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ABSTRACT

The O—antigens of Salmonella serogroups A, B and D differ

structurally in their side-chain sugar residue. The genes encoding 0-

antigen biosynthesis are clustered in the rfb operon. This thesis

describes the molecular cloning and analysis of the rfb genes from

S. paratyphi A IMVSl316 (serogroup A) and S. typhi Ty21a

(serogroup D). The rfb gene cluster from S. typhimurium LT2

(serogroup B) has also been studied in our laboratory (Brahmbhatt

et (111986, 1988; P. Wyk, Ph.D. thesis, Univ. of Adelaide, 1988). The

genetic basis of O-antigen variation in serogroups A, B and D of

Salmonella is discussed.

The rfb gene cluster of S. typhi Ty21a and S. paratyphz' A

IMVSl316 were cloned into cosmid vectors. The regions of DNA

homology and nonhomology between the rfb regions of the

serogroup A, B and D representatives were identified, and the

junction between the homologous and nonhomologous regions

defined by heteroduplex analysis. The only gross difference found

between the rfb regions of S. typhi Ty21a and S. paratyphi A

IMVSl316 was a 2.8 kb DNA segment that was repeated three times

in S. paratyphi A IMVSl316, and gave rise to 5.6 kb additional DNA.

The rbe gene of S. typhi Ty21a (equivalent to the rbe gene of

S. typhimurium ) has been localised on a 1.2 kb rfb DNA fragment.

This fragment, when transformed into a S. typhimurium strain,

caused it to produce a mixed type of LPS (both 0—2 and 0-4 specific).

We sequenced the rbe gene from S. typhi Ty21a. The products of

genes rbe and rfb] both have dehydrogenase function and use the



same substrate for their reactions. The amino acid sequence of

protein encoded by the rbe of S. typhi Ty21a showed substantial

homology with the amino acid sequence of the protein encoded by

rbe of S. typhimurium ; however, there was a high degree of

variation between these genes at the DNA level.

Matsuhashi (1966) showed that CDP-paratose is reversibly

converted to CDP-tyvelose by an epimerisation at C-2. The gene for

this epimerase function has been localised on a 1.4 kb rfb DNA

fragment of S. typhi Ty21a and the product of this gene can make a

group A strain produce tyvelose. The nucleotide sequence of the

rbe gene in S. typhi Ty21a has been determined. The amino acid

sequence of proteins encoded by rbe and galE of E. coli show

homology at the N-terminus region. The proteins of the rbe (S.

typhi ), rbe (S. typhi ), and galE (E. coli ) genes were found to have

significant similarities with the NAD binding domain, identified by

Rossman et al (1975), in structurally known dehydrogenases. The

rfb regions sequenced were found to have low G+C content (only

35% of all bases). The boundaries of homologous and nonhomologous

DNA between S. typhi Ty21a and S. typhimurium in the vicinity of

position 9.57 (S. typhimurium ) and 5.5 (S. typhi Ty21a) have been

defined at the base sequence level. We sequenced the rbe gene in

S. paratyphi A IMVSl316 and found a frame shift mutation in the

coding region. Lack of rbe gene product was confirmed by minicell

analysis of that region. No evidence of a transpositional event or

structural repeat in the sequence at either end of the triplicated

DNA in S. paratyphi A IMV81316 was found.
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The rfb genetic structure in several strains of groups A, B and

D, independently isolated from natural populations, was studied. A

2.8 kb rfb DNA segment is repeated two, three or four times in the

rfb region of S. paratyphi A strains. All group A strains studied

were found to contain the rbe gene; but in inactive form, indicating

derivation from group D progenitors. We have shown that, in at least

one instance, a naturally occurring group A strain was derived by

loss of its epimerase function.
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CHAPTER 1

Introduction

The external layer of the cell envelope of Salmonella and

related gram-negative bacteria is a membranous structure which

contains the lipopolysaccharide (LPS) of the envelope in addition to

phospholipid and protein. LPS carries the O-specific polysaccharide

(O-antigen) which is the major cell surface antigen and it shows

high structural variation in the genus Salmonella. The genetic

determination of the LPS has been studied in Salmonella

typhimurium. The genes specifying the synthesis of the O-

polysaccharide are encoded mainly in the rfb gene cluster.

The peripheral "O—chain" portion of cell wall LPS of Salmonella

serogroups A, B and D is known to differ in short branches of single

3, 6-dideoxyhexose residues that are attached to a main chain

(Liideritz et al 1971). In this thesis the cloning and analysis of the

rfb genes from S. paratyphi A (serogroup A) and S. typhi

(serogroup D), and comparison with the known corresponding

cluster of S. typhimurium (serogroup B) at the molecular level is

presented. This chapter briefly reviews the literature on the

structure, biosynthesis and genetics of individual LPS components

and related cell surface antigens in Salmonella and other

enterobacteria.



1.1 LPS structure and function

LPS are integral components of the outer membrane of gram-

negative bacteria, where they form complexes with proteins and

phospholipids (Lugtenberg and Van Alphen 1983). The chemical

structure of LPS indicates that the molecule consists of three

separate parts: lipid A, an oligosaccharide core and’a chain of

polymerized units carrying the O—antigenic determinants (Lfideritz

et al 1968). The core oligosaccharide and lipid A are linked by 3-

deoxy-D-manno —2—octulosonic acid (KDO), which was originally

thought to be typical of enterobacterial LPS. It is however, a

component of many capsular polysaccharides of invasive bacteria

(Jann and Jann 1983). The ketosidic KDO linkages are hydrolysed

under very mild conditions and allow the degradation of LPS into

lipid A and a carbohydrate moiety (Jann et al 1975).

Most of the LPS molecules appear to be located in the outer

leaflet of the bilayer (Miihlradt and Golecki, 1975; Funahara and

Nikaido, 1980) while the inner leaflet of the bilayer is almost

entirely composed of phospholipids (Kamio and Nikaido, 1976;

Schindler and Teuber, 1978). Takeuchi and Nikaido (1981) have

shown, by using spin—labelled phospholipids reconstituted with

LPS, that LPS-LPS interaction is very strong in comparison with

LPS-phospholipid interactions, and that domains containing pure

LPS are almost completely stable in bilayers containing LPS and

phospholipids in 'physiological ratios'. This inherent stability of

LPS-only domains obviously contributes to the segregation of LPS

and phospholipids (Vaara and Nikaido 1984). Takeuchi and Nikaido

(1981) measured the strength of LPS—LPS interactions 'relative' to



the LPS-phospholipid interaction, but there is no indication of the

absolute magnitude _of these forces.

Available information on the structure and conformational

properties of LPS and free lipid A (Labischinski et al 1985) shows

that the LPS exhibits a remarkably highly ordered state, when

compared to natural phospholipids, which is mediated by its well-

ordered lipid A arrangement and results in a relatively rigid

structure. The O-specific chains assume a heavily coiled

conformation but it is not known whether these sugar chains are

intermingled in the native state. It has been suggested that the

hydrophilic region of lipid A (phosphorylated glucosamine

disaccharide) is oriented 450 to the membrane surface, forming a

'sawtooth roof-like surface stucture. LPS molecules with their lipid

A units tend to form domains and the more or less ordered

arrangement of these anisotrophic molecules can be preserved for

long periods of time.

The majority of LPS types derived from different bacterial

genera show acidic reactions following deionization by

electrophoresis, indicating a predominance of negatively charged

groups in the molecule (Galanos and Liideritz 1975). Galanos and

Liideritz (1975) have also shown that the LPS in free acid form

undergoes hydrolysis when heated in distilled water at 1000 C; the

ketosidic linkage between lipid A and polysaccharide is cleaved

and the two parts separated. Metal cations (Na+, K+, Ca+, Mg+, Fe2+

and Fe3+) and basic anions (ethanolamine, putrescine, spermidine

and spermine) both play a crucial role in the organization of the

LPS monolayer in the outer membrane. LPS molecular interaction



with outer membrane proteins was evidenced by Ames et al

(1974) and Koplow and Goldfine (1974). They observed a drastic

decrease in outer membrane proteins in deep rough mutants of S.

typhimurium and E. coli ; these mutants were extremely sensitive

to various hydrophobic agents. Concomitant with the decrease in

proteins, the phospholipid content of the outer membrane showed

significant increase, whereas the LPS content stayed constant (Smit

et a1 1975). Lugtenberg et al (1976) reported a 30 to 45% decrease

in major outer membrane protein/total cellular protein ratio, and

showed that the decrease was mainly due to the almost total

disappearance of the OmpF porin, with less pronounced changes in

the amount of the OmpA protein. It has been suggested from

membrane reconstitution experiments that the E. coli OmpC porin

interacts with the core region of LPS while the OmpA protein has

been clearly shown to interact with whole LPS (Beher et al 1980).

The Rd and Re mutants of S. typhimurium and heptose—less

mutants of E. coli K12 are sensitive to hydrophobic agents and

dyes (Schlecht and Schmidt 1969; Schmidt et a1 1969; Schlecht and

Westphal 1970; Sanderson et al 1974; Roantree et al 1977), fatty

acids (Sheu and Freese, 1973), phenol (Schmidt et a1 1969),

polycyclic hydrocarbons (Ames et al 1973), and anionic (Schmidt et

al 1969; Stocker and Makela 1971; Sanderson et al 1974) as well as

cationic detergents (Vaara 1981; Nikaido and Vaara 1985). Deep

rough mutants show only a slightly increased sensitivity to the

polycationic antibiotic polymyxin (Roantree et al 1977), which is

not particularly hydrophobic, but has an affinity to LPS. In contrast

to the increased sensitivity to hydrophobic antibiotics, the deep

rough mutants do not show hypersensitivity to hydrophilic agents.



In some cases a decrease of sensitivity is found presumably due to

decrease in the number of porins in the outer membrane.

Major alterations in the outer membrane composition may be

the main reason behind the molecular basis for the increased

permeability of outer membrane of deep rough mutants. It has

been shown that, in, deep rough mutants, phospholipid molecules

are found in the outer leaflet of the membrane (Kamio and Nikaido

1976) and this strongly suggests that a portion of the outer

membrane must be occupied by phospholipid bilayer regions.

Generation of these phospholipid bilayer regions, which are highly

permeable to hydrophobic molecules, could adequately explain the

increased permeability to all hydrophobic agents (Vaara and

Nikaido 1984). Deep rough mutants also release periplasmic

enzymes into the medium (Lindsay et al 1972; Chatterjee et al

1976). Transient ruptures of the outer membrane are the most

likely explanation of this phenomenon (Nikaido and Nakae 1979).

EDTA in presence of Tris buffer is known to release about one-half

of LPS (Leive 1965) also with a concomitant increase in outer

membrane permeability to hydrophobic agents (Leive 1974). This

phenomenon is thought to be due to a similar mechanism of

weakening LPS-LPS interactions, disrupting the outer membrane

and forming a phospholipid bilayer in the outer leaflet of the outer

membrane. More recently, it has been shown that short and long 0-

specific chains are equally susceptible to the effects of EDTA and

polycations (Hukari et al 1986). The polycationic decapeptide

antibiotic, polymyxin, exerts its lethal activity by binding to the

phospholipids in the cytoplasmic membrane (Teuber and Bader

1976), thereby destroying its barrier property (Storm et al 1977).



It gains access to the cytoplasmic membrane by disrupting the

outer membrane (Teuber and Bader 1976), making the membrane

permeable to hydrophobic agents (Rosenthal and Storm 1977),

detergents (Vaara and Vaara 1981), and lysozyme (Teuber 1970).

There is growing evidence that certain cationic host defence factors

increase the outer membrane permeability. One such agent is the

'bacterial‘ permeability increasing protein' or BPI (Elsbach and

Weiss 1983), isolated from the granule contents of

polymorphonuclear leukocytes, complexing with isolated LPS,

binding to the outer membrane, and increasing its permeability to

hydrophobic antibiotics.

1.1.1 Lipid A

Lipid A has a very highly conserved structure in the enteric

organisms so far examined. It represents the active centre of LPS,

being responsible for the induction of typical endotoxin effects

observed in mammals, such as fever, hemodynamic changes,

disseminated intravascular coagulation, and shock states (Galanos

et al 1977). It represents the endotoxic principle of biologically

active LPS and, as an LPS component, it may be regarded as a

virulence factor. It plays a significant role in organization, stability

and barrier function of the membrane and appears to be essential

for the integrity, growth and survival of bacterial cells (Osborn

1979; Nikaido 1979; Nikaido and Nakae 1979).

The chemical structure of lipid A's from distinct bacterial

organisms has been elucidated in various studies (Liideritz et al

1978, 1982; Rietschel et al 1982, 1983, 1984a, 1984b; Takayama et



a1 1984). More recently, physical methods such as NMR, fast atom

bombardment. mass spectroscopy (FABMS) and laser desorption

mass spectroscopy (LDMS) have been used for analysis of lipid A

architecture. The lipid A of E. coli has recently been investigated

very intensively by chemical and physical methods and is known

to consists of B —1'.6-interlinked 2-deoxy—2-amino-D-

glucopyranisyl (GlcN) residues (Hase and Rietschel 1976; Rosner et

a1 1979; Blache et al 1980). This disaccharide carries phosphate

groups in position 4' of the nonreducing glucosaminyl residue

(GlcNII) and in position 1 of the reducing glucosaminyl group

(GlcNI), the latter being a —linked (Rosner et al 1979; Strain et al

1983a, 1983b). The hydrophilic backbone is substituted by 3-

deoxy-D-manno- 2- octulosonic acid (KDO), a further phosphoryl

group, and a characterstic spectrum of long-chain fatty acids.

The structure of the lipid A backbone in Salmonella was first

established by analysis of the LPS in a S. minnesota Re mutant

R595 (Gmeiner et al 1969). Recent studies (Batley et al 1985a,

1985b, 1985c) using NMR spectroscopy on S. minnesota R595 LPS,

have shown that there are two KDO residues and only four fatty

acid substituents per molecule of LPS. Comparison of the lipid A's

shows that they do not differ significantly in their architecture

from those of E. coli, P. vulgaris, S. minnesota, or S. typhimurium

(Rietschel et al 1984b).

11.1.2 Core

Structural studies on LPS cores of Enterobacteriaceae have

been carried out mainly on Salmonella (Hammerling et al 1970), E.



coli (Feige and Stirm 1976; Feige et al 1977; Jansson et al 1981)

and Shigella (Jansson et al 1979; Katzenellenbogen and

Romanowska 1980; Gamian and Romanowska 1982). The core

structure is quite common to all Salmonella species examined and

only minor variations of this structure are found in other members

of the Enterobacteriaceae. The Salmonella core contains a lipid A—

distal hexose oligosaccharide consisting of D-glucosamine, D—

glucose, and D-galactose, and an inner lipid A - proximal region

consisting of an oligosaccharide of the core specific sugars, L-

glycero-D—manno -heptose (L-D-Hep) and 2-keto-3-deoxy-D-

manno -octonate (KDO), each forming a branched trisaccharide

(Liideritz et al 1966a; Osborn 1966; Hellerqvist and Lindberg

1971). The exact linkages in the KDO trisaccharide region have not

been definitely established (for review of chemistry and biology of

KDO, see Unger 1981) and it is known now that KDO units are

present as dimers (Strain et al 1983a, 1983b). Compositional

analysis of the core from various bacterial species have revealed

the presence of such unusual constituents as D—glycero-D-manno-

heptose, uronic acid (Kotelko et al 1974), amino acids (Drewry et al

1975) and, in the case of Vibrio cholerae strains, fructose

(Redmond et al 1973; Jann et al 1973; Raziuddin 1980) or

seduheptulose may be present. These are thought to replace KDO in

linking the core to lipid A (summarized by Galanos et al 1977;

Wilkinson 1977). The O—chains are attached to the subterminal

glucose 11 unit of the core. The polar groups such as phosphate and

ethanolamine, and the carboxyl groups of KDO contribute to the

acidic character of LPS. Several bacteriophages use the core as their

site of primary adsorption (Hellerqvist and Lindberg 1971;

Wilkinson et al 1972; for review of phage receptors see Lindberg



1977). Substituents of the main chain of the inner core, the nature

of which are not clear, are not necessarily present in molar

amounts.

1.1.3 O-specific chain

O-specific chains are extremely polymorphic in their

constituent sugars and linkages in Salmonella and other genera of

the Enterobacteriaceae. They form the serologically dominant part

of the LPS molecule (Luderitz et al 1966b, 1971). Each bacterial

serotype synthesizes a unique LPS, characterized by a specific

composition and structure of the O-chain, and by an individual 0—

antigenicity. Kauffmann (1966) classified ISalmonella strains into

various groups based on shared O—antigen factors. The members of

each group could show differences in other antigen factors, and

some factors could be shared by some or all strains of different

groups .(Lijderitz et al 1968).

The O—specific polysaccharide chain length of a given bacterial

strain is always heterogeneous (ranging between 10-40 units or

more) as demonstrated by electrophoresing LPS preparations on

SDS-PAGE gels or by degradation and gel permeation

chromatography of the polysaccharide moieties (Goldman and

Leive 1980; Jann et al 1975; Palva and Makela 1980). This

phenomenon is interpreted as the presence of individual LPS

molecules with O-specific polysaccharide chains differing in size by

multiple increments of oligosaccharide repeating units. Salmonella

O-specific chains contain neutral polysaccharides while some

strains of E. coli and Shigella have been shown to have acidic



10

components such as hexuronic acids, N—acetylneuraminic acid (Neu

NAc) or phosphate, LPS with neutral and with acidic O-

polysaccharides can easily be differentiated by

immunoelectrophoresis (Qrskov et al 1971, 1977; @rskov and

Qrskov 1972). The O—specific chain of S. typhimurium has a

backbone of mannose—rhamnose—galactose with an abequose

residue branching from the mannose. Detailed chemical

characterization of the determinant groups and immunodominant

sugar residues (Table1.1) has been the subject of various reviews

(Lfideritz et al 1971; Jann and Westphal 1975). It has been shown

that some polysaccharides act as receptors for specific

bacteriophages (Lindberg 1973). Several bacteriophages encoding

specific endoglycosidases (Iwashita‘and Kanegasaki 1973; Lindberg

1973; Svenson and Lindberg 1983) are known to cleave the bond

between repeat units resulting in serotype conversion.

1.1.3.1 O-specific chain similarities between various

enterobacterial strains

The structure of O—specific chains from strains of various

enterobacterial genera has been studied (for reviews, see Liideritz

et al 1971; Kenne and Lindberg 1983; Shibaev 1986). Salmonella 0

groups A, B, D and E are shown to have an identical backbone

(mannose-rhamnose—galactose) which differs from that of other

Salmonella such as 0 groups C1, C2 and C3 (Table1.2a,b). The 0-

specific chains of serogroups A, B and D can be distinguished, since

each has a different 3,6—dideoxyhexose attached to the mannosyl

residues as a side branch. The side branch is tyvelose in serogroup

D, paratose in serogroup A, and abequose in serogroup B (Jam and



TABLE 1.1

Structure of O—repeating units from Salmonella with a Man-Rha—

Gal backbone of the O-specific polysaccharide from 0 groups A,

B, D and E. The table is adapted from Jann and Jann (1984).
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A) Structure of O—repeating units from Salmonella C1, C2 and

C3.

B) Comparison of 0 structures from Citrobacter 396 and

Salmonella strains

(from Jann and Jann 1984).
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Jann 1984; Makela and Stocker 1984). The structure of serogroup

D2 is interesting since it appears to be a chemical intermediate

between group D and E]. It possesses the polymerization linkage

(gal-1,6—Man) and the B -linkage of mannose as present in group

E1, but its galactose is not acetylated and its mannose carries a side

chain of tyvelose as in serogroup D1 (Liideritz et al 1971).

Citrobacter and Salmonella are closely related and show many

serological cross-reactions (Sedlak and Rische 1961; Edwards and

Ewing 1966); in the case of Citrobacter 139 and Salmonella of

group B the 0-specific polysaccharides have been shown to have

the same structure (Yuan and Horecker 1968). Structural analysis

of the polysaccharide has shown that O—antigen of Citrobacter 396

is a molecular hybrid between those of S. montevideo (serogroup

C1) (Fuller and Staub 1968) and S. typhimurium (serogroup B)

(Fuller and Staub 1968; Jann et al 1978). The chemical composition

of Klebsiella 0-antigens has been studied (Nimmich and Korten

1970), and many of them are known to be homopolysaccharides.

The mannan chains found in E. coli 09 and Klebsiella 03 are

identical while those found in E. coli 08 and Klebsiella 05 are very

similar. It has been reported by Kenne et al (1983) that the 0-

specific chain structure of S. greenside is identical with that of E.

call 055 (Lindberg et a1 1981) while the 0-specific chain

polysaccharide structure is very similar to that of E. call 0111

(Eklund et al 1978).

With respect to immunochemistry and biochemistry, there is a

close relationship between E. coli and Shigella. The acidic

heteropolysaccharides of E. coli 058 and 0124 are identical with
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the O—specific polysaccharides of Shigella dysenteriae 5 and 3,

respectively (Dmitriev et al 1975, 1977) and these bacteria are

known causative agents of dysentery. The O-antigens of Proteus

species contain several unusual structural features (Sutherland

1977). Some contain ribitol phosphate, ethanolamine phosphate or

galacturonic acid residues. Lysine, linked to the carboxyl group of

the latter is also common in these LPS (Gromska and Mayer 1976).

1.1.3.2 O-specific chains in other bacteria

Yersinia pseudotuberculosis and Yersinia enterocolitica have

a variety of O-antigens which differ from those of Salmonella

(Winblad 19,68; Samuelsson et al 1974; Thomshich et al 1976;

Hoffman et al 1980; Kenne and Lindberg 1983), although the LPS of

Y. enterocolitica has not been studied as completely as that of

Salmonella. Several serotypes of Y. enterocolitica contain the rare

sugar, 6—deoxy-L—altrose (Ellwood and Kirk 1971; Acker et al

1980). Y. pseudotuberculosis is known to have all forms of 3,6-

dideoxyhexoses, including ascarylose, which comprise the

immunodominant branch groups in the oligosaccaride 0 units. The

structure and chemical composition of O-antigens in other bacteria

such as Vibrio and Pseudomonas have been studied and found to

be different to those of Salmonella (Kenne et al 1978; Dmitriev et

al 1980).

1.2 Lipopolysaccharide biosynthesis

The different structural regions of LPS are synthesized by

separate biosynthetic pathways. Lipid A is made from two
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monosaccharide precursors, which are substituted with fatty acids,

KDO, phosphates, ethanolamine and 4—amino-D-arabinose. The

synthesis of KDO involves three sequential reactions. These three

reactions are catalyzed by the enzymes d-ribulose-S-phosphate

isomerase, KDO—8-phosphate synthase, and KDO—8-phosphate

phosphatase, respectively. Finally, free KDO is converted to CMP—

KDO, the donor of KDO residues for inner core biosynthesis

(Ghalambor and Heath 1966). The biosynthesis of the outer core

region of S. typhimurium LPS has been studied extensively (for

reviews, see Osborn and Rothfield 1971; Rothfield and Romeo 1971;

Nikaido 1973). Synthesis of this region involves a series of

membrane-bound glycosyltransferases that catalyse the sequential

transfer of sugars from nucleotide-sugar donors to the acyl carrier

lipid (ACL); the sugars are then polymerized on the same carrier.

The ACL-linked polysaccharide is subsequetly transferred to core-

lipid A completing the formation of the O—antigen. The complete

.LPS molecule is then translocated across the membrane system.

1.2.1 Biosythesis of O-specific polysaccharide

The general pathways of O-antigen biosynthesis are shown in

Fig1.1. The first stage is assembly of the oligosaccharide repeating

unit on the acyl carrier lipid (ACL). The ACL can only function as an

acceptor in the form of its monophsphate ester (ACL-P). The lipid

bound oligosaccharides are then polymerized, still in association

with the ACL. The final step in the sequence is translocation of the

O- polysaccharide from the ACL to core-lipid A.



FIGURE 1.1

O-unit assembly, polymerization and attachment to LPS

core

The steps (1-4) in the assembly of 0 unit of Salmonella

typhimurium, its polymerization (step 5) and attachment (step

6) of either the single 0 unit or the polymer to the LPS core. The

mono— or oligosaccharide donors and transferases (with the

genes determining them in parentheses) are shown to the right

at each step. Notice the utilization and release of P—ACL (antigen

carrier lipid), monophosphate undecaprenol. Mutation of some

genes (marked with one asterisk) has been shown to lead to

detergent—sensitivity of the mutant bacteria, whereas this

sensitivity is relieved by mutation of other genes (those found to

do so are marked with a double asterisk) (from Makela and

Stocker 1984).
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1.2.1.1 Acyl carrier lipid (ACL)

ACL has been isolated from S. anatum, and its structure

determined by mass spectroscopy. It is a monophosphoester of

undecaprenol, a C55-polyisoprenoid alcohol (Wright et al 1967).

ACL is required for the biosynthesis of peptidoglycan, yeast cell

wall mannan, and bacterial capsules, as well as for O-antigen

synthesis (Scher et al 1968; Troy et al 1971, 1975; Goldman and

Strominger 1972; Weisgerber and Jann 1982). It is synthesized in

the cell from mevalonic acid, with the participation of ATP, and is

formed as a pyrophosphate monoester (Hemming 1970). Before

ACL—P can enter into the biosynthetic pathway of polysaccharides,

it is dephosphorylated by membrane-bound bacitracin—sensitive

phosphatase. The ACL molecule is recycled (Weiner et a1 1965;

Robbins and Wright 1971), and ACL pyrophosphate (ACL-P—P) is

dephosphorylated to ACL-P by a specific membrane-bound

phosphatase for reutilization. This enzyme, which is also involved

in the biosynthesis of peptidoglycan (Ghuysen and Shockman

1973), is inhibited by the peptide antibiotic bacitracin (Siewert and

Strominger 1967; Stone and Strominger 1971). In the presence of

bacitracin, ACL—P-P is accumulated and results in the inhibition of

polymerization and translocation of O-antigen.

1.2.1.2 Transferases

In S. typhimurium the galactose-l-phosphate is transferred to

the ACL with the formation of a pyrophosphate bond. Subsequently

other sugars are added without incorporation of one of their

phosphates into the product (Osborn and Tze-Yuen 1968; Robbins
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and Wright 1971). The transfer of galactose phosphate in the

assembly is reversible (Nikaido and Nikaido 1971; Nikaido et al

1971), whereas subsequent incorporations of sugar constituents

with the formation of glycosidic bonds, are irreversible. The

specificity of the rhamnosyl transferase has been studied using

chemically synthesized monosaccharide—P-P-ACL (Shibaev 1978;

Danilov et al 1980, 1981; Shibaev et al 1982), and it was found that

the rhamnose residue can be added to fucose and talose, as well as

to galactose attached to the lipid carrier.

1.2.1.3 Polymerization

The rfc gene is required for the polymerization of the O-units

in Salmonella strains of serogroups A, B, D and E, whereas

Salmonella C1 and L and E. coli 08 and 09 strains need a

functional rfe gene (Makela et al 1970; Stocker and Makela 1978).

Strains which depend on a functional rfe gene for O-antigen

expression do not need the rfc — directed oligosaccharide

polymerase. The rfc — directed polymerization of lipid-linked

oligosaccharides has been studied using exogenously generated

oligosaccharide-ACL (Weiner et al 1965; Robbins et al 1966; Osborn

and Weiner 1968; Kanegasaki and Wright 1970). The reaction takes

place in the cytoplasmic membrane, and both the intermediates

and the enzymes participating in it are membrane-bound. The

chain grows at its proximal 'reducing' end, so that the already

partly polymerized polysaccharide is transferred to the end of a

single 0 unit—diphospho—undecaprenol serving as its acceptor

(Robbins et al 1967). The undecaprenol diphosphate is

concomitantly released from the polymer (Fig 1.1), and probably
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then dephosphorylated to undecaprenol phosphate which can be

used in subsequent synthesis of 0 units or other polysaccharides

(Makela and Stocker 1984). The linkage formed by the polymerase

contributes to the structure and hence the antigenic specificity of

the O polysaccharide (Staub and Bagdian 1966). In S. typhimurium

it was shown that abequose is transferred to the oligosaccharide

before polymerization (Weiner et al 1965; Osborn and Weiner

1968), and that its presence is necessary for polymerization to

occur (Yuasa et al 1969). The polymerase in this system is not

absolutely specific, lipid linked oligosaccharides generated in the

membranes of S. senftenberg, S. anatum and S. typhimurium

which contain analogs of galactose and mannose, can act as

substrates of the polymerase (Shibaev 1978; Shibaev 1982). The

regulation of polymerase activity is very poorly understood. The

chain length of the products was thought to be in the region of 10—

30 repeating units (Nikaido 1973). However, SDS-PAGE patterns of

complete O-antigens have revealed a heterogeneity of the chain

lengths which extends up to more than 40 repeating units (Jann et

al 1975; Goldman and Leive 1980; Palva and Makela 1980)

1.2.1.4 Postpolymerization modifications

The O-antigen of a Salmonella strain may be heterogeneous

with respect to certain subsituents. Thus, glucosyl and/or O—acetyl

substituents may or may not be present on the O-specific

polysaccharide of a particular strain. The substitution of the 0-

antigen with a-glucose takes place at the level of membrane—

associated, ACL-linked polysaccharide (Takeshita and Makela 1971;

Nikaido et al 1971; Makela 1973). A glucosylated lipid intermediate
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has been characterised as B~glucosyl-P-ACL (NIkaido and Nikaido

1971). Here,.glucose is transferred to ACL-P, as opposed to the

transfer of Gal-l-P by the galactosyl trasferase of the first sugar of

the O-unit. Whereas the transfer of Gal-l-P from UDP Gal occurs

with retention of the anomeric galactosyl configuration, that of

glucose from UDP Glc occurs with inversion of this configuration. The

same type of glucosylation, as described for Salmonella, seems to

operate in Shigella, whereby the main chain is glucosylated at

different sites (Simmons 1971). It has also been shown that

bacteriophage conversion seems to involve changes either in

polymerization or in postpolymerization modifications (Bray and

Robbins 1967b; Losick and Robbins 1967).

1.2.1.5 Translocation

The translocation of the completed O—specific chain to the core

is catalysed by translocase. This enzyme shows dual specificity; for

the O-specific polysaccharide and for the specific core structure.

Translocation has been achieved in vitro, and has been studied

using S. typhimurium sugar activation defective mutants (Nikaido

1965), galE mutants (Osborn and Weiner 1968) and in wild type S.

anatum and its phage converted derivatives (Bray and Robbins

1967a; Losick and Robbins 1967; Robbins and Wright 1971). The

acceptor site for the O-specific polysaccharide in S. typhimurium

was found to be the C—4 position of the subterminal glucose of the

Score (Nikaido 1970; Yuasa et al 1970). In S. anatum, during the

translocation, the last molecule of ACL participating in the

biosynthesis of the O—antigen molecule is liberated in the form of

its pyrophosphate derivative. The energy required in the
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translocase reaction is provided by the cleavage of the glycosyl-

pyrophosphate bond, with the formation of a lower energy glycosyl

bond.

An unexpected finding resulted when the genes determining

the Shigella sonnei form I antigen were transferred into S. typhi

Ty21a. Here the form I antigen is not covalently bound to core lipid

A but instead occurs as an independent, highly polymerized,

immunogenic entity on the cell surface. This suggests that the

polymerized O-antigen may not require covalent attachment to

core lipid A (Seid et al 1984).

1.2.1.6 Export across to the outer membrane

The mechanism for LPS transport through the inner and outer

membrane and its subsequent insertion into the outer membrane

remains largely unknown. Miihlardt et al (1973) demonstrated that

newly formed O-antigen appeared after approximately 2 minutes

on about 200-300 distinct patches over the cell surface. These

patches corresponded to regions of the bacterial cell surface where

the cytoplasmic and the outer membrane come in contact, known

as Bayer's junctions, now believed to be the sites for LPS export

(Bayer 1975, 1979; Bayer et al 1982). Mfihlradt and Golecki (1975)

showed that in native state the LPS is asymmetrically located only

on the outer face of the outer membrane; later confirmed by

Funahara and Nikaido (1980). Recently, Mulford and Osborn

(1983), also using the immunoelectron microscopy technique, found

an intermediate stage in the biosynthesis where LPS localised on

the periplasmic face of the inner membrane possibly indicating
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that LPS export occurs from the periplasmic and not the

cytoplasmic surface of the inner membrane as was previously

believed. The mechanism by which the LPS molecules cross the

hydrophobic barrier of the cytoplasmic membrane remains unclear.

1.3 Lipopolysaccharide genetics

Two large blocks of genes, the rfa (map position 79 on the 100

unit map of S. typhimurium LT2) and rfb (map position 42)

clusters are involved in core and O—specific chain biosynthesis

respectively. Apart from these, there are common housekeeping

genes in various parts of the chromosome which also have a role in

the synthesis of many constituents of both oligosaccharides. The

basic structure can be further modified by various additions

determined by genes outside the rfa and rfb gene clusters, which

may often be phage encoded. By contrast, the genetics of lipid A is

not so well understood. A major block in the elucidation of lipid A

genetics has been the difficulty in isolating mutants altered in lipid

metabolism (Raetz 1982). However, recent development of

techniques for immobilization of bacterial colonies (Raetz 1975) on

filter paper, allowing rapid autoradiographic detection of specific

lipid enzymes in situ (Raetz 1982) has circumvented this problem.

