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ABSTRACT

Víbrio anguillarunr 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 Ol and 02 serotypes are the most frequent serot¡res 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 cha¡acterised virulence

determinant is the iron transport system located on the large plasmid, pJMl. 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 reaffangements of O-antigen biosynthesis

gene clusters inVibrio species.

Two different antisera, one raised against V. anguillarum Ol and the other against

the 04 serotype were generated in this study to aid in the investigation of virulence

determinants. The anti V. anguillarum 04 serum reacted only to a major outer membrane

protein (MOMP) of -36 kDa. MOMP varied in size between the l0 serotypes (O1-Ol0)

tested. Purified MOMP from V. anguillarum Ol was N-terminal sequenced and found to

be homologous to an immunogenic, highty variable protein P2, in Haemophilus influenzae

and 1L sommus. The V. anguillarum Ol serum contained antibodies to both the MOMP

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



specific antibodies to further investigate by immunogold electron microscopy and

immunofluorescence, LPS expression in V. anguillarum Ol.

IS/358, a recently characterised insertion sequence, has been shown to be linked to

the O-antigen biosynthesis regions in numerous V. cholerae serotypes. IS/358 was found

to be widely distributed in a number of V. anguillaru,n serotypes including Ol and 02.

IS/358 was found to be present in multiple copies in serotlpes 02, O7 and 09 suggesting

that this element is a site for recombination, gene duplication or that it may be capable of

transposition. The IS/358 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 promoterþolymerase expression

ar¡says that serotypes 02, 07 and 09 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 Ol and 02. In V. anguillarum 02, PCR was used to amplify DNA between

copies of IS/-358. 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 IS/358 elements. Inverse PCR and cosmid

cloning were used to further map and sequence this region.

ln V. anguillarum 01, cosmid cloning was used to isolate the DNA flanking the

single copy of IS/358. Cosmid clones were screened with a DlGlabelled IS/-158 probe,

allowing the regions adjacent to be partially cloned and sequenced. Characterisation of the

O-antigen biosynthesis region in V. anguillarum Ol, 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 01 based on homology. h addition genes

homologous to nucleotide sugar transferases and components of homopolymer O-antigen

transport systems were also detected. Transposon insertions using Tn\phoA (Cm*) in the

wbh rcgion 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. ønguillarum Ol.

However these additional genes were not directly linked to the wbh region and Southern

mapping indicated that it was located within 40 kb.

Sugar analysis of the LPS from the V. anguillarum Ol 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.

kr this study thewbh 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

o1.
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Chapter One

Introduction

L.L 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 ¿t

at., 1994). V. anguillarurn 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 (Sørenson 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.

L.1,.1 Serotypes of Vibrio anguillaruÍn

Sørenson and Larson (1986) developed a serotyping scheme for V. anguillarum

based on heat stable somatic O-antigens. It was from this study that V. anguillarurn was

classified into 10 distinct serotypes. Serotypes Ol, 02 and 03 cause the majority of

infections in fish (Kitao et al., 1983; Sørenson and Latson., 1986; Austin et a1.,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 Ol serotype while the 02 serotype predominates in

diseased feral seawater fîsh (Sørenson and Larson, 1986). Vibrio anguillørum 02 has been

subdivided into two seroty¡les designated O2aand O2b based on specific antigenic epitopes
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found in the lipopolysaccharide (LPS) (Rassmussen, 1987 a,b). The 03 serot)?e shows

heterogeneity within the type strains and has therefore also been subdivided into two

subclasses designated O3A and O3B (Santos et a1.,1995). Vibriosis has also been reported

in freshwater fish (Mutharia et aI., 1993; Ohnishi and Muroga, t977; Smith, 1988),

juvenile molluscs and crustaceans @owser ¿t al.,l98l; Disalvo et a1.,1978; Tubiash et al.,

1990). In Japan, V. anguillarum is the most frequent and serious bacterial infection of the

freshwater cultured fish, the ayr (Plecoglossus altivelis) (Aoki et al., 1981; Hirono et al.,

l9e6).

Importantly all l0 serot)?es have been associated with disease outbreaks the

severity of which is dependent upon the serotlpe involved. Serotypes 08, 09 and Ol0,

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 Lafson,

1936). The most coÍtmon environmental strains belong to serotypes 03, 04, 05 and 06

with serotypes Ol and 02 being the least frequent serotypes isolated. Serotype 07 has not

been isolated from the environment and has to date only been isolated from diseased fish

(Sørenson and Larson, 1986). Together these data suggest serotypes Ol, 02 and 07 have

pathogenic potential.

In recent years the serotyping scheme for V. anguillarumhas been refined, resulting

in additional O-serotlpes 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. hnguillarum from l0 to 23. The

additional serotypes have all been isolated from diseased fish (Pederson ¿t aI.,1999). Itis

also evident from these studies that some of the strains isolated did not react with available
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antisera suggesting the presence of additional o-serotypes for v. anguillarum (Pedetson 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' anguillaru¡¿l LPS protects

against subsequent infection (Harrell, 1978; Itami and Kusuda' 1980; Evelyn' 1984;

Mutharia et a1.,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 aI" 1982; Olsson ¿l

aI.,1992).In addition the protection offered is serotype specific and the geographic origin

of the vaccine strain needs to be considered when administering to fîsh stocks'

L.L.3 Pathogenesis of y. a'nguillørurn

Vibriosis induced by V. anguillarumwas first described in an outbreak of disease in

eels 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 aI.,

t992;Hastein and Holt, 1972)'

To date the detail of the pathogenesis of V. anguillarunr 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 et al., 1992)' For a pathogen to

induce a successful systemic infection it must have properties (ie virulence factors) that
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allow it to establish in host tissues and have mechanisms to either avoid or suppress host

immune responses (Trust et a1.,19g1). As yet specific factors that allow v. anguillarum to

invade the fish epitheliar layer have not been characterised although the flage[um has been

suggested to play a role in this process (McGee et al', 1996;Milton et aI" 1996; O'Toole ¿r

a1.,1996).Comparisonshavebeenmadetovibriocholeraewhichrequiresadherenceto

intestine mucosal cells to induce disease even though it is a non-invasive human pathogen

(Pierce et a1.,1985). Attachment assays have shown that v' anguillarum serorypes ol' 02'

04 and o8 adhere to rainbow trotfi (oncorhynchus mykiss) fish cells in vitro' It was shown

that serotypes 01 and 02 have gteatest attachment potential which is not surprising since

these serotypes afe 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 , lgg4). Recently, wang and colleagues (1998) demonstrated in vitro that some

strains of v. anguíllarumwere 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 (Norqvist et a1.,1989)' The animal used in

this model is one of the natural hosts, rainbow frout (Oncorhynchus mykiss)' The model

allows the investigation of at least two steps in the proposed infection process of V'

anguillarum. when fish a¡e inoculated by the immersion method (bath vaccination)' the

bacteria require mechanisms to gain entry to the host and to invade the epithelial cell layer.
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Intraperitoneal vaccinations (by injection) allow the study of the later stages of the

infection, after invasion has occurred'

L.2 Chromosomal loci associated with virulence

AtthoughthevirulencedeterminantsofV.anguillarurnaÍenotwellcharacterised,

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 aI" 1996: Munn'

1978,1980), cytotoxin (Toranzo et a1.,1983), proteases including azinc metalloprotease

(Milton et al.,]99};Norqvist et a1.,1990), haemagglutinin (Toranzo et a\" 1983; Trust ¿f

al.,l9ll),and adhesion factors required for attachment (chen and Hanna' 1992)'

L.2.1HaemolYsin

Bacterial haemolysins cause haemorrhagic septicaemia and diarrhoea' and have

been associated with virulence in numerous species of vibrionaceae including: v. cholerae

(Alm ¿r aI., 1988, l99l;Radar and Murphy, 1988) V. parahaemolyticus (Nishibuchi and

Kaper, 1985), V. mimicus (Terai et aI., 1990), V. vulnificøs (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 a¡e well characterised'

Surprisingly, the structures of these haemolysins are quite different from each other with

the exception of V. cholerae, V. vulniftcus and the aeromonads (Hirono and Aoki' t99l:'

Hirono and Aoki, 1993; Hirono et aI., 1996) Recently, the haemolysin gene from v'

anguillarutn was cloned and sequenced (Hirono et al', 1996)' The haemolysin gene

isolated was found to be most homologous to the v. cholera¿ 01 El Tor haemolysin
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(57.37o), A. hyd,rophitia AhjftIl haemolysin (46.2Vo) and A. salmonicida ASH4 haemolysin

(43.O7o) (Hirono et aI., 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-100oC (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 aI., 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 a1.,19S3). Thus, it is possible that the haemolysin is only one of several toxins

that determine virulence'

1.2.2 Zinc metallop rote ase

Proteases have been implicated as important virulence factors in numerous

pathogen systems including: V. cholerae (Finkelstein et al', 1992; Ogierman et aI" 1997;

Ingole et al., 1998) Pseudomonas aeruginosa (Pavlovskis ø/ aI', 1985)' V' vulnificus

(Kothary et ø1.,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.
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A gene encoding azi¡c metalloprotease from V. anguillarumhas been cloned and

sequenced (Milton et al., IggZ). 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 (Norqvist 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 aI.,lgg2). 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' anguillarunn may have a

multiplicity of proteases (Milton et al.,lgg2). Multiple proteases have been implicated in

virulence in other bacterial systems including: Pseudomonas aeruginosa, v' vulnificus and

A. salmonicida (Howe and lglewski, 1984; Smith and Merkel,1982; Sheeran et aI" 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 (Milt on et aI., lgg2), which has also been described for

other bacterial zinc metalloproteases (Kothary et aI', 1987; Häse and Finkelstein' l99t;

David et aL,1992)

The protein sequence \ryas 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
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haemagglutinin/protease as the amino acids in the substrate binding site are identical

suggesting that evolution has conseryed the protein between these species (Milton et aI"

1992).

The HA/protease of v. cholerae has been postulated to have an indirect role in

virulence, if any role at all (Finketstei¡ et at.,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., lgg2). 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'

t.2.3 virC

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). Ptasmid insertion mutants were constructed at each locus effected by a transposon'

One mutan t (virC) had a 104-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 show s 3O7o identity to the Escherichia coli and sarmonerla

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



9

second geîe, virc, which was found to be defective in virulence assays is essential for

virulence, however its function is unknown (Milton et a1.,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 at (1997) discovered the autoinducer of v' anguillarum to be N-

(3-oxodecanoyl)-Lhomoserine lactone (ODHL) and the gene responsible for its synthesis

(vanI). vanl wascloned and sequenced, and its product was found to be homologous to the

LuxI family of putative N-acyl homoserine lactone (AHL) autoinducers' A second gene'

van.islocated further upstream of vanl and it product is38vo identical to the LuxR family

of positive transcriptional activators. Between vanl and vanR is a lw box-like sequence

that is required in these regulatory circuits (Milton et al', 1997)' The lux box is a 20 bp

regionofdyadsymmetrythatbindsLuxR(DevineefaI.,1989).

As it was apparent that V. anguillarum used AHLs as a mechanism for gene

expression, Milton et aI (1997) searched for virulence genes that may have a /rzxlike 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 vanl 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 aI., IggT). Therefore further investigation of other virulence

determinants and their mechanisms of regulation is required to determine if the vanllvanR

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 a1.,1987). The mechanisms that are involved in

adhesion of v. anguillarumhave not been extensively studied' It has been shown that v'

anguillaruHr adhere to cultured fish cells (Krovacek et al', t987; 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 eadier study by Trust et at' (1981) who were unable to show

a correlation between strain virulence and the ability to agglutinate fish erythrocytes'

ThehaemagglutininsproducedbysomestrainsorV.anguillarumwerefoundtobe

inhibited by D-mannose suggesting this sugar maþe apart of the erythrocyte receptor

(Toranzoetal.,l983).Furtherworkisrequiredtodeterminethepreciseroleofthe

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 a\" 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.Theflagellumenablesthebacteriumtomovebyautilisingthemembraneassociated.

flagetlar motor that results in propulsion of the bacteria (Macnab" 1992)' The flagellae of

E. coli and salmonella atethe 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 jejunl (Guerry et aI',1991; Guerry

et aI., 1992; Yao et al., 1994), Helicobacter (Kostrzynska ¿t aI', l99l)' Aeromonas

salmonicida(Umelo and Trust, lgg|) and V. anguillarum (McGee et aI" 1996)'

v. anguillarufn Possesses a single polar flagellum that is sheathed with LPS

(Norqvist and Wolf-W aA, 1993; O'Toole et a1.,1996)' The flagella structure is complex

and believed to consist of four flagellin proteins (Milton et al., 1996). These flagellin

proteins a¡e encoded by the genes/aA (Milton et aI',1996),flaB'C and D (McGee et aI"

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 watef but not required for virulence once the

epithelial cell layer is crossed (McGee et al.,1996; O'Toole et a1.,1996)'

Mutations of the structural genes of the flagellum have indicated that only fIaA is

essential 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 (McGee at aL" 1996)'

FlaA is thought to have two roles in the pathogenesis of V. anguillorum' 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 aI" 1996)'

L.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
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non-specific molecules.

environmental factors.

Porin expression can depend on the culture conditions and

The outer membrane profile of V. anguillarum has been examined in numerous

studies (Buckley et aI., 1981; Pazos et al., 1993) with the best characterised outer

membrane proteins being those involved in iron uptake (Actis et a1.,1995; Tolmasky et al"

lees).

The porins which have been analysed inV. anguillarum a¡e the 40 kDa major outer

membrane protein (MOMP) of the ol strains (simon et a1.,1996) and a 35 kDa porin-like

protein, omp35la (Suzuki et a1.,1996). It is not known whether these proteins are similar

proteins or if in fact they constitute a single porin (Davey et a1.,1998)'

The MOMp is common to all 10 serotlpes of V. anguillarurn with the size of the

protein varying between 35 to 42kDa. Immunological studies have shown cross-reactivity

between MOMPs of all the serotypes (Suzuki et al.,1994; Simon et a\" 1996)'

The MOMp from V. anguillarum Ol has been isolated and the two dimensional

structure determined by dlectron 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 aI',1996)' The gene which

expresses this MOMP has not been cloned'

Further analysis of the 40 kDa MOMP of V. anguillarum 02 has indicated the

amount of the protein expressed is influenced by osmolarity, salt concentrations and the

chelator EDTA in growth media (Davey et a1.,1993). 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 (Davey et al'' 1998)'
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It is unclear how the porins of V. anguillarum are regulated and fuither 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 ma¡ine

environment.

1,.3 Iron sequestering system associated lYith 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

specialised 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, I974;Crosa, 1989).

Pathogenic strains or v. anguillarumpossess a 65 kb plasmid pJMl that encodes an

iron transport system which is composed of the siderophore anguibactin and an energy-

dependent transport system (Crosa et aI., 1977; Actis et aI., 1988; Crosa, 1989)' This

plasmid-mediated iron-uptake system is an important component of the pathogenic

processes of these bacteria (Crosa, 1980; Crosa et aI',1980)' The iron-uptake system is

located on a25 kb segment of the plasmid pJMl (Tolmasky and Crosa, 1984; Tolmasky er

c/., 19gg). Chromosome-mediated regulation, essential for repression of the iron transport

genes, (waldbeser et aI.,l993;Tolmasky et aI., 1994 Waldbeser et a1.,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 mRNA (V[aldbeser et a1.,1993; Actis el at.,1995). FatA is the receptor for

ferric anguibactin complexes (Actis et a1.,1985), FatB is a membrane located lipoprotein

(Actis et al., 1985), and Fat c and FaÐ are cytoplasmic integral membrane proteins

(Koster et a1.,1991) (Fig. 1.1). These genes as well as the genes required for anguibactin

¿rre 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 pJMl in a region non-contiguous to the other genes involved in

iron transport (Chen et a1.,1996) (Fig' 1'l)'

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 aI., 1996). The two helix-turn-helix domains are also proceeded by a

leucine zlppermotif (Tolmasky et a1.,1993) which in other systems has been demonstrated

to be involved in protein-protein and DNA-protein interactions (Agre et a1.,1989; Turner

and Tljian, 1989; Vinson et a1.,1989; Pu and struhl, 1991; Chen et a1.,1996)'

The structure and composition of the anguibactin has been determined (Actis et aI',

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 cuN-hydroxy-o-[[2'-

(2,',3"-dihydroxyphenyl)thiazolin-4'-yl)-carboxylhistamine by crystal X-ray diffraction

studies, nuclea¡ magnetic resonance Spectroscopy, fast atom bombardment' mass

spectroscopy and chemical degradation (Jalal et a1.,1989). These analyses revealed a 1:l

complex of iron to anguibactin (Jalal et aI',1989)'



Figure 1.1: The iron sequestering system of v. anguillnrum

organisation of the pJMl iron uptake region. FatDCBA a¡e 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 pJMl-derived antisense RNAcr

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 pJMl also contains a negative regulator known as RNAa. RNAcr is a

650 nucleotide RNA which is encoded by thefatB 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 (tWaldbeser et aI-' 1993;

V/aldbeser et a1.,1995). The Fur repressor protein is required for expression of RNAcI

(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 (Norqvist and Wolf-rWatz, 1993) and a

recent study showed the importance of LPS (in particular the O-antigen) to the resistance of

complement-mediated killing (Boesen et aI., 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 this

surface molecule.

1.4.! Lipopolysaccharide biosynthesis in V. a'nguillaruÍn

oL

V. anguillarum Ol 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 andvirB 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-S/atz,

lgg3),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 aI., 1996). These

findings suggest the genes, virA andvirB arc involved in the biosynthesis of the O-antigen

and that LPS is essential for the virulence of V. anguillarum Ol.

The virA and virB genes were cloned and sequenced (Norqvist and 'Wolf-Waø,

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.

!.4.2 Heterogeneity of lipopolysaccharide in V.

anguillørum 02

V. anguillarum 02 is the most prominent serot)?e involved in disease outbreaks of

vibriosis in feral fish stocks (Amor and Mutha¡ia, 1995; Sørenson and Larsen, 1986). kt

the past there has been some confusion in typing strains belonging to the 02 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 fîsh pathogen, V. ordalii, which is indistinguishable

from V. anguillarum 02 by Western immunoblotting (Chart and Trust, 1984; Mutharia ¿f

at.,1993). However, it is now widely accepted that V. ordalii is in fact V. anguillarum 02

(Sørenson and Larsen, 1986; Mutharia et aI., 1993; Amor and Mutha¡ia, 1995) but it

expresses serotype specific epitopes (Salati and Kusuda, 1986). Interestingly, when fish

are vaccinated with V. ordalü and challenged with V. anguillarum 02, 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 02 into O2a and O2b based on
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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 02 serotype was subdivided on the basis of the reactions of rabbit polyclonal

antiserum raised against bacterial antigens. The subdivisions were reported as O2a and

OzP. V. ordalü 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 02 serotlpe and that

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

L.4.2.1 Structure of the O-antigen and capsule from V.

anguillørum 02

It 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

only 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 0139 also expresses a capsule that is

antigenically identical to the O-antigen of the LPS (Waldot et 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; V/hitfield and

Roberts, 1999).

The O-antigen and capsule of V. anguillarum 02 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. anguíllarum 02 and V' ordølä 02'

A) The structural formulae of the capsule/O-antigen molecules of V. anguillarum 02 (a)

and V. ordalii (b).

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

ordallü

Diagram was adapted from Sadovskayaet al., (1998)
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composition and has not been identified previously in bacterial polysaccharides' The

composition of V. ordalüpolysaccharide (O-antigen and capsule) has also been determined

and shares two monosaccharides (2,3-di-acetoamide-2,3-dideoxy-a-L-galacturonic acid

and 2-aceto-3-(N-formyl-Lalanyl)-amino-2,3-dideoxy-p-D-glucuronamide) 
with the O-

antigen/capsule of V .anguillarum O2a (Sadovskaya et al', 1993) (Fig' 1'3)' The cross-

reactivity observed between V. ordatü and V. anguillarum 02 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 aI., 1998) (Fig 1.3)' To date, the

composition of the O-antigen and capsul e of V. anguillarum O2b a¡e unknown (Amor and

Mutharia., 1995).

Genetic studies of v. anguillarum 02 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. anguillarurn 02' The region has yet to be

sequenced and so the genes responsible for the synthesis of the polysaccharide a¡e not yet

identified.

!.4.2.1 chemical structures and composition of o-
antigen in V. a,nguillørum 03

Although analysis of. v. anguillarum o-antigens is limited for the 01 serotype and

only recently characterised in the 02 serot¡le, a number of studies have been conducted

with the strain v-lz3which belongs to the 03 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)-cr-GalNAcA(amido)-(1+4)-cr-

GalNFoA-(1+3)-cr-QuiNAc-(1+3)-p-VioNAcyl-(l+ where the N-Acyl group is 2',4'-
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dihydroxy-3,3,4-trimethylproglutamic acid, Qui is D-quinovosamine, Vio is D-viosamine'

and Fo is formyl (Eguchi et aI.,lgg2). 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-Lmannose and 1,3 linked 4 formamido-4,6-dideoxy-D-mannose have been

found in o-antige ns of Pseudofnonas aeruginosa (Yokota et a1.,1986; Knirel et al" 1985)'

yersinia enterocolitica 09 (Caroff et aI.,l9S4) andBrucella abortus (Aragon et a1.,1996),

respectivelY.

1,.5 Lipopolysaccharide

1..5.L General Introduction

Lipopolysaccharide(LPS)isthemostabundantmoleculeonthesurfaceofGram-

negative bacteria and acts as a protective banier to hydrophobic agents such as dyes'

detergents and other lethal agents (Osborn', 1979)'

LPSconsistsofthreecomponents:lipidA,thecoreoligosaccharideandtheo-

antigen (Fig. 1.a). 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 aI., 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 (Lüderitz et al., I97l; Jann and Westphal, 1975)

and in some bacteria is an important virulence determinant that prevents complement-

mediated serum killing (whitfield, 1gg5). The diversity of o-antigen structures present in

Gram-negative bacteria is due to va¡iations in sugar composition, the linkages between



Figure 1.4: Schematic structure of lipopolysaccharide (LPS)'

The lipid A, core oligosaccharide and the O-specific chain a¡e indicated on the left side of

the figure. Individual o-repeats a¡e 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 Lindberget al. (199t)'
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sugax molecules and the numerous sugar and non-sugar substitutions found on the o-

antigen (Whitfield, 1 995).

The best characterised "LPS" systems are those that have been described for

Escherichia coli, salmonella enterica and shígeila flemeri. The structures of these LPS

molecules has aided in the understanding of Lps biosynthesis. with this knowledge

numerous simila¡ities 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) thecore oligosaccharide is synthesised on lipid A'

3) the o-antigen units are synthesised on a lipid carier (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 aI.,l99l)'

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

are translocated across the cytoplasmic membrane where the lipidJinked 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/I(do/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 y'c' 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 fromRaetz (1996).
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polymerised into correct lenglh 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 cellula¡ 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 (Måkelå and Stocker, 1984). Little is known about the ligation reaction

although the ligase, encoded by rfaLtwaaL has been identified in S. enterica sv

Typhimurium (Maclachlan et al., 1991), E. coli (Roncero and Casadaban, 1992) and S.

flexneri (Hong and Payne, lgg7). 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'

L.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 p-1-6 linked disaccharide of glucosamine that is phosphorylated and acylated with R-

3-hydroxymyrisrate which is further substituted with fatty acids (Raetz, I993i Takayama,

1983) (Fig. 1.6). The genes required for lipid A synthesis in E colihave 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 fromE colíK'|2'

Abbreviation: Kdo,3-deoxy-D-manno-octulonic acid. DiagramfromRaetz (1996)'
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complex biosynthetic pathway to be constructed (Nishijima and Raetz, 1979;Takayama et

aL, L983;Anderson et a1.,1985). The lipid A subunit and core oligosaccharide of the LPS

molecule are linked via 3-deoxy-D-manno-octulosonic acid (KDO) (Strain et a1.,1983a, b)'

rn E. coli the minimal Lps molecule for cell viability consists of lipid A and KDo

disaccharide (Boman and Monner ,197S;Rietschel, 1933). The importance of lipid A in s'

typhimurium has been further elucidated recentþ with the discovery that substitutions on

the lipid A moiety are vital for virulence (Guo et al',1997; Khan et a\" 1998)' A mutation

in the rfaNlwaaN gene which is responsible for the production of an enzjrme 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 a1.,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 RoVWzz prorein 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 aI., 1999). The Rfal'{Ailaal'{ 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., 1993). Guo et al' (1997) have reported that responses to

environmental changes via the phoPtphoQ 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.

ThetipidAofV.choleraeisverysimilartootherGram-negativelipidAmoieties.

The lipid A consists of p-l,6Jinked 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



23

hydroxydecanoic acid (Raziu ddin, 1977; Broady et a1.,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)'

L.5.3 Core oligosaccharide

Thecompositionofthecoreoligosaccharideishighlyvariableandisspecifictothe

genus/speciesalthoughsimilarSugafsarefoundindifferentcoreregions.InE.coliand

Salmonella the core region can be divided into the inner core which consists of three

heptose units (coleman and Lieve, 1979; Coleman, l9s3) and the outer core containing

varying amounts of N-acetylglucosamine, glucose and galactose sugafs' At present five

core types have been identified for E. coli (K-12, R1-R4) (Fig. 1.7). The core types are

crassified according to the substitutions found on the core backbone which may include

phosphates, phosphorylethanolamine and other sugars (Heinrichs et aI" 1998)' h y'

choleraethe core oligosaccharide is composed of glucose' heptose' fructose' ethanolamine

andN-acetylglucosamine(Kondoetal.,1988;Hisatsuneetal"l989)'Thestructureofthe

core oligosaccharide is represented in Figure 1.8 (Vinogradov et aI',1995)'

Thegenesresponsibleforthebiosynthesisofthecoreoligosaccharidea¡elocatedin

the rfa/waø locus. The rfa/wad genes have been cloned from Salmonella a¡d E' coli

(Austin et a1.,1990) and the loci are highly conserved which reflects the high homology

betweenthecorestructuresoftheseorganisms'Thedifferencesobservedbetweenthe

rfa/waaloci of these organisms is reflected in the chemical composition of their respective

core oligosaccharides (Schnaitman and Klena, lgg3)' The genes involved in core

biosynthesis in E. coli canbe 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, Rl-R4 are represented.

The genes responsible for each linkage are indicated. Abbreviations: Glc, glucose; Hep, L

glyerc-D-manno-heptose; Gal, galactose; GlcNAc, N-acetyl glucosamine' Diagram

adapted from Heinrichs ¿r aI. (1998).
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Figure1.8:Thecore-oligosaccharidetypesofV.choleraeol.

Thechemicalformulaofthecore-oligosaccharidefromV'choleraeOl'Abbreviations:

Glc, glucose; Hep, Lglyero-D -manno-heptose; Fru, fructose; Kdo, 3-deoxy.D-manno.

octulonic acid; PEtn, phosphoethanolamine. Diagram fromKnirel et al' (1997)
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1. genes involved in sugar biosynthesis,

2. genes encoding transferases,

3. regulatory genes.

Mutations within the rfa/wa¿ 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-l-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 hus

shown it to be a 37 kÐa protein which has a pap fold at the N-terminus (Peques et al.,

1990) consistent with an ADP-binding domain (Rossman et aI., 1974; Wierenga et al.,

1986). In E. coli rfaD/gmhD is found in an operon along with rfaF/waaF and rfaC/waaC,

which a¡e also involved in heptose biosynthesis, and rfaUwaaL, the putative ligase thought

to ligate the O-antigen chains to the core oligosaccharide (Peques et a1.,1990; Schnaitman

et aL,l99l; Roncero and Casadaban,1992; Sirisena et a1.,1992,1994).

ArfaD/gml¡D homologue was identified inV. cholerae and shows a high homology

to the E. coli rfaD/gmhD gene (Stroeher et al.,l995b). lnV. cholerae rfaD/gmhD is closely

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

L.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. colí K-12. The proposed

chemotypes of the core oligosaccharide are indicated on the left hand side of the figure to

allow comparison. n conesponds to the number of O-repeats. Abbreviations: GlcN' 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; GaH D-

galactofuranose; P, phosphate; Ac, acetate. Diagram adapted from Lindber1 et aI' (1991)

and Raetz (1996).
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antigenic properties of O-antigen has been long known' with the variation being the basis

of serotypin g. In Salmonella entericøthere are 60 known forms of O-antigen and 160 in E'

coli (Reeves, 1993).

ThegeneticsofO-antigenbiosynthesisisbestcharacterisedinsalmonellaenterica

sv Typhimurium although with recent advances in molecular biology there is a growing

understandingofo-antigengeneticsandbiosynthesisinawidervarietyofspecies.The

genes involved in o-antigen biosynthesis a¡e usua[y clustered together in a singre locus.

Recently, an updated nomenclature system for genes involved in polysaccharide

biosynthesis was devised by Reeves et aI', 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

involvedinO-antigenorcapsularbiosynthesistobeidentifiedbytheformused'and3)

genesinvolvedinsynthesisofsugarswillbeidentifiedbythebiosyntheticpathway.The

new nomenclature can be identified by the form w*** with o-antigen genes being given

the symbors of wb*, with the x being a specific retter that represents a particurar species.

1.5.4.! Sølmonella entericø sv Typhimurium (group B)

The o-polysaccharide of group B Salmonella consists of a repeat unit of four

hexoses (abequose, mannose, rhamnose 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 aÏ 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: Tlne dblwba region of S. entericargroup B.

The (blwba region of S. entericø (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 et aI. (1996). The

diagram was adapted from Reeves et aI, (1996).
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required for correct assembly of the O-antigen which includes the sugar transferases

(rfbN twbaN, dblJ lwb aU, dbY lwbaV, dbP I wb aP)'

Within Salmonella, the O-antigen is highly polymorphic. This va¡iation 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 gfoups A' B and D being the

most pathogenic. These gfoups possess simila¡ O-antigen structures (Roantree, 1967) and

the O-antigen biosynthesis regions are genetically related (Jianger aI',1991)'

salmonella groups A (sv Paratyphi), B (sv Typhimurium) and D (Typhi) have

paratose, abequose and tyvelose respectively, as the side chain sugaf in their O-antigen

which a¡e otherwise identical (Fig. 1.11). To these differences there are unique genes

involved in the biosynthesis of these nucleotide sugars. The gene rfbJlabe from group B

encodes an abequose synthetase (Wyk and Reeves, 1989), rfbslprt is a paratose synthetase

found in the group A biosynthesis region, and rfbEltyv from gfoup D encodes a CDP-

tyvelose epimerase which converts cDP-paratose to cDPtyvelose (verma and Reeves'

1989; Liu et aI.,I99l).

L.5.4.L.L Biosynthesis of nucleotide sugars

The genes involved in the biosynthesis of the nucleotide sug¿lrs, 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-l-phosphate to mannose-6-phosphate (Sanderson and Roth'

19gS). The remainder of the genes required for mannose biosynthesis, rfbKlmanB and

dbMlmanc are located in the biosynthesis region (Reeves, 1993).



Figure 1.11: Structures of the repeat units of S. enterícø groups B, Ar D,

Elrc2,cl.

The chemical formulae for the repeat units of the individual groups of S. enterica.

Abequose (Abe) is present in group B and C2, paratose (Pa¡) in group A and tyvelose (Tyv)

in group D. Other sugars are represented by the following: Gal, galactose; GlcNAc, N-

acetyl glucosamine; Man, mannose; Rha, rhamnose. Diagram from Reeves, (1993)'
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dTDP-rhamnose is synthesised from glucose-1-phosphate' The first two enzymes

involved in the dTDP-rhamnose biosynthetic pathway are encoded by rfbNrml'A and

rfbBlrmlB.RfbA/RmlAisaglucose.l-phosphatethymidyltransferaseandRfbB/RmlBis

the enzyme dTDP-glucose4,6-dehydratase. It is possible to distinguish between these

enzymes using established enzyme assays (Jiang et aI" 1991)'

The third and fourth enzymes involved in the biosynthesis of rhamnose afe dTDP-

4.keto-Lrhamnose-3,5-epimerase(rÍbCtnntc)anddTDP-Lrhanmosesynthetase

(rfbDtrmlD) (Jiang et a1.,1991). Figure 1'12 shows the rhamnose biosynthetic pathway'

The four genes involved in dTDp-rharnnose biosynthesis are highty conserved between S'

enterica,ShigeltadysenteriaelandE'coliK-l2(Jiangetal"l99l)'

The major side chain sugafs of groups A, B and D sha¡e a common biosynthetic

pathway(Fig.1.l3).ThefivegenesinvolvedindCTP-abequosebiosynthesis,dbFld.dhA,

rfbctddhB, rÍbTlddhc, rÍbltddhD and rfbltabe' are located in sv Typhimurium' In sv

pafatyphi and sv Typhi, the rfbJ gene is replaced with rfbslprt' rÍbJ md rfbs have similar

functions and are homologous, but have diverged to be only 26vo identical at the amino

acid level (verma and Reeves., 19g9). 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

hasaframeshiftmutationandisthereforenon-functionalpreventingtheconversionof

paratose to tyvelose (Verma and Reeves' 1989)'

L.5.4.L.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 l.l2z 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 a¡e listed below as described by

Reeves et aI, (1996). rfbA=rmlA; dbB=rmlB; rfbC=rmlC; rÍbD=rmtD. 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 aI. (1996).

rfb F=ddhA, rfb G=ddhB, rfb H=ddhC, rfb l=ddhD, rfb S=p rt, rfb E=tyv, rfb J=ab e . Diagram

from Raetz, (1996).
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The initial reactions involved in the biosynthesis of heteropolysaccharide o-

antigens are essentiaily identical within the sarmoneua entericd serogroups. The initial

reaction which is reversibre and involves rfbprwbap (garactosyltransferase) cataryses the

transfer of galactose to undecaprenal phosphate' The remaining sugars' TDP-rhamnose

and GDp_mannose are then sequentia[y transferred to the undecaprenol diphosphate-

galactoseintermediate.Eachreactioniscatalysedbyaspecifictransferaseencodedinthe

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., lgg2; whitfield, 1gg5). Rfe/wecA transfers N-acetyl-glucosamine

(GlcpNAc) found in heteropolysaccharide o-units of numerous E' colí serotypes

(Alexander and Valvano, 1994), Shigeua dysenteriaetype I (Klena and Schnaitman' 1993)

arrd shigeila frexneri (yao and valvano, rgg4; whitfield, 1gg5). Interestingly rfe/wecA

has also been found associated with the synthesis of homopolysaccharide o-antigens in E'

coli (Liuand Reeve s, 1994; Jann et aI., 1982; Rick ¿r aI'' !994)' Klebsiella pneumoniae

(ClarkeandWhitfie|d,1992)eventhoughtheydonotcontainGlcpNAc(Whitfield,|995),

theTlantigenofsalmonel/ø(MakelåandStocker,1984)'andtheenterobacterialcommon

antigen (ECA) (Meier-Dieter et a\" 1990)'

Rfe/TVecAandRfbP/TVbaParethoughttobestructuralandfunctionalhomologues

ino-antigeninitiationbasedonsimilarhydropathyprofiles(KlenaandSchanitman,1993)

even though Rfe/lvecA is associated with synthesis of other surface polysaccharides, while

RfbP is only associated with o-antigen biosynthesis (whitfield' 1995)'
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1.5.4.!.3 Polymerisation of o'antigen repeat units: at the

reducing terminus

o.antigens from S. entericaseroglouPs A,B,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 aI'' 1965;

Robbins et al.,lg66)(Fie. 1.1a) (whitfield., 1995)' This reaction requires rfc/wry' which

maps outside the O-antigen biosynthesis region in S' enterica sv Typhimurium (Naide ¿t

a1.,1965;Stocker and Makel ä,l97l;Collins and Hackett' 1991)' This is unusual as other

rfc.|ikegenesinnumerousotherbacteriahavebeenreportedtobeinsideoradjacenttheo-

antigen biosynthesis locus (Brown et aI.,1992;Reeves, 1993; Xiang et aI" 1994; Morona

et aI., lg94). Mutations that result in a rfc/wry defect produce the semi-rough LPS

phenotype(iecoreoligosaccharidewithasingleO-antigenunit'SR-LPS)(Moronaetal"

1994).

The rfclwry o1 S. ryphimurium and s. flexneri have been cloned and sequenced

(Collins and Hackett,lggl;Morona et al., lgg4)' RfcAMzy homologues are predicted to

be hydrophobic integral membrane proteins with 11-13 transmembrane segments and show

linte primary sequence homology (Morona et aI',L994;Whitfield' 1995)' Recently it was

shown that the rfc/wry of S. flemeri contains 12 transmembrane segments with two large

periptasmic domains and the carboxy-terminal of the protein is located at the cytoplasmic

face of the inner membrane (Daniels et a\" 1998)'

1..5.4.1. 4. rol/cldlwa

Ithasbeenobservedthaty'c-mediatedpolymerisationinvolvesthecontrolofthe

distribution of o-antigen chain length to give a modal chain tength distribution. chain



Figure l.l4z Polymerisation of O-antigen from the reducing terminus.

The reversible initiating step (reaction 1) involves the addition of a sugar-l-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 V/hitfield, (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/lVzz is not understood.

The RoUWzz 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 a1.,1993).

An alternative mechanism for how RoVWzz may function was described by Morona et al

(1995) in which RoVWzz acts as a molecular chaperone which interacts with either the O-

antigen ligase (RfaIJWaaL) or RfcAMzy allowing a fixed ration of RfaL/WaaL to Rfc/TVzy

proteins resulting in a non-random O-antigen chain length. Rol mutants in S. flemeri result

in random distribution of O-antigen chain length and the bacteria are avirulent (Van Den

Bosch et a1.,1997).

Recently, numerous RoVWzz functional homologues have been described which all

show a conservation in primary sequence as well as structure (Schnaitman and Klena,

1993; Morona et aI., 1995a). The proteins are cha¡acterised by two highly conserved

potential transmembrane domains in the N- and C+erminal regions (rWhitfield et a1.,1997).

This leads one to suspect that rollwu proteins share a common mechanism.

It has been shown that heterologous complementation can occur with RoVWzz

proteins. However the LPS pattern observed is Rol/TVzz specific (Bastin et al., 1993;

Batchelor et aI., l99l: Burrows et aI., 1997). This suggests that Rol doesn't recognise

specific O-antigen sugars but rather interacts with othêr components of the O-antigen or

LPS biosynthesis machinery.
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1.5.4.L.5 rføLlwøøL

Theputativeo.antigenligaseencodedbyrfaLlwaaZisresponsibleforligatingthe

completed o-antigen chain to the lipid A-core. Rfal-/waal is an adaptable enzyme that is

capable of rigating high or low molecurar weight porymers to the ripid A-core (whitfield er

a1.,1997).ItisknownthatRfat/waalrequirescompletedlipidA-coremoleculesto.

function (schnaitman and Klena, 1993). If incomplete lipid A-core molecules are

produced, they are unable to accept the o-antigen chains which remain attached to the lipid

ca¡rier as o-antigen haptens a¡e located in the perisplasm (Beckman et al" l9&; Lindberg

et al., lg72). 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 rfalJwaaLappears to require an additional gene product RfaK (waaK) to function

correctly (whitfield et al.,lgg7). This suggests that RfaIJWaaL either recognises species-

specificLPS-coremoleculesmodifiedbyRfalVWaßoraprotein:proteininteractionis

required between RfatrUWaaK and RfaUWaaL' Despite what is known about the

RfaLAMaaL protein, little is understood about the actual mechanism of ligation'

1..5.5 Polymerisation of o-antigen repeat units: tt the

non-reducing terminus

Another pathway exists for the synthesis of some o-antigens' This pathway does

not involve either the RolÆVzz or Rfc/TVzy proteins. This alternative pathway involves the

synthesis of simple o-antigens, usually those that consist of linea¡ homopolymers' Little is

known about the details of this pathway which has been studied in E' coli 08 and 09' and

K. pneumoniae OL (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/lVecA 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

andJann,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/TVzy, RoVWzz andRfb)ØWzx (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

RoVRfc-independent pathway initiates polymerisation at the non-reducing terminus in the

cytoplasm. The polymerised O-antigen chains a¡e then transported across the membrane

by an ATP-binding cassette "ABC-?" transporter. In the Rol/Rfc-dependent pathway, the

O-antigen units are transported across the plasma membrane by Rfb)lWzx (also known as

the flippase) where the O-units are polymerised into O-antigen chains on the periplasmic

face of the membrane (Whitfield, 1995).

L.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 porymerisation by the addition of a sugar-l-phosphate to

theund-pcarrier,inthesynthesisofo-antigenwithadisacchariderepeatingunit'

Polymerisation involves the sequential processive transfer of sugars to the non-reducing

terminus of the nascent polymer (reaction 2 and3). 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 a¡e transferred to the growing polymer directly from NDP-

sugaf 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 aI., 1997). The LPS

export proteins are from species such as: Yersinia enterocolitica O:3 (Zhang et al., 1993),

Klebsiella pneumoniae 01 (Broînet et aI., 1994; Whitfield, 1995) and V. cholerae Ol

(Manning et a1.,1995), whereas capsule exporters are found in the group tr-type capsule

polysaccharides of E. coli, Haemophilus influenzae and, Neisseria meningitidis (Pavelka er

aI., 1989; Smith et a1.,1990; Kroll ¿r al., l99O; Frosch et a1.,1991).

kr K. pneumoniø¿ Ol two genes dbAlwzm and rJbBlwzt 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 a1.,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/TVecA (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: W zmlW zt).

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 Salmonetta (l(nhel and Kochetkov, 1994). This pathway is similar to other

homopolymer systems and requires Rfe/lVecA to initiate o-unit synthesis, is Rfc/lVzy-

independent, and hence simila¡ to the Rfc/lVzy-independent pathway described above. The

O-antigen in this organism is not transported with either an ABC-2 transporter or

Rfb)lWzx. 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'

t.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, lg77). 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)' It is

thought that these genes a¡e 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 l3H]-glucosamine (a LPS precursor in E' coli) in the inner

membrane. It has been proposed that msbA and/or htrB arc 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

transrocation of group I and tr capsules occurs at specific sites where the plasma and outer

membrane appeaf to come in close when examined by electron microscopy (\ilhitfield and

Roberts, 1999). These sites have been previously described as "Bayer's Junctions" and has

been subject to some controversy (whitfreld 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. cholerøe O-antigen

L.5.8.1 Genetics of v. cholerøe o! o-antigen biosynthesis

V. cholerae Ol can be divided into two biotypes, classical and El Tor' These

biotypes can be further divided into three serotytr)es, (Inaba, ogawa and Hikojima) which

a¡e 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 (Bunows et al., 1946a, b; Sakazaki and

Tamura, l97l; Redmond et a1.,1973; Redmond, 1979). The third serotype, Hikojima is

very unstable and is now thought to belong to the Ogawa serotype (Stroeheret a1.,1998).

The genes responsible for O-antigen biosynthesis a¡e encoded at the rfb/wbe locus

which is located on a 20 kilobase (kb) S¿cI fragment (Fig. 1.17, Table l.l). This region

has been cloned and expressed in E. coli K-12 (Manning et al., t986; Ward et a1.,1987).

Recently, three additional genes designated wbeU,V, and I4lhave been described and found

to be important in O-antigen biosynthesis in V. cholerae Ol (Fig. l.l7) (Fallanno et al.,

te97).

The genetic organisation of the operon is essentially identical between the Inaba

and Ogawa serotypes with the sequence diverging less than 0.17o (Stroehet et al., 1992).

The rfb/wb¿ operon can be divided into five functional regions:

l). 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. cholera¿ Ol consists of a homopolymer of 4-amino4,6-dideoxy-

mannose (perosamine) which is substituted with 3-deoxy-L-glcero-tetronic acid (tetronate)

(Kenne et a1.,1979,1982; Redmond, 1979) (Fig. 1.18). The first four genes rfbA (mønC),

dbB (manB), rfbD (Smd) and rfbE (wbeÐ 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 a1.,1998). Figure 1.19 shows the proposed pathway for perosamine biosynthesis.



Figure l.l7z Tlrre dbtwáø region of V. cholerøe Ol'

A schematic representation of the genetic organisation of the O-antigen biosynthesis region

of V. cholerae Ol, contained almost entirely on a 20 kb SøcI fragment. The gene

designations afe 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 aI. (1998).
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Table1.L:PossiblefunctionsofV'cholerae01-rfbgenes

Putative functionold
ORF/element

RfaD
RfbA
RfbB
RfbD
RfbE
RfbG
RfbH

RfbI

New
ORF/element

GmhD
ManC
ManB

Gmd/!VbeD
WbeE
WbeG
Wzm

core biosYnthesis

PMVGMP activitY
PMM activitY

oxidoreductase
pyridoxal binding Protein

unknown
O-antigen transport

(channel?)

O-antigen transport
(energizer?)

acyl carrier Protein
fattY acid ligase

alcohol dehYdrogenase

fattY acid reductase

acetYl Co-A transferase

unknown
Insertion sequence

Ogawa determination

mannosYl transferase

LPS (core) biosYnthesis

dTDP-glucose dehYdratase

'Wzt

RfbK
RfbL
RfbM
RfbN
Rfbo
RfbP

RfbQ,R,S
RfbT
RfbU
RfbV

oRF35.7
Rfbw

WbeK
WbeL
WbeM
WbeN
WbeO
WbeP

IS1358d1
WbeT
WbeU
WbeV

oRF35.7
WbeW galactos vI transferase



Figure 1.18: The o.antigen structure of V. cholerae oL.

A) The chemical stnrcture of perosamine, the main constituent of the o-antigen o/ v'

cholerae Ol.

B) A schematic representation of the LPS molecule of v. cholerae ol showing that the o-

antigen consists of a homopolymer of perosamine which is substituted by tetronic acid'

C)Thechemicalstrucfirreoftherepeatingunitofo.antigen.
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Figure 1.1.9: The biosynthesis pathway for the production of perosamine.

The proposed pathway for the biosynthesis of perosamine in V. cholerae 01. 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 a¡e encoded by wbe/rfb K,L,M,N and

O. Figure 1.20 shows the proposed tetronate biosynthetic pathway (Moronaef aI.,l995b)'

The LpS also contains another sugar, quivosamine, that is thought to cap either the

O-antigen of core oligosaccharide. Evidence to date suggests that the genes for this sugar

may be encoded in the Ol db/wbe region because when the region is expressed in E' coli

the quivosamine is present in the Lps (Hisatsune eú at.,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 Ol region'

v. cholerae ol 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' rfbHlwzm is

likely to encode the integral membrane protein that forms the channel for O-antigen export'

The other protein involved is encoded by dbltwzt which is likely to be the energiser as it

contains an ATP-binding motif (Manning et a1.,1994,1995).

The O-antigen modification gene, dbTlwbeT 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 prece ding (manc to wbeo) (stroeher et aI" 1992;

Hisatsune et al., 1993).

1..5.8.2 Genetics of surface polysaccharide synthesis in
Vibrio cholerae OI39

v. cholerae ol39 was the first reported non:ol 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 Ol39 and the traditional

epidemic strains of v. cholerae Ol (Ramamurthy et al., 1993; Johnson et aI" 1994;



Figure l-202 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 l.l). 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-/-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 aI. (1998).
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Karaolis et a1.,1994; Manning et al., 1994). The major difference to be reported was the

O-antigens of these two serotlpes were immunologically different and that V. cholerae

Ol39 also expressed a capsule (Manning et aI., 1994; Waldor et aI., 1994). Extensive

research has revealed that in V. cholerae OI39 there has been precise excision of the

original V. cholerae Ol rfb genes and replacement with new rfb genes (Manning et al.,

\994;Comstock et a1.,1995; Biket aI., !995; Stroeher et aI.,1997; Stroeher and Manning,

lgg1). The new rfb genes of 0139 have been cloned and sequenced (Bik et al.' 1995,

1996; Comstock et aI., lgg5, 1996; Stroeher et al., 1995a, 1997; Stroeher and Manning,

te97).

The sugars found in the LPS of 0139 a¡e: colitose, glucose, heptose, fructose,

glucosamine and quinovosamine (Preston et aI., 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 (rWaldor 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 er a1.,1996; Stroeher et a1.,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 Ol and 0139. In 0139, Iike

01, the first gene is rfaDtgmhD which is involved in core biosynthesis. However, unlike

V. cholerae Ol, the rfb region of 0139 is not defined in discreet biosynthetic regions and

there a¡e clearly genes that are redundant (Stroeher et a1.,1998). Several genes in the locus

have yet to be designated functions including the wbfD-H, wbfK-N and wbJX-Y (Table 1.2).

The genes responsible for the biosynthesis of colitose are encoded by wbfiI, wbfl andwbfJ



Figure t.2L: Tlrre rþlwbl region of V. cholerae 0139.

A schematic representation of the genetic organisation of the O-antigen biosynthesis region

of V. cholerae 0139. 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

arows. Diagram adapted from Stroeher et aI. (1998)'
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Table 1.2: Possible functions of v. cholerae 0139 rfblcapsule genes

OIdORF/element New ORF/element
desienation

Putative function

designation
RfaD
OtnH
OtnG
OtnF
OtnE
OtnD
OtnA
OtnB

GmhD
wbfA
wbfB
wbfc
wbfD
wbfE
Wzm
Wzz

core biosYnthesis
unknown
unknown
unknown
unknown
unknown

O-antigen exPort

O-antigen chain length
regulation

Insertion sequence

oxidoreductase
colitose biosYnthesis

colitose biosYnthesis

colitose biosYnthesis
unknown
unknown
unknown
unknown

galactosYl transferase

galactosYl transferase

Rfc like (O-antigen PolYnerase)
asparagine bisYnthesis
galactosYl transferase

PMVGMP activitY
PMM activitY

UDP-galactose 4-ePimerase

galactosYl transferase

nucleotide sugar dehYdrogenase

IS1358
oRF41.g/RfbD

oRF34.6
oRF43.9
oRF18.8
oRF54.4
oRF40.0
oRF40.1
oRF56.2
oRF39.2
oRF35.9

oRF41.8/ORF1
oRF71.9/ORF2
oRF41.3/ORF3
oRF50.8/ORF4

ORF5
ORF6
ORFT
ORFs
ORF9
ORFlO
ORF1 1

rs1358
Gmd
wbfl{
wbfl
wbfJ
wbfK
wbfL
wbfM
wbfN
wbfo
wbfP

wbQ (WzY)
wbfR
wbfs
ManC
ManB
wbfT
wbfu
wbfv
wbfw
wbfx
wbfY

nucleotide sugar ePimerase

unknown
unknown
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based on homology to the colitose biosynthesis genes of E. coli Ol11 (Stroehet et aI.,

tgg7). A surprising feature of the 0139 region is that there are genes homologous to wzz

(ro1) andwry Vfc). Mutations inwzzappear to effect capsule biosynthesis and not SR-LPS

biosynthesis (Bik et a1.,1996). The presence of the wry gene is unnecessary in SR-LPS

biosynthesis, and therefore Wzy probably acts to polymerise the capsule. Recent studies

have shown that the wryt 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 ef a1.,1995).

1..6 Insertion Sequences

Analysis of the O-antigen biosynthesis loci of V. cholerae Ol and 0139 identified

the presence of an IS element designated IS/358. ln V. cholerae Ol, the element is

degenerate (IS1jsSdl) while in the Ol39 serotype the element and corresponding putative

transposase a¡e intact. V. cholerae ol39 was found to be very closely related to the El Tor

strains of V. cholerae Ol. The main difference between these serotypes are the genes

located in their respective O-antigen biosynthesis loci. It was postulated that V. cholerae

Ol39 may have arisen from rearrangements in V. cholerae Ol and acquisition of new

polysaccharide biosynthesis genes from other soutces possibly from either non-Ol 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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j994;Cornillot eta1.,1995), Escherichia(So eta1.,1979; HuandL'ee' 1988;Collinsand

Gutman,l992;Garciaetal.,lgg4),Neisseria(Hammerschmidtetal''1996)'Yersinia

(FetherstonandPerry, tgg4)andvibrio(stroeher etal',1995a)' Anotherfunctionof ISs

are that they are involved in genetic reaffangements leading to differential gene expression

(Mahilton and Chandler, 1998)'

1.6.L ISAsL family of Insertion Sequences

In general IS elements have common structural features which allows them to be

classified into different families. The ISAsl family is a relatively smail cluster of 72

membersofwhich6areisoformsrestrictedatpresenttoGram-negativebacteria(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

biosynrhetic genes. The ISs in this family are between l2o7 bp (ISPg1) to 1326 bp

(IS/35S) long and have terminal inverted repeats of 14 to 22bp although not all inverted

repeats have been defined (Fig. 1.22). The transposase is encoded by a single ORF (of

between 2g4 and 376 amino acids) and constitutes most of the length of the element'

Identitybetweentheelementsofthisfamilyisbetween26voand,50vo.F\gure|.22shows

adendrogrambasedonthetransposasealignmentsofsomeoftheelementsinthisfamily'

The transposases of IS135g and ISAsl have been visualised using protein overexpression

systems (Stroeher et aI',1995; Gustafson et al" 1994)'

Thisfamilyoflssalsoincludestheelementsknownas..H-repeats''.TheH-repeat

is not a separate entity but rather is a part of a larger element called the RHS

(Rearrangement Hot Spot) element (Zhao et aI', 1993; Hlll et al'' 1994)' These elements

arefoundinE.coliK-l2withfivedifferentelements(RhsAtoRhSE)beingidentified

throughout the chromosome. These elements are quite large with sizes between3'7 and 9'6



Figure 1.222 Relationships between the ISAsI family of insertion

sequences.

A) Dendogram of some of the members of the ISAsI family of insertion sequences' The

dedogram was based on Tpase alignments'

B) The terminal inverted repeats (IRs) of some of the members of the ISAsl family' Not

all IRs have been determined.

Diagram from Matrillon and Chandler (1998)'
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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.

t.6.2ISAs/

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.,l98l). It has been demonstrated that the production of the A-

layer in A. salmonicida irlolves endogenous IS elements, ISAsl and ISAs2. These

elements are capable of transposing/inserting into either the promoter region or structural

gene of the AJayer subunit protein resulting in either reduced levels, truncated forms or

complete loss of the protein. ISAs2 does not belong to the ISAsl family of insertion

sequences (Matritlon 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 AJayer mutants showed that this element preferentially inserted into the

structural gene (vapA) (Gustafson et al., 1994). The mobile nature of ISAsl was until

recently the only known mobile element in the ISAsl family of insertion sequences

(Matrillon and Chandler, 1998).
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1..6.3 rsr358

As previously mentioned IS1358 was first discovered in the v' cholerae 01 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, rÍbR anð dbs before subsequently being renamed Ís1358d1

(Stroeher et al., 1995).

IS/35SisthesecondelementinthelsAslfamilyofinsertionsequencesthathas

been shown to function and hence produce an active transposase' Recently' Dumontier ¿t

aI(I998)demonstratedtranspositionofonels/35SelementfromV.choleraeo22.This

suggests that IS1358 elements with a single oRF are functional and a¡e able to undergo

transposition, at least under laboratory conditions'

IS1358 due to its apparent linkage to polysaccharide synthesis genes has been

implicated in genetic rearangements of these regions' The fact that IS1358 is capable of

transposition supports a possibre role for this element in rearrangements of polysaccharide

biosynthesis genes.

!.6.4 H-repeats of Sølmonetlø entericø and their role in

genetic rearrangements

The structures of the o-units of the s. enterica serogfoups A' B' Dl'Dz and E a¡e

very similar as they all have a mannosyl-rhamnosyl-galactose backbone' The O-antigen

biosynthesis regions that encode the O-antigens of these serogtoups are similar and have

similar genes and genetic arrangements. xiang et aI (1994) examined a number of s'

entericaserogfoups for the presence of particular biosynthesis genes and showed that the

organisation of the D2 region was very

(Fig. 1.23).

similar to the Dl O-antigen biosynthesis region



Figure 1.232 Tloe dblwba reg¡ons of s. enterica groups DlrDzand El.
A comparison of the o-antigen biosynthesis loci of s. entericagroups Dl,Dzand El. 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 inD2 is an arrow with stripes. Diagram

adapted from Xiang et at. (1994).
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The major differences between the Dl and D2 serogroups are the configuration of

the mannose used in the sugar backbone (Fig. 1.24) (Xiang et aL,1994). In D1 cr-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 garactosyl and

mannose) during polymerisation are different with Dl having a(l'2) and D2 and El using

cr(1,6) linkages. It was from this information that Xiang et at (1994) proposed the

suggestion that the O-antigen biosynthesis region of the D2 serogroup was a hybrid of both

the Dl and E groups. This suggestion was further supported by immunological studies

which showed cross-reactivity of specific groups antigens within these sefogroups

(Lüderitz et aI., 1966).

The proposed mechanism for the generation of the D2 rfb/wba region involves

recombination of the D1 rfb/wbaregion with the rfb/wba region from the E serogroup by

intraspecific recombination. Xiang et at (1994) propose that a segment of DNA containing

the El genes (rfclwzy and rfbo/wbao) possibly located on a plasmid replaced rfbu/wbau

in the chromosome of the Dl strain (Fig 1'25)' This process would facilitate the changes

seen in the configuration of the mannosyl residue and the formation of the a(1,6) linkages'

Figure 1.25 demonstrates the possible role of the H-repeat in the exchange of DNA to form

the new rfb/wbaregion. The H-repeat lies in the junction of the E1 and D1 homologous

genesoftheD2rfb/wbalocuswhichsuggestsitdidplayaroleinthisrecombinationevent.

Xiangetat(1994)suggestthattherecombinationeventmediatedbytheH-repeatcanbe

explainedbyanattemptedH-repeattranspositioninwhichthecointergateisnotresolved

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

DNA (Fig. 1.2s)



Figure L.24: Structures of the o-units from S. entericru groups Dt, D2
and 8L.

The chemical structures of the O-units from S. enterica groups Dl and D2 and El are

presented for comparison. Abbreviations: Gal, galactose; Man, mannose; Rha, rhamnose;

Tyv, tyvelose; Glc, glucose, oac, acetate. Diagram from Xiang et aI. (1994).
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Figure 1.252 Proposed mechanism for the involvement of H'repeats in
genetic rearrangements.

The formation of a cointegrate between a chromosome carrying the Dl db region and a

plasmid carrying an El db 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* anda 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 aI. (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 yeals research has provided some insight into the

mechanismsthatmaybeinvolvedinthepathogenesisofthisorganism.However,littleis

known about the virulence determinants of this pathogen or how they contribute to the

diseaseprocess.LPShasbeenshowntobeessentialforvirulence.Todatelittleisknown

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' anguillarun in relation to the

previously described insertion sequence' IS/358 and

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

anguillarumOl and02'
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Chapter Two

Materials and Methods

2.l&acterial strains and plasmids

TheVìbrioanguillarumandVibriocholeraestrainsusedinthisstudyarelistedin

Table2.l.Table2.2tiststheEscherichiacolistrainsusedinthisstudy.Theplasmids

constructed and the cloning vectors used during this study are described in Table 2'3'

2.2 Maintenance of bacterial strains

Strainsinroutineusetwerestoredasasuspensionoffreshlygfownbacteriain

glycerol (327o vlv)and pepton e (0.67o w/v) at -70'c' Fresh cultures were pfepafed from

glycerols by streaking the glycerol suspension onto a nutrient agar plate (with or without

antibiotic,asappropriate)followedbyincubationovernightjustpriortouse.

For long term storage, all strains were maintained as lyophilised cultures stored in

vacuoinsealedglassampoulesat4oC.Whenstrainswererequiredtheglassampoulewas

opened and its contents resuspended in 100 pl of appropriate sterile broth' Half of the

contents were then used to inocurate a 10 mr 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.



