—---- DLS--==———————————— === ————————
AAVLRIRLAHLDSWNGRRSALAAEYLSGLAGLPGIGLPVTA--PDTDPVWHLFTVRTE--
AAIGVAQLERVDKIIKAKRDIAEIYRSELAGLPMQVHKESN---GTFHSYWLTSIILDQE
AACGLAQLERVEEFVEQR-KANFSYLKQGLQSCTEFLELPEATEKSDPSWFGFPITLKET
AACGLAQMDRVEEFVQAR-KENFAYLKNGLASCEEFIILPEATENSEPSWFGFPITIKDD
AACGLAQLERIEEFVEKR-KANFKYLKDALQSCADFLELPEATENSDPSWFGFPITLKED
* *

33
34
34
32
33
41
32
60
60
60

149
145
146
144
149
153
144
180

180

209
201
202
200
205
209
200
236
236
236

242
234
235
233
238
242
233
296
296
296

297
290
293
290
266
298
290
355
)
355



VawbhK - --DRDKLVEHLSENQIQSLIHYPIPPHKQEAYMEWN---NSAFPLSEKMHKQVLSLPLS 351

SeEryC - - -NRDHLORHLTDAGVQTLIHYPTPVHLSPAYADLGL-PPGSFPVAESLAGEVLSLPIG 346
BsDegT - - -KRDELQAFLKEQGIATMVYYPLPLHLOPVFASLGY -KEGQLPEAEKAAKEALSLPMF 349
BpBplC ---NREAVIAQLKEAGIPTAVHYPRPTHAQPAYEQYAE-GAGATPVSDDLAARVMSLPMH 346
PaWbpE  ---—-=-=--- LKQVGIGTP-—===-————=—=—==- FIGS-G-=========m=—=————u 280
SvDesV - --RRDELRSHLDARGIDTLTHYPVPVHLSPAYAGEAP- PEGSLPRAESFARQVLSLPIG 354

VcREbE FEVHRDGLMTFLENNDIESR-PFFYPAHTLPMYEHLAE--KTAFPLSNSYSHRGINLPSW 347
StRfbH SGVNRVELVKFLDEAKIGTRLLFAGNLIRQPYFANVKYRVVGELTNTDRIMNQTFWIGIY 415
VvaDdhC SGISRVDLLKFMDQHKIGTRLLFAGNLTRQPYFEHVKYRVVGELTNTDLIMNNTFWIGVY 415

YpDdhC SGVSRIDLVKFLDEAKVGTRLLFAGNLTRQPYFHDVKYRVVGELTNTDRIMNQTFWIGIY 415
VaWbhK SVLDKSEIDKVIDVLNSFLG----- 371
SeEryC PHLSREAADHVIATLKAGA---—-—~ 365
BsDegT PELKEEQQQYVVEKIAEFYRHFA-- 372
BpBplC PDLDEATQDKIVAALRQALN--=--- 366
PaWbpE  ===-=--—--=—=s==———————== 280
SvDesV PHLERPQALRVIDAVREWAERVDQA 379
VcREbLE PGLCDDQVKEICNCIKNYFNCI-~-- 369
StRfbH PGLTTEHLDYVVSKFEEFFGLNF - - 438
VabDdhC PGLTLAHLDFVLEKFEEFFGVNF -~ 438
YpDdhC PGLTHDHLDYVVSKFEEFFGLNF-- 438

Alignment of the amino acid sequences of WbhK (VaWbhK), Saccharopolyspora erythreae, ExyC (SeEryC) (spP14290), B.
subtilis DegT (BsDegT) (spP15263), B. pertussis BplC (BsBpIC) (pirS70674), P. aeuringosa WbpE (PaWbpE)
(gbU50396), Streptomyces venezuelae transaminase, DesV (SvDesV) (gbAF079762), V. cholerae RfbE (VcRIbE)
(pirS28471), S. typhimurium RfbH (StRfbH) (spP26398), V. anguillarum DdhC (VaDdhC) and, Y. psuedotuberculosis
DdhC (YpDdhC) (gbE47070) as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988).
*_jdentical residues; ¢, similar residues. Abbreviations: gb, Genbank; sp, SWISS PROT.



Table 5.9: Homology table for WbhK

%identity®
VaWbhK SeEryC BSDEgT BpBpIC PaWbpE SvDesV StRfbH YpDdhC VaDdhC VcRfbE
VaWbhK 100 478 40.2 36.6 423 48.1 36.0 355 35.0 29.7
(370) (373) (374) (284) (368) (200) (200) (200) (354)
SeEryC 100 47 405 435 66.8 33.0 32.0 33.0 31.4
(365) (365) @71) (361) (194) (194) (194) (344)
BsDegT 100 459 51.5 441 34.2 33.3 43.8 29.2
(362) (264) (365) (193) (195) (137) (363)
BpBpIC 100 63.2 404 35.1 36.6 347 29.4
(269) (364) (202) (202) (202) (337)
PaWbpE 100 435 324 33.0 31.9 312
(276) (185) (185) (185) (234)
SvDesV 100 271 29.6 271 29.6
(210) (162) (210) (365)
StRfbH 100 33.5 347 33.3
(203) (202) (204)
YpDdhC 100 80.8 874
(437) (437)
VaDdhC 100 82.2
(437)
VcRfbE 100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in the brackets indicate the number of amino acids over which the % identity
occurs.VaWbhK. V. anguillarum WbhK, SsEryC. Saccharopolyspora erythreae, EryC (spP14290), BsDegT B. subtilis DegT (spP15263), BsBplC B. pertussis BpIC (pirS70674),
PaWbpE P. aeuringosa WhpE (gbUS0396), SvDesV Streptomyces venezuelae transaminase, DesV (gbAF079762), VcRIbE V. cholerae RIbE (pirS28471), StRIbH 8. nyphimurium
RfbH (spP26398), VaDdhC V. anguillarum DdhC, YpDAhC. Y. psuedotuberculosis DAhC (gbE47070). Abbreviations: gb, Genbank; sp, SWISS PROT.
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pseudotuberculosis and V. anguillarum (Reeves, 1994; Kessler et al., 1993; this thesis)
which are enzymes involved in the biosynthesis of CDP-4-keto-6-deoxy-D-glucose in the
production of CDP-dideoxyhexose sugars (Table 5.9).

DegT and related proteins were first thought to function as protein kinase sensor
elements in two component regulatory systems (Takagi et al., 1990), however it is now
thought that these proteins are required for the synthesis of 2,6-, 3,6-, 4,6- dideoxyhexoses, |
and for transamination of sugars (Thorson et al., 1993; Allen and Maskell, 1996) which is
interesting given the other homologues described above are proteins involved in the

production of 3,6 dideoxyhexose and amino sugars.

5.2.7.6.3 wbhL/virB and wbhM/virA

The next putative transferase is encoded by the gene wbhL which lies between nt
25700 and nt 26788. wbhL and the following ORF, wbhM, are identical to the previously
described genes virBA, respectively from V. anguillarum O1 and have been shown to be
important in the virulence of this organism (Norqvist and Wolf-Watz, 1993). Mutations in
virBA result in the loss of LPS/O-antigen production (Norqvist and Wolf-Watz, 1993).
The arrangement of the genes, whhL(virB) and wbhM (virA) are identical to that described
previously with the genes having a 9 bp gap between the termination codon of wbhL and
the initiation codon of wbhM. WbhM does not show any significant similarity to other
sequences and therefore its function is unknown.

WbhL demonstrates homology to a number of proteins predicted to be glycosyl
transferases. WbhL is most similar to the putative glycosyl transferase genes of
Haemophilus influenzae (LgtD) (Fleischmann et al., 1995) and Yersinia enterocolitica type
0:8 (WbcG) (Zhang et al., 1996) (Fig. 5.19; Table 5.10). Figure 5.19 shows an alignment

of WbhL with homologous proteins, the residues that are shaded indicate a motif for



Figure 5.19: Alignment of WbhL with homologous proteins

VaWbhL
VaVirB
HiLgtD
NgLgtD
YeWbcG

VaWwbhL
VavirB
HiLgtD
NgLgtD
YeWbcG

VaWbhL
vVavirB
HiLgtD
NgLgtD
YeWbcG

VaWbhL
VavirB
HilLgtD
NgLgtD
YeWbcG

VaWbhL
VavirB
HiLgtD
NgLgtD
YeWbcG

VawbhL
VaVvirB
HiLgtD
NgLgtD
YeWbcG

VaWbhL
VavirB
HiLgtD
NgLgtD
YeWbcG

Alignment of the amino acid sequences of WbhL (VaWbhL), V. anguillarum VitB (VaVirB) (gbL08012), H. influenzae
LgtD (HiLgtD) (spQ57022), N. gonnorrhoea LgtD (NgLgtD) (gbU14554) and, Y. enterocolitica WbcG (YeWbcG)
(gbU46859) as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; ¢, similar residues. Shaded amino acids represent the motif for glycosyltransferases as described by Morona et al.
(1995). The shaded residues are identical to the proposed consensus sequence. Abbreviations: gb, Genbank; sp, SWISS

PROT.

MHLSDSKPPLVSLCILTFNHEKY ITKAINSCLAQSYSNIEIIIVDNNSSDGTVNKIRSDF
MHLSDSKPPLVSLCILTFNHEKY ITKATNSCLAQSYSNIEITIVDNNSSDGTVNKIRSDF
MNM--~--- PLISIIMPVYNAECYLNQGILSCLNQSYONIELILIDDGSTDKSI-EITNNI
=MQm—r—= PLVSVLICAYNAEKYFAQSLAAVVGOTWRNLDILIVDDGSTDGTP-AIARHF
MIDD----IDVSVVIPVYNAERFIRTAISSVLSQEYVNIEVIIIDDGSTDSCG-KIIQST
* L * * * ok % *

KNELEVGEIKLFDLEHNTYPSHGFNYALKKSQ----GEYVSLFSGDDTLCLNKVERQIGT

KNELEVGEIKLFDLEHNTYPSHGFNYALKKSQ----GEYVSLFSGDDTLCLNKVERQIGI

IDKDKR~--VKLFFTPTNQGPAAARNIGLEKAQ----GDYITFLDSDDF IANDKLEKQLNF

QEQDGR--IRIISNPRNLGFIASLNIGLDELAKSGGGEYIARTDBDDIASPGWIEKIVGE

ND--DR--IKYFKKENG-GIVSALNFAIPKVH----ANITARMDADDIMEPLRLRKQLDY
* *

MVKEG-LSNLFTWVNIINDKDE----- IIKCD----YLESIFNRNYNSQQIKEHFTIHSGN
MVKEG-LSNLFTWVNIINDKDE----- IIKCD----YLESIFNRNYNSQQIKEHFTHSGN
MLON-=—-==—==- HLVMTHGN----- YAFCD----LEGNQIKLVTTSKKIDYLTLLQGN
MEKDRSIIAMGAWLEVLSEENNKSVLAAIARNGAIWDKPTRHEDIVAVFPFGNP-THNNT
MARYN-LDVVGGNIKLIDENDR----- IIGRK----KFPTNHFDIISSLPFINPLCHPAT

*

MLSALSVMLSRDVFDRYGHFDERLVQLQDFDFWLRMASNDDLNLLTEKLSNYRLRDDGGN
MLSALSVMLSRDVFDRYGHFDERLVQLQDFDFWLRMASNDDLNLLTEKLSNYRLRDDGGN

QFKIMTVLVER-=-=—=——===—==-—————————————=—=-—===-— ESIKLLRFPN----

MIMRRSVIDGGLR------ FDPAYIHAEDYKFWYEAGKLGRLAYYPEALVKYRFHQDQTS

MIRTAVLKKANG---=~=—— YSLGTDGAEDFDLWCRLSRVCTFGSVPEDLLSYRLTSN--S
* *

1.SLANHKSRQOLRTDFEEVYVYRHLLNFDLKTIQSVVGMLNKDQSIAMALHGYYHNENKMK
LSLANHKSROLRTDFEEVYVYRHLLNFDLKTIQSVVGMLNKDQSIAMALHGY YHNENKMK

—~—IKHED---—==-===-= YAFFLDCLKEVKQSIL-—=--=—=---—=--=-- YSHQ-----
SKYNLQQRR------- TAWKIKEETRAGYWKAAGIAVG-------- ADCLNYGLLKSTAY
ISQTLHLHR----=---=-~- ISLCTNSIRKNIPNAP—-——==—====—===—————————

LAKGFLLSIYEELGTNIVFPSSHYSYFFDIYSKCEFFNSDENDEVSKLKEKIHVYENSRA
LAKGFLLSIYEELGTNIVFPSSHYSYFFDIYSKCEFFNSDENDEVSKLKEKIHVYENSRA
~ASSFVRIGKVSVSSNK-FKSAIWT--FNIY----- FK-=-=-~==-=——— REKLGVVKS--1I
ALYEKALSGQDIGCLRLFLYEYFLSLEKYSLTDLLDFLTD~~-~--—~~ RVMRKLFAAP-Q
-IVFYSFSLYLSKSLAVLIYAAKYA--YITK----- FK--—----——- SFYYMISGFIRA

IRFTSLIVSWLGRLKK-
IRFTSLIVSWLGRLKK-
YYFILYAYNGFIKYKK-
YRKILKKMLRPWKYRSY
LNFSFKIHKGKNEC---

60

54
53
55

116
116
108
111
106

166
166
149
170
156

226
226
170
224
207

286
286
195
269
232

346
346
235
320
274

362
362
251
337
288



Table 5.10: Homology table for WbhL

%identity”
VaWbhL VaVirB HiLgtD YeWbcG NmlLgtD

VaWbhL 100 100 34.2 26.0 241
(362) (244) (223) (241)

VaVirB 100 34.2 26.0 241
(244) (223) (241)

HiLgtD 100 38.1 32,5
(126) (120)

YeWbcG 100 271
(144)

NmLgtD 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaWbhL V. anguillarum WbhL

VaVirB V. anguillarum VirB (gbL08012),
HiLgtD H. influenzae LgtD (spQ57022),
YeWbcG Y. enterocolitica WbcG (gbU46859)

NgLgtD N. gonnorrhoea LgtD (gbU14554)
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glycosyltransferases which was described by Morona et al. (1995a) (see also Section
5.2.7.6.4). Although not as significant as the homology seen to the glycosyl transferases,
wbhL is also similar to a N-acetylglucosaminy] transferase (21.8 % identity at the amino
acid level over 188 amino acid overlap) from Streptococcus pneumoniae (Kolkman et al.,

1996).

5.2.7.6.4 wbhN

The final ORF designated wbhN lies between nt 27828 and nt 28763 and has three
potential initiation codons: valine (GTG) at position #27828, methionine (ATG) at position
#27841, and leucine (TTG) at position # 27879. The potential translation starts each have
a putative ribosome binding site (RBS), however the best RBS was found with the leucine
(TTG) start (Appendix 1). When the valine initiation codon at nt 27828 was used to
translate the sequence, a stop codon (TAG) at position nt 27867 was found. A similar
situation was also found for the methionine start at nt 27841 with a stop codon (TAA) at nt
27895 (Fig. 5.20). Translation of the sequence encoding wbhN using DNASIS indicated
that the leucine start at position nt 27879 is the most probable site of initiation. Although
the valine and methionine starts would produce truncated proteins, they can not be
discounted as potential initiation sites. wbhN was found to have an interesting feature of a
homopolymeric tract of 11 cytidine residues (poly (dC)) at nt 27850 to nt 27861.
Depending on the initiation codon used to translate wbhN, the poly (dC) tract either lies in
the 5¢ end of the gene or in the intergenic region preceding the beginning of wbhN
(Appendix 1) (Fig. 5.20).

WbhN shows similarity rhamnosyl transferase enzymes, RfbF from S. flexneri
(Morona et al., 1994; 1995a), RfbQ from S. dysenteriae (Klena and Schnaitman, 1993) and

RfbC from Y. enterocolitica (Zhang et al., 1993) (Fig. 5.21; Table 5.11). At the DNA



Figure 5.20: Potential Initiation codons of wbhN.

The sequence used in this figure was derived from Appendix 1. Analysis of the sequence
encoding wbhN suggests that the ORF may have three potential initiation codons. The
initiation codons are indicated in bold type and are valine (GTG) at position nt 27828,
methionine (ATG) at nt 27841 and leucine at nt 27879. The cytidine tract is bolded and

underlined with double lines. The termination codons are bolded.



A: INITIATION CODON: Valine (GTG) at position # 27828

A 27730 27740 271750 27760 27770 27780 27790 27800 27810 27820 27830 27840
CTAGAGTAATTTGhTTTGGTATTCTATTTTCATATTTCACGTAGTTCGRCTATTATATTTTTAGTGCTCTGCCCACAGATTTTTTAT&TAAATATTATAGTGNﬂWTGTGRGCATTCGAT
wbhN V S I R Y
27850 27860 27870 27880 27890 27900 27310 27920 27930 27940 27950 27960
ATGTATCTTCCCCCCCCCCCAAAGTATR@GAGTATTTTTTGTCGATTTCATCCGTAATTATCACTTTTCAACCCGATCTATCGAATGTCTCCCAGTTACTATTCGCTTGTATATCCTTTG

vV s s PP P KV * EYFULSISsVITITTFQP D L S NV S EULTULTFATCTISF G

B: INITIATION CODON: Methionine (ATG) at position #27841

B 27730 27740 27750 27760 27770 27780 27790 27800 27810 27820 27830 27840
CTAGAGTAATTTGATTTGGTATTCTATTTTCATATTTCACGTAGTTCGACTATTATATTTTTAGTGCTCTGCCCACAGATTTTTTATATAAATATTATAGTGACATTGTGAGCATTCGAT

27850 27860 27870 27880 27890 27900 27910 27920 27930 27940 27950 27960

ATGTATCTTCCCCCCCCCCCAAAGTATAGGAGTATTTTTTGTCGATTTCATCCdfufTTATCACTTTTCAACCCGATCTATCGAATGTCTCCCAGTTACTATTCGCTTGTATATCCTTTG
wbhANM Y L P P P P K Y R S I F CRF H P *

C: INITIATION CODON: Leucine (TTG) at position #27879

27730 27740 27750 27760 27770 27780 27790 27800 27810 27820 27830 27840
CTAGAGTAATTTGATTTGGTATTCTATTTTCATATTTCACGTAGTTCGACTATTATATTTTTAGTGCTCTGCCCACAGATTTTTTATATAAATATTATAGTGACATTGTGAGCATTCGAT

27850 27860 27870 27880 27890 27900 27910 27920 27930 27940 27950 27960
ATGTATCTTCCCCCCCCCCCAAAGTA&@@GAGTATTTTTTGTCGATTTCATCCGTAATTATCACTTTTCAACCCGATCTATCGAATGTCTCCCAGTTACTATTCGCTTGTATATCCTTTG
* E Y F L S I SSvVvV1ITZITTFSOQZPUDTILS SNV VS ETLILTFATCTISF G

wbhN —




Figure 5.21: Alignment of WbhN with homologous proteins

vaWwbhN
SEfREfDF
SdREfDbO
YeREbC

VaWbhN
SEfREDF
SAREDLQ
YeREfbC

VaWbhN
SfREbF
SAREDbLQ
YeREDbLC

VaWbhN
SEfREDLF
SdREbLQ
YeREfbC

VaWbhN
SEREfDLF
SAREDLQ
YeREfbC

vaWbhN
SfREbF
SdREfbO
YeRfbC

Alignment of the amino acid sequences of WbhN (VaWbhN), S. flexneri RfbF (SfR{bF) (spP37782), S. dysenteriae RfbQ
(SARQ) (pirS34966) and Y. enterocolitica RfbC (YeRfbC) (pirS28579) as determined using the default settings of the
program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; °, similar residues. Shaded amino acids represent the
motif for glycosyltransferases as described by Morona et al. (1995). The lighter shading are residues that are 100% identical

————— LSISSVIITEGPDLSNVSQLLFACISEGNKAVVIDNGSNN--AEELQDICRLFEH

-~ _MNSNIYAVIVTYNPELKNLNALITELKEQNCYVVVVDNRAN----FTLKDKLADIEK

——MIKKKVAAIIITYNPDLTILRESYTSLYKQVDKIIEIDNNSTN--YQELKKLFEKKEK

MNASQYSISAVVVTENPEVEVFKQLIKSIIPQVDQOIIGVDNGSLCEIRSGLEEIVTINYQON
* * * ¥ *

VKLIRLDENVGIASAQONIAISNLNGNEDDIIVFFDEDESID----NGYLSKVELAYNRLE
VHLICLGRNEGIAKAQNIGIRYSLEKGAEKIIFFDQDSRIR--~-NEFIKKLSCYMDNEN

IKIVPLSDNIGLAAAQNLGLNLAIKNNYTYAILF%?VLQDNGINSFFFEFEKLVSEEK
LYLISLSDNMGIASAQNYGIKKSFSMESSHVLLLDEESIPAEDMVEKLLSLELKLLSQGR
*

. * *.* * ok N . *'**

SDFGRGIVLGPRFYNRVS-KFEYPVIKFNIFGLRSRIYPSESRYPIEASCITSSGMAVRK
————— AKIAGPVFIDRDK-SHYYPICNIKKNGLREKIHVTEGQTPFKSSVTISSGTMVSK
—--LNIVAIGPSFFDEKTGRRFRPTKFIGPFLYPFRKITTKN-PLTEVDFLIASGCFIKL
- - ——QVGAVGPTSVDRRTSTRSGFVRKSG-- ILIKRIYPDDSKGFVKTDFLIASGTLIRT

*x . L

NILDSVGVMDDSLFIDYVDTEWSLRARYLGNLILVDPQLVMGHEIGTDNLKLFK---WRV
EVFEIVGMMDEELF IDYVDTEWCLRCLNYGILVHIIPDIEMVHAIGDKSVKICG---INI
ECIKSAGMMTESLFIDYIDVEWSYRMRSYGYKLYIHNDIHMSHLVGESRVNLGL-—--KTI
EVLHNIGLMKENYFIDHVDTEWCFRAVNCGIELFGCGDAFLNHTLGDSVIRIWMGRWRETL

* ok KRk Kk kk * LR % . .
PVHSASRRYYRIRNSFFLFRYPHIPRLVCTREVTFSILHQLFLVLLTNEKKAHWKS---—
PIHSPVRRYYRVRNAFLLLRKNHVPLLLSIREVVFSLIHTTLIIATQKNKIEYMKKHILA
SLHGPLRRYYLFRNYISILKVRYIPLGYKIREGFFNIGRFLVSMIITKNRKTLILY---~
PKHSPLRNYYIFRNTINMVTSTPMSWSWKLAHIYRLMIFFVFFMIAAKPRYRRFIM---~-

>k

* * kk

---LWRGIKDGV----- FYKS

TLDGIRGITGGG-—-—-~- RYNA

---TIKAIKDGINNEMGKYKG

---MIKGGFDGIRGISGKLN-
*

to proposed consensus sequence. Abbreviations: gb, Genbank; sp, SWISS PROT.

109
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116
120

168
163
172
176

225
220
229
236

281
280
285
292

294
296
303
309



Table 5.11: Homology table for WbhN

Pidentity”
VaWbhN SFRIbF SdRfHLQ YeRfbC
VaWbhN 100 37.2 29.0 279
(274) (290) (294)
SfRbF 100 302 29.5
(298) (298)
SdRfbQ 100 30.0
(300)
YeRfbC 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: sp, SWISS PROT.

VaWbhN V. anguillarum WbhN
SIRfbF S. flexneri RIbF (spP37782),
SdRHQ S. dysenteriae RfbQ (pirS34966)

YeRfbC Y. enterocolitica RfbC (pirS28579)
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level, wbhN showed some homology to rfbC from Y. enterocolitica (55%), although this
similarity was concentrated at the first 170 bp of the respective genes. Morona et al.
(1995a) suggested that a specific motif in the amino terminal existed for sugar transferases
that involved 6-deoxy hexoses. This motif highlighted in Figure 5.21 was found in the
protein sequence of WbhN suggesting that it belongs to this family of related proteins.
Examination of the other putative transferases in the locus showed that wbhL also
contained this motif suggesting that it also belongs to this family of transferases (Fig. 5.22).
Figure 5.22 also shows a CLUSTAL alignment of WbhN and WbhL and highlights the
shared motif. It is evident however, that the similarity between these proteins is quite low

(22.1% over 77 amino acid overlap), although they may have a similar function.

5.2.7.7 ORFs of unknown function within the wbh region

The whbh region sequenced in this study has numerous ORFs that do not show any
significant homology to any genes in the Genbank database. These genes have been
designated whhA (nt 8670- nt 9785), wbhB (nt 11141- nt 12790), wbhD (nt 18903- nt
19532), wbhF (nt 20689- nt 21075), wbhH (nt 22062- nt 23408) and wbhl (nt 23622- nt
24020). An analysis using TMpredict (Hofmann and Stoffel, 1993) and the hydrophobicity
analysis program of PROSIS (Kyte and Doolittle, 1982) indicated that WbhA and WbhD
were hydrophilic proteins while WbhB, WbhF and WbhH had transmembrane domains.
WbhB was predicted to have 11 transmembrane domains (Fig. 5.23), WbhF to have 4
potential transmembrane domains (Fig. 5.24) and WbhH was suggested to be mainly
hydrophilic with two transmembrane domains in the carboxy terminal end of the protein

(Fig. 5.25).



Figure 5.22: Alignment of WbhL and WbhN

WbhL MHLSDSKPPLVSLCILTFN- HEKYITKAINSCLAQSYSNIEIIIVDNNSSDGTVNKIRSD 59

WbhN --LS~---——- ISSVIIEFQPDLSNVSQLLFACISFGN-——KAVVIDNGSNN———AEELQD 46
* *** __***
WbhL FKNELEVGEIKLFDLEHNTYPSHGFNYALKKSQGEYVSLFSGDDTLCLNKVERQIGIMVK 119
WbhN ICRLFEH—-VKLIRLDENVGIASAQNIAISNLNG —————————————— NEDD---~=~=~~- 82
*** *
WbhL EGLSNLFTWVNIINDKDEI IKCYLESIFNRNYNSQQIKEHF IHSGNMLSALSVMLSRDVF 179
WbhN ~ --———---- IIVFFDQDSSIDNGYLSKVELAYN- -RLESDFGRG---=~~~= IVLGPRFY 123
*** ** *
WbhL DRYGHFDERLVOLQDFDFWLRMASNDD---LNLLTEKLSNYRLRDDGGN-LSLANHKSRQ 235
WbhN NRVSKFEYPVIKFNIFGLRSRIYPSESRYPIEASCIISSGMAVRKNILDSVGVMDDSLFI 183
* * * * * *
WbhL LRTDFEEVYVYRHLLNFDLKTIQSVVGMLN-KDQSIAMALHGYYHNENK--MKLAKGFLL 292
WbhN DYVDTEWSLRARYLGNLILVDPQLVMGHEIGTDNLKLFKWRVPVHSASRRYYRIRNSFFL 243
* * * x * % *** * %
WbhL STYEELGTNIVFPSSHYSYFFDIYSKCEFFNSDENDEVSKLKEKIHVYENSRAIRFTSLI 352
WbhN FRYPHIPRLVCTREVTFSILHQLFLVLLTN--——=-=---=~ EKKAHWKSLWRGIKDGVFY 292
* * * * * %
WbhL VSWLGRLKK 362
WbhN KS------- 294

Alignment of the amino acid sequences of WbhL and WbhN as determined using the default settings of the program
CLUSTAL (Higgins and Sharp, 1988). *, identical residues; ¢, similar residues. The shaded regions show identical amino
acids with respect to the conserved motif for this class of glycosyl transferases as described by Morona et al. (1995).



Figure 5.23: Predicted transmembrane topology and hydropathy plot for wbhB.

Using the computer program TMpredict (Hofmann and Stoffel, 1993), a model for the topology
of wbhB was proposed. The suggested transmembrane domains are shown in the table. The
corresponding hydropathy plot shows that wbhB has 11-12 potential transmembrane domains.
Positive numbers on the Y-axis indicate hydrophobic regions. The position of every 100™

amino acid is marked on the X-axis.
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Figure 5.24: Predicted transmembrane topology and hydropathy plot for wbhF.

Using the computer program TMpredict (Hofmann and Stoffel, 1993), a model for the topology
of wbhF was proposed. The suggested transmembrane domains are shown in the table, with
two potential models described. The corresponding hydropathy plot shows that wbhF has 4
potential transmembrane domains. Positive numbers on the Y-axis indicate hydrophobic

regions. The position of every 20™ amino acid is marked on the X-axis.
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Figure 5.25: Predicted transmembrane topology and hydropathy plot for wbhH.

Using the computer program TMpredict (Hofmann and Stoffel, 1993), a model for the topology
of wbhH was proposed. The suggested transmembrane domains are shown in the table, with
two potential models described. The corresponding hydropathy plot shows that wbhH has 2
potential transmembrane domains. Positive numbers on the Y-axis indicate hydrophobic

regions. The position of every 50" amino acid is marked on the X-axis.
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5.2.7.8 Analysis of Complementary Strand

Analysis of the complementary strand revealed 3 potential ORFs which showed
homology to genes located in the O-antigen biosynthesis operon of V. cholerae Ol
(Manning et al., 1986). orf2 and gmhD are located at the 5’ end of the operon. ORF2 has
not been assigned a function and GmhD is a RfaD homologue involved in core heptose
biosynthesis. WbhO, which is a truncated ORF, shows similarity to TrsG of Yersinia
entercolitica O3 (Skurnik e al., 1995) and RfbV/WbeH of V. cholerae O1 (Fallarino et al.,
1997). TrsG is proposed to be involved in outer core oligosaccharide biosynthesis in
Yersinia enterocolitica (Skurnik et al., 1995). In V. cholerae O1, the role of the TrsG
homologue WbeH is not known although it is essential for O-antigen biosynthesis and
therefore unlikely to be involved in core biosynthesis as mutations in wbeH do not effect

lipid A- core motility by SDS- PAGE and silver staining (Fallarino et al., 1997).

5.2.8 Promoters and Translational Coupling

Transcriptional coupling within the wbh region of V. anguillarum O1 is evident
(Appendix 1). However, there are numerous regions of intergenic sequence of greater than
90 bp corresponding to nts 9785-11140, 12790-12930, 18810-18902, 23410-23620, 25606-
25699 and 27713-27879 (Appendix 1). This is reminiscent of the V. cholerae 0139 O-
antigen/capsule biosynthesis locus which also shows pattern of integenic regions (Stroeher
et al., 1998). Hence, it is likely that the wbh region is transcribed in discreet blocks.

Preceding the JUMPstart sequence there appears to be a good promoter (P))
corresponding with nucleotides 2665 to 2689 with the -10 box being identical to the
consensus sequence, TATAAT (Table 5.12; Fig. 5.26; Appendix 1). Other potential

promoters were located in this region however they did not show as good



Table 5.12: Putative promoter regions in the wbh locus

Promoter #° Location” Sequence
P, nt 2665-2689 CATACAaaaattcctatggtTATAAT
P, nt 10787-10821 TGTAGCaacagagcaagatgtgagtattcgttacTATATT
P, nt 23456-23478 TTAGGAtgaaaatataatataaTATAAT
Py nt 25644-25660 TTGGAAaaactgtttacTATTAA
Ps nt 27731-27771 TTGATTtggtattctattttcatatttcacgtagticgacTATTAT
Legend:

The putative promoter regions are listed above and refer to those in Figure 5.28" and Appendix 1°. The
capital letters refer to those bases that are identical to the consensus sequence for the -35 (TTGACA) and
-10 (TATAAT) regions. Those letters underlined do not match the consensus. The lower case letters
indicate the sequence between the -35 and -10 boxes.



Figure 5.26: The promoter and terminator regions of the wbh locus.
A schematic representation showing the location and direction of the promoters P;-Ps. The

potential terminator structure (T) is also indicated with a stem loop diagram after wbhN.
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homology/similarity to the consensus sequence for either the -35 (TTGACA) or -10
(TATAAT).

As it appeared that the wbh region was not completely transcriptionally coupled, the
intergenic regions were searched for other potential promoters. The putative promoters
located in these intergenic regions have strong consensus to the -10 box but the homology
to the -35 box was variable (Table 5.12). Between wbhA and wbhB lies the interrupted
ORFs of IS1358. Within this region (nt 9785-11140 bp) is a putative promoter (P>) at nt
10787 to 10821, however, the spacing between the -35 and -10 boxes is not ideal. The -35
box is TGTAGC and the -10 box is TATATT (Table 5.12; Fig. 5.26).

The next potential promoter (P3) lies between wbhH and wbhil. There are numerous
potential -10 boxes, all being identical to the consensus sequence. However no strong -35
box was located, with the closest being TTAGGA at nt 23456. The corresponding -10 box
is located at nt 23478 (Table 5.12).

In the intergenic region preceding wbhL there appears to be a promoter (Ps) with a -
35 box (TTGGAA) and a -10 box (TAAAAT) with reasonable homology to the consensus
sequence (Table 5.12; Fig. 5.26). Norqvist and Wolf-Watz (1993) reported this as the
potential promoter for virB. The final putative promoter (Ps) located in the sequenced
locus was found between wbhM and whhN. The promoter was found to have a -35 box at
nt. 27731 (TTGATT) and a -10 box at nt 27771 (TATTAT) which closely resembles the
consensus sequences, however the spacing is not ideal (Table 5.12; Fig. 5.26).

Although numerous potential promoter regions were located, only one stem loop
structure resembling a terminator was observed. This terminator was found at the 3’ end of
wbhN at nt 28886 to nt 28916 with the inverted repeated sequence 5’

CTTtAATATCTggaaagtagt AGATATTEAAG 3’ (Fig. 5.26; Appendix 1).
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Most of the genes described in the region display ribosome binding sites that are
similar to the consensus sequence (TAGGAGGTGATC) (Table 5.13). The ribosome
binding sites are bolded on the sequence in Appendix 1 and listed in Table 5.13. Most of
the genes/ORFs in the wbh region initiate and terminate within 1-20 bp. There is some
indication that some of the genes/ORFs are translationally coupled. The rhamnose
biosynthetic genes (rmIBADC) are closely linked with the initiation codon (ATG) of rmID
overlapping with the termination codon (TGA) of rmlA. Other genes that show this
organisation are ddhA/ddhB, ddhB/ddhC, wbhD/wbhE, wbhFIwbhG and wbhJ/wbhK.
Termination codon usage in the locus corresponds to the usual E. coli preferences with
TAA being used 12 times as a single stop codon (Appendix 1). TGA and TAG are used

five and seven times, respectively as single termination codons.