Two genes have been identified specifying enzymes UDP—GlcNAc

acyltransferase (lpr ) and disaccharide synthase ( lpr ), which

are involved in the biosynthesis of lipid A. The molecular cloning

and nucleotide sequence determination of these genes (Crowell et

al 1986, 1987; Coleman and Raetz 1988) indicate that they are

situated in an operon near min 4 on the E. coli chromosome and

transcribed in clockwise direction.
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1.3.1 Genetics of the core

Mutations of S. typhimurium defective in several of the core

oligosaccharides, as well as other enzymes involved in core

synthesis, are members of a group of rough mutants designated

rough A or rfa'. These mutants have been classified as such on the

basis of a variety of phenotypic criteria involving in each case an

alteration of core structure (Ra to Re) (for reviews, see Stocker and

Makela 1971; Makela and Stocker 1984). The genes whose

mutations cause these defects, fall into three classes. The first

consists of structural genes for enzymes involved in the synthesis

of the sugar nucleotides: some of these genes also have functions in

the cell economy unrelated to LPS core biosynthesis. The second

class comprises the genes specifying enzymes which catalyse the

transfer of a sugar unit from a donor compound to the incomplete

LPS core; all these genes map in the rfa cluster. The third class

regulates the activity of other rfa genes: gene rfaH ofS.

typhimurium, and its equivalent, sfrB, of E. coli K12, are the only

genes identified so far.

Genetic studies of a series of outer core mutants of S.

typhimurium have led to a fairly detailed elucidation of the genes

involved in biosynthesis and identification of the five transferases

(rfaK, J, I, G, B ) required in assembly. All these genes are located in

the main rfa gene cluster. The order of rfa genes has been defined

using R-prime plasmids carrying the pyrE-rfa-cysE region of the

chromosome of S. typhimurium for complementation analysis

(Kadam et al 1985). The heptose component of the core is
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genetically less well characterized though several mutants (rfaC to

rfaF ) are known that prevent its completion. The KDO part of the

molecule is genetically very poorly understood and mutants of only

two genes participating in its biosynthesis are known. Some defects

have incomplete effects and the result may be a 'part—rough'

phenotype, with a fraction of the LPS molecules having the

expected R structure, while others are complete with the O-

polysaccharide. Thus, even an amber mutation, presumably causing

complete or virtually complete loss of function in gene rfaK for

addition of the N-acetylglucosamine unit on glucose II, produces

only a 'part—rough' phenotype (Gemski and Stocker 1967),

apparently because the O—chain translocase system is able to add

O-chains to a small fraction of core molecules of type Rbl.

1.3.2 Genetics of O-specific chains of Salmonella

The genetics of the O-specific polysaccharide has been almost

exclusively studied in Salmonella, and most of that work has used

S. typhimurium LT2 as the experimental organism. Mutants

blocked in the synthesis of the O—chain can be selected by looking

for an R phenotype with complete core. The simplest method is to

select for resistance to 'S-specific' phages such as the phage P22 in

S. typhimurium. Most of the enzymes used in the biosynthesis of

the 0 unit are encoded in one gene cluster, the rfb, at position 42

on the S. typhimurium chromosome (Fig1.2).

Transconjugant of crosses exchanging the rfb regions between

Salmonella of different 0 groups usually results in a change of the

O-antigen expressed (Makela 1965, 1966; Nikaido et al 1966;



FIGURE 1.2

The rfb operon of S. typhimurium

The rfb operon of S. typhimurium and the nearby his operon

are shown here. The arrows show the direction of transcription.

The rfb cistrons are shown on the 'chromosome', the

biosynthetic pathways in which their products participate are

indicated underneath. Encircled cistrons determine

monosaccharide transfers, of which rbe has been definitively

identified. MAN = mannose; GLC = glucose; RHA = rhamnose; ABE

= abequose (from Ma kela and Stocker 1984). The bottom

segment shows the his - rfb deletions with respective his

numbers .(from Nikaido et al 1967). The galE (bottom segment)

gene was later found to be galF (top segment). The locus 'Y' was

mapped between rfbA and rfbD, while locus 'X' mapped to the

left of rbe.
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Kochibe 1970; Kishi and Iseki 1973a, 1973b; Jousimies and Makela

1974). Thus the rfb cluster must contain all the specific genes

which are required for making the O-antigen. However gene order

could not be established due to the extensive nonhomology of this

chromosomal region between the strains used; that is, crossing-

over appeared to take place only at a few sites within the rfb

cluster. One of the major problems in working on this cluster has

been the difficulty in getting stable point mutations; very few exist

as most rfb point mutants tend to develop secondary mutations

(Nikaido et al 1966). Later work by Nikaido et al (1967)

circumvented these difficulties using a combined genetic-

biosynthetic approach with genetic deletions extending into the rfb

cluster from the his operon (Fig 1.2). These deletion mutants had

been previously isolated by Hartman (Hartman et al 1960). The

mutants with the deletion in the his operon and extending into

varying lengths of the rfb did not appear to have the problem of

poor growth (due to accumulation of incomplete O—units linked to

undecaprenol) because the rbe gene is located at the end of the

rfb cluster closest to his , and so the deletion mutants do not even

start the assembly (Yuasa et al 1969). A partial gene map of the

rfb gene cluster was constructed by assaying extracts of these

deletion mutants for enzymes of the pathways for nucleotide sugar

synthesis (Nikaido et al 1967; Levinthal and Nikaido 1969). This

work suggested that genes for pathways encoded exclusively by

the rfb gene cluster are grouped together; that is the rfb region

may be a group of operons. However, the map produced does not

order the genes completely as several enzyme functions could not

be assayed and also the deletions ending in rfb were not sufficient

to order all the genes with respect to each other. The expression of
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rfb genes in deletion mutants, where the his operon is fused to

the rfb operon, suggests that the direction of transcription in the

rfb gene cluster is toward the his operon (Levinthal and Nikaido

1969).

1.3.2.1 UDP - galactose biosynthesis

The genes required to synthesize UDP—galactose are located in

the gal operon at position 18 outside the rfb region (Fig1.3). Two

rfb genes, galF and rbe, are involved in the biosynthesis of the

galactose portion of the O-unit in S. typhimurium. The gene rbe

encodes the transferase that transfers the sugar from UDP-

galactose to ACL, while galF participates in the synthesis of UDP-

galactose in an indirect way. The galF gene product modifies the

galU gene product (UDP-glucosepyrophosphorylase, a general

housekeeping enzyme of the cell which may be involved in

assisting in O-antigen synthesis) (Nakae 1971). This modification

was detected by an altered electrophoretic mobility when

compared to that form of the enzyme in a his-rfb deletion mutant

lacking the galF gene (Nakae and Nikaido 1971a, 1971b; Nakae

1971). Mutants in this pathway are defective in synthesis of both

the core and O-specific unit as galactose is present in both. It is

hypothesized that this modification assists the use of the enzyme

for purposes of O—unit synthesis, in some unexpected way (Nakae

1971).



FIGURE 1.3

Genetic determination of the monosaccharide

constituents in the 0 unit of Salmonella typhimurium

The map position of genes outside the rfb cluster (map position

42) is indicated in parentheses. The biosynthetic steps in each

pathway are numbered (from Makela and Stocker 1984).
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1.3.2.2 GDP - mannose biosynthesis

The first step in the GDP-mannose pathway is the

isomerization of fructose-6-phosphate to mannose—6-phosphate

catalyzed by an isomerase encoded by the gene pmi at map

position 32 (the corresponding gene in E. coli is manA ). This

enzyme is also used to catalyse the reverse reaction for metabolism

of exogenous mannose (Figl.3). The next two enzymes on the

pathway to GDP-mannose, phosphomannomutase and guanosine

diphosphomannose pyrophosphorylase, are not required for the

catabolism of exogenous mannose but are needed for the synthesis

of GDP-mannose. The genes determining their synthesis are located

within the rfb cluster. Phosphomannomutase (rbe gene product)

also occurs in two electrophoretic forms (Nikaido et al 1967), and a

deletion covering the rbe locus eliminates both forms. It has been

suggested that the rfbK gene product may be a modifying enzyme

for phosphomannomutase (Makela and Stocker 1984). Deletions

covering locus 'Y' led to an increased production of

phosphomannomutase the reason for which is unclear.

1.3.2.3 TDP - rhamnose biosynthesis

The genes involved in this pathway from glucose-l-phosphate

to the production of TDP-rhamnose are all in the rfb cluster

(Figl.3). The rhamnosyl transferase gene (rbe ) has been

identified using a point mutant which is defective in the transfer of

rhamnose from dTDP-rhamnose to the ACL-polysaccharide

precursor (Levinthal and Nikaido 1969). The two identified

intermediates, dTDP-glucose and dTDP-4-keto—6-deoxyglucose, are



25

also intermediates on the pathway to dTDP—aminodeoxygalactose

(Matsuhashi and Strominger 1964), and were recently found

(Lugowski et al 1983) as part of the glycolipid of enterobacterial

common antigen (ECA) (Makela and Mayer 1976). Point mutations

in the genes for dTDP-rhamnose synthesis are not expected to be

harmful to the cell because the transfer of galactose phosphate is

reversible. The enzyme dTDP-glucose oxidoreductase (rbe gene

product) also occurs in two electrophoretic forms (Nikaido et al

1967) and deletions covering this region eliminate both forms. The

reason for these different electrophoretic forms is not known and

the gene(s) responsible for the modification of the dTDP—glucose

oxidoreductase has not been identified. Deletions covering locus ‘X'

were shown to have increased levels of dTDP-rhamnose

oxidoreductase activity (Nikaido et al 1967). Since in these

deletions gene rbe was also deleted, the activity in the 'X' mutants

was thought to be based on a different structural gene determining

a second enzyme with at least partial dTDP-rhamnose

oxidoreductase activity.

1.3.2.4 CDP - abequose biosynthesis

CDP—abequose is synthesized from glucose-l-phosphate via a

series of specific reactions (Fig1.3), and all the genes involved are

located in the rfb cluster. The enzyme cytidine diphosphate-D—

glucose pyrophosphorylase (rbe gene product) adds cytidine

diphosphate onto glucose—l-phosphate to form cytidine diphospho-

D-glucose with the release of pyrophosphate (Nikaido et al 1967),

which is the first step of the biosynthesis of abequose. This enzyme

has been purified and characterized most fully in Y.
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pseudotuberculosis type IV as a monomer (Rubenstein and

Strominger 1974). The second step, the conversion of CDP-glucose

to CDP-4-keto-6-deoxy-D-g1ucose, is catalyzed by the product of

gene rbe in S. typhimurium. This protein has been purified and

characterized in Y. pseudotuberculosis type V, and found to be

functional as a dimer (Matsuhashi et al 1966; Gonzalez-Porque and

Strominger 1972). The final step is catalyzed by the rfbH gene

product in S. typhimurium (Nikaido et al 1967), but was found to

involve three proteins in Y. pseudotuberculosis (Matsuhashi and

Strominger 1967), and later in S. typhimurium (Pape and

Strominger 1969). CDP-4-keto-6—deoxy-D—glucose is converted to

CDP-4-keto-3,6—dideoxy-D-glucose by two proteins E1 and E3 in Y.

pseudotuberculosis. An rfbH mutant of S. typhimurium (Yuasa et

al 1969) defective in protein E1 was shown to produce Ra LPS

indicating that abequose is essential for O—side chain

polymerization. The E2 protein reduces 4—keto-6-deoxy-D-glucose

in various serotypes of Y. pseudotuberculosis using NADPH to

provide energy required for its activity (Matsuhashi and

Strominger 1967). In S. typhimurium the names rbe and rfb]

were allocated to enzymes E3 and E2 respectively, because these

were two names not yet allocated to rfb genes. The names rfbH,

rbe and rbe would in this instance reflect the order in which

genes acted in the biosynthesis of CDP-abequose (P. Wyk, Ph.D.

thesis, 1988).

1.3.2.5 CDP - paratose and CDP - tyvelose biosynthesis

The rfb genes of S. typhimurium (serogroup B) define the

basic O-specific unit, in which the immunodominant part is
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abequose. The serogroups D and A differ from B in having the

immunodominant sugars tyvelose or paratose in place of abequose

(Liideritz et (111968). All three dideoxyhexoses share a common

biosynthetic pathway: steps 1 and 2 as well as part of step 3 of the

abequose pathway (Fig1.3). An enzyme E2 would then be sufficient

(although this has not been demonstrated) to convert the CDP-4-

keto-3,6-dideoxyhexose to either CDP-abequose or GDP-paratose.

Finally, paratose is converted by a single enzyme called CDP-

paratose-Z-epimerase to CDP-tyvelose (Matsuhashi 1966) (Fig 1.4).

Mutation in a group D organism within the gene determining CDP-

paratose—Z-epimerase results in the synthesis of CDP-paratose

instead of CDP—tyvelose (Uchida et al 1974; Sasaki and Uchida

1974). These mutants synthesize a smooth, group A-like O-antigen,

indicating that tyvelose-transferase can transfer paratose in the 0—

unit assembly, and that this unnatural O-unit can be polymerized

and transferred to the LPS core in a manner that is apparently

fully efficient since the mutants are not sensitive to R—specific

bacteriophages (P. H. Makela, unpublished data). It was

hypothesized that such mutants, altering the 0 group from D to A,

have probably also occurred in nature; the simultaneous isolation

of otherwise identical Salmonella with O-antigens 1, 9, 12 and 1, 2,

12 from a patient has been reported (Bohlck 1965).

1.3.2.6 Other genes involved in O-specific chain

biosynthesis

Recombination studies have shown that genes for all the O-unit

transferases must be located in the rfb cluster in serogroup B, C1,

D, E, G, L, R and U (Makela 1965; Makeléi 1966; Nikaido et al 1966;



FIGURE 1.4

The biosynthesis of dideoxyhexoses present in 0 units

of Salmonella of groups A, B and D

The biosynthesis of the dideoxyhexoses present in 0 units of

Salmonella, and the genes of the synthesis as far as known. * =

mutation shown to impair viability (Yuasa et al 1969); ** =

mutation found to result in the incorporation of paratose instead

of tyvelose into 0 polysaccharide and LPS (Uchida et al 1974)

(from Makela and Stocker 1984).
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Kochibe 1970; Kishi and Iseki 1973a, 1973b; Jousimies and M'akelii

1974). The polymerase in Salmonella group C1 and E is encoded by

a gene within the rfb cluster (Makela 1966; Nyman et al 1979)

unlike that found in group B where it is encoded on the rfc gene

located between gal (map position 18) and trp (map position 34)

(Naide et al 1965). The rbe gene has been shown to have a

function required for the translocation of the O—polysaccharide to

the core (Makela and Stocker 1984).

1.3.3 Genetics of O-specific chains in other

Enterobacterial genera

1.3.3.1 Escherichia coli'

Other species of Enterobacteriaceae are close to Salmonella,

and among these, the genetics of E. coli K12 is the most thoroughly

studied. This long cultivated laboratory strain has lost its O-antigen

and the identity of its original polysaccharide is unknown.

However, it does have the rfb locus at the position expected

containing genes for all the steps of the dTDP-rhamnose pathway

(Nikaido et al 1965; Rapin and Mayer 1966; Sugimoto and Okazaki

1967; Sunshine and Kelly 1971;_ Prehm et al 1976a). The present

K12 strains are thought to be rfb mutants with an intact rfa

cluster as they can express O—antigens when rfb genes from other

E. coli donor strains are introduced (¢rskov and Qrskov 1962;

Jones et al 1972; Kishi and Iseki 1975). Five different core types

that resemble the Salmonella core but with some differences,

especially in the hexose region, have been described (Schmidt et al

1969; Qrskov et al 1977; Jansson et al 1981). The terminal N-
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acetylglucosamine of the Salmonella core is missing from the E. coli

core types R1, R3 and R4. In recombination experiments it was

seen that Salmonella O-4,12 or O—9,12 O-polysaccharides could be

attached to LPS in an E. coli O8:K27 strain of core type R1, without

N—acetyl glucosamine (Kiefer et al 1976), as well as in a derivative

of this 082K27 strain which synthesized the K12-type core after

receipt of the rfa genes from K12 (Prehm et al 1976b). Some of the

Salmonella - E. coli 08 hybrids reacted with both anti—08 and anti-

04,12 antisera and it was shown that the two specificities resided

in separate molecules: the 08 specificity as long O—polysaccharide

chains, the O-4,12 as single O—units, each attached to a separate

core LPS (Kiefer et al 1976).

1.3.3.2 Shigella

In the intestinal pathogen Shigella flexneri, a number of O-

antigenic serotypes and the structures of the corresponding 0-

polysaccharides are known (Simmons 1971; Kenne and Lindberg

1983). The genes determining the basic structure of the O—

polysaccharide are located at the rfb locus analogous to the 0-

antigen genes of E. coli and Salmonella (Formal et al 1970).

Whether or not the polymerization of the O—unit is also determined

at rfb was not specifically tested. In S. flexneri the genes

responsible for enzymatic modifications of the O-antigen have been

identified close to the proline locus (map position 6) on the

chromosome. Some of these modifications are encoded by lysogenic

viruses whose chromosomal sites are situated next to the pra

genes (Formal et al 1970; Petrovskaya and Lincheva 1982).
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All strains of Shigella sonnei exhibit 'phase I' and 'phase II' in

culture. Only the phase I organisms are virulent and found to be

smooth and stable (Kopecko et al 1980; Sansonetti et al 1980, 1981;

Gamian and Romanowska 1982), whereas phase II organisms are

unstable and rough with a complete core (like that of E. coli core

type R1) but substituted with glucosamine at the branch heptose.

The same core is present in phase I, the smooth form (S) in which

the O—polysaccharide is a polymer of a disaccharide O-unit

containing two unusual sugars, N-acetylaltrosaminuronic acid and

2-acetamido—4-amino-2,4,6—trideoxyga1actose (Romanowska and

Reinhold 1973; Kenne et al 1980). The phase I organisms carry a

120 Mdal plasmid which encodes the genes for O—antigen synthesis

(Kopecko et al 1980; Sansonetti et al 1980, 1981). This plasmid is

lost at a high rate in laboratory grown cultures resulting in phase

II avirulent bacteria. S. dysenteriae is also known to have a 6 Mdal

plasmid encoding one or more functions necessary for O-antigen

expression (Watanabe and Timmis 1984).

1.3.3.3 Other enteric bacteria

The LPS of Proteus mirabilis strains contains a variety of

constituents in the O—polysaccharide including amino acids and

ribitol phosphate (Jann and Westphal 1975). R mutants, such as a

deep rough form without heptose, have been studied biochemically

(Sidorczyk et al 1983), but no genetic data are available. In both Y.

pseudotuberculosis and Y. enterocolitica the regulation of LPS

biosynthesis has been reported to depend on growth temperature.

Plasmids are associated with the pathogenic potential of the

Yersiniae and expression of a number of plasmid-encoded
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properties is also controlled by growth conditions (Gemski et al

1980a, 1980b; Ferber and Brabaker 1981).

1.4 O-specific chain modifications

The most common modifications are O—acetylation or

glucosylation of specific residues in the 0 units, or changes in the

link formed by the polymerase, although several other substituents

are also found (Liideritz et al 1968; Kenne and Lindberg 1983). The

modifications may be a constant part of the LPS structure in one

species or a clone of bacteria; in this form they are responsible for

variation between serotypes within one 0 group. They may also

cause variation within a single chain, depending on rapid on-off

variation in the state of a gene; this is termed form variation.

Similar modifications can be caused by genes on bacteriophages; in

these cases they are called antigenic variation. Furthermore, the

modifications are usually not stoichiometric and so cause

heterogeneity within the LPS of even one bacterium (Hellerqvist et

al 1969a; Lindberg et al 1978). The modifications are not essential

for the completion of LPS or O-polysaccharide synthesis and the

stage at which they occur is not defined.

1.4.1 O-acetylation .

In S. typhimurium O—acetylation of the abequose residue

(recognised antigen factor 5) is determined by the gene oafA at

position 43, close to rfb but clearly separable from it (Makeléi 1966;

Johnson et al 1966; Kishi and Iseki 1973b). Even single 0 units are

modified resulting in the 4,5,12 specificity of SR forms (Naide et al
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1965). Tyvelose containing 0 units are not acetylated in natural

Istrains of serogroup D or in hybrids combining the group D rfb

with oafA from group B (Miikelii 1965; Kishi and Iseki 1973a).

Factor 5-negative variants (known as var. copenhagen) are known

among Salmonellae of group B isolated from natural sources

(Kauffmann 1935, 1966) and in laboratory isolated mutants (Iseki

and Sasaki 1952; Smith and Stocker 1962). O-acetylation at C-2 of

the rhamnosyl residue was found in hybrids between group B and

group C2 (O-antigens 6,8) strains which synthesize the group B-

type 0 polysaccharide (Hellerqvist et al 1972; Ruden and Makela

1974), thought to be mediated by modifying enzymes of group C2;

the rhamnose in the 0 unit of group C2 is partially acetylated

(Hellerqvist et al 1970). The specificity of the enzyme is low since

the rhamnosyl residues in group B and C2 occur in different

linkages. A corresponding O—acetylation of the galactosyl residue of

the 0 unit is present in group B; lysogenization by bacteriophage

815 or g341 prevents this acetylation, and a phage mutant lost this

blocking capacity (Robbins and Uchida 1965; Hagiwara et al 1966).

1.4.2 Glucosylation

In S. typhimurium glucosylation of the galactosyl residue in

the 0 unit can occur through 0-4 or 0-6; resulting in two

completely different antigen factors called 122 and 1 respectively

(Stocker et a1 1960; Tinelli and Staub 1960). The glucosyl donor in

both cases is glucosyl-phospho—undecaprenol (Nikaido et al 1971;

Nikaido and Nikaido 1971; Takeshita and Miikelii 1971), and the

polymerized O—polysaccharide-undecaprenol serves as an acceptor.

This transfer is not affected by the dideoxyhexose substituent of
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the mannose as both group B and D are glucosylated to an equal

extent (Nikaido et al 1971). Glucosylation through 0-4 of the O-unit

galactose is determined by chromosomal genes in the 051])? - oafE

cluster close to purE at position 11, with oafE involved in the

synthesis of glucosyl—phospho-undecaprenol (Makclii and Makela

1966; Makel'a 1973). Although glucosylation is thus not phage-

determined, it makes the LPS resistant to adsorption of the phages

9NA and KB] (Wilkinson et al 1972; P.H.Makela, unpublished data).

The 0-4 glucosylation in group B Salmonella is coded for by the

phage 834 gene and is recognized as antigenic factor 34 (Uetake et

al 1955; Iseki and Hamano 1958). The 0-6 glucosylation however is

mediated by phage P22 genes (Iseki and Kashiwagi 1955, 1957;

Zinder 1957). In group E4 (O-antigens 1,3,19) the factor 1

(glucosyl-1-6-galactose) is thought to be determined by a

chromosomal gene called oafC, close to [)1er (Stocker et al 1960;

Plosila and Makel‘a 1972; Kishi and Iseki 1974).

1.4.3 Form variation

Variable expression of two antigen factors (1 and 122) has

been described by Kauffmann in numerous Salmonella strains

(Kauffmann 1941; Kauffmann and Rhode 1961). This variability is

reversible (from one form to the other) and is detected by altered

reactivity with antisera against these factors. Several other

instances of variability have been described including those of the

6] factor in group C1(Kauffmann 1937; Levine and Frisch 1936;

Edwards 1945) and the 27 factor (change in 0 unit polymerization)

in groups B and D (for reviews, see M'akela and Stocker 1984;

Makela and Rhen 1985). The bacteria can switch from one form (+
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or - in respect to the particular antigen ) to the other, and back

again. This usually occurs at relatively high frequency (once per

102—104 cell divisions). Only one particular factor is affected; for

example, only factor 1 and not 4 or 12 in S. typhimurium lysogenic

for P22 (Almon and Stovall 1939; Hayes 1947; Makela and Makeléi

1966). Chemical studies have given quantitative estimations of LPS

variation in a Salmonella strain lysogenic for P27. In such LPS, one

third to one half of the linkages between the 0 units were found to

be 27-type and, at the same time, 71-85% of the bacteria related

with antifactor-27 serum; that is, there was little or no repression

of bacterial polymerase (Lindberg et al 1978). However, in S.

bredeney, the expression of factor 27 has been described as stable

(Staub and Bagdian 1966). In all cases form variation was found to

be the result of LPS modification and was determined by either

phage or chromosomal genes outside rfb (such as oafR, the factor

122 in S. typhimurium) (Makela and Makela 1966; Makela 1973).

The similarity to flagellar phase variation (Kutsukake and Iino

1980; Silverman and Simon 1980) on a phenotypic and genetic

level led to suggestions that the basic molecular mechanism for

both may be the same.

1.4.4 Antigenic conversion

The O-polysaccharides act as receptors for many

bacteriophages on attachment to the cell. A change in the O-

antigenic structure of a strain, such as that caused by lysogenic

conversion, is expected to alter its phage sensitivity (Lindberg

1977). This change in phage sensitivity is due to alterations of one

or other of the monosaccharides between which the tail fibre
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enzyme hydrolyzes the polysaccharide. Presumably all these

phages bind to the long O-polysaccharide chains and gain access to

the surface of the bacterial outer membrane by hydrolyzing the

polysaccharide that covers it (Lindberg 1977).

1.5 Polysaccharide components other than LPS

1.5.1 Vi antigen

Salmonella typhi is one of the few Salmonella that have a

capsular polysaccharide, the Vi antigen; this is a polymer of O- and

N-acetylated galactosaminuronic acid (Clark et al 1958). Two gene

loci viaB (at about 92 map position) and viaA (46 map position)

have been located by conjugational transfer to S. typhimurium,

which does not naturally have a capsule (Johnson et al 1965, 1966).

viaA maps close to the rfb region.

1.5.2 T antigen

A polysaccharide antigen called T1 (a transient form between

S and R forms) has been described in group B organisms S.

paratyphiB and S. typhimurium (Kauffmann 1956); it may be

present together with O-antigen but remains cryptic because of the

stronger expression of the latter (Sarvas 1967). T1 antigen consists

of polymers of ribose and galactose in the unusual furanose form

(Berst et al 1969, 1971).

The locus rft , at approximate position 15, determines T1

antigen production. By genetic methods the T1 determinant genes
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can be transferred to other strains, including smooth ones. In such

recombinants, both 0 and T1 chains can be linked to the core LPS,

both requiring the complete core and a functional rfaL gene for

attachment, (Sarvas 1967). Strains with the T1 antigen become T1-

negative at a high frequency by mutation at or near rft but the

reverse change does not occur with detectable frequency. By

recombination studies it has been shown that rfb and rfc genes

are not needed for T1 synthesis but a functional rfe gene(s) is

required for reasons that are not yet understood (Sarvas 1967; P.

H. Makela, unpublished data). Another T antigen, T2 also attaches

to the LPS core (Bruneteau et al 1974). Its chemical determinant

appears to be an incompletely characterized polymer of N-

acetylglucosamine which depends for expression on the rfu genes

(Valtonen et al 1976; Sarvas et al 1976).

1.5.3 Colanic acid

Colanic acid is not a type-specific K antigen but, since it

surrounds the bacterial cell as a thick slime layer, it functions as a

capsular antigen. All E. coli, Salmonella and Enterobacter cloacae

strains can synthesize this surface polysaccharide (which is

antigenically very similar in all these strains). It consists of

hexasaccharide repeating units and may vary in its O-acetylation

and in the pyruvyl substituents peculiar to this molecule

(Sutherland 1977). In wild type strains, the synthesis of large

amounts of M antigen can be turned on by environmental

conditions such as low temperature, high concentration of salts and

excess of fermentable sugars (Markovitz 1977). The biosynthetic

pathway for colanic acid synthesis in E. coli K12 has been
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postulated by Markovitz (1967b), and is thought to involve 11

biosynthetic enzymes, only four of which have been definitively

identified. E. coli K12 is not highly mucoid and mutations at a

number of loci eg. lon (capR ), capS, capT (Markovitz 1977)

dramatically increase the production of colanic acid. It has also

been shown that some of the enzymes eg. manA, galU gene

products and the enzymes encoded by the gal operon genes

involved in colanic acid biosynthesis are present in increased

amounts in [on strains (Markovitz et al 1967a). Synthesis of colanic

acid is regulated by the Ion gene product, which seems to function

by limiting, by proteolysis, the rcsA gene product which acts as a

positive regulator (Torres-Cabassa and Gottesman 1987). A series

of non mutants (non—mucoid in Ion strains) have been isolated

(non -1 to 4, Lieberman et al 1970; non -9, Radke and Siegel

1971); the non -1 to 4 mutants have not been mapped but the non

-9 was shown to be his -linked. The non -9 mutation was found

due to its ability to mutate phage T7 resistance (Radke and Siegel

1971). This was explained as being due to a block in capsule

formation in non -9 mutants. Recently, a new locus for

exopolysaccharide overproduction (ops ) has been mapped at 62

min on the E. coli linkage map (Zinkewich-Peotti and Fraser 1988).

The polysaccharide produced was shown to be similar to colanic

acid.

1.5.4 Enterobacterial common antigen (ECA)

The enterobacterial common antigen (ECA) is present in

essentially all bacteria belonging to the family Enterobacteriaceae

(Makela and Mayer 1974; Mayer and Schmidt 1979; Ramia et a1
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1982). The serological specificity of ECA is determined by an amino

sugar-containing heteropolysaccharide. It was shown previously

that this heteropolysaccharide consisted of a linear chain of 1,4—

linked N-acetyl-D-glucosamine (Glc NAc) and N-acetyl-D-

mannosaminuronic acid (Man NAcUA) residues (Mannel and Mayer

1978). More recently, it has been demonstrated that 4-acetamido—

4,6-dideoxy—D-galactose (Fuc4 NAc) is also a component of ECA and

that component sugars are arranged in a linear chain of

trisaccharide repeat units (Lugowski et al 1983; Barr and Rick

1987). However, the identity of the reducing terminal sugar of the

polymer has not been established.

ECA generally occurs in two forms; the haptenic form and the

immunogenic form (Mayer and Schmidt 1979; Ramia et al 1982).

The immunogenic form is covalently linked to the LPS core region

of certain rough mutants with complete R1 or R4 cores, but lacking

O-antigenic side chains. In contrast, the. haptenic form is not linked

to LPS and occurs in both rough and smooth strains (Kuhn et al

1983, 1984). Recently a lipid-free form of ECA was obtained from

Shigella sonnei phase I and characterized as a mixture of cyclic

heteropolysaccharides (Dell et al 1984). It has been proposed that

the amino sugar chain of ECA might be assembled on a lipid carrier

molecule analogous to C55-isoprenoid alcohol involved in O—antigen

synthesis (Makela et al 1970; Makela and Mayer 1974). Previous

studies have shown that Glc NAc-pyrophosphoryl-undecaprenol

functions as an early intermediate in ECA synthesis and that the

antibiotic tunicamycin abolishes ECA synthesis in viva (Rick et al

1985). More recently, an in vitro system has been developed in
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order to define the individual reactions involved in ECA

biosynthesis (Barr and Rick 1987).

The gene clusters rfe and rff are both involved in the

biosynthesis of ECA (Makela and Mayer 1974; Makela et al 1976).

Both these gene clusters are linked to ilv at min 83 and 85 on

Salmonella and E. coli chromosomes, respectively (Schmidt et al

1976; Mayer and Schmidt 1979; Meier and Mayer 1985). The rff

genes are involved in the synthesis of UDP-Man NAc UA, the donor

of Man NAc UA residues in ECA synthesis (Lew et al 1978). In some

0 groups of Salmonella spp. and E. call the rfc genes are required

for the synthesis of both the ECA and O-antigenic polysaccharide

(Makela et al 1970; Makelii and Mayer 1976). Genes rfbA and rbe

located in the rfb region of S. typhimurium are involved in the

synthesis of dTDP glucose, an intermediate in the synthesis of

rhamnose (O-antigen) and the ECA componenet 4—Fuc NAc.

1.6 Diversion into taxonomy of Salmonella

In the genus Salmonella, the species concept has evolved in to

four overlapping phases, each of these phases relying on available

methodology and knowledge, stressing (i) chemical evidence (ii)

antigenic specificities (iii) biochemical properties and (iv) DNA

relatedness (Le Minor and Popoff 1987). It has been demonstrated

by DNA relatedness studies that all Salmonella serovars form a

single DNA hybridization group with subgroups, based on thermal

stability of hybrid DNA (Crosa et al 1973; Stoleru et al 1976; Le

Minor et al 1986). They are considered to be members of a single

species Salmonella enterica (Ewing 1986; Le Minor and Popoff
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1987). However, the Salmonella typing community have used

species epithets for each serotype (over 1,000 species epithets

have been so used). Since this study relates to the genetic basis of

variation in Salmonella, it is important to note that the strains of S.

typhimurium, S. paratyphi A, and S. typhi used, are in reality not

only members of the same species but also of the same subspecies,

enterica, and have been proposed as of serovars Typhimurium,

Paratyphi A and Typhi of S. enterica.