Table2.l:Listof'lhbrtostrainsusedinthisstudy

Source
Strain:

Vibrio anguillørum

ATCC43305
ATCC43306
ATCC433O7
ATCC43308
ATCC43309
ATCC43310
ATCC43311

^TCC43312ATCC433r3
ATCC43314
8613674
8s/3954-1
8513954-2
8913748
NBlO
KM2
KM16
KM97
KMllO

o1
02
o3
o4
o5
o6
o7
o8
o9
o10
o1
o1
o1
not tYPed

o1
N810, TnSPhoA

N810, TnSPhoA

NBl0, TnSPhoA
N810, TnSPhoA

P. Hanna 
o

P. Hanna
P. Hanna
P. Hanna
P. Hanna
P. Hanna
P. Hanna
P. Hanna
P. Hanna
P. Hanna
J. Ca¡sonb

J. Carson
J. Ca¡son
J. Carson
D. Milton"
D. Milton
D. Milton
D.Milton
D. Milton

Vibrio cholerae

Type strain collection

ol7
H1
c4401
zt156r

Ol to 0154
o1
o1
o1
ol

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

IMVS, Australia
M. J. Albert
M. J. Albert
M. J. Albert

Lab strain
M. J. Albert
M. J. Albert
M. J. Albert

M. J. Albert
M. J. Albert

Vib rio p araha e molY t icus

NCTC 10884

AA-3853
x-4844
Y-17233

Vibrio mirnicus

v800
M-33
M-35
N-4459

Vibrio fluvialis

N--15'.17
AL-14413
^ Deakin UniversitY, Australia
b Fish Health Unit, Launceston'

c Umeå UniversitY, Sweden

Tasmania, Australia



Table 2.2zListor Escherichin coli strains used in this study

Characteristics Source/Reference
Strain

Escherichio. coli

E. coliK-12
DH5

DH5a

F;2096

s17-1

SMlO

E'l196

Shigellaflexneri

24577
RMA696
PE638
RMA3361

RMA9O3

F,recAl,endAl,hsdRlT
(rË,mr), suPE,4,L-
,thil,gyrA,relAl
F,g8Od,/øcZAd15^
(lacZYAlargtr),U169
rccAl,endAl,hsd'R|7
(rr ,mr), suPE,44,L , thil,
gyrA,relAI
DH5 + pGPl-2

Bethesda Resea¡ch

Laboratories

Bethesda Research

Laboratories

Laboratory Collection

U.Priefer

Taylor et a1.,1989

Taylor et a1.,1989

Formal et a1.,1958
Van Den Bosch et a1.,1997

Morona et a1.,1994
C. Daniels

Mavris et aI., t997

RP4 2-Tc::Mu-Km::Tn7,
Pro, res-. Mod*, rec-A'TPR,

SmR

Lpir, thi, thr,leu, tonA,lacY,
s up E, r e cA: :RP 4-2Tc : :Mu

SVt tOÀp;r, PRT733, AmPR,

KmR



pRT733
pGPl-2
pGEM5Z+
pGEM-T
pBluescriPt KS*
pBC-KS+
pSUP202
pTB023

Table 2.3: List of plasmids or cloning Yectors

Plasmid Characteristics SourcelReference

Taylor et a1.,1989
Tabor and Richardson, 1985

Promega
Promega
Stratagene
Stratagene
Simon et a1.,1983
T. Barnett

Manning et a1.,7985

This studY (Section 4.2-12)

This study (Section 4.2.12)

This study (Section 5.2.1)

This study (Section 4-2.12)

This study (Section 4.2.12)

This study (Section 5.2.2)

This study (Section 5.2.2)

This study (Section 5.2.2)

This study (Section 5.2-2)

This study (Section 5-2.2)

This study (Section 5.2.2)

This study (Section 4.2.3)

This study (Section 4.2.3)

This study (Section 4.2.3)

.This studY (Section 4.2.3)

This studY (Section 4.2.3)

This study (Section 4.2.3)

TnphoA,KmR, AmPR

TTRNA polYmerase KanR

AmpR
AmpR
AmpR
CdR
TetR, Amp*, C*l*
TetR, CmlR, cosmid cloning

vector
TetR, AmpR, cosmid cloning

vector
virBtwbhL in PGEM-T
cosmid clone, IS1358 to

wbhN in PPM2101
cosmid clone in PPM2I01
cosmid clone,IS/358 to

wbhN in PPM2101
cosmid clone,IS/358 to

wbhN in PPM2101
0.36 kb HindÍn' fragment

frompPM4905 in PBC-KS+
0.40 kb Hindfr' fragment

from pPM210l in PBC-KS*
1.2 kb HindÚ'fragment from
pPM4905 in PBC-KS+
P s tI- E c o RI fragment from
pPM4905 in PBC-KS+
l.zkb Hindln fragment from
pPM4905 in PBC-KS*
1.5 kb Hindfrfragment from
pPM4905 in PBC-KS+
IS/358 from ATCC43305 in
pGEM-T
IS/358 from 86/3748 in
pGEM-T
IS/358 from ATCC433O7 in
pGEM-T
IS/358 from ATCC433I I in
pGEM-T
IS/358 from ATCC433I3 in
pGEM-T
IS1358 from ATCC43306 in

pPM210l

pPM4901
pPM4905

pPM4910
pPM49t7

pPM4918

pPM493l

pPM4934

pPM4940

pPM494l

pPM4943

pPM49dA

pPM4941

pPM4948

pPM4949

pPM4950

pPM4951

pPM4952
pGEM-T



Table 2.3 continued.

pPM4953

pPM4954

pPM4955

pPM4958

pPMa966

pPM4967

pPM4968

pPM4983

pPM4990

pPM4991

pPM4993

pPM4995

pPM4998

pPM5501

pPM5502

pPM5503

pPM5504

pPM5510

pPM55l2

pPM55l3

pPM55l4

pPM55l5

IS/358 from 85-3954- lin
pGEM-T
IS/358 from 85-39 54-2 in
pGEM-T
1.4 kb Xbaltragment from
pPM4910 in PBC-KS+
IS1358 from ATCC433I3 in
pGEM-T
1.8 kb fragment from
ATCC43306 in PGEM-T
2.2kb fragment from
ATCC43306 in PGEM-T
0.72kb fragment from
ATCC43306 in PGEM-T
P s tI- C I al fragment from
pPM4905 in PBC-KS*
EcoRV-PsrI fragment from
pPM4910 in PBC-KS+
PsrI-EcoRV fragment from
pPM4910 in PBC-KS*
Xb al fr agment from PPM4905
in pBC-KS*
EcoRV-PsrI fragment from
pPM4905 in PBC-KS*
4.5 kb Bg[n fuagment from
pPM4905 in PBC-KS+
H incÍI-P s tI fragment from
pPM5502 inPBluescriPt-KS*
PCR product amPlified from
85-3954-2, cloned in PGEM-T
Hincn.fragment from
pPM5502 in pBluescriPt-KS*
Hinctr fragment from
pPM5502 in PBluescriPt-KS*
N deI lnv erse PCR Product
from ATCC433O6 in PGEM-T
Cosmid clone from 85-3954-2

in pTB023
Cosmid clone from
ATCC43306 in PPM2I01
Cosmid clone from
ATCC43306 in PPM2I01
4.8 kb Hindltlfragment from

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)
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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)

pPM5512 in KS*
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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 t4,ere 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 a¡e 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 gn) and sodium chloride (Nacl) (5 g/l) or Luria-Bertani

broth (LB) which is composed of Bacto-tryptone (10 g/l) (Difco), Bacto-yeast (5 gû)

(Difco) and NaCl (5 gA as described by Miller (1972). For cultivation of V. anguillarum

strains Tryptic Soy Broth (TSB) (Difco) supplemented with 1.57o (wlv) NaCl was used'

Solid media used in this study consisted of nutrient agar (NA) which is composed of the

same ingredients as NB except l.5Vo (wlv) Oxoid-Bacto Agar has been added' TSA was

TSB (Difco) l.5vo (w/v) NaCl and l.Svo (wtv) 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 pglml; rifampicin

(RiÐ, ZOO ¡rylml ; chloramphenicol (Cm), 25 Wgtml; tetracycline (Tet), 4-8 pglml
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depending on the strain used. corour indicator plates contai ed X-gal (5-Bromo-4-chloro-

3-indolyl-p-D-Galactopyranoside)(BoehringerMannheim)dissolvedindimethyl

formamide at a final concentration of 40 pg/ml and IPTG (Isoropyl-p-D-

thio g alactopyranoside) (B oehrin ger M annheim) at 24 ¡tgl Ín'

CulturesofV.choleraeandE.coliwereincubatedat37"Cunlessotherwise

specified. v. anguillarurn was gfown at 25"C to 30oc' Liquid cultures were normally

grown in 20 ml naffow neck Mccartney bottles. optical densities (oD) were measured at

600 nm using a spectrophotometer (Pharmacia LKB' Sweden)'

2.4 Chemicals and Reagents

chemicals were Analar grade. Phenol, sodium dodecyl sulphate (sDS)' ethanol'

methanol,propan-2-ol,hydrochloricacid,glycerol,ammoniumacetateandsucrosewere

from BDH chemicals. Tris (Trisma base), herring spenn DNA, Tween 20 and ethidium

bromide were from sigma (St. Louis, MO)' Ethylene-diamine-tetra-acetic-acid' disodium

satt (EDTA), caesium chloride, citric acid, calcium chloride' magnesium chloride and

sodiumhydroxidewereobtainedfromAjaxChemicals,NSW,Australia.

Antibiotics were purchased from sigma (ampicillin, kanamycin sulphate'

rifampicin). and calbiochem (tetracycline, chloramphenicol)' All other anti-microbial

agents(dyes,detergents)werepurchasedfromsigmaChemicalCo.,BDHChemicalsLtd.,

Glaxo, or Calbiochem'

Thefollowingelectrophoresisgradereagentswereobtainedfromthesources

indicated: acrylamide and ammonium persulphate (Bio-Rad)' ultra pure N'N'-methylene

bis-acrylamideandurea(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 IPTG (isopropyl-B-D-

thiogalacto-pyranoside) were obtained from Boehringer-Mannheim.

Sequencing kits using either dye-labelled primer or dyelabelled terminators were

purchased from Perkin Elmer Applied Biosystems (Foster city, california)' [35S]-

methionine (1,210 Cilmmole) was purchased from Amersham' Digoxigenin (DIG)

labelling and detection kits were purchased from Boehringer-Mannheim'

2.5 Enzymes

Lysozymewasobtainedfromsigma,whilepronaseandproteinaseKwereobtained

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

Boehringer-Mannheim.

2.6 Synthesis of oligonucleotides

oligonucleotides were synthesised on an Applied Biosystems 3814 DNA

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



Table 2.42 Oligonucleotide primers used in this study

773
1065

1088

1089

2Wl
2092
2177
2178
2181
2182
2193
2194
2218
2219
2220
2221
2222
2223
2225
2226
2227
2278
2280
2281
2282
2283
2284
2285
2286
2287

5'-3'

cA(G/C)GGAAACCGCATGAA
TTCATGCGGTTTCC (C/G)TG

TTTACTCCTATGCACTTG
GAGATAGTACTGCTAGAA
GATGAATCCGGCAGCGTT
GCTACAGCCGATTCTTGG
TCTTCCCCATCGGTGATG
TTTAGGTACGCCTTCTCG
TCAGCACATCCTTTACTG
GTGAGTTAATGGCCTATG
GCTGGGATGC'cATTATCG
TCTCTGTTGCTACAGCCG
CCACAGTATCAGTTTTGG
AAACGCAATGCAGCACGC
TTCACGGGTTGTACGTCG
GAACAACGCTTTCTCCTC
GCTAACCTATTAGCACTG
TTCAGGTTCTGTTGTACC
TGTCTCTTGGCATAAAGC
GAGTGGCATACATGCACC
CTCTGGGCTATAACCAGC
GGGCGAGTAAGGATTTAC
GGGGTATGATTATGGATC
GGTATGAGCTCTGGTGGA
TGGGCAACCAATGGATAC
ACCCATAAATCTCTGGCG
TGCTCCAAGAACTTTACC
AACCGAGAGTGGGTTTGG
AGATGCATTCACACCCGC

IS1358, inverted repeats

IS1358, inverted rePeats

virB, (nt25691-25709)
virB, (nt26850-26832)
IS/358, (nt 10214-10231)

IS1358, (nt lO'7 92-lO7 7 5)

pPM2101, TetR gene

wbhK, (nt24916-24898)
ddhB, (nt 15 l7 6- 1'5 19 4)

ddhA, (nt 14581-14599)

IS1358, (nt 10102-10120)

IS/358, (nt 10800-10782)

otnF
otnc
otnG
ddhC, (nt 15888-15870)

ddhC, (nt l6M9-r6o67)
3'end (nt 30057-30039)
ddhB, (nt15685-15703)

1.8 kb fragment between IS1358 inV' anguillarum 02

1.8 kb fralment between IS1358 inV' ønguillarum 02

1.8 kb fralment between IS/35S inV' anguillarum 02
wbhG, (nt21612-2163O)

wbhG, (nt2139G21372)
ddhA, (nt 14613-14631)
wbhE, (nt20429-204ll)
ddhC, (nt 15913-15896)

ddhB, (nt 151 l0-15 128)

ddhD, (nt 13877-13895)

AA ddhD, nt 13706- 13691)
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2288
2298
2301
2303
2304
2305
2332
2333
2334
2335
2339
2340
2356
2357
2360
2361
2362
2363
2365
2366
2372
2373
2393
2398
2399
2400
2405
2405
2408
2438
zMO
2473
2474
2486

TCGAAAGCCTTATCGGGCGGT
AGGTGGCATTAAT{CGCAAACGGATGAACTG

GTGAATGCATCTGAGA fu q-A'ATGCATCGTTCGGG

TTCTTACATGCGAGATAG
AATGTTATGGGTACGGTC
CATATTGGCTGGATGGCC
GGGGTAGAGAATACTf*TC
CAACTATCAATGATACCG
TCTCGAGAGATATTCTCG

TTTATAATCGAGTTTCCAAGTTCGAGTATCCAG
TGGTTGGTACCATTGGTG
CACAGAGCCAGCACCAAC
GTCAACCATATTTTGAGC
AATACCAGCAGTACACAG
TTCACTCAGATGTTCGAC
TTACTATAAGATTGCGCC
TGGAGAGTTCCTGTCCAC
AAGTTATGGGTAGCAATG
CACGCAATACATCGGCAA
CACTGTCCGACCGCTTTG
TTGCAGACTGTTGGCTGG
GTAirA..¿{GGTCACTGAAGCG
GCTTTTCCGTCACTGCAC

CTGACACTCCAATAACAAC
CCtuqJqú{TTGTCGCGGCTC
TGATCGTGCAGCCCACTC
ATCAACTTACCGAGTGGG

GAGfuAACTAGATGCTTATTT
TAATGATTTAAAGCAACCAG

tu{GCA.TqATCAGTGGCCTG
CGCTAGGTATTCCCACATG
GCATATAGATTTAGCCCG
GATAAACGCCAGAGATTT

reading out ofIS1358, (nt 11083-11099)

IS1358, (nt 1 l02l-1 105 l)
ddhC, (nt 13890-13857)
wbhH, (nt22054-22072)
ddhB, (nt 15018-15036)
wbhE, (nt 19937-19919)
wbhB, (nt 12632-12&9)
wbhB, (nt 12086-12068)

wbhB, (nt 11494-ll5l2)
wbhN, (nt28254-28287)
ddhC, (nt 16387-16405)
wbhJ, (nt24427-24409)
ddhC, (nt 16932-16950)
wbhl, (nt23946-23928)
wbhK, (nt25412-25394)
wbhL, (nt258ll-25793)
wbhN, (nt28544-28562)
wbhM, (ntT765I-27669)
1.8 kb fragment btween IS1358 inV. ønguillørum 02
BamHl site in pPM2101
wbhC, (nt 11368-17386)
intergenic region between wbhH lwbhl, (n¡ 23523-23505)

1.8 kb fragment between IS1358 inV. anguillarum 02
wbhH, (nt23165-23147)
3' end, (nt 30413-30395)
3'end, (nt29024-29H2)
wbhE, (nt20561-20543)
wbhG, (nt21178-21160)
wbhH, (nt22492-22510)
,f"
wbhC, (nt 17815-17833)
wbhC, (nt l82M-18222)
wbhE, (nt20423-20405)

GAGAAGCATATGGTATTG wbhC.6t 18623-18641)



3034
3035
3036
3038
3039
3040
3041

nt denotes nucleotide position and corresponds to the sequence of the wbh regior (Appendix 1)' Lower case leffers indicate base

substitution to insert restriction sites. cleavage sites for the restriction endonucleases ÈcoRI (GAATTC) and PsrI (crGCAG) a¡e

GTACGaATTcAAAAA TGCTTCGTACG
¡ry ¡¿UAatTC GGTAÁ.AGACTATATC
ATTGAATTCTAGATAGAATGTATG

TAGACCTAAGGGCGGTAG
ACCCGCTAAGATAATGCC

AACCTATGCTTAAGAATGAC

wbhB, (nt 12902-12877)
wbhE,(nt 19438-19463)
wbhE, (nt20688-20665)

nnIB, (nt2865-2883)
rmtB, (nt40354018)
rmlD, (nt 48n-4847)
rmlD.ht 5815 -5795\

bolded.
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pufchased from Applied Biosystems or Aja:r Chemicals. Some oligonucleotides were

purchased from Bresatec or Sequencing laboratoÍ], 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 aI. (1979). E. cotiD*SAstrains 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 m Aooo 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 MgCl2, centrifuged

again and resuspended in a tenth volume of cold 100 mM CaCl2' The cells were allowed

to stand for 60 min on ice before addition of DNA. Competent cells (0'2 ml) were then

mixed with I pl (100 ng) DNA and left on ice for a further 30 min. The cell/DNA mixture

was heated at3l"Cfor 3 min and left on ice for at least 15 mins. Depending on selection

cerls were either plated directly or left shaking at37"cfor 45 to 90 min before plating onto

selective media. Cells without DNA were included as controls'

2.7 .1 Super competent cells

A l0 ml overnight culture in LB was diluted 1:20 into LB and incubated with

aeration until an Aooo oD of 4 x 108 cells/ml was reached. The cells were chilled on ice for

5 min, pelleted at 4"Cin a bench centrifuge (5, 000 ¡pm, IEC centrifuge) and resuspended
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in l0 ml of solution A (30 mM KAc, 100 mM KCl, l0 mM CaCl2, 50 mM MnCl2, l5%o

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 CaClz,l0 mM KCl, líVo glycerol) and left on

ice for l-2 hours before use. Alternatively the bacterial suspension in solution B was

aliquoted into 100 ¡rl lots and stored at -7O"C.

2.7.2 Electroporation of Shigellø

Electrocompetent ,S. flemeri cells were freshly prepared according to the Bio-Rad

protocol. An overnight broth of S. flemeri (500 pl) was used to inoculate l0 ml Luria

broth and incubated at 37oC with aeration until the cells reached an ODooo 0.5-0.8. The

cells were centrifuged (5, 000 rpm, IEC centrifuge) for 10 min at 5000 rpm and the

supernatant disca¡ded. The cells were subsequently resuspended in 5 ml of ice-cold sterile

l0Vo (vlv) glycerol and then centrifuged again for 5 min at 5000 rpm. Finally, the cell

pellet was resuspended in I ml of ice-cold lÙVo (vlv) glycerol and kept on ice. The cells

were either stored at -TOoCor 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. flemeri and then transferred to an ice-cold sterile

E. coli Pulser ru cuvette (0.2 cm electrode gap, Bio-Rad). The gene pulser (Bio-Rad) was

set at 25 ¡tF with the pulse controller at20O Q. The S. flemeri cells were pulsed at 2.5 kV

with time constants of 4.6 - 4.8 msec. Immediately after electroporation, I ml of T B was

added to the cuvette, the contents mixed and transferred to a sterile microfuge tube, and

then incubated at 37oC for 60-90 min. After centrifugation at 15,000 rpm (Hereus Biofuge

15) for I 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.L Method L

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 l:10 and the cells pelleted by centrifugation (5000 rpm, 5 min, IEC

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 incubatedfor 3 h at3ioc. 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 at37"C'

2.8.2 Method 2

Both the donor and recipient bacterial cells are glown in l0 ml broths for 18 h' The

bacteria are then sub-cultured (1/20) and allowed to grow until late log phase (O'D'ooo -

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 fesuspended' 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 (106-108) onto the

appropriate selective media. The selection used for v' anguillarum was either TCBS
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vibriomedia (oxoid) or vAM (sorbitol, 159 (Sigma); yeast extract, 49; bile salts (oxoid)'

59; NaCl, 35g; ampicillin, 10mg; cresol red (Sigma), 40mg; bromothymol blue (Sigma)'

40mg; agar, 159 dissolved in distilled water, 1000m1) asdescribed by Alsina et al" 1994'

2.9 DNA extraction Procedures

z.g.lPlasmid DNA extraction procedures

2.9.1.1Method L

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 rnl) 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

mMTris-HCl,pH8.0,10mMEDTA).Thesubsequentadditionof200plofsolutionll

(0.2 M NaOH, lVo (w/v) SDS) followed by a 5 min incubation on ice resulted in cell lysis'

Aftertheadditionof 150plof solutionltr(60frìlof 5MKAc'pH4'8' 11'5rrìlof glacial

acetic acid and 28.5 ml of H2O) and a further 5 min incubation on ice' protein'

chromosomal DNA and high molecular weight RNA were collected by centrifugation (8

min,l5krpmHeraeusBiofugel5).Thesupernatantwastransferredtoafreshtubeand

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 TOVo (vlv) ethanol and

dried in vacuo. The pellet was resuspended in 40 pl 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 molecula¡ weight RNA'

the supernatent was transferred to fresh tube and 250 pl of 7 '5 M Ammonium acetate pH

7'Sadded.Thiswasincubatedoniceforafurther15minandcentrifugedfor15minat

l5k 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

icefor15min.TheDNAwascollectedbycentrifugation(l5min,l5krpmHeraeus

Biofugel5),washedwith707o(vtv)ethanolanddriedinvacuo'Thepelletwasthen

resuspended in 50 Pl I 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 25Vo (w/v) sucrose in 50 mM Tris-HCl' pH 8'0'

Lysozyme (50 pl, 10 mg/ml freshly prepared in Hro) and 50 pl 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, O'4Vo (vlv) Triton X-100) was added and

thesuspensionmixedbyinversionofthetubes.ThechromosomalDNAwaspelletedby

centrifugation (20 min, 4oC, Eppendorf) and the supernatant was extracted twice with TE

saturatedphenol(pH7.5)andtwicewithdiethyl-ether.PlasmidDNAwasprecipitatedby

the addition of 0.6 volumes of propan-2-ol and alowed to stand at -70oc for 30 min. The

precipitate was collected (15 min, l5k rpm Heraeus Biofuge 15)' washed once with I ml

7o7o(vtv)ethanol,driedinvacuoandresuspendedin50pllXTEbuffer.
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z.g.sPreParation of genomic DNA

Genomic DNA from either V. cholerae or V' anguillarum was prepared according

to Mannin g et aI.(19S6). 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 257o

(w/v) sucfose. Subsequently 1 ml 50 mM Tris-HCl, 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 soluti on (5Vo (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 60oc for 60 min' This was followed by three

extractions with rE-saturated phenol and one extraction with diethyl-ether. The genomic

DNA was precipitated with g mls of ice cold r0o7o ethanol, spooled onto a pasteur pipette'

washedinl}To(v/v)ethanol,andresuspendedinlmlofMQwater.

2.!0 Analysis and manipulation of DNA

2.10.1 DNA quantitation

The concentration of DNA in solutions was determined by measurement of

absorption at26lnm and assuming m Azuo of l'0 is equal to 50 mg dsDNA/ml (Miller'

1972).

2.!0.2Restriction endonucleases digestion of DNA

Mostcleavagereactionswereperformedusingtherestrictionenzymebuffer

recofnmended by the manufacturefs. 0.1-0.5 Fg of DNA or purified restriction fragments

were incubated at 3,70c,for r-2h with 2 units of each restriction enzyme in a final volume
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of 20 ¡rl. chromosomal digests (1-5 pg) were incubated overnight at 37'C with 4 units of

restriction enzyme. The reactions were terminated by heating at 65oC for 10 min (or for

restriction enzymes which can not be heat inactivated, the reaction mix was extracted with

lvolumeofTrisequilibratedphenolfollowedbyethanolprecipitation).Priortoloading

onto a gel, a one tenth volume of tracking dye (157o (w/v) Ficoll' o'lvo (w/v) bromophenol

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

2.!0.3 Calculation of restriction fragment size

The sizes of restriction enzyme fragments were calcutated by comparing their

relative mobitity with that of EcoRI digested Bacillus subtilis bacteriophage SPPI DNA'

The sizes were: 8.50;7.35; 6.10;4.84; 1.59;2.81i 1'95; l'86; 1'51; 1'39; '1'16; O'98;O'72;

0.48; 0.36; (Franzon and Manning' 1986)'

z.ll.4Analytical and preparative separation of

restriction fragments

Electrophoresis of digested DNA was carried out at room temperature on

horizontal, o.Yvo or l7o (wtv)agarose gels (Seakem HGT)' Gels were electrophorised at

100v for 1-3 h in either lx TBE buffer (67 mM Tris base' 22 fnNI boric acid and 2 mM

EDTA, final pH 8.8), or lx 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-ilumination 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 0.6Vo (wtv) was used for separation of restriction fragments, which were

recovered by the following methods:

Method l: DNA bands were excised and the agarose melted at 65oC. Five volumes of

20 mM Tris-HCl, I mM EDTA, pH 8.0 buffer were added and the agarose

extracted with phenol:water (1:l) and then phenol:chloroform (l: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 (4oC, 15 min, 15k rpm'

Heraeus) washed once with 707o (vlv) ethanol and dried in vacuo before

being resusPended in 1 x TE buffer'

Method 2: 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, I 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.

Method 3: The eiagen 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 \r/ith 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 phospharase (Calf intestinal: CIP) for 30 min at 3':.oC. The reaction was

terminated by the addition of EDTA, pH 8.0 to a final concentration of 3 mM followed by

heating at 65oC 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 li 10 volume of 3 M sodium acetate pH 8.0. The precipitate was

collected by centrifugation (4oC, 15 min, 15k rpm EppendorÐ, washed once with I mllÙVo

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

2.!0.6 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 2O 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 MgCl2, 0.6 mM ATP, 10 mM DTT and BSA (100

mg/ml)) for cohesive ends, and incubated at looc for 16 h. Restriction enzymes were heat

inactivated at 65oC 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.AporTc),whereverpossible,priortoplasmidDNAisolation.

2.!0.6.1 Cosmid Cloning

High molecular weight genomic DNA prepared from strain 85-2954-2 and ATCC

44306were partially digested with Sau3A. Samples were taken at specific time intervals

and aliquots were electrophoresed on a l.}Vo (wiv) 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 phenoUchloroform. The purifîed DNA was ligated to

pPM2l01 which had previously been completely digested with BamHI and

dephosphorylated with cIAp. Ligation was allowed to proceed overnight at 4oc. The

ligation mix was subsequently packaged onto bacteriophage ?v (Cotlins and Hohn, 1978)

using a¡ in vitropackaging system (Packagene System, Promega) and then transduced into

the E. coli K-12 strain 517-1.

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 (l pl)'

pGEM-T vector (1 pl), T4 DNA ligase 10x buffer(l ¡rl) and dHz0 to 10 ¡rl' This mixture

was left overnight at room temperature.

The mixture was then transformed into DH5cr 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-II-UTP (Boehringer Mannheim)

or with the described protocol. 5 ¡rl of ptasmid or PCR product was heated for l0 min at

100oC before snap freezing on dry ice/ethanol. To the DNA, 2 ¡rl of hexanucleotide mix

(Boehringer Mannheim) ,2 ¡ú of dNTP labelling mix, 10 Pl MQ water and 1 ¡tl Klenow

Enzyme were added and incubated overnight at37"C. The reaction was stopped by the

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

60 ¡rl 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 withTOVo (v/v) ethanol, dried in vacuo

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

2.L0.8 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 aI. (1982).

Digested chromosomal DNA samples and markers were electrophoresed overnight

on o.87o (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 t h

with slow agitation. The gel was subsequently neutralized with several volumes of I 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 l0 x ssc as the transfer buffer as described by Maniatis et aI

(1982). After transfer the filter was either fixed for 20 min with 0'4 M NaOH or baked for

I h at 80oC.

prior to hybridization filters were incubated for 2 h in pre-hybridization solution

(SOVo (vtv) formamide,lfto (wlv) skim milk, 77o (wtv) sDS,250 pgml single stranded

herring spenn DNA (Sigma), 5 X SSPE (Maniatis et a1.,1982)' The pre-hybridization

solution was removed and denatured DlG-labelled probe in pre-hybridisation was added

after pre-heating at 65oC 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 containing11vo (w/v) sDS followed by 2x 15 min washes with O.2xSSC containing

(w/v) 0.17o 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 I h in 57o (wlv) skim milk (in Buffer 1) at

room temperature (RT) with gentle agitation. After a brief rinse in Buffer l, antibody

conjugate (anti-DIG AP; alkaline phosphatase coupled to anti-DIG Fab fragments) diluted

1/5000 in Buffer I 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 a2min wash with Buffer 3 (100 mM Tris-HCl

pH 9.5, 100 mM NaCl, 50 mM MgCl2). 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 I 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 II+ 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 I M Tris-HCl pH 7.5 for 5 min. The filter are

subsequently soaked for 5 min in 0.5 M Tris-HCl 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 42oC for l-2 h with agitiation

in prewashing solution (50 mM Tris-HCl pH 8.0, I M NaCl, I mM EDTA pH 8'0, 0'l7o

(w/v) SDS). The filter was subsequently treated as for Southern hybridisation beginning

with prehybridisation solution (section 2.10.9).

2.llPolymerase chain Reaction (PcR) Protocol

2.1!.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

pl containing PCR buffer (1.5 mM MgCl2, 10 mM Tris pH8.4, 50 mM KCI), 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 95oC for 5 min followed by 25

amplification cycles consisting of 95'C for 30 sec, 50oC for 30 sec,72"C for 3 min and a

final extension at 72"Cfor 5 min. 10 pl of this reaction product was analysed on a0.87o

agarose gel, the remaining product was purified using a PCR purification kit (Qiagen) and

used for cloning.

2.ll.zlnverse PCR

The method used was described by Ochman et aI. (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.957o ethanol

and incubated at -20"C for l0 min. The DNA was collected by centrifugation at 15,000

rpm for 15 min (Heraeus Biofuge 15), washed with 70Vo ethanol, dried in vacuo and

resuspended in 20 pl of sterile water. The DNA was recircularised by the addition of T4

DNA ligase and I X ligase buffer (as described in 2.10.6) followed by a 18 h incubation at

4oC. The ligated DNA was precipitated and resuspended in 15 pl of sterile MQ. PCR

amptification was performed as described for standard conditions, with an elongation time

ranging from 2 to 5 minutes.

2.11.3 Long Range PCR

. The Expandru 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 92oC for 2 min to allow complete

denaturation of the DNA template. The first l0 cycles consisted of denaturation at 94oC

for l0 sec, annealing at 65oC for 30 sec, and elongation at 68oC for 5-10 min. Cycles I l-

25 consisted of denaturation at 94oC for 10 sec, annealing at 65oC for 30 sec, and

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

2.!1.4 PCR DlG-labelled DNA probes

The protocol used for DlGlabelled PCR is essentially that described in Section

Z.lO.j. The PCR reaction was performed in 0.5 ml reaction tubes in a 50 pl volume

containing supplied Taq buffer, 200 ¡rM each of deoxynucleoside triphosphate dATP,

dcTp and dGTP,_190 uM of dTtP and 10 lrM of DIG-ll-duTP, 200 ng of plasmid
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template or genomic DNA and,2.5 u of raq polymerase (perkin Elmer). The reaction was

overlaid with a drop of light mineral oil and subjected to the cycle detailed in Section

2.tl.l

2.12 DNA sequencing Procedures

2.12.! Sequencing using dye labelled primers

sequencing reactions were ca¡ried out on I 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

Ready Reaction Mix

DNA Template

Total Vol.

T

2ltl

G

8pl

2ttl

1Opl

C

4pl

5ttl

A

4trl 8ttl

1pl

5pl lO¡tl

The samples were then cycle sequenced using the following conditions: 15 cycles (96"C l0

sec; 55oC 5 sec; 70oc for 60 sec), followed by 15 cycles (96"C 10 sec; 70"c 60 sec; 15

cycles total), and were then held at 4oc. Reactions were subsequently combined in 80 pl of

957o (vtv) ethanol with 3 pl of 3 M sodium acetate and precipitated on ice' DNA was

harvested at 13,000 rpm for 15 min (Hereaus Biofugelj)' Samples were dried in vøcuo

and stored at -2OoC.

lpl

Each reaction was overlayed with 20 pl of light mineral oil and centrifuged briefly'
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z.'lz.zSequencing using dye labelled terminators

PlasmidDNAwaspurifiedbyethanolprecipitationpriortodyeterminator

sequencing with kits supplied by Applied Biosystems' 0'5 ml thin walled tubes (Gene

Amp, Perkin Elmer) containing l-2 pgof template DNA and3'2 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

(g6"C 30 sec; 50"c 15 sec; 60oc 4 min) before adding 2 pl of 3 M sodium acetate and 50 pl

of ice cold 1007o ethanol and precipitating for 2 h at'20oc' The DNA was washed with

7O7o (vtv) ethanol and drying invacuo'

2.L2.3Electrophoresis of sequence reaction and analysis

of DNA sequences

The dried DNA pellets for sequencing were stored at -20oc until required' Prior to

loading for sequencing, the reactions wefe resuspended in 4'5 pl loading buffer (837o

deionised formamide, 8.3 mM EDTA pH 8.0) and heated to 95oC for 2 min' Samples were

subsequently electrophoresed on a 6Vo polyacrylamide-8M urea gel in an Applied

Biosystems 3734 ot 377 DNA sequencer. Raw sequencing data from the 3734 ot 377

automated sequencer were analysed using the Applied Biosystems seq Ed program version

6.0. The elecrophoresis was carried out by sequencing Laboratory' MVS' 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 SD S -Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on either 15-

2ovopo|yacrylamidegelsforproteinsorlipopolysaccha¡idesusingamodificationofthe

procedure of Lugtenb etg et aI. (1975) as described previousty by Achtma¡ et al' (1978)'

Sampres were heated at r00.c for 3 min in l x sDS sampre buffer (25 mM Tris-HCl pH

6.8, 2Vo (w/v) SDS, |O7o (v/v) glycerol, 5vo (v/v) p-mercaptoethanol, Lívo (w/v)

bromophenol btue) prior to loading. Gels were generally electrophoresed at 180 v for 2'5

h (15-2OVo gels) or 13 mA constant cunent for 16 h (157o PAGE gels)' Proteins were

stained with gentle agitation overnight at RT in o'o67o (wv) coomassie Brilliant Blue

G250(dissolvedinSlo(v/v)perchloricacid).Destainingwasaccomplishedwithseveral

changes of 57o(v/v) acetic acid, with gentle agitation fot 6-24 h' size markers (Pharmacia)

were phosphorylase B (94 kDa), bovine serum albumin (67 kDa)' ovalbumin (43 kDa)'

carbonicanhydrase(30kDa),soybeantrypsininhibitor(20'lkDa)anda-Lactalbumin(14'4

kDa).GelsforLPSwerenotstainedbytheabovemethod(see2.15.2).

2.!3.2ProteinoverexpressionusingtheTTRNA
PolYmerase ExPression SYstem

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

The plasmid pGpl_2 carries the T7 RNA polymerase under the control of the larrrbda P¡

promoter (Tabor and Richardson 1985). The plasmid pGPl-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 pgml) and Km (50 pglml) was
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inoculated with a single colony and grown with aeration at 30oc for 16 h' The culture was

subcultured 1:10 and incubated with constant aeration at 30oc. when an Au* O'D' 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 MgSOa, 0'5vo (wtv) glucose and 50 mg/ml thiamine

HCI before incubation at 30oc for t h. The cells were pelleted again', resuspended in

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

pGPl-2P¡promoterbytheinactivationofthefepressorcll5.Thisallowstheexpression

of the T7 RNA polymerase from the lpl promoter' Subsequently' rifampicin was added to a

final concentration of 200 pg/ml to inactivate the E' coli host RNA polymerase' and

incubation was continu ed at 42"cfor a further r0 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.lmlofculturewastransferredtomicrofugetubes'centrifuged(15krpm'2min

Heraeus Biofugel5) to pellet the cells and resuspended in 100 ¡rl of 1 x sDS sample

buffer.l0plofsamplewasboiledfor2minandloadedontoSDS-PAGEgelsforanalysis.

Gels were subsequently stained with coomassie G250' For radioactive labelling the

procedure is the same except the samples were pulsed for 5 min at 30oC with 5 uci Li35

Sl-methionine after expression at 37o C'

2.L3 .3 Autoradio graPhY

SDS-PAGE gels were dried on whatman 3MM chromatography papeT at 60oc for

2 h on a Bio-Rad gel drier' L-¡355'-*ethionine labeled gels were subjected to

autoradiography which was performed at room temperature for l-7 days without

intensifying screens using Kodak XR-100 hh'
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z.l3.4Colony Blotting and western Transfer

TheprocedureusedwasamodificationofthatdescribedbyTowbinetal'(1979)'

Samples were subjected to sDs-pAGE and transferred to nitroce[ulose (schleicher and

Schuell)atatransfercunentof200mAfor2hi¡aTrans-BlotCell(Biorad).Thetransfer

buffer used was 25 mM Tris-HCl pH 8.3, 192 mM glycine and 57o (v/v) methanol' For

LPS transfer the buffer contained 2OVo (vlv)methanol and the transfer time was I h at 500

mAat4.C.Aftertransfer,thenitrocellulosesheetwasincubatedfor30minin5To(wlv)

skim milk powder in TTBS (0.o57o(v/v) Tween20,2omM Tris-HCl pH 8'0' 0'97o (w/v)

NaCl) to block non-specific protein binding sites' The prima¡y antiserum was diluted

1/1000 to l/5000 in TTBS with o.yzEo(w/v) skim milk powder and incubated with gentle

agitationatRTovernight.Theunboundantibodywasremovedbywashingthefilterthree

timesforl0mininTTBSwithagitation.Boundantibodyweredetectedbyincubatingthe

filter for 2 h (gentle agitation) with goat anti-rabbit IgG coupled with horseradish

peroxidase (Nordic-Immunology) at a dilution of l/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, o.97o (w/v) NaCl). The antigen-antibody complexes were then visualized

usingperoxidasesubstrate(9.9mg4-chloro-1-naptholdissolvedin3.3mlcoldmethanol(-

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

for10-15minwithshaking,asdescribedbyHawkesetal.(1982).

2.L3.SPurification of Proteins by Electroelution

Wholecellsampleswereelectrophoresedonpolyacrylamidegelsasdescribedin

Section2.l3.l.Thegelwasstainedanddestainedasdescribedabove.Proteinscanbe

electroeluted from gel slices by the method described by Iæppard et aI' (1993)' After
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destaining the gel the corresponding protein band cut out of the gel ensuring that no other

proteins were arso excised. The gel srice was placed into small length dialysis tubing

containing 1 ml of 0.2 M Tris acetate (pH 7.4), 1'0 vo SDS and 100 mM dithiothreitol

(DDT) per 0.1 g of wet polyacrylamide gel. The tubing was then placed in a horizôntal

electrophoresis tank and submerged in running buffer ( 50 mM Tris acetate (pH7 '4)'Ù'lvo

SDSand0.5mMsodiumthioglycolate)andallowedtoelectrophoresefor3hatl00V.

ThegelsliceswereremovedfromthetubingandstainedwithCoomassiebluetocheckthat

theproteinhadbeenelectroeluted.Thesolutioncontainingtheproteinofinterestwas

dialysed against distilled water. The 100 pl of purified protein was then electrophoresed on

a 15 Vo SDS polyacrylamide gel in preparation

purified protein was stored at -2O"C'

for N-terminal sequencing (2'13'5)' The

2.13.5.1 Cell fractionation

The cell fractionation procedure was a modification of that described by Osborn ør

at., (1972). cells were grown in LB to mid-exponential phase at 37"C (50 ml' oDooo of

0.6)' Cells were pelleted in a Beckman SS-34 rotor, (7,000 rpm, l0 min, 4oC) and

resuspended in I ml of 2ovo (wtv) sucrose' 30 mM Tris-HCl pH 8'l' 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 (507o cycle, intermittent)' by successive

freeze- thawing. Unlysed cells and inclusion bodies \ryere removed by slow speed

centrifugation (7,000 rpm, 10 min, 4oC). The supernatant containing the membranes and

the cytoplasm was centrifuged at35,000 rpm using a 50Ti or 80Ti rotor for 90 min atZO"C
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in a Beckman Lg-g0 ultracentrifuge. The supernatant (cytoplasmic fraction) was collected

and the whole membrane pellet was resuspended in 1 ml HzO' Five hundred microlitres of

Triton solution (4vo Tritonx-l00, 2 mM Mgcl2, 50 mM Tris pH 7.5) was added to an

equal volume of the whore membrane sampre 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

(BeckmanL8.80)at2tC.TheoutermembranefractionwasresuspendedinMilliQHzo

2.l3.6Transfer of proteins for N-terminal sequencing

samples were run in SDS on 15 vo polyacrylamide gels' stained with coomassie

blue G250 and destained with 5 Vo (vtv) acetic acid. The samples were subsequently

transfered to polyvinylidene difluoride (PVDÐ (BioRad) at a transfer current of 200 mA

for2hrinaTrans-BlotCell(Biorad).Thetransferbufferusedwas25mMTris-HClpH

8.3,|gzmMglycineandit}1o(vtv)methanol.Proteinswerestainedforl0minin0.025

7o(wtv)CoomassieblueR-250in4o%o(v/v)methanolandthenairdried.Themembrane

was sent to Dr A. Gooley (Macquarie university, sydney) to be analysed on a 4704

Applied Biosystems Protein Sequencer'

z.llPreparation of rabbit antisera

AdultrabbitswereobtainedfromtheCentralAnimalHouseoftheUniversityof

Adelaide.Heatkilledbacteriawereusedtoimmunizetherabbit.50mlofNBwas

inoculated withv.anguillarumand left shaking at 37"Covernight' The cells were pelleted

(10min,5,000¡pm,IECcentrifuge),washedinsaline,recentifugedaspreviouslydescribed

and resuspended in saline. The bacterial saline suspension were then boiled (100'c) for l-2
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h.Bacterialconcentrationwasdeterminedbyplatingserialdilutionsofpre-boiledbacteria

onto NA. The following immunization protocol was used;

Day l- I ml of 107 bacteria was mixed with 47o Na Alginate with 25O ¡tl injected

subcutaneously.Thisisrepeated3moretimesonconsecutivedays.

Day3-500ploflxl0Tbacteriainjectedintravenously(i/v)

Day 4-500 pl of 5x107 bacteria injected i/v

Day 9- 500 pl of 1x108 bacteria injected i/v

Day t4- 500 pl of 5x108 bactria injected i/v

Day 18- 500 pt of 1x10e 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.

z.lfi.LAffinityPurificationofantisera

crude antiserum against the 01 serotype of v' anguillarufn was purified by

immunoaffinity chromatography as described by Saramitou ¿r aI. (1994). whole cell

samples of the strain 85-3954-2 (V. anguiltarum ol) were electrophoresed on a lívo

polyacrylamideSDSgelandtransferedtonitrocellulosefilter(2.13.4).Thefilterwas

incubated with2voponceau s (sigma) for 5 min and the protein bands stained. The filter

was cut such that onry Lps bound to the nitroce[urose was further treated. The membrane

strip was incubated at RT for t h in Tris-buffered saline (TBS) containing }'l%oTween20

(Sigma)(TTBS)and5voskimmilkpowdertoblocknon-specificsites.Thefilterwasthen

incubated at RT for 16 h with 4 mrs 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 pl 0.2 M HCl-glycine buffer pH 2.2 at RT

for 15 min. The eluate was neutralised by the addition of 450 pl I M KzHPO¿ and dialysed

against pBS at 4oC for 16 h. After dialysis, the purified antibodies were stored at -20"C.

The antibody solution was subsequently used at dilutions of l/500 to l/1000'

2.14.2 Absorption

Antiserum was absorbed with either live or heat killed bacteria. Overnight culture

(100 mt) was centrifuged at 7, 000 rpm for l0 min, (IEC Bench centrifuge) and

resuspended in saline, and boiled for l-2 h. The suspension was centrifuged at 4,500 rpm

for l0 min and resuspended in 1 ml of saline (heat killed bacteria).

2-l-oopfuls of live bacteria were isolated from freshly streaked TSA plates or 100 pl

aliquots of heat killed bacteria were resuspended in I 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.L Isolation of LPS: Method L

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 27o (wtv) SDS, 47o (v/v) Þ-
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mercaptoeth anol, lOVo (v/v) glycerol, I M Tris-HCt pH 6.8, a¡,d}.lVo (w/v) bromophenol

blue. Lysates were heated at 100oC for 10 min. 2.5 pg of Proteinase K in 10 pl of lysing

buffer was added to each sample and incubated at 60oC for 4 h. Samples were stored at -

20"c.

2.15.2 LPS isolation: Meth où 2

Ultra pure LpS was isolated from the method described by Darveau and Hancock'

(1983). V. anguillarum cells were grown in I litre of TSA supplemented with 1'57o NaCl

to an O.Dooonm of 0.6-0.8. The bacterial cells were harvested at 7, 000 rpm (Beckmann J2-

Ml, JA-10 rotor) for 15 min. The pellets were resuspended in 15 ml of 10 mM Tris-HCl,

pH 8.0, 2 nrNIMgCl2, 100 pg of DNase atd25 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 at37"C for 2h. After the incubation, 5 ml of 0.5 M EDTA/IO mM Tris-HCl, pH

g.0; 2.5 ml of Zovo (wtv) sDS/10 mM Tris, pH 8.0 and2.5 ml of 10 mM Tris-HCl, 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, !z-Ml, JA-}O rotor) for 30 min at 20oC to remove peptidoglycan' The

supernatent was decanted, and Pronase was added to give a final concentration of 200

pglml. The sample was then incubated at 37"C with constant shaking for 16 h. After this

incubation, two volumes of 0.375 M MgCl2 ln 957o ethanol were added, mixed and cooled

to OoC by placing the samples in a dry ice ethanol-water bath or -20oC fteezet. After the
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sample had cooled to OoC, it was centrifuged (Beckmann J}-MI, JA-20 rotor) at 10, 000

rpm for 15 min at 0-4oC. The pellet obtained was resuspended in 25 ml of 2Vo (w/v) SDS'

0.1 M EDTA/IO mM Tris-HCl, pH 8.0 and sonicated as described above. The solution

was then incubated at g50c 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 37oc with

constant shaking for 16 h. After the incubation, the LPS was precipitated with 2 volumes

of 0.375 M MgCl2 in 95Vo ethanol at OoC as described above. The sample was then

centrifuged at 10,000 rpm for 15 min at 0'C (Beckmann J2-Ml ,JA-20 rotor)' The pellet

was resuspended in 15 ml of r0 mM Tris-HCr, pH g.0, sonicated as previously described

and centrifuged at 1, 000 rpm (IEC Centra-4X Bench centrifuge) for 5 min to remove

insoluble MgÆDTA 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 f.or 2h in 4ovo (v/v) ethan ol, to%o (v/v) acetic acid;
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ii) oxidation for 5 min with o.77o (wtv) periodic acid in 4ovo (vrv) ethanol, ro%o (vlv)

acetic acid;

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

iv) staining for 10 min, in a solution containing 28 ml 0'1 N NaOH' 2 ml concentrated

NH4oHand5rrrl2}vo(w/v)AgNo3inatotalvolumeofl50ml;

v) 3 washes with MQ water for l0 min each;

vi) developing in a solution of 50 mg citric acid and 0.5 ml formaldehyde in I 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

additionofgS0mlofMQand20mlofaceticacidfor20min.Thedevelopedgel

is stored in the dark, submerged in MQ'

2.!6 Microscopy studies

2.16.! Immuno gold electronmicroscopy

Immuno-gold electron microscopy was performed using an adaption of the method

from Levin e et aI. (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 I mM MgClz) for 5 min'

Excess liquid was removed and then the grid was placed face down in 20 ¡rl of antiserum

(diluted 1:50) for 15 min. Aftertwo washes in PBS (pH7'2) with I vo (wlv) BSA' the

grids were placed on 10 pl of Protein-A-gold (diluted 1:20) for a further 15 min' The grids

were wash edZxin 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 rnage of x27 ' 
500 to 29' 000 was used'
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2.16.2 Indirect Immunofl uorescence

ThetechniqueisaminormodificationofapublishedmethodbyKlauseretal.,

1990. Round glass cover slips were boiled for I min in o.1 M HCI before storage in9'Vo

ethanol prior to air-drying for use. Poly-LJysine (100 pl, 0'l mg/ml) was pipetted onto

cover slips placed in a 24 wellflat 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 (EC bench centrifuge, 5000 fPffi, 10 min) with 1 ml Zvo

paraformaldehyde, 0.17o 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 (l:100) in l07o foetal calf serum (FCS) in PBS

was added and incubated at 370C for 90 min. After 3 washes with PBS the secondary

antibody (1:80) (Fnc conjugated goat anti-rabbit) (sigma) in lo%o FCS in PBS was added

and left at 37 Cfor 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 pl

of Moviol 4-gg 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 anguillørum serotypes o L -o 10

3.1 Introduction

Vibrioanguillarumisapathogenofferalandculturedfish.Thediseaseprocessis

not very well understood although some virulence factors have been partially characterised'

The best characterised virulence factor in v. anguilrarum is the iron-sequestering system

that has been shown to be essential for virulence (Crosa' 1980; Crosa et al'' 1980)' V'

anguillarurniscloselyrelatedtothehumanpathogenv'cholerae'whichistheaetiological

agent for cholera, as shown by the similarities of their recA genes (Stroeher et al'' 1994)'

This close relationshiP has lead some researchers to suggest that V' anguillarum may

follow a similar infectious process asv. cholerae (Pietce et aI'' 1985)'

SincethefirstdescriptionofV.anguillaruminfections,therehavebeennumerous

studies that have examined the composition and function of its outer membrane. These

studieshavefocussedmainlyontheuseoflipopolysaccharides(LPSs)inserotyping

(Sorenson and La¡son, 1986) and on their role in virulence (Norqvist and wolf-watz'

|gg3).TodatelittleisunderstoodaboutthegeneticsofLPS(o-antigen)biosynthesisinV.

anguillarurz 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, 1Ír particular that of a major outer membrane protein (MOMP) whose

appafent molecula¡ weight varies between 30 to 40 kDa in different strains (suzuki et al"

1994; Simon et a1.,1996).
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In this chapter the focus is on cha¡acterising the V. anguillarum strains used in this

study. Antisera were generated againstV. anguíIlarum 01 and 04 and were found to react

with LpS-related material and cross-reactive proteins. One protein of approximately 36

kDa was further investigated by Naerminal 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 IS1i5g 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. ønguillarum 01
strain 85-3954'2

As the most predominant strains in disease outbreaks in cultured fish belong to V.

anguillarum serotype cll, 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 Ol 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 02 serotype (strain



Figure 3.1 Western immunoblot analysis of v. anguillarum serotypes o1'
O10 using anti'Ol serum'

rwhole cell lysates (equivalent to 1 x 108 cells) of V.anguillarum seroty¡les Ol-Ol0 were

electrophoresed on a SDS l|Vo polyacrylamide gel and transferred to nitrocellulose'

Proteins were detected using polyclonal anti-V. anguillarum Ol serum. The strains and

corresponding serotype are indicated at the top of the figure. The cross-reactive proteins of

36 kDa and lg kDa are indicated by a * at the left side of the figure with relative size

markers. The material with a LpSlike banding pattern is indicated by the abbreviation

LPS on the right side of the figure.
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ATCC 43306Xdata not shown). Antibodies against the larger protein (-36 kDa), which

varies in size between the different serotlpes, were not removed by absorption with either

whole cells or outer membrane preparations of the 02 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 LPSlike 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 Ol (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., l98l; Pazos et aI., 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 4O kDa protein was

described by Simon et al (1996). This protein was found to be common to all l0 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 Ol 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. anguillantrm.

Whole cell lysates of V.anguillarum strains were either treated with proteinase K (B) or not

treated (A), electrophoresed on a SDS líVo polyacrylamide gel and transferred to

nitrocellulose. The blot was incubated with polyclonal rabbit anti-V. anguillarum Ol

serum used at a l: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

Íurow at the left side of the figure with relative size ma¡kers. The LPS-like material is

indicated by the abbreviation LPS on the right side of the figure. Samples equivalent to I x

108 cells
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and outer membrane samples (Section 2.13.5.t), of all serotypes tested (data not shown)'

Coomassie Brilliant Blue staining and SDS-PAGE showed that the protein was produced at

highlevels(incomparisontootherproteins)inallthesefotypesandthattheproteinvaried

in size between the serotypes with the smallest being -36 kDa in ATCC 43312 (o8) and

the largest at -40 kDa in ATCC 433t0(o6) (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 lÌvestern blotting (Fig. 3.1). The variation in the size of this protein appeared

to be the main difference in the protein profire of the different serotypes (Fig' 3'3)' The

only strain that did not appear to produce this predominant protein was G20' G20 was

isolatedfromgoldfîshandclassifiedasV,anguillarumbasedonphenotypes(J.Catson,

personal communication). kr this thesis I have consistently found G20 to display different

cha¡acteristics to the V. anguillarum type strains (data not shown) and therefore suggest

thatthisstraindoesnotbelongwiththisspecies.

3.z.slipopolysaccharide (LPS) profile of y' ønguillørufn

serotypes O1'-O10

The LPS profiles of the ol and 02 serotypes have previously been reported (chaft

and Trust, 1984; Amor and Mutharia, 1995; Tiainen et al'', 1997; Santos et ø1" 1995)

however little data has been reported for the remaining serotypes' Figure 3'4 shows the

LPSprofilesofthetypeV.anguillarul¿rstrainsasdeterminedbysilverstainingofLPS

separated on a SDS lfvo polyacrylamide gel' Each serotype has a unique LPS profile

whichwouldbereflectedinthegeneslocatedwithineacho-antigenbiosynthesislocus.

Serotype 01 and 02 demonstrate profiles similar to those that have previously been

reported (Fig. 3.a) (chart and Trust, 1984; Santos et al" 1995)' Serotype 01 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. ønguillarum or-ol0 proteins by SDS-PAGE.

Whole cell lysates (equivalent to I x 108 cells) of V.anguillarum serotypes Ol-Ol0 were

electrophoresed on a SDS l5%o polyacrylamide gel and stained with Coomassie Brilliant

Blue. The strains and corresponding serotype a¡e 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 (2O.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 Ol'O10.

This shows a silver-stained l5Vo 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, HMV/, 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.a). The Ol serotype also possesses high and medium molecular weight

material which is thought to be S-LPS with longer O-antigen chains (Boesen et a1.,1999).

It has been reported that strains within serotlpe 02 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 02 serotype belongs to the

subgroup O2A.

Serotypes 03 to O10 display different LPS profiles and with the exception of

serotypes 08 and 09 do not show a typical Vibrio LPS profile (ie S-LPS with a tight

distribution of O-antigen chains) (Manning et a1.,1986; Alekseeva et a1.,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 07 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, 05, 06 and Ol0 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 strai¡

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 Ol 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
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protein in all the serotypes tested (Frg. 3.5). The antiserum \4/as used at a dilution of

1:1000, which was equivalent to the antiserum generated against serotype ol, 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 04 described above. When samples were labelled with the antiserum

generated against 04, 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. v/hen this antiserum was used in immunogold

electron microscopy against the v. anguillarum Ol and 02 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 04 bacteria is likely to be due to antibodies recognising

the 36 kDa protein. The absence of gold particle binding on bacteria of the 01 and 02

seroty¡res 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 maior outer

membrane protein from V. anguillørum serotype

o1..

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

membrane fraction of an 01 strain (85-3954-2) was partially purified by electroelution



Figure 3.5: Western immunoblot analysis of v. ønguillaruø serotypes

o1-o10 using strain ATCC43308 (serotype 04) serum.

rwhole cell lysates (equivalent to 1 x 108 cells) of V.anguillarum serogPes O1-O10 were

electrophoresed on a SDS líVo polyacrylamide gel and transferred to nitrocellulose.

proteins were detected using polyclonal anti-V. anguillarum 04 serum (l: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. ønguillørum
04 serum.

Electronmicrographs showing binding of polyclonal antibodies generated against V.

anguillarumOl (85-3954-2) to V. anguillarum Ol (85-3954-2),02 (4TCC43306) and 04

(ATCC43308).

The antiserum w¿ls 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 (Ol)

B: ATCC43306 (O2)

C: ATCC43308 (O4)
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from SDs-152o polyacrylamide gel (Materials and Methods, section 2.13.6) (Fig' 3'7)'

ThepurifiedproteinwastransferredtoPVDF(PolyvinylideneDifluoride)membraneand

itsN.terminalsequencewasdetermined(MaterialsandMethods,section2.13.6).TheN-

terminal sequence obtained (Fig. 3.8) was analysed using the BlastP and the Genbank'

SWßs pRoT, pIR databases. The 36 kDa protein was not homologous to any previously

reported V. anguillarum proteinin the databases' However' the sequence shown in Figure

3.9was94voidentîcal(asdeterminedbyPRosls)tothepublishedN-terminalsequenceof

theMOMPreportedbySuzukietal.(1994,1gg6)andsimonetal'(1996)'whichhasnot

beenlodgedinthedatabases.Thesequenceofthe36kDaproteinandtheMoMPdiffered

by only one amino acid (Valine/Tyrosine at position 4, Fig' 3'8) suggesting that they are the

sameprotein.TheMOMPwasalso3SToide¡ticaltoanoutefmembraneprotein(P2)from

Haemophilias influenzae (Munso n et a1.,1989a, b; Forbes et aI" 1992; Chong et al'' 1993;

I'e|| et al., |994) (Fig. 3.s). The P2 protein has been shown to be immunologically

importantinH.Influenzae,andalsoshowssizevariationbetweenserotypesasobservedin

the serotypes of V. anguillarurr described herein'

3.2.7 Ctoning the outer membrane protein of v'

anguillørum Ot

using a cosmid bank constructed from the v' anguillarum ol 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.g.2) and screened for the production of the serotype 01

MOMP by colony immunoblotting of lysed and unlysed cells with antiserum generated

against serotype 04 (ATCC 43308). Although numefous positive clones were detected,



Figure 3.7:Analysis of a -36 kDa protein (MOMP) purified from V.
ønguillarum Ol

A) The MOMP of V. anguillarum Ol from strain 85-3954-2 was purified by electroelution

(Section 2.13.5) and 10 pg was electrophoresed on a SDS l57o polyacrylamide gel which

was then stained with Coomassie Brilliant Blue.