5.2.9 Protein expression using T7 RNA polymerase
expression system

A set of plasmids containing most of the 24 ORFs identified in the V. anguillarum
Ol wbh region were used in the T7 expression system (section 2.13.2) to identify
corresponding gene products (Fig. 5.27; Fig. 5.28). Initially, the overexpression assay was
performed without the addition of L-[*>S]-methionine to detect gene products that were
highly expressed. Gene products could be detected for: rfaD (35 kDa), orf2 (20 kDa)
(pPM5516); rmiB (40 kDa) (pPM5518); rmlA (30 kDa) (pPM5517); rmlC (22 kDa), wzm
(30 kDa), wbhA (40 kDa) (pPM5515); ddhA (29 kDa) (pPM5526); ddhB (40 kDa)
(pPM5527); wbhD (25 kDa) (pPM5528), wbhE (40 kDa) (pPM5524); wbhJ (17 kDa),
wbhK (41 kDa) (pPM5533) and wbhN (32 kDa) (pPM5534) (Fig. 5.27). The sizes of the
proteins detected correlate to the predicted molecular weights of each gene product (Table

5.14). The smaller molecular weight gene product of 21 kDa observed in pPM5526 may



Table 5.13: Features of the initiation regions of the wbh genes

Gene/ORF Sequence” Space between
SD and first codon

rmlB tatTAttcgGGTaAcaatATGaagatt 4
rmlA aatTAAGttGGcGATttcATGaaaggc 3
rmlD taaagAGGAatccCattcatg.T_TG_c gtgtt 7
rmlC ctaTAAGaGtgaATagcaATGaaagtg 4
wzm tccTAAGGtaGcgAaaaATGtataaa 3
wzt actatAGGgaagaAgtatttgA TGaatgat 8
wbhA tacaAAGGttcTtATatATGtttaat 2
wbhB aacTAAcGgaGTtgaaATGgtaaat 4
ddhD tatTcAGaaatatagtttATGgaattt 11
ddhA ttagttGGAGtcatataATGaaagta 7
ddhB aaaTttGGgaGTaataATGaatcca 4
ddhC g gcacgaGcathaaagagtm‘Gtcaaaa 9
wbhC " taaaTttaGgatGtaatatATGaaatcc 6
wbhD catTAAGataagGcecagataATGagtgat 7
wbhE aatTAtGGAGcTaaaaaATGataaat 5
wbhF atcTAAtagtGaatATGaatatt 4
wbhG aatttttgggtitttaaaaaATGaaaaaa -
wbhH caacAAtGAtGTaaTattcttacATGcgagat 8
wbhl tatTAAttAGGtaaGgcaATGgacatt 3
wbh] ~ taaagaAAGacaGGTtttaaATGacattt 5
wbhK tgcTA gaGAaattgaaaaATmtcc 9
wbhL ccATtAccAGGTttaCtcctATGeacttg 4
wbhM aaaTAAGtgaGaaaaATGaagtat 4
wbhN agtatAGGAGtattttTTGtcgatt 6

Capital letters indicate one of the following sites: potential Shine-Dalgarno (SD) sites (bases
that are identical to TAAGGAGGTGATC) or the presumed initiation codon (also underlined),
either ATG or TTG. The termination codon of the preceding gene is indicated by a bar above,
if it is in the region shown. The space between the last consensus base of the Shine-Dalgarno
sequence and the initiation codon is also shown for reference.

a: sequence corresponds to Appendix 1.



Figure 5.27: Protein over-expression of ORFs within the wbh region.

The strain E2096 (pGP1-2) harbouring the plasmids pPM4901, pPMS5515-pPMS5520,
pPM5522, pPM5524, pPM5525-pPM5531, pPM5533, pPM5534, pGEM5z" and pBluescript
SK* were induced at 42°C to express protein from the T7 promoter as described in Materials
and Methods (section 2.13.2). Whole cell lysates were electrophoresed on a SDS-15%
polyacrylamide gel which was then stained with Coomassie Brilliant Blue stain and destained
in 5% acetic acid. * indicates the over-expressed protein in each lane. Migration positions of
the molecular mass standards (Pharmacia) are indicated on the left side (in kilodaltons):
soybean trypsin inhibitor (20.1), carbonic anhydrase (30), ovalbumin (43), bovine serum

albumin (67) and phosphorylase b (94).
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Figure 5.28: Detection of wbh gene product using L-[*°S]-methionine labelling.

The strain E2096 (pGP1-2) harbouring the plasmids pPM5519, pPM5520, pPM522, pPM5530,
pPM5531, pPM5529, pGEM5z" and pBluescript SK* were induced at 42°C to express protein
from the T7 promoter. The proteins were radioactively labelled with L-[3SS]-methionine and
whole cell lysates were electrophoresed on a SDS-15% polyacrylamide. The gel was stained
with Coomassie Brilliant Blue stain and destained in 5% acetic acid before drying down onto
Whatmann 3MM paper. X-ray film was exposed to the gel and developed after 72 h. *
indicates the over-expressed protein in each lane. Migration positions of the molecular mass
standards (Pharmacia) are indicated on the left side (in kilodaltons): soybean trypsin inhibitor
(20.1), carbonic anhydrase (30), ovalbumin (43), bovine serum albumin (67) and phosphorylase

b (94).
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Table 5.14: Predicted Molecular Weight of ORFs in the wbh region of V. anguillarum O1

ORF Location in Sequence Predicted Molecular #amino acids Detected by T7 Size of Protein
Weight (kDa)* overexpression detected (kDa)
rfaD/gmhD complementary 35 313 + 35
strand, 2606-1667
rmiB 2928-3993 40 354 + 40
rmlA 4016-4894 32 292 + 30
rmiD 4891-5778 32 294 + 32
rmlC 5781-6326 21 181 + 22
wzm 6483-7287 31 268 + 30
wzt 7304-8642 50 446 - -
wbhA 8670-9785 44 371 + 40
wbhB 11141-12790 64 549 - -
ddhD 12930-13901 37 324 + 21
ddhA 13927-14700 32 264 + 29
ddhB 14703-15785 41 360 + 40
ddhC 15785-17098 49 438 - -
wbhC 17115-18812 60 567 - -
wbhD 18903-19532 24 204 + 25
wbhE 19522-20631 40 365 + 40
wbhF 20689-21075 15 130 - -
wbhG 21072-22008 36 312 + 36
wbhH 22062-23408 51 447 + 49
wbhl 23622-24020 15 133 - -
wbhj 24038-24493 16 153 + 17
wbhK 24490-25605 41 369 + 41
whbhL 25700-26788 42 363 - -
wbhM 26798-27712 36 303 - -
wbhN 27880-28763 RE] 294 + 32

2. According to Kyte and Doolittle (1982), as implemented in PROSIS
+: protein was expressed, -: no protein was detected
nt: corresponds to sequence in Appendix 1.
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correlate to a truncated protein for ddhD which has a predicted molecular weight of 36 kDa
(Fig. 5.27). Analysis of the clone pPM5526 showed that the insert due to PCR error does
not contain the entire ddhD gene. Those gene products that could not be detected by this
approach were detected by labelling with L-[*°S]-methionine in the same T7 expression
system (Fig. 5.28). Using this method, gene products could be detected for rmiD (32 kDa)
(pPM5519); wbhG (36 kDa) (pPM5530); and wbhH (49 kDa) (pPM5531). Gene products
could not be detected for wzt, wbhB, wbhF or wbhL. Plasmids containing the genes ddhC,

wbhC, wbhl, and wbhM were not tested in these assays.

5.3 Summary and Discussion

In this chapter, the wbh operon, encoding the genes required for O-antigen
biosynthesis in V. anguillarum O1 was cloned using cosmid libraries. The wbh region
contained on three cosmid clones was sequenced and found to consist of 30627 bp.
Analysis of the sequenced revealed the presence of 24 complete ORFs. The ORFs were
analysed using BLAST searches and numerous sequences homologous to polysaccharide
biosynthesis genes were found. Genes responsible for the biosynthesis of rhamnose and
dideoxyhexose sugars, O-antigen transport and sugar transferases were found within the
region. This has allowed putative functions according to homology to be assigned for
some of the ORFs (Fig. 5.29; Table 5.15).

Numerous potential promoters were found throughout the region however not all of
these were ideal with respect to the consensus sequence and optimal spacing for the
(-35/-10) boxes. Analysis of the sequence revealed the presence of only one potential
terminator after the ORF designated wbhN. Further investigation is required to determine

which promoters are functional in this region.



Figure 5.29: The O-antigen biosynthesis operon of V. anguillarum O1.

The putative V. anguillarum O1 wbh region encodes for 24 ORFs. The ORFs have been
designated names based on the nomenclature scheme for polysaccharide genes proposed by
Reeves et al., (1996). The arrows indicate the direction of transcription. Putative functions

have been assigned to some ORFs and are labelled accordingly.
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Table 5.15: Summary of the wbh genes found in V. anguillarum O1

ORF Putative Function Similarity to Accession
Number
rfaD/gmhD core biosynthesis V. cholerae O1 rfaD X59554°
rmlB rhamnose biosynthesis A. actinomycetemcomitans AB010415*
rmlA rhamnose biosynthesis A. actinomycetemcomitans AB010415%
rmlD rhamnose biosynthesis A. actinomycetemcomitans AB002668"
rmlC rhamnose biosynthesis A. actinomycetemcomitans AB010415°
wzm O-antigen export (channel) B. subtilis tagG P42953"
wzt O-antigen export (energiser) En. faecalis ATP binding protein AF071085*
wbhA unknown
IS1358 insertion sequence
wbhB unknown
ddhD CDP-dideoxyhexose pathway Y. pseudotuberculosis ascD P37911°
ddhA CDP-dideoxyhexose pathway S. typhimurium rfbF P26396"
ddhB CDP-dideoxyhexose pathway Y. pseudotuberculosis L33181°
ddhC CDP-dideoxyhexose pathway Y. pseudotuberculosis E47070*
wbhC acetolactate synthetase E. coli ivG P00892"
wbhD unknown
wbhE perosamine synthetase M. thermoautotrophicum AE000818*
wbhF unknown
wbhG bactoprenol glucosyl transferase B. subtilis csbB Q45539"
wbhH unknown
wbhl unknown
wbhJ acetyl transferase B. pertussis blpB X90711°
wbhK transaminase S. venezuelae AF079762°
wbhL glycosyl transferase V. anguillarum virB L.08012*
H. influenazae IgtD Q57022
wbhM unknown V. anguillarum virA L08012*
wbhN rhamnosyl transferase S. flexneri rfbF S51266°

a. Genbank; b. SWISS PROT; c. PIR.
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Interestingly, there are 3 ORFs in the complementary strand which are homologous
to orf2, rfaD and trsG. The organisation of the wbh region at the 5° and 3’ ends is identical
to the O-antigen biosynthesis operons of V. cholerae O1, 0139 (Stroeher et al., 1998) and
V. anguillarum O2 (this study, Chapter 4).

Protein expression assays were performed using plasmids containing most of the
wbh genes and gene products were produced from the different ORFs which correlated to

the predicted molecular weight (Table 5.14).
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Chapter Six

Characterisation of the wbh operon
by mutational analysis

6.1 Introduction

Analysis of O-antigen biosynthesis loci has relied on the isolation and
characterisation of mutants defective in the production of this component of LPS.
Determination of enzyme function has allowed the biosynthetic pathways for many of the
different sugars found within various O-antigens to be elucidated. For example the
enzymatic mechanisms of the RfbH/DdhD and Rfbl/DdhD proteins involved in the
synthesis of 3,6 dideoxyhexose in Y. pseudotuberculosis have been recently determined
with the development of better assays (Thornson et al., 1994).

Mutations in O-antigen biosynthesis genes have varying effects on the structure of
LPS, depending on the gene which is defective. LPS phenotypes associated with mutation
in various genes are described as smooth (S-LPS), semi rough (SR-LPS), rough (R-LPS) or
unregulated. S-LPS constitutes lipid A, core sugars and O-antigen; SR-LPS consists of
lipid A, core sugars and a single O-antigen repeat unit; R-LPS contains lipid A and core
sugars; and unregulated LPS is S-LPS which does not display a modal chain length. These
differences are observable by silver staining LPS separated by SDS-PAGE.

In this chapter, wbh:: Tn5phoA (Cm®) transposon insertion mutants are
characterised by silver staining, Western immunoblotting, serum cross-absorption studies

using LPS specific sera and complementation.
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6.2 Results

6.2.1 Characteristics of wbh::TnphoA (Cm®) mutants

The mutants described in this study were constructed by transposon mutagenesis
using a chloramphenicol derivative of Tn5phoA (D. Milton, personal communication). The
mutants were isolated as their LPS no longer reacted by Western immunoblots to a
polyclonal antiserum raised against formalin-killed V. anguillarum O1. The insertion site
was sequenced to reveal the location of the mutation within the wbh region (D. Milton,
affiliation, personal communication). The mutants were isolated from the V. anguillarum
O1 strain NB10, and were designated KM2 (omE), KM16 (wbhE), KM97 (wzm) and
KM110 (wbhB) (D. Milton, personal communication). Table 6.1 describes the location of

the transposon insertion in the mutants.

6.2.2 LPS profile of wbh mutants

On SDS-PAGE gels LPS migrates as a ladder of bands, which represent individual
S-LPS molecules of different chain lengths which are ligated to lipid A-core
oligosaccharide (Palva and Mékeld, 1980). The wildtype Ol strains, 85-3954-2 and NB10
have an identical S-LPS pattern (data not shown). Analysis of the LPS from wbh mutants
by SDS-PAGE and silver staining showed that in comparison to the wildtype strain (NB10)
the mutants have either an altered migration profile, which was unexpected given the
method of isolation, or LPS with no O-antigen (ie R-LPS) (Fig. 6.1).

KM2 has a mutation in a gene which is homologous to oinE from V. cholerae
0139. This gene maps outside of the sequenced region from this study and will be

discussed later in this chapter (section 6.2.10). The LPS profile of KM2 shows that the



Table 6.1: TnphoA (Cm®)insertion mutants of V. anguillarum O1

Mutant Gene (wbh) Location of the gene® Transposon
insertion point”
KM16 wbhE 19522-20631 20357
KM97 wzm 6483-7287 6924
KM110 wbhB 11141-12790 12426
KM2 otmE NA NA

a. corresponds to nucleotide number in Appendix 1.

b. determined by sequencing of the TnphoA insertion point (D. Milton,
affiliation, personal communication) and comparison to the wbh
sequence in Appendix 1.

NA: data not available.



Figure 6.1: Analysis of V. anguillarum O1 LPS/O-antigen mutant
lipopolysaccharides.

This shows a silver stained 15% SDS polyacrylamide gel with lipopolysaccharide prepared
from the indicated strains by proteinase K treatment (Section 2.15.1). The first lane
contains the NB10 wildtype strain. The remaining lanes contain the TnSphoA (Cm®)
mutants derived from NB10 indicated at the top of the figure. The S-LPS and R-LPS are

indicated on the right side of the figure. Samples represent ~1 x 10® cells.
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lipid A-core linked O-chains has a slight increase in apparent molecular weight/modal
length compared to the wildtype. No further analysis of this mutant was performed.

The second mutant, KM16 has an insertion in the gene wbhE, which shows
homology to rfbE/wbeE, the perosamine synthetase from E. coli O157 and V. cholerae Ol
(Section 5.2.7.4). The LPS profile is different to the wildtype as the S-LPS molecules have
a decreased molecular weight (Fig. 6.1). A similar LPS pattern was observed for KM110,
however the relative decrease in S-LPS size was not as great (Fig. 6.1). The insertion in
KM110 is located in the gene designated, wbhB. wbhB has not been assigned a function as
no DNA or protein homologues were found in database searches (Section 5.2.1.7).
Another interesting observation when comparing KM16 and KM110 to the wildtype is that
the mutants have a slightly more defined banding pattern than the wildtype, which appears
fuzzy on the silver stained SDS-polyacrylamide gel (Fig. 6.1). This fuzzy appearance may
indicate either acetylation or that some other variablé modification is absent in these
mutants.

The LPS of mutant KM97 which has an insertion in the wzm gene displays a
different phenotype to the other three LPS mutants studied. Silver staining showed that
KM97 had R-LPS, ie. lacking O-antigen (Fig. 6.1). Wzm has a proposed transport function
as it demonstrates homology to ABC transporters. A mutation in this gene would
presumably prevent O-antigen being expressed on the surface as a lipid A, core sugar

linked molecule.

6.2.3 Western blot analysis of the wbh mutants, KM16,
KM97 and KM110

Analysis of LPS samples from the mutants KM16, KM97 and KM110 by Western

immunoblotting showed that polyclonal antiserum specific to LPS generated against the V.
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anguillarum O1 strain, 85-3954-2 (anti-VagO1) (Chapter 3, Section 3.2.1), when used at a
dilution of 1:1000 was able to recognise the altered LPS of the mutants KM16 and KM110,
and the reaction was equivalent to that for the wildtype LPS. This suggests that the O-
antigen expressed by the wildtype strains (85-3954-2 and NB10) and mutants (KM16 and
KM110) have similar antigenic epitopes. KM97 did not react to the antiserum, as expected
since it is has R-LPS (Fig. 6.2). The lack of reactivity with R-LPS suggests most

antibodies in the antiserum react with the O-antigen component of the LPS.

6.2.3.1 Serum Absorption studies

To determine if the O-antigen expressed by the wildtype and mutants were similar,
absorption of the anti-VagO1 serum was performed using heat-killed bacteria of strains
KM16, KM97, and KM110. The antiserum absorbed with heat killed KM97 was used in
Western immunoblotting analysis against the wildtype strains and wbh mutants described
above. The reaction previously observed against the mutants KM16 and KM 110 using the
unabsorbed antibodies had been abolished as no reaction to the LPS of these mutants could
be detected with the absorbed serum (Fig. 6.3). Reaction to the LPS from wildtype strains
remained unchanged (Fig. 6.3). Therefore KM97 which produces R-LPS has epitopes that
remove antibodies cross-reactive with the altered LPS produced by KM16 and KM110.
This data in conjunction with the silver staining (Section 6.2.2) suggested that KM97 was
in fact producing a form of O-antigen (O-antigen hapten) which is apparently not linked to
lipid A. It also suggests that the O-antigen hapten which is produced by KM97 while
sufficiently different to the wildtype LPS is similar to KM16 and KM110 S-LPS O-antigen
as the absorption removed only antibodies against the altered O-antigens produced by the

latter mutants.



Figure 6.2: Western immunoblot of LPS from V. anguillarum O1
wildtype and Tn5phoA (Cm®) mutant strains.

Proteinase K whole cell lysates (Section 2.15.1) of the indicated strains were
electrophoresed on a SDS 15% polyacrylamide gel and transferred to nitrocellulose
(Section 2.13.4). LPS was detected using antiserum generated against 85-3954-2 (V.
anguillarum O1) as described in Chapter 3. Lanes contain the samples (equivalent to 1 x
108 cells) indicated at the top of the figure. The O-antigen and lipid A-core oligosaccharide

are indicated on the right side of the figure.
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Figure 6.3: Western immunoblot of LPS from various V. anguillarum

strains using V. anguillarum O1 serum absorbed against
KM16, KM97 and KM110.

Proteinase K whole cell lysates (Section 2.15.1) were electrophoresed on a SDS 15%
polyacrylamide gel and transferred to nitrocellulose (Section 2.13.4). LPS was detected
using an antiserum generated against 85-3954-2 (V. anguillarum O1) which was either
unabsorbed (D), or absorbed with heat killed KM16 (A), KM97 (C) or KM110 (B). Lanes
contain the samples (equivalent to 1 x 10® cells) indicated at the top of the figure. The

position of wild type and altered LPS are indicated on the figure.
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The anti-VagO1 serum was also absorbed with KM16 and KM110 and used in
Western immunoblot analysis (dilution 1:1000) against the same strains. Reaction against
LPS from the mutants was not observed, however the antisera did recognise the wildtype
O-antigen as well as the unabsorbed serum, suggesting the absorption was not removing
antibodies against these epitopes (Fig. 6.3).

These data indicate that the O-antigen of the S-LPS produced by the mutants |
KM16, KM110 and the O-antigen hapten of KM97 are different to the majority of S-LPS
O-antigens expressed by the wildtype strains 85-3954-2 and NB10. However, the anti-
VagOl antiserum generated does recognise the altered O-antigen produced by the mutants
suggesting that the wildtype strain 85-3954-2 expresses these altered O-antigens at either

low levels or that the O-antigens share common epitopes.

6.2.4 Immunogold Electron microscopy of V.
anguillarum and wbh mutants

To further examine the reaction of LPS observed by Western immunoblotting with
the various unabsorbed and sera absorbed with, KM16, KM97 and KM110, immunogold
electron microscopy was undertaken to detect O-antigens on the surface of the V.
anguillarum wildtype and mutant strains.

The two wildtype strains NB10 and 85-3954-2 appeared to express the same level
of O-antigen according to protein-A gold binding to the cell surface (Fig. 6.4 (A) (B)). As
expected the R-LPS mutant, KM97 did not bind protein A-gold particles (Fig. 6.4 (C)).
The altered LPS mutants, KM 16 and KM110 also did not exhibit binding of protein A-gold
particles (Fig. 6.4 (D) (E)), a result which was unexpected as the antiserum reacted to their

respective LPS in Western immunoblotting (Section 6.2.3). IEM was also performed using



Figure 6.4: Inmunogold electronmicrographs of 85-3954-2, NB10, KM2,
KM16 and KM110.

Electron micrographs showing binding of polyclonal antibodies generated against V.
anguillarum O1 (85-3954-2) to LPS of V. anguillarum O1 wildtype strains and Tn5phoA
(Cm®) mutants: KM16, KM97 and KM110, detected with protein A-gold (10 nm).
Antibodies were used at 1:50 dilution, and the magnification microscope (TM100, Philips)
ranged from 27.5 to 29K. The bar represents 500 nM.

A:NB10 (28.5K)

B: 85-3954-2 (29 K)

C: KM16 (27.5 K)

D: KM97 (29 K)
E: KM110 (29 K)
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the antisera absorbed with KM16, KM97 or KM110. The same result was obtained with
these sera as the unabsorbed anti-VagO1 serum (data not shown).

The inability of the anti-VagO1 sera to detect the LPS of the mutants, despite their
reaction with the antiserum by Western immunoblotting, indicated that immunogold
electron microscopy may have been too insensitive and therefore labelling could not be

detected.

6.2.5 Immunofluorescence Microscopy

Due to the apparent insensitivity of immunogold electron microscopy,
immunofluorescence was undertaken to visualise the O-antigen on the surface of the
various V. anguillarum strains and to confirm the Western immunoblotting data which
suggested that the LPS molecules of the wild type and mutants had both cross-reactive and
specific epitopes.

Using the unabsorbed antiserum (anti-VagO1), the wildtype and the mutant strains
were labelled over the entire bacterial cell surface, as expected (Fig. 6.5 (A-E, column 1)).
Unexpectedly, KM97 could also be labelled. This indicated that the haptenic form of O-
antigen expressed by KM97, although not lipid A-core linked, was expressed on the céll
surface (Fig. 6.5 (D1)). When the anti-VagO1 serum absorbed with the mutant KM97 was
used, wildtype strains were labelled but little or no labelling of the mutants KM16 and
KM110 was observed (Fig. 6.5 (A3, B3, C3, E3)). A low level of labelling was observed
on a proportion of KM97 cells (~<10%) (Fig. 6.5 (D3)). The labelling appeared to be
concentrated to one pole (Fig. 6.5 (D2)). When the assay was performed using anti-VagO1
sera absorbed with KM16 and KM110 a similar result was obtained; the wildtype strains
were labelled and the mutants showed little or no fluorescence (Fig. 6.5 (A-E, column 2,

column 4)). KM97 showed a low level of polar fluorescence on some bacteria with the



Figure 6.5: Detection of LPS/O-antigen on V. anguillarum cells by
indirect immunofluorescence.

Cells of V. anguillarum strains 85-3954-2 (A), NB10 (B), KM16 (C), KM97 (D), KM110
(E) were stained with anti-VagO1 serum (1:200 dilution) that was either unabsorbed (1), or
absorbed with heat killed KM16 (2), KM97 (3) or KM110 (4). Bound antibodies were
detected with an FITC-conjugated goat anti-rabbit immunoglobulin secondary antibody.

Images were photographed with a 100 x objective.
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anti-VagO1 serum absorbed against KM16 (~<10%) (Fig. 6.5 (D3)). Little or no reaction
against KM97 was observed using the anti-VagO1-KM110 absorbed serum (Fig. 6.5 (D4)).

The IF data obtained correlates with the Western immunoblot analysis (Fig. 6.2,
Fig. 6.3) and indicates that the O-antigen expressed by the mutants possesses antigenically
different epitopes to the predominant VagO1 LPS O-antigen, although the latter O-antigens
may have common epitopes. However, it is possible that the wildtype strains expresses

both the wildtype and mutant (altered) O-antigens.

6.2.6 Complementation studies of KM16, KM97 and
KM110.

To determine if complementation of the TnphoA (CmR) mutation in the O-antigen
mutants KM 16, KM97 and KM110 would restore wildtype O-antigen production, plasmids
con.taining the appropriate gene were constructed in the vector pSUP202. V. anguillarum
strains are naturally resistant to ampicillin and the mutants have a chloramphenicol
cartridge within the transposon, hence pSUP202 was used to allow selection of tetracycline
resistant ex-conjugants. The plasmids pPM5523 (wbhE), pPM5524 (wzm) and pPM5525
(wbhB) (Table 2.3) were constructed by PCR using oligonucleotide primers (#3031-#3036,
Table 2.4) containing EcoRI and Psfl sites, as these were unique to the vector and not
present in the genes. The plasmids pPM5523, pPM5524 and pPM5525 were introduced
into S17-1 and then conjugated into KM16, KM97 and KM110, respectively. The resultant
ex-conjugants were tested for the presence of the complementing plasmid, and proteinase
K treated whole cell lysates were made to assess the LPS phenotype. The LPS preparations
were electrophoresed on a SDS-15% polyacrylamide gel and LPS was detected by silver
staining (Fig. 6.6). Complementation was not achieved, suggesting the TnphoA mutations

are polar and a single gene is not able to restore the correct function. Attempts were also



Figure 6.6: Complementation of KM16, KM97 and KM110.

This shows a silver stained 15% SDS polyacrylamide gel with lipopolysaccharide prepared
from the indicated strains (Section 2.15.1). The first two lanes contain LPS from 85-3954-
2 and NB10 wildtype strains. The remaining lanes contain the TnSphoA (Cm®) mutants
derived from NB10 and constructed strains harbouring the appropriate plasmid as indicated
at the top of the figure. The wildtype and altered O-antigens are indicated on the figure.

Samples represent ~1 x 108 cells.
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made to conjugate the cosmids pPM4905 and pPM5512 (Section 5.2.1) into the mutants
however this was not successful probably due to the size of each cosmid and the presence
of pJM1 in V. anguillarum which has been shown to prevent conjugal entry of large

plasmids (Singer et al., 1992).

6.2.7 Composition of the LPS from V. anguillarum O1

The sugar analysis presented in this section was performed by M. Jansson and A.
Weintraub (Stockholm University, Sweden).

Crude sugar analysis of ultra-pure LPS (Materials and Methods, section 2.15.2)
from NB10 and 85-3954-2 indicated that both of these wild type V. anguillarum O1 strains
contain glucose and rhamnose. Glucose is in greater proportion to rhamnose with the ratio
being 10:1. The LPS preparation and analysis used does not separate the LPS core sugar
oligosaccharide from the O-antigen component and hence it is unclear what proportion of
the sugars are present in each component. The analysis also indicated the presence of
glucosamine in the LPS (glucose:thamnose:glucosamine (10:1:1)) (Table 6.2). No other

sugars were found in this initial investigation of the LPS of V. anguillarum O1.

Table 6.2: Summary of the sugar analysis on V. anguillarum O1

Ratio of sugars present:

glucose rhamnose glucosamine
strain
wild type 10 1 1
KM16 (wbhE) 10 1 -
KM97 (wzm) 5 1 -
KM110 (wbhB) 2.5 1 -

-: sugar was not detected

Analysis of the sugar composition of the LPS from the transposon mutants KM16,

KM97 and KM110 was also performed. The LPS in KM 16 showed a glucose to rhamnose
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ratio of 10:1 with no glucosamine detected (Table 6.2). KM16 has an insertion in wbhE,
encoding a putative perosamine (or amino sugar) synthetase (Chapter 5, Section 5.2.7.4).
Analysis of KM97 LPS sugars detected the presence of glucose and rhamnose in a
ratio of 5:1. KM97 was shown by sequencing to be a mutant in wzm, whose gene product
is likely to be involved in O-antigen transport. KM110, a mutant in wbhB which has no
known homologues, had a glucose to rhamnose in a ratio of 2.5:1. Neither the LPS

prepared from KM97 or KM110 had detectable glucosamine (Table 6.2).

6.2.8 The rhamnose biosynthesis genes

The sugar analysis revealed the presence of rhamnose in the LPS of V. anguillarum
O1. The wbh region described in this study supports this finding as genes are present that
synthesise dTDP-rhamnose, based on homology to previously described dTDP-rhamnose
biosynthesis genes from Actinobacillus actinomycetemcomitans, N. meningitidis, S.
enterica and S. flexneri (Section 5.2.7.1).

dTDP-rhamnose biosynthesis is known to proceed through the pathway described in
Chapter 1 (Fig. 1.12). The first two steps are encoded by rfbA/rmlIA and rfbB/rmIB with the
last step involving two enzymes, rfbC/rmiC and rfbD/rmID. The gene order does not
follow the enzyme order in the biosynthetic pathway which is not uncommon for these
genes with the order being rmIBDAC in S. enterica, E. coli K-12 (Reeves et al., 1996) and
S. flexneri (Macpherson et al., 1995). The order of the dTDP-rhamnose genes in V.
anguillarum O1 are rmIBADC.

The DNA sequences of rmIBADC were used in a search employing the BlastX and
BlastN databases to find similar sequences. Significant homologies were found to

numerous functionally identical and related proteins and are presented as CLUSTAL
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alignments and homology tables. The genes for these proteins also showed significant
identity at the DNA level, which is also described below.

RmlAv, is the first enzyme in the pathway and encodes a glucose-1-phosphate
thymidyl transferase. The RmlAy, protein shows a high level of similarity to identical
proteins in A. actinomycetemcomitans (81.7% identity at the amino acid level, 72% identity
at the DNA level), and N. meningitidis (81.5% identity at the amino acid level, 68%
identity at the DNA level) (Fig. 6.7; Table 6.3). RmlAy, also shows similarity to the
related proteins in S. flexneri (67.8% identity at the amino acid level, 63% identity at the
DNA lecel) and S. enterica sv Typhiumurium (65.7% identity at the amino acid level, 62%
identity at the DNA level).

The RmiBy, protein belongs to a family of dehydratases and is the second enzyme
in the dTDP-rhamnose biosynthetic pathway. RmlBy, is significantly homologous to the
same enzyme in A. actinomycetemcomitans (82.6% identity at the amino acid level, 74%
identity at the DNA level), Neisseria meningitidis (80.1% identity at the amino acid level,
69% identity at the DNA level), S. flexneri (73.4% identity at the amino acid level, 67%
identity at the DNA level) and S. enterica sv Typhimurium (73.1% identity at the amino
acid level, 66% identity at the DNA level) (Fig. 6.8; Table 6.4).

It has been previously suggested that an important feature of RmIB and related
proteins is the presence of an NAD binding domain (GXXGXXG) at the amino terminal
end of the protein (Macpherson et al., 1995). This site is important for bacterial enzymes
which use NAD/NADP as a co-factor. RmliBv, was found to contain this essential motif
(Fig. 6.8).

The next enzyme in the pathway is encoded by rmlCy,. RmlC is a dTDP-4-keto-6-
deoxy-D-glucose-3,5-eprimerase/synthetase. RmlCy, shows highest homology to RmIC

from S. flexneri (69.7% identity at the amino acid level, 67% identity at the DNA level), A.