1.7 Aims of the project

The O—antigens of Salmonella vary greatly between strains.

This variation or polymorphism has been used as a basis for

serotyping and is well documented in the genus Salmonella . The O-

antigens from strains of serogroups D (S. typhi ) and A (S.

paratyphi A ) differ from that of B (S. typhimurium ) essentially in

the nature of the dideoxyhexose side chain sugar. Each of these 0-

antigens has a dideoxy hexose (tyvelose, paratose or abequose) and

genes conferring this specificity are encoded in the rfb gene

cluster. The aims of this thesis were to clone the rfb gene cluster

from S. typhi Ty21a (group D) and S. paratyphi A IMVS1316

(group A) in order to compare them with the corresponding region

of S. typhimurium, which has been cloned in our laboratory

(Brahmbhatt et al 1988). The aims also involved localisation of the

regions of homology and nonhomology, analysis of the variable

region at the base sequence level, identification of the genes

concerned with the biosynthesis of tyvelose and paratose, and

possible determination of the evolutionary derivation of these

serogroups.  
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CHAPTER 2

Materials and Methods

2. 1 Growth media

Double strength Difco nutrient broth (Difco 0003, 16 g/L; NaCl,

5 g/L) was the general growth medium, referred to as "nutrient

broth". It was supplemented with agar (Difco 0045, 15 g/L) to

obtain nutrient agar. Luria broth (Difco tryptone, 10 g/L; Difco

yeast extract, 5 g/L; NaCl, 5 g/L; pH adjusted to 7.2) was used as

enriched liquid medium and to it was added Difco agar (15 g/L) to

robtain Luria agar. 2X YT liquid medium (Difco yeast extract, 10 g/L;

tryptone, 16 g/L; NaCl, 5 g/L) was used for growth of M13

bacteriophage. M13 minimal medium was prepared as described

by Messing (1983) and was solidified with the addition of agar

(Difco, 0140-10) to 16 g/L. Carbon source for minimal media was

glucose, 5 mg/ml. Growth factors were added to a final

concentration of 20 ug/ml, except vitamin B1 (thiamine) which was

added to a final concentration of 1 ug/ml. Antibiotics were added

to nutrient agar in the following concentrations: ampicillin, 25

ug/ml; chloramphenicol, 25 ug/ml; cycloserine, 200 ug/ml;

kanamycin, 50 ug/ml; spectinomycin, 20 ug/ml; streptomycin, 100

ug/ml (for rpsL chromosome resistance) and 10 ug/ml (plasmid-

borne resistance) and tetracycline, 16 ug/ml.
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2.2 Reagents

Reagents were obtained from the following sources:

acrylamide and bisacrylamide, BioRad; lysozyme, Sigma; sodium

dodecyl sulphate (SDS), prod. no. 30175 and 44244, BDH;

formamide, urea, Merck; Trizma base, Sigma; Methionine assay

medium, Bacto, prod. no. 0423-152; cesium chloride, KBI; agarose,

Seakem Inc.; nitrocellulose, Schleicher and Schuell; restriction

endonucleases, M31, DNaseI, linkers, DNA polymerase I,

deoxynucleotide triphosphates and dideoxynucleotide

triphosphates, Boehringer-Mannheim, New England Biolabs and

Pharmacia; In vitrox packaging kit, Promega Biotech; large

fragment of DNA polymerase I (Klenow), M13 primer, T4 ligase and

dideoxy sequencing kit, BRESA; ampicillin, Beecham;

chloramphenicol and pronase, Calbiochem; kanamycin sulphate,

Sigma; streptomycin sulphate, Glaxo; tetracycline, Gist-Brocade; L—

[3531 methionine (800 Ci/mmol), Amersham; [cc—32H dCTP (2000

Ci/mmol), BRESA. All other chemicals were of analytical grade.

2.3 Bacterial strains, bacteriophages and plasmids

The bacterial strains, bacteriophages and plasmids used in this

thesis are listed in Tables 2.1 and 2.2 respectively.

2.4 DNA techniques

2.4.1 Small scale isolation of plasmid DNA



TABLE 2.1

Bacterial strains used in this thesis

Strain Characteristics Source/Reference

 

Salmonella typhimurium hde6 trpC2 nmlHIb fla-66 I.Beacham
LT2 HZ-enx rpsL120 xyl-404

lv-452 metE551 metA22
hsdA29

E246 (P9120) leu hde(r‘m+) galE rpsL120 Bullas

ilv452metE551 hsdA(r'm +)

hsdB(r'm+ )trpDZ metA22

P9029 A(hl's —metG )—338 H. Nikaido

Salmonella typhimurium (M2) S. Dixon

Salmonella typhimurium (M5) . S. Dixon

Salmonella Stanley (M15) S. Dixon

Salmonella budapest (M16) S. Dixon

Salmonella derby (M17) S. Dixon

Salmonella agona (M117) ICPMR

Salmonella hel'delberg (M118) ICPMR

Salmonella bredeney (M120) ICPMR

Salmonella hessarek (M121) ICPMR

Salmonella derby (M122) ICPMR

Salmonella saintpaul (M123) ICPMR



" Salmonella typhimurium (M228)

‘ Salmonella
' IMVSl316

, Salmonella

Salmonella

‘ Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

para‘typhl' ‘A

(M8)

paratyphi A

paratyphi A

paratyphi A

paratyphl' A

paratyphi A

(M107)

(M108)

(M109)

(M110)

(M111)

paratyphi (M217)

paratyphi (M218)

paratyphl' (M219)

nitra (M354)

kl'el (M355)

paratyphi A

var dllrazzo (M356)

Salmonella

Ty2 (M18)

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

typhi galE

enteritidis (M125)

dllblin (M126)

panama (M128)

javiana (M129)

Victoria (M212)

eastbourne (M214)

enteritia'is (M224)

J. Taplin

S. Dixon

ICPMR

ICPMR

ICPMR

ICPMR

ICPMR

J. Taplin

J. Taplin

J. Taplin

L. Le Minor

L. Le Minor

L. Le Minor

Germanier and

Furer( 1 97 5)

ICPMR

ICPMR

ICPMR

ICPMR

J. Taplin

J. Taplin

J. Taplin

  



' in coli K12

thrfleué tonAl lacYI W.Arber
supE44 mu

supE44 gyrA96 rccA end/U D. Hanahan

thi-I hst17 relAI

supE thi D(lac—proAB) Yanish-Perron

[F'traD96 proAB lachZ DM15 ] et al. (1985)

azi tonA lacY minA minB J. Reeve

rpsnyl mtl thi ara

 

 
and P numbers when in brackets are laboratory numbers.



TABLE 2.2

Plasmids used in this study

 

Charateristics Source/Reference

 

ampr tetr cmlr

kanr tetr

strr sper

ampr tetr

cmll'

ampr

ampr

ampr

ampr

Prentki et al (1981)

Poustka et al (1984)

Churchward et al

(1984)

Honn and Collins (1980)

Quigley and Reeves

(1987)

Vieira and Messing

(1982)

Vieira and Messing

(1982)

Norrander et a1 (19 8 3)

Norrander et al (1983)

   

  
'E'Bacteriophage
- M13 vectors

 

 

  §M13mp18
lfMl3mp19

Norrander et al (1983)

Norrander et al (19 83)

 

 



 

Plasmids

 

pPR429

pPR430

pPR431

pPR432

pPR434

pPR436

pPR437

pPR440

pPR441

pPR443

ampr; vector, pHC79; with cloned rfb

DNA from S. paratyphi A IMVSl316

(Fig 3.2)

ampl'; vector, pHC79; with cloned rfb

DNA from S. paratyphi A IMVSl316

(Fig 3.2)

ampr, tetr; vector, pBR325; 15.7 kb

EcoRI fragment of S. paratyphi A

IMVSl316 cloned from pPR430

cmlr; vector, pPR328; 11.0 kb EcoRI

rfb fragment of S. paratyphi A

IMVSl316 cloned from pPR430

ampr, tetr; vector, pBR325; E__coRI

(6.8) to EQRI(9.6) rfb fragment of

S. paratyphi A IMVSl316 cloned

from pPR430

ampr, tetr; vector, pBR325 MRIUAZ)

to MRIUSS) rfb fragment of

S. paratyphi A IMVSl316 cloned

from pPR430

ampl’, tetr; vector, pBR325; MRIUZA)

to EgoRI(l4.2) rfb fragment of

S. paratyphi A IMVSl316 cloned

from pPR430

ampr, tetr; vector, pBR325; 1.2 kb EcoRI

rfb fragment ofS. paratyphi A

IMVSl316 cloned from pPR430

ampl', tetr; vector, pBR325; 0.94 kb EcoRI

rfb fragment ofS. paratyphi A

IMVSl316 cloned from pPR430

ampr; vector, pHC79; with cloned rfb

DNA from S. typhi Ty21a (Fig 3.2)



 

i pPR444

pPR445

pPR446

pPR447

pPR448

pPR449

pPR450

pPR505

pPR506

pPR507

pPR508

pPR615

ampl'; vector, pHC79; with cloned rfb
DNA from S. typhi Ty21a (Fig 3.2)

ampr; vector, pHC79; with cloned rfb
DNA from S. typhi Ty21a (Fig 3.2)

ampr; vector, pHC79; with cloned rfb

DNA from S. typhi Ty21a (Fig 3.2)

ampl'; vector, pHC79; with cloned rfb
DNA from S. typhi Ty21a (Fig 3.2)

ampr; vector, pHC79; with cloned rfb

DNA from S. typhi Ty21a (Fig 3.2)

ampr; vector, pHC79; with cloned rfb
DNA from S. typhi Ty21a (Fig 3.2)

ampl'; vector, pHC79; with cloned rfb
DNA from S. typhi Ty21a (Fig 3.2)

ampl'; vector, pUCl9; MRI (0.0) to EigRI
(6.8) rfb fragment of S. paratyphi A
IMVSl316 cloned from pPR429

kanl'; vector, stZEMBL; EQQRI (0.0) to

MRI (6.8) rfb fragment of
S. paratyphi A IMVSl316 cloned
from pPR429

Smr,Specr; vector, pGB2; EQQRI (0.0) to

EQQRI (9.57) rfb fragment of
S. typhimurium cloned from pPR301

(Brahmbhatt et al 1988)

Smr,Specr; vector, pGB2; same as

pPR507 but insert is in opposite

orientation

ampr; vector, pUC19; KpnI (2.47) to
KpnI (14.55) rfb fragment cloned

from S. paratyphi A IMVSl316



pPR6l6

pPR617

pPR618

pPR619

pPR620

pPR652

pPR653

pPR654

pPR655

pPR656

pPR657

ampr; vector, pUCl9; KpnI (2.47) to
KpnI (8.95) rfb fragment cloned
from S. typhi Ty21a

ampr; vector, pUC9; E_chI(14.2) to
_E_CQRI (16.5) rfb fragment of

S. paratyphi A IMVS1316 cloned

from pPR436

ampr; vector, pUC9; EcoRI (8.6) to

EcoRI (10.9) rfb fragment ofS. typhi
Ty21a cloned from pPR443

ampr; vector, pUC9; with KpnI
(2.47) to EcoRI(10.9) rfb DNA of

S. typhi Ty21a

ampr; vector, pUC9; EcoRI(8.6) to
HindIII(9.7), HindIII cutdown of
pPR618

 

ampl'; vector, pUC9; EcoRI(8.6) to
figlII(10.0), BamHI-figlll cutdown of

pPR618
 

ampr; vector, pUC18; MRI(8.6) to
EcoRI(10.9), rfb fragment of

S. typhi Ty21a cloned from pPR618
in correct orientation for expression

ampl'; vector, pUC18; EQRK86) to

_E_<_:_(_)_RI(10.9), rfb fragment ofS. typhi
Ty21a cloned from pPR618 in

opposite orientation to pPR653

ampr,tetr; vector, pUC18; 2.8 kb

EcoRI fragment from pMZEMBL

cloned into pPR653

ampl’,tetr; vector, pUC18; 2.8 kb
EcoRI fragment from pMZEMBL

cloned into pPR654

ampr; vector,pUC18; HindIII(9.7) to
EcoRI (10.9), HindIII cutdown of pPR653

 

 



 

 

3 pPR665

: pPR666

f pPR667

pPr67O

pPR673

pPR675

pPR677

pPR680

pPR681

pPR681

ampl'; vector, pUC18; M31 deletion
derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; Bal31 deletion
derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; B_al31 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; 13a_131 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; ELBI deletion
derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; B_al31 deletion
derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; l_3_a_l_31 deletion
derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; B_al_31 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; B_a_13l deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; M31 deletion

derivative of pPR655 (Fig 4.3)

ampl'; vector, pUC18; B_al_31 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; B_a_l31 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; _Ba1_31 deletion

derivative of pPR655 (Fig 4.3)

ampr; vector, pUC18; M31 deletion

derivative of pPR655 (Fig 4.3)



pPR784

pPR786

pPR787

pPR791

pPR793

pPR794

pPR796

pPR797

pPR798

pPR816

pPR848

pPR849

ampr; vector, pUC18; 511131 deletion

derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; B_al31 deletion

derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; B_al31 deletion
derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; 33131 deletion
derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; B_al31 deletion
derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; M31 deletion

derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; M31 deletion

derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; §a_131 deletion

derivative of pPR656 (Fig 4.3)

ampr; vector, pUC18; Ba_131 deletion
derivative of pPR656 (Fig 4.3)

vector, M13mp18; MRI (14.20)

to figlll (15.60) rfb fragment of
S. paratyphi A IMV81316 cloned

from pPR617

ampr; vector, pUC18; EflRI (9.6) to
EQRI (12.4) rfb fragment of

S. paratyphi A IMVSl316 cloned

from pPR434

vector, M13mp18; KERN-55) to
_Ec_oRI(16.50) rfb fragment of

S. paratyphi A IMVSl316 cloned
from pPR617



pPR850

pPR851

pPR852

pPR893

pPR894

pPR895

pPR908

pPR909

pPR927

pPR928

vector, M13mp18; B_stI(14.80) to
EggRI(l6.50) rfb fragment of

S. paratyphi A IMVSl316 cloned
from pPR617

vector, M13mp19; MRKMJO) to

fig111(15.60) rfb fragment of
S. paratyphi A IMV81316 cloned

from pPR617

vector, M13mp19; Bglll(15.60) to
E_ch1(l 6.50) rfb fragment of

S. paratyphi A IMVSl316 cloned
from pPR617

vector, M13mp18; NAIULIO) to

_I_3_§_o_RI(12.40) rfb fragment of
S. paratyphi A IMVSl316 cloned

from pPR848

vector, M13mp18; MRI(9.60) to
N_ru_I(11.10) rfb fragment of

S. paratyphi A IMVSl316 cloned
from pPR848

vector, M13mp19; 314116.50) to
@1630) rfb fragment of
S. paratyphi A IMV81316 cloned
from pPRSOS

ampr; vector, pUC18; 131131 deletion

derivative of pPR848 4

ampr; vector, pUC18; M31 deletion

derivative of pPR848

cmlr; vector, pPR328; .E_co_RI(8.60) to

EflRIUODO) rfb DNA fragment of

S. typhi Ty21a cloned from pPR618
in correct orientation for expression

cmlr; vector, pPR328; ficoRI(8.60) to
MRIUOQO) rfb DNA fragment of

S. typhi Ty21a cloned from pPR618 in
opposite orientation to pPR927



cmlT; vector, pPR328; EmRI(8.60) to

figlII (10.0) rfb DNA fragment of

S. typhi Ty21a cloned from pPR618

ampl'; vcctor, pUC9; 11.0 kb EQQRI

fragmcnt of S. typhi Ty21a cloned

from pPR443
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Small scale isolation of plasmid DNA was performed by the

following two methods:

a) Large numbers of clones were screened by the method

of Ish—Horowicz and Burke (1981). Although the method7aiery

quick it was found that long storage resulted in partial or complete

degradation of the plasmid DNA. The plasmid DNA isolated by this

method was therefore extracted once with phenol/ether and

precipitated with ethanol.

b) A better quality plasmid DNA was isolated by the Triton

X-100 cleared lysate method as described by Kahn et al (1979).

2.4.2 Cesium Chloride (CsCl) purification of plasmid

DNA

Large scale purification of plasmid DNA was carried out by the

two-step cesium chloride gradient method of Garger et al (1983).

2.4.3 Isolation of chromosomal DNA

A modified method of Nakamura et al (1979) was used to

isolate high molecular weight chromosomal DNA. A 20 ml

overnight culture was centrifuged and the cells were washed in 10

ml of TES buffer (50 mM Tris-HCl [pH 8.0], 5 mM EDTA, 50 mM

NaCl). The pellet was resuspended in 2 m1 of 25% sucrose, 50 mM

Tris—HCl [pH 8.0] and after adding 1 ml of 10 mg/ml lysozyme in

0.25 M EDTA (pH 8.0), the mixture was incubated on ice for 20

minutes. Lysis was obtained after the addition of 0.75 ml of TE

buffer (10 mM Tris-HCl [pH 8.1], 1 mM EDTA) and 0.25 ml of the  
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lysis solution (5% sarkosyl, 50 mM Tris-HCl [pH 8.0], 62.5 mM

EDTA). Pronase (10 mg) was added to this mixture and incubated

at 560 C for 1 hour. The solution was extracted three times with TB

saturated phenol and twice with diethyl ether at 40 C. DNA was

precipitated by adding 8 ml of cold 95% ethanol. The precipitated

DNA was washed twice in 70% ethanol, dried under vacuum and

dissolved in 1 ml of TE buffer (Tris-HCl, 10 mM; EDTA, 1 mM; pH

7.4). If the DNA was not dissolved completely, it was heated at 560

C for 20 to 30 minutes.

2.4.4 DNA quantitation

DNA concentration was determined by measurement of optical

density (OD) at 260nm, assuming a OD260 of 1.0 corresponds to 50

pg DNA/ml (Maniatis et al 1982).

2.4.5 Restriction enzyme digestions

DNA digestions were usually performed using low salt, medium

salt and high salt buffers as described by Maniatis et al (1982) and

in cases where these did not apply, the buffer was made according

to the manufacturer's specifications.

Usually 0.1 to 1 ug of the plasmid and chromosomal DNA were

digested with 2 units and 10 to 20 units of enzyme respectively in

a total volume of 20 til at 370 C in a 1.5 ml Eppendorf tube. All

digestions were terminated by heating the tubes at 650 C for 10

minutes. Double digests were carried out using the lower salt

concentration requiring enzyme first, terminating the reaction and



45

carrying out the second digestion after adjusting the salt

concentration. .Prior to agarose gel electrophoresis 2 ul of tracking

dye (10X: 0.6% bromophenol blue, 15% ficoll, 100 ug/ml RNase) was

added to the sample.

2.4.6 Agarose gel electrophoresis

Analysis of restriction enzyme digests of DNA was done by

electrophoresis (7.5 V/cm) through horizontal 0.6% to 1.5% agarose

gels in 0.5 X TBE buffer (10X: 0.89 M Tris; 0.89 M Borate; 0.025 M

EDTA). Preliminary and rapid restriction enzyme analysis was

performed using minigels, as described by Maniatis et a1 (1982).

The gels were stained with ethidium bromide (1.0 ug/ml) and DNA

bands were visualised and photographed under UV illumination.

MRI-digested bacteriophage SPPl DNA (Ratcliff et al 1979) and

BAH-digested 7L DNA were used as molecular size standards.

2.4.7 Estimation of relative molarities

When required, the relative amount of DNA in each band was

estimated by scanning negatMiles of gels with an LKB2202 Ultrascan

Laser microdensitometer. Individual peaks (representing DNA

bands) were excised, weighed and relative molarities were

calculated according to the relationship:

(weight of peak/total wt. of all peaks) Xestimated
mol. wt. of DNA

 relative molarity:

mol. wt. of fragment
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2.4.8 Purification of the restriction fragments from

plasmid DNA

Plasmid DNA digested with the appropriate restriction

enzyme(s) was electrophoresed using a low gelling temperature

(LGT) agarose gel containing 0.5 ug/ml of ethidium bromide in the

buffer. Bands were visualised under UV and the segment(s) of the

gel containing DNA of interest was cut out with a sterile scalpel

blade. After this DNA was either extracted by the electroelution

method, described by Maniatis et al (1982), or mixed with 1-2 ml

of TE buffer and heated at 650C for 30 minutes. This solution was

then extracted twice with phenol at room temperature and once

with ether at 40C. DNA was ethanol precipitated and resuspended

in TE.

2.4 .9 DNA ligation

Digested and heat-inactivated DNA samples were usually

ligated in a 20 ul volume. Sticky-end ligations were carried out at

40 C for 1-2 hours (approximately 50% ligation having occurred, as

observed on a minigel) after which the mixture was diluted 10 to

20 fold with the addition of milliQ water and ligation buffer (10X:

0.66 M Tris-HCl, pH 7.5; 10 mM MgC12; 0.1 M dithiothreitol, 1 mM

ATP) and the ligation continued for 12 to 16 hours. Blunt-end

ligations were carried out in a total volume of 10 ul. For each

ligation reaction the DNA concentration of vector and insert used

were calculated using the method of Dugaiczyk et al (1975). T4

DNA ligase was used in all ligation reactions.



 

\
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2.4.10 Dephosphorylation, end-filling, Ba131

.exonuclease digestion and linker ligation

These techniques were performed essentially as described by

Maniatis et al (1982). Linker DNA was phosphorylated by using

PNK (polynucleotide kinase) according to the method of Maniatis et

al (1982).

2.4.11 Cosmid cloning

Sau3A partial digests of chromosomal DNA were prepared by

the method of Maniatis et al (1982). The cosmid used in this

experiment was pHC79 (Honn and Collins, 1980). It was digested

with BamHI and ligated with the partial Sau3A fragments in a final
 

volume of 20 p1 by mixing 2 pg of insert DNA with MHI-digested

and phosphatase-treated vector DNA in a molar ratio of 1:3. A 3 pl

portion of this ligation mixture was packaged in vitro by the

method of Sternberg et a1 (1977). DHl was used as the host strain

for infection and was plated out on ampicillin agar.

2.4.12 Bacterial transformation

Bacterial strains were made competent and transformed with

plasmid DNA routinely by the method of Lederberg and Cohen

(1974).

2.5 Hybridization techniques

2.5.1 Nick translation
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The method of Rigby et al (1977) was employed for 32P—

labelling of DNA by nick translation of both plasmid DNA and DNA

Ej' fragment extracted for gels.

2.5.2 Southern hybridization

Unidirectional Southern transfers and in situ DNA

” hybridizations were carried out using the method of Southern

(1975) while bidirectional Southern transfers were done using the

method of Smith and Summers (1980).

2.5.3 Colony hybridization

Colony hybridization was performed as described by Grunstein

and Hogness (1975).

2.6 Preparation of heteroduplex DNA and electron

microscopy

Heteroduplex formation and DNA spreading were performed

using the method of Davis and Parkinson (1971) with minor

modifications. Grids were prepared by the basic protein film

technique as described by Kleinschmidt and Zahn (1959), and

stained with uranyl acetate or rotary shadowed with platinum—

palladium.
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2.7 Bacterial agglutination

The agglutination was performed on glass slides as described

by Leinonen (1985). A small amount of the bacterial culture was

transferred into a drop of a suitable dilution of antiserum in 0.2%

NaCl on a glass slide. After mixing well, the slide was tilted up and

down for 2 minutes and examined against a dark background with

an obliquely placed light source. Agglutination usually started in

10 to 20 seconds. As a control, 4% NaCl instead of antiserum was

used to detect auto-agglutination. Salmonella somatic antisera of

0-2, 0-4 and 0-9 were obtained from IMVS, Adelaide, South

Australia and Wellcome~ Diagnostic, England.

2.8 DNA sequence analysis

2.8.1 Preparation of oligonucleotide primers

0.2 umoles of each oligonucleotide was made by using an

"Applied Biosystems" 381A DNA synthesizer. DNA was diluted with

1X TE buffer to get a final concentration of 2.5 ng/ml. 1 ul DNA of

this dilution was used as a primer for each reaction.

2.8.2 M13 techniques and DNA sequencing

Subcloning of DNA fragments into M13mp18 and M13mp19

(Norrander et al 1983) was performed, and the resultant

recombinant phages were used for DNA sequencing according to the

chain termination method of Sanger et al (1977).
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”5.9;.3i Computer analysis

   
  

  
  

   

   

  

  

  

   

  

  
  

  

   

  

1' DNA sequences were compiled and analysed by Staden's

beams (Staden 1980,1982; Staden and McLachlan 1982 and

f1j=n 1984). Nucleotide and protein sequences were aligned using

,9”; and SEQHP respectively (Kanehisa 1982). Secondary structure

'zfi’otein sequences was predicted by the programs CHOUCOLOUR

and PREDICT (Eliopoulos et al 1982); the MBIS suite of

ams (Bucholtz and Reisner 1986) were used to screen the

lleic acid and protein databases for sequence homologies. All

Y programs were compiled by CSIRO, Division of Molecular

ogy, North Ryde, New South Wales 2113, under a computer-

system termed MBIS [v 3.0, December 1986].

Protein methods

4539.1 Minicell isolation and purification

Minicells were isolated and purified from parent cells using

T1: . ose density gradient centrifugations and described by Clark-

firtiss and Curtiss III (1983).

.9-2 L-[35S] methionine labelling of proteins

Plasmid encoded proteins in minicells were labelled with L-

“58] methionine using the method described by Clark-Curtiss and

rtiss III (1983). The labelled samples were frozen at —200 C

fiernight and then boiled for 5 minutes prior to SDS-PAGE gel

Qectrophoresis.
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_-..‘2.9.3 SDS-polyacrylamide gel electrophoresis

I (SDS-PAGE) and autoradiography

The labelled protein samples were analysed on 11% linear SDS—

polyacrylamide gels as described by Lugtenberg et al (1975).

 

‘17 Molecular weight markers were purchased from Pharmacia

(Electrophoresis calibration kit, lot. no. 1040) which provided

markers with molecular weights 94 kD, 67 kD, 43 kD, 30 kD, 20.1

kD and 14.4 kD. After electrophoresis gels were soaked in the fixer

‘ (40% methanol, 10% acetic acid) for 30 minutes, followed by

staining overnight with Coomassie Brilliant Blue G250 (0.06%W/V)

in 3.5% perchloric acid. The gels were soaked in destain (30%

methanol, 7% acetic acid) with 3 to 4 changes every half hour.

.1" After sufficient destaining gels were transferred into a 25% ethanol

solution for 30 minutes followed by drying under vacuum by using

a Biolab gel drier. The gels were autoradiographed at room

temperature for 2 to 5 days using Kodak X—ray film.
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CHAPTER 3   
T in nd h ical ma in of r b re ions from S.

hi n arat hi A

3.1 Introduction

This project was running in parallel with those of two other

. Ph.D. students, H. Brahmbhatt and P. Wyk, who were analysing rfb

genes of S. typhimurium LTZ in our laboratory. Some of the

information from their work has been used for comparative studies

with group D and group A Salmonellae. I have cited the reference(s)

where information from their work has been used.

The aim of the work outlined in this chapter was to clone DNA

from S. typhi Ty21a (group D) and S. paratyphiA IMVSl316 (group

A) covering the whole rfb region, identify the areas of homology

and nonhomology, and to look for the regions known to encode

enzymes necessary for paratose and tyvelose biosynthesis. The

following paragraphs describe the molecular cloning and restriction

enzyme mapping of the rfb gene clusters of S. typhi Ty21a and S.

paratyphi A IMV81316. The cloning strategy used a cosmid vector

and the Southern hybridization technique was used to detect DNA

homology. The junction between the homologous and

nonhomologous regions of both ends was localised by heteroduplex

analysis.
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3 . 2 Cosmid cloning

Cosmid banks were constructed from S. typhi Ty21a (M18) and

S. paratyphiA IMVSl316 (M8) genomic DNAs, using pHC79 as a

vector (Hohn and Collins 1980). A 2.25 kb m1 fragment, which lies

approximately in the middle of the S. typhimurium rfb operon

(positions 9.95 to 12.20), was isolated from pPR300'(Brahmbhatt et

a1 1988). This fragment was used as a radioactive probe to screen

cosmid libraries for the presence of homologous DNA. Eight clones in

the S. typhi Ty21a library and two clones in the S. paratyphi A

IMVSl316 library were identified with this probe (Fig 3.1). EQRI

digests of these clones were probed with pHC79 to show which

fragments corresponded to rfb and which to vector DNA. DNA

preparations from these ten cosmid clones were digested with E_c_:_QRI

and run on agarose gels; they were found to have a number of

common fragments, many of which also occur in S. typhimurium.

These fragments were assumed to be homologous to those of S.

typhimurium, and on this basis partial maps of the cosmid clones

were deduced (Fig 3.2). Hybridization of the same 2.25 kb

radioactive probe with blotted EggRI digests of all cosmid clones and

with chromosomal DNA from S. typhi Ty21a and S. paratyphi A

IMVSl316 identified a single fragment in each case which, with the

exception of pPR429, had the same mobility as the 11.0 kb EC—ORI

fragment of S. typhimurium DNA (positions 9.57 to 20.59) from

which the probe was derived (Fig 3.3).



FIGURE 3.1

Identification of a cosmid clone using colony

hybridization

-Autoradiogram showing the identification of a cosmid clone

during colony hybridization of the cosmid bank of S. typhi

Ty21a in cosmid pHC79. A purified KPAI fragment (2.25 kb) of

plasmid pPR300 (Brahmbhatt et al 1988) from S. typhimurium

was used as a probe. The arrow indicates the clone that was

identified by the probe used.

 



 



FIGURE 3.2

MRI restriction map of rfb DNA cloned in various

cosmids from S. typhi Ty21a and S. paratyphi A

IMV81316

ELQRI restriction maps of cosmids carrying part of the rfb

operons from S. typhi Ty21a (pPR443, pPR444, pPR445,

pPR446, pPR447, pPR448, pPR449 and pPR450) and S. paratyphi

A IMVSl316 (pPR430 and pPR429). The approximate extent of

the rfb region of S.typhimurium LT2 is indicated by a heavy

line. The other cosmids are aligned at the conserved MRI site

at coordinate 9.57 of S. typhimurium LTZ. The numbers 1, 2, 3

and 4 indicate the rfb DNA fragments that were subcloned to

form plasmids pPR505, pPR434, pPR437 and pPR436,

respectively.
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FIGURE 3.3

Confirmation of cosmid clones carrying rfb DNA

S. typhi Ty21a and S. paratyphi A IMV81316 cosmid clones

digested with MRI and probed with the 2.25 kb m1

radioactive fragment of S. typhimurium LT2 rfb DNA (positions

9.95 to 12.20) from pPR300. Lanes 1, 2 and 3 contain S.

typhimurium LT2, S. typhi Ty21a and S. paratyphi A IMVSl316

chromosomal EcoRI digests, respectively.
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3.3 Subcloning and restriction enzyme mapping

 

All EcoRI fragments from S. typhi and S. paratyphi A cosmid

clones were subcloned into plasmid vectors pBR325 (Prentki et a1

1981) and pUC9 (Vieira and Messing 1982) (Fig 3.2). The 11.0 kb

fragments corresponding to the S. typhimurium fragment from

positions 9.57 to 20.59, which covers most of the rfb gene cluster,

were examined in detail. Restriction enzyme digests with HindIII,
 

m1, ClaI, HnaI, PstI, XbaI and 11ng gave identical patterns to those

given with the corresponding S. typhimurium fragment. A 8&1 site

which was absent in S. typhimurium was found in S. typhi Ty21a

and S. paratyphi A IMV81316 and mapped at a position

corresponding to coordinate 12.6 of S. typhimurium, and a Sad site

at coordinate 9.97 in S. typhimurium LT2 was absent in both S.

typhi Ty21a and S. paratyphi A IMVSl316. We conclude that DNA

between the EcoRI sites at positions 9.57 and 20.59 in S.
 

typhimurium LT2 is essentially homologous with the corresponding

regions in S. typhi Ty21a and S. paratyphiA IMVSl316 DNA. This

conclusion was supported by hybridizing radioactive S. typhimurium

DNA from the homologous region with blotted DNA fragments from

double enzyme digests of S. typhi Ty21a and S. paratyphiA

IMVSl316 DNA within the same region.

Restriction site mapping was carried out on the 6.8, 2.3 and 1.8

kb MRI fragments from S. typhi Ty21a and 6.8, 2.8, 2.3 and 1.8 kb

EQQRI fragments from S. paratyphi A IMVSl316. The order of these

fragments was determined using them separately as probes to

hybridize with double enzyme digests of chromosomal DNA. A

restriction map of this region was then constructed from positions 0



FIGURE 3.4

Restriction map of a part of rfb DNA of S.typhi Ty21a

and S. paratyphi A IMVSl316

Restriction map of rfb DNA of S. typhi Ty21a from positions 0

to 10.9 and S. paratyphi A IMVS1316 from positions 0 to 16.5.