B) Purified MOMP (10 pg) and a whole cell sample (representing I x 108 cells) of V.

anguillarum Ol were analysed by 'Western immunoblotting using the serum generated

against V. anguillarum 04 (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 (2O.1), carbonic anhydrase (30), ovalbumin (43), bovine serum albumin (67) and

phosphorylase b (94).
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Figure3.8:N.terminalalignmentofmajoroutermembraneprotein(MOMP)
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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'

3.2.8151358 in V. ønguillarutn

V. cholerøe and V. anguillarum are the most closely related species within the

genus Vibrionaceae (Dorsch et al., lgg2). 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 recentry described insertion sequence

IS/358 (Fig. 3.9) would be found in v. anguillarum. I was interested in defining the

distribution of IS135g in v. anguillarum with the view to obtaining data on the o-antigen

biosynthesisgenesgiventhepreviousassociationwithpolysaccharidelociinV.cholerae

01, 069 and 0139 (Stroeher et al',1995;Bik et al" 1996)'

UsingaDIG-PCRlabelledprobeoftheentirelsl3sSelement(|326bp)fromV'

cholerae 0139 (generated using oligonucleotide #773, Table 2'4) (Section 2'11'4)' the

strains which represented the ten serotypes or 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'

Southem hybridisation of HindÚ'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). Hindl|f is known to cut IS/358 elements at nt M0

(StroeheretaI.,1995)(Fig.3.9).Hencetwofragmentsconstituteonelsl35Selement

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 05, 06, 08 and O10 (Fig' 3'l0a' Table

3.1). Of the other strains tested, serotypes 01, 03, 04 and the non-typed strain (89-3748)



Figure 3.9: Schematice diagram of the ISI358 elements from v. cholerae

01 and 0139.

Representation of the genetic organisation of the IS1358 elements found in V' cholerae Ol

and 0139. The position of oligonucleotide #2194 is indicated, as is the conserved Hindfr

restriction site. Vertical lines represent the stop codons of the truncated ORFs of V'

cholerae 01. The inverted repeats are indicated by arrows.
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Figure 3.10: Detection of IS/358 in V. anguillarum.

Chromosomal DNA from the various V. anguillarum sfiains were digested with the

restriction enzyme HindÍn. Strain used are indicated on the figure.

Initially, the number of copies were determined by Southern hybridisation with a PCR-DIG

labelled probe of IS1358 (generated with oligonucleotide #773) (Table 2.4). The

assumption was that every IS/358 element contains a conserved Hindm restriction site,

and therefore two bands correspond to a single IS/358 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 HindU.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 07 (strain ATCC 43311) contained 2 copies while the remaining

two serorypes, 02 (strain ATCC 43306) and 09 (strain ATCC 43313), were found to have

multiple copies of (greater than 6) IS/358 elements (Fig. 3.10a)' The serotypes that

contain an IS/j5g element show restriction fragment length polymorphism (RFLP) of the

Hindfr.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 ol serotype, IS1358 hybridises to conserved f/indltr

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 02 serotype contained 10-11 copies and the 09

serotype possessed 10 copies of IS1358 (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 IS1358 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 sela. one antiserum contained antibodies to both the LPS and the MOMP of

v. anguillørum Ol. 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
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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 I-ey 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 04 and 07 which appeared to have

semi-rough Lps (sR-Lps). The Lps of v. anguillarum 01 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 a1.,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

colí catsed 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 IS1i58 was widely distributed inV. anguillarum with serotypes Ol, o.2, o3, o,4,

Oj, Og,and the non-typed strain (8913748), 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

IdentifTcation and characterisation of
IS/358 in V. anguillarum and its linkage to
polysaccharide biosynthesis related genes

4.L Introduction

IS/358 contains a putative transposase (npA) 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 a1.,1984: Zhao et al., 1993). IS/358 has 17 bp inverted repeats at

either end, with another smaller l2bp inverted repeat covering the ribosome binding site of

tnpA (Stroeher et aI., 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 & Reznikofl 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 aI., 1997). IS/-t58 also shows strong homology to ISAs/, a known mobile

genetic element which is associated with tlte expression of a paracrystalline surface protein

anay (A-layer) inAeromonas salmonicida (Gustafson et a1.,1994).

This chapter describes the distribution, sequence and location of IS1358 elements in

different Vibrio spp and shows that these elements are associated with polysaccharide

biosynthesis-related genes irt V. an g uillar um.
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4.2Results

4.2.! Distribution of Is/358 in Vibrio species

The presence of IS1358 has already been reported in v. cholerae ol and 0139

(Stroeher et al., 1992; Stroeher et a1.,1995). The presence of IS1358 in a number of V'

cholerae serotypes has been reported lot 02, O37, O45, 056, 060, 069 (Bik et aI 1995)

and o22,o155 (Dumontier et a1.,1998). In this study it was decided to further investigate

the distribution of IS/35g in all of the 155 V. cholerae serotypes. Table 4.1 summa¡ises

rhe findings of dot-blot DNA-hybridisations (Fie. a.1) using a PCR DlG-labelled probe of

the whole IS1i5g element generated from V. cholerae 0139 (AI-1837) against all the

Vibrionaceae tested. The only non-Ol V. cholerae serotype not tested in this study was

o20 which was not available. of the 154 v. cholerae strains tested in this study (including

those serotypes previously reported to possess a IS/358 element), 65 proved to be positive

for IS135g. Interestingly the DNA hybridisation (Fig. 4.1) performed in this srudy did not

indicate the presence of an IS1358 element in V. cholerae serotyptes O37 and 060, which

may be explained either by the use of different strains or hybridisation methods. These

serotypes were previously reported by Bik et aI (1995) to possess IS1358' Recent

experiments have shown that some of the non-ol 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 aI., 1998)'

To determine if IS1358 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 Ol39

IS/358 element, Fig. a.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 DlGJabelled ISf358.

Cultures were grown in microtitre trays to an OD6ss equivalent to 0.6. l0 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 serotlpes

was a PCR-DIG-labelled IS1358 element generated from chromosomal DNA from V.

cholerae O139 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 DHSct.
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Table 4.1: Presence of ISI358 in Vibrionaceae

All strains belong to the species V' cholerae unless otherwise stated

V.ang: V. anguillarum
V. para: V. ParaløemolYticus
V. fluv:Vfluvialis
V.mim:V.mimicus
+: present; -: absent

Nd: not done

IS1358rs1358 Serogrouprs1358 SerogroupSerogrouprs1358SerogroupIS/358Serogroup

ATCC43306
ATCC43307
ATCC43308
ATCC43309
ATCC433010
ATCC43311
Atcc43312
ATCC43313
ATCC43314

89ß748
v.
10884

AA-3853
x-4844
Y-17233

AA-15385
AL-L577
AL-t4413

V.mim

otzl
ol22
or23
ot24
ot25
o126
ot27
o128
or29
o130
o13l
ol32
o133
o134
o135
o136
ol37
ol38
o139
o140
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ot42
ot43
ol44
o145
o146
ol47
ol48
o149
o150
o151
ol52
o153
ol54
o155

v.

+
+
+

+

+

+

v800
M-33
M-35

N-4459

+
+
+

+

+
+

+

+
+
+

+
+

+

;
+

+

+

+
+
+
+

+
+
+

+

+

+

+

+

+
+

+
+

85-3954-2
85-3954-1

8613674
ATCC43305

081
o82
083
o84
o85
o86
o87
o88
o89
090
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o92
o93
o94
o95
o96
o97
o98
o99
o100
o101
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o103
ol04
ol05
ol06
o107
o108
o109
0110
0111
oltz
0113
o114
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0118
0119
ol20

+
+

+
+
+

+

-
+
+

+

+

+
+
+

+
+

:

+

+

+

041
o42
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045
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o49
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051
o52
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054
o55
o56
o57
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o60
061
o62
o63
o64
o65
o66
o67
o68
o69
070
o7t
o72
U-73

o74
o'ts
o'76
o77
078
o79
o80+

+

l

+

+

+

+
+

Nd
+
+
+
+

+
+

+

l

o1
02
o3
o4
o5
o6
o7
o8
o9
o10
01l
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o2r
o22
o23
o24
o25
026
o27
o28
o29
o30
031
o32
o33
o34
o35
o36
o37
038
o39
o40



88

found to be positive were those that belonged to some serotypes of V. anguillarum

(Chapter 3, Section 3.2.8). This may indicate that IS/358 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 ale the most closely related at the DNA

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

4.2.2 PCR Amplification of IS/358

The Southern and dot-blot hybridisation probing of various serotypes of V.

anguillarurn with IS1i58 (Fig. 3.10a, b) indicated that l0 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 IS/358 elements (Stroeher er

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 l0 strains that were positive by Southern

hybridisation. The elements could not be amplified from strains ATCC43308 (O4) and

ggl3741 (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

IS1j56-related sequences. Alternatively, the IS1-t58 elements in these strains may only be

partial copies which has been observed previously with one of the IS1358 copies in V.

cholerae Ol39 (Stroeher et aL, 1995), and with H-repeats in E. coli (Hill et aI., 1994: Lin

et a1.,1984). Using an internal IS1358 oligonucleotide probe (#2194) (Table 2.4), serotype

04 (4TCC43308) and strain 89t3748 were shown to contain partial copies of IS/358 (Fig.

3.10b, Chapter 3), explaining why these elements could not be PCR amplified.



89

4.2.3 Cloning, sequencing and analysis of different
ISI358 elements

The pCR-amplified DNA corresponding to IS/358 elements from the different V'

anguillarum serotypes were purified and cloned into pGEM-T. The cloned IS/358

elements (ppça947 to pPM4954, pPM4958) were sequenced using -21 M13 (forward) and

Ml3 (reverse) primers, and the sequence of each element was then completed using

inrernal 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 cla¡ified by re-sequencing. Figure 4-2 and Table

4.2 summarise the similarity between the cloned IS1358 elements of V. anguillarum ftom

this study and V. cholerae (Stroeher et a1.,1995; U.H. Stroeher, personal communication).

The IS1j58 sequences can be accessed from Genbank using the accession numbers

U935g7 to U93597. The sequence of the IS1358 elements from the different V.

anguillaruræ 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 Ol serotype were identical with the exception of the element from the

strain 8613674 which was slightly divergent (99.87o) (Table 4.2).

Analysis of the completed nucleotide sequences of the IS1358 elements from V.

anguillarum revealedthat some serotypes contained elements with one unintemrpted ORF

whilst others encoded elements with three small ORFs. Serotypes Ol and 03 contained

single elements that consist of three small ORFs, a similar organisation to that observed in

V. cholerae Ol (Stroeher et at., 1992). Elements cloned from serotypes 02, 07 and 09,

which all contain multiple copies of IS1358, were shown to encode single unintemrpted

ORFs of 1133 bp, 1109 bp and 1133 bp respectively (Fig. a.a). The size of these ORFs

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



Figure 4.22 ltlignment of IS/358 elements sequences from V. anguillarum

DNA sequence alignment of the of the sequenced IS1358 elements from V. anguillarutn.

The letters represent A, ATTC 43305 (Ol); B, 8613674 (Ol); C, ATCC 43307 (O3); D,

ATCC 43311 (O7); E, ATCC 43313 (O9); F, ATCC 43306 (O2); G, 85-3954-1 (O1); H,

85-3954-2 (Ol). * represents identical nucleotide bases.
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CAGGGA.AÀCcGcATGAÀGGTcGTTGATÀTATAAGC'GcTGcAAÀGATGcTAAGAÀTccGcT
ðEECCE¡¡C C GCATGÀÀGGTC GTTGATATÀTÀAGGGC TGCÀAÀGATGC TAAGÀÀTC CGC T

ðEECCE¡EC C GCATGAÀGGTCGTTGÀTATATAAGGGC TGCÀÀÀGATGC TÀÀGAÀTC C GCT

ðICEEA¡EC CGCÀTGÀAGGTC GTTGATATATAÀGGGC TGCÀÀAGATGCTAAGÀÀT C CGC T

ðACEEAÀEC CGCATGÀÀÀGT C GTTGATÀTATAÀGGGCTGCAÀAGATGC TAÀGATTC CGC T

ðEEEE¡E¡CCGCATGAÀÀGTCGTTGÀTÀTATÀAGGGCTGCAÀAGATGCTÀAGÀTTCCGCT
CÀGGGA.AACcGCATGAAGGTcGTTGATATATÀÀGGGcTGCÀÀÀGATGcTAÀGAÀTccGcT
ðICCCA¡¡CCGCATGAAGGTCGTTGATATATÀAGGGCTGCAÀAGATGCTAÀGAATCCGCT
* * * * * * * * * * i * * * * * * i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

TTGAÀccTÀTcAcTAÀTcccÀÀcTÀTTGAÀTGTAÀCcAcATGAAAÀTAAAGATcTGcTTG
TTGAACCTATCACTAÀTCCCAACTATÎGÀATGTAÀCCÀCATGAÀÀÀTAAÀGATCTGCTTG
TTGAACcTÀTcAcTA.A,TcccAAcTATTGÀÀTGTAÀCcAcÀTGÀÀAATÀAÀGATcTGcTTG
TTGAÀccTATcAcTAÀTcccAAcTATTGAATGTAACcAcATGAÀÀÀTAÀAGÀTcTGcTTG
TTAAÀCcTATcAcTAÀTcccAAcTATTGAÀTGTAÀCcAcATGÀÀAATÀÀÀGATcTGcTTG
TTAÀACcTATcAcrAÀTcccAÀcTATTGAÀTGTAACcACATGA.AAAIAAAGATcTGcTTG
TTGAÀCCTATCACTÀÀT¿CCAACTATTGAÀTGTAACCACÀTGÀAÀÀTA'AÀGATCTGCTTG
TTGAAccTATcacte¡TcccAAcTATTGAATGTAÀcCACATGÀÀÀATAAÀGATCTGCTTG** **************ii*****************************************

TAGATcATTTTcGTTGTTTTcTAATTGcTccTAGACAATATAGGÀGccTAA,ATATGAGcG
TAGATcATTTTcGTTGTTTTcTAÀTTGcTccTAGÀCÀATATÀGGAGccTÀ.AATATGÀGcG
TAGATcATTTTcGTTGTTTTcTÀATGTcTccTAGACA.ATÀTAGGÀGccT.AÀÀTATGAGcG
TAGATcÀTTTTcGTTGTTTTcTAATTGcTccTAGACAATÀTAGGAGccTA.AATÀTGAGcG
TAGÀTCATTTTCGTTGTTTICTÀÀTTGCTCCTAGACÀATATAGGAGCCTAAATATGAGCG
TAGATCATrIìTTCGTTGTTTTCTAÀTTGCTCCTAGÀCAÀTÀTÀGGAGCCTAÀÀTÀTGÀGCG
TAGATcATTTTcGTTGTTTTcTAATTGcTccTAGACAÀTATÀGGAGccTAÀÀTATGAGcG
TAGATcATTTTcGTTGTTTTcTAÀTfGcTccTAGACAÀTÀÎÀGGÀGCcTAÀÀTATGAGcG
* * * * ** * * * ** * ** * * ** ** ** * ** * ** * * * ** * * * * * * ** * * * * * * * * * * * * * * * * *

AGTTAACcAÀcccAITTATGcATTTcCAAATcATTAAAGATTATcGAcAGGAAÄATAAAA
AGTTAÀccAÀcCCAÎTTATGCATTTCCAÀATCATTAAAGATTATCGACAGGÀAAÀÎAÀAÀ
AGTTAACCAACCCATTTATGCATTTTCA.AATCATTÀAAGATTÀTCGACAGGAÀÀATA.AÀ.ê'
AGcr¡AAccAÀcccATTrATGcATTTcCAÀATCATTÀAAGACTACCGACAÀGAAÀGCAAAG
AGTTAACcÀAcccATTTATGcAcTTTcAAÀTcATTAÃÀGÀTTATcGAcAGGAÂ.AÀTAAAA
AGTTAÀccAAccCATTTATGCÀCTTTCAAATCÀTTAAÀGÀTTATCGACAGGAAÀÀTAÀÀÀ
AGTTÀAccAAcccATTTATGcATTTccÀAÀTcATTAÀÀGATTATcGACAGGAÀÀATAÀÀA
AGTTAACcAAcccATTTATGcATTTccAÀATcATTAÄ.A,GATTATcGAcAGGAÀAÀTA.AAA** **************i**** ** ************** ** ***** **** ***

TÀGCÀCACAÀÀTTATCAGÀCATTATTTIGCTGACAÀTTTGCGGCGTCCTGTCGGGTCATG
TAGcAcAcAAÀTTATcAGAcATTATTTTGcTGÀcAÀTTTGcGGcGTccTGTcGGGTcATG
TAGcAcAcAÂ.ATTATcAGAcATTATTTTGcTGAcAATTTGTGGcGTcTTGTcGGGTcATG
TAGATCACAAÀTTATCÀGATÀTTATTTTGCTGACAÀTTTGCGGCGTCCTGTCGGGTCATG
TAGCACACAAÀTTÀTCAGACATTATTTTGCTGÀCÀÀTTTGTGGCGTCTTGTCGGGTCATG
TAGcAcAcÀAÀTTATcÀGÀcATTATTTTGcTGAcAATTTGTGGcGTcTTGTcGGGTcATG
TAGcAcAcAÀÀTTATCAGACATTATTITGcTGAcAÀTTTGcGGcGTccTGTcGGGTcATG
TAGcAcAcAÀ.â,TTATcÀGAcATTATTTTGcTGAcAATTTGcGGcGTccTGTcGGGTcATG*** ************** ******************** ****** ************

-AAGGcTGGGATGGcÀTTAIcGATTTTTGGGcÀÀTGcTcGcTTAGÀTTlccTcÀAÀcGAT
-ATGGCTGGGATGGCATTATCGATTTT--GGCAÀTGCTCGCTTAGATTTCCTCAAACGAT
GACGGTTGGGATGGCATTATTGACTTT--GGCAATGCTCGCTTAGATTTCCTAÀ.AACGAT
-ATGGCTGGGATGGCATTATCGATTTT--GGCAATGCTCGCTTAGATTTCcTcAÀAcGÀT
-ACGGT-GGGAíÍ|GGCATTAT-GACTTT--GGCAATGCTCGCTTAGATTTCCTAÂ.AACGAT
-ACGGTTGGGATGGCATTATTGÀCTTT--GGCÀATGCTCGCTTAGATTTCCTÀÀÀACGAT
-ATGGCTGGGATGGCATTATCGATTTT--GGCAÀTGCTCGCTTAGATTTCCTCAAACGAT
-ATGGcTGGGATGGCATTATcGÀTTTT--GGCAATGCTcGcTIAGATTTccTcAÀ.A'cGAT* ** ************* ** *** *********************** *******

ATGGGTcAcTTTGAcGcTGGTATTccTTcTGcAGATACGcTGTcTcGTGTGATGGGcATG
ATGG-TCACTTTGACGCTGGTATTCCTTCTGCAGATÀCGCTGTCTCGTGTGATGGGCATG
ATGG-TCATTTTGAGGCAGGCATTCCÀTCGGCAGATACTTTGTCTCGTGTGÀTGGGCATG
ATGG-TCACTTTGACGCTGATATTCCTTCTGCAGÀTACGCTGTCTCGTGTGATGGGCATG
ATGG-TCATTTTGAGGCAGGCATTCCATCGGCAGÀTACTTTGTCTCGTGTGATGGGCcTG
ATGG-TCATTTTGAGGCAGGCATTCCÀTCGGCAGATACTTTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGGTATTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG
ATGG-TCACTTTGACGCTGGTÀTTCCTTCTGCAGATACGCTGTCTCGTGTGATGGGCATG**** *** ***** ii i ***** ** ******** *****i*********t* **
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rs1358F
fs1358G
rs1358H

479
4'7 6

4'17
4'7 6
476
476
476
476

ÀCGGATGGAGAÀGTCATCGCTATCGÀCGGTÀAÀÀCATTACGTGGCTCTTÀTGACCGCTCG
ACGGATGGAGAAGTCATóðCTETCGACGGTAAÀÀCATTACGTGGCTCTTATGÀCCGCTCG
ACGGGTGGAGAATICETóðCt¡,TCGACGGTAÀÀACATTACGTGGTTCTTATGATCGCTCT
AcccATGGAcAAGIcetðcðretcGÀcGGTAÂÀAcATTAcGTGGcrcrrATGAccGcrcG
AccGATGGAcAAcrcerðcðtercGÀcGcrÀÀÀAcÀTTÀcGTGGcrcrrATGAccGcrcG
ACGGÀTGGAGAÀGrcEtðCCTATCGÀCGGTAÀÀACATTACGTGGCCCTTATGÀCCGCTCG
ACGGÀTGGAGAAGTCATCCCTATCGACGGTÀÀÀÀCATTACGTGGCTCTTATGACCGCTCG
AcGGATGGAGAÀGIcarcccr.urcGAcGGTAÀAÀCATTAcGTGGcTcTTATGAccGcTcG**** ******* ***ti*ii********************t** ******* **i**

** ********** *******t ****i**** **********************i ***

AAGGGT
ÀC TGCAÀAC C'GAATGÀGTÀT

AAGGGTAÃÀGGAACAÀTT CACÀ

CTTGCTATAGGT

TGCCÀAAAGÀA.AAT

CGGC CAACÀGAÀGGTTGATAGTAAÀAGTAÀTGA'AÀTTACCGCGATCCC 
CÀÀGCTACTTGA

CGGCCAACAGIECETTEETÁCTAA.AÀGTAÀTGAAÀTTACCGCGATCCCCAAGCTACTTGA
CGGCCAÀCAGÀÀGGTTENT¡ETAE¡ECTAATGAÀATTACCGCCÀTCCCCÀAGCTACTTGÀ
CGGCCAACAGAAGETTCNTECT¡¡¡ACTÀÀTGAAATTACCGCGATCCCCÀAGCTACTTGA
CGGCCAÀCAGAÀGGTTGATAGTAAAÀGTAÀTGAAATTACCGCGATCCCCAÀGCTÀCTTGA
cGGccÀAcAGAAGcrtcatlcte¡e¡eTAÀTGAAÀTTAccGcGATccccAÀGcTAcTTGA
cGGccÃÀcAGÀAGerreateere¡¡neTAATGA.AATTAccGcGATccccAÀGcTAcTTGÀ
CGGCCAACAGAAGCTTIIAETE¡¡ICTÀÀTGAAATTACCGCGATCCCCAÀGCTACTTGA
* * * * * * * * * * * * * * * * * i* ii * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

658
655
656
655
655
655
655
655

539
s36
537
536
536
536
535
536

598
595
s96
595
595
595
595
595

?18
7]-5
7]-6
'7t5
7 1,5
'tt5
'7t5
'7L5

778
775
'7'7 6
'775
7'75
7't5
7'75
7'15

AATGCTTGAGCAAGCCTTTGATGÀTTATTTTCGAATGGACÀTGCTTCAÀGACTTTGÀCGG
AATGCTTGACCAACCTTTfGATGATTATTTTGGAATGAACATGCTTCAAGACTTTGACGG
AATGCTTGAGCAÀGC CTTTGATGATf ATTTTCGAATGGACATGCTTCAÀGACTTTGACGG

ÀATGCTTGAGCAÀGCCTTTGATGÀTTATTTTCGAATGGÀCATGCTCCAAGACTTTGACGG
ÀATGcTlGAGceaccctrrcerGATTATTTTcGAAÎGGÀcATGcTTcAAGACTTTGAcGG
AÀTGCTTGAGCAAGCCTTTGÀTGÀTTATTTTCGAATGGACATGCTTCÀAGACTTTGACGG
AATGcTTGAGc¡¡cccIrIcATGATTATTTTCGAÀTGGACATGCTTCAAGACTTTGACGG
AATGcTTGAGcAAGccTTTGÀTGATTATTTTcGAATGGACATGcTTcAAGACTTTGAcGGr******** *** * *iii*********** ***** ******* ***********t**

838
835
836
835
835
835
835
835



rs1358À
rs1358B
rs1358C
rs1358D
rs1358E
rg1358F
IE1358G
rs1358H

rs1358A
rs13588
rs1358C
rs1358D
rs1358E
rs1358F
rs1358G
rs1358H

898
895
896
895
895
895
895
89s

t0'7'l
r_069
1_069
1_069
1069
1068
1_069
1069

Lt37
LLz9
LL29
LT29
rt29
Lt28
I729
Lt29

CAGTTCTTACAGTACTCÀÀGAÀÀAÀAGTCÀCGGAÀGÀACGGÀÀÀCGAGÀGTGGC TTTÀGT

CAGTTC TAACAGAÀTT CAAGÀ.AÀÀÀÀTTCACGGÀÀGÀACGGÀAÀC GAGÀGTGGC TTTAGT

CAGTllCTTÀCAGTACTCÀAGÀÀAÀÀÀGTCÀC GGAÀGÀÀC GGÀÀÀCGÀGAGTGGC TT TAGT

CÀGTT C TTACAGTAC T CAÀGAÀÀAÀÀGTCÀCGGAÀGAÀCGGAAAC GAGAGTGGCTTTAGT

CAGTTC CAC GGAÀÀC TTTÀGT

CAGTTC CAC GGAAAC TTTAGT

CÀGTTC CÀC GGAÀAC TTTÀGT

CAGTTC CÀC GGAÀÀC TTTAGT
****** *** ****** ******

958
954
955
954
954
953
954
954

1017
1009
100 9
1009
1009
1008
1009
1009

¡s1358r'
f813588
rg1358C
rs1358D
rs1358E
rs1358F
fs13580
rs1358H

rs1358À
rs1358E
rs1358C
fs1358D
rs1358E
rs1358F
rs1358G
rs1358H

rs1358À
rs13588
rs1358C
rs1358D
rs1358E
rs1358F
rs1358C
fs1358H

rs1358À
rs1358B
rs1358C
¡s1358D
rs1358E
rg1358F
rs1358G
rs1358H

rs1358À
rs1358B
rs1358C
rs1358D
rs1358E
rs1358F
rs1358G
rs1358H

tL97
1_189
118 9
l_189
1r_89
1.188
118 9
11_89

L256
L249
t249
1249
1248
L248
L249
t249



rs1358r
rs1358B
rE1358C
rs1358D
rs1358E
rs1358F
rs1358G
r81358H

rs1358A
rg1358B
rs1358C
rs1358D
rs1358E
rs1358F
rg1358G
IE1358H

13 16
13 09
r-3 09
13 09
1308
1_308
1309
1309

1333
L326
7326
t326
]-325
L325
L326
L326

C TGCGCÀÀTGGÀCGAÀÀÀCTAC CTÀÀGTAÀGGTTC TC GAÀÀGCC TTÀT CGGGCC'GTGATG

CTGCGCAÀTGGACGÀAAÀCTÀCCTÀÀGTÀÀGGTTCTCGÀAÀGCCTTATCGGGCGGTGATG
CTGCGCAÀTGGACGAAÀÀCTACCTAÀGTAÀGGTTCTCGAAÀGCCTTÀCCÀTGCGGTGATG
CTcCcCA.ATGGACGAÀ.AÀCTACC TAÀGTAÀC'GTTC TCGAAÀGC TTTACÀGGG CGGTGATG

CTGCGCAÀTGGACGAÀÀÀCTACCTÀÀGTÀÀGGTTCTCGAÀÀGCClTÀCCGGGCGGTGATG
CTGCGCAÀTGGACGAÀ.AACTACCTÀAGTAAEGTTCTCGÀAÀGCCTTAC CGGGCGGTGÀTG

CTGCGCAÀTGGÀCGÀAAÀCTÀCCTAAGTÀÀGGTTCTCGÀÀÀGCCTlATCGGGCGGTGATG
CTGCGCA.ATGGACGÀÀAÀCTACCTAÀGTÀÀGGTTCTCGÀÀÀGCCTTATCGGGCGGTGATG
** * * ** * ** * * ** * * * * ** ** * ** * * * * * ** * * *** *** ** * * * * * ** * *** * * *

TTCATGCGGTTTCCCTG
TTCATGCGGTTTCCGTG
TTCÀTGCGGTTTCCCTG
TTCATGCGGTTTCCCTG
TTCATGCGGTTTCCGTG
TTCÀTGCGGTTTCCGTG
TTCATGCGGTTTCCGTG
TTCATGCGGTTTCCGTG************** **
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87.6
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(0)

96
(s2)

100
(0)

96
(s3)

99.8
QI
100
(0)

o139

ol7

H1

c4401

zt156l

a (o1)

B (O1)

c (o3)

D (O7)

E (O9)

F (O2)

G (O1)

H (O1)

Table 4.2: Sequence similarity of IS/358 in different strains from V. anguillarum andlV. cholerae

Zo similarity between different IS/358 sequenced from various V. cholerae (U.H. Stroeher, personal communication) and V' anguillarur?? serogroups.

The table shows the Zo similarity and the number of base pair differences (presented in brackets ( ) between the IS1358 elements for comparison. The

letters in the table represent theiollowing strains: A, ATCC 43305 (Ol); 8,86t3674 (O1); C, ATCC 43307 (O3); D, ATCC 4331I (O7); E, ATCC

43313 (O9); F, ATCC 43306(O2);G,85-3954-1(O1); H, 85-3954-2(Ol).



90

an IS/358 element with a single ORF (l127 bp), and it has been proposed that the single

ORF encodes a functional transposase (-42 trDa) and hence may be a mobile genetic

element (Stroeher et a1.,1995).

4.2.4 Protein expression from the IS/358 elements of
V. ønguillarum

To confirm the sequence data obtained for the different IS1358 elements, the T7

RNA polymerase expression system (Tabor and Richa¡dson, 1985) in E coli DH5 was

employed using the plasmids pPM4947 to pPM4954, 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 C3, O'1, C9, and 02 respectively

(Fig. a.3). The sequenced IS1358 gene from serotlpe 03 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 intemrpted IS1358 elements (Fig. a.Ð. The significance

of this stop codon is that the E. coli strun (DH5) 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 IS1358 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 Ol (Stroeher et aI.,

1995). The expression data showed that proteins coffesponding to the predicted molecular

weight (42kÐa) can be synthesised which suggests that the unintemrpted ORFs of IS/358

inV. anguillarum 02, 07 and 09 may potentially be functional.



Figure 4.3: Detection of rs/J58 encoded proteins by T7 RNA polymerase
oyerexpression.

The proteins were overexpressed by using the T7 promoter/RNA polymerase system

(Tabor &. Richardson, 1985). Proteins were labelled with U[35S] methionine,

electrophoresed on a SDS -l5Vo polyacrylamide gel. The gel was dried and proteins

detected by autoradiography. Each lane contains E2Og6 with a pGEM-T clone of the

IS/358 element from the indicated V. anguillarum strain. Molecular size markers

(Pharmacia-LKB) are indicated as follows: 94kDa (phosphorylase b), 671r,Ða(bovine serum

albumin), 43kDa (ovalbumin), 30kDa (carbonic anhydrase).
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Figure 4.4: Genetic organisation of the IS/358 elements found in v.
cholerøe 01, 0139 and V. anguillarum Ol, 02 and 03.

The sequence above the triangle represents the inverted repeat flanking IS1358. The large

triangle below the y. 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 a¡e indicated as

is the conserved l/¡ndlrI site. The amber stop codon is shown in the V. anguillarum 03

IS/358 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 IS/358 in V. ønguillørurn serotypes 02
and 09

The presence of multiple copies of IS1358 in serotlpes 02 and 09, and the single

unintemrpted ORFs noted for the elements sequenced from these strains, suggest that

IS1358 may be mobile. During the course of this study, IS/-358 from V. cholerae was

shown to possess transposition activity @umontier et a1.,1998) which further suggests that

the elements found inV. anguìllarum may also be able to transpose.

To determine if there was any relationship in the 02 and 09 serotypes of V.

anguillarutn between IS1358 md dblpolysaccharide 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 (O2) and ATCC 43313 (O9) which contained multiple copies of the complete

IS1358 element were used in the PCR reactions. While it was possible to amplify three

ba4ds of 2.2 kb, 1.8 kb and 0.72 kb from the 02 serotype, no products were generated

using 09 DNA (data not shown).

4.2.6 rfb-like genes are located between IS/358 elements
in V. ønguillørum 02

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 Ml3 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 (ORFI) showed

homology to bplAlwlpA from the LPS biosynthesis operon of Bordetella pertussis (647o

identical at DNA and amino acid level; Fig. a.q (Allen & Maskell, 1996) and the other

(ORF2) was homologous to a Vi polysaccharide biosynthesis protein, VipA from

Salmonella typhi (66Vo identical at the DNA level and 62.57o identical at the arnino acid

level; Fig. 4.7) (Hashimoto et aI., 1993: Waxin et al., 1993). Table 4.3 shows the proteins

to which ORF2 is most homologous. The homologues of ORF I and 2 are both thought to

be dehydrogenase enzymes involved in polysaccharide biosynthesis. ORF I which shows

significant homology to bpIA is a complete ORF (95a bp) predicted to encode a protein of

35 kDa, whereas ORF 2 (710 bp) is intemrpted by the IS/358 element (Fig. 4.8).

Southern hybridisation was performed to determine which IS1358 elements

correlated with the 1.8 kb fragment. HindIJJ. digested DNA of ATCC43306 (O2) and 85-

3954-2 (Ol) was used with either PCR Dlc-labelled IS1358 (generated from chromosomal

DNA of 85-3954-2 and oligonucleotide # 773 (Table 2.4)), or pPM4966 (the 1.8 kb

fragment cloned into pGEM-T) was DlGlabelled using the primers -2lMl3 (Forward) and

M13 (Reverse)) as probes. Figure 4.9 clearly shows that the 1.8 kb fragment is located on

two IfindItr fragments of 4.8 and 2.6 kb. Two fragments are detected as there is a I/indltr

restriction site at nt 1415 (Fig. a.5) which lies within ORF 2. This data also indicates that

the IS1358 element adjacent ORF 2 does not contain a HindIJJ, site which was found to be

conserved between all IS1358 elements sequenced (Section 4.2.3, U.H. Stroeher, personal

communication). The Southern blot hybridised with the IS1358 probe showed the multiple



Figure 4.5: The nucleotide and deduced amino acid sequence of the DNA
between IS/358 elements in V. anguìllarurn 02 (ATTC
43306)

The nucleotide sequence is numbered in accordance with the Genbank accession number

4F156256 and is shown from nt I 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.



10 20 30 40 50 60
5, TTCATGCGGTTTCCGTGGACTATCACTGAGATAÀAAAGTAGCAAÀTTAG ÀGTGÀTITÀATÀ

eIS1358 orf 1 M

7o 80 90 100 L10 L20
TGATAAAAAATAGAAÂ.AATTCGAATAGCAGTCGTTGGTTGTGGGCGTATTTC TAÀÀAATC

IKNRKIRIAVVGCGRISKNH
130 140 150 160 170 180

ATTTTGGCTCAATTGAGCAGCTTGATTCAGAÀTÀTGÀGC TGGTCGCGGTGTGCGATAACA
FGSTEOLDSEYELVÀVCDNN

190 200 2Lo 220 230 240
ACCCAGAAGTGTTAGAGCTGCATTCAAATAAÀTACGGCGTTCCGGGTTATCÀC TCGATAG

P EVI, E L H S N KY GV P G Y H S I D

250 260 270 280 290 300
* 2226

ÀTGATC TGCTCGCTTCACAÀACAC TTGÃ,TATCGTCACCTTGTGTACC CC GAGTGGCATAC

D L I., A S Q T L D I V T L C T P S G I H

310 320 330 340 350 360
ATGCAC CÀCAAACTATTAAAGCTGCGAAAGCCGGTGTACATGTGATTAC CGAAÀ.AÀCCGÀ

APQTIKAAKAGVHVITEKPM
370 380 390 400 4L0 420

TGGCGACCA.AGTGGGAAGATGGAC TAGCAATGGTTAÄAGCGTGTGATGACGC TGGGGTGC

A T KI¡I E D G L A M V K À C D D A G V R

430 440 450 460 470 480
# 2393

GTTTATTTGTGGTTAIU\CAAÄ.ACCGCCGTAATTCAACATTGCAÀTTAC TTAA GCGTGCAG

LFVVKQNRRNSTLQLLKRAV

490 soo 510 520 530 540
TGACGGAAAÀGCG TTTTGGTAA.AÀTC CATATGGTGCATTTAÀATGTGTTTTGGAC CÀGÀC

TEKRFGKIHMVHLNVFWTRP

550 560 570 580 590 600
C TC.AAGAGTATTACGAC CGCGC TGCTTGGTCTGGTACTTGGCACATGGATGGTGGTGCTT

O E Y Y D RÀ AVü S G T W H M D G G À F

610 620 630 640 650 660
TTATGAÀTCAGGCGACTCATTATGTCGATC TTCTCCATTGGC TAGTGGGGCCTATTGAÃA

MNOATHYVDLLHWLVGPIET

670 680 690 700 '?Lo 720
C CATCCATGCTATGACC TC CAC TCATCGTGATATTGAAGTTGAAGATAC TGGTGTGGTGA

IHAMTSTHRDIEVEDTGVVN
730 '740 750 760 '770 780

ACATCAÀATGGCGTAATGGCGCGTTAGGC TCAÀTGGCGGTCÀC TATGTGTAC TTATC C CA
I K VìI R N G A L G S M A V T M C T Y P N

790 800 8l-0 820 830 840
ATAATTTAGAGGGTTCA.ATCACTATTTTTGGGGAAAAAGGGACÀGTGCGTGTTGGTGGCG

NLEGSITIFGEKGTVRVGGV

850 860 870 880 890 900
TGGCGGTTAATGAAATCCAAGAATGGAÀTTTTGCAGAATCAAAAGATTACGATCAGCAAA

AVN E I Q EüIN F A E S K DY D O O I

910 920 930 940 950 960
TTGAACAÀGCCAAC TAC CAAÀCCÀC TTCAGTC TATGGATTTGGTCATC CAC CTTAC TTTA

EOANYOTTSVYGFGHPPYFK
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A.AÃAC GTTGCCGÀTGTATTCCGTGGCGAGGCAGAGCCÀGAAACCGACGGCC TGTAGGGTT
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TAÀ.AATCAC TTGAGCTATTGATCAGCATTTATCGCTCAGCTCGCGÀTCATA.AÀGAÀATTG
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GTTTG C CATTGAAT C TGTAATTAC G ÀGITÀÀÀGA.A.AÀATGAAGTTÀGAAAATGTAAAGATT

o.ÊfzMKLENVKI
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ÀGCACGGTAGGTTTTGATATTAÀC CAGAAÀAGGGTCGC TGAÀTTACÀC TC T GGCATTGAT

STVGFDINOKRVAELHSGID

L27o L28o L290 1300 13L0 t320
TTAACCTTGGAATGTTCCGAAGAGGAACTGCGTAGTGCTCCATTGCTGAGTTACACTCAC
L T L E C S E E E L R S A P L I, S Y T H

1330 1340 1350 L360 L370 1380
CAATTGGAAGÀGATTAAAGÀCTGTAÀTTTTTATATCGTTACCGTGCCTACACCAATCACA
OLEETKDCNFYIVTVPTPIT

L3 90 1400 1410 L420 l'43 0 L440
GATGAAA.A.AACAC CGGATCTTAAC C CACTAAAAAAÀGC TTCTGAÀGC TCTTGCGAAAGTG
D E K T P D L N P L K KA S EA I,À KV

1450 L46o ]-470 L480 L490 1500
GTCTC C CACGGTGATATTGTCGTTTTCGAATCAACÀGTTTÀTC CCGGTGCAACGGAAGAA

VSHGDIVVFESTVYPGATEE
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GTGTGCCTTC CTATCATCGAGAÀAÃ.ATTCAGGTTTAGTGTTTAÀTCGCGATTTC TTT GCT

V C L P I I E KN S G T,V F N RD F F A

1570 1580 1590 1600 161-0 L620
# 2227

GGTTATAGC CCAGAG CGTATCAATCCAGGAGATAAAGTGAATCGTTTAÀC TACGATCATG

GYSPERINPGDKVNRLTTIM
1630 L64o 1650 L660 L670 1-680

AÄAATAAC TTCTGGC TCTACGC C TGAAGTGGCTGATTTTGTTGATCAAGTATACTC TTCG

KTTSGSTPEVADFVDOVYSS

1690 LToO 1-71-0 !'720 1730 t740
ATAGTCAC TGCTGGTACCCATA.AAGCGC CATCAATCAAGGTGGCAGAAGCCGC TÀAAGTT
IVTAGTHKAPSIKVAEAAKV

1750 L76o !7'70 1780 1790 1-800

ATTGA.AAATACC CAGCGTGATC TAAATATTGC TGTAATCAATGAGTTTGC CAAA.ATTTTT

IENTQRDLNIAVTNEFAKIF
18L0 1820 1830

AATCGACTÀGGTATCAGGGAAACCGCATGAA 3'
N R L G T R E T A T57358+

NVADVFRGEAEPETDGL*

115 0



Figure 4.6: Alignment of ORF 1 with homologous proteins

Alignment of the amino acid sequence of ORF I from V. anguillarum 02 with V/lpA/BplA

from Bordetella pertussls (gbX907l1), as determined using the default settings of the

program CLUSTAL (Higgins and Sharp, 1988). *, identical residues; o, similar residues.

Abbreviations: gb, Genbank.
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Figure 4.7 z ltlignment of ORF2 \üith homologous proteins

Alignment of the amino acid sequence of ORF2 (VaOrf2), Salmonella typhi YipA

(StVipA) (spQ04972), Shigella sonnei ORFI (SsOrfl) (gbU3a305), E. colí ORFT (EcOrfT)

(221706) and Staphylococcus aureus CapL (SaCapL) (spP3986l), as determined using the

default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical

residues; o, similar residues. Abbreviations: sp, S\USS PROT; gb, Genbank.
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Tabte 4.3: HomologY table for ORF 2

%identity'

YaOrt2 StVipA SsOrfl EcOrfT SaCaPL

YaO¡12

StVipA

SsOrfl

EcOrfl

SaCapL

100 62.5
(23s)
100

64.2
(229',)

59.7
(4121
100

65.2
(201)
82.4
(205)
s8.6
(1s8)
100

59.0
(2271
s2.6
(416)
58.1
(38e)
54.5
(1e8)
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 7o identity occurs. Abbreviations: gb, Genbank; sp, S\ilISS PROT.

VaOrf2:

StVipA:

SsOrfl:

EcOrfi:

SaCapl:

V. anguillarun ORF2

Salmonella typhi Y ip A (spQ04972),

Shigella sonnei ORF1 (gbU34305),

E. coli ORF|I (ebZ2l706)

Staphylococcus qureus CapL (spP39861 )



Figure 4.8: The genetic organisation of the 1.8 kb fragment located
between IS/358 elements in V. anguillarum o.2.

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 Hindlll restricted DNA of ATCC 43306 (O2) and 85-3954-2 (Ol) were

probed with PCR DlG-labelled IS/358 (labelled using oligonucleotide #773, Table 2.4)(A)

and pPM4966 (labelled using -2lMl3 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 HindIn 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 02 serotype. However there a¡e two IS1-158 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. a.9 (B)) suggesting that these elements flank the region. In addition,

the 1.8 kb fragment does not hybridise to any fragments in the 01 serotype strain 85-3954-

2 (see also Section 4.2.12), and hence ORF I 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 IS/358) (Fig. 4.8) was performed on ligated chromosomal DNA that had

previously been digested with NdeI. Ndelwas used as it cuts inside the 1.8 kb fragment but

not within IS1358 (Fig. a.8). Southern hybridisation using ORF I as a probe indicated a

fragment of approximately 3.0 kb should be generated by PCR if Ndelwas 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. a.10)

(Table 2.4). Subsequent BlastX searches revealed the presence of ORFI (bplAlwlpA) at

one end of the cloned sequence, and at the other end another ORF with homology to wu

(cld or rol) genes from E coli (Bastin et al., 1993; Morona et al., 1995) and other

pathogenic bacteria (Fig. a.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 wzzhomologue (ORF 3);

this gene was transcribed in the opposite direction to ORF 3 and has homology to

rfaD/gmhD from V. cholerae Ol (6OVo identical at amino acid level) (Fig. a.ll). 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 I 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 a¡e bolded. The beginning of rfaDlgmhD is indicated atnt283.



10 20 30 40 50 60
5, TAGCGGCTTAGATAGTGGCTGTAÀACACAÄÄÀGCTCGCTTTTCTCATTGAACGTCTAGCC

70 80 90 100 l-10 t20
TTGA.AÃAGGGTTTTGCTTTAAAC TTCGGCÀCGCA.AGGTGGCAÀGGTGGCAAGGTGGC^AAG

130 1-40 150 160 L70 180
GTGGCAÀGGTGGCAAGGTGGCTCGA.AÀTTGÀCAÀATTCGÀTAAÀGCTTGTACÀACAÀTTT

r.9 o 200 2L0 220 230 240
A.AACAGTCAGCC TTTAGGAGCGGÀTACC TAAGGGCGGTÀGCGTGCCTA.AAÀAC CAÀTGAT

<- rtaD/ gnhD
250 260 270 280 290 300

AGGATCAACAGTGTGAATC TCCCCTTTTTCGCACTCTTCATACCCACCACTGCCTTCT
wzz-> V P S

31-O 320 330 340 350 360
TAC TATCAGCAÀAGCAATA.ATGATGAA¡,TTGACC TGCGTGAGTTGTTTAGT G1TGCTÀTGG

Y Y O O S N N D E I D L R E L F S V L I/ü

370 380 390 400 410 420
CAAGGGÄÀATTGAC CATAGTGCTGTGCACTGTTTTGTTTGCT GTGATGGCGGTGGTATAT

OGKLTIVLCTVLFAVMAVVY
430 440 450 460 470 480

GCATTGACGGCGCAGCAGTGGTGGAGCGC TAAAGCAACCGTTAC CCAGCC TGAATTAAGC
A L T A O O Vù W S A KA TV T O P E L S

4go 500 510 520 530 540
CAAGTTGTAACC TTC CTGCAACAGGTGAAGCAGTÀTCAGC CATTGTTTGATCTC TACCAA

OVVTFLOOVKOYOPLFDLYO
550 560 570 580 590 600

GAÀGATGGCACCÀTTATTGTGAGTA.AÀGAGCTTGÀTGGC TTAATTAACC CAGCCACTATT
EDGTIIVSKELDGLINPATf

61-0 620 630 640 650 660
TTCCAGCGTTTTGTGCGTGCATTTAÀTAC TAATGACAATAAAAAGCGCTTTÀTGCAA.AGT
FQRFVRAFNTNDNKKRFMOS

670 680 690 700 710 720
AAC C CTACTTTTTTÀGCCATTGAGCAGCAACAGCTTAÀÀGTGAATGA.AÄÀTAACGAÀÀC T
NPTFLAIEOOOLKVNENNET

730 740 750 760 770 780
GATGATGTGGCGCGC TTTTÀTCAAAGîTGGTATGGCAAÄÀTTACGGC TCAAGAAGTGGGT
DDVARFYOSWYGKITAAEVG

7go 800 81-0 820 830 840
AÀGACACAAGCGGGTGATTTTTATC TCAG CTTTCAGTCAATTGATAA.AGC CAGCAGTTTA
KT OAG D F Y I, S F O S I D KA S S L

850 860 870 880 890 900
GTGTTGCTTAACGCCTATATCGACTTTATTAAC CAACAACTGAACCAGCAGCTAACCAAT
VLLNAYIDFINAOLNAOLTN

910 920 930 940 950 960
GAC C TTÀCCAGTAA.ATTGACGGTAÀÀÄCATAACCAÀCTTAGCCAGCAATACAGTAGTTTG
DLTSKLTVKHNOLSQOYSSL

g7o 980 990 1000 1010 Lo20
CAGCAGCAAAC C CAATTGCGCCTGCAGGTGGAATTGGCGCGAGTGCAGAATGCATTGGCA

A O O T A I, R L A V E L À RV O NA L A

1030 1-040 1050 1-060 L070 1080
ATTGCA.AA.A,GCGGC CAATATTÀÀTGAGCC TGTACAAÄATCTGAATGAÀGAGAAGC TGTTT
IAKAANINEPVONLNEEKLF
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A I S I G S KA I, O A KV DA I, K S I T

1150 1160 LL1 0 l-180 1-190 L200
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CTATTAGGTAAAGTAA.AAC CAGCGCAAGTGCAAGGTTACGCTTAC TTAGAGCAACCAGAA
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G G M L G VA I V I, V R F À F R K E E E

1390 L400 141-0
AÂAGCTTÀGACCAGGCAGCAGGGAÀACCGCATGAA 3'
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Additionally, a putative JUMPstart sequence (5' TAGGAGCGGATACCTAAGGGCG

GTAGCGTGC 3') (Fig. a.11), often found at the beginning of rÍb 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 pPM2l01 (Table 2.3) as described in Materials and Methods (Section 2.10.6.1).

Cosmids clones were initially screened using a DlGlabelled 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 DlGJabelled 800 bp Dralfragment of ORF2 probe (Fig

4.S). Two clones, pPM5513 and pPM55l4 were found to hybridise to this fragment,

however pPM5514 was later found to contain only 200 bp of ORF2 (data not shown) and

rüas no longer used to characterise this region. To further map the region around ORF2-

IS1358, pPM55l3 and chromosomal DNA (4TTC43306) were digested with l/rndltr, NdeI

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: Hindñ'4.8 and 2.6kb; NdeI,7.3 kb and EcoRV, -8.5

kb (Fig. 4.12). The NdeI digest appears slightly different between pPM55l3 and

chromosome as the cosmid DNA had not cut to completion (Fig. a.l2). The restriction

sites were mapped onto the physical map of the region (Fig. a.l1).



Figure 4.llz The genetic organsiation of the putative polysaccharide
synthesis region of V. ønguillarum 02 (ATCC 43306).

A map representing the DNA located around two IS1-158 elements of V. anguillarum 02.

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.

ORFI corresponds to the gene homologue, bpIA, 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 wu (ORF 3) and rfaD/gmhD (ORF 4) homologues are also

represented. The Íurows 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 Dralfragment described in the text as the ORF

2 probe is indicated for reference.
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Figure 4.122 Southern hybridisation analysis of V. anguillaram 02
(ATCC 43306) chromosomal DNA and cosmid DNA from
pPM5513.

Southern blots of HindIIl., Ndel, EcoRV restricted DNA of ATCC 43306 (O2) and

pPM5513 were probed with DlGlabelled probe of ORF2 (DraI fragment, nt 1020 - nt

1830, Fig. 4.5; Fig. 1l) (Section 4.2.8). The approximate size of bands are shown in

kilobases (kb). The analysis was performed to further map the region inV. anguillarum02

downstream of the second putative IS1358 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. ønguillarum 02 O-antigen
biosynthesis regions

During the course of this study the db locus responsible for O-antigen biosynthesis

in V. anguillarum 02 from the strain ATCCI9264 were cloned and expressed in E. coli

(Amor and Mutharia, 1995). A physical map of the region indicating SaII, Acc65I and

NaeI and XhoI restriction sites was reported. Using the restriction enzymes SaII and XhoI,

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 SalI (<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 Xholfragments (5.3, 4.5,2.5,2.0, and 1.3 kb) and four Sall

fragments (1O.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 coÍlmon bands.

Further characterisation of cosmid pPM5513 will allow the region(s) to be more

extensively compared.

4.2.10 Analysis of the Rol/Wzz protein from V.

ønguillarum 02

The wu homologue (ORF 3) adjacent to IS1358 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 aI., 1993; Becker et al., 1995) (Fig. a.10). The



Figure 4.132 Southern hybridisation analysis of V. angaillarum 02
(ATCC 43306)

Southem blots of SalI and Xhol restricted DNA of ATCC 43306 (O2) was probed with

DlG-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 02 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 otnB 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 aI., 1996). Figure 4.14 shows a

CLUSTAL alignment of the Wzz protein from V. anguillarum 02 in comparison to other

Wzz proteins from E. coli and S. enterica sv Typhimurium. Table 4.4 summarises the

homology between Wzzvuand 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 a1.,1995). Figure 4.15 demonstrates that the 'Wzz protein from

V. anguillørum 02 has an identical hydropathy plot to other V/zz proteins. The sequence

of the wzz geîe 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. a.lO). 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 theWzz protein with an appropriate length N terminal transmembrane domain of

-20 amino acids (Morona et aI., 1995) in the correct location. This start also provides the

best homology at the N-terminal end in comparison to other Wzz proteins (Fig. a.l5).

To determine if Wzzyu 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-

15Vo) compared to the 
^S. flemeri wildtype strain (Fig. a.16). It is possible that the reason



Figure 4.142 Clustal alignment of Wzzv" with other Wzz related proteins

Alignment of the amino acid sequence of Wzzy^ (VaWzz), E. coli Wzzb2 (EcWzb2)

(spQ05032), E. coli WzzbS (EcWzbS) (pirS33670), E. coliWzzs"(EcWzz) (gbD90840), S.

typhimuriumWzzb (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; o, simila¡ residues.

Abbreviations: gb, Genbank; sp, SWISS PROT.
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Table 4.4: Homology Table lot Wzzv^

VaWzz EcWzzb2 EcWzzbS ÊcWzz StWzzb EcCld VcOtnB

VaWzz 100

EcWzzb2

EcWzzbS

EcWzz

StWzzb

EcCld

VcOtnB

26.2

100

27.7

64.9

100

27.7

64.9

100

100

28.5

64.7

70.5

70.5

100

26.2

99.7

64.6

64.6

64.4

100

32.1

19.9

18.6

18.6

20.3

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'

YaWzz:

EcWzzb2:

EcWzzb8:

EcWzz:

StWzzb:

EcCld:

VcOtnB:

V. anguillarumWzzyu

E. c oli W zzb2 (spQ05032)

E. coli WzzbS (pirS33670),

E. coli Wzzs" (gbD90840),

S. typhimuri um W zzb (spQ04866),

E. coli Cld (spQ05033)

V. cholerse OtnB (pirS54287)



Figure 4.15: Hydropathy plot of Wzz proteins

The hydropathy plots were generated by the method of K¡e and Doolittle (1982) and

aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-

axis indicate hydrophobic regions. The position of every l0ú amino acid is ma¡ked on

each X-axis.' YAW77, V. anguillarum Wzz2gz; Wß2, E. colí Wzzb2 (spQ05032);

\Væ8, E. coli V/zzb8 (pirS33670); ECWT-Z, E. coli Wzz (gbD90840), and OTNB, V.

cholerae OtnB (pirS54287). Abbreviations: gb, Genbank; sp, STWISS PROT.
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Figure 4.162 Complementation analysis of Wzzy^

This shows a silver-stained l5Vo 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

RMA696 (s.flexneriwzzmutant), RMA696 tpGEM1zfl, RMA696 [pPM55l0] and the

wildtype strain of V. anguillarum 02 (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 108 cells.
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for the low level of complementation is due to poor expression as the Wzzyu gene lacks a

RBS

4.z.LlPresence of ORF I and ORF 2 in other V.

anguillørum and V. cholerae setotypes

Due to the presence of IS1358 in many different strains of both V. cholerae and V.

anguillarum, itwas of interest to determine if either ORF I 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 02. kritial studies using dot-blot DNA hybridisation indicated the presence of

both these ORFs in a number of non-Ol V. cholerae serotypes. Table 4.5 shows the non-

Ol y. cholerae serotypes that contain ORF I and ORF 2 by dot blot using PCR DIG-

labelled probes for either ORF I or ORF 2. The presence of ORF I and/or ORF 2 could

not be detected by Southern hybridisation in any of the other V. anguillarum serotypes. The

presence of IS/358 is also indicated in Table 4.5. Interestingly, some of the strains that

contain these ORFs also contain at least one copy of IS1358, including one V. cholerae

serotype (O94) which contained all three: ORFI, ORF2 and IS1358. ORF 2 is also present

in strains lacking IS/358 (O8, O10).

4.2.1215/358 and virBA

Due to the prevalence of IS1358 in the V. anguillarum stru¡s tested in this study,

and the location of these elements in the chromosome of V. anguillarum 02 in relation to

rfbl polysaccharide biosynthesis genes, it was decided to further investigate the association

of IS1358 with polysaccharide biosynthesis-related genes in another V. anguillaruÍn

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



Table 4.5: Presence of ORF 1 and ORF 2 inV. cholerae

Serotype ORF 1 ORF 2 Presence
of IS1358

V. anguillarum
02

V.cholerae
o8
o10
o27
o30
o38
o.72
o88
094
o98
o110
0111
ot28
ol32

Y

N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y

Y
Y
N
N
N
N
N
Y
N
N
N
N
N

Y

N
N
Y
N
N
N
N
Y
Y
N
N
N
Y

The table summa¡ises data obtained from Southern hybridisation and dot blots of V. cholerae and V.

anguillarum (Section 4.2.12). The DlG-labelled probes used: ORFI corresponds to nucleotide #290 to

#985 (Fig.4.5), ORF2 corresponds to nucleotide #1020 to #1830 (Fig. 4.5; Fig. 4.ll), IS1358 generated

from V. anguill.arum 01 using oligonucleotide#773 (Table 2.4).

Y: the probe hybridised
N: not detected
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pPM210l (Table 2.3) and chromosomal DNA of V. anguillarum 01 serotype (strain 85-

3954-2) which was then transfected into an E. coli (517-1) background

Colony dot-blot hybridisation was performed using a DNA probe of IS1358 in an

attempt to isolate cosmid clones that contained IS1358 and surrounding DNA.

Approximately 1000 cosmid clones were screened, with 5 hybridising to the IS1358 probe

(data not shown). To determine if the complete IS1358 element was contained on the

cosmid clones (pPM4905, pPM4906, pPM4914, pPM49l7, pPM49l8), PCR amplification

was performed using oligonucleotide #773 derived from the inverted repeat sequences.

Three of the clones (pPM4905 ,pPM49l7, 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 Ol (Norqvist & Wolf-Watz, 1993). Oligonucleotides #1088 and #1089

(Table 2.4) werc 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,

pPM49l7 and pPM49l8. The PCR products were cloned into pGEM-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

(Norqvist and Wolf-Watz, 1993). However, when a BlastX search was performed on the

sequence, an ORF with significant homology (43Vo identity, 70 Vo similarity at the amino

acid level) to glycosyl transferase genes from Haemophilus influenzae and Neisseria

gonorrhoed 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 invirBA cause a loss of LPS O-antigen inV. anguillarum Ol (Norqvist & Wolf-

Watz,l993).

Southern hybridisation was performed to determine the proximity of IS1358 to

virB. Southern blot analysis using IS1358 and virB probes on EcoR[ 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. a.l7). Thus, the genes

are in close proximity, and as in V. cholerae Ol and Ol39 (Stroeher et al., 1995, 1998),

IS/358 is again associated with a potential dblO-antigen biosynthesis gene locus.

4.3 Summary and Discussion

In this chapter, the distribution of the insertion sequence, IS1358 was described for

V. anguillarum andV. cholerae. The IS/358 element was found to be widely distributed in

these species as it was found in 7 out of 1l serotypes in V. anguillørum, aîd 65 out of 154

serotypes in V. cholerae. The elements in V. anguillarum wele further characterised by

cloning, sequencing, and T7 overexpression. Interestingly, IS1358 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 02. The db gene cluster of V.

anguillarum 01 is further characterised and discussed in the following chapter.

During the course of this study the rfb locus from the 02 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 02 genes sequenced in this study were located in the

described rfb loctts. However, a number of discrepancies with our Southern hybridisation

data in comparison to the published restriction errzyme 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 z Southern hybridisation analysis of V. anguillarum Ol (85-
3954-2) chromosomal and pPM4905 DNA

Southern blots of EcoRl restricted DNA of 85-3954-2 (Ol) and pPM4905 were probed

with DlG-labelled probes of IS1358 (generated using oligonucleotide #773) (A) and virB

(nt 25700 - nt 26788, Appendix l) (B). The approximate size of the bands are shown in

kilobases (kb). This analysis was performed to demonstrate that IS1358 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 rfib-like genes in the 02 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 O22, which has an intact ORF and multiple copies of the element in the

chromosome, w¿ts capable of transposition. This suggests that IS/358 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 02 serotype. The

presence of two ORFs, one intact (ORF l) and the other intemrpted (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 intemrption 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

Clonitrg, sequencing and analysis of the
wbh operon of V. ønguillarum 0L

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 Ol hus

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-V/atz,1993) and therefore it is possible that these genes ¿ìre

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 Ol is described. Using the new nomenclature for polysaccharide

synthesis genes, the operon has been designated thenarnewbh.