Figure 6.7: Alignment of RmlAy, with homologous proteins

VaRmlA ---MKGIILAGGSGTRLYPITRGVSKQLLPIYDKPMIYYPLSTLMLAGIRDILIITTPED 57
AaRmlA ---MKGIILAGGSGTRLYPITRGVSKQLLPVYDKPMIYYPLSVLMLAGVRDILIITTPED 57
NmRmlA ---MKGIILAGGSGTRLYPITRGVSKQLLPVYDKPMIYYPLSVLMLAGIRDILVITAPED 57

SfRm1A MKTRKGIILAGGSGTRLYPVTMAVSKQLLPIYDKPMIYYPLSTLMLAGIRDILIISTPQD 60
StRmlA MKTRKGIILAGGSGTRLYPVTMAVSKQLLPIYDKPMIYYPLSTLMLAGIRDILIISTPQD 60

Fhhkhrhddhkrkkbrhik * KhkhkhkNhhkh Hhkkhrhkhkkhkdx *hkhkhk dhkhh *« * X

VaRmlA NESFKRLLGDGSDFGIHLQYAIQPSPDGLAQAFLIGEEFIGNDSVCLVLGDNIFYGQSFS 117
AaRmlA NESFKRLLGDGSEFGVNLQYAIQPSPDGLAQAFLIGEGFINGDSCCLVLGDNIFYGONFT 117
NmRmla NASFKRLLGDGSDFGISISYAVQPSPDGLAQAFIIGEEFIGNDNVCLVLGDNIFYGQSFT 117
SfRml1A TPRFQQLLGDGSQWGLNLQYKVQPSPDGLAQAFIIGEEFIGGDDCALVLGDNIFYGHDLP 120
StRmlA TPRFQQLLGDGSQWGLNLQYKVQPSPDGLAQAFIIGEEFIGHDDCALVLGDNIFYGHDLP 120

LR F Kk k ok ok . * *********** *kk kK X JRE KRR A A KAA

VaRmlA KTLKSAASREHGATVFGYQVKDPERFGVVEFDEQMRAISIEEKPLKPKSNYAVTGLYFYD 177
AaRmlA QMLQQAVARPYGATVFGYLVKDPGRFGVVEFDENFKAVSIEEKPAQPKSNYAVTGLYFYD 177
NrmRmlA QTLKQAARQTHGATVFAYQVKNPERFGVVEFNENFRAVSIEEKPQRPKSDWAVTGLYFYD 177
SfRml1A KLMDTAVNRESGATVFAYHVNDPERYGVVEFDDNGTPISLEEKPQOPKSNYAVTGLYFYD 180
StRmlA KLMEAAVNKESGATVFAYHVNDPERYGVVEFDQKGTAVSLEEKPLQPKSNYAVTGLYFYD 180

Fhkkk *k * * ok khkkk LR kkkk Ak % khkkhkhkkhkhk

VaRmla NRVVELAKQVKPSARGELEITTLNEMYLNDGSLNVELLGRGFAWLDTGTHESLHEASSFV 237
AaRmlA NRVVDFAKQVKPSARGELEITTLNEMYLKDGSLNVQLLGRGFAWLDTGTHESLHEGASFV 237
NmRmlA NRAVEFAKQLKPSARGELEISDLNRMYLEDGSLSVQILGRGFAWLDTGTHESLHEAASFV 237
SfRmlA NDVVEMAKNLKPSARGELEITDINRIYMDQGRLS-AMMGRGYACLDTDTSK-PIEASNFI 238
StRmlA NSVVEMAKNLKPSARGELEITDINRIYMEQGRLSVAMMGRGYAWLDTGTHQSLIEASNFI 240

* *_ **. ********** . . . * * N *** * *hkh *
VaRmlA ETVOHIQGLKIACLEEIAWRNGWLSSGQLLECAKPMLKNDYGQYLAGLAKEESHS 292
AaRmla RTVESVQGLQVACLEEIAWRNGWLTSEQVETLARPMVKNEYGQYLLRLINEEK-~ 290
NmRml1A QTVONIQNLHIACLEEIAWRNGWLSDEKLEELARPMAKNQYGQYLLRLLKK---~ 286
SfRmlA ATNEDRQGLKVSCPEEIAHRKGFIDAEQVKVLAEPLKKNAYGQYLLKMIKGY--~- 290
StRmlA ATIEERQGLKVSCPEEIAFRKNFINAQQVIELAGPLSKNDYGKYLLKMVKGL——— 291

* JF Kk Fkk ok * ok kk kk Kk

Alignment of the amino acid sequences of RmlA (VaRmiB), A. actinomycetemcomitans RmlA (AaRmlA) (AB010415),
N. meningitidis RmlA (NmRmlA) (L09189), S. flexneri RmlA (SfRmlA) (P37779) and S. typhimurium, RmlA (StRmlA)
(P26393), as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; *, similar residues.



Table 6.3: Homology table for RmlAvy,

%identity®

VaRmIB AaRmIA NmRmIA StRmIA SfRmIA
VaRmIA 100 81.7 81.5 67.8 65.7
(289) (287) (286) (286)
AaRmlIA 100 79.1 65.7 65.4
(287) (286) (286)
NmRmIA 100 64.7 62.9
(286) (286)
StRmIA 100 89.3
(291)
SfRmiIA 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaRmlA V. anguillarum RmlA

AaRmlA A. actinomycetemcomitans RmlA (gbAB010415)
NmRmlIA N. meningitidis RmlA (gbL09189)

StRmIA S. typhimurium RmlA (spP26394)

SfRmlA S.flexneri RmlA (spP37779)



Figure 6.8: Alignment of RmlBy, with homologous proteins

VaRmlB  ------ MKILVTGGAGEIGSAVVRHIIQNTQDSVINIDKLTYAGNLESLQGIDSSDRYAF 54
AaRmlB ~—--MLKTILVTGGAGFIGSAVVRYIIENTQDSVVNVDKLTYAGNLESLEAVKNNPRYIF 56
NmRml1B MQTANKKTILVTGGAGEIGSAVVRHIIRNTQDSVVNLDKLTYAGNLESLTDIADNPRYAF 60
SfRmlB  ~-—----- MKILVTGGAGFIGSAVVRHIINNTQDSVVNVDKLTYAGNLESLADVSDSERYAF 54
StRmlB  ------ MKILITGGAGEIGSAVVRHIIKNTODTVVNIDKLTYAGNLESLSDISESNRYNF 54
Wk kKKK FRIKFNKKE Kk KRR N * Kk KKKNRIRIAANK *k K
VaRmlB EPVDICNRSELDRVFYVHQPDAIMHLAAESHVDRSIDGPAAFIETNIVGTYTLLEARRSY 114
AaRmlB EQVDICDAKALARIFEQHQPDAVMHLAAESHVDRSIDGPATFIETNIVGTYILLEAARAY 116
NmRm1B EQVDICDRAELDRVFAQHRPDAVMHLAAESHVDRSIGSAGEFIQTNIVGTFNLLEAARAY 120
SfRml1B EHADICDAVAMSRIFAQHQPDAVMHLAAESHVDRSITGPAAFIETNIVGTYVLLEAARNY 114
StRmlB EHADICDSAEITRIFEQYQPDAVMHLAAESHVDRSITGPAAFIETNIVGTYALLEVARKY 114
*  kkx Lok K LR KRN K KN R K kK Kk kdk kkkEFK KKK Kk Kk
VaRml1lB WNTLESNKKSAFRFHHISTDEVYGDLEGTDDL----—---— FTEETPYSPSSPYSASKASS 166
AaRmlB WSSLIDEKKAGFRFHHISTDEVYGDLDGTNNL-~———-~- FTETTPYSPSSPYSASKASS 168
NmRmlB WQOMPSEQHEAFRFHHISTDEVYGDLHGTDDL-----——— FTETTPYAPSSPYSASKASS 172

SfRm1B WSALNDEKKKSFRFHHISTDEVYGDLPHPDEANNNEALPLFTETTAYAPSSPYSASKASS 174
StRmlB WSALGEDKKNNFRFHHISTDEVYGDLPHPDEVENSVTLPLFTETTAYAPSSPYSASKASS 174

Ahkkhhkdhkhhdhhhih *hk * * ************
VaRmlB DHLLRAWLRTYGFPTIVTNCSNNYGPYHFPEKLIPLMILNALDGKPLPVYGDGMQIRDWL 226
AaRmlB DHLVRAWLRTYSLPTIVTNCSNNYGPKVFPEKLIPLIILNALDGKPLPVYGNGQOQIRDWL 228
NmRm1B DHLVRAWLRTYGLPTIVTNCSNNYGPYHFPEKLIPLMILNALDGKPLPVYGDGMQIRDWL 232
SfRml1B DHLVRAWKRTYGLPTIVTNCSNNYGPYHFPEKLIPLVILNALEGKALPIYGKGDQIRDWL 234
StRmlB DHLVRAWRRTYGLPTIVTNCSNNYGPYHFPEKLIPLVILNALEGKPLPIYGKGDQIRDWL 234

*hKhk Khhkk kK Kk k ok khkkodok ko k khkxkhkhkhk khkkdhkx *kx *k *k * Kkhkkkk*

VaRmlB FVEDHARALYKVVTEGQVGETYNIGGHNEKANIEVVNTLCALLEDLVPNKPANITHYADL 286
AaRmlB FVEDHARALYKVVTEGKIGETYNIGGHNEKANIDVVRTICALLEELVPDKPAGVTKYEDL 288
NmRm1lB FVEDHARALYQVVTEGVVGETYNIGGHNEKANIEVVKTICTLLEELVPEKPAGVARYEDL 292
SfRm1B YVEDHARALYTVVTEGKAGETYNIGGHNEKKNIDVVLTICDLLDEIVPKE----KSYREQ 290

StRmlB YVEDHARALHMVVTEGKAGETYNIGGHNEKKNLDVVFTICDLLDEIVPKA———-TSYREQ 290

LR Kok ek ok ok k * ok ok kk Khkkkhkhhhkhrk * kk Kk Kk Kk

VaRmlB ITYVKDRPGHDVRYAIDASKIERELGWKPEETFESGIRKTVEWYLNNREWWSRVLDGSYS 346
AaRmlB ITYVKDRPGHDVRYAIDATKISRELGWKPQETFESGIRKTVEWYLNNRKWWSRVLDGSYN 348
NmRml1B ITFVQDRPGHDVRYAVDAAKIRRDLGWLPLETFESGLRKTVOQWYLDNKTWWONVLNGSYR 352
SfRml1B ITYVADRPGHDRRYAIDADKISRELGWKPQETFESGIRKTVEWYLANTNWVENVKSGTYQ 350
StRmlB ITYVADRPGHDRRYAIDAGKISRELGWKPLETFESGIRKTVEWYLANTQWVNNVKSGAYQ 350
**.'k khkhkkKk ***_** * % *-*** * ******.****‘*** * * * *_*
VaRmlB --CERLGSGQ- 354
AaRmlB --RERLGSQ-~ 355
NmRm1B --LERLGTGK- 360
SfRm1B SWIEQNYEGRQ 361
StRmlB SWIEQNYEGRQ 361
*

Alignment of the amino acid sequences of RmIB (VaRmiIB), A. actinomycetemcomitans RmlB (AaRmIB) (AB010415),
N. meningitidis RmlB (NmRmIB) (P55294), S. flexneri RmiB (SfRmIB) (P37777) and S. typhimurium RmiB (StRmlB)
(P26391),as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). The NAD
binding motif (GXXGXXG) essential for these homologous proteins as described by Macpherson et al., 1995) is
highlighted. *, identical residues; °, similar residues.



Table 6.4: Homology table for RmIBy,

%identity®

VaRmIB AaRmIB NmRmIB SfRmIB StRmIB

VaRmIB 100 82.6 80.1 73.4 73.1

(350) (352) (353) (353)

AaRm!B 100 79.8 77.0 74.4

(352) (352) (352)

NmRmIB 100 72.4 71.0

(352) (352)

SfRmIB 100 88.4
(361)

StRmIB 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaRmiB V. anguillarum RmIB

AaRmlB A. actinomycetemcomitans RmiB (gbAB010415)
NmRmIB N. meningitidis RmIB (spP55294)

SfRmlIB S. flexneri RmlIB (spP37777)

StRmiB S. typhimurium RmlIB (spP26391)
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actinomycetemcomitans (68.7% identity at the amino acid level, 68% identity at the DNA
level), N. meningitidis (67.1% identity at the amino acid level, 71% identity at the DNA
level), and S. enterica sv Typhimurium (67.2% identity at the amino acid level, 67%
idnetity at the DNA level) (Fig. 6.9; Table 6.5).

The final enzyme in the biosynthetic pathway is RmID which encodes a dTDP-4-
rhamnose reductase. RmlDy, shows similarity to the same enzyme in A.
actinomycetemcomitans, S. flexneri and S. enterica sv Typhimurium. RmID shows 61%
identity at the amino acid and DNA level to the equivalent gene and protein from A.
actinomycetemcomitans (Fig. 6.10; Table 6.6). Homology to the related proteins from S.
flexneri and S. enterica sv Typhimurium was considerably less significant at the amino acid

level (38.7% and 41.2% respectively) and less than 30% at the DNA level.

6.2.8.1 Complementation of S. flexneri rfbD mutant with
V. anguillarum rhamnose genes

To show functionality of the rhamnose genes from V. anguillarum O1, clones of the
individual genes (pPM5515 (rmlC), pPM5517 (rmlA), pPM5518 (rmiB), pPM5519 (rmiD))
were electroporated into a rfbD/rmID mutant of S. flexneri (RMA3361) (C. Daniels,
personal communication) which no longer expressed O-antigen. The plasmid (pPM5519)
containing rmID from V. anguillarum was shown by dot blot with anti-S. flexneri O-
antiserum to partially restore O-antigen biosynthesis in the S. flexneri rfbD (rmlD) mutant
(Fig. 6.11). This indicates that rmlIDy, is a functional homologue of rfbD/rmID from S.
flexneri which has been assigned the function of being a dTDP-rhamnose synthetase

enzyme and confirms the function of rmlDy,.



Figure 6.9: Alignment of RmlCy, with homologous proteins

VaRmlC = ----- MKVIETDIPDVKIIEPTVFGDERGFFMETWNQQRFEELVTGKPTQFVQODNHSKSK 55
AaRmlC  ----- MKVIDTKIPDVKLLEPQVFGDERGFFMETFRDEWFRKNVA--DRIFVQENHSKSI 53
NmRmlC MKDKKMNIIDTAIPDVKLLEPQVFGDARGFFMETFRDEWFKTQVC--ERTFVQENHSKSG 58
SfRmlC  ----- MNVIKTEIPDVLIFEPKVFGDERGFFMESFNQKVFEEAVG~-RKVEFVQDNHSKST 54
StRmlC -———MMIVIKTAIPDVLILEPKVFGDERGFFFESYNQQTFEELIG RKVTFVQDNHSKSK 55

* % * kkhk . ko kkkk kkkh ok *** * %k Kk k

VaRmlC KGILRGLHYQT-ENTQGKLVRVVSGEVFDVAVDIRKDSPTFGKWVGVHLSAENKRQLWVP 114
AaRmlC KGVLRGLHYQT-ENTQGKLVRVISGAVFDVAVDMRGNSLTFGOWVGEILSAENKHQLWVP 112
NmRm1C KGVLRGLHYQT-ENTQGKLVRVVVGEVFDVAVDMREGSPTFGKWVGEILSAQNQCQLWIP 117
SfRmlC KGVLRGLHYQLEPYAQGKLVRCVVGEVFDVAVDIRKSSPTFGKWVGVNLSAENKRQLWIP 114
StRmlC KNVLRGLHFQRGENAQGKLVRCAVGEVFDVAVDIRKESPTFGQWVGVNLSAENKRQLWIP 115

* *kkkk k * Kk kkk * *hkkwkkhk * * kwkk kh*k *hAd K *hkk K

VaRmlC EGFAHGFYVTSEEAEFVYKCTNYYNPEAEHTLLWNDESINIDWPNKTCPLLSEKDVHGKH 174

AaRmlC EGFAHGFYVLTDEAEFTYKCTDYYNPKAEHSL IWNDET IGIEWPLYGEPSLSAKDLAGKV 172
NmRm1C EGFAHGFCVLGDAAEVVYKCTDYYKPEAEQVLIWNDPTVGIGWPLQTAPLLSPKDLAGKA 177
SEfRm1C EGFAHGFCVLSDEAEFVYKTNNFYSKMQERGILWSDKSINIEWPV-QNPLLSDKDINGOK 173
StRmlC EGFAHGFVTLSEYAEFLYKATNYYSPSSEGSILWNDEAIGTEWPFSQLPELSAKDAARPL 175
% % de ok kN . * % **__ '* * _'* * _"* * * %k k%
VaRmlC LSDT IWLim = == — o e 183
AaRmlC LAETVEKF — = = = === m = = — m = — o e o oo 180
NmRm1C WAQAKSSALRFPDKKCRLNVSDGIFSDRLPTRLQYALCKEKHPGNEERQTQPRSGGIPVL 237
SfRm1C FUDADYF == = = = == = = o e o e e e 179
StRmlC LDQALLTE- == = = == = == = e e e 183
VARIMLC e s o e e e e e e e e e e 183
BARMIC mm e e e e e 180
NrRm1C QTQRKRRIRAAVGHGEGNNKRHNHTDQAFTDNQAGGEQGSDALGVFQTAFAVFRFFTDDV 297
SERMIC = o o o e e e e e e e e e 179
SERMIC o o e e e e e 183
VARMIC = = e 183
BARMIC  =—===mmmmmm—m—m e 180
NmRm1C FOHRRQHRACHDGHIDGRRQINTHTDRKDGQGKFAA 333
SERMIC = mmmmmmm e e e 179
SERMIC  ====m=emmmmmm e 183

Alignment of the amino acid sequences of RmIC (VaRmIC), A. actinomycetemcomitans RmlC (AaRmlIC) (AB010415),
N. meningitidis RmliC (NmIC) (L09189), S. flexneri RmIC (SfRmIC) (P37780) and S. typhimurium RmlC (StRmlC)
(P26394), as determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; #, similar residues.



Table 6.5: Homology table for RmICy,

%identity®
VaRmIC SfRmIC AaRmiC StRmIC NmRmIC

VaRmIC 100 69.7 68.7 67.2 67.1
(178) (179) (180) (173)

SfRmIC 100 59.1 71.9 75.6
(181) (178) (176)

AaRmIC 100 61.5 61.8
(179) (178)

StRmiC 100 59.6
(178)

NmRmIC 100

a Percentage of identical amino acids determined with FASTA as implemented in
PROSIS. Numbers in the brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaRmiC
AaRmiIC
SfRmIC
StRmIC
NmRmIC

V. anguillarum RmlC

A. actinomycetemcomitans RmlC (gbAB010415)
S. flexneri RmlC (spP37780)

S. enterica RmlC (spP37777)

N. meningitidis RmlIC (gbL09189)



Figure 6.10: Alignment of RmIDy, with homologous proteins

VaRmlD
AaRmlD
SfRm1D
StRmlD

VaRmlD
AaRmlD
SfRm1D
StRmlD

VaRmlD
AaRmlD
SERm1D
StRmlD

VaRmlD
AaRmlD
SfRm1D
StRmlD

VaRmlD
AaRmlD
SfRm1D
StRmlD

VaRmlD
AaRmlD
SfRm1D
StRml1lD

Alignment of the amino acid sequences of RmlD (VaRmID), A. actinomycetemcomitans RmlD (AaRmID)

-MRVLVTGSHGQVGYCLAHQLNSMVDVEFLAVDREQ-~LDITNPCHVNSVVNEFKPNIII
MAKFLITGANGQVGYCLTQQOLQG--KHEILAVDHDE--LDITNOQNAVKKTVENFRPDVVI
-MNILLFGKTGQVGWELQRALAPLGNLIALDVHSTDYCGDFSNPEGVAETVKKIRPDVIV
—MNILLFGKTGQVGWELQRSLAPVGNLIALDVHSKEFCGDFSNPKGVAETVRKLRPDVIV

* *hkh * * * * * * *

NAAAHTAVDRAEQEAELSYAINRDGPKHLAQAAHKVGAAILHISTDYVFSGDKPSAYIEA
NAAAHTAVDRAETEIELSEAINVKGPQYLAETAKSVGAAILHISTDYVFDGRRAGKYKET
NAAAHTAVDKAESEPNFAQLLNATCVEATIIKAANEVGAWVIHYSTDYVFPGNGDTAWLET
NAAAHTAVDKAESEPELAQLLNATSVEAIAKAANETGAWVVHYSTDYVFPGTGDIPWQET

kkkkkkkhkh hx % JF Kkkkkk &

DSTSPQGVYGKSKLAGEIAVAQACPRHIILRTAWVFGEHGNNFVKTMLRLAQTRDALGVV
DAVDPQGIYGKTKLAGEQAVVEANDKF IVLRTAWVFCEHGSNFVKTMLRLAKTRDTLGVV
DATAPLNVYGGTKLAWGKALQDHCGKHLIFRTSWVYAGKGNNFAKTMLRLAKDRETLAVI
DATSPLNVYGKTKLAGEKALQDNCPKHLIFRTSWVYAGKGNNFAKTMLRLAKERQTLSVI

* * Uk kdkk * L S Lk kk kkkkkkk kX * |

SDOQYGGPTYAGDIANALLIMAKAIVEGKSTAFGVYHFSGTPHVSWYDFACAIFDKAREQG
ADQIGGPTYAGDIAAALIQIAEKITAGESVEYGIYHFTGEPYVSWCDFARAIFDEAVSON
TDQFGAPTGALDLLADCTRHAIWLAANKPEVAGLYHLVAGGTTTWHDYPALVFKEARRAG
NDQYGAPTGA- ELLADCTAHAIRVALNKPEVAGLYHLVAGGTTTWHDYAALVFDEARKAG

*khk ok kk * . L

LLNKPLQVNAITTKDYPTPAKRPANSKLETQKIHQHFGVVASDWRAALNHLIDYKSE--~
MLEKAPLVNATIITADYPTPAKRPANSCLDLTKIQQAFGIQPSDWORALKNIKAYAE~-~—--
FNLPLNKLNAVPTTAYPTPARGPHNFRLNTEKFQONFALVLPDWQVGVKRMLNELFTTTA
ITLALTELNAVPTSAYPTPASRPGNSRLNTEKFQRNFDLILPQWELGVKRMLTEMFTTTT

SRk X * &k ok ke * W * *

HH

(AB002668), S. flexneri RmlD (SfRmID) (P37778) and S. typhimurium RmlID (StRmID) (P26392), as
determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; ¢, similar residues.

117
116
119
119

177
176

179

236
235
239
239

293
291
299
299

293
291
300
300



Table 6.6: Homology table for RmIDy,

%identity®
VaRmID AaRmID StRmiID SfRmID
VaRmID 100 61.0 41.2 38.7
(290) (291) (292)
AaRmiID 100 40.8 39.1
(289) (289)
StRmID 100 81.0
(300)
SfRmID 100

a Percentage of identical amino acids determined with FASTA as
implemented in PROSIS. Numbers in the brackets indicate the number
of amino acids over which the % identity occurs.Abbreviations: gb,
Genbank; sp, SWISS PROT.

VaRmID
AaRmID
SfRmiD
StRmID

V. anguillarum RmID

A. actinomycetemcomitans RmID (gbAB002668)
S. flexneri RmlID (spP37778)

S. typhimurium RmlD (spP26392)



Figure 6.11: Complementation of S. flexneri rfbD mutant (RMA3361).

Dot immunoblot detected with anti-LPS (S. flexneri ZF01, Murex) at a 1:1000 dilution.
The strains used are indicated above the samples (Table 2.2). PE638 (S. flexneri wild type)
was used as the positive control. A weak positive reaction was observed with RMA3361
(pPM5519) which contained the cloned rmID gene from V. anguillarum O1. No reaction
was detected with RMA3361 (pPM5515), RMA3361 (pPM5517) or RMA3361

(pPM5518) which contained the other rmly, genes.
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133

6.2.9 wzm and wzt

The presence of wzm and wzt in the wbh region strongly indicates that the O-chain
of V. anguillarum is a homopolymer. These genes belong to the ABC-2 transport family of
LPS exporters, and have previously been described as exporters of homopolymer O-
antigens and capsules (Whitfield et al., 1997). Transporters belongipg to this super family
are able to facilitate the export of either small molecules or macromolecules via ATP-
hydrolysis energised processes (Paulsen et al., 1997).

Wzm shows homology to integral membrane proteins including those of other
ABC-2 transport systems. TagG from Bacillus subtilis to which Wzm is most homologous
(34.8% identity at the amino acid level) is described as a highly hydrophobic integral
membrane protein involved in teichoic acid translocation (Lazarevic and Karamata, 1995)
(Fig. 6.12; Table 6.7). Wzm also shows similarity to RfbA/Wzm from Klebsiella
pnuemoniae (25.9% identity at the amino acid level) (Bronner et al., 1994) (Fig. 6.12;
Table 6.6). RfbA/Wzm is the integral membrane translocator protein involved in the
export of the O-antigen homopolymer in this organism. At the DNA level, no significant
homologies were obtained across the entire gene, however wzm did show 54% identity to
the tagG gene in the first 327 nucleotide bases.

The integral membrane protein of a typical ABC transporter spans the cytoplasmic
membrane six times. Hydropathy analysis and the use of the program TMpredict showed
that Wzm has six transmembrane domains. Table 6.8 shows the predicted transmembrane
regions as indicated by TMpredict. Hydropathy plots of functionally identical proteins are
shown in comparison to Wzm (Fig. 6.13).

The second protein in the ABC-2 transport system is the energiser which has an
ATP-binding domain (Higgins, 1992). This protein is highly hydrophilic and is located in

the cytoplasm. Wzt is highly homologous to other ATP-binding proteins from



Figure 6.12: Alignment of Wzm with homologous proteins

VaWzm MYKLPSKFVHDVF SSYELLFPMAKRDIRSRYLGSLFGGVWAFIQPLVTILVIWFVFQVGF 60

BsTagG MNDL-LRILREQITSFPLILRLAAYETKSKYQMNYLGVLWQFLNPLIQMLAYWFVFGMGI 59

KpWzm - - -MSIKMKYNLGYLFDLLVVITNKDLKVRYKSSMLGYLWSVANPLLFAMIYYFIFKLVM 57

* * * * * % * *

Vawzm K--AQATDDG--VPFTLWLVSAMI PWFFVAEMLSSGTNSI IEQANIVKKIVFKVSLLPIV 116

BsTagG RKGGPVTTGAGEVPF I IWMLAGLIPWFFISPTILDGSNSVFKRINMVAKMNFPISSLPSV 119

KpWzm R----VQIPN----YTVFLITGLFPWQWFASSATNSLFSFIANAQI IKKTVFPRSVIPLS 109
%* k * * * * *

Vawzm KIISALMIHIFFIVILFTVSIAYGYYPKVGWLQ-VPYYILCSLVLMLGISWITSSIIVFF 175

BsTagG AIASNLFSYMIMMVIYIIVLLVNGVFPSVHWLQ-YIYYFICMIAFMFSFSLFNSTISVLI 178

KpWzm NVMMEGLHFLCTIPVIVVFLFVYGMTPSLSWVWGIPLIAIGQVIFTFGVSIIFSTLNLFF 169
* * * * *

Vawzm RDVGQI IAVLIQLGFWATPIFWNITMVP----IEYQWVLKLNPVFYITEGYRNTITTDLW 231

BsTagG RDYQFLLQAVTRLLFFLLPIFWDVNAKLGQSHPELVPVLKLNPLFYIIEGFRNSFLDGAW 238

KpWzm RDLERFVSLGIMLMFYCTPILYASDMIP----EKFSWIITYNPLASMILSWRDLFMNGTL 225

* K * ok * % * * *

Vawzm FWESFLWTAYYWIFTSFTLLVGIVCFKKLRPHFADVL 267

BsTagG FFHDMKYTLYFWLFTFLLLLVGS ILHMKFRDKFVDFL 274

KpWzm NYE---YISILYFTGIILTVVGLSIFNKLKYRFAEIL 258

* % * * *

Alignment of the amino acid sequences of Wzm (VaWzm), B. subtilis TagG (BsTagG) (P42953) and K. pneumoniae
Wzm (KpWzm) (Q48475), as determined using the default settings of the program CLUSTAL (Higgins and Sharp,
1988). *, identical residues; ¢, similar residues.



Table 6.7: Homology table for Wzmy,

%identity”
VaWzm BsTagG KpWzm
VaWzm 100 34.8 25.9
(267) (255)
BsTagG 100 22.9
(262)
KpWzm 100

a Percentage of identical amino acids determined with
FASTA as implemented in PROSIS. Numbers in the
brackets indicate the number of amino acids over which
the % identity occurs. Abbreviations: sp, SWISS PROT.

VaWzm V. anguillarum Wzm
BsTagG B. subtilis TagG (spP42953)
KpRfbA K. pneumoniae Wzm (spQ48375)



Table 6.8: Predicted transmembrane regions of wzmy,

Tm# Start End Length Orientation

1 31 56 26 i-0
2 68 90 23 o-i
3 118 142 25 i-o
4 145 175 31 0-i
5 178 204 27 i-o
6 236 258 22 0-i

Transmembrane spanning domains as predicted by the computer program
TMpredict (Hofmann and Stoffel, 1993). Only the most likely model is presented.
The numbers in the columns represent amino acid residues in the wzm translated
sequence.



Figure 6.13: Hydropathy plot of Wzm and related proteins.

The hydropathy plots were generated by the method of Kyte and Doolittle (1982) and
aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-
axis indicate hydrophobic regions. The position of every 10™ amino acid is marked on
each X-axis. VaWzm, V. anguillarum Wzm; TagG, B. subtilis TagG (spP42953); RfbA,

K. pneumoniae Wzm (spQ48375). Abbreviations: sp, SWISS PROT.
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Enterococcus faecalis (56% identity at the amino acid level), E. coli (34% identity at the
amino acid level) and Aeromonas salmonicida (42% identity at the amino acid level) (Fig.
6.14; Table 6.9). Wzt is also homologous to RfbB (45.5% identity at the amino acid level)
and TagH (42.3% identity at the amino acid level) from K. pnuemoniae and B. subtilis,
respectively, however the degree of homology is not as high as that seen for the integral
membrane protein comi)onent (Table 6.9). Homology at the DNA level was observed for
wzt and the gene for the ATP binding protein from E. faecalis (63%). For Wzt to bind and
utilise ATP it requires an ATP-binding motif or Walker box (Higgins et al., 1992; Walker
et al., 1982). The Walker box consists of two short motifs separated by approximately 100
amino acids which is characteristic of many nucleotide binding proteins (Walker et al.,
1982; Higgins et al., 1992). The sequence of the Walker box is generally well conserved
with different energisers showing between 30 and 50% identity, depending on the proteins
being compared. An amino acid sequence alignment of Wzt in comparison to other ABC
transport energisers is presented in Figure 6.14. The conserved Walker box domains (W,
and Wp) are underlined.

The ABC transport system, Wzm and Wzt of V. anguillarum O1 also shows
homology to RfbH and Rfbl, respectively which are the equivalent proteins in V. cholerae
O1 (Manning et al., 1995). V. cholerae O1 O-antigen consists of a homopolymer of
perosamine and therefore would be expected to have an ABC transport system to
translocate its polymerised O-antigen chain to the periplasm for ligation to the lipid A core
oligosaccharide component of LPS. The homology observed is 24.1% identity (over 220
amino acid overlap) for Wzm/RfbH and 34.6% identity (over 208 amino acid overlap) for

Wzt/Rfbl at the amino acid level.



Figure 6.14: Alignment of Wzt with homologous proteins

Vawzt MNDVVISCENITKIYPMYDDHRDRFKEVFHPFRKVYHKKFHALDDVSFEVKRGETVGIVG 60
EfATP MSEYAIDIQHITKTYNMYKKPSDRFKEALSPTKKSYHDLFYALDDVTMQIKKGEMIGFVG 60
AsABCA MSEPVLAVSGVNKSFPIYRSPWQALWHALNP--KADVKVFQALRDIELTVYRGETIGIVG 58
EcATP --MSYIRVNNVGKAYRQYHSKTGRLIEWLSPLNTKRHNLKWILSDINFEVAPGEAVGIIG 58
* * * * ok ** * *
Vawzt KNGAGKSTLLKIITGVLTPTSGSVKLNGVVSSLLELGTGFNPDLTGIENIYLNSSLMGIQ 120
EfATP ENGSGKSTMLKIITGVLTPTSGSMVINGKISALLELGSGFNPEYSGYENIFLNGMVLGFS 120
AsABCA HNGAGKSTLLQLITGVMOQPDCGQITRTGRVVGLLELGSGFNPEFTGRENIFFNGAILGMS 118
EcATP INGAGKSTLLKLITGTSRPTTGEIEISGRVAALLELGMGFHSDFTGRONVYMSGQLLGLS 118
W
**.****.*A'.*** * ‘* . * . * %k %k Xk **. . _* _*_' ..*
Vawzt KEDIDKKLAQVIAFADIGEHIHQPVRGYSSGMFARLAFSVAISVEPDILIVDEALAVGDA 180
EfATP REEMEERVQDVIDFADIGDHLYQPVKTYSSGMFVRLAFAVAINVDPDILIVDEALAVGDL 180
AsABCA OREMDDRLERILSFAAIGDFIDQPVKNYSSGMMVRLAFSVIINTDPDVLIIDEALAVGDD 178
EcATP SEKITELMPQIEEFAEIGDYIDQPVRVYSSGMOVRLAFSVATAIRPDVLIIDEALSVGDA 178
W,
. R N *k **_ R ***. *hkhk ****.* **‘**.****B'***
Vawzt AFVNKCYGKINELKSKGMTLLFVSHSLGAVSELCTKAILIDNGKCLLVSDVETVVNQYNR 240
EfATP EFQLKCMEKFTEIKNSGKTILFVSHDVNSIRRFCDRTFWVATRESP---—~—-=—————— 226
AsABCA AFQRKCYARLKQLQSQGVTILLVSHAAGSVIELCDRAVLLDRGEVLLQGEPKAVVHNYHK 238
EcATP YFQHKSFERIRKFRQEGTTLLLVSHDKQATIQSICDRAILLNKGQIEMEGEPEAVMDYYNA 238
* * * * * whh*k L.