S. typhi Ty21a and S. paratyphi A IMVS1316 have substantial

similarity in their restriction maps. The S. paratyphi A

IMVS1316 map is drawn such that sites present between

positions 0 and 4.87 and positions 14.2 and 16.5 correspond to

sites present between positions 0 and 4.87 and positions 8.6 and

10.9 on the S. typhi Ty21a map, respectively. The sites found to

be triplicated in S. paratyphi A IMVS1316 (see text) are within a

2.8 kb region which includes the 2.5 kb segment from

coordinates 5.5 to 8.0, indicated by double lines in the S.

paratyphi A IMVS1316 map. Restriction enzyme sites: E, EQQRI;

H, _IIi_ndIII; K, Km}; Hp, HnaI; P, PstI; C, ClaI; Ba, MHI; N, Er_u1;

B, figlll. Plasmid pPR615 is pUC19 carrying a 12.1 kb m1

fragment which extends from positions 2.47 to 14.55 on the S.

paratyphi A IMVS1316 map.

 



3
2

m
2
:

4
E
t
g
a
d

m
a
m
a
;

A
J
J

 T._T
.
.
L
T
E
O

B
m
o
m
u
o

w
o
.
/
_

.
/
_
9
.
9

.
5
.
5

.
0
m
U
m
U
.
0
-

Z
6
.
9

.
0
6

T
8
.
/
_

8
5

~
8
9
9
Z
_
.
Z
.
0
.
/
_
.
U
Z
“
L
m
v
o
.
9
-
T
.

p
o
m
s
m
U
.
0
0

0
5
0

0
Z
O
S

0
0

”
S
S
E
E
E
Z
Z
Z
Z
I
I

T
L

0 0
Z
g
S
B
S
S
O
Z
E
n
S
O

5
O
T
.
”

m
a
i
l
?
a
:

E
a
:

£
2

a
r
a
z
u
m
m
u
a
é
x
x
x
z
m

u

g
:

.
m



 

4
m
b
s
m
r
m
—

—
g

u
-
i

-

 

55

to 10.9 of S. typhi Ty21a and positions 0 to 16.5 of S. paratyphi A

IMVSl316 (Fig 3.4).

3.4 A 2.8 kb triplication

All restriction sites on the 6.8, 2.3 and 1.8 kb fragments from S.

paratyphiA IMVSl316 were found to map at the same positions on

the corresponding fragments of S. typhi Ty21a. The 2.8 kb MRI

fragment, which stains with an intensity approximately twice that

expected by comparison with adjacent bands, appears from the

restriction map to duplicate the adjacent ends of the 6.8 and 1.8 kb

S. typhi Ty21a MRI fragments (Fig 3.4). This suggests that a 2.8

kb region is triplicated (Fig 3.5). NruI, m1, E__chI and QI digests

 

all gave a 2.8 kb fragment, which was shown by densitometry of gel

photographs to be present at twice the molarity of other fragments

(Fig 3.5). This confirmed the 2.8 kb triplication and showed that one

end lies between positions 4.87 and 5.50. Further confirmation was

provided by the existence of the expected 12.1 kb ml fragment in

the chromosome (pPR615) which extends from position 2.47 to

position 14.55 (Fig 3.4). This was shown by probing Emil-digested

chromosomal DNA with 32P-labelled pPR437 (positions 12.4 to 14.2

on S. paratyphi A IMVSl316 map). The probe hybridized with the

12.1 kb fragment (Fig 3.6), indicating that it was not a cloning

artifact.

3.5 Identification of the region of nonhomology

The region of nonhomology between the three Salmonella

species was identified using a purified 9.57 kb EcoRI S.’ typhimurium



FIGURE 3.5

Densitometric scan to show the presence of triplication

of a 2.8 kb region

Plasmid pPR615 restriction fragments that were obtained after

digestion with (A) glal, (B) Kim-mm, (C) gun-ml and (D)

flpal and analysed by agarose gel electrophoresis, followed by

staining with ethidium bromide to visualize the DNA fragments.

Densitometer tracings are aligned with a photograph of the

digest. The calculations of the relative molarity of each band are

presented in Table 3.1.
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TABLE 3.1

Molecular weights and relative molarities

The calculated relative molarities for DNA fragments of each

digest are listed here. Relative molarities are calculated by the

formula given in section 2.4.7. Densitometric scan is shown in Fig

3.5.

 



 

Fragment Mol.Wt.(kb) Calculated Relative Molarity

 

 

a 5.0 1.0

b 4.3 1.0

c 2.8 2.0

g a 4.5 0.96

‘ mm b 2.8 2.0

g. c 2.6 1.0

d 1.9 0.9

kl- a 3.45 1.0

m1 b 3.1 0.96

' c 2.8 2.0

d 2.6 0.95

m1 a 8 o 1 o

b 2.8 2 0

c 0.96 0.85

 



 

FIGURE 3.6

Existence of the 12.1 kb m1 fragment in the

chromosome of S. paratyphi A IMVSl316

Chromosomal DNA from S. paratyphi A (M8) and plasmid

pPR615 DNA were digested with 1(_p_n_1 and probed with 32P—

labelled pPR437 (positions 12.4 to 14.2 on S. paratyphi A

IMVSl316 -map) in Southern hybridization analysis. The arrow

indicates position of 12.1 kb Lpnl fragment.
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DNA fragment from pPR301 (Brahmbhatt et al 1988) as a

radioactive probe against E_coRI digests of chromosomal DNA from S.

typhi Ty21a and S. paratyphi A IMVSl316. The probe, containing S.

typhimurium DNA between map positions 0 and 9.57, hybridized

strongly with the 6.8 kb and weakly with the 2.3 kb MRI

fragments from these strains. In addition, the probe hybridized

weakly with the 2.8 kb mRI fragment unique to the. S. paratyphi A

IMVSl316 digests (Fig 3.7). The common 1.8 kb fragment did not

exhibit any detectable homology with the 9.57 kb S. typhimurium

DNA probe.

3.6 Identification of the region of homology beyond rfb

toward the his operon

A plasmid, pPR294 (Brahmbhatt et al 1986), was used as a

molecular probe to determine whether the homology extended

beyond rfb toward the his operon. This plasngaecn‘zcgdigngmg35 kb

directly to the left of the EcoRI site at position 01% hybridized with

several restriction enzyme digests of chromosomal DNA from S.

typhi Ty21a and S. paratyphiA IMVSl316 (Fig 3.8). The restriction

enzyme sites toward the his operon for EgoRI, flpjj, figlII and Bs_tI,

mapped previously in S. typhimurium (Carlomagno et al 1983;

Brahmbhatt et al 1986), were found to be conserved in S. typhi

Ty21a and S. paratyphi A IMVSl316.

3.7 Heteroduplex and electron microscopy

Southern hybridization and restriction enzyme analyses

demonstrated that most of the sites from positions 0 to 5.5 and to



 

FIGURE 3.7

Identification of the region of nonhomology between S.

typhi Ty21a, S. paratyphi A IMVSl3l6 and S.

typhimurium rfb DNA

Southern hybridization analysis of EJQJU digests of S.

typhimurium LT2, S. typhi Ty21a, and S. paratyphi A

IMVSl316 chromosomal DNA and of various plasmids by using

the 1;le fragment of S. typhimurium LT2 n‘b DNA from

positions 0 to 9.57 as a radioactive probe. Lanes: 1, S.

typhimurium LT2 chromosomal DNA; 2, S. typhi Ty21a

chromosomal DNA; 3, S. paratyphi A IMVSl316 chromosomal

DNA; 4, pPRSOS; 5, pPR434; 6, pPR436; 7, pPR437. The E__co_RI

subclones in lanes 4 to 7 carry the 6.8, 2.8, 2.3, and 1.8 kb rfb

DNA fragments, respectively, from S. paratyphi A IMVSl316.

The two bands of least intensity visible in lane 4 correspond to

partial digestion products of pPRSOS.
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FIGURE 3.8

Identification of the region of homology beyond rfb

toward the his operon

Southern hybridization analysis of restriction enzyme digests of

S. typhimurium, S. typhi Ty21a and S. paratyphi A IMVSl3l6

chromosomal DNA probed with a 3.35 kb fragment from plasmid

pPR294 (Brahmbhatt et al 1986) of S. typhimurium . Lanes: 1, 4,

8, and 11 = S. typhimurium ; 2,5,9, and 12 = S. typhi Ty21a;

3,6,10, and 13 = S. paratyphi A IMVSl3l6. Probe identified the

similar size fragments in figlII—EQQRI, 39—11 and EstI-EgoRI

digests of chromosomal DNA from all three strains. Note that

some bands resulted from partial DNA digests.
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the right of position 9.57 on the S. typhimurium rfb map were

conserved. The MRI site of S. typhimurium at position 9.57 kb

corresponds with the E_c<_)_RI sites at position 10.9 of S. typhi Ty21a

and position 16.5 of S. paratyphi A IMVSl316. This suggests that

the region of non—homology lies between positions 5.5 and 9.57. The

junction between the homologous and nonhomologous regions of

both ends was localised by heteroduplex analysis.

3.7.1 Localising the junction between homologous and

nonhomologous regions in the vicinity of position

5.5

Plasmid pPR506 consists of pc_o_s_2EMBL (Poustka et al 1984)

carrying the S. paratyphi A IMV81316 6.8 kb ELQRI DNA fragment

from positions 0 to 6.8. The plasmid construct pPR508 has a 9.57 kb

MRI fragment (positions 0 to 9.57) from S. typhimurium cloned in

pGB2 (Churchward et al 1984) (Fig 3.9). The vectors, pGB2 and

pgoiZEMBL, were chosen because they exhibit no homology with

each other as predicted from their origins and confirmed by

Southern blotting (data not shown). Plasmid pPR506 was digested

with E_CQRI while E1 was used to linearize pPR508. The digestion

products were then allowed to hybridize in a heteroduplex reaction.

Denaturation and renaturation of these plasmid DNA fragments gave

rise to double-stranded linear molecules which branched into two

single strands at one end (Fig 3.10). The double—stranded segments

of these molecules were measured and the length of homologous

DNA found to be about 5.8 i 0.06 kb (Table 3.2A), indicating that the

region of homology extends from position 0 to 5.8 between S.

paratyphi A IMVSl316 and S. typhimurium LT2. Homoduplex



FIGURE 3.9

Plasmid constructs used for heteroduplex analysis

EchI restriction map of S. typhimurium LT2 and S. paratyphi A

IMVSl316. Vertical bars represent the EQQRI restriction sites.

Orientation of inserts with respect to the lac promoter is

indicated by the arrowheads. Vectors used are shown in

parentheses.
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FIGURE 3.10

Electron micrograph of a heteroduplex molecule

Heteroduplex formed between a 6.8 kb mRI fragment from

pPRSOS (S. paratyphi A IMV81316) and plasmid pPR508 (S.

typhimurium LT2) linearized with $311. The arrow indicates the

end of the region of homology. Plasmid pc_QsZEMBL (6.1 kb) was

used as the double—stranded DNA standard.
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molecules were obtained after denaturation and renaturation of

linearized pPR508 (Fig 3.11) as well as EcoRI digested pPR506 (Fig

3.12) in separate reactions. These were also used as standards to

measure the length of double-stranded segments.

3.7.2 Localising the junction between homologous and

nonhomologous regions in the vicinity of position

9.57 (S. typhimurium unit)

Plasmids pPR617 (containing the 2.3 kb EggRI fragment of S.

paratyphi A IMVSl316 cloned in pUC9) (Vieira and Messing 1982)

and pPR507 (pGB2 carrying the 9.57 kb fragment of S. typhimurium

(Fig 3.9) in the opposite orientation to that in pPR508) were used in

a similar heteroduplex reaction to localise the other end of the

nonhomologous region. pUC9 was also shown to have no homology

with pGB2 (data not shown). pPR617 and pPR507 were linearized,

with fia_m_HI and SAM respectively, before being mixed in a

heteroduplex reaction. Similar double—stranded linear molecules,

branching into two single strands at one end, were formed (Fig

3.13). The double-stranded region was measured as 1.4 i 0.05 kb

(Table 3.2B), indicating that the region of homology extends from

position 9.57 to about 8.17 on the S. typhimurium map.

3.8 Summary and discussion

The restriction analyses presented in this chapter show that

most of the sites from positions 0 to 5.5 and to the right of position

9.57 on the S. typhimurium rfb map are conserved, with the 9.57

kb EcoRI site of S. typhimurium corresponding to the EcoRI sites at



FIGURE 3.11

Electron micrograph of a homoduplex molecule

Electron micrograph of a homoduplex, obtained

denaturation and renaturation of linearized pPR508.
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FIGURE 3.12

Electron micrograph of a homoduplex molecule

Electron micrograph showing a homoduplex molecule of 6.8 kb

fragment formed after denaturation and renaturation of MRI

digested pPRSO6.
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FIGURE 3.13

Electron micrograph of a heteroduplex molecule

Heteroduplex formed between plasmids pPR617 and pPR507

linearized with BamHI and ml, respectively. The arrow

indicates the end of the region of homology.

 



 
 



TABLE 3.2

Measurements of heteroduplexes formed

Measurements obtained from the analysis of heteroduplexes

formed A) measurements of the double-stranded segment of

heteroduplex molecules formed to localise the junction between

homologous and nonhomologous regions in the vicinity of

position 5.5. B) measurements of double-stranded segment of

heteroduplex molecules formed to localise the junction at the

other end of the region of nonhomology to the left of position

9.57 (S. typhimurium ).
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,-L

  
segment measured (cms)

Calculated size of

homologous DNA (kb)*
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5.85
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6.10

5.32

5.85

 

 

flimcan size of homologous DNA = 5.79 :t 0.06

 

  
w of molecules Length of double-stranded

segment measured (cms)

Calculated size of

homologous DNA (kb)*

 

1 5.5

6.0

6.0

6.0

6.0

4.0

6.0
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M
N

 

1.40

1.50

1.50

1.50’

1.50

1.04

1.50

1.40

 

5’ mean size of homologous DNA = 1.41 i 0.05
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position 10.9 of S. typhi Ty21a and positon 16.5 of S. paratyphiA

IMV81316 (Fig 3.4). All restriction sites examined, with the

exception of one S_a_g1 site, in the region from 9.57 (the first EflRl

site known after position 8.17) to 20.59 of S. typhimurium, were

conserved in S. typhi Ty21a and S. paratyphiA IMVSl316 DNA. The

DNA segment in S. paratyphiA IMVS1316 differs from that of S.

typhi Ty21a only in having a 2.8 kb fragment triplicated, giving rise

to 5.6 kb of additional DNA. This triplication was established by the

presence of a 2.8 kb fragment at twice the molarity of other

fragments in digests with four different enzymes. One end of the

triplicated region lies between positions 4.87 and 5.5. Thus, the 2.8

kb repeated region includes a short piece of DNA homologous with S.

typhimurium LT2, accounting for the homology of the 2.8 kb E_chI

fragment with pPR301.

The S. typhimurium LT2 regions from positions 0 to 5.8 and

from 8.17 to 9.57 were shown to be homologous with S. paratyphi A

IMVS1316 by heteroduplex analysis. However, despite the

indicated homology in the region from position 8.17 to 9.57, little

restriction site homology was detected. No attempts were made to

analyse the 2.3 and 6.8 kb fragments from S. typhi Ty21a by

heteroduplex technique. We assume that the same level of

homology would be present in S. typhi Ty21a since both have been

shown to have complete restriction site homology for those

fragments used in heteroduplex reactions. The remaining region

right to position 20.59, has not been examined in the same detail but

presumably the same high level of homology exists throughout this

conserved region (Fig 3.14).



FIGURE 3.14

Comparative map of rfb operon from Salmonella

groups A, B and D

EggRl sites are indicated by vertical bars. H, B and P are flpjfl,

figlll, and _Ii_s_tI recognition sites, respectively. Regions shown by

restriction site homology and heteroduplex analysis to be

homologous or unique are indicated as follows: —— , common to

all;n-,S. typhimurium LT2 specific; :1, common to S. typhi

Ty21a and S. paratyphi A IMVSI316. Note that digestion at any

site present only once in a triplicated interval produces a

fragment of the same length as this interval and that the

fragment is present at twice the molarity of other fragments

generated by this enzyme.
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Abequose is replaced by paratose and tyvelose in O—antigens of

S. paratyphi A and S. typhi respectively. Other studies in our

laboratory on S. typhimurium LT2, have shown that the genes for

abequose synthesis (rbe, rbe and rfbH ) (Brahmbhatt et al 1988)

map in the general region of the structural difference between the

three strains studied. Presumably genes encoded for biosynthesis of

paratose and tyvelose may be present in this region. It seems that

S. paratyphi A IMV81316, which is expected to differ from S. typhi

Ty21a in lacking CDP paratose-Z-epimerase (Matsuhashi and

Strominger 1965; Uchida et al 1974), nonetheless carries all of the

DNA present in S. typhi Ty21a, but the gene for tyvelose synthesis

may be inactive. Results presented in chapter 5 provide evidence for

this.
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CHAPTER 4

Localisation of DNA responsible for specificity in the

biosynthesis of paratose and tyvelose,

determination and analysis of its nucleotide

sequence

4.1 Introduction

The 3, 6-dideoxyhexoses - paratose, abequose and tyvelose -

are the immunodominant sugars of group A, B and D of Salmonella.

The biochemical study of dideoxyhexoses revealed their close

relationship in the biosynthetic pathway (Fig 1.4). A stereochemical

reduction of an intermediate CDP—4—keto—3, 6-dideoxy-D—glucose at

the last step leads to the formation of CDP-paratose or CDP-

abequose. Matsuhashi and Strominger (1964, 1965, 1967)

demonstrated that the interconversion of CDP-paratose and CDP—

tyvelose, which are the donors of respective dideoxyhexoses in

biosynthesis of O-polysaccharides, is catalysed by a single enzyme,

CDP-paratose—Z—epimerase.

Genetic studies in recombinants with exchanged rfb clusters

have shown that recombinants containing the donor rfb as a rule

produce 0- specific units of the donor type (Nikaido et al 1966;

Makela 1966; Kochibe 1970; Kishi and Iseki 1973a, 1973b; Jousmies

and Makela 1974). These studies were based on conjugation

systems that transferred large numbers of genes in any one cross,

and so the effect of transfer of an individual gene could not be

determined. We transformed smaller parts of S. paratyphi A and S.
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typhi rfb DNA into a strain of group B and S. typhi DNA into a

strain of group A, on the premise that, if they had enzyme

function(s), they would substitute either paratose or tyvelose for the

normally produced 3,6-dideoxyhexose. Most of the genes involved in

abequose and paratose biosynthesis rbe, rbe and first two steps of

'rfbH ‘ (genes for these two steps have been named rfbH and rbe

in S. typhimrm'um ) are the same (Fig 1.3). The rbe gene, whose

product (catalyses last step converting CDP—4-keto~3, 6-dideoxy-D-

glucose to GDP-abequose in S. typhimurium ) was expected to be

identical with corresponding gene of S. typhi or S. paratyphi A. The

rfb] in S. typhimurium has been recently defined in our laboratory

(P. Wyk, Ph.D. thesis, 1988). We identified and sequenced the

gene(s) responsible for the enzyme(s) conferring specificity of the 3,

6-dideoxyhexose (paratose or tyvelose).

4.2 Expressing 0-9 specific LPS in Salmonellae of

groups A and B, and localising DNA that containing

the 0-9 specific genes

The rfb DNA of S. typhimurium LT2 from the his operon to

position 5.8 and to the right of position 9.57 is shown to have good

homology with that of S. typhi Ty21a and S. paratyphi A IMVSl316,

as described in chapter 3. It was thought that the genes responsible

for the enzymes conferring the specificity of the 3,6—

dideoxyhexose(s) would be encoded in this variable region of DNA,

extending from positions 5.8 to 9.5 on the S. typhi Ty21a map and

positions 5.8 to 15.1 on the S. paratyphi A IMVSl3l6 map. A

plasmid, pPR6l9 (pUC9, carrying S. typhi Ty21a rfb DNA from

positions 2.47 to 10.9, covering the whole variable region), was
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transformed into a representative strain of group B; S. typhimurium

LT2 (P9003), and a representative strain of group A; S. paratyphi A

IMVS1316 (M8). Transformants were purified and single colonies

tested against anti 0—9 antisera: all the transformants were

agglutinated (Fig 4.1) indicating that complementation is possible in

strains of Salmonella serogroups A, B and D. Hybrid strains,

generated from the group B strain, could also agglutinate anti 0-4

antisera indicating that two different O-antigens were being

expressed in one strain. However, hybrid strains generated from

the group A strain did not show any positive reaction with anti 0-2

antisera. This suggested that the immunodominant sugar (paratose)

had been converted into tyvelose ( the immunodominant sugar of

group D strains) by an extra enzyme encoded in the cloned DNA of

pPR6l9; only one enzyme addition is required to make CDP-tyvelose

from CDP-paratose (Fig 1.4). These results indicate that the genes

responsible for making tyvelose (0—9 antigen) lie between S. typhi

Ty21a map positions 2.47 and 10.9. Two other clones, pPR616 (map

position 2.47 to 8.95) and pPR618 (map position 8.6 to 10.9),

carrying insert DNA in the correct orientation for expression from

the lac promoter, were transformed into S. typhimurium P9003

and S. paratyphi A IMVS1316 (M8) to locate the genes more

precisely. These hybrid strains were checked for expression by the

slide agglutination test. Only pPR618 conferred expression of 0-9 in

both S. typhimurium P9003 and S. paratyphi A M8; indicating that

clone pPR618, containing insert DNA bounded by two EQRI sites at

8.6 and 10.9, has sufficient DNA for complementation (Fig 4.1). This

EcoRI piece was then endfilled and subcloned into the SmaI site of
 

pUC18 (Norrander et al 1983) in both possible orientations

(designated pPR653 and pPR654); the insert in plasmid pPR653



FIGURE 4.1

Localising DNA for specificity of 0 - 2 and 0 - 9

epitopes

Clones that express the antigenic factor 0—9 and 0—2 in S.

typhimurium (P9003) and antigenic factor 0-9 in S. paratyphi A

IMVSl316 (M8). Arrowheads indicate the direction of

transcription from the external lac promoter. Arrowheads on

both ends indicate that the insert has been cloned in both

orientations. Each Iclone has been given a plasmid number. 0-2,

0—4 and 0-9 are paratose, abequose and tyvelose specific

antisera, respectively, that were used in agglutination tests. S

and W in parentheses indicates a strong or weak agglutination

reaction. Restriction endonuclease sites shown by thick vertical

bars indicate that these sites are repeated three times in S.

paratyphi A IMVS 1316.
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being oriented such that the lac promoter would read from 10.9 to

8.6. These clones were transformed into S. typhimurium P9003 and

S. paratyphi A M8 and shown to produce anti 0-9 reactive LPS. The

weak positive agglutination against 0—9 antisera in S. typhimurium

harbouring pPR654 indicates that a weak promoter may be present

within the cloned MRI fragment and this will be discussed in a

later part of this chapter.

The DNA necessary for complementation was further defined by

making cutdowns of pPR618 and pPR653. Plasmids pPR620 (map

positions 8.6 to 9.7) and pPR652 (map positions 8.6 to 10.0) were

obtained by HindIII, and BamHI / _B_gLII cutdowns of pPR618,

  

respectively. These plasmids were then transformed into S.

typhimurium P9003 and S. paratyphi A M8; the S. typhimurium

hybrid strain harbouring pPR652 produced LPS that was reactive

with only 0-4 antisera, while S. paratyphi A harbouring the same

plasmid pPR652 produced LPS that was reactive with anti 0-9

antisera, as well as weakly reactive to anti 0—2 antisera. The strains

harbouring pPR620 did not show any agglutination with anti 0-9

antisera. The flirt—dill cutdown of plasmid pPR653 gave rise to a

plasmid pPR657, carrying rfb DNA from positions 10.9 to 9.7 in the

correct orientation for expression. The hybrid strain obtained on

transformation into S. typhimurium P9003 was able to produce LPS

which reacted with anti 0-2 as well as anti 0-4 sera. Thus the DNA

necessary for the 0-9 epitope was localised to a 1.4 kb fragment

extending from position 8.6 to 10.0 on S. typhi Ty21a map and the

gene conferring this 0-9 epitope specificity was named rbe. These

results also indicate that DNA necessary for the 0-2 epitope is

present in the HindIII (9.7) - EcoRI (10.9) fragment. The name rbe
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is allocated to the gene conferring specificity for 0—2 epitope.

' , Complementation for O-2.epitope is further discussed in section 4.3.

 

4.3 Expressing 0-2 specific LPS in Salmonella of group

B and localising DNA containing the 0-2 specific

gene

In order to localise DNA that specifies the 0-2 specific gene

from S. paratyphi A, plasmids pPR615 (S. paratyphi A IMV81316

map positions 2.47 to 14.55) and pPR617 (S. paratyphi A

IMVSl316 map positions 14.2 to 16.5) were transformed into S.

typhimurium P9003. Resultant strains harbouring pPR617 were

able to produce anti 0-2 as well as anti 0—4 reactive LPS; that is, two

types of LPS were being expressed in the one strain (Fig 4.1).

However, hybrid strains carrying pPR615 did not show any positive

agglutination reaction with anti 0-2 antisera. These results suggest

that the gene for the 0-2 epitope lies within this 2.3 kb (14.2 to

16.5) _E_co_RI fragment. No attempt was made to do cutdowns of

plasmid pPR6l7 since it showed complete restriction site homology

with the corresponding 2.3 kb (8.6 to 10.9) MRI fragment from S.

typhi Ty21a (Fig 3.4). It was presumed that the rbe gene would

lie within the region (from positions 15.3 to 16.5 on S. paratyphi A

IMVSl316 map) corresponding to its location (between positions 9.7

to 10.9) on S. typhi Ty21a map (see section 4.2). It seems that the

rbe gene in S. paratyphi A IMVSl3l6 is present but nonfunctional

because pPR617 essentially carries all the DNA present in pPR618

from S. typhi Ty21a.
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4.4 Cloning strategy for use in DNA sequencing

We sequenced the 2.3 kb DNA fragment of S. typhi Ty21a

bounded by EgoRI sites at positions 8.6 and 10.9 because, as

described in sections 4.2 and 4.3, the genes responsible for the

enzyme conferring specificity of the 3,6—dideoxyhexose (paratose or

tyvelose) are encoded within this region. The E__c_gRI site at position

10.9 was a convenient restriction site from which to begin

sequencing to the left. This site corresponds to the EcoRI site at
 

position 9.57 on the S. typhimurium map (Fig 3.14). The gene for an

enzyme conferring abequose specificity (rbe ) was also localised left

of this position (9.57) in S. typhimurium LT2 (P. Wyk, Ph.D. thesis,

1988). "

The cloning strategy used for sequencing is shown in Fig 4.2.

The 2.3 kb EflRI rfb fragment (positions 8.6 to 10.9) from pPR6l8

was endfilled and cloned into the m1 site of pUC18 (Norrander et

al 1983) in both orientations. The two plasmids were designated

pPR653 and pPR654; plasmid pPR653 being orientated such that

the lac promoter would read from 10.9 to 8.6. A 2.8 kb 53931

fragment carrying the tetracycline resistance gene from paZEMBL

was cloned into the EggRI site of both plasmids as a stuffer segment

of DNA. This 2.8 kb Ec_o_RI fragment was obtained by digesting

plasmid pgfiZEMBL with MRI and figlll restriction enzymes (figlll

being used to destroy other MRI fragment). This digest was then

mixed with EggRI digested and phosphatased pPR653 or pPR654 in a

ligation reaction. Tetracycline and ampicillin resistant colonies were

screened for the presence of the 2.8 kb fragment, and the selected

clones designated pPR655 and pPR656 respectively. These plasmids



FIGURE 4.2

Cloning strategy for producing a sequential series of

overlapping clones for use in DNA sequencing

The dotted section of the plasmid represents the 2.3 kb MRI

fragment of S. typhi Ty21a used in sequencing. Only the

relevant restriction endonuclease sites are shown on each

plasmid. A 2.8 kb EggRI fragment (indicated by the dark

section) from prEMBL was inserted as a stuffer fragment at

the MRI site of pPR653. The resultant plasmid, pPR655, was

linearized with El and then treated with l_3_al31 endonuclease

for a different periods of time. The inserts from plasmid

deletion clones derived .by this method were cloned into

M13mpl9.
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have a convenient unique 3&1 site, between the 2.3 kb rfb DNA and

the 2.8 kb stuffer DNA (neither of which contains fll sites), that

can be used to linearize the plasmids. Linearized DNA was then

treated with @131 nuclease. Aliquots were collected at different

time intervals, endfilled with DNA polymerase and ligated with

MRI linkers. Resultant clones were then digested with ELORI and

self-ligated to remove remaining stuffer DNA. A family of deletions

was generated starting from the 13_chI site at position 10.9 (Fig 4.3).

Selected deletion derivatives were digested with MHI and E_coRI

(unique restriction enzyme sites) and cloned into the Bat—mHI and

_E;(:_Q_RI sites on M13mp19 (Norrander et al 1983) for sequencing. A

series of M13 clones in reverse orientation were also obtained from

pPR656 using the same method (Fig 4.3). The dideoxy sequencing

method (Sanger et al 1977, 1980) was used to determine the DNA

sequence of the cloned region.

4.5 Sequence analysis

The DNA sequence of the various clones was collated using the

DB system of Staden (Staden 1982, 1986). Sequence data was

thoroughly checked and the sequence obtained is presented in Fig

4.4.

4.5.1 Open reading frames

Two Open reading frames of 837 and 1044 bp were identified,

corresponding to 279 and 348 amino acids, respectively. The open

reading frame of 837 bp was equivalent to the rbe gene of S.

typhimurium LT2 (P. Wyk, Ph.D. thesis, 1988) and has been named



FIGURE 4.3

Clones used in sequencing

A restriction endonuclease map of the 2.3 kb MRI fragment

extending from positions 8.6 to 10.9 from S. typhi Ty21a (M18)

is shown. Lines represent deletion clones derived from strategy

shown in Fig 4.2. Plasmid clones and M13 clones (in

parentheses) are shown above each line. The arrows denote the

direction in which sequence was obtained.
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FIGURE 4.4

Sequence of rfb DNA from position 8.6 to 10.9 in S.

typhi Ty21a (M18)

 

The sequence obtained and proposed open reading frames with

amino acids are presented here. The amino acids are denoted by

their international three-letter code, stops are indicated by three

asterisks. Proposed ribosone—binding sites are underlined.