5.2 Results

5.2.L 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

Sl7-l harbouring the cosmids pPM4905, pPM49l7, and pPM49l8 were tested by colony
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and Western immunoblotting for expression of V. anguillarum Ol O-antigen. The

antiserum used was raised against the strain 85-3954-2 (Ol serotype) and affinity purified

such that the serum only contained antibodies to the V. anguillarum Ol 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 Y2177 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 DlG-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

dblpolysaccharide synthesisJike genes which differ from those detected in sequences

derived from pPM4905 (data not shown).

A cosmid clone spanning the region upstream of IS/358 was required to ensure that

the entire O-antigen biosynthesis region of. V. anguíllarum 01 was obtained. Additional

cosmid libra¡ies were constructed according to the method described in section 2.10.6-1.

These libraries were constructed using cosmid cloning vectors pOU6lcos (AmpR) (Knott ¿r

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 ,Saa3A-derived cosmid clones (pPM4905, pPM49l0,

pPM49l7, pPM49l8, and pPM5512) isolated by colony hybridisation using either DIG-

labelled probes of IS/358 (generated using oligonucleotide #773, Table 2.4) or virB (nt257OO-

nt 26788, Appendix 1). Cosmids were sequenced with oligonucleotides ll2l77 and #2366 to

determine the points of insertion relative to the wbh region // represents undefined distance.

IS/358 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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IS/358 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 f2177 and #2366 (Table 2.4). pPM5512 was

found to overlap with pPM4905, pPM49l7, 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 IS/358 and virB was likely to be the putative

wbhlO-antigen biosynthesis region of V. anguillarum Ol and therefore this region was

sequenced using the cosmid clones obtained. Three different cloning techniques were

used. Cosmids pPM4905 and pPM49l0 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 M13 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 DlG-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 pPM49O5 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. 'Ihe shaded box

indicates the vector, pPM210l. 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, PsrI; C, ClaI;H, Hindfr; Ec, EcoR[. IS/358 andvirB are marked on the map for

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

Southern blots of HindIIIlCIaI restricted DNA of 85-3954-2, pPM4905 and pPM4910 were

probed with PCR DlG-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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Restriction ISI358 PPM4940

EcoElJI

Hindllll

cht

Pstl >10 3.5

>10 0.4BgfJI

EcoRV
Xbøl

Hincll
EcoRIlPstI
CltVPstl

BsilVChr

EcoRYlPstl
HindIIIlClal

HínlllfllXbal

BglIVIIindI

BglIJlXbal

NA
NA

5.2
4.0
o.2
2.5

>10

NA
NA

NA
NA
t.7
0.6
0.2

5.2
4.0
0.2
NA
NA

NA

NA

NA

8.5

2.5
>10
4.5
3.8
NA

NA
NA
NA

NA

NA
NA

5.2
4.0
0.2
2.5
4.2
NA

NA
6.2

NA
NA

NA

NA

NA

1.3

NA

NA
NA

NA
0.3

NA

NA
NA

NA

NA

NA

1.3

NA

2.5

1.3

1.6

NA
NA

NA
1.0

1.0

NA

NA
NA

NA

NA

NA

l8
4.8

NA

NA

NA

NA
NA

NA
NA
NA

NA

NA
NA

NA

NA

NA

l8
4.8
1.8

>1052

NA
NA

NA
NA
1035

5.2
0.4
0.2
NA
NA

NA

NA

NA

Table S.I:Sizes of restricted fragments which hybridise to various sublcoues of the wbh region of V. øngailluum Ol,

Sizes" of restricted fragments which hybridise to :

pPM4990 pPM4991 PPM4993 PPM5535 pPM4943 pPM4995 pPM4983 pPM4955 virB

1.3
NA

18
4.0
0.9
NANA 5.2

o.2

2.4

NA

NA
NA

NA

NA
1.1

1.6

0.2

2.5

>10

NA
>15
5.2
4.8
NA
1.6
o.2

NA

NA
NA

18

3.7

0.9
l0

NA

5.0
4.5
NA
1.4

3.8
NA
NA

NA

NA
3.7

0.9
1.0

0.3
2.5
1.3

1.0

0.4

9.0

NA

NA
NA

NA
NA
1.6

o.2

NA
1.5

t.4
NA
NA
NA

NA

NA
NA

1.5 1.4

NA

NA

NA
NA
3.3
1.7

0.8
0.6
o.2
NA

l.l
NA

NA

NA

NA

NA
l.l

NA

NA

NA

NA

NA
NA

NA

NA

NA

is in kilobases (kb)
specific to subclones or DNA fragments: IS1358 (nt. 9801-l I 139), virB (nt. 25700-26788), pPM49,10 (nt. 9506-10239), pPM4943 (rr¡. 14289-1544'2)' pPM4955 (nt.

(nt I 3668-1553 l), , ppM4990 (n.. zg3o1-30324), pPM499l (nt. 3o324-3o623)pPM4993 (¡t. 14416-20628), pPM4995 (nt. 14895-16139)' pPM5535 (¡..2O329-21426)-

nt. conesponds to the nucleotide numbers in Appendix 1.

NA: not analysed by Southern hybridisation



104

ppM210l. 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 nea¡ 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 pPM5535. DNA from

chromosomal and cosmid (pPM4905) preparations were digested with Bgltr and probed

with DlG-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 Bg[n, electrophoresed on a0.87o agarose gel and the

DNA band of 4.5 kb was excised and ligated into BamÍlI digested pBC-KS+. The clone

obtained designated pPM4998 (Fig. 5.a) 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 (#22981#2301) and pPM5536 (#10881#2223)

were generated by using standard PCR conditions. Oligonucleotides used in the reactions are

indicated by arows. pPM5502 subclones are indicated on the map with the capital letters

representing the restriction eîzyme used to clone the fragment into pBC KS+. pPM4998

contains the 4.5 kb Bgltr fragment from pPM4905. The bold line marked 3.3 kb represents the

previously published virBA sequence (Norqvist and V/olf-Watz, 1993) (Accession number,

t08012. Restriction sites are as follows; B, Bg[n; E, EcoRVi H, Hincn: P, PsrI; X, Xbal.

IS/358 andvirB are indicated for reference.
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C; Fig. 5.2). Utilising the previously published sequence of virB (on a 3.3 kb KpnI

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) (Fie. 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 vírB 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,pPM493l, and pPM4990 (Frg. 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 DlG-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 primets #2298 (IS/358), and

#2311(ppMa943) (Fig. 5.4; Table 2.4), aPCR 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 IS/358 and the rest of the sequenced region.

5.2.5 Cloning of the 5' end of the wbh region

To obtain sequence preceding IS1358, 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 HindlÍL. HindIn was used as Southem hybridisations using IS/358 as

the DlG-labelled probe on f/indltr-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 l.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

HindÍLdigested pPM5512 was electrophoresed on a0.6Vo 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 IfindItr fragment (pPM5516) was also cloned (Fig. 5.5).

The clones, pPM55l5 (4.S kb fragment) and pPM55l6 were sequenced using -2lMl3 and

M13 primers and with specific oligonucleotides (Table 2.4). Analysis of the sequence

from pPM55l6 revealed the beginning of the operon by the presence of sequences

homologous to non-polysaccharide biosynthesis genes. However the two clones, pPM5515

and ppM55l6 did not have overlapping sequences, indicating the presence of additional

DNA between (Fig. 5.5). Analysis of the genes present on the plasmids pPM55l5 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

ppM55l6 (# 2751) and the 5' end of pPM55l5 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
olv. anguillørum Ot

Figure 5.6 shows the physical restriction map'of the putative wbh cltstet of V.

anguillarum Ol 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 tlnewbh locus.

Schematic representation of the subclones generated from pPM55l2. A HindIII digest was

performed on DNA from cosmid pPM55l2. pPM5515 and pPM5516 were obtained as

HindIII-Hindm (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 arows). ll, indicates an undefined distance. IS1358 and virB are

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

Schematic representation of the entire 30,627 bp sequenced from cosmids pPM4905,

pPM4910, and pPM55l2. 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, pPM49l0 and

pPM5512.

5.2.7 ldentifÏcation of Open Reading Frames

Sequencing of the putative wbh 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 03 and Bordetella

pertussis. The location and several properties including VoG+C content of each of the

ORFs designated rmlBADC, 1e7m, 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 rmlBADC

The genes TmIBADC encode for the enzymes involved in dTDP-rhamnose

biosynthesis (Jiang et al.,l99l; Reeves, 1993;Zhang et a1.,1993) and are present between

nt 292O and nt 6323. The rml genes are most homologous to the dTDP-rhamnose



Table 5.2 Summary of the ORFs in the wbh rcgion.

ORF G+C content" Location in
Sequence

Predicted Molecular
Weisht ftDa)b

Hydrophobicity
indexb

#amino
acids

rfaDlgmhD
rmlB
rmlA
rmlD
rmlC
w7n
wû

wbhA
wbhB
ddhD
ddhA
ddhB
ùlhc
wbhC
wbhD
wbhE
wbhF
wbhG
wbhH
wbhl
wbhl
wbhK
wbhL
wbhM
wbhN

2606-1667
2928-3993
4016-4894
4891-5778
5781-6326
6483-7287
7304-8642
8670-9785

rtt4t-12790
12930-L3901
13927-14700
14703-15785
15785-17098
17115-18812
1E903-19532
19522-20631
20689-21075
21072-22008
22062-23408
23622-24020
24038-2M93
24490-25605
25700-26788
26798-27712
27880-28763

43.7

43.3

45.8
48.2
40.5
35.7
33.9
31.7
30.2
33.9
38.3
4t.l
38.4
36.4
32.5
39

19.4
32.3
32.4
36.3
36.6
37.8
st.2
30.9
37.5

35
40
32
32
2t
31
50
44
64
37
32
4t
49
60
24
40
15
36
51
15
t6
4t
42
36
34

313
354
292
294
181
268
46
371
549
324
2ffi
360
438
567
204
365
130
312
447
133
153

369
363
303
294

-0.32
-0.16
-0.37
-0.16
-0.53
+0.88
-0.19
-0.70
+0.46
-0.15
-0.31
-0.50
-0.11
-0.08
-0.27
-0.05

+0.97
+0.07
-0.02
-0.38
+0.16
-0.06
-0.38
-0.33
-0.01

a. Percent guanine plus cytosine (G+C) ofcoding fegron.

b. According to Kyte and Doolittle (1982), as implemented in PROSIS-
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biosynthesis genes from ActinobacíIlus actinomycemcomitans (Nakano et al., 1998)

although there is also similarity to the dTDP-rhamnose biosynthesis genes of Shigella

flemeri (Macphersoî et aI., 1994). These genes are discussed further in section 6.2.

Immediately upstream of the start of rmlD (ie the beginning of the wbh region in V.

anguillarum Ol is a putative JUMPsta¡t sequence with the sequence

s'TAGCCGCTTGTAGGAGTTAGACCTAAGGGCGTAGCATA 3'(Hobbs and Reeves,

ê..f 
.

1994;Bailey et a1.,1997;MarolÇó and Valvano, 1998) (Appendix l).

5.2.7.2 wzm and wzt

Following the dTDP-rhamnose biosynthesis genes from nt 6483- nt 7287 and nt

7304- rft 8642 are two genes designated wzm a¡d wer which are thought to be involved in

homopolymer O-antigen export. 'Wzm and lWzt show significant homology to the ABC-

transport family. 'Wzm is homologous to the rfbAlwzm Eeîe product ftom Klebsiella

pneumonia¿ Ol 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 a¡e

discussed further in Chapter 6 (see section 6.2).

5.2.7 .3 The CDP-3,6'dideoxyhexose path\üay

After IS/358 between ît 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.,

l99l). The first gene, ddhDy¿ wâs found to be homologous to AscDlDdhDy", 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 conespond to the following:

,fbF=ddhA,l.bG=ddhB,rfbU-ddhc,rfbl-ddhD,rÍbJ=abe,rfbS=Prt,rÍbE=fyv.(The

figure was reproduced from Reeves et al., 1993).
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deoxy-delta-3,4-glucoseen reductase from Yersìnia pseudotuberculosis (Thorson et aI.,

lgg4). DdhD also showed significant homology to RfbVDdhDst, which has the same

function as AscD/DdhDyp, from,S. enterica sv Typhimurium (Fig. 5.8; Table 5.3). Identity

at the DNA level was also significant with d.dhDvu demonstrating 60Vo identity to

ascDlddhDyn. The identity between ddhDvn and rfbllddhDst wâs considerably less

(<40Vo). This suggests that dd.hDv^ is more closely related to ascDldd'hDvp than to

rÍbllddhDs¡.

DdhA demonstrates most similarity to the equivalent protein RfbF/DdhA in S.

entericasv Typhimurium (79.47o identity at the amino acid level, TlVo identity at the DNA

level) and to AscAlDdhAyo from Y. pseudotuberculosis (76.3Vo identity at the amino acid

level, 69Vo 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-l-phosphate to CDP-

D-glucose (Fie. 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 Ol

shows most similarity to an equivalent protein in Y. pseudotuberculosis AscB/DdhBvp

(7l.l7o identity at the amino acid level, 667o identity at the DNA level) (Thornson et al-,

lgg4). Homology at a significant level (70.lVo identity at the amino acid level, 67Vo

identity at the DNA level) was also observed to the RfbG/DdhB5¡ 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 a1.,1994).

The last gene, ddhC is most homologous to the equivalent gene product in Y.

pseuiotuberculosis AscC/DdhCyp (82.2Vo identity at the amino acid level, 737o ldentity at

the DNA level). DdhCv" also showed similarity to RfbH/DdhC from S. typhimurium



Figure 5.8: Atignment of DdhD with homologous proteins
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I,QQLI,RI EGPQGTFFVREDNI,P II/TIJAGGIGFAPVKSMVEAI, INKNDQRQVHIYIdGMPÀG
ENTI,¡4RTEGPCGTFF IRESDRP I IFLAGGTGFAP\¡KSMVEHL IQGKCRRE IYIY.I¡¡GMQYS
. *.***** ****.*. *..*.* *** **.*..** ** .* . *****

NE IYCDEI,SLLA.AENQN I FFNLVI,SREFEVS PDYKKGWQDÀVI RDFNSI,KD I E\¡YACGS
HNFYSD IAI{EWAIKHPNI¡TWP\A/SGD- DSTü¡IGATGFI/HQAVIJED T PDLSI,FN\TYACGS
KDFYSAt PQQI¡¡SEQHDÌüV¡IY I PWSGD - DAEWGGRKGFVHIAV¡{DDFDSLEFFD IYACG S

. . *. . *.* . .*. **. * *****

SKMI ECAKÀI,LLQHQL PNDÀFF SDAFT PAK-
I,AMIT.AARNDF TNHGI,AENKFF SDAFVP SK
PVMI DASKKDFMMKNI,S1¡EHFYSDAFTASNNT EDNL** * * ****

1l_3
L20
l_ 16

1,7 3
180
L75

233
240
235

293
299
294

Alignment of the amino acid sequences of DdhD (VaDdhD), Y. pseudotuberculosis AscD (YpAscD) (spP379ll), and ^L

typiimuiunt RfbI (StRfbI) (spP26395), as determined using the default settings of the program CLUSTAL (Higgins and

Sharp, 1988). *, identical residues; ', similar residues. Abbreviations: sp' SWISS PROT.



Table 5.3 Homology Table for DdhI)

VaDdhD StRfbl YpAscD
VaDdhD

srRfbl

YpAscD

100 45.2
(330)
100

(257)

42.3
(326)
50.8
(32s)
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 7o identity occurs.Abbreviations: sp, SWISS PROT.

VaDdhD V. anguillarunr DdhD
YpAscD Y. pseudotuberculosis AscD (spP37911)

StRfbI S. typhimuriurn RfbI (spP26395)



Figure 5.9: Alignment of DdhÄ with homologous proteins

VaDdh.è,
stRfbF
YeDdhÀ
YpDdhÀ
YpAscA

- - - -MI(VVILAGGI,GTRIJSEETSVKPKPI,fVEIGG- P ILWHIMKQYSAHGTNDF I TCCGYK

- - - -MKÀVILAGGLGTRT,SEETTVKPKP¡'ÍVEIGGKP ILWHIMKMYS\¡HGTKDF I ICCGYK
MECKVKAVII,AGGIJGTRLSEETÍVIKPKP}I\¡E IGGMP II,WHIMKTJYS SYG INDF I ICCGYK
MEIQ\TIGVILAGGLGTRIJSEET\ ¡KPKPÌ"f\¡EIGGKPILI¡¡IIIMKLYSSYGINDFVICCGYK
- - - -MI<ÀVILÀGGLGTRLSEET\^IKPKP¡{VE IGGKP ILWHIMKLYS SYGINDFVTCCGYK* *************** ********** ******** ** ** ** ******

VaDdh,\
scRfbF
YeDdhÀ
YpDdhA
YpAscÀ

GYI IKEYFANYFLHMSDWFDMKENKMEVHHKRJAE PW WLVDTGDNS}4TGGRI,ÀRVADY
GYV IKEYFAI{YFT,HMSDWFHI4AENRMEVHHKRVEPI¡¡N\ZTLVDTGD S SMTGGRLKRVÀEY
GY1¡I KEYFÀ]VYFMHMS D I TF SMRDNEMKVHQKRVE PW}Í\'ITLVDTGEHS¡4TGGRI,KRVKDY
G11/I KEYFA}IYFMHMS D I TFCMRDNEM IVHQKRVE PI¡¡Iü\TTI,VDTGE D S}4TGGRLRRVKDY
GYVTKEYFANYFMHMSD ITFCMRDNEMVVI{QKRVE PWN\ZTLVDTGED SMTGGRLRRVKDY** ********* **** ** * * * ** ** *** ******* ******* ** *

VaDdhÀ
stRfbF
YeDdhÀ
YpDdhÀ,
YpAscA

VKDEEAFCFTYGDGVSD I D I TKS IEFHQÀHGKQATLTATF PPGRFGA],D I TSGKVDNFKE
VKDDEAFLFTYGDGVADLD ] KAT I DFHKAHGKKATLTATF PPGRFGÀTD ] R.AGQVRSFQE

VKDDDA¡.CFTYGDGVSD IN I SEL TNFHKSHGKKATLTATYP PGRFGÀT,D IENKQVRS FKE
VKDDEAFCFTYGDGVSDVN IAEI, I EF}TK SHGKQÀTI,TATYP PGRFGAID IKDKQVRSF.KE
VKDDEÀFCFTYGDGVSDVN IAEL IAFHKSHGKQATLTÀTYP PGRFGAI,D IKDKQVRSFKE*** ** ******* * * * ** *** ****** ********** * * *

VaDdh-A
srRfbF
YeDdhÀ
YpDdhÀ
YpAscA

KPRGDGÀMINGGFFVL S PRWQL I DSDS C IWEQYPI,NRLADDGEI,MAYEHNGFWQ P¡{DTI,
KPKGDGA}TNGGFFVI,NPSVIDT,IDNDATTWEQEPL},ITIJAQQGELT4AFEHPGFWQPMDTI,
KPKGDGAI INGGYF'VL S PKVI Df, IDGDKS IWEQE PI,MI LADNGEI,MAYEHTGFWQPMDTI,
KPKGDGAI, INGGY¡'VL S PKVI DL I DGDKSTWEQE PLMTLAAQGELMAFETAGFWQ PMDTL
KPKGDGAI INGGYFI/L S PKVIDL I DGDKSTWEQEPI,}{lf LAAQGELT4AFEHAGFWQ PMDT],
**.****.****.*** * *. *** * . *** ** ** i****.** *********

VaDdhA
stRfbF
YeDdhÀ
YpDdhÄ
YpÀscA

RDKI,YLDEI,WOAGKAPWK IWE
RDIõ/YLEGLWEKGKAPWKTWE
RDK IYI,QQLWEEGQAPWKT/WE
RDK IYI,HELWEEGRÀPWKWÍE
RDK I YLHEI,WEEGR.A,PWKVWE***.** **. *.**** **

56
56
60
60
56

116
11_6
]-20
L20
116

t'7 6
L76
L80
L80
T't 6

236
236
240
240
236

257
257
26t
26L
25'7

Alignment of the amino acid sequences of DdhA (VaDdhA), S. typhimurium RfbF (StRfbF) GpP26395), Y. enterocolitica

DdhA (YeDdhA) (gbu46859), Y. pseudotuberculosis DdhA (YpDdhA) (pirC47070), Y. pseudotuberculosis AscA (YpAscA)

GbL27l30) 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

VaDdhA StRfbF YeDdhA YPDdhA YpAscA

VaDdhA

stRfbF

YeDdhA

YpDdhA

YpAscA

100 79.4
(257)
100

(257',)

76.3
(257)

79
(2s7)
100

76.3
(2s7)
80.s
(257)
90.4
(261)
100

76.3
(2s7).
80.9
(257',)

90.4
(257)
98.8
(257\
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 Vo identity occurs. Abbreviations: gb, Genbank; sp' SWISS PROT.

VaDdhA
StRfbF
DdhAYe
DdhAYp
YpAscA

V. anguillnrun DdhA
S. typhimuriu¡n RfbF (spP26395)

Y. enterocolitic¿ DdhA (gbua6859)

Y. pseudotuberculosis DdhA (pirC47070)

Y. p s e udot ub e r c ulo s i s (gbL27 l3O)



Figure 5.10: Alignment of DdhB with homologous proteins

VaDdhB
YpYepA
YpAscB
YpDdhB
strfbc
YeDdhB MINEKFWQDKRVFI** * ** ******** ****** *** **** *

APTVPSLFETARVADGMQ
ARVADGMQ

T\¡KGYSLAP PTVP SLFETARVADGMQ

** *****

59
60
60
60
60
60

Lr-9
t20
L20
]-20
t20
L20

L79
180
180
r.8 0
180
L80

238
239
239
239
239
240

298
299
299
299
299
300

358
357
35'7
35'7
359
358

360
357
357
357
3s9
358

vaDdhB
YpYepA
YpAscB
YpDdhB
STRfbc
YeDdhB

VaDdhB
YpYepA
YpAscB
YpDdhB
srRfbc
YeDdhB

VaDdhB
YpYepA
YpAscB
YpDdhB
srRfbc
YeDdhB

VaDdhB
YpYepA
YpAscB
YpDdhB
stRfbc
YeDdhB

VaDdhB
YpYepÀ
YpAscB
YpDdhB
srRfbc
YeDdhB

VaDdhB
YpYepA
YpAscB
YpDdhB
srRfbc
YeDdhB

TEEGD T RDFTHMRQ SMYEFKPE IVFHMAÀQ PL\/RT,SYHE P I ETY ST}Í\¡!.'IGßA/LLEAVKQ
SE IGD IRDQNKI,LE S IREFQPE I\IFHMAÀQPLVRI,SYSEP\¡ETYST}Í\¡IIGNNTLLEAIRH
SE IGD I RDQNKLLE S T REFQPE IWHMAÀQPI,VRL SYSE PVETYSTNVMGTVYI'LEAI RH

SE I GD IRDQNKLLEAIREFQPE I\¡FHÌ4AAQ PI,VRL SYSE PVETYS TNVMGTVYI'LEÀI RH

SH I GD I RDFEKI,RNS IAEFKPE IVFHMAAQ PI,VRI,SYEQP TETY STNVìÍGTVHLLETrVKQ

SEVGD I RNYAQLI,KS f NDFKPE IVI¡HI.{AÀQ S LVRL SYI,E PVETYSTNVMGTVYI'LEAIRH**** * ********** ****** * *********** ***

VGGVKA\A/NI T SDKCYENREWVT¡¡GYREDE PMGGYDPYSNSKGCAEIJVÀS SYRQ SFFNKEN

VGGVKAVVNI T SDKCYDNKEW]WGYRENEÀMGGYDPY SNSKGCAEI,W S SYRNSFFNPAN

VGGVKÀ\A/N I T S DKCYDNKEW IV{GYRENE,AMGGYDPYSNSKGCAELW S SYRNSFFNPAN

VGGVKÀVVNI T SDKCYDNKEWIWGYRENEÀMGGYDPY SNSKGCA.ET,VT S SYRNSFFNPAN

VGNI KÀVVNTT SDKCYDNRE!ìIVIdGYRENE PMGGYDPYSNSKGCAELVASASRNSFFNPÀN
VGGAXAIVN\M SDKCYENKE!ìJWGYREDE SMGGYDPYSNSKGCAELVT S SYRNS FFNPVK
** ** ** ****** * ** ***** * ***************** * * ****

SGYI,T IAEKLYTVGPGFAEGWNFGPRDEDAKPVDWIVNRLTEI,V\TGGGARWSLC DGEHPHE

SGYI,LLAQKLYTDGAEYAEGWNFGPNDADAT PVKN IVEQMVKYWGEGASV'TQI'DGNAHPHE

S GYL LI,ÀQKI,YT DGAEYÀEGWNFG PNDÀDAT PVKN IVE QNVKYWGEGASWQ LDGNÀH PHE

S GYI,L LAQKLYTDGAEYAE GhINFG PNDADAT PVKN I\¡EQMVKYT¡¡GEGASWQ I'DGNÀH PHE

SGY IWAQRLYTEGAKF SEGWNFGPRDEDAKTVEF IVDKI.'ÍVITLWGDDÀSVüI,LDGENHPHE

SGYLLÍ,AQRI,YIDGIKYAEGWNFGPDDTDSSQVQSI\,TDIC,fl,¡KYWGGDACWQI,DDHEHPHE*** * ** * ******* * * * ** ** * * * ****

AITYLKI,DC SKÀKMRI,DWQ PVWDVDTTLEKIVSWHKÀWT,AKQDMHQYT INE T KQYMTARÀG

AHYLKLDCSK.A.KMQLGWHPRI¡¡NLNTTf,EYIVGWHKNWLSGTDMHEYSITEIN\IvlvINTK--
ÀHyLKLDC SKÀKMQLGVüHPRWNLNTTLEY IVGWHKNWT,SGTDMHEY S I TE INIÍYIIINTK - -
AIIYLKT,DCSKÀKMQf,GI¡¡HPRWTLNTTLEYIVGWHKNW],SGTDMHEYSITEINI\IYI"INTK--
A}ryLKI,DC SKÀNMQf,GWHPRWGI,TETT,GRIVKWHKÀWIRGEDML T C SKRE I SDYMSÀTTR

A}IYI,KI,DC SKÀKVIJLGWQSRWNI,DCTI,EYIVAWHKAWLRGVNMHEYS I\¡E INKYMÀSK- -*.********* . * *. * . ** ** *** *. ** **

KE

Alignment of the amino acid sequences of DdhB (VaDdhB), Y. pseudotuberculosis YepA (YpYepA) (gbl3318l)' y.

pr"ldotub"rrulosis AscB (YpAscB) (spS72887), Y. pseudotubercrlosis DdhB (YpDdhB) (gbD47070), S' typhimuriumRfbG

iStnfUC) (spp26395), Y. enterocolitic¿ DdhB (YeDdhB) (gbU46859), as determined using the default settings of the

program CLUS1ru. (Higgins and Sharp, 1988). *, identical residues; ., similar residues. The shaded residues represent the

ÑAb+ binding site required for enzymatic function (Thornson et al., 1994). Abbreviations: gb, Genbank; sp, SWSS PROT'



Table 5.5: HomologY table for DdhB

%identity"

VaDdhB YpYePA YpAscB YpDdhB StRfbG YeDdhB

VaDdhB

YpYepA

YpAscB

YpDdhB

StRfbG

YeDdhB

100 71.1
(356)
100

71.1
(356)
98.6
(357)
100

70.5
(3s6)
98.9
(3s7)
98.6
(3s7)
100

70.1
(355)
73.3
(3s6)

73
(3s6)
72.8
(356)
100

68.3
(357)
78.2
(358)
77.9
(356)
77.4
(3s8)
69.5
(3s7)
100

a percentage of identical amino acids determined with FASTA as implemented in PROSIS.

Numbers iñ the brackets indicate the number of amino acids over which the Vo identity occurs.

Abbreviations: gb, Genbank; sp, SWISS PROT.

VaDdhB
YpYepA
YpAscB
DdhBYp
StRfbc
DdhBYe

V. anguillarunr DdhB
Y. ps eudotuberculosis YepA (gbl33 I I 1)

Y. pseudotuberculosis AscB (pirS72887)

Y. ps eudotuberculosis DdhB (gbD47070)

S. typhimuriun RfbG (spP2ó395)

Y. enterocolitic¿ DdhB (ebUa6859)



110

(80.87o identical at the amino acid level andT2Vo 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 rÍbJ (abe), rÍbs (prt) and rfbE (ryv) (Jiang et a1.,1991), however no DNA or

amino acid sequence homologous to these genes could be detected in V. anguillarum Ol.

Interestingly, some of the ORFs following d.dhc, including wbhC which directly follows,

have homology to synthetase enzymes ftom E. coli. One of these may function as the

enzyme in last step of the pathway producing an alternative (3,6 dideoxy) sugaf.

5.2.7.4 wbhc, wbhD and wbhU

wbhC and wbhE show homology to synthetase genes from E coli and other

bacteria. wbhC (nt 17115- nt 13812) has similarity to iIvG from E coli (33.l%o 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 e/

al., 1985; Coppala et a1.,1991). Based on the homologues found, the role of wbhC irt

polysaccharide biosynthesis in the V. anguillarum Ol 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. WbhE also demonstrates homology to probable

perosamine synthetase genes E. coli and V. cholerae Ol (wbeùlrÍbE), 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

levelwbhE shows 55Vo identity to a rfbE gene (perosamine synthetase) fromE coli o^157.



Figure 5.11: Alignment of DdhC with homologous proteins

MSKEQLRSQTÀE],VÀQYAVIEYAPKMFIGGES\/l/PPSGIfi/'LGAKELQI,I"f\,TDASLDGI^ILTT
MS QEELRQQ IAEI,VAQYÀETÀI"IAPKPFE,AGKS\^/P P SGKVIGTKELQLì{\¡EASLDGI^ILTT
MSQEELRQQ IA.ELVAQYAETAMAPKPFEÀGKSWP P SGKVI GTKEI,QLMVEASLDGWT,TT
I4IÀNNLREQI SQLVAQYÀIIEÀLS PKPFVAGTSVVPPSGKVIGAKEI,QLì4VEASLDGVìILTT
Ì,f\¡DSARSDLLTQVRDYHDAQ S PGPAPF I PGQT P IL S SGÀWDÀADREÀI,VAAALDIJRIÀS¿ * * * ** * * * **

GRFNDAFEKRLGEYLGVPFVI,TTT SGS SA}ILI,ATTTLT S PKLGDRQLKPGDEVI TVAAGF
GRFNDAFEKKI,GEYLGVPY\TLTTT SGS SANIJLATTAIJT S PKLGVRALKPGDEVTWAAGF
GRFNDAFEKKI,GEYI,GVPYWTTT SG S SANLLAIJTATT S PKLGVRATJKPGDEVIWÀÀGF
GRFNDAFEKKLGEF I GVPHVI,TTT SGS SÀNLLÄI,TAIT S PKLGERÀI,KPGDEVI TVAAGF
GT IATKFES SFARKLKRRKAVI,TNSGS SAI{I,LAT,STLT S PTLGDEQI,KPGDEV\¡T\¡AAGF* ** * ********** **** ** ******* ******

VaDdhC
YpDdhC
YpAscC
srRfbH
Amorf6

PTflnIPTIQNGL I P\¡FVD\¡DI PTYQIKPEMIEÀÀVSEKTKÀIMVAHTLGNTFDLTF"ARRV
PTT\N{PT IQNGL I P\¡FVDVDI PTY}Í\¡NASI, IEÀAVSDKTKAIMIAHTLGNLFDLAEVRRV
PTTVNPT I QNGL I PVFVDVDI PTYNVNASLIEAÀVSDKTKAIMIAHTI,GNLFDLAIVRRV
PTTVNPÀIQNGI, I P\rF\¡D\/DI PTYNIDASI,IEAÀVTEKSKÀIMIAHTLGNAFNL SEVRRI
PTTVNP ]LQNGMI PVIryDTEI,GTYNTTAERVEÀÀI S PRTRÀIMIAHTLGNPF PVAEIAE I
****** .***.******... **. .***.. .****** * ..*

ÀDKYNLWL IEDCCDÀTGS TYNGKT'fVGT IGD IAWSFYPAHH I TMGEGGÀVFTKDKELRKIJ

ADKYNLW], I EDCCDA],GSTYDGKMAGTFGD IGTVSFYPAHH T TMGEGGAVI¡TQSAELKS I
ÀDKYNI,V,\TL I EDC CDAI,G STYDGKMAGTFGDTGTVS FYPAHH ITMGEGGAVFlQ SAEI'KS I
ÀDKYNT,WL I EDCCDÀTGTTYEGQ}ff GTFGD I GTVSFYPAHH I TMGEGGÀVFTKSGELKK I
AQRJIGCHI, I EDNCDAVGSTYQGQLTGTFGRF S TVSFYPAHHLTMGEGGMLL S SD IKLAKL

. **** ***.*.** *.. ** * *********.****** . .

I E SFRDWGRDCYCAPGCDNTCGKRFDQQI,GSL PQGYDTIKYTY SHLGYNI,KI TDMQÀACGL

I E SFRDWGRDCYCÀPGCDNTCKKRFGQQLGSLPFGYDTIKYTYS HLGYNLK I TDMQAÀCGI'

I E SFRDWGRDCYCAPGCDNTCKKRFGQQLGSL PFGYDHKYTYSHLGYNLK I TDMQAÀCGL

I E S FRDWGRDCYCAPGCDNTCGKRFGQQÍ,GSL PQGYDIÍKYTY SHLGYNI,Kf TDMQAACGL

AKSFRDWGRDCWCE PGEDDRCLKRFDLHLGTÍ,PEAYDHKY\¡F SEVGYNI,KSTD I TTAÀI'GI'
********* * ** * * *** ** ** ***** * ***** ** ** **

AQMDRVEEFVQARKENFAYI,KNGLASCEEFI II,PEATENSEPSWFGFP IT IKDDSGI SRV

AQLERI EEF\TEKRK.ANFKYLKDAI,Q S CADFI,EL PEÀTENSDP SWFGFP I TLKED SGVS R I
AQI,E P I EEFVEKRKANFKYLKDAIQ SCADF I EI,PEÀTENSDP SWFGF P T TLKED S GVSR I
AQLERVEEFVEQRKÀNF SYLKQGLQ SCTEFLEL PEÀTEKS DP SWFGF P I TT,KET SGVNRV

SQLAKLPDFVD.ARKRNWRQLREGLDG- I,PGL ILPEATPGSDPSWFGF I ITVKPDAGFDVP* ** ** * * * ***** * ****** ** * *

VaDdhc
YpDdhC
YpAscC
SIRfbH
Amorf6

VaDdhc
YpDdhC
YpAscC
StRfbH
Amorf6

VaDdhC
YpDdhc
YpAscC
stRfbH
Amorf6

VaDdhC
YpDdhc
YpAscC
stRfbH
Amorf6

DLLKF¡4DQHKIGTR],LFAGNI,TRQPYFEITVKYR\A/GEI,TNTDI,ÍMNNTFWIGVYPGLTI,À
DT,VKFLDEAKVGTRLI,FAGNI,TRQ PYFHDVKYRVVGELTNTDRIMNQTFWIG IYPGI,THD
DLVKFLDEAKVGTRLLFAGNLTRQ PYFHDVKYRWGEÍ,TNTDRTMNQTFW I G IYPGI,THD
ELVKFI,DEAK I GTRI,I,FAGNL I RQPYFANVKYR\¡VGELTNTDRIMNQTFWI G IYPGLTTE
EVVEYI,EÄRN I RTRRLFAGNLTRHPAY I GKPQRIÀG PI,TNSD IWERTFWIGVYPG I TTE

VaDdhC
YpDdhc
YpAscC
stsRfbH
Amorf6

VaDdhC
YpDdhc
YpAscC
stRfbH
Àmorf6

VaDdhC
YpDdhc
YpAscC
srRfbH
Amorf6

60
60
60
50
60

L20
]-20
L20
L20
1,20

1.8 0
t_80
180
L80
180

240
240
240
240
240

300
300
300
300
300

360
360
360
360
360

420
420
420
420
420

437
437
43'1
437
436

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

HLDF\II,EKFEEFFGVNF
HI,DY\A/SKFEEFFGLNF
HLDY\^/SKFEEFFGLNF
HI,DYVVSKFEEFFGLNF
MIEYVTGTLKE¡VATH-* **

Alignment of the amino acid sequences of DdhC (VaDdhC), Y. pseudotuberculosis DdhC (YpDdhC) (gb817070)' I¿

priudorrb"rrulosis AscC (YpAscC) (gbl33l8l), S. ryphimurium RfbH (StRfbH) (spP26395), and Amycolalopsis
'mediterranei 

orf6 (Amorf6) (gb4F040570) as determined using the default settings of the program CLUSTAL (Higgins and

Sharp, 1988). *, identical residues; ., similar residues. Abbreviations: gb, Genbank; sp, SWISS PROT.



Tabte 5.6: HomologY table for DdhC

%identity"

VaDdhC YpDdhC YPAScG StRfbH Am orf6

VaDdhC

YpDdhG

YpAscC

srRfbH

Am orf6

82.2
(437)
100

82.2
(437)
99.5
(4371
100

80.8
(437)
87.4
(437ì.

87
(437],
100

51.3
(431)
50.2
(430)
50.2
(430)
50.2
(432)
100

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 7o identity occurs' Abbreviations: gb, Genbank; sp' SWISS PROT'

VaDdhB
YpDdhC
YpAscC
StRfbH
Amorf6

V. anguillaruru DdhA
Y. pseudotuberculosis DdhC (gbBt7070)
Y. pseudotuberculosis AscC (gbl-33 1 8 1)

S. typhimuriun RfbH (spP26395)

Amycolatopsis meditenanei orf6 (gb4F040570)



Figure 5.12: Alignment of WbhC with IlvG

MKS SDATAHI,L SI,NIiJI TVGFEL IGGMITHIJVDS INEI'GKTKI, I SLHHEQAAÀFAÀGGVÀR 60
50MNGAQWW¡IALRÀQGVITIVFGYPGGAIMP\ryDÀI,YDGGVEHLLCR- HEQGAAIVIÀAI GYAR

* * * * * ** * * * * *** ** ** * **
vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

vawbhC
ecilvG

ATNNEQVGT,ALGT SGPGATNI, ITG IÀDCWLDSYPC I F IIGQVNTYEI'KDKRP IRQQGFOE

ATG- -KTGVC IÀTSGPGATNLITGLÀDÀILDSIPWAITGQVSAPFIG- - - - - -TDAFQE** * ************ ** *** * ***** ***

LDIVSLVDS ITKYS IQVKTVEQLLIEIQKAI S IARSGRPGPW IDI PMDLQRK- -ELDTT
VD\rLGLSLÀCTKHSFIJVQSIJEELPRIIÍÃEÀFDVACSGRPGP\n VDI PKDIQLASGDLEPÏ/{
.*.. * . ** * *...*.* . * .* ********.*** *.* .*.

FDDIA- RI,WPSAEEEMNSGFFSVDNAIKEAQKPLF I TGGGÀCAEVQFSAWQKKI S SI'GI
FTTVENEVTFPIIj\EVEOAR- - - - - -QMLAIGQKPMLWGGGVGMAQAVPALREFLAATKM* * ** * * **** *** *

PHVSST,KGS -ERTSNYPEYLGMIGAYGTRÀÀIVYAVQN.ADT I TVLGSRI'DIRQTGAI\MADF
PATC T I,KGLGÀVEADYPYYI,GMLGMHGTKAA}IFÀVQE C Df,L IAVGARF DDRWG - KLNT S
* ..*** . ** ****.* **.***.*** .*..* .*.* * * **

ARNAKK I f Q TDVDKGQ TDNRI TTHLNIVSKCNSYFEHFL SEDYI INC S I'WREKLKETFRK
ÀPHÀs -vIHMDf DPAEMNKI,RQA¡IVÀLQGDLNÀILPÀIQQPLNQYDWQQHCÀQLRDEHSW* .* .*..*.* .. . .*..
KF IDEYEAYR¡SPFKIMQTI,SEKFSGKIVIÍYI PDVGNHQMuILAHSI,F IEPQQKIHHSGGI'
RYDHPGDAI -YAPI,LLKQLSDRKPADCWT - -TDVGQHQMWAÀQHIAHTRPENF ITS SGL***.**** *. * **

GAIIGFSLPTAIGVRVVTGN-YWS I SGDGGFQI,NIQELDVINRDKI PIL I I ]LNNKSLGM
GTMGFGI, PÀAVGAQVARPNDTWC T SGDGSFMMNVQELGTVKRKQI, PLK I\¡f'I'DNQRT'GM*.*** **.*.* .* * **.***** * .*.*** . * ..*. *..* *. ***

VKNFQD}fYFNGRNKPTYVIGGYSC SFSQVGEAYGIESHI, IKNDI,EFSAIJ\¡ESWKNARPI'L
VRQWQQI,FFQERYSETTI,TD -NPDFLMI,ASAFG IHGQHITRKDQVEAÀLDTMI,NSDGPYI,

".:;-..*. * * * . *.** . * *

I EVSI,EDVTVCKPRLVYGKS I DEQYPFDEQ
LIWS I DELEIÍ\,I¡¡PLVP PGASNS EMLEKT,S -** * * * *

]-20
LL2

r.7 I
L72

237
226

296
285

356
344

476
401

4'75
46'J,

535
520

565
549

Alignment of the amino acid sequences of WbhC (VaWbhC), and E.coli IlvG (EcIlvG) (spP00892) as determined using the

defãult settings of the progr¿rm CLUSTAL (Higgins and Sharp, 1988). *, identical residues; ', similar residues.

Abbreviations: sp, SWISS PROT.
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MI
SspSpsC
EcRfbE
vcRfbE
CcLpsC

Figure 5.13: Alignment of \rybhE with homologous proteins

-MINEMIIJTAGPS ITEKE I SY\TTDA\'¡KNGWNNNWNÑYLLKFEKSI,ÀDWGVKHSLSTS SA

- - - - -MIPILEPs TGNEEI,ENVLEALKSGWISSRGEFITKFEEKFARYHGMGFGI sTsNG
- - - - - -MKLSWWÀFWSALFET- - - - - - - -TIFÀEFCGTKYAVÀVSSG

- - -MKYI P\nTQPSLTGKEKEWNECI,DSTWI s SKGNyIQKFENKFAEQN}ÍVQYÀTTVSNG
- - - - -MI P\IYEPSIJDGNERKYI,NDC IDSGI¡MS SRGKYTDRFETEFÀEFLK\IKTATTVSNG
MSDLPRI SVAAPRI,DGNERDY\TLECMDTTWI S SVGRF IVEFEKAFADYCGVKHÀTACNNG

*

VaWbhE
MT
SspSpsC
EcRfbE
VcRfbE

TGA¡HL SML,ÀCGI GPGDEVIVPE I SITVASÀSAVAIVGATP\¡FCD IDPVSWCLD I E SÀARL
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TÀ.AI,HI,ÃLLATNI GÀGDEVIVPTL SF IATÀNAWYTGAKP IFVDSEWETWNINPDL I EÀA

rvÀtHLAIJLÀIrG I SEGDEV] VPTLTYTÀSVNAIKYTGATP I FVD SDNETWQMSVSD I EQK

TVAI,HLAMSA],G ITQGDEVIVPTFTTI/ASVNT IVQCGÀI, P\¡FÀE I EGE SLQVSVEDVKRK
* ****.. . .* ******* .* *.

I,TPKTI(AII,PVHIYGHPA}TMPAIMEFÀR.ANNIL I IEDAÀPS TGAEVDGKKTGSFGDAÀAF
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I TNKTKAIMCVHLYGHPCDMEQ IVELAKSRNLFVI EDCASAFGSKYKGKYVGTFGD T STF

INKKTKAVT4AV¡I IYGQACDI Q SLRDI,CDEHGI,YL IEDCAEÀIGTAVNGKI(VGTFGDVSTF
IT PRTKÀIMPVHLYGQ I CDMDP TLEVARRHNLLVI EDAÀEAVGATYRGKKSGSLGDCÀTF*.*.. **.**. .***.* . *. ** *. ** *

VaWbhE
Mt
SspspsC
EcRfbE
VcRfbE
CcLpsC

VaWbhE
Mt
SspSpsC
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VcRfbE
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S FQGÀKf L STGEGGMFVSNNDE I FNR\TKSIJNDHGRDP S QPFÀS\¡EVGYKYKMSNI'QA.A}4G
SFiGNK I T TTGEGGMCI,TNDEELAERMA\¡I,RDHGMRPEKRYI/\IHEEVGFNYRMTNLQÀÀVG
SFYGNK IWTGEGGMIWDDEEI,AQKI RILKDHGMSKKQRYWHP I LGYNYRI TNI QAALG
S FFGNKT ITTGEGG}.{V\TTNDKTLYDRCLHFKGQGLAVHRQYWHDVIGYIÍYR¡ITNI CAAI G

SFFGNKT I T SGEGGI,fWSNSD I I IDKCI,RI,KNQGWAGKRYV\¡HDI,VAYIIYRMTNLCAÀI G

SFFGNK I I TTGEGGMI TTNDDDI,ÀÀKMRLLRGQGMDPNRRYVüFP IVGFNYR}4TN I QAÀIG** * * ...***** . *,..*. **.*

VaWbhE
Mt.
SspSpsC
EcRfbE
VcRfbE
CcLpsC

VawbhE
MI
SspspsC
EcRfbE
VcRfbE
CcLpsC

-KRQRFMGKLRENLVDSRPVFSPLSSLPMFEPRVKN- - - PVÀI,RIGQSÀINLPSGHNLIL
-KNMDI,IRYI,NSCGVDTRPFFYPI,NLMPPYKDDS S - - -YPVAENI,SYGGLSI'PS SVE IGD
LNRDOLMSRLQEKGIETRPI,FT P IHRQP IYNTHQS - - -LPVÀESLSKNGLSI'PSF'VTLSN
- - REEf,RNHLÀDKL IETRPVFYPVHTMPMySEKYQK- -HPf ÀEDLGI¡JRGINLP SF P SLSN

- HRDGLI/gTFI,ENND I E SRPFFYPAHTLPMYEHI,AEKTAF PI,SNSY SHRG INL P SWPGLCD

TTRDQVIKDLDAI,G IE SRPVFHPMHIMPPYAHI,ATDD - I,KIAEACGVDGI'NI' PTTI]\GI'TE* ** * * * **

VaWbhE
MI
SspSpsC
EcRfbE
VcRfbE
Ccl,psC

EQI,EIÍVATTIKKTRIAI
EAIES/VDRVREFFE--
ENLYQIIDSIKKVIS--
EQVIYICESINEFYSDK
DQVKEICNCIKÑYFNCI
ADIDRVTAÀIDQWV--

59
55
36
57
55
60

119
l_L5

96
Lt7
1_15

t'79
t'75
1_5 6
t7'7
L75
180

239
235
2L6
237
23s
240

296
292
273
29r
29r
29'7

352
348
330
347
348
356

369
363
345
364
365
37L

Alignment of the amino acid sequences of WbhE (VaWbhE), Methanobacterium thermoautotroPhicum perosamine

syrñhetase (MÐ (ebAE0008l8), Synechocyrfis sp SpsC (SspSpsC) (gbD90911), E. coli Ol51 RfbE (EcRfbE) (pirS83460)' V.

ihol"ro"RfbE (VcRfbE) (pirS28471) and, Caulobacter crescentus (CcLpsC) (gb4F062345) 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

o/oidentity

WbhEVA Mt SpsCSsp RfbEEc RfbEVc GcLPSC

WbhEVa

Mt

SpsOSsp

RfbEEC

RfbEVC

CcLpsC

100 39.5
(362)
100

38.2
(327l,
s0,2
(32e)
100

38.4
(354)
46.3
(363)
48.0
(3271
100

36.8
(364)
41.5
(36e)
4't.2
(330)
54.7
(364)
100

38.1
(36s)
4s.6
(366)
45.6
(366)
46.4
(362)
43.1
(357)
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 7o identity occurs'

Abbreviations: gb, Genbank.

VaWbhE
Mt
SspSpsC
EcRfbE
VcRfbE
CcLpsC

V. anguillaruø WbhE
Methanobacterium thermoautotrophicum, (gbAE0008 18)'

Synechocystis sp SpsC (gbD90911),

E. coli 0157 RfbE (pirS83460)

V. cholerae Ol RfbE (pirS28471)

Caulobacte r cre s c entus (gb4F062345)
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The putative perosamine synthetase in Y. cholerae Ol (wbeØlrÍbE) 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 a1.,1995). The role of wbhE inV. anguillarum Ol is not known.

5.2.7.5 wbhc

wbhG lies betweennt2l0T2 to nt 22008 (Appendix 1) and WbhG showed the best

similarity to proteins in Bacillus subtilis (CshB), E. coli (o306), 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.,lggT). These related proteins also demonstrate structural and sequence similarity to

a number of dolichol mannosyltransferase enzymes including Dpml of Søccharomyces

cereviceae. a well characterised dolichol phosphate mannose synthetase which catalyses

the formation of dolichol-phosphate mannose from dolichol-phosphate and GDP-mannose

(Orlean et a1.,1988).

For correct functioning, proteins of this family (glycosyl transferases) require an

amino terminal motif with the sequence DXSXD and DXD (Saxena et aI-, 1995;

Keenleyside and Whitfield, 1996). The motif sequence is bolded in Figure 5.15.

Interestingly rffbhG 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 aI., 1997).



Figure 5.L42 The pathway for the biosynthesis of perosamine in V. cholerae.

This figure describes the putative perosamine biosynthesis pathway in V. cholerae Ol which is

based entirely on the homology to other enzymes that have been biochemically assayed. The

pathway commences with fructose-l-phosphate which is converted to mannose-6-phosphate by

ManC. This intermediate is converted to mannose-l-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 a1.,1998).



(i)

( ii)

(iii)

(iv)

(v)

(vi)

il4

I
l"l

Fnrctose-6-phosphate

I RlbA/ManC

Mannose-6-phosphate

RfbB/ManB

Mannose-I-¡lhosphatc
r'o.i '

RlbA/IyIanC

GDP-mannose

(ït

a lr

(;t'l'

I
I \il/hcD

GDP-4-keto-6-
r:'P tlcoxymauln()sc

WtreE'l

GDP-perosamine

,,.1

l:t)r'



Figure 5.15: Alignment of WbhG to homologous proteins

VaWbhG
SspDpml
BsCsbB
Eco3 06
SfBgt
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Eco3 06
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EL I PEF TÀKWEDGNDIVIG\N<- SESDES PÀ]VfyTVf IRKVTYNF SNKLSESKLVK\ITYGFGLY
ET,VPQI,VERWOAGY S\ATYAQRVKRRQE SWFKRI,TAYGFYRLI,QRLADVR I PÀDTGDF C I'M

YI,T,KÈF IKGYEEGYDQVIAQR- NRKGDSWRSLI,S SIV¡Yy1ç¡ INKAVTVDLRDGVGDFRLL
EVI PHL I EKV'IQAGADI,Í\¡I,AKRSDRSTDGRI,KRKTÀEWFYKLHNKI SNPK I EENVGDFRLM

EVI PHI, I EKW9ÀGAD!.fVI,AKRSDRSTDGRI,KRKTAEWFYKIJHNK I ST PK I EENVGDFRLM

.**..**
DKKI IE ILDS IDDPFPYTRGMIMDLGFKI,EKIYYRQP ]RRRGWSTNFL SI'YDIAMI'GIC
DRQWDLI,NTMPE RNRY I RGI,RÀWVGF P QTGVKFERDPRHAGE\IKYT FRK S I'RI'A I N S I'V
SRQÄVNAIJI,KL SEGNRF SKGI,FCWIGFDQKIVFYEN\TERKNGT SKWSF S SLFNYGMDGW
SRD\A¡ENT KI,UPERNLFMKG I I,SWVGGKTD IVEYVRÀERIAGDTKFNGhIKLWNI'AT'EG I T

":"T*:*":":*":}4:î]"rTl"otoTi*T""9- 
SKFNGVüKLWNLÀLEGrr

SHSKIPLRIATI SGFILSLI SFTI,AI IFI,A¡KT IYWDDFPMGTAPf I IGMFFLGSVQIFF
SF S IVPI,RLATYLGLI,AÃ],LAIAMM] LWYI¡¡RL SETNS PI,DGFATWIANLFFGAVQÍ' I C
SFNHKPLRI,CFYTGlFII,LLS I IYI IATFVKII,TNGI- SVPGYFTT I SAVf'FLGGVQI'LS
SFSTFPI,RIVüTYIGLWASVÄF f YGAI¡¡MII,DT I IFGN-AVRGYPSf,I,VS ILFI'GGIQMIG
SF SlFPLRWìITYTGLFVAS 1 SFI,YGÀI¡MT IDTI,VFGN- PVRGYPSLLVS ILFLGGVQL IG
* *** * ^ * .. * *

IGLVGEWGHLVAKI,SKF PLVI EKERINFD
IGII,GEYIGRIYDEVKGRPT,YTLAEMAGFEQI,L- - - - - - -
f,G I IGEY I GRIYYETKKRPTryL IKEANI PNKDI,PETNEI,KSMRRLTKMH
TGVLGEYIGRTYIETKKRPKYI IKRVKK- -
IGVLGEYIGRIYIEVKNRPKYI IKKSHRGNP
.*..***.*. *

Alignment of the amino acid sequences of rilbhG (VaWbhG), Synechocystis sp Dpml (SspDpml) (spP14020)' B. subtilis

(BslCsbB) (spea5539), E. col¡ oZOA (Eco306) (spP77293) and, S, flexneri bacteriophage SflI (SfBgÐ (gb4F021347) as

àetermined 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 Whitheld, 1995; Mavns et al.,

1997). Abbreviations: gb, Genbank; sp, SWISS PROT.



Table 5.8: Homology table for WbhG

o/oidentiW

VaWbhG BsCsbB Eco306 SfBqt SspDPml ScDoml
VaWbhG

BsCsbB

Eco306

SfBgt

SSpDpml

ScDpml

32.2
(307)
100

32.0
(303
38.5
(301)
100

31.4
(303)
39.8
(304)
89.9
(306)
100

28.0
(307)
38.0
(303)
4',t.1
(2ee)
43.7
(2ee)
100

27.1
(258)
26.5
(147)
16.0
(75)
16.0
(75)
30.2
(258)
100

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 7o identity occurs'

Abbreviations: gb, Genbank; sp, SWISS PROT.

VarWbhG
SspDpml
BsCsbB
Eco306
SfBgt
ScDpml

V. anguillarun WbhG
Synechocystis sp Dpml (spP14020),

B. subtilis (spQ45539),

E. coli o306 (spP77293)

S. flexneri bacteriophage SflI (gbAFO2l347)
Saccharomyces cerevivae Dpml (spJO4l 84)
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The protein WbhG from V. anguillaru¡?r 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 Modifïcation and chain elongation enzymes

Towards the end of the sequenced region lie numerous ORFs that show homology

to transferase genes from va¡ious 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.,

l99l), S.flexneri(Morona eta1.,1994,1995)andB. pertussis (AllenandMaskell, 1996).

5.2.7.6.1wbhJ

WbhJ is similar to numerous proteins in the databases. The ORF that encodes

WbhJ lies between nt 24038 -nt24493, and is most homologous to BlpB (4l.I7o 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

lxpA and lxpD are enzymes involved in the transfer of fatty acyl chains from acyl ca¡rier

protein to glucosamine in the biosynthesis of lipid A (Raetz, 1993; Allen and Maskell,

1996). The second family are enzymes involved with the transf'er of acetyl groups (ie

acetyl transferases) encoded by cys4. This gene transfers acetyl $oups 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 10ñ amino acid is marked on each

X-axis. Abbreviations: gb, Genbank; sp, SV/ISS PROT. vaWbhG, V. anguillarumwbhG;

sspDpml, synechocysrls sp Dpml (spP14020); BscsbB, B. subtilis CsbB (spe45539);

Eco306, E. coli o306 (spP77293); sfBgt, S. flexneri sftr Bgt (gbAF02l347); scDpml,

S ac charomy c e s c e revic ae Dpml (spJ04 I 84)
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Figure 5.17: Alignment of lVbhJ with BplB

VaWbh'J
BpBplB

MTF THELADVQS - SNIGINTKIWQFS\TVIJPNAT TGKNCNTCSHTF IENDVT IGNN\TTIKC
MTT IHPTÀIVDEGARI GÀNSRII¡¡HI¡MH I CGGAE TGAGC SIJGQ}ÍV¡'\IGNRVRIGDRVKI QN** ** * * . ** *..**. . .* ** .* . . *. * * ** * *.

59
60

118
120

151_
t_8 0

L51
191_

VaWbh.l
BpBplB

Valfbh'J
BpBplB

VaWbh.T
BpBplB

GVQ IWDGILIGNNVF IGPNATFTNDMYPRSKQ-YPDEFMKTWCDNAS IGA}TTTTIJPGVT
NVS\NTDNVFI,EDDVFCG PSM\FTMTNi¡PR,AAI ERKNEYRDTLVRQGATTJGANCT IVCGAT
.* . *.. . ** ** *** **. *. *.* .*..***.**. * *

IGEGAIVGÀGSWTKDVKPFTTVAGNPARE IEK.. - - - - -
VGRYAFVGÀGAVVNKDVPDFÀJJ\A/GVPARQ I GI¡MS RHGEQLDL PLAGNGQARC PHTGDT.Y* * **** ** *** * * * *** *

ILENGVCRLGE

Alignment of the amino acid sequences of WbhJ (VaWbhJ) 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 a1.,1990; Gagnon et al., 1994 Lai and

Baumann, l9g2). rrybhJ (and BplB) display similarity to proteins from both these families

which ranges from20-25 Vo identity.