Vawzt MIRSSFDKNLQENENIEETTFDSSEKDTSEISLISNVKSKDIFNINNEFMNKHSKTRYGK 300
EfATP = om0 226
AsABCA LLHMEGDERARFRYHLROQTGRGDSYISDESTSEPKIKSAPGILSVDLQPQ-~-STVWYES 295
EcATP LLAD------ KQNQSIKQVEHNG---KTQTVSGTGEVTISEVHLLDEQGN-VTEFVSVGH 288
Vawzt GGARIVNVEIIEGDDNKNRLFSYNTKIKLRVYIKSDONLNKLNCGYFIRTDKGLSIVGNN 360
EfATP = = eeeee e e s e st s i 0 o0 ety s e et et o e o e 226
AsABCA KGAVLSDVHIESF - ——— -~ === — oo oo m s e e e e e 308
EcATP RVSLQVNVEVRD-----—--~—-————m——m————— DIPELVVGYMIKDRLGQPIFGTN 323
Vawzt LESSKFELRDLKANRKVIIDFDIPLTIKSGIYSLTVVLGASDSENNEFIVDWVDLADSFE 420
EfATP  seescsssesces e cs e e e ey — e e e e et v e 226
ASABCA = - i i S i e o it o e e e e L S L S R S e S S s e R R e 308
EcCATP TYHLNOQTLTSLKKGEKRSFLFSFDARLGVGSYSVAVALHTSSTHLG-KNYEWRDLAVVFN 382
Vawzt VFHSKDQYSFEYMVHIQNKISMNYID 446

EfATP =  somemrs—ee e e e 226

ASABCA @ i e o e s e e o 308

ECATP VVNTEQQE-FVGVSWLPPELEIS--- 404

Alignment of the amino acid sequences of Wzt (VaWzt), E. faecalis ATP (EfATP) (AF071085), E. coli ATP (EcATP)
(AB010150) and Aeromonas salmonicida ABCA (AsABCA) (Q07698), as determined using the default settings of the
program CLUSTAL (Higgins and Sharp, 1988). The Walker box motifs are underlined and marked according to text. *,
identical residues; ¢, similar residues.



Table 6.9: Homology table for Wzty,

%identity®

VaWzt EfATP EcATP AsABCA KpRfbB BsTagH
VaWzt 100 55.5 33.9 41.6 45.5 42.3
(220) (381) (310) (244) 215)
EfATP 100 44.6 49.8 41.0 42.3
213) 217) (222) (215)
EcATP 100 46.3 43.0 38.3
(244) (242) (256)
AsABCA 100 42.6 40.3
(244) (236)
KpRfbB 100 40.5
(242)
BsTagH 100

a Percentage of identical amino acids determined with FASTA as implemented in PROSIS.
Numbers in the brackets indicate the number of amino acids over which the % identity occurs.
Abbreviations: gb, Genbank; sp, SWISS PROT.

VaWzt
EfATP
EcATP
AsABCA
KpRfbB
BsTagH

V. anguillarum Wzt

E. faecalis ATP binding protein (gbAF071085)
E. coli ATP binding protein (gbAB010150)

A. salmonicida, ATP binding protein (spQ07698)
K. pneumoniae, RfbB (spQ48479)

B. subtilis, TagH (spP42954)
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6.2.10 Additional genes involved in the synthesis of O-
antigen in V. anguillarum O1

It was evident from further cloning (data not shown) and the initial analysis of the
TnphoA (Cm®) insertion mutant KM2 (Section 6.2.2) that additional genes are required for
the synthesis of LPS in V. anguillarum O1. KM?2 was found have a TnphoA (Cm®)
insertion in an ORF homologous to omE (Bik et al., 1996) from V. cholerae 0139 (D.
Milton, personal communication). ofnE has yet to be assigned a specific function, however
it is thought to play a role in capsule biosynthesis (Stroeher ef al., 1998; Bik et al., 1996).
KM2 was shown to have LPS with slightly higher molecular weight O-antigen (increased
modal chain length) (Section 6.2.2). This suggests a role for this omE homologue in O-
antigen biosynthesis in V. anguillarum O1. otnE could not be linked to the wbh region
sequenced in this study (data not shown). Further cloning and sequencing of the region
dowﬁstream of wbhO on pPM4910 (Chapter 5, Section 5.2.1) has revealed the presence of
other ORFs with homology to rfb/polysaccharide genes (Fig. 6.15). Restriction mapping
and Southern hybridisation analysis using fragments of these additional genes (cloned in
pBC-KS+ and DIG-labelled), and long range PCR between the end of wbhN and the
additional cloned regions, failed to directly link these new genes to the wbh region
described in this study (data not shown) suggesting that the distance between the regions
was too great for amplification.

Some of the subclones obtained (pPM4985, pPM4986, pPM4996) showed
homology to rfb-like genes including other otn genes (nucleotide sugar dehydrogenase
(wbfV), omF and otnG) from V. cholerae O139; otnF (wbfC) and otnG (wbfB) do not have
defined functions. The nucleotide sugar dehydrogenase (whfV) is homologous to an ORF
adjacent the E. coli O111 rfb region (Bastin and Reeves, 1995). It is therefore possible that

the region involved in O-antigen synthesis in V. anguillarum O1 will need to be extended



Figure 6.15: Presence of additional polysaccharide gene homologues in
V. anguillarum O1.

A schematic representation of the fragments obtained from random subcloning of the
cosmid clone pPM4910. // : undefined location with respect to the other clones and the
sequenced whh region. Box with stripes represents the cosmid vector pPM2101. Blank
box represents the gene, wbhN which is marked for reference. Protein homologues
obtained from sequencing the fragments and performing BLASTX searches are shown

beneath the respective subclone.
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to include these additional genes, although it is also possible that these genes are redundant
and not functional.

One subclone of interest (pPM4996) had sequence homologous to rfe (Meier-
Dieter, 1992) (data not shown). Rfe/WecA is one of only two known initiating enzymes
and catalyses the addition of GIcNAc to bactoprenol in the first step of O-antigen
biosynthesis (Whitfield, 1995). Rfe/WecA has been associated with initiating
polymerisation in the homopolymers O-antigens of E. coli 08, O9 (Jann et al., 1982; Rick
et al., 1994) and Klebsiella pneumoniae O1 (Clarke and Whitfield, 1992). The presence of
this homologous sequence (47% identical at the amino acid level) suggests that the O-
antigen polymerisation in V. anguillarum O1 is initiated by the transferase activity of the

Rfe/WecA homologue.

6.2.11 Comparison of the V. anguillarum O1 wildtype
strains 85-3954-2 and NB10 by Southern
Hybridisation and PCR

The two V. anguillarum O1 wildtype strains, 85-3954-2 and NB10 used in this
study were isolated from different geographical locations. NB10 was the wildtype strain
used to construct the wbh mutants. However, the wbh region was cloned and sequenced
from the O1 strain 85-3954-2. It was therefore decided to confirm the presence of the other
wbh genes in NB10. Southern hybridisation was used to compare the strains to ensure the
strains were identical and contained the same wbh genes. The DNA sequences obtained
(D. Milton, personal communication) from sequencing the insertion point of the TnphoA
(Cm®) transposon in the mutants were compared to the sequence obtained in this study
(Appendix 1). The sequences were found to be 99.9% identical to those for 85-3954-2,

with only a few nt differences. Previously Norqvist and Wolf-Watz (1993) sequenced a 3.3
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kb Kpn I fragment of the region from strain 775 (Accession Number L08012). Comparison
of this sequence also indicated only a few nt differences (data not shown).

Chromosomal DNA from 85-3954-2 and NB10 was digested with various
restriction enzymes found in the wbh region, and DIG-labelled subclones (pPM4901,
pPM4943) and IS/358 were used as probes to determine similarity. The Southern blot
using pPM4943 as a probe showed that the two O1 strains had identical restriction
fragments for all the restriction enzymes used (Fig. 6.16 (A); Table 6.10). This was also
the case for the blot with the probe pPM4901 (Fig. 6.16 (B); Table 6.10). Unexpectedly, a
difference was observed when the IS/358 probe was used. Southern hybridisation
preformed previously in this study using ISI358 as a probe on HindII digested
chromosomal DNA of V. anguillarum O1 strains showed the presence of conserved 4.8
and 1.8 kb fragments (Chapter 3, Section 3.2.8). NB10 when probed with IS1358, showed
the conserved 1.8 kb fragment but the second band was smaller in size (approximately 3.6
kb). However, when chromosomal DNA was digested with Clal the same expected DNA
fragments were detected (Fig. 6.16 (C); Table 6.10). This is the first V. anguillarum O1
strain analysed that has shown a difference in the HindIII restriction pattern.

PCR using oligonucleotides (Table 2.4, Fig. 6.17) combinations to amplify different
wbh genes were also performed. The products produced were identical between the two
strains tested suggesting the sequenced wbh operon from 85-3954-2 was present in NB10

(Fig. 6.17).

6.3 Summary and Discussion

In this chapter, the wbh locus was further characterised by the analysis of mutants
with transposon insertions in three different wbh genes. The LPS from these mutants were

characterised by Western immunoblotting, SDS-PAGE, and silver staining.



Figure 6.16: Southern hybridisation: A comparison of the V. anguillarum
01 strains, 85-3954-2 and NB10.

Southern blots of DNA from 85-3954-2, pPM4905 and pPM4910 digested with various
restriction enzymes, were probed with DIG-labelled probes of pPM4943 (A), pPM4901 (B)
and IS1358 (C). The approximate size of the hybridised bands are shown in kilobases (kb)

in accordance with Spp1 (EcoRI) markers.

A: Southern blot probed with DIG-labelled pPM4943 (ddhD, ddhA)

a, 85-3954-2 digested with HindIIl; b, NB10 digested with HindIII; ¢, 85-3954-2 digested
with Clal; d, NB10 digested with Clal; e, 85-3954-2 digested with Sacl; f, NB10 digested
with Sacl; g, 85-3954-2 digested with Bg/Il; h, NB10 digested with BgllI; i, 85-3954-2
digested with PstI; j, NB10 digested with PsfI. The probe was labelled randomly (Section

2.10.7) and corresponds to nt 14289- nt 15442 (Appendix 1)

B: Southern blot probed with PCR DIG-labelled pPM4901 (virB/wbhL)

a, 85-3954-2 digested with EcoRI; b, NB10 digested with EcoRI; ¢, 85-3954-2 digested
with Psf; d, NB10 digested with PsfI; e, 85-3954-2 digested with HindII; f, NB10
digested with HindIll. The probe was PCR DIG-labelled (Section 2.11.4) using

oligonucleotides #1088 and #1089 (Table 2.4).

C: Southern blot probed with PCR DIG-labelled IS1358
a, 85-3954-2 digested with HindIII; b, NB10 digested with HindIH; c, 85-3954-2 digested
with Clal; d, NB10 digested with Clal. The probe was PCR-DIG labelled (Section 2.11.4)

using oligonucleotide #773 (Table 2.4).
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Table 6.10: Sizes of restriction enzyme fragments which hybridise to pPM4943, pPM4901 and IS1358

DIG-labelled probe used®

pPM4943 pPM4901 IS1358
Restriction enzyme DNA used in Southern analysis

85-3954-2 NB10 85-3954-2 NB10 85-3954-2 NB10

Bgill >8.5 kb >8.5 kb NA NA NA NA
Clal 5.0kb 5.0kb NA NA 50kb 5.0kb

EcoRI NA NA 18 kb 18 kb NA NA
HindIII 1.2 kb 1.2 kb 4.0kb 4.0kb 4.8 kb 3.6kb
1.2kb 1.2 kb 1.8 kb 1.8 kb

Pst1 2.8kb 2.8kb >8.5 kb >8.5 kb NA NA

Sacl 7.3 kb 7.3 kb NA NA NA NA

Sizes of the restricted fragments are approximate and were measured in kilobases (kb). a, the DIG-labelled probes
correspond to nucleotide numbers in Appendix 1: pPM4943, nt 14289-15442; pPM4901, nt 25700-26788; I1S1358,
nt 9801-11139. NA: not available



Figure 6.17: PCR analysis of the wbh region in 85-3954-2 and NB10.

PCR products were amplified using standard conditions as described in Materials and
Methods (Section 2.11.1) using an extension time of 2 min 30 sec. The products were
electrophoresed on a 1% agarose gel followed by staining with ethidium bromide. SPP-1
digested with EcoRI was also electrophoresed as size markers and the fragments are
indicated on the left side of the figure.

The bolded lines with small letters correspond to the following oligonucleotide
combinations (Table 2.4). The wbh genes amplified from these reactions are indicated

below.



Q1 9¢°0
9y 8v°0

A TLO
91860
P91
P IS°T
g S6°1
PLI8'T
qY 68°¢
q1 01°9

qy S8

ARIE B
.

B
i
ITRED

| NB10
| §5.3954-2
| NB10

SPP-1
85-3954-2

85-3954-2

. NB10

85-3954-2
NB10
85-3954-2
NB10
85-3954-2
NB10
85-3954-2
NB10
SPP-1

2751/2752 (rmlA)

2755/2756 (wzm)

2169 (IS1358)

2501/2502 (wbhD)

2501/2305 (wbhE)

2408/2398 (wbhH)

2362/2223 (wbhN)



138

The transposon mutants were initially isolated by screening using Western
immunoblotting analysis with antisera raised against formalin-killed bacteria, and were
initially thought be R-LPS (ie no O-antigen) mutants (D. Milton, unpublished results).
Silver staining of the LPS from these mutants showed that KM2, KM16 and KM110
possess LPS with altered O-antigens with an increased or decreased molecular weight, in
comparison to the wildtype. The fourth mutant, KM97 appeared to have a true R-LPS |
phenotype.

Western immunoblotting analysis of KM16, KM97 and KM110 using the rabbit
antiserum raised against heat killed 85-3954-2 (V. anguillarum Ol) indicated that the
altered O-antigens produced by KM16 and KM110 contained similar epitopes to the
wildtype O-antigen. LPS from KM97 showed no reaction with this antiserum by Western
immunoblotting. Serum absorption studies using heat killed suspensions of the mutants
indicated that the O-antigen produced by the mutants had sufficiently different epitopes to
the wildtype (85-3954-2, NB10) as only antibodies against the altered O-antigen produced
by the mutants were removed by absorption (Fig. 6.3). This suggests that either the
wildtype strain is capable of producing both wildtype O-antigen and altered O-antigen or
that cross-reacting antibodies recognise similar/common epitopes on both O-antigens.
However, if this was the case, a decrease in detection of the wild type LPS would be
expected in Western immunoblotting. Absorption probably removed any common epitope
antibodies leaving only antibodies specific to epitopes on the wildtype O-antigen. Indirect
immunofluorescence further supported the serum absorption studies. Electron microscopy
did not support the data using the KM97 absorbed serum. The most likely reason is that
this method has less sensitivity. The finding in this study of altered O-antigens is
reminiscent of what has been shown previously in S. flexneri (Morona et al., 1995a) and E.

coli (Saeki et al., 1993), and is therefore a form of antigenic variation.



139

Initial analysis of the sugar composition of LPS from the wildtype and mutant
strains used in this study indicated the presence of glucose, rhamnose and glucosamine in
the LPS of V. anguillarum O1. The wildtype strains, 85-3954-2 and NB10 used in this
study were found to contain glucose and rhamnose in a ratio of 10:1. In addition
glucosamine was also found at the same ratio as rhamnose (ie 10:1:1). The rhamnose
biosynthesis genes have been located based on gene homology and the synthetase gene
(rmID) was found to complement a S. flexneri rfbD/rmiD mutant. Indirect evidence that
the O-antigen of V. anguillarum O1 is a homopolymer comes from the O-antigen transport
system (wzm/wzt) available.

Analysis of the mutant LPS from KM16, KM97 and KM110 indicated that no
glucosamine was present and that the ratio of glucose to rhamnose was different for each
mutant. KM16 was shown to have a wildtype ratio of glucose to rhamnose (ie. 10:1). It is
unclear from the preliminary sugar analysis of KM97 and KM110 if the change in sugar
ratio observed in these strains is due to either an increase in rhamnose or decrease in
glucose. Silver staining the LPS of KM16 and KM110 showed that these strains had O-
antigens with decreased molecular weights with no apparent effect on the core
oligosaccharide component (Section 6.2.2). The TnphoA (CmR) insertions in the mutants
resulted in polar mutations as indicated by the inability of a single gene to complement the
mutation and therefore it is likely that downstream genes are effected. Hence caution is
required in the interpretation of the data obtained in the analysis of these strains, which will
be discussed in detail in Chapter 7.

A comparison of the two wildtype strains used in this study suggests that the wbh
locus in each strain is identical, however restriction fragment length polymorphism (RFLP)
was noted for HindIIl when NB10 was probed with IS/358. Additionally, other genes to

those characterised in detail (Chapter 5) were detected in the region. One of these (ofnE) is
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required for O-antigen biosynthesis in V. anguillarum O1, although the precise function of

this, and the other genes is unknown.
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Chapter Seven

Discussion

7.1 Introduction

V. anguillarum Ol is a significant pathogen that causes vibriosis in both feral and
farmed fish. Little is known either about the precise mechanisms involved in the
pathogenesis or the virulence determinants that facilitate this process.

A commercial vaccine based on lipopolysaccharide is available for V. anguillarum,
however the immunity conferred is serotype specific and ineffective unless injected
intraperitoneally. Studies investigating the LPS of V. anguillarum have focussed on the
chemical composition of these molecules, while little is known about the genetics of LPS
biosynthesis in V. anguillarum. In one study, the O-antigen of the O3 serotype (Eguchi et
al., 1992 a, b) was examined however the genes required for the biosynthesis have not yet
been isolated. The O-antigen biosynthesis locus of V. anguillarum O2 has been cloned and
expressed in E. coli (Amor and Mutharia, 1995) however the region has not been
sequenced and no information on the biosynthetic genes was presented. The structure of
the O-antigen of this serotype has been' determined (Sadovskaya et al., 1996). The strains
which have been associated with the most severe disease outbreaks belong to the Ol
serotype of V. anguillarum, and it has been shown that the LPS of the O1 serotype is an
essential virulence factor (Norqvist and Wolf-Watz, 1993). Sugar composition data is

available for the V. anguillarum O1 LPS core oligosaccharide (Banoub and Shaw, 1981)
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but information on the O-antigen component of the LPS of this serotype is unreliable
(Banoub et al., 1987) as the strain used was poorly defined.

In this thesis the LPS/O-antigen biosynthesis locus (wbh) of V. anguillarum O1 was
isolated, cloned and sequenced. The functions of a majority of the wbh gene products have
been assigned, based on either homology to other proteins of known function, and
mutational analysis in conjunction with either sugar analysis or gene complementation. In
addition, the association of IS1358 with O-antigen biosynthesis loci in V. cholerae and V.
anguillarum was investigated, and its relevance to genetic rearrangements involving O-

antigen biosynthesis loci will be discussed in detail.

7.2 Major Outer Membrane Protein (MOMP)

In addition to the LPS/O-antigen, this study also attempted to identify other
potential virulence factors in this pathogen. The generation of two polyclonal antisera
against V. anguillarum O1 and O4 allowed detection of a common immunogenic protein
(designated MOMP) in all V. anguillarum serotypes (01-010) tested in this study. The
protein varied in size between the serotypes with the smallest being ~36 kDa and the
largest ~40 kDa. The protein was purified from the Ol serotype and the N-terminal
sequence was determined. The sequence obtained was found to be 38% identical and 75%
similar to an immunogenic protein, P2, in Haemophilus influenzae. No other matches were
found using the databases searched with the program BLASTP. During this study, Suzuki
et al. (1996) determined the N-terminal sequence of the MOMP from three V. anguillarum
serotypes (01, 02, 03) and found that the amino acids were identical within the strains
used. The N-terminal sequence determined from V. anguillarum O1 in this study was

identical to that reported by Suzuki et al. (1996), except for a change at amino acid #4 were
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Valine (V) is substituted for Tyrosine (Y) (Chapter 3). Suzuki and colleagues did not
report any similarity to the P2 protein. However, they did indicate that their sequence had
30-45% identity to other bacterial porins (OmpF and OmpC). In this study no similarity to
OmpF and OmpC was found, using the BLASTP associated databases.

It has been demonstrated that the P2 protein from H. influenzae type b has porin
activity (Vachon et al., 1986) and that antibody directed against P2 is protective in an
infant rat model (Munson et al., 1983). The size of the P2 protein varies between different
H. influenzae isolates, with the size variation being found to occur at the DNA level which
results in proteins of corresponding lengths. Not surprisingly, the P2 proteins from
different isolates share common antigenic epitopes (Munson et al., 1983). Given the
similarity between P2 and MOMP proteins allows one to speculate on a potential
protective role for the MOMP in V. anguillarum.

During the course of this study Simon et al (1996, 1998) described the MOMP
from V. anguillarum O1 as a general diffusing porin which had similar properties to OmpF
from E. coli (Mizano and Mizushima, 1990) as determined by crystallisation and image
processing of electron micrographs. In addition, Simon et al, (1998) have examined the
immunospecificity of antiserum generated against one serotype of V. anguillarum against
other serotypes, by immunoblotting, ELISA, and dot-blotting and found that the MOMPs
from the different V. anguillarum serotypes contained cross-reactive epitopes. This
correlates to the Western immunoblot data from this study (Chapter 3).

Further work is required to determine the antigenic properties of MOMP and its
potential for a cross-protective vaccine for all V. anguillarum serotypes. The data
presented in this study (Chapter 3, Section 3.2.5) which showed that antibodies against the
MOMP were unable to bind, to V. anguillarum O1 and O2, as determined by

immunoelectron microscopy, but were able to bind to the SR-LPS strain representing
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serotype O4, suggests that the MOMP is masked by other components of the outer
membrane, in particular LPS (Chapter 3, Section 3.3). Therefore it is most unlikely that
this protein would be a good vaccine candidate. However, as the protein shows
homogeneous size on SDS 15% polyacrylamide gels within the typed Ol strains indicates
that the MOMP may be useful in further characterising and typing V. anguillarum strains
isolated from diseased fish and the environment. This is becoming increasingly important-
given the number of new strains and serotypes emerging, some of which can not be typed

using current methods (Pedersen et al., 1999).

7.3 The O-antigen/LPS biosynthesis locus of V.
anguillarum O1

The LPS/O-antigen biosynthesis locus (wbh) of V. anguillarum was isolated and
partially characterised in this study. Three cosmid clones (pPM4905, pPM4910,
pPM5512) were found to contain what is likely to be most of the wbh locus. Sequencing of
the region revealed the presence of 24 ORF’s designated: rmIBADC, wzm, wzt, wbhAB,
ddhDBAC and wbhC-wbhN. The predicted function of their protein products are listed in
Table 7.1. Although specific functions of some of the genes will be discussed later in this
chapter, the putative functions of the genes were inferred by their sequence homology of
their gene products to proteins of known function, gene complementation and information

obtained from the preliminary analysis of LPS sugar composition.

7.4 Transcription and Translation

Numerous promoter regions consisting of -35 and -10 consensus sequences were

located throughout the whbh locus (Section 5.2.8; Appendix 1). It is not known which



Table 7.1: Functions of the wbh genes found in V. anguillarum O1

ORF G+C Putative Function Homology to Accession
content® Number
rfaD/gmhD 43.7 core biosynthesis V. cholerae Ol rfaD X59554
rmlB 433 rhamnose biosynthesis A. actinomycetemcomitans AB010415
rmlA 45.8 rhamnose biosynthesis A. actinomycetemcomitans AB010415
rmlD 48.2 rhamnose biosynthesis A. actinomycetemcomitans AB002668
rmlC 40.5 rhamnose biosynthesis A. actinomycetemcomitans AB010415
wzm 35.7 O-antigen export (channel) B. subtilis tagG P42953
wit 33.9 O-antigen export (energiser) En. faecalis ATP binding protein AF071085
wbhA 31.7 unknown
IS1358 43.2 insertion sequence
wbhB 30.2 unknown- transferase
ddhD 339 CDP-dideoxyhexose pathway Y. pseudotuberculosis ascD P37911
ddhA 38.3 CDP-dideoxyhexose pathway S. typhimurium rfbF P26396
ddhB 41.1 CDP-dideoxyhexose pathway Y. pseudotuberculosis L33181
ddhC 384 CDP-dideoxyhexose pathway Y. pseudotuberculosis E47070
wbhC 36.4 acetolactate synthetase E. coli ivG P00892
wbhD 32.5 unknown
wbhE 39.0 glucosamine biosynthesis M. thermoautotrophicum AE000818
wbhF 194 unknown
wbhG 323 bactoprenol glucosyl transferase B. subtilis csbB Q45539
wbhH 324 unknown
wbhl 36.3 unknown
wbh] 36.6 acetyl transferase B. pertussis blpB X90711
wbhK 37.8 transaminase S. venezuelae AF079762
wbhL 31.2 glycosyl/rhamnose transferase V. anguillarum virB L08012
H. influenazae IgtD Q57022
wbhhM 30.9 unknown V. anguillarum virA 108012
wbhN 375 rhamnosyl transferase S. flexneri rfbF S51266

a. Percent guanine plus cytosine (G+C) of coding region
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promoters are functional and further investigation is required. However, the only obvious
stemmed-loop structure, likely to be a transcriptional terminator, was located after the gene
designated wbhN. This may suggest that the whbh locus is transcribed as a single mRNA.
Although, another possible explanation is that the terminator is used during the
transcription of wbhN, which potentially has its own promoter (Section 5.2.8).

A sequence resembling the JUMPstart sequence was located in the intergenic
region between gmhD and rmIB. The JUMPstart sequence is involved in transcriptional
regulation (Marolda and Valvano, 1998) of polysaccharide biosynthesis loci in E. coli kps,
E. coli K-12 waa, S. flexneri rfb, S. enterica wha, V. cholerae wbe, and Y. enterocolitica
wbb (Hobbs and Reeves, 1994). Regulation involving the JUMPstart sequence involves
the known transcription elongation factor rfaH (waaH). RfaH/WaaH permits transcription
to proceed over long distances (Bailey et al., 1997). Any mutation effecting rfalH/waaH or
the regulatory sequence leads to premature termination of transcription (Marolda and
Valvano, 1998). It is therefore likely that the regulation of transcription of the wbh region
of V. anguillarum involves rfaH/waaH and other unknown factors.

All of the genes in the wbh region, with the exception of wbhG, were found to have
putative RBSs which closely resemble the Shine-Dalgarno consensus sequence and wcre
positioned at an optimal distance from the initiation codon (Chapter 5). The initiation
codon of wbhG was found to overlap with the termination codon of wbhF suggesting that
these genes may be translationally coupled. It is likely that wbhG is not highly expressed
which is supported by the overexpression assays performed in this study where wbhG was
not highly expressed in E. coli (Chapter 5, Section 5.2.9). Overlap of initiation and
termination codons was found throughout the wbh operon, with rmIA/rmID, ddhB/ddhC,

wbhD/wbhE and wbhJ/wbhK all displaying this feature. It is highly unlikely that the whole
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wbh region is translationally coupled given the large intergenic regions and hence most of

the gene products are likely to be translated from their own RBS (Section 5.2.8).

7.5 G+C content

The O-antigen/LPS biosynthesis locus of V. anguillarum Ol appears to be
comprised of genes that may have been acquired from different sources. The %G+C
content of parts of the V. anguillarum wbh region do not correlate to the average %G+C
content for this organism (44.4%) suggesting that some of the genes in this locus may have
been acquired from different sources, which is not uncommon for O-
antigen/polysaccharide biosynthesis loci (Xiang et al., 1993). Generally the %G+C content
of the genes in the wbh locus were below 40% with the exception of rmIBADC and ddhB;
rmiD had the highest %G+C content of 48.2%, and whhF possessed the lowest 19.4%
(Table 7.1).

Further evidence that some of the wbh genes may have been obtained by horizontal
gene transfer from different sources, at some point in the evolution of the species, stems
from DNA sequence identity. For example, the rml genes of V. anguillarum O1 show
between 61-74% identity to the rml genes from A. actinomycetemcomitans, 57-68%
identity to the equivalent genes from N. meningitidis, and 62-67% identity to the S.
enterica group B and S. flexneri thamnose genes (Chapter 6), indicating these genes
originated from a common source, and were acquired by the respective bacteria wherein

mutations over time have lead to sequence differences.

7.6 Composition of the LPS from V. anguillarum O1.

Preliminary sugar analysis performed on the LPS of the wildtype strains of V.

anguillarum O1 (NB10 and 85-3954-2) has indicated that the molecule is composed of
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three sugars: glucose, rhamnose and glucosamine, in a ratio of 10:1:1. Unfortunately, the
sugar analysis was performed on the whole LPS molecule which makes it difficult to
allocate sugars to the either the core or O-antigen region, although analysis of the LPS from
several wbh O-antigen mutants allows one to make some reasonable interpretations.
SDS-PAGE and silver staining of LPS indicated high levels of core oligosaccharide
material (R-LPS) with respect to S-LPS in both the wildtype (NB10 and 85-3954-2) and
mutant (KM2, KM16, KM97, KM110) strains suggesting that the core oligosaccharide is
not effected by the insertions in the wbh genes of the above mutants. As the sugar analysis
indicated that all the strains tested have high levels of glucose it is possible that this sugar
constitutes part of the core region, although it may also be a modification on, or component
of, the O-antigen, as these possibilities can not be ruled out from the data obtained from
this study (see also Section 7.9.1).
| The presence of Wzm/Wzt in the wbh region of V. anguillarum O1 supports the
likelihood that the O-antigen of this serotype is a homopolymer, as these proteins show
significant identity to proteins of the ABC-2 transporter family (Chapter 6). The ABC-2
transporter family have to date only been associated with the export of homopolymers

(Whitfield, 1995).

7.7 Mutagenesis and phenotypic analysis of mutants

Sugar analysis of the wbhE::TnphoA (Cm®) mutant KM 16 indicated that this strain
had a ratio of glucose to thamnose identical to the wild type (ie. 10:1), but no glucosamine.
Based on the lack of glucosamine, in association with its protein homology to other
proteins, wbhE, has been assigned a putative role in the biosynthesis of glucosamine.

WbhE shows homology to putative perosamine synthetases from E. coli and V. cholerae
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which are involved in the production of perosamine, an amino sugar. The observation that
KM16 still produces S-LPS with O-antigen (albeit altered) indicates that glucosamine is
not the main sugar in the polymer and it is most likely a modification on the O-antigen.
The location of the thamnose is unknown as no mutants were unavailable in the rml genes,
and hence the sugar could be either in the core or O-antigen (see also Section 7.9.1).

The mutant designated KM97 has a TnphoA (CmR) insertion in wzm. Wzm shows
protein sequence and structural similarity to the integral membrane component of the ABC-
2 O-antigen transport system (Chapter 6). Silver staining and Western immunoblotting
indicated that no LPS associated O-antigen was produced, and that KM97 had a R-LPS
phenotype, as expected for a mutation in O-antigen transport genes. However, subsequent
analysis of KM97 by immunofluorescence showed that this strain produced cell surface
expressed material that reacted with anti-VagO1. Interpretation of all of the data suggested
that KM97 produces O-antigen hapten that is unlinked to lipid A-core which is exported to
the surface of the cell by an alternative export pathway. A similar observation has
previously been reported in E. coli (Morona et al., 1995a). Despite the “hapten” of KM97
not being lipid-A linked, the material was purified using the method described in Section
2.15.2 (Chapter 2) allowing sugar composition analysis to be undertaken. The most likely
explanation for this is that the hapten was co-purified with R-LPS (ie. lipid A-core). The
sugar analysis of the hapten and R-LPS of this strain indicated the presence of glucose and
rhamnose (5:1) but no glucosamine. Assuming glucosamine is a modification (described
above) on the O-antigen of V. anguillarum Ol, its loss from the hapten of KM97 may be
explained as modifications are thought to either occur during O-antigen export or be
associated with the linkage of the O-antigen to the lipid A-core. However, the absence of
glucosamine may also be due to polar effects (Section 6.2.6) on genes downstream of wzm

required for glucosamine biosynthesis and transfer (Fig. 7.2).
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KM110 has a TnphoA insertion in wbhB and has S-LPS of decreased molecular
weight as observed by SDS-PAGE and silver staining. The sugar analysis of this strain
showed an altered glucose:rhamnose ratio (ie. 2.5:1), with no glucosamine detected. The
apparent increase in rhamnose may also be interpreted as a decrease in glucose. The role of
wbhB in the overall biosynthesis of O-antigen/LPS in V. anguillarum O1 is harder to
elucidate as no homology to other sequences in the database were located. The putative-
topology of wbhB suggests that it is probably an integral membrane protein which spans
the membrane 11-12 times (Section 5.2.7.7), a structure suggestive of a polysaccharide-
modifying sugar transferase enzyme. This structure has previously been reported for a
glucosyl transferase (GtrIl) and O-acetylase (Oac) in S. flexneri (Mavris et al., 1997; Clark
et al., 1991). Tt is therefore possible that wbhB acts as a O-antigen glucosamine
transferase. However, as the mutation in this strain was polar (it could not be
complemented by wbhB, Section 6.2.6), genes downstream are also likely to effect the S-

LPS profile.

7.8 The rhamnose biosynthesis and transferase genes

The analysis of the sugars present in V. anguillarum O1 showed that rhamnose was
present which was expected from the sequence as rmlBADC were located at the 5° end of
the region; these genes demonstrated significant similarity to genes previously shown to
determine of synthesis dTDP-L-rhamnose. In addition rmID was confirmed to be the
dTDP-rthamnose synthetase gene by complementation of an S. flexneri rmiD mutant
(Chapter 6, Section 6.2.8.1).

For rhamnose to be constituent of the LPS of V. anguillarum O1 rhamnosyl

transferases are required. A potential rhamnosyl transferase gene was located near the 3°
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end of the sequenced region. wbhN shows significant homology to the rhamnosyl
transferase (rfbF) of S. flexneri. Interestingly, wbhL (virB) which shows similarity to
glycosyl transferases has a functional motif similar to wbhN. This motif was previously
described by Morona et al (1995a), for 7fbF as being characteristic for 6-deoxyhexose
transferases. Therefore, it is postulated that wbhL and wbhN are both rhamnosyl
transferases although it is not known if both are functional. wbhL (virB) has previously
been shown to be important in LPS biosynthesis, as it encoded an essential protein, as
determined by mutagenesis (Norqvist and Wolf-Watz, 1993). However, from the data
presented by Norqvist and Wolf-Watz (1993) it is unclear as to whether the virB mutant
prevented O-antigen biosynthesis or if the mutant had an altered LPS profile (see Section
7.11). T7 overexpression allowed expression of wbhN but no product was detected for
wbhL. However, in a previous study (Norqvist and Wolf-Watz, 1993) a gene product for
wbhL/virB was reported. It is possible that the plasmid vector used in this study did not

allow the whhL gene product to be expressed.