 

no.1

GAATTCCTCGAATTACCAGARGCAACAGAGAAATCAGATCCATCCTGGTTTGGCTTCCCTATCACCCTGAAAGAAACTAGCGTGTTAACC

10 20 3O 40 50 60 70 80 90

GTGTCGAACTGGTGAAATTCCTTGATGAAGCAAAAATCGGTACACGTTTACTGTTTGCTGGAAATCTGATTCGCCAACCGTATTTTGCTA

100 110 120 130 140 150 160 170 180

ATGTGAAATATCGTGTAGTGGGTGAGTTGACAAATACCGACCGTATAATGAATCAAACGTTCTGGATTGGTATTTATCCAGCTTGACTAC

190 200 210 220 230 240 250 260 270

AGAGCATTTAGATTATGTAGTTAGCAAGTTTGAAGAGTTCTTTGGTTTGAATTTCTAATTTTTGAGGGGGGGGGATTCCCTCTAIGATTT

280 290 300 310 320 330 340 350 360

MetLysIleLeuI1eMetGlyAlaPheGlyPheLeuGlySerArgLeuThrSerTerheGluSerArgHisThrValIleGlyLeuAla

CATGAAAATTCTAATAATGGGAGCGTTTGGGTTCCTTGGATCACGACTTACATCCTACTTCGAAAGTCGACATACTGTGATTGGCTTAGC

370 380 390 400 410 420 430 440 450

ArgLysArgAsnAsnGluAlaThrI1eAsnAsnIleIleTerhrThrGluAsnAsnTrpI1eGluLysIleLeucluPheGluProAsn

AAGGAAGAGGAACAATGAAGCTACCATAAATAATATTATTTACACGACAGAAAATAATTGGATCGAAAAAATACTAGAATTTGAACCGAA

460 470 480 490 500 510 520 530 540

IleIleI1eAsnThrIleAlaCysTyrGlyArgHisAsnGluProAlaThrAlaLeuIleGluSerAsnIleLeuMetProIleArgVal

TATTATTATTAACACTATTGCTTGCTATGGAAGACATAACGAACCTGCAACAGCTTTAATAGAAAGCAATATTCTTATGCCTATCAGAGT

550 560 570 580 . 590 600 610 620 630

LeuGluSerI1eSerSerLeuAspAlaValPheIleAanysGlyThrSerLeuProProAsnThrSetLeuTyrAlaTerhrLysGln

ATTAGAATCTATCTCATCACTTGATGCAGTATTCATAAATTGTGGAACATCACTGCCACCAAATACGAGTTTATATGCATATACTAAACA

640 650 660 670 680 690 700 710 720

LysAlaAsnGluLeuAlaAlaAlaIleIleAspLysValesGlyLysTyrIleGluLeuLysLeuGluHisPheTyrGlyAlaPheAsp

AAAAGCAAATGAACTCGCCGCCGCCATTATAGATAAAGTTTGCGGTAAATATATAGAGTTAAAATTGGAGCATTTCTATGGAGCTTTTGA

730 740 750 760 770 780 790 800 810

GlyAspAspLysPheThrSerMetValI1eArgArgCysLeuSerAsnGlnProValLysLeuThrSerGlyLeuGlnGlnArgAspPhe

TGGAGACGATAAGTTTACCAGTATGGTTATTAGACGTTGTTTAAGTAACCAGCCAGTAAAGTTAACATCTGGTTTGCAACAGAGAGATTT

820 830 840 850 860 870 880 890 900

LeuTyrI1eLysAspLeuLeuThrAlaPheAsprsIleI1e$erAana1AsnAsnPheProLysPheHisSerIleGluValGlySe:

CTTGTATATAAAAGATCTACTAACAGCGTTCGATTGTATTATAAGTAATGTTAATAATTTCCCCAAATTTCATAGTATTGAAGTTGGTAG

910 920 930 940 950 960 970 980 2 990

GlyGluAlaIleSerIleArgcluTeralAspThrValLysAsnIleThrLysSerAsnSerI1eIlecluPheclyValValLysGlu

TGGAGAGGCGATATCAATTCGTGAATATGTAGATACTGTTAAAAATATCACAAAAAGCAATTCTATAATTGAATTTGGCGTGGTCAAAGA

1000 1010 1020 1030 1040 1050 1060 1070 1080

ArgValAsnGluLeuMetTyrSerCysAlaAspIleAlaGluLeuGluLysI1eG1yTrpLysArgGluPheSerLeuValAspAlaLeu

AAGAGTAAATGAATTGATGTATAGTTGTGCTGATATAGCAGAACTTGAAAAAATAGGATGGAAAAGAGAGTTCTCTCTTGTTGATGCATT

1090 1100 1110 1120 1130 1140 1150 1160 1170

MetLysLeuLeuIleThrGlyGlyCysGlyPheLeuGlySerAsnLeuAlaSerPheAlaLeu

ThrGluIleIleGluGluGluGlyLys***

AACTGAAATAATTGAAGAQQAAGGGAAATGAAGCTTTTAATTACCGGTGGATGTGGCTTCCTTGGGAGTAATCTTGCCTCCTTTGCTTTA

1180 1190 1200 1210 1220 1230 1240 1250 1260

SerGlnGlyI1eAspLeuIleValPheAspAsnLeuSerArgLysGlyAlaThrAspAsnLeuHisTrpLeuSerSerLeuGlyAsnPhe

AGTCAAGGGATTGATTTAATTGTATTCGATAATCTATCACGTAAAGGTGCAACAGATAATTTACATTCGTTATCCTCCTTAGGAAACTTT

1270 1280 1290 1300 1310 1320 1330 1340 1350

GluPheValHisGlyAspI1eArgAsnLysAsnAspValThrArgLeuIleThrLysTeretProAspSerCysPheHisLeuAlaGly

GAGTTTGTACATGGTGATATTCGCAACAAAAATGATGTTACAAGATTAATAACTAAGTATATGCCTGATAGCTGTTTTCATCTTGCAGGT

1360 1370 1380 1390 1400 1410 1420 1430 1440



GanalAlaMetThrThrSerIleAspAsnProCysMetAspPheGluIleAanalGlyGlyThr
LeuAsnLeuLeuGluAlaValeg

CAAGTGGCAATGACTACATCTATTGACAATCCTTGTATGGATTTTGAAATTAATGTAGGTGGAACT
TTAAAITTACTTGAGGCAGTACGG

1450 1460 1470 1480 1490 1500 1510 1520 1530

GlnTyrAsnSerAanysAsnI1eIleTyrSerSerThrAsnLysValTyrGlyAspLeuGluGln
TerysTyrAsnGluThrGluThr

CAGTATAATTCAAATTGTAATATAA’I‘I‘TATTCATCAACAAATAAAGTATACGGCGA
TCTTGAGCAATATAAATACAATGMACAGAAACT

1540 1550 1560 1570 1580 1590 1600 1610 1620

ArgTerhrCysValAspLysProAsnGlyTyrAspGluSerThrGlnLeuAspPheHisSerPro
TyrGlyCysSerLysGlyAlaAla

AGATACACTTGTGTAGATAAGCCTAATGGATATGATGAGAGCACACAATIAGATITC
CACICACCATATGGTTGTTCAMAGGTGCTGCA

1630 1640 1650 1660 1670 1680 1690 1700 1710

AspGlnTeretLeuAspTyrAlaArgI1ePheGlyLeuAsnThrValValPheArgHisSerSer
MetTyrGlyGlyArgGlnPheAla

GACCAATACATGCTTGATTATGCAAGGATTTTTGGTTTGAATACAGTGGTGTTCAGGC
ATTCATCAATGTATGGTGGGAGACAGTTTGCT

1720 1730 1740 1750 1760 1770 1780 1790 1800

ThrTyrAspGlnGlyTrpValGlyTerheCysGlnLysAlaValGluIleLysAsnGlyIlehsn
LysProPheThrI1eSerGlyAsn

ACTTATGATCAAGGCTGGGTAGGTTGGTTTTGTCAAAAAGCGGTTGAAATTAAAAATGGTATTAAT
AAACfltTTCACTATTTCTGGTAAT

1810 1820 1830 1840 1850 1860 1870 1880 1890

GlyLysGlnvalArgAspValLeuHisAlaGluAspMetI1eSerLeuTerheThrAlaLeuAlaAanaISeILysI
1eArgGlyAsn

GGTMGCAAGTTAGCGATGTTI‘TGCATGCTGAAGATATGATTTCGTTATBTTTCACIGCCPTGGCAAAT
GIATCAAAAATTAGGGGGAAC

1900 1910 1920 1930 1940 1950 1960 1970 1980

AlaPheAsnI1eG1yGlyThrIleValAsnSerLeuSerLeuLeuGluLeuPheLysLeuLeuGluAspTyr
CysAsnIleAspMetAxg

GCTTTTAATATTGGTGGTACGATTGTCAACAGCCTATCATTACTTGAATTATTCAAATTGCTTGAAGATTAI
TGCAACATAGATATGAGG

1990 2000 2010 2020 2030 2040 2050 2060 2070

PheThrAsnLeuPrdValArgLysValIleSerValPheLeuLeuGlnI1eLeuLysLysSerLeuMetGlnLeuThrG
lyAlaArgLys

TTCACTAATTTACCTGTAAGGAAAGTGATCAGCGTGTTTTTGTTGCAGATATTARAAAAAICACTAATGCAATTCACTG
GAGCCCGAAAG

2080 2090 2100 2110 2120 2130 2140 2150 2160

SerArgGlnLysMetValSerArgLysCysMetIleclyLeuValLeuTyrAspVaISeIAlaArgGIuSerGlyHisA
sn***

TCTCGGCAAAAGATGGTGTCCAGAAAATGTATGATTGGACTAGI‘TCTATATGATGTTTCTGCCCGCGAA
AGCGGGCATAATTAAAGAATG

2170 2180 2190 2200 2210 2220 2230 2240 2250

AAATATTTTTTATAATTAAAAGATGAAGCTGACGTGAGGAAACTGAGGTTGGTTAGAATTC

2260 2270 2280 2290 2300 2310

96
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rbe , while the second open reading frame of 1044 bp is present at

the expected location of the epimerase gene, rbe. The first 361.

bases from the E_co_RI site (position 10.9) may also encode part of the

carboxy terminus of a protein, but the length of open-reading frame

within this region is too short to confirm the existence of a

functional gene.

The sequence was checked for potential ribosome binding sites;

that is, sequences showing complementation with the 16S ribosomal

RNA sequence (UAAGGAGGUGA) hypothesized to mediate ribosomal

binding to mRNA (Shine and Dalgarno 1974). For both open reading

frames a probable ribosome-binding site could be found suitably

spaced from a methionine codon. These probable ribosome-binding

sites are indicated by underlined bases in Fig 4.4. The spacings

between start codon and predicted ribosome binding site for rbe

and rbe, are 4 and 7 nucleotides, respectively. The median spacing

between these two known elements (start codon and ribosome

binding site) so far reported in the literature is 7 nucleotides (Gold

et al 1981, Kozak et al 1983) so we are not confident of the ribosome

binding site prediction for rbe. We expected two open reading

frames from the data shown in section 4.3. Thus these two open

reading frames must be those predicted to be present in this region.

The gene rbe ends with a single stop codon (TGA) and the start

codon (ATG) of rbe overlaps with stop codon of rbe. The overlap

of a few nucleotides where one coding region stops and another

starts has previously been identified in sequence from other

bacterial genes (Yanofsky et al 1981). Shepherd's RNY preference

method (Shepherd et al 1981) was also used to predict genes in this

region. Shepherd has found that many genes have a preference for



FIGURE 4.5

Coding regions in the DNA sequence

Shepherd's RNY preference method was used to predict proteins

(A). three windows in the plot represent the three possible

reading frames of the sequence, the uppermost window using

the first base of the sequence as the first base of the triplet, the

second window uses the second base as the first base of the

triplet, and the third window uses the third base as the first

base of the triplet. Short vertical lines in the middle of the

windows indicate the termination codons. The extent of open

reading frames with respect to start and stop codons are shown

in section C. Section B represents the names used for the open

reading frames. The estimated molecular weights are listed in

Section D. E shows the restriction endonuclease map of the 2.3

kb EQQRI fragment extending from positions 8.6 to 10.9 from S.

typhi Ty21a (M18).
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the use of codons in form RNY where R = purine, Y = pyrimidine, and

N = any base (attributed to remnants of a primitive genetic code).

Two strong potential coding regions for rbe and rbe were

predicted by this method (Fig 4.5).

4.5.2 Properties of predicted proteins

The physical properties of these two proteins were predicted

using a number of programs. The molecular weights and

hydrophobicity indices were calculated by the program ANALYSEQ

(Staden 1982). The hydrophobicity and charge distribution were

plotted using the program CHOUCOLOUR (MBIS) based on the values

of Kyte and Doolittle (1982). The program PREDICT, combining eight

different methods to produce a joint prediction (Eliopoulos et al

1982), was also used to predict the secondary structure. The protein

encoded by the first open reading frame, rbe, has a predicted

molecular weight of 31501 daltons comprising 279 amino acids. The

protein is highly charged as shown by its hydrophobicity and charge

profile (Fig 4.6). ANALYSEQ gives this protein a hydrophobicity

index of 10.4. The secondary structure prediction (Fig 4.6 and 4.7)

indicates the presence of both alpha helices and beta pleated sheets.

The protein encoded by the second open reading frame, has an

epimerase function. The start codon of rbe overlaps with the stop

codon of rbe and Shepherd's RNY prediction confirms that a protein

is produced in this frame (Fig 4.5). The rbe encoded protein has a

predicted molecular weight of 39062 daltons comprising 348 amino

acids, with a hydrophobicity index of 12.5. The

charge/hydrophobicity profile shows that the molecule consists of



" FIGURE 4.6

Charge, hydrophobicity and secondary structure plots of

predicted proteins

Charge, hydrophobicity and secondary structure plots for

predicted proteins encoded by rbe and rbe are shown in

section A and B respectively. These were plotted using the

program CHOUCOLOUR (MBIS) which is based on the values of

Kyte and Doolittle (1982). The green, red and blue colour plots

represent turn, alpha helix and beta strand prediction. Charge

distribution (positive charges point up, negative charges point

down) and hydropathy plots are shown by maroon and black

colour respectively. The computation for a-helix, B-sheet and

turn prediction is based on Chou and Fasman (1978) parameters

and algorithm. The method and parameters of Rose and Roy

(1980) are used for computation of hydropathy profiles.
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FIGURE 4.7

Possible secondary structures of predicted proteins

Section A, B, C and D show secondary structure prediction plots

for the proteins encoded by rbe (S. typhi Ty21a), rbe (S.

typhimurium LTZ) rbe (S. typhi Ty21a) and galE (E. coli ),

respectively. The program PREDICT (Eliopoulos et al 1982) was

used to predict secondary structure; this gives a consensus of the

eight different methods to produce a joint prediction. The joint

prediction is in the form of a broken line across the top of each

window. Each protein has three plots labelled as turn or coil,

beta-strand and helix prediction. The number of predictions is

shown by the numbers on left the vertical line and the bottom

horizontal line shows the number of amino acids.
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charged amino acids. The predicted secondary structure of this

protein also suggests the presence of both alpha helices and beta

sheets (Fig 4.7).

4.5.3 Homology between predicted rbe gene of S. typhi

Ty21a and rbe gene of S. typhimurium

The product of the rbe gene of S. typhimurium has a

dehydrogenase function, converting CDP-4—keto-3,6-dideoxy-D—

glucose to @136,6-dideoxy-D-galactose (abequose) by transferring

two hydrogen atoms from NADPH to the keto moiety on the carbon 4

(Matsuhashi and Strominger 1967). The rbe gene of S.

typhimurium was sequenced recently in our laboratory (P. Wyk,

Ph.D. thesis, 1988). The product of rbe has a similar

dehydrogenase function using the same substrate, CDP—4-keto-3,6-

dideoxy-D-glucose, for the formation of GDP-3.6—dideoxy-D-glucose

(paratose), and therefore we expected it to have homology with the

protein encoded by rbe in S. typhimurium.

We used a program, DIAGON (Staden 1982), to search for

homologies between the amino acid sequences of these two proteins.

This method was first described by McLachlan and uses the

proportional algorithm based on data from Dayhoff et al (1978). A

small portion of N-terminus and a longer region toward the C-

terminus were observed to have homology; shown by diagonal rows

of dots (Fig 4.8A). The amino acid sequences of these two proteins

were aligned using the program SEQHP (Kanehisa 1982). This

program searches locally homologous regions of two protein

sequences according to the algorithm described by Goad and



FIGURE 4.8

Relationship of the amino acid sequence of proteins

encoded by the rbe gene of S. typhi Ty21a and rbe

gene of S. typhimurium

A shows the output of the program DIAGON (Staden 1982) used

to show the similarity of amino acid sequence of these two

proteins. This method was first described by McLachlan and

uses the proportional algorithm based on the data of Dayhoff et‘

al (1978). The diagram consists of two dimensional plot in which

the X—axis represents amino acids of rbep and the Y-axis the

amino acid sequence of rbep of S. typhimurium. A span length

of 11 amino acids and percent proportional score of 132 were

used. B shows the alignment of amino acid sequence of these

two proteins (8 - 297 of rbep and 3 - 275 of rbep) made by

the program SEQHP. Distance (maximum homology score) refers

to the relationship between the proteins. Maximum homology

score is sum of weights of all matches, mismatches, and

deletions. The weight for a deletion and a value to be added to

each element of the similarity matrix were 8 and 0, respectively.

The numbers in the parentheses denote the number of gaps

added to the sequence to make the best alignment.  
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Kanehisa (1982); the lower the distance number (see Fig legend 4.8),

the more closely related are the sequences. In this case, the

distance was -355 suggesting that these two proteins share

substantial homology in their amino acid sequences. The best

alignment was found when the 8th amino acid of the rbep

sequence was matched with 3rd amino acid of the rbep sequence

(Fig 4.8B). The amino acids were highly conserved in the N—terminal

region; in this region (rbep, 8-21 and rbep 3-16); 6 amino acids

were identical, 4 were similar and 4 were different. A high level of

homology was seen in the latter portion of the two proteins (rbep

189-272 and rbep 169-250). Secondary structure prediction also

shows regions of similarity between these two proteins (Fig 4.7); this

is discussed in section 4.5.4.

The program SEQA (Kanehisa 1982) was used to search for

homologous regions between nucleotide sequences of rfb] and rbe.

This program finds global homology according to the algorithm

described by Needleman and Wunsch (1970). Best alignment of

these two sequences was achieved by matching the regions which

showed homology in SEQHP for this program (Fig 4.9A). The

program found 482 matches, 341 replacements and 79 deletions or

insertions; of these deletions/insertions, 17 were in the rbe and 62

were found in the rbe nucleotide sequence. The program DIAGON

was also used to check homology between the nucleotide sequences

of rbe and rbe genes (Fig 4.9B). Scattered regions of homology

are seen as shown by the diagonal lines of dots along the diagonal

axis.



FIGURE 4.9

Relationship of the DNA sequence of the genes rbe and

rbe

A) The nucleotide sequence of both genes rbe and rbe are

aligned using the program SEQA (Kanehisa 1982). Only one

alignment is shown here. The values obtained by alignments are

shown by the bold letters at the bottom line.

B) Shows the output of the program DIAGON. The X-axis

represents the nucleotide sequence of rbe and the Y-axis

represents the nucleotide sequence of rbe. A span length of 11

nucleotides and percent proportional score of 8 were used.

Diagonal rows of dots are used to show homology.
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.. o ..- o. In. . n u. .- .-o 0.. -- one... - o .o on c. o u o I. I.

GTATAGTTGT-GCTGATATAGCAGAACTTGAAA—AAATAGGAT
GGAAAAGAGAGTTCTCTCTTGTTGATGCATTAACTGA

740 750 760 770 780 790 800 810



880 890 900

MGAACT--ACT CGG‘I‘TATGA

-
c-oo

.

MTMTIGMGAGGMG
GGAMTGA

820 830 8 4O

MATCHES 489

M 197 CC 39 GG 84 TT 169

REPLACEMENTS 331

AC 56 AG 73 (I; 34 AT 85 CT 40 GT 43

DELETIONS IN SEWENCE 1: 20

DELETIONS IN SEQUENCE 2: 65

HATCKES 482 “PLACEMENTS 3‘1 DEL/INS 79 (80:11.11: Squ. 62)
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4.5.4 Structural similarity of the dehydrogenases with

other known dehydrogenases.

The function of the protein encoded by rbe is similar to that of

the protein encoded by rbe of S. typhimurium. The enzyme is a

nicotinamide linked dehydrogenase. Dinucleotide binding proteins,

such as NAD'b-linked dehydrogenases of the citric acid cycle in

eukaryotes, have been extensively studied by X-ray crystallographic

techniques. There is a striking similarity in the structure of the

coenzyme (NAD) binding domains of all the NAD+-linked

dehydrogenases (Table 4.1), though the catalytic domains have very

different structures. The main structural elements of the NAD+

binding domain are six strands forming a parallel sheet (BA, BB, BC,

BD, BE, and BF) and four helices (aB, aC, OE, and alF). Two helices

are located on each side of the sheet. The adenosine moiety (AMP)

binds in the same way to all known dehydrogenase structures, and

in each case the last residue in BA is a glycine (Rossman et al 1975).

The PREDICT program (Eliopoulos et al 1982) indicates that

several beta strands lie within the first 120 amino acids of the

protein encoded by rbe. The first three predicted beta strands (1 to

47) show a very good fit with the beta A, B and C strands of the

NAD+ binding domain of known dehydrogenases (Table 4.1).

Regions with reasonable fit for beta-D, the loop, alpha—E, beta—E and

beta-F, lie between residues 63-68, 69-71, 76-85, 86-92 and 98-

105, respectively.

The protein encoded by the rbe gene of S. typhimurium (P.

Wyk, Ph.D. thesis, 1988) also has beta strands and alpha helices that



TABLE 4.1

Amino acid sequence comparison based on structural

alignments

The alignment of amino acids of proteins encoded by rbe of S.

typhimurium, rbe (S. typhi Ty21a), rbe (S. typhi Ty21a) and

galE (E. coli ) is shown in relation to amino acids from the NAD+

binding domain in structurally known dehydrogenases. The

alignment of amino acid sequences of Dogfish LDH (lactate

dehydrogenase), Pig GADPH (glyceraldehyde-3-phosphate

dehydrogenase), Lobster GADPH, Horse LADH (liver alcohol

dehydrogenase), Rat LADH and Bovine GluDH (glutamate

dehydrogenase) is adapted from Table IV of Rossman et a1 .

(1975). The alignment of rbep of S. typhimurium LT2 is

adapted from P. Wyk Ph.D. thesis (1988). Each amino acid is

designated by its International single-letter code and the amino

acids which are similar to those of proposed function in the table

published by Rossman et al (1975) are boxed. The underlined

letters H, S and F denote the amino acids are present opposite an

alpha helix, opposite a beta strand or have substrate binding

function respectively.



 

 

    

 

     
      

 

 

DogfishLD NKiTT/‘vz' CBAVG DEVA'L‘VD VM'EDK AKTVFG? D

PigGADPH VK-VGVDGFGRIGDIVAIND PPIDLKAITIFQ E

LobsterGADPHSKIGIDGFGRIGQVVAVND PFIAL KKITYFN E

YeastGADPH VRVAIDGFGRIGZVVASBBPPIBLKKIATYQ E

HorseLADH STCAVFGLGGVGARIIGVD INKDKGATECIN P

ratLADH STCAVFGLGGVGAKIIAVD INKDKGATDCIN P

BovineGluDI-i KTFAVQGFGNVGKCVAV‘GE SDGSI

rbep EYVIVS SGFIG SVVAITRVIKNNALIG 'I

rbep MKILIM FGFLGTVIGLARKRNNENNE‘ iTi

rbep MKLLIT CGFLGIDLIVFDNLSRK

galEp MRDLLVT SGYIGHD_V_I_ILD NLCNS

H B E S H H E B H B

beta-D loop alpha-e beta—E beta-P

DogfishLDH KLV‘VTT A’G'AR KFIIPNIVKHSPD CITETHP HRTIGSG

PigGAPDI-l AY VESTGVP MEKAGAHLK GGA KRVIISA LKIVSNA

LobsterGAPDI-IEYIVESTGVS IEKASAHFK GGA KKVVISA MTVVSNA

YeastGAPDH VIAIRSTGVS LDTAQKHLK AGA KKVVITA LKIVSNA

HorseLADH DFXFEVIG LDTMVTALSCCQY GVSVIVG RTWKGAI

RatLADH DFXFBVIG LDTMAXXLLSCHC GVSVIVG RTWKGAI

rbep IIHLATYG LINIEDANVI KPLKLLD IPWTD

rbep INEIiCYER AEéKIééfiIL MP_I‘RMLE 012.35? NCG

.5 1:1 E 55 5.3 E E fl :1 E
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fit the proposed NAD+ binding domains of several other

dehydrogenases (Table 4.1). The first three beta strands (BA, BB and

BC) also match well with the protein encoded by rbe. This, and the

similar function of these two proteins, suggests that the first 105

amino acids of protein encoded by rbe and the first 140 amino

acids of protein. encoded by rbe may form an NADPH binding

domain. The latter portions of rbep (105-279) and rbep (140—299)

are probably involved in binding and modifying the substrate; both

enzymes require the same substrate (4-keto-3,6—dideoxy—D-glucose)

for the reaction.

4.5.5 Comparison of CDP-paratose-Z-epimerase (rbe)

with UDP-galactose-4-epimerase (galE)

The function of the rbe gene product is not chemically well

characterized. The enzyme is an epimerase acting on carbon 2 to

convert GDP—3,6-dideoxy-D-glucose (paratose) to CDP-3,6-dideoxy-

D—mannose (tyvelose), using NAD as a coenzyme. The predicted

protein product for rbe was compared with an enzyme of similar

function, UDP-galactose-4-epimerase which acts on carbon 4 in the

same way. This enzyme is encoded by the galE gene which has

recently been sequenced in E. coli (Lemaire and Muller-Hill 1986).

The protein encoded by the gene rbe comprises 348 amino

acids, which is quite similar in length to the protein encoded by galE

(338 amino acids). The program DIAGON (Staden 1982) was used to

search for homology between the amino acid sequences of these two

proteins. Small regions of homology are seen at the N-terminus

portion as shown by the diagonal rows of dots (Fig 4.10A). We used



FIGURE 4.10

Relationship of the amino acid sequence of proteins

encoded by rbe and galE

A) An outcome of Diagon plot is shown. The X-axis represents

the amino acid sequence of the protein predicted from rbe and

the Y-axis represents the amino acid sequence of the protein

encoded by galE. A span length of 11 amino acids and percent

proportional score of132 were used. Diagonal rows of dots

indicate the regions of homology.

B) The alignment of the amino acid sequence of proteins

preidcted from rbe (from positions 1 to 304) and galE (from

positions 1 to 296) is presented here. Distance refers to the

relationship between the two proteins. The numbers in

parentheses denote the number of gaps added to the sequence to

make the best alignment.



 

 

   

DISTANCE -254, 1- 304 ( 7). 1- 296 (15)

10 20 30 40 50 60 70
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the program SEQHP (Kanehisa 1982) to align the amino acid

sequences of the two proteins. Best alignment was shown from

amino acid positions 1 to 304 of rbep protein with positions 1 to

296 of the protein encoded by galE (Fig 4.10B). The distance

number allocated was -254 indicating that the protein sequences

have good homology. The amino acids are highly conserved in the

N—terminal portion of the proteins; of the first 14, 8 are conserved,

4 are similar and 2 are different. A high level of homology is

present for the first 130 amino acids and secondary structure

predictions for this region also suggest amino acid similarity. Six

beta strands are predicted from the rbep amino acid sequence

compared with, in this region of galEp, four beta strands followed

by an alpha helix and two beta strands (Fig 4.7D,E). The amino acid

sequences of epimerases encoded by rbe and galE were compared

with sequences for other dehydrogenases where secondary

structures have been published. The first two beta strands (BA and

BB) of CDP—paratose-Z-epimerase (rbep) and UDP-galactose-4-

epimerase (galEp) show a good fit with corresponding strands of

known dehydrogenases as well as with dehydrogenases encoded by

rbe and rbe (Table 4.1). The other beta stands predicted in the

secondary structure of rbep and galEp could not be located in these

comparisons.

4.5.6 Homology with other proteins

GENBANK Nucleic Acids Release 45.0 22 Sept 1986, NBRF

(National Biomedical Research Foundation) Nucleic Acids Release 29,

18 Sept 1986 and EMBL (European Molecular Biology Laboratory)

Nucleic Acid database release 9, Sept 1986 were searched for
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homology with the nucleotide sequences of rbe and rj‘bE . Three

different protein databases NBRF (National Biomedical Research

Foundation) Protein database Release 10, 13 Aug 1986, NEWAT

Protein database April 1985, and Kyoto University (PROSEQ) Protein

database September 1986 were searched for homologies between

the amino acid sequences of the predicted proteins and known

amino acid sequences for other proteins.

We used the MBIS suite of programs (Bucholtz and Reisner

1986) to search these databases using quasi correlation coefficient

(Qr) (Lipman and Pearson 1985) and a program written by Kanehisa

et al (1984) based on the algorithm developed by Wilber and

Lipman (1983). A third method FASTN and FASTP was used for

searching the FIR and KYOTO databases based on the algorithm and

software of Lipman and Pearson (1985). However, none of the

protein and nucleotide sequences on these databases were found to

have significant homology with our protein and nucleic acid

sequences.

4.5.7 Search for restriction endonuclease sites

Restriction endonuclease sites were located (Fig 4.11A) using

the program ANALYSEQ (Staden 1984). Restriction endonucleases

whose sequences were not present are also listed in Fig 4.11B. All

the restriction sites mapped earlier to produce a map of this region

(Chapter 3) match with the sites predicted by the program

ANALYSEQ.



FIGURE 4.11

Search for restriction endonuclease sites in the

sequenced region

Restriction enzyme sites were predicted using the program

ANALYSEQ. A) Plot of restriction endonucleases with six base

Specificity that was found by ANALYSEQ is shown in this figure.

B) Those enzymes which were not present are listed here.
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B NAMES WHOSE SEOUENCES DO NOT MATCH

AAT II BSPII II PS? I NC II SAU96 I

ACY I BSSH II KAI-2 I NCO I SCA I
AFL II BS'I'E II HAE II ME I SFI I

AHA II BSTX I RAE III NOT I SI‘IA I

APA I CLA I HGA I NRUI SNAB I
APAI. I DRA II HGID I PAL I SPI. I

ASU I DRA III HHA I PSS I SST I

AVA I EAE I HINP I PVUI SST II

AVA II ECA I KIN? II PVU II STUI

AVE II ECO4? III IILUI RSP I THI I
BAI. I ECOB HST I BSR II XBA I
BAI‘I HI ECOK NAE I SAC I XHO I
36!. I PNUDZ NAB I SAC II XMN I 
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4.5.8 G + C content

The region sequenced has only 35% G+C. This is quite low

compared to the overall G + C content of 51% for S. typhimurium

(Nomore 1973).

The program ANALYSEQ was used to plot the percentage G + C

content (shown in Fig 4.12A). The pattern shows that G + C content

is variable but less than 50% throughout the region sequenced. The

rbe and rbe genes have a G + C content of 33.3% and 35.5%

respectively, however, it appears that the G + C content is higher

(40%) in the region from position 10.9 to the start of rbe. The tail

portion of the region sequenced (too short to predict any open

reading frame) has a G + C content of only 32%. The G + C content of

intergenic spaces usually diverges more from 50% than that of

coding sequences (Muto and Osawa 1987). The tail portion may

then be an intergenic space. Local deviation in base composition,

dinucleotide composition, trinucleotide composition and negentropy

were plotted (Fig 4.12B,C,D,E) using the program ANALYSEQ, to check

for patterns emerging in G+C content of the region sequenced. None

of the plots showed any significant boundary or cut off mark from

which a conclusion could be drawn.

4.5.9 Codon usage and amino acid composition

Codon usage for the predicted proteins of gene rbe and rbe is

shown in Table 4.2A,B. The codon usage in those genes of S.

typhimurium that have been sequenced and entered in the

GenBank genetic sequence database, is also shown in Table 4.2C



FIGURE 4.12

G + C content plot and associated parameters

Five different plots based on the base composition of the

sequenced DNA, were plotted using ANALYSEQ. A shows the

variation in G+C content. The line through the middle of the plot

represents 50% G+C content. A span length of 21 nucleotides is

used. B plots local deviation in base composition. Local deviation

indicates unususal or similar regions in the sequence. The base

composition of a defined window length is compared to the base

composition of the overall sequence. The maximum value

calculated is 32.102161, the minimum is 0.023309. C shows the

plot of local deviation in dinucleotide composition, maximum and

minimum values are 43.12155 and 2.53526 respectively. D is a

plot of local deviation in trinucleotide composition. The

maximum value is 141.69623, and minimum is 26.03979. E

shows a negentropy plot. Negentropy is a measure of the

variation of the composition of each base, the program compares

the base composition of the whole region (T = 0.317, C = 0.144, A

= 0.333, G = 0.206) with the base composition of the span in

question. The program assigns a value based on the similarity,

to the whole sequence composition. The given maximum and

minimum values are 0.005684 and 0.002268. A span length of

121 nucleotides is used in plots B, C, D and E.
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TABLE 4.2

Codon usage tables and G + C content of the lst, 2nd and

3rd bases in coding triplets of the predicted proteins

A and B represent the codon usage table for the proteins

predicted from rbe and rbe , respectively. A codon usage table

derived from sequences of genes of S. typhimurium is also

shown (C) (Aota et al 1988). Amino acids are denoted by their

international one-letter code and number of codons are listed to

the right of each codon. The codon usage table derived from

sequences of genes of S. typhimurium tabulated from the

GenBank Genetic Sequence Database (Release 50.0, 1987) (Aota

et al 1988) is also shown here. The codon frequencies are shown

as codon usage per thousand codons in this instance only. D

shows G + C content in the first, second and third position of

codons for each predicted protein encoded by rbe and rbe.

The values are indicated as percentages of the base content. 1, 2

and 3 represent first, second and third position of triplet codon

respectively.
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E F m 5. S TCT " Y TAT a. c TCT 4. F TTT 10 S TCT 4. Y TAT 12. C TCT 8.

[i P m a. S TCC 1. Y THC 2. c TCC 2. F TTC 8. S TCC 4. Y TAC 4. C TCC 1.

L TTA a. S m 5. a TM 0. t TGA o. L TTA 15. 5 TCA 11. * TAA 0. * TGA 0.

L m 4. s m o. * TAG o_ " TGG 2. L TTG 7 S TCG 1 * TAG 0. W TGG 3.

L m 6. P m 2_ H CAT 4. R CGT 2. L CTT 9. P CCT 4 H CAT 6. R CCT 1.

‘ L CIC 1. p we 1. H CAC o. R CCC o. L CTC 0. P CCC 1. H CAC 1. R CGC 2.

Lem 4, p cm 3, gm 2, R CGA 2. L CTA 5. P CCA 1 Q CAA 10. R CGA 1

t L m 1. p we 1. Q CAG 2. R C66 0. L CTG 0. P CCG 0 Q CAG 3. R C66 2

L I ATT 15. T ACT 5. N BAT 15. 3 ACT 8. I ATT 16 T ACT 10. N AAT 21. 5 ACT 2.

7 I Age 4_ T ACC 2. N AAC 4. s AGC 2. I ATC 1. T ACC 2. N AAC 5 S AGC 5.

I ATA 14_ T ACA 7_ K AAA 15, R AGA 5_ I ATA 4. T ACA 7. K AAA 14. R AGA 4.

M ATG 5. T AC6 2. K AAG 3, R A66 2. M ATG 11. T ACG 0. K AAG 6 R A66 6.

v m s, A acr 5_ D GAT 10, a car 3, V GTT 6 A GCT 5. D CAT 18. G GGT 15.

j V GTC 1, A GCC 3, D GAG 1. G GGC 2. V GTC 1. A GCC 4 D GAC 2. G SC 3.

" VG‘I'A 5. A GCA 7. a GAA 20. G can a. v GTA 9. A GCA 7 a GAA a. c GGA 6.