It is possible that WbhJ is involved in acetyl group transfer for the V. anguillarum

Ol O-antigen similar to that of BlpB for B. pertussis. It is unlikely that rWbhJ 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 followin g 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 a1.,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 Bacillus

stearothermophilus (Takagi et a1.,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 BlpC from B. pertussis (Allen and Maskell, 1996),

WbpE from Pseudomans aeruginosa (Burrows et aI., 1996) and the putative perosamine

synthetase eîzyme, RfbEAMbeE from V. cholerae (Manning et al., 1994; Stroeher et aI.,

1995c) (Fig. 5.18). WbhK was also simila¡ to V/bhE, a perosamine synthetase homologue

from V. anguillarum Ol (27.4Vo 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

--------MTSFLDIJKKLNAQYEQELKDÀCTRVTDS----- ----GWYTL
-------MDVPFLDLQAÀYLEIJRSDIDQÀCRRWGS---- -----GI¡IYLH
-------MNVPMIJDLSEQYEQI,KPETI4RWDEV¡{RS---- -----sRFrL
---------MQFTDLKTQYQÀT,RDTINPRTQAWDH---- -----GQFTM
--------MIEFIDLKNQQARIKDKIDAGIQRVLRH----- ----GQYTL
MSSRÀETPRVPFLDI,KÀÀYEELRAETDAÀIÀRVLDS---- -----GRYLL
--------MIPVYEPSIJDGNERKYLNDCIDSGWVSS----- -----RGKY
ì{TÀNNLREQ I S QLVAQYANEÀL S PKPFVAGT S\^/P PSGKVIGÀKELQL}.{VEÄSLDGhILTT
MSKEQLRSQIAELVÀQYAVIEYAPKMF IGGE51 /PPSGIffLGAKELQLMVDASLDGV{¡I'TT
MSQEELRQQ IAELVAQYAETAMAPKPFEÀGKSWPP SGI$/I GTKELQLI'Í\¡EASLDGVüLTT

GNEVSEFEKEFAÀYCIÍVEHCI,GVANGLDÀIJILILRÀYIELGV¡4S - - - -KGDEVIVPSNTY
GPENEÀFEAEFÀÀYCENAIIC\¡TVGSGCDÀIELSIJVA- - -LGVG- - - - -QGDEVIVPSHTF
GDYVTXL¡,¡,PIÀAYSR,AKHGIGCGNGSDAIHIATQA- - -AGVG- - - - - PGDEVITTAFTF
GPEVKEIJEÀAICÀYTGÀKHC ITVÀSGTEAIJIJ I SLI4A- - -LGVK- - - - -AGDEVITTSFTF
cpEv"IEt EDRLADF VGAI(YC I SCAI.IGTDALQIVQMA- - -IJGVG- - - - - PGDEVITPGFTY

GPELEGFEÀEFAAYCETDHAVGVNSGMDALQIJALRG- - - LGIG- - - - - PGDEVIVPSHTY
IDR- - -FEÎEFAEFI,I(IKIIATWSNGTVALHLAI4SA- - -LGIT- - - - -QGDEVIVPÎFTY
GR¡'NDAI'EKKLGEF IGVPITVÍJTTT SGS SÀNLLATTÀIT S PKI,GERÃI'KPGDEVI TVAAGF

GRFND.AFEKRLGEYLGVPFVLTTT SGS SÀI{LLAI,,TTLT S PKLGDRQLKPGDEVTWÀAGF
GRFNDAFEKKI,GEYI,GVPWLTTT SG S SA}II,I,AIJTÀIT S PKLGVRÃLKPGDEV I 'IÍVÀÀGF¡ * * *****

VawbhK
SeEryc
BsDegT
BpBpIC
PawbpE
SvDesV
VcRfbE
srRfbH
VaDdhC
YpDdhc

TAS I LAI SEAGI,VPVI,VEPCE\TTFNI,DPNL I EI,AVTTRTKAI LTVHLYGQVSGMDQ I QK I
IATWI,GVP -VGAVPVPVE PEGVSHTLDPÀIJVEQAI T PRTAAI I,PVHI'YGHPADT'DALR'AT

FÀTAGS IARÀGAKP\¡Í\/DIDPWFNIDPAQ\ÆAÄ\ÆEKTKÀI I PVHLYGQMÀDMEAI.A.AI

VATAEVTAI,LGAKPVFVDVE PDTCNIIfi/SE I EAKITPRTI(AI I PVSI'YGQCGDMDEVNÀV

VATÀEWAILGAKP\TYVD I DPRTYNLDPQLIJE.AAI T PRTKAI I PVSLYGQCADFDAINÀI
IÀSWÍ,AVSÀTGAT PVPVE PHEDHPTI,DPLIJVEKÀIT PRTR.ALIJPVITLYGHPADMDAIJREI'

VASVNTIVQCGA¡P\¡FAEIEGEI(AVI4AVHIYGQACDIQSIJRDL
PTTVNPAIQNGI,IPWVDVDIPKÀIMIAHTLGNAFNLSEVRR]
PTTVIIPTIQNGLIP\¡FVDVDIP KAIMVÀ}ITI'GNTFDLTEÀRRV
PTTVNPTIQNGLIPVFVDVDIPKAIMIAHTLGNLFDLÀEVRRV* ** * .

ÀRKHNI,I$¡IEDCÀQAHGÀLYDSKEG IKKVGS IGDAAGF SFYPGKNI'GAIGDAGÀVTTNDP
ADRHGI,.AIJVEDVAQAVGÀRHRGH_ - - - RVGAGSNÀÀÀI¡ SFYPGKNLGATGDGGA\ryTTDP
AKRHGL\A¡IEDAAQAIGAKYNGK- - - - CVGELGTAÀTYSFFPTKNLGAYGDGGMI ITNDD
À.ARHGLPVIEDAAQSFGÀTYKGR- - - -KSCNLST IGCT SFFPSKPLGCYGDGGAIFTNDD
ASKYGI PVIEDÀAQSFGASYKGK- - - -RSCNLSTVACTSFFPSKPLGCYGDGGAIFTNDD
ÀDRHGLHIVEDAÀQAHGARYRGR- - - - RIGAGSSVAÀFSFYPGKNI,GCFGDGGAWTGDP
CDEHGLYI,IEDCAEÀIGTÀVNGK- - - -KVGTFGDVSTFSFFG-NKTTTSGEGGMVVSNSD
ÀDKyNLWLIEDCCDÀLGTTYEGO- - - -I'ÍVGTFGDIGTVSFYP -AHHITMGEGGÀVIITKSG
ADKYNLWT,IEDCCDAT,GSTYNGK- - - -MVGTIGDIÀTVSFYP-AHHITMGEGGA\¡FTKDK
ADKYNLWL IEDCCDAIJGSTYDGK- - - -MAGTFGDIGWSFYP -AHHITMGEGGAVFTQSA** * ** * *

VaWbhK
SeEryc
BsDegT
BpBplC
PahlbpE
SvDesV
VcRfbE
stRfbH
VaDdhc
YpDdhc

VaWbhK
SeEryc
BsDegT
BpBplC
PaWbpE
SvDesV
VcRfbE
srRfbH
VaDdhC
YpDdhC

EIJÀSTISÀIRNYGS---- --- - ---- - -- - -HEKYRNIFKGI'NSRLDEIQ
ALAERIRLI,RNYGS-------- ---------KQK\1/HEVRGTNARLDELQ
EI,AEKCRVIRVHGS-------- ---------KPKYYI+ÍVI'GYNSRLDEMO
ELAQAITRETRVHGQ-------- ---------SGRYYIARTGVGGR¡',fDTr'Q
EI,ATAIRQIARHGQ-------- ---------DRRYHHIRVGVNSRI'DTLQ
EI,AERI,RMLRNYGS-------- ---------RQKYSHETKGTNSRLDEMQ
IIIDKCLR],KNQGWÀ----- GKRYWHDI,VAYNYRMINLC

ELKK I I E SFRDWGRDCYCAPGCDNTCGKRFGQQI,G S L PQGYDHKYTYSHLGYNLK I TDMQ

ELRKL f E S FRDWGRDCYCAPGCDNTCGKRFDQQLGSI, PQGYDHKYTY SHLGYNLK I TDMQ

EI,K S I I E SFRDVIGRDCYCÀPGCDNTCKKRFGQQI,GSL PFGYDHKYTYSHLGYNLK I TDMQ**
VaWbhK
SeEryc
BsDegT
BpBplC
PaWbpE
SvDesV
VcRfbE
stRfbH
VaDdhc
YpDclhC

AÀMI,RVK],RYLDDEISLRRKVASRYLNEVR-NPLIKVPLVE--DDNAI{V1I¡HI'T"V\A¡VE--
AAWRVKLRHLDDWNARRTTI,AQEYQTELKDVPG I TI, PETH - - PWADSÀWHLFVI'RC E - -
ÀÀ,I LSVKFPHI,DRWIEQRRKHAÀTYTRI,I,EEAVGDLWT PKEVDGRYHVFHQYT I RJAP - -
CAVVLGKLEFJ¡DWE IÀQRIK I GARYQQLLADL PGGACnÆVRPD - RD S\/I¡IAQFTVI¿fVP - -
AAII,LPKLEIFEEEIÀTRQI$AAEY- - - - -DLS-
AÀWRIRLAHLDSVINGRRSA!ÀAEYI,SGLAGIJPGIGIJPWA- - PDTDPWHLFTVRTE- -
AÀIGVAQI,ERVDKI IKÀKRDIAEIYRSEI,AGLPMQVHKESN- - -GTFHSYWI'TS I ILDQE
AACGI,AQI,ERVEEFVEQR_ KANF SYI,KQGLQ SCTEFI,Ef,PEÀTEKSDP SWFGF P I TLKET
AACGI,AQì{DRVEEI\/QAR-KENFAYI,KNGLASCEEF I II,PEATENSEPSWFGF P IT TKDD

AÂCGTJAQLER I EEF'VEKR- KÀNFKYLKDA],Q SCADFI,ELPEÀTENSDP SWFGF P I TLKED
a*

VaWbhK
SeEryc
BsDegT
BpBplC
PawbpE
SVDeSV
VcRfbE
stRfbH
VaDdhC
YpDdhc

VaWbhK
SeEryC
BsDegT
BpBplc
PawbpE
SvDesV
VcRfbE
srRfbH
VaDdhC
YpDdhc

33
34
34
32
33
4L
32
60
60
60

89
86
86
84
89
93
84

120
t20
L20

L49
L45
1_46
L44
t49
153
L44
r.8 0
180
L80

209
20L
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
35s
355



VaWbhK
SeEryc
BsDegT
BpBplC
PaWbpE
SvDesV
vcRfbE
srRfbH
vaDdhc
YpDdhC

VaWbhK
SeEryc
BsDegT
BpBplc
PawbpE
SvDesV
VcRfbE
srRfbH
VaDdhC
YpDdhC

- - -DRDKLVEHIJSENQIQSIJITTYPI PP}IKQEÀYMEI¡¡N- - -NSAFPLSEKM}IKQVLSLPLS
- - -NRDHI.,QRHLTDÀGVQTLIITYPTPVHIJSPAYADLGL- PPGSFPVAESLÀGEVLSI,P IG
- - - KRDELQA¡'I,KEQG IAT¡ûVYYPIJPLHLQPVFÀSLGY -KEGQLPEÀEKÀ.AKEÀIJ SL PMF

- - -NRE.AVIAQIJKEAGIPTAVTYPRP IHAQPAYEQYÀE -GAGATPVSDDLAÀRVMSLPMH
-I,KQVGIGTP -._-FIGS-G

- - -RRDELRSHLDARGIDTLTTTYPVPVHLS PAYAGE,AP- PEGSLPRÀESFARQ1ILSLPIG
FEVHRDGLMTFLENNDIE SR- PFFYPA}ITI, PMYEHLAE - - KTÀF PL SNSYSHRGINLP SW

SG\¡ÀIRVELVKFLDEAKI GTRLLFÀGNL IRQPYFATiTVKYRV\¡GELTNTDRTMNQTFW I G IY
SG I SRVDLIJKFÌÍDQIß IGTRLLFAGNIJTRQPYFETÍVKYR\A/GELTNTDL IMNNTFVüIGVf'
SGVSRI DLVKFLDEÀKVGTRLLFAGNLTRQPYFHDVKYR\¡VGELTNTDRIMNQTFhIIGIY

SWDKSEIDKVIDWNSFLG- - - - -
PHLSREAÀD¡ÍVIATLKAGÀ- - - - - -
PEI,KEEQQQY\A¡EKTAEFYRI{FA- -
PDLDEATQDKTVAÀI,RQÀIN

PHI, ERP QAI,RV I DA\¡REWAE RVDQÀ
PGI,CDDQVKE TCNC IKNYFNCI - - -
PGLTTEHLDU/VSKFEEFFGLNF - -
PGLTIJAHLDF\¡LEKFEEFFGVNF - -
PGLTHDHLDWVSKFEEFFGI,NF - -

351
346
349
346
280
354
34'7
415
415
415

37L
365
3'72
366
280
379
359
438
438
438

Alignment of the amino acid sequences of WbhK (VaWbhK), Saccharopolyspora erythreae, EryC (SeEryC) (spPl4290), B.

tubtitit DegT (BsDegT) (spPl5263), B. pertussis BplC (BsBplC) (pirS70674), P. aeurtngosa WbpE (PaWbpE)

(gbU50396), Streptomyces venezuelae transaminase, DesV (SvDesV) (gb4F079762), V. cholerae RfbE (VcRfbE)

(l¡rSZeql, S. typhimuriun RfbH (StRfbH) (spP26398), V. anguillarum DdhC (VaDdhC) and, Y. psuedotuberculosis

ó¿¡C (ypO¿¡C) (gbE47070) 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 5.9: Homology table for WbhK

VaWbhK
100

stRfbH VaDdhC VcRfbE
3s.0
(200)
33.0

VaWbhK

SeEryG

BsDegT

BpBplC

PaWbpE

SvDesV

srRfbH

YpDdhG

VaDdhC

VcRfbE

(370)
100

40.2
(373)
M.7
(365)
100

36.6
(374)
40.5
(36s)
4s.9
(362)
100

42.3
(284',)

43.5
(2711
sl.5
(264)
63.2
(26s)
100

(368)
66.8
(361)
44.1
(365)
40.4
(3il)
43.5
(2761
100

36.0
(200)
33.0
(1e4)
u.2
(1s3)
35.1
(2021
32.4
(1 8s)
27.1
(210)
100

35.5
(200)
32.O
(1s4)
33.3
(1ss)
36.6
(2O2\
3Ít.0
(r8s)
29.6
(162)
33.5
(203)
100

(354)
31.4
(344)
29.2
(3æ)
29.4
(337)
31-2
(2341
29.6
(36s)
33.3
(z0/'l
87.4
(437)
82.2
(4371
100

.7147

(1e4)
43.8
(137)
9.7
(2021
31.9
(1 8s)
27.1
(210)
9.7
(202)
80.8
(4371
100

identity
7ú74),
¡nurium
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pseudotuberculosis and V. anguillørutn (Reeves, t9941' 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 aI., 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 a.1.,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 wbhUvirB and wbhMlvirA

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 Ol 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 rWolf-Watz, 1993).

The arrangement of the genes, whhL(virB) andwbhM (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 simila¡ to the putative glycosyl transferase genes of

Haemophilus influenzae (LgtD) (Fleischmann et a1.,1995) andYersinia enterocoliticatype

O:8 (WbcG) (Zharrre et a1.,1996) (Fig. 5.19; Table 5.10). Figure 5.19 shows an alignment

of \ilbhl. with homologous proteins, the residues that a¡e shaded indicate a motif for
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Figure 5.19: Alignment of WbhL with homologous proteins

VaWbhL
VaVirB
HiLgtD
NgLgCD
YeWbcG

MHLSDSKPPI,VSLC

MNM-----PLIS
MQ

**

60
60
54
53
55

l_ 1_6

l_1 6
L08
111
106

L66
1_6 6
r49
t'7 0
156

226
226
t70
224
207

286
286
195
269
232

346
346
235
320
274

362
362
25t
337
288

MIDD- - - - IDVS\A/I
* *

I-EIINNI
-ATARHF

IQSI
*

IGI
IGIVaWbhL

VaVirB
HiLgrtD
NgtLqÈD
YeWbcG

VaWbhL
VaVirB
HiLgtD
NgLgtD
YeWbcG

VaWbhl
VaVirB
HiLgtD
Ngf,gtD
YeWbcG

VaWbhL
VaVirB
HiLgrtD
NgLgtD
YeVlbcG

VavlbhL
VaVirB
HiLgtD
NgLgtD
YeWbcG

VaWbhL
VaVirB
HiLgtD
NgLgtD
YeWbcG

KNELEVGE IKLFDLEHNTYP SHGFIÍYAI,KKSQ - - -
KNEI,EVGE IKT,FDI,EHNTYPSHGFNYALKKSQ- - - -GEY]'/SI,F
IDKDKR- -VKLFFTPTNQGP.AÀÀRNIGI,EKÀQ- - -
QEQDGR--IRI
ND- -DR- - IKYFKKENG- GIVSAINFÀI PKVH- - --ANI

*

MVKEG-LSNI,FTI^IVNT INDKDE- - - - - ] IKCD- - - -YI,ESIFNRÀTYI{SQQIKEHFIHSGN
I,f\¡KEG-T,SNLFTWVNI INDKDE- - - - - I IKCD- - - -YLES IFNR\m\TSQQIKEHFIHSGN
rd,QN- - ----- - - -HL\n[rHGN- --- -YAFCD--- -LEGNQIKLWTSKKIDYLÎLLQGN
¡,MXNNS T TE¡'ICAWT,EVLSEENNKSWAAIARNGAIWDKPTRHEDIVAVFPFGNP- IHNNT
MARYN-LD\¡VGGNIKLTDENDR- - - - - I TGRK- - - -KFPTNHFDI T SSIJPFINPLCHPÀT
*.
MLSAIJSVI{I,SRDVFDRYGHFDERI,VQI,QDFDFWI,R}4ASNDDLNI'LTEKLSNYRI'RDDGGN
MI,SA],SVMI,S RDVFDRYGHFDERLVQI,QDFDFWLRMASNDDI'NLLTEKL SNYRLRDDGGN

QFKIIVTn¡LVER--------- ------ESTKLLRFPN----
¡tr¡mnsvroeGLR- - - - - - FDPAYIHAEDYKFVÍYEAGKLGRI,ÀYYPEAIVKYRFHQDQTS
MTRTAVI,KKÀNG- - - - - - -YSLGTDGÀEDFDLV\¡CRLSRVCTFGSVPEDT'LSYRI'TSN- - S**

f,S LANHKSRQLRTDFEEVYVYRHI,LNFDI,KT I Q SWGMI,NKDQ S ]ÀMAI'HGYYHNENKMK
I,SLANHKSRQI,RTDFEE\¡Y\¡YRHI,LNFDLKT I Q SWGMI,NKDQ S IAMAI'HGYYHNENKMK

- -- IKHED- - YAFFf,DCLKEVKQSIT,-- - ---- --- -- ---YSHQ-- - - -
SKYNT,QQRR-------TAWKIKEEIRÀGYI¡¡KÀÀGIAVG--------ADCLNYGI,LKSTAY
ISQîLHI,HR- ISLCTNS]RKNIPNAP-- - --

I,AKGFLL S IYEELGTNIVF P S SHYSYFFD IYSKCEFFNS DENDEVSKI'KEK I IÍVYENS RA

LÀKGFLT,S IYEELGTN IVF P S SHY SYFFD TYSKCEFFNSDENDEVSKLKEK IITVYENSRA

-ASSFVRIGKVSVSSNK-FKSA]WT- -FNTY--_--FK----- - ----REKT'GVVKS-- I
AIYEKÃLSGQDIGCLRLFLYEYFLSLEKYSLTDLLDFLTD----- ---RVIiIRKLFAAP-Q
- IVFYSFSI,YLSKSLAVLIYAAXYA--YITK--- - -FK--- - -- --- -SFY].IVTISGFIR,A

IRFTSLTVSWLGRLKK-
IRFTSI,IVSWLGRÍ,KK-
YYFILYÀYNGFIKYKK-
YRKTI,KKMI,RPWKYRSY
LNFSFKIHKGKNEC---

Alignment of the amino acid sequences of WbhL (VaWbhL), V. anguillarum VirB (VaVirB) (gbL080l2), H. influenzae

Lgt-D (HiLgtD) (spQ57022), N. gonnonhoea LgtD (NgLgtD) (gbU14554) and, Y. enterocolitica WbcG (YeWbcG)

Gîu¿egss) as detèrmined using the default seuings of the program CLUSTAL (Higgins and sharp, 1988)' *' identical

rãsidues; ., similar residues. Snã¿e¿ 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.



Table 5.10: HomologY table for WbhL

%identity'
VaWbhL VaVirB HiLgtD YeWbcG NmLgtD

VaWbhL

VaVirB

HiLgtD

YeWbcG

NmLgtD

100
(362)
100

34.2
(244)
34.2
(2441
100

26.0
(223)
26.0
(223)
38.1
(126)
100

24.1
(2411
24.1
(2411
32.5
(120)
27.1
(144\
100

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 Vo identity occurs. Abbreviations: gb, Genbank; sp' SWISS PROT.

VaV/bhl
VaVirB
HiLgtD
YeWbcG
NgLgtD

V. anguillørunr WbhL
V. anguillarunr VirB (gbl08012),
H. influenzae LgtD (spQ57022),

Y. enterocoliticø WbcG (gbU46859)

N. g onnor rho ea LgtD (gbu 1 4554)
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glycosyltransferases which was described by Morona et aI. (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-acetylglucosaminyl transferase (21.8 Vo identity at the amino

acid level over 188 amino acid overlap) from Streptococcus pneumoniae (Kolkman et al.,

te96).

5.2.7.6.4 wbhN

The final ORF designated wbhN lies between nt27828 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 ît 27867 was found. A similar

situation was also found for the methionine start at ît27841with 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 ît 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 l) (Fig. 5.20).

WbhN shows similarity rhamnosyl transferase enzymes, RfbF from S. flexneri

(Morona et aI., 1994;1995a), RfbQ from 
^S. 

dysenteriae (Klena and Schnaitman, 1993) and

RfbC from Y. enterocolitica (Zbang et aI., 1993) (Fie.5.2l; Table 5.11). At the DNA



Figure 5.202 Potential Initiation codons of wbhN.

The sequence used in this figure was derived from Appendix l. 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

À

27850 2'1860 27870 27 880 27890

ArcrArcrrgggaaActdlÀileactar r rrrrGTcGATrrcATccGr

2777 0 27'180 27790 27800 27870 2't820 27830 27840

rå,htlVSIRY
27900 27910 27920 27930 27940 279sO 27960

AATTATCACTTTTCÀACCCGATCTATCGÀÀTGTCTCCCÀGTTACTATTCGCTTGTATATCCTTTG

I I T F O P DI, S NVS E L L FAC I S F G

27730 27740 27750 27760

VSSPPPKV*EYFI,SISSV

B: INITIATION CODON: Methionine (ATG) at position #2784L

2't730 27740 27'750 278tO 27820 27830 27840

CTAGAGTÀÀTTTGATTTGGTATTCTATTTTCATATTTCACGTAGTTCGACTÀTTATATTTTTAGTGCTCTGCCCÀCAGATTTTTTATÀTAAÀTATTATAGTGÀCATTGTGAGCÀTTCGAT

27 850 27860 2'7 87 0 27 880 27 890 27900 279I0 27920 27930 27940 27950 27960

ÀBcTATcTtwAÀÀGTATAGGAGTATTTTTTGTcGATmcarccc$,i{slTATcAcTTTTcÄÀcccGATcTATcGAATGTcTcccÀGTTAcTATTcGcTTGTATATccTTTG

2't760 27770 27780 27790 27800

27760 277'70 27780 27790

trbå¡VM Y L P P P P K Y R S I F C R F H P *

C: INITIATION CODON: Leucine (TTG) at position #27879

27'730 277 40 27150 27 800 27810 27820 27830 27840

CTAGAGTAÀTTTGATTTGGTATTCTATTTTCATATTTCÀCGTAGTTCGACTATTATATTTTTAGTGCTCTGCCCACAGATTTTTTATÀTÀÀ'ATATTATAGTGACATTGTGAGCÀTTCGAT

27850 27860 27870 2'7 880 27 890 27900 279rO 21 920 27930 27940 27950 27960

ATGTATCTÏ,gsggAÀÀcrÀfÂi5cecrarrrr,lrr{ÍTccATTTCÀTCCGTÀÀTTATCACTTTTCAACCCGATCTATCGA.ATGTCTCCCÀGTTACTATTCGCTTGTÀTATCCTTTC
*EYFI,SIsSvTITFoPDLsNVSELLFAcTSFG

ttbhlf -)



Figure 5.21: Alignment of WbhN with homologous proteins

VaWbhN
sfRfbF
sdRfb0
YeRfbC

-----LSTSSVT
---MNSN
--MTKKKVAÀII
MNASQYS

- -ÀEELQDICRI,FEH
---FTLKDKLADIEK

-YQEI,KKLFEKKEK
TRSGLEEIVTNYQN

*

53
53
56
60

109
1_0 9
1L6
1,20

168
l_63
L72
t76

225
220
229
236

281
280
285
292

294
296
303
309

VaWbhN
sfRfbF
sdRfbQ
YeRfbC

VaWbhì{
sfRfbF
sdRfbQ
YeRfbC

VaWbhN
sfRfbF
sdRfbQ
YeRfbC

VahlbhN
sfRfbF
sdRfbQ
YeRfbC

VawbhN
sfRfbF
sdRfbQ
YeRfbC

vKLIRLDEIWGIASÀQNIAISNLNGNEDDI IVFFDQDSS ID- - - -NGYLSKVELÀyNRLE
VHL I CI,GRNEGIAXÀQNIGIRYSLEKGÀEKI IFFDgDSRIR- - - -NEF IKKI'SCYMDNEN
IKIVPI,SDNIGI,AÀÀQNLGI,NLÀIKN}ÍYTYAILF9Ðg\¡LQDNG INSFFFEFEKI'VSEEK
LYLISI,SDNMGIASAQNYGIKKSFSMESS}ÍVI,LL¡IESIPAEDIIVEKIJIJSLEIJKLI,SQGR* * * * *** * *

SDFGRGIWGPRFYNRVS -KFEYPVIKFNIFGLRSRIYPSESRYP IEASC I I S SGI"ÍAVRK

- - - - -AKIAGPVFIDRDK- SHY.YPIcNIKKNG],REKI}Í\;qTEGQTPFKSS\iTI SSGTÌ{VSK

- - -I,NIVAIGPSFFDEKTGRRFRPÎKF IGPFLYPFRKITTKN- PLTEVDFL IASGCF IKL
- - - -QVGAVGPTSVDRRTSTRSGFVRKSG- - rL IKRIYPDDSKGFVKTDFIJIÀSGTL IRT

** _ *'**

NILDSVGVMDDSI,F TDYVDIEV{SLRÀRYLGNL II,VDPQLVMGHEIGTDNLKLFK- - -WRV
E\¡FE IVGMMDEEI,F IDYVDTEWCLRCLNYGII,VH] I PDIEI'fVIIÀIGDKSVKICG- - - INI
EC TKSAGMITTESLFIDYIDVEI^¡SYRMRSYGYKLYIHNDIHMSHLVGESRVNI'GI' - - - KT I
E\¡L}TN I GI,MKENYF ID}TVDTEWC FRAVNCG I ELFGCGDAFLNHTI,GD SVI RIWMGRWRE I*,* , *** .* **. * *

pvHsAsRRyyRIRNSFFLFRYPHI PRLVCTREWFS ILHQLFLVLLTNEKKAHI¡¡KS - - - -
P THS PVRRYYRVRNÀFI,LLRKNITPÍ,I,LS IREVVFSI, IHTTLI IÄTQKNKIEYIÍKKHII'A
SI,HGPI,RRYYLFRNYI S II,KVRYI PLGYKIREGFFNIGRFLVSMI ITKNRKTI'ILY- - - -
PKHS PI,RI].YIFRNT INM\TTSTPMSWSWK],AHIYRI,MIFFVFFMIÀÀKPRYRRF IM- - - -* * ** **

- - -],WRGIKDGV- - - - - FYKS
TLDGIRGITGGG- - - - -RYNA
- - - T IKÀIKDGTNNEMGKYKG
- - -MIKGGFDGIRGI SGKI,N-

*

Alignment of the amino acid sequences of WbhN (VaWbhN), S. flemeri RfbF (SfRfbF) (spP37782), S. dysenteriae RfbQ

(SdRfbe) (pirS34966) and Y. enterocolitica F(ftC (YeRfbC) (pirS28579) as determined using the default settings of the

prograrnCiUSTAL (Higgins and Sharp, 1988). *, identical residues; ., similar residues. Shaded amino acids represent the

.notlf for glycosyltransferár"r ur described by Morona et aI. (1995). The lighter shading are residues that are 1007o identical

to proposed consensus sequence. Abbreviations: gb, Genbank; sp' SWISS PROT'



Table 5.11: HomologY table for WbhN

Voiùentitv"
SfRJbF SdRlbQ YeRfbC

VaWbhN

sfRfbF

sdRrbQ

YeRfbC

100 37.2
(274)
100

29.0
(zeo)
30.2
(2e8)
100

27.9
(2e4)
29.5
(2e8)
30.0
(300)
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 7o identity occurs. Abbreviations: sp, SWSS PROT.

VaWbhN
sfRfbF
sdRfbQ
YeRfbC

V. anguillørunr WbhN
S. tlexneri RfbF (spP37782),

S. dysenteriae RfbQ (pirS34966)
Y. enterocoliticø RfbC (pirS28579)
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level, wbhN showed some homology to dbC from Y. enterocolítica (55Vo), 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 \VbhL and highlights the

shared motif. It is evident however, that the similarity between these proteins is quite low

(22.l7o over':-7 amino acid overlap), although they may have a similar function.

5.2.7.7 ORFs of unknown function \ilithin the wbh region

The wbh 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 wbhA (nt 8670- nt 9785), wbhB (nt lll4l- nt 12790),wbhD (nt 18903- nt

19532), wbhF (nt 20689- nt 21075), wbhH (nt 22O62- nt 23408) and wbhl (nt 23622- nt

24OZO). 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 \VbhB, WbhF and WbhH had transmembrane domains.

WbhB was predicted to have 11 transmembrane domains (Fig. 5.23), \rybhF to have 4

potential transmembrane domains (Fig. 5.24) a¡d V/bhH was suggested to be mainly

hydrophilic with two transmembrane domains in the carboxy terminal end of the protein

(Fig. s.25).



Figure 5.222 ltlignment of WbhL and WbhN

MHLsDsKppLVSLc ILISN-HEKYITKAINsc¡,eQSys¡¡rsÏrfr¡EiluwSsoerVNKIRsD
- -LS - - - - - - r ssvr I$SQPDLSNVSQLIJFÀCTSFGN- - -KâWTDNGSNN- - -ÀEELQD** * * ** * ** * *

59
46

l_1_9
82

WbhI,
WbhN

WbhI,
WbhN

wbhr,
v{,bhN

WbhI,
WbÌrN

wbhr,
WbhN

WbhL
wbh.r{

WbhI,
WbhN

FKNEÍ,EVGE I KLFDI,EHNTYPSHGFNyÀIJKKSQGETVSLF SGDDTLCLNKVERQ rG II'l\¡K
ICRLFEH- -VKLIRI,DENVGIASAQNIAISNLNG- - - - - - - - - - - - - -NEDD* .** *. * . * * * .

EGLSNI,FTüMNI INDKDEI IKCYI,ES IFNR\IYI{SQQ IKEHF IHSGNML
- - - - - - - - - I IVFEÐQPË S I DNGYL SKVELAYN- - RLE SDFGRG - - - -* * * * ** *

SÀIS\TÀÍLSRDVF
----IWGPRFY

r79
123

DRYGHF'DERI,VQLQDFDFWIJRMASNDD - - - I,NI,LTEKI,SNYRLRDDGGN- I,S LANHKS RQ

NRVSKFEYPVIKFNIFGLRSRIYPSESRYPIEASC T T S SGMAVRKNILDSVGVMDDSLF I
******

I,RTDFEEVYVYRHLLNFDLKT I QSVVGMLN- KDQ S IAI'ÍAI,HGYYHNENK - -MKLAKGFLL
DYVDTEWSI,RARYI,GNLII,VDPQI,\¡I\ÍGHEIGTDNI,KLFKI,VRVPVHSASRRYYRTRNSFFL*************
S IYEELGTNIVFPS SHYSYFFDIYSKCEFFNSDENDEVSKI,KEKITTVYENSR,AIRFTSL I
FRYPHIPRLVCTREVTFSILHQ],FLWI,TN- EKKÀHWKSLWRGIKDGVFY* .. * * * *

VSWLGRI,KK
KS-------

235
r_ 83

292
243

352
292

362
294

Alignment of the amino acid sequences of rilbhL and WbhN as determined using the default settings of the program

CLÙSTAL (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 e/ 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 a¡e 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 100ft

amino acid is ma¡ked on the X-axis.



Suggested model for transmembrane topology by TMpredict

TM # Start
1

2
3
4
5
6
7
8
I
10
11

1øø

69
99
't26
151

177
225
278
303
324
363

End
30
90

118
145
169
199
246
297
320
347
381

20
22
20
20
19
23
22
20
18
24
19

OrientationLength
i-o
o-i
i-o
o-i
i-o
o-i
i-o
o-i
i-o
o-i
i-o

11

3øøø

?øøø

Løøø

-tøøø

-?øøø

-3øøø

-4øøø

ø

ø ?øø 3øø 4øø Jøø 60ø



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 20ú amino acid is marked on the X-axis.



Suggested models for transmembrane topology

A #TM
1
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#TM
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2
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Figure 5.252 Predicted transmembrane topology and hydropathy plot for wbhil.

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 conesponding hydropathy plot shows that wbhH has 2

potential transmembrane domains. Positive numbers on the Y-axis indicate hydrophobic

regions. The position of every 50ü amino acid is marked on the X-axis.



Suggested models for transmembrane topology
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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., 1936). ofl and gmhD a¡e 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 03 (Skurnik et a1.,1995) and RfbVlü/beE of V. cholerae Ol (Fallarino et aI.,

lggT). TrsG is proposed to be involved in outer core oligosaccharide biosynthesis in

Yersinia enterocolitica (Skurnik et al., 1995). In V. cholerae Ol, 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 wbeV do not effect

lipid A- core motility by SDS- PAGE and silver staining (Fallarino et a1.,1997).

5.2.8 Promoters and Translational Coupling

Transcriptional coupling within the wbh region of V. anguillarum Ol is evident

(Appendix l). However, there are numerous regions of intergenic sequence of greater than

90 bp corresponding to nts 9785-1 ll4}, 12790-12930,18810-18902,23410-23620,25606-

25699 and 27713-27879 (Appendix 1). This is reminiscent of the V. cholerae Ol39 O-

antigen/capsule biosynthesis locus which also shows pattern of integenic regions (Stroeher

et a1.,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 (P1)

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 ¿ls good



Table 5.122 Putative promoter regions in the wbhlocus

Promoter #o Locationo Sequence

P1

P2

P3

Pa

Ps

nt2665-2689
nt 10787-10821
nt23456-23478
nt25644-25660
tft27731-27771

CATACAaaaattcctatg gtTATAAT
TGTAGCaac agagc ag tglgagtattcgttacTATAff

TTAGGAtgaaaatataatataaTATAAT
TTG GAAaaactgtttacTATTAA

TTAT

Legend:
Thã putative promoter regions are listed above and refer to those in Figure 5.28n and Appendix lb. The

capital letters refer to those bases that a¡e identical to the consensus sequence for the -35 (TIGACA) 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 5.262 The promoter and terminator regions of the wáI¿ locus.

A schematic representation showing the location and direction of the promoters Pr-Ps. The

potential terminator structure (T) is also indicated with a stem loop diagram afterwbhN.
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homology/similarity to the consensus sequence for either the -35 (TIGACA) 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 a¡d wbhB lies the intemrpted

ORFs of IS1358. V/irhin this region (nt 9785-111a0 bp) is a putative promoter (Pz) at nt

l17g7 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;Fi9.5.26)'

The next potential promoter (P3) lies between wbhH andwbhl. 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 atnt23456. The corresponding -10 box

is located atnt23478 (Table 5.12).

In the intergenic region preceding wbhL there appears to be a promoter (P¿) with a -

35 box (TTGGAA) and a -10 box (TAAAAT) with reasonable homology to the consensus

sequence (Table 5.12; F\g. 5.26). Norqvist and Wolf-V/atz (1993) reported this as the

potential promoter for virB. The final putative promoter (P5) located in the sequenced

locus was found between wbhM and wbhN. 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'

cTTtAATATCTggaaagragtAGATATTgAAG 3' (Fig. 5.26; Appendix 1).
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Most of the genes described in the region display ribosome binding sites that are

simila¡ to the consensus sequence (TAGGAGGTGATC) (Table 5.13). The ribosome

binding sites are bolded on the sequence in Appendix I 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 (TmIBADC) 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 ddhAtddhB, ddhBlddhC, wbhDlwbhE, wbhFlwbhG md wbhJlwbhK.

Termination codon usage in the locus corresponds to the usual E coli ptefercnces with

TAA being used 12 times as a single stop codon (Appendix l). 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-[3sS]-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) (pPM55l8); nnlA (30 kDa) (pPM5517); rmlC (22Y'Da),wzm

(30 kDa), wbhA (40 kDa) (pPM55l5); ddhA (29 kDa) (pPM5526); ddhB (40 kDa)

(ppM5527); wbhD (25 kDa) (pPM5528), wbhE (40 kDa) (pPM5524); wbhJ (17 kDa),

wbhK (al kDa) (pPM5533) and wbhN (32 kDa) (pPM5534) (Fie. 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 2l kDa observed in pPM5526 may



Table 5.13: Features of the initiation regions of the wbh genes

Gene/ORF Sequencen Space between

SD and first codon

rmlB

rmIA

rmlD

rmIC

wzm

wzt

wbhA

wbhB

d¿hD

ddhA

ddhB

ddhc

wbhC

wbhD

wbhE

wbhF

wbhG

wbhH

wbhl

wbhl

wbhK

wbhL

wbhM

wbhN

tatTAttc g GGTaAcaatATGaagatt

aatTAAGttGGcGATttcATG aaaggc

taaagAGGAatccCattcat@c gtgtt

ctaTAAGaGtgaAT-agcaATGa?E;gtg

tccTAAGGtaGc gAaaaATGtataaa

ac-tatAGGgaagaAgtatttg$Gaatgat

tacaAAGGttcTtATaq$Gtttaat

aacTAAcGgacTtgaaATGgtaaat

tatTcAGaaatata gtttATcgaattt

ttagttccActcatataATGaaagta

aaaTttGGgaGTaAffiTGaatcca

cgcacgaGcagGtaaagagl-aATGtcaaaa

JaaaTttaG gatGtaatatATG aaatcc

catTAAcataagGccagataATGagtgat

aatTAtGGAGcTaaaaaATGataaat

atcTAAtagtGaat{fQaatatt

aatttttgggtttttaaaaaATFaaaaaa

caacAAtGAtGTaaTattcttacATGc gagat

tatTAAttAGGtaaGgcaATG gacatt

-taaag 
aAAGac aGGTtttaaATGacattt

tgcTAgaGAaattgaaaa¡\lQ-atatcc

ccATtAccAGGTttaCtcct ATGcacttg

aaaTAAGtgaGaaaaATGaagtat'

a gtatAGGAGtattttTTctc g att

4

J

7

4

3

8

a

4

11

7

4

9

6

7

5

4

8

3

5

9

4

4

6

Capital letters indicate one of the following sites: potential Shine-Dalgarno (SD) sites (bases

that a¡e 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 z Protein oyer-expression of ORFs within the wbh region.

The strain 82096 (pGPl-2) harbouring the plasmids pPM490l, pPM5515-pPM5520,

pPM5522, pPM5524, pPM5525-pPM553l, 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). \ñ/hole cell lysates were electrophoresed on a SDS-157o

polyacrylamide gel which was then stained with Coomassie Brilliant Blue stain and destained

in 57o 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-¡3ss¡-methionine labelling.

The strain 82096 (pGPl-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-[35S]-methionine and

whole cell lysates were electrophoresed on a SDS-157o polyac.rylamide. The gel was stained

with Coomassie Brilliant Blue stain and destained in 5Vo 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

(2O.1), carbonic anhydrase (30), ovalbumin (43), bovine serum albumin (67) and phosphorylase

b (e4).
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Table 5.14: Predicted Molecular Weight of ORFs inthe wbh region otV. anguillarum Ol

ORF Location in Sequence Predicted Molecular
Weieht ftDa)"

#amino acids

rtøDlgmhD 313

354
292
294
181

2ß
446
371
549
34
2&
360
43E

567
2M
365
130
312
447

133
153
369
363
303
294

": According to Kyte and Doolittle (1982), as implemented in PROSIS

+: protein was expressed, -: no protein was detected

nt: corresponds to sequence in Appendix 1.

Detected by T7
overexoression

Size of Protein
detected (kDa)

rmlÙ
rmlA
rmlD
rmlC
wan
wzI

wbhA
wbhB
ddhD
ddhA
ddhB
ddhc
wbhC
wbhD
wbh0
wbhF
wbhG
wbhH
wbhl
wbhf
wbhK
wbhL
wbhM
wbhN

complementary
strand,2606-16ffi

2928-3993
4016-4894
4891-s778
5781-6326
il83-7287
7304-8642
8670-9785

ltt{l-tn90
12930-13901
13927-14700
14703-15785
15785-17098
171r.5-r8812
18903-19532
19522-2063r
20689-21075
21072-22008
22062-23/,08
23622-24020
2/;038-?,/ 93
?,//;90-2560s
25700-26i188
2(198-27712
27E80-28763

35

40
32
32
2t
31
50
44
64
37
32
4t
49
60
24
40
15

36
51
15

t6
4t
42
36
34

+

+
+
+
+
+

+

;
+

:

+
+

+
+

+

:

+

35

40
30
32
22
30

40

ìt
29
o.o

25
40

36
49

17

n:

32
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corelate 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-[3sS]-methionine in the same T7 expression

system (Fig. 5.28). Using this method, gene products could be detected for rmID (32 kDa)

(pPM55l9); 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, andwbhM 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 Ol 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

(-35l-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 5.292 The O-antigen biosynthesis operon of V. ønguíllnrum Ol.

The putative V. anguillarum Ol wbh region encodes fot 24 ORFs. The ORFs have been

designated names based on the nomenclature scheme for polysaccharide genes proposed by

Reeves et aI., (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 thewbh genes found inV. ønguillarum Ol

ORF Putative Function Similarity to

V. cholcrae OlrfaD
A. øc tíno my c e t e mc o míf an s

A. actinomy c etemc otniÍans
A. ac tino rny c ete mc omítans
A. ac tino my c e t e mt o miÍan s

B. subtílß tagG
En.faecalß ATP binding Protein

Y. pseudotuberculosß ascD
S. typhimurium dbF
Y. pseudotuberculosß
Y. pseud.otuberculosß

E. coli ilvG

M. the rmoautotrophic um

B. subtilß csbB

B. pertussß bIpB
S. venezuelae

V. anguillarum virB
H. influenazøe lgtD
V. anguillarum vírA

S. flexneri rfbF

rføD/gmhD
rmIB
nnlA
rmlD
rmlC
wzm
wzt

wbhA
ISI358
whhB
ddhD
ddhA
ddhB
ddhc
wbhC
wbhD
wbhE
wbhF
wbhG
wbhH
wbhl
wbhl
wbhK
wbhL

core biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis

O-antigen export (channel)

O-antigen export (energiser)
unknown

insertion sequence
unknown

CDP-dideoxyhexose pathwaY
CDP-dideoxyhexose pathwaY
CDP-dideoxyhexose Path waY

CDP-dideoxyhexose pathwaY
acetolactate synthetase

unknown
perosamine synthetase

unknown
bactoprenol glucosyl transferase

unknown
unknown

acetyl transferase
transaminase

glycosyl transferase

unknown
rhamnosvl transferase

Accession
Number
x59554"

a8010415'
A8010415"
A8002668"
A8010415"

P4'¿953b
aF071085'

P37gt,b
Y26396b
L33181'
E,47070"
P00892b

a8000818"

Q45539b

x90711"

^F079762"L08012"

Q57o22b
L08012"
s51266"

wbhM
wbhN

a. Genbank; b. SWISS PROT; c. PIR.
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Interestingly, there are 3 ORFs in the complementary strand which are homologous

to orfl,, rfaD andfrsG. The organisation of the wbhrcgion at the 5' and 3' ends is identical

to the O-antigen biosynthesis operons of V. cholerae Ol, 0139 (Stroeher et a1.,1998) and

Y. anguillarum02 (this study, Chapter4).

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.L 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 RfbVDdhD 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 a¡e observable by silver staining LPS separated by SDS-PAGE.

h this chapter, wbh::TníphoA (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 wbhzzTnphoA (Cm*) mutants

The mutants described in this study were constructed by transposon mutagenesis

using a chloramphenicol derivative of TníphoA (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. anguíllarum Ol. 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

01 strain NBl0, and were designated Y:NI2 (otnE), KMl6 (wbhE), KM97 (wzm) and

KMl10 (wbhB) (D. Milton, personal communication). Table 6.1 describes the location of

the transposon insertion in the mutants.

6.2.2 LPS profïIe 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 Mfüelå, 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 mtúants

by SDS-PAGE and silver staining showed that in comparison to the wildtype strain (NBl0)

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 otnU 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.lzTnphoA (CmR)insertion mutants of V. anguíllarum Ol

Mutant Gene (wbh) Location of the geneu Transposon
insertion pointb

KM16
KM97
KMl10
KM2

wbhE
wzm
wbhB
otnE

19522-20631
6483-7287

ttt4l-t2790
NA

20357
6924
12426
NA

^. 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. ønguíllarum 01 LPS/O-antigen mutant
lipopolysaccharides.

This shows a silver stained 157o SDS polyacrylamide gel with lipopolysaccharide prepared

from the indicated strains by proteinase K treatment (Section 2.t5.1). The first lane

contains the NBl0 wildtype strain. The remaining lanes contain the Tnspho,{ (CmR)

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 -l x 108 cells.
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lipid A-core linked O-chains has a slight increase in apparent molecular weighlmodal

Iength compared to the wildtype. No further analysis of this mutant was performed.

The second mutant, KMl6 has an insertion in the gene wbhU, which shows

homology to (bÛlwbeE, the perosamine synthetase from E coli Ol57 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 KMl10,

however the relative decrease in S-LPS size was not as great (Fig. 6.1). The insertion in

KMl10 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 5.2.7.1)'

Another interesting observation when comparing KMl6 and KMll0 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 functioir

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 tlne wbh mutants, KM16'
KM97 and KM110

Analysis of LPS samples from the mutants KMl6, KM97 and KMl10 by Vy'estern

immunoblotting showed that polyclonal antiserum specific to LPS generated against the V.
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anguillarum Ol strain, 85-3954-2 (anti-VagOl) (Chapter 3, Section 3.2.1), when used at a

dilution of l:1000 was able to recognise the altered LPS of the mutants KM16 and KMI 10,

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 (KMl6 and

KMl10) 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-VagOl serum was performed using heat-killed bacteria of strains

KM16, KM97, and KMl10. The antiserum absorbed with heat killed KM97 was used in

Vy'estern immunoblotting analysis against the wildtype strains and wbh mutants described

above. The reaction previously observed against the mutants KMl6 and KMl l0 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 KMl6 and KMl l0 S-LPS O-antigen

as the absorption removed only antibodies against the altered O-antigens produced by the

latter mutants.



Figure 6.22 Western immunoblot of LPS from V. anguillarum 01
wildtype and Tn5p hoA (CmR) mutant strains.

Proteinase K whole cell lysates (Section 2.15.1) of the indicated strains were

electrophoresed on a SDS l5%o polyacrylamide gel and transferred to nitrocellulose

(Section 2.13.4). LPS was detected using antiserum generated against 85-3954-2 (V.

anguillarum Ol) as described in Chapter 3. Lanes contain the samples (equivalent to I 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 01 serum absorbed against
KM16, KM97 and KM110.

Proteinase K whole cell lysates (Section 2.15.1) were electrophoresed on a SDS 157o

polyacrylamide gel and transferred to nitrocellulose (Section 2.13.4). LPS was detected

using an antiserum generated against 85-3954-2 (V. anguillarum Ol) which was either

unabsorbed (D), or absorbed with heat killed KMl6 (A), KM97 (C) or KMl10 (B). Lanes

contain the samples (equivalent to I x 108 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-VagOl serum was also absorbed with KM16 and KM110 and used in

'Western immunoblot analysis (dilution l:1000) against the same strains. Reaction against

LPS from the mutants rvÍts 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

KMl6, KMI l0 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.

6.2.4lmmunogold Electron microscopy of V.

ønguillørum 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 KMl10, 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.a (C)).

The altered LPS mutants, KM16 and KMl10 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: Immunogold electronmicrographs of 85-3954-2, N810, KM2,
KM16 and KM110.

Electron micrographs showing binding of polyclonal antibodies generated against V.

anguillarum Ol (85-3954-2) to LPS of V. anguillarurn Ol wildtype strains andTn1phoA

(Cm*) mutants; KMló, KM97 and KM110, detected with protein A-gold (10 nm).

Antibodies were used at 1:50 dilution, and the magnification microscope (TM100, Philips)

ranged from27 .5 to 29K. The bar represents 500 nM.

A: NB10 (28.5 K)
B: 85-3954-2 (29 K)
C: KM16 (27.5K)
D: KM97 (29 K)
E: KMl l0 (29 K)
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the antisera absorbed with KM16, KM97 or KM1l0. The same result was obtained with

these sera as the unabsorbed anti-VagOl serum (data not shown).

The inability of the anti-VagOl 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-VagOl), the wildtype and íhe 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 cell

surface (Fig. 6.5 (Dl)). When the anti-VagOl serum absorbed with the mutant KM97 was

used, wildtype strains were labelled but little or no labelling of the mutants KM16 and

KMl10 was observed (Fig. 6.5 (43, 83, C3, E3)). A low level of labelling was observed

on a proportion of KM97 cells (-<10Vo) (Fig.6.5 (D3)). The labelling appeared to be

concentrated to one pole (Fig. 6.5 (D2)). lWhen the assay was performed using anti-VagOl

sera absorbed with KMl6 and KMl10 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 struns 85-3954-2 (A), NBIO (B), KMl6 (C), KM97 (D), KMl10

(E) were stained with anti-VagOl serum (l:200 dilution) that was either unabsorbed (l), or

absorbed with heat killed KM16 (2),Y\N197 (3) or KMllO (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-VagOl serum absorbed against KMl6 (-<lOVo) (Ftg. 6.5 (D3)). Little or no reaction

against KM97 was observed using the anti-VagOl-KMl l0 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 VagOl LPS O-antigen, although the latter O-antigens

may have coÍtmon epitopes. However, it is possible that the wildtype strains expresses

both the wildtype and mutant (altered) O-antigens.

6.2.6 Complementation studies of KML6, KM97 and
KM110.

To determine if complementation of the TnphoA (CmR) mutation in the O-antigen

mutants KM16, KM97 and KM110 would restore wildtype O-antigen production, plasmids

containing 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 PsrI sites, as these were unique to the vector and not

present in the genes. The plasmids pPM5523, pPM5524 and pPM5525 were introduced

into S17-l and then conjugated into KMl6, KM97 and KMl10, 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-ISVo polyacrylamide gel and LPS was detected by silver

staining (Fig. 6.6). Complementation was not achieved, suggestinþ 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 157o 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 theTnÍphoA (Cm*) mutants

derived from NBl0 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 pJMl in V. anguillarum which has been shown to prevent conjugal entry of large

plasmids (Singer et a1.,1992).

6.2.7 Composition of the LPS from V. anguillørum Ol

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 Ol strains

contain glucose and rhamnose. Glucose is in greater proportion to rhamnose with the ratio

being l0:1. 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:rhamnose:glucosamine (10:1:l)) (Table 6.2). No other

sugars were found in this initial investigation of the LPS of V. anguillarum Ol.

Table 6.2: Summary of the sugar analysis onV. ønguillarum Ol

Ratio of sugars present:
glucose rhamnose slucosamine

strain
wild type
KMl6 (wbhÐ
KM97 (wzm)
KMl10 (wbhB)
-: sugar was not detected

Analysis of the sugar composition of the LPS from the transposon mutants KMl6,

KM97 and KMl l0 was also performed. The LPS in KM16 showed aglucose to rhamnose

l0
10

5

2.5

I
I
1

I

I
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ratio of l0:1 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. KMl l0, 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 KMl l0 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

01. The wbhregion 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. l.l2). The first two steps are encodedby rfbAlrmlA and rJbBlnnlB with the

last step involving two enzymes, dbClrmlC and rfbDlrmlD. The gene order does not

follow the enzyme order in the biosynthetic pathway which is not uncommon for these

genes with the order being TmIBDAC in S. enterica, E. coli K-12 (Reeves et aI., 1996) and

S. flexneri (Macpherson et aI., 1995). The order of the dTDP-rhamnose genes in V.

anguillarum Ol are rmlBADC.

The DNA sequences of TmIBADC 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.

RmlAvu is the first enzyme in the pathway and encodes a glucose-l-phosphate

thymidyl transferase. The RmlAva protein shows a high level of similarity to identical

proteins inA. actinomycetemcomitans (8l.7Vo identity at the amino acid level, 72Vo identity

at the DNA level), and N. meningitidis (8l.5%o identity at the amino acid level, 68%

identity at the DNA level) (Fig. 6.7; Table 6.3). RrnlAyu also shows similarity to the

related proteins in S. flexneri (67.8%o identity at the amino acid level, 63Vo identity at the

DNA lecel) and S. enterica sv Typhiumurium (65.77o identity at the amino acidlevel,62Vo

identity at the DNA level).

The RmlBva protein belongs to a family of dehydratases and is the second enzyme

in the dTDP-rhamnose biosynthetic pathway. RmlBvu is significantly homologous to the

same enzyme in A. actinomycetemcomitans (82.6%o identity at the amino acid level, T4Vo

identity at the DNA level), Neisseria meningitidis (80.l%o identity at the amino acid level,

69Vo identity at the DNA level), S.flexneri (73.4Vo identity at the amino acidlevel,6TVo

identity at the DNA level) and S. enterica sv Typhimurium (73.l%o identity at the amino

acid level, 66Vo identity at the DNA level) (Fig. 6.8; Table 6.4).

It has been previously suggested that an important feature of RmlB and related

proteins is the presence of an NAD binding domain (GXXGXXG) at the amino terminal

end of the protein (Macpherson et a1.,1995). This site is important for bacterial enzymes

which use NAD/I.üADP as a co-factor. RmlBvo was found to contain this essential motif

(Fie.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. RmlCyu shows highest homology to RmlC

from,S. flexneri (69.7Vo identity at the amino acid level, 67Vo identity at the DNA level), A.



Figure 6.7: Alignment of RmlAva with homologous proteins

- - -MKGI ILÀGGSGTRLYPITRGVSKQLLPIYDKPMIYYPLSTLMLÀGIRDILI ITTPED
- - -MKGT IIJAGGSGTRLYP ITRGVSKQLLPVYDKPMIYYPLS\¡LML,AGVRDII, I ITTPED
- - -MKGI II,ÀGGSGTRIJYP ITRGVSKQLLP\ryDKPMIYYPLSWMI,AG IRDILVITÀPED
MKTRKGI ILAGGSGTRI,YPWMÀVSKQLI,P IYDKPMIYYPLSTLMLAGIRDIT,I I STPQD
MKTRKGI ILAGGSGTRLYPWMAVSKQLLPIYDKPMIYYPLSTLMLAGIRDILT I STPQD*************** * ******* *********** ***** **** * * *

VaRmIÀ
AaRmlA
NmRmIA
SfRmlÀ
StRmlÀ

VaP¡n1À
AaRmlA
NmRmlA
SfRmlÀ
StRmIA

VaRmlÀ
AaRmlA
NmRmlÀ
sfRmlA
StRmIA

VaRmlA
AaRmlA
NmRmlA
SfRmlA
St.RmlA

VaRmlA
AaRmlA
NmRmIA
SfRmlÀ
StRmlA

57
5'7
57
60
60

Lt't
r1,7
t]-7
L20
t20

I77
'1,77

t7'7
180
L80

23'7
237
237
238
240

292
290
286
290
291,

NESFKRI,I,GDGSDFGIHLQYAIQPS PDGI,ÀQAFI,IGEEF IGNDWCLWGDNIFYGQSFS
NE SFKRLLGDGSEFGVI{LQYAT QP S PDGLAQÀFL I GEGF INGDSCCLVI,GDNI FYGQNFT
NASFKRLLGDGSDFGI S I SYAVQPSPDGLÀQÀF I IGEEF IGNDT\ffCLWGDNTFYGQSFT
T PRTQQT,¡,GDGSQI¡TGI,NLQYKVQP S PDGLÀQÀF I I GEEF IGGDDCALVI,GDNIFYGHDI, P
T PRFQQLLGDGSQWGLNLQYKVQP S PDGI,AQAF I I GEEF IGHDDCAIVLGDNTFYGHDL P* ****** * * *********** *** ** * **********

KTLKSAÀSREHGATVFGYQ\Æ<DPERFGWEFDEQMRÀT S I EEKPLKPKS¡ÍYAWGLYFYD
QMLQQÀVARPYGATVFGYI,VKDPGRFGVVEFDENFKAVS I EEKPÀQPK SNYÀWGIJYFYD
QTLKQAÀRQTHGÀTVFÄYQVKNPERFG\A¡EFNENFRÀVS I EEKP9RPKSDWAWGI,YFYD
KLMDTÀVIi¡RE SGAT\¡FAYIIVNDPERYG\A¡EFDDNGT P I SLEEKPQQPKSNYAWGLYFYD
KLMEÀÀVNKE SGATVFÀYHVND PERYGWEFDQKGTÀVS LEEKP I,Q PK S NYAWGLYFYD* ***** * * * * ***** * **** *** *********

NRWELAKQVKP SÀRGELE I TTI,NEMYLNDG SI,NVEI,I,GRGFAWT,DTGTHE SLHEAS S FV
NR\A¡DFÄKQVKP SARGEI,E I TTLNEMYLKDG SLNVQLLGRGFAhII,DTGTHE S LHEGASFV
NRÀVEFÀKQLK PSARGELE I S DI,NR¡,ÍYLEDG SL SVQ I LGRGFAWLDTGTHE SLHEAAS FV
NDWEMAKNLKP SARGELEITDINRTYMDQGRLS -.AMMGRGYACI,DTDTSK- P IEASNF I
NS\¡VEMAKNLKP SARGELE I TD INRIYMEQGRL SVA¡{MGRGYAMDTGTHQ SL I EÀSNF I* * ** ********** * * * * *** * *** * * *

ETVQH I QGLK IAC IJEE IAWRNGWL S SGQI'I'ECÀKPMLKNDYGQYLAGLAKEE SHS
RT\¡E SVQGLQVACLEE TAU¡RNGW],T SEQVETLARP}ÍVKNEYGQYLLRL ]NEEK - -
QTVQNI QNI,H TACLEE IAI¡IRNGM SDEKLEELARP}4ÀKNQYGQYLLRLLKK- - - -
ATNEDRQGLKVSC PEE IAHRKGF IDAEQVKVLAEPLKKNAYGQYLLKMIKGY- - -
ÀT TEERQGLKVSC PEETAFRKNF INAQQVIEI,AGPI,SKNDYGKYI,LK}N¡KGL - - -* * * * **** * * * ** ** **

Alignment of the amino acid sequences of RrnlA (VaRmlB), A. actinomycetemcomitans RrnlA (AaRrntA) (AB0l04l5),
N. meningitidi,r Rn¡lA (NmRrnlA) (L09189), S. flexneri RrnlA (SfRrnlA) (P37779) and S. typhimuriun, RmlA (StRrnlA)
(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 RmlAy"

%identitya

VaRmlA

AaRmlA

NmRmlA

StRmlA

SfRmlA

VaRmlB
100

AaRmlA
81.7
(28e)
100

NmRmlA
81.5
(287\)
79.1
(2871
100

StRmlA
67.8
(286)
65.7
(286)
64.7
(286)
100

SfRmlA
65.7
(286)
65.4
(286)
62.9
(286)
89.3
(2e1)
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 Vo identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaRmlA
AaRmlA
NmRmlA
STRfnIA
SfRmlA

V. anguillarun RmlA
A. actinomycetemcomitans RmlA (gbAB0104 15)

N. meningitidis RmlA (gbl09l89)
S. typhimurium RmlA (spP26394)

S.flexneri RmlA (spP37779)



Figure 6.8: Alignment of RmlBva with homologous proteins

VaRmlB
AaRmlB
NmRmlB
SfRmlB
StRmlB

- - - - - -MKILVTC€IIGEÎGSAVVRHI IQNTQDSVINIDKLTYAGNLESLQGT DS SDRYÀF
- - - -MLKT II,VTGçÀGSIGSAWRYI IENTQDSVVIÍVDKLTYAGNIJESLEAVKNNPRYIF
MQTANKKT ILVTGGÀCE]ÍGSAWRHI IRNTQDS\¡\N\¡LDKLTYAGNLESLTDIÀDNPRYAF
- - - - - -MKIL\ÆçSÀGFIGSÀWRHI INNTQDSWNVDKLTYÀGNIJESLADVSDSERYAT'
- - - - - -MKII,f IEGAG'T'JTGSAVVRHI IKNTQDNA/NIDKLTYÀGNLESI,SDISESNRYNF** ************* ** **** * * ************ ** *

VaF¡n1B
ÀaRm1B
NmRmlB
SfRmIB
StRmlB

EPVD I CNRSELDRVFY\IHQ PDATMHLAÀE SITVDRS TDGPAÀF I ETNIVGTYTIJLEÀARSY
EQVD I CDAKÄLARI FEQHQ PDAVMHIJA.AE STTVDRS TDGPATF I ETNTVGTY I LLEAÀRÀY
EQVDI CDR,AELDRVFAQHRPDÀVMHLAAE SITVDRS IGSAGEF I QTN] VGTFNLLEAÀRÀY
EIIADI CDÀVÀMSRI FÀQHQPDÀVMHIJA.AE S}ÍVDRS ITG PÀÄF I ETNIVGT$¡LLEÀÀRNY
ETIAD I CDSÀE ITR I FEQYQPDAVMHLAAE SIÍVDRS TTGPAÀF I ETN IVGTYA],LEVARKY* *** * * *** ************* ** ****** *** ** *

VaRmIB
AaRmLB
NnRmlB
SfRmlB
stRmlB

WNTLESNKKSAFRFIIHI STDEVYGDIJEGTDDL- - - - - - - -FTEETPYSPSSPYSASKASS
V\¡SSLIDEKKAGFRFHHI STDEVTGDLDGTNNL- - - - - - - -FTETTPYSPSSPYSÀSKASS
WQQMPSEQHE,AFRFIIHI STDEVYGDLHGTDDI,- - - - - - - -FTETTPYAPSSPYSÀSK.ASS
WSAINDEKKKSFRFHH I STDEVYGDL PHPDEÀNNNEALPLFTETTAYAP S S PYSASKÀS S

WS.AIGEDKKNNFR.F'TTH I STDE\iTGDLPHPDEVENSVTL PLFTETTAYAPS S PY SASKÀS S* *************** *** * * ************
VaRmIB
AaRmIB
NmRmlB
SfRmlB
SÈRm1B

VaRmIB
AaRmlB
NmRmIB
SfRml-B
StRmlB

VaRJnlB
AaRmIB
NmRmlB
SfRmlB
StRmlB

VaRrnlB
AaRmlB
NnRmlB
SfRmlB
StRmlB

54
56
50
54
54

Lt4
r_r- 6
L20
LL4
11.4

L66
168
172
r'7 4
L74

226
228
232
234
234

286
288
292
290
290

346
348
352
350
350

354
355
360
361
3 61_

DHI,T,RÀWT,RTYGFPT IVTNC SNNYGPYHFPEKL T PLMILNAIDGKPLPVYGDGMQ IRDWL
DHI,VRAVdT,RTYSLPT IVîNC SNNYGPKVFPEKI, T PL I ILNAIDGKPLPVYGNGQQ IRDWL
DHLVRÀV'II,RTYGLPT IVTNC SNNYGPYHFPEKL T PLMILNATDGKPLPVYGDGMQ IRDWL
DHI,VRÀWKRTYGLPT IVTNC SNNYGPYHFPEKI, I PLVTLNÀ],EGKÄT,P IYGKGDQ IRDWL
DHLVRÀWRRTYGLPT IVTNC SNNYGPYHFPEKL I PLVII,NATEGKPLPIYGKGDQ IRDWL***.*** *** ************* ******** ***** ** ** ** * ******
FVEDHARÃLYKWTEGQVGETYN IGGHNEKAN I EWNTLCAILEDI,VPNKPAN I TTryADL
F'\IED}IARALYK\A/IIEGKTGETYNIGGHNEKANID\A¡RTICÀf,LEEÍ,VPDKPAGVTKYEDI,
FVED}ÍARAT,YQWTEGWGETYN I GGHNEKANI EWKT I CTLI,EELVPEKPAGVARYEDI,
YVEDHARÃLYTWTEGKAGETYNIGGHNEKKNI DWLT ICDLLDE TVPKE - - - -KSYREQ
YVEDHARÀLHMWTEGKAGETYNTGGHNEKKNI,DWFTI CDI,LDE IVPKÀ- - - -TSYREQ.******** ***** ************ *..** *.* **...** * .