7.8.1 A role for the homopolymeric tract of cytidine
residues?

Homopolymeric tracts of cytidine residues have been reported to be involved in
capsule and lipooligosaccharide (LOS) phase variation in Neisseria meningitidis by causing
slipped-strand mispairing, resulting in the addition of different sugar residues
(Hammerschmidt et al., 1996; Kahler and Stephens, 1998). The novel mechanism
involved in the slipped-strand mispairing is postulated to be the result of recA-independent
events during DNA replication and repair that causes an insertion or deletion of nucleotide

residues (Levinson and Gutman, 1987). The homopolymeric tract of cytidine residues in
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N. meningitdis is present in the 5° end of a gene which encodes a glycosyl transferase
enzyme (Hammerschmidt et al., 1996; Kahler and Stephens, 1998).

Hammerschmidt et al. (1996) have shown a direct correlation between the ability of
N. meningitidis to invade epithelial cells (and hence cause disease) and the expression of
capsule. Only unencapsulated variants are able to enter epithelial cells. Examination of
encapsulated and unencapsulated variants showed that the activity of the enzyme,
polysialyltransferase required for the production of 0-2,8 polysialic acid capsule, was
absent in capsule-negative bacteria. Further analysis of the gene (siaD) encoding this
enzyme indicated the involvement of a homopolymeric tract of seven cytidine residues in
the regulation of the essential enzyme. DNA sequence analysis showed that variants (ie
unencapsulated) had either a deletion or insertion of a cytidine residues which results in
frameshift and hence premature termination. This reversible mechanism allows bacterium
to gain an advantage with the host allowing it to cause disease (Hammerschmidt er al.,
1996). A similar mechanism has been proposed for variation in LOS of N. meningitidis
(Kahler and Stephens, 1998).

Analysis of the wbhN sequence revealed the presence of 11 cytidine residues
adjacent and within the 5¢ end of the ORF (Section 5.2.7.6.4) suggesting that a similar
mechanism of variation to that described above may be occurring in V. anguillarum O1,
although no direct evidence has been obtained to show any role this homopolymeric tract
may have in gene expression and hence O-antigen/LPS production. Protein expression
data from this study showed that a PCR derived cloned gene of wbhN (with all three
potential initiation codons) was capable of expressing a 32 kDa protein in E. coli, however
due to the close proximity of the three start codons (within 50 bp), the size of the protein
does not allow the start codon to be determined (Chapter 5). In addition, the

overexpression system used in this study allows read through of a TAG stop codons early
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in the gene due to a supE mutation in the E. coli strain used and hence the expression seen
may be artificial.

The addition or deletion of a cytidine residue in wbhN would have no effect on a
protein expressed exclusively from the leucine initiation codon which is located after the
homopolymer tract. However a frameshift would occur for either the methionine or valine
start (Chapter 5, Fig. 5.20). For expression to occur from the valine codon (GTG) it would
depend on the suppression or (readthrough) of a TAG stop codon to produce a protein.
However, should a cytidine residue be deleted, a frameshift would occur such that no
protein would be expressed due to two stop codons (TGA, TAA). Addition of a cytidine
residue restores the situation back to the original reading frame. For expression to occur
from the methionine residue, a frameshift by the addition of a single cytidine residue is
required and would also depend on suppression or readthrough of the TAG stop codon.
Deletion of a cytidine residue in this scenario would ensure no protein would be produced
or expressed. Naturally occurring suppression or readthrough of an internal amber codon
has previously been reported for expression of proteins involved in the biosynthesis and
assembly of CS3 pili in E. coli (Jalajakumari et al., 1989).

Norqvist and Wolf-Watz (1993) reported the sequence of virBA which also
included the beginning of the ORF designated wbhN in this study. The homopolymeric
tract of cytidine residues in the O1 strain (775.17B) sequenced in the previous study was
found to contain only 10 cytidine residues in comparison to the 11 residues in the strain
used in this study (85-3954-2), suggesting that the number of cytidine residues present in
this region are capable of variation and hence it is tempting to speculate that this
homopolymeric tract may play in the regulation of this putative glycosyltransferase

expression.



153

If the entire wbh region sequenced is transcriptionally coupled it would be expected
that the transposon mutants (KM16, KM97, KM110) analysed in this study would effect
the expression of the wbhN gene product (putative rhamnosyl transferase), as the mutations
were found to be polar (Chapter 6). However, the mutants produce S-LPS with altered O-
antigens, as determined by SDS-PAGE and silver staining which have been shown by
serum absorption studies to be antigenically different to the wild type O-antigen (Chapter
6) but still contain similar sugars (thamnose, glucose) to that of the wild type. A number of
scenarios are possible to explain these observations: 1) the wbhN gene is transcribed from
the promoter located at its 5° end (Chapter 5) and hence is not effected by the polar
mutations, 2) another transferase is located elsewhere in the chromosome which
compensates for the polar mutation, 3) the polar mutation effects other wbh genes which
normally function as the transferase enzymes in a wild type situation allowing wbhN to be
expfessed due to frameshift, 4) wbhN is not involved in the transfer of sugars (thamnose) to
the O-antigen polymer, or 5) wbhN is a redundant gene and doesn’t produce a protein, or

the protein is non-functional.

7.9 Putative functions for other wbhh genes

The number of genes present in the sequenced wbh region suggests a more
complicated O-antigen structure instead of a simple homopolymer with modifications as
implied by the sugar analysis. It is difficult to assign functions to all of the genes and
further investigations are required to determine which genes are essential for O-antigen
expression.

The gene products of ddhDABC demonstrate homology to the enzymes required for

synthesis of CDP-3,6 dideoxyhexose sugars in Y. pseudotuberculosis and S. enterica sv
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typhimurium. Initial sugar analysis of the LPS from V. anguillarum O1 did not show the
presence of any known 3,6 dideoxyhexose suggesting that these genes may not be
expressed. A relevant observation was the notable absence of a homologue to the final
enzyme in the CDP 3,6 dideoxyhexose pathway which is present in Salmonella and
Yersinia. Given the high percentage of homology for DdhDABC to their respective
homologues this does suggest that the final enzyme is missing in V. anguillarum. Another
possibility is that one of the genes in the wbh locus with unknown function may actually
undertake the role of being the last enzyme and hence a novel sugar may be produced that
was not detected during the sugar analysis.

Following the ddh genes are genes with no homologues (wbhD, wbhF, wbhH, wbhl,
wbhM), a putative amino sugar synthetase (wbhE), putative modification enzymes (wbhG,
wbhJ, wbhK) and sugar transferases (wbhL, wbhN).

In addition to the genes in the contiguous wbh region there appear to be additional
genes required for expression of O-antigen. This was supported by an O-antigen mutant
(KM2) and sequencing downstream of wbhN. These additional genes were not linked to
the whbh loci described in this study. However, given the phenotype of KM2 which has
LPS with a slightly increased molecular weight O-antigen, it does appear the LPS/O-

antigen biosynthesis locus of V. anguillarum O1 that has been sequenced is incomplete.

7.9.1 Previous studies of V. anguillarum O1 LPS:
composition and structure

There has been some controversy as to whether V. anguillarum produces more than
one type LPS. Different researchers (Banoub and Shaw, 1981; Eguchi et al., 1992;

Norqvist and Wolf-Watz, 1993) have isolated LPS from both the phenol and water phase
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which they suggest indicates the presence of two different LPS structures which has also
been reported in other bacteria (Helander et al., 1992). The investigation reported in this
thesis of the LPS profile of V. anguillarum O1 and its mutants suggests that the strains
within this serotype are able to produce S-LPS with different O-antigens.

A structural study has been performed on the LPS from a strain (#225/5]-41)
believed to belong to the O1 serotype by Banoub and colleagues (1981, 1987). However.
the researchers were unclear as to the history and origin of the strain and therefore did not
conclusively state the serotype of strain #225. In addition, the researchers indicated that
the strain (#225) had short O-antigen chains, although a silver stained gel was not shown
for comparison to the strains used in this study: it does indicate that #225 may be a variant
and not a wild type O1 strain. The analysis of a number of O1 strains in this study suggests
that they have relatively long O-antigen chains (Chapter 3, Chapter 6). The analysis of the
LPS from this strain #225 indicated that the core oligosaccharide was composed of L-
rhamnose, D-glucose, 3-acetomido-3,6-dideoxy-L-glucose, and L-glycero-D-manno-
heptose in molar ratio of 3:1:0.5:3. They reported the O-antigen to be a regular
heteropolysaccharide of (1—4)-linked 3-acetamido-3,6-dideoxy-B-L-glucose residues
alternatively substituted through O-2 with a side chain residues of 2-acetamido-2,6-
dideoxy-o-D-glucose (N-acetylquinovosamine) which was also substituted with propionyl
groups (Fig. 7.1).

As the repeating unit of the O-polysaccaharide of this strain consisted of 3-
acetamido-3,6-dideoxy-p-L-glucose residues, I propose that the O-polymer is in fact a
homopolymer that is substituted by N-acetylquinovosamine (Fig. 7.1). It is interesting that
the initial sugar analysis performed on the typed O1 strains 85-3954-2 and NB10 in this
study did not indicate the presence of these amino-sugars but rather glucosamine, although

it should be pointed out that not all amino sugars were tested in this initial study. The



Figure 7.1: Chemical composition and structure of V. anguillarum strain #225/SJ-41.

A schematic representation of the chemical structure of the V. anguillarum strain #225/SJ-
41, which is tentatively designated as a O1 serotype strain. Abbreviations: L-Qui3Nac, 3-
acetamido-3,6-dideoxy-L-glucose; D-QuiNAc, 2-acetamido-2,6-dideoxy-D-glucose; R,

propionyl groups; OMe, O-methyl. Diagram adapted from Banoub et al., 1987.
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presence of thamnose and glucose is consistent between the studies although the molar
ratios are quite different. The previous study indicated that there was more rhamnose than
glucose (3:1) while the analysis conducted on NB10 and 85-3954-2 showed the opposite
(1:10).

Although there are similarities between the analyses, there are also significant
differences which may indicate that the strain used by Banaub and colleagues was not a an
O1 strain, although it may be a variant/mutant. Assuming that the strain used in the 1987
study was an O1, the genetics of the LPS/O-antigen biosynthesis wbh locus sequenced and
characterised in this study supports a homopolymer O-antigen, which is present in strain
#225 and is consistent with my interpretation of the data presented by Banoub ez al. (1987).

The rhamnose and glucose residues found to be present in the LPS of the strains
used this study and that of the strain #225 were shown to be components of the core
oligosaccharide. An important observation is that the molar ratios of these residues are
different in the independent studies again suggesting that the strains may not be
comparable. However it may also suggest that the rml genes present in the wbh locus are
actually core biosynthesis genes, and in the absence of defined mutations of these genes
this possibility can not be ruled out. The finding that glucose was a part of the core was
not overly surprising as sugar analysis of the mutants had indicated that this may be the
case.

Although the other sugars present in the LPS of strain #225 were not found in either
the wildtype or mutant strains in the preliminary analysis performed in this thesis, genes
present in the wbh region could be involved in the synthesis of these sugar residues and
modifications. For example, the 3-acetoamido-3,6-dideoxy-L-glucose may be synthesised
from the enzymes encoded by ddhDBAC, and the L-glycero-D-manno-heptose from rfaD

which is known to produce this sugar. Other genes in the wbh region could then do the
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necessary acetylation and amination reactions. Assuming that this is the case, this means
that the rfa/waa genes (core oligosaccharide) and O-antigen biosynthesis genes (wbh) are
located in the same locus, which is an unusual arrangement, but may explain the presence
of the numerous genes that did not seem to be required for the synthesis of a homopolymer
O-antigen. It is evident that defined mutations and extensive biochemical work is required

for all the genes within the wbh region to determine their function in LPS biosynthesis.

7.10 Antigenic Variation

Random mutagenesis of V. anguillarum O1 using the transposon Tn5phoA (Cm®)
and subsequent screening resulted in the isolation of four mutants (KM2, KM16, KM97,
KM110) that did not express O-antigen as determined using an antiserum generated against
formalin-killed bacteria. In this study however, three of these mutants (KM2, KM16,
KM110) were found to express S-LPS with altered O-antigens, while the remaining mutant
(KM97) expressed an O-antigen “hapten “that was not lipid A-core oligosaccharide linked
as determined by SDS-PAGE and silver staining (Chapter 6). In addition, further analysis
of three of the mutants (KM 16, KM97 and KM110) showed that the altered O-antigens and
hapten reacted to the anti-VagO1 serum generated against heat-killed bacteria.

The recognition of epitopes on the O-antigen of the mutants by the antiserum raised
against heat killed V. anguillarum O1, and the data demonstrating that the mutants produce
antigenically different LPS (Chapter 6) suggests that the wildtype strain produces small
quantities of the altered LPS, undetectable by Western immunoblotting and by silver
staining. The immunofluorescence, serum absorption studies and Western immunoblotting
of the wildtype strains and mutants strongly suggests that antigenic variation occurs to

some degree in V. anguillarum. These different LPS epitopes may be occurring by simple
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spontaneous mutations within the bacterial population that result in altered LPS production
reminiscent of the mutants KM 16 and KM110. In this study, three different LPS/O-antigen
phenotypes were observed: two visible by SDS-PAGE and silver staining that had S-LPS
with decreased molecular weight O-antigens (of different degrees), and a haptenic form
that could not be visualised as it was not lipid-A linked.

Antigenic variation by simple mutation has been reported in E. coli with S. flexneri
rfb genes. Mutations in the wzx/rfbX (putative flippase) and rfbF (thamnosyl transferase),
when expressed in an E. coli background have been shown to result in the biosynthesis of
O-antigen that is smooth but antigenically altered presumably due to less rhamnose
residues in the O-repeat unit. The altered O-antigen reacted against antisera generated
from wildtype S. flexneri. However absorptions of polyclonal sera and the use of
monoclonal antibodies indicated that the O-antigens were different and that each had
specific epitopes (ie sugar linkages) (Morona et al., 19952). This allows conclusions about
the production of O-antigen to be drawn. Defects in particular O-antigen biosynthesis
genes may lead to compensation for the loss of that gene product by another similar or
related protein leading to the expression of a different O-antigen, which also has
implications for the bacteria in relation to evading host immune responses (Morona et al.,
1995a).

In E. coli O8 a similar scenario has been noted by Sacki et al. (1993). E. coli K-12
strains harbouring the rfb genes of E. coli O8 on a plasmid produce antigenically different
LPS with some common epitopes. The antigenic differences are thought to be due to the
requirement of additional genes to add modifications onto the O8 O-antigen which are not
present in E. coli K-12. Although the examples of antigenic variation in S. flexneri and E.
coli O8 were performed in heterologous hosts, it suggests that mutations in a wildtype

background of genes involved in modification or elongation of the O-antigen could effect
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the composition of the O-antigen that is expressed. This would have implications on the
virulence and antigenicity of the LPS molecule. The observations made in V. anguillarum

O1 are consistent with these previous reports.

7.11 Vaccines and Serotyping

The fact that there is possibly heterogeneity of O-antigen within a strain of V.
anguillarum O1 has implications on the serotyping schemes currently in use which are
based on LPS and antiserum developed from this molecule. It has long been established
that the commercial vaccines available based on LPS preparations are not extremely
effective, and that the strain used for the preparation of the vaccine is important for
protection. That is, strains of the same serotype from one geographical location may not
confer protection if used in a different region or location. The reason for this has not yet
been determined. It is therefore possible that full protection may also require the
minor/altered S-LPS types such as those observed in this study. The LPS mutants analysed
in this study were originally thought to have R-LPS based on Western immunoblotting
using an antiserum generated against formalin-killed bacteria (D. Milton, unpublished
data). However, subsequent analysis of these mutants using serum generated against heat-
killed bacteria showed that these mutants did produce LPS and that it was antigenically
different to the wild type LPS, although the molecules may share common epitopes. This
suggests that the method of antiserum preparation is important when investigating LPS
phenotypes and for the classification of V. anguillarum isolates. At this point in time it is
not known why the different methods of sera preparation would produce different
antibodies, although, it is postulated that the use of formalin may have destroyed O-antigen

epitopes, explaining the results obtained with the antiserum raised with heat killed bacteria.
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These observations also have implications on the study performed by Norqvist and Wolf-
Watz (1993) who described the loss of LPS material for a virB (wbhL) mutant (putative
glycosyl transferase) using Western immunoblotting analysis with an antiserum generated
against formalin-killed bacteria. This mutant may actually have LPS with altered O-
antigen but was undetected due to the serum used. The results of this study suggest that
caution is required when using sera to serotype and determine phenotypes related to the

LPS of V. anguillarum isolates/strains.

7.12 Virulence of the wbh mutants

Virulence assays were performed on the wbh mutants (KM2, KM16, KM97 and
KM110) by D. Milton (unpublished data) to determine if these mutants were defective at
any stage of the disease process as tested by the experimental fish model. From the
virulence assays, it is clear that the putative additional genes in V. anguillarum O1, thought
to be required for O-antigen biosynthesis (Chapter 6), effect the virulence of this bacteria.
This conclusion can be drawn as assays performed by both immersion and intraperitoneal
injection of the mutant KM2 (which has S-LPS with a slightly increased molecular weight)
showed that it possesses wildtype virulence for immersion but is avirulent when injected
into the peritoneum. This implies that omE, in to which the transposon has inserted, has a
role in invasion and hence the O-antigen chain length of this bacterium is important.
Virulence assays with the other mutants were also performed, however the virulence
plasmid pJM1, essential for virulence, was lost during the experiment when KM97 (wzm)
and KM 110 (wbhB) were isolated, invalidating the data obtained. Strain KM16 [wbhE +
pIM1] having S-LPS with altered O-antigen of decreased molecular weight, had a loss of

virulence for both immersion and injection. This is not overly surprising as Norqvist and
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Wolf-Watz (1993) had previously shown a loss of virulence by these methods for the R-
LPS mutants, wbhL (virB) and wbhM (virA). In addition a recent study by Boesen et al.
(1999) demonstrated O-antigen length was critical for V. anguillarum to survive in fish in

relation to complement and serum resistance.

7.13 Presence of ISI358 in the wbh locus of V.
anguillarum O1 and the putative O-antigen/capsule
biosynthesis region of O2.

An interesting feature of the wbh locus of V. anguillarum O1 was the discovery that
the previously characterised insertion sequence, IS/358, was associated with this region
and aided in the localisation and isolation of this region.

IS1358, a member of the ISAs! family of insertion sequences (Mahillon and
Chandler, 1998) has been associated with O-antigen and capsule biosynthesis loci in V.
cholerae O1, 0139 (Stroeher et al., 1995) and 069 (Bik et al., 1996). Interestingly other
insertion elements of this family including ISAs] of Aeromonas salmonicida (Gustafson et
al., 1994) and the H-repeats of E. coli (Hill et al., 1994) have also been associated with cell
surface biosynthesis genes. It is therefore postulated that elements in the family ISAsI
have preference for these genetic sequences although they are not located exclusively
within these. The mechanism (or the basis) for this preference is unknown. It is known
that t‘ransposable elements exhibit a degree of preference for a particular insertion point,
despite the fact that their mobile nature is homology independent (Dalrymple et al., 1984;
Gustafson et al., 1994).

In the V. anguillarum O2 serotype two putative rfb/polysaccharide genes were
located between two IS1358 elements. These gene products show significant homology to

polysaccharide biosynthesis-related genes, including bplA from Bordetella pertussis and Vi
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polysaccharide biosynthesis protein (VipA) from Salmonella typhi. The bplA homologue
was an intact ORF, while the ORF which showed similarity to vipA was interrupted by
1S1358 (Chapter 4). Investigations to determine the identity of the sequence beyond the 3°
end of this IS1358 element were not successful, although the isolation of cosmid clones
will allow future investigations of this region. Two different outcomes may arise from the
discovery of the DNA flanking the 3‘ end of this element. If the remainder of the vipA
gene is present, this suggests that IS1358 transposed directly into the gene, however should
different sequences be revealed this indicates the possibility that the two IS/358 elements
in this region jumped into the chromosome using mechanisms similar to compound
transposons.

The organisation of the wbh region of V. anguillarum O1 (this study) and the
putative O-antigen/capsule region in V. anguillarum O2 (this study) are similar to that
observed in V. cholerae O1, 0139 and 069. Figure 7.2 compares the O-antigen
biosynthesis loci of V. anguillarum O1 and 02, V. cholerae O1 and 0139, and highlights
the common features. All of these loci commence with rfaD/gmhD transcribed 3’ to 5,
followed by a JUMPstart sequence and then the polysaccharide biosynthesis genes. The
rfaD/gmhD gene is involved in core biosynthesis and is involved in biosynthesis of the
heptose component of the V. cholerae core oligosaccharide. It has been suggested that the
conservation of the core structure in V. cholerae O1 and O139 allows for compatible
linkage of the different O-antigens in these serotypes (Stroeher et al., 1998). The
conservation of rfaD/gmhD in V. anguillarum is not as easily explained, although it does
appear to have a similar core oligosaccharide sugars to V. cholerae, as determined by
chemical analysis (Banoub et al., 1981). It is most likely that gmhD is conserved so that it

can act as a site of homologous recombination between O-antigen biosynthesis regions



Figure 7.2: Comparison of the O-antigen biosynthesis loci of
V. anguillarum O1, O2 and V. cholerae 01, 0139.

A schematic representation of the O-antigen biosynthesis loci of the V. cholerae O1 (Vc
01), 0139 (Vc 0139) and V. anguillarum O1 (Va O1) (Chapter 5), 02 (Va 02) (Chapter
4). Functions that have been assigned to gene blocks are indicated on the figure. The
arrows indicate the direction of transcription of the various genes. The lighter shading
represents the homology seen between the rfaD/gmhD genes, the darker shading the

IS1358 element(s) associated with the region. * indicates the presence of a partial ORF.
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(Stroeher et al., 1998; Bik et al., 1996) (see below). At the DNA level the gmhD genes
from V. cholerae and V. anguillarum O1 are 78 % identical.

In addition to the arrangement observed at the 5° end of the region, V. anguillarum
Ol and V. cholerae O1 have identical arrangements near the ends of their respective O-
antigen biosynthesis operons. The trsG (wbhO/wbeV) homologue is found located at the
end of these loci and is divergently transcribed. Interestingly, the trsG/wbeV homologue
found in V. cholerae O1 has been shown to be essential for O-antigen expression in this
bacterium (Fallarino et al., 1997). In V. anguillarum the role of trsG (wbhO) in LPS/O-

antigen expression has yet to be elucidated.

7.14 A putative role for ISI1358 in shuffling
polysaccharide biosynthesis genes?

For IS1358 to be involved in rearrangements of polysaccharide biosynthesis loci by
a process involving transposition it would require a functional transposase. In this study, I
showed that only strains with multiple copies of IS1358 produced a protein of the correct
molecular weight (42 kDa) by the T7 RNA polymerase expression system (Chapter 4). It is
proposed that the presence of multiple copies indicates the active nature of some of the
elements within serotypes 02, O7 and O9. V. anguillarum serotypes O2 and O9 have
greater than 9 IS/358 elements as indicated by Southern hybridisation (Chapter 3). The
organisation of the IS1358 elements within the chromosome is reminiscent of complex
transposon-like structures (compound) in which two insertion sequences flank the mobile
regions. Thus, either excision or transposition of this region would allow the genes trapped
between the insertion elements to move.

The single IS1358 element from V. cholerae 0139 was shown to produce a protein,

and Stroeher et al. (1995) suggested that this indicated the element was still potentially
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active and therefore may be able to transpose. Experiments to show transposition of

1S1358 from V. cholerae 0139 have been unsuccessful in our laboratory (U. Stroeher,

personal communication). Recently, Dumontier et al. (1998) reported that IS1358 from V.

cholerae 022, which has multiple copies of the element on the chromosome, was able to

undergo simple insertion onto a plasmid in E. coli, producing 10 bp direct repeats. Given

the similarities between the IS1358 elements of V. cholerae 0139 and V. anguillarum O2, |
O7 and 09, it is highly probable that these elements would be able to transpose and

therefore may be involved in rfb/polysaccharide gene rearrangements.

An apparent role for IS/358 in genetic rearrangements has been suggested (Stroeher
et al., 1995, 1998; Bik et al., 1996). Therefore one of the questions asked in this study was
whether IS7358 may have played a role in the acquisition of these genes. Although the
question still remains to be answered, data collected in this study provides further indirect
evidence from both V. anguillarum O1 and O2 that IS1358 could be involved in gene
rearrangements.

In V. anguillarum O2, the two ORFs (ORF1, ORF2) located between the IS
elements were found to be present in a number of V. cholerae serotypes by dot-blot
hybridisation (Chapter 4). Some of these also contained the IS/358 element, and therefore
it is conceivable that these genes were acquired from or are being swapped between
different species by a mechanism that may involve IS1358.

The researchers (Dumontier et al., 1998) who have shown IS1358 to transpose
believe it is unlikely that IS1358 is involved in the acquisition of novel O-antigen and
capsule biosynthesis genes because they had shown that the element mediates direct
transposition rather than formation of cointegrates, which are commonly associated with
large genome rearrangements. However, this conclusion contradicts their own

experimental data. To perform mobility assays they constructed a compound transposon of
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IS1358 flanking a kanamycin cartridge. This construct was capable of transposition
(Dumontier et al., 1998). This suggests that any genes trapped between these elements, as
observed in V. anguillarum 02, would also be transposed providing a mechanism for the
acquisition of new genes (or gene shuffling).

The presence of IS1358 in numerous O-antigen biosynthesis loci is not a
coincidence. The development and expression of new O-antigen biosynthesis loci would
most likely occur over time with the scenario involving numerous rearrangements to
acquire genes that are capable of functioning together to produce new O-antigen material.
Even if ISI358 transposed without additional genes attached, its presence on the
chromosome would allow homologous recombination to occur with DNA from an
exogenous source that also contained IS7358 and possibly rfaD/gmhD or trsG. Using the
data presented in this study and from other studies, it is unreasonable to dismiss IS/358 as
a player in genetic rearrangements and hence the evolution of new rfblcapsule loci until
evidence is provided to the contrary.

Therefore I suggest that the most likely explanation for the involvement of IS1358
in the evolution of new polysaccharide operons is by a mechanism of rearrangement that
requires initial transposition of IS1358 into the region containing polysaccharide genes and
then subsequent homologous recombination events between polysaccharide operons

containing the element.

7.15 Future studies

There remains unanswered questions regarding LPS/O-antigen biosynthesis in V.
anguillarum. To further determine the role of LPS in virulence and vaccine development

defined mutants of the wbh locus of V. anguillarum O1 are required. This will enable
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specific functions and role in LPS/O-antigen biosynthesis to be determined. In addition,
detailed biochemical analysis of the wbh gene products would also be required to confirm
proposed functions. The role of the additional genes located near the wbh locus also need
to be further investigated to determine their precise role in LPS/O-antigen biosynthesis and
their location in the chromosome. A structure analysis of the S-LPS of a defined V.
anguillarum O1 type strain (eg 85-3954-2/NB10) is essential to elucidate the functions of
the wbh genes.

There is considerable interest in determining the origins of genes in bacteria and
hence the role that ISI358, and other related elements, may play in the evolution of
polysaccharide biosynthesis loci in Vibrionaceae needs to be further investigated. It is
important therefore to demonstrate transposition activity of IS/358 in an autologous host
(eg V. cholerae or V. anguillarum), as this element has only be shown to be mobile in a

heterologous host (E. coli).
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APPENDIX 1:

The nucleotide and deduced amino acid sequence of the O-antigen biosynthesis
locus (wbh) of V. anguillarum O1 (85-3954-2)

The nucleotide sequence is numbered in accordance with Genbank accession number AF025396 and is shown from nt 1 to nt 30627 with restriction
sites as reference. The amino acid translation for each ORF is represented by single letter code below the first nucleotide of each codon. Possible
ribosome binding sites are bolded. The putative JUMPstart sequence is underlined and potential promoters are highlighted and the -35 and -10 boxes
indicated. The inverted repeat sequences of 1S/358 are underlined with a double line. Terminator structures are boxed.

10 20 30 40 50 60 70 80 90 100 110 120

HindIII
5’AAGCTTATTGCGTGAGATCTCTTTACGCTGTTCAGATTCACTGAGTTTGCTGAGAAATGGATGAGTCATTGTATGACCCCCAATTTCAACTAGCCCTGAATCGTGTAATGCTTTGACTTG

130 140 150 160 170 180 190 . 200 210 220 230 240
CTGACGAGACATTAAAGGCACTGGTTTTTCTGGGTTGCTCGGTACTTCAACATCCCAACGGTTAAAATCCTCACCCGTTACTACATAGACAACCGCTTTAAAACCGTATTTTTGTAATAG

250 260 270 280 290 300 310 320 330 340 350 360
CGGCAACATCAATTCGTAGTTATCTTGATAGCCGTCATCAACCGTTAAGATGATATAGCGCCTGCCTGATTCAAGGCGGTGAATAAGCCCTTTATCCGCTAAATCTTTAAAGGTTAGCGT

370 380 390 400 410 420 430 440 450 460 470 480
TTCAAACCCCATTTTTTTTAGCAGGTTGAAGTGCTTCTCAAGTATGTCAATATGCAGATAGGTACCATGTACGCCCTTTTCACTTTCATCCTTAATAAAGCGATGATACATAATAATCGG

490 500 510 520 530 540 550 560 570 580 590 600
CATCTCTTTACGCAGCTTTTCAACATAAACCGTTTGATAAATATCTTCTATTTGATCGACCACATTGGTTAAGCTGTAGCTGTGCTGAATTATTTCACTGACTTGTGGCGAGCAGTGTGG

610 620 630 640 650 660 670 680 690 700 710 720
CGTTTTTAACCCTTGTTCTACATATTGACTAATTTTTGAAAAATTAATATCGAGATCTTTAGGCCCGATGTCACCGAAGTTGTTTGCCATGGCCGTAGCGATATTATCGTCATCGACAAT

730 740 750 760 770 780 790 800 810 820 830 840
ACCAATTGCACTTGCCTCACCGATTGCCAGTGTAGGCCGTCCACACAACAAAGATTCCATTGCCACTCTGCCAGCCCCAATGATTAAGTCTGATTGAGCAAGTATCGAGACGACATCTTG

850 860 870 880 890 900 910 920 930 940 950 960
TGAATAACCAAGAAAGTGAACGTCAGAAGTAAACTTATTAAAACGCGCTTCAATTTTAGATCCAGATATGACCTGAATGTGGTATTTCGCTGAGTCTAAACACTCATCGAGCAACCGATA



970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
ACAAAGATCCCCTTTGGGGCCGGTTAATCGACCAATAATACTGACAACAGGTTTGCTATTTTGAGGAGCATTTTGCCAAGCGAATTCTTGCGTTTCAATTCCGTTTCGGCTTACGACGAG

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CGAACTTTGTGGAACATTCAATTCAGTCATGAGTTGTTGTTCAATGGCCTCACAAACCGGCAGCGCTTTGTCACCCATTGCGTGAAATTTTTTACGAGAGGCGTGTACAGGCTGACGGCC

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
ATGTACTGTGGTGACCATAGGCGTATTTGTTAATTTGCAAGCAATGTGACAACTCCAACTGGAAGCGCGAGAGTGAGCATGCACTAGCTGGATATGGTGTTTCTTAATCAGATAAATAAG

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
ATAACCCACATGCCAAAAGCGGCGAAGAATACTGCGTTTATTAAAACGGAGTTTATAAAATAGCCCTTGGTGAAGTTTTGTTAGCGTATCGGAAACATAAAATACCTTATGCCCACGCTT

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

TGTCAGTTCATCGCCAGCGGTTGTGGCATAAACCTCTGCCCCAGTGACCTCAAGTTGAGATAAGGCCATTAATATGTTCATCAATACTCCACGAGTTAGCAGCCAATGCTTTTCATATGT
«orxrf2

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

CTAAGAAACATGATCAATTTTTCATTCCTCCCTCTTCCAATCGTCACTCCATATTAGTCTTTCATTGAGAGGAGAGATCTATTCGTTACTGCCTTTTAGGGAGAGGTGTTTACTAGTTCC

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
TCCCCCTTTTAGGGGGAGGTTAGGAGGGGGTGATTACAGCCATCACTACTTATTAATCAACGCCATATACTCAGCCACACCTTCAGCCACCGTCTTAAACTGATGCTGGCAACCTGCGGC

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
GCGCAATTTCGTTAAATCGGCCTCAGTGAACTCTTGGTACGCACCTTTTAAGTGATCTGGGAATGGAATGGTTTCAACGTCACCTTTACCATGGTGTTTGATAACGGCTTTAGCGACTTC

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
TTGGAAAGATTCTGCGTTGCCGGTACCCAAGTTATAAATACCGGATACTCCGCTGTTCATAAACCATAAATTCACAGCCGCAACGTCGCCCACATAAACGAAATCACGCTGGAAGGTTTC

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
ACTACCTGCAAACAGTTTCGGGTTTTCACCCGCATTCATTTGATTATTTAAATGAAAAGCAACAGAAGCCATTGAGCCTTTGTGCTGTTCACGCGGGCCATAGACATTGAAATAACGAAA

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
ACCGGTAATTTGGGAAAGAGTTTCACCGTGTGTTTGTGCTTCTTGCCAAATACGGCGCACATAGTTATCAAACTGCTGCTTGGAATAGCCATACACATTCAGCGCACCTTCATACTCTTT

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
TTCTTCAATGAAGGTATCGGTATCGCCATAGGTTGCGGCTGATGAAGCATACAAAAATGGAATGTCGCGCTCTAAGCAGTAGTGCAGTAGCTCTTTAGAATACTCATAGTTATTAAGCAT

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
CACATACTTGCCATCCCATTCCGTGGTGGCAGAGCAAGCGCCTTCATGAAATACGGCTTCGATAGAACCAAAATCCTCACCAGACATGATCTGCACCAAGAAATCGTCTCGGTCCATGTA