V CTG 2. A $6 3. E GAG 5. G GOG 2. V GT6 6. A GCG 1. E GAG 4 G (366 5.

C

F TTT 22.0 S TCT 9.2 Y TAT 16.8 C TGT 4.9

f F TTC 14.8 S TCC 12.1 Y TAC 13.6 C TGC 6.3

L TTA 11.6 5 TCA 6.0 * TAA 2.3 * TGA 1.0

L TTG 11.6 S TCG 7.9 * TAG 0.4 W TGG 12.4

E L CTT 10.2 P CCT 6.7 H CAT 13.8 R CGT 18.9

L CTC 8.2 P CCC 5.5 H CAC 11.9 R CGC 21.9

L CTA 3.6 P CCA 5.7 Q CAA 12.6 R CGA 3.9

L CTG 51.9 P CCG 24.4 Q CAG 32.9 R CGG 6.7

, I ATT 30.2 T ACT 8.7 N AAT 17.2 S AGT 5.9

r I ATC 25.4 T ACC 27.5 N AAC 20.7 s AGC 15.1

g I ATA 4.4 T ACA 5.3 K AAA 35.6 R AGA 1.4

. M ATG 23.9 T ACG 17.6 K AAG 9 8 R AGG 1.1

t V GTT 11.9 A GCT 15.8 D CAT 34.8 G GGT 21.0

V GTC 19.6 A GCC 29.8 D GAC 20.1 G GGC 39.9

1 V GTA 10.4 A GCA 13.1 E 6AA 32.8 G GGA 7.8

L VGTG 25.8AGCG 41.GEGAG 22.1 GGGG 11.9

D

1 2 3

rbe 40.65 35.90 28.19

rbe 41.96 36.21 28.44  



TABLE 4.3

Amino acid content of the proteins predicted from open

reading frames rbe and rbe

A and B represent amino acid content table for proteins encoded

by rbe and rbe, respectively. Amino acids are denoted by

their international one-letter code. A measure of the variation

from the average amino acid composition of proteins found in

the EMBL sequence library is given by the O - E% values.



A c D E F G H I K L

18. 6. 11. 25. 14. 15. 4. 34. 18. 24.

ODE i -25. ~26. -28. 49. 39. -3‘. -28. 171. -2. 15.

M N P Q R S T V H Y

5. 20. 7. 4. 12. 20. 16. 14. 2. 10

0-5 i 5. $1. -52. -63. -12. 2. -6. -24. -45. 5.

A C D E F G H I K L

17. 9. 20. 12. 18. 29. 7. 21. 20. 36.

O-E i -43. -11. 4. -43. 44. -1. 1. 34. -13. 40.

M N P Q R S T V W Y

11. 26. 6. 13. 16. 27. 19. 22. 3. 16.

O-E i 86. 74. -67. -4. -6. 11. ~10. -4. -34. 35. {
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(Aota et al 1988). Codons with low G+C content are present in

greater numbers than normally found in S. typhimurium due to low

G + C content of the coding DNA of the rbe and rbe genes. Codons

with T or A in the third position are strongly favoured; for example,

for protein encoded by rbe , of the 34 Isoleucine codons, 30 are

ATT or ATA and of the 25 glutamate codons, 20 are GAA. A similar

situation is observed in rbe ; 95% of the Isoleucine codons are ATT

or ATA and 90% of aspartate codons are GAT. The third position

preference for A or T is manifested by a higher A + T content in the

third codon position than in the first or second (Table 4.2D). A

similar trend for the G+C contents of the first, second and third bases

of the coding triplets was also observed by Muto and Osawa (1987).

The observed amino acid composition for each of the proteins

predicted was compared to the average amino acid composition of

all coding sequences in the EMBL sequence library (Staden 1984)

using the program ANALYSEQ. Analysis of the amino acids present

in the predicted open reading frames is shown in the Table 4.3.

Four amino acids (alanine, glycine, proline and arginine) which have

codons exclusively with G or C occur in lower amounts in these two

proteins, while amino acids (such as isoleucine, asparagine and

phenylalanine) encoded by triplets where all three bases are either

A or T are present in greater contents. This is. clear indication of a

shift favouring amino acids encoded by A + T rich triplets.
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4.5.10 Determination of nucleotide sequence in the

vicinity of position 5.5 (S. typhi Ty21a unit) to

localise the boundary between DNA homologous

and nonhomologous to that of S. typhimurium DNA

The region of homology between the three strains studied

extends from position 0 to 5.8 as shown by heteroduplex’ and

restriction enzyme analysis (Chapter 3). We sequenced the region in

the vicinity of position 5.5 in S. typhi Ty21a to localise more

precisely the junction between homologous and nonhomologous

DNA. The nucleotide sequence throughout this region of S.

typhimurium LT2 was also being studied in our laboratory at that

time (P. Wyk, Ph.D. thesis, 1988).-

Plasmid pPR616 is pUC19 carrying the m1 fragment of rfb

DNA from S. typhi Ty21a (position 2.45 to 8.95). A _S_ac_I site in the

polylinker was used to clone a 4.53 kb 13931 - 5&1 fragment from-

pPR616 into M13mp18 for sequencing; this M13 clone was

designated as pPR924. We were able to utilise a few of the

oligonucleotides (listed in Table 4.4) used in sequencing the same

region of S. typhimurium LT2. The nucleotide sequence of a 1.284

kb region around the 5.5 map position was deduced, in one direction

only, using these oligonucleotides (Fig 4.13). Attempts were not

made to sequence in the other direction since this sequence was

only prepared to look for homology with the corresponding already

known sequence of S. typhimurium. SEQA, used to align both

nucleotide sequences, showed homology extending all the way

through from position 4.55 to about 5.71 but there seemed to be a



TABLE 4.4

Synthetic oligonucleotides used in determining the

sequence in the vicinity of position 5.5 (S. typhi Ty21a

unit)

The oligonucleotides used as primers are listed in this table.

'rcm' denotes the reverse compliment of the sequence. The

position of each oligonucleotide on the sequence of rfb DNA of S.

typhimurium (P. Wyk Ph.D. thesis, 1988) and on the DNA

sequence shown in Fig 4.13 (in parentheses) is shown.



 

 

Oligonucleotide Orientation Position

TAA TGG TCT AAG TCG CGA ran 4158-4175

(410—427)

TAC ATT ATA AGI' TTT AGC rcm 4425-4442

(677—694)

CGC G‘I‘A GGC TTT AGA ATA run 4725-4745

(679—997)

CCG CCA ACC AAT TGC CAA mn 4996—5013

_ (1248—1265)

TAA CAT C‘I‘G CGI‘ CCA GAG mn 5254—5271

 



FIGURE 4.13

DNA sequence obtained in the vicinity of position 5.5 (S.

typhi Ty21a unit)

DNA sequence obtained using oligonucleotides (Table 4.3) is

presented. Amino acids are shown by their international three-

letter code. The bases in the coding region that differ from the

corresponding sequence of S. typhimurium are underlined. All

the replacements are listed in the accompanying table (Table

4.4). An m1 site present at position 5.5 in both S. typhimurium

(Brahmbhatt et al 1988) and S. typhi Ty21a is shown by italics

(approximate base 412 in this sequence).



TTTTTACTTGTATAATATTTGCATT
GATTATGAATGATTTTAATGGTGAT

TTTATAATAATTACAAGCTTGCTTA
TATTTATTTGGATAT

10 20 30 40 50 60 70 80 9O

GATTCCTTATTCATTTTTAATTATGA
TCCGTGGTTCATTTTAATGAAAATGT

TTCCTAATAACTATTGGTCGTTCTTG
TGATAATCGCTA

100 110 120 130 140 150 160 170 183

MetI1eVa1A5nLeuSerArgLeuGl
yLysSerGlyThrGlyMetTrpGlnT

yrSer

TACAAGCATGAATGGAAAAACG
GAGAGCTATTCAATGATCGTIA

ACCTATCACGTTTAGGTAAAAG
CGGTACGGGGATGTGGCAATAC

TC

190 200 210 220 230 240 250 260 270

IleLysPheLeuThrAlaLeuArgGl
uIleAlaAspValAspAlaIleI1eC

ysSerLysValHisAlaAspTerheG
luLysLeuGly

GATTAAATTTTTAACGGCICTGCGAG
AAATAGCTGATGTTGACGCAATAATC

TGTAGCAAGGTACACGCTGATTATTT
TGAAAAGCTCGS

280 290 300 310 320 330 340 350 363

TyrAlaValValThrValProAsnI1
eVa1$erAsnThrSerLysThrSerA

rgLeuArgProLeuValTrpTeralT
yrSerTyrfrp

TTATGCAGTAGTTACTGTTCCGAATA
TTGTTAGCAACACATCAAAAACATCG

CGACTTAGACCATTAGTATGGTATGT
ATATAGTTACTG

370 380 390 400 410 420 430 440 450

LeuAlaLeuArgValLeuIleLysPhecly
AsnLysLysLeuValesThrThrHisHisT

hrIleProLeuLeuArgAsnGlnThrI1e

GCTTGCGCTGAGGGTTTTAATTAAGTTTGGT
AATAAAAAATTGGTGTGTACTACGCATCACA

CTATICCCTTACTGAGAAACCAAACGAT

460 470 480 490 500 510 520 530 540

ThrIleHisAspIleArgProPheTererr
oAspSerLeuIleGlnLysValTyrPheAr

gPheLeuLeuLysMetSerValLysArg

AACCATACATGATATAAGACCTTTTTATTAT
CCAGATAGTETTATTCAGAAAGTGTATTTTC

GCTTTTTATTAAAAATGTCIGTTAAGCG

550 560 570 580 590 600 610 620 630

CysLysHisValLeuThrValSerTerhrVa
lLysAspSerIlehlaLysThrTyrAana1A

5pSerGluLysI1eSerValIleTyr

ATGTAAGCATGTTTTAACGGTATCTTAT
ACCGTTAAAGATAGCATTGCTAAAACTT

ATAATGTAGATAGTGAGAAAATATCAGT
AATTTA

640 650 660 670 680 690 700 710 720

AsnSerValAsnLysSerAspPheI1eGlnL
ysLysGluLysGluAsnTerheLeuAlaVal

GlyAlaSerTer:oHisLysAsnI1e

TAACAGQGTTAATAAATCTGATTTTATACAAA
AAAAAGAAAAAGAGAATTACTTTTTAGCTGTT

GGAGCAAGTTGGCCACATAAAAATAT

730 740 750 760 770 780 790 800 810

HisSerPheIleLysAsnLysLysValTr
pSerAspSerTyrAsnIeuI1eIleVale

sGlyArgThrAspTyrAlaMetSerLeuG
ln

TCATTCATTCATAAAAAATAAAAAAGTTTGGTC
TGACTCTTATAATTTAATTATTGTATGTGGTCG

TACQGACTATGCAATGTCTCTCCA

820 830 840 850 860 870 880 890 900

GlnMetValValAspLeuLysLeuThrAspLys
ValThrPheLeuHisGluValSerPheAsnGlu

LeuLysValLeuTyrSerLysAla

ACAAATGGTCGTTGATCTGAAACTAAQAGATAA
AGTGACTTTTTTACATGAAGTCTCATTTAATGA

ATTAAAAQTTTTATATTCTAAAGC

910 920 930 940 950 960 970 980 990

TyrAlaLeuValTerroSerIleAspGluGlyP
heGlyIleProProIleGluAlaMetAlaSerA

snThrProValIleValSerAsp

CTACGCGCTTGTTTATCCATCTATTGATGAGGG
TTTTGGQATACCTCCTATTGAAGCGATGGCATC

AAATACTCCAGTTATAGTGTCCGA

1000 1010 1020 1030 1040 1050 1060 1070 1080

IleProValPheHisGluVa1LeuThrAs
nGlyA1aLeuTytVa1A3nProAspAapG

luLysSerTrpGlnSerAlaI1eGluAsn
I1e

TATACCAGTATTTCATGAAGTGTTAACCARTGG
TGCATTATATGTGAATCCGGATGATGAAAAAAG

CTGGCAGAGTGCAATTGAAAATAT

1090 1100 1110 1120 1130 1140 1150 1160 1170

GlyGlnLeuProAspAlaI1eSerArgPheAsn
AsnTeralAlaArgTyrAspPheAspAsnMetL

ysGlnMetValGlyAsnTrpLeu

AGGGCAGTTGCCTGATGCAATTTCCAGATTTAA
CAACTATGTCGCACGGTATGACTTTGATAATAT

GAAGCAGATGGTTGGCAATTGGTT

1180 1190 1200 1210 1220 1230 1240 1250 1260

AlaGluSerLys***

GGCGGAATCAAAATAAATGAAAA
1270 1280
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clear cut off mark at position 5.71 which could also be seen clearly

in the Diagon plot (Fig 4.14).

One open reading frame was seen in the S. typhi Ty21a

sequence extending from base position 215 to 1276 (Fig 4.13) and

from position 4.6 to 5.7 on the S. typhi Ty21a map (Fig 3.4). This

open reading frame corresponds to that of ORF353 in S.

typhimurium (P. Wyk, Ph.D. thesis, 1988) but the function of the

protein predicted by ORF353 is not yet known. ORF353 of S.

typhimurium and the corresponding open reading frame in S. typhi

Ty21a were then aligned using the program SEQA. No deletion or

insertion was found in either sequence. However, there were 21

replacements; of these, 13 were at the third base position, 2 were at

second base position and 6 were at first base position in the codons

used (Table 4.5) showing an overall 2% difference between these

corresponding regions.

4.5.11 Other structures

The entire 2.3 kb sequence was searched for the presence of

promoters using ANALYSEQ (Staden 1984) which employs the

algorithm of Hawley and McClure (1983). This program failed to

find any promoter, however genuine promoters may be obscured by

the low G+C content of the region sequenced. Physical data given in

section 4.2 shows that there is possibly a promoter before the start

of the rbe gene. The sequence was also searched for evidence of

any transposon event having occurred but none was found. This

search does not entirely rule out the possibility of a rearrangement

of this kind having occurred but no relevant clues were found. A G+C



FIGURE 4.14

Localising the junction of homologous DNA and

nonhomologous DNA between S. typhi Ty213 and S.

typhimurium LT2 in the vicinity of position 5.5

Diagon plot obtained using the program DIAGON is shown here.

The X-axis represents the nucleotides sequence of the region in

the vicinity of position 5.5 of S. typhi Ty21a. The Y-axis

represents the nucleotide sequence of the corresponding region

(position 3748 - 5031) of S. typhimurium LT2 which was

adapted from P. Wyk, Ph.D. thesis (1988). A span length of 11

nucleotides and percent proportional score of 8 were used. The

diagonal line of dots shows the region of homology.



 

    



TABLE 4.5

Replacements at first, second and third base positions

of codons of ORF353 equivalent coding sequence from S.

typhi Ty21a

Codons that are different from ORF353 of S. typhimurium are

shown with their encoded amino acid. The base in a codon that

is replaced by another base in ORF353 of S. typhimurium is

underlined. Ist, 11nd and IIIrd represent the first, second and

third position of the triplet codons.



 

 

Ist IInd IIIrd

Ile ATA Thr AQA Ser AGQ

Val G Cys A T

Ieu QTT Gly GQG Val GTE

Phe T Glu A A

Lys AAA Gly GGE

Glu G A

Val QTT Ala GCT

Ile A A

Glu 9AA Thr ACQ

Lys A A

Arg AGA Ile ATI

C C

Ser TCT

C

Asn ACC

T

Ser AGE

T

Gly GGA

T

Th]: ACQ

T

Lys AAA

G

Gly GGQ

T
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rich region of dyad symmetry lies 22 bp before the stop codon

(between positions 2220-2037) of the rbe coding sequence (Fig

4.4). It has been reported that a region of dyad symmetry plays a

role in transcription termination (Rosenberg and Court 1979). We

could not conclude that the transcription would terminate here,

since mRNA for this region has not yet been analysed.

4.6 Summary and discussion

DNA responsible for specificity in the biosynthesis of paratose

and tyvelose has been localised. The 1.4 kb figlll — licoRI fragment

extending from positions 10.0 to 8.6 on the S. typhi Ty21a map

encodes enough information to make a S. paratyphi A strain produce

tyvelose. Similarly, the1.2 kb EcoRI — HindIII fragment spanning

 

positions 10.9 to 9.7 can make a S. typhimurium strain produce

paratose. Presumably transfer and polymerization steps are carried

out by the genes present in the host strain and do not discriminate

between these sugars. The 2.3 kb ELQRI fragment of S. paratyphi A

IMVSl316 shows complete restriction site homology with the

corresponding fragment of S. typhi Ty21a but seems to have a

functional gene only for the 0-2 epitope specificity (rbe ) bounded

by the HindIII (15.3) and licoRl (16.5) sites. This suggests that the

 

gene for the 0-9 epitope specificity (rbe ) although present must be

inactive in S. paratyphi A IMVSl316.

DNA sequence for the rbe and rbe region was determined

using the dideoxy sequencing method (Sanger et al 1977, 1980).

The sequenced region has two open reading frames. One open

reading frame of 837 bp (rbe ) is equivalent to the rbe gene of S.
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typhimurium (P. Wyk, Ph.D. thesis, 1988); the second open reading

frame of 1044 bp (rbe ) has a protein product with an epimerase

function. The presence of a ribosome binding site for rbe could not

be predicted with confidence, but the long open reading frame found

in this region by Shepherds RNY preference method confirms that a

functional gene is likely to exist.

The protein predicted from the coding region rbe has a mol.

wt. of 31501 daltons comprising 279 amino acids. It is a highly

charged molecule and the amino acid sequence of rbep shares

substantial homology with the amino acid sequence of rbep in S.

typhimurium (Fig 4.8). A small region (14 amino acids) at the N—

terminus and a longer portion nearer the C—terminus from position

169 to 250 of rbep and from 189 to 272 of rbep, show good

homology. The function of the protein encoded by rbe is similar to

the protein encoded by rbe of S. typhimurium. Both these enzymes

have a dehydrogenase function and use NADPH as a coenzyme. The

first three beta strands (BA, BB and BC) of rbep show a very good

fit with the protein encoded by rbe of S. typhimurium and with the

NADPH binding site of a group of dehydrogenases whose secondary

structures are known. This suggests that the region at the N—

terminus may have a role in forming a NADPH binding domain. The

C-terminus portions of rbep (169-279) and rbep (189-299), which

show homology in their amino acid sequences, may be involved in

binding and modifying the substrate since both these enzymes use

CDP-4—keto-3,6-dideoxy glucose as a substrate for the reaction.

Nucleotide sequences of rbe and rbe show more variation than

the amino acid sequences. The nucleotide sequence of rbe (837 bp)

and rbe (900 bp) genes were aligned and computer analysis found
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482 matches, 341 replacements and 79 deletion/insertions; of the

deletions/insertions, 17 were in rbe and 62 were in rbe. The high

level of deletions/insertions made precise alignment impossible.

This variaton in nucleotide sequence indicates that the

polymorphism has been present for a very long time and makes

conclusions on the evolutionary relationship between these two

genes of almost similar function very difficult.

The protein predicted from the open reading frame rbe has a

mol. wt. of 39062 daltons comprising 348 amino acids. It has an

epimerase function converting CDP-3.6-dideoxy-D—g1ucose (paratose)

to CDP-3,6-dideoxy-D—mannose (tyvelose) by acting on carbon 2.

This protein shows reasonable homology at the N—terminus region

with the amino acid sequence of a known epimerase (galE ) of E. coli

which acts on carbon 4. The enzyme, galactose epimerase, uses NAD+

as a coenzyme. The first 130 amino acids of paratose epimerase

(rbep) show some homology with galactose epimerase (galEp),

suggesting that this region may be involved in forming a NAD+

binding domain. The predicted secondary structure of both proteins

also indicates homology in this region.

One striking feature of this sequence is the low G+C content;

only 35% of all bases. There may be a cut off mark at position 10.7

to right of the MRI (10.9) where G+C content rises to about 40%.

Low G+C content has also been found in the corresponding rfb

region of S. typhimurium LT2 (P. Wyk, Ph.D. thesis, 1988). It is

quite likely that this DNA originally came from some other bacterial

genome of low G+C content and was integrated into the Salmonella

chromosome (where the G+C content is generally 51% of all bases).
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This possibility was also postulated by P. Wyk (Ph.D. thesis, 1988) in

his analysis of the rfb genes in S. typhimurium LT2.

As shown in chapter 3, the region of homology between S. typhi

Ty21a, S. paratyphi A IMVSl316 and S. typhimurium LT2 in the

vicinity of position 9.57, extends from position 9.57 to about 8.17 on

the S. typhimurium map (Fig 3.14). Sequence data from left of

position 10.9 of S. typhi Ty21a presented in this chapter show

regions of homology with the corresponding sequence of S.

typhimurium ; a 330 bp sequence present before the start of rbe

was conserved while the rbe showed only about 55% DNA

homology with the corresponding sequence of the rbe gene of

S.typhimurz'um. We also sequenced the 1.284 kb region in the

vicinity of position 5.5 (S. typhi Ty21a unit) to localise precisely the

boundary of DNA homologous with S. typhimurium LT2. When

compared with the corresponding sequence in S. typhimurium, there

seemed to be a clear cut off mark at position 5.71. This reaffirms

the heteroduplex finding that homology extends from position 0 to

5.8 (Chapter 3). The open reading frame which lies in this

sequenced region shows a 2% difference from the corresponding

coding region ORF353 of S. typhimurium LT2 but this is not unusual;

a structural gene (trpB of E. coli ) was shown to have up to 4%

variation in nucleotide sequence (Milkman and Crawford 1983). No

deletion or insertion was found in the nucleotide sequence of these

two coding regions when compared.
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CHAPTER 5

An I si of n nfunctional e imerase ene rbE

and triplicated region of S. paratvvhi A IMVS1316

5.1 Introduction

The genes conferring specificity for paratose (rbe ) and

tyvelose (rbe ) in S. typhz' Ty21a have been identified and

sequenced (Chapter 4). Both genes, rbe and rbe , lie on a 2.3 kb

fragment bounded by EflRI sites on either side (at positions 8.6 and

10.9 on S. typhi Ty21a map). This fragment exhibits restriction site

homology with the corresponding EggRI fragment in S. paratyphi A

IMVS1316 extending from positions 14.2 to 16.5 (Chapter 3). It has

been demonstrated that only the gene for 0—2 specific epitope (rbe

), is functional on the 2.3 kb EcoRI fragment of S. paratyphi A

IMVSl316 (pPR617), although it contains essentially all the DNA in

 

the corresponding fragment of S. typhi Ty21a. This suggests that

the gene for tyvelose specificity (rbe ) is present but nonfunctional.

We sequenced the rbe gene from S. paratyphi A IMVSl316 to look

for possible mutational changes in the coding region.

Restriction maps of the rfb region of S. typhi Ty21a and S.

paratyphi A IMVS1316 revealed that the region in S. paratyphi A

IMVS1316 resembled that of S. typhi Ty21a but had triplication of

an approximate 2.8 kb region (Fig 3.4). We analysed DNA in the

vicinity of both ends of the triplicated segment at the sequence

level, in order to locate the ends more precisely and to look for
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repetitive structures or evidence of structures which may have been

involved in the triplication.

5.2 Nucleotide sequence of rbe gene from

S. paratyphi A IMVSl316

The start codon of rbe in S. typhi Ty21a lies between the

M111 (9.70) and _B_g_1_11 (10.0) sites. It was assumed that the gene

rbe would start at the same position in the corresponding 2.3 kb

__E_(_:QRI fragment from S. paratyphi A IMVSl316. An _Ec_oRI (14.20) -

11ng (15.6) fragment (which would again the whole rbe gene) was

subcloned from pPR617 (Table 2.2) into the MRI-MRI sites of

M13mp18; designated as pPR816. Two oligonucleotides were

synthesized and used as primers in the dideoxy sequencing method

(Sanger et al 1977) to complete the sequence in one direction . The

sequence and position of these primers are listed in Table 5.1.

Clones used to sequence in reverse orientation are shown in Fig 5.1

and the nucleotide sequence obtained is presented in Fig 5.2.

5.3 Comparison of the rbe genes from S. typhi Ty21a

and S. paratyphi A IMVSl316

The alignment of coding regions of the rbe genes in S. typhi

Ty21a and in S. paratyphi A IMV81316 is shown in Fig 5.3. The

coding regions of both genes were identical to each other except for

one base replacement at 1104, and one base deletion at base 8 at

the start of the gene sequence in S. paratyphi A IMVSl3l6; this

deletion caused a translation frame shift. The frame for rbe of S.

typhi Ty21a begins with the start codon, ATG, at position 1198 (Fig



FIGURE 5.1

Clones used to sequence the rfl) E gene from S.

paratyphi A IMVS 1316

A restriction endonuclease map of the 2.3 kb MRI fragment

extending from positions 14.2 to 16.5 of S. paratyphi A

IMVSl316 is shown. Lines represent M13 clones used and

arrowheads denote the direction in which sequence was

obtained. The position of oligonucleotides is shown by broken

lines.
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Table 5.1

Oligonucleotidc Position

 

CACGI‘AAAGGI‘GCAACAG.

AGG'ICCTQIAGACCAATA

GTI‘GGGAGI‘GIGGI‘CTAT

164—181 (Fig. 5.2)

567-584 (Fig. 5.2)

410-417 (Fig. 5.6)

 

.5



FIGURE 5.2

Sequence of the rbe gene from S. paratyphi A

IMVSl316

The sequence obtained is presented here. The rbe gene starts

at position 65 and ends at position 1110. The codon (ATG) which

corresponds to the start codon of the rbe from S. typhi Ty21a

is used as the first codon in the frame translated. The amino

acids are denoted by their international three-letter code, stops

are indicated by three asterisks.



MetLysLeu***LeuProValAspVa1

TAGGATGGAAAAGAGAGTTCTCTCTTGTTGATGCATTAACTGAAATAATTGAAGAGGAAGAGAAATGAAGCTTTAATTACCGGTGGATGT
10 20 30 40 50 60 70 80 90_

AlaSerLeuGlyValI1eLeuProProLeuLeu***ValLysGlyLeuIle***
LeuTyrSerIleIleTyrHisValLysValGlnGln

GGCTTCCTTGGGAGTAATCTTGCCTCCTTTGCTTTAAGTCAAGGGA
TTGATTTAATTGTATTCGATAATCTATCACGTAAAGGTGCAACA

100 110 120 130 140 150 160 170 180

IleIleTyrIleGlyTerroPro***GluThrLeuSerLeuTeretValIle
PheAIaThrLysMetMetLeuGlnAsp******Leu

GATAATTTACATTGGTTATCCTCCTTAGGAAACTTTGAGTTTGTACATGGTGAT
ATTCGCAACAAAAATGATGTTACAAGATTAATAACT

190 200 210 220 230 240 250 260 270

SerIleCysLeuI1eA1aValPheIleLeuGanalLysTrpGln***LeuHis
LeuLeuThrIleLeuValTrpIleLeuLysLeuMet

AAGTATATGCCTGATAGCTGTTTTCATCTTGCAGGTCAAGTGGCAA
TGACTACATCTATTGACAATCCTTGTATGGATTTTGAAATTAAT

280 290 300 310 320 330 340 350 360

***ValGluLeu***IleTereuArgGlnTyrGlySerIleIleGlnIleValIle*
**PheIleHisGlnGlnIleLysTerhrAla

GTAGGTGGAACTTTAAATTTACTTGAGGCAGTACGGCAGTATAATTCAAATTGTAATA
TAATTTATTCATCAACAAATAAAGTATACGGC

370 380 390 400 410 420 430 440 450

IleLeuSerAsnIleAsnThrMetLysGlnLysLeuAspThrLeuVal***I1eSerL
euMetAspMetHetArgAlaHisAsn***Ile

GATCTTGAGCAATATAAATACAATGAAACAGAAACTAGATACACTTGTGTAGATAAGC
CTAATGGATATGATGAGAGCACACAATTAGAT

460 470 480 490 500 510 520 530 540

SerThrHisHisMetValValGlnLysValLeuGlnThrAsnThrCysLeuIleMetGlnGl
yPheLeuVal**‘IleGlnTrprsSer

TTCCACTCACCATATGGTTGTTCAAAAGGTGCTGCAGACCAATACATGCTTGATTATGCAAGG
ATTTTTGGTTTGAATACAGTGGTGTTC

550 560 570 580 590 600 610 '620 630

GlyIleHisG1nCysMetVa161yAspSerLeuLeuLeuMetIleLysAlaGly***Va161
yPheVa1LysLysAqueuLysLeuLys

AGGCATTCATCAATGTATGGTGGGAGACAGTTTGCTACTTATGATCAAGGCTGGGTAGGTTGG
TTTTGTCAAAAAGCGGTTGAAATTAAA

640 650 660 670 680 690 700 710 720

MetValLeuIleAsnProSerLeuPheLeuValMetValSerLysLeuGlyMetPheCysMet
LeuLysIle***PheArgTyrIleSer

AATGGTATTAATAAACCCTTCACTATTTCTGGTAATGGTAAGCAAGTTAGGGATGTTTTGCAT
GCTGAAGATATGATTTCGTTATATTTC

730 740 750 760 770 780 790 800 810

LeuProTrpGlnMetTyrGlnLysLeuGlyGlyThrLeuLeuIleLeuValValProLeuSe
rThrAlaTyrHisTereuAsnTyrSer

ACTGCCTTGGCAAATGTATCAAAAATTAGGGGGAACGCTTTTAATATTGGTGGTACCATTGTC
AACAGCCTATCATTACTTGAATTATTC

820 830 840 850 860 870 . 880 890 900

AanysLeuLysIleIleAlaThr***I1e***GlySerLeuIleTereu***GlyLys***S
erAlaCysPheCysCysArgTyr***

AAATTGCTTGAAGATTATTGCAACATAGATATGAGGTTCACTAATTTACCTGTAAGGAAAGTG
ATCAGCGTGTTTTTGTTGCAGATATTA

910 920 930 940 950 960 970 980 990

LysAanis***CysAsn***LeuGluProGluSerLeuGlyLysArgTrprsProGluAa
nal***LeuAsp***PheTeretMet

AAAAAATCACTAATGCAATTGACTGGAGCCCGAAAGTCTCGGCAAAAGATGGTGTCCAGAAAA
TGTATGATTGGACTAGTTCTATATGAT

1000 1010 1020 1030 1040 1050 1060 1070 1080

PheLeuProAlaLysAlaGlyArgIleLys

GTTTCTGCCCGCGAAAGCGGGCAGAATTAAAGAATGAAATATTTTTT

1090 1100 1110 1120



FIGURE 5.3

Alignment of the rbe from S. typhi TyZIa with the

rbe from S. paratyphi A IMVSl316

The alignment of nucleotide sequence of the rbe from S. typhi

Ty21a and the rbe from S. paratyphi A IMVSl316 is shown.

The sequence of both genes is identical except for a one base

replacement at position 1104 and a one base deletion in coding

region of the rbe from S. paratyphi A IMVSl316. The one base

deletion at base 8 at the start of gene is shown by a dash.



1210 1220 1230 1240 1250 1260 1270

ATGAAGCTTTTAATTACCGGTGGATGTGGCTTCCTTGGGAGTAATCTTGCCTCCTTTGCTTTAAGTCAAGGGATTGATTT
...... . .-.u.....u..n...-......u-.........n--....u..........o----...............
..-.oo ..... o. ....... o ...... ............c ........... a.......---.. ..............

ATGAAGC—TTTAATTACCGGTGGATGTGGCTTCCTTGGGAGTAATCTTGCCTCCTTTGCTTTAAGTCAAGGGATTGATTT

70 80 90 100 110 120 130 140

1290 1300 1310 1320 1330 1340 1350

AATTGTATTCGATAATCTATCACGTAAAGGTGCAACAGATAATTTACATTGGTTATCCTCCTTAGGAAACTTTGAGTTTG

AATTGTATTCGATAATCTATCACGTAAAGGTGCAACAGATAATTTACATTGGTTATCCTCCTTAGGAAACTTTGAGTTTG

150 160 170 180 190 200 210 220

1370 1380 1390 1400 1410 1420 1430

TACATGGTGATATTCGCAACAAAAATGATGTTACAAGATTAATAACTAAGTATATGCCTGATAGCTGTTTTCATCTTGCA

TACATGGTGATATTCGCAACAAAAATGATGTTACAAGATTAATAACTAAGTATATGCCTGATAGCTGTTTTCATCTTGCA

230 240 250 260 270 280 290 300

1450 1460 1470 1480 1490 1500 1510

GGTCAAGTGGCAATGACTACATCTATTGACAATCCTTGTATGGATTTTGAAATTAATGTAGGTGGAACTTTAAATTTACT
....... .o........uc-........o.-.........-o............ ..:.-.................-..
........................ ..........................-.:.. ............-.........