I TYVKDRPGHDVRYAI DASK I EREI,GhIKPEETFE SG I RKTVEV'IYLNNREWWS RVLDGSYS
I TYVKDRPGHDVRYAI DATK I SRELGWKPQETFE SG I RKTVEWYLNNRKVIWSRVI,DGSYN
I TFVQDRPGHDVRYAVDAÀK T RRDLGVüL PIJETFE SGLRKTVQV'TYIJDNKTWWQN\TLNG SYR
I TYVADRPGHDRRYÀI DADK I S REI,GWKPQETFE SG I RKTVEhIYLANTNI¡IVENVK S GTYQ
TTT¡ÀDRPGHDRRYAT DAGK I SRELGWKPLETFE SGTRKTVEhIYTJANTQ$TVNNVKSGÄYQ** * ****** *** ** ** * *** * ****** **** *** * * * * *

--cERLGSGQ-
--RERLGSQ--
--I,ERLGTGK-
SW]EQNYEGRQ
SWIEQ}[YEGRQ

Alignment of the amino acid sequences of RmlB (VaRmlB), A. actinomycetemcomitans RmlB (AaRmlB) (48010415),
N. meningitidis RmlB (NmRmlB) (P55294), S. tlemeri RrnlB (SfRÍtlB) (P37777) and S. typhimurl¿n RmlB (StRrnlB)
(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 RmlBy"

%identitf

VaRmlB

AaRmlB

NmRmlB

SfRmlB

StRmIB

VaRmlB
100

AaRmlB
82.6
(350)
100

NmRmlB
80.1
(352)
79.8
(352)
100

SfRmlB
73.4
(3s3)
77.0
(352)
72.4
(3s2)
100

StRmIB
73.1
(3s3)
74.4
(3s2)
71.0
(3s2)
88.4
(361)
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 Vo identity occurs. Abbreviations: gb, Genbank; sp, SV/ISS PROT.

VaRmlB
AaRmlB
NmRrnlB
SfRmlB
StRmlB

V. anguillarun RmlB
A. actinomycetemcomitsns RmlB (gbAB0104 15)

N. meningitidis RmlB (spP55294)

S. flexneri RmlB (spP37777)

S. typhimuriurz RmlB (spP26391)
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actinomycetemcomitans (68.7Vo identity at the amino acid level, 68Vo identity at the DNA

level), N. meningitidis (67.17o identity at the amino acid level, TlVo identity at the DNA

level), and S. enterica sv Typhimunum (67.2Vo identity at the amino acid level, 67Vo

idnetity at the DNA level) (Fig. 6.9; Table 6.5).

The final enzyme in the biosynthetic pathway is RmlD which encodes a dTDP-4-

rhamnose reductase. RmlDyu shows similarity to the sâme enzyme in A.

actinomycetemcomitans, S. flenreri and S. enterica sv Typhimurium. RmID shows 617o

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 (38.7Vo and 4l.2Vo respectively) and less than 30Vo at the DNA level.

6.2.8.1 Complementation of ,S. flexneri rÍbD mutant with
V. anguillarum rhamnose genes

To show functionality of the rhamnose genes from V. anguillarumOl, clones of the

individual genes (pPM5515 (rmlC), pPM55l7 (rmlA), pPM5518 (rmlB), pPM5519 (rmlD))

were electroporated into a dbDlrmlD mutant of S. flexnøru (RM43361) (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 rmlDvo is a functional homologue of rJbD/rmID from ,S.

flenteri which has been assigned the function of being a dTDP-rhamnose synthetase

enzyme and confirms the function of rmlDy^.



Figure 6.9: Alignment of RmlCv" with homologous proteins

VaRmIC
AaRmlc
NmRmIC
SfRmlC
StRmlC

- - - - -MKVIETDT PDVKI IEPTVFGDERGFFMETWNQQRFEEIJWGKPTQWODNHSKSK
- - - - -MKVIDTKI PDVKLLEPQVFGDERGFFMETFRDEWFRKIWA. - DRIFVQENHSKS I
MKDKKMN I I DTAI PDVKLLE PQVFGDÀRGFFMETFRDEWFKTQVC - - ERT¡'VQENHSK SG

- - - - -MIÍVIKTE I PDVL IFEPKVFGDERGFFMESFNQKVFEEAVG-RKVEWQDNHSKST
- - - -MMIVIKTÀT PDVIJ ILEPKVFGDERGFFFESYNQQTFEEL IG-RK\TTFVQDNHSKSK* * * **** ** **** **** * * *** *****

VaP¡n1C
AaRmlC
NmRmlC
SfRmIC
StRmlC

KG I LRGI,HYQT - ENTQGKLVRVVSGEVFDVAVD I RKDS PTFGKhMGVHT,SAENKRQI,I¡MP
KGVIJRGLIIYQT - ENTQGKLVRVI SGATFDVÀVDMRGNSLTFGQVìIVGE I L SÀENKHQLhMP
KGVI,RGLHYQT - ENTQGKLVRVWGEVFDVAVDMREGS PTFGKhTVGE II,SAQNQC QLWI P

KGVLRGLIIYQLEPYAQGKITVRCWGEVFDVAVDIRKS S PTFGKWVG1 ILSAENKRQLV'II P
KNVLRGI,HFQRGENÀQGKI,VRCÀVGEVFDVAVD I RKE S PTFGQWVGV'\IL SA.ENKRQLWT P* ***** * ****** * ******* * * *** *** *** * *** *

VaRmlC
AaR¡nlC
NmRmlC
SfRmlC
StRmIC

EGFAHGFYVT SEEAEF\TYKC T¡IYYI{PEÀEHTLLI¡¡NDE S INI DWPNKTC PLL SEKDVHGKH
EGFAHGFYVLTDEAEFTYKCTDYYI\trPK.AEHSI, IhINDET IG I EWPLYGE P SL SÀKDLAGKV
EGFÀHGFCVLGDAAEV\,.YKCTDYYI(PEAEQ\¡IJ IWNDPTVGIGWPLQTAPLI,S PKDLÀGKÀ
EGFÀ}IGFC\¡Í, SDEAEF\ryKTNNFYSKMQERG TI,WS DKS INT EWPV- QNPLL SDKD INGQK
EGFAHGF\TTLSEYÀEFI,YKÀT\ITYS PS SEGS IÍJh¡NDEATG IEWPFSQI'PEI'SAKDAÀÀPL******* ** ** * * * * * ** * ** **

VaP¡n1C
AaRrnlC
NmRmlC
SfRmlC
StRmlC

55
53
58
54
55

lL4
TL2
LT7
LI4
lt5

t74
r72
t77
t73
L75

183
l_80
23'7
t79
183

l_8 3
r-8 0
297
L79
183

l-8 3
180
333
L79
1_8 3

LSDIih-i,---
LÀEïvlKF---
WÀQAKS SATRF PDKKCRI,NVSDG I F S DRLPTRLQYAICKEKHPGNEERQTQPRSGG I PvL
Fv-uÀDïF---
LDQAILTE--

VaRmIC
AaRmlC
NmRmIC
SfRmlC
StRmlC

VaRmlC
AaRmlC
NmRmlC
SfRmIC
StRmlC

FQHRRQHRACHDGH I DGRRQ INÎHTDRKDGQGKFÀA

Alignment of the amino acid sequences of RmlC (VaRntlC), A. actinomyceîemcomitans RrnlC (AaRmlC) (AB0l04l5),
N. meningitidis RmlC (Nrnlc) (L09189), S. flexneri Rrnlc (SfRmlC) (P37780) artd, S. typhimurium RnùC (StRrnlC)
(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 RmlCv"

o/oidentity"

VaRmlC

SfRmlC

AaRmlC

StRmlG

NmRmlC

VaRmlG
100

SfRmlC
69.7
(178)
100

AaRmlC
68.7
(17e)
s9.1
(181)
100

StRmlG
67.2
(180)
71.9
(178)
61.5
(17e)
100

NmRmlC
67.1
(173)
75.6
(176)
61.8
(178)
59.6
(178)
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 7o identity occurs. Abbreviations: gb, Genbank; sp, SWISS PROT.

VaRmlC
AaRmlC
SfRmlC
StRmlC
NmRmlC

V. anguillaru¡n RmlC
A. actinomycetemcomitans RmlC (gbAB0104 15)

S. flexneri RmlC (spP37780)

S. enterica RmlC (spP37777)

N. meningitidis RmlC (gbl09189)



Figure 6.10: Alignment of RmlDy" with homologous proteins

-MRVI,VTGSHGQVGYCLÀHOLNSI'f\TDVEFLAIüÐREQ- - LD I TNPCTÍIN¡SVVNEFKPNT I I
MAKFIJITGANGQVGYCLTQQIJQG- -KHEII,A\/DHDE - -I,DITNQNAVKKTVENFRPDWI
-MNI LLFGKTGQVGWEI,QR,AIAPLGNL TAIJDVHSTDYCGDF SNPEGVAETVKKTRPDVIV
-MN I I,I,FGKTGQVGWELQRSI,APVGNL IÀ],DVHSKEFCGDF SNPKGVAETVRKLRPDVIV*. * **** * . * * * * .* * * .* ...

VaRmlD
AaRmID
SfRmID
StRmlD

VaRmlD
AaR¡nlD
SfRmID
StRmlD

VaRmlD
AaRmlD
SfRmlD
StRmlD

VaRmID
AaRmlD
SfRmlD
StRmID

VaRmlD
AaRmlD
SfRmlD
SIRmID

5'7
56
59
59

tL'l
1 1.6
1 1_9

119

r7'7
t'7 6
t't9
t'79

236
235
239
239

293
29L
299
299

293
29t
300
300

NAÀÀHTÀVDRÃEQEAETJSYÀINRDGPKHLAQAÀ¡ÍKVGAÀI LHI STDYVF SGDKP SÀY I EÀ
NAAÀHTAVDRAETE IEL SEÀII\n¡KGPQYL,À3TÀKSVGAÀI IJHT STDYWDGRRÀGKYKET
NAAAHTÀ\/DKÄE SE PNFAQLLNATCVEAI IKAÀNEVGÀÌ¡ruI¡TYSTDYVF PGNGDTAbILET
NAAAHTAVÐKÀE SE PELAQLLNATSVEAIÀKA.ANETGÀWWTTYSTD]ryF PGTGD I PWQET********* ** * * * ** * ****** * *

DSTSPQGVYGKSKLAGE IAVAQACPRHI ILRTAI¡M¡'GEHGNNWKTMLRLAQTRDÀ],GVV
DAVD P QG I YGKTKLÀGEQA\MEANDKF IVLRTAI¡MFC EHG SNWKTMLRLAKTRDTI,GW
DÀTAPLI\f\ryGGTKLAWGKAI, QDHC GKHL I FRT S I¡¡\NTAGKGNNFÀKTMLRLAKDRETLAVI
DAT S PLN\¡YGKTKI,ÀGEKÀLQDNC PKHI, I FRT SI¡MYAGKGNNFAKTMI,RT,AKERQTL SVI* ..** .*** . .. **.**. .* ** *******. *

SDQYGGPTYAGD IANAI,I, I}4AI(ÀIVEGKSTAFG\MIF SGTPHVSWYDFACAIFDKAREQG
ADQIGGPTYÀGDIAÀAI, IQ IÀEKI IÀGESVEYGIYHFTGEPn/SWCDFAR,ATFDEAVSQN
T D QFGAPTGAf, DLLADC TRHA I hTLAAIÍK PEVAGLYHLVÀGGTTTWHDYPAL\/FKEARRÀG
ND QYGÀPTGA- E LLADC TAITÀ I RVÀTNK PEVAGLYHLVAGGTTTVÙHDYAÀÍ,VF DEARKAG** * ** * * * ** * * * *

LI,NKPI,QVNAI TTKDYPT PAKRPANSKLETQKIHQHFGWÀSDVI'RÀALNHL IDYKSE - - -
MI,EKAPLVNAI ITÀDYPTPAKRPANSCLDLTKIQQAFGIQPSDWQRÃLKNIKAYAE- - - -
FNL PI,NKI,NAVP TTAY P T PARG PHNF RLNTEKF QQNFAI,\/L PDü¡QVGVKRI"f LNEI,FTTTA
TTLAITELNAVPT SÀYPT PASRPGNSRLNTEKFQRNFDL IL PQWELGVKRMLTE¡4FTTTT

.**. * ***** * * * * .. * .

VaRmlD
AaRmlD
SfRmlD
StRmID

Alignment of the amino acid sequences of RmlD (VaRmlD), A. actinomycetemcomitans RmlD (AaRmlD)
(48002668), S. flexneri RmlD (SfRmlD) e37778) and S. typhimuriøn RmlD (StRmlD) (P26392), as

determined using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). *, identical
residues; ., similar residues.

I
I



Table 6.6: Homology table for RmlDy"

%ldentiWa

VaRmlD

AaRmlD

StRmID

SfRmlD

VaRmlD
100

AaRmlD
61.0
(2e0)
100

StRmlD
41.2
(2e1)
40.8
(28e)
100

SfRmlD
38.7
(2e2)
39.1
(28e)
81.0
(3oo)
100

a Percentage of identical amino acids determined u,ith FASTA as

implemented in PROSIS. Numbers in the brackets indicate the number
of amino acids over which the Vo identrty occurs.Abbreviations: gb,

Genbank; sp, SWISS PROT.

VaRmlD
AaRmlD
SfRmlD
STRMID

V. anguillarun¡ RmlD
A. actinomycetemcomitans RmlD (gb48002668)
S. flemeri RmlD (spP37778)

S. typhimuriunr RmlD (spP26392)



Figure 6.11: Complementation of S. flexneri dbD mutant (RM43361).

Dot immunoblot detected with anti-LPS (5. flexnerí Tl0l, Murex) at a l:1000 dilution.

The strains used are indicated above the samples (Table 2.2). P8638 (5. flemeri wild t¡rpe)

was used as the positive control. A weak positive reaction was observed with RMA3361

(pPM5519) which contained the cloned rmlD gene from V. anguillarum Ol. No reaction

w¿rs detected with RMA3361 (pPM5515), RMA3361 (pPM5517) or RMA3361

(pPM5518) which contained the other nnlvogenes.
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6.2.9 wzm andwzt

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 a1.,1997). Transporters belonging to this super family

are able to facilitate the export of either small molecules or macromolecules via ATP-

hydrolysis energised processes (Paulsen et aI.,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

(34.87o 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 (25.97o identity at the amino acid level) (Bronner et aI., 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, howeveÍ wzm did show 547o identity to

the tagG gene in the first 327 ntcleotide 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
BsTagG
Kphlzm

IVÍYKL P SKFVHDVFS SYELI,F PMAKRD I RSRYLGSLFGGWüAF I QPLVT ILVTVüFVFQVGF
MNDIJ- I,RILREQ ITSFPIJII,RLAÀYETKSKYQMNYLGVLWQFI,NPLIQMLAYV\¡¡VFGMGT
- - -MS IKMKYNLGYLFDLL\ /ITNKDIJKVRyKSSMLGYLI¡IWÀNPLLFÀÌ{f YyF IFKLVM

. *. .* * .* . *.* .

60
59
5'l

L16
1_19
L09

r75
178
169

23t
238
225

267
274
258

VaVùzm
BsTagG
KpWzm

VahIzm
BsTagG
KpWzm

VaVùzm
BsTagG
Kphlzm

VaWzm
BsTagG
KpWzm

K- -AQATDDG- -VPFTLWIJVSAMI PVÙFF'VAE¡4LS SGTNS I IEQA¡IIVKKIVFKVSLLPIV
RKGGPVTTGAGEVPF I IWMLAGL I PWFF I SPT ILDGSNSVFKRIN}.{VAKMNFP I S SLPSV
R- - - -VQIPN- - - -YTVFLITGLFPWQIVFASSATNSI,FSFI.ANAQI IKKTVFPRSVIPLS** * * * * *

KI ISAIMIHIFFIVILFTVS IÀYGYYPKVGWI,Q-VPYYILCSLWMLGISh¡ITSS I I\¡FF
ATASNLFSY-I4IMMVTYI IVLL\¡\IGVFPSVHWLQ-YTYYF ICMTA¡'MFSFSI,FNST I SVIT
NVMMEGI,HFLCT I PVIWFLFWYG¡4TPSLSVÙWVGI PL IAIGQVIFTFGVS I IFSTLNLFF* * . *. * *.. .

RDVGQI IAVL IQLGFIVATP IFWNITMVP- - - - IEYQW\¡T,KLNPVFYITEGYRNT ITTDLW
RDYQFLLQAWRI,LFFLL P I FI¡¡DVNAKLGQ SHPEI,VPVI,KI,NPI,FY I I EGFRNSFIJDGAW
RDI,ERFVSLGIMI,MFYCTP ILYASDMT P- - - -EKFSWT ITYNPLASMII,SWRDLFMNGTL** * ** **.
FI¡IE SFIJWIAYYI¡¡IFTSFTLI,VG IVCFKKLRPHFADW
FFHDMKYTLYFV\ILFTFI,T,LLVG S I LHMKFRDKFVDFI,
NYE- - -YI S II,YFTGI ILTWGIJS IFNKI,KYRFAEIL

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"

o/oidentitvr

VaWzm

BsTagG

KpWzm

VaWzm
100

BsTagG
34.8
(267\)
100

KpWzm
25.9
(2ss)
22.9
(2621
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 Vo identity occurs. Abbreviations: sp, SWISS PROT.

VaWzm
BsTagG
KpRfbA

V. anguillarumWzm
B. subtilis TagG (spP42953)

K. pneumoniae W zm (spQ48375)



Table 6.8: Predicted transmembrane regions of wzmvu

Tm # Start End Orientation
I
2

3

4
5

6

3l
68
118

145

178

236

56
90
r42
175

204
258

26
23

25

3l
27

22

i-o
o-i
i-o
o-i
i-o
o-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 10ü amino acid is marked on

each X-axis. VaWzm, V. anguillarumWzm; TagG, B. subtilis TagG (spP42953); RfbA,

K. pneumoniaeWzm (spQ48375). Abbreviations: sp, SWISS PROT.
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Enterococcus faecalis (56Vo identity at the amino acid level), E. coli (34Vo identity at the

amino acid level) and, Aeromonas salmonicida (42Vo identity at the amino acid level) (Fig.

6.14; Table 6.9). Wzt is also homologous to RfbB (45.SVo identity at the amino acid level)

and TagH (42.3Vo 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 component (Table 6.9). Homology at the DNA level was observed for

wzt and the gene for the ATP binding protein from E faecalis (63Vo). For Wzt to bind and

utilise ATP it requires an ATP-binding motif or Walker box (Higgins et al., 1992; Walker

et aI., 1982). The rù/alker box consists of two short motifs separated by approximately 100

amino acids which is characteristic of many nucleotide binding proteins (Walker et aI.,

1982; Higgins et al., 1992). The sequence of the Walker box is generally well conserved

with different energisers showing between 30 and 507o 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 V/alker box domains (W¡

and Ws) are underlined.

The ABC transport system, 'Wzm and Wzt of V. anguillarum Ol also shows

homology to RfbH and RfbI, respectively which are the equivalent proteins in V. cholerae

Ol (Manning et al., 1995). V. cholera¿ Ol 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.lVo identity (over 220

amino acid overlap) for Wzm/RfbH and 34.6Vo identity (over 208 amino acid overlap) for

V/ztlRfbl at the amino acid level.



Figure 6.14: Alignment of Wzt with homologous proteins
VaWzt MNDWISCENITKIYPMYDDHRDRFKEVFHPFRK\ryHKKFHAIDDVSFEVKRGETVGM
EfATP MSEYÀIDIQHITKTYNMYKKPSDRFKEÀLSPTKKSYHDLFYAIDDVTMQIKKGEMIGFVG
ÀSABCA MSEPVTJAVSG\I{KSFPIYRSPWQÀLU¡HALNP--KÀD\/I(VFQAÍ,RDIELTTryRGETIGM
EcATP --MSYIRVNIWGKAYRQYHSKTGRLIE!ìILSPLNTKRHNLKWIIS?_INFEVAPIPAVIIIl

60
60
58
58

120
120
L18
Ll_8

180
1_80
L7I
178

240
226
238
238

300
226
295
288

360
226
308
323

420
226
308
382

446
226
308
404

VaWzf
EfATP
ÀsÀBCA
ECATP

VaWzt
EfATP
AsABCÀ
EcATP

Vavùzt
EfATP
AsÀ.BCÀ
EcATP

VaWzt
EfATP
Ä,sABCA
ECATP

VaWzt
EfÀTP
ASABCA
EcATP

VaWzt
EfATP
ASABCA
EcATP

VaWzt
EfATP
ASABCA
EcATP

KNGAGKSTLLK T I TG\¡I,T PT SGSVI(LNG\A/S SLLELGÎGFNPDLTG I EN IYLNS SLMGI Q
ENGSGKSTMI,K I I TGVLT PT SG S¡,Í\¡INGK I SAILELG SGFNPEYSGYEN IFLNG}Í\¡LGFS
HNGAGKSTI,T,QL I TGVI4Q PDCGQ ITRTGRWGIJLEIJGSGFNPEFÎGRENÏFFNGAILGMS
INGAGK STIJLKL I TGT SRPTTGE TE I SGRVÀÀLLEÍJGMGFHSDFTGRQINTYMSGQLLGL S

WÀ**.****.*..*** * .* . ***** **. . . ..*
KEDIDKKLÀQVTAFAD]GEHIHQPVRGYS SGMFÀRIJAFWAI SVEPDILIVDEATJAVGDA
REEMEERVQDVIDFÀD IGDHLYQPVKTYS SGMFVRLA¡'AVATIüVDPD I L IVDEAIJAVGDL
QREMDDRLERILSFAÀIGDF IDQPVKNYS SGMI,fVRLAFSVI INTDPDWI IDEAIJAVGDD
SEKITEI,MPQ IEEFAE IGDYIDQPVRVYS SGMQVRLAFSVÀTAIRPD\&ILÐEAISVGDÀ

v{". ** **. . ***. ***** ****.* **,**.****.***
AFVNKCYGK INELK SKGI,ITLLWSHSLGAVSELCTKAIL I DNGKCLLVSDVETWNQYNR
EFQLKCMEKFTETKNSGKTIIJFVSHDVNSIRRTCDRTTUryATRESP- - - - - -
AFQRKCYARLKQI,Q SQGVT T I,LVSHAAGSVI ELCDR,AVI,I,DRGEVI,I,QGE PKAVVHNYHK
YFQIIKS FER I RKFRQEGTTLLIJVSHDKQAI Q S I CDRÀI LLNKGQ I EMEGEPEAVMDYYI{A* *. * *.* ***

MIRS SFDKNI,QENENTEETTFDSSEKDTSET SL I S}[VKSKDIFNINNEFMNKHSKTRYGK

LLHMEGDERJARFRYHLRQTGRGDSYI SDESTSEPKIKSAPGILSVDLQPQ- - - STVWYES
T,I,AD- - - - - _KQNQSIKQVEHNG- - -KTQTVSGTGS\TTISEVHLLDEQGN-WEFVSVGH

GGARIVNVE T IEGDDNKNRLFSYNTKTKI,RVYIKSDQNLNKLNCGYF IRTDKGLS IVGNN

KGAVLSDVHIESF-------
RVSLQTüìIYEVKD--------- ------DIPEL\A/GYMIKDRLGQPIFGTN

I,E S SKFELRDLKÀNRKVI I DFD I PLT IKSG TYSLTVVLGASDSENNEF IVDVÍ\,TDLAD S FE

VFH SKDQYS FEYMVH f QNK 1 SMNY I D

VVNIEQQE- FVGVSWTPPELE I S - - -

Alignment of the amino acid sequences of Wzt (VaWzt), E. faecalis ATP (EfATP) (4F071085), E. coli NfP (EcATP)
(48010150) utd 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; ., simila¡ residues.



Table 6.9: Homology table for Wzty"

VaWzt

EfATP

EcATP

ASABCA

KpRfbB

BsTagH

VaWá
100

EfATP
55.5
(2201
100

EcATP
33.9
(381)
44.6
(213)
100

ASABCA
41.6
(310)
49.8
(217\
46.3
(244',)

100

KpRfbB
45.5
(244)
41.0
(222)
43.0
(242',)

42.6
(244\
100

BsTagH
42.3
(215)
42.3
(215)
38.3
(2s6)
40.3
(236)
40.5
(242',)

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 Vo identity occurs.
Abbreviations: gb, Genbank;sp, SWISS PROT.

Va\ù/zt
EfATP
EcATP
ASABCA
KpRfbB
BsTagH

V. anguillarumWzt
E. faecalis ATP binding protein (gb4F071085)
E. coli ATP binding protein (gbAB010150)
A. salmonicido, ATP binding protein GpQ07698)
K. pneumonia¿, RfbB (spQ48a79)

B. subtilis, TagH (spP42954)
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6.2.10 Additional genes involved in the synthesis of O-
antigen in V. anguillarum Ol

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 Ol. KM2 was found have a TnphoA (CmR)

insertion in an ORF homologous to otnE (Bik ¿r al., 1996) from V. cholerae Ol39 (D.

Milton, personal communication). otnE has yet to be assigned a specific function, however

it is thought to play a role in capsule biosynthesis (Stroeher et a1.,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 otnE homologue in O-

antigen biosynthesis in V. anguillarum Ol. otnE could not be linked to the wbh region

sequenced in this study (data not shown). Further cloning and sequencing of the region

downstream of wbhO on pPM4910 (Chapter 5, Section 5.2.1) has revealed the presence of

other ORFs with homology to dblpolysaccharide genes (Fig. 6.15). Restriction mapping

and Southern hybridisation analysis using fragments of these additional genes (cloned in

pBC-KS+ and DlG-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

(wbÍV), otnF and otnG) from V. cholerae Ol39; otnF (wbfQ and otnG (wbÍB) do not have

defined functions. The nucleotide sugar dehydrogenase (wbJY) is homologous to an ORF

adjacent the E coli Olll rÍb region (Bastin and Reeves, 1995). It is therefore possible that

the region involved in O-antigen synthesis in V. anguillarum 01 will need to be extended



Figure 6.15: Presence of additional polysaccharide gene homologues in
V. anguillarum Ol.

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 wbh region Box with stripes represents the cosmid vector pPM210l. 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 a¡e redundant

and not functional.

One subclone of interest (pPM4996) had sequence homologous to rfe (Meier-

Dieter, 1992) (data not shown). RfeÆVecA is one of only two known initiating enzymes

and catalyses the addition of GlcNAc to bactoprenol in the first step of O-antigen

biosynthesis (Whitfield, 1995). Rfe/lVecA has been assoiiated with initiating

polymerisation in the homopolymers O-antigens of E. coli 08, 09 (Jann et a1.,1982; Rick

et al., 1994) and Klebsiella pneumoniae Ol (Cla¡ke and Whitfield, 1992). The presence of

this homologous sequence (47Vo identical at the amino acid level) suggests that the O-

antigen polymerisation in V. anguillarum Ol is initiated by the transferase activity of the

Rfe/TVecA homologue.

6.2.L1 Comparison of the V. ønguillarum Ol wildtype
strains 85-3954-2 and NB10 by Southern
Hybridisation and PCR

The two V. anguillarum Ol 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 Ol 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 99.9Vo identical to those lor 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 NBIO rryas digested with various

restriction enzymes found in the wbh region, and DlG-labelled subclones (pPM4901,

pPM4943) and IS1358 were used as probes to determine similarity. The Southern blot

using pPM4943 as a probe showed that the two Ol 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 IS1358 probe was used. Southern hybridisation

preformed previously in this study using IS1358 as a probe on HindIJJ. digested

chromosomal DNA of V. anguillarum Ol strains showed the presence of conserved 4.8

and 1.8 kb fragments (Chapter 3, Section 3.2.8). NBl0 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 Clalthe same expected DNA

fragments were detected (Fig. 6.16 (C); Table 6.10). This is the first V. anguillarum Ol

strain analysed that has shown a difference inthe HindIII restriction pattern.

PCR using oligonucleotides (Table2.4, Fig. 6.17) combinations to amplify different

wbh genes were also performed. The products produced were identical between the two

strains tested suggesting the sequencedwbh operon from 85-3954-2was present in NBl0

(Fie.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 differentwbh 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
0L strains, 85-3954-2 and, N810.

Southern blots of DNA from 85-3954-2, pPM4905 and pPM49l0 digested with various

restriction enzymes, were probed with DlG-labelled probes of pPM4943 (A), pPM490l @)

and IS/358 (C). The approximate size of the hybridised bands are shown in kilobases (kb)

in accordance with Sppl (EcoRI) markers.

A: Sourhern blot probed with Dlc-labelled pPM4943 (ddhD, ddhA)

a, 85-3954-2 digested with I/indltr; b, NBl0 digested with I/¡ndltr; c, 85-3954-2 digesred

with ClaI; d, NBl0 digested with CIaI; e, 85-3954-2 digested with ^SacI; I NB10 digested

with SacI; g, 85-3954-2 digested with Bgltr; h, NBIO digested with Bgltr; i,85-3954-2

digested with PsrI; j, NB10 digested with PsrI. The probe was labelled randomly (Section

2.10.7) and corresponds to nt 14289- nt l5M2 (Appendix 1)

B: Southern blot probed with PCR DlG-labelled pPM490l (virB/wbhL)

a,85-3954-2 digested with EcoRI; b, NB10 digested with EcoRI; c, 85-3954-2 digested

with Psfl; d, NB10 digested with PsrI; e, 85-3954-2 digested with Hindltr; I NBl0

digested with ll¡ndltr. The probe was PCR Dlc-labelled (Section 2.11.4) using

oligonucleotides #1088 and #1089 (Table 2.4).

C: Southern blot probed with PCR DlG-labelled IS1358

a,85-3954-2 digested with Ilindltr; b, NB10 digesred with f/indltr; c, 85-3954-2 digested

with CIaI; d, NB10 digested with ClaI. The probe was PCR-DIG labelled (Section 2.11.4)

using oligonucleotide #773 (Table 2.4).



abcdefghij
8.50 kb
7.35 kb
6.10 kbA

abcdef

2.81 kb

1.9s kb

r.16 kb

0.98 kb

så

B

abcd

C 6.10 kb
4.84 kb

8.5 kb

4.84 kb

3.59 kb

.{ 1.16 kb

0.98 kb

3.59 kb

1.86 kb

1.51kb

098kb



Table 6.10: Sizes of restriction enzyme fragments which hybridise to pPM4943, pPM4901 and ISI358

pPM4943

DlGlabelled probe used"

pPM4901 IS1358

Restriction enzyme

Bgnl

CI4l

^EcoRI

Hindlll

Pstl

Sacl

DNA used in Southern analysis

85-3954-2 NBL0 85-3954-2 NB10 8s-3954-2 I{810

>8.5 kb

5.0 kb

NA

1.2 kb

2.8kb

7.3 kb

>8.5 kb

5.0 kb

NA

t.2kb

2.8 kb

7.3 kb

NA

NA

18 kb

4.0 kb

t.2kb

>8.5 kb

NA

NA

NA

18 kb

4.0 kb

t.2kb

>8.5 kb

NA

NA

5.0 kb

NA

4.8 kb

1.8 kb

NA

NA

NA

5.0 kb

NA

3.6 kb

1.8 kb

NA

NA

Sizes of the restricted fragments are approximate and were measured in kilobases (kb). a, the DlG-labelled probes

correspond to nucleotide numbers in Appendix l: pPM4943,nt 14289-15M2; pPM4901, nt257OO-26788; IS1358,
nt 9801-l l l39. NA: not available



Figure 6.172 PCR analysis of the wbh region in 85-3954-2 and I\810.

PCR products were amplified using standard conditions as described in Materials and

Methods (Section 2.ll.l) using an extension time of 2 min 30 sec. The products were

electrophoresed on a l%o agarose gel followed by staining with ethidium bromide. SPP-I

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.
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85-3954-2
NBlO
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NBlO
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SPP.l

275U2752 (rmlA)

275512756 (wur)

2169 (rs/3s8)

2501.12502 (wbhD\

2s0U2305 (wbhE)

240812398 (wbhil)

236212223 (wbhN)
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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, KMl6 and KMI l0

possess LPS with altered O-antigens with an increased or decreased molecula¡ weight, in

comparison to the wildtype. The fourth mutant, KM97 appeared to have a true R-LPS

phenotype.

Vy'estern immunoblotting analysis of KMl6, KM97 and KMl10 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 aI.,1995a) and E

cold (Saeki et al., 1993), and is therefore a form of antigenic variation.
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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 Ol. The wildtype strains, 85-3954-2 and NB10 used in this

study were found to contain glucose and rhamnose in a ratio of l0:1. In addition

glucosamine was also found at the same ratio as rhamnose (ie 10:1:l). The rhamnose

biosynthesis genes have been located based on gene homology and the synthetase gene

(rmID) was found to complement a ^L flenteri dbDlrmlD mutant. Indirect evidence that

the O-antigen of V. anguillarum Ol is a homopolymer comes from the O-antigen transport

system (wzmlwzt) available.

Analysis of the mutant LPS from KMl6, 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 KMl10 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 KMl6 and KMl10 showed that these strains had O-

antigens with decreased molecular weights with no apparent effect on the core

oligosaccharide component (Section 6.2.2). TheTnphoA (Cm*) 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 Hindú, when NB10 was probed with IS1358. Additionally, other genes to

those characterised in detail (Chapter 5) were detected in the region. One of these (arn.B) is
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required for O-antigen biosynthesis in V. anguillarum Ol, although the precise function of

this, and the other genes is unknown.
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Chapter Seven

Discussion

T.L 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. ln one study, the O-antigen of the 03 serotype (Eguchi et

a1.,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 02 has been cloned and

expressed in E coti (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 tras U""n determined (Sadovskay a et ø1., 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 Ol serotype is an

essential virulence factor (Norqvist and Wolf-V/atz, 1993). Sugar composition data is

available for the V. anguillarum Ol LPS core oligosaccharide (Banoub and Shaw, l98l)
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but information on the O-antigen component of the LPS of this serot]?e is unreliable

(Banoub et a1.,1987) as the strain used was poorly defined.

kr this thesis the LPS/O-antigen biosynthesis locus (wbh) of V. anguillarurn 01 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 ISl-358 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.

T.2Major Outer Membrane Protein (MOMP)

h 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 Ol and 04 allowed detection of a common immunogenic protein

(designated MOMP) in all V. anguillarum serotyptes (Ol-Ol0) 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 tobe 38Vo identical andT1Vo

similar to an immunogenic protein, P2,inHaemophilus influenz¿¿. No other matches were

found using the databases searched with the program BLASTP. During this study, Suzuki

et aI. (1996) determined the N-terminal sequence of the MOMP from three V. anguillarum

serotypes (O1, 02, 03) and found that the amino acids were identical within the strains

used. The N-terminal sequence determined from V. anguillarum OL in this study was

identical to that repofed by Suzuki et aI. (1996), except for a change at amino acid #4 were
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Valine (V) is substituted for Tyrosine (Ð (Chapter 3). Suzuki and colleagues did not

report any similarity to the P2 protein. However, they did indicate that their sequence had

30457o identity to other bacterial porins (OmpF and OmpC). kr this study no similarity to

OmpF and OmpC was found, using the BLASTP associated databases.

It has been demonstrated that the P2 protein from IL influenzae type b has porin

activity (Vachon et al., 1936) and that antibody directed against P2 is protective in an

infant rat model (Munson et a1.,1933). The size of the P2 protein va¡ies between different

H. influenzø¿ 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 inV. anguíllarum.

During the course of this study Simon et øI (1996, 1998) described the MOMP

from V. anguillarum Ol 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 aI, (1998) have examined the

immunospecificity of antiserum generated against one serotype of V. anguíIlarun 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 Ol and 02, as determined by

immunoelectron microscopy, but were able to bind to the SR-LPS strain representing
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serotype 04, suggests that the MOMP is masked by other components of the outer

membrane, in particula¡ 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 l57o polyacrylamide gels within the typed Ol strains indicates

that the MOMP may be useful in further characterising and typing V. anguillan¿n strains

isolated from diseased fish and the environment. This is becoming increasingly important

given the number of new strains and serotlpes emerging, some of which can not be typed

using current methods (Pedersen et a1.,1999).

7.3 The O-antigenllPs biosynthesis locus of V.

ønguillørum Ol

The LPS/O-antigen biosynthesis locus (wbh) of V. anguillarum was isolated and

partially cha¡acterised 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: rtnlBADC, wZffi, wz|, 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 wbh locus (Section 5.2.8; Appendix 1). It is not known which



Table 7.L: Functions of the wbh genes found in V. anguillarum Ot

ORF G+C
content"

Putative Function

rføD/gmhD
rmlB
rmlA
rmlD
rmIC
ï,ün
wzf

wbhA
IS1358
wbhB
ddhD
ddha
ddhB
ddhc
wbhC
wbhD
wbhE
wbhF
wbhG
wbhH
wbhl
wbhJ
wbhK
wbhL

43.7

43.3
45.8
48.2
40.5
35.7
33.9
31.7
43.2
30.2
33.9
3E.3
4t.t
38.4
36.4
32.5
39.0
19.4
32.3
32.4
36.3
36.6
37.8
31.2

core biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis
rhamnose biosynthesis

O-antigen export (channel)

O-antigen export (energiser)
unknown

insertion sequence
unknowrr- transferase

CDP-dideoxyhexose pathwaY
CDP-dideoxyhexose pathway
CDP-dideoxyhexose pathway
CDP-dideoxyhexose pathway

acetolactate synthetase
unknown

glucosamine biosynthesis
unknown

bactoprenol glucosyl transferase
unknowrr
unknown

acetyl transferase
transaminase

glycosyUrhamlose transferase

unknown
rhamnosvl transferase

Homology to

V. cholerøe OlrfaD
A. actinomy c etemc omilans
A. actínomy c etemc omitans
A. actinomy c etemc omifans
A. ac tíno my c et e mc omitan s

B. subtilis tøgG
En. faecalß ATP binding protein

Y. p s eadotub e rculo sis as c D
S. Ephimurium úbF
Y. pseudotuberculosís
Y. pseudotuberculosß

E. coliilvG

M. thermoautotrophicum

B. subtilß csbB

B. pertussß blpÛ
S. venezaelae

V. ønguillørum vi¡B
H. influenazne lgtD
V. ønguillarum virA

S. flexnerì rÍbF

Accession
Number
x59554

a80104ls
a801041s
A8002668
A8010415

P42953
4F071085

P379ll
P26396
L33181
E,47070
P00892

A8000818

Q4ss39

wbhM
wbhN

x90711

^F07n62L0E012

Qs7022
L08012
s51266

30.9
37.5

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

stemmedloop structure, likely to be a transcriptional terminator, was located after the gene

designated wbhN. This may suggest that the wbhlocus 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 rmlB. The JUMPstart sequence is involved in transcriptional

regulation (Marolda and Valvano, 1998) of polysaccharide biosynthesis loci in E. coli kps,

E. coli K-I2 waa, S. flexneri rÍb, S. enterica wba, V. cholerae wbe, and Y. enterocolitica

wbb (Hobbs and Reeves, 1994). Regulation involving the JUMPstart sequence involves

the known transcription elongation factor rfaH (waall\ RfalVWaaII permits transcription

to proceed over long distances (Bailey et aI., 1997). Any mutation effecting rfaH/waaH or

the regulatory sequence leads to premature termination of transcription (Marolda and

Valvano, l99S). 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 were

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 rmlAlrmlD, ddhBlddhc,

wbhDtwbhÛ a¡dwbhJlwbhK 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. anguíllarum Ol appears to be

comprised of genes that may have been acquired from different sources. The %oG+C

content of parts of the V. anguillarum wbh region do not correlate to the average VoG+C

content for this organism (¿A.47o) 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 a1.,1993). Generally the VoG+C content

of the genes in the wbhlocus were below 4O7o with the exception of nnlBADC and ddhB;

rmID had the highest %oG+C content of 48.27o, and wbhF possessed the lowest 19.47o

(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 Ol show

between 6l-74%o identity to the rml genes from A. actinomycetemcomitans, 57-687o

identity to the equivalent genes from N. meningitidds, and 62-67Vo identity to the 
'S.

enterica group B and S. flexneri rhamnose 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. ønguillørum O1..

Preliminary sugar analysis performed on the LPS of the wildtype strains of V.

anguillarum Ol (NBIO 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: l. 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 (N810 and 85-3954'2) and

mutant (KM2, KMl6, KM97, KMl10) 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 Wzml\Nzt in the wbh region of V. anguillarum Ol 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 wbhÛ:TnpåoA (CmR) mutant KMl6 indicated that this strain

had a ratio of glucose to rhamnose 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 a¡e involved in the production of perosamine, an amino sugar. The observation that

KMl6 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 rhamnose 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 Tnp/zoA (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-VagOl. 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 simila¡ observation has

previously been reported in E coli (Morona et a1.,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 01, its loss from the hapten of KM97 may be

explained as modifications are thought to either occi¡r 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 (Fi9.7.2).
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KM110 has a TnphoA insertion i¡ wbhB and has S-LPS of decreased molecula¡

weight as observed by SDS-PAGE and silver staining. The sugar analysis of this strain

showed an altered glucose:rhamnose ratio (ie.2.5:l), 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 Ol 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 1l-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 (Gtrtr) and O-acetylase (Oac) in S. flemeri (Mavris et a1.,1997; Cla¡k

et aI., l99l). It 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

complementedby 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 Ol showed that rhamnose was

present which was expected from the sequence as TnIBADC werc 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 rmlD was confirmed to be the

dTDP-rhamnose synthetase gene by complementation of an S. flexneri rmID mtfiant

(Chapter 6, Section 6.2.8.1).

For rhamnose to be constituent of the LPS of V. anguillarum Ol 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 (rÍbÐ of S. flemert. 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 (I995a), for rÍbF as being characteristic for 6-deoxyhexose

transferases. Therefore, it is postulated that wbhL and wbhN a¡e 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 rWolf-'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

wbhLlvirB was reported. It is possible that the plasmid vector used in this study did not

allow thewbhL gene product to be expressed.

7.8.L A role for the homopolymeric ttact of cytidine
residues?

Homopolymeric tracts of cytidine residues have been reported to be involved in

capsule and lipooligosaccharide (LOS) phase variation in Neisseria meningitidisby causing

slipped-strand mispairing, resulting in the addition of different sugar residues

(Hammerschmidt et al., 1996; Katrler 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 (I-evinson 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 a1.,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 a¡e able to enter epithelial cells. Examination of

encapsulated and unencapsulated variants showed that the activity of the enzyme,

polysialyltransferase required for the production of a-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 et aI.,

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 I I cytidine residues

adjacent and within the 5'end of the ORF (Section 5.2.7.6.4) suggesting that a simil¿r

mechanism of variation to that described above may be occurring in V. anguillarum OI,

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 32kÐa 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). h 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 a1.,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 01 strain (775.178) sequenced in the previous study was

found to contain only 10 cytidine residues in comparison to the l1 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, KMll0) 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 (rhamnose, 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 allowingwbhN tobe

expressed due to frameshift, 4) wbhN is not involved in the transfer of sugars (rhamnose) 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 wbh 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 a¡e 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. pseuàotuberculosis and S. enterica sv
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typhirnuriurn. hitial sugar analysis of the LPS from V. anguillarum Ol 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 a¡d

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,

wbhll[), a putative amino sugar synthetase (wbhE), putative modification enzymes (wbhG,

wbhJ, wbhll and sugar transferase s (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 wbh 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 Ol that has been sequenced is incomplete.

7.9.1 Previous studies of V. anguillarum 01 LPS:
composition and structure

There has been some controversy as to whethet V. anguillarum produces more than

one tlpe LPS. Different resea¡chers (Banoub and Shaw, 1981; Eguchi et al., 1992;

Norqvist and \Molf-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 a1.,1992). The investigation reported in this

thesis of the LPS profile of V. anguillarum 01 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 (#225lSI-41)

believed to belong to the Ol serotype by Banoub and colleagues (1981, 1987). However

the resea¡chers 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 va¡iant

and not a wild t)¡pe 01 strain. The analysis of a number of Ol 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-Lglucose, 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-p-L-glucose residues

alternatively substituted through O-2 with a side chain residues of 2-acetamido-2,6'

dideoxy-a-D-glucose (N-acetylquinovosamine) which was also substituted with propionyl

groups (Fig.7.1).

As the repeating unit of the O-polysaccaha¡ide of this strain consisted of 3-

acetamido-3,6-dideoxy-B-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 sugrir analysis performed on the typed Ol strains 85-3954-2 and NBIO 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. anguíllaru¡z strain #225lSJ-41.

A schematic representation of the chemical structure of the V. anguillarum strun f225lSJ-

41, which is tentatively designated as a Ol serotype strain. Abbreviations: LQui3Nac, 3-

acetamido-3,6-dideoxy-Lglucose; D-QuiNAc, 2-acetamido-2,6-dideoxy-D-glucose; R,

propionyl groups; OMe, O-methyl. Diagram adapted fromBanoub et a1.,1987.
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presence of rhamnose 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:l) while the analysis conducted on NBl0 and 85-3954-2 showed the opposite

(l:10).

Although there are simila¡ities between the analyses, there are also significant

differences which may indicate that the strain used by Banaub and colleagues was not a an

Ol strain, although it may be a varianlmutant. Assuming that the strain used in the 1987

study was an 01, the genetics of the LPS/O-antigen biosynthesis rrybl¿ 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 et aI. (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 mola¡ 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 ate

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 Lglycero-D-manno-heptose from rfaD

which is known to produce this sugar. Other genes in the wbh region could then do the



157

necessary acetylation and amination reactions. Assuming that this is the case, this means

that the rfalwaa 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 thewbh region to determine their function in LPS biosynthesis.

7 .L0 Antigenic Variation

Random mutagenesis of V. anguillarum Ol using the transposon Tn5pftoA (CmR)

and subsequent screening resulted in the isolation of four mutants (KM2, KMl6, KM97,

KMl l0) 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, KMl6,

KMl10) 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, fuither analysis

of three of the mutants (KM16, KM97 and KMl10) showed that the altered O-antigens and

hapten reacted to the anti-VagOl 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 Ol, 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. anguillarutn. 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 KMl6 and KMll0. h 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 va¡iation by simple mutation has been reported in E. coli with S. flexneri

rfb genes. Mutations in the wzx/rÍbX (putative flippase) and rfbF (rhamnosyl transferase),

when expressed in an E coli backgtound 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. flenteri. 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 aI.,l995a). 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. coti 08 a similar scenario has been noted by Sacki et aI. (1993). E. coliK-12

strains harbouring the rfb genes of. E. coli 08 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 08 O-antigen which are not

present in E. coli K-12. Although the examples of antigenic variation in S. flexneri and E

coli 08 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



159

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

Ol a¡e consistent with these previous reports.

7.ll Vaccines and SerotYPing

The fact that there is possibly heterogeneity of O-antigen within a strain of V.

anguillarum Ol 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 seroqæe 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

KMl l0) 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 inV. anguillarum Ol, 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 otnE, 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 pJMl, essential for virulence, was lost during the experiment when KM97 (wzm)

and KMI lO (wbhB) were isolated, invalidating the data obtained. Strain KMl6 lwbhE +

pJMll 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 (vir{). In addition a recent study by Boesen er a/.

(1999) demonstrated O-antigen length was critical for V. anguillaru¡nr to survive in fish in

relation to complement and serum resistance.

7.!3 Presence of IS/358 in the wbh locus of V.

ønguillaruÍn 0L and the putative O-antigen/capsule
biosynthesis region of 02.

An interesting feature of the wbhlocus of V. anguillarum Ol 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 ISAsl family of insertion sequences (Matrillon and

Chandler, 1993) has been associated with O-antigen and capsule biosynthesis loci in V.

cholerae Ol, 0139 (Stroeher et a1.,1995) and 069 (Bik et al., 1996). Interestingly other

insertion elements of this family including ISAs/ of Aeromonas salrnonicida (Gustafson ¿t

at.,1994) and the H-repeats of E. coli (Hill ¿r a1.,1994) have also been associated with cell

surface biosynthesis genes. It is therefore postulated that elements in the family ISAsl

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 transposable elements exhibit a degree of preference for a particular insertion point,

despite the fact that their mobile nature is homology independent (Dalrymple et a1.,1984;

Gustafson et al., 1994).

In the V. anguillarum 02 serotype two putative dblpolysaccharide genes were

located between two IS1358 elements. These gene products show significant homology to

polysaccharide biosynthesis-related genes, including bplLfrom Bordetella pertussis and Vi
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polysaccharide biosynthesis protein (VipA) from Salmonella typhi. The bplA homologue

wÍrs an intact ORF, while the ORF which showed similarity to vipA was intem¡pted by

IS1358 (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 a¡ise 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 Ol (this study) and the

putative O-antigen/capsule region in V. anguillarum 02 (this study) are similar to that

observed in V. cholerae Ol, 0139 and 069. Figure 7.2 compares the O-antigen

biosynthesis loci of V. anguillarum Ol and 02,V. cholerae 01 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

rfaDtgmhD 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 Ol and 0139 allows for compatible

linkage of the different O-antigens in these serotypes (Stroeher et aI., 1998). The

conservation of rfaDtgmhD 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.,l9S1). It is most likely that gmhD is conseryed so that it

can act as a site of homologous recombination between O-antigen biosynthesis regions



Figure 7.22 Comparison of the O-antigen biosynthesis loci of
V. anguillarum o1, 02 and V. cholerae O1r 0139.

A schematic representation of the O-antigen biosynthesis loci of the V. cholerae Ol (Vc

ol), 0139 (vc 0139) and V. ønguillarum ol (va ol) (Chapter 5), 02 (va 02) (Chapter

4). Functions that have been assigned to gene blocks are indicated on the figure. The

¿urows indicate the direction of transcription of the various genes. The lighter shading

represents the homology seen between the rfaDlgmhD 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 a1.,1998; Bik et aI., 1996) (see below). At the DNA level the gmhD genes

from V. cholerae and V. anguillarumOt are7SVoidentical.

In addition to the arrangement observed at the 5' end of the region, V. anguillarum

Ol and V. cholera¿ Ol have identical alrangements near the ends of their respective O-

antigen biosynthesis operons. The rrsG (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 Ol has been shown to be essential for O-antigen expression in this

bacterium (Fallarino et al., 1997). ln V. anguillarum the role of trsG (wbhO) in LPS/O-

antigen expression has yet to be elucidated.

7.14 A putative role for IS/358 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 IS/358 produced a protein of the colrect

molecular weight (42kÐa) 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, 07 and 09. V. anguillarum serotyptes 02 and 09 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 aI. (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

IS1358 from V. cholerae Ol39 have been unsuccessful in our laboratory (U. Stroeher,

personal communication). Recently, Dumontier et al. (1998) reported that IS1358 from V.

cholerae O22, 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 IS1.t58 elements of V. cholerae OI39 and V. anguillarum 02,

07 and 09, it is highly probable that these elements would be able to transpose and

therefore may be involved indblpolysaccharide gene realrangements.

An apparent role for IS1358 in genetic rearangements has been suggested (Stroeher

et al., lgg5,1998; Bik et al., 1996). Therefore one of the questions asked in this study was

whether IS1358 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 Ol and 02 that IS/358 could be involved in gene

rearrangements.

In y. anguillarum 02, the two ORFs (ORFI, 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 resea¡chers (Dumontier et aI., 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 cortmonly 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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IS/358 flanking a kanamycin cartridge. This construct was capable of transposition

(Dumontier et a1.,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 re¿Irrangements to

acquire genes that are capable of functioning together to produce new O-antigen material.