2530 2540 2550 2560 25170 2580 2590 2600 2610 2620 2630 2640
ATCGGCAATGTCCAGATCGGCTAAGTTTTTGAATTTACGACCATTTTTTAAATTATCGACAACAAGAATATCACTAATGCCTTGTTCATTTAGCGCTTTGATAATGTTGCTACCAATCAT
«—rfaD

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
-35 -10
GCCAGCACCACCCGTTACGATGATCATACAAAATTCCTATGGTTATAATACGAACAATTACGCGCATTATAGCGGCTTAGCTAGTGGCTGTAATCACAAAATCTAATCTAGGCTAGCGAC

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
AGTCTCGCTCTATCTATGGTTTTGATGTAGTATTTCTGCCCAATAAGCTCGCACCGATTTCATAAGGGATGAGTTCGTTTATATGGAATAGCCGCTTGTAGGAGTTAGACCTAAGGGCGG

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
TAGCATACCTAAAAAACATTAATAATTAATATTATTCGGGTAACAATATGAAGATTTTAGTTACTGGCGGTGCTGGTTTTATCGGTTCGGCAGTTGTTCGCCATATTATTCAAAACACAC
rmlB M X I L VvV T G G A G F I 66 s A vV VvV R H I I QO N T Q

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
AAGATAGTGTGATCAATATTGATAAGTTGACCTATGCGGGGAACTTGGAATCATTACAAGGTATTGACAGTAGTGACCGTTATGCTTTCGAACCAGTCGATATCTGTAACCGTTCAGAAT
D S v 1 N I b K L T Y A G N L E S L Q G I D § 8§ D R Y A F E P V D I C N R S E L

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
TAGATCGTGTGTTTTATGTGCATCAACCAGATGCGATTATGCACTTGGCCGCTGAATCCCATGTGGACCGTTCTATTGATGGCCCTGCCGCGTTTATTGAGACCAATATCGTTGGCACTT
D R V F Y V H @ P D A I M H L A A E S H V D R § I D G P A A F I E T N I V G T Y

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
ATACCTTGCTTGAAGCTGCGCGCAGTTATTGGAACACGCTTGAGAGCAATAAAAAATCGGCATTCCGCTTCCATCATATTTCAACCGATGAAGTGTATGGTGATTTGGAAGGTACAGATG
T L L E A A R S Y W N T L E S N K K S A F R F H H I s T D E V Y 6 D L E 6 T D D

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480
ACCTCTTTACCGAAGAGACTCCATATTCACCTTCTTCACCTTATTCTGCATCGAAAGCTTCTAGCGATCACTTATTGCGAGCTTGGTTACGTACCTATGGTTTTCCTACCATAGTCACTA
L F T E E T P Y S P S S P Y S A S K A S s D H L L R A W L R T Y G F P T I V T N

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
ACTGCTCTAACAATTATGGACCATACCATTTTCCTGAAAAGCTGATCCCATTAATGATTCTGAACGCTCTGGACGGTAAACCACTTCCTGTCTATGGCGATGGAATGCAAATTCGCGATT
¢c §s N N Y 6 P Y H F P E XK L I P L M I L N A L D G K P L P V Y G D G M 0 I R D W

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720
GGTTGTTTGTCGAAGATCACGCTCGAGCGCTTTATAAAGTGGTAACAGAAGGCCAAGTAGGTGAAACCTACAACATTGGTGGTCATAACGAAAAAGCTAACATTGAAGTGGTGAACACAC
L F V E D H A R A L Y K V Vv T™ E G Q V G E T Y N I G G H N E K A N I E V V N T L

3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
TCTGTGCATTACTTGAAGACTTAGTTCCGAATAAACCTGCCAACATTACCCATTATGCAGACCTTATTACTTACGTTAAAGACCGCCCTGGACATGATGTGCGTTACGCGATAGATGCCT
¢ A L L E D L VvV P N kK P A N I T H Y A D L I T Yy v K D R P G H D V R Y A I D A S

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960
CTAAAATCGAGCGAGAGCTAGGCTGGAAGCCAGAAGAGACGTTTGAATCAGGTATTCGAAAAACAGTGGAATGGTATTTGAATAACCGCGAATGGTGGAGCCGAGTATTAGATGGTTCAT
K I E R E L G W K P E E T F E S 6 I R K T V E W Yy L N N R E W W S R V L D G S Y



3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080
ACAGCTGTGAGCGTTTAGGCTCTGGGCAATAACAATCAATTAAGTTGGCGATTTCATGAAAGGCATTATCTTAGCGGGTGGCTCTGGCACTCGTCTTTACCCCATTACTCGTGGTGTATC
s ¢ E R L G S G Q ~* rmlAM K 6 I I L A 6 G $§$ G T R L Y P I T R G V S8

4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
AAAACAACTTCTTCCCATTTACGACAAGCCGATGATCTACTACCCGCTTTCGACATTAATGTTGGCGGGGATTCGCGACATTCTGATTATCACCACTCCTGAAGATAACGAAAGCTTTAA
K ¢ L L P I Y D K P M I Y Y P L S T L M L A 66 I R D I L I I T T P E D N E S8 F K

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
ACGCTTATTGGGGGATGGCAGTGACTTCGGTATTCATCTGCAATACGCGATTCAACCTAGCCCAGACGGTTTAGCGCAAGCCTTCCTTATCGGTGAAGAATTTATTGGCAATGATTCAGT
R L L 6 D ¢ § D F 66 I H L @ Y a I o P S P D G L A 0 A F L I G E E F I G N D 5 V

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440
CTGCTTAGTGTTAGGTGATAACATTTTCTATGGTCAATCATTTAGTAAAACACTGAAAAGCGCCGCTTCACGTGAGCATGGCGCAACAGTTTTTGGTTACCAAGTGAAAGACCCTGAGCG
¢ L VvV L 6 D N I F Y G @ 8§ F 8 K T L K S A A S R E H G A T V F G Y @ V K D P E R

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
TTTTGGCGTAGTGGAGTTTGATGAGCAGATGCGCGCTATCTCAATCGAAGAAAAGCCCCTTAAGCCCAAGTCAAACTATGCCGTCACAGGACTGTATTTCTATGACAACCGAGTGGTGGA
F ¢ VvV VvV E F D E Q@ M R A I s I E E K P L K P XK 8§ N Y A VvV T G L Y F Y D N R V V E

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680
GCTTGCCAAGCAGGTCAAACCGTCGGCGCGCGGTGAACTAGAAATTACCACCCTTAATGAAATGTATTTAAACGATGGCTCACTCAATGTGGAGCTGCTTGGCCGTGGGTTTGCTTGGTT
L A K Q V K P 8§ A R G E L E I T T L N E M Y L N D G $ L N V E L L 66 R G F A W L

4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
AGATACGGGTACCCATGAAAGCCTGCATGAAGCCTCTTCTTTTGTTGAAACCGTGCAGCATATTCAAGGCTTGAAGATAGCGTGTTTAGAAGAGATTGCGTGGCGAAATGGATGGCTCTC
D T ¢ T H E S L H E A § S F VvV E T V 0 H I 0 G L K I A ¢ L E E I A W R N G W L S

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920
TTCAGGACAACTTCTTGAGTGCGCTAAACCTATGCTTAAGAATGACTATGGTCAATATTTGGCGGGGTTAGCTAAAGAGGAATCCCATTCATGATGCGTGTTCTAGTGACGGGTAGTCAT
S G Q L L E cC A K P M L K N D Y G Q Y L A G L A K E E s H S *M R V L V T G S H

rmlD—

4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040
GGGCAAGTCGGCTATTGTTTAGCCCATCAACTCAATTCCATGGTTGATGTTGAGTTTTTAGCGGTAGACCGCGAGCAATTGGATATTACCAATCCGTGTCACGTCAATTCGGTGGTTAAC
¢ 0 V 6 Y ¢ L A H Q L N S M V D V E F L A V D R E @ L D I T N P C H V N 8§ V V N

5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
GAGTTCAAACCAAACATCATCATTAATGCTGCGGCGCACACCGCGGTTGATAGAGCGGAACAAGAGGCAGAGCTCTCTTACGCGATTAACAGAGATGGCCCTAAACATCTAGCCCAAGCT
E F K P N I I 1 N A A A H T A VvV D R A E Q0 E A E L S Y A I N R D G P K H L A Q0 A

5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280
GCACATAAGGTTGGTGCGGCTATATTGCACATCTCGACAGACTATGTGTTTTCCGGTGATAAACCGAGCGCATATATAGAAGCCGATTCTACATCGCCTCAGGGGGTTTATGGCAAAAGC
A H XK V G A A I L H I s T D Y V F S G D K P § A Yy 1T E A D S§ T S P Q G V Y G K S

5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
AAATTAGCGGGAGAAATCGCGGTTGCGCAAGCTTGCCCTAGGCACATTATCTTGCGCACGGCTTGGGTGTTTGGTGAGCATGGCAATAACTTTGTGAAAACCATGCTCCGTTTGGCACAA
K L A G E I A VvV A Q A C P R H I I L R T A W V F G E H G N N F V K T M L R L A Q



5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520
ACACGCGATGCATTAGGTGTTGTGTCAGACCAGTATGGTGGCCCGACGTATGCGGGAGATATTGCTAACGCGTTACTGATAATGGCGAAAGCGATTGTTGAAGGGAAGTCGACGGCCTTT
T R D A L G V V § D Q Y G G P T Y A G D I A N A L L I M A XK A I V E G K s T A F

5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640
GGTGTGTACCATTTTTCAGGGACACCCCATGTCAGTTGGTATGACTTTGCTTGTGCCATTTTTGATAAAGCCCGTGAACAAGGATTATTAAATAAACCCTTGCAAGTCAATGCGATAACC
¢ VvV Y H F S ¢ T P H V 8§ W Y p F A ¢ A I F D K A R E 0 6 L, L N K P L Q V N A I T

5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760
ACCAAAGATTACCCGACTCCGGCGAAGAGGCCGGCTAACTCCAAGTTAGAGACCCAGAAAATCCATCAACACTTTGGTGTGGTTGCCAGCGATTGGCGGGCGGCGTTGAACCATCTCATC
T X D Y P T P A K R P A N S K L E T O K I H Q H F G VvV V A S D W R A A L N H L I

5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880
GACTATAAGAGTGAATAGCAATGAAAGTGATAGAGACAGACATTCCTGATGTCAAAATTATTGAGCCGACCGTGTTTGGTGATGAGCGTGGTTTTTTTATGGAAACCTGGAACCAACAGC
D Y K S E ol M K V I E T D I P D v K I I E P T v F G D E R G F F M E T W N Q Q R

rmlC—-

5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

GCTTTGAAGAACTGGTAACAGGTAAGCCAACGCAGTTTGTGCAAGATAATCACTCAAAATCCAAAAAAGGAATTTTACGTGGCTTGCACTACCAGACAGAAAACACGCAAGGTAAATTGG
F E E L v T ¢6 K P T Q F V Q D N H S K s K K ¢ I L R G L H Y @ T E N T Q G K L V

6010 6020 6030 6040 6050 6060 6070 6080 6030 6100 6110 6120
TTAGAGTGGTATCTGGCGAAGTGTTTGATGTGGCAGTAGATATTCGAAAAGATTCACCGACGTTTGGCAAATGGGTTGGTGTGCACCTGTCAGCAGAGAACAAGCGTCAGTTATGGGTAC
R VvV VvV §s G E vV F D v A Vv D I R K D s P T F G K W vV 6 VvV H L § A E N K R Q L W V P

6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240
CTGAAGGATTTGCGCATGGTTTTTATGTAACCAGTGAAGAAGCGGAATTTGTGTATAAATGTACGAACTATTATAACCCAGAGGCTGAGCACACTTTGCTTTGGAATGATGAATCCATAA
E 6 F A H ¢ F Y v T S E E A E F V Y XK C T N vy ¥ N P E A E H T L L W N D E s I N

6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360
ATATTGATTGGCCAAATAAAACGTGCCCATTACTTTCCGAGAAAGATGTTCATGGTAAACATCTTTCTGATATTATTTGGCTTTAATTATATTTTAAGTCTTTGGTTTGGGCGTTGCTCA
I D W P N K T ¢ P L L S E K D V H G K H L s D I I W L *

6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 6480
AATAATATCTGCTTTTAGTTTGGTGATAAAATTTAATTGATAGACAATATCATAAAAAGCATATTTTTAACTATATTATGTTTTGATTGTAAAAAATTTAGAATATCCTAAGGTAGCGAA

6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600
AAATGTATAAATTACCGTCCAAGTTTGTCCATGATGTTTTTAGCAGTTATGAGCTGTTGTTTCCGATGGCTAAACGAGATATTAGGAGCCGCTACTTGGGTTCTCTCTTTGGAGGTGTCT
wzm M Y K L P S K F Vv H D V F s§ s Y E L L F P M A K R D I R § R Y L 6 8§ L F G G V W

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 6720
GGGCATTCATTCAACCTCTTGTTACCATTCTTGTTATATGGTTCGTTTTTCAGGTCGGATTTAAAGCTCAGGCAACGGATGATGGTGTTCCTTTTACACTTTGGTTGGTTTCTGCAATGA
A F I ¢ P L VvV T I L Vv I W F V F Q V G F K A Q A T D D G V P F T L W L V § A M I

6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6840
TACCATGGTTTTTCGTTGCTGAAATGTTGTCGAGCGGAACTAACTCAATTATAGAGCAAGCTAATATTGTAAAGAAGATAGTATTCAAAGTTAGCTTGCTACCAATCGTGAAAATAATAT
P W  F F V A E M L 8§ § G T N 8§ I I E Q@ A N I Vv X X I VvV F K v s L L p I V K I I S



6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960
CAGCATTGATGATCCATATATTTTTCATTGTGATTTTATTTACGGTTTCTATCGCTTACGGTTACTATCCTAAAGTGGGTTGGTTACAAGTTCCATATTATATTTTATGTTCGTTGGTAT
A L M T H I F F I v I L F T VvV 5 I A Y G Y Y P K V 6 W L @ VvV P ¥ Y I L € s L V L

6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7080
TGATGCTAGGTATTTCTTGGATTACTTCTTCAATAATTGTTTTCTTCCGAGATGTCGGACAAATTATTGCGGTGTTGATACAGTTAGGTTTCTGGGCAACGCCCATCTTTTGGAATATAA
M L ¢ I § w I T $ S 1 I VvV F F R D v ¢ ¢ I I A V L I ¢ L 6 F W A T P I F W N I T

7090 7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200
CGATGGTTCCAATTGAATACCAATGGGTATTGAAACTAAATCCGGTATTTTATATTACGGAAGGCTATAGAAATACAATAACAACAGATCTTTGGTTCTGGGAGTCTTTTTTATGGACTG
M v P I E Y Q W V L K L N P V F Y I T E ¢ Y R N T I T T D L W F W E S F L W T A

7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320
CATACTATTGGATTTTTACTTCTTTTACTTTATTAGTCGGAATTGTTTGCTTTAAAAAACTAAGACCACATTTTGCTGATGTACTATAGGGAAGLAATATTTGATGAATGATGTAGTTAT
vy Y w I F T §8 F T L L Vv 6 I Vv C F K K L R P H F A D V L *~ wzt M N D V Vv I

7330 7340 7350 7360 7370 7380 7390 7400 7410 7420 7430 7440

TAGTTGTGAGAATATAACTAAAATATATCCTATGTATGATGATCATCGGGATAGGTTTAAAGAGGTCTTTCACCCGTTCAGAAAAGTTTATCACAAAAAGTTTCACGCTCTTGATGATGT
s ¢ E N I T K I Y P M Y D D H R D R F K E V F H P F R K V Y H K K F H A L D D V

7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560
TAGTTTTGAGGTGAAAAGAGGTGAGACTGTCGGAATTGTGGGGAAAAATGGTGCCGGTAAATCAACGCTTCTTAAAATTATTACTGGAGTCTTGACTCCAACATCTGGCTCGGTAAAGCT
s F E VvV K R G E T VvV 6 I V G K N G A ¢ K § T L L ¥ I I T G V L T P T S G S VvV K L

7570 7580 7590 7600 7610 7620 7630 7640 7650 7660 7670 7680
CAATGGAGTTGTTTCATCATTACTTGAGTTAGGAACTGGATTTAACCCCGACTTAACAGGTATCGAAAATATTTATTTGAATAGCTCTTTGATGGGAATTCAGAAAGAAGATATAGATAA
N ¢ vV Vv § § L L E L 6 T GG F N P D L T ¢ I E N I Y L N s § L M 6 I Q@ K E b I D K

7630 7700 7710 7720 7730 7740 7750 7760 7770 7780 7730 7800
AAAACTGGCTCAAGTAATAGCCTTTGCTGATATTGGAGAGCATATCCACCAACCGGTTAGAGGATATTCATCAGGAATGTTTGCCAGACTAGCATTTTCTGTAGCGATCAGTGTTGAACC
K L A Q VvV I A F A D I G E H I H Q P V R G Y S 8 6 M F A R L A F s Vv A I s V E P

7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920
TGATATATTAATTGTCGATGAAGCATTAGCAGTTGGCGACGCCGCTTTTGTAAATAAATGCTATGGAAAAATTAATGAACTAAAAAGTAAGGGTATGACACTCTTATTTGTAAGTCACAG
p I L I VvV D E a L A V G D A A F V N K ¢ Y ¢6 K I N E L K 8 K 6 M T L L F V S H 8§

7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040
CTTGGGAGCTGTCTCGGAGTTATGTACGAAAGCGATTTTAATTGACAATGGGAAATGTCTGTTGGTTTCTGATGTTGAGACTGTTGTTAACCAGTATAATAGGATGATTAGGTCTTCTTT
L 6 A V 8§ E L € T XK A I L I D N G K ¢c L L VvV § DV E T V V N Q ¥ N R M I R § S F

8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 8150 8160
TGATAAAAATTTACAAGAAAATGAAAATATAGAAGAAACTACATTCGACAGCAGTGAAAAAGATACTTCAGAAATCTCTCTGATTAGTAATGTTAAATCGAAAGATATATTTAATATTAA
D XK N L ¢ E N E N I E E T T F D s §Ss E XK D T s E I s L I § N V K S K D I F N I N

8170 8180 8190 8200 8210 8220 8230 8240 8250 8260 8270 8280
TAATGAGTTTATGAATAAGCATTCAAAGACTAGATATGGGAAGGGCGGGGCTAGGATTGTCAATGTAGAGATCATTGAGGGAGACGACAATAAGAATAGGTTGTTTTCGTATAATACAAA
N E F M N K H S8 K T R Y 6 K G G A R I v N vV E I 1 E G D D N K N R L F § Y N T K



8290 8300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400
AATAAAATTAAGGGTATATATAAAATCGGATCAAAATCTGAATAAATTGAACTGTGGATATTTCATTAGAACGGATAAGGGATTGTCTATTGTTGGTAACAACTTAGAGTCTTCAAAGTT
I X L R V Y I X 8§ D o N L N K L N c ¢ Y F I R T D K 66 L 8 I V 6 N N L E S S8 K F

8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520
CGAATTGAGAGATCTAAAGGCTAATCGAAAAGTTATTATAGATTTTGATATCCCATTGACTATCAAGTCTGGTATCTATTCGTTAACGGTTGTTTTGGGTGCCAGCGATTCTGAAAATAA
E L R D L X A N R K Vv I I D F D I P L T I XK §S ¢ I Y § L T V V L G A S D S E N N

8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640
TGAGTTTATAGTCGATTGGGTTGATTTGGCTGACTCATTTGAAGTTTTCCATTCAAAAGACCAATACTCTTTTGAATATATGGTACATATTCAAAATAAAATTTCAATGAATTATATCGA
E F I VvV D W VvV D L A D S F E V F H s XK D Q Y S F E Y M v H I Q N K I s M N Y I D

8650 8660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760
CTAAATATTTTTTACAAAGGTTCTTATATATGTTTAATAACAAAATATTCCAAACGATTAAAAGAGATTCTGAATTAGAAGAAAAAATAACACAAGATATGAAAGAAAATTCGGGTGTAT
* wbhA M F N N X I F Q@ T I XK R D s E L E E K I T Q b M K E N S G V F
8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8880

TTGCTCCACATTCTCACTGGGATAAGGTCAATACTACATACTGCACTTCAGATGAGGAATCGCTGACCTCTCTTTTGGATGATTTTATTGGTTCTGAAGGTTTAAAACCAATTGACCAGC
A P H S H W D K v N T T Y C T s D E E S L T § L L D D F I G S E G L K P I D Q @Q

8890 8900 8910 8920 8930 8940 8950 8960 8970 8980 8990 9000
AGCAACGAGCATTGTATGAAAATTTTTTTGAGGCAATAGATAACTTGAATTTGAAAAATAATTTGAATGATAGTGCTATCGCAACAGATAACGGAAGTGTAATGGATATTAACCTGATTA
Q R A L Y E N F F E A I D N L N L K N N L N D s A I A T D N G s v M D I N L I N

9010 9020 9030 9040 9050 3060 9070 ‘ 9080 9090 9100 9110 9120
ATATTTTTAGTAAGAATTCTCGAGATAAAACCTTTAATATTTGTGAGGTTGGCGGAGGCTACGGGCGTCTGGCTAGAGTTTTTTCTAATTTTTATAAGGGTTCCGTAAAATACGTATTGG
I F S K N S R D X T F N I C E V G ¢ 6 Y 6 R L A R V F 8 N F Y K G S vV K Y vV L V

9130 9140 9150 9160 9170 9180 9190 9200 9210 9220 9230 9240
TTGACTCTGTGCCTGTGAGTATTATGTTTTCTTACCAATATTTGGTTGATCAATGCCCTGAAGCTAAAATCGGTTTTTACTATAACGGTGATGAGTTTGATTTAGATAAGTATGATATAT
D S V P VvV s I M F S Y @ Y L v b o C P E A K I G F Y ¥ N ¢ D E F D L D K Y D I Y

9250 9260 9270 9280 9290 3300 9310 9320 9330 9340 9350 9360
ATATCGTACCATCTTGGCACTTTGAAAAAATGAATAATGTAAAGTATGATATTGCCATTAATATAGAAAGTATGCAGGAAATGAACTTTGAGGAAATTAAAAGGTTCATGAATATCTTTG
I Vv P S W H F E K M N N V XK Y D T A I N I E S M Q E M N F E E I K R F M N I F D

9370 9380 9390 9400 9410 9420 9430 9440 9450 9460 9470 9480
ATAGATGTGTGAAAGATAATGGTATTATTTACTTATCTAACTCGAAAGAATATGTTTACAAAGGAGAGTGGCCATATCCAGATAACTGGGAATGCCAATTTAGACAAAATACCCCTCGTT
R ¢C V XK b N ¢ I I Y L s N s K E Y vV Y K ¢ E W P Y P D N W E €C Q F R O N T P R S

9450 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 3600
CATGGACGAAAAAACATCCGACAGAGATCTTTAAAAAATCAGATGGTTCATTTTCGGATAAGGAATCTTTGTTTGAATTTTACTCAAATGTCGAAGAGTTATATGAAATGGGATTCGATG
W T XK K H p T E I F K K S8 D G 8§ F s D K E § L F E F Y 8§ N V E E L Y E M G F D G

9610 9620 9630 9640 9650 9660 9670 9680 9690 9700 9710 9720
GTAATTCAACACAATATTTGAGTAAAAATAGCTTAGAAGAATCATTAAAAAAAGCGTATGAAAACAATTCCTATTTGACAGGAAAAGTTTCTCATTTGACAGAAGAAAAAGAAAAAGCTG
N S T ¢ Y L S K N 8 L E E § L K K A Y E N N S Y L T G K VvV s H L T E E K E K A E



9730 9740 9750 9760 9770 9780 9790 9800 9810 9820 9830 9840
AGCAGTATATTAAAGAGATTGAATCATCAAGGCTATACAAATTAAGGTCTTTTCTAAAAAGATAATGGTATTTTAGAGQAQQQAAAQQQQAEQAAGGTCGTTGATATATAAGGGCTGCAA
Q Y I X E I E S 8 R L Y XK L R § F L K R * I81358—>

9850 9860 9870 9880 9890 9900 9910 9920 9930 9940 9950 9960
AGATGCTAAGAATCCGCTTTGAACCTATCACTAATCCCAACTATTGAATGTAACCACATGAAAATAAAGATCTGCTTGTAGATCATTTTCGTTGTTTTCTAATTGCTCCTAGACAATATA

9970 9980 9990 10000 10010 10020 10030 10040 10050 10060 10070 10080
GGAGCCTAAATATGAGCGAGTTAACCAACCCATTTATGCATTTCCAAATCATTAAAGATTATCGACAGGAAAATAAAATAGCACACAAATTATCAGACATTATTTTGCTGACAATTTGCG

10090 10100 10110 10120 10130 10140 10150 10160 10170 10180 10190 10200
GCGTCCTGTCGGGTCATGATGGCTGGGATGGCATTATCGATTTTGGCAATGCTCGCTTAGATTTCCTCAAACGATATGGTCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTC

10210 10220 10230 10240 10250 10260 10270 10280 10290 10300 10310 10320
GTGTGATGGGCATGATGAATCCGGCAGCGTTGCAAAGAAGCTTTATAGCTTGGATGAAGGACTGCCATACACTGACGGATGGAGAAGTCATCGCTATCGACGGTAAAACATTACGTGGCT

10330 10340 10350 10360 10370 10380 10390 10400 10410 10420 10430 10440
CTTATGACCGCTCGAAGGGTAAAGGAACAATTCACATGGTGAATGCTCTTGCTACTGCAAACGGAATGAGTATCGGCCAACAGAAGGTTGATAGTAAAAGTAATGAAATTACCGCGATCC

10450 10460 10470 10480 10490 10500 10510 10520 10530 10540 10550 10560
CCAAGCTACTTGACTTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGCCAAAAGAAAATAGCGCAAGAAATTCTCGATAAAGAAGCGGATTATTTGTTAGCAGTGA

10570 10580 10590 10600 10610 10620 10630 10640 10650 10660 10670 10680
AAGGGAATTAGGGAATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGCTTCAAGACTTTGACGGCAGTTCTTACAGTACTCAAGAAAAAAGTCACGGAAGAACGGAAACGA

10690 10700 10710 10720 10730 10740 10750 10760 10770 10780 10790 10800
-35
GAGTGGCTTTAGTGAGCCGTGATTTGTCGGTTTTAGGTGATATTGAGCATGAATGGCCCGAGCTAAAATCAATGGGCATCGTCGCTTCGATTCGCCAAGAATCGGCTGTAGCAACAGAGC

10810 10820 10830 10840 10850 10860 10870 10880 10890 10900 10910 10920
-10
AAGATGTGAGTATTCGTTACTATATTTGTTCTAAAGAATAAGAAGCCCAAACTCTGCTTGAAGCGACGCGTTCTCATTGGGGCGTAGAGGCCATGCATTGGTCCCTTGATACCGCATTTA

10930 10940 10950 10960 10970 10980 10990 11000 11010 11020 11030 11040
GTGAGGACAACTCTCGTATTAGAGCCGATGATCGCGCAGAGGCTTTAGCAAGGATCAGGCAGATGTGTTTGAACCTATTAAAGAGTGAAACCACCTTTAAAGGTGGCATTAAACGCAAAC

11050 11060 11070 11080 11090 11100 11110 11120 11130 11140 11150 11160
GGATGAACTGCGCAATGGACGAAAACTACCTAAGTAAGGTTCTCGAAAGCCTTATCGGGCGGTGATGIIQAIQQQQIIIQQQIQAACTAACGGAGTTGAAATGGTAAATAATAAACTTAA
¢« IS1358 wbhB M V N N K L K

11170 11180 11190 11200 11210 11220 11230 11240 11250 11260 11270 11280
GGAAGTAGAGTTTCATAATATGATTCTGCTTTTTTTGCTTTACACGTTTGTGTATGCAATTTCAGTTGTTACGAGAGTAAGTTCATCTGAGTTTATGGGGATTGATCCTCAATCAATAGT
E VvV E F H N M I L L F L L Y T F V Y A I S v v T R V S 8§ 8 E F M 66 I D P Q s I V

11290 11300 11310 11320 11330 11340 11350 11360 11370 11380 11390 11400
TACTGCTATTAATGAGTTAACAACACCTCCTTACTATAATATGAATGATTCATATCACTCAAAGTATTATGGATGGACGTATTTTTCTCTGAACTTTCTGGTTGTTTTAATAGCAAAATG
T A I N E L T T P P Y Y N M N D S Y H S8 K Y Y ¢ w T Y F S L N F L VvV V L I A K C



11410 11420 11430 11440 11450 11460 11470 11480 11490 11500 11510 11520
TATGGGGTTTAATTCAGAGTTTGAAATTAATGTGCTTATTCGTAGTGTTGTTTATATAATTGGCGCATGTTTAGTTCTATCCTTATACATTTTCTCTCGAGAGATATTCTCGAAGTTTGT
M ¢ F N S E F E I N V L I R 8§ V Vv Y I I ¢ A ¢ L V L § L Y I F s R E I F S K F V

11530 11540 11550 11560 11570 11580 11590 11600 11610 11620 11630 11640
ATCTTTTGTTTTAGTGTTGTATTTTATGTTTGACCCTGTTGTCTCTCATTATATAACATTAATCCACCCTGAAGCGTTAGGTATGACCTTGCAAATACTAGGTTGTTATTTCCTTATTAG
s F v L vV L Y F M F D P V Vv s H Y I T L I H P E A L G M T L @ I L 66 C Y F L I R

11650 11660 11670 11680 11690 11700 11710 11720 11730 11740 11750 11760
ATTCTATAAGGGTGGAGGGGAAAATAGCTGGATTTTTTATTTTTCTATAATATTACTTTCTCTATCCTCTTTAGCAAAGCAACCATTTTTTATAATTAATTTTTTTATTGGATGTATTTA
F Y K G 6 G E N s w I F Y F § I I L L S L § S L A K Q P F F I I N F F I G ¢ I Y

11770 11780 11790 11800 11810 11820 11830 11840 11850 11860 11870 11880
CCTCAAGTTTCTTGCGGACAAACTTAATTTAAGCTATAGAAATATAATTAGTTTTTTTCTCCATTCTGTAATAATTTTCCTTGCCTGCTTCTTAATTATTCATCCTTATGCTTTTATTGA
L K F L A D K L N L S Y R N I I S F F L H S v I I F L A C F L I I H P Y A F I E

11890 11900 11910 11920 11930 11940 11950 11960 11970 11980 11990 12000
GTTTGATAGGTTTATTTTGGCTCAGTCAGAACTGTCATCAGGCCATTCGTCAGGAAGTATGAGTGAAGTTTTAAATATTTGGTTTTCTGAATATTCAAAAAGCTTACTTTTTTTCTTCCA
F D R F I L A @ S E L 8§ S G H s s G § M S E V L N I W F S E Y 8§ K 8 L L F F F H

12010 12020 12030 12040 12050 12060 12070 12080 12090 12100 12110 12120
TACAGTTGTTTTGGTATTAGTTACATTTTCTAGGGATAAAAATAAGTACCACTTTATATCTCTAGTTACGGTATCATTGATAGTTGTTGTGTTTATGTATAAGTCTAGGATTTTCATTAA
T v V L, VvV L v T F 8 R D K N XK Y H F I S L VvV T v § L I VvV VvV VvV F M Y K s§ R I F I N

12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240
CCTTGGATATTTATTCCCTTTATATTTATTGGCTTTTGTAAATATTACTTATTTTTTTGTTAAATATTTAAAAATAAATAATATATATAATAAATCTCTAGTCTCCATTATTTTAGTCTT
L ¢ Y L F P L Y L L A F V N I T Y F F V K Y L K I N N I ¥ N K S8 L Vv s I 1 L V L

12250 12260 12270 12280 12290 12300 12310 12320 12330 12340 12350 12360
AGTTCCCCTTAATTTTTTATCTAATTTTTTCTTCAGCGTATTTGAAACCCAGCATAAGTACTATATTGATGGCTTGGCAACGAAAAACTCAATATGGAACTATATAAAAACTCTTCCTGA
v P L, N F L S N F F F s V F E T Q H K Y Yy I p ¢ L A T K N 8 I W N Y I K T L P E

12370 12380 12390 12400 12410 12420 12430 12440 12450 12460 12470 12480
AAATACAAAAATTGCATATTCACCAAACATTGCAGTACCAAATCCATACAAGTCAATAGGTTGCCATGCTTGGCAAGGCTGCGCAAAATCAACCGATTTAAGAAAGTATAATCCTGATGT
N T XK I A Y s P N I A V P N P Y K 8 I G C H A W Q @ ¢C A XK § T D L R K Y N P DV

12490 12500 12510 12520 12530 12540 12550 12560 12570 12580 12590 12600
GATTGTTTATAGTCCTAAATATACCTTCTTCGAATCAGATGAATATACAAACTATATTAATAAATATGGTTATATTCTTGTGAGTACTGTATCACCAGCACCTGAAGTGAATTATACGTG
I Vv Y S P X Y T F F E S D E Y T N Y I N K ¥ 6 ¥ I L v § T Vv S P A P E V N Y T C

12610 12620 12630 12640 12650 12660 12670 12680 12690 12700 12710 12720
TAGTTCAACATCTTCCGTAGGGGAGGGGAAAGGGGTAGAGAATACTTTCTACTTTTTTAATATACCTCGTCTTGTCAGTAATATTTCGAGATGTATTGATAGTTATAAGCTCTCAATACT
s §s T S §$ vV G E G X 66 V E N T F Y F F N I P R L VvV 8 N I § R € I D S8 Y K L S I L

12730 12740 12750 12760 12770 12780 12790 12800 12810 12820 12830 12840
CCAAAAGAAAAAATCAAGCTTAACGGGATTAGAATCTATGTATATGAGAGGTAAAGTTATTGAAACCTAATGATTAGTGGATACGGTGAGTTTATATTATTCCCTCTTTACAATAAAATT
0 K K K 8 s L T 6 L E S M Y M R G K VvV 1 E T *