GGTCAAGTGGCAATGACTACATCTATTGACAATCCTTGTATGGATTTTGAAATTAATGTAGGTGGAACTTTAAATTTACT

310 320 330 340 350 360 370 380

1530 1540 1550 1560 1570 1580 1590

TGAGGCAGTACGGCAGTATAATTCAAATTGTAATATAATTTATTCATCAACAAATAAAGTATACGGCGATCTTGAGCAAT

TGAGGCAGTACGGCAGTATAATTCAAATTGTAATATAATTTATTCATCAACAAATAAAGTATACGGCGATCTTGAGCAAT

390 400 410 420 430 440 450 460

1610 1620 1630 1640 1650 1660 1670

ATAAATACAATGAAACAGAAACTAGATACACTTGTGTAGATAAGCCTAATGGATATGATGAGAGCACACAATTAGATTTC

ATAAATACAATGAAACAGAAACTAGATACACTTGTGTAGATAAGCCTAATGGATATGATGAGAGCACACAATTAGATTTC

470 480 490 500 510 520 530 540

1690 1700 1710 1720 1730 1740 1750

CACTCACCATATGGTTGTTCAAAAGGTGCTGCAGACCAATACATGCTTGATTATGCAAGGATTTTTGGTTTGAATACAGT

CACTCACCATATGGTTGTTCAAAAGGTGCTGCAGACCAATACATGCTTGATTATGCAAGGATTTTTGGTTTGAATACAGT

550 560 570 580 590 600 610 620

1770 1780 1790 1800 1810 1820 1830

GGTGTTCAGGCATTCATCAATGTATGGTGGGAGACAGTTTGCTACTTATGATCAAGGCTGGGTAGGTTGGTTTTGTCAAA
........ ...--..............o--.................---u...................n........-
......o-. ........ .o..o--o. ....... .......o-o........ ...................... .......

GGTGTTCAGGCATTCATCAATGTATGGTGGGAGACAGTTTGCTACTTATGATCAAGGCTGGGTAGGTTGGTTTTGTCAAA

630 640 650 660 670 680 690 700

1850 1860 1870 1880 1890 1900 1910

AAGCGGTTGAAATTAAAAATGGTATTAATAAACCCTTCACTATTTCTGGTAATGGTAAGCAAGTTAGGGATGTTTTGCAT
.. .......... o. ......... .u...-u.. .................. ....... ............ ....:......
....... ...-o...........o..o-...........-............................-.... .....

AAGCGGTTGAAATTAAAAATGGTATTAATAAACCCTTCACTATTTCTGGTAATGGTAAGCAAGTTAGGGATGTTTTGCAT

710 720 730 740 750 760 770 780

1930 1940 1950 1960 1970 1980 1990

GCTGAAGATATGATTTCGTTATATTTCACTGCCTTGGCAAATGTATCAAAAATTAGGGGGAACGCTTTTAATATTGGTGG

GCTGAAGATATGATTTCGTTATATTTCACTGCCTTGGCAAATGTATCAAAAATTAGGGGGAACGCTTTTAATATTGGTGG

790 800 810 820 830 840 850 860

2010 2020 2030 2040 2050 2060 2070

TACCATTGTCAACAGCCTATCATTACTTGAATTATTCAAATTGCTTGAAGATTATTGCAACATAGATATGAGGTTCACTA

TACCATTGTCAACAGCCTATCATTACTTGAATTATTCAAATTGCTTGAAGATTATTGCAACATAGATATGAGGTTCACTA

870 880 890 900 910 920 930 940

2090 2100 2110 2120 2130 2140 2150

ATTTACCTGTAAGGAAAGTGATCAGCGTGTTTTTGTTGCAGATATTAAAAAAATCACTAATGCAATTGACTGGAGCCCGA

ATTTACCTGTAAGGAAAGTGATCAGCGTGTTTTTGTTGCAGATATTAAAAAAATCACTAATGCAATTGACTGGAGCCCGA

950 960 970 980 990 1000 1010 1020

2170 2180 2190 2200 2210 2220 2230

AAGTCTCGGCAAAAGATGGTGTCCAGAAAATGTATGATTGGACTAGTTCTATATGATGTTTCTGCCCGCGAAAGCGGGCA

AAGTCTCGGCAAAAGATGGTGTCCAGAAAATGTATGATTGGACTAGTTCTATATGATGTTTCTGCCCGCGAAAGCGGGCA

1030 1040 1050 1060 1070 1080 1090 1100

TAATTAA

GAATTAA

1110
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4.4). This corresponds to the ATG at position 65 (Fig 5.2) in rbe of

S. paratyphi A IMV81316 used as start codon of the frame in

translating this region. One stop codon (UAA) was present after the

first three codons; and presumably that would stop further

translation from the mRNA. Several other stop codons were seen in

this translation frame indicating that absence of protein encoded by

the gene rbe from S. paratyphi A IMVSl316 was due to a frame

shift mutation in the coding region (Fig 5.3).

5.4 Proteins produced in minicells

The nucleotide sequence presented in Fig 5.2 had shown a

frame shift mutation in the coding region of the gene rbe from S.

paratyphi A IMVSl316. We then analysed the gene rbe from S.

typhi Ty21a as well as from S. paratyphi A IMVSl316, in minicells

to identify any protein produced and to confirm the translation

frame shift present in the rbe gene of S. paratyphi A IMVSl316.

Appropriate plasmids were transformed into the minicell

producing strain P2039. Minicells were labelled using 35[S]-

methionine and electrophoresed on 11% SDS polyacrylamide gel.

The autoradiogram obtained is shown in Fig 5.4. The plasmid

pPR618, harbouring both genes rbe and rbe from S. typhi Ty21a,

produced only one protein in addition to the proteins encoded by

the vector pUC9. The estimated molecular weight of that protein

was 38,000 d, corresponding to the predicted molecular weight

(39,062 d from sequence data) of the protein encoded by the rbe

of S. typhi Ty21a. Other faint bands present on the autoradiogram,

which do not seem to correspond to vector polypeptides, may be



 

FIGURE 5.4

Proteins produced in minicells of various clones

containing parts of the rfb DNA from S. typhi Ty21A

and S. paratyphi A IMVSlSl6

The autoradiogram presented shows 35[S]-methionine labelled

minicell proteins (electrophoresed through SDS—PAGE gel). The

minicells were obtained from the strains P2039 and P2039

carrying pUC9, pPR328 or the plasmids with rfb DNA. The tracks

for plasmid carrying strains are labelled according to the

plasmid. The values left of the autoradiogram show the

estimated molecular weights of proteins in kd. The proteins

with molecular weights 31.1 kd (precursor B—lactamase), 30.0 kd

(mature B—lactamase) and 27.5 kd are all vector pUC9 encoded.

The protein with molecular weight 26.5 kd (chloramphenicol

acetyltransferase) is encoded by the vector pPR328.

 
11
i



 

26,5kd

aaqua
 

 

P
2
0
3
9

p
P
R
6
1
3

p
P
R
6
5
7

p
P
R
6
5
2

p
P
R
6
2
0

p
P
R
6
1
7

p
U
C
9

P
2
0
3
9

p
P
R
9
2
7

p
P
R
9
3
9

p
P
R
a
z
s



 

87

breakdown products of the protein M1- 38,000 d. The Mr 31,501 d

protein (predicted by sequence data) encoded by the gene rbe was

not seen. Plasmid pPR617, carrying the 2.3 kb S. paratyphi A

IMVS1316 rfb DNA fragment from position 14.2 to 16.5, does not

produce the Mr 38,000 (1 protein (rbe ); this confirms the

translation frame shift.

Plasmid pPR652, a cutdown of pPR618 which does not contain

rbe, shows a similar protein profile to pPR618. Plasmid pPR657,

with only rbe, does not appear to produce a protein of Mr 31,500 d

indicating either that rbe protein produced is masked by the beta-

lactamase band, which is of very similar size (Mr 31,100 d), or that

it is not stable in minicells. We used another vector, pPR328 (Quigley

and Reeves 1987), which has a chloramphenicol resistance gene, to

_ check whether protein is masked by the beta-lactamase. Plasmids

pPR927 and pPR939 are pPR328 with insert fragments spanning S.

'- typhi Ty21a rfb DNA, from positions 8.6 to 10.9 and from positions

1‘ 8.6 to 10.0, respectively, in correct orientation for expression. Both

pPR927 and pPR939 produce a Mr 38,000 d protein (product of rbe

) apart from the Mr 26,500 d chloramphenicol transacetylase

1. encoded by the vector pPR328. The protein (expected molecular

weight of 31,501 d) encoded by rbe could not be seen.

.5 5.5 Proteins visualised by Coomassie Brilliant Blue

staining on PAGE gel

Proteins produced by the rfb region of S. typhi Ty21a

" (positions 8.6 to 10.9) and of S. paratyphi A IMVSl316 (position

._ 14.2 to 16.5) in E. coli strain JMlOl were visualised on PAGE gel.



FIGURE 5.5

1;

the rfb DNA from S. typhi Ty21a and S. paratyphi A .7.

IMVSl316

The Coomassie Blue stained SDS-polyacrylamide gel

protein profile obtained from electrophoresed whole cellul

material of strain JMlOl carrying the rfb clones.

The arrows left of the gel indicate the extra proteins produc

The protein with molecular weight 38.0 kd corresponds to t‘g:

protein encoded by the gene rbe .* Other extra ban

correspond to the vector encoded proteins.
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Appropriate plasmids were transformed into JM101 and whole cell

extracts from the resultant strains were electrophoresed on 11%

polyacrylamide gel. The proteins visualised by coomassie Brilliant

Blue staining are shown in Fig 5.5. A protein (estimated molecular

weight 38,000 d) encoded by the rbe gene, seen in these gels,

corresponds to the protein seen in minicells (section 5.4). The

expected protein of Mr 31,500 d, encoded by rbe , could not be

seen. This confirms that the protein encoded by rbe is either

unstable or produced in very low amounts, making its detection

very difficult.

5.6 Localising ends of the triplicated DNA segment in

the rfb region of S. paratyphi A IMVS1316 at base

sequence level

Restriction analysis of S. paratyphi A IMVSl316 rfb DNA,

presented in chapter 3, showed that a 2.8 kb region is triplicated

(Fig 3.4); we attempted to locate precisely both ends of this region.

One end of the triplicated region lies between positions 13.6 and

14.2 (Fig 3.4). A 1.8 kb EcoRI fragment extending from positions

 

12.4 to 14.2 was used to sequence this region. This fragment from

pPR437 (Table 2.2), was cloned into M13mp19 with its orientation

such that the primer would read through the _E_<&RI site at position

14.2. The sequence was further extended using a synthetic

oligonucleotide (Table 5.1). The sequence (872 bp) was obtained in

one direction and is presented in Fig 5.6.

Physical data presented in chapter 3 revealed that the other

end of the triplicated region lies between positions 4.87 to 5.50. The



FIGURE 5.6

Nucleotide sequence present at the ends of the

triplicated segment in the rfb region of S. paratyphi A

IMVSl316

A) DNA sequence from position 14.2 toward the his locus is

presented.

 B) shows DNA sequence obtained from the NruI site (position

11.10) of pPR848 in order to locate the junction where one

segment of the triplicated region ends and another segment

starts (Fig 5.7). The gal restriction endonuclease site is indicated

by italic letters and the overlapping sequence is underlined. The

arrows indicate the ends of the triplicated region.
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>GAATTCCAAGACATCTTATTATTGCCGCTTCCTCTTGGCTTTCAAAGATAATAATTGCCGGTGTTCAGTTAGTAAGTGTTAAATTTCTTT

10 20 30 40 50 60 70 80 9O

TGGAAATTCTTGGCGAAGAATCATACCTGTATTTACTCTTTTAACTGGATTATTGGTCTGGTTTAGCATTGCAGATATTGGGATTGGTAG

100 110 120 130 140 150 160 170 180

TAGTCTACAAAATTATATATCTGAGTTGAAAGCTGATAGAAAATCATATGATGCATATATCAAGGCCGCAGTTCATATTCTATTCGCATC

190 200 210 220 230 240 250 260 270

CTTAATCACTTTTARGCTCTACATTATTCTTCTTATCAGATAAATTATCGTCACTATATCTTACTTCATTTAGCGATGAATTGAAAAACA

280 290 300 310 320 330 340 350 360

CTCAGGAAGTTATTTTTTTATAGCAAGTATATTATTTCATATTCACGGCGTTGGGAGTGTGGTCTATAAAATATTATTTGCGGAACTGTT

370 380 390 400 410 420 430 440 450

AGGGTGGCAAAGCTAATATAATTAATGCATTATCTTATCTTTTAGGTTTTTTAGATGTAGTTGCGATCATTATTTAATGTCAGATTGAGT

460 470 480 490 500 510 520 . 530 540

ATTACTCGCTTTAGTAGCATTGTATGTCGGTAGCAATATGTCCATTATATATATATCGTTTCGGTATATATATGTTCTTAAGCGAAAGTA

550 560 570 580 600 610 620 630

AACTTTAACACTATAAATTATTACTATCACGTTCATCAGGGTTTCTGATTIIIICGICCIIIAICGAIEBIBGIIIIACBAACIGBIIAI

640 650 660 670 680 690 700 710 720

 

CGACTTAGACCATTAGTATGGTATGTATATAGTTACTGGCTTGCGCTGAGGGTTTTAATTRAGTTTGGTAATAAAAAATTGGTGTGTACT

10 20 30 40 50 60 7O 80 90

ACGCATCACACTATTCCCTTACTGAGAAACCAAACGATAACCATACATGATATEAGACCTTTTTATTATCCAGATAGTCTTATTCAGAAA

100 110 120 130 140 150 160 170 180

GTGTATTTTCGCTTTTTATTAAAAATGTCTGTTAAGCGATGTAAGCATGTTTTAACGGTATCTTATACCGTTAAAGATAGCATTGCTARA

190 200 210 220 230 240 250 260 270

ACTTATAATGTAGATAGTGAGAAAATATCAGTAATTTATAACAGCGTTAGTAAATCTGATTTTATACAAAAAAAAGAAAAAGAGAATTAC

280 290 300 310 320 330 340 350 360

TTTTTAGCTGTTGGAGCAAGTTGGCCACATAAAAATATTCATTCATTCATAAAAAATAAAAAAGTTTGGTCTGACTCTTATAATTTAATT

370 380 390 400 410 420 430 440 450

ATTGTATGTGGTCGTACCGACTATGCAATGTCTCTCCARCAAATGGTCGTTGATCTGAAACTAACAGATAAAIIIIQGICCIIIAICGAI

460 470 480 490 500 510 520 530 540
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corresponding region from S. typhi Ty21a had already been

sequenced (Fig 4.13); it was assumed on the basis of restriction site

homology that sequence of this region in S. paratyphi A IMVS1316

would be identical.

The NruI -EcoRI fragment from pPR848 (Table 2.2) was cloned

into the SmaI and EcoRI sites of M13mp18 for use in sequencing to

 

locate the junction where one segment of triplicated region ends and

another segment starts. Two 53131 deletion clones of this region,

starting from Erul sites, were generated and used for sequencing by

the dideoxy method of Sanger et al (1977). The nucleotide

sequence of 718 bp, obtained in one direction, is presented in Fig

5.6. The junction where two segments of the triplicated region meet

is shown in Fig 5.7.

5.7 Homology with other sequences

GenBank Nucleic Acids Release 45.0 22 Sept 1986, NBRF

(National Biomedical Research Foundation) Nucleic Acids Release 29,

18 Sept 1986 and EMBL (European Molecular Biology Laboratory)

Nucleic Acid Database Release 9, Sept 1986 were searched for

homology with the nucleotide sequence present at the junction of

both ends of the triplicated region. However, none was found that

had significant homology with our sequence. This search does not

rule out the possibility of a transposition event, but either we did

not find the relevant clues or some rearrangment has occurred and

made it impossible to detect.



FIGURE 5.7

Localising ends of the triplicated region

Restriction endonuclease maps of rfb DNA from positions 0 to

10.9 of S. typhi Ty21a and from positions 0 to 16.5 of S.

paratyphi A IMVSl316 are shown. The triplicated region is

represented by double lines and arrows denote the junction

point of the segment triplicated. The gill restriction

endonuclease sites are boxed. Abbreviations for restriction

endonucleases used are same as described in Fig 3.4. The

junction points indicated are the same as shown in Fig 5.6, but

note-that the reading direction is reversed.
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The 872 bp sequence obtained to localise the ends of the

triplicated region, starting from position 14.2 on S. paratyphi A .

IMVSI316 map, showed approximately 65% homology at nucleotide

level with the sequenced rfb region (ORF224) in S. typhimurium

LT2 (P. Wyk,‘ Ph.D. thesis, 1988) (Fig 5.8).

5.8 Summary and Discussion

The nucleotide sequence of the rbe gene from S. paratyphi A

IMVSI316 has been determined. The sequence was aligned with

the sequence of the rbe gene from S. typhi Ty21a. The coding

region of rbe from S. paratyphi A IMVSI316 shows a one base

deletion at position 8 in the coding region giving rise to a translation

frame shift; later the lack of the rbe gene product was confirmed in

minicell analysis. The protein encoded by the rbe of S. typhi

Ty21a and S. paratyphi A IMVSI316 could not be seen in E. coli

minicells or in strain JM101 perhaps indicating that the protein is

produced at a very low level.

The nucleotide sequence at both ends of the triplicated DNA

segment from S. paratyphi A IMVSI316 was determined. There is

no evidence of any transposition event or structural repeats at the

junctions and we did not find any significant homology with other

sequences in databases searched. One could put forward a

hypothesis that the region was first duplicated, possibly involving a

flanking segment, in which the internal repeats may have consisted

of only a few nucleotides. The duplicated fragment was then

triplicated in a second recombination event giving rise to three



FIGURE 5.8

Comparative map of the rfb genetic structure present

in S. typhimurium LT2 and S. typhi Ty21a

  

   

     
  

The map is drawn on the basis of sequencing data obtained iii-15f-

the rfb region of S. typhi Ty21a and S. typhimurium LT2. The;

information on the S. typhimurium rfl) region is adapted from P.‘

Wyk, Ph.D. thesis, 1988. Regions shown by sequencing data are:

indicated as follows: ( E ), non—coding region; ( ), open?

reading frame; (:1 ), sequencing not done; ( -— ), common 1

both; 0:), not present in S. typhimurium ; (“s-m), scattered;

homology.
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copies of the same segment in the S. paratyphi A IMVSl316 rfb

region.

It is worth noting that the 872 bp sequence obtained to localise

one end of the triplicated region, showed approximately 65%

homology with the ORF224 of S. typhimurium. ORF224 is located to

the left of the rbe in the region sequenced from S. typhimurium

and has been suggested as the gene encoding abequosyl transferase

(P. Wyk, Ph.D. thesis, 1988). rbe of S. typhi Ty21a has also been

shown to have about 55% DNA homology with the corresponding

rfb! gene of S. typhimurium (section 4.5.3). This suggests that the

open reading frames predicted in the region (positions 5.8 to 7.5) of

S. typhimurium (Fig 5.8) may be present with the same level of

homology in S. typhi Ty21a and S. paratyphi A IMVSl316. These

open reading frames may include the rfbH and rfb] genes (section

1.3.2.4) involved in 3,6-dideoxyhexose biosynthetic steps common to

all three groups of organisms; but we do not have sufficient

evidence to support this speculation on the positions of rfbH and

rfb]. The rbe gene did not show any detectable homology with the

sequenced rfb region from S. typhimurium. It seems that rbe may

have been inserted into the rfb region of S. typhi from some other

source and so added an extra enzyme to the O-antigen biosynthesis

in this species.
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CHAPTER 6

nal i f r b enetic structure from natural

isolates of Salmonella serogroups A, B and D

6.1 Introduction

O-antigen, encoded by the rfb gene cluster, is highly

polymorphic among isolates of Salmonella from natural populations.

The structure of the rfb region of strains S. typhi Ty21a and S.

paratyphi A IMVSl316 described in earlier chapters of this thesis

has provided a basis for comparative genetic analysis. We analysed

several strains of Salmonella serogroups A, B and D to see if the

differences observed between S. paratyphi A IMVSl3l6, S.

typhimurium LT2 and S. typhi Ty21a are representative of all

strains of groups A, B and D. The rfb genetic structure was obtained

by using colony blot and Southern hybridization techniques for the

natural isolates studied; 11 strains of group A, 12 strains of group B

and 6 strains of group D.

6.2 Analysing overall rfb genetic structure in strains

of groups A, B and D using colony blots

A small bank of Salmonella strains of groups A, B and D was

analysed; the strains studied are listed in Table 6.1. All strains

including one positive control for each group and an rfb delete

strain of S. typhimurium LT2 (P9029) were patched onto

nitrocellulose filters (grid pattern shown in Fig 6.1D). Several

plasmids spanning most of the rfb region of S. typhimurium



TABLE 6.1

 

 

Serogroup Number Strain

A 1 Salmonella paratyphi A (M107)

2 Salmonella paratyphl' A (M108)

3 Salmonella paratyphl' A (M109)

4 Salmonella paratyphi A (M110)

5 Salmonella paratyphi A (M111)

6 Salmonella paratyphi (M217)

7 Salmonella paratyphl' (M218)

8 Salmonella paratyphl' (M219)

9 Salmonella nitra (M354)

10 Salmonella kiel (M355)

11 Salmonella paratyphl' A (M 356)

var durazzo

12 Salmonella paratyphi A (M8)

IMVS1316

D 13 Salmonella enteritidis (M125)

14 Salmonella panama (M128)

15 Salmonella javiana (M129)

16 Salmonella Victoria (M212)

17 Salmonella eastbourne (M214)

18 Salmonella enteritidis (M224)

19 Salmonella typhl' Ty2 (M18)

B 20 Salmonella typhimurium (M2)

214 Salmonella typhimurium (M5)

22 Salmonella Stanley (M15)

23 Salmonella budapest (M16)



24 Salmonella derby (M17)

25 Salmonella agona (M117)

26 Salmonella heidelberg (M118)

27 Salmonella bredeney (M120)

28 Salmonella hessarek (M121)

29 Salmonella derby (M122)

30 Salmonella saintpaul (M123)

31 Salmonella typhimurium (M228)

32 Salmonella typhimurium (P9003)

LT2

33 Salmonella typhimurium (P9029)

LT2
 

The M and P numbers when in parentheses are laboratory numbers.



FIGURE 6.1

Analysing the rfb genetic structure in strains of groups

A,’ B and D using colony blots

Autoradiograms of colony hybridization on nitrocellulose filters.

The 32P—labelled probes used for hybridization were A) pPR281,

B) pPR303, C) pPR341, E) a 1.8 kb E_CQRI purified fragment from

pPR437, F) a 0.75 kb HindIII-Kp_n_1 DNA fragment from pPR620,

and G) a 0.77 kb Sill-MIII DNA fragment from pPR618. The

 

grid pattern is shown in D and H. The numbers on the grid

correspond to strains that are listed in Table 6.1.
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(Brahmbhatt et al 1988), were used as molecular probes against

these strains in colony blots. The probes showed homology with all

the strains of groups A, B and D (Fig 6.1A, B, C) except P9029

(deleted rfb region). A purified 1.8 kb fragment (pPR437) from S.

paratyphi A IMVSl316, which did not show any detectable

homology with S. typhimurium LT2 rfb DNA (section 3.5), was used

as a probe to look for the region nonhomologous between these

strains. This probe hybridized with all the strains of groups A and

D, but did not show any homology with strains of group B (Fig 6.1E).

S. paratyphi A IMVSl316 contains the rbe gene in an inactive

form; due to a frame shift mutation (section 5.3). An rbe specific

probe, extending from position 8.95 to 9.70 (Fig 3.4), was derived

from LIMIII and all digested plasmid pPR620 (Table 2.2) and

used to see whether the rbe gene was present in all strains of

group A. The 0.75 kb fragment was purified from a gel and used to

probe the whole bank. All group A strains seem to have the rbe

gene (Fig 6.1F) but none of the group B strains showed any

homology.

An rbe specific probe was also made to look for homology with

rbe in strains of group B. The 0.77 kb gal-@111 fragment from

plasmid pPR618 (Table 2.2) was purified from low’melting agarose

gel and used to probe the strain bank. DNA from all strains of

groups A and D were hybridized with the probe used (Fig 6.1G). The

probe did not hybridize with DNA from strains of group B. rbe of S.

typhi Ty21a was shown to have only 55% homolgy with the rbe

gene of S. typhimurium LT2 at DNA level (Fig 4.9). This data of
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course does not show that rbe in all strains of group B is like rbe

of S. typhimurium LT2.

6.3 Occurrence of triplication in strains of group A

A 2.8 kb segment of DNA is triplicated in the rfb region of S.

paratyphi A IMVSl316 (Fig 3.14). Both ends of the triplicated

segment have been localised at base sequence level (Fig 5.7) but the

cause of the segment being triplicated remains unclear. We looked

for this triplication in the rfb region of the other strains of group A.

Restriction analysis of the rfb region from S. paratyphi A IMVSl316

revealed that the triplicated region is flanked by two m1 sites at

positions 2.47 and 14.55 (Fig 3.4). A 1.8 kb MRI S. paratyphi A

IMVSl316 DNA fragment that lies between positions 12.4 and 14.2

from pPR437 was used as a radioactive probe against Iggy} digests

of chromosomal DNA from all 11 strains of group A as well as from

S. paratyphi A IMVSl316 (M8). The probe hybridized with a 14.9

kb fragment from M219, a 12.1 kb fragment from M107, M111 and

M356, and a 9.3 kb fragment from M108, M109, M110 and M218.

The _I_(_p_n1 fragment sizes of 14.9 kb, 12.1 kb and 9.3 kb correspond

to the sizes expected if the 2.8 kb segment is repeated four, three or

two times respectively. S. paratyphi (M217), S. nitra (M354) and S.

kiel (M355) do not seem to have any repeat (Fig 6.2A). The same

probe was also used to probe m1 digests of chromosomal DNA

from group D strains. In each case, the probe identified the

expected (if only a single copy of the 2.8 kb segment were present)

6.5 kb $111.1 fragment (Fig 6.2B). These results also indicate that the

E2111 sites present at positions 2.47 and 8.95 (S. typhi Ty21a map)



FIGURE 6.2

Occurrence of triplication in strains of group A

Southern hybridization analysis of ml digests of chromosomal

DNA from group A strains ( A ) and from group D strains ( B ). A

1.8 kb purified radioactive fragment of S. paratyphi A

IMV81316 rfb DNA (position 12.4 to 14.2) from pPR437 was

used as a probe.
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and 2.47 and 14.55 (S. paratyphi A IMVSl316) are conserved in all

strains of group D and A, respectively.

6.4 Localising rbe in strains of groups A and D

The rbe gene has been identified and sequenced in S. typhi

Ty21a (section 4.5.1) and S. paratyphi A IMVS1316 (section 5.3).

Results of colony blots revealed that the rbe gene was present in

all strains of group A (section 6.2). Plasmid pPR620, carrying rbe

DNA, was used to probe mRI digested chromosomal DNA from

these 11 strains of group A and 6 strains of group D to locate its

position. The probe hybridized to the expected 2.3 kb fragment in

strains of group A (M107, M108, M109, M110, M111, M217, M218,

M219, M354 and M356) (Fig 6.3) and in strains of group D (M125

and M129) (Fig 6.4), indicating that in these strains, the rbe gene is

located on this conserved fragment (also in S. typhi Ty21a and S.

paratyphi A IMVS1316). A 1.9 kb fragment hybridized with the

probe in strains M355, M128, M126 and M214, suggesting that

while the same rbe gene is present, either the EcoRI sites,
 

corresponding to positions 8.6 and 10.9 in S. typhi Ty21a and 14.2

and 16.5 in S. paratyphi A IMVSl316, are not conserved in these

strains or rbe is present elsewhere on the chromosome. Lp_n1 sites

at positions 8.95 (S. typhi Ty21a) and 14.5 (S. paratyphi A

IMVS1316) that lie within the rbe coding region were conserved in

all strains of groups A and D (section 6.3).



FIGURE 6.3

Localising the rbe in strains of group A

The chromosomal DNA from group A strains digested with EQQRI

and probed with 32P-labelled pPR620 in a Southern

hybridization experiment. The plasmids present in these strains

seem to have homology with the vector pUC9. The extra bands

visible in M107, M108, M109 and M218 correspond to the bands

of plasmids present in these strains.
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FIGURE 6.4

Localising the rbe in strains of group D

 

group D strains digested with mm. The gel was blotted and

probed with 32P-labelled pPR620. An upper band visible mi-

M126 corresponds to the plasmid present in this strain.
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6.5 0-2 and 0-9 specific LPS expression in other

Salmonellae

The expression of 0-2 and O-9 specific LPS in S. typhimurium

and 0-9 specific LPS in S. paratyphi A IMVSl316 has been

demonstrated (sections 4.2 and 4.3). Other strains of group A: S. kiel

(M355), S. nitra (M354), S. paratyphi A var durazzo (M356); and of

group B: S. derby (M17) and S. Chester (M124); were transformed

with several plasmids carrying rfb DNA to see whether 0-2 and O-

9 specific LPS were expressed. O—antigens on the resultant hybrid

strains were checked by agglutination tests using specific antisera.

The results obtained are presented in Table 6.2. All group A strains

carrying plasmid DNA conferring rbe specificity (pPR652) showed

a positive reaction with anti 0-2 and with anti 0-9 antisera

indicating that both antigens (0-2 and 0-9) are expressed in these

hybrid strains. Group B strains harbouring plasmids pPR617 and

pPR618 (with DNA specific for 0-2 and 0-9 epitope) also revealed

the presence of mixed antigens on the surface with agglutination

tests.

6.6 Summary and conclusions

Preliminary data obtained by using colony blots demonstrated

that the overall rfb genetic structure with respect to homologous

and nonhomologous regions in strains of group A, B and D is similar

to the Structure present in S. paratyphi A IMVSl316, S.

typhimurium LT2 and S. typhi Ty21a, respectively. A 2.8 kb

segment is repeated two, three or four times in the rfb region of S.

paratyphi A strains. The function of the gene(s) present on this 2.8



 

TABLE 6.2

Expressing 0-2 and 0-9 specific LPS in other

Salmonellae

The strains used to transform are listed here. The resultant

hybrid strains were checked for their LPS by agglutination test.

+ or — indicate the positive and negative agglutination reaction,

respectively. 0-2, 0-4 and 0-9 represent the antisera used for

0-2 (paratose), 0-4 (abequose) and 0—9 (tyvelose) epitope

specificity.

 



 

 

Plasmid Host 0-2 0-4 0-9

pPR618 S. kiel (M355) + - +

S. nitra (M354) + - +

S. paratyphi A var + — +

durazzo (M356)

S. derby (M17) — + +

S. Chester (M124) - + +

pPR617 S. derby (M17) + + _

S. Chester (M124) + + -

pPR620 S. kiel (M355) + - _

S. nitra (M354) + - -

S. paratyphi A var + - -

durazzo (M356)

pPR652 S. kiel (M355) + - +

S. nitra (M354) + - +

S. paratyphi A var + - +

durazzo (M356)
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kb EchI segment has not been determined and the cause of the

repetition is unclear.

All the strains of groups A and D studied seem to carry the rbe

gene on a 2.3 kb MRI fragment (except M126, M128, M214 and

M355 where the probe hybridized to a 1.9 kb fragment), as in S.

paratyphi A IMVSl316 and S. typhi Ty21a. The rbe gene in S.

paratyphi A IMVSl3l6 was shown to contain a frame shift mutation

rendering it inactive (Chapter 5); it would be interesting to look for

any other mutational changes in the rj‘bE of these strains of group

A. The strains of serogroup A, S. kiel, S. nitra and S. paratyphi A

var durazzo, all show complementation with the rbe from S. typhi

Ty21a. It is likely that all naturally occurring group A strains arose

from group D strains by losing the epimerase (rbe ) function.
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CHAPTER 7

Final discussion and conclusions

7.1 Introduction

This thesis describes the molecular cloning and analysis of the

rfb gene clusters of S. paratyphi A IMVS1316 (serogroup A) and S.

typhi Ty21a (serogroup D). The rfb gene cluster from S.

typhimurium had been studied in our laboratory (Brahmbhatt et al

1986, 1988; P. Wyk, Ph.D. thesis 1988). The genetic basis of 0-

antigen variation in serogroups A, B and D of Salmonella, and the

evolutionary derivation of serogroup A from a serogroup D

progenitor are also discussed.

7.2.1 Cloning and restriction enzyme analysis of rfb

gene clusters from S. typhi Ty21a and

S. paratyphi A IMV81316

The rfb gene clusters of S. typhi Ty21a and S. paratyphi A

IMVS1316 were cloned in cosmid vectors. rfb DNA between

positions 9.95 and 12.20 of S. typhimurium (Brahmbhatt et al 1988)

was used to probe the cosmid banks. Eight cosmid clones of S. typhi

Ty21a and two of S. paratyphi A IMVS1316 were identified using

this probe. Partial EcoRI maps of these ten overlapping cosmids
 

were then deduced (Fig 3.2). None of the cosmid clones covered the

complete rfb gene cluster. A similar situation also occurred for S.

typhimurium LT2. This suggests that clones of the whole rfb region

may be lethal or unstable. Most cloned fragments from cosmids
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carrying part of the rfb DNA were stable in high copy number

VCCIOI'S.

Restriction analysis reveals that a common 11 kb rfb DNA

fragment of S. typhz' Ty21a and S. paratyphi A IMVSl316 is

homologous with S. typhimurium LT2 rfb DNA between the _Ec_oRI

sites at positions 9.57 and 20.59. It was assumed that the same

level of homology would be present in the region to the right of the

EcoRI site (position 20.59) as the 5 MRI sites from position 20.59 to

40.09 were conserved and it is probable that the rfb cluster

terminates within this region. The EcoRI site at position 0 of S.
 

typhimurium LT2 is conserved and used as point 0 for this study.