Even if IS1358 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 IS1358 and possibly rfaDlgmhD ot rrsG. Using the

data presented in this study and from other studies, it is unreasonable to dismiss IS1358 as

a player in genetic reaffangements 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 wåh locus of V. anguillarum Ol 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.

anguillarumOl type strain (eg 85-3954-2/NBl0) 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 IS1358, and other related elements, ñâY 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 (8. coli).
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Appendix I



APPENDIX 1:

The nucleotide and deduced amino acid sequence of the O-antigen biosynthesis
locus (wbh) olv. anguillarum Ol (85'3954'2)

The nucleotide sequence is numbered in accordance with Genbank accession number 4F025396 and is shown from nt I 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 IS/358 are underlined with a double line. Terminator structures are boxed-

10 20 30 40 50 60 70 80 90 100 110 L20

Ëit¡dIII
5 , AÀGC,ITÀTTGCGTGÀGÀTCTCTTTÀCGCTGTTCAGATTCÀCTGAGTTTGCTGAGÀAATGGATGÀGTCATTGTATGÀCCCCCÀÀTTTCÀACTÀGCCCTGÀÀTCGTGTAATGCTTTGÀCTTC

130 140 150 160 770 180 190 2oo 210 220 230 240

CTGÀCGÀGACATTÀAAGGCÀCTGGTTTTTCTGGGTTGCTCGGTÀCTTCAACATCCCÀÀCGGTTAÀAÀTCCTCACCCGTTÀCTÀCATÀGACAÀCCGCTTTÀÀÀÀCCGTÀTlTTTGTAÀTÀG

250 260 270 280 2go 3oo 310 320 330 340 350 360

CGGCÀACATCAÀTTCGTÀGTTATCTTGÀTÀGCCGTCATCAACCGTTAAGATGATATAGCGCCTGCClGÀTTCÀÀGGCGGTGÀÀTÀÀGCCClTTATCCGCTÀÀÀTCTTTAAAGGTTÀGCGT

470 480370 380 390 4oo 410 420 430 440 4s0 460

TlCÀÀACCCCATTTTTTTTÀGCAGGTTGÀÀGTGCTTClCÀAGTÀTGTCÀÀTATGCAGÀTÀGGTACCÀTGTÀCGCCCTTTTCÀCTTTCÀTCCTTÀÀTAÀÀG CGÀTGÀTÀCATÀATÀÀTCGG

4905005105205305405505605?0580590600
CATClCTTTÀCGCAGCTTTTCÀACÀTAÀÀCCGTTTGATAAATATCTTCTÀTTTGATCGACCACÀTTGGTTAAGCTGTÀGCTGlGCTGÀÀTTATTTCÀCTGACTTGTCGCGÀGCÀGTGTGG

610 620 630 640 650 660 670 680 590 700 1to 720
CGTTTTTAÀCCCTTGTTCTACATATTGACTAATTTTTGÀÀÀÀÀTTAATATCGÀGATCTTTAGGCCCGÀTGTCÀCCGÀÀGTTGTTTGCCÀTGGCCGTÀGCGÀ1ÀTTÀTCGTCÀTCGACÀAT

?30 740 750 ?60 7':.0 780 790 800 810 820 830 840

ACCAATTGCÀCTTGCCTCACCGÀ.rTGCCÀGTGTAGGCCGTCCÀCACÀÀCAAÀGÀTTCCATlGCCACTCTGCCÀGCCCCAATGAlTÀÀGTCTGÀTTGÀGCÀÀGTATCGAGACGACATCTTG

8s0 860 870 880 890 9oo 910 920 930 940 eso 960

TGÀATÀÀCCAAGAAAGTGÀÀCGTCAGAÀGTÀAACTTATTAÀÀÀCGCGCTT CAÀTTTTAGÀTCCÀGAlATGÀCCTGÀATGTGGTATTTCGCTGAGTClÀAACÀCTCATCGÀGCÀÀCCGATÀ



970 980 990 1oo0 1o1o 1020 1o3o 1o4o 1o5o 1060 10?0 1080

ACAÀÀGATCCCCTTTGGGGCCGGTTÀATCGAC CAÀTÀÀTÀCTGACAÀCÀGGTTTGCTATTTlGÀGGAGCÀTTTTGCCÀÀGCGAATTCTTGCGTTTCAÀTTCCGTTTCGGCTTÀCGACGÀG

1090 L100 1110 tt2o 1130 1140 1150 1160 11?O 1180 1190 1200

CGÀACTTTGTGGAACATTCÀÀTTCAGTCÀTGAGTTGTTGTTCAATGGCCTCÀCAÀACCGGCÀGCCCTTTGTCÀCCCÀTTGCGTGÀÀÀTTTTTTÀCGAGÀGGCGTGTÀCÀGGCTGÀCGGCC

1270 L22o 7230 1240 r25o 7260 L27o 7280 7290 1300 1310 1320

ATGTÀCTGTGGTGACCATÀGGCGTATTTGTTÀATTTGCAAGCAATGTGACAACT C CAÀCTGGAAGCGCGÀGAGTGAG CÀTGCACTÀG CTGGAlÀTGGTGTTTCTTAÀTCÀGATAÀÀTAÀG

1330 1340 13s0 1360 13?O 1380 1390 1400 1410 1420 1430 1440

ATAACCCACATGCCAAAÀGCGGCGÀAGAATACTGCGTlTATTAAAACGGAGTTTATAÀÀATAGCCCTTGGTGAAGTTTTGTTÀGCGTATCGGÀÀACÀTÀAÀÀTACCTTÀTGCCCÀCGCTT

1450 1460 7470 1480 L490 15oO 1510 :-520 1530 1540 1ss0 1s60

TGTCAGTT CATCGCCAGCGGTTGTGGCATAAAC CT CTGCCC CAGTGACCTCAAGTTGAGATAÀGGCCATTAATÀTGTTCATCÀATACTCCÀCGÀGTTÀGCAGCCAÀTG CTTTTCÀTATGT

<-oÊf,2

15?O L58o 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

CTAÀGAÀACATGATCAATTTTTCÀTTCCT C CCTCTTCCAAT CGTCÀCTCCATÀTTAGTCTTTCATTGAGAGGAGÀGÀTCTATTCGTTACTGCCTTTTAGGGÀGÀGGTGTTTACTÀGTTCC

1690 17oo 1710 7720 1730 1740 1750 1?60 1770 1780 7790 1800

TCCCCCTTTTAGGGGGAGGTTAGGAGGGGGTGÀTTACÀGCCATCÀCTÀCTTATTÀATCÀACGCCATATACTCAGCCÀCÀCCTTCAGCCÀCCGTCTTÀAACTGÀTGCTGGCÀACClGCGGC

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 t920
GCGCAÀTTTCGTTAAATCGGCCTCÀGTGÀACTCTTGGTÀCGCÀCCTTTTAAGTGATCTGGGAAlGGAATGGTTTCAÀCGTCACCTTTÀCCÀTGGlGTTTGÀTÀÀCGGCTTTÀGCGÀCTTC

1930 1940 1950 1960 7970 1980 1990 2o0o 2o1o 2020 2030 2040

TTGGÀÀAGATTCTGCGTTGCCGGTACCCÀAGTTATAAÀTÀCCGGATÀCTCCGClGTTCATAAÀCCÀTAAATTCACAG CCGCAACGTCGCCCÀCÀTÀAÀCGÀAÀTCÀCGCTGGÀÀGGTTTC

2oso 2060 2o7o 2080 2o9o 2100 2tLO 2t20 2730 2140 2rso 2t60
ÀCTÀCETGCAAACAGTTTCGGGTTTTCÀCCCGCÀT.ICATTTGATTÀTTTAAATGÀÀAAGCÀÀCÀGAAGCCÀTTGAGCCTTTGTGCTGTTCÀCGCGGGCCÀTÀGÀCÀTTGÀAÀTAACGÀÀÀ

2t7o 2180 2t90 22oO 22rO 2220 2230 2240 2250 2260 2270 2280
ÀCCGGTAÀTTTGGGÀÀÀGÀGTT'tCACCGTGTGTTTGTGCTTCTTGCCAAATÀCGGCGCACATAGTTATCÀAACTGCTGCTTGGAÀTÀGCCÀTACÀCÀTTCÀGCGCÀCCTTCATACTCTTT

22gO 2300 23tO 2320 2330 2340 2350 2360 2370 2380 2390 2400
TTCTTCAÀTGAÀGGTATCGGTATCGCCÀTAGGTTGCGGCTGATGAAGCÀTACÀÀAÀÀTGGÀÀTGTCGCGCTCTÀAGCÀGTAGTGCAGlAGCTCTTTAGÀÀTACTCATÀGTTÀTTAÀGCAT

24tO 2420 2430 2440 2450 2460 24? 0 2480 2490 2500 2s\o
CÀCÀTACTTGCCATCC CÀTTCCGTGGTGGCAGAGCAÀGCGCCTTCATGÀAÀTÀCGGCTTCGATÀGAÀCCAAAÀTCCTCÀCCAGÀCATGÀTCTGCACCÀAGAAATCGTCT CG

2s20
GTCCÀTGTA



2530 2540 2550 2560 257 0 2 5 I O 2590 2600 2610 2620 2630 2640

ATCGGCÀÀTGTCCAGATCGGCTÀAGTTTTTGÀATTTACGACCATTTlTTAAÀTTATCGACÀÀCAÀGAÀTÀTCÀCTÀÀTGCCTlGTTCATTTAGCGCTTTGÀTÀATGTTGCTÀCCAATCAT
<-rf aL

2650 2660 2670 2680 2690 2700 21lO 2't20 2730 2740 2750 2760

-35 -10
GCCAGCACCACCCGTTÀCGÀTGÀTCATÀCAAÀATTCCTATGGTTÀTAATÀCGAACAÀTTACGCGCATTATAGCGGCTTAGCTAGTGGCTGTAÀTCACÀÀAÀTCTAATCTÀGG 

CTAGCGAC

27.1027802790280028Lo282028302840285
AGTCTCGCTCTATCTATGGTTTTGATGTAGTATTT CTGCCCAATÀAGCTCGCACCGATTTCATAAGGGÀTGÀGTTCGTTTATÀTGGAAT

0 286
AGCCGCTTGT

0 2870 2880
À l:ll ÀGTTÀGÀCCTÀÀGGGCGG

2890 2900 2sro 2920 2930 2940 29s0 2960 2970 2980 2990 3000

TÀGCÀTACCTAAAAAÀCATTAATAATTÀATÀTTAÍTCGGGTÀÀCAATATGAAGÀTTTTAGTTÀCTGGCGGTGCTGGTTTTÀTCGGTT CGGCAGTTGTTCGCCATATTÀTTCAÀÀÀCÀCÀC
r:frTBM K T L V T G G A G F I G S AV V R H I I O N T O

3010 3o2o 3030 3o4o 3050 3060 30?o 3o8o 3o9o 3100 3110 3]-20

AAGÀTAGTGTGATCAATATTGATAAGTTGACCTÀTGCGGGGÀACTTGGAÀTCATTACAAGGTATTGACAGTAGTGACCGTTATGCTTTCGAÀCCAGTCGÀTÀTCTGTÀACCGTTCÀGÀAT
D s v I N I D K L T Y A G N I., E s I, Q G I D s s D R Y A F E P v D 1 c N R s E I,

3130314031503160317031803190320032]-0322032303240
TÀGÀTCGTGTG.ITTTATGTGCATCAÀCCAGÀTGCGÀTTATGCACTTGGCCGCTGAATCCCATGTGGACCGTTCTATTGÀTGGCCCTGCCGCGTTTATTGÀGACCÀATÀTCGTlGGCÀCTT

DRVFYVHQ P DA I MH LAAE S HVDRS I DG PAÀF I E TN I VGTY

3250 3260 3270 3280 32gO 3300 3310 3320 3330 3340 3350 3360

ÀTACCTTGCTTGÀAGCTGCGCGCAGTTÀTTGGAACÀCGCTTGAGAGCAÀTAÀÀAÀAT CGGCATT CCGCTTCCATCATÀTTTCAACCGÀTGÀAGTGTATGGTGATTTGGÀAGGTÀCAGATG

T L L E A A R s Y w N T I, E s N K K s À F R F H H I s T D E v Y G D L E G T D D

33?O 3380 3390 34oO 3410 3420 3430 3440 3450 3460 3470 3480

ÀCCTCTTTACCGÀÀGAGÀCTCCATATT CÀCCTTCTT CACCTTATTCTGCATCGÀAAGCTTCTAGCGATCACTTATTGCGÀGCTTGGTTÀCGTACCTATGGTTTTCCTÀCCATÀGTCÀCTÀ
L F T E E' T P Y S P S S P Y S A S K À S S D H L I' R A W L R T Y G F P T T V T N

3490 3500 3510 3520 3530 3540 3550 3560 35?0 3580 3590 3600

ÀCTGCTCTÀACÀATTÀTGGACCATACCATTTTCCTGÀAAAGCTGATCCCATlAATGÀTTCTGAÀCGCTCTGGACGGTAAACCÀCTTCCTGlCTATGGCGATGGAÀTGCÀAÀTTCGCGÀTT
C S N N Y G P Y H F P E K L I P L U I L N À IJ D G K P L P V Y G D G M O I R D f{

3610 3620 3630 3640 3650 3660 36?0 3680 3690 3700 3710 3720

GGTTGTTTGTCGÀAGATCACGCTCGAGCGCTTTÀTÀAAGTGGTAÀCAGAÀGGCCÀÀGTAGGTGÀÀÀCCTACÀÀCÀTTGGTGGTCATÀACGÀÀAÀÀGCTÀÀCÀTTGAÀGTGGTGÀÀCÀCAC
IJ F V E D H A R À L Y K V V T E G O V G E T Y N I G G H N E K À N I E V V N T I'

3?30 3740 3750 3760 3770 3780 3790 38oO 3810 3820 3830 3840

TCTGTGCATTÀCTTGÀAGÀCTTÀGTTCCGAATAAACCTGCCÀACÀTTACCCATTÀTGCAGACCTTATTACTTACGTTÀÀÀGACCGCCCTGGÀCATGÀTGTGCGTTÀCGCGATAGÀTGCCT
C À L L E D L V P N K P À N I T H Y À D IJ I T Y V K D R P G H D V R Y À I D À S

3850 3860 38?O 3880 3890 39oO 3910 3920 3930 3940 3950 3960

CTAAÀÀTCGAGCGÀGÀGCTAGGCTGGÀÀGCCAGAAGAGÀCGTTTGÀÀTCAGGTATTCGAÀÀÀACAGTGGÀAlGGTATTTGÀATÀACCGCGAATGGTGGÀGCCGAGTÀTTÀGATGGTTCAT
K I E R E I, G W K P E E T F E S G I R K T V E [I¡ Y L N N R E Vf W S R V L D G S Y



3g.to 3980 3990 4oo0 4o1o 4020 4030 4040 4o5o 4060 4070 4080

ÀCÀGCTGTGAG CGTTTAGGCTCTGGGCÀATAACAAT CAÀTTÀÀGTTGGCGÀTTTCATGAAAGG CATTÀTCTTAGCGGGTGGCTCTGGCÀCTCGTCTTTACCCCÀTTACTCGTGGTGTÀ1C

scERI,GsGQ*nIåMKGIILAGGSGTRIJYPITRGVS
4o9o 4l_oo 4110 4720 4130 4!40 4150 4160 4770 4180 4190 4200

AAAACÀÀCTTCTTCCCATTTÀCGACÀÀGCCGÀlGAT CTACTACCCGCTTTCGACATTAATGTTGGCGGGGÀTTCGCGÀCÀTTCTGÀTTÀTCACCÀCTCCTGÀÀGÀTAÀCGAÀÀGCTTTAA
K Q I, f, P I Y D K P M I Y Y P L S T L M L A G I R D I L I I T T P E D N E S F K

4270 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

ACGCTTÀTTGGGGGATGGCAGTGACTTCGGTATT CÀT CTGCAATACGCGATT CAAC CTAGCCCÀGACGGTTTAGCGCAÀGCCTTCCTTÀTCGGTGAÀGAÀTTTÀTTGGCAÀTGÀTT CÀGT

R L L G D G S D F G I H L O Y A I O P S P D G L À Q A F I' I G E E F I G N D S V

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

CTGCTTAGTGTTAGGTGATAACATTTTCTATGGT CAATCATTTÀGTAÀÀACACTGÀÀÀÀGCGCCGCTTCACGTGÀGCÀTGGCGCÀÀCÀGTTTTTGGTTÀCCAAGTGAÀÀGÀCC CTGÀGCG

c IJ v L G D N r F Y G Q S F S K T L K S A A S R E H G À T V F G Y 0 v K D P E R

4450 4460 44.70 4480 44gO 45oO 4510 4520 4530 4540 4550 4560

TTTTGGCGTÀGTGGAGTTTGÀTGAGCAGATGCGCG CTATCT CAATCGAAGÀÀAAGCC CCTTAÀGC CCAAGTCAAACTÀTGCCGT CÀCÀGGACTGTÀTTTCTATGÀCAACCGÀGTGGTGGÀ

F G V V E F D E Q M R A I S I E E K P L K P K S N Y A V T G IJ Y F Y D N R V V E

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

GCTTGCCAAGCAGGTCAÀÀCCGTCGGCGCGCGGTGAÀCTÀGAAATTÀCCACCCTTÀÀTGAÀATGTÀTTTAAACGÀTGGCTCACTCÀATGTGGAGCTGCTTGGCCGTGGGTTTGCTTGGTT
I,AKQvKPsARGELEITTLNEMYLNDGsLNvEL,LGRGFAwL

4690 47oo 47LO 4720 4730 4740 4750 4760 4770 4780 4790 4800

ÀGATÀCGGGTACCCATGAAAGCCTGCATGAAGCCT CTTCTTTTGTTGAÀÀCCGTGCÀGCATÀTTCAAGGCTTGAAGATAGCGTGTTTAGAÀGÀGÀTTGCGTGGCGAAÀTGGÀTGGCTCTC
D T G T H E s IJ H E À s s F V E T V Q H I Q G T, K T A C I, E E I À W R N G W L S

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 49L0 4920

TTCAGGACAACTTCTTGÀGTGCGCTAAÀCCTATGCTTAÀGÀATGACTÀTGGTCAÀTÀTTTGGCGGGGTTAGCTAÀÀGÀCGÀÀIfCCCÀTTCÀTGÀTGCGTGTTCTÀGTGÀCGGCTAGTCÀT
S G Q L I, E c A K P M L K N D Y G Q Y I, A G L À K E E s H s *M R v L v T G s I{

=û7D)

4930 4s40 49sO 4960 4g7o 4980 4990 5ooo 5010 5020 s030 5040

GGGCAAGTCGGCTATTGTTTÀGCCCÀTCAACTCAATTCCÀTGGTTGÀTGTTGÀGTTTTTÀGCGGTAGACCGCGÀGCÀATTGGATÀTTÀCCAATCCGTGTCÀCGTCAÀTTCGGTGGTTÀÀC
GoVGYcLÀHQLNsMVDvEFLÀVDREoI,DITNPcHvNSvvN

5o5o 5060 5o?o 5080 5090 51oO 5110 5r2o 5130 5140 s150 5160

GÀGTTCAÀACCÀAACATCATCÀTTAATGCTGCGGCGCACÀC CGCGGTTGÀlAGAGCGGÀÀCAAGÀGGCAGAGCTCTCTTACGCGATlÀÀCÀGAGÀTGGCCCTAÀACÀTCTÀGCCCÀÀGCT
E F K P N I I I N À A A H T À V D R A E O E A E L S Y A I N R D G P K H TJ A O À

51?O 5180 5190 52oO 52rO 5220 5230 5240 5250 5260 52'lO 5280

GCÀCATAÀGGTTGGTGCGGCTATATTGCÀCATCT CGACÀGACTATGTGTTTTCCGGTGATAAACCGAGCGCÀTÀTÀTÀGÀAGCCGATTCTÀCÀTCGCCTCAGGGGGTTTÀTCGCÀAÀÀGC
AHKVGAÀILHr sTDYVF SGDKP SAYI EÀDS T S P QGVYGKS

52gO s3oo 5310 s320 5330 5340 s35o 5360 5370 5380 s390 5400

AÀATTAGCGGGÀGAAATCGCGGT.IGCGCAAGCTTGCCCTAGGCACÀTTÀTCTTGCGCÀCGGCTTGGGTGTTTGGTGAGCATGGCÀÀTÀÀCTTTGTGAÀAÀCCATGCTCCGTTTGGCÀCAA
K L A G E I A V A Q A C P R H I I L R T A hI V F G E H G N N F V K T M L R L A O



5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 s520

ACACGCGÀTGCATTAGGTGTTGTGT CAGACCAGTATGGTGGCCCGACGTATGCGGGAGATATTGCTAACG CGTTÀCTGÀTÀATGGCGAÀAGCGÀTTGTTGÀÀGGGAÀGTCGÀCGGCCTTT

T R D A I, G V V S D O Y G G P T Y À G D T A N À L I' I M A K À I V E G K S T À F

5s30 s54o ss5o 5s60 5s?o ssSo 5590 5600 s61o 5620 s630 5640

GGTGTGTÀC CATTTTTCAGGGÀCÀCCCCATGT CAGTTGGTATGÀCTTTGCTTGTGC CATTTTTGATÀAAGCCCGTGAÀCÀAGGATTÀTTAÀÀTAAÀCCCTTGCÀÀGTCÀÀTGCGÀTÀÀCC

G v Y H F s G T P H v s w Y D F À c A I F D K À R E o G t, L N K P L 0 V N À I T

5650 5660 5670 5680 5690 57oo 5?10 5720 5?30 5740 5750 5760

AC CAAAGATTACCCGACT CCGG CGAÀGAGG CCGGCTAACTCCAAGTTAGÀGACCCAGAÀAAT CCATCAACACTTTGGTGTGGTTGCCAGCGÀTTGGCGGGCGGCGTTGÀACCÀTCTCÀTC

T K D Y P T P A K R P A N S K I' E T Q K I H Q H F G V V A S D W R À À L N H L I

5770 s780 5?90 s800 s810 5820 5830 5840 5850 5860 5870 s880

GACTATÀÀGÀGTGAÀTAGCAATGAAAGTGATAGAGACAGACATTCCTGATGTCAAAATTATTGAGC CGAC CGTGTTTGGTGATGAGCGTGGTTTTTTTATGGAAACCTGGÀACCÀÀCÀGC

D Y K S E * TI KV I E T D T P D V K I T E P T V F G D E R G F F M E T WN O O R

rmlc-)

5890 5900 5910 5920 5930 5940 5950 5960 59?O 5980 5990 6000

GCTTTGAAGAACTGGTAACÀGGTAAGCCAACGCAGTTTGTGCAAGÀTAATCÀCTCAAAÀTCCAÀAAAAGGAÀTTTTÀCGTGGCTTGCÀCTACCÀGÀCAGÀAAACACGCÀAGGTAÀÀTTGG
F E E I, V T G K P T O F V O D N H S K S K K G I L R G L H Y Q T E N T O G K L V

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6]-20

TTAGAGTGGTATCTGGCGÀÀGTGTTTGATGTGGCAGTÀGATÀTTCGAAAÀGATTCACCGACGTTTGGCÀÀATGGGTTGGTGTGCÀCCTGTCAGCAGAGÀACÀAGCGTCÀGTTÀTGGGTÀC
R v v S G E v F D v A v D I R K D S P T F G K üT V G V H L S À E N K R O I, $I V P

6130 6140 6150 6160 6770 6180 6190 6200 6270 6220 6230 6240

CTGAAGGÀTTTGCGCÀTGGTTTTTATGTAACCAGTGAAGAÀGCGGAATTTGTGTÀTÀÀATGTÀCGAACTATTAlÀÀCCCAGAGGCTGÀGCACÀCTTTGCTTTGGAÀTGÀTGAATCCÀTÀÀ
E G F A H G F Y V T S E E A E F V Y K C T N Y Y N P E A B H T I' L hI N D E S I N

6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360

ATÀTTGATTGGCCAÀATAAAACGTGCCCAT.IACTTTCCGAGAAAGATGTTCÀTGGTÀAÀCATCTTTCTGÀTATTATTTGGCTTlÀÀTTÀTATTTTAÀGTClTTGGTTTGGGCGTTGCTCA
I DW PNKT C P L IJ S E K DVHG KH L S D I I WL *

6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6410 6480

AATÀÀTATCTGCTTTTÀGTTTGGTGÀTÀÀAATTTAATTGATAGÀCÀÀTATCATAAAAÀGCATATTTTlAÀCTATÀTTATGTTTTGATTGTÀAAAÀÀTTTÀGÀÀTÀTCCTÀÀOOTTGCgÀÀ

6490 6500 6510 6520 6530 6540 6550 6560 65?0 6580 6590 5600

AAATGTATAAÀTTACCGTCCÀAGTTTGTCCATGÀTGTTTTTAGCAGTTÀTGÀGCTGTTGTTTCCGATGGCTAAÀCGAGATATTAGGÀGCCGCTÀCTTGGGTTCTCTCTTTGGAGGTGTCl
W,,ûMYKI,PSKFVHDVFSSYELLFPMÀKRDIRSRYI'GSLFGGVhI

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 67tO 6720

GGGCATTCATTCAACCTCTTGTTACCATTCTTGTTÀTÀTGGTTCGTTTTTCÀGGTCGGÀTTTAAAGCTCÀGGCÀACGGATGÀTGGTGTTCCTTTTACÀCTTTGGTTGGTTTCTGCÀÀTGÀ
AFIgPLvTILvIvt,FvFovcFKÀoÀTDDGvPFTLwLvSÀMI

6730 6740 6?50 6760 6770 6780 6790 6800 6810 6820 6830 6840

TACCÀTGGTTTTTCGTTGCTGÀAATGTTGTCGAGCGGÀÀCTÀACTCÀATTÀTAGÀGCAAGCTAATÀTTGTAAÀGÀÀGATÀGTÀTTCAAÀGTTÀGCTTGCTÀCCAATCGTGAAAATÀÀTAT
P W F F V A E M T, S S G T N S I I E O A N I V K K I V F K V S L L P I V K I I S



685068606870688068906900691069206930694069506960
CAG CÀTTGÀTGÀTCCATATÀTTTTî CÀTTGTGÀTTTTATTTÀCGGTTTCTATCG CTTACGGTTACTÀTCCTAÀÀGTGGGTTGGTTÀCAAGTTC CÀTATTÀTATTTlÀTGTTCGTTGGTÀT

ÀLMIHIFFIVILFTvSIAYGYYPKVGV{I,QvPYYILcSLvL
6970698069907000?o].0702070307040?05070607o7o7080

TGATGCTÀGGTATTTCTTGGATTACTT CTT CAÀTAATTGTTTTCTT CCGAGÀTGTCGGACAAATTÀTTGCGGTGTTGÀTACÀGTTAGGTlTCTGGGCÀÀCGCCCÀTCTTTTGGAATATAÀ

M L G I S W T T S S I T V F F R D V G Q I I A V I' I O L G F W A T P I F I'ü N I T

7090710071107720?1307L4o?150?1607L7o71807L901200
CGATGGTTCCÀATTGAÀTÀCCAATGGGTATTGÀAACTAAÀTCCGGTÀTTTTATATTÀCGGAAGGCTATAGAAATÀCAATAACÀACAGATCTTTGGTTCTGGGAGTCTTTTTTATGGÀCTG

MvPIEYQwVLKLNPVFYITEGYRNTITTDLwFwESFIJWTÀ
721072207230724072507260727072807290?30073Lo7320

CATACTATTGGATTTTTACTTCTTTTACTTTATTAGT CGGAATTGTTTGCTTTAAAAÀÀCTAAGACCACATTTTGCTGATGTACTTTTGGGTàGÀÀÀTATTTGATGÀÀTGÀTGTÀGTTÀT
YYVIIFTsFTLLVGIVCFKKLRPHFÀDVL**z¿MNDvvI

7330 7340 7350 7360 7370 ?380 7390 74oo 74Lo 7420 .1430 7440

TAGTTGTGAGAATATAACTAAAATÀTAT CCTATGTATGATGÀTCATCGGGATAGGTTTAAAGAGGTCTTTCACCCGTT CAGÀAAAGTTTÀTCÀCÀAAÀAGTTTCACGCTCTTGÀTGATGT

scENITKIYPMYDDHRDRFKEvFHPFRKVYHKKFHÀLDDv
74507460747074807490?500751075207530754075507560

TAGTTTTGAGGTGAAAAGAGGTGAGACT GTCGGAATTGTGGGGAAAAATGGTGCCGGTÀAAT CAACGCTTCTTÀAAÀTTÀTTACTGGÀGTCTTGÀCT CCÀACÀT CTGGCTCGGTÀÀÀGCT

s F E v K R G E T V G I v G K N G A G K S T L IJ K I I T G v I, T P T S G s v K L

75.1075807590760076:0762076307640?6507660.16707680
CAATGGAGTTGTTT CATCATTACTTGÀGTTAGGAACTGGATTTAAC C CCGÀCTTAACÀGGTAT CGÀAAÀTATTTATTTGÀÀTÀGCTCTTTGÀTGGGÀATTCÀGÀÀÀGAÀGATATÀGÀTÀÀ

N G V V S S L L E L G T G F N P D L T G I E N I Y L N S S IJ M G I Q K E D I D K

7690 7700 77tO 1720 7730 7740 7750 7760 7770 7780 7790 7800

ÀÀÀACTGGCTCAAGTAATAGCCTTTGCTGATATTGGAGAGCATATCCÀCCAÀCCGGTTAGAGGÀTATT 
CÀTCAGGAÀTGTTTGCCAGACTAGCÀTTTlCTGTAGCGATCAGTGTTGÀACC

KLÀoVIAFADIGEHIHQPvRGYssGMFÀRLAFsvÀIsvEP
?8107820?83078407850?860787078807890?90079107920

TGATATÀTTÀATTGT CGATGAAGCATTÀGCAGTTGGCGACGCCGCTTTTGTAAATÀAÀTGCTATGGÀÀÀAATTÀÀTGÀÀCTAAAAÀGTAAGGGTATGÀCÀCTCTTATTTGTAAGTCACÀG
DILÍvDEALAvGDAÀFvNKcYGKINELKSKGMTLLFvSHS

.t930 7g4o 7950 7s6o 7g7o 7980 Tggo sooo 8010 8020 8030 8040

CTTGGGÀGCTGTCTCGGAGTTATGTÀCGAAAGCGATTTTAÀTTGÀCAATGGGAÀÀTGT CTGTTGGTTTCTGATGTTGAGÀCTGTTGTTÀÀCCAGTATAÀTAGGÀTGATTAGGTCTTClTT

LGÀvsELcTKÀILIDNGKcLLvsDvETvvNQYNRMIRSSF
80508060807080808090810081108:-208130814081508160

TGATÀÀÀÀÀTTTÀCAÀGÀÀAATGAÀAATATAGAAGAAACTÀCÀTTCGACÀGCAGTGÀAAÀAGATACTTCÀGAAÀTCTCTCTGÀTTÀGTAATGTTAAATCGAAÀGATATATTTÀATATTAÀ
DKNLQENENfEETTFDssEKDTsEIsLIsNvKSKDIFNIN

817081808190820082108220823082408250826082708280
TÀATGÀGTTTÀTGÀÀTÀÀGCATTCÀAAGÀCTAGÀTATGGGAAGGGCGGGGCTAGGATTGTCAATGTAGÀGAT 

CÀTTGAGGGAGACGACÀATÀAGAATÀGGTTGTTlTCGTATÀÀTACÀÀÀ

NEFMNKHsKTRYGKGGARIvNvEIIEGDDNKNRLFSYNTK



8290 83oo 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400

AATÀÀÀÀTTAAGGGTATATATÀAÀÀTCGGÀT CÀÀAÀTCTGAÀTÀÀATTGAÀCTGTGGÀTATTTCÀTTÀGAACGGATÀÀGGGÀTTGTCTÀTTGTTGGTAÀCAÀCTTÀGÀGTCTTCÀÀÀGTT
I K I, R V Y T K S D Q N L N K L N C G Y F I R T D K G L S I V G N N L E S S K F

841084208430844084508460847084808490850085108520
CGÀATTGAGAGATCTAAAGGCTÀÀTCGAAAÀGTTÀTTATAGATTTTGATÀTCCCATTGACTÀTCAÀGTCTGGTÀTCTATTCGTTÀACGGTTGTTTTGGGTGCCAGCGÀTTCTGÀÀÀÀTÀA
EI,RÐLKÀNRKVIIDFDIPI,TIKsGIYSI,Tvvl,G.ASDSENN

853085408550856085708580859086008610862086308640
TGAGTTTATÀGTCGATTGGGTTGÀTTTGGCTGACTCATTTGÀAGTTTTCCATTCÀAAÀGÀCCAATACTCTTTTGAÀTATATGGTÀCATÀTTCÀÀAATÀÀAÀTTTCÀATGAÀlTATÀTCGÀ
E F T V D W V D I, A D S F E V F H S K D Q Y S F E Y M V H I Q N K I S M N Y I D

8650866086?0868086908?008?1087208730874087508760
crAÀArArrrrrrAcÀ;;;ärr"rr^ioror"rrroiii,i.ooootorrõ cooo"cÀrrÀAAAGAGÀrrcrcÀAIto:oo:ooÀAAArAAcASoo:otÏtnloo:"oftotl"o:"tltol

877087808?90880088108820883088408850886088708880
TTG CT C CÀCATT CTCACTGGGATÀAGGTCÀATÀCTACATÀCTGCACTTCAGATGAGGAATCGCTGAC CTCTCTTTTGGATGATTTTÀTTGGTlCTGAÀGGTTlÀAAACCÀATTGÀCCÀGC

APHSHhIDKVNTTYcTsDEESLTsLLDDFIGsEGIJKPIDoo
8890890089108g2o893089408950896089?0898089909000

AGCÀACGAGCATTGTATGAÀÀATTTTTTTGAGGCAATAGATAACTTGAÀTTlGAAÀÀATÀATTTGAÀTGATÀGTGCTATCGCAACÀGÀTÀACGGAAGTGTÀÀTGGATÀTTAÀCCTGATTÀ
QRAI,YENFFEATDNLNI,KNNLNDsÀIÀTDNGSvMDINLIN

9o1o go20 9030 9o4o 9o5o 9060 9070 9o8o 9o9o 91oO 9110 9]-20

ÀTATTTTTAGTÀÀGAÀÍ'TCTCGAGATÀAAACCTTTÀATATTTGTGÀGGTTGGCGGÀGGCTACGGGCGTCTGGCTÀGAGTTTTTT 
CTAÀTTTTTATÀAGGGTTCCGTÀÀAÀTACGTÀTTGG

IFsKNSRDKTFNIcEvGGGYGRLARVFsNFYKGSvKYvLv
91309740915091609I7o91809190g2o092:-0922092309240

TTGACTCTGTGCCTGTGÀGTATTATGTTTTCTTACCÀATATTTGGTTGATCÀATGCC CTGÀAGCTÀAÀÀTCGGTTTTTACTÀTÀACGGTGÀTGÀGTTTGATTTAGÀTÀAGTATGATÀTAT

DSVPVS IMF SYOYLVDQC PEÀK I GFYYNGDEFDLDKYD IY

925092609210g28o92909300931093209330934093509360
ATATCGTÀCCÀTCTTGGCÀCTTTGAAAÀÀATGAATAATGTAAÀGTATGATÀTTGCCÀTTÀATATAGÀÀAGTATGCAGGÀAATGAACTTTGÀGGÀÀÀ1TÀÀÀAGGTTCATGÀÀTÀTClTTG

I VP SWH F E KMNNVKYD 1 A IN I E S MQ EMNF E E I KRFMN I F D

937093809390940094109420943094409450946094.709480
ATAGATGTGTGAAÀGATAATGGTATTÀTTTACTTATCTAÀCT CGÀÀAGÀATÀTGTTlACÀÀAGGÀGAGTGGCCÀTATCCÀGATÀÀCTGGGÀATGCCAATTTAGACÀAAATÀCCCCTCGTT

RcVKDNGIIYLsNSKEYVYKGEwPYPDNwEcoFRoNTPRS
9490 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 9600

CATGGÀCGÀAAÀAACATCCGACAGAGATCTTTAAAÀAÀTCÀGATGGTT CATTTTCGGATAÀGGAATCTTTGTTTGAATTTTACTCAAATGTCGÀÀGAGTTATÀTGAÀATCGGATTCGÀTG
wTKKHPTEIFKKsDGsFsDKEsI,FEFYsNvEELYEMGFDG

96109620963096409650966096709680969097009?109720
GTÀÀTTCAACACÀÀTATTTGAGTAAÀAATÀGCTTAGAÀGÀÀTCATTAAÀÀAAAGCGTATGAAAACAÀTTCCTÀTTTGACAGGAAÀÀGTTTCTCATTTGACÀGAÀGÀÀAAAGÀÀAAÀGCTG

NsTQYLSKNsLEEsI,KKAYENNSYLTGKvSHLTEEKEKAE



9730 9740 9750 9760 9770 9780 97gO 9800 9810 9820 9830 9840

ÀGCAGTATAlTAAAGAGÀTTGAATCATCAÀGGCTATACÀAÀTTÀÀGGTCTTTTCTAAAÀAGÀTÀÀTGGTÀTTTTAGAGCAGGGÀÀAC 
CGCÀTGA GTCGTTCATÀTÀTAÀGGGCTGCAÀ

o Y r K E r E S S R r, Y K L R S F L K R * 197358-)

9850 9860 9870 9880 9890 99oO 9910 gg20 9930 9940 9950 9960

AGÀTGCTAAGAATC CGCTTTGAACCTATCACTAAT C CCÀÀCTATTGAATGTAACCÀCATGAAÀÀTAAÀGATCTGCTTGTÀGÀTCATTTTCGTTGTTTTCTAATTGCTCCTÀGACAÀTATÀ

gglo 9980 9990 loooo 1oo1o 1oo2o 10030 10040 10050 Loo60 10070 10080

GGÀGCCTAAATATGAG CGAGTTAÀC CAAC CCATTTATGCÀTTTCCAAATCATTAÀAGATTATCGÀCAGGAAÀÀTÀÀÀATAGCACACAAATTATCÀGACATTÀTTTTGCTGÀCÀÀTTTGCG

1oo9o 10100 to11o 10120 10130 10140 10150 10160 101?0 10180 10190 10200

GCGT CCTGTCGGGTCATGATGGCTGGGATGGCÀTTATCGATTTTGGCÀÀTGCTCG CT TAGATTTCCTCÀÀACGÀTATGGTCÀClTTGACGCTGGTATTCCTTCTGCÀGÀTÀCGCTGTCTC

10210 ro22o 10230 10240 10250 10260 :-0270 10280 LO2}O 10300 10310 10320

GTGTGATGGGCATGATGAATC CGGCAG CGTTGCÀÀAGAAGCTTTATAGCTTGGATGAAGGACTG CCATÀCACTGÀCGGATGGAGAÀGTCATCG CTATCGÀCGGTÀÀAACÀTTÀCGTGGCT

10330 10340 10350 10360 10370 10380 10390 10400 10410 ]-0420 10430 10440

CTTATGACCGCT CGAAGGGTAAAGGAACÀÀTTCACÀTGGTGAATGCT CTTGCTACTGCAÀACGGAATGAGTATCGGCCAACAGÀAGGTTGATÀGTÀAÀÀGTAATGÀÀATTACCGCGÀTCC

10450 10460 ro47o 10480 10490 10500 10510 10520 10530 10540 10550 10560

CCAAGCTACTTGAC TTGCTAGAGGTAAAAGGCTGCTTGGTTACGATTGATGCAATGGGATGC CAAAÀGAAÀATAGCGCÀÀGAÀATTCTCGÀTÀÀAGÀAGCGGÀTTÀTTTGTTÀGCÀGTGÀ

105?0 10580 10590 10600 10610 10620 10630 10640 10650 10660 10670 10680

AAGGGAÀTTAGGGÀATGCTTGAGCAAGCCTTTGATGATTATTTTCGAATGGACATGC TTCÀAGÀCTTTGACGGCAGTlCTTÀCÀGTACTCÀÀGAAÀAÀÀGTCACGGAÀGAACGGAAÀCGÀ

10690 10700 10 710 to7 20 10730 70'7 40 10750 10760 10770
_3 5

10780 10790 10800

GÀGTGGCTTTAGTGÀGCCGTGÀT.ITGTCGGTTTTÀGGTGATATTGAGCÀTGAATGGCCCGAGCTAAAATCÀÀTGGGCATCGTCGClTCGÀTTCGCCÀÀGAATCGCCTGTAGCÀACAGÀGC

10810 10820 10830 10840 10850 10860 10870 10880 10890 10900 10910 L0920

-10
ÀAGATGTGAGTATTCGTTACTATATTTGTTCTAAÀGAATAAGÀÀGCCCAAACTCTGCTTGAAGCGACG CGTTCTCATTGGGGCGTÀGAGGCCATGCÀTTGGTCCCTTGATACCGCATTTÀ

10930 10940 109s0 10960 109?0 10980 10990 11oOO 11010 11020 11030 L1040

GTGAGGACAACTCTCGTATTAGÀGCCGÀTGATCGCGCAGAGGCTTTÀGCAAGGÀTCÀGGCAGÀTGTGTTTGAACCTATTAÀAGÀGTGÀAACCACCTTTAÀAGGTGGCÀTTÀAACGCÀÀAC

11050 11-060 110?0 11080 11090 11100 11110 t7720 11130 11140 111s0 11160

GGATGê ACTGCGCAÀTGGACGÀÀAÀCTACCTAAGTÀAGGTTCTCGAAAGCCTTATCGGGCGGTGÀTGTTCÀTGCGGTTTCCCT IITÀCGCTGETGÀAÀTGGTÀÀATAATÀAÀCTTÀÀ
(-ÍA7358 wbåB M V N N K L K

11170 11180 11190 11200 tt27o Lt220 LL23o rt240 71250 !]-260 77270 11280

GGAAGTAGÀGTTTCATAATÀTGATTCTGCTTTTTTTGCTTTÀCÀCGTTTGTGTÀTGCAÀTTTCAGTTGTTÀCGÀGÀGTÀAGTTCATCTGAGTTTÀTGGGGÀTTGATCCTCAÀTCÀÀTAGT
EvEFHNIIIILLFLLYTFVYAISvvTRVssSEFMGIDPoSTv

LL29o 11300 11310 rt320 11330 11340 11350 11360 113?0 11380 11390 11400

TACTGCTÀTTAATGÀGTTAÀCAACACCTCCTTACTATÀATÀTGÀATGÀTTCATATCÀCTCÀAÀGTÀTlATGGATGGÀCGTATTTlTCTCTGAACTTTCTGGTTGTTTTAATÀGCÀÀÀÀTG
T A I N E IJ T T P P Y Y N M N D S Y H S K Y Y G hI T Y F S L N F L V V L I À K C



11410 rr42o 11430 17440 11450 11460 t7470 11480 11490 11500 11s10 11s20

TÀTGGGGTTTÀATTCAGÀGTTTGAÀÀTTAATGTGCTTÀTTCGTAGTGTTGTTTATATAÀTTGGCGCATGTTTAGTTCTÀTCCTTATÀCATTTTCTCTCGAGÀGATATTCTCGÀÀGTTTGT
MGFNsEFEINVLIRsVvYIIGAcLvLsLYIFSREIFSKFV

11530 11540 11s50 11560 11570 11580 11590 11600 11610 17620 11630 11640

ÀTCTTTTGTTTTÀGTGTTGTÀTTTTATGTTTGÀCC CTGTTGTCT CTCÀTTATÀTÀACÀTTAATCCACCCTGÀÀGCGTTAGGTATGÀCCTTG CÀÀÀTÀCTÀGGTTGTTÀTTTCCTTÀTTAG

sFVLVLYFMFDPvvSHYITLIHPEAI,GMTLQILGcyFLIR
11650 11660 116?0 11680 11690 11700 11710 7!720 11730 1L740 117s0 Lr160

ATTCTÀTAÀGGGTGGAGGGGAAAATAGCTGGATTTTTTATTTTT CTATAATATTACTTTCT CTAT C CT CTTTAGCÀAAGCAACCATTTTTTATÀÀTTÀATTlTTTTATTGGÀTGTÀTTTÀ

FYKGGGENshlIFYFsIILLsLsSLAKQPFFIINFFIGcIY
\7770 11?80 11790 11800 11810 11820 11830 11840 11850 11860 11870 11880

CCTCÀAGTTTCTTG CGGACAAACTTÀÀTTTÀAGCTÀTAGÀAATATAATTAGTTTTTTTCT CCÀTTCTGTAÀTAATTTTCCTTGC CTGCTTCTTÀÀTTÀTT CATCCTTATGCTlTTATTGA

I, K F L A D K I, N L s Y RN I I S F F I, H s V I I F I, A c F L I I H P Y A F I E

11890 11900 11910 rr92o 11930 11940 11950 11960 11970 11980 11990 12000

GTTTGATAGGTTTATTTTGGCT CAGTCAGAACTGTCATCÀGGCCATTCGTCÀGGAAGTATGAGTGAAGTTTTAÀATATTTGGTTTTCTGAATATT CAÀAÀAGCTTACTTTTTTTCTTCCÀ

FDRFILAQSELSSGHSSGSMSEVI'NIWFSEYSKSI'LFFFH
12010 72020 12030 12040 12050 :-2060 t2070 12080 12090 12100 72L70 L2t20

TACAGTTGlTTTGGTATTÀGTTACATTTTCTÀGGGATAÀAAATAAGTACCACTTTATATCT CTAGTTÀCGGTATCÀTTGÀTAGTTGTTGTGTTTATGTÀTAÀGTCTÀGGÀTlTTCÀTTÀÀ

TvVLvLvTFSRDKNKYHFIsLVTvsI,IVVVFMYKSRIFÏN
12730 r2r4o 12150 r2t6o L2r7o 12180 t2Lgo 72200 72210 72220 ]-2230 t2240

CCTTGGATATTTATTC CCTTTATATTTATTGGCTTTTGTAÀATÀTTACTTATTTTTTTGTTÀÀÀTÀTTTAAAAATÀÀATÀATATÀTÀTÀÀTAAAlCTCTAGTCTCCATTÀTTTTÀGTCTlT
L G Y L F P I, Y L L A F v N I T Y F F v K Y I, K I N N I Y N K S L v s I I L v L

t2250 t2260 t2270 L2280 12290 12300 12310 L2320 12330 72340 12350 12360

ÀGTTCCCCTTAATTTTTTATCTAATTTTTTCTTCÀGCGTATTTGÀÀACC CAGCATAAGTÀCTÀTÀTTGATGGCTTGGCÀÀCGAÀÀÀACTCÀATÀTGGÀACTATÀTÀÀÀÀÀCTCTTCCTGA
V P L N F I., S N F F F S V F E T O H K Y Y T Ð G L A 1 K N S I IÙ N Y I K T L P E

72370 12380 t23go t2400 t2470 72420 L2430 t2440 L2450 12460 12410 t2480
AAATACAÀÀAATTGCATATTCÀCCAAÀCÀTTGCAGTACCÀAATCCATÀCÀAGTCÀÀTÀGGTTGCCÀTGCTTGGCÀÀGGCTGCGCAAAÀTCÀÀCCGÀTTTAAGÀÀÀGTÀTÀÀTCCTGÀTGT
NT K IÀYS PN IAVPNP YKS T GC HAWQG CAK S T DLRKYNP DV

L2490 12500 72570 1-2s20 72530 t2540 125s0 L2560 t2570 12580 12s90 12600

GÀTTGTTTATÀGTCCTAÀATÀTACCTTCl,TCGAÀTCAGATGÀATÀTÀCAAÀCTÀTATTAATAÀÀTÀTGGTTÀTÀTTCTTGTGAGTACTGTATCACCÀGCÀCCTGAÀGTGÀÀTTÀTACGTG
IVYsPKYTFFEsDEYTNYINKYGYILVsTvSPÀPEVNYTc

12610 1,2620 72630 72640 72650 :-2660 L2670 12680 12690 L2700 t27!0 L2720

TAGTTCÀÀCATCTTCCGTAGGGGAGGGGÀAAGGGGTAGAGÀÀTACTTTCTACTTTTTTAATATÀCCTCGTCTTGTCAGTÀÀTATTTCGAGATGTÀT1GÀTÀGTTATAAGCTCTCAÀTÀCT
ssTsSVGEGKGvENTFYFFNIPRLvsNIsRcIDSYKLSIL

12730 L2740 72750 L2760 L2770 12780 L27gO 12800 !28tO 72820 12830 ]-2840

CCÀAÀÀGÀAAÀÀATCAAGCTTAÀCGGGÀTTAGAATCTATGTATÀ1GÀGAGGTÀÀAGTTATTGAAACCTÀATGÀTTÀGTGGÀTÀCGGTGAGTTTATATTÀTTCCCTCTTTÀCÀÀTÀÀÀATT
O K K K S S L T G I, E S MY M R G KV I E T I



7287 0 12880 1-289 0 ]-29 00 T29 LO 1-2920 12930 129 40 72950 t29 60
12850 t2860

-35 -10
TTATGAÀAAAGTTC CAGGTTTTATTTÀÀATATTÀÀTCGTACGÀAGCATTTTTAGATGCGTÀCTAAGTCATÀTATTCÀGÀÀÀTÀTAGTTTÀTGGAÀTTTAAAGTÀÀTAGTTÀÀACCGTCAG¿'¿'!.,,MEFKVIVKPSG

12970 12980 t29go 13oOO 13010 1-3020 13030 13040 13050 13060 13070 13080

GTGTTGÀATATCAÀAGTGGÀÀGAÀÀTATT CTTGATGATGCCTTTGCAAGCTCCATATCÀTTAGAGCACAGTTGTÀAAACAGGTGACTGTGGAGTTTGTTGTGCTGÀGGTÀATTTCTGGTT
vEYQSGRNII,DDÀFASsIsLEHscKTGDcGvccAEvISGL

13090 13100 13110 t3L2o 13130 13140 13150 13160 13170 13180 13190 13200

TGGTAGAAAACGAGAATGGTGAATTGGTAACTCÀAGGACATÀTCCTTACTTGCCAAT CAAAÀGCAAAÀTCÀGATGl'TGTTTTAAÀGGCTÀATTATTÀTCCTGAÀCTTGTÀGATATAAAGC

VENENG E LVT Q GH Ï LT C O S KAKS DVVL KANYY P E LVD I KO

73270 13220 t3230 L3240 13250 t3260 73270 13280 !3290 13300 13310 13320

ÀGCAAACÀATAT CATGTÀÀÀGTTGCAAGCTTTGAATTTGTCACTÀAÀGATÀTTGTTTCGÀTTAGGTTTCGATTTTCAC CAAAAÀCTATÀTTCÀATTATTTGCCAGGCCAGTÀTGTTGATT

QTIscKVAsFEFvTKDIvsIRFRFsPKTIFNYI,PG0YvDL
13330 13340 133s0 13360 133?0 13380 13390 13400 13410 73420 13430 13440

TAAGTTTTAGGGGAGTAAAG CGTAGTTACT CAATAGCGAÀTGCTAAAAGTAAGT CTAATGAATTAGAATTGCATÀTCCGTÀAAGTTCCÀAATGGGGAÀÀTGT CAGÀGCTÀTTATTTGÀAC

S F R G V K R S Y S I A N A K s K s N E I, E L H I R K v P N G E M s E L L F E H

13450 13460 r34.to 13480 13490 13500 13510 13520 13530 13540 13550 13s60

ATTTAAAAGAAAÀT CAGTTÀÀTGCGAATAGAÀGGTCCGAAAGGCACATTTTTTGTAAGGGATAATATTAÀACCATTAÀTTTTTATTGCÀÀCAGGTÀCTGGTATCGCTCCAÀTÀAÀAGCCÀ
LKENQLMR I EGP KGTFFVRDN I KPL I F IATGTG TÀP I KÀI

13570 13580 13590 13600 13610 t3620 13630 13640 13650 13660 13670 13680

TÀGlTGÀÀGAACT TATTGCÀAÀAGÀAGATAAACGTAATGTTTATATCTÀTTGGGGTATGCGATACÀÀÀÀATGÀAATATÀTTGTGATGAATTATCTlTGTlAGCTGCAGAÀÀACCÀGÀÀCÀ
vEELIAKEDKRNVYIY$¡GMRYKNEIYcDELsLLAAENoNI

13690 13?OO 13710 73720 1- 3730 t3740 13750 13760 t3170 13780 13790 13800

TTTTCTTTAÀTTTAGTATTGTCGCGTGAGTTTGÀGGTTT CGCCTGACTATAAÀAAAGGTTATGTTCÀAGACGCAGTAÀTTCGCGAlTTTAÀTTCATTAÀAGGACÀTTGAAGTTTÀCGCTT
F F N L V L S R E F E V S P D Y K K G Y V Q D A V I R D F N S I, K D I E V Y A C

13810 13820 13830 13840 138s0 13860 13870 13880 13890 13900 13910 L3920

GTGGTTCTlCCAAÀATGATÀGAÀTGTGCCAÀAGCCTTATTGTTACÀGCÀTCÀÀCTCCCGÀÀCGÀTGCÀTTTTTCTCAGÀTGCÀTTCÀCACCCGCÀAAGTAGTTTAATÀGTTÀOÎIOOTGT
G S S KM I E C AKÀL L L O H O I' P N DAF F S DA F T PAK *

13930 13940 13950 13960 139?0 13980 13990 14000 14010 :-4020 14030 14040

CÀTÀTAÀTGAAAGTAGTCATTTTAGCTGGTGGTT.IAGGTACACGClTAAGTGÀAGÀGACÀTCÀGTGAAÀCCÀÀAGCCAÀTGGTTGÀAÀTTGGTGGTÀÀGCCCÀTCTTÀTGGCÀTATCÀTG
¿I¿I'¡A M K V V I L À G G I, G T R L S E E T S V K P K P M V E I G G K P T I' W H I M

14050 14060 14070 14080 14090 14100 14110 r4r20 14130 14140 14150 14160

ÀÀGCÀATATTCTGCTCACGGTATTAACGÀTTT CATTATTTGTTGTGGTTÀTAAGGGGTATÀTCATTAAGGAGTÀTTTTGCTÀÀTTÀTTTCTTACATÀTGTCTGATGTTÀCCTTTGACÀTG
KoYsAHGINDFIIccGYKGYIIKEYFANYFI,HMSDvTFÐM

t4t7o 14180 14190 .74200 :a4270 74220 L4230 14240 14250 74260 74270 !4240

ÀÀÀGAAÀATÀAAÀTGGAAGîGCATCATAAGAGAGCÀGÀÀC CTTGGACCGTAACATTAGTTGATACTGGTGATAACTCAATGÀCTGGTGGCCGGTTAGCTCGTGTTGCTGÀTTÀTGTAAAA
KENKMEvHHKRÀEPWTvTI,vDTGDNSMTGGRLARVÀDYvK



t42go 14300 14310 14320 14330 14340 143s0 14360 L4370 14380 14390 14400

GATGAGGAAGCTTTCTGTTTTÀCTI'ÀTGGTGATGGCGT CAGTGATÀTAGAlÀTTÀCTÀAGTCAATAGAGTTTCÀCCAAGCGCÀTGGTAÀÀCÀÀGCTACÀTTGÀCÀGCÀACATTTCCGCCÀ

DEEAFcFTYGDGVsDIDITKsIEFHoÀHGKQATLTATFPP

14410 74420 14430 t4440 14450 14460 t4470 14480 74490 14500 14510 t4520

GGT CGTTTTGGÀGCTCTAGATATTACTTCAGGTAÀGGTGGATAACTTTAÀAGAAAAGCCTCGTGGTGATGGTGCTATGATTÀATGGCGGTTTTTTTGTTCTTTCGCCÀAGAGTÀTTGCAG
GRFGAI,DITSGKVDNFKEKPRGDGAMTNGGFFvLSPRvLo

14530 14540 14550 14560 t4570 14580 14590 14600 14610 L4620 14630 74640

CTTATCGÀCAGTGATAGTTGCÀTTTGGGAACAGTAC CCTCTGAÀTAGATTÀGCAGATGATGGTGAGTTAATGGCCTÀTGÀGCACAATGGTTTTTGGCAÀCCAATGGÀTÀCATTGCGAGÀT
L I D S D S C I W E O Y P L N R L A D D G E L M A Y E H N G F ü¡ Q P È{ D T L R D

146507466014670146801469014700747L01472014730L474o14750t416o
AAGCTATACCTAGATGAATTÀTGGCAÀG CTGGTAAAGCGC CTTGGAÀAATTI!GGGÀGTÀÀTAATGAATCCÀACATTTTGGCACGGTÀAAÀAAGTGTTTATTACTGGACATÀCTGGCTTTÀ
KI,YLDEI,WQAGKAPwKIWE*MNPTFWHGKKVFITGHTGFK

¿lèlhB

14.770 14780 74790 14800 14810 14820 14830 14840 14850 14860 ]-4870 14880

AÀGGTGGCTGGCTTT CAC TATGGCTACÀGGAAATGGGTGCTATAGTGAAAGGÀTATT CTCTTCCGG CTCCTÀCAACTCCCAGTTTÀTTTGÀGCAAGGGAAAGTATGGG CTGGÀÀTGAGAA

G G V,T L S L W L Q E M G A I V K G Y S L P À P T T P S L F E O G K V W À G M R T

14890 14900 14910 L4920 14930 14940 14950 14960 74970 14980 14990 1s000

CAGAAGAÀGGCGATATCCGCGATTTTACTCÀCÀTGCGACAAAGTATGTÀTGÀGTTTAAACCAGAAATAGTTTTTCÀTATGGCGGCCCÀGCCÀTTAGTÀCGCCTTTCÀTÀCCÀTGAGCCÀA
EEGD I RDFTHMRO SMYEFKP E IVFHMAAO PLVRLSYHEP I

15010 15020 15030 15040 15050 15060 150?0 15080 15090 15100 15110 15120

TCGAÀACÀTACTCAACGAATGTTATGGGTÀCGGTCTATTTGTTAGAÀGCTGTTAAGCAAGTTGGTGGCGTTÀÀGGCTGTAGTTÀATÀTTACÀTCCGATAÀATGTTACGÀÀÀÀCCGAGÀGT
E T Y S T N V M G T V Y L L E À V K Q V G G V K À V V N I T S D K C Y E N R E V{

15130 15140 15150 15160 15170 15180 15190 15200 15210 t5220 15230 !5240

GGGTTTGGGGAlACCGAGAAGÀCGAÀCCAÀTGGGTGGTTATGATCCÀTÀTAGCÀÀCÀGTAÀÀGGATGTG 
CTGÀGTTGGTTGCTTCÀTCTTAT CGCCÀGTCClTTTTTÀA1AÀÀGAAAÀTT

vwcYREDEPI4GGYDPYsNsKGcAEI,vÀssYRQSFFNKENY

15250:-5260L527015280t52g01530015310I532o1.5330153401535015360
ACCATCAGCATAGÀTGTGCTTTÀGCATCAGTTCGTGCAGGTÀACGTTATTGGTGGTGGCGATTGGGCAGAÀGATCGATTGATTCCAGÀTÀTGTTÀAÀAGCATTTTCÀAATAÀTCÀÀÀCÀG

HQHRcALASvRAGNvIGGGDüIAEDRI,IPDMLKAFSNNQTv

15370 15380 15390 15400 15410 15420 15430 15440 15450 15460 154?0 15480

TAGAÀATTCGÀÀGTCCT CÀTGCÀATTCGTCCTTGGCÀGCATGTTCTTGÀACCTTlGTCTGGTTACCTÀÀCTÀTÀGCAGAÀAÀGCTTTATACTGT'AGGTCCCGGCTTTGCTGAÀGGATGGA
E I R S P H À I R P W Q H V L E P I' S G Y L T I A E K L Y T V G P G F À E G VT N

15490 15500 15510 15520 15530 15540 15550 15560 155?0 15580 15590 15600

ATTTTGGTCCTCGAGAlGÀAGATGCÀAAGCCTGTTGATTGGATAGTTÀATCGÀTTÀÀCTGAACTTTGGGGGGGÀGGGGCTCGCTGGTCTTTGTGTGAlGGGGAACATCCÀCATGÀGGCTC
FGPRDEDAKPvDWIvNRLTELwGGGÀRwSI,cDGEHPHEAH

15610 L5620 15630 15640 15650 15660 15670 15680 15690 15?00 15710 Ls720

ATTATCTTAÀGCTTGÀTTGTTCGAAAGCAAAAÀTGCGACTAGÀTTGGCAGCCTGTTTGGGATGTAGATACTACACTGGÀÀÀÀÀÀTTGTCTCTTGGCÀTAAAGCTTGGCTTGCÀAÀACÀAG
Y L K L D C S K À K M R I' D W O P V bT D V D T T I' E K Ï V S W H K À W L À K Q D



1573015?401575015760:-57.7015?801579015800]-5810158201583015840
ÀTATGCACCAÀTATACAATTAÀCGÀAATTÀAACAATATATGACCGCTCGÀGCÀGGTAÀAGAGTÀÀTGTCÀAÀÀGAÀCAÀTTÀAGÀAGTCÀÀATTGCÀGÀÀTTÀGTAGCACÀÀTATGCGGT

MHQYTINEIKQYMTARAGKE*MSKEQLRsQIÀELvA0YÀv
¿t¿thc

15850 1s860 15870 15880 15890 1s900 1s910 t5920 15930 15940 1s9s0 1s960

CATTGAATÀCGCGCCTAAGATGTTTATCGGÀGGAGAAAGCGTTGTTCCGCCAT CGGGTAAÀGTT CTTGGAGCAÀAÀGAACTACÀÀCTTATGGTÀGÀTGCTlCTCTTGÀTGGATGGTTAÀC

IEYAPKMFIGGEsVvPPsGKvLGAKELoLMvDASLDGwLT
15970 15980 15990 16000 16010 16020 16030 16040 16050 16060 160?0 16080

TACTGGTCGCTTTAATGATGCTTTTGAAAAACGCTTAGGTGAGTACCTCGGTGTTC CÀTTTGTGTTGÀCTÀCCÀCTTCAGGTTC CTCTGCTÀACCTATlÀGCACTGACAÀCGTTAÀCTTC

TGRFNDAFEKRLGEYI,GvPFVLTTTSGSsANLLÀI,TTLTS
16090 16100 16110 L6r2o 16130 16140 16150 16160 16170 16180 16190 L6200

TCCAAAACTTGGTGATCGT CAATTGAAACCGGGTGATGÀAGTGATCACTGTAGCTGCAGGTTTTCCÀÀCGACÀGTTAÀCCCTACGÀTACÀAAACGGTTTÀATTCCCGTATTTGTGGÀTGT
P K L G D R Q IJ K P G D E V I T V A À G F P T T V N P T I O N G L I P V F V D V

t62]o '6220L623o!624016250L626016270:-6280162901630016310t632o
TGÀTATTCCAACTTAT CAAATCAAGCCAGAAATGATTGÀAG CTGCTGTATCTGAAAAAAC TAAAGCÀATAATGGTTGCÀCATÀCATTAGGCAATACGTTTGAC CTTACCGÀÀGCTCGÀAG