12850 12860 12870 12880 12890 12900 12910 12920 12930 12940 12950 12960

-35 -10
TTATGAAAAAGTTCCAGGTTTTATTTAAATATTAATCGTACGAAGCATTTTTAGATGCGTACTAAGTCATATATTCAGAAATLTAGTTTATGGAATTTAAAGTAATAGTTAAACCGTCAG
ddkp M E F K VvV I VvV K P S5 G

12970 12980 12990 13000 13010 13020 13030 13040 13050 13060 13070 13080
GTGTTGAATATCAAAGTGGAAGAAATATTCTTGATGATGCCTTTGCAAGCTCCATATCATTAGAGCACAGTTGTAAAACAGGTGACTGTGGAGTTTGTTGTGCTGAGGTAATTTCTGGTT
v E Y 9 § G R N I L D D A F A S s I 8§ L E H S € K T 6 b CcC 6 Vv C € A E v I S8 G L

13090 13100 13110 13120 13130 13140 13150 13160 13170 13180 13190 13200
TGGTAGAAAACGAGAATGGTGAATTGGTAACTCAAGGACATATCCTTACTTGCCAATCAAAAGCAAAATCAGATGTTGTTTTAAAGGCTAATTATTATCCTGAACTTGTAGATATAAAGC
v E N E N 66 E L VvV T 0 G #H I L T C Q s K A K 8§ D V V L K A N Y Y P E L V D I K 0

13210 13220 13230 13240 13250 13260 13270 13280 13290 13300 13310 13320
AGCAAACAATATCATGTAAAGTTGCAAGCTTTGAATTTGTCACTAAAGATATTGTTTCGATTAGGTTTCGATTTTCACCAAAAACTATATTCAATTATTTGCCAGGCCAGTATGTTGATT
Q T I S €C K V A s F E F V T X pD I Vv 8 I R F R F S P K T I F N Yy L P G Q@ Y VvV D L

13330 13340 13350 13360 13370 13380 13390 13400 13410 13420 13430 13440
TAAGTTTTAGGGGAGTAAAGCGTAGTTACTCAATAGCGAATGCTAAAAGTAAGTCTAATGAATTAGAATTGCATATCCGTAAAGTTCCAAATGGGGAAATGTCAGAGCTATTATTTGAAC
s F R 6 V K R s Y 8 I A N A K S K S N E L E L H I R K VvV P N G E M S5 E L L F E H

13450 13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560
ATTTAAAAGAAAATCAGTTAATGCGAATAGAAGGTCCGAAAGGCACATTTTTTGTAAGGGATAATATTAAACCATTAATTTTTATTGCAACAGGTACTGGTATCGCTCCAATAAAAGCCA
Lt K E N 0 L M R I E G P K G T F F V R DN I K P L I F I A T G T G I A P I K A I

13570 13580 13590 13600 13610 13620 13630 13640 13650 13660 13670 13680
TAGTTGAAGAACTTATTGCAAAAGAAGATAAACGTAATGTTTATATCTATTGGGGTATGCGATACAAAAATGAAATATATTGTGATGAATTATCTTTGTTAGCTGCAGAAAACCAGAACA
v E E L I A K E D K R N V Y I Y W ¢ M R ¥ K N E I Y ¢ b E L 8§ L L A A E N O N I

13690 13700 13710 13720 13730 13740 13750 13760 13770 13780 13790 13800
TTTTCTTTAATTTAGTATTGTCGCGTGAGTTTGAGGTTTCGCCTGACTATAAAAAAGGTTATGTTCAAGACGCAGTAATTCGCGATTTTAATTCATTAAAGGACATTGAAGTTTACGCTT
F F N L v.L s R E F E VvV s P D Y K K ¢ Y V @ b A VvV I R D F N § L K D I E V Yy A C

13810 13820 13830 13840 13850 13860 13870 ) 13880 13890 13900 13910 13920
GTGGTTCTTCCAAAATGATAGAATGTGCCAAAGCCTTATTGTTACAGCATCAACTCCCGAACGATGCATTTTTCTCAGATGCATTCACACCCGCAAAGTAGTTTAATAGTTAGTTGGAGT
¢ s S K M I E C A K A L L L o H Q L P N D A F F s D A F T P A K *

13930 13940 13950 13960 13970 135980 13990 14000 14010 14020 14030 14040
CATATAATGAAAGTAGTCATTTTAGCTGGTGGTTTAGGTACACGCTTAAGTGAAGAGACATCAGTGAAACCAAAGCCAATGGTTGAAATTGGTGGTAAGCCCATCTTATGGCATATCATG
ddhA M X VvV VvV I L A G 6 L G T R L S E E T S V K P K P M V E I 6 6 K P I L W H I M

14050 14060 14070 14080 14090 14100 14110 14120 14130 14140 14150 14160
AAGCAATATTCTGCTCACGGTATTAACGATTTCATTATTTGTTGTGGTTATAAGGGGTATATCATTAAGGAGTATTTTGCTAATTATTTCTTACATATGTCTGATGTTACCTTTGACATG
K ¢ ¥ § A H ¢6 I N D F I I C C G Y K G Y I I X E Y F A N Y F L H M s D V T F D M

14170 14180 14190 . 14200 14210 14220 14230 14240 14250 14260 14270 14280
AAAGAAAATAAAATGGAAGTGCATCATAAGAGAGCAGAACCTTGGACCGTAACATTAGTTGATACTGGTGATAACTCAATGACTGGTGGCCGGTTAGCTCGTGTTGCTGATTATGTAAAA
K E N K M E VvV H H XK R A E P W T V T L VvV D T 6 D N 8§ M T G G R L A R V A D Y V K



14290 14300 14310 14320 14330 14340 14350 14360 14370 14380 14390 14400
GATGAGGAAGCTTTCTGTTTTACTTATGGTGATGGCGTCAGTGATATAGATATTACTAAGTCAATAGAGTTTCACCAAGCGCATGGTAAACAAGCTACATTGACAGCAACATTTCCGCCA
D E E A F ¢ F T Y G D G V s D I D I T K S I E F H Q@ A H G X Q@ A T L T A T F P P

14410 14420 14430 14440 14450 14460 14470 14480 14490 14500 14510 14520
GGTCGTTTTGGAGCTCTAGATATTACTTCAGGTAAGGTGGATAACTTTAAAGAAAAGCCTCGTGGTGATGGTGCTATGATTAATGGCGGTTTTTTTGTTCTTTCGCCAAGAGTATTGCAG
¢ R F ¢ A L D I T S G K V D N F K E K P R G D G A M I N G G F F v L §$s P R V L Q

14530 14540 14550 14560 14570 14580 14590 14600 14610 14620 14630 14640
CTTATCGACAGTGATAGTTGCATTTGGGAACAGTACCCTCTGAATAGATTAGCAGATGATGGTGAGTTAATGGCCTATGAGCACAATGGTTTTTGGCAACCAATGGATACATTGCGAGAT
L, I D S D s ¢ I W E 0 Y P L N R L A D DG E L M A Y E H N G F W Q P M D T L R D

14650 14660 14670 14680 14690 14700 14710 14720 14730 14740 14750 14760
AAGCTATACCTAGATGAATTATGGCAAGCTGGTAAAGCGCCTTGGAAAATTTGGGAGTAATAATGAATCCAACATTTTGGCACGGTAAAAAAGTGTTTATTACTGGACATACTGGCTTTA
K L Y L D E L W @ A G K A P W K I W E N M N P T F W H G K K V F I T G H T G F K

ddhB

14770 14780 14790 14800 14810 14820 14830 14840 14850 14860 14870 14880

AAGGTGGCTGGCTTTCACTATGGCTACAGGAAATGGGTGCTATAGTGAAAGGATATTCTCTTCCGGCTCCTACAACTCCCAGTTTATTTGAGCAAGGGAAAGTATGGGCTGGAATGAGAA
¢ 6 W L S L W L @ E M G A I V K ¢ Y § L p A P T T P S L F E Q G K vV W A G M R T

14890 14900 14910 14920 14930 14940 14950 14960 14970 14980 14990 15000
CAGAAGAAGGCGATATCCGCGATTTTACTCACATGCGACAAAGTATGTATGAGTTTAAACCAGAAATAGTTTTTCATATGGCGGCCCAGCCATTAGTACGCCTTTCATACCATGAGCCAA
E E G D I R D F T H M R Q S M vy E F K P E I V F H M A A Q P L V R L §S Y H E P I

15010 15020 15030 15040 15050 15060 15070 15080 15090 15100 15110 15120
TCGAAACATACTCAACGAATGTTATGGGTACGGTCTATTTGTTAGAAGCTGTTAAGCAAGTTGGTGGCGTTAAGGCTGTAGTTAATATTACATCCGATAAATGTTACGAAAACCGAGAGT
E T Y §S T N V M ¢ T V Y L L E A vV K ¢ V G 6 V K A Vv vV N I T S p K ¢ Y E N R E W

15130 15140 15150 15160 15170 15180 15190 15200 15210 15220 15230 15240
GGGTTTGGGGATACCGAGAAGACGAACCAATGGGTGGTTATGATCCATATAGCAACAGTAAAGGATGTGCTGAGTTGGTTGCTTCATCTTATCGCCAGTCCTTTTTTAATAAAGAAAATT
v W 6 Y R E D E P M G G Y D P Y s N S K 6 ¢C A E L V A S S Y R 0O S F F N K E N Y

15250 15260 15270 15280 15290 15300 15310 15320 15330 15340 15350 15360
ACCATCAGCATAGATGTGCTTTAGCATCAGTTCGTGCAGGTAACGTTATTGGTGGTGGCGATTGGGCAGAAGATCGATTGATTCCAGATATGTTAAAAGCATTTTCAAATAATCAAACAG
H ¢ H R C A L A S V R A G N v 1 6 6 6 b w A E D R L I P D M L K A F S N N Q T V

15370 15380 15390 15400 15410 15420 15430 15440 15450 15460 15470 15480
TAGAAATTCGAAGTCCTCATGCAATTCGTCCTTGGCAGCATGTTCTTGAACCTTTGTCTGGTTACCTAACTATAGCAGAAAAGCTTTATACTGTAGGTCCCGGCTTTGCTGAAGGATGGA
E I R S P H A I R P W Q H V L E P L $S$ 6 Y L T I A E K L Y T V G P G F A E G W N

15490 15500 15510 15520 15530 15540 15550 15560 15570 15580 15590 15600
ATTTTGGTCCTCGAGATGAAGATGCAAAGCCTGTTGATTGGATAGTTAATCGATTAACTGAACTTTGGGGGGGAGGGGCTCGCTGGTCTTTGTGTGATGGGGAACATCCACATGAGGCTC
F ¢ P R D E D A K P V D W I V N R L T £E L W G 6 6 A R W S8 L € D G E H P H E A H

15610 15620 15630 15640 15650 15660 15670 15680 15690 15700 15710 15720
ATTATCTTAAGCTTGATTGTTCGAAAGCAAAAATGCGACTAGATTGGCAGCCTGTTTGGGATGTAGATACTACACTGGAAAAAATTGTCTCTTGGCATAAAGCTTGGCTTGCAAAACAAG
Yy L XK L D ¢c S K A K M R L D W Q P V W D V D T T L E K I Vv S W H K A W L A K Q D



15730 15740 15750 15760 15770 15780 15790 15800 15810 15820 15830 15840
ATATGCACCAATATACAATTAACGAAATTAAACAATATATGACCGCACGAGCAGGTAAAGAGTAATGTCAAAAGAACAATTAAGAAGTCAAATTGCAGAATTAGTAGCACAATATGCGGT
M H Q Y T I N E I K © Y M T A R A G XK E *M S K E @ L R s Q I A E L vV A Q Y AV

ddac

15850 15860 15870 15880 15890 15500 15910 15920 15930 15940 15950 15960
CATTGAATACGCGCCTAAGATGTTTATCGGAGGAGAAAGCGTTGTTCCGCCATCGGGTAAAGTTCTTGGAGCAAAAGAACTACAACTTATGGTAGATGCTTCTCTTGATGGATGGTTAAC
T E Y A P K M F I 6 G E s V V P P S G XK VvV L G A K E L Q@ L M V D A s L D G W L T

15970 15980 15990 16000 16010 16020 16030 16040 16050 16060 16070 16080
TACTGGTCGCTTTAATGATGCTTTTGAAAAACGCTTAGGTGAGTACCTCGGTGTTCCATTTGTGTTGACTACCACTTCAGGTTCCTCTGCTAACCTATTAGCACTGACAACGTTAACTTC
T ¢ R F N D A F E K R L G E Y L ¢ VvV P F VvV L T T T S G S S A N L L A L T T L T S

16090 16100 16110 16120 16130 16140 16150 16160 16170 16180 16190 16200
TCCAAAACTTGGTGATCGTCAATTGAAACCGGGTGATGAAGTGATCACTGTAGCTGCAGGTTTTCCAACGACAGTTAACCCTACGATACAAAACGGTTTAATTCCCGTATTTGTGGATGT
P K L 6 D R Q L XK P G D E V I ° v A A G F p T T V N P T I Q N G L 1I P V F V D V

16210 16220 16230 16240 16250 16260 16270 16280 16290 16300 16310 16320
TGATATTCCAACTTATCAAATCAAGCCAGAAATGATTGAAGCTGCTGTATCTGAAAAAACTAAAGCAATAATGGTTGCACATACATTAGGCAATACGTTTGACCTTACCGAAGCTCGAAG
p I P T Y Q@ I K P E M I E A A V s E K T K A I M V A H T L G N T F D L T E A R R

16330 ‘ 16340 16350 16360 16370 16380 16390 16400 16410 16420 16430 16440
AGTTGCTGATAAGTACAACCTTTGGTTAATTGAAGACTGTTGTGATGCACTAGGTTCAACTTACAATGGCAAAATGGTTGGTACCATTGGTGATATTGCTACAGTAAGTTTCTATCCAGC
v A D K Y N L w L I E D C C D A L G § T Y N G K M VvV G T I G D I A T V S F Y P A

16450 16460 16470 16480 16490 16500 16510 16520 16530 16540 16550 16560
TCATCATATTACAATGGGTGAGGGCGGTGCAGTATTCACAAAAGATAAAGAACTACGTAAACTTATTGAATCTTTCAGAGACTGGGGACGTGATTGTTATTGTGCTCCTGGTTGTGACAA
H H# I T M 6 E ¢ G A VvV F T K D K E L R K L I E 8 F R D W G R D C Y c A P G C D N

16570 16580 16590 16600 16610 16620 16630 16640 16650 16660 16670 16680
TACTTGTGGAAAACGCTTCGACCAACAACTAGGATCTTTACCTCAAGGATATGACCATAAATATACTTATTCTCATCTAGGATATAATTTAAAAATTACAGATATGCAAGCTGCTTGTGG
T ¢ ¢ K R F D @ 9 L G s L P 0O G vy p H K ¥ T Y 8§ H L G Y N L K I T D M ¢ A A C G

16690 16700 16710 16720 16730 16740 16750 16760 16770 16780 16790 16800
TCTGGCTCAAATGGATCGCGTTGAAGAGTTTGTTCAAGCGCGTAAAGAAAACTTCGCCTACCTTAAAAATGGGTTAGCTTCATGCGAAGAGTTCATTATCTTACCAGAGGCGACAGAAAA
L A Q M D R V E E F V 0 A R K E N F A Y L XK N G L A s C E E F I I L P E A T E N

16810 16820 16830 16840 16850 16860 16870 16880 16890 16900 16910 16920
TTCAGAACCATCTTGGTTTGGTTTCCCCATTACAATAAAAGATGATTCTGGCATTAGCCGTGTAGATTTGTTGAAATTTATGGATCAGCACAAAATAGGTACACGCTTGTTATTTGCTGG
s E P § W F G F P I T I K D D s ¢ I S R V D L L XK F M D Q H K I G T R L L F A G

16930 16940 16950 16960 16970 16980 16990 17000 17010 17020 17030 17040
TAATTTGACACGTCAACCATATTTTGAGCATGTAAAATATAGAGTAGTGGGTGAACTCACTAATACTGATTTAATCATGAATAATACGTTTTGGATTGGTGTATACCCAGGGTTAACTCT
N L T R @ P Y F E H V XK Y R V v ¢ E L T N T D L I M N N T F W I G vV Y P G L T L

17050 17060 17070 17080 17090 17100 17110 17120 17130 17140 17150 17160
AGCTCATTTAGATTTTGTGCTTGAAAAATTTGAAGAGTTCTTTGGAGTAAATTTTTAAATTTAGGATGTAATATATGAAATCCTCTGATGCAATAGCACACCTGCTCTCACTAAATAATG
A H L D F Vv L E XK F E E F F G V N F * wbhc M X S S D A I A H L L S L N N V



17170 17180 17190 17200 17210 17220 17230 17240 17250 17260 17270 17280
TTACAGTAGGCTTCGAGTTAATTGGTGGTATGATCACACATCTAGTGGACAGTATTAACGAGCTAGGCAAGACGAAGCTTATTTCTCTCCACCATGAGCAGGCAGCTGCATTTGCTGCTG
T v ¢ F E L I 6 6 M I T H L v D 8§ I N E L G K T K L I S L H H E 9 A A A F A A G

17290 17300 17310 17320 17330 17340 17350 17360 17370 17380 17390 17400
GCGGTGTTGCCCGTGCCACTAATAATGAACAAGTTGGACTTGCTTTAGGTACTAGTGGGCCTGGAGCTACTAACCTAATAACTGGCATTGCAGACTGTTGGCTGGATAGTTATCCATGTA
6 V A R A T N N E Q V G L A L G T § 6 P G A T N L I T ¢ I A D C W L D s Y P C I

17410 17420 17430 17440 17450 17460 17470 17480 17490 17500 17510 17520
TTTTCATTACAGGTCAAGTTAATACTTATGAGCTAAAAGATAAAAGACCAATTCGTCAGCAAGGTTTTCAAGAATTGGATATTGTAAGTTTAGTCGATTCTATTACAAAGTATAGCATCC
F I T 6 @ vV N T Y E L K D K R P I R 0 Q G F Q E L D I v 8§ L v D s I T K Y s I 0Q

17530 17540 17550 17560 17570 17580 17590 17600 17610 17620 17630 17640
AAGTTAAAACGGTTGAACAGTTGCTTATTGAAATACAGAAAGCAATTTCTATTGCGAGAAGTGGTCGACCTGGGCCCGTACTTATTGATATCCCAATGGATCTACAGCGTAAAGAGCTTG
v K T VvV E @ L L I E I Q K A I s I A R S 6 R P G P Vv L I D I P M D L Q R K E L D

17650 17660 17670 17680 17690 17700 17710 17720 17730 17740 17750 17760
ACATTACTTTTGATGATATCGCTAGATTAGTGGTGCCGTCAGCAGAAGAGGAAATGAATAGTGGATTTTTTTCAGTGGATAACGCATTGAAAGAAGCACAAAAACCACTTTTTATTATTG
I  F p p I A R L VvV V P S5 A E E E M N § G F F s vV D N A L K E A Q0 X P L F I I G

17770 17780 17790 17800 17810 17820 17830 17840 17850 17860 17870 17880
GAGGAGGGGCATGTGCCGAAGTGCAATTTTCAGCGTGGCAAAAGAAAATTTCTTCGCTAGGTATTCCACATGTTTCGAGTCTTAAAGGAAGTGAGAGAACCTCAAACTATCCAGAATATT
¢ ¢ A C A E V Q F s A W 0 K K I 8§ 8 L ¢ I P H V s s L K G s E R T § N Y P E Y L

17890 17900 17910 17920 17930 17940 17950 17960 17970 17980 17990 18000
TAGGAATGATTGGGGCGTACGGTACTCGAGCCGCTAATTATGCTGTCCAAAATGCAGATATAATCATTGTATTAGGAAGTAGATTAGATATTCGCCAAACTGGAGCTAATGTTGCTGACT
¢ M I G A Y G T R A A N Y A v ¢ N A D I I I V L G s R L D I R @ T G A N V A D F

18010 18020 18030 18040 18050 18060 18070 18080 18090 18100 18110 18120
TCGCAAGAAATGCTAAGAAAATTATTCAAATAGATGTTGATAAAGGGCAAATTGATAACCGTATAACTACGCACCTGAATATCGTATCAAAATGCAATAGCTACTTTGAACATTTTTTAT
A R N A K K I I @ I D VvV D K ¢ ¢ I D N R I T T H L N I vV S K ¢ N S Y F E H F L 8§

18130 18140 18150 18160 18170 18180 18190 18200 18210 18220 18230 18240
CTGAAGATTATATAATTAATTGTAGCTTGTGGCGTGAAAAATTAAAAGAAACTTTCCGTAAAAAATTCATTGATGAGTACGAAGCATATAGATTTAGCCCGTTTAAAATTATGCAAACTT
E D Y I I N Cc S L W R E K L K E T F R K XK F I D E Y E A Y R F 8§ P F K I M Q T L

18250 18260 18270 18280 18290 18300 18310 18320 18330 18340 18350 18360
TAAGTGAGAAATTTTCTGGTAAGATAGTCCATTATATTCCTGATGTTGGAAATCATCAAATGTGGTTAGCCCATTCTTTATTTATCGAACCACAACAGAAAATTCATCATTCAGGAGGGC
s E K F S G kXK I Vv H Y I P D v ¢ N H @ M W L A H s L F I E P 9 0 K I H H S G G L

18370 18380 18390 18400 18410 18420 18430 18440 18450 18460 18470 18480
TTGGTGCTATGGGTTTTTCTTTACCTACTGCTATAGGTGTTAGAGTGGTAACGGGAAATTATGTTGTTTCTATCTCAGGTGATGGTGGATTTCAGCTTAATATTCAAGAATTGGATGTAA
G A M G F s L P T A I G V R V V T 6 N Y v v s I s G D G ¢ F ¢ L N I Q E L D V I

18490 18500 18510 18520 18530 18540 18550 18560 18570 18580 18590 18600
TAAATAGAGATAAAATACCTATTCTTATAATTATCCTTAATAATAAGTCTTTAGGAATGGTTAAGAATTTCCAAGATATGTATTTTAATGGTCGAAATAAACCAACCTATTGGGGGGGGT
N R D K I P I L I 1 I L N N K 8 L G M Vv K N F Q DM ¥ F N G R N K P T Y W G G Y



18610 18620 18630 18640 18650 18660 18670 18680 18690 18700 18710 18720
ATTCATGTTCATTCTCTCAAGTTGGAGAAGCATATGGTATTGAATCACATTTAATAAAAAATGATCTTGAGTTTTCAGCCTTAGTGGAAAGTTATGTTAAAAATGCACGTCCATTGCTAA
s ¢ 8§ F S Q v 6 E A Y 6 I E § H L I K N'D L E F 8§ A L V E §$ Y V K N A R P L L I

18730 18740 18750 18760 18770 18780 18790 18800 18810 18820 18830 18840
TAGAAGTATCTTTAGAGGATGTAACTGTTTGCAAGCCAAGATTAGTATATGGTAAGTCTATTGATGAGCAATACCCATTTGACGAGCAATAAATACGGCGTAAATTACATTAATAAAATT
E VvV S L E b v T v C K P R L VvV Y G K § I b E ©Q Y P F D E Q *

18850 18860 18870 18880 18890 18900 18910 18920 18930 18940 18950 18560
TTAGTTTTTAGAATGGAAAGTTCTAARAGAGATATTATAACAACATTAAGATAAGGCCAGATAATGAGTGATTTTCAAAATACCTCTGAAAAAATCATTGAAAATTATAAGAACAGCCCAG
wbhD M S D F Q N T S E K I I E N Y K N S P E

18970 18980 18990 19000 19010 19020 19030 19040 19050 19060 19070 19080
AAATTAAAGTTAGAACTGGTAGACTTGGCGTGAATTTAACTCCAATCACTTATAATGATCTCTCCAAATCAGAAAACATTAGACTTCTCTCTGAGTGGAGAAAAGCATCGGAACATGCTT
I X vV R T 6 R L 6 VvV N L 7 P I T Y N D L S K § E N I R L L S8 E W R K A S E H A F

19090 19100 19110 19120 19130 19140 19150 19160 19170 19180 19190 19200
TCTTGAAAGTGTTTGAAGTGACCGATACAGGAACAGCCAAATGGTTGGAAAGTGGAGTTCTGCATAACCCTTTAAGATTAATGTTTTGGGTGGAAGACTCAAAAGGAAGGAAACTAGGCC
L X VvV F E VvV T D T 6 T A K W L E S 66 vV L H N P L R L M F W V E D s K G R K L G H

19210 19220 19230 19240 19250 19260 19270 19280 19290 19300 19310 19320
ATATAGGCGTATCTAGCTTTGATTCCGAAGAATTATCTTGTGAGGTAGATAATGTGATTAAATCTCCATTGTGTAATGATAAAGGCATATTCACCGATGTGCTTGAATGTTTAATTAATT
I ¢ v S 8§ F bD 8 E E L §€§ ¢ E V D N V I K 8 P L ¢ N D K 6 I F T D Vv L E ¢ L I N L

19330 19340 19350 19360 19370 19380 19390 19400 19410 19420 19430 19440
TAGTGAAATTAGAGTTTTCTCCGAAAAAAATTAAACTGAGGGTTTTCTCTGAAAATATTAAAGCAATTTCACTTTATGATAGATTGGGCTTTAAACCTATTGATATTGTTACTTTTACAA
vV K L E F 8 P K XK I K L R V F S E N I K A I 8§ L Y D R L GG F XK P I D I V T F T K

19450 19460 19470 19480 19490 19500 19510 19520 19530 19540 19550 19560
AAGTAGTTGGTAAAGACTATATCGAATGGATCGAATCAAAATCTGATATAGATCGATGTTTTTTAATTATGGAGCTAAAAAATGATAAATGAGATGATACTTACGGCTGGGCCAAGTATT
v V 6 K b Y I E W I E sS K s p I D R C F L I M E L K N D K *
wbhE M I N E M I L T A G P S8 I

19570 19580 19590 19600 19610 19620 19630 19640 19650 19660 19670 19680
ACCGAAAAAGAGATCAGTTATGTTACCGATGCTGTAAAAAATGGATGGAATAACAATTGGAATAACTACCTACTAAAGTTTGAAAAATCATTGGCGGATTATGTTGGAGTTAAACATAGT
T E K E I S Y VvV T D A V K N G W N N N W N N Y L L K F E K S L A D Y V G V K H 8

19690 19700 19710 19720 19730 19740 19750 19760 19770 19780 19790 19800
TTATCGACATCTAGTGCAACAGGTGCATTACATTTATCTATGCTTGCATGTGGCATTGGACCTGGGGATGAGGTTATTGTTCCGGAGATAAGTTGGGTAGCCTCGGCTTCCGCAGTGGCT
L S T § 8§ A T 6 A L H L 8S M L A C¢C G I GG P G D E V I V P E I § W V A S A S A V A

19810 19820 19830 19840 19850 19860 19870 19880 19890 19900 19910 19920
TATGTCGGTGCAACTCCTGTTTTTTGTGATATAGATCCAGTAAGTTGGTGTTTGGATATTGAATCAGCTGCAAGATTATTAACGCCTAAAACAAAGGCTATCCTTCCGGTTCATATATAT
Yy v 6 A T P V F ¢ D I D P V S W C L D I E S A A R L L T P K T K A I L P V H I Y

19930 19940 19950 19960 19970 19980 19990 20000 20010 20020 20030 20040
GGCCATCCAGCCAATATGCCTGCAATCATGGAATTTGCGAGAGCTAATAATATTTTGATAATCGAAGATGCGGCTCCTTCTATTGGTGCTGAGGTTGATGGTAAGAARACAGGTAGCTTT
G H P A N M P A I M E F A R A N N I L I I E D A A P S I G A E V D G K K T G S F



20050 20060 20070 20080 20090 20100 20110 20120 20130 20140 20150 20160
GGTGATGCTGCTGCTTTCAGTTTTCAAGGAGCTAAAATACTATCTACAGGCGAGGGGGGCATGTTCGTTTCTAATAACGATGAAATATTTAATAGAGTTAAGTCATTGAATGATCATGGG
G D A A A F S F 0 G A XK I L 8§ T 6 E G G M F VvV s N N D E I F N R V K 8§ L N D H G

20170 20180 20190 20200 20210 20220 20230 20240 20250 20260 20270 20280
CGTGATCCTAGTCAACCATTTGCTTCTGTTGAGGTTGGTTATAAGTATAAAATGTCTAATTTACAAGCTGCAATGGGCTTGGCCCAGATAGAGCGTGTAGAGGAGCTTGTTAATAAAAAR
R D P S Q P F A 8 V E V 6 Y K Y K M 8 N L Q A A M 6 L A 0 I E R V E E L V N K K

20290 20300 20310 20320 20330 20340 20350 20360 20370 20380 20390 20400
CGTGAAATTAATTCCATATACCAAGAGCTTCTAAAAGATTGCACTGCAGTCAAGGTAACGACCGAGCTGCCTGATTGTAAAAGTATTCACTGGATGACATCAGTGGAGCTACTTGGTTTT
R E I N 5 I ¥ ¢ E L L XK D ¢C T A V K Vv T T E L P D C€C K 8 I H W M T s Vv E L L G F

20410 20420 20430 20440 20450 20460 20470 20480 20490 20500 20510 20520
GATTATGATAAACGCCAGAGATTTATGGGTAARACTTAGAGAAAACTTAGTTGATTCACGTCCAGTATTTTCACCGTTGAGTTCTTTACCTATGTTTGAACCACGAGTAAAAAATCCGGTT
D Y D K R 0 R F M 6 K L R E N L V D $ R P V F § P L § s L P M F E P R V K N P V

20530 20540 20550 20560 20570 20580 20590 20600 20610 20620 20630 20640
GCTCTACGTATTGGTCAAAGTGCAATCAACTTACCGAGTGGGCACAATTTAATATTAGAACAACTTGAACATGTTGCAACAACGATTAAAAAAACTCGTATAGCAATCTAGATTACGCCT
A L R I G ¢ 8§ A I N L P 8§ G H N L I L E Q L E H V A T T I K K T R I A I *

20650 20660 20670 20680 20690 20700 20710 20720 20730 20740 20750 20760
GGTTAACTGCTAGGCGTTAATTTTCATACATTCTATCTAATAGTGAATATGAATATTATATCAAGGTTACACAATCCCATTATTTTTAAATATTTATTTGCAGGTGTAATTAATACTATT
wbh M N I I S R L H N P I I F K Y L F A G V I N T I

20770 20780 20790 20800 20810 20820 20830 20840 20850 20860 20870 20880
TTTGGGTATTCATTATTTTCTTTTTTAATATTTATAAATATTGATCATAAAATATCTATAACTATATCTACAATAATAGGTGTGGTTTTTAATTACTTCAATTTTGGTAGAAACGTTTTT
F 6 Y 8§ L F 8 F L I F I N I D H K I S I T I s T I I 6 v V. F N Y F N F G R N V F

20890 20900 20310 20920 20930 20940 20950 20960 20970 20980 20990 21000
AAAATAGAAAGTAACCAGTTTACATTTTATAGGTTTTTTTTTGTATATATACTATCATATTTAATTAATTTGGTTTTTATAACTTTGCTGGTGGATTGTCTTAAATATAATCCATATTTA
K I E §S N Q F T F Y R F F F Vv Y I L 8 Y L I N L Vv F I T L L Vv D C L XK Y N P Y L

21010 21020 21030 21040 21050 21060 21070 21080 21090 21100 21110 21120
TCTCAAGGTGTATGTATTTTTTCATTGATTTTAATTAATTGGTTTTTATTTAATTTTTGGGTTTTTAAAAAATGARAAARAAAGAAAATAAGCATTGTGACACCATGCTTTAATGAAGAAG
s ¢ 6 v ¢ I F 8§ L I L I N W F L F N F W V F K K *

wbhé M K K K K I § 1 v T P C F N E E D

21130 21140 21150 21160 21170 21180 21190 21200 21210 21220 21230 21240
ATAATGTAGAGTTATTATATGAGAAGGTTAAAGAGGAATTTGAGAAACTAGATGCTTATTTATATGAACATATTTTTATTGATAATAACTCTGTAGATAAAACGGTTGAGAAATTAAGAA
N vV E L L Y E K V K E E F E K L D A Y L Y E H I F I D N N S V D K T V E K L R S

21250 21260 21270 21280 21290 21300 21310 21320 21330 21340 21350 21360
GTATCGCCAAAAGGGATTGTAATGTTAAAGTAATATTAAATAGCCGAAACTTTGGGCCTGTGCGTTCTCCTCACTATGGTCTTTTACAAGGCTCAGGAGATGCTACAATGCTAGTTGTTG
I A XK R D ¢C N V K V I L N S R N F G P V R 8§ P HY 6L L Q G S G D A T M L V V A

21370 21380 21390 21400 21410 21420 21430 21440 21450 21460 21470 21480
CAGATCTTCAAGATCCACCAGAGCTCATACCAGAGTTTATTGCAAAATGGGAAGATGGAAATGATATCGTAATAGGAGTAAAGAGTGAAAGTGATGAATCTCCTGCCATGTATATGATAA
p L ¢ D P P E L I P E F I A K W E D G N D I VvV I G V K S8 E S D E s P A M Y M I R



21490 21500 21510 21520 21530 21540 21550 21560 21570 21580 21590 21600
GAAAAGTATATTATAATTTTAGTAACAAATTATCTGAGTCAAAGCTAGTAAAAAATTATTACGGTTTTGGTCTCTATGATAAAAAGATAATCGARATATTAGATTCAATTGATGATCCAT
K VvV Y ¥ N F S N K L s E S K L vV K N ¥ Y 6 F 6 L Y D X K I I E I L D s I D D P F