The other EcoRI site at position 9.57 of S. typhimurium LT2
 

corresponds to EQRI sites at position 10.9 and 16.5 in S. typhi

Ty21a and S. paratyphi A IMVSl316, respectively. Restriction

enzyme maps from position 0 to 10.9 in S. typhi Ty21a and 0 - 16.5

in S. paratyphi A IMVSl316 have been constructed. The regions of

DNA homology and nonhomology in the rfb regions of S. typhi

Ty21a and S. paratyphi A IMVSl316 with respect to S. typhimurium

LT2 were then analysed in detail. The only gross difference found

between S. typhi Ty21a and S. paratyphi A IMVSl3l6 is that a 2.8

kb DNA segment is repeated three times in S. paratyphi A

IMVSl316, giving rise to 5.6 kb additional DNA (Fig 3.14).
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7.2.2 Defining the junction between the homologous and

nonhomologous regions of S. paratyphi A

IMVSl316 and S. typhimurium LT2

Southern hybridization demonstrated that the 6.8 (position 0 to

6.8, S. typhi Ty21a and S. paratyphi A IMV81316) and 2.3 (position

8.6 to 10.9, s. typhi Ty21a; 14.2 to 16.5, s. paratyphi A IMVSl316)

kb BegRI fragments (Fig 3.4) from S. typhi Ty21a and S. paratyphi A

IMVSl316 share homology with the 9.57 kb EcoRI (between

 

positions 0 and 9.57) DNA fragment of S. typhimurium. The

junctions between homologous and nonhomologous regions at both

ends were localised approximately by restriction mapping and then

defined by heteroduplex technique. It should be noted that although

heteroduplex analysis indicates homology in the region from

position 8.17 to 9.57, little restriction site homology was detected.

The results obtained are summarised in Fig 3.14.

7.3.1 Localising the genes responsible for specificity in

the biosynthesis of paratose (rbe ) and tyvelose

(1”be )

We have shown that the 1.2 kb MRI — M111 rfb DNA

fragment (position 10.9 to 9.7) on the S. typhi Ty21a map encodes a

gene equivalent to the rfb] gene of S. typhimurium LT2; this gene

has been called rbe.

The rbe gene has also beenAlocalised on the corresponding

EcoRI — HindIII rfb DNA fragment (16.5 to 15.3) of S. paratyphi A

 

IMVSI316. An extra gene, which has an epimerase function, is
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present on the 1.4 kb figlll - E_Q_QRI fragment (position 10.0 to 8.6; S.

typhi Ty21a unit) of pPR657 and can make a S. paratyphi A strain

produce tyvelose. Similarly, the product of the rbe gene makes a

S. typhimurium strain produce a mixed type of LPS (both 0-2 and

0-4 specific).

It has been reported that the transferase in group B Salmonella,

is specific for CDP-abequose, although it does have a low affinity for

CDP-tyvelose (Osborn and Weiner 1968). It was also thought that a

specific enzyme might be involved in catalysing the transfer of

tyvelose in group D organisms. Sasaki and Uchida (1974) showed

that tyvelose transferase has an affinity for CDP-paratose; it is

possible that the same enzyme is capable of transferring paratose in

group A organisms. Our results from complementation studies

suggest that the transferases in strains of groups A, B and D can

transfer all these three sugars, from CDP—abequose, GDP-paratose

and CDP-tyvelose; note that assays were not quantitative and the

ratio of the products present is not known. It seems likely that

tyvelose transferase has an affinity both for GDP-paratose and CDP—

tyvelose. CDP—paratose-Z-epimerase has been partially purified

from Y. pseudotuberculosis Type IV (Matsuhashi 1966). Matsuhashi

(1966) found that, at equilibrium, 55 to 58% of the compound

present was CDP-tyvelose and 42-45% was CDP-paratose. Since

group D LPS contains only tyvelose, it would be interesting to

determine why tyvelose is selectively transferred. We expect that

the enzyme may possess a much higher affinity for CDP-tyvelose

than for CDP-paratose, but possibly some other mechanism could be

involved in regulating GDP—paratose concentration. Presumably the

polymerization of 0-2 and 0—9 like O-antigen in S. typhimurium
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occurs in the same way as for 0-4 LPS. Shibaev (1978) and Shibaev

et al (1982) have found that processing is not very specific in the

polymerase system.

7.3.2 Homology between predicted rbe and rbe of

S. typhimurium

The products of genes rbe and rbe both have dehydrogenase

function and use the same substrate (CDP-4—keto-3,6-dideoxy

glucose) for their reactions. We sequenced the rbe gene from S.

typhi Ty21a. A comparison of the predicted amino acid sequence of

the protein encoded by rbe with the amino acid sequence of rbep

of S. typhimurium LT2 ( P. Wyk, Ph.D. thesis 1988) showed

substantial homology. Good homology is found in a smaller region at

the N-terminus and a longer stretch nearer the C—terminus (Fig 4.8).

It appears that the latter portion of the protein may be involved in

binding and modifying the substrate. Both enzymes use NADPH as

coenzyme; presumably the N-terminus region of the protein is

involved in forming the NADPH binding domain (this is discussed in

section 7.3.4).

There was a high degree of variation (approximately 55%

homology only) between these genes at the nucleotide level. We

estimated the number of substitutions per site for the nucleotide

sequences of these two genes (Nei 1987). Alignment of these genes

showed 420 differences including 79 deletions/insertions; these

made it difficult to determine the best fit. The estimated number of

nucleotide substitutions per site between the rbe and rbe genes is

0.71. We could not estimate the rate of synonymous substitution
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because of the large number of deletions/insertions present in the

nucleotide sequences. It is therefore very difficult to estimate the

divergence time between these two apparently closely related genes

(of almost similar function and mapping at the same position on the

chromosomes). The polymorphism has probably been present for a

very long time. It seems likely that both genes were derived from a

common ancestor before the divergence between E. coli and S.

typhimurium (120-160 Myr; the time estimated for the divergence

between E. coli and S. typhimurium by Ochman and Wilson 1987).

The C—terminus portion of the protein has extensive homology with

the protein encoded by rbe while the N-terminus portion has a

higher degree of variation in the predicted amino acid sequence.

This may have been due to selection pressure on the C-terminus

region resulting from a structural requirement for binding and

modifying of the substrate, since both enzymes use the same

substrate for their reactions. It is also possible that a recombination

event occurred at some stage to give both genes the same C-

terminus end after much divergence.

7.3.3 Comparison of rbe (S. typhi Ty21a) with galE of

E. coli

The reversible NAD-dependent 2-epimerisation of GDP-3,6-

dideoxy glucose (paratose) and CDP-3,6—dideoxy mannose (tyvelose)

has been studied in a strain of group D Salmonella (S. enteritidis)

and in Y. pseudotuberculosis, Type IV (Matsuhashi 1966).

Matsuhashi (1966) showed that CDP-paratose is reversibly

converted to CDP—tyvelose by an epimerisation at C-2. This

epimerisation is NAD-dependent and so resembles the UDP-
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galactose-4-epimerase sequenced recently in E. coli (Lemaire and

Muller-Hill 1986). The nucleotide sequence of the rbe (CDP—

paratose-Z-epimerase) in S. typhi Ty21a has been determined

(section 4.5.1). The amino acid sequence of proteins encoded by the

rbe and galE show a good homology at the N—terminus region (Fig

4.10). The predicted secondary structure of these two proteins also

indicated a region of homology in the N-terminus portion.

7.3.4 NAD+ dehydrogenase binding domain in rbep,

rbep and galEp

The amino acids of proteins encoded by rfb} of S. typhimurium,

rbe (S. typhi Ty21a), rbe (S. typhi Ty21a) and galE of E. coli

could be aligned with the amino acids from the NAD+ binding

domain in structurally known dehydrogenases; the first three

predicted beta strands (BA, BB and BC) of rbep and rbep show a

very good fit, it seems likely that the first 105 amino acids of rbep

are involved in NADPH binding. The latter portions toward the C—

terminus are probably involved with substrate binding. Similarly,

the first 130 amino acids in the N-terminus portion of rbep and

galEp seem to have a role in forming an NAD+ binding domain; the

first two predicted beta strands (BA and BB) show a reasonable fit

with corresponding strands of known dehydrogenases as well as

with dehydrogenases encoded by rbe and rbe.

7.3.5 Low G+C content

One interesting feature of the rfb region sequenced from S.

typhi Ty21a was the low G+C content. This comprises only 35% of all



105

bases, whereas in S. typhimurium and E. coli the G+C content is

generally 51%. There may be a cut off point at position 10.7, right of

the @331 (10.9), where the G+C content rises to about 40%. Low G+C

content has. also been found in the corresponding rfb region of S.

typhimurium LT2 (P. Wyk, Ph.D. thesis 1988). Sueoka (1962)

presented a theory to account for diversification of the G+C content

of the bacterial genome; that is, the G+C content of DNA of a given

bacterium will be determined by the effective base conversion rate

11 (G-C to AT) and v (A-T to G-C). The G+C content of equilibrium (p) is

v/(v+u). The biased mutation pressure acts uniformly on the entire

genome and the nature of this biased A-T/G-C pressure is unknown.

This suggests that the genes for 3,6-dideoxyhexose (paratose or

abequose) biosynthesis may have been transferred from some other

bacterial genome of low G+C content and that the Salmonellae may

have evolved with the polymorphism. The concept of species to

species transfer of genes in evolution has been described as a cross-

species gene transfer (Syvanen 1986) or a horizontal gene transfer

(Busslinger et al 1982). A species to species transfer event has been

found in the evolution of several bacterial pathogenic determinants

(Yamamoto et al 1987). However, the rfb regions in S. typhimurium

LT2 and S. typhi Ty21a are the first examples of a gene transfer, of

low G+C content, for a basic function of the cell.

7.3.6 Boundaries of homologous and nonhomologous DNA

in the vicinity of positions 9.57 (S. typhimurium

LT2) and 5.5 (S. typhi Ty21a)

Heteroduplex results presented in chapter 3 show that the

region of homology between the three strains studied extends about
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1.4 kb to the left of position 9.57 (S. typhimurium LT2). Sequence

analysis of this region from S. typhi Ty21a and S. typhimurium LT2

indicates a sharp cut off point at position 9.24 (S. typhimurium

LT2). Scattered homology was seen in the rest of this region. There

appears to be a clear cut off mark at position 5.71 (S. typhi Ty21a

map) when the region sequenced in the vicinity of 5.5 is compared

to the corresponding sequence in S. typhimurium LT2. The open

reading frame which lies in this sequenced region shows only 2%

differences compared with the homologous corresponding coding

region ORF353 of S. typhimurium LTZ. This level of variation is in

agreement with the finding of Milkman and Crawford (1983) who

found that 2 - 4% differences in the nucleotide sequences of

translated regions of the trp operon in several strains of E. coli.

7.4.1 Frame shift mutation in the rbe of S. paratyphi A

IMVSl316

Physical data, discussed in sections 4.2 and 4.3, indicated that

the gene for tyvelose specificity (rbe ) is present but nonfunctional

in S. paratyphi A IMVSl316. We sequenced this rbe gene and

found a one base deletion at position 8. This one base deletion in

the coding region causes a translation frame shift and a stop codon

occurs after just three amino acids. Minicell data confirmed the

absence of protein encoded by rbe in S. paratyphi A IMVSl316. It

had been suggested that group A organisms might be mutants of

group D strains (Bohlck 1965); Sasaki and Uchida (1974) have

demonstrated that mutants of S. durban (group D), carrying the 0—

antigen of group A Salmonella, were lacking in CDP—paratose-Z-

epimerase activity. These mutants could not form CDP—tyvelose. We
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have shown that, in at least one instance, a naturally occurring

group A strain arose in this way.

7.4.2 Localising the ends of the triplicated DNA segment

in S. paratyphi A IMV81316

The nucleotide sequence at both ends of the triplicated DNA

segment in S. paratyphi A IMVSl316 was determined in order to

look for transposition events or repetitive structures in this region.

We did not find any evidence of a transpositional event or structural

repeat in the sequence present at the junctions. The origin of this

triplication remains unclear. It is interesting to consider whether

the genes present on this segment, repeated three times, could have

any effect on the expression of neighbouring genes in the rfb gene

cluster. One could hypothesize that the DNA segment triplicated is

larger than a gene and hence the genes which include the ends are

likely to be present once in functional form, with intervening genes

replicated as complete genes. The triplication may thus affect only

gene dosage and have negligible effect on phenotype. The function

of the gene(s) present on the triplicated segment has not yet been

determined.

7.5 rfb genetic structure in natural isolates of

Salmonella serogroups A, B and D

We have studied rfb genetic structure in several strains of

groups A, B and D independently isolated from natural populations.

Southern hybridization analysis reveals that a 2.8 kb DNA segment

is repeated two, three or four times in the rfb region of most S.
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paratyphi A strains tested (section 6.3). S. nitra ,S. kiel (rare

isolates of group A) and S. paratyphi (M217) do not have any repeat.

S. paratyphi A IMVSl316 has been shown to be a derivative of

group D Salmonella (section 5.8) as it contains a full rbe gene with

a single mutation in it. All other group A strains tested also seem to

contain the rbe gene, but in inactive form, indicating their

derivation from group D progenitors. We have not yet defined the

mutations present in the rbe gene for each of these strains.
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cloning and analysis of the db

. polysaccharides are integral components of the outer

' :nes of gram-negative bacteria and generally consist

__ structural regions: the lipid A moiety. which is

hobic and is embedded in the outer membrane. an

charidecore. and a polysaccharide chain commonly

as the 0 antigen. The O-antigen chains of Salmonella

_1 S. paratypltt' A. and S. typltt'murium. representative of

ella serogroups D. A. and B respectively. have

l trisaccharide subunit backbones (mannosyl-rham-

2lactosyl). These chains can be distinguished. since

' has a different 3.6-dideoxyhexose attached to the

'2 yl residues as a side branch. The side branch is

in S. typltt'. paratose in S. paratypht' A. and abe-

in S. typhimurium (11. 13). Much of the antigenic

' «n among Salmonella species is the result of genetic

' in the db gene cluster. which maps at 42 min on the

‘osome of S. Iypltimurimn LT2 (17). We previously

,2 ed the cloning and restriction analysis of the db cluster

‘ 5. typltimurt'um LT2 (l. 2). We report here the cloning

lysis of the db loci from S. typltt' and S. paratypltt' A

‘ and compare them with the S. typltimun'um db locus.

. have used the traditional taxonomy for Salmonella

t s. although as Brenner (3) points out. the statement in

j 4 (8th) edition ofBergey's Manual that “Scientifically

f2 of the present methods of nomenclature of Salmonella

isfactory" is as true today as more than a decade ago.

clear that all Salmonella strains are in one Species (3. 7).

‘ wing (7) has used a single species name. although the

.2 tional Subcommittee has still not made a recommen-

7» . it is important to note that the strains of S. typltimu-

. S. paratypht‘ A. and S. typhi used in this study are in

'2 y not only members of the same species. but also of the

subspecies. and the homology and nonhomology we

'be for different regions of the db gene cluster must be

.2 in this light.

MATERIALS AND METHODS

. erla and plasmids. Strains used are listed in Table l. A

s of plasmids which carry DNA spanning the entire db

-n of S. typltimurium LT2 (2) were used in this study.

lymes and radioehemicals. All enzymes and radioche-

' ls used in this study were obtained as described previ-

y (2).
i: 'A techniques. The methods used for DNA preparation.

2 Corresponding author.

The 0 antigens of Salmonella serogroups A, B, and D ditfer structurally i

The genes encoding O-antigen blosynthesls are clustered

operons of Salmonella paratyplu‘A (serogroup A) and S. typht‘ (serogroup D). The

regions of DNA nonhomology between the db operons of

identified, and the evolutionary derivation of serogroup A from
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n their side-chain sugar residue.

in the db operon. We report here the molecular

these serogroup A. B, and D representatives are

a serogroup D progenitor is discussed.

agarose gel electrophoresis. radioactive labeling of DNA. in

situ DNA hybridization. autoradiography. ligation. and bac-

ten‘al transformation were those described by Maniatis et at.

(14). Molecular size standards were used as described in the

companion paper (2).

Cosmld cloning. SauJA partial digests of chromosomal

DNA from S. typlu' Ty21a and S. paratyplti A lMV51316

were prepared by the method of Maniatis et al. (14). The

cosmid used in this experiment was pHC79 (10). it was

digested with BamHI and ligated with the partial SauJA

fragments in a final volume of 20 pl by mixing 2 pg of insert

DNA with BamHl-digested and phosphatase-treated vector

DNA in a molar ratio of 1:3. A 34d portion of this ligation

mixture was packaged in vitro by the method of Sternberg et

al. (19). with a commercially available packaging kit (Pro-

mega Biotec. Madison. Wis.). DHl was used as the host

strain for infection and was plated out on ampicillin agar

(containing 100 pg of ampicillin per ml). 2 X 10‘ recombi-

nants per pg of ligated S. typltt' DNA and 10’ recombinant»

per pg of ligated S. paratyplti DNA were recovered.

Preparation of heteroduplex DNA and electron microscopy .

Heteroduplex formation and DNA spreading were per-

formed by the method of Davis and Parkinson (6) with minor

modifications. Grids were prepared by the basic protein film

technique (12) and stained with uranyl acetate or rotary

shadowed with platinum-palladium.

RESULTS

A 2.25-kilobase (kb) Kpnl fragment. which lies approxi-

mately in the middle of the S. typltimurium db operon

(positions 9.95 to 12.20). was isolated from pPR300 (2) and

used as a radioactive probe to screen cosmid libraries for the

presence of homologous DNA. Eight clones in the S. typlu’

Ty21a library and two clones in the S. paratyplu‘ A

lMV81316 library were identified with this probe. Cesmid

DNAs from these 10 clones were digested with EcoRl and

mu on agarose gels; they were found to have a number of

common bands. many of which also oecm in S. typltimurimn

(2). These fragments were assumed to be homologous to

those of S. typht'murium. and on this basis partial maps of the

cosmids were deduced (Fig. 1).

Hybridization of the same 2.25-kb radioactive probe with

blotted EcoRl digests of all cosmids and with chromosomal

DNA from S. typlti TyZla and S. purulyplti A lMV51316

identified a single fragment in each case which. with the

exception of pPR429. had the same mobility as the 11.02-kb
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E. t'oli K-12 DHl

' s. typhimurium_LT2 SL1654
mclAZZ ItstA29

S. parutyphi A lMVSlJl6
galE

Ele fragment of S. Iypltimurium DNA (positions 9.57 to

20.59) from which the probe was derived (Fig. 2).

All EcaRl fragments from the S. typlti and S. paratyplti A

cosmid clones were subcloned into plasmid vectors pBR325

and pUC9 (Fig. 1). However. only the relevant subclones are

discussed here. The 11.0-kb fragments corresponding to the

S. typlu'murt'um fragment from positions 9.57 to 20.59. which

covers most of the db gene cluster. were examined in detail.

Restriction enzyme digests with Hindlll. Kpltl. Clal. Hpal.

I’.tll. Xhul. and 8):!” gave identical patterns to those given

with the corresponding S. Iypltimurt‘tmt fragment. A Sacl

site which was absent in S. lypltimurium was found in S.

Iyphi Ty21a and S. paratyplti A lMVSl316 and mapped at a

pOsition corresponding to coordinate 12.6 of S. Iyphimu-

rium. and a Stu-l site at coordinate 9.97 in S. lypltimurium

LT2 was absent in both S. typlti Ty21a and S. paratyplti A

lMV51316. We conclude that DNA between the EcoRI sites

at positions 9.57 and 20.59 in S. typht’murium LTZ is essen-

. tially homologous with the corresponding regions in S. typht'

Ty21a and S. parntyplti A 1MVSl3l6 DNA. This conclusion

was supponed by hybridizing radioactive S. Iypltimurium

DNA from this region with blotted DNA fragments from

double enzyme digests of S. Iyplti Ty21a and S. paratyplti A

IMVSI316 DNA from this region.

Restriction site mapping was carried out on the 6.8-. 2.3-.

‘ and 1.8-kb EcuRl fragments from S. lyplii Ty21a and the

6.8-. 2.8-. 2.3-. and 1.8-kb EcoRl fragments from S. paraly-

pltt' A lMVSlJlé. We determined the order of these frag-

ments by using them separately as probes to hybridize with

dpuble enzyme digests of chromosomal DNA; we then

constructed a restriction map ofthis region. from positions 0

to 10.9 of S. Iyphi Ty21a and positions 0 to 16.5 of S.

paratyphi A lMVSl316 (Fig. 3). All restriction sites on the

0 9.57

_J_/,_l___.I__L_LJ—J— PM”
1 2 J I. '

FIG. 1. Er-an restriction maps of cosmids carrying part of the rjb operons from S. Iyplu' Ty2

aralypltt‘ A (pPR430 and pPR429). The approximate extent of the rfl) region of S. Iyphimurmm
. pPR447. pPR448. pPR4d9. and pPR450) and S. p

J. BACTERIOL.

TABLE 1. Bacterial strains

.
Source or reference

CharacteristicsStrain

9
:upEM gyrA96 recA cndAI (hi-l Itstl7 relAl

Itde6 lrpCZ nml Hlb fin-66 HZ-enx rpsLIZO xyl-404 flu-452 melE55 I l. Beacham

5. Dixon
8

S. Iyphi Ty2 Ty21a

6.8-. 2.3-. and 1.8.kb fragments from S. purutyplii A

lMVSl316 were found to map at the same positions on the

corresponding fragments of S. Iyplti Ty21a. The 2.8-kb

EcoRI fragment. which stains with an intensity approxi-

mately twice that expected by comparison with adjacent

bands. appears from its restriction map to duplicate the

adjacent ends of the 6.8- and 1.8-kb S. typhi Ty21a Ele

fragments (Fig. 3). We conclude that a 2.8-kb region is

triplicated (Fig. 4). Nrul. Hpnl. Et-oRl. and Clul digests all

gave a 2.8-kb fragment. which was shown by densitometry

of gel photographs to be present at twice the molarity of

other fragments. This confirmed the 2.8-kb triplication and

showed that one end lies between positions 4.87 and 5.50.

Further confirmation was given by the existence of the

expected 12.1-kb Kpnl fragment in the chromosome

(pPR615) which extends from position 2.47 to position 14.55

(Fig. 3).
To identify the region of nonhomology between these

three Salmonella species. we purified a 9.57-kb EruRl S.

typltimurium DNA fragment from pPR301 (2) for use as a

radioactive probe against EcoRl digests of chromosomal

DNA from S. typ/ti Ty21a and S. pnrmyplti A lMVS1316.

The probe. which contained 5. Iypltimuritmt DNA between

map positions 0 and 9.57. hybridized strongly with the 6.8-kb

and weakly with the 2.3-kb EcoRl fragments from these

strains. in addition to these fragments. the probe hybridized

weakly with the 2.8-kb Et'oRl fragment unique to the S.

parntyplu'A IMV81316 digests (Fig. 5). The common 1.8-kb

fragment did not exhibit any detectable homology with the

9.57-kb S. typht'murium DNA probe.

To determine whether the homology extended beyond rfb

toward the his operon. we used plasmid pPR294 (l). which

covers 3.35 kb directly to the left of the Et'URl site at

20.59

__L___.L._——LLLU————J—— S Ozaimul‘lufll LT2

la (pPRMJ. pPR444. pPRMS. pPR446.

d Ele site at coordinate 9.57 of S. Iyphimurium LTZ. The
LT2 is indicated by a heavy line. The other cosmids are aligned at the conserve _

numbers 1. 2. 3. and 4 indicate the db DNA fragments that were subcloned to form plasmids pPRSOS. pPR43-S. pPR436. and pPR437.

respectively.
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, :12. S. typhi Tylla and S. pamlyphi A IMV81316 cosmid

digested with EcoRl and probed with the 2.25-kb Kpnl

f ive fragment of S. typhimurium LTZ rflt DNA (positions

11‘." 12.20) from pPRJOO. Lanes 1. 2. and 3 contain S. Iyphinm-

1T2. S. Iyphi TyZla. and S. purutyplti A 1MV51316 chromo-

1 Ele digests. respectively.

'n 0. as a molecular probe to hybridize with several

.. ion enzyme digests of chromosomal DNA from S.

Ty21a and S. pararyphi A 1MVSl316. The restriction

1 , e sites toward the his operon for EcoRl. llpal. Bglll.

.ttl were mapped previously in S. ryphimurium (l. 4)

nd to be conserved in S. typlti Ty21a and S. paralyplii

VSl3l6.
,s. the restriction analyses presented above showed

.most of the sites from positions 0 to 5.5 and from

"- 9.57 rightward on the S. lypltimurium rjb map were

;rved. with the 9.57-kb Et'oRl site of S. typltt'mun'um

; pending to the EcoRl sites at position 10.9 of S. Iyplu'

« and position 16.5 of S. paratyplu' A lMVSlllo. The

ion between the homologous and nonhomologous re-

,- was localized by heteroduplcx analysis as follows.

smid pPR505. which consists of a 6.8-kb Ele DNA

'» nt from S. puratyphi A lMVSl3l6 (positions 0 to 6.8)

O-ANTIGEN VARIATION IN THREE SALMONELLA STRAINS 105

cloned in pmsZEMBL (lb) was digested with lz‘t-uRl. Plas-

mid pPR508. which is p032 (S) carrying the 9.57—kb Et-uRl

fragment (positions 0 to 9.57) from S. I_\'p/limurillm. was

linearized with Sall. Vectors p032 and pt-usZEMBL were

used because they exhibit no homology with each other (data

not shown). The digestion products were allowed to hybrid-

ize in a heteroduplex reaction. Denaturation and renatura-

tion of these plasmid DNA fragments gave rise to double-

stranded linear molecules which branched into two single

strands at one end (Fig. 6). By measuring the lengths of

double-stranded segments of these molecules. we found that

the length of homologous DNA was about 5.8 = 0.06 kb

(average of 10 measurements). showing that the region of

homology extends from positions 0 to 5.8 of this strain.

To localize the other end of the nonhomologous region.

plasmid pPR617. which contains the 2.3-kb Ele fragment

of S. paratypltt‘ A lMVSl316 cloned in pUC9. and plasmid

pPR507. which is pGBZ carrying the 9.57'kb fragment of .8“.

Iyphimurium in the opposite orientation to that in pPR508.

were used in a similar heteroduplex reaction. since pUC9

also has no homology with p082. Plasmids pPR617 and

pPR507 were linearized with BumHl and Still. respectively

before being mixed in a heteroduplex reaction. The double-

stranded region was measured and found to be about 1.4 :

0.05 kb (average of eight measurements). showing that the

region of homology extends from position 9.57 to about 8.17

on the S. typltinmrium map (Fig. 7).

DISCUSSION

Southern hybridization and heteroduplex analysis demon-

strated that the rfb gene clusters of S. iypltimurt'um LTZ. S.

lyplu' Ty21a. and S. purtttyphi A 1MV81316 share substantial

homology. The LTZ regions from positions 0 to 5.8 and from

8.17 to 9.57 were shown to be homologous by heteroduplex

analysis. and with the exception of one Sat-l site. all restric-

tion sites examined in the region from 9.57 (the first Et-«IRl
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' . . 3. Restriction map of rjb DNA

   

  

    

. that sites present between positions 0 and 4.87 a

~ ' s 8.6 and 10.9 on the
gin a 2.8-kb region which includes the 2.

, 51316 map. Restriction enzyme sites: E.

‘11. Plasmid pPR615 is pUCl9 carrying a

51316 map.

of S. ryplu‘ Ty21a from positions 0 to 10.9 and S.

lTyZla and S. purutyplti A lMVSlJle have substantial similarity in their restriction

nd positions 14.2 and 16.5 correspond to sites present between positions 0 and 4.57 and

S. lyplti Ty21a map. respectively. The sites

S-kb segment from coordinates 5.5 to 8.0. indicated by double lines in the S. punuyplti A

Ele: S. Stu-l: H. Ilindlll: K. Kpnl; Hp. Ilpul; 1’. P.rll; C. Clul; Ba. BumHl: N. Nrul; It.

12.1-kb Kpnl fragment which extends from positions

purmypltiA IMV51316 from positions 0 to 16.5. 5.

maps. The S. pawn-phi A IMV51316 map is drawn

found to be triplicated in S. puraryplti A IM V8111!» (see text) are

2.47 to 14.55 on the S. punuyphi A
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TRIPLICATION

A IMV51316. Note that digestion at any site pres

site known after position 8.17) to 20.59 of S. typhimurium

were conserved in S. Iyplti Ty21a and S. paratyplu' A

lMVSlJlo DNA. However. it should be noted that although

heteroduplex analysis has indicated homology in the region

from positions 8.17 to 9.57. some restriction site nonhomol-

4ogy was detected. The remaining region of homology right-

ward of position 20.59 has not been examined in the same

detail. but presumably the same high level of homology

.exists throughout this conserved region.

7 The DNA between positions 5.8 and 8.17 in S. typhimu-

n'um is replaced by a nonhomologous segment in S. ryplu’

TyZIa and S. parmyplii A lMVSlSl6 (Fig. 4). The segment

in S. paratyphi A lMSV1316 difi‘ers from that of S. ryplii

TyZla only in having a 2.8-kb fragment triplicated. giving

1235567

J.

9.51
h—

, i 5.0 _ .-*

f 2.3 _.
2.2 —_
1.5 __

 

FIG. 5. Southern hybridization analysis of EeoRl digests of S.

glypliimurium LT2. S. lyplu' TyZIa. and S. paralyplti A lMVSlSl6

:chromosomal DNA and of various plasmids by using the Ele

i fragment of S. Iyphinmrimn LT2 rfl) DNA from positions 0 to 9.57 as

a radioactive probe. Lanes: 1. S. Iypliimurimn LT2 chromosomal

DNA: 2. S. Iyplti Ty21a chromosomal DNA: 3. S. pamlyplti A

lMVSlllfi chromosomal DNA: 4. pPRSOS: S. pPR434: 6. pPR436: 7.

pPR4I7. The Ele subclones in lanes 4 to 1 carry the 6.8-. 2.8-.

2.3-. and 1.8-kb rflr DNA fragments. respectively. from S. puraryplu'

‘A lMVSlMo. The two bands of least intensity visible in lane 4

correspond to panial digestion products of pPRSOS.

‘I FIG. 4. Comparative map of r/b Operons from Salmonella groups B. D. and A. BC

llpul. Bglll. and Pul recognition sites. respectively. Regions shown by restriction site

or unique are indicated as follows: —. common to all: -. S. Iypliimurt'um LT2 specific: CZ). common I

ent only once in a triplicated interval produces a fragment of the same length as this interval

and that the fragment is present at twice the molan'ty of other fragments generated by this enzyme.

J. Bacn RIOL.

' §,tnntngamn L12

8 PH ‘,.' .

Gr A_]__LI_LLL—cfitafil
tl—‘Ll———LLUJ—————

J smnnvput A

"NS 1316

«will sites are indicated by vertical bars. H. B. and P are

homology and heteroduplex analysis to be homologous

o S. ryplu‘ Ty21a and S. paralyphi

rise to 5.6 kb of additional DNA. The extent ofthe triplica-

tion was established by the presence of a 2.8-kb fragment at

twice the molarity of other fragments in separate digests with

four different enzymes. One end of the triplicated region

must lie between the Clul and Nrul sites at positions 8.0 and

8.6 in S. parmyphi A lMVSl316. and hence the other end

must lie between positions 4.87 and 5.5. Thus. the 2.8-kb

repeated region includes a short piece of DNA homologous

with S. Iypltimurium LT2. accounting for the homology of

the 2.8-kb EeoRl fragment with pPRJOl. Abequose is re-

placed by paratose and tyvelose in the O antigens of S.

paralyplti and S. ryplii. respectively. Other studies in our

laboratory on S. Iypltimurium LT2 have shown that the

genes for abequose synthesis (de. erG. and r/hlf) map in

the general region of the structural difference between the

three strains studied (2). and we are continuing our study of

this variable region to precisely locate the genes involved in

the synthesis of these three sugars.

At this stage. it seems reasonable to conclude that S.

paratyphiA lMVSlJl6. which is expected to dilTer from S

ryphi Ty21a in lacking CDP paratose-Z-epimerasc (15. It)».

nonetheless carries all ot'the DNA present in S. typhi Tylla.

but that the gene for tyvelose synthesis is presumably

inactive in S. parutyplti A lMVSlSl6. Sasaki and Uchida

(18) showed that a group D strain could mutate to lose the

epimerase and then resemble a group A strain by producing

paratose. Our data show that in at least one instance. a

naturally occurring group A strain arose in this way.

 

FIG. 6. Heteroduplex formed between a 6.8-kb [5le fragment

from pPRSOS (S. purulyphi A lMVSlSlb) and plasmid pPRStlll (S.

typhimurium LT2) linearized wltl] Still. The arrow indicates the end

of the region of homology.
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F10. 7. Heteroduplex formed between plasmids pPR617 and

R507 linearized with BamHI and Sall. respectively. The arrow

icates the end of the region of homology.
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