DIPTYoIKPEMIEAAVsEKTKAIMvÀHTI,GNTFDI,TEÀRR
16330 16340 16350 16360 163?0 16380 16390 16400 16410 16420 16430 L6440

ÀGTTGCTGATAAGTACAACCTTTGGTTAÀTTGAÀGACTGTTGTGATGCÀCTÀGGTTCAACTTACAATGGCAAAATGGTTGGTACCATTGGTGATÀTTGCTACAGTÀÀGTTTCTATCCAGC
vADKYNI,WLIEDccDALGsTYNGKMVGTIGDIÀTvsFYPÀ

16450 16460 t6470 16480 76490 16500 16510 t6520 16530 16540 16550 15560

TCATCATATTÀCAATGGGTGAGGGCGGTGCAGTÀTT CÀCÀAAÀGATAAAGÀACTACGTAAACTTATTGAÀTCTTTCÀGAGÀCTGGGGÀCGTGÀTTGTTATTGTGCTCCTGGTlGTGÀCAÀ
HHITMGEGGAVFTKDKELRKLIESFRDI^IGRDcYcÀPGcDN

165?01658016590166001661016620166301664016650166607661016680
TACTTGTGGAAAÀCGCTTCGAC CAACAÀCTAGGATCTTTAC CTCAÀGGÀTATGACCATÀAÀTATÀCTTATTCTCÀTCTÀGGÀTÀTAÀTTTÀAAÀATlACÀGÀTÀTGCÀÀGCTGCTTGTGG
T C G K R F D O Q L G S L P Q G Y D H K Y T Y S H I' G Y N L K I T D M O À À C G

16690 16700 16710 16720 16730 t6740 16750 16760 t6770 16?80 16?90 16800

TCTGGCTCÀAATGGATCGCGTTGAAGAGTTTGTTCAAGCGCGTÀAAGÀAAACTT CGCCTACCTTAÀÀAATGGGTTAGCTTCÀTGCGAAGAGTTCATTÀTCTTACCÀGÀGGCGACAGÀÀÀA

I,AoMDRvEEFvQARKENFAYLKNGI,AScEEFIILPEÀTEN
16810 16820 16830 16840 16850 16860 168?0 16880 16890 16900 16910 76920

TTCÀGAAC CATCTTGGTTTGGTTTCC CCATTÀCAATAÀAÀGÀTGÀTTCTGGCATTAGCCGTGTAGATTTGlTGAÀÀTTTATGGÀTCAGCACAAAATÀGGTÀCACGCTTGTTATTTGCTGG
sEPSwFGFPITIKDDsGÏsRvDI,LKFMDoHKIGTRLLFÀG

16930 16940 16950 16960 169?0 16980 16990 17oOO 17010 17020 17030 ]-7040

TAÀTTTGACÀCGTCAACCÀTATTTTGÀGCATGTÀAAATATAGAGTAGTGGGTGAÀCTCACTAATACTGATTTAATCATGÀÀTAÀTACGTTTTGGATTGGTGTÀTÀCCCAGGGTTAÀCTCT
NI,TRQPYFEHvKYRVVGELTNTDLIMNNTFv{IGvYPGLTL

1?050 1?060 t7o7o 1?080 1?o9o 1?100 1?110 17120 1?130 L7I4o 17150 17160

ÀGCTCÀTTTAGATTTTGTGCTTGAAAÀATTTGAAGAGTTCTTTGGAGTÀAÀTTTTTAAÀTTTÀGGÀTCTAÀTATÀTGAÀAT 
CCTCTGÀ1GCÀATÀGCACÀCCTGCTCTCACTAÀÀTÀÀTG

AH L D FVI, E K F E E F F GVN F * y/bhCMK S S DÀ I AH L L S LNNV



t7I7017180t7790L.720o712toI722o17230]7240772507726077270t7280
TTÀCAGTAGGCTTCGAGTTAATTGGTGGTÀTGATCACACAT CTAGTGGACAGTÀTTAACGAGCTÀGGCÀAGACGÀAGCTTATTTCTCTCCÀCCAlGÀGCAGGCÀGCTGCÀTTTGCTGCTG

TvGFELIGGMITHI,VDSINELGKTKLIsLHHEQÀAÀFÀÀG
L.]29o173001?310:-73201?330I.73401?35017360:-7370173801?390L74o0

GCGGTGTTGC CCGTGCCACTAATÀATGÀÀCAÀGTTGGACTTGCTTTÀGGTACTÀGTGGGCCTGGAGCTACTAÀCCTAÀTAACTGGCATTGCÀGÀCTGTTGGCTGGÀTAGTTÀTCCÀTGTÀ
G V A R A T N N E Q V G I, A L G T S G P G A T N I, I T G I A D C flI L D S Y P C I

774to 742017430174401?4507.746017470L7480774go175001?510L.1520
TTTTCATTÀCAGGTCAAGTTAATÀCTTÀTGAGCTAAAAGATAAAAGACCÀATTCGTCAGCAAGGTTTTCAAGÀATTGGÀTATTGTÀÀGlTTAGTCGATTCTÀTTÀCÀAAGTÀTAGCÀTCC

F T T G Q V N T Y E L K D K R P I R Q Q G F Q E IJ D I V S L V D S I T K Y S I O

].?530175401?5501?56017570175801.?5901?60017610t76201?63017640
ÀAGTTAAAACGGTTGAACAGTTGCTTÀTTGAAATACAGÀAAG CAÀTTTCTATTGCGAGÀAGTGGT CGACCTGGGCCCGTÀCTTATTGATÀT CCCAÀTGGATCTACAGCGTÀÀÀGÀGCTTG

V K T V E O I, L I E I O K A T S I A R S G R P G P V L T D I P M D L O R K E L D

].?650L1660t7670176801?690L7700t171-o777201'.t730t77401775077760
ÀCATTACTTTTGATGATÀTCGCTÀGATTÀGTGGTGCCGTCAGCAGAAGAGGAAATGAATAGTGGATTTTTTTCÀGTGGATÀÀCGCATTGAÀÀGAAGCÀCÀAAAACCACTTTTTÀTTÀTTG

ITFDDIARl,vvPsAEEEMNsGFFSVDNAI,KEÀoKPLFIIG
7.t77017780t7790178001.?810178201?8307.7840178501?8601'787017880

GAGGAGGGGCATGTGCCGAAGTGCAATTTTCAGCGTGGCÀAAÀGAÀAATTT 
CTTCGCTAGGTATTCCACÀTGlTTCGÀGTCTTÀAAGGÀAGTGÀGÀGÀÀCCTCAAÀCTÀTCCAGAÀTATT

G G A C A E V O F S A W O K K I S S I' G I P H V S S L K G S E R T S N Y P E Y L

17890179001791017920|7930t7g401?9501-7960L79701?9801799018000
TAGGAATGATTGGGGCGTACGGTÀCT CGAGCCGCTÀATTATGCTGTCCAÀÀATG CAGÀTATAATCÀTTGTATTAGGAÀGTÀGATTÀGATÀTT CGCCÀÀACTGGÀGCTAÀTGTTGCTGÀCT

G M I G A Y G T R A A N Y A V O N À D Ï I I V I' G S R L D I R Q T G A N V À D F

180101802018030180401805018060180?01808018090181001811018120
lCGCAAGÀAATGCTAAGAAAATTÀTT CAAATÀGATGTTGATAÀAGGGCAAATTGATAÀCCGTATÀACTACGCACCTGÀÀTATCGTATCÀÀAÀTGCAÀTÀGCTACTTTGÀACATTTlTTAT

A R N A K K I I O I D V D K G O I D N R I T T H I' N I V S K C N S Y F E H F L S

18130181401815018160181701818018190182001821078220|8230L824o
CTGAÀGATTATÀTAÀTTAATTGTÀGCTTGTGGCGTGAÀAAÀTTÀAAAGAAACTTTCCGTÀAAAAATTCÀTTGÀTGÀGTÀCGAAGCATÀTÀGÀTTTÀGCCCGTTTAÀAATTATGCÀAÀCTT

EDYIINcsLwREKLKETFRKKFIDEYEÀYRFsPFKIIIÍQTL
18250 18260 t8270 18280 18290 18300 18310 18320 18330 18340 18350 18350

TAÀGTGAGÀAATTTTCTGGTAÀGATAGTCCÀTTATATTCCTGÀTGTTGGAAÀTCÀT 
CAAÀTGTGGTTÀGCCCÀTTCTTTATTTATCGAACCACÀACAGAAAATTCAT CATTCÀGGAGGGC

s E K F S G K Ï V H Y I P D V G N H Q M IÙ L A H S I, F I E P Q Q K I H H S G G I,

18370183801839018400184101-842018430184401845018460L84.1018480
TTGGTGCTATGGGTTTTT CTTTACCTACTGCTATÀGGTGTTAGAGTGGTAACGGGAAATTÀTGTTGTTTCTAT 

CTCAGGTGATGGTGGATTTCAG CTTÀATATTCAÀGAATTGGATGTÀA

GAMGFSLPTAIGVRVVTGNYvvSISGDGGFoLNIQELDvI
18490 18500 18510 18520 18530 18540 18550 18560 18570 18580 18590 18600

TAAÀTAGAGÀTAAÀATACCTATTCTTATAÀTTÀTCCTTÀATÀATAAGTCTTTAGGAÀTGGTTAAGÀATTTCCAÀGATATGTATTTTÀÀTGGTCGÀAATAÀAC 
CAACCTÀTTGGGGGGGGT

NRDK I P I L T I I LNNK S LGMVKNF Q DMY FNGRNK PT YWGG Y



18610 78620 18630 18640 186s0 18660 18670 18680 18690 18700 18710 18720
ÀTTCATGTTCÀTTCTCTCÀÀGTTGGAGAÀGCATATGGTÀTTGÀATCACATTTAÀTAÀAAÀATGATCTTGÀGTTTTCAGCCTTAGTGGAAAGTTÀTGTTAÀAAÀTGCÀCGTCCÀTTGCTAÀ

S C S F S Q V G E A Y G I E S H L I K N'D L E F S À I, V E S Y V K N A R P I, L T

18730 18?40 18?50 18?60 t8770 18780 18790 18800 18810 18820 18830 18840
TÀGAAGTATCTTTÀGAGGATGTAACTGTTTGCAÀGCCÀAGATTAGTATATGGTAAGTCTATTGÀlGAGCAATACCCÀTTTGÀCGAGCÀÀTÀÀÀTÀCGGCGTÀAÀTTÀCATTÀÀTÀÀÀÀTT

EVSL EDVTVC KPRLVYGKS I DEOYPF DEQ *

188s0 18860 18870 18880 18890 18900 18910 18920 18930 18940 18950 18960
TTAGTTTTTAGAATGGAÀÀGTTCTAAAGÀGATÀTTATAACAACATTÀÀGTTTTGGCCAGATAATGAGTGÀTTTTCÀÀÀÀTACClCTGÀÀAAÀÀTCATTGÀÀAÀTTATÀÀGAÀCAGCCCAG

r,bhI'M S D F Q N T S E K T T E N Y K N S P E

18970 18980 18990 19000 19010 79020 19030 19040 190s0 19060 19070 19080
AÀÀTTAAAGTTÀGAÀCTGGTAGACTTGG CGTGÀÀTTTÀACTCCAATCACTTATAATGATCTCTCCAAATCAGAAÀACÀTTAGACTT CTClCTGAGTGGAGAAÀÀGCÀT CGGAACÀTGCTT

I K V R T G R L G V N L T P I T Y N D L S K S E N I R I, L S E W R K À S E H À F

19090 19100 19110 79t20 19130 19140 19150 19160 ]-9170 19180 19190 19200
TCTTGAÀAGTGTTTGAAGTGACCGATACAGGAACÀGCCAAATGGTTGGÀAAGTGGAGTT CTGCÀTÀÀCCCTTTAAGATTAATGTTTTGGGTGGAAGÀCTCAÀÀÀGGAÀCGÀAACTAGGCC

LKVF EVTDTGTAKWLESGVLHNPLRLMFWVEDS KGRKLGH

tg2to t9220 19230 19240 ]-9250 ]-9260 79270 19280 79290 19300 19310 L9320
ATATÀGGCGTATCTAGCTTTGÀTTCCGAÀGÀATTATCTTGTGAGGTAGATAATGTGATTÀAATCTCCATTGTGTÀATGÀTÀAAGGCATATTCÀCCGATGTGCTTGÀÀTGTTTÀÀTTAÀTT

I G V S S F D S E E L S C E V D N V I K S P L C N D K G I F T D V IJ E C L I N L

19330 19340 19350 19360 19370 19380 19390 19400 19410 ]-9420 19430 t9440
TAGTGÀÀÀTTAGAGTTTTCTCCGAAAÀAAATTAAACTGAGGGTTTTCTC TGAAAATATTAAAGCAATTTCACTTTÀTGÀTÀGÀTTGGGCllTÀÀÀCCTATTGÀTÀTTGTlÀCTTTTÀCÀÀ

V K L E F S P K K I K L R V F S E N I K A I S I, Y D R L G F K P I D I V T F T K

19450 19460 19470 19480 t9490 19500 19s10 19520 19530 19540 19550 19560
AÀGTAGTTGGTAAAGÀCTÀTÀTCGAATGGATCGAAT CAÀAÀTCTGATÀTÀGAT CGATGTTTTTTAÀTTTIIGOTOCTÀÀAÀÀÀTGÀTÀÀÀTGÀGATGATÀCTTÀCGGCTGGGCCÀÀGTÀTT

VVGKDY I EWI E S K S D I DRC FL T ME LKNDK t
rbhE!ÍINEMIIJTAGPSI

19570 19580 19590 19600 19610 L9620 19630 79640 196s0 19660 79670 19680
ACCGAÀÀAÀGAGAT CAGTTATGTTÀCCGATGCTGTAAÀÀÀATGGATGGÀATAÀCÀÀTTGGAATAACTACCTÀCTÀÀAGTTlGÀÀAÀÀTCATTGGCGGATTÀTGTTGGAGTTÀÀÀCÀTÀGT
T E K E I S Y V T D À V K N G W N N N hI N N Y L L K F E K S L À D Y V G V K H S

19690 19?00 !9770 t9720 79730 L9740 197s0 19760 ]-9170 19780 19790 19800
TTÀTCGÀCATCTAGTGCÀÀCÀGGTGCATTACATTTATCTÀTGCTTGCATGTGGCÀTTGGÀCCTGGGGATGÀGGTlATTGlTCCGGAGÀTÀAGTTGGGTÀGCCTCGGCTTCCGCAGTGG CT
L S T S S À T G A L H L S M L A C G I G P G D E V I V P E I S Vü V A S A S A V À

19810 t9820 19830 19840 19850 19860 19870 19880 19890 19900 19910 19920
TÀTGTCGGTGCÀÀCTCCTGTTTTTTGTGATATAGÀTCCAGlAAGTTGGTGTlTGGÀTATTGÀÀTCÀGCTGCÀAGATTATTÀACGCCTÀÀAÀCÀÀÀGGCTATCCTTCCGGTTCATÀTATÀT
Y V G À T P V F C D I D P V S W C L D I E S A À R L I, T P K T K À I L P V H I Y

19930 19940 19950 19960 19910 19980 19990 20000 20010 20020 20030 20040
GGCCATCCÀGCCAÀTÀTGC CTGCÀÀTCATGGAATTTGCGAGÀGCTÀÀTAATATTTTGATAÀTCGÀAGÀTGCGGCTCClTCTÀTTGGTGCTGAGGTTGATGGTÀÀGAÀAÀCÀGG1ÀGCTTT
GHPÀNMPÀ I ME FARÀNN I L I I E DÀÀP S I GAEVDG KKTG S F



20050 20060 2oo7o 2oo8o 20090 20100 20110 20720 20130 20140 20150 20160
GGTGATGCTGCTGCTTTCAGTTTTCÀÀGGÀGC TAAÀÀTACTÀTCTÀCAGGCGAGGGGGGCATGTTCGTTTCTAATÀÀCGÀTGAAÀTATTTÀÀTÀGAGTTÀAGTCÀTTGÀÀTGÀTCÀTGGG
GDÀÀA

2017 0

FS

20180

VS

2023 0 20240 20250 20260

FQGÀKILSTGEGGMF

20190 20200 202L0 20220

NNDEIFNRVKS LNDH

2027 0

G

20280
CGTGÀTCCTAGTCAACCÀTTTGCTTCTGTTGAGGTTGGTTÀTAAGTATÀAÀÀTGTCTAATlTÀCÀÀGCTGCAÀTGGGCTTGGCC CÀGÀTAGÀGCGTGTAGAGGAGCTTGTTAÀTAÀÀAÀÀ
R D P S O P F À S V E V G Y K Y K M S N L Q À À M G L A O I E R V E E IJ V N K K

20290 20300 20310 20320 20330 20340 203s0 20360 20370 20380 20390 20400
CGTGAAÀTTAÀTT C CATÀTÀCCÀÀGAGCTTCTAAAAGATTGCÀCTGCAGTCÀÀGGTAACGACCGAGCTGC CTGATTGlÀAAAGTATTCACTGGÀTGACATCÀGTGGÀGCTÀCTTGGTlTT
R E I N S T Y Q E L L K D C T A V K V T T E L P D C K S I H üI M T S V E L L G F

2o4to 20420 20430 20440 20450 20460 20470 20480 20490 20s00 20570 20520
GATTATGÀTAAACGCCÀGÀGATTTATGGGTAAACTTAGAGAAAACTTAGTTGATTCACGTCCAGTATTTTCÀCCGTTGAGTT CTTTÀCCTÀTGTlTGAÀCCÀCGÀGTAAÀÀÀATCCGGTT
DYDKRQRFMGKLRENLVDSRPVF S PL S S LPMF EPRVKNPV

20530 20540 20550 20s60 20570 20580 20590 20600 206]-0 20620 20630 20640
GCTCTACGTATTGGTCAAAGlGCÀÀTCAACTTÀC CGAGTGGGCACAATTTAATATTAGAACÀACTTGAACATGTTGCÀACÀACGATTÀÀÀAAÀÀCTCGTÀTAGCÀAT CTÀGATlACGCCT
AL R I G Q S A I NL P S G HN L I I, E Q L E HVÀT T I K K T R I À I *

20650 20660 20670 20680 20690 20700 207t0 20720 20730 20740 20750 20760
GGTTAACTGCTAGGCGTTÀÀTTTTCATACÀTTCTAT CTÀÀTÀGTGÀÀTÀTGAÀTATTATATCAÀGGlTÀCACAÀTCCCATTATTTTTÀAÀTATTTAlTlGCÀGGTGTAÀTTÀÀTACTATT

r,bbFM N I I S R L H N P I I F K Y L F À G V I N T I

20770 20780 20790 20800 20810 20820 20830 20840 208s0 20860 20870 20880
TTTGGGTÀTTCATTATTTTCTTTTTTAATATTTATÀÀATATTGÀTCATAAAATATCTATAACTATATCTÀCAÀTÀÀTAGGTGTGGTTTTTAATTÀCTTCÀATTTTGGTAGAAÀCGTTTTT
FGYS LF S FL I F INI DHK I S I T T S T I IGVVFNYFNFGRNVF

20890 20900 209IO 20920 20930 20940 20950 20960 20910 20980 20990 21000
AÀAÀTÀGAAÀGTAACCAGTTTACATlTTÀTAGGTTlTTTTTTGlÀTATATACTATCATATTTAÀTTÀÀTTTGGTTTTTATÀÀCTTlGCTGGTGGÀTTGTCTTÀAÀTÀTAATCCÀTÀTTTÀ
KI ESNQFTFYRF FFVY I LSYL TNLVF I lLLVDCLKYNPYL

21010 27020 21030 2:-040 21050 21060 27070 21080 2L090 21L00 27tL0 2t120
TCTCÀAGGTGTATGTATTTTTTCÀTTGÀTTTlÀÀTTAÀTTGGTTTTTATTTÀÀTTTTTGGGTTTTTAAÀÀAÀTGAAÀÀÀÀAAGAÀAÀTÀÀGCÀTTGTGÀCÀCCÀTGCTTTÀATGÀÀGÀÀG
S Q G V C I F S I, I L I NVü F L F N F VüV F K K *

rbhl'M K K K K I S I V T P C F N E E D

21130 2tt4o 27750 27760 2tL70 21180 2t190 2t200 2t2to 27220 2L230 2]-240
ÀTÀÀTGTAGAGTTATTÀTÀTGÀGÀAGGTTÀÀÀGAGGAÀTTTGÀGÀÀÀCTÀGÀTGCTTÀTTTATATGÀÀCATÀTTTlTÀTTGATÀATÀACTCTGTÀGATÀÀÀÀCGGlTGAGAAATTÀÀGÀÀ

N V E L L Y E K V K E E F E K IJ D A Y IJ Y E H I F I D N N S V D K T V E K L R S

21250 2t260 2!270 27280 2t290 21300 21310 2L320 21330 21340 21350 21360
GTATCGCCAÀÀÀGGGÀTTGlÀATGTTÀAAGTAATATTAAATAG CCGÀAÀCTTTGGGCCTGTGCGTTCTCCTCÀCTÀTGGTCTTTTÀCAAGGCTCÀGGÀGÀTGCTACAÀTGCTÀGTTGTTG

I AKRDCNVKVI LNS RNF GPVRS P HYGL L Q G S G DATMLVVA

2737 o 2 13 8 o 27390 27400 2t470 27420 2L430 2t440 2L450 27460 2!47 0 21480
CÀGÀT CTTCÀAGATCCÀCCAGAGCTCÀTACCAGAGTTTAlTGCAÀÀATGGGAAGÀTGGAAÀTGÀTATCGTÀÀTÀGGAGTAAAGÀGTGÀAAGTGATGÀÀTCTCCTGCCATGTÀTÀTGÀTAA

D I, O D P P E L I P E F I À K W E D G N D I V I G V K S E S D E S P À M Y M I R



27490 21500 21510 27520 2t530 21540 21550 21560 27570 2t5e1 2]-590 2L600
GAÀÀÀGTÀTAT TÀTAATTTTAGTAACAAATTATCTGAGTCAÀAGCTAGTAAAAAÀTTÀTTACGGTTTTGGT CTCTATGÀTÀAÀAAGATAATCGAAATÀTTÀGÀTTCAATTGATGÀTCCÀT

K V Y Y N F S N K T, S E S K L V K N Y Y G F G L Y D K K T I E I L D S I D D P F

211670 2t620 2:-630 21640 27650 27660 21670 21680 2]-690 21700 2L770 21120
TTCCTTATÀCTAGGGGTATGATTATGGATCTTGGATTTAAATTGGAGAAÀATATACTÀCCGTCAACCAATACGTCGAÀGÀGGTGTTACTTCTACTAÀTTTTTTÀTCGCTTTÀTGÀTATTG

P Y T R G M I M D I, G F K L E K I Y Y R Q P T R R R G V T S T N F L S L Y D I À

21730 2:-740 21750 2:-760 2:-770 2t780 2]-790 21800 21810 21820 21830 2L840
CTÀTGCTTGGTÀTTTGTÀGTCACTCAÀÀGATT C CTCTACGCATTGCGÀCCATÀTCAGGATTTATACTCÀGTCTAÀTÀAGTTTTACTCTTGCTÀTCÀTATTTCTÀGCCCTCÀÀAATTATTT

M I, G I C S H S K T P I, R I A T I S G F I I, S L I S F T L À I I F L À L K I I Y

21850 21860 21870 21880 21890 21900 2t970 27920 27930 2t940 2tg5o 2L960
ATTGGGATGATTT C CCTÀTGGGAACTGCAC CÀÀTCATTATTGGTATGTTTTT CTTAGGTTCTGT CCAAATATTTTTTÀTÀGGGCTGGTTGGTGAGTATGTTGGTCATCTÀGTAGCTAAÀC

WDDF PMGTAP I T I GMFF LG SVO I FF I GLVGEYVGHLVÀKL

2:-g7o 2!980 21990 22000 22070 22020 22030 22040 22050 22060 22070 22080
TTTC CAAGTTTCCACTTGTTATAGAAÀAAGAAÀGGATAAATTTTGACTAGCTTGTAAT TACAACTTATTATTTAATAACAÀCàTlTGTTGTÀÀTATTCTTACÀTGCGAGATÀGTTÀTÀTÀT

SKFPLVIEKERTNFD*ybå'EMRDSYIF
22090 22tOO 22t70 22120 22t30 22140 22:-50 22760 22t70 22180 22t90 22200

TTATTÀTGAATAAACTGAAAÀTTGTGT CAATTTTÀAAÀGTTTTCTÀCTATÀTGTTGC CTAAATTTATTÀGAGTTCAGTACTCTGAlÀGTGTTACAGTTCTCCGTAATATGGCTTTÀGGTG
T MNKLK I VS I L KVF YYML P KF I RVQ Y S D S VTVLRNMÀLG D

222L0 22220 22230 22240 22250 22260 22270 22280 22290 22300 22310 22320
ÀTAAAÀGCTTACATAATGATTTTTTTGTGGAAAÀTÀAAATTAAACTÀGTAAAAGAÀCTAGAÀTCÀTTGGG CGCTÀCÀTTTGÀTATTATTÀCCCÀTÀTTATÀGGGCGTAÀGÀATATCÀ1ÀG

K S IJ H N D F F V E N K I K L V K E L E S I, G A T F D T T T H I I G R K N I I G

22330 22340 22350 22360 223'1.0 22380 22390 22400 224LO 22420 22430 22440
GTGCTCCTGCTATTTACATAGACAATGTTAGGTGCTTTCGACCTT CTCTCGAAGGAGGCTTG CTTGÀTGTGAÀÀGTTATTCATTTÀTTTCÀTGTCÀCTCTGÀTTGGÀlCTACÀGÀTGGÀG

ÀPA IYI DNVRC FRPS LEGGLLDVKVI HL FHVT L T G S lDGV

22450 22460 2247 0 22480 22490 22500 22570 22520 22530 22540 22550 22s60
TTATCTATAAÀGATAAÀATGTAT CATCAAGÀÀCTATTGTCAÀTGCGTCÀTÀCTAÀTGÀTTTAAAGCÀACCAGAlATTTTTGTTAGlCAÀAATTTTGTCAÀAATTCÀCAACTÀTGATTÀTC

IYKDKMYHOELL SMRHTNDLKQPDI FVS QNFVK I HNYDYL

22570 22580 22590 22600 226L0 22620 22630 22640 22650 22660 22670 22680
TTGTCÀGAAGTAGAÀAAÀÀTGTÀTTAÀÀTATTGAAGGGCCTGCCATCÀGCTTÀCTAAAAGÀGCÀCTClTCÀAÀTTÀTTACCÀTTGTGTTACTGÀAATTCTCCCCÀAÀCTTCÀÀCÀÀATAC

V R S R K N V L N I E G P A I S L IJ K E H S S N Y Y H C V T E I L P K L Q Q I f'

22690 22700 227L0 22720 22730 22740 22750 22760 22770 22780 22790 22800
TTÀGTTGTGTÀCCTAGTÀÀTAAGGÀTTCÀlTCT CAÀTACTTATTGATGAClGTÀTGCCTÀTTCÀÀGTTGTTAACATGATTÀÀCGTTATACTGÀGTGCCTÀTACTTGCTTTCAÀTÀTGAAC

SCVP SNKDS F S I L I DDCMP I OVVNMINVT LSAYTCF QYEL

22870 22820 22830 22840 22850 22860 2287 0 22880 22890 22900 22970 22920
TTATAAÀAGTTGAAAÀAGGGCAGÀAGGTÀÀATTGTÀACGAAGTGÀTCTACTGTACTCCÀTTGTGGTTATCTCTTGATAATÀCACAGTÀCTTÀCCTGÀTC CCAÀGAACGAGTTTTlTGTTT

I K V E K c O K V N C N E V I y C T P t, Vü L S 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
CTGTÀGÀTÀGTTTÀAÀAÀÀÀCTTAÀÀGGTCATATÀTCGÀGTGTGCTTTTTGCTCCTACAGTATCTT CTAAGTATAGGÀÀGGTTTÀTTTACÀGAGÀCÀGÀÀTÀATAGÀTTÀAGÀAAAÀT1A

V D S L K K I, K G H I S S V L F À P T V S S K Y R K V Y L Q R O N N R L R K I S

23050 23060 23070 23080 23090 23tO0 23LL0 23120 23130 23L40 23150 23160
GTAATÀTTCTTGÀAGTTGÀGCGTGTGTTGTACÀAGCÀTGGTTTTGAGTTTGTTAACACAGGTACTCTTÀGTTTTCAAGAGCAATATGÀGTTATTTTCTGATÀCAGÀTGTTGTTATTGGAG

N I LEVERVLYKHGF E FVNTGT L S F O EOYE L F S DT DVVI GV

23]-70 23180 23790 23200 23210 23220 23230 23240 23250 23260 23270 23280
TGTCAGGCGCÀTCTTTTACTAATÀTACTGTTTATG CAAAGAAATAG TÀÀAGCAAT CTTATTATCTCCATCGGCGCAATGTACTAÀTTATTÀTÀTTTTCCAGCCÀTTGGCÀGÀCGTGTCTG

SGAS FTN I LFMQRNS KAI LL S P SÀQCTNYY I FQ PLÀDVS E

23290 23300 233rO 23320 23330 23340 23350 23360 23370 23380 23390 23400
AAGTTGAGCTGGTG CACTTACTTT CGAAÀCCTGATGATGACTCTAÀTT CÀTTACATGGAGATGCTAG CGTTAACGTCGAAGAGTTGGÀATTÀTTTCTTAGTGAAÀTGT CGTGTGATATCT

VELVHLL S KP DDDSNS LHGDASVNVEELELFL S EMS C DI Y

234tO 23420 23430 23440 23450 23460 23410 23480 23490 23500 23510 23520
-35 -10

ATAGATÀGAGGCTTTATTAÀGTAATAGCGATTTTACTAAGATTTAACTATTAATTTTÀGGATGAÀAATATAATATÀATATAÀTTTCGCTCTTTÀGCGÀTATAATTACGCTTCÀGTGÀCCT
R*

23530 23540 23550 23560 23570 23580 23590 23600 23610 23620 23630 23640
TTÀCTGTTTGATGAATGGCAGTTGGGGTGGÀTAGCATTTTTGCAACAÀAGCCGTTGGATAGGATATAACTATTTTTTATlAÀCTATTAATlÀOGTTÀCOCÀATGGACATlAÀÀTTTÀTTC

ÚbhTMDIKFIO

23650 23660 23610 23680 23690 23700 237]-0 23720 23730 23740 23150 23760
ÀGTTTCÀÀGCTCATGGTGÀTGATAGGGGCTCATTÀGTCTCCTTÀGAAGATGATAAAÀÀTATCCCCTTTACTÀTAÀÀGAGAGTÀTATTATTTÀTÀCAÀTACÀAAGTCTGGTGTÀCGCCGCG

FOAHGDDRG S LVSL EDDKNI PFT I KRVYYLYNTKS GVRRG

23770 23780 23790 23800 23810 23820 23830 23840 23850 23860 23870 23880
GTTTTCACGCTCATAÀÀGAÀCTÀÀAÀCAGTTAGCCGTAGTTTTAAAAGGATCÀTGTAGÀTTCTTGTTAGÀTGÀCGGTÀGCGÀGÀAGATTGAÀGTTTTÀTTGGATAACCCTGÀACAÀGGCT

FHAHKEI,KQLÀ vv
23920

LKGS CRFLLDDG S EK I EVLL DNPEQGL

23930 23s40 23sso 23960 23970 23980 23ggl 24oOO23890 239 00 239]-0
TÀTTCÀTCGACTCGTTTGTTTGGAGÀGÀÀÀTGTTCGÀTTTTTCTGAAGACTGTGTACTGClGGTÀTTGGCÀGATAAÀTTCTÀTGATGÀAGCTGACTÀTATCCGTGATTÀ1GÀ1GC1T1CC

F I D S F V W R E M F D F S E D C V I, L V L À D K F Y D E A D Y I R D Y D À F L

240]-0 24020 24030 24040 24050 24060 2407 0 24080 24090 24700 24710 24720
TGGCÀGÀAÀTTÀÀGGCATAAAGÀÀÀGÀCàGGlTTTAAÀTGÀCATTTATTCÀTGAGCTTGCCGÀTGTTCAATCTAGTAÀ1ÀTTGGGATÀÀATÀCAÀAAATTTGGCAGTTTÀGCGTAGTTTT

AE IKA * vbhíTMT F I HELADVQS SN TG INT K I WO F SVVL

24730 24]-40 24150 24L60 2417 0 24180 24190 24200 242]-0 24220 24230 24240
ACCCAATGCTÀTCÀTTGGTAAÀAÀTTGTAACÀTCTGTTCGCÀTAClTTTÀTTGÀGAÀCGACGTCÀCTÀTÀGGTAÀTAATGTTÀCTÀTCÀÀGTGTGGTGTACÀAÀTTTGGGATGGTÀTCTT
PNÀI T GKNCNI C S HT F T ENDVT IGNNVT I KCGVO IWDG I L

24250 24260 24270 24280 24290 24300 24370 24320 24330 24340 24350 24360
ÀATTGGTÀÀCAATGTTTTTÀTTCGG CCCÀÀTGCTÀCTTTTACAÀATGATÀTGTÀCCCTCGTTCTÀAGCÀÀTÀCCCCGÀTGAATTTÀTGAAGACGGTTGTGTGTGATÀÀTGCTTCTATTGG
I GNNVF I G PNÀT FTNDMY PR S KQ Y P D E FMKTVVC DNAS I G



24370 24380 24390 24400 244tO 24420 24430 24440 24450 24460 24470 24480
TGCGÀÀTÀCTÀCÀÀTTCTTCCÀGGGGTGÀCTÀTTGGÀGÀGGGTGCÀTTAGTTGGTGCTGGCT CTGlGGTTACAAÀÀGACGTAÀÀÀCCTTlTAClÀTTGTTGCGGGÀÀÀTCCTGCTÀOTOT
ÀNTT I L PGVT I G E GALVGAG S VVT KDVK P FT I VÀGN PARE

24490 24500 24570 24s20 24530 24540 24550 24560 24570 24580 24590 24600
ÀÀTTGAAÀÀATGATÀT C CTTTTTAGACTTAAAGA,AACTTÀATGCTCÀATACGAACÀAGAGCTAAAAGATGCATGCÀCTCGÀGTTÀTAGATTCTGGTTGGTATATÀCTTGGTAÀTGÀÀGTT

IEK*
rbbrM I S F L D L K K I, N A Q Y E O E I, K D A C T R V I D S G VT Y I L G N E V

246tO 24620 24630 24640 24650 24660 24610 24680 24690 24700 24710 24720
TCAGÀATTTGAGAAAGAGTTTGCTGCATATTG TÀÀTGTTGÀÀCAClGTTTÀGGTGTTG CTÀACGGCTTAGATGCTTTGÀTÀCTTÀTACTÀCGCGCTTACÀTTGAACTÀGGÀGTTATGTCT
S E F E K E F AÀ Y C N V E H C L G VA N G I, D A I, I L I L R A Y T E I, G V}I S

24730 24740 247sO 24760 24770 24780 24790 24800 248t0 24820 24830 24840
AAAGGTGÀCGAGGTTATTGTTCCGTCAAACAC CTÀTATTGCÀTCTATACTCGCAATAT CTGAAG CGGGGTTAGTTCCÀGTAC TTGTTGAG C CTTGCGÀÀGTÀACTTT CÀATCTÀGACCCT
KGDEVTVP SNTY TÀS I LAT S EAGLVPVLVE PC EVT FNLDP

248s0 24860 24870 24880 24890 24900 24910 24920 24930 24940 24950 24960
AATTTAATCGAÀCTAGCAGTTACTACTCGAACAAÀÀGCAAT T CTAACCGTT CÀTTTATACGGACAGGlTlCTGGTATGGAT CAAÀT CCAAAÀGATTGCTCGAAAACÀ1ÀATTTÀAÀGGTÀ
N L I E L À V T T R T K À I L T V H I, Y G Q V S G M D Q I O K I A R K H N L K V

24970 24980 24990 2s000 2s010 25020 2s030 2sA40 25050 2sO60 2s070 25080
ATAGAAGATTGCG CACAÀGCTCACGGAGCGTTGTATGÀTTCGAAÀGÀAGGAATCAAGÀAGGTTGGTTCCATTGGTGÀTGCTGCTGGTTTTAGTTTTTÀTCCÀGGÀÀÀÀAATCTlGGÀGCA
r EDCAQAHGÀLYDSKEG I KKVGS TGDÀAGF S FYPGKNLGÀ

2s090 2s100 25110 2s720 2sr30 25740 2s150 25160 25770 2s180 25L90 2s200
CTTGGÀGÀTGCTGGTGCGGTTACÀACTÀATGACCCAGAGCTTGCCAGTACTÀTCTCGGCACTCCGTAACTACGGTTCACATGAÀÀÀATÀCCGAAÀTATATTTÀAGGGGTTGÀATÀGTCGÀ
LGDAGÀVTTNDP ELÀS T I SÀLRNYG SHEKYRNI FKGLNS R

25210 25220 25230 25240 25250 25260 25270 25280 25290 25300 25310 25320
TTAGATGAAATACAAGCGGCGATGCTTAGAGTCÀAÀCTACGCTATTTAGATGACGAAATATCTCTACGACGCAÀAGTTGCAÀGCCGTTACTTAAÀTGAÀGTÀAGAÀÀTCCTCTAATCAÀG
L DE I QAÀMLRVKLRYLDDE I S LRRKVA S RYLNEVRN P L I K

2s330 2s340 2s350 25360 25370 25380 25390 25400 25470 2s420 25430 25440
GTACCTTTÀGTCGAÀGATGATAATGCGCATGTÀTGGCACCTTTTTGTGGTAGTGGTCGAGGATAGÀGATÀAÀTTÀGTCGAACATCTGÀGTGAÀAÀCCAÀATTCÀGTCÀTTAÀTÀCÀTTAC
V P L V E D D N À H V W H L F V V V V E D R D K TJ V E H IJ S E N Q I Q S L T H Y

25450 25460 25470 2s480 2s490 2ss00 25510 25520 25530 25540 2s550 25560
CCAATTCCACCACÀCÀAGCAAGAGGCTTATATGGAGTGGAATÀACÀGTGCCTTTCCG TTATCAGAGAAÀATGCÀTÀÀGCÀÀGTTTTAÀGTCTTCCÀCTÀÀGCTCTGTTTTGGATAAÀÀGT
P I P PHKQ EAYMEWNNSÀF PL S EKMHKQVLSL P LS SVLDKS

25570 25580 25590 25600 25670 25620 25630 25640 25650 25660 25670 25680
-35 -10

GAAATTGÀCAAÀGTTATAGATGTATTGAACTCTTTTCTTGGTTAÀTTÀÀCCCGTCATÀCATAGTTTTTCTGGAGGÀTGACTTTTTGGÀÀAAÀCTGTTTACTÀTTAÀÀATAÀTTGÀGCTTC
EIDKVTDVLNSFI,G*

25690 25700 25770 25720 25?30 25740 25750 25760 25770 25780 25790 25800
CATTÀCEÀGOTTTÀCT CCTÀTGCACTTGTCTGACTCCAAG CCTCCTTTAGTAAGTTTATGTATACTAACTTTTAATCATGÀGÀÀÀ1ÀlATAÀCTAAÀGCÀÀTAÀÀTÀGTTGTTTCGCGCA

7bhLM H L S D S K P P LV S L C I L T F NH E KY I T KÀ I N S C LÀO



25810 2s820 25830 2s840 2s850 25860 2s8'70 2s880 25890 25900 25910 25920
ATCTTÀTÀGTAATATAGÀGÀTAÀTlATTGTAGACAATAATTCAAGTGATGGAACTGTAÀATÀÀGÀTTAGATCTGÀTTTTAÀAAATGAGCTÀGÀÀGTTGGGGÀÀÀTÀAÀGCTTTTTGÀ'ITT
S Y S N I E I I I V D N N S S D G T V N K I R S D F K N E IJ E V G E I K IJ F D IJ

25930 25940 25950 25960 2s970 2s980 25990 26000 26070 26020 26030 26040
GGAACÀCÀATACTTÀTCCTTCACATGGTTTTAACTATGCÀCTGÀÀÀÀÀGTCTCÀAGGAGAATATGTCTCT CTTTTTTCTGGTGÀTGÀTACGCTTTGTTlÀÀACAAÀGTAGÀÀCGGCÀGAT
E H N T Y P S H G F N Y À L K K S Q G E Y V S L F S G D D T L C IJ N K V E R O T

260s0 26060 26070 26080 26090 26]-00 261]-0 26!20 26730 26t40 26tso 26L60
TGGTATAATGGTTAAÀGÀÀGGCTTATCTAATTTATTTACATGGGTAÀÀTÀTÀATCAATGATAAAGATGAÀATTATAAAGTGTGÀTTACTTAGAÀÀGTÀTlTTTAÀT CGCÀÀTTÀTÀÀTÀG
G T M V K E G I, S N L F T hI V N I T N D K D E I I K C D Y L E S I F N R N Y N S

2617 0 26L80 26190 26200 26210 26220 26230 26240 26250 26260 2627 o 26280
C CAACÀÀATAAÀÀGÀGCÀTTTTATT CATAGTGGGÀATATGTTÀlCCGCÀCTGTCCGTCÀTGCTAT CTÀGAGÀTGTÀTTTGATAGGTATGGTCÀTTTCGACGÀGCGTCTTGTTCÀGCTÀCÀ
O O I K E H F I H S G N M L S A IJ S V M I' S R D V F D R Y G H F D E R L V Q L O

26290 26300 26370 26320 26330 26340 26350 26360 2637 0 2 63 80 26390 26400
GGATTTTGÀTTT TTGGCTGCGTATGGCCTCTAATGATGATCTTAATTTÀTTGACCGAAAAACTATCÀÀACTATAGÀTTGAGAGATGATGGCGGAAÀTTTAÀGTCTÀGCTAÀTCATÀÀATC
D F D F W L R M A S N D D IJ N L L T E K L S N Y R L R D D G G N L S L A N H K S

26410 26420 26430 26440 26450 26460 26470 26480 26490 26500 265L0 26520
GCGACAGTTAAGÀACTGÀTlTTGAAGAAGTTTATGTATATAGÀCATTTGTTAAATTTTGÀTTTÀAAGACÀÀTTCAAAGTGTTGTTGGTATGCTGÀÀTÀAAGÀCCÀÀTCTÀTCGCTATGGC
RQ LRT DF E EVYVYRH L LNF DL KT I Q SVVGMLNK DQ S I ÀMÀ

26530 26540 26550 26560 26s70 26580 26590 26600 266L0 26620 26630 26640
TCTGCÀTGGCTÀTTATCATAATGÀGAATAAÀATGÀAGTTGGCCAAAGGTTTTTTGTTGTCCÀTÀTATGAÀGÀÀTTÀGGGÀCAAAlATTGTTTTCCCTTCÀTCTCÀCTATÀGCTÀCTTCTT
LHGYYHNENKMKLAKGF LLS I YE ELGTNIVFP S S HYSYF F

26650 26660 26670 26680 26690 26700 267LO 26720 26730 26740 26750 26760
TGÀCÀTATATTCTAAATGTGAATTTTTCAACTCAGATGÀGAÀTGÀTGAÀGTÀTCAAAGCTGÀAÀGAGAÀÀÀTÀCACGTTTATGÀÀÀÀTTCTÀGGGCGATTÀGATTTÀCTAGCTTÀÀTCGT
DI YS KCEFFNS DENDEVSKLKEK T HVYENS RÀT RFT S L IV

26770 26780 26790 26800 26870 26820 26830 26840 26850 26860 26870 26880
TTCTTGGCTTGGTAGGTTÀÀÀÀAAAlTÀGTGÀGAAAÀATGÀAGTATCCACGÀAGClTATCÀTGGGÀÀÀÀÀATTTCTÀGCAGTÀCTATCTCTÀTTAGÀGAGTTTAATCGTT.ITGÀGÀÀTÀA
SWLGRLKK * IbbXMKYPRSLSWEKI S SST I S IREFNRFENK

26890 26900 269]-0 26920 26930 26940 269s0 26960 26970 26980 26990 27oOO
GÀÀÀÀAAGTÀGCTATÀTTTlGTGGlTATGTÀAGGGÀTAAÀTATGAÀTTlAACTATCATGÀTÀGAÀCTTÀTCÀATGGTTÀÀGAÀACAATGÀCTÀTTACGTCÀTCTTÀGTTATGCCTÀÀÀAG
K K V A I F C G Y V R D K Y E F N Y H D R T Y Q !Ù L R N N D Y Y V I L V M P K S

270]-0 27020 27030 27040 27050 27060 2?070 27080 27090 27700 27]-]-0 27t20
TGGÀÀTTCTACTAGAATCTGÀTTTATGCAÀAGCTTGTGATGTTTTTATTGÀAAGAGÀAAÀCTTTGGCTÀCGÀTTTTGGATCTTÀTGCÀTGCGGÀTTÀCÀATATGTTAACTTÀATCGÀGGG
G I L L E S D L C K À C D V F I E R E N F G Y D F G S Y A C G L Q Y V N IJ I E G

27130 27]-40 27750 27160 27]-70 27780 27790 27200 27270 27220 27230 27240
CTCÀGAGAGGÀTTGATÀGGTTACTTTTCGTGAÀCGÀTÀGTTTTATTGGGCCTTTCGGATACTGCAÀTTTÀATAGAAGATTClAGCGAÀTTTTGGGGÀAATACAGATÀGCÀÀCCÀÀGTÀÀÀ
S E R I D R L L F V N D S F I G P F G Y C N L I E Ð S S E F üI G N T D S N O V K



272sO 27260 2727 0 27280 27290 27300 273]-0 27320 27330 27340 27350 273600
ÀTATCÀCTÀTCAGÀGTTAC CTGTTTGGÀTTTÀATCTCGAAAÀAGTÀAACTTÀGATATTATAAATAACTTTTTTTTTAGCCGAGCÀGATÀTÀTÀTÀCÀGATGÀTÀÀÀTCTCTAGTTÀTTGA
Y H Y Q S Y L F G F N L E K V N L D T T N N F F F S R G D I Y T D D K S T, V T E

27370 27380 27390 27400 27410 27420 27430 27440 27450 27460 27470 27480
ÀAATTTTGÀG CTTTCATTATATGAATATTTTAATGGGAAÀGGCCTÀAGATGTÀGTGTGTTACATCCCATAÀGTGTTTTÀAÀÀT CGGATTTTATTAÀACÀGÀCTTTTCACTTTÀTTTCÀTA
NFEL SLYEYFNGKGLRC SVLHP I SVLKS DF T KQT FHF I S Y

27490 27500 275tO 27520 2'7530 27540 27550 27560 27s70 27580 27590 27600
TCCÀTATCTAACATC CAAÀATTTT CTTTTATATAÀTGGTGATTGCACGCGACGTGAAT CCAACTCÀTCAACTATGGTTGCAACTÀTTCÀAÀÀGÀGGCTTTCClTTTÀTAÀÀGAAAGÀGCT
PYLT SKI F FYI MVIARDVNPTHQLWLOL FKRGF P F I KKEL

2?610 27620 27630 27640 27650 27660 27670 27680 27690 27700 27770 27720
lTTGAGAGATAATCCGACAGGTTACCCAGAG CTTTÀCAÀÀÀAAGTAGAGGAAGTTATGGGTAGCÀATGATTTTAATGGAGÀGTÀTAAACAÀATCTTCAAAAÀTCATTTATGAGCAATAGT
LRDNPTGYP ELYKKVEEVMGSNDFNG EYKQ I FKNHL *

27730 27740 27750 27760 27770 27't80 27790 27800 27870 27820 27830 27840
-35 -10

CTAGAGTÀÀTTTGATTTGGTATT CTATTlT CATAT TTCACGTAGTTCGACTÀTTÀTATTTTTAGTGCTCTGCC CACAGATTTTTTATATÀAATÀTTÀTt'GTGÀEÀTT G?GTG¡CÀTTCGÀT
WbhNVSIRY

27850 27860 278?0 21880 27890 27900 27970 27920 27930 27940 279sO 21960
ÀTGTAT CTTC C CC CCCCCCCAAAGTATÀGGÀGTÀT TTTIITGT CGATTT CATC CGTAATTATCÀClTTT CAACC CGATCTATCGAÀTGTCTCCCÀGTTACTATTCGCTTGTATAT CCTTTG
MYLPPPPKYRSIFCRFHP*

V S P P P P K V * E Y F L S I S S V I T T F O P D L S N V S E L IJ F À C I S F G
27970 27980 27990 28000 28010 28020 28030 28040 28050 28060 28070 28080

GAAACAAGGCTGTTGTTATTGATAÀTGGTAGTAACAATGCGGÀAGAÀCTÀCÀGGATATTTGTCGGTTÀTTTGÀGCÀTGTTAAGCTAATCCGTCTTGÀTGÀAÀATGTGGGTÀTCGCGTCGG
N K A V V I D N G S N N À E E I, Q D I C R L F E H V K L T R I, D E N V G I A S A

28090 28100 28110 28120 28130 28740 28150 28t60 28l.70 28180 28190 28200
CÀCÀÀAACATAGCAÀTTÀGTAATTTGAATGGTÀÀTGÀÀGACGATATTATTGTTTTTTTTGÀTCAGGACTCATCTATTGÀCÀÀTGGGTÀTTTGÀGCÀÀGGTCGÀACTTGCGTÀ1ÀÀCCGGT

O N I A I S N I, N G N E D D I I V F F D Q D S S I D N G Y L S K V E L A Y N R L

28210 28220 28230 28240 28250 28260 28270 28280 28290 28300 28370 28320
TGGÀGÀGTGÀTTTTGGTCGAGGCÀTTGTTTTAGGGCCÀAGGTTTTAlAATCGÀGTTTCCÀAGTTCGAGTATCCÀGTAATAÀÀGTTTAATÀTClTTGGTCTTAGGÀGCÀGÀATÀ1ÀTCCTÀ

ES DFGRG TVLG PRFYNRVS KFEYPVT KFNI FGLRS R T YP S

28330 28340 28350 28360 28370 28380 28390 28400 28470 28420 28430 28440
GTGAÀTCTCG CTACCCGÀTAGÀAGCTTCTTGTATTATClCTTCCGGÀATGGCÀGTTÀGAAAÀÀATÀTTCTTGATTCCGTTGGTGTGÀTGGÀTGACTCGTTGTTTATCGACTATGTÀGÀTÀ

ESRYP I EAS C T I S SGMAVRKNI LÐSVGVMDDSL F I DYVDT
28450 28460 28470 28480 28490 28500 28s10 28s20 28530 28540 28550 28560

CAGAGTGGÀGTTTÀAGAGCTAGÀTATTTGGGGAATCTGÀTACTCGTCGATCCTCÀGTTÀGlTATGGGGCATGAGÀTTGGCÀCTGÀTAÀTCTCÀAG CTTTTTÀÀATGGAGAGTTCCTGTCC
E W S L R A R Y L G N I, I L V D P O L V M G H E I G T D N L K L F K W R V P V H

28570 28580 28s90 28600 28610 28620 28630 28640 286s0 28660 28670 28680
ACT CCGCTTCÀCGCCGATÀTTACCGAATTAGAAACTCÀTTTTTlCTTTTTAGGTACCCTCATÀTACCGAGATTAGTTTGTÀCÀCGTGÀÀGTÀÀCCTTTTCAATACTTCÀTCAGTTÀTTTT

SASRRYYRI RNS FFL FRYP H I PRLVCTREVT F S I LHQLFL
28690 28'100 28770 28720 28130 28140 28750 28160 28770 28780 28790 28800

TAGTTTTGTTÀACCAATGÀAAAAAAAGCTCACTGGÀAGT CACTCTGGCGAGGGÀTTAÀAGATGGTGTTTTTTÀTÀÀAAGTTÀG CCÀTTTGAGAACAÀGCTÀGCCCTÀAÀÀTTTÀGAGCTT
VL L T N E K KA H$I K S L WR G I K D GV F Y K S *



288rO 28820 28830 28e40 28850 28860 28870 28880
GATTGAAAT CTTACAGÀÀCTClTCÀAATÀCCAÀÀÀAÀAATGCTTTGÀTAGAAATTTT ClATTTTGATGTGACGCÀTAATGAÀ

28890 28900 28910 28920
rccErr-r¡?EÃr]i-@åFa-c-r¡'ç-r¡-c-¿r¡Tq,@'åÐcc

28930 28940 28950 28960 28970 28980 28990 29000 29010 29020 29030 29040
CTTTTTTTTGCACGÀGTACAAÀTGTCTGCATCCTCAAAGTÀCÀTÀÀÀGTATTTTTCATCÀAAGCCGCCTÀACTTCTlAAAGCAÀCTTAClTTÀAATÀGTÀAÀAÀTGÀTCCTGCÀGCCCÀC

290s0 29060 29070 29080 29090 29100 29170 29720 29:-30 29]-40 29150 29760
TCTÀTTTTCATTGGTTGCTTTATTTGGCTTTTGTCGTÀAACÀTCATTCCGCTTTATACCAAGTAGCGÀTTTÀÀATGGTGÀTÀGGÀGTTTÀGGÀTÀTCGGCGGÀTAGÀGTTGTCATÀCATA

2977 0 29L80 29]-90 29200 29210 29220 29230 29240 29250 29260 2927 o 29280
CTTÀACGAACGGTCAGTAAATAGGTTAÀTAGCAGÀAÀTÀTCGGCTTGATÀCTCTTCÀGCTTGCTCGATAÀGTTGAGÀTÀGGCTGCTGGTATCGATTTCÀACÀTCÀGGGTTÀAGTACTAGÀ

29290 29300 293rO 29320 29330 29340 29350 29360 29370 29380 29390 29400
ÀAATAGTCT CGCTCCGCAGGTTTGAATTCACGCAT CGTÀTACÀAAAACACTTCGTTATTATTAG CÀCCAAATCCTTTTTTGGTGTCTCCÀTGGATTAGCATAATCTCÀTGCTCTAÀGCAG

29470 29420 29430 29440 29450 29460 29470 29480 29490 29s00 29570 29520
TAATTAGACÀGTGCTTCGGAGGCGACAGTATTCGACTT CACGACAACTTTATATTGTTTGGCCÀGTAATGCTÀGTGTTGGÀTTGGTTÀCGATCÀTTT CGTCATGGGCATGÀTTGACGÀCC

29530 29540 29550 29560 29570 29580 29590 29600 29670 29620 29630 29640
GAlATGAATAGGTT CATTAACTAGTÀGCCTTAATTAATTTTTCGTTÀGGATTATAÀC CAGTTGG CGCTTCTAÀÀAGAAGGCGCTTÀATACATTCTÀCÀTCGÀAGTTATGÀCAGCÀTATÀT

29650 29660 29670 29680 29690 29700 297tO 29720 29130 29740 29750 29760
CCAÀTTCTTGGAGTAGGGGÀTGCÀT CTCTTT CCAAGTGÀGCTTAT CTTCACÀÀGCCGTCATTATCTTTTGGTGGCTTGTGCCCTCGACÀTTGTCACCAATCAÀTAATTCCTCGTÀGÀGCT

29770 29780 29790 29800 29810 29820 29830 29840 29850 29860 29870 29880
TTTCÀCCGGGTCT CAAACCÀGTGAÀlTTAATTTCÀÀTÀTCTC CCTCÀTTGCTÀTTGCCATCÀAÀGTÀCTCTTTCATACCCATCÀGGTGGÀTCÀTCCGTTTTGCTÀGTCGACÀÀTTTTAAC

29890 29900 29970 29920 29930 29940 29950 29960 29970 29980 29990 30000
TGGCTCG CCCATATCTAACACAAÀGACTTGTCCATTÀTGC C CCÀTTGCTCCAGCClGAÀTAACCÀÀCTGGGCTGCTTTCTGGTATTÀGCÀTAÀAGTÀGCGGÀ1ÀÀTGTCÀGGGTGAGTÀÀ

30010 30020 30030 30040 30050 30060 30070 30080 30090 30100 30110 301.20
CGGTAACAGGGCCGCCCGCTTTTATCTGTTTTTTAAAGAGGGGTÀCÀACAGÀÀCCTGAÀGAÀCCÀAGCÀCATTÀCCÀAAÀCGCACCÀTAGTAÀÀAATÀGTTTTGGTTCCTTTÀTCÀGCCÀ

30130 30140 30150 30160 30170 30180 30190 30200 30210 30220 30230 30240
GTGCCTGTAGÀÀCTÀÀTTCTGCCÀTCCGTTTÀCTGGlGCCCATAATÀTTCGTÀGGACGTÀC CGCTTTATCGGTTGAGATÀAGTGTGAAÀCTTTCGÀCÀCCÀGCCTCGATÀGCCGCCGTÀG

30250 30260 30270 30280 30290 30300 30310 30320 30330 30340 30350 30360
CACATGCTAGGGTÀCCGÀÀTÀCATlGTTGCGÀATACCTTCGÀTGÀCGTTÀTCTTClÀCAAGCGGTÀCÀTGCTTÀTÀAGCTGCÀGCATGGTAÀÀTAGTGTTÀÀCTTTÀTGÀGCGACCÀTTÀ

30370 30380 30390 30400 30410 30420 30430 30440 30450 30460 30470 30480
GTTTATGTAAÀCGGTTTTCCTTTTGCÀCTGÀÀCCAAGÀGCCGCGÀCAÀTTTTGGTClCTÀATTTTAGÀTTTTGTTTTÀTGGCTTGCÀGTTClTGATCCTGCCÀTGGTTGCTCACGGCTCÀ

30490 30500 30510 30520 30530 30540 30550 30560 30570 30580 30590 30600
AÀAGATTCGÀACTGGGGTACTGGCTTÀGAGCÀAÀÀGCÀÀATTTGGTTCTTÀÀCGTTCTGTATCAGCACGTTCACCÀATCAAATTCÀGCAÀTGCGTÀAÀCAAÀÀAGCTÀCTTACCCCAGTG

30610 30620
.gcoRl

CAGAGAGTTAGCTÀTTACAGCGAATlC 3'
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Corrigenda

Fig. 3.3. The protein indicated by an asterisk is abundant in the V. anguillarum sttains

tesled. Evidence that it is outer membrane protein was stated on pg 79, Line I

although the data was not shown.

Fig. 3.6. Figure legend should include: Numerous fields were examined and gold

puiti"t.. obsãrved wlre 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".

palge g4, fiie n-l\. Partial cleavage of DNA was ruled out as other restriction

.nãyor"" were used to determine the copy number of IS1358 in serot¡ipe 02, however

the data was not shown.

page 84, Line 15. Sentence "serotype 07 was found to contain one complete IS13J8

ele[ent and a partial element" should read to clarify Fig. 3.10a "serotypes 04 and O7

were each found to contain a complete and partial IS1358 element".

page 87, Line 6-7. It was decided to investigate the distribution of IS/358 in

,rrrir"rorr. Vibrionaceae to determine how widespread this element was in this genera,

as stated on Page 8l ,line 20.

page 9I, Section 4.25 and 4.26. The 2.2 kb and 0.72 kb fragments generated were

seq:uenced, however no Sequence homology was found and the sequences and

therefore were not studied further.

Page l07,Line 6. No comment, affiliation included in this reference.

Page 108, Line 4. "Immediately upstream of the start of rmlD" should read

"Immediatelyupstream of the startof rmlB"'

Page 117, Section 5.2.8. No comment required'

page l21,Line 10. Due to the presence of numerous potential promoters it seems that

the region sequenced consists of several operons'