21610 21620 21630 21640 21650 21660 21670 21680 21690 21700 21710 21720
TTCCTTATACTAGGGGTATGATTATGGATCTTGGATTTAAATTGGAGAAAATATACTACCGTCAACCAATACGTCGAAGAGGTGTTACTTCTACTAATTTTTTATCGCTTTATGATATTG
P Y T R G M I M D L 66 F K L E K I Y Y R @ P I R R R G V T s T N F L s L Y D I A

21730 21740 21750 21760 21770 21780 21790 21800 21810 21820 21830 21840
CTATGCTTGGTATTTGTAGTCACTCAAAGATTCCTCTACGCATTGCGACCATATCAGGATTTATACTCAGTCTAATAAGTTTTACTCTTGCTATCATATTTCTAGCCCTCAAAATTATTT
M L ¢ I ¢ S H § ¥x I p L R I A T I 8 ¢ F I L S L I s F T L A I I F L A L K I I Y

21850 21860 21870 21880 21890 21%00 21910 21920 21930 21940 21950 21960
ATTGGGATGATTTCCCTATGGGAACTGCACCAATCATTATTGGTATGTTTTTCTTAGGTTCTGTCCAAATATTTTTTATAGGGCTGGTTGGTGAGTATGTTGGTCATCTAGTAGCTAAAC
W D D F P M G T A P I I I 6 M F F L 6 8 VvV ¢ 1 F F I G L Vv G E Y V G H L Vv A K L

21870 21980 21990 22000 22010 22020 22030 22040 22050 22060 22070 22080
TPTCCAAGTTTCCACTTGTTATAGAAAAAGAAAGGATAAATTTTGACTAGCTTGTAATTACAACTTATTATTTAATAACAACAATGATGTAATATTCTTACATGCGAGATAGTTATATAT
S K F P L v I E K E R I N F D * wbhH M R D S Y I F
22090 22100 22110 22120 22130 22140 22150 22160 22170 22180 22190 22200

TTATTATGAATAAACTGAAAATTGTGTCAATTTTAAAAGTTTTCTACTATATGTTGCCTAAATTTATTAGAGTTCAGTACTCTGATAGTGTTACAGTTCTCCGTAATATGGCTTTAGGTG
I M N K L K I V S8 I L K Vv F Y Y M L P K F I R V Q Y s p s VvV T VvV L R N M A L G D

22210 22220 22230 22240 22250 22260 22270 22280 22290 22300 22310 22320
ATAAAAGCTTACATAATGATTTTTTTGTGGAAAATAAAATTAAACTAGTAAAAGAACTAGAATCATTGGGCGCTACATTTGATATTATTACCCATATTATAGGGCGTAAGAATATCATAG
K 8§ L H N D F F vV E N XK I XK L Vv K E L E §$ L G A T F D I I T H I I G R K N I I G

22330 22340 22350 22360 22370 22380 22390 22400 22410 22420 22430 22440
GTGCTCCTGCTATTTACATAGACAATGTTAGGTGCTTTCGACCTTCTCTCGAAGGAGGCTTGCTTGATGTGAAAGTTATTCATTTATTTCATGTCACTCTGATTGGATCTACAGATGGAG
A P A I Y I D N V R C F R P $§$ L E GG 66 L L DV K V I H L F HvV T L I GG § T D G V

22450 22460 22470 22480 22490 22500 22510 22520 22530 22540 22550 22560
TTATCTATAAAGATAAAATGTATCATCAAGAACTATTGTCAATGCGTCATACTAATGATTTAAAGCAACCAGATATTTTTGTTAGTCAAAATTTTGTCAAAATTCACAACTATGATTATC
I Y XK D K M Y H ¢ E L L § M R H T N D L K Q P D I F V 8§ Q N F V K I H N Y D Y L

22570 22580 22590 22600 22610 22620 22630 22640 22650 22660 22670 22680
TTGTCAGAAGTAGAAAAAATGTATTAAATATTGAAGGGCCTGCCATCAGCTTACTAAAAGAGCACTCTTCARATTATTACCATTGTGTTACTGAAATTCTCCCCAAACTTCAACAAATAC
vV R §S R kK N Vv L N I E G P A I 8§ L L K E H 8 s N Y Y H ¢ v T E I L P K L Q Q I L

22690 22700 22710 22720 22730 22740 22750 22760 22770 22780 22790 22800
TTAGTTGTGTACCTAGTAATAAGGATTCATTCTCAATACTTATTGATGACTGTATGCCTATTCAAGTTGTTAACATGATTAACGTTATACTGAGTGCCTATACTTGCTTTCAATATGAAC
s ¢ vV P § N K p s F 8 I L I D D C M P I Q V V N M I N V I L 8§ A Y T C F Q Y E L

22810 22820 22830 22840 22850 22860 22870 22880 22890 22900 22910 22920
TTATAAAAGTTGAAAAAGGGCAGAAGGTAAATTGTAACGAAGTGATCTACTGTACTCCATTGTGGTTATCTCTTGATAATACACAGTACTTACCTGATCCCAAGAACGAGTTTTTTGTTT
I K VvV E K ¢6 Q XK VvV N C N E V I Y C T P L W L 8§ L D N T Q Y L P D P K N E F F V S



22930 22940 22950 22960 22970 22980 22990 23000 23010 23020 23030 23040
CTGTAGATAGTTTAAAAAAACTTAAAGGTCATATATCGAGTGTGCTTTTTGCTCCTACAGTATCTTCTAAGTATAGGAAGGTTTATTTACAGAGACAGAATAATAGATTAAGAAAAATTA
v D § L K XK L K 6 H I 8 s v L F A P T V 8 8 K Y R K V Y L ¢ R Q0 N N R L R K I s

23050 23060 23070 23080 23090 23100 23110 23120 23130 23140 23150 23160
GTAATATTCTTGAAGTTGAGCGTGTGTTGTACAAGCATGGTTTTGAGTTTGTTAACACAGGTACTCTTAGTTTTCAAGAGCAATATGAGTTATTTTCTGATACAGATGTTGTTATTGGAG
N I L E VvV E R V L Y K H 6 F E F VvV N T G T L § F Q E ¢ Y E L F § D T D V V I G V

23170 23180 23190 23200 23210 23220 23230 23240 23250 23260 23270 23280
TGTCAGGCGCATCTTTTACTAATATACTGTTTATGCAAAGAAATAGTAAAGCAATCTTATTATCTCCATCGGCGCAATGTACTAATTATTATATTTTCCAGCCATTGGCAGACGTGTCTG
S ¢ A 8§ F T N I L F M ¢ R N §$ K A I L L S P S A Q C T N Y Y I F Q P L A D V S E

23290 23300 23310 23320 23330 23340 23350 23360 23370 23380 23390 23400
AAGTTGAGCTGGTGCACTTACTTTCGAAACCTGATGATGACTCTAATTCATTACATGGAGATGCTAGCGTTAACGTCGAAGAGTTGGAATTATTTCTTAGTGARATGTCGTGTGATATCT
v E L v H L L 8§ K p D D D S N $§$ L H G D A $§ V N V E E L E L F L § E M § C D I Y

23410 23420 23430 23440 23450 23460 23470 23480 23490 23500 23510 23520
-35 ~10
ATAGATAGAGGCTTTATTAAGTAATAGCGATTTTACTAAGATTTAACTATTAATTTTAGGATGAAAATATAATATAATATAATTTCGCTCTTTAGCGATATAATTACGCTTCAGTGACCT
R *

23530 23540 23550 23560 23570 23580 23590 23600 23610 23620 23630 23640
TTACTGTTTGATGAATGGCAGTTGGGGTGGATAGCATTTTTGCAACAARAGCCGTTGGATAGGATATAACTATTTTTTATTAACTATTAATTAGGTAAGGCAATGGACATTAAATTTATTC
wbhI M D I K F I Q

23650 23660 23670 23680 23690 23700 23710 23720 23730 23740 23750 23760

AGTTTCAAGCTCATGGTGATGATAGGGGCTCATTAGTCTCCTTAGAAGATGATAAAAATATCCCCTTTACTATAAAGAGAGTATATTATTTATACAATACAAAGTCTGGTGTACGCCGCG
F Q A H G D D R G S8 L VvV s L E D D K N I P F T I K R V Y ¥ L ¥ N T K S G V R R G

23770 23780 23790 23800 23810 23820 23830 23840 23850 23860 23870 23880
GTTTTCACGCTCATAAAGAACTAAAACAGTTAGCCGTAGTTTTAAAAGGATCATGTAGATTCTTGTTAGATGACGGTAGCGAGAAGATTGAAGTTTTATTGGATAACCCTGAACAAGGCT
F H A H K E L K Q@ L A VvV Vv L K 6 8 ¢ R F L L b D G s E XK I E VvV L L D N P E Q G L

23890 23900 23910 23920 23930 23940 23950 23960 23970 23980 23990 24000
TATTCATCGACTCGTTTGTTTGGAGAGAAATGTTCGATTTTTCTGAAGACTGTGTACTGCTGGTATTGGCAGATAAATTCTATGATGAAGCTGACTATATCCGTGATTATGATGCTTTCC
F I D S F V W R E M F D F 8 E D ¢C V L L VvV L A D K F Y D E A D Y I R D Y D A F L

24010 24020 24030 24040 24050 24060 24070 24080 24090 24100 24110 24120
TGGCAGAAATTAAGGCATAAAGAAAGACAGGTTTTAAATGACATTTATTCATGAGCTTGCCGATGTTCAATCTAGTAATATTGGGATAAATACAAAAATTTGGCAGTTTAGCGTAGTTTT
A E I K A * wbhy M T F I H E L A D V Q@ 8§ 8§ N I 6 I N T K I W Q F S8 V V L

24130 24140 24150 24160 24170 24180 24190 24200 24210 24220 24230 24240

ACCCAATGCTATCATTGGTAAAAATTGTAACATCTGTTCGCATACTTTTATTGAGAACGACGTCACTATAGGTAATAATGTTACTATCAAGTGTGGTGTACAAATTTGGGATGGTATCTT
P N A I I ¢ K N C N I €C S H T F I E N D V T I 66 N N V T I K C G V Q I W D G I L

24250 24260 24270 24280 24290 24300 24310 24320 24330 24340 24350 24360
AATTGGTAACAATGTTTTTATTGGGCCCAATGCTACTTTTACAAATGATATGTACCCTCGTTCTAAGCAATACCCCGATGAATTTATGAAGACGGTTGTGTGTGATAATGCTTCTATTGG
I 6 N N V F I 6 P N A T F T N D M Y P R S K Q Y P D E F M K T V V ¢C D N A s I G



24370 24380 24390 24400 24410 24420 24430 24440 24450 24460 24470 24480
TGCGAATACTACAATTCTTCCAGGGGTGACTATTGGAGAGGGTGCATTAGTTGGTGCTGGCTCTGTGGTTACAAAAGACGTAAAACCTTTTACTATTGTTGCGGGAAATCCTGCTAGAGA
A N T T I L P G V T I 6 E G A L V G A G s$ V Vv T K D V K P F T I V A G N P A R E

24490 24500 24510 24520 24530 24540 24550 24560 24570 24580 24590 24600
AATTGAAAAATGATATCCTTTTTAGACTTAAAGAAACTTAATGCTCAATACGAACAAGAGCTAAAAGATGCATGCACTCGAGTTATAGATTCTGGTTGGTATATACTTGGTAATGAAGTT
I E K ~*
wbhK M I S F L D L K K L N A Q Y E ¢ E L K D A C¢C T R V I D S G W Y I L G N E V

24610 24620 24630 24640 24650 24660 24670 24680 24690 24700 24710 24720
TCAGAATTTGAGAAAGAGTTTGCTGCATATTGTAATGTTGAACACTGTTTAGGTGTTGCTAACGGCTTAGATGCTTTGATACTTATACTACGCGCTTACATTGAACTAGGAGTTATGTCT
s E F E K E F A A Y C N VvV E H C L G V A N 66 L D A L I L I L R A Y I E L G V M S

24730 24740 24750 24760 24770 24780 24790 24800 24810 24820 24830 24840
AAAGGTGACGAGGTTATTGTTCCGTCAAACACCTATATTGCATCTATACTCGCAATATCTGAAGCGGGGTTAGTTCCAGTACTTGTTGAGCCTTGCGAAGTAACTTTCAATCTAGACCCT
XK 6 p E v 1 v p § N T Y I A s I L A I § E A G L Vv P V L V E P C E V T F N L D P

24850 24860 24870 24880 24890 24900 24910 24920 24930 24940 24950 24960
AATTTAATCGAACTAGCAGTTACTACTCGAACAAAAGCAATTCTAACCGTTCATTTATACGGACAGGTTTCTGGTATGGATCAARATCCAAAAGATTGCTCGAAAACATAATTTAAAGGTA
N L I E L A VvV T T R T K A I L T VvV H L Y G Q@ VvV s 6 M D QQ I 9 K I A R K H N L K V

24970 24980 24990 25000 25010 25020 25030 25040 25050 25060 25070 25080
ATAGAAGATTGCGCACAAGCTCACGGAGCGTTGTATGATTCGAAAGAAGGAATCAAGAAGGTTGGTTCCATTGGTGATGCTGCTGGTTTTAGTTTTTATCCAGGAAAAAATCTTGGAGCA
I E b ¢ A Q A H G A L Y D s K E G I XK K v 6 8§ 1 6 D A A G F 8§ F Y P G K N L G A

25090 25100 25110 25120 25130 25140 25150 25160 25170 25180 25190 25200
CTTGGAGATGCTGGTGCGGTTACAACTAATGACCCAGAGCTTGCCAGTACTATCTCGGCACTCCGTAACTACGGTTCACATGAAAAATACCGAAATATATTTAAGGGGTTGAATAGTCGA
L 6 b A G A V T TN D P E L A s T I 5§ A L R N Y G s H E K Y R N I F K G L N S R

25210 25220 25230 25240 25250 25260 25270 25280 25290 25300 25310 25320
TTAGATGAAATACAAGCGGCGATGCTTAGAGTCAAACTACGCTATTTAGATGACGAAATATCTCTACGACGCAAAGTTGCAAGCCGTTACTTAAATGAAGTAAGAAATCCTCTAATCAAG
L p E I Q A A M L R V K L R Y L D D E I S8 L R R K VvV A s R Y L N E V R N P L I K

25330 25340 25350 25360 25370 25380 25390 25400 25410 25420 25430 25440
GTACCTTTAGTCGAAGATGATAATGCGCATGTATGGCACCTTTTTGTGGTAGTGGTCGAGGATAGAGATAAATTAGTCGAACATCTGAGTGAAAACCAAATTCAGTCATTAATACATTAC
v p L V E D D N A H V W H L F V VvV VvV v E D R D K L V E H L 8 E N Q0 I ©Q S8 L I H Y

25450 25460 25470 25480 25490 25500 25510 25520 25530 25540 25550 25560
CCAATTCCACCACACAAGCAAGAGGCTTATATGGAGTGGAATAACAGTGCCTTTCCGTTATCAGAGAAAATGCATAAGCAAGTTTTAAGTCTTCCACTAAGCTCTGTTTTGGATAAAAGT
p I P P H K Q E A Y M E W N N 8§ A F P L § E K M H K Q V L $ Lb P L 8 8 V L D K s

25570 25580 25590 25600 25610 25620 25630 25640 25650 25660 25670 25680
-35 -10
GAAATTGACAAAGTTATAGATGTATTGAACTCTTTTCTTGGTTAATTAAGCCGTCATACATAGTTTTTCTGGAGGATGACTTTTTGGAAAAACTGTTTACTATTAAAATAATTGAGCTTC
E I p K Vv I p V L N S§ F L G *

25690 25700 25710 25720 25730 25740 25750 25760 25770 25780 25790 25800
CATTACCAGGTTTACTCCTATGCACTTGTCTGACTCCAAGCCTCCTTTAGTAAGTTTATGTATACTAACTTTTAATCATGAGAAATATATAACTAAAGCAATAAATAGTTGTTTGGCGCA
wbht M H L S D S K P P L VvV 8 L ¢ I L T F N H E K Y I T K A I N S Cc L A 90



25810 25820 25830 25840 25850 25860 25870 25880 25890 25900 25910 25920
ATCTTATAGTAATATAGAGATAATTATTGTAGACAATAATTCAAGTGATGGAACTGTAAATAAGATTAGATCTGATTTTAAAAATGAGCTAGAAGTTGGGGAAATAAAGCTTTTTGATTT
s ¥y s N I E I I I VvV D N N 8 S D G T V N K I R 8§ D F XK N E L E V 6 E I XK L F D L

25930 25940 25950 25960 25970 25980 25990 26000 26010 26020 26030 26040
GGAACACAATACTTATCCTTCACATGGTTTTAACTATGCACTGAAAAAGTCTCAAGGAGAATATGTCTCTCTTTTTTCTGGTGATGATACGCTTTGTTTAAACAAAGTAGAACGGCAGAT
E H N T ¥ P S H G F N Y A L K K 8 Q G E Y Vv $ L F 8§ ¢ b DT L € L N K V E R © I

26050 26060 26070 26080 26090 26100 26110 26120 26130 26140 26150 26160
TGGTATAATGGTTAAAGAAGGCTTATCTAATTTATTTACATGGGTAAATATAATCAATGATAAAGATGAAATTATAAAGTGTGATTACTTAGAAAGTATTTTTAATCGCAATTATAATAG
G 1 M Vv XK E 66 L 8 N L F T W VvV N I I N D K D E I I K € D Y L E 8 I F N R N Y N s

26170 26180 26190 26200 26210 26220 26230 26240 26250 26260 26270 26280
CCAACAAATAAAAGAGCATTTTATTCATAGTGGGAATATGTTATCCGCACTGTCCGTCATGCTATCTAGAGATGTATTTGATAGGTATGGTCATTTCGACGAGCGTCTTGTTCAGCTACA
Q o I K E H F I H 8§ 6 N M L 8§ A L 8 V M L 8§ R D V F D R Y 6 H F P E R L V Q L 0

26290 26300 26310 26320 26330 26340 26350 26360 26370 26380 26390 26400
GGATTTTGATTTTTGGCTGCGTATGGCCTCTAATGATGATCTTAATTTATTGACCGAAAAACTATCAAACTATAGATTGAGAGATGATGGCGGAAATTTAAGTCTAGCTAATCATAAATC
b F b F W L R M A s N D D L N L L T E K L 8 N Y R L R D D G G N LL 8 L A N H K s

26410 26420 26430 26440 26450 26460 26470 26480 26490 26500 26510 26520
GCGACAGTTAAGAACTGATTTTGAAGAAGTTTATGTATATAGACATTTGTTAAATTTTGATTTAAAGACAATTCAAAGTGTTGTTGGTATGCTGAATAAAGACCAATCTATCGCTATGGC
R ¢ L R T D F E E V Y VvV ¥ R H L L N F D L K T I Q@ 8 VvV V. G M L N X D Q0 s I A M A

26530 26540 26550 26560 26570 26580 26590 26600 26610 26620 26630 26640
TCTGCATGGCTATTATCATAATGAGAATARAATGAAGTTGGCCAAAGGTTTTTTGTTGTCCATATATGAAGAATTAGGGACAAATATTGTTTTCCCTTCATCTCACTATAGCTACTTCTT
L H 6 ¥ Y H N E N K M K L A K G F L L § I Y E E L ¢ T N I VvV F P S 8 H Y 8 Y F F

26650 26660 26670 26680 26690 26700 26710 26720 26730 26740 26750 26760
TGACATATATTCTAAATGTGAATTTTTCAACTCAGATGAGAATGATGAAGTATCAAAGCTGAAAGAGAAAATACACGTTTATGAAAATTCTAGGGCGATTAGATTTACTAGCTTAATCGT
b I Y 8§ K ¢ E F F N § D E N D E VvV § K L K E K I H V Y E N S R A I R F T S L I V

26770 26780 26790 26800 26810 26820 26830 26840 26850 26860 26870 26880
TTCTTGGCTTGGTAGGTTAAAAAAATAAGTGAGAARAAATGAAGTATCCACGAAGCTTATCATGGGAAAAAATTTCTAGCAGTACTATCTCTATTAGAGAGTTTAATCGTTTTGAGAATARA
s W L 6 R L K K * wbh¥ M X Y P R S L § W E K I 8 s s T I 8§ I R E F N R F E N K

26890 26900 26910 26920 26930 26940 26950 26960 26970 26980 26990 27000

GAAAAAAGTAGCTATATTTTGTGGT TATGTAAGGGATAAATATGAATTTAACTATCATGATAGAACTTATCAATGGTTAAGAAACAATGACTATTACGTCATCTTAGTTATGCCTAAAAG
kK Xk v A 1 F ¢ 6 Y VvV R D K Y E F N Y H D R T Y Q@ W L R N N D Y Y VvV I L V M P K 8§

27010 27020 27030 27040 27050 27060 27070 27080 27090 27100 27110 27120
TGGAATTCTACTAGAATCTGATTTATGCAAAGCTTGTGATGTTTTTATTGAAAGAGAAAACTTTGGCTACGATTTTGGATCTTATGCATGCGGATTACAATATGTTAACTTAATCGAGGE
G I L L E S D L C K A C¢C D V F I E R E N F G Y D F 6 §$ Y A C 6 L ©Q Y V N L I E G

27130 27140 27150 27160 27170 27180 27190 27200 27210 27220 27230 27240
CTCAGAGAGGATTGATAGGTTACTTTTCGTGAACGATAGTTTTATTGGGCCTTTCGGATACTGCAATTTAATAGAAGATTCTAGCGAATTTTGGGGAAATACAGATAGCAACCAAGTAAA
s E R I D R L L F V N D s F I 6 P F G Y C N L I E D S 8§ E F W G N T D S N Q V K



27250 27260 27270 27280 27290 27300 27310 27320 27330 27340 27350 273600
ATATCACTATCAGAGTTACCTGT TTGGATTTAATCTCGAAAAAGTAAACTTAGATATTATAAATAACTTTTTTTTTAGCCGAGGAGATATATATACAGATGATAAATCTCTAGTTATTGA
Yy H ¥ Q 8§ ¥ L F 6 F N L E K VvV N L D I I N N F F F 8§ R 66 D I Y T D D K S L Vv I E

27370 27380 27390 27400 27410 27420 27430 27440 27450 27460 27470 27480
ARATTTTGAGCTTTCATTATATGAATATTTTAATGGGAAAGGCCTAAGATGTAGTGTGTTACATCCCATAAGTGTTTTAAAATCGGATTTTATTAAACAGACTTTTCACTTTATTTCATA
N F E L § L Y E Y F N G K G L R C 8 V L. H P I 8§ VvV L K 8 D F I K Q T F H F I s Y

27490 27500 27510 27520 27530 27540 27550 27560 27570 27580 27590 27600
TCCATATCTAACATCCAAAATTTTCTTTTATATAATGGTGATTGCACGCGACGTGAATCCAACTCATCAACTATGGTTGCAACTATTCAAAAGAGGCTTTCCTTTTATAAAGAAAGAGCT
pP ¥ L.T s K I F ¥ Y I M Vv I A R D V N P T H Q L W L Q L F K R G F P F I K K E L

27610 27620 27630 27640 27650 27660 27670 27680 27690 27700 27710 27720
TTTGAGAGATAATCCGACAGGTTACCCAGAGCTTTACAAAAAAGTAGAGGAAGTTATGGGTAGCAATGATTTTAATGGAGAGTATAAACAAATCTTCAAAAATCATTTATGAGCAATAGT
L R D N P T G Y P E L Y K K VvV E E V M G 8§ N D F N G E Y K © I F K N H L *

27730 27740 27750 27760 27770 27780 27790 27800 27810 27820 27830 27840
-35 -10
CTAGAGTAAT TTGATTTGGTATTCTATTTTCATAT TTCACGTAGTTCGACTATTATATTTTTAGTGCTCTGCCCACAGATTTTTTATATARATATTATAGTGACATTGTGAGCATTCGAT
wbhN vV 8 I R Y
27850 27860 27870 27880 27890 27900 27910 27920 27930 27940 27850 27960
ATGTATCTTCCCCCCCCCCCAAAGTATAGGAGTATTTTTTGTCGATTTCATCCGTAATTATCACTTTTCAACCCGATCTATCGAATGTCTCCCAGTTACTATTCGCTTGTATATCCTTTG
M Y L P P P P K Y R § I F C R F H P *
v s p P P P K V * E Y F L 8§ I § s v 1 1T T F Q P D L S N V 8§ E L L F A C I 8 F ¢
27970 27980 27990 28000 28010 28020 28030 28040 28050 28060 28070 28080
GAAACAAGGCTGTTGTTATTGATAATGGTAGTAACAATGCGGAAGAACTACAGGATATTTGTCGGTTATTTGAGCATGTTAAGCTAATCCGTCTTGATGAAAATGTGGGTATCGCGTCGEG
N K A VvV V I D N 6 §S N N A E E L Q D I C R L F E H V K L I R L b E N VvV G I A S A

28090 28100 28110 28120 28130 28140 28150 28160 28170 28180 28190 28200
CACAAAACATAGCAATTAGTAATTTGAATGGTAATGAAGACGATATTATTGTTTTTTTTGATCAGGACTCATCTATTGACAATGGGTATTTGAGCAAGGTCGAACTTGCGTATAACCGGT
Q N I A I S N L N G N E D D I I v F F D Q D § 85 I D N G Y L $§$ K VvV E L A Y N R L

28210 28220 28230 28240 28250 28260 28270 28280 28290 28300 28310 28320
TGGAGAGTGATTTTGGTCGAGGCATTGTTTTAGGGCCAAGGTTTTATAATCGAGTTTCCAAGTTCGAGTATCCAGTAATAAAGTTTAATATCTTTGGTCTTAGGAGCAGAATATATCCTA
E 8 D F 6 R 6 I v L G P R F Y N R V 8 K F E Y P V I K F N I F 6 L R 8 R I Y P s

28330 28340 28350 28360 28370 28380 28390 28400 28410 28420 28430 28440
GTGAATCTCGCTACCCGATAGAAGCTTCTTGTATTATCTCTTCCGGAATGGCAGTTAGAAAAAATATTCTTGATTCCGTTGGTGTGATGGATGACTCGTTGTTTATCGACTATGTAGATA
E s R Y P I E A S C I I § §8 6 M A V R K N I L D S V 6 V M D D S L F I D Y V D T

28450 28460 28470 28480 28450 28500 28510 28520 28530 28540 28550 28560
CAGAGTGGAGTTTAAGAGCTAGATATTTGGGGAATCTGATACTCGTCGATCCTCAGTTAGTTATGGGGCATGAGATTGGCACTGATAATCTCAAGCTTTTTAAATGGAGAGTTCCTGTCC
E w s L R A R Y L 6 N L I L V D P Q L VvV M G H E I 6 T D N L X L F K W R V P V H

28570 28580 28590 28600 28610 28620 28630 28640 28650 28660 28670 28680
ACTCCGCTTCACGCCGATATTACCGAATTAGAAACTCATTTTTTCTTTTTAGGTACCCTCATATACCGAGATTAGTTTGTACACGTGAAGTAACCTTTTCAATACTTCATCAGTTATTTT
s A S R R Y Y R I R N S8 F F L F R Y P H I P R L Vv C T R E V T F s I L H Q L F L

28690 28700 28710 28720 28730 28740 28750 28760 28770 28780 28790 28800
TAGTTTTGTTAACCAATGAAAAAAARAGCTCACTGGAAGTCACTCTGGCGAGGGATTAAAGATGGTGTTTTTTATAAAAGTTAGCCATTTGAGAACAAGCTAGCCCTAAAATTTAGAGCTT
v L L T N E K K A H W K S L W R 6 I K D G V F Y K S8 *



28810 28820 28830 28840 28850 28860 28870 28880 28890 28900 28910 28920

28930 28940 28950 28960 28970 28980 28990 29000 29010 29020 29030 29040
CTTTTTTTTGCACGAGTACAAATGTCTGCATCCTCAAAGTACATAAAGTATTTTTCATCAAAGCCGCCTAACTTCTTAAAGCAACTTACTTTAAATAGTAAAAATGATCCTGCAGCCCAC

29050 29060 29070 29080 29090 29100 29110 29120 29130 29140 29150 29160
TCTATTTTCATTGGTTGCTTTATTTGGCTTTTGTCGTAAACATCATTCCGCTTTATACCAAGTAGCGATT TAAATGGTGATAGGAGTTTAGGATATCGGCGGATAGAGTTGTCATACATA

29170 29180 29190 29200 29210 29220 29230 29240 29250 29260 29270 29280
CTTAACGAACGGTCAGTAAATAGGTTAATAGCAGAAATATCGGCTTGATACTCTTCAGCTTGCTCGATAAGTTGAGATAGGCTGCTGGTATCGATTTCAACATCAGGGTTAAGTACTAGA

29290 29300 29310 29320 29330 29340 29350 29360 29370 29380 29390 29400
AAATAGTCTCGCTCCGCAGGTTTGAATTCACGCATCGTATACAAAAACACTTCGTTATTAT TAGCACCAAATCCTTTTTTGGTGTCTCCATGGATTAGCATAATCTCATGCTCTAAGCAG

29410 29420 29430 29440 29450 29460 29470 29480 29490 29500 29510 29520
TAATTAGACAGTGCTTCGGAGGCGACAGTATTCGACTTCACGACAACTTTATATTGTTTGGCCAGTAATGCTAGTGTTGGATTGGTTACGATCATTTCGTCATGGGCATCGATTGACGACC

29530 29540 29550 29560 29570 29580 29590 29600 29610 29620 29630 29640
GATATGAATAGGTTCATTAACTAGTAGCCTTAATTAATTTTTCGTTAGGATTATAACCAGTTGGCGCTTCTAAAAGAAGGCGCTTAATACATTCTACATCGAAGTTATGACAGCATATAT

29650 29660 29670 29680 29690 29700 29710 29720 29730 29740 29750 29760
CCAATTCTTGGAGTAGGGGATGCATCTCTTTCCAAGTGAGCTTATCTTCACAAGCCGTCATTATCTTTTGGTGGCTTGTGCCCTCGACATTGTCACCAATCAATAATTCCTCGTAGAGCT

29770 29780 29790 29800 29810 29820 29830 29840 29850 29860 29870 29880
TTTCACCGGGTCTCAAACCAGTGAATTTAATTTCAATATCTCCCTCATTGCTATTGCCATCAAAGTACTCTTTCATACCCATCAGGTGGATCATCCGTTTTGCTAGTCGACAATTTTAAC

29890 29900 29910 29920 29930 29940 29950 29960 29970 29980 29990 30000
TGGCTCGCCCATATCTAACACAAAGACTTGTCCATTATGCCCCATTGCTCCAGCCTGAATAACCAACTGGGCTGCTTTCTGGTATTAGCATAAAGTAGCGGATAATGTCAGGGTGAGTAA

30010 30020 30030 30040 30050 30060 30070 30080 30090 30100 30110 30120
CGGTAACAGGGCCGCCCGCTTTTATCTGTTTTTTAAAGAGGGGTACAACAGAACCTGAAGAACCAAGCACATTACCAAAACGCACCATAGTAAAAATAGTTTTGGTTCCTTTATCAGCCA

30130 30140 30150 30160 30170 30180 30190 30200 30210 30220 30230 30240
GTGCCTGTAGAACTAATTCTGCCATCCGTTTACTGGTGCCCATAATATTCGTAGGACGTACCGCTTTATCGGTTGAGATAAGTGTGAAACTTTCGACACCAGCCTCGATAGCCGCCGTAG

30250 30260 30270 30280 30290 30300 30310 30320 30330 30340 30350 30360
CACATGCTAGGGTACCGAATACATTGTTGCGAATACCTTCGATGACGTTATCTTCTACAAGCGGTACATGCTTATAAGCTGCAGCATGGTAAATAGTGTTAACTTTATGAGCGACCATTA

30370 30380 30390 30400 30410 30420 30430 30440 30450 30460 30470 30480
GTTTATGTAAACGGTTTTCCTTTTGCACTGAACCAAGAGCCGCGACAATTTTGGTCTCTAATTTTAGATTTTGTTTTATGGCTTGCAGTTCTTGATCCTGCCATGGTTGCTCACGGCTCA

30490 30500 30510 30520 30530 30540 30550 30560 30570 30580 30590 30600
AAAGATTCGAACTGGGGTACTGGCTTAGAGCAAAAGCAAATTTGGTTCTTAACGTTCTGTATCAGCACGTTCACCAATCAAATTCAGCAATGCGTAAACAAAAAGCTACTTACCCCAGTG

30610 30620
EcoRI
CAGAGAGTTAGCTATTACAGCGAATTC 3°
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Corrigenda

Fig. 3.3. The protein indicated by an asterisk is abundant in the V. anguillarum strains
tested. Evidence that it is outer membrane protein was stated on pg 79, Line 1
although the data was not shown.

Fig. 3.6. Figure legend should include: Numerous fields were examined and gold
particles observed were found to be located on the body and flagella of the bacterial
cells.

Fig. 3.10. Figure legend “as shown in Fig. 3.10” should read “as shown in Fig. 3.9”.
Page 84, Line 12-13. Partial cleavage of DNA was ruled out as other restriction
enzymes were used to determine the copy number of IS1358 in serotype O2, however
the data was not shown.

Page 84, Line 15. Sentence “Serotype O7 was found to contain one complete IS/358
element and a partial element” should read to clarify Fig. 3.10a “Serotypes O4 and O7
were each found to contain a complete and partial IS/358 element”.

Page 87, Line 6-7. It was decided to investigate the distribution of 1SI338 in
numerous Vibrionaceae to determine how widespread this element was in this genera,
as stated on Page 87, line 20.

Page 91, Section 4.25 and 4.26. The 2.2 kb and 0.72 kb fragments generated were
sequenced, however no sequence homology was found and the sequences and
therefore were not studied further.

Page 107, Line 6. No comment, affiliation included in this reference.

Page 108, Line 4. “Immediately upstream of the start of rmlID” should read
“Immediately upstream of the start of rmIB”.

Page 117, Section 5.2.8. No comment required.

Page 120, Line 10. Due to the presence of numerous potential promoters it seems that
the region sequenced consists of several operons.





